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Meodified Host Cells Having Tolerance to o-Olefins

CROSS-REFERENCE TO RELATE APPLICATIONS
1668611 This applications claims benefit of priority to U.S. provisional application no.

61/986,669, filed Apnl 30, 2014, which is herein tncorporated by reference,

STATEMENT AS TO RIGHTS TO INVENTIONS MADE UNDER
FEDERALLY SPONSORED RESEARCH AND DEVELOPMENT
166621  The invention was made with government support under Contract No. DE-ACO2-
3SCH11231 awarded by the U.S. Departiment of Energy. The government has certain rights

in the 1nvention.

REFERENCE TO SUBMISSION OF A SEQUENCE LISTING
AS AN ASCH TEXTFILE
{68863} This application includes a Sequence Listing as a toxt file named “SEQTXT 77429-
043405 ST25” created on April 29, 2015 and contatning 50,738 bytes. The material

contained in this text file is hereby incorporated by reference n its entirety for all purposes.

BACKGROUND OF THE INVENTION
[8004] Reccentintercst in biofuels and altemative sources of chemicals has made microbial
production of bulk chemicals an important focus of development. However, many chericals
of industrial interest are toxic to the microorganisms producing them. Microbial production
levels are thus constrained by the toxicity Hmits of the organism to the final product. Host
engineering to traprove strain tolerance towards target compounds is thus tmportant to

increase production levels.

[6045] Different compounds may require different host engincering approaches, as toxicity
relates 1o the mode of inhibition, chemical propertics, and hydrophobicity of a corapound.
Hydrophobic solvent-like compounds are hypothesized to impact membrane permeability and
fluidity, dimimish energy transduction and mmterferc with membrane protein function,
affecting a range of cssential cellular processes (Wagner et al, 2007). The cell defense

mechanisms that respond to these compounds nclude mduction of chaperones, modification
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of membrane composition and celludar morphology, and induction of active membrane efftux
pump transporicr porteins that export the compounds out of the cells and the membrane, Of

these, efflux pumps have recently emerged as an important target in engineering of host cells
{Doshi et al. 2013; Dunlop et al. 2011; Dunlop et al. 2010; Fisher et al. 2013; Foo and Leong
20313},

[6666]  Efflux pump proteins, also referred to herein simply as “puoyp” proteins, provide the
general mechanism for the export of toxic compounds from cells (Nikaido 2009; Takatsoka et
al. 2010}, One of the best-characterized families of pumps, and also the key pumps in gram
negative bacteria for tolerance towards solvent-like compounds, belong to the
hydrophobe/amphiphile efflux (HAET)} family of resistance-nodulation-division (RND}
pumps (Nikaido and Takatsuka 2009; Ramos et al. 2002; Tseng et al. 1999). RND efflux
puiaps are composed of 3 subunits: (1) an foner membrane unit proton antiporier that binds
the substrate and fransports if through (1) the outer membrane chaooe! subunit, and () a
periplasmic subunit that conmects and stabilizes the mner and outer membrane units (Nikaido

and Takatsuka 2009},

{8887} The £ coli AcrAB-TolC efflux pump is a member of the HAET family. AcrAB-
TolC is composed of AcrB (inner membrane protein), TolC {outer membrane protein) and
AcrA (periplasmic protein} and has been extensively studied (Murakami et al. 2002;
Tikhonova et al. 2011). There are many reports in the scientific Hierature characterizing the
mechanism of action of AcrB, inclading its rotational conformation changes (Seeger et al.
2006; Sceger ot ab. 2008; Sennhauser et al. 2007; Takatsuka and Nikaido 2009; Takatsuka
and Nikaido 2010} as well as potential binding pockets and the anino acids fovelved n
substrate recognition (Eicher et al. 2012; Husain and Nikaido 2010; Vargiv and Nikaido
2012}, The reported sobstrate entry points have been located in the periplasm (Takatsuka and
Wikaido 2607), the membrane and/or in the cytoplasm side of the pump (Eicher et al. 20172;
Husain and Nikaido 2010; Murakami et al. 2004; Murakami and Yamaguchi 2003;
Sennhauser et al. 2007). Although AcrB fimenons with AcrA and TolC in £, coli, ActB also
has efflux pump activity in the absence of AcrA and TolC {(see, e.g., Kapoor & Wendeli,
Nano Letr. 2013, 13, 21892193, 2013).

[B868]  AcrB has broad substrate specificity that ranges from detergents to antibiotics and
solvents. This pump is reported to play a major role in the scerction of various alkanes such
as hexane, heptane, octane, and nonane (Takatsuka et al. 2010) and also in impartmg

tolerance to various terpene based biofuel compounds (Dunlop et al. 2011,
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[8869] Production of o-olefins by microorganisms is hampered by toxicity of the
compound to the host cells. There is therefore a need to improve tolerance. This mvention
addresses that need, in part, by providing host cells with genetic modifications to an gerB
gene, or homolog, that result in improved tolerance to q-olefins and accordingly, increased

oi-olefin vields from modified host cells that produce the compounds.

SUMMARY OF THE INVENTION
{6818}  The present imvention is based, in part, on the discovery that an AcrB polypeptide
can be engineered such that expression of the modified AcrB polypeptide in a host cell that
produces an ¢-olefin compound improves tolerance of the host cell to the compound. This
section summarizes illustrative embodiments of the invention, but does not limit the

invendion o these embodiments.

{8811} In one aspect, the invention provides a microorganisim bost cell comprising a
recombinant non-naturally occwnring vanant AcrB3-ike polypeptide that comprises at least
one aming acid sequence mustation relative to a native AcrB-hke polypeptide sequence,
wherein the non-naturally occurring AceB-like polypeptide reduces accumulation of alpha-
olefin compounds in the host cell in comparison to a wild-type host cell that expresses the
native AcrB-like polypeptide at a native level. The sequence mutation may be an amino acid
substitution relative to the native AcrB-like polypeptide sequence, e.g., an amino acid other
than the corresponding amino acid of SEQ ID NG:1. In some embodiments, the recombinant
non-naturally occurring variant AcrB-like polypeptide amino acid sequence is substantially
wdentical to SEQ [D NO:1 and comprises one or more amino acid substitutions within 2 10 8
Angstroms of, or at, a position corresponding to amine acid 279, amino acid 584, amino acid
617, amino acid 822, amino acid 927, or amino acid 1033, as numbered with reference to
SEQ ID NO: 1. fn some embodiments, the recombinant non-naturally ocourring variant
AcrB-like polypeptide comprises an aming acid other than alanine at a position
corresponding to amine acid 279, In some embodiments, the recombinant non-naturally
occurring variant AcrB-like polypeptide comprises @ threonine at a position corresponding o
amino acid 279, In some embodiments, the recombinant non-naturally ocourrimg vanant
AcrB-like polypeptide comprises an amino acid other than a glutamine at 2 position
corresponding to amino acid 584, In some embodiments, the recombinant non-naturally
occurring variant AcrB-like polypeptide comprises an arginine at a position corresponding to

amine acid $84. In some embodiments, the recombinant non-natwrally cecurring AcrB-like
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polypeptide comprises an amino acid other than a leucine at a position corresponding to
amino acid 617, In some embodiments, the recombinant non-naturally occurring AcrB-like

7
7

polypeptide conprises 2 phenylalanine at a position corresponding to amino acid 617, In
some embodiments, the recombinant non-naturally eccurring variant AcrB-lke polypeptide
comprises an amine acid other than a leucine at a posttion corresponding to amine acid 822,
In some embodiments, the recombinant non-naturally ocowrring variant AcrB-like
polypeptide coraprises proline at a position corresponding to ammo acid 822, In some
embodiments, the recombinant non-natrally occurring variant AcrB-like polypeptide
comprises an amino acid residac other than a phenylalamine at a posttion corresponding to
amino acid 927. In some embodiments, the recombinant non-naturally occurring variant
AcrB-like polypeptide comprises a sering at a position corresponding to amino acid 927, In
some embodiments, the recombinant non-naturally occurring variant AcrB-like polypeptide
comprises an amino acid residue other than a phenyialaning at a position corresponding to
amino acid 1033, In some embodiments, the recombinant non-naturally occurring veariant
AcrB-like polypeptide comprises a tyrosine at a position corresponding o amino acid 10633,
In some embodiments, the alpha-olefin compounds comprise T-hexene, or a derivative
thereof. In such embodiments, the host cell typically produces a greater amount of the 1-
hexeune, or derivative thereof, as compared to a wild-type bost celi that expresses the native
AcrB-like polypeptide at a native level. In additional embodiments, the host cell further
comprises the proicins necessary to produce I-hexene, or 3 derivative thereof. The host cell
may be a bacterial cell, e.g., either a gram negative or a gram positive host cell. In some
embodiments, the bacterial host cell is a gram negative cell, such as an £, coli cell. In some

embodiments, the host cell 15 a yeast host cell.

[8012]  ina further agpect, the invention provides a recombinant variant AcrB polvpeptide,
wherein the recombinant variant AcrB polypeptide has at least 70% identity, or at least 380%,
85%, 90%, or 95% identity, to SEQ 1D NO: 1 and comprises one or more amino acid
substitutions within 2 to 8 Angstroms of, or at, a position corresponding to amino acid 279,
amino acid 584, amino acid 617, amino acid 822, amino acid 927, or amine acid 1033 of
SEQ ID NO:1. In some embodiments, the variant AcrB polypeptide comprises an amino acid
other than alapine at a position corresponding to amino acid 279, In some cmbodiments, the
recombinant variant AcrB polypeptide comprises a threounine at a position corresponding to
amino acid 279. In some embodiments, the recombinant variant AcrB polypeptide comprises
an amino acid other than a glutaming at a position corresponding {0 aming acid 584, In some

embodiments, the recombinant variant AcrB pelypeptide comprises an arginioe at a position
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corresponding to amino acid 584, In some embodiments, the recombinant variant AcrB
polypeptide comprises an amino acid other than a leucine at 8 position comresponding to
amino acid 617, In some embodiments, the recombinant variant AcrB polypeptide comprises
a phenylalanine at a position correspending to amino acid 617, In some embodiments, the
recombinant variant AcrB polypeptide comprises an amino acid other than a leucine at a
position corresponding to aming acid 822, In some embodiments, the recombinant variant
AcrB polypeptide comprises proline at a position corresponding to amine acid 822, To some
embodiments, the recombinant variant AcrB polypeptide comprises an amino acid residue
other than a phenylalanine at a position corvesponding to amino acid 927, In some
embodiments, the recombinant variant ActB-like polypeptide comprises a serine at a position
corresponding to amino acid 927, In some embodiments, the recombinant variant AcrB
polypeptide comprises an amino acid residue other than a phenylalanine at a position
corrgsponding to amino acid 1033, In some embodiments, the recombinant variant AcrB
polypeptide comprises a tyrosine at a position corresponding to amino acid 1033, Tn some
embodiments, the recombinant variant AcrB polypeptide comprises an amino acid sequence
of SEGQ ID NO:1 or SEQ 1D NO:S in which one or more substitutions at aming acid positions
corresponding to amino acids 279, 584, 617, €22, 927, or 1033 of SEQ 1D NO:1 are
substituted relative. In typical ernhodiments, the recombinant variand AceB polypeptide
reduces accumulation of alpha-olefin compounds in the host cell in comparison to a wild-type

host cell that expresses native AcrB at a native level.

186131 in a further aspect, the invention provides & recombinant variant AcrB-like
polypeptide, wherein the recombinant variant ActB polypeptide has at least 70% identity, or
at least 80%, 85%, 90%, or 95% identity, to SEQ ID N2, SEQ ID NG:3, or SEQ [ NO4
and comprises one or more amine acid substitutions within 2 to 8 Angstroms of, orat, a
position corresponding to amino acid 279, amino acid 584, amino acid 617, amino acid §22,
amino acid 927, or amino acid 1033, as numbered with reference to SEQ 1D NO: 1. 1o typical
embodiments, the recombinant variant AcrB-like polypeptide reduces accumulation of alpha-
olefin compounds, e.g., 1-hexene, in the host cell in comparison to a wild-type host cell that

expresses a native AcrB-hike polypeptide at a native level.

[8014] ina further embodiment, the invention provides a nucleic acid encoding a
recombinant variant AcrB or AcrB-like polypeptide as described hereinabove and a
microorganism host cell comprises the nucleic acid. The hosi cell may be a bacterial host

cell, e.g., either a gram positive or gram negative bost cell. In some embodiments, the host
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cell 1s a gram negative host cell, sach as £, cofi.  In some embodiments, the hostcellis a
yeast host cell. In some embodiments, the host cell further comprises the proteins necessary

to produce 1-hexene, or a dertvative therofl

{88151  In a forther aspect the invention provides a8 method of producing an alpha-olefin
compound, comprising culturing a host cell as described herein sbove under conditions
sutficient for the bost cell to produce the alpha-olefin compound. In some embodiments, the
alpha-olefin compound is hexene or a derivative of hexene. In some embodiments, the host
cell produces a greater amount of the 1-hexene, or derivative thereof, as compared to a wild-

type host cell that expresses the native AcrB-like polypeptide at a natural level

{6816} In a forther aspect, the invention provides a method for producing an alpha-olefin
compound, comprising: culiuring a microorganism host cell that overexpresses an AcrB-like
polvpeptide under conditions sufficient for the host cell to produce the alpha-olefin
compound, wherein the host cell produces a greater amount of the alpha-olefin compound
compared to a corresponding host cell that expresses the native AcrB-like polypeptide at
native levels. in some embodiments, the alpha-olefin compound is 1-hexene, or a derivative
thereof. In some embodiments, the AcrB-like polypeptide has at least 70% identity, or at
least 80%, 85%, 90%, or 95% identity, to the aming acid sequence of SEQ 1D NO:1, SEQ ID
N2, SEQ ID NQO:3, SEQ 1D NO:4 or SEQ 1D NO:S. In some embodiments, the AcrB-like
polypeptide comprises the amino acid sequence of SEQ 1D NO:1, SEQ 1D NG:2, SEQ ID
NO:3, SEQ D NO:4 or SEQ IDNO:S, In some embodiments, the AcrB-like polypeptide
comprises the amine acid sequence of SEQ D NO:1 or SEQ 1D NO:S. In some
embodimeonts, the host cell 15 a bacterial host cell such as a gram negative or gram positive
host cell. In some embodiments, the bacterial host cell 1s a gram negative cell, e.g., an E. cohi
host cell. In some embodiments, the host cell is a yeast host cell. In some embodiments, the
host cell further comprises the proteins necessary to produce 1-hexene, or a derivative

thereof

{88171 Ina further aspect, the invention provides a cell culture medium comprising an
alpha-olefin compound and a microorganism host cell that overcxpresses an AcrB-hke
polypeptide, wherein the host cell produces a greater amount of the alpha-olefin compound
compared to a comesponding host cell that expresses the native AcrB-like polypeptide at
native levels. 1n some embodiments, the alpha-clefin compound is 1-hexene, or a derivative
thercof.  In some embodiments, the AcrB-hike polypeptide has at least 70% identity, or at

least BO%, 85%, 90%, or 85% identity, to the amino acid sequence of SEQ ID NG: 1, SEGQ iD
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NG:2, SEG I3 NO:3, SEQ 1D NOG:4 or SEQ 1D NG:5. Insome embodiments, the AcrB-like
polypeptide comprises the amino acid sequence of SEQ ID NO: 1, SEQ ID NG:2, SEQ ID
NG:3, SEQ 1D NO:4 or SEQ IDNO:5. In some embodiments, the AcrB-like polypeptide
comprises the amino acid sequence of SEQ 1D NO:1 or SEQ 1D NG5, Insome
embodiments, the host cell is a bacterial host cell such as a gram negative or gram positive
host cell. In some embodiments, the bacterial host cell is 3 gram vegative cell, e.g., an E. coli
host cell. To some embodiments, the host cell is a veast host ecll. In some cmbodiments, the
host cell further comprises the proteins necessary to produce t-hexene, or a derivative

thereof,

BRIEF DESCRIPTION OF THE DRAWINGS
16618} Figure 1. Fopact of styrene, 1-hexene and I-octene on cell growth. A: The oletin
compounds were added to different concentrations as indicated to an £, cofi K12 culture at an
ODgoo= 0.2, OD was monitored after 2 hour at 37 °C., The bars represent standard deviation
between duplicates B: A survival test in presence of 1-octene was performed. Six ditferent
dilutions of a culture (10 cells to 107 cells, left to right) of . coli K12 were spotted in
triplicate on an agar plate. An overlay of 1-octene was added over the cells {controls had no
overlay). Plates were incubated at room temperature for 2 days and then opened to allow

evaporation of the olefin.

{6819} Figure Z2: lmpact of AcrAB production on growth, in presence of styrene 1-hexene,
1-octene and 1-nonene oncell growth. A: Different concentrations of styrene were added to
an ODgee=0L2 cultime of £. cofi K12 Aacrd R containing the pABc (white) or the control
plasmid pOc (black). OD density was monitored after 2 hours of growth at 37°C. The bars
represent standard deviation between duplicates. B: A survival test in presence of I-hexene,
1-octene, or 1-nonene saturated atmosphere was performed. Six different dilutions of
cuttures (10 cells to 107 cells, left fo vight on the figure) were spotted in triplicate on an agar

plates. Plates were then exposed to the atorementioned chemicals.

[B826] Figure 3 mpact of over-production of AcrA, AcrB and TolC on tolerance to 1-
hexene. A, Survival tests of £, coli K112 wild type containing pABc or pOc and either
pTolCa or pla in a 1-hexenc saturated atmosphere were performed. Six different dilutions of
cultures (10 cells to 107 cells, foft 1o right on the picture) were spotted in tripficate on an agar

plate. Plates were then exposed to f-hexene,
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186281  Figure 4; fmpact of beneficial mutations on AcrB on tolerance to I-hexene, A
Survival test of K. coli strain producing either the AceB wild type or variants in a 1-hexene
saturated atmosphere was performed, Two dilutions of eultures (Dilution 1: 10° cells and
Ditution 2: 10% cells) were spotted in triplicate on an agar plate. B: Localization of the 6
beneficial mutations represented on the structure of 8 single monomer of AcrB or C: on the

structure of the AciB trimer.

{68221 Figure S: Impact of beneficial AcrB mutations on growth, in presence of 1-hexene
and styrene. Different concenirations of F-hexene (A), styrene (B), or bile salts (C) were
added o an ODge=0.2 culture of &, cofi K12 Aucrd R containing either the AcrB wild type
{(pABC) or the AcrB variants. OD densities were monitored after 2 hours of culture at 37 °C.

The bars represent standard deviation between daplicates.

166231 Figure 6: Impact of bencficial mutations on AcrB on tolerance to -hexene. A:
Survival test of £, cofi strain producing either the AceB Wild type or variants with 1, 2 or
several beneficial mutations, in an 1-hexenc saturated atmosphere was performed. Two
difutions of cultures (Dilation 2: 10% cells and Dilution 3: 107 cells) were spotied in triplicate
on an agar plate. B: Soluble fraction of total proteins from a culture of strains producing
gither the wild type, cither the variant F617L, either the variant 6 (A279T, Q584R, FG1TL)

were analyzed by western blot using anti-His antibody.

{68241 Figare 7. Impact of homologous pumps on growth in presence of 1-hexene.
Survival test of £, coli DHT AacrAB producing cither the ActAB wild type or AcrAB
homologs in a 1-hoxene satarated atmosphere was performed. One dilution of cultures (10°
cells) was spotted on agar plate. This experiment was repeated and showed similar results,
From feft 1o right and from top 1o bottom of the picnre, are culture of strains producing the
pumps 4. vinelandii (YP 002797425}, 4. vinelandii MexF), 4. vinelandii (YP_02801502),
P putida (TigB), P, putida (NP_745594), P. putida (MexF), P, putida (NP _743067), £,
aeruginosa (MexB), P. aeruginosa (NP_250708), P. aeruginosa (MexF), P. aeruginosa
(NP 2530653, P. fluorescens (YP 238460}, P. fluorescens (YP_260376), P. fluorescens

(YP 258159, P. fluovescens (YP 258289}, R. metallidurans (XP_S86997), R. metaliidurans
(YP 583276, R. metallidurans (YP 583852, M. agueolei (YP_960752), M. agueolei

(YP 957870, P. syringae (YP 276144}, P. swringae(YP 275089, £, svringae (MdiB), P.
syringae (YP 273025, P. syringae (YP_ 2734633, P. syringae (YP_272632), G.
metalliveducens (YP 383777, G. meialliveducens (YP 384620), G. metalliveducens

(YP_385464), . metallireducens (YP_384608), . metalliveducens (YP_386066), 5.

8
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pertussis (NP_RBO739y, D vidgaris (YP_009662), S. putrefaciens (YP_001181626), 4.
borkumensis {YP 692684}, B. borkumensiy (YP_694242), P. haloplanktis {(Acri), 8.
halifaxensis (YP_001672433), 8. halifaxensis (YP_00G1673423), 8. halifaxensis

{(YP _001674385), E. coli (AcEF), £, coli (AcrAB), E. coli {AcrDy).

1#0625] Figure & provides an slignment of SEQ ID NQOs:1, 2, 3, 4, and 5. Transmembrane
domains and amino acids involved 1o binding or H+ transport are shown in SEG D NO:1L
As understood in the art, not all of the amino acids of SEQ 1D NOS: 2, 3, 4, and 5 are
explicitly shown in the alignments to SEQ ID NO:1 so that the overall homologies of the

sequences to SEQ 1D NO: 1 arc more readily apparent.

DETAILED DESCRIPTION OF THE INVENTION

(8026} Before the prosent invention is described, it is to be understood that this invention is
not limited to particular embodiments described, as such may, of course, vary. It is also to be
understood that the terminology used herein is for the purpose of describing particular

embodiments only, and is not intended to be limiting.
Befinitions

{6827} The teros "optional” or "optionally” as used herein mean that the subsequently
described feature or structure may or may not be present, or that the subsequently described
event or eircumstance may or may not occur, and that the description inchudes nstances
where a particular feature or structure is present and instances where the feature or structure
is absent, or instances where the event or circumstance ocours and instances where it does

1not.

[8028] Unless defined otherwise, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art to which this
mvention belongs. Although any methods and materials similar or equivalent to those
described herein can be used in the practice or testing of the present invention, the preferred
methods and materials are now described. All publications mentioned herein are incorporated
herein by reference to disclose and describe the methods and/or materials in connection with

which the publications are cited.

$829] Asused herein and in the appended claims, the singular forms "a", "and”, and "the”
£ >

include plural referents unless the context clearly dictates otherwise. Thus, for example,

9
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reference to "an effiux pump” mclades a plorality of such effhax pumps; reference to a "host

cell” includes a phwality of such host eells.

[8038]  As used herein, the term “o-olefin-tolerant” or “alpha-olefin-tolerant™ in the context
of a host cell refers to 2 host cell that has been engineered to have an AcrB-like polypeptide,
e.g, AcrB, that provides for increased survival of the host cell, i e, the cell has increased
tolerance, in the presence of an ¢-olefin, such as -hexene, compared to the counterpart host
cell that produces the wild type AcrB-like polypeptide, e.g., wild type AcrB, at 8 native level,
i.e., at a level that ocours in nature. As used herein, a host cell that is “more tolerant™ to an o
olefin compound, e.g., 1-hexene, refers 1o 4 host cell that has increased g-olefin tolervance

relative to the counterpart wild type host cell.

{6831} As uscd berein, the term "AcrB polypeptide” refers to an £ coli K12 AcrB
membrane polypeptide comprising the aminoe acid sequence of SEQ 1D NO:1, or a variant
thereof, that functions as an efflax pump to transport cormpounds out of & host cell. An
“AcrB polypeptide” in the context of the present invention has at least 65% identity, typically
at least 70%, 75%, 8(1%, 85%, or 90% identity, or greater, e.g., 91%, 92%, 93%, 94%, 95%,
G96%, 97%, 98% or 99%; or greater, amino acid sequence identity, preferably over a region of
at feast about 100, 200, 300, 400, 500, 6060, 700, 80{, 900, or more amino acids, or over the
total length of the polypeptide, to SEQ ID NG:1. A nucleic acid that encodes an AcrB
polypeptide refers to a gene, cDNA, pre-mRNA, mENA, and the like, including nucleic acids
that encode vanants of a naturally occevrring AcrB anino acid sequence as described herein
ActB polypeptide structure is well known (see, e.g., Husain and Nikaido 2010; Murakami et
al. 2002}, In the present invention, although an AcrB polypeptide can functionas
component of a HAEL fanily offlux pump, e.g., with AcrA and Tol(, in some embodiments,

an ActB polypeptide functions independent of other HAEL efflux pump components.

(6832}  Asused bherein, the term “AcrF polypeptide” refers to an £, coli HAET family
member membrane polypeptide comprising the amine acid sequence of SEQ IDNO:S ora
variant thereof, that fimetions as an effho pump to transport compounds out of a host eell.
An “ActF polypeptide” in the conlext of the present invention has at least 65% identity,
typically at least 70%, 75%, 80%, 83%, or 90% identity, or greater, e.gz., 1%, 92%, 93%,
4%, 95%, 96%, 7%, 98% or 99% or greater, aming acid sequence identity, preferably over
a region of at least about 100, 200, 300, 400, 500, 600, 700, 804, 900, or more amino acids,
or over the total length of the polypeptide, to SEQ 1D NO:S. A nucleic acid that encodes an

AcrF polypeptide refers to a gene, ¢cDNA, pre-mRNA, mRNA, and the like, including nucleic

10
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acids that encode variants of a naturally occurring AcrF amino acid sequence as deseribed
hercin. HAEL family polypeptide stractore is well known (see. e g, Husain and Nikaido
2010; Murakami et al. 2002, which provide an llustrative AcrB structure). In the present
mvention, although an AcrF polypeptide can function as a component of a HAE] family
efflux pump, e.g., AcrE and TolC, in some embodiments, an AcrF polypeptide functions

independent of other HAEL effiux pump components.

{8033}  As used herein, the term “Pseudomonas putida KT2440 polypeptide NCBI

NP 743544” refers to a Pseudomonas putide HAE]L family member membrane polypeptide
comprising the amino acid sequence of SEQ 1D NO:2, or a variant thercof, that functions as
an efflux pump to tansport compounds out of a host cell. A “Pseudomonas putida KT2440
polypeptide NCBINP 743544 in the context of the present tuvention has at least 65%
identity, typically at least 70%, 75%, 80%, 85%, or 90% identity, or greater, e.g., 91%, 92%,
93%, 94%, 93%, 96%, 97%, 98% or 99% or greater, aming acid sequence identity, preferably
over a region of at least about 100, 200, 300, 400, 500, 600, 700, 800, 900, or more amino
acids, or over the total length of the polypeptide, to SEQ ID NO:2. A nucleie acid that
encodes a Pseudomonas putida KT2440 polypeptide NCBINP 743544 vefers to a gene,
cDNA, pre-mRNA, mRNA | and the like, including nucleic acids that encode variants of a
naturally occurring Pseudomonas putide KT2440 polypeptide NCBI NP_743544 amino acid
sequence as described herein. HAEL family polypeptide structure is well known (see, e.g,,
Husain and Nikaido 2010; Murakami et al. 2002, which describe AcrB structures). Inthe
present invention, although a Pseudomonas putida KT2440 polypeptide NCBI NP 743544
polypeptide can fimction as a component of 3 HAEL family efflux pump, in some
embodiments, a Fseudomonas putida KT2440 polypeptide NCBI NP 743544 polypeptide

functions independent of other HAET efflux purap components.

16834} Asused herein, the term “Marinobacter agueolei EFL polypeptide NCBI

YP_ 9607527 vefers to a Marinobacter agueoilei KPL HAE] family roerber membrane
polypeptide comprising the amino acid sequence of SEQ 1D NO:3, or a variant thereof, that
fumctions as an effhux pump to transport compounds out of a host cell. A Marinobacier
agueolei EPL polypeptide NCBI YP_960752” in the context of the present invention has at
least 65% identity, typically at least 70%, 75%, 0%, 85%, or 80% identity, or greater, ez,
1%, 92%, 93%, 94%, 95%, 56%, 97%, 98% or 99% or greater, aming acid sequence
identity, preferably over a region of at least about 100, 200, 300, 400, 500, 600, 700, 800,

900, or more amine acids, or over the total length of the pelypeptide, 1o SEG D NO3, A

11
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nucleic acid that encodes a Marinobacter agueolei EPL polypeptide NCBIYP_ 960752 refers
to a gene, cDNA, pre-mRNA, mRNA, and the like, including nucleic acids that encode
variants of a naturally occurring Marinohacter agueolei EPL polypeptide NCBIYP_960752
amino acid sequence as described herein. HAET family polypeptide structare is well known
{(see, e.g., Hhusain and Nikaido 2010; Murakan et al. 2002, which deseribe AcrB structures).
in the present invention, although a Marinobacter aqueolei EPL polypeptide NCBI

YP_ 960752 can function as a component of a HAET fanuly offlux pump, in some
embodiments, a Marinobacter agueolei EPL polypeptide NCBI YP_960752 fimctions

imdependent of other HAE! effhux pranp components.

{80351 As used herem, the term “Fseudoalteromonas haloplanktis TAC 125 polypeptide
NCBIYP 3418107 refers to a Peeudoalteromonas haloplaniiis TACIZ5 HAET family
member membrane polypeptide comprising the amino acid sequence of SEQ ID NG 4, ora
variant thereof, that functions as an efflux purp to transport compounds cut of 2 host cell. A
“Pseudoalteromonas haloplonktis TACI25 polypeptide NCBI YP_341810” in the context of
the present invention has at least 65% identity, typically at least 70%, 75%, 80%, 85%, or
90% identity, or greater, e.g., 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98% or 99% or
greater, amino acid sequence identity, preferably over a region of at least about 100, 200,
300, 400, 500, 604, 700, 300, 900, or more amine acids, or over the total length of the
polypeptide, to SEQ 1D NO:4. A nucleic acid that encodes a Pseudoalieromonas
haloplanktis TACI125 polypeptide NCBI YP_341810 refers 10 a gene, cDNA, pre-mRNA,
mRNA, and the like, including nucleic acids that encode variants of a naturally ocourring
Psewdoalteromonas haloplankiis TACIZS polypeptide NCBI YP 341810 amino acid
sequence as described herein. HAEL family polypeptide structure is well known {(see, e.g.,
Husain and Nikaido 2010; Murakami ¢t al. 2002, which describe AcrB structures). In the
present nvention, although a Pseudoalieromonas haloplanktis TACI25 polypeptide NCBI
YP 341810 can function as a component of a HAET family efflux pumyp, in some
embodiments, a Pseudoalteromonas haloplaniiis TACI25 polypeptide NCRBIYP_34181¢

functions independent of other HAET efflux pump components.

[6836]  As used herein, the term “AcrB-like polypeptide” cocompasses an £, coli AcrB
polypeptide, an AcrF polypeptide, a Prendomonas putida K V2440 polypeptide NCBI

WP 743344, a Marinobacter agueolei EFL polypeptide NCBI YP 9603752, and a
Fseudoaiieromonas haloplanktis TACIZS polypeptide NCBIYP 341811, and variants of the

polypeptide as described herein. An AcrB-like polypeptide has at least 50% amino acid
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sequence identity, or at least 55%, 60%, or 65% identity, preferably at least 70%, 75%, 80%,
85%, or 90% identity, or greater, e.g., 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98% or 99%
or greater, amino acid sequence identity, preferably over a region of at least about 100, 200,
300, 400, 500, 604, 700, 300, 800, or more amino acids, or over the total length of the
polypeptide, to SEQ ID NG:1. A nucleic acid that encodes an AcrB-like polypeptide refers
to a geng, cDNA, pre-mRNA, mRNA, and the like, including nucleic acids that encode
variants of a naturally occurring ActB, AcrF, Pseudomonas putida KT2440 polypeptide
NCBINP_743544, Marinobacter agueclei EPL polypeptide NCBI YP_960752, or
Psewdoalteromonas haloplankiis TACIZS polypeptide NCBI YP 341810 amino acid
sequences described herein. AcrB polypeptide structure is well known (see, e.g., Husain and
Nikaido 2010; Murakami ot al. 2002). In the present invention, although an AcrB-like
polypeptide can function as a component of a HAE! family efflux pomp, e.g, with AcrA and
TolC, in some embodiments, AcrB-like polypeptides are used in cmbodimenis in which the

AcrB-like polypeptide functions independent of other HAEL efflux pump components,

{86377 The terms “wild type”, “native”, “endogenous”, and “naturally cecurring” are used
herein in the context of an AcrB-like polypeptide or polynucleotide to refer to an ActB or
AcrB homolog sach as Acrl, Pseudomonas putida KT2440 polypeptide NCBINP_743544,
Marinobacter agueolei EFL polypeptide NCBI YP_ 960752, or Pseudoalteromonas
haioplanktis TACI2S5 polypeptide NCBI YP 341814, that is present in a2 Gram negative

bacteria in nature.

[8038] A “variant” as used herein with respect to an AcrB-like polypeptide or AcrB-like
polymucleotide; comprises one or more modifications relative to & native AcrB-like
polypeptide or comprises one or more modifications relative to a native AcrB-like
polymucleotide. Thas, a “variant” of an ActB polypeptide or AcrB polymucleotide comprises
one or more modifications relative to a native AcrB polypeptide or nucleie acid. Similarly, a
“variant” with respect to an AcrF polypeptide or ActF pelyoucieotide comprises one o1 more
modifications relative to a native AcrF polypeptide or comprises one or more modifications
relative to the native ActF polynucleotide; and a “variant” with respect to a Pseudomonas
putida KT2440 polypeptide NCBINP_743544 or polynucleotide, Marinobacter aqueolei
EPL polypeptide NCBI YP_960752 or polynucleotide, or Pseudoalteromonas haloplanktis
TACIZ2S polypeptide NCBI YP 341810 or polynucleotide refers to a polypeptide that
comprises one or more modifications relative to the native polypeptide or a polynuclentide

that comprises one or more modifications relative to the native polynucleotide.

13
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Muodifications inchude substitutions, insertions, deletions and/or truncations of one or more
specific amine acid residues or of one or more specific nucleotides or codons in the

polypeptide or polynucleotide.

#0381  In the context of this invention, the torm “mutant” with respect to a mutant
polypeptide or mustant polynucleotide is used imterchangeably with “variant”. A “non-
naturally” occurring AcrB-like polypeptide refers to a vartant or mutant AcrB-like
polypeptide that is not present in a cell in nature and that s produced by genetic modification,
e.g., using genctic enginecring technology or mutagenesis techniques, of a native AcrB-like
polymucleotide, such as a native ActB or Actl polynucleotide, or a native polynucleotide that
encodes Pseudomonas putida KT2440 polypeptide NCBI NP 743544, Marinobacter
agueolet EPL polypeptide NCBI YP_960752, or Preudoalteromonas haloplankiis TACIZS

polypeptide NCBIYP 341810,

[8048] A “sequence muiation” in the context of the present invention refers to a
substitution, deletion, or insertion of one more aming acids in an aming acid sequence in

comparison to a native polypeptide.

#0438} The terms "mumbered with reference 10", or "corresponding to,” or “determined with
reference to” when used in the context of the numbering of a given amino acid sequence,
refers to the mumbering of the vesidues of a specified reference sequence when the given
amino sequence is maximally aligned and compared to the reference sequence. For example,
a residue in 3 variant AcrB-like polypeptide “corresponds 107 an amino acid at a position in
SEQ D NO:1 when the residue aligns with the amino acid in a comparison of SEQ 1D NO:1

and the variant protein.

18421 The terms "polyoucieotide” and "nucleic acid” arc used imterchangeably and refer to
a single or double-stranded polymer of deoxyribonucleotide or ribonucleotide bases read
from the 5 to the 3’ end. A nucleic acid of the present tnvention will generally contain
phosphodiester bonds, although in some cases, nucleic acid analogs may be used that may
have alternate backbones, conprising, e.g., phosphoramidate, phosphorothioate,
phosphorodithioate, or G-methylphosphorcamidite linkages (sce Eckstein, Oligonucieotides
and Analogues: A Practical Approach, Oxford University Press); positive backbones; noo-
ionic backbounes, and non-ribose backbones. Thus, nucleic acids or polynucleotides may also
include modified nucleotides that permit correct read-through by a polymerase.

"Polymucleotide sequence” or "nocleic acid sequence” includes both the sense and antisense

14
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strands of a nucleic acid as cither individual single strands or in a duplex. As will be
appreciated by those in the art, the depiction of a single strand also defines the sequence of
the complementary strand; thus the sequences described hercin also provide the complement
of the sequence. Unless otherwise indicated, a particular nucleic acid sequence also
implicitly encompasses variants thereof (e.g., degeneraie codon substitutions) and
complementary sequences, as well as the sequence explicitly indicated.  The nucleic acid
may be DNA, both genomic and cDNA, RNA or a hybrid, where the nucleic acid may
contain combinations of deoxyribe- and ribo-nucleotides, and combinations of bases,
inchuding uracil, adenine, thymine, cytosing, guaning, inosine, xanthing hypoxanthine,

isocytosine, isoguaning, etc.

$843] The terms "peptide,” "polypeptide” and "protein” are used interchangeably in the
pef polypep f geably

context of the present invention.

{8044} The term "substantially identical,” used in the context of two nucleic acids or
polypeptides, refers to a sequence that has at least 50% sequence identity with a reference
sequence. Percent wdeuntity can be any integer from 50% 1o 100%. Some embodiments
melade at least: 50%, 55%, 60%, 65%, 70%, 75%, 80%, R5%, 90%, 91%, 92%, 93%, 94%,
95%, 96%, 97%, 98%, or 9%, compared 1o a reference sequence, ¢.¢., across a region of 500
amino acids or 750 amino acids or more, or across the length of, a reference sequence such as
SEQ 1D NO:1, or one of SEQ 1D NOS:2 to 5 using the programs described herein: preferably

BLAST using standard parameters.

[B8458] Percent wdentity with respect to amino acid or nucleotide sequences is defined herein
as the percentage of amino acid or nucleotide residues in the candidate sequence that are
identical with the known polypeptides, after aligning the sequences for maxinuom percent
identity and introducing gaps, if necessary, (o achieve the maxinwm percent homology.
Identity at the nucleotide or amino acid sequence level may be determined using methods
known in the art, mehuding but not limited to BLAST (Basic Local Alignment Search Tool)
analysis using the algorithms employed by programs such as the BLAST prograins blastp,
blastn, blastx, thiastn and tblasix (Altschul (1997}, Nucleic Acids Res. 25, 3389-3402, and
Karlin (1990), Proc. Natl. Acad. Sci. USA 87, 2264-2268), which are tailored for sequence

similarity/identity searching.

[6846]  Nucleic acid or protein sequences that are substantially identical to a reference

sequence inclode "conservatively modified variants.” One of skill will recognize that
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mndividual substitutions, in a nucleic acid, peptide, polypeptide, or protein sequence that alters
a single amino acid or a small percentage of amino acids in the encoded sequence is a
"conservatively modified variant” where the alteration results in the substitution of an amino
actd with a chemically similar amino acid. Conservative substitution tables providing
functionally similar amino acids are well known in the art. Examples of amino acid groups
defined in this manner can include: a "charged/polar group” including Glu (Glutamic acid or
E), Asp (Aspartic acid or 1), Asn (Asparagine or N}, Glo (Glotamine or Q), Lys (Lysine or
K}, Arg (Arginine or R} and His (Histidine or H); an "aromatic or cyclic group” including Pro
{Proline or P), Phe {(Phenylalanine or F), Tyr (Tyrosine or Y) and Trp (Trypiophan or W); and
an "aliphatic group"” including Gly (Glycine or (G), Ala (Alanine or A), Val (Valine or V),
Leu (Leucine or L), He (Isoleucine or 1), Met (Methionine or M), Ser {Serine or 5), Thr
{Threenine or T) and Cys (Cysteine or C). Within each group, subgroups can also be
identificd. For example, the group of charged/polar amino acids can be sub-divided into sub-
groups mncluding: the "positively-charged sub-group” comprising Lys, Arg and His; the
"negatively-charged sub-group” comprising Glu and Asp; and the "polar sub-group”
comprising Asn and Gin. In another cxample, the aromatic or cyclic group can be sub-
divided inte sub-groups including: the "nitrogen ring sub-group” conprising Pro, His and
Trp; and the "phenyl sub-group” comprising Phe and Tyr. In another further example, the
aliphatic group can be sub-divided imto sub-groups including: the "large aliphatic non-polar
sub-group” conyprising Val, Leu and Ue; the "aliphatic slightly-polar sub-group” comprising
Met, Ser, Thr and Cys; and the "small-residue sub-group” comprising Gly and Ala.

Examples of conservative mutations inclede amino acid substitutions of aminge acids within
the sub-groups above, such as, but not limited to: Lys for Arg or vice versa, such that a
positive charge can be roaintained; Gl for Asp or vice versa, such that a negative charge can
be maintained; Ser for Thr or vice versa, such that a free --OH can be maintained; and Gln for

Asu or vice versa, such that a free --NHZ can be maintained.

186477 A polynuclectide or polypeptide is "heterologous” to an organism or a second
polynaclestide or polypeptide sequence if it originates from a foreign species, or, if from the
same species, 18 modified from its oviginal form. For example, when a polynucicotide
encoding a polypeptide sequence 1s said to be operably linked to 8 heterologous promoter, it
means that the polynucleotide coding sequence encoding the polypeptide is derived from one
species whereas the promoter sequence is derived from another, different species; or, if both
are derived from the same species, the coding sequence 18 not naturally associated with the
promoter. As an example of a “heterologous” sequence, an AcrB polypeptide containing an
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amino acid substitution with reference to SEQ 1D NO:1 15 heterologous 1o an E. coli host cell,

as it has been modified from the native AcrB polypeptide sequence of SEQ 1D NO: L

[B848] A “host cell” as used herein refers to a cell that is genetically modified. The term
mclades a parental cell that is genetically modified as well as progeny and genetically
modified devivatives. Genetic modification can be achieved by any suitable genetic
engineering technique and/or nutagenesis techniques (e.g., chemical or UV mutagenesis and
subsequent selection). Using recombinant technology, mucleic acid molecules can be
introduced, deleted, inhibited or otherwise modified in the host cell. A “host cell”
encompasses a cell from any prokaryote or cukaryote. A “microorganism host cell” as used
here refers to a cell from a single-cell organism, e.g., a bacteria; a single-cell fungi, such as 4

veast; an archaea, a cyanobacteria, and the like.

186491 A "recombinant nucieic acid” or "recombinant polynucieotide” as used herein refers
to a polymer of nucleic acids whercin at least one of the following is true: {a} the sequence of
nucleic acids is foreign 1o (i.c., vot naturally found in} a given host cell; (b) the sequence may
be naturally found in a given host cell, but in an vnnatural {e.g., greater than expected)
amount; or {¢) the sequence of nucleic acids comprises two or more subseguences that are not
found in the same relationship {o cach other in nature. For example, regarding instance (¢), a
recombinant nucleic acid sequence will have two or more sequences from unrelated gencs
arranged to make a new functional nueleic acid. A polypeptide is “recombinant” when it is
artificial or engineered, or derived from or contains an artificial or enginecred protein, For
example, a polynucleotide that is inserted into a vector or any other heterologous location,
e.g., n 2 genome of a recorubinant organism, such that it is not associated with nucleotide

equences that normally flank the polynucleotide as it is found in nature is a recombinant

2]

polymicleotide. A protein expressed in vilrs ot in vive from a recombinant polynucieotide is
an cxample of a recombinant polypeptide. Likewise, a polynucleotide sequence that does not
appear in nature, for example a variant of a naturally occurring gene, is recombinant. A

“recombinant” host cell contains a recombinant nocleic acid or recombinant protein.

[3856] The term "promoter,” as used herein, refers to a polynucieotide sequence capable of
driving transeription of a DNA seguence in a cell. Thus, promoters used tn the
polymicleotide constructs of the imvention include cis- and trans- acting transcriptional
control clements and regulatory sequences that are involved in regulating or modulating the
timing and/or rate of transcription of a gene. For example, a promoter can be a ¢is- acting

transcriptional control element, inchiding an enhancer, a repressor binding sequence and the
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like. These cis-acting sequences typically interact with proteins or other biomolecules to
carry out {turn on/off, regulate, modulate, efc.) gene transeription.  Most often the core
promoter sequences le within 1-2 kb of the translation start site, more often within 1 kbp and
often within 500 bp or 200 bp or fewer, of the translation start site. By convention, promoter

equences are usually provided as the sequence on the coding strand of the gene it controls.

2]

In the context of this application, a promaoter is typically referred to by the name of the gene
for which it naturally regulates expression. A promoter used in an expression construct of the
mvention is referred to by the name of the gene. Reference to a promoter by name mchades 4
wild type, native promoter as well as variants of the promoter that retain the ability to mduce
expression. Reference 1o a promoter by name is not restricted to a particular species, but also

encompasses a promoter from a corresponding gene in other species.

180511 A "constitutive promoter” in the context of this invention refers to a promoter that is
capable of imtiating transcription under most conditions 1n a cell, e.g., in the absence of an

mducing molecule. An “indocible promoter” initiates transcription in the presence of an

inducer molecule.

{80521  The term "operably Bnked” refers to a functional relationship between two or more
polynucleotide {e.g., DNA) segments, Typically, it refers to the functional relationship of a
transcriptional regulatory sequence 1o a transcribed sequence. For example, a promoter or
enhancer sequence is operably linked to a DNA sequence if it stimulates or modulates the
transcription of the DNA sequence in an appropriate host cell or other expression system.
Generally, promoter transcriptional regulatory sequences that are operably linked to a
transcribed sequence are physically contiguous to the transcribed sequence, 1.¢., they are ¢is-
acting. However, some transcriptional regulatory sequences, such as enhancers, need not be
physically contiguous or located in close proximity {o the coding sequences whose

transcription they enhance.

{8653} The term "expression cassette” or “DNA construct” or “gxpression construct” refers
to a nucleic acid construct that, when introduced into 3 host cell, results in transcription
and/or translation of an RNA or polypeptide, respectively. One example of an expression
cassetie 1s a polynuocleotide construct that comprises a polynucleotide sequence encoding an
AcrB-like polypeptide of the invention protein operably hinked to a promoter, e g, an
inducible promoter, where the expression cassette is infroduced info a microorganism, such as
a bacterial cell. In some embodiments, an expression cassette comprises a polynucieotide

sequence encoding an AcrB-like polypeptide of the invention, e.g., an AcrB variant, where
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the polynucleotide s targeted to a position in the genome of a microorganism such that
expression of the polynuclectide sequence is driven by a promoter that is present in the
vucroorganism. The promoter may be a native promoter, o1 & nog-native promoter that has

been introduced mito the microorganism.

[#054]  Ininstances when a NCBI/GenBank Accession No. (such as YP_957870) 1s
employed to refer to the inner membrane protein of an efflux pump, it is understood in the art
that the entire nucleotide sequence of the operon, and the known/deduced amino acid
sequences of the proteins forming the efflux pump, are available from the literature, including

the NCBI database (hitp://www site nchinhn.oth.gov/).

[6655]  This invention employs various routine recombinant nucleic acid techniques.
Generally, the nomenclature and the laboratory procedures 1o recombinant DNA technology
described below are well known and commonly employed in the art. Many manuals that
provide direction for performing recombinant DNA manipulations are available, e.g.,
Sambrook & Russeil, Molecular Cloning, A Laboratory Manual (3rd Ed, 2001); and Corrent
Protocols in Molecular Biology (Ausubel, er of., John Wiley and Sons, New York, 2009,

supplements through 2014},
introduction

[8056] The prosent invention is based, in part, on the discovery of a mechanism for
manipulating an offlux pump polypeptide 1o foprove tolerance of a maicroorganism, such as a
yeast or bacteria, towards o-olefin compounds, e g, I-hexens, or derivatives thercof, by
genetically modifying an AcrB-like polypeptide, e.g., an ActB polypeptide of SEQ ID NO: L
In some embodiments, the microorganism has improved folerance to 1-hexene. In some
embodiments, the microorganism has improved tolerance to I-butene, 1-pentene, i-heptene,
or f-octene. In some embodiments, the microorganism has improved tolerance to multiple o-
olefin compounds, such as one or more of I-hexene, 1-pentene, 1-butene, 1-heptene, or 1-
octene. In some cmbodiments, the microorganism may also exhibit improved tolerance to
compounds in addition to an o-olcfin, for example, improved tolerance to a hydrocarbon such

as pentane, hexane, heptane; or to an alcohol such as hexanol or heptanol as well as improved

toferance to the o-olefin.

{8857}  In onc aspect, the invention thus provides nucleie acids encoding non-naturally
gecurring AcrB-like polypeptide and recombinant host cells engincered to express such

polypeptides. A microorganism modified to express a variant ActB-like polypeptide as
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described herein can be employed in methods of producing an c-olefin, g, I-hexene. The
yield of the g-olefin is mereased in comparison to the vield obtained from a corresponding
microorganism that expresses the naturally cecurring AcrB-like polypeptide, e.g., SEQ ID
NO:E or SEQ 1D NO:S; or SEQ ID NG:2, 3, or 4, at native levels, i.e., the corresponding
microorganism has not been engincered to express a variant AcrB-like polypeptide as

described herein or engincered to over-express a naturally occurring AcrB-like polypeptide.

[BO58]  ina further agpect, the invention also provides methods of producing o-olefin
compounds, e.g.. 1-hexene, using a host cell that has been genctically modified to
overcxpresses & naturally occurring AcrB-like polypeptide or 2 variant thereof at a lovel
greater than the native amount of polypeptide produced by a counterpart host cell that does

not have the genetic modification.

186591  The following sections describe AcrB-like polypeptide and nucleic acid sequences
in accordance with the invention, methods of enginecring a microorganism to express the
polypeptides, and methods of using such microorganism to produce an oi-olefin, e g, 1-

500

hexene or 1-butene, 1-pentene, i-heptene, or 1-octene.
AcrB-like polypeptide and nucleic acid sequences

[3868] In onc aspect, the invention provides nucleic acids encoding non-nanrally occurring
AcrB-like polypeptides and recombinant host cells engineered to express such polypeptides.
Such polypeptides have one or more amine acid substitutions compared {0 a native AcrB-like
polypeptide sequence, such as SEQ 1D NO:, SEQ 1D NG:2, SEQ 1D NO:3, SEQ 1D NG,
or SEQ ID NO:S.

[B061]  inthe context of the present invention, itlustrative substitution mautations are
typically described with reference to the £. coli K12 AcrB polypeptide sequence (SEQ 1D
NG: 1)

MPNFFIDRPIFAWVIATIIMLAGGLAILKLPVAQYPTIAPPAVTISASYPGADAKTVQDT
VTQVIEQNMNGIDNLMYMSSNSBSTGTVOITLTFESGTDADIAQVQVONKLOLAMYP
LEPQEVQOOGVSVEKSSSSFLMVVGVINTDGTMTQEDISDY VAANMKDAISRTSGVY
GDVOLFGSOY AMRIWMNPNELNKFQLTPVEBVITAIKAQNAQVAAGQLGGTPPVEG
QOLNASHAQTRLTSTEEFGKILLKVNQDGSRVLLRDVAKIELGGENYDUHAEFNGOPA
SGLGIKLEATGANALDTAAAIRAELAKMEPFFPSGLKIVYPYDTTPFVKISIHEVVKTLY
EAHNLVFLVMYLFLONFRATLUIPTIAVPVVLLGTFAVLAAFGESINTLTMFGMVY LAIGL
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LVDDAIVVVENVERVMAEEGLPPREATREKSMGQIQGALVGIAMVLSAVEVPMAFFG
GSTGATYRQFSITIVSAMALSVLVALILTPALCATMEKPIAKGDHGEGKKGFFGWFEFNR
MFEKSTHHYTDSVGGILRSTGRYLVLYLHVVGMAYLFVRLPSSFLPDEDQGVEMTM
VOLPAGATQERTQRVLNEVTHYYLTKEKNNVESVFAVNGFGFAGRGONTGIAFVSL
KDWADRPGEENKVEAITMRATRAFSGIKDAMVFAFNLPAIVELGTATGFDFELIDQA
GLGHEKLTQARNGQLLAEAAKHPDMUTSVRPNGLEDTPQFKIDIDOQEKAQALGVSIND
INTTLGAAWGGSYVNDFIDRGRVEERVYVMSEAKYRMEPDDIGDWYVRAADGOMY
PFSAFSSSRWEYGSPRLERYNGLPSMEILGQAAPGKSTGEAMELMEQLASKLPTGV(G
YDWTOMSYQERLSGNQAPSLY AISLIVVFLCLAALYESWSIPFSVMLVVPLOVIGALL
AATFRGLTNDVYFOVGLLTTIGLSAKNATLIVEFAKDLMDKEGKGLIEATLDAVRMR
LRPILMTSLAFILGVMPLVISTCGAGSGAQNAVGTGVMGOGOMVTATVLAIFFVPVERVY
/RRRFSREKNEDIEHSHTVDHH, Thus, where SEQ ID NG:1 15 the reference sequence, the
position designation of a mutated amine acid in a variant polypeptide aligned to the reference
sequence is the number of the position in SEQ 1D NO:1. Ilustrative transmembrane domains
of SEQ ID NO:1 and SEQ 1D NO:1 amino acids identified from structural studies as being
fmportant for binding or for H+ transport are shown in Figure 8. The positions of ilfustrative

substitutions n SEQ 1D NO:1 that improve tolerance are also shown in Figure 8.

(8062} insome ombodimenis, an ¢-olefin-tolerant host cell comprises 8 nucleic acid that
encodes a variant AcrB-like polypeptide that has an amino acid sequence that has at least
50% amino acid sequence identity, or at lgast 55%, 60%, 63%, 70%, 75%, 8%, 85%, 90%,
preferably 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98% or 99% or greater amino acid
sequence identity over a region of at least 1,000 or more amino acids, or over the length of
the entire polypeptide, to an amino acid sequence of SEQ ID NO: 1, where the mutant protein
confers tolerance to the host ccll relative to a counterpart bost celi that has not been modified
1o express the variant profein or 1o overexpress native AcrB polypeptide. Insome
embodiments, the variant AcrB-like polypeptide comprises one or more amino acid
substitutions as determined with reference to SEQ 1D NO:1. Thus, in some embodiments, the
invention provides a variant AcrB-like polypeptide, wherein the variant polypeptide is
substantially identical to SEQ 1D NO:1 and has one or more amino acid substitutions at 2
position corresponding to residue 278, §84, 617, 822, 927, 0r 1033 of SEQ ID NG:L. In
some embodiments, a polypepiide of the invention is at feast 70% identical, or at least 8(%,
at least 85%, at least 90% or at least 95% identical, to SE(Q 1D NO: 1 and has at least one
amino acid substitution at a position corresponding to residue 279, 584, 617, 822, 927, or
1033 of SEQ ID NO:1. Insome embodiments, a polypeptide of the mvention is at least 70%
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identical, or at least 80%, at least 85%, at least 905 or at least 95% identical, to SEQ 1D
NO:1, and has an amine acid substitution, e.g., alanine to threonine, at a position
corresponding to position 279 of SEQ 1D NO:1. In some embodiments, a polypeptide of the
mvention 1s at least 70% identical, or at least 80%, at least 85%, at least 80% or at least 5%
identical, to SEQ ID NG, and has an amino acid substitution, e.g., glutamine to arginine, at
a position corresponding to position 584 of SEQ 1D NO:1. In some embodiments, a
polypeptide of the inverdion is at [east 70% identical, or at least 80%, at least 85%, at least
0% or at least 95% identical, to SEQ 1D NG: 1, and has an amino acid substitution, e.g.,
phenylalanine to leucine, at a position corresponding to position 617 of SEQ IDNO: 1. In
some embodiments, a polypeptide of the invention is at least 70% ideuntical, or at least 80%,
at fcast 83%, at least 90% or at least 95% identical, to SEQ 13 NO:1, and has an amino acid
substitution, .g., leucine to prolineg, at a posttion corresponding to position 822 of SEQ ID
NG 1. In some cmbodiments, a polypeptide of the invention is at least 70% identical, or at
feast 80%, at least 85%, at least 90% or at least 95% identical, to SEQ ID NO:1, and has an
amino acid substitution, e.g., phenylalanine to serine, at a position corresponding 1o position
827 of SEQ ID NO: 1. Insome embodiments, a polypeptide of the invention is at least 70%
identical, or at least 80%, at least 85%, at least 90% or at Jeast 95% identical, to SEQ ID
NGO, and has an anvine acid substitution, e.g., from phenylalanine to tyrosing, at a position

corresponding to position 1033 of SEQ 1D NO:1.

1668631 T further ombodiments, an AcrB-like polypeptide in accordance with the jovention
has at least two anuno acid substitations, or at least three amino acid substitutions, selected
from positions 279, 584, 617, 822, 927 and 1033, as numbered with reference to SEQ ID
NO:1. In some embodiments, an AcrB-like polypeptide in accordance with the invention bas
3 or fower substitutions at positions 279, 584, 617, 822, 927, or 1033 as numbered with

reference to SEQ ID NO: 1.

[3864]  Tn some embodiments, an AcrB-like polypeptide 1 accordance with the invention
has a mutation, typically a substitition, at a residue that is n close proximity, e.g., within 2 to
within 8 Angstroms, or in some embodiments, within 2 to § Angstroms or 2 t¢ 6 Angstroms,
with respect 1o the secondary structure of the AcrB-like polypeptide, o one of residues 279,
384, 617, 822, 927, and 1033 as nmunbered with reference to SEQ [ NO:1. The structure of
the AcyB polypeptide has been well characterized (see, e.g., Murakami et al, 2002 and
additional references cited in the Examples section). One of skill can thus identify residues

that are in close proximity and of likely functional relevance. For example, in some

]
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embodiments, a variant AcrB-like polypeptide conferring increased tolerance of a host ecli to
an o-olefin may have a mutation, e.g.. a substitution, at 8 position in close proximity to
residue 279, e.g., at a position corresponding to residue 141, 151, 178,179, 277, 278, 280,
281, 283, 284, 285, 286, 287, 288, 610, 611, 612, 613, or 614 as numbered with reference to
SEQ ID NO: L. fn some embodiments, the position in close proximity to residae 279 is within
3 to 5 Angstroms and corresponds to position 178, 278, 280, 285, 286, 287, or 612 as
numbered with reference to SEQ 1D NG: 1, In some embodiments, a variant AcrB-like
polypeptide conferring increased tolerance of a host cell to an ¢-olefin may have a nustation,
e.g., & substitution, at a position in clese proximity to residuc 584, e.g., at a position
corresponding to residue 275, 276, 277, 278, 582, 583, 585, 586, 587, 588, 589, 613, 614,
621, 622, or 623 as nombered with reference to SEQ 1D NO:1. AceB functions as a trimer;
thus in some embodiments, a residue in close proximity to residue 584, e.g., at a position
corresponding to residue 220, 221, 222, 223, 228, 229, or 231 as determined with reference 1o
SEQ ID NO:, s present in another AcrB polypeptide molecule that is part of in the trimer.
In some embodimenis, the position in close proximity {o residuc 584 is within 3 t0 6
Angstroms and corresponds to position 222, 223, 275, 276, 277,278, 582, 583, 585, 586,
587, 388, 613, 614, or 622 as numbered with reference to SEQ 1D NGOG, In some
embodiments, the position in close proximity to residue S84 is within 3 to 5 Angstroms
corresponds to vesidue 222, 276, 277, 278, 583, 585, 586, 87, 588, or 622 as numbered with
reference to SEQ 1D NGO 1. In some crbodiments, a variant AcrB polypeptide conferning
icreased tolerance of a host cell to an o-olefin may have a mutation, e.g., a sobstitution, at a
position in close proximity 1o residue 617, e.g., at a position corresponding to residue 134,
135, 136, 5§73, 575, 615, 616, 618, 619, 620, 624, 625, or 626 as numbered with reference fo
SEQ IDNOLL In some eombodimerds, the position in close proxiraity to residue 617 is within
3 to 6 Angstroms and corresponds to residue 134, 135, 136, 615, 616, 618, or 619 as
numbered with reference to SEQ ID NO: 1. In some embodiments, the position in close
proximity to residue 617 is within 3 to § Angstroms and corresponds to residue 616, 61¥, or
619 as numbered with reference 1o 3EQ 1D NO:1. In some embodiments, a variant AcrB-like
polypeptide conferring increased tolerance of a host cell to an o-olefin may have a mutation,
e.g., a substitution, at a position in close proximity to residue 822, e.g., at a position
corresponding to residue 79, RO, 160, 161, 165, 313, 685, 686, 67, 688, 689, 817, 818, 816,
820, 821, %23, 824, or 825 as numbered with reference to SEQ 1D NO:1. Insome
embodiments, the position io close proximity 1o residue 822 is within 3 to 5 Angstroms and

corresponds to residue 687, 818, 819, 820, 821, 823, or 824 as numbered with reference to
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SEQ ID NO: L. fn some embodiments, a variant AcrB-like polypeptide conferring increased
tolerance of a host cell to an ¢-olefin may have a mutation, e.g., a substitytion, at a position
n close proximity to residue 927, e.g., at a position corresponding to residue 356, 559, 561,
909,912,913, 914, 915, 916, 917,921, 922, 923,924, 923, 926, 928, 929, 930, 931, 932,
933, 1002, 1003, 1005, 1006, or 1007 as mumbered with reference to SEQ D NG:1. Insome
embodiments, the position in close proximity to residue 927 is within 3 to 5 Angstroms and
corresponds to residue 912, 913, 923, 924, 925, 926, 92¥, 929, 930, 931, or 1006 as
numbered with reference to SEG 1D NO: 1. In some embodiments, a variant AcrB-like
polypeptide conferring increased tolerance of a host cell to an ¢-olefin may have a mustation,
2.g., a substitution, at a position in close proximity 1o residue 1033, e g, at a position
corresponding to residue 896, 953, 958, 959, 960, 961, 963, 1028, 1029, 1830, 1031, 1032,
1034, 1035, or 1036 as numbered with reference to SEG 1D NO:1. In some embodiments,
the position 1n close proximity to rosidue 1033 is within 3 to 5 Angstroms and corresponds to
residue 8§94, 895, 886, 964, 1031, 1032, 1434, 1035, or 1036 as numbered with reference to
SEQ 1D NOu L

{86865  In addition, based on the structural mformation available, one of skill can
additionally identify residocs of an AcrB-like polypeptide that would likely be tolerant to
substitution. For exaraple, an AcrB-like polypeptide variant having a routation at ong or
more positions corresponding to 279, 584, 617, 822, 927 or 1033 of SEQ 1D NG: 1 may
comprise substitutions at other positions that do not have an effect on the ability of the
polypeptide to confer g-olefin tolerance to a host cell and do not otherwise impair pump
activity, Accordingly, ong of skill can identify variant AcrB-like polypeptides having a
ourtation described herein and the specified percent identity to the reference sequence, e.g.,

SEQ D NO:1, that would retain the desired function.

18666] In additional embodiments, a mutation as described herein can be introduced in an
AcrB-like polypeptide that has another nustation in a domain that enhances efflux of a
compound, for example at a site for enlargement in the entrance of the cleft that facilitates
conformational changes or improve the affinity for the substrate (Fisher et al. 2013; Foo and

Leong 2013).

168671  In some embodiments, an AcrB-like polypeptide of the invention is 3 homolog of an
£, coli AcrB efflux protein that is modified at a site corresponding to one or more of positions
279,584, 617,822, 927 or 1033 of SEQ ID NO: L, to improve tolerance of an organism to an
o-olefin. For example, Pseudomonas putida KT2440 polypeptide NCBI NP 743544,

24



WO 2015/168288 PCT/US2015/028296

¥

Marinobacter agueolei EPL NCBI YP_960752, and Pseudoalteromonas haloplanktis
TACI25 NCBI YP_ 341810 have AcrB homologs designated by the accession nomber
provided in parenthesis. The polypeptide sequences are shown in SEQ HD NOS2, 3, and 4.
These homologs have 669, 59%, and 62% identity, respectively, 10 AcrB SEQ I3 NQO: |
when the full-length sequences are aligned. Ume or more mutations, e.g., a substitation at ong
o1 more positions sclected from the positions in SEQ 1D NO:2, 3, or 4 corresponding to a
position within 2 to 8 Angstroras, or at, positions 279, 584, 617, 822, 927 or 1033 of SEQ ID
NQG: |, may be introduced mto such homologs to obtain a variant that confers ¢-olefin
tolerance, e.g., I-hexenc tolerance, to a host cell. Further, one of skill understands that a
structural model of an AcrB homlog such as SEQ ID NG:2, 3, or 4 can be generated and
compared to the structure of AcrB to determine residues of SEQ 1D NOS:Z, 3, or 4 that
correspond 1o the regions within 2 to § Angstroms of positions 279, 584, 617, 822, 927 or
1033 of SEQ 1D NO:1. Such medified homologs may contain other mutations, e.g.,
conservative substitutions, relative to the native sequence that do not have an cffect on ability
of the polypeptide to confer o-oletin tolerance to a host cell and do not otherwise impair

pump activity,

[6868] Insome embodiments, a native AcrB-like polypeptide modified in accordance with
the mvention to obtain 2 variant that confer a-olefin tolerance, e.g., 1-hexene folerance, to a
host cell is £ cofi AcrF (SEQ 1D NO:3), which has 78% identity to SEQ ID NG:1. Thus, in
some embodiments, an AcrB-like polypeptide of the invention may be a variant of SEQ 1D
NO:S that has one or more substitutions at position 279, 584, 617, 734, 822, 927 or 1033 as
numbered with reference to SEQ 1D NGO, ie, at position 279, 583, 616, 733, 821, 926, or
1032 of SEQ 1D NO:S; or at one or more positions within 2 to 8 Angstroms of position 279,
583, 616, 821, 926, or 1032 of SEQ [D NO:5. Such modified homelogs may contain other
mutations, e.g., conservative substitutions, relative to the native sequence that do not have an
effect on ability of the polypeptide to confer a-olefin tolerance to a host coll and do not

otherwise impair pump activity.

#0681 ina further aspect, the invention also provides a host cell that is modified to
overcxpress an AcrB-like polypeptide to confer ¢-olefin tolerance to the host ceil. Sucha
host cell can be used to produce the ¢-olefin. For example, a host cell can be modified o
overexpress a native AcrB-like polypeptide, e.g., a polypeptide comprising the amino acid
sequence of SEQ D NO:1, SEQ 1D NG:2, SEQ 1D NG:3, SEQ 1D NG:4, or SEQ 1D NG5,

In some embodiments, a host cell can be modified to overexpress a variant AcrB-like

25



WO 2015/168288 PCT/US2015/028296

polypeptide. In some embodiments, a host cell may be modified to overexpress an AcrB
polypeptide of SEQ ID NG: 1. in some cmbodiments, a host coll may be modified to
overcxpress a native AcrB-like homolog polypeptide, such as an AcrB-like polypeptide of
SEQ D NO2, 3, or 4. In some embodiments, a host cell may be modified to over express a

native AcrF polypeptide of SEQ ID NG5

16761 To the context of this invention, the product of a gene is considered to be
overexpressed when the level of protein is increased by at least 5%, at least 10%, at feast
20%, at least 30%, or at least 50% or greater in comparison to the natural level of AciB or
AcrB-like polypeptide that is produced by a counterpart wild type host cell of the same

genetic background that has not been genetically modified to overexpress the protein.

(6871}  An o-olefin-tolerant host cell of the present invention typically exhibits at least 5%,
more often at least 10%, at least 15%, at feast 20%, at loast 25%, or at least 50%, or greator
survival compared to the counterpart host cell that comprises a wild type AcrB or AcrB-hike
polypeptide expressed at natural lovels when tested in the presence of an w-oictin, e g, 1-

hexene.

18672} Tolerance to an o-olefin, 2.2., 1-hexene, can be assessed using known assays, For
exaraple, a gene encoding a variant of an AcrB polypeptide of SEQ 1D NO:1 can be
introduced into a host cell, e.g., a bacterial host cell such as £, coli, and survival of the host
cell in the presence of an o-olefin can be assessed. [Hustrative assays are provided in the
Examples section. In one illastrative assay, a plasmid-borne mucleic acid sequence encoding
an AcrB-like variant polypeptide (along with a wild-type copy of acrd) is introduced nto a
AacrAR E. coli host cell and colonies are selected and grown overnight. A control strain may
comprise a plasmid-borne copy of a nucleic acid sequence encoding the native acr® sequence
{along with a wild type copy of acrd). In this example, the polynucleotide encoding the
AcrB sequence is operably linked to an inducible promoter, such as a lac-inducible promoter.
Drilutions are then prepared and the cells are plated outo agar plates with 1-hexence exposure
using sufficient 1-hexene to saturate the atmosphere and expression of the variant protem (or
for the control, wild type protein) is induced. An v-olefin tolerant strain expressing an ActB-
like variant shows greater growth in the presence of -hexene relative to strains expressing
the wild type (control} sequence of AcrB at native lovels, This phenomenon is more readily

observed at lower cell dilutions in this assay.
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Nucleic acids encoding a variant polvpeptide

{6873} Isolation or gencration of pelyoucieotide sequences to express a variant AcrB-like,
polypeptide and/or to overcxpress a native AcrB-like polypeptide of the invention can be
accomplished by any number of techniqoes well known in the art, e.g., using PCR as
described herein. The sequences of native AcrB3-like nucleic acids are known in the art and
can be obtained using the protein accession numbers and sequences provided herein.,
Appropriate primers and probes can be gencrated from comparisons of the mucleic acid
sequences to amplify a nucleic acid encoding the polypeptide sequence of interest.,
Alternatively, a library can be screened to obtain a nucleic acid encoding the polypeptide. A
desired mutation can be introduced info a sequence using known techmiques, e.g., PCR

followed by assembly of the gene by overlap extension

[6674] Alternatively, a nucleie acid sequence encoding a non-naturally occurring AcrB-like
polypeptide that confers enhanced o-clefin tolerance to a host cell can be generated using
mutagencsis. For example, in some embodiments, one of skill can prepare a library of
variants of an acrf gene, e.g.. by ervor prone PCR, and introduce the library into host cells,
such as an £. cofi. Transformants can then be evaluated for tolerance to an o-olefin and

evaluated 1o identify mutations in the ger# gone that counfercnce tolerance.

[8875] DMNocleic acid sequences encoding an AcrB-like polypeptide that confers increased a-
olefin tolerance, e.g., mmcreased 1-hexene tolerance, to a host cell, may additionally be codon-
optimized for expression in a desived host cell. Methods and databascs that can be emploved
are known in the art. For example, preferred codons may be determined in relation to codon
usage in a single gene, a set of genes of common function or origin, highly expressed gones,
the codon frequency in the aggregate protein coding regions of the whele organism, cedon
frequency in the aggregate protein coding regions of related organisms, or combinations
thereof. See, e.g, See e.g., Henaut and Danchin in "Escherichia coli and Salmonella, ©
Neidhardt, ef gl Eds., ASM Pres, Washington D.C. (1996), pp. 2047-2066; Nucleic Acids
Res. 20:2111-2118; Nakamura ot al., 2000, Nucl. Acids Res. 2R8:292.

Preparation of recombinant expression constructs

#8761 To use isclated sequences in the above technigues, recombinant DNA vectors
suitable for transformation of host celis are prepared. Preparation of recombinant vectors is
well known inthe art. For example, 2 DNA sequence encoding an ActB-like polypeptide of

the invention can be combined with transcriptional and other regulatory sequences that divect
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the transcription of the sequence from the gene in the tended cells. Controel clements
inchide promoters, optionally contaiing operator sequences, and other elements depending
on the natre of the host. In some embodiments, an expression vector that comprises an
expression cassette that comprises the gene also comprises a promoter operably hinked to the
gene. Such a promoter can be a promoter from a native gene that encodes AcrB or an AcrB
homolog or can be a heterologous promoter. In other embodiments, a promoter and/or other
regulatory clements that direct transcription of the gene are endogenous to the micreorganism
and an expression cassetic comprising the gene encoding the AcrB-Hke polypepnde is
imtroduced, e.g., by homologous recombination, such that the heterologous gene is operably
linked to an endogenous promoter and expression is driven by the endogenous promoter. In
some embodiments, a promoter that is endogenous microorganism can also be genetically
modified or replaced to enhance production of an AcrB-hike polypeptide when the
polymicleotide encoding the AcrB-like polypeptide is integrated in a host chromosome at a

position such that the polyoucleotide is operably linked to the promoter.

{88771 Asnoted above, expression of the gene encoding an AcrB-like polypeptide can be
conirolled by a number of regolatory sequences including promoters, which may be either
constitutive or inducible; and, optionally, repressor sequences. Examples of suitable
promoters, especially in a bacterial host cell, are the promoters obtained from the . cofi lac
operon and other promoters derived from genes involved in the metabolism of other sugars,
e.g., galactose and maltose. Additional examples include promoters derived from
biosynthetic enzymes such as for tryptophan (trp), the B-lactamase (bla), bacteriophage
fambda PL, and TS. In addition, synthetic promoters, such as the tac promoter (1.5, Pat. No.
4,551,433}, can be used. Further examples of promoters include Sireproniyces coelicolor

agarase gene (dagA), Bacillus subtilis levansucrase gene (sacB), Bacillus lichenijormis alpha-
amylase gene (amyL), Bacillus stearothermophifus maltogenic amylase gene (amyM),
Bacillus amyloliguefaciens alpha-amylase gene {amy(Q), Bacilius licheniformis penicillinase
gene (penbP), Bacilfus sufilis xylA and xylB genes. Suitable promoters arc also described in

Ausubel and Sambrook & Russell, both supra.

[6878]  Suitable promoters of use 1o a yeast host cell inchude promoters obtained from the
genes for Succharomyces cerevisiae envlase (ENQ-1), Saccharomyees cerevisiae
galactokinase (GALL )}, Succharomyces cerevisige alcohol debydrogenase/glyceraldehy de-3-
phosphate dechydrogenase (ADH1 , ADHZ/GAP), Saccharomyces cerevisiae triose phosphate

isomerase (TP, Saccharomyces cerevisige metallothionein {CUP 1), and Saccharomyces
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cerevisiae 3-phosphoglycerate kinase. Other useful promoters for yeast host cells are

described by Romanos et al., 1992, Yeast 8: 423-488 or are otherwise known in the art.

{3879}  An expression vector may also comprise additional sequences that influence
expression of a gene encoding the AcrB-like polypeptide. Such sequences inclade enhancer
sequences, a ribosome binding site, or other sequences such as transcription termination

sequences, and the like.

[B088] A vector expressing 2 nucleic acid encoding an AcrB-like polypeptide of the
invention may be an autonomously replicating vector, .., a vector which exists as an
extrachromosomal entity, the replication of which is independent of chromosomal rephcation,
2.g., a plasmid, an extrachromosomal element, a2 minichromosome, or an artificial
chromosome. The vector raay contain any means for assuring seif-replication. Alternatively,
the vector may be one which, when introduced into the host, 15 integrated into the genome
and replicated together with the chromosome(s) into which it has been integrated. Thus, an
expression vector may additionally contain an clement(s) that permits integration of the

3

vector into the host's genome.

{88811 An expression vector of the invention preferably contains one or more selectable
markers which permit casy selection of transtormed hosts. For cxample, an expression vector
may comprise a gene that confers antibiotic resistance {¢.g., ampicillin, kanamycin,
chloramphenicol or tetracycline resistance) to the recombinant host organism, e.g., a bacterial
cell such as £, coli. Suitable markers for other microbial host cclls, such as yeast host cell are
afso well known and include, for example, ADEZ, HIS3, LEU?2, LYS2, MET3, TRP, and
URAZ,

166821  Although any suitable expression vector may be used to incorporate the destred
sequences, readily available bacterial expression vectors include, without hmitation: plasmids
such as pSCIGL pBR322, pBBRIMCS-3, pUR, pEX, pMRIOO, pCRA4, pBAD24, pUCIY, or
plasmids derived from these plasmids; and bacteriophages, such as Mi 3 phage and ». phage.
Of course, such expression vectors may only be suttable for particular host cells. Omne of
ordinary skill in the art, however, can readily determine through routine experimentation
whether any particelar expression vector is suited for any given host cell. For example, the
expression vector can be introduced into the host celi, which is then monitored for viability

and expression of the sequences contained in the vector.
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1668831 Expression vectors of the invention may be fntroduced into the host cell using any
pumber of well-known methods, inchuding calcium chloride-based metheds, eleciroporation,

or any other method known in the art.

[B884] A nucleic acid encoding an AcrB-like polypeptide may optionally alse be
introduced ioto a host coll that expresses other components of an AcrAB-TolC efflux purp,
or homologous tripartite purap. However, in some cmubodiments, an AcrB-like pelypeptide
fimctions independent of the tripartite pump. Accordingly, the AcrA and TolC, or the

homologs of AcrA and TolC, need not expressed in the host cell.

{68851 Insome embodiments, the invention provides methods of producing an o-olefin
compound, 2.z, 1-hexene, wherein the method employ a host cell, e, & coli, genetically
modified to overexpress a naturally occwrring AcrB or AcrB-hike polypeptide, sach as a
polypeptide having a sequence of any one of SEQ IDNOS:1, 2,3, 4, or 5, or a variant
thereof. Such host cells can be obtained using known methods, such as those detailed above,
for generating a constroct comprising a nucleic acid encoding the naturally occurring ActB or
AcrB-like polypeptide that can be ntroduced into a host coll and expressed at the desired

fevel.

[8086] insome ombodiments, a promoter that inffuences expression of the native AcrB or
AcrB-like polypeptide may be modified to increase expression. For cxample, an endogenous
AcrB promoter may be replaced by a promoter that provides for increased expression

compared to the native AcrB promoter.

[B68871  To aliernative embodiments, such a host cell that overexpresses a naturally occurring
AcrB or AcrB-like polypeptide can be obtained by other techuiqoes, e.g., by mutagenizing a
microorganisim, e.g., & coli cells, and screening cells to identify a celi that expresses the
native AcrB or ActB-like pelypeptide, ez, SEQ 1D NO:L, 2, 3, 4, or 5, at a level higher than

native {e.g., at a level greater than that produced by the coomterpart cell prior to mutagenesis).

Host Cells

[6888] The present invention provides for a modified host cell comprising a nucleic acid

encoding any non-naturally occurring variant AcrB-like polypeptide as described herein.

Further, the invention provides a genctically modified host cell that overexpresses a native

ActB polypeptide compared to coonterpart host cells that express native levels of native

AcrB; or that overexpresses a native AcrF or AceB homolog Psendomonas putida X12440

polypeptide NCBINP 743544, Marinobacter agueolei EPL polypeptide NCBI YP 960752,
30
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or Pseudoalieromonas haloplankiis TACI25 polypeptide NCBI YP_341510 compared to

counterpart host celis that express native levels of the native AcrF or AcrB homolog.

[B088]  in some embodiments, a host cell has further genetic modifications. For example,
in some embodiments, an £, coli host cell may have a deletion of an endogenous acr® gene
or acrAB gene locus, or an alternative bacterial host cell may have a deletion of a

homelogous gene or gene locus that corresponds 1o acr8 or Acrd8.

166961  Tn some embodiments, a host cell 18 genetically engineered to produce an a-olefin
of interest, e.g., 1-hexens, or a derivative of the o-olefin.  Thus, for example, a host coll may
be engincered to express one ot more genes that encode cnzymes for production of an ¢-

olefin compound, e.g., a C5-C12, o-olefin compound such as pentene or hexene (see, e.g.,

WO/2012/050931, WO/2012/109601, each imcorporaied by reference).

{68911 A host cell comprising an AcrB-like polypeptide as described herein is typically a
microorganism, such as a bacterial or yeast host cell. In some embodiments, the host cellis a
hacterial host cell, such as a Gram-negative bacterial host cell. Alternatively, the bactorial
host celf need not be Gram-negative. In some embodiments of the mvention, the hosteellis a
protechacteria. In some embodiments of the tnvention, the bacterium is any bacteriam that
produces an o-olefin. In some embodiments of the invention, the bacterium is an enteric
bacterivm. In some embediments of the invention, the bacterivim is a species of the genus
Planciomyces, Bradyriizobium, Rhodobacter, Rhizobium, Myxococcus, Klebsiella,
Azotobacter, Escherichia, Saimonella, Pseudomonas, Caulobacter, Chlamyvdia,
Acinetobacier, Acetobacter, Enterobacter, Sinorhizobium, Vibrio, or Zymomonags. In some
embodiments, the host cell is £, coli. In some embodiments, the host cell is Psendomonas

pufida, e.g., Preudomonas putida KT2440; Marinobacier agueolel, e.g., Marinobacter

s ey

¥

agqueolel EP; Pseudoalteromonas haloplankiis, Pyeudoalieromonas haloplankiis TACI2S, or
Zymomonas mobtlis, In some embodiments, the host cells inchlude species assigned fo
Azotobacter, Erwinia, Bacillus, Clostridium, Enterococcus, Lactobacillus, Lactococcus,
Oceanobacillus, Profeus, Servatia, Shigeila, Staphlococcus, Streptococcus, Strepiomyces,

Vitreoscilla, Synechococcus, Synechocysiis, and Paracoccus taxonomical classes. In some

embodiments, the host cells are cyanobacteria.

[#0821  In some embodiments, the host cell is a yeast. Examples of yeast host cells include,
without Hmitation, Candida, Hansenula, Kluyveromyces, Fichia, Saccharomyces,

Schizosaccharomyces, or Yarrowie host cells. In some cmmbodiments, the yeast hostcellis a
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Saccharomyces carlsbergensis, Saccharomyees cerevisiae, Saccharomyees digstaticus,
Saccharomyces douglasii, Saccharomyees kluvveri, Saccharomyces norbensis, or
Sacchavomyces oviformis cell. In some cmbodiments, the yeast host cell is a Kiuyveromyces

laciis cell. In another embodiment, the veast host cell is a Yarrowia lipolviica cell
2 o /

3 g

Screening of bost cells for a-oiefin tolerance

[6693] Host cells can be screened for tolerance to an ¢-olefin as deseribed herein, Ina

further aspect, the invention provides methods of screening for g-olefin-tolerant host cells.

{88941 In onc embodiment, a high-throughput screening assay can be employed to evaluate
¢-olefin tolerance of a library of candidate celis that have been genetically modified, e.g., by
mutagenesis of an AcrB-like gene. In this embodiment, following transformation of a library,
prepared i a vector where expression of the AcrB-like gene is umder control of an inducible
promoter, into suitable host cells, e.g, £, cofi K12 AacrAB, colonigs are collected and
inoculated into a small volume fiquid culure, e.g, 96 deep well plates, and cultured for
sutficient time to allow the cclls to reach stationary phase, e.g., overnight at 37 °C with
agitation. Cells are then diluted, e.g., 100-fold, and an aliquot of the dilution is spotted onto
growth medium agar plates sopplemented with an inducer and exposed to I-hexene.
Exposure to i-hexene is performed by saturating the atmosphere. This assay also preforably
comprises a step in which duplicate plates arc not exposed to I-hexene. Growth of various
dilutions of the cells can then be monitored to deternine whether the cells exhibit increased
tolerance to 1-hexene compared to control cells that have a wild type AcrB-hike gene, or that
have not been mutagenized. Colonies that exhibit increased growth in the presence of -
hexene compared to the control cells exposed to 1-hexene are then selected and further
evaluated. Optionally, the screening method may forther comprise a “pre-screen” step in
which library transformants are initially plated onto agar plates containing an inducer and are
assessed for growth in the presence or absence of a saturating atmosphere of 1-hexene.
Colonies that grow in the presence of I-hexene compared to a control may then be sclected,

grown in a hquid culture, and the dilotion analysis screening assay performed.
Methods of producing an grolefin

{68851 A host cell comprising a vaniant AcrB-like polypeptide of the invention and/or that
overexpresses an AcrB-like polypeptide, such as a native ActB polypeptide or native AcrB3

polypeptide bomolog, e.g., a native polypeptide baving a sequence of SEQ 1D NGO, 2, 3, 4,
or 5, can be employed to produce an «-clefin compound or a derivative of an o-olefin
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compound. In some embodiments, the host cell produces 1-hexene; or 1-butene, 1-pentene,
1-heptene, or 1-octene. To produce the o-clefin, a host cell genetically modified to express
an AcrB-like polypeptide as described herein can be coltared under conditions suitable to
allow cxpression of the polypeptide and expression of genes that encode the enzymes that are
used to produce the g-olefin or a derivative of the o-olefin. A host cell modified to express
an AcrB-like polypeptide as described herein provides a higher yield of o-olefin relativeto a
non-modified counterpart host cell that expresses a native AcrB or AcrB homelog at native
levels. A host cell modified to overexpress a native AcrB or AcrB homolog suchas a
polypeptide having the amino acid sequence of SEQ ID NO:1, 2, 3, 4 or 5, also provides a
higher yield of a-olefin relative 10 a non-modified counterpart host cell that expresses a
polypeptide comprising SEQ 1D NO:1, 2, 3, 4, or 5 at native levels.

18096} The a-olefin can then be separated and purified using known techniques. As used

9% &

herein, the term “purify,” “purified,” or “purification” means the removal or isolation of 8
molecule from its cnvironment by, for example, isolation or separation from the cells and/or
cell culbure mediurm that is producing the o-olefin. As used herein, “purified” also refer to
the removal of contaminants from a sample. For example, when a-olefins are produced in a

host cell, the o-olefins can be purified by the removal of host cell proteins.

186977 The present invention will be deseribed in greater detail by way of specific
examples. The following examples are offered for llustrative purposes, and are not intended
to limit the invention in any manver. Those of skill in the art will readily recognize a varicty
of noncritical parameters, which can be changed or modified to vield cssentially the same

results.

EXAMPLES

Exanmpie 1. Toxicity of olefins and AcrB mvolvement

Toxicity of olefins, and AcrB involvement,

{6098} In this example, toxicity of olefin compounds was evaluated. A toxic dose was
defined as the concentration of compound that decreased growth by half. This concentration
for £, cofi K12 15 65 me/L., 110 mg/L and >1 g/L. for -hexene, styrene and 1-octene,

o & & bl

respectively (Figare 1A} for the media and growth conditions used. The compound -octene
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is less toxic than the two other olefing tested (Figure 1B). The involvement of the tripartite
punp, AcrAB-TolC in styrene or alpha-olefin tolerance was then assessed. derd and acrf
ovutands (£, coli K12 AacrAR) were constructed and transformed into a strain with a plasmid-
borne acrd and acrd n an operon under the control of an arabinose mducible promoter
{pABc) or a control plasmid (plc). Exogencusly added styrene was tested in Hquid culture
{(Figure 2 A). The £ coli K12 AacrAB cells transformed to express AcrA and AcrB exhibited
cuhanced survival in the presonce of styrene compared to those £, coli K12 Aacrd 8 cclis
transformed with the control plasmid. A survival assay on agar plate in an atmosphere
saturated with the volatile compound was developed for 1-hexene, f-octene, and 1-nonene.
For I-hexene, 1-octenc, and -nonene, the expression of the pump gave a strong advantage in

the survival and growth of the strain (Figure 2 B).
AcrAR involvement on olefin production.

{68991 Among olefins used for plastic production, styrenc is the only one that has been
reporied to be produced at levels that high enough to pose toxicity to £, coli growth
{(McKemmna et al, 2011). Accordingly, the involvement of the AcrAB-TolC tripartitc pump in
growth in cells that produced styrene was evaluated. Acrdl was deleted in the L-
phenylalanine over-producing E. coli strain (£, coli NST74 AacrdB) and then introduced on a
plasmid with the plasmid encoding the styrene production genes. Two different IPTG
nduced promoters for fdcl and pall (Pire, a strong promoter and PlacUV3, a weak promoter,
respectively) were used to generate pup Sty and pi.Sty. These plasmds, and the
corresponding control plasmids {(py0 and put) were introduced in the strain containing
plasmids encoding the purap (pABe and countrol, piic). It was found that acrd S was
mportant for growth, and consequently production, in the styrene production strain. The
absence of the pump had a small negative impact on growth when styrene production was not
induced; however, the absence of the pump had a strong negative fmpact when styrene
production was induced. Further, the quantity of styrene produced by the cells was
sigmificantly higher when the pump-containing plasmid was present. These data thus further
confirmed that AcrAB-TolC played an important role in growth in the presence of a toxic

compound such as styrene,
Improvement of tolerance by pump overproduction.
161668]  The results described above indicated that overexpression of the AcrAB-TolC punp

provided an advantage in presence of I-hexene. The plasmid pABe encoding AcrA and
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AcrB {or the control plc) and the plasmid pTolCa encoding the outer membrane protein TolC
{or its conirol plia) were infroduced into the £, cofi K12 wild type strain and the survival of
the strain tested 1o presence of I-hexene. As this alpha-olefin is extremely volatile, a survival
assay on agar plates in an atmosphere saturated in 1-hexene {see methods) was employed. It
was observed that over-expressing acrd and aor and TolC in the wild type strain led to an
increased tolerance to T-hexene (Figure 3). Thus, expression of this pump over and above its
native levels provided additional benefit towards this solvent-like compound. Figure 3 shows
that the over expression of only TolC in the wild type does not improve the survival,
However, the overexpression of the genes acrd and acr® led to a strain with -hexene
tolerance greater than the wild type, suggesting than TolC is not the Himiting protein of the
complex and 18 In cxeess o comparison 10 ActA and AcrB. This imbalance can be explained
by the fact that TolC 15 also invelved in other membrane complexes (Ramos et al, 2002). The
results also show that there was an upper Hmit to inducing the expression the pumyp, and
nduction of purnop cxpression by adding more Inducer (10, 20, 30, 40, and 50 mM of
arabinose) caused a reduction in growth (data not shown). Thus, while an mcerease in the
levels of AcrAR-Tol improved tolerance {o 1-hexene, fiurther increase in tolerance to the

olefin compound is achieved using a more officicnt pump.
Evaluating RND efflux pumps from other organisms.

1161} An existing bibrary of heterologous efflux pumps in £ cofi (Dunlop ctal. 201 1) was
used to test if another pump may provide better tolerance to 1-hexene than the native £, cofi
AcrAB-TolC system. Using the agar plate-based method, this strain library constructed in a
DH1 AgerdR background was tested and the survival compared in presence of 1-hexene
relative to the strain expressing an equivalont plasmiid-borne copy of the native acrd R genes.
The strains containing pumps from Pseudomonas putida KT2440, Marinobacier agueolei

EFPL and Pseudoalteromonas haloplankiis TACI 25 showed equivalent tolerance to 1-hexene

relative to the native £. cofi acr4B-expressing sirain {Figure 7).

Divected evoluiion on AcvB to improve tolerance to [-hexene.

1162}  To identify AcrB variants that were more cfficient at providing tolerance than the
wild type AcrB, & high throughput screening using the 1-hexeune saturated atmosphere assay
(see, methods section) was developed. A Hbrary of AcrB variants was generated by
mtroducing random muotations in the gene. Acer® variant genes were cloned in a low copy
plasmid, in an operon with the acrd gene to maintain stoichiomeiry of the pump complex.

The library of plastoids was introduced into £. cofi K12 Aacv4 8. The library contained an
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average of 2.2 amino acid mutations per gene. Initially, 2500 clones expressing an AcrB
variant were tested. It was observed that 1.1 % of the clones had better survival in presence
of t-hexene relative to the strain encoding the wild type pump. A second library was then
generated with a sclection pressure directly after transformation, by incubating the freshly
transformed cells in a T-hexene atmosphere. In this condition, only | cell out of 8 survived
and among the 500 cells tosted in presence of 1-hexene, 9% were more tolerant than the
strain cxpressing the wild type pumip. The 20 most cfficicnt variants were re-tested in
duphicate, and 80% of them maintained better survival than the strain expressing the wild
type AceB, confirming the reliability of the screen. Plasmids were isolated from these straing
and re-cloned them into fresh cells of the starting strain (K12 Aacr4B). Of the freshly
transformed cells, 63% maintained the increased tolerance relative to wild type, confuming
that the T-hexene tolerance phenotype tracked with the plasmids rather than in the genome of
the mutant strain. Since most varianis contained more than one mutation, the coding regione
of the aerfS variant genes were squenced to identity the mutations. Each individual mutation
was generated 10 determine the ones that are responsible for the improved phenotype. Six
amino acid muotations 1n AcrB were identified and confirmed that provided improvement n
tolerance over the wild type sequence: AZ79T, Q584R, F617L, LE22P, F9278 and F1033Y
{Figurc 44). These mutations arc localized all along the protein sequence (Figure 4 B and

). Among the beneficial mutations, A279T, Q584R, F617L and LR22ZP were more cfficient.

11631 To determine if the routations could act synergistically, selected nutations were
combined in a single gerS gene generating 8 new variants with 2, 3 or 6 beneficial mutations
{(Varl: A279T and F617L, Var2: FOITL and ER22P, Var3: A279T and LR22P, Vard: A279T
and QS84R, Vars: A279T, F617L and L822P, Vart: AZ279T, Q584R and FA17L, Var7:
A2T9T, QS8AR and FO17L, Varl: AZ79T, Q584R, F617L, LB22P, F927S and F1033Y).
Muost of the strains containing the AcrB with two beneficial mutations were found to be more
tolerant to 1-hexene relative to an AcrB with one outation (Figure 61, However the
combination of three or more vutations n the same protein did not result in additional
advantage. It was also determined that the level of the AcrB variants in the soluble fraction
of £. ¢oli was less relative to the AcrB wild type (data not shown). Additionally, among the
AcrB mutants, an increasc in the number of beneficial mmitations results in a decrease in the
levels of the protein in the soluble fraction. These data suggest that the improvement in
tolerance is likely due to an improvement in the efficiency or in the mode of action of the

pump rather than due to improved protein production or stability.
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[8184]  The evolved AcrB strains were evaluated in Hauid cultures containing 1-hexene,
bile salts, or styrene. Growth of selected strains containing the AcrB variants in presence of
different concendration of toxic olefing (Figure 5) was analyzed. o presence of I-hexenc in
the hquid cultures, it was ohserved that several strains producing evolved AcrB variants grew
better than the wild type (Figure SA) confirming than these mutations were not specific to the
agar plate assay. In presence of bile salts, the muutation QS84R improved the growth of the
strain. None of the evolved AcrB variants that were tested provided benctit in presence of
styrenc relative to wild type AcrB (Fig 5B). In contrast the evolved AcrB vanants conferred
tolerance to -hexene, relative to wild type AcrB (Fig 5A). Thus, although AcrAB-TolC had
been shown to be important to the growth of cells that produce styrene and the sirains
containing the AcrB variants were not tolerant to the olefin styrene, surprisingly, the strains

exhibited tolerance to o-olefing, e.g., hexene.
Materials and Methods
Media, Chemicals, and Strains

183651  Chemicals: styrene (99%), 1-hexene {99%), 1-octence (98%), nonene (96%),
isopropyl b-D-1-thiogalactepyranoside (IPTQ), dodecane, arabinose, bile salts,
chioramphenicol {Cm), kanamycin (Km), smpicillin (Amp) are from Sigma-Aldrich (St
Louis, MO); dimethyiformamide (DMF) is from Fisher Scientific (Hampton, NH); and

glucose is from VWR (Westchester, PA).

1#186] Al strains, plasmids and oligonucleotides are listed in Table 1. Oligonuclootides
synthesis and sequencing were conducted at Integrated DNA Technologics {Coralville, 1A)
and Quintara (Albany, CA) respectively. Strains were coltured in Loria-Bertand (LB) broth
supplemented with appropriate antibiotics, or inducers as necessary, and with 15 g/L agar

(B, Sparks, MD) for plate culture and assays.

[8187] £, coli DHI10B {Table 1) was used for sub-cloning, £ cofi K12 BW25113 (Baba ot
al., 2001) was used for toxicity assay and £. coli NST74 was used for styrene production.
Arabidopsis thaliana (ecotype Col-0) cDNA and Saccharomyces cerevisiae 5288C were used
to amplify genes required for styrene production: PALZ and FDCT (McKenna ot al, 2011).
The effiex pump library containing 43 different pumps from heterologous sources was in an

E. coli DR Aacr48 background (Dunlop ot al, 2011}
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Construction of Gene Deletion Mutants

[B188] The £ coli K12 BW25113 Aacrdl and £, coli NST74 Aacrd B strains were
constructed using the one-step nactivation of chromosomal genes using published methods
{Datsenko et al, 2000). In order to generate a AacrdB strain, the £, coli K12 BW25113
Aacrd was used. The chromosomally-encoded kanamycin (Km) marker in the Aacrd strain
was removed using the pCP20, and the plasmid pKD46 was introduced into the resulting
strain. The PCR prodect used to mediate gene replacement for acrB was amplified from the
£ coli K12 BW25113 AqcrB strain using the primers DelB F and DelB R and introduced in
the Km-frec £, cofi K12 BW25113 Agcrd strain (pKD46). Km" colonies were tested for the
loss of acrB. After curing the pKD46, the K™ gene was removed generating the strain £
colt K12 AacvAB. Forthe E. coli N3T74 AacrdR, the PCR used to mediate the replacement
of acrd and aorf 1o the £ coli NSTT74 was amplified from £ cofi K12 BW25113 AacrdR
Km™ using the primers DelAB F and DelAB R, and introduced in the £, cofi NST74 carrying
pKD46. Km® colonies were tested for the loss of operon encoding acrd and acrB. Here
again, after curing the pKD46, the Km" gene was removed generating the final strain E. ¢olf

NST74 Aacrdb.
Construction of plasmids

[6169]  High fidelity phusion polymerase (Thermo Scientific, Waltham, MA) was used for
all gene amplifications, except for generating the acv® variam hibrary. All restriction
enzymes were fast-digest enzymes from Thermo Scientific {Waltham, MA). 10lC was
amplified using the primers TolC F and TolC R and cloved in the pBbSSa-RFP (pla) with the
restriction sites Ndel and Yhol generating the plasmid pTolCa. acrd was amplified using the
primers AcrA F and AcrA R and cloned into the pBbASBC-REP (plic) using the restriction sites
Bofll and Ndel gencerating the plasmid pAc. acrd was amplified using the primers ActB F
and AcrB R and cloned in pAc using the restriction site Ndel and XAol generating the plasmd
pABcC.

(6118}  Gones encoding PALZ and FDCH, requited for styrene production, were amplified
from Arabidopsis thaliana and Saccharomyces cerevisige S283C cDNA respectively.

1111} To generate the acr® variant library by error prone PCR, Diream Tag polymerase
{Thermo Scientific, Waltham, MA) was used. PCR products were obtain by amplifying acrB
from pABc (0.5 ng/ul), using the primers Cam F and Cam R (0.1 M), the kit buffer

{containing MgCl, at 2 mM final concentration), ANTP mix at 0.2 mM (Thermo Scientific,
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Waltham, MA}Y, | % DMSO and (.1 unit/pL. No extra Ma®" was used to induce mutation.
Twenty cycles were performed resulting in a pool of mutated acr8 sequences containing 2.2
amino acid nuitations, on an average. PCR fragments were gel-extracted, cloned using the
Gibson cloning method (Gibson ot al, 2009} into pAc digested with Ndel and Xhol, and then

introduced into the £, coli K12 AacrdR strain.

(8812} The gerB variants with desired mutations were generated by overlap PCR using the
bigh fidelity phusion polymerase (Thermo Scientific, Waltham, MA). For cach single
mutation variant, two PCR products were obtained by amplification from the pABc vector as
fisted in Table 1: PCR 1 and 2 were extracted for every variant and used to generate long
fragments containing the full length gencs. The resulting products were introduced with the
(ibson assembly method (Gibson et al, 2009} into pAc digested by Ndel and Xhol, and
transformed in £, colfi DHIOB, Plasmids with confirmed sequences were then tntroduced
into the £, coli K12 AacrAB strain. The variants with multiple mutations were obtained by
introducing additional mutation{s) in a given variant, using the same method described
previeusly {overlapping PCR products). PyMOL (www website pymol.org/) was used to

visualize the structure of AcrB and the localization of the individual mutations.
Growth impact of devA-acrR overexpression.

(8113}  Colonies of K. coli K12 Aacr48 containing the plasmid pABc were used 1o
noculate a 6 mL LB-Cm pre-cultire tube. 100 gl of cells at ODgo= 1 were used to
noculate 10 mL LB-Cro supplemented with ghlucose (2 g/1) and various concentration of
arabinose (0, 5, 14, 20, 30, 40 and 50 mM). Cell growth at 37 °C was followed by ODgoo

measurements using a spectrophotometer (Beckman Coulter DUSO(, Brea, CA).
Impact of alpha-clefing and styvene on growth,

1114} Cells were first inoculated in 6 mi. LB-Cm with glucose (2 g/L.) and arabinose (5
mM}. At ODgoe=1 at 37 °C, 100 gL of colture were transferred to 15 mL glass culture tubes
{(VWR, Westchester, PA) with a septum Hd (VWR, Westchester, PA) containing 10 mL of
LB, supplemented with the appropriate antibiotic and mducer. Septum lids were required to
it evaporation of chemicals. DMF was used as cosolvent for all three compounds to
prepare stock solutions at different concentrations (styrene at 10, 12, 14 and 16 g/L, 1-hexene
at5,6,7and 8 g/l and 1-gotene at 10, 20, S0 and 100 g/L). Atan ODgpo of 0.2, 100 yL of
the olefin stock solutions was added. After 2 hours at 37 °C, ODggp was measured. All

measurements are in duplicate.
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{6118} For agar plate based assays, cells were first streaked overnight and fow colonies
were usad to inoculaie a preculture of 6 mL of LB-Cm with glucose (2 g/1) and arabinose (5
i), At ODge=1 at 37 °C, the coltures were used 1o prepare a dilution series. Dilution 0
(D) corresponds to the ODgge =1, and contains ~1{¥ cells/mL. Dilution | {31y 1s a 10-fold
dilition of DO, dikstion 2 (D2) a 10- fold dilation of D1 up to dilution 5 (D5}, which contains
~ 107 cells/mL. 10yl of each dilution was spotted in triplcate on LB-agar plates (single
well plates, Thermo Scientific, Waltham, MA) containing 30 ml. of LB-agar, Cm (30 mg/L),
glucose {2 g/1.) and arabinose (5 mM). Small containers {nicrofuge tube hids) were placed
on the open Hd of the agar plate and filled with 400 to 600 gL of 1-hexene or 1-octene or
with 75 gL of 1-nonene. The agar plates were then tnverted over the lid, cells facing the
olefin compound, sealed with parafilm, placed in the plastic bag (the original packaging for
the petri dishes) and incabated for 2 days at room temperature. For 1-octene, a second
condition, via overlaying 2 mL of compound on the top of the agar submerging the cells, was
used. TolC overexpression impact was examined using the same method, but in this case, the
LB media and the LB-agar were also supplemented with ampicillin (100 mg/L) and IPTQ
(100 uM).

18116}  For the high throughput screcning of AcrB variants, two methods were used. After
transformation of the hbrary in £, coli K12 AacrAB, cells werve plated on EB-agar-Cm plate
cither without a 1-hexenc selection pressure or with -hexene exposure using 300 ul to
saturate the atmosphere. Clones were collected and inocuolated 1n 96 deep well plates (USA
Scientific, Ocala, FL) using 800 pL LB (supplemented with chloramphenicol 30 mg/L.,
glucose 2 g/L, arabinose 5 mM) and culiured overnight at 37 °C with agitation. Cells were
then diluted 100 fold and 5 ul. of the dilution was spotied on agar plates {Thermo Scientific,
Waltham, MA} containing 25 mi, of LB-agar-Coand inducer, using a liguid bandler robot
{Biomek FX, Beckman Couiter, Brea, CA). 600 uL of {-hexene was used per plate {o create
a saturated atmosphere. Plates were sealed and incubated for 2 days as described m the

previous paragraph.

181171 To test the heterologous efflux pump hbrary, the same method was used. Clones
were grown in 96 DWP overnight at 37 °C in presence of IPTG 10 M, and 5 ul of a 100x
dilition of the overnight colture was spotted on agar plate osing the liguid handler robot. 600

ul of 1-hexene was used to gencrate a toxic atmosphere.

Measuring the toxic effect of styrene
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[8318) £ cofi N8TT74 AacrdB containing pABce or plc and either paodty, PreSty, Pudd or
Pucl, were inoculated into 6 mb LB (supplemented with 15 g/l glucose, and 10 mM
arabinose and appropriate antibiotics). At ODgeo =1, 5 L. cells were noculated in 95 pL of
EB-antibiotic, 15 g/l glucose, 10 mM arabinose, biolog redox dye (Mix A) solution (Biolog,
Hayward, CA) and various concentration of IPTG (€, 10, 28, 50 100, 200 and 300 uM). The
experiment was performed in 96 well plates (Biolog, Hayward, CA), at 37 °C and growth
was monitored using the Ommilog system {Biolog, Hayward, CA). In this condition all the
strains containing plc {no AcrAB production) did not grow. For the strains posscssing the
Predty, the fmpact of styrene production on growth was also tested on LB-agar plaie
containing 25 mg/L Km, 15 g/L glucose, 16 mM arabinose and 100 uM IPTG). For glass
tubes based growth of £, coli NST74 Aacrd 8 (with pABc or plc and either pr.Sty or puol),
colonics were inoculated in 10 mL of LB (supplemented with 100 mg/L ampicillin, 15 g/L
glucose, 10 mM arabinose) and grown overnight at 37 °C. From this culture, cclls were
moculated in glass tubes (starting ODegoo 01 0.02) containing 10 mL of LB (supplemented
with 100 mg/L ampicillin, 15 ¢/L glocose, 10 mM arabinose and 100 uM IPTG. Growth was

monitored using a spectrophotometer {Beckman Coulter DURDD, Brea, CA).
Western blotting

{8119} Cultures were incubated at 37 °Cin LB-Cm, 2 ¢g/L glocose and 5 oM arabinocse. At
ODgoo =1, the pellet of 2 mL of culture was resupended and incubated for 15 min in 30 ul of
B-Per buffer (Thermo Scientific, Waltham, MA) supplemented with 1 mg/mi lysozyme
(Sigma-Aldrich, 8t. Lowuts, MO). Each sample was sonicated (SP Scientific, Gardiner, NY)
for 5 seconds at the lowest power setting at 4 °C, then centrifuged at 4 °C for 30 minat 15
rpr. Total protein quantity present in the soluble fraction was determined using the DC
Lowry Reagent according the protocol of the supplier (Bio-Rad, Hercules, CA). All samples
were normalized to the same qoantity of total soluble protein. 20 L of normalized samples
was mixed with 308 loading dye buffer (Life technologies, Carlsbad, CA) and DTT (Life
technologies, Carisbad, CA) and incubated at 98 °C for 20 min. 10 yl. of samples were run
on 4-12% Bis-Tris gel (Life technologics, Carlsbad, CA) at 165 V ander SDS MES Buffer
{Life technologies, Carlsbad, CA). Proteins were ransforred to a PVDF membrane (Life
technologies, Carlsbad, CA) using 1Blot transter system (Lite techuologies, Carlsbad, CA).
The membrane was washed in PBS baffer (20 mM NaPhosphate pH=7.4, 50 mM NaCl) and
blocked overnight at 4 °C with 25 mL of PBS-Tween-20 (EMD Millipore, Billerica, MA)

supplemented with 3% of BSA (Sigma-Aldrich, 51. Louis, MO)., The primary antibody is a
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monoclonal mouse anti-His (Sigma-Aldrich, 5t. Louis, MO) diluted 1:5000, the secondary
antibody is a goat anti-roouse HRP conjougated (Sigma-Aldrich, St. Louis, MO) diluted
1:10,000. Both antibodies were suspended in 1% BSA and PBS-Tween-20, and
consecutively added to the membrane for | hour at room temperature. Three washes in PBS-
Tween2( were performed after incubation of each antibody. Membrane was then incubated

in 2 ml of HRP detection solution {Bio-Rad, Hercules, CA) for 10 min.
Summary of illustrative examples

[6128]  Inthese examples, it was demonstrated that the tripartite RND efflux pumap in £
coli composed of AcrA, AcrB and TolC subunits played a major role in the tolerance of E.
coli cells to alpha-clefins, and is uportant in reaching high production levels of these toxic
compounds. £, coli has been engineered to manufacture many bulk chemicals (Nakamura
and Whited 2003; Yim et al. 2011}, In these, examples, the benefit of increasing the levels of
the AcrAB-TolC efftux pump was first evaluated. Increasing the expression of AcrAB-TolC
had a positive impact on tolerance to 1-hexene, although in these experiments, this was
bimited by the toxicity Hinked to overexpression of membrane proteins (Wagner et al. 2007).
Directed evolution of AcrB was then used to improve tolerance. Two recent studies have
used directed evelution to improve AcrB tolerance to n-butanoi (Fisher et al. 2013) and «-

pinene and n-octane {Foo and Leong 2013).

[#121] These examples further illustrated that engineering the AcrB subunit of this efflux
pump improved tolerance to I-hexene. AcrB variants having improved tolerance to 1-hexene
were identified and the primary domains responsible for F-hexene tolerance were
characterized. It has boen shown that the entrance of substrates into the efflux pump and the
amino acids involved in the substrate binding depends on the properties and the size of the
compounds (Eicher et al. 2012; Takatsuka ot al. 2010), To better understand the domain
imvolved in 1-hexenc tolerance, several beneficial mutations obtained in the first round of
evolution. Several mutations {AZ79T, Q584R, F6i7L, LE22P, FO27S and F1033Y) were
identified that resulted in improved tolerance to -hexene. These mutations had an additive
effect, but in some experiments, it was also observed that multiple changes may be disraptive
for protein solubility. Most of the AcrB variants in these experiments resulted in decreased
protein in the sehuble fraction, which indicates the improvement in the tolerance conferred by

these vartants is due to higher pump efficiency.
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16122}  Crystaliographic and site-directed nmutagenesis studies for AcrB have determined
the role of domains and of several amino acids in the protein (Husain and Nikaido 2010;
Murakand et al. 2002). Not 1o be bound by theory, the erystal structure and the data available
provide a basis to analyze the effect of beneficial mutations. Of the many amine acid
changes identified, F9278 and more particudarly F1033Y were in the most ymexpected
positions. F927S is localized in the transmembrane domain, at the top of the TM10 o-helix.
This helix contains an imaportant amine acid (K940} involved in the proton transport (Su et al.
20063 and 2 mutation in this helix could tmpact the rotational movements leading to
compound export. However the mutations AZ797T, QS84R, F617L and L82ZP were found in
positions known to be tmportant for pump function. The amine acid L&22 is positioned
between the 2 B-sheets CR13 belonging to the pore domain PN and CR14 from the PC2.
The mutation of a leucing to a proline is localized between these 2 P-shoets at the “ceiling” of
the vestibule, suggested to be a highly probable substrate entrance point, and could change
the flexibility and/or the opening of the vestibule facilitating i-hexene entrance into the pore.
The amino acid A279 is localized at the binding pocket in which residues Gln273, Asn274,
Asp276, 1ic277, play an important roles (Husain ot al. 2011} 3584 is ocalized in a position
such that © may be volved in the trimer assembly. AcrB subumit is reported to fold
mdependently, and then assembie into a trimer (Yu et al. 2011). This mutation is also clearly
beneficial to the growth of E. coli in presence of bile salts confirming that its role 13 not
specific to 1-hexene, although in these experiments, we could not detect any positive mpact
in presence of styrene. Finally, the amine acid F617 has been shown to be located in the
switch loop of the hydrophobic binding pocket and reported crystal structures suggest that
this amino acid could directly interact with various substrates (Bohnert et al. 2008; Eicher et
al. 2012; Vargiu et al. 2011}, Mutating this amino acid F617 to an alanine has been reported
to have a direct impact on substrate uptake and was responsible for a substantial decrease
transport of novobiocin, but a minor effect on the transport of oxacillin and various other
macrolides (Bohnert et al. 2008}, In this study, a mutation to a leucine at this position had a

positive impact on the ransport of 1-hexene,

{6123} The experiments performed for this study, as well as other reports in the literature
{Bohnert et al. 2008} suggest that the AcrB protein is destabilized wheo more than three
mutations are introduced in the sequence. However, additional rounds of mutations, starting
with variants with one or two mutations, could stabilize the protein and allow the tntroduction

of more muiations to further improve function. Additionally, analyses of more variants
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showing a positive impact for {-hexene tolerance could give a better understanding of the
path{s} of this compound through the pump. Directed evolution of AcrB has also been used
to improve tolerance and seeretion of other compounds. 1t has also been shown that AcrB
can be improved for n-butanol, o-pinene and n-octane (Fisher et al. 2013; Foo and Leong
2013). These studies resulted n beneticial mutations in different positions relative to the
ones identified in our study. Specifically, N189H, T6785, Q7371 and M&44L improved the
efflux of o-pinene, n-octane, while 1466F, M3551, and 5880F improved the growth on -
butanol. These authors proposed corresponding improvements in the AceB-TolC interaction
and enlargement in the entrance of the cleft that facilitate conformational changes or toprove
the affinity for the substrate. The results provided in the illostrative experiments presented in
these examples thus also suggest that several domains can be targeted for mutations to lead to

a more cfficient pump.
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1#324] it is understood that the exampies and embodiments described herein are for
illustrative purposes only and that various modifications or changes in light thercot will be
suggested to persons skilled n the art and are to be inchided within the spirit and purview of
this application and scope of the appended ciaims. Al publications, patents, accession
number, and patent applications cited herein are hereby incorporated by reference 1o their

entirety for all purposes.
Hiunstrative native AcrB-like seqguences:
Prendomonas puticla KT2440 (NCBEINP 743544), SEQ 1D NO:2; synonyms: ttgB, PP 13RS

1 mskffidrpi fawvialvim lvgalsiikl pingypsisp palaisvtvyp gasaqtvgdt
61 vvgvieqaln gidniryvss esnsdgsmti tatfeqgobnp dtagvgvgnk Inlatpllpg

121 evgagglrvt Ravknfllvi glvsedgsmt kdal nmgdplsrta gvgdfgvig:
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Marinobacter agueolei EPL (NCBIYP 9607523, SEQ IDNO:3
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dghvrkgffg ikrkgr

pdedggvmiv

gnylleecese

vvksvmsvrg fnfagrggns gilfvdikpf adresfagsv falagrsgar fagikdaivi

-
kdngaighha lmaatnefis ranaapelnm vrhnglpdep
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}..
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1021 yvivvgltgk rksadd

Pseudoalteromonas haloplanktis TACI23 (NCBIYP _34181(), SEQ IDNQG:4

1 meryfidkpi fawviaiivm lagilavksl pilagypsiap paisitanyp gasagtleds
61 vtgviegkmk gldgllymss tsesngsatl tltfnadtdp diasgvgvgnk
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781 vpedlnkwyv rnnngdmvpi aafasshwsy gsprlervng fsaneiggsa apgystggam

841 demerlvikgl gaplilyglsl lfvilclasal yeswsvpifav

901 miilvplgifg aimaalignl sadiylgvgl lttiglaskn silivefsih kmeeglisglvd

961 aalaavklrl rpvimtslaf icgvvplala ssagsgagna lgi aastlvvlfv

-
<
N
it

plifvlivrkt fssksavatk ese

E. coli AcyF (SEQ 1D NOS)

T manffirrpi | pvagyptlap pavavsanyp

61 vtgviegnmy tltfgsgtdp diagvgvani

121 evqgaiggisve kssssyluwva givsdnpgtt gddisdyvas nvkdtisrin

181 gyamriwida dllnkyvkltp vdvingikvg ndgizagglg

241 knpeefgkvi lrvnsdgsvy rlkdvarvel ggenynviar
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WHAT IS CEAIMED IS:

I A microorganism host cell comprising a recombinant non-natarally
occurring variant AcrB-like polypeptide that comprises at least one amino acid sequence
nwfation relative o a native AcrB-like polypeptide sequence, wherein the non-uaturally
occurring AcrB-hike polypeptide reduces accumulation of alpha-olefin compounds in the host
cell in comparison to a wild-type host cell that expresses the native AcrB-like polypeptide at
a native level.

A

2. The host cell of claim 1, wherein the at least one sequence mnitation is

an amino acid substitution.

(a3

The host cell of claim 1, wherein the recombinant non-naturally
occurring variant AcrB-like polypeptide amino acid sequence is substandially identical to
SEQ ID NO: 1 and comprises one or more amine acid substitutions within 2 to § Angstroms
of, or at, a position corresponding to antino acid 279, aminoe acid 584, amino acid 617, amino

acid 822, amino acid 927, or amino acid 1033, as numbered with reference to SEQ 1D NO: 1.

4. The host cell of claim 3, wherein the recombinant non-naturally
occurring variant AcrB-like polypeptide comprises an alanine to threonine substitution at a

position corresponding to amine acid 279,

5. The host cell of claim 3, wherein the recornbinant non-naturally
occurring variant AcrB-like pelypeptide comprises a ghitamine fo arginine substitution at a

position corresponding to amino acid 584,

6. The host cell of claim 3, wherein the recombinant non-naturally
occurring AcrB-iike polypeptide comprises a phenylalanine o leucine amino acid

any

substitution at a position corresponding to amivo acid 617,

7. The host cell of claim 3, wherein the recombinant nov-naturally
occurring variant AcrB-like polypeptide comprises a leucine to proline amino acid

substitution at a position corresponding to amino acid 822,

g The host cell of claim 3, wherein the recombinant non-naturally
cecurring variant AcrB-like polypeptide comprises a phenylalanine to serine amino acid

substitution at a position corresponding to amino acid 927.
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9. The host cell of claim 3, wherein the recombinant nov-naturally
occurring variant AcrB-like polypeptide comprises a phenylalanine to tyrosine amino acid

substitution at a position corresponding to amino acid 1033,

1. The host cell of any one of claims 1 to 8, wherein the alpha-olefin

compounds comprise 1-hexene, or g derivative thercof,

It The host cell of ¢laim 10, wherein the host cell further comprises the

proteins necessary to produce 1-hexene, or a derivative thereofl

2. The host cell of claim 11, wherein the host cell produces a greater
amount of the 1-hexene, or derivative thereof, as compared to a wild-type host cell that

expresses the native AcrB-like polypeptide at a native level.

13, The host cell of any one of clatius 1 to 12, wherein the hostcellis a
bacterial cell.

4. The host cell of claim 13, wherein the bactenial cell is a gram negative
bacterial cell.

15. The host cell of claim 14, wherein the gram negative bacterial cell is an
E. coli cell.

I6. The host cell of any one of claims 1 to 12, wherein the hosteellis a
yeast cell.

17. A method for producing an alpha-olefin compound, comprising:

a) providing a host cell of any ove of claims 1 to 16; and

b} culturing said host cell under conditions sufficient for the host cell to

produce an alpha-olefin compound.

18. The method of claim 17, further comprising purifying the alpha-olefin

compouvnd.

19, A recombinant variant AcrB polypeptide, wherein the recombinant
variant AcrB polypeptide has at least 70% identity to SEQ ID NO:1 and comprises one or

more anine actd substitutions within 2 to 8 Angstroms of, or at, a positien corresponding to

(4]
(4]
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amino acid 279, amino acid 584, amino acid 617, amino acid 822, amino acid 927, or aming

acid 1033 of SEQ 1D NO: L.

20. The recombinant variant AcrB polypeptide of claim 19, wherein the
recombinant variant AcrB polypeptide comprises a threounine at a position corresponding to

amino acid 279,

21. The recombinant variant AcrB polypeptide of claim 19, wherein the
recombinant varviant AcrB polypeptide comprises an arginine at a position corresponding to

amino acid 584.

22. The recombinant variant AcrB polypeptide of claim 19, wherein the
recombinant variant AcrB polypeptide comprises a loucine at a position corresponding o

amino acid 617.

23, The recombinant variant AcrB polypeptide of claim 19, wherein the
recombinant variant AcrB polypeptide comprises a proline at a position corresponding 10

amino acid 822,

24. The recombinant variant AcrB polypeptide of claim 19, wherein the
recombinant vartant AcrB polypeptide comprises a phenylalanine at a position corresponding

to amino acid 927.

25. The recombinant variant AcrB polypeptide of claim 19, wherein the
recorabinant variant AcrB polypeptide comprises 2 tyrosing amino acid at a position

corresponding to amino acid 1033,

26, The recombinant variant AcrB polypeptide of any one of claims 19 1o

25, wherein the polypeptide has at least 80% identity to SEQ 1D NG:1.

27. The recombinant variant AcrB polypeptide of any one of claims 19 to

28, wherein the polypeptide has at least 90% dentity to SEQ 1D NO: 1

28. The recombinant variant AcrB polypeptide of any one of claims 19 to

25, wherein the polypeptide has at least 95% identity to SEQ ID NG: 1.

29, The recombinant variant AcrB polypeptide of any one of claims 19 to

28, wherein the variant AcrB polypeptide reduces accumulation of alpha-olefin compounds in
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the host cell in comparison to a wild-type host cell that expresses native Acrl3 at a native

fevel.

36. The recombinant variant AcrB polypeptide of any one of claims 19 to
25, wherein the mutant AceB polypeptide comprises an amino acid sequence of SEQ 1D
NO:1 or SEQ D NO:5 that has one or more substitutions at amino acid posifions

corresponding to amino acids 279, S84, 617,822, 927, or 1033 of SEQ ID NQG:1.

31, Arccombinant polynucleotide comprising a nucleie acid sequence

encoding a variant ActB polypeptide of any one of clatms 19 10 30

32, A recombinant microorganism host cell comprising the polynucieotide
of claim 31.

33, The host cell of ¢laim 32, wherein the host cell is a yeast host cell.

34, The host cell of claim 32, wherein the host cell is a bacterial host cell.

35, The host cell of claim 34, wherein the bactenial host cell is a gram-

negative host cell.

36. The host cell of claim 35, wherein the gram-negative host ccll 15 an £
coli host cell.
37. The host cell of any one of clatms 32 to 36, wherein the host cell

further comprises the proteins necessary to produce 1-hexene, or a derivative therof.

33, A recombinant variant AcrB-like polypeptide, wherein the
recorabinant variant AcrB-like polypeptide has at least 70% identity to SEQ 1D NG:2, SEQ
1D NG:3, or SEQ D NO:4 and comprises one or more aming acid sabstitutions within 2 to 8
Angstroms of, or at, a position corresponding to amine acid 279, amine acid S84, amino acid
617, amino acid 822, amino acid 927, or amino acid 1033, as numbered with reference to

SEQ D NO:L.

39.  The recombinant variant AcrB-like polypeptide of claim 38, wherein

the polypeptide has at least 80% identity to SEQ 1D NO:2, SEQ 1D NG:3, or SEQ 1D NO:4.

44, The recombinant variant AcrB-like polypeptide of claim 38. wherein

the polypeptide has at feast 909 identity to SEQ D NO:2, SEQ 1D NO:3, or SEQ 1D NO:4.

U
.\J
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41, The recombinard variant AcrB-like polypeptide of ¢laim 38, wherein

the polypeptide has at least 95% identity to SEQ 1D NO:2, SEQ 1D NG:3, or SEQ [D NO:4,

42, The recombinant variant AcrB3 polypeptide of any one of claims 3% to
41, wherein the vanant AcrB-like polypeptide reduces accumaulation of alpha-olefin
compounds in the host cell in comparisen o a wild-type host cell that expresses a native

AcrB-like pelypeptide at a native level

43, A recombinant polynucleotide comprising a nucleic acid sequence

encoding a variant AcrB polypeptide of any one of claims 38 to 42,
4 Y \

44. A recorabinant microorganism host cell comprising the pelyoucieotide
of claim 31,

45, The host cell of claim 44, wherein the host cell is a yeast host ccil.

46, The host cell of claim 44, wherein the host cell is a bacterial bhost cell,

47, The host cell of claim 46, wherein the bacterial host cell is a gram-

negative host cell,

48. The host cell of claim 47, whercin the gram-negative host cell is an £

coli host cell

44, The host cell of any one of claims 44 10 48, wherein the host cell

further comprises the proteins necessary to produce 1-hexene, or a derivative thereof.

30, A method for producing an alpha-olefin compound, comprising:
a) providing a host cell of any one of claims 32 40 37 or 44 t0 49; and
b) culturing said bost cell under conditions sufficient for the host cellto

produce an alpha-olefin compound.

51, The method of claim 30, wherein the alpha-olefin compound is hexene

ar a dertvative of hexene.

32, The method of claim 51, wherein the host cell produces a greater
amoumt of the 1-hexene, or derivative thereof, as compared to a wild-type host ccll that

expresses the native AcrB-like polypeptide at a natural level
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53. A method for producing an alpha-olefin compound, comprising:
a) providing a microorgamism host cell that overexpresses an AcrB-like

polypeptide; and

b) culturing said host cell under conditions sufficient for the host cell to
produce an alpha-olefin compound, wherein the host cell produces a greater amouont of the
alpha-olefin compound compared to a corresponding host cell that expresses the native AcrB-

like polypeptide at a native level.

54, The method of claim 53, wherein the alpha-olefin compound is |-

hexene, or a derivative thereof.

38, The method of claim 33 or 54, wherein the AcrB-like polypeptide bas
at least 70% identity to the amino acid sequence of BEQ 1D NO:1, SEQ 1D NG:2, SEQ ID
NO:3, SEQ 1D NO:4 or SEQ 1D NO:5,

36, The method of claim 55, wherein the AcrB-like pelypeptide has at
least 80%, or at least 90% identity to the amino acid sequence of SEQ ID NO:i, SEQ 1D
N2, SEQ ID NG:3, SEGQ 1D NG:4 or SEQ 1D NO:S.

57. The method of claim 56, wherein the AcrB-like polypeptide comprises
the amino acid sequence of SEQ [D NO:1, SEQ ID NG:2, SEQ ID NG:3, SEQ 1B NOd or
SEQ D NO:S,

8. 'The methed of claim 57, wherein the AcrB-like polypeptide comprises

the amino acid sequence of SEQ ID NO:{ or SEQ H3 NO:S

39, The method of claim 58, wherein the AcrB-like pelypeptide comprises

the amine acid sequence of SEQ 1D NO: L

60. The method of any one of claims 53 to 59, wherein the hosteell is a

bacterial host cell.

61, The method of claim 60, wherein the bacterial host cell is 4 gram
negative ccll.
62, The method of claim 61, wherein the gram negative host cell is an £,

coli host cell.
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63. The method of any one of claims 53 to 59, whercin the host cell is
yeast host cell.
04, The method of any one of ¢claims 53 10 63, wherein the host cell further

comprises the proteins necessary to produce I-hexene, or a derivative thereof.

65. A cell culture medium comprising an alpha-olefin compound and a
microorganism host cell that overexpresses an AcrB-like polypeptide, wherein the host ecll
produces a greater amount of the alpha-olefin compound compared to a corresponding host

cell that expresses the native AcrB-like polypeptide at a native level

66. The cell culture medium of claim 65, wherein the alpha-olefin

compound 1s 1-hexene, or a derivative thereof.

67, The cell culture medium of claim 65 or 66, wherein the AcrB-like
polypeptide has at least 70% identity to the amino acid sequence of SEQ 1D NO:{, SEQ D
N2, SEQ ID NG:3, SEGQ 1D NG:4 or SEQ 1D NO:S.

68. The cell culture mediom of claim 67, wherein the AcrB-like
polypeptide has at least 80%, or at least 90% identity to the amino acid sequence of SEQ 1B

NO:1, SEQ 1D NO:2, SEQ 1D NO:3, SEQ ID NO:4 or SEQ ID NO:S.

69, The cell culture medium of claim 68, wherein the AcrB-like
polypeptide comprises the amino acid sequence of 3EQ 1D NO:1, SEG ID NO:2, SEQ ID
N3, SEQ D NO4 or SEQ 1D NG:S,

74, The cell culture medium of claim 69, wherein the AcrB-hike

polypeptide comprises the amine acid sequence of SEQ 1D NO:1 or SEQ 1D NG:S

71 The cell culture mediom of claim 70, wherein the AcrB-like

polypeptide comprises the aming acid sequence of SEQ 1D NG: L

72, The cell culture medhum of any one of claims 65 to 71, wherein the

host cell is a bacterial host cell.

73. The cell culture medium of claim 72, wherein the bacterial host cell is

& gram negative coll.

60
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74. The cell culture medium of claim 73, wherein the gram negative host

cell is an &, coli host cell.

75. The cell culture medinm of any one of claims 65 o 71, wherein the

host cell is a yeast host eell.

76, The cell culture medium of any one of claims 65 10 75, wherein the
host cell further comprises the proteins necessary to produce t-hexene, or a derivative

thereof.

61
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