vll

Expression, Sequencing, and Characterization of
Mannitol-1-Phosphate Dehydrogenase Genes from

Aspcrgillus parasiticus and Eschcrichia coli

by
Weiping Jiang
Dissertation submitted to the Faculty of the
Virginia Polytechnic Institute and State University
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy
in
Biochemistry and Nutrition

I

APPROVED:

Walter G.

Bruce M. Anderson

Richard

iehaus, Chairman

g i

. Ebel

James G. Ferry
ä

Timo

November, 1989

Blacksburg, Virginia

y . Larson

E
Expression, Sequencing, and Characterization of
Mannito1·l·Phosphate Dehydrogenase Genes from
Aspergillus parasiticus and Eschcrichia coli

by
Weiping Jiang
Walter G. Niehaus, Chairman
Biochemistry and Nutrition
(ABSTRACT)

The genes coding for mannitol-l-phosphate dehydrogenases (mzlD) from
Aspergillus parasiticus and Escheric/zia coli were cloned and sequenced. The two
coding regions were highly homologous and the identity was 88.7% at the amino
acid level and 81.6% at the nucleotide level. The two genes translate into
polypeptides of equal numbers (382) of amino acids with M, of 40,880 and
41,221, respectively. The possible NAD binding sites were idcntilied for both
enzymes in the N-terminal regions according to the conscnsus sequence
fingerprint. The C-terminal regions of both enzymes were similar in sequence to
the kinase domain of human

liver or —rat liver fructose-6·phosphate-2-

kinase:fructose·2,6-bisphosphatase, suggesting that the C-terminal regions are
involved in fructose-6-phosphate binding. This conclusion was further supported

by site—specitic mutagenesis experiments near the

3’

end of the A. parasiticus

gene. A modiüed A. parasiticus mtlD gene directed the expression, in E. coli, of

an enzyme in which amino acid residues 362-369 were altered and amino acid
residues 370-382 were deleted with respect to the wild type enzyme. This enzyme

exhibited

15%

of wild

type activity with

fructose·6-phosphate. In the

5’

a

3-fold

increase in

Km for

upstream region of the A. parasiticus mtlD gene,

no sequence was found which is similar to the consensus sequences derived for
either procaryotic or higher eucaryotic gene promoters; however, inverted rcpeats

were identitied, which may be important for regulation of gene expression. A sequence similar to the Shine-Dalgarno sequence was found preceeding the translation start codon of the A. parasiticus mtlD gene, which is important for its

expression in E. coli. In the

3’

downstream region of the A. parasiticus mtlD gene,

an additional open reading frame was found, which translated into a polypeptide
of 153 amino acids with M, of 17,111. This polypeptide was identitied using
maxicell experiments.
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INTRODUCTION

In

a

number of filamentous fungi, the mannitol cycle effects the

ATP-dependent transhydrogenation of NADH to NADPH. The NADPH pro-

duction through the mannitol cycle has been proposed to regulate the flux of
acetyl units into the fatty acid biosynthetic pathway (NADPH-requiring) versus
the polyketide (aflatoxin) biosynthetic pathway, which does not require NADPH.
Mannitol·l·phosphate dehydrogenase (M-l-P DH) (EC 1.1.1.17) is the first

enzyme of this cyclic pathway. This enzyme is the prime subject for regulation
because it is present in the lowest amount among the four enzymes participating
in this cycle. M-1-P DH has been purified from two species of Aspergillus, A.
niger and A. parasiticus. The kinetic properties of the enzyme, especially the
inhibition by zinc ion, have been studied extensively. However, because of its very
low level in the fungi, determination of its protein sequence has not been attempted.

In order to study the structure-function relationship of this enzyme,

we proposed to determine the nucleotide sequence of its gene and from this sequence, to predict its amino acyl sequence. We report here the cloning and sequencing of the A. parasiticus mtID gene, which encodes M·l·P DH. To our

knowledge, this is the first gene sequence reported among the four enzymes involved in the mannitol cycle.

ln addition, the substrate (NAD and

fructose-6-phosphate) binding domains were identified in the predicted amino

mmooucriow

i

4

acyl sequence, using

the consensus sequence fingerprint or site-specific

mutagenesis. These results will provide essential sequence information for further
studies of the structure·function relationship.

When we found that the deduced N·terminal first 25 amino acids were identical to those determined from the puritied E. coli M-l-P DH, we determined the
complete sequence of the E. coli mtID gene. The nucleotide sequence we determined revealed the close similarity to its Aspergillus counterpart. In addition, this
mtlD gene sequence together with the mtlA gene sequence, completes the

nucleotide sequence determination for the known portions of the mannitol operon
in E. coli.

1NTRoouc'n0N
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LITERATURE REVIEW

MANNITOL METABOLISM IN FUNGI

Mannitol, one of the polyols, has been known for several decades to be present in fungi. It is accumulated when fungal cells grow on a balanced medium
containing a sugar such as glucose as their major source of carbon and energy.
It was demonstrated that mannitol was the predominant carbohydrate product
when an Aspergillus sp. grew with glucose as sole carbon source (l). The functions of mannitol in fungi have been investigated but are still not completely understood. It was proposed that D-mannitol might be used as the source of
endogenous respiration and provide energy for germination since the large
amounts of mannitol in A. oryzae conidia were rapidly consumed in the early
stage of germination (2). Mannitol has been similarly implicated as a storage
material in preparation for sporulation of higher fungi (3) and for conidiation of
A. clavatus (4). Recent studies suggested that mannitol was involved in production of reducing power, NADPH (5).
Biosynthesis of mannitol from glucose in fungi has been known for a long

time; however, details concerning pathways of mannitol metabolism remained
unsolved until 10 years ago. Since the discovery of several enzymes involved in
mannitol metabolism, a concept of the mannitol cycle was proposed by Hult and

1.m«;RATuRr: R1-:vu·:w
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Gatenbeck in 1978 (5). Four enzymes participate in this cyclic pathway and
catalyze the reactions shown in figure 1.
The enzymes needed for this cycle were found in Aspergillus, Botrytis,

Penicillium, Pyricularia, Trichothecium, Cladoporium, and Thermomyces, all
genera belonging to Fungi Impedecti (6).
Mannitol-1-phosphate dehydrogenase (EC 1.1.1.17) is the first enzyme of the
mannitol cycle and has been studied extensively from A. niger and A. parasiticus
(7, 8). The enzyme from A. niger has been purified to homogeneity and was
highly specific for the substrates mannitol-1-phosphate, fructose·6-phosphate,
NAD, and NADH. The kinetic mechanism was shown to be random Bi-Bi with
two dead—end complexes. The enzyme was specifically inhibited by low concen·
A
trations of zinc ion (I<}=25 ,uM) and zinc inhibition was observed in all nine
species of Aspergillus sun/eyed (Jiang, unpublished results).
Mannitol—1—phosphatase (EC 3.1.3.22) has been shown to exist in crude extracts of Picicularia oryzae, A. candidus, Penicillium notalum, and Alternaria
alternata (4, 9-11). However, the enzyme from none of these species has been
purified and only the substrate specificity has been investigated. The enzyme was
highly specific for mannitol-1-phosphate (9, 10). The enzyme was inhibited by 5
mM zinc ion (9). However, the enzyme from two species of brown algae,

Spatoglossum pacüicum and Dictyota dichotoma, has been partially purified and
characterized in some detail (12). The enzyme showed maximum activity at pH

7, and the K„, for mannitol·1-phosphate was 0.8 mM.
Lmarmrunra Rravuaw

4

F·6-P

+

NADH

1-+
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(1)

M-1-P

+

H20
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+

Pi

(2)
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+

NADP

1

Fru

+

NADPH

(3)

Fru

+

ATP

F·6-P

+

ADP

(4)

——-•

Summary:

NADH + NADP + ATP + H20

Figure 1.

———>

NAD + NADPH + ADP + Pi

Mannitol cycle in fungi: Enzymcs involved are: (1) M-1-P
dchydrogenasc, (2) M-1-P phosphatasc, (3) M11 dchydrogcnasc,

(4) Hcxokinusc. Abbreviations arc: F-6-P, 1"ruc1osc·6-phosphate;
M-1-P, manni1o1-1·phospha1c; M11, manni1o1; Fru, fructosc.
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Mannitol dehydrogenase is present in a number of organisms and catalyzes
the pyridine nucleotide-dependent oxidation of D-mannitol to D-fructose. The
NAD—dependent enzyme (EC 1.1.1.67) has been puriiied from Lactobacillus

brevis,

Leucorzostoc

mesenteroides,

Absidia

glauca,

and

Platymonas

subcordäormis (13-17). The NADP·dependent enzyme (EC 1.1.1.138) has been
detected in a number of fungi but has only been puritied from A. parasiticus (18).
This enzyme had an apparent M, of 140,000 and was composed of four subunits
of apparently equal size. The substrate speciticity was limited to D-mannitol,

D-glucitol, D·arabinito1,

1-deoxy-D·mannitol, and

1-deoxy-D-glucitol.

The

enzyme was specifically inhibited by zinc ion (I<}=l pM) (18).
Hexokinase (EC 2.7.1.1) is the enzyme least studied among the enzymes in-

volved in the mannitol cycle. It was partially purified from A. parasitus (19) and
substrate speciticity was studied. In additon to D-fructose, this enzyme could also

phosphorylate D—g1ucose, D-galactose, D-glucosamine, D-galactosamine, and
D-mannose.
The NADPH production through the mannitol cycle has been proposed to
regulate the flux of acetyl units into the fatty acid biosynthetic pathway
(NADP1—l·requiring) versus the polyketide (aflatoxin) biosynthetic pathway,
which does not require NADPH (5, 18, 20). Several NADPH-generating

enzymes, in addition to the enzymes involved in the mannitol cycle, including
glucose-6-phosphate dehydrogenase (21) and 6-phosphogluconate dehydrogenase

(22), have been found to be specifically inhibited by low concentrations of zinc
1.m;RATuR1; REVIEWV
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ion (K]=2.5 and 0.5 pM, respectively), which can be correlated with the stimulation of polyketide biosynthesis (18, 23-25).
In summary, mannitol is metabolized in fungi through the mannitol cycle.
Mannitol is not only a reserve carbon source but is also metabolically very active,
since it is formed and utilized cyclically. The regulation of NADPH production
through the mannitol cycle by a number of factors, particularly by zinc ion, is
probably very important in fungi for regulation of fatty acid biosynthesis and
polyketide biosynthesis.

MANNITOL METABOLISM IN BACTERIA

Mannitol is the one of many sugars which are transported into bacterial cells
via the phosphotransferase system (PTS). The PTS is a complex enzyme system

that couples the transmembrane transport of its numerous sugar substrates to
sugar phosphorylation. The proteins of the system include the cytoplasmic, nonsugar-specific, energy·coupling proteins, enzyme I and l—IPr, as well as the
membrane-associated permeases, the sugar-specific enzymes ll and enzyme II-III
pairs (26, 27). Mannitol·l·phosphate, the product of the mannitol PTS, is converted

inside

the

mannitol—l-phosphate

cell

to

fructose-6-phosphate

dehydrogenase.

by

the

Fructose-6-phosphate

enzyme,
is

further

metabolized through the glycolytic pathway.
The

genes

encoding

the

mannitol·specific

enzyme

Il

and

mannitol-1-phosphate dehydrogenase, mtlA and mtlD, are located within the mtl

LITERATUR:-; Rßvuaw

7

operon at 80 min on the E. coli K-I2 linkage map (28). Genetic studies have
shown that the gene order in the mtl operon is mtlA-mtlD, and that an operatorpromoter region is located upstream of the mtlA gene (29, 30). The level of expression of mtIA and mtlD can be induced by addition of mannitol or cAMP (31).
The mtlA gene has been sequenced and the gene product has been characterized
(32-34). From the gene sequence, the primary translation product is predicted to
consist of 637 amino acids with a M, of 68,000, whereas an apparent M, of 60,000
was determined for the purified protein. The computer analysis predicts that the
NH:-terminal half of the enzyme resides within the membrane, which is supported by the observation that the 15 residues of N-terminal signal peptide of the
enzyme ll are incorporated into monolayers and detergent micelles with induction
of secondary structure (35).

.

Mannitol-l·phosphate dehydrogenase has been studied in a number of bacteria, such as E. coli, Bacillus subtilis, and Aerobacter aerogenes (36-39). lt was
puritied from E. coli to homogeneity and characterized extensively (40).
Mannitol-1-phosphate dehydrogenase is a monomer with an M, of 40,000. lts
amino acid composition and the first 25 amino acyl residues at the N-terminus
were determined. It showed absolute specilicity for its substrates and the K,,, values for NAD and mannitol-l-phosphate were 0.2 mM and 0.8 mM, respectively.

A sequence for the gene has been published (41), but we have demonstrated that
this sequence is largely incorrect (see Results).

LITERATURE mavuaw
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ln summary, mannitol is transported into bacterial cells and phosphorylated
via

PTS,

converted

to

fructose-6-phosphate

by

mannitol-l·phosphate

dehydrogenase, and further metabolized through the glycolytic pathway.

COMPARISON OF GENE STRUCTURE OF PROCARYOTES,
HIGHER EUCARYOTES, AND FUNGI

Gene structure ät procaryotes: The knowledge of gene structure and function in
procaryotes mainly comes from the studies of the E. coli chromosome. The E. coli

chromosome is circular with a size of 4.0 x 106 base pairs (bp) (42). Many genes
6

with related functions constitute gene clusters called operons. The genes in one

operon are transcribed into a single mRNA, and are thereby subject to coordinate
regulation.

Bacterial genes are usually present in the chromosome as single

copies; exceptions to that are multiple copies of genes coding for rRNA (43).

5’
Structures of genes are divided here into
upstream regions, coding regions,
3’
5’
and downstream regions for the purpose of discussion. The upstream regions
refer to the sequences before the translation start codons and are necessary for
gene expression. Coding regions are the structural parts of genes, which correspond to amino acid sequences of polypeptides. The

3’

downstream regions refer

to the sequences after the translation stop codons and are important for gene expression. Some features of mRNA will be discussed as for the coding strand of

DNA where U is replaced by T.
LITERATURE Ri~:vu~;w
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The

5’

upstream regions include promoters and other essential elements.

Compilation of DNA sequences of promoters from bacteria has revealed a
concensus sequence consisting of the sequence TTGACA - 17 bp - TATAAT 5
to 9 bp - RNA start (44-46). Three bp are highly conserved in both the "-35 region" and the "-10 region": TTG··· for the -35 region and TA---T for the -10
region (47). Sequences also occur in mRNA that are complementary to the

3’

end

of 16S rRNA. These sequences were discovered by Shine and Dalgarno and
contain AGGAGG (48). The Shine-Dalgarno sequence together with the translation start codon forms the ribosome binding site. The space between the ShineDalgarno sequence and the translation start codon is important and usually is 5
to 9 bases (49).
Coding regions in mRNA start with initiation codons and end with termination codons. AUG is preferred over other codons for initiation of translation,
although GUG and occasional UUG are found (50-52). The second codons are

not distributed randomly, AAA and GCU being the most abundant second
codons (53). UAA, UAG, and UGA are the three codons used for termination

of translation, which are recognized by releasing factors instead of tRNA (54).
3’
The
downstream regions include termination sites for transcription. The
DNA contains the sequence that is transcribed into the mRNA where it assumes
a secondary structure that provides a termination site for RNA polymerase.

There are two types of structure in mRNA for termination: simple termination
and p-dependent termination. Simple terminators have GC-rich dyad symmetries
followed by a run of about six U residues (55). The dyad symmetries are believed
LITERATURE Rsvnzw
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to form hairpin structures in the transcription bubble and to make the RNA
polymerase pause (56). The p-dependent terminators are mediated by the protein
factor, p, which is able to bind to the RNA downstream from the stop codon and

release the RNA from a transcription complex (57).
ln addition, there are operator sites in the genes, particularly in some
operons, which are subject to repression by repressors. For some of the genes or
operons, their expression requires binding of cAMP receptor protein (CAP) at the
CAP binding sites, therefore, their expression is subject to catabolite repression.
5’
There are also termination sites located at the
upstream regions, called
attenuators. Attenuators are modulated termination signals encountered by the
transcription complex as it moves towards a gene or through an operon and provide a more subtle and sensitive way of controlling gene expression (58). In the
simplest case, the leader transcript made by RNA polymerase before it reaches
the initiation codon of the first structural gene in an operon can form two mutually exclusive RNA secondary structures whose formation, determined by interaction with the translational apparatus and indirectly by the intracellular levels
of controlling molecules, governs directly the fate of the RNA polymerase molecule. One structure allows continuation of transcription into the operon, while the
other causes termination of the transcript prior to the coding region of the
downstream structural gene.

In summary, procaryotic genes have well-characterized -35 and -10 regions
for promoter function, ribosome binding sites for translation initiation, and termination structures for termination of transcription. ln procaryotes, transcription
1.1rra1zATu1z1·; REVlE\V
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and translation processes are tightly coupled, therefore, regulation of transcription will have direct effect on translation.

Gene structure in higher eucaryotes: Higher eucaryotes have multiple chromosomes and much larger genome sizes compared to that of bacteria. For example,
the human genome is 3.2 x 109 bp, approximately 800 times that of E. coli (59).
Most protein-coding genes are present in single copies, however, there are multiple copies of histone genes and highly homologous but nonidentical gene families
(60, 61). From DNA template to RNA and protein products, the whole process
involves different cellular compartments and modification steps. Although not all
of the genes have introns, splicing of introns from pre-mRNA is an important
5’
3’
step in RNA maturation. Caps at the
ends and polyA at the
ends of
eucaryotic mRNA are two examples of post-transcriptional modifications (62-68).
There are three RNA polymerases responsible for gene transcription and only
some features of RNA polymerase II are discussed here. Promoter sequences recognized by RNA polymerase II include the TATA box, CCAAT homology, and
GC rich regions (69-71). The TATA box is centered around -25 to the Start of

transcription (72). CCAAT homology and GC rich regions reside in more variable positions further upstream from the start site (73). Although the defined
ribosomal binding site of procaryotes is absent in eucaryotes, there are effects of

AUG context on translation. AUG is the only initiation codon used in eucaryotic
genes and the consensus sequence ACCAUGG was deduced from a computer
search (74, 75). In this best context, alterations at the -3 position (A) produced

Lmmarunia Ri·;vn;w
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the most dramatic effects on translation (76). In addition to the sequences that
constitute a promoter itself, there are outside elements, such as enhancers, that
drastically alter the efficiency of transcription (77).

Introns are present in a majority of higher eucaryotic genes and the numbers
of introns in one gene can be very large. Splicing of introns from mammalian
pre-mRNA seems to require signals. Introns always begin with GT and end wtih
AG (78). There are also conserved sequences found at both

5’

and

3’

splicing

junctions (78).
Cleavage and polyadenylation of pre-mRNA, rather than termination, generate the

3’

end of most mRNA molecules. The consensus sequence, AATAAA,

is found to function as a polyadenylation signal and is located at variable distances downstream from the stop codon (79). In addition, YGTGTTYY
I
(Y=pyrimidine) is located downstream from the polyadenylation signal and is

required for efficient 3’-terminus formation (80).
In summary, higher eucaryotic genes contain introns, which are spliced from
pre-mRNA. The promoter sequences are conserved; however, locations can be

very different. Cleavage and polyadenylation generate the

3’

end of mRNA.

Gene structure in fungi: Yeast genes have virtually all the characteristics of higher
eucaryotic genes although yeasts have only 3.5 times more DNA than E. coli cells

(81). They are transcribed by three different forms of RNA polymerase (82).
They have caps at the

5’

ends and polyA at the

3’

end of mature mRNA mole-

cules. They have introns although introns occur in only a small minority of yeast
LITERATURE REVIEW
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genes (83, 84). There are control elements at the ends of yeast genes including

upstream activating sequences, upstream repressing sequences, TATA sequences,
and initiator elements for transcription start (85, 86).

The tilamentous fungi have much smaller genome sizes compared to higher
eucaryotes. For example, 2.6 x 107 bp was calculated for the A. nidulans genome
(87), about 6.5 times that of E. coli. However, the fungi share many properties
with higher eucaryotes in terms of their cellular and genetic organization. They
have mutiple subcellular organelles such as nuclei and mitochondria. They have
a mitochondrial chromosome as well as nuclear chromosomes (88). DNA-DNA
reassociation experiments showed that the genome of A.

nidu/ans consisted of

approximately 97-98% unique and 2-3% reiterated sequences (87). The unique
sequences are believed to contain the majority of the sequences coding for mRNA
while most of the repetitive DNA was shown to code for rRNA (87). The latter

is in contrast to higher eucaryotes in which a majority of the repetitive DNA sequences do not code for mRNA, rRNA, or tRNA.
Genes have been cloned and sequenced from a number of species of the

ülamentous

fungi,

including

Aspergillus,

Cephalosporium,

Neurospora,

Penicillium, Phaneroc/zaete, Phycomyces, and Trichoderma (89-94); however, the

majority of the reports come from studies on A. nidulans and N. crassa because
of initial success in transformation techniques for these two organisms (95-99).
In Aspergillus, less than 30 genes have been sequenced to date and only 3 genes
are from A. niger rather than A.

nidulans (100-103). The majority of the se-

quences are single—copy and correspond to one gene-one protein; however, clusLITERATURE Riavrßw
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ters of genes with related functions and under the same regulation are found in
Aspergillus (104-109).

The following discussion will focus on the reports on

Aspergillus species.
Promoter sequences of the Aspergillus genes have not been deüned because
of the limited number of gene sequences available and lack of functional analysis
of important sequences. Some of the fungal genes contain TATA box-like sequences located at a distance of 30 to 70 bp before the transcription initiation site
while others lack a typical TATA sequence (101, 108-114). ln a few genes, there
are pyrimidine-rich regions (CT blocks) just before the site of transcription initiation (111, 114-116). The CCAAT homology in higher eucaryotes is found in a
few genes (100, 105, 110, lll). All these features should be viewed as putative
because none of these sequences has been subjected to functional analysis. Toour
knowledge, there is only one promoter from Aspergillus that has been analyzed
functionally.

The promoter is the promoter of trpC (involved in tryptophan

biosynthesis) from A. nidulans (117). The deletion study of the trpC promoter
showed that there were several distinct DNA sequence elements required for
correct initiation of transcription and for positive or negative regulation of gene
expression. The sequences essential to trpC expression do not include CCAAT
homology or TATA box.
AUG is the only codon reported for initiation of translation in Aspergillus.

AUG context is similar to that of higher eucaryotes and the -3 position (A) is
most consewed (118). Codon usage bias in Aspergillus has not as yet been correlated with the level of gene expression, but a clear preference against A and for
Lmanxrukrz REVIEW
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pyrimidines in the third position has been observed in several genes (114, 115,
119). Introns are present in half of the gene sequences reported to date (101-103,
107-113, 115, 116, 120-123, 125). The introns are usually small (do not exceed

100 bp) and the number of introns in one gene varies from 1 to 8. The
intron/exon junction sequences agree with the consensus sequences derived for
higher eucaryotes.
The polyadenylation signal, AATAAA, and the consensus sequence for efficient 3’-terminus formation, YGTGTTYY, of higher eucaryotes are found at
appropriate distances in some Aspergillus genes but not in others (104, 105, 122,
3’
123, 126). In addition, dyad symmetries have been found in the
noncoding regions of several genes. These potential stem-loop structures may function in the
efficient termination of transcription (111, 114, 115, 125).
In several genes with no introns, there are sequences similar to the ShineDalgarno sequence found in E. coli (94, 127, 128). These sequences are located
upstream from the translation start codon at the correct distance. AGCAGG in
the gene for isopenicillin N synthetase from Cephalosporium acremonium, for example, is located 13 bp upstream from the translation start codon ATG (94).
In summary, gene structure in the filamentous fungi has not been well5’
3’
characterized. Functional analysis of
upstream and
downstream regions is
required to assign the promoter sequences and termination sites.

Expression offungal genes in E. coli: Our strategy to clone the mtID gene from
A. parasiticus was to complement an E. coli mutant using a plasmid library of
LITERATURE Rßvuzw
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the fungal genomic DNA. We obtained a strain of E. coli with a defective mtlD‘
gene product (JWL239) from Dr. J. W.

Lengeler (29). This organism cannot

grow with mannitol as the sole carbon source. When this project was initiated,

there were a few genes that had been cloned from the tilamentous fungi. There
were several genes cloned

using

the

approach

we

proposed,

that

is,

complementation of an E. coli mutant with fungal genomic DNA. The structual
gene for catabolic dehydroquinase of N. crassa was expressed in and complemented an aroD mutant of E. coli (129). Similarly, the A. nidulans biosynthetic
dehydroquinase function of the aroM cluster gene was expressed in E. coli
mutants (130). The gene for orotidine 5’·phosphate decarboxylase of N. crassa

was expressed in and complemented a pyrimidine auxotroph of E. coli (131). The
trpC gene from A. nidulans, A. niger, and N.

crassa has been isolated by

complementation experiments with E. coli trpC mutants (132-134). The gene for
the orotidylic acid pyrophosphorylase of the filamentous fungus Podospora

anserina was expressed in and complemented an E. coli mutant deficient for this
enzyme (135).

In addition, the gene for isopenicillin N synthetase from A.

nidulans and Cephalosporium acremonium has been expressed in E. coli (94, 136,

137). It is interesting to notice that, among these genes expressed in E. coli, two
genes (orotidine 5’·phosphate carboxylase and catabolic dehydroquinase) of N.
crassa have been shown to use fungal DNA as promoters for their expression instead of using the sequences in vectors (129, 130).
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EXPERIMENTAL PROCEDURES

MATERIALS

Culture: Agar was purchased from Fisher Scientific. Tryptone and yeast extract
were from Difco Laboratories. Glucose, mannitol, glycerol and antibiotics
(ampicillin, chloramphenicol, and tetracycline) were from Sigma Chemical Com-

pany. X—gal and IPTG were from Bethesda Research Laboratories.

Enzymcs: Restriction enzymes were purchased from Promega, BRL, and New

England Biolabs. Mung bean nuclease was from New England Biolabs. T4 DNA
polymerase, DNase I, and calf intestinal alkaline phosphatase were from BRL.
T4 DNA ligase were from Promega. RNase A, proteinase K, and lysozyme were

from Sigma. Sequenasem was from United States Biochemical Corporation.

Plasmids and 1. clones: Plasmid pBR322 was purchased from BRL. pGEM-3Z
was from Promega. pCD7.5 was obtained from Dr. M. H. Saier at the University
of California, San Diego. A clones (l6Bl 1, 5D2, and I7G2) were obtained from

Dr. Y. Kohara at Kobe University, Japan.
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DNA purüication: Phenol was kindly provided by Dr. T. Sitz of this department.
Chloroform, isoamyl alcohol, and isopropanol were purchased from Fisher.
Sucrose and Triton X-100 were from Sigma. Geneclean kit was from BIO 101.

Chromatography: Matrex-Gel Blue A was purchased from Amicon Corporation.
Fast Q-Sepharose was from Pharmacia. Sephadex G-25 was from Sigma. GenPak Faxm column was from Waters (Division of Millipore).

Gel elcctrophoresis: Agarose and ethidium bromide were purchased from BRL.
Acrylamide was from Boehringer Mannheim Biochemicals. Bis·acrylamide,

ammonium persulfate, bromophenol blue, xylene cyanol FF, Commassie Brillant
Blue G-250, and protein standards were from Sigma. Urea and SDS were from
Fisher. TEMED and X-ray films were from Eastman Kodak Company.

Scquencing reactious: SP6 and T7 primers were purchased from Promega. Synthetic oligonucleotides were obtained from Dr. Saier. Deoxynucleotides (dATP,
dCTP, dGTP, and dTTP) and dideoxynucleotides (ddATP, ddCTP, ddGTP, and

ddTTP) were from BRL. [oz-°’S]dATP was from Du Pont (NEN Research Products).

Other reagents: Fructose-6-phosphate, NAD, NADH, HEPES, CH ES, MES,
SDS, PMS, MTT, D-cycloserine, casamino acids, and spermidine were purchased

from Sigma. Mannitol-1-phosphate was synthesized from mannose-6-phosphate
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by NaBH4 reduction (7). [”S]Met was from Du Pont (NEN Research Products).
Other chemicals were from Sigma and Fisher.

Computer soßware: Ligate was obtained from Dr. H. B. Jenson at Yale University (138). The program used for plotting plasmid maps was obtained from Dr.
D. F. Ward at University of the Health Science (139). Pustell Sequence Analysis
Programs (Version 4) were purchased by Dr. T. J. Larson of this department
from International Biotechnologies, Inc., and were used for DNA sequence analysis.

MICROBIOLOGICAL TECHNIQUES

Bacterial strains: The bacterial strains used in this project are listed in Table 1.
These strains are E. coli K-12 derivatives unless otherwise indicated.

Media: Different types of media were used in this project to grow bacterial cells
for different purposes. These media are summarized in Table 2 and the amount
is for 1 liter. When an antibiotic was needed in the rich media, the following
concentrations were used: ampicillin (Amp or A), 100 ug/ml; chloramphenicol
(Cm), 10 ug/ml; tetracycline (Tet), 15 ug/ml. For minimal media, 10% of these

concentrations of antibiotics was used. Agar (1.5%) was included in these media
when plates were prepared. Glucose, mannitol, or glycerol (20 mM) were used
Exi>ER1MENTA1, Pkocx-zounßs
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Table 1.

Bacterial strains used in this project

Strain

Genotype

Usage

Reference

GM2163

hsdR2 mcrB1 dcm6
dam13::Tn9

prepare plasmid without
dam or dcm methylation

140

HB101

F- hsdS20 recA13
ara14 proA2 1acYl
galK2 rpsL20 xy15
mt1A supE44 A-

1) maxicell experiment

141

2) prepare nonmethylated
plasmids

recA1 endA1 gyrA96

1) color selection

thi hsdR17 supE44
A(lac-proABC) re1Al

2) purify plasmids

J M109

A- [F' traD36 proAB
1acI¢ZAM15]

142

for sequencing

JWL239

Hfr thi leu strA
mtlD

select mt1D* clones

29

K802

hsdR hsdM* gal
met supE

prepare methylated
DNA

141

LE392

F- supF sup E
hsdR ga1K trpR

propagate phage J,

143

purify plasmids
for sequencing

144

1acY tonA metB

MM294

F- endA1 thiA pro
hsdR supE44
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Table 2.

Media used in this project

Type

Components

Usage

Reference

LB

10 g Tryptone
5 g yeast extract
10 g NaC1, pH 7.5

grow cells for storage
and enzyme assays

141

12 g Tryptone

amplify plasmids

145

TB

24 g yeast extract

0.17 M KHzPO4
0.72 M KzHPO4
4 ml glycerol

TB2

10 g Tryptone
5 g NaC1
10 mM MgSO4

grow phages
to isolate DNA

143

M9

6 g NazHPO4
3 g KHzPO4
0.5 g NH4Cl

minimal medium for
mzID+ selection and
for growth of plasmids

141

minimal medium for
maxicell experiments

146

2 mM MgSO4
1 g NaCl, pH 7.4

A + B

A: 3 g KHzPO4
6 g Na;HPO4
2 g (NH4)zSO4
3 g NaC1, pH 7.2

B: 2 mM MgClz
75 pM CBCIZ
2 ,uM FeCls
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with these media as the carbon sources. Included in the plates for color selection
were 40 pg/ml of X-gal (X) and 0.5 mM of IPTG (I).

Growth and storage of orgarzisms: E. coli strains were initially streaked on appropriate media and their phenotypes were tested. A single colony was used to
inoculate LB medium, and was grown overnight at 37°C with shaking. Aliquots
of overnight cultures were stored at -70°C in the presence of 15% glycerol (141).
E. coli cells on petri plates were stored at 4°C.
Aspergillus cultures were maintained on slants of Sabouraud dextrose agar
and grown either in shake flasks or in a fermenter using conditions and medium
developed in this laboratory (147). Briefly, fresh spores were inoculated into 1
liter of liquid medium (5 g peptone, 2 g yeast extract, 20 g glucose, 1 mM

MgClz, 10 mM phosphate buffer, pH 6.2, and 40 mg Amp) and incubated at
37°C overnight with shaking.

BIOCHEMICAL TECHNIQUES

Assay for Marmitol-I~phosphate dehydrogenase activity: M-}-P DH catalyzes reduction

of

fructose·6-phosphate

(F-6-P)

in

fungi

and

oxidation

of

mannitol·l-phosphate (M-1-P) in bacteria. However, M-1-P DH activity was
assayed in both directions in vitro. Since the fungal enzyme and the enzyme ex—
pressed in E. coli have different K,„ values for F-6-P, different concentrations of
F-6-P were used in the assay systems.

EXPERIMENTAL Przocßoum-Ls
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enzyme assays, but only 0.4 mM F-6-P was used in bacterial enzyme assays. The
assay mixture for F-6-P reduction contained either 0.4 or 4 mM F-6-P and 0.1
mM NADH in a final volume of 2.5 ml 10 mM HEPES, pH 7.0.

The assay

mixture for M-1-P oxidation included 1 mM M·1-P and 0.5 mM NAD in a final
volume of 2.5 ml 50 mM CHES, pH 9.0. The reactions were initiated with
aliquots (10 to 20 ,ul) of the enzyme and followed by recording the decrease
(F-6-P reduction) or increase (M·l-P oxidation) in absorbance at 340 nm.

Purüication of E. coli-expressed M-I-P DH: The following purification procedure
for the Aspergillus M-1-P DH expressed in E. coli was developed. All the steps
were carried out at 4°C. Lyophilized E. coli cells (1 gram) were suspended in 100
ml of Buffer A (20 mM phosphate (K*) buffer, pH 6.8, 2 mM MgClz, 1 mM
EDTA, and 1mM monothioglycerol). The cell suspension was sonified and then
centrifuged at 15,000 rpm for 10 min with a SS-34 rotor. The supernate was applied to a Matrex-Gel Blue A column equilibrated with buffer A. The bound
enzyme was eluted from the column with 0.1 mM NADH. This enzyme fraction

was applied to a Fast Q-Sepharose column and the bound enzyme was eluted
with a linear gradient of 0·100 mM KCI in Buffer A. The enzyme solution was
desalted in a Sephadex G·25 column, and the partially purified enzyme solution
in Buffer A was stored at 4°C until needed.

Determination of protein concentration: Protein concentration was determined

spectrophotometrically by the method of Kalb and Bernlohr (148). Protein conEXPEMMENTAL Pkocßoumas
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centration was calculated according to the formula:

protein (mg/ml) =

0.184Az;;o - 0.076Az6o where Azgo and Azöo refer to absorbance at 230 and 260

nm, respectively.

Protein gel electrophoresis: Protein samples were analyzed using either denaturing
(SDS) or native polyacrylamide gel electrophoresis (PAGE) at room temperature.
SDS·PAGE followed a modified Laemmli procedure (149). Native PAGE was

adapted from a standard procedure (150). For routine analysis of protein samples, a mini·gel (83 x 73 mm, Model SE 200 from Hoefer Scientific Instruments)
was used. Gels (8-12%) were run at a constant current (25 mA) for 1 hour. For
maxicell experiments, a bigger gel (18 x 16 cm, Model SE 400 from Hoefer) was

used and run at a constant voltage (200 V) for 3-4 hours. Protein bands were
A
stained with Coomassie Brilliant Blue G-250 and gels were destained in a solution
of methanol and acetic acid (25% and 10%). M-1-P DH bands in a native gel
was shown by activity staining (20 mM HEPES, pH 8.5, 0.1 mM NAD, 0.5 mM
M-1-P, 0.1 mM MTT, and 0.1 mM PMS).

RECOMBINANT DNA TECHNIQUES

Digestion of DNA with restriction endonucleases: DNA samples were digested
with restriction enzymes using conditions recommended by their suppliers.
Normally, DNA samples were digested with one or two enzymes (5 units/pg
DNA) at 37°C for more than 2 hours before they were analyzed by agarose gel
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electrophoresis. Several enzymes used in this project including Bcll, Clal, and
Stul could not cleave the DNA which had been methylated by either dam or dcm
methylase (151). Therefore, the DNA used for digestion with these enzymes was

purified from E. coli GM2163 (dam dcm).

Removal of single-strandcd DNA with mung bean nuclease: Mung bean nuclease
is a single-stranded specific DNA and RNA endonuclease. lt was used in this
project for shortening the sticky-ended DNA generated by restriction enzymes to
blunt-ended DNA used for ligation. The mung bean nuclease treatment followed
the digestion of DNA sample with restriction enzymes.

The DNA sample (5

pg/10pl) was digested with one or two restriction enzymes to completion. The di-

gestion mixture was diluted with one equal volume of 5X buffer (IX: 50 mM
NaOAc, pH 5.0, 30 mM NaCl, 1 mM ZnSO4) and three volumes of ddHzO. The
diluted mixture was incubated with mung bean nuclease (1 unit/pg DNA) at
30°C for 30 minutes. The reaction mixture was returned to ice and NaC1 was

added to a 0.2 M concentration. The resulting solution was extracted with
phenol-chloroform (1:1) and precipitated with 95% ethanol. The DNA pellet was

washed with 70% ethanol (-20°C), dried under vacuum, and resuspended in a
minimum volume of H20.

I·'iIling·in reaction with T4 DNA polymerase: T4 DNA polymerase was used to
5’
convert the
overhanging DNA generated by restriction enzymes into bluntended DNA (filling-in reaction) which could be used for ligation. After the DNA
EXPERIMENTAL PROCEDURES
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sample was digested with one or two restriction enzymes to completion, T4 DNA
polymerase (4 units/pg DNA) and dNTP mixture (0.2 mM/pg DNA of each,

dATP, dCTP, dGTP, and dTTP) were added directly to the digestion mixture.
The filling-in reaction was carried out at 37°C for 15 minutes and stopped by
heating at 70°C for 5 minutes.

Agarose gel clctrophorcsis: For routine analysis of DNA with restriction enzymes,
0.7 to 1.2% agarose gels were run at constant voltage. The voltage selections were
dependent of the sizes of gel apparatus: 60 V for a mir1i·gel (50 x 75 mm, BRL
Model H6) and 100 V for a middle-sized gel (ll x 14 cm, BRL Model H3). Gels
were run at room temperature with TAE buffer (0.04 M Tris-Acetate, 0.001 M

.

EDTA, pH 8.5) in the presence of 0.5 pg/ml ethidium bromide (EtBr).

Plasmid purüication: Plasmid purification was carried out using a modified minipreparation procedure (152). The procedure was modified as follows. For a cell
pellet from a typical 5 ml overnight TB culture, 1 ml of STET solution (8%
Sucrose, 5% Triton X-100, 0.05 M EDTA, and 50 mM Tris·HCl, pH 8.0) was

added. Lysozyme (1 mg) was added to the cell suspension before the sample was
placed in a boiling water bath for 1 min. The supernate was obtained by
centrifugation in a microcentrifuge for 15 minutes and was incubated with RNase
A (0.2 mg/ml) at 37°C for 1 hour. The sample was then extracted twice with
phenol/chloroform (1 : 1) and once with chloroform/isoamyl alcohol (24 : 1),
saving the aqueous layer. The DNA was precipitated from the aqueous layer with
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2 volumes of isopropanol in the presence of 2.5 M NH4OAc. The DNA pellet
was redissolved in 0.1 ml of 0.4 M LiCl, and reprecipitated with 2 volumes of
95% ethanol. This DNA pellet was then washed with 70% ethanol (-20°C), dried

under vacuum, and resuspended in a minimum volume of water. The DNA yield
could be quantitied either by reading the absorbance at 260 nm, or by running
an agarose gel in the presence of EtBr.
For the plasmids used in sequencing experiments, purification followed the
procedure described above. However, in order to minimize the nicking of
plasmids (153), minimal M9 medium was used to grow the cells. An overnight
LB/Amp culture (0.5 ml) was transferred into 50 ml of M9 medium supplemented with trace elements and glucose as a carbon source, and was allowed to
3
grow for 24 hours before harvesting the cells.

DNA dephosphorylation with calf intcstinal alkaline phosphatase (CIP): The procedure of dephosphorylation of the linear DNA with CIP was adapted from a
published procedure (141), and is described as follows. The DNA sample was
incubated with CIP (0.01 unit/,ug DNA) in the CIP buffer (50 mM Tris, pH 9.0,

10 mM MgClz, 1 mM ZnCl;, 10 mM spermidine) at 37°C for 30 minutes. The
reaction was stopped by extraction with phenol/chloroform

(1

:

1) and

chloroform/isoamyl alcohol (24 : 1), saving the aqueous layer. The DNA was
precipitated from the aqueous layer with 95% ethanol. The DNA pellet was resuspended in the same CIP buffer, and the procedure above was repeated for this
Ex1·ER1Mr;NTA1. Pnocsoumas
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DNA sample. The resulting DNA pellet was resuspended in a minimum volume
of water, and was used for ligation.

Ligation: Ligation reactions with T4 DNA ligase were performed according to a
standard procedure (141). Three types of ligation reactions were designed on the
basis of components involved in ligation mixtures. Self-ligation is a ligation reaction in which only one plasmid with either compatible ends or blunt ends existed. Mixture ligation means that the mixture of fragments from a restriction
enzyme digestion was ligated into a vector.

Ligation of pure fragments means

that in a ligation reaction, only the purified fragment was included in addition to
a vector. The vector used in a ligation reaction was dephosphorylated unless it
had two non-compatible ends.

Recombinant plasmids were selected by either
A

phenotype (growth on minimal mannitol medium) or color differences (white
against blue in LB plate containing Amp, X-Gal, and IPTG). Concentrations
of each component in a ligation reaction were calculated through Ligate, a computer software designed by Dr. H. B. lenson at Yale University (138). Insert to
vector ratio was 1 : 1 for pure fragment ligation and 5 : 1 for mixture ligation.
One ligation reaction usually contained 0.2 ag of total DNA and 2 units of T4
DNA ligase in 20 nl volume, and was incubated at l6°C overnight.

Transformation: Transformation of E. coli hosts with plasmid DNA was done
using a modified Hanahan procedure (154). E. coli cells were made competent

as follows. A fresh overnight culture (1 ml) was used to inoculate 100 ml of LB
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medium containing 20 mM glucose and was allowed to grow to an optical density

of 0.7 at 600 nm. Cells were cooled on ice for 30 minutes and centrifuged to discard the supernate. The cell pellet was gently resuspended in 40 ml of SB buffer
(100 mM KC}, 50 mM CaClz, 10 mM K-MES, pH 6.3) and the suspension was
incubated on ice for 30 minutes. After centrifugation, the cell pellet was resuspended in 9.6 ml of ice·cold FB buffer (100 mM KC}, 50 mM CaC};, 10%

glycerol, 100 mM KOAc, pH 7.5). Aliquots of the cells (0.2 ml) was pipetted into
sterile tubes and frozen in a dry ice/ethanol bath. Competent cells were stored
at -70°C before use. Frozen competent cells were thawed on ice and plasmid
DNA was added. After they were incubated on ice for 30 minutes, they were
heat-shocked at 42°C for 90 seconds. Ice-cold LB (0.8 ml) containing 20 mM

glucose was added and the cells were incubated at 37°C with shaking for 2 hours
before plating.

Purüication of DNA fragments with Geneclean procedure: DNA fragments were
purified either from a solution or from an agarose gel. The procedure was
adapted from the manufacturer’s protocol (155) and is described below. For
DNA fragments in solution, 3 volumes of 6 M Nal and 5 ul of Glassmilk sus-

pension were added and the resulting suspension was incubated at room temperature for 5 minutes with occasional mixing. The suspension was centrifuged
briefly in a microcentrifuge and the pellet was washed three times with NEW
(NaC1/Ethanol/Water) buffer. The DNA fragment in the pellet was eluted from
Glassmilk by resuspending the pellet in water and incubating the suspension at
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50°C for 3 minutes. For a DNA fragment on an agarose gel, the band was first
excised from the gel on a UV light box. The weight of the agarose-DNA band

was measured and 3 volumes of 6 M Nal solution were added. The suspension
was incubated at 50°C to dissolve the agarose. A Glassmilk suspension (5 al) was
added and the rest of steps were the same as for puritication of DNA fragment
in solution.

Manipulation oflambda phage DNA: All the procedures involved in manipulation
of lambda phage DNA were adapted from a laboratory manual (143). l—1igh·titer
lambda liquid lysate (200 ml) was prepared as follows. A single colony of E. coli
LE392 was used to inoculate 8 ml of TBZ medium, and was grown at 30°C
overnight with shaking. Fresh overnight cells (4 ml) were mixed with 2 x 108
phages (determined by spot titer method) (143). After mixing the phages with
cells, the mixture was incubated for 5 minutes at room temperature for phage
adsorption and transferred to a llask (prewarmed to 37°C) containing 200 ml of

LB and 10 mM MgSO4. The flask was then shaken vigorously at 37°C until lysis
occurred; 5.8 g of NaC1 and 0.2 ml of chloroform were added to the flask and the

lysate was obtained by centrifugation.
Lambda DNA was prepared from 200 ml of lysate as described below.
Polyethylene glycol (PEG-6000) powder was added to the lysate to 10% (w/v).
The mixture was stirred at room temperature to dissolve PEG, followed by incu-

bation in an ice-water bath for 1 hour. The phage pellet was collected
at 10,000 x g for 10 minutes and 5 ml of TM buffer (50 mM
bycentrifugation
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Tris-HC1, pH 7.5, 10 mM MgSO4) was used to resuspend the pellet. The
PEG-phage suspension was extracted with an equal volume of chloroform and
the aqueous layer containing the phage was saved. The phage was purified
through a glycerol step gradient (40% and 5%) by ultracentrifugation at 35,000
rpm with a SW-41 rotor for 1 hour. The phage pellet was resuspended in 0.2 ml
of TM buffer and digested with RNase A (2 pg) and DNase l (0.2 pg) to remove

adsorbed nucleic acids. The sample was heated at 50°C for 15 minutes after
adding 0.2 volume of STEP buffer (0.5% SDS, 50 mM Tris-HC1, pH 7.5, 0.4 M
EDTA,” and 1 mg/ml Proteinase K). The phage DNA was extracted once with
phenol, twice with phenol/chloroform/isoamyl alcohol (25 : 24 : 1) and precipitated with 2 volumes of 95% cthanol. The DNA was spooled out with a glass rod,
rinsed with 70% ethanol (-20°C), and dissolved in 0.1 ml of water. The yield of

phage DNA was checked with agarose gel electrophoresis and the quality was
tested with restriction enzyme digestion.

Purüication of synthetic oligonuclcotidcs: The puriücation scheme was designed
according to the description from the manual of the DNA synthcsizer (156).
Complete deprotection of an oligonucleotide includes elimination of the protecting
groups on the phosphate groups, the exocyclic amino groups on the bases, and the
5’-hydroxyl moiety. This was achieved by incubating a crude oligonucleotide with

0.2 ml of concentrated NH4OH (29%) at 55°C overnight. Detritylation involves
removal of dimethoxytrityl groups which protect 5'-hydroxyls of the productlength molecules. Manual detritylation of an oligonucleotide was done by incu-
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bation of dried, deprotected sample with 0.3 ml of 80% acetic acid for 20 minutes
at room temperature, followed by evaporation of the sample with an equal volume of ethanol. The sample was desalted by precipitating the oligonucleotide with
4 volumes of ethanol in the presence 1 volume of 2.5 M NH4OAc.

The

oligonucleotide at this stage could be used as a primer for sequencing reactions;
however, further purification was achieved through an HPLC Gen-Pak Faxm
column (157).

Double·strandcd DNA sequencing: Double-stranded plasmid DNA was isolated
F

from minimal medium as described above. The quality of plasmids was checked
by electrophoresis of the DNA samples (after being incubated in a boiling water
bath for 5 minutes) on an agarose gel. These samples were compared to nonboiled samples and good DNA preparations (after being boiled) should not yield
significant degradation.
The dideoxy sequencing reactions (158) using [”S]dATP were performed on
the double-stranded DNA (159) with the Sequenasem system (160). Supercoiled

DNA (4 pg) was denatured in 40 pl of 0.2 M NaOH and 0.2 mM EDTA for 5-10
minutes at room temperature. The solution was then neutralized with 10 pl of 7.5

M NH4OAc, pH 7.5 and DNA was precipitated with 4 volumes of 95% ethanol.
The DNA was rinsed with 70% ethanol (-20°C), dried in vacuo, and could be

stored at -20°C for up to 1 week before being used for sequencing.
Annealing of a primer with the DNA template, labeling of the newly-

synthesized strand with radioisotope, and termination of incorporation were
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adapted from the protocol described by the Sequenasem supplier (160) and are
described as follows. A primer (10 nmole) was mixed with 4 pg of denatured
DNA in a final volume of 10 pl. The mixture was heated at 65°C for 2 min, then

cooled slowly to room temperature over a period of 30 min. After annealing, the
labeling reaction was carried out at room temperature for 5 to 10 min in 15.5 pl
containing the following: 10 pl template-primer annealing solution, 1 pl 0.1 M
DTT, 2 pl labeling mixture (2.5 pM of each, dCTP, dGTP, and dTTP), 0.5 pl
[oz-”S]dATP (10 pCi/pl and 10 pM) and 2 pl diluted (1 : 8) Sequenasem. The

labeling reaction was terminated by transferring 3.5 pl of the labeling reaction to
4 prewarmed tubes (37°C) marked as A, C, G, and T, all containing 2.5 pl of the
80 pM dNTP mixture (dATP, dCTP, dGTP, and dTTP) and 50 mM NaCl, and

A, C, G, and T, containing 8 pM of ddATP, ddCTP, ddGTP, and ddTTP, respectively. The termination reactions (6 pl of each) were incubated at 37°C for
an additional 15 min, and stopped by addition of 4 pl of stop solution (95%

formamide, 20 mM EDTA, 0.05% bromophenol blue, and 0.05% xylene cyanol
FF). The samples were stored at ·20°C up to 1 week before they were loaded on
a sequencing gel.

Sequencing gel electrophoresis: Sequencing reactions were analyzed in a wedgeshaped gel (30 x 40 cm with 0.4-0.8 mm thick spacer) cast in Model S2 from

BRL. The glass plates were washed with detergent thoroughly before being cast.
The gel solution (5% acrylamide/bisacrylamide (19 : 1) in 90 mM Tris, 90 mM

boric acid, 2 mM EDTA, pl-I 8.3, and 7 M urea) was poured between the glass
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plates (sealed with tape) and flat sides of 2 vinyl sharkstooth combs were inserted
on top of the gel. After polymerization, the sharkstooth sides of the combs were
inserted into the gel about l mm deep. The gel was run at 65 W constant power
for 30-60 minutes before loading samples. After loading samples (3 ul),
electrophoresis was continued at constant power (65 W). For reading sequences
within 200 nucleotides from the primer, 2 hours were sufficient; for reading se-

quences beyond 200 nucleotides, 4-5 hours were required.
After electrophoresis was completed, the gel on one glass plate was immersed
in 8% methanol for 20 minutes, with occasional shaking, to wash away urea. The
gel was transferred to a filter paper (Whatman 3MM), was dried under vacuum
with heating for l hour. The dried gel was exposed to X-ray film overnight.

Autoradiography: X-ray films were developed in a Kodak developing solution.
The developing time depended on the temperature of the solution. After washing
films in water, films were immersed into Kodak fixing solution for 2 minutes.
Finally, films were rinsed with water and dried at room temperature.

Computer-assisted DNA sequence analysis: DNA sequences were determined
manually from each of the autoradiograms and the sequence data were analyzed
using the Pustell Sequence Analysis Programs (Version 4.0) from International

Biotechnologies, Inc.
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Maxicell expression ofplasmid·coded proteins: The maxicell procedure provides a
simple method for identification of plasmid·coded proteins. E. coli cells (recA)
containing a plasmid are irradiated with UV light. After allowing time for degradation of chromosomal DNA, these cells are incubated in the dark with a radioactive amino acid. Proteins encoded by plasmid DNA are specifically labeled
because the UV irradiationcauses extensive degradation of the chromosomal

DNA but allows amplification of plasmid DNA. After labeling, total cellular
proteins are separated by SDS-polyacrylamide gel electrophoresis, and detected
by autoradiography.
The maxicell procedure was first described by Sancar et al.(161) and modified
in a laboratory manual (143). HB10l (recA) overnight LB/Amp culture (0.2 ml)

was added to 15 ml A + B medium with 1% casamino acids, 0.4°/0 glucose, and
10 pg/ml Amp. After the culture reached A600 of 0.7, the culture was transferred
into a large, uncovered petri dish and was irradiated using a germicidal UV light
source at a distance of 24 cm for 30 seconds. The irradiated culture (10 ml) was
pipetted into an aluminum foil·wrapped fiask and shaken for 30 min at 37°C.
After addition of 40 pl of 50 pg/ml D-cycloserine, the culture was incubated at
37°C with shaking overnight.
The culture was centrifuged and the cell pellet was washed twice using the
same medium lacking casamino acids. The pellet was resuspended in 1 ml of the

medium and the A600 was measured. Using the ratio of 1 A600 equivalent to 0.1
mg/ml of protein concentration( 143), 0.1 mg of protein equivalent cells was re-

suspended in 0.5 ml of medium lacking casamino acids. After the cell suspension
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36

was incubated at 37°C for 1 hour, 1 pCi of ["’S]Met was added and the cells were
allowed to take up Met for 30 min. The medium was removed by centrifugation,

and the cell pellet was washed twice with 50 mM Tris-HC1 (pH 7.5) buffer containing 100 mM NaCl and 1 mM EDTA. The washed cell pellet was dissolved in
0.1 ml 2X SDS—gel loading buffer and 25 pl of sample was loaded onto the gel
(12%). The gel was run at constant voltage (200 V) for 3 hours at room temper-

ature. The gel was stained with Commassie Brilliant Blue G-250 to locate the
positions of the protein standards. After destaining overnight, the gel was dried
under vacuum and exposed to X-ray film.
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RESULTS (PART I). MTLD GENE FROM

ASPERGILLUS PARASITICUS

CLONING

Construction of the fungal genomic DNA library in E. coli: The fungal chromosomal DNA was puriüed from fungal nuclei because DNA isolated directly from
fungal mycelia may contain carbohydrates or other materials that interfere with

restriction endonuclease digestion of the DNA (162). Nuclei were isolated from
16 hour cultures of A. parasiticus (163). DNA was isolated from nuclei by extraction with phenol, digestion of protein and RNA with proteinase K and
RNase A, and dialysis versus Tris-EDTA buffer. The resulting DNA prepara-

tion had an average length greater than 50 kb pairs. The fungal DNA preparation was partially digested with Sau3AI (0.3 units/pg DNA, 37°C, 1 hour). This
enzyme has the recognition site /GATC and generates ends complementary to
those generated by BamHI (G/GATCC).

The DNA digest was sedimented

through a sucrose gradient (141) and fractions containing fragments from 2 to 5
kb were identilied by agarose gel electrophoresis, pooled, dialyzed, and concen-

trated.
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Plasmid pBR322 was linearized by digestion with Bam1—Il, which has a single
recognition site within the tetracycline resistance gene (Tetk). The linear plasmid

was dephosphorylated by digestion with calf intestinal alkaline phosphatase
(141). Linear, dephosphorylated plasmid was puritied by phenol extraction and
ethanol precipitation.
The fungal DNA fragments and the vector were ligated under the following
conditions. The target to vector ratio and i to j ratio were optimized to 5 2 1 and
2 2 5 (141), respectively. The ligation reaction was done overnight at 16°C using
10 units of T4 DNA ligase per pg of DNA. The majority of plasmids contained
a single insert DNA fragment.
The initial A. parasiticus genomic DNA library was first established in E. coli
K802 (R·M*) because methylated plasmids are necessary for transformation-of
the E. coli mutant (JWL239). Transformation of E. coli K802 with the ligation

mixture was done using a moditied Hanahan procedure (154). According to calculation (141), a library of 105 recombinants with an insert size of 2 to 5 kb
should, with 99% probability, contain the entire A. parasiticus genome of 2.6 x
107 bp (87). A total of more than 105 transformants were obtained and over 90%
of the transformants were recombinants, as evidenced by growth in the presence
of ampicillin but not in the presence of tetracycline.

Complemcritation of E. coli JWL239: The E. coli K802 cells containing the
methylated fungal DNA library were amplitied by growth in TB plus ampicillin,
and plasmids were puritied. This methylated recombinant plasmid preparation
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(0.4 pg ) was used to transform E. coli JWL239 with transformation efficiency
of 7 x 106 per pg DNA. Clones containing a functional fungal mtlD gene were
selected by growth on minimal agar plates containing trace requirements
(thiamine and leucine) and mannitol as sole carbon source. Two such colonies
were identitied from 2 x 106 colonies plated. These two colonies were amplitied
by growth in TB/Amp, plasmids were puriiied and used to retransform E. coli
JWL239. More than 106 transformants were screened, with equivalent numbers
growing on rich (LB) or minimal (mannitol) plates, strongly suggesting that these
plasmids

do

indeed

contain

the

mannitol-1-phosphate dehydrogenase.

fungal

mtlD

gene,

coding

for

This supposition was veriiied by direct

assay of the enzyme in extracts of the transformed E. coli (see below).

SUBCLONING

Restriction mapping of the recombinant plasmid: One of these recombinant
plasmids, subsequently named pMPD5.0, was mapped using different restriction
endonucleases (5 units/pg DNA, 37°C, 2 hours).

The insert size from this

recombinant plasmid was 5.0 kb (Fig. 2). BamH1 cleaves at one cloning site on
pMPD5.0, This indicates that of the two BamHI/Sau3AI ligation sites, only one
maintains the GGATCC sequence which is cleaved by BamI—II, and the other has

a GGATCN sequence, where N is a A, G, or T but not C, which is not recognized by BamHI. EcoRl, H1°ndIII, and Pstl, which all have one recognition site
on pBR322, have no site on the insert. Smal, Sstl, and Bglll, which have no reRESULTS (PART 1). MTLD c1·:N1~; FROM AsP1;Rc11„1.us PARAs1T1cus
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Restriction map of pMPD5.0:

Rcstriction silcs arc shown for

thc 5.0 Kb inscrt DNA only, which is numbcrcd clockwisc,
starting with thc bcgining of the inscrt DNA.
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cognition site on pBR322, all have one recognition site on the insert. Kpnl has
three cleavage sites on the insert and no site on pBR322. Sphl has two cleavage
sites on the insert in addition to one site on pBR322. The positions of these sites
were deduced by comparison of the lengths of the fragments with fragments
generated by Hindlll digestion of phage lambda DNA.

Subcloning of the mtID gene from pMPD5.0 into pGEM-3Z: pGEM—3Z is a
plasmid vector constructed at Promega (164). The restriction map of pGEM—3Z
is shown in Figure 3. The vector carries the E. coli IacZ promoter and coding
sequence for the IacZ a-peptide. A multiple cloning region, containing recognition
sites for 13 restriction endonucleases, is inserted into this oz-peptide coding region
without changing the reading frame. This arrangement gives rise to a functional
A
oz-peptide which is capable of complementing the product of the IacZAM15 gene
to produce functional ß-galactosidase. E. coli strains, such as J MIO9, containing

the IacZAMl5 on an F' plasmid and also containing the pGEM·3Z vector will
yield blue colored colonies when plated on indicator media containing IPTG and
X-Gal. However, when the IacZ cx·peptide gene is disrupted by ligating insert
DNA into the pGEM-3Z multiple cloning region, complementation does not occur and no ß·galactosidase activity is produced. Therefore, bacterial colonies
harboring recombinant pGEM-3Z vector constructs remain white. Therefore, this

vector can be used as a standard cloning vector. In addition, the vector contains
both the SP6 and T7 RNA polymerase promoters flanking the multiple cloning
region.

Therefore, using oligonucleotides complementary to the SP6 and T7
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promoter sequences as primers, this vector can also be used as a sequencing vector.
Plasmid pMPD5.0 was digested with Kpnl, generating three fragments: 1.0
kb, 3.1 kb, and 5.3 kb. This digestion mixture was ligated into pGEM-3Z, which
had been linearized with Kpnl and dephosphorylated with calf intestinal alkaline
phosphatase. The ligation mixture was used to transform E. coli JWL239, and
the transformants were selected on a minimal mannitol/Amp plate.

Fourteen

colonies growing on the plate were amplitied in TB/Amp and plasmids were puritied. The puritied plasmids were digested with restriction endonucleases
(BamI—lI and Kpnl) and analyzed with agarose gel electrophoresis. All the

plasmids contained the 3.1 kb Kpnl fragment as the insert. Orientation of the
insert was analyzed by digestion of these recombinant plasmids with Smal (one

site in the insert according to the map of pMPD5.0 and one site in the vector
from the map of pGEM-3Z). Both orientations were found as evidenced by the
fact that after Smal digestion, one group of the plasmids generated 2.5 kb and
3.4 kb fragments, and the other group generated 0.6 kb and 5.3 kb fragments.
One of the plasmids in the tirst group was named pMPD3.l and its restriction
map is shown in Figure 4. One of the plasmids containing the insert in the opposite orientation was named pMPD3.1R. Retransformation of E. coli JWL239

with pMPD3.1 or pMPD3.lR showed the same number of colonies growing on
both rich and minimal plates.
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Restriction map of pMPD3.l: Not shown hcrc are thc restriction sites in the mutiple cloning region, which include
EcoRl und Sstl (on upper Kpnl side), Smal, BamHl, Sp/1l, and
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Subcloning of the structural part of the mtlD gene: There is one Bglll site
(A/GATCT) in the insert and one Baml—1l site (G/GATCC) in the vector of

pMPD3.l (Fig. 4). The ends generated by Bglll digestion of pMPD3.l are complementary to those generated by BamI—ll digestion.

Therefore, plasmid

pMPD3.l was digested with Baml—lI plus Bglll to excise a 1.3 kb fragment, and
then the plasmid was religated. The resulting plasmid, called pGEM-1.8, did not
complement the mt/D mutation in JWL239 as indicated by the observation that
transformation of JWL239 with pGEM-1.8 led to growth only on a LB/AMP

plate not on a minimal mannitol/AMP plate. Therefore, pGEM-1.8 did not express functional mtID gene product, as veritied by the enzyme assay; however,

this plasmid was isolated because it was useful for sequencing.
There are two Sstl sites in pMPD3.l, one in the insert and the other in the
vector.

Plasmid pMPD3.l was therefore digested with Sstl to excise a 2.2 kb

fragment, and then religated. Again, the resulting plasmid (pGEM-0.8) did not

express functional gene product, as indicated by the observation that no
complementation of JWL239 occured in a minimal mannitol/Amp plate after this

strain was transformed with pGEM-0.8. This plasmid was isolated from JWL239
grown on a LB/Amp plate. In this plasmid, the 0.8 kb insert separates the restriction sites in the multiple cloning region of pGEM·3Z into two groups (Fig.
5).

One group includes EcoRl and Sstl, and the other includes Kpnl, Smal,

Baml-II, Sphl, and Hindlll. Therefore, this plasmid can be digested with combi-

nations of two enzymes, one from each group. All such digestions are not possible with pGEM-3Z because recognition sites of some of these enzymes are too
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close together.

Therefore, in some_ of cloning experiments described below,

pGEM-0.8 was used as a substitute vector for the plasmid pGEM-3Z.
In order to clone the structural part of the mtlD gene, pMPD3.1 was digested
with Smal plus Sstl, generating four fragments: 0.6 kb, 1.5 kb, 0.8 kb, and 2.75
kb. The digestion mixture was ligated into pGEM-0.8 which had been digested

with the same two enzymes. The ligation mixture was used to transform E. coli
JWL239 and the transformants were selected on a minimal mannitol/Amp plate.

Several of the colonies growing on the plate were amplitied in TB/Amp, and the
plasmids were purified and analyzed. One of the plasmids, containing the 1.5 kb
Smal-Sstl fragment as the insert, was used for further studies. This plasmid was
named pMPDl.5 (Fig. 6). Expression of the mtID gene product was veriüed by
assay of the enzyme activity in extracts of transformed E. coli JWL239.

Deduction ofdirection of the reading frame: The 1.5 kb fragment was excised from
pMPDl.5 by digestion of this plasmid with EcoR1 and Baml—II. Scal was also
included in the digestion reaction to cleave the gene responsible for ampicillin resistance in the vector (Fig. 3). The digestion mixture was ligated into pBR322
which had been digested with EcoRI and Baml—Il. The ligation mixture was used
to transform E. coli JWL239, and the transformants were selected on a minimal
mannitol/Amp plate. The plasmids were isolated from the mrlD positive
transformants and analyzed with restriction endonucleases (EcoRl and BamH1).

One of these plasmids containing the 1.5 kb fragment as the insert and pBR322
as the vector was named pBR1.5. The enzyme activity was assayed from extracts
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of E. coli JWL239 transformed with pBR1.5. A very low enzyme activity (2%)
was observed as compared with the enzyme activity from extracts of E. coli
JWL239 transformed with pMPDl.5. Therefore, it was concluded that the 1.5
kb Smal-Sstl fragment did not contain the intact fungal promoter sequence and
that the expression of the mtID gene in pMPDl.5 was apparently under control
of the lacZ promoter in the vector. Because the lacZ promoter is upstream of the
Smal site, the mtlD gene in pMPDl.5 was assumed to start at the Smal site and
continue clockwise to the Sstl site as indicated in Figure 6. This assumption was
verified by DNA sequencing. Because pMPD3.l and pMPD3.lR expressed the
same level of enzyme activity as judged by the enzyme assay, the 3.l kb Kpnl
fragment contained the intact fungal promoter. As deduced from pMPDl.5, the
fungal promoter sequence in pMPD3.1 and pMPD3.1R was located upstream of
the Smal site. Therefore, the orientation of the mtID gene in pMPD3.l was assumed to be as shown in Figure 4. Because the 3.1 kb Kpnl fragment was first
derived from pMPD5.0, the orientation of the mtlD gene in pMPD5.0 was the
same as that in pMPD3.l, as indicated in Figure 2.

SEQUENCING

Sequencing strategy: Two strategies are currently used to sequence a prospective
gene in a recombinant plasmid. One is to generate subclones containing nested
fragments as inserts. The other is to generate subclones containing specific restriction fragments as inserts. The first strategy involves (1) linearization of the
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recombinant plasmid at one end of the gene with a restriction enzyme; (2) removal of nucleotides from one end of the gene with an exonuclease with the other
end being protected; (3) blunt ending the newly generated end with a nuclease to

remove single·stranded DNA; and (4) self-ligation of the digested plasmid. Because sequence data can only be generated from one end of the gene, the whole
process is repeated starting at the other end of the gene in order to sequence the
complementary strand. This strategy can generate sequence information in a rel-

atively short time.
The second strategy utilizes a set of restriction endonucleases, which have a
relatively small number of restriction sites (one or two) in the gene. The restriction sites of these enzymes should be distributed evenly along the gene, preferably about 300 bp apart„(300 bp is a length for which reliable sequence data
can be generated from one sequencing reaction). This strategy generates

subclones containing defined fragments of the gene, and these fragments can be
sequenced from both ends. Sequence information for both strands of DNA can
be obtained for the entire lengths of these fragments.
From the restriction maps of pMPDl.5 and pMPD3.l, it can be seen that
there are several restriction sites which can be used to generate subclones using
the second strategy. Therefore, the second strategy was used to sequence the mtID
gene from A. parasiticus.
A linear restriction map and the strategy for sequencing the cloned mtID gene

from A. parasiticus are shown in Figure 7, the gene starting at the Kprzl site and
ending at the Sstl site of pMPD3.l,
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Restriction map and strategy for sequeneing the fungal
gene: Restriction sites are Kpnl (K), Pvuli (P), Smai (S), Hpal
(H), Hincil (Hi), Sp/II (SP), Bc/I (B), Bglil (B8), Stul (St), and
Sstl (Ss). The arrows below the rcstriction map indicate the
begining, direction, and extent of the nucleotide sequence determination.
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Generation of subclones used for sequencing: Sixteen subclones, constructed as
templates for sequencing, are summarized in Table 3. pMPD3.l (#1), as described above, was used to generate several subclones. pGEM-0.6 (#4) was ob-

tained after pMPD3.l was digested with Smal (one site in the insert and one site
in the vector) to excise a 2.5 kb fragment, and then religated. pGEM-0.25 (#2)
and pGEM-0.35 (#3) were generated from pGEM-0.6 as described below.

A 0.6 kb fragment was excised from pGEM-0.6 by digestion with Kpnl and
Smal. The digestion mixture was run on an agarose gel. Two bands were excised
from the gel, one containing the 0.6 kb Kpnl-Smal fragment and the other containing the remaining vector (pGEM-3Z/Kpnl + Smal). The agarose was melted
in a Nal solution at 50°C and the DNA fragments were isolated using the

Geneclean procedure (155). The 0.6 kb fragment was digested with Pvull
(CAG/CTG), which generates blunt ends as does the enzyme Smal. This digestion mixture contained two small fragments, 0.25 kb/Kpnl + Pvull and 0.35
kb/Pvull + Smal. One sample of this digestion mixture was ligated into the isolated vector (pGEM·3Z/Kpnl + Smal) and another sample of the digestion

mixture was ligated into Smal digested pGEM-3Z. The ligation mixtures were
used to transform E. coli JM109 and the transformants were selected on two
LB/AX1 plates. The recombinant plasmids (white colonies) were isolated and
analyzed with restriction endonucleases.

One of the plasmids from one plate

contained the 0.25 kb fragment as the insert and was named pGEM·0.25 (#2).

One of the plasmids from the other plate contained the 0.35 kb fragment as the
insert and was named pGEM-0.35 (#3).
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Table 3.

Subclones used in sequencing the fungal gene (continued on next

page)

#

Plasmid

Insert

Primer

Bases obtained

1

pMPD3.1

KpnI·KprzI

T7

-687 —> -390“

2

pGEM·0.25°

Kpnl-PvuI1

T7

-687 —» -449

SP6

-687 «— -449

3

pGEM~0.35

Pvull-Smal

T7
SP6

-448 —» -79
-448 <— -79

4

pGEM-0.6

KprzI·SmaI

T7

-687 —> -390

5

pGEM-0.3

Smal-Sstl
(AHpal)

SP6

-390 <— -79

SP6

—•
-78
-7
—•
1307
1507

T7

-78 •—

-7

1307

1507
-

6
7

pGEM-0.2
pGEM-0.5

Hirzcll-Hirzcll
Hincll-Sphl

-6 —» 189

T7
SP6

-6 <— 189

T7

190 —» 500

SP6

360 <— 661

•— 661

8

pGEM-1.4

Kprzl-Sphl

SP6

360

9

pGEM-0.4

Sp/11-Bglll

SP6
T7

662 —> 950
750 -— 1079

10

pGEM-1.8

Kpnl-Bglll

SP6

750 <— 1079

11

pGEM-0.8

Bcll-Sstl

SP6

780 -> 1110

12

pGEM-0.45

BgIlI·Sst1

SP6

1080 —• 1400

13

pMPD1.3R

Hpal-Hpal

T7

1200 «— 1507

T7
SP6

—•
300
-6
1000 <— 1306
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#

Plasmid

Insert

Primer

Bases obtained

14

pGEM-1.3

SmaI·StuI

T7

1000 •— 1227

15

pMPD1.5

Smal-Sstl

SP6

-78 —» 200

T7

1200 «— 1507

a. The arrows represent the directions of sequencing and the numbers
correspond to those in Figure 8.
b. The number in the name of the plasmid indicates the approximate
size of the insert in kb.
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pGEM-1.8 (#10) was generated from pMPD3.l as described in the previous
section. pGEM-1.4 (#8) was generated by religation of pMPD3.1 which had been
digested with Sphl (one site in the insert and one site in the vector) to excise a 1.7
kb fragment. pGEM-0.5 (#7) was generated from pGEM·1.4 as follows.

“

pGEM-1.4 was digested with Hincll plus Sphl (Hincll generates blunt ends).
The digestion mixture was run on an agarose gel and the band containing the 0.5
kb Hincll-Sphl fragment was excised from the gel. The gel band was melted and
the DNA fragment was isolated using the Geneclean procedure (155). The purilied 0.5 kb fragment was ligated into pGEM·3Z, which had been digested with
Hincll and Sphl. The ligation mixture was used to transform E. coli Jl\/1109 and
the transformants were selected on a LB/AXI plate. The recombinant plasmids

were isolated from white colonies and analyzed with restriction endonucleases.
One of the plasmids containing the 0.5 kb fragment as the insert was named
pGEM-0.5 (#7).
pMPD1.5 (#15), as described above, was used to generate several subclones
used for sequencing. A 0.4 kb SphI·Bglll fragment was excised from pMPDl.5,
and puritied from an agarose gel using the Geneclean procedure (155). The frag-

ment was ligated into pGEM·3Z, which had been digested with Sphl and
BamHl. The ligation mixture was used to transform E. coli JM109 and the
transformants were selected on a LB/AXI plate. The recombinant plasmids were
purified and analyzed with restriction endonucleases. One of the plasmids containing the 0.4 kb fragment as the insert was named pGEM-0.4 (#9).
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pGEM-0.8 (#11) was generated after religation of pMPDl.5 which had been

digested with Bcll (one site in the insert generating ends complementary to those
of BamI—II) and BamHl (one site in the vector) to excise a 0.7 kb fragment. Simi-

larly, pGEM·0.45 (#12) was generated using Bglll and BamHI.
pGEM-0.2 (#6) was generated from pMPDl.5 as follows. pMPDl.5 was digested with Hincll, which has the recognition site GTPy/PuAC and generates

blunt ends. The digestion mixture was ligated into Smal digested pGEM-3Z, and
the transformants were selected on a LB/AXI plate. The plasmids were purified

from white colonies and analyzed with restriction endonucleases. One of the
plasmids containing the 0.2 kb Hincll fragment as the insert was named
pGEM-0.2 (#6).

pMPDl.5 was digested with Hpal ( two sites in the insert generating blunt
ends) to excise a 1.3 kb fragment, and then religated. The resulting plasmid was
pGEM-0.3 (#5). The 1.3 kb Hpal fragment was ligated into Smal digested
pGEM-3Z. The resulting plasmid was either pMPD1.3 or pMPD1.3R (#13),

which contained the same insert but in the opposite orientations.
In order to construct pGEM-1.3 (#14), pMPDl.5 was first linearized by
EcoRI digestion. Then, the linearized plasmid was treated with mung bean
nuclease, which removed single-stranded DNA generated by EcoRI digestion.
This blunt-ended fragment was partially digested with Stul, which has two re-

cognition sites in pMPDl.5 and generates blunt ends. The digestion mixture was
run on an agarose gel and the band containing a 4.0 kb fragment (1.3 kb
SmaI·StuI fragment plus the vector) was excised from the gel. The gel band was
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melted and the 4.0 kb fragment was isolated using the Geneclean procedure. Thisi
blunt-ended fragment was religated, and the resulting plasmid was pGEM-1.3.
Sequencing reactions were performed on these subclones using the dideoxy
method (158). The procedure of sequencing double-stranded DNA by Chen and
Seeburg (159) was adapted using [a·”S]dATP with the Sequenasem system
(160).

Commercially available oligonucleotides complementary to the SP6 and

T7 promoter sequences were used as primers, thus allowing sequencing of the
gene for both DNA strands. All restriction sites were sequenced through and
most of both strands were sequenced twice.

Nucleotide sequence and deduced amino acid sequence: The entire length of the
nucleotide sequence obtained from these subclones was 2194bp, starting at the
Kpnl site and ending at the Sstl site of pMPD3.l. Figure 8 presents the
nucleotide sequence of the mtlD gene and the deduced amino acid sequence of the
gene product, mannitol-1-phosphate dehydrogenase.
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Figure 8.

Nueleotide sequence and deduced amino acid sequence oI' the

fungal gene:

The sequence is numbered starting at the A oI° the

translation start codon ATG. lnverted repcats within the noncoding region which may have regulatory signilicance are indicatcd by arrows. A sequence similar to the Shine-Dalgarno
sequence preceding the start codon is underlined. The ammo ac-

ids underlined in the N-terminal region are those involved in one

ot' the potential NAD binding sites. Smgly underlined residues
are those which show conscnsus with the ßa/1'·t“old lingerprint
(165). Doubly underlined rcsidues are all conserved in several
dehydrogcnases (41). Relevant rcstriction sites are mdieated
above the nucleotide sequence. The sequence is continued on the
IICXI IIITCC pZ1gCS.
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RESULTS (PART II). MTLD GENE FROM

ESCHERICHIA COLI

SUBCLONING FROM MANNITOL OPERON

Subcloning: Plasmid pCD7.5 is the pBR322 recombinant plasmid containing the
genes of the mannitol operon, mtlA and mtlD (31). From the restriction map of
pCD7.5 (31) and the DNA sequence of the mtlA gene (34), the mtlD gene was
expected to be located in the 1.5 kb Nsil-Pstl fragment, starting at the Nsil site
in the 3' noncoding region of the mtlA gene and ending at the Psrl site of the end
of the insert. Analysis of pCD7.5 with Nsil and Pstl showed that there was no
additional Pstl site in the insert and there was an additional Nsil site upstream
of the mtlA gene in the insert. Therefore, digestion of pCD7.5 with Pstl and
Nsil yielded three fragments: 1.5 kb, 4.0 kb, and 6.4 kb. In addition, the ends
generated by Nsil digestion are complementary to those by Pstl digestion.
Therefore, pCD7.5 was digested with Nsil and Pstl and the digestion mixture
was ligated into pGEM·3Z that had been digested with Pstl and alkaline

phosphatase. The ligation mixture was used to transform E. coli JWL239. The
mtlD positive transformants were selected on a minimal mannitol/Amp plate. The
recombinant plasmids were isolated from three colonies, digested with restriction
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endonucleases, and analyzed by agarose gel electrophoresis. The three plasmids
were identical and carried the 1.5 kb Nsil-Pstl fragment downstream of the
pGEM—3Z lacZ promoter. This plasmid was named pGEM·D. Retransformation
of E. coli JWL239 with pGEM-D produced the same number of colonies on selective and rich medium.

Rcstriction mapping of pGEM-D: pGEM-D was mapped using restriction
endonucleases, The restriction map of pGEM-D is shown in Figure 9. The insert
size was 1.5 kb, starting from the Nsil site and ending at the Pstl site. Of the two
ligation sites, only the Pstl/Pstl ligation site is cleaved by Pstl whereas the
Pstl/Nsil ligation site is not recognized by Pstl or Nsil because after ligation both
sites were destroyed. Hindlll, BamH1, Smal, and EcoRI, which all have one recognition site in the multiple cloning region, have no site in the insert. Hpal has
one cleavage site in the insert and no site in the vector. Bcll has two cleavage sites
in the insert and no site in the vector. Sphl and Kpnl have two cleavage sites in
the plasmid, one in the insert and one in the multiple cloning region. There are
several Alul sites in the insert; however, there is only one Alul site between the

Nsil and Kpnl sites in the insert.

These enzymes were used to generate the

subclones used for sequencing.
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Figure 9.

Restriction map of pGEM-D:

Not shown here are the re-

striction sites in the multiple cloning region, which include
Hindlll, Sphl (on Nsil side), BamHl, Smal, Kpnl, and Ec0RI

(on Pstl side). Nsil site is no longer present because of the
method of plasmid construction.
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.2.

SUBCLONING FROM LAMBDA PHAGE CLONE

In order to extend sequence information into the

3’

region downstream of the

end of the insert in pCD7.5, we obtained three lambda phage clones from the E.
coli gene bank established by Kohara et al. (166). These clones contain segments

of the E. coli chromosome, which cover 80-81 min on the genetic map where the
mannitol operon is located (28). The lysate from one of the clones (17G2) complemented the mtlD mutation in E. coli JWL239.

From comparison of the re-

striction map of this clone (166) and the sequence of mtlD and mtlA (34), the
mtlD gene was expected to be located on a 3.6 kb Hindlll fragment. The lambda
DNA was isolated and digested with Hindlll, yielding three fragments: 3.6 kb,
5.2 kb, and 38 kb. The digestion mixture was ligated into pGEM-3Z which had _

been digested with Hindlll and alkaline phosphatase. The ligation mixture was
used to transform E. coli JWL239 and the mtlD positive clones were selected on
a minimal mannitol/Amp plate. Plasmids from several clones were isolated and

contained a 3.6 kb Hirzdlll fragment.

One of the plasmids was named

pGEM-D-3.6 and used for sequencing.

SEQUENCING

Sequencing strategy: The second strategy discussed previously was used to sequence the mtlD gene from E. coli. ln addition to the use of oligonucleotides
complementary to the SP6 and T7 promoters as primers in sequencing reactions,
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synthetic

oligonucleotides

were

also

used

as

primers.

These

synthetic

oligonucleotides were designed from the known portion of the sequence determined earlier.

A linear restriction map of and the strategy for sequencing

pGEM·D are shown in Figure 10.

Generation of subclones: All the subclones used in sequencing experiments are
summarized in Table 4. pGEM·D (#1) was used to generate all subclones except
pGEM·D-3.6 (#10), which was generated from the lambda clone as described

above. Methods used to generate these subclones were similar to those described
in the previous section.

Nucleotide sequence and deduced amino acid sequence: The entire length of the
nucleotide sequence obtained from the pGEM·D and its subclones was 1346 bp,
starting at the Nsil site and ending at the oligo dA/dT linker from the original

plasmid pLC 15-48 (162). The DNA sequence obtained from pGEM·D-3.6 overlapped with the

3’

end sequence obtained from pGEM·D and its subclones and

extended an additional 90 bp downstream. Figure ll presents the combined sequence (1436 bp) of the mtID gene and the deduced amino acid sequence of the
gene product, mannito1·1-phosphate dehydrogenase.
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Figure 10.

Restriction map and strategy for sequencing the bacterial
gene: Lines with arrowheads below the rcstriction map indicate the sizes and directions ot' scquencing.
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Table 4.

Subclones used in sequencing the bacterial gene

#

Plasmid

Insert

Primer'

Bases obtained

1

pGEM-D

Nsil-Pstl

SP6
W-F

-•
150'*
-154
4800
1192

2

pGEM-D-O.3‘

NsiI·AluI

SP6

-154 —» 134

T7

-154 4- 134

SP6

135 —> 380

T7

135 4- 380

3

pGEM-D-0.25

Alul-Kpnl

4

pGEM-D·l.0

Kpnl-Pstl

SP6

381 -> 650

5

pGEM-D-0.75

Nsil-Hpal

T7

350 4- 602

6

pGEM·D—0.8

Hpal-Pstl

T7

603 -> 850

7

pGEM-D-0.95

Nsil-Bcll

T7

520 4- 776

8

pGEM-D-0.6

Sphl-Pstl

SP6

812 —> 1060

. 9

pGEM-D·0.5

Bcll-Pstl

SP6
W-E

777 —> 1192
1050 -> 1192

pGEM-D-3.6

Hirzdlll-Hindlll

T7

1000 4- 1282

W·G

1190 -> 1282

10

3’
5’
a. W-F 5’ GTATTGCTATTGTTACAGGT 3’
W-E 5’ CACTGATCGCTGACAAAGGT 3’
W-G
ACACCCTGCAGCGAATAACA

b. The arrows represent the directions of sequencing and the numbers
correspond to those in Figure 1l.
c. The number in the name of the plasmid indicates the approximate
size of the insert in kb.
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Figure 11.

Nucleotide sequence a11d deduced amino acid sequence of the
baeterial gene: The first 25 amino aeyl residues in the Nterminal sequence deduced from the nueleotide sequence of the
gCI1C I1I°C lll complete llgfCC1'I'1Cl1t with the N-tCI'h‘11f1Z1i SCQUCHCB

determined by Edman degradation of the puriiied protein (40).
The Shine-Dalgarno sequence preceding the start codon of the

mzID gene is underlined. lnverted rcpeats within the noncoding
region which may have regulatory significance are indicated by
arrows. The amino acids underlined in the N·terminal region
are those involved in one of the potential NAD binding sites.
Singly underlined residues are those which show consensus with
the ßaß·fold fingerprint (165). Doubly underlined residues are
Relevant reall conserved in several dehydrogenascs (41).
sequence.
The
striction sites are indicated above the nucleotide
SCqU€11CC is Corltinucd on thc 11CXt two pages.
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210

220

230

240

250

260

I

I

I

I

I

I

GGT GAT GAT GTC CTT CAT CTC AIT CCT CAC GTI CAT TTA CTC ACT ACC CCC GTT CCC CCC
Cly Asp Asp Val Val Asp Lau llo Ala Gln Val Asp Leo Val Thr Thr Arg Val Cly Pro
320
310
290
300
280
I
I
I
I
I
GTT CTG CTG CAA CCT ATT GCA CCC CCA ATC GCC AAA GCG CAG GTG AAA CGT AAA CAA CAA
Val Val Lau Glo Aru llu Ala Pro Ala llu Ala Lys Cly Gln Val Lys Arg Lys Glo Cln
270
I

370
380
350
360
330
340
I
I
I
I
I
I
GGT AAT GAA TCC CCG CTG AAC ATC ATC GCC TGT GAA AAC ATC GTA CGC GGT ACC ACC CAC
Cly Asn Clo Ser Pro Lau Asn lla lle Ala Cys Glo Asn Het Val Arg Cly Thr Thr Cln
430
440
420
410
400
390
I
I
I
I
I
I
CTG AAA GGC CAT CTG ATC AAC CCC CTC CCG GAA CAC CCC AAA CCC TCC GTA CAA GAA CAC
Lou Lys Cly His Val Hot Asn Ala Leu Pro Glo Asp Ala Lys Ala Trp Val Glo Glo His
450

460

470

480

490

500

I

I

I

I

I

I

GTT CGC TTT CTC GAT TCC GCC GTT CAC CGC ATC GTA CCG CCT TCG GCT TCG CCA ACT AAC
Val Gly Pho Val Asp Ser Ala Val Asp Aru llo Val Pro Pro Ser Ala Ser Ala Thr Asn

510

520

I

I

‘

530

540

550

560

I

I

I

I

CAT CCG CTC GAA CTG ACC GTA GAA ACC TTC ACC GAA TCG ATT CTC GAT AAA ACC CAG TTC
Asp Pro Lou Glo Val Thr Val Glo Thr Phu Ser Clu Trp llu Val Asp Lys Thr Gln Pho

‘

610
590
620
600
580
I
I
I
I
I
AAA GGC GCA CTG CCG AAC ATC CCA GCC ATG GAG TTA ACC GAC AAC CTG ATG GCA TTT GTC
Lys Gly Ala Leo Pro Asn llo Pro Cly Hat Glo Leo Thr Asp Asn Lao Hot Ala Pha Val
570
I

630

640

650

660

670

680

I

I

I

I

I

I

CAA CGT AAA CTC TTC ACC CTC AAC ACC GGT CAI CCT ATA ACC CCG TAC CTC CGA AAA CTC
Glo Ara Lys Lou Pho Thr Lou Asn Thr Gly His Ala lla Thr Ala Tyr Loo Gly Lys Leo

690

700

710

720

730

740

I
I
I
I
I
GCC GGT CAT CAC ACC ATT CGT GAC GCG ATT CTC GAC CAG AAA ATC CGC GCG CTG GTA AAA
Ala Gly His Cln Thr llu Arg Asp Ala llu Luo Asp Glo Lvs lla Arg Ala Val Val Lys
I

800
I
GGT GCG ATG GAA CAA AGT GGT GCA GTA TTG ATC AAC CCC TAC CGC TTT CAC GCT GAC AAG
Cly Ala Hut Glo Clo Sur Gly Ala Val Loo lle Lys Arg Tyr Cly Pha Asp Ala Asp Lvs
750
I

760
I

770
I

780
I

790
I

810

820

830

840

850

860

I

I

I

I

I

I

CAT GCG CCG TAC ATC CAG AAA ATT CTC GGC CGT TTT CAG AAC CCC TAT CTC AAA GAT CAT
His Ala Ala Tvr lle Gln Lys llo Lou Cly Arg Phu Glo Asn Pro Tyr Loo Lvs Asp Asp
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870 ”
I

880

890

900

910

920

I

I

I

I

I

GTA CAC CCC CTA GCC CCT CAG CCA CTC CCT AAA CTC ACT CCT CCC CAC CCT CIC ATC AAC
Val Clu Arg Val Cly Arg Cln Pro Lcu Arg Lys Lau Sur Ala Cly Asp Arg Leu lle Lys
950

940

950

960

970

980

I

I

I

I

I

I

CCA CTC CTC CCT ACC CTC CAA TAT CCT CTC CCA CAT AAA AAC CTC ATT CAA GUT ATT CCC
Pro Lou Lau Gly Tlgr Leu Glo Tyr Gly Lou Pro His Lys Asn Lou Ila Gin Cly lla Ala
990
I

1000
I

1010
I

1020
I

1050
I

1040
I

CCT CCA ATC CAC TTC CCC ACT CAA CAT CAT CCC CAC CCT CAG CAA CTC CCA CCA CTC ATC
Ala Ala Hot His Phe Arg Scr Glu Asp Asp Pro Gln Ala Gln Glu Lcu Ala Ala Lou llu
1090
1100
1080
1060
1070
I
I
I
I
I
CCT CAC AAA CCT CCC CAC CCC CCC CTC CCA CAC ATT TCC CCT CTT CAT CCC AAC ACC CAC
Ala Asp Lys Cly Pro Gln Ala Ala Lou Ala Cln llo Ser Gly Lau Asp Ala Asn Ser Glu
1050
I

1110
I

1120
I

1150
I

1140
I

1150
I

1160
I

GTT CTA TCC CAC CCC GTA ACC CCT TAT AAA CCA ATC CAA TAA TCC TCC ACC ACC CCC ACC
"‘ll*
Val Val Sor Clu Ala Val Thr Ala Tyr Lys Ala Mot Cln -·1170
I

1180
I

1190
I

1200
I

1210
I

1220
I

ACA CCC TCC CCC CCA ATA ACA CAT TCT CAC ATA TCC ACC CAA CAA TCG AAC AAA CCC ACC
1250

1240

1250

1260

1270

1280

llmdlll
.

CCT TTC AAA ACC CTC TCC TTC ACC CTC TCA ATC CTC CCA AAA CCC TCC CAA CCT T
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RESULTS (PART III). COMPARISON OF MTLD
GENE SEQUENCES FROM ASPERGILLUS

PARASITICUS AND ESCHERICHIA COLI

CODING SEQUENCE

E. coli: The coding sequence consists of 383 codons, starting at the second inframe ATG and terminating at the stop codon TAA. It translates into the

polypeptide (mannitol-1-phosphate dehydrogenase) of 382 amino acids with M,
of 41,221. The deduced molecular weight agrees with the molecular weight estimated by SDS-polyacrylamide gel electrophoresis of the purified E. coli protein
(40,000) (40). The predicted amino acid composition of the protein agrees with
that determined for the purified protein (40). There are 25 asp and 25 glu residues in the protein as compared with 22 lys, 17 arg, and 10 his. Therefore, the
protein is weakly acidic in character, which agrees with the ion exchange properties of the protein (40).

The predicted first 25 amino acids at the N-terminus of the protein match
perfectly those determined by Edman degradation of the purified protein (40).
Two possible overlapping NAD binding sites in the N-terminal region were
identified according to the consensus sequence fingerprint (165). The first poRESULTS (PART im. commmsow or MTLD cam: SEQUENCES mom Asr·ßRc;u.1.us
mumsmcus AND ESCHERICHIA com
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tential NAD binding site starting at amino acyl residue #2 is 30 residues long and
shows 9 correlations out of ll with the consensus sequence fingerprint. The second potential NAD binding site starting at amino acyl residue #7 is 32 residues
long and exhibits 7 correlations out of 11 with the consensus sequence fingerprint.
Consequently, the first site is favored over the second, and is indicated in Figure
11. The significance of two potential NAD binding sites adjacent to each other
is not known.
The predicted amino acyl sequence of the E. coli mannitol-1-phosphate
dehydrogenase was compared with the National Biomedical Research Foundation (NBRF) protein sequence data base (June, 1989; about 11,000 sequences).

Only

one

enzyme,

human

liver

or

rat

liver

f'ructose-6-phosphate-2-

kinase:fructose-2,6-bisphosphatase (168, 169) showed a degree of similarity which
was clearly of statistical significance. For residues 202-350 in the dehydrogenase
and for either residues 93-243 in the rat liver kinase/phosphatase or residues

2-152 in the partial sequence of the human liver enzyme, there were 35 identities
out of 144 possible matches, respectively (25% identity) (Fig. 12). A11 of the
conserved residues were conserved in all three proteins, and all of the residues
which were not conserved between the two kinase/phosphatases were also not

conserved in the dehydrogenase. These observations suggest that the conserved
residues have the same functional or structural significance in all three proteins.

The N-terminal portion of the kinase/phosphatase, in which sequence identity
was observed, corresponds to the kinase moiety of this bifunctional enzyme (169).

It should be noted that these enzymes all act upon fructose~6-phosphate as
nssums (PART im. comrnuusow or wm.D cms ssounwcas mom ASPERGILLUS
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IKRYBF
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EN
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91

121

95

100

115

110

105

120

VERVSRQPLRKLSASDHLIK

LLGTLEYS

GEKVLEDFLKRIECYEINYO

LDEELDSH
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125

130

LPHKNLIESIAAA
LSYIKIFDVSTRY
LSYIKIFDVSTRY

Figure 12.

135
HF
VN
VN

‘

140
SE
V0
V0

DP
HV
HI

145

150

AGELAAL
SRTAYYL
SHTVYYL

Alignment of three amino acid sequences: Mannitol-lphosphate dehydrogenase (M-!-P DH) from E. coli (top) and
the N-terminal, kinase domain of the fruetose-6-phosphate2-kinase (F-6-P-2-K)/fructosc-2,6-bisphosphatase bifunctional
enzymes from rat liver (middle) and human livcr (bottom).
ldentitics are boxed. The regions showing sequence identity arc
residues 203-348 in the M-1-P DH, residues 94-241 in rat liver

F·6-P-2-K and residues 3-150 in the human liver F-6-P-2-K
fragment.
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substrate, suggesting that the C·terminal portion of the dehydrogenase contains
the binding site for fructose·6-phosphate.

A. parasiticus: The coding sequence consists of 383 codons, starting at the first
in-frame ATG and terminating at the stop codon TGA. It translates into the
polypeptide (mannitol-1-phosphate dehydrogenase) of 382 amino acids with M,
of 40,880. There are 26 asp and 22 glu residues in the protein as compared with
19 lys, 18 arg, and 10 his. Consequently, the protein is weakly acidic in character.
There is a clear preference against A in the third position of codons except
the codons for lys, ala, and glu. GC content in the coding region is about 57%,
which is higher than that from the E. coli mtlD gene (53%).

Comparison of the coding region of the A. parasiticus mtlD gene with its E.
coli counterpart revealed close similarities both at the amino acid level and at the
nucleotide level. Starting from the assumed start codon ATG, the two sequences
can be aligned without any deletions or insertions. The identity between the two
coding sequences is 88.7% at the amino acid level and 81.6% at the nucleotide
level, respectively. Most of the different nucleotides occur at the third positions
of codons. The amino acids or nucleotides which are not conserved are distributed
throughout the coding region. However, greater identity was observed for the
first 50 amino acids from the N·terminus and for 65 amino acids close to the
C-terminus (amino acyl residues 253-320 in Fig. 8 and 11). These two regions
are believed to be involved in binding of NAD and fructose-6-phosphate, respectively (see below).

gääiigfägignkg)hg2a«iEi>R„«;iéE8\mé<gilMrL¤
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The predicted first 25 amino acyl residues at the N-terminus of the protein
are the same as those of the E. coli protein.

Two possible overlapping NAD

binding sites in the N-terminal region were found to be the same as those dis-

cussed for the E. coli protein.
Amino acyl residues 202-350 in the A. parasiticus mannitol-1-phosphate
dehydrogenase were compared to the sequences listed in Figure 12. All of the
conserved residues in the three proteins were also conserved in this protein. We
also have direct evidence suggesting that the C-terminal region of this enzyme is
involved in the binding of fructose-6-phosphate (see Results PartV).

5’

UPSTREAM SEQUENCE

E. coli: The mtlD gene is the second structural gene in the mannitol operon. The
promoter sequences are located upstream of the first structural gene, mtlA, and
have been published (41). Examination of 154 bases upstream from the translation start codon of the mtlD gene revealed three inverted repeated sequences
(Fig. 11). The first sequence consisting of the bases from -115 to -65, could form
a 7 base stem interrupted once at each side and a 3 base loop. The second sequence consisting of the bases from -84 to -65, could form an 8 base stem with a

4 base loop. The third sequence consisting of the bases from -71 to -31, could
form an 18 base stem with two mismatches and a 6 base loop. There are two
additional stem-loop structures reported in the sequence further upstream of the
mtlD gene and downstream of the mtIA gene (There are 62 bases between the
Rßsums (PART im. COMPARISON or ~m.D GENE SEQUENCES mom ASPERGILLUS
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stop codon of the mtlA gene (34) and the first base in Fig. 11; therefore, the total
length of the intercistronic region between the mtlA and mtlD genes is 216 bases).
All these potential stem-loop structures are similar to repetitive extragenic
palindromic (REP) sequences (170). The REP sequences, a major component of
the bacterial genome, can significantly affect the expression of both upstream and
downstream genes by stabilizing upstream mRNA (170).

The sequence CCCTCTC is repeated three times within the intercistronic region between the mtlA and mtlD gene. It appears first within the first potential
stem-loop of Figure 3A of Davis et al. (41). The other two occur at nucleotides
-84 to -78 and -36 to -30 in Figure ll. All three heptanucleotide repeat sequences
overlap with potential stem-loop structures, but the significance of their occurrence within these structures is not known.

A sequence TGAAGG was found 8 bases upstream from the translation start
codon. This sequence is similar to the Shine-Dalgarno sequence AGGAGG,
which is involved in ribosome binding to mRNA for protein synthesis. The first

in-frame ATG constitutes a part of this sequence, therefore, the second in-frame
ATG is assumed as the translation start codon.

A. parasiticus: Examination of almost 700 bases upstream of the translation start
codon did not reveal the presence of any intact open reading frame or any se-

quence similarity to the mtlA gene and or to most of the intercistronic region between the mtlA and mtlD genes in the E. coli mtl operon (34). Although the

fungal DNA serving as the promoter for the E. coli RNA polymerase was shown
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to be present within this region by the fact that pMPD3.1 and pMPD3.1R
produced the same level of the enzyme activity, there were no sequences found in
this region which were similar to the consensus sequences derived for either
higher eucaryotic or procaryotic gene promoters (44, 69). Consensus sequences
have not been derived for the Aspergillus gene promoters. This region was compared to the A. nidularzs trpC promoter, the only promoter from an Aspergillus
species which had been analyzed functionally (117). No sequences were found
which were similar to the sequences in the trpC promoter that were found to have
positive or negative effects on the trpC gene expression.
There are two inverted repeat sequences found within 100 bases upstream
from the translation start codon (Fig. 8), where 80% homology was observed
A

with the same region upstream of the E. coli mtlD gene. One is a 10 base perfect
palindromic unit, starting at the base -88 and ending at the base -69. The other
is an 18 base inverted repeat separated by 10 bases, starting at the base -75 and
ending at the base -30. The iirst sequence could form one of many possible
stem-loop structures and a structure consisting of an 8 base stem with a 4 base

loop could be one of such examples. The second sequence could form an 18 base
stem with one mismatch and a 10 base loop. However, the signilicance of these
potential stem-loop structures is not known.
A sequence AGG, also part of the Shine-Dalgarno sequence AGGAGG
found in E. coli genes (48), was found 8 bases upstream from the translation start

codon AUG. This sequence (AGG) together with the AUG at the right distance
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(8 bases) can form the binding site for the E. coli ribosomes and consequently, the
A. parasiticus mtID gene can be expressed in E. coli.
The best context ACCATGG has been derived for the start codon environment in higher eucaryotic genes (74, 75). ln addition, alteration in the -3 position
(A) produced the most dramatic effects on translation of higher eucaryotic genes
(76). The translation start codon ATG for the A. parasiticus mzID gene is located
within the sequence ACTATGA, which is similar to the best context. ln addition,

the A is conserved in the -3 position.

3’

DOWNSTREAM SEQUENCE

E. coli: There is an 8 base inverted repeat involving ·nucleotides 1160-1167 and
1172-1179 (Fig. 11), yielding a potential 8 bp stem and 4 base loop structure
which could be related to the p-dependent termination structures for transcription in E. coli (57). A possible open reading frame for the next downstream
gene could start at base 1149, which overlaps with the termination codon for the
mtlD gene. lt could also start at base 1200 or at base 1212, either 50 or 62 bases
downstream from the mtlD gene.

A. parasiticus: There is an 8 base inverted repeat located 10 bases downstream
of the stop codon. This sequence could form a potential 8 bp (7 are GC bp) with
a 4 base loop. The Stem composition is the same as that in the E. coli mtlD gene,

but the loop composition is different. This potential stem-loop structure could
RESULTS(PART111).COMPAR1SON or MTLD cms si~;Qui:Nci:s mom ASPERGILLUS
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be involved in termination of transcription (1 l 1). There was 65% homology
found for the 30 bases downstream of the stop codon where the inverted repeats
were found in the two mtID genes.

The polyadenylation signal (AATAAA) and the consensus sequence for efficient 3’-terminus formation in the higher eucaryotic mRNA have been found in

less than half of the Aspergillus genes reported (104). There were no sequences
3’
found in the region of the mtlD gene which were similar to the polyadenylation
signal (AATAAA) or the consensus sequence (YGTGTTYY).
There is an open reading frame found immediately following the mtlD gene.
The sequence of this downstream gene will be presented and discussed in Appendix A.
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RESULTS (PART IV). EXPRESSION OF MTLD

GENES IN ESCHERICHIA COLI

ASSAY FOR MTLD GENE EXPRESSION

The activity of mannitol-l·phosphate dehydrogenase in crude extracts of E.
coli strains with or without plasmid grown in either glucose or glycerol medium
was assayed to follow the mtlD gene expression. The results are listed in Table
5, where the specific activities of mannitol-1-phosphate dehydrogenase reflect the
levels of the mtlD gene expression. A11 plasmids were in E. coli JWL239.

MTLD GENE FROM ESCHERICHIA COLI

E. coli host strains: Wild type E. coli strains containing the intact mannitol
operon, such as J MIO9, expressed mannitol-1-phosphate dehydrogenase at a low
level (Table 5). The enzyme activity observed when J Ml09 was grown in glucose
medium was only 1/4 that in glycerol medium (Table 5). This lower activity is

probably caused by catabolite repression, that is, low level of cyclic AMP receptor
protein (CAP) binding at the CAP binding sites (41) because of low level of
cAMP, which is caused by the presence of glucose. E. coli JWL239, which had
RESULTS (PART iv). EXPRESSION or MTLD cr·;NEs IN ESCHERICHIA com
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Table 5.

Specilic activities of mannitol-1-phosphate dehydrogenase (tmit/mg
protein)
Host or plasmid

Glucose

Glycerol

.IWL239“
JM109^

< 0.01
0.02

< 0.01
0.08

pCD7.5‘

0.5

1.5

pGEM-Dd

1.2

12.5

pMPD5.0‘

1.0

1.0

pMPD3.1f
pMPD3.1R¤

2.8
2.7

3.0
2.9

pMPDl.5’*
pMPD1.3'
pMPD1.3R/

1.5
1.2
0.3

6.0
12.4
0.2

.

a. JWL239 has a mutation in the mrlD gene.

b. J M109 contains the intact mannitol operon.
c. pCD7.5 is the pBR322 recombinant plasmid carrying the genes of
E. coli mannitol operon.
d. pGEM-D is the pGEM-3Z recombinant plasmid carrying the E. coli
mtID gene.
e. pMPD5.0 is the pBR322 recombinant plasmid carrying the A.
parasiticus mtID gene.
f. pMPD3.1 is the pGEM-3Z recombinant plasmid carrying the 3.1 kb
fragment derived from pMPD5.0.
g. pMPD3.1R contains the same insert as does pMPD3.1, but in the
opposite orientation.

h. pMPD1.5 is the pGEM-3Z recombinant plasmid carrying the 1.5 kb
fragment derived from pMPD3.1.
i. pMPD1.3 is the pGEM-3Z recombinant plasmid carrying the 1.3 kb
fragment derived from pMPD1.5
j. pMPD1.3R contains the same fragment as does pMPD1.3, but in

the opposite orientation.
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a mutation in the mtlD gene (r), did not express mannitol-1-phopsphate
dehydrogenase at a detectable level (Table 5).

pCD7.5: Plasmid pCD7.5 is the pBR322 recombinant plasmid carrying the a 7.5
kb insert of E. coli DNA cloned in the EcoRI and Psil sites (31). The 7.5 kb insert contains the genes of the mannitol operon, mtlA and mzlD in this order from
the EcoRI site to the Psrl site(31). The genes of the operon are located in the

opposite orientation to the gene responsible for tetracycline resistance in the vec·
tor, therefore, the promoter of the TetR gene can not be used to direct the mtl gene
expression. Because most of the sequence including the promoter region for the
Ampk gene was deleted from the vector during cloning, the expression of the mtl
u
genes in pCD7.5 is believed to use its own promoter.

.

E. coli JWL239 carrying pCD7.5 expressed about 20 times higher enzyme
activity as compared to wild type E. coli such as J MlO9 (Table 5). This higher
expression was caused by increased gene dosage because pBR322 is a high copy
number plasmid vector (>25 per cell) (171).

The mtlD gene expression from

pCD7.5 was partially inhibited by the addition of glucose as the carbon source
(Table 5). This inhibition is probably caused by catabolite repression.

pGEM-D: Plasmid pGEM-D is the pGEM·3Z recombinant plasmid carring the
1.5 kb insert of E. coli DNA cloned in the Pstl site (Fig. 9). Sequence analysis
indicated that the 1.5 kb insert contained the mtlD gene and was located downstream of the IacZ promoter and operator regions in the vector.
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E. coli JWL239 carrying pGEM-D expressed 8.3-fold higher enzyme activity
than did E. coli JWL239 carrying pCD7.5 when grown in glycerol medium (Table
5). The higher mtlD gene expression from pGEM-D is probably caused primarily

by the stronger IacZ promoter in the vector as compared to the promoter for the
mtl operon in pCD7.5. Nevertheless, a higher copy number of pGEM-D due to
its smaller size (4.3 kb) as compared to that of pCD7.5 (11.1 kb) could also be a

factor.
E. coli JWL239 carrying pGEM-D expressed much lower enzyme activity in
glucose medium than in glycerol medium (Table 5). The stronger inhibition ob-

served for the mtlD expression from pGEM-D as compared to that from pCD7.5
is probably caused by higher sensitivity of the lac promoter than that of the mtl
promoter to catabolite repression.

·

From the data presented for pCD7.5, it can be seen that the catabolite repression by glucose is important in regulation of the E. coli mtlD gene expression.
Specific induction by mannitol of mtlD gene expression from pCD7.5 does not
occur because the same level of enzyme activity was observed when E. coli was

grown in mannitol medium as compared to that in glycerol medium (1.4 versus
1.5 units per mg of protein).

MTLD GENE FROM ASPERGILLUS PARASITICUS

Using fungal DNA as promoter: Plasmid pMPD5.0 is the pBR322 recombinant

plasmid carrying the 5.0 kb insert cloned in the BamHI site (Fig. 2). The orienRESULTS (PART iv). EXPRESSION OF MTLD cßxßs IN ESCHERICHIA com
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tation of the mtID gene in this 5.0 kb insert was shown to be the same as the Te
tk gene in the vector.
E.

coli

JWL239

carrying

pMPD5.0

expressed

the

same

level

of

mannitol-1-phosphate dehydrogenase either in the glucose or in the glycerol medium (Table 5). Therefore, mtlD gene expression from pMPD5.0 is not repressed
by glucose, which is contrary to the result with pCD7.5.
Plasmid pMPD3.l is the pGEM·3Z recombinant plasmid carrying the 3.1
kb fragment derived from pMPD5.0 as the insert (Fig. 4). The orientation of the
mtlD gene in this 3.1 kb fragment was shown to be opposite to the lacZ promoter
sequence in the vector. Plasmid pMPD3.lR contains the same 3.1 kb fragment
cloned in the opposite orientaion, that is, the mtID gene is located downstream
of the lacZ promoter sequence.
E coli JWL239 carrying pMPD3.l and pMPD3.lR expressed the same level
of mannitol—l-phosphate dehydrogenase (Table 5). ln addition, the mtlD gene
expression in pMPD3.l and pMPD3.1R, unlike the lacZ gene expression, was not
repressed by the addition of glucose as the carbon source (Table 5). These observations suggest that in pMPD3.l and pMPD3.1R, the mtlD gene expression uses
the fungal DNA as the promoter. Because the 3.1 kb fragment is derived from
pMPD5.0, the mtlD gene expression in pMPD5.0 is probably directed by the
fungal DNA rather than by the promoter for the Tet" gene in the vector.
E. coli JWL239 carrying pMPD3.l or pMPD3.lR expressed 3·fold higher
enzyme activity than did E. coli JWL239 carrying pMPD5.0. This higher exRESULTS (PART iv). EXPRESSION oa MTLD omas IN ESCHERICHIA com
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pression is probably casued by a higher copy number of pMPD3.1 or pMPD3.1R

as compared to that of the larger plasmid, pMPD5.0.
Repression by glucose does not occur for the A. parasiticus mtID gene expression, which is contrary to the E. coli mtID gene expression. In addition, there
is no induction by mannitol for the A. parasiticus mtlD gene expression because
the same level of enzyme activity was observed when E. coli was grown in
mannitol medium or in glycerol medium.

Using the IacZ promoter: Plasmid pMPDl.5 is the pGEM-3Z recombinant
plasmid carrying the 1.5 kb fragment derived from pMPD3.l as the insert (Fig.
6). The mtlD gene in this 1.5 kb insert was shown to be located downstream of
-

the lacZ promoter and operator regions.
E. coli JWL239 carrying pMPDl.5 expressed 4-fold higher enzyme activity
in glycerol medium than in glucose medium (Table 5). Therefore, the mtlD gene

expression from pMPDl.5 is repressed by glucose, which is contrary to the result
with pMPD3.l. In addition, a very low mannitol-1-phosphate dehydrogenase
activity (2% as compared to the enzyme encoded by pMPDl.5) was observed

when this 1.5 kb fragment was transferred from pGEM-3Z to pBR322. These
observations suggest that in pMPDl.5, the fungal DNA serving as the promoter
is no longer present and the mtlD gene expression is from the IacZ promoter in
the vector.
Plasmid pMPD1.3 is the pGEM-3Z recombinant plasmid carrying the 1.3
kb fragment derived from pMPDl.5 as the insert. Sequence analysis indicated
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that this 1.3 kb fragment contained the intact structural part of the mtlD gene
whose orientation was the same as that of the lacZ sequence in the vector.
Plasmid pMPD1.3R contains the same 1.3 kb fragment cloned in the opposite
orientation, that is, the orientation of the mtID gene in pMPD1.3R is in the opposite orientation to that of the lacZ sequence in the vector.
E. coli JWL239 carrying pMPDl.3 expressed lO·fold higher enzyme activity
in glycerol medium than in glucose medium (Table 5). This strong inhibition by

glucose is probably caused by high sensitivity of the lac promoter to catabolic
repression.
E. coli JWL239 carrying pMPD1.3R expressed only 17% enzyme activity in
glycerol medium as compared to that observed for E. coli JWL239 carrying

pMPDl.3 in the same medium (Table 5). This observation suggests that the lacZ
promoter upstream of the mtlD gene in pMPDl.3 but not in pMPD1.3R is responsible for the mtlD gene expression. However, pMPD1.3R still expressed
2.5-fold higher enzyme activity than did wild type E. coli such as JMIO9 in
glycerol medium (Table 5). This higher expression is probably caused by combi-

nation of two factors, utilization of a cryptic promoter in the vector and presence
of multiple copies of the plasmid. This putative cryptic promoter is insensitive to
catabolite repression, as shown by equivalent enzyme activity for cells grown in
glucose medium and glycerol medium (Table 5).
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RESULTS (PART V). CHARACTERIZATION OF A.

PARASITICUS MANNITOL-l-PHOSPHATE

DEHYDROGENASE EXPRESSED IN E .COLI

SPECIFIC MUTAGENESIS NEAR THE

3’

END

A series of deletion and insertion mutations were constructed near the

3’

end

of the mtlD gene in pMPD1.5 to investigate the effect on mtID gene expression.
Maxicell procedure was used to identify proteins encoded by these mutated
plasmids (161). E. coli cells (recA) containing a plasmid were irradiated with UV

light. After allowing time for degradation of chromosomal DNA, these cells were
incubated with a radioactive amino acid. Proteins encoded by plasmid DNA were
specitically labeled because the UV irradiation causes extensive degradation of
the chromosomal DNA but allows ampliücation of plasmid DNA. After labeling,
total cellular proteins were separated by SDS·polyacry1amide gel electrophoresis,
and detected by autoradiography. Two examples of the autoradiograms are pre-

sented in Figure 13.
The enzyme activity was assayed in crude extracts of E. coli JWL239 transformed with these mutagenized plasmids and compared to that encoded by
RESULTS (PART v).cuARAcrr;RizAT1o~ or A. PARASITICUS MANNITOL-1-PHOSPHATE
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Figure I3.

Autoradiograms from maxicell experiments with the fimgal
gene: M stands for protein standards, including E. coli
ß-galactosidase (116,000), rabbit muscle phosphorylase b
(97,400), bovine albumin (66,000), egg albumin (45,000), and
bovine erythrocyte carbonic anhydrase (29,000) (from top to
bottom). Samples in rest of lanes are radioisotope-labeled
polypeptides encoded by following plasmids: 1 and 7,
pMPDl.5; 2, pMPDl.5(BglII—•CIal); 3, pMPD5.0(ABglll—
Baml-ll); 4, pMPDl.5(ABglII·Ec0Rl); 5, pMPDl.5(AStulSstl); 6 and 9, pGEM-3Z; 8, pMPD3.1(ABglll-Baml-ll).
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pMPDl.5. The results are summarized in Figure 14, where the linear maps of
these plasmids with their corresponding enzyme activities are shown.

pMPDI.5( AStul-Sstl): The Stul site is located 78 bases downstream from the
stop codon TGA of the mtID gene in pMPDl.5.

pMPD1.5(AStuI-Sstl) was

constructed in the same way as pGEM-1.3 in Table 3 of Results Part l, and its
identity was conlirmed by sequcncing.
pMPDl.5(AStuI-Sstl) still directed the expression of a 41 kDa polypeptide

(lane 5) as did pMPDl.5 (lane 1) (Fig. 13), and this protein was fully active as
judged by enzyme assay (Fig. 14), ln this plasmid, the

3’

noncoding region of

mtID consists of 78 nucleotides downstrcam of the stop codon TGA before it reaches the multiple cloning region in the vector, indicating that the 78 nucleotides
downstream of the stop codon TGA are sufficient for mtID gene expression.

pMPDI.5(ABgIIl-EcoRl): The Bglll site is located 67 bases upstream from the
stop codon TGA of the mtlD gene in pMPDl.5. The Ec0Rl site in the multiple
cloning region is adjacent to the Sstl site of the insert. pMPDl.5 was clcaved by
Bglll plus Ec0Rl to excise a 0.4 kb fragment (Fig. 6). The sticky ends of the
linearized plasmid were tilled in with T4 DNA polymerase and the resulting

blunt·ended

plasmid

was

self-ligated.

The

resulting

plasmid

was

pl\(1PD1.5(ABglII-Ec0Rl) as judged by disappearance of Bg/Il and EcoRI sites

and the size of the linearized plasmid (400 bp smallcr than that of pMPD1.5).
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Plasmid
Smal

Smal

ATG

ATG

Bglil

Bglli

TGA

TGA

Stul

Activity

Sstl
pMPD1.5

100

pMPD1.5

100

(Stul)
(ASM!-Sstl)

Smal

ATG

(Bg/ll)

}.....l+.l—-|

pMPDl.5

<0.0l

(ABglll·Ec0R1)

Smal

ATG

4BP

TAG

Srul

Sstl

pMPDl.5

15

(BgIl1—·C/ul)

Figure 14.

Effect of specific mutagenesis on the expression of the ftmgal
gene: The linear maps of plasmids are shown on the left.
Enzyme activities (pereentage of that encoded by pMPDl.5) are
shown on the right. The 4BP stands for the four base insertion
at the Bg/ll site. Enzyme sites in ( ) are no longer present because of the method of plasmid construction.
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The open reading frame of the mtlD gene in the new plasmid continues into
the reading frame of the lacZ gene in the pGEM—3Z vector. Therefore, this
plasmid could theoretically express a hybrid protein with an apparent M, of
50,000 (39,000 encoded by the mtlD DNA sequence and 11,000 encoded by the
lacZ DNA sequence). However, this plasmid did not direct the expression of an
additional polypeptide (lane 4) as compared to the vector only, pGEM—3Z (lane
6), where the strong band of 31 kDa corresponds to the product of the bla gene
(ß-lactamase) (Fig. 13). This observation was further supported by enzyme assay

(Fig. 14). A possible explanation is that either the hybrid mRNA or protein is
unstable and rapidly degraded.
The same dcletion (deletion of the sequence after Bglll site in the mtlD gene)
was made on two other plasrnids, pMPD5.0 and pMPD3.1, where the expression
of the mtID gene uses the fungal DNA as the promoter. The resulting plasmids
were pMPD5.0(ABgllI-BamHl) and pMPD3.1(ABgll1—BamHl).
The open reading frame of the mtlD gene in pMPD5.0(ABgl1I-BamHl) also
continues into the reading frame of the Tetk gene in the pBR322 vector. There-

fore, it could theoretically express a hybrid protein of M, 50,000. However, this
polypeptide was not observed in Figure 13 (lane 3). This observation was further
supported by enzyme assay, which did not show a deteetable activity.
In pMPD3.1(ABgllI-BamHl), a new stop codon was created just 7 bases
downstream of the ligation site between Bglll and BamHl. This plasmid direeted

the expression of a 39 kDa polypeptide (lane 8 in Fig. 13), as predicted from its
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nucleotide sequence (20 amnio acids shorter than that encoded by pMPDl.5)
(Fig. I5).
No detectable activity was expressed by this truncated protein as judged by

enzyme assay, suggesting that the 20 amino acids in the C·terminus of the protein
are important for enzyme function.

pMPDI.5(BgIII—»CIaI): pMPDl.5 was first linearized with Bglll (A/GATCT)

and the sticky ends were then filled in with T4 DNA polymerase. The bluntended

plasmid

was self-ligated

and

the

resulting

plasmid

was

named

pMPDl.5(BgIII—+ClaI) because the sequence AGATCT (BgIII site) in pMPDl.5
was replaced by the sequence AGATCGATCT in the new plasmid, where the
l
Bglll site was no longer present and a new Clal site (AT/CGAT) was generated.

The identity of the new plasmid was confirmed by digestion with Bg/II (no site)
and Clal (one site), as compared to pMPDl.5 which had one Bg/II site and no
Clal site.
The open reading frame of the mtlD gene after the site of insertion in
pMPDI.5(BgIII—»ClaI) was changed so that a new stop codon TAG was created

40 bases upstream from the original stop codon TGA of the mt!D gene in
pMPDl.5. The mtID gene in the new plasmid was still expressed (lane 2 in Fig.

I3). However, as predicted from the nucleotide sequence for the new plasmid, the
new protein was a mutated form of the enzyme with replacement of 8 amino acids
and 13 amino acids shorter (Fig. I5).
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Plasmids

C~terminal amino acid sequences

pMPDl.5

QISGLDANSDVVAEAVSAYNATK

40,880

pMPD3.l

Q I L

38,829

M,

(ABglII·BamI·II)

pMPDl.5
(BgIII—•CIaI)

Figure I5.

QIDLRSGCQQ

39,605

C-temiinal amino acid sequences and predicted molecular weights
of the proteins encoded by various plasmids
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The enzyme activity expressed from pMPD1.5(BgIll—»CIal) was only 15%
of that encoded by pMPD1.5. However, partial enzyme activity was recovered
from this plasmid in contrast to the result with pMPD3.1(ABg!lI-BamHI), fur-

ther suggesting that the 20 amino acids in the C-terminus of the protein are important for enzyme function.
The same procedure was also applied to pMPD5.0, where the expression of
the mtlD gene used the fungal DNA as the promotcr. The resulting plasmid was

named pMPD5.0(Bg!lI—>CIaI) and it also expressed 15% enzyme activity as
compared to pMPD5.0.
ln summary, for the plasmids where the open reading frame of the mt/D gene
continues into the reading frame of the gene in the vector, no polypeptide band
related to mannitol-1-phosphate dehydrogenase was observed. One explanation

is that the hybrid mRNA or protein is unstable and rapidly degraded. For the
plasmids where a stop codon was created before the original stop codon in the
mtlD gene, a polypeptide band was observed that corresponds to the size of protein predicted from the DNA sequence.
The truncated protein (38,829) expressed from pl\/lPD3.l(ABg1ll·BamH1)
was not catalytically active (Fig. 14), which suggests that the C-terminal 20
amino acids of the protein are important for enzyme function. The mutated form
of the enzyme (39,605) expressed from pMPD1.5(BgllI—·Cla1) exhibited 15% of
the activity of the enzyme encoded by pMPD1.5 (Fig. 14), strongly supporting

the suggestion made above.

giésägs

[or A. PARASITICUS mAxx1roL-1-miosi>uArs 96

KINETIC PROPERTIES OF MUTATED ENZYME

The mutated form of the enzyme encoded by pMPD1.5(BgIIl—>Clal) was

partially puritied by Matrex-Gel Blue (Aflinity) and Fast Q-Sepharose (ion exchange) chromatography. The enzyme was assayed for binding of its substrates,

fructose-6-phosphate

(F·6·P)

and

NADH

in one

rcaction

direction, or

mannitol-l-phosphate (M·1-P) and NAD in the other direction. The results are
summarized in Table 6 and comparcd to those for the enzyme encoded by

pMPDl.5.
The apparent K,„ values ol' the mutated enzyme for the sugar·phosphate
substrates, F-6-P or M-1-P, were 3 to 4 times higher than those of the enzyme
encoded by pMPD1.5 (Table 6). Therefore, the affinity of the mutated enzyme

for the sugar-phosphates was decreased. The apparent K„, values of the mutated
enzyme for the nucleotide coenzymes, NADH or NAD, on the other hand, were
the same as those of the enzyme encoded by pMPDl.5 (Table 6). Therefore, the
aflinity of the mutated enzyme for the coenzymes was not changed. These results

imply that the change in the C-terminal amino acid sequence in the mutated
enzyme causes a local conformational change in the protein structure, which leads
to a decrease in binding aflinity for the sugar-phosphatcs but no change in binding affinity for the coenzymes. ln addition, these results strongly support the
conclusion, based on sequence homology data (168, 169), that the C—termina1 re-

gion of the enzyme is responsible for the binding of F·6·P.
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Table 6.

Apparent Michaelis constants of the native and mutated enzymes

K,„ (mM)

pMPDl.5

pMPDl.5
(BgI11—>CIaI)

F-6·P

0.40

1.3

NADH

0.02

0.02

M·l·P

0.10

0.40

NAD

0.10

0.10

Concentrations of n0n·varied substratcs were:
NADH, 0.1mM; F—6-P, 0.4 mM; NAD, 0.25 mM; and M-l—P, 1 mM.
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DISCUSSION

MTLD GENE FROM ESCHERICHIA COLI

During the course of completing the nucleotide sequence determination for
the A. parasiticus mtlD gene, we compared the deduced amino acyl sequence in
the N-terminus to the N·terminal amino acyl sequence detcrmincd for the purilied E. coli protein (40). Suprisingly, the deduced first 25 amino acids were exactly the same as the 25 amino acids of the E. coli protein. This observation led

,
F

us to determine the nucleotide sequence of the E. coli mtlD gene, which had not

been reported at that time. Therefore, we could compare these two sequenees
further both at the amino acid level and at the nucleotide level.
When we had accomplished determination of more than half of the E. coli
mtlD gene sequence, a sequence of the same E. coli gene was published by Saier’s

group (41). Comparison of this sequence with the sequence we obtained revealed
errors in the published sequence. We completed the sequence determination in
collaboration with Saier’s group. The revised sequence of the mannitol operon by
our two groups has been submitted for publication (172).

Several observations convinced us of the veracity of the sequence reported
here: (1) Both DNA strands were sequenced over their entire lengths, most of
them twice, and complete agreement was observed. (2) The deduced molecular
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weight

(41,221)

agrees

with

molecular

the

weight

determincd

by

SDS-polyacrylamide gel electrophoresis of the the purified protein (40,000) (40).
(3) The deduced amino acid composition agrees with the published amino acid

composition of the puriüed protein (40).

(4) The calculated isoelectric point

(5.95) agrees with the chromatographic behavior of the protein (40). (5) The
DNA sequence agrees with the experimentally determincd restriction map. (6)
The tirst deduced 25 amino acyl residues are the same as those determincd by

Edman degradation of the purilied protein (40).
Comparison

of the

deduced

amino

acyl

sequence

of the

E.

coli

mannitol·1-phosphate dehydrogenase with the National Biochemical Research
Foundation (NBRF) protein sequence data base revealcd similarity to only one

enzyme,

human

liver or

2,6·bisphosphatase (168,

rat

fructose-6—phosphate·2-kinase:fructose-

liver

169) (Fig.

12).

The N-terminal portion of the

kinase/phosphatase, in which sequence identity was observed to the C-terminal

portion of the dehydrogenase, corresponds to the kinase moiety of this
bifunctional enzyme (169). These enzymes all act on fructose-6-phosphate as
substrate, suggesting that the C-terminal portion of the dehydrogenase contains

the binding site for t°ructose·6·phosphate.

MTLD GENE FROM ASPERGILLUS PARASITICUS

Several observations convinced us of the veracity of the sequence reported in
Figure 8: (1) Most of both strands were sequenced over their entire lengths, most
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of them twice, and complete agreement was observed. (2) The deduced molecular
weight (40,880) agrees with the molecular weight of the E. coli expressed protein
determined by SDS·polyacrylamide gel electrophoresis (41,000). (3) The calcu-

lated isoelectric point (5.92) agrees with the behavior of the E. coli expressed
protein on ion exchange columns. (4) The sequence agrees with the experimentally
determined restriction map. (5) The sequence similar to the Shine-Dalgarno se-

quence is found at the right distance from the translation start codon, which is
important for the expression of the mtlD gene in E. coli. (6) The results from the
3’
end of the gene agree with those prespecific mutagenesis expcriments in the
dicted from the sequence data. (7) Sequence homology with the E. coli gene is
observed over the entire length of coding sequence.
A
Comparison of the coding region of the A. pdrasiticus mtlD gene with its E.
coli counterpart revealed close similarities both at the amino acid level and at the
nucleotide level. Starting from the presumed start codon ATG, the two scquences

can be aligned without any deletions or insertions. The identity between the two
coding scquences is 88.7% at the amino acid level and 81.6% at the nucleotide

level. This is not the first example of high sequence homology observed for the
same gene from a eucaryotic and procaryotic system.

For example, the plant

nuclear phosphoglucose isomerase (PGI) gene lacks introns and is expressed in
E. coli (173). The deduced amino acyl sequence can be aligned without insertions

or deletions to the predicted amino acyl sequence of the E. coli PGI gene (174).
These two sequences are identical at 87.6% of their amino acids and at 80.7%
of their nucleotides (174).
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Two potential overlapping NAD binding sites in the N·terminal regions of
the deduced amino acyl sequences of the mtlD genes from E. coli and A.

parasiticus were identified according to the consensus sequence iingerprint (165).
ln the Aspergillus gene, the first potential NAD binding site starting at amino
acyl residue #2 is 30 residues long and shows 9 correlations Out of 11 with the
consensus sequence fingerprint. The second potential NAD binding site starting
at amino acyl residue #7 is 32 residues long and exhibits 7 correlations out of 11
with the consensus sequence fingerprint. Consequcntly, the first site is favored

over the second, and is indicated in Figure 8. The signiticance of two potential
NAD binding sites adjacent to each other is not known.
Amino acyl residues 202-350 in the A. parasiticus mannitol-1-phosphate
dehydrogenase were compared to the sequences of the E. coli enzyme, and to the

human

liver

and

rat

liver

fructose-6-phosphate-2-kinase:fructose·2,6~

bisphosphatase (168, 169) (Fig. 12). All of the conserved residues in the latter
three proteins were also conserved in this protein, suggcsting that the conserved

residues have the same functional or structural signiiicance in all four proteins.
These enzymes all act on fructose·6-phosphate as substrate, suggesting that the
C-terminal portion of the dehydrogenase contains

the binding site for

fructose-6-phosphate.
A series of site specific mutagenesis experiments in the

3’

end of the mtlD

gene have produced interesting results concerning the fructose~6-phosphate binding site of the enzyme. pMPD3.1(ABglll-BamHl) directed the expression of a

truncated protein (Fig. 13), as predicted from the nucleotide sequence of this
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mutated plasmid (Fig. 15). The deduced amino acyl sequence for this truncated
protein is 20 amino acyl residucs shorter than that of the protein encoded by
pMPDl.5. This protein was not active as judged by enzyme assay (Fig. 14), suggesting the 20 amino acids in the C-terminus of the full-length protein are important for enzyme function.
pMPD1.5(BgIlI—•CIal) directed the expression of a 40 l<Da polypeptide (Fig.
13), as predicted from the nucleotide sequence of this mutated plasmid (Fig. 15).

The mutated form of the enzyme exhibited 15% activity of the enzyme encoded
by pMPDl.5 (Fig. 14), and its aflinity for sugar-phosphate substrates was de-

creased while its aflinity for nucleotide substratcs remaincd unchangcd as compared to those of the enzyme encoded by pMPDl.5 (Table 6). The deduced

amino acyl sequence for this mutated protein is 13 amino acids shorter than the
fully active protein with the last 8 aminoacids in the C-terminus different from
corresponding positions of the fully active protein (Fig. 15). ln addition, the Cterminal region (amino acyl residucs 202-350), which was proposed to contain the

binding site for fructose-6-phosphate based on sequence homology data (168,
169), does not include the last 20 amino acyl residucs in the C-terminus. There-

fore, we propose that 20 amino acids in the C-terminus are important for enzyme
function and they are involved in the binding of fructose-6·phosphate or
mannitol-1-phosphate. However, these 20 amino acids are probably not involved

in the direct contact with the substrate but rather play a structural role in maintaining enzyme conformation. The change in the C-terminal amino acyl sequence
in the mutated enzyme is proposed to cause a local conformational change in the
mscussiox
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protein structure, which leads to decrease in binding affinity for the sugarphosphates but no change in binding affinity for the nucleotides. This hypothesis
could be tested by further experiments involving site·directed mutagenesis in
which the length and composition of the C-terminal sequence are changed and
effects on enzyme activity and binding of substrates are investigated.
It

is

interesting

to

note

that

no

polypeptide

band

related

to

mannitol-1·phosphate dehydrogenase was observed in maxicell experiments for
the plasmids where the open reading frame of the mtlD gene continues into the
reading frame of the gene in the vector. In pMPD5.0(ABgIIl-BamHl), the open
reading frame of the mtID gene continues into the reading frame of the Tetf gene
in pBR322. ln pMPDl.5(ABg!lI-EcoRl), the open reading frame of the mt/D
gene continues into the reading frame of the IacZ gene in pGEl\/l-3Z. These two
plasmids could theoretically express hybrid proteins of M, 50,000 and 48,000, respectively. However, these proteins were not observed in maxicell experiments.
In pMPD3.lR(ASstl-Sstl) (see Appendix), the open reading frame of the

mrID gene is still maintained while the open reading frame of the downstream
gene continues into the the reading frame of the lacZ gene in the vector. Therefore, this plasmid could theoretically express both mannitol—l—phosphate
dehydrogenase (40,880) and a hybrid protein (23,500). The 41 kDa band was
present and the band corresponding to 23.5 kDa was absent in the autoradiogram

obtained from maxicell experiments (Fig. 20).
The stability of the lacZ a·peptide in vivo is unknown. Examination of the
lacZ gene sequence in pGEM·3Z reveals an open reading frame coding for 124
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amino acids (oz-peptide).

However, we could not detect the radioactive band

corresponding

cz-peptide

to

the

(14,000)

by

SDS·polyacrylamide

gel

electrophoresis of extracts of maxicells containg pGEM-3Z. It is possible that the
low content of methionine (1 methionine residue out of 124 amino acyl residues)
in the oz—peptide is below the detection limit because maxicells are labeled with
[”S]Met. Nevertheless, it is also possible that the a—peptide is not stable and is
rapidly degraded.

The first possibility can be tested using one of the more

abundant amino acids ([’H]Leu, for example) to label maxicells containing
pGEM~3Z and running SDS-polyacrylamide gel electrophoresis of maxicell extracts. If the second possibility is true, we believe that the instability is inherent
in the amino acid sequence of a~peptide, which could affect the stability of its

fusion protein.
The preliminary characterization of the A. parasiticus mannitol-1-phosphate
dehydrogenase, expressed in E. coli, has shown different properties compared
with those of the native Aspcrgillus enzyme. These include the decreased K,„ for
fructose-6·phosphate, no Zn’* effect on enzyme activity, and faster migration

upon non-denaturing polyacrylamide gel electrophoresis, with enzymes visualized
by activity stain (data not shown). One possible explanation is that these differences are caused by different processing steps (post-translational modification, for
example) that occur in the fungal cell and bacterial cell. This possibility could be

tested by introducing this cloned gene back into A. parasiticus and comparing
properties of the expressed enzyme with those of the native fungal enzyme and
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the enzyme expressed in E. coli. This experiment would require an A. parasiticus
mutant lacking functional mannitol·l-phosphate dehydrogenase.
lt is worth noting that two isozyme forms of mannitol-1-phosphate
dehydrogenase have been reported recently in A. rzidulans (175). The two

isoenzymes are located respectively in the mitochondria and the cytosol, and show
two different activity bands by cellulose acetate strip electrophoresis (175). The

native fungal enzyme we have purilied and studied comes presumably from the
cytosolic fraction.

Therefore, a second possible explanation for the different

properties between the native fungal enzyme and the E. coli expressed enzyme is
that the gene we have cloned is the gene coding for the mitochondrial enzyme.

Nevertheless, this gene is located on the nuclear chromosome because we started
with fungal DNA isolatcd from nuclei.
High sequence homology between the coding region of the cloned fungal gene
and that of the E. coli gene seems to favor the second possibility. However, ad-

ditional experiments, such as characterization of the puriiied mitochondrial
enzyme and comparison of its properties with those of the E. coli expressed
enzyme, would be required for testing the second possibility. lf it turns out to be
true, this gene and its product, mannitol·l-phosphate dehydrogenase, would be
a very nice system to study regulation of gene expression, and processing and

targeting of proteins to mitochondria.
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A PROCEDURE OF SITE-SPECIFIC MUTAGENESIS

After we had generated pMPDl.5(BgllI—»Clal) from pMPDl.5, we found the

techniques used for this experiment could be applied generally to construct sitespecific mutations in cloned genes. The procedure is illustrated in Figure l6, and
consists of four steps. (1) A gene in a plasmid is cleaved by a restriction enzymc
that generates cohesive ends with

5’

overhangs. (2) The cohesive ends are con-

verted into blunt ends by tilling·in reaction with DNA polymerase. (3) The
newly-generated blunt ends are ligated by DNA ligase. (4) The ligation mixture
is used to transform an E. coli host, and plasmids are isolated and analyzed.
Using this procedure, a 4 base or 2 base insertion can be made specifically at the
restriction site of the DNA sequence.
This simple and rapid procedure does not require additional reagents and
instruments other than those routinely used

in a

laboratory performing

recombinant DNA research. The requirement for a restriction enzymc is that it
5’
must generate DNA ends with
overhangs, because DNA polymerase can only
5’
3’
to
extend single-stranded DNA from the
direction. The plasmids generated
using this procedure are easily identified by restriction enzyme analysis. The re-

striction site used in the first step is always lost in the new plasmid. The newlygenerated sequence always contains one 6-base palindrome, which can be cleaved

by another restriction enzyme if it is available.
In addition, all the steps involved in this procedure can be carried out con-

secutively without interruptions such as extraction or prccipitation. lf the buffers
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Figure I6.
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Procedure of site-specilic mutagencsis:
can

be any six-base

res1rici1on cnzymcs.

c-y·/I-a
b-:1

Six base pairs of DNA

palindromes which

are cleavcd

by

Arrows above and below the sequences

indieate the sites of clezivage. Open boxes indieate ncwlygenerated six·base palindromes.
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used for digestion of DNA with a restriction enzyme and filling-in reaction with
DNA polymerase are not compatible, only the dilution of the digestion mixture
with the polymerase buffer is needed.

For most of the gene sequences reported in the literature, the validities of the
sequences are confirmed by the N-terminal amino acyl sequences determined
from purified proteins and by the agreement between the calculated molecular
weights from open reading frames and the molecular weights determined for gene
products. However, simple methods are not available to validatc specific termination sites for the reading frames. Using the procedure we just described, along
with expression of the gene in a maxicell experiment, specific termination sites can
be tested.

Assuming a unique restriction site. is located upstream of the stop codon for
a gene, a specific 4 base or 2 base insertion is constructed at this site using this
procedure. In either case, the reading frame after the site of insertion will be
changed and a new stop codon will be created either before or after the original

stop codon depending on the specific sequences. Assuming this change does not
affect gene expression, the gene product should be made and its molecular weight
should correspond to the molecular weight prcdicted from the new reading frame.
In addition, if a 4 base insertion is combined with a 2 base insertion or vice versus, the original reading frame will reappear with insertion of two amino aeids

at the restriction site. Therefore, the molecular weight of the new gene product
should be similar to that of the original gene product. lf all the molecular weights
determined for the gene products agree with those predicted from their open
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reading frames, these results indicate that the predicted termination site for the
reading frame is correct.
This method requires a restriction site occurring close to the predicted Cterminus and generation of a sufficiently different protein (using a newlygenerated termination codon), which can be detected by SDS-polyacrylamide gel
electrophoresis. Therefore, it may be of limited use; however, where it is applica-

ble, it can provide very important information on a specific termination site for
a reading frame.
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APPENDIX. SEQUENCE OF AN ADDITIONAL

GENE FROM ASPERGILLUS PARASITICUS

ln the course of sequencing the mtID gene from A. parasiticus, another possible open reading frame was found to overlap with the
ln

addition,

a

radiolabeled

16

kDa

3’

end of the mtlD gene.

polypeptidc

was

found

by

SDS·polyacrylamide gel elcctrophoresis of the maxicell extract from pMPD5.0
and

this

polypeptidc

was

not

present

in

the

maxicell

extract

from

pMPD5.0(ABgIll-Baml—l1) (data not shown), indicating that the gene encoding
this polypeptidc was located at the

3’

end of the mtlD gene. Thercfore, the se-

quence determination for this new gene was completed using the same strategy

for sequencing the mtID gene. Figure 17 shows the strategy for sequencing this
new gene.
The nuclcotide sequence and dcduced amino acid sequence of this new gene
are presented in Figure 18. The lirst in-frame ATG overlaps with the stop codon
TGA of the mtID gene. The DNA sequence translates into a polypeptidc of 153
amino acids with an apparent M, of 17,111. The isoelectric point was calculated

to be 9.28. The hydropathy plot of the predicted amino acyl sequence by scanning
9·residue window using the Pustell Sequence Analysis Programs (Version 4) indicates that this protein is unlikely to be a membrane·associated protein (176).
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Figure 17.

Strategy for sequcncing an additional gene
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*60

*50

*40

*30

I

*20

I

I

-10

I

I

I

40
I

50
I

100

110

I

I

A CAT CTC CCC TCT CCA TCC CAA CAC TGA CCT ACT TCC CCA CGC CCT CAC
CGC ATA CAA CGC
1
I

10
I

20
I

50
I

AAC CAA ATC ATC CAC ACT CCC GCC CAC CTT ACC CTC CCC CCG AAT AAC AGA
TTC TCA CAT
Mut Mat Cln Ser Pro Ala Cln Val Ser Leu Arg Pro Asn Asn Arg Leu
Sur Asp
60

70

80

90

I

I

I

I

ATC CAC CCA ATA ATC CAA CAA ACC CAC GCC TTT CAA AAT CCT CTC CTT CAC
CCT CTC AAT

Mot Cln Ala lle Het Clu Cln Thr Cln Ala Pho Clu Asn Aro Val
Leu Clu Arg Lau Asn

120

130

140

I

150

I

160

I

I

I

170

[Lpul

I

CCT GCC AAA ACC GTA CCC AGT TTC CTC ATT CCC CCC GTC CAC CTC TTA
ACC CAC CCC CTG
Ph•

Ala Cly Lys Thr Val Arg Ser

Lau lle Ala Ala Val Clu Lau Lau Thr Clu Ala Val

180

190

200

I

210

I

220

250

I

I

I

I

AAC ATT CTC CTC CTT CAC CTC TTT CGC AAA CAC CAC TAC CCC GTA AAC TAT CCT
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Asn ll• Lau Val Lou Cln Val Pho Arg Lys Asp Asp Tyr Ala
Val Lys Tyr Ala Val Clu

240

250

260

270

I

280

I

290

I

I

I

I

CCC TTA CTC CAC CCA CAC CCA CCG CTC CGC CAT TTA TCC GTA CCC CTC
AAC CTC ATT TAC

Pro Lou Lou Asp Glv Asp Gly Pro Lau Clv Asp Lou Ser Val Arg Lau Lys
Lou 116 Tyr

300

310

320

330

I

I

340

I

350

I

I

I

CCT CTT CCC GTC CTC AAC CCC CAC CAG TAT CAA CAC CCC CAC CTC TTA ATC
CCT CGC CCC
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Ala Clu Lou Lou Mut Arg Arg Ala

S_l 360

370

I

380

390

400

_

410

I
I
I
I
I
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Lys Sur Sur lle Hut Thr Val Hat Sur Thr Pro Lou Pro Mut
Hut Arg Tyr Trp Cly Ala
420
I

430
I

440
I

450
I

460
I

470
I

TCC CCC AAC TCC ACT CCG TAT CCC CCT CCC TCC CCC ACC TCA CTT TCA
TAA CAC CCA CCC
Ser Ala Asn Cys Thr Ala Tyr Pro Ala Pro Sur Arg Thr Sur Val
---

480

490

500

510

I

520

I

530

I

I

I

I

TGA CCT CTA CCC CAT CCA AAA GCT CCG TTA TCA ACA GCT TCT CCC
CTC CCA TCC TOC TTT

540
‘

A/H1

CCC TCA CTC_ACC T

Figure 18.

Nucleotide sequence and deduced amino acid sequence of an additional gene: Methionine residucs are underimed. Relevant
restriction sites are indieated above the nucleottdc sequence.
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This polypeptide contains a much higher percentage of methionine residues (9 out
153) than does mannitol-l-phosphate dehydrogenase (6 out of 382).
The gene product and effect of the gene structure on its expression were
characterized in some detail. Several deletions were constructed on pMPD3.1R,

which contains the intact mtID gene and this new gene (Fig. 19). pMPD3.1 R and
pMPD3.1R( ASst1-Sstl) were presumed to use the fungal promoter in the insert
to

direct

gene

expression

from

the

insert.

pMPD3.1R(ASmaI-Smal),

pMPD3.1R(ASphl-Sphl), and pMPD3.1R(ABamH1·BgIl1) were presumed to
use the IacZ promoter in the vector to direct gene expression from the insert. The
results from maxicell experiments are presented in Figure 20. The molecular
weight determined for this protein is 16,000 (lane 1), which agrees with the predicted molecular weight from the DNA sequence (17,111). The band of the 16

kDa polypeptide was much more intense than that of the 41 kDa polypeptide
(product of the mtlD gene), which agrees with the numbers of methionine residues

in these two polypeptides because they were Iabeled with ["S]l\/let.
The deletions from the upstream Kpnl site up to the Bg!11 site in pMPD3.1R
did not affect the expression of this downstream gene (lane 2-4).

However, the

deletion of the Sstl fragment abolished the expression of this gene (lane 5), indieating that the Sstl site is involved in its expression. Those results agree with the

DNA sequence, where the Bglll site is outside of the coding region and the Sszl
site is in the coding region. ln plVlPD3.1R(A$stl-Sstl), the open reading frame

of this downstream gene continues into the reading frame of the IacZ gene in the
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pM PD3.1 R

Sp/1}

Bglll

Sst}
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pMPD3.1 R

(Bg/ll)
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l

‘
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‘“""'°S°i’”

Figure 19.

Linear maps of deletion plasmids.:

Restriction sites not shown

here for pMPD3.lR are Sp/1}, Bam}, Sma} (on left Kpu} side),
and Ss!} (on right Kpn} side). Enzyme site in ( ) is no longer

present. Boxes indieate the open reading frames of the mz/D
gene and the downstream gene.
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us

—

Figure 20.

·

Autoradiograms from maxicell experiments with the downstream
gene: M stands for protein standards, including bovine
albumin (66,000), egg albumin (45,000), bovine erythrocyte
carbonic anhydrase (29,000), and ß·lactoglobulin (18,400)
(from top to bottom).
Samples in rest of lanes are
by following
radioisotope-labelcd
polypeptides encoded
plasmids:
l, pMPD3.lR; 2, pMPD3.1R(ASma1—$mal); 3,
pMPD3.lR(ASphl-Sp/1I); 4, pMPD3.1R(ABamHI-Bg/Il); 5,
pMPD3.lR(ASstI-Sstl).
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vector, and no polypeptide corresponding to this hybrid protein was seen in the
maxicell extract (lane 5).
Because several gene clusters containing genes of related functions had been
found in Aspergllus (104), enzyme activities involved in the mannitol cycle,
mannitol dehydrogenase, hexokinase, and mannitol-l-phosphate phosphatase,
were assayed in extracts of E. coli JWL239 transformed with pMPD3.l R for this

gene product. Apparently, none of these activities were expressed from this protein.

From the deduced amino acid sequence, there is a sequence of Gly-X-GlyX-X-Gly (where X represents any amino acid) found between residue 83 to resi-

due

88, which

is similar to that found

in the

N-terminal region of

mannitol-1-phosphate dehydrogenase (the potential NAD binding site).

There-

fore, this protein could be an enzyme catalyzing a reaction involving NAD. The
high content of methionine in the deduced amino acid sequence could also be
important for the role of this protein. This deduced amino acid sequence has been
compared with the National Biochemical Research Foundation (NBRF) protein
sequence data base and no signiiicant homology is found to any protein se-

quences present in this data base. Therefore, further experiments are required to
determine its function.
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