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(57) ABSTRACT

A chemoenzymatic method of producing a polyhydroxyben-
zene includes contacting glucose with one or more biocata-
lysts under conditions suitable for the formation of D-glu-
codialdose; and thermally treating D-glucodialdose in the
presence of a dehydration catalyst under conditions suitable
for the formation of the polyhydroxybenzene. A chemoen-
zymatic method of producing 1,2,3,4-tetrahydroxybenzene
includes contacting glucose with a mutated copper radical
oxidase and catalase under conditions suitable for the for-
mation of D-glucodialdose; and subjecting D-glucodialdose
and a dehydration catalyst to temperatures ranging from
about 40° C. to about 100° C. suitable for the formation of
1,2,3 4-tetrahydroxybenzene.

Specification includes a Sequence Listing.
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COMPOSITIONS AND METHODS FOR
PRODUCTION OF ANTIMICROBIAL
AGENTS FROM BIO-RENEWABLE
FEEDSTOCKS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This applicationis a 35 U.S.C. § 371 national stage
application of PCT/US2023/063051 filed Feb. 22, 2023 and
entitled “Compositions and Methods for the Production of
Antimicrobial Agents from Bio-Renewable Feedstocks,”
which claims priority to U.S. Provisional Application No.
63/312,402 filed Feb. 22, 2022 and entitled “Compositions
and Methods for the Production of Antimicrobial Agents
from Bio-Renewable Feedstocks,” each of which is hereby
incorporated herein by reference in its entirety for all pur-
poses.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] Not applicable.

REFERENCE TO SEQUENCE LISTING

[0003] The instant application contains a Sequence Listing
which has been submitted electronically in XML file format
and is hereby incorporated by reference in its entirety. Said
XML file, created on Apr. 13, 2023, is named 3416-09902_
21ENZ005_PCT Sequence Listing.xml and is 16,384 bytes
in size.

TECHNICAL FIELD

[0004] The present disclosure relates generally to compo-
sitions and methods for the production of antimicrobial and
antioxidant agents. More particularly, the present disclosure
relates to chemoenzymatic methods and compositions for
the production of antimicrobial and/or antioxidant agents.

BACKGROUND

[0005] The struggle of mankind against infectious dis-
eases is well known. The discovery of antibiotics led to
optimism that infections can be controlled and prevented.
However, infections are still the leading cause of death in the
developing world. This is due to the emergence of new
diseases, the reemergence of diseases once controlled, and
the appearance of antimicrobial resistance. It appears that
the emergence of antimicrobial resistance is inevitable to
almost every new drug, and it is recognized as a major
problem in the treatment of microbial infections in both
hospitals and the community at large.

[0006] Traditional methods for the production of antimi-
crobial and/or antioxidant agents may rely on biological
pathways, such as fermentation, or standard petrochemical
pathways using heat to generate a reaction. Both of these
routes produce significant amounts of by-products which are
disadvantageous to the economics of the process. Further,
both of these routes result in the generation of large amounts
of carbon dioxide (CO,), either as a biological byproduct or
as a product using heat to catalyze reactions. Thus, it would
be desirable to develop methods and compositions having
improved efficiencies and a reduced carbon footprint for the
production of antimicrobial agents.
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BRIEF DESCRIPTION OF DRAWINGS

[0007] For a detailed description of the aspects of the
disclosed processes and systems, reference will now be
made to the accompanying drawings in which:

[0008] FIG. 1 is a schematic overview of aspects of the
processes disclosed herein.

[0009] FIG. 2 is a graph of the specific activity of GAO
mutants on glucose.

[0010] FIG. 3 is a graph of the specific activity of GAO-
Mut47 and Mutl07 on 0.5 and 2% glucose.

[0011] FIGS. 4 and 5 are graphs of the residual glucose
concentration in parr reactions.

[0012] FIG. 6 depicts graphs of the integration peak area
of GDA, reaction intermediates (mw. 176 g/mol and 174
g/mol), and the double dehydrated product (mw. 142 g/mol)
on HPLC.

[0013] FIG. 7A depicts the TLC analysis of extracted
dehydrated product (A).

[0014] FIG. 7B depicts the LC/MS analysis of purified
fraction A and B from the TLC.

[0015] FIG. 8 is a plot of the 2D-NMR analysis (HSQC)
of purified fraction A and B from TLC.

[0016] FIG. 9 depicts the FT-IR spectrum of purified
fraction A and B from TLC analysis.

[0017] FIGS. 10 and 11 depict LC/QQQ MS analysis of
fraction A and B with pyrogallol authentic standard.
[0018] FIG. 12 depicts a proposed reaction mechanism of
pyrogallol and 1,2,3,4-tetrahydroxybenzene production
from the GDA.

[0019] FIG. 13 depicts the HPLC integration peak area of
GDA, reaction intermediates (mw. 176 g/mol and 174
g/mol), and 1,2,3.4-tetrahydroxybenzene from three differ-
ent heat incubated GDA samples.

BRIEF SUMMARY

[0020] A chemoenzymatic method of producing a poly-
hydroxybenzene comprising contacting glucose with one or
more biocatalysts under conditions suitable for the forma-
tion of D-glucodialdose; and thermally treating D-glucodi-
aldose in the presence of a dehydration catalyst under
conditions suitable for the formation of the polyhydroxy-
benzene.

[0021] A chemoenzymatic method of producing 1,2,3,4-
tetrahydroxybenzene comprising contacting glucose with a
mutated copper radical oxidase and catalase under condi-
tions suitable for the formation of D-glucodialdose; and
subjecting D-glucodialdose and a dehydration catalyst to
temperatures ranging from about 40° C. to about 100° C. to
form 1,23 4-tetrahydroxybenzene.

DETAILED DESCRIPTION

[0022] Disclosed herein are methods and compositions for
the formation of antimicrobial and/or antioxidant agents
from bio-based compounds. The methods disclosed herein
utilize both a biocatalyst and a chemical catalyst and are
referred to herein as chemoenzymatic methods. In one or
more aspects of the present disclosure, the antimicrobial
compound is a polyhydroxybenzene or derivatives thereof.
Polyhydroxybenzene and derivatives thereof exhibit high
potential as effective antimicrobial and/or antioxidant
agents. In an aspect, the polyhydroxybenzene is 1,2,3,4-
tetrahydroxybenzene (THB) that is also known as benzene-
1,2,3,4-tetrol. THB has shown significant and broad-spec-
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trum antimicrobial activity versus a wide range of gram
positive, gram-negative bacteria, yeasts, and fungi, includ-
ing pathogenic and non-pathogenic organisms. For simplic-
ity, the compounds disclosed herein that may function as an
antimicrobial and/or antioxidant is termed an active. Here-
inafter the compositions disclosed herein are referred to as
bio-based active agents (BAA).

[0023] In one or more aspects, the BAA comprises 1,23,
4-tetrahydroxybenzene, alternatively the BAA consists
essentially of 1,2,3,4-tetrahydroxybenzene. The conven-
tional method for producing 1,2,3,4-tetrahydroxybenzene
uses pyrogallol as the starting material where pyrogallol is
converted to aminopyrogallol in a four-step synthesis. Ami-
nopyrogallol is then hydrolyzed to give 1,2,3,4-tetrahy-
droxybenzene. Conversion of pyrogallol to 1,2,3,4-tetrahy-
droxybenzene requires the use of reagents such as phosgene,
solvents such as pyridine and xylene, and forms a potentially
explosive nitroaromatic as a synthetic intermediate.

[0024] Disclosed herein is a novel method of generating
1,2,3 4-tetrahydroxybenzene from glucose utilizing a bio-
catalyst, or alternatively a modified copper radical oxidase.
Copper-radical oxidases (CROs) catalyze the two-electron
oxidation of a large number of primary alcohols including
carbohydrates, polyols and benzylic alcohols as well as
aldehydes and c.-hydroxy-carbonyl compounds while reduc-
ing molecular oxygen to hydrogen peroxide.

[0025] In one or more aspects and with reference to FIG.
1, a method of the present disclosure comprises the oxida-
tion of glucose. In such aspects, glucose oxidation is cata-
lyzed by an oxidase such as an oxidase engineered to accept
glucose as a substrate. For example, and as depicted in FIG.
1, the oxidase is copper radical oxidase or alternatively a
mutated galactose oxidase (mutGAQ) which has been engi-
neered to accept glucose as a substrate. In such aspects, the
mutGAO oxidizes the C alcohol to an aldehyde generating
D-glucodialdose and hydrogen peroxide.

[0026] Herein, a modified copper radical oxidase suitable
for use suitable for use in the present disclosure comprises
a modified 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.
[0027] GAO is secreted by some fungal species, particu-
larly Fusarium graminearum (also known as Gibbeella
zeae), to aid in the degradation of extracellular carbohydrate
food sources through catalyzing the oxidation of primary
alcohols to aldehydes while generating hydrogen peroxide.
The native function of GAO is the oxidation of D-galactose
at the Ce position to generate D-galacto-hexodialdose. A
small molecule (potassium ferricyanide) or auxiliary
enzyme (i.e., horseradish peroxidase or HRP) is typically
included to facilitate GAO activity. Typically, HRP is added
to the reaction at a tenth of the weight percent (wt. %) of
GAO. Although the GAO is promiscuous, the native form is
unable to bind glucose due to steric clashes with F464 and
F194 in the active site and the equatorial C, hydroxyl group
on glucose. Efforts to engineer GAO to accept D-glucose as
a substrate to form the C, aldehyde have resulted in
improved activity as shown in Table 1. The M-RQW variant
(R330K, Q406T, W290F) shows a specific activity of 1.6 U
mg~. Another variant, the Des3-2 (Q326E, Y329K, R330K)
showed four times higher activity on glucose than the native
enzyme. In addition, the mutation C383S was found to
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improve catalytic efliciency up to three times by reducing
the K, of the enzyme on non-native substrates guar gum and
methylgalactose through improved binding of the catalytic
copper ion. Tables and 2 provide listings of some oxidase
enzymes that may be useful in the methods of the present
disclosure. Biocatalysts suitable for use in the present dis-
closure may have any of SEQ ID No. A through SEQ ID
No.:9, for example, SEQ ID No. 1, SEQ ID No. 2, SEQ ID
No. 3, SEQ ID No. 4, SEQ ID No. 5, SEQ ID No. 6, SEQ
ID No. 7, SEQ ID No. 8, SEQ ID No. 9, or combinations
thereof.

TABLE 1
Enzyme
Name Mutations Benefits
M-RQW  R330K Q406T W290F 1.6 U/mg on glucose
Des3-2 Q326E Y329K R330K 4x activity on glucose vs WT
NA C3838 Reduces K, through improved
copper binding
M1 S10P M70V P136 G195E  Improves E. coli expression
V494A N335D and solubility
N6M1 A2A (GCC—GCA) 838 Silent N-term mutations for
(TCA—TCT) I5I enhanced E. coli expression
(ATC—ATT)
NA F194T C383E N245W/R  Improved specific activity of
up to 3 U/mg with N245R and
C383E in N6M1 background
NA W290F R330K Q406T 1.6 pM/min conversion on
Y405F Q406E glucose
TABLE 2
Name Starting Mut Additional mutations
M1 wild-type S10P M70V P136P
G195E V494A N535D
M-RQW M1 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
[0028] In an aspect, biocatalysts suitable for use in pro-

duction of a BAA of the type disclosed herein may further
include one or more purified cofactors. Herein a cofactor
refers to non-protein chemical compound that modulates the
biological activity of the biocatalyst.

[0029] Many enzymes require cofactors to function prop-
erly. Nonlimiting examples of purified enzyme cofactors
suitable for use in the present disclosure include thiamine
pyrophosphate, NAD+, NADP+, pyridoxal phosphate,
methyl cobalamin, cobalamine, biotin, Coenzyme A, tetra-
hydrofolic acid, menaquinone, ascorbic acid, flavin mono-
nucleotide, 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 bio-
catalyst preparation may be readily regenerated with oxygen
and/or may remain stable throughout the lifetime of the
enzyme(s).

[0030] 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 may result in the production of
byproducts (e.g., hydrogen peroxide) that can detrimentally
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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 combinations thereof.

[0031] 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, 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. Alterna-
tively, 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.

[0032] Inthe 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 hydrogen peroxide and increase protein yield.
[0033] 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
a version of said biocatalyst (wildtype or recombinant)
provided as a suitable construct to an appropriate expression
system.

[0034] 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.

[0035] 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”
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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.

[0036] 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 sequerces
are sequences that control the transcription, post-transcrip-
tional events, and translation of nucleic acid sequences.
Fxpression 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.

[0037] 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-
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.
[0038] In one or more aspects, a method of the present
disclosure further comprises the dehydration and rearrange-
ment of D-glucodialdose to 1,2,3,4-tetrahydroxybenzene.
The dehydration and rearrangement of D-glucodialdose to
1,2,3 4-tetrahydroxybenzene may be carried out by subject-
ing D-glucodialdose to temperatures ranging from about 40°
C. to about 100° C., alternatively from about 80° C. to about
100° C., alternatively from about 60° C. to about 80° C. or
alternatively from about 40° C. to about 60° C.

[0039] In one or more aspects, heat incubation of D-glu-
codialdose is carried out in the presence of a dehydration
catalyst. Nonlimiting examples of catalysts that may facili-
tate the conversion of D-glucodialdose to 1,2,3,4-tetrahy-
droxybenzene include metals such as manganese, copper or
polyanions such as phosphate. Advantageously, the amount
of catalyst that efficiently facilitates the dehydration and
rearrangement of D-glucodialdose may be so low as to be at
levels attributable to impurities in the media utilized to carry
out the reaction. For example, the dehydration and rear-
rangement of D-glucodialdose to 1,2,3,4-tetrahydroxyben-
zene may be carried out in the presence of catalyst amounts
ranging from less than about 0.01 wt. % to about 1.0 wt. %,
alternatively less than about 0.9 wt. %, alternatively less
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than about 0.8 wt. %, alternatively less than about 0.7 wt. %,
alternatively less than about 0.6 wt. %, alternatively less
than about 0.5 wt. %, alternatively less than about 0.4 wt. %,
alternatively less than about 0.3 wt. %, alternatively less
than about 0.2 wt. %, alternatively less than about 0.1 wt. %,
alternatively less than about 0.05 wt. %, alternatively less
than about 0.025 wt. %, or alternatively less than about 0.01
wt. %. In one or more alternative aspects, the dehydration
and rearrangement of D-glucodialdose to 1,2,3,4-tetrahy-
droxybenzene may be carried out in the presence of catalyst
that is added to the reaction mixture.

[0040] In one or more aspects, the method further com-
prises recovering 1,2,3.4-tetrahydroxybenzene. 1,2,3,4-tet-
rahydroxybenzene may be used without any further process-
ing, Alternatively, 1,2,3,4-tetrahydroxybenzene may be
purified using any suitable purification methodology such as
simple distillation, centrifugation, crystallization, evapora-
tion, chromatography, fractional distillation and combina-
tions thereof.

[0041] In an aspect, the BAAs of this disclosure are
included in a composition or formulation for administration
to a subject. The terms “composition” and “formulation” as
used herein refer to their generally accepted meanings in the
art. These terms generally refer to forms in which an agent
is suitable for administration (e.g., systemic or local admin-
istration) to a subject. Such compositions and formulations
may comprise pharmaceutically acceptable diluents and/or
pharmaceutically acceptable carriers.

[0042] The term “subject” as used herein, refers to an
animal which is the object of treatment, observation, or
experiment. By way of example only, a subject may be, but
is not limited to, a mammal including, but not limited to, a
human. In an aspect, the subject is administered the com-
positions disclosed herein in a therapeutically effective
amount sufficient for treating, preventing, and/or ameliorat-
ing one or more symptoms of a disease or disorder. As used
herein, amelioration of a symptoms of a disease or disorder
by administration of a particular composition of the type
disclosed herein refers to any lessening of that symptom,
whether lasting or transient, which can be attributed to or
associated with administration of compositions of the type
disclosed herein.

[0043] In one or more aspects, the BAA is formulated for
delivery to a material where bacterial growth is routinely
mitigated. For example, the BAA may be introduced manu-
ally or automatically to a water source to mitigate the growth
of microbial species. In an aspect, the BAA is introduced to
industrial water. Herein, “industrial water” refers to water
used in an industrial operation such as fabricating, process-
ing, washing, diluting, cooling, or transporting a product;
incorporating water into a product; or for sanitation needs.
In an aspect, the industrial water is a feed water. Herein, a
feed water refers to water used in boilers and cooling towers
to ensure or enhance efficiency, maximize boiler and system
life, reduce maintenance costs, maintain levels of opera-
tional performance, or the like. In one or more aspects, the
industrial water is present in a cooling system such as a
once-through cooling system, a closed recirculating cooling
system, or dry cooling tower; or an open recirculating
system such as a wet cooling tower or evaporative cooling
tower. In another aspect, industrial water facilitates the
cooling of a modern internal combustion engine.

[0044] In one or more aspects, a method of the present
disclosure comprises the oxidation of glucose catalyzed by
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a mutated copper radical oxidase to form D-glucodialdose.
D-glucodialdose in the presence of suitable catalyst and
elevated temperatures may subsequently be dehydrated and
rearranged to form 1,2,3,4-tetrahydroxybenzene. Advanta-
geously, the methods disclosed herein may be carried out in
a single reaction vessel which is commonly termed “one-pot
synthesis.” One of ordinary skill in the art will readily
recognize the benefits associated with one-pot synthetic
processes such as simple operation, high mass efficiency,
low cost, and a reduced amount of waste.

[0045] Disclosed herein are novel methods and composi-
tions for the production of BAAs. In an aspect, the presently
disclosed BAAs are produced at commercial scale and at
purities of from about 70% to equal to or greater than about
90%, alternatively equal to or greater than about 70%,
alternatively equal to or greater than about 80%, alterna-
tively equal to or greater than about 90% with yields of from
about 50% to about 90%, alternatively equal to or greater
than about 50%, alternatively equal to or greater than about
60%, alternatively equal to or greater than about 70%,
alternatively equal to or greater than about 80% or alterna-
tively equal to or greater than about 90%.

ADDITIONAL DISCLOSURE

[0046] A first aspect which is a chemoenzymatic method
of producing a polyhydroxybenzene comprising contacting
glucose with one or more biocatalysts under conditions
suitable for the formation of D-glucodialdose; and thermally
treating D-glucodialdose in the presence of a dehydration
catalyst under conditions suitable for the formation of the
polyhydroxybenzene.

[0047] A second aspect which is the method of the first
aspect wherein the polyhydroxybenzene comprises 1,2,3,4-
tetrahydroxybenzene.

[0048] A third aspect which is the method of any of the
first through second aspects wherein the biocatalyst is a
member of the copper radical oxidase family.

[0049] A fourth aspect which is the method of any of the
first through third aspects wherein the one or more biocata-
lysts comprise a galactose oxidase.

[0050] A fifth aspect which is the method of any of the first
through fourth aspects wherein the one or more biocatalysts
comprise a mutated galactose oxidase.

[0051] A sixth aspect which is the method of any of the
first through fifth aspects wherein the one or more biocata-
lysts has any of SEQ ID No.1 through SEQ ID No.:9.
[0052] A seventh aspect which is the method of any of the
first through sixth aspects wherein the one or more biocata-
lysts comprises a catalase.

[0053] An eighth aspect which is the method of any of the
first through seventh aspects wherein thermally treating
comprises subjecting D-glucodialdose to a temperature
ranging from about 40° C. to about 100° C.

[0054] A ninth aspect which is the method of any of the
first through eighth aspects wherein the dehydration catalyst
comprises copper, manganese, a polyanion or a combination
thereof.

[0055] A tenth aspect which is the method of any of the
first through ninth aspects further comprising recovering
1,2,3.4-tetrahydroxybenzene.

[0056] An eleventh aspect which is the method of any of
the first through tenth aspects further comprising purifying
1,23 4-tetrahydroxybenzene.
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[0057] A twelfth aspect which is the method of any of the
first through eleventh aspects wherein the purity of 1,2,3,4-
tetrahydroxybenzene ranges from about 70% to equal to or
greater than about 90%.

[0058] A thirteenth aspect which is the method of any of
the first through twelfth aspects wherein the yield of 1,2,3,
4-tetrahydroxybenzene ranges from about 50% to about
90%.

[0059] A fourteenth aspect which is a chemoenzymatic
method of producing 1,2,3,4-tetrahydroxybenzene compris-
ing contacting glucose with a mutated copper radical oxi-
dase and catalase under conditions suitable for the formation
of D-glucodialdose; and subjecting D-glucodialdose and a
dehydration catalyst to temperatures ranging from about 40°
C. to about 100° C. suitable for the formation of 1,2,3,4-
tetrahydroxybenzene.

[0060] A fifteenth aspect which is the method of the
fourteenth aspect wherein the mutated copper radical oxi-
dase comprises a galactose oxidase having any of SEQ ID
No.7 through SEQ ID No.:9.

[0061] A sixteenth aspect which is the method of any of
the fourteenth through fifteenth aspects wherein the purity of
1,23 4-tetrahydroxybenzene ranges from about 70% to
equal to or greater than about 90%.

[0062] A seventeenth aspect which is the method of any of
the fourteenth through sixteenth aspects wherein the yield of
1,23 ,4-tetrahydroxybenzene ranges from about 50% to
about 90%.

[0063] An eighteenth aspect which is the method of any of
the fourteenth through seventeenth aspects wherein the
method is carried out in a single reaction vessel.

[0064] A nineteenth aspect which is the method of any of
the fourteenth through eighteenth aspects further comprising
contacting the 1,2,34-tetrahydroxybenzene with one or
more a pharmaceutically acceptable carriers or pharmaceu-
tically acceptable diluents.

[0065] A twentieth aspect which is the method of any of
the fourteenth through nineteenth aspects further comprising
introducing the 1,2,3,4-tetrahydroxybenzene to industrial
water.

[0066] A twenty-first aspect which is the method of any of
the fourteenth through twentieth aspects wherein the indus-
trial water comprises feed water.

EXAMPLES

[0067] 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 suitable 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 of the claims to follow in any manner.
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Example 1

Generation of GAO Mutant for Producing Glucodialdose
from Glucose

[0068] A GAO was engineered to provide a mutant
capable of converting glucose to glucodialdose. Following
directed evolution and rational enzyme engineering, the
improved GAO mutant exhibits a specific activity of >35 U
mg~" on glucose.

Directed Evolution

[0069] Directed evolution of thirty sites within 10 A ofthe
catalytic copper was performed on a parent sequence
reported in Spadiut et al. containing the following added
mutations: 1) R330, Q406 T, W290F discovered by Sun et al.
to introduce less than 1 U mg™" activity on glucose to GAQ,
2) C3838 discovered by Wilkinson et al. to lower the K,, of
the enzyme on galactose, and 3) Y405F and Q406E discov-
ered by Rannes et al. 2011 to enhance activity on a D-N-
acetyl glucosamine substrate. Other mutations described in
Table 3 were found to have neutral or deleterious effects on
glucodialdose-generating activity. A new combination
sequence was designated GAO-Mut!.

TABLE 3

Previously Described GAO Murants with Reported
Activity on Glucose or Glucose Analeg

Ml wild-type  Sun 20017, S10P M70V
Spadiut 2011 P136P G195E
V494A N535D
M-RQW Ml Sun 20028 R330K Q406T
W290F 1463P
GAO M-RQW  Wilkinson 2004 C3838
GAO-mutl GAO Ramnes 2011 Y405F Q406E
GAO-mut2 GAO Chappell 2013° F194T
GAO-mut3 GAO Chappell 2013° C383E
GAO-mut4 GAO Chappell 2013° N245R
GAO-mut5 GAO Lippow 20103 Q326F Y320K
[0070] 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 lysogeny broth (LB). The grown clones were then 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 was then screened for oxidase activity using
a colorimetric  (2,2'-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid)) ABTS assay which detects hydrogen perox-
ide via a chromogenic enzyme-coupled reaction. 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 UL of the diluted lysate was
combined with ABTS assay solution (final concentration of
2% wiv glucose, 0.0125 mg/ml horseradish peroxidase, 50
mM sodium phosphate buffer at pH 8, 0.05% ABTS) to a
final volume of 200 pl. and the change in absorbance at 405
nm was monitored until the reaction was complete. To assay
residual activity after a heat challenge, 50 ul. lysate was
incubated for ten minutes at 50° C. and 20 uL of the
heat-treated lysate was added to the ABTS solution before
monitoring change in absorbance at 405 nm. Specific activ-
ity was calculated from the formulas below using the linear
portion of the curve to measure AA405/min, taking the
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extinction coefficient of ABTS at 405 nm as 36.8 mM ™' -cm™
1, and dividing by two to account for the fact that one
molecule of H,0, oxidizes two molecules of ABTS in the
HRP-catalyzed reaction.
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Unit -1 AA405min’1
nits mg™ =
¢ 36.8x 2 x (pathlength in cm)x (mg enzyme)/(ml reaction mixture)
-1
Units ml™! = Adysmin

T 36.8x2x (pathlength in ¢m)x (ml enzyme)/(ml reaction mixture)

[0071] Mutant lysates exhibiting a AA405/min greater
than GAO-Mutl were chosen for further characterization.
Following identification of the mutation by DNA sequenc-
ing, hits were expressed, purified, and assayed for specific
activity and thermostability as assessed by the temperature
at which one half maximal activity was observed (Tsg).
Mutants were purified from 5 ml culture grown in auto-
induction medium in a 24-well plate. Harvested cells were
lysed with Bacterial Protein Extraction Reagent (B-PER)
and the lysate was spun down with 15,000 rcf for 30 min at
4° C. The lysate supernatant was used for protein purifica-
tion with HisPur™ Ni-NTA Spin Plates. The eluted protein
sample was diluted with 100 mM potassium phosphate
buffer pH 7.5 with 0.5 mM CuSO,, and specific activity was
measured using the ABTS assay outlined above. Ts, was
measured by heating protein in the absence of substrate,
cooling, and then measuring residual activity using 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 pL into a row
of a 96-well PCR plate, and incubating over a temperature
gradient 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.

[0072] Hits were purified, tested for activity and T4, and
recombined to generate a final best mutant from the directed
evolution step. Promising point mutants that could benefi-
cially be combined in the Mutl background included
A193R, D404H, F441Y, and A172V (Table 4). These muta-
tions were combined into a single combination mutant
named GAO-Mut47 which exhibited a specific activity of
27.3 U mg™" and a T, of 56.8° C.

TABLE 4

Tso and Specific Activity of Point and Combination
Mutants Identified via Directed Evolution

Tsp Kcat  Km

Name Mutations Umg °C. §! mM

M-RQW-S 1.1 568 314 21683
GAO-mutl Y405F Q406E 140 518 302 93.1
GAO-mut6 Y405F Q406E S383C 61 415 366 4120

GAO-mut7 Y405F Q406E F441Y 165 536 273 42.7
GAO-mut8 Y405F Q406E D404H 150 537 307 83.9
GAO-mut9 Y405F Q406E G461A 134 532 278 83.7
GAO-mutl0  Y405F Q406E I462R 121 532 316 1307
GAO-mutl1 Y405F Q406E A172V 212 485 395 72.6
GAO-mutl2  Y405F Q406E A193R 154 563 28.0 64.8
GAO-mutl3  Y405F Q406E AI93T 146 538 304 75.3
GAO-mutl4  Y405F Q406E D404H 188 550 265 29.7

F441Y

TABLE 4-continued

T, and Specific Activity of Point and Combination
Mutants Identified via Directed Evolution

Tsy Kcat  Km
Name Mutations Umg °C. §! mM

GAO-mutl5  Y405F Q406E G461A 122 540 248  79.1
[462R

Y405F Q406E D404H 182 553 236 255
F441Y G461 A 1462R

Y405F Q406E A193T 181 566 241 280
D404H F441Y G461A

1462R

Y405F Q406E A193T 133 463 245 708
D404H F441Y G461A

1462R S383C

Y405F Q406E A193T 214 379 356 582
D404H F441Y G461A

[462R S383C A172V

Y405F Q406E F441Y 183 538 242 296
G461A T462R

Y405F Q406E A193T 236 515 295 264
D404H F441Y G461A

I462R A172V

Y405F Q406E A193R 211 575 272 268
D404H F441Y G461A

[462R A172V

Y405F Q406E A193R 273 568 350 252
D404H F441Y A172V

Y405F Q406E D404H  27.1 529 354 266
F441Y A172V

GAO-mutl7

GAO-mutl8

GAO-mutl9

GAO-mut20

GAO-mut21

GAO-mut22

GAO-mut23

GAO-mutd7

GAO-mut58

Rational Engineering

[0073] 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 data
(MSA). Previously, the inventors identified GAO-M-RQW
S (the GAO-Mut!l sequence without the Y405F and Q406E
mutations discovered by Rannes et al. 2011) as exhibiting
the capability to accept both glucose and gluconate as
substrate (FIG. 6). As efforts were underway to produce
aGAO active on both substrates, rational design was per-
formed on the GAO-M-RQW-S sequence rather than GAO-
Mutl. Structural methods employed included applying
FoldX12 (40 predicted mutations) and PROSS13 (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 made using methods described by Sullivan et al.
(34 mutations) and Komor et al. (28 mutations) applied to a
185-member MSA. This MSA was generated from an initial
set of 1000 sequences curated with JALVIEW to remove
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sequences with 98% redundancy and retain only sequences
experimentally verified as carbohydrate oxidases. 30 muta-
tions identified by Merck in designing a GAO for synthe-
sizing an intermediate of the HIV drug Islatravir were also
added to the panel.

[0074] In total, 202-point mutants were screened using the
same methods described above for screening the directed
evolution 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 5). The final
GAO-Mutl07 construct containing the Mut47 mutations
and N66S, S306A, S311F, and Q4861 exhibits a specific
activity of 34.96 U mg™" on 2% glucose and a T, of 60.56°
C. (FIG. 3). Additional mutations identified from machine
learning algorithms were later incorporated to generate
GAO-mut142 and GAO-mut164.

TABLE 5
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performance liquid chromatography (HPLC) to measure
residual glucose and the results are presented in FIG. 4.

Example 2

Generation of Dehydrated GDA Product from Heat Incuba-
tion.

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

[0076] 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 pM MnSO,, 15
w/v % 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 0 and 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. 5.

Heat Incubation of GDA Solution to Catalyze the
Dehydration Reaction

[0077] 100 pL of GDA solution that was generated from
the parr reaction (~14.5 wiv % of GDA, 0.5% w/v % of

Specific Activity and T50 of Rationally Designed Combination Mutants

Fold T50
Clone Mutations from Mutd7 New Mutations U/mg Improvement ° C.
Mut47 3111 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 Y189W S306A S311F 33.87 1.09 60.81
S311F
GAO-mut73 N28I N66S Y189W S306A S331R 27.56 0.89 59.87
S311F S331R
GAO-mut74 N28I N66S Y189W S306A  A378D 25.57 0.82 58.94
S311F S331R A378D
GAO-mut75  N28IN66S Y189W S306A  R459Q 23.51 0.76 58.49
S311F S331R A378D R459Q
GAO-mut76 N28I N66S Y189W V471D 19.22 0.62 59.17
S306A S311F S331R
A378D R459Q V477D
GAO-mut77 N28I N66S Y189W S306A Q486L 24.57 0.79 59.88
S311F S331R A378D R459Q
V477D Q486L
GAO-mut107% N66S S306A S311F Q4861 Removed N28I, 34.96 1.20 60.56
Y189W, S331R,
A378D, R459Q),
and V477D
GAO-mut142® N66S S306A S311F Q486L  H40C 37.53 1.29 58.76
H40C
GAO-mut164® N66S S306A S311F Q486L  L71C 38.22 1.32 52.97
H40C L71C

Bolded mutations are beneficial in a Mut47 background A193R D404H F441Y A172V

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

Mut47 control

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

Mut47 control.

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

[0075] 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 % engineered GAO. The reaction
was stirred at 500 rpm at 11° C. for 48 hours. Samples were
taken at 0, 24, and 48 hours then assayed with high-

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-tetrahydroxyben-
zene, and other intermediate products.

[0078] The results were analyzed by HPLC. As shown in
FIG. 6, GDA degradation is observed when the incubation
temperature is higher than 50° C., and the degradation
percentage increases by increasing the incubation tempera-
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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 intet-
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-tetrahydroxybenzene (142 g/mol) as the major prod-
uct.

Example 3

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

[0079] 40 mL of parr reaction product with 14.5 w/v %
GDA and 0.5 w/v % of glucose were incubated at 90° C. for
30 hrs to convert the GDA to 1,2,3,4-tetrahydroxybenzene.
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. 7A. 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. 7B, shows the molecular weight
of fraction A and B are 126 and 142 respectively.

[0080] 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. 8 suggests the
molecule in fraction A is 1,2,3-trihydroxybenzene, also
called pyrogallol, and the molecule in fraction B is 1,2,3,4-
tetrahydroxybenzene. FT-IR analysis (FIG. 9) shows no
carbonyl function group on either of the molecules which
further confirms the proposed molecular structure from the
NMR analysis.

[0081] Further analysis was conducted with LC system
that equipped with triple quadrupole mass detector and data
is shown in FIGS. 10 and 11. The purified fraction A was
analyzed with LC/QQQ and compared with the authentic
standard pyrogallol. The fragmentation pattern of fraction A
molecule perfectly matches the pyrogallol standard. A pro-
posed reaction mechanism of pyrogallol and 1,2,3,4-tetra-
hydroxybenzene production from the GDA sample heat
incubation is shown in FIG. 12.

[0082] 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 1,23 4-tetrahydroxybenzene. As seen in FIG. 13, 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.
[0083] 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 1.95 ppm) and concentration was calculated based
on the initial GDA concentration (15 w/v %). The results are
summarized in Table 6.
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[0084] The antimicrobial testing results shown in FIG. 13
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 6

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

General SRB (Sulfate APB (Acid

Wild Strain Reducing Producing

Biocide Bacteria Bacteria) Bacteria)
Heat GDA A 10,000 ppm 10,000 ppm 10,000 ppm
Heat GDA B 10,000 ppm 10,000 ppm 10,000 ppm
Heat GDA C 2500 ppm 2500 ppm 1250 ppm
Glutaraldehyde - 50% 1000 ppm 500 ppm 500 ppm

[0085] 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 0.10 includes 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
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, etc.

[0086] 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.
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SEQUENCE LISTING

Sequence total quantity: 9

SEQ ID NO: 1 moltype = AA length = 639
FEATURE Location/Qualifiers
source 1..639

mol type = protein

organism = Fusarium graminearum
SEQUENCE: 1
ASAPIGSAIS RNNWAVTCDS AQSGNECNKA IDGNKDTFWH TFYGANGDPK PPHTYTIDMK 60
TTONVNGLSM LPRQDGNQONG WIGRHEVYLS SDGTNWGSPV ASGSWFADST TKYSNFETRP 120
ARYVRLVAIT EANGQPWTSI AEINVFQASS YTAPQPGLGR WGPTIDLPIV PAAAAIEPTS 180
GRVLMWSSYR NDAFGGSPGG ITLTSSWDPS TGIVSDRTVT VTKHDMFCPG ISMDGNGQIV 240
VTGGNDAKKT SLYDSSSDSW IPGPDMQVAR GYQSSATMSD GRVFTIGGSW SGGVFEKNGE 300
VYSPSSKTWT SLPNAKVNPM LTADKQGLYR SDNHAWLFGW KKGSVFQAGP STAMNWYYTS 360
GSGDVKSAGK RQSNRGVAPD AMCGNAVMYD AVKGKILTFG GSPDYQDSDA TTNAHIITLG 420
EPGTSPNTVF ASNGLYFART FHTSVVLPDG STFITGGQRR GIPFEDSTPV FTPEIYVPEQ 480
DTFYKQNPNS IVRVYHSISL LLPDGRVFNG GGGLCGDCTT NHFDAQIFTP NYLYNSNGNL 540
ATRPKITRTS TQSVKVGGRI TISTDSSISK ASLIRYGTAT HTVNTDQRRI PLTLTNNGGN 600

SYSFQVPSDS GVALPGYWML FVMNSAGVPS VASTIRVTQ 639
SEQ ID NO: 2 moltype = AA length = 680

FEATURE Location/Qualifiers

source 1..680

mol_type = protein

organism = Fusarium graminearum
SEQUENCE: 2
MKHFLSLALC FSSINAVAVT VPHKSGGTGS PEGSLQFLSL RASAPIGSAI SRNNWAVTCD 60
SAQSGNECNK AIDGNKDTFW HTFYGANGDP KPPHTYTIDM KTTQNVNGLS MLPRQDGNQN 120
GWIGRHEVYL SSDGTNWGSP VASGSWFADS TTKYSNFETR PARYVRLVAV TEANGQPWTS 180
IAEINVFQAS SYTAPQPGLG RWGPTIDLPI VPAAAAIEPT SGRVLMWSSY RNDAFGGSPG 240
GITLTSSWDP STGIVSDRTV TVTKHDMFCP GISMDGNGQI VVTGGNDAKK TSLYDSSSDS 300
WIPGPDMQVA RGYQSSATMS DGRVFTIGGS WSGGVFEKNG EVYSPSSKTW TSLPNAKVNP 360
MLTADKQGLY RSDNHAWLFG WKKGSVFQAG PSTAMNWYYT SGSGDVKSAG KRQSNRGVAP 420
DAMCGNAVMY DAVKGKILTFEF GGSPDYQDSD ATTNAHIITL GEPGTSPNTV FASNGLYFAR 480
TFHTSVVLPD GSTFITGGQR RGIPFEDSTP VFTPEIYVPE QDTFYKQNPN SIVRVYHSIS 540
LLLPDGRVFN GGGGLCGDCT TNHFDAQIFT PNYLYNSNGN LATRPKITRT STQSVKVGGR 600
ITISTDSSIT KASLIRYGTA THTVNTDQRR IPLTLTNNGG NSYSFQVPSD SGVALPGYWM 660

LFVMNSAGVP SVASTIRVTQ 680
SEQ ID NO: 3 moltype = AA length = 605

FEATURE Location/Qualifiers

source 1..605

mol_type = protein

organism = Aspergillus niger
SEQUENCE: 3
MQTLLVSSLV VSLAAALPHY IRSNGIEASL LTDPKDVSGR TVDYIIAGGG LTGLTTAARL 60
TENPNISVLV IESGSYESDR GPIIEDLNAY GDIFGSSVDH AYETVELATN NQTALIRSGN 120
GLGGSTLVNG GTWTRPHKZQ VDSWETVFGN EGWNWDNVAA YSLQAERARA PNAKQIAAGH 180
YFNASCHGTN GTVHAGPRDT GDDYSPIVKA LMSAVEDRGY PTKKDFGCGD PHGVSMEFPNT 240
LHEDQVRSDA AREWLLPNYQ RPNLQOVLTGQ YVGKVLLSQON GTTPRAVGVE FCGTHKGNTHN 300
VYAEHEVLLA AGSAVSPTIL EYSGIGMKSI LEPLGIDTVV DLPVGLNLQD QTTATVRSRI 360
TSAGAGQGQA AWFATFNETF GDYSEKAHEL LNTKLEQWAE EAVARGGFHN TTALLIQYEN 420
YRDWIVNHNV AYSELFLDTA GVASFDVWDL LPFTRGYVHI LDKDPYLHHF AYDPQYFLNE 480
LDLLGQAAAT QLARNISNSG AMQTYFAGET IPGDNLAYDA DLSAWTEYIP YHFRPNYHGV 540
GTCSMMPKEM GGVVDNAARV YGVQGLRVID GSIPPTQMSS HVMTVFYAMA LKISDAILED 600

YASMQ 605
SEQ ID NO: 4 moltype = AA length = 354

FEATURE Location/Qualifiers

source 1..354

mol type = protein

organism = Humicola insolens
SEQUENCE: 4
MAPKTSTFLA SLTGAALVAA HGHVSHIIVN GVQYRNYDPT TDFYSGNPPT VIGWSALNQD 60
NGFIEPNNFG TPDIICHKSA KPGGGHVTVR AGDKISIVWT PEWPESHVGP VIDYLAACNG 120
DCETVDKTSL RFFKIDGAGY DAAAGRWAAD ALRANGNSWL VQIPADLKAG NYVLRHEIIA 180
LHGAANPNGA QAYPQCINIR VTGGGNNQPS GVPGTQLYKA SDPGILFNPW VANPQYPVPG 240
PALIPGAVSS IPQSRSTATA TGTATRPGAD TDPTGVPPVV TTTSAPAQVT TTTSSRTTSL 300

PQITTTFATS TTPPPPAATQ SKWGQCGGNG WTGPTVCAPG SSCNKLNDWY SQCI 354
SEQ ID NO: 5 moltype = AA length = 731

FEATURE Location/Qualifiers

source 1..731

mol_type = protein
organism = Bos taurus
SEQUENCE: 5
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MPAEDIRHPE KQPNSSKGAM WVCLQLPVFL ASVTLFEVAA SDTIAQAAST TTISDAVSKV 60
KIQVNKAFLD SRTRLKTTLS SEAPTTQQLS EYFKHAKGRT RTAIRNGQVW EESLKRLRRD 120
TTLTNVTDPS LDLTALSWEV GCGAPVPLVK CDENSPYRTI TGDCNNRRSP ALGAANRALA 180
RWLPAEYEDG LALPFGWTQR KTRNGFRVPL AREVSNKIVG YLDEEGVLDQ NRSLLEFMQWG 240
QIVDHDLDFA PETELGSNEH SKTQCEEYCI QGDNCFPIMF PKNDPKLKTQ GKCMPFFRAG 300
FVCPTPPYQS LAREQINAVT SFLDASLVYG SEPSLASRLR NLSSPLGLMA VNQEAWDHGL 360
AYLPFNNKKP SPCEFINTTA RVPCFLAGDF RASEQILLAT AHTLLLREHN RLARELKKLN 420
PHWNGEKLYQ EARKILGAFI QIITFRDYLP IVLGSEMQKW IPPYQGYNNS VDPRISNVFT 480
FAFRFGHMEV PSTVSRLDEN YQPWGPEAEL PLHTLFENTW RIIKDGGIDP LVRGLLAKKS 540
KLMNQDKMVT SELRNKLFQP THKIHGFDLA AINLQRCRDH GMPGYNSWRG FCGLSQPKTL 600
KGLOTVLKNK ILAKKLMDLY KTPDNIDIWI GGNAEPMVER GRVGPLLACL LGRQFQQIRD 660
GDRFWWENPG VFTEKQRDSL QKVSFSRLIC DNTHITKVPL HAFQANNYPH DFVDCSTVDK 720

LDLSPWASRE N 731
SEQ ID NO: 6 moltype = AA length = 639

FEATURE Location/Qualifiers

source 1..639

mol_type = protein

organism = synthetic construct
SEQUENCE: 6
ASAPIGSAIP RNNWAVTCDS AQSGNECNKA IDGNKDTFWH TEYGANGDPK PPHTYTIDMK 60
TTONVNGLSV LPRQDGNONG WIGRHEVYLS SDGTNWGSPV ASGSWFADST TKYSNFETRP 120
ARYVRLVAIT EANGQPWTSI AEINVFQASS YTAPQPGLGR WGPTIDLPIV PAAAAIEPTS 180
GRVLMWSSYR NDAFEGSPGG ITLTSSWDPS TGIVSDRTVT VTKHDMFCPG ISMDGNGQIV 240
VTGGNDAKKT SLYDSSSDSW IPGPDMQVAR GYQSSATMSD GRVFTIGGSF SGGVFEKNGE 300
VYSPSSKTWT SLPNAKVNPM LTADKQGLYK SDNHAWLFGW KKGSVFQAGP STAMNWYYTS 360
GSGDVKSAGK RQSNRGVAPD AMSGNAVMYD AVKGKILTFG GSPDYTDSDA TTNAHIITLG 420
EPGTSPNTVF ASNGLYFART FHTSVVLPDG STFITGGQORR GIPFEDSTPV FTPEIYVPEQ 480
DTFYKQNPNS IVRAYHSISL LLPDGRVFNG GGGLCGDCTT NHFDAQIFTP NYLYDSNGNL 540
ATRPKITRTS TQSVKVGGRI TISTDSSISK ASLIRYGTAT HTVNTDQRRI PLTLTNNGGN 600

SYSFQVPSDS GVALPGYWML FVMNSAGVPS VASTIRVTQ 639
SEQ ID NO: 7 moltype = AA length = 639

FEATURE Location/Qualifiers

source 1..639

mol type = protein

organism = gynthetic construct
SEQUENCE: 7
ASAPIGSAIP RNNWAVTCDS AQSGNECNKA IDGNKDTFWH TEFYGANGDPK PPHTYTIDMK 60
TTONVNGLSYV LPRQDGNONG WIGRHEVYLS SDGTNWGSPV ASGSWFADST TKYSNFETRP 120
ARYVRLVAIT EANGQPWTSI AEINVFQASS YTAPQPGLGR WGPTIDLPIV PAAAAIEPTS 180
GRVLMWSSYR NDAFEGSPGG ITLTSSWDPS TGIVSDRTVT VTKHDMFCPG ISMDGNGQIV 240
VTGGNDAKKT SLYDSSSDSW IPGPDMQVAR GYQSSATMSD GRVFTIGGSF SGGVFEKNGE 300
VYSPSSKTWT SLPNAKVNPM LTADKQGLYK SDNHAWLFGW KKGSVFQAGP STAMNWYYTS 360
GSGDVKSAGK RQSNRGVAPD AMSGNAVMYD AVKGKILTFG GSPDFEDSDA TTNAHIITLG 420
EPGTSPNTVF ASNGLYFART FHTSVVLPDG STFITGGORR GIPFEDSTPV FTPEIYVPEQ 480
DTFYKQNPNS IVRAYHSISL LLPDGRVFNG GGGLCGDCTT NHFDAQIFTP NYLYDSNGNL 540
ATRPKITRTS TQSVKVGGRI TISTDSSISK ASLIRYGTAT HTVNTDQRRI PLTLTNNGGN 600

SYSFQVPSDS GVALPGYWML FVMNSAGVPS VASTIRVTQ 639
SEQ ID NO: 8 moltype = AA length = 639

FEATURE Location/Qualifiers

source 1..639

mol type = protein

organism = synthetic construct
SEQUENCE: 8
ASAPIGSAIP RNNWAVTCDS AQSGNECNKA IDGNKDTFWH TFYGANGDPK PPHTYTIDMK 60
TTQONVNGLSYV LPRQDGNQNG WIGRHEVYLS SDGTNWGSPV ASGSWFADST TKYSNFETRP 120
ARYVRLVAIT EANGQPWTSI AEINVFQASS YTAPQPGLGR WGPTIDLPIV PVAAAIEPTS 180
GRVLMWSSYR NDRFEGSPGG ITLTSSWDPS TGIVSDRTVT VTKHDMFCPG ISMDGNGQIV 240
VTGGNDAKKT SLYDSSSDSW IPGPDMQVAR GYQSSATMSD GRVFTIGGSF SGGVFEKNGE 300
VYSPSSKTWT SLPNAKVNPM LTADKQGLYK SDNHAWLFGW KKGSVFQAGP STAMNWYYTS 360
GSGDVKSAGK RQSNRGVAPD AMSGNAVMYD AVKGKILTFG GSPHFEDSDA TTNAHIITLG 420
EPGTSPNTVF ASNGLYFART YHTSVVLPDG STFITGGQRR GIPFEDSTPV FTPEIYVPEQ 480
DTFYKQONPNS IVRAYHSISL LLPDGRVFNG GGGLCGDCTT NHFDAQIFTP NYLYDSNGNL 540
ATRPKITRTS TQSVKVGGRI TISTDSSISK ASLIRYGTAT HTVNTDQRRI PLTLTNNGGN 600

SYSFQVPSDS GVALPGYWML FVMNSAGVPS VASTIRVTQ 639
SEQ ID NO: 9 moltype = AA length = 638

FEATURE Location/Qualifiers

source 1..638

mol type = protein

organism = gynthetic construct
SEQUENCE: 9
ASAPIGSAIP RNNWAVTCDS AQSGNECNKA IDGNKDTFWH TEYGANGPKP PHTYTIDMKT 60
TONVSGLSVL PRQDGNQNGW IGRHEVYLSS DGTNWGSPVA SGSWFADSTT KYSNFETRPA 120
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RYVRLVAITE ANGQPWTSIA EINVFQASSY TAPQPGLGRW GPTIDLPIVP
RVLMWSSYRN DRFEGSPGGI TLTSSWDPST GIVSDRTVTV TKHDMFCPGI
TGGNDAKKTS LYDSSSDSWI PGPDMQVARG YQSSATMSDG RVFTIGGSFS
YSPSAKTWTF LPNAKVNPML TADKQGLYKS DNHAWLFGWK KGSVFQAGPS
SGDVKSAGKR QSNRGVAPDA MSGNAVMYDA VKGKILTFGG SPHFEDSDAT
PGTSPNTVFA SNGLYFARTY HTSVVLPDGS TFITGGQRRG IPFEDSTPVF
TFYKQNPNSI VRAYHSISLL LPDGRVFNGG GGLCGDCTTN HFDAQIFTPN
TRPKITRTST QSVKVGGRIT ISTDSSISKA SLIRYGTATH TVNTDQRRIP

YSFQVPSDSG VALPGYWMLEF VMNSAGVPSV ASTIRVTQ

VAAAIEPTSG 180
SMDGNGQIVV 240
GGVFEKNGEV 300
TAMNWYYTSG 360
TNAHIITLGE 420
TPEIYVPEQD 480
YLYDSNGNLA 540
LTLTNNGGNS 600

638

1. A chemoenzymatic method of producing a polyhy-
droxybenzene, the method comprising:

contacting glucose with one or more biocatalysts under

conditions suitable for the formation of D-glucodial-
dose; and

thermally treating D-glucodialdose in the presence of a

dehydration catalyst under conditions suitable for the
formation of the polyhydroxybenzene.

2. The method of claim 1, wherein the polyhydroxyben-
zene comprises 1,2,3,4-tetrahydroxybenzene.

3. The method of claim 1, wherein the biocatalyst is a
member of the copper radical oxidase family.

4. The method of claim 1, wherein the one or more
biocatalysts comprise a galactose oxidase.

5. The method of claim 1, wherein the one or more
biocatalysts comprise a mutated galactose oxidase.

6. The method of claim 1, wherein the one or more
biocatalysts has any of SEQ ID No.1 through SEQ ID No.:9.

7. The method of claim 1, wherein the one or more
biocatalysts comprises a catalase.

8. The method of claim 1, wherein thermally treating
comprises subjecting D-glucodialdose to a temperature
ranging from about 40° C. to about 100° C.

9. The method of claim 1, wherein the dehydration
catalyst comprises copper, manganese, a polyanion or a
combination thereof.

10. The method of claim 1, further comprising recovering
1,2,3 4-tetrahydroxybenzene.

11. The method of claim 1, further comprising purifying
1,2,3.4-tetrahydroxybenzene.

12. The method of claim 1, wherein the purity of 1,2,3,
4-tetrahydroxybenzene ranges from about 70% to equal to or
greater than about 90%.

13. The method of claim 1, wherein the yield of 1,2,3,4-
tetrahydroxybenzene ranges from about 50% to about 90%.

14. A chemoenzymatic method of producing 1,2,3.4-
tetrahydroxybenzene comprising:

contacting glucose with a mutated copper radical oxidase
and catalase under conditions suitable for the formation
of D-glucodialdose; and

subjecting D-glucodialdose and a dehydration catalyst to
temperatures ranging from about 40° C. to about 100°
C. 1o form 1,2,3,4-tetrahydroxybenzene.

15. The method of claim 14, wherein the mutated copper
radical oxidase comprises a galactose oxidase having any of
SEQ ID No.7 through SEQ ID No.:9.

16. The method of claim 14, wherein the purity of
1,2,3 4-tetrahydroxybenzene ranges from about 70% to
equal to or greater than about 90%.

17. The method of claim 14, wherein the yield of 1,2,3,
4-tetrahydroxybenzene ranges from about 50% to about
90%.

18. The method of claim 14, wherein the method is carried
out in a single reaction vessel.

19. The method of claim 14, further comprising contact-
ing the 1,2,3,4-tetrahydroxybenzene with one or more phar-
maceutically acceptable carriers or pharmaceutically accept-
able diluents.

20. The method of claim 14, further comprising introduc-
ing the 1,2,3.4-tetrahydroxybenzene to industrial water.

21. The method of claim 14, wherein the industrial water
comprises feed water.
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