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A genomic library of Zymomonas mobilis DNA was constructed in Escherichia coli using
plasmid pUC9. Allyl alcohol was used to screen a genomic clone expressing alcohol dehydrogenase.
The plasmids isolated from two clones, which were sensitive to allyl alcohol, were found to be relat-
ed and to share a common 2.6 kb fragment encoding alcohol dehydrogenase II identified as one
of two isozymes in Z. mobilis by staining for alcohol dehydrogenase activity on polyacrylamide
gel and spectrophotometric analysis of several substrate oxidations.

The two isozymes of alcohol dehydrogenase
(ADH) responsible for the final step durir}g alcoholic
fermentation were each purified from Z. mobilis
strains able to make a more rapid and efficient con-
version of glucose to ethanol than yeasts (1,2). Two
isozymes of Z. mobilis alcohol dehydrogenase
(ZADH) were separately isolated as two bands of ac-
tivity by staining for the enzyme on starch gels (2)
despite of their unknown functions. The isozyme with
faster electrophoretic mobility (ZADH-II) was found
to be the iron-activated enzyme unlike most other al-
cohol dehydrogenases. Conway et al. (3) recently
reported an isolation procedure for the alcohol de-
hydrogenase gene from Z. mobilis by using an alde-
hyde indicator plate.

This being the case, the two isozymes of ZADH
were reported to have the ability to convert allyl al-
cohol to its poisonous aldehyde acrolein (4), though
their specific activities were different with allyl al-

cohol. In this work we have therefore used a suicide
substrate, allyl alchol, to clone the structural gene
for Z. mobilis ADH in E. coli.

Materials and Methods

Bacterial strains and plasmids

Z. mobilis ATCC 10988 is the wild type strain
used as a source of the ADH gene. E. coli JM83 (araq,
A(lac proA,B), rspL, ¢ 80, lacZ &4 M15(r+, m,+))
and JM103 (A (lac proA, B), thi, strA, supE, endA,
sbcB, hsdR-, F'traD36, proAB, laclZ AM15)
served as hosts for transformation. Plasmid pUC9
was used as a vector for cloning and subcloning of
the gene.

Media and growth conditions
Z. mobili was grown in RM broth consisting of
20 g glucose, 10g yeast extract and 2g KH,PO, per
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Table 1. Allyl alcohol resistance of organisms.

Strains Resistance level* (mM)
Z. mobilis ATCC 10988 0.5

E. coli JM83 >300

E. coli JM83 (pADS93) 5

*Resistance level is defined as the concentration of allyl
alcohol which completely inhibits the survival of organ-
isms on complex agar plate.

liter, pH 5.5 (5) without shaking at 30°C. E. coli was
cultured in LB broth (10g tryptone, 5g yeast extract,
10g NaCl, per liter, pH 7.0). E. coli transformants
were grown in medium containing 50 ug of
ampicillin/m/.

Preparation of DNA and gel electrophoresis

The pUC9 DNA from E. coli was prepared by
cesium chloride — ethidium bromide centrifugation
of cleared lysates (6). For rapid isolation of plasmids
from the bacteria, the alkaline lysis method described
by Birnboim and Doly (7) was employed. Plasmid
DNAs and their restriction digests were analyzed on
horizontal 0.7 to 1.2% agarose gels (8). Zymomo-
nas chromosomal DNA was isolated from exponen-
tially growing cells according to the preparative
method described by Rodriguez and Tait (9).

Construction of Z. mobilis gene bank

Fifty micrograms of the purified Z. mobilis chro-
mosomal DNA was partially digested with Sau3Al,
and DNA fragments ranging from 2 to 10 kb were
isolated by sucrose gradient centrifugation for 20 h
at 25,000 rpm in a Beckman SW40 rotor. The
Sau3Al-generated chromosomal DNA fragments
(3 ug) were ligated to 1ug of BamHI-digested,
dephosphorylated pUC9 DNA in a 50-u/ volume as
recommended by the manufacturer. The ligation mix-
ture was used to transform E. coli JM83 (10).

Activity assay and electrophoretic analysis of ADH
enzyme

Whole cell extracts were prepared from cells
grown in 20 m/ of culture volume with or without
ampicillin for 12 h. Harvested cells were washed with
50 mM phosphate buffer containing 10% glycerol
(pH 6.8), pellets were suspended in 5 m/ of the same
buffer, and sonicated for 2 to 5 min with a Branson
Sonifier Model 350 at 40% output. Cell debris was
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Fig. 1. Restriction endonuclease maps of pADS93 and
pADL99.
The heavy lines correspond to the chromosomal frag-
ments carrying ADH gene derived from Z. mobilis and
thin lines to pUC9 DNA. The cleavage sites of restric-
tion enzymes are designated as follows:
A; Aval, B; Ball, E; EcoRl, Ha; Haell, H; Hindlll, P;
Pstl, Pv; Puull, S; Sall, K; Kpnl.

removed from the extract by centrifugation (20 min,
9000 x g); the supernatants were assayed for activi-
ty. ADH activity was assayed according to Das ef al.
(11) and substrate specificities were measured under
the same condition with 333 mM concentration of
the substituted alcohol and 1 mM NAD+ (2). The
electrophoresis system used for electrophoretic anal-
ysis of ADH enzymes was adopted from the Tris —
glycine system, and staining of ADH activity on poly-
acrylamide gels was carried out according to Young
et al. (12).

Southern hybridization

The chromosomal insert of plasmid construct was
isolated and labelled by nick — translation using E.
coli polymerase I in the presence of [a -32P]dATP
(800 Ci/mmole) as described by Maniatis ez al. (6).
The technique used for blotting and hybridization of
DNA digests was described by Southern (13).

Results

Isolation of the Z. mobilis alcohol dehydrogenase
II (zadhIl) gene in E. coli

The system used to identify E. coli cells with ex-
pressed ADH enzyme was based on the inability to
grow in the presence of allyl alcohol. A library of
Z. mobilis Sau3Al DNA fragments ranging in size
from 2 to 10 kb was constructed in the vector pUC9,
and transformed into E. coli IM83. Approximately
7,000 white clones obtained on MacConkey agar con-
taining ampicillin were picked on to selective plates.
Although the E. coli host cell could grow on LB agar
plates containing 50 mM allyl alcohol, two ADH
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Fig. 2. Electrophoretic analysis of ADH enzymes show-
ing that E. coli cells transformed with the cloned Z.
mobilis chromosomal DNA of pADS93 and pADL99
contain enzymes identical to Z. mobilis ADH.

Total cell extracts of E. coli JM83 (pADS93) (lane 1), Z.
mobilis (lane 2), E. colt IM83 (pADS93) (lane3), and E.
coli JM83 (pADL99) (lane 4) were electrophoresed on a
non-denaturing 5% polyacrylamide stacking gel, and
stained for ADH activity as previously described (12).

Table 2. ADH activities of E. coli JM83 cells trans-
formed with plasmids.

Plasmids ADH activity? (mUb/mg protein)
pUCI ND¢
pADS93 1,030
pADL99 570

aADH activities were determined after growing cells
overnight on LB broth. Each value represents the aver-
age of 3 to 5 determinants.

bOne unit of enzyme has been taken as 1gmole NADH
produced per min.

cND, not detectable activity.

positive clones which did not grow, were obtained
as described in Table 1. :
One, named pADS93, of two recombinant plas-
mids from two clones has a 2.6 kb insert and the
other, named pADL99, a 4.0 kb insert. Their restric-
tion sites (Fig. 1) were mapped indicating that these
plasmids share a common fragments of 2.6 kb. To
determine whether these insert DNA fragments have
the structural gene for Z. mobilis ADH, the enzyme
products of these E. coli clones were investigated.
Electrophoretical analysis of cell extracts on a poly-
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Fig. 3. Southern hybridization of chromosomal DNA
purified from Z. mobilis ATCC 10988 with the pADS93
insert as a probe.

After digestion of the chromosomal DNA with the indi-
cated restriction enzymes, the DNA fragments were sepa-
rated on a 0.8% agarose gel, denatured, and transferred
to a nitrocellulose filter. The hybridization was performed
using the 32P-labelled chromosomal fragment of plasmid
pADS93 as a probe at 68°C for 15 h. Lanes 1 to 5 show
the autoradiograph of the filter after hybridization. Lane
1, Pstl and E'coRI-digested fragment of pADS93. The low-
er band of lane 1 is corresponding to the pADS93 insert
containing zadhll gene. Z. mobilis chromosomal DNA
digested with; lane 2, EcoRI; lane 3, HindlIII; lane 4, Pstl;
lane 5, BamHI. Molecular size is indicated to the left side
of the gel.

acrylamide gel indicates that two clones produced an
enzyme displaying the same band of activity co —
migrating with ZADH-II band of the two isozymes
from the Z. mobilis donor strain. Control E. coli host
cells produced no such band as shown in Fig. 2.

The ADH assay of soluble protein was used to
measure the levels of Z. mobilis ADH produced by
E. coli clones. E. coli IM83 (pUC9) did not show
any ADH activity, but the two clones produced ADH
activity as shown in Table 2. It was also found that
substrate specificities of ADH obtained from two E.
coli clones were corresponding to those of ZADH-
II presented by Wills ef al. (2) (data not shown). Since
it was confirmed that the cloned genes included the
same structural gene (zadhll) for ZADH-I11, the small
recombinant plasmid, pADS93, was selected for the
further study.

Source of cloned fragment of pADS93
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Fig. 4. Localization of zadhII.The bars indicate insert fragments corresponding to Z.mobilis chromosomal DNA

on recombinant plasmids.

The plasmids are pUC9 derivatives containing DNA inserts, respectively. The shaded portion in cloned fragment of
pADS93 denotes the fragment on which zadhlI is located. The restriction sites, which were used for subcloning the

zadhll gene, are indicated.

To determine whsther the cloned fragment of
plasmid pADS93 hybridized to a specific region of
the Z. mobilis genome, Southern blot experiments
were performed. When the chromosomal DNA was
cut with EcoRI, BamHI and Pst1, respectively, for
which the zadhll gene posesses no sites, strong
hybridization to only one fragment of Z. mobilis was
obtained (Fig. 3. lane 2,4, and 5); digestion with Hin-
dIll, for.which zadhll gene has one site, resulted in
two strong hybridization bands (Fig. 3. lane 3). These
results indicate that only one copy of the zadhll gene
exists in the Z. mobilis cells.

Localization of the zadhll gene

The EcoRI and Pstl — generated 2.6 kb fragment
including the zadhll gene of pADS93 was subcloned
into pUC9 using Sau3Al to reduce the size of cloned
gene. The recombinant plasmid pADS98 containing
1.85-kb insert of the zadhll gene was obtained. E.
coli clone carrying pADS98 produced the same level
of ADH enzyme as pADS93.

ADH transforming activity was also detected in
pADSI13 containing 1.6-kb fragment generated by
Alul digestion of the subcloned fragment in pADS98
as diagramed in Fig. 4. However, a recombinant plas-
mid pADS4, which was constructed by ligating the
1.5-kb fragment generated by Hpall partial diges-
tion of the insert of pADS93 to the Accl-digested
pUCY, had no ADH complementing activity. It was
also found that the structural gene of ADH enzyme
was inactivated by digestion with HindIII (Fig. 4,
pADSS).

Discussion

We have cloned the structural gene for Z. mobi-
lis ADH into E. coli by means of allyl alcohol selec-
tion. Since aldehydes in which the keto group is con-
jugated with a double or triple bond are potent
protein-alkylating agents, allyl alcohol is an efficient
suicide substrate for ADH (4). The Z. mobilis strain
could not grow on RM agar plates containing
0.2 mM allyl alcohol but E. coli IM83 could grow
on LB agar plates containing 100 mM allyl alcohol.
However, it was found that the E. coli harbouring
the cloned zadhll gene could not grow on LB agar
plates containing 5 mM allyl alcohol as described
previously in Table 1. Therefore it is possible that
other bacterial ADH genes could be cloned in E. coli
using allyl alcohol selection.

By cloning a Z. mobifis ADH gene on a high copy
number E. coli vector, it was possible to increase the
ADH production, though ADH activity in E. coli
transformants containing the zadhll gene could not
be directly compared with Z. mobilis because of the
existence of two isozymes in Zymomonas as shown
in Fig. 2. Furthermore, the E. coli clone containing
zadhll gene produced an enzyme identical to one of
the Z. mobilis ADH isozymes suggesting that the
small component with low specific activity (ZADH-
II) is not a degradation product or artifact of the ex-
traction method. Although specific activity of
ZADH-II was lower than that of ZADH-I accord-
ing to intensity of the enzyme bands after activity
staining on gels as shown in Fig. 2, the extent of its
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specific acticity was increased in the presence of me-
tal ions such as cobaltous or ferrous ion plus
dithiothreitol. This effect of metal ions on
ZADH ~1II agreed with those reported by Scopes
(14), and Hoppner and Doelle (15).

For digestion with each single restriction en-
donuclease, such as EcoRlI, Pstl and BamHI, strong
hybridization occurred to only one fragment of Z.
mobilis chromosomal DNA using the zadhlIl gene as
a probe, unlike the structural genes of yeast ADH
isozymes (16 — 18). This indicates that zadhll gene
does not have homology to the structural gene for
ZADH-I; this was further supported by N-terminal
amino acid sequence analysis of two isozymes of
ZADH (1). It is therefore assumed that two isozymes
of ZADH were each derived from evolutionary
diverse sources. It is worth noting that the sequence
of iron-activated ZADH-II shows strong homology
to the hypothetical Saccharomyces cerevisiae ADH4,
not being homologous to the other ADH isozymes
of S. cerevisige (19). In addition, no hybridization
for natural plasmids isolated from Z. mobilis was ob-
tained showing that the structural gene of ZADH — 11
is not homologous with plasmids in Z. mobilis in con-
trast with previous reports (2, 20).

The Z. mobilis ADH gene in the three recombi-
nant plasmids, pADS93, pADIL99 and pADS98 expre-
ssed in E. coli regardless of its orientation to be tran-
scribed from the /ac promoter of the vector and in-
duction of zadhll gene with IPTG was barely detect-
ed in E. coli JM103. This may indicate that Zymo-
monas gene could be transcribed and translated from
Z. mobilis control system which is recognized by the
E. coli transcriptional and translational system. The
free expression of this Zymomonas gene in E. coli
may indicate that useful genes of Zymomonas can
be cloned without much difficulty as reported previ-
ously (3, 21, 22).
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