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Fig. 1.1. Scheme of the proposed evolutionary pathway of the tubercle bacilli il.Justrating successive 

loss of DNA in certain lineages (gray boxes). The scheme is based on the presence or absence of 

conserved deleted regions and on sequence polymorph isms in five selected genes. Note that the 

distances between certain branches may not correspond to actual phylogenetic differences calculated 

by other methods. Blue arrows indicate that strains are characterized by IwtG463. CTG (Leu), gyrA95 

ACC (Thr), typical for group 1 organisms. Green arrows indicate that strains belong to group 2 

characterized by IwtG463 CGG (Arg), gyrA95 ACC (Thr). The red arrow indicates that strains belong 

to group 3, characterized by IwtG463 CGG (Arg), gyrA95 AGC (Ser), as defined by Sreevatsan et al. 

(1997). Illustration from Brosch et at., 2002. 

Documentation of M. tuberculosis complex in humans on both sides of the Atlantic 

ocean who lived > 3 millenia ago (Martin and Rothschild, 1998; Verano and 

Ubelaker, 1992; Salo et al., 1994) has lead to a great deal of speculation about its 

origins. The presence of M. tuberculosis complex on both sides of the Atlantic at 

such early dates suggests that it either arrived with early settlers in North America, or 

was present in North America when they arrived. The latter hypothesis is supported 
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small RNA that is induced in response to oxidative stress. It acts as a global regulator 

by affecting the expression of multiple genes and protecting against DNA damage 

(Altuvia et at., 1997). As schematically indicated in Figure 2.2, both OxyS and DsrA 

carry separate determinants for regulation of each of their two different target RNAs. 

OxyS inhibits the translation of jhtA, a transcriptional activator for formate 

metabolism by an antisense mechanism (Aluvia et at., 1998), and rpaS translation is 

repressed indirectly by titration of Hfq, a host factor required for melting out of an 

inhibitory mRNA structure (Zhang et at., 1998). As indicated in Figure 2.2 (left, light 

and dark green lines), different regions of OxyS are involved in these activities. DsrA 

uses an antisense mechanism for both up-regulation of rpaS and down regulation of 

hns. Mutational analyses have defined different segments of DsrA as the modules 

involved in target interactions (Majdalani et al., 1998; Lease et at., 1998; Figure 2.2 

Right). 

i(l" 
0xyS ,8 a Dv~ 

~:: \ e .. (~ \ .. . r-" .. 
5~~ldl.__ ~ . --. ' 5''') , , " ,.' ,----------_.; '-•• 1 

IhIAmRNA hnsmRNA 

f11 r M ~ .. ® 
o--;;f ®.."...~ 

., 
A8S 

rpoSmRNA 
rpoSmRNA 

Figure 2.2. Regulation of target RNAs by OxyS and DsrA. The left box shows a schematic of 

inhibition mechanisms of OxyS and the right box inhibition by DsrA. Target RNAs are shown in blue 

and antisense RNAs in red. Interacting regions are indicated in green. For clarity, different shades of 

green are used in the bipartite interactions in the upper two drawings. "+" and "-" indicate activation 

and inhibition, respectively. RBS indicates the approximate position of the ribosome-binding site. Hfq 

is host factor Q (see text), and orange mushrooms represent translating ribosomes (Figure from Atuvia 

and Wagner, 2000). 
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sequencing primers which bind to regions upstream of the BamBI restriction site and 

downstream of the transcription terminator respectively (Figure 3.1). 

BamHI ~ 

- .. t 
~ ~ -II 

Promoter AntiF Terminator AntiR 

Figure 3.1 Schematic representation of antisense RNA cassette. The direction and placement of 

the promoter is shown (Blue), followed by sequences where the AntiF forward sequencing primer 

binds (red). The unique BamBI restriction site is used to clone Sau3A1 digested MPB83 fragments in 

either orientation (burgundy arrow). This is followed a transcriptional terminator (green) and finally 

AntiR reverse sequencing primer binding site. 

3.2.1 Promoter choice 

The first step in designing the antisense RNA expresslOn cassette IS selecting a 

suitable promoter. For this, promoters that had previously been described, with 

known transcription start sites were used. These included the M tuberculosis katG 

promoter (Mulder et al., 1999), and the hsp60 promoter from M. bovis BCG (Stover et 

al., 1991). Both of these promoters utilize two transcriptional start sites shown in 

figure 3.2. 

The M. tuberculosis katG promoter encodes a dual-function catalase-peroxidase 

enzyme, which protects the cell against excess hydrogen peroxide and therefore 

contributes to its survival in macrophages (Middlebrook and Cohn, 1953; Jackett et 

al., 1978; Wilson et al., 1995; Beym et al., 1997). Two transcriptional start sites were 

identified for the M tuberculosis katG promoter in both E. coli and M. smegmatis 

(Mulder et al.,1999)(Figure 3.2 A). This suggests that the gene is transcribed from 

two promoters and that both hosts recognize the same promoter sequences. The 

presence of two promoters upstream of mycobacterial genes is not uncommon and has 
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A 

-350 - lOa 

TCATCTACT GGGGTCTATGTCCTGATTGTTCGATATCCGACACTTCGCGATCACATCCG 

t ttsa + ttsA 

TGATCACAGCCCGATAACACCAACTCCTGGAAGGAATGCT GTG CCC GAG 

RES M p E 

B 

.358 

CAAGGTCGAACGAGGGGCATGACCCGGTGCGGGGCTTCTTGCACTCCCCATAGGCGAGT 

+ ttsa 

GCTAAGAATAACGTTGGCACTCGCGACCGGTGAGTCGTAGGTCGGCACCCTCAGGCCAG 

++ ttsA 

GCCCGTCGTCGCAGCGAGTGGCAGCGAGGACAACTAGAGCCCTCCCTCCCGGGCACTGC 

GCCCGGCCAGCGTAAGTAGCGGGGTTGCCGTCACCAGGTGACCCCCCCTTTCATCCCCG 

ATCCGGAGGAATCACTTCGCA ATG GCC AAG 

RES M A K 

Figure 3.2 Nucleotide sequence of: A M. tuberculosis katG promoter region including the ftrst three 
codons. B M. bovis BeG hsp60 promoter region including the ftrst three codons. The transcription start 
sites (tss) are indicated with arrows. The putative -10 and -35 regions associated with each transcription 
start site are underlined, and the ribosome binding site (RES) is shown in bold. 

3.2.2 Reporter choice 

The activity of one promoter or a group of promoters using different reporter systems 

(Kremer et al., 1995; Dhandayuthapani et al., 1995; Deliagostin et al., 1995; Curcic et 

al., 1994; Sarkis et al., 1995) has previously been reported. A host of different 

reporter systems were used in these studies including firefly luciferase and green 
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Primer extension analysis perfonned on M. smegmatis and E. coli cells harboring 

pJCKatG (Mulder et at., 1999) indicate that two sites located 47 (tssA) and 56 (tssB) 

bp upstream of the initiation codon (Figure 3.3) 

pJCKatG 

KatG J![r 
- ..... ~TTCGCGATCACATCCGTGATCACAGCCCGAT AACACCAACTCCTGGAAGGATCCAAATG c::==::::> 

~ ~ 
tssB tssA 

Figure 3.3: Schematic of a portion of pJCKatG between the katG promoter and luciferase gene. The 

sequence of the 5' -UTR upstream of the luciferase gene is shown. Blue arrows indicate the two 

transcription start sites of katG, tssA and tssB. The Shine-Dalgamo is indicated (bold and underlined) 

as well as the initiation codon (bold). 

3.4.2 Deletion of tssA of pJCKatG creating pJCKatG2 

To create a promoter construct that enables the use of the Sau3AI compatible BamHI 

site, in close proximity to the transcription start site, part of the 5'-UTR ofpJCKatG, 

including tssA was deleted. To do this, restriction endonucleases, Van91 I and NruI 

were used (Figure 3.4) 

To form compatible ends with the blunt-end generating restriction endonuclease NruI, 

the Van91I restriction site was digested with mung bean nuclease prior to ligation. 

Clones were screened for the loss of a Ben restriction site. This generated pJCKatG2, 

which was confirmed by sequence analysis using the sequencing primer luc2 (5'­

GCAGTTGCTCTCCAGCGG-3 '). It has a reduced 5' region upstream of the BamHI 

restriction endonuclease site, from 38 (tssA) and 49 (tssB) bp in pJCKatG to 10 bp 

(tssB) in pJCKatG2. 
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PJCKatG 

NruI Bell Van91 I BalltHI 

KatG .. •• fl rt 
- .... ~TICGCGA TCACATCCGTGATCACAGCCCGAT AACACCAACTCCTGG AAGCATCCAAATC c:::::> 

~ ~ 
tssB tssA 

Kata 

Van91I - Blunt 

NruI 

Ligate 

pJCKatG2 

BamHI 

• rrrr 
~CCTGCAAGCA Tce AAA TC IC:::===::> 

tssB 

Figure 3.4: Schematic representation of the construction of pJCKatG2. Restriction enzymes are 

shown in green, transcription start sites are depicted as blue arrows. The kalG promoter is shown in red 

and the luciferase gene in yellow. 

3.4.3 Cloning the hsp60 promoter into pJCLuc 

The M. bovis BCG hsp60 promoter was cloned from pUS967 (Dellagostin et al., 

1995) into the E. coli-mycobacterial promoter probe vector, pJCLuc. The hsp60 

promoter was excised from pUS967 as a 436 bp fragment by restriction enzyme 

digestion, first with EcoRI followed by blunt-ending with T4 DNA polymerase in the 

Arnersham DNA Blunting Kit (Arnersham Life Science, UK), the 5' protruding ends 

were "filled in". The linear vector was then cleaved with the restriction endonuclease 

Hindi II. (Figure 3.5). pJCLuc was prepared for ligation with this fragment by 

digestion with Apal. The cohesive ends resulting from restriction endonuclease 

digestion were blunt-ended using the Arnersham DNA Blunting kit (Amersham Life 

Science, UK). The T4 DNA polymerase removes the 3'-protruding ends with its 3'-
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5' exonuclease activity. This was followed by digestion with HindlII. Ligation of 

these two fragments resulted in the plasmid pJCHsp60 (Figure 3.5). 

HindlII Hsp60 , 
tssB 

, 
tssA 

HindlIIlEcoRI (blunt) 

HindIII 

I 

Km 

Hsp60 

ttA 
pJCHsp60 

Figure 3.5: Schematic representation of the construction of pJCHsp60 

EcoRI 

pJCLuc 

HindlIIlApaI (blunt) 

EcoRI-blunt-ApaI 

L 

luc 

3.4.4 Deletion of 5'-UTR of hsp60 promoter creating pJCHspl 

To assess the feasibility of using a chimeric, shortened fonn of the hsp60 promoter for 

the expression of antisense constructs, most of the 5' -UTR of the M. bovis hsp60 

promoter was deleted (Figure 3.6). As is the case with the !wtG promoter, the hsp60 

promoter utilizes 2 transcription start sites, tssA and tssB. However, the 5' -UTR in 

this case is much longer than that of the !wtG promoter, 183 and 286 bps respectively. 

The blunt-end restriction endonuclease NruI, cleaves pUS967 6 bases downstream of 
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tssA. Utilized in conjunction with HindlII, it releases a fragment of 269 bps 

containing the hsp60 promoter without much of the 5-UTR. This fragment was 

cloned into pJCKatG digested with the restriction endonuclease Van91 I, blunt-ended 

with T4 DNA polymerase from the Amersham DNA blunting kit (Amersham Life 

Science, UK), prior to digestion with Hindlll and removal of the katG promoter from 

pJCKatG. Ligation of the hsp60 promoter with the pJCLuc backbone created the 

vector pJ CHsp 1, which was confinued by sequence analysis. 

pJCHsp60 

lisp 60 

t; 
NruI 

! 
t; 

tssB tssA 

pJCKatG 

HindlIIINruI HindlIIIVan91I (Blunt) 

hsp60 {. l e 

GGAAGGA TTCCAA A TG 

pJCHspl 

/.' '" 

Figure 3.6: Schematic representation of the construction of pJCHspl. The 5'-UTR of hsp60 was 

deleted in pJCHsp60 by HindIIIINruI digestion. This fragment containing the hsp60 promoter with 

tssA and tssB was introduced into HindIIIIVan91I (blunt) sites of pJCLucKatG, effectively replacing 

the kalG promoter with the hsp60 promoter 
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A 

A pJCKatG 

ITCGCGATCAC~TCCGTGATCACAGCCCGATAACACCAACTCCTGGAAGGATCCAAATG 

,B pJCKatG2 

l ·CGTGGAAGGATCCAAATG 

Figure 3.8: Sequence of the region from the transcription start site (underlined red) to translation start site 

(underlined blue) of; A: pJCKatG and, B: pJCKatG2. Ribosome binding sites are underlined in green. 

pJCKatG contains the katG promoter fused to the luciferase gene such that both 

transcriptional start sites are active. The downstream transcription start site has been 

deleted in pJCKatG2. This deletion results in a 50% reduction in luciferase expression 

(Figure 3.9 A). 

LucHefue 9J:presslon In M. sm~miJtI$ harbouring pl"smlds pJCK"IG lind pJCKalG 2 LuclferOl:se 8J:presr;lon In M. smegmiJlIs harbouring plasmid, pJCHr;p60 and pJCHsp1 

~,-----------------------, 

~ ,I0000 , 
~ \CQOXI 

i ,.000 

~ IZOC<> 

- ,= 
~ , ~ 
~oooo , , -
~ 2<J<.I(I 

3 

B ,=,-----------, 

~ I~ 
: ,~ 
§ ,<>= 

~~ 

" i ~ 
.~ 

~>'COO /~ 
! ~.~ 

" ~ ~ W 

Tlmo (hou .... ) 

Figure 3.9: Luciferase expression in M. smegma/is harbouring; A: pJCKatG and pJCKaIG2, B: 

pJCHsp60 and pJCHspl. 

The advantage of using pJCKatG2 is that it allows for insertion of antisense 

sequences into the BamHI site, 3bp's downstream of the transcription start site. This 
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mInImIzes the possibility of misfolding of the antisense molecules due to long 

stretches of non-specific 5' mRNA. 

In the case of the hsp60 promoter, two constructs were also designed. pJChsp60 is 

based on the full length M. bovis BCG hsp60 promoter cloned to the luciferase gene 

(Figure 3.10). This construct contains the extremely long 5'-UTR from transcription 

start site A (tssB is inactive in M. smegmatis) to the translation start site (183 bp's). 

This long 5'-UTR has been deleted in pJCHspl. In this construct the 5'-UTR has 

been reduced to 23 bp's and the distance between the Shine-Dalgamo and the start 

codon also reduced from II bp's in pJCHsp60 to 6 bp's (pJCHspl). 

Expression profiles of these two constructs produced the following results (Figure 3.9 

B). pJCHsp60 is active from early exponential phase right through to late stationary 

phase. The expression levels are relatively low in comparison to katG and mpb83. 

When the 5'-UTR is deleted and the distance between RBS and start codon reduced to 

6 bp;s, expression increases 6.5 fold. The expression profile is however still similar 

to pJCHsp60. 

A pJCHsp60 

GCACTCGCGACCGGTGII 140bp's IICCCGA TCCGGAGGAA TCACTTCGCAA TG 

B pJCHspl 

GCACTCGCTCCTGGAA GATTCCAAATG 

Figure 3.10: Sequence of the region from the transcription start site (underlined red) to translation 

start site (underlined blue) of; A: pJCHsp60 and, B: pJCHspl. Ribosome binding sites are underlined in 

green. 
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the recombinant plasmid pAT100B (prepared and obtained by P .Tippoo, our 

laboratory). This fragment consists of 69 bp of upstream region, the MPB83 coding 

sequence and 1090 bp of downstream region (Figure 3.l3). The coding region of 

MPB83 as well as upstream (69 bp) and downstream (130 bp) was released from 

pATIOOB by KpnIlSphI digestion. 

pJC86 

5720 bps 

HindlII 

HindIII 

BamBI 

pJCLuc 

7427 bps 

Figure 3.12: Schematic representation of the construction of pJCLuc. 
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KpnI 

69 bps 

mpb83 

pATIOOB 

4486 bps 

KpnI 

SphI 

KpnI 

KpnIlSP~ 

rnpb83 coding sequence 

.. Sau3AI 

SphI 

130 bps 

pUC210ligo17 

2686 bps 

Ben 

'-tlUCBamHI 
---~ 

mpb83 

pUC210ligoX 

oriE 

Ben 

Figure 3.13: Schematic representation of the construction of pUC21 Oligo 17-5, pUC21 Oligo 17-

36, pUC21 OligoI7-24, pUC210ligo 17-25. These constructs differ in the region and orientation of 

mpb83 Sau3Al insert. The KpnVSphI mpb83 fragment was removed from pAT100B and digested 

with Sau3Al. DNA corresponding to different regions of mpb83 was ligated upstream of the 

transcriptional terminator (Term) in pUC21 Oligo 17, previously digested with Bd!. 
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-35 -10 t 
CCGTCGACTG CGCTGGCGTC ATCCGTTGGA CGGTCAGACC CATCTATAAC CGGCCCCACT 
GGCAGCTGAC GCGACCGCAG TAGGCAACCT GCCAGTCTGG GTAGATATTG GCCGGGGTGA 

CCGAATCACT GGTGTCCACC CAGGAGGACG GCGTTCAACG CCGCCGCAGA AGCAAAGGAA 
GGCTTAGTGA CCACAGGTGG GTCCTCCTGC CGCAAGTTGC GGCGGCGTCT TCGTTTCCTT 

Start 
TCGAAGCGAT GATCAACGTT CAGGCCAAAC CGGCCGCAGC AGCGAGCCTC GCAGCCATCG 
AGCTTCGCTA CTAGTTGCAA GTCCGGTTTG GCCGGCGTCG TCGCTCGGAG CGTCGGTAGC 

CGATTGCGTT CTTAGCGGGT TGTTCGAGCA CCAAACCCGT GTCGCAAGAC ACCAGCCCGA 
GCTAACGCAA GAATCGCCCA ACAAGCTCGT GGTTTGGGCA CAGCGTTCTG TGGTCGGGCT 

Region 1 
AACCGGCGAC CAGCCCGGCG GCGCCCGTTA CCACGGCGGC AATGGCTGAC CCCGCAGCGG 
TTGGCCGCTG GTCGGGCCGC CGCGGGCAAT GGTGCCGCCG TTACCGACTG GGGCGTCGCC 

ACCTGATTGG TCGTGGGTGC GCGCAATACG CGGCGCAAAA TCCCACCGGT CCCGGATCGG 
TGGACTAACC AGCACCCACG CGCGTTATGC GCCGCGTTTT AGGGTGGCCA GGGCCTAGCC 

TGGCCGGAAT GGCGCAAGAC CCGGTCGCTA CCGCGGC TTC CAACAACCCG il,.TGCTCAGTA 
ACCGG CCTTA CCGCGTTCTG GGCCAGC GAT GGCGCCG,nAG GTTGTTGGGC TACGAGTCAT 

Region 2 
CCCTGAC CTC GGCTCTGTC G GGCAAGCTGA ACCCGGJl.T GT G.IV\TCTGGTC GP<.CACCCTCA 
GGGACTG GAG CC GP..GACAGC CCGTTCGACT TGGGCCTACA CTTAGACCAG CTGTGGGAGT 

ACGGCGGCGA GT.iK ACCGTT TT CGCCCCCz\ CCUACGCCGC ATT CGACAAG CTGCCGGCGG 
TGCCGCCGCT CATGTGGCAA AAGCGGGG GT GGTTGCGGCG TAAGCTGTTC GACGGCCGCC 

CCACTATCGA TCAACTCAAG ACTGACGCCA AGCTGCTCAG CAGCATCCTG ACCTACCACG 
GGTGATAGCT AGTTGAGTTC TGACTGCGGT TCGACGAGTC GTCGTAGGAC TGGATGGTGC 

TGATAGCCGG CCAGGCGAGT CCGAGCAGGA TCGACGGCAC CCATCAGACC CTGCAAGGTG 
ACTATCGGCC GGTCCGCTCA GGCTCGTCCT AGCTGCCGTG GGTAGTCTGG GACGTTCCAC 

CCGACCTGAC GGTGATAGGC GCCCGCGACG ACCTCATGGT CAACAACGCC GGTTTGGTAT 
GGCTGGACTG CCACTATCCG CGGGCGCTGC TGGAGTACCA GTTGTTGCGG CCAAACCATA 

GTGGCGGAGT TCACACCGCC AACGCGACGG TGTACATGAT CGATACGGTG CTGATGCCCC 
CACCGCCTCA AGTGTGGCGG TTGCGCTGCC ACATGTACTA GCTATGCCAC GACTACGGGG 

Stop 
CGGCACAGTA ACGTTCGGCG CGGTCAAGGC GAGGCAGCCC GTGTAGGCGG TTTGCCTCGC 
GCCGTGTCAT TGCAAGCCGC GCCAGTTCCG CTCCGTCGGG CACATCCGCC AAACGGAGCG 

Figure 3.14: Nucleotide sequence of the mpb83 gene. The -35 and -10 regions of the promoter are 

indicated in bold (Blue). The transcription start site is indicated (l; Vosloo PhD thesis, our lab). The 

start and stop codons of the mpb83 open reading frame is shown in bold underlined print. Two regions, 

region 1 (Red) and region 2 (green) correspond to Sau3AI digests of MPB83 DNA that were used for 

anti-sense constructs. pJCKatG-MPB83-5 and pJCKatG-MPB83-36 contain MPB83 DNA from region 

1 in the sense and anti-sense orientation respectively. pJCKatG-MPB83-24 and pJCKatG-MPB83-25 

contain MPB83 DNA from region 2 in the sense and anti-sense orientation respectively. 
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University of Cape Town

pJCKatG-MPB83-5,24,25,36 sequence 
A 

kalG promoter sequences -35 -10 TSS pUCNruI MPB83 S/AS 

GGACGAGGCGGAGGTCATCT ACTGGGGTCT ATGTCCTGA TTGTTCGAT ATCCGACACTTCGATGTGGCGATGAACGCTCT GGATC--------------------

-------------------------------GATCAGCCCGCCT AA TGAGCGTTTTTITf AAGCTTGGCGT A..<\ TCA TGGA TCCAAA TGG AAGACGCCAAAAACATAAAG 

B 
pJCKatG-mpb83-S 
Region 1 sense strand 

Terminator sequences pUCBamHI L ucI 

GATCAACGTTCAGGCCAAACCGGCCGCAGCAGCGAGCCTCGCAGCCATCGCGATTGCGTTCTTAGCGGGTTGTTCGAGCACCAAACCCGTGTCGCAAGACACCAGCCCGAAACCGGCGACCAGCCCGGCG 
GCGCCCGTTACCACGGCGGCAATGGCTGACCCCGCAGCGGACCTGATTGGTCGTGGGTGCGCGCAATACGCGGCGCAAAATCCCACCGGTCCCGGATC 

pJCKatG-mpb83-36 
Region 1 antisense stand 

GATCCGGGACCGGTGGGATTTTGCGCCGCGTATTGCGCGCACCCACGACCAATCAGGTCCGCTGCGGGGTCAGCCATTGCCGCCGTGGTAACGGGCGCCGCCGGGCTGGTCGCCGGTTTCGGGCTGGTGTC 
TTGCGACACGGGTTTGGTGCTCGAACAACCCGCTAAGAACGCAATCGCGATGGCTGCGAGGCTCGCTGCTGCGGCCGGTTTGGCCTGAACGTTGATC 

pJCKatG-mpb83-24 
Region 2 sense strand 

GATCGGTGGCCGGAATGGCGCAAGACCCGGTCGCTACCGCGGCTTCCAACAACCCGATGCTCAGTACCCTGACCTCGGCTCTGTCGGGCAAGCTGAACCCGGATGTGAATCTGGTCGACACCCTCAACGGC 
GGCGAGTACACCGTTTTCGCCCCCACCAACGCCGCATTCGACAAGCTGCCGGCGGCCACTATCGATC 

pJCKatG-mpb83-25 
Region 2 antisense strand 

GATCGATAGTGGCCGCCGGCAGCTTGTCGAATGCGGCGTTGGTGGGGGCGAAAACGGTGTACTCGCCGCCGTTGAGGGTGTCGACCAGATTCACATCCGGGTTCAGCTTGCCCGACAGAGCCGAGGTCAG 
GGTACTGAGCATCGGGTTGTTGGAAGCCGCGGTAGCGACCGGGTCTTGCGCCATTCCGGCCACCGATC 

Figure 3.15: A: Single stranded DNA sequence of the transcription vector, pJCKatG, containing mpb83 sequences. The -35 and -10 regions of the katG promoter are 
shown in red. The transcription start site is indicated (TSS). PCR cloning primers pUCNruI (purple) and pUCBamHI (green) were also used for sequencing purposes. 
Transcription termination sequences are shown in brown. B mpb83 sequences corresponding to region I (figure 5.10) of mpb83 in sense, pJCKatG-mpb83-5, and antisense, 
pJCKatG-mpb83-36 orientations. Region 2 of mpb83 (Figure 3.14) was also cloned in the sense, pJCKatG-mpb83-24, and antisense orientations, pJCKatG-mpb83-25. 
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4.1: Attenuation effect of sense and antisense 
in M. bovis as measured Western and 
Results are n,.,>~p"t".rI as % inhibition ofMPB83 normalised to BeG control. 
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Figure 4.2: Putative secondary structure of mpb83 mRNA. Area outlined in green represents 

region I and blue represents region 2 as targeted by MPB83-36 and MPB83-5 respectively. This 

structure represents the most thermodynamically stable structure calculated by mfold (Zuker 1994). 
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A B 

Figure 4.3: Putative secondary structures of: A) MPB83-36 antisense mRNA, B) MPB83-5 

antisense mRNA. Regions in red represent single stranded regions in the antisense molecule that 

correspond to single stranded regions in the target mpb83 transcript (Figure 5.18). Regions in blue 

represent double stranded regions now unavailable for binding to single stranded regions in target 

mpb83 mRNA. These structures represent the most thermodynamically stable structures calculated by 

mfold (Zuker 1994). 
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must terminate in the sequence CCA, which is common to all tRNA. All of these 

features were incorporated in the design of EGSs as shown in figure 5.2. The 25-30 

base-pair EOSs were made by automa~ed DNA synthesis. 'For cloning purposes each 

complementary oligonucleotide was designed to contain the required unique 

restriction site at 5' and 3' ends after annealing. A list of the EOSs and their specific 

features is shown in Table 5.2. 

(130) 
5'-AUGAUCA A 3' 5'-GGUUGU A 3' 

A C U C 
C C C C 

-> A -> A 
G-C G-C 
U-A A-U 
U-A G-C 
C-G C-G 
A-U A-U 
G-C C-C 

mpb83 mRNA G-C MPB83 EGSI mpb83 mRNA C-C MPB83 
C-G A-U 
C-G A-U 
A-U A-U 
A-U C-G 
A-U C-G 
C-G C-G 
C-G G-C 
G-C U-A 
G-C G-C 

C G 5' U G 5' 
3' --ACGC 3' --ACGC 

(301 (158) 

Figure 5.2: Structure of the external guide sequences directed against mRNAs encoded by Ihe mpb83 
gene. Only the segment of each mRNA, to which the EGS hybridizes is shown. The arrows (-» 
indicate the sites of cleavage by RNase P. Numbers in parentheses indicate the distance in nucleotides 
from the start codon. 
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Table 5.2 

EGSs used in this study 

Name Annealed oligosequence and restriction sites 

*,!. represent cleavage sites on the target mRNA 

10 

M. bovis 
..j, 

5' - GCCGGTTTGGCCTGAACACCAG -3' 
MPB83 EGSI 3' - ACGTCGGCCAAACCGGACTTGTGGTCCAGTG -5' 

Pst! BstEII 

M. bovis 
78 
..j, 

MPB83 EGS2 5'- GCACGGGTTTGGTGCTCACCAG -3' 
3'- ACGTCGTGCCCAAACCACGAGTGGTCCAGTG -5' 

PstI BstEII 

22 
..j, 

M. smegmatis 5'- TGCATCAGCCGTCGCAGCTCACCACTA -3' 

ImpC EGS1 
3'- ACGTACGTAGTCGGCAGCGTCGAGTGGTGATCAGTG -5' 

Pst! Ns iI Spe I BstEII 

136 
..j, 

M. smegmatis 5' - TGCATCGCACGGTCGACCGCACCACTA -3' 

ImpC EGS2 
3'- ACGTACGTAGCGTGCCAGCTGGCGTGGTGATCAGTG -5' 

Pst! NsiI Spe I BstEII 

5.3.3 Plasmids for in vitro transcription 

In vitro expression of target mRNAand EGSs was performed for a number of reasons. 

1: To determine in cis cleavage, by hammerhead ribozymes, and subsequent 

release ofEGSs from full length RNA. 

2: To demonstrate specific binding ofEGSs to target RNA. 

F or this, the following constructs were designed and placed under the control of the 

T7 promoter (Table 5.1). 
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5.3.3.1 Construction of pGemTMPB83 

For in vitro expressIOn of mpb83 mRNA target mRNA, pGemTMPB83 was 

constructed (Figure 5.3). This plasmid contains the mpb83 gene (from the 

transcription start site to the translation stop codon) cloned immediately downstream 

of the T7 promoter. The mpb83 gene was amplified from p 18a by PC~ using 

primers; MPB83 Pl (5'-CGGGATCCTCCGAATCACTGGTGTC-3') and MPB83 PT 

(5'-GGGGTACCGCGCCGAACGTTACTG-3'), containing BamHI and KpnI 

restriction sites (underlined) respectively. The 746 bp amplicon was ligated into 

pGemT (Promega). pGemTMPB83 was confirmed by 

sequenCIng. 
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MFH33 P1 

!-Ii 
fum HI 

F<pnl 

-- -- ---
- , 1 

748 bp 

AmpR 

c: 
MFH33 ~ 

pGemlMFH33 

3151 bp 

Ori 

FGemT 
3003 bp 

Ori 

f1 Ori 

17 promoter 

MFm3 

EF6 promoter 

Figure 5.3: Schematic representation of the construction ofpGemTMPB83 (not to scale) 

5.3.3.2 Construction of pGem3Zf(+)-MPB83EGS1I2 

lacZ 

For in vitro expression of MPB83 EGS 1 and EGS2, pGem3Zf(+)MPB83EGS 1 and 

pGem3Zf(+)MPB83EGS 1 were constructed (Figure 5.4). MPB83 EGS 1 and MPB83 

EGS2 positioned between hammerhead sequences and upstream of the Ml terminator 

were amplified from p283HHMPB83EGS 112 by peR. The hammerhead, terminator, 
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and EGS sequences were amplified by PCR using the universal pUC18 forward 17-

mer sequencmg pnmer (5'- GTTTTCCCAGTCACGAC-3' Promega) and 

pUCBamHI (a pUC18 based primer containIng a BamHI restriction sequence at the 5' 

end of the primer 5'-GCTGGATCCATGATTACG-3') primers. The 488 base-pair 

product was digested with BamHI to release two fragments of 300 and 188 base-pairs 

respectively. The 188 bp fragment containing hammerhead, terminator and EGS 

sequence was gel purified and quantitated before being cloned into pGem3Zf(+) 

(Promega) previously digested with BamHI. 

F283HHv'lFm3EGSl/2 
3086 bp 

ll rm 

HH1 1+12 

FGem3ZJ(+ )MFm3EGSl/2 
3385 bp 

On 

FGem321(+ ) 
3197 bp 

Ori 

F10n 

TI promoter 

EhmH 

Figure 5.4: Schematic representation of construction of pGem3Zf(+)MPB83EGSI and 

pGem3Zf(+)MPB83EGS2 (not to scale) 
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HH1 

1-f-11 

P.II 
esBI 

lmn 

P283HI-fv1.Sneg 1m pCEGS 
3086 bp 

HH1 HH2 

t t 
NOr I\>el 

Annealed 0li905 

PJCKatG 
7956 bp 

KanR 
PJCKatGM.S'll eg 1m pCEGS 

8144 bp 

OriE 

OriM 

Figure 5.5: Schematic representation of construction of pJClmpCEGS (not to scale) 
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5.4 Results 

5.4.1 In vitro cis cleavage of MPB83EGS sequences 

RNA catalysis was first described by Altman (1990) and Cech (1990) with the 

discovery of the RNA component oLRNase P and the group I intron, respectively. 

This was the first time that biochemical catalysis had been observed without the 

presence of protein-based enzymes, and such ribonucleotides were termed ribozymes. 

One of the smallest is the hammerhead ribozyme, which is composed of only 

approximately 30 nucleobdes and is able to induce the site-specific cleavage of a 

phosphodiester bond. The hammerhead ribozymes used in this study were obtained 

from Dr. Celia Guerrier-Takada, the sequence is shown in figure 5.6. 

A 

B 

G G 
C 

C 
C 

Promoter HHI EGS HH2 T 

Hammerhead l cleavage site Hammerhead 2 cleavage site 

j PstI BstEII / c" U (~ 
UACCGU GACGGAU CGAQCUGCAGCCGGUUUGGCCUGAACACCAGGU ACCGGA U 
III II I I IIIII I II I II I I I II I 

AUGGCA CUGceu MPB83 EGSI GGUCCA UGGCCU G 
A CUGCCU U A C U C 

A U A A A U 
G A G G C G A G 

C-G G .f>.. 5 ' 3' C-G G A 
A-U l) A- U U 
G-C G-C 
G-C G-C 

A G A G 

G U G U 

Figure 5.6: A: Schematic representation of a synthetic gene that codes for an EGS. EGS, external 

guide sequence; HH, hammerhead ribozyme; T, terminator of transcription. B: The sequence for 

hammerhead ribozymes I and 2 (Blue), and the MPB83 EGS (Black). The arrows indicate the 

cleavage sites for the two ribozymes. Restriction sites are underlined. 

The hammerhead sequences (HHI and HH2) flank the EGS. During transcription the 

hammerhead sequences fold into a Y -shaped conformation. This triggers cleavage in 
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cis at the sites shown in figure 5.6 (Dr. Celia Guerier-Takada personal 

communication). Cleavage at these sites release the EGS from the hammerhead and 

terminator sequences. 

In order to verify correct 5' and 3' processmg of EGS mRNA by hammerhead 

sequences, radiolabelled in vitro run-off transcripts of MPB83EGS mRNA were 

incubated at 3TC for 1 hour after transcription in Buffer A (50nM Tris pH 7.5, 

100mM NH4Cl, 100mM MgCb). These transcripts were then separated on a 10% 

denaturing polyacrylamide gel (Figure 5.7). 

Resul ts presented in figure 5.7 indicate that cleavage in cis is occurring and that the 

EGSs are being released from the full length transcripts. 

A 
Transcribed mRNA 

Icnll 

HHI IJl ll 

B 
.... 2 

e=200 bp 

¢= 84 bp 

e= 74 bp 

e=42 bp 

Figure 5.7: A) Schematic representation of in vitro transcribed MPB83EGS mRNA (full length 200 

bases). Cleavage sites by hammerhead I (HH1) and hammerhead 2 (1-11-12) sequences are shown (t ), 

yielding a 5' HH I fragment (74 bases), 3' HH2 and terminator fragment (84 bases), and EGS (42 

bases). B PAGE of in vitro transcribed [a_33Pl dCTP labelled MPB83EGS mRNA. Lane 1) 

MPB83EGSa; lane 2) MPB83EGSb 
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5.4.2 Specific binding of EGS to mpb83 

To demonstrate that MPB83EGS 1 and MPB83EGS2 bind to mpb83 target mRNA, EGSs 

that had previously been released from HH sequences (see 5.4.1), were radiolabelled and 

used to probe mpb83 by northern blotting (Figure 5.8). 

1 2 3 4 5 

Figure 5.8: Northern blot of in vitro transcribed mRNA using either MPB83EGSI or MPB83EGS2 as 

radiolabeled probe prior to non-denaturing PAGE. Lane 1) bla mRNA:MPB83EGS 1, lane 2) 

MPB83EGSl, lane 3) MPB83EGS2, lane 4) mpb83 mRNA:MPB83EGSl, lane 5) mpb83 

mRNA:MPB83EGS2. 

For this experiment, bia mRNA transcribed from pUC~-lac was used as a negative 

control and hybridized with labeled MPB83 EGS 1 (lane 1). Labeled MPB83 EGS 1 and 

MPB83 EGS2 were placed in lane 2 and 3 respectively; due to the small size of these 

transcripts they migrated off the polyacrylamide gel. Lanes 4 and 5 contain mpb83 

mRNA hylridized to specific MPB83 EGSI and MPB83 EGS2 respectively. 

Specific binding between both MPB83EGSI and MPB83EGS2 and mpb83 has taken 

place whilst no hybridization has occurred between MPB83EGSl and bla mRNA. This 

suggests that fue two MPB83EGS> are able to bind to target mpb83 mRNA specifically. 
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M. srnegmatis ImpC EGSl 
1 
GTGACCCACCCGGCCGACACCGAGCTGCGACGGCTGGCGGTGAAGGCCGCCGAACGCGGC 
1 MTHPADTELRRLAVKAAERG 

61 
GCCGACGTGTGCCTGCGTCACCTCGGTGAACTGGTCTCCGTCGCGACCAAGAGCGCGGCA 
21 A 0 V C L R H L GEL V S V A T K S A A 

M. smeqm4tis ImpC EGS2 
121 
GGCGACGTCGTGACCGCGGTCGACCGTGCCGCCGAAGAGGCCGTGCGGGCCGTGCTGCGC 
41 G 0 V V T A v 0 R A A E E A V R A V L R 

181 
GAGGCCCGCCCGGATGACTCGATGCTCGGCGAGGAGATCGCCGAGCACACCGGATCCGGT 
61 EAR POD S M L GEE I A E H T G S G 

241 
CCGCTGCAGTGGGTCATCGACCCGCTCGACGGCACCACCAACTACACGCGGCGCATTCCG 
81 P L Q W V lOP LOG T T N Y T R RIP 

301 
TACTTCGCGACCTCGGTCGCGGTGCGGCGGGTCTCCGACGGCACCTGGCTGGCCGGGGCC 
101 Y FAT S V A V R R V S 0 G T W LAG A 

361 
GTGTGCGCGCCGGCCCTGGGCAGCACCTGGAGCGCGGCCAGAGGCGAGGGCGCGCGACTG 
121 V CAP A L G S T W S A A R G EGA R L 

421 
GATTCGATCACCCAGTCGGCGCAGCTGCCGCTGCAGCTGATCGATTCGACGGCCCGGCTG 
141 0 SIT Q S A Q L P L Q LID S TAR L 

481 
GTGGGCACGGGCCTGTCCTACGATCCGGGCCTGCGCCGCCGCCAGTTGCGGGACCTGGGT 
161 V G T G L S Y 0 P G L R R R Q L R 0 L G 

541 
GCACTGGTCTGCGAGTACACCGACATGCGCCGGTTCGGCGCGGCCGCGGTGGACCTGTGC 
181 A L V C E Y TOM R R F G A A A VOL C 

601 
CTGGTGGCGCAGGGCAGCCTGGACGCGTTCGTCGAGGCCGATCTCGCGGTGCACGACTGG 
201 L V A Q G S LOA F V E A 0 L A V HOW 

661 
GCGGCTGGCGCACTGATCGCCGAGGAGGCCGGCGCCGAGGTGACGCGGCCGTGCGCCGAG 
221 A A GAL I A E E A G A E V T R P CAE 

721 
GGGGATCCGGTGTCAGCGCGCTGGCGCTGACCTGGCGTTGACGCACACCACCTGTACGCC 
241 G D P V S A R W R • P G V 0 A H H L Y A 

781 CGCGGCCTCCAGCGCCTTGA 
261 R G L Q R L 

Figure 6.2: Sequence of M. smegmatis impC gene (ftp://ftp.tigr.org). Sites where M. smegmatis Impe 

EGS 112 bind to target sequence are shown in red. 
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0 

Growth curve (ODsoo) of M. smegmatis MC2 harbouring 

pJCLuc, ImpC EGS1 Smeg and ImpC EGS2 Smeg Growth curve (CFU) of M. smegma tis MCz harbouring 
pJCLuc, ImpC EGS1 Smeg and ImpC EGS2 

20 

1e+g -,----------------------. 

__ pJCLuc 

1e+S 

::J 
u. 1 e+ 7 
t) 

1e+6 

__ ImpCEGSl 

---6- ImpC EGS2 

__ pJCLuc 
__ lmpCEGSl 

---6- ImpC EGS2 

30 40 50 60 70 SO 
le+5 

20 30 40 50 60 

Time 
Time 

Figure 6.3: Growth curve of M. smegmatis harbouring ImpC EGS expressing plasmids and pJCLuc 

control plasmids. Plotted as a measure of; A) Absorbance at 600 nm (OD600) and; B) colony fonning 

units (CFU). 

At this point (ie., late exponential phase) M smegmatis expressmg ImpCEGS 1 

appears to alter its growth relative to the control. Culture turbidity peaks at 1.08 in 

M smegmatis expressing ImpC EGS 1 whilst the control peaks at 2.01. The 2-fold 

reduction in culture turbidity in ImpC EGS 1 expressing cells could indicate changes 

in cell morphology and resultant cell clumping or cessation of cell growth or both. 

The CFU data indicates that there is more than a 3-fold reduction in viable cells 

between 52-77 hrs in M. smegmatis expressing ImpCEGS 1 compared to a 1.5 fold 

reduction in control cells. Although there seems to be some loss of viability 

determined by CFU, this alone would not be sufficient to account for the dramatic 

differences in culture turbidity between control and ImpC EGS 1 expressing M. 

smegmatis. M smegmatis harboring pJCImpCEGS2 is not affected in the same way 

as pPClmpCEGS 1. Although the growth rate is slower than the control, the CFU 

peak at 1.69XI08 CFU/ml, similar to the control 1.75Xl08 CFU/ml. The culture 

turbidity is 1.81 as compared with 2.01 in the control. These results suggest that 

ImpC EGS 1 is either more efficient in binding to target impC than ImpC EGS2 or 

alternatively it is able to mimic a tRNA more effectively than ImpC EGS2 once 

bound to target impC and is hence cleaved by RNase P. 
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pJCLucKatG expression in M.smegmatis 

2000 

1800 

1600 

~ 1400 
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...J 600 

400 

200 
I -- pJClucKalG I 

0 
20 30 40 50 60 70 80 

Time 

Figure 6.4: Luciferase activity of the M. tuberculosis H37Rv katG promoter monitored over a 75 hour 

growth period in M. smegmatis. 

6.4.2 Real-time quantitative RT -peR analysis of impC 

To measure the transcript levels of impC in M. smegmatis, a quantitative RT-PCR 

assay was used. In this method, total RNA is used as a template to synthesise cDNA. 

The amount of cDNA produced, which is proportional to the amount of specific 

transcript present in the original RNA sample, is measured by quantitative PCR. An 

internal standard is included to normalize RNA in each sample. 

To estimate the levels of impC mRNA present in M. smegmatis when challenged with 

different EGS expressing plasmids, total RNA was extracted from cultures of M. 

smegmatis harboring two EGS expressmg plasmids, pJCImpCEGS 1 and 

pJClmpCEGS2, as well as a negative control, pJCLuc, at a variety of time points. 

Three aliquots of total RNA from independent preparations were subjected to reverse 

transcription with random hexamer primers, and the resulting cDNAs were amplified 

by PCR. Samples containing known amounts of target cDNA were also subjected to 

PCR in order to provide standard curves (Figure 6.5) from which mRNA levels were 

determined. RNA samples not treated with reverse transcriptase were also subjected 
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to peR in order to measure the level of contamination with chromosomal DNA, all 

showing no amplification. 

A 

l· 1//~ ,,,2~/ # 
-=~~I~+I-~I~I=--~-~I~~~~---------------------I I I 

~--~--~,----"'----~--~----~---~,----
2IS 30 

--------1--
- Uno ... Regre"';"" 

• Crcnair'.g Pc::Mnta 

B 

I 
40 • 

, 
0.. 

Figure 6.5: Detection of cDNA standards for impC using the LightCycler technique. (A) 

Amplification of 4 ng (I), 2 ng (2), I ng (3), 0.5 ng (4), 0.25 ng (5) of cDNA. (8) The generated 

standard curve. 

To study the levels of mRNA from different cultures at different time points requires 

the use of an internal standard. The 16S rRNA gene was used to quantitate the levels 

of RNA in each sample (Fig 6.6). The impC RNA levels were then normalized by 

comparison with the levels of transcription of 16S rRNA. 
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Figure 6.6: Detection of cDNA standards for 16S rRNA using the LightCycler technique. (A) 

Amplification of 2 ng (1), 0,2 ng (2), 20 pg (3), 2 pg (4), 0.2 pg (5) of cDNA. (8) The generated 

standard curve. 

Standard curves of both impC and 16S rRNA revealed good linearity over a range of 

cDNA concentrations (Figure 6.5 and 6.6). Specificity was determined by melting 

curve analysis (Figure 6.7), indicating a single product with a melting temperature of 

90 0 C. Analysis of the peR amplicons on a 2% agarose gel was also performed 

(Figure 6.8). The size of the amplicons correlated to the predicted sizes in each case; 

251 bps for 16S rRNA primers and 354 bps for impC primers. 

6"-

6,0· 

I- .,,-
~ '.0--.... 
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-00 __ ._ 
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Figure 6.7: Melting temperature curve ofl6S rRNA standards showing specific product 
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Figure 6.9 

Relative impC expression of M. smegma tis MC2 harbouring pJCLuc, ImpC EGS1 
and ImpC EGS2 constructs. Determineel by quantitative RT analysis. 

200 
_ pJCLuc - ImpC EGS1 
---A- ImpC EGS2 

c 
0 
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Q) .... 
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Q) 

0 100 
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.§ 
Q) 
> :;:::; 
ro 
Q) 50 

0:::: 

o 

40 45 50 55 60 65 
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• Relative impC expression was expressed as a percentage of the negative control. pJCLuc. at each time point 

The effect of ImpC EGS expression is clearly shown in figure 6.10. Samples of M. 

smegmatis harboring control plasmid, pJCLuc, and two ImpC EGS expressing 

plasmids, pJClmpCEGS 1 and pJClmpCEGS2, were isolated at OD600nm of 0.4 and 

0.9, respectively. Total RNA was isolated, normalized by 16S rRNA RT-PCR then 

subjected to RT-PCR using impC primers (Table 6.2). Results indicate impC levels 

below detectable limits at OD600run of 0.4 for all three samples. At OD6oo run of 0.9 

however, the control sample of M. smegmatis harbouring pJCLuc indicates high 

levels of impC expression. ImpC EGS 1 expression results in cleavage of full-length 

impC to levels below detectable limits. ImpC EGS2 expression results in partial 

cleavage of impC and an attenuation of impC can clearly be seen in this sample. 
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Figure 6.10: Agarose gel of quantitative impC RT-PCR showing attenuation effect of ImpC EGS 
constructs in M. smegma/is relative to negative control, harboring the plasmid pJCLuc. 

When analysed in conjunction with the phenotypic growth curve data presented in 

figure 6.3, the impC cleavage data is striking. Not only do the time points of impC 

cleavage correspond, but also M. smegmatis harboring ImpC EGS1 is affected to a 

greater extent than those harboring ImpC EGS2. 

6.S Conclusions 

External guide sequences have previously been shown to be effective at attenuating 

target gene expression by reducing the amount of translatable mRNA (Inokuchi et al., 

1994; Guerrier-Takada et al., 1995; Guerrier-Takada et al., 1997; Plein-Dujowich and 

Altman 1998; Kawa et al., 1998; Levine et al., 1998; McKinney et al., 2001). 

ImpC EGS aimed at binding to two different regions of M. smegmatis impC were 

designed. They were cloned into a mycobacterial transcription vector between 

hammerhead ribozyme sequences. The katG promoter drove transcription, which is 

active during exponential growth. After e1ectroporation into M. smegmatis, a 
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Figure 7.2: 16S rRNA (Gutell 1994). A) E. coli, 8) M. tuberculosis. 
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and the stability of the secondary structure of the ribosome binding site (60°f) 

(Figure 7.3), demonstrates the importance secondary structure in the ribosome binding 

of mRNA in determining translation efliciency. They concluded that the 

efficiency of translation is determined by the overall stability of the structure at the 

ribosome binding site, whether the initiation codon itself is base paired or not 

Structures weaker than 6 kcal/mol usually do not reduce translational efficiency. 

Below this threshold, all systems show a tenfold decrease in expression for every -1 A 

kcal/mol, as predicted from theory (de smit and van Duin, 1994). Based on the effects 

that intramolecular foiding has on translational efficiency, it has not been possible to 

devise a universal sequence for the expression of heterologous genes. 

Figure 7.3, Graphic representation of the quantitative relationship between expression (E) and the 

stability of the secondary structure of the ribosome binding sile (IIG'r). Filled circles indicate 

experimental data, obtained by site-directed mutagenesis of the coat-protein gene from bacteriophage 

MS2; where relevant the number of coinciding data points is Broken curves show the 

theoretical relationship for three ribosome-mRNA affinities (AOo]os), A similar) continuous curve was 

fitted to the experimental data. A0030 s values are for a concentration of free 30 S subunits of 8.5).lM. 

The insert shows the wild-type structure at the coat-protein start, as well as several base -pair changes 

and the corresponding expression level relative to the wild-type. The initiation codon and the SD 

sequence arc hoxed (de Srnit and van Duin, 1994). 

An example of this is the cold-shock response in E. coli, Here, a number of proteins, 

called the cold shock proteins, are transiently induced a culture coli is 

shifted from 37 to 15 or lOoe Nine genes encoding CspA-like proteins, cspA to cspJ 

have been identified (Yamanaka et ai" 1998). Among these cold-shock-inducible 

genes, cspA has been extensively investigated for the mechanism of its cold shock 

induction. It has been demonstrated that the cspA mRNA is extremely unstable at 
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7.3.2.3.1 The Upstream Box 

The Upstream Box (UB) is a conserved 13-base sequence present in the 5' -UTR of 

the cold-shock-inducible genes, cspA, cspB, cspG, and cspJ of E. coli (from base + 123 

to +135 of E. coli cspA , Figure 7.4). Interestingly, these 13-base sequences are 

located upstream of the SD sequ~nce and contain a palindromic sequence to form a 

stable secondary structure (~G=-9.5 kcallmol)(Yamanaka et ai., 1999). The UB is 

also complementary to the region from base 1023 to 1035 of E. coli 16S rRNA 

(Figure 7.2a). Yamanaka and colleagues (1999) speculated that the UB sequence 

might function to punctuate the formation of a stable secondary structure immediately 

upstream of the SD sequence, allowing it to be highly accessible to ribosomes. 

Alternatively, it is possible that the UB sequence may be another cis element, which 

may enhance translation efficiency forming a duplex with the 16S rRNA in addition 

to the SD and the DB (Mitta et ai., 1997). 

16S rRNA 991-1037 

cspA +123-+162 

cspB +133-+163 

cspG +125-+158 

cspI +124-+148 

3'-CAAGGGCUUCCGUGUAAGAGUAGAGACUUUUGAAGGCACCUACAGUU-5' 

I I I I I I I I I I 

5' - GCCGAAAGGCACACUUAAUUAUUAAAGGUAAUACACUAUG- 3' 

5' - GCCGAAAGGCUCA-------AGUUAAGGAA-UGUAGAAUG- 3' 

5' - GCCGAAAGGCCCA------AAAUGAAGGAAGUAAAAUAUG- 3' -- --
5' - GCCCAAGGGCUAAUUUCUUCAA--AAGGUAAUA-AUUAUG- 3' 

Figure 7.4. Sequence similarities of cspA, cspB, cspG, and cspJ mRNAs around the SD sequence and 

potential base pairing between cspA mRNA and 16S rRNA. Nucleotide numbers of cspA, cspB, cspG, 

and cspJ mRNA are given starting from the major transcription initiation site as + I. Nucleotides 

identical in the four csp mRNAs are shown in boldface. The 13 base homologous sequences in cspA, 

cspB, cspG, and cspJ are in red (UB). Positions of the SD sequence and the initiation codon are 

underlined. Potential base pairings between cspA mRNA and 16S rRNA are indicated by vertical lines 

(Yamanaka et al., 1999). 

7.3.2.3.2 The Downstream Box 

The importance of a specific region located just downstream of the initiation codon 

was determined by expression studies with the highly active RBS of the bacteriophage 
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-20 -19 -18 -17 -16 -15 14 13 -12 -11 -10 -9 -8 -7 -6 -5 -4 -3 -2 -1 +1 +2 +3 +4 +5 +6 +7 +8 +9 +10 +11 +12 +13 

E. coli 
%G 
%A 
%T 
%C 

20 18 21 
33 32 28 
25 28 29 
22 22 22 

21 19 22 24 23 
32 32 32 33 33 
25 27 27 24 24 
21 23 20 19 19 

29 34 37 
31 33 32 
22 16 17 
18 17 14 

42 
27 
18 
12 

35 29 26 
32 33 30 
19 22 26 
15 16 17 

23 21 
31 32 
26 25 
20 22 

Total 15056 

M. tb 
%G 
%A 
%T 
%C 

33 29 
21 22 
16 18 
31 31 

33 33 30 
18 20 21 
18 17 19 
31 30 30 

36 35 31 
18 22 24 
18 16 18 
29 27 26 

35 40 40 
23 26 22 
17 13 15 
25 22 23 

41 
22 
15 
22 

39 
21 
16 
23 

35 
20 
20 
26 

37 
20 
17 
26 

32 
20 
17 
30 

32 
20 
17 
31 

Total 13231 

M. 
bovis 
%G 
%A 
%T 
%C 

Total 

M. smeg 
%G 
%A 
%T 
%C 

77 

Total 195 

36 27 21 29 30. 33 39 35 
23 28 26 29 28 28 28 33 
18 13 14 14 15 20 11 14 
22 32 40 28 27 20 23 19 

44 49 
28 22 

6 11 
21 17 

45 
26 
17 
12 

40 30 
23 23 
16 24 
21 23 

40 
17 
20 
23 

34 
28 
18 
20 

24 
25 
20 
30 

19 
31 
13 
37 

35 23 27 35 33 41 37 
24 25 19 19 17 16 27 
19 14 17 22 17 18 14 
22 38 37 24 34 25 22 

27 45 41 42 52 
26 21 28 23 20 
13 15 12 13 9 
34 19 19 23 20 

36 30 35 23 36 
19 25 23 30 21 
20 21 20 18 14 
26 25 23 30 29 
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24 
34 
22 
20 

35 
18 
15 
32 

39 
22 

6 
33 

19 
26 
31 
23 

25 
18 
19 
37 

18 
20 
24 
39 

35 21 
15 22 
13 17 
36 39 

19 
29 
29 
23 

33 
17 
15 
35 

36 
13 
13 
38 

39 
17 

8 
36 

13 0 100 
87 0 0 
o 100 0 
o 0 0 

36 0 100 
64 0 0 
o 100 0 
o 0 0 

30 0 100 
70 0 0 
o 100 0 
000 

21 
47 
14 
18 

27 
40 
12 
21 

36 
34 

7 
23 

41 0 100 25 
59 0 0 39 
o 100 0 10 
o 0 0 25 

17 20 
35 31 
22 30 
26 19 

22 
16 
16 
45 

30 
14 
17 
38 

17 27 
17 23 
16 19 
51 31 

21 
10 
13 
55 

30 
10 
21 
38 

23 
41 
16 
20 

38 
24 
14 
24 

38 
30 
10 
22 

47 
21 
12 
21 

14 
39 
27 
19 

20 
26 
25 
30 

21 
30 
23 
26 

17 
33 
18 
33 

22 
31 
28 
19 

30 
15 
18 
37 

43 
20 
18 
19 

21 
36 
21 
23 

15 
30 
33 
21 

33 20 
25 21 
13 26 
29 33 

30 
31 

9 
30 

14 
27 
32 
27 

35 31 15 
14 26 24 
15 15 21 
36 28 40 

19 
32 
29 
20 

33 
15 
16 
35 

23 
35 
19 
22 

36 
23 
14 
26 

37 28 
17 31 
21 16 
26 26 

42 30 
9 28 

13 8 
36 34 
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S. coli codon usage 

AmAcid Codon Nu:r.l.ber /1000 Fraction 

Gly GGG 20861.QO 11.52 0.16 
G1y GGA 16779.00 9.27 0.13 
G1y GGT 43952.00 24.27 0.33 
Gly GGC 50278.00 27.77 0.38 

G1u GAG 33616.00 18.56 0.33 
G1u GAA 69547 00 38.41 0.67 
Asp GAT 58837.00 32.49 0.63 
Asp GAC 34351. 00 18.97 0.37 

Val GTG 45263. 00 25.00 0.36 
Val GTA 20355.00 11.24 0.16 
Val GTT 34077·00 18.82 0.27 
Val GTC 26618.00 14.70 0.21 

Ala GCG 56120.00 30.99 0.34 
Ala GCA 36551.00 20.19 0.22 
Ala GCT 28592.00 15.79 0.17 
Ala GCC 44697.00 24.68 0.27 

Arg AGG 3699.00 2.04 0.04 
Arg AGA 5906.00 3.26 0.06 
Ser AGT 17547.00 9.69 0.16 
Ser AGC 28397.00 15.68 0.26 

Lys AAG 21254.00 11. 74 0.26 
Lys AAA 61896.00 34.18 0.74 
Asn AAT 36143. 00 19.96 0.48 
Asn AAC 38512.00 21. 27 0.52 

Met ATG 48845.00 26.97 1.00 
Ile ATA 11428.00 6.31 0.10 
Ile ATT 54201.00 29.93 0.50 
Ile ATC 43396.00 23.97 0.40 

Thr ACG 25662.00 14 .17 0.26 
Thr ACA 15522.00 8.57 0.16 
Thr ACT 17438.00 9.63 0.18 
Thr ACC 39857.00 22.01 0.40 

TGG 26978 00 14.90 1.00 
TGA 1916.00 1. 06 0.33 

Cys TGT 9709.00 5.36 0.46 
Cys TGC 11597.00 6.40 0.54 

End TAG 519.00 0.29 0.09 
End TAA 3452. 00 1. 91 0.59 
Tyr TAT 31392.00 17.34 0.58 
Tyr TAC 22273.00 12.30 0.42 

Leu TTG 24407.00 13.48 0.13 
Leu TTA 26387.00 14.57 0.14 
Phe ITT 41488.00 22.91 0.58 
Phe TTC 29468.00 16.27 0 42 

Ser TCG 15875.00 8.77 0.14 
Ser TCA 15356.00 8.48 0.14 
Ser TeT 17040.00 9.41 0.15 
Ser TCC 15820.00 8.74 0.14 

Arg CGG 11238.00 6.21 0.11 
Arg CGA 7227.00 3.99 0.07 
Arg CGT 35692. 00 19.71 0.35 
Arg CGC 37411.00 20.66 0.37 

GIn CAG 51354.00 28.36 0.65 
GIn CAA 27184.0D 15.01 0.35 
His CAT 23467.00 12.96 0.58 
His CAC 17147. 00 9.47 0.42 

Leu eTG 88767.00 49.02 0.47 
Leu CTA 7831.00 4.32 0.04 
Leu eT~ 21339.00 11.78 0.11 
Leu eTe 19335.DO 10.68 0.10 

Pro eCG 39251. 00 21.68 0.50 
Pro CCA 15766.00 B.71 0.20 
Pro CCT 13673.00 7.55 0.17 
Pro CCC 10227.00 5.65 0.13 
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F.rnAcid 

G1y 

Gly 

G1u 
G1u 
Asp 
Asp 

Val 
Val 
Val 
Val 

Ala 
Ala 
Ala 
Ala 

Arg 
Arg 
Set:" 
Ser 

Asn 
Asn 

Met 
He 
He 
He 

Thr 
Thr 
Thr 
Th" 

Cys 
Cys 

End 
End 
Tyr 
Tyr 

Leu 
Leu 
Phe 
Phe 

Ser 
Ser 
Ser 
Ser 

Arg 
Arg 
Arg 
Arg 

GIn 
G1n 
His 
HIs 

Leu 
Leu 
Leu 
Leu 

Pro 
Pro 
Pro 
Pro 

Table 7.4: Codon usage in 
and can be obtained from 

Codon 

GGG 
GGA 
GGT 
GGC 

GAG 
Gl'A 
GAT 
GAC 

GTG 
GTA 
GTT 
GTe 

GeG 
GCA 
GeT 
Gce 

AGG 
AGA 
AGT 
AGC 

Al'.G 
AAA 
AAT 
AAe 

ATG 
ATA 
ATT 
ATC 

ACG 
ACA 
ACT 
ACC 

TGG 
TGA 
TGT 
TGC 

TAG 
TAl'. 
TAT 
TAC 

TTG 
TTA 
TTT 
TTC 

TCG 
TCA 
TCT 
Tee 

eGG 
CGA 
eGT 
CGC 

CAG 
Cl'A 
CAT 
CAe 

CTG 
CTA 
CTT 
CTC 

CCG 
CCA 
CCT 
CCC 

11. smegmatis 

Number 

551 00 
334. 00 
926.00 
2479.00 

2074.00 
659.00 
628.00 
2657.00 

2205.00 
92. 00 
208.00 
1973.00 

2550.00 
474.00 
265.00 
2796.00 

122.00 
35.00 
104.00 
607.00 

1097.00 
155.00 
81. 00 
1004.00 

880.00 
17. 00 
61. 00 
2071.00 

992. 00 
176.00 
91.00 
1895.00 

676.00 
79.00 
66.00 
274.00 

24 00 
11. 00 
136.00 
929.00 

367.00 
S.OO 
44.00 
1409.00 

1104.00 
99.00 
53.00 
577.00 

935. 00 
273.00 
537.00 
2001. 00 

1339.00 
161.00 
195. 00 
933.00 

2734.00 
47.00 
162.00 
1503.00 

1576.00 
114. DO 
137.00 
938.00 

codon usage 

/1000 rraction 

11.09 0.13 
6.72 0.08 
18.63 0.22 
49.88 0.58 

41. 73 0.76 
13.26 0.24 
12.64 0.19 
53.46 0.81 

44.37 0.49 
1. 85 0 02 

19 0.05 
0.44 

51. 31 0.42 
9.54 0.08 
5.33 O. 04 
56.26 0.46 

2.45 0.03 
0.70 0.01 
2.09 0.04 
12.21 0.24 

22.07 0.88 
3.12 0.12 
1. 63 0.07 
20.20 0.93 

17.71 1 00 
0.34 0.01 
1. 23 0 03 
41.67 0.96 

19.96 0.31 
3.54 0.06 
1. 83 0.03 
38.13 0.60 

13.60 1. 00 
1.59 0.69 
1.33 0.19 
5.51 0.81 

0.48 0.21 
0.22 0.10 
2.74 0.13 
18.69 0.87 

7.38 0.08 
0.16 0.00 
0.89 0.03 
28.35 0.97 

22.21 0.43 
1. 99 0.04 
1. 07 0.02 
11. 61 0.23 

18.81 0.24 
5.49 0.07 
10.80 0.14 
40.26 0.51 

26.94 0.89 
3.24 0.11 
3.92 0.17 
18.77 0.83 

55.01 0.57 
0.95 0.01 
3.26 0.03 
30.24 0.31 

31. 71 0.57 
2.29 0.04 
2.76 0.05 
18.87 0.34 

Centre 

144 



Univ
ers

ity
 of

 C
ap

e T
ow

n

1 

a 

1 

to 

et 

on 

are 

1 

145 

et 

JilH"",""".'" is not 

construct 

et 

IS a 

start 

et 

et 



Univ
ers

ity
 of

 C
ap

e T
ow

n

cannot 

same 

our current 

on 

UH;;";:"L~'" was a 

146 

1 

bm;onles to 

not 

were 

It was 

to 



Univ
ers

ity
 of

 C
ap

e T
ow

n

1 

was 

IS 

a IJIHlll.J-

147 



Univ
ers

ity
 of

 C
ap

e T
ow

n

.1 

.3 

1 

1.1 

constructs 

148 

8 

a 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 



Univ
ers

ity
 of

 C
ap

e T
ow

n

8 

a 

IS a 

are construct 

to 

constructs is 

constructs 

a 

to 

to 

149 



Univ
ers

ity
 of

 C
ap

e T
ow

n

to 

structures 

et 

In 

It 

can 

1 

to 

1 

1 

S1 

IS a 1 5 

is 

are numerous " .... U1\.," 

was 

are 

150 

et 

10 to 12 - 15 

as et 

a 

not 

by 

et ai., 



Univ
ers

ity
 of

 C
ap

e T
ow

n

It 

1 

a 

et 

151 

it 

cause a 

a 

it 

is 

COlmt()rnlatlon not 



Univ
ers

ity
 of

 C
ap

e T
ow

n

This study evaluates the expressIOn of luciferase by constructs with their DBs 

optimized for two unrelated bacterial hosts, Mycobacterium smegmatis and 

Escherichia coli. Expression of the constructs, which lacked functional SD 

sequences, was most efficient in the host for which the DB had been optimized. 
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Schematic representation of mRNA and 16S rRNA during translation initiation at the penultimate 
stem-and-Ioop of 16S rRNA. The Decoding region, where interactions between initiator tRNA and 
start codons occur, is boxed (Black). The initiationcodon is highlighted in brown. A) SD interaction 
of mRNA with the 16S rRNA anti-SD region (Red box). B) Downstream box (DB) interaction of 
mRNA with the 16S rRNA anti-downstream box (Green box) region in the presence of a SD. C) SD­
independent, DB-mediated interaction of mRNA with the 16S rRNA aDB region (Sprengart et 
al.,1996). The 16S rRNA sequence shown here is that of Mycobacterium bovis BeG. 
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E. coli LKIIl recA, 

M. Sm,ogl1'1aIH LR222 
transfonnation mutant 

.. ",u,,, .... constructs 

7420 

7956 

7945 

7984 

7984 

T7LucL'lSD 1803 

T7Luc 1814 

T7EcLuc 842 

T7MsLuc 1842 
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I 

Predicted 

RNA:RNA interaction" 

CAC 

UUUGUGAUUCAU 
AAACGUUGGGUG 

GA 

AGA AG 

CACUUUGUGAUUCAUGA 
GUG~AACACUAGGUACU 

CACUU U CA 
UG GAUU UGA 
AC CUAG GCU 

CUUCC C CC 

Calculated free energy for 
16S rRNA. Canonical base 

0.3 

-21.9 

-2.7 

Predicted 

RNA:RNA interactiona 

GG GA 

GGUG AUCGGC 
CCAC UGGCUG 

AGC Al';. AA 

GAAG GA GC 

GUGG UCG GA 
CACU GGU 

GAAA -A 
CU 

-A 

GAAGGUGGGAUCGGCGA 
CUUCCACCCUAGCCGCU 

interactions in E. coli and M. 
• Predicted free energy 

fonTIation at 37°C the Mfold energy 
minimization program of Zuker ( 
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M. tubercuLosis 
E. coLi 

Consensus 

M. tubercuLosis 
M. bovis 
M. avium 
M. kansasii 
M. microti 
M. 

Consensus 

T GGT CA Gl".AG GT GC TAACC TCGGGAGGG GCT C TGGG GAAGTCGTAACAAGGTA C 

TCGGTAACACCCGAAGCCAGTGGCCTAACCCTC--GGGAGGGAGCTGTCG TGGGACGAAGTCGTAACAAGGTAGCC 
TCGGTAACACCCGAAGCCAGTGGCCTAACCCT---GGGAGGGAGCTGTCG TGGGACGAAGTCGTAACAAGGTAGCC 
TCGGTAACACCCGAAGCCAGTGGCCTAACCCTTTTGGGAGGGAGCTGTCG TGGGACGAAGTCGTAACAAGGTAGCC 
TCGGTAACACCCGAAGCCAGTGGCCTAACCCTC--GGGAGGGAGCTGTCG TGGGACGAAGTCGTAACAAGGTAGCC 
TCGGTAACACCCGAAGCCAGTGGCCTAACCCTC--GGGAGGGAGCTGTCG TGGGACGAAGTCGTAACAAGGTAGCC 
TCGGTAACACCCGAAGCCGGTGGCCTAACCCTT-GTGGAGGGAGCCGTCG TGGGACGAAGTCGTAACAAGGTAGCC 

TCGGTAACACCCGAAGCC GTGGCCTAACCCT GGAGGGAGC 

of the 3' end of 16S rRNA Anti-Downstream Box sequences are boxed and consensus sequences are underlined. The sequence 
E. coli 16S rRNA and M tuberculosis 6S rRNA is 74%. This homology droos to 47% over the aDB region (bases 467-1481 in E. coli 6S 

mRNA sequences are identical in the aDB (6 sequences are 
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8.4 Results and Discussion 

8.4.1 16S rRNA Analysis 

In pro~ar-yote 16S rRNA secondary structure, the penultim~te stem between bases 

1409-1491, although not conserved at the sequence level, is a conserved structure 

(Gutell et al., 1985; Raue et al., 1988). The sequence homology between E. coli 16S 

rRNA and M. tuberculosis 16S rRNA is 74%. This homology drops to 47% over the 

aDB region. Although the sequence variation between E. coli and M. tuberculosis 

increases to 53% in the aDB region, the structure of the 16S rRNA remains conserved 

(Gutell et al., 1985 and Raue et al., 1988) (Figure 8.3). Although there is a degree of 

sequence variation in the 16S rRNA in members of the Mycobacteriaceae, all are 

identical in the aDB region (Figure 8.2b). 
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Figure 8.3 
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Schematic representation of the aDB in helix 44 of: A) Mycobacterium smegmatis, and B) E. coli 

16SrRNA. The decoding region, where interactions between initiator tRNA and start codons occur, is 

boxed (Black). The aDB region is boxed in red. 
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1 1 

1 ±l 1 ± 

110 ± 19 ± 1.8 

8±1.2 ± 

1 

± 

± 

15 ± 

Translation 
COfrespOIldulg to late eXI='On(!nual 
into E. coli LK111 and M .~m,p"n~{]lI 

construct has a functional SD for translation initiation), and 
vitro was on peR 
T7EcLuc and T7MsLuc. 
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-30 +1 +87 
5' -.ooCGAUCACAGCCCGAUAACACCAACUCCUGG AUG AGC UCA UvU ~~~ nv~ ~~ ~~v v~u CUA GUC gaa gae geg aaa aae aua aag aaa gge eeg gcg eea uue uau ceu eua gag gau .... oo ..... -3' 

AUG AGC UCA UCA JGG ATC ACA AAG TG 

5' mRNA sequence of and -30 to +87 with 
of the 

_ to the AUG. The AUG translation start site is in bold. The and E. coli 
DB sequences are underlined. The 5' 

sequences are identical. 
luciferase sequence is in small caps at codon 2. Apart from the underlined DB portion. the 
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Yanisch-Perron et 1985 

et 1995 
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Yanisch-Perron 
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Yanisch-Perron 
et 1985 
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Plasmid 

in the antisense orientation to 

22-360fM.tb 

External 
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gene under the 

tuberculosis katG 
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sequence 

to nucleotides 

mRNA. 

sequence 

to nucleotides 

mRNA. 

gene cloned in 

sequence 

to nucleotides 
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MPB83EGS2 

Plasmid 

External sequence 

to nucleotides 

bla gene cloned in 

7420 E. 

7956 

7945 

7984 SD 

7984 SD 
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to 

base 

74 b 5', 42 b 

in vitro with 

and 3' ends (1121 base 

Technical Notes 
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luciferase gene 

with M. tb katG of 
luciferase gene 

with SD sequence of luc 
gene removed 

of luc removed and DB for 
to E. coli 16S rRNA 

of luc removed and DB for 
toM. 16S rRNA 
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100 stock solution 

2 g in 20 ml of water 

Filter sterilize and store at -20oe 

Cell Culture 

25 mM 

2mMDTT 

were 

are 

2 roM acid 

10% 

1 % Triton X-IOO 

Luciferase/Luciferin L/L 

Purified luciferase 

d-Iuciferin-BSA 

DTT 

Tris-acetate 

EDTA 

acetate 

L/L Buffer 

0.1 M tris-acetate 

0.22 mMEDTA 

Luciferase 

20 mM tricine 

33.3 mMDTT 
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270 coenzyme A 

470 luciferin 

530 ATP 

0.1 EDTA 

L07 carbonte 

2.67 

IPTG 

0.056 g IPTG in 2 ml water 

Filter sterilize and store at -20°C 

Etbidium bromide 

10 stock solution: 

0.2 g ethidium bromide in 20 ml of water 

store in the dark 

Gel U'Sj,l'lIJlno 

0.25 g om,m£mn:enOI blue 

40.0 g sucrose 

4.0 ml 0.5 EDTA 

Make up to 100 ml with water 

lOXNNB 

Tris 

Boric acid 

EDTA 

lOX KJenow butTer: 

O.lM Tris.HCI 

O.lM 

7.6 

chloride 

O.5M Sodium chloride 

10mMDIT 

BSA 

Distilled water 

SOX TRIS ACETATE BUFFER 

Tris 

57.1ml Glacial acetic acid 

100mI 05M EDTA 

Use IX TAE when 

8.0 

agarose 
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20X SSPE 

Sodium chloride 

7.4. 

sox DENHARDTS SOLUTION 

1 % Ficon 

0.1 % Pro] "",,,,,1 ",,., .. ,,1,,.].,, 

1 % BSA fraction v. 

HYBRIDIZATION BUFFER: 

50% Formamide 

5XSSPE 

O.l%SDS 

5X Denhardts solution 

0.1% SDS 

sperm DNA. 

lOX MOPS buffer 

41 MOPS 

800ml DEPC·treated water 

to 7.0 

16.6ml 3M DEPC-treated sodium acetate 

20ml 05M DEPC-treated EDTA 

20X sse 
Sodium chloride 

Sodium citrate 

to 7.0 

LOADING DYE: 

0.3% blue 

0.3% 

10mMEDTA 75 

97.5% Formamide 
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ELECTROPHORESIS SAMPLE BUFFER 

0.75ml Formamide 

0.15ml10XMOPS/EDTA buffer 

50mM Sodium acetate, 7.0. 

O.lml 

0.08ml blue 

O.lml DEPC-treated water. 

3x HYBRIDIZATION SOLUTION: 

3M Sodium chloride 

0.5M HEPES 7.5 

1mM EDTA 8 

HYBRIDIZATION BUFFER: 

50% Formamide 

5XSSPE 

O.l%SDS 

sperm DNA 

5X Denhardts solution 

0.1% SDS 

sperm DNA. 

1.5% DENATURING AGAROSE/FORMALDEHYDE GEL 

10m! lOX MOPS buffer 

87m! DEPC-treated water 

5.1mI37% 

6% ACRYLAMIDE/ 8M UREA DENATURING GEL , .. ,,', .... ,.}. 

Urea 

39ml Distilled water 

15m! 40% 

10mllOX NNB 

To 

TRANSFER SOLUTION 

Tris 

2% 

ammonium 
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400mi Methanol 

TRIS-BUFFERED SALINE 

SOmM Tris 

lS0mM Sodium chloride 

to 7.S 

PHOSPHATE-BUFFERED SALINE 

137mM Sodium chloride 

2.7mM Potassium chloride 

4.3mM Di-sodium 

1.4mM Potassium 

SDS LOADING BUFFER: 

3% SDS 

S% (v/v) 

10% 

0.62SM Tris.Cl (PH 

0.01 % (w/v) 

Non 

8 mlS X 

6.67 m130 % 

1 m12% 

2 mlSO% 

22.37 ml water 

stock 

blue 

mix 
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