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Figure 4.4. Secondary structure analysis of the rpfd 5' UTR. A) In-line
probing experiment exploiting the differences in the rate of spontaneous cleavage
between unpaired and structurally constrained ribonucleotides. 10 bp = 10 base-
pair ladder, OH = sodium hydroxide treatment; T1 = RNase T1 cleavage (G
residues); ILP = in-line probing reaction. B) The proposed secondary structure
model for the rpf4 5' UTR, with stems indicated as “Px”. The potential pairing
between the P7-associated loop and the RpfA ribosome-binding site is indicated
by the red line. (Note: figure modified from data provided by Dr. Mary Yousef)

111



Ph.D. Thesis - H.J. Haiser McMaster - Biology
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Figure 4.5. rpfA4 5' UTR structural alterations in the presence of conditioned
medium. An in-line probing experiment was carried out using RNA
corresponding the rpf4 5' UTR in the absence of growth medium (lane 1),
presence of fresh growth medium (lane 2), and presence of conditioned growth
medium (lane 3). The numbered arrows on the left side indicate areas showing
structural rearrangements in the presence of conditioned growth medium. All of
these changes are between 110 and 201 nt in the proposed structure (Fig. 4.4B).
10 bp = 10 base-pair ladder; OH™ = sodium hydroxide treatment; T1 = RNase T1
cleavage (G residues).

113



Ph.D. Thesis - H.J. Haiser McMaster - Biology

a3 3 e
G?:EEJG g:g GC GA
c=G G-C g:g
A=Uc,  Pda EZ§ PBu-a
pa Y=o A J8=0, Pseudoknot loop —
e EEE Gg:gc full deletion (AP7) ¢ g
StemP1-full 0% XU % Gee Y -J e &
deletion (AP1) "g=g"  VeoAzy S ESicecef C=G
fetlon( ) £=g P e Sl C—G
P6 u—A
z 4=t
e s
: G me MG)
4 c—-G K
% e S
G=C AC
-UGA?;!—GGAUCAACC? GA ????A UCC184G|
G ccecey A (M4)

: G?\A ACG PT715CC

A

U

G_Sa
N
Ne

C 199 P5

G
GGGG A 8A201 (M8)

) ==
C -
) =
)

A CA202,203GU
208 C uc G

A208G CU205,206AA
) o (M10)

(M11

Figure 4.6. Schematic diagram highlighting areas of the rpf4 5' UTR subject
to deletion/mutation analysis. M4 = C184G; M6 = AA181 + C184G; M8 =

AA201; M10 = CA202,203GU + CU205,206AA; M11 = A208G.
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A) Rich liquid medium

24 h 48 h

- RpfA-FLAG

- AP7-RpfA-FLAG

B)  4h culture 2 h post-wash
(before wash) F.M. C.M.

Figure 4.7. Expression analysis of P7 deletion strain. A) Time course
experiment showing the immunoblot analysis of RpfA-FLAG (top panel), and
AP7-RpfA-FLAG expression after 24 and 48 h (as indicated) B) Comparison of
the effect of adding conditioned growth medium to the RpfA-FLAG strain and the
AP7-RpfA-FLAG strain. The experimental protocol outlined in Fig. 2.2A was
followed for this experiment. F.M. = fresh growth medium; C.M. = conditioned
growth medium [wild-type]
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Figure 4.8. Northern blot analysis of a-ydaO. A) Total RNA was isolated from
wild-type rich medium-grown cultures after the indicated periods of time. The
RNA was separated on 6% polyacrylamide gels and was subjected to northern
blotting using the oligonucleotide a-ydaO before being exposed to X-ray film. B)
a-ydaO was detected as described in A) except that RNA from wild-type, and the
indicated cell wall hydrolase deletion mutant strains were used. WT = wild-type.
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Figure 4.9. Proposed model for the riboswitch regulation for rpf4. A model
for the interplay between all of the components contributing to riboswitch-
regulation of rpfA4. In this model, the translation of rpf4 and six other cell wall
hydrolase-encoding mRNAs are effectively translated. The associated gene-
products cleave the cell wall peptidoglycan resulting in the release of
peptidoglycan fragments (metabolites). The fragments, either directly or
indirectly, feedback to the metabolite-sensing domain of the riboswitch, causing
structural changes in the expression platform domain of the riboswitch. The
regulatory consequence of this is translational repression through ribosome
occlusion.
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Strain

Genotype/ characteristics/use

References

Streptomyces coelicolor

(Kieser, 2000)

M145 SCP1- SCP2-

pf4 M145 SCO3097::aac(3)IV (Haiser et al., 2009)
swiB M145 SCO4582::aac(3)IV (Haiser et al., 2009)
swiC M145 SCO6773::aac(3)IV (Haiser et al., 2009)
1pf4, swiB M145 SCO3097::vph SCO4582::aac(3)lV (Haiser et al., 2009)
RpfA-FLAG rpfd plI82/RpfA-FLAG This study
RpfA-FLAG- rpfA4 plI82/RpfA-FLAG- This study
SCO3098-FLAG 5¢03098 plI82/3098-FLAG This study
AP1-RpfA-FLAG rpfA plI82/AP1-RpfA-FLAG This study
AP7-RpfA-FLAG rpfA pUI82/APT-RpfA-FLAG This study
M4-RpfA-FLAG rpfA plI82/M4-RpfA-FLAG This study
M6-RpfA-FLAG rpf4 plJ82/M6-RpfA-FLAG This study
M8-RpfA-FLAG rpfA plI82/M8-RpfA-FLAG This study
M10-RpfA-FLAG rpfA plJ82/M10-RpfA-FLAG This study
M11-RpfA-FLAG rpfA plI82/M11-RpfA-FLAG This study

Escherichia coli

DHS5a

Used for routine cloning

ET12567 (pUZ8002) dam-, dem-; with trans-mobilizing plasmid (MacNeil et al., 1992,
pUZ8002 Paget et al., 1999a)
Plasmids
plJ82 pSET152 derivative, aac(3)IV replaced with  Gift from H. Kieser
hyg gene
pBluescriptKS- General cloning vector (Alting-Mees and Short,
1989)
pBlue-RpfA-FLAG+  pBluescript + RpfA-3xFLAG This study
pBlue-RpfA-FLAG- pBluescript + RpfA-3xFLAG (minus 5' This study

UTR)
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Table 4.2. Oligonucleotides used in this study.

Sequence 5' — 3'

Cloning of RpfA-FLAG
and variants thereof

rpfAUTRS' CAGTACCCATGGCCATCGCGGGCCCCGACAGC
rpfAUTR3' CAGTACCATATGTGATCCCCTCACCGACGC

3097PP5' CAGTACCATATGGCCACCGCGTCCGAGTGGGAC

9798D CGGTACGGATCCCACGAGCATCTCCTTCTTC

Plrpf45' CAGTACCCATGGGAATCCTGCCAGCGGCCG

PTrpf45' GTTCCGCGAGGAACCCGGCCGAACCCGACAGCTCACCTC
P7rpfd3' GAGGTGAGCTGTCGGGTTCGGCCGGGTTCCTCGCGGAAC
Marpf4s' CCGGGCAACTGAACCGGCCC

Mdrpf43' GGGCCGGTTCAGTTGCCCGG

M6rpfd5' CCCGGCCGGGCACTGAACCGGCCCGAAC

M6rpfa3' GTTCGGGCCGGTTCAGTGCCCGGCCGGG

M8rpfas' CCCGAACCCGCAGCTCACCTC

M8rpfa3' GAGGTGAGCTGCGGGTTCGGG

M10rpf45' CCGAACCCGAGTGAACACCTCGCAG

M10rpfA3 CTGCGAGGTGTTCACTCGGGTTCGG

M11rpfA5' CCGACAGCTCGCCTCGCAGGC

Ml11rpf43' GCCTGCGAGGCGAGCTGTCGG

In vitro transcription
IVTpfAUTRS' TAATACGACTCACTATAGGGCGCTCGCCATCGCGGGCCC
IVT1pfAUTR3' GGACGGACGACGGTGCTTGCCCTTGC
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CHAPTER 5:
CONCLUSIONS AND FUTURE DIRECTIONS

With evidence continually mounting to show that small regulatory RNAs
(sRNAs) play an important role in eukaryotic, as well as prokaryotic gene
regulation, we hypothesized that sRNAs act as regulators in Streptomyces
coelicolor. To begin testing this hypothesis, we conducted a cloning-based screen
to identify novel SRNAs. This experiment revealed a population of stable tRNA
cleavage products, along with an antisense RNA encoded on the strand opposite a
predicted riboswitch regulatory element (the ‘ydaO’ motif). We went on to
determine that the cloned tRNAs represented a unique ‘tRNA half® population,
which appeared in a growth phase-dependent manner (Chapter 2). Following this
work we shifted our focus to the riboswitch-associated cell wall hydrolases, and
identified roles for these proteins in Streptomyces development (Chapter 3).
Finally, we sclected a representative cell wall hydrolase, RpfA, to begin
addressing the hypothesis that its expression is controlled by a riboswitch
regulatory element (Chapter 4).

5.1 CONTEXT AND FOUNDATIONS FOR FUTURE WORK

5.1.1 Small RNAs in Streptomyces

Following our initial identification of the tRNA halves, we discovered that
cleavage resulting in these fragments occurred when cultures were propagated on
minimal growth medium, but not rich medium. However, attempts to identify a
nutrient component of the rich medium that effectively prevented cleavage were
unsuccessful. While all tRNAs appeared to be susceptible to cleavage, there was a
bias toward cleavage of tRNAs for more frequently used codons. We did not
identify an enzyme responsible for carrying out tRNA cleavage, although we have
some evidence suggesting that is unlikely to be the single stranded ribonuclease,
RNase E. Finally, we observed a delay in tRNA cleavage in strains arrested in
development before aerial hyphae formation, but not in those with a
developmental block at the sporulation stage. Our discovery was followed by
several other studies that indicated that tRNA cleavage was a widespread and
conserved phenomenon in extremely divergent organisms. The two major
outstanding questions concerning this work are: the identity of the ribonuclease
that cleaves the tRNAs, and the biological consequences of tRNA cleavage. A
thorough discussion of how our findings fit into the context of other works
describing tRNA cleavage, and the prospects for future work in this area is
presented in Chapter 2.

- In 2008, we published a summary of our computational and direct cloning
screens, along with the further characterization of some candidate sRNAs
(Swiercz et al., 2008). Coworkers Julia Swiercz and Hindra, who shared co-first
authorship on the manuscript, carried out the majority of the downstream
characterization. This work was only the second published investigation of
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sRNAs in S. coelicolor, where the first was a largely computational screen that
included experimental verification of SRNA expression for a small subset of their
candidates (Panek et al., 2008). Since the publication of these studies, SRNAs
have been reported in additional actinomycetes, including S. griseus (Tezuka et
al., 2009) and M. tuberculosis, (Amvig & Young, 2009). In an interesting
comparison, Tezuka et al. (Tezuka et al., 2009) showed that only one predicted
sRNA overlapped between the three Streptomyces sSRNA studies described above.
This is probably a result of the fact that each group employed different
bioinformatic search parameters, but it highlights the fact SRNA identification in
Streptomyces is not yet saturated and there are likely many more candidates to be
discovered.

In addition to the antisense RNA encoded on the opposite strand of the
predicted ydaO riboswitch, our cloning-based screen also revealed an antisense
RNA gene later renamed a-abeA (Hindra ef al., 2010). This sRNA is encoded on
the opposite strand of the first gene in a four-gene operon; interestingly,
overexpression of the operon led to an increase in antibiotic production (Hindra e?
al., 2010). Careful characterization of the antisense RNA suggested that,
unexpectedly, a-abeA did not appear to be involved in regulating the gene cluster.
In a recent study involving another cis-encoded antisense RNA in Streptomyces,
D’Alia et al. (2010) showed that overexpression of an SRNA encoded antisense to
the glutamate synthase I gene prevented antibiotic production, and resulted in
other physiological defects. This group also computationally predicted over 3,500
cis-encoded sRNAs in S. coelicolor, although they confirmed the expression of
only 13 of these candidates (D'Alia et al., 2010).

Genetic characterization of a-ydaO was hindered by unsuccessful
attempts to map the promoter region, determine the precise size of the RNA, and
construct deletion or overexpression strains (section 4.4.6). While we have been
unable to assign a function to this RNA, its role in the regulation of ydaO-
associated genes cannot be discounted at this point. Riboswitch regulation,
coupled with a regulatory antisense RNA, would represent a completely novel and
complex form of RNA regulation. Two recent discoveries highlight the
complexity of riboswitch regulation. The first involves the Mg*'-sensing
riboswitch that regulates expression of the Mg®" transporter encoded by the mgtd
gene in Salmonella (Cromie et al., 2006). When initially discovered, this system
seemed to operate via a classic riboswitch mechanism: transcription of the mgtA-
encoding transporter was regulated by the concentration of the metal that it
transported (Mgz*). However, a more recent discovery has added to the
complexity of this system. In addition to sensing intracellular Mg?*, the mgtd
leader region also encodes a short proline-rich peptide (MgtL), the expression of
which is controlled by intracellular proline concentrations. When proline is
depleted, MgtL is not translated, causing an increase in mgtA expression (Park et
al., 2010). mgtA expression is thus controlled by two disparate signals, sensed in
different ways within the same ‘UTR’. Although the physiological significance of
this is not yet understood, it highlights the regulatory potential contained within
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leader regions. The second example involves the S-adenosyl methionine (SAM)-
sensing riboswitch in Listeria monocytogenes, which controls the expression of
two ABC-transporters (SreA and B). Analogous to the Mg?*-sensing riboswitch,
SAM binding causes transcriptional termination and thus prevents transporter
expression. However, further investigation revealed that transcriptional
termination generates a ~230 nt RNA fragment (the UTR portion of the
transcript), which then functions as a trans-acting sRNA that represses the
expression of the master virulence regulator PrfA (Loh et al., 2009). This striking
example of dual functionality by a regulatory RNA highlights the seemingly
limitless complexity of these systems.

We cannot exclude the possibility that a-ydaO is the product of so-called
‘transcriptional noise’ or a degradation product thereof (as it was isolated only
once in a direct cloning screen of total RNA). Over the last decade, abundant non-
genic RNAs lacking any ascribed function have been expanding in RNA sequence
databases (Huttenhofer et al., 2005, Costa, 2007). Indeed, one study found that
~94% of the Bacillus anthracis genome is transcribed in at least one of growth
conditions (Passalacqua et al., 2009). These and other observations have fuelled
debate over the functional relevance of these non-coding RNA transcripts. While
some argue that these RNAs deserve robust characterization (Costa, 2007), others
have suggested the low abundance of these transcripts might indicate that they
may have a limited functional role (Babak et al., 2005). A close examination of
genetic context, use of target prediction programs, and detection using northern
blotting will aid in evaluating the significance of these transcripts in future
studies.

5.1.2 Is the ydaO motif a riboswitch regulatory element?

Our study aimed at identifying factors important for the regulation of the cell wall
hydrolases began with end-mapping experiments, which confirmed the existence
of extended leader transcripts at the 5' end of the hydrolase-encoding mRNAs. We
further showed that conditioned growth medium represses the expression of at
least one of the hydrolases, RpfA, but were unable to isolate the component
responsible for this action. We examined the RNA secondary structure of the
untranslated region (UTR) preceding the rpf4 gene, and found that it folds into a
structure having the potential for translational riboswitch-regulation, mediated by
ribosome-binding site blockage. Finally, we identified a stem/loop structure
within the riboswitch sequence that seems to be important for the response to
conditioned growth medium.

Deciphering the role of the ydaO motif in controlling cell wall hydrolase
expression in S. coelicolor is of significant interest. As a first step, it is important
to obtain more robust evidence to support the hypothesis that repression is
mediated by the ydaO motif in S. coelicolor. Work is in progress that will allow
us to directly address this issue. We have placed the rpf4 gene downstream of a
constitutive promoter, both with and without the ydaO motif. The effect of
conditioned growth medium on RpfA expression in these backgrounds should
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effectively differentiate between regulation at the level of transcriptional
initiation, versus post-transcriptional/translational. It should be noted that while
our secondary structure model suggests translational level repression, the findings
of Block et al. (2010), suggest that the ydaO motif acts at the level of
transcriptional attenuation. This discrepancy is not unprecedented in riboswitch
regulation, as the same Bi,-sensing riboswitch that regulates the btuB gene at a
transcriptional level in Bacillus, modulates translation initiation in Gram-negative
bacteria (Nahvi ef al., 2004).

In addition to deciphering the regulatory mechanism exerted by the ydaO
motif, future work should be aimed at identifying the specific component of spent
medium that causes repression of RpfA. The approach taken during our
preliminary chromatographic separation attempts (section 4.4.3) could be
improved upon by taking advantage of the fact that riboswitches often function as
part of autoregulatory loops. One way to accomplish this would be to create
multi-fold deletion strains comprising combinations of the seven genes encoded
downstream of the ydaO motif. Conditioned medium resulting from the growth of
these strains could then be tested to see if they repress RpfA expression. In the
event that such a strain fails to promote repression, LC/MS could be harnessed to
compare the metabolite profile of this strain, with that of the wild-type strain.
Obvious differences (e.g. a peak in the repressing fraction that is absent in the
non-repressing fraction) could be exploited for further characterization using
techniques such as electron spray ionization mass spectrometry, to identify the
metabolite.

We chose to study the ydaO motif corresponding to rpf4 as we had
already established the biological significance of the cell wall hydrolase it
encoded. In addition, its homolog in Mycobacterium tuberculosis, which is also
preceded by a ydaO motif, is important for TB pathogenesis (Kana et al., 2008,
Russell-Goldman et al, 2008). It will be important to test whether studies
involving ydaOs. can be extended to ydaO,. Efforts to do this have already been
initiated through the creation of a strain in which ydaOs. is replaced by ydaOjup.
Testing whether both motifs respond similarly to conditioned growth medium will
be an important first step in assessing the widespread significance of our findings.

5.1.3 Cell wall hydrolases in Streptomyces development

An examination of the genetic context corresponding to a-ydaO revealed the
association of this RNA with a predicted riboswitch regulatory element found
upstream of multiple genes encoding cell wall hydrolase proteins. Intrigued by the
fact that proteins of this type had not yet been studied in S. coelicolor, we
systematically predicted the coding potential for cell wall hydrolases in this
organism (section 3.4.1). Our analysis revealed an unprecedented number of
putative cell wall hydrolases, reflecting the complex lifecycle of S. coelicolor.
Our characterization of the riboswitch-associated cell wall hydrolases also
included the first biochemical demonstration of PG cleavage capabilities for cell
wall hydrolases in S. coelicolor. After creating and characterizing several cell
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wall hydrolase deletion mutant strains, we determined that the spores of these
strains were heat hypersensitive. A closer examination using electron microscopy
revealed that the spores of all mutant stains had thinner spore walls compared to
that of their parent strain. A more detailed look at development in each of the
mutant strains revealed that at least two strains, rpf4 and swid, were slightly
delayed in their ability to germinate. Moreover, the swiB strain exhibited defects
in hyphal branching during vegetative growth. Transcriptional profiling
complemented our phenotypic analyses, and revealed variable patterns of
expression for the riboswitch-associated hydrolases. Additional investigation in
this area will undoubtedly fill in some of the gaps in Streptomyces cell biology,
especially those studies focusing on hydrolase localization.

Largely owing to advances in fluorescence microscopy, we are beginning
to understand the elegant coordination of events during growth and cell division
in bacteria (Margolin, 2009). The fundamental importance of cell wall hydrolases
in these processes has already been established in previous sections. During
Streptomyces exospore formation, cell wall hydrolases would be required for cell
division, spore maturation, and spore separation/release. All four of the mutant
strains we constructed (rpf4, swid, swiB, and swilC) possessed sporulation defects,
manifested as heat sensitivity, abnormal spore morphology, and thinner spore
walls in comparison to that of the wild-type strain. An important and outstanding
question is how these enzymes are temporally and spatially localized. As already
discussed in Chapter 3, some likely candidates for coordinating cell wall
hydrolases during sporulation include the Mre, and Ssg proteins. A recent study
highlighted the utility of two-hybrid interaction, as multiple binding partners were
found the Mre proteins, including proteins involved in cell wall biosynthesis
(Kleinschnitz et al, 2011). Furthermore, the combined use of genetic,
biochemical, and fluorescence microscopy-based studies, has also advanced our
understanding of the Ssg proteins, and how they coordinate cell division during
sporulation (Willemse et al., 2011). The techniques presented in these studies are
highly applicable to further characterizing the role of cell wall hydrolases in S.
coelicolor cell biology.
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APPENDIX
Table 6.1. Complete list of cloned RNA fragments.
tRNA Sequence (5' to 3')
3'His GTG TCCAGGATGCCGCGGGTTCAAGTCCCGTCACTCACCCC

TCCAGGATGCCGCGGGTTCAAGTCCCGTCACTCACCCC
TCCAGGATGCCGCGGGTTCAAGTCCCGTCACTCACCCC
TCCAGGATGCCGCGGGTTCAAGTCCCGTCACTCACCCC
TCCAGGATGCCGCGGGTTCAAGTCCCGTCACTCACCCC
TCCAGGATGCCGCGGGTTCAAGTCCCGTCACTCACCCC
TCCAGGATGCCGCGGGTTCAAGTCCCGTCACTCACCCC
TCCAGGATGCCGCGGGTTCAAGTCCCGTCACTCACCCC
TCCAGGATGCCGCGGGTTCAAGTCCCGTCACTCACCCC
TCCAGGATGCCGCGGGTTCAAGTCCCGTCACTCACCCC
TCCAGGATGCCGCGGGTTCAAGTCCCGTCACTCACCCC
TCCAGGATGCCGCGGGTTCAAGTCCCGTCACTCA
GTCCAGAATGCCGCGGGTTCAAGTCCCGTCACTCACCCC
GTCCAGGATGCCGCGGGTTCAAGTCCCGTCACTCACCCC
GTCCAGGATGCCGCGGGTTCAAGTCCCGTCACTCACCC
TCCAGGATGCCGCGGGTTCAAGTCCCGTCACTCACCC
TCCAGGATGCCGCGGGTTCAAGTCCCGTCACTCACCC
TCCAGGATGCCGCGGGTTCAAGTCCCGTCACTCACCC
TCCAGGATGCCGCGGGTTCAAGTCCCGTCACTCACCC
GTCCAGGATGCCGCGGGTTCAAGTCCCGTCACTCACCC
TCCAGGATGCCGCGG-GTTCAAGTCCCGTCACTCACCCC
TCCAGGATGCCGCGG-GTTCAAGTCCCGTCACTCACCCC
TCCAGGATGCCGCGG-GTTCAAGTCCCGTCACTCACCCC
TCCAGGATGCCGCGG-GTTCAAGTCCCGTCACTCACCCC
TCCAGGATGCCGCGG-GTTCAAGTCCCGTCACTCACCCC
TCCAGGATGCCGCGG-GTTCAAGTCCCGTCACTCACCCC
TCCAGGATGCCGCGG-GTTCAAGTCCCGTCACTCACCCC
TCCAGGATGCCGCGG-GTTCAAGTCCCGTCACTCACCCC
TCCAGGATGCCGCGG-GTTCAAGTCCCGTCACTCACCCC
TCCAGGATGCCGCGG-GTTCAAGTCCCGTCACTCACCCC
GTCCAGGATGCCGCGG-GTTCAAGTCCCGTCACTCACCC
TCCAGGATGCCGCGG-GTTCAAGTCCCGTCACTCACCC
TTCAGGATGCCGCGG-GTTCAAGTCCCGTCACTCACCCC
TACAGGATGCCGCGG-GTTCAAGTCCCATCACTCACCC
TCCAGGATGCCGCGG-GTTCAAGTCCCGTCACTCACTT
TCCAGGATGCGGGGG-GTTCAATTCCGTTCATTCACCC

5'Met CAT CGCGGGGTGGAGCAGCTCGGTAGCTCGCTGGGCT
CGCGGGGTGGAGCAGCTCGGTAGCTCGCTGG
CGCGGGGTGGAGCAGCTCGGTAGCTCGCTGGGCT
CGCGGGGTGGAGCAGCTCGGTAGCTCGCTGGGC
CGCGGGGTGGAGCAGCTCGGTAGCTCGCTGGGC
CGCGGGGTGGAGCAGCTCGGTAGCTCGCTGGGC
CGCGGGGTGGAGCAGCTCGGTAGCTCGCTGGGC
CGCGGGGTGGAGCAGCTCGGTAGCTCGCTGGGC
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CGCGGGGTGGAGCAGCTCGGTAGCTCGCTGGGC
CGCGGGGTGGAGCAGCTCGGTAGCTCGCTGGGC
GCGGGGTGGAGCAGCTCGGTAGCTCGCTGGGC
CGCGGGGTGGAGCAGCTCGGTAGATCGCTGGGCT
CGCGGGGTGGAGCAGCTCGGTAGCTCGCTGGGCT
GCGGGGTGGAGCAGCTCGGTAGCTCGCTGGGCT
GCGGGGTGGAGCAGCTCGGTAGCTCGCTGGGCT
GCGGGGTGGAGCAGCTCGGTAGCTCGCTGGGC
GCGGGGTGGAGCAGCTCGGTAGCTCGCTGGGC
GCGGGGTGGAGCAGCTCGGTAGCTCGCTGGGCT
GCGGGGTGGAGCAGCTCGGTAGCTCGCTGGGCT
CGCGGGGTGGAGCAGCTCGGTAGCTCGCTGGGCT
CGCGGGGTGGAGCAGCTCGGTAGCTCGCTGGGCT
GCGGGGTGGAGCAGCTCGGTAGCTCGCTGGGC
GCGGGGTGGAGCAGCTCGGTAGCTCGCTGGGC
CGCGGGGTGGAGCAGCTCGGTAGCTCGCTGGGC
CGCGGGGTGGAGCAGCTCGGTAGCTCGCTGGGC
CGCGGGGTGGAGCAGCTCGGTAGCTCGCTGGGC
CGCGGGGTGGAGCAGCTCGGTAGCTCGCTGGGCG
CGCGGGGTGGAGCAGCTCGGTAGCTCGCTGG
CGCGGGGTGGAGCAGCTCGGTAGCTCGCTGG
GCGAGGTGGAGCAGCTCGGTAGCTCGCTGGGCT
CGCGGGGTGGAGCAGCTCGGTAGCTCGCCGGGCT
CGCGGGGGGGAGCACCTCGGTAGCTCGCTGGGCT
CGCGGGGGGGAGCAGCTCGGTAGCTCGCTGGACT
GCGGGGTGGAACAACTCCGTAACTCCCTGGGGTC

3'Asn GTT ACCGGCAGGTTACTG-GTTCGAGTCCAGTCGGGGGAGC
CGGCAGGTTACTG-GTTCGAGTCCAGTCGGGGGAGC
CGGCAGGTTACTG-GTTCGAGTCCAGTCGGGGGA
CGGCAGGTTACTG-GTTCGAGTCCAGTCGGGGGAGCC
CGGCAGGTTACTG-GTTCGAGTCCAGTCGGGGGAGCC
CGGCAGGTTACTG-GTTCGAGTCCAGTCGGGGG
CGGCAGGTTACTG-GTTCGAGTCCAGTCGGGG
CGGCAGGTTACTG-GTTCGAGTCCAGTCCGGGGAGC
CGGCAGGTTACTG-GTTCGAGTCCAGTCCGGGGAGC
CGGCAGGTTACTG-GTTCGAGTCCTGTCGGGGGAGCC
CATGCAGGTTACTG-GTTCGAGTCCAGTCGGGGGAGCC
GCAGGTTACTG-GTTCGTGTCCAGTCCGGGGAGCCA
CGGCAGGTTAGTGGTTAGAGTCCAGTCCGGGG
CCGGCAGGTTACTGGTTCGAGTCCAGTCGGGG
CCGGCAGGTTACTGGTTCGAGTCCAGTCGGGGGAGC
CGGCAGGTTACTGGTTCGAGTCCAGTCGGGG
CGGCAGGTTACTGGTTCGAGTCCAGTCGGGGGAGC
CGGCAGGTTACTGGTTCGAGTCCAGTCGGGGG
CGGCAGGTTACTGGTTCGAGTCCAGTCGGGGG
CGGCAGGTTACTGGTTCGAGTCCGGTCGGGGG
CAGGTTACTGGTTCGAGTCCAGTCCGGGGAGCCA
GCAGGTTACTGGTTCGAGTCCAGTCCGGGGAGCCA
TGGCAGGTTACTGGTTTGAGTCCAGTCCGGGGAGC

128



Ph.D. Thesis - H.J. Haiser McMaster - Biology

5'Ser TGA GGTGGGTTGCCCGAGCGGCCTAAGGGAACGGTC
GGTGGGTTGCCCGAGCGGCCTAAGGGAACGGTCT
GGTGGGTTGCCCGAGCGGCCTAAGGGAACGGTC
GGTGGGTTGCCCGAGCGGCCTAAGGGAACGGTC
GGTGGGTTGCCCGAGCGGCCTAAGGGAACGGTC
GGTGGGTTGCCCGAGCGGCCTAAGGGAACGGTC
GGTGGGTTGCCCGAGCGGCCTAAGGGAACGGTC
GGTGGGTTGCCCGAGCGGCCTAAGGGAACGGTC
GGTGGGTTGCCCGAGCGGCCTAAGGGAACGGTC
GGTGGGTTGCCCGAGCGGCCTAAGGGAACGGTC
GGCGGGTTGCCCGAGCGGCCTAAGGGAACGGTCT
GGTGGGTGGACCGACCGGCCTACTGGATCGGTC
GGTGGGTGGCCGGAGCGGCTTAAGGAAACGTTC
GGTGGGTTGCCCGAGCGGCCTAAGGGAACGGTC
GGTGGGTTGCCCGAGCGGCCTAAGGGAACGGTC
GGTGGGTTGCCCGAGCGGCCTAAGGGAACGGTC
GGTGGGTTGCCCGAGCGGCCTAAGGGAACGGTC
GGTGGGTTGCCCGAGCGGCCTAAGGGAACGGTC
GGTGGGTTGCCCGAGCGGCCTAAGGGAACGGTC
GGTGGGTTGCCCGAGCGGCCTAAGGGAACGGTC
GGTGGGTTGCCCGAGCGGCCTAGGGGAACGGTC

5'His GTG GGTGGGTGTAGCTCAGCTGGTAGAGCACCTGGTIGT
GGTGGGTGTAGCTCAGCTGGTAGAGCACCTGGTT
GGTGGGTGTAGCTCAGCTGGTAGAGCACCTGGIT
GGTGGGTGTAGCTCAGCTGGTAGAGCACCTCGITGT
GGTGGGTGTAGCTCAGCTGGTAGAGCACCTGGT
GGTGGGTGCAGCTCAGCTGGTAGAGCACCTGGIT
GGTGGGTGTAGCTCAGC-TGGTAGAGCACCTGGTT
GGTGGGTGTAGCTCAGC-TGGTAGAGCACCTGGTT
GGTGGGTGTAGCTCAGC-TGGTAGAGCACCTGGTT
GGTGGGTGTAGCTCAGC-TGGTAGAGCACCTGGTIT
GGTGGGTGTAGCTCAGC-TGGTAGAGCACCTGGT
GGTGGGTGTAGCTCAGC-TGGTAGAGCACCTGGT
GGTGGGGGTAGCGGATC-TGGTACAGCACGGGGA

5'Gln CTG TGGCCTATGGTGTAATTGGCAGCACGACTG
TGGCCTATGGTGTAATTGGCAGCACGACTGATT
TGGCCTATGGTGTAATTGGCAGCACGACT
TGGCCTATGGTGTA-ATTGGCAGCACGACTGATT
TGGCCTATGGTGTA-ATTGGCAGCACGACTGATT
TGGCCTATGGTGTA-ATTGGCAGCACGACTGAT
TGGCCTATGGTGTA-ATTGGCAGCACGACTGA
TGGCCTATGGTGTA-ATTGGCAGCACGACT
TGGCCTATGGTGTA-ATTGGCAGCACGAC

3'Arg CCT AAGCGGGTGTCGCAG-GTTCGAATCCTGCCGGGGGC
AAGCGGGTGTCGCAG-GTTCGAATCCTGCCGGGGGCACC
AGCGGGTGTCGCAG-GTTCGAATCCTGCCGGGGGC
AGCGGGTGTCGCAG-GTTCGAATCCTGCCGGGGGC
AAAGCGGGTGTCGCAG-GTTCGAATCCTGCCGGGG
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TAAAGCGGGTGTCGCAG-GTTCGAATCCTGCCGG
AGCGGGTGTCGCAGGTTCGAATCCTGCCGGGGGC
AAGCGGGTGTCGCAGGTTCGAATCCTGCCGGGGGC

5'Leu GAG CGGGTGGCGGA-AT-GGCAGACGTGCTAGCTIGA
CGGGTGGCGGA-AT-GGCAGACGTGCTAGCTITGA
GTCCGGGTGGCGGA-AT-GGCAGACGCGCTAGCTIT
CCGGGTGGCGTA-AT-GGCAGACGCGCTA
GTCCGGGTGGCGGAATGGCAGACGCGCTAGCTT
GTCCGGGTGGCGGAATGGCAGACGCGCTAGCTT

5'Pro CGG CGGGGTGTGGCGCAGCTTGGTAGCGCGCTTCGIT
CGGGGTGTGGCGCAGCTTGGTAGCGCGCTTCGIT
CGGGGTGTGGCGCAGCTTGGTAGCGCGCTTCGTT
CGGGGTGTGGCGCAGCTTGGTAGCGCGCTTCGTT
CGGGGTGTGGCGCAGCTTGGTAGCGCGCGTCGITCGC
CGGGGTGTGGCGCAGCCTGGTAGCGCACTCTGT

3'Glu CTC AGGCGGTAGCGCCGGTTCGATTCCGGTCGGGGGTAC
AGGCGGTAGCGCCGGTTCG--TCCGGTCGGGGGTA
GGTAGCGCCGGTTAGAATCCGGTCGGGGGTGCCA

3'Thr GGT GGAGAAGGTCAACG-GTTCGATTCCGTTTTGGGGCTC
GGAGAAGGTCAACG-GTTCGTTTCCGTTTGGGGGCT

3'Glu TTC AGGCGGTAGCACGGGTTCGAGTCCCGTTGGGGGCTC
AGGCGGTAGCACGGGTTCGAATCCCGTTGGGGGCA

3'Val CAC CCGAAGAGGTCACTGGTTCGAACCCAGTATCGCCCACC
CACACCGAAGAGGTCACTG-GTTCGAATCCAGTATCGCCC

5'Leu TAG GCGGCC-GTGGTGGA-ATTGGCAGTCACGCTG

5'Gly GCC GCGGACGTAACTCA-CTTGGTAGAGCGCAACCITGC

5'Leu CAG AAGCGGGTGGCGGA-ATAGGCAAACGCGCTGG

5'Phe GAA GGGTGGGTAGCTCAGTTGGTACGACCGATCGCCT

3'Lys CTT ATCAGCGGGT--CCGGG-GTTCGAGTCCCTGGCGGCGCACC
Gly GCC?? GGGGAAGGCGCAGTGTGCAATTCCTGTCACCCGCTCCA

(no good match) GGGGAAGGCGCAGTGTGCAATTCCTGTCACCCGCTCCA

GGGGAAGGCGCAGTGTGCAATTCCTGTCACCCGCTCCA
GGGGAAGGCGCAGTGTGCAATTICCTGTCACCCGCTGCA
CAAGGTTGAGGTCGCGAGTTCGAGCCTCGTCGTCCG
GCGGACGTAGCTCAGTTGGTAGAGCGCAACCITGC
GCGAACGTAGCTCAGTTGGTAGAGCGCAACCITGC
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Figure 6.1.
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Figure 6.1. Alignment of upstream non-coding sequences for seven putative
cell wall hydrolases in multiple Streptomyces species. Multiple sequence
alignment of the predicted untranslated regions of the seven hydrolase-encoding
genes in S. coelicolor, and the orthologous genes from the closely related S.
avermitilis, and S. griseus. Identical nucleotides are indicated in black, while
similar nucleotides (purines versus pyrimidines) are shaded in grey.
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