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Abbreviations;

Blanco =Resuspension buffer;

WT = wildtype host B. subiilis 168,

WT +Mdh2(EC) =E. coli lysate with Mdh2 expressed from the pET2 1a plasmid;

pHCMC04 = B. subtilis 168 with empty vector pHCMC04;

pHCMC04+Mdh2(Ec) = pHCMC04 with E. coli lysate with mdh2 expressed from pET21a plasmid;
act-pHCMC04 = B. subtilis 168 lysate with Act expressed from the pHCMC04 plasmid;
act-pHCMC04+Mdh2(Ec) = act-pHCMS04 with E. coli lysate with mdh2 expressed from pET21a
plasmid;

mdhl-pHCMC04 = B. subtilis 168 lysate with mdh1 expressed from the pHCMCO04 plasmid;
mdhl-pHCMC04+Act(Ec) = mdhl1-pHCMC04 with E. coli lysate with act expressed from the
pET21a plasmid;

mdh2-pHCMC04 = B. subtilis 168 lysate with mdh2 expressed from the pHCMC04 plasmid;
mdh2-pHCMC04+Act(Ec) = mdh2-pHCMCO04 with E. coli lysate with act expressed from the
pET21a plasmid;

mdh3-pHCMC04 = B. subtilis 168 lysate with mdh3 expressed from the pHCMC04 plasmid;
mdh3-pHCMC04+Act(Ec) = mdh3-pHCMCO04 with E. coli Lysate with act expressed from the
pET21a plasmid;

Amdh1-pHCMCO04 =B. subtilis 168 lysate with act and mdh1 expressed from the pHCMC04
plasmid,

Amdh2-pHCMCO04 =B. subrilis 168 lysate with act and mdh2 expressed from the pHCMC04
plasmid.

Amdh3-pHCMC04 =B. subrilis 168 lysate with act and mdh3 expressed from the pHCMC04
plasmid.

(57) Abrégé/Abstract:
The present invention relates to a nucleic acid molecule, which encodes a polypeptide having alcohol dehydrogenase activity, in
particular methanol dehydrogenase activity, comprising having a nucleotide sequence selected from the group consisting of: (i) a
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(57) Abrégé(suite)/Abstract(continued):

nucleotide sequence as set forth in any one of SEQ ID NOs: 1 (mdh2-MGA3), 3 (mdh3-MGA3), or 5 (mdh2-PB1); (ii) a nucleotide
sequence having at least 90% sequence identity, more particularly at least 91, 92, 93, 94, 95, 96, 97, 98 or 99% sequence identity,
with a nucleotide sequence as set forth in any one of SEQ ID NOs: 1, 3 or 5; (iii) a nucleotide sequence which is degenerate with
any one of the nucleotide sequences of SEQ ID NOs: 1, 3 or 5; (iv) a nucleotide sequence which is a part of the nucleotide
sequence of any one of SEQ ID NOs: 1, 3 or 5, or of a nucleotide sequence which is degenerate with a sequence of SEQ ID
NOs:1, 3 or 5; (v) a hucleotide sequence encoding all or part of a polypeptide whose amino acid sequence is set forth in any one of
SEQ ID NOs : 2 (Mdh2-MGA3), 4 (Mdh3-MGA3) or 6 (Mdh2-PB1); and (vi) a nucleotide sequence encoding all or part of a
polypeptide which has an amino acid sequence having at least 90% sequence identity, preferably at least 91, 92, 93, 94, 95, 96,
97, 98 or 99% sequence identity, with an amino acid sequence as set forth in any one of SEQ ID NOs: 2, 4 or 6; or a nucleic acid
molecule comprising a nucleotide sequence which is complementary to the nucleotide sequence of any one of (i) to (vi). Also
provided are recombinant constructs, vectors and host cells comprising such a nucleic acid molecule and polypeptides encoded
thereby. Such molecules may advantageously be used in the genetic modification of host cells, for example to introduce or modify
methanol dehydrogenase activity.
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Abbreviations:

Blanco —Resuspension buffer;

WT = wildtype host B. subiilis 168;

WT +Mdh2(EC) =F. colt lysate with Mdh2 expressed from the pRT21a plasmid;
PHCVICO4 — B, subtilis 168 with empty vector pHCMCO4;

pHOMC04+Mdh2(Ec) — pHCMCO4 with E. col: lysarc with mdh2 cxpressed fiom pE121a plasmid;

act-pHCMCO4 = &, subrilis 168 lysatc with Act cxpressed from the pHCMC04 plasmid:

act-pHCMC04+Mdh2(Ec) = act-pHCMS04 with E. coli lysatc with mdh2 cxpressed from pET21a

plasmid;
mdh1-pHCMC04 = B, subrilis 168 Iysatc with mdhi cxpressed from the pHCMCO4 plasmid:
mdh1-pHCMCO4+ACH(Ec) — mdhi-pHCMCO4 with £. cofi ysate with act expressed from the
pL:121a plasmid;

mdh2-pHCMCO4 = B. subrilis {68 lysate with mdh2 expressed from the pHCMCO4 plasmid;
mdh2-pHCMCO4+Act(Ec) — mdn2-pHCMCO4 with E. colf lysate with act cxpressed from the
PET21a plasmid;

mdh3-pHCMCO4 = B, subrilis 168 Iysatc with mdh3 cxpressed from the pHCMCO4 plasmid:
mdh3-pHCMCO4+ACH(Ec) — mdh3-pHCMC04 with £. colt lysate with act expressed from the
pL:121a plasmid;

Amdh1-pHCVIC04 =R. subeilis 168 lysate with act and mdh| expressed from the pHCMC04
plasmid.

Amdh2-pHCVMIC04 =3, subrilis 168 lysate with act and mdh2 expressed from the pHCMC04
plasmid

Amdh3-pHCMICO4 =B. subilis 168 lysate with act and mdh3 cxpressed from the pHCMC04
plasmid

(57) Abstract: The present invention relates to a nucleic acid molecule,
which encodes a polypeptide having alcohol dehydrogenase activity, in par-
ticular methanol dehydrogenase activity, comprising having a nucleotide se-
quence selected from the group consisting of: (i) a nucleotide sequence as set
forth in any one of SEQ ID NOs: 1 (mdh2-MGA3), 3 (mdh3-MGA3), or 5
(mdh2-PB1); (ii) a nucleotide sequence having at least 90% sequence iden -
tity, more particularly at least 91, 92, 93, 94, 95, 96, 97, 98 or 99% sequence
identity, with a nucleotide sequence as set forth in any one of SEQ ID NOs:
1, 3 or 5; (iii) a nucleotide sequence which is degenerate with any one of the
nucleotide sequences of SEQ ID NOs: 1, 3 or 5; (iv) a nucleotide sequence
which is a part of the nucleotide sequence of any one of SEQ ID NOs: 1, 3 or
5, or of a nucleotide sequence which is degenerate with a sequence of SEQ
ID NOs:1, 3 or 5; (v) a nucleotide sequence encoding all or part of a poly-
peptide whose amino acid sequence is set forth in any one of SEQ ID NOs :
2 (Mdh2-MGA3), 4 (Mdh3-MGA3) or 6 (Mdh2-PB1); and (vi) a nucleotide
sequence encoding all or part of a polypeptide which has an amino acid se-
quence having at least 90% sequence identity, preferably at least 91, 92, 93,
94, 95, 96, 97, 98 or 99% sequence identity, with an amino acid sequence as
set forth in any one of SEQ ID NOs: 2, 4 or 6; or a nucleic acid molecule
comprising a nucleotide sequence which is complementary to the nucleotide
sequence of any one of (i) to (vi). Also provided are recombinant constructs,
vectors and host cells comprising such a nucleic acid molecule and poly-
peptides encoded thereby. Such molecules may advantageously be used in
the genetic modification of host cells, for example to introduce or modify
methanol dehydrogenase activity.
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NOVEL METHANOL DEHYDROGENASE ENZYMES FROM BACILLUS

The present invention relates to previously unknown methanol dehydrogenase
(MDH) enzymes identified in methylotrophic bacteria, and in particular concerns novel
MDH-encoding genes identified in Bacillus methanolicus MGA3 and Bacillus methanolicus
PBI1. The invention is based on the surprising finding that multiple MDH isoforms exist in
these strains of B. methanolicus which differ in their biochemical properties. Such novel
genes encoding previously unknown MDH isoforms may be used in the genetic engineering
of host microorganisms, for example in the context of utilisation of methanol and/or other C1
compounds as a growth substrate. Thus the novel genes/enzymes may be used to introduce or
modify, e.g. enable/enhance MDH activity in a host microorganism.

Methylotrophic microorganisms can utilize one-carbon (C1) sources such as methane
and methanol as their sole sources for energy and biomass generation and there exists a
variety of different enzymes and pathways for C1 metabolism among methylotrophs. A
number of Gram-positive thermotolerant bacilli with ability to grow on methanol at
temperatures up to 60 °C have been isolated and classified as Bacillus methanolicus. B.
methanolicus is a so-called restricted methylotroph which implies that it can utilize few
multicarbon sources for energy and growth. Scientific interest in these organisms has mainly
been focused on their potential as cell factories for industrial production of amino acids,
notably L-lysine and L-glutamate, from methanol at elevated temperatures, but their potential
use as hosts for production of other useful products, including vitamins, cytochromes, co-
enzymes and recombinant proteins has also been proposed.

B. methanolicus MGA3 (ATCC53907) was originally isolated from soil samples in
Minnesota (Schendel, Bremmon et al. (1990) Appl Environ Microbiol 56(4): 963-970) and it
has been a major model strain used for metabolic engineering of this bacterium (Brautaset,
Jakobsen et al. (2007) Appl Microbiol Biotechnol 74(1): 22-34; Jakobsen, Brautaset ¢t al.
(2009) Appl Environ Microbiol 75(3): 652-661; Brautaset, Jakobsen et al. (2010) Appl
Microbiol Biotechnol 87(3): 951-964). B. methanolicus has several unique traits including a
NAD-dependent methanol dehydrogenase (MDH) for methanol oxidation (de Vries, Arfman
et al. (1992) J Bacteriol 174(16): 5346-5353; Arfman, Hektor et al. (1997) Eur J Biochem
244(2): 426-433; Hektor, Kloosterman et al. (2002) J Biol Chem 277(49): 46966-46973).
The activity of methanol dehydrogenase (MDH) is a key attribute for methylotrophic growth
and is involved in the first step of methanol fermentation, namely the oxidation of methanol

to formaldechyde. Formaldchyde is an intermediate in methanol metabolism and the
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detoxification of this cell-toxic metabolite is therefore very important. Formaldehyde can be
assimilated via the RuMP pathway. Also a linear dissimilatory pathway for the direct
conversion of formaldehyde into CO; has been proposed. The dissimilatory pathways are
assumed to be important for the overall energy generation in the cells upon growth on
methanol. Together with the RuMP pathway, the dissimilatory pathways may also play roles
in regulating formaldehyde below toxic levels in the cells. Therefore, efficient methanol
oxidation and concomitant formaldehyde assimilation is of crucial importance for growth and
energy flow into the primary metabolism and for production of desired products. In addition,
all this has to be carcfully balanced in order to ensure cfficient conversion of methanol and at
the same time avoiding toxic accumulation of formaldehyde in the cells. In this regard,
MDH plays a crucial role in bacterial methylotrophy.

Bacterial MDHs can be divided into groups according to their reaction mechanisms
and use of a cofactor(s). The most studied is the two-subunit pyrroloquinoline quinone
(PQQ)-dependent quinoprotein MDHs, widely found in Gram-negative methylotrophic
bacteria. Gram-positive methylotrophs commonly encode NAD(P) -dependent methanol
dehydrogenases and in addition to the MDH from strain MGA3 discussed above, an NAD'-
dependant MDH has been identified in another strain of B. methanolicus strain C1 (Vonck,
Arfman et al (1991) ] Biol Chem 266(6): 3949-3954; de Vries, Arfman ez al. (1992) ]
Bacteriol 174(16): 5346-5353). The B. methanolicus MDH displays primary sequence
similarity to iron containing alcohol dehydrogenases, and has therefore been classified with
the family 11T of NAD-dependent alcohol dehydrogenases. The enzyme is composed of ten
identical subunits that ecach contains a tightly, but non-covalently, bound NAD(H) molecule
in addition to a Zn* -ion and 1-2 Mg*'-ions

Methylotrophy in B. methanolicus has been found to be plasmid-dependent and
involves the concerted recruitment of both plasmid and chromosomal genes. Work in 5.
methanolicus MGA3 has identified a natural plasmid pBM19 carrying mdh and five RuMP
pathway genes; curing of pPBM19 results in loss of ability to grow on methanol. In work
leading up to the present invention, and not previously reported, a corresponding analogous
plasmid, designated pBM20, has been shown in the physiologically very different alternative
model strain PB1 (NCIMB 13113).

NAD-dependent MDH enzymes have been shown to be catalytically activated by the
activator protein Act which is classified within the nudix hydrolase family.

Methanol oxidation is a major bottleneck in attempts to engineer methylotrophy in

host microorganisms. Indeed, even in the context of host organisms which are naturally
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methylotrophic, e.g. B. methanolicus, modification of MDH activity or expression may be
beneficial in improving growth and/or yield of desired products. There is therefore a
continuing need for MDH enzymes, and in particular novel mdh genes which may be used
for genetic engineering of organisms, especially such genes encoding novel enzymes having
altered or improved properties with respect to MDH enzymes of the art, for example
improved activity or stability, or which may in any way be beneficial to use in the genetic
modification of desired hosts.

With a view to better understanding the physiology of the methlylotrophic host cell
B. methanolicus, the present inventors have sequenced the genome of MGA3 and the
alternative wild-type strain PB1. Surprisingly, in the course of this sequencing it has been
found that both strains possess multiple MDH isoforms; in both strains three genes encoding
three separate NAD-dependent MDH proteins have been identified. Thus, in B. methanolicus
MGA3, in addition to the previously reported plasmid-encoded mdh-MGA3 gene, two new
genes, termed herein mdh2-MGA3 and mdh3-MGA3, have been identified. Interestingly,
these new mdh genes are chromosomally located. In B. methanolicus PB1, three new genes,
termed herein mdh-PB1, mdhl-PB1 and mdh2-PBI, the first plasmid borne (on plasmid
pBM20) and the latter two chromosomal, have been identified. All these genes have been
recombinantly expressed, purified and characterized biochemically in vizro. Whilst
displaying some similarities, it became clear that these different MDH enzymes may have
different properties, which includes their activity. Based on these studies, and in particular
the sequence analysis, two distinct MDH sub-families have been identified.

The first sub-family includes the previously described plasmid-borne mdh gene of
strain MGA3 (mdh-MGA3), and two genes from strain PB1, mdh-PB1 and mdhl-PB1 (mdh-
PB1 being plasmid borne and mhd-PB1 being chromosomal) and is identified herein as the
"mdh/mdhl-type family". The second sub-family includes the novel chromosomal genes
mdh2-MGA3, mdh3-MGA3 and mdh2-PB1 and is identified herein as the "mdh2/mdh3-type
family". It is this latter family which forms the subject of the present invention.

The members of the mdh2/mdh3-type family have at least 90% sequence identity to
each other at the DNA level (see Figure 1) and at the amino acid sequence level with respect
to the encoded proteins (see Figure 2). In particular, the coding sequences of mdh2-MGA3
(SEQ ID NO. 1) and mdh3-MGA3 (SEQ ID NO.3) share 96% DNA sequence identity and
the deduced polypeptides Mdh2-MGA3 (SEQ ID NO.2) and Mdh3-MGA3 (SEQ ID NO .4)
share 96% amino acid identity (see Figure 2B). The deduced Mdh2-PB1 polypeptide (SEQ
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ID NO. 6) is 91% identical to the deduced Mdh2-MGA3 polypeptide (SEQ ID NO.2 ) and
92% identical to the deduced Mdh3-MGA3 polypeptide (SEQ ID NO.4) (see Figure 2B).

On the other hand, sequence identity between members of the two different sub-
families is much lower, in the region of 60-66%. For example, the mdh2-MGA3 coding
sequence (SEQ ID NO. 1) is 65% identical to the mdh-MGA3 coding sequence (SEQ ID NO.
7) and the deduced Mdh2-MGA3 polypeptide (SEQ ID NO.2) is 61% identical to the
deduced Mdh-MGA3 polypeptide (SEQ ID NO.8). The coding sequence of the mdh3-MGA3
gene (SEQ ID NO. 3)is 66% identical to the coding sequence of mdh-MGA3 (SEQ 1D
NO.7) and the deduced Mdh3 polypeptide (SEQ ID NO. 4) is 62% identical to Mdh-MGA3
(SEQ ID NO. 8).

As noted above, biochemical characterisation studies have revealed differences
between the MDH enzymes of the mdh2/mdh3-type family and those of the mdh/mdhi-type
family. For example, Mdh3-MGA3 (SEQ ID NO. 4) and Mdh2-PB1 (SEQ ID NO. 6) have
improved thermostability. Differences in substrate specificity and in the level of activity on
different alcohol substrates have also been observed. This opens up the possibility to use
such enzymes in the oxidation of different alcohols (e.g. ethanol or propanol) and not just
methanol.

Studies have also been performed to express the genes heterologously in different
non-methylotrophic hosts. These studies establish the utility of the new mdh2/mdh3-type
family sequences of the invention in genetic engineering of a range of different host cells to
introduce MDH activity and thereby enable methanol utilisation. It is proposed that the
present invention has broad applicability insofar as different host cells are concerned and in
the studies described herein two biotechnologically well characterized and phylogenetically
very diverse bacterial host strains have been usced, i.c. the Gram-ncgative Escherichia coli,
and the Gram-positives Bacillus subtilis, and cach genetically modified host microorganism
has been shown to display increased MDH activity when modified to express the novel MDH
enzymes of the present invention, specifically enzymes from the mdh2/mdh3-type family
from B. methanolicus MGA3 and B. methanolicus PB1.

Notably results presented herein show that different particular enzymes may exhibit
improved activity in different hosts. For example, for expression of MDH activity in the host
E. coli, Mdh2-MGA3 (SEQ ID NO. 1) gave the best results. The choice of MDH enzyme
may also depend on the circumstances of the expression and the precise nature of the host
cell and/or culture conditions, for example, whether and if so which particular act gene is co-

expressed. Thus, the new enzymes of the invention and their coding sequences
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advantageously provide a new and expanded repertoire of MDH enzymes and encoding
nucleic acid molecules for use in the oxidation of alcohols, including methanol, and in
particular for use in the genetic modification of host cells, (¢.g. for the production of
recombinant host cells), for example to introduce or modify alcohol dehydrogenase activity
in a host cell, particularly MDH activity, or to introduce methylotrophy into a host cell. As
described further below, nucleic acid molecules encoding the new enzymes of the present
invention may be used alone or in combination.

Accordingly, in a first aspect the present invention provides a nucleic acid molecule,
particularly an isolated nucleic acid molecule, which encodes a polypeptide (or protein)
having alcohol dehydrogenase activity, in particular methanol dehydrogenase activity,
comprising or having (e.g. consisting of) a nucleotide sequence selected from the group
consisting of:

(1) a nucleotide sequence as set forth in any one of SEQ ID NO:s 1 (mdh2-MGA3), 3
(mdh3-MGA3), or 5 (mdh2-PB1);

(i)  anucleotide sequence having at least 90% sequence identity, more particularly at
least 91, 92, 93, 94, 95, 96, 97, 98 or 99% sequence identity, with a nucleotide sequence as
set forth in any one of SEQ ID NOs: 1, 3 or 5:

(i)  anucleotide sequence which is degenerate with any one of the nucleotide sequences
of SEQID NOs: 1, 3 or 5;

(iv)  anucleotide sequence which is a part of the nucleotide sequence of any one of SEQ
IDNO.s 1, 3 or 5, or of a nucleotide sequence which is degenerate with a sequence of SEQ
IDNOs: 1,3 or5:;

) a nucleotide sequence encoding all or part of a polypeptide whose amino acid
sequence is set forth in any one of SEQ ID NOs: 2 (Mdh2-MGA3), 4 (Mdh3-MGA3) or 6
(Mdh2-PB1); and

(vi)  anucleotide sequence encoding all or part of a polypeptide which has an amino acid
sequence having at least 90% sequence identity, preferably at least 91, 92, 93, 94, 95, 96, 97,
98 or 99% sequence identity, with an amino acid sequence as set forth in any one of SEQ ID
NOs: 2,4 or 6,

or a nucleic acid molecule comprising a nucleotide sequence which is complementary
to the nucleotide sequence of any one of (i) to (vi).

In a further aspect the present invention provides a polypeptide having alcohol
dehydrogenase activity, in particular methanol dehydrogenase activity, and comprising or

having (e.g. consisting of) a sequence of amino acids selected from the group consisting of:
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1) all or part of an amino acid sequence as set forth in any one of SEQ ID NOs: 2, 4 or
6; and

(i) all or part of an amino acid sequence having at least 90% sequence identity,
preferably at least 91, 92, 93, 94, 95, 96, 97, 98 or 99% sequence identity, with an amino acid
sequence as set forth in any one of SEQ ID NOs: 2, 4 or 6.

The nucleic acid molecules of the present invention advantageously allow for the
introduction or modification of alcohol dehydrogenase, and in particular MDH, activity in a
host organism. This may be achicved by modifying the organism to express onc or more
nucleic acid molecules of the invention. As noted above, said nucleic acid molecules may be
obtained, or derived from the mdh genes of strains of B. methanolicus, in particular the
MGA3 and PBI1 strains. In a particular embodiment, nucleic acid molecules encoding, or
derived from nucleic acid molecules encoding, different MDH enzymes (e.g. different
isoenzymes or enzymes from different strains, or different polypeptide variants etc.) may be
used in combination. Thus two or more different nucleic acid molecules may be co-
expressed.

The present invention thus provides a method for introducing or modifying MDH
activity in a host organism by the expressing in said organism one or more nucleic acid
molecules of the invention. In particular, the nucleic acid molecule may be heterologous, or
non-native to the host organism. It may be expressed under the control of a native or non-
native promoter.

Accordingly in a still further aspect the present invention provides a method for
introducing or modifying alcohol dehydrogenase activity, and in particular MDH activity, in
a host organism, said method comprising introducing into said organism a nucleic acid
molecule of the invention as hereinbefore defined and growing (or culturing) said organism
under conditions in which said nucleic acid molecule is expressed.

It will be seen that in this aspect, the invention can also be seen to provide a method
for producing a polypeptide(s) having alcohol dehydrogenase activity, and in particular
MDH activity, said method comprising introducing into a host organism a nucleic acid
molecule of the invention as hereinbefore defined and growing (or culturing) said organism
under conditions in which said polypeptide(s) is produced. The host organism may be an
organism which does not natively (e.g. in its wild-type) possess MDH activity (i.e. does not
have or possess an endogenous MDH), and hence in such an embodiment the invention
provides for the introduction of MDH activity into a host. Alternatively viewed, in such an

embodiment the host may be modified to introduce the ability to convert methanol to
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formaldehyde, or in other words to modify a host to allow the initial step of C1-carbon
source utilisation, particularly methanol utilisation.

In an alternative embodiment the host organism may have or possess an endogenous
MDH enzyme, and the method of the invention may therefore involve modifying MDH
activity in such a host by introducing a nucleic acid molecule encoding further or additional
MDH enzyme, which may for example be heterologous to the host. Also encompassed is the
over-expression of MDH activity in a host organism by introducing into said organism a
nucleic acid molecule encoding a native MDH enzyme (i.c. in which the introduced nucleic
acid molecule encodes an endogenous MDH enzyme).

The modified host organism may be cultured or grown using any desirable carbon
source as a substrate, including but not limited to methanol or a higher alcohol. A method of
the invention may thus in one embodiment comprise culturing or growing a host organism
which contains one or more exogenously-introduced MDH-encoding nucleic acid molecules
as defined herein.

In yet another aspect, the present invention provides a host organism which has been
modified to introduce a nucleic acid molecule of the invention as hereinbefore defined.

In particular, in this aspect of the invention the nucleic acid molecule which is
introduced comprises a nucleotide sequence which is heterologous to the host organism. The
heterologous sequence may be the nucleotide sequence encoding the alcohol dehydrogenase
(e.g. MDH) polypeptide or it may be a heterologous expression control sequence or some
other sequence (e.g. vector or marker sequence). In the case of a host organism which
endogenously expresses an alcohol dehydrogenase enzyme, the modified host may be
distinguished from the non-modified host organism by containing a further copy of the
nucleic acid molecule encoding the alcohol dehydrogenase polypeptide. In other words it
may contain more copies of the encoding nucleotide sequence than an unmoditied host.

As mentioned above, the nucleic acid molecules encoding the novel MDH enzymes
of the present invention may be obtained, e.g. isolated or cloned, from B. methanolicus, in
particular the MGA3 and PB1 strains. Thus, the MDH enzyme may be Mdh2 or Mdh3 from
MGA3 (SEQ ID NOs: 2 or 4 respectively), or Mdh2 from PB1 (SEQ ID NO: 6). However, in
addition to the specific native ("wild-type") sequences indicated above, also included are
variants of these sequences which have at least 90% nucleotide sequence identity thereto and
which retain alcohol dehydrogenase, and particularly MDH, activity. Such variants may
include natural variants, ¢.g. different variants which may occur in the strains in nature or

which may be obtained from other strains of B. methanolicus, and which encode MDH
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polypeptides which are functionally equivalent to the MDH polypeptides of SEQ ID NOs. 2,
4 or 6. Alternatively, the variants may be synthetic or artificial variants, e.g. obtained or
derived by modification (e.g. mutation) of the amino acid sequences of SEQ ID NOs. 2, 4 or
6 or the nucleotide sequences of SEQ ID NOs. 1, 3 or 5. As noted above combinations of two
or more different nucleic acid molecules of the invention may be used. A nucleic acid
molecule of the invention may alternatively comprise two or more different nucleotide
sequences encoding a polypeptide having alcohol dehydrogenase activity, as defined herein,
or a complement thercof. Modifications may be sclected on the basis of improved methanol
dehydrogenasc activity of the corresponding variant or alternatively may be constructed on
the basis of protcin design algoritms using molecular structures or modcls to predict
improved enzymatic activity.

The MDH polypeptide of the present invention may also include a polypeptide
encoded by a fragment (part) of the nucleotide sequence of SEQ ID NOs. 1, 3 or 5, or may
comprise or consist of a fragment (or part) of the amino acid sequence of SEQ ID NOs. 2, 4
or 6. A "part" of a nucleotide or amino acid sequence of the invention may include or
comprise at least 50, 55, 60, 65, 70, 75, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93,
94, 95, 96, 97, 98 or 99% or more contiguous nucleotides or amino acids of the sequence.

The host organism may be any suitable host organism, but in particular will be a
microbial host organism (i.e. a microorganism). It may be any prokaryotic organism, but
particularly will be a bacterium. Any gram positive or gram negative bacterium may be used,
but particular mention may be made of the following classes or genera: Escherichia,
Corynebacterium and Bacillus. Representative host organisms include £. coli, B. subtilis and
C. glutamicum. As noted above, B. methanolicus or other methylotrophic host organisms
may also be uscd, for cxample, Methylomonas, Methvlobacillus, Methylobacterium,
Methylophilus or Methylococcus. However, the present invention is not limited to these
organisms and extends to any microbial host.

C. glutamicum is a rod shaped, nonpathogenic and Gram-positive soil bacterium. It
grows under aerobic and anaerobic conditions and is biotin auxotroph. C. glutamicum is
capable of growing on a variety of substrates as single or combined sources of carbon and
energy. Among the substrates metabolized are sugars like glucose, fructose or sucrose and
organic acids such as L-lactate and acetate. Furthermore, C. glutamicum is able to grow on
ethanol as the sole carbon. It is widely used for the large-scale industrial production of the
amino acids L-glutamate and L-lysine. Recent metabolic engineering studies have shown

that C. glutamicum is also able to produce a variety of other commercially interesting
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compounds, e.g. other L-amino acids, D-amino acids, diamines such as cadaverine or
putrescine, organic acids like succinate and biofuels such as ethanol or isobutanol.

According to the present invention, one or more nucleic acid molecules of the
invention may be expressed in the host organism, including in particular at least one
heterologous nucleic acid molecule (that is a nucleic acid molecule comprising a nucleotide
sequence which is heterologous to the host), and in particular comprising a heterologous
sequence encoding an MDH polypeptide. Thus, the host organism may be modified to
express onc or more copics of a nucleic acid molecule or alternatively may be modified to
¢xpress onc or more copics of a number of different nucleic acid molecules of the invention.

Thus, the microorganism which is modified (or "engineered”) to express MDH
according to the present invention will contain an exogenously-introduced MDH-encoding
nucleic acid molecule as defined herein. In other words, the organism may be transformed
with such a MDH-encoding nucleic acid molecule and may be regarded as a transgenic or
recombinant organism. As noted above, the nucleic acid molecule may encode a MDH
enzyme which is homologous or heterologous (i.e. native or non-native) to that host. Thus, a
further copy (or more) of a gene which is native to the host may be introduced. The nucleic
acid molecule which is introduced may comprise a nucleotide sequence derived from the
native gene, or from a different source.

The MDH may be expressed in combination with other enzymes to allow new
features of the organism.

"Expression” as used herein refers to the transcription of a nucleotide sequence into
mRNA and consequent translation of said mRNA into a polypeptide product.

As referred to herein, "overexpressing” means that expression of the nucleotide
sequence is increascd as compared to, or relative to, the level of expression occurring in an
organism which has not been modified according to the invention. Expression may be
considered in terms of the amount of polypeptide product (c.g. MDH enzyme) produced,
which may be determined by any convenient method known in the art. For example,
expression can be determined by measuring protein activity (i.c. the activity of the expressed
MDH polypeptide). Alternatively, the amount of protein produced can be measured to
determine the level of expression, for example Western Blotting or other antibody detection
systems, or indeed by any method of assessing or quantifying protein. Realtime PCR may
also be used. The assay may be an in vivo or in vitro assay.

Activity may be determined by assaying for alcohol dehydrogenase activity by

procedures known in the art and described in the literature, for example as detailed in the
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Examples below. MDH activity of an encoded protein may for example catalyse the
conversion of methanol to formaldehyde and said activity is defined herein as the amount of
enzyme needed to produce 1 pmol NADH per minute for which various alcohols may be
used a substrate, e.g. ethanol, methanol, propanol, butanol, pentanol, hexanol, isopropanol
and 1,3-propanediol. Alcohol dehydrogenase activities may be measured
spectrophotometrically as described previously by Hektor ef al. (2002; Chem 277(49):
46966-46973).

An alcohol dehydrogenase polypeptide may be expressed, or over-expressed, by any
means known in the art, such as by introducing a nucleic acid molecule comprising a
nuclcotide scquence encoding a MDH polypeptide, ¢.g. a copy of a native gene, for cxample
expressed from a stronger or unregulated promoter relative to the native gene, and/or by
introducing multiple copies of a MDH-encoding nucleic acid molecule.

The organism may also be engineered to introduce additional or alternative regulatory
elements.

In a particular embodiment, a MDH-encoding nucleic acid molecule may be
expressed from a non-native or heterologous promoter (that is a promoter which is
heterologous to the MDH-encoding nucleotide sequence, i.¢. is not the native MDH gene
promoter) and particularly a strong, non-native or heterologous promoter. Thus, in a
particular embodiment, the MDH-encoding gene is not used with its native promoter. A
MDH-encoding gene may be introduced which is under the control of a non-native promoter.
As referred to herein, a strong promoter is one which expresses a gene at a high level, or at
least at a higher level than affected by its native promoter. The term "strong promoter” is a
term well known and widely used in the art and many strong promoters are known in the art,
or can be identified by routine experimentation. Alternatively, the promoter is an mdh
promoter of B. methanolicus. However, the choice of promoter is not particularly limited.

Alternatively, a MDH gene may be expressed using a native promoter. The invention
encompasses the use of a microorganism which may endogenously express a mdh gene or
one which does not. In the case of the former, one or more additional copies of the native
gene or a variant thereof or of another MDH or encoding nucleic acid molecule may be
introduced, and these may be introduced under the control of a native or non-native
promoter. With a native promoter a multi-copy vector may for example be used. In the case
of the latter, a MDH (or encoding nucleic acid molecule) is introduced which is heterologous
to that host, but which may be under the control of a promoter which is native or non-native

to the MDH gene from which the encoding nucleic acid molecule is derived.
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Methods for introducing genes or nucleic acid molecules are well known in the art
and widely described in the literature and any desired method may be used. The gene
(nucleic acid molecule) may thus be introduced using a vector, which may be an
autonomously-replicating vector or a vector which allows the gene (nucleic acid molecule) to
be integrated into the host genome (e.g. chromosome). The gene (nucleic acid molecule) to
be expressed may thus be introduced into an expression vector and the expression vector may
then be introduced into the host cell. Methods for constructing expression vectors and
introducing them into host cclls arc well known in the art. Conveniently, the gene encoding
MDH may be introduced using a plasmid vector and a host microorganism may be
transformed with the plasmid, e.g. by electroporation. The choice of method may depend on
the microorganism used. Methods for introducing nucleic acids and vectors into
microorganisms are well known and widely described in the literature.

The nucleic acid molecule preferably encodes a polypeptide or protein which is a
MDH or a part thereof having MDH activity.

Preferably, the nucleic acid molecule as defined in parts (i) to (vi) above encodes a
polypeptide or protein having or retaining the function or activity or properties of the MDH
polypeptide as defined by the amino acid sequences of any one of SEQ ID NOs. 2. 4. or 6.

The terms "polypeptide” and "protein” are used interchangeably herein and include
any length of amino acid chain (i.e. any polymer or oligomer of amino acids).

As noted above, the invention extends to parts or functional fragments of the nucleotide
sequences defined above, by which it is meant parts or fragments that encode a protein or
polypeptide which has the same or substantially the same activity as the full length protein as
defined above. Tests to determine whether a protein/polypeptide encoded by such a part or
fragment has the same or substantially the same activity (c.g. catalytic or enzymatic activity)
as the full length polypeptide/protein as defined above include those discussed above.
Normally parts or functional fragments of nucleic acid molecules will only have small
deletions relative to the full length nucleic acid molecule, e.g. deletions of less than 50, 40,
30, 20 or 10 nucleotides, for example at the 5' end encoding the N-terminus of the protein,
the 3' end encoding the C-terminus of the protein or internally within the encoding region,
although larger deletions e.g. of at least 60, 70, 80, 90, 100, 150, 200, 300, 400, 500, 600 or
700 nucleotides, or deletions of less than 60, 70, 80, 90, 100, 150, 200, 300, 400, 500, 600 or
700 nucleotides can also be carried out, if the fragment has the same or substantially the

same activity (e.g. catalytic or enzymatic activity) as the full length protein as defined above.
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The activity of the encoded polypeptide or protein can readily be tested to determine whether
it shares the same activity as the full length polypeptide or protein, e.g. as set out above.

Representative parts or fragments may comprise at least 50%, and preferably at least
60, 70, 75, 80, 85, 90 or 95 % contiguous nucleotides of the nucleotide sequence as set forth
in SEQ ID NOs. 1, 3 or 5. Exemplary part or fragment sizes include at least 620, 700, 800,
850, 900, 950, 1000, 1050, 1100 and 1150 nucleotides.

Shorter fragments of the nucleic acid molecule of the invention can be used as probes,
¢.g. for PCR or hybridisation protocols. Shorter fragments can be ¢.g. 10-30, 20-25
nucleotides in length. Such probes arc useful in protocols for identifying further nucleic acid
molccules which share homology with the nucleic acid molecules of the invention.

The term "nucleic acid molecule” as used herein refers to a polymer of RNA or DNA
that is single or double stranded, optionally including synthetic, non-natural or altered
nucleotide bases. Examples of such polynucleotides include cDNA, genomic DNA and
dsRNA, inter alia. Preferably, the nucleic acid molecule is DNA.

Whilst the nucleic acid sequences referred to herein comprise thymidine ("t") nucleotides, it
will be understood that the invention also relates to corresponding sequences wherein
thymidine is replaced by uridine ("u").

As noted above, the invention includes nucleic acid molecules which are variants of
the nucleic acid molecules of SEQ ID NOs. 1, 3 or 5, particularly functionally equivalent
variants. The "variant” nucleic acid molecules may thus have single or multiple nucleotide
changes compared to the nucleic acid molecules of SEQ 1D NOs. 1, 3 or 5. For example, the
variants might have 1, 2, 3, 4, or 5 or more nucleotide additions, substitutions, insertions or
deletions.

In a further aspect, the invention provides a protcin (or polypeptide) having alcohol
dehydrogenase, particularly MDH, activity, as hereinbefore defined.

The protein or polypeptide preferably is a MDH or a part thereof having MDH
activity. More particularly the part retains the function or activity of properties of the MDH
from which it derives (as defined by reference to the amino acid sequence of SEQ ID NOs. 2,
4 or 6).

The protein or polypeptide may alternatively be defined with reference to the
encoding nucleic acid sequences and as such the protein or polypeptide of the invention can
be encoded by any of the nucleic acid molecules of the invention, as described above.

The invention extends to functional parts or fragments of the full length protein

molecules, by which it is meant parts or fragments which have the same or substantially the
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same activity as the full length proteins as defined above, i.e. they should be considered to be
functionally equivalent variants. As noted elsewhere herein, the property can be tested for in
various ways in a straightforward manner. Normally these functional fragments will only
have small deletions relative to the full length protein molecule, ¢.g. of less than 50, 40, 30,
20 or 10 amino acids, although as noted above in connection with nucleic acid molecules
larger deletions e.g. of up to 60, 70, 80, 90, 100, 150, 200 amino acids or at least 60, 70, 80,
90, 100, 150, 200 amino acids, may be appropriate. In all cases, the fragments should have
the same or substantially the same activity as the full length proteins as defined above, i.c.
they should be considered to be functionally equivalent variants. These deletions may be at
the N terminus, the C terminus or they may be internal deletions.

Representative parts or fragments may comprise at least 50%, and preferably at least
60, 70, 75, 80, 85, 90 or 95 % contiguous amino acids of the amino acid sequence as set forth
in SEQ ID NOs. 2, 4 or 6.

The polypeptide of the invention as defined above thus include variants of the
sequences of SEQ ID NOs. 2, 4 or 6, e.g. sequences having certain levels of sequence
identity to the recited sequences. Such variants could be naturally occurring variants, such as
comparable proteins or homologues found in other species or more particularly variants
found within other microorganisms, (which share the functional properties of the encoded
protein as defined elsewhere herein).

Variants of the naturally occurring polypeptides as defined herein can also be
generated synthetically e.g. by using standard molecular biology techniques that are known
in the art, for example standard mutagenesis techniques such as site-directed or random
mutagenesis (¢.g. using gene shuffling or error prone PCR). Such mutagenesis techniques
can be uscd to develop enzymes which have improved or different catalytic propertics.

Derivatives of the polypeptides as defined herein may also be used. By derivative is
meant a polypeptide as described above or a variant thereof which instead of the naturally
occurring amino acid, contains a structural analogue of that amino acid. Derivatisation or
modification (e.g. labelling, glycosylation, methylation of the amino acids in the protein)
may also occur as long as the function of the protein is not adversely affected.

By "structural analogue”, it is meant a non-standard amino acid. Examples of such
non-standard or structural analogue amino acids which may be used are D amino acids,
amide isosteres (such as N-methyl amide, retro-inverse amide, thioamide, thioester,

phosphonate, ketomethylene, hydroxymethylene, fluorovinyl, (E)-vinyl, methyleneamino,
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methylenethio or alkane), L-N methylamino acids, D-a methylamino acids, D-N-
methylamino acids.

Sequence identity may be assessed by any convenient method. However, for
determining the degree of sequence identity between sequences, computer programs that
make multiple alignments of sequences are useful, for instance Clustal W (Thompson et al.,
(1994) Nucleic Acids Res., 22: 4673-4680). Programs that compare and align pairs of
sequences, like ALIGN (Myers et al., (1988) CABIOS, 4: 11-17), FASTA (Pearson et al.,
(1988) PNAS, 85:2444-2448; Pearson (1990), Methods Enzymol., 183: 63-98) and gapped
BLAST (Altschul et al., (1997) Nucleic Acids Res., 25: 3389-3402) are also useful for this
purpose. Furthermore, the Dali server at the European Bioinformatics institute offers
structure-based alignments of protein sequences (Holm (1993) J. Mol. Biol., 233: 123-38;
Holm (1995) Trends Biochem. Sci., 20: 478-480; Holm (1998) Nucleic Acid Res., 26: 316-
9).

Multiple sequence alignments and percent identity calculations may be determined
using the standard BLAST parameters, (using sequences from all organisms available, matrix
Blosum 62, gap costs: existence 11, extension 1). Alternatively, the following program and
parameters may be used: Program: Align Plus 4, version 4.10 (Sci Ed Central Clone Manager
Professional Suitc). DNA comparison: Global comparison, Standard Lincar Scoring matrix,
Mismatch penalty = 2, Open gap penalty = 4, Extend gap penalty = 1. Amino acid
comparison: Global comparison, BLOSUM 62 Scoring matrix.

A further embodiment of the invention provides a construct, e.g. a recombinant
construct, comprising a nucleic acid molecule of the invention as defined herein operably
linked to a heterologous expression control sequence. In this context it will be understood
that the expression control sequence will be heterologous (i.e. non-native) to the nucleic acid
molecule, more particularly heterologous to the nucleotide sequence which encodes the
alcohol dehydrogenase polypeptide. In this regard where the encoding nucleotide sequence is
not a naturally-occurring sequence, the expression control sequence will be heterologous to
the nucleotide sequence from which it is derived. As noted above, combinations of different
nucleic acid molecules may be used.

Such an expression control sequence will typically be a promoter. Accordingly the
construct will preferably comprise a non-native promoter, particularly a strong, non-native
promoter. Optionally, the construct may additionally contain a further one or more genes,

and/or one or more suitable regulatory sequences. The optional further one or more genes
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may be under the control of the same promoter as the MDH-encoding nucleic acid molecule
of the invention. The optional one or more regulatory sequences may be non-native
regulatory sequences (that is non-native with respect to the encoding nucleotide sequence, or
nucleotide sequence)

In the context of this invention, the term "operably linked" refers to the association of
two or more nucleic acid molecules on a single nucleic acid fragment so that the function of
one is affected by the other. For example, a promoter is operably linked with a coding
scquence when it is capable of affecting the expression of that coding sequence (i.c. the
coding sequence is under the transcriptional control of the promoter). Coding sequences may
be operably linked to regulatory scquences in scnsc or antiscnsc oricntation.

The term "regulatory sequences” refers to nucleotide sequences located upstream (5'
non-coding sequences), within, or downstream (3' non-coding sequences) of a coding
sequence, and which influence the transcription, RNA processing or stability, or translation
of the associated coding sequence. Regulatory sequences may include promoters, operators,
enhancers and translation leader sequences. As used herein, the term "promoter"” refers to a
nucleotide sequence capable of controlling the expression of a coding sequence or RNA. In
general, a coding sequence is located 3' to a promoter sequence. Promoters may be derived in
their entirety from a native gene, or be composed of different elements derived from different
promoters found in nature, or even comprise synthetic nucleotide segments. It is further
recognized that since in most cases the exact boundaries of regulatory sequences have not
been completely defined, nucleic acid fragments of different lengths may have identical
promoter activity.

A further embodiment of the invention provides a vector comprising a nucleic acid
molecule or construct as defined herein.

More particularly, vectors comprising one or more of the MDH-encoding nucleic acid
molecules of the invention (or construct of the invention) may be constructed. The choice of
vector may be dependent upon the host microorganism, the method that will be used to
transform host cells, the method that is used for protein expression, or on another intended
use of the vector. The skilled person is well aware of the genetic elements that must be
present in a vector in order successfully to transform, select and propagate host cells
containing an MDH-encoding nucleic acid molecule or construct of the invention. The
skilled person will also recognize that different independent transformation events will result
in different levels and patterns of expression and thus that multiple events may need to be

screened in order to obtain cells displaying the desired expression level and pattern. Such
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screening may be accomplished by Southern analysis of DNA, Northern analysis of mRNA
expression, Western analysis of protein expression, infer alia.

The invention further provides a microorganism or host, which may be any host
organism as discussd above e.g. E. coli, B. subtilis and C. glutamicum, containing one or
more of the nucleic acid molecules, constructs or vectors of the invention. The host is
genetically manipulated so as to introduce or alter the expression of MDH. This can be
achieved by introducing one or more copies of a MDH-encoding nucleic acid of the
invention under the control of a non-native, preferably strong, promoter. Thus genetic
material is present in the host organism that is not present in naturally-occurring organism
(i.e. exogenous genetic material is present).

In general, the exogenous genetic material is introduced using the process of
transformation. Transformation will typically involve a plasmid or other vector which will
also contain a gene to enable identification of successfully transformed microorganisms, e.g.
a gene for antibiotic resistance (for example against ampicillin) or some other marker. Other
methods for selecting transformants are known to the skilled person and include the use of a
light sensitive vector, a lux-gene, which causes positive colonies to light up in the dark.
Other suitable vehicles for transformation of the bacteria include cosmids and bacteriophage
molecules.

The invention will now be further described with reference to the following non-
limiting Examples. It should be understood that these Examples, while indicating
embodiments of the invention, are given by way of illustration only. From the above
discussion and these Examples, one skilled in the art can ascertain the essential
characteristics of this invention, and without departing from the spirit and scope thereof, can
make various changes and modifications of the invention to adapt it to various usages and
conditions. Thus, various modifications of the invention in addition to those shown and
described herein will be apparent to those skilled in the art from the foregoing description.
Such modifications are also intended to fall within the scope of the appended claims.

In the Examples reference is made to the following Figures:

Figure 1: Nucleotide sequence alignments for B. methanolicus mdh-MGA3, mdh2-MGA3,
mdh3-MGA3, mdh-PB1, mdhi1-PB1 and mdh2-PB1.

Figure 2: (A) Primary sequence alignments of the deduced B. methanolicus MGA3 Mdh,
Mdh2 and Mdh3 and PB1 Mdh, Mdh1 and Mdh2 proteins. (B) Primary sequence alignments

CA 2862558 2019-06-03
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mdh2/mdh3 sub-family (i.e. B. methanolicus MGA3 Mdh2 and Mdh3 and PB1 Mdh2
proteins).

Figure 3. Catalytic activities of purified Mdh (black), Mdh2 (dark grey) and Mdh3 (light
grey) on various alcohols (200 mM) tested in vitro. (A) Substrate specificity was analysed for
MDHs from B. methanolicus MGA3 in vitro. Alcohol substrates were used at concentrations
0of 500 mM except for pentanol (300 mM) and hexanol (50 mM). The data were calculated
from the mean value from two experiments which were done in triplicate. (B) Substrate
specificity for MDHs from B. methanolicus PB1 was analyscd in vitro. Alcohol substrates
were used at concentrations of 500 mM cxcept for pentanol (300 mM) and hexanol (50 mM).
The data were calculated from the mean value from two experiments which were done in
triplicate.

Figure 4. (A) Determination of temperature optimum for catalytic activity of Mdh, Mdh2 and
Mdh3 in vitro. (B) Determination of optimal temperature conditions for the catalysis by
MDH proteins from B. methanolicus PB1 was carried out in vitro: the specific activity was
calculated for 500 mM ethanol; measurements were done in triplicate.

Figure 5. (A) Temperature stability of MGA3 Mdh, Mdh2 and Mdh3 was tested in vitro.
Enzymes were incubated at 45° C or at 60° C prior to the enzyme assay. (B) Temperature
stability of PB1 Mdh, Mdhl and Mdh2 was tested in vitro. Enzymes were incubated at 45° C
or at 60° C prior to the enzyme assay.

Figure 6. The catalytic activity of Mdh, Mdh2 and Mdh3 was tested in the presence of Act
and compared to the level of activity measured when Act was not present. (A) Activation of
MDHs with Act from B. methanolicus MGA3 was tested in vitro. Tests were performed as
triplicates with 500 mM alcohol and 5 pg/ml MDH and Act proteins. (B) Activation of
MDHs with Act from B. methanolicus PB1 was tcsted in vitro. Tests were performed as
triplicates with 500 mM alcohol and 5 pg/ml MDH and Act proteins.

Figure 7. (A) Cloning strategies. (B) Physical map of act-pHCMC04 plasmid.

Figure 8. /n vitro activities of recombinant B. subtilis strains when tested using cthanol and
methanol as substrates.

Figure 9. % of mass isotopomer fraction M1 of different metabolites before (i.e. time zero
point) and after (i.e. 30 and 90 minutes time points) *C-methanol addition. The three lines
represent the results from three independent biological replicates. A: C. glutamicum delta ald
pEKEX3, B: C. glutamicum delta ald strain that expresses Mdh2 (pVWEx1-Mdh2), Hps and
Phi (pEKEX3 - Hps + Phi). PEP: phosphoenolpyruvate; 2/3 P: 2- and 3-phosphoglycerate;
FBP: fructose-bis-phosphate; R5P: ribose-5-phosphate.
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Figure 10. Metabolic labeling using ">C methanol or *C formaldehyde as a substrate. (A)
AfrmA cells expressing mdh2 and hps phi with '*C methanol as a carbon source. (B) AfrmA
cells expressing hps and phi with " formaldehyde as a carbon source.
Figure 11. Building up of the synthetic operon. Each consecutive gene is introduced in the
Swal/BglII restriction sites. The last gene in the operon contains the Hisq-tag. For the *C-
labeling experiments (see Example 18) the AMAxIB- and AMABGFTPrpe-pHCMC04
plasmids were used. RBS: ribosomal binding site.
Figure 12. SDS-PAGE of purified proteins cxpressed in B. subtilis 168. B. subtilis strains
were used that contained any one of the constructs shown in Figure 11. Proteins were
purified using a HisTrap column and concentrated using Vivaspin columns. Protein bands
are indicated in boxes. M: Molecular weight marker.
Figure 13. % of mass isotopomer fraction M1 of different metabolites before (i.c. time zero
point) and after (i.e 30 and 90 minutes time points) '“C-methanol addition. The two lines
represent the results from two independent biological replicates. (A): B subtilis 168
pHCMCO04; (B): B. subtilis 168 AM3AhxIB-pHCMCO04; (C): B. subtilis 168
AM3ABGFTPrpe-pHCMC04. PEP: phosphoenolpyruvate; 2/3 PG: 2- and 3-
phosphoglycerate; FBP: fructose-bis-phosphate.

EXAMPLES

Table 1: Bacterial strains and plasmids used in this study

Strain or plasmid Description Reference(s) or source
B. methanolicus MGA3 Wild type strain ATCC
ATCC53907
B. methanolicus PB1 Wild type strain ATCC ATCC
£E. coli DH5a. General cloning host Bethesda Rescarch
Laboratories
E. coli ER2566 Carrics chromosomal gene | New England Biolabs

for T7 RNA polymcrasc

pHP13

E. coli-B. methanolicus

shuttle vector, Cm'

(Haima, Bron et al. (1987)
Mol Gen Genet 209(2):
335-342; Jakobsen,
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Benichou et al. (2006) J
Bacteriol 188(8): 3063-
3072)

pGEM-T

E. coli cloning vector;

I

Amp

Promega

pLITMUS28

E. coli cloning vector;

T

Amp

Promega

pET21a

E. coli expression vector,
six-His tag, T7 promoter,

T

Amp

Novagen

pTMBI

pLITMUS28 with the
MGA3 mdh2 gene

This study

pTMB2

pLITMUS28 with the
MGA3 mdh3 gene

This study

pET21a MGA3-mdh

pET21a with the MGA3
mdh coding region under
control of T7 and fused to

six-His tag

This study

pET21a_ MGA3-mdh2

pET21a with the MGA3
mdh?2 coding region under
control of T7 and fused to

six-His tag

This study

pET21a MGA3-mdh3

pET21a with the MGA3
mdh3 coding region under
control of T7 and fused to

six-His tag

This study

pET21a MGA3-act

pET21a with the MGA3
act coding region under
control of T7 and fused to

six-His tag

This study

pET21a PB1-mdh

pET21a with the PB1 mdh
coding region under

control of T7 and fused to

This study
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six-His tag

pET21a PB1-mdhl

pET21a with the PB1
mdhl coding region under
control of T7 and fused to

six-His tag

This study

pET21a PB1-mdh2

pET21a with the PB1
mdh2 coding region under
control of T7 and fused to

six-His tag

This study

pET21a PBl-act

pET21a with the PB1 act
coding region under
control of T7 and fused to

six-His tag

This study

pET2la-nudF

pET21a with the B.
subtilis nudF coding
region under control of T7

and fused to six-His tag

This study

B. subtilis 168

Wild type strain 168

Kunst et al. (1997) Nature
390: 249-256

pHB201 E. coli-B. subtilis shuttle Bron et al. (1998) ]
vector, Cm', Em’ Biotech 64: 3-13
pHCMC04 E. coli-B. subtilis shuttle Nguyen et al. (2005)
vector, Cm' Plasmid 54: 241-248
act-pHCMC04 pHCMCO04 with the B. This study
methanolicus MGA3 act
coding gene under control
of the xylose-inducible
promoter and fused to six-
His tag
mdh-pHCMC04 pHCMCO04 with the B. This study

methanolicus MGA3 mdh
coding gene under control

of the xylose-inducible
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promoter and fused to six-

His tag

mdh2-pHCMC04

pHCMCO04 with the B.
methanolicus MGA3
mdh2 coding gene under
control of the xylosc-
inducible promoter and

fused to six-His tag

This study

mdh3-pHCMC04

pHCMC04 with the B.
methanolicus MGA3
mdh3 coding gene under
control of the xylose-
inducible promoter and

fused to six-His tag

This study

Amdh-pHCMCO04

pHCMCO04 with the B.
methanolicus MGA3 act
and mdh coding genes
under control of the
xylose-inducible promoter
and mdh fused to six-His

tag

This study

Amdh2-pHCMC04

pHCMC04 with the B.
methanolicus MGA3 act
and mdh?2 coding genes
under control of the
xylose-inducible promoter
and mdh2 fused to six-His

tag

This study

Amdh3-pHCMC04

pHCMC04 with the B.
methanolicus MGA3J act
and mdh3 coding genes
under control of the

xylose-inducible promoter

This study
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and mdh3 fused to six-His

tag

Amp", ampicillin resistance; Cm’", chloramphenicol resistance

Materials and methods

Biological materials, DNA manipulations, and growth conditions.

The bacterial strains and plasmids used in this study are listed in Table 1. E. coli DHS5a was
used as a standard cloning host, while E. coli ER2566 was used as host for recombinant
expression of the MDH proteins, Act and NudF. The E. coli strains were generally grown at
37° C in liquid or on solid Luria-Bertani (LB) medium (Sambrook (2001) Cold Spring
Harbor Laboratory Press) supplemented with ampicillin (100 pg/ml) or chloramphenicol (10
ug/ml) when appropriate. Recombinant E. coli procedures were performed as described by
Sambrook and Russell (2001; Cold Spring Harbor Laboratory Press). PCRs were performed
by using the Expand™ High Fidelity PCR system (Roche Applied Science, Indianapolis, IN)
and DNA sequencing was performed by Eurofins MWG Operon (Ebersberg, Germany).
Isolation of B. methanolicus MGA3 and PB1 total DNA and recombinant production of
MDH, Act and NudF proteins in E. coli ER2566 was performed as described previously
(Brautaset et al., (2004) J Bacteriol 186(5): 1229-1238; Brautaset et al., (2010) Appl
Microbiol Biotechnol 87(3): 951-964). Transformation of B. methanolicus MGA3 was
performed by clectroporation (Jakobsen et al., (2006) J Bacteriol 188(8): 3063-3072). B.
methanolicus cells were grown at 50° C in 100 ml of MeOHz0o medium containing 200 mM
methanol, in Manno medium containing 10 g/liter mannitol, or in SOBsuc medium
(Jakobsen, Benichou et al. (2006) J Bacteriol 188(8): 3063-3072), and chloramphenicol (5
ng/l) was added as appropriate.

Construction of expression vectors
pET21a_mdh-MGA3, pET21a mdh2-MGA3, pET21a_ mdh3-MGA3 and pET21a_act-
MGA3:

Due to the high sequence similarity between mdh2 and mdh3 coding regions of MGA3,
primers for PCR amplification and concomitant cloning were designed based on unique
sequences representing the surrounding regions of the respective genes, and are as follows:
conl6 rev: 5’-AACCATGGATGAGGAGGATGTTTGTATGAC-3" (SEQ ID NO: 13) and
conl8 rev: 5’-AACCATGGCAAACAAAGGGGATGTATGTATG-3" (SEQ ID NO: 14);
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con4l rev: 5>~ AGGATCCCCTCCGTTTTGTCGTATTAC-3’ (SEQ ID NO: 15) and

con43 rev: 5’-TGGATCCTCTTCGTCTTTGGCGAATTAC-3’ (SEQ ID NO: 16).

The respective DNA fragments were digested with Ncol + BamHI (recognition sites
underlined in the primer sequences), and ligated into the corresponding sites of pLITMUS28
resulting in plasmid, pTMBI carrying mdh2 and pTMB2 carrying mdh3. The cloned MDH
genes in both plasmids were then sequenced. Next, the coding regions of mdh and act were
PCR amplified from B. methanolicus MGA3 total DNA, and the coding regions of mdh2 and
mdh3 were PCR amplified from plasmids pTMB1 and pTMB2, respectively, by using the
following PCR primer pairs:

mdh_fwd-MGA3: 5’-CATATGACAACAAACTTTTTCATTCC-3’ (SEQ ID NO: 17) and
mdh_rev-MGA3: 5’-CTCGAGCATAGCGTTTTTGATGATTTGTG-3" (SEQ ID NO: 18);
mdh2 fwd-MGA3: 5’>-CATATGACAAACACTCAAAGTGC-3’ (SEQ ID NO: 19) and
mdh2_rev-MGA3: 5’>-CTCGAGCATCGCATTTTTAATAATTTGG-3’ (SEQ ID NO: 20);
mdh3 fwd-MGA3: 5’-CATATGAAAAACACTCAAAGTGCATTTTAC-3’ (SEQ ID NO:
21) and

mdh_rev-MGA3: 5’-CTCGAGCATAGCGTTTTTGATGATTTGTG-3" (SEQ ID NO: 22);
act fwd-MGA3: 5’-AAACATATGGGAAAATTATTTGAGG-3’ (SEQ ID NO: 23) and

act rev-MGA3: 5’-AAACTCGAGTTTATTTTTGAGAGCCTCTTG-3’ (SEQ ID NO: 24);
Underlined in the forward and reverse primers are restriction sites for Ndel and Xhol,
respectively. The resulting PCR products mdh-MGA3 (1149 bp), mdh2-MGA3 (1163bp),
mdh3-MGA3 (1165bp), and act-MGA3 (570 bp) were directly A/T-ligated into the general
cloning vector pGEM-T, and the respective cloned inserts were verified by DNA sequencing.
The resulting vectors were then digested with Xhol and Ndel and the inserts were ligated into
the corresponding sites in frame with the six-His tag sequence of plasmid pET21a, yiclding
plasmids pET21a_ mdh-MGA3, pET21a_mdh2-MGA3, pET21a mdh3-MGA3, and
pET21a_act-MGA3, respectively.

pET21a_mdh-PB1, pET21a mdhi-PB1, pET21a_mdh2-PB1, and pET21a_act-PB1:
The coding regions of the mdh-PB1, mdh1-PB1 and mdh2 PB1 genes were PCR amplified

from PBI1 total DNA by using the following primer pairs:
mdh_fwd-PB1: 5>~ ATACATATGACGCAAAGAAACTTTTTCATTC-3’(SEQ ID NO: 25)
and

mdh_rev-PB1: 5°- ATACTCGAGCAGAGCGTTTTTGATGATTTG-3’ (SEQ ID NO: 26);
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mdhl fwd-PBI1: 5>~ ATACATATGACTAAAACAAAATTTTTCATTC-3’ (SEQ ID NO: 27)
and

mdh rev-PB1 (see above);

mdh2 fwd-PB1: 5’- ATACATATGACAAACACTCAAAGTATATTTTAC-3’ (SEQ ID NO:
28) and

mdh2 rev-PB1: 5~ ATACTCGAGCATAGCATTTTTAATAATTTGTATAAC-3’ (SEQ ID
NO: 29).

The three resulting PCR products mdh-PB1 (1164 bp), mdh{-PB1 (1164 bp) and mdh2-PB1
(1170 bp) were A/T- ligated into plasmid pGEM-T. The resulting plasmids were digested
with Xhol and Ndel (restriction sites underlined in the primers) and ligated into the
corresponding sites of plasmid pET21a, yielding plasmids pET21a_mdh-PB1,

pET21a mdh1-PB1, and pET21a_mdh2-PBI1, respectively. The act-PB1 coding region was
PCR amplified from PB1 total DNA by using the primer pair:

act_frw-PB1: 5-TTTTCATATGGGAAAATTATTTGAGGAAA-3’ (SEQ ID NO: 30) and
act_rev-PB1: 5’-TTTTCTCGAGTTTATTTTTGAGAGCCTCTTG-3’ (SEQ ID NO: 31).
The PCR product act-PB1 was digested with Ndel and Xhol (restriction sites underlined in
the primers) and ligated into the corresponding sites of pET21a, resulting in plasmid

pET21a act-PBI.

pET21a_nudF:
The coding region of nudF was PCR amplified from B. subtilis 168 total DNA by using the

following primer pair:

nudF-fwd: 5>-TTTTCATATGAAATCATTAGAAGAAAAAACAATTG-3’ (SEQ ID NO:
32) and

nudF-rev: 5’-TTTTCTCGAGTTTTTGTGCTTGGAGCGCTT-3" (SEQ ID NO: 33).

The resulting PCR product (572 bp) was A/T- ligated into pGEM-T and the cloned insert was
verified by DNA sequencing. The resulting vector was digested with Xhol and Ndel
(restriction sites underlined in the primers) and the insert was ligated into the corresponding
sites of pET21a, resulting in plasmid pET21a nudF.

All the constructed vectors were transformed into the expression host E. coli ER2566.

Affinity purification of recombinant proteins
The six different MDH proteins, two different Act proteins and NudF were purified from cell

extracts of the respective recombinant £. coli ER2566 strains by using affinity
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chromatography, essentially as described previously (Brautaset et al., (2010) Appl Microbiol
Biotechnol 87(3): 951-964). Protein concentrations were estimated spectrophotometrically in
a NanoDrop™ spectrophotometer, (Nano Drop Technologies, Wilmington, Delaware) with
molecular weight and extinction coefficient settings calculated for the MDHs, Act and NudF
proteins (data not shown) using the Expasy Prot Param tool (Gasteiger et al. (2003) Nucleic
Acids Res. 31(13): 3784-3788). The purity of the purified proteins were analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Sambrook and Russel,
(2001) Cold Spring Harbor Laboratory Press), followed by visual inspection of the resulting
images. The purified proteins were snap frozen in liquid N> and stored at -80° C until they

were thawed on ice and used in biochemical analyses.

Enzyme assays

Alcohol dehydrogenase activities were measured spectrophotometrically essentially as
described previously (Hektor, Kloosterman et al. (2002) Chem 277(49): 46966-46973) and
the reaction mixture contained: 100 mM Glycine-KOH pH 9.5 (unless otherwise stated), 5
mM MgSO4, 0.5 mM NAD" and 500 mM alcohol (methanol, ethanol, propanol, 1,3-
propanediol, or butanol). NAD" was substituted with equal concentrations of NADP', FMN",
and FAD', when indicated. The reaction mixture for measurements of formaldehyde
reductase activity contained: 50 mM Potassium-phosphate buffer pH = 6.7, 0.15 mM NADH,
1 mM DTT and 11.6 mM (0.1-116mM) formaldehyde. The assay components were mixed in
the cuvette and pre-warmed to 45° C, unless otherwise stated. The reactions were started by
addition of 5-40 ug of the purified MDH proteins, and the production of NADH was
monitored at 340 nm for 4 minutes. One unit of MDH activity was defined as the amount of
enzyme needed to produce 1 pmol NADH per minute under the conditions described above.
Purified Act (0.1-40 pg) or NudF (20 pg) proteins were added to the reaction mixtures as
indicated in the text.

Biochemical characterization in vitro of purified enzymes

The purified MDH and Act proteins (20 pg) were used in the kinetic experiments performing
the methanol dehydrogenase and the formaldehyde dehydrogenase assays essentially as
described above. For determination of the Ki for methanol (Kmmcor) and Vmax, the NAD*
concentration was maintained at a saturating level (0.5 mM or 0.15 mM), while the
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concentration of methanol was varied (0.1 — 2000 mM). For determination of the Ky, for
NAD" (KmNap+) and Vmax, the methanol concentration was kept constant at a saturating level
(500 mM), while the concentration of NAD* was varied (5-1000 uM). For determination of
K for formaldehyde (Kmra) and Vmax, the NADH concentration was kept at saturating Ievel
(0.5 mM or 0.15 mM), while the concentration of formaldehyde was varied from (0.1 — 40
mM). Act (20 pg) was added to the reaction mixtures for determination of Kyu,MgOH and
Vmax values in the presence of this activator, as indicated in the text. In general, the slopes of
activity versus time were linear in the measured period (data not shown). Ky, and Vmax values
were calculated by using nonlinear regression with the Microsoft Excel™ solver-tool to fit
the measured data to the Michaelis-Menten equation, as described previously (Jakobsen et
al., (2009) Appl Environ Microbiol 75(3): 652-661). The values obtained from the regression
were then compared to the values obtained from Lineweaver-Burk and Hanes-Woolf plots to

ensure that the global minimum, not a local minimum, had been found.

Isolation of total RNA, cDNA synthesis and Real-time PCR

The real-time PCR experiments were performed essentially as described previously
(Brautaset ef al., (2010) Appl Microbiol Biotechnol 87(3): 951-964). Total RNA was isolated
from MGA3 and PB1 cell cultures growing exponentially (OD600 = 1.0.) with mannitol or
mcthanol as the solc carbon source, using the RNAqucous™ kit (Ambion). The
concentration of RNA was determined in a NanoDrop spectrophotometer (Nano Drop
Technologies, Wilmington, Delaware), and the integrity of total RNA was assessed with an
Agilent Bioanalyzer™ 2100 and the RNA 6000 Nano LabChip™ Kit (Agilent Technologies,
Palo Alto, CA). cDNA was synthesized from the isolated total RNA using a first-strand
c¢DNA synthesis kit (Amersham) according to the instructions of the manufacturer, and used
as templates for the real-time PCR experiments. Real Time PCR analyses were preformed
using the ABI PRISM™ 7700 Sequence Detection System with its default settings (Applied
Biosystems, Foster City, CA, USA). The PCR primers used were chosen with the assistance
of the Primer Express™ 2.0 software (Applied Biosystems) and were as follows:
mdh-MGA3 fwd: 5°- ATTCCACCAGCCAGCGTAAT-3" (SEQ ID NO: 34) and
mdh-MGA3 rev: 5°- CTTAGCTCCAATTTGCTTAAGTCTTG-3" (SEQ ID NO: 35);
mdh2-MGA3 fwd: 5’-GGATACATGTCAAACACTCAAAGTGC-3" (SEQ ID NO: 36) and
mdh2-MGA3 rev: 5°- TCTAGACACCATCGCATTTTTAATAATTTGG-3" (SEQ ID NO:
37);

Date Regue/Date Received 2020-07-23



27

mdh3-MGA3 fwd: 5°- GGATACATGTAAAACACTCAAAGTGC-3" (SEQ ID NO: 38) and
mdh3-MGA3 rev: 5'- TCTAGACACCATAGCATTTTTAATAATTTGGATG-3" (SEQ ID
NO: 39);

mdh-PB1 fwd: 5'-TCCACCAGCTAGCGTAATTGG-3" (SEQ ID NO: 40) and

mdh-PB1 rev: 5'-AACCTGTGCCATGAAGAAATGC-3" (SEQ ID NO: 41);

mdhi-PB1 fwd: 5'-TCCATCATCCACTGTATTTGG-3" (SEQ ID NO: 42) and

mdh1-PB1 rev: 5'-"ACCTGTGCTGTGAAGGAATGC-3" (SEQ ID NO: 43);

mdh2-PB1 fwd: 5-CGTGAAGCTGGTGTGGAAGTATT-3" (SEQ ID NO: 44) and
mdh2-PB1 rev: 5-TCCAAACCTTCTGCGACGTT-3" (SEQ ID NO: 45).

Relative quantization of the genes in question was performed by normalizing the results,
relative to 16s RNA (endogenous control) and a calibrator sample, using a comparative Ct
method (2-AACt method) as described previously (Heid, Stevens et al. (1996) Genome Res
6(10): 986-994; Jakobsen, Benichou et al. (2006) J Bacteriol 188(8): 3063-3072; Brautaset,
Jakobsen et al. (2010) Appl Microbiol Biotechnol 87(3): 951-964). The relative differences
in transcript levels of the three genes were determent by calculating the ACT values given as
follows: mdh2 (Ct mdh2 — Ct mdh) and the ACT value of mdh3 (Ct mdh3 — Ct mdh). The

primer efficiency of the three genes was tested prior to the other experiments preformed.

3D modeling of the deduced MDH proteins

Structural models of the MGA3 Mdh and Mdh2 proteins were made using the fully
automated protein structure homology-modeling server SWISS-MODEL (Peitsch (1995)
Bio-Technology 13(7): 658-660; Amold, Bordoli ef al. (2006) Bioinformatics 22(2): 195-
201; Kiefer, Arnold et al. (2009) Nucleic Acids Res 37(Database issue): D387-392). Due to
the high homology between the deduced primary structures of the MGA3 Mdh2 and Mdh3
proteins, no model search was performed for Mdh3. The gapped blast scarches (Altschul et
al (1997) J Mol Biol 215(3): 403-410; Schiffer et al. (2001) Nucleic Acids Res. 29(14):
2994-3005) resulted in 9 common template hits with E values varying from 1-¢™8
(pdb:3bfj, 1,3 propanediol oxidoreductase) to 1-¢17 (pdb:10j7, E. coli K12 YQHD) for
Mdh and from 1-e11? (pdb:3bfj) to 2-e-14 (pdb:10j7) for Mdh2. 3D alignments of the
template files using Deep view / Swiss pdb viewer (Guex and Peitsch (1997)
Electrophoresis 18(15): 2714-2723) showed that they all had very similar folds and
the structural models based on the 3bfj template, which had the highest amino acid
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similarity score both for Mdh and Mdh2, were chosen to represent Mdh and Mdh2. The Deep

view / Swiss pdb viewer was also used to visualize the structural models of the MDHs.

Example 1: Genetic organization of methanol dehydrogenase and activator protein genes in

B. methanolicus wild-type strains MGA3 and PB1

In silico screening of the B. methanolicus MGA3 genome sequence (Heggeset et al., 2011)
identified mdh encoded by plasmid pBM 19, here denoted mdh-MGA3, and two more putative
MDH encoding genes in the MGA3 genome, here denoted mdh2-MGA3 and mdh3-MGA3,
distantly located on the chromosome. The mdh2-MGA3 and mdh3-MGA3 coding scquences
were 96% identical to cach other and 65% and 66% identical, respectively, to the mdh-
MGA3 coding sequence. Primary sequence alignment of the deduced Mdh2-MGA3 and
Mdh3-MGA3 polypeptides revealed that they are 96% identical to cach other, and 61% and
62% identical, respectively, to Mdh-MGA3 (Figure 2).

We have recently obtained fed-batch methanol fermentation results demonstrating
that the two B. methanolicus wild-type strains MGA3 and PB1 are substantially different
with respect to methylotrophic properties. Inspection of the PB1 genome sequence confirmed
the presence of three different MDH-encoding genes and one act gene, analogous to MGA3.
The mdh-PB1 gene located on plasmid pBM20 was 92 % identical with the MGA3 mdh-
MGA3 gene and the respective gene products displayed 93 % primary sequence identity
(Figure 2). In contrast to MGA3, the sequences of the two chromosomal genes of PB1,
denoted mdhi-PB1 and mdh2-PB1, were not very similar, The mdhl-PB1 gene encoded a
putative Mdh1 protein with 92 % primary sequence identity to the MGA3 Mdh protein while
mdh2-PB1 encoded a putative Mdh2 protein with 91 % and 92 % primary sequence identity
to thc MGA3 Mdh2 and Mdh3 proteins, respectively. Based on these scquence analysces, it
seems like MGA3 and PB1 possesses two sub-types of MDH encoding genes; the “mdh
/mdh1” type and the “mdh2/mdh3 type”. MGA3 has one mdh /mdh1 type gene (pBM19) and
two mdh2/mdh3 type genes (chromosome), while PB1 has two mdh/mdh1 type genes
(pBM20 and chromosome) and one mdh/mdh3 type gene (chromosome). The biological

impact of these differences was further investigated below.

Example 2: 3D modeling indicates that the B. methanolicus MDHs belong to type 111 Fe-

NAD-dependent alcohol dehydrogenase super-family

The deduced MGA3 Mdh, Mdh2 and Mdh3 primary sequences were subjected to sequence
comparisons with proteins in the databases using BLAST (Altschul, Gish et al. (1990) J Mol
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Biol 215(3): 403-410), indicating that they presumably belong to the type III alcohol
dehydrogenases (ADHS) (de Vries, Arfman et al. (1992) J Bacteriol 174(16): 5346-5353),
which is a super-family of iron-containing ADHs. The closest homolog of the MDHs with a
known 3D structure was the 1,3-propanediol dehydrogenase from Klebsiella pneumoniae
(PDB ID: 3BFJ, which displayed 46% primary sequence identity with Mdh and 52%
primary sequence identity with Mdh2 and Mdh3. This 1,3-propanediol dehydrogenase is a
type 111 Fe-NAD-dependent alcohol dehydrogenase that catalyzes the conversion of 3-
hydroxypropionaldehyde into 1,3-propancdiol (1,3-PD). The structure of the B. methanolicus
C1 MDH has previously been analyzed by electron microscopy and it was concluded to be a
decamer in which the 10 subunits were organized in two rings of 5 (Vonck, Arfman et al.
(1991) J Biol Chem 266(6): 3949-3954). Interestingly, it was recently experimentally
demonstrated that the 1,3-PD dehydrogenase had a similar quaternary structure. Based on
this, we decided to use the information from the solved 3D structure of the 1,3-PD
dehydrogenase to predict the 3D structure of the B. methanolicus MGA3 Mdh, to learn more
about catalytic active sites in the NAD-dependent alcohol dehydrogenase. The primary
amino acid sequence of MGA3 Mdh was sent to Swissmodel, and a model was constructed.
The monomers of 1,3 PD dehydrogenase fold into two structural domains that are separated
by a cleft. The N-terminal domain contains the binding site of the NAD ™ cofactor and the C-
terminal domain includes the residues involved in iron binding. A conserved motif
GGGSX2DX2K involved in NAD" cofactor binding was found in the N-terminal region of
B. methanolicus C1 MDH. This motif is also present in B. methanolicus MGA3 Mdh, in
position 95-104 and it is also found in the N-terminal region of the 1,3 PD dehydrogenase
from K. pneumoniae. The 258-290 region of B. methanolicus C1 MDH contained several His
residues, and was therefore predicted to be involved in metal binding. This is in good
accordance with the findings in K. preumoniae 1,3 PD dehydrogenase, were 4 residucs
responsible for the coordinating position of the iron metal were found. These residues are
conserved and correspond to residues Asp193, His197, His262 and His276 in B.
methanolicus MGA3 Mdh, and are most likely the ones responsible for binding of zinc in
this enzyme. In conclusion, these data should indicate that the B. methanolicus MDHs
belongs to type I1I Fe-NAD-dependent alcohol dehydrogenase, which was supported by the

experimental results provided in the current study (see below).
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Example 3: The purified MDH proteins from MGA3 and PB1 all displayed NAD dependent

MDH activity in vitro.
The mdh-MGA3, mdh2-MGA3, mdh3-MGA3, mdh-PB1, mdhi-PB1, and mdh2-PB1 coding

regions were PCR amplified and cloned into the E. coli vector pET21a, resulting in
expression plasmids pET21a_ mdh-MGA3, pET21a_mdh2-MGA3, pET21a_mdh3-MGA3,
pET21a_mdh-PB1, pET21a mdh1-PBI1, and pET21a_mdh2-PBI1, respectively. In the
resulting vectors the recombinant genes are transcribed from the strong T7 promoter, and
fused in-frame to a 6-His-tag coding sequence at their 3’-ends to simplify purification. The
MGA3 and PBI act genes and the analogous B. subtilis nudF gene were similarly cloned into
pET21a, resulting in the plasmids pET21a act-MGA, pET21a act-PB1 and pET21a-nudF,
respectively (Table 1). All constructed expression vectors were transformed into E. coli
ER2566, and the resulting recombinant strains were cultivated in shake flasks for production
of the respective recombinant proteins. The proteins were purified by affinity
chromatography to above 95% purity as judged from SDS-PAGE (data not shown), and the
Act and NudF proteins were stored for later use (see below).

The six purified MDH proteins were then assayed using methanol as substrate and the
results showed that all enzymes are catalytically active (see Figure 3). To rule out if these
proteins can use alternative cofactors, the assays were repeated by substituting NAD" with
FAD', FMN" and NADP". In all cases no catalytic activity was detected (data not shown),
confirming that none of these alternative co-factors can be used by the MDHs under these
conditions. These results demonstrated that both B. methanolicus strains MGA3 and PB1
have three different genes, one located on a plasmid and two located on the chromosome,

that all encode active and NAD-dependent MDHs.

Example 4: All the MDHs have broad substrate specificities and different alcohol preferences

in vitro.

The purified MDH proteins where tested for catalytic activities by using several alternative
alcohols, and all enzymes displayed activities on ethanol, propanol, butanol, pentanol,
hexanol, isopropanol and 1,3-propanediol as substrates (Figure 3). Surprisingly, the relative
catalytic activities on most of these alternative substrates were substantially higher than with
methanol for all six MDHs. The relative catalytic activities on each different alcohol varied
substantially between the three MDHSs, indicating different substrate preferences among these
proteins. For example, the activities of the Mdh3-MGA3 and the Mdh2-PB1 enzymes with

propanol were about 25 to 35-fold higher than their activity on methanol. Interestingly, these
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two enzymes displayed significantly higher catalytic activity than the remaining enzymes on
all these substrates, under the conditions tested. All six enzymes also displayed formaldehyde
and acetaldehyde reductase activities, which was further investigated below. Based on these
data, it was tempting to classify these proteins as ADHs rather than MDHs, capable of
catalyzing the conversion of a wide range of different primary and secondary alcohols to

aldehydes or ketones.

Example 5: The MDH proteins displayed similar pH and temperature optima in vitro.

In order to establish rcliable assay conditions for comparative biochemical characterizations,
the six MDH protcins were analysed for pH and temperature optima. Due to the much higher
catalytic activities of all the MDHs on ethanol compared to methanol (see Figure 3), we
conducted these experiments with ethanol as the substrate to increase sensitivity of the data.
The Mdh protein from B. methanolicus strain C1 has previously been reported to have a pH
optimum of 9.5 (Kloosterman, Vrijbloed et al. (2002) J Biol Chem 277(38): 34785-34792),
and the six purified MDHs (20 pg) were therefore tested for activity at pHs ranging between
8.5 and 10.5. All enzymes displayed the highest catalytic activity at pH between 9.5 and 10
(data not shown). Next, the MDHs were assayed at pH 9.5 for activity under temperatures
ranging from 25° C to 50° C, and the results showed that they all had temperature optima
between 45° C and 50°C (Figure 4). Bascd on these data all further MDH assays werc run at
pH 9.5 and 45° C.

Example 6: Mdh3-MGA3 and Mdh2-PB1 display higher temperature stabilities compared to

the remaining MDHs in vitro.

The heat stability of the six MDHs was tested by pre-incubation of the proteins at 45° C and
60° C and samples were taken at different time points for enzyme assays. As expected, all
enzymes retained essentially all catalytic activity upon preincubations at 45° C (Figure 5).
The catalytic activities of Mdh-MGA3, Mdh2-MGA3, Mdh-PB1 and Mdh1-PB1 were
strongly reduced (up to 90%) upon preincubations at 60 ° C for 6 minutes while this
treatment presumably had only moderate negative effects on Mdh-MGA3 and Mdh2-PB1
catalytic activities (Figure 5). A selection of the experiments was repeated in the presence of
equal amounts of purified Act, and this had no effect on temperature stability for any of the

MDHs (data not shown).
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Example 7: All six MDH proteins are catalytically stimulated by Act in vitro

Both the MGA3 and the PB1 genome sequences had only one act gene positioned on the
chromosome similar to the act gene previously cloned from MGA3 (Brautaset, Jakobsen et
al. (2004) J Bacteriol 186(5): 1229-1238). It was thus of interest to investigate if the
respective Act proteins could stimulate catalytic activity of all MDH proteins in vitro. To
establish reliable conditions, Mdh-MGA3 was first tested together with Act-MGA3 at
different relative concentrations of the proteins (1:2 - 20:1), and using methanol as the
substrate. Full activation was reached at a relative concentration of between 1:1 and 5:1 and
no inhibition due to relative high activator concentrations was observed (data not shown).
For further testing, equal concentrations of MDH and Act (1:1) were always used. Next,
similar assays were performed with all six MDHs using methanol as substrate and the data
showed that the MDH activities were induced 5 to 7-fold for the MGA3 MDHs (Figure 6A)
and 4 to 10-fold for the PB1 MDHs (Figure 6B), in the presence of Act.

We then conducted similar analyses but by using ethanol as substrate and the results
showed that the catalytic activities were increased 6 to 8-fold for the MGA3 MDHs (Figure
6B) and 2 to 5-fold for the PB1 MDHs (Figure 6B), in the presence of Act. Interestingly,
when using formaldehyde or acetaldehyde as substrates the presence of Act caused no
significant stimulation of catalytic activities for any of the MDHs (data not shown). Thus,
Act increases the dehydrogenase versus the reductase activity ratio for all six MDH proteins

in vitro.

Example 8: Mdh can also be catalytically stimulated by the B. subtilis NudF protein in vitro

Nudix hydrolase genes are found widespread in bacterial genomes and the B. methanolicus
act gene is the only member of this family known to encode a regulator protein. The 5.
subtilis nudF gene product, NudF, displays 33% overall primary sequence identity to Act and
it has been verified experimentally that NudF belongs to the ADP-ribose pyrophosphatase
subfamily. NudF and Act are identical in residues documented to be important for substrate
and/or inhibitor binding, metal binding, and the catalytic site. It was investigated whether
NudF could substitute for Act in activating the B. methanolicus MDHs in vitro. Recombinant
strain E. coli ER2566 (pET21a-nudF) was cultivated for recombinant production and
concomitant purification of NudF. Mdh-MGA3 was chosen as model protein and tested
together with NudF using ethanol as substrate as described above, and the results clearly
demonstrated that Mdh activity was stimulated equally well (about 8-fold) with NudF as with

Act under these conditions (Data not shown). This result shows for the first time that a
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heterologous Nudix hydrolases can function as an activator protein, and this should also have

impact on our current understanding of the biological role of the diverse class of proteins.

Example 9: The MDHs have similar V., and Knmeon values in vitro in absence of Act

The MDHSs were subjected to kinetic characterizations to determine V .« values and Ky,
values, and to obtain biologically relevant data these experiments were conducted by using
methanol as the substrate. The three MDH proteins were assayed for initial reaction rates
under optimized assay conditions as described above and with varying methanol
concentrations (sce Materials and Method), and the data showed that they displayed similar
and non—lincar Michaclis-Menten kinetics. These results are in accordance with the
analogous biochemically characterization of MDH from B. methanolicus C1 (Hektor,
Kloosterman et al. (2002) Chem 277(49): 46966-46973; Kloosterman, Vrijbloed et al. (2002)
J Biol Chem 277(38): 34785-34792). They proposed that MDH in the non-activated state
displays a Ping-Pong type of reaction mechanism in which the redox-active cofactor
functions as a temporary electron deposit, while MDH in the activated state catalyzes a
cofactor independent reaction which displays a ternary complex reaction mechanism. Km
and Vmax values were calculated by using nonlinear regression with the Microsoft Excel
solvertool to fit the measured data to the Michaelis-Menten equation. The K, values for
methanol were similar and between 150 mM and 250 mM for the MGA3 MDHs and between
160 mM and 220 mM for the PB1 MDHs. The corresponding Vmax values were between
0.04 U/mg and 0.09 U/mg for the MGA3 MDHs and they were between 0.013 and
0.065U/mg for the PB1 MDHs (Table 2). Together these data indicated that the kinetic
constants for all the six MDHs are relatively similar under the conditions tested. We also
chose to test the three MGA3 MDHSs for initial reaction rates with varying the NAD"
concentrations, showing that they displayed linear Michaelis-Menten kinetics (data not
shown). From non-linear fitting of the Michaelis-Menten equation, the K, nap+ values were

determined to be between 14 uM and 40 uM (Table 2).
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Table 2: In vitro kinetic constants of purified B. methanolicus MDHs in the presence and

absence of Act. Assays were performed at 45°C and at pH 9.5.

MGAS:
Mdh Mdh?2 Mdh3
Ken Vimax Km Vimax K Vimax
Variable Substrate {mivi) {3/ mg) {mh) {U/mg) {rob} {Wmg)
Methanol 200 0.08 150 0.04 250 0.09
NAD+ 14 uivi 22 i 40 phd
Methanol + Act 12 0.5 200 0.15 150 0.45
Formaldehyde 1 1.4 5 1.5 15 5
PRI1:
Mdh Mdh1 Mdh2
Ko Vinas Ko Vinox Kem Vinax
Variable Substrate {m) {U/mg} {mM] {U/mg}  {mM) {U/mg}
Methanol 220 003 168 0.013 164 0.065
NAD+
Wethanol + Act 13.9 0.2 23 0.056 36 0.24
Formaldehyde 2.5 0.45 11,5 0.53 1.3 1.12

Example 10: The Vumax values for the MDHs are 4 to 6-fold increased in the presence of Act

Kinetic experiments were then preformed by using equal concentrations of MDH and Act in

the reaction mixtures (20 ug MDH + 20 ug Act). The Vpax values were increased 4-6-fold

compared to in the single enzyme assays (Table 2) confirming that the catalytic activities of

all six MDHs are stimulated by Act. These data are in agreement with those presented in

Figure 6.

Example 11: The K meon values for Mdh-MGA3, Mdh-PB1 and Mdh1-PB1 are

substantially (up to 70 fold) reduced in the presence of Act

Interestingly, the K veon was dramatically reduced (17-fold) to 12 mM for Mdh-MGA3

when Act was added to the reaction, while the corresponding Km meon values for both Mdh2-
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MGA3 and Mdh3-MGA3 remained essentially the same as when tested without Act. For the
three PB1 enzymes this was different. For Mdh-PB1 and Mdh1-PB1 the Ky, meon values were
substantially reduced (16-fold and 70-fold, respectively) in the presence of Act, and this
value was moderately (4-fold) reduced by Act for Mdh2-PB1 (Table 2). Interestingly, the
MGA3-Mdh, PB1-Mdh and PB1-Mdh1 proteins were by us listed into one MDH subgroup
based on sequence alignments (see above), and the biological impact of these findings is

discussed (see below).

Example 12: The MDHs generally have higher Ve and lower K., values for formaldehyde

compared to for methanol

The biological significance of MDH for methanol oxidation during methylotrophic growth is
unambiguous, while the biological role of this enzyme as a formaldehyde detoxification
system in the methanol consuming cells is less investigated. It was here demonstrated that all
enzymes displayed both formaldehyde- and acetaldehyde reductase activities (see above),
and we chose to characterize this property kinetically. By using formaldehyde as the
substrate the Ky, values are 1 mM, 5 mM and 15 mM and the corresponding Vmax values are
1.4 U/mg, 1.5 U/mg and 5 U/mg for MGA3 proteins Mdh, Mdh2 and Mdh3 respectively
(Table 2). For the PB1 proteins the K, values for formaldehyde were 2.5 mM, 4 mM and 1.3
mM, respectively, and the corresponding Vmax values were 0.45 U/mg, 0.53 U/mg and 1.12
U/mg, respectively. Together, these results show that all six MDHs generally have higher
affinity and higher Vmax when formaldehyde is the substrate, compared to when methanol is

the substrate.

Example 13. The three mdh genes are transcribed at different levels in exponentially growing

B. methanolicus cells

It was previously demonstrated mdh-MGA3 transcription is presumably very high in B.
methanolicus cells and slightly up-regulated (about 3-fold) in cells growing on methanol
versus on mannitol, while the act transcript levels were similar under both growth conditions
(Jakobsen et al., (2006) J Bacteriol 188(8): 3063-3072). Here, all three MDH encoding genes
from MGA3 were included in a similar analysis and the results showed that the relative
transcription levels of mdh- MGA3 and mdh2- MGA3 were 2-fold and 3-fold higher on
methanol compared to on mannitol. The transcript level of mdh3- MGA3 was essentially
similar under the two different growth conditions. For mdh this result was somewhat

different compared to previous data (Jakobsen et al., (2006) J Bacteriol 188(8): 3063-3072),
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and the reason for this is unknown. Interestingly, the respective Ct values obtained under
standardized conditions for the three genes were highly different, with mdh-MGA3
displaying the by far lowest value indicating highest transcripts levels. The Ct mdh2 — Ct
mdh was found to be 8 and the Ct mdh3 — Ct mdh was 14 (taking into consideration the about
100% primer efficiency in all these experiments, these numbers should imply that the mdh2-
MGA3 and mdh3- MGA3 transcript levels at about 250-fold and 10.000 fold lower than the
mdh transcript level, respectively, under the conditions tested).

The mdh2- MGA3 and mdh3- MGA3 coding sequences are 96% identical at the DNA
level and to rule out any cross hybridization of the rt-PCR primers in these experiments, the
respective rt-PCR primer pairs (sec Materials and Methods) were tested towards plasmid
DNAs, pTMBI and pTMB2, carrying the respective mdh2 and mdh3 gene sequences. The
results clearly show that no detectable PCR products were obtained when the mdh2 specific
primers were used together with pTMB2 DNA, or alternatively when the mdh3 specific
primers were used together with pTMB1 DNA template (data not shown). These data
confirmed that the rt-PCR primers used for mdh2-MGA3 and mdh3- MGA3 are specific for
their respective targets, confirming that the obtained data should be reliable.

A similar analysis of mdhs from PB1 was carried out and the results showed that
mdh-PB1 and mdh2-PB1 transcript levels were essentially similar on mannitol versus
methanol growth. Surprisingly, mdhl-PB1 transcript level on mannitol was 14-fold higher
than on methanol, and the biological impact of this remained unknown. As for MGA3, we
recognized that the relative transcript level of these three genes in PB1 was presumably very
different, and the mdh-PB1 gene was transcribed to much higher levels than mdh1-PB1 and
mdh2-PB1 (data not shown).

Example 14: Expression of B. methanolicus mdh genes in E. coli

Construction of expression vectors

The genes coding for Mdh and the Mdh activator protein Act were amplified from pET21a-
plasmids harboring genes from B. methanolicus strains MGA3 (mdh-MGA3, mdh2-MGA3,
mdh3-MGA3 and act-MGA3) and PB1 (mdh-PB1, mdhi-PB1 and mdh2-PB1). The genes
were then cloned either into the pPSEVA424 plasmid (mdh genes) or in the pSEVA131
plasmid (act gene). For cloning of mdh-MGA3, mdh-PB1, mdhi-PB1 and act-MGA3, EcoRI
and HindIII restrictions sites were used, while mdh2-MGA3, mdh2-PB1 and mdh3-MGA3

were cloned by using EcoRI and Pstl restriction sites. The resulting expression vectors were
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transformed into electrocompetent wt E. coli K-12 (BW25113) and into E. coli K-12
(BW25113) with a deleted fimA gene.

Expression experiments

For expression experiments, the cells were cultivated in either Luria-Bertani (LB) medium
for in vitro assays or in M9 medium for in vivo assays both containing 20 pg/ml streptomycin
for pSEVA424. When Act was co-expressed the medium was supplemented with 100 ug/ml
ampicillin. Expression was induced when cells reached OD 0.5 (for in vitro tests) or OD 1
(for in vivo tests) by adding 0.1 mM IPTG (final concentration) for 6 hours. Cells were then
harvested by centrifugation. For in vitro assays, crude cell extract was prepared by lysing the
cells in a French press following ultracentrifugation. Alternatively, cells were resuspended in

M9-medium without glucose for in vivo activity measurements.

Enzyme assays

In vitro meassurements of Mdh activity: For determination of Mdh activity in crude cell
extracts, the Mdh dependent formation of NADH was monitored at 340 nm. The assays were
performed either at 37°C or 45°C in prewarmed buffer solutions. The Mdh assay contained
10-20 ug enzyme, 50 mM K,;HPOg4-buffer, pH7.4, 2.5 mM MgCl and 0.5 mM of NAD" (final
concentrations). After 5 min of preincubation, the reaction was started with 1 M of methanol
(final concentration).

In vivo measurements of Mdh activity: For determination of Mdh activity in cell suspensions,
cells were harvested after IPTG induction, washed and resupended in M9-medium without
glucose and IPTG. OD600 was set to 1 for normalization. The assay was performed at 37°C
or 45°C in a shaking water bath. The assay was started by addition of 1 M methanol and
subsequent measurement of accumulating formaldehyde in the supernatant resulting from the
methanol dehydrogenase catalyzed oxidation of methanol. The calculated activities were
based on the assumption that 1 1 of an OD1 culture contains 0.3 g biomass of which 50% is

protein.

Results
In vivo and in vitro activities of different Mdhs from B. methanolicus strains MGA3 and PB1
expressed recombinant in E. coli are summarized in Table 3 below. Act was cloned from B.

methanolicus MGA3.
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Table 3: In vivo and in vitro activities of different Mdhs from B. methanolicus strains MGA3

and PB1 expressed recombinantly in E. coli.

In vitro [ mU/mg] In vivo [mU/mg]
45°C 37°C 42°C 37°C
+Act  -Act +Act -Act +Act  -Act +Act -Act
MGA3 Mdh 1260 251 464 48 1 3 1 1
Mdh2 | 1910 310 672 59 11.3 45 9 32
Mdh3 | 867 113 327 21 24 31 11 24
PB1 Mdh n.a. 78 n.a. 26 n.a. n.a. n.a. 1
Mdhl | n.a. 219 n.a. 100 n.a. n.a. n.a. 0
Mdh2 | n.a. 103 n.a. 33 n.a. n.a. n.a. 3

n.a. = not available

In vitro, all Mdhs displayed higher activity at 45°C than at 37°C. In addition the in vitro
activities of the Mdhs from MGA3 was drastically increased when Act was co-expressed. In
vivo the effect of the temperature was much smaller compared to the effect in vitro and the
beneficial influence of Act was not detectable. MGA3-Mdh2 showed the overall highest
activities both in vitro and in vivo among all genes tested. For the Mdhs from PB1, the
picture looks different. Here the Mdh1, which is structurally closely related to Mdh from
MGA3, shows the highest activity for most conditions tested. Surprisingly all 3 Mdhs from
PB1 showed no or only very weak activity when tested in vivo. This finding is surprising
because the in vitro activities at 37°C look promising. The reason for this is unclear. Based
on the available data, mdh2-MGA3 seems to be the overall best choice for maximized

methanol dehydrogenase activity in £. coli tested both in vitro and in vivo.
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Example 15: Expression of B. methanolicus mdh genes in B. subtilis

Construction of expression vectors

All cloning steps were done using E. coli DH5a™ cells. The acr-MGA3 gene was cloned
from B. methanolicus MGA3 genomic DNA with a forward primer that contains the B.
subtilis mntA ribosomal binding site (RBS) and a reverse primer that contains a short linker
containing the Swal and BglII restriction sites, and a His6-tag (Figure 7A). The genc was
mserted into the pHB201 and pHCMC04 plasmids using the Spel and BamHI restriction
sites. In the same way the mdh-MGA3 gene was cloned from the pBM19 plasmid from B.
methanolicus MGA3 and the mdh2-MGA3 and mdh3-MGA3 genes were cloned from B.
methanolicus MGA3 genomic DNA. These three genes were also ligated into the pHB201
and pHCMCO04 plasmids.

For the construction of vectors for co-expression of act and the three different
methanol dehydrogenase genes, the methanol dehydrogenase genes were PCR amplified with
a forward primer that contains a stop codon and the B. subtilis mntA RBS and a reverse
primer that contains a short linker containing the Swal and BglII restriction sites (Figure 7B).
The respective genes were then end-digested with Stul and BgllI and ligated into the Swal
and BgllI sites of vector act-pHB201. In this way a stop codon is introduced after the act
gene and the methanol dehydrogenase genes now contains the His6-tag. After sequencing the
genes were transferred to the pHCMCO04 plasmid (Figure 7B) using the Spel and BamHI

restriction sites. Inserts were confirmed by sequencing.

Establishment of recombinant B. subtilis cells expressing methanol dehydrogenase

B. subtilis 168 cells were transformed with the act-MGA3, mdh-MGA3, mdh2-MGA3, and
mdh3-MGA3 expression plasmids, and the analogous vectors coexpressing each of the
methanol dehydrogenase genes with the act-MGA3 gene. Positive colonies were picked from
the plate and the plasmid was isolated and checked by restriction for positive clones.
Colonies were picked from plate and grown ovemight at 37°C (250 rpm) and diluted to
0OD600=0,1 in 20 ml LB containing chloramphenicol (5 ug/ml). After 3 hrs of growth at
37°C (250 rpm), 500 ul 40% xylose were added to the culture to induce expression. The
culture was grown for another 3 hrs and samples of 2 ml were taken. The sample was spun
down for 2 min, 11.000 x g and the supernatant was removed. The pellet was resuspended in
300 pl Bimboim A for B. subtilis (10 mM Tris-HCI pH 8,0; 20% sucrose; 50 mM NaCl; 0,25
mg/ml lysozyme; protease inhibitor) and incubated at 37°C for 30 minutes. The samples

were stored at -80°C before use. In addition, we took advantage of recombinant E. coli cells

Date Regue/Date Received 2020-07-23
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constructed in the project expressing mdh-MGA3, mdh2-MGA3, mdh3-MGA3 and act-
MGA3 from the pET21a plasmid in the in vitro assays.

In vitro assays for methanol dehydrogenase activity

The activities of the Mdh proteins were measured by following the formation of NADH
spectrophoto-metrically. The reaction mixture contained:

- 100 ul Glycine-KOH (pH 9,5)

- 100 ul 5M Methanol (or SM cthanol)

- 5 ul IM MgSO,

- 10 ul 50 mM NAD"

- 10 pl sample

- (10 ul E. coli act-pET21a lysate)

- 775 nt HO

The cuvets and reaction mixture without cell lysate were pre-incubated at 50°C. Formation of
NADH was followed for 10 minutes at 340 nm at 50°C. The total activity was calculated by
dividing the increase in absorption units per min by the extinction coefficient (6,23 cm’
mm™') and the total protein concentration in U/mg total protein. All assays were performed

both by using methanol and ethanol as alternative substrates.

Results

All three genes tested, mdh-MGA3, mdh2-MGA3, and mdh3-MGA3 expressed active
methanol dehydrogenases in host B. subtilis, while act-MGA3 alone expresses no detectable
methanol dehydrogenase activity (Figure 8). In general, the activities were significantly
higher when using cthanol instcad of methanol as the substrate, for all three genes tested (this
is similar to what is observed when these enzymes have been purified from recombinant £.
coli cells). In all cases, methanol dehydrogenase activities were significantly stimulated by
Act. When the act and the methanol dehydrogenase genes are co-expressed from the same
plasmid in B. subtilis 168, it seems that the Mdh2 protein is most active. However, we
noticed that when Act is supplied from E. coli lysates, then the mdh-MGA3 genes is the most
active. Thus, the mdh2-MGA3 gene — co-expressed together with act-MGA3 — is the overall
best choice for maximized methanol dehydrogenase activity in B. subtilis when tested in

vitro.
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Example 16: Methanol incorporation into genetically engineered C. glutamicum

13C labeling experiments

For the labeling experiments we used the C. glutamicum delta ald strain that expresses
Mdh2-MGA3 (pVWEx1-Mdh2), Hps and Phi (pEKEX3 - Hps + Phi). As a negative control
the C. glutamicum delta ald strain with the empty pEKEX3 plasmid was used. All C.
glutamicum strains were grown on M9 medium containing (per liter) 3.48 g Na2HPO4 ¢ 12
H>0, 0.60 g of KH2PO4, 0.51 g of NaCl, 2.04 g of NH4Cl, 0.10 g of MgSOs4, 4.38 mg of
CaClp, 15 mg of Na EDTA « 2 H20, 4.5 mg of ZnSO4 * 7 H20, 0.3 mg of CoCly « 6 H20, 1
mg of MnCl> « 4 H20, 1 mg of H3BO3, 0.4 mg of NaxMoO4 ¢ 2 H20, 3 mg of FeSO4 « 7 H,0
and 0.3 mg of CuSO4 ¢ 5 H,O. For all the cultivation (M9 or LB), | mM of IPTG was used
as inducer and 100 ug/ml of spectinomycin and 25 pg/ml of kanamycin were added in the
medium as resistant markers. All the cultivations were performed at 30°C. Cell strains were
plated from a glycerol stock on a LB agar plate (10 g/l of tryptone, 5 g/1 of yeast extract, 10
g/l of NaCl, and 16 g/l agar) and grown afterwards on a LB liquid medium for 6 hours. The
liquid pre-cultures containing M9 medium plus 3g/1 ribose were inoculated from the LB
cultures at a final ODggo of 0.6 [or 12 hours. For the labeling experiments, the liquid cultures
containing M9 medium were inoculated from the M9 (+ ribose) cultures at a final ODsoo of
0.8. One cultivation sample was taken before addition of *C-methanol (i.e. zero minute time
point), then 40 mM of *C-methanol was added and two cultivation samples were taken at 30
and 90 minutes. In order to quench the metabolic activity and extract the intracellular
metabolites, cultivation samples were dispensed into a cold (-20°C) solution of
acetonitrile/methanol/0.1M formic acid (40/40/20 vol/vol). The labeling patterns of
itracellular metabolites were measured using a Dionex™ ICS 2000 system (Dionex,
Sunnyvale, USA) coupled to a triple quadrupole QTrap™ 4000 mass spectrometer (Applied
Biosystems, Foster City, USA).

Results

As expected, no labeling in the mass isotopomer fraction M1 (i.e. molecules that have one
carbon atom labeled) was detected in the wild-type strain after the *C-methanol pulse
(Figure 9A). Significant label incorporation into metabolites was observed in the mutant
expressing the two recombinant reactions from the RuMP pathway (Hps and Phi) and the
NAD-dependent methanol dehydrogenase from B. methanolicus MGA3 (Mdh2-MGA3)
(Figure 9B). While the labeling content was increased in the fructose-bis-phosphate and

ribose-5-phosphate between 30 and 90 minutes, it stayed constant in the
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phosphoenolpyruvate and 2/3-phosphoglycerate. These data clearly demonstrate that the
introduced methylotrophic pathway operates in vivo, leading to assimilation of methanol into
central carbon metabolism.

It should be noted that in these and the further experments described below, technical
limitations meant that it was not possible to examine “C-labelling of formaldehyde directly.
However, by also expressing downstream RuMP pathway enzymes, it was possible to
analyse incorporatation of the °C into metabolites and thus indirectly detect assimilation of
BC-labelled methanol. Furthermore, the activity of the recombinantly expressed Mdh has
been demonstrated in vitro in the above-described experiments, sce for example Examples 3-

6 above.

Example 17: Methanol incorporation into genetically engineered E. coli

Results

We used metabolic labeling experiments to prove that Mdh, Hps and Phi are functional in
living cells. Cells expressing all three proteins were fed with either '*C labeled methanol or
3C formaldehyde and incorporation of both C-1 compounds into several metabolites could
be demonstrated.

For the experiments we used E. coli cells lacking the gene for the formaldehyde
dehydrogenase (AfrmA) expressing mdh2, hps and phi or hps and phi alone from different
pSEVA plasmids (424 and 131). All genes used for the experiments were derived from B.
methanolicus MGA3. Precultures were obtained at 37 °C in optimized M9 minimal medium
containing ribose as the sole carbon source. For the experiments the cells were transferred
into fresh M9 medium without ribose. The experiments were started by the addition of either
BC-labelled methanol or formaldchyde. To check for incorporation, samples were taken at
different time points, the metabolism was stopped by cold quenching and the samples were
subsequently analysed by LC-MS analysis.

When methanol was added as the only substrate (Figure 10A) labeling could be detected in
several metabolites such as pentose 5-phosphates, hexose 6-phosphates,
phosphoenolpyruvate and acetyl-CoA. More in depth analysis revealed that several
metabolites necessary for the RuMP cycle, e.g. pentose 5-phosphates, showed incorporation
of multiple labeled carbon compounds, indicating the operation of a complete functional
cycle. When formaldehyde was used (Figure 10B) the incorporation of labelled C-atoms
occurred as well (in fact, it occurred faster relative to methanol incorporation suggesting that

Hps and Phi work faster than Mdh or that the amount of C-5 precursor molecules needed for
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formaldehyde incorporation or the formaldehyde concentration produced from methanol was
limited). In a control experiment using '*C-labelled methanol as the substrate, it was found
that expression of Hps and Phi alone did not allow assimilation of the '*C-labelled methanol
(data not shown).

The findings clearly show that the three introduced methylotrophic modules are
functionally expressed. We also show that the expression of the three proteins lead to
incorporation of methanol and formaldehyde into biomass via the established RuMP cycle.
Using mcthanol or formaldchyde as a carbon source we could show that the assimilation of
formaldehyde via Hps and Phi is much faster than the assimilation of methanol but might be

limited by the availability of C5-precursor molecules.

Example 18: Methanol incorporation into genetically engineered B. subtillis

Construction of expression vectors

All cloning steps were done using E. coli DH5a cells. The act-MGA3 gene was cloned from
B. methanolicus MGA3 genomic DNA with a forward primer that contains the B. subtilis
mntA ribosomal binding site (RBS) and a reverse primer that contains a short linker
containing the Swal and BgllII restriction sites, and a His6-tag (Figure 7A). The gene was
inserted into the pHB201 plasmid using the Spel and BamHI restriction sites.

For the construction of vectors for co-expression of act, mdh3, hxl4, hxiB, glp X, fba, tkt, pfk
and rpe, the genes were PCR amplified with a forward primer that contains a stop codon and
the B. subtilis mnt4 RBS and a reverse primer that contains a short linker containing the
Swal and BglII restriction sites (Figure 11). For amplification of act and mdh3 genomic
DNA of B. methanolicus MGA3 was used, for the glpX, fba, tkt, pfk and rpe genes the
pBM19 plasmid from B. methanolicus MGA3 was used, and for the 4x/A4 and Ax/B genes
genomic DNA of B. subtilis 168 was used. The respective genes were then end-digested
with Stul and BglIl and ligated into the Swal and Bglll sites of the vector. The genes were
sequentially introduced into the vector, thereby building up a synthetic operon of nine genes
(Figure 11). In this way, a stop codon is introduced after the each gene and the last gene in
the synthetic operon now contains the Hisg-tag. After the introduction of each gene in the
synthetic operon, correct insertion was verified by sequencing. After sequencing the
synthetic operons were transferred to the pHCMCO04 plasmid (Figure 7B) using the Spel and

BamHI restriction sites. Inserts were confirmed by sequencing,.
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Expression of RuMP pathway genes in B. subtilis 168
For establishment of recombinant B. subtilis cells expressing RuMP pathway enzymes, B.
subtilis 168 cells were transformed with the vectors containing RuMP pathway genes (Figure
7A). Positive colonies were picked from the plate and the plasmid was isolated and checked
by restriction for positive clones. Colonies were picked from plate and grown overnight at
37°C (250 rpm) and diluted to ODe0o=0.1 in 100 ml MSR medium (25 g/l yeast extract, 15
g/l tryptone, 3 g/ KoHPO4, 1% glucose) supplemented with vitamins and chloramphenicol (5
ug/ml). After 3 hrs of growth at 37°C (250 rpm), 1.25 ml 40% xylose was added to the
culture to induce expression. The culture was grown for another 3 hrs and cells were spun
down for 10 min, 4,000 x g and the supematant was removed. The pellet was washed with
MSR medium and resuspended in 4 ml Birnboim A for B. subtilis (a lysis buffer containing 2
mM Tris-HCI (pH 7.4), 20% Sucrose, 50 mM NaCl, and 0.25 mg/ml lysozyme) and
incubated at 37°C for 30 minutes. The sample was centrifuged for 20 minutes at 13,000 x g
at 4°C and the supernatant was used for HisTrap™ purification.

Purified protein fractions were combined and concentrated using Vivaspin (trade
mark) columns (GE Healthcare). Purified proteins were visualized by SDS-PAGE and
Coomassic staining (Figure 12). We show that every protein that contains the Hise-tag was

expressed from the synthetic operons (Figure 11).

13C-labeling experiments

For the labeling experiments we used the B. subtilis strain that expresses Act, Mdh3, HxIA
and HxIB and the strain that expresses Act, Mdh3, HxIA, HxIB, GlpX, Fba, Tkt, Pfk and
Rpe. As anegative control the B. subtilis strain with the empty pHCMCO04 plasmid was
used. All B. subtilis strains were grown on M9 medium containing (per liter) 3.48¢
NaHPOj4 ¢ 12 H20, 0.60 g of KH2PO4, 0.51 g of NaCl, 2.04 g of NH4Cl, 0.10 g of MgSOs4,
4.38 mg of CaClo, 15 mg of Na2EDTA « 2 H20, 4.5 mg of ZnSO4 ¢ 7 H20, 0.3 mg of CoCl»
* 6 H;0, 1 mg of MnCl; *» 4 H>O, 1 mg of H3BO3s, 0.4 mg of NaxMoOs * 2 H20, 3 mg of
FeSO4 ¢ 7H20 and 0.3 mg of CuSO4 * 5 H20, 10 g of xylose (i.e. inducer) and 5 mg of
chloramphenicol. All the cultivations were performed at 37°C. Cells strains were plated
from a glycerol stock on a LB agar plate (10 g/ of tryptone, 5 g/ of yeast extract, 10 g/l of
NaCl, and 16 g/l agar) containing 5 pg/ml of chloramphenicol and grown afterwards on a LB
+ chloramphenicol liquid medium for approximately 5 hours. The liquid pre-cultures
containing M9 medium were inoculated from the LB cultures at a final ODgoo between 1.4

and 1.8. One cultivation sample was taken before addition of *C-methanol (i.e. zero minute
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time point), then 40 mM of *C-methanol was added and two cultivation samples were taken
at 30 and 90 minutes. In order to quench the metabolic activity and extract the intracellular
metabolites, cultivation samples were dispensed into a cold (-20°C) solution of
acetonitrile/methanol/0.1M formic acid (40/40/20 vol/vol). The labeling patterns of
intracellular metabolites were measured using a Dionex ICS 2000 system (Dionex,
Sunnyvale, USA) coupled to a triple quadrupole QTrap 4000 mass spectrometer (Applied
Biosystems, Foster City, USA).

Results

As expected, no labeling in the mass isotopomer fraction M1 (i.c. molecules that have one
carbon atom labeled) was detected in the wild type strain after the '*C-methanol pulse
(Figure 13A). In addition, no labeling was found in the mutant expressing the two
recombinant reactions from the RuMP pathway (HxIA and HxIB), the activator protein (Act),
and the NAD-dependent methanol dehydrogenase (Mdh3), but for which none of the genes
from the pentose phosphate pathway (PPP) were overexpressed (Figure 13B). However,
when PPP genes were overexpressed in addition to the previous four genes, significant
labeling incorporation was detected (Figure 13C). These data clearly demonstrate that the
introduced methylotrophic pathway operates in vivo, leading to assimilation of methanol into
central carbon metabolism. These results also show that the supply of C-5 precursor
molecules through the PPP is a bottleneck for methanol incorporation in B. subtilis.

However, this can be alleviated by overexpressing genes encoding PPP-related enzymes.
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CLAIMS

1. A nucleic acid molecule which encodes a polypeptide having alcohol dehydrogenase
activity, comprising or consisting of:
(1) a nucleotide sequence as set forth in any one of SEQ ID NOs: 1 (mdh2-MGA3), 3
(mdh3-MGA3), or 5 (mdh2-PB1),
(i1) a nucleotide sequence having at least 90 % sequence identity with a nucleotide
sequence as set forth in any one of SEQ ID NOs: 1, 3 or 5;
(iii)  anucleotide sequence which is degenerate, due to the genetic code, with any one
of the nucleotide sequences of SEQ ID NOs: 1,3 or 5;

(iv) anucleotide sequence encoding a polypeptide whose amino acid sequence is set
forth in any one of SEQ ID NOs: 2 (Mdh2-MGA3), 4 (Mdh3-MGA3) or 6 (Mdh2-PB1);
or
v) a nucleotide sequence encoding a polypeptide which has an amino acid sequence
having at least 90 % sequence identity with an amino acid sequence as set forth in any

one of SEQ ID NOs: 2, 4 or 6.

2. The nucleic acid molecule of claim 1, wherein said nucleotide sequence has at least 95 %

sequence identity with a nucleotide sequence as set forth in any one of SEQ ID NOs: 1, 3 or 5.

3. The nucleic acid molecule of claim 2, wherein said nucleotide sequence is a nucleotide

sequence as set forth in any one of SEQ ID NOs: 1, 3 or 5.
4. The nucleic acid molecule of claim 1, wherein said nucleotide sequence encodes a
polypeptide which has an amino acid sequence having at least 95 % sequence identity with an

amino acid sequence as set forth in any one of SEQ ID NOs: 2, 4 or 6.

5. The nucleic acid molecule of claim 4, wherein said nucleotide sequence encodes a

polypeptide which has an amino acid sequence as set forth in any one of SEQ ID NOs: 2, 4 or 6.

Date Regue/Date Received 2020-07-23
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6. The nucleic acid molecule of any one of claims 1 to 5, wherein said alcohol

dehydrogenase activity is methanol dehydrogenase activity.

7. A polypeptide having alcohol dehydrogenase activity and comprising or consisting of a
sequence of amino acids selected from the group consisting of:

(1) an amino acid sequence as set forth in any one of SEQ ID NOs: 2, 4 or 6; and

(i1) an amino acid sequence having at least 90 % sequence identity with an amino acid

sequence as set forth in any one of SEQ ID NOs: 2, 4 or 6.
8. The polypeptide of claim 7, wherein said sequence of amino acids is an amino acid
sequence having at least 95 % sequence identity with an amino acid sequence as set forth in any

one of SEQ ID NOs: 2, 4 or 6.

9. The polypeptide of claim 8, wherein said sequence of amino acids is an amino acid

sequence as set forth in any one of SEQ ID NOs: 2, 4 or 6.

10.  The polypeptide of any one of claims 7 to 9, wherein said alcohol dehydrogenase activity

is methanol dehydrogenase activity.

11. A construct comprising the nucleic acid molecule as defined in any one of claims 1 to 6.

12.  The construct of claim 11, wherein the nucleic acid molecule is operably linked to a

heterologous expression control sequence.

13. A vector comprising the nucleic acid molecule as defined in any one of claims 1 to 6, or

the construct as defined in claim 11 or 12.

14. A host microorganism into which the construct as defined in claim 12 or the vector of

claim 13 has been introduced.
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15.  The host microorganism of claim 14, wherein the host microorganism is a bacterium of

the genus Escherichia, the genus Corynebacterium or the genus Bacillus.

16.  The host microorganism of claim 15, wherein the host microorganism is E. coli,

C. glutamicum, B. subtilis or B. methanolicus.

17. A method for introducing or enhancing alcohol dehydrogenase activity in a host
microorganism, said method comprising introducing into said microorganism the nucleic acid
molecule as defined in claim 1 and growing or culturing said microorganism under conditions in

which said nucleic acid molecule is expressed.

18. The method of claim 17, wherein said alcohol dehydrogenase activity is methanol

dehydrogenase activity.
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Figure 3
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Figure 4
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Figure 5
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Figure 5 contd.
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Figure 6
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Figure 7 (contd.)
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Figure 8

Mdh activity with Act and Mdh produced in B.
subtfilis 168
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Abbreviations:

Blanco =Resuspension buffer;

WT = wildtype host B. subtilis 168;

WT + Mdh2(EC) =F. coli lysate with Mdh2 expressed from the pET21a plasmid;

pHCMC04 = B. subtilis 168 with empty vector pHCMC04;

pHCMC04+Mdh2(Ec) = pHCMCO04 with E. coli lysate with mdh2 expressed from pET21a plasmid;
act-pHCMCO04 = B. subfilis 168 lysate with Act expressed from the pHCMCO04 plasmid;
act-pHCMC04+Mdh2(Ec) = act-pHCMS04 with E. coli lysate with mdh2 expressed from pET21a
plasmid;

mdhl1-pHCMC04 = B. subtilis 168 lysate with mdh1 expressed from the pHCMCO04 plasmid;
mdh1-pHCMCO04+Act(Ec) = mdhl-pHCMCO04 with E. coli lysate with act expressed from the
pET21a plasmid,

mdh2-pHCMC04 = B. subtilis 168 lysate with mdh2 expressed from the pHCMCO04 plasmid;
mdh2-pHCMC04+Act(Ec) = mdh2-pHCMCO04 with E. coli lysate with act expressed from the
pET21a plasmid,

mdh3-pHCMC04 = B. subtilis 168 lysate with mdh3 expressed from the pHCMCO04 plasmid;
mdh3-pHCMCO04+Act(Ec) = mdh3-pHCMCO04 with E. coli lysate with act expressed from the
pET21a plasmid,

Amdh1-pHCMC04 =B. subtilis 168 lysate with act and mdhl expressed from the pHCMC04
plasmid.

Amdh2-pHCMC04 =B. subtilis 168 lysate with act and mdh2 expressed from the pHCMC04
plasmid.

Amdh3-pHCMC04 =B. subtilis 168 lysate with act and mdh3 expressed from the pHCMC04
plasmid.
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Figure 10
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Figure 12
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Mdh activity with Act and Mdh produced in B.
subtilis 168

Total Activity (mU/mg)

o 4, % % 2 ",
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[ X,
?, 4% ; %, ;{:”% % %:%
4 % %
Abbreviations:
Blanco =Resuspension buffer;
WT = wildtype host B. subtilis 168,
WT +Mdh2(EC) =E. coli lysatc with Mdh2 expressed from the pET21a plasmid;
pHCMCO04 = B. subtilis 168 with empty vector pHCMC04;
pHCMC04-+-Mdh2(Ec) = pHCMCO04 with E. coli lysate with mdh2 expressed from pET21a plasmid;
act-pHCMCO04 = B. subtilis 168 lysate with Act expressed from the pHCMC04 plasmid;
act-pHCMCO04+Mdh2(Ec) = act-pHCMS04 with E. coli lysate with mdh2 expressed from pET21a
plasmid;
mdhi-pHCMC04 = B. subtilis 168 lysate with mdh] expressed from the pHCMC04 plasmid;
mdh1-pHCMC04+Act(Ec) = mdh1-pHCMCO4 with E. coli Lysate with act expressed from the
pET21a plasmid;
mdh2-pHCMC4 = B. subrilis 168 lysate with mdh2 expressed from the pHCMC04 plasmid;
mdh2-pHCMC04+Act(Ec) = mdh2-pHCMC04 with . coli lysate with act cxpressed from the
PET21a plasmid;
mdh3-pHCMC04 = B. subtilis 168 lysate with mdh3 expressed from the pHCMC04 plasmid;
mdh3-pHCMC04+Act(Ec) = mdh3-pHCMC04 with E. coli lysate with act expressed from the
pET21a plasmid;
Amdh1-pHCMCO04 =B. subtilis 168 lysate with act and mdh] expressed from the pHCMC04
plasmid,
Amdh2-pHCMCO04 =B. subtilis 168 lysate with act and mdh2 expressed from the pHCMC04
plasmid,
Amdh3-pHCMCO04 =B. subrilis 168 lysate with act and mdh3 expressed from the pHCMC04
plasmid.
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