10

15

20

25

30

PRODUCTION AND SEPARATION OF 3-HYDROXYPROPIONIC ACID

CROSS REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of priority under 35 U.S.C. §119(e) of U.S.
Provisional Application No. 62/577,361, filed on October 26, 2017 and Provisional
Application No. 62/594,318, filed on December 4, 2017, the entire contents of each of
which are incorporated herein by reference.

TECHNICAL FIELD

This disclosure relates to the production of 3-hydroxypropionic acid, including its

production from glycerol by recombinant strains, as well as its removal from an aqueous

solution (e.g., aqueous broth), and use thereof for producing various chemicals.

BACKGROUND
3-Hydroxypropionic acid (3-HP) and 3-hydroxypropanoate (a salt of 3-HP) are
used in the industrial production of various chemicals, such as acrylic acid, which can be
used as a cross-linking agent for polymer coatings, metal lubricants and antistatic agents

for textiles.

SUMMARY

The disclosure provides methods and apparatus for producing 3-HP or a salt
thereof, for removing 3-HP from aqueous solution (e.g., aqueous broth), and for using it
to make various chemicals.

In one aspect of the present disclosure, there is provided an expression system,
comprising a first promoter that is either constitutive or inducible by a small molecule, a
second promoter that is either constitutive or inducible by a small molecule, a first gene
encoding a protein involved in the synthesis of 3-hydroxypropionic acid (3-HP), a salt of
3-HP, or coenzyme B12, a modified untranslated region (UTR), and a native sequence
encoding up to 20 amino acids from the N-terminus of a native Pseudomonas
denitrificans protein, wherein the native sequence is operably linked to the 3’-terminus of
the modified UTR and operably linked to the 5’-terminus of the first gene, the first and

second promoters are operably linked in tandem
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upstream of the modified UTR, and the modified UTR comprises a sequence selected
from the group consisting of SEQ ID NO: 22-28 (UTR0-6).

In another aspect of the present disclosure, there is provided a nucleic acid,
comprising a first promoter, a second promoter, and a modified untranslated region
(UTR), wherein the first promoter is an inducible promoter and is inducible by a small
molecule; the first and second promoters are operably linked to a first gene; and the first
gene encodes a protein involved in the synthesis of 3-hydroxypropionic acid (3-HP), a
salt of 3-HP, or coenzyme B12, wherein the first promoter is operably linked to the 5’-
terminus of the second promoter, the second promoter is operably linked to the 5’-
terminus of the modified UTR, and the modified UTR is operably linked to the
S’terminus of the first gene, and wherein the modified UTR comprises a sequence
selected from the group consisting of SEQ ID NO:22-28 (UTR 0-6).

In one example, there is provided a nucleic acid, comprising a first and a second
promoter, wherein either the first is an inducible promoter and is inducible by a small
molecule; the first and second promoters are operably linked to a first gene; and the first
gene encodes a protein involved in the synthesis of 3-hydroxypropionic acid (3-HP), a
salt of 3-HP, or coenzyme B12, wherein at least the 10 codons at the 5’-terminus of the
first gene are optimized for translation in Pseudomonas denitrificans, and wherein codon
optimization comprises:

measuring a codon frequency of each amino acid in a gene encoding a
native Pseudomonas denitrificans protein; and
using the codon frequency of the native protein to replace the 10 codons
at the 5’-terminus of the first gene with an optimized 10 codons, wherein the codon
for each amino acid of the optimized 10 codons is present at the same frequency as
the codon frequency of the native protein,
wherein the gene encoding a native Pseudomonas denitrificans protein is

mmsA.

la



In some examples, this disclosure provides methods of producing 3-HP or a salt
thereoff from glycerol using a genetically modified strain of Pseudomonas denitrificans.

In certain examples, this disclosure provides methods to create Pseudomonas
strains that can produce 3-HP or a salt thereof at a high titer without external
supplementation of coenzyme B12.

In some examples, this disclosure provides an expression system (e.g., an
expression module or an expression construct) for use in Pseudomonas strains. Such an

expression system can include, inter alia, a tandem promoter system which includes two
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or more promoters operably linked to control expression of a downstream gene. Such a promoter
can be an inducible promoter or a constitutive promoter. Optionally, an expression system
includes at least one inducible promoter. An expression system can be used to produce target
proteins/enzymes or to enhance metabolic pathways to produce target products at high titer, such
as 3-HP or a salt thereof, by minimizing toxic intermediates, and/or increase vitamin B12
production, a cofactor in the first reaction in the 3-HP synthetic pathway.

In some examples, this disclosure provides nucleic acids that encode these systems, the
recombinant bacteria expressing these systems, and/or the methods of culturing the bacteria to
produce 3-HP or a salt thereof. These bacteria have been modified to include one or more
expression systems that respond to the target product levels, in this case 3-HP or a salt thereof in
the media and express the genes used for the production of the target product, e.g., 3-HP or a salt
thereof. In some cases, these bacteria have also been modified to include one or more expression
systems to increase expression of the genes used for the production of B12. The conditions for
culturing said bacterium, to increase 3-HP production (or a salt thereof), are also provided herein.

The disclosure provides for an expression system, comprising, consisting of, or consisting
essentially of a first promoter that is inducible by a small molecule, a second promoter, a first
gene encoding a protein involved in the synthesis of 3-HP (or a salt thereof) or B12, a modified
UTR, and a native sequence encoding up to 20 amino acids from the N-terminus of a native
Pseudomonas denitrificans protein, wherein the native sequence is operably linked to the 3°-
terminus of the modified UTR and operably linked to the 5’-terminus of the first gene, and the
first and second promoters are operably linked in tandem upstream of the modified UTR.

In some examples of the present disclosure, the expression system further comprises,
consists of, or consists essentially of a third promoter; and a second gene encoding a
transcriptional regulator configured to regulate expression of the first gene, wherein the third
promoter is operably connected to the second gene. In some instances, the second promoter is
inducible by the small molecule. In some cases, the native sequence is operably linked to the 5°-
terminus of the first gene to define a fusion gene, the second promoter is a native promoter for the

native Pseudomonas denitrificans protein, and the
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second promoter is operably linked to the 5’-terminus of the fusion gene. In some examples the
first promoter is operably linked to the 5’-terminus of the second promoter, the second promoter
is operably linked to the 5’-terminus of the modified UTR, and the modified UTR is operably
linked to the 5’terminus of the fusion gene.

The disclosure provides for a nucleic acid, comprising, consisting of, or consisting
essentially of a first and a second promoter, wherein the first promoter is an inducible promoter
and is inducible by a small molecule; the first and second promoters are operably linked to a first
gene; and the first gene encodes a protein involved in the synthesis of 3-hydroxypropionic acid
(3-HP)(or a salt thereof) or coenzyme B12.

In some examples of the present disclosure, the first gene encodes a protein involved in
the synthesis of 3-hydroxypropionic acid (3-HP) (or a salt thereof) and is selected from the group
consisting of a glycerol dehydratase, a glycerol dehydratase reactivase, and an aldehyde
dehydrogenase. In some cases, the first gene comprises at least one gene selected from the group
consisting of dhaB1, dhaB2, dhaB3, gdrA, gdrB, and kgsA. In some instances, the first gene
comprises a dhaB1 gene, a dhaB2 gene, a dhaB3 gene, a gdrA gene, and a gdrB gene.

In some examples, the first gene is dhaB1, and the sequence comprises, consists of, or
consists essentially of a sequence that is at least 95% identical to SEQ ID NO: 1. In some cases,
the first gene is dhaB2, and the sequence comprises, consists of, or consists essentially of a
sequence that is at least 95% identical to SEQ ID NO: 2. In some instances, the first gene is
dhaB3, and the sequence comprises, consists of, or consists essentially of a sequence that is at
least 95% identical to SEQ ID NO: 3.

In some examples of the present disclosure, the first gene is gdrA, and the sequence
comprises, consists of, or consists essentially of a sequence that is at least 95% identical to SEQ
ID NO: 4. In some cases, the first gene is grdB and the sequence comprises, consists of, or
consists essentially of a sequence that is at least 95% identical to SEQ ID NO: 5.

In some examples of the present disclosure, the first gene comprises, consists of, or
consists essentially of an aldehyde dehydrogenase gene. In some instances, the aldehyde
dehydrogenase is kgsA. In some cases, kgsA comprises, consists of, or consists essentially of a

sequence that is at least 95% identical to SEQ ID NO: 6.
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In some examples of the present disclosure, the small molecule is an acid or alcohol. In
some cases, the small molecule acid or alcohol is selected from the group consisting of L-lactic
acid (LAC), acetic acid (AcOH), propionic acid (PA), 3-hydroxypropionic acid (3-HP ), 3-
hydroxybutyrate (3-HB), 1,3-propanediol (1,3-PDO), 2,3-butanediol (2,3-BDO), L-valine (L-val),
and 3-hydroxyisobutyrate (3-HIB), or salts thereof. In some instances, the small molecule acid or
alcohol is selected from the group consisting of 3-hydroxypropionic acid (3-HP), 3-
hydroxybutyrate (3-HB), L-valine (L-val), and 3-hydroxyisobutyrate (3-HIB). In some cases, the
small molecule is 3-hydroxypropionic acid (3-HP) (or a salt thereof).

In some examples of the present disclosure, the nucleic acid comprises, consists of, or
consists essentially of a sequence that is at least 85% identical to SEQ ID NO: 65. In some cases,
the nucleic acid comprises, consists of, or consists essentially of SEQ ID NO: 65.

In some examples of the present disclosure, the second promoter is operably linked to the
3’-terminus of the first promoter and the first gene is operably downstream of the second
promoter. In some examples of the present disclosure, the first promoter is operably linked to the
3’-terminus of the second promoter and the first gene is operably downstream of the second
promoter.

In some examples of the present disclosure, the second promoter is a constitutive
promoter. In some instances, the second promoter is a second inducible promoter. In some cases,
the intergenic space between the first and the second promoter does not include a terminator
sequence. In some instances, first promoter and the second promoter regulate expression of the
first gene.

In some examples of the present disclosure, the first promoter is derived from a Pmmsa
promoter, a Ppyar1 promoter, a Prpai-4 promoter, or a Pupan promoter. In some instances, the first
promoter comprises, consists of, or consists essentially of a sequence that is at least 95% identical
to SEQ ID NO: 14 (PmmsA promoter). In some cases, the first promoter comprises, consists of,
or consists essentially of a sequence that is at least 95% identical to SEQ ID NO: 13 (PhbdH-1
promoter). In some instances, the first promoter comprises, consists of, or consists essentially of
a sequence that is at least 95% identical to SEQ ID NO: 11 (PhbdH-4 promoter). In some cases,

the first promoter comprises,
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consists of, or consists essentially of a sequence that is at least 95% identical to SEQ ID NO: 12
(PhpdH promoter). In some instances, the first promoter comprises, consists of, or consists
essentially of a sequence that is selected from the group consisting of SEQ ID NO: 11; SEQ ID
NO: 12; SEQ ID NO: 13; and SEQ ID NO: 14.

In some examples of the present disclosure, the first promoter comprises, consists of, or
consists essentially of a Pmmsa promoter and the nucleic acid further comprises an operator site
operably linked to the 5’-terminus of the Pmmsa promoter. In some cases, the nucleic acid
described here in comprises, consists of, or consists essentially of a sequence that is 95% identical
to SEQ ID NO: 15. In some instances, the nucleic acid described herein comprises, consists of,
or consists essentially of a sequence that is 95% identical to SEQ ID NO: 16 (O1 of MmsA
operator) and a sequence that is 95% identical to SEQ ID NO: 17 (O2 of MmsA operator). In
some examples of the present disclosure, the nucleic acid described herein comprises, consists of,
or consists essentially of a sequence that is 95% identical to SEQ ID NO: 18 (PmmsA and
operator Fig. 3). In some cases, the nucleic acid described herein comprises, consists of, or
consists essentially of a sequence selected from the group consisting of SEQ ID NO: 15, 18, 19
(PmmsAZ2a), 20 (PmmsA2b), and 21 (PmmsAZ2ab).

In some examples of the present disclosure, the second promoter is derived from a Pmmsa
promoter, a Phpea-1 promoter, a Pupar4 promoter, a Ppyan promoter, or a P,r promoter. In some
cases, the second promoter comprises, consists of, or consists essentially of a sequence that is at
least 95% identical to SEQ ID NO: 11 (PhbdH-4 promoter). In some instances, the second
promoter comprises, consists of, or consists essentially of a sequence that is at least 95% identical
to SEQ ID NO: 12 (PhpdH promoter). In some examples of the present disclosure, the second
promoter comprises, consists of, or consists essentially of a sequence that is at least 95% identical
to SEQ ID NO: 14 (PmmsA promoter). In some cases, the second promoter comprises, consists
of, or consists essentially of a sequence that is at least 95% identical to SEQ ID NO: 13 (PhbdH-1
promoter). In some examples of the present disclosure, the second promoter comprises, consists
of, or consists essentially of a sequence that is at least 95% identical to SEQ ID NO: 7 (Pzwf). In
some cases, the second promoter comprises, consists of, or consists essentially of a sequence that

is at least 95% identical to SEQ ID NO: 8 (Pzwf-1). In some
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instances, the second promoter comprises, consists of, or consists essentially of a sequence that is
at least 95% identical to SEQ ID NO: 9 (Pzwf-7). In some examples of the present disclosure, the
second promoter comprises, consists of, or consists essentially of a sequence that is at least 95%
identical to SEQ ID NO: 62 (Pzwf-7 shorter). In some cases, the second promoter comprises,
consists of, or consists essentially of a sequence that is at least 95% identical to SEQ ID NO: 10
(Pzwt-12). In some instances, the second promoter comprises, consists of, or consists essentially
of a sequence selected from the group consisting of SEQ ID NO: 7, 8, 9, 10, 11, 12, 13, 14, 52-
60, 61, 62, and 63 (e.g., Pzwf promoters).

In some examples of the present disclosure, the first promoter comprises, consists of, or
consists essentially of the Pnmsa promoter and the second promoter comprises, consists of, or
consists essentially of the Phpar4 promoter. In some cases, the first promoter comprises, consists
of, or consists essentially of a sequence that is at least 95% identical to SEQ ID NO: 14 (PmmsA
promoter sequence), and the second promoter comprises, consists of, or consists essentially of a
sequence that is at least 95% identical to SEQ ID NO: 11 (PhbdH-4 promoter). In some
instances, the first promoter comprises, consists of, or consists essentially of the PhbdH-1
promoter and the second promoter comprises, consists of, or consists essentially of the PhpdH
promoter. In some cases, the first promoter comprises, consists of, or consists essentially of a
sequence that is at least 95% identical to SEQ ID NO: 13 (PhbdH-1 promoter sequence), and the
second promoter comprises, consists of, or consists essentially of a sequence that is at least 95%
identical to SEQ ID NO: 12 (PhpdH promoter).

In some examples of the present disclosure, the second promoter comprises, consists of,
or consists essentially of a PhbdH promoter and the nucleic acid further comprises, consists of, or
consists essentially of an operator site operably linked to the N-terminus of the PhbdH promoter.
In some cases, the operator site comprises, consists of, or consists essentially of one or more
sequence that is at least 95% identical to SEQ ID NO: RBS-1, RBS-2, ABS-1, ABS-2, and ABS-
3. In some instances, the operator site comprises, consists of, or consists essentially of a sequence
that is at least 95% identical to SEQ ID NOs: RBS-1 site and ABS-2. In some cases, the operator
site comprises, consists of, or consists essentially of SEQ ID NOs: RBS-1 site and ABS-2.
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In some examples of the present disclosure, the nucleic acid further comprises, consists
of, or consists essentially of a gene encoding a transcriptional regulator that regulates expression
of the first gene. In some instances, the transcriptional regulator binds to the first or second
promoter. In some cases, the transcriptional regulator is a LysR-type transcriptional regulator
(LTTR). In some examples, the transcriptional regulator is MmsR or HpdR. In some cases, the
transcriptional regulator is MmsR.

In some examples of the present disclosure, the transcriptional regulator binds to the first
promoter. In some cases, the transcriptional regulator is derived from a mmsR protein and the
first promoter is derived from a PmmsA promoter. In some cases, the transcriptional regulator
comprises, consists of, or consists essentially of a mmsR protein and the first promoter comprises,
consists of, or consists essentially of a PmmsA promoter.

In some examples of the present disclosure, the nucleic acid described herein further
comprises, consists of, or consists essentially of an operator site, wherein the MmsR protein binds
to the operator site. In some cases, the nucleic acid described herein comprises, consists of, or
consists essentially of a sequence that is at least 95% identical to SEQ ID NO: 19 (PmmsA2a). In
some instances, the nucleic acid described herein comprises, consists of, or consists essentially of
a sequence that is selected from the group consisting of SEQ ID NO: 19-21 (PmmsAZ2a, A2b,
A2ab). In some cases, the transcriptional regulator binds to the second promoter. In some
examples of the present disclosure, the second promoter is a constitutive promoter. In some cases,
the transcriptional regulator is a HpdR protein and the second promoter is derived from a hpdH
promoter. In some instances, the second promoter comprises, consists of, or consists essentially
of a sequence that is at least 95% identical to the sequence of Pppan SEQ ID NO: 12.

In some examples of the present disclosure, the transcriptional regulator binds to the first
promoter and has enhanced binding to the first promoter in the presence of the small molecule. In
some cases, the transcriptional regulator binds to the second promoter and has enhanced binding
to the second promoter in the presence of the small molecule. In some instances, the

transcriptional regulator is self-regulating. In some cases, the nucleic
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acid described herein further comprises, consists of, or consists essentially of a third promoter
that is operably linked to the gene encoding the first transcriptional regulator.

In some examples of the present disclosure, the third promoter comprises, consists of, or
consists essentially of a sequence that is 95% identical to the sequence selected from the group
consisting of SEQ ID NO: 7-10 and 52-63. In some cases, the second constitutive promoter is
selected from the group consisting of SEQ ID NOs: 9, 10, 57-60, 62, and 63; the transcriptional
regulator comprises, consists of, or consists essentially of a MmsR protein; and the first promoter
comprises, consists of, or consists essentially of Pmmsa. In some instances, the second constitutive
promoter is selected from the group consisting of SEQ ID NOs: 9, 10, 57-60, 62, and 63; the
transcriptional regulator comprises, consists of, or consists essentially of a HpdR protein; and the
first promoter comprises, consists of, or consists essentially of Pryan. In some cases, the third
promoter comprises, consists of, or consists essentially of SEQ ID NO: 10. In some cases, the
third promoter comprises, consists of, or consists essentially of SEQ ID NO: 62.

In some examples of the present disclosure, the first gene comprises, consists of, or
consists essentially of a modified 5> UTR of the gene. In some instances, the first gene comprises,
consists of, or consists essentially of a sequence selected from the group consisting of SEQ ID
NO: 22-28 and 64. (UTR 0-6). In some cases, the 5° UTR comprises, consists of, or consists
essentially of SEQ ID NO: 28 (UTR-6). In some instances, the first gene comprises, consists of,
or consists essentially of a gene encoding kgsA and the 5’UTR comprises, consists of, or consists
essentially of SEQ ID NO: 28 (UTR-6).

In some examples of the present disclosure, at least the 10 codons at the 5’terminus of the
first gene are optimized for translation in Pseudomonas denitrificans. In some cases, up to 10
codons at the 5’terminus of the first gene are optimized for translation in Pseudomonas
denitrificans. In some instances, codon optimization comprises, consists of, or consists
essentially of: measuring a codon frequency of each amino acid in a gene encoding a native
Pseudomonas denitrificans protein; using the codon frequency of the native protein to replace the
10 codons at the 5’-terminus of the first gene with an optimized 10 codons, wherein the codon for
each amino acid of the optimized 10 codons is present at the same frequency as the codon

frequency of the native protein. In some
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cases, the codon frequency for each amino acid in the optimized second 10 codons is more than 0.
In some instances, the codon frequency is measured of each amino acid in the 10 codons at the 5°
terminus of the gene encoding the native Pseudomonas denitrificans protein.

In some examples of the present disclosure, the nucleic acid comprises, consists of, or
consists essentially of a sequence that is 95% identical to a sequence selected from the group
consisting of SEQ ID NOs: 29, 30, and 31. (Opt1-3). In some cases, the first gene comprises,
consists of, or consists essentially of a gene encoding kgsA and comprises, consists of, or consists
essentially of a sequence selected from the group consisting of SEQ ID NO: 29-31. In some
instances, the first gene is fused at its 5’-terminus to a sequence encoding up to 20 amino acids
that are derived from the 5 terminus of a second gene encoding a native Pseudomonas
denitrificans protein, thereby creating a fusion gene. In some cases, the mRNA of the fusion
gene has a higher stability than the mRNA of the first gene alone. In some instances, the fusion
gene increases gene translation when compared to the first gene alone. In some examples of the
present disclosure, the mRNA of the fusion gene is more resistant to ribonuclease degradation
than the mRNA of the first gene alone. In some cases, the fusion gene increases gene translation
in comparison to the first gene alone.

In some examples of the present disclosure, the first gene is fused at its 5’-terminus to a
sequence encoding up to 20 (5, 10, 15, or 20) amino acids that are derived from the 5’terminus of
a second gene encoding a native Pseudomonas denitrificans protein, thereby creating a fusion
gene, and the second promoter is derived from the native promoter for the second gene. In some
cases, the second promoter is derived from the Pumsa promoter and the fusion gene comprises,
consists of, or consists essentially of a sequence encoding at least 5, 10, 15, or 20 amino acids in
the N-terminus of a native MmsA protein. In some instances, the second promoter comprises,
consists of, or consists essentially of the Pmmsa promoter and the fusion gene comprises, consists
of, or consists essentially of a sequence encoding five or more amino acids from the N-terminus
of a native MmsA gene, and the fusion gene is operably linked to the 3 end of the Prmsa
promoter. In some cases, the nucleic acid comprises, consists of, or consists essentially of a

sequence selected from the group consisting of SEQ ID NOs: 32-35.
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In some examples of the present disclosure, the first gene is fused at its 5°-
terminus to a sequence encoding up to 20 (5, 10, 15, or 20) amino acids that are derived
from a sequence encoding the N-terminus of a native Pseudomonas denitrificans MmsA
protein. In some cases, the nucleic acid described herein comprises, consists of, or
consists essentially of a sequence selected from the group consisting of SEQ ID NOs: 32-
35 (Pcm-mmsA(5)(10)(15)(20)).

In some examples of the present disclosure, the first gene encodes a protein
involved in the synthesis of vitamin B12. In some cases, the first gene comprises,
consists of, or consists essentially of a gene selected from the group consisting of cobJ,
cobl, cobH, cobG, cobL, cobF, cobK, gst, xre,chlD, chll, dahp, cobN, cobW, cbtBA,
cobE, cobM, btuB, cobO, cob, cobR, cobD, cobC, cobQ, cobU, cobP, bgpM, and cobV.
In some instances, the first gene comprises, consists of, or consists essentially of bgpM.
In some cases, the first gene is derived from a Pseudomonas species selected from the
group consisting of P. denitrifcans; P. aeruginosa; P. entomophila; P. putida; P.
syringae; P. fluorescens; P mendocina; and P. stutzeri.

The disclosure provides for a nucleic acid comprising, consisting of, or consisting
essentially of a first promoter operably linked to a first gene that encodes a protein
involved in the synthesis of coenzyme B12. In some cases, the first promoter is a
constitutive promoter. In some instances, the nucleic acid comprises, consists of, or
consists essentially of a sequence selected from SEQ ID NOs: 7-10 and 52-63. In some
examples of the present disclosure, the first gene comprises, consists of, or consists
essentially of one or more genes selected from the group consisting of cobJ, cobl, cobH,
cob@G, cobL, cobF, cobK, gst, xre,chlD, chll, dahp, cobN, cobW, cbtBA, cobE, cobM,
btuB, cobO, cob, cobR, cobD, cobC, cobQ, cobU, cobP, bgpM, and cobV. In some cases,
the first gene is from a Pseudomonas species selected from the group consisting of P.
denitrifcans; P. aeruginosa; P. entomophila; P. putida; P. syringae; P. fluorescens; P
mendocina; and P. stutzeri.

In some examples of the present disclosure, the nucleic acid described herein
further comprises, consists of, or consists essentially of a second promoter operably
linked to the first promoter. In some cases, the first and the second promoter regulate

expression of

10



10

15

20

25

30

the first gene. In some instances, the first promoter is not a native promoter for the first
gene.

The disclosure provides for a nucleic acid comprising a cobG gene, a Pedd
promoter, a Psuca promoter, and a cobL gene; wherein the Pedd promoter is operably
linked to the cobG gene and the Psuca promoter, and the Psuca promoter is operably linked
to the cobL gene. In some cases, the Pedd promoter comprises, consists of, or consists
essentially of the sequence SEQ ID NO: 36; and the Psuca promoter comprises, consists of,
or consists essentially of the sequence SEQ ID NO: 37. In some examples, the nucleic
acid described herein comprises, consists of, or consists essentially of the sequence SEQ
ID NO: 38.

The disclosure provides for a nucleic acid comprising, consisting of, or consisting
essentially of a cobG gene, a Pspo promoter, a Pzwrpromoter, and a cobL gene; wherein
the Pspo promoter is operably linked to the cobG gene and the P.wt promoter, and the Pzwe
promoter is operably linked to the cobL gene. In some cases, the Pspo promoter
comprises, consists of, or consists essentially of SEQ ID NO: 39; and the Pzwt promoter
comprises SEQ ID NO: 40. In some instances, the nucleic acid described herein
comprises, consists of, or consists essentially of SEQ ID NO: 41.

The disclosure provides for a nucleic acid comprising, consisting of, or consisting
essentially of a cobW gene, a P.wr promoter, a Pspo promoter, and a cbtB gene, wherein
the P.wf promoter is operably linked to the cobW gene and the Pspo promoter, and the Pspo
promoter is operably linked to the cbtB gene. In some cases, the Pzwf promoter
comprises SEQ ID NO: 42; and the Psp9 promoter comprises SEQ ID NO: 43. In some
instance, the nucleic acid described herein comprises, consists of, or consists essentially
of SEQ ID NO: 44.

The disclosure provides for a nucleic acid comprising, consisting of, or consisting
essentially of a cobW gene, a Pu: promoter, a Psp2 promoter, and a cbtB gene, wherein the
Pwt promoter is operably linked to the cobW gene and the Psp2 promoter, and the Psp2
promoter is operably linked to the cbtB gene. In some instances, the Pt promoter
comprises, consists of, or consists essentially of SEQ ID NO: 45; and the Psp2 promoter

comprises, consists of, or consists essentially of SEQ ID NO: 46. In
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some cases, the nucleic acid described herein comprises, consists of, or consists essentially of
SEQ ID NO: 47.

The disclosure provides for a nucleic acid comprising, consisting of, or consisting
essentially of a P,r promoter operably linked to a tonB gene (e.g., a butB gene). In some cases,
the Pzwf promoter comprises, consists of, or consists essentially of SEQ ID NO: 48. In some
instances, the nucleic acid described herein comprises, consists of, or consists essentially of SEQ
ID NO: 49.

The disclosure provides for a nucleic acid comprising, consisting of, or consisting
essentially of a Psp9 promoter operably linked to a tonB gene (e.g., a butB gene). In some cases,
the Psp9 promoter comprises, consists of, or consists essentially of SEQ ID NO: 50. In some
instances, the nucleic acid described herein comprises, consists of, or consists essentially of SEQ
ID NO: 51.

In some examples of the present disclosure, the nucleic acid comprises, consists of, or
consists essentially of one or more sequences derived from Pseudomonas denitrificans. In some
cases, the first or the second promoters are derived from Pseudomonas denitrificans. In some
instances, the nucleic acid comprises, consists of, or consists essentially of one or more sequences
derived from an Enterobacter, Lactobacillus, Pseudomonas, or Azospirillum bacterium. In some
cases, the first gene is derived from an Enterobacter, Lactobacillus, Pseudomonas, or
Azospirillum bacterium.

The disclosure provides for a nucleic acid comprising a DhaB expression module that
comprises, consists of, or consists essentially of a sequence that is at least 85% identical to SEQ
ID NO: 66 (DhaB expression module). In some cases, the sequence is at least 90% identical to
SEQ ID NO: 66. In some instances, the nucleic acid described herein comprises, consists of, or
consists essentially of SEQ ID NO: 66.

The disclosure provides for a nucleic acid comprising a DhaB expression module that
comprises, consists of, or consists essentially of a sequence that is at least 85% identical to SEQ
ID NO: 67 (kgsA expression module). In some cases, the sequence is at least 90% identical to
SEQ ID NO: 67. In some instances, the sequence comprises, consists of, or consists essentially of
SEQ ID NO: 67.

The present disclosure provides for a nucleic acid comprising a DhaB expression module

comprising, consisting of, or consisting essentially of a UTR of the
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gdrA gene comprising, consisting of, or consisting essentially of SEQ ID NO: 68 and a UTR of
the gdrB gene comprising, consisting of, or consisting essentially of SEQ ID NO: 69. In some
cases, the nucleic acid comprises, consists of, or consists essentially of a sequence that is at least
85% identical to a sequence selected from the group consisting of SEQ ID NO: 70-72. In some
instances, the nucleic acid comprises, consists of, or consists essentially of a sequence selected
from the group consisting of SEQ ID NO: 70-72.

The present disclosure provides for a nucleic acid comprising a coenzyme B12 sensor
comprising, consisting of, or consisting essentially of a sequence that is at least 85% identical to a
sequence selected from the group consisting of SEQ ID NO: 73 and 74. In some cases, the
nucleic acid described herein comprises, consists of, or consists essentially of a sequence selected
from the group consisting of SEQ ID NO: 73 and 74.

The present disclosure provides for a nucleic acid comprising, consisting of, or consisting
essentially of a coenzyme B12 expression module that comprises, consists of, or consists
essentially of a first gene involved in the synthesis of coenzyme B12, a first promoter that is
induced by a small molecule, and a second promoter, wherein the first and second promoters are
operably linked in tandem upstream of the first gene such that they regulate expression of the first
gene. In some cases, the nucleic acid further comprises, consists of, or consists essentially of a
second gene involved in the synthesis of coenzyme B12, a third promoter that is induced by a
small molecule, and a fourth promoter, wherein the third and fourth promoters are operably
linked in tandem upstream of the second gene such that they regulate expression of the second
gene. In some examples of the present disclosure, the nucleic acid further comprises, consists of,
or consists essentially of a third gene involved in the synthesis of coenzyme B12, a fifth promoter
that is induced by a small molecule, and a sixth promoter, wherein the fifth and sixth promoters
are operably linked in tandem upstream of the third gene such that they regulate expression of the
third gene. In some cases, the nucleic acid further comprises, consists of, or consists essentially
of a fourth gene involved in the synthesis of coenzyme B12, a seventh promoter that is induced
by a small molecule, and a eighth promoter, wherein the seventh and eighth promoters are

operably linked in tandem upstream of the
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fourth gene such that they regulate expression of the fourth gene. In some instances, the first,
second, third, and fourth genes each comprise, consist of, or consist essentially of one or more
genes selected from the group consisting of coblJ, cobl, cobH, cobG, cobL, cobF, cobK, gst,
xre,chlD, chll, dahp, cobN, cobW, cbtBA, cobE, cobM, btuB, cobO, cob, cobR, cobD, cobC,
cobQ, cobU, cobP, bgpM, and cobV. In some cases, the first gene comprises, consists of, or
consists essentially of bgpM.

In some examples of the present disclosure the nucleic acid does not include any native
riboswitches that regulate genes involved in the production of coenzyme B12. In some cases, the
nucleic acid does not include SEQ ID NOs: 75 or 76.

The disclosure provides for a recombinant bacterium comprising, consisting of, or
consisting essentially of the nucleic acid described herein. In some cases, the bacterium is a
Pseudomonas species. In some instances, the bacterium is Pseudomonas denitrificans.

In some examples of the present disclosure, the nucleic acid is on an expression plasmid.
In some cases, the nucleic acid is integrated into the bacterium’s chromosome. In some instances,
the nucleic acid is on an episome.

The disclosure provides for a recombinant bacterium comprising, consisting of, or
consisting essentially of a first nucleic acid comprising, consisting of, or consisting essentially of
a DhaB expression module and a second nucleic acid comprising, consisting of, or consisting
essentially of a ALDH expression module. In some cases, the DhaB expression module
comprises, consists of, or consists essentially of any one of the nucleic acids described herein. In
some instances, the ALDH expression module comprises, consists of, or consists essentially of
any one of the nucleic acids described herein.

In some examples of the present disclosure, the first and the second nucleic acids are on
expression plasmids. In some cases, the first and the second nucleic acids are on episomes. In
some instances, the first and the second nucleic acids are integrated into the bacterium’s
chromosome. In some cases, the first nucleic acid is integrated into the bacterium’s chromosome
and the second nucleic acid is on an expression plasmid. In some instances, the first nucleic acid
is on an expression plasmid and the second nucleic acid is integrated into the bacterium’s

chromosome. In some examples of the present disclosure,
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the first nucleic acid is integrated into the bacterium’s chromosome and the second nucleic acid is
on an episome. In some instances, the first nucleic acid is on an episome and the second nucleic
acid is integrated into the bacterium’s chromosome.

In some examples of the present disclosure, the first nucleic acid is integrated into the
bacterium’s chromosome at a first position and the second nucleic acid is integrated into the
bacterium’s chromosome at a second position; and the first and second positions are within 2500
kilo base pairs of each other. In some cases, the first and second positions are within 100 kilo
base pairs of each other. In some instances, the first and second positions are within 50 kilo base
pairs of each other. In some cases, the first and second positions are within 1000 base pairs of
each other.

In some examples of the present disclosure, the first nucleic acid is integrated into the
bacterium’s chromosome at a first position that is within 4000 base pairs of the origin of
replication. In some cases, the first position is within 1000 base pairs of the origin of replication.

The disclosure provides for a recombinant bacterium comprising, consisting of, or
consisting essentially of a coenzyme B12 expression module that comprises, consists of, or
consists essentially of a first gene involved in the synthesis of coenzyme B12, a first promoter
that is induced by a small molecule, and a second promoter, wherein the first and second
promoters are operably linked in tandem upstream of the first gene.

In some examples of the present disclosure, the bacterium is a Pseudomonas denitrificans
bacterium. In some cases, the bacterium comprises, consists of, or consists essentially of a
deletion at a first position of a first riboswitch which regulates expression of the first gene, and
the first and second promoters are integrated into the bacterium’s chromosome at the first position
such that they regulate expression of the first gene. In some instances, the bacterium further
comprises, consists of, or consists essentially of a second deletion at a second position of a second
riboswitch which regulates expression of a second gene involved in the synthesis of coenzyme
B12, a third deletion at a third position of a third riboswitch which regulates expression of a third
gene involved in the synthesis of coenzyme B12, and a fourth deletion at a fourth position of a
fourth riboswitch which regulates expression of a fourth gene involved in the synthesis of

coenzyme B12. In
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some cases, the recombinant bacterium further comprises, consists of, or consists essentially of a
third promoter and a fourth promoter which are operably linked in tandem and integrated into the
chromosome at the second position such that they regulate expression of the second gene; a fifth
promoter and a sixth promoter which are operably linked in tandem and integrated into the
chromosome at the third position such that they regulate expression of the third gene; and a
seventh and eighth promoter which are operably linked in tandem and integrated into the
chromosome at the fourth position such that they regulate expression of the fourth gene. In some
examples of the present disclosure, the bacterium produces more coenzyme B12 than native
Pseudomonas denitrificans. In some examples of the present disclosure, the recombinant
bacterium described herein further comprises, consists of, or consists essentially of a coenzyme
B12 expression module.

The disclosure provides for a method of producing 3-HP or a salt thereof, comprising,
consisting of, or consisting essentially of culturing a recombinant bacterium described herein
under conditions sufficient to produce 3-HP or a salt thereof. In some cases, the conditions are
sufficient to produce at least 85 g/L of 3-HP or a salt thereof. In some instances, the conditions
are sufficient to produce at least 90 g/L. of 3-HP or a salt thereof. In some examples of the present
disclosure, the conditions are sufficient to produce at least 95 g/L. of 3-HP or a salt thereof. In
some cases, the conditions are sufficient to produce at least 100 g/L. of 3-HP or a salt thereof.

In some examples of the present disclosure, culturing the bacterium does not include the
addition of external coenzyme B12. In some cases, culturing the bacterium comprises addition
external coenzyme B12 to the culture.

In some cases, culturing comprises, consists of, or consists essentially of growing the
bacterium in a media comprising a carbon source selected from the group consisting of glycerol,
glucose, gluconate, glutamate, and citric acid. In some instances culturing comprising, consisting
of, or consisting essentially of inducing the bacterium to produce 3-HP or a salt thereof by adding
glycerol. In some cases, the glyercol is add mid-log phase.

In some examples of the present disclosure, culturing comprises, consists of, or consists

essentially of growing the bacterium in a media comprising a nitrogen source selected
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from the group consisting of yeast extract, corn steep liquor powder, and corn steep
liquor paste.

In some examples of the present disclosure, culturing comprises, consists of, or
consists essentially of growing the bacterium at a pH between 6.8 and 7.8. In some cases,
culturing comprises, consists of, or consists essentially of adding one or more bases
selected from the group consisting of NaOH, KOH, NaHCO3, NH4sHCO3, NH4OH,
(NH4)2CO3, and Na2COs. In some instances, culturing comprises, consists of, or consists
essentially of adding at least one base selected from the group consisting of NaOH, KOH,
NaHCO3, NHsHCOs3, NH4OH, (NH4)2CO3, and Na2COs. In some cases, culturing
comprises, consists of, or consists essentially of diluting the base concentration and
increasing the acid concentration (see FIG. 46 and FIG. 49).

In some examples of the present disclosure, culturing comprises, consists of, or
consists essentially of growing the bacterium at a temperature between 28 and 40 degrees
Celsius. In some cases, culturing comprises, consists of, or consists essentially of
growing the bacterium at 33 degrees Celsius.

The disclosure provides for a method of producing 3-HP or a salt thereof, the
method comprising, consisting of, or consisting essentially of: providing the recombinant
bacterium described herein in a culture media suitable for growth of the bacterium and
production of 3-HP or a salt thereof. In some cases the method described herein
comprises, consists of, or consists essentially of separating 3-HP or a salt thereof from the
bacterium or culture media.

In some instances, the culture media comprises, consists of, or consists essentially
of a dissolved oxygen concentration that is approximately 2-20% dissolved oxygen. In
some examples of the present disclosure the dissolved oxygen concentration is no more
than 20%. In some cases, the dissolved oxygen concentration is at least 2%.

Further, this disclosure relates to methods of providing and reacting 3-
hydroxypropionic acid.

The disclosure provides methods for removing 3-hydroxypropionic acid (3-HP)
from an aqueous solution. The methods can be relatively simple and inexpensive to

perform. The methods can provide relatively high yields of 3-HP.

17



10

15

20

25

30

The disclosure also provides methods for making acrylic acid. The methods can
be relatively simple and inexpensive to perform. The methods can be performed with
little, or no, acrylic acid polymerization taking place. The methods can provide relatively
high yields of acrylic acid.

The present disclosure provides a method removing 3-HP from an aqueous
solution without using a counter-current liquid flow.

Thepresent disclosure provides a method that includes evaporating a first solvent,
condensing the evaporated first solvent, and directing a flow of the first solvent to
remove 3-HP from the aqueous solution.

The present disclosure provides a method including using a water-immiscible
solvent to remove 3-HP from an aqueous solution with a yield of at least 50%.

The present disclosure provides a method including using an organic liquid
containing at least two solvents to remove 3-hydroxypropionic acid (3-HP) from an
aqueous solution.

The present disclosure provides a method including using a liquid to remove 3-HP
from an aqueous solution, wherein the liquid includes a two different solvents (e.g., a
water-miscible solvent and a water-immiscible solvent).

The present disclosure provides a method including removing 3-HP from an
aqueous solution, wherein pH of the aqueous solution is at least about 3.

The present disclosure provides a method that includes reacting 3-HP to form
acrylic acid at a pressure of less than about one atmosphere.

The present disclosure provides a method that includes reacting 3-HP to form
acrylic acid in a reaction mixture, and removing gaseous acrylic acid from the reaction
mixture.

The present disclosure provides a method that includes reacting a liquid
containing 3-HP to form acrylic acid.

The present disclosure provides a method that includes reacting 3-HP to form

acrylic acid with a yield of at least about 70%.

Unless otherwise defined, all technical and scientific terms used herein have the

same meaning as commonly understood by one of ordinary skill in the art to which this
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Unless otherwise defined, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art to which this
disclosure belongs. Methods and materials are described herein for use in the disclosure;
other, suitable methods and materials known in the art can also be used. The materials,
methods, and examples are illustrative only and not intended to be limiting. Al
publications, patent applications, patents, sequences, database entries, and other
references mentioned herein are incorporated by reference in their entirety. In case of
conflict, the disclosure, including definitions, will control.

Other features and advantages of the disclosure will be apparent from the

following detailed description and figures, and from the claums.

DESCRIPTION OF DRAWINGS

FIGs. 1 A-B are a schematic and graph showing gene expression regulation by the
LysR-type transcriptional activator protein, MmsR, in 3-hydroxypropionate degrading
pathway of Pseudomonas denimrificans. (FIG. 1A) Hypothetical schematic representation
of MmsR-based regulation JApdH, 3-hydroxypropionate dehydrogenase, mimsA,
methylmalonate  semialdehyde  dehydrogenase;  hbdH-4,  3-hydroxyisobutyrate
dehydrogenase IV. (FIG. 1B) Relative mRNA abundance of mmsd (gray bar) and sbdH-4
{black bar) in the presence of various inducer molecules.

FIGs. 2 A-B are graphs showing transcriptional analysis of mmsA (white bar} and
hbdH-4 (black bar} genes by real-time PCR m wildtype (WT) and mutant P
denitrificans strains. (FIG. 2A) The mRNA levels 1o deletion mutant P. dewitrificans
AhpdHAhOdHIARDAH | (designated as AAA) that lack 3-HP degrading enzymes. (FIG.
2B} The mRNA levels upon deletion and complementation of transcriptional activator,
MmsR. AmmisR, P. denitrificans mmsR deletion mutant; and mmsK-C, P. denitrificans
AmmsR with mmsR-complementation from a plasmid.

FiGs. 3 A-B are a schematic analysis of the mmsR-mms4 intergenic region with
promoter region and identification of regulatory protein, MmsA binding site. (FIG. 3A)
DNA sequence of mmsR-mmsA intergenic region and mutations in the promoter region
for 1ts characterization in vivo and in vifro. The 5’-end mapping of (FIG. 3A) Pumsa (FIG.

3B) MimsA binding sites (01 and O2). .
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FiGs. 4 A-B are a schematic and a graph showing an in vivo study to reveal the
importance of O and O2 sites for transcription activation in mmsR promoter {Pumsk)
(FIG. 4A) and mmsd promoter {(Puma) (FIG. 4B). The O or/and O sites were
randomized and promoter strength with mutations in {1 or/and O2 sites was examined
using GFP as reporter protein. These mutations were introduced into P. denitrificans
AhpdHAOdH | AhbdH 4 AmmsR and used as expression host.

FiGs. S A-E are pictures of SDS-PAGE analyses to study the solubility of
recombinant C-His-tagged MmsR protein with the help of various chaperon plasmids
such as pG-KJES (F1G. 5A), pGro7 (FIG. SB), pKJE7 (FIG. 5C), pG-Tf2 (FIG. 5D), and
pTt16 (FIG. SE) in recombinant E. colfi BL21, Cell lysate (T) and cell free extracts (5)
recombinant strains with MmsR and chaperon were analyzed.

Fl1Gs. 6 A-C are pictures of gels showing expression, purtfication and oligomeric
forms of recombinant MmsR protein. (FIG. 6A) SDS-PAGE, (FIG. 6B) Blue Native-
PAGE and (FIG. 6C) relative mRNA levels by recombinant MmsR bearing his-tag to
either N~ or C~terminus. Lane 1, host /. cofi BL21 (celi-free extract); lane 2, recombinant
L. coli BL2Y cultured without IPTG induction (cell-free extract); lanes 3, 4, 5, and 7
correspond to cell-free extract, soluble fraction, insoluble fraction and purified protein,
respectively, from recombnant . coli BL21; lanes 9, 11, and 13 correspond to purified
MmsR protein at 65, 220, 550 nM, respectively.

FiGs. 7 A-B are pictures of in vitro electromobility shift assays (EMSA) to study
binding of MmsR protein to operator site. DNA fragments containing mmsd promoter
{(Pumsa) were 1ntact (Fi2), or mutated in either O site (Fum) or O site (Fimz). The
experiments were conducted in the absence (upper panel) and presence (lower panel} of
3-HP {at 25 mM). Lane 1-10, mereasing amounts of MmsR protein at 0, 0.36, 0.73, 1.45,
2.9,58, 11.6, 145, and 24.2 nM; and the DNA fragments was fixed at 0.4 nM (FIG. 7A),
Electropherograms from reactions with increasing amounts of MmsR (FIG. 7B}, Operator
regions protected from DNase [ digestion by MmsR. At the bottom 15 a scale that gives
nucleotide position relative to the MmsR transcription start site.

FIG. 8 is a picture of an electrophoretic mobility shift assay at low DNA

concentration to estimate the dissociation constant between MmsR and the PmmsA
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promoter. (Fi12) DNA fragment with both the operator O1 and O2 intact, {Fiam) with
mutated 02 operator and (Five) with mutated O1.

FI(3. 9 is a graph and a table showing MmsR protein-DNA binding isotherm
curves and dissociation constants for the binding. DNA fragments containing either intact
promoter sequence (Fiz} or mutated sequences were used.

FIGs. 10 A-B are a schematics of an analysis of ApdR-hpdH intergenic region.
(FIG. 10A) DNA sequence of hpdR-hpdH intergenic region showing putative promoter
and operator regions. {(FIG. 10B) Consensus of the operator palindromic sites.

FiGs. 11 A-B are graphs showing relative transcription of ApdR and hpdH (FIG.
11A} HpdR 1s the transcription factor that controls the expression of ApdH, (FIG. 11B)
No cross talk between the two 3-HP inducible systems, HpdR and MimsR.

Fi1Gs. 12 A-D are graphs showing relative inductbility of ApdH transcription and
GFP fluorescence in the presence of various acids. (FIG. 12A) Transcription at
chromosomal levels, (FIG. 12B) GFP fluorescence at plasmud level, (FIG 12C) GFP
fluorescence at various time intervals, and (FIG. 12D) sensttivity at various 3-HP
concentrations.

FIGs. 13 A-B 15 a schematic showing locations of mutational randomization of
the PC3 3-HP mnductble promoter and a graph showing normalized GEP levels of the
various promoters.

FIGs. 14 A-B 1s a set of graphs showing a comparison of mmisd and kgsA
transcription and enzyme activity at plasmid and genome level. (FIG. 14A) Comparison
of mRNA (transcription) and (FIG. 14B) KgsA activity.

FiGs. 15 A-C 18 a set of schematics showing how MmsR operator site
randomization was applied for KgsA overexpression. (FI{. 15A) Schematics of operator
mutagenesis, (FIG. 15B) kgsA mRNA expression levels, (FIG. 15C) GFP fluorescence
with the selected operator mutation, PmmisAzs.

FiGs. 16 A-B is a set of graphs showing the influence of MmsR overexpression
on KgsA transcription with vartous constitutive synthetic promoters (FIG. 16A) Pzwf
promoter hibrary, (FIG. 16B) KgsA transcription.

FiGs. 17 A-D 1s a set of graphs showing the effect of fusion of the native MmsA

protein on the expression and enzymatic activity of KgsA. Various lengths of the mmsA
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N-terminal sequences corresponding to 5, 10, 15 and 20 amino acid-long (designated
asHyb-5, Hyb-10, Hyb-15 and Hyb-20, respectively) were linked to the Ags4 5 -terminal
DNA sequence. (FIG. 17A) Enzymatic activity of KgsA. (FIG. 178) SDS-PAGE analysis
of crude-cell extracts expressing fusion proteins. The stability of the transcripts were also
measured (FIG. 17C and 17D}

FiGs. 18 A-C 15 a set of a schematic and graphs showing the effect of tandem
promoters on expression of kged at mRNA and enzyme activities. (FIG. 18A)
Arrangement of tandem promoter and its transcripts; TSS, transcription start site; RBS,
ribosome biding site; UTR, 5 -unstranslated region, (FIG. 18B) mRNA expression, and
(F1G. 18C) KgsA activity.

FiGs. 19 A-C are a table and graphs showing the effect of STUTR on expression
of kgsA. (FIG. 19A) Prediction of 5"UTR strength for kgsA expression systems. (FIG.
19B) Specific KgsA activity of the UTR constructs with varying induction at 0, 0.25 and
25 mM 3-HP. (FIG. 19C) Comparison of the 5’UTR strength between the theoretical
prediction and experimental measurement at different 3-HP concentration.

FlGs. 20 A-B are schematics of the degradation of 3-HP into malonate
senualdehyde by AbdH-4 and further to acetyl-CoA by mmsA (FIG. 20A) and a schematic
of the genetic structure of the mmsR-mmsA mtergenic region and its regulation (FIG.
20B).

FiGs. 21 A-B are a graph and image showing enzyme activity (FIG. 2TA) and
SDS-PAGE (FIG. 21B) analyses for KgsA expression level of strains which were
optumized first 10 codons of KgsA. Three different constructs in terms of codon
frequency level (high, medium and low} were developed and designated as Opt-1,0pt-2
and Opt-3, respectively.

FI1G. 22 1s a set of images of SDS-PAGE showing the effect of UTR design on the
expression of KegsA. UTR’s with various strengths predicted by UTR designer in sifico
was tested.

FIG. 23 1s a schematic of the Vitamin B12 (Coenzyme B12) gene clusters and
riboswitches in P. denitrificans.

FIG. 24 1s a schematic showing a comparative analysis of the organization of

coenzyme B12 genes from various Pseudomonas species.

22



(v

10

20

\.]
W

30

WO 2019/082129 PCT/IB2018/058351

FiGs. 25 A-D are schematics showing the structures of vitamin B12 riboswitches.
FIG. 25A shows the structure of RS1 before cobG. FIG. 25B shows the structure of RS2
in front of cebW. FIG. 25C shows the structure of RS3 1in front of chiB. FIG. 25D shows
the structure of R84 in front of brub.

FI(z 26 1s a graph showing the transcription of cob genes at chromosomal level in
Pseudomonas denitrificans.

FIG 27 15 a set of graphs characterizing the i vivo characterization of vitamin
B12 intergenic regions in P deniirificans.

FIG 28 15 a graph showing a correlation between the B12 concentration and GFP
fluorescence of a vitamin B12 ribosensor derived from the intergenic regions of the genes
cob( and cbtB from £ denitrificans.

Fi1Gs. 29 A-B 15 a set of graphs showing (FIG 29A) Gene essentiality profiling
revealed that only gene encoding for bgpM is essential for coenzyme B 12 biosynthesis.
The varied concentration of cobalt chionide was used to understand the essentiality of
several uncharacterized or less understood genes within the cob gene cluster. (FIG 29B)
The concentration of coenzyme B 12 was quantified using both the Salmonefia
typhimurium metF- cbiB- and B niboswitch-based biosensor. .

FI(s. 30 A-B are a set of schematics showing development of dhaB-gdrAB
expresston cassette. (FIG 30A) Schematics of the expression cassette construction, {(FIG
30B) Integration of kgsA gene into the stte of hbdH-4 gene m Ammis4 mutant strain,

FiGs. 31 A-B are schematics showing the combination of transcriptional and
transiational modifications that were used for the development of a DhaB-GdrAB
expression system (FIG 31A) and a schematic (FI(z 31B) of the DhaB-GdrAB (DhaB)
expression system for integration in the chromosome.

FIG 32 1s a set of cartoons showing the effect of genome location on the
expression of KgsA {e.g., location of kgsd gene and activity of KegsA after chromosomal
integration (P2-0, P2-10, P2-20, P2-30; the strains without the plasmid for DhaB)}. The
numbers mdicate the KgsA activity 4 hours after induction with 25 mM 3-HP

FIG 33 15 a set of cartoons showing the genomic mtegration of the DhaB

expression cassette into the chromosome of P2-20 strain to create P4-1, or into P2-10 to
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create P4-2. The promoters of the DhaB-GdrAB expression cassettes in the P4-1 and P4-
2 were subsequently weakened {DhaB reduction} to create strains P4-3 and P4-4.

FI(z 34 15 a cartoon showing the strain development for 3-HPA channeling (P4-
5). P4-5 has one copy of KgsA located close to DhaB.

FI(z 35 is a graph showing the effect of various neutralizing bases on the
production of 3-HP.

FIG 36 15 a graph showing the modification of recombinant strains in medium
supplemented with various 3-HP concentrations.

FIG 37 1s a graph showing the growth of 3-HP modified recombmant strains
{80 g/L) in a medwum supplemented with various organic acids at 50 g/L concentrations.

FIG 38 15 a graph showing the cultivation of 3-HP modified recombinant strains
{80 g/L) in media at different pHs.

FIG 39 15 a graph showing the modification of 3-HP (80 g/L) tolerant
recombinant strains to improve specific growth rates at higher pH.

FIG 40 15 a graph showing the cultivation of pH 7.6 adapted 3-HP (80 g/L)
tolerant recombinant strains at different pHs.

FIG 41 15 a schematic of the 3-HP synthetic pathway from glycerol adapted in
recombinant strains. The first enzyme 1s sensitive to oxygen while the second reaction 1s
enhanced 1n the presence of oxygen.

FI(z 42 1s a graph showing the effect of different dissolved oxygen concentrations
on 3-HP production.

FI(z 43 15 a graph showing the effect of different temperatures on 3-HP
production.

FI(z 44 is a graph showing the effect of different induction ODsoo on 3-HP
production.

FI(z 45 is a graph showing the effect of various concentrations of NH4OH on 3-
HP production and specific growth rate.

FIG 46 15 a graph showing the effect of NH4OH (%) on the relative 3-HP titer

(%) and amount (%),
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FI(z 47 is a schematic illustrating the anapleurotic reactions in central carbon
metabolism. PPC, PEPcarboxylase; PEPK, PEP carboxykinase, ME, malic enzyme; and
PC, pyruvate carboxylase.

FIG 48 13 a graph illustrating the effect of various neutralizing agents on the
production of 3-HP (%).

FI1G 49 15 a graph illustrating the effect of various concentrations of NH4HCOs
on 3-HP titer and amount (%},

FI1G 50 1s a graph showing the effect of improvement in coenzyme B12
production and thereby 3-HP production to commercial levels by sequentially disrupting
B12 riboswitches, promoter replacement and finally by using tandem promoters.

Fig. 51 15 a graph showing the effect of substrate channeling on 3-HP production.

Fig. 52 1s a graph showing the effect of various neutralizing agents such as
NH40H and NaOH on the production of 3-HP (%). In one of the condition, NH4OH was
used as neutralizing agent until 24 h followed by NaOH up to 48 h of fermentation.

Fig. 53 15 a glycerol dehydratase (DhaB) and KgsA in-vitro enzyme activities at
ditferent stages of bioreactor.

Fig. 54 15 a graph showing the effect of various toxic intermediates on glycerol
dehydratase (DhaB) in-vifro enzyme activities,

Figs. 55 A-B show a development of 3-HP mducible tandem promoter library for
controlled expression of DhaB at various expression levels. (FIG. 55A) Schematics of
tandem promoter construction, (FIG. 35B) Specific DhaB activity of various tandem
promoter library constructs.

Fig. 56 1s a schematic illustrating the sequences of PC3 promoter regions.

Fig. 57 1s a graph showing the effect of native and synthetic constitutive
promoters in £ denitrificans.

Fig. 58 illustrates an exemplary system for extracting 3-HP from an agueous
solution using a water-immiscible solvent that is less dense than water

FIG 59 illustrates an exemplary system for extracting 3-HP from an aqueous
solution using a water-immiscible solvent that is denser than water.

FIG 60 illustrates an exemplary system for producing acrylic acid from 3-HP by

reactive distitlation.
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Fi(z 61 1s an exemplary line plot itllustrating the increase in concentration of 3-HP
in the solvent vessel during extraction of 3-HP from a decellularized fermentation using

ethyl acetate.

DETAILED DESCRIPTION

This disclosure provides an industrial microtial strain (including, e g,
Pseudomonas strains) with enhanced expression systems for producing 3-HP or a salt
thereof from glycerol. Enzymes involved in the production of 3-HP or a salt thereof and
regulatory regions thereof were integrated into the chromosomes of an industrial strain.
3-HP inducible promoters were identified, characterized, and operably linked to enzymes
mvolved in the production of 3-HP or a salt thereof. The expression of the 3-HP enzymes
can be increased by combining a 3-HP inducible promoter with a constitutive, inducible,
and/or synthetic promoter, and thereby creating a tandem promotor system. The tandem
promoter system can be fused with a UTR {either native or synthetic) and other
regulatory domains that control or enhance expression to improve the expression of the
system. The tandem promoter system {(e.g., the tandem promoter system merged with an
UTR) can also be fused to a sequence encoding the initial amino acids {(e.g., a sequence
encoding up to twenty amuino acids) of a highly expressed native gene. These
modifications can increase expression of the enzymes, downstream genes i this case
genes, involved m 3-HP production (or production of a salt thereof}. Further, the
positioning of these expression systems i the chromosome of the industrial strain was
mvestigated and the effect on 3-HP (or a salt thereof) production was evaluated.
Designed positioning of the expression systems can avoid accumulation of toxic 3-HPA
and can increase 3-HP production through channeling.

Additionally, the disclosure provides for an industrial strain that can produce 3-
HP at high titer without external supplementation of coenzyme B12 (B12). Regulatory
regions that control the expression of enzymes in the B12 production pathway were
identified and characterized. The removal of many of these regulatory regions
{including, e g., secondary structures) improved expression of the B1Z enzymes. The

integration of either constitutive or 3-HP mducible expression systems described herein,
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can increase expression of the native B12 enzymes and increase B12 production. This
aliows for the production of 3-HP (or a salt thereof} without the external addition of B12.
The disclosure also provides methods for removing 3-HP from an aqueocus
solution. For example, 3-HP may be removed from an aqueous solution by solvent
extraction. The disclosure also provides methods for purifying 3-HP (e g, after its
removal from an aqueous solution.} In addition, the disclosure also provides methods of
making acrylic acid from 3-HP (e g, after its removal from an aqueous solution and
optionally after its purification). Further, the disclosure provides methods of purifying

acrylic acid.

Production of 3-Hydroxypropionic Acid by Recombinant Bacteria

The compositions and methods described herein are useful in the production of 3-
hydroxypropionic acid (3-HP) (or a salt thereof) from a carbon source using recombinant
microorganisms. In some cases, the carbon source is glycerol. Glycerol 15 converted into
3-hydroxypropionaldehyde (3-HPA) by glycerol/diol dehydratase {e.g., DhaB), by a
reaction that involves coenzyme B12. 3-HPA is 1o turn converted into 3-HFP by aldehyde
dehydrogenase {(ALDH}e.g., KgsA, EaldH, KaldH) i a reaction that needs NAD(P)}+).
The converston of glycerol to 3-HP involves several rate-limiting factors that can hinder
the production of 3-HP (or a salt thereof) at high titers. Such factors mclude, for
example, coenzyme B12, the complex nature of the enzymes in the pathway, NAD+
regeneration, and the toxicity of 3-hydroxypropanealdebyde (3-HPA) and 3-HP to cells.
In this study, 3-HP {or a salt thereof) was produced at high titers, e g., titer sufficient
enough for 3-HP commercialization.

The loss of enzyme activities during 3-HP production (or production of a salt
thereof) due to the accumulation of toxic intermediates 1s a challenging problem to the
production of high titers of 3-HP (or a salt thereof}. 3-HPA 15 a toxic intermediate that
accumulates during 3-HP production. Studies have shown that when 3-HP pathway
enzymes are incubated with 3-HPA, enzymatic activity declines 1n a dose-dependent
manner. Aldehydes are known to react with amino acid residues such as lysine, cysteine
and histidine by targeting the e-amino group (NH3+), the sulthydryvl group (-SH) and the

mmidazole group, respectively. Accumulation of 3-HPA damages proteins including, for
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glycerol dehydratase or diol dehydratase | the enzyme responsible for 3-HPA

b

example
synthesis in the glycerol to 3-HP synthetic pathway. The inactivation of glycero!l or diol
dehydratase by 3-HPA results in a reduction in 3-HP {or a salt thereof) production, and
low titers. Potential approaches for overcoming enzyme mactivation by toxic
intermediates include, inter alia, to develop enzymes which are highly resistance to 3-
HPA toxicity or to continuously synthesize the new enzymes. The compositions and
methods described herein can reduce the accumulation of toxic intermediates {(e.g., 3-
HPA} during 3-HP production from glycerol, thereby increasing the amounts of 3-HP ora
salt thereof that can be produced by recombinant bacteria.

In some embodiments, a recombinant microorganism as described herein can
express one or more genes encoding enzymes that catalyze the production of 3-HPora
salt thereof from a carbon source, e.g., one or more genes encoding glycerol dehydratase,
diol dehydratase, and/or aldebyde dehydrogenase. In some embodiments, a protein
involved in the synthesis of a compound can be one or more enzymes that catalyze the
production of the compound from a carbon source. A protein involved in the synthesis of
3-HP or a salt thereof can be, e.g., one or more proteins that make up glveerol
dehvdratase, diol dehvdratase, and/or aldehyde dehydrogenase. In some embodiments,
the carbon source 15 glycerol, but other sources of carbon can be used, e.g., glucose,
glutamate, gluconate, and citric acid. The recombinant organism can express a glycerol
dehydratase enzyme (e g., DhaB)}, or a diol dehydratase enzyme, which catalyzes glycerol
mnto 3-hydroxypropanealdehyde (3-HPA). DhaB 1s a complex enzyme with three
subunits, encoding for a complex glycerol/diol dehydratase {#haBCD). DhaB 13
complexed with coenzyme Bia. During its catalytic activity (converting glycerol to 3-
HPA)} coenzyme B 1s damaged, this damaged coenzyme Bz will be replaced with new
active coenzyme B by another enzyme glycerol dehydratase reactivation factor
(GdrAB) or diol dehydratase reactivation factor. GdrAB 1s a complex enzyme with two
subunits GdrA and GdrB The recombinant organism can also express a gene encoding
aldehyde dehydrogenase {ALDH), which then catalyzes 3-HPA into 3-HP This catalysis
mvolves NAD(PY+). Expression of aldehyde dehydrogenase (ALDH enzyme} can

include expression of the kgs4 gene Thus, in some embodiments, the recombinant
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microorganism expresses the DhaB enzyme, which catalyzes glycerol into 3-HPA, and
the ALDH enzyme, which then converts 3-HPA into 3-HP

The recombiant microorganisms described herein can be bacteria or fung:. In
some embodiments, the recombinant microorganism 1s a bacterium. The recombinant
bacterium ¢an be any genetically-engineered bacterium capable of producing 3-HP from
a carbon source in culture conditions, such as in a bioprocessor or bioreactor. In some
embodiments, the bacterium grows under aerobic conditions. In some embodiments, the
bacterium grows under anaerobic conditions. In some embodiments, the genome of the
bacterium naturally contains genes that are useful for producing 3-HP from a carbon
source, such as glycerol, e g, the genes that encode glycerol dehydratase or diol
dehydratase {such as DhaB) and/or aldehvde dehvdrogenase (such as ksgA}. Insome
embodiments, the genome of the bacterium does not naturally contain genes that are
useful for producing 3-HP from a carbon source, such as glycerol. In some embodiments,
a bacterium that does not naturally contain or express genes used for the production of 3-
HP from glycerol can be genetically modified to express at least one gene used for 3-HP
production. For example, a bacterium that does not express glycerol dehydratase (DhaB3),
diol dehydratase, and/or aldehyde dehydrogenase (ALDH) can be genetically engineered
to express DhaB and/or ALDH.

In some embodiments the recombinant bacterium 18 a Pseadomonas strain, a
Klebsiella strain, or an fischerichia strain. In some embodiments, the recombinant
bacterium 1s a strain of Pseudomonas denitrificans, Klebsiella pnermonia, ov Iischerichia
cofi. In some embodiments, the recombmant bacterium is a strain of Pseudomonas
denitrificans. Pseudomonas denitrificans is an aerobic microorganism, which can
naturally synthesize a cofactor, coenzyme B12. Coenzyme B12 1s an important cofactor
for 3-HP production from glycerol. Additionally, P denitrificans can regenerate NAD+
efficiently, NAD+ regeneration 1s very important for uninterrupted production of 3-HP
Therefore, Pseudomonas denitrificans is assumed to be a suitable microorganism for 3-
HP production (or production of a salt thereof).

In some embodiments, the recombinant bacterium expresses at least one glycerol
dehydratase and/or diol dehydratase enzyme from an Enferobacter bacterium {e.g.,

Klebsiella or Salmonella or Citrobacter) or Lactobaciflus bacterium or
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Propionibacterium or Proteus or Servatia species or Clostridium, e.g., at least one
glycerol dehydratase enzyme (e.g., BhaB) from an Enterobacter (e.g., Klebsiella, or
Sailmonelila or Citrobacter) or Lactobaciilus or Propionibacterium or Proteus or Servatia
or Clostridium species. In some embodiments, the recombinant bacterium expresses two
or more glycerol dehydratase enzymes {e.g,, DhaB), and/or diol dehydratase enzymes,
wherein each of the dehydratase enzymes (e.g., DhaB} can be from a different
Enterobacter (e.g., Klebsiella, or Salmonella or Citrobacter or Lactobacillus or
Propionibacterium or Proteus or Serratia or Clostridium species. . In some
embodiments, the recombinant bacterium expresses at least one aldehyde dehydrogenase
enzyme (ALDH) from an fnferchacter bacterium (e.g., Klebsiella, or Salmonella or
Citrobacter} or Lactobacillus or Propionibacterium or Proteus or Servatia or Clostridium
species, e.g., at least one ALDH enzyme. In some embodiments, the recombinant
bacterium expresses two or more ALDH enzymes, wherein each of the ALDH enzymes
can be from a different Inrerobacier or Lactobaciilus strain. In some embodiments, the
recombinant bacterium expresses at least one glycerol dehydratase (e g., DhaB) and/or
diol debydratase from an Enrerobacter bacterium (e.g., Klebsiella or Salmonellay ot
Lactobacilius bacterium and at least one aldehyde dehydrogenase (ALDH) enzyme from
an Enterobacter bacteriam {e.g., Klebsiella or Salmoneliay or Lactobacillus bacterium.
In some embodiments, the recombinant bacterium expresses at [east one gene
encoding at least one glycerol dehydratase and/or diol dehydratase from bacteria in this
case Klebsiella pneumoniae, e.g. dhaBli, dhaB2, dhaB3, gdrA, and/or gdrB from
Klebsiella preumoniae. In some embodiments, the recombinant bacterium expresses at
least one gene encoding at least one aldehyde dehydrogenase from Azospirufium
brasilense, e.g., kgsA from Azospirullum brasilense. In some embodiments, the
recombinant bactertum expresses at least one gene encoding at least one glycerol
dehydratase from Klebsiella preumoniae, e.g., dhaB 1, dhaBZ, dhaB3, gdrd, and/or gdrB
from Klebsiella pneumoniae, or at least one gene encoding at least one diol dehydratase,
and at least one gene encoding at least one aldehyde dehydrogenase from Azospirullum
brasilense, e.g., kgsA from Azospirullum brasilense. In some embodiments, the
recombinant bacterium 1s a Pseudomonas denitrificans strain that expresses at least one

gene encoding at least one glycerol dehydratase and/or diol dehydratase from Klebsiella
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preumoniae, e.g., dhaBi, dhaB2, dhaB3, gdrd, and/or gdrB from Klebsiella pneumoniae,
and at least one gene encoding at least one aldehvde dehydrogenase from Azospirudlum
brasilense, e.g., kgsA from Azospirullum brasilense.

In some embodiments, the recombinant bacterium has at least one nucleic acid
with at least one glycerol dehydratase gene and/or diol dehydratase gene (e.g., dhaB 1,
dhaB2, dhaB3, gdrA, and/or gdrB gene) from an Enferobacter bacterium (e.g., Kiebsiella
or Salmonellay or Lactobacillus bacterium, e.g., at least one glycerol/diol dehydratase
gene{eg., dhaBl, dhaB2, dhaB3, gdrA, and/or gdrB gene) from Kiebsiella pneumoniae.
In some embodiments, the recombinant bacterium has at least one nucleic acid with at
least two glycerol dehydratase genes and/or diol dehvdratase genes (e.g., two or more of
dhaB i, dhaB2, dhaB3, gdrA, and/or gdrB genes) from a Enterobacter bacterium (e g,
Klebsiella or Salmonella) or Lactobacillus bacterium, e g, at least two glycerol
dehydratase genes {e.g., two or more of dhaB i, dhaB2, dhaB3, gdrd, and/or gdrB genes)
or diol dehydratase genes from Klebsiella pneumoniae. In some embodiments, the
recombinant bacterium has at least one nucleic acid with at least one aldehyde
dehydrogenase gene (kgsd gene) from an Azospirullum bacterium, e g, at least one
aldehyde dehydrogenase gene (kgsAd gene) from an Azospirullum brasilense stram. In
some embodiments, the recombinant bacterium has at least one nucleic acid with at least
two aldehyde dehydrogenase genes (e.g., kgsAd genes) from an Azospirudium bacterium,
e.g., at least two aldehyde dehydrogenase genes {e.g., kgsA genes) from an Azospirudium
brasifense stram. In some embodiments, the recombinant bacterium has at least one
nucleic acid with at least one glycerol dehydratase gene and/or diol dehydratase gene
{e.g., dhaBl, dhaB2, dhaB3, gdrA, and/or gdrB gene) from a Emerobacier bacterium
(e.g., Klebsiella or Salmonellay or Lactobacilius bacteriom, e.g., at least one glycersl
dehydratase gene (e.g., dhal3 dhaBl, dhaB2, dhaB3, gdrA, and/or gdrB gene) from
Klebsiella preumonia, and at least one nucleic acid with at least one aldehyde
dehydrogenase gene {kgs4 gene} from an Azospirullum bacterium, e.g., at least one

aldehyde dehydrogenase gene {(kgs4 gene) from an Azospirufium brasilense strain.

dhaBiw SEQ ID NO: 1
ATGAAAAGATCAAAACGATTTGCAGTACTGGCCCAGCGCCCUCGTCAATCAGG
ACGGGCTGATTGGCGAGTGGCCTGAAGAGGGGCTGATCGCCATGGACAGCCC
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CTTTGACCCGOTCTCTTCAGTAAAAGTGGACAACGOTCTGATCGTCGAGCTGG
ACGGCAAACGCCGOGGACCAGTTTGACATGATCGACCGATTTATCGUCCGATTA
CGCGATCAACGTTGAGCGCACAGAGCAGGUCAATGCGCCTGGAGGUGGTGGA
AATAGCCCOGCATGCTGOTGGATATTCACGTCAGTCGGGAGGAGATCATTGCC
ATCACTACCGUCCATCACGCCOGGCCAAAGCGOGTCGAGOTGATGOGCGCAGATGA
ACGTOGGTGOAGATGATGATGGCOGCTGCAGAAGATGCOGTGCCCGUCGGACCCC
CTCCAACCAGTGCCACGTCACCAATCTCAAAGATAATCCGOGTGCAGATTGCT
GUTGACGCCGCCCGAGGCUGGRATCCGLGGUTTCTCAGAACAGGAGACCACG
GTCGGTATCGCGUGCTATGCGCOCGTTTAACGCCCTGGCGUTGTTOGOTCGGTTC
GCAGTGUCGGCCOCCCCGGUGTTTTGACGCAGTGCTCGOGTOGGAAGAGGUCACC
GAGCTGGAGUTGGGLATGCGTGOCTTAACCAGCTACGUCCGAGACGGTOTICGG
TCTACGGCACCGAAGCGGTATTTACCGACGGCGATGATACTCCGTGGTCAAA
GOCGTTCCTCGCCTCGGUCTACGUCCTCCCGUGGUTTGAAAATGCGUTACACCT
CCGOGCACCGGATCCGAAGCGUTGATGGOCTATTCGGAGAGCAAGTCGATGCT
CTACCTCGAATCGCGCTGCATCTTCATTACCAAAGGCGCCGGGOTTCAGGGG
CTGCAAAACGGUCGCGOTCGAGCTOTATCGGLCATGACCOGCGCTGTGCCGTCGEG
GCATTCGGGUGGTGUTGGCGGAAAACCTGATCGCCTCTATGCTCGACCTCGA
AGTGGCOTCCGCCAACGACCAGACTTTCTCCCACTCGGATATTCGCCGCACC
GCGCGCACCCTGATGCAGATGCTGCCGGGCACCGACTTTATTITICTCCGGCTA
CAGCGCGGTGCCGAACTACGACAACATOTTCGCCGGCTCGAACTTCGATGCG
GAAGATTTTGATGATTACAACATCCTGCAGCGTGACCTGATGGTTGACGGCG
GCCTGCGTCCOGGTGACCGAGGCGGAAACCATTGCCATTICGCCAGAAAGCGGC
GCGGGCGATCCAGGCGGTTTTCCGCGAGCTGGGGCTGCCGCCAATCGUCGAC
GAGGAGOTGGAGGCCGCCACCTACGCGCACGGTAGCAACGAGATGCCGCCG
CGTAACGTGGTGGAGGATCTGAGTGCGGTGGAAGAGATGATGAAGCGCAAC
ATCACCGGCCTCGATATTGTCGOCGUCGCTGAGCCGUAGCGGCTTTGAGGATA
TCGCCAGCAATATTCTCAATATGCTGCGCCAGCGOGGTCACCGGUGATTACCT
GCAGACCTCGGCCATTCTCGATCGGCAGTTCGAGGTGOTGAGTGCGGTCAALC
GACATCAATGACTATCAGGGGUCGGGCACCGGCTATCGCATCTUTGUCGAALC
GCTGGOGCGGAGATCAAAAATATTICCGGGCGTOGGTTCAGCCCGACACCATTGA
ATAA

DhaB1 SEQ 1D NO: 77
MKRSKRFAVLAQRPVNQDGLIGEWPEEGLIAMDSPFDPYVSSVKVDNGLIVELDG
KRRDOQFDMIDRFIADYAINVERTEQAMRLEAVEIARMLVDIHVSREEHAITTAITP
AKAVEVMAQMNVVEMMMALQEKMRARRTPSNQCHVTNLKDNPVOIAADAAEA

ARGFSEQETTVGIARYAPFNALALLVGSQUGRPGVLTQCSVEEATELELGMRGL
TSYAETVSVYGTEAVETDGDDTPWSKAFLASAY ASRGLEKMRY TSGTGSEALMG
YSESKSMLYLESRCIFITKGAGVQGLONGAVSCIGMTGAVPSGIRAVEAENLIAS
MLDLEVASANDQTFSHSDIRRTARTLMOMUPGTDFIFSGYSAVPNYDRNMEAGSN
FDAEDFDDYNILQRDEMVDGGLRPVTEAETIAIROKAARAIQAVFRELGLPPIAD
EEVEAATYAHGSNEMPPRNVVEDLSAVEEMMEKRNITGLDIVGALSRSGFEDIAS
NILNMLROQRVTGDYLOQTSAILDROFEVVSAVNDINDYQGPGTGYRISAERWAEIK
NIPGYVOPDTIE
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dhaB2 SEQIDNO: 2
ATGCAACAGACAACCCAAATTCAGCCCTCTTTITACCCTGAAAACCCGCGAGG
GOGGGGTAGCTTCTGCCGATGAACGCGCCGATGAAGTGGTGATCGGCGTCGG
CCCTGCCTTCGATAAACACCAGCATCACACTCTGATCGATATGCCCCATGGCG
CGATCCTCAAAGAGCTGATTGCCGGGGTGGAAGAAGAGGGGCTTCACGCCCG
GGTGGTGCGCATTCTGCGCACGTCCGACGTCTCCTTTATGGCCTGGGATGCGG
CCAACCTGAGCGGUTCGGGGATCGGCATCGGTATCCAGTCGAAGGGGACCAC
GGTCATCCATCAGCGCGATCTGCTGCCGCTCAGCAACCTGGAGCTGTTCTCCC
AGGCGCCGCTGCTGACGCTGGAAACCTACCGGCAGATTGGCAAAAACGCCGC
GCGCTATGCGCGCAAAGAGTCACCTTCGOCGGTGCCGGTGGTGAACGATCAG
ATGGTGCGGCCGAAATTTATGGCCAAAGCCGCGCTATTTCATATCAAAGAGA
CCAAACATGTGGTGCAGGACGCCGAGCCCGTCACCCTGCACGTCGACTTAGT
TAGGGAGTAA

DhaB2 SEQ ID NO: 78
MQQTTOQIQPSFTLKTREGGVASADERADEVVIGYGPAFDKHQHHTLIDMPHGAIL
KELIAGVEEEGLHARVVRILRTSDVSFMAWDAANLSGSGIGIGIQSKGTTVIHOR
DLLPLSNLELFSQAPLLTLETYROIGKNAARY ARKESPSPYPVVNDOQMYRPKIM
AKAALFHIKETKHVVODAEPVTLHVDLVRE

dhaB3 SEQ ID NO: 3
ATGAGCGAGAAAACCATGCGCGTGCAGGATTATCCGTTAGCCACCCGCTGCC
CGGAGCATATCCTGACGCCTACCGGCAAACCATTGACCGATATTACCCTCGA
GAAGGTGCTCTCTGGCGAGGTGGGCCCGCAGGATGTGCGGATCTCCTGCCAG
ACCCTTGAGTACCAGGCGCAGATTGCCGAGCAGATGCAGCGCCATGCGGTGG
CGCGCAATTTCCGCCGCGCGGCGGAGCTTATCGCCATTCCTGACGAGCGCAT
TCTGGCTATCTATAACGCGCTGCGCCCGTTCCGCTCCTCGCAGGCGGAGUTEC
TGGCGATCGCCGACGAGCTGGAGCACACCTGGCATGCGACAGTGAATGCCGC
CTTTGTCCGGGAGTCGGCGGAAGTGTATCAGCAGCGGCATAAGCTGCGTAAA
GGAAGCTAA

DhaB3 SEQ ID NO: 79
MSEKTMRVODYPLATRCPEHILTPTGKPLTDITLEKVLSGEVGPODVRISCOTLEY
QAQIAEQMOQRHAVARNFRRAAFLIAIPDERILATYNALRPFRSSQAFLLAIADELE
HTWHATVNAAFVRESAEVYQQRHKLRKGS

2drA SEQ ID NO: 4

ATGCCGTTAATAGCCGGGATTGATATCGGCAACGCCACCACCGAGGTGGCGC
TGGCGTCCGACGACCCGCAGGUGAGGGCGTTTGTTGCCAGCGGGATCGTCGC
GACGACGGGCATGAAAGGGACGCGGGACAATATCGCCGGGACCOTCGUCGC
GCTGGAGCAGGCCCTGGCGAAAACACCGTGGTCGATGAGCGATGTCTCTCGC
ATCTATCTTAACGAAGCCGCGCCGOGTGATTGGUCGATGTGGCGATGGAGACCA
TCACCGAGACCATTATCACCGAATCGACCATGATCGGTCATAACCCGCAGAC
GCCGGGCGHGGETGGGUGTTGGCGTGGGGACGACTATCGUCCTCGGGOGGOTG
GCGACGCTGCOGGCGGCGCAGTATGCCGAGGGGTGGATCGTACTGATTGACG
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ACGCCGTCGATTTCCTTGACGCCGTGTGOGTGGCTCAATGAGGCGUTCGACCG
GOGGGATCAACGTGGTGOGCGOGUCGATCCTCAAAAAGGACGACGGCGTGUTGOT
GAACAACCGCUTGCOTAAAACCCTGUCGGTGOGTAGATGAAGTGACGCTGCTG
GAGCAGGTCCCCGAGOGGGGTAATGOCGGCGHGTGGAAGTGGOCGCGLCGGHL
CAGGTGOTGCGCGATCCTOGTCOGAATCCCTACGGOATCGCCACCTTCTTCGGGCT
AAGCCCGGAAGAGACCCAGGCCATCGTCCCCATCGCCCGUGCCCTGATTGHL
AACCGTTCAGCGGTGOTGCTCAAGACCCCOGCAGGGOGGATOGTGCAGTCGUGGH
TGATCCCGGCGGGUAACCTCTACATTAGCGGUGAAAAGCGUCGCGGAGAGG
CCGATGTCGCCGAGGGCGUGGAAGUCATCATGCAGGUGATGAGCGUCTGCGC
TCCGGTACGCGACATCCGUGGUGAACCGGGCACTCACGCCGOCGGLATGCTT
GAGCGGGTGUOGCAAGGTAATGGUCGTCCCTCACCGACCATGAGATGAGCGCG
ATATACATCCAGGATCTGCTGOCGGTGGATACGTTTATTCCGUGCAAGGTGL
AGGGCGGGATGOCCGGUGAGTGCGCCATGGAAAATGCCGTCGLGATOGCGE
CGATGGTGAAAGCGGATCGTCTGCAAATGCAGGTTATCGCCCGCGAACTGAG
CGCCCGACTGCAGACCGAGGTGOTGGTGOGCGGCGTGCGAGGCCAACATGEC
CATCGCCGGOGCOTTAACCACTCCCOGOCTGTGUGGCGUCGCTGGUGATCCTC
GACCTCGGUGCCGOCTCCGACGGATGCGGUCGATCGTCAACGUGGAGGGGCAG
ATAACGGCGGTCCATCTCGCCGGGGCGGGGAATATGGTCAGCCTGTTGATTA
AAACCGAGCTGGGCCTCGAGGATCTTTCGCTGGUGGAAGCGATAAAAAAATA
CCCGCTGQGCCAAAGTGGAAAGCCTGTITCAGTATTICGTCACGAGAATGGCGCG
GTGGAGTTCTTTCGGGAAGCCCTCAGCCCGGCGGTGTTCGCCAAAGTOGTGT
ACATCAAGGAGGGCGAACTGGTGCCGATCGATAACGCCAGCCCGCTGGAAA
AAATTCGTCTCGTGCGCCGGLCAGGCGAAAGAGAAAGTGTTTGTCACCAACTG
CCTGCGCGCGCTOGCGCCAGGTCTCACCCGGUGGTTCCATTCGCGATATCGCCT
TTGTGGTGCTGGTGGGCGGCTCATCGCTGGACTTTGAGATCCCGCAGCTTATC
ACGGAAGCCTTOGTCOGCACTATGGCOGTGOTCGCCGHGUCAGGGCAATATTICGGG
GAACAGAAGGGCCGCGUAATGUCGOTCGCCACCOGGOGCTGCTACTGGCCGGTCA
GGCGAATTAA

GdrA SEQ 1D NO: 80
MPLIAGIDIGNATTEVALASDDPQARAFVASGIVATTGMKGTRDNIAGTLAALEQ
ALAKTPWSMSDVSRIYLNEAAPVIGDVAMETITETHTESTMIGHNPQTPGGVGVG
VGTTIALGRLATLPAAQYAEGWIVLIDDAVDFLDAVWWLNEALDRGINVVAAIL
KKDDGVLVNNRLRKTLPVVDEVTLLEQVPEGVMAAVEVAAPGOVVRILSNPYG
IATFFGLSPEETQAIVPIARALIGNRSAVVLK TPOGDVQSRVIPAGNLYISGEKRRG
EADVAEGAEAIMQAMSAC APVRDIRGEPGTHAGGMLERVRK VMASLTDHEMS
ATYIODLLAVDTFIPRKVQGGMAGEC AMENAVGMAAMVKADRLOMGQVIARELS
ARLOTEVVYVGGVEANMATAGALTTPGCAAPLAILDLGAGSTDAATVNAEGOITA
VHLAGAGNMVSLLIK TELGLEDLSLAFAIKK YPLAK VESLFSIRHENGAVEFFRE
ALSPAVFAKVVYIKEGELVPIDNASPLEKIRLVRRQAKEKVFVTNCLRALRQVSP
GGSIRDIAFVVLVGGSSLDFEIPQLITEALSHYGVVAGOGNIRGTEGPRNAVATGL
LLAGQAN

gdrB SEGID NG: 5
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ATGTCGCTTTCACCGCCAGGCGTACGCCTGTTTITACGATCCGCGCGGGCACCA
TGCCGGCGUCATCAATGAGCTGTGUTGOGOGGUTGGAGGAGCAGOGGGHLTCCCC
TGCCAGACCATAACCTATGACGGAGGCGOGTGACGCCGCTGCGCTGGGLGECC
TGGCGGCCAGAAGUTCGUCCCTGCGGOTGGOTATTGGOGUTCAGCGUGTCCGG
CGAGATAGCCCTCACTCATGCCCAGUTGCCGGUGGACGUGUCGUTGHGLTACC
GGACACGTCACCGATAGUGACGATCATCTGUGTACGUTCGGCGCCAACGUCG
GOGCAGCTGGTTAAAGTCCTGCCGTTAAGTGAGAGAAACTGA

GdrB SEQ 1D NO: 81
MSLSPPGVRLFYDPRGHHAGAINELCWGLEEQGVPCOTITYDGGGDAAALGALA
ARSSPLRVGIGLSASGEIALTHAQLPADAPLATGHVTDSDDHLRTLGANAGQLVE
VLPLSERN

kgsdA SEQID NG 6
ATGAGAGGATCGGGATCCGCTAACGTGACTTATACGGATACGCAACTGCTGA
TCGACGOGTGAGTOGGGTCGACGUCGCGAGCGGCAAGACGATCGACGTCGTGA
ACCCGGCGACCGGCAAGUCCGATCGGCAGGOTGGUCCCATGCGGGCATCGLCG
ATCTCGACCOTGCGUTCGCCGCCGUGCAAAGUGGUTTCGAGGUATGGCGUAA
GGTGCCCGCGLACGAGCGUGCGLUGACGATGUGCAAGGUGGCLGLGCTGHT
GCGTGAACGCGCCGACGUGATCGUGCAGCTGATGACGCAGGAGCAGGGCAA
GCCGCTCACCGAAGCGCGCGTCGAAGTGCTGICGTCCGUGGACATCATCGAA
TGGTTCGCGGACGAAGGCCGLCGCGTGTACGGUCGGATCGTGCCGLCGCGLA
ACCTCGGCGCACAGCAGACGGTCGTGAAGGAGCCGGTCGGCCCGGTICGLLGL
GTTCACGCCGTGGAATTTCCCGGTCAACCAGGTCGTGCGCAAGCTGAGCGCC
GCGCTGGCAACCGGCTGTTCGTTCCTCGTGAAAGCGCCGGAAGAAACCCCCG
CGTCGCCGGECCGCGCTGCTGCGCGCCTTCGTICGACGCAGGCGTGCCGGLCGE
CGTGATCGGCCTCGTGTACGGCGATCCGGUCGAAATCTCGTCGTACCTGATCC
CGCACCCGGTGATCCGCAAGGTCACGTTCACGGGTTCGACGCCGGETCGGCAA
GCAGCTCGCCTCGCTGGCGGGUCTGCACATGAAGCGCGCGACGATGGAGCTG
GGCGGGCACGCACCGGTGATCGTGGUCGAAGACGCCGACGTTGCGCTCGEGG
TGGCAGCGGCCGGLCGGLGCGAAGTTCCGLCAACGCGGGGCAGGTCTGCATCTC
GCCGACGCGCTTCCTCGTGCACAACAGCATCCGCGACGAATTCACGCGCGLG
CTGGTCAAGCATGCCGAAGGGCTGAAGGTCGGUCAACGGCCTCGAGGAAGGC
ACGACGCTCGGCGCGCTCGCGAACCCGCGCCGGCTGACCGLGATGGCGTCGG
TCATCGACAACGCGCGCAAGGTCGGTGCGAGCATCGAAACCGGLGGUGAGC
sGATCGGCTCGGAAGGCAACTTCTTCGCGUCCGACCGTGATCGCGAACGTGCC
sCTCGATGCGGACGTGTTCAACAACGAGCCGTTCGGCCCGGTCGCGGUGATT
CGCOGOTTTCGACAAGCTCGAAGAGGCGATCGCGGAAGCGAACCGTTTGCCGT
TCGGTCTTGCCGGCTACGUGTTCACGOGTTCGTTCGCGAACGTGCACCTGCTC
ACGCAGCGCCTCGAAGTCGGGATGCTGTGGATCAACCAGUCGCCGACTACAT
sGCCGGAAATGCCGTTCGGUGGUGTGAAGGACTCGGGCTACGGTTCGGAAGG
CGGCCCGGAAGCGUTCGAGCCGTACCTCGTCACGAAGTCGGTGACGGTAATG
GCCGTCTGA

KgsA SEQID NO: 82

W
(v



L

10

20

30

WO 2019/082129 PCT/IB2018/058351

MANVTYTDTOQLLIDGEWVDAASGKTIDVYNPATGKPIGRVAHAGIADLDRALA
AAQSGFEAWRKVPAHERAATMRKAAALVRERADATAQLMTQEQGKPLTEARY
EVLSAADHEWFADEGRRVYGRIVPPRNLGAQQTVVKEPVGPVAATTPWNEPYVN
QVVRELSAALATGCSFLVKAPEETPASPAALLRAFVDAGVPAGVIGLVYGDPAEI
SSYLIPHPVIRKVTFTGSTPVGKQLASLAGLHMKRATMELGGHAPVIVAEDADV
ALAVEKAAGGAKFRNAGOQVUISPTRFLVHNSIRDEFTRALVEKHAEGLKVGNGLEE
GTTLGALANPRRLTAMASVIDNARKVGASIETGGERIGSEGNFFAPTVIANVPLD
ADVENNEPFGPVAAIRGFDKLEEATAEANRLPFGLAGYAFTRSFANVHLLTQRLE
VOMLWINQPATPWPEMPFGGVEDSGYGSEGGPEALEPYLVTKSVIVMAY

In some embodiments, the diol dehydratase gene 1s from a Klebsiella bacterium,
e.g., Klebsiella pneumoniae. In some embodiments, the diol dehydratase 13 from
Klebsiella pneumoniae sub-specigs preumoniae MGHT78478. In some embodiments, the
diol dehydratase gene can be one or more of pduC, pdull, pduls, pdu(z, and/or pduH. In
some embodiments, the recombinant bacterium expresses at least one diol dehydrogenase
enzyme, including, eg., PduC, Pdul}, Pdul, PduG and/or PduH.

In some embodiments, the recombinant bacterium has at least one nucleic acid
with at least one sequence selected from SEQ ID NOs: 1-6 or SEQ 1D NOs: 83-87. In
some embodimenis, the recombinant bacterium has at least one nucleic acid with at least
one sequences selected from SEQ ID NOs: 1-5. In some embodiments, the recombinant
bacterium has at least one nucleic acid with at least one sequences selected from SEQ ID
NOs: 83-87. In some embodiments, the recombinant bacterium has at least one nucleic
acid with SEQ ID NO: 6. In some embodiments, the recombinant bacterium has at least
one nucleic acid with at least one sequences selected from SEQ D NQOs: 1-5 and/or SEQ
1D NQOs: 83-87, and another nucleic acid with SEQ ID NG: 6.

In some embodiments, the recombinant bacterium has at least one nucleic acid
with at least one sequence that 1s at least 80% identical to any of SEQ ID NOs: 1-6 and
SEQ ID NOs: 83-87. In some embodiments, the recombinant bacterium has at least one
nucleic acid with at least one sequence that 18 at least 80%, 81%, 82%, 83%, 84%, 85%,
86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99%
identical to any of SEQ ID NOs: 1-6 and SEQ ID NO: 83-87. In some embodiments, the
recombmnant bactertum has at least one nucleic acid with at least one sequence that varies

from the nucleic acid sequence of any of SEQ ID NQs: 1-6 and SEQ ID NOs: §83-87 by 1,
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2.3.4.5,6,7,8,9,10,11,12,13, 14,15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27,
28, 29, or 30 or more nucleotides.

In some embodiments, the recombinant bacterium expresses at least one protein
with an amino acid sequence selected from SEQ 1D NOs: 77-82 and 88-92. In some
embodiments, the recombinant bacterium expresses at least one protein with an amino
acid sequence that 1s at least 80% identical to any of SEQ 1D NQOs: 77-82 and 88-92. In
some embodiments, the recombinant bacterium expresses at least one protein with an
amino acid sequence that is at least 80%, 81%, 82%, 83%, 84%, §5%, 86%, 87%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% identical to any of SEQ
1D NOs: 77-82 and 88-92. In some embodiments, the recombinant bacterium expresses
at least one protein with an amino acid sequence that varies from the amino acid
sequence of any of SEQ ID NOs: 77-82and 88-92by 1,2, 3,4,5,6,7, 8,9, 10, 11, 12,
13,14, 15, 16, 17, 18, 19, 20, 21,22, 23, 24, 25, 26, 27, 28, 29, or 30 or more amino

acids.

Promoters

As used herein, the term “promoter” refers to a DNA sequence that contains the
regulatory nucleic acid sequences used for expression of an operably linked gene. A core
promoter contains the essential nucleotide sequences for promoter function, including the
TATA box and the transcription start site. By this definition, a core promoter may or may
not have detectible activity in the absence of specific sequences that may, e.g., enhance
the activity or confer tissue specific activity. Promoters can be etther constitutive or
inducible. A constitutive promoter controls transcription of a gene at a constant rate
during the life of a cell. An inducible promoter's activity fluctuates as determined by the
presence {or absence} of a specific inducer, e.g., the presence {(or absence)} of an
extracellular or environmental factor. A “3-HP inducible promoter” is a promuoter that
increases expression of an operably linked gene or genes upon the exposure of a cell
carrying such a promoter to 3-HP, e.g., exposure of a cell carrving a 3-HP promoter to 3-
HP that 1s present in cell culture media or in a bioreactor. In some cases, the promoter

mncludes one or more operator sites.
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The recombinant microorganisms described herein express at least one gene used
to produce 3-HP (or a salt thereof} from glycerol under the control of at least one
promoter. In some embodiments, the expression system includes at least one inducible
promoter that increases expresston of the gene in response to a stimulus (1e., an inducer,
e.g., 3-HP}). Once the stimulus contacts the mmducible promoter, the promoter turns on or
upregulates the expression of the gene. In some embodiments, the inducible promoter is
mnduced by 3-HP. The stimulus or inducer that causes upregulation of gene expression by
at least one inductble promoter in the expression system is 3-HP  In some embodiments,
the stimulus or inducer that causes upregulation of gene expression by at least one
inducible promoter in the expression system is chemically and/or structurally similar to 3-
HP In some embodiments, the stimulus or inducer that causes upregulation of gene
expression by at least one inducible promoter in the expression system is a small
molecule, for example, a small organic molecule such as an acid or alcohol. In some
embodiments, the small molecule 1s structurally similar to 3-hydroxypropionic acid (3-
HP) or 3-hydroxypropanealdehvde (3-HPA). 3-HP 1s a carboxylic acid having the
chemical structure C3H603, with a molecule weight of 90.08. In some embodiments, the
small various acids structurally similar to 3-HP or the intermediates appearing in the L-
valine degradation pathway and central carbon metabolism. In some embodiments, the
small molecule acid or alcohol can be any of, but not limuted to, L-lactic acid (LAC),
acetic acid {AcOH), propionic acid (PA}, 3-hydroxybutyrate (3-HB}, 1,3-propanediol
{1,3-PDQO}, 2,3-butanediol (2,3-BDO), L-valine (L-val}, and 3-hydroxyisobutyrate (3-
HIB). Insome embodiments, the inducible promoter can be induced by two or more

inducers.

Presented herein are novel promoters which can be induced by the €3 platform
chemical, 3-HP This disclosure reports the mechanism of 3-HP activating/initiating the
gene expression by these novel promoters. In our experiments we observed that when
Pseudomonas strains were provided with 3-HP as the sole carbon source, the strains
actively consumed 3-HP and showed growth. We identified that several enzymes, namely
putative 3-hydroxyisobutyrate dehydrogenase IV (HbdH-4), 3-hydroxypropionate

dehydrogenase (HpdH) and/or methylmalonatesenuialdehyde dehydrogenase (MmsA)
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were involved in 3-HP degradation. Interestingly, we found that the transcription of the
genes encoding these enzymes were substantially up-regulated at a high level, but only in
the presence of 3-HP or similar small acids. Analysis of gene arrangement near these 3-
HP-degrading genes revealed the presence of putative transcriptional regulator proteins,
corresponding mmsA, hbdH-4 or hpdH. These transcriptional regulator proteins, when
complexed by 3-HP, activate the transcription of mmsA, hpdH, and others.

The inducible nature of the promoters described herein and their high mduction
etficiency, makes them useful for expression of pathway enzymes for 3-HP synthesis,
development of 3-HP-responsive biosensors, and/or for expression of pathway enzymes
for coenzyme B12 production. Here we elucidate different 3-HP-inducible gene
regulation systems. At the cellular level, the specificity and/or spectrum of the small-
molecule inducer(s} was studied using various acids structurally similar to 3-HP or the
ntermediates appearing in the L-valine degradation pathway and central carbon
metabolism.

Using these promoters, a library of promoters was generated wherein the
promoters were inducible by small acids and displayed ditferent expression levels. This
library was used in combinations with other native or synthetic promoters to develop
tandem promoter system. Here we tried to simulate a tandem promoter system by
combining small acid mnducible system and native/synthetic promoter hibraries to express
target genes such as 3-HP synthetic pathway genes.

In some embodiments, the inducible promoter 15 induced by 3-HP. In some
embodiments, the inducible promoter 1s a naturally-occurring promoter, e.g., a promoter
that drives expression of a gene 1 a bacterium, such as a Pseudomonas bacterium. In
some embodiments, the inducible promoter 1s a naturally-occurring 3-HP inducible

g a Pseudomonas bacterium, such as

=

promoter that is present in a bacterium, e.
Pseudomonas denitrificams. In Pseudomonas bacteria, e.g., P denitrificans, some native
promoters that drive expression of proteins involved in 3-HP degradation are in turn
upregulated by 3-HP, including the promoters that drive expression of 3-
hydroxyisobutyrate dehydrogenase I (HbdH-1), 3-hydroxyisobutyrate dehydrogenase IV
(HbdH-4), 3-hydroxypropionate dehydrogenase (HpdH), and

methylmalonatesemialdehyde dehydrogenase (MmsA). In some embodiments, a
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recombinant bacterium described herein expresses at least one gene that 1s used to
produce 3-HP from glycerol under the control of at least one native promoter of the
mmsA gene (the PmmsA promoter), ipdH gene {the PhpdH promoter), or the AbdH -4
gene {(the PhbdH-1 promaoter) of P denitrificans. In some embodiments, the inducible

promoter 1S a synthetic promaoter.

Prear-4 promoter (SEQ 1D NO: 11)
GCCCCCGUCTACCCGCCCCAGCCACCCCGGACTCAGCAAGGATGCTGGCCCG
GGCCTGGGCGGAGACGTICTTTCGCGCCCGACCATCAGAACAAGAGGACAACC
cc

Prpar promoter (SEQ ID NO: 12)
TGTGGGAGCGGGCGTGCCCGCGAAGAGGCCAGCACAGACTTACCACTGTGCT
AAAACGCACAGCGGCTGCGCGAAATCTCGTGTTTCCTCCACGAAATTACTCAC
TAAGATGGATCGGGACAAGAATAATAATCAGGCCCGAGGTTGCAC

Prpari-1 promoter (SEQ ID NO: 13)
TGCGTAATGCCCCACCOGTTCTGUCAGGCAACGCGAAACCTGTAGGAGCGGCC
TTGTGTCGCGATGGGUTGCGCAGCAGCCCCGGUCATTTTTTGCATCGATGCGGA
ATCTGGGOGCTGCTGUGCAGCCCATCGUCGACACAAGGUCGCTCCTACAGGTTC
CTOGOCCCGCATGOGOTAAAGTTCGAACCAGTCAGGAGTCATTG

Pmmsa promoter (SEQ ID NO: 14}
CCTCGAATGTGCAAAAACGCAGACCATACTTGCACATCACCGCATTGAGTACA
TCAAAAATGCACTGTTAGGATCGATCCAGACAACAAAAAAGCCACAGGCTGG
GAGAATCCCG

In some embodiments, the recombinant bacterium expresses at least one gene that
1s used to produce 3-HP {(or a salt thereof} from glycerol under the control of at least one
promoter represented by any of SEQ 1D NOs: 11-14. In some embodiments, the

recombinant bacterium expresses at least one gene from any of dhaB i, dhaB2, dhaB3,

40



(v

10

20

\.]
W

30

WO 2019/082129 PCT/IB2018/058351

gdrA, gdrB, and/or kgs4 under the control of at least one promoter represented by SEQ
1D NQOs: 11-14.

In some embodiments, the recombinant bacteriom expresses at least one gene that
is used to produce 3-HP {or a salt thereof) from glycerol under the control of at least one
promoter that has a sequence that is at least 80% identical to any of SEQ 1D NQGs: 11-14.
In some embodiments, the recombinant bacterium expresses at least one gene that is used
to produce 3-HP or a salt thereof from glycerol under the control of at least one promoter
that has a sequence that is at least 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% identical to any of SEQ
ID NOs: 11-14. In some embodiments, the recombinant bacterium expresses at least one
gene that is used to produce 3-HP or a salt thereof from glycerol under the control of at
least one promoter that has a sequence that differs from any of SEQ 1D NOs: 11-14 by 1,
2.3.4.5.6,7.8,9,10, 11, 12,13, 14, 15,16, 17, 18, 19,20, 21, 22, 23, 24, 25, 26, 27,
28, 29, or 30 or more nuclectides.

In some embodiments, the expression systems described herein include at least
two promoters in tandem that control at least one gene involved in the production of 3-HP
or a salt thereof from a carbon source, such as glycerol. Tandem promoter systers are
observed i microorganisms to control the expression of downstream genes under various
physiological or environmental conditions. Such systems aid in the controlled regulation
of target gene expression at different stages of cell growth. The tandem promoters can be
native or endogenous o a nucroorganism, such as a promoter naturally found m a
bacteria strain, or can be synthetic. In some embodiments, one or more of the promoters
can be a native promoter. In some embodiments, one or more of the promoters can be a
synthetic promoter.

The tandem promoters of the expression systems described herein can include one
or more inducible promoter, and/or one or more constititive promoter. In some cases, the
tandem promoters include two or more inducible promoters. Tandem promoters that
include two or more inducible promoters can either have two of the same inductble
promoters, i€, the inducible promoters are induced by the same inducer or stimulus, or
two different inducible promoters, 1.e., the inducible promoters are induced by different

inducers or stimuli. In some embodiments, the tandem promoters include at least one
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inducible promoter and at least one constitutive promoter. For example, the tandem
promoters can combine a 3-HP inducible promoter and a constitutive promoter to
regudate expression of a gene involved in 3-HP synthesis.

In some embodiments, there is no terminator sequence between the tandem
promgoters, &.g., between any of the two or more promoters in the expression system, such
that each of the promoters can regulate the expression of a gene that s located
downstream of the tandem promoters.

In some embodiments, the tandem promoters include at least two 3-HP inducible
promoters. In some embodiments, the tandem promoters include a first promoter that is a
3-HP inducible promoter, and a second promoter that is a 3-HP inducible promoter. In
some embodiments, the first 3-HP inducible promoter and the second 3-HP inducible
promoters can each be a PumsA promoter (SEQ ID NO: 14), a Puar-s promoter (SEQ D
NO: 13), a PhbdH-4 promoter (SEQ ID NO: 11), or a Puparr promoter (SEQ ID NG: 12).

In some embodiments, the tandem promoters include a first promoter that s a 3-
HP inducible promoter and a second promoter that is a constitutive promoter, wherein the
first 3-HP inducible promoter 1s located S7 or upstream of the second constitutive
promoter. In some embodiments, the first 3-HP inducible 18 8 Pumsa promoter (SEQ ID
NG 14}, a Prpar-1 promoter {SEQ ID NO: 13}, a Pusars promoter (SEQ ID NG: 11), ora
Prparr promoter (SEQ ID NO: 12} In some embodiments, the second constitutive
promoter 1S a Py {SEQ 1D NO: 7) promoter. In some embodiments, the sequence of the
second constitutive promoter 1s at least 80% 1dentical to SEQ 1D NG: 7. In some
embodiments, the sequence of the second constitutive promoter 1s at least 80%, 81%,
82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%,
97%, 98%, or 99% identical to SEQ ID NO: 7. In some embodiments, the sequence of
the second constitutive promoter differs from SEQID NG 7by 1,2,3,4,5,6,7,8, 9,
10, 11, 12, 13, 14, 15,16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, or 30 or more
nucleotides. In some embodiments, the sequence of the second constitutive promoter 1s
SEQ ID NO: 8 (Pzwi-1), SEQ ID NO: 9 (Pzwi-7), SEQ ID NO: 10 (Pzwf-12), SEQ ID
NQO: 52 (Pzwf-2), SEQ ID NO: 53 (Pzwf-3), SEQ ID NO: 54 (Pzwf-4), SEQ ID NO: 55
(Pzwi-5), SEQ ID NO: 56 (Pzwi-6), SEQ ID NO: 57 (Pzwf-7), SEQ 1D NO: 58 (Pzwf-8),
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SEQ ID NO: 59 (Pzwi-10}, SEQ ID NO: 60 (Pawt-11}, SEQ ID NO: 61, SEQ ID NG 62,
or SEGQ D NG 63.

Pzwi constitutive promoter (SEQ ID NG: 7}
GGCGACCAACAACGGUGCGAGGTGGCAAAAATATCTTGTTTAATTACTACAT
ATTTGTCTTAATGOCGGUGTGTAAGGCTAACTATCGTTCAAAATTITAGTTGGT
AACAACAA

Pzwi-1 constitutive promoter (SEQ ID NO: 8}
GGUGACCAACAACGGUCGCGAGGTGGCAAAAACGGTTTGACACAGTAATTAA
AAAGACGTATAATTGCGTTGTGTAAGGCTAACTATCGTTCAAAATTTAGTTGG
TAACAACAA

Pzwi-1 shorter constitutive promoter (SEQ 1D NO: 61)
ACGGTTTGACACAGTAATTAAAAAGACGTATAATTGCGTT

Pzwi-7 constitutive promoter (SEQ ID NO: 9)
GGCGACCAACAACGGCGUCGAGGTGGCAAAAGTATATTGACATTCCATGCGAA
GGTCGTTATAATACAGTAGTGTAAGGCTAACTATCGTTCAAAATTTAGTTGGT
AACAACAA

Pzwi-7 shorter (SEQ ID NO: 62)
GTATATTGACATTCCATGCGAAGGTCGTTATAATACAGTA

Pzwi-12 constitutive promoter (SEQ 1D NO: 10)
FOCGCGAGOTGGCAAAATAATCTTGACAACTGGAGAGAATTGTGGTATAATG
FGAGCGTGTAAGGCTAACTATCGTTCAAAATTTAGTTGGTAACAACAA

Pawf-12 shorter constitutive promoter (SEQ 1D NO: 63)
TAATCTTGACAACTGGAGAGAATTGTGGTATAATGGGAGC

Pzwi #2 constitutive promoter (SEQ ID NO: 52)
TCCACTTGACATACCCTAACATCGGGATTATAATGTCTGE

Pzwi #3 constitutive promoter (SEQ ID NO: 53)
GTTGGTTGACATGGUGCTGTCGATCGGATATAATGTTTGT

Pzwi #4 constitutive promoter (SEQ ID NO: 54)
GCGTCTTGACATCTTACTAGATTGTGUGTATAATAGTCGC

Pzwt #5 constitutive promoter (SEQ ID NO: 55)
GGCGTTTGACATGTGGATGTAATCCTGTTATAATTTITTA

Pzwt #6 constitutive promoter (SEQ ID NO: 56)
GATCCTTGACAGCGAGGTATGAGTGAGGTATAATGTAACC
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Pzwi #7 constitutive promoter (SEQ ID NO: 57)
TGCGTTITGACAATTTOGTTACGTTAGTGUCTATAATCTAGTT
Pzwi #8 constitutive promoter (SEQ ID NO: 58)
TACCCTTGACATAACGGCATTCTGGTGGTATAATCATGCC
Pzwi #10 constitutive promoter {SEQ ID NO: 59)
GOGGOTTCACAACTGCGTGTTTGTICTGTITATAATATCCCG

Pzwi #11 constitutive promoter {(SEQ ID NO: 60)
GAGAATTGACAGATGACTTATTTCGTTGAATTCCTGC

In some embodiments, the sequence of the tandem promoters in an expression
cassette can be SEQ ID NO: 65, SEQ ID NO: 70, SEQ ID NO: 71, or SEQ ID NO: 72.
In some embodiments, the sequence of the tandem promoters in an expression cassette
can be at least 80% identical to SEQ ID NO: 65, SEQ ID NO: 70, SEQ ID NO: 71, or
SEQ ID NG: 72. In some embodiments, the sequence of the tandem promoters in an
expression cassette can be at least 80%, 81%, 82%, 83%, 84%, §3%, 86%, 87%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% identical to SEQ ID
NO: 65, SEQID NO: 76, SEQ ID NO: 71, or SEQ ID NO: 72, In some embodiments,
the sequence of the tandem promoters in an expression cassette can vary from the
sequence of any of SEQ ID NOs: 70-72by 1,2, 3,4,5,6,7,8,9,10, 11,12, 13, 14, 15,

16,17, 18, 19, 20, 21, 22, 23, 24,25, 26, 27, 28, 29, or 30 or more nucleotides.

Pem-Ped tandem promoter (SEQ ID NGO 65)
CCTCGAATGTGCAAAAACGCAGACCATACTTGUACATCACCGCATTGAGTACA
TCAAAAATGCACTGTTAGGATCGATCCAGACAACAAAAAAGCCACAGGCTGG
TGCTGGLCCGGGCCTGGGCGGAGACGTCTTTCGCGCCCGACCATCAGAACAA
GAGGACAACCCC

Pc3-Pcl tandem promoter (SEQ ID NO: 70)
CGTGGCGACTCTCATTGTTAGAAAACGCACAGCAGGTGACTTITAAACGTTCGT
ATTTITTATCGCGAACGAACGACTAGGUTCCATCGTCATACCCAAAAGAACAAG
AACGACGAGGGACTTTCCGGUGTTITGACATGTGGATGTAATCCTGTTATAATTT
TTTAGTGTAAGGCTAACTATCGTTCAAAATTTAGGTGGTAACAACAAATG
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Pcl-Pc3 tandem promoter (SEQ 1D NO: 71)
GGCGTTTGACATGTGGATGTAATCCTGTTATAATTTTTTAGTGTAAGGUTAACTA
TCOTTCAAAATTTAGOTGGTAACAACAACGTGGCGACTCTCATTGTTAGAAAA
CGCACAGCAGGTGACTTTAAACGTTCGTATTTTTATCGCGAACGAACGACTAG
GCTCCATCGTCATACCCAAAAGAACAAGAACGACGAGGGACTTTCCATG

Pc3-Pzwi tandem promoter {SEQ ID NO: 72)

CGTGGCGACTCTCATTGTTAGAAAACGCACAGCAGGTGACTTTAAACGTTCG
TATTTTTATCGCGAACGAACGACTAGGCTCCATCGTCATACCCAAAAGAACA

AGAACGACGAGGGACTTTCCGGUGACCAACAACGOGLGCGAGOTGGCAAAAA
TATCTTGTTTAATTACTACATATITGICTTAATGCCGGCGTGTAAGGCTAACT

ATCGTTCAAAATTTAGTTGGTAACAACAAATG

Transcriptional Regulator

The regulatory regions of 3-HP-degrading genes are located near sequences
encoding native LysR-family transcriptional regulator (LTTR) proteins. When
complexed by 3-HP, the LysR-tanuly transcriptional regulator proteins activate
transcription. In bacteria, LTTR proteins upregulate downstream genes by interacting
with RNA polymerase. As a consequence, the amount of LTTR protein influences the
transcriptional levels of downstream target genes.

In some embodiments, at feast one transcriptional regulator protein 18 expressed n
combination with at least one 3-HP production gene described herein in a recombinant
microorganism, such as a bacterium. In some cases, at least one transcriptional regulator
protein 1s an LTTR protein under the control of at least one constitutive or inducible
promoter. In some cases, the transcriptional regulator protein binds to a site upstream of
the at least one 3-HP production gene and regulates the expression of the at least one
gene involved in 3-HP synthesis.

In some embodiments, a recombinant bacterium as described herein expresses at
least one LTTR protein and at least one gene used for the production of 3-HP or a salt
thereof, e.g., at least one glycerol dehydratase, diol dehydratase, and/or aldehyde
dehydrogenase. In some embodiments, the LTTR protein is MmsR. In some
embodiments, the MmsR promoter 1s expressed under the control of a constitutive
promoter inn the recombinant bacterium. In some embodiments, the constitutive promoter

1s the Pz promoter (SEQ ID NO: 7). In some embodiments, the constitutive promoter

g
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has been mutated to increase or to reduce expression of MmsR relative to the Paw{
promoter. In some embodiments, the constitutive promoter 18 a Pawf (SEQ ID NG 7)
promoter. In some embodiments, the sequence of the constitutive promoter is at least
80% identical to SEQ 1D NG: 7. In some embodiments, the sequence of the constitutive
promoter is at least 80%, 81%, 82%, &3%, 84%, 85%, 86%, 87%, 88%, 9%, 90%, 91%,

92%, 93%, 94%, 95%, 96%, 9%, 98%, or 99% identical to SEQ ID NO: 7. In some

(v

embodiments, the sequence of the constitutive promoter differs from SEQ ID NO: 7 by 1,
2.3.4.5.6,7.8,9, 10, 11,12, 13, 14,15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27,
28, 29, or 30 or more nucleotides. In some embodiments, the constitutive promoter is

10 SEQID NO: 8 (Pzwf-1), SEQ ID NO: 9 (Pzwf-7), SEQ ID NO: 10 (Pzwf-12), SEQ ID
NO: 52 (Pzwf-2), SEQ ID NO: 53 (Pzwt-3), SEQ ID NO: 54 (Pzwf-4), SEQ ID NO: 55
(Pzwi-5), SEQ ID NO: 56 (Pzwt-6), SEQ ID NO: 57 (Pzwt-7 ), SEQ 1D NO: 58 (Pzwf-
8), SEQ ID NO: 539 (Pzwt-10), SEQ ID NO: 60 (Pzwf-11), SEQ 1D NO: 61, SEQ ID NO:
62, or SEQ ID NO: 63, In some embodiments, the mmsR gene ts chromosomally

15 located, e.g., at the mmsR gene under the control of a constitutive promoter 15 expressed

from a chromosome i the recombinant bacterium.

5UTR
In some embodiments, an expression system as described herein can have a
20 STUTR operably linked to a gene of interest (e.g., a gene mvolved in 3-HP synthesis},
wherein the 5"UTR 13 from a native gene regulated by a 3-HP mducible promoter in a
bactertum that naturally produced 3-HP, e.g., P denitrificans. In some embodiments, an
expression as described herein has the S"UTR of the mmsA gene (SEQ ID NO: 64} of

denitrificans.

(]

In some cases, mutation of the 5’UTR can improve the rate of translation

|\

initiation for the mRNA transeript and/or improve the stability of the mRNA transcript
produced by the expression system. In some embodiments, an expression system as
described herein can have a 5’UTR having a sequence that is at least 80% 1dentical to
SEQ 1D NO: 64. In some embodiments, an expression system described herein can have
30  a 5’UTR having a sequence that 1s at least 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%,

88%, 89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% identical to SEQ}
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ID NG 64, In some embodiments, an expression system described herein can have a
5"UTR having a sequence that varies from SEQID NO: 64 by 1,2,3,4,5,6,7. 8,9, 10,
11, 12,13, 14,15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29. or 3 or more
nucleotides. In some embodiments, an expression system described herein can have a
S’UTR having any sequence selected from SEQ ID NOs: 22-28.

In a non-limiting example, an expression system having the PmAdH-4 tandem
promoter, Opt-3, Hyb-20 and chromosomal MmsR has the 5’UTR of the mmsA gene. In

some embodiments, the mmsd 3 UTR can be mutated.

mmsA SUTR (SEQ ID NO: 64)
CGACGGCAAGCCCGTCGAGTCCACCATGGCTAACGTGACTTACACCGATACCC
AACTGCT

mmsA SUTR mutant UTR-0 (SEQ ID NO: 22)
CGACGGCAAGCCCAAGCAGGACACCATGGCTAACGTGACTTACACCGATACC
CAACTGCT

mmsA STUTR mutant UTR-1 (SEQ ID NO: 23}
CGACGOGUAAGCUAACTGAACCCACCATGOCTAACGTGACTTACACCGATACCC
AACTGCT

mmsA STUTR mutant UTR-2 (SEQ ID NO: 24)
CGACGGCAAGCCCTAACTGOACACCATGGCTAACGTGACTTACACCGATACCC
AACTGCT

mmsA 5"UTR mutant UTR-3 (SEQ D NO: 25}
CGACGGCAAGCCCTAACAGGACACCATGGUTAACGTGACTTACACCGATACCC

AACTGCT

mmsA 5"UTR mutant UTR-4 (SEQ D NO: 26}
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CGACGGUCAAGCCCAAGCTGGACACCATGGCTAACGTGACTTACACCGATACCC
AACTGCT

mmsA S UTR mutant UTR-5 (SEQ 1B NO: 27}
CGACGGUAAGCCCTAGCAGGACACCATGGCTAACGTGACTTACACCGATACCC
AACTGCT

mmsA 5"UTR mutant UTR-6 (SEQ [D NO: 28)
CGACGGCAAGCCCAAGCAGGACACCATGGCTAACGTGACTTACACCGATACC
CAACTGCT

Optimization of gene expression in P, denitrificans by fusing initial few amino acids of
native profein

For optimizing the expression of heterologous proteins in P. denitrificans, a novel
approach was adopted. The heterologous proteins were fused with a few of the mitial
amino acids {5 — 20 AA) of highly expressing native enzymes at N-terminal of a target
protein (e.g., 5-20 amino acids at the N-termmal of the native protein were fused to the
N-terminal of the heterologous protemn). For example, varying lengths (e.g., 5, 6,7, 8, 9,
10,11, 12, 13, 14, 15, 16, 17, 18§, 19, or 20 anung acids-long; designated Hyb-5, Hyb-6,
Hyb-7, Hyb-8, Hyb-9, Hyb-10, Hyb-11, Hyb-12, Hyb-13, Hyb-14, Hyb-15, Hyb-16,
Hyb-17, Hyb-18, Hyb-19, and Hyb-20, respectively) of the N-ternmunal end of mims A was
jomned to the full-length heterologous kgsd gene and expressed from the multi-copy
plasmid (Fig. 17). The highest activity was obtained with Hyb-20 (+ 3-HP, 9.3 U/mg
protein; - 3-HP, 3.0 U/mg protein). On the other hand, Hyb-5 did not show any change
either 1n its expression or its enzyme activities (Fig. 17A). SDS-PAGE analysis indicated
that protein production increased when Ags4 was fused with N-terminal mmsA fragments
{more than five amino acids were added) (Fig. 17B). To understand the mechanism for
the improved expression and mRNA stability in wild type and Hyb-20 &ge4 recombinant
strains, the transcripts were measured and compared. Stability of the mmsA and mmsR
transcripts was also determined (Fig. 17C and 17D). The half-life of the wild type kgsd

transcript (2.7 nun) was 2.3-fold shorter than that of mmsd (6.1 min); however, by fusing
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initial 20 aa of mmsA (20}, the half-life of mRNA of fusion protein was substantially
improved to 5.7 minutes which was comparable to the half-life of mRNA of native mmsA.
This suggests that the fusion protein (mRNA transcript) becomes less susceptible to
endogenous nuclease attack. Transcription level of the hybrid mmsA(20)kgsA gene,
determined by RT-PCR, was also two-times higher than that of the wild type kgs4 gene
{data not shown}. We believe that higher mRNA stability along with the improved
transcription should have contributed to the improved KgsA activity of the hybrid
enzymes. Among the several genes examined, mmsA4 showed the highest mRNA stability

with the half-life of 9.5 min (Data not shown).

Production of coenzyme B2 by Recombinant Bacteria

The production of 3-HP from glycerol by 3-HP or salt thereof producing
microorganisms is limited without the external addition of coenzyme B12. Coenzyme
B12 1s an essential cofactor for glycerol/diol dehydratase enzyme activity, which 1s used
for the first reaction in the 3-HP synthetic pathway, wherein glycerol is catalytically
converted into 3-hydroxypropanealdehvde. Therefore, a continuous supply of coenzyme
B12 1s essential for the unminterrupted production of 3-HP or a salt thereof from glycerol
by microorganisms, such as bacteria. Coenzyme B12 can be synthesized naturally under
either aerobic or anaerobic conditions by a imited number of microorganisms { Anaerobic
producers of coenzyme B12 include, e.g., Klebsiella, Streptococcus, Salmonella species.
Aerobic producers of coenzyme B12 include, e.g., Pseudomonas, Rhizobium,
Rhodobacter species). However, the microorganisms that have been evaluated as
potential hosts for producing 3-HP or salts thereof from glycerol appear to not produce
sufficient amounts of coenzyme B12 to produce 3-HP at high titers. Further analysis has
shown that coenzyme B12 production is transcriptionally and translationally regulated.
These processes can be genetically modified in recombinant microorganisms, e.g.,
bacteria, to increase coenzyme B12 production, thereby increasing 3-HP (or salt thereof)
titers without the supplementation of bacteria with external coenzyme B12.

As shown in Fig. 23, two gene clusters (cluster I and cluster [T} are responsible for
producing the proteins used for the production of coenzyme B12 in £ denitrificans.

Riboswitches and other secondary structures have been identified in the promoter regions
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of the operons present in clusters I and I (see Fig. 23). These riboswitches appear to
regulate the expression of the B12 biosynthetic operons, and may repress gene
expression. In some embodiments described herein, one or more riboswitches or other

secondary structures may be removed from one or more operon promoter regions of

(v

cluster | and/or cluster 1 in the genome of £, denitrificans. In some embodiments, one or

more of riboswitch 1, 2, 3, and/or 4, as depicted in FIG 23 and FIGs. 25A-D, or portion

thereof, ts deleted in the genome of P denitrificans. In some embodiments, all or part of

the DNA sequence of riboswitch 1 (SEQ ID NG: 75) or riboswitch 2 (SEQ 1D NO: 76} 15

removed from the genome of P denitrificans. In some embodiments, all or part of the

10 DNA sequence of riboswitch 1 (SEQ 1D NOG: 75) and riboswitch 2 (SEQ 1D NO: 76) 1s
removed from the genome of P denitrificans.

Any of the expression systems described herein can be used to increase
expression of the genes involved i the production of coenzyme B12 and/or to mcrease
production of coenzyme B12. The 3-HP inducible promoter systems described herein

15 can be used to replace the regulatory regions of the B12 production genes {e.g., the
translational and/or transcriptional regulators). This disclosure provides for methods of
mnereasing production of coenzyme B12 such that the supplementation of coenzyme Bi2
1s not used for the production of 3-HP by an organism. Provided herein are recombimant
organisms that can mclude an expression system for the control and/or upregulation of a

20 genefs) for the production of 3-HP and an expression system for the control and/or

upregulation of a gene(s) for the production of coenzyme BI2.

Riboswitch 1 (R81} (SEQ 1D NG: 75)

(]

Ccagatgcegacgatggtcagocagggegtcatggogaticctelgaagggatocgateategatccgacggpcaggctigit

cogecctegggocaaageaggeataatacecgeategicggtgcicgtageacgcitcgctgtttgaaggcoatgcatecgaga
gcegaagagggaacacggaaaaaccgiggctgocccogeaactgtaageagegagtecgegeacticgaccacagegiotg
ttgtegtcgaictgoccaciggecaaccgggaagaoccgigccggatgagoacctgecagecaggagacctgocgacgaaac

cagtcgcgegtecagacatcgageggostotatcgoiotcgteaagiceccigiggggaticgcaggicaccgegacceage
30 cctggteaccica

|\

Riboswitch 2 (RS2) (SEQ ID NO: 76)
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ggcgpatgaaggocococgcgcgaaticgocgegeaacgaaggicoccaccggatcaceccgeccggtigtcigttoataa
cgaaccgettceggatcicgegagetagagecaggcaaggcogagoategtcogouacgcggagtisacigtagicaatga
geagiccacgacgatcegecaacgeageatggecgacgegeageagatcgaaaaccagtcacgaggeaggtetectggete

o0 o

acagoccttgategtectitcgocticccgocgtagtcggoagtgocgiatoaaagaacaggctaitcacagtigcggsgocag
cegtgacgceatccgaagatttccacgitcectctiagetceggoecagtgecggagaacctcgaagggaggaagoctacgcage
gtogccggoocogtcaategecggoualcggocgacgegeagitgacgctgeggeoactgecgtogtcagetagegeggttt
caggtatctcgegecgacgegegegagetoaaacgegaagccggigeotecgeaaggaccagiceggegctgeccccgca

feetahbion) OO0

acggotaagogcatcgagggtegtcagtagecacigioccaaggcatgggaagaciggcceatecggegagagicictcgety

o8

gegtegeaageceggagaccgegocctggaatectcacattiigocaaaccegeggligogrgoocoecageccgigoCcocoace

o0

gatccggegegticgaatgogticaaccicigegticteacictittcagagggaacgttcatgtccageagcaiccigacgoaac
aggeg

Fxpression System Placement for Channeling

The expression systems described herein can be genetically mtroduced into a host
microorganism, e.g., a bactertum, using any methods well known in the art. In some
cases, the expression system can be introduced 1nto a microorganisi using a plasmid,
artificial chromosome, or other vector. In some embodiments, the expression system can
be integrated into the genome of a microorganism, e g., integrated into a chromosome.

Multiple copies of the expression system can be introduced 1nto a microorganisim,
e.g., a bacterium. Multiple copies of the expression systerm can be introduced into a
microorganism, €.¢., a bacterium, on at least one plasnud, artificial chromosome, or other
vector. For example, multiple copies of an expression system can be introduced nto a
bactertum on a single plasmid, or on two or more different plasmuds (1.e, plasmmds with
different sequences, selection markers, ete.). Multiple copies of an expression system can
be integrated 1nto the genome of a microorganism. In some embodiments, multiple
copies of an expression system can be integrated at the same location in the genome, e.g.,
at the same chromosomal location. In some embodiments, mulitiple copies of an
expression system can be integrated at different locations, e.g., at different chromosomal
locations. In some embodiments, mulitiple copies of an expression system are integrated
at different locations in a Pseudomonas bactertum, such as P, denitrificans. In some
embodiments, two or more expression systems that regulate different genes involved in
3-HP production from a carbon source, e.g., one or more glycerol dehydratase or diol
dehydratase gene, and an aldehyde dehydrogenase gene, are integrated into the genome

of a Pseudomonas bacterium. In some embodiments, the two or more expression systems
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are integrated at the same location of the genome. In some embodiments, the two or
more expression systems are integrated at different chromosomal locations.
In some embodiments, one or more expression systems described herein are

mtroduced into a bacterium, such as Pseudomonas denitrificans bacterium. In some

(v

embodiments, an expression system that regulates one or more genes encoding a glycerol
dehydratase gene and/or diol dehydratase gene {e.g., at least one of the dhaB {, dhaB2,
dhaB3, gdrA, and/or gdrB genes) and an expression system that regulates one or more
genes encoding an aldehyde dehydrogenase (e g, at least one ksgA gene) are introduced
nto a P, denitrificans bacterium, and, optionally, at integrated into the genome of the
10 bacterium. In some embodiments, the expression systems that regulate the glycerol
dehydratase {and/or diol dehydratase) and aldehyde dehvdrogenase genes are integrated
at different chromosomal locations.
In some embodiments, expression systeros that regulate glycerol dehydratase
{and/or diol dehydratase) and aldehyde dehydrogenase genes are integrated at different
15 chromosomal locations. The particular chromosomal integration site can significantly
influence the levels of expression of an expression system or module, such that the level
of gene expression at one mtegration site will be different than the level of gene
expression at a different integration site. In addition, the posttioning of the insertion of
particular genes in a pathway into the chromosome can balance the activity of synthetic
20 pathway enzymes and avoid the accumulation of toxic intermediates, such as 3-
hydroxypropanealdehyde. For example, in many prokarvotes, the genes encoding
enzymes of one pathway are clustered together. This clustered arrangement 1s observed
in bacteria which 1s believed to avoid the accumulation of intermediates produced by the

pathway in the cell. In prokaryotes, transcription and translations occurs simultaneously,

(]

and 1 many cases, the product of a first enzyme encoded by a first gene will be the

|\

substrate of a second enzyme encoded by a second gene in the pathway. If the genes are
located close to each other, the substrate for the second enzyme encoded by the second
gene in a pathway, which was produced by an enzyme encoded by a first gene, will be
iocalized near the second enzyme. This kind of mechanism increases the efficiency of the

30  pathway and avotds the accumulation of potentially toxic intermediates, by allowing
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intermediates to be immediately consumed 1t the next enzyme in the pathway. This kind
of clustering of genes very close to each other 1s known as channeling.

Thus, it 15 possible to regulate the levels of 3-HPA and 3-HP in a recombinant
bacterium by regulating the levels of the glycerol dehydratase (and/or diol dehydratase)
and aldehyde dehydrogenase by imtegrating expression systems regulating these enzymes
at different chromosomal posttions, such that the positioning of the glycerol dehydratase
and the aldehyde dehydrogenase in the chromosome will produce a channeling effect,
e.g., by leading to the rapid conversion of 3-HPA to 3-HP. Producing a channeling effect
via the positioning of separate expression systems regulating glycerol dehydratase (and/or
diol dehydratase) and aldehyde dehydrogenase can prevent the accumulation of 3-HPA in
bacterial cells, which is toxic to the cells, thereby allowing the cells to survive and grow
longer, and produce higher titers of 3-HP or a salt thereof.

In some cases, a first location of integration of a first expression system in
relation to a second location of integration of a second expression system affects the
production levels of 3-HP or a salt thereof. In some cases, the first expression system can
be an expression system expressing a glycerol dehydratase or diol dehvdratase enzyme
{e.g., one or more dhaB and/or gdrAB gene(s)). In some cases, the second expression
system can be an expression system expressing aldehyde dehydrogenase enzyme {e.g.,
one or more ALDH genes, e.g., kgsA, ealdH, and/or kaldH gene(s)). In some cases this
system of integrating the two expression systems in close in relation to one another can
reduce the buildup of toxic intermediates {e.g., 3-HPA} and reduce exposure of other
enzymes to these toxic mtermediates, thereby increasing production of 3-HP or a salt
thereof.

In some embodiments, an expression system or module encoding at least one
glycerol dehydratase (and/or one or more diol dehydratase gene), as described herein, is
positioned within about 500-2,500,000 nucleotide base pairs (e.g., between about 500
base pairs to 2,500 kilo base pairs) {e.g., nucleotides or basepairs) or less of an expression
system or module encoding at least one aldehyde dehvdrogenase, as described herein in,
in the chromosome of a recombinant bacterium, e.g., P denitrificans {e.g., within about
500-2,500,000 base pairs of each other). In some embodiments, expression systems, as

described herein, encoding at least one glycerol dehydratase (or diol dehydratase) enzyme
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and at least one aldehyde dehvdrogenase enzyme are located within about 2,500 kilo
nucleotides, 1,500 kilo nucleotides, 500 kilo nucleotides, 250 kilo nucleotides, 150 kilo
nucleotides, 50,000 nucleotides, 25,000 mucleotides, 15,000 nucleotides, 10,000
nucleotides, 8,000 nucleotides, 6,000 nucleotides, 4,000 nuclectides, 3,800 nucleotides,
3,600 nucleotides, 3,400 nucleotides, 3,200 nucleotides, 3,000 nucleotides, 2,800
nucleotides, 2,600 nucleotides, 2,400 nucleotides, 2,200 nucleotides, 2,000 nucleotides,
1,800 nucleotides, 1,600 nucleotides, 1,400 nucleotides, 1,200 nucleotides, 1,000
nucleotides, 900 nucleotides, 800 nuclectides, 700 nucleotides, 600 nucleotides, 500
nucleotides, 400 nucleotides, 300 nucleotides, 200 nucleotides, 100 nucleotides, 50
nucleotides, or fewer nucleotides of each other In some embodiments, the distance
between the sites of integration of the genes or expression systems is approximately 4000
basepairs. In some embodiments the sites of integration were at least approximately 1500
basepairs apart {e.g, approximately 1500 basepairs; 2000 basepairs, 2500 basepairs;
3000 basepairs; 3500 basepairs; 4000 basepairs; 4500 basepairs; 5000 basepairs; 5500
basepairs; 6000 basepairs; 6500 basepairs; 7000 basepairs; 7300 basepairs, 8000
basepairs; 8300 basepairs; 9000 basepairs; 9500 basepairs; 10,000 basepairs; 20,000
basepairs; 30,000 basepairs; 100,000 basepairs; 200,000 basepairs; or 500,000 basepairs).
In some embodiments, an expression system, as described heremn, encoding at least one
glycerol dehydratase enzyme or a diol dehydratase, and an expression system, as
described within, encoding at least one aldehyde dehydrogenase enzyme are positioned
within about 300 nucleotides of each other 1n the bacterial chromosome {e.g., the distance
between the sites of integration of the genes or expression systems is approximately 500

basepairs}.

In some embodiments, the location of mtegration into the bacterial chromosome
of an expression systemn affects the expression level of the expression system. In some
cases, the closer to the origin of replication, the higher the expression levels of the
expression system. In some embodiments, the expression system was integrated at
between about 500 - 4000 nucleotides {&.g., nuclectides or basepairs) away from the
origin of rephication. In some embodiments, the expression system was integrated at
~4000 nucleotides away, ~3000 nucleotides away, ~2000 nucleotides away, ~1000

nucleotides away, ~750 nucleotides away, or ~500 nucleotides away from the replication
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origin. In some embodiments, the integration site closest to the origin of replication is
approximately 500 nucleotides away from the origin of replication. In some
embodiments, the integration site closest to the origin of replication 1s at least 500
nucleotides {(e.g., approximately 500 nucleotides; 600 nucleotides; 700 base nucleotides
pairs; 800 nucleotides; 900 nucleotides; 1000 nucleotides; 1100 nucleotides; 1200
nucleotides; 1300 nucleotides; 1400 nucleoctides; 1500 nucleotides; 2000 nucleotides;
2500 nucleotides; 4000 nucleotides; or 5000 nucleotides) away from the origin of
replication. In some embodiments, the expression system was integrated at about 500
nucleotides away from the origin of replication.

As described above, a system was created to channel 3-HPA through the DhaB
and ALDH enzymes to improve 3-HP production and cell viability. This system reduces
the exposure of other enzymes and cellular components to toxic 3-HPA and increases
production of 3-HP or a salt thereof. In one embodiment, the dhaB, gdrAR genes, and
kgsA were located next to each other. In another case, the location of kgsA was more than
2000 bp away from the DhaB and GdrAB encoding genes. The position of integration of
the genes 1o relation to one another and in relation to the onigin of replication influences
expression and activity.

When the Ags4 was placed at different locations {close to DhaB, GdrAB (stram
P4-203, and 2000 bp away from DhaB, GdrAB (strain P4-10)) we notice a difference in
enzyme activities, In strains P4-10 and P4-20 the enzymatic activities were synchronized
{by altering gene regulation modules such as promoters, UTR) m order to study the
channeling effect. With these modifications, both the strains (with (P4-20) and without
{P4-10) channeling effect} showed similar KgsA and DhaB activiies. The only
difference between these two strains (with and without channeling strains) was the
location of the kgsA gene in relation to the dhaB and gdrAB genes (Fig. 51).

In these same strains {P4-10 and P4-20}, the production of 3-HP was compared.
The P4-20 strain, in which the genes (the kgs4 gene, and the dhalS and gdrdR genes)
were channeled (e.g., located close to each other), showed a higher 3-HP production rate
and improved 3-HP titer when compared to the P4-10 strain, in which the genes (the kgsA
gene, and the dhal and gdrAH genes) were not channeled (e g, located 2000 bp apart on

the chromosome). In strain P4-20 the level of 3-HPA accumulation was lower than in

(94
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P4-10. In some cases this is due to the consumption of 3-HPA by the closely located
KgsA enzyme. In the P4-20 strain, the DhaB enzyme {which produces the 3-HPA) is
closely located to the KgsA enzyme, and thus the 3-HPA 15 rapidly consumed by the

KgsA enzyme before it can accumulate, and/or affect the enzymes.

Bioproduction

Gptimum physiological parameters such as media, aeration, temperature, pH, and
mduction time of target product, individually or in combination has substantially effect
on the cell growth and target molecule production.

Media is an important parameter in bioprocess which plays a very vital role in
maintaining the cell viability and to improve the titer of the target product, therefore it
has to be formulated appropriately for efficient 3-HP production. The bioprocess to
produce 3-HP or a salt thereof using analytical grade chemicals is commercially not
viable. Therefore careful selection and formulation of media components was very
important. Among the components, coenzyme B12 for DhaB enzyme activity, carbon
source and nitrogen source are the expensive components supplemented in medium for 3-
HP production, hence, 1t 1s highly important to identify and examine less expensive media
components and also formulate a suitable medwm for 3-HP production and
commercialization.

Apart from industnial medium formulation, the bioprocess conditions such as,
temperature, pH, aeration, etc. was studied and optinuzed in bigreactor conditions.
Cellular metabolism and NAD+ regeneration, which are extremely critical to 3-HP
production, were analytically studied by varying physiclogical parameters under
controlled conditions. The effect of pH, which plays a vital role in improving the acid
tolerance of recombimant strains and enzyme effictencies of 3-HP production pathway,
was examined. Aeration and temperature and induction time optimization was studied
carefully as each physiological parameter significantly influence 3-HP production. An
improvement in performance of recombinant strains to produce 3-HP from glycerol by
bioprocess optimization was achieved.

As described in the examples, various carbon sources that could support

recombinant strains to grow to higher cell densities and also product 3-HP at high titer
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were imvestigated, including, e.g., glucose, glutamate, gluconate, and citric acid. The pH

of the growth conditions was also investigated, and in some cases neutralizing base was
used in the bioreactor to maintain pH. Also provided herein are bacterial strains that can
grow at higher acidic concentrations and/or with higher 3-HP concentrations. In some
cases, the fevel of bicarbonate in the growth culture 1s controlled.

Nitrogen is another important component in the media. As shown in the examples
that follow, the production of 3-HP using various nitrogen sources was also investigated,
including, e g, corn steep liquor, yeast extract, etc..

Aeration 1s an important property for cell growth. Aeration of the culture
conditions is used for cell growth, however too much aeration can reduce levels of 3-HP
production. The examples that follow demonstrate proper aeration for the bioproduction
of 3-HP

This disclosure also provides for identifving the optimal temperature for cell
growth and target molecule production by recombinant microorganisms. This involves a
balance of the optimal temperature for cell growth and the optimal teraperature for target
molecule production.

The mduction timing for the production of 3-HP can also be adjusted based on the
culture conditions and the recombinant bacteria. For example, induction by the addition
of glycerol {as a source for 3-HP} at mid log phase produced high levels of 3-HP by the
recombinant strains. Other culture conditions and/or recombinant stramns can produce

high levels of 3-HP by inducing at early or late log phase.

Removing 3-HP from an Agqueous Solution

In some embodiments, a method of extracting 3-HP from an aquecus solution
mcludes: evaporating a water-immiscible solvent; condensing the vaporized water-
immiscible solvent to a liquid state; using the hiquid water-immiscible solvent to extract
3-HP from an aqueous phase containing the 3-HP to provide a solution of 3-HP i the
water-imnuscible solvent; separating the solution of 3-HP in the water-ummiscible
solvent from the agueous phase. Generally, before being contacted with the liquid water-
immiscible solvent, the agueous phase containing 3-HP further contains a water-muscible

solvent.
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Generally, any appropriate water-miscible or water-immiscible solvents, or any
combination thereof, may be used for removing 3-HP from an aqueous solution.
Exemplary embodiments of these solvents and combinations thereof are described in the
corresponding “Water-immiscible solvents”, “Water-miscible solvents”, “Combinations
of solvents” sections of the disclosure.

In general, any appropriate process conditions may be used in a method of
removing 3-HP from an aqueous solution. Hlustrative exemplary process parameters are
disclosed below in the section entitled “Process parameters.”

In general, 3-HP is a polar organic acid that s relatively highly soluble in water
and 1s relatively poorly soluble in organic solvents. 3-HP is a commercially available
product. For example, 3-HP may be purchased from Sigma-Aldrich as a 30 wt.%
solution in water {Catalog No. 792659), while 5-6 wt.% solution of 3-HP in ethyl acetate
is difficult to obtain. Without wishing to be bound by theory, it is believed that adding a
water-miscible solvent (e.g., methanol) to an aqueous solution of 3-HP decreases the
solubility of 3-HP in the resultant aqueous solution and thereby facilitates the removal of

3-HP from the agueous solution by a water-ummiscible solvent {e g., ethyl acetate).

Agueous Solution

As used herein, the term “aqueocus solution” refers to a solution of at least one
solute in hiquad that includes one or more solvents {e.g., a mixture of solvents), wherein at
least one solvent 1s water and the weight percentage of water in the solvent or mixture of
solvents 15 at least about 50% (e.g., at least about 60%, at least about 70%, at least about
80%, at least 30%). In some embodiments, aqueous solution 1s a solution in which water
is the only solvent.

In some embodiments, the amount of 3-HP in an aqueous solution is from about
10 g/l to about 150 ¢/L {e.g., about 20 g/L to about 140 g/L., about 30 g/L to about 130
o/L, about 40 /L to about 120 g/L, about 50 g/L to about 110 /L, about 50 ¢/L to about
100 g/L, about 60 g/L to about 100 ¢/L, about 60 g/L to about 80 /L, or about 80 g/L to
about 120 g/L). The concentration of 3-HP in a solution may be expressed as a mass of
3-HP i a specified volume of the solution containing 3-HP (titer), an amount of 3-HP in

a specified mass of the solvent {(molality), or an amount of 3-HP in a specified volume of

(v
x



WO 2019/082129 PCT/IB2018/058351

the solution (molarity). Any other way to express concentration of a solute in a solution
may additionally or alternatively be used to describe concentration of 3-HP in the
aqueous solution. As an example, in some embodiments, the titer of 3-HP n an agueous
solution 1s at least about 40 g/L {e.g., about 50 g/L., about 60 g/L, about 70 g/L., about 80

o/L., about 9C g/L, about 100 g/L, or about 120 g/L).

(v

In some embodiments, an aqueous solution is a fermentation broth obtained after
decellularization. Any method to remove whole cells from a broth may be employed for
decellularization. As an example, a fermentation broth may be decellularized using a
centrifuge. In some embodiments, an aqueous solution is a fermentation broth (e.g, a

10 culture media) obtained after culturing or growing a microorganism. In some cases, the
aqueous solution is decellularized. In some embodiments, the broth containing 3-HP may
be obtained by culturing a microorganism that produces 3-HP. [Hlustrative examples of
such microorganisms include a Gram-negative bacteria, such as F.coli, Oligotropha
carboxidovorans, Kilebsiella preumoniae ot Pseudomononas sp., and Gram-positive

15 bactena such as Bacillus subtilis, Laciobaccilus sp. or Lactococcus sp. Microorganisms
that may produce 3-HP by fermentation include any member of genera Closrridium,
Zvmomonas, Lscherichia, Salmonella, Rhodococcus, Pseudomonas, Bacillus,
Lactobacillus, Ionterococcus, Alcaligenes, Klebsiella, Paenibacillus, Arthrobacter,
Corynebacterium, Brevibacterium, Pichia, Candida, Hansenuia or Saccharomyces. In

20 some embodiments, the microorganism that produces 3-HP ts a recombinant bacterium
described heremn. Some examples of recombinant bacterrum that produce 3-HP are a
Pseudomonas strain, a Klebsiella strain, ot an Escherichia strain. Some examples of the
microorganisms that may produce 3-HP by fermentation include Alcaligenes eutrophus

(Cupriavidus necator}, Bacillus licheniformis, Paenibacillus macerans, Rhodococcus

(]

erythropolis, Pseudomonas putida, Lactobacillus plantarum, Finterococcus faecium,

|\

Fnterococcus gallinarium, Enterococcus fiaecalis, Bacillus subtilis and Saccharomyces
Cerevisiae.
A fermentation media in the broth may include a variety of nutrients and
mgredients that are generally useful in a bacterial or fungal growth media (e.g., carbon
30  and/or nitrogen sources). Ilustrative and non-limiting examples of such nutrients and

ingredients are described herein. An example of a carbon source is sugar, such as, for
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glucose, glutamate, gluconate, fructose, arabinose, or galactose, citric acid, ora

b

example
citric acid cycle intermediate such as a pyruvate or succinate, or a combination thereof
Another example of a carbon source 1s glycerol. Exemplary nitrogen sources include
ammonium salts, corn steep hquor, yeast extract, and nitrates. IHustrative examples of
additional ingredients useful in the fermentation media also include serum proteins,
vitamins, nucleic acids and amino acids.

In some embodiments, a decellularized broth containing 3-HP after fermentation
contains from about 0.5 wt.% to about 5 wt.% (e.g., from about 1 wt.% to about 3 wt.%)
of a carbon source, such as, for example, glycerol

In some embodiments, a decellularized fermentation broth contains from about
0.5 wt.% to about 20 wt % {e.g., from about 1 wt.% to about 10 wt %) of a combined
amount of additional mgredients {e.g., such as those described herein) used by a
microorganism to produce 3-HP.

In some embodiments, a broth after fermentation and decellularization has a pH
of from about 7 to about 8 (e.g., from about 7 to about 7.5). Such a broth may contain a
salt of 3-HP, such as, for example, a sodium salt or a potassium salt. In some
embodiments, an acid may be added to the decellularized fermentation broth to decrease
the pH and obtam a free acid form of 3-HP in the broth. Any appropriate morganic or
organic acid maybe used to adjust the pH of the fermentation broth. Exemplary morganic
acids include HCI, Hz804, HNG:, and H3PO4. Exemplary organic acids include formic
acid, oxalic acid, acetic acid, tartanic acid, malonic acid, glutaric acid, succmnic acid, and
trifluoroacetic acid. In some embodiments, a saturated aqueous solution of oxalic acid s
used to adjust the pH of the aqueous solution. The concentration of a saturated solution of
oxalic acid at about room temperature 1s, for example, from about 40 g/L to about 50 g/L
{e.g., about 45 g/L).

In some embodiments, the pH of the agueous solution containing 3-HP s from
about 3 to about 7 {e.g., from about 4 to about 7, from about 4 to about 5, from about 4 to
about 6, from about 4.1 {0 about 4.9, from about 4.2 to about from 4.7, about from 4.2 io
about 4.8, from about 4.3 to about 4.6, or from about 4.3 to about 4.5). In some
embodiments, the pH of the aqueous solution is at least about 3 (e g, at least about 3.5, at

least about 4, or at least about 4.1}, and/or at most about 7 {e.g., at most about 6.5, at
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most about 6, at most about 5.5, or at most about 5.0). In some embodiments, the pH of
the aqueous solution 1s about 4, about 4.1, about 4.2, about 4.3, about 4.4, about 4.5,
about 4.6, or about 4.7,

In some embodiments, the pH of the aqueous solution gradually increases as 3-HP
is removed from the aqueous solution. In such embodiments, the pH of the aqueous
solution may be adjusted (continuously or discontinuously) during the removal process
by continuously or discontinuously adding one or more acids to the agueous solution to
address as desired any gradual increase in pH due to 3-HP removal.

In some embodiments, 3-HP may be removed from the aqueous solution with a
vield of at least about 20 % {e g., at least about 30 %, at least about 40%, at least about
50%, at least about 60%, at least about 70%, at least about 80%, at least about 90%, at
least about 95%, or at least about 99%). In some embodiments, 3-HP may be removed
from the aqueous solution such that only trace amount of 3-HP may be detected in the
aqueous solution {e.g., by HPLC or LCMS). In some embodiments, 3-HP may be
completely removed from the aqueous solution (L.e., the yield of the removal process is
100%}).

As used herein the term “vield” refers to a ratio {expressed as a percentage) of a
total amount of obtained product to a theoretical amount of product that could be
obtained by the process used to obtain the product, based on the amount of starting
materials used in the process.

In some embodiments, 3-HP may be removed from the aqueous solution without
using a counter-current fluid flow. As used herein, the term “counter-current fluid flow”
refers to a bidirectional flow of two immiscible liquids after contact and phase separation.
In some embodiments, the flow rates of the hiquids are equal. In other embodiments, the
flow rate of one liquid s greater than the flow rate of the other liquid. Counter-current
extraction of a solute from an agueous solvent by a water-immiscible solvent is but one
example of a counter-current fluid flow. In embodiments in which 3-HP 1s removed from
an agqueous solution without using a counter-current flow, the 3-HP may be, for example,
extracted from the aqueous solution with an organic solvent, without using any of the
techniques and apparatuses for counter-current flow of the aqueous solution and the

organic solvent. Counter-current flow techniques and apparatuses are described, for
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example, in PCT publication Nos. WO 2005/003074, WO 2013/192450 and WO
2013/192451.

In some embodiments, 3-HP may be removed from the aqueous solution by using
an organic solvent, or a combination of two or more organic solvents. In some
embodiments, the organic solvent for the removal of 3-HP from the aqueous solution may
be used after (1} evaporating the solvent; and (2) condensing the evaporated solvent. In
some embodiments, a flow of the condensed solvent may be directed to remove 3-HP
from the aqueous solution, for example, by directing the flow of the solvent to the
aqueous solution, to achieve effective mixing of the solvent and the aqueous phase such
that 3-HP 1s extracted from the agueous phase by the solvent.

As used herein, the term “evaporating” refers to conversion of a liguidto a
gaseous phase (vapor). When the vapor pressure is equal to the pressure exerted on the
liquid by surrounding atmosphere, evaporating of the liquid 1s referred to as “boiling”. In
some emnbodiments, evaporating occurs when the hiquid is heated. Typically, boiling of a
higuid occurs when the hiquid s heated at or above its boiling point. When the hiquid
containing more than one solvent 15 heated, it is understood that the solvent having a
lower boiling point evaporates first, followed by evaporation of the solvent having a
higher boiling point, unless the two solvents form an azeotropic mixture and evaporate at
the same time.

As used herein, the term “condensing” refers to a process of conversion of a vapor
to a hgud. Typically, condensation of a vapor occurs when the vapor s cooled below the

boiling pomnt of the hquad.

Water-fmmiscibie Solvents

In some embodiments, a water-immiscible solvent (e g, a water-immiscible
organic solvent) may be used in the process of removing 3-HP from aqueous solution.
That 1s, the water-immuscible solvent and the aqueous solution may be combined such
that a solution of 3-HP 1s formed in the water-immiscible solvent The solution of 3-HP
in the water-immiscible solvent may then be separated from the aqueous phase.

As used herein, the term “water-immiscible solvent” refers to a solvent that is

incapable of being mixed with water to form a homogeneous liquid. For example,
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solubility of the water-immiscible solvent in water is less than about 3 wi% (e.g., less
than about 2 wi.%, or less than about 1 wt.%). For example, less than about 3 g {e.g., less
than about 2 g, or less than about 1 g) of water-immiscible solvent is soluble in 100 mL
of water.

In some embodiments, the water-immiscibie solvent has density of less than about
1 g/mL. In such embodiments, the water-immuscible solvent is less dense than water, and
when combined with water, the solvent forms an organic phase above the agueous phase.
In some embodiments, the water-immiscible solvent has density from about 0.5 g/mL to
about 1 g¢/mL {e.g., about 0.5 g/mL, about 0.6 ¢/mL, about 0.75 g/mL, about 0.85 g/mL
about 0.9 g/mL, or about 0.95 g/mL).

IHustrative examples of a water-immiscible solvent that s less dense than water
include a Cs.1o alkane, a Css cycloalkane, an aromatic hydrocarbon solvent, a Cis alkyl
acetate, a Ca.¢ alcobol, and a Cis alkyl ether. Combinations of such water-imimiscible
solvents may be used.

THustrative Cs.1o alkanes include n-pentane, n-hexane, n-heptane, n-octane and
isooctane.

THustrative Cs.s cycloalkanes include cyleopentane and cyclohexane.

HHustrative aromatic hydrocarbon solvents include benzene, toluene, o-xylene, m-
xylene, p-xylene, and cumene.

HHustrative Cis alkyl acetates include methy! acetate, ethyl acetate, n-propyl
acetate, 1sopropyl acetate, n-butyl acetate, isobutyl acetate, sec-butyl acetate, fert-butyl
acetate, n-pentyl acetate, and n-hexyl acetate.

Hustrative Cas alcohols include n-butyl aleohol, sobutyl alcohol, ferr-butyl
alcohol, n-pentyl alcohol and #-hexyl alcohol.

Hustrative Cre alkyl ethers include diethyl ether, dipropyl ether, ethy! propyl
ether, methyl tert-butyl ether (MTBE), and methyl hexy! ether.

In some embodiments, the water-immiscible solvent has density of greater than
about 1 g/mL. In such embodiments, the water-immiscible solvent 1s denser than water,
and when combined with water, the solvent forms an organic phase below the agueous

phase. In some embodiments, a water-immiscible solvent has density from about 1 ¢/mL
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toabout 1.5 ¢/mb (e.g., about 1.1 g/mL, about 1.15 ¢/mlb. about 1.2 g/mL, about 1.25
g/mL, about 1.3 g/mL, or about 1.4 g/mL}.

In some embodiments, a water-immiscible solvent that 1s denser than water 1s a
(14 alkane, a Ci14 alkene, a Ca6 cycloalkane, a Cas cycloalkene, an aromatic
hydrocarbon solvent, a Cis alkyl acetate, a Cz6 aleohol, or a Cre alkyl ether. Optionally,
such a solvent is substituted with one or more {e.g., 1, 2, 3, 4, or 5} independently
selected halogen atoms, such as, for example one or more Cl atoms, one or more Br
atoms, one or more F atoms, or a combination thereof.  Illusirative embodiments of such
water-immiscible solvents include Ci.2 haloalkanes, Ci.4 haloalkenes, Cas haloalcohols,
and halogenated aromatic hydrocarbon solvents. Combinations of the water-immiscible
solvents noted in this paragraph may be used.

HHustrative examples of a Ci6 haloalkane include chloroform, bromoform, a
chlorofluorocarbon, methylene chloride, carbon tetrachloride, 1,1-dichloro-1-
fluoroethane, 1,1, -trichloroethane, and perfluorodecalin.

THustrative exaroples of a Ci.4 haloalkene include 1,2-dichloroethene, 1,1-
dichloroethene, and trichloroethylene.

THustrative examples of a halogenated aromatic hydrocarbon solvent include
chlorobenzene, 1,2-diftuorobenzene, 1,2 4-trichiorobenzens, and trifluorotoluene,

[Hustrative examples of a Cr6 haloalcohol nclude hexafluoro-2-propanol, 2,2,2-
trifluoroethanol, and trichloro-2-methyl-2-propanol.

When a water-immiscible solvent is used of removing 3-HP from aqueous
solution, the conditions may be selected such that the concentration of 3-HP in the water-
immiscible solvent may be from about 1 g/L to about 300 g/L (e.g., from about 5 g/L to
about 250 g/L, from about 10 g/L to about 200 g/L, from about 20 g/L to about 150 g/L,
from about 30 ¢/L to about 100 o/L, from about 40 ¢/L to about 90 g/L, or from about 50
o/L to about 80 g/L}.

In general, the amount of water-immiscible solvent relative to the amount of
aqueous solution can be selected as appropriate. In some embodiments, an amount of
water-immiscible solvent is from about 50 v/v% to about 150 v/v% (e.g., from about 80
v/v% to about 120 v/v%s, or from about 90 v/v% to about 110 v/v%) based on the amount

of the aqueous solution. For example, an amount of water-immuscible solvent may be
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about 50 v/v¥%, about 60 viv®e, about 70 v/v¥%, about 80 v/v%s, about 90 v/v¥%%, about 100
viv¥, about 105 viv®e, about 110 v/iv%, about 120 viv%s, about 125 v/v%, about 130

viv%e, or about 140 v/v%, based on an amount of the aqueous solution.

Water-Miscible Solvents

In some embodiments, a water-miscible solvent {e.g., a water-miscible organic
solvent) may be used in the process of removing 3-HP from the aqueous solution. As
used herein, the term “water-miscible” refers to a solvent that may be combined with
water in any proportion to form a homogenous liguid.

In general, in embodiments in which a water-miscible solvent ts used 1n the
process of removing 3-HP from the aqueous solution, the water-miscible solvent 13
combined with the aqueous solution to form a homogenous agueous solution. As an
example, a water-miscible solvent may be poured into an aqueous solution to form a
homogeneous hiquid. As another example, a water-miscible solvent may be added to the
aqueous solution to form a homogenous liquid after: (1) evaporating the water-miscible
solvent; (2) condensing the evaporated water-miscible solvent; and (3) directing the flow
of the condensed water-miscible solvent to the aqueous solution.

In embodiments 1o which a water-miscible solvent 1s used in the process of
removing 3-HP from the aqueous solution, a single water-miscible solvent can be used or
a combination of water-miscible solvents can be used.

In some embodiments, a water-miscible solvent 13 a Ci3 alcohol. Hlustrative
examples of Ci-3 alcohols include methanol, ethanol, n-propanol, and isopropanol.

In some embodiments, a water-miscible solvent is a polar aprotic solvent.
Hlustrative examples of polar aprotic solvents include tetrahydrofuran (THF), dimethyl
suifoxide (DMSQ), hexamethylphosphoric triamide (HMPT), dimethylformanude
{DMF}, acetonitrile, dioxane, and acetone.

Generally, the amount of water-miscible solvent relative to the amount of aqueous
solution can be selected as appropriate. In some embodiments, an amount of water-
miscible solvent is from about 1 v/v% to about 50 v/v% (e.g., from about 1 v/v% to about
40 v/v%, from about 1 v/v% to about 30 v/v%, from about 5 v/v% to about 50 v/iv%a,

.

from about 10 v/v% to about 40 v/v%, from about 15 v/v% to about 35 v/v%, or from

(o))
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about 20 v/v% to about 30 v/v%) based on the amount of the aqueous solution. For
example, an amount of water-miscible solvent may be about 5 v/v%, about 10 v/v%,
about 15 v/v%, about 20 v/iv®e, about 25 v/v%, about 30 v/v%, or about 40 v/v%, based

on an amount of the aqueous solution.

Combinations of Water-immiscible Solvent and Water-Miscible Solvent

In some embodiments, both a water-miscible solvent and a water-immiscible
solvent are used in the process of removing 3-HP from the agueous solution. In such
embodiments, in general, the volume ratio of the water-immiscible solvent to the water-
miscible solvent may be selected as appropriate. In some embodiments, the volume ratio
of the water-immiscible solvent to the water-miscible solvent is from about 10:1 to about
1:1 (e.g., from about 9:1 to about 2:1, from about 8:1 to about 2:1, from about 7:1 to
about 2:1, from about 6:1 to about 2:1, or from about 5:1 to about 3:1). For example, the
volume ratio of water-tmmaiscible solvent to water-miscible solvent 1s about 2:1, about
3:1, about 4:1, about 4.5:1, about 5.1, about 8:1, or about 10:1.

In general, the ratio of 1) a combined volume of the water-miscible solvent and
the water-immuiscible solvent to 2) a volume of the aqueous solution can be selected as
appropriate. In some embodiments, the ratio of 1} a combined volume of the water-
miscible solvent and the water-umiscible solvent to 2} a volume of the aqueous solution
can be from about 1:1 to about 2:1 {e.g , from about 1:1 to about 1.5:1}, such as, for
example, about 1:1, about 1.2:1, about 1.3:1, about 1 4.1, orabout 1.5: 1.

Generally, the relative boiling point of the water-miscible solvent and the water-
immuscible solvent can be selected as appropriate. In some embodiments, the boiling
point of the water-miscible solvent is lower than the boiling point of the water-
immuscible solvent. In some embodiments, the boiling point of the water-miscible solvent
is higher than the boiling point of the water-immiscible solvent.

In general, the water-immuiscible solvent and the water-muscible solvent, as well
as their respective amounts, can be selected as appropriate.

in some embodiments, the water-miscible solvent is selected from methanol,
ethanol, acetone, acetonitrile, THY, dimethyl sulfoxide (DMSQ)}, hexamethyiphosphoric

triamide (HMPT), and dimethylformamide (DMF), and the water-immiscible solvent is
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selected from methyl acetate, ethyl acetate, n-propyl acetate, isopropyl acetate, n-butyl
acetate, isobutyl acetate, sec-butyi acetate, tert-butyl acetate, benzene, chlorobenzene,
toluene, o-xylene, m-xylene, and p-xylene, n-butyl alcohol, isobutyl alcohol, fert-butyl
alcohol, diethyl ether, methyl tert-butyl ether (MTBE}, methyl hexyl ether, chloroform,
methylene chloride, and carbon tetrachloride. In such embodiments, the amount of water-
miscible solvent and water-immiscible solvent can be selected as appropriate. As an
example, in such embodiments, the amount of the water-miscible solvent can be from
about 5 v/v% to about 50 v/v% based on the amount of the aqueous solution, the volume
ratio of water-miscible solvent to water-immuiscible solvent can be from about 1:10 to
about 1:2, and/or the ratio of 1) a combined volume of the water-miscible solvent and the
water-imnuscible solvent to 2) a volume of the aqueous solution can be from about 1.1 to
about 2:1.

In some embodiments, the water-miscible solvent i1s a Ci1s alcohol (e.g., methanol,
ethanol or 1sopropanol), and the water-immiscible solvent is an aromatic bydrocarbon
solvent {e.g., benzene, toluene, o-xylene, m-xvlene, p~xylene or chlorobenzene). In such
embodiments, the amount of water-nuscible solvent and water-immiscible solvent can be
selected as appropriate. As an example, n such embodiments, the amount of the water-
miscible solvent can be from about 5 v/v% to about 50 v/v% based on the amount of the
aqueous solution, the volume ratio of water-miscible solvent to water-immiscible solvent
can be from about 1:10 to about 1.2, and/or the ratio of 1} a combined volume of the
water-miscible solvent and the water-immiscible solvent to 2} a volume of the aqueous
solution can be from about 1:1 to about 2: 1.

In some embodiments, the water-miscible solvent is a Cia aleohol (e.g., methanol,
ethanol or 1sopropanotl}, and the water-immiscible solvent 1s a Cis alkyl acetate (e g,
methyl acetate, ethyl acetate, n-propyl acetate, isopropyl acetate, n-butyl acetate, isobutyl
acetate, sec-butyl acetate or tert-butyl acetate). In such embodiments, the amount of
water-miscible solvent and water-immiscible solvent can be selected as appropriate. As
an example, in such embodiments, the amount of the water-miscible solvent can be from
about 5 v/v% to about 50 v/v% based on the amount of the aqueous solution, the volume
ratio of water-miscible solvent to water-immuiscible solvent can be from about 1:10 to

about 1:2, and/or the ratio of 1) a combined volume of the water-miscible solvent and the
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water-immuscible solvent to 2) a volume of the aqueous solution can be from about 1:1 to
about 2:1.

In some embodiments, the water-miscible solvent 1s a T3 alcohol (e g., methanol,
ethanol or isopropanol)}, and the water-immiscible solvent is a Cie alkyl ether (e.g,,
diethyl ether, methyl tert-butyl ether (MTBE} or methyi hexyi ether). In such
embodiments, the amount of water-miscible solvent and water-immiscible solvent can be
selected as appropriate. As an example, in such embodiments, the amount of the water-
miscible solvent can be from about 5 v/v% to about 50 v/v%% based on the amount of the
aqueous solution, the volume ratio of water-miscible solvent to water-immiscible solvent
can be from about 1:10 to about 1:2, and/or the ratio of 1) a combined volume of the
water-miscible solvent and the water-immuscible solvent to 2} a volume of the aqueous
solution can be from about 1:1 to about 2:1.

In some embodiments, the water-miscible solvent i1s a Ci1s alcohol (e.g., methanol,
ethanol or isopropanol), and the water-immiscible solvent is a Ci.s haloalkane (e.g,,
chloroform, methylene chloride or carbon tetrachloride). In such embodiments, the
amount of water-miscible solvent and water-immiscible solvent can be selected as
appropriate. As an example, in such embodiments, the amount of the water-miscible
solvent can be from about 5 v/v% to about 50 v/v% based on the amount of the aqueous
solution, the volume ratio of water-miscible solvent to water-ummiscible solvent can be
from about 1:10 to about 1.2, and/or the ratio of 1) a combined volume of the water-
miscible solvent and the water-mmiscible solvent to 2} a volume of the aqueous solution
can be from about 1:1 to about 2:1.

In some embodiments, the water-miscible solvent is methanol, and the water-
immiscible solvent is butyl acetate. In such embodiments, the amount of methano! and
butyl acetate can be selected as appropriate. As an example, in such embodiments, the
amount of methanol is from about 5 v/v% to about 5C v/v% of the aqueous solution, the
volume ratio of methanol to butyl acetate can be from about 1:10 to about 1:2, and/or the
ratio of 1) a combined volume of methanol and butyl acetate to 2) a volume of the
aqueous solution can be from about 1:1 to about 2:1.

In some embodiments, the water-miscible solvent 1s methanol, and the water-

immiscible solvent is MTBE. In such embodiments, the amount of methanol and MTBE
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can be selected as appropriate. As an example, in such embodiments, the amount of
methanol can be from about 5 v/v% to about 50 v/v% of the aqueous solution, the volume
ratio of methanol to MTBE is can be from about 1:10 to about 1.2, and/or the raticof 1} a
combined volume of methanol and MTBE 15 2) a volume of the aqueous solution can be
from about 1:1 to about 2:1.

In some embodiments, the water-miscible solvent is methanol, and the water-
immiscible solvent can be isobutyl alcohol. In such embodiments, the amount of
methanol and 1sobutyl alcohol can be selected as appropriate. As an example, in such
embodiments, the amount of methanol can be from about 5 v/v% to about 50 v/iv% of the
aqueous solution, the volume ratio of methanol to isobutyl alcohol can be from about
1:10 to about 1.2, and/or the ratio of 1} a combined volume of methanol and isobutyl
alcohol to 2} a volume of the aqueocus solution can be from about 1:1 to about 2:1.

In some embodiments, the water-miscible solvent 1s methanol, and the water-
immiscible solvent is tert-butyl alcohol. In such embodiments, the amount of methanol
and tert-butyl alcohol can be selected as appropriate. As an example, in such
embodiments, the amount of methanol can be from about 5 v/v% to about 50 v/v% of the
aqueous solution, the volume ratio of methanol to rers-buty] alcohol can be from about
1:10 to about 1:2, and/or the ratio of 1) a combined volume of methano! and tert-butyl
alcohol to 2} a volume of the agueous solution can be from about ;1 to about 2:1.

In some embodiments, the water-miscible solvent 1s methanol, and the water-
immiseible solvent is benzene. In such emsbodiments, the amount of methanol and
benzene can be selected as appropriate. As an example, i such embodiments, the
amount of methano! can be from about 5 v/v% to about 50 v/v% of the agueous solution,
the volume ratio of methanol to benzene can be from about 1:10 to about 1.2, and/or the
ratio of 1} a combined volume of methanol and benzene to 2) a volume of the aqueous
solution can be from about 1:1 to about 2:1.

In some embodiments, the water-miscible solvent is methanol, and the water-
immiscible solvent is toluene. In such embodiments, the amount of methanol and toluene
can be selected as appropriate. As an example, in such embodiments, the amount of
methanol can be from about S v/v% to about 50 v/v% of the aqueous solution, the volume

ratio of methanol to toluene can be from about 1:10 to about 1.2, and/or the ratic of 1} a
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combined volume of methanol and toluene to 2} a volume of the aqueous solution can be
from about 1.1 to about 2:1.

In some embodiments, the water-miscible solvent is methanol, and the water-
immiscible solvent is chloroform. In such embodiments, the amount of methano! and
chloroform can be selected as appropriate. As an example, in such embodiments, the
amount of methano! can be from about 5 v/v% to about 50 v/v% of the agueous solution,
and volume ratio of methanol to chioroform can be from about 1:10 to about 1:2, and/or
the ratio of 1) a combined volume of methanol and chloroform to 2) a volume of the
aqueous solution can be from about 1:1 to about 2:1.

In particular exemplary embodiments, the water-miscible solvent is methanol and
the water-immiscible solvent is ethyl acetate. In such embodiments, the amount of
methanol and ethyl acetate can be selected as appropriate. As an example, in such
embodiments, the amount of methanol can be from about 15 v/v% to about 35 v/v9% of
the aqueous solution, and the volume ratio of methano! to ethyl acetate 1s from about 1.9
to about 3.7, and/or the ratio of 1) a combined volume of methanol and ethyl acetate to 2)
a volure of the aqueous solution can be from about 1:1 to about 2:1. Also, in such
embodiments, the concentration of 3-HP 1n the aqueous solution can be from about S0
o/L to about 80 g/1., the3 pH of the aqueous solution can be from about 4 to about 3, and
the temperature of the aqueous solution during the process of removing 3-HP from the
aqueous solution s from about 15 °C to about 40 °C.

In some embodiments, a method of extracting 3-HP from an aqueous solution
meludes: (1) providing an extraction vessel containing a decellularized fermentation
broth containing 3-HP, a solvent vessel containing ethyl acetate in an amount of about 90
v/v% to about 110 v/v% based on the amount of the broth in the extraction vessel, and a
condenser; {2) evaporating ethyl acetate from the solvent vessel; (3} condensing the
vaporized ethyl acetate to a liquid state in the condenser; {4) directing a flow of ethyl
acetate from the condenser to the extraction vessel such that a solution of 3-HP in ethyl
acetate 1s formed in the extraction vessel; (5} separating the broth and the sclution of 3-
HP in ethyl acetate in the extraction vessel; and {6) directing a flow of the solution of 3-
HP in ethyl acetate from the extraction vessel to the solvent vessel In some

embodiments, the extraction vessel also contains a methano! in an amount from about 20
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viv%e to about 30 v/v%, based on the amount of the broth. In such embodiments,
methanol 1s completely miscible with the broth and remains in the solvent vessel during
the extraction process. The ratio of the amount of ethyl acetate to the amount of methanol

in such system 1s from about 5:1 to about 3:1.

(v

Process Parameters

In general, any approprate flow rate can be used for a solvent (e.g., an organic
solvent} during the process of removing 3-HP from the aqueous solution. For example,
in some embodiments, a flow of a solvent during the process of removing 3-HP from the

10 aqueous solution 15 from about 0.1 L/h to about 10 L/h (e g, from about 0.5 L/h to about
8 L/h, from about 1 L/hto about 5 L/h, or from about 1 L/h to about 3 L/h).

Generally, any appropriate temperature can be used during the process of
removing 3-HP from the aqueous solution. For example, in some embodiments,
removing 3-HP from an aqueous solution is performed at a teraperature of the agueous

15 solution from about 15 °C to about 50 °C {e.g, from about 15 °C to about 40 °C, or from
about 20 °C to about 30 °C). In some embodiments, removing 3-HP from an aqueous
solution 1s performed at a temperature of the aqueous solution of at most about 50 °C
{e.g., atabout 40 °C, or at about 30 °C). Optionally, removing 3-HP from an aqueous
solution 1s performed at room temperature.

20 In some embodiments, heating 3-HP 1n a polar protic solvent, such as water or
fower alcohol, results 1n decomposition of 3-HP as shown in Scheme 1:

scheme §

~H.,

oo

s H,C=CH, + GO, + HoO
OH
Referring to scheme 1, the hvdrogen atom of the hydroxyl group in the 3 posttion may
25 form a hydrogen bond with the carbony! group of 3-HP, thereby forming a 6-membered
ring. A polar protic solvent may facilitate the formation of the 6-membered ring and the
decomposition of 3-HP to form ethylene, carbon dioxide and water. In one example, the
decomposition may occur when the solution of 3-HP in the polar protic solvent (e.g.,
water} 15 heated at a teraperature above 50 °C. Hence, without wishing to be bound by

30 theory, in some embodiments, keeping the temperature at or below 50 °C when removing
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3-HP from the aqueous solution may reduce the undesired formation of ethylene and/or
carbon dioxide.

In certain embodiments, the temperature of the solution of 3-HP in a water-
immiscible solvent 1s at or near the botling point of the water-immiscible solvent. As an
example, when ethyl acetate is used in the process, the temperature of solution of 3-HP in
ethyl acetate may be from about 78°C to about 80 °C. As another example, when
1sobutanol 1s used in the process, the temperature of solution of 3-HP in 1sobutanol may
be from about 105°C to about 110 °C. Advantageously, the temperature 1s selected such
that there s little or no 3-HP decomposition to undesired products when its solution in
water-immiscible solvent is heated during removal of the compound from an aqueous
solution.

In some embodiments, a process of removing 3-HP from an agueous solution
results 10 a vield of recovered 3-HP that is relatively high such as, for example, at least
about 70% {e.g., at least about 80%, at least about 90%, at least about 93%, or at least

about 99%).

Exemplary Systems and Methods for Removing 3-HP from an Aqueous Solution

FIG. S8 idlustrates an exemplary system for removing 3-HP from an aqueous
solution using a water-immuscible solvent that 1s less dense than water. Referring to FIG.
58, the system includes a solvent vessel 100 and a condenser 110 hydronically connected
to solvent vessel 100 via a side tube 108. Condenser 110 1s also hydronically connected
to an extraction vessel 116 via a syphon tube 112, Solvent vessel 100 includes a stirrer
102, a thermometer 124, and a heating element 104. Extraction vessel 116 includes a
stirrer 120, a pH meter 122, and an inlet tube 114 Inlet tube 114 1s connected to a
peristaltic pump 126, which 1s configured to add an acid from an acid storage vessel 130
to extraction vessel 116 through inlet tube 114

In some embodiments, both the water-miscible solvent and the water-immiscible
solvent are disposed in solvent vessel 100. Generally, an aqueous solution of 3-HP (e g,
a decellularized fermentation broth containing 3-HP) is disposed in extraction vessel 116
after the water-miscible solvent and the water-immiscible solvent are disposed in solvent

vessel 100, although optionally the aqueous solution of 3-HP can be disposed in
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extraction vessel 116 prior to, or simultanecusly with, the water-miscible solvent being
disposed in solvent vessel 100 and/or the water-immiscible solvent being disposed in
solvent vessel 100, The amount of the aquecus solution of 3-HP imtially disposed in
extraction vessel 116 18 selected so that it does not extend up to side arm 108 so that the
aqueous solution of 3-HP does not transfer over into solvent vessel 100. Solvent vessel
100 is heated using heating element 104 until the temperature of the hiquid contained in
solvent vessel 100 reaches the boiling point of the solvent with the lower boiling point
contained in solvent vessel 100 (either the water-immaiscible solvent or the water-miscible
solvent), e.g., as determined by thermometer 124, In general, the water-miscible solvent
has a lower boiling than the water-immaiscible solvent. The water-miscible solvent in
solvent vessel 100 evaporates {(without evaporation of the water-immiscible solvent in
solvent vessel 100}, and the water-miscible solvent vapor flows from solvent vessel 100
through side tube 108 to condenser 110. Condenser 110 uses a coolant at a temperature
that 1s below the botling point of the water-muscible solvent {e.g., from about 53 °C to
about 25 °C, about 5 °C, about 10 °C, or about 15 °C). Thus, the vaporized water-
miscible solvent condenses to a liquid state in condenser 110, and the hiquid water-
nmuiscible solvent (e.g., at about room temperature) flows to the bottom of extraction
vessel 116 via siphon tube 112, The condensed water-miscible solvent combines with the
aqueous solution of 3-HP to form an aqueous phase in extraction vessel 116. The amount
of water-miscible solvent mitially disposed in solvent vessel 100 and subsequently
transferred to extraction vessel 116 15 selected so that the aqueous phase in vessel 116
does not extend up to sidearm 108 so that the aqueous phase does not transfer over to
solvent vessel 100, Solvent vessel 100 is subsequently heated to a higher temperature
using heating element 104 until the temperature of the liquid contained in solvent vessel
100 reaches the boiling point of the water-immuscible solvent, causing the water-
immiscible solvent in solvent vessel 100 to evaporate. The water-immuiscible solvent
vapor flows from solvent vessel 100 through side tube 108 to condenser 110. Condenser
110 uses a coolant at a temperature that 15 below the boiling point of the water-
immuscible solvent {e.g., from about 3 °C to about 25 °C, about 5 °C, about 10 °C, or
about 15 °C). Thus, the vaporized water-immiscible solvent condenses to a hiquid state in

condenser 110, and the liquid water-immiscible solvent (e.g., at about room temperature)
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flows to the bottom of extraction vessel 116 via siphon tube 112, The condensed water-
immuscible solvent mixes with the aqueous phase in extraction vessel 116, such that the
water-immuscible solvent extracts 3-HP from the aqueous phase, thereby forming a
solution of 3-HP in the water-immiscible solvent (organic phase). The result 15 that
extraction vessel 110 contains an agueous phase and an organic phase. Because the
water-immiscible solvent 15 less dense than water, the organic phase is above the agueous
phase. The combined amount of the aqueous solution of 3-HP, the water-miscible
solvent and the water-immiscible solvent initially disposed in the system is selected so
that the organic phase in extraction vessel 116 reaches the side arm 108. Hence, the
organic phase flows from extraction vessel 116 through side arm 108 to solvent vessel
100. In this manner, 3-HP is transferred from extraction vessel 116 to solvent vessel 100.
As the amount of 3-HP in extraction vessel 116 decreases, the pH of the agueous phase in
extraction vessel 116 tends to mcrease, e.g., as detected by pH meter 122, In response to
this ncrease in the pH, peristaltic purap 126 may purap an acid from acid storage vessel
130 to extraction vessel 116 via mlet tube 114, thereby adjusting the pH of the aqueous
phase in extraction vessel 116, The aqueous phase n extraction vessel 116 may be stirred
{e.g., continuously stirred) with sturer 120 to enhance pH homogeneity of the agueous
phase. The temperature of the aqueous phase i extraction vessel 116 and of the organic
phase 0 extraction vessel 116 may be about the same, and 1s typically from about 15 °C
to about 40 °C (e g., about room temperature). Typically, the pH of the aqueous phase in
extraction vessel 116 18 adjusted to be within ranges discussed above. For example, in
some embodiments, the pH of the aqueous phase 13 from about 4 to about 7 {e.g., from
about 4 to about 5, from about 4.2 to about 4.7, from about 4.3 to about 4.4, about 4.3, or
about 4.4).

In certain embodiments, the water-miscible solvent 1s mitially disposed in
extraction vessel 1106, and the water-immiscible solvent is mitially disposed n solvent
vessel 100, Generally, an aqueous solution of 3-HP (e.g., a decellularized fermentation
broth containing 3-HP) 1s disposed in extraction vessel 116 after the water-miscible
solvent 1s disposed in extraction vessel 116 and the water-immiscible solvent is disposed
solvent vessel 100, although optionally the aqueous solution of 3-HP can be disposed in

extraction vessel 116 prior to, or simultaneocusly with, the water-miscible solvent being
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disposed 1n extraction vessel 116 and/or the water-immiscible solvent being disposed in
solvent vessel 100. The aqueous solution of 3-HP and the water miscible sofvent in
extraction vessel 116 combine to form an aqueous phase in extraction vessel 116, The
combined amount of the aqueocus solution of 3-HP and the water-miscible solvent are
selected so that the aqueous phase does not extend up to side arm 108 so that the aqueous
phase does not transfer over into solvent vessel 100, Solvent vessel 100 is heated using
heating element 104 until the temperature of the water-immiscible solvent contained in
solvent vessel 100 reaches its boiling point, e.g., as determined by thermometer 124, The
water-immnuscible solvent in solvent vessel 100 evaporates, and the water-immiscible
solvent vapor flows from solvent vessel 100 through side tube 108 to condenser 110.
Condenser 110 uses a coolant at a temperature that is below the boiling point of the
water-immiscible solvent (e.g., from about 5 °C to about 25 °C, about 5 °C, about 10 °C,
or about 15 °C). Therefore, the vaporized water-immiscible solvent condenses to a hiquid
state in condenser 110, and the hiquid water-umvoiscible solvent (e.g., at about roorn
temperature) flows to the hottom of extraction vessel 116 via siphon tube 112, The
condensed water-immmiscible solvent mixes with the agueous phase m extraction vessel
116, such that the water-ummiscible solvent extracts 3-HP from the aqueous phase,
thereby forming a solution of 3-HP 1n the water-immuscible solvent {organic phase). The
result 18 that extraction vessel 116 contains an aqueous phase and an orgamic phase.
Because the water-imnuscible solvent 1s less dense than water, the organic phase 1s above
the aqueous phase. The combined amount of the aqueous solution of 3-HP, the water-
miscible solvent and the water-immuscible solvent tmitially disposed in the system 13
selected so that the organic phase in extraction vessel 116 reaches the side arm 108,
Hence, the organic phase flows from extraction vessel 116 through side arm 108 to
solvent vessel 100. In this manner, 3-HP 1s transferred from extraction vessel 116 to
solvent vessel 100. As the amount of 3-HP 1n extraction vessel 116 decreases, the pH of
the aqueous phase in extraction vessel 116 tends to increase, e.g., as detected by pH
meter 122, In response to this increase m the pH, peristaltic pump 126 may pump an acid
from acid storage vessel 130 to extraction vessel 116 via inlet tube 114, thereby adjusting
the pH of the aqueous phase in extraction vessel 116. The aqueous phase in extraction

vessel 116 may be stirred {e.g., continuously stirred) with stirrer 120 to enhance pH

-3
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homogeneity of the aqueous phase. The temperature of the agueous phase in extraction
vessel 116 and of the organic phase i extraction vessel 116 may be about the same, and
1s typically from about 15 °C to about 40 °C (e.g., about room temperature). Typically,
the pH of the aqueous phase in extraction vessel 116 1s adjusted to be within ranges
discussed above. For example, in some embodiments, the pH of the agueous phase 13
from about 4 to about 7 {e.g., from about 4 to about 5, from about 4.2 to about 4.7, from
about 4.3 to about 4.4, about 4.3, or about 4.4).

F1G. 59 illustrates an exemplary system for removing 3-HP from an aqueous
solution using a water-immiscible solvent that is denser than water. The system includes
a solvent vessel 300, a condenser 310 and an extraction vessel 316. Solvent vessel 300 15
hydronically connected to condenser 310 through a side tube 308. Solvent vessel 300 13
also hydronically connected to extraction vessel 316 through a side tube 312, Condenser
310 1s hydronically connected to extraction vessel 316 through a connection tube 334,
Solvent vessel 300 includes a stirrer 302, a heating element 304, and a thermometer 332,
Extraction vessel 316 includes a pH meter 320 and an inlet tube 324, Inlet tube 324 13
connected to a peristaltic pump 326, which is configured to add an acid from an acid
storage vessel 330 to extraction vessel 316 via inlet tube 324,

In some embodiments, both the water-miscible solvent and the water-imumscible
solvent are disposed m extraction vessel 300. Generally, before the water-miscible
solvent and water-immiscible sclvent are disposed 1n solvent vessel 300, an aquecus
solution of 3-HP {e.g., a decellularized fermentation broth contamning 3-HP) 15 disposed
in extraction vessel 316, Optionally, however, the aqueous solution of 3-HP can be
disposed in extraction vessel 316 after, or simultaneously with, the water-miscible
solvent bemng disposed in solvent vessel 300 and/or the water-immiscible solvent being
disposed in solvent vessel 300. The volume of the aqueous solution of 3-HP disposed in
extraction vessel 3106 is selected so that the solution does not extend high encugh to flow
into solution vessel 300 via side tube 312. Solvent vessel 300 1s heated using heating
element 304 until the temperature of the liquid contained in solvent vessel 300 reaches
the boiling point of the solvent with the lower boiling point contained in solvent vessel
300 (either the water-imnuscible solvent or the water-miscible solvent), e.g , as

determined by thermometer 332, In general, the water-miscible solvent has a lower
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boiling than the water-immiscible solvent. The water-miscible solvent in solvent vessel
300 evaporates {(without evaporation of the water-immiscible solvent in solvent vessel
300}, and the water-miscible solvent vapor flows from solvent vessel 300 through side

tube 308 to condenser 310. Condenser 310 uses a coolant at a temperature that 1s below

(v

the boiling pomt of the water-miscible solvent (e.g., from about 5 °C to about 25 °C,
about 5 °C, about 10 °C, or about 15 °(). Thus, the vaporized water-miscible solvent
condenses to a liquid state m condenser 310, and the liquid water-miscible solvent {e g,
at about room temperature} flows to the extraction vessel 316 via connection tube 334.
The condensed water-miscible solvent combines with the aqueous solution of 3-HP to
10 form an aqueous phase in extraction vessel 316, The amount of water-nuscible solvent
mitially disposed in solvent vessel 300 and subsequently transferred to extraction vessel
316 1s selected so that the aqueous phase in vessel 316 does not extend high enough to
flow into solution vessel 300 via side tube 312 Solvent vessel 300 is subsequently
heated to a higher temperature using heating element 304 until the temperature of the
15 hiquid contained in solvent vessel 300 reaches the boiling point of the water-imnuscible
solvent, causing the water-immuscible solvent in solvent vessel 300 to evaporate. The
water-imnuscible solvent vapor flows from solvent vessel 300 through side tube 308 to
condenser 310. Condenser 310 uses a coolant at a temperature that 1s below the boiling
point of the water-tmmiscible solvent (e.g., from about 5 °C to about 25 °C, about 5 °C,
20 about 10 °C, or about 15 °C). Thus, the vaporized water-immuscible solvent condenses to
a hiquid state 1n condenser 310, and the hquid water-immuscible solvent {e.g., at about
room temperature) flows to extraction vessel 316 via connection tube 334, The
condensed water-immiscible solvent mixes with the agueous phase mn extraction vessel

316, such that the water-immuscible solvent extracts 3-HP from the aqueous phase,

(]

thereby forming a solution of 3-HP in the water-immiscible solvent (organic phase). The

|\

result is that extraction vessel 316 contains an aqueous phase and an organic phase.
Because the water-immuscible solvent is denser than water, the organic phase is beneath
the aqueous phase. The combined amount of the aqueous solution of 3-HP, the water-
miscible solvent and the water-immiscible solvent imitially disposed in the system 1s

30 selected so that the organic phase in extraction vessel 316 is sufficiently large that

organic phase can transfer from extraction vessel 316 to solvent vessel 300 via side tube
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312, In this manner, 3-HP is transferred from extraction vessel 316 to solvent vessel 300
As the amount of 3-HP in extraction vessel 316 decreases, the pH of the aqueous phase in
extraction vessel 310 tends to increase, e.g., as detected by pH meter 320, In response to
this increase in the pH, peristaltic pump 326 may pump an acid from acid storage vessel
330 to extraction vessel 316 via inlet tube 324, thereby adjusting the pH of the agueous
phase in extraction vessel 316, The temperature of the aqueous phase in extraction vessel
316 and of the organic phase in extraction vessel 316 may be about the same, and 1s
typically from about 15 °C to about 40 °C {e.g., about room temperature}. Typically, the
pH of the aqueous phase in extraction vessel 316 is adjusted to be within ranges
discussed above. For example, in some embodiments, the pH of the agueous phase 1s
from about 4 to about 7 (e.g., from about 4 to about 5, from about 4 2 to about 4.7, from
about 4.3 to about 4.4, about 4.3, or about 4.4).

In certain embodiments, the water-miscible solvent 1s disposed in extraction
vessel 316, and the water-immiscible solvent is disposed in extraction vessel 300,
Generally, before this, an aqueous solution of 3-HP (e g., a decellularzed fermentation
broth containing 3-HP) 1s disposed in extraction vessel 316, Optionally, however, the
aqueous solution of 3-HP can be disposed in extraction vessel 316 after, or
simultaneously with, the water-muscible solvent being disposed in extraction vessel 316
and/or the water-immiscible solvent being disposed m solvent vessel 300. The aqueous
solution of 3-HP and the water muscible solvent i extraction vessel 316 combine to form
an aqueous phase i extraction vessel 316, The combined amount of the agueous
solution of 3-HP and the water-miscible solvent in extraction vessel 316 1s selected so
that the aqueocus phase in extraction vessel 316 does not extend high enough to flow into
solution vessel 300 via side tube 312, Solvent vessel 300 is heated to a temperature using
heating element 304 until the temperature of the liquid contained in solvent vessel 300
reaches the boiling point of the water-immiscible solvent, causing the water-immiscible
solvent in solvent vessel 300 to evaporate. The water-immuscible solvent vapor flows
from solvent vessel 300 through side tube 308 to condenser 310, Condenser 310 uses a
coolant at a temperature that is below the boiling point of the water-immiscible solvent
{e.g., from about 5 °C to about 25 °C, about 5 °C, about 10 °C, or about 15 °C). Thus, the

vaporized water-immiscible solvent condenses 1o a liquid state in condenser 310, and the
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liquid water-immuscible solvent {(g.g., at about room temperature) flows to extraction
vessel 316 via connection tube 334, The condensed water-immiscible solvent mixes with
the agueous phase in extraction vessel 316, such that the water-immiscible solvent
extracts 3-HP from the aqueous phase, thereby forming a solution of 3-HP in the water-
immiscible solvent {organic phase}. The result is that extraction vessel 316 contains an
aqueous phase and an organic phase. Because the water-immuscible solvent is denser than
water, the organic phase is beneath the aqueous phase. The combined amount of the
aqueous solution of 3-HP, the water-nmuscible solvent and the water-immuscible solvent
mitially disposed in the system is selected so that the organic phase in extraction vessel
316 15 sufficiently large that organic phase can transfer from extraction vessel 316 to
solvent vessel 300 via side tube 312, In this manner, 3-HP is transferred from extraction
vessel 316 to solvent vessel 300. As the amount of 3-HP in extraction vessel 316
decreases, the pH of the aqueous phase 1n extraction vessel 316 tends to increase, e.g., as
detected by pH meter 320 In response to this increase in the pH, peristaltic pump 326
may pump an acid from acid storage vessel 330 to extraction vessel 316 via inlet tube
324, thereby adjusting the pH of the aqueous phase in extraction vessel 316, The
temnperature of the agueous phase in extraction vessel 316 and of the organic phase in
extraction vessel 316 may be about the same, and 1s typically from about 15 °C to about
40 °C {e.g., about room temperature). Typically, the pH of the agueous phase in
extraction vessel 316 1s adjusted to be within ranges discussed above. For example, in
some embodiments, the pH of the aqueous phase 1s from about 4 to about 7 (e g, from
about 4 to about 5, from about 4.2 to about 4.7, from about 4.3 to about 4.4, about 4.3 Jor

about 4.4}

Purification of 3-HP

In some embodiments, 3-HP may be purified after removal form the aqueous
solution. As an example, crude 3-HP (3-HP after removal from the aqueous solution but
before purification) may be converted to a salt, such as an alkali metal salt, followed by
washing the salt with an organic solvent to provide a pure alkali metal salt of 3-HP. The
pure alkali metal salt of 3-HP may be converted to a pure 3-HP free acid. In such

embodiments, the alkali metal salt of 3-HP may be formed by treating the crude 3-HP
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with an alkali hydroxide, such as a sodiuim hydroxide or a potassium hydroxide. To
perform the reaction, a solution of crude 3-HP in an organic solvent may be formed, and
the resultant solution may be treated with an alkali metal hydroxide. In some
embodiments, the organic solvent is at least one of acetone, methanol, or isopropanoci. In
some embodiments, pH of the solution of crude 3-HP in the organic solvent 15 from about
4 1o about 5 (for example, about 4.3 or about 4.4). In some embodiments, alkali metal
hydroxide 15 added to the reaction mixture unti the pH of the reaction mixture 1s about 7.
An alkali metal salt of 3-HP that has precipitated from the reaction mixture may be
collected by filtration, and further washed with the organic solvent as described above.

To obtain pure 3-HP free acid, a salt of 3-HP, such as a sodium salt, may be
dissolved in water and the resultant aqueous solution may be treated with any one of the
acids described herein. For example, the aqueous solution of 3-HP salt may be treated
with hydrochloric acid or an oxalic acid until pH of about 4 to about 5, and the pure 3-HP
free acid may be removed from the resultant agueous solution by any of the methods

described herein,

Making Acrylic Acid

In some embodiments, a method of making acrylic acid from 3-HP includes
reacting 3-HP to form acrylic acid. The method can provide a yield of acryhic acid of at
ieast about 50% {e.g., at least about 60%, at least about 70%, at least about 80%, at least
about 90%, at least about 95%, or at least about 99%). In certain embodiments, the
method provides a quantitative yield of acrylic acid (1.e., 100% yield).

In some embodiments, the method includes reacting 3-HP in a hiquid state. In
such embodiments, 3-HP may be neat or may be in a solution in water or in one or more
organic solvents. Exemplary organic solvents include DMSO, DMF and water.

Generally, the method of making acrvlic acid can be performed at any appropriate
temperature. In some embodiments, the method of making acrylic acid includes heating
3-HP at a temperature of at least about 50 °C (e.g., about 60 °C, about 70 °C, or about 80
°Cy. In some embodiments, reacting 3-HP occurs at a temperature of at most about 200

°C (e.g., about 190 °C, or about 180 °C). In some embodiments, reacting 3-HP to produce
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acrylic acid 1s performed at a temperature from about S0 °C to about 200 °C {e.g., about
60 °C to about 190 °C, or about 80 °C to about 180 °C}.

In general, reacting 3-HP to form acrylic acid can be performed at any appropriate
pressure. In some embodiments, when the pressure adjacent reaction mix{ure containing
3-HP 15 lower than atmospheric pressure, the acrylic acid evaporates from the reaction
mixture at the reaction temperature. That 1s, acrylic acid may be removed from the
reaction mixture in a gaseous form. In some embodiments, reacting 3-HP to form acrylic
acid occurs at reduced pressure, such as, for example, at a pressure of less than one
atmosphere adjacent the reaction mixture containing 3-HP. In certain embodiments, the
pressure adjacent the reaction mixture containing 3-HP 1s less than about 700 mbar (e g,
iess than about 500 mbar, less than about 400 mbar, less than about 300 mbar, less than
about 200 mbar, less than about 150 mbar, iess than about 120 mbar, or less than about
100 mbar). In some embodiments, the pressure adjacent the reaction mixture containing
3-HP 15 from about 50 mbar to about 200 mbar (e.g., from about 60 mbar to about 150
mbar, from about 70 mbar to about 130 mbar, or from about 70 mbar to about 100 mbar).
In some embodiments, the pressure adjacent the reaction mixture containing 3-HP 15
about 70 robar, about 74 mbar, about 75 mbar, about 80 mbar, about 90 mbar, about 100
mbar, or about 120 mbar.

In some embodiments, the reaction mixture contains a catalyst to catalyze the
conversion of 3-HP to acryhic acid. Typically, an acid catalyst may be used to catalyze

the conversion of 3-HP to acrylic acid.
scheme 2

®
OH O Hiq-H

o O O
L\/!kOH * ®H T L\\/LLOH e \\\\/H\OH *H0

Referring to Scheme 2, when 3-HP 1s contacted with an acid, the hydroxyl group
at position 3 1s protonated, followed by elimination reaction yielding acrylic acid and
water. Suitable examples of the reaction catalysts include any one of the organic and
morganic actds described herein. For example, a hydrochloric acid, a sulfuric acid, a
polyphosphoric acid, an oxalic acid or an acetic acid may be used to catalyze the reaction

of 3-HP to form acrylic acid. In some embodiments, a zeolite, a silica, or a sea sand may
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be used as a catalyst for the reaction. Suitable examples of a zeolite include molecular
sieves, such as 3A molecular steves, 4A molecular or SA molecular sieves.

In general, the amount of catalyst used may be selected as appropriate. In some
embodiments, the reaction mixture may contain from about 1 wt.% to about 25 wi.%
{e.g., from about 1 wt.% to about 20 wt. %, from about 2 wt. % to about 20 wt. %, from
about 1 wi.% to about 10 wt.%, from about 1 wt.% to about 5 wt.%, or from about 2
wt % to about 4 wt %) of the catalyst, based on the amount of 3-HP the reaction mixture.
In some embodiments, an amount of catalyst in the reaction mixture is about 1 wt.%,
about 2 wt.%, about 3 wt. %, about 4 wt.%, about 5 wt.%, about 10 wt.%, about 20 wt %,
or about 25 wt.%, based on the amount of 3-HP the reaction mixture.

Acrylic acid that s being formed from 3-HP in the reaction mixture is prone to
polymerization, to form a polyvacrylic acid. The methods of making acrylic acid described
herein advantageously avoid formation of polvacrylic acid and provide the desired
product 1n high vield, such as, for example, a yield of at least 50%, {(e.g., at least about
6%, at least about 70%, at least about 80%, at least about 909%, at least about 95%, or at
least about 99%).

To reduce undesired polymerization, in some embodiments, 3-HP 1s reacted to
form acrylic acid 1n the presence of a polymenization mmhubitor.  [lustrative examples of
polymerization mhibitors include phenothiazine, hydroquinone, 4-tert-butylpyrocatechol,
tert-butythydrogquinone, 1,4-benzoquinone, 6-tert-butyl-2 4-xvlenol, 2,6-di-tert-butyl-p-
cresol, 2,6-di-tert-butylphenol, or 4-methoxyphenol.

In general, the amount of polymerization mhibitor used may be selected as
appropriate. In some embodiments, the polymerization inhibitor is present in the reaction
mixture in an amount of about 1 wt.% to about 20 wt.% (e.g., from about T wt.% to about
10 wit.%, from about I wt.% to about 5 wt.%, from about 5 wt.% to about 15 wt.%}) based
on an amount of 3-HP in the reaction mixture. In some embodiments, the amount of the
polymerization hibitor 18 about 1 wt.%, about 2 wt.%, about 3 wt.%, about 5 wt.%,
about 10 wt.%, or about 15 wt.%, based on the amount of 3-HFP in the reaction mixture.

In some embodiments, the acrvlic acid that is being formed from 3-HP s removed
from the reaction mixture. Removing of acrylic acid may be performed continuously

throughout the course of the reaction, optionally untdl all of the 3-HP has reacted to form
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acrylic acid, or removing of acrylic acid may be performed discontinuously during the
reaction, optionally until all of the 3-HP has reacted to form acrylic acid.

As noted above, acrylic acid may be removed from the reaction mixture as
caseous acryhic acid. In such embodiments, the gaseous acrylic acid that has been
removed from the reaction mixture may be condensed to a liquid state, collected and used
for the mmtended purpose. In some embodiments, a coolant is used to condense the
gaseous acrylic acid. For example, a temperature of the coolant used to condense the
acrylic acid at a pressure lower than the atmospheric pressure is from about -5 °C to

about 10 °C (e.g., from about 0 °C to about 5 °C).

Exemplary System and Method of Making Acrylic Acid

An exemplary system for reacting 3-HP to form acrylic acid and distilling the
acryhic acid from the reaction muxture is shown in FIG. 60, The system includes a
reaction vessel 200, a still head 214 connected to reaction vessel 200 via a solvent line
212, a solvent trap 224, a condenser 226 above still head 214, and a collection vessel 238
connected to still head 214 via a valve 236 for collection of the distilled acrylic acid.
Reaction vessel 200 mncludes a sturer 206, a heating element 202, a thermometer 208 to
control the temperature nside reaction vessel 200, and an inlet tube 210, through which a
reaction mixture containing 3-HP {and optionally a solvent and a catalyst) may be added
to reaction vessel 200. Still head 214 mcludes a cooling jacket 218 having a coolant et
tube 220 and coolant outlet tube 222. Collection vessel 238 includes an inlet tube 242,
through which additional ingredients, such as a polymerization inhubttor, may be added to
the collection vessel 238. Collection vessel 238 also includes an outlet tube 244 for
removing acrylic acid from the system. Inlet tube 242 may also be used for connecting
collection vessel 238 to an additional vacuum line. Condenser 226 includes a cooling
1acket 228 having a coolant inlet tube 230 and a coolant outlet tube 232. Condenser 226
also includes a junction 234, through which the system may be connected to a main
vacuum line,

Prior to the removal process, reaction vessel 200 is charged with 3-HP and
optionally a catalyst such as, for example, 4A molecular sieves. A vacuum is then applied

to the system to create a pressure mside the system at about 70-100 mbar. The reaction
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mixture is then heated using heating mantle 202 to a temperature of about 80 °C as
determined using thermometer 208. At this temperature, 3-HP starts reacting to form the
reaction products, acrvlic acid and water. At the pressure of about 70-100 mbar, acrylic
acid and water that formed in the course of the reaction evaporate and the vapor flows
through solvent line 212 to still head 214. Some of the vapor containing acrylic acid and
water condenses in still head 214 to form a liquid product contained in still head 214. The
remaining vapor travels through trap 224 to condenser 226, where the remaining gaseous
acrylic acid and water condense and flow through trap 224 down to still head 214. When
a sufficient amount of liguid product mixture is collected in still head 214, the liquid
flows to collection vessel 238 via open valve 236. Valve 236 may be closed to prevent
undesired flow of the hiquid contained m still head 214 to collection vessel 238,

In some embodiments, the present disclosure provides a method of reacting 3-HP
to form acrvlic acid, including (1) providing a reaction vessel containing 3-HP, a
collection vessel, and a condenser; (2) reacting 3-HP to form acrylic acid 1n the reaction
vessel; (3) evaporating the acrylic acid from the reaction vessel (3) condensing the
vaporized acrylic acid to a liquid state in the condenser; and (4} directing a flow of
acrylic acid from the condenser to the collection vessel. In some embodiments, the
reaction vessel also contains a catalyst. In some embodiments, the reaction vessel also
contains a polymerization inhibitor. Exemplary embodiments of the catalysts,
polymerization mhibitors, amounts of the catalysts and polymerization mhibitors, as well
as the reaction conditions are described in the “Making acrylic acid” section of the

present application.

Purification of Acrylic Acid

In some embodiments, acrylic acid prepared by any of the methods described in
the “Making acrvlic acid” section of the present disclosure may be further purified to
obtain acrylic acid that 1s free of any polymerization products and unreacted 3-HP.
Conventional methods to purify acrylic acid include distillation of acrylic acid at
atmospheric pressure (boiling point of acrylic acid 1s about 141 °C at about 760 mmHg)
in the presence of a polymerization inhibitor, such as 4-methoxyphenol (MEHQ). When

heated at or near its boiling pomnt, acrylic acid rapidly polymerizes even in the presence
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of a polymerization inhibitor. Hence, the yield of a conventional process 1s merely
satisfactory (e.g., 40-60%:}. The methods of the present disclosure advantageously allow
to avoid polymerization and purify acrylic acid with a yield of at least about 56% (e.g,
from about 75% to about 95%) based on the amount of crude acrylic acid before
purification. In some embodiments, the pure acrylic acid is obtained in a form of an
aqueous mixture. The concentration of acrylic acid in such mixture 1s from about 70 wt.%
to about 90 wt.% (e.g., about 70 wt.%, about 75 wt.%, about 80 wt %, about 85 wt.%, or
about 90 wt %0},

In some embodiments, the present disclosure provides a method of purifying
acrylic acid by distilling the acrylic acid at a reduced pressure. In such embodiments, the
pressure exerted by the atmosphere surrounding the acrylic acid during distillation is
typically from about 70 mbar to about 100 mbar (e.g., from about 75 mbar to about 105
mbar, or from about 80 mbar to about 100 mbar), and the temperature 1s typically from
about 80 °C to about 120 °C {e.g., from about 90 °C to about 110 °C, or from about 80 °C
to about 100 °C). For example, in some embodiments, the pressure exerted by the
atmosphere surrounding the acrylic acid during distillation 1s about 70 mbar, about 75
mbar, about 80 mbar, about 85 mbar, about 90 mbar, about 95 mbar, or about 100 mbar,
and/or the temperature 15 about 80 °C, about 85 °C, about 90 °C, about 95 °C, or about
100° C). In some embodiments, the distillation 13 carned out in the presence of a
polymerization mhibitor, the amount of which can be selected as appropriate (e.g., from
about 1 wit.% to about 20 wi.%). The polymerization inhibitor can be any one of the
polymerization mhibitors described herein, or a combimation thereof.

In some embodiments, the present disclosure provides a method of purifying
acrylic acid by purging a vessel containing crude acrylic acid with a gas. In some
embodiments, the gas 1s air, nitrogen or argon. In some embodiments, temperature of the
gas 1s below the boiling point of acryhic acid. In such embodiments, the temperature is
from about 40 °C to about 80 °C {e.g., about 56 °C, about 60 °C, or about 70 °C}. In
some embodiments, the purging is conducted at about atmospheric pressure. In this
process, acrylic acid slowly evaporates (without boiling) at a temperature of the warm
gas, and the flow of the warm gas carries the vapor of pure acrylic acid from the vessel.

In some embodiments, a system for purging of acrylic acid with a gas contains a

oty
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condenser with the temperature of the coolant m the condenser from about 5 °C to about
25 °C. When the warm gas containing vapor of acrylic acid passes through the condenser,
the acrylic acid condenses to a liquid state, while the carrier gas is not retained in the
condenser and ieaves the system. Pure acrylic acid maybe collected from the condenser

and used for the intended purpose.

EXAMPELES
The disclosure is further described in the following examples, which do not limit

the scope of the disclosure described in the claims.

Example 1. Specificity of small-molecule inducers for MmsR transcriptional
activator protein

3-HP or similar small acid inducible gene expression systems are novel expression
system identified in P. denitrificans. This expression systems regulate the expression of
3-HP degrading enzymes. Analysis of gene arrangement near 3-HP-degrading genes in P.
denitrificans genome revealed the presence of a putative LysR-family transcriptional
regulator, MmsR. It was speculated that the transcriptional regulator proteins, when
complexed by 3-HP, activate the transcription of mmsA, hpdH, and others. The putative
transcription activator protein MmsR 15 composed of an N-ternunal helix-turn-helix
domain for BNA binding, a C-termunal domain for inducer binding that responds to 3-
HP, and a linker connecting the two domams. A study was conducted to determune the
spectrum of molecules than can induce MmsR. Various acids and alcohols were tested
for their ability to induce MmsR, including L-lactic acid (LAC), acetic acid {AcOH),
propionic actd (PA), 3-hvdroxybutyrate (3-HB), 1,3-propanediol (1,3-PD0) and 2,3-
butanediol (2,3-BD0), as well as L-valine (L-val} and its degradation intermediate 3-
hydroxyisobutyrate (3-HIB). Most of the acids and alcohols tested were chosen mainly
due to thetr simiarity to 3-HP m size and/or structure. However, L-val and 3-HIB were
chosen based on their similarity to methylmalonylsemialdehyde dehvdrogenase and 3-

hydroxyisobutyldehydrogenase, because mmsAd and hbdH-4, whose transcription is
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regulated by MmsR, encode methylmalonylsemialdehyde dehydrogenase and 3-
hydroxyisobutyldehydrogenase, respectively, the enzymes involved in L-val degradation.

P. denitrificans was cultured on munimal mediuim with and without each compound
to be tested, and transcription of mmsA and AbdH-4 was measured by quantitative RT-
PCR (Fig 2A). The housekeeping gene rpod), encoding sigma factor 70, was used as a
reference. Transcription of the two genes {(mmsA and hbdH-4} was enhanced markedly
upon exposure of P, denitrificans to 3-HIB (mmsA, 154-fold; hbdH-4, 146-fold), 3-HB
(mmsA, 38-fold; hbdH-4, 32-fold) and L-val (mmsA, 72-fold; hbdH-4, 68-fold), and 3-HP
(mmsA, 134-fold; hbdH-4, 128-fold). By contrast, lmuted or no mnduction was observed
on exposure to LAC, AcOH, PA, 1.3-PDO and 2.3-BDO. 3-HP, 3-HB and 3-HIB are

structurally similar, as they are all B-hydroxy acids. Both the carboxyl group and P-

hydroxy appear to be integral to the ability of 3-HP, 3-HB and 3-HIB to bind to MmsR.
L-val 13 much different from these three compounds structurally, and s converted to 3-
HIB. The induction by L-val is attributable to L-val-derived 3-HIB rather than to L-val
itself.

The possibility that malonate semialdhyde (MSA), which 1s dertved from 3-HP, and
methylmalonatesemialdhyde (MMSA), which s derived from L-val and 3-HIB, are the
physiological inducers, rather than 3-HP and/or 3-HIB was also exanuned (see Figs. ZA
and 2B). In general, aldehydes are toxic, and aldehyde-degrading genes are often up-
regulated when aldehydes accumulate in a cell.  3-HP is degraded by the enzymes
encoded by hApdH, hbdH-4 and hbdH-1, and the deletion mutant P. denitrificans
AhpdHAbdH-4ARbAH-1 does not degrade 3-HP at an appreciable rate. In this triple
mutant, which does not produce MSA from 3-HP, transcription of mmsAd was nonetheless
up-regulated by 3-HP (Fig 3). This indicated that 3-HP, without being converted to
MSA, can activate MrmosR protein. Similarly, transcription of mmisd was up-regulated by
3-HIB wn the triple mutant, suggesting that 3-HIB s also a real inducer of MmsR.
Interestingly, the transcription of mmsA n the triple deletion mutant P. denitrificans,
etther in the absence or presence of 3-HP, was higher than 1o the wild-type stram.

To confirm that MmsR is a transcriptional activator, deletion and subsequent
complementation experiments were conducted (Fig. 2B). In the deletion mutant (AmaisR),

transcription of both masd and hbdH-4 were low, and the level was not affected by 3-HP.
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However, when mmsK was re-introduced to the AmmsR mutant by a plasmid, up-
regulation of both mmsA and hbdH-4 by 3-HP was fully restored. These results confirm
that MimsR is the transcriptional activator protein for the expression of mmsA and hbdH-4.
Interestingly, the basal-level transcriptions of mmsA and AbdH-4 1n the AmmsR mutant
were ~2-fold higher than those in the wild-type or mmsR-complemented recombinant
{mmR-C}. This suggests that the inducer-free MmsR protein might repress, to a certain
extent, the transcription of mmsA and hbdH-4.

Although the expression of AbdH-4 was regulated by 3-HP, the promoter
sequence was much different from that of mmis4, as the promoter lacked operator sites for
binding of transcriptional activator proteins. In order to confirm that the 2bdH-4
promoter 1s inductble, the mmsA-hbdH-4 intergenic region was cloned on a plasnud with
ereen fluorescence protein {GFP) as a reporter. In addition, electromobility shift assays
(EMSA) were performed with the purified MimsR protein and the DNA fragment of the
hbdH-4 promoter region. Both experiments showed that the 2bdH-4 promoter s
constitutive, and not inducible by 3-HP. GFP under the conitrol of Puedria was
constitutively expressed, and binding between the MinsR proteins and the hbdH-4
promoter region was not present {data not shown). Furthermore, in gqRT-PCR
experiments for the cells grown in the presence of 3-HP, a large amount of polycistronic
mRNA transcript of mmsA and AbdFH-4 was detected. These results suggest that the
transcription of hbdH-4 1s controlled by two mdependent promoters, 3-HP inducible
Pumsa and constitutive Puearrg, and the significant up-regulation of hbdH-4 upon 3-HP
addition {see Fig. 1B and 2B} 15 atiributed to the transcriptional read-through from Pmmsa.
We also noticed that no terminator sequence was present in the mmsA and fibdH-4

ntergenic region. Pumsa was studied in detail, since Proaz 18 not inducible.

Example 2. In silico analysis of the mnsR-mmsA4 intergenic operator-promoter
region

In silico analysis of the intergenic region between the two divergently transcribed
genes of mmsR and mmsA was conducted. This study characterized the cis-acting
elements, mcluding: (1) putative promoter upstream of the mmsd transcription start site

{TS8), (11) two putative, tandem operator sites, Oy and Oz, and (111} three T-Nii-A motifs,
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two embracing two half-sites of 01 and the last one a half-site of O» (Fig. 3A). Each
operator contained the DNA sequence of dvad symmetry centered at positions —81 and —
33, respeciively, upstream of the putative TSS of the mmsAd gene. Inverted repeats are
common in many prokaryotic operators recognized by regulatory proteins. The distance
between the centers of the two palindromic regions was ~50 bp, corresponding to five
turns of helical DNA. The nucleotide sequence in the dyad at the O1 site, composed of
two 9 bp fragments, 15 bp apart, was highly symmetrical, with only a single mismatch.
The mverted repeat in the 02 site, separated by 11 bp, was less symmetrical, 6 bases
among 9 being mismatched. Alignment of the four palindromic fragments of the O and
(. operators showed the existence of the consensus sequence AACGTGTAA (Fig 3B).
Three bases A, G and T at positions 2, 4 and 5 (Fig. 38, bold), respectively, were fully
conserved in all of the fragments, and the three bases C, T, A at posttions 3, 7 and §
{underlined), respectively, were hughly conserved n three fragments. Tt should be noted
that the dentity of the putative 02 region 1s somewhat questionable; one of its half stte
showed very poor conservation (3/9) and the size of spacer was 4 bp shorter than that in
the O1. Addiional evidence to confurm the identity of the 02 site should be obtained
from im vivo and in vifro experiments (see Examples below).

The LysR-type transcriptional regulators {L'TTR) 1s the Iargest fanuly of transcription
factors in prokaryotes. LTTR binding DNA sequences have two symmetrical operator
regions termed RBS (Regulatory Binding Site} and ABS (Activator Biding Site), where
RBS shows a greater degree of symmetry relative to ABS. In addition, the symmetrical
half sites of RBS and ABS are known to be often embraced by T-{N11}-A motifs. These
sequence characteristics, along with the structural characteristics of MmsR, indicate that
MmsR belongs to LTTR family of transcriptional regulators. Qur analysis of the
sequence of the intergenic region {see Fig. 3A} also suggested that the transcription of
mmsR 1s suppressed by its own product, MmsR. The Os site is located at the putative -10
region upstream of mmsR, and the O: site was completely overlapped with the putative -
35 promoter regions upstream of mmsK, respectively. Binding of MmsR protein at the Oy
and Oz sites can interfere with binding of RNA polymerase at the mmsR promoter and/or
its travel along the DNA strand during transcription. We also noted that transcription of

mmsA can possibly be interfered with by binding of MmsR protein, because the -35
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region of mmsA is located m the 11 bp-long spacer region of the two half sites of the (2
site. This mught explain why the basal-level transcription of mmsA and AbdH-4 in the
AmmsR mutant were 2-fold higher than those in the wild-type counterpart (see Fig. 2A
and Fig. 2B}. Extensive studies both in vivo and in vifre on the intergenic region were

performed to venify the in silico predictions {see Examples below}.

Example 3. fn vive characterization of the mensR-mnis 4 infergenic eperator-
promoter region

Characteristics of the promoter region controlling expression of the mmsA gene were
studied by 57 end mapping and random mutagenesis in vivo. In order to identify the -10
and -35 region, various mutations were made in the Pumss promoter region, including
serial deletions in the upstream regions, or randomization of the putative -10 and -35
regions, and the mutant promoters were fused with the gfp reporter gene (Fig 4). P.
denitrificans lacking the mmsR gene was used as host for testing the mutant promoters,
because MmsR can bind to the promoter and affects expression of the gfp reporter gene.
When the promoter region between ~117 and -60 (Pumsa_ Alyor ~117 and -37 (Pumsa_ A2}
was deleted, gfp expression decreased by about 16% compared to the control (Pumss wit)
which contains the whole-length promoter (Table 1} In comparison, when a longer
upstrearn sequence before 27 (Pumsa A3} or ~14 (PumssA4) was deleted, the promoter
strength decreased significantly by 39 or 58 %. These results suggest that the sequences
deleted in Pumaa A3 and Pommss A4 contain important elements for transcription, most
probably the -10 and -35 regions as predicted by in sifico analysis. Within addition,
randomization n the putative ~10 (Puwa A-10} and -35 (Puwsa_A-35) regions reduced the
promoter strength by 52 % in comparison to that of Pumss wi. The 57 end mapping and
random mutagenesis support the in silico prediction of -10 and -35 regions of Pumsa.

Table 1: In vivo mmsR-mmisA intergenic region analysis based on expression of GFP
(AU/OD; AU, arbitrary unit) after controlled serial mutagenesis of promoter and operator

regions.
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GFP (AU/ODY x 16°

Prometer identification

Operator identification

Arms B mmsR-C'
Plasmid - 3-HP Plasmid - 3-HP +3-HP'
S’ mapping
P wt 9.0 % 0.36 BS_wt 2.6+ 0.08 9.2 £2.00
P AL 7.4+ 0.44 BS_Al 2.5 %0.09 81.0£2.10
A2 774033 BS_A2 2.1 £0.05 224007
A3 554021 BS_A3 24001 2.140.09
SRS 384622 BS Ad 6.0+0.09 50006
Randomization
BS_A0,0,* 41=0.16 BS_AQ,0, 424006 43 £0.02
P A0 43018 BS_AO, 253 0.63 56.7 147
P A3S 5.2 0.20 BS_AO, 1.940.09 1.4 0.05

a. Denoting the complementary expression of MmsR on plasmid

b, Fluorescence was measured three times (n = 3) at 4h after induction and
averaged
5 c. 23mM 3-HP was added to growth medium for induction

5 end mapping and random mutagenesis were also performed to study the

location and identity of the operator regions (1 and O2) i vivo. Because mmsR is

possibly auto-regulated (see Examples below), mmsR was constitutively expressed from a

10 plasmid under the control of the weak P.; promoter {(hbdH-1 promoter). As shown in

Table 1, BS wt and BS Al, which contain both operators (01 and O2), exhibited high 3-

HP induction (up to ~34.6 fold). In comparison, when the first half site of the putative O1

site {(BS A2} was deleted, alone or along with the other half site of O1 or 02 (BS A3 or

BS A4), the inducthility was completely lost.

15 Promoters with mutation in the O1 and/or O2 region were also investigated. Here,

the operator sequences were randomized to destroy the dyad symmetry, but the -35

regions were not changed. As expected, randomization of O1, or both O1 and O2,
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completely abolished the inducibility by 3-HP. These results confirm the location and
identity of the 01 operator region, which was thought to be present downstream of -98.
However, these results did not clearly define or identify the role of the O2 region. When
the putative O2 region alone was randomized (BS AQ2), promoter strength in the
absence of 3-HP greatly increased (~10 fold) compared to that of wild type BS wt. When
3-HP is present, the strength was reduced by 37% {compared to that of wild type BS wi}
but stll remaimed at a high level In addition, when both the O1 and 02 were
simultaneously mutated {(BS AQ102), the promoter strength was markedly reduced, and
the promoter was not inducible This suggests that the 02 site functions in close
cooperation with the O1 site, and has an important role in regulating Puwmsa function and
strength.

Collectively, the in vivo studies on the operator regions can be summarized as
follows: (1) O1 alone can activate transcription {with the 3-HP-MmsR complex), although
less efficiently than when both O1 and Oz are present, {11} binding of 3-HP-~free MmsR to
the O2 operator can suppress transcription from the Pummst promoter, and (1) the high
strength of the promoter of the AQ2 mutant still involves the presence of the O site. It s
most probable that the Pumsa promoter 1s regulated positively (in the presence of 3-HP) as
well as negatively (in the absence of 3-HP).

The effect on mmsR expression by MmsR binding 1n the operator region was also
studied with a GFP reporter. The Pumsr promoter was negatively regulated by its own
protein product, MmsR protein (Fig. 4B);, GFP expression imcreased by ~2-fold when
mmsR was deleted (Pramsr_ witAmmisR). Mutation m Oz (Pamer_ AG2) did not affect the
expression of GFP, whereas U1 mutation (Pmmsk AG1) shghtly increased it, by ~20%.
These results suggest that occupation of the O region alone by MmsR can repress the
transcription from the Pumst promoter. Furthermore, the presence of 3-HP did not affect
the repression by MmsR protein, indicating that the repression is not 3-HP-dependent.
Identification of -10 and -35 regions of Pumsz was also attempted by 5° end mapping of
the putative promoter regions (Fig 5A), but failed. The strength of the Pumsk promoter
was too weak and the difference in the mutant promoters was not realizable (p > 0.05).

The LTTR proteins and their cis-acting elements have been studied in several

microorganisms. In £, coli and Salmonella typhimurium 172, the UvY protein {a LysR-
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type transcription regulatory protein} controlling the expression of the ivC gene
{encoding acetohydroxy acid isomerase; EC 1.1.1.86} has been mvestigated In these
studies, transcription of the ilvC gene was induced by the substrates of acetohydroxy acid
isomerase, acetochydroxybutyrate or acetolactate, and the induction was mediated by the
vy protein. Similar to the Pmmss promoter, the promoter region of the ifvl and ivC
genes has two operators, (1 and (2, and each operator was composed of 9 bp-long
inverted repeats. The repeats shared homologous sequences, AACGTTAC(TIA i £. coli
and NGAYCGTTG(A)TA in 8. yphimurium LT2, respectively. Moreover, similar to the
PumsA promoter in P. denitrificans, symmetry between the two dyads in these strains was
more strigent in Oy (a single mismatch) than in Oy (six muismatches). Another LysR-
type activator AtzR, present in Pseudomonas sp., has been reported to show the
dissimilarity in the ABS operator region. AtzR activates the expression of divergently
transcribed cyanuric acid degradative operon qizDEF However, ABS contains three
motifs, designated ABS-1, ABS-2 and ABS-3, in which individual subsites have distinct
roles 1n the activation process. fz vivo mutational analysis showed that ABS-1 and ABS-
2 subsites were mvolved for full activation of the Puwwzr promoter. In contrast, ABS-3
functions as a ‘subunit trap’ leading to mactivation of Papzr when AtzR locates at the
ABS-2Z and ABS-3 subsites. For the Pumsut promoter, the O2 region was assumed to
completely overlap the -35 region as wn many other LTTR-mediated systems.
Transcription activators, IvY, CleR and AR from F. cofi, P. putida and P. aeruginosa,
respectively, also possess the same arrangement where -35 promoter element 13 sttuated
within the O2 subsites. This region of overlap controls the up-regulation of a downstream
gene by binding to a dimer of LTTRs. However, the function repressing the downstream

gene 1n the absence of inducer molecules has not been reported.

Example 4. Production of MmsR protein and its binding operator sites in vitro

For biochemical characterization in vitro, recombinant MmsR protein tagged with six
histidine residues at the C terminus of the protein was produced and purified from
recombinant F. coli. His-tagged MmsR protein appeared to function as well as the native
MmsR protein in complementation experiments, conducted as described in Examplel

{see Fig. 6C), whether the His was present at the C-terminus or N-terminus of MmsR. As
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a result, only recombinant C-terminal His-tag MmsR was further studied in virro. After
optimization of the culture conditions {eg., temperature, culture medium, PTG
concentration, harvest time and 3-HP concentration, as well as co-expression with
various chaperons, such as GroEL-ES, DnaKJ-GrpE and trigger factors), the recombinant
MmsR was expressed in soluble form at a high ievel in £ cofi and purified by affinity
chromatography (Fig. SA-E}. The size of the His-tag-fused MmsR protein was estimated
to be 34 4 kDa, which 15 1n good agreement with the size estimate based on a 6x Ais-
mmsR gene sequence. According to native PAGE and/or gel filtration analyses, the
MmsR protein was monomeric at the low concentration of 65 nM, while dimeric at the
high concentration of 550 nM (Fig. 6B).

The binding of MmsR to the mmsR-mmsA intergenic region was studied in vitro by
EMSA (FIG. 7A). 40 oM of the complete 130 bp DNA fragment was used as probe
{designated the Fi2 fragment; see the Fig. 3B) and 0 — 727 nM of the purified MmsR
protein was incubated with the DNA probe in both the presence and absence of 3-HP as
mnducer. A DNA fragment randonuzed in both O1 and Oz (Fivom) was used as a control
{(see Fig 3B and Table 2). In electrophoresis, a band shift appeared for the intact 130 bp
DNA fragment when MmsR was added and the ratio of the shifted DNA to un-shifted
DNA mncreased upon increasing the concentration of the protein during incubation. By
contrast, no such mobility retardation was observed with the control DNA fragment up to
72.7 nM MmsR protein {data not shown). This indicated that MmsR has a strong binding
affinity to the native Pumss, forming a binding complex i vitro. At high concentrations of
the MmsR protein, multiple bands traveling shorter distances appeared.  This was
attributed to the formation of diverse oligomeric complexes among the DNA fragments
and protein molecules. The DNA probe has two binding sites (01 and O2) for MmsR and
MmsR binds to the DNA as dimer, thus it is highly probable that DNA and protein form
diverse oligomeric complexes when their concentrations are high. Fig. 7A also shows the
effect of 3-HP on binding affinity between MmsR and the Pumss promoter. The band shift
appeared at lower MmsR concentration when 3-HP was added. Also, oligomeric
complexes traveling shorter distance appeared earlier at lower MmsR concentrations
when 3-HP was present. This suggested that 3-HP promotes the binding affinity between

MmsR and the Pums4 promoter.
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Table 2: Fragments for EMSA used in this study.
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"Bold letter indicated the half sites of O1 operator; italic letter indicated the half sites of O2

operater; underlined lotier indicated site-directed nrutagenesis region.

To analyze the MmsR binding regions in vitro, DNase [ foot-printing analysis was
performed by capillary electrophoresis (Fig. 7B). A longer 169 bp DNA fragment that
includes the complete 130 bp intergenic region (used in the EMSA experiments described
above), was used as probe {Table 2). The concentration of DNA was fixed at a specific
concentration, while MmsR concentration varied at 0 — 1.2 uM. The foot-printing results
clearly exhibit the presence of two protected regions by MmsR, which should correspond
to operator On {centered at position -81) and O2 {centered at position -33), respectively.
Protection became more evident as MrosR concentration increased. However, it was
difficult to pinpownt the exact regions of protection at the base-pair level of the DNA
sequence.

The EMSA experiments were repeated at a low DNA concentration (0.4 nMj) to
estimate the dissociation constant, Ko, between MmsR and the PmmsA promoter (Fig. 8).
Three DNA fragments, one contamning both the O1 and O» operator sites {(F12) and the
other two having the same length as Fi2 but mutated (randomized) in the palindromic

regions of the Oi{Fine) or Oz (Fum) operator site, were employed. Among the three DNA
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fragments, F12 showed the highest affinity to MimsR, followed by Fiam and then Fuvz. The
dissociation constants for MmsR binding (Kp} to the three BDNA fragments were
determined from MmsR protein-DNA isotherm curves where the MimsR-bound DNA
fraction was plotted against the free MimsR concentration in the reaction buffer (Fig. 9).
The Kp was 10.7 nM for Fi2, 18.6 nM for Fiam, and 79.8 nM for Fivp, when estimated for
monomeric MmsR protein, in the absence of 3-HP (Fig. 9. 3-HP altered the binding
affinity differently for the DNA fragments. In the presence of 3-HP, the Kp values (for
the monomeric MmsR concentration) were estimated to be 5.4 nM for Fi2, 19.8 oM for
Fim, and 316 nM for Fivp (Fig. 9). The higher atfinity of Fiz than Fiav or Fiwe suggested
that there 1s some cooperativity in operator binding, such that MimsR binding to one
operator {likely O} stimulates binding to the other operator (probably O:z). The presence
of only one DNA-MmsR complex band for Fiz in the absence of 3-HP also supported the
concept that there is cooperativity in binding between the two operators: if the binding of
MmsR to 01 does not stimulate the binding to O2, two DNA-MmsR complex bands {one
for O1 binding and the other for O1 and O» bindings) should have appeared.

Rhee ef al. also studied the binding affinity of £. coli IIVY protein for DNA
fragments containing either the tandem operators {0:102) or the 01 or Oz operator alone.
The binding affinity was highest for the fragment containing the tandem G:1(: operator
and lowest for the fragment having the O operator alone, and the Kapp for monomeric
IIvY was determined to be 4.4 nM for the tandem operator, 35.2 nM for Oy, and ~900 nM
for Q2. However, Rhee e7 af. also reported that the mducer did not affect the binding of
the TivY protein to the operators. Here, in the presence of 3-HP, two retarded bands were
distinguished at the highest protein concentrations. The change in properties of DNA
binding protein in the presence of mducer could have an effect on the formation of
complex. More probably, as explained in the above Examples, when concentrations of
DNA and MmsR increased above certain levels, they can form multiple complex

oligomeric structures having different mobilities.

Example 5, Specificity of small-molecule inducers for HpdR transcriptional

activator protein
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HpdR s a transcriptional activator protein, simlar to MmsR, which can recognize
3-HP, or similar small acids, and stimulate the expression of specific genes in .
denitrificans. Fig. 10A shows the arrangement of genes and the intergenic region in the
HpdR regulated operon in P. denitrificans. The hpdR and hpdH genes are conserved in
all sequenced Pseudomonas genomes avatlable in the Pseudomonas Genome Database,
and the organization of this genomic region 1s the same. The hpdH gene encodes 3~
hydroxypropionic acid dehydrogenase (EC no. 1.1.1.59), an enzyme involved in 3-HP
catabolism. The hpdR gene encodes a LTTR protein, composed of 304 amino acid
residues and divergently transcribed as compared to its structural gene, hpdH. Sequence
analysis revealed that the intergenic region between hpdR and hpdH s 124 nucleotide bp
long and contains two promoters for the expression of hpdR and hpdH, HpdR dimer
binding sites (Regulator Binding Site and Activation Binding site, RBS and ABS
respectively) and ribosome binding sites. The DNA binding site for HpdR was probably
have three putative tandem operator sites, ABS-~1, -2 and -3 and RBS-1 and -2, and only
two T-N11-A motifs were located within this intergenic region, one at RBS-1 and the
other overlaps with RBS-2 and ABS-1. The presence of T-N11-A motifs is one of typical
features of the LTTR mediated expression system (see Fig. 10A}. The three operators
contained regions of dyad symmetry centered at position 52, -36 and 21, respectively,
upstream relative to the hpdH transcription start site (TSS; predicted using NNPP tool).
For the expression of the hpdR gene, the pseudo-palindromic repeats such as RBS-2 and
ABS-2 masks the region between the transcription start site and —35 region, indicating
that HpdR binding at these operator regions can completely eliminate binding of RNA
polymerase and thus autorepress the transcription of s own gene, hpdR. On the other
hand, the two 9-bp fragments in the RBS and ABS sites were 5, 7 and 0 nucleotides apart,
respectively. The nucleotide sequences of the three inverted dyads were not completely

symmetrical, as there were three mismatches in each subsite.

Example 6. Transcriptional activation of hpdH by HpdR
It has been suggested that HpdR 1s the transcriptional activator protein for the
hpdH gene in Pseudomonas denitrificans. In order to test this in vivo, several 2.

denitirificans strains, including deletion mutant strains, e, PddhpdR and PddmmsR, and

97



(v

10

20

\.]
W

WO 2019/082129 PCT/IB2018/058351

a recombinant strain Pd4spdR harboring pUCPK/Pcl-ApdR (for complementation study)
were created and analyzed for hpdH transcription, along with a WT strain (ATCC13867).
A PddmmsR strain having a deletion of the putative {4 transcriptional activator protein,
was tested to see if there 15 cross-talk between the C3 and C4 transcriptional activator
proteins, HpdR and MmsR. The mRNA expression levels were determined and compared
in the presence and absence of 3-HP as inducer. The increase by 3-HP in hpdH
expression from the P. deniirificans chromosome (WT) was 43.0 £ 10.9 fold, while its
transcriptional activator, HpdR, showed no change by 3-HP (Fig. 11A). In the C4 operon,
the expression of mmsA and ApdH-TV was also activated by 3-HP by 151.3 £ 18.2- and
149.3 = 9.6-folds, respectively, while that of mmsR was not at all (Fig. 11B). In 2.
denitrificans W'T, the genes for regulatory proteins (ve., ipdR and mmsK} were expressed
at the low level, but the genes regulated by those proteins (ApdH, mmsA and hpdH-1V)
were highly expressed in the presence of 3-HP . In particular, mmsA and ApdH-TV of the
(4 operon showed high expression, indicating the existence of hugh-sirength promoter{s).
Once hpdR was deleted (AlpdR), the transcription of AipdH was not activated (1. 20 +
0.538); when AipdR was complemented by a recombinant plasnid where HpdR was
expressed (hpdR-C), its transcriptional activation was recovered to the wild type level
(60.5 £ 6.1). Thus, 1t could be concluded that #pdH, one of the catabolic genes mn the 3
operon for 3-HP, 15 positively regulated by its transcriptional regulator HpdR when 3-HP
1s present as mducer. In order to study the crosstalk between the C3 and C4 operons,
expresston of U4 operon genes (mmsd and AbdH-1V) 1 the PddapdR, as well as hdpR-
complemented recombinant P. denitrificans strains, was observed. Expression of mmsA
and hbdH-IV was not affected by the presence and/or deletion of fipdK, indicating that
the C3 transcriptional activator is spectfic to the C3 operon, and does regulate the C4
operon (Fig. 11B). Similarly, the C4 transcriptional activator (MmsR) did not affect the
expression of C3 operon gene (data not shown). Taken together, these results indicate
that, although HpdR and MmsR are activated by the same inducer molecule (3-HP}, and
belong to the same LTTR family, they are highly specific in their binding to operator

sites and their subsequent transcriptional activation of the gene(s) under the control.

Example 7. Autoreguiation of HpdR
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LTTR regulatory proteins are known to autoregulate their own promoters by
repressing transcription initiation in an inducer-independent manner. The regulatory
binding site (operator) of HpdR upstream of /ipdH has been implicated as a possible auto-
regulatory site. To understand the autoregulation of HpdR in the U3 operon, we
constructed several plasmids including (1) GFP expressed under the control of Pupar, with
HpdR constitutively expressed using a PC1 or Pzwf promoter, and (11} GFP constitutively
expressed using Pea and Ppp promoters, respectively. The GFP fluorescence was
expressed using the Prpar promoter, where HpdR is expressed at two different levels with
etther the Pz or PC1 {(weaker than Pr.s) promoters. The autoregulation of GFP was
monitored over 24-h culture period. When HpdR was expressed using Pzwf or PC1 | the
GFP reached a saturated level at 10 hr, and there was no more expression in spite of the
constitutive expression of HpdR. However, the GFP fluorescence kept being expressed
gradually when 1t was regulated by the constitutive promoters such as Pew and Pop. The
expression level of GFP fluorescence was shown to be affected by its promoter strength,
i.e., Pipar, Peda, and Ppp. This result was in accordance with the fact that LTTR protein

autoregulates its own promoter {Fig. 12).

Example 8. Specificity of Inducers of HpdR in the C3 operon

Inducer specificity for HpdR was examined using several acids and aldehydes
selected according to their stmilarity to 3-HP 10 carbon number (C3 or 4), molecular
mass, and chemical structure, including 3-HP, L-val, BA, IBA, LAC, AA VA, and PA.
Relative inducibility was examined based on the transcription of #pdH and gfp genes, as
well as fluorescence from GFP. 3-HP was determined to be the best inducer for HpdR,
based on transcription levels of HpdH and gfp, and GFP fluorescence.  3-HP mncreased
the transcription of spdH by 75 + 8 3-fold compared to a control (Ctrl) without the
inducer. This was a statistically significant difference, as compared with the results from
other chemicals {(Fig. 12A}. Transcription of hpdH also increased by 52.8 4 27 4-fold
upon exposure to L-valine, making L-valine the second most potent inducer in these
experiments. However, other acids and propionaldehyde were found to be less effective,
or fail to induce the HpdR-mediated regulatory C3 gene expression system. These

findings of 3-HP and L-valine inducibility using the C3 (hpdH and hpdR) regulon were

99



(v

10

20

\.]
W

30

WO 2019/082129 PCT/IB2018/058351

simular to results described in the Examples above for the C4 regulon {(mmsA and
MmsR}.

Structurally, 3-HP has both carboxy! and B-hydroxy groups that play an important
role in binding ability of the ligand to HpdR. The L-valine was also tested because hpdH
encoding 3-HP dehydrogenase is also involved in L-valine degradation and its metabolite
can show the induction capability. L-valine, even though structurally different from 3-
HP, can be easily converted to 3-hydroxvisobutryric acid (3-HIB), which can induce the
Cm operon (manuscript in process}, and induction by L-val 1s attributed to 1ts conversion
to 3-HIB Together, the transcription of gfp as the reporter gene was examined. The ApdH
gene was replaced with gfp in plasnud pUCPK /Pewl-ApdR-PC3-gfp, and gfp was
heterogeneously expressed. The gfp-carrying reporter strain Pd 4hpdR AhpdH was treated
with several chemicals at 25 mM (pH 7.0~7.4), as described above, including including
3-HP, L-val, BA, IBA, LAC, AA, IVA, and PA. gfb mRNA expression was induced to
the greatest extent with 3-HP, which led to a 3 4-fold increase in expression over control,
This was statistically sigrificant relevant to the control. The other chemicals that were
tested did not induce mRNA expression (Fig. 12B). Simdarly, GFP fluorescence was
most induced by 3-HP (3~ and 3.3-folds) at 6 and 11 hr post induction, respectively (Fig.
12C}, which accorded with the gfp gene expression results which showed a 3-fold
mduction ratto. Thus, 3-HP 1s the best inducer for activating transcription of the target
gene when complexed with HpdR 1 the 3 operon.

The dose effect of 3-HP on the inducible promoter system of hpdH was also
studied by varying the concentrations of 3-HP ranged from 0.1 mM to 25 mM. The fold
increases of GFP fluorescence in induction ratio was shown to be linear with 0~0.5 mM
at 6 and 11 hr post induction. However, concentrations higher than 0.5 mM to 25 mM
showed similar increases in the inducibility (Fig. 12D}, The C3 operon in which the
transcription of dpH 1s regulated by HpdR 1n vivo and in vitro via 3-HP-mediated
inducible process was characterized through examination of inducer specificity at the
transcriptional and translational levels. The inducer specificity and the strength of the
hpdH promoter system were studied. The resulting findings indicated that 3-HP showed

the highest specificity when complexed with HpdR for induction of this gene expression
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system, and an overall 3-fold induction ratio of the hpdH promoter was observed in vivo

for GFP expression.

Example 9, fn vivo analysis of the HpdR binding site

In silico sequence analysis of the 57 region of PhpdH revealed the presence of five
putative operators (RBS-1, RBS-2, ABS-1, ABS-2, and ABS-3). In order to elucidate the
importance of these operators in the transcriptional activation of hpdH, studies were
conducted, wherein the repeated sequence of each of the putative operators was mutated.
Several recombinant plasmids, based on the pUCPK’ /Pzwi-hpdR-PC3-gfp plasmid,
where constructed such that one of the five operator repeats was replaced with a 9 bp
random DNA sequence { ACAGGCGTA, generated by a Random DNA Sequence
Generator tool, that does not show either conserved T-N11-A motif or sequence
conservation with the actual subsites), and the mducibility of gene expression was then
assessed by measuring GFP levels (reporter) {data not shown. Mutation of the either the
RBS-1 or ABS-2 site strikingly decreased the 3-HP inducibility (data not shown. In
comparison, the effect of the mutation on the ABS-1 or ABK-3 sites was less significant,
and mutation of the RBS-2 site did affected the inducibility of the PC3 promoter only
marginally. These results suggest that the RBS-1 and ABS-2 sites are key binding sites
for HpdR to activate the transcription of ApdH {or gfp), while the other operator sites are
iess important for HpdR binding.

According to LTTR studies, a LysR protein dimer binds to two operator sttes in a
cooperative manner. In general, once RBS 15 first occupied, it helps ABS recruit the
second LTTR dimer. If this is the case, the RBS site is more important than the ABS due
to the functional role of the RBS in the efficient recrutment of the LTTR dimer for
transcriptional activation of a target gene{(s). Among the two repeats in one operator (i.e.,
RBS-1 and RBS-2), 1t 1s unclear which repeat 1s more essential in binding of LTTR
protein. Both repeats accept helix-turn-helix motif of LysR protein and thus, both are
equally important. However, considering the low promoter strength of PC3, the affinity
of HpdR to the operator{s) can be weak and it can be atiributed to the less contribution of
RBS-2 in the recruitment of HpdR protein. This study showed no change in mducibility

even though mutation of RBS-2 was examined, suggesting that the contribution of thig
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repeat 1s not high enough. A more detailed study on the role of RBS-2 1n aspects of
LTTR binding could be implemented, by varying RBS-2 to have more consensus
sequence for higher affinity to LysR. The less significant decrease in expression after
mutation of the ABS stte {(both repeats of ABS) can be attributed to the fact that this ABS
closely match the putative promoter site for ApdH and these mutations caused the
alteration of hpdH promoter leading to the fluctuations of inducibility. The mutation on
ABS-2 seemed to render the PC3 constitutive, resulting in no mducibility in HpdR-
mediated activation of transcription in the presence of 3-HP. Taken together, mutations of
each of the operators, except for RBS-2, caused the loss of inducibility in the case of
HpdR complexed with 3-HP, and this alteration led to a functional modification of the
promoter from being inducible to having constitutive characteristics. This change ingene
expression resulting from operator mutations can be atiributed to several hypothesized
reasons: {1} weakened affinity of HpdR for the DNA binding site for activation of hpdH
{or gfp) transcription; (1) the inappropriate of a conformational change in the HpdR
protein-operator DNA complex in terms of DNA bending leading to low transcription of
target gene; (111) significant change in ApdH promoter strength, causing decreased

expression. Therefore, operator mutations can lead to the alteration of intrinsic promoter

characteristics.

Example 10, Binding site randomization and modification of activator expression
level

Gene expression can be modified at the transcriptional and/or translational level.
Initially, we modified the operator sites (O: and O2) to try to improve transcription from
the Pumsa promoter. The operator sites present in the intergenic region of mmsR-mmsA, to
which the activator protein MmsR binds, play an important role in determining the
affinity of promoter region to RNA polymerase. The kgsA gene was cloned downstream
of the intergenic region of mmsK-mmsA in the multi-copy pUCPK plasmid, and two
different portions of the O operator sequence, each making up a half-site of the operator,
were randomized independently (Pumsiza and Prmsazn} or in combination (Pumsazan) (Fig.
15A). Transcriptional activator MimsR was expressed from the bacterial chromosome

under the native promoter (Pumsi). The intact intergenic sequence, without mutation, was
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used as the control. The mutation in O or O significantly increased the transcription
level, 7.3 — 10.6 folds without 3-HP and 1.3 - 1.7 folds with 3-HP. Mutation 1n the first
half of the 02 region {(2s) more significantly improved transcription efficiency than
mutation in the second half (Oa). When both half-sites of the (2 operator were
randomized, the basal level of transcription (without 3-HP) was comparable to the basal
transcription level resulting from mutation of either Oz or Oz (Fig. 15B). However, the
maximal transcription level in the presence of 3-HP decreased and the level was even
lower than that of wild type promoter. The O region completely overlaps the -35 region,
where o-factor of RNA polymerase binds. It is possible that the changes in the sequence
surrounding the -35 region could directly affect the affinity/function of MmsR to the
Pummsa promoter in term of up-regulation when responding to 3-HP. In this case, the
decreased binding interaction by randomizing the half of 02 region greatly increased the
transcriptional level in inducible manner.

By using GFP as a reporter, the sirengths of wild-type and mutant promoters were
clearly compared (Fig. 15C). The result showed that a promoter having mutations in the
first half of the O2 region (Pumsaza) performed ~ 2-fold higher in expressing GFP during
an induction period with 25mM 3-HP. This result was consistent with the transcription
levels results shown in Fig. 15B. This study indicated that transcriptional levels can be
modified by altering the operator binding sites region. We could increase both basal level
expression of the promoter (greatly), and the induced level of expression of the promoter
{by ~2 fold).

In bactena, the LysR-type transcriptional regulator (LTTR) protein effectively
upregulates downstream genes by interacting with RNA polvmerase. As a consequence,
the amount of LTTR protein influences the transcriptional levels of target genes. To study
the etfect of MmsR expression on Pumsa promoter strength, we developed a library of
constitutive Pryy promoters (Fig. 16A), and expressed MmsR under selected promoters
from the Pnyrlibrary (Fig. 16B). In constructing this synthetic promoter hibrary, the -35
and -10 consensus sequences of the Py promoter were kept constant, and the space
surrounding these sequences was randomized and the length was varied.

Several synthetic promoters in the hbrary were evaluated, and these showed a

distribution of promoter strengths as depicted 1o Fig. 16A. As a positive control, the
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constitutive promoter Pos (Povr7) was used. After the background signal was normalized,
the library promoters generated GFP florescence levels that ranged from 11,500 (Pruri) to
51,000 (Pror12) relative florescence units (AU/ODso0). Thus, levels of promoter
expression ranged by approximately 5 orders of magnitude with reference to wild type
Pour7{32,200). Three promoters from this library were chosen: Preri and Powrin,
corresponding to 0.4, 1, and 1.7-fold differences compared to the wild-type Py,
respectively. Transcriptional activator MmsR placed under the control of each of these
derivative Py promoters was produced at varied levels, and transcription of the gene
{(kgsA) downstream of the Pumsit promoter was affected. The strain (Pumsa)
chromosomally expressing MmsR under native promoter, Pumsk, was used as control. At
low MmsR levels {(MmsR-1 strain}, when MmsR was under the control of the Prurs
promoter, the mRNA expression of kgs4 was comparable to that of control, whether 3-
HP was absent or present. When the amount of MinsR was increased by placing it under
the control of either of the two stronger Pruet and Prursin promoters {the MimsR-1 and
MmsR-11 strains, respectively), the transcription of kgsA was improved in the presence
of 3-HP. However, the basal expression level of kgsd was significantly reduced when 3-
HP was absent. This result was understandable because of the repression regulation of
apo-MmsR, as described previously. For inducibility, a higher MmsR expression level
could greatly mcrease the difference between non-induced and induced situations by
minimizing the basal level. This indicated that enhancing activator 13 a good strategy for
hampering the leakage of target gene before mmducing that commonly occurred in cases of

strong inducible promoter.

Example 11. Comparison of expression of native surisA vs. heterologous fgsd gene
under the Pumsa promoter

P. denitrificans can actively degrade 3-HP produced from glycerol The enzymes
3-hydroxyisobutyrate dehydrogenase 1V (HbdH-4} and methylmalonatesemialdehyde
dehydrogenase (MmsA) encoded by #bdH-4 and mmsA, respectively, were partially
responsible for the degradation of 3-HP (. The mmsA promoter (Pmms4) was highly
mduced (>140-fold) by 3-HP with the help of the activator protein, MmsR (. This
promoter was emploved to develop a 3-HP sensor that can sensitively detect 3-HP at

about 25 mM, when added externally.

104



WO 2019/082129 PCT/IB2018/058351

Although Pumss was highly inducible by 3-HP, the expression levels of
heterologous genes, such as gfp or kgsA, put under the control of Pmmsa was much lower
than that of mmsA, which 13 inherently controlled by Pumsa n 2. denitrificans. Before

engineering of Pumsa, the expression of a homologous {mmsA) and heterologous (kgsA)

(v

genes cloned under Pumsa was quantitatively compared by RT-PCR. Transcription of the
heterclogous gene kgs4 was significantly lower than that of the native gene {mms4),
~100-fold when expressed chromosomally and ~40-fold when expressed episomally
using the multi-copy (~20 copies) pUCPK’ plasnud. Crude-cell KgsA activities clearly
showed the effects of 3-HP induction and gene dosage. When expressed from
10 chromosome {(Int-1}, the activity was 0.08 U/mg protein without 3-HP and 0.15 U/mg
protein with 3-HP, respectively. When expressed from the multi-copy plasmid, the
activity was 1.02 U/mg protein without 3-HP and 3.15 U/mg protein with 3-HP,
respectively. We notice that the KgsA activities, determined either with or without 3-HP,
faithfully reflect the gene dosage effect and were almost proportional to the gene copy
15 number. When KgsA was expressed from the multi-copy plasmid along with glycerol
dehydratease (DhaB), and its crude-cell activity was 2.5 U/mg protein, good 3-HP
production resulted. This suggests that when kgs4 1s integrated into the chromosome, the
Pumsa promoter should be engineered to express the gene by ~20 fold higher. Fortunately,
under the control of the Pumau promoter, the homologous mmsd gene could be transcribed
20 by ~100 fold higher than that of kgs4. The expression of kgs4 can be improved by
mereasing the efficiency of its transcription and/or translation by altering the properties
of the mmsA regulatory structure, even when the kgs4 gene copy number 15 very low,

such as 1 or 2 copies.

Example 12, Development of tandem promoter system

25 Atternpts at optimizing gene expression levels in bacterial hosts have used
rational and combinatorial approaches in altering transcription and translation levels.
When a strong promoter and/or ribosome binding stie (RBS) 15 used, gene expression
mcreases. Synthetic promoter libraries providing a range of expression levels have been
developed. In bactenia like /. cofi and B. subiilis, vegetative and stationary phase

30 promoters have also been identified, which have better response to one sigma factor of

RINA polymerase than the other. Though the aforementioned regulatory modules can help
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express genes with better control at wide range of levels, they cannot express genes at
levels under dynamic growth conditions. To address this problem, we developed new
gene expression regulation modules by creating tandem promoters that incorporate the 3-
HP inducible promoter expression module described previously in the Examples above.
In nature, microorganisms use tandem promoters to maintain the concentration of certain
molecules, and to regulate proteins during dynamic cell growth under different
physiological conditions. We combined 3-HP or small acid inducible promoters, with
range of constitutive or inducible promoters. The promoters were either natural or
synthetic. Here, we developed a library of 3-HP inducible promoters fused with another
promoter, which is either native/synthetic, and/or can activate genes in
exponential/stationary growth phase. In some cases, the tandem promoter system had at
least one inducible promoter and at least one constitutive promoter.

The small acid inducible promoters are activated by 3-HP once they are bound by
an activator protein {similar to LysR). After characterizing the activator proteins that
regulate 3-HP (or similar small acid) inducible promoter systems, it was deternuned that
these promoters are not practical for use in recombinant protein expression by themselves
because they express target protemns at low strength. Therefore, a library of small acid
nducible promoters exhibiting a range of expression strengths was developed by creating
random promoter mutations. The strength of each mutated promoter was analyzed by
cloning mutant promoters upstream of a reporter gene (green florescence protein {GFP)).
An in vivo analysis was performed by taking florescence measurements of strains
carrying 3-HP inducible derived mutant plasmuds. Briefly, four blocks of sequence, 10 bp
in length, were randomized starting from the -51 position (start of the first repeat) up to -
9 region from the predicted TSS. Although, mutation of the first 30 bp, 1.e from -51 to -
21, did not lead to any differences in florescence, mutation between -21 to -12 enhanced
florescence levels significantly (up to ~6-fold). Therefore, mutational randomization near
the -10 region significantly enhanced the promoter strength (Fig. 13). This result along
with in silico predictions strongly supports our predicted locations for the promoter
elements of 3-HP inducible promoters.

An auto-inducible promoter system, as described herein, is valuable for enzyme

expression and regulation in biochemucal and biofuel producing strains because a
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metabolic pathway can be enhanced by intermediates or final products of the pathway,
without it being necessary to add any extra inducers. However, the types of auto-
inducible promoters are quite limited in cells, and these promoters usually produce weak
expression levels. Modification of an inducible system {e.g., by modifying promoter
elements or operator regions) can be conducted to achieve better performance, but must
be carefully conducted to so as to maintain the inducible properties of the promoter. We
sought to increase the strength of transcription by an inducible promoter while
maintaining the inducible properties of the promoter by employing an expression cassetie
that includes tandem promoters.

We designed a tandem promoter expression cassette that combines an inducible
promoter and a constitutive promoter. A tandem promoter expression cassette contaiming
the Prmsa and Pisar-+ promoters controlling the kged gene was cloned into the pUCPK’
plasnud, while the MimsR activator was produced from its native promoter in the
chromosome. Fig. 17A schematically depicts the tandem promoter expression cassette,
and the two mRNA transcripts produced by the promoters. By combining two promoters
in tandem, two kinds of mRNA transcripts, one trom the PmunsA promoter and the other
from the PhbdH-4 promoter, were transcribed as shown in Fig. 17A, thereby mcreasing
the number of kgsA mRNA transcripts. Fig. 17B shows that the tandem promoter system
mereased the mRNA expression level of dgs4 by 1.75 fold compared to the native Prmsa
promoter alone. Fig 17C shows that use of the tandem promoter system led to an
mcrease in KgsA enzyme activity of 3 fold relative to the enzyme activity resulting from
use of the native Pmmaa promoter alone.

When considering the translation efficiency of each of the promoters in the
tandem construct, we found that one unit of transcript from the Puar-s promoter produced
two units of protein/activity (the ratio was 1:2}; whereas one unit of transcript form the
Pumsa promoter produced one unit of protein/activity (the ratio was 1:1) (see Fig. 17).
This result indicated that the 57 untranslated region (57 UTR) of the Puara promoter
could result in higher translation levels compared to the 5 UTR region of the P4
promoter. Each transcript produced by the tandem promoter expression cassette
inherited the UTR region of Purana, which can significantly increase translation, leading

to higher activity of KgsA compared to that of each promoter (Pumsa or Prpan-4) alone.



(v

10

20

\.]
W

30

WO 2019/082129 PCT/IB2018/058351

Thus, relative to either single promoter alone, the inducibility of the Prsaga promoter was
maintained (if slightly reduced) due to the contribution of the Pumst promoter, the basal
expression level without inducer was increased because of the constitutive promoter,
which 1s useful for the expression of pathway enzymes at early time points.

Fig. 55A illustrates four different expression constructs that were constructed with
tandem promoters that included at least one 3-HP mducible promoter. These combined
phpdH with etther Pcl or Pzwf promoters. Fig 55B shows that the tandem promoters

had different strengths based on DhaB activity.

Example 13. UTR Engineering

The 5 -untranslated region (5’-UTR) and 5 -proximal coding sequence play an
important role in controlling the translation initiation rate and mRNA stability, based on
the accessibility of the ribosome to these elernents. We created a library of mutations in
the 8 UTR and 5 proximal coding sequence of the Pmagn4 tandem promoter expression
cassette m order to increase the translation of transcripts produced by genes put under the
control of this system. Several factors made mutagenesis of these regions challenging,
mcluding the overall length of these regions and the ease in which translation efficiency
can be lost. RBS engineerning 1s an easy-to-manipulate method for randomizing an RBS
to modulate the affuuty of a ribosome for 1ts binding site. However, only 6-9 nucleotides
in RBS were modified by this method, and the other important components {5°-UTR or
5’~coding sequence) for translation should be considered.

UTR Designer, an insilico tool, has been developed for the precise prediction of
translation initiation levels. This tool considers the folding structure of the 5" untranslated
regton (5 " UTR) of mRNA (35 bp), the 5'-proximal coding sequence of the structural
gene {25 bp) and the affinity between ribosome and the Shine-Dargarno region, to
understand the transiational controls of a target gene, so that modifications can be
designed to alter transiation levels. We used this tool to evaluate combinations of features
for improving the transcription and translation of the Pusar-4 tandem promoter expression
cassette, including the construct we generated having Opt-3 and Hyb-20 with the
chromosomal expression of MmsR (which we refer to as UTR-0). As shown in Fig. 19C,

the UTR Designer tool predicted a 12-fold increase which was higher than the 1 Sto 2
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fold improvement we observed when this system was fully expressed under normal
condittons {200 rpm, 37°C, 25 mM 3-HP} (data not shown). To clarify the effect of UTR
modifications on translation initiation the expression levels of associated gene {(in this
case KgsA) was measured. The expression levels of proteins were measured on SDS-
PAGE gel, we intentionally avoided addition of inducer to keep the expression at low
levels so that the difference between various UTRs could be easily distinguished. Thus
experiment considers only translation initiation effect. Therefore, the basal expression
without inducer should give us better and sufficient evidence for evaluation; also, the
growth condition was restricted by using low rate of shaker (150 rpm) to minimize the
protein expression limitation.

As shown in Figs. 19 A-C, UTR engineering successfully increased the levels of
target protemn. Fig. 19A shows that a wide range of translation levels were achieved in
the library of mutations made to the 5 UTR and 5" proximal coding sequence of the
Puvar-4 tandem promoter expression cassette, and observed when bacteria were grown
under normal induced conditions (200 rpm, 37°C, 25 mM 3-HP). We found that the
efficacy could be enhanced significantly (~30-fold), compared to the native Pmmsa
promoter.

The UTR-6 construct exhibited the highest fold change, increasing levels by12.5-
fold and 36.8-fold compared to UTR-0 and Pummsa, respectively, as determined bySDS-
PAGE analysis {analyzed using BioRad Image Lab 2.2 software}. UTR-6 was chosen for
mntegration at the mmsA chromosomal location (the mmsR activator gene system was
kept mtact) of a recombinant P. denitrificans straimn. Finally, the expression of target
protein from chromosome was successfully observed over the expected levels, 2 and 1.7-
fold, at transcriptional (mRNA} and translational {enzyme activity} levels, respectively as
shown in Fig. 18B and Fig. 18C. This result indicated that UTR designer is a promising
tool to facilitate the expression i wide range even achieve the desirable level of target

gene with a small number of variants.

Example 14. Codon optimization and protein hybridization
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Even with an effective transcription system, the protein may not be produced
efficiently if the transiation system doesn’t work well. Therefore, optimizing
transcriptional and translational controls 15 often used to produce sufficient protein levels.

Codon preference is related to tRNA composition and controls translation
propagation rate. Codon preference often influences the folding of proteins. It 15 usually
recommended to use preferred codons when heterologous genes are cloned, but this often
results in the production of misfolded, mmactive proteins or even inclusion bodies. In those
cases, a fusion system (hybrid protein) should be considered to increase protein
expression, prevent proteolytic degradation, improve solubility and support purification.

As described in the Examples above, use of the Pt expression system to drive
gene expression resulted in different expression levels between the homologous mmisA
gene, and the heterologous kgsA genes. The poor performance of the Pumss expression
system in controlling Ags4 could come from the differences 1n properties of the kgsA and
mmsA genes (secondary structure, translational initiation ability, codon bias, solubility).
We modified the £gsA gene to reduce these ditferences.

Codon optimization of a whole gene 1s a common way to mcrease transiation.
However, this is an expensive and time-consuming process. As a result, thus study
focused on optimization of only the first ten codons of a heterclogous gene to enhance
translation mitiation. We generated a codon usage table for the highly expressed native
mmsA gene using the GenScript bioinformatics tool, which showed the codon frequency
level of each amino acid in MmisA. We used this information to modify the first ten
codons of KgsA (a heterologous protein), according to three options: (1) using codons
showing a high frequency level in mmsd, (1) using codons showing a medium frequency
level, and (111} using codons showing the same frequency level as first ten codons of
MmsA, and removing rare codons of KgsA {0% of frequency) {Table 3).

We found that a codon optimization according to option 3 {(Opt-3) could increase
KgsA activity by 30%in either absence or presence of 3-HP. We found that by keeping
the frequency of all of the first 10 codons the same as that of the mms4 gene (Opt-3), the
translation of kgsA4 was improved. By contrast, enhancing the frequency of some codons,
such as 1st, 4th, 7th, and 9th in Opt-1 and Opt-2 (Table 3}, the expression was not

increased, but even slightly reduced.
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Table 3: Frequency of first 10 codons of wild-type and optimized kgsA basing on

mmsA4 codon usage in P. denitrificans.

Modification

kgsA- % Opl- % Opt- % Opt- % mmsA %

wt @ 5P 3¢
1 Ala GUU 21 GOC 737 GOU 319 GOG 40 P4y 4D
2 Asm AAC 332 AAC 458 AAC 458 AAC 45 8 2™, 458
3 wval GUG 539 GUG 478 GUG 478 GUG 478 39, 47.8
4 Thr ACU 210 ACC 697 ACU 697 ACC 20 4%, 20
5 Tdyr UAU 00 UAC 120 UAC 120 UAC 12 0 s, 120
6 Thr ACG 00 ACC 697 ACC 697 ACC 697 ey 697
7 Asp GAU 413 GAC 299 GALT 299 GAC 80 7‘}3% &0
& Thr ACG 00 ACC 0697 ACC 697 ACC 69 7 g, 697
9 Gin CAA 41 CAG 319 CAA 3109 CAG 40 gthaa 40
10 Len CUG 394 CUG 478 cuG 219 cuc 4”’ 8 107, 478

a. . . . .

Using codon showing high frequency level
b ‘ .

Using codon showimg medium frequency level.

C . . ~ ~ N ~ 5
Using codon showing frequency level as same as first 10 codons of mmsA4 and removing
rare codons.

The results were confirmed by protem production on SDS-PAGE (Fig. 21B).

Fusion proteins are often used in heterologous gene expression to enhance protein
production, reduce proteolytic degradation and mmprove folding and solubility. We fused
the N-terminal end of MmsA, produced by the highly expressed mms4 gene in P.
denitrificans, 1o the KgsA enzyme. We reasoned that translation inttiation of a
heterologous gene (kgsd) transcript could be made more efficient by adding part of the 57
coding region of mms4 downstream of the Pumss promoter. Since we were concerned
about the what effect fusing part of the MmsA protein on KgsA would have on KgsA
activity, the length of MimsA was varied by 5, 10, 15 and 20 amino acids, corresponding

to the Hyb-5, Hyb-10, Hyb-15 and Hyb-20 strains, respectively. The results showed that
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KgsA activity increased as the length of MimsA fused to KgsA increased, although this
effect leveled off when once 15 amino acids of MmsA was used (Hyb-15¥FIG. 17A).
The Hyb-15 fusion protein had ~3-fold increase in production in the presence of 3-HP,
compared to control KgsA (without a MmsA fusion. Further extending the length to 20
amino acids of MmsA (Hyb-20) did not improve the expression when the system was
fully induced; however, the basal level of protein production in the Hyb-20 strain was
enhanced. This result was confirmed by the band intensity of KgsA on SDS-PAGE (Fig.
17B).

Aside from being involved in translation initiation, the 5° end of a target gene
plays an important role in controlling the level of transcript via regulation of
mRNA concentration. The stability of the kgs4 transcript without and with an N-terminal
fusion of the first 20aa of MmsA (mmsA{ 20 kgsA) was measured (FIG. 17C). The
expression was exanined with controls. The half-lives of kgsA and mmsA(20)kgsA were
2.7 and 5.4 munutes, respectively, mdicating that the mmsA hybrid-fused Ags4 mRNA
was more stable compared to wild-type kgsd mRNA. The half-life of mmsA transeript
was found to be around 6 minutes, so the improvement in nimsA(20kgsA stability may
result from the protection of the mmsA 57 end coding portion (20 amino acids) fused to
the kgsA gene . Interestingly, among the genes we tested, the most stable transcript

appeared to belong to sunsk, with a half-life of 9.5 min (Fig. 17D)s.

Example 15, Coenzyme B12 production

Coenzyme Biz 15 an essential cofactor for many enzymes including glycerol
dehydratase, methionine synthase or methylmalonyl CoA mutase. Glycerol dehydratase
{or, alternatively, diol dehydratase) is involved in converting glycerol to 3-
hydroxypropanealdehyde (3-HPA) and 15 an essential enzyme for the production of 3-HP
{of a salt thereof} or 1,3-PDO from glycerol. 3-HPA can be further converted to other
mdustrially tmportant chemicals such as 1,3-PDO or 3-HP (or a salt thereof}. To
continuously produce these biochemicals from glycerol at a commercial scale, an
uninterrupted supply of coenzyme Bi2 1s essential. As coenzyme Bz 1s very expensive,
we exanmined 3-HP production from glycerol using a natural coenzyme Bi2 producer.

There are several microorganisms reported to produce coenzyme Bis naturally (including,
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e.g., Enterobacters, including Klebsiella species, Streptococcus species, including

8. pneumonia, Pseudomonas species, including P. denitrificans, Rhizhobium species,
Sinorhizobium species, including S. meliloti, and Rhodebacter species, including R.
capusulatus and R. sphaeroides, etc.}. When we tested some of these microorganisms as
hosts to produce 3-HP from glycerol, the amount of coenzyme Bz produced was not
sufficient encugh to synthesize 3-HP at high titers {each producing < 30 g/L).

It was noticed that P. denitrificans could produce 3-HP (or a salt thereof) at ~20.8
o/t without external addition of this cofactor. However, when this strain was
supplemented with saturated amount of coenzyme B12 it could produce ~ 100 ¢/L of 3-
HP. These results indicated that the naturally produced coenzyme B12 by this
microorganism was not sufficient enocugh to support the 3-HP production at high titer.
After careful analysis and by removing the regulations {secondary structures in mRNA)
mvolved in coenzyme B12 synthesis a marginal tmprovement in its production was
noticed. The improvement in coenzyme B12 was confirmed by various assays as
mentioned in previous sections. This recombinant strain when used as host to produce 3-
HP from glycerol, showed more than two times improvement in 3-HP production from
glycerol at 38.6 g/L..

In the next experiment, we examuined this strain by supplementing small amount
of coenzyme Biz in the culture medium and the results are shown i FIG. 50. We notice
that when the cultures are supplemented with small amount of coenzyme B {10 mg/L)
the 3-HP production improved substantially from 38.6 g/L. t6 100 g/L.. This resulis
mdicate that the amount of coenzyme B2 produced by the modified stram (JRI-RST} was
improved, but it was not sufficient enough to support the 3-HP production at high titer.

Further, to improve the coenzyme B12 production we need to enhance the activity
of the enzyme involved in coenzyme B12 synthetic pathway. This can be done by
enhancing the coenzyme B12 synthetic pathway by improving its enzyme activities.
Enzyme activities can be improved by either enhancing its physical and kinetic properties
or by improving its expression and increasing its amount. As this pathway is associated
with many enzymes, initially we increased the enzyme amount and tried to enhance the
coenzyme B12 synthesis. To enhance the amount of the enzyme in the cells the natural

promotors were replaced with the synthetically engineered promotors described above.
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In this study we attempted to improve coenzyme Biz production by
microorganisms to support the production of biochemicals from glycerol at a scale
suitable for commercialization. To achieve this, we examined cobalamin gene clusters in
natural microbial producers of coenzyme Biz, such as P. denitrificans, to understand the
regudation of transcription and translation by various coenzyme Br-riboswitches (Biz-
riboswitches}). Initially, we identified five secondary structures using software, which can
be regulated by coenzyme Bz (see Fig. 23). We deternmined that four of these structures
are riboswitches. In vitro characterization showed that among them only three of the
riboswitches, upstream of genes cobG and chiB were transcriptionally regulated (Fig 23).
These riboswitches were regulated by coenzyme Bi», such that the addition of cobalamin
B12 (at concentrations as low as ~5 nM) led to a substantial reduction in
transcription/translation (see Fig. 28).

In addition, we examuned whether six uncharacterized genes located in cob gene
clusters T and 1l{gst, xre, dahp, gniR, bgphl, cabA) are involved in coenzyme Bz
synthesis (see Fig 23). We found that the bgph/ gene product was essential for coenzyme
B2 biosynthesis. The cobd gene, encoding uroporphyrinogen methyltransferase, 1s
mvolved in an important branching point in coenzyme Biz biosynthesis pathway, and
thus, we expected deletion of cobd4 to bamper coenzyme B2 production. However, we
found that a cebA4 deletion mutant could synthesize substantial amount of coenzyme B,
When we analvzed the genome of P. denitrificans, we noticed the presence of several
CobA soenzymes which potentially could substitute for CobA activity.

In the first part of this study, we describe the methods adopted to identify the Biz-
riboswitches, and their regulatory role in transcription/translation involved in coenzyme
Bi2 synthests. We also examined methods for enhancing coenzyme B12 production by
modulating regulation by riboswitches. We also further improve coenzyme B
production by replacing natural promoters with the synthetic expression modules
{Tandem promoter, UTR, regulatory protein, N-termunal region of highly expressing
genes) described in the Examples above. These modified strains had enhanced coenzyme
B production, which helped to increase 3-HP {or salt thereof) production from glycerol

without the external addition of coenzyme Bia.
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The strain with modified promoters showed good coenzyme B12 production, the
analysis showed this strain could produce 4 fold higher coenzyme B12 than the wild type
stramn and 2 times higher than the niboswitches modified strains. When this strain was
transferred with the plasmids containing 3-HP synthetic pathway enzymes, it showed
substantial improvement in 3-HP production without addition of coenzyme B12. This
strain produced 3-HP above 90 g/L from glycerol, however, the growth was little slow
compared to the wild type strain, and this could be due to the modification in the
coenzyme B12 synthetic pathway. In this study we successfully developed a mutant
strain which could produce coenzyme B12 at higher amount and could support 3-HP

production at higher titer.

Example 16. In silico analysis and comparison of Bi2 genes among various
Pseudomonas species

To understand the arrangement of genes and their regulation, we compared the
coenzyme B gene clusters that are present in various Pseudomonas strains. To date, as
many as, thirty-one genes have been identified in the coenzyme Bz biosynthetic gene
clusters mnvolved in the aerobic coenzyme Bz biosynthetic pathway. Among them, the
coenzyme Biz biosynthetic pathway from 7. denitrificans has been studied at the enzyme
level Based on comparative analysis of the organization of coenzyme B genes from
various FPseudomaonas species (Fig, 243, 1t was noticed that the genes in P. denitrificans
ATCC 13867 and P. aeruginosa PAQ! strains were highly sumilar, with an average
sequence identity of 73%. Interestingly, these strains harbor an additional four genes
within the coenzyme B12 gene cluster that are uncharacterized: gs¢, xre, dahp and bgphi.
Unlike other Pseudomonas strains, the genes encoding for magnesium chelatase (chiID}
are located separately, along with xre genes, in these two strains. In addition, the genes
and organization of genes in P. enfomophila, P. putida and P. fluorescens are simtlar to
P denitrificans. Additionally, these strains lack the ton-dependent B transporter (bruB),
known to encode coenzyme B2 transport system. Also the operon cobGHILJ in these
microorganisms are not controlled by a Bia-dependent riboswitch structure (Fig. 24},

Nitrogen-fixing bacteria such as Fusifer/Rhizobium species are also reported to

have high B1z production capability. Interestingly, comparison of gene organization
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between P. denitrificans SC510 {(and industrial Bis producer), P. denitrificans ATCC
13867, and Lnsifer meliloti, revealed that P. denitrificans SC510 and Ensifer meliloti are
more closely linked and are distinct from the #. deniirificans ATCC 13867 strain. These
differences could not be studied further due to the unavailability of a whole genome
sequence for P. denitrificans SCS10.

Apart from understanding the gene organization in P. denitrificans, we identified
the presence of four potential Biz-riboswitches using the Rfam database/tools. One
representative of these riboswitch-structures is shown 1n Fig. 25A, which is believed to
control the expression of cobalamin biosynthesis. These Bis-riboswitches each have a
cobalamin binding consensus domain {regulatory and receptor domains} similar to the
one present in Escherichia coli, and to the Salmonella enterica bituB Bir-riboswitch. One
riboswitch (RS1) 1s located between two divergently located cobGHILT and cobl FK
operons that encode enzymes responsible for the formation of hydrogenobyrimate from
precorrin-2 intermediate {excepting the cobM gene) (Fig. 25A; see Fig. 23). As shown in
FIG. 23, based on the importance of the genes at this locus, we assume tight control at
intergenic region 1 (IR1) by RS1 in the diversion of flux between coenzyme B and
sircheme biosynthetic nodes. Two of the Biz-specific riboswitch structures (RS2 and
RA3) located between the operons, cobWN and chiBA-cobFM, seems to independently
regulate the expression of both the operons. Finally, RS4 15 located upstream of the cob
operon {(biuB-cobOBRDCOUP-bgpM-cobV}, which contains 11 genes that encode
enzymes responsible for the formation of Ado-Cbl from hydrogenobyrinate.

We studied the mechamisms by which these riboswitch structures control the
expression of cob operon genes. Briefly, the interaction of conserved regions J6/3 and
J11/10 of the riboswitches makes each riboswitch specific and able to bind to coenzyme
B at an adenosyl-moiety, while the interaction between loops LS and L13 of the

riboswitches changes the regulatory status of the switch (see Figs. 25A-235D}.

Example 17. Characterization of coenzyme B12 sensing riboswiich structures and
their promoter systems
The riboswitch structures modulate gene expression either at the level of

transcription elongation or translation initiation. The location of the riboswitches within
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the intergenic regions determines the mode of regulation by these riboswitch structures.
We noticed that most of the B1z niboswitch structures in P. denitrificans overlaps
promoter elements rather than the untranslated regions (UTR), suggesting that these
riboswitches might be controlled at transcriptional levels. Therefore, we analyzed the
mRNA levels of the selected genes (first gene in each operon) in the cob operons using
real time PCR on P. denitrificans cultures harvested during the late exponential phases,
grown in the presence or absence of coenzyme Bia. As expected, the mRNA levels of
four genes {cobG, coblW, cbtB and biuldy in the cob operon were significantly repressed in
the presence of coenzyme B12 (Fig. 26). The transcription of the operon, cbtHiA-cobEM
under the control of RS3 was highly repressed by 43 3-fold. We noticed that most of the
genes in this operon does not encode for structural genes of the By biosynthetic pathway
{cobk, chbtBA functions as putative chaperone and cobalt transporter proteins,
respectively). Tts noteworthy that the transcription of structural gene encoding operons
{cobGHIJ, cobWN and btuB-cobOBRDCQUP-bgphi-cobV) have transcription levels of at
least 3.3-fold lower than that in operon ¢brBA-cobEM, in the absence of Bi {unrepressed
form). From the in sifico analysis of intergenic regions, it 1s unclear whether the RS1
controls the expression of either cobGHIJ/cobl FK operons or both. However, based on
mBRNA levels it seems that RST controls the expression of the cobGHIJ operon, but not
the coblFK operon. We observed a decreasing order of transcriptional repression by
various Bi2-RS in cob gene clusters: ¢cbiB-R83 > cob(G-R81 > cobW-RS82 > bruB-R54.
No represston was noticed i the cobl FFK, chliD-xre and dahp operons, these resulis
correlates with the fact that they lack niboswitch structures upstream to these operons.

We suspect that these riboswitches might also be controlled at the intiation of
translation, in addition to regulation at the transcriptional level. Furthermore, we sought
to predict the regulatory strength of these riboswiiches, by cloning the intergenic regions
between promoter and enzyme coding regions (upstream) of the cob operons into
plasmids. To these plasmuds, we added Green Fluorescent Protein as a reporter protein
{(fluorescence marker) downstream of secondary structure locations selected from the cob
operons. Two versions of these plasmid systems were constructed. One version where
the first 35 bp of the respective native protein coding sequence was fused to the gene

encoding GFP in the plasmid, and one version that did not have this fusion. The fused
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form of cob(r {first 35 bp of cob( fused to the gfp) extubited a 4. 2-fold higher
florescence, compared to its unfused gfp construct (Fig. 27, Table 6). However, we
observed no significant difference i the florescence levels produced by other promoters
systems (intergenic segments from other B12 operons} when the first 35 of cob(r was
fused to gfp, suggesting that they are not controlled at the translational mitiation level.
These results further suggest that Peog-RS1, tighily controls the expression of genes both
at the transcription and translation initiation levels. The stringent regulation at
transcription and translation signifies the importance of controlled expression of genes in
the cob(GHIT operon.

The estimation of the strength of native promoters is crucial when overexpressing
any pathways involving several genes, such as the vitamin B pathway, or pathways
involving several membrane proteins. The overexpression of pathways with many genes
can be deleterious to cell growth, and imbalanced expression of the pathway
genes/operons might lead to the accumulation of toxic pathway intermediates. The
analysis and quantification of native promoter strength can assist us in redesigning the
operons with synthetic promoters without overexpressing the pathway enzymes during
engineering. Table 5 shows the estimated promoter strengths (in relative florescence
units) we observed for vartous native cob promoters in the operon. The promoter Pons
that controls the expression of cobalt transporter genes has the highest strength, and the
Peorr promoter has the lowest strength of this group. The genes encoding for
methyltransferase enzymes appeared to usually be by weak promoter systems.

Table 6. Characterization of cob regulon intergenic regions in £

deaifrificans.,
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Engineering coenzyme B12 production pathway

Rational engineering of B12 promoters requires quantification of promoter
strengths along with their UTR structures (fused and unfused versions). Therefore, the
native promoter strengths of cob operon, encoding coenzyme B12 synthetic pathway
enzymes were meticulously quantified (Fig. 27, Table 6&10}. Further, to increase the
expression levels of these {(cob) genes (by 3- and 3-folds relative to thew vative
expression). The expression of cob operons were modified by replacing with suitable
constitutive promoters (Fig. 37). The constitutive promoters were selected by screening
and identifying their strengths of several native Pseudomonas promoters {Table 10). For
mstance, to develop Pedd-TR13-PsucA recombinant strain with three fold improved
promoter strengths, Peob(G and PeobL were replaced with constitutive promoters, Pedd

and PsucA respectively (See Table 8, for more details).

Table 10. Strategy for BI2 promoter replacement

Promoter Native strength Recombinant sirength
3-fold S-fold
PeobG 2200 6600(Pead) 11000 {Pspo)
PeobL 1800 5400 (PsucA) 9000(‘91w)
Peobw 3000 9000 (Pawr) 15000(Pac)
Pos 5000 15000 (Pgpo) 25000 (Psp2)
PyuB 2800 14000 (Pspo)
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Example 18, Development of a riboswitch-based B2 sensing system

Vitamin Bz quantification methods typically included microbiclog

ical assays and high performance liguid chromatography (HPLC) with UV
detection. The HPLC method can detect Biz at high concentrations {above uM level)}, but
the microbial assays can detect B2 at very low concentrations (as low as the nM level}.
Microbiological assays were based on Bz as a growth factor n certain mutant strains of
Salmonella typhimurium meitE chiB™. Briefly, the growth of these microorganisms was
proportional to the concentration of By2. However, By quantification based on cell
erowth s effected by several physiological factors such as culture medium and time of
incubation. Therefore, coenzyme By guantification based on cell growth s tedious and
difficult to reproduce.

In this study, we found that among five putative Biz riboswitch structures, two of
them, found after promoters Peord” and Peaws, could exhibit differential expression of
downstream genes in the presence and absence of coenzyme Bi2. Further, the dynamic
range of these riboswitches were evaluated by using various concentration of coenzyme
B2 (up to 100 nMj) to verify their potential as novel Biz sensors. A linear correlation of
Bz concentration to GFP florescence was noticed with a switch-off pomnt at
approximately S oM cobalamun Bz (Fig. 28). The Bz niboswitches Peova™ and P
exhibited ~2.1- and 1.7-fold differential expression m the presence and absence of Bu.

In contrast to growth based Bz detection, florescence based B detection method 1s

reproducible, convenient and less laborious.

Example 19. Coenzyme Bi: quantitative bioassay:

P. denitrificans was grown at 0.1 initial ODeco 1n M9 minimal medium containing
NaCl1 g/t NHaCH 1 g/, MgS804 2 mM, sodmm gluconate 10 g/L supplemented with
5,6-dimethyl benzimidazole (BDMB} 0.1 mM, betaine 1 ¢/L, and trace elements H3BOs
0.232 o/L, ZnSO»TH0 0.174 g/L., Fe(NH1}25046H20 0.116 g/L., CoCl»6H20 0.025
o/, (NH4)eMo70ua24H20 0.022 ¢/L and CuSOs+SH20 0.008 g/L, MnSO4s4H20 0.008
o/L.. Cell was harvested at exponential phase and broken by FastPrep-24™ 5G

Homogenizer system {(MP Biomedicals, Korea} The cell lysate was centrifuged at 13,000
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rpm in 30 min and the supernatant was collected and sterilized through 0.2 um membrane
filter. The obtained lysate solution was used for bioassay. Coenzyme Biz was quantified
by using a mutant strain Salmonella typhimurium metfs cbiB". Briefly, in Salmonella
typhimurium, metl encodes By independent methionine synthase and cb7B encoding
adenosylcobinamide-phosphate synthase, an essential enzyme for Biz synthesis pathway.
Mutation of these genes makes S. fyphimurium becomes auxotroph to Biz or methionine.
Indicator strain S. typhimurium merE"™ chiB™ was pre-cultured in minimal medium
containing NaCl, 0.5 g/L; Na;HPO4, 6 o/L; KH2PO4, 3 g/L; NHaC1 1 g/L; glucose, 4 g/L;
MgSQO4, 2 mM, CaCh 0.1 mM with the supplementation of 50 mg/L methiorune. The
overnight broth was centrifuged and washed with water. The washed cells were
inoculated with mitial ODsoo of 0.01 in minimal medium. The cell lysate needed to
measure B2 was added to culture broth. The growth of indicator strain reflects the
concentration of coenzyme Biz in the sample. The concentration of coenzyme Biz was
varied to make the standard curve. The dynamic range of Biz concentration was from 0§ to

100 pM Buz. The concentration of Biz was expressed as nM per 1 ODgoo.

Example 20. Identification of bgpM as an essential gene for B12 synthesis

For complete insight on the essentiality of genes within the cob biosynthetic
operon, the essentiality of several uncharacterized genes within the cob gene cluster, such
as gnt, gst, xre, dahp and bgpM, for Biz biosynthesis was studied. To elucidate whether
these genes are necessary for B biosynthesis, single knockout mutants of each of these
genes were created. The Bz biosynthetic capability of these mutant strains was
mvestigated, using both the Biz-specific riboswitch sensor system described in the
Example above, and the conventional 8. fyphimurium metl cbiB ™ based Bu-assay
systems {see materials). As coenzyme Bz biosynthesis mnmvolves cobalt in its metal center,
its biosynthesis depends on the concentration of CoClz. When these mutant strains were
cultivated with increased concentrations of CoClz (up to 50 ug LY, the GFP-florescence
decreased proportionally, except for the AbgpM mutant (Fig. 29A). These results indicate
that each of these mutant strains could synthesize coenzyme Bio similar to that of the
wild type strain, except for AbgpM. The gene product of bgpM plays an essential role for

the biosynthesis of coenzyvme B2 in P. denitrificans. However, its precise role in B
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biosynthesis 1s yet to be elucidated. An essentiality analysis was also performed using 8.
tvphimurium as an indicator stram. The intracellular concentration of coenzyme B
synthesized by these mutant strains was quantified (Fig. 29B). Similar to the resulis in #.
denitrificans,, only the AbgpM mutant could not synthesize {or could only synthesize
trace amounts of} coenzyme B (~7-fold lower B12 than the wild type strain). Based on
these results, the genes located at IR2 (see Fig. 23) are not essential for Bz biosynthesis.
Therefore, overexpression of these genes might not be effective in enhancing coenzyme
Bz production. Surprisingly, a cobd deletion mutant {encoding for uroporphyrinogen
methyltransferase}, an important branching point in Bz biosynthesis pathway, could stifl
synthesize coenzyme Biz (Fig. 29B). Upon further analysis, we identified the presence of
several CobA 1soenzymes in the genome of P. denitrificans that might sebstitute for the

role of CobA in P. denitrificans.

Example 21. Coenzyme B12 production is improved by the deletion of riboswiteh
structures

To improve B production, the identified negative regulatory domains (P3-L5
regions) of all the riboswitch structures were deleted individually. The mRNA levels
produced by these riboswitch-deleted mutants were quantified in the presence and
absence of coenzyme B2 (Table 7). In the presence of coenzyme Bz at > 5nM, the cob
operon transcription can be suppressed due to the niboswitches in P. denirrificans straim,
while 1n the riboswitch mutant strains, the presence of coenzyme Bz could result in
higher amount of coenzyme Bz production. Therefore, it would be easier to evaluate
enhancement of the coenzyme Bz biosynthetic genes due to mutation in riboswitches by
measuring the amount of Bi2 synthesized by these mutant straims. Interestingly, there was
no significant difference in coenzyme B12 production in the ARST (niboswitch 1 deleted)
and ARS2/RS3 (riboswitches 2 and 3 deleted) mutants, compared to the wildtype strain.
Howaever, there was a significant difference in coenzyme Biz in the ARS4 {riboswiich 4
deleted} mutant when compared to wildtype. The production of coenzyme Bz was
substantially repressed in the ARS4 strain. The above results show that the deletions in
ARST and ARS2/RS3 did not influence coenzyme Bz production, while the ARS4

deletion substantially decreased coenzyme Bz production. One possibility is that the
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regions in riboswitches 1, 2, and 3 that were randomly selected for mutation were not
sufficient to eliminate function, therefore we did not see any alteration in coenzyme B
production in the ARST and ARS2/RS3 mutant strains. On the other hand, the mutation in
ARS4 hikely affects protein expression, as the riboswitch was overlapping with the coding
region. To overcome this limitation, instead of developing a deletion mutant, we
modified riboswitch regions where the secondary structures in mRNA are mutationally
neutralized, and at the same time the protein sequence i1s maintained by codon
optimization.

Table 7. Transcription levels of Bz synthetic genes in the presence and absence of

25 mg/L CoCh.

franss LN WY LRRE EYELY ARE33 SRERE KT SREE

£ e Ne) £l R0y (el
smal¥ L {80 Y L8 O i i 3]
eabd el LT .35 4.8 838 &8 [E .48
sob it R Thy SR .88 LR RECH 0 B3
e ki3] &% R g LR &2 e gad
Ea Lot EEEEN fiv LR 849 LU LB $.42

We designed the sequences using software, and the nucleic acids were chemically
synthesized and replaced in the genome to avoid secondary structure formation i the cob
mRNA, which encodes enzymes of the coenzyme B synthetic pathway. We developed
seven recombinant strains by changing each riboswitch, or a combination of
riboswitches. Interestingly we noticed that when riboswitch 1 was deleted (ARS1 strain),
a there was marginal decrease in cell growth and coenzyme Bz production was noticed.
This could possibly be due to the accumulation of some toxic intermediate. However,
deletion of riboswitches 2 and 3 {ARS2/RS3} or riboswiich 4 (ARS4) did not improve
coenzyme By production. This could be due to a limitation in the upper pathway carbon
flux, However, when riboswitch 1 was deleted either with riboswiiches 2 and 3 (ARS1
ARSZ/RS3) or with riboswitch 4 (ARS1 ARS4), there was marginal improvement in
coenzyme B production. Moreover, a mutant strain lacking all the riboswitches showed
comparably higher coenzyme Bi: production (Table 8).

This study showed that coenzyme Biz production by P. denitrificans can be

improved by removing the secondary structures from the cob mRNA. When the mutant
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stramn with improved coenzyme Buz production was used as host to produce 3-HP {ora
salt therof} from glycerol, it produced < 38.6 g/l of 3-HP (Table 8} This mutant strain
produced marginally higher 3-HP titers than the wild type strain, which produced < 30
o/L. The improvement in 3-HP production from glycerol by the mutant strain compared
to the wildtype strain can be atiributed to an improved coenzyme B pathway. When
this mutant strain was externally supplemented with 10 mg/L of coenzyme B in the
culture medium, the strain could produce 3-HP production from glycerol at ~100 g/L
{(Fig. 50). These experiments clearly indicated the mutant strain had increased coenzyme
B2 production, however, this strain could be modified further to more significantly
icrease production of higher titers of 3-HP.

To further improve coenzyme Bz production, the native promoters of the cob
operons in the riboswitch mutant strain were replaced with the synthetic expression
modules (Tandem promoter, UTR, regulatory protein, N-terminal region of highly
expressing genes) described in the Example above. An analysis of cob gene clusters
showed the presence of five promoters controlling the expression of genes in Bi2
biosynthetic pathway, several recombinant strains were developed by replacing native
promoters individually or in combination as shown in Table 8. The choice of promoters
chosen for promoter replacement was tabulated 10. The replacement of each promoter
showed a marginal improvement in coenzyme Bz production, however, when all of the
promoters were replaced with the synthetic gene expressing module, a substantial
mprovement in coenzyme Biz was noticed. When this strain { PhpdH-Pedd-IR135-PsucA-
PhpdH: PhpdH- Ptkt-IR45-Psp2-PhpdH) was used as a host to produce 3-HP from
glycerol in a bioreactor, the strain was able to produce ~100 g/L of 3-HP, which 1s similar
to the amount of 3-HP that can be produced when wild-type P. denitrificans is externally
supplemented with coenzyme Bz {up to 50 mg/L) in 3 bioreactor to produce industrial
quantities of 3-HP (see Fig. 50). Thus, we successfully developed a recombinant P.
denitrificans strain which could synthesis higher amount of coenzyme B, which in turn
supports the commercial scale production of 3-HP from crude glycerol without the need
for external supplementation of coenzyme Biz. The production cost for 3-HP from
glvcerol was substantially decreased, as nearly 38% of 3-HP production cost 1s attributed

to the costs of externally supplying coenzyme B to the culture medium.
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Table 8. Summary on the development and evalaation of various coenzyme B12

overproducing P. denitrificans strains,

Psendomonas recombinant B12 operons B12 production 3-HP
straings modified (nVE/ODon) production
Sh i8h {g/L)
P. denitrificans 4.1 53 20.8
i. Riboswitch disruption
IR1-RSI 1,2 72 3.1 386
IR4-R52 3 6.6 7.9 35.4
IR4-RS83 4 6.1 83 36.9
IR5-R54 5 1.6 3.9 16.2
I, Promoter replacement by constitutive or inducible
Pedd-IR13-PsucA 1,2 16.5 21.0 63.6
PspO-IR15-Powf 1,2 838 17.5 54.7
Pzwi-1R43-Psp9 3,4 12.0 13.2 52.9
Ptkt-IR45-Psp2 34 12.6 11.0 53.1
IRSS5-Psp9 5 2.0 4.8 12,6
Pedd-IR13-PsucA: Pzwf-1R43- 1,2,3,4 7.0 19.6 516
Psp%
Pedd-IR13-PsucA: Ptkt-IR45-Psp2 1,2,3,4 9.3 17.5 54.2
Pedd-IR13-PsucA: IR55-Psp9 1,2,5 ND 1.3 4.9
PspO-IR15-Pzwf: Pzwt-IR43-Psp© 1,2,3,4 6.7 156 48.7
Psp9-IR15-Pzwi: Ptkt-IR45-Psp2 1,2,3.4 135 19.8 61.2
Psp9-IR15-Pzwt: [R55-Psp9 1,25 1.8 4.0 12
Pzwi-IR43-Psp9: IRS5-Psp? 34,5 1.6 2.2 109
Ptkt-IR45-Psp2: IR55-Psp?9 3,4.5 i1 1.9 9.2
[if. Tandem promoters

PhpdH-Pedd-IR13-PsucA-PhpdH 1,2 325 59.1 91.7
PhpdH-Pedd-IR15-PsucA-PhpdH: 1,2,3,4 37.9 68.4 101.8
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PhpdH- Ptki-IR45-Psp2-PhpdH

Example 22, Development of an aldehyde-dehydrogenase expression cassette

Aldehvde dehydrogenase (ALDH) catalyzes the conversion of 3-HPA to 3-HP
{second reaction in 3-HP synthetic pathway). In order to minimuze the accumulation of
3-HPA 1n the cell, which 1s toxic, the expression of ALDH {e.g., by the kgs4 gene)
should be maintained at a higher level than that glycerol dehydratase (BhaB}.
Furthermore, to integrate ALDH into the chromosome, its expression was increased to an
even higher level (to track the observed gene expression from plasmids). To achieve this,
the expression module/cassette containing the inducible tandem promoter system
described in the Examples above was employed as the base promoter to drive a gene that
expresses ALDH (e.g., kgsA), and further developed The strength of the ALDH
expression cassette was varied/improved via various genetic alternations, as described in
the Example above. To summarize, the expression module/cassette had the following
features: (1} a tandem promoter, with one promoter inducible and the other promoter
constitutive or inducible, of which the promoters may be native to the host
microorganism or synthetic; (it} a mutation (randomization) of the binding {operator) site
of the activator protein in the promoter region {111} a change in expression level of
activator protein; (1v) a fusion of varying length, wherein a portion of the N-terminus of a
highly expressing native protein, e.g., MimsA, 1s fused to ALDH, and codon optimization
of the first 10 codons of ALDH (according to the codon usage of the host microorganism,
e.g., P denitrificans), and (v} 5 -untranslated region (UTR} engineering (see Fig 30A for
a schematic of genetic modifications to the expression system,; see Fig. 30B for the

expression system used to integrate ALDH expressing gene into the chromosome).

Example 23. Development of a DhaB-GdrAB expression cassette

The dhaB and gdrAB genes were integrated into the chromosome of 2.
denitrificans, and their expression levels were tmproved by enhancing both transeription
and translation efficiencies. To avoid 3-HPA accumulation, daaR and gdrAR should be

expressed at lower levels than ALDH. To achieve this, a 3-HP mnducible promoter that 15
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of medium strength, relative to the promoter used to produce ALDH, was used to drive
the expression of the dhaB and gdr4B genes. The expression cassette was designed as
follows: {1} UTR engineering; (11} use of tandem promoters, with one promoter
constitutive and the other promoter inducible; {111} modification of the constriutive
promgoter; {iv} modification of the inducible promoter (-10 and -35 boxes) and the
binding (operator) sites of the activator protein, HpdR; and (v} varniation of the expression
level of the activator protein {see Fig. 31 A for a schematic of genetic modifications to the
expression system; see Fig. 31B for the expression system used to integrate DhaB into

the chromosome).

Thus, the aldehyde-dehydrogenase expression cassette described in Example 22,
and the DhaB-gdrAB expression cassette described here, were used to produce 3-HP

from glycerol by recombinant strains.

Example 24. Expression of ALDH and DhaB from plasmids using Pseudomonas
denitrificans

P. denitrificans A3hpdhA3hibdhiVAIhibdipUCPK” was transformed with
different combinations of plasmids for the expression of DhaB a KgsA. The plasmids
carried different expression modules of ditferent strengths. Thus a range of different
strength promoters driving expression of DhaB and KgsA were tested, in order to find
those expression modules for DhaB and KgsA that, together, would produce large
amounts of 3-HP. In order to try to avoid 3-HPA accumudation, while still allowing
significant 3-HP production and cell growth, lower strength expression modules were
used for DhaB, GdrAB expression, while higher strength expression modules were used
for KgsA expression.

Among all the strains produced, one strain designated as P1-1 exhubited
substantial 3-HP production in a bioreactor experiment (see Table 9). However, in this
strain, we determined that ALDH activity was relatively low and the toxic intermediate 3~
HPA appeared during an early period of fermentation. Using P1-1 as a reference strain
{with reference expression levels of BhaB, GdrAB, and KgsA), we next sought to reduce
3-HPA accumulation by increasing plasmid expression levels of ALDH. We developeda

series of plasmids that expressed higher ALDH levels by emploving the various gene
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expression cassettes described in the Examples above.  These plasmuids were introduced
into P. denitrificans to generate the strains, P1-1x (x=a, b, ¢, d,....}. The ALDH activity
in crude cell extract of the newly developed recombinant strains was increased to
between 10 to 19 U/mg protein, relative to an ALDH activity of 2.5 U/img protein in the
P1-1 strain. The recombinant strains were evaluated for 3-HP production at bioreactor

scale.

Table 9. Evaluation of P. denitrificans strains expressing KegsA and DhaB from plasnud

Strai Dhab KgsA Cell Productivity Titer  Yield"
n activity*  activity® growth® b b (rool/mol
(Uimg)  (Uimg) @Lh) L))
Pi-1 0.95 2.30 5.55 1.69 81.21 0.94
Pi1-2 0.95 10.58 5.25 1.34 64.53 0.95
P1-3 0.95 14.00 572 134 64.38 0.97
Pi-4 0.95 18.97 5.58 1.32 63.95 0.97
P1-5 0.95 12.39 523 1.38 62.30 3.96

“Measured from flask experiments 4h after induction with 25mM 3-HP.

oo . . . .
“From bioreacior experiments.

Example 28, Development of £ denifrificans with chromeosomal integration of the

ALDH expression module, and an episomal DhaB expression module

Development of the ALDH integrant strain:

The chromosomal location of integration is known to affect the expression level
of integrated genes and should be selected carefully. Generally, a gene is more highly
expressed when located closer to an origin of replication, due to a gene dosage effect.
The kgs4 gene was first integrated in place of the endogenous mmisA gene, which is
located ~3,000 Kb away from the replication origin. The mmisd gene expression unit
{(ie., intergenic region and mmsA) on the chromosome was replaced by a kgs4 expression

cassette {see Fig 30; the expression cassette had tandem promoters (20 amino acids of
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mmsA fused to the N-terminus of kgsA (hybrid protein); codon optimization of the first 10
codons of kgsA; and an a modified UTR (UTR-6)) to create a first KgsA integrant strain
{designated as P2-0). For P2-0, wild type Ags4 was used.

More integrant strains {e.g., P2-0, P2-10, P2-20, and P2-30} were developed by
changing the location of integration (see Fig. 32). For these strains, a fusion kgs4 gene,
was employed (e.g., 20 amino acids of mms4 fused to the N-terminus of a kgs4 gene).
Many strains with kgs4 at different locations of the chromosome, for example ~S00Kb
(P2-10}, ~1500Kb (P2-20}, ~3000Kb {P2-30} away from the replication origin, were
studied. These strains did not have a plasmid expressing DhaB. The strains were induced
with 25 mM of 3-HP for 4 hours, and KgsA activity was assayed. Fig. 32 shows that the
P2-10, where mutant kgs4 was located closest to the replication origin, produced the
most KgsAl activity (24 U/mg). The P2-30 strain, having a mutant kgsA inserted at the
same chromosomal location as the P2-0 strain (wild type kgsA4), produced more protein
than the P2-0 strain (15 U/mg vs. 10.8 U/mg, respectively). The result shows that; (1)
when tested after integration at the same chromosomal location, mutant KgsAl activity
was higher than that of KgsA, and (1) ALDH activity significantly varied depending on

the location of its chromosomal integration (Fig. 32).

Varying expression of Dhab from plaswids, and chromosome-integrated KgsA4:

The ratio of DhaB and ALDH could be varied by modulating the expression of
episomal DhaB from a plasmid and/or the expression of chromosome-integrated ALDH.
Only the recombinant P2-0 and P2-10 strains were modified with plasmids containing
DhaB expression cassettes {dhaB gdrAB in pUCPK backbone} (Table 11}, The P2 strains
depicted 1 Table 11 differ in the promoter systems used to express the DhaB expression
cassette. Promoters used for P2-1 to P2-5 are as follows: Pc3, Pe3 with UTR design (1.,
modified UTR, as described herein), Pc3-Pel with UTR design, Pcl-Pc3 with UTR
design, and Pc3-Pzwf with UTR design respectively. These promoter systems vary in
their promoter strengths in ascending order.

Table 11. Evaluation of P. denitrificans strains with chromosomal ALDH and

episomal DhaB
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Strain DhaB ALDH Cell Productivity Titer Yield®
activity? activity® growth® P b {mol/mol
(U/mg}  (U/mg) (g/L/h) gLy )

P2-1 1 10.8 484 1.48 7126 096

P2-2 i.2 10.8 6.71 1.83 88.64 0.93

P2-3 3.9 10.8 6.48 176 8433 0.96

P24 58 10.8 6.03 1.79 86.08 095

P2-5 7.8 10.8 6.59 1.90 9147 097

“Measured from flask experiments 4h after induction with 25mbd 3-HP,

I . .
"From bioreactor experiments.

Example 26. Development of recombinant P denifrificans with chromosomal

integration of ALDH and DhaB

Optimization of the DhaB/ALDH ratio:

Recombinant Pseudomonas denitrificans strains with both the DhaB-GdrAB and
the KgsA expression cassettes integrated into the chromosome were developed. As
described in the Examples above, ALDH activity varies depending on the chromosomal
location of the kgsA gene msertion (Fig. 32), and we developed several integrants for
ALDH showing different activities (P2-10, P2-20, P2-30). We integrated the DhaB-
(GdrAB expression cassette into the P2-10 and P2-20 recombinant strains described in
Example 25 The location of the chromosomal integration site of the DhaB-GdrAB
expression cassette was varied in relation to the KgsA expression cassette in the
recombinant strains. For example, the P4-1 integrant strain was developed by integrating
the DhaB-GdrAB expression cassette (see Fig. 31B) into the chromosome of the host P2-
20 (see Figs. 32 and 37). In the P4-1 strain, the DhaB-GdrAB cassette was integrated ~
4,150 kb away from the replication origin. The P4-1 strain highly expressed DhaB and
KgsA from the chromosome (Table 12). Additional strains were developed to optimize
the ratio between DhaB and KgsA activity by varying the expression of KgsA, Dhal3, or

both KgsA and DhaB. We also took the P2-10 strain and integrated the DhaB-GdrAB
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cassette {the same cassette that was used for P4-1)}, thereby creating the P4-2 strain (Fig.
33).

Further, to reduce DhaB expression relative to KgsA expression, the promoter
regions of the DhaB cassette in P4-1 and P4-2 were modified. We selected a weaker
promoter for expressing DhaB cassette (see Example 10). This resulted in the two new
integrant strains, P4-3 and P4-4, respectively (Fig. 33). Table 12 summarizes the DhaB
and KgsA activity in each of these strains. In the strains P4-3 and P4-4, tandem promoter
Pc3-Pzwt was used with lower promoter strength than the Pcl1-Pc3 tandem promoter used
in P4-1 and P4-1 strains. Promoter strengths were weakened in the P4-5 and P4-6 strains

for KgsA expression.

Table 12. Evaluation of recombinant P. denifrificans strains with chromosomal

integration for both KgsA and DhaB

Strain  DhaB KgsA Cell Productiv  Titer®  Yield®
activity®  activity®  growth® ity" {g/L) {mol/mol
(Umgy (U/mg) {g/L/b) }
P4-1 4.1 6.7 5.30 1.73 832.9 0.95
P4-2 3.0 21.0 462 2.07 99.2 0.97
P4-3 i.2 7.0 4 80 1.71 82.0 0.97
P4-4 0.75 246 442 1.86 §9.2 (.96
P4-5 35 i1.8 419 1.99 95.4 0.93
P4-6 4.0 7.2 4.01 1.83 37.7 .95

Measured from flask cultures 4 h gfter induction with 3-HP.
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b . g .
"Measured from bioreactor experiments.

Example 27: Channeling of Dhab and KgsA

A clustered arrangement of genes encoding enzymes of one pathway 13 observed
in bactena to avoid accumulation of intermediates of specific pathway in the cell Tt s
mmportant to notice that in prokarvotes such as bactena, transcription and transiation
happens simultaneously. In most of the cases the product of first enzyme will be the
substrate of second enzyme. If the genes are located close to each other the substrate for
the second gene/ enzyme will be locahized near to 1t This kind of mechanism can
increase the efficiency of a pathway and avoid toxicity of intermediates, if any, by
immediately consuming it by the second enzyme. This kind of clustering of genes close
to each other is known as channeling effect. To improve 3-HP production and cell
viability, we channeled 3-HPA through the DhaB and ALDH enzymes to reduce the
exposure of other enzymes and cellular components to toxic 3-HPA. We sought to
establish a system where 3-HPA is quickly catalyzed to 3-HP. To do this, we studied the
effects of varying the locations of DhaB and kgsA (ALDH) relative to each other in the
chromosome to promote channeling of 3-HPA.  In one strain the dhaB, gdrAB genes, and
kgsA were located next to each other. While 1n another strain, the location of kgsd was
more than 2000 bp away from the DhaB and GdrAB encoding genes. As mentioned
above, positioning of genes at various locations on the chromosomes influence
expression and activity substantially. When the kgsd was placed at different locations
{close to DhaB, GdrAB (strain P4-20), and 2000 bp away from DhaB, GdrAB (strain P4-
10}) we notice a huge difference in enzyme activities. Both the strains {with (P4-20) and
without (P4-10) channehing effect) showed simular KgsA and DhaB acuvity. The only
difference among these two strains was the location of genes to study channeling effect

{ Fig. 51).

Channeling effect of 3-HPA on cellular metabolism and 3-HP production.
We examined two stramns {(with (P4-20) and without (P4-10) channeling effect)

showed noticeable differences in 3-HP production. The P4-20 strain, in which the genes
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located close to each other promoted the channeling effect, showed a higher 3-HP
production rate and improved 3-HP titer when compared to the P4-10 strain, in which the
genes were located 2000 bp apart on the chromosome. Interesting a marginal difference
i 1,3-PDO was also noticed in these strains. P4-10 showed marginally higher 1,3-PDO
production when compared to P4-20. This could due to the induction of oxidoreductases
by higher 3-HPA accumulation. While in the strain P4-20 where the genes are located
next to each other the low 1,3-PDO and high 3-HP indicate that the 3-HPA produced by
DhaB enzyme was immediately consumed by the closely located KgsA enzyme, without

allowing 3-HPA accumulation.

Example 28. Biopreduction conditions of 3-HP in recombinant organisms

3-Hydroxypropionic acid has been recognized as a potential industrial chemical
which can be used as platform chemical to derive industrially important cornmodity
chemicals. Being precursor for commodity {(bulk) chemucals its production has to be
mexpensive and economical. For biological production of 3-HP or a salt thereof, though
several good recombinant strains were developed, however, most of these strains showed
good performance when cultivated in analytical grade medium. Analytical grade medium
1s expensive and not applicable for commercialization of bulk chemicals. Therefore, an
mdustrial medium using mexpensive media components should be formulated which
assist the recombinant strains to produce 3-HP from glycerol at commercialization scale.
Moreover, the performance of the recombinant strains are highly dependent on the
physiological/bioprocess conditions. Therefore, along with industrial medium
development the physiological/bioprocess conditions should be carefully optimized to
achieve high titer of target product.

The medium used to cultivate microorganisms is combination of many morganic
and organic chemicals. To formulate a good media, it 15 important to understand the
metabolism of the recombinant strains and the properties of the target product. To
develop inexpensive medium, several low grade raw materials were used which contain
significant amount of unwanted toxic materials. These toxic materials either affect the
performance of the strain by reducing its growth and viability or interfere in the

purification of the target product. Therefore, selection of correct combination of medium
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component suitable for the process is painstaking but significantly important. In this
study we carefuily selected and screened several components and analyzed each
components meticelously to formulate industrial medium.

Apart from industrial medium formulation, the bioprocess conditions such as,

(v

temperature, pH, aeration, etc. should be studied and optimized in bioreactor conditions.
Cellular metabolism and NAD+ regeneration, which are extremely critical to 3-HP
production, it was analytically studied by varying physiological parameters under
controlled conditions. The effect of pH, which plays a vital role in improving the acid
tolerance of recombinant strains and enzyme efficiencies of 3-HP production pathway,
10 was examined. Aeration and temperature and induction time optimization was studied
carefully as each physiological parameter significantly influence 3-HP production. Good
improvement in performance of recombinant strains to produce 3-HP from glycerol by

bioprocess optimization was achieved.

15 pH
Apart from developing efficient recombinant strains the other serious challenge
for the hiological production of orgamnic acids at commercially mearningftul titers, 1s to deal
with the toxic effects of these acids on the cell growth and cellular metabolisms of the
microorganisms producing these acids. As most weak acids are known to have
20 antimicrobial properties. Several mechanisms for the antimicrobial activities of organic
acids have been suggested. One such mechanism includes intracellular pH perturbation or
a decrease n intracellular pH by protons which cause acid toxicity.
Druaring continuous production of organic acids, which accumulate in the culture

broth due to which the concentration of its undissociated form increases according to

(]

Henderson-Hasselbalch equation. This undissociated form of acid can eastly pass through

|\

the plasma membrane and dissociate to proton and to respective anion upon entry into the
cytoplasm. The released protons lower the cytoplasmic pH while the anions, on the other
hand are reported to affect the specific metabolism and results 1n impaired growth.
Several studies on acid toxicity have been shown to decrease the cytoplasm pH of

30  muicroorganisms producing organic acid production.
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For commercialization, the important {actor that affects the microbial 3-HP
synthests at high titer 1s its toxicity {(organic acid toxicity}. 3-HP being an 1somer of lactic
acid 1s reported to be approximately 4 4-times more toxic than lactic acid due to the
weaker acidity or 0.64 higher pKa value. The two acids presented no appreciable
difference when the growth inhibition was correlated with the undissociated or
protonated free acid concentration calculated by the Henderson-Hasselbalch equation.
Chun et al. suggested that the growth inlubition by small weak acids 1s mainly caused by
the proton effect (rather than the anion effect), 1.e., an increase in the intracellular proton
concentration. In this study, an appropriate increase in the medium pH was suggested to
alleviate the acid toxicity by reducing the free acid concentration in the culture medium.

The recombinant strain used in this study is a neutrophile which has optimum
erowth at 6.8 to 7 pH, however this strain was evolution adapted to grow at 7.5 pH. The
target product of our interest 15 acid (3-HP) or a salt thereof, these recombinant
microorganisms produce the target product in cytoplasm and secrete them to the culture
media. Uninterrupted production and secretion of acids by microorganmsms result in
substantially decreasing the pH of culture medium which was explained in detail in
earlier sections. For continuous production of 3-HP or a salt thereof and to sustain cell
viability the medium should be maintained at neutral pH. Therefore, to maintain pH,
neutralizing base has been used n bactenial bioreactor studies. Generally strong base such
as NaOH, KOH or even NH40H are used to uphold the pH in bacterial bioreactor
studies. Use of such strong bases results in accumulation of salts such as Na+ or K+ when
NaGH or KOH are used, respectively. This accumulation of salts at high concentration
has been reported as toxic to cell growth and its metabolism.. On the sther hand,
ammonium hydroxide or ammontum bicarbonate were used to neutralize acid production,
the advantage with ammonia containing neutralizing base is that NH=" can be consumed
as nitrogen scurce by microorganisms. While the bicarbonate is reported to have effect on
central metabolism, which enhance the flux to TCA cycle and hence improve the cell
growth and viablity. Hence using bicarbonate based neutralizing agent was used to
develop commercially viable bioprocess for 3-HP production.

The bioreactor experiments to produce 3-HP or a salt thereof from glycerol by

recombinant strains were performed using different bases NaOH, KOH, and NH40H to
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study 1ts effect on cell growth and 3-HP production (Fig 35). The cultures with NaGH
and KOH as neutralizing base showed almost identical results. The bioreactor studies
with NH4OH showed similar final titer as that of other neutralizing bases used in these
studies. However, careful analysis of the results obtained from NH4OH showed an
mmprovement in growth as well as productivity in first 22 h bioreactor studigs.
Interestingly productivity decreased after 22 h with NH4OH, which could be due to the
toxicity of NH3+ accumulation. The reason of NH40H to show higher cell growth could
be due to the assimilation of NH3+ resulted from NH4OH utilization. On the other hand,
the 3-HP productivity was comparatively higher and consistence with NaOH/KOH as
neutralizing base after 22 h. The results motivated to cultivate the cultures mitially with
NHAOH for good growth and higher productivity at early stages and change the base to
NaOH for continued and consistent productivity after 22 h. An experiment was
performed with this strategy and the results are shown in FIG. 52, Combining two
neutralizing base resulted in higher growth as well as higher 3-HP titer. This experiment
resulted i producing > 90 g/L. in 48h,

As aforementioned the important factor to avoid acid toxicity was by avoiding
accumulation of undissociated form of acid. This can be done by two methods 1) by
mereasing the pH away from pKa value of organic acid, which was examined as
mentioned previously, 2} by decreasing the concentration of acid accumulation. To avoid
the accumutdation of acid in the culture broth the most surtable option 1s to extract the acid
from the broth as 1t 1s producing. This method is practically not feasible due to the
econonucal uncomfortability. The other approach 1s to dilute the culture broth so that the
concentration can be reduced which will result in decreasing the undissociated form of
organtc acid. According to Henderson-Hasselbalch equation the undissociated form of
acid can be substantially decreased either by high pH or by decreasing the concentration
of the acid in the culture medium. In the previous experiment we optimized the pH
conditions, as very high pH is not suitable for cell growth. Here, in this study, we
examined the second approach. To study these experiments, we focused on diluting the
neutralizing base. Among the various neutralizing base examined in our experiments we
notice that ammonium hydroxide gave us the best results. Therefore, for experiments to

reduce the 3-HP concentration and increase 3-HP amount, ammonium hydroxide was
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used as neutralizing base. The strategy was to dilute the 3-HP concentration i the
medium by using diluted neutralizing base. In previous experiment 15% ammonium
hydroxide which resulted in >100 g/L concentration and overall 280 ¢ (amount) of 3-HP
was produced. In the next set of experiments further diluted concentration of ammonium
hydroxide at 10, 7 and 3.5 % were used, which resulted in 72, 61 and 54 g/L of 3-HP
titer, respectively. However, the total amount produced was comparable at 295, 304, 326
g, respectively. These results show that decreasing the acid concentration 1n the culture
broth can enhance the acid production by increasing the total amount of acid produced by
the recombinant cells. On the hand when ammonium hydroxide was used to neutralize
acid production, the advantage with ammonia containing neutralizing base is that NH3™
can be consumed as nitrogen source by microorganisms.

In one study, we develop recombinant strains by adaptive mutations to grow at
higher acidic concentrations. 3-HP producing recombinant strains were grown in organic
acid production medium by supplementing organic acid {(in this case 3-HP) at certain
concentration. It was noticed that when the recombinant strain were grown in culture
medium supplemented with 30 g/L of 3-HP, the cultures showed retarder growth when
compared to the cultures without supplementing any organic acid. However, recombinant
strams showed no significant difference in cell growth or specific growth rate 1o the
medium supplemented with less than 30 g/IL. Therefore, 30 g/L. 3-HP was considered as
toxic concentration for recombinant strains. For adaptive evolution, the recombinant
strains were repeatedly cultured in medium supplemented with 30 g/L until the specific
growth rate increased and matched to the cultures m the medium without supplementing
3-HP. Once the specific growth rate was comparable between the cultures, the adapted
stramns were transferred into the fresh medium supplemented with higher concentration of
3-HP (>30 g/L}. This adaptive evolution procedure was repeated several times until
proper specific growth rate was achieved. Interestingly it was noticed that these
recombinant strains took longer time {number of repeated cultures) to adapt and reach
higher specific growth rate as the concentration of 3-HP (>50 g/L) was increasing i the
culture medium. These recombinant cells were adapted up to 80 g/L of 3-HP (Fig 36).

The recombimant strains developed for 3-HP or a salt thereof production were

adapted to grow in industrial medium supplemented with 80 o/L 3-HP. However, it was
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important for us to understand the tolerant mechanism activated in these adopted strains.
Whether the mechanisms are very specific to 3-HP tolerant or it is against several organic
acids tolerant. To confirm this, the adapted strains were grown in industrial medium by
supplementing 50 ¢/L concentrations of other organic acids, such as lactic acid, acetic
acid, propionic acid, pyruvic acid 2-hydroxybutyric acid and 3-hydroxybutyric acid. The
results are shown in {Fig. 37} Interestingly, it was noticed that the adapted strains
showed certain level of tolerance to the other organic acids examined in this study. These
results confirm that the acid toxicity was rather due to the protons generated when
compared to the cations. Identification of specific mechanism by studying omics for these
organic acid tolerance in the adapted microorganism are under progress.

As aforementioned, in several studies 1t has been reported that acid toxicity is due
to the mcreased concentration of undissociated form of acids. The concentration of
undissociated form increases with the accumulation of higher concentration of acids
according to Henderson-Hasselbalch equation (HH equation). However, according to
Henderson-Hasselbalch equation the undissociated form of acid decreases substantially
when the pH 15 increased away from pKa values. The effect of higher pH on acid
tolerance and us production by recombinant strains were examuned. The recombinant
strains 1solated from adaptive evolution experiment were grown in culture medium with
different pH ranging from 6.8 to 8.0 pH wath intervals of 0.2 pH as shown in Fig. 38 The
results shows a sequential improvement in 3-HP titer and specific production rate with
merease in pH. However 1t was noticed that the cell growth was substantially affected
with increase in pH. The recombinant strains showed dechine in cell growth above 7.4
pH. Therefore, the recombinant strains isolated from acid adaptive experiment {adapted
for 80 /L of 3-HP) were further adapted in the cultures maintained at higher pH values.
Optimum pH for these recombinant strains is 7, therefore, these strains were repeatedly
grown in medium with higher pH until the specific growth was comparable to the
cultures grown at 7 pH. With this procedure the acid tolerant strains were adopted to
grown at 7.6 pH with same specific growth rate to the cultures grown at 7 pH.
Interestingly the specific growth rate of recombinant cell did not improve when we tried
to adapt the cells above 7.6 pH even after several attempts of adaptive evolution studies

{Fig. 38 and Fig. 39).
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In the next study, the 7.6 pH adapted recombinant strains were subjected to
bioreactor studies with the objective to produce higher 3-HP titer and amount. The
adapted strains were examined at 7 to 8 pH for growth and 3-HP production. It was
noticed that the adapted strains showed better performance when compared to non-
adapted strains. Interestingly, at 7.4 — 7.5 the adapted recombinant showed comparable
growth to the non-adapted cells and showed substantially improved growth, 3-HP titer,
vield on glycerol and productivity from crude glycerol. The results are shown in Fig 40
Identification of the optimal pH for higher target product production is important in
regard to bioprocess optimization. Optimum pH s important to attain the highest activity
of enzymes. In this case, the recombinant strain harboring 3-HP synthetic pathway was
constructed by importing enzymes from various different microorganisms and its enzyme
characterizations show that each enzyme has different optimum physiological properties.
Therefore, it 13 important to identify the optimum pH for the strain to produce highest 3-
HP titer from crude glycerol. Several experiments were designed to identify the optimum
pH for the recombinant microorganisms harboring heterologous 3-HP synthetic pathway
to produce 3-HP at high titers.

The results obtained by growing recombinant strains for 3-HP production at
various pH ranging from 6.8 to 7.8 are shown in FIG. 38 The bioreactor with 6.8 showed
good growth, but low 3-HP production; however, when the pH was increased an
mmprovement in 3-HP production was noticed. These recombinant cell showed highest
production when the pH was mamtained at 7.4 to 7.5. Further increase in pH showed
substantial decrease in 3-HP production. On the other hand, increase 1o pH reduced cell
erowth. The cell growth was substantial affected at 7.8 pH resulting in lower 3-HP
production. An optimal pH was selected {(pH 7.4} for further studies without
compromising much on cell growth and 3-HP production. A highest 3-HP production

was noticed at 7.4 pH

Liffect of bicarbonate on 3-HFP production from glycerol
In one of our experiments with ammonium hydroxide as neutralizing base we
notice accumulation of substantial amount of pyruvate indicating that the carbon flow

from pyruvate to acetyl-CoA and TCA has been blocked in the 3-HP producing
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recombinant strains. Accumulation of pyruvate resulted in significant amount of acetic
acid production. It has been well reported that the enzymes involved in catalyzing
pyruvate to acetyl-CoA 15 allosterically suppressed by mcereased NADH concentration in
the cytoplasm. We examined the cytoplasm of recombinant strains which are developed
to produce 3-HP from glycerol for NAD/NADH. We notice that the 3-HP producing
strains showed significant accumulation of NADH during its production. We hypothesize
that the hugh NADH concentration in cytoplasm of recombinant strains during 3-HP
production allosterically suppress the enzymes (PDHc) which are involved in converting
pyruvate to acetyl-CoA, and results in pyruvate and acetate production (via Pox B
enzyme). The low NAD/NADH ratio will results in low activity of aldehyde
dehydrogenase which is mnvolved in conversion of 3-HPA to 3-HP, this should result in
accumulation of 3-HPA, a toxic aldehyde which are reported to damage host DNA and
proteins. Interestingly, our experimental results did not show accumulation of 3-HPA.
However, 3-HP production was completely hindered during low NAD/NADH ratio.
These resulis indicate that along with second reaction of 3-HP production pathway, the
first enzyme activity was also decreased substantially due to low NAD/NADH ratio.

We analvzed the first enzyme, glycerol dehydratase expression level and in-vitro
activity at different stages of bioreactor study (Fig. 533, We examined the expression
level of glycerol dehydratase enzyme on SDS PAGE and confirmed that there 15 no
significant change 1n enzyme expression throughout the bioreactor and its in-vitro
activity. These analysis showed that the enzyme expression was not affected, however,
we hypothesized that the physiological conditions / environment in the cytoplasm
perhaps not favorable to glycerol dehydratase activity. Careful analysis revealed that
there 1s an allosteric suppression of glycerol dehydratase enzyme by few of the glycolytic
pathway intermediates. An in-vifro glycerol dehydratase enzyme activity was measured
in presence of various concentrations of several glycolytic pathway intermediates in the
reaction mixture (Fig. 54). In these results it was noticed that the presence of few
glycolytic pathway intermediates i the enzyme activity reaction mixture decreased the
enzyme activities substantially even at significantly low concentrations. As shown in
FIG. 54 intermediates such as dihvdroxyacetone phosphate and glycerol dehyde 3-

phosphate had significant allosteric suppression on glycerol dehydratase enzyme activity.

140



(v

10

20

\.]
W

30

WO 2019/082129 PCT/IB2018/058351

These results indicate for continuous production of 3-HP from glycerol glycolytic
pathway intermediates accumulation should be avoided as it can allosterically suppress
glycerol dehydratase. The best way to do this i3 to enhance the carbon flux towards TCA
cycle.

Previously, it was successfully shown that the development of mutant PDHce
enzyme which can maintain higher activity even at low NAD/NADH ratio can improve
carbon flux towards TCA cycle. However, in this study we take different approach, as
development of these mutant enzymes are painstaking. In this we use carbonate in the
medium and enhance the carbon flux to oxaloacetic acid by activating anaplerotic
pathway enzymes as shown in Fig. 47. Here, we plan to use carbonate in ammonium
form or sodium form. Four different carbonates were used such as ammonium carbonate,
sodium carbonate, ammontum bicarbonate and sodium bicarbonate. The objective of
these studies were to produce organic acid in this case 3-HP at high tuter, therefore we
used these bases for two important purposes as a neutralizing base during acid production
and also to enhance the anaplerotic pathway of central metabolism.

The results obtained in this experiments are shown 1n FIG. 48 and FIG. 49,
Intially, only one concentration of all the bicarbonates were studies based on solubility
of these carbonate salts. Interestingly, as we hypothesized, we saw no pyruvate
accumulation or acetic acid production by 3-HP producing recombinant strains. We also
noticed that substantial improvement in the 3-HP amount produced by the recombinant
strains. When compared the results with carbonate to previously optinuzed conditions
with ammonium hydroxide a substantial improvement i 3-HP amount was evident. Use
of carbonate resulted in more than 100 g increase in 3-HP amount in 5 L bioreactors.
However, increase in 3-HP amount resulted in consuming more base, addition of excess
amount of ammonium and carbonate resulted in higher concentrations of these elements
in the broth. Higher concentration of ammonium and/or bicarbonate/carbonate resulted in
cell tysis and cell death at later stages of bioreactor studies. To overcome this limitation,
we examined several dilutions of these neutralizing bases. Dilution of neutralizing base
resulted in decreasing the concentration by increasing the total volume of the culture
broth. This dilution factor had two significant advantages, one it could avoid cell lysis by

decreasing the concentration of ammonium and carbonate/bicarbonate, on the other hand,
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volume increase also decreased the concentration of organic acid accumulation in the
culture broth, which results in 1ts low undissociated form and avoided acid toxicity as
described mn earlier sections.

To further optimize the bioprocess, two different bases such as either ammonium
bicarbonate and ammoniom hydroxide or ammonium bicarbonate and sodium
bicarbonate mixed in appropriate ratio and its effect on 3-HP production and cell viability
were examined in bioreactor conditions. This was done to avoid the accumulation of
ammonium ions and bicarbonate in large concentrations, and also to identify the ion
responsible for cell lysis. If ammonium ion is toxic and resuited in cell lysis ammonium
accumulation can be avoided by combining with sodium form of bicarbonate. If
bicarbonate is toxic it can be avoided in combination with hydroxide form. Similar
studies were also conducted by mixing sodium bicarbonate and sodium hydroxide in
proper ration. Similarly, sodium bicarbonate and ammonium bicarbonate at suitable
concentrations. Inttially several combinations with different concentrations were
analyzed and an appropriate nuxture of concentration of neutralizing base was 1dentified
which would 1mprove the titer of target organic acid product and also avoid cell lysis
during bioprocess. After examining several different combinations of neutralizing base
and its ddutions resulted m improving 3-HP amount to from 300 g to0 450 g, which was
nearly > 150 g in 5 L bioreactor. These combinations mcreased 3-HP amount and
avoided cell lysis problem associated with ammonium/sodium bicarbonate/carbonate
forms of neutrahizing base (Fig. 52). The resuits obtained n S L laboratory scale was
scaled up to 50 L scale and the results were reproducible. This process optimization

resulted in substantially decreasing the production cost of 3-HP from glycerol.

Aeration

Aeration 1s one of the important physiclogical parameters for cell growth and 15
metabolism. Oxygen being the best electron acceptors, microorganisms has evolved to
use oxygen to maintain the redox status of the cell, also it s utilized to produce ATP via
electron transport chain. 3-HP {or a salt thereof) production from glycerol has been
studied extensively by using oxygen sensitive glycerol dehydratase enzyme (DhaB). This

enzyme catalyzes glycerol to 3-hydroxypropanealdehyde (3-HPA) during glycerol
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metabolism and 1,3-propanediol (1,3-PDO} production under anaerobic/microaercbic
conditions and 1t 18 naturally found in several Enterobacter. In our study we have used a
similar oxygen sensitive enzyme from Klebsiella pneumoniae. It has been well
documented that the activity of DhaB substantially decreases in the presence of higher
amounts of oxygen. On the other hand, as aforementioned several microorganisms have
been evolved to use oxygen as the final electron acceptor and assist m redox balance of
the cell, as it s at most important for cell growth. The recombinant strains developed for
3-HP production are also known to use oxygen efficiently to regenerate NAD™ and
maintain redox balance. 3-HP production pathway from glycerol in the recombinant cells
mvolves an aldehyde dehydrogenase which oxidizes 3-HPA to 3-HP by transferring
electrons to NAD" and produce NADH. These NADH should be regenerated to NAD"™
for uninterrupted production of 3-HP from glyceral. As you notice the two enzymes
mvolved i 3-HP synthetic pathway from glycerol, one is oxygen sensitive while the
second enzyme needs oxygen for its continuous activity (Fig. 41). Therefore optimization
of aeration is highly important for 3-HP production from glycerol and should be studied
meticulously. There must be sufficient oxygen dissolved 1n the media to regenerate
NAD+ via electron transport chain, however not so much as to affect the activity of the
glycerol/diol dehydratase. Aeration in bioreactor can be controlled by agitation and air
flow which determines the mass transfer; therefore in this study we study the aeration by
carefully controlling airflow and agitation rpm.

Recombimant strains were cultivated under various agitation speed and air flow
{results not shown). Tnttially the air flow was fixed at either 0.5 or 1 vvm and the
agitation speed was varied from 400 to 800 with increment with every 50 rpm. The
results showed that lower aeration condition showed low 3-HP production, this could be
due to improper regeneration of NAD™ which results in decreasing the ALDH catalytic
activity and accumudates 3-HPA, a toxic aldehyde to cell growth. However, accumulation
of 3-HPA (3-HP pathway intermediate) could not be measured accurately with HPLC due
to improper peak. Therefore the strategy was changed to maintain dissolved oxygen (DO}
rather than agitation and air flow variation. Imitially DO was mamntained at 40 %,
however, 3-HP production was not very encouraging at this percentage. Therefore,

various DO levels were examined from 1% to 40 %. The results are shown in Fig. 42.
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When DO was mamntained at 1% the recombinant strains produced nearly 40 g/b. 3-HP in
48 h. Cell growth was not satisfactory. Significant amount of 3-HPA accumulation was
noticed. Marginal improvement in aeration (dissolved oxygen %) by increasing the
agitation speed to 450 rpm showed improved 3-HP production from glycerol. Further
ncremental increase in rpm showed higher 3-HP productions. The highest production
was noticed when DO was maintaimed at 5 to 6 %, however, the 3-HP production was
maintained up to 10 % DO without any significant changes in the titer. On the other
hand, further increase in DO above 10 % showed decrease in 3-HP production, indicating
that ~5 — 10 % DO as an optimal for higher 3-HP production under these bioreactor
conditions. Higher DO > 10 % showed margmally low 3-HP productions compared with
the DO at 10 %, this could be due to the decrease in the DhaB activity, which is oxygen
sensitive at higher concentration. The highest production was noticed at 600 rpm, while
further improvement in rpm above 600 rpm showed decrease in 3-HP production,
indicating that 700 rpm as an optimal rpm for higher 3-HP production under these
bioreactor conditions. Higher rpm at 800 showed marginally low 3-HP productions
compared with the 700 rpm and 1 vvm, this could be due to the decrease in the DhaB

activity, which is oxygen sensitive at higher concentration.

Temperature

Temperature 1s other important physiological parameter for optimal cell growth
and cellular metabolism and 1t substantially mfluences production of target product by
recombinant microorganisms. Identify the optimum temperature for higher target product
production is extremely important in bioprocess optimization. On the other hand,
temperature 1s important physiological parameters which determine the optimum
catalytic activity of enzymes. In this case, the recombinant strain harboring 3-HP
synthetic pathway was constructed by importing enzymes from various different
microorganisms and its enzyme characterizations show that each enzyme has different
optimum physiological properties. Therefore it is important to identify the optimum
temperature for the strain to produce highest 3-HP titer. In this regard several

experiments were designed to identify the optimum temperature for the recombinant
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microorganisms harboring heterclogous 3-HP synthetic pathway to produce 3-HP at high
titers.

The results obtained by growing recombinant strains for 3-HP production at
various temperatures ranging from 28 to 40 deg € are shown in FIG. 43, The bioreactor
at 28 deg C showed slow growth, slow cellular metabolism and low 3-HP production;
however, when the temperature was elevated an improvement in cell growth and 3-HP
production was noticed. These recombinant cell showed highest production when the
temperature was maintained at 33 deg C. Further increase in temperature showed slow
cell growth and substantial decrease in 3-HP production. Substantial decrease in cell
erowth and 3-HP production was noticed with the cultures with 40 deg C. The
characterization of enzyme involved in 3-HP synthetic pathway show that optimum
temperature for its activity around 37 to 45 deg C, however, and optimum cell growth for
the parent strain as 30 deg C. However, 33 deg C was found to more suitable for cell
growth as well for highest 3-HP production. Therefore 33 deg C temperatures was

considered for further experuments.

Time of induction

On the other hand, literature studies show that the ability of recombinant strains to
produce target product and the protein depends on the phase/time of mduction of specific
enzymes. For mmstance, few products reach high titer when the enzymes of the pathway
are induced at early log phase while few show higher production when mduced at late
stages of growth (late log or stationary phase}. In this regard we analyzed the 3-HP
producing ability of recombinant strains to high titer by inducing the synthetic pathway
for 3-HP production at different stages of cell growth. The effect of different induction
time on 3-HP production was examined by supplementing glycerol (source for 3-HP) at
different cell OD points, suchas 3,3, 6,7,9, 11 and 15 OD). These results showed that
mduction at mid log phase results in highest 3-HP production by recombinant strains.

Induction of target product at different stages of cell growth can show a
substantial difference in its production. Therefore, in this study the induction time for 3-
HP production was varied from 3 to 15 OD. The results obtained from these experiments

are shown i FIG. 44, These results showed that the cultures induced between 3 10 © OD
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showed good production from the early stages of bioreactor studies. However, the
cultures induced after 9 OD showed low 3-HP production. Among all these conditions
the cultures induced at ~ 6 0D showed highest 3-HP production at 102 g/L 1 48h.
Interestingly all the cuitures induced between 3 to 9 QD produced ~100 g/L in 36 h with
productivity at 2.5 g/U/h, after which the production decreased substantially. Metabolite
analysis also showed accumuation of carbon source after 36 h indicating cells decreased
gluconate consumption which would have also resulted in improper regeneration of

NAD+ and hence the low 3-HP after 36 h.

Development of industrial medium for 3-HP production by recombinant strains.

NBS hioreactor with 5L working volume was used to examine the effect of
carbon source on cell growth and 3-HP production by recombinant strains. Based on
shake flask expeniments, gluconate, glutamate (Monosodium glutamate, MSG) and citric
acid which showed good cell growth and 3-HP production were subjected to bioreactor
studies. Initially three different industrial grades MSG was examined in bioreactor and
the results are shown in Fig 2. There was no sigruficant ditference in cell growth,
glycerol consuraption and 3-HP production srrespective of different industrial grade
MSG. In the beginning the cells were allowed to grown to a certan optical density (OD),
there after they were mnduced to produce 3-HP by supplementing media with crude
glycerol. Addition of glycerol or 3-HP production did not stop cell growth, however after
the OD reached around 5 g cdw/L at 15 h the cell growth decreased substantially
irrespective of different MSG as carbon source. Among several MSG, the one with small
mesh size showed improved 3-HP production, while the other MSG with higher mesh

size produced comparatively low 3-HP from crude glycerol.

Example 29. Hdentification of suitable carbon source for high titer 3-
hydroxypropionic acid production

This study was intended to identify a suitable carbon source which can assist the
recombinant strain to grow and produce the target acid products to high titer. Carbon
source 1s one the major media component which play a vital role in cellular metabolism,

cell growth and also 3-HP production. In this study, we examined carbon sources which
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can support recombinant strains to grow to higher cell densities and also produce 3-HP at
high titer. In this regard we analyzed four different carbons sources as follows; glucose,
glutamate, gluconate and citric acid. All these carbon sources were carefully selected
based on metabolic pathway of recombinant strains and also based on the avatlability and
cost.

Recombinant strain was cultivated in shake flask containing industrial medium
supplemented with various carbon sources as aforementioned. Experiments were carried
out in duplicates to check the reproducibility. The results obtained are shown in Fig 1.
Among the several carbon sources used gluconate and glucose showed highest and lowest
erowth rate compared to other carbon sources used in this study, respectively. On the
other hand, the other two carbon sources, glutamate and citric acid, which can enter TCA
cycle directly showed comparable growth pattern. However the growth rate was
marginally less when compared to gluconate. Stmilarly, 3-HP production from glycerol
showed different production rate with diverse carbon sources. The production was
highest with gluconate, and low with glucose. Among all the four carbon sources
examined gluconate showed better growth and 3-HP production, however the growth and
3-HP production decreased substantially after 12 h in flask experiments, which could be
due to substantial drop tn pH or due to depletion of carbon source, which was not
measured m this study. Therefore, this condition was examined 10 bioreactor under
controlled conditions to study the potential of gluconate on 3-HP production from crude
glycerol by recombinant strains. On the other hand, glutamate and citrie acid also showed
potential to produce comparable amount of 3-HP as of gluconate, therefore, in a separate
study glutamate and citric acid were also examined as carbon source for 3-HP production

under bioreactor conditions.

Example 29. Characterization of gluconate as suitable carbon source for high titer
3-hydroxypropionic acid production

In the next set of experiments gluconate was examined as carbon source. One
bioreactor was used to study the effect of gluconate on cell growth and 3-HP production,
while in the other bioreactor gluconate was used for cell growth and MSG for 3-HP

production, by changing the carbon source at 12 h of bioreactor studies. MSG was used
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for production conditions as it 1s well known substrate for one of the acid tolerance
mechanisms in bacteria. On the other hand, glutamate metabolism results in fewer NADH
generations, which indirectly assist in 3-HP production from glycers! (Fig 3. Simularly,
more bioreactor experiments were performed with citric acid as carbon source, one
bioreactor citric acid for cell growth and 3-HP production, while the other bioreactor
citric acid for cell growth and MSG for 3-HP production were used in combination.
When citric acid was used as carbon source during initial cell growth a substantial
variation in pH was noticed and 1t was difficult to control the pH during bioreactor
studies However, addition of glycerol at 6 h of bioreactor studies resulted in substantial
accumulation of toxic 3-hydroxypropanealdehyde (3-HPA), which resulted in cell death
and no 3-HP production was noticed.

Use of gluconate resulted in good cell growth with the biomass reaching at 6 cdw
't When the cells were induced for 3-HP production by adding glycerol, suddenly cell
growth decreased substantially (Fig 2a), and dropped to ~ 4.5 cdw I'! at later stages of
bioreactor. Decrease in cell growth resulted in low 3-HP production. In 36 h with
gluconate as carbon source for cell growth and 3-HP production showed reasonable good
3-HP production which was promising for commercialization. After 36 h production
decreased and i next 12 h. At 48 h bioreactor was terminated and thus study showed titer,
yield and productivity at 83 g 1", >0.95 molmol™ and 1.72 g I'' b, respectively. On the
other hand, the bioreactor studies mn which the carbon source was changed from
gluconate to glutamate after 12 bioreactor hours showed substantial decrease in 3-HP
production indicating the change in carbon source was not suttable under these
conditions. This study resulted in only 65 g/L 3-HP from crude glycerol in 48 h (Fig 2b).

These studies showed that gluconate as one of the good carbon source for cell
erowth as well as for 3-HP production. Therefore, several wide range of industrial grade
gluconate from different sources were examined under optimized conditions and the one
which showed good 3-HP production without affecting the cell growth to great extent

was used for further studies.

Example 30. Identification of suitable nitrogen source
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Nitrogen source 1s the other important component in media used to cultivate
microorganism along with carbon source. Nitrogen containing media components along
with carbon source should be selected very carefully as they play vital role in cellular
metabolism and 3-HP production. In this study, we identified and examined suitable
nitrogen sources which can support recombinant strain grow to higher cell densities and
also produce 3-HP at high titer. In this regard we analyzed several different types of corn
steep liquor and yeast extract as nitrogen source. This analysis revealed that among
several nitrogen sources veast extract from China (SJB) showed better performance of
recombinant strain by producing higher 3-HP titer and productivity from crude glycerol
NBS bioreactor with 3L initial working volume was used to examine the effect of
nitrogen source on cell growth and 3-HP production by recombinant strains. Various
veast extracts from different sources (industrial grade) were used in different bioreactor
studies. Previously, it was confirmed that gluconate as reasonable carbon source to
achieve good 3-HP titer and cell growth, therefore gluconate was used as carbon source
to examine the effect of various types of nitrogen source on 3-HP production from
glycerol.

Bioreactor studies show that there was a significant difference with cell growth
and 3-HP production by recombimant strains with various nitrogen sources. Corn steep
higuor {CSL), both powder and paste from showed very low 3-HP production. When CSL
was used as nitrogen source cell growth measurement was difficult as undissolved
particles in CSL interfered with OD measurements. The results are shown in Fig 4a. On
the other hand, there was no significant difference in tirme course profile of 3-HP
production with yeast extract as mitrogen source. However, bioreactor baker’s yeast
extract showed marginaily good 3-HP production at the early stages of bioreactor studies
and also it assisted to slightly improve the cell growth.

After identifying the suitable nitrogen source tts concentration was varied to
identify the effect of yeast extract concentration on cell growth and 3-HP production
from glycerol. It was notice that when yeast extract was used > 1 g/L in the culture
medium the recombinant cells produce good amount of 3-HP from crude glycerol.

Siilarly when corn steep liquor was used at > 1 g/L concentration in combination of
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gluconate or glutamate as carbon source it also resulted in 3-HP production similar to

yeast extract condition.

Example 31. Use of water-immiscible solvent for extracting 3-HP from
decelluiarized broth
General protocol A

To a specified amount of broth containing sodium salt of 3-HP at a specified titer,
prepared as described in previous examples, was added a specified acid at room
temperature unttl a specified pH was reached. The resultant reaction mixture was
continuously extracted with a specified amount of a specified water-imnuscible solvent at
a specified temperature for a specified amount of time. In certain examples, the extraction
was repeated with at least one additional portion of the same solvent at the same
conditions. In such examples, the extraction time 1s indicated in the “Temperature,
Extraction tume” columm of Table 13 in the following manner: time of the matial
extraction/time of extraction with an additional portion of the solvent. Purity of obtained
3-HP was determined by 'H NMR.

"H NMR of 3-HP: A triplet is observed at about 3.75 ppm for the CHz group next
to OH, and a triplet at about 2.39 ppm is observed at about for CH: group next to COOH.
No long range coupling is observed in 'H NMR.

TH NMR (400 MHz, D20) 5 3.75 (1, J = 6.6 Hz, 2H), 2.39 (1, J = 6.6 Hz, 2H)

Table 13 describes acids, pH of the aqueous phase, water-immiscible solvents and
their amounts, temperature, extraction time, and yield and purnity of 3-HP that was

obtained by following the general extraction protocot A

Table 13
Entry Selvent, | Amount of Temperature,
7 Acid pH | yield | purity
Mo, amount | broth, titer | Extraction time
150~
800 ml, ,
TA-1 | HaSOs BuQH, 107 °C, 33 53% n/a
60 g_/f{_l
00 ml. 18/18 hours
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Entry Selvent, | Amount of Temperature,
7 Acid 7 pH | vield | purity
No. amount | broth, fiter | Extraction time
i50-
Oxalic 481, 107 °C,
1A-2 BuOH, 431 83% | 77%
acid 81 /L 18/18 hours
62L
isc-
Oxalic 48L 107 °C,
TA-3 BuQOH, 44| 883% | 88%
actd 65 o/ 18/18 hours
621L
iso-
Oxalic 481, 107 °C,
1A-4 BuOH, 451 99% | 69%
actd 74.7 g/L. 18/18 hours
62L
i50-
800 mb., 107 °C,
1A-5 HCH BuOH, 33| 32% | 76%
73 g/L 18/18/18 hours
300 mL
iso-
Acetic 8CC mi., 107 °C,
1A-6 BuOH, , 12| wa n/a
acid 61 ¢/l 18/18/18 hours
800 mL
, Ethyl
Oxalic 431, 78 °C,
1A-7 acetate, 441504%  71%
actd 65 g/l 48 hours
6.7L
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General protocol B

To a broth 4.8 L containing sodiom salt of 3-HP 65 g/L prepared as described in
previous examples, was added a specified acid at room temperature until a specified pH
was reached. The resultant reaction mixture was continuously extracted with isobutanoi
6.2 L at a specified temperature for a specified amount of time. Purity of obtained 3-HP

was determined by 'H NMR.

Table 14 describes acids, pH of the agueous phase, water-immiscible solvents,
temperature, extraction time, and yield of 3-HP that was obtained by following the

general extraction protocol B.

Table 14

Entry No, Acid Extraction time | Temperature | pH yieid purity
i1B-1 HCl 3 days 100 ~ 115°C | 0.8 | decomposed | n/a
1B-2 H(l 3 days 100 ~115°C | 1.0 | decomposed | n/a
18-3 HCl 3 days 100 ~115°C | 4.0 54% n/a
1B-4 H2804 3 days 100 ~115°C | 1.0 | decomposed | n/a
IB-3 H2804 3 days 100~ 115°C | 2.0 43% 32%
1B-6 H2804 3 days 100 ~115°C | 33 53% n/a
1B-7 H2S04 3 days 100 ~115°C | 3.0 70% 40%
1B-8 Oxalic acid 3 days 100~ 115°C | 24 n/a v/a
IB-9 Oxalic acid 120 h 100~ 115°C | 35 89% R4%
1B-16 | Oxalicacid 120 h 100 ~115°C | 43 83% 77%
1B-11 Oxalic acid 120k 100 ~115°C | 44 100% 72%
1B-12 | Oxalicacid 9 h 100~ 115°C | 44 91% 85%
1B-13 Oxalic acid 74 h 100~ 115°C | 44 78% 80%
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Example 32. Use of a water-miscible solvent and water-immiscible solvent for
extracting 3-HP {rom decellularized broth
General protocol C

Typical systems for extracting 3-HP from fermentation broth using a mixture of
water-miscible solvent and water-immiscible solvent are shown i FIG. 58 and FIG. 59.
To a spectfied amount of broth containing sodium salt of 3-HP prepared as described in
previous examples, was added oxalic acid until pH 4 4 of the broth was reached at room
temperature. Decrease in pH in the broth was monitored using a pH meter. Specified
amount of ethyl acetate {water-immaiscible solvent) was added to the solvent flask,
followed by addition of a specified amount {as v/v% of the amount of broth in the
system} of a specified water-miscible solvent to the solvent flask. The solvent flask was
heated using a heating mantle to a botling point of water-ruscible solvent until all of the
water-miscible solvent was evaporated and transferred to the flask containing the broth.
The solvent flask was subsequently heated to the boiling point of ethyi acetate for about
48 hours, during which time 3-HP was continuously extracted from the broth by ethyl
acetate. The resultant solution of 3-HP in ethy] acetate was concentrated in vacuo to give
desired crude 3-HP as a yellow oil. Purity of obtained 3-HP was determined by 'H NMR.

Various conditions for extracting 3-HP from fermentation broth such as amount
of broth and titer, water-miscible (w-m} solvents and their amounts, vield and purity of 3-

HP that were obtained by following the general extraction protocol €, are shown in Table

15.
Table 18
Combined Water- Amount of
Eatry | Amount of 4
amount of ethyl | miscible {(w- W~ yield | purity
Neo. | broth, titer ‘
acetate m) solvent solvent

411,
2A-1 SOL MeOH 10 v/v% 73% 74%

82 ¢/l
ZA-2 431, 53L MeOH W0viv% | & | T0%

81.4 o/L T ‘ ‘

2A-3 ;1'1 L]': 541, MeOH 25 viv% 93% 79%

R7 o/ o R
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, Combined Water- Amount of
Entry | Amount of
amount of ethyl | miscible (w- W-h yield | purity
Me. broth, titer
acetate m) solvent solvent
- 90-
2A-4 45L, : _~ s onon | 100%
66 o/L. 50L MeGH 25 vivYe 959,
ZA-S 4.3 L, S2L MeOH 30w | 21% | 85%
89 o/L. ” T )
A6 431, 'S87 MeCH 35 v/iv%e 990 8004
69 /L '
2A-T 4.3 L, 51L MeOH 40v% | 9% | T6%
69 g/L. T ‘ ‘
2A-8 5L, 5 EtOH 25y | 94.5% | 88%
62 o/L 45L EtOH 25 viv%
2A-9 5L, 45L i-PrOH 25w | 99% | 93%
63 /L

FIG. 61 shows increase i concentration of 3-HP 1o ethyl acetate in the solvent
flask throughout the extraction of decellularized broth using ethy! acetate and methanol
as water-miscible solvent (amount of methanol 15 25 v/v% of the amount of broth used

5 forextraction) at 78 °C for 48 hours. Data depicted in FIG. 61 15 sununarized in Table 16.

Table 16
Entry Mo. | Amount of broth | Titer of 3-HP in broth | Yield of 3-HP
2B-1 38L 87.6 g/l 97.2%
2B-2 4L 886 L 94 5%
2B-3 35L 73 g/ 97.2%
2B-4 35L 73.07 g/L 97.7%

Example 33. Purification of erude 3-HP

O O

NaOH in MeOH
I
HO”\/U\OH HQ/\\)J\ONa

10 Step 1 — formaiion of 3-HF sodium salt

To a solution of crude 3-HP (prepared as described i previous examples) in IPA

was added NaOH (2N solution in MeOH) until pH=7.0 at room temperature. After
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stirring the reaction muxture for 2 hours at room temperature, the reaction mixiure was
filtered and washed with 1PA. The crude 3-HP sodiom salt was dissolved in EtOH (ratio:
3-HP sodium salt EtOH=1:4 or 1.6 or 1.8} and filtered to give pure desired product 3-HP

sodium salt as a white solid in 63% yield at 99% purity as determined by 'H NMR.

Step 2 — formation of pure 3-HP from 3-HP sodium salt

/\/‘f\ . Acid Q
HO ONa ;—-;Q/\/J\OH

To a solution of 3-HP sodum salt was added an acid (acetic acid, con HCI,
Hz804, or oxalic acid) in MeOH at room temperature. After stirring for 2 hours at room
temperature, the reaction nuxture was filtered and washed with MeOH. The filtrate was

concentrated 7 vacuo to give the desired pure 3-HP as a yvellow o1l in quantitative yield.

Example 34. Reactive distiliation of crude 3-HP in the presence of a catalyst

FT¥r=Y
O reactive O

distillation i

General protocol D

A typical system for reactive distillation of acrylic acid is shown in FIG. 60.
Specified amount of crude 3-HP as prepared in previous examples was placed in the
reaction flask, followed by a specified amount of a catalyst (wt.% based on the amount of
crude 3-HP in reaction mixture). Once the system was assembled, the vacuum was turned
on and set to 74 mbar {throughout the reactive distillation process, the pressure was
maintained at 70-100 mbar). When the pressure was set, the reaction mixture was heated
to 80 °C using a heating mantle. The dehvdration reaction started when the temperature
of the reaction muxture reached SO °C. The mixture of acrvlic acid and water (reaction
products) evaporated and was collected in the still head and m the collection flask. The
temperature of the reaction mixture was gradually increased from n 20 °C mcrements

until the specified temperature was reached, and the process was continued for a specified
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amount of time until no more liquid collection was observed. Purity of the resultant
acrylic acid was determined by "H NMR.

TH NMR (400 MHz, CDCL) 8§ 6.51 (d, J = 17.2 Hz, 1H), 6.14 (dd, J = 17.3, 10.4
Hz, 1H}, 596 (d, /=104 Hz, 1H).

'H NMR (400 MHz, DMS0) § 6.24 (dd, 7= 17.3, 1.9 Hz, 1H), 6.07 (dd, J = 17.3,
10.2 Hz, 1H), 5.86 (dd, /= 10.2, 1.9 Hz, 1H).

Various conditions for making acrylic acid from crude 3-HP, such as amount of
crude 3-HP, catalysts and their amounts, reaction temperature, reaction time, vield and
purity of 3-HP that were obtained by following the general reaction protocol D, are

shown in Table 17.

Table 17
Entry Catalvst Amount o) Amount of | Reactio [Reactio] Yie [Pur
Nao. A f3-HP catalyst niemp. |(otime| I | ity
L ) . 79 |63
4A-1 | Oxalic acid, dihydrate | 849g 5wt.% 145 °C &h o | o
/0 [\
. . , 5
4A-2 | Oxalicacid, dihydrate | 998 g 5wt.% 180 °C 8h 15/0 ;/Q
] ¢
g - , o/ o 89 | 80
4A-3 | Oxalic acid, dihydrate | 550 g 2wt % 180 °C &h o | o
70 70
, I n ) e 93 |85
4A-4 | Oxalic acid, dihydrate | 528 g 1 wt.% 180 °C &h o | o
A3 V]
4A-5 | Oxalic acid, dihydrate | 225 g 1 wt.% 110 °C 3h f/é 36
] ¢
, o ) . R 94 |69
4A-6 | Oxalic acid, dihydrate | 250 ¢ 4 wt.% 180 °C 8h o | o
70 70
, T N 91 |80
4A-7 | Oxalic acid, dihydrate | 266 g 3 wt.% 180 &h o | o
A3 pay
Oxalic acid, dihydrate , 1wt % 66 | 68
AA~D DI 7 51g ) °C l )
A8 Silica gel ig 5 wt.% 1807 3h % | %
Oxalic acid . 1 wt.% 75 |67
-G Yo goC £5
4A-9 Seq sand 250 ¢ 5 Wi % 180 °C |8 hours o |9
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Entry Catalvst Amount ol Amount of | Beactio {Reactic] Yie Pur

No. -arys f3-HP catalyst ntemp. | ntime| 4 | ity
4{‘;’1 4A roolecular sieves 250¢ 3 wt% 180 °C & h ]'0(32 Z,ﬁ
U 70 70
4A-1 Oxalic acid 1 wt.% . 98 | 81

,") ,: ) O

i NaCl 2308 | sgqe, | 1807C 1 BRob o0 o

4A-1 4A molecular sieves 1 wt.% 95 | &0
50 o o

2 NaCl 208 | g, | 1807C ARy
441 Oxalic acid o 1 wit.% o 96 | 8
3 4 A molecular sieves 1313 ¢ 5 wt.% 180°C 8 % | %
4[};1 4A molecular sieves 3kg 3wt.% 180 °C 6h 10?: f/j

Example 35. Reactive distillation of 3-HP catalyzed by pelyphosphoric acid (PPA)

O O
; PFPA
HO OH reactive OH
distiliation

To a purified compound 3-HP (10.00 g, .11 mmol) was added PPA (1.00 g, 10
wt.%) at room temperature. The reaction mixture was heated at 180 °C for 5 hours,
during which time the acrylic acid was formed and distilled from the reaction mixture to
atford the desired product (4.90 g, 62%) as colorless o1l 1n 62% yield at 76% purity as

determined by 'H NMR.

Example 36. Heactive distiliation of 3-HP in the presence of phenothiazine

oxalic acid, phenothiazine \\/i
163 SA8d, > e \\ i '
OH

reactive distillation

G

HG OH

General protocol I/
To 3-HP was added a specified amount of phenothiazine {wt.% of the amount of
3-HP) and a specified amount of oxalic acid (wt.% of the amount of 3-HP) at room

temperature. The reaction mixture was heated at 180 °C for S hours, during which time
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the acrylic acid was formed and distilled from the reaction mixture to afford the desired

product as colorless oil.

Various conditions for making acrylic acid from crude 3-HP, such as amounts of
phenothiazine and oxalic acid, and vield of 3-HP that were obtained by following the

general reaction protocol E, are shown in Table 18

Table 18

Entry No. [Amount of phenothiazine Amount of oxalic acid | Yield
6A-1 0.5 wt.% S wt% 66%
H6A-2 2 wt% 10 wt.% 73%
6A-3 2 wt.% 5 wt% 62%
6A-4 0.5 wt.% 20 wit.% 56%
HA-5 4 wt.% 20 wt.% 67%
6A-6 5wt% 10 wt.% 67%
A-T7 2 wit.% 10 wit.% 60%

Example 37, Reactive distillation of 3-HP in the presence of hydroguinone

G

¢
oxalic acid, hydroguinone
NG S,

raactive, distillation

To a puritfied compound 3-HP (50 g) was added hydroguinone (2 wt.%), citric
acid (10 wt %) and oxalic acid {20 wt.%) at room temperature. The reaction nuxture was
heated at 180 °C for 5 hours, during which time the acryhic acid was formed and distilled
from the reaction mixture to afford the desired product as colorless ol in 75% vield at

67% purity as deterniined by 'H NMR.
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Example 38. Reactive distillation of purified 3-HP
) reactive o

distillation

A purified compound 3-HP (1.36 kg} was heated at 180 °C for 8 hours, during

5 which time the acryhic acid was formed and distilted to afford the desired product as a

colorless oil in 56% vield at 75% purity as determined by 'H NMR.

Example 38. Reactive distillation of 3-HP treated with activated carbon and oxalic

acid
'S activated carbon, o
MeOH
H D/\\/U\ OH ' . \\5/1\ OH
oxalic acid,
10 reactive distiflation

General protocol I
The specified amount of crude compound 3-HP was dissolved in MeOH, followed

by addition of activated carbon (1 wt.% of the amount of 3-HP) to the resultant solution.
15 The solution was filtered through a pad of Celite, and the filtrate was concentrated in

vacuo. To the resultant residue, specified amount of oxalic acid was added and at room

temperature, and the reaction mixture was heated at a temperature progressively

mereasing from 135 °C t0 180 °C, over a period of time of 12 hours, during which time

the acryvlic acid was formed and distilled to afford the desired product as colorless oil.

20 Purity was determined by 'H NMR.
Various conditions for making acrvlic acid from crude 3-HP, such as amounts of

activated carbon and oxalic acid, and yield of 3-HP that were obtained by following the

general reaction protocol F, are shown in Table 19,
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Table 19
Amount
Entry No. Amount of of oxalic Yield | Purity
3-HP \ Y
acid

SA-1 1473 ¢ 5wt % 86% 75%

QA-2 976 g 10 wt.% Q9% 81%

9A-3 n/a 20 wt.% 93% n/a

Example 40, Purification of crude acrylic acid by distiliation
A crude acrylic acid (650.8 g) was distilled at reduced pressure of 70-80 mbar and
at a temperature of 80 °C-110 °C to afford the desired product as colorless o1l (360.7 g,

55.4%).

Example 41, Purification of crude acrylic acid by purging with gas

Crude acrylic acid {2457 g) was placed in the reaction flask equipped with the
inlet tube for bubbling hot air through the reaction mixture at atmospheric pressure. The
air was heated to about 60 °C, and was vigorously bubbled through the crude acrylic acid.
For about 12 hours The hot air carried the acrylic acid to the still head. Any vaporized
acrylic acid was condensed to liquid state in the condenser. The reaction flask was also
heated to 60 °C using a heating mantle. After the punification process, the collected
acrylic acid product (1969 g, 80.1%) was pure by NMR, indicating the ratio of acrylic
acid to water in the collected product of about 80:20 (pure acrvlic acid product contains
20 wt.% water). 'H NMR (400 MHz, DMSO) & 6.25 (dd, /= 17.3, 1.8 Hz, 1H), 6.07 (dd,
J=173,103 Hz, 1H), 587 (dd, /=103, 1 8 Hz, 1H).
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OTHER EMBOBIMENTS
It 1s to be understood that while the disclosure has been described in conjunction
with the detailed description thereof, the foregoing description is intended to illustrate
and not limit the scope of the disclosure, which is defined by the scope of the appended
claims. (ther aspects, advantages, and modifications are within the scope of the

following claims.
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CLAIMS

1.  An expression system, comprising a first promoter that is either
constitutive or inducible by a small molecule, a second promoter that is either
constitutive or inducible by a small molecule, a first gene encoding a protein
involved in the synthesis of 3-hydroxypropionic acid (3-HP), a salt of 3-HP, or
coenzyme B12, a modified untranslated region (UTR), and a native sequence
encoding up to 20 amino acids from the N-terminus of a native Pseudomonas
denitrificans protein, wherein the native sequence is operably linked to the 3’-
terminus of the modified UTR and operably linked to the 5’-terminus of the first
gene, the first and second promoters are operably linked in tandem upstream of the
modified UTR, and the modified UTR comprises a sequence selected from the group

consisting of SEQ ID NO: 22-28 (UTRO0-6).

2. The expression system of claim 1, further comprising a third promoter;
and a second gene encoding a transcriptional regulator configured to regulate
expression of the first gene, wherein the third promoter is operably connected to the
second gene, and the third promoter comprises a sequence that is 95% identical to

the sequence selected from the group consisting of SEQ ID NO: 7-10 and 52-63.

3. The expression system of claim 1, wherein the first promoter is operably
linked to the 5’-terminus of the second promoter, the second promoter is operably
linked to the 5’-terminus of the modified UTR, and the modified UTR is operably

linked to the 5’terminus of the first gene.

4. A nucleic acid, comprising a first promoter, a second promoter, and a
modified untranslated region (UTR), wherein the first promoter is an inducible
promoter and is inducible by a small molecule; the first and second promoters are
operably linked to a first gene; and the first gene encodes a protein involved in the
synthesis of 3-hydroxypropionic acid (3-HP), a salt of 3-HP, or coenzyme B12,
wherein the first promoter is operably linked to the 5’-terminus of the second

promoter, the second promoter is operably linked to the 5’-terminus of the modified
162
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UTR, and the modified UTR is operably linked to the 5’terminus of the first gene,
and wherein the modified UTR comprises a sequence selected from the group

consisting of SEQ ID NO:22-28 (UTR 0-6).

5. The nucleic acid of claim 4, wherein the first gene encodes a protein
involved in the synthesis of 3-hydroxypropionic acid (3-HP) and is selected from the
group consisting of a glycerol dehydratase, a glycerol dehydratase reactivase, and an
aldehyde dehydrogenase,

wherein:

the glycerol dehydratase is selected from the group consisting of dhaB1, dhaB2,
dhaB3;

the glycerol dehydratase reactivase is selected from the group consisting of
gdrA and gdrB; and

the aldehyde dehydrogenase is selected from the group consisting of kgsA.

6.  The nucleic acid of claim 4, wherein the first gene comprises a dhaB1
gene, a dhaB2 gene, a dhaB3 gene, a gdrA gene, a gdrB gene, and a kgsA gene, and
the sequence comprises a sequence that is at least 95% identical to a SEQ ID
selected from the group consisting of SEQ ID NO: 1, SEQ ID NO: 2, SEQ ID NO: 3,
SEQ ID NO: 4, SEQ ID NO: 5, and SEQ ID NO: 6.

7. The nucleic acid of claim 4, wherein the small molecule is an acid or
alcohol, optionally wherein the acid or alcohol is selected from the group consisting
of L-lactic acid (LAC), acetic acid (AcOH), propionic acid (PA), 3-
hydroxypropionic acid (3-HP ), 3-hydroxybutyrate (3-HB), 1,3-propanediol (1,3-
PDO), 2,3-butanediol (2,3-BDO), L-valine (L-val), and 3-hydroxyisobutyrate (3-
HIB).

8. The nucleic acid of claim 4, wherein the second promoter is derived from
a PmmsA promoter, a PhbdH-1 promoter, a PhbdH-4 promoter, a PhpdH promoter,
or a Pzwf promoter, and the promoter comprises a sequence that is at least 95%

identical to a SEQ ID selected from the group consisting of: SEQ ID NO: 7; SEQ ID
163
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NO: 8; SEQ ID NO: 9; SEQ ID NO: 10; SEQ ID NO: 11; SEQ ID NO: 12; SEQ ID
NO: 13; SEQ ID NO: 14; SEQ ID NO: 15; SEQ ID NO: 16; SEQ ID NO: 17; SEQ
ID NO: 18; SEQ ID NO: 19; SEQ ID NO: 52-63; and SEQ ID NO: 65-72.

9. The nucleic acid of claim 4, wherein the nucleic acid further comprises a
gene encoding a transcriptional regulator that regulates expression of the first gene,
wherein the transcriptional regulator binds to the first or second promoter,

optionally wherein the transcriptional regulator is a LysR-type transcriptional

regulator (LTTR), a MmsR regulator or a HpdR regulator.

10. The nucleic acid of claim 4, wherein the first gene is fused at its 5’-
terminus to a sequence encoding up to 20 (5, 10, 15, or 20) amino acids that are
derived from the 5’terminus of a second gene encoding a native Pseudomonas
denitrificans protein, thereby creating a fusion gene, and the second promoter is
derived from the native promoter for the second gene, and the fusion gene comprises
a sequence encoding at least 5, 10, 15, or 20 amino acids in the N-terminus of a

native protein.

11. The nucleic acid of claim 10, wherein the second promoter comprises the
PmmsA promoter and the fusion gene comprises a sequence encoding five or more
amino acids from the N-terminus of a native MmsA gene, and the fusion gene is
operably linked to the 3* end of the PmmsA promoter, and wherein the nucleic acid

comprises a sequence selected from the group consisting of SEQ ID NOs: 32-35.
12.  The nucleic acid of claim 10 or claim 11, wherein the mRNA of the fusion

gene has a higher stability and increases the gene translation when compared to the

first gene alone.
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