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BIOLOGICAL SYNTHESIS OF P-AMINOBENZOIC ACID, P-AMINOPHENOL, JV-(4-
HYDROXYPHENYL)ETHAN AMIDE AND DERIVATIVES THEREOF

Priority Claims and Related Patent Applications

[0001] This application claims the benefit of priority from U.S. Provisional Application Serial
Nos. 61/583,422, filed on Jan. 5, 2012, and 61/614,344, filed on Mar. 22, 2012, the entire content

of each of which isincorporated herein by reference in its entirety.

Technical Fields of the Invention

[0002] The invention generally relates to biological engineering of microorganisms and
production of chemical compounds therefrom. More particularly, the invention relates to novel
genetically engineered microorganisms for the fermentative production of p-aminobenzoic acid
(PABA, 4-aminobenzoic acid, Vitamin B,), p-aminophenol, N-(4-hydroxyphenyl)ethanamide

(acetaminophen or paracetamol) and related compounds from fermentable carbon substrates.
Background of the Invention

[0003] PABA isac7aromatic compound, used commercialy as afood supplement aswell as
precursors for the synthesis of azo dyes, folic acid and other industrial chemicals. Industrial
production of PABA is mainly derived from 4-nitrobenzoic acid or terephthalic acid, both of
which are derivatives of petroleum products. (Maki, T., K. Takeda (2000). Benzoic Acid And
Derivatives. Ullmann's Encyclopedia Of Industrial Chemistry, Wiley-VCH Verlag GmbH & Co.)
Currently, there is no renewable or biologically derived source of PABA available commercialy.
[0004] PABA isanatura metabolite inthe shikimic acid pathway and an essential precursor
for the biosynthesis for the vitamin folic acid. (Green, et al. 1992 "Characterization And
Seguence Of Escherichia Coli pabC, The Gene Encoding Aminodeoxychorismate Lyase, A
Pyridoxal Phosphate-Containing Enzyme" Journal G Bacteriology 174(16): 5317-5323.) The
biosynthetic pathway of PABA isrelatively well understood in both prokaryotes and eukaryotes
(for example in the yeast Saccharomyces cerevisiae). (See, for example in Escherichia coli, Ye,
etal. 1990 "P-Aminobenzoate Synthesis In Escherichia Coli: Purification And Characterization
Of pabB A s Aminodeoxychorismate Synthase And Enzyme X A s Aminodeoxychorismate lyase"
Proceedings 0 The National Academy G Sciences 0 The United Sates 0 America 87(23):
9391-9395.)

[0005]  Current production methods of PABA, aniline, and PPD rely on chemica synthesis
from petroleum-derived chemicals. Multiple chemical steps involved in the chemical synthesis

result in high production cost of the chemicals. In addition, non-specific chemical substitution on



WO 2013/103894 PCT/US2013/020389

the aromatic ring results in the production of side products thereby reducing the yield. Hazardous
chemical intermediates, solvents and wastes associated with the conventional chemical synthesis
pose substantial impacts on the environment. Reliance on petroleum-derived raw materials
suffers from unpredictable cost fluctuations as aresult of the long-term uncertainty in global
petroleum price.

[0006] Biologically-derived PABA made from fermentable carbon substrates, in contrast, has
the potential to cost less to produce. Highly-specific biochemical conversions help to minimize
the production of side products. Also, the use of hazardous chemicals and the resulting waste are
kept to aminimum. Besides the above advantages, the bio-based process poses much less overall
impact to the environment. Biologically derived PABA can serve as aversatile substrate for
other chemical synthesis. It can be converted into high-valued polymer without further chemical
modification. (Kwoleck 1974 "Wholly aromatic carbocyclic polycarbonate fiber having
orientation angle of less than about 45 degrees’, U S Patent No. 3,819,587.) PPD is one of the
monomers used for the synthesis of Aramid polymers.

[0007] Thereis no known example of the large-scale biological production of PABA. Asa
precursor for the synthesis of folic acid, PABA was used as a supplement for folic acid
production in microorganisms. (Miyata, et al. 1999 "Method for producing folic acid" US Patent
No. 5,968,788.) In another example, folic acid production was increased by the overexpression
of PABA biosynthetic genes, pabA and pabBC. (Wegkamp, et al. 2007 "Characterization Of The
Role Of Para-Aminobenzoic Acid Biosynthesis In Folate Production By Lactococcus Lactis'
Applied And Environmental Microbiology 73(8): 2673-2681.) Suifonamide-resistant bacteria
were known to produce an elevated level of PABA to overcome the inhibition of sulfonamide on
folic acid synthesis (Leskowitz, et al. 1952 "The Isolation And Identification Of Para-
Aminobenzoic Acid Produced By Staphylococci Resistant To Sulfonamide” Journal G
Experimental Medicine 95(3): 247-250).

[0008] PPD isused for avariety of applications, such as cosmetics, antioxidants, fuel additives
and dye stuff and araw material for specialty high-performance thermoplastics such asthe
aramids. Commonly PPD is produced from benzene via chlorobenzene and para-
nitrochlorobenzene followed by nitration, amination and hydrogenation. Nitrochlorobenzene is
produced from chlorobenzene with ortho-, meta- and para- isomers at the best reported ratio of
38:1:61. (Demuth, et al. 2003 "Continuous adiabatic process forpreparing nitrochlorobenzene"

U S Patent No. 6,586,645.) This route produce significant amount of by-products, such as ortho
and meta. In addition to productivity of para-nitrochlorobenzene, unfavorable halogenated

compound is produced. The synthesis route from 4-nitrochlorobenzene to PPD is shown below

().
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[0009] The other synthesis method is reaction of benzamide and nitrobenzene in presence of a
base. (Stern, et al. 1993 "Animation Of Nitrobenzene Via Nucleophilic Aromatic-Substitution
For Hydrogen - Direct Formation Of Aromatic Amide Bonds' Journal d Organic Chemistry
58(24): 6883-6888; Stern, M. K. 1994 "Nucleophilic Aromatic-Substitution For Hydrogen - New
Halide-Free Routes For Production of Aromatic-Amines. Benign By Design: Alternative
Synthetic Design For Pollution Prevention." P. T. Anastas And C. A. Farris. 577: 133-143.)
Advantages of this method are its relatively higher selectivity to produce PPD and it does not
require halogen usage. However, the process comprises multiple steps starting with two
molecules, and the tetramethylammonium base isrelatively costly.

[0010] An dternative synthesis route is amination of hydroquinone. A selectivity of 97% was
reported in liquid phase, and 98% of phenol to aniline and 98% of anilineto PPD selectivity in
vapor phase was aso reported. (Weil 1983 "Process tor i ,4-phenylsnediamize” US Patent No.
4,400,537; Hidaka, et al. 2001 "Method For Producing Aromatic Amino Compound” JP Patent
No. 2001 151735.) Although both liquid and gas phase syntheses are highly selective, they are not

productive due to significantly low concentration of raw materials.
Summary of the Invention

[0011] The invention provides novel genetically engineered microorganisms for fermentative
production of aromatic molecules from biomass-based sugars. For example, the invention
provides genetically engineered strains of yeast as biocatalysts that are suitable for efficient
fermentative production of p-aminobenzoic acid (PABA, 4-aminobenzoic acid, Vitamin B,),p-
aminophenol, N-(4-hydroxyphenyl)ethanamide (acetaminophen or paracetamol) and other
compounds from fermentable carbon substrates. The biologically derived PABA can beused in a
number of applications including as afood supplement or raw materials for the syntheses of other
industrial chemicals or polymers. Furthermore, the present invention relates to preparation
methods of aromatic diamines, in particular para-phenylenediamine (p-phenylenediamine or
PPD), by decarboxylation and amination of aminobenzoic acid in the presence of aprecious
metal and base metal catalyst. In particular, PABA can be chemically converted to PPD, and the
chemical processes for the synthesis of the polymer and PPD from PABA is equally applicable to
petroleum-derived PABA. p-Aminophenol can also be aminated chemically to PPD, providing

an additional route for renewable PPD.
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[0012] In addition to PPD, biologically-derived PABA can also serve as precursors to the
synthesis of other chemicals, for example, methylenedianiline (MDA) and methylene diphenyl
diisocyanate (MDI).

[0013] In one aspect, the invention generally relates to arecombinant microbia host cell
capable of converting a fermentable carbon substrate to p-aminobenzoic acid biologically. The
recombinant microbia host cell may be any suitable host cell, for example, abacterium, a
cyanobacterium, an archaeon, or afungus.

[0014] In another aspect, the invention generally relates to a method for fermentative
production of p-aminobenzoic acid comprising converting afermentable carbon substrate top -
aminobenzoic acid by biological fermentation using arecombinant microbia host cell.

[0015] Inyet another aspect, the invention generally relates to a method for makingp -
phenylenediamines comprising reacting ammonia and biologically-derived p-aminobenzoic acid
in the presence of aprecious metal catalyst on a support.

[0016] Inyet another embodiment, the invention generaly relates to a method for making p -
phenylenediamines comprising reacting ammonia and petroleum-derived p-aminobenzoic acid in
the presence of aprecious metal catalyst on a support.

[0017] Inyet another embodiment, the invention generaly relates to amethod for making p-
phenylenediamines comprising reacting biologically-derived p-aminophenol (PAP) of Claim 35
and ammonia in the presence of aprecious metal catalyst on a support.

[0018] Inyet another aspect, the invention generally relates to amethod for making aniline
comprising decarboxylating p-aminobenzoic acid.

[0019] Inyet another aspect, the invention generally relates to a method for preparing p -
phenylenediamine comprising amination of N-(4-hydroxyphenyl)ethanamide. In certain
embodiments, the amination of N-(4-hydroxyphenyl)ethanamide is carried out in the presence of

aprecious metal catalyst on a support.
Brief Description of the Drawings

[0020] FIG. 1 shows aschematic depiction of exemplary renewable chemicals that can be
derived from bio-based (bio-) PABA, bio-p-aminophenol, and bio-acetaminophen.

[0021] FIG. 2 shows aschematic depiction of the shikimic acid pathway in E. coli.

[0022] FIG. 3 shows aschematic depiction of amodified shikimic acid pathway for the
production of PABA inE. coli.

[0023] FIG. 4 shows a schematic depiction of the shikimic acid pathway in S. cerevisiae.
[0024] FIG. 5 shows aschematic depiction of amodified shikimic acid pathway for the

production of PABA in S. cerevisiae.
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Detailed Description of the Invention

[0025] The invention isbased, in part, on novel genetically engineered microorganisms for
fermentative production of aromatic molecules from biomass-based materials. The invention
provides efficient biocatalysts for the production of PABA and related compounds, which can
serve as aversatile and renewable feedstock for production of awide range of valuable,
commercial aromatic amine-based chemicals, monomers, polymers and dye, pesticide and
pharmaceutical intermediates through additional biological and chemical conversions. These bio-
based chemicals are cost competitive, drop-in replacements for the current, petroleum derived
counterparts.

[0026] FIG. 1 shows exemplary renewable chemicals that can be derived from bio-based (bio-)
PABA, bio-p-aminophenol, and bio-acetaminophen. A well-characterized hydroxylase from the
common button mushroom (Agaricus bisporus) can perform acontrolled oxidative
decarboxylation on PABA to produce para-aminophenol (PAP), an oxidative transformation that
is difficult to implement with conventional chemistry due to the sensitivity of the amine function
on PABA. (Tsuji, et al. 1985 Biochem. & Biophys. Res. Comm. 130(2): p. 633-639.) The
resulting PAP can be acetylated with an arylamine N-acetyltransferase, to form acetaminophen
(AAP), which can be converted into PAP and substituted for PAP in chemical conversion of PAP
to many derivatives. (Mulyono, et al., 2007 JBiosci. Bioeng. 103(2): p. 147-54.)

[0027] PAP contains both amino and hydroxyl groups and can be converted intop-
phenylenediamine (PPD) by reaction with ammonia in the presence of anoble metal catalyst.
(Mitsutatsu, et al., 1988, Production of p-phenylenediamines, J.P. Office, Editor, Mitsui
Petrochemical Co. Ltd.: Japan.) Bio-PPD could be key component of lower cost, 100%
renewable para-axamid, avery important engineering polymer used in ultra-high strength fiber
applications. Replacement of the amino group of PAP to give hydroquinone (HQ) can be
accomplished smoothly by heating PAP and an organic sulfonic acid at elevated temperature in
water. (Biller, 1981, Hydroquinone by hydrolysis of p-aminophenol or salts U.P.aT. Office,
Editor, United States.) Hydroquinone is the second monomer component of the engineering
polymer PEEK (see below for first component) and is acritical component in industrial
antioxidant technology. PAP can also be converted easily to p-fluorophenol, an important
pharmaceutical, pesticide and dye intermediate, viathe diazonium salt. (Langlois, 2000,
"Introduction of Fluorine via Diazonium Compounds (Fluorodediazoniation)”, in Science d
Synthesis: Houben-Weyl Methods d Molecular Transformations, E.J. Thomas, Editor, Thieme
Publishing Group. p. 686-740.)

[0028] PABA contains carboxylate and amine functions, both of which can be eliminated,

providing access to aniline and benzoic acid families of aromatic chemicals and monomers. For
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example, PABA decarboxylates to aniline by heating in acidic agueous solution. (Zhao, et ah,
2001 Molecules 6(12): p. M246; Schiemann, et ah 1943 Organic Synthesis 2: p. 299-301.)
Aniline is akey raw material for awide range of commercial chemicals and monomers,
including: 4,4-methylenedianiline (MDA), used in aromatic polyurethane foams, elastomers, and
adhesives; aniline dyes and pigments; antioxidants, and herbicides. Since bio-sources for polyols
and polyester polyols are available, bio-aniline offers an opportunity for 100% renewable
versions of commercial polyurethane polymers.

[0029] PABA can be converted to the corresponding diazonium compound in high yield under
mild, commercially practical conditions using low cost reagents. (Los, et ah 1967 Recuell des
Travaux Chimiques des Pays-Bas 86(6): p. 622-640.) Reductive elimination of the diazo group
gives benzoic acid directly. (Smith, M.B. and J. Mach, March's Advanced Organic Chemistry. 6
ed 2007, New York: Wiley Interscience.) The diazonium salt can be converted to many
commercia benzoic acid derivatives, including:

0 4-fluorobenzoic acid, one of two monomers in the engineering polymer PEEK. The other
monomer, hydroquinone, can be prepared from PAP, providing 100% renewable PEEK.
(Schiemann, G. and W. Winkelmuller, p-Fluorobenzoic acid. Organic Synthesis, 1943. 2:
p. 299-301.)

0 4-hydroxybenzoic acid andp-anisic acid derivatives. Applications include foods,
fragrances and personal care.

o Terephthalic acid (PTA), via catalytic carbonylation. Bio-PTA combined with bio-
sourced ethylene glycol will afford 100% renewable PET. (Willi, A.V., Homogeneous
Catalysis of Organic Reactions (mainly acid-base), in Comprehensive Chemica Kinetics,
C.H.Bamford and C.F.H.Tipper, Editors. 1977, Elsevier. p. 72-82.)

o Styrene derivatives, such as 4-carboxystyrene, via catalytic addition of ethylene. A
similar reaction sequence can be applied to aniline to generate styrene. (id.)

[0030] The diazonium salt prepared from PABA as described herein can aso be converted into
many other p-substituted benzoic acid derivatives by reaction with appropriate reagents known to
react with diazonium salts. Example of such derivatives include, but are not limited to, p-
chlorobenzoic acid, p-bromobenzoic acid, p-hydroxybenzoic acid, p-mercaptobenzoic acid,
p.p'dicarboxydiphenylsulfide,p-thiocyanatobenzoic  acid, p,p '-dicarboxyazobenzene, andp-
cyanobenzoic acid.

[0031] PABA can also be converted into polyPABA, apolyamide that has been
commercialized for high performance fiber applications. (Pramanik, et ah 2004 Resonance 9(6):
p. 39-50; Kwolek, S.L., POLY (p-BENZAMIDE) COMPOSITION, PROCESS AND PRODUCT,
US 3,600,350, 17 August 1971; Pikl, et al, POLYMERIZATIONS AND POLYMERIZATION
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CONDITIONS, US 3,541,056, 17 November 1970; Morgan, PW., POLY (1,4-BENZAMIDE)
COPOLYMERS, US 3,99,016, 9 November 1976; Morgan, P.W., Process for preparing film-
and fiber-forming poly(l,4-benzamide), US 4,025,494, 24 May, 1977.)

[0032] Thus, the methods of the invention enable cost-effective production of aromatic amine-
based chemicals, monomers, and polymers directly from biomass via efficient fermentation
processes in high volume production. In addition to economic benefits, this disclosed technology
eliminates many of the environmental, health, and safety drawbacks associated with conventional
manufacturing routes through BTX (benzene/toluene/xylene), such asthe volatility and toxicity
associated with these aromatic hydrocarbons and the need for subsequent amination processes
that must be employed to introduce the amine functionality.

[0033] For example, the biologically derived PABA can be used as afood supplement or raw
materials for the syntheses of other industrial chemicals (e.g., azo dyes, procaine,
acetaminophen). This biologically derived PABA can also be polymerized to form high-strength
polymer. PABA can also be enzymatically converted further into p-aminophenol, which can
serve as aprecursor for other chemicals. Furthermore, the present invention relates to a
preparation method of aromatic diamines, in particular PPD, by amination of p-aminophenol in
the presence of aprecious metal and base metal catalyst. In particular, p-aminophenol can be
chemically converted to PPD, amonomer for the production of aramids. Asdisclosed herein, the
chemical processes for the synthesis of the polymer and PPD from/>aminophenol are equally
applicable to petroleum-derived p-aminophenol.

[0034] The present invention also relates to the preparation of aniline and aniline-based
chemicals from biologically-derived or petroleum-derived PABA. For example, PABA can be
decarboxylated to aniline in the presence of suitable catalysts. Suitable catalysts include acid
catalysts such as hydrochloric, phosphoric, and sulfuric acids, organic acids such asp -
toluenesulfonic acid, polymeric acid catalysts such as sulfonated polystyrene resins, and
heterogeneous acidic catalysts such as silicas, zeolites, aluminas such asy-aumina. The
decarboxylation can be carried out in avariety of ways, such as in aqueous solution, in organic
solvents, or in the melt.

[0035] The PABA-derived aniline can be converted to abroad range of aniline-based
chemicals. An important example of such aniline-based chemicals is methylenedianiline from the
condensation of aniline with formaldehyde in the presence of suitable catalysts. The aniline-
formaldehyde condensation products can aso include higher molecular weight condensation
products incorporating more than two aniline molecules and more than one formaldehyde
molecule as well as mixtures of different molecular weight aniline-formaldehyde condensation

products. Such aniline condensation products are technologically important intermediates for
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production of isocyanates that are critical to production of polyurethanes. For example,
methylenedianiline can be converted into methylene diphenyl diisocyanate, acritical component
in many high performance polyurethanes, using phosgene in an appropriate solvent. These
aniline-formaldehyde condensation products and the corresponding isocyanates can be prepared
from aniline derived from biologically-derived PABA, biologically-derived formaldehyde and
biologically-derived phosgene, thus providing 100% biologically-sourced, and hence 100%
renewable, aniline-formaldehyde condensation products and the corresponding isocyanates. The
biologically-derived formaldehyde can be made from fermentation-derived methanol using
dehydrogenation catalysts while the biologically-derived phosgene can be obtained from
biologically-sourced carbon monoxide (from CO, using the water-gas shift reaction) and
chlorine.

[0036] The present invention also relates to amethod for producing aniline and aniline
derivatives such as aniline-formaldehyde condensation products directly from PABA, including
PABA derived from biological and petroleum sources. Reaction of biologically-derived PABA
and bio-derived formaldehyde followed by biologically-derived phosgene will produce 100%
biologically-derived aniline-formaldehyde condensation products and isocyanates, respectively.
Finaly, if biologically-sourced diols and polyols are used in preparation of polyurethanes from
the PABA-derived isocyanates disclosed herein, then this invention allows the preparation of
100% biologically-sourced, and hence 100% renewable, polyurethanes. Such diols and polyols
arewell known in the art and include, for example, 1,3-propanediol, 1,4-butanediol, 1,6-
hexanediol, fatty acid dimer and trimer diols and polyols, and polyester diols and polyols derived
from biologically-sourced diols and diacids. These and other such diols and polyols, whether
petroleum or biologically sourced, are incorporated into this invention to prepare partially or
100% biologically-derived, and hence partially or 100% renewable, polyurethanes when reacted
with the PABA-derived isocyanates described herein.

[0037] Thus, in one aspect, the invention generally relates to arecombinant microbial host cell
capable of converting afermentable carbon substrate top-aminobenzoic acid biologically.
[0038] The recombinant microbial host cell may be any suitable host cell, for example, a
bacterium, acyanobacterium, an archaeon, or afungus. In certain embodiments, the microbial
host cell is a Gram-positive bacterium. In certain embodiments, the microbial host cell is
Escherichia coli. In certain embodiments, the E. coli host cell has been subjected to directed
evolution and is characterized by an enhanced production of, and/or tolerance to, p-aminobenzoic

acid.
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[0039] In certain embodiments, the microbial host cell is Saccharomyces cerevisiae. In certain
embodiments, the S. cerevisiae host cell has been subjected to directed evolution and is
characterized by an enhanced production of, and/or tolerance to, p-aminobenzoic acid.

[0040] In certain embodiments, the microbial host cell is afilamentous fungus.

[0041] In certain embodiments, the microbial host cell is Kluyveromyces lactis. In certain
embodiments, the microbial host cell is Aspergillus niger. In certain embodiments, the microbial
host cell is Synechocystis sp. (e.g., Strain PCC 6803).

[0042] In another aspect, the invention generally relates to a method for fermentative
production of p-aminobenzoic acid comprising converting afermentable carbon substrate top-
aminobenzoic acid by biological fermentation using a recombinant microbial host cell.

[0043] In certain embodiments, the recombinant microbia host cell is E. coli, wherein the
recombinant E. coli host cell is characterized by an inactivated 7,8-dihyropteroate synthase by
mutation or enzymatic inhibition thereby preventing conversion of p-aminobenzoic acid to 7,8-
dihyropteroate. In certain embodiments, the recombinant E. coli host cell is a 7,8-dihyropteroate
synthase mutant requiring supplementation of methionine, glycine, thymidine, and pantothenate
to maintain cell viability. In certain embodiments, the 7,8-dihyropteroate synthase mutant is
rescued with folic acid transporters from Arabidopsis thaliana or Synechocystis sp. PCC6803 in
the presence of (6R,6S)-5-formyl-tetrahydrofolic acid or folic acid.

[0044] In certain embodiments, the 7,8-dihyropteroate synthase mutant is characterized by
increased activities of the aminodeoxychorismate synthase (pabA andpabB) and 4-amino-4-
deoxychorismate lyase (pabC) by overexpression of corresponding genes that enhance
conversion of chorismic acid top-aminobenzoic acid. In certain embodiments, gene fusions
between pabA and pabB (pabAB) as found in actinomyces, Plasmodiumfalciparum, and
Arabidopsis thaliana enhance conversion of chorismic acid to p-aminobenzoic acid.

[0045] In certain embodiments, the recombinant E. coli host cell is characterized by amutated
anthranilate synthase with altered enzymatic activity that catalyses production of p-aminobenzoic
acid isused in place of the aminodeoxychorismate synthase and 4-amino-4-deoxychorismate
lyase activities.

[0046] In certain embodiments, the recombinant microbial host cell is S. cerevisiae.-In certain
embodiments, the recombinant 5. cerevisiae host cell is characterized by an inactivated the 7,8-
dihyropteroate synthase activity by mutation or enzymatic inhibitors to prevent further
conversion of p-aminobenzoic acid to 7,8-dihyropteroate. In certain embodiments, the
recombinant S. cerevisiae host cell is a7,8-dihyropteroate synthase mutant requiring

supplementation of (6R,6S)-5-formyl-tetrahydrofolic acid or folic acid.
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[0047] In certain embodiments, the 7,8-dihyropteroate synthase mutant is characterized by
increased activities of aminodeoxychorismate synthase and 4-amino-4-deoxychorismate lyase
activities by overexpression of corresponding genes that enhance conversion of chorismic acid to
p-aminobenzoic acid. In certain embodiments, the 7,8-dihyropteroate synthase mutant is
characterized by amutated anthranilate synthase that catalyses production of p-aminobenzoic
acid in place of aminodeoxychorismate synthase and 4-amino-4-deoxychorismate lyase activities.
[0048] In certain embodiments, the fermentable carbon substrate is selected from the group
consisting of monosaccharides, oligosaccharides and polysaccharides.-In certain embodiments,
the fermentable carbon substrate comprises a sugar derived from biomass. In certain
embodiments, the fermentable carbon substrate comprise glucose, fructose or sucrose.

[0049] The fermentation can be carried out under dissolved oxygen concentration between O -
100% saturation (e.g., about 1%, 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 95%,
100%). The fermentation can be carried out in minimal medium supplemented with all necessary
nutrients and maintained at apH between about 1to about 10 (e.g., about 1, 2, 3,4, 5,6, 7, 8, 9,
10).

[0050] In certain embodiments, />aminobenzoic acid produced inthe fermentation is purified
by one or acombination of: precipitation at the isoelectric point of PABA, ion-exchange
chromatography, and crystallization. In certain embodiments, p-aminobenzoic acid produced in
the fermentation comprises up to 1part per trillion of “C.

[0051] In certain embodiments, the method further comprises purifying p-aminobenzoic acid
produced in the fermentation and polymerizing the purified p-aminobenzoic acid to form a
homopolymer or a heteropolymer.

[0052] In certain embodiments, the method further comprises purifying p-aminobenzoic acid
produced in the fermentation and reacting the purified p-aminobenzoic acid with 2-
diethylaminoethanol in the presence of sodium ethoxide to form procaine.

[0053] In certain embodiments, the method further comprises purifying p-aminobenzoic acid
produced in the fermentation and chemically transforming the purified p-aminobenzoic acid to
make folic acid, an azo dye or Padimate O.

[0054] In certain embodiments, the method further comprises converting p-aminobenzoic acid
produced in the recombinant host organism to p-aminophenol by 4-aminobenzoate 1-
monooxygenase (EC 1.14.13.27). In certain embodiments, the 4-aminobenzoate 1-
monooxygenase is from Agaricus bisporus.

[0055] In certain embodiments, the method further comprises converting p-aminophenol to N-

(4-hydroxyphenyl)ethanamide by arylamine N-acetyltransferases (EC 2.3.1.5). In certain
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embodiments, the arylamine N-acetyltransferases isNAT-a and NAT-b from Bacillus cereus
Strain 10-L-2.

[0056] In certain embodiments, the recombinant microbial host cell is characterized by a5.
cerevisiaevector expressing a DAHP synthase isozyme aroFF8* from E. coli that is insensitive to
feedback inhibition by tyrosine and aromatic amino acids.

[0057] Inyet another aspect, the invention generally relates to a method for making p-
phenylenediamines comprising reacting ammonia and biologically-derived p-aminobenzoic acid
in the presence of aprecious metal catalyst on a support.

[0058] Inyet another embodiment, the invention generally relates to a method for making p-
phenylenediamines comprising reacting ammonia and petroleum-derived p-aminobenzoic acid in
the presence of aprecious metal catalyst on a support.

[0059] Inyet another embodiment, the invention generally relates to a method for making p-
phenylenediamines comprising reacting biologically-derived p-aminophenol (PAP) of Claim 35
and ammonia in the presence of aprecious metal catalyst on a support.

[0060] The precious metal catalyst may be any suitable metal catalyst, for example, Ru, Pd, P,
Rh, Re, Au, Ir, Ni, Cu, Cr, and Co.

[0061] The support may be any suitable material, for example, activated carbon, S102, Al20,,
Ti0 ,, Zr0 , Nb,05, Y203, and Ce0 ,.

[0062] The catalyst may be used in any suitable amount, for example, from about 0.01 wt% to
about 20 wt% (e.g., about 0.5 wt%, 1wt%, 5wt%, 10 wt%, 15 wt%, 20 wt%) of p-aminobenzoic
acid.

[0063] In certain embodiments, the reaction temperature is in the range from ambient
temperature to about 400 °C (e.g., about 25°C, 50°C, 100°C, 150 °C, 200 °C, 250 °C, 300 °C, 350
°C, 400 °C).

[0064] In certain embodiments, the ammonia ispresent during reaction with pressure in the
range from about 15 psi to about 100 psi (e.g., about 15 psi, 20 psi, 30 psi, 40 psi, 50 psi, 60 psi,
70 psi, 80 psi, 90 psi, 100 psi). In certain embodiments, the anmmonia is produced from hydrogen
and nitrogen and p-aminobenzoic acid is pre-decarboxylated prior to reaction with ammonia. In
certain embodiments, hydrogen pressure is maintained in the range from about 15 psi to about
5000 psi (e.g., about 15 psi, 50 psi, 100 psi, 500 psi, 1000 psi, 2000 psi, 3000 psi, 4000 psi, 5000
psi). In certain embodiments, the reaction is performed in agueous medium or in an organic
solvent. In certain embodiments, the reaction mixture comprises abase (e.g., KOH, LiOH, or
NaOH).

[0065] Inyet another aspect, the invention generally relates to a method for making aniline

comprising decarboxylating p-aminobenzoic acid.
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[0066] In certain embodiments, thep-aminobenzoic acid is prepared from fermentation using a
recombinant microbia host cell capable of converting a fermentable carbon substrate top -
aminobenzoic acid biologicaly. In certain embodiments, the decarboxylation is carried out
thermally by heating in a solution or neat in amelt. In certain embodiments, the decarboxylation
is carried out thermally in the presence of an acid catalyst.

[0067] In certain embodiments, the solution is made by dissolving p-aminobenzoic acid in
water. In certain embodiments, the solution is made by dissolving p-aminobenzoic acid in a
thermally stable organic solvent.

[0068] In certain embodiments, the acid catalyst is ahydrochloric acid, asulfuric acid, or a
phosphoric acid, or amixture thereof. In certain embodiments, the acid catalyst is apolymeric
catalyst. In certain embodiments, the acid catalyst is a sulfonated polystyrene. In certain
embodiments, the acid catalyst is a heterogeneous catalyst. In certain embodiments, the
heterogeneous catalyst is acidic silicas, zeolites, clays, y-alumina, or a mixture thereof.

[0069] In certain embodiments, the aniline isisolated and purified by removing a solvent, if
present, followed by distilling the aniline under vacuum. In certain embodiments, the anilineis
isolated and purified by steam distillation. In certain embodiments, the water is substantially
removed by distillation and the aniline is dissolved in an organic solvent, dried, and distilled
under vacuum after the solvent is removed. In certain embodiments, the method further
comprises treating aniline with formaldehyde in water in the presence of acatalyst to produce
methylenedianiline and/or poly-methylenedianiline. In certain embodiments, the formaldehyde is
produced from an organic carbon source. In certain embodiments, the formaldehyde is produced
by catalytic dehydration of fermentation-derived methanol.

[0070] In certain embodiments, the catalyst is an acid catalyst for example, aBronstead acid
(e.g., ahydrochloric acid, a sulfuric acid, aphosphoric acid, or apolymeric resin). In certain
embodiments, the polymeric resin is sulfonated polystyrene.

[0071] In certain embodiments, the method further comprises purifying methylenedianiline by
fractional, vacuum distillation.

[0072] In certain embodiments, the method further comprises controlling the relative amounts
of 4,4'-, 2,4- and aniline-formaldehyde condensation products having more than two aniline
molecules and more than one formaldehyde molecule incorporates.

[0073]  In certain embodiments, the method further comprises converting methylenedianiline
and poly-methylenedianiline to the corresponding isocyanates, including methylene diphenyl
diisocyanate and poly-methylene dipheny! diisocyanate.
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[0074] In certain embodiments, the methylene diphenyl diisocyanate and poly-methylene
dipheny! diisocyanate are prepared from biologically-derived methylenedianiline and
biologically-derived poly-methylenedianiline.

[0075] In certain embodiments, the method further comprises reacting methylenedianiline or
poly-methylenedianiline with phosgene in an inert solvent to produce methylene diphenyl
diisocyanate and poly-methylene diphenyl diisocyanate.

[0076] In certain embodiments, the phosgene is prepared from a source of organic carbon. In
certain embodiments, the phosgene is prepared from biologically-sourced carbon monoxide and
chlorine, where the carbon monoxide is prepared from carbon dioxide via the water-gas shift
reaction.

[0077]  In certain embodiments, the inert solvent comprises one or more of benzene, toluene,
xylenes, chlorobenzene, and dichlorobenzene.

[0078] In certain embodiments, poly-methylenedianiline is rich in the 2,4'-isomer.

[0079] In certain embodiments, the method further comprises distilling methylene diphenyl
diisocyanate. In certain embodiments, the method further comprises fractionally distilling
methylene diphenyl diisocyanate.

[0080] In certain embodiments, the method further comprises reacting methylene diphenyl
diisocyanate or poly-methylene diphenyl diisocyanate with polyols or polyesterdiols to produce
polyurethane polymers and prepolymers. In certain embodiments, the methylene diphenyl
diisocyanate and poly-methylene diphenyl diisocyanate are partialy or totally biologically-
derived and the polyols and polyesterdiols are prepared from biologically sourced ethylene
glycol, propanediol, butanediol, hexanediol, adipic acid, succinic acid, dimer and trimer acids,
terephthalic acid, phthalic acid, and mixtures of these diols and acids.

[0081] Inyet another aspect, the invention generally relates to amethod for preparing p-
phenylenediamine comprising amination of N-(4-hydroxyphenyl)ethanamide. In certain
embodiments, the amination of N-(4-hydroxyphenyl)ethanamide is carried out in the presence of

aprecious metal catalyst on a support.

Method for the biological production of PABA, p-aminophenol and N-(4-

hydroxyphenyl)ethanamide in E. coli:

[0082] The metabolic pathway for production PABA inE. coli isoutlined in FIGs. 2 and 3.
The native shikimic acid pathway is shown in FIG. 2 including the condensation of
phosphoenol pyruvate (PEP) and erythrose-4-phosphate (E-4-P) to the aromatic amino acids
(tryptophan, tyrosine and phenylalanine). From chorismic acid, abranch of the shikimic acid
pathway leads to the formation of PABA and ultimately folic acid and tetrahydrofolic acid.
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[0083] FIG. 2 shows the shikimic acid pathway in E. coli. Key metabolites of the pathway are
shown. Enzymatic steps and corresponding genes (Enzyme/Gene) are represented by numbers:
(1) 3-Deoxy-D-arabino-heptul osonate-7-phosphate  (DAHP) synthase (EC:2.5.1.54)/araF,
aroG, aroH;
(2) 3-Dehydroquinate synthase (EC:4.2.3.4)/aro5;
(3) 3-dehydroquinate dehydratase (EC:4.2.1.10)/araD;
(4) Dehydroshikimate reductase, NAD(P)-binding (EC:1.1.1.25)/araE "and Quinate/Shikimate
5-dehydrogenase, NAD(P)-binding (EC: 1.1.125)lydiB;
(5) Shikimate kinase (E.C.:2.7.1.71)/aroZ,
(6) 5-Enolpyruvylshikimate-3 -phosphate (EPSP) synthetase (EC:2.5.1.19)/aro”;
(7) Chorismate synthase (EC:4.2.3.5)/aroC;
(8) Aminodeoxychorismate synthase (EC:2.6.\.%5)IpabA, pabB;
(9) 4-amino-4-deoxychorismate lyase component of para-aminobenzoate synthase
multienzyme complex (EC:4.1.3.38)/paZ?C;
(10) 7,8-Dihydropteroate synthase (EC:2.5.1.15)//b/P;
(11) Anthranilate synthase/anthranilate phosphoribosyl transferase (EC:4.1.3.27, EC:
2.4.2.19/trpED;
(12) Fused chorismate mutase P/prephenate dehydratase (EC:5.4.99.5, ECA.2A .5l)/pheA;
(13) Fused chorismate mutase P/prephenate dehydratase (EC:5.4.99.5, EC:4.2.1.5))ItyrA;
(14) Chorismate-pyruvate lyase (EC:4.1.3.40)/wZ?/C;
(15) Isochorismate synthase 1 (EC:5.4.4.2)/ew/C;
(16) Isochorismate synthase 1(EC:5.4.4.2)/menF .
[0084] Methods and composition of the invention relate to reconfiguration of the shikimic acid
pathway to produce PABA isto enhance the biosynthesis of PABA by reducing the carbon flux
to the folate and other competing pathways. To produce PABA, the immediate enzymatic step
after PABA, the 7,8-dihyropteroate synthase (Step 10; corresponding to genesfolP), is
inactivated either by mutation or enzymatic inhibitors (FIG. 3).
[0085] Gene inactivation is accomplished via adlelic exchange as described before. (Link, et al.
1997 "Methods for Generating Precise Deletions and Insertions in the Genome of Wild-Type
Escherichia coli: Application to Open Reading Frame Characterization" Journal G Bacteriology
179: 6228-6237.) Alternatively, enzymatic activity of 7,8-dihyropteroate synthase can be
inhibited by the addition of a sulfonamide in the culture medium. In either case, the resulting
mutant or chemically treated host cell is expected to accumulate PABA. This PABA deficient
mutant lacks the ability to synthesize the essential folic acid and 5,6,7,8-tetrahydrofolic acid and

requires the following supplementations for proper growth: methionine, glycine, thymidine, and
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pantothenate. (Singer, etal. 1985 "Isolation Of A Dihydrofolate Reductase-Deficient Mutant Of
Escherichia-Coli" Journal G Bacteriology 164(1): 470-472.) Direct folic acid supplementation
towildtype E. coli is not feasible since wildtype cells lack the necessary transporter for folic acid
uptake. To ameliorate the folic acid transport deficiency in the 7,8-dihyropteroate synthase-
deficient mutant, folic acid transporter from Arabidopsis thaliana or Synechocystis sp. PCC6803
isintroduced to E. coli (Klaus, et al. 2005 "Higher Plant Plastids And Cyanobacteria Have Folate
Carriers Related To Those Of Trypanosomatids® Journal G Biological Chemistry 280(46):
38457-38463). The resulting E. coli strain can grow in minimal medium in the presence of
(6R,65)-5-formyl-tetrahydrofolic acid or folic acid.

[0086] The carbon flux towards PABA isincreased by the overexpression of
aminodeoxychorismate synthase (EC:2.6.1.85) genes, pabA and pabB and 4-amino-4-
deoxychorismate lyase (EC:4. 1.3.38) gene, pabC. Regulated expression of genes of interest is
accomplished using defined expression systems as described. (Sorensen, et al. 2005 "Advanced
genetic strategies for recombinant protein expression in Escherichia coli" Journal d
Biotechnology 115: 113-128.) The increase in expression of thepabA, pabB and pabC will lead
to increase in the total enzymatic activities of aminodeoxychorismate synthase and 4-amino-4-
deoxychorismate lyase, which in turn increase the conversion of chorismic acid to PABA.

[0087] Alternatively, the enzymatic activities of aminodeoxychorismate synthase (EC:2.6.1.85)
and 4-amino-4-deoxychorismate lyase (EC:4.1.3.38) can potentialy be substituted with those of a
similar enzyme complex, anthranilate synthase (EC:4.1.3.27). Unlike aminodeoxychorismate
synthase (EC:2.6.1.85) and 4-amino-4-deoxychorismate lyase (EC:4. 1.3.38) which catalyses the
para-addition, anthranilate synthase (EC:4.1.3.27) catalyses the orrf-addition of the amine
group in anthranilate. To alter the enzymatic activity of anthranilate synthase (EC:4. 1.3.27), the
gene (trpEDG) coding for the enzyme complex is mutated by random mutagenesis (Primrose, S.
B., .M. Twyman, 2006 "Changing genes: site-directed mutagenesis and protein engineering"
in: Principles d gene manipulation and genomics, | * Edition. Pages 141-156).

[0088] PABA inhibits growth of bacteria and fungi. (Reed, et al. 1959 "Inhibition of s
cerevisiae by p-Aminobenzoic Acid and Its Reversal by the Aromatic Amino Acids' Journal d
Biological Chemistry 234: 904-908.) This inhibitory effect on cell growth needs to be overcome
for the production of PABA at higher concentration. The biological basis for the growth
inhibition by PABA is incomplete, but experimental results suggested that addition of
metabolites, such asp-hydroxybenzoic acid for E. coli or aromatic amino acids for yeast, in the
shikimic acid pathway could partially relieve the growth inhibition. In addition to adding known
chemical(s) to restore growth, tolerance of host cells to PABA can be increased by directed

evolution. Wild-type host cells are exposed to successively higher concentrations of PABA over
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time. This can be done with or without mutagenesis of the original host cell population. Cells
with mutation(s) that allow them to grow faster in the presence of PABA can be selected for over
time. Clonal variants with high tolerance to PABA can be selected and characterized. Elite
variants with favorable growth characteristics can be used as hosts for PABA production.

[0089] In addition to the 7,8-dihyropteroate synthase, any or al of the three enzymes (Steps 11,
12, 13; anthranilate synthase and chorismate mutase/prephenate dehydratase; corresponding to
genes trpD, pheA, tyrA) (FIG. 3) responsible for the conversion of chorismic acid to the three
aromatic amino acids can be inactivated to redirect the metabolic flux towards PABA (FIG. 3).
This reduces the consumption of chorismic acid for the production of aromatic amino acids and
allows this key intermediate for the production of PABA. The resulting mutant requires the
supplementation of the corresponding amino acids, namely tryptophan, tyrosine or phenylalanine
to restore proper growth.

[0090] The remaining enzymatic activities (Steps 14, 15, 16; corresponding to genes ubiC,
entC, menF) (FIG. 3) can beinactivated by alelic exchange as described above to eliminate the
loss of chorismic acid to other metabolites. For the ubiC mutation, 4-hydroxybenzoic acid is
added as a supplement to maintain the viability of the mutant. (Lawrence, et al. 1974
"Biosynthesis Of Ubiquinone In Escherichia-Coli-K-12 - Biochemical And Genetic
Characterization Of A Mutant Unable To Convert Chorismate Into 4-Hydroxybenzoate" Journal
G Bacteriology 118(1): 41-45.) No known supplementation is needed for the entC and menF
mutants (Muller, et al. 1996 "An Isochorismate Hydroxymutase Isogene In Escherichia Coli."
FEBSLetters 378(2): 131-134).

[0091] In addition to inactivation of enzymatic activities, over-expression of enzymatic
activities for the synthesis of PABA is needed:

0 Overexpression of genes coding for the enzymes aminodeoxychorismate synthase and 4-
amino-4-deoxychorismate lyase;

0 Overexpression of genes coding for the enzymes DAHP synthase and dehydroquinate
synthase or any remaining enzymes (Steps 2-7, FIG. 2) in the shikimic acid pathway,
which increases the metabolic flux into the shikimic acid pathway;

0 Overexpression of genes coding for the enzymes transketolase (TktA) and PEP synthase
(PpsA) to increase the availability of erythose-4-phosphate and PEP respectively.

[0092] FIG. 3 shows the modified shikimic acid pathway for the production of PABA in E.
coli. Key metabolites of the pathway are shown. Crosses indicate inactivation of enzymatic
steps. Enzymatic steps and corresponding genes (Enzyme/Gene) are represented by numbers:

(1) 3-Deoxy-D-arabino-heptulosonate-7-phosphate  (DAHP) synthase (EC:2.5.1.54)/araF,

aroG, aroH;
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(2) 3-Dehydroquinate synthase (EC:4.2.3.4)/aro5;
(3) 3-dehydroquinate dehydratase (EC:4.2.1.10)/araD;
(4) Dehydroshikimate reductase, NAD(P)-binding (EC:\.1.1.25)1aroE and Quinate/Shikimate
5-dehydrogenase, NAD(P)-binding (EC: 1.1.1.25)lydiB;
(5) Shikimate kinase (E.C.:2.7.1.71)/aroZ,
(6) 5-Enolpyruvylshikimate-3 -phosphate (EPSP) synthetase (EC:2.5.1.19)/aro”;
(7) Chorismate synthase (EC:4.2.3.5)/aroC;
(8) Aminodeoxychorismate synthase (EC:2.6.1.%5)IpabA, pabB;
(9) 4-amino-4-deoxychorismate lyase component of para-aminobenzoate synthase
multienzyme complex (EC:4.1.3.38)/paZ?C;
(10) 7,8-Dihydropteroate synthase (EC:2.5.1.15)//b/P;
(11) Anthranilate synthase/anthranilate phosphoribosyl transferase (EC:4.1.3.27, EC:
2.4.2.19)/trpED;
(12) Fused chorismate mutase P/prephenate dehydratase (EC:5.4.99.5, ECA.2A .5!)/pheA;
(13) Fused chorismate mutase P/prephenate dehydratase (EC:5.4.99.5, ECA.2A5)/tyrA;
(14) Chorismate-pyruvate lyase (EC:4.1.3.40)/wZ?/C;
(15) Isochorismate synthase 1 (EC:5.4.4.2)/ew/C;
(16) Isochorismate synthase 1(EC:5.4.4.2)/menF .
(17) 4-aminobenzoate 1-monooxygenase (EC:1.14.13.27);
(18) Arylamine N-acetyltransferases (EC:2.3.1.5).
[0093] PABA can beenzymatically converted top-aminophenol by 4-aminobenzoate 1-
monooxygenase (EC:1.14.13.27). For example, 4-aminobenzoate 1-monooxygenase from
Agaricus biosporus was shown to be effective in the conversion in vitro (T'suji ei al. 1985 "A
unique enzyme catalyzing the formation of 4-hydroxyaniline from 4-amino-benzoic acid in
Agaricus bisporus.” Biochem Biopkys Res Cosme:n. 130(2):633-639. Tsuji et al. 1986
"Purification and properties of 4-aminobenzoate hydroxylase, anew monooxygenase from
Agaricus bisporus." J Biol Chem 261(28): 13203-13209. Tsuji et al. 1996 "Cloning and
sequencing of cDNA encoding 4-aminobenzoate hydroxylase from Agaricus bisporus.” Biochirn
Biophys Acta 1309(1-2):3 1-36.).
[0094] p-Aminophenol can be further converted enzymatically to N-(4-
"Bacillus cereus strain 10-L-2 produces two arylamine N -acetyltransferases that transform 4-
phenylenediamine into 4-aminoacetanilide." JBiosci Bioeng 103(2): 147-154.) Different

arylamine N-acetyltransferases have different substrate specificity. The NAT-a enzyme from

17



WO 2013/103894 PCT/US2013/020389

Bacillus cereus strain 10-L-2 was shown to have ahigher selectivity for p-aminophenol than
NAT-b.

Method for the biological production of PABA, p-aminophenol and N-(4-

hydroxyphenyl)ethanamide in S. cerevisiae

[0095] Metabolic pathway engineering involves, for example,

o constructing a5. cerevisiae strain with amutation in FOL 1, blocking further conversion
of PABA tofolic acid. Eliminate competing pathways for chorismic acid by the
inactivation of ARO7, TRP2, and PHA2 genes, singly or in combination;

o producing S. cerevisiaevectors for the overexpression of biosynthetic enzymes for the
conversion of chorismic acid to PABA: aminodeoxychorismate synthase (ABZ1) and 4-
amino-4-deoxychorismate lyase (ABZ2).

o producing S. cerevisiaevectors for the expression of a DAHP synthase isozyme aroFFBR
from E. coli that is insensitive to feedback inhibition by tyrosine and other aromatic
amino acids.

[0096] Two methods can be exploited for construction of the mutants: (1) construction of all
mutants de novo, and (2) mating of previously characterized mutants. Both options are viable, but
construction of de novo mutants will probably be faster than mating, so wewill start there and
follow-up with acrossing strategy. The initia step involves construction of afoil A strain
deficient in 7,8-dihydropteroate synthase activity, blocking further assimilation of PABA into
folic acid. The resultingfollA mutant requires 5,6,7,8-tetrahydrofolic acid supplementation to
maintain growth. Media modification with aromatic amino acids and higher pH may also be
necessary if ahigh concentration of PABA is produced. (Kromer, et al. 2012 J. Biotech. inpress.)
TothefollA background, additional mutations (aro7A, trp2A, and pha2A) will be added to
eliminate competing pathways for chorismic acid, either singly or in combination. Some
combination of mutations may result in poor growth or lethality due to high-level production of
PABA. In those cases, aknockdown approach in which the wild-type gene is replaced with a
mutated, less active gene is preferable. The mutated gene replacement creates apartial block, but
still allows some carbon flux through the competing pathway. When ahighly PABA-tolerant host
strain can be obtained from the direct selection, the pathway design can betransferred to the
tolerant host, tested and optimized further.

[0097] Denovo mutant construction can be performed with 5. cerevisiae strain BY 4741
(MATahis3Al 1eu2A0 metl5A0 ura3A0), awidely used strain, which conveniently has four
auxotrophic markers that can be exploited for selection to prototrophy. Three of the four target
loci (ARO7, TRP2, and PHA2) will be inactivated by insertion of an expressed version oiLEU2,
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MET 15 and URAS3, followed by selection for prototrophy. To maintain his3Al for plasmid
selection, akanamycin-resistance cassette will be used to inactivate FOLI. Inactivation in this
manner is arapid technique that can be performed serially to generate the necessary strains.
(Hegemann, et al. Gene Disruption in the Budding Y east Saccharomyces cerevisiae, 2005. p.
129-144.)

[0098] For mating of mutants, mutants from the Y east Deletion Collection can be obtained.
(e.g., Available from: http://clones.invitrogen.convcloneinfo.php?clone=yeast.) The following

table shows data for each of the necessary strains.

Table 1

Record Mating Types Parent
Gene Name No. ORF Name Ploidy Strain
TRP2 6395 YERO9OW MATa Haploid BY4741
ARO7 5479 YPRO60C MATa Haploid BY4741
PHA2 6472 YNL316C MATa Haploid BY4741
TRP2 16395 YER090W | MATa Haploid BY4742
ARO7 15479 YPRO60C MATa Haploid BY4742
PHA?2 16472 YNL316C MATa Haploid BY4742
FOLI 26466 YNL256W MATa/a Diploid BY4743

[0099] The mutants were originally constructed in BY 4743 (A derivative of BY 4741; MATal/a
his30I/his301  1eu200 | 1eu200 ¥ s2DO/LY S2 METIS/met|500 ura3DO | ura300) and
sporulated to produce haploids when possible. Note that 4RO 7, TRP2 and PHA2 are available as
haploids, but that FOLI must be obtained as aheterozygous diploid due to its folate auxotrophy.
This strain can be grown and sporulated under folate supplementation to provide the appropriate
haploid strain for mating. Mating can be performed according standard protocols. (Guthrie, C,
Guide to Yeast Genetics and Molecular Biology. Methods in Enzymology, ed. C. Guthrie and
G.R. Fink. Vol. 350. 1991: Academic Press. 623.) The resulting strains will be kanamycin
resistant due to the insertions at each mutant locus.
[00100] The metabolic pathway for production PABA in S. cerevisiae is outlined in FIGs. 4
and 5. The native shikimic acid pathway is shown in FIG. 4 including the condensation of
phosphoenolpyruvate (PEP) and erythrose-4-phosphate (E-4-P) to the aromatic amino acids
(tryptophan, tyrosine and phenylalanine). From chorismic acid, abranch of shikimic acid
pathway leads to the formation of PABA and ultimately folic acid and tetrahydrofolic acid.
Unlike E. coli, in yeast, the enterchelin and menaquinone/phylloguinone pathways are absent.
[00101] FIG. 4 shows the shikimic acid pathway in 5. cerevisiae. Key metabolites of the
pathway are shown. Enzymatic steps and corresponding genes (Enzyme/Gene) are represented
by numbers:

(1) 3-Deoxy-D-arabino-heptulosonate-7-phosphate (DAHP) synthase (EC:2.5.1.54)/ ARO4;
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(2) Pentafunctional AROM polypeptide (EC:2.7.1.71, EC: 1.1.1.25, EC:2.5.1.19, EC:4.2.3.4,
EC: 4.2.1.10))/AROI;

(3) Pentafunctional AROM polypeptide (EC:2.7.1.71, EC: 1.1.1.25, EC:2.5.1.19, EC:4.2.3.4,
EC: 4.2.1.10))/AROI;

(4) Pentafunctional AROM polypeptide (EC:2.7.1.71, EC: 1.1.1.25, EC:2.5.1.19, EC:4.2.3.4,
EC: 4.2.1.10))/AROI;

(5) Pentafunctional AROM polypeptide (EC:2.7.1.71, EC: 1.1.1.25, EC:2.5.1.19, EC:4.2.3.4,
EC: 4.2.1.10))/AROI;

(6) Pentafunctional AROM polypeptide (EC:2.7.1.71, EC: 1.1.1.25, EC:2.5.1.19, EC:4.2.3.4,
EC: 4.2.1.10))/AROI;

(7) Chorismate synthase (EC:4.2.3.5)/AR02;

(8) Aminodeoxychorismate synthase (EC:2.6.1.85)/ABZ1,

(9) 4-amino-4-deoxychorismate |yase component of para-aminobenzoate synthase
multienzyme complex (EC:4.1.3.38)/ABZ2,

(10) Dihydroneopterin aldolase / 2-amino-4-hydroxy-6-hydroxymethyldihydropteridine
diphosphokinase / dihydropteroate synthase (EC:4.1.2.25, EC:2.7.6.3,
EC:2.5.1.15)/FOL1,

(11) Anthranilate synthase component | and 11 (EC:4.1.3.27)/TRP2 and TRP3;

(12) Fused chorismate mutase P/prephenate dehydratase (EC:5.4.99.5, EC:4.2.1.51)/PHAZ2;
(13) Fused chorismate mutase P/prephenate dehydratase (EC:5.4.99.5, EC:4.2.1.51)/AR07.
[00102]  Toproduce PABA, the immediate enzymatic step after PABA, the 7,8-dihyropteroate
synthase (Step 10; corresponding to gene FOL1), is inactivated either by mutation or enzymatic

inhibitors (FIG. 5). Gene inactivation can be accomplished via allelic exchange as described.
(Klinner, et al. 2004 "Genetic aspects of targeted insertion mutagenesis in yeasts' FEMS
Microbiology Reviews 28 (2004) 201-223.) Alternatively, enzymatic activity of 7,8
dihyropteroate synthase can be inhibited by the addition of a sulfonamide in the culture medium.
The resulting mutant is expected to accumulate PABA. This PABA deficient mutant lacks the
ability to synthesize the essential folic acid and 5,6,7,8-tetrahydrofolic acid and requires the
supplementation of 5-formyl tetrahydrofolic acid for proper growth (Guldener, et al. 2004
"Characterization Of The Saccharomyces cerevisiae Foil Protein: Starvation For Cl Carrier
Induces Pseudohypha Growth" Molecular Biology G The Cell 15(8): 381 1-3828).

[00103]  In addition to the 7,8-dihyropteroate synthase, any of the three enzymes (Steps 11,12,
13; anthranilate synthase and chorismate mutase/prephenate dehydratase; corresponding to genes
TRP2 and TRP3, PHA2, AR07) (FIG. 5) responsible for the conversion of chorismic acid to the
three aromatic amino acids are inactivated to redirect the metabolic flux towards PABA (FIG. 5).
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The resulting mutant will require the supplementation of the corresponding amino acids
tryptophan, tyrosine and phenylalanine to restore proper growth.
[00104]  For example, the aminodeoxychorismate synthase (pabA and pabB) and 4-amino-4-
deoxychorismate lyase (pabC) activities may be increased by the overexpression of the
corresponding genes, which enhance the conversion of chorismic acid to PABA. Alternatively,
gene fusions between pabA and pabB (pabAB) as found in actinomyces, Plasmodiumfalciparum,
and Arabidopsis thaliana may be employed in place of pabA and pabB. (James, et al. 2002 "The
Pabl Gene Of Coprinus Cinereus Encodes A Bifunctional Protein For Para-Aminobenzoic Acid
(PABA) Synthesis: Implications For The Evolution Of Fused PABA Synthases' Journal G
Basic Microbiology 42(2): 91-103; Basset, et al. 2004 "Folate Synthesis In Plants: The Last Step
Of The P-Aminobenzoate Branch Is Catalyzed By A Plastidia Aminodeoxychorismate Lyase"
Plant Journal 40(4): 453-461.)
[00105]  In another example, gene fusion between pabB and pabC (pabBC), asfound in
Lactococcus lactis, can be used in place of the pabB andpabC genes. (Wegkamp, et al. 2007
"Characterization Of The Role Of Para-Aminobenzoic Acid Biosynthesis In Folate Production
By Lactococcus Lactis" Applied And Environmental Microbiology 73(8): 2673-2681.)
[00106]  The mutation(s) may confer only partial inactivation of enzymatic activities.
[00107]  Any or al of the following competing pathways for chorismic acid may be
inactivated by mutations or enzyme inhibitors.

(11) Anthranilate synthase component | and 11 (EC:4.1.3.27)/TRP2 and TRP3;

(12) Fused chorismate mutase P/prephenate dehydratase (EC:5.4.99.5, EC:4.2.1.51)/PHAZ2;

(13) Fused chorismate mutase P/prephenate dehydratase (EC:5.4.99.5, EC:4.2.1.51)/ARO07.
[00108]  The mutation(s) may confer only partial inactivation of enzymatic activities.
[00109]  The mutants may require specific supplemental metabolites to maintain cell viability:
Tryptophan for (11) Anthranilate synthase component | and |1 (EC:4.1.3.27)/TRP2 and TRP3;
Phenylalanine for (12) Fused chorismate mutase P/prephenate dehydratase (EC:5.4.99.5,
EC:4.2.1.51)/PHA2; Tyrosine for (13) Fused chorismate mutase P/prephenate dehydratase
(EC:5.4.99.5, EC:4.2.1.51)/AR07.
[00110] The carbon flux towards PABA is increased by the overexpression of
aminodeoxychorismate synthase (EC:2.6.1.85) gene, ABZ1 and 4-amino-4-deoxychorismate
lyase (EC:4.1.3.38) gene, ABZ2. Regulated expression of genes of interest can be accomplished
using defined expression systems as described (Michael, et al. 1992 "Foreign Gene Expression in
Yeast: aReview" YEAST 8: 423-488). The increase in expression of the ABZ1 and ABZ2 leads
to an increase in the total enzymatic activities of aminodeoxychorismate synthase and 4-amino-4-

deoxychorismate lyase, which in turn increase the conversion of chorismic acid to PABA.
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[00111] Alternatively, the enzymatic activities of aminodeoxychorismate synthase
(EC:2.6.1.85) and 4-amino-4-deoxychorismate lyase (EC:4.1.3.38) can potentially be substituted
with those of asimilar enzyme complex, anthranilate synthase (EC:4.1.3.27). Unlike
aminodeoxychorismate synthase (EC:2.6.1.85) and 4-amino-4-deoxychorismate lyase
(EC:4.1.3.38) which catalyses the para-addition, anthranilate synthase (EC:4. 1.3.27) catalyses the
ortlpw-addition of the amine group in anthranilate. To alter the enzymatic activity of anthranilate
synthase (EC:4. 1.3.27), the genes (trpEDG) coding for the enzyme complex is mutated by
random mutagenesis. (Primrose, et al. 2066 "Changing genes: site-directed mutagenesis and
protein engineering” In: Principles d gene manipulation and genomics, 7th Edition. Pages 141-
156.)
[00112] PABA inhibits growth of bacteria and fungi (Reed, et al. 1959 "Inhibition of
Saccharomyces cerevisiae by p-Aminobenzoic Acid and Its Reversal by the Aromatic Amino
Acids' Journal d Biological Chemistry 234: 904-908). This inhibitory effect on cell growth
needs to be overcome for the production of PABA & higher concentration. The biological basis
for the growth inhibition by PABA is incomplete, but experimental results suggested that addition
of metabolites, such asp-hydroxybenzoic acid for E. coli or aromatic amino acids for yeast, in the
shikimic acid pathway could partially relieve the growth inhibition. In addition to added known
chemical(s) to restore growth, tolerance of host cells to PABA can be increased by directed
evolution. Wild-type host cells are exposed to successive higher concentrations of PABA over
time. This can be done with or without mutagenesis of the original host cell population. Cells
with mutation(s) that allow them to grow faster in the presence of PABA will be selected for over
time. Clonal variants with high tolerance to PABA will be selected and characterized. Elite
variants with favorable growth characteristics will be used as hosts for PABA production.
[00113] Furthermore, in astrategy that can help both with PABA resistance and continuous
PABA fermentation, multidrug efflux pumps can be utilized to pump PABA out of the cell asit is
produced. Sulfonamide antibiotics are PABA analogs, and resistance can be achieved via efflux
pumps. (Alekshun, et al. 2007 Cell. 128(6): p. 1037-1050.) PABA exporters can be produced by
targeted modification or directed evolution for PABA tolerance. A similar procedure can be made
for export of p-aminophenol.
[00114] In addition to inactivation of enzymatic activities, over-expression of enzymatic
activities for the synthesis of PABA is needed:

0 Overexpression of genes coding for the enzymes aminodeoxychorismate synthase

(corresponding to the gene ABZ1) and PABA synthase (corresponding to the gene

ABZ2). Overexpression of genes in yeast can be achieved as described previously;
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0 Overexpression of genes coding for the enzymes DAHP synthase and the AROM protein
in the pathway, which increases the metabolic flux into the shikimic acid pathway;

0 Overexpression of genes coding for the enzymes transketolase (TKL1) and PEP synthase
(PpsA) to increase the availability of erythose-4-phosphate and PEP respectively.
(Sundstrom, et a/. 1993 "Yeast TKLI Gene Encodes A Transketolase That |s Required
For Efficient Glycolysis And Biosynthesis Of Aromatic Amino Acids' Journal G
Biological Chemistry 268(32): 24346-24352.)

[00115] FIG. 5 shows the modified shikimic acid pathway for the production of PABA in 5.
cerevisae. Key metabolites of the pathway are shown. Crosses indicate inactivation of
enzymatic steps. Enzymatic steps and corresponding genes (Enzyme/Gene) are represented by
numbers:

(1) 3-Deoxy-D-arabino-heptul osonate-7-phosphate (DAHP) synthase (EC:2.5.1.54)/ ARO4;

(2) pentafunctional AROM polypeptide (EC:2.7.171, EC: 1.1.1.25, EC:2.5. 1.19, EC:4.2.3 .4,
EC: 4.2.1.10))/AROI;

(3) pentafunctional AROM polypeptide (EC:2.7.171, EC: 1.1.1.25, EC:2.5. 1.19, EC:4.2.3 .4,
EC: 4.2.1.10))/AROI;

(4) pentafunctional AROM polypeptide (EC:2.7.171, EC: 1.1.1.25, EC:2.5. 1.19, EC:4.2.3 .4,
EC: 4.2.1.10))/AROI;

(5) pentafunctional AROM polypeptide (EC:2.7.1.71, EC: 1.1.1.25, EC:2.5.1.19, EC:4.2.3.4,
EC: 4.2.1.10))/AROI;

(6) pentafunctional AROM polypeptide (EC:2.7.171, EC: 1.1.1.25, EC:2.5. 1.19, EC:4.2.3 .4,
EC: 4.2.1.10))/AROI;

(7) Chorismate synthase (EC:4.2.3.5)/AR02;

(8) Aminodeoxychorismate synthase (EC:2.6.1.85)/ABZ1,;

(9) 4-amino-4-deoxychorismate |lyase component of para-aminobenzoate synthase
multienzyme complex (EC:4.1.3.38)/ABZ2;

(10) Dihydroneopterin aldolase / 2-amino-4-hydroxy-6-hydroxymethyldihydropteridine
diphosphokinase / dihydropteroate synthase (EC:4.1.2.25, EC:2.7.6.3,
EC:2.5.1.15)/FOL 1;

(11) Anthranilate synthase component | and 11 (EC:4.1.3.27)/TRP2 and TRP3;

(12) Fused chorismate mutase P/prephenate dehydratase (EC:5.4.99.5, EC:4.2.1.51)/PHAZ2,

(13) Fused chorismate mutase P/prephenate dehydratase (EC:5.4.99.5, EC:4.2.1.51)/AR07;

(14) 4-aminobenzoate 1-monooxygenase (EC:1.14.13.27);

(15) Arylamine N-acetyltransferases (EC:2.3.1.5).

S. cerevisiae vectors
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[00116] S. cerevisiae vectors for the overexpression of biosynthetic enzymes for the
conversion of chorismic acid to PABA can be aminodeoxychorismate synthase (ABZ1) and 4-
amino-4-deoxychorismate lyase (ABZ2), singly and in combination.

[00117] S. cerevisiae/E. coli shuttle vector pRS423 can be used, which contains a2y origin
and the yeast HIS3 selectable marker. (Christianson, et al. 1992 Gene 110(1): p. 119-22.) This
plasmid can beused in the strains, as al will contain his3Al. Vectors can be constructed that
express each gene individually, and the two in combination. Promoter/terminator combinations
can be selected from among TEF2, PYK1, and ENO2. (Sun, et al, 2012 Biotechnol. Bioeng. 109,
8, p. 2082-92.) Each Promoter/ORF/Terminator combination can be designed, synthesized
commercially, and subcloned into pRS423. The resulting vectors can be used to transform the
appropriate S. cerevisiae mutant strains to overexpress aminodeoxychorismate synthase (ABZ1)
and 4-amino-4-deoxychorismate lyase (ABZ2), singly and in combination. (Hinnen, et al. 1978
Proc Natl Acad Sci USA 75(4): p. 1929-33.) Functionality of clones can be assayed
enzymatically. (Tsuji, etal., 1985 Biochem. & Biophys. Res. Comm. 130(2): p. 633-639; Tsuji,
H., et al, 1986 J. Biol. Chem. 261(28): p. 13203-9; Brooke, et al, 2003 Bioorg. Med. Chem.
11(7): p. 1227-34.)

[00118] S. cerevisiae vectors for the expression of aDAHP synthase isozyme aroF8* from E.
coli can be produced that are insensitive to feedback inhibition by tyrosine and other aromatic
amino acids. S. cerevisiae integration or plasmid expression vector can be constructed to express
the heterologous DAHP synthase isozyme aroF8* from E. coli in the yeast host strain. (Weaver,
etal. 1990 J. Bacteriol. 172(1 1): p. 6581-4.) DAHP synthase catalyses the committing step in the
shikimic acid pathway and is subject to feedback inhibition by aromatic amino acids.
(Helmstaedt, et al. 2005 Proc Natl Acad Sci USA  102(28): p. 9784-9.) The yeast DAHP
synthase isozymes ARO3 and AR04 are feedback inhibited by phenylalanine and tyrosine
respectively. Inthe presence of supplemental aromatic amino acids, the carbon flux through the
shikimic acid will be restricted due to the feedback inhibition on ARO3 and ARO4. The
expression of the feedback resistant aroF™8* can circumvent the inhibition.

[00119] S. cerevisiae strains resistant to the targeted metabolites can be selected. The target
molecules are al inhibitors of wild-type S. cerevisiae, which may limit our ability to overproduce
these molecules. (Brennan, et al. 1997 Mutagenesis 12(4): p. 215-20; Srikanth, et al. 2005
Microbiology 151 (Pt 1): p. 99-1 11.) For example, the solubility of PABA in water is 0.072 M
(about 10g/L), and the most PABA-tolerant strains identified to date tolerates less than one fifth
of that concentration. (Bradley, et al., Open Notebook Science Challenge: Solubilities of Organic
Compounds in Organic Solvents Nature Precedings, 2010
http://dx.doi.Org/10.1038/npre.2010.4243.3; Kromer, et al., 2012 Production of aromatics in
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Saccharomyces cerevisiae—A feasibility study. Journal of Biotechnology.) Selection of resistant
strains can be initiated by growing mutant strains in media containing increasing amounts of each
molecule to derive resistant strains. A large bank of wild-type S. cerevisiae strains can be

screened.

Production of p-aminophenol from PABA

[00120] PABA can beenzymatically converted top-aminophenol by 4-aminobenzoate 1-
monooxygenase (EC:1.14.13.27). For example, 4-aminobenzoate 1-monooxygenase from
Agaricus biosporus was shown to be effective in the conversion in vitro (Tsuji etai 1985 "A
unique enzyme catalyzing the formation of 4-hydroxyaniline from 4-amino-benzoic acid in
Agaricus bisporus." Biochem Biophys Res Commun. 130(2):633-639. Tsuji et al. 1986
“Purification and properties of 4-aminobenzoate hydroxylase, anew monooxygenase from
Agaricus bisporus." J Biol Chem 261(28): 13203-13209. Tsuji et al 1996 "Cloning and
sequencing of cDNA encoding 4-aminobenzoate hydroxylase from Agaricus bisporus.” Biochim
Biophys Acta 1309(I-2):3 1-36.).

[00121] p-Aminophenal can be further converted enzymatically to N-(4-
hydroxyphenyl)ethanamide by arylamine N-acetyltransferases (EC:2.3.1.5) (Mukvoz0 et al. 2007
"Bacillus cereus strain 10-L-2 produces two arylamine N-acetyltransferases that transform 4-
phenylenediamine into 4-aminoacetanilide." JBiosci Bioeng 103(2): 147-154.) Different
arylamine N-acetyltransferases have different substrate specificity. The NAT-a enzyme from
Bacillus cereus strain 10-L-2 was shown to have ahigher selectivity for p-aminophenol than
NAT-b.

Production of p-phenylenediamine (PPD) from p-aminophenol

[00122]  Also disclosed herein are novel methods to synthesize PPD. The synthesis can be
accomplished in a single step.

[00123] p-Aminophenal can be converted to PPD (PPD) by amination using catalysts such as
noble metal catalysts in the presence of ammonia and hydrogen. Such aconversion has been
described in the art, for example by M. Yasuhara and co-workers in Japanese Patent Nos.
1988057559 and 1990069448. A list of such processes for converting aminophenols and
dihydroxybenzenes to diaminobenzenes can be found in in R.S.Downing P.J Kunkler, and H. van
Bekkum, Catalysis Today, 1997, Vol.37, 121-136; see also, M.Hauptreif and H.Reichelt,

EP5 14487; H.Oikawa, M.Ishibashi, K.Maeda, H.Tarumoto, and | Hashimoto, JP06345701(1994);
Y .Watabe, Y.Naganuma, E.Sugiyama, and T.Komiyama, JP03 112946(1991); and M.Y asuhara
and F.Matusanaga, 02069448(1990); these references cited therein are hereby expressy

incorporated herein by reference for all purposes. Such processes can be used to convert bio-para-
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aminophenol to bio-PPD, where the PABA is derived from fermentation of sugars as described
above. Thus, the process described directly above can be employed to prepare bio-PPD from bio-
PABA. Such atwo-step process is shown in Example A below:

Conditions Conditions
GOOH Catalyst OH Catalyst N e
[)j 100-250°C = H,/NH; L P
= B HaN #
1-100 atm. ~—
NHs ¥
?:\; H2
Catalyst example: Catalyst
CuO/ZSM-1 example: Pd/C

[00124]  Also disclosed herein is anovel method to synthesize PPD by
hydrogenolysis/decarboxylation and amination of PABA acid by precious metal and base metal
catalyst under the pressure of about 15 psi to about 5000 psi, preferably about 500 to about 1000
psi, and & atemperature of about room temperature to about 400°C, preferably about 150°C to
about 250°C.

[00125] Heterogeneous catalysts used for the present invention are supported on an inert
carrier. The active metal component of the catalyst is selected from Ru, Pd, Pt, Rh, Re, Au, Ir, Ni,
Cu, Cr, Co, or their combination. The representative carriers include activated carbon (AC), ceria
(CeC™), alumina (A120,), zirconia (ZrC"), titania (T102), silica (5S102) and their mixtures. The
amount of precious metal and base metal catalyst for this reaction is in the range of about 0.01%
to about 40% by weight based on the starting aromatic compound. The metal loading on the
carrier is about 0.1% to about 60% by weight.

[00126]  The hydrogenolysis/decarboxylation and amination of the present invention can be
carried out either in abatch or in acontinuous process in % and/or NH, atmosphere. Total
reaction time in batch reactor is about 30 to about 240 min. The longer reaction at higher
temperature and under higher H,, pressure may cause an increase in the undesirable by-products
formation and saturation of aromatic ring, respectively.

[00127]  Taking the reported PPD synthesis methods into consideration, the present invention
provides the simple and green method of preparing PPD by heterogeneous catalytic
hydrogenolysis and amination. By this invention, reaction pathway is significantly shortened and

the formation of by-products, including halogenated compounds, is greatly suppressed.

Production of Aniline from PABA
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[00128] It will be understood that methods disclosed herein for preparing aniline from PABA
can be applied equally well to PABA derived from petroleum or biological sources. Aniline can
be prepared by decarboxylation of PABA in solution in the presence of an acid catalyst. The
reaction can be carried out in water as solvent containing hydrochloric acid. The reaction is
typically carried out at elevated temperature to maintain a decarboxylation rate that is practical
for commercial application. The preferred temperature isin the range of about 50°C to about
100°C. and more preferably in the range of about 60°C to about 80°C. The amount of
hydrochloric acid is added that is sufficient to maintain apractical rate of decarboxylation.
[00129] In another embodiment, the reaction can be carried out at atemperature in excess of
the melting point of PABA, which is about 187°C to about 189°C. Under these conditions, the
desired aniline can beremoved from the reactor by distillation since the boiling point of aniline is
183°C. The reaction can be facilitated by addition of ahigh boiling solvent with aboiling point
high enough to maintain apractica rate of decarboxylation and also in excess of the aniline
boiling point to facilitate removal of aniline from the reaction. Examples of such high boiling
solvents include diphenyl ether, diglycerol and triglycerol.

[00130] Examples of conversion of PABA to aniline have been reported. For example,
Carstensen and Musa in J. Pharmaceutical Sciences, 1972, Vol. 61, pages 1112-1 118, reported
that decarboxylation of PABA gives aniline asthe only product. Decarboxylation of PABA and
related compounds such as anthranilic and substituted anthranilic acids have aso been reported
by Clark (J.Physical Chemistry, 1963, Vol.67, 138-140) and Dunn and Prysiazniuk (Canadian J.
Chemistry, 1961, Vol. 39, 285-296). None of these reports involves use of the decarboxylation as
a synthetic procedure for making aniline, nor do any of the reports describe using
decarboxylation of biologically-derived PABA as a synthetic route to biologically-derived

aniline.

Production of Methylenedianiline (MDA) and Methylene dipheny! diisocyanate (MP1)

[00131] Disclosed here are methods for producing methylenedianiline (MDA) from aniline
that is made from biologically-derived PABA and MDA that is made directly from PABA (either
biologically-derived or petroleum-derived). The biologically-derived MDA isuseful in preparing
biologically-derived methylene diphenyl diisocyanate, which inturn is useful in preparing
partialy biologically-derived aromatic polyurethanes and, when used with biologically-derived
polyols and polyester polyols, isuseful inpreparing 100% biologicaly derived, and hence
renewable, polyurethanes.

[00132] Conversion of PABA-derived aniline to MDA is accomplished by reacting aniline
with formaldehyde in water in the presence of a suitable acid catalyst. While avariety of acid
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catalysts can beused in this process, the preferred catalyst is hydrochloric acid. Such reactions
have been reported for conversion of petroleum-derived aniline to MDA (see, for example,
patents U'S Patent Nos. 2,974,168; 2,938,054; 2,818,433; 3,476,806; 3,367,969; 6,831,192;
7,038,022B2). The aniline-formaldehyde condensation reactions can be carried out under a
variety of conditions, resulting in amixture of products that can be rich in methylenedianiline
isomers, with the 4,4'-methylenedianiline predominating over the 2,4-isomer or can bericher in
higher molecular weight aniline-formaldehyde condensation products resulting from further
reaction of low molecular weight condensation products such as methylenedianiline with
additional aniline and formaldehyde. These higher molecular weight condensation products have
more than two amine groups per molecule and can be linear or branched. The condensation
chemistry of aniline with formaldehyde has been discussed in detail by Twitchett in Chemical
Society Reviews, 191A, Vol. 3, 209-230, which and references cited therein are hereby expressly
incorporated herein by reference for all purposes.

[00133] Theinvention described herein also includes a new reaction for preparing aniline-
formaldehyde condensation products by reacting PABA with formaldehyde in water in the
presence of an acid catalyst such as hydrochloric acid. The inventors have found that the
condensation of formaldehyde with PABA occurs with decarboxylation to produce the aniline-
formaldehyde condensation products. The decarboxylation may occur 1) before the condensation
reaction to produce aniline, which then condenses with formaldehyde, or 2) during the reaction of
formaldehyde or a PABA-formaldehyde adduct with aniline to produce acondensation product,
although the exact detail is not yet known. The important aspect of this discovery isthat aniline-
formaldehyde condensation products of the methylenedianiline type are produced by reaction of
PABA with formaldehyde in the presence of an acid catalyst. Such methylenedianiline products
are useful in preparing MDI and MDI-type isocyanates that, in turn, are useful in producing
technologically important polyurethanes. When the PABA used is biologically derived through
processes such as fermentation of biomass, then the methylenedianiline-type products, the
resulting isocyanates and polyurethanes can be either partially or 100% biologically derived, and
hence 100% renewable in the same manner as described for aniline in the previous paragraph.
[00134] Exemplary methods according to the present invention are provided by the following
examples. The products of the present invention can be quantitatively analyzed by HPLC, GC-
M S and/or -FID.

[00135]  Further detail of the present invention is described below with the following
examples, which illustrate but are not intended to limit the present invention.

Example 1
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[00136] 0.1 gof 5% Ru/Al0,, 1.0 g of PABA, and 30 mL of DI water are placed in 75 mL
high pressure Parr reactor. The reactor is sealed and then pressurized to 200 psi by H,. The
reactor is heated up to 200°C, and the temperature is maintained for 1hour. The reaction product
is obtained after the temperature reached room temperature. The aminophenol is isolated, and
placed in the 75 mL high pressure Parr reactor with 0.1 g of 5% RU/AI204 and 30 mL of DI
water. The reactor is sealed and then pressurized, first, to 50 psi by NH; and to 200 psi by H,.
The reactor is heated up to 200°C, and the temperature is maintained for 1hour. The reaction
product is collected after the temperature reaches room temperature and analyzed by HPLC and
GC.

Example 2-7
[00137]  Experiments with Raney, Cu, CuCr, Raney Ni, Ru or Pd catalyst with different
solvents, different temperature and pressure is carried out in the same manner as described in

Example 1. The results are shown in Table2.

inOH +H, (Ru, Pd), -H,0 ”if“ +NH;, -H,0
§ j +Na (Raney Cu, CuCn), H:0 ¢ \ (200 °C, 230 bar) [f%j N
Ly, (160-250°C, 150-300 bar) \;EH > N (ii)
N 2
Cat: Raney Cu, CuCr, Ru, Pd Cat: Raney Ni, Ru,
Base: KOH Pd,

Table2 Example 2-7

Example Catalyst 1 Catalyst 2 Solvent
2 Raney Cu Raney Ni H,0
3 CuCr Raney Ni H,0O
4 Ru Ru H>,O
5 Ru Ru THF
6 Pd Pd H,O
7 Pd Pd THF
Example 8-15

[00138]  This example demonstrates experiments to catalytically convert PAP to PPD. In a
typical experiment, 0.1 g of catalyst, 1.0 g of PAP, and 30 mL of solvent are placed in 75 mL
high pressure Parr reactor. The reactor is sealed and then pressurized, first, with NH;. The
reaction was then pressurized with H,, for reactions using both gases. The reactor is heated up to
the target temperature and the temperature is maintained for 0.5 hour. The reaction product is

obtained after the temperature reached room temperature. Analysis of the products is conducted
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by HPLC and GC. The example surveys multiple catalysts and conditions and the results are
shown in Table3.

Table3. Example 8 Experiments to Convert PAP to PPD

Reactant Pressure
Expt.# Substrate | Catalyst Solvent Gas Temp (°C) | (NHa/H,,psi)
8 PAP RaNi H,O NH; 150 75/300
PAP RaNi H,O NH; 150 75/500
PAP RaNi H,O NH; 300 75/300
PAP RaNi H,O NH; 300 75/500
9 PAP RaNi H,O NH3/H, 150 75/300
PAP RaNi H,O NH3/H, 150 75/500
PAP RaNi H,O NH3/H, 300 75/300
PAP RaNi H,O NH3/H, 300 75/500
10 PAP Ru/ALO; H,O NH; 150 75/300
PAP Ru/ALO; H,O NH; 150 75/500
PAP Ru/ALO; H,O NH; 300 75/300
PAP Ru/ALO; H,O NH; 300 75/500
PAP Ru/ALO; H,O NH3/H, 150 75/300
PAP Ru/ALO; H,O NH3/H, 150 75/500
PAP Ru/ALO; H,O NH3/H, 300 75/300
PAP Ru/ALO; H,O NH3/H, 300 75/500
11 PAP Ru/ALO; THF NH; 150 75/300
PAP Ru/ALLO; THF NH; 150 75/500
PAP Ru/ALO; THF NH; 300 75/300
PAP Ru/ALO; THF NH; 300 75/500
PAP Ru/ALO; THF NH3/H, 150 75/300
PAP Ru/ALO; THF NH3/H, 150 75/500
PAP Ru/ALO; THF NH3/H, 300 75/300
PAP Ru/ALO; THF NH3/H, 300 75/500
12 PAP Pd/C H,O NH; 150 75/300
PAP Pd/C H,O NH; 150 75/500
PAP Pd/C H,O NH; 300 75/300
PAP Pd/C H,O NH; 300 75/500
PAP Pd/C H,O NH3/H, 150 75/300
PAP Pd/C H,O NH3/H, 150 75/500
PAP Pd/C H,O NH3/H, 300 75/300
PAP Pd/C H,O NH3/H, 300 75/500
13 PAP Pd/C THF NH; 150 75/300
PAP Pd/C THF NH; 150 75/500
PAP Pd/C THF NH; 300 75/300
PAP Pd/C THF NH; 300 75/500
PAP Pd/C THF NH3/H, 150 75/300
PAP Pd/C THF NH3/H, 150 75/500
PAP Pd/C THF NH3/H, 300 75/300
PAP Pd/C THF NH3/H, 300 75/500
[00139] The same procedure is applied to demonstrate that N-(4-hydroxyphenyl)ethanamide

can be converted to PPD. The results of these experiments are shown in Table4.
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Table4. Example 8 Experiments to Convert N-(4-hydroxyphenyl)ethanamide (NEA) to PPD

Reactant Pressure
Expt.# Substrate | Catalyst Solvent Gas Temp(OC) (NH3/H,,psi)
14 NEA Pd/C H,0O NH; 150 75/300
NEA Pd/C H,0O NH; 150 75/500
NEA Pd/C H,0O NH; 300 75/300
NEA Pd/C H,0O NH; 300 75/500
NEA Pd/C H,0O NHs/H, 150 75/300
NEA Pd/C H,0O NHs/H, 150 75/500
NEA Pd/C H,0O NHs/H, 300 75/300
NEA Pd/C H,0O NHs/H, 300 75/500
15 NEA Pd/C THF NH; 150 75/300
NEA Pd/C THF NH; 150 75/500
NEA Pd/C THF NH; 300 75/300
NEA Pd/C THF NH; 300 75/500
NEA Pd/C THF NHs/H, 150 75/300
NEA Pd/C THF NHs/H, 150 75/500
NEA Pd/C THF NHs/H, 300 75/300
NEA Pd/C THF NH3/H, 300 75/500

[00140] Asdescribed above, the preparation method of the present invention involves
heterogeneous catalytic hydrogenolysis/decarboxylation and amination to efficiently produce
highly pure PPD in the simple process. Major by-products are expected to be C0 , and H,0,
without using and producing any halogenated compounds. The advantage of the method is
simplified production with high selectivity, thereby requiring less effort on purification and
isolation of product.

Example 16
[00141] PABA (10 g) is added to 400 mL water in a2L round-bottom flask equipped with a
mechanical stirrer and a condenser. Hydrochloric acid (100 mL 1.0 M) is added and the mixture
is heated to 80°C and maintained at that temperature overnight. The reaction is cooled,
neutralized by addition of 2.0 M aqueous sodium hydroxide and most of the water (450 mL) is
removed by distillation under vacuum. Aniline product separated from the aqueous salt solution
as an oil, which can be separated physically or taken up in ethyl acetate and purified by
distillation. Theyield of crude aniline is 6.7g, which is pure based on the proton NMR spectrum.

Example 17
[00142]  Solid PABA (50 g) and 100 mL diphenyl ether are added to a 500 mL round-bottom
flask. The flask isheated to 200°C with an oil bath and the temperature is maintained at that
temperature until gas evolution ceases. The reaction is cooled and distilled under reduced

pressure until aniline ceases to distill. Theyield is 30 g, or 90% based on PABA.
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Example 18
[00143]  Aniline prepared from biologically-derived PABA iscondensed with formaldehyde in

the following process. In atypical reaction, a5L reactor equipped with acondenser and
mechanical stirrer was charged with 900 mL water, 1118 g aniline, 834 g hydrochloric acid (35%
in water), and 324 g of formaldehyde solution (37% in water). The reactor was stirred and
maintained at 30°C during the charging process. After thorough mixing was completed, the
reaction was heated to 90°C and maintained at this temperature for 4 hours. The reaction was
cooled and 800 g sodium hydroxide solution (50% in water) was added slowly. The reactor was
heated to 95°C with stirring to ensure thorough mixing and then alowed to cool to room
temperature and sit for about one hour. The two-layer reaction mixture was separated and the
upper layer (the "organic" layer) was heated under a slight vacuum to remove water and
unreacted aniline, which was purified by distillation and recycled. Analysis by HPLC indicated
that the crude product was 75% 4,4'-methylenedianiline, with the remainder being other
methylenedianiline isomers and higher molecular weight condensation products of aniline and
formaldehyde. The crude product can be distilled under vacuum to provide purified MDA that is
essentially free of higher molecular weight aniline-formaldehyde condensation products.
[00144]  The methylenedianiline prepared from so prepared aniline is identical in every respect
to that prepared from petroleum derived aniline except for the higher “C content of the MDA
prepared from the aniline prepared from biologically-derived PABA.

Example 19
In this example, PABA (either biologically-derived or petroleum-derived) is condensed directly
with formaldehyde without prior conversion to aniline.
[00145] Inatypical reaction, a5L reactor equipped with acondenser and mechanical stirrer
was charged with 900 mL water, 1647 g PABA, 834g hydrochloric acid (35% in water), and 324
g of formaldehyde solution (37% in water). The reactor was stirred and maintained at 30°C
during the charging process. After thorough mixing was completed, the reaction was heated to
90°C and maintained &t this temperature for 8 hours. The reaction was cooled and 800 g sodium
hydroxide solution (50% in water) was added slowly. The reactor was heated to 95°C with
stirring to ensure thorough mixing and then allowed to cool to room temperature and sit for about
one hour. The two-layer reaction mixture was separated and the upper layer (the "organic" layer)
was heated under a slight vacuum to remove water and unreacted aniline, which was purified by
distillation and recycled. Analysis by HPLC indicated that the crude product was 75% 4,4'-
methylenedianiline, with the remainder being other methylenedianiline isomers and higher

molecular weight condensation products of aniline and formaldehyde. The crude product can be
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distilled under vacuum to provide purified MDA that is essentidly free of higher molecular
weight aniline-formaldehyde condensation products.
[00146]  The methylenedianiline prepared from petroleum-derived PABA or biologically-
derived PABA areidentical in every respect except for the higher ¥C content of the MDA
prepared from the biologically-derived PABA.

Example 20
[00147]  This example demonstrates the preparation of biologically-derived methylene
diphenyl diisocyanate (MDI) from the crude bio-derived MDA prepared in Example 18 above.
The MDA (122 g, 0.615 mol) was dissolved in 1.0 L of dry chlorobenzene and added to a chilled
(10°C) solution of phosgene (100 g, 1.01 moles) in chlorobenzene (400 mL) in a5L flask
equipped with amechanical stirrer and condenser. After the addition was complete, the reaction
mixture was warmed to room temperature over 30 minutes and then slowly heated to reflux. An
additional 375 g (3.79 moles) of phosgene in 1.0 L chlorobenzene was added over 5 hr while
maintaining the reaction &t reflux. The reaction was heated for an additional hour and then purged
with nitrogen (the purged gas was passed through atrap containing chilled aqueous sodium
hydroxide). The chlorobenzene was then removed by distillation, with the final solvent removal
being carried out under mild vacuum. The resulting crude MDI was analyzed spectroscopically
"H-NMR, IR) and showed complete reaction of al amine functionality. The crude MDA can be
used directly in applications such as formulation of adhesives and preparation of polyurethane
foams or fractionally distilled under vacuum to give purified MDI, leaving poly-MDI in the
digtillation pot. The purified MDI can be used in preparation of high performance polyurethane
rubbers as elastomers.
[00148] The MDI prepared from biologically-derived MDA isidentical in every respect to
that prepared from petroleum-derived MDA except for the “C content of the MDI prepared from
the biologically-derived MDI.

Seguence Listings

Table 5 Gene sequences and corresponding amino acid sequences for E. coli B Strain REL606

aroPFBR

atgcaasaagacgcgctgaataacgtacatattaccgacgaacaggttttaatgactccggaacaactgaaggecegcttttecattgagect
gcaacaagaagcccagattgctgactcgegtasaaccatttcagatattatcgeecgggegegatectegtetgetggtagtatgtggtecttg
ttccattcatgatceggaaactgetctggaatatgetegtegatttaaageccttgecgcagaggtcagegatagectctatctggtaatgege
gtctattttgasaaaccecgtaccactgtcggcetggaaagggttaattaacgatceecatatggatggctcttttgatgtagaageegggctg
cagatcgcgegtaaattgetgcttgagetggtgaatatgggactgecactggegacggaagegttagatc Tgaatageeegcaatacctgy
gcgatctgtttagcetggtcagcaattggtgctegtacaacggaatcgcaaactcacegtgaaatggecteegggctttecatgeeggttggtt
ttaaaaacggcaccgacggcagtctggcaacagcaattaacgctatgegegecgecgeccageegeaccgtittgttggeattaaccagge
agggcaggttgegttgctacaaactcaggggaatceggacggecatgtgatcetgegeggtggtasagegecgaactatageectgeggat
gttgegcaatgtgaaasagagatggaacaggcgggactgegeccgtetetgatggtagattgcagecacggtaattccaataaagattate
gcegtcagectgeggtggcagaateegtggttgctcaaat casagatggcaategetcaattattggtetgatgatcgaaagtaatatccac
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gagggcaatcagtcttccgagcaaccgcgcagtgaaatgaaatacggtgtatccgtaaccgatgcctgcattagctgggaaatgaccgatg
ccttgctgcgtgaaattcatcaggatctgaacgggcagctgacggctcgcgtggcttaa

ArOFFBR

MQKDALNNVHITDEQVLMTPEQLKAAFPLSLQQEAQIADSRK TISDIIAGRDPRLLWCGPCSIHDPETA
LEYARRFKALAAEVSDSLYLVMRVYFEKPRTTVGWKGLINDPHMDGSFDVEAGLQIARKLLLELVNMG
LPLATEALDLNSPQY L GDLFSWSAIGARTTESQTHREMASGL SMPVGFKNGTDGSLATAINAMRAAAQ
PHRFVGINQAGQVALLQTQGNPDGHVILRGGKAPNY SPADVAQCEK EMEQAGLRPSLMVDCSHGNSN
KDYRRQPAVAESWAQIKDGNRSIIGLMIESNIHEGNQSSEQPRSEMK Y GVSVTDACISWEMTDALLREI
HQDLNGQLTARVA

aroB
atggagaggattgtcgttactctcggggaacgtagttacccaattaccatcgeatctggtttgtttaatgaaccagcttcattcttaccgetga
aatcgggcgagcaggtcatgttggtcaccaacgaaaccctggetectctgtatctegataaggtccgeggegtacttgaacaggegggtgtt
aacgtcgatagcgttatccteectgacggegagcagtataaaagectggcetgtactcgataccgtetttacggegttgttacasaagecgcat
ggtcgegatactacgetggtggegcettggeggeggegtagtgggegatctgaccggcttcgeggeggegagttatcagegeggtgttegttt
cattcaagtcccgacgacgttactgtcgcaggtegattcctecgttggeggcaaaactgeggtcaaccatceectcggtaaasacatgattg
gegcegttctaccagcectgettcagtggtggtggatctegactgtetgaaaacgcttcceccgegtgagttagegtcggggcetggcagaagtc
atcaaatacggcattattcttgacggtgcgttttttaactggctggaagagaat ctggatgegttgttgegtctggacggtceggeaatggegt
actgtattcgeegttgttgtgaactgaaggcagaagttgtcgecgecgacgagegcgaaaccgggttacgtgctttactgaatctgggacac
acctttggtcatgccattgaagctgaaatggggtatggcaattggttacatggtgaageggtcgetgegggtatggtgatggcggegeggac
gtcggaacgtctegggceagtttagttctgecgaaacgcagegtattataaccetgcetcaagegggcetgggttaccggtcaatgggecgegeg
aaatgtccgegeaggcegtatttaccgeatatgetgegtgacaagaaagtccttgcgggagagatacgcttaattcttcegttggeaattggta
agagtgaagttcgcageggcgtttcgcacgagcttgttcttaacgccattgecgattgtcaatcagegtaa

AroB
MERIWTLGERSYPITIASGLFNEPASFLPLKSGEQVMLVTNETLAPLYLDKVRGVLEQAGVNVDSVILP
DGEQYKSLAVLDTVFTALLQKPHGRDTTLVALGGGVVGDLTGFAAASY QRGVRFIQVPTTLLSQVDSSV
GGKTAVNHPLGKNMIGAFY QPASWVDLDCLKTLPPRELASGLAEVIKY GIILDGAFFNWLEENLDALL
RLDGPAMAY CIRRCCELKAEVVAADERETGLRALLNLGHTFGHAIEAEMGY GNWLHGEAVAAGMVMA
ARTSERLGQFSSAETQRIITLLKRAGLPVNGPREMSAQAY LPHMLRDKKVLAGEIRLILPLAIGKSEVRSG
VSHELVLNAIADCQSA

aroD

atgasaaccgtaactgtaaaagatctegtcattggtgegggegceacctaaaat catcgtctegetgatggegaaagatatcgeccgegtga
aatccgaagctctegectatcgtgaageggactttgatattctggaatggegtgtggaccactttgecgacctctccaatgtggagtctgteat
ggcggcggcaaaaattctcegtgaaaccatgecagaaaaaccgctgctgtitaccttccgeagtgccaaagaaggeggegagcaggegat
ttccaccgaggcttatattgetctcaatcgtgcagcecatcgacageggectggttgatatgatcgatctggagttatttaccggegatgatcag
gttaaagaaaccgtcgcectacgceccacgegcatgatgtgaaagttgtcatgtccaaccatgacttccataaaacgccggaagccgaagasa
tcattgeccgtctgegcasaatgeaatecttcgacgecgatattcctaagattgegetgatgecgcaaagtaccagegatgtgetgacgttge
ttgccgegaccctggagatgcaggagcagtatgecgatcgtecaatcatcacgatgtcgatggcaaaaactggegtaatttctegtetgget
ggtgaagtatttgggtcggeggcaacttttggtgeggtasaaaaagectctgcgecagggcaaatcteggtaactgatttacgcacagtatt
aactattttacatcaggcataa

AroD
MKTVTVKDLVIGAGAPKIIVSLMAKDIARVKSEALAYREADFDILEWRVDHFADLSNVESVMAAAKILR
ETMPEKPLLFTFRSAKEGGEQAISTEAYIALNRAAIDSGLVDMIDLELFTGDDQVKETVAY AHAHDVKYV
VMSNHDFHKTPEAEEIIARLRKMQSFDADIPKIALMPQSTSDVLTLLAATLEMQEQYADRPIITMSMAK
TGVISRLAGEVFGSAATFGAVKKASAPGQISVTDLRTVLTILHQA

arok
atggaaacctatgctgtttttggtaatccgatagcccacagcaaatcgecattcattcatcagcaatttgctcagcaactgaatattgaacatc
cctatgggegcegtgttggcacccatcaatgatttcatcaacacactgaacqctttctttagtgetggtggtasaggtgegaatgtgacggtge
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cttttasagaagaggcttttgccagageggatgagcttactgaacgggeagegttggcetggtgctgttaatacectcatgeggttagaagat
ggacgcctgctgggtgacaataccgatggtgtaggcttgttaagegatctggaacgtctgtcttttatcegecctggtttacgtattctgcttat

cggcgctggtggageatctegeggegtactactgecactectttecctggactgtgeggtgacaat aactaatcggacggtatccegegegg
aagagttggctaaattgtttgegcacactggcagtattcaggegttgagtatggacgaactggaaggtcatgagtttgatcteattattaatg
caacatccagtggcatcagtggtgatattccggegatceegteatcgeteattcatccaggcatttattgctatgacatgttctatcagaaagg
aaaaactcctittetggeatggtgtgagcagegaggctcaaagegtaatgetgatggtttaggaatgetggtggcacaggeggcetcatgect
ttcttctctggeacggtgttetgectgacgtagaaccagttataaagcaattgcaggaggaattgteegegtga

AroE

METY AVFGNPIAHSK SPFIHQQFAQQLNIEHPY GRVLAPINDFINTLNAFFSAGGKGANV TV PFKEEAFA
RADELTERAALAGAVNTLMRLEDGRLLGDNTDGVGLLSDLERLSFIRPGLRILLIGAGGASRGVLLPLLS
LDCAVTITNRTVSRAEELAKLFAHTGSIQALSMDELEGHEFDLIINATSSGISGDIPAIPSSLIHPGIY CY D
MFY QKGKTPFLAWCEQRGSKRNADGLGMLVAQAAHAFLLWHGVLPDVEPVIKQLQEELSA

aroL
atgacacaacctctttttctgatcgggectcggggctgtggtaaaacaacggtcggaatggeccttgecgattcgcttaaccgteggtttgteg
ataccgatcagtggttgcaatcacagctcaatatgacggtcgcggagatcgtcgasagggaagagtgggegggatttcgegecagagaaa
cggcggcegctggaagcggtaactgegecatccaccgttatcgctacaggeggeggcattattctgacggaatttaatcgteacttcatgcaa
aataacgggatcgtggtttatttgtgtgcgecagtatcagtcectggttaaccgactgcaagcetgcaccggaagaagatttacggecaacctta
acgggaaaaccgctgagcgaagaagttcaggaagtgctggaagaacgcgatgegctatatcgegaagttgegcatattatcatcgacgea
acasacgaacccagccaggtgatttctgaaattcgtagcgecctggcacagacgatcaattgttga

AroL
MTQPLFLIGPRGCGKTTVGMALADSLNRRFVDTDQWLQSQLNMTVAEIVEREEWAGFRARETAALEA
VTAPSTVIATGGGIILTEFNRHFMONNGIVVYLCAPVSVLVNRLQAAPEEDLRPTLTGKPLSEEVQEVLE
ERDALYREVAHIIIDATNEPSQVISEIRSALAQTINC

aroA
atggaatccctgacgttacaacccatcgetegtgtcgatggcactattaatctgeccggttccaagagegtttctaaccgegctttattgetgg
cggcattagcacacggcaaaacagtattaaccaatctgctggatagcgatgacgtgegecatatgetgaatgeattaacagggttagggat
aagctatacgctttcagccgatcgtacgegttgegaaattatcggtaacggeggtccattacacgcagaaggtgecctggagttgttcctegg
taacgccggaacggcaatgegtccgetggeggeagetctttgtetgggtagcaatgatattgtgetgaccggtgagecgegtaigaaagaa
cgcccgattggtcatctggtggatgetctgegectgggeggggcgaagatcacttacctggaacaagaaaattatcegecgttgegtttaca
gggcggctttaccggeggceaacgttgacgttgatggcetcecgtttccagccaattcctcaccgceactgttaatgactgegcectcttgegecgga
agatacggtgattcgtattaaaggcegatctggtttctaaaccttatatcgacatcacactcaatctgatgaagacgtttggtgtigasattgaa
aatcagcactatcaacaatttgtcgtaaaaggcgggcagtcttatcagtctcegggtacttatttggtcgaaggegatgeatctteggcttcett
actttctggcagcagcagcaatcaaaggcggcactgtaaaagtgaccggtattggacgtaacagtatgcagggtgatattcgctttgetgat
gtgctggasaaaatgggegcegaccatttgetggggcegatgattatatttcctgcacgegtggtgaactgaacgctattgatatggatatgaa
ccatattcccgatgeggcegatgaccattgecacggeggegttatttgcaaaaggcaccaccacgctgegcaatatctataactggegtgtta
aagaaaccgatcgcctgtttgcgatggcaacagaactgegtasagtcggtgcggaagtagaagaggggcacgattacattcgtatcactce
accggaaaaactgaactttgccgagatcgegacatacaatgatcaccggatggegatgtgtttctegetggtggegttgtcagatacaccag
tgacgattcttgatcccaaatgcacggccaaaacatttccggattatttcgagcagetggegeggattagccaggeagectga

AroA
MESLTLQPIARVDGTINLPGSKSVSNRALLLAALAHGKTVLTNLLDSDDVRHMLNALTGLGVSYTLSAD
RTRCEIIGNGGPLHAEGALELFLGNAGTAMRPLAAAL CLGSNDIVLTGEPRMKERPIGHLVDALRLGGA
KITYLEQENY PPLRLQGGFTGGNVDVDGSVSSQFL TALLMTAPLAPEDTVIRIKGDLVSKPY IDITLNLM
KTFGVEIENQHY QQFWK GGQSY QSPGTY LVEGDASSASY FLAAAAIKGGTVKVTGIGRNSMQGDIRFA
DVLEKMGATICWGDDY ISCTRGELNAIDMDMNHIPDAAMTIATAALFAKGTTTLRNIYNWRVKETDR
LFAMATELRKVGAEVEEGHDY IRITPPEKLNFAEIATYNDHRMAMCFSLVALSDTPVTILDPKCTAKTE
PDYFEQLARISQAA
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aroC
atggctggaaacacaattggacaactctttcgegtaaccacttticggegaatcgcacgggcetggegcetcggetgeatcgtegatggtgttce
gccaggcattcecgetgacggaageggacctgcaacatgacctcgaccgtegtegecctgggacatcgegctataccacccagegecgega
gccggatcaggtcaaaattctcteeggtgtttttgagggegttaccaccggceaccagceattggcttgttgatcgaaaataccgaccagegttc
tcaggattacagcgcaattaaagacgttttccgcccaggecatgetgattacacctacgaacaaaaatacggtctgegegattatcgeggeg
gtggacgttcttccgeccgegaaaccgecatgegegtageggegggggegattgccaaaaaatatctegetgagaaatttggeatcgaaat
tcgeggctgectgacccagatgggegacattccgcetggaaatcaaagactggtcgcaggtcgagcaaaatccgttctictgeceggaccey
gacaaaaltgacgcgttagacgagttgatgcgcgegcetgaaaaaagagggcgactcecatcggegegaaagtcaccgtigttgecagtgge
gtcceegeeggacttggegagecggtctttgacegectggatgecgacatcgeccatgegctaatgagceatcaacgeggtgaaaggegtgg
aaaltggcgacggttttgacgtggtggegcetgegeggcagecagaatcgegacgaaat caccaaagacggtttccagagcaaccatgegg
gcggcattctcggeggtatcagcagcgggcagceaaatcattgeccatatggegctgaaaccgacctccageattaccgtgecgggtegtac

cattaaccgctttggegaagaagttgagatgatcaccasaggeegtcacgatcectgtgtegggatcegegeagtgecgatcgcagaageg
atgctggegategttttastggatcacctgttacggcaacgggegcaaaatgecgatgtgaagactgatattccacgetggtaa

AroC

MAGNTIGQLFRVTTFGESHGLALGCIVDGVPPGIPLTEADLQHDLDRRRPGTSRY TTQRREPDQVKILS
GVFEGVTTGTSIGLLIENTDQRSQDY SAIKDVFRPGHADY TYEQKY GLRDYRGGGRSSARETAMRVAAG
AIAKKYLAEKFGIEIRGCLTQMGDIPLEIKDWSQVEQNPFFCPDPDKIDALDELMRALKKEGDSIGAKVT
WASGVPAGLGEPVFDRLDADIAHALMSINAVKGVEIGDGFDWALRGSQNRDEITKDGFQSNHAGGIL
GGISSGQQIIAHMALKPTSSITVPGRTINRFGEEVEMITKGRHDPCVGIRAVPIAEAMLAIVLMDHLLRQR
AQNADVKTDIPRW

pabA
atgatcctgcttatagataactacgattcttttacctggaacctctaccagtacttttgtgaactgggggceggatgtgctggttaagegcaacy
atgcgttgacgctggeggatatcgacgeccttaaaccacaaaaaattgtcatctcacctggeccctgtacgccagatgaagecgggatcetct
cttgacgttattcgccactatgccgggcegcttgecgattettggegtctgecteggtcatcaggcaatggegeaggeatttggeggtaaagttg
tgcgegcecgcaaaggtcatgcacggcaasacctcgecgattacacataacggtgagggegtatttcgggggcetggcaaatccacttaccgt
gacacgctaccattcgctggtggtggaacctgactcattaccagegtgctttgacgtgacggectggagcgaaaccegegagattatgggg
attcgccatcgecagtgggatctggaaggtgtgcagttccatccagaaagtattcttagcgaacaaggacatcaactgetggctaatttectg
catcgctga

PabA

MILLIDNYDSFTWNLY QY FCELGADVLVKRNDALTLADIDALKPQKIVISPGPCTPDEAGISLDVIRHYA
GRLPILGVCLGHQAMAQAFGGKWRAAKVMHGKTSPITHNGEGVFRGLANPLTVTRYHSLWEPDSLP
ACFDVTAWSETREIMGIRHRQWDLEGY QFHPESILSEQGHQLLANFLHR

pabB
atgaagacgttatctccegcetgtgattactttaccctggegtcaggacgeegcetgaattttatttctcecgettaagecacctgecgtgggegat
gcttttacactccggctatgecgatcatcegtatageegctttgatattgtggtcgecgatcegatttgeactttaaccactttcggtasagaaa
ccgttgttagtgasagcgasasacgcacaacgaccactgatgaccecgctacaggtgetccagcaggtgctggatcgegcagacattcgece
aacgcataacgaagatttgccatttcagggcggegceactggggttgtttggctacgatctgggecgecgttttgagtcactgecagaaattge
ggaacaagatatcgttctgecggatatggcagtgggtatctacgattgggegcteattgtcgaccaccagegtcatacagtttctttgetgag
tcataatgatgtcaatgcecgtegggcectggetggaaagecageaattctegecgeaggaagatttcacgctcacttcegactggeaatcca
atatgacccgcgagcagtacggcgaaaaatttcgecaggtacaggaatatctgcacageggtgattgctatcaggtgaatctcgeccageg
ttttcatgcgacctattctggegatgaatggcaggeattecttcagcttaatcaggecaaccgegegcecatttagegcttttttacgtcttgaac
agggtgcaattttaagcctttcgccagageggtttattctttgtgataatagtgaaatccagacccgceccgattasaggcacgctaccacgec
tgcccgatcctcaggaagatagcasacaagcagasasactggcgaact cagegaaagatcgtgecgaaaat ctgatgattgtegatttaat
gcgtaatgatatcggtegtgttgecgtagecggttcggtasaagtaccagagctcttegtggtggaaccetteectgeegtgeatcatetggte
agcactataacggcgcgactaccagaacagttacacgccagcegatctgetgegegeagcttttectggtggctcaataaccggggctecga
aagtacgggctatggaaattatcgacgaactggaaccgcagegacgtaatgectggtgeggcagcattggetatttgagcettitgecggeaac
atggataccagcattactatccgcacgctgactgecattaacggacaaatatactgetctgegggeggtggaattgtcgecgatagecagga
agaagcggaatatcaggaaacttttgatasagttastaagatattacgccaactggagaagtaa
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PabB

MKTLSPAVITLPWRQDAAEFY FSRLSHLPWAMLLHSGY ADHPY SRFDIWADPICTLTTFGKETVVSES
EKRTTTTDDPLQVLQQVLDRADIRPTHNEDLPFQGGALGLFGY DLGRRFESLPEIAEQDIVLPDMAVGI
YDWALIVDHQRHTVSLLSHNDVNARRAWLESQQFSPQEDFTLTSDWQSNMTREQY GEKFRQVQEYL
HSGDCY QVNLAQRFHATY SGDEWQAFLQLNQANRAPFSAFLRLEQGAILSLSPERFILCDNSEIQTRPIK
GTLPRLPDPQEDSKQAEKLANSAKDRAENLMIVDLMRNDIGRVAVAGSVKVPELFWEPFPAVHHLVS
TITARLPEQLHASDLLRAAFPGGSITGAPKVRAMEIIDELEPQRRNAWCGSIGYLSFCGNMDTSITIRTLT
AINGQIY CSAGGGIVADSQEEAEY QETFDKVNKILRQLEK

pabC
atgttcttaattaacggttataagcaggaatcgctggcagtaagcgatcgggceaacgcagtttggtgatggttgtittaccactgccagagtt
atcgacggtaaagtcagtttgttatcggegcatatccagecgactacaggatgettgtcageggttgatgatttectgtgacttctggectcage
ttgaacaagagatgasaacgctggcagcagaacagcaaaatggtgtactgaaagtcgtgatcagtcgeggtagtggcgggegagggtac
agcacattgaacagcggaccagcaacgcggattctctcegttacggcttatcctgcacattacgaccgtttgegtaacgaggggatgacgtt
ggtgctaagcccggtgeggetggggegcaatecteatcttgecaggtattaaacatcttaatcggetigagcaagtattgattegetctcatctt
gagcagacaaacgctgatgaggegctggtcctigacagcgaagggtgggttacggaatgctgtgeggctaatttgtictggcggaagggea
acgtagtttatacgccgegactggatcaggcaggtgttaacggcattatgcgacaattctgtatcegtttgetggcacaatcctcttatcagcet
tgtcgaagtgcaagcttctctggaagaggcegttgcaggcagatgagatggttatttgtaatgegttaatgeccagtgatgecegtacgtgectg
tggcgatgtctccttttcgtcagcaacgttatatgaatatttagccecactttgtgagcgeccgaattag

PabC

MFLINGY KQESLAVSDRATQFGDGCFTTARVIDGKVSLLSAHIQRLQDACQRLMISCDFWPQLEQEMKT
LAAEQONGVLKVVISRGSGGRGY STLNSGPATRILSVTAYPAHYDRLRNEGMTLVLSPVRLGRNPHLAGI
KHLNRLEQVLIRSHLEQTNADEALVLDSEGWVTECCAANLFWRKGNWY TPRLDQAGVNGIMRQFCI
RLLAQSSY QLVEVQASLEEALQADEMVICNALMPVMPVRACGDVSFSSATLYEY LAPLCERPN

folP
atgaaactctttgcccagggtacttcactggaccttagccatcctcacgtaatggggatcctcaacgtcacgectgattecttttcggatggtg
gcacgcataactcgctgatagatgeggtgaaacatgcgaat ctgatgatcaatgetggegegacgatcattgacgttggtggegagtcecac
gcgcccaggggeggeggaagttagegttgaagaagagttgcaacgtgttattcetgtggttgaggcaattgetcaacgcttcgaagtctgga
tcteggtegatacatccasaccagaagtcatcegtgagtcagegaaagttggegctcacattattaatgatatcegcetecctttccgaacctg
gcgctctggaggeggctgcagaaaccggtttaccggtttgtctgatgcatatgcagggaaat ccaaaaaccatgcaggaagcetccgaagta
tgacgatgtctttgcagaagtgaatcgctactttattgagcaaatagcacgttgcgagcaggegggtatcgcaaaagagaaattgttgetceg
accccggatteggtttcggtaasaatcteteccataactattcattactggegegectggetgaatttcaccatttcaacctgecgetgttggtg
ggtatgtcacgaaaatcgatgattgggcagctgctgaacgtggggecgtccgagegectgageggtagtetggectgtgeggtcattgecg
caatgcaaggcgcgcacatcattcgtgttcatgacgtcaaagaaaccgtagaagcgatgegggtggtggaagecactctgtetgcaaagg
asaacasacyctatgagtaa

FolP
MKLFAQGTSLDLSHPHVMGILNVTPDSFSDGGTHNSLIDAVKHANLMINAGATIIDVGGESTRPGAAEV
SVEEELQRVIPWEAIAQRFEVWISVDTSKPEVIRESAKVGAHIINDIRSLSEPGALEAAAETGLPVCLMH
MQGNPKTMQEAPKY DDVFAEVNRY FIEQIARCEQAGIAKEKLLLDPGFGFGKNLSHNY SLLARLAEFH
HFNLPLLVGMSRKSMIGQLLNVGPSERLSGSLACAVIAAMQGAHIIRVHDVKETVEAMRVVEATLSAKE
NKRYE

trpE
atgcasacacaaaaaccgactctcgaacagctaacctgegaaggegcttatcgegacaatcccaccgegctttttcaccagttgtgtgggg
atcgteceggeaacgctgctgetggaatcegeagatatcgacagcaaagatgatttaaasagectgetgetggtagacagtgegcetgegeatt
acagctttaggtgacactgtcacaatccaggcactttccggcaacggegaagecctgetggeactactggataacgeectgectgegggtat
ggaaagtgaacaatcaccaaactgecgtgtgctgegcetteeeccctgtcagtecactgetggatgaagacgeccgcttatgeteecttteggt
ttttgacgctttcegtttattgcagaatctgttgaatgtaccgaaggaagaacgagaagcecatgttcttcggeggectgttctcettatgaccttg
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tggcgggatttgaagatttaccgcaactgtcageggaaaataactgecctgatttctgtttttatctcgctgasacgctgatggtgattgacca
tcagaaaaaaagcaccegtattcaggcecagectgtitgctecgaatgaagaagaaaaacaacgtcteactgetegectgaacgaactacgt
cagcaactgaccgaagecgegecgecgcetgecagtggttteegtgecgeatatgegttgtgaatgtaatcagagegatgaagagttcggtg
gegtagtgegtttgttgcaaaaagcgattcgegctggagaaattttccaggtggtgecatctegecegtttcetetetgeectgecegteacegct
ggcggcctattacgtgctgasaaagagtaatcecageccgtacatgttttttatgcaggataatgatttcaccctatttggegegtcgecgga
aagctegctcaagtatgatgecaccageegecagattgagatctaccegattgecggaacacgeccacgeggtegtegegecgatggttea
ctggacagagatctcgacagecgtattgaactggaaatgegtaccgat cataaagagctgtetgaacatctgatgetggttgatctegeceg
taatgatctggcacgcatttgcaccceceggeagecgcetacgtegecgatcteaccaaagttgacegttattectatgtgatgcacctegtctct
cgegtagtcggegaactgegtcacgatcttgacgeectgcacgcttatcgegectgtatgaatatggggacgttaageggtgcgecgasagt
acgcgctatgcagttaattgccgaggeggaaggtegtegecgeggeagetacggeggegeggtaggttatttcaccgegeatggegatcte
gacacctgeattgtgatccgeteggegctggtggasaacggtatcgecaccgtgcaagegggtgctggtgtagtecttgattetgttecgeag
tcggaagccgacgaaaccegtaacaaageccgegctgtactgegegctattgecaccgegcatcatgcacaggagactttctga

TrpE
MQTQKPTLEQLTCEGAYRDNPTALFHQLCGDRPATLLLESADIDSKDDLKSLLLVDSALRITALGDTVTI
QALSGNGEALLALLDNALPAGVESEQSPNCRVLRFPPVSPLLDEDARLCSLSVFDAFRLLQNLLNVPKEE
REAMFFGGLFSY DLVAGFEDLPQLSAENNCPDFCFY LAETLMVIDHQKK STRIQASLFAPNEEEKQRLT
ARLNELRQQL TEAAPPLPWSVPHMRCECNQSDEEFGGVVRLLQKAIRAGEIFQVVPSRRFSLPCPSPLA
AYYVLKKSNPSPYMFFMQDNDFTLFGASPESSLK Y DATSRQIEIY PIAGTRPRGRRADGSLDRDLDSRIE
LEMRTDHKELSEHLMLVDLARNDLARICTPGSRY VADLTKVDRY SYVMHLVSRWGELRHDLDALHA
YRACMNMGTLSGAPKVRAMQLIAEAEGRRRGSY GGAVGY FTAHGDLDTCIVIRSALVENGIATVQAGA
GWLDSVPQSEADETRNKARAVLRAIATAHHAQETF

trpD
atggctgacattctgetgctcgataatatcgactcttttacgtacaacctggcagatcagttgegcagcaatggtcataacgtggtgatttacc
gcaaccatattccggegcagaccttaattgaacgectggegacgatgagcaatceggtactgatgctttctectggeceeggtgtgecgage
gaagccggttgtatgecggaactcctcaccegcettgegtggeaagcetgeccattattggeatttgectcggacatcaggceaattgtegaagcet
tacgggggctatgtcggtcaggegggegaaattcttcacggtaaagegtcgageattgaacatgacggtcaggegatgtttgecggattaa
caaacccgctgecggtggegegttatcactegetggttggcagtaacattccggecggtttaaccatcaacgeccattttaatggeatggtga
tggcagtacgtcacgatgcggatcgegtttgtggattccagttccatceggaatceattctcaccacccagggegcetegectgetggaacaa
acgctggectgggegcagcagaaactagagcecagecaacacgctgcaaccgattctggaaaaactgtatcaggegcagacgcttageca
acaagaaagccaccagctgttttcageggtggtgegtggegagcetgaagecggaacaactggeggeggegetggtgageatgaaaattcy
cggtgagcacccgaacgagatcgecggagcagcaaccgcegctactggaaaacgcegegecgttccegegeccggattatetgtttgetgat
atcgtcggtactggeggtgacggcagcaacagtatcaatatttctaccgecagtgegtttgtcgecgeggectgtgggetgaaagtggegaa
acacggcaaccgtagegtctccagtaaatctggttegteegatctgetggeggegttcggtattaat cttgatatgaacgecgataaatcgeg
ccaggcgctggatgagttaggtgtatgtttectcetttgegeecgaagtatcacaccggattccgecacgegatgecggttcgecagcaactgaa
aacccgcaccctgttcaatgtgetggggecattgattaaccecggegeatcegecgetggegttaattggtgtttatagtceggaactggtgcet
gecgattgecgasaccttgegegtgetggggtatcaacgegeggeggtggtgcacageggegggatggatgaagtttcattacacgegecg
acaatcgttgcecgagetgeatgacggegaaattaagagctatcaattgaccgctgaagattttggectgactcectaccaccaggageaact
ggcaggcggaacaccggaagaaaaccgtgacattttaacacgcttgttacaaggtasaggcgacgecgeccatgaagcagecgtegetge
gaacgtcgccatgttaatgegectgeatggecatgaagat ctgcaagccaatgegcaaaccgttcttgaggtactgegeagtggttecgctt
acgacagagttaccgcactggcggceacgagggtaa

TrpD
MADILLLDNIDSFTYNLADQLRSNGHNVVIYRNHIPAQTLIERLATMSNPVLMLSPGPGVPSEAGCMPE
LLTRLRGKLPIIGICLGHQAIVEAY GGYVGQAGEILHGKASSIEHDGQAMFAGL TNPLPVARY HSLVGSNI
PAGLTINAHFNGMVMAVRHDADRV CGFQFHPESIL TTQGARLLEQTLAWAQQKLEPANTLQPILEKLY
QAQTLSQQESHQLFSAVVRGELKPEQLAAALVSMKIRGEHPNEIAGAATALLENAAPFPRPDY LFADIV
GTGGDGSNSINISTASAFVAAACGLKVAKHGNRSV SSK SGSSDLLAAFGINLDMNADK SRQALDELGVCF
LFAPKYHTGFRHAMPVRQQLK TRTLFNVLGPLINPAHPPLALIGVY SPELVLPIAETLRVLGY QRAAW
HSGGMDEVSLHAPTIVAELHDGEIKSY QL TAEDFGL TPY HQEQLAGGTPEENRDIL TRLLQGK GDAAHE
AAVAANVAMLMRLHGHEDLQANAQTVLEVLRSGSAYDRVTALAARG
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pheA
atgacatcggaaaacccgttactggegetgcgagagaaaatcagcgegetggatgaaaaattattagcattactcgcagageggegegaa
ctggecgtcgaggtgggaaaagecaaactgcetctegeatcgeccggtacgtgatattgatcgtgaacgegatttactggaaagattaattac
gcteggtaaagegeaccatctggacgceccattacattactcgectgttccagctcatcattgaagattcegtattaactcagcaggcetttgete
caacaacatctcaatasaattaatccgeactcagcacgcatcgcettttctcggecccaaaggctectattcacat cttgecgetegtcagtacy
ctgccegteactttgagcaattcattgaaagtggcetgegecaaatttgecgatatttttaatcaggtggaaaccggccaggecgactatgeeg
tcgtaccgattgaaaataccagetceggtgecatasacgacgtttacgatctgetgcaacataccagettgtegattgttggegagatgacgt
taactatcgaccattgtttgttggtctccggceactactgatttatccaccatcaatacggtctacagecatcegcagcecattccagcaatgeag
caaattccttaatcgttatccgeactggaagattgaatataccgaaagtacgtctgeggcaatggaaaaggttgcacaggcasaatcaccyg
catgttgctgegttgggaagcgaagctggeggeactttgtacggtttgcaggtactggagegtattgaagcasat cagegacaaaacttcac
ccgatttgtggtgttggegegtasagecattaacgtgtctgat caggttccggegasaaccacgttgttaatggegaccgggcaacaagecy
gtgcgetggttgaagegttgetggtactgegcaaccacaatctgattatgaceegtctggaatcacgeccgattcacggtaatccatgggaa
gagatgttctatctggatattcaggccaat cttgaat cagcggaaatgcasaaagcattgasagagttaggggaaattaccegttcaatgaa
gotattgggctgttacccaagtgagaacgtagtgectgttgatccaacctga

PheA
MTSENPLLALREKISALDEKLLALLAERRELAVEVGKAKLLSHRPVRDIDRERDLLERLITLGKAHHLDA
HYITRLFQLIIEDSVLTQQALLQQHLNKINPHSARIAFLGPKGSY SHLAARQY AARHFEQFIESGCAKFAD
IFNQVETGQADYAVVPIENTSSGAINDVYDLLQHTSLSIVGEMTLTIDHCLLVSGTTDLSTINTVY SHPQP
FQQCSKFLNRYPHWKIEY TESTSAAMEKVAQAKSPHVAALGSEAGGTLY GLQVLERIEANQRQNFTRF
WLARKAINVSDQVPAKTTLLMATGQQAGALVEALLVLRNHNLIMTRLESRPIHGNPWEEMFY LDIQA
NLESAEMQKALKELGEITRSMKVLGCY PSENWPVDPT

tyrA
atggttgctgaattgaccgcattacgcgatcaaattgatgaagtcgatasagegctgctgaatttattagcgaagegtctggaactggttget
gaagtgggcgaggtgaaaageegcttiggactgcctatttatgticcggagegegaggeatctatgttggectcgeggegegcagaggeag
aagctctgggtgtaccgccagatctgattgaggatgttttgegtcgggtgatgegtgaatcttactccagtgaaaacgacaaaggetttaaa
acactttgtccgtcactgegtceggtggttatcgtcggeggtggeggtcagatgggacgcectgttcgagaagatgetgacactatcgggttat
caggtgcggattctggagcaacatgactgggatcgagceggctgatattgttgccgatgecggaatggtgattgttagtgtgecaatccacgtt
actgagcaagttatcggcaaattaccgcctttaccgasagattgtattctggttgatctggceatcagtgaaaaatggaccattacaggecatg
ctggcggcegcacgatggeecggtactggggttacacccgatgttcggeccggacageggtagectggcaaagcaagttgtggtetggtatg
atggacgtaagccggaagcataccaatggtttctggagcaaattcaggtctggggegcetcggetgceatcgtattagegetgtcgagcacgat
cagaatatggcgtttattcaggctctgegecactttgetacttttgettatgggetgceatctggcagaagaaaatgttcagcttgagcaacttct
ggcgctctcttcgecgatttaccgecttgagetggegatggtecgggegactgtttgetcaggatccgceagctttatgecgacattattatgtegt
cagagcgtaatctggegttaatcaaacgttactataagegtttcggcgaggcgattgagttgctggagcagggegataagcaggcgtttatt
gacagtttccgcaaggtggagceactggttcggegattacgcacagcegttttcagagtgaaagecgegtgttattgecgtcaggegaatgacaa
ccgccagtaa

TyrA
MVAELTALRDQIDEVDKALLNLLAKRLELVAEVGEVKSRFGLPIYVPEREASMLASRRAEAEALGVPPD
LIEDVLRRVMRESY SSENDKGFKTLCPSLRPWIVGGGGQMGRLFEKMLTLSGY QVRILEQHDWDRAA
DIVADAGMVIVSVPIHVTEQVIGKLPPLPKDCILVDLASVKNGPLQAMLAAHDGPVLGLHPMFGPDSGS
LAKQWVWCDGRKPEAY QWFLEQIQVWGARLHRISAVEHDONMAFIQALRHFATFAY GLHLAEENVQ
LEQLLALSSPIYRLELAMVGRLFAQDPQLYADIIMSSERNLALIKRYYKRFGEAIELLEQGDKQAFIDSFR
KVEHWFGDY AQRFQSESRVLLRQANDNRQ

ubiC
atgtcacacccegcgttaacgcaactgegtgegcetgegctattgtaaagagatcectgecctggatccgceaactgetegactggetgttgetg
gaggattccatgacaaaacgttttgaacagcagggaaaaacggtaagcgtgacgatgatccgegaagggtttgtcgagcagaatgaaatc
cccgaagaactgecgcetgetgecgaaagagtctegttactggttacgtgaaattttgttatgtgecgatggtgaaccgtggcttgecggtegt
accgtcgttcctgtgtcaacgttaagcgggecggagetggegttacaaaaattgggtaaaacgcecgttaggacgctatctgttcacatcatc
gacattaacccgggactttattgagataggccgtgatgecgggcetgtgggggegacgttceegectgegattaageggtasaccgctgttge
taacagaactgtttttaccggcgtcaccgttgtactaa
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UbiC

MSHPALTQLRALRY CKEIPALDPQLLDWLLLEDSMTKRFEQQGKTVSVTMIREGFVEQNEIPEELPLLP
KESRYWLREILLCADGEPWLAGRTVVPVSTLSGPELALQKLGKTPLGRY LFTSSTLTRDFIEIGRDAGLW
GRRSRLRLSGKPLLLTELFLPASPLY

entC
atggatacgtcactggctgaggaagtacagcagaccatggcaacacttgegeccaatcgctttttetttatgtcgecgtaccgeagttttacg
acgtcaggatgtttcgeccgcttcgatgaaccggcetgtgaacggggattcgeccgacagteecttccagcaaaaactcgecgegetgtttge
cgatgccasagcgcagagcatcasaaatccggtgatagtcggggegatteccticgatccacgtcagecttegtegetgtatattccegaat
cctggeagtegttcteccgecaggaaasacagacctcageccgcecgttttacccgcagecagtcgetgaacgtggtggaacgccaggcaat
tcctgaacaaaccacgtttgaacagatggttgetcgegcetgecgaacttaccgecacgcecgcaggtcgacaaagtggtgttgtcacggttga
ttgatatcaccactgacgccgccattgatagtggegtattgctggaacggttgattgcgcasaacceggttagttacaacttccatgtcecgcet
ggctgatggtggegtectgetgggggecageccggaactgetgetacgtaaagacggegagegttttagetccattcegttagecggttceg
cgcgtcgtcagccggatgaagtgcetcgatcgegaagegggtaatcgtctgetggegtcagaaasagatcgecatgaacatgaactggtga
ctcaggcgatgasagaggtactgcgcgaacgcagtagtgagttacacgttccctectctccacaattgattaccacgecgacgctgtggceat
ctcgcaactecctttgaaggtasagcgaattcgcaagaaaacgcactgactctggectgtctgetgeatccaacceccgegetgageggttt
ccegeatcaggecgegacccaggttattgctgaactggagecattcgaccgegaactgtttggeggeattgtgggttggtgtgacagegaag
gtaacggcgaatgggtggtgaccatcegcetgegegaagetgegggaaaatcaggtgegtetgtttgccggageggggattgtgectgegtc
gtcaccgttgggtgagtggcgcgaaacaggcgtcasactttctaccatgttgaacgtttttggattgcattaa

EntC

MDTSLAEEVQQTMATLAPNRFFFM SPY RSFTTSGCFARFDEPAVNGDSPDSPFQQKLAALFADAKAQS
IKNPVIVGAIPFDPRQPSSL Y IPESWQSFSRQEK QTSARRFTRSQSLNVVERQAIPEQTTFEQMVARAAE
LTATPQVDKVVLSRLIDITTDAAIDSGVLLERLIAQNPVSYNFHVPLADGGVLLGASPELLLRKDGERFSS
IPLAGSARRQPDEVLDREAGNRLLASEKDRHEHELVTQAMKEVLRERSSELHVPSSPQLITTPTLWHLA
TPFEGKANSQENALTLACLLHPTPALSGFPHQAATQVIAELEPFDRELFGGIVGWCDSEGNGEWVVTIR
CAKLRENQVRLFAGAGIVPASSPLGEWRETGVKLSTMLNVFGLH

menF
gtgcaatcacttactacggegctggaaaatctactgegecatttgtcgcaagagattccggegacacceggeattegggttatcgatattect
ttccctetcaaagacgcttttgatgecttgagetggetggecagtcagcasacataccegeaattctactggcaacaacgtaatggtgatgaa
gaagctgtcgtectgggegegattaceegttttacgtcgttggaccaggcacaacgttttcttcgecagcaccecggaacacgeegacttacge
atttgggggctgaatgcttttgaccegtegcagggcaatttacttttacccegectggaatggegacgctgtggeggtaaagecacgctgeg
gctgacgctattcagegasageteecttcageacgatgegattcaggcasaagaatttatcgecacactggtgagtatcaageccttgectg
ggttacatttaaccaccacgcgagaacaacactggecggacaaaacgggctggacgcaattaatcgaactggcaacgaaaaccatcgee
gaaggtgagctcgacaaagtggtgctegctegggcaactgacctgeatttcgcaagtceggtcaacgeggeggegatgatggetgecagte
gtcgactgaatctgaattgctaccatttttacatggectttgatggcgaaaatgcttitettggetettcaccggaacggttatggeggeggegt
gacasagcgcetgegtactgaagegctggegggaacagtagcasatastectgatgataagcaggegcageagttaggagagtggctgat
ggcggatgatasaaaccagegegagaacatgetggtggtggaagatatctgtcaacgattacaggecgatacccagacgctggatgtttta
ccgecgeaggtactgegtctgegtaaagtgeageatcttcgeegctgtatctggacttcactcaacasageggatgatgtgatctgtttacat
cagttgcagccaacggcagcagttgctggcttaccgegegatctggegegacagtttatcgeccgtcacgaacegttcaccegagaatggt
acgccggttctgegggctatctctcattacaacasagegaattctgegtttecctgegctcagcaaaaattageggceaatgtegtgegattat
atgctggegegggcattgteegtggttecgacccegagcaagagtggcaggaaat cgacaacasageggeagggctgegtactttattaca
astggaatag

MenF

VQSLTTALENLLRHLSQEIPATPGIRVIDIPFPLKDAFDALSWLASQQTY PQFYWQQRNGDEEAWLGAI
TRFTSLDQAQRFLRQHPEHADLRIWGLNAFDPSQGNLLLPRLEWRRCGGKATLRLTLFSESSLQHDAI
QAKEFIATLVSIKPLPGLHLTTTREQHWPDKTGWTQLIELATKTIAEGELDKWLARATDLHFASPVNA
AAMMAASRRLNLNCYHFYMAFDGENAFLGSSPERLWRRRDKALRTEALAGTVANNPDDKQAQQLGE
WLMADDKNQRENMLVVEDICQRLQADTQTLDVLPPQVLRLRKVQHLRRCIWTSLNKADDVICLHQLQ
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PTAAVAGLPRDLARQFIARHEPFTREWY AGSAGY L SLQQSEFCV SLRSAKISGNWRL Y AGAGIVRGSDP
EQEWQEIDNKAAGLRTLLQME

Table6 Gene sequences  and corresponding  amino acid sequences for Saccharomyces cerevisiae

ARO4
ATGAGTGAATCTCCAATGTTCGCTGCCAACGGCATGCCAAAGGTAAATCAAGGTGCTGAAGAAGATGT
CAGAATTTTAGGTTACGACCCATTAGCTTCTCCAGCTCTCCTTCAAGTGCAAATCCCAGCCACACCAAC
TTCTTTGGAAACTGCCAAGAGAGGTAGAAGAGAAGCTATAGATATTATTACCGGTAAAGACGACAGA
GTTCTTGTCATTGTCGGTCCTTGTTCCATCCATGATCTAGAAGCCGCTCAAGAATACGCTTTGAGATT
AAAGAAATTGTCAGATGAATTAAAAGGTGATTTATCCATCATTATGAGAGCATACTTGGAGAAGCCA
AGAACAACCGTCGGCTGGAAAGGTCTAATTAATGACCCTGATGTTAACAACACTTTCAACATCAACAA
GGGTTTGCAATCCGCTAGACAATTGTTTGTCAACTTGACAAATATCGGTTTGCCAATTGGTTCTGAAA
TGCTTGATACCATTTCTCCTCAATACTTGGCTGATTTGGTCTCCTTCGGTGCCATTGGTGCCAGAACCA
CCGAATCTCAACTGCACAGAGAATTGGCCTCCGGTTTGTCTTTCCCAGTTGGTTTCAAGAACGGTACC
GATGGTACCTTAAATGTTGCTGTGGATGCTTGTCAAGCCGCTGCTCATTCTCACCATTTCATGGGTGT
TACTAAGCATGGTGTTGCTGCTATCACCACTACTAAGGGTAACGAACACTGCTTCGTTATTCTAAGAG
GTGGTAAAAAGGGTACCAACTACGACGCTAAGTCCGTTGCAGAAGCTAAGGCTCAATTGCCTGCCGGT
TCCAACGGTCTAATGATTGACTACTCTCACGGTAACTCCAATAAGGATTTCAGAAACCAACCAAAGGT
CAATGACGTTGTTTGT GAGCAAATCGCTAACGGT GAAAACGCCATTACCGGTGTCATGATT GAATCAA
ACATCAACGAAGGTAACCAAGGCATCCCAGCCGAAGGTAAAGCCGGCTTGAAATATGGTGTTTCCATC
ACTGATGCTTGTATAGGTTGGGAAACTACTGAAGACGTCTTGAGGAAATTGGCTGCTGCTGTCAGACA
AAGAAGAGAAGTTAACAAGAAATAG

Arodp
MSESPMFAANGMPKVNQGAEEDVRILGYDPLASPALLQVQIPATPTSLETAKRGRREAIDIITGKDDRV
LVIVGPCSIHDLEAAQEYALRLKKLSDELKGDLSIIMRAY LEKPRTTVGWKGLINDPDVNNTFNINKGLQ
SARQLFVNLTNIGLPIGSEMLDTISPQYLADLV SFGAIGARTTESQLHRELASGL SFPVGFKNGTDGTLNV
AVDACQAAAHSHHFMGVTKHGVAAITTTKGNEHCFVILRGGKKGTNYDAKSVAEAKAQLPAGSNGLM
IDY SHGNSNKDFRNQPKVNDWCEQIANGENAITGVMIESNINEGNQGIPAEGKAGLKYGVSITDACIG
WETTEDVLRKLAAAVRQRREVNKK

AROI
ATGGTGCAGTTAGCCAAAGTCCCAATTCTAGGAAATGATATTATCCACGTTGGGTATAACATTCATGA
CCATTTGGTTGAAACCATAATTAAACATTGTCCTTCTTCGACATACGTTATTTGCAATGATACGAACT
TGAGTAAAGTTCCATACTACCAGCAATTAGTCCTGGAATTCAAGGCTTCTTTGCCAGAAGGCTCTCGT
TTACTTACTTATGTTGTTAAACCAGGTGAGACAAGTAAAAGTAGAGAAACCAAAGCGCAGCTAGAAG
ATTATCTTTTAGTGGAAGGATGTACTCGTGATACGGTTATGGTAGCGATCGGTGGTGGTGTTATTGGT
GACATGATTGGGTTCGTTGCATCTACATTTATGAGAGGTGTTCGTGTTGTCCAAGTACCAACATCCTT
ATTGGCAATGGTCGATTCCTCCATTGGTGGTAAAACTGCTATTGACACTCCTCTAGGTAAAAACTTTA
TTGGTGCATTTTGGCAACCAAAATTTGTCCTTGTAGATATTAAATGGCTAGAAACGTTAGCCAAGAGA
GAGTTTATCAATGGGATGGCAGAAGTTATCAAGACTGCTTGTATTTGGAACGCTGACGAATTTACTAG
ATTAGAATCAAACGCTTCGTTGTTCTTAAATGTTGTTAATGGGGCAAAAAATGTCAAGGTTACCAATC
AATT GACAAACGAGATT GACGAGATAT CGAATACAGATATT GAAGCTATGTTGGATCATACATATAA
GTTAGTTCTTGAGAGTATTAAGGTCAAAGCGGAAGTTGTCTCTTCGGATGAACGTGAATCCAGTCTAA
GAAACCTTTTGAACTTCGGACATTCTATTGGTCATGCTTATGAAGCTATACTAACCCCACAAGCATTA
CATGGT GAATGTGTGTCCATTGGTAT GGTTAAAGA GGCGGAATTATCCCGTTATTTCGGTATTCTCTC
CCCTACCCAAGTTGCACGTCTATCCAAGATTTTGGTTGCCTACGGGTTGCCTGTTTCGCCTGATGAGA
AATGGTTTAAAGAGCTAACCTTACATAAGAAAACACCATTGGATATCTTATTGAAGAAAATGAGTAT
TGACAAGAAAAACGAGGGTTCCAAAAAGAAGGTGGTCATTTTAGAAAGTATTGGTAAGTGCTATGGT
GACTCCGCTCAATTTGTTAGCGATGAAGACCTGAGATTTATTCTAACAGATGAAACCCTCGTTTACCC
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CTTCAAGGACATCCCTGCTGATCAACAGAAAGTTGTTATCCCCCCTGGTTCTAAGTCCATCTCCAATCG
TGCTTTAATTCTTGCTGCCCTCGGTGAAGGTCAATGTAAAATCAAGAACTTATTACATTCTGATGATA
CTAAACATATGTTAACCGCTGTTCATGAATT GAAAGGT GCTACGATAT CAT GGGAAGATAATGGT GA
GACGGTAGTGGTGGAAGGACATGGTGGTTCCACATTGTCAGCTTGTGCTGACCCCTTATATCTAGGTA
ATGCAGGTACTGCATCTAGATTTTTGACTTCCTTGGCTGCCTTGGTCAATTCTACTTCAAGCCAAAAG
TATATCGTTTTAACTGGTAACGCAAGAATGCAACAAAGACCAATTGCTCCTTTGGTCGATTCTTTGCG
TGCTAATGGTACTAAAATTGAGTACTTGAATAATGAAGGTTCCCTGCCAATCAAAGTTTATACTGATT
CGGTATTCAAAGGTGGTAGAATTGAATTAGCTGCTACAGTTTCTTCTCAGTACGTATCCTCTATCTTG
ATGTGTGCCCCATACGCTGAAGAACCTGTAACTTTGGCTCTTGTTGGTGGTAAGCCAATCTCTAAATT
GTACGTCGATATGACAATAAAAATGATGGAAAAATTCGGTATCAATGTTGAAACTTCTACTACAGAA
CCTTACACTTATTATATTCCAAAGGGACATTATATTAACCCATCAGAATACGTCATTGAAAGTGATGC
CTCAAGTGCTACATACCCATTGGCCTTCGCCGCAATGACTGGTACTACCGTAACGGTTCCAAACATTG
GTTTTGAGTCGTTACAAGGTGATGCCAGATTTGCAAGAGATGTCTTGAAACCTATGGGTTGTAAAATA
ACTCAAACGGCAACTTCAACTACTGTTTCGGGTCCTCCTGTAGGTACTTTAAAGCCATTAAAACATGT
TGATATGGAGCCAATGACTGATGCGTTCTTAACTGCATGTGTTGTTGCCGCTATTTCGCACGACAGTG
ATCCAAATTCTGCAAATACAACCACCATTGAAGGTATTGCAAACCAGCGTGTCAAAGAGTGTAACAGA
ATTTTGGCCATGGCTACAGAGCTCGCCAAATTTGGCGTCAAAACTACAGAATTACCAGATGGTATTCA
AGTCCATGGTTTAAACTCGATAAAAGATTTGAAGGTTCCTTCCGACTCTTCTGGACCTGTCGGTGTAT
GCACATATGATGATCATCGTGTGGCCATGAGTTTCTCGCTTCTTGCAGGAATGGTAAATTCTCAAAAT
GAACGTGACGAAGTTGCTAATCCTGTAAGAATACTTGAAAGACATTGTACTGGTAAAACCTGGCCTGG
CTGGTGGGATGTGTTACATTCCGAACTAGGTGCCAAATTAGATGGTGCAGAACCTTTAGAGTGCACAT
CCAAAAAGAACTCAAAGAAAAGCGTTGTCATTATTGGCATGAGAGCAGCTGGCAAAACTACTATAAG
TAAATGGTGCGCATCCGCTCTGGGTTACAAATTAGTTGACCTAGACGAGCTGTTTGAGCAACAGCATA
ACAATCAAAGTGTTAAACAATTTGTTGTGGAGAACGGTTGGGAGAAGTTCCGTGAGGAAGAAACAAG
AATTTT CAAGGAAGTTATT CAAAATTACGGCGATGATGGATATGTTTT CT CAACAGGT GGCGGTATT G
TTGAAAGCGCTGAGTCTAGAAAAGCCTTAAAAGATTTTGCCTCATCAGGTGGATACGTTTTACACTTA
CATAGGGATATTGAGGAGACAATTGTCTTTTTACAAAGTGATCCTTCAAGACCTGCCTATGTGGAAGA
AATTCGTGAAGTTTGGAACAGAAGGGAGGGGTGGTATAAAGAATGCTCAAATTTCTCTTTCTTTGCTC
CTCATTGCTCCGCAGAAGCTGAGTTCCAAGCTCTAAGAAGATCGTTTAGTAAGTACATTGCAACCATT
ACAGGTGTCAGAGAAATAGAAATTCCAAGCGGAAGATCTGCCTTTGTGTGTTTAACCTTTGATGACTT
AACTGAACAAACTGAGAATTTGACTCCAATCTGTTATGGTTGTGAGGCTGTAGAGGTCAGAGTAGACC
ATTTGGCTAATTACTCTGCTGATTTCGTGAGTAAACAGTTATCTATATTGCGTAAAGCCACTGACAGT
ATTCCTATCATTTTTACTGTGCGAACCATGAAGCAAGGTGGCAACTTTCCTGATGAAGAGTTCAAAAC
CTTGAGAGAGCTATACGATATTGCCTTGAAGAATGGTGTTGAATTCCTTGACTTAGAACTAACTTTAC
CTACTGATATCCAATATGAGGTTATTAACAAAAGGGGCAACACCAAGATCATTGGTTCCCATCATGAC
TTCCAAGGATTATACTCCTGGGACGACGCTGAATGGGAAAACAGATTCAATCAAGCGTTAACTCTTGA
TGTGGATGTTGTAAAATTTGTGGGTACGGCTGTTAATTTCGAAGATAATTTGAGACTGGAACACTTT
AGGGATACACACAAGAATAAGCCTTTAATTGCAGTTAATATGACTTCTAAAGGTAGCATTTCTCGTGT
TTTGAATAATGTTTTAACACCTGTGACATCAGATTTATTGCCTAACTCCGCTGCCCCTGGCCAATTGA
CAGTAGCACAAATTAACAAGATGTATACATCTATGGGAGGTATCGAGCCTAAGGAACTGTTTGTTGTT
GGAAAGCCAATTGGCCACTCTAGATCGCCAATTTTACATAACACTGGCTATGAAATTTTAGGTTTACC
TCACAAGTTCGATAAATTTGAAACTGAATCCGCACAATTGGTGAAAGAAAAACTTTTGGACGGAAAC
AAGAACTTTGGCGGTGCTGCAGTCACAATTCCTCTGAAATTAGATATAATGCAGTACATGGATGAATT
GACTGATGCTGCTAAAGTTATTGGTGCTGTAAACACAGTTATACCATTGGGTAACAAGAAGTTTAAG
GGT GATAATACCGACTGGTTAGGTATCCGTAATGCCTTAATTAACAAT GGCGTTCCCGAATATGTT GG
TCATACCGCTGGTTTGGTTATCGGTGCAGGTGGCACTTCTAGAGCCGCCCTTTACGCCTTGCACAGTTT
AGGTTGCAAAAAGATCTTCATAATCAACAGGACAACTTCGAAATTGAAGCCATTAATAGAGTCACTTC
CATCTGAATTCAACATTATTGGAATAGAGTCCACTAAATCTATAGAAGAGATTAAGGAACACGTTGGC
GTTGCTGTCAGCTGTGTACCAGCCGACAAACCATTAGATGACGAACTTTTAAGTAAGCTGGAGAGATT
CCTTGTGAAAGGTGCCCATGCTGCTTTTGTACCAACCTTATTGGAAGCCGCATACAAACCAAGCGTTA
CTCCCGTTATGACAATTTCACAAGACAAATATCAATGGCACGTTGTCCCTGGATCACAAATGTTAGTA
CACCAAGGTGTAGCTCAGTTTGAAAAGTGGACAGGATTCAAGGGCCCTTTCAAGGCCATTTTTGATGC
CGTTACGAAAGAGTAG
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Arolp
MVQLAKVPILGNDIIHVGYNIHDHLVETIIKHCPSSTYVICNDTNLSKVPYYQQLVLEFKASLPEGSRLLT
YWKPGETSKSRETKAQLEDYLLVEGCTRDTVMVAIGGGVIGDMIGFVASTFMRGVRVVQVPTSLLAMV
DSSIGGKTAIDTPLGKNFIGAFWQPKFVLVDIKWLETLAKREFINGMAEVIKTACIWNADEFTRLESNA
SLFLNVVNGAKNVKVTNQLTNEIDEISNTDIEAMLDHTYKLVLESIKVKAEVVSSDERESSLRNLLNFGH
SIGHAYEAILTPQALHGECVSIGMVKEAELSRY FGILSPTQVARLSKILVAY GLPV SPDEKWFKELTLHKK
TPLDILLKKMSIDKKNEGSKKKVVILESIGKCY GDSAQFVSDEDLRFILTDETLVY PFKDIPADQQKVVIP
PGSKSISNRALILAALGEGQCKIKNLLHSDDTKHMLTAVHELKGATISWEDNGETVVVEGHGGSTLSAC
ADPLYLGNAGTASRFLTSLAALVNSTSSQKYIVLTGNARMQQRPIAPLVDSLRANGTKIEYLNNEGSLPI
KVYTDSVFKGGRIELAATVSSQYVSSILMCAPYAEEPVTLALVGGKPISKLYVDMTIKMMEKFGINVETS
TTEPYTYYIPKGHYINPSEYVIESDASSATYPLAFAAMTGTTVTVPNIGFESLQGDARFARDVLKPMGCK
ITQTATSTTVSGPPVGTLKPLKHVDMEPMTDAFLTACVVAAISHDSDPNSANTTTIEGIANQRVKECNR
ILAMATELAKFGVKTTELPDGIQVHGLNSIKDLKVYPSDSSGPVGVCTYDDHRVAMSFSLLAGMVNSQNE
RDEVANPVRILERHCTGKTWPGWWDVLHSELGAKLDGAEPLECTSKKNSKKSVVIIGMRAAGKTTISK
WCASALGYKLVDLDELFEQQHNNQSYKQFWENGWEKFREEETRIFKEVIQNYGDDGYVFSTGGGIVE
SAESRKALKDFASSGGYVLHLHRDIEETIVFLQSDPSRPAY VEEIREVWNRREGWY KECSNFSFFAPHCS
AEAEFQALRRSFSKYIATITGVREIEIPSGRSAFVCLTFDDLTEQTENLTPICY GCEAVEVRVDHLANY SA
DFVSKQLSILRKATDSIPIIFTVRTMKQGGNFPDEEFKTLRELYDIALKNGVEFLDLELTLPTDIQYEVIN
KRGNTKIIGSHHDFQGLY SWDDAEWENRFNQALTLDVDVVKFYGTAVNFEDNLRLEHFRDTHKNKPL
IAVNMTSKGSISRVLNNVLTPVTSDLLPNSAAPGQLTVAQINKMY TSMGGIEPKELFVVGKPIGHSRSPIL
HNTGY EILGLPHKFDKFETESAQLVKEKLLDGNKNFGGAAVTIPLKLDIMQY MDELTDAAKVIGAVNTV
IPLGNKKFKGDNTDWLGIRNALINNGVPEYVGHTAGLVIGAGGTSRAALYALHSLGCKKIFIINRTTSKL
KPLIESLPSEFNIIGIESTKSIEEIKEHVGVAV SCVPADKPLDDELL SKLERFLVKGAHAAFVPTLLEAAYK
PSVTPVMTISQDKY QWHVVPGSQMLVHQGVAQFEKWTGFKGPFKAIFDAVTKE

ARO2
ATGTCAACGTTTGGGAAACTGTTCCGCGTCACCACATATGGTGAATCGCATTGTAAGTCTGTCGGTTG
CATTGTCGACGGTGTTCCTCCAGGAATGTCATTAACCGAAGCTGACATTCAGCCACAATTGACCAGAA
GAAGACCGGGTCAATCTAAGCTATCGACCCCTAGAGACGAAAAGGATAGAGTGGAAATCCAGTCCGGT
ACCGAGTTCGGCAAGACTCTAGGTACACCCATCGCCATGATGATCAAAAACGAGGACCAAAGACCTCA
CGACTACTCCGACATGGACAAGTTCCCTAGACCTTCCCATGCGGACTTCACGTACTCGGAAAAGTACG
GTATCAAGGCCTCCTCTGGTGGTGGCAGAGCTTCTGCTAGAGAAACGATTGGCCGTGTCGCTTCAGGT
GCCATTGCTGAGAAGTTCTTAGCTCAGAACTCTAATGTCGAGATCGTAGCCTTTGTGACACAAATCGG
GGAAATCAAGATGAACAGAGACTCTTTCGATCCTGAATTTCAGCATCTGTTGAACACCATCACCAGGG
AAAAAGTGGACTCAATGGGTCCTATCAGATGTCCAGACGCCTCCGTTGCTGGTTTGATGGTCAAGGAA
ATCGAAAAGTACAGAGGCAACAAGGACTCTATCGGTGGTGTCGTCACTTGTGTCGTGAGAAACTTGCC
TACCGGTCTCGGTGAGCCATGCTTTGACAAGTTGGAAGCCATGTTGGCTCATGCTATGTTGTCCATTC
CAGCATCCAAGGGTTTCGAAATTGGCTCAGGTTTTCAGGGTGTCTCTGTTCCAGGGTCCAAGCACAAT
GACCCATTTTACTTTGAAAAAGAAACAAACAGATTAAGAACAAAGACCAACAATTCAGGTGGTGTAC
AAGGTGGTATCTCTAATGGTGAGAACATCTATTTCTCTGTCCCATTCAAGTCAGTGGCCACTATCTCT
CAAGAACAAAAAACCGCCACTTACGATGGTGAAGAAGGTATCTTAGCCGCTAAGGGTAGACATGACCC
TGCTGTCACTCCAAGAGCTATTCCTATTGTGGAAGCCATGACCGCTCTGGTGTTGGCTGACGCGCTTT
TGATCCAAAAGGCAAGAGATTT CTCCAGATCCGTGGTTCATTAA

Aro2p

MSTFGKLFRVTTY GESHCKSVGCIVDGVPPGMSLTEADIQPQL TRRRPGQSKL STPRDEKDRVEIQSGTE
FGKTLGTPIAMMIKNEDQRPHDY SDMDKFPRPSHADFTY SEKY GIKASSGGGRASARETIGRVASGAIA
EKFLAQNSNVEIVAFVTQIGEIKMNRDSFDPEFQHLLNTITREKVDSMGPIRCPDASVAGLMVKEIEKYR
GNKDSIGGWTCVVRNLPTGLGEPCFDKLEAMLAHAMLSIPASK GFEIGSGFQGV SVPGSKHNDPFY FE
KETNRLRTKTNNSGGVQGGISNGENIYFSVPFKSVATISQEQKTATY DGEEGILAAKGRHDPAVTPRAIP
IVEAMTALVLADALLIQKARDFSRSVVH
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ABZ1
ATGCTGTCCGATACAATTGACACAAAGCAACAACAGCAACAGCTTCATGTCCTGTTCATAGACTCTTA
TGATTCATTCACCTACAATGTAGTGAGACTAATTGAACAACAAACTGATATCTCACCGGGAGTCAACG
CCGTGCACGTGACGACGGTACATAGTGATACGTTCCAATCTATGGATCAGCTATTGCCACTTTTGCCG
CTTTTTGATGCTATCGTTGTTGGCCCAGGACCTGGGAATCCCAACAATGGTGCACAAGATATGGGTAT
AATATCTGAGCTTTTCGAGAATGCCAATGGAAAGTTAGATGAAGTTCCAATATT GGGTATATGTCTTG
GGTTCCAAGCAATGTGCTTGGCTCAAGGTGCTGATGTCAGTGAGCTAAATACTATCAAGCATGGGCAA
GTGTATGAAATGCATTTAAACGATGCAGCCAGAGCTTGTGGCCTTTTTTCTGGTTATCCCGATACGTT
CAAATCTACGAGGTACCATTCATTGCATGTCAATGCCGAAGGCATTGACACCCTTTTGCCCTTATGCA
CAACCGAAGATGAGAACGGTATTCTTTTGATGAGTGCTCAAACGAAAAATAAGCCATGGTTTGGCGTA
CAGTACCACCCGGAGTCATGTTGTTCAGAATTGGGGGGGCTGTTAGTCAGTAACTTTCTCAAGTTGAG
TTTCATAAATAACGTGAAGACAGGAAGGTGGGAAAAGAAGAAACTTAATGGAGAGTTTTCCGATATC
CTATCTCGATTGGATAGGACTATTGATAGAGACCCCATATACAAGGTAAAAGAGAAATATCCGAAGG
GCGAGGACACAACTTACGTTAAGCAGTTCGAGGTCTCTGAAGACCCGAAATTGACATTTGAAATTTGC
AACATCATACGAGAAGAAAAATTTGTCATGTCATCTTCTGTGATTAGTGAAAATACGGGTGAATGGT
CTATCATTGCTTTACCAAACTCCGCATCCCAGGTATTCACTCATTATGGAGCTATGAAAAAGACTACA
GTTCATTATTGGCAAGATAGTGAAATTAGTTACACCTTGTTGAAAAAGTGTCTAGATGGTCAAGATT
CGGATTTGCCTGGCTCCCTTGAGGTAATACATGAAGATAAATCCCAATTTTGGATCACTTTGGGTAAA
TTTATGGAGAATAAAATAATCGATAACCACAGAGAAATACCTTTTATTGGAGGTCTTGTTGGCATTTT
AGGTTATGAAATAGGT CAGTACATT GCATGCGGCCGTTGCAATGATGATGAGAATT CCCTTGTTCCCG
ACGCCAAACTAGTTTTTATCAACAATAGTATAGTCATTAATCACAAGCAAGGGAAGCTTTATTGTATT
TCTCTGGATAATACATTTCCAGTGGCATTAGAACAATCATTAAGGGACAGTTTTGTTAGAAAGAAGA
ATATTAAGCAATCCCTGTCCTGGCCCAAGTATCTTCCAGAGGAGATAGACTTCATTATAACTATGCCC
GATAAACTTGACTACGCTAAGGCGTTTAAGAAATGTCAGGATTATATGCATAAGGGTGATTCTTATG
AAATGTGTCTCACAACGCAAACCAAAGTTGTACCATCTGCGGTGATAGAACCCTGGAGGATTTTCCAG
ACCTTGGTACAAAGAAACCCGGCTCCATTTTCAAGTTTTTTTGAGTTTAAAGACATTATTCCCCGCCA
AGATGAAACGCCTCCAGTTTTGTGCTTCTTAAGTACTTCTCCAGAAAGGTTTTTGAAGTGGGATGCAG
ACACATGCGAGCTACGTCCCATCAAGGGAACTGTGAAAAAAGGACCGCAAATGAACTTGGCAAAAGCC
ACACGAATCCTGAAGACACCAAAAGAATTTGGTGAGAACTTAATGATTTTGGACTTAATCAGAAATG
ACCTTTACGAGTTGGTTCCTGACGTTCGGGTGGAGGAGTTCATGTCCGTGCAAGAATATGCCACCGTT
TACCAACTCGTTAGCGTCGTAAAGGCACATGGATTGACCTCTGCCAGTAAGAAGACGAGATATTCAGG
CATTGATGTCCTTAAACACTCGCTTCCTCCGGGATCTATGACGGGAGCCCCCAAGAAGATTACTGTGC
AATTATTGCAGGACAAGATAGAAAGCAAGCTAAACAAACATGTCAATGGTGGAGCACGTGGTGTTTA
CAGCGGTGTCACGGGATATTGGTCTGTGAATTCCAACGGAGATTGGTCTGTTAACATTAGATGTATGT
ATTCCTACAACGGCGGAACCAGCTGGCAACTCGGTGCAGGGGGGGCCATAACAGTCTTAAGCACACTA
GATGGCGAACTAGAGGAAATGTACAACAAGTTGGAGAGCAACTTACAAATTTTCATGTAG

Abzlp
MLSDTIDTKQQQQQLHVLFIDSYDSFTYNWRLIEQQTDISPGVNAVHVTTVHSDTFQSMDQLLPLLPL
FDAIVVGPGPGNPNNGAQDMGIISELFENANGKLDEVPILGICLGFQAMCLAQGADVSELNTIKHGQVYE
MHLNDAARACGLFSGYPDTFKSTRYHSLHVNAEGIDTLLPLCTTEDENGILLMSAQTKNKPWFGVQYH
PESCCSELGGLLVSNFLKLSFINNVKTGRWEKKKLNGEFSDILSRLDRTIDRDPIYKVKEKYPKGEDTTY
VKQFEVSEDPKLTFEICNIIREEKFVMSSSVISENTGEWSIIALPNSASQVFTHY GAMKKTTVHYWQDSE
ISYTLLKKCLDGQDSDLPGSLEVIHEDK SQFWITLGKFMENKIIDNHREIPFIGGLVGILGY EIGQYIACGR
CNDDENSLVPDAKLVFINNSIVINHKQGKLY CISLDNTFPVALEQSL RDSFVRKKNIKQSLSWPKY L PEEI
DFIITMPDKLDYAKAFKKCQDYMHKGDSYEMCLTTQTKVVPSAVIEPWRIFQTLY QRNPAPFSSFFEFK
DIIPRQDETPPVLCFLSTSPERFLKWDADTCELRPIKGTVKKGPQMNLAKATRILKTPKEFGENLMILDL
IRNDLYELVPDVRVEEFMSVQEYATVYQLVSVVKAHGLTSASKKTRY SGIDVLKHSLPPGSMTGAPKKI
TVQLLQDKIESKLNKHVNGGARGVY SGVTGYWSVNSNGDWSVNIRCMY SYNGGTSWQLGAGGAITVLS
TLDGELEEMY NKLESNLQIFM

ABZ2
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ATGTCACTAATGGACAATTGGAAGACTGATATGGAAAGTTACGATGAAGGAGGCCTAGTTGCTAATC
CGAACTTCGAGGTTCTGGCCACTTTCAGGTACGACCCTGGTTTTGCACGCCAGTCAGCGTCAAAGAAA
GAGATCTTTGAAACTCCAGACCCTCGATTAGGTTTGAGAGACGAAGATATTAGGCAGCAGATAATTAA
TGAGGATTACTCAAGTTATTTACGAGTAAGGGAGGTTAATTCCGGCGGTGACCTTCTCGAAAATATTC
AGCATCCTGATGCTTGGAAGCATGATTGCAAGACCATTGTGTGCCAGCGTGTAGAAGATATGCTACAA
GTCATTTATGAACGATTTTTTTTATTAGATGAACAATACCAAAGAATAAGAATAGCATTATCATACT
TTAAAATTGACTTCAGCACGTCTCTGAATGATTTATTGAAGTTATTGGTTGAAAACTTGATTAATTGT
AAAGAAGGAAATTCAGAGTATCACGAAAAAATTCAAAAAATGATCAACGAAAGGCAATGCTATAAAA
TGCGGGTACTTGTCTCTAAGACAGGAGATATACGAATTGAGGCAATTCCAATGCCTATGGAGCCTATC
CTAAAATTAACAACCGATTATGACAGTGTTTCCACATACTTCATCAAAACGATGCTCAATGGATTTTT
AATTGATAGCACAATAAATTGGGATGTTGTTGTTTCATCTGAACCATTGAACGCATCAGCTTTCACCA
GTTTTAAAACCACTTCAAGAGATCATTACGCTAGGGCGAGAGTTCGCATGCAAACTGCTATAAATAAC
TTAAGAGGTTCAGAACCTACTTCTTCTGTCTCGCAATGCGAAATTTTATTTTCCAACAAATCTGGCCT
GCTGATGGAAGGTTCAATAACAAACGTGGCTGTAATTCAAAAAGATCCTAACGGTTCTAAAAAGTAT
GTGACACCAAGATTAGCAACTGGATGTTTGTGCGGAACAATGCGTCATTATTTATTGCGGCTCGGCCT
TATTGAAGAGGGAGATATAGATATAGGAAGCCTTACCGTTGGCAACGAAGTTTTGCTTTTCAATGGCG
TCATGGGATGCATAAAGGGAACAGTGAAGACAAAATATT GA

Abz2p

MSLMDNWKTDMESY DEGGLVANPNFEVLATFRY DPGFARQSASKKEIFETPDPRLGLRDEDIRQQIIN
EDY SSYLRVREVNSGGDLLENIQHPDAWKHDCKTIVCQRVEDMLQVIYERFFLLDEQY QRIRIALSYFKI
DFSTSLNDLLKLLVENLINCKEGNSEYHEKIQKMINERQCYKMRVLVSKTGDIRIEAIPMPMEPILKLTT
DYDSVSTYFIKTMLNGFLIDSTINWDVVV SSEPLNASAFTSFKTTSRDHY ARARVRMQTAINNLRGSEP
TSSVSQCEILFSNKSGLLMEGSITNVAVIQKDPNGSKKYVTPRLATGCLCGTMRHYLLRLGLIEEGDIDIG
SLTVGNEVLLFNGVMGCIKGTVKTKY

FOL1
ATGTCAAAGCTATTTTCTACTGTCAATTCTGCAAGACATAGTGTACCACTAGGCGGCATGAGAGATTA
TGTGCACATTAAGAAACTAGAGATGAATACAGTTCTTGGGCCTGATTCCTGGAATCAATTAATGCCTC
AGAAATGTCTACTAAGCTTAGATATGGGTACAGATTTTAGTAAATCTGCGGCTACGGATGATTTGAA
ATATTCTCTAAATTATGCAGTTATTTCTCGTGATTTGACGAATTTCGTCAGCAAAAAAAAGAATTGGG
GTTCTGTTTCTAATTTGGCTAAATCTGTGTCTCAATTTGTTATGGACAAATATTCTGGTGTCGAGTGT
CTGAATTTAGAAGTGCAGGCGGATACAACGCATATTAGAAGTGACCACATATCTTGTATTATTCAACA
AGAAAGAGGGAATCCAGAATCACAGGAATTTGACGTTGTTAGGATATCTGAGTTAAAAATGTTGACT
TTGATTGGTGTTTTCACCTTTGAGAGACTTAAGAAACAGTATGTAACTTTGGATATAAAGTTGCCTTG
GCCAAAGAAAGCCGAATTGCCACCGCCAGTGCAAAGCATAATTGATAACGTTGTCAAGTTTGTGGAGG
AATCAAATTTCAAGACTGTGGAAGCTCTTGTAGAATCTGTGTCAGCTGTTATTGCCCATAACGAGTAT
TTTCAAAAGTTTCCAGATTCGCCTTTGGTGGTGAAGGTTTTGAAATTAAACGCAATCACAGCCACAGA
AGGTGTTGGTGTAAGCTGTATTAGAGAGCCCAGGGAGATTGCGATGGTAAATATTCCATATCTTTCCT
CCATACATGAATCGTCTGATATTAAGTTCCAATTGTCTTCATCACAAAACACTCCTATTGAGGGTAAA
AATACATGGAAAAGAGCGTTTTTAGCGTTTGGTTCAAACATTGGGGACCGTTTCAAACACATTCAAAT
GGCGTTGCAATTATTATCAAGGGAAAAAACGGTTAAATTACGGAATATTTCGTCTATTTTTGAAAGT
GAACCAATGTATTTCAAAGATCAAACCCCTTTCATGAATGGGTGTGTTGAGGTGGAGACATTACTGAC
CCCAAGCGAATTATTAAAATTGT GTAAAAAAATTGAATAT GAAGAGTT GCAAAGAGTCAAGCATTTT
GATAATGGTCCGAGAACAATAGATCTGGATATTGTTATGTTTTTGAATAGCGCCGGAGAAGATATTA
TAGTAAATGAACCGGATTTGAATATACCGCATCCTAGAATGCTGGAGAGGACTTTCGTTCTTGAGCCG
TTATGTGAATTAATATCCCCCGTTCACCTTCATCCTGTGACAGCGGAACCCATTGTAGACCATTTAAA
ACAGTTATACGACAAACAGCATGATGAAGATACCTTATGGAAATTAGTTCCATTGCCTTATCGTAGTG
GTGTGGAGCCTAGATTTTTGAAATTCAAGACCGCTACAAAACTTGACGAATTTACTGGAGAAACAAAC
AGAATTACTGTTTCACCTACATATATCATGGCTATCTTCAACGCTACACCAGATTCATTTTCCGATGG
AGGTGAGCATTTTGCGGACATTGAAAGTCAATT GAATGATATCATTAAATT GTGTAAAGACGCATTA
TATTTGCATGAGAGCGTCATCATCGACGTTGGAGGGTGTTCTACCAGGCCTAACTCTATTCAGGCGTC
TGAGGAAGAAGAAATACGCAGGTCTATCCCATTAATTAAGGCCATTAGAGAAAGCACTGAGTTACCGC
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AAGATAAAGTCATACTATCCATTGATACTTATCGTTCCAATGTCGCTAAAGAAGCGATTAAAGTTGGA
GTGGATATTATTAATGATATTT CGGGAGGTTTATTT GACAGCAACATGTTTGCCGTAATT GCAGAGA
ACCCAGAAATTTGTTATATTTTATCACACACACGTGGTGATATTTCAACGATGAATAGGCTGGCGCAT
TACGAAAATTTTGCATTGGGTGATTCTATTCAGCAAGAATTTGTTCATAATACCGACATTCAGCAGCT
AGACGACTTGAAAGACAAAACAGTGTTAATCAGGAATGTTGGTCAAGAAATTGGCGAAAGGTATATC
AAAGCGATTGATAATGGAGTAAAGCGCTGGCAAATTCTAATCGACCCTGGACTTGGTTTTGCTAAGAC
CTGGAAGCAAAACTTACAAATTATTAGACATATCCCCATTTTAAAGAACTACTCATTCACCATGAACT
CAAACAATTCGCAAGTGTATGTTAACCT CAGAAATATGCCCGTTTTATT GGGTCCATCGCGCAAAAAA
TTCATTGGACATATCACAAAAGATGTGGATGCGAAGCAAAGAGACTTTGCTACTGGAGCGGTGGTAGC
GTCGTGTATTGGTTTCGGCAGCGACATGGTTAGGGTCCATGACGTTAAAAATTGTTCGAAGAGCATTA
AATTAGCAGATGCTATTTATAAAGGTTT GGAATAA

Follp

MSKLFSTVNSARHSVPLGGMRDY VHIKKLEMNTVLGPDSWNQLMPQKCLLSLDMGTDFSKSAATDDL
KYSLNYAVISRDLTNFVSKKKNWGSVSNLAKSVSQFVMDKY SGVECLNLEVQADTTHIRSDHISCIIQQE
RGNPESQEFDWRISELKMLTLIGVFTFERLKKQYVTLDIKLPWPKKAELPPPVQSIIDNWKFVEESNF
KTVEALVESVSAVIAHNEY FQKFPDSPLWKVLKLNAITATEGV GV SCIREPREIAMVNIPY LSSIHESSDI
KFQLSSSQNTPIEGKNTWKRAFLAFGSNIGDRFKHIQMALQLLSREKTVKLRNISSIFESEPMY FKDQTP
FMNGCVEVETLLTPSELLKLCKKIEY EELQRVKHFDNGPRTIDLDIVMFLNSAGEDIIVNEPDLNIPHPR
MLERTFVLEPLCELISPVHLHPVTAEPIVDHLKQLYDKQHDEDTLWKLVPLPYRSGVEPRFLKFKTATK
LDEFTGETNRITVSPTYIMAIFNATPDSFSDGGEHFADIESQLNDIIKLCKDALYLHESVIIDVGGCSTRPN
SIQASEEEEIRRSIPLIKAIRESTELPQDKVILSIDTYRSNVAKEAIKVGVDIINDISGGLFDSNMFAVIAENP
EICYILSHTRGDISTMNRLAHY ENFALGDSIQQEFVHNTDIQQLDDLKDKTVLIRNVGQEIGERYIKAIDN
GVKRWQILIDPGLGFAKTWKQNLQIIRHIPILKNY SFTMNSNNSQVYVNLRNMPVLLGPSRKKFIGHIT
KDVDAKQRDFATGAVVASCIGFGSDMVRVHDVKNCSKSIKLADAIYKGLE

TRP1
ATGTCTGTTATTAATTTCACAGGTAGTTCTGGTCCATTGGTGAAAGTTTGCGGCTTGCAGAGCACAGA
GGCCGCAGAATGTGCTCTAGATTCCGATGCTGACTTGCTGGGTATTATATGTGTGCCCAATAGAAAGA
GAACAATTGACCCGGTTATTGCAAGGAAAATTTCAAGTCTTGTAAAAGCATATAAAAATAGTTCAGG
CACTCCGAAATACTTGGTTGGCGTGTTTCGTAATCAACCTAAGGAGGATGTTTTGGCTCTGGTCAATG
ATTACGGCATTGATATCGTCCAACTGCATGGAGATGAGTCGTGGCAAGAATACCAAGAGTTCCTCGGT
TTGCCAGTTATTAAAAGACTCGTATTTCCAAAAGACTGCAACATACTACTCAGTGCAGCTTCACAGAA
ACCTCATTCGTTTATTCCCTTGTTTGATTCAGAAGCAGGTGGGACAGGTGAACTTTTGGATTGGAACT
CGATTTCTGACTGGGTTGGAAGGCAAGAGAGCCCCGAAAGCTTACATTTTATGTTAGCTGGTGGACTG
ACGCCAGAAAATGTTGGT GATGCGCTTAGATTAAATGGCGTTATT GGTGTTGATGTAAGCGGAGGT G
TGGAGACAAATGGTGTAAAAGACTCTAACAAAATAGCAAATTTCGTCAAAAATGCTAAGAAATAG

Trplp
MSVINFTGSSGPLVKVCGLQSTEAAECALDSDADLLGIICVPNRKRTIDPVIARKISSLVKAYKNSSGTPKY
LVGVFRNQPKEDVLALVNDY GIDIVQLHGDESWQEY QEFLGLPVIKRLVFPKDCNILLSAASQKPHSFIP
LFDSEAGGTGELLDWNSISDWVGRQESPESLHFMLAGGLTPENVGDALRLNGVIGVDVSGGVETNGVK
DSNKIANFVKNAKK

TRP2
ATGACCGCTTCCATCAAAATTCAACCGGATATTGACTCTCTAAAGCAATTACAGCAGCAAAATGACGA
TAGTTCCATAAATATGTATCCCGTGTATGCGTATTTGCCATCATTGGATCTGACTCCTCACGTGGCAT
ATCTAAAATTGGCACAATTGAACAACCCTGATAGAAAGGAATCATTTCTGTTGGAAAGTGCTAAGAC
AAATAATGAATTAGATCGTTATTCATTCATAGGTATCTCGCCACGCAAGACCATCAAAACCGGTCCTA
CTGAAGGCATTGAAACAGATCCTTTGGAAATTTTGGAAAAGGAGATGTCTACCTTTAAAGTAGCCGA
AAATGTTCCTGGTTTACCGAAATTAAGTGGTGGTGCTATTGGTTATATTTCTTATGACTGTGTTCGTT
ATTTCGAGCCAAAAACAAGAAGGCCTTTGAAAGATGTCCTAAGACTTCCAGAGGCATATTTAATGCTT
TGTGATACCATTATTGCCTTTGATAATGTTTTT CAGAGATTT CAAATCATT CATAACATTAATACCAA
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TGAAACTTCGTTGGAGGAAGGTTACCAAGCTGCAGCACAAATAATCACTGATATCGTATCAAAGCTAA
CCGACGATTCCTCGCCAATACCATATCCAGAACAACCTCCTATTAAATTGAATCAAACTTTTGAATCG
AATGTGGGCAAGGAAGGTTACGAAAATCACGTCTCCACTTTGAAGAAGCATATTAAGAAAGGTGATA
TTATTCAAGGTGTGCCATCGCAAAGAGTGGCAAGGCCAACTTCGTTACATCCTTTCAATATTTACAGA
CATTTACGTACAGTGAACCCATCTCCTTACCTGTTTTATATTGATTGTTTGGATTTCCAAATCATTGG
TGCATCT CCAGAATT GTTGT GCAAATCGGATT CCAAAAATAGAGTCATTACCCATCCAATT GCT GGTA
CTGTCAAACGTGGGGCTACTACTGAAGAGGATGATGCTTTAGCGGACCAATTACGTGGCTCGTTAAAA
GACCGTGCAGAACATGTTATGCTGGTAGATTTAGCAAGAAACGATATTAACAGAATTTGTGACCCATT
AACAACAAGTGTCGATAAACTGTTAACTATTCAAAAATTTTCTCATGTCCAACATCTGGTTTCTCAAG
TCAGCGGTGTTCTCCGCCCAGAAAAGACAAGATTTGATGCATTCAGATCGATTTTCCCTGCAGGTACT
GTCAGTGGTGCTCCAAAGGTTAGAGCCATGGAATTGATTGCCGAACTAGAAGGAGAAAGGCGTGGGG
TTTATGCAGGCGCCGTAGGTCATTGGTCATACGACGTAAAACAATGGACAATTGTATCGCTTTAAGG
ACTATGGTCTATAAAGATGGCATTGCTTACTTGCAAGCTGGCGGTGGTATTGTTTACGATTCAGATGA
GTACGATGAATATGT CGAAACCATGAATAAAATGATGGCCAATCACAGTACTATT GT GCAAGCAGAA
GAATT GT GGGCCGATATCGTAGGATCAGCTTAA

Trp2p
MTASIKIQPDIDSLKQLQQQNDDSSINMYPVYAYLPSLDLTPHVAYLKLAQLNNPDRKESFLLESAKTN
NELDRY SFIGISPRKTIKTGPTEGIETDPLEILEKEM STFKVAENVPGLPKLSGGAIGYISYDCVRY FEPKT
RRPLKDVLRLPEAYLMLCDTIIAFDNVFQRFQIIHNINTNETSLEEGY QAAAQIITDIVSKLTDDSSPIPY P
EQPPIKLNQTFESNVGKEGY ENHV STLKKHIKKGDIIQGVPSQRVARPTSLHPFNIYRHLRTVNPSPYLF
YIDCLDFQIIGASPELLCKSDSKNRVITHPIAGTVKRGATTEEDDALADQLRGSLKDRAEHVMLVDLARN
DINRICDPLTTSVDKLLTIQKFSHVQHLVSQVSGVLRPEKTRFDAFRSIFPAGTV SGAPKVRAMELIAELE
GERRGVYAGAVGHWSYDGKTMDNCIALRTMVYKDGIAYLQAGGGIVYDSDEYDEYVETMNKMMANH
STIVQAEELWADIVGSA

PHA2
ATGGCCAGCAAGACTTTGAGGGTTCTTTTTCTGGGTCCCAAAGGTACGTATTCCCATCAAGCTGCATT
ACAACAATTTCAATCAACATCTGATGTTGAGTACCTCCCAGCAGCCTCTATCCCCCAATGTTTTAACCA
ATTGGAGAACGACACTAGTATAGATTATTCAGTGGTACCGTTGGAAAATTCCACCAATGGACAAGTAG
TTTTTTCCTATGATCTCTTGCGTGATAGGATGATCAAAAAAGCCCTATCCTTACCTGCTCCAGCAGAT
ACTAATAGAATTACACCAGATATAGAAGTTATAGCGGAGCAATATGTACCCATTACCCATTGTCTAAT
CAGCCCAATCCAACTACCAAATGGTATTGCATCCCTTGGAAATTTTGAAGAAGTCATAATACACTCAC
ATCCGCAAGTATGGGGCCAGGTTGAATGTTACTTAAGGTCCATGGCAGAAAAATTTCCGCAGGTCACC
TTTATAAGATTGGATTGTTCTTCCACATCTGAATCAGTGAACCAATGCATTCGGTCATCAACGGCCGA
TTGCGACAACATTCTGCATTTAGCCATTGCTAGTGAAACAGCTGCCCAATTGCATAAGGCGTACATCA
TTGAACATTCGATAAATGATAAGCTAGGAAATACAACAAGATTTTTAGTATTGAAGAGAAGGGAGAA
CGCAGGCGACAATGAAGTAGAAGACACTGGATTACTACGGGTTAACCTACTCACCTTTACTACTCGTC
AAGATGACCCTGGTTCTTTGGTAGATGTTTTGAACATACTAAAAATCCATTCACTCAACATGTGTTCT
ATAAACTCTAGACCATTCCATTTGGACGAACATGATAGAAACTGGCGATATTTATTTTTCATTGAATA
TTACACCGAGAAGAATACCCCAAAGAATAAAGAAAAATTCTATGAAGATATCAGCGACAAAAGTAAA
CAGTGGTGCCTGTGGGGTACATTCCCCAGAAATGAGAGATATTATCACAAATAA

Pha2p

MASKTLRVLFLGPKGTY SHQAALQQFQSTSDVEYLPAASIPQCFNQLENDTSIDY SVVPLENSTNGQVVF
SYDLLRDRMIKKALSLPAPADTNRITPDIEVIAEQYVPITHCLISPIQLPNGIASLGNFEEVIIHSHPQVWG
QVECYLRSMAEKFPQVTFIRLDCSSTSESVNQCIRSSTADCDNILHLAIASETAAQLHKAYIIEHSINDKLG
NTTRFLVLKRRENAGDNEVEDTGLLRVNLLTFTTRQDDPGSLVDVLNILKIHSLNMCSINSRPFHLDEH
DRNWRYLFFIEYYTEKNTPKNKEKFYEDISDKSKQWCLWGTFPRNERY YHK

ARO7
ATGGATTTCACAAAACCAGAAACTGTTTTAAATCTACAAAATATTAGAGATGAATTAGTTAGAATGG
AGGATTCGATCATCTTCAAATTTATTGAGAGGTCGCATTTCGCCACATGTCCTTCAGTTTATGAGGCA
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AACCATCCAGGTTTAGAAATTCCGAATTTTAAAGGATCTTTCTTGGATTGGGCTCTTTCAAATCTTGA
AATTGCGCATTCTCGCATCAGAAGATTCGAATCACCTGATGAAACTCCCTTCTTTCCTGACAAGATTC
AGAAATCATTCTTACCGAGCATTAACTACCCACAAATTTTGGCGCCTTATGCCCCAGAAGTTAATTAC
AAT GATAAAATAAAAAAAGTTTATATT GAAAAGATTATACCATTAATTT CGAAAAGA GAT GGT GATG
ATAAGAATAACTTCGGTTCTGTTGCCACTAGAGATATAGAATGTTTGCAAAGCTTGAGTAGGAGAAT
CCACTTTGGCAAGTTTGTTGCTGAAGCCAAGTTCCAATCGGATATCCCGCTATACACAAAGCTGATCA
AAAGTAAAGATGTCGAGGGGATAATGAAGAATATCACCAATTCTGCCGTTGAAGAAAAGATTCTAGA
AAGATTAACTAAGAAGGCTGAAGTCTATGGTGTGGACCCTACCAACGAGTCAGGTGAAAGAAGGATT
ACTCCAGAATATTTGGTAAAAATTTATAAGGAAATTGTTATACCTATCACTAAGGAAGTTGAGGTGG
AATACTTGCTAAGAAGGTTGGAAGAGTAA

Aro7p
MDFTKPETVLNLQNIRDELVRMEDSIIFKFIERSHFATCPSVYEANHPGLEIPNFKGSFLDWALSNLEIA
HSRIRRFESPDETPFFPDKIQK SFLPSINYPQILAPYAPEVNYNDKIKKVYIEKIIPLISKRDGDDKNNFGS
VATRDIECLQSLSRRIHFGKFVAEAKFQSDIPLYTKLIKSKDVEGIMKNITNSAVEEKILERLTKKAEVYG
VDPTNESGERRITPEYLVKIYKEIVIPITKEVEVEYLLRRLEE

4-Aminobenzoate 1-monooxygenase gene
ATGTCTCAACAGGAGCGCACCCGCGTGGCCATTGTTGGCGCAGGCATTGTTGGCCTCACTCTGGCGAT
TGCTCTTAACGCTTTCGATAAGGAGCGTAAACTGGCCATCGATATTTATGAGAATGCTTCTGAACTCG
CTGAAATCGGCGCCGGTATCAACGTTTGGCCCAGAACATTGGCAATCTTCAAACAAATCGGCGTCGAG
GATGCTCTCATTCCTCTGCTCGATCACATTCCCGACCTCGAACCACGAATTATCTTTGGCATACGGAAA
GGAGACGAGAAGAACGGATACCAAGTCTATGATACCATGAACAACGGTGGTGCCCTCCGTGTACACAG
AGCTCATCTTCAGAACACTCTTATCCAACATCTACCTCTGCCAGGCTCGAAAGTCACAGAAATCAATA
GCATCTGTGGTTTCCATTTAGGGCACAATCTCATTGACTATAGTCATCACTCTTCATCAGGCCAAGGT
CCTCTCACCCTCCATTTCTCTGACGGAAAGCCATCCAGGACATGTGACATTCTTGTTGGCGCTGACGGG
ATTAAATCAACACTCCGCCACCTGTTTTTGCCCAGGTTACCGAATCCGGAGAAGTATCTGAACTGTTA
CGAGCCCAAGTGGAAAGGACTTTTGGCGTATCGCGGTCTTGTTCCCAAGGAAAAGCTAGAAGCAGTCT
CTCCTGGGCATAGAGCTCTTACTCATCCTGGGCTCATGTATAGCGGAAAAAGCGCCTACGCCGTCGTT
TATCCTGTCTCCAACGGAAAGTTTATCAACGTTGTTGCTATCGTTCACGACAATCCCACAAACTCAAC
TGTATGGCCGGGACCATGGAGAATGGATGTAACCCAAAGCGAATTTTTTGAAGTATACAAGGGCTGG
GACGAGGAAGTCCTGGATCTCATCCGCTGTGTCGATAAACCAACTAAATGGGCACTCCATGCTCTGGA
TCATTTGGATGTCTACGCAAAGGGGAGAGTCTTCTTGATGGGTGATGCCGCACATGCAATGCTTCCGC
ATCTTGGGGCAGGAGCACACGTTGGTATGGAGGACGCATACATCCTTGCCTCTCTGATCACACATTCT
TCGACTCCTATCTGGCCCTCAACGCAACATGTCAGCGAAATTGCCAATATTTATAATACGATGCGTAT
TCCGCGGGCTGTCTCAATGTCCAATTCGACCGACGAAGCAGGCTATCTCTGTAATTTAGAAAATCCTG
GACTCGAAGAATTCAAGGTCGGAGATCACATTCCCAAAGAACTCTTAATTCAGACAGCTCGTACCATG
GAGAAGAAGTGGGCGTGGACAACTACGTACGCGGATGAGGATAGGATTAAGGCGATTTCGCTGCTTG
AAGGGCCTAGAGCGGTGCTATAA

4-Aminobenzoate  1-monooxygenase  protein
MSQQERTRVAIVGAGIVGLTLAIALNAFDKERKLAIDIYENASELAEIGAGINVWPRTLAIFKQIGVEDAL
IPLLDHIPDLEPRIIFGIRKGDEKNGYQVYDTMNNGGALRVHRAHLQNTLIQHLPLPGSKVTEINSICGFH
LGHNLIDYSHHSSSGQGPLTLHFSDGKPSRTCDILVGADGIKSTLRHLFLPRLPNPEKYLNCYEPKWKGL
LAYRGLVPKEKLEAVSPGHRALTHPGLMY SGKSAYAVVYPVSNGKFINWAIVHDNPTNSTVWPGPWR
MDVTQSEFFEVYKGWDEEVLDLIRCVDKPTKWALHALDHLDVYAKGRVFLMGDAAHAMLPHLGAGA
HVGMEDAYILASLITHSSTPIWPSTQHVSEIANIYNTMRIPRAVSM SNSTDEAGYLCNLENPGLEEFKVG
DHIPKELLIQTARTMEKKWAWTTTYADEDRIKAISLLEGPRAVL

[00149] In this specification and the appended claims, the singular forms "a," "an," and "the"

include plural reference, unless the context clearly dictates otherwise.
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[00150] Unless defined otherwise, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art. Although any methods
and materials similar or equivalent to those described herein can also beused in the practice or
testing of the present disclosure, the preferred methods and materials are now described. Methods
recited herein may be carried out in any order that is logically possible, in addition to a particular
order disclosed.

Incor poration by Reference
[00151] References and citations to other documents, such as patents, patent applications,
patent publications, journals, books, papers, web contents, have been made in this disclosure. All
such documents are hereby incorporated herein by reference in their entirety for al purposes.
Any material, or portion thereof, that is said to be incorporated by reference herein, but which
conflicts with existing definitions, statements, or other disclosure material explicitly set forth
herein is only incorporated to the extent that no conflict arises between that incorporated material
and the present disclosure material. Inthe event of aconflict, the conflict isto be resolved in
favor of the present disclosure as the preferred disclosure.

Equivalents

[00152] The representative examples are intended to help illustrate the invention, and are not
intended to, nor should they be construed to, limit the scope of the invention. Indeed, various
modifications of the invention and many further embodiments thereof, in addition to those shown
and described herein, will become apparent to those skilled in the art from the full contents of this
document, including the examples and the references to the scientific and patent literature
included herein. The examples contain important additional information, exemplification and
guidance that can be adapted to the practice of this invention in its various embodiments and
equivalents thereof.
What isclaimed is:
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CLAIMS
A recombinant microbial host cell capable of converting afermentable carbon substrate
top-aminobenzoic acid biologically.
The recombinant microbial host cell of Claim 1, wherein the microbial host cell isa
bacterium, acyanobacterium, an archaeon, or a fungus.
The recombinant microbial host cell of Claim 1, wherein the microbial host cell is
Escherichia coli.
The recombinant microbial host cell of Claim 2, wherein the microbia host cell is a Gram
positive bacterium.
The recombinant microbial host cell of Claim 2, wherein the microbial host cell isa
filamentous fungus.
The recombinant microbial host cell of Claim 3, wherein the E. coli host cell has been
subjected to directed evolution and is characterized by an enhanced tolerance top-
aminobenzoic acid.
The recombinant microbial host cell of Claim 1, wherein the microbial host cell is
Saccharomyces cerevisiae.
The recombinant microbial host cell of Claim 7, wherein the S. cerevisiae host cell has
been subjected to directed evolution and is characterized by an enhanced tolerance top-
aminobenzoic acid.
The recombinant microbial host cell of Claim 1, wherein the microbial host cell is
Kluyveromyces lactis.
The recombinant microbial host cell of Claim 1, wherein the microbial host cell is
Aspergillus niger.
The recombinant microbial host cell of Claim 1, wherein the microbial host cell is
Synechocystis sp. Strain PCC 6803.
A method for fermentative production of p-aminobenzoic acid comprising converting a
fermentable carbon substrate top-aminobenzoic acid by biological fermentation using a
recombinant microbial host cell.
The method of Claim 12, wherein the recombinant microbial host cell isE. coli.
The method of Claim 13, wherein the recombinant E. coli host cell is characterized by an
inactivated 7,8-dihyropteroate synthase by mutation or enzymatic inhibition thereby
preventing conversion of p-aminobenzoic acid to 7,8-dihyropteroate.
The method of Claim 14, wherein the recombinant E. coli host cell is a 7,8-dihyropteroate
synthase mutant requiring supplementation of methionine, glycine, thymidine, and

pantothenate to maintain cell viability.
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The method of Claim 15, wherein the 7,8-dihyropteroate synthase mutant is rescued with
folic acid transporters from Arabidopsis thaliana or Synechocystis sp. PCC6803 in the
presence of (6R,6S)-5-formyl-tetrahydrofolic acid or folic acid.

The method of Claim 16, wherein the 7,8-dihyropteroate synthase mutant is characterized
by increased activities of the aminodeoxychorismate synthase (pabA and pabB) and 4-
amino-4-deoxychorismate lyase (pabC) by overexpression of corresponding genes that
enhance conversion of chorismic acid top-aminobenzoic acid.

The method of Claim 16, wherein gene fusions between pabA and pabB (pabAB) as
found in actinomyces, Plasmodiumfalciparum, and Arabidopsis thaliana enhance
conversion of chorismic acid to p-aminobenzoic acid.

The method of Claim 14, wherein the recombinant E. coli host cell is characterized by a
mutated anthranilate synthase with altered enzymatic activity that catalyses production of
p-aminobenzoic acid is used in place of the aminodeoxychorismate synthase and 4-
amino-4-deoxychorismate lyase activities.

The method of Claim 12, wherein the recombinant microbial host cell is S. cerevisiae.
The method of Claim 20, wherein the recombinant 5. cerevisiae host cell is characterized
by an inactivated the 7,8-dihyropteroate synthase activity by mutation or enzymatic
inhibitors to prevent further conversion of p-aminobenzoic acid to 7,8-dihyropteroate.
The method of Claim 21, wherein the recombinant 5. cerevisiae host cell isa 7,8
dihyropteroate synthase mutant requiring supplementation of (6R,6S)-5-formyl-
tetrahydrofolic acid or folic acid.

The method of Claim 22, wherein the 7,8-dihyropteroate synthase mutant is characterized
by increased activities of aminodeoxychorismate synthase and 4-amino-4-
deoxychorismate lyase activities by overexpression of corresponding genes that enhance
conversion of chorismic acid top-aminobenzoic acid.

The method of Claim 23, wherein the 7,8-dihyropteroate synthase mutant is characterized
by amutated anthranilate synthase that catalyses production of p-aminobenzoic acid in
place of aminodeoxychorismate synthase and 4-amino-4-deoxychorismate lyase
activities.

The method of Claim 12, wherein the fermentable carbon substrate is selected from the
group consisting of monosaccharides, oligosaccharides and polysaccharides.

The method of Claim 25, wherein the fermentable carbon substrate comprises a sugar
derived from biomass.

The method of Claim 26, wherein the fermentable carbon substrate comprise glucose,

fructose or sucrose.
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The method of Claim 12, wherein fermentation is carried out under dissolved oxygen
concentration between 0- 100% saturation.

The method of Claim 28, wherein the fermentation is carried out in minimal medium
supplemented with all necessary nutrients and maintained at a pH between about 1to
about 10.

The method of Claim 29, wherein p-aminobenzoic acid produced in the fermentation is
purified by one or acombination of: precipitation at the isoelectric point of PABA, ion-
exchange chromatography, and crystallization.

The method of Claim 12, wherein p-aminobenzoic acid produced in the fermentation
comprises up to 1part per trillion of *C.

The method of Claim 12, further comprising purifying p-aminobenzoic acid produced in
the fermentation and polymerizing the purified p-aminobenzoic acid to form a
homopolymer or a heteropolymer.

The method of Claim 12, further comprising purifying p-aminobenzoic acid produced in
the fermentation and reacting the purified p-aminobenzoic acid with 2-
diethylaminoethanol in the presence of sodium ethoxide to form procaine.

The method of Claim 12, further comprising purifying p-aminobenzoic acid produced in
the fermentation and chemically transforming the purified p-aminobenzoic acid to make
folic acid, an azo dye or Padimate O.

The method of Claim 12, further comprising converting p-aminobenzoic acid produced in
the recombinant host organism top-aminophenol by 4-aminobenzoate 1-monooxygenase
(EC 1.14.13.27).

The method of Claim 35, wherein the 4-aminobenzoate 1-monooxygenase is from
Agaricus bisporus.

The method of Claim 35, further comprising converting p-aminophenol to N-(4-
hydroxyphenyl)ethanamide by arylamine N-acetyltransferases (EC 2.3.1.5).

The method of Claim 37, wherein the arylamine N-acetyltransferases isNAT-a and NAT-
b from Bacillus cereus Strain 10-L-2.

The method of Claim 20, wherein the recombinant microbial host cell is characterized by
a5. cerevisiae vector expressing a DAHP synthase isozyme aroFF8% from E. coli that is
insensitive to feedback inhibition by tyrosine and aromatic amino acids.

A method for making />phenylenediamines comprising reacting ammonia and
biologically-derived p-aminobenzoic acid in the presence of aprecious metal catalyst on

asupport.
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The method of Claim 40, wherein the precious metal catalyst comprises one or more of
Ru, Pd, Pt, Rh, Re, Au, Ir, Ni, Cu, Cr, and Co.

The method of Claim 39, wherein the support comprises one or more of activated carbon,
Si0,,A10,, Ti0,, Zr0 , Nb,0s, Y ,0 5, and Ce0 ,.

The method of Claim 40, wherein the catalyst is used in an amount from about 0.01 wt%
to about 20 wt% of p-aminobenzoic acid.

The method of Claim 40, wherein the reaction temperature is in the range from ambient
temperature to about 400 °C.

The method of Claim 40, wherein the ammonia is present during reaction with pressure in
the range from about 15 psi to about 100 psi.

The method of Claim 40, wherein ammonia is produced from hydrogen and nitrogen and
p-aminobenzoic acid is pre-decarboxylated prior to reaction with ammonia.

The method of Claim 46, wherein hydrogen pressure is maintained in the range from
about 15 psi to about 5000 psi.

The method of Claim 47, wherein the reaction is performed in agueous medium or in an
organic solvent.

The method of Claim 48, wherein the reaction mixture comprises abase.

The method of Claim 49, wherein the base is KOH, LiOH, or NaOH.

A method for making />phenylenediamines comprising reacting anmmonia and petroleum-
derived p-aminobenzoic acid in the presence of aprecious metal catalyst on a support.
The method of Claim 51, wherein the precious metal catalyst comprises one or more of
Ru, Pd, Pt, Rh, Re, Au, Ir, Ni, Cu, Cr, and Co.

The method of Claim 51, wherein the support comprises one or more of activated carbon,
Si0,,A10,, Ti0,, Zr0 ,, Nb,0s, Y0 5, and Ce0 ,.

The method of Claim 51, wherein the catalyst is used in an amount from about 0.01 wt%
to about 20 wt% p-aminobenzoic acid.

The method of Claim 51, wherein the reaction temperature is in the range from ambient
temperature to about 400 °C.

The method of Claim 51, wherein the ammonia is present during reaction with pressure in
the range from about 15 psi to about 100 psi.

The method of Claim 51, wherein ammonia is produced from hydrogen and nitrogen and
p-aminobenzoic acid is pre-decarboxylated prior to reaction with ammonia.

The method of Claim 57, wherein hydrogen pressure is maintained in the range from

about 15 psi to about 5000 psi.
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59. The method of Claim 58, wherein the reaction is performed in agueous medium or in an
organic solvent.

60. The method of Claim 59, wherein the reaction mixture comprises abase.

61 The method of Claim 60, wherein the base is KOH, LiOH, or NaOH.

62. A method for making />phenylenediamines comprising reacting biologically-derived p -
aminophenol (PAP) of Claim 35 and ammonia in the presence of aprecious metal
catalyst on a support.

63. The method of Claim 62, wherein the precious metal catalyst comprises one or more of
Ru, Pd, Pt, Rh, Re, Au, Ir, Ni, Cu, Cr, and Co.

64. The method of Claim 62, wherein the support comprises one or more of activated carbon,
Si0,,A10,, Ti0,, Zr0 , Nb,0s, Y0 5, and Ce0 ,.

65. The method of Claim 62, wherein the catalyst is used in an amount from about 0.01 wt%
to about 20 wt% of p-aminophenol.

66. The method of Claim 62, wherein the reaction temperature is in the range from ambient
temperature to about 400 °C.

67. The method of Claim 62, wherein the ammonia is present during reaction with pressure in
the range from about 15 psi to about 100 psi.

68. The method of Claim 62, wherein ammonia is produced from hydrogen and nitrogen.

69. The method of Claim 68, wherein hydrogen pressure is maintained in the range from
about 15 psi to about 5000 psi.

70. The method of Claim 68, wherein the reaction is performed in agueous medium or in an
organic solvent.

71 The method of Claim 70, wherein the reaction mixture comprises abase.

72. The method of Claim 71, wherein the base is KOH, LiOH, or NaOH.

73. A method for making aniline comprising decarboxylating p-aminobenzoic acid, wherein
thep-aminobenzoic acid is prepared from fermentation using arecombinant microbial
host cell capable of converting afermentable carbon substrate to p-aminobenzoic acid
biologically.

74. The method of Claim 73 wherein the decarboxylation is carried out thermally by heating
in asolution or neat in amelt.

75. The method of Claim 73, wherein the decarboxylation is carried out thermally in the
presence of an acid catalyst.

76. The method of Claim 74, wherein the solution is made by dissolving p-aminobenzoic acid

in water.
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The method of Claim 74, wherein the solution is made by dissolving p-aminobenzoic acid
in athermally stable organic solvent.

The method of Claim 75, wherein the acid catalyst is ahydrochloric acid, a sulfuric acid,
or aphosphoric acid, or a mixture thereof.

The method of Claim 78, wherein the acid catalyst is apolymeric catalyst.

The method of Claim 79, wherein the acid catalyst is a sulfonated polystyrene.

The method of Claim 75, wherein the acid catalyst is a heterogeneous catalyst.

The method of Claim 81, wherein the heterogeneous catalyst is acidic silicas, zeolites,
clays, y-alumina, or a mixture thereof.

The method of Claim 74, wherein the aniline is isolated and purified by removing a
solvent, if present, followed by distilling the aniline under vacuum.

The method of Claim 74, wherein the aniline is isolated and purified by steam distillation.
The method of Claim 75, wherein the water is substantially removed by distillation and
the aniline is dissolved in an organic solvent, dried, and distilled under vacuum after the
solvent is removed.

The method of Claim 74, further comprising treating aniline with formaldehyde in water
in the presence of acatalyst to produce methylenedianiline and/or poly-
methylenedianiline.

The method of Claim 86, wherein the formaldehyde is produced from an organic carbon
source.

The method of Claim 87, wherein the formaldehyde is produced by catalytic dehydration
of fermentation-derived methanol.

The method of Claim 86, wherein the catalyst is an acid catalyst.

The method of Claim 89, wherein the acid catalyst is a Bronstead acid.

The method of Claim 90, wherein the Bronstead acid is ahydrochloric acid, a sulfuric
acid, aphosphoric acid, or apolymeric resin.

The method of Claim 90, wherein the polymeric resin is sulfonated polystyrene.

The method of Claim 86, further comprising purifying methylenedianiline by fractional,
vacuum distillation.

The method of Claim 86, further comprising controlling the relative amounts of 4,4'-,
2,4'- and aniline-formaldehyde condensation products having more than two aniline
molecules and more than one formaldehyde molecule incorporates.

The method of Claim 86, further comprising converting methylenedianiline and poly-
methylenedianiline to the corresponding isocyanates, including methylene diphenyl

diisocyanate and poly-methylene dipheny! diisocyanate.
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The method of Claim 95, wherein the methylene diphenyl diisocyanate and poly-
methylene diphenyl diisocyanate are prepared from biologically-derived
methylenedianiline and biologically-derived poly-methylenedianiline, respectively.

The method of Claim 95, comprising reacting methylenedianiline or poly-
methylenedianiline with phosgene in an inert solvent to produce methylene diphenyl
diisocyanate or poly-methylene diphenyl diisocyanate.

The method of Claim 97, wherein the phosgene is prepared from a source of organic
carbon.

The method of Claim 98, wherein the phosgene isprepared from biologically-sourced
carbon monoxide and chlorine, where the carbon monoxide is prepared from carbon
dioxide via the water-gas shift reaction.

The method of Claim 95, wherein the inert solvent comprises one or more of benzene,
toluene, xylenes, chlorobenzene, and dichlorobenzene.

The method of Claim 95, further comprising distilling methylene diphenyl diisocyanate.
The method of Claim 95, wherein poly-methylenedianiline isrich in the 2,4'-isomer.
The method of Claim 95, further comprising fractionaly distilling methylene diphenyl
diisocyanate.

The method of Claim 95, further comprising reacting methylene diphenyl diisocyanate or
poly-methylene diphenyl diisocyanate with polyols or polyesterdiols to produce
polyurethane polymers and prepolymers.

The method of Claim 104, wherein the methylene diphenyl diisocyanate and poly-
methylene diphenyl diisocyanate are partially or totally biologically-derived and the
polyols and polyesterdiols are prepared from biologically sourced ethylene glycol,
propanediol, butanediol, hexanediol, adipic acid, succinic acid, dimer and trimer acids,
terephthalic acid, phthalic acid, and mixtures of these diols and acids.

A method for preparing p-phenylenediamine comprising amination of N-(4-
hydroxyphenyl)ethanamide of Claim 37.

The method of Claim 106, wherein the amination of N -(4-hydroxyphenyl)ethanamide is
carried out in the presence of aprecious metal catalyst on a support.

The method of Claim 107, wherein the precious metal catalyst comprises one or more of
Ru, Pd, Pt, Rh, Re, Au, Ir, Ni, Cu, Cr, and Co.

The method of Claim 107, wherein the support comprises one or more of activated
carbon, SI0 » A 1203, TiO o Zr0 o Nb20 5, Y203, and Ce0 >

The method of Claim 107, wherein the precious metal catalyst is used in an amount from

about 0.01 wt% to about 20 wt% of p-aminobenzoic acid.
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The method of Claim 107, wherein the reaction temperature is in the range from ambient
temperature to about 400 °C.

The method of Claim 107, wherein the ammonia is present during reaction with pressure
in the range from about 15 psi to about 100 psi.

The method of Claim 107, wherein ammonia is produced from hydrogen and nitrogen.
The method of Claim 113, wherein hydrogen pressure is maintained in the range from
about 15 psi to about 5000 psi.

The method of Claim 113, wherein the reaction is performed in agueous medium or in an
organic solvent.

The method of Claim 114, wherein the reaction mixture comprises abase.

The method of Claim 116, wherein the base is KOH, LiOH, or NaOH.

A method for addressing p-aminobenzoic acid resistance and facilitating continuous p -
aminobenzoic acid fermentation, comprising using multidrug efflux pumps to pumpp -

aminobenzoic acid out of acell asp-aminobenzoic acid is produced.
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