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COMPOSITIONS AND METHODS FOR
PRODUCTION OF VALUE-ADDED
CHEMICALS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This applicationis a 35 U.S.C. § 371 national stage
application of PCT/US2022/074076 filed Jul. 22, 2022 and
entitled “Compositions and Methods for Production of
Value-Added Chemicals,” which claims priority to U.S.
Provisional Application Ser. No. 63/224,553 filed Jul. 22,
2021 and entitled “COMPOSITIONS AND METHODS
FOR PRODUCTION OF VALUE-ADDED CHEMICALS,
”, each of which is hereby incorporated herein by reference
in its entirety for all purposes.

REFERENCE TO AN ELECTRONIC SEQUENCE
LISTING

[0002] The contents of the electronic sequence listing
entitled “(3416-07401) Sequence Listingxml” of size
42,817 bytes and created on Sep. 12, 2022 is incorporated
herein by reference in its entirety.

TECHNICAL FIELD

[0003] The present disclosure relates generally to compo-
sitions and methods for the production of value-added
chemicals. More particularly, the present disclosure relates
to chemoenzymatic methods for the production value-added
chemicals from biorenewable feedstocks.

BACKGROUND

[0004] Currently, the majority of chemicals and energy are
produced from finite fossil fuel-based resources. The
world’s societies and commercial markets are dependent on
these depleting fossil fuels for the production of approxi-
mately 80% of its energy and 90% of its chemicals. The
large-scale production and use of these fossil fuels have
contributed to negatively impacting the environment due to
the emission of harmful greenhouse gases and toxic mate-
rials. With a growing world population, the demand for
energy and chemicals is increasing considerably.

[0005] Traditional chemical manufacturing is often based
on either (1) a petrochemical pathway using heat to generate
a reaction and corresponding products or (ii) a biological
pathway typically employing microbes and processes such
as fermentation. Both of these routes produce a mixture of
products and impurities that require substantial processing in
order to obtain the compound(s) of interest at an acceptable
percentage purity. As a result, these routes are not very
efficient and can be expensive. Further, both of these routes
result in the generation of large amounts of CO2, either as
a biological byproduct or a product of combustion to gen-
erate the heat used for reactions. Typical challenges in the
production of value-added chemicals from inexpensive
biorenewable feedstocks include the use of reagents and
conditions that are harsh, costly, and environmentally
unfriendly.

[0006] Because of the increasing demands for energy and
chemicals and to overcome the issues associated with
depleting fossil fuels and its related environmental impact,
it is imperative to identify alternate resources to produce
energy and chemicals. Biomass is the only viable sustainable
feedstock with the potential for carbon-neutral production of
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commercial chemicals. By leveraging the diversity of func-
tionalities in biomass and the present capabilities of thermo-
and biochemical conversion, significant potential exists for
bio-based drop-in replacements for petrochemicals as well
as new products beyond the scope of the current petrochemi-
cal industry.

[0007] An ongoing need exists for the elimination and
simplification of these expensive and carbon-intensive pro-
cessing steps typically associated with the commercial pro-
duction of value-added chemicals.

BRIEF DESCRIPTION OF DRAWINGS

[0008] For a detailed description of the aspects of the
disclosed processes and systems, reference will now be
made to the accompanying drawings in which:

[0009] FIG. 1A is a schematic overview of the processes
disclosed herein.

[0010] FIG. 1B is a schematic overview of the processes
disclosed herein.

[0011] FIG. 2 schematically depicts an aspect of the
molecular manufacturing processes disclosed herein.
[0012] FIG. 3 schematically depicts an aspect of the
molecular manufacturing processes disclosed herein.
[0013] FIG. 4 schematically depicts an aspect of the
molecular manufacturing processes disclosed herein.
[0014] FIG. 5 schematically depicts an aspect of the
molecular manufacturing processes disclosed herein.
[0015] FIG. 6 schematically depicts an aspect of the
molecular manufacturing processes disclosed herein.
[0016] FIG. 7 schematically depicts an aspect of the
molecular manufacturing processes disclosed herein.
[0017] FIG. 8 schematically depicts an aspect of the
molecular manufacturing processes disclosed herein.
[0018] FIG. 9 schematically depicts an aspect of the
molecular manufacturing processes disclosed herein.
[0019] FIG. 10 schematically depicts an aspect of the
molecular manufacturing processes disclosed herein.
[0020] FIG. 11 schematically depicts an aspect of the
molecular manufacturing processes disclosed herein.
[0021] FIG. 12 schematically depicts an aspect of the
molecular manufacturing processes disclosed herein.
[0022] FIG. 13 schematically depicts an aspect of the
molecular manufacturing processes disclosed herein.
[0023] FIG. 14 schematically depicts an aspect of the
molecular manufacturing processes disclosed herein.
[0024] FIG. 15 schematically depicts an aspect of the
molecular manufacturing processes disclosed herein.
[0025] FIG. 16 schematically depicts an aspect of the
molecular manufacturing processes disclosed herein.
[0026] FIG. 17 schematically depicts an aspect of the
molecular manufacturing processes disclosed herein.
[0027] FIG. 18 schematically depicts an aspect of the
molecular manufacturing processes disclosed herein.
[0028] FIG. 19 schematically depicts an aspect of the
molecular manufacturing processes disclosed herein.
[0029] FIG. 20 schematically depicts an aspect of the
molecular manufacturing processes disclosed herein.

[0030] FIG. 21 depicts HPLC traces for the samples from
Example 1.
[0031] FIG. 22A presents the results of assays of enzy-

matic activity and reaction schemes for the indicated
samples.
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[0032] FIG. 22B presents the results of assays of enzy-
matic activity and reaction schemes for the indicated
samples.

[0033] FIG. 23A presents the results of assays of enzy-
matic activity and reaction schemes for the indicated
samples.

[0034] FIG. 23B presents the results of assays of enzy-

matic activity and reaction schemes for the indicated
samples.

[0035] FIG. 24 presents the results of assays of enzymatic
activity and reaction schemes for the indicated samples.
[0036] FIG. 25 presents the results of assays of enzymatic
activity and reaction schemes for the indicated samples.
[0037] FIG. 26 presents the results of assays of enzymatic
activity and reaction schemes for the indicated samples.

[0038] FIG. 27A presents the results of assays of enzy-
matic activity and reaction schemes for the indicated
samples.

[0039] FIG. 27B presents the results of assays of enzy-
matic activity and reaction schemes for the indicated
samples.

[0040] FIG. 28 presents the results of assays of enzymatic

activity and reaction schemes for the indicated samples.
[0041] FIG. 29A presents the results of assays of enzy-
matic activity and reaction schemes for the indicated
samples.

[0042] FIG. 29B presents the results of assays of enzy-
matic activity and reaction schemes for the indicated
samples.

[0043] FIG. 30A presents the results of assays of enzy-
matic activity and reaction schemes for the indicated
samples.

[0044] FIG. 30B presents the results of assays of enzy-
matic activity and reaction schemes for the indicated
samples.

[0045] FIG. 31 presents the results of assays of enzymatic
activity and reaction schemes for the indicated samples.
[0046] FIG. 32A presents the results of assays of enzy-
matic activity and reaction schemes for the indicated
samples.

[0047] FIG. 32B presents the results of assays of enzy-
matic activity and reaction schemes for the indicated
samples.

[0048] FIG. 33 presents the results of assays of enzymatic
activity and reaction schemes for the indicated samples.
[0049] FIG. 34 presents the results of assays of enzymatic
activity and reaction schemes for the indicated samples.
[0050] FIG. 35 presents the results of assays of enzymatic
activity and reaction schemes for the indicated samples.
[0051] FIG. 36 schematically depicts an aspect of the
molecular manufacturing processes disclosed herein.
[0052] FIG. 37 presents the results of assays of enzymatic
activity and reaction schemes for the indicated samples.
[0053] FIG. 38 schematically depicts an aspect of the
molecular manufacturing processes disclosed herein.
[0054] FIG. 39 schematically depicts an aspect of the
molecular manufacturing processes disclosed herein.
[0055] FIG. 40 presents the results of assays of enzymatic
activity and reaction schemes for the indicated samples.
[0056] FIG. 41 presents the results of assays of enzymatic
activity and reaction schemes for the indicated samples.
[0057] FIG. 42 presents the results of assays of enzymatic
activity and reaction schemes for the indicated samples.
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[0058] FIG. 43 presents the results of assays of enzymatic
activity and reaction schemes for the indicated samples.
[0059] FIG. 44 presents the results of assays of enzymatic
activity and reaction schemes for the indicated samples.
[0060] FIG. 45 presents the results of assays of enzymatic
activity and reaction schemes for the indicated samples.
[0061] FIG. 46 presents the results of assays of enzymatic
activity and reaction schemes for the indicated samples.
[0062] FIG. 47 presents the results of assays of enzymatic
activity and reaction schemes for the indicated samples.
[0063] FIG. 48 schematically depicts an aspect of the
molecular manufacturing processes disclosed herein.
[0064] FIG. 49 presents the results of assays of enzymatic
activity and reaction schemes for the indicated samples.

DETAILED DESCRIPTION

Overview

[0065] Disclosed herein are methods and compositions for
the molecular transformations of feedstocks such as sugars,
air, and carbon dioxide to value-added chemicals (VAC).
The processes disclosed herein utilize a combination of
biocatalysts and metal catalysts to perform a combination of
commercially important transformations such as oxidation,
dehydration, carboxylation, carboxyligation and hydrogena-
tion. In an aspect of the present disclosure, a platform
chemical is used to produce a VAC. In an aspect, the
platform chemical comprises alcohols such as ethanol and
methanol, sugars such as glucose, hydroxymethylfurfural,
2,5-furandicarboxylic acid, glycerol, ethylene glycol, suc-
cinic acid, nicotinamide or combinations thereof.

[0066] As disclosed herein, the reaction chemistry com-
prises four-unit operations, from which 90% of the chemi-
cals, ingredients, and materials that underpin modern society
can be manufactured. The methods disclosed herein utilize
primarily oxidation, dehydration, carboxylation, and/or
hydrogenation reactions for the production of VAC. Accord-
ingly, as disclosed herein, a system using enzymes and
catalysts (e.g., a heterogeneous catalyst such as a heteroge-
neous metallic catalyst) can perform at least one of an
oxidation reaction, a dehydration reaction, a carboxylation
reaction, or a hydrogenation reaction to produce a product
from a reactant. Various separation steps can then be used to
isolate the products and recycle unreacted material to the
reaction train for continued reaction within the system.
Overall, the processes disclosed herein can advantageously
generate fewer side products which will positively contrib-
ute to the economics of the process.

[0067] Within the systems and processes disclosed herein,
at least three enzymatic transformations are being developed
including, oxidation, dehydration, and carboxylation. These
reactions allow the system and methods to transform a
variety of different feedstocks and intermediates by directly
reacting with an oxygen source (e.g., air) or carbon dioxide
to produce intermediates and/or products. In general, the
enzymes can be contacted with the reactants in an appro-
priate environment such as an aqueous environment (e.g.,
buffer) and contacted with the reactants. The reactants can
be heterogeneous (e.g., gas/liquid environments) and/or
homogeneous. Within the reaction, the enzymes can produce
products in a variety of chemical cycles such that the
enzymes can perform the reaction over a commercially
suitable time period while maintaining sufficient activity
during the reaction cycles. It is contemplated that the bio-
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catalysts of the present disclosure may experience some loss
of catalytic or structural integrity over time. In one or more
aspects, a method of the present disclosure comprises the
regeneration or replacement of all or a portion of the enzyme
catalyst.

[0068] The selection of the enzymes used within the
system is also a component of the methods described herein.
In most systems, an organism containing a biocatalyst
having one or more characteristics that meet some user
and/or process goals can be developed or selected for use
within the methods disclosed herein. However, the use of
biological organisms can result in the generation of range of
reaction products including byproducts and carbon dioxide.
Rather than engineer organisms, the presently disclosed
methods contemplate the rational engineering of enzymes
which can be selected for one or more characteristics that
meet some user and/or process goal such as specific reaction
rates and/or substrate selectivity.

[0069] Any suitable method for enzyme selection may be
employed. For example, the enzyme selection and develop-
ment effort can include high throughput screening along
with computational design and machine learning algorithms
to achieve a desired result. Once selected, the enzymes can
be produced (e.g., via fermentation) with subsequent isola-
tion and the purified enzymes may be deployed within the
reaction vessel in the absence of any source organisms.

[0070] In one or more aspects, the production of enzyme
catalysts uses orthogonal microbial host platforms so that
proteins from different sources can be rapidly tested with
short design-build-test-analyze cycles and scaled up.
Enzyme catalysts used in the processes can be available
from a wide variety of natural sources (e.g., plants, bacteria,
fungi) and therefore are not always readily expressed in a
single host. The presently disclosed methodologies may
utilize one or more of the three classes of source organisms
are used in the enzyme production process: bacteria, yeast,
and fungi, as protein production hosts to yield valuable
enzymes that may not be expressed in any singular organ-
ism.

[0071] State of the art organism engineering capabilities
coupled with automation and Al allow for design-build-test-
analyze cycles to remain short and allow for continuous
improvement through recursive learning all geared towards
one goal: protein production. In this way, the highly tailored
enzymes generated can be easily scaled up and isolated to be
used in the systems and processes disclosed herein.

[0072] The catalysts utilized in the present disclosure can
be heterogenous metal catalysts in some aspects. Heteroge-
neous metal catalysts typically consist of small metallic
nanoparticles dispersed across a high surface area porous
support. The support can have a suitable pore size to allow
for the reaction of the various molecules used in the pro-
cesses. In some aspects, the metal catalysts can operate in an
aqueous fluid (e.g., water, buffer) at low temperatures with-
out significantly degrading over time. In some aspects, a
catalytic component can include gold, which can allow for
oxidation, dehydration, and hydrogenation reactions. Gold-
containing catalysts are not useful for petrochemical reac-
tions because they deactivate at high temperatures. In gen-
eral, the processes and reactions disclosed herein can take
place below 300° F., which can allow for reactions with the
metallic catalyst and enzymes to perform highly selective
molecular transformations at high throughputs and yields.
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[0073] The overall process is shown in FIGS. 1A and 1B.
As shown in FIG. 1A, the process includes reacting inputs
comprising the reactants in a suitable medium with a bio-
catalyst (e.g., an enzyme). The output of the enzymatic
pathway can produce intermediates which are then reacted
using a metal catalyst to produce final products. A separation
technique can be utilized at any point in the process to
isolate and purify one or more VACs to produce a final
product stream.

[0074] In some aspects, the order of the reactions can be
changed. As shown in FIG. 1B, the process can include
reacting inputs comprising reactants with a metallic catalyst
in a suitable medium to produce at least one intermediate.
The output of the metallic catalyst reactions are intermedi-
ates that can then be reacted using a biocatalyst such as an
enzyme to produce the final products. A separation tech-
nique can be utilized at any point in the process to isolate and
purify one or more VACs to produce a final product stream.
SUGARS

[0075] In an aspect, the platform chemical comprises
glucose. In such aspects, the glucose is converted to a VAC
such as glucaric acid, D-erythorbic acid, L-ascorbic acid,
succinic acid, 2,5-furandicarboxylic acid, or furan dicarbox-
ylic methyl ester.

[0076] In an aspect, glucose is converted to glucaric acid
as depicted schematically in FIG. 2. Referring to FIG. 2,
Pathway A, glucose isomerizes between c.-D-glucose and
B-D-glucose. Glucose may be contacted with a galactose
oxidase (GAO) variant under conditions suitable for oxida-
tion of the Cy4 alcohol to an aldehyde generating D-gluco-
hexodialdose. D-glucohexodialdose may then be contacted
with a glucose oxidase (GOX) under conditions suitable for
oxidation of the C, alcohol to produce L-guluronic acid-f3-
2,6-lactone. L-guluronic acid-8-2,6-lactone which is in equi-
librium with L-guluronic acid may be harvested directly or
further reacted with a heterogeneous metal catalyst (HMC)
or transition metal catalyst (TMC) under conditions suitable
for the formation of glucaric acid.

[0077] In an alternative aspect, depicted as Pathway B in
FIG. 2, a GAO variant and GOX are simultaneously con-
tacted with glucose under conditions suitable for the pro-
duction D-glucono-8-1,5-lactone. In one or more aspects,
D-glucono-d-1,5-lactone is further processed and isolated as
a product. In the alternative, D-glucono-8-1,5-lactone is
acidified to form gluconate which is contacted with a GAO
under conditions suitable for the formation of L-guluronate.
Acidification may be carried out using any suitable acidizing
agent (e.g., HCI). L-guluronate may be contacted with an
HMC under conditions suitable for the formation of glucaric
acid.

[0078] In an alternative aspect, as depicted schematically
in FIG. 3, a GAO variant is contacted with glucose under
conditions suitable for oxidation of the C, alcohol of glucose
to an aldehyde generating the dialdehyde, D-glucohexodi-
aldose. D-glucohexodialdose may then be contacted with an
HMC and/or TMC under conditions suitable for the forma-
tion of glucaric acid.

[0079] In one or more aspects, a method of producing the
VAC glucaric acid comprises contacting, a polysaccharide
monooxygenase (PMO) with the platform chemical glucose
under conditions suitable for the oxidation of both the C, and
C; alcohols of glucose to form saccharic acid lactone. This
reaction is depicted schematically in FIG. 4. The lactone is
easily hydrolyzed under alkaline conditions, greater than
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about pH 7 to form glucaric acid. Notably, saccharic acid
lactone will also slowly self-hydrolyze to form the free acid
under relevant reaction conditions.

[0080] In one or more aspects, PMO may be combined
with a GOX to oxidize the C, alcohol of glucose. Because
PMO is also suspected of oxidizing the C, alcohol to a
ketone when provided hydrogen peroxide, catalase can be
added to limit availability of this oxidizing agent, suppress-
ing the undesirable C, keto pathway. Products from this
process may also be passed over a HMC to oxidize any
unreacted sugars to the diacid.

[0081] In one or more aspects, glucose is contacted with
an enzymatic oxidizing composition (EQC) comprising a
GOX, an animal peroxidase (XPO), halide ions, a nitroxyl
radical mediator (NRM) or a combination thereof. Herein a
“halide” has its usual meaning; therefore, examples of
halides include fluoride, chloride, bromide, and iodide.
[0082] In an aspect and with reference to FIG. 5, glucose
may be contacted with an NRM under conditions suitable
for the formation of D-glucohexodialdose. D-glucohexodi-
aldose may then be contacted with a GOX under conditions
suitable for the formation of D-guluronic acid-5-1,5-lactone
which can be converted to glucaric acid in the presence of
a HMC. In the alternative, glucose is contacted first with a
GOX under conditions suitable for the formation of D-glu-
cono-9-1,5-lactone. NRMs may be included in the reaction
to promote formation of D-glucuronic acid-8-1,5-lactone
from D-glucono-8-1,5-lactone and its subsequent oxidation
to glucaric acid using an HMC.

[0083] In an aspect and with reference to FIG. 6, glucose
may be contacted with a GAO under conditions suitable for
the formation of D-glucohexodialdose. D-glucohexodial-
dose may optionally be contacted with a GAO to generate
D-guluronic acid. D-glucohexodialdose or D-guluronic acid
may then be contacted with a periplasmic aldehyde oxidase
(PAO) or unspecific peroxygenase (UPO) to form glucaric
acid.

[0084] In another aspect, FIG. 7 schematically depicts an
aspect of the chemoenzymatic method for production of
L-ascorbic acid (L-AA) from glucose. Referring to FIG. 7,
an engineered galactose oxidase (GAO) is used to oxidize
the glucose to an aldehyde. The aldehyde is then reduced via
a metal hydrogenation catalyst to produce D-gluconate. A
pyranose-2-oxidase (POX) enzyme is then used to oxidize
D-gluconate to 2-KGA, which can be cyclized to form LAA
via an acid catalyst, methyl esterification, lactonization,
protonation or a combination thereof. Catalase can be added
to any step involving an oxidase generating hydrogen pet-
oxide in order to break this reactive chemical into harmless
water and oxygen, thereby preserving enzyme function.
[0085] In an aspect and with reference to FIG. 8, GOX
oxidizes C, in glucose to generate gluconolactone. Simul-
taneously, POX oxidizes the C, to generate 2-ketoglucose.
The combination of both enzymes generates 2-ketoglucon-
ate. The product (i.e., 2-ketogluconate) may be isolated and
subsequently reacted with methanol in the presence of acid
to form methyl-2-ketogluconate. Formation of the methyl
ester prevents esterification of alcohols and carboxylates
upon heating. In one or more aspects, the addition of sodium
bicarbonate and sulfuric acid is used to generate sodium
methoxide which can then isomerize methyl-2-ketoglucon-
ate to D-EA.

[0086] In another aspect of the present disclosure depicted
schematically in FIG. 9, D-glucono-1,5-lactone is synthe-
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sized from D-glucose via GOX. D-gluconolactone serves as
a substrate for GLO which generates D-EA. Catalase may be
added to degrade hydrogen peroxide produced in the GOX
and GAO reactions to preserve enzyme function. Oxygen is
used to drive the oxidation reactions through acting as an
electron acceptor, which drives cofactor regeneration.
[0087] Inanother aspect of the present disclosure shown in
FIG. 10, a mixture of GOX and POX enzymes are deployed
sequentially or in combination on a glucose substrate to
generate 2-KG, which is then cyclized via acid catalysis. In
FIG. 4, POX is used to catalyze the conversion of glucose to
2-ketoglucose. This compound is then oxidized to 2-KG
using a heterogeneous metal catalyst and subsequently cycl-
ized either in an acid-catalyzed process or by methyl esteri-
fication, lactonization, and protonation, similar to the Reich-
stein process. In an aspect, a metal catalyst is used to
generate 2-KG as this eliminates the need to add stoichio-
metric quantities of base (i.e., sodium hydroxide) to stabilize
pH and maintain function of the POX enzyme.

[0088] In an aspect, the metal catalyst comprises a metal
oxidation catalyst. In such aspects, the metal oxidation
catalyst is a supported transition-metal oxidation catalyst,
alternatively a nanoparticle supported transition-metal oxi-
dation catalyst. Hereinafter, these are collectively designated
as the “TMC.” In an aspect, the support comprises carbon,
silica, alumina, titania (TiO,), zirconia (ZrO,), a zeolite, or
any combination thereof, which contains less than about 1.0
weight percent (wt. %), alternatively less than about 0.1 wt.
%, or alternatively less than about 0.01 wt. % SiO2 binders
based on the total weight of the support.

[0089] Suitable support materials are predominantly mes-
oporous or macroporous, and substantially free from
micropores. For example, the support may comprise less
than about 20% micropores. In an aspect, the support is a
porous nanoparticle support. As used herein, the term
“micropore” refers to pores with diameter <2 nm, as mea-
sured by nitrogen adsorption and mercury porosimetry
methods and as defined by IUPAC. As used herein, the term
“mesopore” refers to pores with diameter from ca. 2 nm to
ca. 50 nm, as measured by nitrogen adsorption and mercury
porosimetry methods and as defined by IUPAC. As used
herein, the term “macropore” refers to pores with diameters
larger than 50 nm, as measured by nitrogen adsorption and
mercury porosimetry methods and as defined by ITUPAC.
[0090] In an aspect, the support comprises a mesoporous
carbon extrudate having a mean pore diameter ranging from
about 10 nm to about 100 nm and a surface area greater than
about 20 m* g~' but less than about 300 m* g~*. Supports
suitable for use in the present disclosure may have any
suitable shape. For example, the support may be shaped into
0.8-3 mm trilobes, quadralobes. or pellet extrudates. Such
shaped supports enable the use of fixed trickle bed reactors
to perform the final oxidation step under continuous flow.
[0091] In one or more aspects, the metal comprises a
Group 8 metal (e.g., Re, Os, Ir, Pt, Ru, Rh, Pd, Ag), a 3d
transition metal, an early transition metal, or a combination
thereof. In an aspect, the TMC comprises gold, Au.

[0092] Inan aspect, the TMC comprise platinum and gold,
and are heterogeneous, solid-phase TMCs. In such aspects,
suitable catalyst supports include, without limitation, car-
bon, surface treated aluminas (such as passivated aluminas
or coated aluminas), silicas, titanias, zirconias, zeolites,
montmorillonites, and modifications, and mixtures or com-
binations thereof. The catalyst support may be treated so as
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to promote the preferential deposition of platinum and gold
on the outer surface of the support so as to create a shell type
TMC. The platinum and gold-containing compounds that
function as a TMC may be produced by any suitable
methodology. For example, the platinum and gold-contain-
ing TMCs may be produced using deposition procedures
such as incipient wetness, ion-exchange, and deposition-
precipitation.

[0093] In other aspects, the metal catalyst is a TMC
comprising metal phases that are monometallic or multim-
etallic combinations of Cu, Ag, Au, Ni, Pd, Pt, or Ir. The
activity, selectivity, and stability of the active phases can be
modulated with dopants of early 3d, 4d, and 5d transition
metals, or heavy post transition metals such as Sn, Sb, and
Bi. In some aspects, metals (e.g., Group 1 metals) are
intercalated into the metal lattice to modulate catalyst prop-
erties. In an aspect, salt precursors of the active phases are
deposited onto a support of the type disclosed herein using
any suitable methodology. For example, deposition of the
active phases may be carried out using techniques such as
incipient wetness impregnation, bulk adsorption impregna-
tion, or deposition precipitation.

[0094] In an aspect, the deposited salt precursor of the
active phase is then converted to the active phase via Liquid
Phase Reduction (LPR) with a suitable salt (e.g., formate
salt) at temperatures of less than about 100° C. or via Gas
Phase Reduction (GPR) at temperatures ranging from about
200° C. 10 about 500° C. or alternatively from about 200° C.
to about 450° C. In an aspect, the metal catalyst comprises
gold, platinum or a combination thereof and calcination in
air at temperatures of equal to or greater than about 150° C.
is performed.

[0095] In an aspect, the amount of active phase loaded
onto a support of the type disclosed herein is less than about
2.0 weight percent (wt. %), alternatively less than about 1.5
wt. %, or alternatively less than about 1.0 wt. % based on the
total weight of the TMC metal catalyst. In an aspect, the
amount of active phase loaded onto a support of the type
disclosed herein is equal to or less than about 0.5 wt. %
based on the total weight of the TMC metal catalyst. In an
aspect, the radial distribution of the active phase across the
support is anisotropic where the active phase is substantially
concentrated in a <500 pm annulus near the surface of the
extrudate support in a “core-shell” configuration. A TMC
metal catalyst of the type disclosed herein may be charac-
terized by a productivity for the conversion of aldehyde
functionalities to carboxylic acids of equal to or greater than
about 0.05 mol acid g~1 active metal h™1 or equal to or
greater than about 0.1 mol acid g~1 active metal h™1 at
selectivities from about 70% to about 90%, alternatively
equal to or greater than about 70%, alternatively equal to or
greater than about 80%, alternatively equal to or greater than
about 85%, or alternatively equal to or greater than about
90%. In such aspects, the TMC metal catalyst exhibits
conversions of from about 60% to about 95%, alternatively
equal to or greater than about 70%, alternatively equal to or
greater than about 80%, or alternatively equal to or greater
than about 90%. Such TMC metal catalysts may display a
steady state leaching amount of from about 1 ppb to about
100 ppb, alternatively less than about 100 ppb, or alterna-
tively less than about 90 ppb. In an aspect, a TMC metal
catalyst of the type disclosed herein may be utilized in a
temperature range of from about 40° C. to about 120° C,,
alternatively form about 40° C. to about 110° C., or alter-
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natively from about 50° C. to about 100° C. at pressures
ranging from about 10 bar to about 100 bar, alternatively
from about 20 bar to about 100 bar, or alternatively from
about 20 bar to about 90 bar.

[0096] In an aspect, a small molecule chemical catalyst is
used in reactions of the present disclosure such as an acid or
base. Examples of acids or bases suitable for use as a
finishing catalyst include without limitation hydrochloric
acid, sulfuric acid, formic acid, sodium hydroxide, and urea.
[0097] In an aspect, a reaction mixture for the production
of D-EA in addition to one or more biocatalysts may further
include one or more purified enzyme cofactors. Nonlimiting
examples of purified enzyme cofactors suitable for use in the
present disclosure include thiamine pyrophosphate, NAD™.
NADP™, pyridoxal phosphate, methyl cobalamin, cobala-
mine, biotin, Coenzyme A, tetrahydrofolic acid, menaqui-
none, ascorbic acid, flavin mononucleotide, flavin adenine
dinucleotide, and Coenzyme F420. Such cofactors may be
included in the initial reaction mixture and/or be added at
various points during the reaction. In some aspects, cofac-
tors may be readily regenerated with oxygen and/or may
remain stable throughout the lifetime of the biocatalyst(s).
[0098] In one or more aspects, hydrogen peroxide gener-
ated during the oxidation reactions disclosed herein may be
disproportionated using any suitable method. For example,
the hydrogen peroxide may be disproportionated by contact
with a catalase, under suitable conditions, to form water and
molecular oxygen. In such aspects, molecular oxygen may
be recovered as a product that is recycled and used a
component in additional reactions.

[0099] In an aspect, the VAC succinic acid is synthesized
from the platform chemical glucose. In such aspects, a
process of the present disclosure comprises oxidation of
glucose to form a 2-keto intermediate. In an aspect, the
oxidation of glucose is catalyzed by a TMC. Any TMC
capable of oxidizing glucose to produce a 2-keto interme-
diate may be employed. In an aspect, the TMC comprises
platinum, bismuth, gold, or a combination thereof. In such
aspects, the TMC may be supported on materials such as
carbon or alumina. In an aspect, the TMC is a supported
Pt/Bi/Au catalyst. In an aspect of the present disclosure, the
contacting of glucose with a supported-Pt/Bi/Au catalyst
under suitable conditions results in the formation of the
2-keto intermediate, 2-keto-gluconic acid.

[0100] In an alternative aspect for the production of suc-
cinic acid, the catalyst is an enzyme, alternatively alcohol
oxidase (AOX, E.C. 1.13.13) or an alcohol oxidase
homolog. AOX is a ubiquitous flavin-dependent enzyme that
oxidizes lower primary alcohols to aldehydes using oxygen
as an oxidizing agent. AOX may be sourced from methylo-
trophic yeast of the species Kloeckera, Torulopsis, Candida,
Pichia, Hanseniaspora, and Metschnikowia. In an alterna-
tive aspect, the AOX is sourced from methanol-utilizing
bacteria such as Methylococcus capsulatus, thermophilic
soil fungi such as Thermoascus aurantiacus, and brown rot
fungus such as Gloeophyllum trabeum. Alternatively, the
AOX may be sourced from the white-rot basidiomycete
Phanerochaete chrysosporium. Contacting of glucose with
an AOX under suitable conditions results in the formation of
the 2-keto intermediate, 2-keto-gluconate.

[0101] In yet another aspect, a method of converting
glucose to succinic acid comprises decarboxylation of the
2-keto intermediate to form D-ribulose. In an aspect, decar-
boxylation of the 2-keto intermediate is carried out in the
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presence of any suitable catalyst. For example, the decar-
boxylation may be carried out in the presence of copper ions
in association with a polymer matrix. In an aspect, the
catalyst comprises CuSO, and polyvinylpyrrolidone, and the
reaction is carried out in an oxidizing atmosphere.

[0102] In an aspect, the methods of converting glucose to
succinic acid further comprise dehydration of D-ribulose to
generate furfural. Dehydration of D-ribulose may be carried
out under suitable conditions in the presence of an acid
catalyst. An acid catalyst suitable for use in the present
disclosure is a solid acid catalyst, alternatively an ion-
exchange resin acid catalyst. For example, the acid catalyst
may comprise AMBERLYST™ 15DRY Polymeric Catalyst,
which is a bead-form, strongly acidic catalyst. In an alter-
native aspect, the dehydration of D-ribulose is carried in the
presence of formic acid and AMBERLYST™ 15DRY Poly-
meric Catalyst. In such aspects, the formic acid may be
removed with the addition of an oxidant such as hydrogen
peroxide.

[0103] In an aspect, the methods of converting glucose to
succinic acid further comprise oxidation of furfural to gen-
erate succinic acid. In an aspect, oxidation of furfural to
succinic acid is carried out in the presence of an oxidant and
a catalyst. For example, the acid catalyst may comprise
AMBERLYST™ 15DRY Polymeric Catalyst and the oxi-
dant may comprise hydrogen peroxide. The reaction may be
carried out under conditions suitable for the conversion of
furfural to succinic acid.

[0104] In an aspect, the VAC 2,5-furan dicarboxylic acid
(FDCA) or (FDME) is generated from the platform chemical
glucose. In such aspects, glucose may be contacted with an
enzyme, (e.g., GAQ), a base (e.g., NaOH) and air under
conditions suitable for the formation of an oxidized product.

Alcohols

[0105] In an aspect, the platform chemical is an alcohol
such as ethanol. In an aspect, a method of the present
disclosure comprises contacting the ethanol with an alcohol
oxidase (E.C. 1.1.3.13) under conditions suitable for the
formation of acetaldehyde. This is depicted schematically in
FIG. 11.

[0106] In an aspect, a method of the present disclosure
comprises production of the VAC propylene glycol from the
platform chemical ethanol. In such aspects, ethanol is con-
tacted with an ethanol oxidase of the type disclosed herein
(e.g., AOX, GAO) under conditions suitable for the forma-
tion of an aldehyde. The method may further comprise
contacting of the aldehyde with a biocatalyst under condi-
tions suitable for the formation of pyruvic acid. Any bio-
catalyst suitable for the conversion of an aldehyde to pyruvic
acid may be employed. In an aspect, the aldehyde is con-
tacted with a pyruvate decarboxylase (PDC) in the presence
of carbon dioxide under conditions suitable for the forma-
tion of pyruvic acid. In an aspect, a method of the present
disclosure further comprises hydrogenation of the pyruvate
in the presence of a hydrogenation catalyst under conditions
suitable for the formation of propylene glycol.

[0107] In an aspect, disclosed herein are methods for the
production of the VACs lactic acid, acrylic acid, propylene
glycol, and propanol from the platform chemical ethanol. In
an aspect, the methods disclosed herein involve the
chemoenzymatic conversion of ethanol to lactic acid, acrylic
acid, propylene glycol, or propanol. Hereinafter, lactic acid,
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acrylic acid, propylene glycol and propanol may be referred
to individually as a “C3 product,” or collectively as “C3
products.”

[0108] In an aspect, methods for the production of a C3
product comprise the contacting of ethanol with one or more
enzymes under conditions suitable to produce an interme-
diate (e.g., acetaldehyde). This is depicted in FIG. 12.
[0109] Referring to FIG. 12, a method of the present
disclosure comprises a Stage I where ethanol is contacted
with an enzyme capable of catalyzing the selective aerobic
oxidation of ethanol to acetaldehyde. In an aspect, this
enzyme is an ethanol oxidase (EOX). Stage 1 may further
comprise contacting of the aldehyde with a pyruvate decar-
boxylase (PDC) in the presence of carbon dioxide (CO,) or
a source of CO, to generate pyruvic acid. Equilibrium
between pyruvic acid and pyruvate may be established using
any suitable methodology such as pH adjustment, electroly-
sis or ion exchange, as depicted in FIG. 12. In an aspect, the
pH adjustment is through addition of a base comprising a
monovalent cation. For example, the base may be sodium
hydroxide, which forms a cation pair comprising a single
pyruvate anion and a sodium cation.

[0110] The method may further comprise a Stage 2 where
pyruvate generated from the reaction of ethanol and EOX is
subsequently converted to lactate by partial hydrogenation
followed by dehydration to acrylic acid. Alternatively, pyru-
vate or lactate may be partially hydrogenated to 1,2-pro-
panediol (propylene glycol) or n-propanol.

[0111] The Stage 2 portion of methods disclosed herein
can alternatively proceed via two routes; both catalyzed by
a metal catalyst. The first route uses a caustic hydroxide
coupled with electrodialysis and ion exchange to co-produce
sodium sulfate or gypsum. The second route uses ammonia
and esterification to proceed via ethyl ester intermediates
(e.g. ethyl pyruvate, ethyl lactate, and ethyl acrylate) without
the co-production of salts.

[0112] In an aspect, the hydrogenation catalyst comprises
a metal catalyst, alternatively a supported metal catalyst.
Equilibrium between lactate and lactic acid may be estab-
lished using any suitable methodology such as pH adjust-
ment, electrolysis or ion exchange. In some aspects, the
metal catalyst is chiral and catalyzes the production of
predominately or exclusively R-lactic acid; alternatively,
predominately or exclusively S-lactic acid.

[0113] In an alternative aspect, Stage 2 further comprises
dehydration of lactate to form acrylate. Equilibrium between
acrylate and acrylic acid may be established using any
suitable methodology such as pH adjustment, electrolysis or
ion exchange. In some aspects, dehydration of lactate is
catalyzed by a metal catalyst, alternatively a supported metal
catalyst. The metal catalyst or supported metal catalyst may
be the same as or different from the catalyst utilized to
facilitate the reduction of pyruvate. In another alternative
aspect, Stage 2 comprises hydrogenation of lactic acid in the
presence of a metal catalyst or supported metal catalyst and
hydrogen to form a compound containing a propyl group. In
an aspect, the compound containing a propyl group com-
prises 1-propanol, 2-propanol, propylene glycol, or combi-
nations thereof. The metal catalyst or supported metal cata-
lyst may be the same as or different from the catalyst utilized
to facilitate the reduction of pyruvate via hydrogenation.
[0114] In an aspect, another method for the conversion of
ethanol to a C; compound is generally depicted in FIG. 13.
Referring to FIG. 13, a method of the present disclosure
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comprises a Stage 1 where ethanol is contacted with an
enzyme capable of catalyzing the selective aerobic oxidation
of ethanol to acetaldehyde. In an aspect, this enzyme is an
ethanol oxidase (EOX). Stage 1 may further comprise con-
tacting of acetaldehyde with a pyruvate decarboxylase
(PDC) in the presence of carbon dioxide (CO,) or a source
of CO, to generate pyruvic acid. Equilibrium between pyru-
vic acid and pyruvate may be established using any suvitable
methodology such as pH adjustment, electrolysis or ion
exchange, as depicted in FIG. 13. In an aspect, pH adjust-
ment occurs by addition of a base comprising a divalent
cation. For example, the base may be calcium hydroxide,
which is able to provide two hydroxide ions per calcium
atom. The addition of calcium hydroxide to the pyruvic acid
results in a cation pair comprising two pyruvate anions and
a calcium cation.

[0115] The method may further comprise a Stage 2 that
includes the reduction of pyruvate catalyzed by a hydroge-
nation catalyst to form lactate. In an aspect, the hydrogena-
tion catalyst comprises a metal catalyst, alternatively a
supported metal catalyst. Equilibrium between calcium lac-
tate (having 2 lactate moieties) and lactic acid may be
established using any suitable methodology such as pH
adjustment, electrolysis or ion exchange, as depicted in FIG.
13. In some aspects, the catalyst is chiral and catalyzes the
production of predominately or exclusively R-lactic acid:
alternatively, predominately or exclusively S-lactic acid.
[0116] In an alternative aspect, Stage 2 further comprises
dehydration of lactate to form acrylate. Equilibrium between
calcium acrylate (having 2 acrylate moieties) and acrylic
acid may be established using any suitable methodology
such as pH adjustment, electrolysis or ion exchange, as
depicted in FIG. 13. In some aspects, dehydration of lactate
is catalyzed by a metal catalyst, alternatively a supported
metal catalyst. The metal catalyst or supported metal catalyst
may be the same as or different from the catalyst utilized to
facilitate the reduction of pyruvate. In another alternative
aspect, Stage 2 comprises hydrogenation of lactic acid in the
presence of a metal catalyst or supported metal catalyst and
hydrogen to form a compound containing a propyl group. In
an aspect, the compound containing a propyl group com-
prises 1-propanol, 2-propanol, propylene glycol, or combi-
nations thereof.

[0117] In an aspect, a method for the conversion of the
platform chemical ethanol to the value-added C3 compound
is generally depicted in FIG. 14. Referring to FIG. 14, a
method of the present disclosure comprises a Stage I where
ethanol is contacted with an enzyme capable of catalyzing
the selective aerobic oxidation of ethanol to acetaldehyde. In
an aspect, this enzyme is an ethanol oxidase, EOX. Stage 1
may further comprise contacting of acetaldehyde with a
pyruvate decarboxylase (PDC) in the presence of carbon
dioxide (CO,) or a source of CO, to generate pyruvic acid.
Ethyl pyruvate may be generated through esterification of
pyruvate in the presence of ethanol or an organic solvent.
Esterification may be achieved using any suitable enzyme
such as a CalB lipase (i.e., Novozymes 435 immobilized
CalB). Because esterification using lipases typically requires
anhydrous conditions, this reaction may occur in the pres-
ence of tert-butyl alcohol, methyl butyrate, or other solvent,
potentially in a biphasic system.

[0118] FEthyl pyruvate may be converted to pyruvic acid by
hydrolysis of the ethyl pyruvate, see FIG. 14. The method
may further comprise a Stage 2 which includes the reduction
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of ethyl pyruvate catalyzed by a hydrogenation catalyst to
form ethyl lactate. In an aspect, the hydrogenation catalyst
comprises a metal catalyst, alternatively a supported metal
catalyst. Bthyl lactate may be converted to lactic acid by
hydrolysis of the ethyl lactate as depicted in FIG. 14. In
some aspects, the catalyst is chiral and catalyzes the pro-
duction of predominately or exclusively R-lactic acid: alter-
natively, predominately or exclusively S-lactic acid.

[0119] In an alternative aspect, Stage 2 further comprises
dehydration of ethyl lactate to form ethyl acrylate. In yet
another aspect, ethyl lactate may be converted to lactic acid
by hydrolysis. In some aspects, the hydrolysis of ethyl
lactate is catalyzed by a metal catalyst, alternatively a
supported metal catalyst. The metal catalyst or supported
metal catalyst may be the same as or different from the
catalyst utilized to facilitate the reduction of pyruvate.

[0120] In yet another alternative aspect, Stage 2 comprises
hydrogenation of lactic acid in the presence of a metal
catalyst or supported metal catalyst and hydrogen to form a
compound containing a propyl group. In an aspect, the
compound containing a propy! group comprises 1-propanol,
2-propanol, propylene glycol or combinations thereof. The
metal catalyst or supported metal catalyst may be the same
as or different from the catalyst utilized to facilitate the
reduction of pyruvate via hydrogenation.

[0121] In an aspect, acetoin, 2,3-butanediol, 1,3-butadi-
ene, and 2-butanone are produced from ethanol. In an aspect,
the methods disclosed herein involve the chemoenzymatic
conversion of the platform chemical ethanol to acetalde-
hyde, which is subsequently converted to the VACs acetoin,
2,3-butanediol, 1,3-butadiene, and 2-butanone. Hereinafter,
acetoin, 2,3-butanediol, 1,3-butadiene, and 2-butanone may
be referred to individually as a “C4 product.” or collectively
as “C4 products.”

[0122] In an aspect, methods for the production of a C,
product comprise the contacting of ethanol with one or more
enzymes under conditions suitable to produce acetaldehyde.
Although ethanol is depicted and discussed herein as the
substrate, it is contemplated other substrates may be
employed.

[0123] Inan aspect, a method for the conversion of ethanol
to a C, compound is generally depicted in FIG. 15. Referring
to FIG. 15, a Stage 1 of the present disclosure comprises
conversion of ethanol to acetoin. In an aspect, a method for
the conversion of ethanol to a C, compound comprises
contacting of ethanol with an enzyme capable of catalyzing
the selective aerobic oxidation of ethanol to acetaldehyde. In
an aspect, this enzyme is an ethanol oxidase, EOX. Stage 1
may further comprise carboligation of two molecules of
acetaldehyde to produce acetoin. Any suitable catalyst may
be utilized to carry out the carboligation of acetaldehyde
molecules. In an aspect, carboligation of the acetaldehyde is
catalyzed by an acetoin synthase (AS). In an alternative
aspect, carboligation of acetaldehyde is catalyzed by a
thiamine-containing catalyst, carbene catalysts such as
N-heterocyclic catalysts or combinations thereof. In some
aspects, carboligation of acetaldehyde to produce acetoin is
carried under conditions suitable to increase the stereospeci-
ficity of the reaction product; for example, the reaction
product may comprise an excess of or exclusively a par-
ticular enantiomer, such as (R)-acetoin. In an alternative
aspect, carboligation of acetaldehyde to produce acetoin is
carried out under conditions suitable to produce a racemic
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product. In such aspects, carboligation is catalyzed by
enzymes such as formolase (FLS) or pyruvate decarboxylase
(PDC).

[0124] In an aspect, Stage 2 of the presently disclosed
method for the conversion of the platform chemical ethanol
to a VAC C, compound comprises reduction of acetoin
through hydrogenation over a metal catalyst to form 2,3-
butanediol. In an aspect, butadiene may be formed by the
dehydration of 2,3-butanediol. A method for the conversion
of ethanol to a C, compound may further comprise partial
dehydration of 2,3-butanediol to form 2-butanone. Dehy-
dration of 2,3-butanediol may be catalyzed by a metal
catalyst that is the same as or different from the metal
catalyst utilized to catalyze the hydrolysis of acetoin.
[0125] In an aspect, a method for the production of the
VAC glycolic acid comprises contacting of the platform
chemical ethylene glycol with one or more biocatalysts
under conditions suitable to produce glycolaldehyde. Gly-
colaldehyde may be further contacted with one or more
metal catalysts under conditions suitable to produce glycolic
acid. The chemoenzymatic method of this disclosure is
depicted in FIG. 16.

[0126] In an aspect, a method for the production the VAC
ethanolamine from the platform chemical ethylene glycol is
schematized in FIG. 17. In an aspect, a process comprises
contacting ethylene glycol with a biocatalyst under condi-
tions suitable for conversion to an oxidized intermediate. In
an aspect, the oxidized intermediate is glycolaldehyde. The
method may further comprise conversion of glycolaldehyde
to EA. The conversion of glycolaldehyde to EA may be
catalyzed using a chemical agent or a biocatalyst.

[0127] In an aspect, a method for the production of the
VAC glycerol from the platform chemical ethylene glycol is
schematized in FIG. 18. Referring to FIG. 18, Stage 1 of the
present disclosure comprises conversion of ethylene glycol
to glycolaldehyde. In an aspect, an enzyme capable of
selectively oxidizing ethylene glycol to glycolaldehyde
(EGOX) using molecular oxygen and generating hydrogen
peroxide is utilized to catalyze the first step. As depicted in
FIG. 16, glycolaldehyde and carbon dioxide may be con-
verted to 3-hydroxypyruvic acid using a suitable carboliga-
tion catalyst. In an aspect, Stage 2 of the presently disclosed
method comprises reduction of 3-hydroxypyruvic acid
through hydrogenation over a metal catalyst to form glyc-
erol.

[0128] In an aspect, a method for the production of the
VAC dihydroxyacetone from the platform chemical glycerol
is schematized in FIG. 19. In an aspect, a process comprises
contacting glycerol with a biocatalyst under conditions
suitable for conversion to an oxidized intermediate. Biocata-
lysts suitable for use in the production of DHA the biocata-
lyst comprises an alcohol oxidase (AOX), an alditol oxidase
(AIDO), a copper-radical oxidase (CRO), a glycerol oxidase
(GlyOX), or combinations thereof. In an aspect, the oxidized
intermediate is glyceraldehyde. The method may further
comprise conversion of glyceraldehyde to DHA.

Nicotinamide

[0129] In an aspect, an in-vitro chemoenzymatic route to
produce the VAC nicotinamide from the platform chemical
3-cyanopyridine is. In such an aspect, 3-cyanopyridine is
reacted with water in the presence of a nitrile hydratase
under conditions suitable for the formation of nicotinamide.
In some aspects, as a result of this process being conducted
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in vitro, the reaction can occur in water and nicotinamide
can be easily recovered at high purity.

[0130] In an aspect, hydrolysis of 3-cyanopyridine is
catalyzed by any suitable biocatalyst able to facilitate the
hydrolysis of a nitrile. In an aspect, the biocatalyst is a nitrile
hydratase (NHase).

HMF

[0131] In an aspect, an in-vitro chemoenzymatic route to
produce the VAC FDCA from the platform chemical 5-hy-
droxymethylfurfural (HMF) is depicted in FIG. 20. Dis-
closed herein are chemoenzymatic methods for the produc-
tion of FDCA. In an aspect, a method of the present
disclosure comprises enzymatic oxidation of HMF, under
mild reaction conditions, to produce an intermediate. It is to
be understood that HMF is an exemplary reactant for the
production of FDCA and other reactants are contemplated
by this disclosure. In an aspect, a method of the present
disclosure further comprises oxidation of the intermediate
by a metal catalyst, alternatively a TMC to produce the
FDCA. Oxidative conversion of HMF to FDCA is depicted
generally in FIG. 20.

OXIDATION BIOCATALYST

Alcohol Oxidase

[0132] Exemplary biocatalysts suitable for use in the dis-
closed processes include but are not limited to alcohol
oxidase, galactose oxidase and glycerol oxidase. In an
aspect, the oxidation biocatalyst is an alcohol oxidase
(AOX, E.C. 1.1.3.13) or alcohol oxidase homolog. AOX is
a ubiquitous flavin-dependent enzyme that oxidizes lower
primary alcohols to aldehydes using oxygen as an oxidizing
agent. An example is depicted in Reaction Scheme 1.

AOX
—  Formaldehyde

AOX
Ethanol + 0, ——  Acetaldehyde

PcAOX F108
—_—

Methanol + Oy + HyO,

+ H202

Glycerol + O, Glyceraldehyde + H,O,

Reaction Scheme 1

[0133] AOX may be sourced from methylotrophic yeast of
the species Kloeckera, Torulopsis, Candida, Pichia, Hanse-
niaspora, and Metschnikowia. In an alternative aspect, the
AOX is sourced from methanol-utilizing bacteria such as
Methylococcus capsulatus, thermophilic soil fungi such as
Thermoascus aurantiacus, and brown rot fungus such as
Gloeophyllum trabeum. Alternatively, the AOX may be
sourced from the white-rot basidiomycete Phanerochaete
chrysosporium.

[0134] Methylotrophic yeasts are widely employed in fer-
mentative processes for protein production and chemical
synthesis. [n many cases, these yeasts are used to generate
proteins heterologously under control of the methanol-in-
ducible AOX1 promoter. The endogenous AOX1 gene can
be retained (Mut*strains), deleted (Muts), or deleted along
with that of the minor alcohol oxidase AOX2 (Mut).
Generally, higher protein titers are achieved in strains
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capable of utilizing methanol as a carbon source, while AOX
genes may be deleted to improve protein titers in non-
methanol induced processes.

[0135] 1In an aspect, the AOX is sourced from Mut™ cells
generated as a byproduct of methylotrophic yeast fermen-
tation. Cell density in these processes can reach a final level
of from about 350 g/L to about 450 g/I. wet cells. When
grown in methanol, AOX can comprise 30% of soluble
cellular protein, 20% of cell-free extracts, and 80% of cell
volume. Alternatively, AOX sequences used in this process
may be sourced from organisms other than methylotrophic
yeasts.

[0136] In an aspect, the oxidation biocatalyst is an inher-
ently stable form of an AOX from thermophilic organisms
such as Candida methanosorbosa (1,,745° C.), Ogataea
thermomethanolica (T,,7=50° C.), or Phanerochaete chrys-
osporium (T,,=50° C.).

[0137] An AOX for use in the present disclosure may be
utilized in the oxidation of ethylene glycol and in such
instances is termed and ethylene glycol oxidase or EGOX.

Galactose Oxidase

[0138] In an aspect, the oxidation biocatalyst is a member
of the copper radical oxidase (CRO) family. For example,
and without limitation, a copper radical oxidase suitable for
use in the present disclosure is galactose oxidase (GAO, EC
1.1.3.9). GAO is one of the most extensively studied alcohol
oxidases with respect to both mechanistic investigations and
practical applications. Other members in the copper radical
oxidase family may be suitably employed in the present
disclosure. GAO is a copper-dependent alcohol oxidase that
oxidizes galactose residues either as monosaccharides or
glycoconjugates that contain galactose at the nonreducing
end. GAO is a novel metallo-radical complex comprising a
protein radical coordinated to a copper ion in the active site.
The unusually stable protein radical is formed from the
redox-active side chain of a cross-linked tyrosine residue

(Tyr-Cys).
Glycerol Oxidase

[0139] In an aspect, the oxidation biocatalyst is a glycerol
oxidase (GlyOx). GlyOx (E.C. 1.1.3. B4) catalyzes the
oxidation of glycerol under the consumption of oxygen to
form glyceraldehyde and hydrogen peroxide according to
the following reaction:

CH,OHCHOHCH,0H~+0,_, CHOCHOHCH,0H+
1,0,

[0140] The reaction proceeds in the absence of exog-
eneous cofactors. Natural glycerol oxidases containing cop-
per-heme cofactors have been sourced from Botrytis allii,
Aspergillus japonicus (AT 001 and AT 008), Aspergillus
oryzae AT 105. Aspergillus parasiticus AT 462, Aspergillus
flavus AT 853, Aspargillus tamarii AT 857, Aspergillus
itaconicus AT 923, Aspergillus usamii AT 989, Neurospora
crassa AT 003, Neurospora sitophila AT 045, Neurospora
tetrasperma AT 053, and Penicilium sp. UT 1750.

Sequences

[0141] In an aspect, biocatalysts suitable for use in the
present disclosure may have any of SEQ 1D No. 1 through
SEQ ID No. 16.
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Supported Metal Catalyst

[0142] In an aspect, the metal catalyst comprises a tran-
sition-metal oxidation catalyst. In such aspects the metal
oxidation catalyst is a supported transition-metal oxidation
catalyst, alternatively a nanoparticle supported transition-
metal oxidation catalyst. Hereinafter these are collectively
designated, TMC. In an aspect, the support comprises car-
bon, silica, alumina, titania (Ti0,), zirconia (ZrO,), a zeo-
lite, or any combination thereof, which contains less than
about 1.0 weight percent (wt. %), alternatively less than
about 0.1 wt. % or alternatively less than about 0.01 wt. %
SiO, binders based on the total weight of the support.
[0143] Suitable support materials are predominantly mes-
oporous or macroporous, and substantially free from
micropores. For example, the support may comprise less
than about 20% micropores. In an aspect, the support is a
porous nanoparticle support. As used herein, the term
“micropore” refers to pores with diameter <2 nm, as mea-
sured by nitrogen adsorption and mercury porosimetry
methods and as defined by JTUPAC. As used herein, the term
“mesopore” refers to pores with diameter from ca. 2 nm to
ca. 50 nm, as measured by nitrogen adsorption and mercury
porosimetry methods and as defined by IUPAC. As used
herein, the term “macropore” refers to pores with diameters
larger than 50 nm, as measured by nitrogen adsorption and
mercury porosimetry methods and as defined by TUPAC.
[0144] In an aspect, the support comprises a mesoporous
carbon extrudate having a mean pore diameter ranging from
about 10 nm to about 100 nm and a surface area greater than
about 20 m* g™ but less than about 300 m* g™, Supports
suitable for use in the present disclosure may have any
suitable shape. For example, the support may be shaped into
0.8-3 mm trilobes, quadralobes. or pellet extrudates. Such
shaped supports enable the used of fixed trickle bed reactors
to perform the final oxidation step under continuous flow.
[0145] In one or more aspects, the metal comprises a
Group 8 metal (e.g., Re, Os, Ir, Pt, Ru, Rh, Pd, Ag), a 3d
transition metal, an early transition metal, or combinations
thereof. In an aspect, the TMC comprises gold, Au.

[0146] In an aspect, the TMCs comprise platinum and gold
and are heterogeneous, solid-phase TMCs. In such aspects,
suitable catalyst supports include, without limitation, car-
bon, surface treated aluminas (such as passivated aluminas
or coated aluminas), silicas, titanias, zirconias, zeolites,
montmorillonites, and modifications, mixtures or combina-
tions thereof. The catalyst support may be treated to promote
the preferential deposition of platinum and gold on the outer
surface of the support so as to create a shell type TMC. The
platinum and gold-containing compounds that function as a
TMC may be produced by any suitable methodology. For
example, the platinum and gold-containing TMCs may be
produced using deposition procedures such as incipient
wetness, ion-exchange and deposition-precipitation.

[0147] In other aspects, TMC comprises metal phases that
are monometallic or multimetallic combinations of Cu, Ag,
Au, Ni, Pd, Pt, and Ir. The activity, selectivity, and stability
of the active phases can be modulated with dopants of early
3d, 4d, and 5d transition metals, or heavy post transition
metals such as Sn, Sb, and Bi. In some aspects, metals (e.g.,
Group 1 metals) are intercalated into the metal lattice to
modulate catalyst properties. In an aspect, salt precursors of
the active phases are deposited onto a support of the type
disclosed herein using any suitable methodology. For
example, deposition of the active phases may be carried out
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using techniques such as incipient wetness impregnation,
bulk adsorption impregnation, or deposition precipitation.
[0148] In an aspect, the deposited salt precursor of the
active phase is then converted to the active phase via Liquid
Phase Reduction (LPR) with a suitable salt (e.g., formate
salt) at temperatures of less than about 100° C. or via Gas
Phase Reduction (GPR) at temperatures ranging from about
200° C. to about 500° C. or alternatively from about 200° C.
to about 450° C. In an aspect, the finishing catalyst com-
prises gold and calcination in air at temperatures of equal to
or greater than about 150° C.

[0149] In an aspect, the amount of active phase loaded
onto a support of the type disclosed herein is less than about
2.0 weight percent (wt. %), alternatively less than about 1.5
wt. % or alternatively less than about 1.0 wt. % based on the
total weight of the TMC finishing catalyst. In an aspect, the
amount of active phase loaded onto a support of the type
disclosed herein is equal to or less than about 0.5 wt. %
based on the total weight of the TMC finishing catalyst. In
an aspect, the radial distribution of the active phase across
the support is anisotropic where the active phase is substan-
tially concentrated in a <500 pm annulus near the surface of
the extrudate support in a “core-shell” configuration. A TMC
finishing catalyst of the type disclosed herein may be
characterized by a productivity for the conversion of alde-
hyde functionalities to carboxylic acids of equal to or greater
than about 0.05 mol acid g~1 active metal h™1 or equal to or
greater than about 0.1 mol acid g1 active metal h™1 at
selectivities from about 70% to about 90%, alternatively
equal to or greater than about 70%, alternatively equal to or
greater than about 80%, alternatively equal to or greater than
about 85%, or alternatively equal to or greater than about
90%. In such aspects, the TMC finishing catalyst exhibits
conversions of from about 60% to about 95%, alternatively
equal to or greater than about 70%, alternatively equal to or
greater than about 80%, or alternatively equal to or greater
than about 90%. Such TMC finishing catalysts may display
a steady state leaching amount of from about 1 ppb to about
100 ppb, alternatively less than about 100 ppb or alterna-
tively less than about 90 ppb. In an aspect, a TMC finishing
catalyst of the type disclosed herein may be utilized in a
temperature range of from about 40° C. to about 120° C.
alternatively form about 40° C. to about 110° C. or alterna-
tively from about 50° C. to about 100° C. at pressures
ranging from about 10 bar to about 100 bar, alternatively
from about 20 bar to about 100 bar or alternatively from
about 20 bar to about 90 bar.

[0150] In some aspects, the finishing catalyst is an isomer-
ization catalyst. Any isomerization catalysts compatible with
the other components of the HVCOS may be utilized. In
some aspects, the isomerization catalyst comprises a zeolite.

Chemical Catalysts

[0151] In an aspect, the finishing catalyst is a small
molecule chemical catalyst such as an acid or base.
Examples of acids or bases suitable for use as a finishing
catalyst include without limitation hydrochloric acid, sulfu-
ric acid, formic acid, sodium hydroxide and urea.

Cofactors

[0152] In an aspect, the biocatalysts suitable for use in an
HVCOS of the type disclosed herein may further include
one or more purified cofactors. Herein a cofactor refers to
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non-protein chemical compound that modulates the biologi-
cal activity of the biocatalyst. Many enzymes require cofac-
tors to function properly. Nonlimiting examples of purified
enzyme cofactors suitable for use in the present disclosure
include thiamine pyrophosphate, NAD+, NADP+, pyridoxal
phosphate, methyl cobalamin, cobalamine, biotin, Coen-
zyme A, tetrahydrofolic acid, menaquinone, ascorbic acid,
flavin mononucleotide, flavin adenine dinucleotide, and
Coenzyme F420. Such cofactors may be included in the
biocatalyst preparation and/or be added at various points
during the reaction. In some aspects, cofactors included with
the biocatalyst preparation may be readily regenerated with
oxygen and/or may remain stable throughout the lifetime of
the enzyme(s).

Catalase

[0153] As will be understood by one of ordinary skill in
the art with the benefit of the present disclosure, reactions of
the type disclosed herein (e.g., biocatalyst oxidation of
ethylene glycol) may result in the production of byproducts
(e.g., hydrogen peroxide) that can detrimentally impact
other components of the reaction mixture. For example,
hydrogen peroxide may degrade the biocatalyst resulting in
a loss of catalytic activity. In such aspects, mitigation of the
detrimental effects of hydrogen peroxide may be carried out
such as by the introduction of a catalase (E.C. 1.11.1.61), the
use of a hydrogen peroxide-resistant biocatalyst or combi-
nations thereof.

Biocatalyst Forms and Expression Systems

[0154] In an aspect, a biocatalyst of the type disclosed
herein is a wild type enzyme, a functional fragment thereof
or a functional variant thereof. “Fragment” as used herein is
meant to include any amino acid sequence shorter than the
full-length biocatalyst (e.g., AOX), but where the fragment
maintains a catalytic activity sufficient to meet some user or
process goal. Fragments may include a single contiguous
sequence identical to a portion of the biocatalyst sequence.
Alternatively, the fragment may have or include several
different shorter segments where each segment is identical in
amino acid sequence to a different portion of the amino acid
sequence of the biocatalyst but linked via amino acids
differing in sequence from the biocatalyst. Herein, a “func-
tional variant” of the biocatalyst refers to a polypeptide
which has at one or more positions of an amino acid
insertion, deletion, or substitution, either conservative or
non-conservative, and wherein each of these types of
changes may occur alone, or in combination with one or
more of the others, one or more times in a given sequence
but retains catalytic activity.

[0155] In the alternative or in combination with the afore-
mentioned mutations, the biocatalyst may be mutated to
improve the catalytic activity. Mutations may be carried out
to enhance the protein or a homolog activity, increase the
protein stability in the presence of substrates and products
such as formaldehyde, acetaldehyde, glycolaldehyde and/or
hydrogen peroxide, and increase protein yield.

[0156] Herein, reference has been made to “sources” of
biocatalysts. It is to be understood this refers to the biomo-
lecule as expressed by the named organism. It is contem-
plated the biocatalyst may be obtained from the organism or
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a version of said biocatalyst (wildtype or recombinant)
provided as a suitable construct to an appropriate expression
system.

[0157] In an aspect, any biocatalyst of the type disclosed
herein may be cloned into an appropriate expression vector
and used to transform cells of an expression system such as
E. coli, Saccharomyces sp., Pichia sp., Aspergillus sp.,
Trichoderma sp., or Myceliophthora sp. A “vector” is a
replicon, such as plasmid, phage, viral construct or cosmid,
to which another DNA segment may be attached. Vectors are
used to transduce and express a DNA segment in cells. As
used herein, the terms “vector” and “construct” may include
replicons such as plasmids, phage, viral constructs, cosmids,
Bacterial Artificial Chromosomes (BACs), Yeast Artificial
Chromosomes (YACs) Human Artificial Chromosomes
(HACs) and the like into which one or more gene expression
cassettes may be or are ligated. Herein, a cell has been
“transformed” by an exogenous or heterologous nucleic acid
or vector when such nucleic acid has been introduced inside
the cell, for example, as a complex with transfection
reagents or packaged in viral particles. The transforming
DNA may or may not be integrated (covalently linked) into
the genome of the cell.

[0158] In an aspect, the gene of a biocatalyst disclosed
herein is provided as a recombinant sequence in a vector
where the sequence is operatively linked to one or more
control or regulatory sequences. “Operatively linked”
expression control sequences refers to a linkage in which the
expression control sequence is contiguous with the gene of
interest to control the gene of interest, as well as expression
control sequences that act in trans or at a distance to control
the gene of interest.

[0159] The term “expression control sequence” or “regu-
latory sequences™ are used interchangeably and are used
herein refer to polynucleotide sequences, which are neces-
sary to affect the expression of coding sequences to which
they are operatively linked. Expression control sequences
are sequences that control the transcription, post-transcrip-
tional events, and translation of nucleic acid sequences.
Expression control sequences include appropriate transcrip-
tion initiation, termination, promoter, and enhancer
sequences; efficient RNA processing signals such as splicing
and polyadenylation signals; sequences that stabilize cyto-
plasmic mRNA; sequences that enhance translation effi-
ciency (e.g., ribosome binding sites); sequences that
enhance protein stability; and when desired, sequences that
enhance protein secretion. The nature of such control
sequences differs depending upon the host organism; in
prokaryotes, such control sequences generally include pro-
moter, ribosomal binding site, and transcription termination
sequence. The term “control sequences” is intended to
include, at a minimum, all components whose presence is
essential for expression, and can also include additional
components whose presence is advantageous, for example,
leader sequences and fusion partner sequences.

[0160] The term “recombinant host cell” (“expression host
cell”, “expression host system”. “expression system” or
simply “host cell”), as used herein, is intended to refer to a
cell into which a recombinant vector has been introduced. It
should be understood that such terms are intended to refer
not only to the particular subject cell but to the progeny of
such a cell. Because certain modifications may occur in
succeeding generations due to either mutation or environ-
mental influences, such progeny may not, in fact, be iden-
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tical to the parent cell, but are still included within the scope
of the term “host cell” as used herein. A recombinant host
cell may be an isolated cell or cell line grown in culture or
may be a cell which resides in a living tissue or organism.

Advantages

[0161] Disclosed herein are molecular manufacturing plat-
forms for the chemoenzymatic production of VACs from
renewable feedstocks such as sugars and alcohols. In an
aspect, the presently disclosed VACs are produced at com-
mercial scale and at purities of equal to or greater than about
70%, alternatively equal to or greater than about 80%,
alternatively equal to or greater than about 90%.

EXAMPLES

[0162] The subject matter having been generally
described, the following examples are given as particular
aspects of the disclosure and are included to demonstrate the
practice and advantages thereof, as well as aspects and
features of the presently disclosed subject matter. It should
be appreciated by those of skill in the art that the techniques
disclosed in the examples which follow represent techniques
discovered by the inventors to function well in the practice
of the present subject matter, and thus can be considered to
constitute preferred modes for its practice. However, those
of skill in the art should, in light of the present disclosure,
appreciate that many changes can be made in the specific
aspects which are disclosed and still obtain a like or similar
result without departing from the scope of the instant
disclosure. It is understood that the examples are given by
way of illustration and are not intended to limit the speci-
fication or the claims to follow in any manner.

Mutant Enzyme

[0163] Sugars are not known as native substrates of UPOs,
and thus, UPOs will be engineered to improve specific
activity. K,,, and k__, on glucose or oxidized glucose deriva-
tives. This will be accomplished through screening a panel
of UPOs for baseline activity and other suitable properties
such as optimal pH, thermo- and chemical stability, and
expression level in both engineering (Escherichia coli) and
production (fungal) hosts. Once a suitable enzyme is
selected, it will be subjected to directed evolution and
rational design methods to improve enzymatic properties.
[0164] Rather than rely on fermentation and/or petro-
chemistry, a new process is disclosed herein that relies on
enzyme reactions coupled with catalysts to provide for
generation of products at lower temperatures and with fewer
biproducts. The use of enzymes can result in the reactions to
generate intermediates and products without the need for
active fermentation. When coupled with catalytic chemistry,
the two processes can generate products from reactants at
high selectivities and yields while limiting the generation of
CO2.

Example 1

Production of Gluconic Acid from Glucose Using a Glucose
Oxidase Catalyst

[0165] A 50 mL reaction was conducted in a 200 mL
vessel pressurized to 100 psi with O,. The vessel was
charged with 20% dextrose, 100 mM citrate buffer, pH 5,
0.0002% glucose oxidase, and 0.0002% catalase. The reac-
tion was stirred at 500 rpm at 20° C. or 30° C. At approxi-
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mately 25 hours, the reaction was stopped and determined
by reverse phase HPLC-MS to produce 45,000 g of gluconic
acid per gram of glucose oxidase. The results of HPLC
analysis are shown in FIG. 31.

Example 2

Generation of Glucaric Acid from Glucose and Gluconate
[0166] Collariella viriscens (CviUPO) and Daldinia cala-
dariorum (DcaUPO) UPOs were expressed in E. coli, puri-
fied via affinity chromatography, and tested for baseline
activity on glucose, gluconic acid, glucodialdose, guluronic
acid, and glucuronic acid. The reactions were set up in
96-well plate format containing 0.1 g/ enzyme, either
sodium citrate (pH 4) or potassium phosphate (pH 6) buffer,
2 mM H,0,, and glucose or glucose oxidation products at 2
mM. Reactions were allowed to run for 20 hours and then
analyzed via HPLC-MS. Referring to FIG. 21, the baseline
production of glucaric acid from glucose and/or glucose
oxidation products using as catalysts Collariella viriscens
(CviUPO) or Daldinia caladariorum (DcaUPQ) as measured
by HPLC-MS is shown. All product traces are shown
post-reaction. Notably, DcaUPO generated glucarate from
glucose while CviUPO was found to generate small quan-
tities of glucaric acid from gluconate. Glucarate was only
generated at pH 4 for both enzymes. At pH 6,2-ketoglucon-
ate was generated by both enzymes with no glucarate
production present.

Example 3

Generation of L-Guluronic Acid in Parr Bomb

[0167] L-guluronic acid production was demonstrated on
a benchtop scale using GAO-mut1 and GOX enzymes added
to a Parr bomb vessel pressurized to 100 psi with oxygen. In
an initial experiment, a solution of 50 mM sodium phosphate
buffer, pH 8, containing glucose 10% weight/volume (w/v
%), GAO-mutl 0.02 w/v %, and catalase 0.001 w/v % was
prepared (50 mL) and added to the inner chamber of the
vessel. The stirred reaction proceeded at 20° C. for 20 hours.
The GAO Mut-1 enzyme was then removed by filtering
through a 30 kD MWCO centrifugal device. In the second
reaction phase, GOX and catalase were both added to a
concentration of 0.001 w/v %. The reaction was again
allowed to proceed with stirring at 20° C. for 20 hours. It
was noted that during the reaction, the pH declined from 8
to 3, presumably from the generation of the acid species
gluconic and L-guluronic acid after the addition of GOX as
shown in FIG. 22A. HPLC-MS analysis of the final reaction
mix demonstrated production of around 0.2-03% L-gu-
luronic acid (2-3% molar yield), 2% gluconate, and an
unspecified quantity of glucodialdose as shown in FIG. 22B.
[0168] To improve yield, a second experiment was per-
formed in which the pH was controlled during the acid-
generating second step. First, a solution of 50 mM sodium
phosphate buffer, pH 8, glucose 15 w/v %, GAO-mut1 0.02
w/v %, and catalase 0.001 w/v % was added to the Parr
bomb (50 mL) and stirred at a temperature of 20° C. for 20
hours to generate glucodialdose. In the second step, GOX
0.001 w/v % and an additional catalase 0.001 w/v % was
added and allowed to proceed at the same conditions for an
additional 20 hours. The reaction was stopped, the pH
adjusted to 5 at 2 and 4 hours, then repressurized and
allowed to react until 20 hours elapsed as shown in FIG.
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23A. Upon LC-MS analysis, a higher concentration (ap-
proximately 5% or 31% molar yield) of L-guluronate was
generated compared to the previous run. The results are
shown in FIG. 23B.

[0169] A third run was performed to further increase yield
by adding a higher concentration of GAO-mutl and adjust-
ing pH to 6 in the second catalysis step. First, a solution of
50 mM sodium phosphate buffer, pH 8, approximately
glucose 4 w/v %, GAO-mut1 0.1 w/v %, and catalase 0.001
w/v % was added to the Parr bomb at a volume of 50 mL and
stirred at a temperature of 20° C. for 20 hours to generate
glucodialdose. In the second step, GOX 0.001 w/v % and an
additional catalase 0.001 w/v % was added and allowed to
proceed at the same conditions for another 20 hours. The
reaction was periodically paused and the pH adjusted to 6.
Following the reaction with GAO-Mutl, the concentration
of glucose dropped from the initial loading of 4.3 w/v % to
0.9 w/v %. After addition of GOX and reaction for 20 hours,
a mixture of 1.0 w/v % gluconic and 3.6 w/v % L-guluronic
acid (85% molar yield) was produced. The results are
presented in FI1G. 24.

Example 4

Generation of GAO Mutant for Producing Glucodialdose
from Glucose

[0170] In support of Pathway A, a GAO mutant was
engineered capable of converting glucose to glucodialdose.
Following directed evolution and rational enzyme engineet-
ing, the improved GAO mutant exhibits a specific activity of
>35 U mg-1 on glucose. Directed Evolution

[0171] Directed evolution of thirty sites within 10 A ofthe
catalytic copper was performed on a parent sequence con-
taining the following added mutations: 1) R330K, Q406T,
W290F discovered by to introduce less than 1 U mg™
activity on glucose to GAQ, 2). C55,S was found to lower
the KM of the enzyme on galactose, and 3) Y405F and
Q406E was found to enhance activity on a D-N-acetyl
glucosamine substrate. Other mutations described in Table
were found to have neutral or deleterious effects on gluco-
dialdose-generating activity. The new combination sequence
was designated GAO-Mutl. The full sequence of the
expressed construct is given in SEQ ID No. 15.

TABLE 1

Addition
Name Staring Mut mutations
Ml wild-type S10P M70V

P136P G195E

V494A N535D
M-RQW Ml R330K Q406T

W290F 1463P
GAO M-RQW C3838
GAO-mutl GAO Y405F Q406E
GAO-mut2 GAO F194T
GAO-mut3 GAO C383E
GAO-mut4 GAO N245R
GAO-mut5 GAO Q326E Y329K

[0172] Selected positions in GAO-Mut1 were mutated via
the Quikchange method to all 20 amino acids using primers
containing NNS codons. The constructs were then screened
in the following manner: Colonies were picked and used to
inoculate one well each in a 96-well deepwell plate prefilled
with Luria-Bertani (LB) broth. The grown clones were then
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used to inoculate autoinduction media in a separate 96-well
deepwell plate for protein expression. Harvested cells were
lysed with Bacterial Protein Extraction Reagent (B-PER)
and the lysate screened for oxidase activity using a colori-
metric  2,2'-azino-bis  (3-ethylbenzothiazoline-6-sulfonic
acid (ABTS) assay which detects hydrogen peroxide.
[0173] In short, lysate was assayed for activity with and
without exposure to heat. To assay activity in the absence of
a heat challenge, lysate was diluted 50 times. A volume of
5 L of the diluted lysate was combined with ABTS assay
solution (final concentration of 2 w/v % glucose, 0.0125
mg/ml horseradish peroxidase (HRP), 50 mM sodium phos-
phate buffer at pH 8, and 0.05% ABTS) to a final volume of
200 pL and the change in absorbance at 405nm was moni-
tored until the reaction was complete. To assay residual
activity after a heat challenge, 50 L lysate was incubated
for ten minutes at 50° C. and 20 pL of the heat-treated lysate
was added to the ABTS solution before monitoring change
in absorbance at 405 nm. Specific activity was calculated
from the formulas below using the linear portion of the curve
to measure AA405/min and taking the extinction coefficient
of ABTS at 405 nm as 36.8 mM™". cm™". Division by 2 is
done to account for the fact that one molecule of
H,0,0xidizes two molecules of ABTS by HRP.

Units mg’1 =

Adyosmin!

36.8/2 x (pathlength in cm) X (mg enzyme)/(ml reaction mixture)
Units ml™ =

AAduyps min™!

36.8/2 x (pathlength in cm) X (ml enzyme)/(ml reaction mixture)
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[0174] Mutant lysates exhibiting a AA405/min greater
than the GAO-Mut! were chosen for further characteriza-
tion. Following identification of the mutation by DNA
sequencing, hits were expressed, purified, and assayed for
specific activity and thermostability as assessed by the
temperature at which one half maximal activity was
observed (Tsp). Mutants were purified from 5 mL culture
with auto-induction medivm in 24-well plates. Harvested
cells were lysed with Bacterial Protein Extraction Reagent
(B-PER) and the lysate was spun down at 15,000 rcf for 30
min at 4° C. His-tagged protein in the lysate supernatant was
purified by immobilized metal affinity chromatography with
HisPur™ Ni-NTA Spin Plates. The eluted protein sample
was diluted with 100 mM potassinm phosphate buffer
pH=7.5 with 0.5 mM CuSQ,, and the specific activity was
measured using the ABTS assay outlined above.

[0175] The Ty, was measured by heating the protein in the
absence of substrate, cooling, and then measuring residual
activity vsing the ABTS assay. Heating was accomplished
by diluting the protein to a concentration of 2.5 mg/L in a
volume of 100 mM phosphate buffer at pH 7.5, aliquoting 50
LL into a row of a 96-well PCR plate, and incubating over
a temperature gradient sufficient to capture maximal and
minimal enzyme performance for ten minutes. Promptly
after heating, the mixture was cooled on ice and the AA405/
min of 20 pL of enzyme solution in 200 pL of final volume
of ABTS solution was measured as described above.
[0176] Promising point mutants that could beneficially be
combined in the Mut1 background included A193R, D404H,
F441Y, and A172V (Table 3). These mutations were com-
bined

[0177] into a single combination mutant named GAO-
Mut47 which exhibited a specific activity of 27.3 U mg™*
and a Ts, of 56.8° C. The results are presented in FIG. 25 and
Table 2.

TABLE 2
Name Mutations Umg Ts,°C. Kats™' K, mM
M-RQW-S 1.1 368 314 21683
GAO-mut]  Y405F Q406E 140 518 30.2 93.1
GAO-mut6  Y405F Q406E S383C 61 415 36.6 412.0
GAO-mut7  Y405F Q406E F441Y 169 336 273 42.7
GAO-mut8  Y405F Q406E D404H 150 3537 30.7 83.9
GAO-mut9  Y405F Q406E G461A 134 3532 27.8 83.7
GAO-mutl0 Y405F Q406E I462R 121 532 31.6 130.7
GAO-mutl]l  Y405F Q406E A172V 212 485 395 72.6
GAO-mutl2  Y405F Q406E AI93R 154 3563 28.0 64.8
GAO-mutl3  Y405F Q406E A193T 146 538 304 75.5
GAO-mutl4  Y405F Q406E D404H F441Y 188  55.0 26.5 20.7
GAO-mutl5 Y405F Q406E G461A 1462R 122 540 24.8 79.1
GAO-mutl7 Y405F Q406E D404H F441Y G461A M62R 182 553 23.6 25.5
GAO-mut18 Y405F Q406E A193T D404H F441Y G461 A 1462R 18.1 366 24.1 28.0
GAO-mut19  Y405F Q406E A193T D404H F441Y G461 A I462R S383C 133 463 245 70.8
GAO-mut20  Y405F Q406E A193T D404H F441Y G461A I462R S383C A172V 214 379 356 58.2
GAO-mut2] Y405F Q406F F441Y G461A [462R 183 5338 242 29.6
GAO-mut22  Y405F Q406E A193T D404H F441Y G461A [462R A172V 236 315 295 26.4
GAO-mut23  Y405F Q406E A193R D404H F441Y G461A 1462R A172V 211 375 272 26.8
GAO-mut47  Y405F Q406E A193R D404H F441Y A172V 273 368 35.0 25.2

GAO-mut58  Y405F Q406E D404H F441Y A172V 271 529 354 26.6
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Rational Engineering

[0178] Rational engineering of GAO to further accept a
glucose substrate and identify stabilizing mutations was
accomplished with a combination of computational methods
based on structural and multiple sequence alignment (MSA)
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tified from machine learning algorithms were later incorpo-
rated to generate GAO-mutl42 and GAO-mutl64. The
results of activity assays of these additional mutants along
with the GAO-mut47 and GAO-mut107 enzymes are pre-
sented in FIG. 27.

TABLE 3
Fold
Clone Mutations from Mut47 New Mutations U/mg Improvement T50° C.
Mut47 31.11 1.00 57.64
GAO-mut68  N28I N28I 30.84 0.99 56.76
GAO-mut69  N28I N66S N66S 33.68 1.08 59.00
GAO-mut70  N28I N66S Y189W Y189W 31.80 1.02 59.91
GAO-mut71 N28I N66S Y189W S306A S306A 32.66 1.05 59.48
GAO-mut72  N28I N66S Y180W S306A S311F S311F 33.87 1.09 60.81
GAO-mut73  N28I N66S Y189W S306A S311F S331R 27.56 0.89 59.87
S331R
GAO-mut74  N28I N66S Y189W S306A S311F A378D 25.57 0.82 58.94
S331R A378D
GAO-mut75  N28I N66S Y189W S306A S311F R459Q 23,51 0.76 58.49
S331R A378D R459Q
GAO-mut76  N28I N66S Y189W S306A S311F V477D 19.22 0.62 59.17
S331R A378D R459Q V477D
GAO-mut77  N28I N66S Y189W S306A S311F Q486L 24.57 0.79 59.88
S331R A378D R459Q V477D Q486L
GAO-mut107a N66S S306A S311F Q486L Removed N28I,  34.96 1.20 60.56
Y189W, S331R,
A378D, R459Q,
and V477D
GAO-mut142b N66S S306A S311F Q486L H40C H40C 37.53 1.29 58.76
GAO-mutl164b N66S S306A S311F Q486L H40C L71C  L71C 38.22 1.32 52.97

Bolded mutations are beneficial in a Mutd7 background A193R D404H F441Y A172V
Data collected in a separate experiment from other data. Fold improvement is calculated compared to an internal Mut47 control.

Data collected in a separate experiment from other data. Fold improvement is calculated compared to an internal Mut47 control.

data. Previously, the GAO-M-RQW-S (the GAO-Mutl
sequence without the Y405F and Q406F mutations) were
found to could accept both glucose and gluconate as sub-
strate. The GAO-M-RQW-S sequence with and without
N-terminal His tags are presented in SEQ ID NO. 16 and
SEQ ID NO. 17, respectively. As efforts were underway to
produce a GAO active on both substrates, rational design
was performed on the GAO-M-RQW-S sequence rather than
GAO-Mutl. Structural methods employed included apply-
ing FoldX (40 predicted mutations) and PROSS (80 muta-
tions) to a modified form of the PDB structure 2WQ8 to
contain the GAO-M-RQW-S mutations. MSA-based predic-
tions were prepared (34 mutations) and (28mutations) and
applied to a 185-member MSA. This MSA was generated
from an initial set of 1000 sequences curated with JALVIEW
to remove sequences with 98% redundancy and retain only
sequences experimentally verified as carbohydrate oxidases.
In total, 202-point mutants were screened using the same
methods described above for screening the directed evolu-
tion clones. Thirty-nine hits were identified from an initial
screen and sixteen were reidentified from a second round of
screening. Upon generation of combo mutants in the best
combination mutant from the directed evolution step (GAO-
Mut47), the mutations N66S, S306A, S311F, and Q486L
were identified as complementary and beneficial while
N281, Y189W, S331R, A378D, and R459Q were deemed
detrimental in this background (Table 3). The final GAO-
Mutl07 construct containing the Mut47 mutations and
N66S. S306A, S311F, and Q4861 exhibits a specific activity
0f34.96 U mg~1 on 2% glucose and a T, of 60.56° C. The
results are presented in FIG. 26. Additional mutations iden-

One-Step Parr Bomb Reaction with GAO-Mut47 to Produce
D-Glucodialdose

[0179] A 50 mL reaction was conducted in a 200 mL
vessel pressurized to 100 psi. The vessel was charged with
50 mM sodium phosphate pH 8 buffer, 50 pM CuSO,, 15
w/v % glucose, 0.005 w/v % catalase, 0.001% horseradish
peroxidase, and 0.001 w/v % of an engineered GAO. The
reaction was stirred at 500 rpm, 11° C. for 48 hours. Samples
were taken at 0, 24, and 48 hours then assayed with HPLC
to measure residual glucose. The results are shown in FIG.
28.

Two-Step Parr Bomb Reaction with GAO-Mut47 to Produce
L-Guluronic Acid

[0180] A 50 mL reaction was conducted in a 200 mL
vessel pressurized to 100 psi. The vessel was charged with
50 mM sodium phosphate pH 8 buffer, 50 uM CuSO,, 15
w/v % glucose, 0.005 w/v % catalase, 0.001% horseradish
peroxidase, and 0.01 w/v % engineered GAO. The reaction
was stirred at 500 rpm, 11° C. for 72 hours to generate
glucodialdose from glucose. In the second step, 0.002 w/v %
GOX and an additional 0.001 w/v % catalase was added and
allowed to proceed at the same conditions for another 24
hours. The reaction was periodically paused and the pH
adjusted to 7. The results are presented in FIG. 29A. The
glucose concetration at time, zero (0) is shown as the bar on
the left and the glucose concentration, following the first
enzymatic step, particularly, reaction with the GAO enzyme
composition, is shown on the right.

[0181] Following the reaction with GAO-Mut47, the con-
centration of glucose dropped from the initial loading of
16% w/v to 1.5% w/v. After addition of GOX and reaction
for 24 hours, a mixture of 2.0% w/v gluconic and 12% w/v
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L-guluronic acid (75% molar yield) was produced. The
results are graphed in FIG. 29B.

Example 5

Generation of GAO Mutant for Producing L-Guluronic Acid
from Gluconate or Gluconolactone

[0182] Combination mutants generated during the rational
engineering of a GAO mutant active on glucose were
screened for activity on gluconate. We surmised that there
may be mutants active on gluconate among the combina-
tions generated based on a GAO-M-RQW-S background
because the parent construct already demonstrated about 1 U
mg-1 specific activity on gluconate.

[0183] Screening on purified protein with 2% gluconate
revealed Mut 49 (N66W, A172V, and Y189W) and Mut62
(N66S, A172V, Y189W, S306A, S311F, S331R, Al78D,
Q486L) as highly active on gluconate with specific activities
of about 4 and 6 U mg™". The results are presented in FIG.
30A.

One-Step Parr Bomb Reaction with GAO-Mut62 to Produce
L-Guluronic Acid

[0184] A 50 ml reaction was conducted in a 200 mL vessel
pressurized to 100 psi with O,. The vessel was charged with
50 mM sodium phosphate pH 8 buffer, 50 uM CuSO,, 4 wiv
% glucose, 0.005 w/v % catalase, 0.001 w/v % horseradish
peroxidase, 0.0002 w/v % GOX, and 0.05 w/v % engineered
GAO-mut62. The reaction was stirred at 500 rpm, 11° C. for
24hr. The reaction was periodically paused and the pH
adjusted to 7.5. After 24 hours of reaction, 3 w/v % of
L-guluronic acid and 1 w/v % of gluconic acid was gener-
ated from 4% glucose. The results are presented in F1G. 30B.

Example 6

Production of 2-Ketoglucose from Glucose Using A Pyra-
nose Oxidase Catalyst

[0185] A well characterized enzyme, POX exhibits native
specific activities of 10 U mg-'using a tightly bound or
covalent FAD cofactor that can be purified along with the
protein from the expression host. POX is a flavin-dependent
enzyme found in lignocellulose-degrading fungi that oxi-
dizes glucose to 2-ketoglucose concomitantly with hydrogen
peroxide formation. Recombinant Trametes hirsuita POX is
currently used in the food industry for baking, providing
some evidence that the enzyme can be produced at low cost.
Table 4 presents previously characterized POX enzymes of
interest for use in this process. A unit is defined as 1 umol
of substrate consumed min™'. Based on an in-house empiri-
cal evaluation, the Irpex lacteus, Trametes multicolor, and
Phanerochaete chrysosporium POXs have sufficient starting
activity. This is presented graphically in FIG. 32 and Table
4.

TABLE 4

Specific Activity Beneficial Crystal
Organism (Umg™) Mutations Structure
Irpex lacteus 6.0 (in-house No

evaluation), 86
Kitasatospora 159 No
aureofasciens
Lyophyllum shimeji 1.92 No
Peniophora sp. P20xAl NA ES42K Yes

T158A
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TABLE 4-continued

Specific Activity Beneficial Crystal
Organism (Umg™ Mutations Structure
Phanerochaete 2.0 (in-house Yes
chrysosporium evaluation), 31.4
Phlebiopsis gigantea 22.5 (P,OxB,H K312E No

K312E)
Polyporus obtusus 8.5 No
Trametes multicolor 6.8 (in-house ES542K Yes
evaluation),

Tricholoma matsutake 25.8 No

[0186] A 4 mL reaction was conducted in 20 ml vials
placed in a vessel pressurized to 100 psi with O,. The vials
were charged with 20% w/v glucose, 100 mM potassium
phosphate, pH 6, 0.005% catalase, and 0.005, 0.01, or 0.02%
POX from Irpex lacteus. The reaction was stirred at 500 rpm
at 16 or 28° C. At 71 hours, the reaction was stopped and
analyzed by reverse-phase HPLC-MS. Production of 2-ke-
toglucose as the majority product (83% based on peak area)
was confirmed for reactions at 28° C. and 0.020% with some
formation of over oxidation products (11%) and unreacted
glucose (6%), FIG. 33.

Example 7

Production of 2-Ketogluconate from 2-Ketoglucose Using a
Glucose Oxidase Catalyst

[0187] A 4 mL reaction was conducted in 20 ml vials
placed in a vessel pressurized to 100 psi with O,. The vials
were charged with 2-ketoglucose generated as described in
Example 6 and treated with tangential flow filtration to
remove enzymes, 100 mM citrate buffer, pH 5, 0.0001%
catalase, and either 0.0005 or 0.001% w/v GOX. The
reaction pH was adjusted back to 5.0 with NaOH at each
timepoint. 2-ketogluconate was produced as a major product
with some gluconate produced from unreacted glucose in the
POX reaction to 2-ketoglucose, unreacted 2-ketoglucose,
and 2-ketoglucose over oxidation products present. The
results are presented in FIG. 34.

Example 8

Production of 2-Ketoglucodialdose from Glucodialdose
Using a Pyranose Oxidase Catalyst

[0188] A colorimetric ABTS assay as described in
Example 3 was conducted in a microtiter plate with each
well containing 20 mM glucodialdose, 50 mM potassium
phosphate buffer, pH 6, and 50 ul of a 1000x either 17.4
mg/l. M-RQWS GAO, 25.5 mg/ml. GAO-Mutl, 10.5mg/
ml, GAO-mut47, 10.7 mg/mL. GAO-mut62, 42 mg/mL
GOX, or 30 mg/mL, POX. POX activity was detected on
glucodialdose with a specific activity >7.5 U/mg. The results
are presented in FIG. 35.

Example 9

[0189] A 100 pL volume was prepared containing 0.01%
w/v Escherichia coli glucarate dehydratase (GlucD), 10 mM
substrate (glucarate, gluconate, or glucuronate), 50 mM
potassium phosphate, pH 7.5, S mM MgSO,, and 100 mM
NaCl. The reaction was allowed to proceed for 24 hours and
consumption of glucaric acid was monitored via LCMS at 0,
Smins, 20 mins, 1 hr, 2 hrs, and 24 hours. Full conversion of
glucarate was observed within 20 minutes. No reaction was
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observed when gluconic or glucuronic acid was used as a
substrate. The reaction is schematized in FIG. 36 and the
results are graphed in Figure

[0190] To determine optimal enzyme loading, a 100 pL
volume was prepared containing 0.001, 0.002, 0.005, or
0.01% w/v glucarate dehydratase (GlucD), 10% w/v glucar-
ate, 50 mM potassium phosphate, pH 7.5, 5 mM MgSO,,
and 100 mM NaCl. The reaction was allowed to proceed for
74 hours and formation of 4-deoxy-5-keoglucarate and
consumption of glucarate was monitored via reverse phase
LCMS. Full conversion was achieved with all concentra-
tions of GlucD tested after 72 hours with full conversion
occurring within 24 hrs using 0.005% enzyme. The reaction
is schematized in FIG. 36 and the results are graphed in FIG.
40.

Example 10

Production of Erythorbic Acid from Glucose

[0191] A method for production of D-erythorbic acid
(D-EA) is depicted in FIG. 38. D-EA is also known as
D-(-)-isoascorbic acid, araboascorbic acid, glucosaccha-
ronic acid, erycorbin, D-isoascorbic acid, saccharosonic
acid, mercate 5, neo-cebicure, D-araboascorbic acid, NSC
8117, and D-erythro-hex-2-enoic acid y-lactone) is a ste-
reoisomer of ascorbic acid (vitamin C) commonly used as a
food preservative to prevent oxidation (browning) and for-
mation of nitrosamines during cooking or curing. For
example. D-EA is a common preservative in cured meats
and frozen vegetables. The compound is also an effective
enhancer of nonheme-iron absorption.

[0192] With reference to FIG. 38, glucose can be oxidized
in the presence of a TMC and an oxidizing agent (O,) under
conditions suitable for the formation of gluconic acid. The
oxidation of glucose to gluconic acid may have a selectivity
of equal to or greater than about 85%, additionally or
alternatively equal to or greater than about 90%, or addi-
tionally or alternatively equal to or greater than about 95%.
Gluconic acid may be further oxidized to form 2-keto-D-
gluconic acid in the presence of a TMC and an oxidizing
agent (O,) with a reaction selectivity of may have a selec-
tivity of equal to or greater than about 80%, additionally or
alternatively equal to or greater than about 85%, or addi-
tionally or alternatively equal to or greater than about 90%.
The 2-keto gluconic acid may then be lactonized in an
alcohol solvent (e.g., ethanol) and an acid catalyst to form
erythorbic acid. The stochiometric reactions for the forma-
tion of gluconic acid from glucose and 2-ketogluconic acid
from gluconic acid are also presented in FIG. 38. According
to the disclosed methods, vitamin C production is more
cheaply and more efficiently produced via a chemoenzy-
matic process or a catalytic process rather than a fermenta-
tion process. 1. Using a membrane system (30 Kda or below)
which retains enzymes and avoids directly using cells. 2.
Selective oxidation of L-Sorbose/Fructose using the Solu-
gen Mesoporous AuPt Catalyst. 3. Selective oxidation of
Gluconic acid and Gulonic acid into 2-keto gluconic acid
and 2-keto gulonic acid.

Example 11

Production of FDCA from Potassium Glucarate

[0193] FDCA was produced using an acidic catalyst. The
acidic catalyst investigated were zeolithes, H-ZSM5, MCM
41, sulfated zirconia, sulfonated silica, heteropolyacids.
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Catalyst powders, granulates, extrudates tablets. The
samples were characterized by a BET of 20m?*/g-100 m*/g
and a crush strength of 60 N/cm®. Selectivity >60%, con-
version >60%, side products unknown. The reactions are
presented in FIG. 39 and the results are presented in F1G. 40.

Example 12

[0194] Generation of dehydrated D-glucohexodialdose
(GDA) product from heat incubation. One-Step Parr Bomb
Reaction with GAO-Mutd7 to Produce D-Glucodialdose
with high yield.

[0195] A 100 ml reaction was conducted in a 400 mL
vessel pressurized to 100 psi. The vessel was charged with
50 mM sodium phosphate pH 8 buffer, 50 uM MnSQO,, 15
wiv % glucose, 0.005 w/v % catalase, 0.001% horseradish
peroxidase, and 0.01% engineered GAO. The reaction was
stirred 500 rpm at 11° C. for 48 hours. Samples were taken
at Oand 48 hours then assayed with HPLC to measure
residual glucose. After 48 hrs reaction, >95% of glucose was
converted to GDA, the results are shown in FIG. 41. Heat
incubation of GDA solution to catalyze the dehydration
reaction

[0196] 100 pL of GDA solution that was generated from
the parr reaction (~14.5 wiv % of GDA, 0.5% w/v % of
glucose) was aliquoted into each well of the PCR plate, and
the samples were heat incubated at a range of temperatures
from 40 to 90° C. Sample were taken at time 0, 0.5, 1, 2, 4,
6, 8, and 24 hrs then assayed with HPLC to monitor the
formation of dehydrated product, 1,2,3,4-tetrahydroxylben-
zene, and other intermediate products

[0197] The results were analyzed by HPLC. As shown in
FIG. 42, GDA degradation is observed when the incubation
temperature is higher than 50° C., and the degradation
percentage increases by increasing the incubation tempera-
ture or elongating the incubation time. After 24 hrs incuba-
tion at 90° C., the GDA degradation percentage is about
90%. With short incubation time around 10 hrs, two inter-
mediate compounds with molecular weight of 176 and 174
were generated in the incubation reaction. After increasing
the incubation time to 24 hrs, the reaction yielded the
1,2,3,4-tetrahydroxylbenzene (142 g/mol) as the major prod-
uct.

Example 13

Characterization of the Generated 1,2,3,4-tetrahydroxylben-
zene.

[0198] 40mL of parr reaction product with 14.5 w/v %
GDA and 0.5 wiv % of glucose were incubated at 90° C. for
30 hrs to convert the GDA to 1,2,3,4-tetrahydroxylbenzene.
The incubated samples were extracted with 80 mL of ethyl
acetate twice. The extracted samples were concentrated and
run on TLC plates as shown in FIG. 43A. Two spots, A and
B, were visualized on the plate. The fractions A and B were
extracted from a preparative TLC plate and analyzed on
LC/MS. The MS data, FIG. 43B, shows the molecular
weight of fraction A and B are 126 and 142 respectively.

[0199] The purified fraction A and B were analyzed by
2D-NMR (HSQC, in DMSO-d6) to determine the molecular
structures. The NMR data shown on FIG. 44 suggests the
molecule in fraction A is 1,2,3-trihydroxybenzene, also
called pyrogallol, and the molecule in fraction B is 1,23 4-
tetrahydroxybenzene. FT-IR analysis, illustrated in FIG. 45,
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shows no carbony! function group on either of the molecules
which further confirms the proposed molecular structure
from the NMR analysis.

[0200] Further analysis was conducted with LC system
that equipped with triple quadrupole mass detector and data
is shown in FIGS. 46 and 47. The purified fraction A was
analyzed with LC/QQQ and compared with the authentic
standard pyrogallol. The fragmentation pattern of fraction A
molecule perfectly match to the pyrogallol standard. A
proposed reaction mechanism of pyrogallol and 1,2,3,4-
tetrahydroxybenzene production from the GDA sample heat
incubation is shown in FIG. 48.

[0201] Three GDA samples generated from Parr reactions
were incubated with different conditions, A) 90° C. for 1 hr,
B) 60° C. for 8 hrs, or C) 90° C. for 30 hrs to maximize the
conversion of GDA to either of two intermediate molecules
or 1,2,3,4-tetrahydroxybenzene. As seen in FIG. 49, sample
A has a relatively higher concentration of intermediate
molecule with molecular weight of 176, and sample B has
the highest concentration of the second of intermediate
molecule with molecular weight of 174, and sample C has
the highest conversion to 1,2,3,4-tetrahydroxybenzene.
[0202] All three different heat incubated GDA samples
were tested as antimicrobial agents with several different
industrially relevant bacteria. The General Aerobic Bacteria
isolated and used for this testing were identified as
Pseudomonas aeruginosa and Enterobacter aggolomerans.
Wild strain Sulfate Reducing Bacteria and Acid Producing
Bacteria isolated from the produced fluids was also used.
They were placed in a microtiter plate, where a high
throughput test can be performed to determine MIC (mini-
mum inhibitor concentration). Samples were tested at the
following doses (1000, 500, 250, 125, 62.5, 31.2, 15.6, 7.8,
3.9, and 1.95ppm) and concentration was calculated based
on the initial GDA concentration (15 w/v %).

[0203] The antimicrobial testing results shown in FIG. 49
summarizes the MIC of each sample for different bacteria.
The MIC is determined after 24 hours of incubation for the
bacterial plates. The concentration of the well that displays
no growth after the appropriate incubation time is recorded
as the MIC value for the specific formulation. Sample C
which has highest concentration of 1,2,3,4-tetrahydroxyben-
zene has significantly lower MIC for all three bacteria tested,
which suggests 1,2,3,4-tetrahydroxybenzene has good anti-
microbial activity.

TABLE V
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a biocatalyst and (ii) a chemical catalyst under conditions
suitable to produce a value-added chemical.

[0206] A second aspect which is the process of the first
aspect wherein the platform chemical comprises glucose and
the value-added chemical comprises glucaric acid.

[0207] A third aspect which is the process of any of the
first through second aspects wherein the biocatalyst com-
prises galactose oxidase and the chemical catalyst comprises
a transition metal catalyst.

[0208] A fourth aspect which is the process of any of the
first aspect wherein the platform chemical comprises glu-
cose and the value-added chemical comprises L-ascorbic
acid.

[0209] A fifth aspect which is the process of the first aspect
wherein the platform chemical comprises glucose and the
value-added chemical comprises succinic acid.

[0210] A sixth aspect which is the process of the first
aspect wherein the platform chemical comprises glucose and
the value-added chemical comprises 2,5-furan dicarboxylic
acid.

[0211] A seventh aspect which is the process of the first
aspect wherein the platform chemical comprises glucose and
the value-added chemical comprises 2,5-furan dicarboxylic
acid dimethyl ester.

[0212] An eighth aspect which is the process of the first
aspect wherein the platform chemical comprises ethanol and
the value-added chemical comprises acetaldehyde.

[0213] A ninth aspect which is the process of the first
aspect wherein the platform chemical comprises ethanol and
the value-added chemical comprises propylene glycol.
[0214] A tenth aspect which is the process of the first
aspect wherein the platform chemical comprises ethanol and
the value-added chemical comprises lactic acid.

[0215] An eleventh aspect which is the process of the first
aspect wherein the platform chemical comprises ethanol and
the value-added chemical comprises acrylic acid.

[0216] A twelfth aspect which is the process of the first
aspect wherein the platform chemical comprises ethanol and
the value-added chemical comprises propanol.

[0217] A thirteenth aspect which is the process of the first
aspect wherein the platform chemical comprises ethanol and
the value-added chemical comprises acetoin.

[0218] A fourteenth aspect which is the process of the first
aspect wherein the platform chemical comprises ethanol and
the value-added chemical comprises 2,3-butanediol.

Antimicrobial testing of three heat GDA samples.
Microtiter Study of antimicrobial activity

General Wild SRB (Sulfate APB (Acid
Biocide Strain Bacteria ~ Reducing Bacteria) Producing Bacteria)
Heat GDAA 10,000 ppm 10,000 ppm 10,000 ppm
Heat GDA B 10,000 ppm 10,000 ppm 10,000 ppm
Heat GDAC 2500 ppm 2500 ppm 1250 ppm
Glutaraldehyde - 50% 1000 ppm 500 ppm 500 ppm
ADDITIONAL DISCLOSURE [0219] A fifteenth aspect which is the process of the first

[0204] The following enumerated aspects of the present
disclosures are provided as non-limiting examples.

[0205] A first aspect which is a molecular manufacturing
process comprising contacting a platform molecule with (i)

aspect wherein the platform chemical comprises ethanol and
the value-added chemical comprises 1,3-butadiene.

[0220] A sixteenth aspect which is the process of the first
aspect wherein the platform chemical comprises ethanol and
the value-added chemical comprises 2-butanone.
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[0221] A seventeenth aspect which is the process of the
first aspect wherein the platform chemical comprises ethyl-
ene glycol and the value-added chemical comprises glycolic
acid.

[0222] An eighteenth aspect which is the process of the
first aspect wherein the platform chemical comprises ethyl-
ene glycol and the value-added chemical comprises etha-
nolamine.

[0223] A nineteenth aspect which is the process of the first
aspect wherein the platform chemical comprises ethylene
glycol and the value-added chemical comprises glycerol.
[0224] A twentieth aspect which is the process of the first
aspect wherein the platform chemical comprises glycerol
and the value-added chemical comprises dihydroxyacetone.
[0225] A twenty-first aspect which is the process of the
first aspect wherein the platform chemical comprises 3-cya-
nopyridine and the value-added chemical comprises nicoti-
namide.

[0226] A twenty-second aspect which is the process of the
first aspect wherein the value-added chemical has a purity of
equal to or greater than about 80%.

[0227] A twenty-third aspect which is a molecular manu-
facturing process comprising:

[0228] contacting a platform molecule with a biocatalyst
to produce an intermediate product; and contacting the
intermediate product with a chemical catalyst under condi-
tions suitable to produce a value-added chemical from the
intermediate product.

[0229] A twenty-fourth aspect which is a molecular manu-
facturing process comprising contacting a platform mol-
ecule with a chemical catalyst to produce an intermediate
product; and contacting the intermediate product with a
biocatalyst catalyst under conditions suitable to produce a
value-added chemical from the intermediate product.
[0230] A twenty-fifth aspect which is the process of any of
the twenty-third through twenty-fourth aspects wherein at
least one producing the intermediate product or producing
the value-added chemical comprises causing at least one of
an oxidation reaction, a dehydration reaction, a carboxy-
lation reaction, or a hydrogenation reaction.

[0231] A twenty-sixth aspect which is the process of any
one of the twenty-third through twenty-fifth aspects further
comprising purifying the value-added chemical to produce a
final product.

[0232] A twenty-seventh aspect which is the process of
any one of the twenty-third through twenty-sixth aspects
wherein the platform chemical comprises glucose and the
value-added chemical comprises glucaric acid.

[0233] A twenty-eighth aspect which is the process of any
of the twenty-third through twenty-sixth aspects wherein the
biocatalyst comprises galactose oxidase and the chemical
catalyst comprises a transition metal catalyst.

[0234] A twenty-ninth aspect which is the process of any
of the twenty-third through twenty-eighth aspects wherein
the platform chemical comprises glucose and the value-
added chemical comprises [-ascorbic acid.

[0235] A thirtieth aspect which is the process of any of the
twenty-third through twenty-ninth aspects wherein the plat-
form chemical comprises glucose and the value-added
chemical comprises succinic acid.

[0236] A thirty-first aspect which is the process of any of
the twenty-third through thirtieth aspects wherein the plat-
form chemical comprises glucose and the value-added
chemical comprises 2,5-furan dicarboxylic acid.
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[0237] A thirty-second aspect which is the process of any
the twenty-third through thirty-first aspect wherein the plat-
form chemical comprises glucose and the value-added
chemical comprises 2,5-furan dicarboxylic acid dimethyl
ester.

[0238] A thirty-third aspect which is the process of any of
the twenty-third through thirty-second aspects wherein the
platform chemical comprises ethanol and the value-added
chemical comprises acetaldehyde.

[0239] A thirty-fourth aspect which is the process of any
of the twenty-third through thirty-third aspects wherein the
platform chemical comprises ethanol and the value-added
chemical comprises propylene glycol.

[0240] A thirty-fifth aspect which is the process of any of
the twenty-third through thirty-fourth aspects wherein the
platform chemical comprises ethanol and the value-added
chemical comprises lactic acid.

[0241] A thirty-sixth aspect which is the process of any of
the twenty-third through thirty-fifth aspects wherein the
platform chemical comprises ethanol and the value-added
chemical comprises acrylic acid.

[0242] A thirty-seventh aspect which is the process of any
of the twenty-third through thirty-sixth aspects wherein the
platform chemical comprises ethanol and the value-added
chemical comprises propanol.

[0243] A thirty-eighth aspect which is the process of any
of the twenty-third through thirty-seventh aspects wherein
the platform chemical comprises ethanol and the value-
added chemical comprises acetoin.

[0244] A thirty-ninth aspect which is the process of any of
the twenty-third through thirty-eighth aspects wherein the
platform chemical comprises ethanol and the value-added
chemical comprises 2,3-butanediol.

[0245] A fortieth aspect which is the process of any of the
twenty-third through thirty-ninth aspects wherein the plat-
form chemical comprises ethanol and the value-added
chemical comprises 1,3-butadiene.

[0246] A forty-first aspect which is the process of any of
the twenty-third through fortieth aspects wherein the plat-
form chemical comprises ethanol and the value-added
chemical comprises 2-butanone.

[0247] A forty-second aspect which is the process of any
of the twenty-third through forty-first aspects wherein the
platform chemical comprises ethylene glycol and the value-
added chemical comprises glycolic acid.

[0248] A forty-third aspect which is the process of any of
the twenty-third through forty-second aspects wherein the
platform chemical comprises ethylene glycol and the value-
added chemical comprises ethanolamine.

[0249] A forty-fourth aspect which is the process of any of
the twenty-third through forty-third aspects wherein the
platform chemical comprises ethylene glycol and the value-
added chemical comprises glycerol.

[0250] A forty-fifth aspect which is the process of any of
the twenty-third through forty-fourth aspects wherein the
platform chemical comprises glycerol and the value-added
chemical comprises dihydroxyacetone.

[0251] A forty-sixth aspect which is the process of any of
the twenty-third through forty-fifth aspects wherein the
platform chemical comprises 3-cyanopyridine and the
value-added chemical comprises nicotinamide.
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[0252] A forty-seventh aspect which is the process of any
of the twenty-third through forty-sixth aspects wherein the
value-added chemical has a purity of equal to or greater than
about 80%.

[0253] The subject matter having been shown and
described, modifications thereof can be made by one skilled
in the art without departing from the spirit and teachings of
the subject matter. The aspects described herein are exem-
plary only and are not intended to be limiting. Many
variations and modifications of the subject matter disclosed
herein are possible and are within the scope of the disclosed
subject matter. Where numerical ranges or limitations are
expressly stated, such express ranges or limitations should
be understood to include iterative ranges or limitations of
like magnitude falling within the expressly stated ranges or
limitations (e.g., from about 1 to about 10 includes, 2, 3, 4,
etc.; greater than 0.10includes 0.11, 0.12, 0.13, etc.). Use of
the term “optionally” with respect to any element of a claim
is intended to mean that the subject element is required, or
alternatively, is not required. Both alternatives are intended
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to be within the scope of the claim. Use of broader terms
such as comprises, includes, having, etc. should be under-
stood to provide support for narrower terms such as con-
sisting of, consisting essentially of, comprised substantially
of, ete.

[0254] Accordingly, the scope of protection is not limited
by the description set out above but is only limited by the
claims which follow, that scope including all equivalents of
the subject matter of the claims. Each and every claim is
incorporated into the specification as an aspect of the present
disclosure. Thus, the claims are a further description and are
an addition to the aspects of the present invention. The
discussion of a reference herein is not an admission that it is
prior art to the presently disclosed subject matter, especially
any reference that may have a publication date after the
priority date of this application. The disclosures of all
patents, patent applications, and publications cited herein are
hereby incorporated by reference, to the extent that they
provide exemplary, procedural or other details supplemen-
tary to those set forth herein.

SEQUENCE LISTING

Sequence total quantity: 17
SEQ ID NO: 1 moltype = 2A length = 1917

FEATURE Location/Qualifiers
source 1..1917

mol_type = protein

organism = synthetic construct
SEQUENCE: 1

ALASERALAP ROILEGLYSE RALAILEPRO ARGASNASNT RPALAVALTH RCYSASPSER 60
ALAGLNSERG LYASNGLUCY SASNLYSALA ILEASPGLYA SNLYSASPTH RPHETRPHIS 120
THRPHETYRG LYALAASNGL YASPPROLYS PROPROHIST HRTYRTHRIL EASPMETLYS 180
THRTHRGLNA SNVALASNGL YLEUSERVAL LEUPROARGG LNASPGLYAS NGLNASNGLY 240
TRPILEGLYA RGHISGLUVA LTYRLEUSER SERASPGLYT HRASNTRPGL YSERPROVAL 300
ALASERGLYS ERTRPPHEAL AASPSERTHR THRLYSTYRS ERASNPHEGL UTHRARGPRO 360
ALAARGTYRV ALARGLEUVA LALAILETHR GLUALAASNG LYGLNPROTR PTHRSERILE 420
ALAGLUILEA SNVALPHEGL NALASERSER TYRTHRALAP ROGLNPROGL YLEUGLYARG 480
TRPGLYPROT HRILEASPLE UPRCILEVAL PROALAALAA LAALAILEGL UPROTHRSER 540
GLYARGVALL EUMETTRPSE RSERTYRARG ASNASPALAP HEGLUGLYSE RPROGLYGLY 600
ILETHRLEUT HRSERSERTR PASPPROSER THRGLYILEV ALSERASPAR GTHRVALTHR 660
VALTHRLYSH ISASPMETPH ECYSPROGLY ILESERMETA SPGLYASNGL YGLNILEVAL 720
VALTHRGLYG LYASNASPAL ALYSLYSTHR SERLEUTYRA SPSERSERSE RASPSERTRP 780
ILEPROGLYP ROASPMETGL NVALALAARG GLYTYRGLNS ERSERALATH RMETSERASP 840
GLYARGVALP HETHRILEGL YGLYSERPHE SERGLYGLYV ALPHEGLULY SASNGLYGLU 900
VALTYRSERP ROSERSERLY STHRTRPTHR SERLEUPROA SNALALYSVA LASNPROMET 960

LEUTHRALAA SPLYSGLNGL YLEUTYRLYS SERASPASNH ISALATRPLE UPHEGLYTRP
LYSLYSGLYS ERVALPHEGL NALAGLYPRO SERTHRALAM ETASNTRPTY RTYRTHRSER
GLYSERGLYA SPVALLYSSE RALAGLYLYS ARGGLNSERA SNARGGLYVA LALAPROASP
ALAMETSERG LYASNALAVA LMETTYRASP ALAVALLYSG LYLYSILELE UTHRPHEGLY
GLYSERPROA SPTYRTHRAS PSERASPALA THRTHRASNA LAHISILEIL ETHRLEUGLY
GLUPROGLYT HRSERPROAS NTHRVALPHE ALASERASNG LYLEUTYRPH EALAARGTHR
PHEHISTHRS ERVALVALLE UPRCASPGLY SERTHRPHEI LETHRGLYGL YGLNARGARG
GLYILEPROP HEGLUASPSE RTHRPROVAL PHETHRPROG LUILETYRVA LPROGLUGLN
ASPTHRPHET YRLYSGLNAS NPRCOASNSER ILEVALARGA LATYRHISSE RILESERLEU
LEULEUPROA SPGLYARGVA LPHEASNGLY GLYGLYGLYL EUCYSGLYAS PCYSTHRTHR
ASNHISPHEA SPALAGLNIL EPHETHRPRO ASNTYRLEUT YRASPSERAS NGLYASNLEU
ALATHRARGP ROLYSILETH RARGTHRSER THRGLNSERV ALLYSVALGL YGLYARGILE
THRILESERT HRASPSERSE RILESERLYS ALASERLEUI LEARGTYRGL YTHRALATHR
HISTHRVALA SNTHRASPGL NARGARGILE PROLEUTHRL EUTHRASNAS NGLYGLYASN
SERTYRSERP HEGLNVALPR OSERASPSER GLYVALALAL EUPROGLYTY RTRPMETLEU
PHEVALMETA SNSERALAGL YVALPROSER VALALASERT HRILEARGVA LTHRGLN

SEQ ID NO: 2 moltype = AA length = 1869
FEATURE Location/Qualifiers
source 1..1869

mol type = protein

organism = synthetic construct
SEQUENCE: 2

1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1680
1740
1800
1860
1917

ALASERALAP ROILEGLYSE RALAILEPRO ARGASNASNT RPALAVALTH RCYSASPSER 60
ALAGLNSERG LYASNGLUCY SASNLYSALA ILEASPGLYA SNLYSASPTH RPHETRPHIS 120
THRPHETYRG LYALAASNGL YASPPROLYS PROPROHIST HRTYRTHRIL EASPMETLYS 180
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THRTHRGLNA SNVALASNGL YLEUSERVAL LEUPROARGG LNASPGLYAS NGLNASNGLY 240
TRPILEGLYA RGHISGLUVA LTYRLEUSER SERASPGLYT HRASNTRPGL YSERPROVAL 300
ALASERGLYS ERTRPPHEAL AASPSERTHR THRLYSTYRS ERASNPHEGL UTHRARGPRO 360
ALAARGTYRV ALARGLEUVA LALAILETHR GLUALAASNG LYGLNPROTR PTHRSERILE 420
ALAGLUILEA SNVALPHEGL NALASERSER TYRTHRALAP ROGLNPROGL YLEUGLYARG 480
TRPGLYPROT HRILEASPLE UPROILEVAL PROALAALAA LAALAILEGL UPROTHRSER 540
GLYARGVALL EUMETTRPSE RSERTYRARG ASNASPALAP HEGLUGLYSE RPROGLYGLY 600
ILETHRLEUT HRSERSERTR PASPPROSER THRGLYILEV ALSERASPAR GTHRVALTHR 660
VALTHRLYSH ISASPMETPH ECYSPROGLY ILESERMETA SPGLYASNGL YGLNILEVAL 720
VALTHRGLYG LYASNASPAL ALYSLYSTHR SERLEUTYRA SPSERSERSE RASPSERTRP 780
ILEPROGLYP ROASPMETGL NVALALAARG GLYTYRGLNS ERSERALATH RMETSERASP 840
GLYARGVALP HETHRILEGL YGLYSERPHE SERGLYGLYV ALPHEGLULY SASNGLYGLU 900
VALTYRSERP ROSERSERLY STHRTRPTHR SERLEUPROA SNALALYSVA LASNPROMET 960
LEUTHRALAA SPLYSGLNGL YLEUTYRLYS SERASPASNH ISALATRPLE UPHEGLYTRP 1020
LYSLYSGLYS ERVALPHEGL NALAGLYPRO SERTHRALAM ETASNTRPTY RTYRTHRSER 1080
GLYSERGLYA SPVALLYSSE RALAGLYLYS ARGGLNSERA SNARGGLYVA LALAPROASP 1140
ALAMETSERG LYASNALAVA LMETTYRASP ALAVALLYSG LYLYSILELE UTHRPHEGLY 1200
GLYSERPROA SPPHEGLUAS PSERASPALA THRTHRASNA LAHISILEIL ETHRLEUGLY 1260
GLUPROGLYT HRSERPROAS NTHRVALPHE ALASERASNG LYLEUTYRPH EALAARGTHR 1320
PHEHISTHRS ERVALVALLE UPROASPGLY SERTHRPHEI LETHRGLYGL YGLNARGARG 1380
GLYILEPROP HEGLUASPSE RTHRPROVAL PHETHRPROG LUILETYRVA LPROGLUGLN 1440
ASPTHRPHET YRLYSGLNAS NPROASNSER ILEVALARGA LATYRHISGL YLEUCYSGLY 1500
ASPCYSTHRT HRASNHISPH EASPALAGLN ILEPHETHRP ROASNTYRLE UTYRASPSER 1560
ASNGLYASNL EUALATHRAR GPROLYSILE THRARGTHRS ERTHRGLNSE RVALLYSVAL 1620
GLYGLYARGI LETHRILESE RTHRASPSER SERILESERL YSALASERLE UILEARGTYR 1680
GLYTHRALAT HRHISTHRVA LASNTHRASP GLNARGARGI LEPROLEUTH RLEUTHRASN 1740
ASNGLYGLYA SNSERTYRSE RPHEGLNVAL PROSERASPS ERGLYVALAL ALEUPROGLY 1800
TYRTRPMETL EUPHEVALME TASNSERALA GLYVALPROS ERVALALASE RTHRILEARG 1860

VALTHRGLN 1869
SEQ ID NO: 3 moltype = AA length = 1917

FEATURE Location/Qualifiers

source 1..1917

mol type = protein
organism = synthetic construct

SEQUENCE: 3

ALASERALAP ROILEGLYSE RALAILEPRO ARGASNASNT RPALAVALTH RCYSASPSER 60
ALAGLNSERG LYASNGLUCY SASNLYSALA ILEASPGLYA SNLYSASPTH RPHETRPHIS 120
THRPHETYRG LYALAASNGL YASPPROLYS PROPROHIST HRTYRTHRIL EASPMETLYS 180
THRTHRGLNA SNVALASNGL YLEUSERVAL LEUPROARGG LNASPGLYAS NGLNASNGLY 240
TRPILEGLYA RGHISGLUVA LTYRLEUSER SERASPGLYT HRASNTRPGL YSERPROVAL 300
ALASERGLYS ERTRPPHEAL AASPSERTHR THRLYSTYRS ERASNPHEGL UTHRARGPRO 360
ALAARGTYRV ALARGLEUVA LALAILETHR GLUALAASNG LYGLNPROTR PTHRSERILE 420
ALAGLUILEA SNVALPHEGL NALASERSER TYRTHRALAP ROGLNPROGL YLEUGLYARG 480
TRPGLYPROT HRILEASPLE UPROILEVAL PROVALALAA LAALAILEGL UPROTHRSER 540
GLYARGVALL EUMETTRPSE RSERTYRARG ASNASPARGP HEGLUGLYSE RPROGLYGLY 600
ILETHRLEUT HRSERSERTR PASPPROSER THRGLYILEV ALSERASPAR GTHRVALTHR 660
VALTHRLYSH ISASPMETPH ECYSPROGLY ILESERMETA SPGLYASNGL YGLNILEVAL 720
VALTHRGLYG LYASNASPAL ALYSLYSTHR SERLEUTYRA SPSERSERSE RASPSERTRP 780
ILEPROGLYP ROASPMETGL NVALALAARG GLYTYRGLNS ERSERALATH RMETSERASP 840
GLYARGVALP HETHRILEGL YGLYSERPHE SERGLYGLYV ALPHEGLULY SASNGLYGLU 900
VALTYRSERP ROSERSERLY STHRTRPTHR SERLEUPROA SNALALYSVA LASNPROMET 960
LEUTHRALAA SPLYSGLNGL YLEUTYRLYS SERASPASNH ISALATRPLE UPHEGLYTRP 1020
LYSLYSGLYS ERVALPHEGL NALAGLYPRO SERTHRALAM ETASNTRPTY RTYRTHRSER 1080
GLYSERGLYA SPVALLYSSE RALAGLYLYS ARGGLNSERA SNARGGLYVA LALAPROASP 1140
ALAMETSERG LYASNALAVA LMETTYRASP ALAVALLYSG LYLYSILELE UTHRPHEGLY 1200
GLYSERPROH ISPHEGLUAS PSERASPALA THRTHRASNA LAHISILEIL ETHRLEUGLY 1260
GLUPROGLYT HRSERPROAS NTHRVALPHE ALASERASNG LYLEUTYRPH EALAARGTHR 1320
TYRHISTHRS ERVALVALLE UPROASPGLY SERTHRPHEI LETHRGLYGL YGLNARGARG 1380
GLYILEPROP HEGLUASPSE RTHRPROVAL PHETHRPROG LUILETYRVA LPROGLUGLN 1440
ASPTHRPHET YRLYSGLNAS NPROASNSER ILEVALARGA LATYRHISSE RILESERLEU 1500
LEULEUPROA SPGLYARGVA LPHEASNGLY GLYGLYGLYL EUCYSGLYAS PCYSTHRTHR 1560
ASNHISPHEA SPALAGLNIL EPHETHRPRO ASNTYRLEUT YRASPSERAS NGLYASNLEU 1620
ALATHRARGP ROLYSILETH RARGTHRSER THRGLNSERV ALLYSVALGL YGLYARGILE 1680
THRILESERT HRASPSERSE RILESERLYS ALASERLEUI LEARGTYRGL YTHRALATHR 1740
HISTHRVALA SNTHRASPGL NARGARGILE PROLEUTHRL EUTHRASNAS NGLYGLYASN 1800
SERTYRSERP HEGLNVALPR OSERASPSER GLYVALALAL EUPROGLYTY RTRPMETLEU 1860

PHEVALMETA SNSERALAGL YVALPROSER VALALASERT HRILEARGVA LTHRGLN 1917
SEQ ID NO: 4 moltype = AA length = 1917

FEATURE Location/Qualifiers

source 1..1917

mol type = protein
organism = synthetic construct
SEQUENCE: 4
ALASERALAP ROILEGLYSE RALAILEPRO ARGASNASNT RPALAVALTH RCYSASPSER 60
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ALAGLNSERG LYASNGLUCY SASNLYSALA ILEASPGLYA SNLYSASPTH RPHETRPHIS 120
THRPHETYRG LYALAASNGL YASPPROLYS PROPROHIST HRTYRTHRIL EASPMETLYS 180
THRTHRGLNA SNVALSERGL YLEUSERVAL LEUPROARGG LNASPGLYAS NGLNASNGLY 240
TRPILEGLYA RGHISGLUVA LTYRLEUSER SERASPGLYT HRASNTRPGL YSERPROVAL 300
ALASERGLYS ERTRPPHEAL AASPSERTHR THRLYSTYRS ERASNPHEGL UTHRARGPRO 360
ALAARGTYRY ALARGLEUVA LALAILETHR GLUALAASNG LYGLNPROTR PTHRSERILE 420
ALAGLUILEA SNVALPHEGL NALASERSER TYRTHRALAP ROGLNPROGL YLEUGLYARG 480
TRPGLYPROT HRILEASPLE UPROILEVAL PROVALALAA LAALAILEGL UPROTHRSER 540
GLYARGVALL EUMETTRPSE RSERTRPARG ASNASPALAP HEGLUGLYSE RPROGLYGLY 600
ILETHRLEUT HRSERSERTR PASPPROSER THRGLYILEV ALSERASPAR GTHRVALTHR 660
VALTHRLYSH ISASPMETPH ECYSPROGLY ILESERMETA SPGLYASNGL YGLNILEVAL 720
VALTHRGLYG LYASNASPAL ALYSLYSTHR SERLEUTYRA SPSERSERSE RASPSERTRP 780
ILEPROGLYP ROASPMETGL NVALALAARG GLYTYRGLNS ERSERALATH RMETSERASP 840
GLYARGVALP HETHRILEGL YGLYSERPHE SERGLYGLYV ALPHEGLULY SASNGLYGLU 900
VALTYRSERP ROSERSERLY STHRTRPTHR SERLEUPROA SNALALYSVA LASNPROMET 960
LEUTHRALAA SPLYSGLNGL YLEUTYRLYS SERASPASNH ISALATRPLE UPHEGLYTRP 1020
LYSLYSGLYS ERVALPHEGL NALAGLYPRO SERTHRALAM ETASNTRPTY RTYRTHRSER 1080
GLYSERGLYA SPVALLYSSE RALAGLYLYS ARGGLNSERA SNARGGLYVA LALAPROASP 1140
ALAMETSERG LYASNALAVA LMETTYRASP ALAVALLYSG LYLYSILELE UTHRPHEGLY 1200
GLYSERPROA SPTYRTHRAS PSERASPALA THRTHRASNA LAHISILEIL ETHRLEUGLY 1260
GLUPROGLYT HRSERPROAS NTHRVALPHE ALASERASNG LYLEUTYRPH EALAARGTHR 1320
PHEHISTHRS ERVALVALLE UPROASPGLY SERTHRPHEI LETHRGLYGL YGLNARGARG 1380
GLYILEPROP HEGLUASPSE RTHRPROVAL PHETHRPROG LUILETYRVA LPROGLUGLN 1440
ASPTHRPHET YRLYSGLNAS NPROASNSER ILEVALARGA LATYRHISSE RILESERLEU 1500
LEULEUPROA SPGLYARGVA LPHEASNGLY GLYGLYGLYL EUCYSGLYAS PCYSTHRTHR 1560
ASNHISPHEA SPALAGLNIL EPHETHRPRO ASNTYRLEUT YRASPSERAS NGLYASNLEU 1620
ALATHRARGP ROLYSILETH RARGTHRSER THRGLNSERV ALLYSVALGL YGLYARGILE 1680
THRILESERT HRASPSERSE RILESERLYS ALASERLEUI LEARGTYRGL YTHRALATHR 1740
HISTHRVALA SNTHRASPGL NARGARGILE PROLEUTHRL EUTHRASNAS NGLYGLYASN 1800
SERTYRSERP HEGLNVALPR OSERASPSER GLYVALALAL EUPROGLYTY RTRPMETLEU 1860

PHEVALMETA SNSERALAGL YVALPROSER VALALASERT HRILEARGVA LTHRGLN 1917
SEQ ID NO: 5 moltype = AA length = 1917

FEATURE Location/Qualifiers

source 1..1917

mol type = protein
organism = gynthetic construct

SEQUENCE: 5

ALASERALAP ROILEGLYSE RALAILEPRO ARGASNASNT RPALAVALTH RCYSASPSER 60
ALAGLNSERG LYASNGLUCY SASNLYSALA ILEASPGLYA SNLYSASPTH RPHETRPHIS 120
THRPHETYRG LYALAASNGL YASPPROLYS PROPROHIST HRTYRTHRIL EASPMETLYS 180
THRTHRGLNA SNVALSERGL YLEUSERVAL LEUPROARGG LNASPGLYAS NGLNASNGLY 240
TRPILEGLYA RGHISGLUVA LTYRLEUSER SERASPGLYT HRASNTRPGL YSERPROVAL 300
ALASERGLYS ERTRPPHEAL AASPSERTHR THRLYSTYRS ERASNPHEGL UTHRARGPRO 360
ALAARGTYRV ALARGLEUVA LALAILETHR GLUALAASNG LYGLNPROTR PTHRSERILE 420
ALAGLUILEA SNVALPHEGL NALASERSER TYRTHRALAP ROGLNPROGL YLEUGLYARG 480
TRPGLYPROT HRILEASPLE UPROILEVAL PROVALALAA LAALAILEGL UPROTHRSER 540
GLYARGVALL EUMETTRPSE RSERTRPARG ASNASPALAP HEGLUGLYSE RPROGLYGLY 600
ILETHRLEUT HRSERSERTR PASPPROSER THRGLYILEV ALSERASPAR GTHRVALTHR 660
VALTHRLYSH ISASPMETPH ECYSPROGLY ILESERMETA SPGLYASNGL YGLNILEVAL 720
VALTHRGLYG LYASNASPAL ALYSLYSTHR SERLEUTYRA SPSERSERSE RASPSERTRP 780
ILEPROGLYP ROASPMETGL NVALALAARG GLYTYRGLNS ERSERALATH RMETSERASP 840
GLYARGVALP HETHRILEGL YGLYSERPHE SERGLYGLYV ALPHEGLULY SASNGLYGLU 900
VALTYRSERP ROSERALALY STHRTRPTHR PHELEUPROA SNALALYSVA LASNPROMET 960
LEUTHRALAA SPLYSGLNGL YLEUTYRLYS ARGASPASNH ISALATRPLE UPHEGLYTRP 1020
LYSLYSGLYS ERVALPHEGL NALAGLYPRO SERTHRALAM ETASNTRPTY RTYRTHRSER 1080
GLYSERGLYA SPVALLYSSE RALAGLYLYS ARGGLNSERA SNARGGLYVA LASPPROASP 1140
ALAMETSERG LYASNALAVA LMETTYRASP ALAVALLYSG LYLYSILELE UTHRPHEGLY 1200
GLYSERPROA SPTYRTHRAS PSERASPALA THRTHRASNA LAHISILEIL ETHRLEUGLY 1260
GLUPROGLYT HRSERPROAS NTHRVALPHE ALASERASNG LYLEUTYRPH EALAARGTHR 1320
PHEHISTHRS ERVALVALLE UPROASPGLY SERTHRPHEI LETHRGLYGL YGLNARGARG 1380
GLYILEPROP HEGLUASPSE RTHRPROVAL PHETHRPROG LUILETYRVA LPROGLUGLN 1440
ASPTHRPHET YRLYSLEUAS NPROASNSER ILEVALARGA LATYRHISSE RILESERLEU 1500
LEULEUPROA SPGLYARGVA LPHEASNGLY GLYGLYGLYL EUCYSGLYAS PCYSTHRTHR 1560
ASNHISPHEA SPALAGLNIL EPHETHRPRO ASNTYRLEUT YRASPSERAS NGLYASNLEU 1620
ALATHRARGP ROLYSILETH RARGTHRSER THRGLNSERV ALLYSVALGL YGLYARGILE 1680
THRILESERT HRASPSERSE RILESERLYS ALASERLEUI LEARGTYRGL YTHRALATHR 1740
HISTHRVALA SNTHRASPGL NARGARGILE PROLEUTHRL EUTHRASNAS NGLYGLYASN 1800
SERTYRSERP HEGLNVALPR OSERASPSER GLYVALALAL EUPROGLYTY RTRPMETLEU 1860

PHEVALMETA SNSERALAGL YVALPROSER VALALASERT HRILEARGVA LTHRGLN 1917
SEQ ID NO: 6 moltype = AA length = 1914

FEATURE Location/Qualifiers

source 1..1914

mol type = protein
organism = synthetic construct
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SEQUENCE: 6

ALASERALAP ROILEGLYSE RALAILEPRO ARGASNASNT RPALAVALTH RCYSASPSER 60
ALAGLNSERG LYASNGLUCY SASNLYSALA ILEASPGLYA SNLYSASPTH RPHETRPHIS 120
THRPHETYRG LYALAASNGL YPROLYSPRO PROHISTHRT YRTHRILEAS PMETLYSTHR 180
THRGLNASNV ALSERGLYLE USERVALLEU PROARGGLNA SPGLYASNGL NASNGLYTRP 240
ILEGLYARGH ISGLUVALTY RLEUSERSER ASPGLYTHRA SNTRPGLYSE RPROVALALA 300
SERGLYSERT RPPHEALAAS PSERTHRTHR LYSTYRSERA SNPHEGLUTH RARGPROALA 360
ARGTYRVALA RGLEUVALAL AILETHRGLU ALAASNGLYG LNPROTRPTH RSERILEALA 420
GLUILEASNV ALPHEGLNAL ASERSERTYR THRALAPROG LNPROGLYLE UGLYARGTRP 480
GLYPROTHRI LEASPLEUPR OILEVALPRO VALALAALAA LAILEGLUPR OTHRSERGLY 540
ARGVALLEUM ETTRPSERSE RTYRARGASN ASPARGPHEG LUGLYSERPR OGLYGLYILE 600
THRLEUTHRS ERSERTRPAS PPROSERTHR GLYILEVALS ERASPARGTH RVALTHRVAL 660
THRLYSHISA SPMETPHECY SPROGLYILE SERMETASPG LYASNGLYGL NILEVALVAL 720
THRGLYGLYA SNASPALALY SLYSTHRSER LEUTYRASPS ERSERSERAS PSERTRPILE 780
PROGLYPROA SPMETGLNVA LALAARGGLY TYRGLNSERS ERALATHRME TSERASPGLY 840
ARGVALPHET HRILEGLYGL YSERPHESER GLYGLYVALP HEGLULYSAS NGLYGLUVAL 900
TYRSERPROS ERALALYSTH RTRPTHRPHE LEUPROASNA LALYSVALAS NPROMETLEU 960
THRALAASPL YSGLNGLYLE UTYRLYSSER ASPASNHISA LATRPLEUPH EGLYTRPLYS 1020
LYSGLYSERV ALPHEGLNAL AGLYPROSER THRALAMETA SNTRPTYRTY RTHRSERGLY 1080
SERGLYASPV ALLYSSERAL AGLYLYSARG GLNSERASNA RGGLYVALAL APROASPALA 1140
METSERGLYA SNALAVALME TTYRASPALA VALLYSGLYL YSILELEUTH RPHEGLYGLY 1200
SERPROHISP HEGLUASPSE RASPALATHR THRASNALAH ISILEILETH RLEUGLYGLU 1260
PROGLYTHRS ERPROASNTH RVALPHEALA SERASNGLYL EUTYRPHEAL AARGTHRTYR 1320
HISTHRSERV ALVALLEUPR OASPGLYSER THRPHEILET HRGLYGLYGL NARGARGGLY 1380
ILEPROPHEG LUASPSERTH RPRCVALPHE THRPROGLUI LETYRVALPR OGLUGLNASP 1440
THRPHETYRL YSGLNASNPR OASNSERILE VALARGALAT YRHISSERIL ESERLEULEU 1500
LEUPROASPG LYARGVALPH EASNGLYGLY GLYGLYLEUC YSGLYASPCY STHRTHRASN 1560
HISPHEASPA LAGLNILEPH ETHRPROASN TYRLEUTYRA SPSERASNGL YASNLEUALA 1620
THRARGPROL YSILETHRAR GTHRSERTHR GLNSERVALL YSVALGLYGL YARGILETHR 1680
ILESERTHRA SPSERSERIL ESERLYSALA SERLEUILEA RGTYRGLYTH RALATHRHIS 1740
THRVALASNT HRASPGLNAR GARGILEPRO LEUTHRLEUT HRASNASNGL YGLYASNSER 1800
TYRSERPHEG LNVALPROSE RASPSERGLY VALALALEUP ROGLYTYRTR PMETLEUPHE 1860

VALMETASNS ERALAGLYVA LPROSERVAL ALASERTHRI LEARGVALTH RGLN 1914
SEQ ID NO: 7 moltype = AA length = 1767

FEATURE Location/Qualifiers

source 1..1767

mol_type = protein
organism = Aspergillus niger

SEQUENCE: 7

METGLNTHRL EULEUVALSE RSERLEUVAL VALSERLEUA LAALAALALE UPROHISTYR 60
ILEARGSERA SNGLYILEGL UALASERLEU LEUTHRASPP ROLYSASPVA LSERGLYARG 120
THRVALASPT YRILEILEAL AGLYGLYGLY LEUTHRGLYL EUTHRTHRAL AALAARGLEU 180
THRGLUASNP ROASNILESE RVALLEUVAL ILEGLUSERG LYSERTYRGL USERASPARG 240
GLYPROILEI LEGLUASPLE UASNALATYR GLYASPILEP HEGLYSERSE RVALASPHIS 300
ALATYRGLUT HRVALGLULE UALATHRASN ASNGLNTHRA LALEUILEAR GSERGLYASN 360
GLYLEUGLYG LYSERTHRLE UVALASNGLY GLYTHRTRPT HRARGPROHI SLYSALAGLN 420
VALASPSERT RPGLUTHRVA LPHEGLYASN GLUGLYTRPA SNTRPASPAS NVALALAALA 480
TYRSERLEUG LNALAGLUAR GALAARGALA PROASNALAL YSGLNILEAL AALAGLYHIS 540
TYRPHEASNA LASERCYSHI SGLYTHRASN GLYTHRVALH ISALAGLYPR OARGASPTHR 600
GLYASPASPT YRSERPROIL EVALLYSALA LEUMETSERA LAVALGLUAS PARGGLYVAL 660
PROTHRLYSL YSASPPHEGL YCYSGLYASP PROHISGLYV ALSERMETPH EPROASNTHR 720
LEUHISGLUA SPGLNVALAR GSERASPALA ALAARGGLUT RPLEULEUPR OASNTYRGLN 780
ARGPROASNL EUGLNVALLE UTHRGLYGLN TYRVALGLYL YSVALLEULE USERGLNASN 840
GLYTHRTHRP ROARGALAVA LGLYVALGLU PHEGLYTHRH ISLYSGLYAS NTHRHISASN 900
VALTYRALAG LUHISGLUVA LLEULEUALA ALAGLYSERA LAVALSERPR OTHRILELEU 960
GLUTYRSERG LYILEGLYME TLYSSERILE LEUGLUPROL EUGLYILEAS PTHRVALVAL 1020
ASPLEUPROV ALGLYLEUAS NLEUGLNASP GLNTHRTHRA LATHRVALAR GSERARGILE 1080
THRSERALAG LYALAGLYGL NGLYGLNALA ALATRPPHEA LATHRPHEAS NGLUTHRPHE 1140
GLYASPTYRS ERGLULYSAL AHISGLULEU LEUASNTHRL YSLEUGLUGL NTRPALAGLU 1200
GLUALAVALA LAARGGLYGL YPHEHISASN THRTHRALAL EULEUILEGL NTYRGLUASN 1260
TYRARGASPT RPILEVALAS NHISASNVAL ALATYRSERG LULEUPHELE UASPTHRALA 1320
GLYVALALAS ERPHEASPVA LTRPASPLEU LEUPROPHET HRARGGLYTY RVALHISILE 1380
LEUASPLYSA SPPROTYRLE UHISHISPHE ALATYRASPP ROGLNTYRPH ELEUASNGLU 1440
LEUASPLEUL EUGLYGLNAL AALAALATHR GLNLEUALAA RGASNILESE RASNSERGLY 1500
ALAMETGLNT HRTYRPHEAL AGLYGLUTHR ILEPROGLYA SPASNLEUAL ATYRASPALA 1560
ASPLEUSERA LATRPTHRGL UTYRILEPRO TYRHISPHEA RGPROASNTY RHISGLYVAL 1620
GLYTHRCYSS ERMETMETPR OLYSGLUMET GLYGLYVALV ALASPASNAL AALAARGVAL 1680
GLNMETSERS ERHISVALME TTHRVALPHE TYRALAMETA LALEULYSIL ESERASPALA 1740

ILELEUGLUA SPTYRALASE RMETGLN 1767
SEQ ID NO: 8 moltype = AA length = 1335

FEATURE Location/Qualifiers

source 1..1335

mol type = protein
organism = Penicillium griseoroseum
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SEQUENCE: 8

METTYRARGT RPPHEASNTR PGLNPHEGLU VALTHRCYSG LNSERASPAL ATYRILEALA 60
PROHISASNG LUHISALAAL AALAGLUPHE LEULYSGLUG LNTYRPROLY SSERSERHIS 120
ILELYSVALV ALGLYASNGL YHISGLYPHE GLYASNLEUT HRTHRCYSVA LASPASNALA 180
LEUTHRGLUL YSPROTHRTY RILEVALSER LEUTHRASNL EULYSLYSLE UHISILEASP 240
LYSLYSASNL EUTHRVALTH RPHEGLYALA GLYTRPASPV ALASPASPLE UILEGLNGLU 300
LEULYSALAA SNASPLEUSE RPHESERASN LEUGLYVALG LUARGVALGL NASNPHEVAL 360
GLYALAALAS ERTHRGLYTH RHISGLYSER GLYSERASPL EUGLYASNIL EALATHRGLN 420
ILEILEGLYL EUASNALAGL UGLULEULYS ALAPHEARGI LESERLEUGL YALALEUGLY 480
LEUILETHRG LULEUTHRIL ELYSVALGLN PROTHRGLNL EULEULYSLY STHRTHRLYS 540
VALLEUASNA LATHRSERAS PTYRSERLYS METTYRASNG LULEUALAGL NLEUTYRLYS 600
GLUHISASPA RGMETTHRVA LTRPGLYPRO HISPHEASPT RPASNALALY SSERGLNSER 660
TRPASPLEUG LUPROTHRTY RPHELEUSER TYRTRPGLUP ROTHRASNTY RTHRGLYVAL 720
ARGASNCYST HRLEUASNTY RCYSALAASN GLYCYSGLYA SPCYSLYSLY SGLUTYRILE 780
CYSTYRASPG LUVALTHRAS PALAALASER CYSSERPROG LNGLYVALCY SSERARGGLY 840
PHETYRALAG LUILEGLUHI SPHELEUPRO ILEGLUTYRP HEALAGLUAL AALATHRASN 900
TYRTHRILEP HEGLNGLNGL YGLNTHRSER ARGMETLYSA LAPROTYRAS NLYSGLNMET 960
VALMETGLNH ISARGSERLE ULYSGLYASP ASPTHRTYRL EUSERPROVA LASNTHRTYR 1020
ASNLEUGLYP ROASPLEUSE RGLYVALPHE GLYVALILEG LUILEASPTR PILEGLNGLU 1080
TYRASNASNP HETHRTHRLE UTRPGLNASN GLNGLULEUA LAHISGLUPH ELEUPROGLN 1140
PHEGLYGLUT HRTYRASNAL AARGSERHIS TRPASNLYSM ETSERALAPR OASNALATHR 1200
TYRTHRLEUG LULYSPHEPR OLYSLEUPRO GLUPHELEUA LAILEGLNLY SARGGLNASP 1260
PROLYSCYSG LNPHEVALAS NGLUPHELEU VALGLUGLNL EUGLYILETH RARGCYSALA 1320

ASNTYRILES ERVAL 1335
SEQ ID NO: 9 moltype = AA length = 1437

FEATURE Location/Qualifiers

source 1..1437

mol_type = protein
organism = Penicillium griseoroseum

SEQUENCE: 9

LEUSERPROL YSPROALAPH ELEULEULEU LEULEUHISA LAVALPHEGL YSERALATYR 60
ARGTRPPHEA SNTRPGLNPH EGLUVALTHR CYSGLNSERA SPALATYRIL EALAPROHIS 120
ASNGLUHISA LAALAALAGL UPHELEULYS GLUGLNTYRP ROLYSSERSE RHISILELYS 180
VALVALGLYA SNGLYHISGL YPHEGLYASN LEUTHRTHRC YSVALASPAS NALALEUTHR 240
GLULYSPROT HRTYRILEVA LSERLEUTHR ASNLEULYSL YSLEUHISIL EASPLYSLYS 300
ASNLEUTHRV ALTHRPHEGL YALAGLYTRP ASPVALASPA SPLEUILEGL NGLULEULYS 360
ALAASNASPL EUSERPHESE RASNLEUGLY VALGLUARGY ALGLNASNPH EVALGLYALA 420
ALASERTHRG LYTHRHISGL YSERGLYSER ASPLEUGLYA SNILEALATH RGLNILEILE 480
GLYLEUARGV ALLEUASPSE RGLNGLYGLY LEUARGVALI LEASNGLULY SHISASNALA 540
GLUGLULEUL YSALAPHEZAR GILESERLEU GLYALALEUG LYLEUILETH RGLULEUTHR 600
ILELYSVALG LNPROTHRGL NLEULEULYS LYSTHRTHRL YSVALLEUAS NALATHRSER 660
ASPTYRSERL YSMETTYRAS NGLULEUALA GLNLEUTYRL YSGLUHISAS PARGMETTHR 720
VALTRPGLYP ROHISPHEAS PTRPASNALA LYSSERGLNS ERTRPASPLE UGLUPROTHR 780
TYRPHELEUS ERTYRTRPGL UPROTHRASN TYRTHRGLYV ALARGASNCY STHRLEUASN 840
TYRCYSALAA SNGLYCYSGL YASPCYSLYS LYSGLUTYRI LECYSTYRAS PCLUVALTHR 900
ASPALAALAS ERCYSSERPR OGLNGLYVAL CYSSERARGG LYPHETYRAL AGLUILEGLU 960
HISPHELEUP ROILEGLUTY RPHEALAGLU ALAALATHRA SNTYRTHRIL EPHEGLNGLN 1020
GLYGLNTHRS ERARGMETLY SALAPROTYR ASNLYSGLNM ETVALMETGL NHISARGSER 1080
LEULYSGLYA SPASPTHRTY RLEUSERPRO VALASNTHRT YRASNLEUGL YPROASPLEU 1140
SERGLYVALP HEGLYVALIL EGLUILEASP TRPILEGLNG LUTYRASNAS NPHETHRTHR 1200
LEUTRPGLNA SNGLNGLULE UALAHISGLU PHELEUPROG LNPHEGLYGL UTHRTYRASN 1260
ALAARGSERH ISTRPASNLY SMETSERALA PROASNALAT HRTYRTHRLE UGLULYSPHE 1320
PROLYSLEUP ROGLUPHELE UALAILEGLN LYSARGGLNA SPPROLYSCY SGLNPHEVAL 1380

ASNGLUPHEL EUVALGLUGL NLEUGLYILE THRARGCYSA LAASNTYRIL ESERVAL 1437
SEQ ID NO: 10 moltype = AA length = 1584

FEATURE Location/Qualifiers

source 1..1584

mol type = protein

orggnism = Pgeudarthrobacter phenanthrenivorans
SEQUENCE: 10
METSERGLYH ISARGTYRPR OALAALAVAL ASPVALALAI LEVALGLYSE RGLYPROTHR 60
ALASERALAT YRALAARGIL ELEUSERGLU GLUALAPROG LYALATHRIL EALAMETPHE 120
GLUVALGLYP ROTHRVALSE RILEPROPRO GLYALAHISYV ALLYSASNIL EGLUASPPRO 180
GLUARGARGS ERSERALAGL NARGALASER GLUGLYPROG LYALAGLYAL AGLUTHRVAL 240
SERSERPROG LYALAVALLY SSERGLYGLU ARGARGALAA RGPROGLYTH RTYRLEULEU 300
GLNASPGLYT YRALAPHEPR OGLYGLUASP GLYMETPROV ALALAALAME TSERSERASN 360
VALGLYGLYM ETALAALAHI STRPTHRALA ALACYSPROA RGPROGLYGL YLYSGLUARG 420
ILEPROPHEL EUPROASPLE UGLUASPLEU LEUASPASPA LAASPARGLE ULEUGLYVAL 480
THRTHRHISA LAPHEASPGL YALAPROPHE SERASPLEUV ALARGGLUAR GLEUALAALA 540
VALVALASPA SNGLYARGGL YPROALAPHE ARGVALGLNP ROMETPROLE UALAVALHIS 600
ARGARGGLUA SPGLYGLYLE UVALTRPSER GLYSERASPV ALVALMETGL YASPVALTHR 660
ARGGLUASNP ROGLNPHEHI SLEUPHEASP GLUSERLEUV ALTHRARGVA LLEUVALGLU 720
ASPGLYVALA LAALAGLYVA LGLUVALGLN ASPARGARGT HRGLYGLYTH RHISGLNVAL 780
SERALAARGT YRVALVALVA LGLYALAASP ALALEUARGT HRPROGLNLE ULEUTRPALA 840
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SERGLYILEA
ALASERARGL
SERGLUGLNS
ILEMETGLNL
SERILEVALG
PHEASPASPG
THRGLUARGA
ALAVALGLYG
TYRGLNGLYT
SERGLUVALT
THRALACYSA
ALAGLULYSL
GLYSERGLYS

SEQ ID NO:
FEATURE
source

SEQUENCE :

METSERASNL
PHEILEALAG
TYRASNVALI
LYSASNGLUI
LEUSERTHRV
TRPARGPROG
THRTYRASPA
RPTHRCYSAL
LYASPGLUTH
LEGLYVALSE
EUGLNLYSAL
LALYSGLYSE
SPGLNSERLE
EUTHRASNTH
SNVALGLYVA
ISLYSGLNVA
LATHRPROGL
LALEULEUPR
LELEUASNGL
YSASPALAVA
LNASPPROGL
LEHISARGAS
ALASPLEUAR
YSLYSILETH
LNTYRALAAS
LYGLYTYRLE
LYGLYTHRVA
ERGLNVALTR
HEALAALAAS
ALLYSVALLE
LUALATHRPR
SPHISHISAS
HRGLYGLYSE

SEQ ID NO:
FEATURE
source

SEQUENCE :

METPHELEUA
SERGLYPROI
METVALGLUI
ALAPROARGS
ASNGLUILEG
SERTHRCYSS
SERASNSERL
VALASNLEUG
CYSALATHRP
LYSLEUSERT
LYSGLUILEI
LEUARGLYST
PROLEUALAC
ILELEUGLUG
HISARGCYST
TYRALALEUV

RGPROASPAL
EUARGGLYVA
ERGLYVALAL
EUASPALASE
LYLEUGLYLE
LYALAARGAS
SPARGGLUVA
LUPROLEUAS
HRTHRARGME
RPGLNVALPR
SNPROTHRLE
EUASNSERSE
ERGLYHISHI

11

11

EUPROPROHI
LYSERGLYPR
LEMETTHRGL
LEGLUTYRGL
ALSERVALPR
LUASPPROSE
SNLEUPROAL
ATHRPROGLU
RLEUASPASP
RSERTHRGLU
APHEPROASN
RPROTYRVAL
UPHEGLYLYS
RARGCYSTHR
LALAGLUVAL
LSERPHEALA
NILELEUALA
OALALEUGLY
NHISILEVAL
LGLUALAHIS
UPROGLNVAL
PALAPHESER
GPHEPHEALA
RASPVALTYR
PGLUALAGLY
UPROGLYSER
LARGLEUGLY
PASNPHELYS
NPROTHRLEU
ULYSALAASP
OLYSGLUTYR
PLEUGLNLYS
RGLYSERGLY

12

12

SPTHRTHRPR
LEGLYALATH
LEGLYALAZAL
ERVALGLNPH
LUTYRGLNLY
ERILEPROTH
EUASPLYSPR
LYALAGLUAL
ROGLUPHEPH
HRASPALAAL
LEGLYTHRSE
YRASNASPIL
YSHISARGLE
LULEUPHETH
HRLYSLEUVA
ALGLUASPLE

ALEUGLYARG
LTHRALAPRO
ATRPVALPRO
RPROVALPRO
UPHECYSALA
PSERTYRGLY
LLEUGLUARG
PGLUGLNPRO
TALAARGTHR
OGLYLEUPHE
UTHRALAVAL
RLEULEUMET
SHIS

TYRLEUASNA
GLNGLYSERA
TYRTHRASPG
LEUALAGLUA
LYSASPLEUG
METPROALAM
ALAARGGLNG
PHEVALLEUP
ASPASPGLYG
VALALAGLYA
ALALEUALAV
SERASNSERA

SPGLNALAGL
LAALAALAAS
LUALAPROPH
SPASPPROVA
LNARGGLUAS
ETARGILEHI
LUILEVALAR
ROPROGLYAL
LUSERVALCY
SNGLYVALIL
ALARGGLYAL
SPASNARGVA

NVALVALPHE
PGLYALALEU
EHISGLYGLN
LVALPROGLY
PARGVALALA
STYRARGLEU
GLEUGLYLYS
ASERLEUHIS
SSERPROASP
EPROTHRALA
ARRGLYSVAL
LSERLYSGLY

moltype = AA length = 1958
Location/Qualifiers

1..1958
mol type =
organism =

protein
Irpex lacteus

SGLUILEHIS
OILEGLYALA
UILEGLYASP
NLYSASPILE
OPROALASER
RGLNMETTHR
AGLUSRVALT
PHEPHELYSG
ASPGLUTRPL
PHEASPGLNS
ARGGLYILEL
ARGTRPHISA
VALASNSERG
LYSLEUHIST
METASPLEUL
ILEASNALAL
ASNSERASPP
VALGLYILET
ASPASPLEUL
ARGARGALAH
ASNILEPROV
TYRGLYGLUA
ARGGLNALAA
GLYMETPROG
LYSMETMETL
GLUPROGLNP
HISGLYSERG
ASNLEUTYRV
THRSERILEA
PROASNASNL
LEULYSTRPL
GLUHISLYSG
HISHISHISH

ALALYSTHRG
THRTYRALAA
GLNGLUTHRA
ASPARGPHEV
THRVALILEP
LEULEUASNG
HRARGCYSVA
LUASNGLYGL
YSLEULEUTY
ERILEARGHI
YSPROLEUPR
LAALAASPAS
LUGLYILEAL
HRSERASNPR
EUALAASPAR
YSVALTYRVA
HEGLYGLYLE
HRGLUGLNPR
YSASNLEUAS
ISPROLYSAS
ALTHRLYSAS
LAGLYPROAR
RGGLUPROLY
LNPROTHRPH
YSASPMETTH
HEMETALAPR
LUILEASNGL
ALALAGLYAS
LALEUALALE
EULYSPROAL
EUTHRASPPR
LUVALILEVA
ISHISHIS

LYILEASNGL
RGLEULEUTH
RGVALPROAL
ALARGVALIL
ROGLNLEUAS
LYARGASNPR
LGLYGLYMET
UARGPROLYS
RGLUALAALA
SASNTHRVAL
OLEUALACYS
NVALTYRTYR
AARGGLYLYS
OASNALATHR
GPHETHRGLY
LVALALAALA
UGLUGLYGLN
OLEUALAPHE
NGLYARGPRO
PPROLEUTRP
PPHEPROTRP
GALAASPSER
SASNLYSLEU
ELYSTYRLEU
RGLUVALALA
OGLYLEUALA
USERVALALA
NGLYTHRILE
UARGALATHR
AVALPROGLU
OTHRASNPRO
LLYSALAGLU

NPHEASPVAL
RARGHISGLY
ASERHISLYS
EGLNGLYALA
PPROSERALA
OASNGLNGLN
SERTHRHIST
ILEPHEPROG
ARGASNLEUI
LEUHISTHRL
HISARGLEUA
ASPLEUPHEA
PHEPHELEUL
LYSASPVALA
SERASPGLNH
GLYALAVALA
GLNGLYLYSA
CYSGLNILEI
GLNTRPTRPL
ILEPROPHEG
HISALAGLNI
ARGVALVALV
THRPHEASPL
PROTHRTHRG
SERALALEUG
LEUHISLEUG
ASNPHEASNS
PROTHRALAP
HISHISILEV
GLULYSLEUG
ASPPHEPROA
PROSERHIST

moltype = AA length = 1872
Location/Qualifiers

1..1872
mol type =
organism =

protein
Phanerochaete chrysosporium

OPHEARGALA
RPHEALALYS
AASPSERPHE
EGLYPROGLY
SASPILEASP
RSERASNASN
OPHEILESER
AVALTHRARG
EALAPROALA
AGLUASPALA
RTHRTHRGLU
EPHEGLNLYS
UTHRASPPRO
RASPPROVAL
LPHELYSHIS
ULEUPRCHIS

ASPGLUPROT
LEUCYSVALA
THRSERLYSP
GLNVALPROI
ARGPHEVALA
HISILEALAT
LEUGLYLYSA
GLYVALGLYG
ASPPHEASNA
ARGILETRPL
PHEASPHISS
GLUASNVALI
ASPTYRVALG
LYSARGGLYA
TYRARGPROG
METGLNASNP

YRASPVALPH
SPALAASNLE
ROMETLYSGL
LEPROGLYTY
SNVALILELY
HRLEUASPPR
SNPROALAGL
LYMETSERTH
LAPROHISAR
YSASPLEUTY
ERILEARGHI
LEARGGLUPH
LUTRPHISAL
RGPHETHRLE
LYGLUGLUAS
ROGLYASNPR

EILEALAGLY
UARGVALCYS
YASPPROASN
RHISLYSLYS
SGLYALALEU
OSERVALVAL
NASNPROPHE
RHISTRPTHR
GGLUARGPRO
RALAGLNALA
SASNLEUVAL
ESERPROLEU
ATHRASPARG
ULEUTHRASN
NGLUVALASP
OALASERVAL

900

960

1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1584

60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1680
1740
1800
1860
1920
1958

60

120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
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LYSLYSILET YRALAARGSE RTYRVALVAL ALACYSGLYA LAVALALATH RALAGLNVAL 1020
LEUALAASNS ERHISILEPR OPROASPASP VALVALILEP ROPHEPROGL YGLYGLULYS 1080
GLYSERGLYG LYGLYGLUAR GASPALATHR ILEPROTHRP ROLEUMETPR OMETLEUGLY 1140
LYSTYRILET HRGLUGLNPR OMETTHRPHE CYSGLNVALV ALLEUASPSE RSERLEUMET 1200
GLUVALVALA RGASNPROPR OTRPPROGLY LEUASPTRPT RPLYSGLULY SVALALAARG 1260
HISVALGLUA LAPHEPROAS NASPPROILE PROILEPROP HEARGASPPR OGLUPROGLN 1320
VALTHRILEL YSPHETHRGL UGLUHISPRO TRPHISVALG LNILEHISAR GASPALAPHE 1380
SERTYRGLYA LAVALALAGL UASNMETASP THRARGVALI LEVALASPTY RARGPHEPHE 1440
GLYTYRTHRG LUPROGLNGL UALAASNGLU LEUVALPHEG LNGLNHISTY RARGASPALA 1500
TYRASPMETP ROGLNPROTH RPHELYSPHE THRMETSERG LNASPASPAR GALAARGALA 1560
ARGARGMETM ETASPASPME TCYSASNILE ALALEULYSI LEGLYGLYTY RLEUPROGLY 1620
SERGLUPROG LNPHEMETTH RPROGLYLEU ALALEUHISL EUALAGLYTH RTHRARGCYS 1680
GLYLEUASPT HRGLNLYSTH RVALGLYASN THRHISCYSL YSVALHISAS NPHEASNASN 1740
LEUTYRVALG LYGLYASNGL YVALILEGLU THRGLYPHEA LAALAASNPR OTHRLEUTHR 1800
SERILECYST YRALAILEAR GALASERASN ASPILEILEA LALYSPHEGL YARGHISARG 1860

GLYGLYGLYS ER 1872
SEQ ID NO: 13 moltype = AA 1length = 1839

FEATURE Location/Qualifiers

source 1..1839

mol type = protein
organism = Aspergillus nidulans

SEQUENCE: 13

METGLNTYRS ERARGMETTH RALATHRARG GLUASNPROL YSTYRLYSAS NLEUARGVAL 60
GLUGLUCYSA SPVALLEUIL EILEGLYSER GLYPROVALG LYALATHRTY RALAARGGLU 120
ILELEUASPP ROGLYSERGL YALASERPRO GLYARGLYSA LAPROLYSVA LILEMETVAL 180
GLUTHRGLYA LAGLNGLUSE RLYSVALPRO GLYGLUHISL YSLYSASNAL AVALVALTYR 240
GLNLYSHISI LEASPSERPH EVALASNVAL ILEGLNGLYS ERLEUPHEAL ATHRSERVAL 300
PROTHRARGYV ALASPPROAS NLEULYSLEU PROPROVALS ERTRPSERPR OARGGLULYS 360
GLNASNPHEA SNGLYGLNAS NLYSGLUGLN ASNILETYRH ISASNLEUAS PALAASNGLY 420
VALSERARGA SNVALGLYGL YMETSERTHR HISTRPTHRC YSALATHRPR OARGGLNHIS 480
GLULEUGLUA RGSERLYSIL EPHEASPASP ALATHRTRPA SPARGLEUTY RLYSARGALA 540
GLUGLULEUI LEGLYTHRAR GTHRASPVAL LEUASPGLNS ERILEARGGL NARGLEUVAL 600
LEUASPILEL EUARGLYSLY SPHELYSASN ARGASPALAL YSALALEUPR OLEUALAALA 660
GLULYSVALG LUGLYLYSAS NLEUILELYS TRPSERSERS ERSERTHRVA LLEUGLYASN 720
LEULEUGLUA SPGLULYSPH ETHRLEULEU ASPGLNHISH ISCYSGLULY SLEUGLUPHE 780
ASNASPGLUT HRASNLYSVA LSERPHEALA ILEILELYSA SNLEUALALY SPROGLNTHR 840
SERLYSGLUA SPGLUASPAR GLEUARGILE LYSALALYST YRVALILEVA LCYSGLYGLY 900
PROILELEUT HRPROGLNLE ULEUPHELYS SERGLYPHEA RGTYRASPGL UGLUASPALA 960
GLUASPSERG LUGLYASNLY SSERSERLEU TYRILEPROA LALEUGLYAR GASNLEUTHR 1020
GLUGLNTHRM ETCYSPHECY SGLNILEVAL LEULYSASPL YSTRPVALGL UGLULEUGLN 1080
LYSASNASNT RPGLYPROGL UCYSGLUGLU HISARGARGL YSTYRASPGL UGLUASPASP 1140
PROLEUARGI LEPROPHEAS PASPLEUASP PROGLNVALT HRLEUPROPH ETHRGLUASN 1200
THRPROTRPH ISTHRGLNIL EHISARGASP ALAPHESERT YRGLYALAVA LPROPROALA 1260
ILEASPLYSA RGTHRILEVA LASPLEUARG TYRPHEGLYA RGALAGLUTH RGLNTRPARG 1320
ASNARGVALT HRPHESERLY SLYSLEUTHR ASPALATYRG LYMETPROGL NPROTHRPHE 1380
ASPPHELYSL EUSERTHRLY SASPARGLEU GLUSERHISA RGMETMETGL NASPMETGLU 1440
LYSVALALAG LYGLULEUGL YGLYTYRLEU PROGLYSERG LUPROGLNPH ELEUALAPRO 1500
GLYLEUALAL EUHISVALCY SGLYTHRTHR ALAALALEUA RGLYSGLYCY SARGSERGLU 1560
ASPGLUMETL YSARGILESE RVALCYSASP GLUASNSERL YSVALTRPGL YVALGLUASN 1620
LEUHISLEUG LYGLYLEUAS NVALILEPRO GLYPROARGS ERASNALASE RASNPROTHR 1680
LEUTHRALAM ETCYSPHEAL AILELYSGLY ALAGLUGLUI LEARGARGLY SLEUGLYLYS 1740
LYSGLYSERH ISSERGLYAS NARGASPASP GLYASPVALA SPTHRASPTH RASPASPASP 1800

ALAGLYGLYS ERGLYSERGL YHISHISHIS HISHISHIS 1839
SEQ ID NO: 14 moltype = AA length = 1904

FEATURE Location/Qualifiers

source 1..1904

mol_type = protein

organism = Trametes multicolor
SEQUENCE: 14
METSERTHRS ERSERSERAS PPROPHEPHE ASNPHEALAL YSSERSERPH EARGSERALA 60
ALAALAGLNL YSALASERAL ASERSERLEU PROPROLEUP ROGLYPROAS PLYSLYSVAL 120
PROGLYMETA SPILELYSTY RASPVALVAL ILEVALGLYS ERGLYPROIL EGLYCYSTHR 180
TYRALAARGG LULEUVALGL YALAGLYTYR LYSVALALAM ETPHEASPIL EGLYGLUILE 240
ASPSERGLYL EULYSILEGL YALAHISLYS LYSASNTHRV ALGLUTYRGL NLYSASNILE 300
ASPLYSPHEV ALASNVALIL EGLNGLYGLN LEUMETSERV ALSERVALPR OVALASNTHR 360
LEUVALVALA SPTHRLEUSE RPROTHRSER TRPGLNALAS ERTHRPHEPH EVALARGASN 420
GLYSERASNP ROGLUGLNAS PPROLEUARG ASNLEUSERG LYGLNALAVA LTHRARGVAL 480
VALGLYGLYM ETSERTHRHI STRPTHRCYS ALATHRPROA RGPHEASPAR GGLUGLNARG 540
PROLEULEUV ALLYSASPAS PALAASPALA ASPASPALAG LUTRPASPAR GLEUTYRTHR 600
LYSALAGLUS ERTYRPHEGL NTHRGLYTHR ASPGLNPHEL YSGLUSERIL EARGHISASN 660
LEUVALLEUA SNLYSLEUTH RGLUGLUTYR LYSGLYGLNA RGASPPHEGL NGLNILEPRO 720
LEUALAALAT HRARGARGSE RPROTHRPHE VALGLUTRPS ERSERALAAS NTHRVALPHE 780
ASPLEUGLNA SNARGPROAS NTHRASPALA PROGLUGLUA RGPHEASNLE UPHEPROALA 840
VALALACYSG LUARGVALVA LARGASNALA LEUASNSERG LUILEGLUSE RLEUHISILE 900
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-continued

HISASPLEUI LESERGLYAS PARGPHEGLU ILELYSALAA SPVALTYRVA LLEUTHRALA 960
GLYALAVALH ISASNTHRGL NLEULEUVAL ASNSERGLYP HEGLYGLNLE UGLYARGPRO 1020
ASNPROALAA SNPROPROGL ULEULEUPRO SERLEUGLYS ERTYRILETH RGLUGLNSER 1080
LEUVALPHEC YSGLNTHRVA LMETSERTHR GLULEUILEA SPSERVALLY SSERASPMET 1140
THRILEARGG LYTHRPROGL YGLULEUTHR TYRSERVALT HRTYRTHRPR OGLYALASER 1200
THRASNLYSH ISPROASPTR PTRPASNGLU LYSVALLYSA SNHISMETME TGLNHISGLN 1260
GLUASPPROL EUPROILEPR OPHEGLUASP PROGLUPROG LNVALTHRTH RLEUPHEGLN 1320
PROSERHISP ROTRPHISTH RGLNILEHIS ARGASPALAP HESERTYRGL YALAVALGLN 1380
GLNSERILEA SPSERARGLE UILEVALASP TRPARGPHEP HEGLYARGTH RGLUPROLYS 1440
GLUGLUASNL YSLEUTRPPH ESERASPLYS ILETHRASPA LATYRASNME TPROGLNPRO 1500
THRPHEASPP HEARGPHEPR OALAGLYARG THRSERLYSG LUALAGLUAS PMETMETTHR 1560
ASPMETCYSY ALMETSERAL ALYSLEGLYG LYPHELEUPR OGLYSERLEU PROGLNPHEM 1620
ETGLUPROGL YLEUVALLEU HISLEUGLYG LYTHRHISAR GMETGLYPHE ASPGLULYSG 1680
LUASPASNCY SCYSVALASN THRASPSERA RGVALPHEGL YPHELYSASN LEUPHELEUG 1740
LYGLYCYSGL YASNILEPRO THRALATYRG LYALAASNPR OTHRLEUTHR ALAMETSERL 1800
EUALAILELY SSERCYSGLU TYRILELYSG LNASNPHETH RPROSERPRO PHETHRSERG 1860

LUALAGLNGL YGLYSERGLY SERGLYHISH ISHISHISHI SHIS 1904
SEQ ID NO: 15 moltype = AA length = 657

FEATURE Location/Qualifiers

source 1..657

mol type = protein

organism = gynthetic construct
SEQUENCE: 15
MGHHHHHHSS GHIEGRHMAS APIGSAIPRN NWAVTCDSAQ SGNECNKAID GNKDTFWHTF 60
YGANGDPKPP HTYTIDMKTT QNVNGLSVLP RQODGNQONGWI GRHEVYLSSD GTNWGSPVAS 120
GSWFADSTTK YSNFETRPAR YVRLVAITEA NGQPWTSIAE INVFQASSYT APQPGLGRWG 180
PTIDLPIVPA AAAIEPTSGR VLMWSSYRND AFEGSPGGIT LTSSWDPSTG IVSDRTVTVT 240
KHDMFCPGIS MDGNGQIVVT GGNDAKKTSL YDSSSDSWIP GPDMQVARGY QSSATMSDGR 300
VFTIGGSFSG GVFEKNGEVY SPSSKTWTSL PNAKVNPMLT ADKQGLYKSD NHAWLFGWKK 360
GSVFQAGPST AMNWYYTSGS GDVKSAGKRQ SNRGVAPDAM SGNAVMYDAV KGKILTFGGS 420
PDFEDSDATT NAHIITLGEP GTSPNTVFAS NGLYFARTFH TSVVLPDGST FITGGQRRGI 480
PFEDSTPVFT PEIYVPEQDT FYKCNPNSIV RAYHSISLLL PDGRVFNGGG GLCGDCTTNH 540
FDAQIFTPNY LYDSNGNLAT RPKITRTSTQ SVKVGGRITI STDSSISKAS LIRYGTATHT 600

VNTDQRRIPL TLTNNGGNSY SFQVPSDSGV ALPGYWMLFV MNSAGVPSVA STIRVTQ 657
SEQ ID NO: 16 moltype = AA length = 657

FEATURE Location/Qualifiers

source 1..657

mol type = protein

organism = synthetic construct
SEQUENCE: 16
MGHHHHHHSS GHIEGRHMAS APIGSAIPRN NWAVTCDSAQ SGNECNKAID GNKDTFWHTEF 60
YGANGDPKPP HTYTIDMKTT QNVNGLSVLP RQODGNQONGWI GRHEVYLSSD GTNWGSPVAS 120
GSWFADSTTK YSNFETRPAR YVRLVAITEA NGQPWTSIAE INVFQASSYT APQPGLGRWG 180
PTIDLPIVPA AAAIEPTSGR VLMWSSYRND AFEGSPGGIT LTSSWDPSTG IVSDRTVIVT 240
KHDMFCPGIS MDGNGQIVVT GGNDAKKTSL YDSSSDSWIP GPDMQVARGY QSSATMSDGR 300
VFTIGGSFSG GVFEKNGEVY SPSSKTWTSL PNAKVNPMLT ADKQGLYKSD NHAWLFGWKK 360
GSVFQAGPST AMNWYYTSGS GDVKSAGKRQ SNRGVAPDAM SGNAVMYDAV KGKILTFGGS 420
PDYTDSDATT NAHIITLGEP GTSPNTVFAS NGLYFARTFH TSVVLPDGST FITGGQRRGI 480
PFEDSTPVFT PEIYVPEQDT FYKQNPNSIV RAYHSISLLL PDGRVFNGGG GLCGDCTTNH 540
FDAQIFTPNY LYDSNGNLAT RPKITRTSTQ SVKVGGRITI STDSSISKAS LIRYGTATHT 600

VNTDQRRIPL TLTNNGGNSY SFQVPSDSGV ALPGYWMLFV MNSAGVPSVA STIRVTQ 657
SEQ ID NO: 17 moltype = AA length = 647

FEATURE Location/Qualifiers

source 1..647

mol type = protein

organism = gynthetic construct
SEQUENCE: 17
GAOMRQWSAS APIGSAIPRN NWAVTCDSAQ SGNECNKAID GNKDTFWHTF YGANGDPKPP 60
HTYTIDMKTT QNVNGLSVLP RQDGNQNGWI GRHEVYLSSD GTNWGSPVAS GSWFADSTTK 120
YSNFETRPAR YVRLVAITEA NGQPWTSIAE INVFQASSYT APQPGLGRWG PTIDLPIVPA 180
AAATEPTSGR VLMWSSYRND AFEGSPGGIT LTSSWDPSTG IVSDRTVTVT KHDMFCPGIS 240
MDGNGQIVVT GGNDAKKTSL YDSSSDSWIP GPDMQVARGY QSSATMSDGR VFTIGGSFSG 300
GVFEKNGEVY SPSSKTWTSL PNAKVNPMLT ADKQGLYKSD NHAWLFGWKK GSVFQAGPST 360
AMNWYYTSGS GDVKSAGKRQ SNRGVAPDAM SGNAVMYDAV KGKILTFGGS PDYTDSDATT 420
NAHIITLGEP GTSPNTVFAS NGLYFARTFH TSVVLPDGST FITGGQORRGI PFEDSTPVEFT 480
PEIYVPEQDT FYKQNPNSIV RAYHSISLLL PDGRVFNGGG GLCGDCTTNH FDAQIFTPNY 540
LYDSNGNLAT RPKITRTSTQ SVKVGGRITI STDSSISKAS LIRYGTATHT VNTDQRRIPL 600
TLTNNGGNSY SFQVPSDSGV ALPGYWMLFV MNSAGVPSVA STIRVTQ 647
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1. A molecular manufacturing process comprising:

contacting a platform molecule with (i) a biocatalyst and
(ii) a chemical catalyst under conditions suitable to
produce a value-added chemical.

2. The process of claim 1, wherein the platform chemical
comprises glucose and the value-added chemical comprises
glucaric acid.

3. The process of claim 2, wherein the biocatalyst com-
prises galactose oxidase and the chemical catalyst comprises
a transition metal catalyst.

4. The process of claim 1, wherein the platform chemical
comprises glucose and the value-added chemical comprises
L-ascorbic acid.

5. The process of claim 1, wherein the platform chemical
comprises glucose and the value-added chemical comprises
succinic acid.

6. The process of claim 1, wherein the platform chemical
comprises glucose and the value-added chemical comprises
2,5-furan dicarboxylic acid.

7. The process of claim 1, wherein the platform chemical
comprises glucose and the value-added chemical comprises
2,5-furan dicarboxylic acid dimethyl ester.

8. The process of claim 1, wherein the platform chemical
comprises ethanol and the value-added chemical comprises
acetaldehyde.

9. The process of claim 1, wherein the platform chemical
comprises ethanol and the value-added chemical comprises
propylene glycol.

10. The process of claim 1, wherein the platform chemical
comprises ethanol and the value-added chemical comprises
lactic acid.
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11. The process of claim 1, wherein the platform chemical
comprises ethanol and the value-added chemical comprises
acrylic acid.

12. The process of claim 1, wherein the platform chemical
comprises ethanol and the value-added chemical comprises
propanol.

13. The process of claim 1, wherein the platform chemical
comprises ethanol and the value-added chemical comprises
acetoin.

14. The process of claim 1, wherein the platform chemical
comprises ethanol and the value-added chemical comprises
2,3-butanediol.

15. The process of claim 1, wherein the platform chemical
comprises ethanol and the value-added chemical comprises
1,3-butadiene.

16. The process of claim 1, wherein the platform chemical
comprises ethanol and the value-added chemical comprises
2-butanone.

17. The process of claim 1, wherein the platform chemical
comprises ethylene glycol and the value-added chemical
comprises glycolic acid.

18. The process of claim 1, wherein the platform chemical
comprises ethylene glycol and the value-added chemical
comptises ethanolamine.

19. The process of claim 1, wherein the platform chemical
comprises ethylene glycol and the value-added chemical
comprises glycerol.

20. The process of claim 1, wherein the platform chemical
comprises glycerol and the value-added chemical comprises
dihydroxyacetone.
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