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ABSTRACT

The oxidation of alcohols is a cornerstone reactiochemistry, notably in the flavors and
fragrances industry where long chain aliphatic laydies are major odorant compounds. In a
context where greener alternatives are sought, &ftecatalysis holds many promises. Here, we
investigated the ability of the alcohol oxidaseatrGolletotrichum graminicoldCgrAlcOx) — an
organic cofactor-free enzyme belonging to the copadical oxidases (CROSs) class — to convert
industrially-relevant long chain aliphatic alcoho&grAlcOx is a competent catalyst for the
conversion of octan-1-ol, when supported by thees®ory enzymes peroxidase and catalase.
Detailed examination of the products revealed t®ioence of an overoxidation step leading to
the production of carboxylic acid for some aliphatidehydes and benzaldehyde derivatives. The
partition between aldehyde and acid products varpah substrate properties (chain length and
propensity to formgeminatdiols), enzyme specificity, and could be tuneddontrolling the
reaction conditiondn silico analyses suggested an inhibitory binding modergj thain aliphatic
geminaldiols and a substrate-induced fit mechanism fobemzyl alcohol-derivative. By
demonstrating their natural ability to perform loctgain aliphatic alcohol oxidation, the present
study establishes the potential of fungal CRO-Alc&x promising candidates for the green
production of flavors and fragrances compounds.

KEYWORDS: Biocatalysts, Copper-Radical Oxidasegohbl-Oxidases, Long Chain Aliphatic
Alcohols, Fragrant Aldehydes.
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INTRODUCTION

The oxidation of alcohols to aldehydes is a magaction in the fine chemical industry:
Aldehydes are key intermediates for organic synshesapplications such as pharmaceuticals or
alkene synthestsbut also valuable final products such as flavad fragrances ingrediefit$
Traditional chemical processes for the oxidatioalobhols usually entail the use of toxic catalysts
such as chromium ¥ hence calling for the development of eco-frienallgrnatives. Yet, many
challenges obstruct the different biocatalytic pdtiat can be envisioned, especially for the water
insoluble and poorly reactive unactivated long ohaliphatic alcohols. Amongst the broad class
of aldehydes, long chain aliphatic aldehydes frofnt€ C16-12 are of main importance for the
flavor and fragrance industry. Indeed, such aldebyldave been identified as one of the most
prominent classes of “key food odoradts”and are also major fragrance ingredients, used in
quasi-all types of perfum@8 Typically, long chain aliphatic aldehydes provigieen, fruity,
fresh, citrus-like, fatty, or the so-called aldelzydoted*>. Long chain aliphatic aldehydes can be
enzymatically obtainedia reduction of their acid counterpart using carbxglcid reductases
(CARs - EC 1.2.1.30). However, CARs are intracalt#AD-dependent enzymes, requiring ATP
supply and NADP/NADPH recycling systethswhich renders their use hardly compatible with
industrial constraints. Alternatively, long chaitiphatic aldehydes can be obtaine@ the
oxidation of the corresponding alcohols but onlyaadful of long chain alcohol oxidoreductases
have hitherto been discovered, characterized ampnesred for this purpose’'® These
oxidoreductases include NAD(PJependent alcohol dehydrogenases (ADHs - EC 1)lahd
flavin-dependent alcohol oxidases (FAD-AOXs - EQ.3.13}°. ADHs are well-established

biocatalysts despite the reversible, unfavorabteraootinamide-dependent nature of the alcohol
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oxidation reaction they catalyze. On the other h&AD-AOXs offer irreversible oxidation of

alcohols with the aid of molecular.@nd a flavin cofactor tightly bound to the enzyhté

Copper radical oxidases (CROs) belonging to theiluy Activity Family 5 subfamily 2

(AA5_2) — according to the CAZy classificatfdrif? (www.cazy.ord — represent a promising

alternative to these two systems. They are orgeofactor free enzymes bearing two redox
centers: a copper ion and a(S-cysteinyl)-tyrosine (Cys-Tyr) free radiéalThey catalyze the
oxidation of alcohols to aldehyde with the conc@mitreduction of @to H:O. (Scheme 1). They
are often use in conjugation with catalase — toomardeleterious D, — and peroxidasee(q.
horseradish peroxidase — HRP) for their activafioRor many years, the only characterized
member from this family was the canonical galactésexidase (EC 1.1.3.9) frofAusarium
graminearum(FgrGalOxY>. Recently, a new type of alcohol oxidases, wasdon this family.
These enzymes, fro@olletotrichum graminicoldCgrAlcOx) & C. gloeosporoidefCglAlcOXx),
were described as competent aromatic- and aliphgtionary alcohol oxidasé$ Two
homologues fronC. higginsianumand Magnaporthe oryzae anamorphPyricularia oryzae—
have also been described, but only tested on shait+ aliphatic-alcohof$. A paralogous enzyme
from C. graminicola(CgrAAO) was recently reported to be highly active somaatic alcohols
(EC 1.1.3.7) and 5-hydroxymethylfurfural (HMF, EQL1B.47), but lacked activity on long chain
aliphatic alcohol. Overall, the broad substrate scope covered bsethecently characterized
fungal enzymes highlights the catalytic potentiahu the AA5_2 protein family. A striking
example of such catalytic promiscuity was recenthweiled in a varianof the FgrGalOx,
unlocking production of nitriles from alcohols inesence of ammorfia Yet, despite their

intrinsic and unique biocatalytic abilities, and dantrast to ADH and AOX systefisor the
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archetypal FgrGalOx and its engineered variants that have beamebsed for multiple
application$*3°-37 the CRO-AlcOx have hitherto received little atten as biocatalysts for the

oxidation of industrially relevant alcohols.

Semi-reduced Oxidized Reduced
INACTIVE ACTIVE ACTIVE

H.0, 0,

Noo

H,O

Scheme 1: Reaction scheme of alcohol oxidation ttdahyde by CROs from the AA5_2 subfamily.
The main states of the two redox centers (copperaind Cys-Tyr free radical) are depicted in blue.
Accessory enzymes commonly used to activate thesQROperoxidase) and to remove deleteriou®H
(i.e. catalase) are shown in orange and green boxesctesgly.

Here, we present a new biocatalytic route for ttoelpction of odorant aldehydes, with a focus
on industrially-relevant aromatic and long chaiplahtic compounds. We report for the first-time
large-scale production of tliggrAlcOx and propose general guidelines for its usgrasn catalyst
for the oxidation of primary long chain aliphatic@hols. Combining biochemical assays and
silico modelling we provide unprecedented insights i@ teaction determinants driving the
formation of aldehyde and controlling the subsegjueotential and multifactorial overoxidation

into carboxylic acid.
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RESULTS

Large-scale production ofCgrAlcOx and analytical set up for bioconversion.
Biotechnological application of enzyme is frequeritampered by low recombinant production
yield. As a first step towards a scalable proogsgjeveloped larger-scale heterologous production

of CgrAlcOx in bioreactor using the yeaichia pastoris which yielded up to 250 mg of purified
enzyme per liter of culture (Figure S1). The spedctivities of bothCgrAlcOx recombinant
enzymes produced in flask and in bioreactor wemailai (Figure S1D). The recombinant
CgrAlcOx produced in bioreactor was further used Irtted subsequent experiments described in
the manuscript.

The analysis of reaction mixtures involving poonyater-soluble long chain aliphatic
alcohols/aldehydes calls for the use of alternatinathods than the indirect ABTS/HRP coupled
assay, routinely used for CROs. To this end, welempnted a gas chromatography (GC)-FID
analytical method. The first assays, run with tegemrence substrate benzyl alcohol (BnOH),
confirmed the requirement of the accessory enzycaéslase and/or HRP, to fulfill complete
conversion of BnORP (Figure S2). Nevertheless and interestingly, we lshowed that as little
as 5 nM of catalase (Figure S2C) are enough tdriedlcconversion while the HRP must be added

in quasi-stoichiometric amounts (relative to the®@,i.e.in the uM range; Figure S2D).

CgrAlcOx is a competent catalyst for the full conversin of octan-1-ol.

The next step was dedicated to the study of oxadatif octan-1-ol, often used as a model of
non-activated primary long chain aliphatic alcoRokhe corresponding aldehydes. octanal, is
a molecule with valuable aroma properties, natyfallind in citrus essential otfs*. As observed

for the conversion of BnOH (Figure S2), the conerf octan-1-ol to octanal did not surpass
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60% with CgrAlcOx only, while almost full consumption of thelmirate was reached with the
addition of both accessory enzymes (12 uM HRP ahig M catalase) to the reaction (Figure 1A).
Catalase, when added alone, showed only minor eehaant ofCgrAlcOx-mediated conversion
of octan-1-ol (Figure 1C), while HRP at high contation (>3.5 uM) exhibited a much more
significant effect (Figure 1D). This result is thist report of complete turnover of an aliphatic
unactivated primary alcohol by a CRO-AlcOx (wittuanover number — TON — of 3000). Indeed,
previous attempts to convert the shorter alcohthipd-ol with the same enzym€drAlcOx),
but under non-optimized reaction conditions, fatiedurpass 30 % conversion (TON = 14%.3)
Importantly, the formation of a new product, namatyanoic acid, was monitored and identified
when HRP was added at high loading (> 3.5 uM) (FedLA, B & D & S3). The presence of acid
might indicate an overoxidation process, never ligbked before for any CRO-AlIcOx. Of note,
this product was not observed for any of the testdlase concentrations (Figure 1C). Such
overoxidation is undesired in the scope of flavemd fragrances inasmuch as the acid generates
off-flavors and additional purification steps faolation of the aldehyde. Understanding and

control of this phenomenon is therefore required.
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Figure 1. CgrAlcOx-mediated oxidation of octan-1-ol. (A)Oxidation of octan-1-ol by the
CgrAlcOx in the presence or absence of HRP (12 uM) eadlase (8 uM)(B) GC-FID
chromatograms of reactions catalyzeddgrAlcOx in the presence or absence of HRP (12 uM)
or catalase (8 uM).Q & D) Oxidation of octan-1-ol by the&grAlcOx with increasing
concentrations of catalase and HRP respectivelly.re&lctions were incubated for 16 hours.
CgrAlcOx was used at 1 pM with 3 mM octan-1-ol. Erdears show s.d. (independent

experiments, n = 3).

Investigation of the overoxidation process
To investigate the mechanism underlying the ovel@hion observed in our enzymatic reactions,

two hypotheses were probed:
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(1) The aldehyde is overoxidized to the acid GyrAlcOx via a geminaldiol (gemdiol)
intermediate that would act as a secondary subs{Btheme 2). This oxidation pathway is a
plausible rout®4% as notably reported for some AD¥$ FAD-AOXs!"44 AA5 2 GalOg®>9
and AA5_P° (glyoxal oxidases, GLOX, EC 1.2.3.15) .

(2) The aldehyde is overoxidizeth a non-enzymatic mechanism or by the accessoryneegy

(i.e. HRP and/or catalase) added into the reaction.

ADHs
AOXs
0 H,0 (?H CROs (AA5.2) O
R-C R-C-OH — R-C
H H OH

Scheme 2Aldehyde oxidation to carboxylic acidvia non-enzymatic hydration followed by

enzymatic oxidation of thegem-diol intermediate.

In thegemdiol hypothesis, as suggested in a previous stuthe mechanism would be substrate
dependent. Indeed, some aldehydes (such as atildéhydes) are more prone than others to
undergo hydratiot. For instance, hydration constgki,) values of 0.75 M vs 0.01 M! were
reported® for hexanal and PhCHO, respectivéf?. Of note, Ky values for octanal and hexanal
are expected to be similar as the increase in oachain-length has a minor efféct* To probe
this first hypothesis, starting with the benchmadbstrate BnOH, and on the basis of former
studie$**8-°5 we firstly chose two BnOH analogues bearing eitimeelectron-withdrawing group
(EWG) or an electron-donating group (EDG) to affietKy value.'H-NMR analysis confirmed
that thegemdiol was formed (24 %) in aqueous conditions dahthe aldehyde bearing an EWG
(4-nitro-benzaldehyde; 4-N&PhCHO) in contrast to 4-methyl-benzaldehyde (4fRM&EHO)
(Figure 2A). Subsequently, we carried out convergrperiments using these BnOH analogues
as substrates, in the presenceCgffAlcOXx, HRP and catalase. Quasi-full conversion he t

corresponding carboxylic acid was obtained for 4:MBBOH while in the same conditions 4-Me-
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BnOH conversionproduced only aldehyde (Figue® & S3C-D), steering towards tigemdiol

hypothesis (see discussion for more details).

A’ - Q o oH B
e . NS 4-NO
[ H A H 2
Q*: IO BENZOIC
ON " O,N s
H,0 N

ACID
gem-diol
Aa ~24% o
= 4-NO, 4-NO,
N PhCHO BnOH
! \
10.0 95 00 85 80 75 70 65 ppm 7.5 100 125 150 175  min
-m . O
. . H 4-Me-PhCHO
' [ ]
HsC N "
4-Me-
gem-diol
not detected BENZOIC
4-Me-BnOH ACID
| \
100 95 %0 55 80 75 70 o5 opm 85 90 95 100 105 110 115 120 min

Figure 2. Conversion of 4-NG-BnOH and 4-Me-BnOH by the CgrAlcOx. (A) H-NMR
spectra of the aldehydes 4-MOGhCHO and 4-Me-PhCHO in aqueous medB) GC-FID
chromatograms of 4-N&BnOH and 4-Me-BnOH (3 mM each) conversions by@lgeAlcOx (1
M) incubated for 16 hours in the presence of HRP|(M) and catalase (0.5 uM). In panel B,

the retention time of the substrates and oxidgti@ducts is displayed in plain text.

Time course monitoring of 4-NEBnOH oxidation by theCgrAlcOx (supported by both
accessory enzymes) revealed that the alcohol wadilyeconverted to aldehyde within five
minutes (Figure 3A & B), while the overoxidatioroguct was only detected after 30 minutes of
reaction. Incubation of the aldehyde 4-NPhCHO for 16 hours with only HRP (12 uM) or
catalase (8 uM) showed no oxidation to the carboxadid form (Figure S4). Altogether, these

experiments indicate &grAlcOx-mediated aldehyde oxidation. Neverthelesgpsut of the

1C



175 CgrAlcOx by both accessory enzymes is required tomesiell conversion to the acid, providing
176 also a more rapid reaction than with one or therodiccessory enzyme added individually (Figure
177 S5). Noteworthily, the time course consumptionted aldehyde 4-NOPhCHO appeared to be

178 very similar whether the latter was produdgeditu (Figure 3A) or added as initial substrate (Figure

179 S5D).
180
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182 Figure 3. Time course of 4-N@BnOH (A & B) and octan-1-ol (C & D) oxidation by the
183 CgrAlcOx (1 uM) supported by HRP (12 pM) and catalas€0.5 pM). Panels B & D are zoom-
184 in views (0-30 minutes) of panels A & C, respediilv&eactions contained 3 mM substrates. The
185 legend in panel C applies for all panels. Each taogrse is the result of multiple replicates of the

186 same reaction stopped at different time points.
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Based on the results gathered on the model befha derivatives, we then probed the
reactivity of some long chain aliphatic compounti$:NMR data confirmed the existence of
hydratedgemdiol form for hexanal (C6; ~ 48 % agfemdiol) and octanal (C8; ~ 45 %) (Figure
S6), however solubility of decanal (C10) inddwas too poor to monitor a suitable signal. Time
course analysis of octan-1-ol oxidation showed 1§ vast full conversionife. 15 minutes) of
octan-1-ol to octanal (Figure 3C & D) followed bylam-phase of two to five hours before the
detection of overoxidation to the acid. In contras4-NQ-BnOH overoxidation, only partial

conversion to the acid form was reached after 168sof reaction with both accessory enzymes.

To elucidate the origin of overoxidation for eacistrates and ensure control over it in applied
settings, we incubated in parallel reactions tHeedint aldehydes during 16 hours, in various
conditions: (a) in buffer, (b) witEgrAlcOx, (c) with the accessory enzymes.(HRP or catalase)
(d) with a set of oxidants likely to be presenthie reaction mixture i.e. 8. (released during
CgrAlcOx turnover), free-copper (the first redox-cgted center of theCgrAlcOx), and free-
hemin (the redox-cofactor of the HRP). For longiclaiphatic aldehydes, the production of acid
seems correlated with the carbon chain length:xidation was observed with C6 (Figure 4A &
S7), whereas C8 and C10 aldehydes were partialtlizex to the corresponding carboxylic acid
after 16 hours of incubation (Figure 4B, 4C, S7 &le S1). Also, in contrast to tidgrAlcOx-
dependent overoxidation of 4-N®hCHO, the overoxidation of C8 and C10 aldehydesdcbe
observed in the presence of HRP alone (Figure @B&4&igure S8). Keeping in mind that it is
well-known that heme encased within HRP is itselbaidant®, we performed control reactions.
When HRP was replaced with free hemin we observenndar oxidation of the C8 and C10

aldehydes (Figure 4B & C) suggesting that the diodgaof long chain aliphatic aldehydes in

12
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presence of HRP might be independent from its pdase activity but more likely due to the

presence of its cofactor.
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Figure 4. Yield of carboxylic acid detected afterncubation of (A) hexanal, (B) octanal, and
(C) decanalwith various reagents All reactions were carried out in sodium phosphatffer (50
mM, pH 8) at 23°C, under stirring (19pm), and incubated for 16 hours. The reaction mixture
contained 3 mM aldehyde and one of the followingyamatic or inorganic reager@grAlcOx (1
HM), catalase (8 uM), #D. (3 mM), CuSQ(1 uM), HRP (12 uM) or hemin (10 pM). Reactions
were monitored by GC-FID and results expresseeiogntage of acid compared to initial quantity
of aldehyde added. Error bars show s.d. (indepdaredgreriments, n = 3). Extended set of data is

available in Table S1.

To get a deeper understanding of the distinctile 0b aldehyde andemdiol forms in CRO-

AlcOx catalysis, we carried out molecular modelamglyses.
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Molecular modeling provides computational evidence$or long chain aliphatic gem-diols
inhibition and suggests substrate induced-fit intdCgrAlcOx active site.

Protein Energy Landscape Exploration (PEVEJ was applied to simulate ligand-protein
interaction and predict optimal docking of 4-Nenzyl- and octan- derivativesi-e. alcohols,
aldehydes andgiemdiols — into CgrAlcOx active site (PDB 5C%2 Figure 5) As expected,
aldehydes did not show favorable energy profilaggesting a poor binding of both benzyl- and
long chain aliphatic aldehydes when they are nafrdited (Figure 5A-B & S9). Alcohols showed
plausible interaction energies at the proximitgopper ion (4 A Cu-C distances), although more
nuanced for octan-1-ol compared to BnOH and 4B@OH. Gemdiols derivatives showed the
lowest interaction energy, next to the copper nediigure 5A & B), likely suggesting binding of
these molecules (Figure 5C & D). In the case ochmalgemdiol an alternative binding position,
located at ~ 8 A from the copper ion (Figure 5B &, Buggests a possible “non-productive”
binding. Overall, catalysis and computational stgsdsuggest thagjemdiols display favorable
properties for binding int€grAlcOx active site, yet with different outcomes. é&d, in the case
of benzyl derivativeggemdiols, in vitro experiments indicate that this binding leads to an
overoxidation to carboxylic acid. In contrast, toractivated aliphatic substrates, octanal-derived
gemdiols most probably cause enzyme inhibition thtoum non-productive binding. This
conclusion is supported by previous observationgngieded conversions of shorter aliphatic
alcohol€® and inhibition phenomenon by aliphatic aldehy@8leAccordingly, we observed an
inhibitory effect of exogenously added octanal @grAlcOx-mediated oxidation of octan-1-ol

(IC50 = 3.19 mM + 0.19; Figure S10).
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Figure 5. PELE's interaction energy plots for 4-NQ-benzyl-alcohol (A) and C8-alcohol (B),
aldehyde andgem-diol within CgrAlcOx active site and corresponding docking for thegem-
diols derivatives (C & D).Y axis PELE's interaction energy (in kcal.mplX axis distance (in

A) of the carbon (hosting the alcohol or carbomglups) to the Cu metal ion (shown as an orange
sphere in panels C and D). Copper coordinatiomluesi are shown by transparency in light purple

in panels C and D. The residues numbering shovpamel C applies for panel D likewise.

PELE’s simulations also revealed a possible sutesinrauced fit mechanism in the active site
of the CgrAIcOx. Indeed, models suggest that the side chafrisydrophobic residues at the
entrance of the active site pocket such as W398 F¥373 and F303 could undergo a slight

rotation (Figure S11A) to favor the binding of 4-NBnOH. The active site topology is similar

15



254  whether the enzyme is substrate-free (Figure SbtB) complex with octan-1-ol (Figure S11C)
255 or BnOH (Figure S11D) while a wider pocket is visiim the case of 4-N&BnOH (Figure S11E).
256  Such flexibility in the active site could play @sificant role in the ability o€grAlcOx to accept
257 a broad range of substrates.

258 During the course of PELE modelling experimentsaige probed the recognition BgrAlcOx

259 of various aliphatic alcohols with chain lengthageng from C2 to C10. A clear trend stood out:
260 the longer the chain length the lower the bindingrgy (see below). These simulations prompted

261 us to verify this trend by enzymatic assays.

262 The determination of kinetic parameters (Table Ei§ure S12) revealed that whitexvalues

263 for C7-C10 alcohols remained constant, Kiievalues showed a slight but constant decrease with
264 the increase in aliphatic chain length, a trendipesly observed for shorter alcohols (C2-€7)
265 As a comparative control, we verified that the kimparameters for C7 alcohol determined here
266 and by Yin and colleagu&swere similar.

267

268 Table 1. Kinetic parameters of CgrAlcOx for several long chain aliphatic alcohols

269 determined by the spectrophotometric ABTS/HRP coupd assay using 1 nMCgrAlcOx.

Substrate Keat (S1) Km (MM) KeavKm (s.M7Y) Reference
100+ 1 0.19+0.01 5.3x 10 Yin et al?®
Heptan-1-ol
85.8+1.016 0.19+0.01 452 x 10 This work
Octan-1-ol 84.4+1.3 0.14 +0.01 6.03 x 16 This work
Decan-1-ol 87.5+2.72 0.12 £0.02 7.29 x 10 This work

270
271 Attempting to relate experimental kinetic parameterdocking results, a few facts need to be

272 laid out. The characteristic ‘ping-pong’ CRO’s dgti@ cycle can be divided into two half-
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274

275

276

277

278

279

280

281

282

283

284

285

286

287

reactions, a reductive half-reaction that entailzyene active site reduction upon substrate
oxidation, and a subsequent oxidative half-reaatitbare the enzyme is re-oxidized into its initial
state while Qis reduced into kD.. Studies performed on tikgrGalOx indicate that the oxidative
half-reaction is not rate-limiting for AA5_2%°C implying thatkea: reflects directly the rate of the
reductive half-reaction. Furthermore, the facts thakca: value is not impacted by the nature of
the oxidized substrate (Table 1), and is theoryicadependent from th&q, indicate that once
the substrate is bound, the chemical reactian CH>-OH - CHO) occurs at the same rate-
limiting speed. All these considerations allow asptedict that variations iKm andKg values
should be directly correlated, meaning that theeplesd decrease i\m for longer chain lengths
should reflects an increase in affinity. The catiein observed when plotting PELE’s substrate
binding energy for C2 to C8, and C10 straight chaaturated primary alcohols against
experimental logKm) values obtained here and previod&lgrovides support to our simulation
results and further suggests that the observe@dseiirKn for longer chain lengths may reflects

an increase in affinityig) (Figure 6).
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Figure 6. Relationship between the average (top qu#e) binding energies (C-Cu distances
< 4A) determined by PELE and experimental logKm) values for C2 to C8, and C10 straight

chain saturated primary alcohols with CgrAlcOx.

Preparative-scale experiment

To support the industrial applicability @grAlcOx catalyst, the knowledge acquired in the
present study was harnessed in a scaled-up experiethis end, we harvested the supernatant
of a CgrAlcOx-producingP. pastorishioreactor and used it directly as crude enzynhetiso.
One liter of crude enzyme was mixed to 2 g of odtast and allowed to react during 30 min to
limit overoxidation. After extraction with organgolvent, GC analysis revealed that 0.72 g of
octanal, 0.61 g of octan-1-ol and 0.03 g of octarmwid were recovered. Interestingly, a parallel
reaction run with the same concentrations of satesaind accessory enzymes but at 10 mL volume
resulted in almost full conversion into aldehyd2 £8 of C8ALD; 4.1 % of C80H and 3.6 % of
C8AC), suggesting that the limited rate of conwarsobserved for the gram-scale experiment

might be due to experimental constraimg(stirring, vessel etc.) and should be further ojzad.
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DISCUSSION

In the current context, biotechnologies constittie most promising alternative for the
production of long chain aliphatic aldehydes asradts in a flavors and fragrances market
affected by an increasing demand for green anddtural products that traditional production
means cannot proviffe®> We herein demonstrate that a fun@RO-AlcOx can achieve full
conversion of some long chain aliphatic alcohals. hexan-1-ol and octan-1-ol) to yield the
corresponding industrially-relevant aldehydes, imitlhnfew minutes, under mild conditions: water
as solvent and £as co-substrate. To the best of our knowledgey, feav studies have reported
the efficient conversion of unactivated long chaliphatic alcohols. A recent contribution to this
field indicates that a mutant from a FAD-dependehbline oxidase fromArthrobacter
cholorphenolicusexhibited activity on some long chain aliphaticaddols, with best performance
on C4-C7 substrat&s The authors reported for this mutark.a@Km value on hexan-1-ol 1000-
fold lower than for theCgrAlcOx and described full conversion of C6-C9 lortiaim aliphatic
alcohols (10 mM) within 24 hours at 30°C, using @.mL?! of enzyme, with an approximative
turnover frequency of 7 x T0st. Comparatively, th€grAlcOx was here used at 52 pg.rmhio
convert C6 and C8 alcohols (3 mM) in 15 minute23%C exhibiting a turnover frequency of 3.3
s!. These promising results prompted us to attemgtaan scale reaction, which lead to the
recovery of 0.72 g of octanal using a cr@gEAlcOx from bioreactor supernatant. This first proof
of concept highlights the potential of CRO-AlcOxkagcatalysts for the production of long chain
aliphatic aldehydes.

In this study, we also provide insights into thectranism of theCgrAlcOx by comparing the

oxidation of benzyl alcohol and derivatives andjahain aliphatic alcohols (Figure 7).
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Figure 7. Overview of the proposed oxidation mechasm by CgrAlcOx of benzyl alcohol (A)

and derivatives and long chain aliphatic alcoholsR).

It is now well established that recombinant CRQguee accessory enzymes to harness their
full potential: catalase for protection againsOzand HRP for activation, the main resting-state
of the enzyme being inactivafé®® Yet, as reported for GalOx, a minor fraction lné £nzyme
pool is activated and likely explain the basal l@feonversion observed without HRP or catalase,
before reaching an inactivated form due to theOHeffect or undergoing “off-cycle
inactivation®®, Here, results suggest different requirement aessory enzymes according to the
substrate to be oxidized. Indeed, rapid conversiegsire both HRP and catalase, confirming that
the two accessory enzymes are not interchangealilébiing distinct improvement to the
reactiorf®. Long-chain unactivated aliphatic substrates aay be fully converted by providing
high amount of HRP coupled to catalytic amountaiftase. This observation is likely related to

the inhibition by long chain aliphatgemdiols resulting from the hydration of aldehydesdrcts
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(see discussion below). Although the molecular raaigm of activation of CROs needs to be
better understood, it is clear that HRP acts asxatizing agent to restore the active form of the
enzyme bearing the €lion and the crosslinked Cys-Tyr free radi¢4l. The stoichiometric
proportion of HRP needed suggests a protein-pratéénaction rather than a catalytic reactfon

It is worth noting that peroxidases are also raljirused to activate AA5_1 GLOX® pointing
out a common activation mechanism of CROs.

The present work sheds light on the overoxidatesarction occurring during AlcOx catalysis.
This reaction seems directly linked to the propgrsi the produced aldehydes to fogemdiols
upon hydration, which can be used as substrates late subsequent reaction, yielding the
corresponding carboxylic acid&emdiols exist in equilibrium with their aldehyde cuarparts
but are often unfavored unless the carbonyl funci® destabilized. For instance, electron-
attracting substituents, such as iN@re known to disturb the dipole at the carbomgug and
thence, foster the nucleophilic addition of0%. We show here that benzylic-aldehydes, when
prone to formgemdiols (.e. 4-NO,-PhCHO), are oxidized into carboxylic acid by thie®@x
whereas, when stabilized in their carbonyl foira. @-MePhCHO), are not further processed by
the enzyme. However, the latter condition is natessarily sufficienper se since the presence
of the substituting group may also affect the ntic reactivity of the carbon undergoing catalysis.
Long chain aliphatic aldehydes are also susceptileorm gemdiols. However, our results
suggest that thegeemdiols are not oxidized by the AlcOx, and likelyeld inhibitory binding at
the active site of the enzyme. Yet, partial oxioatito the carboxylic acid, promoted by
HRP/hemin, has been observed for >C6 aldehydessapdths therefore independent from
CgrAlcOx. This might account for a phenomenon reldtetthe so-called “autoxidation”, a radical

chain process mediated by oxygen, and favored layge number of catalysts, hemin (free or
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bound to HRP) being likely one of thél A catalytic action of HRP is unlikely in the
conversions we performed witbgrAlcOx and octan-1-ol, asJ@. should be dismutatad-situ
by the catalase. It is however difficult to evakidhe amount of ¥D, that would potentially
accumulate in the reaction due to multiple crogz®dtuction and consumption fluxes.

Other AA5_2 CROs have shown evidencegeimdiol-dependent overoxidation such as the
GalOx'“8 or the raffinose-specific galactose oxidases fl@mgraminicold? and Penicillium
rubeng®. Nevertheless, not all the CROs appear to extistoveroxidation phenomenon, such
as theCgrAAO that selectively oxidizes the primary alcohoh€tion of HMF yielding as single
end product the bis-aldehyde compound 2,5-diforangti despite the presencegeindiol?®. The
formation of carboxylic acid can be either an unitgdnproduct in the case of flavors and
fragrances, or a sought after compound for apjicatin synthetic organic chemistfy Fine
tuning of reaction conditions.€. reaction length, substrate choice, quantity ckasory enzymes
added, pH) allows steering the reaction towardgeeidldehyde or carboxylic acid. In this regard,
the CgrAlcOx could be an efficient “all-in one” catalystrfdirect oxidation of some benzylic-
alcohols or other aromatic alcohols prone to faggemdiols to carboxylic acids. In contrast,
formation of long chain aliphatigemdiols should be avoided to prevent inhibition.

Building on a previously exposed hypothé&&isve showed here that the conversion yield of
unactivated aliphatic alcohol is limited by an imkibn phenomenon that most likely involves the
corresponding aliphatigemdiols present in the reaction. Computational switliether strengthen
this assumption, showing a possible inhibitory igdnode at the active site of the enzyme with
octanalgemdiol. Such hypothesis is consistent with the taet (i) larger amounts of accessory
enzymes are required to convert efficiently octaml; kince these enzymes activate@geAlcOx

and probably allow to decrease the amount of itdnpialdehyde ogemdiol (via conversion into
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acid) and that (ii)CgrAlcOx is unable to oxidize aliphatigemdiols into acids. The inhibition
phenomenon seems common to all unactivated algph&tohol as also reported previously for
butan-1-ol and glyceréi.

Docking studies also highlighted a possible substraduced fit for 4-N@BnOH into
CgrAlcOx active site as shown by a local twist of #ide chain of key residues which could
explain the strong substrate tolerance observethfserenzyme. In addition, despite 60 years of
intensive research on this class of enzymes, almadtsively focused on thiegrGalOx, such
flexibility at the active site of AA5_2s has notdpereported and could contribute to the
unexplained inability to obtain crystal structusfsCRO-substrate complexés

Notwithstanding their intrinsic potential, CRO-Alghave been underexploited for alcohol
oxidation, while efforts were focused on the cagmbhte-activdgrGalOx and mutants theréaf
Our study strives to unveil the potential of thpsemising catalysts and to outline the framework
and boundaries of its scope of application. Weihgrmvide guidelines for controlled oxidation
of some long chain aliphatic and aromatic alcololthe context of the flavors and fragrances
market. The present work paves the way for scalexjgeriments encouraged by high-yield
protein production in bioreactor and mild-conditicatalysis achieved with th€grAlcOx
biocatalyst. Engineering studies — sustained bgteebunderstanding of the substrate-dependent
oxidation initiated here — and process developrsanh as immobilization and biphasic systems

could foster the use of CRO-AlcOx for industriaklcatalysis.
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SUPPORTING INFORMATION
Material and methods, supplementary figures S1-S&Bles S1-S2, and supplementary

references are provided in the Supporting Inforamaéissociated file.
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