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Abstract: Within this work a generic tool for chiral
catalyst evaluation is established based on the appli-
cation-oriented properties activity and selectivity;
the concept aims at quantitatively comparing catalyst
performance in general on a multitude of substrates.
It is designed and intended to serve as decision guid-
ance for challenges in catalysis and comprehensible
information extraction from already recorded but
unrefined data sets. The underlying algorithm assigns
function points to catalytic entities via a statistically
solid model possessing high flexibility and generates
a relative ranking. This is coupled to an automated
iterative refinement process towards maximum infor-
mation content of results employing Shannon entro-
py optimization. Consequently, the developed work-

flow facilitates high distinguishability between cata-
lysts even in low-scattering data sets. The numerical
ranking is complemented by a clearly arranged
graphic representation permitting facile and reliable
visual interpretation of generality or niche capabili-
ties of catalysts. Usefulness of the title concept is
demonstrated by the performance evaluation of cy-
clododecanone monooxygenase, a highly versatile
Baeyer—Villiger enzyme. To retain broad applicabili-
ty, an open-source MATLAB® script is provided in
electronic form.

Keywords: asymmetric synthesis; biocatalysis; cata-
lyst evaluation; function point analysis; Shannon en-

tropy

Introduction

The quest to identify a well suited catalyst for a given
chemical transformation remains a key issue in ap-
plied synthetic chemistry."! While fundamental re-
search aims at understanding the underlying chemical
nature of catalysis, properties such as activity, selectiv-
ity and stability are usually awarded higher impor-
tance within applied research and process develop-
ment when seen from a result-oriented point of
view.”! With this goal in mind all disciplines of cataly-
sis — biological,”’) metal-assisted,”! inorganic,! and or-
ganic!® — provide ever more chemical entities capable
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of augmenting reaction rates, thereby producing an
enormous wealth of data on catalyzed transforma-
tions.

A challenge directly connected to the discovery of
catalysts is represented by the extraction of informa-
tion contained in the reaction data. However, in many
cases, such extracts often gravitate to merely catalo-
guing instead of properly analyzing obtained results
on all quality levels from lab report to perennial
review article. One clear objective of such analyses
should be the identification of potent candidates from
a group of catalysts for a certain reaction class en-
abling informed decisions on both further develop-
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ment of the compound itself and the proper selection
for a given application. In a broader context, data
analysis should therefore not be limited to crude qual-
itative assessment (e.g., activity as a digital function
or stereopreference); it should offer quantitative re-
sults allowing the comparison of more or less active
and more or less selective catalysts on detailed levels.
Moreover, the calculation model should be based on
sound statistics to avoid unwanted bias and results
should be presented in an easily comprehensible fash-
ion.

Evaluation systems with mathematical rationale
and graphic result output have been devised during
recent years for the purpose of catalyst discovery; for
example, high-throughput screening assays coupled
with color-coded matrices for efficient characteriza-
tion of biocatalysts were proposed by Reymond and
co-workers.”! However, a similar tool for facile com-
parative analyses of catalysts on a diverse set of sub-
strates has not been published, so far, according to
our best knowledge.

Building on the prerequisites outlined above, we
present a quantitative evaluation model for chiral cat-
alysts in combination with a generally intelligible
graphical results representation. The algorithm con-
denses information on activity and stereoselectivity
from a multitude of substrate-catalyst pairings into
concise rankings of the catalytic entities.

Development of this concept was inspired by a de-
tailed characterization of the substrate profile of cy-
clododecanone monooxygenase (CDMO), a recent
addition to the Baeyer—Villiger monooxygenase
(BVMO) family.® Since their first description in the
scientific literature in 1976/ and their first application
in biocatalysis in 1988,'” the collection of BVMOs
has grown to approx. 40 native and mostly very pro-
miscuous enzymes of various bacterial and fungal ori-
gins. Detailed studies on such biocatalytic entities led
to a large collection of transformation data.'!! Despite
a plethora of research efforts to explore the limits of
promiscuity and peaks of performance, most reported
activity and selectivity figures are traditionally refer-
enced to early discovered BVMOs, namely cyclohex-
anone monooxygenase (CHMO)”'? and cyclopent-
anone monoxygenase (CPMO), rather than com-
pared to the currently best performing enzyme.

This comparison mode may well be suited when-
ever novel substrate transformations or significant im-
provements of known reactions are published. How-
ever, this approach compromised our interpretation
of results obtained with CDMO: the enzyme seemed
to be a generally excellent biocatalyst for Baeyer—Vil-
liger oxidations with interesting but rather few new
activities."¥ While interpretation of generated screen-
ing data was easily possible for expected trends and
single transformations, the multitude of results and
lack of organized reference archives precluded us
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from drawing any generally viable conclusion beyond
the obvious. Our hypothesis of broad applicability
needed statistical support and shall serve as a case
study for the title concept.

Results and Discussion

We will first describe the algorithm leading to a rank-
ing of nine BVMOs!"! in eight substrate classes in the
following sections. The conclusions from this part of
the study will then lead to a description of CDMO’s
relative position within this group of biocatalysts.
Highlights and strong features of the title BVMO will
be discussed as a second part. Detailed results on bio-
catalyst performance by CDMO investigating 83 sub-
strates are deposited in the Supporting Information.

Development of the Algorithm

Our proposed ranking system essentially derives from
Function Point Analysis, a theoretical tool in informa-
tion technology (IT) developed to evaluate the func-
tionality of software or any other IT system by me-
thodically assigning points to certain properties.'®!
Multiple entities can then be graded by summing up
their function points. We adapted this concept to our
needs and priorities (activity and stereoselectivity; de-
fined bias towards selectivity, see below).

A dataset of 65 substrates!® 1718 was selected and
grouped into structural and reaction-type classes
(Table 1). Within a sequence of logical steps, the
work-flow for catalyst assessment is initiated by the
definition of a point scoring function, followed by
data processing and statistics. The model is then itera-
tively refined in each substrate class and optimized to
maximal information content before the final result
for each enzyme can be plotted in a clearly arranged
graphical form.

From the perspective of a synthetic organic chemist
the optimum enzyme is characterized by both high ac-
tivity and impeccable enantioselectivity. Failing this
combined criterion, we considered selectivity as more
relevant owing plainly to practical reasons: mixtures
of substrate and product are generally much easier to
separate than mixtures of product isomers. Further-
more, the best biocatalysts should be awarded dispro-
portionately high when compared with mediocre
ones, allowing identification of the most proficient
enzyme for each substrate class. Operation stability
was not accounted for due to lack of comparable data
in this catalyst class. These are the only preconcep-
tions we intended to incorporate into our model. Oth-
erwise unbiased data evaluation was implemented by
introduction of distribution-independent statistics and
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Table 1. Substrate classes, number of substrates and highest scoring enzymes.

Reaction Type Substrate Class

Number of Substrates Best Scoring BVMO

Desymmetrizations 1 Prochiral cyclobutanones 6 CHMO 0001
2 Prochiral cyclohexanones 13 CDMOz040
3 Prochiral polycyclic ketones 6 CPMO,ma
Kinetic Resolutions 4 Racemic Cycloketones 5 CHMOy, /0
5 Racemic linear f-amino ketones 9 CDMOzg040
6 Racemic linear p-hydroxy ketones 10 CPMO¢,na
Regiodivergent Transformations 7 Optically pure terpenones 6 CHMO e/ CHMO g1y
8 Racemic fused cyclobutanones 10 CDMOzg040
pX 65
C . . . . . ee=0 0 Points
an optimization protocol derived from information
theory. . 0<ee<qos 0.5 Points
Total points of each enzyme per substrate class o Qo5 < €€ < Gxs 1 Point
Pts;p; are calculated according to Eq. (1). R Gur < 66 < Guo variable  Points
. Qx2 < ee < max variable Points
PtSTTL = PtSAclivi()‘ ’ PtSSe/ec/i\'iry (1 ) . ee = max 5 Points
Multiplicative combination of the two factors was oy RN TMaxgng T il
chosen to comply with our constraint that only the o] % ' : %
most active and most selective enzyme should attain :: o PN N
the maximal score. 2 5] . .
Organic chemists commonly report the measure- ':fg ol F » N .
ment unit conversion. This can be treated as equiva- g ’ M .
lent to activity, as long as the crucial reaction parame- 10] .
0

ters time, substrate, and enzyme concentration are
kept constant (see Experimental Section).

Unfortunately, conversion values of several
BVMO-catalyzed reactions are not reported numeri-
cally, but already pre-filtered in four categories:

e No conversion 0 Points
e 1-50% conversion 1 Point

e >50-90% conversion 2 Points
e >90% conversion 3 Points

As raw numerical data for all substrates were
hardly accessible to us, we decided to use this func-
tion directly for the assignment of activity points,
since it was largely compliant with our requirements.

For the selectivity points function a different strat-
egy was applied. Enantiomeric excess values in our
data are not normally distributed with largely deviat-
ing ranges (Figure 1), requiring a statistically adjusted
scoring function to ensure impartial evaluation of se-
lectivity.

To implement this, statistical measures per substrate
were used instead of fixed numerical thresholds: the
lowest value (ee,,;,), median ee (q,s), tWo variable in-
terval markers at the x;- and x,-quantile levels (g,;
and ¢,,), and best ee (ee,,,,):
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T T T
Cyclobutanones Cyclohexanones Polycyclic Ketones

Figure 1. Box plots for enantiomeric excess in three desym-
metrization substrate classes, indicating a non-uniform and
non-Gaussian distribution of values.

The additional variable intervals were introduced
to allow finer classification within the top 50% of en-
zymes; they also serve as basis for model refinement
and optimization. Additionally, an equal-rank rule
was introduced, stipulating that only the second best
category of points is scored if ee,,,, is reached by mul-
tiple enzymes.

We became aware of the fact that willful setting of
the variable quantiles would not lead to higher distin-
guishability in all substrate classes, since the statistical
ranges differed too much. It was concluded to incor-
porate this decision into the mathematical model to-
gether with an automated iterative refinement proce-
dure.

For this optimization task an exponential fit func-
tion (Figure 2, black dashed line) was generated
based on the three fixed thresholds and their respec-
tive defined number of points (ee, ., ¢os and ee,,
with 0, 0.5 and 5.0 points; black squares in Figure 2).
Quantiles ¢g,; and g,, could now easily be varied be-
tween ¢,s and ee,,,, with their corresponding points
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—u—Fixed quantiles ee,,;,, g, s and ee,,.,
—e— Variable quantiles q,, and q,,
---- Exponential Fit

Points

. . . . ———— . . .
00 01 02 03 04 05 06 07 08 09 10
Quantile

Figure 2. Horizontal spline step function for points scored
from enantioselectivity including the exponential fit function
and variable quantiles g,; and gq,,.

being determined by read-out of the ordinate value
on the fit function (grey dots in Figure 2).

Subsequently, the scoring algorithm was run sepa-
rately with each pair from an exhaustive pool of com-
binations of ¢,; and q,,, followed by calculation of the
Shannon entropy H of total points in each iteration —
the crucial step in the optimization.'” This way, quan-
tiles leading to H,,,, and therefore maximum informa-
tion content within the given substrate class were
identified and the evaluation was eventually finalized
with these values.

In most substrate classes this had quite dramatic ef-
fects on the outcome in terms of information density.
Point distributions from performing the optimization
both to maximal and to minimal H in substrate class
1 are shown in Figure 3. Setting g,; and ¢,, for mini-
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Figure 3. Comparison of points scored in substrate class
1 with maximal (g, and gq,s;) and minimal (g, and q,s;)
Shannon entropy (points are normalized to the highest
value).
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mal Shannon entropy results in three enzymes reach-
ing top rank (CHMOsg,,;; CHMOy,..; and
CHMOy,1,), consequently making it difficult to
decide which BVMO would be best suited for such
a synthetic challenge. Three others (CHMO ,.ne0r
CHMO,,,,, and CHMOy,,,) form an undifferentiat-
ed second tier.

The picture changes substantially when the algo-
rithm is iterated towards highest information content:
CHMOy),,4,; clearly performs best, with all but the
bottom two biocatalysts in distinct ranks. It is evident
that fixation of variable thresholds based on experi-
ence or just user arbitration could hardly lead to such
unbiased solutions (H,,, thresholds: 0.78 and 0.83;
H,,, thresholds: 0.60 and 0.87). Even more, the com-
putational approach recognized some elusive trends
and generated reasonable results in all substrate
classes.

With this largely unbiased and refined model at
hand, we were further concerned with straightforward
visualization of the scoring results. Thus, points were
normalized to the highest value of each class and then
plotted in radar charts, where every axis represents
one category of substrates. This illustration mode
allows both comparison of catalysts in single disci-
plines (axis to axis) and evaluation of generality (area
to area) in a condensed but comprehensible fashion
(Figure 4).

Scoring Results of BVMOs

Interpretation of the graphic results immediately sug-
gests the following conclusions:

(i) There is no pareto-optimal biocatalyst among
the tested BVMOs (scoring highest in all categories).

(ii) Phylogenetic relationships and proposed cluster-
ing in BVMO subfamilies!"® are reflected in the com-
pounded activity-selectivity scores: members of one
cluster show similar area patterns in the radar charts.

(iii) Low all-round applicability (small area) does
not necessarily downgrade the usefulness of an
enzyme, as can be seen with CPMO¢,,,,. Despite rela-
tively sluggish performance in six out of eight sub-
strate classes, this BVMO is ranked best in the re-
maining two, making it an indispensable niche cata-
lyst.

(iv) The use of CHMO, ..., as reference standard
(as frequently observed in previous comparative stud-
ies) is clearly misleading, as it is outperformed in
terms of generality by essentially all other
CHMO-type enzymes (CHMO,,;,, CHMOg,y,
CHMORhodOl? CHMOXantho)'

The first result was to be expected: although cyclo-
ketone-converting BVMOs (CHMO-type, CPMO-
type and CDMO enzymes) do perform well with
linear ketones too, affinity to their natural substrate
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Figure 4. Radar charts for nine BVMOs, sorted according to their phylogenetic relationship (CDMOg;04,; CHMO 4 ineror
CHMO,,4,» CHMOg, 1, CHMOgy04,;, CHMOy,,,; CHMOg,,,;;; CHMOg,,,;,, CPMOg,,,). Each axis represents one sub-
strate class, starting clockwise from the top. Points are normalized to unity by division through the highest value of each cat-

egory.

motif is apparent from the graphs. Unfortunately, we
were not able to include prominent linear ketone-con-
verting BVMOs (p-hydroxyacetophenone monooxy-
genase HAPMO,™ phenylacetone monooxygenase
PAMO™!) in this study to show their complimentary
behavior, since there are far fewer comprehensive
data records available in the literature for those bio-
catalysts.

The second conclusion stands in direct relation to
the former. Our hypothesis of linking sequence infor-
mation with substrate specificity and enantioselectivi-
ty is supported by this novel data analysis.!"**) Accord-
ing to their phylogenetic relationships the nine evalu-
ated BVMOs are grouped into four clusters: large
ring converting BVMOs (outstanding performance in
substrate classes 2, 5 and 8), CHMO-type BVMOs
(excellent performance in substrate classes 4 and 7),
CPMO-type BVMOs (poor general but top ranking
performance in classes 3 and 6) and CHMOy,,,,
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(above average performance in substrate classes 1, 2,
7 and 8) as stand-alone branch. Within these clusters,
general and specific activity is largely comparable,
whereas the clusters themselves differ distinctly.

Third, it is evident from the results of CPMO,,,.,
that a lack in generality can indeed be compensated
with excellent activity and selectivity in one substrate
class in order to qualify as a useful catalyst. This is
even multiplied when the proficiency of the narrow-
ranged enzyme is orthogonal to all others. At this
point one important caveat of our model needs to be
mentioned: singular highlight transformations that
protrude from the overall performance of a catalyst
are mostly suppressed by inherent statistical smooth-
ing of our algorithm. Thus, higher ranking of one bio-
catalyst only indicates higher probability of efficient
and selective transformations with any substrate of
a given class.
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This leads to our fourth and last direct interpreta-
tion of Figure 4: CHMO,,., is not a very versatile
BVMO, so referencing of biotransformation efficiency
to values obtained with this enzyme should be discon-
tinued as it distorts the comparison with any new
value. Instead, the best known BVMO for the trans-
formation should be cited.

Directing our focus from general interpretation
now to individual scrutiny, it turned out that
CHMOy,,.i, is the most versatile biocatalyst of this
set, scoring good to excellent ranks in all but the
linear substrate classes. It however never reaches
a top position. This trend continues with the other
four CHMO-type enzymes: their strength apparently
lies with bio-oxidations of cyclic ketones. Performance
graphs of CHMOg,,,;; and the CPMO-type enzymes
(CHMOy,,,;» and CPMO¢,,,,) show a different pat-
tern: while the first BVMO still proves to be general-
ly applicable in four categories, the latter seem to be
performing on an inferior level at first glance. This
must be put into perspective, as those two enzymes
are usually enantiocomplementary to CHMO-type
BVMOs, however often with lower selectivity. Table 1
summarizes the best-performing biocatalysts of each
category.

Eventually, we were delighted to find our initial hy-
pothesis confirmed to a large extent: CDMO is
indeed a versatile BVMO when compared to eight
other cycloketone-converting enzymes. In this series it
is the only BVMO ranked best in three substrate cat-
egories (desymmetrizations of cyclohexanones, kinetic
resolutions of linear f-amino ketones and regiodiver-
gent biotransformations of fused cyclobutanones). It
scored average points in three other categories (de-
symmetrizations of cyclobutanones, kinetic resolu-
tions of 3-hydroxy ketones and regiodivergent terpe-
none oxidations), leaving deficiencies in kinetic reso-
lutions of cyclic carbonyl substrates and desymmetri-
zations of polycyclic ketones.

Although the active site of CDMO was described
to be capable of accommodating large compounds,®!
for example, the native substrate cyclododecanone,
the last result did not come as a surprise. Similar be-
havior was already found with the close homologue
cyclopentadecanone monooxygenase, which showed
comparably unsatisfactory performance with sterically
demanding ketones.’” These findings and the fact
that BVMOs with smaller native substrates
(CPMO 0, but most prominently CHMO y,,.,*")
readily perform such transformations lend to specu-
late that there are still more intricate details influenc-
ing BVMO promiscuity in the reaction mechanism®*!
of the enzymatic Baeyer—Villiger oxidation that have
not been understood so far.
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Indicative Biotransformations for the Catalytic
Proficiency of CDMO

This section highlights selected examples from the
substrate pool that demonstrate the general perfor-
mance of CDMO and support its top rank among the
evaluated biocatalyts. The first core competence of
the title enzyme lies with desymmetrizations of pro-
chiral cyclohexanones and pyranones (substrates 7-
19; for compound assignment refer to the Supporting
Information). Overall enantioselectivity is excellent in
this substrate class, as can be seen in the scatter plots
in Figure 1. Median ee of all 117 biotransformations
used in the scoring algorithm lies at 97%, making it
difficult to point out examples with significant im-
provement over known results.

Exactly this situation can serve as showcase scenar-
io for our analysis, visualized as heat map in Figure 5.
CDMO is superior or at least equal to the best value
obtained from one of the other BVMOs in most cases
and therefore the most versatile in this structural
class.

Kinetic resolutions of linear (-amino ketones are
the second strength of CDMO (Figure 6). Within this
study it is the only enzyme that accepts substrates 37
and 38 (HAPMO from Pseudomonas fluorescens
ACB also converts these compounds, although with
negligible enantiodiscrimination).*! Application of
this feature and related biotransformations in the ste-
reoselective synthesis of -amino acids has been dem-
onstrated in a previous study.¥

Substrate No.
7 8 9 10 11 12 13 14 15 16 17 18 19

-
_59,": CDMORhodo
%’ CHMOXantho
8 CHMOBIevN
g CHMOAnhro
% C"WlOBrat:hy
o CHMOAm‘neto
£ | CHMORp0g0 1
§ CHMOgreyi 2
g §  CPMOcom,
o
. | 5o
0 3 6 9 12 15 | Points

Figure 5. Heat map of scored points (Ptsyr;) for 13 prochiral
cyclohexanones (substrates 7-19). Enzymes are ordered
with decreasing total performance from top down. Darker
shades of grey indicate higher score.

o)
O NHCO,Me 0
~ A A Oj A 7°
n
n=3 37
n=4 38 58 63 26

Figure 6. Substrates with major improvements in enantiose-
lectivity using CDMO as biocatalyst.
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Additionally, CDMO is presented as the biocatalyst
of choice for regiodivergent oxidations of racemic
fused bicycloketones. These reactions proceed via par-
allel kinetic resolutions: one enantiomer is converted
to the expected oxygen-insertion product (normal lac-
tone, governed by higher nucleophilicity of the mi-
grating carbon atom) while the other gives rise to the
abnormal lactone due to stereoelectronic effects. Both
reaction rates are usually within the same order of
magnitude and therefore these biotransformations are
not regarded as classic kinetic resolutions; they are al-
lowed to proceed to full conversion, yielding two con-
stitutionally isomeric (regioisomeric) but optically
pure products in equal amounts in an ideal case.

Enantioselectivity for the normal lactone product
of 58 could be improved to 98% with CDMO vs. 84%
with CHMOyy,,..,» the previously best known result.
Furthermore, a synthetically useful regiodivergent en-
zymatic Baeyer—Villiger oxidation of norcamphor 63
was observed for the first time. Whereas all other
tested BVMOs preferentially produce normal lac-
tones with low enantioselectivity (best value 42% ee
with CHMOy,,...), 98% optical purity was reached
with CDMO, however at a very low reaction rate
(<50% conversion after 24 h).

The last example, 2-methylcyclohexanone 26,
comes from a weaker part in the enzyme’s profile.
Nevertheless CDMO was again the only representa-
tive out of nine biocatalysts to show reasonable enan-
tiodiscriminiation of the substrate enantiomers (E=
125) (this substrate was already part of an earlier
study on CDMO.*) We were however not able to re-
produce the published value of E>200, but attributed
this inconsistency to the known high sensitivity of cal-
culated enantiomeric ratios E to analytical error at
high values.™) and significantly outperforms the best
published BVMO (CPDMO from Pseudomonas sp.
HI-70, E=41).”? In stark contrast to this highlight,
all other tested 2-substituted cycloketones were either
not at all or just unselectively converted by CDMO,
resulting in a low score for this compound category.

Conclusions

In this work we have presented a novel generic tool
for quantitative and comparative evaluation of chiral
catalysts based on available numerical reaction data.
The focus is set on performance in terms of activity
and enantioselectivity with intended bias towards
higher selectivity. The multiplicative approach of
point distribution allows facile incorporation of other
parameters (e.g., operational stability) when compa-
rable data sets are available. An algorithm was devel-
oped following the principles of Function Point Anal-
ysis to rank the catalysts, coupled to simple descrip-
tive statistics of raw data values in form of quantile
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thresholds, thus enabling the model to process data
with non-uniform or non-Gaussian distribution with
minimized influence of user preferences. Further-
more, iterative optimization of the thresholds via cal-
culation of the Shannon entropy provides results with
maximum information content. Consequently, the
most promiscuous catalysts with overall high activity
and selectivity are ranked best and optimum distin-
guishability is achieved within any given test set. Fi-
nally, the outcome is visualized in easily intelligible
radar charts eliminating the need to interpret numeri-
cal values for broad conclusions (Figure 7).

The analysis serves the purpose of decision guid-
ance for users in both catalyst selection and develop-
ment from an application-oriented point of view, dis-
cerning the most versatile catalytic entity for either
one to many or even all substrate classes, thereby
forming a pareto-optimal solution in the latter case
(marked as red dotted line in Figure 7). Identification
of a small number of potent enzymes may provide
cost-efficient entry points to scientists into a new cata-
lytic reaction class or indicate possibilities for co-oper-
ative catalyst design.”’! For this purpose a general
open-source MATLAB® script file, suitable for adap-
tation to other transformations or catalyst types, is
available for download free of charge on our web-
site.?”!

We have illustrated the usefulness of our concept in
a case study ranking cyclododecanone monooxyge-
nase as Baeyer—Villiger biocatalyst within a group of
nine BVMOs. CDMO’s catalytic proficiency has pre-
viously only been sparsely characterized, albeit with
promising results. Concluding from an elaborate in-
vestigation comprising 83 ketones of various structur-
al classes we postulated that CDMO might be
a highly versatile biocatalyst. This hypothesis could

I CDMOgpq,

Jug o
Ij CPMOComa R
- CHMOXantho —— . ) R

\ X

NHPg

R R o

R R
Figure 7. Comparative illustration of the functionality of
three BVMOs. Their joint performance (marked as red

dotted line) almost fully covers the functional space set in
this study.
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then be strongly supported by the developed statisti-
cal evaluation method. Moreover, the analysis re-
vealed that with a combination of only three out of
the nine enzymes virtually the entire BVMO function
space can be covered with high probability (Figure 7).
We believe that the presented analysis is adaptable to
any comparable data record and are convinced that
similar results could be found for other reaction
types, independent of the catalysts’ mode of action.

Experimental Section

Numerical reaction data were obtained from literature sour-
ces or unpublished data from preparative or analytical scale
biotransformations using BVMOs as whole-cell biocatalysts
in recombinant host organisms. Conditions used for these re-
actions were consistent (reaction time, temperature, sub-
strate concentration, cell growth conditions). Biotransforma-
tion and synthetic procedures and physical data of novel
compounds can be found in the Supporting Information.

Development of the algorithm and all statistical calcula-
tions were carried out in MATLAB® R2011b using standard
functions. All graphs were plotted in OriginPro 8.6. For
each substrate class calculation is performed according to
the following logic steps:

(i) Load matrices for conversion and enantiomeric excess.

(i) Determine fixed statistical values from ee matrix for
each substrate (quantiles gyy= €€, 0.5 q1.0=€Cmar» NUMbeET
of ee€,4.)-

(iii) Determine variable quantiles g,; and q,, for each sub-
strate, starting with arbitrary values for x; and x, between
0.5 and 1.0 excluding limits.

(iv) Assign selectivity points (Ptss,;) for each transforma-
tion according to the intervals defined in the scoring step
function. This function was generated by horizontal spline
connection of points on the exponential fit function
(Figure 2). Fixed thresholds Prsg, (0.0)=0.5, Ptsg, (0.5)=
1 and Prsg,, (1.0)=5 were fitted using OriginPro 8.6 with re-
siduals below 107" [Eq. (2)]:

Ptsg, (x) = 0.4285+0.714¢*19%* (2)

(v) Calculate total points (Ptsy;;) by multiplication of
Ptsg,, with activity points (Pts,,,), derived from binned con-
version values (see Section “Development of the Algo-
rithm”).

(vi) Sum up points for each enzyme, normalize to unity by
division through the highest value.

(vii) Calculate Shannon entropy H according to Eq. (3)
with i as catalyst index number.

H ==3" Pisry, -log, Ptsry, 3)

(viii) Tterate steps 3-7 with all combinations of ¢,; and g,
between 0.50 and 1.00 excluding limits (g,; <g,,). Stepping
size of 0.01 was used in this study, resulting in 1176 combi-
nations. Smaller intervals did not lead to an improvement of
the maximal Shannon entropy H,,,,.
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(ix) Determine quantile set resulting in H,,,, and re-iter-
ate steps 3-7 to generate the final result matrices (Pts;y; per
substrate and enzyme; sum of Pts;;; per enzyme for graphi-
cal output).

For kinetic resolution and regiodivergent oxidation sub-
strate classes this protocol was adapted for compliance with
the sequence described above:

Kinetic Resolutions

In lieu of enantiomeric excess the enantiomeric ratio E was
used for assignment of Ptsg,, as it condenses selectivity in-
formation from this reaction mode into a single descriptor.
E values were calculated from ee values of substrate and
product, or ee of substrate/product and conversion according
to Sih’s equations™¥ using a software tool developed by
Faber et al.”! Since conversion data for kinetic resolutions
are generally available in numeric form in contrast to the
other categories, we extended our statistical evaluation from
Ptsg,; to Pts,., as well. Conversion values ¢ were binned in
three intervals in compliance with desymmetrization values:
All other operations remain unchanged.

e ¢c=0 0 Ptsact
e 0<c<qus 1 Ptsact
® Gos5<C<Qog 2 Ptsact
e C>qQog 3 Ptsact

Regiodivergent Biotransformations

Reactions of this type require three selectivity descriptors:
enantiomeric excess of normal lactone products eey, abnor-
mal lactone products ee,zy and the regioisomeric ratio r=
[NJ/[ABN]. Lacking an established method to compound
these values, Ptsg,, were calculated for both normal and ab-
normal products (including separate substrate statistics) and
then weighted by multiplication with r [Eq. (4)]:

Pisg, = Ptsg, -r+Ptsg, -(1-r) (4)

This way, enzymes with perfect regiodivergent behavior
(producing both regioisomers in equal amounts with excel-
lent optical purity) are ranked highest.

Regiodivergent oxidations of terpenones were carried out
with enantiomerically pure starting materials. Since epimeri-
zation of ketones or lactones is usually not observed, optical
purity is preserved throughout the reaction and the regioiso-
meric ratio r remains as only measure of selectivity. Ptsg,
were calculated according to the original desymmetrization
script, using regioisomeric excess re instead of ee.
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