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Protein scaffold of a designed metalloenzyme enhances the
chemoselectivity in sulfoxidation of thioanisole

Jun-Long Zhang, Dewain K. Garner, Lei Liang, Qian Chen and Yi Lu*

Received (in Cambridge, UK) 7th December 2007, Accepted 4th January 2008
First published as an Advance Article on the web 4th February 2008

DOI: 10.1039/b718915j

We demonstrate that incorporation of MnSalen into a protein
scaffold enhances the chemoselectivity in sulfoxidation of thio-
anisole and find that both the polarity and hydrogen bonding of
the protein scaffold play an important role in tuning the
chemoselectivity.

Metalloenzymes have set a golden standard for carrying out
reactions with high reactivity and selectivity. Understanding
how proteins confer such reactivity and selectivity is important
not only to providing deeper insight in biological functions,
but also to its application in chemical transformations.' !
Toward this goal, much work has focused on the study of
native metalloenzymes, such as cytochrome P-450s, a metal-
loenzyme with high chemoselectivity in the oxidation of C—H
bonds.'? These studies indicate that the protein scaffold is
capable of creating the proper environment to modulate the
reactive pathways of active intermediates so as to inhibit side
reactions such as over oxidization. In contrast to the tremen-
dous progress made in biochemical and biophysical studies of
native metalloenzymes and their variants, much less has been
reported regarding the application of the insight gained from
such studies for designing artificial enzymes. In addition to
testing our knowledge of metalloenzymes, designing artificial
enzymes can provide new information that otherwise may be
difficult to obtain from studying native enzymes.'®'* An
emerging area in artificial enzyme design is the incorporation
of non-native metal catalysts into proteins to expand the
reactivity and functionality of metalloenzymes, thus trans-
forming achiral and water-insoluble metal catalysts into asym-
metric aqueous solution catalysts for reactions such as
sulfoxidation, hydrogenation and cycloaddition (Diels—Alder
reaction).” 814719

A notable bonus to such an approach is the opportunity to
compare how the selectivity of the metal catalyst can be fine-
tuned using biological and chemical approaches.” Understand-
ing how such systems control catalysis can enrich our know-
ledge of catalyst design, generating more selective catalysts.
The majority of artificial metalloenzyme design studies have
been devoted to exploring the use of the protein scaffold to
tune enantioselectivity.”®!*"!7 However, learning to control
chemoselectivity in these artificial biocatalysts, especially in
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catalytic oxidation, is equally important. To demonstrate the
ability of the protein scaffold to tune the oxidative reactivity of
metal catalysts and to discover factors involved in tuning such
chemoselectivity, we report here that introducing manganese
salen (salen = N,N’-bis(salicylidene)-1,2-ethanediamino an-
ion, MnSalen, 1) as a non-native metal cofactor into apo
sperm whale myoglobin (Mb) markedly improves chemoselec-
tivity in catalytic sulfoxidation. For comparison, selectivity of
the salen catalyst in organic solvents and of artificial metallo-
proteins in water showed that in both systems, hydrophobicity
and hydrogen bonding play critical roles.

We previously reported the incorporation of an achiral
MnSalen into apo-Mb using a dual covalent anchoring ap-
proach and the resulting artificial enzyme displayed higher
enantioselectivity than those constructed using either a non-
covalent or single covalent anchoring approach.>! We choose
MnSalen as the metal catalyst for protein incorporation
because use of MnSalen complexes for asymmetric sulfoxida-
tion has been explored for over 20 years.?>? In contrast to the
remarkable success obtained in tuning the enantioselectivity of
these catalysts, few studies have demonstrated the ability to
prevent the overoxidation of the product sulfoxide to the
undesired sulfone.>* Considering this remaining challenge,
we wondered if introducing MnSalen into a protein scaffold
could also control the chemoselectivity of the reaction, as
observed with natural metalloenzymes, and if so, what the
important factors for controlling chemoselectivity are.

To investigate whether the protein scaffold helps control
chemoselectivity, we chose Thr39Cys/Leu72Cys (T39C/L72C)
as anchoring sites for MnSalen attachment (Fig. 1). As
described previously,?' we used a methyl thiosulfonate group
modified MnSalen as the non-native metal catalyst for

Fig. 1 MnSalen 1 (A). Computer model of 1-Mb(T39C/L72C) (B),
the polar residues H64, S108 and H93 are shown in grey, MnSalen and
anchoring T39C and L72C are in green (PDBID IMBO rendered
using VMD). %
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Table 1 Reactivity and selectivity of 1 and 1-Mb in the sulfoxidation
of thioanisole at pH = 7¢

Yield® (%)

Entry Cat. Buffer’ Sulfoxide Sulfone  Sulfoxide : sulfone
1 1 Mes 200+ 13 1.6+01 13.1:1

2 1 Hepes 18.8+2.0 12+01 156:1

3 1 His 324411 28405 11.6:1

4 1 Kpi 392+19 43+07 9.1:1

5 1-Mb Mes 524+26 07 100 : 0

6 1-Mb Hepes 49.4 + 1.8 09 100 : 0

7 1-Mb  His 447 +£29 07 100 : 0

8 1-Mb Kpi 48.6 +32 07 100 : 0

“ Reactions were performed with 5 mM substrate, 10 mM H,O, and
0.5 mM catalyst in 200 pL buffer (50 mM, pH = 7, 5% MeOH) at 4 °C
for 10 min. ® Buffers: Mes = 2-morpholinoethanesulfonic acid; Hepes
= N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid; Tris =
tris(hydroxymethyl)aminomethane; His = histidine; Kpi = potassium
phosphate. ¢ Yields were determined by GC with a chiral G-TA
column with acetophenone as an internal standard. ¢ Sulfone was
not detected.

incorporation into apo-myoglobin (T39C/L72C). UV-vis spec-
troscopy and ESI mass spectrometry confirm the full incor-
poration of MnSalen into apo-myoglobin with covalent bonds
to form MnSalen-Mb(T39C/L72C), called 1-Mb (see ESI)).

To compare the different reactivity and chemoselectivity of
MnSalen with or without the protein scaffold, we used MnSa-
len catalyst 1 as a control. As summarized in Table 1, catalyst
1 without protein yields 18.8 to 39.2% sulfoxide depending on
the buffer used. Over oxidation resulting in sulfone was also
observed under all conditions, similar to that reported in other
MnSalen systems.?* In contrast, when catalyst 1 is incorpo-
rated into Mb protein, the product yields for 1-Mb are much
less dependent on the type of buffer used in the reaction (<8%
variation) than those of 1 (as high as 20% variation). This is
not surprising as it is an indication that the metal catalyst is
inside the protein and shielded from most interactions with
buffer anions. More interestingly, 1-Mb exhibits higher reac-
tivity (with yields between 44.7 and 52.2%, entries 5-8,
Table 1) than 1 (with yields between 18.8 and 39.2%, entries
1-4, Table 1). Most importantly, no sulfone formation was
detected in the presence of 1:-Mb (entries 5-8, Table 1) while
sulfone was formed under all conditions with 1 (entries 1-4,
Table 1). These results strongly suggest that the protein
scaffold can enhance both the reactivity and chemoselectivity
of metal catalysts.

To investigate the factors responsible for the high reactivity
and chemoselectivity of 1-Mb, we first considered the polarity
of the protein medium surrounding the MnSalen catalyst.
Such an environment inside the protein may promote
MnSalen catalyst behavior similar to that observed in an
organic solvent despite the aqueous solution outside the
protein. To shed light on this possibility, we examined the
reactivity and chemoselectivity of 1 in different organic sol-
vents with a variety of polarities and proton donating abilities
(Fig. 2). The yield of sulfoxide increased as the polarity of the
solvent increased, with the highest yield obtained in acetoni-
trile (43.9 £+ 4.2%), being comparable to the catalyst inside the
protein, 1-Mb. Therefore, we conclude that increased polarity
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Fig.2 Effect of the solvent polarity (¢, = dielectric constant values>®)
on the reactivity and chemoselectivity of MnSalen 2 at 4 °C. The
following solvents have been used: benzene (¢, = 2.3), acetonitrile
(e = 36.6), methanol (¢, = 33.0), ethanol (¢, = 25.3) and methylene
chloride (¢, = 8.9).

surrounding the catalyst is responsible for the increased yield.
Indeed, the environment surrounding the MnSalen in Mb
contains some polar amino acids, such as H64 and S108, as
well as backbone carbonyl and amide groups (see Fig. 1(B)).

In contrast to the trend observed for reactivity, the percen-
tage of the overoxidation product sulfone in the final com-
bined products, and the chemoselectivity, is not dependent on
the polarity of the organic solvent. Instead, the chemoselec-
tivity is enhanced in good proton donating solvents such as
methanol and ethanol. This enhancement may be accounted
for by the proton of the alcohol group modulating the
reactivity of the active intermediate(s) to favor generating
sulfoxide during the catalytic process. Indeed, the same polar
amino acids in Mb (H64 and S108) may also play a similar
role. Therefore, the enhanced reactivity and chemoselectivity
of 1-Mb might be ascribed to a “‘solvent cage” effect similar to
a polar proton donating organic solvent.

Since sulfone formation was still observed in both methanol
and ethanol even though they are polar proton donating
solvents, in contrast to that observed when the MnSalen
catalyst was inside the protein (i.e., 1-Mb), there must be other
effects responsible for such high chemoselectivity. We turned
our attention to the protein environment around the substrate-
binding site. Enzymes may be envisioned to bind the substrate
and repel the product from the active site in a selective fashion;
for instance, due to the large difference in polarity between the
sulfide reactant (¢, = 4.88) and sulfoxide product (similar to
sulfone, ¢, = 37.8) or reactant and product. Previous studies
and X-ray crystal structure of sperm whale myoglobin suggest
that substrates may enter the protein pocket from the right
side (L72C side shown in Fig. 1(B)), which is less bulky, but
fairly hydrophobic.'®?¢ Such an environment would favor
entrance of the less polar sulfide compared to the correspond-
ing sulfoxide. Therefore, increasing the polarity of the protein
residues near the cavity entrance could allow formation of
sulfone.

To test this hypothesis, we chose to mutate alanine 71 (A71)
which is an important hydrophobic residue located near the
entrance to the right side of the protein pocket.?
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1-Mb 1-MDb(A71S)

Fig. 3 Protein surfaces of the 1-Mb and 1-Mb(A71S) showing the
local hydrophobicity around the right side of the MnSalen cofactor.
White and blue colors represent hydrophobic and hydrophilic regions,
respectively. Rendered using VMD).?°

Table 2 Reactivity and selectivity of 1-Mb and 1-Mb(A71S)¢

ee of Yield of Yield of
Entry  Catalyst sulfoxide (%)  sulfoxide (%) sulfone (%)
1 1-Mb 60 + 1.2 494 + 1.8 0°
2 1-Mb(A71S) 58 +£0.9 50.0 £ 1.2 2.1 +0.8

“ Determined using the same method as in Table 1 in Hepes buffer
(50 mM, pH = 7, 5% MeOH) at 4 °C for 10 min. * Sulfone was
not detected.

Computational modeling showed that mutation of A71 to S
results in increased hydrophilicity on the protein surface near
the substrate entrance (Fig. 3, white and blue colors represent
hydrophobic and hydrophilic residues, respectively). This new
biocatalyst MnSalen-Mb (T39C/L72C/A71S) called 1-
Mb(A71S) was then expressed and purified as described pre-
viously?!' and characterized by UV-Vis spectroscopy and ESI
mass spectrometry (see ESIf). As shown in Table 2, 1-
Mb(A71S) exhibits similar reactivity and enantioselectivity
(entry 2, Table 2) to 1-Mb (entry 1, Table 2), with the
exception that the formation of sulfone was now observed
(2.1 £ 0.8%). A comparison of the GC traces of sulfoxidation
catalyzed by 1-Mb(A71S) and 1-Mb (Fig. S1, ESI¥) indicates
formation of sulfone only in the presence of 1-Mb(A71S).
Therefore we conclude that the increased polarity of the
protein surface in 1-Mb(A71S) allows the more polar sulfoxide
to enter the pocket for oxidation to the sulfone, while the more
hydrophobic surface presented by 1-Mb inhibited this side
reaction. These results demonstrate that tuning the hydropho-
bicity of the substrate entrance channel could affect the
chemoselectivity of an oxidation reaction.

In conclusion, we have demonstrated the effectiveness of a
protein scaffold for enhancing the reactivity and chemoselec-
tivity of MnSalen in the sulfoxidation of thioanisole in an
artificial metalloenzyme. A comparison of MnSalen outside
the protein in aqueous media with that in organic solvents

reveals that the polar and proton-donating environment sur-
rounding the MnSalen inside the protein is critical for enhan-
cing reactivity and chemoselectivity. Examination of the
hydrophobicity of the residues near the substrate entrance
channel demonstrates that chemoselectivity is at least partially
controlled by modulating the polarity at the A71 position, and
occurs with minimal change in structure and reactivity. These
novel insights are valuable for the future rational design of
artificial biocatalysts.
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