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ABSTRACT

Molecular Characterization of the sdaCB Operon
in Escherichia coli K-12
Zhonggi Shao, Ph.D.

Concordia University. 1993.

A 5.3-kbp DNA fragment of E.coli chromosome around 60.2
minutes has been sequenced. Three complete open-reading frames
were carried on this fragment, with sdaC and sdaB in the same
operon. The sdaB gene was shown to be very similar to sdaa,
suggesting that it is the structural gene for the second L-
serine deaminase (L-SD2). The nature of the product of the
sdaC gene and its similarity with TdeC protein indicated that
sdaC codes for a transport protein. OrfX, which is located
downstream of the sdaCB operon, remains unidentified. The 1.2-
kbp Pvull-Pstl fragment downstream of orfX was found to be
identical to fucO, a gene in the fucose operon. This
establishes the exact map position of the sdaCB operon at 60.2
minutes.

The expression of the second L-SD was found to be
requlated completely differently from that of the first one
(L-SD1). The major transcriptional control governing the sdaCB
operon is catabolite repression, which does not affect sdaA
gene expression. The products of lrp and ssd regulate sdaA
expression, but do not affect sdaCB. The environmental factors
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which influence the expression of the first L-SD showed no
effect on the second one.

The sdaB mRNA is translated inefficiently, because of its
poor ribosome-binding site. A mutation which established
synthesis of L-SD2 in minimal medium was demonstrated to be a

change in the Shine-Dalgarno sequence of the sdaB gene.
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INTRODUCTION

L-serine deaminase (L-SD), the E.coli enzyme which
converts L-serine to pyruvate and ammonia in E.coli, was first
described by Pardee and Prestidge in 1955 (Pardee and
Prestidge, 1955). The activity of L-SD is present in cells
grown in glucose-minimal medium and can be induced by glycine
or L-leucine, but by not its substrate, L-serine (Pardee and
Prestidge, 1955; Newman and Walker, 1982). "his activity can
be induced to a higher level by growing cells in rich medium
(Newman et al., 1982a).

While the physiological roles of L-serine deaminase in
the cells are still not understood completely, the activity of
this enzyme has been shown to be highly regulated. Two global
regulatory proteins, the products of the ssd and lrp genes,
have been shown to be involved in the regulation of expression
of L-SD (Newman et al., 1981; Lin et al., 1990). A number of
environmental factors also affect the activity of this enzyme
(Newman et al., 1982a; Newman, personal communication).
Moreover, the activity of L-SD is subject to requlation at the
post~transcriptional level. At least three different mutations
have been found to cause a decrease in L-SD activity in vivo,
but activity from the mutant cells could still be seen in
vitro if activated by iron and dithiothreitol (DTT) (Newman et

al., 1985a; Feng, 1990; Su, 1991).



Early studies in Dr.Newman’s laboratory demonstrated that
there are two L-serine deaminases in E.coli, which are coded
by the sdaA and sdaB genes (Su & Newman, 1991). The sdaA gene
has been cloned and sequenced (Su et al., 1989). By
constructing an sdaA::lacZ fusion protein and showing that the
purified fusion protein has both B-galactosidase and L-serine
deaminase activity, sdaA was demonstrated to be the structural
gene for L-SD1 (Su et al., 1993). The sdaA gene is expressed
in cells grown in both glucose-minimal medium and LB medium,
and is requlated by almost all the mutations or factors which
had been shown to affect L-SD activity (Su, et al., 1989). The
sdaB gene, which codes for L-SD2, is only expressed in LB
medium (Su & Newman, 1991). This gene was cloned from a mutant
strain in which sdaB is expressed in glucose-minimal medium
(Su & Newman, 1991). Both L-SD1 and L-SD2 showed very similar
biochemical properties (Su & Newman, 1991; Su, 1991).

The sdaA gene and its product have been studied in great
detail in the last few years. In this thesis, I will focus on
the molecular aspects of the sdaB gene and its regulation.
This work concerns the structure and the regulation of the
sdaB gene.

The sequence of the sdaB gene and the region surrounding
it: The entire region of the sdaB gene has been sequenced as
part of this work. The open-reading frame for the sdaB gene is
determined by its high similarity with the sdaA gene. The two

proteins showed great similarities not only in biochemical



properties but also in protein structure. Another open-reading
frame, which is named the sdaC gene and seems to be in the
same operon as the sdaB gene, is located immediately upstream
of sdaB. The high similarity of the sdaC gene product with the
TdcC transport protein, and the map location next to sdaB,
both suggest that the sdaC gene codes for a transport protein
for L-serine. The sdaCB operon is closely linked to the fucose
operon with a possible open-reading frame, orfX, between them.

The regulation of the sdaB gene: This work shows that the
expression of the sdaB gene is regulated at ©both
transcriptional and translational levels. A mutation in the
ribosome-binding site results in expression of sdaB in
glucose-minimal medium. Transcription of the sdaB gene is
induced in rich medium and is under catabolite repression. The
activity of SdaB, unlike SdaA, is not induced in the ssd or
lrp mutant cells and is not affected by the environmental
factors which had been shown to affect the activity of SdaA
protein.

In this part of the thesis, I will first provide the
background of L-serine metabolism in E.coli and then review
the early studies on L-serine degradation. Since L-SD has been
suggested to function as a catabolic enzyme, I will also
discuss the studies of catabolite repression in E.coli. Early
evidence has implied that sdaA and sdaB might be two genes
with high similarity, I will therefore review some related

genes in E.coli.



Part 1: L-serine metabolism in E.coli

1.1. The L-serine biosynthesis pathway in E.coli

L-serine is synthesized in E.coli cells from 3-
phosphoglycerate, an intermediate in the Embden-Meyerhof
pathway (Fig.l). Three enzymes are involved in L-serine
synthesis, coded by the serA, serC and serB genes listed in
the order in which the enzymes operate in vivo. 3-
phosphoglycerate is first oxidized to 3-phosphohydroxy-
pyruvate by 3-phosphoglycerate dehydrogenase, followed by
transamination to 3-phosphoserine by 3-phosphoserine
aminotransferase and dephosphorylation to L-serine by 3-

phosphoserine phosphatase.

1.2. The regulation of L-serine synthesis

The synthesis pathway of L-serine is highly regulated in
the cell. The first enzyme in this pathway is inhibited by
both L-serine and glycine, with 50 % feedback inhibition
occurring at the concentration of 4X107°M for L-serine and
4.8X10°M for glycine (Pizer, 1963).

Transcription of the serA gene is repressed by L-leucine
and several other amino acids which are not directly related
to serine biosynthesis. Repression also occurs during growth
in rich medium (McKitrick & Pizer, 1980). The repression by L-
leucine occurs by interaction of L-leucine and a regulatory

protein, Lrp, with the promoter of the serA gene (Lin et al.,



Fig.l L-serine metabolism in E.coli

L-serine is synthesized from 3-phosphoglycerate, an
intermediate in the Embden-Meyerhof pathway. It is the
precusor of glycine and C1l units via serine hydroxy-
methyltransferase and is also a precusor of other amino acids.
This diagram is adapted from Stauffer, 1987.

Abbreviations: SerA, 3-phosphoglycerate dehydrogenase;
SerC, 3-phosphoserine aminotransferase; SerB, 3-phosphoserine
phosphatase; SHMT, serine hydroxymethyltransferase; GCV,
glycine cleavage enzymes; L-SD, L~serine deaminase; 5, 10-mTHF,

5,10-methylenetetrahydrofolate.
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1990; Lin, 1992). Because Lrp activates expression of serA,
expression of the serA gene is decreased more than 5-fold in
an lrp mutant (Lin et al., 1990). The lrp mutant cells still
manage to grow without adding exogenous L-serine. However, the
decreased ability to synthesize serine is seen in the fact
that the lrp mutant cell does not grow at 42°C in glucose-
minimal medium but does grow on addition of exogenous serine
or with a plasmid carrying the serA gene in the strain (Lin,
1992).

The transcription of the serA gene also seems to be under
the control of another global regulatory protein, the product
of the ssd gene. This is indicated by the fact that 3-
phosphoglycerate dehydrogenase activity is much lower in the
ssd mutant cell (Newman et al., 1981), as is B-galactosidase
activity from cells containing a serA::lac gene fusion.
Furthermore, pf-galactosidase activity from the serA::lac’?
fusion is extremely low in a double mutant cell deficient in
both ssd and 1lrp as compared with either single mutant.
Indeed, the expression of the serA gene is so low in the ssd,
lrp double mutant that it grows very poorly in glucose-minimal
medium. Addition of exogenous serine improves the growth of
the ssd, 1lrp double mutant significantly (unpublished

observation; Ambartsoumian et al.).



1.3. Glycine as a source of L~serine

L-serine is the only source of glycine in E.coli (Newman
and Magasanik, 1963, Pizer, 1965). Synthesis of glycine from
L-serine is catalysed by the enzyme serine hydroxymethyl-
transferase (SHMT), the product of the glyA gene (Stauffer et
al., 1981). This reaction is also the major source of Cl units
(Mudd & Cantoni, 1964). The expression of the glyA gene is
regqulated by the end-products of pathways which use C1 units
in the biosyntheses they catalyze, and by L-serine and glycine
(Miller & Fewman, 1974).

An L-serine auxotroph can use exogenous glycine as its
source of L-serine, in a reaction catalysed by the same enzyme
which makes glycine from L-serine (Stauffer & Brenchley,
1974). This reaction will also need a Cl unit, often produced
by cleavage of glycine by the glycine cleavage enzymes (Mudd
& Cantoni, 1964). That this is the major source of Cl units
other than serine itself is shown by the fact that an L-serine
auxotroph can not use glycine as a source of L-serine when

glycine cleavage is blocked (Newman et al., 1974).

l.4. Formation of glycine from L-threonine

While it seems that L-serine is the only source of
glycine in wild-type cells, E.coli can also derive its glycine
from L-threonine through a cryptic pathway. There are two
enzymes involved in this pathway, threonine dehydrogenase (TDH)

and a-amino-ketobutyrate ligase (Chan & Newman, 1981).



Early evidence showed that the formation of glycine from
L-threonine occurs only in the presence of exogenous L-
threonine (Roberts et al., 1955). However, the presence of
exogenous L-threonine itself does not support the growth of a
glycine auxotroph unless exogenous L-leucine is also present
(Fraser & Newman, 1975). L-leucine was shown to increase the
expression of threonine dehydrogenase (Newman et al., 1976).
Requlation of threonine dehydrogenase also involves the Lrp
protein, which represses the expression of threonine
dehydrogenase with L-leucine releasing this repression (Lin,
et al; 1990). The activity of threonine dehydrogenase is also

increased in the ssd mutant cells (Lin et al., 1990).

1.5. L-serine as a biosynthetic precursor

The L-serine biosynthetic pathway is one of the major
metabolic pathways in E.coli cells. It has been estimated that
158 of the carbon from glucose passes through the pathway
(Pizer & Potochny, 1964).

Besides L-serine, this pathway is the only source of
glycine and the major, if not only, source of one-carbon
units. The importance of this pathway is also seen in that L-
serine, glycine and Cl units are the precursors for a number
of metabolites.

The complete L-serine molecule is incorporated into
indole glycerolphosphate to make L-tryptophan (Yanofsky,

1960) . All three carbons of cysteine are derived from L-serine



(Kredich & Tomkins, 1966). L-serine is also needed for
synthesis of L-methionine, since L-cysteine is the direct
precursor for L-methionine (Tran et al., 1983). L-methionine
is involved in the synthesis of S-adenosylmethionine (SAM)
which is a Cl donor for numerous other methylation reactions
(Mudd & Cantoni, 1964).

Glycine is incorporated into purines and heme-containing
compounds (Pizer & Potochny, 1964).

There are two steps in this pathway which produce C1
units, glycine synthesis by SHMT and glycine cleavage (Fig.1l).
Cl wunits are involved in purine, thymine, histidine,

methionine and fMet-tRNA biosynthesis (Blakley, 1969).

1.6. L-serine degradation through L-SD

L-serine deaminase converts L-serine to pyruvate and
ammonia (Pardee & Prestidge, 1955). Despite continuing studies
since its first discovery almost 40 years ago, the
physiological role of L-serine deaminase in the cell still
remains unclear. The synthesis of L-serine requires an
expenditure of energy. Therefore it would be strange for cells
to degrade L-serine without some important reason. This may be
why the activity of L-SD is highly regulated in the cell.

Two possible physiological functions for L-serine
deaminase have been suggested in the past. First, since a high
concentration of L-serine in the cells has been known to be

toxic (Cosloy & McFall, 1970; Hama et al., 1990; Uzan &
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Danchin, 1978), L-serine deaminase might function to regulate
the L-serine pool in the cell (Su, 1991). This has been proven
to be true at least insofar as cells with deficient L-SD
activity have been shown to be more sensitive to exogenous L-
serine than wild-type cells (Su, 1991). Second, the products
of L-serine deamination, pyruvate and ammonia, can be used as
carbon and nitrogen sources. Therefore, L-serine deaminase may
function as a catabolic enzyme to convert excess L-serine to

carbon and nitrogen sources (Su & Newman, 1989; Su, 1991).

Part 2: Regulation of L-SD expression in E.coli

2.1. Environmental factors which affect L-SD activity

L-SD is present in E.coli cells grown in glucose-minimal
medium, but at low level. This activity can be induced
slightly by addition of glycine and significantly by addition
of L-leucine. The combination of glycine and L-leucine
increases the L-SD activity to a still higher level (Pardee &
Prestidge, 1955). L-SD activity in cells grown in LB medium is
even higher (Newman et al., 1982a).

L-SD activity has been shown to be induced by several
other environmental factors. Cells exposed to DNA damaging
agents, such as ultraviolet irradiation and nalidixic acid, or
to alcohol shock, as well as those grown at high temperature,
or in anaerobic conditions all show increased L-SD activity

(Newman et al., 1982a; Newman, personal communication).
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2.2. High L-SD activity in the ssd mutant

The ssd mutation has been shown to be a pleiotropic
mutation, which leads to many changes in the cell, such as
decreased growth rate and yield; inability to use succinate or
a-ketoglutarate as a carbon source; resistance to certain
antibiotics and colicin; deficiency in transport of some amino
acids; extreme sensitivity to UV irradiation and inability to
grow anaerobically (Newman et al., 1981).

The ssd mutant cell grows well on L-serine as carbon and
energy source and L-SD activity in the mutant cells is 7-fold
higher than that in the wildtype cells (Newman et al., 1981).
Besides L-serine deaminase activity, at least two other enzyme
activities are altered in the ssd mutant cells. L-threonine
dehydrogenase (TDH) activity is increased 8-fold (Lin et al.,
1990), and 3-phosphoglycerate dehydrogenase activity is
significantly decreased in ssd mutant cells (Newman et al.,
1981).

The nature of the ssd gene and its product still largely
remains a mystery. It has been suggested that ssd is the same
gene as cpxA, a gene which codes for a membrane sensor protein
involved in signal transduction (Rainwater & Silverman, 1990).
This is mainly based on the fact that ssd and cpxA mutations
were mapped at the same position on the E.coli linkage map,
and that the cpxA plasmid ccmplements the ssd mutation (Lin,
personal communication; Rainwater & Silverman, 1990). However,

the ssd and cpxA mutants do show some difference in
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phenotypes; indeed the cpxA mutant does not have increased L-

SD activity (unpublished observation).

2.3. The lrp/leucine regulon

The 1lrp gene codes for the leucine-responsive regulatory
protein (Lrp). E.coli cells coordinate the expression of many
genes according to the presence of exogenous L-leucine through
Lrp. The group of genes requlated by the Lrp protein and L~
leucine constitute the Leucine/Lrp regulon (Lin et al., 1990).

The activity of L-SD is greatly induced by L-leucine or
in the Irp mutant cells (Lin et al., 1990). Lrp, therefore,
likely functions as a repressor for the structural gene of L~
SD. L-leucine releases the repression by interacting with the
Lrp protein, since leucine induction is not seen in the lrp
mutant cells (Lin et al., 1990; Lin, 1992).

In the ssd and lrp mutant cells, both isolated by
selecting cells using L-serine as sole carbon source, the
expression of L-serine degradation enzyme(s) is increased
while the activity of enzymes for L-serine synthesis is
decreased. Therefore, the products of the ssd and 1lrp genes
seem to be two of the major proteins involved in the

regulation of L-serine metabolism.

2.4. L-SD is subject to post-translational modification
The fact that there is no L-SD activity detectable in

extracts frozen at =-20°C for more that 24 hours unless iron
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and DTT were added during the in vitro assay (Newman et al.,
1985a; Newman & Walker, 1990), suggests that L-SD is not
stable. It also tells us that L-SD can exist in a relatively
more stable inactive form and then be activated by iron and
DTT.

Several new types of L-SD deficient mutants have been
isolated in the past few years. As expected for L-SD deficient
strains (Newman et al., 1985b), these mutants could not grow
on L-serine even in the presence of L-leucine and glycine, and
showed no L-SD activity in vivo. However in three mutants,
MEW128, MEW191 and MEW84, L-SD activity in the extracts could
be activated by iron and DTT (Newman et al., 1985a; Feng,
1990), suggesting that L-SD was made in the mutant cells but
was in an inactive form. This suggests that post-translational

modification is needed to convert L-SD to a functional form.

Part 3: sdaA: the gene which codes for L-SD1

3.1. Isolation of mutants deficient in L-SD both in vivo and
in vitro

Two types of mutants with deficient L-SD activity had

been isolated by screening mutants which are unable to grow on

L-serine in the presence of L-leucine and glycine. Mutants of

the first type, mentioned above, are considered to be the

activation-deficient mutants, strains with deficient L-SD

activity in vivo, but with demonstrable activity in vitro
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(Newman et al., 1985a). Mutants of the second type do not show
L-SD activity either in vivo or in vitro, suggesting that they
may carry mutations in the stractural gene for L-SD (Newman et
al., 1985b; Su et al., 1989).

One of the second type of mutant was isolated by H.Su
using LplacMu9 insertion and was studied in detail (Su et al.,
1989). The L-SD assay showed that this AplacMu9 insertion
mutant had no L-SD activity when it was grown in glucose-
minimal medium with or without L-leucine and glycine (Su et
al., 1989). It also had no L-SD activity even in the ssd or
lrp mutant background, in wuaich L-SD activity is highly
induced in wildtype cells (Su et al., 1989). The mutation,

called sdaA, was mapped at 40.1 min (Su & Newman, 1991).

3.2. Cloning and sequencing of the sdaA gene

The sdaA gene was cloned by the miniMu in vivo cloning
method (Su et al., 1989). The cloned sdaA gene complemented
the sdaA mutaticn and showed extremely high L-SD activity both
in vivo and in extracts. Hybridization using a cloned sdaA
gene as probe showed that this gene is indeed disrupted by the
insertion in the sdaA mutant cells (Su et al., 1989).

It was originally predicted from the DNA sequence
containing the sdaA gene that the sdaA open reading frame
starts with ATG and codes for 448 amino acids (Su et al.,
1989). This result was later revised to use a GTG as start

codon 6 codons further upstream from ATG. The revised sdaA

15



sequence codes for 454 amino acids and this sequence is
supported by the results of the Edman degradation of the N-
terminal sequence of purified L-serine deaminase (Su et al.,
1993).

The upstream sequence of the sdaA gene as determined by
H.Su was found to be very similar to the sequence downstream
of the pabB gene of Klebsiella aerogenes (Su, 1991). The
sequence around the pabB gene in E.coli has also been
sequenced and shown to be very similar to the sequence in
K.aerogenes. The pabB sequence stopped at a Sall site and the
sequence by Su started from a Sall site (Su et al., 1989). A
comparison with the sequence in K.aerogenes suggested that the
Sall site in pabB and sdaA sequences was the same one (Su,
1991). This locates the sdaA gene downstream of the pabB gene
with another open reading frame between the two genes (Su,
1991). This agrees with the fact that the pabB and sdaA genes
were mapped at same position on the E.coli chromosome by
conventional mapping (Goncharaff & Nichols, 1984; Su & Newman,

1991).

3.3. sdaA is the structural gene for L-serine deaminase

To prove that sdaA codes for L-serine deaminase, Su
constructed an sdaA-lacZ in-frame gene fusion in vitro (Su et
al., 1993). B-galactosidase was then purified by affinity
chromatography from the cells containing a plasmid carrying

this sdaA-lacZz fusion. Purified protein showed both fg-
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galactosidase activity and L-serine deaminase activity,
proving that sdaA indeed codes for L-serine deaminase (Su et
al., 1993).

The result of the Edman degradation of the purified L-SD-
B-galactosidase fusion protein confirms that the open reading
frame for the sdaA gene starts at the GTG site (Su et

al.,1993).

3.4. Regulation of sdaA gene expression

The expression of L-SD activity was known to be affected
by mutations and some other factors. Studies on the regulation
of the sdaA gene expression were carried out by measuring B-
galactosidase activity from the sdaA::AlplacMu9 fusion and
sdaA::lacZ fusion constructed in vitro. It was found that the
products of both the ssd and 1lrp genes regulate sdaA
expression at the transcriptional level (Su et al., 1989; Lin,
1992). Among the environmental factors, at least anaerobic
condition and UV irradiation have been shown to affect sdaA
transcription (Su, 1991).

The mechanism of Lrp protein regulation at the sdaA
promoter was studied by R.T.Lin in considerable detail. It was
found that Lrp binds to at least two sites upstream of sdaA,
one with high affinity and the other with low affinity. The
presence of L-leucine greatly reduced Lrp binding activity at
the sdaA promoter (Lin, 1992). Therefore, it is likely that

Lrp represses sdaA transcription by binding to its upstream
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region, while L-leucine activates sdaA expression by releasing

the binding cf Lrp.

3.5. Biochemical properties of the SdaA protein

As discussed earlier, it seems that L~-SD needs to be
activated from an inactive form after translation. At least
three genes have been found to be involved in this post-
translational activation process in vivo (Newman et al.,
1985a; Feng, 1990). In those mutant cells, there is no L-SDl
activity in vivo, but the activity can be seen in vitro once
activated by adding iron and DTT. Protein folding was
suggested to be involved in the process of post-translational
activation of L-SD1 (Moniakis, 1993).

The active form of L-SD1 is very unstable in vitro, while
the inactive form of L-SD is much more stable (Newman et al.,
1985a). It was found that the inactive form of the protein can
be activated with both B-mercaptoethanol and DTT (Moniakis,
1993). It was also found that the active form of L-SD can
assume a second inactive form that can only be activated with
DTT at a 10-times higher level than under normal activation
conditions (Moniakis, 1993). Iron and DTT are known to cleave
proteins (Kim et al., 1985). It had been suggested that the
activation of L-SD involved a cleavage at this protein,
possibly at a serine-serine bond (Su et al., 1989).
Alternatively, a conformational change may be involved in the

activation of SdaA protein (Moniakis, 1993).
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Part 4: sdaB, the gene which codes for L-SD2

4.1. Existence of a second L-SD

Several facts suggested that there was another gene,
besides sdaA, in E.coli which coded for an L-serine deaminase.
First, when cloned sdaA was used as a probe to hybridize to
chromosomal DNA from the sdaA insertion mutant, a minor band
was observed in addition to those bands corresponding to the
disrupted sdaA gene (Su et al., 1989), which implied that
there is another gene which is very similar in nucleotide
sequence to the sdaA gene. Second, there is still a
considerable amount of L-serine deaminase activity in LB-grown
cells carrying a null mutation in the sdaA gene (Su & Newman,
1991), which suggested that there is another L-serine
deaminase (L-SD2) which is expressed in LB medium, but not in
minimal medium.

As summarized below, L-SD2 is probably coded by the gene,

called sdaB, which is very similar to the sdaA gene.

4.2. A mutant with altered sdaB expression

If there really were an sdaB gene, which codes for L-SD2
and is expressed in LB medium, one would expect that this gene
may be turned on in glucose-minimal medium by changing its
requlation. This was proven to be true.

H.Su isolated a mutant which grew in minimal medium on L~

serine in the presence of L-leucine and glycine from a strain
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carrying a insertion in sdaA gene (Su & Newman, 1991). This
mutation, which resulted in expression of L-SD2 in minimal
medium, could be in the upstream requliatory region of the sdaB
gene or in a requlatory gene for sdaB. This mutation, named

sdaX, was mapped at 60.1 min (Su & Newman, 1991).

4.3. Isolation of an sdaB mutant and cloning of the sdaB gene

An sdaB mutant was isolated by AplacMu9 insertion into a
strain carrying both sdaA::Cm and sdaX mutations and selection
of cells which lost the ability to grow on L-serine (Su &
Newman, 1991). This triple mutant, sdaA, sdaB, and sdaX, has
no L-serine deaminase activity whether in glucose-winimal
medium or in LB medium (Su & Newman, 1991). Similarly, it
showed no L-SD activity either in vivo or in vitro whether
cells were grown in minimal medium or in LB (Su & Newman,
1991). The insertion has been mapped at the same position as
the sdaX mutation, suggesting that sdaB and sdaX might be the
same gene (Su & Newman, 1991).

The sdaB gene was then cloned from the strain carrying
sdaA::Cm and sdaX mutations by selecting on L-serine-minimal
medium with L-leucine and glycine after transforming the
sdaA::Cm sdaB::lplacMu9 double mutant cells (Su & Newman,
1991). The cloned sdaB gene allowed the sdaA sdaB double
mutant to grow on L-serine in the presence of L-leucine and
glycine, and even on L-serine alone (Su & Newman, 1991). An L-

SD assay showed that the activity of the sdaA, sdaB double
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mutants carrying pBR322 sdaB gene was 5-6 fold higher than
that seen in wildtype cells when grown in glucose-minimal
medium. The activity was even higher in LB medium (Su &
Newman, 1991).

Hybridization to the chromosomal DNA using the cloned
sdaB gene as probe showed that this gene is indeed disrupted
by 2placMu9 insertion in the sdaB mutant cells (Su & Newman,
1991). The fact that both sdaB and sdaX were mapped at 60.1
min and that the cloned sdaB gene showed activity in both
minimal medium and LB medium suggested that the cloned DNA
fragment might carry a mutated sdaB gene or both the sdaB gene

and a mutated sdaX gene.

4.4. L-SD2 is similar in biochemical properties to L-SD1

The results of a preliminary characterization of L~SD2
showed that this enzyme is extremely similar in biochemical
properties to that of L-SD2. Both enzymes showed no activity
at low pH (below pH6), but showed activity from pH6 up to pH10
(Su, 1991). An unusually high substrate concentration is
required to demonstrate both L-SD1 and L-SD2 activity (Su,
1993).

As is the case for L-SD1, iron and DTT are needed for
activation of L-SD2 in vitro and probably the same in vivo

activation system functions on both enzymes (Su & Newman,

1991).
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Part 5. Other proteins which deaminate L-serine

Besides the two enzymes mentioned above, L-SD1 and L-SD2,
at least three other enzymes have been shown to deaminate L-
serine. Among them, are two enzymes, each known as L-threonine
deaminase, coded by the ilvA gene and the tdcB gene
respectively (Lawther et al., 1987; Datta et al., 1987).

The product of the ilvA gene, the biosynthetic L~
threonine deaminase (biosynthetic L-TD), catalyses the first
step in the L-isoleucine synthesis pathway (Calhoun et al.,
1973). An ilvA mutant can not produce a-ketobutyrate for the
synthesis of L-isoleucine by deaminating L-threonine and
therefore needs exogenous L-isoleucine to grow (Umbarger,
1987). The activity of the biosynthetic L-TD is inhibited by
the end product in the pathway, so that it can not work as a
biodegradative enzyme. This enzyme can also deaminate L-
serine, at least in vitro (Umbarger, 1957).

The tdcB gene product, the biodegradative L-threonine
deaminase (biodegradative L-TD), is known by habit and custom
as an L-threonine deaminase. This enzyme degrades both L-
serine and L-threonine (Goss & Datta, 1984). The expression of
the tdcB gene is induced under anaerobic culture conditions in
rich medium or in minimal medium containing threonine, serine,
valine and isoleucine, together with cyclic AMP and fumarate
(Datta et al., 1987). The tdcB gene has been cloned and

sequenced, and has been shown to be part of a polycistronic
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operon containiig three genes, tdcABC (Goss et al., 1988). The
tdcA gene product was thought to be a trans-acting positive
activator for autogenous regulation of the tdc operon, while
the tdcC gene product was demonstrated to be a membrane-
associated threonine-serine permease (Sumantran et al., 1990).
The product of the tdcR gene, located immediately upstream of
the tdcABC operon but in the opposite transcriptional
direction, is needed for efficient expression of the operon
(Schweizer & Datta, 1989).

Moreover, E.coli makes a similarly regulated enzyme, D-
serine deaminase, which shows in vitro at least some activity
against L-serine (Federiuk et al., 1983). D-serine deaminase
is encoded by the dsdA gene, mapped at 51 min. The dsdC gene,
which codes for an activator protein for dsdA, is located
immediately upstream of dsdA but transcribed divergently
(Bornstein-Fro=t et al., 1987). The activation by DsdC protein
of the dsdA gene was shown to involve a cis-acting mechanism

(McFall, 1986).

Part 6. Catabolite repression

The presence in the medium of glucose, a rapidly
metabolizable carbon source, will inhibit the transcription of
genes coding for other carbon catabolic enzyme systems and
related proteins (Magasanik, 1970). This phenomena is called

catabolite repression.
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Catabolite repression is achieved in E.coli through the
cyclic AMP/cyclic AMP receptor protein (CRP) system {Emmer et
al., 1970). Crp protein has been shown to be the positive
regulatory protein for many carbon catabolic enzyme systems,
such as the lactose, galactose and arabinose operons.
Activation by Crp protein needs cyclic AMP as coeffector. cAMP
synthesis is inhibited in the presence of glucose (Makman et
al., 1965).

Crp has been demonstrated to be a DNA binding protein,
which binds to the promoter region of the genes it regulates.
The consensus sequence for Crp binding has been identified (de
Crombrugghe et al., 1984). In order to bind to DNA, the Crp
protein undergoes a conformational change, which is achieved
by cAMP binding to Crp (Krakow, 1975).

One of the functions suggested for L-serine deaminase in
cells is that L-serine will be used as carbon source when it
is plentiful (Su, 1991). Therefore, the exp;ession of sdaA and

sdaB might be subject to catabolite repression.
Part 7. Genes with high similarity in E.coli

7.1. Some examples of genes with high similarity

There are several sites on the E.coli chromosome for rrn
locs which code for rRNA and tRNA. Since these show very high
degree of similarity, one might expect frequent exchanges

among the rrn loci. In fact, the organizations of genes are
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very stable and rearrangements are rare (Riley & Krawiec,
1987). This is also seen for genes coding for proteins. That
pairs or groups of structural genes, which are mapped at
different sites on the chromosome, are very similar in the
nucleotide sequence or in the amino acid sequence of their
products is in fact quite common in E.coli. Table 1 lists some
examples.

In some cases, the similarity among these genes or their
products is extremely high through the whole sequence. The two
EF-Tu proteins, coded by tufA and tufB respectively, vary by
only one amino acid residue (An & Friesen, 1980). In some
other cases, the similarity between related genes or their
products can be very high in some regions, but much lower in
other regions. An example of this is seen in the case of the
four E.coli genes, tar, tap, tsr and trg. The 1level of
similarity between these proteins is low (10 to 60%) at the
amino end and high (60 to 100%) at the carboxyl end (Bollinger
et al., 1984).

Levels of similarity among related structural genes
coding for enzymes vary significantly. The amino acid
sequences are usually more conserved than the nucleotide
sequences. The two lysyl-tRNA synthetases, coded by lysU and
lysS respectively, showed 70% identity of nucleotide sequences
and 85% identity of amino acid sequences (Clark & Neidhardt,

1990) .
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TABLE 1. Examples of closely related genes

Genes

Reference(s)

tufA, tufB
narzYwv, narGHJI
lysU, 1lysS

argfF, argl, pyrB

arof, aroG

hisI, hisT

metB, metC

trp(G)D, pabA

trpE, pabB

tar, tap, tsr,

trg

An & Freisen, 1980
Blasco et al., 1990
Clark & Neidhardt, 1990
Houghton et al., 1984
Van Vliet et al., 1984
Davies & Davidson,
1982

Higgins et al., 1982
Belfaiza et al., 1986
Horowitz et al., 1982
Kaplan & Nichols, 1983
Goncharoff & Nichols,
1984

Nichols et al., 1981

Bollinger et al., 1984
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sdaA and sdaB were shown to be similar by hybridization
(Su & Newman, 1991), suggesting that they might be two genes
derived from the same ancestral gene. Direct nucleotide
sequence comparison of sdaA and sdaB would tell us what is the
exact level of similarity between the two genes and where
the conserved regions are. These comparisons might help to

answer some questions on the structure of L-SD.

7.2. Advantages to the cell of proteins with similar or
identical function

Normally, the products of genes which are very similar in
their nucleotide sequences, have similar functions, e.g. the
products of sdaA and sdaB. To have two or more genes coding
for proteins which have the same or similar function will give
cells several advantages in adapting to a variable
environment.

First, there may be not enough product from one copy of
the gene to meet the needs of cells in certain circumstances,
in which case multiple copies of the gene might be needed.
Second, it provides another way to regulate the expression of
some proteins. That is, cells might have several differently
requlated genes each coding for a protein of similar function.
This is true for many pairs or groups of genes that are
similar only inside the open reading frames. Their upstream
regulatory regions are very different and have been shown to

lead to different regulation of expression of the genes.
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7.3. Origin of genes with homology

It has been believed that genes with homology arose by
duplication and subsequent mutation of an ancestral gene
(Riley & Krawiec, 1987). Except for some multicopy genes which
are almost identical, the level of similarity among the
related genes will reflect the time when they arose (Riley &
Krawiec, 1987).

The products of the duplicated genes may still have the
same function as the ancestral gene, or they may have
different functions. In this way, duplication provides cells
an economical way to produce new genes.

It also should be noted that similar function among

proteins does not necessary signify nucleotide similarities in

the corresponding genes.
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MATERIALS ANRD METHODS

1. Strains, bacteriophages and plasmids
The bacterial strains used in this study, all derivatives
of E.coli K-12, are described in Table 2, as are bacterio-

phages, and plasmids.

2. Media and growth conditions

2.1. Glucose minimal medium
0.527% KH,PO,, 1.500% K,HPO,, 0.2% (NH,),SO,, 0.020% Mgso,,
0.001% CaCl,. 0.8% gelrite was added for solid medium.
0.2% sterile D-glucose was added after autoclaving. 50
pug/ml L-isoleucine and L-valine were added for strain MEW1l and
its derivatives, since these strains carry a deletion in the

ilvA gene.

2.2. NSIV medium
Same medium as described above, but 0.2% L-serine was

added to replace D-glucose as carbon source.

2.3. LB medium

1.0% Bacto-tryptone, 0.5% Bacto-yeast extract, 0.5% NaCl.

1.8% Bacto-agar was added for solid medium.
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Table 2.

Bacterial strains, phages and Plasmids

strains Genotype and/or Source or
relevant characteristics reference
A401 polA Russel &
Holmgrem
1988
A402 A401 Alac J.Bosso
culo08 ilvA L.S.Williams
MEW1 CUl1008 Alac Newman et al.,
1985a
KEC9 Cul008 ssd Newman et al.,
1982a
MEW26 MEW1 lrp::Tnl0 Lin et al.,
1990
MEW22 MEW1 sdaA::1lplacMu9 Su et al.,
1989
MEW28 MEW1l sdaA::Cm Su et al.,
1989
MEWS51 MEW28 sdaB::iplacMu9 Su & Newman,

1991
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Cont.

MEW60

SA2777

CAG18477

CAG18079

CJ236
MV1190

XL1-Blue

MEW86
MEWS87
MEW88
MEWS89
MEW90
MEW91
MEW92
MEW93
MEW94

CP41

MEWl sdaX sdaB::lplacMu9 Su & Newman,
1991

crp::Cm S.Adhya

metF159 zij-501::Tnl0 Singer et al.,
1989

fuc-3072::Tnl0 Singer et al.,
1989

dut ung /pCJ105(Cm) Bio-Rad

recA (F’ lacI?) Bio-Rad

recA” lac™ hsdR™ (F’ proAB

lacI® lacz M15, Tnl10) Stratagene Co.

MEWl ssd zij-501::Tnl0 This work

MEWl1 sdaB::1placMu9 This work

MEW1l sdaB::lacz This work

MEW28 lrp::Tnl0 This work

MEW86 sdaB::AplacMu9 This work

MEWE87 lrp::Tnl0 This work

MEW87 crp::Cm This work

MEW22 crp::Cm This work

MEW86 sdaA::Cm This work

MEW1 sdaC::iplacMu9 Lin et al.,
1992
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Cont.

CP52 MEW1 sdaC::1placMu9 Lin et al.,
1992
MEW95 CP41 1rp::Tnl0 This work
MEW96 CP52 lrp::Tnl0 This work
MEW97 CP41 sdaA: :Cm This work
MEW98 CP52 sdaA::Cm This work
MEW99 CP41 crp::Cm This work
MEW100 CP52 crp::Cm This work
Phages
M13KO7 Pharmacia
A 8C5 AL Kohara phage 457 Kohara
Pl vir E.McFall
Plasmids
pBR322 Bolivar 1977
Bluescript KS- and KS+ Stratagene Co.
pMC1871 a truncated lacZ gene carried R.K.Storms
on pBR322
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Cont.

pMES41 pPBR322 with an 8.4-kbp PstIl Su et al.,
insert from the sdaX mutant 1991
PMES60 pBluescript with 7.2-kbp This work

HindIII insert from pMES41l

pPMES61 pBluescript with 4.2-kbp This work
HindIII-Pstl insert from
PMES60

pWTB6 pBluescript with 4.2-kbp This work
HindIII-Pstl insert from
Kohara phage 457

pPWTB7 pBR322 with 4.2~kbp BamHI~- This work
HindIII insert from pWTB6

PMES63 pPBR322 with 6.8-kbp Sall This work
insert from pMES41

PMES64-66 PBR322 carrying various This work
lengths of the 6.8-kbp

Sall insert from pMES63.

PMES67 pBluescript with 8-kbp insert This work
of pMES64
PMES68-69 pBluescript carrying various This work

lengths of the 8-kbp insert

from pMES67
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Cont.

pPMES70 pBluescript with 1.1-kbp This work
HindIII insert from pMES41
pPMES71 pBluescript carrying in frame This work

fusion of the sdaB::lacZ gene

34



2.4. 2X YT medium
1.6% Bacto-tryptone; 1.0% Bacto-yeast extract; 0.5%

NaCl.

2.5. Mix medium for plasmid isolation
Minimal medium as described above; 0.2% glycerol instead
of D-glucose; 0.5% Bacto-tryptone; 0.25% Bacto-yeast extract;

0.5% NacCl.

2.6. Medium for growth of Pl phage
1.0% Bacto-tryptone, 0.1% Bacto-yeast extract, 0.8% NaCl.
1.7% Bacto-agar for plate and 0.6% Bacto-agar for top
agar. CaCl, and glucose were added to the top agar to the

concentration of 2 mM and 0.1% respectively before use.

2.7. Other additions to the media
Ampicillin was added to a final concentration of 100
Hg/ml; tetracycline, 15 ug/ml; kanamycin, 80 pug/ml and

chloramphenicol, 25 ug/ml.

3. Buffers and solutions

MC buffer: 0.100 M MgsSo,, 0.500 M CacCl,
Phosphate buffer for L-SD assay: 50 mM, pH7.5
Phosphate buffer for sequencing gel: 1 M, pH8.0

Glycylglycine buffer: 50 mM glycylglycine, pH8.0
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TE buffer: 10 mM Tris.HCl (pH8.0), 1 mM EDTA (pHS8.0)
TES buffer: 100 mM Tris.HCl (pH7.5), 5 mM EDTA and 0.1% SDS.
TAE buffer: 0.04 M Tris-acetate, 0.001 M EDTA (pH8.0)
TBE buffer: 0.09 M Tris-borate, 0.002 M EDTA (pH8.0)
Cracking buffer: 50 mM Tris.HCl1 (pH8.0), 0.8 mM EDTA (pH8.0),
1% SDS, 13.7% Sucrose, 0.01% Bromophenol blue
Z buffer (per liter): 16.1 g Na,HPO,.7H,0; 5.5 g NaH,P0,.H,0;
0.75 g KCl; 0.246 g MgSO,.7H,0, B-
mercaptoethanol. pH7.0.
Triton mix buffer: 0.4% Tritonl00, 100mM Tris pH8.0, 100mM
EDTA
X-gal solution: 20 mg/ml 5-bromo-4-chloro-3-indolyl-gB-D-
galactoside in N~N-dimethyl-formamide
ONPG solution: 4mg/ml o-nitrophenyl-B-D-galactoside in 0.1 M
phosphate buffer, pH7.0
DNPH solution: 0.025% 2,4~-dinitrophenylhydrazine dissolved in
4.1% HC1.
Acrylamide stock solution: 38% acrylamide,
2% N,N-methylenebisacrylamide.
10 M urea: 10 M urea dissolved in 1.4X TBE buffer.
20% PEG solution for single stranded DNA isolation:
20% polyethylene glycol, 3.5 M ammonium

acetate, pH7.5
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4. Enzyme assays

4.1. L-serine deaminase assay
L-serine deaminase (L-SD) was assayed in toluene-treated
cells as described previously (Pardee & Prestidge, 1955). One
unit of L-SD is defined as the amount of enzyme which

catalyzed the formation of 1 umol of pyruvate in 35 min.

4.2. p-galactosidase assay
B-galactosidase was assayed by the method described by

Miller (Miller, 1972) and is expressed in Miller units.

5. Strain constructions

5.1. Construction of ssd derivatives

In order to transduce the ssd mutation, a Tnl0 insertion
was placed near the ssd locus. This was done by first
transducing a 2ij-501::Tnl0 insertion from strain CAG18477 to
strain KECS, and then transducing the ssd mutation to strain
MEWl by cotransduction with the tetracycline resistance
marker. The presence of the ssd mutation at each s.ep was
verified by testing for ability to grow on L-serine. One ssd
mutant made in this way is known as MEWS86.

All other ssd derivatives were then made in the same way

from MEWS86.

37



5.2. Construction of lrp derivatives
lrp derivatives were created by transducing the mutant
gene from strain MEW26 lrp::Tnl0, selecting tetracycline-
resistant transductants, and verifying the phenotype by growth

on L-serine as described previously (Lin, et al., 1990).

5.3. Construction of crp derivatives
crp derivatives were made by transducing a mutant crp
gene from strain SA2777, which carries a crp::Cm" insertion,
and selecting chloramphenicol-resistant transductants. The
phenotype was verified by plating on MacConkey lactose
arabinose plates, on which crp derivatives produced white

colonies.

5.4. Construction of sdaA, sdaB and sdaC derivatives

sdaA derivatives were made by transducing sdaA::Cm from
strain MEW28 and selecting for chloramphenicol resistance.

sdaB derivatives with mutant promoters were made by
transducing from MEW51 sdaB::iplacMu9 and selecting for
kanamycin resistance.

sdaC derivatives were constructed by transducing from
CP41 or CP52 sdaC::lplacMu9 and selecting for kanamycin

resistance.
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6. Transduction and transformation

Pl-mediated transduction was carried out by the method
described by Miller (Miller, 1972).

Transformation was performed according to the method

described by Maniatis (Maniatis et al., 1982).

7. DNA isolation and restriction digestions

7.1. Plasmid DNA isolation

"Miniprep" of plasmids was carried out by the method of
Maniatis (Maniatis et al., 1982).

Larger amounts of plasmid, for use in subcloning,
deletion and sequencing, were isolated by the method used by
Lang (Lang, personal communication). 30 ml of overnight
culture in "mix medium" were harvested by centrifugation and
resuspended in 10 ml Triton mix buffer. 2 ml of 10mg/ml
lysozyme were added and the suspension was boiled for 40
seconds. After centifugation, the supernatant was treated with
RNase, proteinase K, and phenol, chloroform. Plasmid DNA was
finally precipitated with ethanol and desalted with a Sephadex

G-50 column.

7.2. Bacteriophage lambda DNA isolation
Bacteriophage 1 DNA was isolated by the method described
by Silhavy (Silhavy et al., 1984).
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7.3. Restriction digestions
Restriction enzyme digestions were carried out as

described by Maniatis (Maniatis et al., 1982)

7.4. DNA recovery from agarose gels using the Geneclean kit
(BioCan Scientific)

About 400 mg of agarose gel containing DNA was collected
in an Eppendorf tube and 800 ul of NaI solution added. The
agarose gel was melted at 50°C and 10 pl of glassmilk was
added. The tube was placed on ice for 10 min and then
centrifuged for 10 seconds. The pellet was washed 3 times with
"new wash" solution and suspended in 10 ul of TE buffer. DNA
was recovered by heat shock at 50°C for 5 min and then
centrifuged for 2 min. The supernatant containing the DNA was

transferred into another tube.

8. Deletions using Exonuclease IIIX

DNA deletion by Exonuclease III (ExolIlIl) was carried out
as described in the Erase-a-Base system from Promega Biotec,
Madison, Wisconsin. Plasmids were digested with two enzymes,
generating one 3’ protruding end and one 3’ recessive end, the
3’ recessive end being subject to ExoIII deletion. Where no 3’
protruding end could be generated by a restriction enzyme, the
3’ recessive end was protected with a-phosphorothloate

nucleotides, and then another 3’ recessive end was generated.
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Plasmid DNA, digested as above, was incubated with ExoIII
at 37°C and time points were taken at 30 second to 60 second
intervals until the required deletion has been achieved. The
DNA was then incubated with SI nuclease and then with Klenow
enzyme and dNTPs to generate blunt ends, and ligated with T4
DNA ligase.

The resulting plasmids of mixed size from each time point
were transformed into strain XLl-Blue. 3-5 transformants from
each time point were grown on LB plates and lysed with

cracking buffer. Plasmid size was determined on agarose gels.

9. Isolation of single-stranded DNA

Single-stranded DNA was isolated by the method of Su
(personal communication). 100 pl of exponential phase cells
carrying the appropriate plasmids were infected with 1 ul of
helper phage M13K07 (titre of 10 pfu/ml) and incubated for
1 hour at 37°C with shaking. Then 2ml of 2X YT medium
containing kanamycin were added and the culture incubated for
another 14-20 hours.

1.5 ml of this culture were centrifuged for 5 minutes.
1.2 ml of the supernatant were transferred to another
Eppendorf tube and 300 pyl of 20% PEG solution (pH7.5) were
added. This mixture was left at room temperature for 10 min
and then centrifuged for 10 min. The pellet was dissolved in
300 1 TES buffer, 100 ug proteinase K were added, and the

mixture incubated at 37°C for at least 60 min. The DNA was
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then extracted with phenol and chloroform and precipitated
with ethanol. The precipitated single-stranded DNA was

resuspended in 20 ul TE buffer.

10. DNA sequencing reaction
10.1. Single-stranded DNA sequencing

DNA sequences were determined by the dideoxy-chain
termination method described by Sanger et al (Sanger et al.,
1977) . The reaction was carried out by the protocol indicated
in the Sequenase™ kit from United States Biochemical
Corporation, Cleveland, Ohio. Both DNA strands were sequenced
with dGTP and one with dITP. Where there appeared to be strong
secondary structures, the second strand was also sequenced

with dITP.

10.2. Double-stranded DNA sequencing
Denaturation of about 3 pg of double-stranded DNA was
carried out in 25 pl of 0.2 M NaOH 20 mM EDTA at 37°C for 10
min. Denatured DNA was recoverd by ethanol precipitation with
0.3 M sodium acetate and rinsed with 70% ethanol.
The following sequencing reaction was performed as

described above.

11. DNA sequencing gel
The sequencing gel system used in this study was

developed by Lang (Lang & Burger, 1990).
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Fig.2 Subcloning of the sdaB gene

A 7.2-kbp HindII1 fragment from pMES41 was inserted into
the HindIII site of pBluescript, forming pMES60. A 4.2-kbp
PstI-HindII1 fragment from pMES60 was then inserted into
pBluescript, forming pMES61.

Abbreviations: H, HindIII; P, PstIl; pBS, pBluescript.
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Fig.2 Subcloning of the sdaB gene
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12. Plasmid constructions

12.1. Subcloning of the sdaB gene from sdaB sdaX-

The cloning of sdaB with a mini-Mu vector and subcloning
of an 8.4-kbp DNA fragment into pBR322 as plasmid pMES41 was
described earlier (Su & Newman, 1991).

To further subclone the sdaB gene for sequencing, pMES41
was cut with HindIII and ligated to pBluescript cut with the
same enzyme, and transformants were selected on NSIV plates
with ampicillin. The resulting plasmid, pMES60, contained 4.2-
kbp of cloned DNA and about 3-kbp DNA from pBR322. To remove
the pBR322 fragment, pMES60 was cut with PstI and HindIII and
the 4.2-kbp fragment containing the sdaB gene was isolated
from an agarose gel with Geneclean. This fragment was then
ligated into pBluescript cut with PstI and HindIII, forming
pMESGi (Fig.2). The 4.2-kbp insert on pMES61 was sequenced.

The 4.2-kbp BamHI-HindIII fragment on pMES61 was sub-
cloned back to pBR322 cut with the same enzymes, forming

pPMES62.

12.2. Subcloning of the sdaB gene from Kohara phage #457
DNA was isolated from Kohara phage #457 (Kohara et al.,
1987) and cut with PstI. An 8.4~kbp fragment was isolated from
an agarose gel. This fragment had been demonstrated to

hybridize with a clone of the sdaB gene (Su & Newman, 1991)

and therefore was likely to be the same fragment cloned on
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Fig.3 Subcloning of sdaB from Kohara phage #457

A 8.4-kbp PstI fragment was first isolated from Kohara
phage #457 DNA. This DNA fragment was cut with HindIII and a
4.2-kbp fragment was then isolated. This PstI-HindIIIl fragment
was inserted into pBluescript cut with PstI and HindIII,
forming pWTB6. A 4.2-kbp HindIII-BamHI fragment from pWTB6 was
then inserted into pBR3.2, forming pWTB7.

Abbreviations: H, HindIII; P, Pstl; B, BamHI; pBS,

pBluescript.
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PMES41 but originating from a wild-type strain background.
The 8.4-kbp Pstl fragment was cut further with HindIII.
A 4.2-kbp HindIII-PstI fragment was isolated from an agarose
gel and subcloned into pBluescript, forming plasmid pWTB6. The
wildtype sdaB gene on pWTB6 was then subcloned into pBR322
(Fig.3).
About 300 nucleotides upstream of the sdaB ATG

translation start site were sequenced from pWTB6.

12.3. Deletion analysis of the sdaCB operon

pMES41 was cut with Sall and a 6.8-kbp fragment was
isolated from an agarose gel. This fragment was ligated to
PBR322 cut with the same enzyme and transformed. Plasmids were
isolated and digested with EcoRI to check the orientation of
insertions.

pPMES63, the plasmid with an 6.8-kbp SalIl insert, oriented
such that the EcoRI site on the fragment was located very
close to the one on the vector, was used to further deletion
analysis (Fig.4). This plasmid was first cut with BamHI and
treated with Klenow and a-phosphorothioate nucleotides, and
cut again with BglII. ExoIII deletion on this plasmid was
carried out as described above. Three resulting plasmids,
pMES64, pMES65 and pMES66, still support growth on L-serine,
were much smaller than the starting plasmid pMES63. The insert
on pMES64 is about 3.7-kbp, while the one on pMES65 is about

3.2-kbp and on pMES66 is about 2.7-kbp (Fig.5).
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Fig.4 Subcloning of the 6.8-kbp Sall fragment

A 6.8-kbp Sall fragment was isolated from pMES41l. This
DNA fragment was then inserted into the Sall site of pBR322,
forming pMES63.

Abbreviations: H, HindIII; E, EcoRI, S, Sall; P, PstI.
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Fig.5 Deletion analysis of the sdaCB operon

Plasmid pMES63 was cut with BamHI. The resulting linear
DNA fragment was treated with Klenow enzyme and a-
phosphorothiocate nucleotides. This DNA fragment was then cut
again with BglII and deletion by exonuclease III was performed
at 37°C. Partially deleted plasmids were 1ligated and
transformed. Three smaller plasmids produced in this way,
pPMES64, pMES65 and pMES66, were isolated.

Abbreviations: H, HindIII; E, EcoRI; S, Sall; P, PstI;

Bg, BglIIl; B, BamHI; Exo III, exonuclease III.
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Fig. 5 Deletion analysis of the sdaCB operon

52




12.4. Construction of sdaB or sdaC deletion on plasmid

To test whether there is an activator gene upstream of
sdaC, plasmids with a deleted sdaB gene were constructed. This
was done by ExoIII deletion, since no suitable restriction
enzyme sites were available.

In order to do ExoIII deletions and subsequent
sequencing, the plasmid, pMES64, was first inserted into the
polycloning site of pBluescript. To do that, pMES64 was cut
with SalIl and ligated to pBluescript cut with the same enzyme.
The orientation of the insert in one resulting plasmid,
PMES67, was checked by restriction digestion.

ExoIII deletion was carried out on plasmid pMES67
digested with SacI and Xbal. Two smaller plasmids that did not
support growth on L-serine were isolated. One plasmid, pMES68,
was sequenced using an M13 primer and was found to have 172
pases (46 amino acids) deleted from the end of the sdaB gene
(Fig.6) . Another plasmid, pMES69, was found to have the entire

sdaB gene and 170 bases from the end of the sdaC gene deleted.

12.5. Subcloning of the 1.1-kbp HindIII fragment
The plasmid pMES41 was cut with HindIII and a l.l-kbp
fragment was isolated from an agarose gel. This fragment was
then ligated to pBluescript cut with HindIII. One of the
resulting plasmids was known as pMES70 (Fig.7).
Deletion of plasmid pMES70 and sequencing of the 1l.l-kbp

fragment were carried out as described above.
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Fig.6 Construction of a plasmid carrying a sdaCB deletion

Plasmid pMES64 was cut with Sall and inserted into the
Sall site of pBluescript, forming pMES67. pMES67 was then
digested by SacI and Xbal. The digested plasmid DNA was
partially deleted by exonuclease III and two resulting
plasmids were isolated. In the case of plasmid pMES68, 138
nucleotides from 3’ end of sdaB were deleted on pMES68 and
entire sdaB. For plasmid pMES69, 170 nucleotides from 3’ end
of sdaC were deleted.

Abbreviations: E, EcoRI; H, HindlII; S, Sall; X, Xbal;

pBS, pbluescript.
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Fig.7 Subcloning of the l.1-kbp HindIII fragment

Plasmid pMES41 was cut with HindIII and the 1.1-kbp
HindIII fragment was isolated. This fragment was then inserted
into the HindIII site of pBluescript.

Abbreviations: H, HindIII; P, PstI; pBS, pBluescript.
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Fig. 7 Subcloning of the 1.1-kb HindIII fragment
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13. Construction of a fusion of lacZ to the wildtype sdaB gene

Plasmid pMC1871 was digested with SalIl and the fragment
containing the truncated lacZ gene was isolated from an
agarose gel. This fragment was then treated with Klenow enzyme
and dNTP mix to make blunt ends. This lacZ-containing fragment
was ligated to an EcoRV fragment of pWTB6, which contains the
wildtype sdaB gene cloned from Kohara phage #457. The ligation
mix was transformed into strain MEWl and plated on LB plate
with X-gal and ampicillin. Plasmids from blue colonies on X-
gal plates were isolated and checked by restriction enzyme
digestion.

This resulted in an in-frame fusion of lacZ at codon 63
of sdaB controlled by the wildtype promoter. One of the

plasmids was known as pMES71 (Fig.8).

14. Transfer of the sdaB::lacZ fusion to the E.coli chromosome
Plasmid pMES71 was used to transform a polA- strain A402,
a lac” derivitive of A401, and plated on LB plates with X-gal
and ampicillin. Since the plasmid could not replicate in a
polA- background, colonies grown on the selection plate
should be cells with plasmids inserted into chromosome by
homologous recombination (Winans et al., 1985). Transformants,
which are ampicillin resistant and blue on X-gal plates, were
infected with a Pl phage lysate made on strain CAG12078
(Singer et al., 1989), which carries a Tnl0 at 60.5 min. P1

phage lysates were then made on a tetracycline, ampicillin
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Fig. 8 In vitro construction of the sdaB::lacZ fusion

A Sall fragment carrying a truncated lacZ gene was
isolated from pMC1871. This fragment was treated with Klenow
enzyme and dNTP mix. The treated DNA fragment was then
inserted into pWTB6 cut with EcoRV, forming pMES71.

Abbreviations: S, Sall; H, HindIII; P, Pstl; Ev, EcoRV.
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Fig. 8 Construction of the sdaB::lacZ fusion in vitro
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resistant lac* strain. This lysate was used to transduce lac*
and tet-resistance to strain MEW1l, and an ampicillin-sensitive

transductant, MEW88, was selected for further study.

15. Site-directed mutagenesis

Plasmid pWTB6 contains a 4.2-kb PstI-HindIII fragment
cloned from Kohara phage #457. A synthesized oligonucleotide
was used to convert the cytosine at 13 bases upstream of sdaB
on this plasmid to an adenine.

To do this, strain CJ236 with plasmid pWTB6 was infected
by helper phage M13K07. Infected cells were grown overnight in
LB medium containing chloramphenicol and ampicillin. The
uracil-containing single-stranded DNA was isolated from the
supernatant of the culture by the method described above
(Section 9). This ssDNA was annealed with the synthesized
0ligo-TTTTAACG*AGATGTATTTC, which corresponds to the sequence
at sdaB ribosome-binding site region. *A indicates the
mutation that would be introduced into the wildtype clone of
the sdaB gene, which was seen in the clone obtained from the
sdaX mutant strain. The site-directed mutagenesis process was
carried out as described by Kunkel (Kunkel, 1985), using a
Muta-Gene mutagenesis kit (Bio=-Rad).

Ligated plasmids after mutagenesis were transformed into
strain MV1190 and plasmids were isolated from the
transformants. Eight such plasmids were sequenced using a

synthesized primer, ATCGAAATCAACAAGC, which corresponds to the
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sequence 305 bases upstream of ATG translation start site of
sdaB gene. Among the eight plasmids sequenced, two plasmids

were found carrying the expected mutation.

16. Computation on sequence analysis

Computation to search for similar sequences was performed
at NCBI using the BLAST network service.

Sequence comparisons were carried out using FASTA program
(Pearson et al., 1989).

Searching for possible open-reading frames in the
nucleotide sequences was carried out by the method developed
by Kolaskar and Reddy (Kolaskar & Reddy; 1985).

Analysis of transmembrane helices in the protein was
performed using the methods of Rao and Argos (Rao & Argos;

1986) and Eisenberg et al. (Eisenberg et al., 1984).

17. List of abbreviations used in this thesis

L-SD: L-serine deaminase

DTT: Dithiothreitol

Cl: one-carbon

CcAMP: cyclic AMP

Lrp: Leucine-responsive regulatory proteirn
Crp: cyclic AMP receptor protein

Kbp: Kilobase-pair

16S rRNA: 16S ribosomal RNA (S, Sedimentation

coefficient)
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RESULTS

E.coli makes two L-serine deaminases (L-SD). The sdaA
gene has been demonstrated to be the structural gene for the
first L-serine deaminase (L-SDl) (Su, et al., 1991), which is
made by cells grown in both glucose-minimal and LB medium. An
sdaA null mutant shows no L-SD activity in glucose-minimal
medium, but still has a considerable amount of L-SD activity
in LB medium (Su & Newman, 1991), suggesting that in rich
medium E.coli makes another L-SD.

The experiments in this thesis concern the second L-SD
gene, sdaB. In earlier work from this laboratory, the sdaB
gene was cloned. To do this, a mutant was isolated in which
the second L-SD (L-SD2) was expressed in glucose-minimal
medium due to a regulatory mutation known as sdaX. The sdaB
gene was then cloned from this mutant strain (Su & Newman,
1991).

The results section begins with the determination of the
sequence of the sdaB gene, as cloned from the sdaX mutant. The
sdaB gene is shown to be very similar to sdaA. The precise map
position of sdaB in the E.coli chromosome is determined by the
discovery that the sdaB clone contains some of the fucose
operon, which locates the fucose operon immediately downstream
of the sdaB gene, with a possible open-reading frame, orfXx,

between sdaB and fucO.
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The next experiments show that the regulatory mutation
which established SdaB synthesis in glucose-minimal medium is
due to a change in the sdaB ribosome-binding site. This was
determined by comparing the upstream sequences of the sdaB
gene from wildtype and mutant clones, and was further
comfirmed by constructing this mutation from the wildtype sdaB
clone by site-directed mutagenesis and showing that this is
sufficient to reproduce the mutant phenotype.

Further experiments demonstrate that the expression of
the two genes coding for L-SD are requlated in very different
fashion. The expression of the sdaB gene is shown to be
regulated by cyclic AMP and cAMP receptor protein (Crp). sdaB
differs from sdaA also in that the expression of sdaB is not
regulated by the ssd gene product and the product of the Irp
gene has no, or very little, effect on the expression of the
sdaB gene. Moreover, the expression of the sdaB gene is not
affected by a variety of environmental factors influencing
sdaA transcription.

I will then show that the sdaB gene is the 3’ gene in an
operon which consists of two genes, with the newly recognized
sdaC gene situated upstream of the sdaB gene. As judged by its
sequence, the sdaC gene 1likely codes for a transmembrane
protein and may share a common ancestor in early evolution
with the tdcC gene. The SdaC protein likely functions as a

transport protein, probably for L-serine.
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Part 1: Subcloning and sequencing of the sdaB gene.

l1.1. Subcloning of the sdaB gene.

The sdaB gene was cloned from the sdaX mutant strain
using the miniMu in vivo cloning method (Su & Newman, 1991).
An 8.4-kbp PstI fragment was subcloned into pBR322 from the
miniMu r-,licon. As would be expected for DNA carrying the
sdaB gene, this 8.4-kbp fragment conferred the ability to
synthesize L-SD in LB medium. However, the L-SD activity was
also seen in minimal medium, although the level was much
lower. This suggested that sdaB and sdaX are on the same
fragment, and that sdaX may be a mutation within the sdaB
gene.

The sdaB plasmid hybridizes well with the sdaA gene,
further suggesting that it carries a gene homologous to sdaa,
i.e. that the plasmid carries the sdaB gene which is similar
enough to the sdaA gene thac it likely codes for the second L-
serine deaminase (Su & Newman, 1991). It therefore seemed
worthwhile to sequence the sdaB gene i.e. part of the 8.4-kbp
fragment.

In order to sequence the sdaB gene, I first subcloned
from pMES41 the 7.2-kbp HindITI fragment, which consists of
the 4.2-kbp HindIII-PstI fragment from the 8.4-kbp fragment
and a 3-kbp fragment from pBR322, to a phagemid pBluescript.
Since this subclone conferred the ability to make L-SD, the

sdaB gene should therefore be located on this 4.2-¥bp HindIII-
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PstI fragment. This fragment was then subcloned into
pBluescript, forming pMES61 (for details, see Material and
Methods) .

1.2. The sequence of the sdaB gene.

The 4.2-kbp HindI1I-Pstl fragment on pMES61 was sequenced
from both DNA strands after deletion by Exonuclease III. This
sequence- a total of 4236 nucleotides in length- is presented
in figure 9 in the direction from HindIII to PstI.

Analysis of this sequence revealed two complete open-
reading frames. The first open-reading frame starts with an
ATG at nucleotide 971 and ends with a TAA at nucleotide 2338,
coding for 455 amino acids. The second open-reading frame
starts with a GTG at nucleotide 2449 and ends with a TAA at
nucleotide 3204, coding for 251 amino acids.

I searched for sequences similar to the sequence presented
in figure 9 using the Blast network service of NCBI in Augqust
1992, It was found that the sequence around the first open-
reading frame in the 4.2-kbp fragment is extremely similar to
the sdaA sequence. I therefore propose that this open-reading
frame codes for the structure of the SdaB protein.

Thhere is no obvious similarity found between the
sequences in the gene bank and the 855 bp open-reading frame,

orfX. This therefore remains unidentified.
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Fig. 9 DNA sequence of the sdaB gene and surrounding area.
This DNA sequence 1is derived from the 4.2-kbp DNA
fragment inserted in pMES61. The possible ribosome-binding
sites and transcriptional terminators are underlined. The
sequence from PvuIl to Pstl is identical to that of fucO which

has been published (Chen et al., 1989).
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CTTCATGTCTCACCAGCTGCGTATGACGCCACCGCCGCGTGCGATICTGTCGCTGATCCTGATCGTGGGTATGATGACC
ATCGTTCGCTTCGOTGAGCAGATGATCGTTAAAGCGATGAGTATTCTGGTATTCCCGTTTGTTGGCGCTACTGATGCTGCTGGCTCTGTAC CTGATCCCG

CAGTGGAACGGCGCTGCACTGGAAACGCTGTCTCTGGACACTGCATCTGCAACCGGAMCGGTCTGTCGATGACCCTGTGGCTGGCAATL LCGGTAATG

GTGTTCTCGTTCAACCACTCTCCGATCATCTCTTCTTTCGCCGTTGCGAAGCGTGAAGAGTACGGCGATATGGCAGAACAGAAATGCTCGAAGATCCTG
GCATTCGCACACATCATGATGGTGCTGACCGTAATGTICTTCGTCTTCAGC TG TG TACTGAGCCTGACTCCGGCAGACCTGGCTGC GGCTAMAGAGCAG
AACATCTCGATICTGTCTTACCTGGCTAACCACTTTAACGCACCGGTTATCGCGTGGATGGCTCCGATTATCGCGATTATCGCTATCAC CAAATCCTTC
CTCGGTCACTACCTGGGCGCACGTGAAGGCTTCAAC GGTATGGTGATTAATCTCTGCGTGGTAAGGTAAGTCTATCGAAATCAACAAGCTGAACCGT
ATCACTGCGCTGTICATGCTGGTAACGACCTGGATTGTTGCCAC CTGAACCCGAGCATCCTGGGTATGATTGAAACCCTGGGCGGTC CAATCATCGCG
ATGATCCTGTTCCTGATGCCGATGTACGCAATTCAGAAAGTACCGGCAATGCGTARGTACAGCGGTCACATCAGCAACGTATTCGTTGTCGTGATGGGT

mmumcmmAmAmummcccccmccacoccccrrccrcccmnccnmmrmcr
start of sdaB
M I s VP DI P X1 GI GP S S S HTUVG?PMHEKN ANGTE XS GQTPTODODL
A’I‘GAT!AGCGTATI’CGATAW’I‘CGGCATPGGCCC‘I'I‘CCA(?I'I‘C‘I’CATACCGI‘NGACCMTGMAGCGGG‘I‘MACMTPI‘ACCGACGATCTG
I AR NULULIXDV TRV VYV DVYG6G S LSULTGIXKXGHEHTHDTIATITI
ATTGCCCGTAACCTGCTTAAAGACGTGACCCGCGTGGTGGTTGACGTGTACGGCTCGCTCTCTCTGACCGGTAAAGGCCACCACACTGATATCGCCATT
I M GL A GNULZPDTUVDTID S I P S ? I QDV N THGU RTILMHETLA
ATIATGGGCCTGGCGGGTMCCTGCCGGATACCGTGGATATCGA’I'I’CCATCCCCAGTmATrCAGGATGICMTACI‘CATGGTCGCCI‘GATGCPGGC-\
N G Q B E V BEF P VD QCMNDPHEADNTILS STLU EENGMZPBRITA AWV
AACGGTCAGCATGAAGTGGAGTTCCCGGTTGATCAGTGCATGAACTTCCACGCCGH L AACCTTTCTCTCCATGAAAACGGTATGCGCATTACCGCCETG
A GDK V V Y S QTY Y S I GGG ? I VDEZRUETPGOQOGQTDTSATZPUV
GCGGCCGATAAGTCGTITACAGCCAGACTTACTACTCTATTGGCGGTGGCTTTATCGTTGATGAAGAGCATTTTGGCCAGCAGGATAGCGCACCGCTT
BE VvV P Y P Y S S A ADULOGQZ KU HTCOGQTE2TGUL SLS G L MMUEKU©NDUV A
GAAGTICCTTATCCGTACAGTTCAGCAGCCGATCTGCAAMAACATTGTCAGGAAACCGGGCTGTCACTCTCTGGCCTGATGATGAAAAACGACGTGGCG
L B S K EELE Q EL A NUVWZEV MHMRGGIIPERSGTISTUR2GUVIL?P
CTGCACAGCAAAGAAGAGCTGGAACAGCACCTGGCGAACGTCTGGGAAGTCATGCGCGGCGGTATTGAGCGCGGTATTTCCACCGAAGGCGTGTTGCCT
G K L RV P RRADMAMLURRMILUYS QDX XTTTUDGP M AV YV DWW I
GGCAMCTGCGTTCCACGCCGTGCGCTGCGGCACTACGCCGGATGCTGGTCAGCCAGGATAAAACCACCACTGACCCGATGGC GGTTGTTGACTGGATC
N M F AL AV NEENALAMG GR RUYVVYTAPTNG" > CGI I P AV L
AACATGTTTGCACTGGCAGTGAACGAAGAGAACGCTGCTGGCGGTCGCGTGGTGACTGCGCCGACTAACGGTC  TGCGGGATTATCCCGGCAGTTCTG
A Y Y D K P I RE VN ANSULARTYILULVASATISG STIL Y KX N A
GCGTACTACGACAAGTTTATCCGCGAAGTGAACGCTAACTCACTGGCTCGTTACCTGCTGGTAGCCAGCGCCATTGGTTCICTTTATAAGATGAACGCG
S 1 8 G A EBE YV GC QG EV GV AC S M AMANAAGLANMTETLTILTGTGHNIR RA
TCGATTTCTGGTGC TGAAGTGGGTTGCCAGGGTGAAGTTGGCGTGGCGTGCTCAATGGCGGCGGCTGGTCTGGCAGAACTATTAGGCGGCAACCGGGCG
Q VC I A A EI GMEBHBNILGULTOCDU®PVAGQV QUVP C11 2 RN
CAGGTGTGCATCGCGGCGGAMATCGGCATGGAGCACAACCTCGGTCTGACGTGTGACCCGGTCGCCGGACAGGTACAGGTGCCATGCATCGAGCGTAAC
A I A A Y K A VN AARMALR RIRTSZEPR RV -CLDIEKXKUVIUETMHY
GCCATTGCGGCAGTAAAAGCGGTGAACGCCGCACGTATGGCGCTGCGCCGTACCAGCGAGCCGCGCGTCTGCCTCGATAAAGTTATCGAAACCATGTAC
E T G K D M N A K YR ET SR G G L A KX I V A C D »
GMACAGGTMAGATNI’GMCGCCMGI‘ACCGCGMACCTC’I‘CGCGGCGGCCTGGCAATGMGATCGI'X‘GCCTGCGATIMTCTGCTCCMAGGCCTC_G‘_P
start of orfX
vV AV
TTTGCGAGGCCTCTICCCGATTICTCATCCAGCCGTAGCCTGTTCCGCCATCGAATGTTACCCTTATCGCCTGATCTTTAAGGGGGTTATCGTGGCTGTT
H L L I vV D A L NTLTIRURTIMBAVQGS P CV ETCQUBHBANILDOGQL
CATTIGCTTATTGTCGATGCACTGAATCT IATTCGTCGCATTCATGCCGT T CAGGGGTCGCCCTGTGTCGAAACCTGCCAGCATGCGCTCGATCAGCTC

I M # S Q P T H AUV A V P DDENU RS S G W R HBH Q R L P DY X A G
ATTATGCACAGCCAGCCAACCCACGCGGTCGCCOTT T TTGATGATGAAAACC GCAGTAGCGGCTGGCGTCATCAGCGTTTACCAGATTACAAAGCGGGT
R P P M P E 2 L HDEBEMUPALA RAANATPFUEQGQRGU VP CHW S TS G N E
CGACCGCCAATGCCGGAAGAGTTGCACGACGAGATGCCTGCATTACGCGCCGLCTTTGAGCAACGCGGCGTCCCGTGCTGGTCAACCAGCGGCAACGAA
A D DL AATTLAVEKVYTQAGU EQATTIUVSTDIZ EKSGYCQLL S
GCCGATGACTTAGCCGCCACGCTGECGGTCAAMAGTGACACAGGCCGGGCATCAGGCAACCATTIGT T TCGACAGATAAAGGCTACTGTCAGTTACTTTCA
P T L R I R DY P Q X R W L D AUPUP I DXUEF GV QP Q Q1L ? D Y
CCGACATTACGTATICGTGATTACT T CCAGAAACGT TGGCTGGATGCGCCAT T TATCGATAAAGAA T TGGCGTTCAACCGCAGCAGTTGCCCGATTAC
Pvull
W 6 L AG I s s 8§ XKV P GV A G1I G P K S A TOQUL L VEUPO QS L ®
TGGGGACTTGCGGGCGATCAGCAGTTCAAAGGTACCGGETGTTGCGGGAATCGGACCAAAAAGCGCCACGCAGC TGCTGGTCGAGTTICAGAGTCTGGAA
G I Y B N L D AV AE X W R K X L 2 THUZ KU EMATF L CRD I A R L
GGGATATATGAGAATCTGGATGCGGTTGCCGAAAAGTGGCGCAAAAAATTAGAAACCCATAAMGAGATGGCGTTTCTGTGCCGCGATATIGCCCGCTTA

Q T D L B I D G N L Q@ @Q L R L V R -«
CAAACCGATTIGCATATCGACGGCAATTTACAGCAATTIGCGGTTGGTACGGTAACGCGCGAGCCGGATALGCCGCAACGTCGTATCCGGCATTATCACA

79
78
17
376
475
574
673
772
871
970

1069
1168
1267
1366
1465
1564
166)
1762
1861
1960
2059
2158
2257

2357

2457

2556

2655
2754
2851

2952

3051

3150

31249



end of fucO
* W A T HBE YL R VY I DEBLTAZEZRUDPUNGGTOCVYVY DOIDL A A

TCAGCGCAT  TTACCAGGCGGTATCGTAAMGCTCTACAATATCCTCAAGCGTTGCTICACGCGCGTIGCCACCGETACAAACATCATCCAGTGCCGE
Q AL AP I DEXRVY GV DRIULIXZEP? P I G VY DRDELAT? YV ARV A
GGAATAC

CTGCGCCAGTCCCCGAATGTCTTCCTICCGCTACACCAACATCACGCAMTGTGGC CACCGCTTCAACAGC
A ¥ R A R X2 L S8 MG E V X V G NV R AIDURYIZ XTZ2GTO?PODADNTUTYR
GGCATTACGCGCCICTTCCAGGCTCATACCTICCACTTICACGCCCATAACGCGCGCGATATC! GTCAGCGTTATAACG

M VvV B »P L LI ANAYV GEP T TY P AGLUPDEAMNGT EVGYVYLGLGYVY

CATGACATGCGGTAACAGGATGGCGTTCGCAACACCCTGTGGAGTGGTATAAAACGCGCCCAGTGGATGCGCCATACCATGCACCAACCCTAACCCAAC
N 8 2 G M G A V Y Q GL A M ER®2 G ADIXDGA AV S GRL AGATITI
ATTCGAGAAGCCCATACCCGCAACATACTGCCCGAGCGCCATTTCTICTCCGGCATCCTTATCACCAGCAACCGATCCTCGCAGCGCCCCAGCAATGAT
B I A X I HL ADTULAWAGU RTIIVYGETI ADLETUILANADVGCTAA>MN
TTCAATCGCTTTAATGTGCAGTGCATCGGTTAGCGCCCACGCGCCACGGGTAATATACCCCTCAATAGCATGAGTGAGCGCATCGACACCCGTCGCAGS
XK L AP P MG DX NDADTIUPY AV QP I DBHEPDV CV P XKRRTIXTE
TTICAGCCGCTGGAGGCATACCATCCATCATGTCAGCGTCAATAAACGCCACCTGCGGGATATCATGC GGATCAACGCAAACAAA CTTGCGCCGTTTCTC
E DT 1V Y R I TV EAATGAT TP I ALII PV S P XK NTUP S 1
TTCOTCACTGATCACGTAGTTAATGGTCACTICTGCCGCAGTACCTGCTG TGGTAGGAATTGCCAGAATCGGTACACTGGGTITATTIGCTCGGGGAAAG
G B L 8 R VDAPYEREP NNRGS I I GC I AKCTDAQPSGG GG I ATIL

CCCTTCCAGGCTACGCACATCGGCAAACTCCGGGTTGTTGCTGATAATGC CAATCGCTTTACAAGTATCCTGTGGAGAACCACCACCAATAGCGATCAG
Y DA GS N Q P VGL GER XV VT I TPNZPVYV GD Y I A YA ALSG

GTAATCCGCGCCGCTATTCTGGMTACACCGAGCCCTTCTTIGACGACAGTAATGGTTGGGTTGGGCACTACGCCGTCGTAMATCGCCCATGCCAGCCE
Patl

A
IGCAG 4236

3348
47
3546
3645
3744
3843
3942
4041
4140
4231

Fig. 9 DNA sequence of the sdaB gene and surrounding area.
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1.3. A DNA sequence comparison of sdaA and sdaB

The sdaA gene was originally considered to start from an
ATG followed by an open reading frame encoding 448 amino acids
(Su et al., 1989). This sequence was slightly revised later
using a GTG start codon which is further upstream than the ATG
that had been originally predicted to be the start codon of
sdaA. The revised start site of sdaA also provides for an
appropriately placed consensus Shine-Dalgarno sequence in its
ribosome-binding site. The new start site is supported by the
results of an Edman degradation of the N-terminus of L-SD1 (Su
et al., 1993).

I, therefore, compared the sequence of the sdaB open-
reading frame of the 4.2-kbp fragment with that of the revised
sdaA sequence using the FASTA program (Pearson, 1988), and
found 73% identical nucleotides within the 1368 nucleotides
open-reading frame and the sdaA gene. The high similarity
between sdaA and sdaB is consistent with the fact that the
sdaB plasmid hybridized with the sdaA gene (Su & Newmen,
1991). Since sdaA has been proven to be the gene coding for L-
SD1 (Su et al., 1993), it seems clear that the sdaB sequence
reported here codes for L-SD2.

A comparison of the upstream sequence of the two genes
indicated no significant similarity (Fig. 10). This was
expected from the fact that the requlation of the two genes is
very different, while the enzyme activity coded by the sdaA

and sdaB genes is very similar (Su & Newman, 1991). The
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sdaA

sdaB
sdaA
sdaB
sdahA

sdaB

sdaA
sdaB
sdaA
sdaB
sdaA

sdaB

TAGTTAAGCCAGTCGCCGCGTTCCCTCTTACACTATGCGCTGTTATTAGTTCGTTA

ATCTCCGCAATCTTCTACTCTCTGTTCAGCTAAGTCCTTTCGCGCCGCCTTTCGGG

CTGGAAGTCCAGTCACCTTGTCAGGAGTATTATC GTGATTAGTCTATTCGACATG

CGGCGCTTCCTCCGTTTTAACGAGATGTATTTCCTATGATTAGCGTATTLGATATT

TTTAAGGTGGGGATTGGTCCCTCATCTTCCCATACCGTAGGGCCTATGAAGGCAGG

) o e s s s - e e s seseecesws o0 e s 0 . es oo
. oo o8 o

* e « s » .
s s e e e ® s e0e o= o e o8 ses oo o HE

TTCAAARATCGGCATTGGCCCTTCCAGTTCTCATACCGTTGGACCAATGARAGCGGG

A. A comparison of sequences upstream of the sdaA and
sdaB gene coding regions. The translation start sites
are underlined. Identical residues indicated with a :
and gaps indicated with a - in this and subsequent

figures.

GAAACCGGTAAGGACATGAACGCCAAATACCGCGAAACCTCACGCGGTGGTCTGGC

g3 22ste ss sesececrzese e esss0 00 esuson e o s ee o8 esese
HE ® sss e ¢ s e s re0 e s eoesve se e0seoe

GAAACAGGTAAAGATATGAACGCCAAGTACCGCGAAACCTCTCGCGGCGGCCTGGC

AATCAAAGTCCAGTGTGACTAATACTTCTTACTCGCCCATCTGCAACGGATGGGCG

a0 e e ¢ 3 3 * ® ] e s
R . HH . . H e o LI

AATGAAGATCGTTGCCTGCGATTAATCCGTCTCCAAAGGCCTCGTTTTGCGAGGCC

ARTTTATACCCGCTTTCTCGTCTGCTGTAATATTCCCCACTACACTTCCACTGTTG

] .. . e e . . - o8 . . . .
. . e . e . . . . .e . . . .

TCTTCCCGATTTCTCATCCAGCCGTAGCCTGTTCCGGCATCGAATGTTACCCTTAT

B. A comparison of sequences downstream of the sdaA and
sdaB gene coding regions. The translation stop sites

are underlined.

Fig.10 Sequence comparison of the regions upstream and

downstream of the sdaA and sdaB gene coding region
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sequences downstream of the two genes are different as well

(Fig.10).

1.4. A comparison of the amino acid sequence of SdaA and SdaB

A comparison of the amino acid sequence of L-SD1 and L-
SD2 deduced from their DNA sequences, using the FASTA program,
showed that there are 76.5% identical amino acids between the
two proteins (Fig.l11l). The similarity extends through the
whole length of both proteins, suggesting that the entire
structures of L-SD1 and L-SD2 are very similar.

The sdaA gene codes for 454 amino acids, while the sdaB
gene codes for 455. The added amino acid is very close to the
C-terminus in an area which seems to be relatively unimportant
for L-SD function as judged by characteristics of fusion

proteins (Su et al., 1993).

1.5. Map position of the sdaB gene

The sdaB gene was previously mapped at 60.1 min by
conjugation and Pl phage mediated transduction (Su & Newman,
1991). This map position was further supported by the fact
that the sdaB-carrying plasmid hybridizes with Kchara phage
457 (Kohara et al., 1987), which carries a fragment of the
E.coli chromosome from the 60.1 min area (Su & Newman, 1991).

Examination of the sequence downstream of sdaB (Fig. 9)
allowed a more precise localization of sdaB. In that sequence,

the putative stop site of the sdaB gene is followed by =~
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sdaB
sdaA
sdaB
sdaA
sdaB
sdaA
sdaB
sdaA
sdaB
sdaA
sdaB
sdaA
sdaB
sdaA
sdaB

sdaA

MISVFDIFKIGIGPSSSHTVGPMKAGKQFTDDLIARNLLKDVTRVVVDVYGSLSLTGKGH

-------------------
-------------------

VISLFDMFKVGIGPSSSHTVGPMKAGKQFVDDLVEKGLLDSVTRVAVDVYGSLSLTGKGH

ooooooooooooo

HTDIAIIMGLAGNLPDTVDIDSIPSFIQDVNTHGRLMLANGQHEVEFPVDQCMNFHADNL

---------------------
---------------------

HTDIAIIMGLAGNEPATVDIDSIPGFIRDVEERERLLLAQGRHEVDFPRDNGMRFHNGNL

SLHENGMRITAVAGDKVVYSQTYYSIGGGFIVDEEHFGQQDSAPVEVPYPYSSAADLQKH

oooooooooooooooooooooooo
------------------

PLHENGMQIHAYNGDEVVYSKTYYSIGGGFIVDEEHFGQDAANEVSVPYPFKSATEL LAY

CQETCLSLSGLMMKNDVALHSKEELEQHLANVWEVMRGGIERGISTEGVLPGKLRVPRRA

H 2 s e e e . .

CNETGYSLSGLAMQNELALHSKKEIDEYFAHVWQTMQACIDRGMNTEGVLPGPLRLPRRA

AALRRMLVSQDKTTTDPMAVVDWINMFALAVNEENAAGGRVVTAPTNGACGIIPAVLAYY

oooooooooooooooooooooooooooooooooooooooooo
ooooooooooooooooooooooooooooo

SALRRMLVSSDKLSNDPMNVIDWVNMFALAVNEENAAGGRVVTAPTNGACGIVPAVLAYY

DKFIREVNANSLARYLLVASAIGSLYKMNASISGAEVGCQGEVGVACSMAAAGLAELLGG

M 4 ® 8 @ 8 6 ® 5 2 0 ¢ 0 e s 0 0 s s 0 s
ooooooooooooooooooooooooooooooooooo

DHFIESVSPDIYTRYFMAAGAIGALYKMNASISGAEVGCQGEVGVACSMAAAGLAELLGG

NRAQVCIAAEIGMEHNLGLTCDPVAGQVQVPCIERNAIAAVKAVNAARMALRRTSEPRVC

--------------------------------
ooooooooooo

-------------------------------

SPEQVCVAAEIGMEHNTGLTCDPVAGQVQVPCIERNAIASVKAINAARMALRRTSAPRVS

LDKVIETMYETGKDMNAKYRETSRCGLAMKIVACD

----------------------------
oooooooooooooooooooooooooooo

LDKVIETMYETGKDMNAKYRETSRGGLAIK VQCD

Fig.ll A comparison of the amino acid sequence of the SdaB

and SdaA proteins.
This comparison was performed with the FASTA program

(Pearson, 1988).
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possible open-reading frame, orfX. Further downstream I found
the coding region of the fucose operon, with the fucO gene
reading in the opposite direction from the sdaB gene and orfX
(Fig.9, Chen et al., 1989).

The fucose operon has been mapped at 60.2 min by
conventional methods (Bachmann, 1990; Chakrabarti et al.,
1984). Our sequence thus locates sdaB exactly with respect to
the fuc operon, and is in accord with the map position of both
the fucose operon and the sdaB gene as determined by
conventional mapping.

The EMBL and Genbank databases regqularly release a
compilation of E.coli sequences containing updated information
on map locations of these sequences. According to the release
of 13 November 1992, the sdaB gene must be located between
metZ at 60.2 min and fucO at 60.3 min. On this map, 0.01 min
corresponds to 472 base pairs, so that there must be
approximately 5 kb between metZ and fucO. Whereas the sequence
of sdaB has now been precisely linked to the fucO gene, the
sequence between metZ and sdaB still has a gap of 2000 bp (or
less). These relationships are indicated in figure 12 which
presents the restriction map and gene organization in this

area of the E.coli chromosome.
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Fig.12 Organization of genes in the 60.3 minute region of
the E.coli chromosome.

The map location of fucO gene and metZ gene is specified
according to the information released by EMBL and GenBank
databases in November 1992.

Abbreviations: P, Pstl; H, HindI1I; S, Sall; Pv, Pvull;

B, BamHI; E, EcoRI.
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60.2 min 60.3 min 60.4 min

55005
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metZ (7) ;
- sdaC sdaB
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orfX
s—)

fucO fucA
n——

fucP fucl fucK

L

Fig. 12 Organization of genes in the 60.3 minute region

the E.coli chromosome
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Part 2. Characterization of the sdaX mutation

2.1. Cloning of the wildtype sdaB gene

The sdaB gene on pMES61 was cloned from a mutant strain
in which sdaB is expressed in glucose-minimal medium, whereas
wildtype sdaB is only expressed in LB. The mutation, which
results in the expression of sdaB in minimal medium, may occur
in a separate regulatory gene or in the regulatory region of
the sdaB gene. The fact that the regulatory mutation, known as
the sdaX mutation, and sdaB had been mapped at same position
made it likely that sdaX is in fact a mutation in sdaB.

The cloned sdaB gene also showed L-SD activity in minimal
medium (as well as LB), further suggesting that the sequence
present in figure 9 might carry some alteration corresponding
to sdaX, and probably in the upstream regqulatory region of
sdaB. To confirm this, I wished to clone and sequence this
upstream regulatory region from wild-type E.coli and compare
it with the same region from the sdaX mutant.

To do this, I took advantage of the finding of H. Su that
the cloned sdaB gene hybridizes specifically with Kohara phage
457, which carries a fragment at 60.1 min of E.coli chromosome
(Kohara et al., 1987). This indicates that Kohara phage 457
carries the sdaB gene.

Therefore, I first isolated a 8.4-kbp Pstl fragment from
Kohara phage 457 DNA. This fragment was then cut with HindIII

and a 4.2-kbp Pstl and HindIII fragment was clcnea into
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pBluescript, forming pWTB6 (for details, see Materials and
Methods). The insert on pWTB6 shows exactly the same
restriction map as the 4.2-kbp fragment from sdaX that has
been sequenced, confirming that the sdaB gene has been cloned

from a strain which should be wild-type for sdaB.

2.2. Sequence of the wildtype sdaB upstream region

Deletions by exonuclease III were carried out after
cutting the plasmid pWTB6 with KpnI and HindIII. Two of the
resulting plasmids, in which part of upstream of the sdaB gene
has been deleted, were sequenced. The sequence of 300-bp
upstream and 100-bp downstream of the ATG start site of the
sdaB gene cloned from Kohara phage 457 has been obtained in
this way.

There is only a single base difference between the wild-
type upstream sequence and the sdaX sequence. This differe ‘e
is seen at the 13th base upstream of ATG translation start
site of the sdaB gene (Fig.13). This area, 7-13 bases upstream
of the translation start site, is considered to be the
ribosome-binding site of the gene. Its sequence closely
matches the 3’ sequence of 16s rRNA (Shine & Dalgarno, 1974).
The nature of the Shine-Dalgarno sequence is one of the major
factors influencing the extent to which the message from a
gene is translated into protein. A gene with a poor ribosome
binding site will generally be much less well translated than

one with a more efficient sequence.
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sequence from sdaX mutant CGTTTTAACGAGATGTATTTCCTATG

*

sequence from Kohara phage CGTTTTAACGCGATGTATTTCCTATG

Fig.13 Location of a mutation in sdaxX.
The different nucleotide between the two
sequences is indicated by *. The translational

start of the sdaB gene site is underlined.
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The sequence of the ribosome-binding site of the wildtype
sdaB gene is significantly different from the consensus Shine-
Dalgarno sequence, and one would expect it to be much less
efficiently translated.

The sdaX mutation 1lies in this area and converts a
cytosine at the 13th base upstream of ATG to an adenine (Fig.
13). The fact that the mutation is in the Shine-Dalgarno
region of the sdaB gene, suggests that the sdaX mutation
increases L-SD2 expression by improving translation from the
sdaB mRNA. Indeed the sdaX sequence shows a better match
between the mRNA of sdaB and 16s rRNA (Fig.14) and therefore
converts a poor ribosome-binding site to a considerably better
one.

Actually, the expression of the sdaB gene in the sdaX
mutant strain is also increased in LB medium (Su & Newman,
1991), indicating that this mutation results in increased

translation of the sdaB mRNA in LB as well.

2.3. Construction of the sdaX mutation by site-directed
mutagenesis
While a change in the ribosome-binding site would explain
the phenotype of the sdaX mutant, this data can not exclude
the possibility that there is a further change outside the
300-bp upstream region which has been sequenced in both the
wildtype and mutant sdaB genes. Since only part of the

upstream region of the wildtype was sequenced, one can not be
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3’ AUUCCUCCACUAGGUU 5°

Wildtype sdaB  UUUAACGCGAUGUGUA

3’ AUUCCUCCACUAGGUU 5°

* e [ - e
. e e e .

Mutant sdaB UUUAACGAGAUGUGUA

16S rRNA

16S rRNA

Fig.1l4 Improved match between the ribosome-binding

site and 16S rRNA in the sdaX mutant. The

mutated base is underlined.
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certain that the change at the 13th nucleotide is the only
difference between the two sequences, and thus sufficient in
itself to cause the increased enzyme activity.

Moreover, the mutant sdaB gene and wildtype sdaB gene
were cloned from different strain backgrounds. It is possible,
therefore, that the difference between the two sequences shown
in figure 13 is not the only- and perhaps not the critical=-
change accounting for the sdaX mutation and resulting in the
expression of sdaB in glucose-minimal medium.

To test whether a change at the ribosome-binding site of
sdaB gene would indeed produce the sdaX phenotype, I decided
to create a gene which had only that change. To examine this,
I changed the 13th base in the wildtype sdaB gene cloned on
pWTB6 from Kohara phage gene bank from a cytosine to adenine.

This was done by site-directed mutagenesis using a
synthesized oligonucleotide corresponding to the sequence of
the ribosome-binding site of mutant sdaB. After the
mutagenesis, plasmids from eight different transformants were
isolated. The ribosome~binding site area of these plasmids was
then  sequenced, using another oligonucleotide which
corresponds to the sequence further upstream of ATG site as
primer. Two of eight sequences showed an adenine at the 13th
base upstream of ATG instead of cytosine (for details, see
Materials and Methods).

A 4.2-kbp BamHI and HindIII fragment, from the plasmid

containing the introduced mutation at the ribosome-binding
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site of the sdaB gene, was then subcloned onto pBR322 from
pBluescript, forming pWTB7 (Fig.3).

L-SD assay of cells carrying plasmid pWTB7 showed that
the change at the 13th nucleotide is indeed sufficient to
produce the sdaX phenotype. Strain MEW51 with the plasmid
carrying the mutated sdaB gene showed 75 mU of L-SD activity
when grown in glucose-minimal medium. This is the same level
as is seen with a plasmid carrying sdaB cloned from the sdaX
mutant, and much more than that seen with a plasmid carrying
the wildtype gene cloned from Kohara phage, 2 mU. The
mutagenized plasmid also allowed the cells to use L-serine as
carbon source, as did the sdaX plasmid, but not the wildtype
one.

I conclude that the mutation previously referred as being
in sdaX (Su & Newman, 1991) is in fact not in a separate gene,
but in the sdaB upstream region- specifically in the ribosome-

binding site.

Part 3: The expression and requlation of the sdaB gene

3.1. Construction of an sdaB::lacZ fusion with a wildtype
promoter in vitro
Strain MEW60 carries AplacMu9 inserted in the sdaB gene
in an sdaX background. I have demonstrated that the sdax
mutation is actually a mutation at the ribosome-binding site

of the sdaB gene. If the ribosome-binding site was altered,
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but the remainder of the upstream sequence was not, one would
expect that the level of enzyme in the mutant should be higher
than that in the wildtype strain, but its response to
regulators should be unchanged.

To examine the nature of regulation of the wildtype gene,
I needed a strain carrying lacZ gene fused to the sdaB gene in
a wild-type background. To construct this, I made an in vitro
insertion of lacZ gene in frame into the sdaB clone derived
from the Kohara phage. A Sall fragment containing the
truncated lacZ from pMC1871 was blunt ended with Klenow enzyme
and then ligated to an EcoRV fragment from pwBT6, which should
result in an in-frame fusion of lacZz at codon 63 of the
Kohara-phage-derived clone of sdaB (for details, see Materials

and Methods).

3.2. Regulation of expression from the wildtype sdaB gene

The regulation of expression of the wildtype sdaB gene
was studied by measuring B-galactosidase activity in strain
MEW88 (WT sdaB::lacZ) grown in different medium. It was found
that the p-galactosidase activity is very low in glucose
minimal medium and is not, or very slightly, induced by L-
leucine. An 8-fold induction of the wildtype sdaB gene
expression was seen in LB medium (Table 3).

Expression from the mutant promoter is thus much higher
than expression from the wild-type (Table 3). However, the

regulation pattern of both promoters is very similar,
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Table 3 Regulation of expression of the wildtype

and mutant sdaB gene

Growth B-galactosidase activity
conditions MEW88 MEW60

WT sdaB::lacZ sdaB::{placMu9
MM 12 30
MM + leucine 16 80
LB 98 680
LB + glucose 50 400

Strain MEW88 (with a wildtype ribosome-binding site of sdaB)
and MEW60 (with an sdaX mutation) were grown, subcultured at
37°C and assayed in exponential phase. L-leucine was added 300
Hg/ml and glucose concentration in LB is 0.2%. f-galactosidase
is reported as Miller units (Miller, 1972). All the data
represent the average of at least three experiments.
Abbreviations: MM, minimal medium; LB, LB medium;

WT, wildtype.
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suggesting that the sdaX mutation causes elevated expression,
but does not change the overall regulation.

This is consistent with the fact that the sdaX mutation
improves the ribosome-binding site and should therefore

increase the translation of the sdaB mRNA.

3.3. The expression of sdaB is not affected by ultraviolet
irradiation

Treatment of cells with UV irradiation during growth
increases L-SD activity 6-7 fold (Newman et al., 1982 ). This
increase of L-SD activity is mainly, if not all, due to
increased L-SD1 activity, according to the finding of H.Su
that transcription of the sdaA gene is greatly increased by UV
irradiation (Su, 1991).

I examined whether synthesis of the SdaB product is also
affected by this treatment. To do this, strain MEW28, which
carries an insertion in sdaA, was grown in LB overnight and
then subcultured into the same medium. After 1.5 hours
subculture, cells were exposed to UV light for 30 seconds and
then incubated for another 1.5 hours, after which L-SD was
assayed. The results showed that the activity of L-SD2 is not
affected by UV irradiation (Table 4).

The same question was addressed by assaying B-galacto-
sidase activity in strains carrying lacZ fused to the sdaB
gene promoters. UV irradiation had no effect on the expression

of either the wildtype or mutant sdaB gene (Table 4).
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Table 4 The effects of environmental factors

on sdaB gene expression

Growth conditions L-SD activity B-galactosidase activity
MEW28 MEWS8 MEW60

sdaA::Cm WT sdaB::lacZ MT sdaB::lacZ
LB 65 98 680
LB-UV irradiated 62 102 693
LB-42°C 63 105 525
LB-Anaerobic 55 85 426

Strain MEW88 (with a wild-type sdaB promoter), MEW60 (with a
mutant sdaB ribosome-binding site) and MEW28 (sdaA::Cm) were
grown in a variety of conditions known to induce L-SD #1, and
B-galactosidase and L-SD assayed. All cultures were grown at
37°C unless otherwise noted. Specific growth conditions were
as described previously (Newman, et al. 1982b). The data
presented are the average of at least 3 determinations. B-
galactosidase is reported as Miller units and L-SD is
expressed as umoles pyruvate synthesized by 0.1 ml of a 100
Klett unit suspension of cells in 35 minutes.

Abbreviations: LB, LB medium; UV, ultraviolet; WT, wildtype;

MT, mutant.
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3.4. The expression of sdaB is not affected by growth at high
temperature

E.coli cells have higher L-SD activity when grown at high
temperature in glucose-minimal medium (Newman et al., 1982a).
This requlation seems to occur at a post-transcriptional
level, since transcription from the sdaA promoter is not
affected by increase of temperature (Su, 1991).

Does E.coli cell also increase its L-SD2 activity when
grown at high temperaure? To answer this question, strain
MEW28 (sdaA::Cm) was grown at 37°C in LB overnight and then
subcultured into the same medium, but incubated at 42°C for 3
hours. L-SD assay showed that activity of L-SD2, unlike L-SD1,
is not changed by growing at 42°C (Table 4).

Similarly, the B-galactosidase activity from both MEW88
and MEW60 strains, carrying a wildtype sdaB::lacZ fusion and
mutant sdaB::lacZ fusion respectively, is not altered at the

higher temperature (Table 4).

3.5. sdaB expression is not affected by anaerobic growth

The transcription of the sdaA gene had been shown to be
induced in anaerobic condition (Su, 1991). This increased
transcription from sdaA likely accounts for most of, if not
all, the increased L-SD activity in the wildtype cell in
anaerobic conditions.

To test whether the transcription of the sdaB gene or the

activity of L-SD2 is affected by anaerobiosis, MEW88 and MEW60
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were grown in LB anaerobically overnight and subcultured in
the same conditions for about 4 hours, after which B-
galactosidase was assayed. sdaB was expressed anaerobically.
However unlike sdaA, the expression of the sdaB gene from
either mutant or wild-type promoters was not induced by
anaerobic growth. If anything, the expression of sdaB was
slightly lower during anaerobic growth (Table 4). Direct
measurement of the sdaB gene product, L-SD #2, led to the same

conclusion (Table 4).

3.6. Synthesis of L-SD2 in LB is inhibited by glucose

The sdaA mutant shows no L-SD activity when grown in
glucose-minimal medium, indicating that the sdaB gene is not
expressed in this medium. IL-leucine and glycine, which
increase the expression of sdaA significantly, have 1little
effect on the expression of sdaB. However a large increase in
sdaB expression was seen in cells grown in LB (Su & Newman,
1991; Table. 4).

To test which component in rich medium induces sdaB
expression, I first tried all amino acids and some other
compounds which may be present in LB medium to see if any of
them affect the expression of sdaB in glucose~-minimal medium,
individually or in combination of several ones. None of them
showed a significant effect (data not shown). Because LB
contains a high concentration of NaCl, I tested whether NaCl

might affect sdaB expression but it did not (data not shown) .
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I then tried to see if glucose inhibits the expression of
the sdeB gene during growth in LB, since the difference
between glucose-minimal medium and LB may lie in the extent of
catabolite repression due to glucose, rather than in higher
concentration of exogenous nutrients. This seems reasonable,
particularly since both L-SD1 and L-SD2 are thought to be
catabolic enzymes.

I tested this idea by growing cells in LB to which 0.2%
of glucose was added, this being the glucose concentration
used in the minimal medium. Strain MEW60, which carries an
sdaB::AlplacMu9 fusion, showed a 33% decrease in B-
galactosidase activity (Table 5). However, expression from the
sdaA promoter, as judged by the fB-galactosidase activity from

strain MEW22, was not affected by glucose at all.

3.7. Catabolite repression of the sdaB gene

Clearly the major factors influencing transcription of
the sdaB gene were growth in LB and addition of glucose. This
suggests that sdaB might be under catabolite control, and thus
regulated by cAMP and cAMP receptor protein (Crp).

A crp null mutation (crp::Cm) was kindly provided by
Dr.S.Adhya. To test the expression of the sdaB gene (and
incidentally, also of the sdaa gene) in a crp mutant
background, I transduced this crp null mutation into strains
MEW60 and MEW22, forming MEW92 (sdaB::iplacMu9, crp-) and

MEW93 (sdaA::\placMu9, crp") respectively. B-galactosidase
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Table 5

Effect of a crp mutation on expression of sdaA and sdaB

strain B-galactosidase L-SD
Min Glu LB LB Glu Min Glu LB LBGlu

MEW60 sdaB::lacZ 30 680 400 12 54 50
sdaA*

MEW92 sdaB::lac2 - 19 22 7 56 55
sdaA* crp

MEW22 sdalA::laczZ 65 630 550 2 64 7
sdaB*

MEW93 sdaA::lacZ - 560 516 1 2 3
sdaB* crp

Cultures were grown in the media noted, and assayed in mid-
exponential phase. The media used were glucose minimal medium
(min glu) LB, and LB with added glucose (LBglu). The data
presented are the average of at least 3 determinations. @3-
galactosidase is reported as Miller units and L-SD is
expressed as umoles pyruvate synthesized by 0.1 ml of a 100

Klett unit suspension of cells in 35 minutes.
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activity was then measured in appropriate media (Table 5).

The results showed that activity from the sdaB promoter
was decreased abcut 30-fold by the crp mutation, which
confirmed that the expression of the sdaB gene is indeed under
the control of catabolite repression.

The expression of the sdaA gene is also induced in LB
medium. However, activity from the sdaA promoter was
essentially unaffected by the crp mutation. Therefore, I
conclude that the major control on sdaB transcription is
mediated by cAMP/Crp, while it seems that catabolite
repression is not involved in the regulation of the sdaA gene
expression.

The PB-galactosidase activity from strain MEW60 is not
increased when it was grown in minimal medium with other
carbon sources instead of glucose, e.g. glycerol (data not
shown). This indicated that cAMP/Crp is needed, but not
enough, for activating the sdaB gene expression. L-serine does
not induce sdaB gene expression either. Another factor,
existing in LB medium but no: identified yet, must be involved

in the activation of sdaB.

3.8. The expression of the sdaB gene in an ssd mutant
background
L-SD activity is dramatically increased in the ssd mutant
strain and this mutant cell grows well on L-serine (Newman et

al., 1982b). The transcription of sdaA had been shown to
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increased in the ssd mutant cells (Su et al., 1989), which
would explain at least part of the reason for the increased L-
SD activity. It would be interesting to know if the expression
of the sdaB gene is also affected by this pleiotropic
mutation.

To investigate this, an sdaB::1placMu9 ssd double mutant,
strain MEW90, was constructed. The B~galatosidase assay showed
that the expression of the sdaB gene is not increased in the
double mutant strain in glucose-minimal mediﬁm (Table 6),
suggesting that the sdaB gene expression is not affected by
the ssd mutation.

I verified this further by constructing an sdaA::Cm ssd
double mutant by transducing sdaA::Cm into strain MEW86 and
measured the L-SD activity of this double mutant, MEW94.
Again, L-SD activity of this strain is not affected by the ssd
mutation whether cells were grown in glucose-minimal medium or
in LB (Table 6).

It is clear then that the ssd mutation, which greatly
increases the expression of the sdaA gene, has no effect on
the transcription of the sdaB gene or on the activity of L-

SD2.

3.9. The expression of the sdaS gene in an lrp mutant
background
The Lrp protein had been demonstrated to be a DNA binding

protein which regulates expression of the numerous genes which
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Table 6 Effect of the Irp and ssd mutations on

expression of the sdaB gene

L-SD B-galactosidase
strains MM LB Strains MM LB
MEW28 4 55 MEW60 30 680
sdal: :Cm sdaB::lacZ
MEW94 5 52 MEW90 47 ND
sdaA: :Cm sdaB::lacZ
ssd ssd
MEW89 6 50 MEW91 28 ND
sdaA: :Cm sdaB::lacZ
lrp lrp

Cultures were grown and assayed as in the preceding table. In
strains MEW28, MEW94 and MEW89, L-SD is synthesized from the
sdaB promoter. In strains MEW60, MEW90, and MEW91, @8-
galactosidase is synthesized from the sdaB promoter. g-
galactosidase is reported as Miller units and L-SD is
expressed as pmoles pyruvate synthesized by 0.1 ml of a 100
Klett unit suspension of cells in 35 minutes.

Abbreviations: MM, minimal medium; LB, LB medium.
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constitute the leucine regulon (Lin et al., 1990). R.T.Lin
showed that Lrp can bind to the upstream region of the sdaaA
gene and repress its expression (Lin, 1992). This repression
can be released by L-leucine which has been shown in in vitro
experiments to reduce Lrp binding to the sdaA promoter. In the
lrp mutant strain, L-SD activity is increased about 6-fold,
due to the release of repression by the Lrp protein, and L-
leucine no longer increased L-SD activity (Lin et al., 1990,
Lin, 1992).

In order to know if the expression of the sdaB gene is
also regulated by the lrp gene product, i.e. as part of the
leucine regqgulon, I constructed the following strains and
assayed L-SD and B-galactosidase.

First, the Irp mutation was introduced into strain MEW60
from strain MEW26, forming MEW91 sdaB::AplacMu9 lrp::Tnl0. The
B-galactosidase assay showed that transcription from the sdaB
promoter is essentially unaffected by the lrp mutation (Table
6).

An sdaA lrp double mutant, MEW89, was constructed by
transducing sdaA::Cm into MEW26 from MEW28. The L-SD activity
of this strain was not affected by the lrp mutation (Table 6),
confirming that sdaB is not regulated by Lrp.

Expression of the sdaB gene was shown to be slightly
induced by L-leucine (Su & Newman, 1991; Table 3), which would
usually suggest that Lrp is involved in requlation of the sdaB

gene expression. However, since the expression of sdaB is

95




mainly seen in rich medium where Lrp synthesis is much
reduced, and since direct assays showed that a mutation of 1rp
had no effect on sdaB expression, it is clear that the Lrp
protein does not play an important role in requlation of sdaB

expression.

Part 4: Some indications as to the physiological roles of the

sda gene products

Loss of either the sdaA or sdaB gene product has
relatively little effect on the cell. Both sdaA and sdaB
mutants grow reasonably normally in glucose-minimal medium,
though with slightly longer doubling times (Su, 1991). Aas
expected, the sda mutants, in particular the sdaa mutant,
showed much more sensitivity to exogenous L-serine, confirming
the involvement of L-SD in L-serine detoxification in the
cell.

In the following sections, I investigate the effects of
increasing the L-SD activity of the cells by providing an sda

gene on a multi-copy plasmid.

4.1. Influence of the sda gene product on the ability of
E.coli to deaminate L-serine
Wild-type E.coli does not use L-serine as a carbon

source, but can do so when its L-SD level is increased.
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Leucine and glycine have been known to increase L-SD activity
and E.coli grows well on L-serine in the presence of L-leucine
and glycine (Pardee & Prestidge, 1955; Newman & Walker. 1982).
Pleiotropic mutations in either of two genes, ssd or lrp, make
it pussible for cells to use L-serine as sole carbon source.
In the presence of either mutation, the L-SD level was greatly
elevated (Newman et al., 1982b; Lin et al., 1990). The highest
L-SD level so far assayed was in cells with plasmids carrying
a cloned sdaA gene and, as expected, these cells grew well on
L-serine (Su et al., 1989).

L-SD2 had been shown to be very similar in biochemical
properties to L-SD1, so that one would expect it to be able to
serve the same function as L-SDl. This is indeed true. An
sdaA::Cm, sdaX double mutant, in which L-SD2 is expressed in
minimal medium, grows on L-serine in the presence of L-leucine
and glycine (Su & Newman, 1991). E.coli carrying the sdaB
plasmid with its mutated upstream region grew well on L-serine
(Su et al., 1991). However, the presence of the sdaB plasmid
with its wildtype promoter, which does not direct synthesis of
L-SD2 in minimal medium, did not support growth of E.coli on

L-serine.

4.2. Influence of sda genes on the ability of E.coli to
deaminate L-threonine in vivo.
The tdcB gene product, known as a threonine deaminase,

degrades both L-serine and L-threonine. Whether the sda gene

97



products, known as L-serine deaminase, degrade L-threonine is
not clear.

The 1ilvA product, L-threonine deaminase, converts
threonine to a-ketobutyrate, a precursor of isoleucine. Most
of the strains used for the work reported here carry an ilva
deletion and require isoleucine for growth. If either L-SD1 or
L-SD2 could substitute for the ilvA product, the strains
should be able to use threonine instead of isoleucine.

To test this, the ilvA deletion strain was inoculated
into glucose-minimal medium with L-threonine, but without
isoleucine. Two concentrations of L-threonine were used in
this test, 100ug/ml and 2mg/ml. Cultures which grew were
subcultured once again into the same medium. To make sure that
they still maintained their requirement for isoleucine, I
plated the subcultures on glucose-minimal medium in the
absence of threonine with or without isoleucine, thus checking
that they maintained their ilvA deficiency.

The parent strain could not grow with L-threonine as a
source of isoleucine. However, both the plasmids pMES22 and
PMES41, carrying the sdaA gene and mutated sdaB gene
respectively, allowed growth at about half the usual rate with
2mg/ml L-threonine, and slower, but still considerable, growth
at 100ug/ml L-threonine. All the cells grown maintained their
requirement for isoleucine. It is clear then that the sda gene

products both are also active in vivo on threonine.
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Part 5. Evidence that a sequence farther upstream is needed

for efficient expression of the sdaB gene

Although it is clear that the sdaB gene is in the 4.2-kbp
HindI1I and PstI fragment which has been sequenced, there is
considerable evidence that this fragment may not contain all

the information for sdaB gene expression and regulation.

5.1. The sdaB gene on pMES62 is not induced in LB medium

The plasmid pMES62 carries a 4.2-kbp HindIII and PstI
fragment, which contains the sdaB gene with 970-bp DNA
upstream from the start codon of sdaB (Fig.9). A comparison of
expression from this plasmid with that from plasmid pMES41
which carries another 4.2-kbp of upstream DNA showed that this
upstream DNA was involved in sdaB regulation. The sdaB gene
with only 970 bp of upstream DNA is expressed in both glucose-
minimal medium and LB medium, but at a low level, and with the
same activity in both media. On the other hand, the L-SD
activity from pMES41 is higher than that from pMES62 and is
greatly induced in LB medium (Table 9).

Another difference between pMES62 and pMES41 is that the
expression of sdaB from the shortened upstream region (pMES62)
is not regulated by Crp protein, while sdaB on pMES41 is so
regulated. This is consistent with the fact that no Crp-
binding site is found in the near upstream region of the sdaB

gene.
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This lack of LB induction and catabolite repression of
sdaB on pMES62 suggested that the 4.2-kbp HindIII and PstI
fragment may not carry all the upstream regulatory elements
needed for efficient expression of sdaB in LB medium or even
that another gene which is located in the upstream region
close to sdaB is responsible for the induction of L-SD2.

Further analysis of the sequence present in fiqure 9
indicated that there might be part of an open-reading frame
before the sdaB gene. This possible open-reading frame runs
through the HindIII site and ends at nucleotide 913, which is
only 57-bp from the start codon for the sdaB gene. Therefore,

the sdaB gene could be the 3’ gene in an operon.

5.2. The map position of inserts in strain CP41 and CP52

In his studies of the Lrp-leucine requlon, R.T.Lin
isolated a variety of strains, in which AplacMu9 was inserted
into leucine-regulated genes (Lin et al., 1992). Among those
were insertions, in strains CP41 and CP52, which seem to
influence the expression of L-SD2.

The insertions in both strains CP41 and CP52 mapped very
close to the Tnl0 inserted in Singer kit mapping strains
CAG12079 and CAG12135, showing linkage of 78 and 94% to
fuc::Tnl0, and 50 and 80% to recD::Tnl10, respectively (Lin,
personal communication). Since the sdaB gene is immediately
adjacent to the fucose operon on the E.coli chromosome

(Fig.9), these results of P1 mediated transduction strongly
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Table 7 L-SD activity in strains CP41 and CP52

and related strains

L-SD activity

Strains in MM in LB
CP41 sdaC::lacZ 11 ND
CP52 sdaC::lacZ 10 ND
MEW26 sdaA: :Cm 1 63
MEWS51 sdaA: :Cm ND 2

sdaB: :lacZ2

MEW97 sdaC::lacz ND 6
sdaA: :Cm

MEW98 sdaC: :lacZ ND 13
sdaA: :Cm

Cultures were grown and assayed as in the preceding table. In
strains CP41 and CP52, L-SD in minimal medium is synthesized
from the sdaA gene. In strains MEW87 and MEW98, L~-SD in LB
medium is synthesized from the sdaB gene. The data presented
here are the average of at least 3 determinations. L-SD is
expressed as umoles pyruvate synthesized by 0.1 ml of a 100
Klett unit suspension of cells in 35 minutes.

Abbreviations: MM, minimal medium; LB, LB medium;

ND, Not determined.
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suggest that the inserts in strains CP41 and CP52 are in or

near sdaB.

5.3. Lower L-SD2 expression in CP41 and CP52 strains

If iplacMu9 in CP41 and CP52 strr*ns is inserted inside
the sdaB gene, the strains should be deticient in synthesis of
L-SD2. In order to test whether CP41 and CP52 could produce L-
SD2, I made double mutants by transducing sdaA::Cm into CP41
and CP52 from MEW28. This is because L-SD2 is only expressed
in LB medium in which both L-SD1 and L-SD2 are present, and so
expression from sdaA would confuse the results.

The two double mutants, MEW97 and MEW98, showed only 10
and 22% of wildtype L-SD activity in LB (Table 7). It is clear
then that both inserts cause a reduction in expression from
sdaB in LB-grown cells, but do not totally prevent it.

I also measured the L-SD1 made by strains CP41 and CP52
in glucose-minimal medium. The L-SD activity in minimal medium
was not affected by these inserts (Table 7), suggesting that
the insertions in CP41 and CP52 strains only cause a reduction
in expression of L-SD2, and do not affect L-SD1 synthesis.

Therefore, the insertions in CP41 and CP52 are likely to
be in the sdaB gene or in a 5’ gene of an operon. This 5’ gene
might even produce an activator for sdaB expression in LB, and
the CP41 and CP52 insertions might prevent synthesis of this
activator. Such an activator, located just upstream of the

structural gene, is seen in the dsd and tdc operons.

102



(Bornstein-Frost et al., 1987; Schweizer & Datta, 1989).

5.4. The inserts in CP41 and CP52 strains are closely linked
to, but not inside the sdaB gene.

To test if the insertions were inside the sdaB gene, the
2.6-kbp HindIII-Sall DNA fragment from pWTB6 containing the
sdaB gene was used as probe to hybridize to the chromosomal
DNA from strain CP41 and CP52.

The results of hybridization showed that the CP41 and
CP52 inserts were in fact not in the sdaB gene (Lin, personal
communication). One band, 2.6-kbp in size, can be seen in each
strain tested: MEWl (the wildtype control strain), CP41 and
CP52.

The same test was made with a DNA fragment containing
more of the upstream DNA. For this, an 8.4-kbp PstI fragment,
which carries more than 4.2-kbp DNA upstream of the sdaB gene
and part of the fucose operon downstream of sdaB, was used to
do the hybridization. Two hybridized bands could be seen in
both CP41 and CP52, while only one band corresponding 8.4~kbp
in size was seen in MEW1l (Lin, personal communication). This
observation indicated that the gene(s) which carry the
insertions in strain CP41 and CP52 are on the same 8.4-kbp
fragment as sdaB, but not in the sdaB gene itself.

Since CP41 and CP52 grow well on fucose and deletion of
orfX has no effect on sdaB gene expression from the plasmid,

it is unlikely the inserts are located downstream of sdaB. I

103



conclude then that inserts in CP41 and CP52 strains are both
in the upstream region of the sdaB gene. It seems that these
inserts are in a gene situated close to sdaB, which is either
a 5’ gene in the operon containing sdaB gene or a gene which

codes for an activator of sdaB gene expression in LB.

5.5. The regulation of B-galactosidase expression in strains

CP41 and CP52

Both CP41 and CP52 strains were isolated by screening for
genes whose expression is affected by L-leucine (Lin et al.,
1992). 1In fact, pB-galactosidase assay showed that the
expression of these inserts is indeed induced about 2-3 fold
by adding exogenous L-leucine (Table 8). In the lrp mutant
background, this induction by leucine was not seen. This
suggests that the induction of CP41 and CP52 insert gene
expression by L-leucine is mediated by Lrp protein.

A much greater effect on CP41 and CP52 insert gene
expression was seen in LB and this was not regulated by lrp.
The B-galactosidase activity in CP41 and CP52 strains was
increased greatly by growth in LB. This major induction of
expression, more than 10-fold, does not depend on lrp function
(Table 8). Adding glucose to LB significantly reduced 8-
galactosidase activity, suggesting that the gene carrying
these inserts might be under the control of the Crp protein.

This was confirmed by the finding that pB-galactosidase
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expression in CP41 and CP52 strains is almost completely
abolished by introduction of a crp mutation. In strain MEW99
(CP41, crp) and MEW100 (CP52, crp) grown in LB medium, the B-
galactosidase activity is 38 and 17 respectively.

The results shown here indicated that the gene which
carries the insert in the CP41 and CP52 strains is regulated
very similarly to the sdaB gene. This would further suggest

that this gene is in the same operon as sdaB gene.

Part 6. Molecular characterization of the sdaCB operon

6.1. Deletion analysis

The 4.2-kbp DNA fragment upstream of the sdaB gene is
sufficiently large for several genes to be located in it. The
existence and perhaps the nature of such gene(s) could be
deduced from the sequence. In order to identify which sequence
might be related to sdaB gene expression, it was necessary
then to further subclone the 8.4-kbp Pstl fragment to find the
minimal DNA fragment which contains all the information for
sdaB expression and regulation.

To do that, a 6.8-kbp Sall fragment was first subcloned
into the pBR322 vector and plasmids containing insertions with
both orientations were isolated. The on., pMES63, with the
orientation such that the BamHI site of the vector is located
upstream of the sdaB gene was used to do deletion analysis

(for details, see Materials and Methods, and Fig.5).
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Table 8. pB-galactosidase activity in strains

CP41 and CP52

Growth conditions Strains

Cp41l MEW95 CP52 MEW96

sdaC::lacZ sdaC::lacZ sdaC::lacZ sdaC::lacZ

lrp lrp
MM 161 157 35 37
MM + L-leucine 352 147 114 35
LB 1348 1294 348 347
LB + Glucose 659 789 252 187

Cultures were grown and assayed as in the preceding table. All
the data represent the average of at least three
determinations. B-galactosidase is reported as Miller units.

Abbreviations: MM, minimal medium; LB, LB medium.

By subcloning the 6.8-kbp Sall fragment, I eliminated the
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By subcloning the 6.8~kbp Sall fragment, I eliminated the

1.6-kbp Sall and PstI fragment downstream of the sdaB gene,
i.e. the region which contains the orfX and part of the fucO
gene. At the same time, this subcloning placed several
restriction sites upstream of the gene, which would facilitate
a deletion analysis. The L-SD activity from the 6.8-kbp
fragment is fully induced by growing cells in LB, indicating
that it contains the same regulatory sequences as the original
fragment.

To make exonuclease III deletions, pMES63 was first cut
by BamHI and treated with Klenow enzyme and a-phosphorothiocate
nucleotides, which will protect the ends from deletion by
exonuclease III (Promega Biotec). The linear plasmid was then
cut again by BglII which cut a site at the end of the insert,
upstream of sdaB (Fig.5). Deletion of the cut plasmid with
exonuclease III would remove DNA from the upstream of the sdaB
gene. After transforming the ligation mix of deleted plasmids
and checking plasmid sizes, smaller plasmids formed in this
way were isolated and transformed into an sdaA, sdaB double
mutant. The transformants were checked on L-serine-minimal
medium for their ability to use L-serine as carbon source, the
logic being that any strain which could grow on L-serine must
retain the signals for inducing L-SD.

The smallest plasmid (after deletion) which supports
growth on L-serine is about 7-kbp in size. In this, the insert

is only 2.7-kbp. However, L-SD activity from this plasmid,
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Table 9. Characterization of the sdaCB operon

plasmids inserts on pBR322 Expression of sdaB in LB

in strains

MEWS51 MEW93
sdaC B orfX

PMES41 8.4-kb PS H H S P 215 68
pMES63 6.8-kb S H H S 240 72
PMES64 3.7-kb H S 228 62
pMES65 3.1-kb H S 78 65
pPMES66 2.7-kb H S 71 66
PMES62 4.2-kb H S P 77 75

PMES64, pMES65 and pMES66 are plasmids resulting from partial
deletion of E.coli DNA carried on pMES63. Host cells (MEW51
sdaA::Cm, sdaB::iplacMu9 and MEW93 sdaA::lplacMu9, crp: :Cm)
with plasmids were grown in LB with antibiotics at 37°C. L-SD
activity was assayed in exponential cells. All the data

represent the average of at least three determinations.
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PMES66, could not be induced in LB medium. Another plasmid,
PMES65, is about 0.4-kbp bigger than pMES66 and showed the
same level of L-SD activity. However its expression was not
induced in LB either (Table 9).

The plasmid pMES64, which is about 1-kbp bigger than
PMES66, shows higher L-SD activity in minimal medium than the
two smaller plasmids. The L-SD activity from that plasmid was
greatly induced in LB medium, suggesting that pMES64 carries
the sequence for full induction of sdaB expression in LB
(Table 9).

All three plasmids were also transformed into strain
MEW93, which is a crp sdaA double mutant. The L-SD activity
from pMES64 was much lower in this strain while the L-SD
activity from both pMES65 and pMES66 was the same and low
(Table 9).

It seems then that following conclusion could be obtained
from the deletion analysis: the 1.1-kbp DNA fragment further
upstream of the sdaB gene from the HindIII site contains the
information for full expression of sdaB in LB and for the

response to Crp regqulation.

6.2. Sequence of the sdaC gene

Figure 15 shows the sequence of the 1l.1-kbp HindIII
fragment cloned on pMES71 and the rest of the upstream
sequence of the sdaB gene as repeated from figure 9. The two

sequences were connected by sequencing with a synthesized
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Fig.15 The DNA sequence of the sdaC gene.
The sequence from 1 to 1182 is derived from the 1.1-kbp

HindIII insert on pMES71. The sequence from 1183 to 2156 is

taken from figure 9 (from 3 to 976).

The putative Crp binding site, ribosome-binding site and

transcriptional terminator are underlined.
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AAGCTITACCCGGATCAACCTGTIGAAGTGCTGGCTGCCGACCTGGCCOGTGCCTTCTCCGOTATIGTGGCGGGTAACGTAAAAGARG
TCGGTATTCCCGCCATIGAAGAGTTIGG TCCTTACAAAATCAACGGC GATAAAGAGATTATGCGTCCTATGCACGACCTGCTACAGGGTT
PIGTIGCCCAGCATCGTATGCAAGTTGCCAGGCTCAGCCTACATCCCTTGCTACGAM TCTGCACCTAATCTCCGCTCCCCCGGTGACSTT
TGTTGCCGGCTITICTCG I T TTIGGTCACTTACTCATCAACTCATTICATTIGTTATATGAATGTITCTTACCACCCTCACGCGACAAAT
ATCATCACAGTTAATATGTCATACAAT I TATGTTGCAACGCARACGTTTCCCTATTTICATAAMCCGTATTTTATCGCTATGAAMAAGAA
mmcccmﬂugmcnmmmccrmmxnmcccccccccummmmcmum
GCCAMTATTGCCCTITAATICTCI T TACT I TTGATTTACAGAGTAAAGCGTTGCGATAATCTATCTTCCAAGTAGATTATTGTATTTG

AGATCAAGATCACTGATAGATACATAACTIGTGTGTATCTTTCCGCCCTCAAATTATTACGGCGGTAAATGATTAAGC CATCGCCGATAG
-_— ) I
ACAGATTICATT I TTACGGTCACG ACCTTCCCGGGCTGANCTGGCTARAAGCTGANTTATTTGCATTICCTCCAGGAGAAATAGATGGAA
T T QT 8T I ASXDS RS AWRIEXKXTDTMHKWNMNKLGTILYSGGT
ACGACTCAAACCAGCACGATTGCCTCGAAGACTCTCGTAGTGCCTGGCGCAAGACAGACACCATGCTGGATGCTGGGCCTTTACGGCACG
A I CAGVILYLPINAGT YVYGCGHIPLITIMNATITILAT?P
GCAATCGGCGAGEGCETGCTCTTCCTGCCAATCAACGCCGE TG TTGGCGGTATGATCCCGCTGATCATCATCGCTATCCTIGCCTICCCG

TTTCCTATIGCCGCAGGTAMCTIGATTACCCTGCTCTACTICTTCGCTATCTACCCGATCCTGCTGGTTTATAGCGTGGCAATCACCART
T v E S P H S B QLGMTUP P PRAILTSLTITILTIUYVGMHMKT
ACCGTTGAAGCTTCATG TCTCACCAGCTGGGTATGACGCCACCGCCGCGTGCGATTCTGTCGCTGATCCTGATCGTGGGTATGATAACC
IVRPGBQHIVKAKSILVPP!VGVLNLLALY
ATCGTTCGCTTCGCTGAGCAGATGATCGTTAMGCGATGAGTATICTGGTATTCCCGTTIGTICGCGTACTGATGC TGC TGGCTCTGTAC
LIPQ"IGAALITLSLDTASATG)‘GLHK‘I‘L'
mccwmmmmcmummccmcmmecm
L)IPVHV!SPI!SPIISSPAVAX&I!YGDN
CTGGCAATTCCGGTAATGGTGTTCTC GTICAACCACTCTCCGATCATCICTTC TTICGCCGTIGCGANGCGTGAAGAGTACGGCGATATG
A!QRCSRILAIABIHHVLTVN?PVPBCVL‘
GCAGAACAGAAATGCTCGAAGATCCTGGCATTCGCACACATCATGATGG TGS TGACCGTARTGTTCTTCGTCTTCAGCTCTGTACTGAGC
LTPADL&AAK!QHISILS!LANHPNAPVIA
CNACNCGGCAGACCTGGCNCGGCTAMGAGCAGMCA’I’CTCGA’I'R:TG‘I’CTIACCTGGCTMCCAC’M'!MCGCACCGGTIATCGCG
W M A P I I AI I ATITTERKSTULGEZYTZLGARTEGT?YNGHMNYZV
TGGATGGC!CCGA‘I'I'ATCGCGA‘ITATCGC:ATCACCAMTCC’I'I’CCNGGICACTACC‘ICGGCGCACGTGMGGCTPCMCGGTATGGTG
IXSLRGXGKSI!INXLNRITAL!MLVTTNY
ATIA.\A‘!‘C‘I'C‘:GCGTGGI‘M.AGGTMGTC‘IATCGMA’N‘.MCMGCTGMCCGTATCACI‘GCGCNITCAWMCGACC’KGGATT
VATLNPSILGKIBTLGG?IIAMIL?LKPHY
GI'I‘GCCACCCTGMCCCGAGCANCWANATNAMCCCNGGCGGNWKA!CGCGAMTCCWC‘PGATGCCGATG‘I‘AC
A!QKVPAHRR!SGBISNVPVVVKGLIAIBA
ccnmcmcmcccccnmcc-ruc-mcaccomxcawccuccnmmmammcxmcnmccm

1 » Y S L Pr s start of sdaB H I
AmAmmcmaccrumcrmccacccczmcccccccacmcmcmr:uccam'rcmmccr ATGATT

Fig.15 The DNA sequence of the sdaC gene.
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oligonucleotide corresponding to the complementary sequence of
the region from nucleotide 1305 to 1323 in this fiqure as
primer.

Analysis of this sequence revealed a large open-reading
frame starting with an ATG at nucleotide 803 and ending with
a TAA at 2092. A consensus Shine-Dalgarno sequence is found in
the ribosome-binding site of the open-reading frame. A
consensus sequence for Crp binding was also found in the
promoter region of this open-reading frame.

The stop codon of this open-reading frame and the start
codon for the sdaB gene is only 57 nucleotides apart, strongly
suggesting that this gene, sdaC, is in the same operon as

sdaB.

6.3. Analysis of the deduced SdaC protein

A striking feature of the amino acid sequence of SdaC
protein, as deduced by translation from the DNA sequence, is
that this protein is extremely hydrophobic, with 68.1% of all
amino acid residues being hydrophobic. This suggested that
SdaC protein might be a membrane protein.

Further analysis of SdaC protein using the program
developed by Rao and Argos (Rao & Argos, 1986) suggested that
this protein indeed contains multiple transmembrane domains
(Fig. 16), which strengthens the identification of the SdaC

protein as a transmembrane protein.
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Fig.16 Membrane-buried helix profile of SdaC

This analysis was performed using the program developed
by Rao and Argos, 1986. The x axis is the length of amino acid
sequence of SdaC which is 429 amino acids. The y axis value
represents the buried-helix parameter as computed by this
program. ,  , indicates a membrane-buried helix predicted

according to the assumptions in this program.
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Fig.16 Membrane-buried helix profile of SdaC
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SdaC METTQTSTIASKDSRSAWRKTDTMWMLGLYGTAIGAGVLFLPINAGVGGMIPLIIMA

TdcC MSTSDSIVSSQTKQSSWRKSDTTWTLGLFGlAIGAGVLFFPIRAGFGGLIPILLML

SdacC ILAFPMTFFAHRGLTRFVLSGKNPGEDITEVVEEHFGIGAGKLITLLYFFAIYPILL

TdcC VLAYPIAFYCHRA-ARLCLSGSNPSGNITETVEEBFGKTGGVVITFLYFFAICPLLW

SdacC VYSVAITNTVESFMSHQLGMTPPPRAILSLILIVGMMTIVRFGEQMIVKAMSILVFP

TdcC IYGVTITNTFMTFWENQLGFAPLNRGFVALFLLLLMAFVIWFGKDLMVKVMSYLVWP

SdaC FVGVLMLLALYLIPQWNGAALETLSLDTASATG NGLWMTLWLAIPVMVFSFNHSPI

TdcC FIASLVLISLSLIPYWNSAVIDQVDLGSLSLTGHDGILITVWLGISIMVFSFNFSPI

SdaC ISSFAVARREEYG-~~--- DMAEQKCSKILAFAHIMMVLTVMFFVFSCVLSLTPADLA

TdcC VSSFVVSKREEYEKDFGRDFTERKCSQIISRASMLMVAVVHFFAFSCLFTLSPANMA

SdaC AAKEQNISILSYLANHFNAPVIAWMAPIIAIIAITKSFLGHYLGAREGFNGMVIKSL

TdeC EAKAQNIPVLSYLANHFASMTGTKTTFAITLEYAASIIALVAIFKSFFGHYLGTLEG

SdaC RGKGKSIEINKLNRITAL

TdcC LNGLVLKFGYKGDKTKVS

Fig.17 A comparison of the amino acid sequence of SdaC and
TdcC
This comparison was performed with the FASTA

program (Pearson & Lipman, 1988)
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6.4. A sequence comparison between the sdaC and tdcC gene and
their products

The sequence present in figure 15 was compared with the
sequences in EMBL and GenBank databases released in April
1993. A very high similarity was found between the sdaC gene
and the tdcC gene in the tdc operon. No other significant
similarity was found between the sdaC gene or other parts of
this sequence with the sequences in the gene bank.

A detailed comparison of the sdaC and tdcC genes, using
the FASTA program, revealed that there is 64.2% identity in a
stretch of 840 bp. The similarity is found through most of the
coding sequence, but the sequences near the 3’ end of the
coding region shows significant differences. The sequences
immediately surrounding the two genes are not similar.

The deduced amino acid sequence of the sdaC gene shows
52.6% identity with the tdcC gene product (Fig.17). As one
might expect from the DNA sequence comparison, the C-termini
of the two protein show significant differences.

The discovery that the nucleotide sequences of the sdaC
and tdcC genes are very similar may indicate that they are
derived from a common ancestor. The TdcC protein has been
demonstrated to be a permease for both L-threonine and L-
serine. This implies that SdaC protein is likely to function

as a transport protein.
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6.5. No coding sequence is found immediately upstream of the
sdaC gene

While there may be an open-reading frame starting
upstream and running through the HindIII site, or transcribed
in the opposite direction, there is no complete open-reading
frame upstream of the sdaC gene in the sequence presented in
figure 15. Since I already showed that this sequence together
with the sequence in figure 9 carries all the information for
udaB expression, it is clear that the mutation in CP41 or CP52
strain is inside the sdaC gene, and that the decrease in sdaC
transcription causes the reduction of sdaB expression.

I also constructed two plasmids, which carry all the
sequence upstream of sdaC from pMES64 but do not carry the
entire sdaB. One of these is deficient also in sdaC and thus
carries only the region upstream of sdaC. This was done by
deletion starting downstream of the sdaB gene, since there is
no appropriate cutting site within the sdaB gene to permit
direct subcloning.

To make this construct, plasmid pMES64 waz= cut with Sall
and the whole plasmid was inserted into pBluescript, forming
PMES67 (for details, see Material and Methods). This plasmid
showed very high L-SD activity, and the activity was further
induced in LB. Exonuclease III deletion on pMES67 was carried
out after double digestion with SacI and Xbal. Plasmids which
did not support growth on IL-serine and were smaller than

PMES67 were selected. Two of the plasmids were sequenced using
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M13 primers to find out how many nucleotides had been deleted.

It was found that 48 amino acids from the C-terminus of
the SdaB protein were deleted from one of the plasmids. This
plasmid showed some L-SD activity in LB, 54 mU which is the
level from single copy sdaB, when it was transformed into
MEW97 or MEW98 strains. It was originally thought that this is
because a gene upstream of sdaB codes for a trans-acting
activator, which activates sdaB on the chromosome and
therefore some L-SD activity could be synthesized.

The second plasmid, in which the deletion ends at 232
nucleotides upstream of sdaB gene, showed no L-SD activity in
MEWI97 or MEW98 strain. The deletion on this second plasmid
actually ends inside of sdaC gene with 57 amino acids deleted
from the C-terminus of the SdaC protein.

It is clear then that there is no gene coding for a
trans-acting activator for the sdaB gene upstream of sdaC, and
that the inserts in CP41 and CP52 are inside the sdaC gene.
The fact that the plasmid, which carries the sdaB gene with 48
amino acids deleted from its C-terminus, showed L-SD activity
suggests that the truncated SdaB protein is still functional,

but with much lower activity.
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DISCUSSION

In this thesis, I have presented the nucleotide sequence
of the sdaCB operon of E.coli. The sdaC gene likely codes for
a transport protein for L-serine, while sdaB codes for the
second L-serine deaminase (L-SD2). I showed that the sdaB gene
is very similar to sdaA, the gene which codes for L-SD1, but
the two genes are requlated differently. The nucleotide
sequence confirmed that the sdaB gene is located upstream of
the fucO gene with a possible open-reading frame, orfX,
between them in the 60.2 minute region of the E.coli
chromosome. A mutation which established synthesis of L-SD2 in
glucose-minimal medium was demonstrated to cause a change at
the ribosome-binding site of the sdaB gene.

In this discussion, I will first discuss the strategy for
localizing and sequencing the sdaB gene. This will be followed
by a consideration of the regulation of sdaB gene expression
at both translational and transcriptional levels. I will then
discuss the strategy used to demonstrate the existence of the
sdaC gene and the possible function of the SdaC protein.
Finally, the possible physiological roles of both L-SD1 and L-

SD2 will be discussed.
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Part 1. Localization of the sdaB gene on the 8.4-kbp clone

This work began with an 8.4-kbp clone carrying sdaB, this
clone having been isolated by H.Su (Su & Newman, 1991). L-SD2
is normally expressed in LB, and therefore one cannot clone it
by complementing a deficiency. However, H.Su isolated a mutant
strain, sdaX, in which the regulation of sdaB was altered such
that L-SD2 is expressed in glucose-minimal medium. This
allowed the strain to grow with serine as carbon source, and
this characteristic was then used to clone sdaB. The 8.4-kbp
Pstl fragment used in this work was thought to carry the sdaB
gene, since it conferred high L-SD activity and allowed the
cell to grow on L-serine (Su & Newman, 1991).

From the first miniMu clone, an 8.4-kbp PstI fragment
complementing sdaB deficiency, was subcloned onto pBR322 (Su
& Newman, 1991). In order to do deletion and single stranded
sequencing, I further subcloned a 4.2-kbp fragment into the
phagemid pBluescript multicloning site. The DNA sequence of
both stre~ds of this 4.2-kbp fragment carrying the sdaB gene

was then determined.

1l.1. Subcloning of the sdaB gene

There are two HindIII sites inside the 8.4-kbp PstI
fragment, located such that HindIII digestion will cut the
fragment into two HindIII-PstI fragments, 3-kbp and 4.2~kbp in

size respectively (Fig.2).
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The first subclone on pBluescript, containing the 4.2-kbp
fragment along with about 3-kbp further DNA from pBR322,
showed L-serine deaminase activity, suggesting that the 4.2-
kbp fragment carries the sdaB gene.

However, the pBR322 DNA proved to be essential for sdaB
expression. Removal of the 3-kbp pBR322 fragment, the Pstl
fragment on pMES60 (Fig. 2), from the clone on pBluescript
abolished expression of the sdaB gene; that is, no L-SD
activity was made from the sdaB gene in the 4.2-kbp HindIII-
Pstl fragment when it was cloned on pBluescript. Again, if the
3-kbp pBR322 fragment was reinserted into this clone, the sdaB
gene was expressed.

While the sdaB gene was not expressed from the 4.2-kbp
fragment in Bluescript, it was expressed when this 4.2-kbp DNA
fragment was subcloned into pBR322. The reason why the sdaB
gene in the 4.2-kbp fragment was not expressed when it is on
pBluescript is not clear. It is similarly unclear why the 3-
kbp fragment from pBR322 would help to express sdaB.

This work has shown that sdaB is the downstream gene of
the sdaCB operon. It is clear that the 4.2-kbp fragment does
not contain the whole sdaCB operon and therefore may need a
promoter from the vector to express the sdaB gene. However, a
larger fragment (6.8-kbp Sall fragment) on pBluescript
containing the entire sdaCB operon does not show L-SD activity
either. This 6.8-kbp Sall fragment showed L-SD activity when

it was cloned on pBR322 in either orientation.

121



On the other hand, the 3-kbp fragment from pBR322 does

not provide any promoter for the expression of sdaB, because
it is located downstream of the sdaB gene (inside the fucO
gene).

The vector, pBluescript, produces many more copies per
cell than does pBR322 (Instruction Manual, Stratagene Co.). It
may be that too many copies of the sdaB gene are toxic to the
cells or interfere with their own expression. However, it
seems unlikely that this is the reason for nonexpression of
sdaB on pBluescript. First, cells with pBluescript carrying
the 4.2-kbp HindIII-PstI fragment grow well, i.e. do not have
toxicity problems. Second, it seems that pBluescript carrying
both the sdaB gene and the 3-kbp fragment from pBR322 still
has a high copy number in the cells, but the sdaB gene is
expressed.

Another possibility is that there are several other
promoters on pBluescript which may interfere with sdaB
expression from its own promoter. Even if this is true, it is
difficult to see how the 3-kbp downstream fragment from pBR322

could help to express the sdaB gene.

1.2. The open-reading frame for the sdaB gene

Analysis of the sequence of the 4.2-kbp fragment carrying
the sdaB gene revealed that there are two complete open-
reading frames on the DNA strand as read in the direction from

HindIII to PstI (Fig.9).

122



The first open-reading frame is presumed to code for
sdaB. It starts with an ATG and ends with a TAA, coding for
455 amino acids with a predicted molecular mass of 48,655. A
possible transcription terminator, CCAAAGGCCTCGTTTTG, was
found immediately after the stop codon. Codon usage analysis
indicated that this open-reading frame has a codon bias
characteristic of E.coli protein-coding genes (Gouy &
Gauthier, 1982). The sequence in the ribosome-binding site of
the open-reading frame is close to the consensus Shine-
Dalgarno sequence.

A comparison of nucleotide sequences showed that this
complete open-reading frame has very high similarity with the
sdaA gene, suggesting that they are homologous. Since I was
looking for a gene whose product has a function similar to
that of the SdaA protein, I concluded that this open-reading
frame codes for SdaB. This is also consistent with the fact

that sdaB hybridizes well with the sdaA gene.

1.3. Existence of an open-reading frame (orfX) of unknown
function
The second open-reading frame, orfX, is 1likely to code
for a protein. It starts with a GTG, which is 111 nucleotides
distant from the stop codon for the sdaB gene. The stop codon
of this open-reading frame, a TAA, is 54 nucleotides from the
stop codon of the fucO gene, which is transcribed in the

opposite direction from sdaB and orfX. A putative
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transcriptional terminator, CGGCGAGGCGGATACGCCGC, is present
immediately after the stop codon. A consensus Shine-Dalgarno
sequence is present in the expected ribosome-binding site of
this open-reading frame.

The orfX, coding for 251 amino acids with a predicted
molecular mass of 28,102, is likely to constitute a single
gene operon, since there is a transcriptional terminator after
the sdaB gene and a relatively long sequence between sdaB and
orfX.

The function for orfX is unknown. Moreover, I do not know
if this open-reading frame is expressed or not. Since the
subclone of the 6.8-kbp Sall fragment, which does not carry
orfX, showed the same level of L-SD activity as the original
8.4-kbp PstI fragment, it is clear that the absence of orfX

has no effect on L-SD2 expression.

1.4. Determination of the exact map position of the sdaB gene

The conventional mapping methods, conjugation and
transduction, are still widely used to map genes on the E.coli
chromosome. However, in recent vyears, information from
restriction maps and sequences has shown more and more impact
on locating genes precisely. By searching DNA sequence
databases, the sdaA gene was found to be closely linked to the
pabB gene (Su, 1991). According to the recent release of a
compilation of E.coli sequences from the EMBL and GenBank

databases, it has been estimated that about 45% of the entire
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E.coli genome has been sequenced by 1992.

Both the sdaCB and fucose operons were mapped at 60.1
min by conventional mapping (Su & Newman, 1991; Chakrabarti et
al., 1984). My sequence of 1l.2-kbp downstream of the sdaB
gene, from the Pvull site to the Pstl site, was found to be
identical to that of part of the fucose operon. Therefore, the
sdaB gene and fucAO operon are indeed closely linked with a
possible open-reading frame (orfX) between them (Fig.9). The
sdaB gene and orfX are transcribed in a clockwise direction,
while fucAO is transcribed in the opposite direction (Fig.12;

Chen et al., 1989).

Part 2. Comparisons of the sdaA and sdaB sequences.

2.1. A comparison of nucleotide sequences of sdaA and sdaB

The initial search for possible similar sequence with the
sequence of 4.2-kbp fragment was performed using the NCBI
blast services in August, 1992. This located an open-reading
frame in the sdaB sequence, which was found to be highly
similar to the sdaA gene. The similar region starts after the
ribosome-binding sites of the two genes and stopped shortly
after the stop codon (Fig.10). A total of 71.8% identical
nucleotides were found in the stretch of 1444 nucleotides.

A more detailed comparison of the coding sequences of the
sdaA and sdaB genes was conducted using the FASTA program

(Pearson & Lipman, 1988). This showed 73% nucleotide identity
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with the similar region extending through the entire coding
sequences.

Since the sdaA gene has been demonstrated to code for the
structure of L-SD1, the high similarity between the sdaA and
sdaB genes makes it extremely likely that sdaB gene codes for
the structure of L-SD2.

The start codon for sdaB gene is an ATG, while the one
for sdaA is a GTG. Both of them end with a TAA. The upstream
region of sdaB showed no significant similarity with that of
sdaA. Since the sdaB gene is the downstream gene in the sdaCB
operon, I then compared the upstream noncoding region of the
sdaCB operon and the upstream noncoding region of the sdaA
gene. These showed no similarity. These results indicate that
the expression of the two L-serine deaminases is regulated
differently. The downstream sequence of the sdaB gene is also

different from that of the sdaA gene.

2.2. A comparison of the amino acid sequences of SdaA and SdaB

Comparison of the amino acid sequences of SdaA and SdaB
as deduced from their nucleotide sequence revealed even higher
level of similarity with 76.5 % identity (Fig.11). Therefore,
SdaA and SdaB should have similar structures, the more so
since both of them deaminate L-serine.

It was thought at the beginning of this work that it
would be fpossible to obtain some knowledge about the

relationship between the structure and the function of L-
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serine deaminating enzymes by comparing two similar enzymes in
E.coli. However, since these two proteins are so similar
through the entire structure, it is difficult to assign the
functional domains of L-SD from the results of this
comparison.

As one might expect from the high similarity of the two
proteins, the two Sda proteins have very similar biochemical
properties. L-SD1 and L-SD2 showed similar requirements for pH
and concentration of substrate (Su, 1991). Both enzymes are
made in an inactive form (Su & Newman, 1991) and activated by
an as yet unknown series of enzymes (Newman et al., 1985a). It
has been suggested earlier that this activation might involve
serinolysis as described by Snell and coworkers (Recsei et
al., 1983). This is made considerably less likely by the fact
that the serine-serine bond implicated in the sdaA gene
product is not found in the sdaB sequence. On the other hand,
the ;daB sequence contains a serine-serine bond not seen in

sdaA.

2.3. sdaA and sdaB may share a common ancestor

There are now known in E.coli many pairs or groups of
genes which show a very high level of similarity in their
nucleotide sequences (Table 1). Those pairs or groups of genes
are each believed to be derived from a common ancestor. In
many cases, the products of those pairs or groups of genes

have similar function, e.g., enzymes show similar catalytic
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ability. However, as in the case of the sdaA and sdaB genes,
the upstream regulatory regions of most of those genes showed
great differences.

The tufA and tufB gene, coding for elongation factors
(EF-Tu), are homologous (An & Friesen, 1980). Most differences
in the nucleotide sequences are in the silent third codon
position and the products of the two genes vary by only one
amino acid residue. However, the nucleotide sequences
immediately on the 5’ side of the first codon of the
structural genes differ completely, suggesting that the
regulation of the expression of the two genes is different.
The translation start codon for tufA is GTG, like that of the
sdaA gene; the translation start codon for tufB is ATG, like
that of the sdaB gene.

Two nitrate reductases have been reported in E.coli,
encoded by narZYWV and narGHJI respectively (Blasco et al.,
1989; Blasco et al., 1990). These two transcription units were
found to be 73% identical at nucleotide sequences and it was
suggested that they are descended from a common ancestor by
duplication (Blasco et al., 1990). The expression of the
enzymes had been demonstrated to be regulated differently. The
narGHJI genes are positively regulated by Fnr in anaerobiosis
and depend on the presence of nitrate for expression (Stewart,
1988), while narzYWV genes may be not controlled by Fnr and
their expression is independent of nitrate (Bonnefoy et al.,

1987). Indeed, Fnr and NarL boxes were found in the upstream
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of narG gene, but were absent from the upstream of narZz gene
(Blasco et al., 1990).

Like the examples mentioned above, the two sda genes are
extremely similar and their products show similar structure
and catalytic activity, strongly suggesting that they are
derived from a common ancestor by duplication. The fact that
the nucleotide sequences immediately surrounding the two genes
are very different indicated that the duplication is
restricted to the coding region of the two genes.

The similarity between the sdaA gene and sdaB gene
spreads through the whole coding region. Thus the two proteins
must be similar from the amino terminus to carboxyl terminus.
It is therefore very difficult to deduce the location of the
catalytic site or other important regulatory sites from the
comparison of the two sequences. On the other hand, this high
similarity through the whole protein between SdaA and SdaB may
suggest that there is a strong selective pressure for L-SD to
maintain its overall structure.

The lack of similarity between the regions immediately on
the 5’ side of the sdaA and sdaB genes suggested that there
are no requlatory sequences held in common by the two genes.
This is consistent with the fact that the regqulation of

expression of the two genes is very different.
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Part 3 Tramslational control of sdaB

3.1. Identification of the sdaX mutation

Because sdaB is not normally expressed in minimal medium,
it was cloned indirectly (see discussion, part 1). To do that,
H.Su isolated a mutant which did produce L-SD2 in glucose-
minimal medium and named the mutated gene sdaX. An sdaB mutant
was then isolated by screening AplacMu9 insertions in the sdax
mutant strain and choosing those which were deficient in L-SD
activity in both minimal medium and LB. The sdaX and sdaB
mutations were mapped at the same positon, suggesting that
they are closely linked, and might even be in the same gene
(Su & Newman, 1991). The sdaB gene was cloned from the strain
carrying the sdaX mutations. High L-SD activity from the
cloned sdaB gene was seen in glucose minimal medium (Su &
Newman, 1991), although the activity was much higher in LB,
suggesting that the sdaX mutation might be carried on this
clone.

To identify the sdaX mutation, I cloned the 4.2-kbp
HindIII-PstI DNA fragment containing the wildtype sdaB gene
from the Kohara phage gene bank. The L-SD activity from this
clone was extremely low when cells were grown in glucose-
minimal medium, consistent with the fact that the cloned wild-
type sdaB gene is not expected to be expressed in this growth
condition. The wild-type clone was expressed in LB, but to a

much lower level than was produced by the sdaB clone derived
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from the sdaX strain. The results clearly showed that the 4.2-
kbp clone carries both sdaB and a requlatory mutation.

I then sequenced part of the upstream region of the
wildtype sdaB gene. This differed from the sequence obtained
from the clone derived from the sdaX mutant cells by only one
base pair, in that a cytosine at the 13th position upstream of
the ATG translational start site was replaced by an adenine in
the mutant clone (Fig.14). This point mutation might be the
sdaX mutation which results in the expression of the sdaB gene

in minimal medium.

3.2. Creation of the sdaX mutation by site-directed
mutagenesis.

The single base change found in the clone from the mutant
cell is inside the Shine-Dalgarno sequence (Shine & Dalgarno,
1974), a location which may explain the phenotype of the sdaX
mutation. However, this difference between the ribosome-
binding site of the mutant and wildtype clones may not be the
only difference between the two clones, and therefore may not
be responsible for the sdaX mutation, for the following
reasons:

1. The two clones were derived from different strain
backgrounds and the sdaB gene in different strains may not be
identical as to nucleotide sequence.

2. Only 300 bases of the DNA upstream of the ATG start

site of the Kohara phage-derived clone were sequenced. There
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might be another difference between the two clones somewhere
outside these 300 bases, and this might be responsible for the
change in expression.

3. The promoter for the sdaB gene may be much further
upstream, e.g. upstream of the sdaC gene, since the sdaB gene
is a 3’ gene in the sdaCB operon. This is unlikely, because
different sdaB expression was seen from the two 4.2-kbp
HindIII-Pstl DNA fragments cloned from the sdaX mutant and
Kohara phage gene bank respectively. This 4.2-kbp fragment
carries only part of the sdaC gene, and not the promoter.

I wanted therefore to know whether the single mutation at
base pair -13 from the ATG, which resulted in a changed
ribosome-binding site, indeed produced the sdaX phenotype. To
examine this, I replaced the same nucleotide of the wildtype
clone, a cytosine 13 nucleotides upstream from the ATG codon,
with an adenine as seen in the sdaX strain by site-directed
mutagenesis. The nature of the sequence change on the plasmids
was confirmed by subsequent sequencing using a synthezised
oligonucleotide as primer. The plasmid carrying the introduced
mutation was then transformed into cells deficient in both I-
SD1 and L-SD2. By testing the ability of cells containing
mutated plasmid to grow on L-serine and assaying L-SD
activity, I showed that the change from the wild-type to the
sdaX sequence at base-pair -13 indeed reproduced the sdax
mutant phenotype. That is, a change in the ribosome-binding

site resulted in increased expression in minimal medium.
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Table 10
Effect of ribosome binding site mutations

on synthesis of gene products

Gene Sequence of RBS Effect of Source
mutation
sdaB wild type TAACGCGATGT Increase this
mutant TAACGAGATGT work
malT wild type TGAAGTGATTA Increase Chapon
mutant TGGAGTGATTA 1982
gene 0.3 wild type CACGAGGTAAC Decrease Dunn
of T4 mutant CACGAAGTAAC 1978
gene H wild type TGAGGTGATTT Decrease Gillam
of ¢X174 mutant TGAGG-GATTT 1980

Data is presented for 2 E. coli genes, sdaB and malT, and two

phage genes, gene 0.3 from phage T4, and gene H from ¢X174.

Nucleotides mutated are underlined in the mutant sequence. The

mutant form of gene H carries a deletion indicated by the

symbol -,

Abbreviations: RBS, ribosome-binding site
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3.3. A consideration of the effect of a mutation in the
ribosome-binding site on expression of sdaB

Translation from mRNA can be requlated through the extent
of the attachment between the mRNA and the ribosomes. It has
been suggested that this type of regulation may be a common
mode of regulating translation, especially where quick and
subtle changes of gene expression are required (Watson et al.,
1987).

The ribosome of E.coli distinguishes between AUG codons
at the start of a gene and those coding for internal
methionines by recognizing the ribosoine-binding site upstream
of the actual start site (Shine & Dalgarno, 1974). The
sequence at the ribosome-binding site matches the sequence of
the 3’ end of 16S rRNA and this match is very important in
determining the translational efficiency of the mRNA.
Generally, the closer the match, the higher the efficiency of
translation will be. Indeed, changes in the amount of protein
produced as a result of ribosome-binding site mutations have
been described for a variety of genes, some of which are
listed in table 10. In the case of the malT mutation, the
change in the ribosome-binding site brought the sequence
closer to the consensus sequence UAAGGAGUGA (McCarthy &
Gualerzi, 1990), which iesulted in increased malT expression
(Chapon, 1980). The mutations in both gene 0.3 of '4 and gene
H of ¢X174 made the sequences less like the consensus

sequence, resulting in decreased expression (Dunn et al.,
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1978; Gillam et al., 1980).

The wildtype Shine-Dalgarno region of the sdaB gene,
TAAcGcGaTg, differs from the consensus sequence at 4 of 10
nucleotides, and 3 of those are in the most critical central
5 bases. The "sdaX" mutation removed one of the mismatches in

the central 5 (Fig.14), and thus should improve translation.

3.4. Translational regulation of the sdaB gene in LB medium

Although wildtype cells grown in glucose-minimal medium
make very little L-SD2 (if any), they must make sdaB mRNA -
otherwise a change in the ribosome-binding site could not, by
itself, increase the level of the enzyme.

On the other hand, when they were grown in LB medium, the
wildtype cells did make L-SD2. The L-SD2 made in LB could come
from the same mRNA which is not translated at all in minimal
medium or there might be a different promoter in LB for the
sdaB gene. Of course, the wildtype cell must make more mRNA in
LB than in minimal medium, as would be expected from the known
catabolite repression on sdaB. It must also translate it more
efficiently, since the ribosome-binding site is improved. This
is indeed true that the sdaX mutant makes more L-SD2 in LB
than wildtype strain (Su & Newman, 1991).

Why then is wildtype mMRNA not translated in minimal
medium, when it is translated in LB?

Besides the match between the ribosome-binding site and

16S rRNA, translational efficiency is also determined by
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several other factors, in particular the secondary structure
of the mRNA. The ribosome-binding site could be trapped in a
particular secondary structure and therefore, the ribosome
might not be able to initiate protein synthesis. This
secondary structure of mRNA may also be affected by changes in
the sequence (De Smit & Duin, 1990; McCarthy & Gualerzi,
1990).

The uncH gene in E.coli, for example, is expressed at
very low level. It has been demonstrated that uncH mRNA is
translated poorly due to the secondary structure around the
Shine-Dalgarno sequence of the mRNA. Mutations which decrease
the stability of the putative stem-loop structure cause an
increase in expression (Pati et al., 1992).

It is likely then, that in cells grown in minimal medium,
wildtype sdaB mRNA assumes a nontranslatable form, e.g. a
secondary structure which stops the initiat. on of translation.
The sdaX mutation then changes the ribosome-binding site and
improves the match; and also changes the secondary structure
of the mRNA to a more efficient translated form. Therefore,
sdaB mRNA in the sdaX mutant cell is translated.

The wildtype sdaB mRNA is translated less efficiently in
LB-grown cell than is the sdaX mRNA, since the sdaX mutation
was shown to improve the translation from the sdaB mRNA in LB-
grown cells. However, wildtype mRNA is nonetheless highly
expressed, suggesting that the mRNA in LB-grown cell is in a

translatable form and that improved translation by the sdax
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mutation results from its improving the match between the mRNA
and the 16S RNA.

Cases are known in which transition from a non-
translatable form to a translatable form can be achieved by a
translational accessory protein. It has been suggested that
interaction between mRNA and other proteins can improve
translational efficiency, e.g. RNase III protein at the lambda
cIII gene (Altuvia et al., 1987). Therefore, it may be that
cells grown in LB medium make such an accessory translation
factor and increase translation of wildtype sdaB mRNA, thus

expressing sdaB in LB medium.

Part 4. Transcriptional control of sdaB gene expression

4.1. Different transcriptional regulation of the sdaB and sdaA
genes.

The high degree of similarity of both nucleotide and
amino acid sequences suggested that L-SD1 and L-SD2 have very
similar structure and catalytic activity. However, lack of
homology in the upstream regions between the two genes
indicated that the expression of the two genes is regulated
differently.

The sdaA gene is transcribed in both glucose-minimal
medium and LB. Lrp protein was shown to bind to the upstream
region of the sdaA gene and repress its expression. This

repression by Lrp protein can be released by adding exogenous
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L-leucine (Lin, 1992). Another global regulatory protein, the
product of the ssd gene, also regqulates transcription from
sdaA gene expression (Su et al., 1989) by an unknown
mechanism. Increased SdaA activity is induced by a wide
variety of environmental factors. Some factors, e.g. UV
irradiation and anaerobic condition, were shown to induce the
transcription of the sdaA gene (Su, 1991), while some other
factors, e.g. high temperature, may increase L-SD1 expression
at a post-transcriptional level (Su, 1991).

On the other hand, sdaB is only expressed in LB medium.
No amino acids, not even L-serine, has been shown to increase
sdaB expression in minimal medium. UV irradiation, anaerobic
growth condition and elevated temperature also were not
inducing. Similarly the ssd gene product does not affect the
expression of sdaB in either minimal medium or LB.

L-leucine induced the B-galactosidase activity from an
sdaX sdaB::lacZ fusion and from the wildtype sdaB::lacZ
fusion, although very slightly (Table 3). This indicates that
Lrp protein may be involved in the regulation of sdaB gene
expression. This however may be a result of requlation of the
putative sdaC gene. B-galactosidase activity from CP41 and
CP52 strains containing the sdaC::AplacMu9 fusion was shown to
be affected by L-leucine and this induction is mediated by Lxrp
protein (Table 8). The expression of the sdaB gene should be
then regulated by Lrp protein as well, since it is in the same

operon as sdaC and downstream from it.
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It is surprising, then, that the activity of L-SD2 in the
lrp mutant background was not changed significantly in either
minimal medium or in LB (Table 6). In fact, the L-SD2 activity
is barely detectable in glucose-minimal medium with or without
exogenous L-leucine.

The sdaCB mRNA should be made in minimal medium and
probably more such mRNA is made in the presence of L-leucine.
That is why the sdaC gene is expressed in minimal medium and
is induced by L-leucine. However, it is another story for the
sdaB gene. A consensus Shine-Dalgarno sequence is present in
the ribosome-binding site for sdaC, while the ribosome-binding
site for the sdaB gene functions poorly, particularly in
glucose-minimal medium. As discussed above, the sdaB mRNA is
likely in a nontranslatable form and therefore is not
translated at all in minimal medium.

In LB medium, I showed that the Lrp protein is not
involved in the induction of B-galactosidase expression in
CP41 and CP52 strains (Table 8). Therefore, it is unlikely
that Lrp protein would influence the high expression of L-SD2
in LB medium. This is consistent with the fact that the
expression of Lrp protein itself was highly repressed in LB
medium (Lin, 1992).

The fact that the expression of the sdaA and sdaB genes
is regulated completely differently suggests that L-SD1 and L-

SD2 might play different physiological roles in the cell.
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4.2. Catabolite repression of sdaB gene expression

One of the possible functions suggested for L-SD is that
it is a catabolic enzyme (Su, 1991). By deaminating L-serine,
this reaction would provide the cell with a carbon and energy
source. If this is true, one would expect that the expression
of L-SD might be controlled by catabolite repression.

While the signal which activates the expression of the
sdaB gene in LB medium is not identified, I did find that the
expression of the sdaB gene is repressed significantly by
adding glucose to LB medium, which is consistent with
regulation by catabolite repression.

Catabolite repression is mediated by the cyclic AMP/cAMP
receptor protein (Crp) system in E.coli. To test whether this
is involved in sdaB regulation, a crp null mutation, crp::Cm,
was introduced into our strains. As expected, the expression
of sdaB is almost completely abolished in the crp mutant
background (Table 6). It is clear then that the major control
of transcription of the sdaB gene is catabolite repression.
This is consistent with the idea that L-SD2 is an essentially
catabolic enzyme, with the function of degrading L-serine when
amino acids are plentiful and alternative carbon sources are
not.

Growing cells in minimal medium with other carbon sources
does not induce the expression of sdaB, indicating that cAMP
and Crp alone could not activate sdaB expression. Addition of

exogenous L-serine did not activate the sdaB expression
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either. Therefore, there must be a signal in LB medium, which
together with Crp protein, starts expression of sdaB.
Although sdaB is clearly shown to be regulated by
catabolite repression, sequence analysis showed that there is
no potential Crp binding site found immediately upstream of
the sdaB gene. There are two possible explanations for the
absence of a Crp binding site upstream of sdaB. The first one
is that sdaB may be the 3’ gene in an operon, with the Crp
binding site located at the beginning of the operon. The
second possibility is that the regulation by cAMP and Crp
protein on sdaB is indirect, e.g. through another protein.
Synthesis of this protein would be regulated by Crp protein,
and this protein would then regulate the expression of sdaB.
I demonstrated in this work that the sdaB gene is indeed
a 3’ gene in the sdaCB operon and a consensus sequence typical
of a Crp binding site was found in the promoter region of the
sdaCB operon. This is consistent with the data showing that
Crp protein is involved in the regulation of L-SD2 expression.
The sdaA gene is expressed in glucose-minimal medium and
its expression is increased in LB as well. However, this is
not due to catabolite repression. Expression of the sdaA gene
in LB is not affected by glucose. Similarly, introduction of
a crp::Cm mutation did not affect expression of the sdaA gene.
This result further indicates that the L-SD1 and L-SD2
must play a different role in the cell and suggests that the

major function of L-SD1 is not purely catabolic.
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4.3. A possible mechanism for induction in 1B

The expression of both the sdaA and sdaB genes is greatly
induced in LB. However, the mechanism by which this occurs is
not clear. The case of the tdcB gene, also expressed in rich
medium, is similar (Umbarger, 1978). L-serine does not induce
sdaA or sdaB expression, while L-threonine does not, at least
alone, induce tdcB gene expression (Hobert & Datta, 1983).

It seems then that there might be a common signal to
activate those genes, whose products are involved in
degradation of amino acids and perhaps other compounds present
in rich medium. This common signal may tell the cell that the
overall level of amino acids and other nutrients is very high
and therefore all the degrading genes should be activated. In
this way the cell would not have to sense individual amino
acid levels, but would respond to the overall level.

However, even if this is true, it cannot apply to all the
genes whose products are involved in the degradation of amino
acids. The expression of the dsdA gene, coding for D-serine
deaminase, has been shown to be induced by its substrate
(McFall, 1987), as is the expression of the putA gene, coding

for proline dehydrogenase (Wood, 1981).

Part 5 Characterization of the sdaCB operon
5.1. Characterization of insertions near the sdaB gene
In order to screen genes requlated by L-leucine, lplacMu9

was inserted ramdonly into the chromosome of E.coli cells. Two
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such insertions, in strains CP41 and CP52, were mapped by Pl
mediated transduction in the same area in which the sdaB gene
was located (Lin et al., 1992; Lin, 1992). This result led to
the suggestion that AplacMu9 in both strains CP41 and CP52
might be inserted in a gene very close to the sdaB gene, or
even inside it.

The fact that L-SD activity was much reduced in both
strains suggested that they both might be in sdaB. Moreover,
the regulation of B-galactosidase expression in CP41 and CP52
strains was found to be extremely similar to that of the sdaB
gene. Expression of the insert lacZ was very low in minimal
medium. They differed from sdaB in being induced by exogenous
L-leucine, in a mechanism demonstrated to be mediated by Lrp
protein. However, like sdaB, CP41 and CP52 showed the greatest
induction during growth in LB (Table 8; Lin et al., 1992) and
the lrp mutation had no effect on this induction.

Nonetheless the CP41 and CP52 inserts were not in sdaB.
R.T.Lin showed that the gene inserted by AplacMu9 in strain
CP41 and strain CP52 is actually a gene upstream of sdaB,
called sdaC. This was demontrated by hybridization to
chromosomal DNA isolated from CP41 and CP52 strains, using a
cloned DNA fragment around sdaB gene as probe. The results of
hybridization showed that, in strain CP41 and strain CP52,
AplacMu9 was inserted not in the sdaB gene, but in the

upstream region very close to sdaB.
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The map position, and the similarity of requlation of the

inserts in CP41 and CP52 strains and in the sdaB gene,
strongly suggested that the gene carrying the CP41 and CP52
inserts is a 5’ gene in the same operon as sdaB. The level of
B-galactosidase activity is different in strains CP41 and
CP52, and in strain MEW60 in which AplacMu9 is inserted in the
sdaB gene of an sdaX mutant. In strain CP41, the @-
galactosidase activity is much higher than that in the other
two strains (Table 8). However, this could happen if the
truncated lacZ gene were inserted in different positions
within the gene or operon. If there is indeed an operon with
AplacMu9 in CP41 and CP52 inserted in the gene upstream of
sdaB, for instance, it might then be that in strain CP41, the
AplacMu9 is inserted at the beginning of the gene so that the
amino acids fused to the B-galactosidase have little effect on
the activity of the protein. In strain CP52, on the other
hand, the amino acids fused to B-galactosidase might decrease
the activity of the protein significantly. Things are quite
different in MEW60 strain in which the B-galactosidase is
fused to a downstream gene of the operon. The transcription of
the fusion gene, as well as the translation, may simply be
weaker than that of the gene upstream of sdaB. The fused amino
acids may also affect the B-galactosidase activity of the
MEW60 strain.

It would be nice to know the exact location of the

iplacMu9 insertion in the CP41 and CP52 strains. I actually
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attempted to do that by sequencing the junction of 1placMu9
and the gene carrying the insert in both CP41 and CP52
strains. Two primers were used, one corresponding to the
sequence of the MuS end, which connects the target gene and
the truncated lacZ gene, and another corresponding to the
sequence inside the lacZ gene. The template was digested
chromosomal DNA isolated from CP41 and CP52 strains and
sequencing was carried out by the method described in the
double stranded DNA cycle sequencing system (Gibco BRL, Life
Tech.Inc.). Though this did not work when I attempted it, it

should be possible to determine it in this way.

5.2. Characterization of the sdaCB operon carried on a plasmid

Expression of sdaB is greatly dependent on how much
upstream DNA accompanies it. The plasmid with the 4.2-kbp
HindIII-Pstl fragment carrying the sdaB gene conferred L-SD
activity in glucose-minimal medium, because of the improved
ribosome-binding site due to the sdaX mutation. The 8.4-kbp
PstI fragment, carrying 4.2-kbp more DNA upstream of the sdaB
gene, produced a higher L-SD activity than the 4.2-Xbp
fragment.

This difference was accentuated in LB. The expression of
sdaB from the 4.2-kbp fragment is not induced in LB, while the

L-SD activity from the 8.4-kbp fragment is greatly induced by

growing the cells in LB.
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Another major difference between the 4.2-kbp fragment and
the 8.4-kbp fragment is the response of the sdaB gene to
catabolite repression. The L-SD activity from the 4.2-kbp
fragment remains the same in the sdaA mutant cells and in the
sdaA crp double mutant cells. The L-SD activity from the 8.4-
kbp fragment, however, is much lower in the sdaA crp double
mutant than in the sdaA matant cells. That is, the level of
sdaB expression from the 4.2-kbp clone is very low in LB
medium, and Crp protein does not activate its expression. This
result clearly suggested that the 4.2-kbp DNA fragment which
was originally sequenced does not contain all the information
for sdaB expression and regulation. This is consistent with
the results of the characterization of expression from the
insertions in CP41 and CP52.

The 8.4-kbp PstI fragment, from which the L-SD activity
is induced in LB and repressed in the crp mutant background,
carries more than 4.2-kbp of the DNA upstream of sdaB. This is
a big enough fragment to carry several genes. I therefore
further subcloned the DNA fragment so as to locate the minimum
sequence that contains all the information for sdaB gene
expression.

The 6.8-kbp Sall fragment is missing about 1.6 kbp of
DNA downstream of sdaB including the possible open-reading
frame downstream of sdaB (orfX) and some of the fucO sequence
(Fig.12). From that construct, the upstream DNA which is not

related to sdaB gene expression was then deleted using
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exonuclease III. The 3.7-kbp remaining contained all the
information needed for expressing sdaB and responding to LB

induction and catabolite repression.

5.3. The complete sequence of the sdaC gene

Of the 3.7-kbp DNA fragment, 2.6-kbp HindIII-Sall
fragment had already been sequenced during the
characterization of sdaB itself, the sequence from HindIII to
Sall site in figure 9. To sequence the rest of the fragment,
I subcloned a 1l.1-kbp HindIII fragment from pMES41 into
pBluescript. The sequence surrounding the HindIII site was
confirmed by sequencing the junction using a synthesized
oligonucleotide, corresponding to the sequence downstream of
the HindIII site, as primer.

Analysis of the sequence indicated that there is indeed
an open-reading frame, here known as the sdaC gene, upstream
of the sdaB gene. The sdaC gene starts with an ATG and ends
with a TAA. A consensus Shine-Dalgarno sequence is present at
the site expected for a ribosome-binding site of this open-
reading frame. Moreover, a consensus Crp binding site,
TATTTGAGATCAAGATCACTGA, was found in the promoter region of
this gene, as would be expected from the fact that expression
in CP41 and CP52 strains is requlated by Crp protein.

The putative stop codon of the sdaC gene is only 57-bp
from the start codon of sdaB which strongly suggested that the

sdaC and sdaB genes are in the same operon. This is consistent
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with the fact that the insertion in sdaC decreased the
expression of the sdaB gene. It also explains why I was unable
to find a Crp binding site just upstream of the sdaB gene,
even though expression of the sdaB gene was shown to be
regulated by Crp.

Although the sdaB gene is a 3’ gene in this operon, its
expression is unlikely to be totally dependent on the promoter
upstream of the sdaC gene. First, the insertion in the sdaC
gene results in reduction of sdaB expression, but does not
eliminate sdaB expression completely. Second, L-SD activity
was produced from the subclone carrying the 4.2-kbp fragment,
which contains only part of the sdaC gene. This seems to
indicate that the sdaB gene has its own promoter, which may
lie inside the coding region of the sdaC gene. However, this
promoter for the sdaB gene is a minor one and does not account
for full expression of the sdaB gene, since the level of
expression from this promoter is very low and is not induced
in UB medium. The requlation by LB and the catabolite
repression of sdaB are mediated by the major promoter in the
upstream of the sdaC gene.

This arrangement - that the downstream gene(s) in a
operon have their own promoters which can be located inside of
the coding region of the upstream gene- is very common. For
instance, in the pB operon for RNA polymerase S and B’
subunits, the promoter of the gene for B’ subunit is at the

end of the gene coding for the B subunit (Burton et al.,
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1983). In a more closely related case, there is also a minor

promoter for tdcB in the tdcABC operon which is located inside

the open-reading frame for the tdcA gene (Goss & Datta, 1988).

Part 6 The sdaC gene product, a previously undescribed

possible transport protein for L-serine

6.1. SdaC, a hydrophobic protein

The sdaC open-reading frame codes for 429 amino acids
with a predicted molecular mass of 46,906. The SdaC protein is
highly hydrophobic, with 68.1% of all amino acid residues
hydrophobic in nature (Table 11), suggesting that it might be
a membrane protein. The hydropathy profile of the amino acid
sequence revealed that SdaC protein has multi-transmembrane

domains (Fig.16).

6.2. A comparison of the sdaC and tdcC genes and their

products

The sdaB gene likely codes for the structure of L-SD2,
since it is likely homologous to the sdaA gene which has been
shown to code for the structure of L-SDl. A sequence
comparison reveals that sdaC is very similar in nucleotide
sequence to the tdcC gene, a gene known to code for a membrane
protein. This result indicated that the sdaC and tdcC genes

might be derived from the same ancestor gene.

149



Table 11 Amino acid composition of the SdaC protein

Amino acid residues

polar % nonpolar %
Arg(R) 11 2.5% Phe (F) 27 6.2%
Lys (K) 16 3.7% Leu(L) 49 11.4%
Asp (D) 6 1.3% Ile(I) 48 11.1%
Asn(N) 14 3.2% val(Vv) 30 6.9%
Glu(E) 15 3.4% Txrp (W) 7 1.6%
Gln (Q) 7 1.6% Ala(A) 42 9.7%
His (H) 8 1.8% Tyr(Y) 11 2.5%
Thr (T) 27 6.2% Gly(G) 32 7.4%
Ser(S) 30 6.9% Met (M) 28 6.5%
Cys(C) 2 0.4%
Pro(P) 19 4.4%
Subtotal 134 28.1% Subtotal 295 68.1
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The deduced amino acid sequence of the SdaC protein is
also very similar to that of the TdeC protein (Fig.17). The
SdaC protein has 429 amino acids, while the TdcC protein is
two amino acids longer than the SdaC protein. 49.5% amino
acids of SdaC protein are found identical to those of TdcC
protein (Fig.17).

TdcC protein appeared to be an integral membrane protein
with several membrane-spanning domains exhibiting a striking
similarity with other bacterial permeases (Sumantran et al.,
1990) . Analysis of SdaC protein, using the program developped
by Eisenberg et al. (Eisenberg et al., 1984), revealed that it
has 11 membrane associated a-helices (Table 12), while 10 such
a-helices were predicted for the TdcC protein. Those membrane
associated a-helices between SdaC and TdcC proteins are
remarkably similar (Table 12), suggesting that their structure
is similar and therefore they might serve similar functions in
the cell.

Although both sdaB and tdcB are associated in an operon
with a gene coding for a membrane protein, the two operons
differ in that the sdaC gene is the first gene in the sdaCB
operon, while the tdcC gene is the last gene in the tdcABC
operon (Goss et al., 1988). A positive regqulatory gene was
found upstream of the tdcABC operon and transcribed
divergently (Schweizer & Datta, 1989), but no such gene was
found in the upstream of sdaCB operon. The integration host

factor was required for positive regqulation of the tdc operon
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Table 12

Proteins
TdcC
SdaC
TdcC
SdaC
TdcC
SdaC
TdcC
SdaC
TdcC
SdaC
TdcC
SdaC
TdcC
SdaC
TdcC
SdaC
TdcC
SdaC
TdcC
SdaC

SdaC

Comparison of membrane associated a-helices

between SdaC and TdcC

Positions a-helices

(1) 22 to 42 TTWTLGLFGTAIGAGVLFFPI
(1) 23 to 43  TMWMLGLYGTAIGAGVLFLAI
(2) 44 to 64 AGFGGLIPILLMLVLAYPIAF
(2) 47 to 67 VééMiéLIIﬁAIiAFéMTFFA
(3) 96 to 116 GVVITFLYFFAICPLLWIYGV
(3) 100 to 120 LITLLYFFAIYéIiLVYSVAI
(4) 139 to 159 FVALFLLLLMAFVIWFGKDLM
(4) 141 to 161 IiSiIiIVGMMTIVRFGEQMI
(5) 162 to 182 VMSYLVWPFIASLVLISLSLI
(5) 164 to 184 AMSILVFPFVGVLMLLALYLI
(6) 206 to 226 ILITVWLGISIMVFSFNFSPI

[ o o . e s 8 00
. e e * e 0 00

(6) 202 to 222 ATGNGLWMTLWLAIPVMVFSF

(7) 260 to 280 MLMVAVVMFFAFSCLFTLSPA

(7) 250 to 270 ILAFAHIMMVLTVMFFVFSCV

(8) 311 to 331 AITLEYAASIIALVAIFKSFF
(8) 298 to 318 APVIAWMAPIIAIIAITKSFL
(9) 365 to 385 ISMIFIMGSTWVVAYANPNIL

(9) 348 to 368 LNRITALFMLVTTWIVATLNP
(10) 388 to 408 IEAMGAPIIASLLCLLPMYAT

(10) 370 to 390 ILGMIETLGGPIIAMILFLMP

(11) 407 to 427 ISNVFVVVMGLIAISAIFYSL
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(Wu & Datta, 1992), but its involvement in sdaCB expression

has not been examined.

6.3. R possible function for the SdaC protein

The TdcC protein has been shown to be a transport
protein for both L-serine and L-threonine, and also transports
L~leucine to a small degree. The expression of this L-
threonine and L-serine permease is only seen anaerobically,
especially in rich medium (Sumantran et al., 1990).

The high similarity between the TdcC and SdaC proteins
makes it very likely that the product of sdaC gene is also a
transport protein. Further, its genetic association with the
sdaB gene suggests that sdaC codes for a new L-serine
permease. The sdaC gene is in the same operon as sdaB gene and
therefore regulated in the same manner. One would therefore
expect that this L-serine permease is mainly expressed in LB
medium and is under catabolite repression.

It is not a surprise that the sdaB gene is associated
with a gene that codes for a transport protein. In fact, it is
common in E.coli that a catabolic enzyme is associated with a
permease for the substrate of the catabolic enzyme. In the lac
operon, the lacZ gene is associated with lacY, which codes for
a lactose permease (Beckwith, 1987); in the fuc operon, the
fucA gene is associated with the fucP gene, which codes for a

permease for fucose (Chen et al., 1987).

153



At least three amino acid utilization systems have been
shown to be organized in the same way. As demonstrated in this
work, the sdaB gene is associated with sdaC gene for L-serine
degradation. The tdcB gene and tdcC genes are in the same
operon as well (Schweizer & Datta; 1990). Another well-
established system, the proline utilization system, also
consists of a structural gene for a catabolic enzyme and a
gene for a transport protein (Wood, 1981). The putaA gene,
coding for a proline dehydrogenease, is associated with the
putP gene, coding for the proline carrier (Nakao et al.,
1987). However, these two genes, unlike sdaB and sdaC, are

transcribed divergently.

6.4. The transport systems for L-serine in E.coli

The possible L-serine transport protein, the product of
the sdaC gene, as elucidated in this work, is induced by L-
leucine via T .p protein, and is further induced during growth
in LB. The degree of specificity of this system for L-serine
is not known, but it is very common that a transport system is
used by several amino acids.

L-serine transport is very complex in E.coli, with at
least four other systems already characterized. The first
system transports L-serine and L-threonine, and has been
demonstrated in both membrane vesicles (Lombardi & Kaback,
1972) and whole cells (Templeton & Savageau, 1974). This is

the major system for l-serine uptake and has been demonstrated
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to be an Na*-coupled cotransport system (Hama et al., 1987).

The second system mediates transport of L-serine, L-
threonine, L-alanine and L-leucine (Robbins & Oxender, 1973).
This system is sensitive to osmotic shock and is repressed by
L-leucine. Therefore it was believed that it is a same system
as one of the LIV (leucine-isoleucine-valine) system and it is
not an ion-coupled cotransport system.

The third system is very specific for L-serine taken up
by a mechanism of H'-serine cotransport, and it is induced by
L-leucine. Some other amino acids may also be involved in full
induction of this system (Hama et al., 1988). It is also
suggested that the higher level of L-serine transport activity
in LB medium is due to this H'/L-serine system (Kayahara et
a., 1992).

The newly described TdcC system, which transports both L-
threonine and L-serine, has been demonstrated to be different
from all the other systems (Sumantran et al., 1990).

The LIV-1 and LIV-2 systems were mapped at 74-76 minutes
region and 74-78 minutes region respectively (Antonucci &
Oxender, 1986). The tdcC gene was mapped at 68 minutes
(Schweizer & Datta, 1990). It is clear then that the possible
L-serine transport system described here is different from
these two, since sdaC is mapped at 60.1 minute (Su & Newman,
1991). Moreover, the two LIV systems are repressed by L-
leucine, while the expression of SdaC protein is induced by L-

leucine.
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T: is not clear, however, if the SdaC system is different
from the other two systems. The system described by Lombardi
and Kaback (Lombardi & Kaback, 1972) was found in minimal
medium, where the expression of SdaC is very low. This might
indicate that they are different.

The permease described by dama et al. (Hama et al., 1988)
is very similar to the system described in this work. Both of
them are induced by L-leucine, likely via Lrp protein, and
further induced in rich medium (Kayahara et al., 1993).
However, the Hama permease did not decrease in medium to which
glucose is added (Hama et al., 1988), which suggests that it
is not requlated by catabolite repression. This is not
entirely convincing because the effect of glucose on sdaC is
not seen under the conditions they used. For instance, the
expression of SdaC protein is not significantly induced in
minimal medium with other carbon sources which are less
efficient in catabolite repression than glucose. Therefore,
the catabolite repression on SdaC expression is only seen in
rich medium. Even in LB medium, only partial repression was
detected by glucose on SdaC expression, though the effect of

a crp mutation was profound.

Part 7 The possible physiological roles of L-SD1 and L-SD2
The catalytic activity of the products of the sdaA and
sdaB genes has been well established. However, their

physiological role is not completely understood. Both the sdaA
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and sdaB mutants grow normally in minimal medium and in LB,
suggesting that they are not necessary for cell metabolism at
least in these conditions. On the other hand, however, the
existence of two L-serine deaminases and the complicated
regulation of their expression indicates that their function
must be very important for the cell. They may not be necessary
for cell survival, but their function may help the cell to
achieve an optimum and well-regulated growth. The slightly
longer doubling time of the sda mutants suggests a subtle role
for L-SD (Su, 1991; Zhang, personal communication).

The extremely high similarity between L-SD1 and L-SD2
suggested that these two proteins have the same enzymatic
function. The possible physiological significance of L-SD has
been discussed in detail by Su (Su, 1991). In this section, I
will focus on the possibility that L-SD1 and L-SD2 may play
different roles in the cell. I suggest that L-SD1 is likely
the major enzyme involved in L-serine detoxification, while L-
SD2 functions as a catabolic enzyme.

L-serine has been shown to be toxic to E.coli (Cosloy &
McFall, 1970; Isenberg & Newman, 1974; Uzan & Danchin, 1978),
although it is a necessary amino acid for protein synthesis.
The inhibition of growth by a low level of L-serine could be
released by adding L-isoleucine, L-threonine, 2-keto-butyric
acid, or homoserine (Hama et al., 1990). However, the
inhibition by a higher level of L-serine cannot be reversed by

L-isoleucine and the mechanism of inhibition by the high level
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of L-serine is not understood (Su, 1991). In any case, it is
clearly necessary for the cell to control its L-serine
concentration.

The sdaA mutant is much more sensitive to exogenous I-
serine than the wildtype cell (Su, 1991), suggesting that L~
SD1 is indeed involved in L-serine detoxification. Moreover,
cells carrying sdaA on a plasmid can tolerate much higher L-
serine. On the other hand, the sdaB mutant showed almost the
same level of sensitivity to L-serine as the wild-type (Zhang,
personal communication), indicating that L-SD2 is not
important in L-serine detoxification. However it should be
noted that these tests were made in minimal medium where sdaB
is not normally expressed.

On the other hand, a plasmid carrying both sdaB and sdaX
allows the cell to grow well in the presence of a high level
of L-serine, just as the sdaA plasmid did. This is consistent
with the idea that the two enzymes have the same catalytic
function.

The sdaA gene is expressed in both minimal medium and
its expression is largely induced in LB, while the sdaB gene
is only expressed in LB. Therefore, one might expect that L-
SD2 is also involved in L-serine detoxification in LB, and
simply acts as a supplement to L-SDl. This may not be true,
since the expression of sdaB is not only controlled by the
signal in LB, but also by the cAMP/Crp system. In other words,

the expression of L-SD2 is regulated as a catabolic enzyme,
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and not according to the need for controlling the L-serine
pool in the cell. The fact that the gene coding for 1-SD2 is
associated with a gene coding for a transport protein further
suggested that the major fuction of L-SD2 is as a catabolic

enzyme.

Part 8 Summary

The main focus of this work was the molecular
characterization of the second L-serine deaminase (L-SD2).

L-SD2 is encoded by the sdaB gene, which is only
expressed in LB medium. In earlier studies, the sdaB gene was
cloned from an sdaX mutant background, in which L-SD2 is
expressed in glucose-minimal medium. Since the sdaX mutation
and the sdaB mutation were mapped in the same position, and
the cloned sdaB gene is expressed in minimal medium, it is
likely then that this clone carries a mutant sdaB gene.

I first sequenced 4.2-kbp HindII1I-PstI fragment of cloned
DNA, which conferred L-SD activity when it is cloned on
PBR322, but not on pBluescript. The sequence of an open-
reading frame in the 4.2-kbp fragment was found to be
homologous with that of the sdaA gene, which codes for first
L-serine deaminase (L-SD1), suggesting that this open-reading
frame, sdaB, codes for L-SD2. This is consistent with the fact

that the sdaB clone hybridized well with the sdaA gene.
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The amino acid sequence of L-SD2 is very similar to that
of L-SD1 as well, suggesting that these two proteins are
similar in structure.

The wildtype sdaB gene was cloned from the Kohara phage
gene bank. By sequencing the upstream region of the wildtype
sdaB gene, I showed that the sdaX mutation is the result of a
change in the ribosome-binding site of the sdaB gene. This was
further confirmed by reconstructing the mutation from a
wildtype sdaB gene by site-directed mutagenesis and showing
that this reproduces the mutant phenotype.

By constructing a wildtype sdaB::lacZ fusion, I showed
that the expression of wildtype sdaB and mutant sdaB gene are
requlated in the same pattern, though the mutant sdaB always
has higher expression.

The expression of the sdaA and sdaB genes was found to be
requlated very differently. Neither the ssd nor the lrp
mutation has any significant effect on sdaB expression. The
environmental factors, which have been shown to induce sdaa
gene expression, do not increase L-SD2 activity. On the other
hand, the expression of the sdaB gene was regulated by
catabolite repression, whereas a crp mutation has no effect on
sdaA gene expression.

Characterization of mutants with insertions upstream of
the sdaB gene and characterization of plasmids carrying sdaB
with a long upstream sequence suggested that sdaB is a 3’ gene

in a operon. The sdaC gene was then found to be the first gene
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in the sdaCB operon by sequencing further upsteam of the sdaB
gene. Analysis of the deduced SdaC protein suggested that it
is a transmembrane protein. The high similarity between SdaC
and TdcC proteins indicated that SdaC might function as a
transport protein. Because of its genetic location next to the
gene coding for L-SD2, I propose that the sdaC gene codes for

an L-serine permease.
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