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ABBREVIATIONS

A, absorbance -
BSA, bovine serum albumin

DTT, dithiothoreitol

2

Hepes, 2-[4-(2-Hydroxyethyl)-/-piperazinyl] ethanesulfonic Acid
icdl, Vibrio sp. strain ABE-I IDH-I gene

icdll, Vibrio sp. strain ABE-1 IDH-II gene

IDH, 1socitrate dehydrogenase

IDH-I, Vibrio sp. strain ABE-1 isocitrate dehydrogenase isozyme-I
IDH-II, Vibrio sp. strain ABE-1 isocitrate dehydrogenase isozyme-II
IDH K/P, isocitrate dehydrogenase kinase/phosphatase

LB, Luria broth

MOPS, 3-(N-morpholino) propanesulfonic acid

pBS, pBluescript (KS* or SK™)

PMSF, phenylmethylsulfonyl fluoride

PVP, polyvinylpyrrolidone

S, sedimentation coefficient

SSC, saline sodium citrate

SSPE, saline sodium phosphate EDTA




CHAPTER 1

Expression of Vibrio sp. strain ABE-1 icdl and icdll genes in

Eschrichia coli

SUMMARY

The closely adjacent two genes coding for structurally different
isocitrate dehydrogenase isozymes (IDH-I and IDH-II) of a psychrophilic
bacterium, Vibrio sp. strain ABE-1 were found to be transcribed
independently. Northern (RNA) blot analyses of total RNAs from
Vibrio sp. strain ABE-1 showed that two single bands corresponding 1.4
and 2.4 kb hybridized to the probes prepared from icdl and icdll, which
are the genes encoding IDH-I and IDH-II, respectively. In addition,
primer extension experiments located single transcriptional start sites 39
and 97 bp upstream of the start codons of icdl and icdll, respectively.
The expression of the two genes in Escherichia coli was examined. At
low temperature (15 °C), both IDH-I and IDH-II were expressed and
conferred glutamate prototrophic ability on an £. coli mutant defective in
isocitrate dehydrogenase. The abilities of the isozymes to confer
restoration of the E. coli mutant to glutamate prototrophy were similar.
At high temperature (37 °C), active IDH-I was expressed and conferred
restoration of the E. coli mutant to glutamate prototrophy, but no

functional IDH-II was expressed. ~ Transcription of icdl and icdll genes




was regulated differently by different environmental conditions. The
level of icdl mRNA was increased when E. coli transformants were
cultured in acetate minimal medium, while the level of icdll mRNA was
increased by lowering the growth temperature for E. coli transformants
from 37 to 15 °C.  The half-lives of icdl and icdll mRNAs estimated at
15 and 37 °C were almost the same. Thus it was concluded that the
increase in the level of icdll mRNA at the low-temperature is the result of
induction of the gene. In the promoter region of icdl, there is a
nucleotide sequence homologous to that seen in the acetate-inducible E.
coli ace operon, while in the promoter region of icdll, there is the
nucleotide sequence CCAAT, which is a proposed common motif of E.
coli low-temperature inducible genes. Similar patterns of
transcriptional regulation of the two icd genes were observed also in
Vibrio sp. strain ABE-1.  However, activity of isocitrate dehydrogenase
kinase, which can phosphorylate IDH-I and consequently inactivate the

enzymatic activity, was detected in cell lysates of E. coli but not of Vibrio

sp. strain ABE-1.




INTRODUCTION

For survival of almost all organisms, they must adjust their
biochemical processes and chemicals of cellular constituents in response
to the changes in their environments. In particular, temperature has
crucial effects on life of exothermic organisms, such as plants and
microorganisms.  Bacteria are distributed in a variety of niches on the
earth, and some of them can proliferate and survive under 0 °C on one
hand, and some of them can grow even at the temperature above 100 °C
on the other hand (1, 2). According to the ranges of their growth
temperature, bacteria are usually classified into thermophiles, mesophiles,
and psychrophiles (3). There have been many biochemical and
biophysical studies to elucidate the key mechanisms or chemicals
defining the range of growth temperature of individual 'bacterial species.
It 1s easy to understand that the maximum limit of growth temperature
can be certainly determined by the stabilities of essential macromolecules
for the bacterial life, indeed, thermostabilities of almost all proteins from
thermophiles are much higher than majority of those from mesophiles and
psychrophiles. The molecular mechanism that brings about the
increased thermostability of the proteins is one of the most challenging
problems in the modern biochemistry and biophysics. However, it
remains largely unknown what contributes to the growth of psychrophilic
bacteria at low temperature such as freezing point of water.  There are

some suggestions for this without conclusive evidence; 1) keeping the

membrane fluidity at low temperature (2, 4), 2) the presence of enzymes




which can catalyze biochemical reactions sufficiently for the needs of
proliferation at low temperature (5). Since the bacterial membrane is
the important site for many biological processes including energy
metabolism, taking up nutrient from environmental medium, and
controlling internal environment, the membrane fluidity must be
controlled adequately for these processes. Thus many studies have
been focused on analysis of the lipid and fatty acid compositions of the
bactertal membranes in relation to the changes in environmental
temperature.  The results of these studies demonstrated that the bacteria
which favor to grow in the low-temperature range have comparatively
high proportion of unsaturated or short chain fatty acids in their
membranous lipids than mesophiles (2). However, when mesophilic
bacteria such as Escherichia coli and Pseudomonas aeruginosa are
grown at near their minimum limit of the growth temperature, they are
able to increase the amount of unsaturated or short chain fatty acids to the
similar level as observed in psychrophilic bacteria (6, 7).  Biochemical |
studies on the enzymes of psychrophilic bacteria are very few, and
temperature-activity profiles of majority of their enzymes are similar to
those of mesophilic enzymes.  Although a few enzymes which exhibit
high catalytic ability at low-temperature has been reported (2), none of
them has been shown to be essential for sustaining the bacterial growth at
low-temperature.

Vibrio sp. strain ABE-1, which was isolated from sea water sample on

the coast of Abashiri, Hokkaido, is a psychrophilic bacterium with an

optimum and maximum growth temperature at 15 °C and about 22 °C,




respectively (8). Minimum limit of this bacterial growth temperature
has not been determined yet, however, this bacterium is able to grow well
near subzero temperature. Previously, Ochiai et al found that this
bacterium has two distinct forms of NADP*-specific isocitrate
dehydrogenase (IDH: EC 1. 1. 1. 42) differing in thermostability and salt
dependency (9).  On the basis of their electrophoretic migration, Ochiai
et al. designated the isozyme, which moves faster, as IDH-1, and the
other as IDH-II, respectively. Particularly interesting difference
between the biochemical properties of the two isozymes was observed in
their thermal stabilities. Optimum temperature for the enzymatic
activity of IDH-I is 50 °C, and thermostability of this isozyme is
comparable to those of mesophilic enzymes. On the other hand,
optimum temperature for the enzymatic activity of IDH-II is 20 °C, and
this isozyme is completely inactivated by the incubation at the
temperature above 25 °C. In addition, IDH-II exhibits considerably
high enzymatic activity (about 25 % of the optimum level) even at 4 °C.
Thus temperature-activity profile of IDH-II is almost same as the growth
characteristic of Vibrio sp. strain ABE-1 (8).

The bacterial IDH, which catalyzes. the oxidative decarboxylation of
D-1socitrate to o-ketoglutarate and carbon dioxide coupling with the
reduction of NADP?', has been considered to be a member of
tricarboxylic acid cycle, because the most bacteria so far examined have
only one, either the dimeric type IDHs composed of about 45 kDa
subunits or monomeric type IDHs of about 80 kDa polypeptide.

Accordingly, IDH has been suggested to play an important role for the




bacterial life.  Judging from the temperature-activity profile of IDH-II
of Vibrio sp. strain ABE-1, this enzyme has been suggested to have much
more important role than IDH-I, however, the coexistence of the
isozymes made it difficult to determine conclusively which one is
essential for this bacterium.  In order to clear the differences between
IDH-I and -II on the molecular basis, Ishii et al purified the isozyme and
found that therr NH2-terminal amino acid sequences, and immuno-cross
reactivities were completely different from each other (10).
Furthermore, they demonstrated that IDH-I is a dimeric enzyme
composed of 45 kDa subunit, whereas IDH-II is a monomeric enzyme of
80 kDa polypeptide (10, 11). The dimeric type of IDHs have been
shown in a variety of bacterial species including Escherichia coli (12),
Bacillus stearothermophilus (13), Rhodopseudomonas sphaeroides (14),
Thermus thermophilus (15), and cyanobacterium Anabaena sp. strain
PCC 7120 (16), and the genes encoding the enzymes were also cloned
and sequenced from some of them (12, 15, 16). Furthermore, the
detailed molecular structure of the E. coli IDH was elucidated through
crystallographic study, and the amino acid residues which interact with
1socitrate, coenzyme, and metal ‘ions, were determined (17).
Comparisons of the deduced amino acid sequence of the E. coli IDH with
those of other dimeric IDHs revealed that the above amino acid residues
were all conserved in these enzymes (15, 16, 18-23).  Because IDH-I of
Vibrio sp. strain ABE-1. is a dimeric enzyme and show similar

immunological cross-reactivity with . coli IDH, this isozyme has been

suggested to be an enzyme homologous to the . coli enzyme (24).  On




the other hand, the monomeric type of IDHs have been demonstrated in a
few bacterial species including Azotobacter vinelandii (25), Vibrio
parahaemolyticus (24), Rhodomicrobium vannielii (26), however, there
was no available data on the amino acid sequences of these proteins.
Ishii et al first cloned and determined the sequence of the gene (icdll)
coding for a monomeric type of IDH, IDH-II, from Vibrio sp. strain
ABE-1 (27). At the same time they also succeeded to clone and
sequence the gene (icdl) encoding the other isozyme, IDH-I (27).  As
expected, IDH-I, dimeric type of IDH, had a high amino acid sequence
identity (74.3 %) to the E. coli IDH, however, the deduced amino acid
sequence of IDH-II, monomeric type of IDH, was completely different
from that of IDH-I (27). In addition, no significant matches were
discovered in the DNA or protein data bases, when the sequences of the
icdll gene and its protein were compared with other sequences (27).
These results suggested that IDH-I and -IT have evolved from different
ancestral origins or diverged from each other at very early step of
evolution. The other interesting findings of cloning genes encoding
IDH-I and -II isozymes were that the two genes (icdl and icdll) were
closely adjacent with a spacer of 276 bases in the order icdll-icdl (27).
In this spacer region, 85 bases downstream of the stop codon of icdll,
there appears to be a p-independent, terminator-like structure followed by
a promoter, a Shine-Dalgarno region, and the start codon of icdl (27).
Another promoter and ribosome-binding region are also seen upstream of

the initiation codon of icdll (27).  These structurally characteristics of

the genes strongly suggested that the two genes are transcribed




independently, however, the experimental evidences to confirm this were
not obtained at that time. In addition, regulatory aspects of the
expression of the two genes were still unknown.

In order to clarify the above unsettled problems and evaluate the
physiological roles of the two IDH i1sozymes, 1 first attempted to
determine the transcriptional start sites of the two genes, and then
construct expression plasmids in E. coli cells to examine how the
transcriptions of the two genes are regulated by environmental conditions.
As the results, it was confirmed that the two genes are transcribed
independently, and the expressions of the genes are differently regulated.

Namely, icdl was an acetate-inducible gene, while icdll was a low-

temperature inducible gene.




MATERIALS AND METHODS

Materials. DL-Isocitrate, 2-mercaptoethanol, acrylamide, N,N'-
methylenebisacrylamide, and agarose LE were obtained from Nacalai
Tesque Inc.(Kyoto, Japan). NADP™ was the products of Oriental Yeast
(Osaka, Japan). ~ Marker proteins for molecular weight were purchased
from Pharmacia. All restriction endonucleases were obtained from
Nippon Gene (Toyama, Japan), Toyobo (Osaka, Japan), or New England
Biolabs, Inc. (MA, USA).  Marker nucleotides for molecular size were
products of Nippon Gene (Toyama, Japan). DNA polymerase (Klenow
fragment), T4 polynucleotide kinase, ribonuclease inhibitor, a DNA
ligation kit, a random primer DNA labeling kit, a DNA Blunting kit, and
agarose LO3 were purchased from Takara Shuzo (Kyoto, Japan). [v-
32PJATP and [a->2P]dCTP were purchased from ICN Biomedical Inc.
(CA, USA). Rifampin was obtained from Wako Chemicals (Osaka,
Japan).  Hybond-N" and Hybond-C super were products of Amarsham
International (England). Hybridization bags were products of GiBco
BRL (MD, USA). A DNA cell (disposable DNA trapping cell) and a
dye reagent for protein assay were products of Dai-ichi Pure Chemical
Co., (Tokyo, Japan) and Bio-Rad laboratories, Inc. (CA, USA),
respectively.  All other reagents were of analytical grade.

Bacterial strains, plasmids, and media. A psychrophilic marine
bacterium, Vibrio sp. strain ABE-1 (Vibrio ABE-1) was cultured at 15 °C

with vigorously shaking in a nutrient medium containing each 1.0%

peptone and meat extract with 0.5 M NaCl or synthetic minimal medium




as previously described (8). The strains of Escherichia coli and the
plasmids used in this study are shown in Table 1 and Fig. 1. E. coli
DEK2004, a mutant defective in 1socitrate dehydrogenase (a gift from Dr.
Peter Thorsness), was used as a host for transformation with Vibrio sp.
strain ABE-1 icd genes. The medium for growth of this strain was
Luria broth (LB, 28) or morpholinepropanesulfonic acid (MOPS)-based
medium (29) supplemented with 0.5 mM glutamate and 0.5% glucose,
2.0% sodium acetate, or 2% sodium succinate. To determine the
restoration of the auxotrophic phenotype of the transformed E. coli
mutant, glutamate was omitted from the medium. Media for other
strains of E. coli were supplemented with a trace amount of thiamine
(about 10 to 100 nM).  When necessary, media were supplemented with
50-100 pg of ampicillin and/or 15 pg of tetracycline per ml.
Expression plasmids for icdl and icdll were constructed as follows:
pIS102, the expression plasmid for icdl, was constructed by digesting
pIS101, which is the pBluescript KS* inserting with Vibrio sp. strain
ABE-1 icdl, with EcoRV that cleaves at the restriction site present
between a putative terminator-like sequence of icdll and promoter region
of icdl, and ligating it to EcoRV- and Xbal-digested pBluescript KS™.
The expression plasmid for icdll, pIS202, which contains the above

terminator-like sequence located downstream of icdll ORF, was
constructed by using the Xbal-Sacl fragment of AVAI21 (27) and
pBluescript KS* (Fig. 2). Plasmid pSS512 was constructed by
insertion of the 1.9-kbp EcoRI-HindIIl fragment of pTK512 (12), which

contains the E. coli icd gene (a gift from Dr. Peter Thorsness), into




EcoRI-HindllI-digested pBluescript SK*.

Primer extension analysis.  To determine the transcriptional start
sites of the icdl and icdll genes, the following 31- and 32-mer
oligonucleotides were chemically synthesized on a Milligen model 7500
or Applied Biosystems model 381A DNA synthesizer as the primers for
icdl and icdll, respectively: 5'-GGGATTGTTAGGTACTGATAACTTA
CCGTCG-3', complementary to the internal sequence from bases 51 to 81
downstream from the ATG codon of icdl, and 5'-GCTTGAATAATGGG
TAATAAAGAATACGTCGC-3', complementary to that (from bases 58
to 89 downstream from the ATG codon) of icdll (27). The primers
were 5' end labeled with [y->2P]JATP and T4 polynucleotide kinase.
Total RNAs from Vibrio sp. strain ABE-1 cells grown in peptone-meat
extract (8) were isolated by the method of Case ef al/ (30).  The RNAs
(600 pg) was hybridized with either of the labeled primefs. The primer
extension reaction (28) was performed by using Rous-associated virus 2
reverse transcriptase (Takara Shuzo Co.), and products were analyzed by
electrophoresis on a 6% polyacrylamide sequencing gel using Sequence
kit (a sequenase labeled dCTP kit from United States Biochemical, OH,
USA).

Northern (RNA) blot analysis.  Total RNAs from Vibrio sp. strain
ABE-1 cells, which were grown in nutrient or synthetic minimum

medium containing 2% sodium-acetate or 2% sodium-succinate at

different temperatures (0, 5, 10, or 15 °C) were extracted and purified by
a single-step RNA isolation method (AGPC method) as described
previously (31). Similarly, total RNAs from £. coli DEK2004 cells




harboring pIS102 or pIS202, which were grown in LB or MOPS medium
supplemented with 0.5% glucose or 2% acetate at 15, 25, or 37 °C, were
isolated. To monitor the changes in the level of £. coli icd mRNA,
RNAs were extracted from £. coli K-12 cells grown at 37 °C in MOPS
medium supplemented with glucose or acetate (for details, see the legend
to Fig. 8).  The bacterial cells used for RNAs 1solation were in the mid-
logarithmic phase of growth (Vibrio sp. strain ABE-1; Asoo = 1.2, E. coli
transformants; Asso = 0.8). The 1solated RNAs were separated on
agarose gels (1.0 or 1.2%) containing 0.66 M formaldehyde, transferred
to nylon membranes (Hybond-N"), and then hybridized with appropriate
radiolabeled DNA fragment. The 343-bp Sacl-Sacl fragment of icdl,
the 620-bp HindIII-EcoRI1 fragment (or the 828-bp Ps/l fragment) of icdll,
and the 493-bp Sal/l-Pvul fragment of E. coli icd were used as probes for
mRNAs from icdl, icdll, and E. coli icd, respectively (Fig. 2).  Blotting
protocols and procedures for membrane hybridization were the same as
the suitable conditions for Amersham Hybond-N" systems blotting in 500
ml of 0.05 M NaOH for 3 h at room temperature; hybridization in total
25 ml solution containing 6.25 ml of 20 X SSPE (3.6 M NaCl, 0.2 M
sodium phosphate, and 0.02 M EDTA pH 7.7), 1.25 ml of 100 X
Denhardt's solution (2% [w/v] BSA, 2% [w/v] Ficoll, and 2% [w/v]
PVP), 1.25 ml of 10% [w/v] SDS, heat-denatured 0.5 ml of 1 mg/ml

solution of sonicated Herring sperm DNA, and appropriate radiolabeled

probe, for overnight at 65 °C.  After hybridization, the membranes were
washed successively in SSC (1 X SSC is 0.15 M NaCl plus 0.015 M

sodium citrate) containing 0.1% sodium dodecyl sulfate (SDS) as




follows: 2 X SSC at room temperature for 10 min (repeat), 1 X SSC at 65
°C for 15 min, and 0.1 X SSC at 65 °C for 10 min (repeat).
Autoradiography was performed by exposing the membranes to a X-ray
film (Fuj1 RX medical X-ray film) at -80 °C for appropriate time.  The
amount of mRNA that hybridized with each specific probe was
quantified from the autoradiographs by densitometry described in the
procedure for measuring mRNA stability.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). Conditions for SDS-PAGE were described previously (10)
except 7.5 or 8% acrylamide was used. As protein marker, a kit of
Pharmacia Biotech containing phosphorylase b from rabbit muscle
(94,000 Da), albumin from bovine serum (67,000 Da), ovalbumin from
egg white (43,000 Da), carbonic anhydrase from bovine erythrocyte
(30,000 Da), trypsin inhibitor from soybeam (20,100 Da), and «o-
lactalbumin from bovine milk (14,400 Da), was used. After
electrophoresis, the separated proteins were stained with Coomassie
brilliant blue R-250. And then the gel was used for Western blot
analysis, or dried at 80 °C for 2 h for detection of radiolabeled proteins.

Western blot (immunoblot) analysis. The procedure for
preparation of antibodies raised against the IDH isozymes were described
previously (10).  The purified isozymes (0.2 pg) and proteins (10 pg) in
cell free extract from an £. coli mutant harboring pIS102 or pIS202 were
separated by SDS-polyacrylamide (7.5%) gel electrophoresis as described
above, transferred to nitrocellulose membranes (Hybond-C), and

subjected to Western blot analysis with the enhanced chemiluminescence

14




(ECL) Western blotting detection system (Amersham) and 5,000-10,000
fold diluted rabbit anti-IDH-I or -II antibody (10).

Estimation of mRNA stability. E. coli mutant DEK2004 cells
carrying either plasmid containing icd/ or icdll genes were grown in LB
at 15 or 37 °C.  When the cultures reached the mid-logarithmic phase
of growth (Asso = 0.8), rifampin was added to 200 pg/ml to block further
initiation of transcription, and the cells were allowed to continue to grow
at the same temperature.  Samples (1.5 ml) were then withdrawn from
the cultures at 2-min intervals and the cells were pelleted by centrifuging
in a microcentrifuge for 30 sec at 15,000 rpm at 4 °C. After the
supernatant was removed, the pellet was subsequently frozen by liquid
nitrogen and stored at -80 °C until use. RNA was extracted for
Northern blot analysis as described above. Hibridizing bands were
quantitated by scanning the most intense part of the bands with a Bio-
imaging analyzer BAS2000 (Fuji film, Tokyo, Japan). Graphs of
percent value of mRNA remaining were plotted against time after
rifampin addition, and the best line was calculated by the least squares
method. The half life of the mRNAs was estimated by reading from
the graph the time taken to reduce the level of mMRNA to 50%.

In vitro phosphorylation of IDH-I.  E. coli DEK2004 and Vibrio
sp. strain ABE-1 were cultured in LB and nutrient medium, respectively,
and the cell free extracts were prepared by sonic disruption of the cells
(9).  IDH isozymes were purified from Vibrio sp. strain ABE-1 cells as
described previously (10). One microliter of the purified IDH-I

solution (0.2 pg protein) was transferred to Eppendorf tubes, and 10 pl of




cell free extract (10 pg protein) of £. coli DEK2004 or Vibrio sp. strain
ABE-1 was added. Then, 1 pl of [y-32P]ATP (0.37 MBq; 167
TBg/mmol) was added, and the mixture was incubated at 37 °C or 15 °C.
After appropriate time intervals, 2 pl of 10% SDS, 5 ul of 50% glycerol
and 2 pl of 100 mM sodium phosphate (pH 7.2) were added, and thé

2

mixture was boiled for 1 min to terminate the reaction. After the
sample was cooled at room temperature, proteins were separated by SDS-
polyacrylamide gel electrophoresis (PAGE) and radio-labeled
polypeptides were detected by autoradiography.

Enzyme assay. The procedure of preparation of a sonic cell free
extract of the bacteria cells was described previously (9). NADP*-
IDHs activities were assayed spectrophotometrically at 40 °C for IDH-I
20 °C for IDH-IL, or 37 °C for E. coli IDH, in a mixture (final volume 2
ml) containing 33 mM Tris-HCI (pH 8.4 at 20 °C), 250 mM NaCl, 0.67
mM MnCly, 0.12 mM NADP*, 2 mM pL-isocitrate, and an appropriate
amount of enzyme.  The reaction was started by the addition of NADP™*

2

or DL-1socitrate, and measured the initial rate of increase in absorbance at
340 nm. One unit of enzyme activity is defined as the amount of
enzyme catalyzing the reduction of 1 umol of NADP" per min. One
unit of the enzyme activity was defined as the amount of the enzyme
catalyzing the reduction of 1 pmol of NADP' per min. Protein
concentration was determined by the Bio-Rad protein assay procedure

which is based on the method of Bradford (32) with bovine plasma -

globulin as a standard.




RESULTS

Transcriptional start sites and Northern analyses of icdl and icdIl
transcripts in Vibrio sp. strain ABE-1.  In order to examine whether
the two closely adjacent genes (icdl and icdll) of Vibrio sp. strain ABE-1
are transcribed independently, the initiation site of each gene was
determined by primer extension analyses.  Essentially the same profiles
were obtained by using different RNAs isolated from the cells grown on
peptone-meat extract, succinate, or acetate.  Typical results are shown
in Figs. 3 and 4.  The initiation sites for the icdl and icdII genes were
found to be G (39 bases upstream of the ATG codon of the icdl
translational start point) and T (97 bases upstream of the ATG codon of
the icdll translational start point), respectively (Fig. 3).  Therefore, the
putative promoter motifs (33) at -35 and -10 for icd[ and icdll are
TTTAGT and TACTTT, and TTTATA and AACTAT, respectively (Fig.
4).  These results suggest that each of the icd genes of Vibrio sp. strain
ABE-1 is separately expressed.

To confirm further this is true, Northern blots prepared with total
RNA isolated from Vibrio sp. strain ABE-1 cells grown on various
carbon sources were hybridized with either the 343-bp Sacl-Sacl
fragment [internal to icdl, at positions 2735 to 3077 from the HindIIl (a)
site in (27) | or the 620-bp HindIll (b) -EcoRI fragment [internal to icd/l,
at positions 322 to 941 from Hindlll (a) site in (27) ]. Two single
bands corresponding to approximately 1.4 kb and 2.4 kb hybridized to the

probes prepared from icdl and icdll, respectively (Fig. 5). No transcript




larger than 2.4 kb was detected.  In addition, the estimated sizes of the
transcripts were in good agreement with those of the respective ORFs
plus their flanking regions. These results indicate again the separate
expression of Vibrio sp. strain ABE-1 icd genes, and the promoter- and
terminator-like structure found in 5' and 3' regions of each ORF
apparently act as the true promoters and terminators.

The amount of icdll mRNA in Vibrio sp. strain ABE-1 cells did not
change significantly by changing the carbon source in the medium,
whereas that of icdl increased when acetate was used as the sole source
of carbon and energy (Fig. 5, lane icdl-Acetate). These results were in
agreement with the previous observation that the specific activity of IDH-
[ was increased in the cells grown in acetate medium (10).

Expression systems of the icd genes. For confirmation of
expression products, and for study of regulatory mechanisms of
expression of the two icd genes, it was necessary to construct expression
systems. [ used £. coli DEK2004, a mutant in jcd, as a host for the
expression plasmids, because no mutant defective in icd of Vibrio sp.
strain ABE-1 was available. Expressions of icdl and icdll in E. coli
transformants with pIS102 (expression plasmid for icdl) or pIS202
(expression plasmid for icdll) were determined by measuring IDH
activity or by Western blot analysis. For expression of icdl, the

transformants were cultured at 37 °C, while the culture temperature for

the transformants with pIS202 was 15 °C because of the extreme
thermolability of IDH-II protein (9).  Expression level estimated as the
enzymatic activity (1.49 U/mg of protein) of the icdl gene in E. coli cells,




which were cultured in a peptone broth or glucose minimal medium at 37
oC, was about 10 times higher than the activity in a sonic extract of
Vibrio sp. strain ABE-1 grown at 15 °C (10).  Thermolabile IDH (IDH-
1) activity, which was completely inactivated by heating the extract at 30
°C for 10 min (24), was detected in a sonic extract prepared from icdll-
transformed cells grown at 15 °C, and the level (0.11 U/mg of protein) of
the activity was approximately three times lower than the value found in a
sonic extract of Vibrio sp. strain ABE-1 (10). The addition of
isopropyl--D-thiogalactoside (IPTG) to the culture medium did not
affect the expression levels of the icd genes (data not shown).  Western
blot analysis employing immunoglobulin-G raised against IDH-I or IDH-
IT (10) demonstrated the presence of a protein band corresponding to the
purified IDH-I or IDH-II in a sonic extract prepared from the transformed
cells (Fig. 6).  In the negative control (a sonic extracts from DEK2004
harboring pBluescript KS*, no positive band was detected [Fig, 6, lanes
pBS(KS™)].

Complementation of E. coli mutant defective in IDH by Vibrio sp.
strain ABE-1 icd genes.  One (IDH-I) of the two isozymes of Vibrio
sp. strain ABE-1 IDHs is a homologous enzyme to the £. coli IDH, but
the other (IDH-II) is a thermolabile enzyme and quite different in amino
acid sequence from the £. coli enzyme.  In order to investigate whether
IDH-II 1s functional in £. coli cell, I examined the phenotype of E. coli
DEK2004, a mutant in IDH deficient, harboring icdll gene. Because
Thorsness and Koshland reported that E. coli DEK2004 shows phenotype

of glutamate auxotroph and this phenotype is recovered to the wild type




by transformation with the E. coli icd gene (12).  Taken into account
for the lability of IDH-II above 20 °C, I cultured the mutant harboring
either icdl or icdll gene at high (37 °C) or low (15 °C) temperature (Fig.
7). The mutant harboring vector without the icd genes control
exhibited clearly phenotypic auxotroph for glutamate at both temperatures,
although the glutamate-dependency at low temperature was less than that
at high temperature. ~ This difference might be due to the difference in
the bacterial growth rates between 15 and 37 °C. Plasmid pIS102
carrying icdl gene was able to restore the mutant to glutamate prototrophy
at low and high temperatures, whereas plasmid pIS202 carrying icdll
gene was able to rescue the mutant at only low temperature. These
results indicate that icdll product, IDH-II, was functional as well as IDH-
[ E. coli at low temperature.  The failure of plasmid pIS202 to restore
the £. coli mutant to the prototrophy at high temperature-might be caused
by inactivation of thermolabile IDH-II or impairment at
transcriptional/translational level of the gene.

Levels of the transcripts of icd genes at low and high
temperatures. Next, to investigate the effects of temperature on
expression of Vibrio sp. strain ABE-1-icd genes, I measured the mRNA
levels of the genes by Northern blot analyses of RNAs from the icd/- and
icdll-transformed E. coli mutants or Vibrio sp. strain ABE-1 cells
cultured at various temperatures.  As shown in Fig. 8, the levels of icdll
transcript in the £. coli mutant harboring pIS202 was markedly increased

by lowering the growth temperature from 37 to 15 °C, while that of icdl

did not change under the same conditions.  Increases in the level of the




icdll transcripts were also observed when the growth temperature for
Vibrio sp. strain ABE-1 was lowered.  In Vibrio sp. strain ABE-1, the
changes in the level of icdl transcript were the converse of those in the
jicdll transcripts level. Quantitative estimation by densitometry
indicated that there were 12- and 3-fold increases i the amount of icd//
mRNA in £. coli mutants grown at 15 and 25 °C, respectively, compared
with the amount in those grown at 37 °C.

As icdll was found to be transcribed in the E. coli mutant at 37 °C as
Fig. 8, I examined whether IDH-II can be synthesized at this temperature
(Fig. 9). A protein band cross-reactive with anti-IDH antibody was
detected on Western blots of cell extracts from the E. coli mutant
harboring icdll grown at 37 °C (lane: pIS202, 37 °C), but no IDH
enzymatic activity could be detected. These results indicate that the
fatlure of pIS202 to restore the £. coli mutant to glutamate prototrophy at
37 °C (Fig. 7) was caused by post-translational inactivation of the
expressed IDH-II at this temperature.

Stability of icdl and icdll mRNAs. The level of icdll mRNA, but
not that of icdl mRNA, was changed by the growth temperature (Fig. 8).
The difference in the effects of growth temperature on the levels of icd
mRNAs might have been caused by the different degradation rates of the
mRNAs.  To compare the stabilites of the mRNAs, cultures of E. coli
mutants harboring pIS102 or pIS202 were treated with rifampin. As
shown in Fig. 10, both of E. coli and Vibrio sp. strain ABE-1 ceased to
grow immediately after the addition of rifampin (200 pg/ml).  Rifampin

treatment was carried out for different times depending on the




temperature of ncubation. Total RNA from the transformants was
analyzed by Northern blots probed with fragment either the icd/ or the
icdll gene (Fig. 11, A). The relative amounts of mRNA after the
addition of rifampin were estimated by densitometry, and the values were
plotted as logarithmic percent value of mRNA remaining versus time
after rifampin addition (Fig. 11, B).  As expected, the half-lives of the
icd mRNAs at 37 °C were shorter than those at 15 °C; however, there
was no significant difference between the half-lives of icdl and icdll
mRNAs at the same temperature. The half-lives of the icd mRNAs
were 5-8 min and 20-30 seconds at 15 °C and 37 °C, respectively.
Therefore, it can be concluded that stability of icdll mRNA is almost the
same as that of icd] mRNA and that the increase in the level of icdll
mRNA at low temperature 1s the result of induction of the gene.
Induction of icdl gene expression by acetate. It 1s well known
that the £. coli IDH is inactivated by phosphorylation at Ser-113 when E.
coli 1s cultured in acetate minimal medium (34-36). The amino acid
sequence around this serine residue has been found in the deduced amino
acid sequences of other IDHs homologous to the E. coli enzyme.  On
the basis of the sequence similarity, these IDHs have been suggested to be
similarly regulated by phosphorylation, although no direct evidence for
this has been presented (15, 16). But IDH-I is induced in Vibrio sp.
strain ABE-1 grown in acetate minimal medium (10), nevertheless, the
amino acid sequence around Ser-113 in this enzyme is the same as that in

E. coli enzyme (27). Thus, I speculated two possibilities for the

different responses of the icdl and E. coli icd genes to acetate: first, in the




promoter region of icdl, there is a nucleotide sequence homologous to
that seen in the acetate-inducible E. coli ace operon (37, 38), while no
such unique nucleotide sequence is present in the promoter region of the
E. coli icd gene (12); second is that Vibrio sp. strain ABE-1 may not have
isocitrate dehydrogenase kinase/phosphatase (IDH-K/P) activity which
can phosphorylate serine residue corresponding to Ser-113 in the E. coli
enzyme (35).  To evaluate these possibilities, £. coli mutant harboring
either pIS102 or pIS202 were grown in glucose medium to mid-
logarithmic phase, and the cells were transferred into a medium
containing acetate as a sole source of carbon and allowed to continue to
grow. At appropriate time intervals after the shift in medium, cells
were collected and level of each icd mRNA was determined on Northern
blots probed with either icdl or icdll gene fragment (Fig. 12).  The level
of icdl mRNA was increased after the shift from glucose to acetate
medium (12-fold after 4 h of the shift), while those of icdll and E. coli
icd mRNA showed almost no change after the shift. These results
suggest that a stretch containing the characteristic nucleotide sequence
seen in the promoter region of icd/ is responsible for acetate inducible
expression of this gene (Fig. 15, A).

In vitro phosphorylation of IDH-I and reduction of the specific
activity of the expressed IDH-I in E. coli. Next, to examine whether
Vibrio sp. strain ABE-1 does not have IDH K/P, I attempted to detect this
enzymatic activity by incubating purified IDH-I (0.2 pg protein) with [y-
32P]ATP in the presence of cell-free extract from the E. coli DEK2004 or
Vibrio sp. strain ABE-1. At appropriate time intervals of the
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incubation, aliquots of the reaction mixture were subjected to SDS-PAGE
for analysis of polypeptides, and radiolabeled polypeptides were detected
by exposing the dried gels of SDS-PAGE to a X-ray film (Fig. 13).
When the polypeptides on the gels were stained with Coomassie Brilliant
Blue R-250, a polypeptide corresponding to IDH-I was detected in the all
lanes with exception of lane £. coli (cell-free extraction alone from the £.
coli DEK2004, Left panel). A radiolabeled protein band which
corresponds to IDH-I was appeared after 30 min of the incubation of the
purified IDH-I with [y-32P]JATP in the presence of cell-free extract from
E. coli mutants but not from Vibrio sp. strain ABE-1 incubated either at
15 or 37 °C (Right panel).  Then, I measured specific activity of IDH-I
in the sonic extract prepared from the E. coli transformants.  When the
cells were shifted from glucose- to acetate-minimal medium (Fig. 14), the
specific activity was reduced to 45 % (right bar) of that d’etermined n the
sonic extract prepared from the glucose grown cells (after 7 h of the shift).
These results indicate that IDH-I could be phosphorylated and inactivated
by the E. coli IDH K/P, but Vibrio sp. strain ABE-1 does not have the
IDH-kinase activity.
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DISCUSSION

Genes encoding IDH from several prokaryotic (12, 15, 16, 27, 39) and
eukaryotic (18-23) organisms have been cloned and sequenced.
Among IDHs, the E. coli IDH is the only enzyme which has been
characterized in detail by crystallographic analysis, and it has been used
as a model to understand the molecular structure of the other [DHs.
Comparison of the deduced amino acid sequences revealed that these
IDHs are all more or less homologous to the £. coli IDH. These
enzymes have a common feature that they are composed of subunits.
On the other hand, Ishii ef al first revealed that the deduced amino acid
sequence of IDH-II (monomeric type IDH) of Vibrio sp. stramn ABE-1 is
completely different from those of the IDHs composed of subunits.
Recently, genes coding for monomeric type of IDH havé been cloned and
sequenced from other bacterial sources, Corynebacterium glutamicum
(39), and Azotobacter vinelandii (40). The deduced amino acid
sequence of these monomeric type of IDH are highly homologous to that
of IDH-II of Vibrio sp. strain ABE-1 (40). Since Vibrio sp. strain
ABE-1 has another structurally different IDH isozyme (27), IDH-I, which
is a dimeric type and highly homologous to the E. coli IDH, this raised
questions of whether the IDH-II is functional in £. coli cells as well as
the dimeric enzyme, and what mechanisms control the expressions of the
two icd genes. In this study, I demonstrated that both icdl and icdll

genes were expressed i E. coli cells and the expressed products were

functional.




The results of the primer extension analysis (Fig. 3 and 4) and the
Northern blot analysis of RNA isolated from Vibrio sp. strain ABE-1 (Fig.
5) suggest that the two genes are expressed separately, nevertheless
closely adjacent with a spacer of 276 bases in order icdll-icdl (27).
These results clearly indicate that the putative regions estimated from the
nucleotide sequences of the genes are true promoters of each gene.
Moreover, confirmations for the expression of the two genes in E. coli
cells were obtained by Western blot analyses (Fig. 6) and measuring the
enzymatic activity.  In addition, evidence for that both the enzymes are
equally functional in £. coli cells were obtained by transforming the E.
coli icd defective mutant with either plasmid carrying icdl or icdll gene
(Fig. 7). Auxotrophic property of this mutant was restored to glutamate
prototrophy by the transformation, although icdll-bearing plasmid failed
this restoration at 37 °C.  As this phenotypic restoraﬁon has also been
shown by transformation of the mutant with £. coli icd (12) or icd genes
cloned from several other sources (16), it can be concluded that both the
enzymes are functional in E. coli cells. The failure of the plasmid
carrying icdll to restore the E. coli mutant at a high temperature (37 °C)
is in agreement with the finding that IDH-II is completely inactivated
both in vitro and in vivo at temperatures above 20 °C (9).

On the basis of sequence similarity, IDHs can be roughly categorized
into two different groups (16, 41).  One is composed of NADP'-IDH
of eukaryotic origin, including the alfalfa enzyme (22), cytosolic enzyme

of rat liver (21), and mitochondrial enzyme of porcine heart (18) and

Saccharomyces cerevisiae (19). The other 1s a group composed of




prokaryotic NADP*-IDHs and the NAD"-IDH subunits IDH1 and IDH2
of S. cerevisiae (42, 43).  The sequence of IDH-II is far different from
those of the above-mentioned two groups, and therefore, this enzyme may
form a novel third group together with other homologous monomeric
NADP*-IDHs, including the enzymes from 4. vinelandii (40) and C.
glutamicum (39). The monomeric IDHs of R. vannielii (26) and V.
parahaemolyticus (24) also belong to this group, because they share
common NH2-terminal amino acid sequence and immuno-cross-reactivity
(24).

The amino acid sequence of IDH-I showed high identity (74.3 %)
with that of the E. coli enzyme (27).  Ser-113 in the E. coli enzyme (12,
44) has been 1identified at the site for phosphorylation by IDH
kinase/phosphatase when the enzyme was inactivated in the cells grown
on acetate as a sole carbon source.  This residue was conserved in IDH-
I at the same position; however, the specific activity of IDH-I in Vibrio sp.
strain ABE-1 increased when this bacterium was grown on acetate (10).
As seen 1in Fig. 5, this increase was accomplished at the transcriptional
level but not by modification after translation. It is interesting to note
that the nucleotide sequence in the icdl promoter region resembles that in
the £. coli aceB promoter region (Fig. 15, A), which has been suggested
to mteract with IcIR (45), a repressor for acetate-inducible ace operon.
Such a characteristic sequence is not present in the promoter region on £.
coli icd. The amount of the icdl transcript but not of icdll was

increased when E. coli transformant harboring pIS102 or pIS202 were

grown in acetate minimal medium (Fig. 12).  These results indicate that




icdl and icdll were regulated differently at the transcriptional level in E.
coli.  However, the specific activity of IDH-I expressed in E. coli cells
grown on acetate was reduced to 45% of that in the glucose-grown cells
(Fig. 14). As purified IDH-I1 was phosphorylated by incubating the
enzyme with [y->2P]ATP and cell extract from E. coli, but not from
Vibrio sp. strain ABE-1 (Fig. 13), the expressed IDH-I might be
inactivated by phosphorylation at Ser-113, as proposed for the
inactivation of E. coli IDH (12).  These results suggest that a functional
IDH kinase/phosphatase (46), which can phosphorylate IDH-I, 1s absent
in Vibrio sp. straimn ABE-1. The lack of IDH kinase/phosphatase
resulted in about a 10-fold increase in the level of IDH-I activity in
acetate-grown Vibrio sp. strain ABE-1 cells compared with that in
succinate-grown cells (27, 47).  Since the level of IDH-II is not affected
by shifting the carbon source in the medium (Fig. 12), fotal IDH activity
in Vibrio sp. strain ABE-1 is increased when the cells are grown on
acetate (10, 47).  Furthermore, the levels of isocitrate lyase and malate
synthase, which are key enzymes for glyoxylate shunt (48), are markedly
increased in Vibrio sp. strain ABE-1 by culturing the cells on acetate-
containing medium (47).  As s consequence, glyoxylate shunt would be
operative without reducing the rate of the tricarboxylic acid cycle in these
cells (Fig. 16). Elucidation of the physiological significance of active
operation of the two metabolic pathways for the utilization of acetate in
Vibrio sp. strain ABE-1 must await further analyses.

On the other hand, the transcriptional level of icdll encoding IDH-II,

which is a thermolabile monomeric enzyme, was increased by lowering




the growth temperature (Fig. 8). This increase was not due to the
instability of the mRNA, because the half-life of icd/l mRNA estimated
at a low (15 °C) or high (37 °C) temperature was essentially the same as
that of icdl mRNA (Fig. 11).  Thus, it can be concluded that icd/l is a
low-temperature-inducible gene.  Although the mechanism of activation
of icdll transcription at a low temperature 1s not known at present, a
nucleotide sequence, 5'-CCAAT-3', which has been proposed to be a
common motif of several low-temperature-inducible promoters of £. coli
(49), is also present in the promoter region of icdll (Fig. 15, B).
Therefore, the expression of icdll at a low temperature in E. coli might be
activated by binding of the £. coli low-temperature enhancer, CS7.4 (50),
to the promoter region of the icd// gene in trans. A similar mechanism
may be operative in Vibrio sp. strain ABE-1, because the level of icdll
mRNA was increased by lowering the growth temperature for this
bacterium (Fig. 8).

Catalytic efficiency expressed by the ratio of Vmax/Km is a kinetic
parameter to evaluate the physiological role of enzyme. = When the ratio
was calculated with Km values for isocitrate, purified IDH-I and IDH-II
gave values of 0.0406 and 1.017, respectively, at 4 °C (9). This
suggests that IDH-II is about 25-fold more active than IDH-I at low
temperatures. When the ratio was calculated with Km values for
NADP™, IDH-II showed about a 70-fold-higher potential than IDH-I at a
low temperature.  These features of IDH-I and IDH-II may indicate that
IDH-IT 1s an enzyme which has a greater degree of adaptation to low

temperatures than IDH-I. Thus, acquisition by icdll of the low
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temperature inducible promoter might have facilitated the adaptation of

Vibrio sp. strain ABE-1 to low-temperature growth.
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CHAPTER 2

Low-temperature inducible icdlIl gene and its implications

in the bacterial adaptation to low-temperature

SUMMARY

The expression in Escherichia coli of the icdll gene encoding a
psychrophilic  bacterium, Vibrio sp. straimmn ABE-1, i1socitrate
dehydrogenase isozyme-1I, was found to be regulated by two independent
cis-elements.  One is the suppressor, which was located in the 35 base
pair region of 560 bases upstream from the transcriptional start site for
icdll.  The other is a nucleotide sequence, 5'-CCAAT-3', locating at 2
bases upstream of the -35 promoter region of icdll, that 1s the essential
factor for the low-temperature dependent induction of icdll. By
deleting the suppressor, the both transcriptional and translational levels of
icdll at low temperature (15 °C) was increased about 20-fold.  Whereas
the expression level of icdll at high temperature (37 °C) was not changed
by deletion of the suppressor. A #rans-factor, which specifically binds
the suppressor sequence, was detected by gel shift assay using crude
extracts prepared from E. coli cells cultured at 15 or 37 °C. On the
other hand, no such a frans-factor was detected in Vibrio sp. strain ABE-
1. The low-temperature dependent induction of icdll was reduced

about 10-fold by deleting the CCAAT sequence. ~ While the expression
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level of the gene at high temperature (37 °C) was not affected by the
deletion. Thus the both sequence, suppressor and CCAAT, act as the
cis-elements for the transcription of icdll only at the low-temperature.
The growth rate of E. coli transformants at low-temperature was
depended on the expression level of icdll.  For instance, the doubling
time of E. coli transformants harboring the plasmid carrying the
suppressor sequence deletion icdll was 6.8 h, and that of those harboring
the plasmid carrying the vector control was 11.3 h.  Furthermore, icdll
was found to confer the ability to grow at low-temperature on E. coli.
Although the E. coli cells were not able to form colony on an agar-plate
of synthetic medium at 10 °C, the E. coli transformants carrying icdll
could form colonies on the plate when the medium was supplemented
with yeast extract. Supplementation with azolectin or casamino acid

had no effect on the growth of the transformants.
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INTRODUCTION

The heat shock response including cold shock one has well been
characterized among prokaryotes and eukaryotes. All organisms
examined produce some specific proteins in response to elevated
temperatures as well as to a variety of many other stress factors such as
anoxia, ethanol, or heavy metal ions (51-56).  Up to the present as yet,
the heat and cold shock responses in Escherichia coli has been well
characterized.  When cultures of £. coli cells are transferred from 30 °C
to 42 °C, 17 heat shock proteins are expressed transiently.  On the other
hand, as for a response to cold temperatures, £. coli cell cultures shifted
from 37 °C to 10 °C showed the induction of 13 cold shock proteins,
which were none of heat shock proteins (57-61).  Almost all the cold
shock proteins indicated an approximate 10-fold induction of synthesis
after the shift to cold temperature. The induction of all of these
protemns 1s initiated during the lag phase of growth that follows the
temperature downshift. ~ Some of the cold shock proteins were recently
identified proteins CS7.4 (50) and H-NS (63).  One of them, CS7.4, the
major cold shock protein of E. coli; is a hydrophilic protein with a
molecular mass of 7,402 Da. The gene for this major cold shock
protein has been cloned and sequenced, however, no direct function could
be assigned because its interruption was not carried out yet.  The initial
hypothesis accounting the low-temperature induction that CS7.4
(encoded by cspA) protects cells from damage caused by growth of large

ice crystals during freezing (58, 60), like low-temperature-induced
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proteins, BN115, BN28, and Hsp90 in an eukaryotes, Brassica napus (68,
75, 76).  While, a DNA binding property has been proposed for CS7.4
because of its strong similarity to conserved regions of eukaryotic DNA
binding proteins (62).  The major cold shock protein of £. coli, CS7.4,
was recently found to act as a cold shock transcriptional enhancer that
specifically recognizes and binds to the promoter region of the /ns gene
regulating the expression of the nucleoid protein, H-NS (63).  However,
the exact mechanism by which CS7.4 activates transcription remains
unclear. The mechanism of transcriptional enhancement of the hns
gene expression was suggested by specific recognition at a nucleotide
sequence of 5'—CCAAT—3' locating in the promoter region of Ans. It 1s
expounded that CS7.4 protein binds just in front of the promoter-bound
RNA polymerase consequently the expression activity 1s enhanced.
Thus, homology between prokaryotic (CS7.4) and eukaryotic
transcription factors (C/EBP family, 77-79) may indicate a novel
structural motif facilitating DNA-protein interactions. However,
molecular mechanism of the low-temperature-dependent expression of
the genes of psychrophilic bacteria has not been reported yet.

In Chapter I, I demonstrated that icdll is a low-temperature inducible
gene and a sequence of CCAAT is also present in its promoter region.
In contrast to mesophilic bacteria such as £. coli, psychrophilic bacteria
are permanently exposed to low-temperature. Thus they must have
adapted much more degree to low-temperature than mesophiles.  From

the results described in Chapter 1, it can be suggested that acquisition of

a set of low-temperature adapted enzyme and low-temperature inducible




promoter is one of the advantageous strategy for survival of psychrophilic
bacteria at low-temperature.  In order to investigate whether this is true,
[ analyzed the effects of successive deletion of the upstream noncoding

region of the icdll on its expression in E. coli, and examined whether £.

coli acquires the ability to grow at low-temperature by transforming with
icdll.




MATERIALS AND METHODS

Materials. Sources of all restriction endonucleases and marker
nucleotides used in this study were the same as described in Chapter 1.
AmpliTaq DNA polymerase was the product of Perkin Elmer (CA, USA).
A Kilo-Sequence deletion kit, exonuclease III, and mung bean nuclease
were purchased from Takara Shuzo (Kyoto, Japan). ~ Mineral oil (light
white oil) for PCR and azolectin [L-a-phosphatidylcholine (L-a-Lecithin),
type II-S: from soybean] were obtained from Sigma (MO, USA). [v-
32PJATP and [a-32P]dCTP were purchased from ICN Biomedical Inc.
(CA, USA). Hybond-N" (positively charged nylon membrane) was the
product of Amarsham International (England).  Hybridization bag was
product of GiBco BRL (MD, USA). Poly-deoxy-inosinic-deoxy-
cytidylic-acid [poly d(I-C)]was obtained from Boehringer Mannheim
(Germany). Polyethylene glycol mono-p-isooctylphenyl ether (Triton
X-100) was product of Nacalai tesque Inc. (Kyoto, Japan).  All other
reagents were of analytical grade.

plasmids. The plasmids used in this study are shown in Fig. 17.
pMS26, pMS92, pMSF6, pMSF7, pMSF8, pMS42, and pMS77 were
constructed from pIS202.  pMS26, pMS92, pMS42, and pMS77 were
used for determination of nucleotide sequence of icdll upstream

noncoding flanking region of 1572 bases in length, while the other

plasmids were used to study expression of icdll in E. coli, The
plasmids pMF8C, pMSF8S, pMS42C, and pMS42S were products of
PCR as described in PCR of Materials and Methods (Fig. 22)




Deletions of the upstream noncoding region of the icdll gene.
Overlapping deletions were generated by the method of Henikoff (66),
and by using Kilo Sequence Deletion Kit (Takara Shuzo, Kyoto, Japan).
Double-stranded template DNA for sequencing was purified from £. coli
XI.1-blue (stratagene) cells harboring with one of the plasmids carrying
the deleted gene.  The E. coli cells were grown in LB for overnight at
37 °C. and DNA was prepared by the method of alkaline lysis and ultra-
centrifugation through a CsCl density gradient (28). ~ The DNA samples
were dialyzed exhaustively against TioE1 (10 mM Tris-HCl [pH 8.0]
containing 1 mM EDTA) and used as templates. Alternatively, some
DNA samples were purified with a Wizard minipreps DNA purification
system (Promega, WI, USA). All nucleotide sequences were
determined by the cycle sequencing method by using -21M13 and M13
reverse dye-primer with ABI 373 DNA Sequencer (Applied Biosystems
Inc., CA, USA).  The sequences were analyzed and compared by using
the computer programs of Genetyx (Software Development Co., Tokyo,
Japan).

Northern (RNA) blot analysis.  Total RNAs were extracted from
Vibrio sp. strain ABE-1 cells and -E. coli DEK2004 cells, which
contained each pIS, pMS, and pMSF plasmids.  Vibrio sp. strain ABE-
1 was grown in nutrient medium at 15 °C, while £. coli transformants
were grown in LB medium at 15, 25, or 37 °C.  The extracted RNAs
were purified by a single-step RNA isolation method (AGPC method) as
described previously (31). Procedures for agarose gel electrophoresis,

transfer to membrane, hybridization and washing membranes were the




same as described in Materials and Methods of Chapter 1.

Gel shift assay Vibrio sp. strain ABE-1 and E. coli DEK2004
harboring pMS77 were cultured in nutrient medium or LB, respectively,
as described in Materials and Method of Chapter 1.  Sonic extract was
prepared as described previously. The crude extract was used to
examine frans-factor(s) which is able to bind the promoter region of icdll.
A 91 bp Dral-Spel fragment from the pIS202 was used as a probe (Fig.
20). The probe was 5' end labeled with [y->2P]JATP and T4
polynucleotide kinase. ~ DNA-protein binding assay was carried out in
the mixture of total volume of 18 ul containing 20 pg of total proteins, 10
ul of solution D (20 mM Hepes-KOH [pH 7.9], 100 mM KCl, 20%
glycerol, 0.5 mM DTT, and 0.5 mM PMSF), 2 pl of 10 mM MgClz, 2 pl
of 125 mM spermidine, 3 pg of poly[d(I-C)], and 1 ng of end-labeled
probe (ca. 1 kBq, 5-10 kepm).  After incubating the mixture for 1 h at
15 °C, aliquot of the mixture was subjected to 4% polyacrylamide gel
electrophoresis in a buffer containing 6.7 mM Tris-HCI (pH 7.9), 1 mM
EDTA, and 3.3 mM sodium acetate. Non radiolabeled probe and
herring DNA were used as competitor DNA and nonspecific DNA,
respectively.  Autoradiogram was obtained by drying the gel at 80 °C
for 2 h and then exposed to a X-ray film at -80 °C for appropriate time.

PCR (polymerase chain reaction). To mutate the promoter region
of icdll gene, I synthesized the mutated gene by PCR method. The
DNAs from plasmid pMSF8 and pMS42 were used as templates for the

reaction.  Two pairs of 30-mer synthetic oligonucleotides were obtained

(Takara Shuzo, Kyoto, Japan): the one is for deleting a sequence CCAAT




locating at 2 bases upstream from -35 region (-42 to -38); for this purpose,
5 AATTTATAGGGTTTGGTAAGTTTTCGAACT-3' at nucleotide
positions -37 to -8 from transcriptional start site of icdll (Fig. 18) and 5'-
CCTACACAATATTTCTAAAAAACACTTAGA-3', complementary to
the sequence at nucleotide positions -43 to -72, were synthesized: and the
other is for deleting a sequence, which seems to construct a stem-loop
like structure, locating at +43 to +86 from transcriptional start site of
icdll, for this purpose, 5'-GGAATTTCAATGAGCACTGATAACTCAA

AA-3' at nucleotide positions +87 to +116 and 5'-CGACCCTCATGTTC

GGTAATTGAACAAATC-3', complementary to the sequence at
nucleotide positions +42 to +13, were synthesized. These
oligonucleotides were used as primer for PCR.  Thermal cycler and the
program for PCR were used with Gene Amp PCR System 2400 (Perkin
Elmer, CA, USA). Fifty pul of the reaction mixture, which contains
each 1.75 ul of 10 mM dATP, dCTP, dGTP, and dTTP, each 1 ul of 1
UM downstream primer and upstream primer, and 5 pl of 10 X PCR
buffer [S00 mM Tris-HC1 (pH 9.2), 140 mM (NH4)2SO4, 22.5 mM
MgClz2] containing 1 ng of template DNA and 3.5 unit of AmpliTaq
DNA polymerase, was used for following thermal cycles; denaturation of
template at 94 °C for 2 min followed by 10 times repeat of Ist cycle [94
°C for 10 sec, 65 °C for 30 sec, and 68 °C for 5 min], 20 times repeat of
2nd cycle [94 °C for 10 sec, 65 °C for 30 sec, 68 °C for 5 min plus cycle
clongation of 20 sec for each cycle.  The products were treated by T4

polynucleotide kinase and then self-ligated by Ligation Kit.  The ligated
products which lost the sequences of CCAAT and stem-loop like




structure were designated as pMSF8C, pMSF8S, and pMS42C, pMS425,
respectively. (Fig. 22).  E. coli DEK2004 was transformed with either
plasmid.

Growth characteristics of E. coli transformants. E. coli
DEK2004 was transformed with each pIS202, pMSF8, pMS42, or
pSS512.  E. coli XL.1-Blue transformed with pBluescript KS" was used
as negative control.  The transformants were precultured in LB medium
containing 50 pg of ampicillin and 15 pg of tetracycline per ml at 37 °C
for overnight, and inoculated to a fresh LB medium and cultured at 15 °C
with vigorously shaking. The growth of the cells were monitored by
measuring the absorbance at 550 nm. The growth of the E. coli
transformants on agar-plate was also examined at 10 °C. The
transformants were precultured as described above. The precultured
cells were inoculated onto an agar-plate of MOPS or LB medium.
MOPS medium contained 50 pg/ml of ampicillin, 15 pg/ml of
tetracycline, and 100 nM thiamine.  Glucose (50 mM) or succinate (100
mM) was used as a sole source of carbon and energy. To examine
auxotrophic phenotype of the E. coli transformants at 10 °C, MOPS
medium was supplemented with each yeast extract (0.05%, w/v, Difco,
MI USA), casamino acid (0.2%, w/v, Difco), or azolectin (0.05%, w/v,
Sigma). For dispersion of azolectin, Trition X-100 was added to the
medium at a final concentration of 0.5% (v/v).  The concentrations of
bases and vitamins used as a cofactor for the growth of the transformants
at 10 °C were as follows: thiamine hydrochloride (Wako pure chemical

industries, Ltd., Osaka, Japan), 0.1 mg/l; nicotinic acid amide
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(niacinamide, Wako), 0.1 mg/l; riboflavin (Nacalai tesque Inc., Kyoto,
Japan), 0.5 mg/l; pyridoxine hydrochloride (Nacalai), 0.1 mg/l; calcium-
p(+)-pantothenate (Nacalai), 0.1 mg/l; biotin (Nacalai), 1 pg/l; p-
aminobenzoic acid (Nacalai), 0.1 mg/l; choline (Nacalai), 2 mg/l; inositol
(Wako) 1 mg/l; adenine (Wako), 10 mg/l; xanthine (Nacalai), 10 mg/l;
hypoxanthine (Wako), 10 mg/L; guanine (Sigma), 10 mg/l; thimine
(Nacalai), 10 mg/l; uracyl (Wako), 10 mg/l; and/or cytosine (Wako), 10
mg/l.

Enzyme assay.  The bacterial cells in mid-logarithmic phase of the
growth were harvested, and disrupted with a Bronson Sonifier 250 (CT,
USA) in the buffer containing 20 mM Tris-HCI [pH 7.5], 250 mM NaCl,
2 mM MgClz, and 10 mM 2-mercaptoethanol. The supernatant was
obtained by centrifugation (10,000 X g, for 20 min, at 4 °C), and used as
a crude extract. IDH activity and the protein cohcentration were
determined as described in Materials and Methods of Chapter 1.  One
unit of the enzyme activity was defined as the amount of the enzyme

capable of catalyzing the reduction of 1 umol of NADP™ per min.
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RESULTS

Nucleotide sequence of upstream noncoding region of icdll. In
order to investigate whether the upstream noncoding region of icdIl gene
is responsible to low-temperature dependent expression of icdll, first 1
determined the nucleotide sequence from -1713 to -140 (corresponding to
Xbal site and Hindlll site, respectively, in Figs. 1 and 18) base, where the
sequence has not been determined yet.  The nucleotide sequence of this
region is shown in Fig. 18. The G + C content of this region was
36.2 %, and was similar to those of the other sequenced regions of Vibrio
sp. strain ABE-1. No unique sequence such as forming stem-loop
structure, absolute tandem repeat, or reverse repeat was detected in this
region. However, it was found that three ORF-like sequences were
present in the region of -1334 to -1257, -1232 to -882, and -784 to -203
at nucleotide positions counted from transcriptional start site of icdll.
Although these ORFs-like are corresponded to the peptides of 26, 117,
and 194 amino acid residues, respectively, there found no homologue in
the databases of nucleotide sequences and proteins.

Effects of deletions of the upstream noncoding region of icdIl on
the expression. To examine whether cis-clement(s) acting on the low-
temperature dependent expression of the icdll is present in the upstream
noncoding region of the gene, I deleted the noncoding region successively
from 5'-end in various lengths.  Effects of deletion on the expression of

the gene was determined by measuring the levels of mRNA and

enzymatic activity in the transformants grown at different temperatures




(15, 25, and 37 °C).  The expression level did not change significantly
in the transformants harboring the successive deletion plasmids till
pMS92 (Fig. 19, A). In my surprise, a dramatic increase in the level
was observed when the transformants harboring deletion plasmid pMS42
were grown at 15 °C.  Smaller but significant increase in the expression
level was also observed when the transformants were grown at 25 °C, but
no change was observed in the cells grown at 37 °C. These results
suggest that a sequence containing in the upstream noncoding region of
pMS92 may act as cis-element to suppress the low-temperature induction
of icdll. To determine the nucleotide sequence, I prepared the
successive deletion plasmids as shown in Fig. 17, and examined the
transcriptional level by Northern blot analysis (Fig. 19, B).  From these
results, the sequence acting as a cis-element was found to be comprised
of 35 bases of the following nucleotide sequence;, 5'-
GTTATACCATACGGAGCTTAATTCTTTACGTAACA-3', which 1s
located at the position from -560 to -526 nucleotide residues. [ referred
this region to as F35-bp region.

Gel shift assay. As a next step towards understanding the low-
temperature regulatory expression of icdll, 1 tried to examine whether the
trans-acting-factor which specifically binds to F35-bp region is present in
E. coli and Vibrio sp. strain ABE-1 cells. A 91 bp Dral-Spel fragment
carrying the F35-bp region was used for gel shift assay with the crude

extract from E. coli or Vibrio sp. strain ABE-1.  The results are shown

in Fig. 21. A single band which resulted from specific binding with the
DNA probe was detected when the crude extract of E. coli grown at 15




°C was used. Similar observation was obtained by using the crude
extract of £. coli grown at 25 or 37 °C (data not shown).  However, no
specific band was detected when the crude extract of Vibrio sp. strain
ABE-1 was used. These results suggest that a factor(s) which
specifically binds to F35-bp region is expressed in E. coli in regardless to
the growth temperature, while Vibrio sp. strain ABE-1 does not have
such a factor.

Upstream sequence, CCAAT, is required for low-temperature
dependent induction of icdll. There are two unique nucleotide
sequences in the promoter region of icdll. The one is a sequence,
CCAAT, locating at 2 bases upstream of the -35 region of icdll.  This
sequence has been suggested to be a common motif of low-temperature
inducible genes of £. coli.  The other 1s a sequence of 44 bp locating
between +43 and +86 nucleotide position. Judged from the
characteristics of the sequence, this sequence seems to form a stem-loop
like structure.  To investigate whether these sequence are responsible to
the low-temperature induction of icdll, 1 attempted to construct the
expression plasmids that carry the gene from which the above unique
sequences were specifically deleted.  For this purpose, PCR techniques

were used as described in Materials and Methods. The obtained PCR

products are schematically represented in Fig. 22. pMSF8C and
pMSESS are the plasmids that they lost the sequences of CCAAT and 44
bp length, respectively. In addition, 1 constructed the plasmids,
pMS42C and pMS42S, that they lost 35 bases from 5'-end of pMSF8C
and pMSF8S, respectively.  In this deleted region, there is the sequence




which act as a suppressor for the low-temperature-dependent induction of
icdll.  E. coli DEK2004 was used as a host for the transformation with
these plasmids.

The expression level of the icdll gene was examined by Northern blot
analyses (Fig. 23) and measuring the enzymatic activity of IDH-II (Table
[lI). The levels of mRNA were greatly changed when the transformants
were cultured at 15 °C. The mRNA level of the transformants
harboring pMSF8C, which carry the gene specifically deleted CCAAT
sequence, was reduced than those of the transformants harboring pMSF8
or pMSF8S, which carry the gene containing CCAAT sequence.
Whereas the specific deletion of the sequence, which seems to form stem-
loop structure, had no effect on the expression (compare the expression
level of the transformants harboring pMSF8 with that of the
transformants harboring pMSF8S). The effect of specific deletion of
CCAAT sequence on the expression was much more clearly
demonstrated when plasmids, pMS42, pMS42C, and pMS42S, which
carry the gene containing no suppressor sequence of 35 bp, were used for
the transformation.  The expression level of the transformants harboring
cach of these plasmids was increased- about 20-fold than that of the
transformants harboring each of the corresponding plasmids.  However,

reduction in the mRNA level was observed again by specific deletion of

CCAAT sequence.  The pattern of the changes in the specific activity
of IDH-IT was almost parallel to that of the changes in mRNA level
(Tablelll).  On the other hand, no change was observed in the mRNA

level when the transformants were cultured at 37 °C. These results




clearly indicate that the sequence, CCAAT, is essential for the low-
temperature dependent expression of icd!l.

Enhanced low-temperature growth of E. coli by icdll
Previously I suggested that IDH-II of a psychrophilic bacterium, Vibrio
sp. strain ABE-1, has a high catalytic activity at low-temperature,
because this enzyme showed high Vmax/Km values in vitro at low-
temperature. To evaluate the physiological role of IDH-II in vivo, E.
coli DEK2004 or E. coli XL1-Blue was transformed with each plasmid
pIS202, pMSF8, or pMS42.  As shown in Fig. 22, pMSF8 and pMS42
are the deletion plasmids derived from pIS202.  The icdll mRNA level
in the transformants harboring pMS42 was higher about 20-fold than that
in the transformants harboring pMSF8 or pIS202 (Table II), because, in
the pMS42, the sequence of 35 bp cis-acting as a suppresser for the low-
temperature dependent induction of icdll was deleted. While the
expression level in the transformants harboring pMSF8 was almost same
as that in the transformants harboring pIS202. The transformants
harboring pMS42 were able to grow much faster (doubling time, 6.8 h)
than those harboring vector control or pSS512 carrying E. coli icd gene
(doubling time, 11.3 h). The growth rate of the transformants
harboring pMSF8 showed the intermediary value (doubling time, 9.0 h).
It is interesting to note that the growth rate was completely depended on
the expression level of icdll in the transformants.  These results clearly
suggest that IDH-II plays an important role and confers the ability to

grow at low-temperature on £. coli.  To investigate further, I examined

the growth characteristics of . coli transformants on an agar-plate of




minimum medium at 10 °C, because it was reported that £. coli ML30, a
representative strain of E. coli, can grow at about 7.8 °C on nutrient rich
medium (64) but it ceases to grow at 10 °C on minimun medium (61, 65).
The results are shown in Table IV and Fig. 25.  All the transformants
examined in this study could grow on a nutrient-rich medium,
nevertheless the time period for the colony formation of the transformants
harboring vector control required more several days than those of the
transformants containing icdll. ~ However, no transformants could grow
on a minimum medium containing succinate as a sole source of carbon
and energy.  When the temperature for the culture was raised from 10
to 15 °C, all the transformants were able to form colonies again on the
same medium. This result suggested that some cofactors other than
IDH-II was also required for the growth of the transformants at 10 °C.
To investigate the growth factors, the succinate minimum medium was
supplemented with each casamino acid, azolectin or yeast extract as
indicated in Table 1V. As expected, the transformants harboring the
plasmid carrying icdll were able to grow on the succinate plate
supplemented with yeast extract but no visible colony was found on the
plate inoculated with the transformants containing vector control.
Supplementation with azolectin or casamino acid had no effect on the
ability of the transformants to form colony. Furthermore, the time
period required to form visible colony of the transformants harboring
pMS42 was shorter than that of the transformants harboring pMSFS.
Because the expression level of icdll in the former transformants was

higher about 20-fold than that in the latter transformants, it can be
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concluded that the ability to form colony at 10 °C is depended on the
expression level of icdll. These results clearly indicate that IDH-II

plays an essentially important role for £. coli to grow at 10 °C, and some

other steps leading to vitamins or bases are cold-sensitive sites.




DISCUSSION

In the chapter 1, I reported that icdll of a psychrophilic bacterium,
Vibrio sp. strain ABE-1, is a low-temperature inducible gene (82). The
presence of low-temperature inducible genes were reported in some other
bacteria (49-66) and plants (67-72), and it was known that the low-
temperature inducible genes of plants have been related with the freezing
and/or dehydration tolerance, while the physiological functions of the
bacterial low-temperature inducible gene have been scarcely known
exception of cspA encoding CS7.4 of E. coli (50). Although 1t 1s
interesting to know the molecular mechanism how psychrophilic bacteria
acquired the ability to grow at low-temperature, information on the low-
temperature inducible gene of psychrophilic bacteria has not been
available except for the icdll of Vibrio sp. strain ABE-l.»

In this study (chapter 2), 1 attempted to investigate the molecular
mechanism of the bacterial adaptation to low-temperature by
characterizing the regulatory mechanism of the icdll.  Because it is well
known that transcriptions of many genes are regulated by binding of
trans-factor(s) on cis-acting sequences which are located on the upstream
noncoding region of the genes, first I determined the nucleotide sequence
of the upstream noncoding region of icd/l (Fig. 18). The upstream
noncoding region was 1713 bp in length. In this entire region, there
was no sequence homologous to those reported to act as cis-factor for the

bacterial genes, although a sequence, CCAAT, which seems to be a

common motif of the low-temperature inducible promoter of £. coli, was




present at 2 bases up of -35 region. Three ORFs-like sequences
corresponding to 26, 117, and 194 amino acid residues, respectively,
were found in this region, however, there found no homolog in data bases
of nucleotide sequence and proteins.  Other unique nucleotide sequence
to form stem-loop structure, or promoter was not found. From these
results, these ORF-like sequences seem not to have any physiological
meaning. Interestingly, the transcriptional level of icdll was greatly
increased when a deletion plasmid, pMS42, was used for transformation.
Because this increase in the transcriptional level was observed only when
the transformants were cultured at 15 °C, it can be concluded that the
nucleotide sequence acting as a suppressor for the low-temperature
dependent induction of icdll was present in the deleted region.  From
the detailed analyses of the successive deletion plasmids, I found that the
crucial sequence was comprised of 35 bp and located at -560 to -525
nucleotide positions (Fig. 19, 20). I designated this sequence as F35-bp.
This sequence was found to be unique because no significant matches
were discovered in the DNA data bases, when this sequence was
compared with other sequences of transcription factors of bacterial or
vertebrate (73).  When the crude extract from E. coli cells cultured at
15, 25, or 37 °C was incubated with the radiolabeled DNA probe
containing F35-bp, a protein-DNA complex was formed. =~ While there
was no specific protein(s), which interact with the DNA probe, in the
crude extract from Vibrio sp. strain ABE-1.  These results suggest that

protein(s) which can specifically bind to the F35-bp is expressed in a

temperature independent manner in E. coli, but not in Vibrio sp. strain




ABE-1.  Although a precise role of the protein-DNA interaction 1s not
known at the present, the protein(s) may act as a frans-factor for the
suppression of low-temperature dependent induction of icdll.  Thus E.
coli, which favors to grow at around 37 °C (74), tends to suppress the
expression of the gene containing low-temperature inducible promoter.
These findings raised a interesting question what is the signal for the low-
temperature dependent induction. In this respect, it is interesting to
note that a nucleotide sequence, CCAAT, which has been recently
suggested to be a common motif for low-temperature inducible promoters
of E. coli, is present 2 bp upstream from the -35 region of icdll.  The E.
coli transformants harboring expression plasmid, pMSF8C or pMS42C,
from which the CCAAT sequence was specifically deleted, did not
respond to the low-temperature induction of icd/l.  These results clearly
indicate that the CCAAT sequence acts as a cis-element for the low-
temperature dependent induction of icd!l. The CCAAT sequence 1s
known as a cis-element activating transcription of many eukaryotic genes
including a1(I) and o2(I) collagen, albumin, major histocompateibility
complex II, and B-action (83, 84).  Accordingly, this sequence may be
one of the widely distributed cis-element for regulation of gene
expression from prokaryotes to eukaryotes.  In E. coli, CS7.4, which 1s
a major cold shock protein of E. coli, has been suggested to recognize the
CCAAT sequence and activate the transcription, however, detailed
mechanism of the low-temperature dependent expression of the genes 1s

still obscure.  Further work must be done to elucidate mechanism of the

low-temperature dependent induction of the genes.




[ previously suggested that acquisition of a set of low-temperature
inducible promoter and the gene coding for low-temperature adapted
enzyme which catalyzes a key step of metabolism is an important event n
the bacterial adaptation to low-temperature. Indeed, the findings that
icdll of Vibrio sp. strain ABE-1 conferes the ability to grow at 10 °C on
E. coli support this hypothesis.  Furthermore, the conferred ability was
dependent on the expression level of icdll.  For the growth of £. coli on
a synthetic medium at 10 °C, supplementation of yeast extract to the
medium was also required. These results suggest that the membrane
fluidity of E. coli at 10 °C is similar state to that at higher temperature,
and there are a few cold-sensitive steps which can be rescued by the
addition of yeast extract.

Investigation of the molecular mechanism of the bacterial adaptation
to low-temperature is just beginning, and there are many problems to be
cleared before elucidation of the detailed mechanism, however, it may be
concluded that the psychrophilic bacteria were derived from the
mesophilic bacteria which could modify a relatively small number of
enzymes to exhibit their catalytic activity at low-temperature. ~ This 1s

the great difference from the thermophilic bacteria which had to increase

the stabilities of almost all enzymes at high temperature.
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TABLE II.  Effect of the deletion of icd/I-upstream flanking region on
the expression level of IDH-II activity in £. coli DEK2004.

Deletion plasmid Specific activity (units/mg of protein)

pIS202 0.125
pMS26 0.129
pMS92 0.119

f pMSF6 0.101
pMSF7 0.119
pMSF8 0.112
pMS42 2.01
pMS77 2.86

Temperature for assay of IDH-II activity was 20 °C, and specific activity
was expressed as means of three experimental values. Crude extracts
were prepared from the mid-logarithmic phase cells of E. coli DEK2004
harboring deletion plasmid of pIS202 (a series of pMS). The

transformants were cultured in LB media at 15 °C.




TABLE III.  Effects of the deletion of CCAAT and stem-loop like region
from icdll-promoter region on the expression level of IDH-II activity

m E. coli DEK2004.

Plasmid Specific activity (units/mg of protein)

pMSF8 0.112
pMSF8C 0.0355
pMSF8S 0.125
pMS42 2.01
pMS42C 0.277
pMS42S 2.18

Temperature for assay of IDH-II activity was 20 °C, and specific activity
was expressed as means of three experimental values. Crude extracts
were prepared from the mid-logarithmic phase cells of E. coli DEK2004
harboring each plasmid of PCR products. The transformants were

cultured in LB media at 15 °C.
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LEGENDS TO FIGURES

Fig. 1. Mapping of the genomic clones containing the icdl and icdll
genes. Arrows represent the open reading frames of the icdl and icdll
genes.  Some restriction sites are distinguished by letters indicated in
parentheses. The restriction fragments used in construction of plasmids

(pIS102 and pIS202) are shown in lines below the restriction maps.

Fig. 2. Restriction map of recombinant plasmids pIS102, pIS202, and
pSS512.  pIS102, pIS202, and pSS512 are the plasmids carrying icd],
icdll, and E. coli icd genes, respectively.  They all express resistance to
ampicillin. Boxes inside the circles indicate the inserted genes
fragments in pBluescript. Bars indicate restriction endonuclease
cleavage sites used in cloning and preparing fragmenfs of probes as
described in Materials and Methods.  Amp®, ampicillin resistance; ORF,

open reading frame; ori, f1 phage and colE1 origin.

Fig. 3. Primer extension analysis. Primer extension products
employing primers complementary to icd/ and icdll are shown in lanes 1
and 6, respectively. RNA (600 pg) used in these experiments was
obtained from Vibrio sp. strain ABE-1 cells grown in peptone-meat
extract medium. The sequencing ladders of the DNAs obtained by using

the same primers are shown in lanes 2 to 5 and 7 to 10. Arrows indicate

the transcriptional initiation sites.




Fig. 4. Transcriptional start points of icdl and icdll. ~ Upper panel and
lower panel show nucleotide sequences of upstream of the icdl and icdll
genes, respectively. Transcriptional starting points were indicated by
arrows (+1).  Putative promoter sequences, putative ribosome-binding
sites, and translational starting points, are underlined (-35 and -10),

doubly underlined, and boxed (ATG), respectively.

Fig. 5. Effects of acetate on transcriptional level of icdl and icdll genes
in Vibrio sp. strain ABE-1. Total RNAs (10 pg per lane) extracted from
Vibrio sp. strain ABE-1 cells grown on peptone-meat extract (lane 1),
succinate (lane 2), or acetate (lane 3) were electrophoresed in 1.5 %
agarose gel containing 0.66 M formaldehyde. After blotting the RNAs
onto a nylon membrane, hybridization was performed by using the radio
labeled Sacl-Sacl DNA fragment of icdl (A) or the HindIlI-EcoRT DNA
fragment of icdll (B) as described in Materials and Methods. Position of
23S and 16S rRNAs are shown between the panels.

Fig. 6. Western blot analysis of polypeptides present in the sonic
extract prepared from E. coli cells transformed with a plasmid bearing
either icdl or icdll.  (Left) Purified IDH-I, 0.2 pg of purified IDH-I
protein; pBS(KS™), pBluescript KS*-transformed cell control (10 pg of
protein); pIS102, pIS102-transformed cells (10 pg of protein).  (Right)
Purified IDH-II, 0.2 pg of purified IDH-II protein; pBS(KSY),

pBluescript KS*-transformed cell control (10 pg of protein); pIS202,
pIS202-transformed cells (10 pg of protein). Anti-IDH-I and anti-IDH-




II antibodies were used for left panel and right panel, respectively. The
cells used at left and right panels cultured at 37 °C and 15 °C,

respectively.  Molecular mass standards are shown to the left of the panel.

Fig. 7. Effects of temperatures on the complementation of E. coli IDH
defective mutant by Vibrio sp. strain ABE-1 icdl or icdll. E. coli
DEK2004 (IDH defective mutant) harboring pBluescript KS* (A, D),
pIS102 (B, C), or pIS202 (C, F) were cultured in MOPS medium in the
presence (@) or absence (O) of 0.5 mM glutamate at 15 °C (A, B, and C)
or 37 °C (D, E, and F). Preculture of the all bacterial strains was carried
out in LB medium for overnight at 37 °C. The growth of the cells were

monitored by measuring absorbance at 550 nm.

Fig. 8. Effects of temperatures on the transcripts of Vibrio sp. strain
ABE-1 icd genes in E. coli.  The upper panels show Northern blots of
RNAs probed with a radiolabeled icdl fragment, and the lower panels
show blots of RNAs probed with a radiolabeled icdll fragment. (Left) E.
coli DEK2004 harboring either pIS102 (upper panel) or pIS202 (lower
panel) was cultured at different temperatures as indicated, and total RNA
was extracted and analyzed. 6 and 20 pg of the E. coli RNAs were used
for detection of icdl and icdll mRNAs, respectively. (Right) Levels of
icdl and icdll mRNAs 1n Vibrio sp. strain ABE-1 RNAs (3 ug) extracted

from cells grown at different temperatures as indicated.

Fig. 9.  Effects of temperatures on the levels of IDH-II protein in E. coli.




Western blot analysis was carried out with following samples: 20 pg of
polypeptides in the sonic extracts prepared from E. coli DEK2004 cells
harboring pIS202 (lane pIS202) or pBluescript SK* (lane pBS) cultured
at 15 °C or 37 °C, and 0.2 ng of purified IDH-II.  After separation of
polypeptides by SDS-polyacrylamide gel (7.5 %) electrophoresis, the
polypeptides were transferred to a Hybond C super (a nitrocellulose
membrane), and subjected to Western blot analysis using with anti-IDH-

Il antibody and ECL detection system (Amersham).

Fig. 10.  Effects of rifampin on the growth of Vibrio sp. strain ABE-1
and £. coli DEK2004. Vibrio sp. strain ABE-1 (Vibrio ABE-1, left
pancl) was cultured in a nutrient medium at 15 °C, while E coli
DEK2004 (right panel) was grown in LB medium at 37 °C. When the
bacterial growth reached to logarithmic phase (Vibrio ABE-I: for 12 h,
A600=0.7, E. coli DEK2004: for 3 h, Ass0o=0.4), rifampin was added at
concentration of 200 pg/ml to block further initiation of transcription
(arrows of each panel). The bacterial growth was monitored by
measuring turbidity at 600 nm (for Vibrio sp. strain ABE-1) or 550 nm
(for E. coli). Closed circles and open circles indicate the bacterial

growth in the presence or absence of rifampin, respectively.

Fig. 11. Stabilities of icdl and icdll mRNA.  A: Northern blots of
mRNAs; upper and lower panels show the stabilites of icdl and icdll
mRNAs, respectively. RNAs were 1solated from the cells at the

indicated times after treatment with rifampin (200 pg/ml) as described in




Materials and Methods. RNAs (3 pg for icdl mRNA and 20 pg of
icdll mRNA) from E. coli DEK2004 harboring either pIS102 (upper
panels) or pIS202 (lower panels) and grown at 15 or 37°C were subjected
to Northern blot analysis. LB medium was used for cultivation of the
bacterial cells. Probes for icd-mRNAs were the same as those
described i the legend to Fig. 5. Vibrio ABE-1, RNA (3 ug) from
Vibrio sp. strain ABE-1 control.  B: Plots of mRNA levels against time
after addition of refampin; intensity (In %) of radiolabel in hybridizing
bands of icd/( @), and icdll (O) mRNAs, at 15 and 37 °C, respectively.

Rifampin was added at 0 time.

Fig. 12.  Induction of icdl expression in E. coli by acetate.  E. coli
DEK2004 harboring either pIS102 or pIS202 was cultured at 37 °C in
MOPS medium supplemented with 0.5 % glucose fof 4 h; then cells
collected from half of the culture were transferred to MOPS medium
supplemented with 2 % acetate and were allowed to continue to grow.
RNAs were 1solated from the cells before and after the shift of medium
and analyzed on Northern blots probed with a radio-labeled icdl gene
fragment as described in Materials and Methods. E. coli K-12 was
used as a control to monitor the levels of E. coli icd mRNA. (Left)
RNAs from cells grown in glucose-MOPS medium for 2 and 4 h (left to
right, respectively).  (Right) RNAs from the cells 0, 0.5, 1, and 2 h after
the shift to acetate (left to right, respectively).

Fig. 13.  In vitro phosphorylation of purified IDH-I.  Purified IDH-I




R

incubated with [y-32P]JATP in the presence of cell-free extract from E.
coli DEK2004 or Vibrio sp. strain ABE-1 was analyzed by SDS-PAGE
and autoradiogram. Details of the reaction conditions for the
phosphorylation were described in Materials and Methods.  Left panel
and right panel are SDS-PAGE stained with Coomassie Brilliant Blue
and autoradiogram, respectively. IDH-I, purified IDH-I (0.2 pg);
Marker, marker proteins; E. coli, cell-free extract of E. coli DEK?2004: E.
coli + IDH-I, purified IDH-I incubated with [y-32P]ATP in the presence
of cell free extract from E. coli DEK2004 for 1, 10, 30, or 60 min at
37°C. V. ABE-1 + IDH-L, purified IDH-I incubated with [y-32P]ATP
in the presence of cell-free extract from Vibrio sp. strain ABE-1 for 60

min at 37 or 15 °C. A star show the position of radio-labeled IDH-I.

Fig. 14. Inactivation of IDH-I in E. coli cells grown in acetate. k.
coli DEK2004 harboring either pSS512 (E. coli icd) or pIS102 (icdl)
were cultured at 37 °C in 100 ml of MOPS medium supplemented with
0.5% glucose for 4 h; then cells collected from 1 ml of the culture were
transferred into 100 ml of a fresh MOPS medium supplemented with 2%
acetate, and were allowed to continue to grow for 7 h. Specific
activities of the enzymatic activity were determined with using sonic
extracts prepared from cells cultured in glucose (left bar) and acetate

(right bar) medium, respectively.

Fig. 15. Alignment of the sequences of promoter of icdl and icdll.

Panel A, alignment of the sequences of the promoter regions of icd/ and




—

ace-operon (aceB) of E. coli (45).  The identical nucleotide residues are
indicated by asterisks.  Panel B, alignment of the sequences of promoter
regions of icdll and cold shock genes of E. coli [cspA (58), nusA (81),
pWQI11ft (49), hns (63), and pWQ3e (49)].  The 5'-CCAAT-3', which
has been proposed for a common motif of csp genes, are boxed.  The -
35 and -10 regions and the transcriptional starting points are indicated

with underlines and +1, respectively.

Fig. 16. Different responses of isocitrate dehydrogenation step to
acetate utilization i Vibrio sp. strain ABE-1 and E. coli.  Left; Vibrio
sp. strain ABE-1, IDH-I, isocitrate dehydrogenase isozyme-I; ICL,
isocitrate lyase; MS, malate synthase. Right; E. coli, IDH-K/P,
isocitrate dehydrogenase kinase/phosphatase. Abbreviations for other

enzymes are the same in Vibrio ABE-1.

Fig. 17. Insert DNAs of successive deletion plasmids of pIS202.
pIS202 1s the expression plasmids for Vibrio sp. strain ABE-1 icdll gene.
All insert DNAs were ligated in the vector, pBluescript KS* at
appropriate restriction endonuclease cleavage sites.  Successive deletion
plasmids ( pMS, pMSF) were constructed from pIS202 as described in
Materials and Methods. ~ ORF and number are the open reading frame
of icdll and nucleotide positions from transcription start site (arrows),

respectively.

Fig. 18. Nucleotide sequence of icdll upstream noncoding region.
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Nucleotide sequence from Xbal site to the translational start site (ATG) of
the icdll 1s presented. An arrowhead indicates the transcriptional
starting point (+1).  SD and Met are the putative ribosome-binding site
(GGAA) and the transcriptional start site (ATG), respectively. The
possible promoter sequence is indicated by -35 and -10.  The sequence
which may acts as a cis-element is doubly underlined.  The sequences,

CCAAT and a probable region to form stem-loop like structure are boxed.

Fig. 19.  Effects of successive deletion on the expression levels of the
icdll gene at low-temperature. Northern blots of RNAs (10 pg/lane)
from £. coli DEK2004 transformed with successive deletion plasmids are
shown. Radiolabeled Ps#l fragment of icdll was used as a probe.
Transformants were cultured in LB medium at indicated temperatures.

Vibrio ABE-1, RNA (2 pg) from Vibrio sp. strain ABE-1 control.

Fig. 20, Nucleotide sequences of the deleted regions of the plasmids,
pMSF6, pMSF7, pMSFS, and pMS42. S'-terminally deleted plasmid
are shown with the 5'-end point of each deletion construct indicated by
bars under the nucleotide sequence.  The recognition sites of restriction
enzymes, Dral and Spel, which were used to prepare the probe of gel

shift assay (Fig. 21), are doubly underlined.

Fig. 21.  Gel shift assay. A 91 bp Dral-Spel fragment of the pIS202,
including a sequence of 35 bp (Fig. 19), was used as a probe. The

probe was 5' end labeled with [y->2P]ATP and T4 polynucleotide kinase.



B——

Left and right panel indicate the DNA probe-protein binding used with
crude extract from E. coli DEK2004 harboring pMS77 and Vibrio sp.
strain ABE-1, respectively.  The transformants were cultured at 15 °C
in LB medium. Lane D, labeled probe only (1 ng: ca 1 kBq, 5-10
kepm); lane D + P, probe DNA plus crude extracts (20 pg) of £. coli
(Ieft) or V. ABE-1 (light), D + P + C; add cold (non-labeled) 91 bp probe
(1 pg) as a competitor to D + P system, lane D + P + N; add sonicated
herring DNA (1 pg) as non specific DNA to D + P system.  After the
incubation of the reaction mixture for 1 h at 15 °C, all samples were run
on the 4 % acrylamide gel. And the gel was then dried at 80 °C for 2 h
and exposed to X-ray film at -80 °C for appropriate time.

Fig. 22. Constructs of pMSF8C, pMSF8S, pMS42C, and pMS42S
generated by PCR method Numbers indicate relative nucleotide
position from the transcriptional start site. ~ 35-bp, CCAAT, TCS, stem-
loop, and ORF are the sequences corresponding to a cis-suppresser
element, 5'-CCAAT-3', transcriptional start site, stem-loop like region

and open reading frame of icdl/, respectively.

Fig. 23. Effects of deletion of a sequence of CCAAT or a stem loop
like region from the promoter region on the expression levels of the icdll
gene at low temperature.  Northern blots of RNAs (10 pg/lane) from £.
coli DEK2004 transformed with each pMSF8C, pMSF8S, pMS42C, and
pMS42S (Fig. 22) are shown.  Radio labeled Pstl fragment of icdll was

used as probe.  Transformants were cultured in LB medium at indicated




temperatures.

Fig. 24. Enhancement of low-temperature growth of E. coli DEK2004
by transforming with deletion plasmid, pMS42.  E. coli DEK2004 or
XL 1-blue was used as a host for the transformation.  £. coli DEK2004
cells were transformed with pMS42 (Q), pMSF8 (A), pIS202 (A), and
pSS512 (L)).  E. coli XL1-Blue transformed with pBluescript KS™ (H).
Precultured cells in a LB medium for overnight at 37 °C was inoculated
in a fresh medium (LB) and cultured at 15 °C. The bacterial growth

was monitored by measuring absorbance at 550 nm.

Fig. 25.  Growth of E. coli transformants at 10 °C.  E. coli XL1-Blue
transformed with the indicated plasmid were inoculated onto MOPS-

succinate plate and incubated at 10 or 15 °C as described in Materials

and Methods.  The pictures were taken after 2 weeks of the inoculation.

For details, see the Table I'V.
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