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Chapter 6 DNA sequencing and analysis of icl

Figure 6.1 - Summary of the construction of M13 sub-clones used for sequencing of

the S. coelicolor icl

a) This shows the entire region from which subclones were derived. Only the relevant
restriction sites used to construct the subclones are shown. The arrow represents the open
reading frame relative to the restriction sites.

b) Fragments of DNA containing part of the ic/ gene and the surrounding regions were
introduced into M13mp18 and 19, for sequencing. Sequencing was carried out using the
-40 primer and oligonucleotides which had been designed against the sequence obtained.
The position of the clones relative to the icl gene is shown. The labelled arrows indicate
the name of the sub-clone and the direction in which the DNA was sequenced (e.g.
M13ICLA4 was used to sequence the coding strand of icl and M13ICL3 used to sequence
the non-coding strand).
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Chapter 6 DNA sequencing and analysis of icl

The protocols were followed as per the manufacturers instructions, with the
exception of the extension reaction, which was carried out at 42°C instead of 37°C. This
was done to enable the polymerase to read through regions of secondary structure, which
were formed due to the high G+C content of streptomycete DNA. When the polymerase
is unable to read through secondary structure, it causes a pausing of the polymerase,
which leads to a "four track stop". This manifests itself as a strong band across all four
lanes of the autoradiograph, making it difficult to determine the sequence around this
area of the gel. Raising the temperature of the extension reaction can help to reduce this
problem.

The high G+C content of streptomycete DNA also results in a number of
compressions. "Four track stops" are caused by the formation of secondary structures
during the sequencing reactions. Compressions are due to secondary structures not being
resolved while the gel is running. This causes the DNA to run aberrantly, with on
occasions two bands from different lanes appearing to have the same mobility. This
makes the task of reading the sequence difficult. There are however deaza-nucleotides,
which help prevent the G-C base pairing, which is the cause of much of the secondary
structure. These nucleotide analogues were used routinely to help resolve formation of
compressions (Mizosawa et al, 1986).

The two most common types of templates used for sequencing were single-
stranded templates generated from M13, or denatured-double stranded templates
obtained from plasmid clones. Sequencing of the single-stranded template, would
routinely give 250-350 nucleotides of sequence, whereas the double-stranded template
would give 200-250 bases.

Certain regions of DNA contained such a high degree of secondary structure that
T7-polymerase could not effectively read through it. When this was the case, Tag

polymerase was used to alleviate this problem.

Taq polymerase is a thermostable DNA polymerase from Thermus aquaticus,
which allows sequencing reactions to be carried out at elevated temperatures, of up to
70°C. The elevated temperature reduces the formation of secondary structures and
enables the polymerase to read through the DNA.

Less sequence (200-250 bases) could be read from a Taq sequencing reaction, as

the bands are thicker and more diffuse. This meant that it was not the DNA polymerase
of choice and was only used when secondary structure formation became a problem.
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Chapter 6_DNA sequencing and analysis of icl

All 10 M13 suclones were sequenced using the -40 primer, which aneals just
outside of the multiple cloning site. Oligonucleotides were then designed against the
sequence obtained, to enable further sequencing of the sub-clones. The whole of the icl
gene was sequenced on both strands (Fig. 6.2). Some of the surrounding regions were -
only sequenced on one strand, and would need to be validated by sequencing of the other
strand.

The DNA was sequenced on average 2-3 times, in order to correct any mistakes
that may have arisen. The sequence obtained in shown in Fig. 6.3.

6.2.3 Identification of Open Reading Frames ORF's

The program "CODONPREFERENCE" from the GCG package (Devereaux et al
1984), was used to identify ORF's . The program finds regions of each reading frame, in
a DNA sequence, that show either a strong codon preference (Gribskov et al, 1984), or a
strong G+C% bias in the third position of each codon (Bibb et al, 1984).

The program is used to help identify protein coding regions, the frame which
encodes the proteins and the direction of translation. It is also useful in predicting the
location of DNA sequencing errors.

Using a previously-derived codon usage table, a statistic is calculated for a given
window of sequence, which then shows the similarity to the usage table. The window is
then moved along by one base and the statistic calculated again. The procedure is
continued in this manner for the whole sequence, so that a continuous function is created.
For an ORF to be predicted, the continuous statistic rises significantly above the level
which would be generated from a random sequence.

The codon usage table was compiled from 67 previously-sequenced
streptomycete genes (Fig. 6.8) and this was used in the calculation of the similarity
statistic.

The third position G+C% bias is a very useful way to identify potential coding
regions within streptomycete genes. In a streptomycete ORF a G or C is found in the
third position of a codon in greater than 90% of cases. In non-coding DNA, the
distribution is more random. Thus an ORF can be recognised from the third position G+C
bias.
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Chapter 6 DNA sequencing and analysis of icl

Figure 6.2 Regions of sequence generated from sequencing of the various M13
subclones

a) The entire region from which sequence was obtained is shown. The two arrows
represent the open reading frames of ic/ and malate synthase (ms).

The dashed arrow 3' to ms shows that some of the gene is still to be found 3' of the Xho 1
site.

b) Each arrow represents the direction and the relative amount of DNA sequenced from
each primer.

The figures above the arrows represent the clone and the oligonucleotide used in
sequencing (e.g. 5B-40, represents the clone M13ICL5B sequenced using the -40 primer.
5A-4, represents the clone M13ICLSA sequenced using oligonucleotide number 4).
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-35 I -10 T -35
() 1 CGCAAAGTTGGCAAAGTACGGCAACAAGATTCACAGAAGTTGGCATATCGCCAAGGTTGA
-35 II -35 TIII -10 IT
Iv -10 1V
(A) 61 EECACTGAGTGCCAATGCCAGAGTCTCAATGCGGCCCACCGCACCCGGCAGGCACCGCTC
-10 IIT
(A) 121 GGCACGGGGGCACGATTCATCGCCCTGACGTCGGAGACCCCGGCATCCGTAGCGGTCTGC
-10 VI
(A) 181 GCCCGGCAGCATTGCTCCCTTCGCCATCGGGTGCGGCGGGCCGCACCCCAGTAAGTCGAC
-35 VI -35 V
(A) 241 ACGCAGTGCCAACTTTGCTCGTTCCGGCGGCGGGGTTGGCAATCGGTACAGACCGAGGAE

RBS
-10 Vv

(A) 301 ACGGTGACAGTCATGGCAGAAGCGAGGACGCAGGCGGCCGAGGACCTGGCCCGGCGCTGG
(B) M A E A R T Q A A EDUL A R R W

(A) 361 GACACCGAGCCGAGGTGGCAGGGCATCGAGCGCACCTACAGTGCCCAGGACGTCGTCCGG
(B) D T E P R W Q G I ERT Y S A Q D V V R

|

i

|

|

! (A) 421 CTCTCGGGCAGTGTCCGTGAGGAGCACACCCTGGCCCGGCGCGGTGCCGAGCGGCTGTGE
| (B) L S G S VRETEHTTLA ARTIERTGA ATETRTLTW
I
l
|
l

} (A) 481 GCGGTCGACGTGCTCGCCCTGATGCAGGTGCGCGAGCCGCGCGAGTGGCCGCCAGTCCGG
; (B) R Q L H ERDY YV HAILGA AULTG GG Q A

(A) 541 GTGCAGCAGATCAAGGCGGGCCTGCAGGCGATCTACCTGTCCGGCTGGCAGGTCGCCGCC
(B) vV Q ¢ I K A G L Q A I Y L S G W Q V A A

(A) 601 GACGCCAACCAGGCCGGGCACACCTATCCCGACCAAAGCCTCTACCCGGCCAACTCCGTG
(B) D ANOQOQ AGHTYPDQ S L Y P A N S V

(A) 661 CCGCAGGTGGTGCGTCGGATCAACAACGCGCTGCTGCGCGCCGACCAGATCGCCACCAGT
(B) P Q V VRRTINDNNATLTULIRADOQTIA AT S

(A) 721 GAGGGCGACAACTCCACCGACTGGCTGGCACCGATCGTCGCGGACGCGGAGGCCGGCTTC
(B) E G DN ST DWULAUPTIV ADAUEAGF

(A) 781 GGCGGCCCGCTCAACGCCTTCGAGCTGGCCAAGGCGATGATCGCGGCGGGCGCGGCCGGT
(B) G G P L NAF EL A KM AMTIW AA ATGA AW ASG
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(A) 841
(B)

() 901
(B)
(a) 961
(B)
(a)1021
(B)
(a)1o081
(B)
(A)1141
(B)
(A)1201
(B)
(A)1261
(B)
(A)1321
(B)
(A)1381
(B)
(A)1441
(B)
(A)1501
(B)
(A)1561
(B)
(A)1621
(A)1le81
(C)
(A)1741
(C)

Chapter 6 DNA sequencing and analysis of icl

ATCCACTACGAGGACCAGCTCGCCTCGGAGAAGAAGTGCGGGCACCTCGGCGGCAAGGTC
I #H Y ED QL A S E K K CGHUL G G K V

CTCGTCCCCACCTCGCAGCACATCCGCACCCTGAACGCAGCCCGTCTCGCCGCCGACATC
L v p T S Q H I R TV LN AAIRUL A A D I

GCTGACACCCCGACCGTGATCATCGCCCGCACCGACGCCCTCGCCGCCAATCTGCTGACG
A°D T P TV I I A RTDA AL AW ANTLTLT

TCCGACGTCGACGAGCGGGACGCTCAGTTCGTCACCGGTGAGCGCACGCCGGAGGGCTTC
s b v D EIRUDAQUVFV TG EIRTU®PE G F

TACCGGGTCCGCAACGGCATGGCACCCGTGATCGCCCGTGGCCTGGCCTACGCCCCGTAC
Y R VR NGMAUP VI ARGULAY A P Y

GCCGATCTGATCTGGGTCGAGACCGGCACTCCGGACCTGGAGCAGGCGCGCGAGTTCGCC
A DL I WV ETTSGTU?PDULE Q A R E F A

GAGGCGATCCACGCCGAGCACCCGGACCAGATGCTGGCGTACAACTGCTCGCCGTCCTTC
E A I H A EHPDOQMIULAYNTCS P S F

AACTGGAAGGCCGCGCTGGACGACGACCAAATCGCCAAGTTCCAGCGCGAGCTGGGCGCG
N W K A AL D DD QI A K PF QR E L G A

ATGGGCTACAAGTTCCAGTTCATCACCCTGGCCGGCTTCCACTCCCTGAACCACGGCATG
M G Y K F Q F I T L A GVF H S L NUHGM

TTCGACCTGGCCCGCGGCTATGCCGAGCACGGCATGACCGCCTACGTCGACCTCCAGGAG
F DL A RGYAZEUHGMMTA AY V DUL Q E

AGGGAGTTCGCCGCGCAGGCCCACGGCTTCACCGCCGTCAAGCACCAGCGCGAGGTCGGC
R E F A A QA HGUVF T AV K HQRE V G

ACCGGCTACTTCGACCTGGTCTCCACCGCCGTCAACCCAGCCTCCTCCACGACCGCTCTC
T G Y ¥F DL V ST AVDNUPAS S T TA L

GCCGGGTCCACGGAGGAGGAGCAGTTCCACTAGGCCGCCGGACCGGGCGCCCCGCGTCCG
A G S T E E E Q F H *
A

GCCGAGCCCTCGGTCGAGCGGAGGGGGACGCTCCGTCCCCGTCCCCCTCCGCTCCCGTCC

CTCAGGAGAGCCGATGTCCACCACCTCACTCACCCACCACGTCGTGTCCTCGCCGCGCCC
RBS M s T T S L THHV VvV s S P R P

GGTCCCCGGCACGACGAGATCCTCACCCCCGCCGCCCTGGACTTCGTCGGCGGGCTCGTC
v P G T TR S S P P P P WT S S A G S S
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(c)

(A)1861
(c)

(a)1921
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(A)1981
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(A)2041
(C)

(a)2101
(C)

(A)2161
(c)

(A)2221
(c)

(A)2281
(C)

(A)2341
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(A)2401
(c)

(A) 2461
(C)

(A)2521
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(C)
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Chapter 6 DNA sequencing and analysis of icl

GAGGCGTTCCAGCCGCGCCGACGGGATCTGGATGAAGGAGCGCCGCAGGTCGGCCCTGCG
R R S S R A DG I WM KEIRI BRI RS SA ATLR

GCTGGCGTCGGGCTCACCCCTCGACTTCCCCACGGTCACGTCCGCCGTGCGCAAGTACCC
L A S GS PL DVF P TV TS AV R K Y P

CACGTGGCGCGTGGCACCGCCCGCGCCCGGCCTGACCGACCGGCGGGTGGAGATGACCGG
T W R V A P P A P G L T DRI RV EMT G

GCCGCCCGACCGCCGCATGGCCGTCAACGCGCTCAACTCCGGCGCCCAGGTGTGGATGGC
P P DRURMAV VDN AILNSGA AIOQV WMA

CGACTTCGAGGACGCCACTGCACCCCTGTGGGACAACATCATCGGCGGCCAGCTCACCCT
D F EDA T AUPULWDNDNTII GG Q L T L

CCTCGACGTCATCGAGCGGCGCATCGACTTCACGACTCCGGAGGGCAAGGAGTACCGGCT
L bv I ERURTIDU FTT?PESGI KE Y R L

CGGTGACCGGCCGGCCACCATCATGGTCCGCCCCCGCGGCTGGCACCTCGACGAGGAGCA
G bR PATTI MV R PURGWHUL D E E H

CCTGGAGTACGACGGCAGGCCCGTACCCGCCACGCTCGTCGACTTCGGCCTGTACTTCTT
L EY DGR PV PATUL VDV F GL Y F F

CCACTGTGCCCAGCGGCAGATCGACGCCGGCCACGGCCCGTACTTCTATCTGCCGAAGCT
H CA QR Q I DA GHGU®PYF Y L P K L

GGAGAACCGCTACGAGGCCCGGCTGTGGAACGACGTCTTCCTGACGGCGCAGGAACTGCT
E NR Y E A RL WNDV F L T A Q E L L

CGGCATCCCGCGCGGCACGGTCCGGGCCACCGTCCTCATCGAGACGATCACCGCGGCGTT
G I PR G TV RATV L I ETTI TAAF

CGAGATGGAGGAGATCCTCCACGCGCTGCGCGAACACAGCGCCGGCCTCAACGCCGGCCG
E M E E I L H AL REH S AGULDNA G R

CTGGGACTACCTCTTCAGCATCATCAAGACCTTCGGCCACCGCACCGACTTCCTCCTCCC
W D Y L F $ I I K T F G HUR TDVF L L P

CGACCGGGCGAAGGTCACGATGACCGCCCCCTTCATGCGCGCGTACACCGAACTCCTCGT
D RA KV T™MTAU?PFM®RAY TELLV

CCGCACATGCCACAAGCGCGGCGTCCCACGCCATCGCGGCATGGCCGCCCAGGTCCCCGG
R T C H K R GV P RHRGMMAA AUGQV P G
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A)2701 CAAGGACCCGGCCGCGAACGAGGCCGCGTTCGCCAAGGTCCGCCTGGACAAGGAGCGCGA
(C) K D P A AN EWAAVFA AI KV RUL DK E R E

(A) 2761 GGCCGAGGACGGCTTCGACGGCTCCTGGGTCGCCCATCCCGGACTCGTCCCCGTCTGCCG
(C) A E D G F D G S WV A H P G L V P V C R

(A) 2821 CGAGTCCTTCGACGCCGTCCTCGAG
(C) E S F D AV L E

Figure 6.3 DNA and amino acid sequence for the ic/ gene and surrounding
regions

A) The entire region of DNA sequence obtained from sequencing M13 (Fig. 6.1) and
plasmid clones (Fig. 5.10) is shown.

B) Translation of the ORF representing the icl gene is shown from nucleotide 313 to
1593.

C) Translation of a second ORF is shown from nucleotide 1695 to 2845.

I-V Represent 5 potential promoter regions found upstream from icl (Fig. 6.5)
VI Represents a potential promoter region which would result in transcription
occuring in the opposite direction.

A potential terminator structure for the icl gene is marked A (Fig. 6.6)

All amino acid sequence was derived from the translation of the DNA sequences
using the program "TRANSLATE", with each single letter amino acid code being
written below the first base of each codon. Possible start and stop codons for ic/ and
the second ORF are shown in bold, and putative ribosome binding sites are marked
RBS.
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Chapter 6 DNA sequencing and analysis of icl

Analysis of the "CODONPREFERENCE" plot (Fig. 6.4), revealed two )
identifiable ORF's. These are distinguished by firstly showing a high degree of similarity
to the calculated codon frequency table and also showing a high G+C% bias in the third
position. Secondly, there are far fewer rare codons in ORF's than in non-coding regions
and thirdly, the program indicates possible ORF's by displaying a box, which is formed
between any ATG codons and the next stop codon in that reading frame. When these
parameters were considered together, the two ORF's were identified.

The plot shows there to be an ORF in the first frame starting at about 300 and
ending at about base 1600. The second ORF is translated in the second frame, beginning
around base 1700 and continuing through the end of the sequence. This means that this
second gene has not been cloned in its entirety.

6.2.4 Translation of the icl gene from S.coelicolor

Streptomycete genes begin most frequently with an ATG, encoding formyl-
methionine. They are however also capable of beginning with a GTG, which occurs 18%
of the time (Seno and Baltz, 1989) and also very rarely a TTG.

The N-terminal amino acid sequence of the protein did not begin with a
methionine and must therefore have been cleaved post-translationally from the protein.
This is not uncommon for streptomycete proteins (Taylor, 1992 and P. White, personal
communication). It was of interest to find out what the starting codon was. Analysis of
the DNA sequence found there to be an ATG start codon at positions 313-315, which is
consistent with the predicted start as estimated from the ORF depicted using
"CODONPREFERENCE". The second and subsequent codon of the ORF corresponded
to the N-terminal amino acid found from the sequence of the protein.

6.2.5 Database searching

The DNA sequence confirmed that the gene cloned indeed encoded the protein
that had been purified - the translated DNA sequence matched that obtained from protein

sequencing.

To investigate the similarity of the S.coelicolor ICL with other ICL's or indeed
any other proteins, databases were searched by using the program "TFASTA", from the
GCG package. "TFASTA" uses the Pearson and Lipman algorithm to search for
similarity between a peptide sequence and any group of translated nucleotide sequences.
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Chapter 6 DNA sequencing and analysis of icl

Figure 6.4 Analysis of the sequenced DNA for open reading frames - ORF's

The computer program "CODONPREFERENCE" was used to analyse the DNA
sequence for ORF's.

The output of the program is a graphical plot, representing the possible ORF's
from a given sequence.

The plot is separated into three sections, each section representing a frame from
which the DNA would be translated. The top section represents frame 1, the second,
frame 2 and the third, frame 3.

Each section then has a graphical trace representing the two methods depicting
possible coding sequence. The top trace shows the G+C% for the third nucleotide of the
codon in that frame. In streptomycete coding regions, the value is usually >90%.

The lower trace is the codon bias. This is calculated by comparing the codons of a
given window (in this case 25), against a codon frequency table (Fig. 6.8), which has
been compiled from previously sequenced streptomycete genes. This comparison is then
given a value (P value), which if above 1 is indicative that the given codons are used
more frequently than would be expected from a random sequence. The window is then
moved along one base and the value calculated again. For the trace to represent a coding
region, the trace needs to be consistently above 1.

Rare codons are also shown on the trace, by a mark on the horizontal axis of each
trace. Rare codons were defined in this case, as codons with a P value of less than 1.

The plot shows two identifiable open reading frames, one from frame 1 starting

around base 300 and a second ORF is found in frame 2, starting around base 1700. The
two ORF's are only separated by a small region.

136



Chapter 6 DNA sequencing and analysis of icl

The first stop codon in the deduced reading frame, is a TAG, at position 1591-
1593. This position is also in agreement with the predicted end of the ORF depicted from
the "CODONPREFERENCE" analysis.

Translation of the ORF between these start and stop codons yields a coding
region of 1281 nucleotides, resulting in a protein of 426 amino acids. The size of this
protein would be 54 148 Da, which is in good agreement with the predicted size of ICL,
as estimated by SDS-PAGE analysis.

The icl gene was translated into its peptide sequence and the GENEMBL database
searched. The top five results were all ICL proteins from various organisms, with
exceptional homology being found to the E.coli ICL (63.4% identity). No other proteins
showed any significant sequence alignment.

The second ORF was unidentified, so it was of interest to investigate if the
peptide sequence was similar to any other known protein sequence. The DNA was
translated from the correct frame and the resulting peptide sequence used to search
against the GENEMBL database. The top seven results were all malate synthase (MS)
proteins. This was unexpected, because in E.coli the ms gene is upstream from icl,

whereas in this case it is found downstream.
From this result, it can be seen that there is the possibility that the S.coelicolor icl
and ms are part of an operon. However, further experimentation needs to be carried out to

confirm this.

6.2.6 Identification of putative ribosome binding sites (RBS's) upstream from icl

and ms

In order for the ribosomal subunit to recognise a translational start AUG, GUG or
UUG, from any that may be found internally, there is usually a sequence upstream from
the start which shows complementarity to the 3' end of the 16S rRNA, known as the
Shine-Dalgarno sequence, or ribosome binding sequence (Shine and Dalgarno, 1974).

Although the Shine-Dalgarno sequence is usually found, it is not found in all
cases. The aph gene from S.fradiae, when transcribed from the P1 promoter, lacks
"leader" mRNA (Janssen 1989). In this case the transcriptional and translational start
sites are the same and therefore no ribosome binding sequence exists.
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The deduced Shine-Dalgarno sequences of 44 streptomycete genes were compiled
(Strohl, 1992), to see how they differ across the species. The sequences were found to
range from 5-12 nucleotides upstream of the initiation codon (average, 8.5 nucleotides).
The binding strength of these sequences also varied from -2.2Kcal/mol to -22.2Kcal/mol,
using the rules of Tinoco (1973), with an average of -11.3Kcal/mol. This brings into
doubt the claims by McLaughlin ef al (1981), that Shine-Dalgarno sequences of Gram-
positive bacterial mRNA's, are typically able to form strong complexes with the 3' end of
the 16S rRNA.

Strohl’s analysis suggested a conserved Shine-Dalgarno sequence of (a/g)-G-G-
A-G-G for streptomycetes. The sequences upstream from ic/ and ms were analysed for
putative Shine-Dalgarno sequences. A RBS was found for each of the genes (Fig. 6.5).

Both RBS's had calculated free energies of binding close to the average for
streptomycete RBS's and were spaced correctly from the initiation codon.

6.2.7 Identification of possible promoter sequences

Of the 139 streptomycete promoter sequences thus far observed, 29 of these are
similar to the previously-described streptomycete “E.coli-like” promoter sequences
(Hopwood et al, 1986). Many of these fall into the class of so-called "housekeeping"
genes. icl could be considered as a "housekeeping" gene, so it would seem possible that
this also would have a recognisable streptomycete “E.coli-like” promoter sequence.

There are two requirements for a promoter to be recognised as a streptomycete
E.coli- like promoter. Firstly, it should appear to be similar to the -35 and -10 consensus
sequences generated from the compilation of the 29 streptomycete promoter sequences,
which appear to be similar to those recognised by RNA polymerase containing the 670
subunit (Strohl, 1992). Secondly, there should be a spacer region between the -35 and
-10 sequences of 16, 17 or 18 nucleotides. Over 92% of the E.coli promoters recognised
by RNA polymerase holoenzyme with the o70 attached, have spacers of 16-18

nucleotides.

The DNA sequence upstream of the icl gene was examined by eye, for similarity
to streptomycete “E.coli-like” promoters (Fig. 6.6). Five possible promoters were
observed (I-V). All showed a 5 out of 6 match to the -35 consensus and have between 2

and 5 matches out of 6 to the -10 consensus.
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a) “lés rRNA” 5'-AGAAAGGAGGTGATC-3"
b) icl ACCGAGGAGACGGTGACAGTCATG
c) ms CCTCAGGAGAGCCGATG

Figure 6.5 Putative ribosome binding sites for ICL andMS

a) This represents the sequence which is exactly complementary to the 16S ribosomal
RNA from S. lividans and represents an ideal ribosome binding sequence for
streptomycetes (Bibb and Cohen, 1982).

b) Shows the region upstream from the coding rgion of icl, which is most likely to be the
ribosome binding site.

c) Shows the region upstream from the coding region of ms, which is most likely to be
the ribosome binding site.

The letters shown in bold represent matches to the complementary sequence of the16S
rRNA. The putative start ATG for each gene is underlined.
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=35 =10
G AA
Consensus TTGAC ~-- 16-18nt -- T7AG T
A GG
I TTGGCA ---- 1l6ént ---- TTCACA --- 278nt --- ATG
IT TTCACA ---- 17nt ---- AAGGTT --- 255nt --- ATG
IIT TTGGCA ---- 15nt ---- TGCACT --- 247nt --- ATG
IV TTGATG ---- 16nt ---- GACGGT --- 229nt --- ATG
A% TTGATG ----~ 18nt ---- GACGGT --- 7nt --- ATG
VI TTGGCA ---- 1l6nt ---- TGGGGT --- ????? --- ATG
Figure 6.5 Possible promoter sequences found upstream of icl

The consensus -35 and -10 sequences for streptomycete E. coli -like promoters
is shown, with the optimal spacing between the two regions.

The potential promoters for ICL are I -V (Figure 6.3). These potential -35 and -10
sequences have been identified by eye and the distances between them, and the
distance to the translation start are shown. The letters in bold represent matches to
the consensus sequence, shown above.

The putative promoter VI was identified from the same region of DNA, upstream

of icl. However this promoter sequence is divergent to the rest and would cause
transcription to occur in the opposite direction, for an as yet unidentified gene.
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A sixth possible promoter (VI) was also identified. It is divergent to the others
and would result in transcription occuring in the other direction. All of the potential
promoters have spacer regions of between 15-18 nucleotides.

More than one of these sequences may act as a promoter, as there are several
examples of genes with multiple promoters. Of 87 genes studied by Strohl (1992), 27 had
more than one promoter. It may be that the promoter for the icl gene is not a
streptomycete E. coli -like promoter, which is the case for the majority of streptomycete
promoter sequences. Only further experimentation would reveal if this were true.

Strohl (1992) observed there to be between 9 to 345 nucleotides of leader mRNA
for the 48 genes analysed. Since 312 bases upstream from the translation start have been
sequenced, there is a high probability that the promoter sequence/s has been sequenced.
S1 mapping or reverse transcriptase run-off experiments could be carried out to identify
the possible promoter region/s.

In vitro site-directed mutagenesis of the putative promoter sequences could be
carried out. The mutagenised promoters could then be used in in vitro transcription
assays, to see if transcription has been decreased due to the alteration of the promoter

sequence.

6.2.8 Identification of a stem-loop structure downstream of icl

A potential stable stem-loop structure was found in the sequence between icl and
ms (Fig 6.7). The AGg of formation for this stem-loop is -44.6 Kcal/mol (estimated using
the rules of Tinoco et al (1973), which is similar to the free energy of one of the
gylCABX terminators (-44.4 Kcal/mol). The program "TERMINATOR" from the GCG
package was used to evaluate this stem-loop structure as a potential rho-independent

terminator.

The program identifies rho-independent terminator structures using the method of
Brandel and Trifonov (1984 a,b). It is reported that when the program is run with a
stringency of 3.5, 95% of all rho-independent terminators are identified. The program did
not recognise this stem-loop structure as a terminator. However, this does not mean that
it is not a terminator, simply that it does not fit the strucure of a rho-independent

terminator.
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-44 .6 Kcal G-C
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A-T
G-C
G-C
Cc-G
A-T
5 G-C 3!
TAG. .30nt. .GCCCTCGGTC CCGTCTCAGGAGAGCCGATG

RBS

Figure 6.7 Putative terminator of the icl gene.

This stem-loop structure was identified by eye in the region downstream from icl.
(Figure 6.3). The sequence was analysed using the "TERMINATOR" program from
GCG, but no similarity to rho-independent terminators was observed.

The binding strength of the stem-loop stucture is shown, which is similar to other
streptomycete terminators.

The stop codon of icl is shown in bold and the deduced ribosome binding site and
start codon of ms are shown 3' to the stem-loop.
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Transcriptional analysis would need to be carried out to determine if the stem-
loop does indeed function as a terminator. If the structure functioned efficiently as a
terminator there would have to be a promoter downstream to enable transcription of
malate synthase. There are however only 18bp between the end of the stem loop structure
and the start of malate synthase and no obvious promoter sequence is observed.

It may be that gene expression of malate synthase is controlled in part by this
stem-loop structure, affecting transcription (originating from a promoter found upstream
from icl), by causing a pausing of the RNA polymerase and a release of some of the RNA
polymerase, resulting in a downshift in transcription through ms.

2.9 Codon usage

It has been suggested that if the abundance of a particular tRNA species is
limiting, then genes with codons relating to that species could be limited in their
expression. Thus genes with these codons would only be expected to occur where there is
a need for control of translation in this manner. These codons would therefore occur less
frequently than the synonomous codons used for the incorporation of the same amino
acids.

This situation was reported by McCarthy and Gualerzi (1990) and has been found
in S.coelicolor. The TTA codon (leucine) is extremely rare in Streptomyces and has only
been found in genes that are involved in antibiotic biosynthesis or resistance, and genes
that are regulated during differentiation (Leskiw et al, 1991b). The gene that encodes the
tRNA species that recognises the TTA codon has been identified (bld A) and Lawlor et
al (1987) found that mutation of this gene resulted in an organism that appeared to grow
normally in a vegetative manner, however did not sporulate or produce antibiotics.
Further work by Leskiw (1991a), showed the dependence of translation of the car B gene
on the bld A gene. Leskiw converted the TTA codon found within the car B gene to CTC
(which also encodes leucine), which resulted in the expression of car B in bld A mutants
and no developmental regulation of car B.

Other rare codons such as TCT or TTT could be expected to play a similar role to
TTA. However these codons are found to occur in genes involved in vegetative growth
and secondary metabolism. It may be that these codons do not affect general translation,
but can limit the relative amount of translation of a particular gene.
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It was of interest to check the S.coelicolor icl gene for the use of such rare
codons. It was expected that there would be relatively few, as the ICL protein was
expressed at a high level when grown on a suitable substrate. Indeed it seems from
inspection of the sequence, that very few rare codons are employed. A similar pattern of
codon usage was found for the icl gene of S.coelicolor, when compared with the codon
usage of streptomycete genes in general (Fig. 6.8). The only deviation from the usual
codon usage was for TAT (encoding tyrosine). Its abundance in the S.coelicolor icl was
14%, whereas the codon was found to occur 5% of the time in previously sequenced
streptomycete genes.

In summary the codon usage for the S.coelicolor icl , was similar to that compiled
for the other streptomycete genes which had been sequenced to date.

6.2.10 Protein analysis

When the DNA sequence was obtained, it was possible to carry out the
conceptual translation of the icl and ms genes, to study the amino acid sequences of the
ICL and MS proteins.

It was already known that the eukaryotic ICL proteins were similar to each other.
The E.coli protein was the only prokaryotic ICL to be sequenced to date, and it lacked an
internal segment of 102 amino acids compared to the eukaryotic ICL's. It was known
from work presented in this thesis (4.2.2.2) that the S.coelicolor ICL was similar in
molecular weight to the E.coli enzyme, thus it was of interest to find out if this segment
was also lacking from the S.coelicolor enzyme.

It would also be possible to examine the peptide sequences of the regions to
which oligonucleotides were designed, in order to establish if they were different in the
S.coelicolor enzyme. It might thus explain why the original cloning was unsuccessful.

6.2.11 Search for consensus sequences

The program "Macpattern" was used to search for consensus sequences within the
conceptual translations of the S.coelicolor icl and ms sequences. The two enzyme
sequences were compared against their respective amino acid consensus sequences,
which are found in "MacPattern".
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A C G T

LYS 100- 95| THR 19 - 30| ARG 11 - 6| MET 100 -100| G
LYS 0- 5| THR 0 - 3| ARG 0 - 1| ILE O - 3|A
ASN 8 - 4| THR 4 - 2| SER 17 - 3| ILE 0 - 5|T
ASN 92 - 96 | THR 77 - 65| SER 6 - 28| ILE 100 - 92| C
GLN 92 - 93| PRO 73 - 52| ARG 29 - 36| LEU 66 - 55 | G
GLN 8 - 7| PRO 7 - 2| ARG 0 - 5| LEU 0 - O|A
HIS 0 - 6| PRO 0 - 3| ARG 14 - 7| LEU 0 - 2|T
HIS 100- 94 | PRO 20 - 43| ARG 46 - 46| LEU 34 - 39 | C
GLU 97 - 81| ALA 28 - 33| GLY 9 - 19| VAL 26 - 39 |G
GLU 3 - 19| ALA 6 - 4| GLY 0 - 10| VAL 0 - 2 (A
ASP 4 - 4| ALA 4 - 4| GLY 9 - 8| VAL 0 - 4T
ASP 96 - 96 | ALA 62 - 59| GLY 82 - 64| VAL 74 - 56 | C
END 100 - 14| SER 22 - 26| TRP 100-100| LEU 0 - 3 |G
END - - 3 SER 0 - 3| END - - 83| LEU 0 - 0]A
TYR 14 - 5 SER 0 - 1| CYS 0 - 13| PHE 0 - 1| T
TYR 86 - 95| SER 56 - 39| CYS 100- 87| PHE 100- 99 | C

Figure 6.8 Comparison of codon usage in the ic/ gene to that used by
streptomycete genes in general

This table shows how the codons used in the S. coelicolor icl compare to those used by
streptomycete genes in general. The values represent the percentage occurance of a given
codon for its amino acid.

The first nucleotide for each codon is shown in the left hand column, the second nucleotide,
across the top, and the third down the right hand side.

The bold figures represent the average codon usage of 67 streptomycete coding regions,
which were provided by Dr. M.Bibb and compiled using the program "Codonfrequency",
provided in the GCG package. The table is more representative than that published by
Seno and Baltz (1989), which was only compiled from 27 genes.

The figures in normal type show the codon usage of the icl gene.
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Isocitrate lyase (ICL) consensus

The consensus shown below is based around a cysteine that is postulated to be
part of the active site (Nimmo et al, 1989). The cysteine residue is found in the middle of
a hexapeptide, which to date had been found to be conserved across all previously
sequenced icl's.

K-K-C-G-H-M

The search revealed that this pattern was not found in the S.coelicolor ICL
enzyme sequence. It was found that the methionine residue was substituted for a leucine
in the S.coelicolor enzyme. This can be considered as a conservative change, as both
amino acids have non-polar side groups. It would now appear however, that the
consensus sequence should be changed, to the one shown below (where the residues in
brackets, show the variation at an individual site).

K-K-C-G-H-[ML]

Malate synthase (MS) consensus

A consensus pattern has also been recognised within the central region of the
malate synthase sequences published to date. Although the S.coelicolor ms sequence was
incomplete, a search was carried out to look for the pattern shown below, which had been
previously found in all ms sequences.

R-[DN]-H-x-x-G-L-N-x-G-x-W-D-Y-[LIVM]-F
- where an x represents any amino acid.
The search did not reveal this pattern either, but on inspection of the amino acid

sequence, a region which only missed being an exact match by one, was found (shown
below). The change being shown in bold.

R-E -H-S-A-G-L-N-A-G-R-W-D-Y- L -F
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Again the consensus pattern should be amended, to include the observations
found from the sequence of the S.coelicolor enzyme. The amended consensus is shown

below.
L-R-[DNQE]-H-[STI]-[ASV]-G-L-N-[CRA]-G-[RG]-W-D-Y-[MIL]-F

This amended consensus is different from the "MacPattern" consensus, in a
number of ways. Firstly a leucine is added to the start of the pattern, as it was found to be
conserved across all sequences. Secondly the residues which were labelled as x's (in the
"MacPattern consensus), are shown as the amino acids actually found. It also includes
two amendments which are the inclusion of a possible glutamine residue at the third
position and the deletion of the valine from the penultimate residue.

6.2.12 Alignment of the available ICL and MS enzyme sequences

It was of interest to find out if the consensus regions used in the "MacPattern"
program, were indeed the best regions to be used as signature patterns for these enzymes.
The program "PILEUP" from the GCG package was used to line up all the available ICL
and MS enzyme sequences.

"PILEUP" creates a multiple sequence alignment using a simplification of the
progressive alignment method of Feng and Doolittle (1987). The multiple alignment
procedure begins with the pairwise alignment of the two most similar sequences,
producing a cluster of two aligned sequences. This cluster can then be aligned to the next
most related sequence or cluster of aligned sequences.

Two clusters of sequences can be aligned by a simple extension of the pairwise
alignment of two individual sequences. The final alignment is achieved by a series of
progressive, pairwise alignments that include increasingly dissimilar sequences and
clusters, until all sequences have been included in the final pairwise alignment.

The results from the two pileup's can be seen in Figs. 6.9 and 6.10. It can clearly be
seen by eye that there is a great deal of similarity between all the ICL and MS sequences.
It can be noted from the ICL pileup that the bacterial sequences have been clustered
together, as have the plant and the fungal sequences. It also appears that the bacterial

sequences are more similar to the plant sequences than the fungal ones.

The S.coelicolor sequence is similar to the E.coli sequence in that it has a central

region missing, which is present in all of the eukaryotic enzyme sequences.
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. .MAASFSVP
. .MAASFSVP
. .MAASFSGP

.MPIPVGNTK

51
LSGSVREEHT
LRGSVNPECT
LRGHL.KQGY
LRGHL. KQGY
LRGSL.KQSY
LRGNL.KQSY
KRGNL.KIEY
KRGNL.KIEY
KRGTL.KIAY
RRGTFPPIEY
*
101
GLQATYLSGW
GIEAVYLSGW
.LDTIYVSGW
.LDTIYVSGW
.LDSIYVSGW
.LDSIYVSGW
. LDTVYVSGW
.LDTVYVSGW
.LDSIYVSGW
.LDTIYISGW

* kkk

KQREARMSMS
KQREARMSMS
KQREARMSMS
KQREARMSMS
KQREERMTTP
KQRQERLSVP
KQREERLNMT
KQLEARSKAK

201

AAGAAGIHYE
EAGAAAVHFE
ERGAAGVHIE
ERGAAGVHIE
ERGAAGVHIE
ERGAAGVHIE
ERGAAGIHIE
EKGAAGIHIE
ERGAAGIHIE
ERGAAGIHME

* %k * *

Chapter 6 DNA sequencing and analysis of icl

....MAEART
..... MKTRT
NQIMEEEGRF
SMIMEEEGRF
SMIMEEEGRF
SMIMEEEGRF
SYIEEEDQRY
VDPALEDELF
IDINQEEADF
NDFAALQAKL

LARRGAERLW
LAQLGAAKMW
ASNEMAKKLW
ASNEMAKKLW
GSNEMAKKLW
ASNELAKKLW
PSNVQAKKLW
ASNAQAKKLW
PSSQQSDKLF
PSSVMARKLF

QVAADANQAG
QVAADANLAA
QCSSTHTSTN
QCSSTHTSTN
QCSSTHTTTN
QCSSTHTTTN
QSSSTASSTD
QSSSTASSSD
QCSSTASTSN
QCSSTASTSN

*

SEGDNST. . .
SAGIEPGDPR
REERT. .KTP
REERA. .KTP
REERA. .RTP
REERA. .RTP
KDQR. . HKVT
KDQR. . EKLA
KEERAN. . TP
SQEELDEMGA

DQLASEKKCG
DQLASVKKCG
DQSSVTKKCG
DQSSVTKKCG
DQSSVTKKCG
DQSSVTKKCG
DQAPGTKKCG
DQAPGTKKCG
DQAPGTKKCG
DQTSTNKKCG

* %k * % % %

QAAEDLARRW
QQIEELQKEW
EAEVAEVQTW
EAEVAEVQTW
ETEVAEVQAW
EAEVAEVQAW
WDEVA . VKNW
AKEVEEVKKW
OKEVAEIKKW
DADAAEIEKW

*

RQLHE. . .RD
RLLHGESKKG
RTLKSHQANG
RTLKSHQANG
TTLKTHQANG
RTLKTHQANG
GILERNFNK.
KILEDRFAKR
KLLEKHDAEK
KVLEKHHNEG

*

HTYPDQSLYP
SMYPDQSLYP
EPGPDLADYP
EPGPDLADYP
EPGPDLADYP
EPGPDLADYP
EPSPDLADYP
EPGPDLADYP
EPSPDLADYP
EPGPDLADYP

* % * %

. .DWLAPIVA
YVDYFLPIVA
FVDYLKPIIA
FVDYLKPIIA
YVDYLKPIIA
YVDYLKPIIA
NVDYLRPIIA
NIDYLRPIVA
YIDFLRPIIA
PIDYLTPIVA

* *k ok

HLGGKVLVPT
HMGGKVLVPT
HMAGKVLVAV
HMAGKVLVAV
HMAGKVLVAV
HMAGKVLVAI
HMAGKVLVPI
HMAGKVLVPI
HMAGKVLVPV
HMAGRCVIPV

* *

DTEPRWQGIE
. TQPRWEGIT
WSSERFKLTR.
WSSERFKLTR
WNSERFKLTR
WNSERFKLTR
WKDSRWRYTK
WSDSRWRQTK
WSEPRWRKTK
WSDSRWSKTK

*

YV.HALGALT
YI.NSLGALT
TASRTFGALD
TASRTFGALD
TASRTFGALD
TASRTFGALD
EASFTYGCLD
DASYTYGCLE
SVSFTFGALD
TVSKTFGALD

* %

ANSVPQVVRR
ANSVPAVVER
YDTVPNKVEH
YDTVPNKVEH
YDTVPNKVEH
YDTVPNKVEH
MNTVPNKVNH
YTTCPNKVGH
MDTVPNKVEH
MDTVPNKVEH

* *

DAEAGFGGPL
DAEAGFGGVL
DGDTGFGGTT
DGDTGFGGTT
DGDTGFGGTT
DGDTGFGGTT
DADTGHGGLT
DADTGHGGLT
DADTGHGGIT
DADAGHGGLT

* * k%

SQHIRTLNAA
QEATQKLVAA
SEHINRLVAA
SEHINRLVAA
SEHINRLVAA
SEHINRLVAA
SEHINRLVAI
QEHINRLVAI
QEHINRLVAI
QEHVNRLVTI

*

50
RTYSAQDVVR
RPYSAEDVVK
RPYTARDVVA
RPYTARDVVA
RPYSARDVVA
RPYTARDVVA
RPFTAEQIVA
RPFTAEQIVS
RIYSAEDIAK
RNYSARDIAV
* *

100
GGQAVQQIKA
GGQALQQAKA
PVQUVTMMAKH
PVQVTMMAKH
PVQVTMMAKH
PVQVTMMAKH
PTMVTQMAKY
PTMVTQMAKY
PIHVAQMAKY
PVQISQMAKY

*

150
INNALLRADQ
INNTFRRADQ
LFFAQQYHDR
LFFAQQYHDR
LFFAQQYHDR
LFFAQQYHDR
LWMAQLFHDR
LFMAQLFHDR
LWFAQLFHDR
LFKAQLFHDR

*

200
NAFELAKAMI
NAFELMKAMT
ATVKLCKLFV
ATVKLCKLFV
ATVKLCKLFV
ATVKLCKLFV
AVMKLTKLFV
AVMKLTKLFI
AIIKLTKLFI
AVFKLTKMFI

* %

250
RLAADIADTP
RLAADVTGVP
RLQFDVMGTE
RLQFDVMGTE
RLOFDVMGVE
RLQFDVMGVE
RAQADIMGTD
RAQADIMGSD
RASADIFGSN
RMCADIMHSD

* *
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TVIIARTDAL
TLLVARTDAD
TVLVARTDAV
TVLVARTDAV
TVLVARTDAV
TLLVARTDAE
LLATARTDSE
LLCIARTDAE
LLAVARTDSE
LIVVARTDSE

* ok k Kk

..........

GKNGPALQSI
GNNGPALQAI
GKNGPQLQAI
GKTGAELQAT
GKNGAELQAT
GKTGAQLQAI
GIYGDELARI
GASGQELADI

HARYENCLSN
HARYENCLSN
HSSYDKCLSN
HTSYDKCLSY
QSKG.K. .SN
AVKG.KQISN
KVNPLSHTSH
KVGPLTETSH

401

RGLAYAPYAD
RGLAYAPYAD
RGWAFAQIAD
RGWAFAQIAD
RGWAFAPHAD
RGRAFAPHAD
RAVAYAPFAD
RAISYAPYCD
RGRAFAPYAD
RARAFAPYAD
* * *
451

K .AALDDDQI
Q.XNLDDKTI
DASGMTDPLT
DASGMTDQOM
DASGMTDEHM
DASGMTDEQM
K . KAMPRDEQ
K . TAMGRDDQ
N.KAMPADEQ
P . KAMSVDEQ
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AANLLTSDVD
AADLITSDCD
AATLIQSNID
AATLIQSNID
AATLIQTNVD
AANLIQSNVD
AATLITSTID
AATLITTTID
AATLITSTID
AATLISSTID

*k k *

EDQWLGSAGL
EDQWLSSARL
EDNWLAIAQL
EDNWLAMAQL
EDEWLAKAGL
EDDWLAKADL
ETEWTKKAGL
EQKWCRDAGL

..........

EQGRVLAAKL
EQGRELAAKL
EQARETAERL
EQGREIADRM
LEARATAKEIL
REARATARQL
KEAKKLAKEL
REAKKLAKET

LIWVETGTPD
LVWCETSTPD
IIWMETASPD
LIWMETASPD
LIWMETSSPD
ITWMETAKPD
LIWMESKLPD
ATWMESKLPD
LIWMESALPD
LVWMESNYPD

* * % %

AKFQRELGAM
ASFQQQLSDM

MEFIPRIARL
RDFIPRIAKL
RDFIPRIARL
ETYIKRLGAL
ETYIRRLAKL
ETYIKRLGQL
HTFIQRLGDL

ERDAQFVTG.
PYDSEFITG.

ARDHQFILGA.

SRDHQFILGV
TRDHQFILGA
TRDHQFILGV
HRDHPFIIGS
PRDHAFILGC
HRDHYFIIGA
TRDHYFIVGA

* *

..........

MTFSEAVVQA
MTFSDAVVEA
KTFSECVMDA
KTFPECVMDA
KLFNDAVVDA
KRFDEAVLDV
KLFHEAVIDE
KLFHEAVIDE

..........

GVTDLFWDWD
GVTDLFWDWD
GLONLFWDWD
GLKNLFWDWD
AGTDIYFDWE
LGQEIFFDWE
TGKDIYFNWD
LGHEIFFDWE

LEQAREFAEA
LELARRFAQA
LNECTQFAEG
LNECTQFAEG
MVECTRFAEG
FAECTAFAEG
YKQAKEFADG
YAQAEEFAKG
YNQAKEFADG
FQQAKEFAEG

* %

GYKFQFITLA
GYKFQFITLA
GYCWQFITLA
GFCWQFITLA
GFCWQFITLG
GYAWQFITLA
GYCWQFITLA
GYVWQFITLA
GYIWQFITLA

* * k k k%

TNPSLRGKSL
TNPSLRGKSL
TNPNLRGKSL
TNPNLRGKSL
TNPDI. .QPL
TNPDL. .EPL
TNPES. .GDL
TNPNI. .EPF

..........

IKRMNLNENE
LKRMNLSENE
IKSMNITEDE
IKNMNAGEDE
INNSPLP. .N
IAKGKFS. .N
IKAGNYS..N
IERSALS..N

.ERTPEGFYR

.ERTSEGFFR
LPRTREGFYR
LPRTREGFYR
LPRTREGFYR
LPRTREGFYR
APRTREGYYR
SPRTREGYYR
VARAREGYYR
LPRVREGLYR

* * %k *

THAEHPDQML
THAKYPGKLL
IKSKTPEVML
VKSKTPEVML
VKSMHPEIML
VKSMHPEIML
VHAVWPEQKL
PR.VWPEQKL
VKAAVPDQWL
VKEKFPDQWL

* *

GFHSLNHGMF
GIHSMWFNMF
GFHADALVVD
GFHADALVTD
GFHADALVID
GLHTTALISD
GLHTTALISD
GLHTTALAVD
GLHTNALAVH

* %

SSLLAEGMTV .

SSLLAEGMAV
ANMLAEGMAA
ATLLATGMAN
NDLMVMAEQA
AHLMMKAEAE
AALMAEAEAK
AEVLNDAIMS

..........

KNQRLSEWLT
KSRRVNEWLN
KRRRMNEWMN
KRRRMNEWMN
KKAATEKYLT
AKDLAAKYQA
KEALIKKFTD
KQELIKKFTS

400
VRNGMAPVIA
THAGIEQAIS
FQGSVAAAVV
FQGSVTAAVV
FRGSVMAAIV
FKGSVMAAVV
YQGGTQCAIN
LKGGCDCSIN
YQGGTQCAVM
YRGGTQCSIM

450
AYNCSPSFNW
AYNCSPSFNW
AYNLSPSFNW
AYNLSPSFNW
AYNLSPSFNW
AYNLSPSFNW
AYNLSPSFNW
AYNLSPSFNW
AYNLSPSFNW
AYNLSPSFNW
*kkk *kkkkkk

500
DLARGYAE.H
DLANAYAQGE
TFAKDYAR.
TFARDFAR.
TFAKDYAR.
TFAKAYAK.
QFAKAYSK.
DFANQYSQ.
NFSRDFAK.

OHHIO®WX ™
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501 550
Sco  GMTAYVD.LQ EREFAAQAHG FTAVKHQREV GTGYFDLVST AVNPA,SSTT
Eco GMKHYVEKVQ QPEFAAAKDG YTFVSHQQEV GTGYFDKVTT IIQGG.TSSV .
X < Y
Bna GMLAYVERIQ REER...SNG VDTLAHQKWS GANYYDRYLK TVQGGISSTA
Ghi  GMLAYVEKIQ REER...NNG VDTLAHQKWS GANFYDRYLK TVQGGISSTA
Rco GMLAYVERIQ REER...KNG VDTLAHQKWS GANYYDRYLK TVQGGISSTA
Ani  GMRAYGELVQ EPEM...ANG VDVVTHQKWS GANYVDNMLK MITGGVSSTA
Ncr GMRAYGELVQ EPEI...DNG VDVVKHOKWS GATYVDELQK MVTGGVSSTA
Ctr  GMRAYGQTVQ QPEI...EKG VEVVKHQKWS GANYIDGLLR MVSGGVTSTA
Sce  GMKAYAQNVQ QREM...DDG VDVLKHQKWS GAEYIDGLLK LAQGGVSATA
* % * * * * * % * *
551 587
SCO  ALAGSTEEEQ FH+ . e v v vvs eemmeemene o
EcO  ALTGSTEESQ F4.vveeerr eeeaan e
X 5 >
Bna  AMGKGVTEEQ FKETWTRPGA AGMGEGTSLV VAKSRM+
Ghi  AMGKGVTEEQ FKETWTRPGA GNIGSEGNLV VAKARM+
Rco  AMGKGVTEEQ FKETWTRPGA MEMGSAGSEV VAKARM+
Ani  AMGKGVTEDQ FKS+. . v e wemmrean e
Ncr  AMGKGVTEDQ FH+¥ . o v vvee eeeeeteen aeeen.
Ctr  AMGAGVTEDQ FKETKAKV+. . veveennn wmnnnn
Sce  AMGTGVTEDQ FKENGVEKK+. ..vvvvvenn wuennn.
* * * %
Figure 6.9 Alignment of the known ICL sequences

The program "PILEUP" from the GCG package was used to align the 10 available

ICL sequences.
Sco = S.coelicolor, Eco = E.coli, Ath = A.thaliana, Bna = B.nappus (rapeseed), Ghi = G.hirsutum
(cotton), Rco = R.communis (castor bean), Ani = A.nidulans, Ncr = N.crassa, Ctr = C.tropicalis, Sce =

S.cerevisiae

Asterisks shown below the pileup represent amino acids which are conserved across
all sequences. An incomplete A.thaliana sequence is shown, as the full DNA sequence
has not yet been reportted.
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MGSLGMYSES
MGSLGMYSES
MIGLGSYGYT

.MRYDTYGDS

..........

51

LLHRSFNETR
LLHRTFNNKR
ILHRTFNPTR
LLHRSFNQTR
TLHRGFEARR
GLVEAFQPRR
DLORTFRNHI
DLQRTFRNHI
DLQREFRNHI
DLQREFRNRI
ELQREFRGHV
ELVTHFTPQR

101

PTHPKLQCRK
ILAPGLINRS
PPAPGLVDRR
PAAPPLVDRR
.LAPGLIDRR
PPAPGLTDRR
PVPPAVADRR
SVPPAVADRR
PFPPAVADRR
PVPPAVADRK
SVPPAVADRR
GIPADLEDRR

151

GQVNLYDAIR
GQVNLYDAIR
GQINLYDAIR
GQVNLYDAIR
GQVNLYDAVR
GQLTLLDVIE
GQINLKDAVD
GQINLKDAVD
GQINLKDAVE
GQVNLRDAVN
GQVNLKDAVD
GQINLRDAVN

* % * %
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NPTTLDNVKI
VKVSLDNVKL
VDAQLKDVATI
VETLLQGVTI
TADKVKGVQI
TTSLTHHVRV
GLTKKGSSRG
AVRKK.SSRG
APSSKKIN.A
APIKKTGA.G
TSVYRPNVAV

KQLLENRQKV
KQLLENRQVV
KALLQRRVDR
KNLLERRHVR
QELLNNRKEQ
RDLMKERRRS
KYSMECRREA
RYSMECRREA
KYAMECRKEA
RYATECRKEA
RYAMECRREV
NKLLAARIQQ
*

IEITGPPDAK
TEITGPPLRN
VEITGPTDRK
VEMTGPTDRK
CEITGPTDRK
VEMTGPPDRR
VEITGPVERK
VEITGPVERK
VEITGPVERK
VEITGPVERK
VEITGPVERK
VEITGPVERK

* kkk

DRIDFTNEAT
NQIDF. .DTP
RQVDFKQGQK
RQIDFKQGPK
RNLSATINGK
RRIDFTTPEG
GTISFHDRVR
GTISFHDKAR
GTITFNDKAR
GTISFHDKAR
GSITFNDKAR
GTISYTNEA.

LGEVSDKPLL
LVDVDKEPFF
LGSVSNEA. .
SGPIEEHQ. .
LGPIPDEA. .
LAAPGPRH. .
YDVPEGVDIR
YDVPEGVDIR
YDVPQGVDIR
YDVPEGVDIR
YDSPDGVEVR
ATTTDELAFT

QERLDAGE. S
OKKLDSGSYH
QAEIDKGHLP
QAEIDRGVLP
QKLRDQGFLP
ALRLASGS.P
KRRYNEGGLP
KRRYNEGAVP
KRRYNEGALP
KSRYNAGALP
KRRYNSGAVP
QODIDNGTLP

MIVNAFNTDV
MLINALNAPV
MVVNALNSDV
MVVNALNSDV
MVINALNSNV
MAVNALNSGA
MIINALNSGA
MIINALNSGA
MIINALNSGA
MIINALNSGA
MIINALNSGA
MVINALNANV

* *kk *

GKRYKINREG
RKSYKLNGNV
EY..KL.RTD
EY..KL.RTD
QYSLNL.EKG
....KEYRLG
NRVYKLN. . .
NKVYKLN. .

NRVYKLN. . .
NRVYKLN. . .
NKVYKLN. . .
GKIYQLK. ..

. .SKATPRDI
KPSSTTVGDI.

GRYDEEFAKI
GRYDEEFARI
GRFDEEFAKI
GRYDGEFAKI
GRYDQVFAKI
RPYGEQEKQT

*

LHFLEETKYTI
LDFLPETANI
.DFLPETKHI
.DFLPETKHI
.DFLPETEYI
LDFPTVTSAV
GFD.PATKYI
GFD.PATKYI
GFD.PATRYI
GFEHPATKYI
GFD.PSTKFI
DF.ISETAST

*

FTYMTDFEDS
NTYMTDFEDS
YTYMADFEDS
ATYMADFEDS
QVWMADFEDA
KVFMADFEDA
KVFMADFEDA
KVFMADFEDA
KVFMADFEDA
KVFMADFEDA
KVFMADFEDS

RRVPVMIVRP
ANLPTIIVRP
RTLPTLIARA
RTLPTLIVRP
RHIPTLIVRP
DRPATIMVRP
DRTAKLFVRP
DQTAKLFVRP
NEIAKLFVRP
DQIAKLFVRP
DQVAKLFVRP
PNPAVLICRV

*

50

LTKDALKFIV

LTKDALEFIV .

LTKEACAFLA
LTPQALSFVA
FNQETLAFVA
LTPAALDFVG
LNKEALLFIA
LNKEALLFVA
LTKDALQFVA
LTRDALQFVA
LTRDALGFVA
LTAEAVEFLT

100
REDPNWKCL.
RNDPTWQGP .
RDDPSWKG.A
RENPTWKGAA
RNDSTWTGPA
RKYPTWR.VA
RDSE.WT.CA
RESE.WT.CA
REGK.WT.CV
REGE.WT.CA
RDGE.WV.CA
RDAD.WK. IR
* *

150
CSPTWNNMIY
ASPTWNNMVY
.APTWDNMIN
SAPTWANMVN
LTPAWKNLVE
TAPLWDNIIG
LSPNWENLMR
LSPNWENLMR
LSPSWENLMR
LSPSWENLMR
LSPSWENLMR
LAPDWNKVID

*

200
RGWHMVDKHI
RGWHMVEKHL
RGWHLDEKHF
RGWHLEEKHV
RGWHLTEKHV
RGWHLDEEHL
RGWHLPEAHI
RGWHFAEAHI
RGWHLPEAHI
RGWHLPEAHI
RGWHLPEAHI
RGLHLPEKHV

* Kk  k *
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Hpo
Sce
Ani
Ncr
Ctr
Sco
Csa
Cma
Ghi
Rco
Rna
Eco

Hpo
Sce
Ani
Ncr
Ctr
Sco
Csa
Cma
Ghi
Rco
Bna
Eco

Hpo
Sce
Ani
Ncr
Ctr
Sco
Csa
Cma
Ghi
Rco
Bna
Eco

Hpo
Sce
Ani
Ncr
Ctr
Sco
Csa
Cma
Ghi
Rco
Bna
Eco

201

LVDGEPISAS
YVDDEPISAS
TVDGEPISGS
TIDGEPVSGS
LVDGTPVSGG
EYDGRPVPAT
FIDGEPATGC
FIDGEPATGC
FIDGEPATGC
LIDGEPATGC
LIDGEPATGC
TWRGEAIPGS

251
WNDIFCVAQD
WNDVFCVAQD
WNDVFNLAQD
WNDAFNLAQD
WNDIFNYSQD
WNDVFLTAQE
WNSVFERAEK
WNSVFERAEK
WNSVFEKAEK
WNCVFEKAEK
WNSVFERAEK
WSEVFSYAED
* *

301
GRWDYMFSTI
GRWDYIFSTI
GRWDYIFSFI
GGWDYIFPFI
GRWDYIFSYT
GRWDYLFSII
GRWDYIFSYV
GRWDYIFSYV
GRWDYIFSYV
GRWDYIFSYV
GRWDYIFSYV
GRWDYIFSYI
* kkk Kk
351
HAMGGMAATI
HAMGGMAAQTI
HAMGGMAAQT
HAM.GMAAQI
HALGGMAAQT
PRHRGMAAQV
HAMGGMAAQT
H.VGGMAAQI
HAMGGMAAQT
HAMGGMAAQT
HAMGGMAAQT
FAMGGMAAFI

* Kk % %
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IMDFGLFFFH
IFDFGLYFYH
LFDFGLYFFH
LFDFGLYFFH
IFDFAVYFYN
LVDFGLYFFH
LVDFGLYFFH
LVDFGLYFFH
LVDFGLYFYH
LVDFGLYFYH
LVDFGLYFFH
LFDFALYFFH

* % *

CLEIPRGTIK
YIGIPRGTIR
YIGMPRGTIR
YVGIPLSTIR
YIGLKRGTIR
LLGIPRGTVR
MAGIERGSIR
MAGIERGSIR
MAGIEKGSIR
MAGIERGSIR
MAGIERGSIR
RFNLPRGTIK

KRLRNQKQHT
KRLRNDPNHI
KKFRQHPNFV
KEVRRFPNFV
KCLRNHPDFI
KTFGHRTDFL
KTFQAHPDRL
KTFQAHLDRL
KTFQGHPDRL
KTFQAHPDRP
KTFQAHPDRL
KTLKNYPDRV

*

PIKDDPEKNA
PIKDDPAANE
PIKDNAEAND
PIKDDKAAND
PIKDDEARNR
PGKD. PAANE
PIRDDPKANE
PIRDDPKANE
PIRDDPTANE
PIRDDPAANK
PIRDDPKANE
PSKDEEHNNQ

* *

NAKFL. . .LS
NAKEL. . .IK
NAKEL. , .VA
NAKEL. . .VQ
SAKEA. ..IA
CAQRQ. ..ID
NHANFRRSQG
NHANFRRSQG
NYATFRNTQG
NYAAFRRNQG
NYAKFRQTQG
NYQAL. . .LA

ATVLIETLPI
ATVLIETLPA
GTVLIETITA
GTVLIETITA
ASVLIETIPA
ATVLIETITA
ATVLIETLPA
ATVLIETLPA
ATVLIETLPA
ATVLIETLPA
ATVLIETLPA
ATLLIETLPA

& %k ok

LPDRHQVTMT
LPNRNQVTMT
LPDRSDVTMT
LPDRSDVTMT
LPDRSQVTMA
LPDRAKVTMT
LPDRVLVGMT
LPDRVQVGMA
LPDRGQVGMT
LPDRVQVGMT
LPDRVLVGMG
LPDRQAVTMD

* % * %

AAMEAVRQDK
KAMTKVRNDK
KAMEGVRADK
KAMEGVRADK
AALENVTKDK
AAFAKVRLDK
VALELVRKDK
MALELVRKDK
AAFELVRKDK
AALELVRKDK
MALDLVKKDK
V.LNKVKADK

* * %

QGLAPFFYLP
LGKGPYFYLP
RGFGPYFYLP
RGFGPYFYPP
QGFGPYFYLP
AGHGPYFYLP
QGYGPFFYLP
QGSGPFFYLP
QGFGPFFYLP
AGYGPFFYLP
SGFGPFFYLP
KGSGPYFYLP

* kkkk

SYQLDEVLYA
AFQMEEIIYQ
AFEMEEIIYE
AFEMDEIIFE
VFQMDEIIYQ
AFEMEEILHA
VFOMNEILYE
VFQMDEILYE
VFQMDEIFYE
VFQMNEILYE
VFOQMNEILYE
VFQMDEILHA
*

VPFMTNYVKQ
SPFMDAYVKR
VPFMDAYVKL
VPFMEAYVKL
APFMSSYVKL
APFMRAYTEL
QHFMRSYSDL
QHFMRSYSDL
QHFMRSYSDL
QHFMKSYSDL
QHFMRSYSDL
KPFLNAYSRL

* *

LREVLAGHDG
IRELTNGHDG
LREVRAGHDG
LREARAGHDG
LREVTLGCDS
EREAEDGFDG
LREVKAGHDG
LREAKAGHDG
OREVKAGHDG
LREVKAGHDG
LREVRAGHDG
SLEANNGHDG

* *

250
KMEHYKEAQL
KMEHHLEAKL

KMESHLEARL .

KMESHLEARL
KMEHHLEAKL
KLENRYEARL
KMEHSREAKI
KMEHSREAKI
KMENSREAKI
KMEHSREAKI
KMEHSREAKI
KTQSWQEAAW
* * %k

300
LRDHSAGLNC
LRQHSSGLNC
LRDHSSGLNC
LRNHTSGLNR
LREHSAGLNC
LREHSAGLNA
LRDHSVGLNC
LRDHSVGLNC
LRDHSVGLNC
LRDHSVGLNC
LRDHSVGLNC
LRDHIVGLNC
**x * * % %k

350
LIKICHKRGV
LINTCHRRGV
LIKTCHKRGV
LIKTLHRLVV
LVHTTHKRKV
LVRTCHKRGV
LIRTCHRRGV
LIRTCHTVVC
LIRTCHRRGV
LVWTCHRRGV
LIRTCHKRGV
LIKTCHKRGA
* Kk K

400
TWIAHPGLLP
SWVAHPALAP
TWVAHPALAS
TWVAHPALAS
CWVAHPALVP
SWVAHPGLVP
TWAAHPGLIP
TWAAHPGLIP
TWAAHPGLIK
TWAAHPGLIP
TWAAHPGLIP
TWIAHPGLAD

* * %
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Hpo
Sce
Ani
Ncr
Ctr
Sco
Csa
Cma
Ghi
Rco
Bna
Eco

Hpo
Sce
Ani
Ncr
Ctr
Sco
Csa
Cma
Ghi
Rco
Bna
Eco

Hpo
Sce
Ani
Ncr
Ctrx
Sco
Csa
Cma
Ghi
Rco
Bna
Eco

Hpo
Sce
Ani
Ncxr
Ctr
Sco
Csa
Cma
Ghi
Rco
Bna
Eco

401
TALSVFQEHM
ICNEVF . INM
IASEVFNKYM
IALEVFNKHM
VVLKVENEHM
VCRESFDAVL
ACMEVFTNNM
ACMEVFTNSM
TCMEVFTNNM
ACMEVFANNM
ICMDAFSH.M
TAMAVFNDIL
*

451
NIYIGLNYME
NLDIGLQYME
NLNIGLSYME
NLNTGLGYTE
NIVIGISYIE
NTRVGIQYLA
NTRVGIQYLA
NTRVGIQYLA
NTRVGIQYLA
NTRVGIQYLA
NIRVAVQYIE
* *
501

T. .GKTITPE
T. .GEKVTPE
E. .GKKVDKA
E. .GKHVDKR
T. .GKVITKE

..........

DGLGVRVN.H
DGLGVKVTFD
DGLGVRVSKE
. . .GKPVTKA
*
551
HTEVAEFLTT
E.KFSEFLTT
E.DYADFLTS
E.DYADFLTC
E.KYSDFVTT
.NLDDFLTL
.TLDDFLTL
. TLDDFLTL
. TLDDFLTL
.ELDDFLTL
.ELIDFLTL

op»oOnyw
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P.TPNQIHVQ
G.TPNQIYFI
P. TPNQMHVR
P.TPNQLFNR
K.GPNQISLP

GNAPNQIRSM
GNAPNQIRSA
GNTPNQIETV
GNTPHQIQAM
GNNPNQIKSM
GSRKNQLEVM

*

SWLRGLGCVP
AWLRGSGCVP
GWLRGVGCIP
PWIRGVGCVP
AWLRNVGCVP
AWLTGAGSVP
AWLTGTGSVP
AWLTGSGSVP
AWLTGTGSVP
AWLTGSGSVP
AWISGNGCVP

* * *

FISKLIDEEA
LTEKILKEQV
YALRLLKEQA
YPLKLLKEAD
YVKQLLDEEY
LFGRVVEEEM
LFARVVEEEM
VFGRVVEEEM
LLGRVVEDEM
LFGRVVEEEM
LFRQMLGEEM

LLYDDIV.TI
LLYDEIVSTK
LLYNEI.SSP
LLYNEI.TSA
LIYDDV.TTI
DAYNYIVIHH
DAYNHIVIHH
DAYNYIVIHH
DAYNNIVIHY
AVYDHIVAHY
PGYRLLA*

KNVE. . .ITE
PENV...VTA
REDV. .NITA
REDV. .KIGQ
PKEPFKPITQ
RRDDAANLTE
RRDDAANLTE
KRDYASNLTE
KREDAANITE
KRDDASAITE
REQDAP.ITA

INNLMEDAAT
INNLMEDAAT
INYLMEDAAT
IKHPQEDAAT
INYLMEDAAT
LYNLAEDAAT
LYNLMEDAAT
LYNLMEDAAT
LYNLMEDAAT
LYNLMEDAAT
IYGLMEDAAT

* Kk k kK

ERCAANKP. .
ERLSKASPLG
DALAAKGPKG
RQRLAKAPQG
AKLTKNAKPG
ERIEREVGKE
ERIEREVGKE
ARIEREVGKE
ARIEREVGKE
ERIEKEVGKD
KVIASELGEE

581
GPEVDISSLK*
ATPTDLSKL*
G...TASKL*
GNSLPASKL*
GRALPGERL*
PRELSKL*
PRELSRL*
PKDVSSKL*
PKG.SSRL*
PINASRL*

ADLVDTNIPD
ANLLETKIPN

NDLLNTNVPG.

ODLLNMNVPG
RDLLSPFVPG
EDLLQQ. . PR
DDLLQQ. . PR
DDLLQR. . PR
EDLIOR. .PR
EDLLQI. .PR
DQLLAP. .CD

*

AEVSRLQLYS
AEVSRCQLYQ
AEVSRSQLWQ
AEVSRSQLWQ
AEVSRTQIWQ
AEISRVQNWQ
AEISRVQNWQ
AEISRVQIWQ
AEISRVQNWQ
AEISRVQNWQ
AEISRTSIWQ

*k kK

.NNK. .FKIA
DKNK. .FALA

.NK. .FQLA

.NK. .FNLA

.NK. .FKRA
RFKKGMYKEA
KFRKGMYKEA
KFKKGMYKEA
KFKKGMYKEA
KFKRGMYKEA
RFSQGRFDDA

*

450
GKITMKGVSA
GEITTEGIVQ
.KITEDGIRK
.SSTEDGIRK
AKITEQGIRA
GVRTMEGLRL
GVRTLEGLRL
GVRTMEGLRL
GVRTLEGLRL
GVRTLEGLRL
GERTEEGMRA
*

500
WCKHAVKMDD
WVKHGVTLKD
WARHGVT.TS
WVKHRVT.TA
WVTHGAK.TD
WLKYGVELDG
WLKYGVELDG
WLKYGVELDG
WLKYGVELDG
WIRYGVELDG
WIHHQKTLSN
*

550
ADCLKKEING
AKYFLPEIRG
GRYFSGQVTG
AQYFASQVTG
FEYFAPEALG
CKMFTRQCTA
CKMFTRQCTA
CKIFTRQCTA
CKMFVRQCAA
CKMFTKQCTA
ARLMEQITTS
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Figure 6.10. Alignment of the known MS sequences

The program "PILEUP" from the GCG package was used to align the 12 available

MS sequences.
Hpo = H.polymorpha, Sce = S.cerevisiae, Ani = A.nidulans, Ncr = N.crassa, Ctr = C.tropicalis, Sco =
S.coelicolor, Csa = C.sativus (cucumber), Cma = C.maxima (pumpkin), Ghi = G.hirsutum (cotton), Rco =

R.communis (cator bean), Bna = B.nappus (rapeseed), Eco = E.coli.

An incomplete S.coelicolor sequence is shown, as the full DNA sequence has still to
be completed.

Asterisks shown below the pileup represent amino acids which are conserved across all
sequences.
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The results of the MS pileup are slightly different from the ICL pileup, in that the
S.coelicolor MS sequence is shown to be more similar to the fungal sequences than the
bacterial ones. It should be borne in mind that the similarity clustering does not represent
any phylogenetic relationship between the sequences. Also since the S.coelicolorMS
sequence is incomplete, the final result may turn out to be different to that shown.’

6.2.13 Proposal of new signature motifs for ICL. and MS

The results of the pileup's, enabled the regions of greatest similarity to be
observed and new signature patterns to be proposed.

ICL signature patterns
L-A-Y-N-[LC]-S-P-S-F-N-W
or
Q-I-F-T-L-[AG]-G (A.thaliana sequence not included)

MS signature patterns
P-[FY]-F-Y-L-P-K

or
G-L-N-[CRA]-G-[RG]-W-D-Y
or
E-D-A-A-T-A-E-[IV]-S-R (S.coelicolor sequence not
included)

The two sequences mentioned as not included, have simply been omitted as the

sequences were incomplete.

It is proposed that these new signature motifs should not replace the existing
motifs, but augment the information which can be used. They could be used by other
workers, who might want to clone the genes by using oligonucleotides designed against
these sequences. Alternatively they can be used as extra signatures when searches are
being carried out for these proteins.

6.2.14 Comparison of the S.coelicolor ICL to other ICL's

The program "PILEUP" helped establish that the S.coelicolor ICL is similar to the
other ICL enzymes. However, visually it is difficult to see the extent of similarity and

which regions of the protein are most similar to each other.
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For this reason the programs "COMPARE" and "DOTPLOT" from the GCG
package were utilised to obtain a graphical representation of the similarity between the
S.coelicolor ICL and the other ICL's.

"COMPARE" compares two sequences and writes a file of the points where
matches of a certain quality are found. The points in the output file can be plotted with
the "DOTPLOT" program.

"COMPARE" was used according to the method of Maizel and Lenk (1981). In
this case a comparison of two proteins was made within a specified window. When the
number of residues equaled or was greater than a specified stringency, then a match was
scored. The window of one protein was compared to every register of the second protein
and scored respectively. The window of the first protein was then moved along by one
and the analysis carried out again. In this way every region of the first protein was
compared with every region of the second protein, which shows the similarity of the two
proteins, even if there are insertions or deletions in one protein with respect to the other.

The program "DOTPLOT" was then used to visualise all of the structures in
common between the two sequences. A dot was placed in a position corresponding to the
middle of a matching window. Lines were then built up where there were regions of
similarity between the two proteins.

"COMPARE" was run with a window of 30 and a stringeny of 18, i.e., there had
to be 18 matches out of 30 in a given window, for a point to be scored.

The output from several plots can be seen in Fig. 6.11. This shows that the
S.coelicolor ICL is very similar to the other ICL's. The comparison between the
S.coelicolor ICL and the E.coli ICL shows that these two ICL's are extremely similar to

each other across the entire protein sequence.

The S.coelicolor ICL sequence also shows a great deal of similarity to the other
ICL's. The plots obtained show a similar pattern. However the S.coelicolor ICL shows
differences to the other ICL's at the N-terminus, it also lacks a central portion which is
found in the eukaryotic ICL's.

Fig. 6.11, also shows plots of some of the other ICL's compared against each
other. It can be seen that the eukaryotic ICL's (rape seed, castor bean, A.nidulans and
C.tropicalis), are all very similar to each other.
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The plots of the E.coli ICL against the eukaryotic ICL's show a similar pattern to
that found when the S.coelicolor ICL was compared against them.

Thus, it appears that the two prokaryotic ICL's are extremely similar to each other
and that they both show the same differences to the eukaryotic ICL's. That is, they differ
from eukaryotic ICL's in the N-terminal region and they both lack a 102 amino acid
stretch found in the central region of eukaryotic ICL's.

It is not known why these differences should come about, but it may be that the
eukaryotic sequences contain signal sequences for compartmentalisation of the protein.
These sequences would not be expected to be found in the prokaryotic ICL's.

Eukaryotic ICL's are found within glyoxysomes, which are a form of
peroxisomes. There is a recognition sequence for peroxisomes, which has been

implicated in peroxisomal targetting.
(SAC)-(KHR) - L

When the eukaryotic sequences were searched for this sequence, no match to this

motif was found.

Interestingly, when the malate synthase enzymes are scanned for this motif,
matches were found at the C-terminus of the enzyme. 8 out of 10 eukaryotic MS enzymes
have a match to this motif. The only prokaryoﬁc MS is that from E.coli, which is slightly
smaller than the eukaryotic enzymes and does not contain this motif.

"COMPARE" and "DOTPLOT" were also used to look at the MS sequences (see
Figure 6.12). It appears that all of the MS enzymes, both eukaryotic and prokaryotic are

extremely similar to each other.
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Figure 6.11 Comparison of some ICL sequences using "DOTPLOTS"

The amino acid sequence of S.coelicolor ICL was compared to the amino acid
sequences of other ICL's. These other ICL's were also compared to each other to
determine their similarities.

The comparisons were carried out using the GCG program "COMPARE", using a
window of 30 and a strigency of 18. Results were then displayed using the program

"DOTPLOT".

a) C.tropicalis ICL vs §S.coelicolor ICL b) A.nidulans ICL vs S.coelicolor ICL

¢) Cotton ICL vs S.coelicolor ICL d) Castor bean ICL vs S.coelicolor ICL
e) E.coli ICL vs S.coelicolor ICL f) C.tropicalis ICL vs A.nidulans ICL
g) Castor bean ICL vs A.nidulans ICL h) Rape seed ICL vs E.coli ICL

i) Castor bean ICL vs Rape seed ICL J) A.nidulans ICL vs E.coli ICL
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Figure 6.12 Comparison of some MS sequences using "DOTPLOTS"'

The amino acid sequence of partially sequencedS.coelicolor MS was compared to
the amino acid sequences of other MS's. These other MS's were also compared to each
other to determine their similarities.

The comparisons were carried out using the GCG program "COMPARE", using a
window of 30 and a strigency of 18. Results were then displayed using the program
"DOTPLOT".

a) E.coli MS vs S.coelicolor MS b) Cotton MS vs S.coelicolor MS

b) S.cerevisiae MS vs S.coelicolor MS d) A.nidulans MS vs S.coelicolor MS
e) S.cerevisiae MS vs E.coli MS f) Cotton MS vs E.coli MS

g) A.nidulans MS vs S.cerevisiae MS h) Cotton MS vs S.cerevisiae MS

i) Pumpkin MS vs Cotton MS
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Chapter 7 Overexpression and attempted disruption of the S.coelicolor IDH

7.1 Introduction

Previous work carried out by Taylor (1992) had led to the purification of IDH and
cloning of the idh gene from S.coelicolor. This gene product turned out to be particularly
interesting as it was the first type I IDH to be cloned and sequenced.

Fukanaga et al (1988) had suggested the classification of bacterial IDH's into two
groups. The first group (type I) consists of dimeric enzymes with subunit molecular
weights of c. 45kDa. The second group (type II) consist of enzymes which are
monomeric with molecular weights around c. 80kDa

The S.coelicolor IDH was found to be c. 80kDa and monomeric in nature. It was
also found not to cross-react with anti-E.coli IDH antiserum (E.coli IDH is a type I
enzyme). The S.coelicolor IDH was also found to have a N-terminus similar to
R.vannielli IDH and Vibrio spp. IDH-II, which were both classified as type II IDH's.

It was thus of great interest and importance to continue this work further.
Overexpression was to be attempted first, in order to prove that the cloned gene did in
fact encode IDH As the DNA sequence of the S.coelicolor idh was different to the other
idh's sequenced previously, there was still a slim possibility that the cloned DNA was not
in fact idh. The enzyme had to be overexpressed to confirm that the cloned DNA encoded
IDH from S.coelicolor.

It was also of interest to express the S.coelicolor idh gene in E.coli idh mutants,
firstly with cells grown on glucose, to find out if the S.coelicolor IDH could complement
an E.coli idh mutant, and secondly for cells grown on acetate, to find out if the E.coli
phosphorylation system will be able to covalently modify the S.coelicolor IDH, as it
would its own IDH.

If overexpression of S.coelicolor IDH could be obtained in S.coelicolor, it would
be of interest to study the effect of the elevated level of the enzyme on growth. Indeed,
overexpression of the enzyme might have an effect on antibiotic biosynthesis.

A second important experiment was to attempt to disrupt the idh gene in
S.coelicolor. This was important for a number of reasons. Firstly, it would test if a
second enzyme with IDH activity was present. Secondly, once an idh mutant was
constructed it might be possible to study the effects on antibiotic synthesis of varying the
level of the IDH enzyme.
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This could be achieved by intoducing the cloned idh gene into an S.coelicolor idh
mutant, on a plasmid that allows controllable expression of the gene. By controlling the
levels of IDH and also the stages of growth when it was produced, it might be possible to
engineer metabolism, and ultimately the levels of antibiotics produced. This would be of

great importance to industry, where optimum production of antibiotics is sought.

This chapter deals with the overexpression of S.coelicolor IDH in S.lividans and
S.coelicolor. It also gives details of the preliminary experiments designed to lead to the
overexpression in E.coli of the IDH from S.coelicolor. Finally attempts to disrupt the idh

gene in S.coelicolor are described.

7.2 Results

7.2.1 Overexpression of S.coelicolor IDH in S.lividans

‘S.lividans was used as an intermediate host before overexpression was attempted
in S.coelicolor, because it was easier to obtain S.lividans protoplasts which gave a
sufficiently high transformation frequency. S.lividans protoplasts could be made which
transformed at c.100-fold higher efficiency than S.coelicolor.

The strategy was to transform S.l/ividans protoplasts with a ligation mix,
containing idh DNA and the appropriate vector. The transformants were then checked for
overexpression of IDH. When an overexpressing transformant was obtained, plasmid
DNA was prepared and this was then used to transform S.coelicolor 213.

Two different ways of overexpressing S.coelicolor IDH were attempted. The first
method was to use a plasmid containing the strong veg promoter, which had been
obtained from B.subtilis (Moran et al, 1982). Cloning idh downstream of this promoter
would hopefully result in transcription of idh and ultimately translation of the gene. The
plasmid to be used for this purpose was pCBS7 which contains the veg promoter cloned
into the Eco RI/ Bam HI sites of the plJ487 (Ward et al, 1986) polylinker region.

The second overexpression experiment relied on the possibilty of idh being
expressed from its own promoter. Although no promoter studies had been carried out, a
number a putative promoters had been observed by inspection of the DNA sequence
upstream idh (Taylor, 1992). Thus idh was to be cloned with approximately 600bp of
upstream sequence, in which it was hoped that the promoter or promoters would be

present.
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7.2.1.1 Construction of the sub-clone pCBSidh1

An intermediate step had to be carried out before the DNA encoding idh could be
cloned into pCBS7. pRTB1 (Taylor, 1992) was digested with Eco RV and Sma I which
generated a 2.5kb fragment which contained only 45 bp of sequence upstream from the
predicted start of the S.coelicolor IDH. The DNA was separated on a 1% TAE agarose
gel and the fragment purified using a spin-X tube (2.3.13).

The resulting fragment was ligated with pBluescript II KS+, which had been
digested previously with Sma I. This DNA was then used to transform E.coli DS941
which had been made competent by the method of Hanahan (2.2.8.1b).

This resulted in transformants which had the S.coelicolor IDH cloned in both
orientations with respect to the T7 promoter. Plasmid DNA was then prepared from 8
transformants (2.3.2). This DNA was digested with Bam HI and the resulting fragments
separated on a 1% agarose gel. Depending on the orientation of the fragment within the
plasmid, the sizes of the separated fragments were either 3.6 and 1.75kb or 0.7 and
4.65kb. A transformant (pidh100) that yielded fragments of 3.6 and 1.75kb was used for
further sub-cloning, as this had the idh gene in the required orientation.

pidh100 DNA was digested with Xba I and Hind III and the resulting 2.5kb idh-
containing fragment purified in the manner described above. A ligation was set up with
pCBS7 DNA, which had been digested and purified in a similar manner.

This ligation mix was used to transform protoplasts of S.l/ividans TK64 (2.2.9.2)
and the protoplasts plated onto R2 regeneration plates. After 16 hours at 30°C, the plates
were overlayed with thiostrepton, in order that only recombinant colonies would continue

to grow.

After 7 days a number of sporulating colonies were obtained. The spores from
these colonies were inoculated into YEME medium, which had been supplemented with
thiostrepton. The cultures were then left to grow at 30°C for 3 days, until thick growth

was observed.

Plasmid DNA was prepared from the cultures (2.3.2.). The resulting DNA was
separated along with control pCBS7, on a 1% TAE agarose gel. (Fig. 7.1). 3 out of the 4
transformants (B,C, and D) checked appeared to contain plasmids which were greater in
size than pCBS7. These clones were taken to contain the idh insert. One clone
(tranformant B), S.lividans/ pCBSidh 1, was picked for further experimentation.
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Figure 7.1 Agarose gel to check which transformants contained inserts

Transformants were obtained and allowed to sporulate. Spores were then used to

inoculate 10ml cultures of YEME, supplemented with thiostrepton. 5ml of the resulting

cultures was used to prepare plasmid DNA (2.3.2). Half of the resulting preparation was

then run on a 0.8% agarose gel to determine which of the transformants contained inserts.

Lane DNA
1 AHind 111 markers
2 plJ486
3 transformant 1
4 transformant 2
5 transformant 3
6 .

Lane

11

DNA

pCBS7 (control)
transformant A
transformant B
transformant C

transformant D
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7.2.1.2 Construction of plasmid pidh486

pRTB1 was digested with Xba I and Hind III to generate a 5kb fragment, which
contained idh with 0.6kb of upstream sequence. This fragment was then ligated with
plJ486 which had been previously digested with Xba I and Hind TI1.

This ligation mix was then used to transform S.lividans TK64 protoplasts in
exactly the same manner as described above. The protoplasts were then regenarated and
overlayed, as described above.

Spores from the transformants obtained were used to inoculate YEME, as
described above and plasmid DNA obtained from the cultures. This DNA was separated
on a 1% TAE agarose gel (Fig. 7.1). 2 out of the 3 transformants (1 and 3) appeared to
contain inserts, by comparison with control DNA of pIJ486. One clone (transformant 1),
S.lividans/pidh486 was picked for further experimentation.

7.2.2 SDS-PAGE of crude extracts from S.lividans containing plasmids pidh486 and

CBSidh 1

The two S.lividans clones which contained the plasmids pidh486 and pCBSidhl
were inoculated into YEME supplemented with thiostrepton, plus two control cultures
(8.lividans TK64 containing plJ486 or pCBS7). The cultures were grown for 3 days until
thick growth was observed. 1ml of each culture was then spun down and a crude protein
extract obtained (2.4.1). 20ul of each of the extracts was then run on a 10% (w/v) SDS
PAGE gel and the protein visualised by staining with Coomassie (2.4.4e; Fig. 7.2). It was
clearly observed that IDH was overexpressed from plasmid pidh486. This plasmid
contained idh including upstream sequences. Consequently this upstream sequence most
likely contains a promoter or promoters. No over-expression was observed from the veg
promoter in plasmid pCBSidh1.

7.2.3 Construction and assay of S.coelicolor 213 overexpressing IDH

Plasmid pidh486 from S.lividans /pidh486 which overexpressed IDH, was
prepared. 20ng of pidh486 was then used to transform S.coelicolor 213 protoplasts. The
transformants were selected as described in 7.2.1.1.
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Figure 7.2 SDS-PAGE of crude extracts of S.lividans containing plasmids pidh 486
and pCBS idh1

Two different plasmids containing S.coelicolor idh were constructed and cloned
into S.lividans TK64. Crude extracts were prepared as described in section 2.2.4 and

20ul run on a 10% SDS gel. The bands were visualised by coomassie staining.

Lane Construct
1 Markers (2.4.5)
2 plJ486 (Control)
3 pidh486
4 pCBS7 (Control)
5 pCBSidh 1
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Spores from one of the transformants were used to inoculate 50ml of YEME
culture medium, which was supplemented with thiostrepton. A control culture of
plasmid-free S.coelicolor 213 was also grown. The cultures were grown until thick
growth was observed. The mycelia from the 50ml of culture medium was spun down and -
crude extracts prepared as described in 2.4.1. The crude extracts from the control culture
and the overexpressing strain were assayed for IDH activity (2.4.41)). The control culture
had a specific activity of 57mU/mg and the overexpressing strain 2.25U/mg. This
represents a 39.5 fold overexpression. It does appear that the cloned DNA encodes

S.coelicolor idh.

7.2.4 Attempts at overexpression of S.coelciolor IDH in E.coli

Previously Taylor (1992) had tried to complement an E.coli idh mutant, EB106,
using the plasmids pRTB1, pRTB2 and pRTB3 (Taylor, 1992). No complementation was
observed for any of the constructs.

The work decribed in the previous section showed that a promoter or promoters
were present in the region upstream from idh. Sequence analysis of this upstream region
showed that the appropriate sequences normally required for expression of genes in E.coli
were absent (Taylor, 1992). It was probable that the idh promoter sequence was not
recognised by E.coli. It is well known that only a fraction of streptomycete genes are
capable of being expressed in E.coli, due to the lack of "E.coli-like" promoter sequences
(Jaurin and Cohen 1985).

This laboratory had previously expressed streptomycete genes in E.coli utilising

constructs based on the pT7-7 plasmid (K.Linton and G. Young, personal
communications). An attempt was made to express S.coelicolor IDH using this plasmid.

7.2.4.1 The pT7-7 vector

The pT7-7 plasmid comes from a group of vectors designated pET vectors
(plasmid expression by T7 polymerase). The pT7-7 plasmid contains a polylinker, a
promoter recognised by T7 RNA polymerase and a translation start site (containing the
ribosome binding site). The presence of a unique Nde I restriction site (recognition
sequence CATATG) allows for cloning of the ATG start codon of a gene at the optimum

distance from the ribosome binding site.
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The vector is placed under the control of the T7 RNA polymerase rather than
overexpressing the gene by E.coli RNA polymerase for several reasons:

1) T7 RNA polymerase transcribes at a faster rate than that of E.coli RNA polymerase.

2) T7 RNA polymerase is highly selective and initiates transcription only from its own
promoter sequences.

3) T7 RNA polymerase is resistant to rifampicin. Rifampicin can be added to cells which
results in exclusive expression of genes directed by T7 RNA polymerase, as E.coli RNA
polymerase is sensitive to rifampicin.

4) It is also a useful vector to use when trying to express Strepto-mycete DNA, as
Streptomycete DNA is G+C rich; E.coli RNA polymerase often stalls when trying to
transcribe Streptomycete DNA; T7 RNA polymerase does not.

7.2.4.2 Mutagenesis of the DNA encoding the N-terminus of IDH from S.ceolicolor

S.coelicolor idh did not have an Nde I site in the DNA encoding its N-terminus,
nor did it start with an ATG. Mutagenesis had to be carried out in order to create an ATG
start codon, which is also part of an Nde I site.

S.coelicolor idh was first subcloned from pRTBI1 into pT7-7, by excision from
pRTBI1 using Eco RV and Sma I ligated into pT7-7, which had been digested with Smal.
This created the construct as shown in Fig. 7.3.

Mutagenesis was facilitated using PCR. The first primer was designed against the
sequence of the N-terminus of the idh, with the exception of the first 6 nucleotides, which
coded for an Nde I restriction site. This also had the effect of altering the start GTG to
ATG. The second primer (oligo 14) had been designed previously for sequencing of idh
(Taylor, 1992). Fig. 7.4 shows a representation of the PCR carried out.

The PCR was set up as described in 2.3.24. 100pmol of each primer was used and
10ng of pRTB1 (Taylor, 1992) was used as template. The cycle was, 94°C for 30

seconds, 50°C for 30 seconds, and 72°C for 1minute. This cycle was repeated 30 times.

The expected size of the PCR product was ~1.3kb. A product of this size was
observed when an aliqout of the reaction was run on an 1.5% agarose gel.
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Figure 7.3 Representation of the stages in the creation of an overexpressing copy of

S.coelicolor idh in E.coli

a) In order to first clone the S.coelicolor idh into pT7-7, the idh gene was excised
from pRTB3 (Taylor, 1992), on Eco RV/Sma I ends and cloned into Sma I digested pT7-
7.

b) This created pT7-IDH. Expression would not be acheived from this construct as
the start of the gene was not optimally spaced from the RBS and did not initiate with an
ATG.

Mutagenesis of the start site was to be acheived by cloning of a PCR product (see
figure 7.4), which allowed for the start of idh to be an ATG, which would also be
optimally spaced from the RBS. :

c) This is the conceptual representation .of the construct that would have resulted
from cloning the PCR product into the Nde I/Apa I sites of pT7-IDH
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Figure 7.4 PCR amplification of part of the S.coelicolor idh gene

a) This shows a representation of part of the S.coelicolor idh gene. The arrow
represents the start of the gene and the Apa I site is a unique site found internal to the
gene.

b) This is a representation of how the PCR primers anneal to the idh gene. In
particular it shows the primer which creates the Nde I site at the N-terminus and mutates
the start to an ATG from a GTG. The second primer (oligo 14) was designed previously
for sequencing of idh (Taylor, 1992)

c) This shows the PCR product which may be cloned into Nde I/Apa I digested pT7-
IDH (Fig. 7.3)
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Attempts were made to clone the PCR product. Unfortunately this was not
achieved even though the cloning experiment was tried many times, and different cloning
strategies were carried out. It was hoped that when the PCR product was cloned into a

~ suitable cloning vector (such as pBluescript), an Nde I/Apa I insert could be excised. This

would then be ligated into similarly-digested pT7-IDH. This would have generated a
construct in which the idh initiation codon was an ATG which was spaced optimally from
the ribosome binding site. (Fig. 7.3)

7.2.5 Attempts to disrupt the genomic copy of the S.coelicolor idh

Disruption of the S.coelicolor idh was planned to study the effects of a mutation
in idh on growth and antibiotic production. It would also enable growth studies to be
carried out using a controllable exogenous copy of idh.

The method to be tried involved cloning of an antibiotic marker into the middle of
the idh gene and then incorporation of this disrupted copy into the genome. This would
result in the non-functional expression of the idh gene and an idh~ phenotype. It was
expected that this would result in mutants which were auxotrophic for proline as is the

case in idh mutants of E.coli.

A plasmid copy of idh had to be first altered by cloning the erm-E gene (which
encodes resistance to the antibiotic erythromycin) into the middle of idh. The erm-E gene
was to be cloned with its upstream promoter sequences. This would allow for expression
of the erm-E gene, which would aid in the screening process for gene disruption.

7.2.5.1 Construction of pIDH-erm E1

plJ4026 contained the erm-E copy which was excised using Kpn 1. The erm-E
containing DNA was then gel purified. p/DH100 (7.2.1.1) was restricted with Mlu 1. This
plasmid contained only one Mlu I site which was located centrally within idh. The idh
containing DNA was also gel-purified. The fragments contained overhangs which were
incompatible for ligation. In order that the erm-E DNA could be cloned into the middle of
the idh gene, the sticky ends of DNA had to be converted to blunt ends. The ends of the
erm-E DNA were made blunt by using Mung bean nuclease. The idh DNA was made
blunt by using the Klenow fragment of DNA polymerase I. A ligation was then set up and
left at 16°C, overnight. The ligation mix was used to transform competent E.coli DS941.
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Transformants were obtained. Plasmid was prepared from 12 transformants and
the plasmid size determined to check that erm-E was cloned into the middle of idh. Only
1 out of 12 transformants checked appeared to contain the erm-E insert. The plasmid was
called p/DH-erm E1 (Fig. 7.5).

7.2.6 Conjugation of Ecoli S17-1 with S.coelicolor 1147

Firstly plasmid p/ D H-erm E1 was prepared and used to transform competen

S17-1. Transformants were selected for their ability to grow on ampicillin-containing
plates. A single colony was used to inoculate a 5ml culture of 2xYT, containing
ampicillin as a selectable marker. The culture was then grown overnight.

Spores of S.coelicolor 1147 were filtered and resupended in Sml of dHO. The
procedure as described in 2.2.10 was then followed and the cells overlayed with
erythromycin. The plasmid p/DH-erm E1 would not be maintained in S.coelicolor as it
did not contain a streptomycete origin of replication. Any erythromycin-resistant
exconjugants that were obtained, had to be as a result of homologous recombination
between the wild-type copy and the disrupted copy . Unfortunately no exconjugants were

obtained.

7.3 Discussion

+

It has been shown that the DNA cloned within pRTB1 does indeed contain the
S.coelicolor idh gene. Overexpression of this gene was achieved in both S.lividans and

S.coelicolor.

Attempts to overexpress S.coelicolor IDH in E.coli still have to be completed. The
gene has been cloned into pT7-7, however the N-terminus still needs to be altered so that
it is optimally spaced from the RBS and also initiates from an ATG. It was hoped that
this could be achieved by mutating the N-terminus by way of PCR. Indeed a product of
the correct size was obtained. However attempts to clone this fragment proved

unsuccessful.

It was hoped that when the PCR product had been cloned, it could be excised by
digestion with Nde I and Apa I and ligated into similarly digested pT7-IDH. This would
create an idh gene which was optimally spaced from the RBS and initiated from an ATG
start codon.
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Figure 7.5 Conceptual representation of a method to disrupt the S.coelicolor idh

ene

a) This shows the plasmid pIDH-erm E1 which is a pBluescript derived plasmid
with the IDH gene cloned into the Eco RV/Sma I sites of the polylinker region and the
erm-E gene cloned into a unique Mlu I restriction site, found internal to the idh gene.

b) This represents the double cross-over event required to result in a disrupted copy
of the S.coelicolor idh gene. '

A single cross-over event does not result in a disrupted copy and no cross-over

events result in loss of the plasmid, as there is no streptomycete origin of replication on
the plasmid.
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It was not known why cloning of the PCR product could not be achieved. Cloning
of other PCR products had been previously been achieved (3.2.7), using the vector
pDK101 (Kovalic et al, 1991) restricted with Xcm 1, to create T overhangs. This method
was tried, as was the method of using vectors engineered by adding dTTP to blunt-ended
restriction sites, using Taq polymerase. Another method involved concatemerisation of
the PCR product before digestion with restriction enzymes which then allows ligation
into similarly- digested vectors. None of the above methods proved successful even
though they were attempted a number of times. Due to lack of time this work had to be
abandoned. However it would still be of interest to try to overexpress S.coelicolor idh in
E.coli.

The attempts to disrupt the S.coelicolor idh proved unsuccessful. However, other
members of this laboratory have identified a number of problems with this strategy. It
appears that the use of erythromycin as a selectable marker for integration should not be
used, as often, spontaneous resistant mutants have been found to propagate. This makes
the screening of integrants a difficult process (P. McKernan personal communication).

It has also been observed that the frequency of obtaining a double cross-over
event is extremely low. Thus the vast majority of integrants are due to single cross-over
events, which result in an intact undisrupted copy of idh remaining. However, singles can
be resolved to double cross-overs by non-selective growth.

Given that the gene has been completely sequenced, another method of obtaining
a disrupted idh copy could be tried. This method is based on cloning a fragment of idh
lacking both the N-terminus and the C-terminus. If this fragment is introduced into
S.coelicolor, only a single cross-over event is required in order to obtain disruption of the
idh gene. This is because, the cross-over event would result in two mutated copies of idh,
one lacking an N-terminus and the other lacking a C-terminus. Both copies would be

unable to generate native proteins.

Again, due to the lack of time, this work had to be cut short. However, currently
this work is being carried on by J.Dowman in this laboratory.
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8.1 Introduction

The TCA cycle has an important role in the production of precursors for both
primary biosynthesis and secondary metabolism. Streptomycetes-produce- a- wide
variety of secondary metabolites (in particular, antibiotics) which are of commercial
interest. It is thus of interst to study the possible control of the TCA cycle and how
flux through the cycle is altered between primary and secondary metabolism.

A particulary important group of antibiotics produced by some Streptomyces
species, are the polyketide antibiotics. It has been elucidated that these antibiotics are
synthesised from acetyl-CoA units.

When E.coli is grown on acetate, or fatty acids as a sole carbon source, the
glyoxylate bypass is induced. This pathway allows for the metabolism of acetyl-CoA
units (produced from acetate or fatty acids) by the TCA cycle. It was envisaged that
this pathway may also be present in Streptomyces. If so, the pathway must be tightly
controlled to allow metabolism of acetyl-CoA by the TCA cycle during primary
metabolism and for the biosynthesis of polyketide antibiotics during secondary

metabolism.

In E.coli the enzyme at the branch point of the TCA cycle and the glyoxylate
bypass is IDH. This enzyme is strictly controlled by phosphorylation/
dephosphorylation. Cloning and characterisation of the IDH from S.coelicolor was
carried out by Taylor (1992), but it is still unclear if this enzyme is also controlled by
phosphorylation/ dephosphorylation.

In E.coli, the enzymes of the glyoxylate bypass (ICL and MS) are part of an
operon, namely the ace operon. It was of interest to study these enzymes in
S.coelicolor and to elucidate if they were part of an operon.

8.2 Attempts to clone S.coelicolor icl using primers designed against consensus
sequences.

At the start of this project, three other icl gene sequences had been determined
It was envisaged that an oligonucleotide could be designed against a region of high
similarity (after aligning the amino acid sequences) and that this oligonucleotide
could be used in hybridisation studies to clone the S.coelicolor icl gene.
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A 1kb hybridising region of DNA was cloned and sequenced, but no similarity
to any of the previously sequenced icl's was observed. To date this region of DNA

_ shows no significant similarity to any proteins in the sequence databases.

It was unclear why this attempt was unsuccessful. Later work which enabled
the gene sequence of the S.coelicolor icl to be determined, showed that the
oligonucleotide contained only four mismatches to the actual gene sequence (Fig.
8.1a).

Knowing the percentage homology of the oligonucleotide, it was possible to
calculate the theoretical Tm using the equation below (Albertson, 1988).

Tm = 81.5 + 16.6(logM) + 0.41(G+C%) - (820/1) - 1.2(100-h)

Where;

Tm=temperature at which half of the DNA hybrids melt. G+C=percent G+C content.
h=percent homology between probe and target sequence. l=length of probe
m=molarity of monovalent cation in the hybridisation buffer.

Using the values, M=0.66 (4xSSC), G+C%=62.5, 1=32 and h=87.5, the
equation gives an approximate Tm=65°C for the washing conditions employed using
oligoicl. Washing of the filters was in fact only carried out at 60°C, so it would be
expected that the oligonucleotide should remain bound.

There are a number of possible reasons why attempts to clone the S.coelicolor
icl gene using this oligonucleotide were unsuccessful. The first and most obvious
explanation is poor technique. The initial hybridisation studies may not have been
stringent enough, resulting in the cloning of DNA which bound non-specifically to
the genomic DNA. An experiment which has not been attempted, but would be of
interest, would be to carry out another hybridisation experiment, but this time using
the Tm information shown above.

Another possible explanation is that the Tm may not be as calculated. This
could be due to the fact the the mismatches are clustered in the centre of the
oligonucleotide. This is believed to have a greater effect on the melting temperature,
than mismatches spread throughout an oligonucleotide.
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5 3
a)
icl sequence  AAG AAG TGC GGG CAC CTC GGC GGC AAG GTC CT

NI

oligoicl TTC TTC ACG CCG GTG TAC CGG CCG TTC CAG GA
3 (C) (cy 5
b) 3 5
iclsequence = TTC TTC ACG CCC GTG GAG
LI L e ek |
iclPCR1 AAG AAG TGC GGG CAC ATG
5| (C) 3v

Figure 8.1 Binding of designed oligonucleotides to the S.coelicolor icl sequence

a) This shows the binding of oligoicl to the sequence of the S.coelicolor icl.
Four mismatches were observed and these are shown in bold.

b) This shows the binding of iclPCR1 to the sequence of the S.coelicolor icl.
Two mismatches were observed and these are shown in bold.
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The attempts to clone a region of the S.coelicolor icl using primers designed
against similar amino acid regions by PCR were also unsuccessful. The reason for
this became evident once the S.coelicolor icl sequence was obtained. It was observed
that although iclPCR2 was correct and showed no mismatches to the actual gene

sequence, iclPCR1 was not. It contained 2 mismatches, one being the 3' base. This -

mismatch would not allow the binding of the 3' base of the oligonucleotide to the
DNA, and subsequently would not allow priming to occur from this oligonucleotide
(Fig. 8.1b).

8.3 Purification and characterisation of ICL from S.coelicolor

It is unknown why S.coelicolor cannot be grown successfully on acetate as a
sole carbon source. It may be that an active transport system is required, or
depolarisation of the membrane may be occuring as the acetate is transported.
However, once a suitable carbon source was found (Tween), which caused induction
of ICL, it was possible to effect purification of ICL. The purification procedure
employed steps which had been previously used to purify other ICL's.

The protein had a molecular weight similar to the other purified prokaryotic
ICL's and displayed some similar characteristics. In particular, the poor instability of
the enzyme posed a problem during purification. The enzyme also showed an
absolute requirement for magnesium and the apparent requirement of a cysteine group
for its activity.

8.4 Cloning and sequencing of the icl gene from S.coelicolor

Oligonucleotides were designed against the amino acid sequence obtained
from sequencing of the N-terminal regions of the ICL enzyme and chymotryptic-
digested peptides. These oligonucleotides were used to amplify an internal region of
the S.coelicolor icl, which was subsequently used as a probe, to clone the entire gene.

The entire S.coelicolor icl gene and regions upstream and downstream have
been sequenced. A translation of the icl gene has been shown to be similar to the
other sequenced icl's and in particular the E.coli icl. Both the E.coli and S.coelicolor
ICL's lack a central region, which is present in the eukaryotic ICL's. It is unknown at
this time what purpose this region serves in the eukaryotic enzymes. It may contain
targetting sequences for directing the protein to glyoxysomes, but this has yet to be

determined.
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Upstream from the S.coelicolor icl gene a number of potential promoter
sequences have been identified. These have been observed by showing similarity to
the consensus for the E.coli-like, Streptomyces promoters. It has still to be determined

if any of these are in fact promoter sequences.

A region downstream from ic/ has been identified as containing a potential
terminator structure. Further downstream the gene encoding ms has been identified.
Approximately two thirds of this gene has been sequenced and when translated,
shows a high level of similarity to the other sequenced MS's. No putative promoters

were observed upstream from the ms gene.

There is the possibilty that the icl and ms genes form part of an operon, as in
E.coli. This operon would however be clearly different from the E.coli operon as the

gene order is different. In E.coli, ms is found upstream from icl

8.5 Overexpression and attempted disruption of the S.coelicolor idh.

A 40-fold overexpression of the S.coelicolor idh was achieved in S.coelicolor
by cloning the idh gene into the multicopy streptomycete vector, pIJ486.

Expression was effected from a promoter/s found upstream from idh.

Attempts to overexpress the S.coelicolor idh in E.coli have still to be
completed.

An attempt to disrupt the S.coelicolor idh by replacing the genomic copy of
idh with an altered copy containing an antibiotic resistance marker in the center of the
gene has been tried. However no exconjugants which showed resistance to the
antibiotic were obtained. It should be stressed that this was only carried out once and
so does not reflect the possiblity of whether this disruption will work or not.
Improvements to the technique have also been recently developed.

8.6 Future work

Now that ICL has been successfully purified and the gene cloned and
sequenced, there are many further experiments which need to be carried out.

182



Chapter 8 General Discussion

At the DNA level it is important to study the expression of this gene. S1
mapping experiments could be carried out to identify the promoter/s and the
possibility of whether a terminator is found downstream of icl.

S1 studies will help to elucidate whether the icl and ms genes form part of an -

operon and also if the stem-loop structure affects the level of ms transcription.

Growth studies may be carried out to determine what the effects of different
carbon sources and growth stages have on the expression of the ic/ and ms genes.
Ultimately, it may be possible by disrupting genomic copies of the genes and having
controllable copies on plasmid vectors, to study the effects of altering the levels of the
enzymes at different stages of the life cycle. The goal of this would be to control the
growth of the culture to produce greater levels of antibiotic.

Of course the first task would be to disrupt the genomic copies of these genes
and also to clone copies into suitable controllable expression vectors. At the same
time disruption of the idh gene should be carried out, so that studies involving the
interaction of the IDH and ICL enzymes can be carried out.

It will also be necessary to clone the rest of the ms gene. Further sequencing
should then be carried out to determine if there are any other genes downstream of
ms. It would be of particular interest to determine if an idh kinase/phosphatase gene is
present, or if a repressor gene can be found.

S.coelicolor is used as a model system, but if the level of antibiotic production
can be increased, then it may be possible to use the S.coelicolor icl, idh and ms genes
as probes, to clone the same genes from commercially-producing strains. These genes
could then be controlled in the manner determined using S.coelicolor to try to effect

an increase in antibiotic production in these strains.

Physiologically, it will be interesting to study the growth of Streptomyces on
various fatty acids and acetate. Further work with acetate is required to determine the
problems of growth on this carbon source.

Biochemically it may be possible to mutagenise residues thought to be
involved in the activity of the enzyme. In particular the cysteine residue (amino acid
188 of the S.coelicolor ICL enzyme) which is conserved across all the proteins so far
sequenced. This would help to elucidate the possible mechanism of action of the

enzyme.
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