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Neocarzinostatin-Based Hybrid Biocatalysts for
Oxidation Reactions

Elodie Sansiaume-Dagousset *, Agathe Urvoas °, Kaouthar Chelly *, Wadih Ghattas®,
Jean-Didier Maréchal ¢, Jean-Pierre Mahy** and Rémy Ricoux**

An anionic iron(IIl)-porphyrin—testosterone conjugate 1-Fe has been synthesized and fully
characterized. It has been further associated to a neocarzinostatin variant, NCS-3.24, to
generate a new artificial metalloenzyme following the so-called ‘Trojan Horse’ strategy. This
new 1-Fe-NCS-3.24 biocatalyst showed an interesting catalytic activity as it was found able to
catalyze the chemoselective and slightly enantioselective (ee =13 %) sulfoxidation of
thioanisole by H,0,. Molecular modelling studies show that a synergy between the binding of
the steroid moiety and that of the porphyrin macrocycle into the protein binding site can
explain the experimental results indicating a better affinity of 1-Fe for the NCS-3.24 variant
than testosterone and testosterone-hemisuccinate themselves. They also show that the Fe-
porphyrin complex is sandwiched between the two subdomains of the protein providing with
good complementarities. However, the artificial cofactor entirely fills the cavity and the its
metal ion remains widely exposed to the which explains
enantioselectivity observed. Some possible improvements of the “Trojan horse” strategy for

solvent the moderate

obtaining better catalysts of selective oxidations are presented.

Introduction

The synthesis of enantio-pure compounds is a major issue in organic
chemistry, especially in pharmaceutical chemistry, as it is well
known that the two enantiomers of chiral products can possess
different biological activities. One of the most efficient ways to
obtain such products, which is both cost-effective and eco-friendly,
is asymmetric catalysis that uses low quantities of chiral catalysts.
Among those, a promising new kind of eco-compatible hybrid
biocatalysts, that combine the advantages of both biocatalysis and
homogeneous catalysis, has recently been developed: artificial
metalloenzymes or « Artzymes ».' Such catalysts associate a
synthetic metal-cofactor that is responsible for the catalytic activity
with a protein that provides the metal cofactor with a chiral
environment and protects it against degradation. They are not only
able, like enzymes, to work under mild conditions with a high
stereoselectivity, but they can also be used in a wide scope of
reactions like synthetic catalysts. Additionally, their efficiency and
selectivity can be optimized both on the protein side, by directed
evolution, and on the metal cofactor side by chemical modification
of the ligand.

Different strategies have been described to obtain artzymes. First,
the direct insertion of a metal ion into proteins has led to systems
able to catalyze various reactions such as selective bis-hydroxylation
and hydroformylation of alkenes, sulfoxidation of sulphides,
epoxidation of styrene derivatives, Diels-Alder reactions.”®
Alternatively, the modification of the coordination sphere of the
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metal ion in metalloenzymes has been used to drive the
stereoselectivity of hydroxylation reactions.” Second, other
metalloenzymes have been obtained upon the covalent attachment of
a metal cofactor into a protein, most often by a covalent bond with a
cysteine residue, and have been used to catalyze a wide range of
enantioselective transformations such as hydrolysis of esters,
sulfoxidation, epoxidation, hydrogenation and Diels Alder reaction.”
12 Finally, artzymes can also been obtained after the supramolecular
anchoring of metal cofactors into proteins, using either the “host-
guest strategy” or the “Trojan-horse strategy”. The former was used
to generate artzymes that catalyzed the stereoselective sulfoxidation
of thioanisole'™!, the stereoselective Diels-Alder reaction'® or
dihydrogen production'” or that displayed an peroxidase activity'®
and O, binding properties.'® We ourselves prepared by non-covalent
insertion of iron- and manganese- anionic tetraarylporphyrins in
xylanase A artificial hemoproteins that were found able to catalyze
the stereoselective sulfoxidation of thioanisole by H,0,% and
epoxidation of styrene derivatives by oxone.?' The “Trojan-horse
strategy” was historically introduced by Whitesides and coworkers
but mainly developed and optimized by Ward et al. Taking
advantage of the strong affinity between streptavidin and biotin, a
biotinylated transition metal complex are inserted into streptavidin
and its variants to build new artificial metalloenzymes that were able
to cza;t2a31yze the stereoselective reduction of acetamido-acrylic acid by
H,.~

We also previously used the “Trojan-horse strategy” to build new
artificial hemoproteins. Taking advantage of the strong affinity of a
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monoclonal antibody for its anti-estradiol antigen (K, = 9.5 x 10
'°M), the artificial hemoproteins were built by insertion of Fe- or
Mn-porphyrin-estradiol ~ conjugates into the anti-oestradiol
antibody.?*?® These biocatalysts catalyze selective oxidations such
as the enantioselective sulfoxidation of thioanisole by H,O, with a
10% enantiomeric excess and the chemoselective epoxidation of
styrene by KHSOs. However, in the later case, no enantiomeric
excess was observed. We thus decided to improve these selectivities
by turning towards another protein. In particular, we focused on the
neocarzinostatin (NCS), a 113 amino-acid protein that is the most
studied member of a family known as chromoproteins, secreted by
Streptomyces. Each member of this family tightly and specifically
binds a nine membered enediyne “chromophore” that is responsible
for the powerful cytotoxic and antibiotic activities of the
chromoprotein complexes. It has thus been intensively studied for its
antitumor properties and has also been engineered as a potential
drug-carrying scaffold.’’** In a previous study, the ligand-binding
pocket of NCS was remodeled and directed evolution techniques
were used to create a new binding site for a target unrelated to its
natural ligand. In particular, the NCS-3.24 variant, that contains 7
mutations in the binding site : D33W, G35A, C37W, W39R, L45W,
C47Y and F52N, with respect to wild type NCS, was found to bind
testosterone with a good affinity (K, = 13 x 10° M) and its X-ray
structure was solved in the apo and complexed forms.”’ We thus
decided to associate this NCS variant with an iron(IIl)-
tetrarylporphyrin-testosterone conjugate 1-Fe. We here present the
synthesis of this new metalloporphyrin-testosterone conjugate, as
well as the characterization of its complex with the NCS-3.24 variant
and its catalytic activity in the oxidation of thioanisole by H,0O,.

Our results show that these new biocatalysts have an interesting
catalytic activity in oxidation reactions. The iron(III)-anionic-
porphyrin—testosterone-NCS variant complex was found able to
catalyze the chemoselective and enantioselective (ee = 13%)
oxidation of thioanisole into sulfoxide by H,0,. Molecular
modelling studies showed that the Fe-porphyrin complex was
sandwiched between the two sides of the protein cavity occupying
most of the available space of the binding region, hence providing a
chiral environment around the iron atom. Moreover, the nearby
environment of the iron remained exposed to the solvent. Both
elements could explain the moderate enantioselectivity observed.

Results and Discussion

Synthesis of iron(I1I)-5,10,15-tris(4-sulfonatophenyl)-20-(17’-
succininimidyl-testosterone) porphyrin 1-Fe.

5,10,15-tris(4-sulfonatophenyl)-20-(4phenyl(17°-succininimidyl-
testosterone))porphyrin  (TpSPpNHSucTestoPPH,) 1 was first
synthetized in three steps (Scheme 1). 17’-succininimidyl-
testosterone was first synthetized by a method described previously
by Hong Xu Chen and Xin Xiang Zhang.*' The 17’-OH function of
commercially available testosterone was thus esterified by succinic
anhydride in the presence of pyridine under inert atmosphere as
described in materials and methods to lead to 17’-
succininimidyltestosterone with 72% yield. The product was
characterized by NMR and MALDI-ESI spectroscopies that were in
agreement with the expected structure.

Then, the acidic function of the modified steroid was engaged in
a peptide coupling reaction with the amino group of the meso-para-
aminophenyl substituent of the para-sulfonatophenyl substituted
porphyrin TpSPpNH,PPH, that had been prepared as described
previously.?***** The best result was obtained with isobutyl
chloroformate as the coupling agent in the presence of N-
methylmorpholine as the base. Owing to the high solubility of the
obtained porphyrin 1 in water, purification was not easy and required
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several steps including extensive washings of the water phase by
dichloromethane in order to remove the excess of testosterone and
two final successive purifications on a H' cation exchange column
first and, second, on a Na' column AG-50W-X8. After
lyophilisation, porphyrin 1 was obtained as a purple solid in a 24%
yield. It was characterized by NMR and MALDI-ESI spectroscopies
that were in agreement with the expected structure.
OH
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038
2
\rO Cl
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Scheme 1. Synthesis of the iron(I1I)-5,10,15-tris(4-sulfonatophenyl)-20-(17’-
succininimidyl-testosterone) porphyrin 1-Fe.

1-Fe was prepared following a classical protocol described by
Fleischer et al.** upon reaction of porphyrin 1 with excess FeCl,.4
H,0 at 4°C in 1M acetate buffer, pH 4 under inert atmosphere. After
solvents removal, the water-soluble metalloporphyrin was dissolved
in water and purified on a Na" cation exchange column (AG-50W-
X8). 1-Fe was obtained after lyophilisation as a dark purple solid in
a 95% yield.

Insertion of 1-Fe in the cavity of the NCS-3.24 variant.

The UV-spectrum of a 5 uM solution of 1-Fe was recorded twice in
50 mM citrate-phosphate buffer, pH 4, alone or in the presence of a
slight excess of the NCS-3.24 protein (1.2 equiv.), in order to favour
the binding of the testosterone moiety inside its binding site (Fig. 1).
When comparing the spectra of 1-Fe and that of NCS-3.24-1-Fe
(Fig. 1), it appears that the binding of 1-Fe into NCS-3.24 causes a
slight 4 nm shift of the Soret band, from 412 to 416 nm,
accompanied by an increase of its intensity, and a slight 5 nm shift of
the Q band, from 540 to 545 nm (Table 1) together with a decrease
of its intensity. It is thus clear that the presence of the protein slightly
influences the shape of the UV-Vis spectrum of 1-Fe, with rather
slight modifications that are in agreement a change of the
hydrophobicity of the environment of the porphyrin.*® This clearly
testifies of an interaction between the cofactor and the protein. The 4
nm shift of the Soret band, accompanied by the 5 nm shift of the Q-
band could also be the sign of the coordination of a weak ligand
coming from one amino acid side chain of the protein on one face of
the iron.

This journal is © The Royal Society of Chemistry 2012
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Figure 1. Comparison of the UV-visible spectra of 5 (/M 1-Fe and NCS-
3.24-1-Fe in 50 mM citrate-phosphate buffer, pH 4.

Table 1. UV-visible characteristics of metalloporphyrin-testosterone
cofactor 1-Fe, and its complex with NCS-3.24 variant.

Complex UV-visible characteristics Kp
Amax(nm) (e(M"'em™)) (1M)

1-Fe 412 (1.52 x 10°), 540 -

1-Fe-3-24 416 (1.72 x 10°), 545 1.6

In order to determine the dissociation constant of the
corresponding NCS-3.24-1-Fe cofactor complex, increasing
amounts, from 0 to 10 pM, of NCS-3.24 variant were added
respectively to a 5 uM solution of 1-Fe in 50 mM citrate-phosphate
buffer, pH 4. The titration was followed by UV-visible spectroscopy
as described in the experimental section. The difference between the
absorbance at 412 nm of 1-Fe and that of 1-Fe-NCS-3.24 (AAy; =
Apre — Aprencsy) Was plotted against the metal cofactor/NCS
variant ratio. It has previously been reported'*® that AA could be
related to the dissociation constant K, by the following relation:

AA K AA
(8], = o1+ Y :g[ ]
€1.pe T ELFeNesv [L-Fe],—— €1.pe T ELpeNesy

€1.pe ~ €lFeNCSY

As a result, Kp could be estimated with a non-linear regression
of the initial concentration of NCS variant [S], with the function g
(AA / €1.pe — €1-FeNcsy)- It then appears that NCS-3.24 was able to
bind the iron(Ill) hydrosoluble porphyrin linked to testosterone
through a succinimidyl arm, 1-Fe with a K, constant in the
micromolar range. Indeed, a K value of about 1.6 uM could be
determined for the dissociation constant of the 1-Fe-NCS-3.24
complex (Table 1).
The binding of iron(II)-tetra-p-sulfonato-phenylporphyrin TpSPP-
Fe by NCS-3.24 was also examined in order to appreciate the
contribution of the porphyrinic ring to the binding of 1-Fe in the
binding site of this protein. A Kj value of 12.5 uM was found for the
Fe(IIT)-TpSPP-NCS-3.24 complex.
These values can be compared with those previously reported by
Minard et al. who showed that NCS-3.24% was able to bind
testosterone as well as testosterone-hemisuccinate (THS). This
constitutes a shortened charged form of the spacer arm of
biotinylated testosterone that was used during the selection of the
NCS variants and also constitutes the non-porphyrinic part of 1.
Fluorescence titration experiments allowed the determination of the
dissociation constants for the NCS-3.24-testosterone complex, Kp =

This journal is © The Royal Society of Chemistry 2012
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13 uM and for the NCS-3.24-THS complex K, = 40.15 uM.% Since
the K values determined here for the 1-Fe-variant complexes were
in the micromolar range (Table 1), it is clear that the covalent
attachment of the succinimidyl-testosterone arm to the porphyrin
does not prevent the binding of the testosterone moiety inside the
cavity of the NCS-3.24 variant but it even improves its binding
properties.

Taking into account that NCS-3.24 also binds Fe-TpSPP with a
Kp of 12.5 pM, it is then clear that a synergetic effect between the
binding of the testosterone moiety and that of the porphyrinic ring
leads to a better association of 1-Fe with NCS-3.24 than that of both
testosterone and THS alone.

In order to get a deeper insight on the molecular grounds that
govern the interaction of 1-Fe with the NCS variant, molecular
modelling was performed.

Molecular modelling studies of the interaction of 1-Fe with the
NCS-3.24 variant.

Despite several experimental structures of neocarzinostatin are
available in the Protein Data Bank, only one corresponds to the
NCS-3.24 protein (pdb code 2cbo). In this structure, the testerone
hemisuccinate used for our Trojan horse strategy is bound
simultaneously at two different sites at the flanks of the protein
cavity creating a relatively large but solvent exposed region for the
binding of chemicals.

Because of the relevance for our dockings to reproduce as
accurately as possible the binding of steroids to the NCS-3.24
variant, a first part of our computational study was dedicated to
benchmark the scoring functions available in GOLD in reproducing
the X-ray structure of the NCS-3.24/THS complexes. Dockings were
performed with all the scoring functions available in GOLD (ASP,
ChemScore, GoldScore and ChemPLP) and the resulting low energy
binding modes compared with the experimental structure. In all
calculations, the binding modes at both sites were predicted to be
almost isoenergetic, something consistent with the characterization
of simultaneous bindings in the X-ray structure. However, amongst
the 20 docking solutions, a wide ensemble of conformations were
observed, a situation consistent with the dominant hydrophobic
nature of the complementarity between the ligands and the protein as
well as the wide solvent access of the steroid binding sites.
Calculations ultimately showed that GoldScore was the most
efficient in reproducing the structural features of the testosterone
hemisuccinate leading to good agreements between theoretical and
experimental complexes. Hence, GoldScore was used in the
remaining part of the work.

The second part of the study was dedicated to the prediction of
the low energy binding modes of the iron(Ill)-tetra-para-
sulfonatophenylporphyin TpSPP-Fe into the NCS cavity. Dockings
were carried out using the same protocol as previously described
(see Material and Methods). All 20 solutions were extremely similar
one to the others with the lowest binding mode energy reaching 64.7
GoldScore units (Table 2).

Table 2. GoldScore scoring and breakdowns of the chemicals under
investigation in this work.

Chemical Fitness' Shbond ) Syaw 4N Shbond int "
Steroid 54.2 7.63 38.1 0.0
Porphyrin 64.7 19.9 36.3 0.0
Best Trojan ~ 72.9 6 52.3 0.0

[a] Total GoldScore values and the most important terms contributing to
them (dimensionless) [b] Protein-ligand hydrogen bonds [c] Protein-ligand
hydrophobic contacts [d] ligand intramolecular hydrogen bonds

J. Name., 2012, 00, 1-3 | 3
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In this binding mode, the porphyrin presents a strong
hydrophobic complementarity with the protein with most of the
macrocycle well incorporated in the NCS cavity (Figure 2). The
different quadrants of the porphyrin present several kinds of n—n
interactions with tryptophan 37 and 33, phenylalanine 78 and
tyrosine 47 (Figure 2). Additionally, two of the four sulfonates
present a series of polar interactions with residues at the two
extremities of the binding sites of NCS-3.24. This includes
interactions with the nitrogen atom of the side chain of Gln 94 and
the backbone nitrogen of Gly 107 on one side, the nitrogen atom of
the side chain of Asn 52 and Trp 33 as well as the hydroxyl group of
Tyr 47 on the other. The two remaining sulfonates are remaining
widely exposed to the solvent.

NCS

)
o~ v

TYR 47

|
/Tnp ! E ~
ASN / 4

St

ol & v o
\\’:/ S ‘f b
f/

== TpSPPFe
w//\}/\ '_/”\\I\ .
a N\ R aN

Figure 2. Representation of the lowest energy solution of the docking of
unsubstituted porphyrin in the experimental structure of NCS-3.24 (pdb code
2¢bo). The protein is represented in transparent cyan ribbons. Ligands and
important residues of the binding site are represented in stick.

The calculated binding orientations of the porphyrin non-
substituted by a 4-phenyl(17°-O-succinimidyltestosterone) arm
present interesting comparisons with the native NCS-3.24/THS
complex (Figure 3). On one side, the aromatic ring of Fe-TpSPP
presents overlapping hydrophobic regions with the two testosterone
moieties in their corresponding binding sites. On the other, the polar
interactions of two of the para-sulfonate substituents of Fe-TpSPP
almost perfectly match those of the carbonyl groups of both
testosterone derivatives present in the original structure. In summary,

4| J. Name., 2012, 00, 1-3

the docking performed in this part of the study clearly shows that the
unsubstituted  porphyrin  already presents relatively good
complementarities with the NCS variant thanks to similar
hydrophobic and polar patterns generated by about two thirds of the
macrocycle with respect to two additive steroids. This general
behaviour is in agreement with the experimental observation and
suggests that porphyrinic scaffolds are viable candidates for
providing NCS with peroxidase activity.

»
-
= y
' Site 1
Site 2 Steroid
224
\'/\L\. W
Steroud_ *r/ | /V
. 'J __ TPSPPFe
| ~_7
N P A=
v .

Figure 3. Representation of the lowest energy solution of the docking of
unsubstituted porphyrin in the experimental structure of NCS-3.24 (pdb code
2cbo) in comparison with the experimentally characterized ligands. The
protein is represented in transparent cyan ribbons and chemicals in stick. The
porphyrin is colored in gold and the steroids in pink.

Finally, the calculations were carried out to predict low energy
solution of the binding of the 1-Fe “Trojan-horse” to the NCS-3.24
engineered NCS. Lowest energy solutions have scores close to 73
units, an improvement of 10 scoring units with respect to the naked
porphyrin; something in line with the experimental observations.
However, as a consequence of the wide exposure of the NCS binding
site and the large dimension of the steroid conjugated porphyrin, the
predicted structures of the complex present a large structural
variability. This actually leads to three lowest energy solutions with
less than 1.5 GoldScore units of difference and it would be
presumptuous to simplify the discussion on one unique binding
mode. Therefore, we here comment on the general features that these
binding modes share and illustrate them with one of their solutions
(Figure 4).

This journal is © The Royal Society of Chemistry 2012
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Figure 4. Representation of the lowest energy solution for the docking of 1-
Fe in the experimental structure of NCS-3.24 (pdb code 2cbo). The protein
is represented in transparent cyan ribbons. Ligands and important residues of
the binding site are represented in stick.

In the lowest energy GOLD solutions, the porphyrin moiety of

the homogenous catalyst is sandwiched between the two subdomains
of the protein like in the previously reported experimental and
calculated structures (Figure 4). The porphyrinic core presents
important hydrophobic interaction with the same residues as those of
the isolated porphyrin (Trp 37, Phe 78, Trp 45, Trp 33 and Tyr 47).
Polar interactions are also observed with Gln 94, Gly 107, Asn 52
and Trp 33, Tyr 47. However, the two regions of 1-Fe that are
deeper anchored into the cavity of NCS-3.24 correspond to one of
the sulfonated phenyl groups and the one holding the linker toward
the steroid. This way, two sulfonates are systematically predicted to
be in a solvent exposed medium, which, in turn, is consistent with a
preference of ionic groups to stand in a hydrophilic environment
with respect to hydrophobic and polar moieties. Possible
coordination between the metal and the backbone carbonyl of the
phenylalanine Phe 78 is also predicted (distance of ca. 3.5 A).
Inside the binding site, neither the porphyrin nor the steroid
maintains the same binding geometry as when docked separately.
The porphyrin is slightly displaced perpendicularly to the main axis
of the NCS then occupying more intensively one of the two sites of
the steroids of the native X-ray structure. The testosterone moiety is
also displaced with its atoms only partially occupying one of its
original binding site and mainly packing to its outer region. Such
changes are a consequence of the linker occupying most of the room
of the steroid sites and its amide group actually forming a hydrogen
bond with one of the polar patches on the testosterone cavities
(GIn%4/Gly107 and Asn52/Trp33/Tyrd47 — Figure 5). The only
differences between the lowest energy solutions depend on which of
the two sub-cavities of the NCS occupies the chemical groups.

This journal is © The Royal Society of Chemistry 2012
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4

Figure 5. Representation of the lowest energy solution of the docking of 1-
Fe (in green) in the experimental structure of NCS-3.24 (pdb code 2cbo) in
comparison with testosterone (in pink) and unsubstituted porphyrin (in gold).
The protein is represented in transparent cyan ribbons. Ligands and important
residues of the binding site are represented in stick and are colored in cyan.

Sulfoxidation of thioanisole by H,0, catalyzed by the 1-Fe-NCS-
3.24 variant complex.

The influence of the NCS protein on the efficiency and on the
selectivity of oxidation reactions catalyzed by the testosterone-
iron(IlT)-porphyrin cofactor 1-Fe was then studied. For this, the
oxidation of thioanisole by H,O, was performed as this substrate is
well known as a typical substrate to be oxidized into an asymmetric
sulfoxide by naturally occurring peroxidases like horseradish
peroxidase (HRP),*® which makes it a perfect candidate for a study
of the enantioselectivity of the catalysis.

Only Fe-porphyrin-catalysts may be used for this reaction as it
was previously shown®’ that Mn-porphyrin complexes were unable
to catalyse the oxidation of thioanisole by H,O, but instead lead to a
catalase reaction. The sulfoxidation of thioanisole by H,O, in the
presence of 5 uM 1-Fe alone or in the presence of 7.5 uM NCS-3.24
neocarzinostatin variant as catalyst and imidazole as co-catalyst, was
thus carried out in 50 mM citrate-phosphate buffer, pH 4 under the
following  conditions:  H,0,/thioanisole/imidazole/catalyst =
500/500/10/1, as described in Materials and Methods. After 2 hours,
the organic products were extracted with ethyl acetate and analyzed
by GC using benzophenone as the internal standard to determine the
degree of conversion of the sulfide. Afterwards, chiral HPLC on a
Chiracel OD-H column was used to determine the enantiomeric
excess of the sulfoxide obtained.

In the absence of catalyst, no product coming from the oxidation
of thioanisole was formed but, when the reaction was performed in
the presence of either 1-Fe or the bio-hybrid complex 1-Fe-NCS-

J. Name., 2012, 00, 1-3 | 5
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3.24, the chemoselective formation of sulfoxide was observed with
no trace of the corresponding sulfone (Scheme 2).

S

Scheme 2. Oxidation of thioanisole by H,O, catalyzed by 1-Fe and 1-Fe-
NCS-3.24 variant complexes.

In the absence of protein, 39 pM sulfoxide was formed, whereas
32 uM was obtained in the presence of NCS-3.24 (Table 3). This
slight decrease could be due to a lower substrate accessibility to the
iron when 1-Fe is anchored to the binding site of NCS-3.24. Then,
the reaction mixture was analyzed by chiral HPLC, and an
enantiomeric excess of 13 % in favour of the S-enantiomer of the
sulfoxide was obtained when 1-Fe-NCS-3.24 was used as catalyst,
whereas in the presence of only 1-Fe as catalyst the racemic
sulfoxide was obtained. This result thus confirmed that the protein
environment influenced the enantioselectivity of the reaction.

Table 3. Amount of sulfoxide obtained after oxidation of thioanisole by
H,0; catalyzed by 1-Fe and its complex with the NCS-3.24 variant in 50
mM citrate-phosphate buffer, pH 4 at RT.

monoclonal anti-microperoxidase 8 antibodies® led to a 46% ee in
favour of the R isomer. Finally, the best ee (93%) in favor of the S
isomer, was reported for the oxidation of thioanisole by the vanadyl
ion VOSO, inserted into (strept)avidin®.

Table 4. Comparative table of yields and enantioselectivity induced by the
protein with other systems described in the literature for the sulfoxidation of
thioanisole.

Page 6 of 11

Protein Metal Strategy ee(%) Conf Ref.
complex .

NCS-3.24 1-Fe Trojan Horse 13 S This

variant work

anti-cestradiol Fe-anionic  Trojan Horse 10 S 26

Antibody 7A3 porphyrin

anti-cestradiol Fe-cationic  Trojan Horse 8 S 24

Antibody 7A3 Porphyrin

(strept)avidin Mn-Salen-  Trojan Horse 11 R 38
biotin

Apomyoglobin  Cr-Salen Host-guest 5-33 R/S 15

Variants

Xylanase A Fe-anionic ~ Host-guest 40 S 20
porphyrin

Apomyoglobin ~ Mn-Salen ~ Host-guest 60 S 39

variants

Bovin Serum Fe-Corrole  Host-guest 38 S 14

albumin

Anti-MP8 - Micropero- Host-guest 46 R 40

antibody 3A3 xidase 8

(strept)avidin VOSO, Covalent 93 S 23

Apomyoglobin ~ Mn-Salen Covalent 12-51 S 9

variants

Complex Sulfoxide ee Configuration
(uM) (%)

1-Fe 39 - -

1-Fe-3-24 32 13 S

[a] Conditions as in materials and methods: H,O,/thioanisole/imidazole/
catalyst = 500/500/10/1.

Indeed, as shown by the molecular modelling experiments, when
inserted into the binding cavity of the NCS-3.24 variant, the iron-
porphyrin moiety of 1-Fe is sandwiched between the two
subdomains of the protein (Figures 4 and 5), which could then cause
a steric hindrance that both makes more difficult the access of the
substrate to the iron and induce a stereoselectivity in the transfer of
the oxygen atom on the sulfur atom of thioanisole. In such a way, a
very reduced part of the protein partner constitutes the asymmetric
environment around the catalyst. Additionally, figures 4 and 5 show
that the iron-porphyrin moiety is also widely exposed to the solvent,
this may explain why the control of the access of the thioanisole
substrate to the iron is not very high and why the enantiomeric
excess in S-sulfoxide is only moderate.

This enantiomeric excess can be compared to those obtained for
this type of reaction in the presence of various artzymes (Table 4).
Several artzymes, were found to catalyze the stereoselective
sulfoxidation of thioanisole with moderate to high enantiomeric
excesses. For example, the insertion of Cr- and Mn-Salen complexes
into apomyoglobin variants, either covalently’ or by host-guest
strategy'*” led to ee values between 33 and 60% in favor of the R or
the S isomer depending upon the variant. Insertion, by the host-guest
strategy, of Fe-corrole into Bovin Serum albumin'® and an anionic
iron-porphyrin, Fe(Tetra-p-carboxylatophenylporphyrin, FeTpCPP),
into xylanase A% led respectively to 38% and 40% ees in favour of
the S isomer whereas the insertion of Microperoxidase 8 into
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At the opposite, all the artzymes produced by the “Trojan Horse”
reported until now lead to low enantiomeric excesses. Indeed, Fe-
anionic porphyrin-estradiol’® and Fe-cationic porphyrin-estradiol**
complexes associated with a monoclonal anti-estradiol antibody only
led to 10% and 8% enantiomeric excess in favor of the S isomer
whereas a Mn-Salen-biotin-(strept)avidin biohybrid only led to a
11% enantiomeric excess in favor of the R isomer.”® Since 1-Fe-
NCS-3.24 also leads to a weak enantiomeric excess, it is clear that
the “Trojan Horse” strategy may not be the best one to get a high
enantioselectivity in the sulfoxidation of thioanisole, using a rather
bulky iron-porphyrin as catalyst. This could be related to a bad
control of the access of the substrate to the metal center, which could
be due to the fact that the metal cofactor stands outside the binding
site of the protein.

Conclusion

The aforementioned results describe the synthesis and the
characterization of a new anionic metalloporphyrin-testosterone
conjugates 1-Fe. In order to generate new artificial metalloenzymes
following the so-called “Trojan horse strategy”, this molecule was
further associated to a neocarzinostatin variant, NCS-3.24, that was
previously engineered using a directed evolution approach for the
binding of testosterone. UV-visible spectroscopic studies showed
some slight modifications in the spectrum of 1-Fe in the presence of
the NCS-3.24 protein — namely a slight increase in absorbance
intensity together with slight 4-5 nm shifts of its characteristic
bands- that were in agreement with a change of the surrounding
hydrophobicity of the porphyrin and a possible coordination of a
weak ligand coming from one amino acid side chain of the protein
on one face of the iron. Such observations were clearly in favor of an
insertion of the 1-Fe cofactor in the binding site of the NCS-3.24
protein. These studies also allowed the determination of a Kj, value
of 1.6 uM for the 1-Fe-NCS-3.24 variant complex (Table 1), that
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appeared to be better than those reported for the NCS-3.24-
testosterone and -testosterone-hemisuccinate (THS) complexes.”’
Since NCS-3.24 also bound Fe-TpSPP with a K, of 12.5 uM, it
made it clear that a synergetic effect between the binding of the
testosterone moiety and that of the porphyrinic ring led to a better
association of 1-Fe with NCS-3.24 than that of both testosterone and
THS alone.

Consequently, the requirements to use the 1-Fe-NCS-3-24
artzyme as a biocatalyst for oxidation reactions in water appeared to
be fulfilled, and it was then tested as biocatalyst for the oxidation of
thioanisole by hydrogen peroxide. In the presence of 1-Fe-NCS-
3.24, the reaction appeared to be highly chemoselective -no sulfone
could be detected- and only led to the sulfoxidation of thioanisole by
hydrogen peroxide with a low enantiomeric excess of about 13%.
This ee was comparable to those obtained with other artzymes
generated following the “Trojan horse” strategy, but lower than
those obtained with artzymes based on other approaches, i.e.
insertion of metal cation or covalent attachment of a metal cofactor
in a protein or host-guest strategy (Table 3).

In order to better explain both the binding of 1-Fe in the cavity
of the NCS variant and the resulting stereoselectivity of the
sulfoxidation reaction, molecular modelling was performed.

Protein-ligand  docking calculations predict a good
complementarity between the Trojan horse porphyrin 1-Fe and the
NCS-3.24 variant. As a whole, the calculations agree with the
experimental data in particular in predicting better binding with
respect to the unsubstituted porphyrin Fe-TpSPP and the possibility
of a weak direct coordination between the metal and the backbone
carbonyl of the phenylalanine Phe 78 of the protein. The iron-
porphyrin moiety of 1-Fe appears to be sandwiched between the two
subdomains of the protein (Figures 4 and 5), which could explain the
stereoselectivity observed in the sulfoxidation of thioanisole.
However the large dimension of the Trojan horse lead to a complete
occupancy of all the available cavities of the NCS and results also in
a metal vicinity exposed to the solvent. These two aspects could
explain why the control of the access of the thioanisole substrate to
the iron is not very high and that the enantiomeric excess in S-
sulfoxide is only moderate.

Protein-ligand dockings show good complementarities between
the Trojan horse and the receptor and confirm that the strategy
followed in this work is valid. However, the steroid group used as
the Trojan horse element has not maintained in original location but
has been slightly displaced toward the superficial space of the
receptor. It appears that porphyrin and steroid moieties only seem to
sum strong hydrophobic interactions with the protein with only
residual polar contacts too. This suggests that the specificity of the
receptor for any of the chemical groups (both characterized at tens of
[IM) is too low for one of them dictating the geometric feature of the
final system. Therefore, this study sheds light on the limitation of the
applicability of the so-called “Trojan Horse” strategy. Without a
strong affinity of the chemical used as a template for the receptor,
foreseeing the geometrical features of active artificial
metalloenzymes is hazardous. In our case, whether the steroid has
some role in guiding the binding process is still unclear.

It is then likely that increasing the interaction of the metal
cofactor with the protein could lead to better enantioselectivities.
The synthesis of new cofactors in which the distance between the
metal complex and the testosterone anchor will be shorter will then
be undertaken. This could be achieved either by directly substituting
the testosterone moiety on one meso-carbon of the porphyrin ring, or
alternatively by substituting the porphyrin ring with a smaller ligand
such as salen for example.

Experimental Section

This journal is © The Royal Society of Chemistry 2012
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Physical measurements. UV-visible spectroscopy studies were
performed on double beam UVIKON 860XL and CARY 300BIO
VARIAN spectrophotometers. '"H NMR and *C NMR spectra were
recorded on BRUKER AM 250, 300, 360 spectrometers.

Synthesis of free base 5,10,15-Tris(p-sulfonatophenyl)-20-(p-
aminophenyl)porphyrin (TpSPpNH,PPH,) 5,10,15-Tris(p-
sulfonatophenyl)-20-(p-aminophenyl)porphyrin (TpSPpNH,PPH,)
was prepared in two steps as described previously.?® The nitration of
tetraphenylporphyrin by NaNO, was first carried out according to the
method described by Smith and coll.,*? followed by the reduction of
the nitro group by SnCl,.** The sulfonation of the obtained 5,10,15-
phenyl-20-p-aminophenylporphyrin was then carried out according
to the method described by Fleischer et al.*

Synthesis of 17’-succinimidyltestosterone: The synthesis of 17°-
succinimidyl-testosterone was inspired from the work of Hong Xu
Chen and Xin Xiang Zhang.*' A solution of testosterone (580 mg, 2
mmol) and succinic anhydride (2.2 g, 22 mmol.) in 20 mL
anhydrous pyridine, was stirred for 12 hours at 110 °C. The reaction
mixture was cooled down at RT. 25 mL of water were then added
and a saturated solution of NaHCOj; was further added until pH 12
was reached. The mixture was then washed three times with 20 mL
of diethyl ether. The aqueous layer was acidified by addition of 1 M
HCI until a white precipitate was observed and was then extracted
three times with 20 mL of diethyl ether. The organic layers were
combined, dried over anhydrous MgSO,, and filtered. The filtrate
was then concentrated under reduced pressure and 17’-
succinimidyltestosterone (571 mg) was obtained as white crystals
(73% yield). Ry = 0.5 in CH,Cl,/MeOH, 90/10; '"H NMR (CDCl,,
250 MHz, 8(ppm)): 9.55 (m, 1H, OH), 5.66 (s, 1H, H4’), 4.52 (t, 1H,
H17%), 2.5 (m, 4H, H1 and H2), 1.16-2.71 (m, 20 H), 1.45 (s, 3H,
CH3), 0.81 (s, 3H, CHs); *C NMR (CDCl;, 90 MHz, 8(ppm)) :
199.6 (C3’), 176.2 (C=0), 171.4 (C=0), 123.1 (C4’), 82.3 (C17’),
42.1 (C137), 38.1 (C19), 36.0 (C2°), 22.9 (C11”), 19.9 (C15), 16.8
gCH3), 11.4 (CH;); ESI [M+H'] 389.05 (Exact mass = 388.22 g.mol’
).
Synthesis of 5,10,15-tris(p-sulfonatophenyl)-20-(4-phenyl(17°-O-
succinimidyltesto-sterone))porphyrin (TpSPpNHSucTestoPPH,)
1: A solution of 17’-succinimidyltestosterone (130 mg, 0.345 mmol,
1 equiv.) and N-methyl morpholine (0.2 mL) in 5 mL anhydrous
THF was cooled down in an ice bath. Isobutyl chloroformate (0.2
mL) was added and the mixture was stirred at —5 °C for one hour.
TpSPpNH,PPH, (300 mg, 0.345 mmol) was then added and the
mixture was heated at 90°C under argon for 12 hours. The reaction
was monitored by TLC. Another 200 mg of activated 17’-
succinimidyltestosterone was then added and the reaction mixture
was heated at 90 °C overnight. The solvent was then removed under
reduced pressure, and the residue was re-dissolved in a minimum
amount of distilled water and washed with CH,Cl,. Crude 1 was
then precipitated as a purple solid with methanol. The solid was
dissolved in a minimum amount of water and applied to a Na'-
activated cation exchange column (AG-50W-X8). After
lyophilization, 1 was obtained as a powdered purple solid (106 mg,
24% yield). Ry = 0.6 (AcOEt/ MeOH,; 50/50); UV-Visible :
(H,O,Amax (nm)) : 415 (Soret), 516, 558, 587, 638; HRMS
§MALDI) m/z = 1239.34791 [M+3H'] (exact mass = 1239.34 g.mol’
)
Synthesis of 5,10,15-tris(p-sulfonatophenyl)-20-(4-phenyl(17°-O-
succinimidyltestosterone)) 1 and of its iron(III) complex 1-Fe:
The insertion of iron into 1 was achieved by incubating overnight the
free base porphyrin (20 mg., 0.015 mmol.) and FeCl,.4 H,0O (33 mg.,
10 eq.) at 4°C in 20 mL 1M acetate buffer, pH 4 under inert
atmosphere.?* Quantitative insertion of iron into the starting material
was confirmed by UV/vis monitoring. When the reaction was over,
the crude 1-Fe was precipitated by addition of acetone. The obtained
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solid was filtered and re-dissolved in methanol. After filtration, the
solvent was removed under reduced pressure and complex 1-Fe was
obtained as a dark purple solid (20 mg., yield = 95 %). UV-visible:
Amax(nm) in 50 mM citrate-phosphate buffer,p(J[J[] (nm) : 412
(Soret), 540.

Expression and purification of the neocarzinostatin variant
(NCS-3.24): The NCS protein variant NCS-3.24 was prepared as
previously reported by of Minard et al.*®*° E.coli BLR(DE3) pLysS
strain (Novagen) were used as expression host. Cells transformed
with the phagemid containing the gene coding for the protein were
grown in 500 ml of 2YT medium in a 21 flask for 70 h at 30 °C,
200 rpm, in the presence of 100 pg/ml ampicillin and 30 pg/ml
chloramphenicol. Under these conditions the protein is efficiently
secreted. Bacterial pellets were removed by 15 min centrifugation at
9000 g and the soluble secreted proteins were precipitated with
ammonium sulfate (650 g/1). Precipitated proteins were solubilized
in TBS, and desalted by overnight dialysis at 4 °C against TBS. The
dialysed extract was cleared from any insoluble material by
centrifugation for 20 min at 17,000 g.

His-tagged variant protein was purified using a nickel affinity
chromatography (Ni-NTA-agarose Qiagen). The protein, eluted in
0.25 M imidazole, was concentrated and injected in a size-exclusion
chromatography column (Hiload™ 16/60 Superdex™ 75) previously
equilibrated with 25 mM Tris (pH 7.5) buffer. The purity of the final
sample was checked with an overloaded SDS-PAGE gel, which had
to show one well-resolved band with no visible contamination.The
functionality of the purified proteins was checked by ELISA as
described,”® with 50 nM protein. A Maxisorp ELISA plate (Nunc)
was coated with streptavidin-biotinylated testosterone complex.
Bound proteins were detected with an anti-His6-tag horseradish
peroxidase conjugated monoclonal antibody (Roche Diagnostics).
TBS, streptavidin and BSA coated wells were used as negative
controls. Proteins were also incubated in the presence of a free
competitor (100 M and 1 mM testosterone hemisuccinate (THS))
to check the specificity of the testosterone binding.
Characterization of the iron(IIl)-porphyrin-NCS-3.24 variant
complex: comparison of the UV-vis spectrum of the iron(III)-
porphyrin cofactor, 1-Fe, with that of the corresponding
iron(IIl)-porphyrin-NCS-3.24 complex: A 5 uM solution of 1-Fe
in 50 mM citrate-phosphate buffer, pH 4, was prepared by mixing 25
pL of a 100 uM solution of 1-Fe and 475 pL of 0.05 M phosphate-
citrate buffer pH 4. In parallel, a 5 uM solution of 1-Fe-NCS-3.24 in
50 mM phosphate—citrate buffer pH 4, was obtained by mixing 25
puL of a 100 uM solution of 1-Fe and 10 puL of a 305 uM solution of
NCS-3.24 (1.2 eq.) in 465 puL of 50 mM phosphate-citrate buffer pH
4. The UV-visible spectra of those solutions were then recorded
between 300 and 750 nm.

Titration of the NCS-3.24 variant by the 1-Fe cofactor, and
determination of the dissociation constant of the_1-Fe-NCS-3.24
complex: Increasing amounts (from 0 to 1.2 molar equivalents, final
concentration of the protein in the 0.24 - 5.9 uM range) of a 305 uM
solution of NCS-3.24 were added to a 5 uM solution of 1-Fe in a 50
mM citrate-phosphate buffer, pH 4. The absorbance of the solution
A, was recorded between 250 and 750 nm, 5 min after each addition.
The same experiment was performed to measure the absorbance A,
of the cofactor alone. After correction of the dilution induced by the
volume of cofactor added, the difference AA = A, — A at 412 nm
was plotted as a function of the number of equivalents of NCS-
variant added.

Kp values were then determined by an already described method '*°
from the non-linear regression of the curve representing the initial
concentration of NCS variant [NCS, ], as a function of AA/(gj.pe —
€1rencsyV at 412 nm; where: AA = A, — A, at 412 nm; [NCS,]
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stands for the concentration of NCS variant : NCS-3.24, and [1-Fe-
NCS,] for the concentration of NCS3-24-1-Fe complex formed.
Sulfoxidation of thioanisole by H,0, Catalyzed by 1-Fe and the
1-Fe-NCS-3.24 variant complex : The NCS variant (7.5 uM) was
incubated for two hours at room temperature with 1-Fe (5 pM) in
412.5 mL 50 mM citrate-phosphate buffer, pH 4. 12.5 pL ofa 0.1 M
solution of thioanisole in acetonitrile (Final concentration: 2.5 mM)
and 25 pl of a 0.01 M solution of imidazole in bi-distilled water
(Final concentration: 500 uM) were then added. The oxidant, H,0,
(final concentration, 2.5 mM), was then added to the solution at a
rate of 5 x 5 puL drops of 0.5 mM H,O, over a period of 1 h. The
same procedure was followed with the cofactor alone, and without
cofactor. The organic products were extracted twice with ethyl-
acetate and analyzed on a Thermo electron FOCUS GC equipped
with a TR-5 7 mm x 0.32 mm column, using benzophenone as the
internal standard to determine the degree of conversion of the
sulfide.

The organic layer was then concentrated under reduced pressure

and the residue was re-dissolved in a minimum amount of
isopropanol before being analyze on a Perkin Elmer HPLC equipped
with a chiral Chiracel OD-H column to determine the enantiomeric
excess of the sulfoxide obtained. The eluant was isohexane/propan-
2-0l; 95/5 v/v, and the flow rate was 1 mL.min™".
Molecular Modelling: Protein-ligand docking experiments have
been performed using the program GOLD (version 5.1)."
Calculations have been performed on the X-ray structure of the 3-
tes-24 variant of the NCS.?’ Because of the wide exposure of the
binding site of this enzyme, calculations were performed without
rotameric flexibility of its residues, avoiding in such a way major
false positives. However, three key water molecules characterized in
the same environment have been considered in the calculations:
2047, 2096 and 2116. These molecules were allowed to be rotated or
eventually removed during the docking cycles.

For each system, 20 docking solutions have been generated.
Calculations have been performed using a cavity consistent with the
location of the ligand in the experimental structure and involving a
20 A radius sphere radius centred on an atom close to the centre of
mass of the binding site. Test calculations on the validity of the
scoring functions were performed using the four energetic schemes
of GoldScore,*' GOLD,* Chemscore* and ChemPLP.* They were
benchmarked in function of their ability to reproduce both
testosterone sites observed in the crystal structures. And atom type
optimized in house to account for possible coordination binding of
the metal with nearby residues was used for the iron.*’

The ligands have been prepared using 1) the X-ray structure of
the steroid further minimized under the GAFF force field in the
UCSF Chimera environment,*® 2) a DFT minimized structure of the
naked porphyrin as reported previously”® and 3) a minimized
structure of the Trojan were both 1 and 2 were bridged together with
the linker synthesized experimentally. Analysis and graphic
rendering were generated under the UCSF Chimera environment.
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Enantioselective sulfoxidation of sulfides by H,O; catalysed by an artificial metalloenzyme

Table of contents entry:

Following the Trojan-Horse strategy, a new artificial metalloenzyme, obtained by non-covalent
insertion of an anionic Fe-porphyrin—testosterone conjugate into the neocarzinostatin NCS-3.24
variant, catalysed the enantioselective sulfoxidation of thioanisole by H,O,.
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