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FATTY ACYL-COA REDUCTASE

This work was supported by a grant (#DE-FG02-

94ER20133) from the United States Department of

Energy. The

5 invention.

Government has certain rights in the

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to bacterial

enzymes, in particular to an acyl-CoA reductase and a

10 gene encoding an acyl-CoA reductase, the amino acid

and nucleic acid sequences corresponding to the

reductase polypeptide and gene, respectively, and to

methods of obtaining such enzymes, amino acid

sequences and nucleic acid sequences. The invention

15 also relates to the use of such sequences to provide

transgenic host cells capable of producing fatty

alcohols and fatty aldehydes.

2. Background Information

Fatty acids are organic acids which are present

20 in lipids, and vary in carbon content from Cz to C~q.

In biosynthetic reactions, they are often covalently

bound through a thioester linkage to Coenzyme A (COA)

to form acyl-CoA or to acyl carrier proteins (ACPS)

to form acyl-ACP. Fatty acids serve numerous

25 physiological functions. For example, they may be

joined through an ester linkage to fatty alcohols to

form waxes, and to glycerol molecules through ester

linkages to form triglycerides.

Linear wax esters are lipophilic compounds

30 containing a long chain fatty alcohol esterified to

1
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a long chain fatty acid. In naturally occurring wax

esters, the fatty alcohol and fatty acid moieties

typically each contain 16 to 24 carbons and may

contain one or more unsaturations. Such wax esters

5 are found in a number of different organisms. For

instance, wax esters are the principal component of

spermaceti oil which, until recently, was obtained

from the head cavity of sperm whales (Physeter

macrocephalus) . In 1979 the United states banned the

10 import of all cetacean products and in 1982 the

European Community enacted similar legislation.

Since this time, the only natural source of wax

esters on a commercial scale has been the seeds of

jojoba (Simmondsia chinensis Link), a bush or shrub

15 that is adapted to growth in hot arid habitats. In

jojoba, waxes are stored in

where they serve as a means

developing seedlings. Wax

found in several species of

the seeds of the plant

of energy storage for

esters have also been

bacteria such as

20 Acinetobacter calcoaceticus, a gram negative aerobic

bacteria that accumulates wax esters when grown

under nitrogen limited conditions (Fixter et

al.1986) . Although these organisms are very diverse,
.

examination of the chemical structures of the waxes

25 they produce reveals that these waxes are very -

similar to each other structurally, in terms of their

fatty acid and fatty alcohol components, carbon chain

lengths and degree of saturation.

Wax esters have important commercial

30 applications in a variety of technical areas,

including the medical, cosmetics and food industries

as well as their more traditional usage as lubricants

for mechanical parts and the like. Consequently,

2
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enzymes and enzymatic pathways which are involved in

production of waxes have great potential utility for

more efficient production of known waxes, as well as

for production of useful novel compounds.

5 Likewise, fatty alcohols and aldehydes have

important commercial uses, e.g. as solvents,

lubrication oil additives, plasticizers, nonionic

surfactants, in pharmaceutical compositions as salves

and lotions and as ingredients in cosmetics.

10 The wax esters obtained from jojoba can replace

sperm whale oil in most or all traditional uses.

They are useful for applications in cosmetics, as a

lubricant, as an additive for leather processing, as

a carrier for pharmaceuticals and as a solvent.

15 Hydrogenation of the wax to eliminate double bonds

produces a hard wax which is useful for surface

treatments, in textile sizing, in coating paper

containers and in cosmetics (eg., lipstick and

creams) . Sulphurization of the wax or other

20 modifications make the substance useful in specialty

lubricant applications, as a textile softener, as a

component of printing inks, and as a component in

many technical products such as corrosion inhibitors,

surfactants, detergents, disinfectants, plasticizers,

25 resins and emulsifiers. For some of these

applications the fatty alcohol derived by hydrolysis

of the wax ester is the most valuable ingredient

derived from the wax ester. However, because the

yield of the jojoba plant is relatively low, the oil

30 is relatively expensive compared with edible oils

from plants or technically comparable materials from

petroleum. Thus , there has been interest in

developing an alternate biological source of wax

3
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esters and long-chain alcohols. One possibility, in

this respect, is to modify a microbial species for

efficient production of wax esters or long-chain

alcohols. Another possibility is to transfer the

5 capability to produce wax esters or long-chain fatty

alcohols to highly productive plant species.

Acyl-CoA compounds are utilized as substrates by

fatty acyl reductases to form primary fatty alcohols

in a two step process in which aldehydes are

10 intermediate products. The alcohol product can then

be joined through an ester linkage to a fatty acid to

form a wax. Thus , fatty acyl reductases are involved

in the production of fatty alcohols, aldehydes and

wax esters.

15 The most detailed published information

concerning wax ester biosynthesis concerns wax

biosynthesis in jojoba where it appears that two

enzymes catalyze the formation of wax esters (Pollard

and Metz 1995; Metz et al. 1995) . The first step of

20 the pathway is catalyzed by a fatty acyl-CoA

reductase which is highly substrate-specific for

tetracosenoyl-CoA (a 24 carbon acyl-CoA), and is

known to catalyze the formation of a long chain

alcohol directly from this substrate via an aldehyde

25 intermediate (Pollard and Metz 1995) . The second-

enzyme, an acyl-CoA-fatty alcohol transferase

catalyzes the formation of an ester linkage between

acyl-CoA and a fatty alcohol to yield a wax ester.

Assays on this enzyme, found it to be acyl-CoA

30 specific, preferring C20-monounsaturated acyl-CoA’s

and Clq and Cl~ mono- and di- unsaturated fatty

alcohols (Metz et al. 1995) .

Relatively little is known in detail about the -
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biochemical mechanisms of wax ester production in

bacteria. It is generally believed that the starting

substrate is either acyl-ACP or acyl-CoA. The acyl

compound is thought to be reduced to the

5 corresponding aldehyde by an acyl-ACP or acyl-CoA

reductase. An aldehyde intermediate has been

proposed to occur based on the observation of a

constitutive NAD-dependent long chain alkanal

dehydrogenase and an inducible (induced in the

10 presence of alkanes) NADP-dependent alkanal

dehydrogenase in crude extracts of Acinetobacter

strain HOI-N (Fox et al. 1992; Singer and Finnerty

1985c) . With this observed activity from these two

enzymes, it was proposed that one, or both, of the

15 enzymes might be catalyzing the reverse reaction,

reducing acyl-ACP to the corresponding aldehyde.

However, no direct evidence was put forth to support

this idea. The second’step in wax ester formation

involves the reduction of the fatty aldehyde to its

20 corresponding fatty alcohol. Here again, the same

logic was proposed. Two independent reports describe

cofactor dependent and independent fatty alcohol

dehydrogenases which have been proposed to play a

role in wax ester biosynthesis (Fox et al. 1992;

25 Singer and Finnerty 1985b). However, these reports

are based on the use of crude extracts which may

contain many different enzymes of similar function.

Thus , nothing about the relevant enzymes is known

with any degree of certainty based on previous

30 published studies.

Several U.S. patents disclose fatty acyl

reductase proteins isolated from plants.

5
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Us. Patent No. 5,403,918 describes a partially

purified fatty acyl reductase protein produced from

jojoba embryos with activity towards acyl substrates

having chain lengths from 16 to 24 carbon atoms.

5 This enzyme is NADPH dependent, has a molecular mass

of about 53 kD, and prefers very long chain acyl-CoA

substrates.

U.S. Patent No. 5,411,879 discloses partially

purified proteins of about 32 kD and 47 kD obtained

10 from jojoba embryos which are proposed to be

components of an NADPH-dependent fatty acyl-CoA

reductase, and two short amino acid sequences

obtained from the 47 kD protein.

U.S. Patent No. 5,370,996 discloses the nucleic

15 acid sequence and translated amino acid sequence of a

jojoba fatty acyl reductase.,.

From the limited amount of information available

about the fatty acyl reductases from jojoba it

appears that the enzyme has a strong substrate

20 preference for acyl groups of 20 carbons or more in

length. By contrast, the fatty acyl reductase from “

A. calcoaceticus appears to preferentially utilize

shorter chain fatty acyl substrates. Growth of

cultures in minimal mineral media with succinate or

25 acetate as a carbon source produced wax esters in

which about 50% were composed of two 16 carbon acyl

groups and another 40% had one 16 carbon acyl group

(Dewitt et al. 1982). By growing the bacteria in

minimal mineral media with hexadecane (a 16 carbon

30 alkane) as a carbon source 100% of the waxes were 32

carbons in length. Incubation of cultures in longer

chain alkanes was found to give rise to wax ester

compositions of C2~, Cz~.zand Cz~-Q(Dewitt et al.

6
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1982). Thus, the

bacterial enzyme

alcohols and wax

composition than

availability of genes encoding the

may permit the production of fatty

esters of different chemical

the jojoba enzyme. Also, since it

is not known what regulates the activity of fatty

acyl reductases, the bacterial enzymes described here

may have different mechanisms of regulation than the

jojoba enzyme. It is also shown that the enzymes of

this invention are closely related to an enzyme that

participates in the formation of mycolic acid, a

lipophilic constituent of the human pathogen

Mycobacterium tuberculosis. Thus , the detailed

information concerning the genes and enzymes of this

invention may be used to facilitate the design of new

drugs that inhibit the growth of this species by

inhibiting the acyl-CoA reductase of this invention.

The enzyme of the present invention shows significant

amino acid sequence similarity to two open reading

frames from otherwise anonymous cDNA clones from the

plant Arabidopsis thalia.na (L.) and describe methods

for showing the acyl COA reductase activity of the

gene products corresponding to those plant genes.

The Arabidopsis genes can be used to obtain

structurally similar genes from other plant species

by a variety of methods that are known to those -

skilled in the art. In particular, the Arabidopsis

genes may be used as hybridization probes to screen

cDNA or genomic libraries prepared from other

species. Alternately, the genes from other species

may be recognized by scanning databases of partially

or completely sequenced.cDNA clones for clones that

exhibit significant nucleotide or deduced amino acid

sequence similarity. For instance genes that exhibit

7
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greater than about 60% overall nucleotide similarity

and as little as about 30% deduced amino acid

sequence similarity are typically considered to be

genes or gene products of similar or identical

5 function. Extensive collections of such partial

sequences are already available for a number of

plants species and the collections are expected to

expand in the near future. In addition, the

sequences of the Arabidopsis gene products may be

10 used to design degenerate oligonucleotide primers

that encode all codons capable of producing a given

region of amino acid sequence. Pairs of primers can

then be used to amplify a fragment of a corresponding

gene from genomic DNA or cDNA of another species, and

15 the amplified fragment may then be used as a

hybridization probe form the complete gene or cDNA
.,

sequence.

SUMMARY OF THE INVENTION

It is an object of the invention to provide an

20 acyl-CoA reductase protein which is active in the

formation of a fatty aldehyde intermediate from a

fatty acyl COA substrate. No gene encoding an enzyme

of this class has previously been d~scribed in the

scientific literature. The sequence of the gene and

25 polypeptide do not exhibit significant sequence

homology to any other enzyme or gene of proven

function. Of particular interest, although the

invention is not limited thereto, is an acyl-CoA

reductase protein from a bacterium, especially the

30 bacterium A. calcoaceticus.

It is also an object of the invention to provide

an amino acid sequence for an acyl-CoA reductase

8
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protein and a nucleic acid sequence which encodes

such a protein. It is a particular object of the

invention to provide nucleic acid and amino acid

sequences for acyl-CoA reductase from the bacterium

5 A. calcoaceticus as exemplified by SEQ ID NO:l and

SEQ ID NO:2.

The term acyl-CoA reductase protein, as used

herein, is intended to mean any sequence of amino

acids, including proteins, polypeptides and peptide

10 fragments, which is active in catalyzing the

reduction of acyl-CoA to the corresponding aldehyde.

Although the enzyme of this invention exhibits

demonstrable in vitro activity with acyl-CoA

substrates, the existence of homologous enzymes that

15 utilize acyl-ACP substrates is envisioned because of

the existence of other enzymes that utilize both

acyl-CoA or acyl-ACP substrates. An example of such

an enzyme is stearoyl-ACP desaturase (Shanklin and

Somerville, 1990) .

20 A reductase of the invention may be active with

a variety of acyl-CoAs, including those of different

carbon chain lengths and degrees of saturation,

although it may be more highly active with specific

preferred substrates. In general, the reductase of

25 the invention has activity towards at least those-

acyl-CoA substrates wherein the chain length of the

acyl group is between 14 and 24 carbons, more

preferably between 16 and 20 carbons (Dewitt et al.,

1982) . The substrate may be saturated or

30 unsaturated.

A nucleic acid sequence encoding a bacterial

acyl COA reductase of the invention is considered to

include genomic, cDNA and mRNA sequences. The term

9
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encoding, as used herein, is intended to mean that

the sequence corresponds to a particular amino acid

sequence either in a sense or anti-sense orientation.

The term recombinant, as used herein, is intended to

5 mean that the sequence contains a genetically

engineered modification through manipulation via

mutagenesis, cleavage with restriction enzymes, and

the like. The degree of similarity or identity

between two sequences can be determined by computer

10 algorithms such as FASTA or BLAST (Altschul et al.,

1990) when the sequences are known by direct

comparison of the amino acid or nucleotide sequences,

or where one or both are unknown, through

hybridization reactions between the sequences.

15 Other fatty acyl reductases are obtainable from

the specific exemplified sequences provided herein.

Furthermore, it will be apparent that one can obtain

natural and synthetic fatty acyl reductases including

modified amino acid sequences and starting materials

20 for synthetic-protein modeling from the exemplified

bacterial fatty acyl reductase and from fatty acyl

reductases which are obtained through the use of such

exemplified sequences. Modified amino acid sequences

include sequences which have been mutated, truncated,

25 increased and the like, whether such sequences we?e

partially or wholly synthesized. Sequences which are

actually purified from bacterial preparations or are

identical or encode identical proteins thereto,

regardless of the method used to obtain the protein

30 or sequence, are equally considered naturally

derived.

Thus , one skilled in the art will readily

recognize that antibody preparations, nucleic acid

10
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probes (DNA and RNA) and the like may be prepared and

used to screen and recover “homologous” or “related”

fatty acyl reductases from a variety of bacterial

sources. Typically, nucleic acid probes are labeled

5 to allow detection, preferably with radioactivity

although enzymes or other methods may also be used.

For immunological screening methods, antibody

preparations either monoclinal or polyclonal are

utilized. Polyclonal antibodies, although less

10 specific, typically are more useful in gene

isolation. For detection, the antibody is labeled

using radioactivity or any one of a variety of second

antibody/enzyme conjugate systems that are

commercially available.

15 Homologous sequences are found when there is an

identity of sequence and may be determined upon

comparison of sequence information, nucleic acid or

amino acid, or through hybridization reactions

between a known fatty acyl reductase and a candidate

20 source. Conservative changes, such as Glu/Asp,

Val/Ile/Leu, Ser/Thr, Arg/Lys and Gln/Asn may also be

considered in determining sequence homology. In

general, these substitutions are expected to have

relatively minor effects on the structure and

25 function of a protein and are considered to be -

equivalent. Insertions or deletions of one or two

amino acids are also considered to be neutral.

Typically, a lengthy nucleic acid sequence may show

as little as 50-60% sequence identity, and more

30 preferably at least about 70% sequence identity,

between the target sequence and the given bacterial

fatty acyl reductase of interest excluding any

deletions which may be present, and still be

11
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considered related. Amino acid sequences are

considered to be evolutionarily related, and

therefore of similar or identical function, when they

exhibit as little as as 25% sequence identity between

regions of about 100 amino acids or more(See

generally, Doolittle, 1986) .

A genomic or other appropriate library prepared

from the candidate organism of interest may be

probed with conserved sequences from the fatty acyl-

COA reductase to identify homologously related

sequences. Use of an entire coding sequence or other

sequence may be employed if shorter probe sequences

are not identified. Positive clones are then

analyzed by restriction enzyme digestion and/or

sequencing. Probes can also be considerably shorter

than the entire sequence. Oligonucleotides may be

used, for example, but should be at least about 10,

preferably at least about 15, more preferably at

least 20 nucleotides in length. When shorter length

regions are used for comparison, a higher degree of

sequence identity is required than for longer

sequences. Shorter probes are often particularly

useful for polymerase chain reactions (PCR),
.

especially when highly conserved sequences can be

identified. (See, Gould, et al., PNAS USA (1989)-

86:1934-1938.)

When longer nucleic acid fragments are employed

(>100 bp) as probes, especially when using complete

or large cDNA sequences, one would screen with low

stringencies (for example 40-50°C below the melting

temperature of the probe) in order to obtain signal

from the target sample with 20-50% sequence

deviation.

12
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In a preferred embodiment, a bacterial fatty

acyl COA reductase of this invention will have at

least about 30% overall amino acid sequence identity,

and more preferable at least about 50% overall amino

5 acid sequence identity with the exemplified bacterial

fatty acyl COA reductase. In particular, bacterial

fatty acyl COA reductases which are obtainable from

an amino acid or nucleic acid sequence of an A.

calcoaceticus fatty acyl COA reductase are especially

10 preferred.

Sequences such as shown in SEQ ID NO:l be used

to identify homologous fatty acyl reductases, and the

resulting sequences obtained therefrom may also

provide a further method to obtain bacterial fatty

15 acyl COA reductases from other sources. In

particular, PCR may be a useful technique to obtain

related bacterial fatty acyl COA reductases from

sequence data provided herein. One skilled in the

art will be able to design oligonucleotide probes

20 based upon sequence comparisons or regions of

typically highly conserved sequence. Of special

interest are nucleic acid probes, or preferably PCR

primers, based upon the sequence of amino acids from

residue 20-29 and 98-106 and 125-131 and 196-204 in

25 SEQ ID NO:2 because these regions of sequence are-

shown herein to be highly conserved between acyl-CoA

reductases from different species of bacteria.

Details relating to the design and methods for a PCR

reaction using these probes is described more fully

30 in the examples.

It should also be noted that the bacterial fatty

acyl COA reductases from a variety of sources can be

used to investigate fatty acid reduction in a wide

13
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variety of bacterial and in vivo applications.

Because all bacteria appear to synthesize fatty acids

via a common metabolic pathway, the study and/or

application of one bacterial fatty acyl COA reductase

5 to a heterologous bacterial host may be readily

achieved in a variety of species.

Once the nucleic acid sequence is obtained, the

transcription, or transcription and translation

(expression), of the bacterial fatty acyl-CoA

10 reductase in a host cell is desired to produce a

ready source of the enzyme and/or modify the

composition of fatty acids, alcohols, aldehydes

and/or wax esters found therein. Other useful

applications may be found when the host cell is a

15 plant host cell.

.. For example, by increasing the amount and kind

of fatty acyl COA reductase available to a plant, the

production of fatty alcohols may be achieved. When

the production of such fatty alcohols takes place in

20 plants that also contain an endogenous or introduced

gene for fatty acyl-CoA:fatty alcohol acyltransferase

such as that disclosed in US patent 5,445,947, it is

envisioned that wax esters will be synthesized.

While an acyl COA reductase which is obtainable

25 from A. calcoaceticus is especially preferred, -

reductases from other species such as Mycobacterium

tuberculosis and other species of bacteria are also

included. The acyl COA reductases of the invention

may have preferential activity toward longer or

30 shorter chain fatty acyl substrates, or toward

substrates with different degrees of saturation.

For example, palmitoyl-CoA (16:0-COA), stearoyl-CoA

(l8:O-COA) and palmitoleoyl-CoA (16:l&7-COA) are

14



substrates for the enzyme from A. calcoaceticus.

Preferential activity of a reductase of the invention

toward a particular fatty acyl substrate can be

determined by comparison of rates of fatty alcohol

5 product formation obtained with different substrates.

It is a further object of the invention to

provide cells containing recombinant constructs

coding for acyl-CoA reductase seqyences. Cells which

contain the preferred reductase from the bacterium A.

10 calcoaceticust especially as disclosed in SEQ ID NO:l

are of particular interest.

It is yet an additional object of the invention

to provide host cells containing the reductase of the

invention as a result of the expression of the

15 recombinant constructs of the invention, and thereby

provide a method of producing and optionally

recovering the reductase of the invention from a host

cell.

It will be recognized that not only the

20 reductase of the invention, but also the products of

the reductase may be produced and recovered from host

cells under suitable conditions. Thus , it is a

further object of the invention to provide a host

cell and means of production for the products of the

25 reductase. Such products are considered to include

not only aldehydes which may be the immediate result

of the activity of the reductase on acyl-CoA, but

also alcohols, waxes and wax esters that may result

from the further action of cellular enzymes on such

30 aldehydes. This is considered to include enzymes

which are naturally present in the host cell, or

those which are introduced by genetic engineering

methods. For example, the genes for wax sy-nthases

15
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from bacteria, fungal, plant or animal sources may be

used in conjunction with the genes of this invention

to produce wax esters in transgenic hosts. As

mentioned above, among the useful end products

5 contemplated in this regard are wax esters. However,

in addition to wax synthases that utilize only long

chain fatty acyl-CoA substrates, wax synthase enzymes

that utilize short chain acyl-CoAs, or other COA

species may be used to produce novel esters of the

10 long-chain alcohols of this invention.

The term wax or wax ester, as used herein, is

intended to mean the ester of a fatty acid and a long

chain alcohol.

The term fatty acid, as used herein, is intended

15 to mean an organic, acid of carbon chain length 8-34

,. which contains a terminal carboxyl group. With

reference to the fatty acyl-CoA substrate for the

acyl-CoA reductase, a fatty acid may be saturated or

unsaturated, straight or branched chain. When

20 referring to the fatty acyl-CoA substrate for wax

synthase, no specific limitations are envisioned on

the structure of the compound.

The term acyl, as used herein i,sintended to

mean a fatty acid radical derived from a fatty acid

25 by the removal of the hydroxyl group.

The term fatty alcohol, as used herein, is

intended to mean an organic alcohol of carbon chain

length 8-34.

The term fatty acyl substrate, as used herein,

30 is intended to mean acyl-CoA and acyl-ACP.

The term aldehyde, as used herein, is intended

to mean any aldehyde which is the product of the

action of the acyl-CoA reductase of the invention on

16
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an acyl-CoA substrate.

The compositions and methods of the invention

have many important scientific and industrial

applications. The DNA sequence of the reductase of

5 the invention can be used to identify similar genes

from other organisms. This can be done by using the

DNA (SEQ ID No 1) and protein sequence (SEQ ID NO 2)

as a template to search the DNA databases for other

genes and proteins with similar sequences.

10 Additionally, the protein sequence can be used to
e

construct degenerate oligonucleotides which can be

used together with PCR to isolate similar genes

(Gould et al., 1989). AIso, the gene itself can be

labelled and used as a probe to identify other genes

15 by low stringency Southern analysis.

Because of the gene’s direct involvement in wax

ester biosynthesis, it has many important industrial

uses. It could be up regulated in A. calcoaceticus

or other microbial species to overproduce wax esters

20 for commercial production, or used to transform other

organisms for fatty alcohol and fatty aldehyde

production. Additionally the gene could be used in

combination with a gene encoding a wax ester synthase

for the synthesis of wax esters. Yeasts are

25 candidates for wax ester production. Plants are also

excellent candidates for wax ester production.

Expression of the gene in seed tissues could also

allow a seed to accumulate significant quantities of

fatty alcohols, fatty aldehydes or wax esters. Seed

30 could then be harvested from such transformed species

and extracted for the alcohols, aldehydes or waxes,

instead of oil. The wax esters produced from a

transgenic species, or from A. calcoaceticus itself

-- ~-- 7--, - -1 f ,, -.m-. m..-—, --- ,,<..7. --- -
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have many industrial applications, acting as

substitutes for sperm whale oil and jojoba oil due to

their similar chemical properties. These esters

could be used as lubricants to reduce friction

5 between mechanical parts, additionally, they could be

used in steel cutting oil. Wax esters also play a

very important role in the cosmetics industry where

they are incorporated into creams, oils, balms,

shampoos and conditioners. Other possibilities for

10 wax esters lie in the medical community. Here,

because of the inability of many organisms to utilize

wax esters as a carbon source, and because of their

hydrophobic nature, they can act as delivery vehicles

for the transportation of medicines in the form of

15 salves and lotions to individuals suffering from skin

,. ailments, burns or injuries. Wax esters can also be

used to coat medicinal compositions for ease of

administration or to introduce more controlled

release rates from tablets and capsules. Another

20 medical use of wax esters are as a medical treatment

in the form of a laxative.

Because they are not readily metabolized, wax

esters might also have utility as foeodadditives in

the form of a “calorie free” fat. The liquid wax

25 esters produced by A. calcoaceticus and other spe~ies

could be used as a fat substitute for production of

fat-free snacks and the like. Foods cooked and fried

in such an ingredient would have all the properties

of a food cooked in such a manner (texture and

30 possibly taste), but without the undesired effects of

calories. It might also be used in part, or as a

substitute, in such products as salad dressings,

making them “fat-free”, or lower in fat.

18
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The reductase gene of the invention from A.

calcoaceticus is particularly unique in the fact that

the waxes produced from A. calcoaceticus can be very

different. For example, it has been obsened that

5 when A. calcoaceticus is grown in the presence of

hydrocarbons of different chain lengths and

saturation, those hydrocarbons are directly converted

into wax esters (Dewitt et al., 1982) . Although it

is not known how many different acyl-CoA reductases

10 are present in this species, the implication is that

if only one enzyme is present it is capable of

accepting fatty acyl-CoA substrates of different

chain lengths. This is in contrast to observations

in other species. For example, in jojoba and sperm

15 whales, wax esters are of a particular size and

saturation, suggesting that the enzymes from these

species may be highly substrate specific. This

allows for “custom” wax ester production in A.

calcoaceticus where one could vary the carbon sources

20 in the growth medium, thus giving rise to unique wax

esters that vary in carbon length and saturation. In

this manner a mixture of wax esters can be produced

with different fatty acid and fatty alcohol segments

depending on what is included in the culture medium.

25 Conversely, it will also be possible to produce -

specifically sized wax esters with a known degree of

saturation. Because of the lack of substrate

specificity, in vivo or in vitro synthesis of “custom

made” wax esters having unique substrates that branch

30 off the alkoxy and acyl segments of the wax esters is

possible. This will allow for new kinds of polymers

of waxes, or waxes with active side chains that could

be used in other industrial applications or in

19



naturally found joined to the acyl-CoA reductase,

including, for example, combination of nucleic acid

sequences from the same organism which are not

naturally found joined together.

5 Potential host cells include both prokaryotic

and eukaryotic cells. A host cell may be unicellular

or found in a multicellar differentiated or

undifferentiated organism depending upon the intended

use. Cells of this invention may be distinguished by

10 having an acyl-CoA reductase foreign to the wild-type

cell present therein, for example, by having a

recombinant nucleic acid construct encoding an acyl-

COA reductase therein.

Depending upon the host, the regulatory regions

15 will vary, including regions from viral, plasmid or

chromosomal genes, or the like. For expression in

prokaryotic or eukaryotic microorganisms,

particularly unicellular hosts, a wide variety of

constitutive or regulatable promoters may be

20 employed. Expression in a microorganism can provide

a ready source of the enzyme. Among transcriptional

initiation,regions which have been described are

regions from bacterial and yeast hosts, such as E.

coli, B. subtilis, Saccharomyces cerevisiae,

25 including genes such as beta-galactosidase, T7 -

polymerase, tryptophan E and the like.

In some instances, the constructs will involve

regulatory regions functional in plants which provide

for modified production of an acyl-CoA reductase, and

30 possibly, modification of the fatty acid composition.

The open reading frame,

reductase or functional

joined at its 5’ end to

coding for the acyl-CoA

fragment thereof will be

a transcription initiation

21
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regulatory region such as the wild-type sequence

naturally found 5’ upstream to a highly expressed

plant structural gene. Numerous plant transcription

initiation regions are available which provide for

5 transcription of the structural gene functions in a

wide variety of cell and tissue types. Among

transcriptional initiation regions used for plants

are such regions associated with the structural genes

such as the promoters for nopaline and mannopine

10 synthases, or with the napin promoter, the

cauliflower mosaic virus 35S promoters and the like.

The transcription/translation initiation regions

corresponding to such structural genes are found

immediately 5’ upstream to the respective start

15 codons. In embodiments wherein the expression of the

.. acyl-CoA reductase protein is desired in a plant

host , the use of part of the complete acyl-CoA

reductase gene is desired; namely the structural gene

sequence may be employed. In general a different

20 promoter is desired, such as a promoter native to the

plant host of interest or a modified promoter, i.e.,

having transcription initiation regions derived from

one gene source and translation initiation regions

derived from a different gene source, including the

25 sequence encoding the acyl-CoA reductase of interest,

or enhanced promoters, such as double 35s CaM’V

promoters, the sequences may be joined together using

standard techniques.

For such applications when 5’ upstream non-

30 coding regions are obtained from other genes

regulated during seed maturation, those

preferentially expressed in plant embryo tissue, such

as napin-derived transcription initiation control

22
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regions, are desired. The properties and uses of ~

such seed-specific promoters are summarized in a

review by M. Bevan, V. Colot, K.M. fiammond et al.

(1993) Transcriptional control of plant storage

5 protein genes. Phil. Trans. Roy. Sot. Lend. Biol.

Sci. 342,209-215. Such ‘seed-specific promoters’ may

be obtained and used in accordance with the teachings

of Us. Patent No. 5,420,034, issued May 30, 1995,

entitled “Seed-specific Transcriptional Regulation”,

10 and U.S. Patent No. 5,530,194 issued June 25, 1996

entitled “Sequences Preferentially Expressed In

Early Seed Development and Methods Related Thereto, ”

which patents are hereby incorporated by reference.

Transcription initiation regions which are

15 preferentially expressed in seed tissue, i.e., which

are undetectable in other plant parts, are considered

desirable for fatty acid modifications in order to

minimize any disruptive or adverse effects of the

gene product.

20 Regulatory transcript termination regions may be

provided in DNA constructs of this invention as well.

Transcript termination regions may be provided by the

DNA sequence encoding the fatty acyl reductase or a

convenient transcription termination region derived

25 from a different gene source, for example, the -

transcript termination region which is naturally

associated with the nopaline synthase gene from

23
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Agrobacterium tumefaciens. Where the transcript

termination region is from a different gene source,

it will contain at least about 0.5 kb, preferably

about 1-3 kb of sequence 3’ to the structural gene

5 from which the termination region is derived.

Plant expression or transcription constructs

having an acyl-CoA reductase as the DNA sequence of

interest for increased or decreased expression

thereof may be employed with a wide variety of plant

10 life, particularly, plant life involved in the

production of vegetable oils for edible and

industrial uses. Most especially preferred are

temperate oilseed crops. Plants of interest include,

but are not limited to rapeseed (Canola and high

15 erucic acid varieties) , sunflower, safflower, cotton,

,, Cuphea, soybean, peanut, coconut, Brassica juncea,

crambe, “oil palms and corn. Depending on the method

for introducing the recombinant constructs into the

host cell, other DNA sequences may be required.

20 Importantly, this invention is applicable to

dicotyledonous and monocotyledons species alike and

will be readily applicable to new and/or improved

transformation and regulation techniques.

The method of transformation is not critical to

25 the instant invention; various methods of plant -

transformation are currently available. As newer

methods are available to transform crops, they may be

directly applied hereunder. For example, many plant

species naturally susceptible to Agrobacterium

30 infection may be successfully transformed via

tripartite or binary vector methods of Agrobacterium

mediated transformation. In addition, techniques of

microinjection, DNA particle bombardment,

24

,..7=V -7P ... .,.,

.. Tr,---.---, :- - - . ,,,---- -,------ -.. ,-- - ~. ,.(., . .



electroporation have been developed which allow for

the transformation of various monocot and dicot plant

species.

In developing the DNA construct, the various

5 components of the construct or fragments thereof will

normally be inserted into a convenient cloning vector

which is capable of replication in a bacterial host,

e.g., E. coli. Numerous vectors exist that have been

described in the literature. After each cloning, the

10 plasmid may be isolated and subjected to further

manipulation, such as restriction, insertion of new

fragments, ligation, deletion, insertion, resection,

etc. , so as to tailor the components of the desired

sequence. Once the construct has been completed, it

15 may then be transferred to an appropriate vector for

further manipulation in accordance with the manner of

transformation of the host cell.

Normally, included with the DNA construct will

be a structural gene having the necessary regulatory

20 regions for expression in a host and providing for

selection of transformant cells. The gene may

provide for resistance to a cytotoxic agent, e.g.,

antibiotic, heavy metal, toxin, etc., complementation

providing prototrophy to an auxotrophic host, viral

25 immunity or the like. Depending upon the number ~f

different host species into which the expression

construct or components thereof are introduced, one

or more markers may be employed, where different

conditions for selection are used for the different

30 hosts .

It is noted that the degeneracy of the DNA code

provides that some codon substitutions are

permissible of DNA sequences without any

25
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corresponding modification of the amino acid

sequence.

As mentioned above, the manner in which the DNA

construct is introduced into the plant host is not

critical to this invention. Any method which

provides for efficient transformation may be

employed. Various methods for plant cell

transformation include the use of Ti- er Ri-plasmids,

microinjection, electroporation, DNA particle

bombardment, liposome fusion, DNA bombardment or the

like. In many instances, it will be desirable to

have the construct bordered on one or both sides of

T-DNA, particularly having the left and right

borders, more particularly the right border. This is

particularly useful when the construct uses A.

tumefaciens or A. rhizogenes as a mode for

transformation, although the T-DNA borders may find

use with other modes of transformation.

Where Agrobacterium is used for plant cell

transformation, a vector may be used which may be

introduced into the Agrobacterium host for homologous

recombination with T-DNA or the Ti- or Ri-plasmid

present in the Agrobacteriu.m host. The Ti- or Ri-

plasmid containing the T-DNA for recombination may be

armed (capable of causing gall formation) or disarmed

(incapable of causing gall), the latter being

permissible, so long as the vir genes are present in

the transformed Agrobacterium host. The armed

plasmid can give a mixture of normal plant cells and

gall.

In some instances where Agrobacteriun is used as

the vehicle for transforming plant cells, the

expression construct bordered by the T-DNA border(s)

26



.

will be inserted into a broad host spectrum vector,

there being many appropriate derivatives of broad

host spectrum vectors described in the literature.

(See, for example, K. Lindsey (1996) Plant

5 Transformation systems. In Transgenic Plants: A

production System for Industrial and Pharmaceutical

Proteins, MRL Owen and J pen, eds., John Wiley & Sons

Ltd, NY pp 1-25). Included with the expression

construct and the T-DNA will be one or more markers,

10 which allow for selection of transformed

Agrobacterium and transformed plant cells. A number

of markers have been developed for use with plant

cells, such as resistance to kanamycin, the

aminoglycoside G418, hygromycin, or the like. The

15 particular marker employed is not essential to this

invention, the preferred marker in a given situation

depending on the particular host and the manner of

construction.

For transformation of plant cells using

20 Agrobacteri um, explants may be combined and incubated

with the transformed Agrobacterium for sufficient

time for transformation to occur, the bacteria

killed, and the plant cells cultured in an

appropriate selective medium. Once callus forms,

25 shoot formation can be encouraged by employing the

appropriate “plant hormones in accordance with known

methods and the shoots transferred to rooting medium

for regeneration of plants. The plants may then be

grown to seed and the seed used to establish

30 repetitive generations and for isolation of vegetable

oils.

The invention now being generally described, it

will be more readily understood by reference to the

27
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following examples which are included for purposes of

illustration only and are not intended to limit the

present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

5 Figure 1 The structure of plasmid pSER2.

Figure 2 Approximate location of Tn-10 insertions in

cosmid 4A-55 that inactivate the acyl COA reductase

gene that complements the WOW15 mutation of A.

calcoaceticus. The insert DNA is represented by the

10 narrow horizontal line. The cosmid vector is

represented by the heavy horizontal line. The arrows

facing the insert represent the position and

,,
orientation of oligonucleotide primers PI and P2. The

vertically oriented arrowheads represent the

15 locations of Tn-10 insertions that inactivate the

acrl gene. symbols : E, EcoRI, H, HpaI, K, KpnI, S,

SalI, Sm,

Figure 3

sequence

SmaI, X, XhoI.

Alignment of the deduced amino acid

of a fatty acyl-CoA reductase with the

20 corresponding gene from A. calcoaceticus, and the

locations of an EcoRV restriction site and region= of

sequences homologous to oligonucleotide primers used

in manipulations of the nucleic acid sequence.

Figure 4 TLC separation of lipid standards (lane 1)

25 and neutral lipids extracted from A. calcoaceticus

wild type (lane 2), the WOW15 mutant (lane 3) and the

WOW15 mutant transformed with pSER2:acrl (lane 4) .

symbols : W, wax esters, TG, triacylglycerol, Ale,

28
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hexadecanol, O, origin.

Figure 5 FASTA alignment of regions of amino acid

sequence of the A. calcoaceticus acrl gene product

with 0RF2 from GenBank accession number U27357

encoding a polypeptide of unknown function from

Mycobacterium tuberculosis.

Figure 6 Phosphorimage of TLC plate showing the

products from acyl COA reductase enzyme assays in

which the source of protein extract was the soluble

(lane 1) or insoluble (lane2) fraction from extracts

of E. coli containing the vector pET21, or soluble

(lane 3) or insoluble (lane 4) fraction from E. coli

containing pET:acrl. Symbols, FA, fatty aldehyde;

Ale, fatty alcohol.

Figure 7 FASTA alignment of a region of A.

calcoaceticus acrl gene product with an open reading

frame on an

Arabidopsis

T21872) .

and 227263

anonymous partial

thaliana (GenBank

cDNA sequence from

accession number

Figure 8 FASTA alignment of a region of A. -

calcoaceticus acrl gene product with an an open

reading frame dn anonymous partial cDNA sequence from

Arabidopsis thaliana (GenBank accession number

227263) .
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DETAILED DESCRIPTION OF THE INVENTION

Example 1

Isolation of mutants of Acinetobacter deficient in

wax ester accumulation.

5 Typically when A. calcoaceticus is grown under

nutrient starvation conditions it accumulates wax

esters internally as a means of carbon storage. A

mutant of A. calcoaceticus strain BD413, designated

WOW15, was identified, which failed to accumulate wax

10 esters when grown under wax inducing (nitrogen

stanation) conditions.

Growth of bacteria

The A. calcoaceticus strains used in the

procedures described here are all derived from

15 ATCC#33305 (also known as strain BD413) .

Low nitrogen minimal medium (per liter, 2.0 g

KH2P04, 1.18 g succinic acid, 0.1 g NHQSOq,pH

adjusted to 7.0 with solid KOH, after autoclaving add

20 ml of sterilized 2% MgS04) was used in experiments

20 with A. calcoaceticus strain BD413 to induce wax

ester formation. High nitrogen minimal medium was

the same as the above except that it also contained

1.0 g NHASOQ per liter. For other p~rposes such as

DNA isolation, A. calcoaceticus was grown and

25 maintained on LB medium (10 g bactotryptone, 5 g -

bacto-yeast extract and 10 g NaCl per liter, pH 7.0) .

For chemical feeding experiments in which compounds

such as hexadecane, hexadecanol and cis-ll-

hexadecenal were provided as carbon sources, the

30 above minimal media were used with the addition of

0.3% of the substrate. Hexadecane and hexadecanol

were sonicated for approximately 2 minutes in the

media to generate a suspension. A. calcoaceticus

30
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cultures were typically grown overnight at 30”C. In

the case of larger volume cultures(i.e. 50 mls and

larger), 3 ml overnight cultures were collected by

centrifugation, the cell pellet was washed in new

media, recentrifuged and then added to the fresh

media, before being incubated at 30”c overnight.

Maintenance and growth of l?scherichiacoli stains was

on LB with appropriate antibiotics. Antibiotics were

used in the following concentrations: Ampicillin 100

#g/ml, Chloramphenicol 50 pg/ml, Kanamycin 25 pg/ml,

Rifampicin 50 pg/ml and Tetracycline 15 pg/ml.

Isolation of mutants

In order to isolate mutants deficient in wax

ester accumulation, a 22 ml culture of

calcoaceticus strain BD413 was grown in

30”c until the observed optical density

approximately 0.6. At this point, 2.3

nitrosoguanidine (NTG) (0.1 mg/ml final

A.

LB broth at

at 600nm was

mg of

concentration) was added and the culture was allowed

to incubate for an additional 50 minutes at room

temperature with shaking. At 30 and 50 minutes a 3

ml sample was removed, washed twice with LB broth and

incubated at 30”C overnight. The next day, samples

were spread onto LB plates and the resulting colonies

were transferred onto LB master plates in arrays of

100 colonies per 100 mm petri plate. This master

plate was replica plated onto a minimal media plate

with low nitrogen to induce wax ester accumulation.

Following growth of the colonies (approximately 24 h

at 300C) the colonies were then stained by irrigating

the plates with sudan black B (0.02% in 50:45:5

dimethylsulfoxide (DMSO) :ethanol:water) and gently

31
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shaken for approximately 20 minutes. The stain was

aspirated away and the plates were carefully washed

with 70% ethanol and gently shaking for approximately

2 minutes. Lighter staining colonies were identified

5 from the stained plates and the corresponding colony

from the master plate was subsequently analyzed by

thin layer chromatography (TLC) as described below.

Because wax esters are very nonpolar, colonies

containing these compounds are darker in color, after

10 being stained with Sudan black B, than colonies

lacking neutral lipid accumulation. Following such a

procedure approximately 10% of the mutagenized

colonies were selected as “lighter staining”. To

determine if these colonies were truly affected in

15 wax ester accumulation, the colonies from the master

,. plate were restreaked and then cultured in low

nitrogen media for analysis by TLC.

A. calcoaceticus samples to be analyzed by TLC

were typically grown in 3 ml cultures in low nitrogen

20 minimal media. Samples were collected by

centrifugation (5 minutes at 3000 x g) and the medium

removed. Pellets were washed in additional medium,

centrifuged, and the supernatant rem?ved. Neutral

lipids were isolated by extracting the cells with 7S

25 @ chloroform: methanol (50:50) followed by phase-

separation using 25 pl 1.0 M potassium chloride in

0.2 M phosphoric acid. Samples were centrifuged at

2000 x g in a clinical centrifuge at room temperature

for 2 minutes. The chloroform phase was then

30 directly spotted onto 19 channel Si-250 TLC plates

containing preadsorbant layers (Baker) that had been

charged by incubating at 120°C for 10 minutes. Ten

pl of 2 mg/ml standards of known lipid species were
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also loaded for comparison during subsequent

analysis. Lipids were resolved by developing the

plates in hexane:ethyl ether:acetic acid (90:10:1).

Samples were visualized by spraying the plates with

5 50% sulfuric acid and charring at 160° for

approximately 5 minutes, or by immersing the plate in

iodine vapor until visualization of the lipids was

possible.

A total of approximately 6400 mutagenized

10 colonies were screened using these procedures. A

total of 25 mutants were recovered, which were

divided into 3 phenotypic classes. Class I mutants

lacked wax but had normal levels of other neutral

lipids (wax-tag+),class II mutants had wax but

15 lacked other neutral lipids (wax’tag-)and class III

mutants lacked both wax and neutral lipids (wax-tag-

). All mutants were assigned the symbol wow, for

without WaX. The WOW15 mutant, which had no apparent

growth defect and lacked wax esters but had

20 essentially normal levels of triacylglycerols, was

chosen for all further studies.

Based on previous observations by other

researchers it was known that A. calcoacet-icus could

be cultured in the presence of alkanes and fatty

25 alcohols as a carbon source (Dewitt et al., 1982)”.

These previous studies also showed that when A.

calcoaceticus is incubated in the presence of these

substrates they are directly utilized in wax ester

accumulation. Similar analyses of the wowz5 mutant

30 was carried out in order to characterize the sites of

the biochemical lesions in this mutant.

Culturing the WOW25 mutant in the presence of

hexadecanol (a 16 carbon alcohol) as a substrate

33
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showed that the WOW15 mutant was able to synthesize

wax esters. This implies that, since wax

biosynthesis from hexadecanol is still possible in

this mutant, the acyl-CoA (or acyl-ACP) fatty alcohol

5 transferase was not affected. Thus , the fact that

the WOW15 mutant did not accumulate wax when grown on

hexadecane suggests that it was deficient in one or

both of the two reductase steps thought to be

required for the synthesis of fatty alcohols from

10 fatty acyl-CoAs.

An additional feeding experiment was carried

out in which the WOW15 mutant was grown in the

presence of a 16 carbon aldehyde (cis-11-hexadecenal)

as described above. When this was done the mutant

15 was able to synthesize wax esters. These results

.. established that the mutant was defective in

conversion of the acyl-CoA or acyl-ACP to the

corresponding aldehyde.

Example 2

20 Isolation of a qene that com~lements the wow15

mutation

Construction of vector pSER2

In order to obtain expression of any cloned -

bacterial gene in A. calcoaceticus, we constructed

25 several new plasmid vectors for the purpose. 14nA.

calcoaceticus/E. coli shuttle vector, pWH1274, had

already been constructed and described by Hunger et

al. (1990). It is a pBR322 derivative containing

ampicillin and tetracycline resistance markers and an

30 A. calcoaceticus origin of replication in addition to

the origin of replication from E. coli . One problem
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with this vector is that A. calcoaceticus is

naturally resistant to ampicillin, making selection

with that particular marker difficult in this

species. Therefore, pWH1274 was modified by

5 inserting a kanamycin resistance marker taken as a

PstI fragment from pUC4k into the PstI site of the

ampicillin cassette of pWI-11274,thus inactivating it.

The resulting plas,mid containing the kanamycin

cassette was called pSER2 (Figure 1).
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Table1.Bacterialstrains

Bacterial Strains Relevant Characteristics Source or Reference

A. calcoaceticus

BD413

WOW75

wow75:Rif

E. coli

HBIOI

DH5a

10 “ MM294

BD21(DE3)

MG1655

Phage

ANK1324

wild type strain of A. ca/coaceficus ATCC #33305

waxdeficient mutant of BD413 mutagenesis

Rifampicin resistant mutant of WOW15 spontaneous

F- proA2 recAl 3 mcrB

F’/endAl recAl A(lacZYA-argF) UI 69 Gibco BRL

(@80dlacfl(lacZM15)

F- endAl hsdR17 thi-1

F- ompT hsdSJr~m;) gal dcm(DE3) Novogen

wild type, for carrying out Tnl O mutagenesis Kleckner et al., 1991

mini-Tnl OCam Kleckner et al. 1991

36
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Table 2: Plasmid sources and derivation.

Plasmid Description or Construction Source or Reference

pBS

pRK20”

Bluesctipt Vector KS+ Stratagene

3 Kmr self-transmissible RK2 derivative

containing Co[El replicon and transfer

functions to mobilize RK2 derivatives

5 plA2917 Cosmid Vector (Tet’) derived from RK2

pET21 Expression vector for E. co/i.

psER2 A. ca/coaceticus/E.col~shuttle vector

(TeVKm’)

pSR2 Bluescript with EcoRV fragment from 4A-55

psR6 Bluescript with EcoRV fragment from 4A-55

10 pSER2:acrl pSER2 derivative containing PCR fragment

amplified using primers P5 and P6

pET21:acrf pET21 derivative for protein expression of

acrl in E. colj BL21 (DE3). Contains PCR

fragment amplified using primers P7 and P8

piA2917 derived cosmid clone

complementing the wowl 5 mutant

pLA2917 derived cosmid clone

complementing the wowl 5 mutant

Novagen

Figure 1

4A-55

2A-87
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General methods

Genomic DNA for Southern blot analysis was

prepared by growing 3 ml cultures of the bacteria

overnight in LB at 30°C. Half of the culture was

5 collected by centrifugation in a microfuge at maximum

speed for 5 minutes. The pellet was washed with 500

#l of 10 MM Tris-HCl (pH 7.6) + 5 MM EDTA (pH 8.0).

The sample was centrifuged, and resuspended in 350 pl

of the above buffer. To this 50 pl of 10% SDS and

10 100 pl of 2.5 mg/ml stock of pronase (Sigma) was

added. The samples were incubated at 37°C for 1

hour. Samples were then drawn through a 1 ml syringe

with an attached 18 gauge needle 3 times to shear the

DNA . Samples were extracted once in I volume of

15 phenol, twice in 1 volume of phenol/chloroform

., (50:50) and once in 1 volume of chloroform. The

supernatant was removed and the DNA precipitated from

solution by the addition of 2 volumes of 100%

ethanol. DNA was recovered by spindling it out of

20 solution with a capillary tube that had been sealed

and bent using a bunsen burner. As much ethanol was

removed as possible by gently touching the sample to

the side of the eppendorf tube and letting the

ethanol drain off. DNA was gently transferred to 100

25 pl of the above buffer and allowed to enter solution

by incubating the sample overnight at 4“c.

Colony lifts were prepared using ninety five

millimeter nitrocellulose filters (Amersham) which

were placed on top of LB plates containing 15 pg/ml

30 of tetracycline. Replicas of the genomic library

were stamped onto the filters using a sterile prong

device that matched the 96 well array containing the

library. The colonies on the filters were allowed to
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grow for approximately 6 hours at 37”c, or until

colonies were just evident. Filters were removed and

placed onto 3 mm Whatman paper saturated with 0.5 M

NaOH, 1.5 M NaCl for 5 minutes. Next, the filters

5 were neutralized on 3 mm Whatman paper soaked in 1 M

Tris-HCL, pH 8.0 plus 1.5 M NaCl for 3 minutes.

Filters were briefly washed in 2x SSC and then dried

on 3 mm Whatman paper before being baked at 80°C for

30 minutes to fix the DNA to the filter.

10 Restriction digestions were carried out under

the conditions recommended by the manufacturer

(Pharmacia) . Southern blot analysis and detection

was performed by standard methods. In brief, a probe

is labelled by incorporation of digoxigenin-11-~p.

15 In detecting the probe, the filter is washed twice in

2x SSC + 0.5% SDS at room temperature. 13vohigh

stringency washes were carried out at 65°C for 15

minutes in 0.5x SSC + 0.5% SDS. Finally, to detect

the probe, the filter is incubated in the presence of

20 anti-digoxigenin antibody conjugated to alkaline

phos’phatase (Boehringer-Mannheim) . The conjugated

antibody was then visualized by incubation in either

Lumi-Phos 530 or nitroblue tetrazolium.

To determine if identified DNA sequences shared

25 any similarity to previously characterized proteitis,

DNA sequences were typically compared by BLASTX

alignment to GeneBank release 92.0 via an electronic

mail server.

Isolation of a complementing cosmid

30 In order to complement the mutant phenotypes, a

cosmid genomic library was prepared. A.

calcoaceticus genomic DNA for the construction of the
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cosmid library was prepared in the following manner.

A 200 ml culture of A. calcoaceticus strain BD413 was

grown overnight. Cells were collected by

centrifugation and resuspended in 16 mls of buffer

5 (8% sucrose, 50 mM Tris pH 8.0, 50 mM EDTApH 8.0).

Lysozyme (Sigma) was added to a final concentration 2

mg/ml. Cells were incubated at 30”c for 30 minutes

to make spheroplasts. Twenty four milliliters of the

lysis buffer (3% SDS, 0.5 M Tris pH 8.0, 0.2 M EDTA

10 pH 8.0) was added and the sample was incubated at

65°C for 30 minutes. The sample was then cooled on

ice. A sucrose step gradient was prepared for

centrifugation in the following manner. Five

milliliters of 50% sucrose on the bottom, 10 mls of

15 20% sucrose in the middle, and 10 mls of 15% sucrose

on top in the lysis buffer described above. Ten

milliliters of the sample was then layered on top of

the sucrose solutions and the gradient was

centrifuged in an SW222 (Beckman) swing out rotor at

20 27,000 rpm for 3 hours at 15”C. The DNA was

recovered as a pellet above the 50% sucrose step,

from where it was removed to a dialysis bag. The DNA

was dialyzed in 1.5 L of 1 x TE (10 .mMTris-Cl, 0.1

mM EDTA) overnight, with one change of the solution.

25 The DNA was then gently extracted with 1 volume of

phenol for 10 minutes, inverting the sample every

couple of minutes. Next the DNA was extracted with 1

volume of chloroform/isoamyl alcohol for 10 minutes,

again inverting the sample every couple of minutes.

30 The DNA was again removed to a dialysis bag and

dialyzed in 4L of TE for 2 days. The DNA was

partially digested with SauIIIA to a mean size of

approximately 25 Kb. Fragments of approximately 25
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ti and larger were size selected by running the

partially digested DNA on a 0.6% agarose gel, cutting

the band containing the fragments of interest from

the gel, and isolating the DNA away from the agarose

5 by electroelution using standard DNA procedures

(Maniatis et al. 1982). The fragments were ligated

directly to BglII-digested cosmid, pLA2917, and

packaged using Gigapack Gold packaging extracts

(Stratagene). Examination of the library by

10 restriction analysis indicated that 68% of the

transfectants contained inserts. Approximately 1400

colonies were transferred to LB broth in 96 well

plates.

Identification of a complementary cosmid was

15 carried out by triparental filter matings of the

cosmid genomic library to a rifampicin resistant

derivative of strain WOW15 in the presence of MM294,

a helper strain. The mutant strain wow15:Rifr was

obtained by plating approximately 107 unmutagenized

20 cells of WOW15 on rifampicin plates and retaining a

spontaneous Rifr colony. The neutral lipids of the

Rifr strain were examined by TLC to ensure that

there was no significant difference from the original

WOW15 mutant. The cosmid library was contained in E.

25 coli strain HB101 and was Tetr due to the presenc~ of

the cosmid. MM294 is a strain containing pRK2013, a

helper plasmid that enables triparental mating

through its mob genes. The pRK2013 plasmid imparts

Kmr. At the end of the mating, wow15:Rifr mutants

30 containing the cosmids can be selected by plating the

product of the cross onto LB medium containing

rifampicin, to select for wow15:Rifr, and

tetracycline to select for the presence of the
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cosmid. MM294 and the HB101 donor will fail to grow

because they are not resistant. The WOW15 strain and

MM294 were grown overnight as 3 ml cultures, and the

library was grown in 96 well titer plates as

5 replicates of the original. The day of the mating,

0.5 ml of MM294 was used to inoculate a 50 ml of

culture, and 3 ml of WOW15 was used to inoculate a so

ml culture. Cultures were collected at an 0DGOO=0.6,

washed and then resuspended in 50 ml of LB. Twenty

10 five milliters of MM294 was combined with 50 ml of

the wowI5 strain. Ten milliters of this mixture was

drawn through a sterilized 45P filter (85 mm in

diameter) via a vacuum apparatus creating an even

lawn of bacteria. The filter was then removed and

15 placed on to an LB plate. Using sterilized set of

,, prongs arranged to match 48 wells of the 96 well

titer plates containing the library, the library was

stamped onto the lawn of bacteria and matings were

allowed to incubate at 30”C overnight. Filters were

20 then transferred to selective media containing

rifampicin (5o pg/ml) and tetracycline (I5 pg/ml) to

select for wow15:Rifr containing the cosmids. The

resulting exconjugants were then restreaked onto a

master plate containing the selective medium, before

25 being replica plated onto minimal, low nitrogen, WaX-

inducing medium for subsequent analysis by lipophilic

staining and TLC.

The lipophilic dye Sudan black B was used to

identify darker staining colonies, which might

30 contain greater amounts of neutral lipids than the

mutants. These darker staining colonies were then

further investigated by TLC analysis to confirm

whether or not they contained normal levels of wax
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esters. After searching through 35o exconjugates

two cosmids, 2A-87 and 4A-55, were found to

complement the wow15 phenotype.

Transposon mutagenesis of complementary cosmid

5 Because of the cosmids large size (ea. 55 Kb) ,

the genes were localized on the cosmid by mutagenesis

with transposon Tn-10. The mutagenized cosmid was

then screened for insertions that eliminated the

ability of the cosmid to complement the mutant

10 phenotype.

Phage vehicle ANK1324, carrying a Tn-10

derivative which carries a gene for chlorampenicol

resistance, was used to transfect E. coli strain

MG1655 containing the cosmid 4A-55 that complemented

15 the WOW15 phenotype. Protocols for transection,

growth and maintenance of XNK1324 have been published

by Kleckner et. al. (1991). Resulting colonies were

selected on tetracycline (15 pg/ml) for the presence

of the cosmid and chloramphenicol (50 #g/ml) for the

20 presence of the transposon. To separate insertion

events that were located in the genome versus the

desired insertions in the cosmid, approximately 3000

transfectants were pooled and cosmid DNA was

isolated. The resulting cosmids were used to -

25 transform E. coli strain DH5u. Cosmids with

transposon insertions were selected by plating the

transformants on medium containing tetracycline and

chloramphenicol. One hundred and ninety two of the

resulting transformants were transferred to 96-well

30 plates and used for triparental matings with wow15

as previously described. The resulting exconjugates

were then screened by TLC looking for insertions that
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resulted in the loss of the ability of the cosmid to

complement the mutant phenotypes.

Mutagenesis of 4A-55 with a Tn-10 derived

transposon, produced a total of 10 insertions out of

5 a total of 192 that resulted in the loss of the

ability of the cosmid to complement the WOW15

phenotype. Two of the 10 mutations resulted in some

sort of deletion or rearrangement in the cosmids that

were evident when they were analyzed by restriction

10 analysis. This left 8 insertions of interest. The

approximate location of the insertions relative to

the restriction map have been highlighted in Figure 2

for the cosmid 4A-55.

Delineation of the transposons on the map was

15 possible by using extended PCR in coordination with

., primers that were specific for the transposon that

faced out toward primers that were specific for the

region surrounding the BglII site of pLA2917.

Primers PI and P2 (Table 3) were designed to

20 prime PCR extending from either side of the BglII

site of pLA2917 facing in toward the insert.

Additionally, primers P3 and P4 (Table 3), which are

homologous to the ends of the Tn-10 element, were

constructed to prime PCR that extend out, toward the

25 edge of the insert DNA. Using one anchor on the -

cosmid in conjunction with the primers specific to

the transposon (Table 3), it was possible to amplify

the DNA in between the primers allowing us to assign

a distance of the transposon relative to the

30 anchoring (cosmid specific) primer (Figure 2) .
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Table 3: Synthetic oligonucleotides used

Primer Sequence (5’-3’) Description

PI

P2

P3

P4

P5

P6

P7

P8

CTITCITGCCGCCAAGG

ATCTGATG

GGCCGGAGAACCTGCG

TGCAAT

GACGGGGTGGTGCGTA

ACGGC

CAGGCTCTCCCCGTGG

AGGTJWT

GCAGGATCCITGGGAIT

GAACATA_lT’G

GCAGGATCCGGTGCGA

llTATGATGTA

GCAGGATCCAAAACAll_

GGTAATITCAGATACT

GCAGAAITCGGTGCGAT

lTATGATGTA

Used in mapping the location ofTn insertionsin

4A-55. Specific to 5’ side of Bglll site ofpL42917

in the Km cassette which originated from Tn-5.

Faces toward Bglll site

Same as 5’ Km Tn-5 but specific to the 3’ side of

the Bglll site.

Used in mapping the location of Tn insertions in

4A-55. Specific to 5’ end of mini-Tnl OCm facing

out.

Same as 5’ Cm Tn-1 O, but specific to 3’ end of the

transposon.

Used with P6 to amplify PCR product to generate

pSER2:acrl. Contains Baml-il linker at 5’ end.

Used with P5 to ampli~ PCR product to generate

pSER2:acrl. Contains BamHl linker at 5’ end

Used with P8 to amplify PCR product to generate

pET21 :acrl. Contains BamHl linker at 5’ end.

Used with P7 to amplify PCR product to generate

pET21 :acrl. Contains EcoRI linker at 5’ end

Transposon mapping of the cosmids was carried out

using Boehringer Mannheim’s Expand Long Template PCR
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15

System. Reactions contained 350 PM of dNTP’s, 300 nM

of each primer, 5 pl of 10x buffer 1 (17.5 mM MgClz,

500 mM Tris-HCl, pH 9.2, 160 mM (NHq)zSOQ),0.15 pg of

template DNA and 0.75 pl of the supplied enzyme mix

5 in a total volume of 50 pl. Cycling was carried out

in the following manner:

Step 1: 94°C for 2 minutes

Step 2: 94°C for 10 seconds

Step 3: 65°C for 30 seconds

Step 4: 68°C for 7 minutes

Step 5: repeat from step 2 10 more times

Step 6: 94°C for 10 seconds

Step 7: 65°C for 30 seconds

Step 8: 68°C for 7 minutes + 20 seconds

each cylcle

Step 9: repeat from step 6 15 more times

Step 10: 68°C for 7 minutes

Step 11: Hold at 4°C

The localization of all of the insertions to a

20 small region of the cosmid’s DNA indicated that the

gene of interest probably did not reside within an

operon, or it was near the beginning of an operon.

Localization of the transposons on the restriction

map pointed out that there was no single restriction

25 fragment of practical size that would encompass the

region containing all of the transposon insertions.

Delineation of the complementary region from cosmid

4A-55

In order to subclone a fragment containing all

30 of the transposon insertions, the insertional mutants

of cosmid 4A-55 were digested with several different
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enzymes (EcoRV, ClaI, and NheI) and the restriction

pattern compared to that of the wild type cosmid.

Digestions with EcoRV resulted in the appearance of

a band in the transposon mutagenized cosmids, that

5 was not present in the wild type cosmid, 4A-55. It

was observed that the fragment that shifted did not

disappear from the mutagenized lines, indicating that

there were two or more EcoRV fragments of

approximately the same size.

10 DNA from cosmid 4A-55was digested with EcoRV,

resolved on a gel, and the region of the gel

containing three tightly spaced bands of

approximately 4.o kb was electroeluted. The

resulting DNA was ligated to EcoRV digested pBS and

15 transformed into E. coli strain DH5cY. Colonies were

screened for inserts of the appropriate size and two

different isolates, designated PSR2 and psR6, were

identified based on restriction patterns with enzymes

other than EcoRV. The inserts from these two

20 plasmids were used as probes against DNA from cosmid

4A-55 and transposon mutagenized cosmid DNA digested

with EcoRV. These experiments indicated that the

transposons had inserted into two different EcoRV

fragments that were subcloned into the EcoRV site of

25 pBS to produce pSR2 and pSR6. Thus , the region of

interest spans these two fragments, indicating that

the coding region for the gene of interest lies on

the adjoining ends of these two fragments.

The nucleotide sequence of the two EcoRV

30 fragments was determined with low to moderate

accuracy to permit a survey of the entire coding

capacity of the approximately 8 kb contained in the

two fragments. This provided enough sequence
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information to distinguish a total of six open

reading frames which were identified based on their

sequence similarity to identified open reading frames

deposited in GeneBank. One open reading frame was

5 localized to the end of the EcoRV fragment used in

the construction of psR6, and the putative promoter

region of the gene resided on the end of pSR2. This

is in keeping with the previous finding that region

of interest, delineated by the transposon insertions,

10 spanned the two EcoRV fragments . Therefore, this

open reading frame and its surrounding sequence was

completely sequenced on both strands (SED ID No:l) .

Examination of the open reading frame present in

the gene sequence indicate that the largest protein,

15 32468 Daltons, would be encoded using GTG (Base pairs

.0 358-360, SED ID No:l) as a translational initiation

codon. For the sake of convenience we hitherto refer

to this gene as the acrl gene. Alignment of the acrl

ORF with the nucleic acid sequence is shown in Figure

20 3. Use of GTG as an initiation codon is further

supported by the presence of a conserved Shine

Delgarno sequence of AGG from -10 to -13 bp (base

pairs 346-349 of SEQ ID No:l) upstream of the

predicted start site, while there is no such

25 conserved sequence upstream of the first ATG codon

(583-585 in SEQ ID No:l). The open reading frame

predicted by the use of GTG as the translational

initiation codon was subcloned by PCR from the

complementary cosmid using oligonucleotide primers P5

30 and P6 (Table 3), which introduce BamHI sites at the

ends of the amplified product. The amplified product

was then subcloned into the BamHI site of pSER2 to

give pSER2:acrl. This construct was used to
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transform E. coli strain DH5a for amplification and

analysis, followed by subsequent transformation into

the A. calcoaceticus, mutant WOW15. Transformants

were grown under wax inducing conditions, collected

5 and extracted with chloroform/methanol for isolation

of lipid compounds. Resolution of the lipid fraction

by TLC indicated that wow15 transformed with

pSER2:acrl was now able to synthesize wax esters

(Figure 4), indicating that correct open reading

10 frame had been identified, and that the gene

responsible for the WOW15 mutation had been cloned.

Comparison of the fully sequenced open reading

frame identified from A. calcoaceticus with 0RF2 of

GenBank accession number U27357 from Mycobacterium

15 tuberculosis resulted in an optimized FASTA score of

609 (Figure 5) indicating a very strong similarity

between the two proteins. 0RF2 from M. tuberculosiss

was sequenced by Yuan et al. (1995) as part of an

effort to characterize the cmal gene encoding

20 cyclopropane mycolic acid synthase. 0RF2 is an open

reading frame that is adjacent to cmal on one side

and on the other side to 0RF3, an open reading frame

with 35% identity (over 278 amino acids) to a

trifunctional hydratase/ dehydrogenase/ epimerase

25 from Candida topicalis which is involved in -

peroxisomal degradation of fatty acids. Based

largely on this location between cmal and 0RF3, Yuan

et al. (1995) concluded that the probable role of

ORF2 was in some unidentified step of mycolic acid

30 metabolism.

Based on the similarity between the amino acid

sequence of the acrl gene product and 0RF2 from M.

tuberculosis, we propose that 0RF2 is a fatty acyl-
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COA reductase. We consider it likely that this acyl-

COA reductase participates in the reductive

condensation reaction in which the carboxy terminus

of a substituted (i.e., methyl branched or

5 cyclopropylated) long chain fatty acid is condensed

with the a-carbon of a very long chain fatty acid.

The carboxyl group of the substituted fatty acid is

thought to become the @-hydroxyl of the mycolic acid.

We propose that an intermediate step in this

10 condensation reaction is the conversion by 0RF2 of

the carboxyl group of the substituted fatty acid to

an aldehyde or an alcohol which then undergoes

condensation with the a-carbon of a long chain fatty

acid (i.e., typically a CZQ fatty acid)

15 Example 3

Functional e= ression of the acvl-CoA reductase in a

foreiqn host

In this example the acyl-CoA reductase of this

invention is expressed in a different bacterial

20 species where it confers acyl-CoA reductase activity

on the new host.

In vitro reductase activity assays

To demonstrate this proposed enzymatic function

of the acrl gene product in vitro, and in order to

25 teach the use of the gene for the production of acyl-

COA reductase activity in foreign bacterial hosts,

the gene was subcloned into plasmid pET21. The acrl

gene was PCR amplified from the complementary cosmid

using synthetic oligonucleotide primers P7 and P8

30 containing EcoRI and BamHI linkers for directional
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cloning (Table 3) . The PCR product was gel purified,

digested and subcloned into plasmid pET21 to produce

plasmid pET21:acrl which was used to transform E.

coli strain BL21(DE3) . In this expression system

5 the gene is under the transcriptional control of a

T71ac promoter which can be induced by the addition

of IPTG. _E.coli strain BD21(DE3) for expression

studies was grown in LB medium with ampicillin

(100pg/ml). Three ml overnights were collected,

10 washed and used to inoculate larger 50 ml cultures.

When the cultures reached an optical density of 0.6

at 600 nm, they were induced to synthesize the

protein of interest by adding IPTG to a final

concentration of 1 mM. Cultures were allowed to grow

15 for 2.5 hours before being collected and processed.

To isolate the protein from cells containing

pET21:acrl, or just pET21 as a control, cells were

harvested by centrifugation at 5000 x g for 10

minutes. Cells were resuspended in 500 mM sodium

20 phosphate buffer (pH 7.4) and incubated 30”c for 15

minutes in the presence 100pg/ml of lysozyme (Sigma).

Cells were then sonicated for two 40 second bursts at

maximum power. Soluble proteins were separated from

cell walls and insoluble materials by centrifugation

25 at 35,000 x g for 30 minutes at 4“C. The soluble-

fraction was collected as fraction I. The insoluble

fraction was resuspended and resonicated as before.

The sample was spun and the aqueous layer was

collected fraction II. The resulting pellet was

30 resuspended in a minimal amount of buffer to make a

suspension as the

SDS-PAGE analysis

12.5% homogeneous

insoluble fraction (fraction III) .

of proteins was carried out using

gels and protein was detected
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using silver staining.

Based on the sequence information for the acrl

gene (Figure 3), it was predicted that the size of

the induced protein should be approximately 32 kDa.

Following induction of the system with IPTG, a

protein of the predicted size was observed primarily

in the insoluble protein fraction implying the

protein is localized to the membrane, or is in the

form of inclusion bodies.

Assays for acyl-CoA, acyl-ACP and palmitic acid

reductase activity were conducted on all the protein

fractions by incubating the extracts in the presence

of 14C labelled substrate. To test for enzymatic

activity of the expressed protein from transformed E.

CO1i, an assay was developed using radiolabelled

palmitoyl-l- 14C-Coenzyme A (44.4 mCi/mmol, 30 pM

final concentration, (NEN, DuPont)). Reactions were

run in 30 pl volumes containing 167 mM sodium

phosphate buffer .(pH 7.4) in the presence of 100 mM

NADPH and 13.5 pg of protein at 30”C for 15 minutes.

Components were added in the following order: water,

buffer, NADPH, palmitoyl-1-14C-coenzyme A and finally

the protein. The assays were then .extracted with 75

pl of chloroform:methanol (50:50), ~ortexed for 10

seconds and then centrifuged for 20 seconds for phase

separation at maximum speed in a microfuge. The

chloroform phase was then removed and spotted onto a

TLC plate where the lipids were separated using a

hexane:ethyl ether:acetic acid (90:10:1) solvent

system. The TLC plate was then removed and allowed

to dry before

cassette.

In order

being exposed to a phosphorimaging

to determine if acyl-ACP was used as a
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palmitic acid (the ammonium salt, described above),

25 pl of acyl-ACP synthetase (a gift from Dr. Jan

Jaworski) , and 8 pg of ACP protein (Sigma)

resuspended in 22.3 pl of 10 MM Tris-HCl (pH 8.0) .

5 This reaction mixture was incubated at 37°C for 3

hours . At the end of the reaction the mixture was

diluted 10x with HZO to reduce the LiCl

concentration.

A gravity flow column was prepared with a 100 pl

10 bed of DEAE cellulose. The reaction was gently

layered on top of the bed and allowed to gravity flow

through the resin. The bed was then washed 4 times

with 2 ml of wash solution (composed of the following

for 100 ml total volume in ddHzO, 80 ml isopropanol,

15 0.4 ml of 5 M NaCl, 0.2 ml of 1 M KZHPOA (pH 6.0)).

The bed was then washed with 2 ml of 50 MM Tris-HCl

(pH 7.6). The column was then centrifuged to dryness

at 1000 rpm in a table top centrifuge for 2 minutes.

The sample was then eluted from the bed of the column

20 by washing the cellulose four times, each time with

100 pl of 0.4 M LiCl in 50 MM Tris-HCl (pH 7.6).

Between each application of the 100 pl of LiCl

solution, the column was centrifuged for 2 minutes at

1000 rpm and the fraction collected. Ten microliter

25 samples from each fraction were placed in

scintillation fluid and the decays per minute

counted. The first fraction was the most

concentrated, at 1.26 x 104 dpm per 10 pl. The total

counts for the entire volume collected measured 2.66

30 x 104. A total of 1.0 x 104 dpm (approximately 5.6 x

10-4pmol of labelled acyl-ACP) of fraction 1 was

used for each reaction testing for acrl activity from

the E. coli protein extracts as described above for
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the assays in which acyl-CoA was the substrate.

The greatest amount of enzymatic activity (i.e.,

acyl-CoA reductase activity) was associated with the

insoluble fraction where the induced protein was

5 observed to be localized (Figure 6). Additionally,

enzymatic activity was only observed in the presence

of acyl-CoA, implying the enzyme is specific for this

substrate. Experiments aimed at determining the

cofactor specificity of the enzyme showed that

10 catalytic activity was observed when the enzyme was

incubated in the presence of NADPH and not NADH.

Production of 14C labelled fatty alcohol was also

observed in assays of protein extracts from E. coli

transformed with pET21:acrl. However, it was

15 subsequently found that E. coli contains an,.

endogenous activity that is capable of converting

fatty aldehyde to fatty alcohol.

Although this example specifically teaches

production of the acyl-CoA reductase in E. coli

20 cells, it will be obvious to one skilled in the art

that similar procedures can be used to express the

acyl-CoA reductase in cells of many other bacterial

species. including cyanobacteria, for which

transformation methods and vectors are available. - It

25 is additionally envisioned that by the use of other

plasmid vectors and methods, it will be possible to

express the acyl-CoA reductase gene of this invention

in fungi, yeast and plant cells. Expression of the

gene in plant cells is especially preferred because

30 of the low cost of production of fatty acids from

many plant species. Thus , it is expected that

expression of the acyl-CoA reductase of this
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invention under transcriptional control of a promoter

that is highly expressed in developing seeds of

oilseed species such as canola, rapeseed, soybean,

sunflower, safflower, peanut, crambe, Brassica juncea

5 and others will lead to conversion of acyl-CoA

molecules to fatty aldehydes. The metabolic fate of

the fatty aldehydes in developing seeds is not known.

However, when expressed in conjunction with genes

encoding fatty aldehyde reductase and fatty acyl-CoA:

10 fatty alcohol acyltransferase (wax synthase of patent

5,445,947) it is expected that the combined action of

the three enzymes will lead to production of wax

esters that will be accumulated by the developing

seeds in the same way that other neutral lipids (eg.,

15 triacylglycerols) are stored in these tissues. It is

also possible that the fatty aldehydes will

accumulate in the oil bodies of developing oilseeds

as fatty aldehydes. It is also possible that some

plants have enzymes that will modify the aldehyde

20 group by reduction to the alcohol, acetylation,

methylation or other modifications that will

facilitate storage of the fatty aldehyde or a

derivative in the oil bodies.

Example 4

25 Isolation of a fattv acvl-CoA reduc-tase from

Wcobacterium tuberculosis.

Comparison of the fully sequenced open reading

frame identified from A. calcoaceticus with the

polypeptide sequences in public databases was

30 accomplished by using the BLAST algorithm provided

via the world wide web by the National Center for

Biotechnology Information at URL
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http://www.ncbi .nlm.nih.gov/. The sequence of the

A. calcoaceticus gene product showed highly

significant sequence homology to a previously

sequenced gene from Mycobacterium tuberculosis (ORF2

5 of GenBank accession number U27357) . The use of the

FASTA algorithm to align the two sequences resulted

in an optimized FASTA score of 609 (Figure 5)

indicating a very strong similarity between the two

proteins. 0RF2 from Mycobacterium tuberculosis was

10 sequenced as part of an effort to characterize cmal,

a gene encoding cyclopropane mycolic acid synthase.

0RF2 is an open reading frame that resides just

downstream of cmal. Based on this location between

cmal and 0RF3, an open reading frame with 35%

15 identity (over 278 amino acids) to a trifunctional

hydratase /dehydrogenase /epimerase from Candida
,.

topicalis which is involved in peroxisomal

degradation of fatty acids, yuan et. al. (1995)

concluded that the probable role of 0RF2 was in

20 mycolic acid metabolism.

Based on the homology between 0RF2 and the acyl-

COA reductase of this invention, we envision that

0RF2 is an acyl-CoA reductase that is involved in the

synthesis of mycolic acid. This prediction may be

25 confirmed by cloning the gene from ~. tuberculosis

into pET21 essentially as described above,

introducing the gene into E. coli and assaying for

enzyme activity as described above. The function may

also be demonstrated by the ability of 0RF2 to

30 functionally complement the WOW25 mutation as

described above for the acrl gene. In view of the

observation that some acyl COA reductases may have

strict substrate specificity, we consider it possible
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that the 0RF2 gene product will exhibit a different

substrate specificity than the acrl gene product. In

particular, the 0RF2 gene product is expected to act

on acyl-CoA esters of very long chain fatty acids of

5 approximately 36 carbons.

The sequence identity between 0RF2 and the acrl

gene provides useful information on the design of

nucleic acid primers and probes for the isolation of

other bacterial acyl-CoA reductase genes. In a

10 preferred embodiment, synthetic oligonucleotide

primers based on the following regions of amino acid

sequence are expected to be most useful in

identifying such genes by any of the various methods

used to clone related genes. The following regions

15 from SEQ ID No:2 would be most useful: residues 20-

29, 100-108, 127-133, 198-206. A preferred method,.

would involve the use of mixed oligonucleotides of

approximately fourteen or more nucleotides that

encode all possible codons corresponding to a region

20 of the indicated amino acid sequences. These mixed

oligonucleotides are used to prime PCR reactions in

which genomic DNA from a bacterium is used as the

template and the general condition of the reaction

are those employed by Gould et al. (1989). AS shown

25 by Gould et al. (1989), oligonucleotides with as ihuch

as several hundred thousand-fold ambiguity can be

used to obtain the correct amplification products.

Any products obtained by this method would be cloned

and sequenced to verify the presence of additional

30 regions of sequence identity between the amplified

fragment and the acyl-CoA reductase of this

invention. The fragment would then be used to obtain

a full length genomic clone from the source organism.
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The function of the full length clone would then be

verified by expressing it in E. coli and assaying

for enzyme activity as shown in the foregoing

example.

5 Example 5

Identification of a fattv acvl-CoA reductase from

hi~her plants

The sequence of the acyl-CoA reductase of this

invention has been used to identify two cDNAs from a

10 higher plant that exhibits significant sequence

similarity. GenBank accession numbers T21872 and

Z27263 correspond to partial cDNA sequences from

Arabidopsis thaliana that were obtained by partial

sequencing of random anonymous cDNA clones. Thus ,

15 ,, although the sequence of these genes are publicly

available, the function of the corresponding gene

products are not generally known. An alignment of

part of the amino acid sequence of the A.

calcoaceticus acrl gene and the deduced amino acid

20 sequence of the partial cDNA sequences of the A.

thaliana clones are show-n in Figure 7 and Figure 8.

Analysis with the FASTA algorithm indicates that acrl

and T21872 are 25.8% “similar over a region of 97

amino acids, corresponding to an optimized FASTA -

25 score of 97. Similarly, analysis with the FASTA

algorithm indicates that acrl and Z27263 are 32.9%

similar over a region of 85 amino acids,

corresponding to an optimized FASTA score of 85.

Thus , we envision that the gene products

30 corresponding to T21872 and Z27263 catalyze acyl-CoA

reductase activity. These genes may be used to

identify homologous plant genes from plant species of
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commercial interest by methods familiar to one

skilled in the art as outlined above.

All higher plants contain acyl-CoA reductases

that are involved in the synthesis of fatty alcohols

5 as constituents of epicuticular wax. Thus, we

envision that T21872 and Z27263 encode plant acyl-CoA

reductases that participate in synthesis of cuticular

fatty alcohols, a constituent of epicuticular ‘wax’ .

The plant genes should be useful in modifying the

10 amount or composition of plant waxes. The

composition of plant waxes has been implicated in

susceptibility to infection with bacterial and fungal

pathogens and predation by leaf insects. Also, wax

composition and amount is thought to be important in

15 preventing excessive water loss from plants. Thus ,

the Arabidopsis gene and homologous genes from other

plants may be used to alter the composition and

amount of wax by increasing or decreasing the level

of expression of the corresponding gene in transgenic

20 plants by methods, such as obtaining high level

expression from strong promoters or suppressing

expression with antisense, that are known to those

skilled in the art. Decreases in the amount of wax

constituents may be of value in those cases where a

25 constituent attracts pathogens or pests or when the

constituent is a contaminant of some product obtained

from the plant. For example, wax in the husks of

sunflower seeds is a problematic contaminant during

the pressing of oil from sunflower seeds.

30 The function of the anonymous cDNA clones T21872

and Z27263 may be established by mapping the genes on

the Arabidopsis genome and testing whether they

corresponds to any of the 21 different mutations that
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are known to alter wax composition in Arabidopsis.

If the genes map near a mutation, a full length cDNA

or a genomic clone could be introduced into the

mutant to determine if it complements the mutation.

5 Complementaton of a missing enzymatic function would

establish the identity of the gene. In addition, the

cDNAs , or fragments thereof, may be introduced in an

antisense orientation under transcriptional control

of the cauliflower mosaic virus 35s promoter or other

10 promoters into wild type Arabidopsis plants by Ti

plasmid-mediated transformation. It is anticipated

that in a small proportion, roughly 5%, of the

transgenic plants, the expression of the antisense

version of the gene will cause a strong reduction in

15 expression of the endogenous gene with a

corresponding diminution of the endogenous enzyme,.

activity from the gene product. Transgenic plants

with reduced levels of sense mRNA for the gene may be

identified by preparing northern blots on mRNA from

20 the transgenic plants probed with the cDNA. Plants

in which the amount of sense mRNA is reduced below

about 10% of normal levels will be analyzed for wax

composition. Briefly, this involves extracting wax

from the leaves and stems by dipping tissues in

25 chloroform. The chloroform extract is usually -

concentrated by evaporation and the resulting waxes

are then analyzed by gas chromatography and mass

spectrometry and identified by reference to standards

of known composition. We anticipate that, in the

30 present case, antisense suppression of the acyl-CoA

reductase-like genes from Arabidopsis will result in

a decrease in the amount of one or more fatty

alcohols, aldehydes or wax esters.
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ABSTIWCT

A bacterial gene which encodes an enzyme that is an

acyl-CoA reductase. The acyl-CoA reductase is able

to chemically reduce acyl-CoAs to their corresponding

5 alcohols, via aldehyde intermediates.
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~ IXG AM ATA TGG a7c - TAT

,.
6L TCiGWC .UG CAT TGG &A CAG,

~~1 AGG TTT T’TTTAT = T= TTT

~131 MA. ATT AGA U ATT ACT cTA

241 TM C=. AAT OC TTT AGA TTA

XII cAA TCC “W I’AC WT AAT GAC

1

361 MC AA% AhA CTT GAA GCT I=L’C

ATT ATC GTA TGA TGT TCA T= TTG ATC TAG CAA ATA ATA

AM ACA ~T&T..GT~ ATT TCA..GATAcT TAA CAc TAG ~T TTT—
caliaeP7

TTC CGA GAG AAT GTA AAA GE= MA GTG GCT TTG ATC ACT

2 Z@n LYS LYS Leu GIu Ma Leu’phe *9 GIu un ‘al LYS GIY LYS ‘alMa L= Ile T~~

421

22

4E1
42

5al

62

601

02

661
102

721
122

701
142

841
162

901

182

961
202

1021
222

loal
242

1141
Z62

1201

2a2

1261

GGT-TCTAGTGGAATC=T TTGACGATT-~A~A~ =@=GG=$=T=-
Gly Ala Ser Ser Gly Xle Gly Leu Thr Tle Ala Lys kg 11= Ala =a Ala Gly Ala His

GTATTATTG GTTGCCCGAACC CAAGAAA==G=+A-’=G *I=T--=Q=G
Val Zeu Leu Val ALa Arq ‘Thr Gln Glu Thr Leu GIu GIu Val LyS Ala Ala Xle GIu G1.n

CNL = GGh CAG GCC T=.A=’ TTT CCT TG’I!G= C= AcT GAC JUG ANT GCG Xl%’GAC CAG

Gln GLy Gly Gln Ala Sex Ile Phe Pro Cys Asp Leu Thr ASP ?feqAsn fla Ile Asp Gln
..

TTATCAC7!A CAAATTATGGCC AGT&TCGAT=iT-CWTTc f=GATCAATJUW-GGG
Leu Ser Gln Gln Ile Met Ala Ser Val tip HisVal*P FheLeu Ile Asn km ALLaGly

CG3 TCG ATT I=GCCGZ’ GCC GrA CAC GAG TCG T’TTGAT ~ TIC I=4TGAT TTT GAA CGC ACC

Arg Sex 11s.Arg Arq JUa VaL His Glu’Se,r Phe *P ZUg PlteHis -p Phe Glu Axg Thr

3WG U@ CTG AAT TAC ‘ITT=3? GCG GTA CGT TTA f== =A tiT TTA =G CCA CAT ATG ATT
FfdzGln Leu km ~y.kPhe Gly JQa Val Arg Leu Val Leu km Leu Leu Pxo His Het Ile

JWGCGTA AAAXTGGCCAGATC XCCAATX!WA=TCT=T=T =A~TGGCCWGf=GN=c

Lys kg Lys Mm Gly Gln Ile Ile km Ile Ser Sex Xk GIY Val Leu Ala Z&m Ala Tb

CG’l!TTTT&r GCTTATGTC GCGTCTWGCTGCGCTG GAT=C3TCAGTCGCTGT CTTTCA
JWg Phe Sex ALa TYZ Val Ua Sez Lys Ala tia Leu Asptia Fhesex-g CysLeu sex

GCC GAG GTA CTC AAG cAT AWL ATC TCA ATT ACC TCG ATT TAT AZG CC% TTG GTG CGT ACC
Ala Glu Val Leu Lys His Lys Ile Ser Ile Thx .SerIle Tyr Mec Pro Leu VaJ.Axg Thr

CCA ATG FUC GCA CCC ACC WIA XIX ,TAT MA TAC GCG CCC “ACG STT 3?CCCCA GWE GAA GCC

Pzo tfetIle Ala Pro ThE Lys Xle Tyz Lys Tyr Val Pro Tht LeU StirPEO Glu Glu Ala

GCA GAT CTC AT’TGTC.TAC GCC ATT GTG AAA CGT CCA ACh CGT ATT GCG ACG CAC ~G GGT
Ala ASP LCU Ile Val xyr Ala Ile Val Lys Arg Pzo Thr kg Il.=Ma Thr His Leu Gly

CGT CTG GcG TCA Am XC’ TAT E22CAXC (5CACCA GAC.MC ART NW ~ CTG ATG TCG ATT
kg ?ieuAla Ser Ile ,Thz Tyz Ala Ile Ala Pzo Asp Ile Asn -n 11= LmI Met Ser Ile

GGAm AACmATTCCCAAGZ TcxrLct3GcracrG~GAA CAGGAAAAATTGAATCTG
G2.yPhe tin Leu phe -PEO sex set Thr Ala ALa Leu Gly GIu Gln Glu Lys Leu km Leu

CTACAACG’r &ZCTm GCCCGC ‘TTGTTC CCAGGCGP.3LCACT= TAAmTmATW2JiGAAG

Leu Gln Arg Ala Tys Ala Arg Leu Phe Pro Gly Glu His Ttp

CCT cTC’ATA CCG J@A GGC TTT TTT ATG GTT ACG ACC ATC N== CAG ATr TAG AGG ~ lTG

1321 ACT TTT CCT GTT ~ ACA TCA =Q ATc GCA CCA ACA ATA TCA ATT TCT TTG CGA TCC AGC
oligos P6 and P8

. 13R1 ATA T- TTA AGT ACA GAA CTA T’= TGA ATA ATG ‘TAT TGA ATA TTA TAG TGA ACA TTC ATA

Figure 3
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1500
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1560
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NO. TARGET FILE DEFINITION Match% Over.
INIT OPT

91 T21872. AMI . 25.8 97
.63 137
25.8%.identitYin 97 aa overlap, initial score: 63 optimized score:-.
137

A~Rl

T21872

/

ACR1

T2”1872

*

10’ 20 30 40 50 . 60
LEALFRENVKGKVALITGASSGIGLTIAKRIAAAGAHVLLVARTQETLEEVKAAIEQQGG

..... . ... . . ...: .. ............. ........... ... :.. +:,.:....:. : .. .:
MEKKLPRRLEGWAIVTASTQGIGFGITERFGLEGASWSSRKQWD~VA~KSKGI

‘ 10, 20 30 40 50 60

70 80 90 100 -
QASIFPCDLTDMNAIDQLSQQIMASVDHVDFLINNAGR
. .. ..... . ....... .......

;~YGIVCWSN~QHAti;VEKTVQKYGKIDIWC~&
70 80 90

..

.

.

I

-. -. — . . . .—. . .— .—.



.
.-. ,

.
.:

NO. TARGET FILE DEFINITION Match% Over.
INIT OPT

1 Z27263.AMI 32.9 85
74 102

.
32.9% identity in 85 aa overlap, initial score: 74 optimized scdre:
102

●
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SEQUENCE LISTING:

(1) ,GENERAL INFORh@TION :

(i)

(ii)

(iii)

(iv)

(v)

APPLICANT: REISER, STEVEN E

SOMERVILLE, CHRIS

TITLE OF INVENTION: ACYL-CO A REDUCTASE

NUMBER OF SEQUENCES: 2
.

CORRESPONDENCE ADDRESS:

(A)
(B)

(c)

(D)
(E)

(F)

ADDRESSEE: CUSHMAN DARBY & CUSHW, LLP ‘
STREET: “1100 NEW Y(3RKAVENUE, N.W.., EAST TOWER, NINTH

FLOOR
CITY: WASHINGTON
STATE: D.C.
COUNTRY: USA ,/
ZIP; 20005,

COMPUTER READABLE> FORM:
(A) MEDIUM TYPE: .Floppy disk
(B) COMPUTER: IBM PC compatible

,. (C) OPEWITING SYSTEM: PC~DOS/MS-DOS
(D) SOFTWARE: PatentIn Release #1.0, Version #1.25

(vi) CURRENT APPLICATION DATA:
(A) APPLICATION NUMBER :
(B) FILING’DATE :
(C) CLASSIFICATION: ~

(viii) ATTORNEY/AGENT I~ORMATION:

(A) NAME : KOKULIS , PAUL ‘N

(B) REGISTRATION NUMBER: 16,773

(~) REFERENCE/dDOCKET *ER~ PNK/122 0/22 023 O\ASH ~

(ix) TELECOMMUNICATION INFORMATION:
/

(A) TELEPHONE: 202/861-3000
(B) TELEF@: 202/822-0944
(C) TELEX: 6714727 CUSH

(2) INFORMATION FOR SEQ ID NO:1:

(i) SEQUENCE CHARACTERISTICS:

(A) LENGTH: 1670 base pairs
(B) TYPE:’nucleic acid

(C) STRANDEDNESS: double

(D) TOPOLOGY: linear

(ii) MOLECULE TYPE: DNA (genomic)
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(xi) SEQUENCE DESCRIPTION: SEQ ID NO:l:

CAGAAGATAT

TGGAACAAGC

AGGTTTTTTT

AAAATTAGAG

TAACCAAATC

CAATCCAAAT

AAcAAAA?mc

GGTGdATCTA

‘ GTATTATTGG

CAAGGGGGAC

TTATCACAAC

CGTTCGATTC.,

ATGCAGCTGA

AAGCGTAAAA

CGTTTTTCTG

GCCGAGGTAC

CCAATGATCG

GCAGATCTCA

CGTCTGGCGT

GGATTTAACC

CTACAACGTG

CCTCTCATAC

ACTTTTCCTG

ATATCTTTAA

GCAGTCACCT

CTGCCAACCG

GGTTCG~TTA

ATTGGCCACA

ATATTTGCTT

CAATTACTCT

ACTTTAGATT

ACAATAATGA

TTGAAQCTCT

GTGGAATCGG

TTGCCCGAAC

AGGCCTCTAT

AAATTATGGC

GCCGTGCCGT

ATTACTTTGG

ATGGCCAGAT

CTTATGTCGC

TCAAGCATAA

CACCCACCiUi

TTGTCTACGC

tiTTACCTA

TATTCCCAAG

CCTATGCCCG

CGAGAGGCTT

TTTTTACATC

GTACAGAACti

GATCAATAAA

AATGCATGAG

TCGGTTGGGA

GTTTGAGCGT

TATTATCGTA

AAAAACATTT

AACTTTAGTT

CAGCCTTTAC

CTTCCGAGAG

TTTGACGATT

CCAAGAAACA

TTTTCCTTGT

CAGTGTCGAT

ACZiCGAGTCG

TGCGGTACGT

CATCAATATC

GTCTAAAGCT

AATCTCAATT

AATTTATAAA

CATTGTGAAA

TGCCATCG@

CTCAACGGCT

CTTGTTCCCA

TTTTATGGTT

ATAAATCGCA

ATGC;GAATA

TGCTTTGCTT

TGGCCCAAGC

TTGAACATAT

AAATTTTATA

TGATGTTCAT

GTAATTTCAG

CTGGAAATTT

AGTTTGATAT

AATGTAAAAG

GCAAAAAGAA

CTGGAAGAAG

GACCTGACTG

CATGTCGATT

TTTGATCGCT

TTAGTGTTAA

AGCTCTATTG

GCGCTGGATG

ACCTCGATTT

TACGTGCCCA

CGTCCAACAC

CCAGACATCA

GCACTGGGTG

GGCGAACACT

ACGACCATCA

CCAACAATAT

ATGTATTGAA

AATTCACGCG

ACGTATTGGA

TGATGATTTG

AAAAACCTCT

AATTGATCTA

ATACTTAA’kA

TATTTCCCTT

CAATCAGGGA

GTAAAGTGGC

TTGCTGC~C

TGAAAGCTGC

ACATGAATGC

TCCTGATCAA

TCCATGATTT

ATTTACTGCC

GT,GTATTGGC

CCTTCAGTCG

ATATGCCATT

CGCTTTCCCC

GTATTGCGAC

ATAATATTCT

AACAGGAAAA

GGTAAAATTT

GCCAGATTTA.

CAATTTCTTT

TATTATAGTG

G’ITGCATAAT

TGTGTGGCAT

ATTGCAGATC

GCAATTTCAG

GCAAATAATA

CTAGATTTTT

TAACCGTCTT

AAAACGCGTG

TTTGATCACT

AGGTGCTCAT

AATTGAACAG

GATTGACCAG

TAATGCAGGG

TGAACGCACC

ACATATGATT

CAATGCGACC

CTGTCTTTCA

GGTGCGTACC

AGAAGAAGCC

GCACTTGGGT

GATGT~GATT

ATTGAATCTG

ATAAAAGAAG

GAGGWTTG

GCGATCCAGC

AACATTCATA

ATCAAATACA

TTCCTGAATA

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560



(2) INZ’OR$h’I’IGN F(2RSEQ ID NO :2:

(ii)

(xi)

Met

1

Val

Lys

Gln

Gin,
65

Gln

Ile

Asp

Ala,

Asn
145

Thr

Ser

SEQUENCE CHARACTERISTICS:

(A) LENGTH: 295 amino acids
(B)‘TY,PE:amino acid

(C) STRANDEDNESS: single
(D) TOPOLOGY: linear

MOLECULE TYPE: protein

SEQUENCE DESCRIPTION: SEQ ID NO:2:

Asn Lys Lys Leu Glu Ala Leu Phe Arg Glu P.snVal Lys Gly Lys

5, 10 15

Ala Leu Ile Thr Gly Ala Ser Ser’Gly Ile Gly Leu Thr Ile Ala

20” 25 30

Arg Ile Ala Ala Ala.Gly Ala His Val.Leu Leu Val Ala Arg Thr

35 40 45

Glu Thr Leu Glu Glu Val Lys Ala-Ala 11s Glu Gln Gln Gly Gly
50 ~ 55 60

Ala Ser Ile Phe Pro Cys Asp Leu Thr Asp Met Asn Ala Ile Asp

70 75 80
*

Leu Ser Gln Gln Ile Met Ala Ser Val Asp His Val Asp Phe Leu

85 90 95

Asn Asn Ala Gly Arg Ser Ile Arg Arg Ala Val His Glu Ser Phe
100 ‘ 105 110

Arg Phe His Asp Phe Glu kg Thr Met Gln Leu Asn Tyr Phe Gly
115 120 125

Val Arg Leu Val Leu Asn Leu Leu Pro His Met Ile Lys Arg Lys
130 135 ~qo

Gly Gln Ile Ile Asn Ile Ser Ser i~e Gly Val Leu Ala Asn Ala

150 155 160

Arg Phe Ser Ala Tyr Val Ala Ser Lys Ala Ala Leu Asp Ala Phe
165 170 175

Arg Cys Leu Ser.Ala’Glu Val Leu Lys His Lys Ile Ser Ile Thr
180 185 190

I
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Gl,y .Wg mu .W~ Ser Ile Thr Tyr Ala Ile Ala Pro Asp Ile Asn Asn
245 250 255

Ile Leu Met Ser Ile,Gly Phe Asn Leu i?hePro Ser Ser Thr Ala’Ala
2.60. 265 270

Leu Gly Glu Gln Glu Lys Leu :Asn Leu Leu Gln Arg Ala Tyr Ala Arg

275 280 285

Leu Phe Pro .GlyGlu His Trp

290 ~ 295

*
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