PUBLIC

Ref. Ares(2017)3037160 - 16/06/2017

Proposal Acronym: ROBOX
Project title: Expanding the industrial use of Robust Oxidative Biocatalysts for the conversion
and production of alcohols
Project № 635734
Funding Scheme Horizon 2020 Research and Innovation actions H2020-LEIT
Coordinator: DSM
Project start date 01 April 2015
Duration 48 months
DOCUMENT CONTROL SHEET
Title of Document:
Work Package:
Deliverable №:
Last version date:
Status:
Document Version:
File Name
Number of Pages
Dissemination Level
Responsible Author
Project Coordinator

Deliverable 1.8: Structural elucidation of relevant BVMOs e.g.
at least 3 new enzyme structures (UP, M30).
WP1
D 1.8
16-06-2017
For EU Deliverable
1
D1.8_Structural elucidation
8
Public
Andrea Mattevi
UNIPV
Rob Meier
DSM

“The ROBOX project has received funding from the European Union (EU) project ROBOX
(grant agreement n° 635734) under EU’s Horizon 2020 Programme Research and Innovation
actions H2020-LEIT BIO-2014-1.”

CONFIDENTIAL

2
The research for this work has received funding from the European Union (EU) project ROBOX (grant agreement n°
635734) under EU’s Horizon 2020 Programme Research and Innovation actions H2020-LEIT BIO-2014-1

CONFIDENTIAL

Table of contents
DELIVERABLE 1.8: STRUCTURAL ELUCIDATION OF RELEVANT BVMOS E.G. AT LEAST 3 NEW
ENZYME STRUCTURES (UP, M30). ..................................................................................... 4
Task 1.2. Engineering and identification of robust BVMOs ............................................................. 4
Summary ..................................................................................................................................... 5
Results......................................................................................................................................... 5
Conclusions ................................................................................................................................. 8

3
The research for this work has received funding from the European Union (EU) project ROBOX (grant agreement n°
635734) under EU’s Horizon 2020 Programme Research and Innovation actions H2020-LEIT BIO-2014-1

CONFIDENTIAL

Deliverable 1.8: Structural elucidation of relevant BVMOs e.g. at least 3 new
enzyme structures (UP, M30).
Task 1.2. Engineering and identification of robust BVMOs
The aim of the work for Task 1.2 has been the identification, characterization, and engineering
of BVMOs in order to obtain robust enzymes for the production of valuable small and bulky
lactones.
The thermal stability of an enzyme will be used as a proxy to its stability against different
solvents, pH values and high substrate/product concentrations required to satisfy industrial
conditions. RUG and UNIPV have performed state-of-the-art computational analyses of
selected BVMOs to predict beneficial mutations, and subsequently engineer robust variants.
To complement the engineering approach, the outcome of in silico design of robust BVMOs
will also be used to identify potential robust BVMOs from thermophilic microorganisms.
Through the available wealth of genome sequence information, cyclohexanone
monooxygenase (CHMO) and cyclopentadecanone monooxygenase (CPDMO) variants were
identified from genome sequences. Such BVMOs would satisfy the need for the two BVMOcatalyzed reaction types: (1) oxidation of small cyclic ketones, such as cyclohexanone and
derivatives thereof, and (2) bulky cyclic ketones, such as cyclopentadecanone.
The range of BVMOs that has become available through engineering and discovery has served
as input for the selection of a set of enzymes for WP3. A number of enzymes will be selected
which are most promising in terms of stability and activity and will therefore be used in the
experiments preparing the biocatalytic reactions for the conversion of cyclic ketones, while it
will also deliver a generic library of mutant BVMOs which show high stability and activity for
the conversion of other (complex) molecules different than the molecules studied in ROBOX.
In this way, the library of (mutant) BVMOs will be an important element of the ROBOX
technology platform, since such biocatalysts can be exploited for the synthesis of various
esters, lactones and sulfoxides which are found in many material applications and other
biotech products.
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Summary
UNIPV, in collaboration with RUG, has characterized and obtained X-ray crystal structures of
the polycyclic ketone monooxygenase from Myceliophthora thermophila C1 (MtPockMO),
and of the cyclohexanone monooxygenase from Thermocrispum municipale (TmCHMO).
These findings were published in The Journal of the American Chemical Society (DOI:
10.1021/jacs.6b12246) and in the journal Angewandte Chemie International Edition (doi:
10.1002/anie.201608951). The three enzyme structures have been deposited at the Protein
Database (open access PDB database at http://www.rcsb.org) with accession numbers 5MQ6,
5M0Z, and 5M10.
Additionally, UNIPV, in collaboration with UNIMAN and c-LEcta, has obtained the X-ray crystal
structure of the alcohol dehydrogenase 10 from Candida magnoliae (CmADH10). These
findings have been accepted for publishing in the journal ChemCatChem. The enzyme
structure has been deposited at the Protein Database (open access PDB database at
http://www.rcsb.org) with accession number 5MLN.

Results
UNIPV has collaborated with RUG and DYA on the characterisation and structure elucidation
of the polycyclic ketone monooxygenase from Myceliophthora thermophila C1 (MtPockMO).
UNIPV has succeeded in the determination of the crystal structure of MtPockMO in complex
with FAD and NADP+ to a resolution of 2.0 Å. MtPockMO exhibits the typical BVMO domain
organization with an FAD-domain (residues 1–229 and 479–655), an NADP-domain (residues
230–314 and 417–478), and a helical domain (residues 315–416). However, MtPockMO
features some striking structural peculiarities, including, a 70-residue N-terminal extension
that forms a long α-helix followed by an elongated stretch that wraps around the enzyme in
the vicinity of the FAD-domain (Figure 1), and a structural element ranging from residue 316
to 388 whose characteristic conformation reshapes the active site (D1.6). Thus, the enzyme
exhibits characteristic structural features, which are fully consistent with the notion that it
belongs to a distinct subgroup of BVMO enzymes. This provides a very valuable new insight
into how BVMOs have evolved towards enzymes that can convert relatively large molecules.
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These findings were published in The Journal of the American Chemical Society (DOI:
10.1021/jacs.6b12246) and the structure was deposited with accession number 5MQ6.

Figure 1. Overall structure of MtPockeMO (PDB entry 5MQ6). The N-terminal extension
(residues 1–73; dark blue) is specific to this BVMO enzyme subclass. FAD is yellow and NADP +
green (nicotinamide ring is disordered).

UNIPV and RUG have also worked on the characterization and structural elucidation of the
cyclohexanone monooxygenase from Thermocrispum municipale (TmCHMO). The
characterization of this BVMO has revealed that it has an unequalled stability when compared
with the other known and commercially available CHMOs. UNIPV solved two crystal
structures for this thermostable CHMO:
-

the first one with FAD, NADP+, and nicotinamide (a substrate analogue) in the active
site to a resolution of 1.2 Å (Figure 2);

-

the second one (1.8 Å) was obtained after reduction of the enzyme with sodium
dithionite and helped significantly to expand our understanding of the active site
properties (D1.5).

The crystals structures have been deposited in the Protein Data Bank (D1.11) and can be
accessed under accession numbers 5M0Z and 5M10. Based on this structural analysis, the
substrate appears to bind in a closed disk-shaped cavity lined by a set of hydrophobic amino
acids, immediately suggesting ideas for mutagenesis aimed at tailoring the enzyme substratespecificity properties towards the target ROBOX reactions (D1.5-D1.6) Together, UNIPV and
RUG have published these results in the journal Angewandte Chemie International Edition
(doi: 10.1002/anie.201608951) and it is provided as an Open Access paper. The editors of
this journal considered the findings important enough to label it a Hot Paper
(http://onlinelibrary.wiley.com/doi/10.1002/anie.201608951/pdf).
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Figure 2. Crystal structure of CHMO from T. municipal in the oxidised state. (Left) Ribbon diagram
of the TmCHMO monomer. The FAD, NADPH and nicotinamide carbons are shown in green; oxygens
in red; nitrogen in blue; and phosphorous in magenta. (Right) Semi-transparent protein surface around
the substrate binding inner cavity of the enzyme.

Additionally, major results were obtained from the structure determination by X-ray
crystallography of CmADH10 from Candida magnolia, in collaboration with the UNIMAN and
c-LEcta. The crystal structure of CmADH10 provided important insights on the architecture of
its active site (Figure 3). Furthermore, docking experiments were performed with AutoDock
Vina in an attempt to rationalise the selectivity of CmADH10 towards -isophorone. These
docking experiments nicely suggested the preferred position and geometry of -isophorone
for catalysis. However, since no evident interactions are detected in the docking, it would be
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expected that CmADH10 binds -isophorone in an induced-fit mechanism with minor
conformational changes taking place in the structure during binding and catalysis.

A

B

Figure 3. The crystal structure of Cm-ADH3. A. In the catalytic site four water molecules are
within close distance (3.5 Å) of C4N of NADP+ (green), where a substrate would be located for
hydride transfer; Tyr157 and Lys161 (gold, along with other important residues) interact with
nicotinamide ribose to orient the C4N carbon towards substrate, and Ser144 would stabilize
the substrate. B. -isophorone (light blue) docked in the active site cavity with the chiral
carbon pointing towards C4N of NADP+.

Conclusions
The crystal structures of TmCHMO and MtPockeMO will permit to perform detailed in silico
studies to understand the selectivity and mechanism of these classes of BVMOs in search of
engineered variants. For CHMOs, the functional evaluation of the engineered variants will
target conversion of cyclohexanone (to -caprolactone for synthesis of nylon-6 precursors)
and cyclohexanone derivatives (for alternative specialized polymer precursors). MtPockeMO
is a good candidate as biocatalyst for conversion of bulky ketones: it accepts rather large cyclic
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ketones, which are targeted within ROBOX. The crystal structure of MtPockeMO will allow
engineering of the enzyme or closely related enzymes to tune them for targeted biocatalytic
applications.
The structure of Cm-ADH10, identified as a suitable catalyst towards 4-R-hydroxyisophorone,
was solved and studied. Although no substrate is bound, further docking experiments may
shed light on key residues involved in the selectivity towards HIP and confirm the preferred
position and geometry of the substrate for catalysis.
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