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General Introduction

In all living organisms, from bacteria to higher eukaryotes, the environmental stress response
system is essential for survival. For instance, the DNA repair system, one of the stress
response systems in higher animals, may suppress carcinogenesis. In pathogenic bacteria, the
stress response is involved in the expression of virulence and the acquisition of drug resistance
for survival. Bacteria have fundamental and essential stress response mechanisms, because
they are unicellular organisms and are close to the origin of life. Thus, studying bacterial
stress response mechanisms will illuminate the fundamental systems of life.

Bacteria are exposed to various stresses in nature, including variations in nutrient availability,
osmolality, redox, pH, and temperature, as well as antibiotics, toxic heavy metals, and invasion
with foreign nucleic-acids, such as from bacteriophages, and so on. In order to adapt quickly
to survive an abrupt environmental change, bacteria have developed an environmental response
system to control the expression of specific proteins, to protect against various stresses and to
repair damaged cellular components. Bacterial stress responses are mainly controlled at the
transcriptional level (Browning & Busby, 2004; Gruber & Gross, 2003; Helmann, 2002;
Hengge-Aronis, 2002; Hengge, 2008; Marles-Wright & Lewis, 2007; Raivio & Silhavy, 2001;
Stock et al., 2000). In bacteria, transcription is mediated by the sole RNA polymerase (RNAP)
(Fig. 1). The prokaryotic RNAP holoenzyme is composed of the core enzyme, comprising the

a, o, B, B' and ® subunits, and one of the several different ¢ factor species. Each o factor is



responsible for promoter recognition and selectivity, while the core enzyme functions in the

catalytic activity for RNA polymerization (Ebright, 2000; Sweetser et al., 1987). Depending

on the environmental conditions, an alternative ¢ factor, such as SigS, SigH or SigB, is activated,

and as a consequence, a wide range of stress response genes are induced (Hecker & Volker,

2001; Marles-Wright & Lewis, 2007).

In addition, stress response systems mediated by

transcription factors have also been identified (Cheng Vollmer & Van Dyk, 2004). For instance,

the two-component regulatory system, composed of the sensor histidine kinase and the response

regulator, is one of the representatives of the bacterial stress response systems (Khorchid &

Ikura, 2006; Kyriakidis & Tiligada, 2009; Stock et al., 2000). The sensor histidine kinase

recognizes a stress signal and becomes autophosphorylated, and then the histidine kinase

A

activator

e
t

repressor

mRNA

DNA

mRNA

DNA

Fig. 1. Schematic diagrams of bacterial transcriptional
regulation.  (A) Regulator-independent transcription:
RNA Polymerase (RNAP) synthesizes mRNA, based on
the DNA sequence. (B) Activation: A transcriptional
activator, which binds a specific DNA sequence in the
upstream region of the promoter, interacts with RNAP to
promote transcription. (C) Repression: A transcriptional
repressor, which binds a specific DNA sequence on the
promoter, inhibits RNAP binding to the promoter.
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phosphorylates the cognate transcriptional regulator to control the transcription of the
stress-responsive genes (Fig. 2A). Escherichia coli cAMP receptor protein (CRP) mediates
catabolite repression in response to carbon source availability (Fig. 2B) (Epstein et al., 1975).
In many bacteria, the oxidative stress responsive genes are regulated by the LysR family
transcriptional regulator OxyR (Schellhorn, 1995; Storz & Tartaglia, 1992) and the MerR family
transcriptional regulator SoxR (Eiamphungporn et al., 2006; Pomposiello & Demple, 2001).
In E. coli, the GntR family transcriptional regulator FadR activates the fab genes, which are
involved in unsaturated fatty acid biosynthesis in response to membrane damage (Rock &
Cronan, 1996).

Thermus thermophilus HBS, which belongs to the phylum Deinococcus-Thermus, is a
non-spore-forming, extremely thermophilic bacterium that was isolated from the water in a
Japanese hot spring. The organism can grow at 47-85°C, with an optimum temperature range

of 65—72°C, and its generation time under optimum conditions is 18—20 min (Oshima, 1974).

A external signal B

P . external signal
sensor histidine kinase periplasm

f\

cytoplasm cytoplasm e W cAMP
£ &, A
ATP f \
CRP N\
P response regulator catabolite

’ 1 &u/bstrate
Y Y

/ l S j\ — )DNA

Fig. 2. Schematic diagrams of transcriptional regulation mediated by (A) a two-component system composed
of a sensor histidine kinase and a response regulator, and (B) cAMP receptor protein (CRP).
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The genome of this strain consists of the 1.85-megabase pair chromosomal DNA, the

0.26-megabase pair plasmid pTT27, and the 9.32-kilobase pair plasmid pTT8, which encode

1,973, 251, and 14 open reading frames (ORFs), respectively (GenBank Accession Nos.

NC 006461, NC 006462, and NC 006463, respectively). Since the total number of genes

(~2,200) is relatively small, as compared to those of E. coli (~5,000) and Bacillus subtilis

(~4,000), which have been well studied as model organisms, and most proteins from 7.

thermophilus HB8 are highly stable for crystallization and functional studies, 7. thermophilus

HBS8 is an ideal organism for structural and functional genomics studies (Yokoyama et al.,

2000a; Yokoyama et al., 2000b). Furthermore, the number of transcriptional factors in 7.

thermophilus HBS is relatively small (60—70), as compared with those in the cases of E. coli

(~400) and B. subtilis (~300). Hence, the transcriptional regulatory network of 7. thermophilus

HBS is relatively simple and fundamental, and this strain is a suitable model organism for

studying the transcriptional regulatory mechanisms of stress-responsive genes. However, these

mechanisms have barely been investigated so far.

I analyzed the two major stress responses of 7. thermophilus HBS; i.e., that in the stationary

growth phase and that against virus (phage) infection. In the course of my study, I also

inspected the design of the 7. thermophilus DNA microarray, which is used for genome-wide

expression analyses of all mRNAs, and improved its accuracy for expression analysis.



Chapter 1

Stress response in the stationary growth phase



1-1 Abstract

Thermus thermophilus SdrP is one of four cyclic AMP receptor protein (CRP)/fumarate and

nitrate reduction regulator (FNR) family proteins from the extremely thermophilic bacterium 7.

thermophilus HBS. The expression of sdrP mRNA increased in the stationary phase during

cultivation at 70°C. Moreover, | found that sdrP mRNA expression was increased in response

to various environmental or chemical stresses in the logarithmic growth phase, with oxidative

stress being the most effective. Although the sdrP gene is non-essential, an sdrP-deficient

strain showed growth defects, particularly when grown in synthetic medium, as well as

increased sensitivity to disulfide stress. The expression of several genes was altered in the

sdrP disruptant. Among them, I found eight SdrP-dependent promoters, using in vitro

transcription assays. Furthermore, from a genome-wide expression pattern analysis using 306

DNA microarray datasets from 117 experimental conditions, eight additional SdrP-regulated

genes were identified among the genes with expression that was highly correlated with that of

sdrP. Based on the properties of the SdrP-regulated genes found in this study, these gene

products may be involved in nutrient and energy supply, mRNA polyadenylation, DNA and

protein repair and/or turnover, and redox control. The expression of the SdrP-regulated genes

tended to increase upon entry into stationary phase. These results indicated that the main

function of SdrP is in the oxidative stress response. A predicted SdrP binding site, similar to

that recognized by Escherichia coli CRP, was found upstream of each SdrP-dependent promoter.
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Transcriptional activation in vitro was independent of any added effector molecule. The

hypothesis that apo-SdrP is the active form of the protein was supported by the observation that

the three-dimensional structure of apo-SdrP is similar to that of the DNA-binding form of F.

coli CRP (Agari et al., 2008a; Agari ef al., 2010a). The expression levels of the SdrP-regulated

genes probably depend on the concentration of SdrP, and not on post-translational modifications

or effector binding to the protein.
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1-2. Introduction

Bacterial cells enter the stationary phase upon nutrient depletion. During the stationary

phase, the gene expression pattern changes globally, and the genes that are required for

adaptation and survival, including those involved in nutrient scavenging, DNA repair, protein

turnover and protection from oxidative damage, are expressed (Hengge-Aronis, 1996; Vicente et

al., 1999).

The CRP/fumarate and nitrate reduction regulator (FNR) superfamily proteins are global

transcriptional regulators that are widely distributed in bacteria and predominantly function as

activators (Kolb et al., 1993; Korner et al., 2003). In many cases, CRP/FNR regulators

respond to a wide range of endogenous and exogenous signals, such as cAMP, anoxia, redox

state, oxidative and nitrosative stress, nitric oxide, carbon monoxide, 2-oxoglutarate and

temperature (Korner ef al.,, 2003). CRP and FNR are regarded as representative CRP/FNR

family proteins. CRP undergoes a conformational change upon cAMP binding, and the

CRP-cAMP complex interacts with DNA and RNAP to regulate transcription (Botsford &

Harman, 1992; Busby & Ebright, 1999; Kolb ef al., 1993; Lawson et al., 2004). Interestingly,

CRP has diverse cellular roles in bacteria (Botsford & Harman, 1992). Crystallographic

studies on E. coli CRP have been performed to determine the structures and the mechanisms

underlying the interactions among CRP-cAMP, DNA and the C-terminal domain of the RNAP o

subunit (Lawson et al., 2004). The crystal structure of E. coli CRP revealed that two cAMP

12



binding sites are present in each monomer (Passner & Steitz, 1997). One is the primary

binding site located in the N-terminal domain, which exhibits micromolar affinity for cAMP,

and cAMP binding to this site leads to an allosteric change in CRP that allows DNA binding

(Fig. 3) (Passner et al., 2000; Scott & Jarjous, 2005; Sharma et al., 2009). The other is the

secondary binding site, lying between the N- and C-terminal domains, which has millimolar

affinity for cAMP (Heyduk & Lee, 1989). DNA binding to CRP depends on the cAMP

concentration (Heyduk & Lee, 1989; Scott & Jarjous, 2005). FNR senses oxygen via an

iron-sulfur cluster ligated through cysteine residues (Green ef al., 2001; Kiley & Beinert, 2003).

Hence, under anaerobic conditions, FNR is able to bind to specific DNA targets at promoters

and thereby regulate transcription. In contrast, under aerobic conditions, FNR is converted to a

form that is unable to bind to these targets. In E. coli, YeiL has been identified as a

CRP/FNR-family transcription factor that is expressed in the stationary phase. This protein is

believed to function as a nitrogen starvation regulator, because it may have an iron-sulfur center

and reversible intra- and interchain disulfide bonds, as seen in FNR family proteins (Anjum et

al., 2000).

In T thermophilus HBS, four ORFs; i.e., TTHA1437, TTHA1567, TTHA1359, and

TTHB099 (NCBI Accession Nos. YP_ 144703, YP_144833, YP_144625, and YP_145338,

respectively), which share 29-39% amino acid sequence similarity with one another, have been

identified as CRP/FNR family proteins. 1 found that the expression of one of the CRP/FNR

13



family proteins, TTHA1359 (subsequently named SdrP: Stationary phase-dependent regulatory

protein), increased upon entry into the stationary phase, and that this protein regulated many

stress-responsive genes (Agari et al., 2008a; Agari et al., 2010a). In this chapter, I will

describe the transcriptional regulatory mechanism via SdrP.

Fig. 3. Ribbon diagrams of the active and inactive forms of E. coli CRP. The o-helices and B-strands
in one chain are colored blue and orange, respectively, the other chain is colored gray, and DNA in
active form is colored green. (A) Active form: CRP-cAMP complex binding with DNA (Passner &
Steitz, 1997). (B) Inactive form: apo-CRP (Sharma et al., 2009).
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1-3. Materials and methods
Overproduction and purification of recombinant SdrP

The T. thermophilus sdrP (TTHA1359) gene was amplified by genomic PCR using primers
PO1 and P02 (Table 1), and the amplified fragment was cloned under the control of the T7
promoter (Ndel-BamHI sites) of E. coli expression vector pET-11a (Merck, Darmstadt,
Germany) to construct pET11a-SdrP. E. coli BL21(DE3) (Merck) harboring pET11a-SdrP was
cultured at 37°C in 6 1 of LB broth containing ampicillin (50 mg ml™) for 16 h.  The cells were
re-suspended in 70 ml of buffer containing 20 mM Tris-HCI (pH 8.0), 50 mM NacCl and 25 mM
2-mercaptoethanol and disrupted by sonication in ice water. The same volume of buffer
pre-heated at 70°C was added to the cell lysate; this was followed by incubation for 10 min at
70°C and then ultracentrifugation (200,000 g) for 1 h at 4°C.  Ammonium sulfate was added to
the supernatant to a final concentration of 1.5 M, and the solution was applied to a RESOURCE
PHE column (GE Healthcare UK, Buckinghamshire, UK) pre-equilibrated with 50 mM sodium
phosphate buffer (pH 7.0) containing 1.5 M ammonium sulfate. The flow-through fractions
were collected, and ammonium sulfate was added to a final concentration of 2.4 M. The
precipitate was collected by centrifugation, suspended in 10 ml of 20 mM Tris-HCI (pH 8.0) and
desalted by fractionation on a HiPrep 26/10 desalting column (GE Healthcare UK). The
sample was then applied to a RESOURCE Q column (GE Healthcare UK) pre-equilibrated with
20 mM Tris-HCI (pH 8.0). The bound protein was eluted with a linear gradient of 0—1 M NaCl

15



in 20 mM Tris-HCI (pH 8.0). The target fractions were collected, desalted, and applied to a
hydroxyapatite column BioScale CHT10-I (Bio-Rad Laboratories, Hercules, CA, USA) that had
been pre-equilibrated with 10 mM sodium phosphate buffer (pH 7.0) containing 150 mM NacCl.
The bound protein was eluted with a linear gradient of 10-250 mM sodium phosphate buffer
(pH 7.0) containing 150 mM NaCl. The target fractions were collected, concentrated with a
Vivaspin 20 concentrator (10,000 molecular-weight cut-off; Sartorius AG, Goettingen,
Germany), and applied to a HiLoad 16/60 Superdex 75 pg (GE Healthcare UK) column that had
been pre-equilibrated with 20 mM Tris-HCI (pH 8.0) containing 150 mM NaCl. The target
fractions were collected and concentrated with a Vivaspin 20 concentrator (10,000
molecular-weight cut-off; Sartorius AG). The protein concentration was determined by
measuring the absorbance at 280 nm (Kuramitsu & Yoshida, 1990).

Selenomethionine (SeMet)-containing SdrP (Se-SdrP) was generated using the methionine
auxotroph E. coli Rosetta834(DE3), which was obtained by introducing the pRARE plasmid
(Merck) into the B834(DE3) strain (Merck) as the host. The recombinant strain was grown in
LeMaster medium (LeMaster & Richards, 1985) containing 50 mg ml™” SeMet, 1.0% lactose, 50
mg ml" ampicillin and 30 mg ml" chloramphenicol. Se-SdrP was purified by the same

process as the native protein (see above).
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Crystallization

The crystallization conditions for Se-SdrP in the hanging-drop vapor diffusion method were
determined using Crystal Screen Kits (Hampton Research, Aliso Viejo, CA, USA) at 293 K.
Two microliters of Se-SdrP [11.6 mg ml" in 20 mM Tris-HCI (pH 8.0) containing 1 mM
dithiothreitol] was mixed with the same volume of the reservoir solution, followed by
equilibration against 0.5 ml of the reservoir solution. The best conditions were obtained with a
reservoir solution containing 31% (v/v) 2-methyl-2,4-pentanediol (MPD), 0.1 M sodium acetate

trihydrate (pH 5.1) and 20 mM calcium chloride dihydrate.

X-ray diffraction data collection and structure determination

A crystal of Se-SdrP was mounted on a cryoloop and flashcooled in a nitrogen gas stream at
100 K. The multiple wavelength anomalous dispersion (MAD) data were collected at three
different wavelengths with an R-AXIS V detector (Rigaku Americas, Woodlands, TX, USA)
using Structural Genomics Beamline 11 (BL26B2) at SPring-8 (Hyogo, Japan). The oscillation
angle was 1°, exposure time was 10 s per frame and camera distance was 300 mm. All
diffraction images were processed using the HKL2000 program suite (Otwinowski & Minor,
1997).

Selenium sites were determined with the SOLVE program (Terwilliger & Berendzen, 1999),
and the resulting phases were improved with the RESOLVE program (Terwilliger & Berendzen,
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1999). The initial model was built with the ARP/WARP program (Perrakis et al., 2001), and

further manual model building was performed using XtalView/Xfit (McRee, 1999). Simulated

annealing, energy minimization and B factor refinement were carried out using the CNS

program package (Briinger et al., 1998). Cycles of manual modeling and CNS refinement

were performed; 10% of the total reflections were randomly chosen for the Rg.. sets. The

quality of the structure was analyzed using PROCHECK in the CCP4 suite (Collaborative

Computational Project, 1994).

Disruption of the T. thermophilus sdrP gene

The sdrP-disruptant (AsdrP) strain was isolated by basically following the same process as

that described previously (Hashimoto et al., 2001). I constructed plasmid pGEM-AsdrP,

which carries the upstream region (positions 1,297,481-1,298,001 of chromosomal DNA) of the

sdrP gene followed by the thermostable kanamycin-resistance marker (H7K) gene and the

downstream region (positions 1,298,567—-1,299,086 of chromosomal DNA) of the sdrP gene, as

described below (Fig. 4A). The fragments containing the upstream (fragment A) and

downstream (fragment B) regions were each amplified by genomic PCR. The 3'-terminal 17

bp sequence of fragment A was derived from the 5'-terminal of the H7K gene, and the

5'-terminal 19 bp sequence of fragment B was derived from the 3’-terminal of the HTK gene.

Fusion PCR was performed using fragments A and B and a plasmid carrying the HTK gene
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(Hashimoto et al., 2001). The amplified fragment was ligated with the pGEM-T Easy vector

(Promega, Madison, WI, USA) to construct pGEM-AsdrP. pGEM-AsdrP was transformed

into the 7' thermophilus HBS strain, and a kanamycin-resistant clone was isolated as the AsdrP

strain (Fig. 4B). Genomic PCR and Southern hybridization were used to confirm that the sdrP

gene had been replaced with the HTK gene.

A B

Targef

genome DNA

5’ terminus 19 bp 3’ terminus 17 bp
of sdrP gene of sdrP gene

. down-stream 500 bp Target
up-stream 500 bp\ . // Ot z

genome DNA

pGEM-T vector
1 homologous recombination

HIK

genome DNA

Fig. 4. (A) Schematic diagram of the plasmid vector for gene disruption. (B) Schematic diagram of
gene disruption by homologous recombination.

Media and growth conditions for 7. thermophilus HB8

TT broth containing 0.8% polypeptone, 0.4% yeast extract, 0.2% NaCl, 0.4 mM CacCl,, and

0.4 mM MgCl, was adjusted to pH 7.2 with NaOH and used as the rich medium. Synthetic

medium was prepared by mixing 500 ml of solutions A (4% sucrose) and B, 5 ml of solution C

(2.5% MgCl,-6H,0 and 0.5% CaCl,-2H,0), 1 ml of solution D (1% biotin and 10% thiamine),
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and 0.1 ml of each metal solution. Solution B was composed of 4% sodium glutamate, 0.11%

K,HPO,, 0.036% KH,PO,, 0.4% NaCl, and 0.1% (NH,4),SO, and was adjusted to pH 7.3 with 3

M NaOH. The metal solutions used were as follows: 10% FeSO,-7H,0, 1.2% Na,Mo0O,-2H,0,

0.1% VOSO4xH,0, 0.5% MnCl,-4H,0, 0.06% ZnSO4 7H,O, 0.015% CuSO, 5H,0, 0.8%

CoCl,'6H,0, and 0.02% NiCl,-6H,0; all of these were sterilized by filtration.

For cultivation in the TT broth, the T. thermophilus HB8 strain was pre-cultured at 70°C for

16 h in 3 ml of broth. Two milliliters of culture broth was inoculated into 1 1 of TT broth

followed by cultivation at 70°C. For cultivation in the synthetic medium, the strain was

pre-cultured at 70°C for 16 h in 3 ml of synthetic medium, and 2 ml of culture medium was then

inoculated into 250 ml of synthetic medium, followed by cultivation at 70°C.

For the reverse transcriptase (RT)-PCR and expression pattern analyses, various physical or

chemical stresses, such as N,N,N',N'-tetramethylazodicarboxamide [diamide, (Tokyo Chemical

Industry, Tokyo, Japan)], which leads to the formation of non-native disulfide bonds in proteins

(Fig. 5) (Leichert et al., 2003; Nakunst ef al., 2007), as well as H,O,, ZnSO,, CuSO,, FeSO,,

\C\) T H* HsC (‘)‘ Z ﬁHB
H3C\l‘\l/\N//N\H/N\CH3 + Ri—sT = 7 \NAB‘I/ N CH
CHj o] CHj; S\R1O
diamide thiolate sulfenylhydrazine
2 1 g : o n o on
Hsc\r‘qAr‘q/N\‘‘/N\CH3 + R—s~ . HBC\N/H\N/N\/N\CH3 + RI—S—S—R2
et ]
sulfenylhydrazine thiolate hydrazine disulfide

Fig. 5. Schematic diagram of the diamide reaction with free thiols (Leichert et al., 2003).
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tetracycline, NaCl, ethanol, and heat (80°C) stresses, were analyzed (see “RT-PCR analysis”

subsection).

DNA microarray analysis

I used the TTHB8401a520105F GeneChip, which has oligonucleotide probes corresponding

to the entire genomic sequence of 7. thermophilus HB8. The basal probe design and the

detection system of the GeneChip are described in the “Improvement of the Chip Definition File

of the Thermus thermophilus HB8 GeneChip” subsection of chapter 2.

(1) Sample preparation and data collection. Sample preparation and data collection for the

DNA microarray analysis were performed by basically the same procedure as that described

previously (Agari et al., 2008a; Shinkai et al., 2007a) (Fig. 6). The procedure is as follows.

The T. thermophilus HB8 strain was cultured in TT broth or synthetic medium at 70°C. Cells

were collected from 5 to 200 ml of the culture medium, and then the crude RNA was extracted

by the addition of 1.4 ml of a solution comprising 5 mM Tris-HCI, pH 7.5, 5 mM EDTA, 0.25%

sodium dodecyl sulfate (SDS), and 50% of water-saturated phenol. This mixture was

incubated at 65°C for 5 min, chilled on ice for 5 min, and then centrifuged at 4°C. A 750 pl

aliquot of TRIZOL LS (Invitrogen, Carlsbad, CA, USA) was then added to 0.2 ml of the

aqueous phase. After an incubation for 5 min at room temperature, the RNA was extracted

with 0.2 ml of chloroform. The extraction was repeated with 0.5 ml of chloroform, and the

23



aqueous phase was precipitated with isopropanol. The pellet was dissolved in 0.2 ml of

nuclease-free water, precipitated with ethanol, and then resuspended in 0.2 ml of water. The

RNA was treated with DNase I (Invitrogen) at 37°C for 20 min in a 25 pl reaction mixture.

The reaction was terminated by the addition of 1 pl of 0.5 M EDTA, followed by an incubation

at 70°C for 5 min. The cDNA was synthesized with SuperScript I (Invitrogen) reverse

transcriptase, in the presence of the RNase inhibitor SUPERase-In (Invitrogen) and 6-base

random primers (Invitrogen). The cDNA was fragmented with 35 units of DNase 1 (GE

Healthcare UK) at 37°C for 10 min, and after inactivation at 98°C for 10 min, the cDNA

fragments were labeled with biotin-dideoxy UTP, using DNA labeling reagents from Affymetrix

(Affymetrix, Santa Clara, CA, USA) or ENZO (ENZO Life Sciences, Farmingdale, NY, USA)

and terminal transferase, according to the manufacturer’s instructions.

Biotin- labeled

cDNA
Preparation of total RNA ¢DNA ? ?
W\/‘ RCVCTSC Fragmentation Termmal =
Transcription hydroly51s labeling ‘
Probe array image Hybridization
GeneChip
. Washmg

. o
Streptavidin-Phycoerythrin

Fig. 6. Experimental procedure for the DNA microarray analysis.

The 3'-terminally labeled cDNA (2 pg) was hybridized to the GeneChip (Affymetrix). The
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array was incubated for 16 h at 50°C, in a solution comprising 180 mM morpholinoethane-

sulfonic acid (MES), pH 6.6, 40 mM EDTA, 0.02% Tween 20, 7% dimethyl sulfoxide, 20 ug of

herring sperm DNA (Promega), 100 pg of bovine serum albumin (BSA), the recommended

amount of eukaryotic hybridization control (Affymetrix), and control oligonucleotide B2 for the

alignment signal (Affymetrix). The array was automatically washed and stained with

streptavidin-phycoerythrin (Invitrogen), using a GeneChip Fluidics Station 450XP (Affymetrix).

The probe array was scanned with a GeneChip Scanner 3000 (Affymetrix).

(ii) Genome-wide expression analysis of the time course experiment. The expression intensity

of each gene at each time point for the three wild-type strains was summarized and scaled by the

MAS 5.0 algorithm, using the GeneChip Operating Software (Affymetrix). The intensity

datasets for each time point were normalized by the following three steps, using the GeneSpring

GX 7.3.1 program (Agilent Technologies, Santa Clara, CA, USA): data transformation (shifting

of low signals < 0.01 to 0.01), global scaling (normalization to the median of each array), and

normalization to the median of each gene. The microarray data used in this analysis have been

deposited in the NCBI Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/),

and the data from the TT broth and synthetic medium analyses are accessible through the GEO

Series Accession Nos. GSE10368, and GSE11671, respectively.

(iii) Differential expression analysis of the AsdrP strain relative to the wild type. The image

data for the four wild-type and four AsdrP strains were processed by following the same
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procedure as that described above, with the exception that the normalization of each gene was
performed using the wild-type data as the control sample. The false discovery rate (g-value)
(Storey, 2002) of the observed differences in the normalized intensities between the wild-type
and AsdrP strains was calculated using the R program (http://www.r-project.org). The
microarray data used in this analysis have been deposited in GEO, and are accessible through
the GEO Series Accession No. GSE10369.

(iv) Differential expression analysis of various stress responses. For the analysis, 306 datasets
from 117 experimental conditions were used (Table 2). The raw intensity data were
summarized and scaled by basically the same procedure as that described in section 1-3 (ii).
The datasets were normalized through the following normalization steps, using the Subio
Platform (Subio, Tokyo, Japan); i.e., shifting of low signals < 1.0 to 1.0, log-based
transformation, and global scaling [normalized to the 75™ percentile (third quartile) of each
array]. The data for physically or chemically treated cells were normalized using the data for
the non-treated cells as a control. The g-value was calculated using the R program. The
microarray data used in this analysis have been summarized in the dataset of the expression
pattern analysis (see below).

(v) Expression pattern analysis. The details of the procedure are available in the GEO, and the
Accession Nos. are provided in Table 2. The raw intensity data were summarized and scaled
by essentially the same procedure as that described in section 1-3 (ii). The datasets were
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normalized by basically the same procedure as that for the stress response experiment, with the

exception that the normalization to the mean value for each gene was performed after the global

scaling. The Spearman’s correlation coefficients between the sdrP gene and each gene were

calculated using the Subio Platform (Subio). The microarray data used in this analysis have

been summarized and deposited in the GEO, and are accessible through the GEO series

Accession No. GSE21875.
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In vitro transcription assays

Preparation of templates. The upstream regions of the TTHA0337, TTHA1028, TTHA0654,

TTHA0425, TTHA0634, TTHA0570, TTHA0029, TTHA0557, TTHAI1I28, TTHAI2IS,

TTHA1625, TTHA1635, TTHA1892, TTHBI132, and TTHA0987 genes were amplified by

genomic PCR using the primers listed in Table 1. The amplified fragments were digested with

BamHI and EcoRI and cloned into pUC19 (Merck). For the construction of plasmids

containing the upstream regions of the TTHA0986 and TTHA0770 genes, oligonucleotides were

annealed, and the partially duplex oligonucleotides were extended by incubation with E. coli

DNA polymerase I Klenow fragment (New England BioLabs, Ipswich, MA, USA) using

oligonucleotides P15 and P16, and P17 and P18, respectively (Table 1), as described previously

(Shinkai et al., 2001). Using each plasmid as the template, PCR was performed with primers

P19 and P20 (Table 1) to prepare template DNA for the transcription assay (Fig. 7).

Various lengths of template DNA containing the upstream regions of the TTHA0337 and

TTHA0634 genes were prepared by PCR using the primers listed in Table 1 and plasmids

carrying the upstream regions of these genes as templates. The amplified fragments were

excised from a 0.8% agarose gel, extracted with phenol and ether, and precipitated with ethanol.

The DNA fragments were used for the following assay.

Run-off transcription. Assays were performed in 15 pl of reaction mixtures in the absence or

presence of 2 uM T. thermophilus SdrP by basically following the same process as that
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described previously (Shinkai et al., 2007a). The template DNA was pre-incubated with or
without SdrP at 55°C for 5 min. T thermophilus RNAP was added, and the mixture was
further incubated for 5 min. Transcription was initiated by the addition of 1.5 uCi [0-""P]-CTP
and unlabeled ribonucleotide triphosphates. ~After further incubation for 10 min, the reaction
was stopped, and the sample was analyzed on a 10% polyacrylamide gel containing 8 M urea

followed by autoradiography.

target gene
putative .
promoter region
genomic PCR
‘ cloning

5 '
\ ’
N .
Y ’
\

BamHI/EcoRlI site

|
-\
-

pUCI19 vector

putative
promoter region

\ ‘ PCR/pUC19-derived DNA (125 bp)

$

T. thermophilus mRNA
RNA polymerase

in vitro transcription

Fig. 7. Schematic diagram of the in vitro run-off transcription assay.



Identification of the transcriptional start site

Primer extension analysis with RNA transcribed in vitro was performed by basically

following the same method as that described previously (Shinkai et al, 2007a) with the

exception that 2 M SdrP was added to the reaction mixture instead of 1 uM CRP and 2 uM

cAMP. The nucleotide sequence of the template DNA was determined by the

dideoxy-mediated chain termination method (Sanger ef al., 1992). Samples were analyzed on

an 8% polyacrylamide gel containing 8 M urea followed by autoradiography.

RT-PCR analysis

The T. thermophilus wild-type and csoR gene-deficient (AcsoR) strains (Sakamoto et al.,

2010) were cultured at 70°C in a rich or synthetic medium (Table 2). The details of the culture

conditions are given in the GEO, the Accession Nos. being GSE21433 (for diamide treatment),

GSE21430 (for H,0O, treatment), GSE20900 (for ZnSO, treatment), GSE21432 (for tetracycline

treatment), GSE21289 (for NaCl treatment), GSE21435 (for ethanol treatment), GSE19508 (for

CuSOy treatment of the wild-type strain), and GSE19509 (for CuSQ, treatment of the AcsoR

strain). Total RNA was isolated from each strain according to the procedure described in the

“DNA microarray analysis” subsection. Using the RNA (1 pg) as a template, RT-PCR was

performed in 20 pl reaction mixtures with a PrimeScript RT-PCR kit (Takara Bio, Shiga, Japan)

according to the manufacturer’s instructions. The reverse transcription reaction was performed
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at 42°C for 20 min. Using 1 pl of the reaction mixture as a template, PCR was performed in

the presence of 0.2 uM each of the forward and reverse primes in a 25 pl reaction mixture.

After the reaction, samples were analyzed on a 2% agarose gel, followed by staining with

ethidium bromide and photography. The primers used are listed in Table 1.

Other methods

N-terminal sequence analysis of proteins was performed with a protein sequencer (Procise

HT; Applied Biosystems, Carlsbad, CA, USA). Dynamic light scattering photometry was

performed with a DynaPro-801 detector (Wyatt Technology, Santa Barbara, CA, USA).

BLAST and CDD searches were performed on the http://blast.ncbi.nlm.nih.gov/Blast.cgi, and

http:// www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi websites, respectively.
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1-4. Results

Amino acid sequence of the 7. thermophilus SdrP

The sdrP ORF (TTHA1359) encodes 202 amino acid residues (NCBI Accession No.

YP_144625) with a predicted molecular mass of 22,320 Da. Based on the results of a

conserved domain database (CDD) (Marchler-Bauer et al., 2002) search, the protein has two

conserved domains. One is a cyclic nucleotide monophosphate-binding domain (cd00038.3)

comprising residues ES—R79 with an e-value of 3e-08 for the consensus sequence, and the other

is a helix-turn-helix DNA-binding domain (smart 00419.11) comprising residues V142-D186

with an e-value of 2e-05 for the consensus sequence (Fig. 8). A BLAST search revealed that

the SdrP protein was identical to the TTC0994 protein from T. thermophilus HB27 (e = 4e-109).

Homologous proteins that were most closely related to this protein were present in Deinococcus

geothermalis DSM 11300 (9e-45), Deinococcus radiodurans R1 (2e-37), T. thermophilus HB27

(2e-21), T. thermophilus HB8 (2e-21) and marine actinobacterium PHSC20C1 (2e-16). These

homologues belong to the CRP/FNR family (Fig. 8). Among the proteins with known

functions, Bacillus licheniformis ArcR (Maghnouj et al., 2000; Wohlkonig et al., 2004),

Synechocystis sp. PCC 6803 NtcA (Alfonso et al., 2001; Harano et al., 1997), Synechococcus

elongates PCC7942 NtcA (Vazquez-Bermudez et al., 2002), Streptomyces coelicolor CRP

(Derouaux et al., 2004), T. thermophilus CRP (Shinkai et al., 2007a) and E. coli CRP (Kolb et

al., 1993) exhibited e-values of le-14, le-12, 3e-12, le-11, le-10, and 1le-9, respectively.
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Cysteine residues that are found in several CRP/FNR family proteins that sense oxygen or redox

variations (Green et al., 2001; Kiley & Beinert, 2003) were not present in the SdrP (Fig. 8).
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cyclic nucleotide monophosphate-binding domain
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ecCRP LIFEEGQERSAWVREKTACEVAEISYKKFRQLIQVNPDILMRLSAQMARRILQVT K/V|GN] FLDVTGIIIAQTIRAN| KIQPDAMTHP . DGM 164
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159 159 170 180 199 200 IDE (%)
sdrP VILKATHDELARRVGSVEETVTKVIGE ARHGY GYGKIQELDLKGLKELAESRGQGR 201 4e-109
Dge MI|YATHDELARAVGSVESITVTKVVGE SREGVIS GYGKI|TILKDEKALADIAAA. . ... 204 9e-45
TTHB099 YV|TVSHE[EIADATAS/I}#SVSKVLADMRREGLIATAYRRVYLLDLAALEREAGSALEAA 195 2e-21
Mac T/IRLSHDQLAGLLGATESYS TSKAMSDMAISRIG I[TRQGRARV|I|IQDMDALAQLARQSG. . . 231 2e-16
ecCRP QIKITRQEIGQIVGC|SEIITVGRILKMMEDQNLISAHGKTIVVYGTR . . . .. ... ..... 210 1le-10
ttCRP LIFQIRHHELAALAGTSESTVSRVLHAMAEEGVVRLGPGTVEVREAALLEEIAFGLA. .. 216 1e-09

helix-turn-helix DNA-binding motif

Fig. 8. Sequence alignment of T. thermophilus SdrP with representative homologous proteins. Strictly
conserved residues are represented by white letters on a black background, and similar residues are depicted
by boxed bold letters. Dge, D. geothermalis DSM11300 Dgeo 1015 (YP_604484); TTHB099, T
thermophilus HB8 TTHB099 (YP_145338); Mac, marine actinobacterium PHSC20C1 A20C1 09144
(ZP_01129038); ecCRP, E. coli CRP (Kolb et al., 1993); and ttCRP, T. thermophilus HB8 CRP (Shinkai et al.,
2007a). The sequences were aligned using ClustalwW?2 (Larkin et al., 2007). The secondary structure was
calculated from crystal structure of SdrP using DSSP (Kabsch & Sander, 1983), and the figure was generated
with ESPript 2.2 (Gouet et al., 1999). The percentage identities (IDE) to SdrP is indicated on the right

Initial characterization of recombinant 7. thermophilus SdrP

The sdrP gene was overexpressed in E. coli, and the recombinant protein was purified from

the cell lysate. The lysate, which was resistant to treatment at 70°C for 10 min, was

fractionated on a hydrophobic column. This was followed by ammonium sulfate precipitation

and further fractionation by anion-exchange, hydroxyapatite and gel-filtration column

chromatographies. Protein with purity > 95% on SDS-polyacrylamide gel electrophoresis

(PAGE) was obtained (data not shown). The N-terminal amino acid sequence of the purified
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protein was TQVRE, indicating that the N-terminal methionine had been deleted (data not

shown). The molecular mass of SdrP as estimated by light scattering photometry was 48.9

kDa (data not shown), suggesting that 7. thermophilus SdrP exists as a homodimer in solution.

Crystal structure of 7. thermophilus SdrP

The SdrP crystals grew within 3 days to maximum dimensions of 0.2 x 0.2 x 0.2 mm (Fig. 9).

The crystal structure of Se-SdrP was determined by the multiple wavelength anomalous

dispersion method and refined to 1.5 A resolution. The data collection, model and refinement

statistics are summarized in Table 3. The overall structure of 7. thermophilus SdrP is shown in

Fig. 10A. The final model comprises residues 5-198 of 201 together with 141 water molecules.

Residues 14 and 199-201 are not included in the model due to their poor electron density.

The N-terminal domain of 7. thermophilus SdrP consists of one a-helix (al, residues 61-64) and

eight B-strands (B1, residues 7-9; B2, residues 14-16; B3, residues 28-32; B4, residues 35-40;

BS, residues 46-52; B6, residues 57 and 58; 7, residues 71-74; and B8, residues 78—82) that

adopt a double-stranded B-helix fold with a

jelly roll topology. The C-terminal domain

of T thermophilus SdrP consists of four

a-helices (a3, residues 118-129; o4, residues

148-155; a5, residues 159-171; and a6,

Fig. 9. Crystals of T. thermophilus SdrP.
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residues 187-194) and four B-strands (B9, residues 135-138; P10, residues 141-145; P11,

residues 175-178; and P12, residues 181-184) that adopt a winged helix-turn-helix fold.

These two domains are connected by a large a-helix (a2, residues 89—115) as the linker.

) \
= L R50 /k/\% R50
563 {80 FN .60 s
: -~ ;sgﬂy oy ssgﬁy ¥ o

\ . A L Mgt 5 2 A106

~R83 K ! _R83 Q
CAMP . CAMP ¢
! 5129

), : S129 D
¢.1.58dy L4 . g S8y L i
N\A B chain 7\\/\\& B chain '

A chain | A chain A chain A chain

Y107

B chain

Fig. 10. (A) Ribbon diagram of the 7. thermophilus SdrP dimer. The dimer molecule was generated around
a crystallographic twofold axis. The o-helices and B-strands in one chain are coloured blue and orange,
respectively, and the other chain is coloured dark grey. (B) Sterecoview of superpositioning of the main
chain structure of 7. thermophilus SdrP (blue) and the DNA-binding form of E. coli CRP (orange) (Passner
and Steitz, 1997). (C) Stereoview of the primary cAMP binding site of E. coli CRP. Residues involved in
cAMP binding are labeled. (D) Stereoview of the site in 7. thermophilus SdrP corresponding to the primary
cAMP binding site in E. coli CRP shown in (C). A cAMP molecule of the E. coli CRP-cAMP-DNA
complex is superimposed on SdrP as a transparent stick model. These figures were drawn using the PyMol
program (http://pymol.sourceforge.net).
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Table 3. X-ray data collection and refinement statistics

Remote Peak Edge
Data collection
Wavelength (A) 0.9000 0.9787 0.9794
Resolution (A) 50-1.45 (1.50-1.45) 50-1.50 (1.55-1.50) 50-1.50 (1.55-1.50)
Space group P4,2,2
No. of molecules in an asymmetric unit 1
Unit cell parameters (A, ) a=54.05,b=54.05,c=147.718
a=B=y=90
No. of measured reflections 521,589 432,807 433,150
No. of unique reflections 39,799 35,176 35,240
Completeness (%) 99.6 (96.1) 97.4 (81.4) 97.4 (81.1)
Redundancy 13.1 (8.4) 12.3 (6.6) 12.3 (6.6)
I/o(I) 50.7 (7.7) 44.9 (9.7) 59.8(7.9)
Rinerge (%) 4.6 (26.6) 4.8 (18.9) 42(22.9)
Refinement

Resolution (A) 36.4-1.5
Riyor (%) Rz’ (%) 22.1/23.2
No. of protein atoms/water atoms 1,507/141
RMSD bond lengths (A) 0.005
RMSD bond angles (°) 1.3
Ramachandran plot (%)

Most favored 93.4

Allowed 6.6

Disallowed 0.0

Values in parentheses are for the highest-resolution shell.

“Ruerge = ZnZilly~<I;>/24Zid), , where I, ; is the i measured diffraction intensity of reflection 4 and </,> is the mean
intensity of reflection /.

Ry is the R-factor = I||F,|-|F¢|/Z|F,|, where F, and F, are the observed and calculated structure factors,
respectively.

Rice 18 the R-factor calculated using 10% of the data that were excluded from the refinement.
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The overall structure was compared with previously determined structures in the PDB
database using the DALI server (Holm & Sander, 1998). The closest structure was that of .
coli CRP complexed with cAMP and DNA (PDB code: 2CGP chain A) (Passner & Steitz, 1997),
and the Z-score and root mean square deviation (r.m.s.d.) were 20.1 and 2.3 A, respectively (Fig.
10B). SdrP does not have an N-terminal a-helix corresponding to that found in E. coli CRP.
Instead, it has a C-terminal a6 helix that is not found in E. coli CRP (Fig. 10B).
Superpositioning of the structure of SdrP with that of E. coli CRP revealed that residues G72,
E73, L74, R83, S84, T128 and S129 of E. coli CRP (Fig. 8), which are primary cAMP binding
sites (Passner & Steitz, 1997), correspond to G59, E60, E61, R68, Y70, A106 and Y107 in SdrP
(Fig. 10C and D). It should be noted that the side-chains of E60, E61, Y70 and Y107 of SdrP
penetrate into a space corresponding to the cAMP-binding pocket of E. coli CRP (Fig. 10D).
The conformation of residues A46, G156 and R159 of SdrP is similar to that of the
corresponding residues of E. coli CRP (E59, G178 and R181) involved in secondary cAMP
binding (Passner & Steitz, 1997). No small molecules except MPD, which was present in the
solution used for crystallization, were found in the crystal structure of SdrP.

The other structural homologues of SdrP that are closely related include the transcriptional
regulator PrfA from Listeria monocytogenes [PDB code: 10MI chain A, Z = 14.8, rm.s.d. = 3.0
A, sequence identity (IDE) = 15%], the regulatory subunit of cAMP-dependent protein kinase
from Bos taurus (bovine) (PDB code: 1RGS, Z =114, rm.s.d. = 3.5 A, IDE = 27%), the cyclic
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nucleotide-binding domain of an ion channel from Rhizobium loti (PDB code: 1PF0, Z = 11.0,
rm.s.d. = 2.5 A, IDE = 33%), the regulatory domain of guanine nucleotide exchange factor
Epac2 from Mus musculus (PDB code: 107F, Z =104, rm.s.d. = 5.3 A, IDE = 18%),
transcription factor CooA from Rhodospirillum rubrum (PDB code: 1FT9, Z = 10.3, rm.s.d. =
5.1 A, IDE = 18%), and the oxidized form of transcription factor CprK from Desulfitobacterium
hafniense complexed with o-chlorophenolacetic acid (PDB code: 2H6B, Z=10.2, rm.s.d. = 9.8
A, IDE = 13%). The atomic coordinates and structure factors have been deposited in the

Protein Data Bank under PDB ID code 2ZCW.

Effects of disruption of the 7. thermophilus sdrP gene

Using Aftfymetrix GeneChip microarrays, [ examined the expression profile of T
thermophilus sdrP mRNA in vivo during cultivation at 70°C. In a rich medium, the
normalized intensity of sdrP mRNA in the logarithmic phase (5 h cultivation, Ay = ~0.7) was
0.53 £ 0.05 while that in the stationary phase (11.3 h cultivation, 4gy = ~4.9) was 11.6 = 3.03,
indicating that the expression level increased by more than 20-fold (Fig. 11A). Increased
expression of the sdrP mRNA in the stationary phase was also observed in a synthetic medium,
i.e. the normalized intensities in the logarithmic (10 h cultivation, 4¢p = ~0.5) and stationary
(20 h cultivation, 4gy = ~4.6) phases were 0.42 + 0.06 and 3.63 £ 2.59 respectively.

To determine the effects of 7. thermophilus SdrP in vivo, 1 disrupted the sdrP gene of the T.
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thermophilus HB8 strain and compared its growth with that of the wild type. The
sdrP-disruptant (AsdrP) strain was viable, indicating that this gene is not essential for this strain
(Fig. 11A and B). In comparison with the wild type, the AsdrP strain exhibited a slight growth
defect and reached the stationary phase at a lower cell density during cultivation in a rich
medium (Fig. 11A). When the strains were cultivated in a synthetic medium, the growth
defect of the AsdrP strain was more significant even in the logarithmic phase (Fig. 11B).
Furthermore, I found that in comparison with the wild type, the growth of the AsdrP strain was

more significantly affected by diamide treatment (Fig. 11B).
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Fig. 11. (A) Three clones of the wild type (@) and AsdrP (O) strains of T. thermophilus HB8 were
individually grown in a rich medium, and the A4, values at the indicated times are expressed as means + SD
respectively. The expression of sdrP mRNA (A) in the wild-type strain was investigated at the indicated
times using GeneChip technology and expressed as normalized intensity = SD. (B) Effects of diamide on
the growth of the wild-type (@ and A) and AsdrP (O and A) strains of T. thermophilus HBS8 in a synthetic
medium. Cells were grown at 70°C. After 8 h, diamide was either added (A and A) or not added (@ and
O) to a final concentration of 2 mM. The three clones were individually grown in a synthetic medium, and
the Agg values at the indicated times are expressed as means + SD respectively.
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Screening of SdrP-regulated genes by means of differential gene expression analysis

Next, to find genes that are regulated by SdrP, four wild-type and four AsdrP strains were

cultured for 680 min (4gy = 4-5 for wild type and 2.5-4 for AsdrP) in rich medium, and a

genome-wide gene expression analysis was performed using GeneChip. The expression level

of the sdrP mRNA in the AsdrP strain relative to that in the wild type was 0.016 (g-value =

0.027), indicating that the sdrP gene was disrupted. From the 2,205 genes analyzed, I selected

those that showed altered expression in the AsdrP strain with g-values of less than 0.06. In

total, 25 genes on the chromosomal DNA (designated as TTHA) and one gene on megaplasmid

pTT27 (designated as TTHB) were selected (Table 4). Of the total 26 genes, 16 showed lower

levels in the AsdrP strain relative to those in the wild type (Table 4).
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Table 4. Genes exhibiting altered expression in the AsdrP strain in comparison with the wild type.
expression levels in the AsdrP strain relative to that in the wild type and the g-values of the observed differences

between the wild-type and AsdrP strains are shown. Only genes for which the g-values are < 0.06 are shown

Gene Name  Annotation for product Expression® (¢)
TTHA0425 NAD(P)H oxidase 0.303 (0.009)
TTHA1369 phospholipase domain protein 2.275(0.014)
TTHA0030 hypothetical protein 0.292 (0.018)
TTHA0638 hypothetical protein 0.409 (0.025)
TTHA0570 Glucose/sorbosone dehydrogenase 0.178 (0.025)
TTHA0637 Uncharacterized protein with a von Willebrand factor type A domain 0.307 (0.027)
TTHA0769 DegQ, Trypsin-like serine protease 0.453 (0.027)
TTHA1102 hypothetical protein 1.840 (0.027)
TTHA0655 Predicted transcriptionalregulator 0.154 (0.027)
TTHA0340 hypothetical protein 1.757 (0.027)
TTHA1810 hypothetical protein 5.378 (0.027)
TTHA0460 MutT/nudix family protein 0.300 (0.027)
TTHA1570 deoxyhypusine synthase 2.177 (0.027)
TTHB243 hypothetical protein 0.398 (0.028)
TTHA0986 Highly conserved protein containing thioredoxin domain 0.074 (0.033)
TTHA0337 hypothetical protein 0.057 (0.043)
TTHA1771 pyrimidine-nucleoside (thymidine) phosphorylase 1.753 (0.043)
TTHAI1128 probable peptidase 0.147 (0.054)
TTHA1243 septum site-determining protein MinD 1.603 (0.054)
TTHA1028 SseA, Rhodanese-related sulfurtransferase 0.063 (0.054)
TTHAI176 hypothetical protein 1.893 (0.054)
TTHA0035 hypothetical membrane protein 0.586 (0.054)
TTHAI1185 GTP-binding protein 3.040 (0.054)
TTHA0520 NAD-dependent malic enzyme (malate dehydrogenase) 0.462 (0.054)
TTHA1803 pterin-4-alpha-carbinolamine dehydratase 0.216 (0.059)
TTHA1423 cytochrome c-552 precursor 2.220 (0.059)

a (column 3).

Normalized intensity of the AsdrP strain relative to that of the wild type.
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Effects of T. thermophilus SdrP on transcription

DNA fragments upstream of several genes and gene clusters that showed altered expression
in the AsdrP strain (g-value < 0.06) (Tables 4 and 5) were cloned and used as templates for in
vitro run-off transcription assays. I found that the DNA fragments containing the upstream
regions of the TTHA0986, TTHA0770, TTHA0337, TTHA1028, TTHA0654, TTHA0425,
TTHA0634, and TTHA0570 genes were transcribed by 7. thermophilus RNAP holoenzyme
containing a housekeeping o, i.e. 6" (Vassylyeva et al., 2002; Wnendt et al., 1990), in an
SdrP-dependent manner (Fig. 12A). Using GeneChip technology, I investigated the expression
profiles of these eight genes during cultivation in a rich medium at 70°C. I found that the
expression levels of these genes tended to increase in the stationary phase in comparison with
the late-logarithmic phase (8 h cultivation) (Fig. 13A and B). However, their mRNA
expression profiles did not necessarily parallel that of sdrP mRNA, especially in the case of the
TTHA0425 gene, the highest expression level of which was observed in the early logarithmic

phase (~3 h cultivation) (Fig. 13A and B).
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Fig. 12. (A) Run-off transcription assay performed with a template containing the upstream sequence of the
TTHA0986 (TTHA0986 up), TTHA0770 (TTHA0770 up), TTHA0337 (TTHAO0337 up), TTHAI028
(TTHA1028 up), TTHA0654 (TTHA0654 up), TTHA0425 (TTHA0425 up), TTHA0634 (TTHA0634 up), or
TTHA0570 (TTHAO0570 up) gene in the absence (-) or presence (+) of T. thermophilus SdrP. After the
reaction, equivalent volumes of samples were analyzed by PAGE followed by autoradiography. Lane 1,
[a-”P]-dCTP-labelled Mspl fragments of pBR322. (B) Run-off transcription assay, performed with
TTHAO0986 up and TTHA1028 up as the templates in the presence of 7. thermophilus SdrP (lanes 2 and 6),
both SdrP and 2 mM cAMP (lanes 3 and 7), or both SdrP and 2 mM 2-oxoglutalate (2-oxo) (lanes 4 and 8).
After the reaction, equivalent volumes of samples were analyzed by PAGE followed by autoradiography.
Lanes 1 and 5, [a-""P]-dCTP-labelled Mspl fragments of pBR322. (C) Upstream sequences of the THA0337
and TTHA0634 genes, which were used as the templates for the run-off transcription assays. The numerals
represent the genome positions in chromosomal DNA. The transcriptional start sites are indicated by
asterisks. Possible -10 hexamer sequences are underlined. (D) Run-off transcription assay performed with
templates a, b, ¢, d, and e of TTHA0337 up and TTHA0634 up shown in (C) in the presence of T
thermophilus SdrP.  After the reaction, equivalent volumes of samples were analyzed by PAGE followed by
autoradiography. Lane 1, [a->"P]-dCTP-labelled Mspl fragments of pBR322.
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Fig. 13. (A and B) Three clones of the wild-type strain were individually grown in a rich medium, and the
Aggo values at the indicated times are expressed as means + SD (@). The expression of TTHA0770 (O),
TTHA0654 (V), TTHA1028 (O), TTHA0425 (), TTHA0986 (A), TTHA0570 (<), TTHA0337 (M),
TTHA0634 (V) and sdrP (A) mRNAs in the wild-type strain was investigated at the indicated times using
GeneChip technology, and expressed as normalized intensity + SD.

Cyclic AMP and 2-oxoglutarate, which are known effector molecules for CRP (Kolb et al.,
1993) and NtcA (Tanigawa et al., 2002; Vazquez-Bermudez et al., 2002), respectively had no
effect on SdrP activity (Fig. 12B). No effect of SdrP was observed with the DNA fragment
upstream of the TTHA1102, TTHA1369, TTHA1771, or TTHAI811 (upstream of TTHAI1810 in
the same operon) gene, which showed increased expression in the AsdrP strain (data not shown).
The DNA fragment containing the promoter region of the sdrP gene was transcribed with the
RNAP-6" holoenzyme; however, the transcription was not altered in the presence of SdrP (data
not shown). T thermophilus RNAP holoenzyme containing a sole alternative o, i.e. ¢
(Shinkai et al., 2007b), did not transcribe the above-described genes either in the presence or in
the absence of SdrP (data not shown).

To determine the regions necessary for SdrP-dependent transcription, we constructed DNA
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templates of various lengths for in vitro transcription assays (Fig. 12C). In the case of the

TTHA0337 gene, SdrP-dependent transcription occurred to the same extent even when

sequences upstream of position 320,255 were deleted; however, the transcription efficiency was

dramatically reduced when sequences upstream of position 320,248 were deleted (Fig. 12D).

These results indicate that sequences downstream of position 320,255 are necessary for

SdrP-dependent transcription. In the case of the TTHA0634 gene, the sequences downstream

of position 603,807 are necessary for SdrP-dependent transcription (Fig. 12D).

To identify the transcriptional start sites of the SdrP-regulated genes, the transcripts

synthesized in vitro were reverse transcribed, and their 3’-terminal nucleotides were identified

(Fig. 14A). The results indicate that the transcriptional start sites of the genes are 7-11 bp

downstream from the predicted -10 hexamers of their promoters (Fig. 15A). Table 5

summarizes the genes that are under the control of the SdrP-dependent promoter found in this

analysis and also shows the altered expression levels in the AsdrP strain relative to those in the

wild type.
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Fig. 14. (A) Identification of the transcriptional start sites of SdrP-regulated genes which were identified by
means of differential expression analysis. The RNA transcribed in vitro from the gene containing the
sequence upstream of TTHA0986 (TTHAO0986 up), TTHA0770 (TTHAO0770 up), TTHA0337
(TTHA0337 up), TTHA1028 (TTHA1028 up), TTHA0654 (TTHA0654 up), TTHA0425 (TTHA0425 up),
TTHA0634 (TTHAO0634 up), or TTHA0570 (TTHAO0570 up) in the presence of T. thermophilus SdrP was
reverse transcribed (lane 5). The nucleotide sequence of the template DNA was determined by the
dideoxy-mediated chain termination method (lanes 1-4). After the reaction, the samples were analyzed by
PAGE followed by autoradiography. (B) Identification of the transcriptional start sites of SdrP-regulated
genes which were identified by means of expression pattern analysis. The RNA transcribed in vitro from the
gene containing the sequence upstream of TTHA0557 (TTHAO0557 up), TTHA0029 (TTHA0029 up),
TTHA1128 (TTHAL1128 up), TTHAI1215 (TTHAI1215 up), TTHA1625 (TTHA1625 up), TTHAI635
(TTHA1635 up), TTHA1892 (TTHA1892 up), or TTHBI32 (TTHBI132 up) in the presence of T
thermophilus SdrP was reverse transcribed (lane 5). The nucleotide sequence of the template DNA was
determined by the same procedure as in (A) (lanes 1-4). The 3’-terminus of the cDNA is indicated by an
asterisk.
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, 50 -40 -30 20 -10 -1 s
TTHAO986_up 5 -dttgtajagga--ggalggcttittccecttcggecteccegecetagectggagggGaga—-3

TTHA0770_up 5’Q%ttgtgcccciggggtgccﬁgtgtttccfftgégaggggggté%cataggggéAgagaff
TTHAO0337 up 5

)
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TTHAO654_up 5’ft?tgtgccttfffggcccttgcé?aaaactaté?tggggtatégtctaggccétha77§
TTHAO0425 up 5’—adgatgcttt—aﬁ?tcacaaaaé?gtccct—ccégécgggttaégctccccggéGtat—§
TTHA0634_up 5’—cagggégacccacggégcacaccccégctat—ccctfgzcctagacfggtaagggt&A—3’
TTHAO0570_up 5’—aagd%@atcc—tggégccgaaggcé%aaagggggﬁ@tccggtacégtgtcggggéAg——y

B

Putative T. thermophilus SdrP-binding site
, 40 30 -20 -10 -1 >
TTHAO557 up 5 -tittgtgagga-aggdcaccdcccaggggg--tggectectttatagtgggaaGeggag-3
30

TTHAO0029 up 5’fa?tgtggcttfé@ttctctccéaaggaagfgadggggtctgtéggcttccccéAtgggf3’
TTHA1128 up 5’J%gggaggtggighcacatttégcccgag——ggg%ktccccttégcctgggggéAtgcg—3’
TTHA1215 up 5’fci?gtgagccfaé?ccacggggggggcccfgtcdgttgccgtaégEtcagggcéAtggf3’
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TTHA1892 up 5’—t%%gttctcc—é@cttcctttggggagg—cgadghggcccctégactgggtggGgatg—3’

TTHB132 up 5’J%ttgtggcggg%gccggcctghtggcgct——é@cctccaggfgacctggggéTatgcc—3’
1 1
Putative T. thermophilus SdrP-binding site

™ <
- -

2
“LIV]G
PN iV O 4 _ S;E = -
2 =

Fig. 15. (A) Nucleotide sequence alignment of predicted SdrP-dependent promoters found in TTHA0986 up,
TTHAO0770 up, TTHAO0337 up, TTHA1028 up, TTHA0654 up, TTHA0425 up, TTHAO0634 up, and
TTHAO570 up, by means of differential expression analysis of Asdrp strain. The putative T. thermophilus
SdrP-binding site are indicated. Possible -10 hexamer sequences of the promoters are indicated by bold italic
letters. The in vitro transcriptional start sites (see Fig. 14) are indicated by bold capital letters. The
numerals represent the positions from the transcriptional start site. (B) Nucleotide sequence alignment of
predicted SdrP-dependent promoters found in TTHAO0557 up, TTHAO0029 up, TTHAI1128 up,
TTHA1215 up, TTHA1625 up, TTHA1635 up, TTHA1892 up, and TTHB132 up, by means of expression
pattern analysis are indicated as same as (A). (C) Sequence conservation at the putative SdrP-binding site.
The sequence logos (Schneider & Stephens, 1990) of the 16 putative SdrP-binding site indicated in (A) and (B)
were created by WebLogo (Crooks et al., 2004).
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Environmental stresses that induce expression of the sdrP gene

The growth of AsdrP strain was more significantly affected by diamide treatment, in

comparison with that of the wild type (Fig. 11B). In order to determine if oxidative stress

induces expression of the sdrP gene, I treated the wild-type T. thermophilus HBS strain in the
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logarithmic phase with diamide or H,O,. RT-PCR analysis showed that expression of the sdrP

gene increased with the addition of a final concentration of 2 mM diamide or 10 mM H,0, (Fig.

16), which was supported by DNA microarray analysis results that showed that expression of

the gene increased 27-fold (g-value = 0.00) and 10-fold (g-value = 0.00) in response to diamide

and H,O, treatment, respectively (Table 6). Next, I examined if other environmental or

chemical stresses, such as heavy metal ion (ZnSO,4 and CuSQ,), antibiotic (tetracycline), high

salt (NaCl), and organic solvent (ethanol) stresses, induce expression of the sdrP gene.

RT-PCR (Fig. 16) and DNA microarray (Table 6) analyses indicated that expression of the sdrP

gene was induced by all of these stresses. In the AcsoR strain, in which excess Cu(I) ions may

accumulate due to a significant decrease in the expression of the probable copper efflux P-type

ATPase gene copA (Sakamoto et al., 2010), the effect of excess CuSO, on expression of the

sdrP gene was more significant than that in the wild-type strain (Fig. 16 and Table 6).
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Fig. 16. RT-PCR analysis was performed to detect sdrP mRNA for total RNA isolated from the T
thermophilus wild-type (lanes 2—9) and AcsoR (lanes 10 and 11) strains cultivated in the absence (lanes 2 and
10) or presence of 2 mM diamide for 30 min (lane 3), 10 mM H,O, for 5 min (lane 4), 1 mM ZnSO, for 30
min (lane 5), 50 mM tetracycline for 10 min (lane 6), 1.5% NaCl for 30 min (lane 7), 5% ethanol for 30 min
(lane 8), or 1.25 mM CuSO, for 30 min (lanes 9 and 11), respectively, and samples were analyzed on a 2%
agarose gel, followed by staining with ethidium bromide and photography. The PCR analysis involved 20
cycles of 98 °C for 1 min, 65 °C for 1 min, and 72 °C for 1 min. Lane 1, 100 bp DNA ladder markers.
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Screening of SdrP-regulated genes by means of extensive expression pattern analysis

I found that expression of sdrP drastically changed depending on the environmental

conditions. Because SdrP does not require any added effector molecule to induce transcription

of its target genes in vitro (Fig. 12A and B) (Agari et al., 2008a), the cellular responses via SdrP

most likely depend on the amount of the SdrP, and not post-translational modification of the

protein. In order to find additional SdrP-regulated genes, I performed expression pattern

analysis using the 306 DNA microarray datasets derived with 117 experimental conditions,

which were obtained for time-dependent expression analysis of the wild-type strain in a rich or

synthetic medium (91 samples with 40 experimental conditions), expression analysis of a

gene-disrupted strain (95 samples with 35 experimental conditions), expression analysis after

chemical or physical treatment, or phage infection (87 samples with 29 experimental conditions),

and a combination of gene-disruption with chemical or physical treatment, or with phage

infection (33 samples with 13 experimental conditions) (Table 2). As a result, 40 genes whose

expression was strongly positively correlated with that of the sdrP gene were selected, their

Spearman’s correlation coefficients being > 0.65 (Fig. 17 and Table 8). Among them, the

proportion of genes belonging to COGs (clusters of orthologous groups of proteins) code O

(posttranslational modification, protein turnover, chaperones) and code C (energy production

and conversion) were higher (Tables 7 and 8). Ten of the 14 SdrP-regulated genes identified

by differential expression analysis of AsdrP strain (Table 5) were included in these 40 genes
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(Tables 6 and 8).

On the other hand, expression of 16 genes was strongly and negatively correlated with that of

the sdrP gene, with Spearman’s correlation coefficients < -0.65 (Tables 7 and 9). Among them,

the proportion of genes belonging to COGs code H (coenzyme transport and metabolism) was

the highest, suggesting that some specific metabolism was inversely correlated with the stress

response via SdrP.

A

4 8
] 1

0
1

Normalized intensity
4

-8

(total 117 conditions)
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Fig. 17. Expression pattern analysis using DNA microarray data. The normalized intensity of each gene
with each of the 117 experimental conditions is plotted. (A) All genes. (B) Genes whose Spearman’s
correlation coefficients were = 0.65. Black line, sdrP gene; gray lines, the other genes. These graphs were
generated using R (http://www.r-project.org).
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Table 8. Genes exhibiting Spearman’s correlation coefficients > 0.65, as to the sdrP gene.

X Spearman’s COGs

Gene name correlation  Annotation for the product dct

coefficient code
TTHA1128 0.91 peptidase R
TTHBO0SS 0.85 Zn-dependent hydrolase R
TTHA0986 0.83 highly conserved protein containing a thioredoxin domain o
TTHAO0164 0.83 thiol:disulfide interchange protein oC
TTHA1804 0.82 acyl-CoA thioesterase I
TTHA0570 0.81 glucose/sorbosone dehydrogenase G
TTHA0029 0.80 hypothetical protein -
TTHA0637 0.77 uncharacterized protein with a von Willebrand factor type A domain R
TTHA0843 0.77 serine protein kinase T
TTHA1635 0.77 iron-sulfur cluster biosynthesis protein IscA S
TTHA0516 0.76 hypothetical protein -
TTHA0841 0.76 stage V sporulation protein R (SpoVR)-related protein S
TTHA1936 0.76 glycerol-3-phosphate ABC transporter, periplasmic G

glycerol-3-phosphate-binding protein

TTHA1803 0.76 pterin-4-alpha-carbinolamine dehydratase H
TTHA1360 0.75 hypothetical protein S
TTHA0636 0.75 nucleotidyltransferase substrate-binding protein-like protein -
TTHA0665 0.75 N° N'%-methylenetetrahydromethanopterin reductase C
TTHA0662 0.74 hypothetical protein oC
TTHY7093 0.73 hypothetical protein -
TTHA0557 0.72 superoxide dismutase [Mn] P
TTHAI215 0.71 thioredoxin reductase o
TTHB128 0.70 arsenite oxidase, small subunit C
TTHA1892 0.70 excinuclease ABC subunit B (UvrB) L
TTHB127 0.69 arsenite oxidase, large subunit C
TTHA1492 0.69 cell division protein FtsH o
TTHA1712 0.68 hypothetical protein -
TTHB243 0.68 hypothetical protein S
TTHA0434 0.68 hypothetical protein -
TTHBI132 0.67 methionine sulfoxide reductase A o
TTHA1625 0.67 osmotically inducible protein OsmC o
TTHA0654 0.67 MRP (multiple resistance and pH adaptation)-like protein D
TTHA0635 0.66 predicted nucleotidyltransferase R
TTHA0I51 0.66 molybdopterin-converting factor, subunit 1 (MoaD) H
TTHA0638 0.66 hypothetical protein -
TTHA0520 0.66 NAD-dependent malic enzyme (malate dehydrogenase) C
TTHA0842 0.66 hypothetical protein S
TTHA0634 0.66 magnesium chelatase subunit Chl | H
TTHAO0770 0.65 ATP-dependent Lon protease o
TTHA0769 0.65 DegQ, trypsin-like serine protease o
TTHA0419 0.65 hypothetical protein R

*The nucleotide sequences and deduced amino acid sequences can be found in the NCBI website under GenBank
Accession No. NC 006461, NC 006462, and NC _006463. The genes designated as TTHY are not present in the
genomic analysis results.

1], translation; K, transcription; L, replication, recombination and repair; B, chromatin structure and dynamics; D,
cell cycle control, mitosis and meiosis; V, defense mechanisms; T, signal transduction mechanisms; M, cell
wall/membrane biogenesis; N, cell motility; Z, cytoskeleton; U, intracellular trafficking and secretion; O,
posttranslational modification, protein turnover, chaperones; C, energy production and conversion; G, carbohydrate
transport and metabolism; E, amino acid transport and metabolism; F, nucleotide transport and metabolism; H,
coenzyme transport and metabolism; I, lipid transport and metabolism; P, inorganic ion transport and metabolism;
Q, secondary metabolite biosynthesis, transport and catabolism; R, general function prediction only; S, function
unknown; -, not in COGs.
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Table 9. Genes exhibiting Spearman’s correlation coefficients < -0.65, as to the sdrP gene.

Spearman’s COGs
Gene name* correlation  Annotation for the product
coefficient codef
TTHA0319 -0.74 hypothetical protein R
TTHA0098 -0.73 arginyl-tRNA synthetase J
TTHA1438 -0.70 hypothetical protein HR
TTHB048 -0.69 nicotinate-nucleotide-dimethylbenzimidazole phosphoribosyltransferase H
TTHA0424 -0.69 thiamine-monophosphate kinase H
TTHA0457 -0.68 3-phosphoshikimate 1-carboxyvinyltransferase E
TTHA1304 -0.68 sugar ABC transporter, ATP-binding protein R
TTHA1282 -0.67 hypothetical protein -
TTHA1120 -0.67 methylenetetrahydrofolate dehydrogenase H
(NADP+)/methenyltetrahydrofolate cyclohydrolase

TTHAILI15 -0.67 integral membrane protein, TerC family P
TTHA0879 -0.67 putative oligosaccharide deacetylase G
TTHA1314 -0.67 UDP-N-acetylglucosamine 2-epimerase M
TTHA0191 -0.67 dihydropteroate synthase H
TTHA1275 -0.66 V-type ATP synthase subunit C
TTHA1152 -0.65 aminopeptidase T E
TTHA1574 -0.65 putative dehydrogenase HE

*The nucleotide sequences and deduced amino acid sequences can be found in the NCBI website under GenBank
Accession No. NC 006461, NC 006462, and NC_006463.

+J, translation; K, transcription; L, replication, recombination and repair; B, chromatin structure and dynamics; D,
cell cycle control, mitosis and meiosis; V, defense mechanisms; T, signal transduction mechanisms; M, cell
wall/membrane biogenesis; N, cell motility; Z, cytoskeleton; U, intracellular trafficking and secretion; O,
posttranslational modification, protein turnover, chaperones; C, energy production and conversion; G, carbohydrate
transport and metabolism; E, amino acid transport and metabolism; F, nucleotide transport and metabolism; H,
coenzyme transport and metabolism; I, lipid transport and metabolism; P, inorganic ion transport and metabolism;
Q, secondary metabolite biosynthesis, transport and catabolism; R, general function prediction only; S, function
unknown; -, not in COGs.
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Identification of novel SdrP regulated genes

In order to determine whether novel SdrP-regulated genes are included in the 40 genes that
showed Spearman’s correlation coefficients of > 0.65, I searched for SdrP-binding sites
upstream of these genes. 1 found that sequences upstream of the TTHA0029, TTHA0557,
TTHAI1128, TTHA1215, TTHA1625, TTHA1635, TTHA1892, and TTHBI132 genes were
homologous to that of a putative consensus SdrP-binding site (Fig. 15B). The DNA fragments
containing the putative binding sites were cloned and used as templates for in vitro run-off
transcription assays. 1 found that all of the genes were transcribed by T. thermophilus
RNAP-6"* holoenzyme in an SdrP-dependent manner, as in the cases of the differential
expression analysis (Fig. 18). SdrP did not enhance transcription of the DNA fragment
containing upstream of the TTHA0987 gene (Spearman’s correlation coefficient = 0.64) (Fig.
18), or those containing other genes derived from 7. thermophilus HB8 (Agari et al., 2008a),
indicating that SdrP does not nonspecifically bind DNA under these experimental conditions. 1|
found that the in vitro transcription start sites of the novel SdrP-regulated genes were 6—7 bp
downstream from the predicted -10 hexamers of their promoters and around 40 bp downstream
of the putative SdrP-binding sites (Figs 14B and 15B). 1 investigated the sequence
conservation of the putative binding-sequences of 16 SdrP-regulated promoters including those
identified in the differential expression analysis (Fig. 15). The results indicate that the left arm
of the putative binding-sites is relatively conserved as TTGTG, but the right arm is not except
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for two C bases (Fig. 15C).
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Fig. 18. Run-off transcription assays performed with a template containing the upstream sequence of the
TTHA0557 (TTHAO0557 up), TTHA0029 (TTHA0029 up), TTHAI128 (TTHA1128 up), TTHAI2IS5
(TTHA1215 up), TTHA1625 (TTHA1625 up), TTHA1635 (TTHA1635 up), TTHA1892 (TTHA1892 up),
TTHB132 (TTHB132 up), or TTHA0987 (TTHA1987 up) gene in the absence (-) or presence (+) of T
thermophilus SArP.  After the reaction, equivalent volumes of samples were analyzed by PAGE followed by
autoradiography. Lane 1, [0-""P]-dCTP-labelled Mspl fragments of pBR322.

Table 10 summarizes the eight genes that are under the control of the SdrP-dependent

promoter found in this analysis. Expression of the genes also tended to increase upon entry

into the stationary phase, as in the case of the previously identified SdrP-regulated genes (Table

6). I could not find the predicted SdrP-binding sequence close to the promoter regions of the

16 genes whose expression showed strong negative correlation with that of the sdrP gene,

suggesting that SdrP does not act as a transcription repressor. Thus, including the 14

previously identified genes, a total of 22 genes have been identified as SdrP-regulated genes

(Table 11).

I analyzed the altered expression profiles of the 22 SdrP-regulated genes in cells perturbed by

the various stresses, and found that the expression of most genes increased with these

perturbations (Table 6). The altered expression profile caused by 2 mM diamide treatment was

the most similar to that upon entry into the stationary phase (Table 6). The expression level
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did not always correlate with that of the sdrP gene, especially in response to perturbation by 50

mM tetracycline, in which the expression of 13 genes was significantly decreased (Table 6).

These results suggest that depending on the stress, not only the signal via SdrP, but also other

signal(s) are transmitted to the cells to alter expression of the SdrP-regulated genes.
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1-5. Discussion

Thermus thermophilus SdrP is one of four CRP/FNR family proteins from the extremely
thermophilic bacterium 7. thermophilus HB8, and its expression increases in the stationary
phase during cultivation at 70°C. A BLAST search revealed that bacteria from the phylum
Deinococcus-Thermus had many proteins that showed high similarity to SdrP. In the case of T.
thermophilus CRP, which is a cAMP-dependent transcriptional activator and exhibits 43%
similarity (e-value = 1e-9) to SdrP, many proteins with the highest levels of similarity were from
the phyla Firmicutes and Cyanobacteria, not the phylum Deinococcus-Thermus (Shinkai et al.,
2007a). These results suggest that SdrP is evolutionarily different from CRP.

The cAMP-dependent regulatory mechanism of CRP has been extensively studied for E. coli
CRP, a prototype of this family of proteins (Busby & Ebright, 1999; Kolb et al., 1993; Lawson
et al., 2004). E. coli CRP is a homodimer that contains a helix-turn-helix DNA-binding motif
in its C-terminal domain. CRP undergoes conformational change upon cAMP binding, and the
CRP-cAMP complex interacts with a 22 bp DNA site exhibiting twofold symmetry that has the
consensus sequence S5'-AAATGTGATCTAGATCACATTT-3" (Ebright et al., 1989). The
crystal structure of 7. thermophilus SdrP is similar to that of the DNA-binding form of E. coli
CRP — the form complexed with cAMP and DNA — and has an rm.s.d. of 2.3 A. In addition,
the structure of SdrP suggests that cAMP cannot enter the site corresponding to the primary
cAMP binding site of E. coli CRP due to steric hindrance by bulky residues. These structural
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properties of SdrP imply that this protein does not require an effector molecule to bind DNA,
which is supported by the observation that this protein can positively regulate transcription
independent of any effector molecule in vitro. Y70 of SdrP, which probably causes steric
hindrance in cAMP binding, corresponds to S84 of E. coli CRP and possibly S86 of T.
thermophilus CRP (Figs 8 and 10C). At this position, a small residue might be necessary for a
CRP family protein to act as a cAMP-dependent transcriptional regulator.

Escherichia coli Yeil is a CRP/FNR family protein, and its expression increases in the
stationary phase (Anjum et al., 2000). Yeil has been suggested to have an iron-sulfur center
and a reversible intra- and interchain disulfide bond (Anjum ef al., 2000), while SdrP does not
have cysteine residues. Expression of the yeil gene is dependent on an alternative o factor, i.e.
°, and is positively autoregulated and influenced by FNR (Anjum ef al., 2000). I found that a
housekeeping o, i.e., 6*, but not a sole alternative o, i.e., 6", was involved in the transcription of
the SdrP regulon and that its expression was not autoregulated. Therefore, the regulatory
mechanism involving SdrP may differ from that for YeiL.

The crystal structure of the E. coli CRP-DNA complex revealed that one subunit of the CRP
dimer binds to the left arm of the *TGTGA block, while the other binds to the right arm of the
"TCACA block of the 22 bp consensus CRP binding site. The R181, E182, and R186 residues
of E. coli CRP directly interact with the G:C pairs at positions 5 and 7 and with the A:T pair at
position 8 of the consensus CRP binding half site (Parkinson et al., 1996; Schultz et al., 1991).
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In E. coli, based on the position of the CRP binding site relative to the transcriptional start site,

simple CRP-dependent promoters, which require one CRP dimer for transcriptional activation,

are grouped into two classes, i.e., I (position -61.5) and II (position -41.5) (Busby & Ebright,

1999; Lawson et al., 2004). Based on these properties of E. coli CRP and the fact that the

crystal structure of SdrP is similar to that of the DNA-binding form of E. coli CRP (Fig. 10), I

predicted SdrP-binding sequences [consensus sequence: 5-TTGTG(N7-9)CxCxx-3'] in the

SdrP- dependent promoters (Fig. 15C), which are similar to the consensus binding sites for E.

coli CRP and other characterized members of the CRP/FNR family (Bai et al., 2005; Cameron

& Redfield, 2006; Ebright et al., 1989; Hsiao et al., 2005; Kanack et al., 2006; Letek et al.,

2006). The binding site should be defined by biochemical experiments (such as the

footprinting assay); however, if this prediction is correct, the SdrP-dependent promoters are

more similar to class II than to class I CRP-dependent promoters of E. coli (Fig. 15C).

Of the genes that exhibited lower expression in the 7. thermophilus AsdrP strain, 1 identified

eight SdrP-dependent promoters that were upstream of the TTHA0337, TTHA0425, TTHA0570,

TTHAO0770, TTHA0634, TTHA0654, TTHA0986, or TTHA1028 gene in vitro. 1 observed that

the expression of the eight genes tended to increase in the stationary phase compared with the

logarithmic phase during cultivation in a rich medium, although their mRNA expression profiles

did not necessarily parallel that of sdrP mRNA. In addition to SdrP, some other regulatory

factors might be involved in the expression of these genes.
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Expression of genes downstream of TTHA0634, TTHA0654, and TTHA0770 was also

decreased in the AsdrP strain (Table 5). In the wild-type strain, their expression tended to

increase in the stationary phase during cultivation in a rich medium: expression in the stationary

phase (680 min cultivation) was 1.5- to 2.8-fold higher than that in the logarithmic phase (300

min cultivation) (Table 6). Therefore, such genes may form operons such as TTHA0634-

TTHA0635-TTHA0636-TTHA0637-TTHA0638,  TTHA0654-TTHA0655 and TTHA0770-

TTHA0769, as indicated by genome analysis (GenBank Accession No. NC_006461).

Furthermore, of the genes whose expression were strongly positively correlated with that of

the sdrP gene, 1 identified additional eight SdrP-dependent promoters that were upstream of the

TTHA0029, TTHA0557, TTHAI1128, TTHAI215, TTHA1625, TTHA1635, TTHA1892, or

TTHBI132 gene in vitro. These eight genes were not identified as SdrP-regulated genes in

differential expression analysis for the following reasons. Although the expression levels of

the eight genes were 0.17-0.63-fold in the AsdrP strain relative to that in wild type, their

g-values except that of TTHA1128 were 0.061-0.242, which were greater than the threshold

value used in the experiment (0.06). As for TTHA1128, identification of an SdrP-binding site

in the promoter region was missed in the analysis. Conversely, expression of four out of 14

SdrP-regulated genes identified in the differential expression analysis of AsdrP strain showed

lower correlation to that of sdrP (Spearman’s correlation coefficients < 0.51) (Table 6). Some

unknown factors such as promoter activity and affinity of SdrP to DNA in vivo, and unidentified
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transcriptional regulator(s) that might act together with SdrP, might influence the results of the

experimental screenings for SdrP-regulated genes. Thus, a combination of comparative

expression analysis and expression pattern analysis was appropriate for screening of

SdrP-regulated genes.

To determine the cellular role of SdrP and the stationary-phase physiology of the T

thermophilus HBS8 strain, I predicted the molecular functions of the SdrP-regulated gene

products by investigating their amino acid sequences and structural features because many of

these are biochemically or biophysically uncharacterized (Table 11). The possible cellular

roles of the SdrP-regulated gene products, with the exception of five functional unknown

proteins, are roughly classified into four groups: energy or nutrient supply, polyadenylation of

mRNA, repair and/or turnover of DNA and protein, and redox control (Table 11). I discussed

the cellular roles of SdrP and its target gene products below. The T. thermophilus AsdrP strain

exhibited a growth defect, especially in a synthetic medium (Fig. 11A and B). With a limited

amount of nutrients, i.e., in a synthetic medium or stationary phase, insufficient nutrients and

energy might be supplied through the activity of some SdrP-regulated gene products. It has

been shown that polyadenylation of mRNA is possibly an important factor that promotes

adaptation to slow growth conditions such as those under which the amount of nutrients is

limited (Jasiecki & Wegrzyn, 2003; Santos et al., 2006). Oxidative damage may occur to DNA

and protein in 7. thermophilus, especially in the stationary phase, as observed in many bacteria
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(Ballesteros et al., 2001; Bridges, 1993; Nystrom, 2004). One major effect of such oxidative

damage is the oxidation of thiols that results in non-native disulfide bond formation in proteins.

I observed that the growth sensitivity of 7. thermophilus HB8 under disulfide stress conditions

increased when the sdrP gene was deleted (Fig. 11B). The enzymes involved in redox control,

such as manganese superoxide dismutase (Ludwig et al., 1991; Peterson et al., 1991), catalase

(Rehse et al., 2004), and thioredoxin reductase, may protect cellular components from oxidative

damage. The excinuclease ABC subunit B (UvrB) plays a central role in the nucleotide

excision repair of damaged DNA (Nakagawa et al., 1999). The methionine sulfoxide reductase

A (MsrA) acts to reduce the methionine sulfoxide generated by the oxidation of a methionine

residue, which is the most sensitive amino acid residue to reactive oxygen species (Ezraty et al.,

2005). The proteases and peptidase may be involved in the turnover of damaged proteins.

According to the BLAST searches, SdrP-regulates two functionally unknown proteins,

TTHAO0655 and TTHAO0029, which were predicted to be transcriptional regulators (Table 11).

These proteins might control some of the genes with expression that is positively or negatively

correlated with that of sdrP, but not directly regulated by SdrP (Table 4). The three remaining

functionally unknown proteins in Table 11 might participate in nutrient supply, mRNA

polyadenylation, redox control or repair/turnover of DNA or proteins, because in many cases,

the cellular functions of the genes regulated by a certain transcriptional factor are similar.
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Table 11. Summary of the genes under the control of the SdrP-dependent promoters

Gene name Annotation for product Possible cellular role
TTHA0425 NAD(P)H oxidase energy/nutrient supply; redox control
TTHA0570 glucose/sorbosone dehydrogenase energy/nutrient supply
TTHA0654 Il;f?tle’iflmultlple resistance and pH adaptation)-like energy/nutrient supply; redox control
. . polyadenylation of mMRNA
TTHA0634 magnesium chelatase subunit Chl I (chelation of metal ion to TTHA0635/0636)
TTHA0635 predicted nucleotidyltransferase polyadenylation of mRNA
TTHA0636 nucleptldyltransferase substrate-binding protein-like polyadenylation of mRNA
protein
TTHA0557 manganese superoxide dismutase redox control
TTHA0986 hlghly conserved protein containing a thioredoxin redox control
domain
TTHAI1028 SseA, rhodanese-related sulfurtransferase redox control
TTHAI215 thioredoxin reductase redox control
TTHAI625 catalase redox control
TTHA1635 iron-sulfur cluster biosynthesis protein IscA redox control
TTHA0769 DegQ, trypsin-like serine protease protein repair/turnover
TTHA0770 ATP-dependent Lon protease protein repair/turnover
TTHAI128 peptidase protein repair/turnover
TTHBI132  methionine sulfoxide reductase A (MsrA) protein repair/turnover, redox control
TTHA1892 excinuclease ABC subunit B (UvrB) DNA repair/turnover
TTHA0029 hypothetical protein unknown
TTHA0655 predicted transcriptional regulator unknown
TTHA0337 hypothetical protein unknown
TTHA0637 uncharacterlz_ed protein with a von Willebrand factor unknown
type A domain
TTHA0638 hypothetical protein unknown

Among the environmental and chemical stresses examined in this study, the diamide and

H,O0, stresses were the most effective in enhancing the expression of sdrP and its target genes in

the wild-type strain (Table 6).

Furthermore, an excess amount of CuSO,4 was a strong inducer

of sdrP gene expression in the AcsoR strain, in which excess Cu(l) ions may accumulate

(Sakamoto et al., 2010).
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oxidation/reduction to form free radicals (Imlay, 2002; Touati, 2000), may trigger expression of

sdrP. As for the possible cellular functions of the 22 SdrP-regulated gene products, at least

nine proteins are possibly involved in redox control; five proteins may be involved in the repair

or turnover of oxidized cellular component (Table 11). The altered expression levels of sdrP

and its target genes in the stationary phase were similar to those caused by diamide treatment

(Table 6). These results suggest that the main inducer of sdrP expression is oxidative stress,

and support the finding that SdrP functions in the response to oxidative stress. Because SdrP

does not have a cysteine residue or cofactor that could be a sensor of an oxidative signal [unlike

in the case of other oxidative stress-responsive transcriptional regulators such as OxyR, PerR,

and SoxR (Lee & Helmann, 2006; Pomposiello & Demple, 2001; Storz & Imlay, 1999)], and it

does not require any effector molecule for its transcriptional activation (Figs 12A and B, and 18),

there may be some unidentified factor(s) sensing oxidative stress and causing induced

expression of SdrP. Elucidation of the regulatory signal that induces SdrP expression in the

stationary phase will facilitate understanding of fundamental stress response physiology of 7.

thermophilus as well as the physiological function of SdrP.
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Chapter 2

Stress response in the phage infection
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2-1 Abstract

The clustered regularly interspaced short palindromic repeat (CRISPR) systems composed of

DNA direct repeats designated as CRISPRs and several CRISPR-associated (cas) genes, which

are present in many prokaryotic genomes, comprise a host defense system against invading

foreign replicons such as phages. In order to investigate the altered expression profiles of the

systems after phage infection using a model organism, Thermus thermophilus HBS, which has

12 CRISPR loci, genome-wide transcription profiling of the strain infected with lytic phage

@YS40 was performed by DNA microarray analysis. Significant alteration of overall mRNA

expression gradually increased during infection, i.e., from the eclipse period to the period of

host cell lysis. Interestingly, the expression of most cAMP receptor protein (CRP)-regulated

genes, including two CRISPR-associated (cas) operons, was most markedly up-regulated,

especially around the beginning of host cell lysis, although up-regulation of the crp gene was

not observed. Expression of the CRP-regulated genes was less up-regulated in a crp-deficient

strain than in the wild type. Thus, it is suggested that cAMP is a signaling molecule that

transmits information on phage infection to CRP to up-regulate these genes. On the other hand,

expression of several cas genes and that of CRISPRs were up-regulated independent of CRP,

suggesting the involvement of unidentified regulatory factor(s) induced by phage infection.

On analysis of the expression profile of the entire genome, I could speculate that upon phage

infection, the signal was transmitted to the cells, host response systems including CRISPR
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defense systems being activated, while the overall efficiencies of transcription, translation, and

metabolism in the cells decreased. These findings will facilitate understanding of the host

response mechanism following phage infection.
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2-2 Introduction

Bacteriophages have a major influence on the microbial world (Chibani-Chennoufi et al.,

2004). Phages regulate host macromolecular synthesis by modifying the transcription and

translation machineries to propagate in the cells. In contrast, bacteria have developed various

defense systems against phage infection. The clustered regularly interspaced short palindromic

repeat (CRISPR) systems that are present in many prokaryotic genomes are a recently

discovered host defense system (Barrangou et al., 2007; Horvath & Barrangou, 2010; Makarova

et al., 2006; Marraffini & Sontheimer, 2010; Sorek et al., 2008; van der Oost et al., 2009). In

general, these systems are composed of CRISPR and CRISPR-associated (cas) genes (Haft et

al., 2005; Jansen et al., 2002). CRISPRs are composed of 24- to 47-bp direct repeats separated

by nonrepetitive unique spacer sequences of similar length. Sequences derived from foreign

replicons such as phages and plasmids are found in the spacers of several CRISPRs (Bolotin et

al., 2005; Mojica et al., 2005; Pourcel et al, 2005). CRISPR loci are transcribed and

processed into small CRISPR RNAs (Brouns et al, 2008; Hale et al., 2008) that specify

acquired immunity against foreign replicons through a mechanism that relies on the strict

identity between CRISPR spacers and targets (Barrangou et al., 2007; Brouns et al., 2008; Hale

et al., 2008). If cells do not have any CRISPR spacers that are identical with the sequences of

an invading replicon, a fragment derived from the replicon can be incorporated into a CRISPR

locus of the cells as a new spacer after infection by the replicon; this phase is designated as the
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adaptation phase. The new spacer sequence plays a role in immunity against subsequent

infection by the same foreign replicon, this phase being designated as the interference phase.

Bioinformatical and experimental studies support that transcribed spacer RNAs directly target

DNA or RNA of foreign replicons (Makarova et al., 2006; Marraffini & Sontheimer, 2008; Shah

et al., 2009; Sorek et al., 2008). Several CRISPR system subtypes have been found, and Cas

proteins are classified into about 45 families based on their amino acid sequences, most of

which remain uncharacterized (Haft et al., 2005). The Cas protein families are mainly

categorized into core proteins, eight subtypes, or the repeat-associated mysterious protein

(RAMP) modules (Haft et al., 2005). Core cas genes casl to cas6 are localized in close

proximity to CRISPRs, and they are widely distributed in bacterial and archaeal genomes. The

amino acid sequences or three-dimensional structures of several Cas proteins are similar to

those of RNA- or DNA-binding proteins. In fact, Casl is a metal-dependent DNase, and it has

been thought to be involved in the acquisition of new CRISPR spacers (Wiedenheft et al., 2009).

Cas2 cleaves single-stranded RNAs preferentially within U-rich regions (Beloglazova et al.,

2008). Cas3 and Cas4 resemble helicase and the RecB family of exonucleases, respectively

(Jansen et al., 2002). Cas6 (Carte et al., 2010) and the Ecoli subtype Cas protein complex,

also called the cascade complex, which consists of Csel, Cse2, Cse3, Cse4, and Cas5e (Brouns

et al., 2008), cleave a CRISPR RNA precursor in each repeat, with the cleavage products being

retained. The X-ray crystal structure of Cse3 is similar to those of many RNA-binding
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proteins (Ebihara et al., 2006). Cse2 and a RAMP module, Cmr5, adopt a novel fold with

large continuous basic patches on one side of their surfaces, which possibly bind DNA or RNA

(Agari et al., 2008b; Sakamoto et al., 2009). Although the molecular mechanism of the

CRISPR systems is beginning to be studied, details including those of transcriptional regulation

of these systems remain unknown.

T thermophilus HB8 has ten (CRISPR-1-CRISPR-10) and two (CRISPR-11 and

CRISPR-12) CRISPR loci on pTT27 and the chromosome, respectively (Fig. 19); that is, four

loci have been identified in addition to the eight reported previously (Godde & Bickerton, 2006).

On pTT27, several core cas genes (i.e., casl—cas4 and cas6), one set each of the Ecoli and

Mtube subtypes, RAMP module genes, and several other cas family genes are encoded (Fig. 19)

(Haft et al., 2005). Of them, an operon containing cas! to cas3 and Ecoli subtype genes and

one containing Mtube subtype and cas family genes are positively regulated by cAMP receptor

protein (CRP) in a cAMP-dependent manner (Fig. 19) (Shinkai ef al., 2007a). @YS40, a lytic

tailed myophage that infects 7. thermophilus HB8 (Sakaki & Oshima, 1975) (Fig. 20A), is the

most characterized at the molecular level among 115 thermophages (Yu et al, 2006). Its

genome sequence has been determined (Naryshkina et al., 2006), and regulation of gene

expression was investigated by means of DNA macroarray analysis, with three temporal classes

of phage genes (i.e., early, middle, and late) being identified (Sevostyanova et al., 2007). The

sequences of phage DNA are not found in the CRISPR spacer sequences of 7. thermophilus
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HBS.

Here, I show alteration of the transcription profile of the host cells during infection with

@YS40 by DNA microarray analysis, focusing on the CRISPR systems. This study provides a

novel insight into the host response mechanism following phage infection.

pTT27
Cas  Casl # Cas2 Csml Csm2 Csm3 Csm4 Csm5 Cas
Q2sKImlo29) - (T — 144145 JUIRZ 146 SINRRRRRNRNRINY
CRISPR-1 CRISPR-2  CRISPR-3 Wiubs sublype
# Cmr2 Cmr3 Cmrl Cmr4 Cmr5 Cmr6

Ecoli subtype CRISPR-7 CRISPR-8
Cas2 Casl Cas4 Cas3 Cas6 #H#

CRISPR-9 CRISPR-10

Chromosome

CRISPR-11  CRISPR-12

Fig. 19. Schematic representation around CRISPRs on pTT27 and the chromosome of T. thermophilus HBS.
Expression increased genes at 100 min (¢ < 0.05, on ORF-level analysis) in the phage-infected T
thermophilus HB8 wild-type strain are denoted by white arrowheads, and the genes whose altered expression
was not observed are shown by black arrowheads. The numerals represent ‘TTHB’- and ‘TTHA’-omitted
gene names on pTT27 and the chromosome, respectively. TTHY7068, previously reported as 771823
(Beloglazova et al., 2008), is not present in a new version of the genomic analysis results. cas gene names
are shown above the arrowheads. Probable transposase genes are indicated by # or ##, those with the same
marks having the same or similar sequences. Black circles with arrows indicate the positions of the
CRP-dependent promoters and their transcriptional direction. CRISPRs are shown as patterned arrowheads,
those with the same patterns having the same or similar repeat sequences (Table 13).
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Fig. 20. (A) Electron micrographs of @YS40 negatively stained with uranyl acetate (Sakaki & Oshima,
1975).  (B) Schematic diagram of the life cycle of @YS40 phage and the progeny phage production.
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2-3. Materials and methods
Strains, cell growth and phage infection

The crp-deficient (Acrp) T. thermophilus HBS strain was constructed as described previously
(Shinkai et al., 2007a). The ®YS40 phage stock solution (0.3-1.9 x 10" pfu ml") was
prepared basically as described (Sevostyanova et al., 2007) except that the strain was cultured in
TT broth (see “Media and growth conditions for 7. thermophilus HB8” subsection of section
1.3) at 70°C. T thermophilus HBS strains were cultured in 1 1 of TT broth at 70°C until the
Agoo value reached ~0.8 (1.7 x 10® cells ml'l), which corresponded to the logarithmic growth
phase. For DNA microarray analysis, cells were collected from 50 ml of the culture medium,
and then the @YS40 phage was introduced into the remaining medium at a multiplicity of
infection of ~1, and the cultivation was continued. After 25, 50, 75, and 100 min, cells were
collected from 50 ml of the culture medium (Sevostyanova et al., 2007). For the premature
lysis experiment, 1 ml of the broth at each time point was collected, and then a few drops of
chloroform were added to the broth. After heating at 70°C for 10 min, a plaque assay was

performed.

Improvement of the Chip Definition File of the Thermus thermophilus HB8 GeneChip
The genomic sequences in public databases, such as GenBank, EMBL-Bank, and DDBJ, are
occasionally updated; for example, the protein-coding region, the replication origin, or the
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number of genes is sometimes revised. Along with the revision, the DNA microarray design

should be improved (Dai et al., 2005; Lu & Zhang, 2006; Sandberg & Larsson, 2007). Since

the genome sequence of 7. thermophilus HBS has also been updated, I revised the design of the

T. thermophilus GeneChip (TTHB8401a520105F, Affymetrix). The 7. thermophilus

GeneChip has 25 mer single-stranded DNA probes corresponding to the nucleotide sequences of

the transcripts (perfect match probes PM), and also has mismatched probes (MM) that contain a

single base mismatch in the center of each probe, to detect non-specific signals (Fig. 21). The

set of PM and MM is called a probe pair. This GeneChip carries 16 probe pairs for each ORF,

which are called the probe sets (Fig. 21). The expression level of an ORF is estimated from

the fluorescence intensities of the probe set. In addition, the probe set contains the probe pairs

for protein non-coding (intergenic) regions. The genomic coordinates of each probe pair and

the composition of the probe pairs in each probe set are defined by the Chip Definition File. I

found that this GeneChip contained several probes with sequences that are not present in the

current genomic sequence. In addition, the GeneChip contained redundant probes, as well as

some that could hybridize with multiple loci. Therefore, I eliminated these useless (in total

4,698) probe pairs from the Chip Definition File. Furthermore, I re-organized the probe set

definition with the remaining probes. The resulting new Chip Definition File was then

formatted as “tthb8401a520105f.cdf Rev.2”. The probe set definition in the new Chip

Definition File has been deposited in the GEO, and is accessible through GEO Platform
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Accession No. GPL9209.

—> MM probe GCGGCGAAGTTCTGCCCCTCGTGGA

} probe pair

—» PM probe GCGGCGAAGTTCAGCCCCTCGTGGA
25 base
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Fig. 21. Schematic diagram of the design of 7. thermophilus GeneChip.

DNA microarray analysis

(1) Sample preparation and data collection. Sample preparation and data collection for the

DNA microarray analysis were performed by the same procedures as described in Section 1-3

(1) of Chapter 1.

(i1) Expression analysis at the ORF level. The raw intensities for three independently cultured

lots of non-infected and three lots of post-infected cells were each summarized as ORFs, using

the GeneChip Operating Software, version 1.2 (Affymetrix). The datasets were then

normalized through the following three normalization steps, using the GeneSpring GX 7.3.1

program (Agilent Technologies); i.e., data transformation (shifting of low signals < 0.01 to 0.01),

followed by global scaling (normalization to the median of each array), and normalization using

the data for the non-infected cells as a control sample, as described in Section 1-2 (iv) of
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Chapter 1. I excluded several genes with detection calls that were ‘Absent’ (Pepper ef al.,

2007) for all 15 wild-type and nine Acrp strains. The remaining data for 2,202 and 2,181

ORFs of the wild-type and Acrp strains, respectively, were used for the following analysis.

The false discovery rate (g-value) (Storey, 2002) of the observed differences in the normalized

intensities between the non- and post-infected cells was calculated using R (http:/www.

r-project.org).

(iil) Expression analysis at the probe level. In order to investigate the expression of intergenic

regions, I established a method for the probe level expression analysis of the GeneChip data, as

described below. The PM probe intensities of three sets of post-infected data at a particular

time point and three sets of non-infected data were simultaneously quantile normalized (Bolstad

et al., 2003). In order to determine the expression differences between non-infected and

post-infected cells, the mean values of the three probe intensities of the post-infected data were

each divided by those of the non-infected ones. Then, the Wilcoxon signed-rank test was

applied with a + 100-bp window positioned at the center of each probe, which gave the p-value

of the center probe (Cawley et al., 2004). Data processing, statistical analysis, and data

visualization were performed using R and a Bioconductor (Gentleman et al., 2004). The

microarray data presented in this study have been deposited in the GEO, and are accessible

through GEO Series Accession No. GSE16978.
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2-4. Results

Alteration of the overall mRNA expression profile after phage infection.

The overall mRNA expression in 7. thermophilus HB8 infected by phage @Y S40 at 25, 50,

75, and 100 min post-infection was analyzed at the ORF level and compared with that in

non-infected cells. I confirmed that 99.8% of the phage population had infected the cells at 25

min (data not shown), the phage was still in the eclipse period at 50 min, phage progeny began

to be produced at around 75 min, and host cell lysis began at around 100 min (Fig. 22)

(Sevostyanova et al., 2007). Significant alteration of mRNA expression gradually increased

toward the period of host cell lysis (Fig. 23). The numbers of expression-altered genes with

g-values of < 0.05 at 25, 50, 75, and 100 min were 0, 15, 269, and 728, respectively, and the

numbers of up-regulated and down-regulated genes at 75 min were 144 and 125, and those at

100 min were 332 and 396, respectively.

Pfu (ml'!) X 10
()

0 50 100 150
Time post-infection (min)
Fig. 22. Progeny phage production in 7. thermophilus HB8 after infection
with phage ®YS40. The wild-type (@®,V¥) and Acrp (O,V) strains were

infected with @Y S40, and then at each time point post-infection, pfu in the
cells (@,0) and in the medium (V¥,V) was determined.
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Fig. 23. Alteration of the overall mRNA expression profile in 7. thermophilus HB8 during
infection with phage ®YS40. The numbers of expression-altered genes, with the indicated
g-values, at 25, 50, 75, and 100 min post-infection, analyzed at the ORF level, are shown.

Expression of cas and related genes

Table 12 summarizes the expression levels of representative genes around the CRISPR loci

after phage infection relative to those in non-infected cells, as determined on analysis at the

OREF level. As aresult, the expression of all the genes belonging to the cas families, except the

TTHB144—145 (cas—casl) and TTHB223-224-225 (cas2—casl—cas4) operons and TTHY7068
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(cas2) (positions 136,129-136,401), was found to be significantly up-regulated from around

when the phage progeny began to be produced (75 min post-infection). Notably, the

TTHB186—194 operon encoding a set of Ecoli subtype Cas proteins, Casl-3, and a putative

transcriptional regulator were most significantly up-regulated, followed by TTHBI147-152

encoding a set of Mtube subtype and Cas family proteins, both being under the control of a

CRP-dependent promoter (Shinkai ef al., 2007a). In summary, five core cas genes (casl, cas2,

two cas3, and cas6), one set each of the Ecoli and Mtube subtypes, RAMP module genes, a

putative transcriptional regulator, and a cas family gene were significantly expressed (g < 0.05)

after phage infection. Expression of TTHB068 encoding an argonaute protein, a key catalytic

component of the RNA interference pathway (Makarova et al., 2009; Wang et al., 2008), also

significantly increased around when host cell lysis began (100 min post-infection). In addition,

TTHB029, TTHB175-177, TTHB178, and TTHB197 encoding a YdjC family protein (Imagawa

et al., 2008), putative ion ABC transporter and related proteins, single-stranded DNA-specific

exonuclease (Shimada et al., 2010), and formate dehydrogenase, respectively, were significantly

increased. Interestingly, many hypothetical genes such as TTHB028, TTHB153, TTHB155—

159, TTHBI170, TTHB171, TTHB184, TTHBI185, TTHB195, TTHBI198, TTHB199, and

TTHB226-229 were significantly increased after phage infection, especially at 100 min

post-infection. Expression of several genes in the vicinity of CRISPRs on the chromosome

was not significantly altered after phage infection.
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Table 12. Expression of representative genes around the CRISPR loci (see Fig. 19) and the CRP-related genes in
the phage-infected I. thermophilus HB8 wild-type and Acrp strains at the indicated times post-infection.

Wild type Acrp
Expression (g-value)

Gene name” Annotation for the product Expression (g-value) at time (min) at time (min)
25 50 75 100 75 100
TTHB028  hypothetical protein 1.33 1.22 1.48 1.77 2.19 2.62
0.37) (0.14) (0.04) (0.02) (0.02) (0.01)
TTHB029  YdjC family protein 1.42 1.67 2.13 2.95 1.60 2.02
(0.36) (0.12) (0.01) (0.01) (0.02) (0.00)
TTHB068  argonaute 1.29 1.64 2.06 2.75 1.74 1.72
(0.39) (0.14) (0.07) (0.02) (0.01) (0.01)
TTHB144  Cas family protein 1.20 1.33 1.25 1.35 1.76 1.55
0.37) (0.09) (0.14) (0.08) (0.01) (0.01)
TTHBI145  Casl 1.00 0.95 1.00 1.05 1.25 1.29
(0.55) (0.43) (0.35) (0.29) (0.05) (0.01)
TTHY7068 Cas2 1.10 0.97 1.18 1.29 1.04 0.93
(0.46) (0.47) (0.20) (0.08) (0.22) (0.15)
TTHBI47* Csml 1.33 1.98 3.84 4.38 1.09 1.03
(0.36) (0.18) (0.01) (0.00) (0.02) (0.09)
TTHBI148* Csm2 1.42 2.07 3.78 4.60 1.49 1.39
(0.36) (0.16) (0.01) (0.00) (0.02) (0.01)
TTHBI149* Csm3 1.45 1.94 2.66 3.05 1.49 1.55
(0.36) (0.12) (0.02) (0.01) (0.04) (0.02)
TTHBI150* Csm4 1.31 1.89 3.80 4.01 1.77 1.54
(0.36) (0.18) (0.02) (0.00) (0.05) (0.05)
TTHBI51* CsmS5 1.30 1.84 3.48 3.93 1.48 1.36
(0.36) (0.18) (0.01) (0.00) (0.05) (0.05)
TTHB152* Cas family protein 1.37 1.78 2.70 3.09 1.66 1.73
(0.36) (0.13) (0.02) (0.01) (0.03) (0.02)
TTHB153  hypothetical protein 1.05 1.16 1.53 1.73 1.57 1.50
0.51) (0.35) (0.08) (0.05) (0.07) (0.05)
TTHBI155  hypothetical protein 1.49 1.86 2.12 2.40 2.52 3.04
(0.40) (0.17) (0.07) (0.05) (0.01) (0.00)
TTHB156* hypothetical protein 2.89 4.19 4.42 5.40 n.d. n.d.
(0.36) (0.13) (0.06) (0.03)
TTHB157* hypothetical protein 2.02 3.16 3.92 4.74 n.d. n.d.
(0.36) (0.01) (0.00) (0.00)
TTHB158* hypothetical protein 1.90 3.04 347 4.90 0.98 1.26
(0.36) (0.04) (0.03) (0.00) (0.25) (0.11)
TTHB159* hypothetical protein 2.12 2.73 2.64 3.86 n.d. n.d.
(0.36) (0.10) (0.04) (0.01)
TTHBI160 Cmr2 1.36 1.91 2.46 2.68 2.28 2.35
(0.36) (0.05) (0.02) (0.01) (0.01) (0.00)
TTHB161  Cmr3 1.60 2.10 3.55 3.58 3.25 2.85
(0.36) (0.12) (0.03) (0.02) (0.01) (0.00)
TTHBI162 Cmrl 1.56 2.04 2.57 3.05 2.40 2.95
(0.36) (0.08) (0.03) (0.02) (0.01) (0.01)
TTHBI163 Cmr4 1.28 1.74 1.98 2.13 1.82 2.19
(0.36) (0.08) (0.08) (0.03) (0.03) (0.01)
TTHB164  Cmr5 1.55 1.80 2.46 2.53 2.26 2.16
(0.36) (0.09) (0.05) (0.02) (0.01) (0.00)
TTHBI65  Cmr6 1.66 2.05 2.44 2.67 1.90 2.19
(0.36) (0.11) (0.04) (0.02) (0.01) (0.00)
TTHB167  hypothetical protein 0.88 0.83 0.68 0.77 0.82 0.85
(0.51) (0.43) 0.21) (0.26) (0.20) (0.17)
TTHB168  hypothetical protein 0.94 1.23 1.04 1.09 0.99 1.06
(0.50) (0.23) (0.28) (0.19) (0.24) (0.14)
TTHB169  hypothetical protein 1.02 0.98 1.00 0.97 0.96 0.89
(0.49) (0.38) (0.34) (0.18) (0.17) (0.03)
TTHB170  hypothetical protein 1.15 1.20 1.27 1.44 0.91 0.92
(0.40) (0.18) (0.09) (0.03) (0.12) (0.10)
TTHBI171  hypothetical protein 1.25 1.51 1.63 1.86 1.55 1.90
(0.40) (0.16) (0.06) (0.03) (0.02) (0.00)
TTHB172  reverse gyrase 1.14 1.02 1.13 1.03 1.74 1.63
(0.47) (0.50) (0.26) (0.34) (0.02) (0.01)
TTHB173  response regulator 1.17 1.38 1.74 1.67 1.66 1.70

(0.42) (0.20) (0.06) (0.06) (0.01) (0.01)
Continued on next page.
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Table 12. Continued.

Wild type Acrp
Gene name” Annotation for the product Expression (g-value) at time (min) Expg[:st?;gg ((r%'i;’f)‘lue)

25 50 75 100 75 100

TTHBI174  sensor histidine kinase-like protein n.d. n.d. n.d. n.d. n.d. n.d.
TTHB175  ABC transporter, ATP-binding 1.14 1.57 1.43 2.16 1.30 2.00
protein (0.47) (0.19) (0.12) (0.04) (0.05) (0.01)

TTHB176  putative iron ABC transporter, 1.25 2.07 2.81 4.77 1.34 1.62
permease protein (0.40) (0.12) (0.05) (0.02) (0.01) (0.03)

TTHB177  iron ABC transporter, periplasmic 1.27 2.55 3.94 9.52 1.69 2.09
iron-binding protein (0.44) (0.16) (0.06) (0.02) (0.02) (0.00)

TTHB178* single-stranded DNA-specific 3'-5' 1.41 3.02 8.35 9.88 1.00 1.12
exonuclease (0.36) (0.19) (0.01) (0.01) (0.26) (0.06)

TTHB179  hypothetical protein 0.78 0.63 0.67 0.94 1.03 1.15
(0.36) (0.19) (0.06) (0.26) (0.21) (0.08)

TTHBI180  hypothetical protein 0.86 0.84 0.79 0.90 0.99 1.23
(0.40) (0.15) (0.06) (0.19) (0.25) (0.04)

TTHB181  hypothetical protein 0.86 0.80 0.85 1.10 1.01 1.53
(0.37) (0.13) (0.13) (0.20) (0.23) (0.03)

TTHB182  hypothetical protein 0.92 0.86 1.02 1.28 1.09 1.88
(0.40) (0.21) (0.32) (0.06) (0.17) (0.01)

TTHBI183  hypothetical protein 0.93 0.82 0.96 1.17 1.13 1.51
(0.40) (0.17) (0.30) (0.10) (0.15) (0.02)

TTHB184  hypothetical protein 1.60 1.49 1.44 1.97 1.60 1.81
(0.36) (0.19) (0.11) (0.04) (0.03) (0.00)

TTHB185  hypothetical protein 1.60 1.60 1.78 2.40 2.01 2.44
(0.36) (0.12) (0.05) (0.02) (0.02) (0.01)

TTHBI186* predicted transcriptional regulator 2.01 4.04 8.39 9.51 1.52 2.23
(0.36) (0.10) (0.03) (0.02) (0.02) (0.00)

TTHB187* Cas3 2.16 4.87 9.36 10.7 1.66 227
(0.37) (0.13) (0.04) (0.03) (0.05) (0.02)

TTHBI188* Csel 1.63 2.84 5.67 7.46 2.12 2.82
(0.36) (0.12) (0.03) (0.02) (0.03) (0.01)

TTHBI189* Cse2 1.41 2.46 4.53 5.78 1.74 2.15
(0.36) (0.13) (0.03) (0.01) (0.01) (0.01)

TTHBI190* Cse4 1.57 3.00 6.04 7.53 2.56 2.85
(0.36) (0.14) (0.02) (0.01) (0.01) (0.01)

TTHBI191* Cas5e 1.65 3.01 5.63 7.19 2.09 2.63
(0.36) (0.12) (0.01) (0.01) (0.02) (0.01)

TTHB192* Cse3 1.55 2.99 6.47 8.02 2.20 2.91
(0.36) (0.14) (0.02) (0.01) (0.02) (0.01)

TTHBI193* Casl 1.62 2.69 6.06 6.95 2.46 2.71
(0.36) (0.13) (0.03) (0.02) (0.02) (0.01)

TTHB194* Cas2 1.46 2.38 4.37 5.57 2.48 2.80
(0.36) (0.15) (0.01) (0.01) (0.02) (0.01)

TTHBI195  hypothetical protein 1.17 1.23 1.29 1.31 1.66 2.01
(0.39) (0.17) (0.07) (0.05) (0.01) (0.00)

TTHB196 ]Eutative rotein required for 1.05 0.88 1.09 1.54 1.09 1.59
ormate dehydrogenase activity (0.51) (0.41) (0.28) (0.07) (0.16) (0.01)

TTHB197  formate dehydrogenase 1.29 1.82 2.78 3.71 2.64 2.96
(0.40) (0.12) (0.04) (0.01) (0.01) (0.00)

TTHB198  hypothetical protein 1.52 2.23 3.23 4.43 1.81 1.76
(0.37) (0.12) (0.03) (0.01) (0.01) (0.01)

TTHB199  hypothetical protein 1.54 2.06 2.94 3.93 2.21 2.44
(0.36) (0.12) (0.04) (0.01) (0.02) (0.01)

TTHB202  hypothetical protein 1.08 0.90 0.67 0.90 0.67 0.86
(0.49) (0.45) (0.10) (0.25) (0.05) (0.12)

TTHB222  hypothetical protein 0.89 0.96 0.90 0.86 0.72 0.66
(0.50) (0.49) (0.29) 0.27) (0.08) (0.02)

TTHB223  Cas2 1.38 1.26 1.27 1.42 0.78 1.47
(0.40) (0.31) (0.18) (0.12) (0.10) (0.05)

TTHB224  Casl 1.10 1.05 0.74 1.23 1.17 1.56
(0.48) (0.48) (0.15) (0.18) (0.20) (0.09)

TTHB225  Cas4 1.22 1.20 1.03 1.36 1.38 1.88

(0.45) (0.39) (0.33) (0.19) (0.13) (0.05)

Continued on next page.
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Table 12. Continued.

Wild type Acrp
Gene name” Annotation for the product Expression (g-value) at time (min) Expzrgstilgg ((r%-i;/lz;lue)

25 50 75 100 75 100

TTHB226  hypothetical protein 1.24 1.67 2.61 3.19 1.81 2.23
(0.41) (0.10) (0.04) (0.01) (0.03) (0.01)

TTHB227  hypothetical protein 1.05 1.40 1.65 1.98 1.41 1.43
(0.40) (0.10) (0.03) (0.02) (0.04) (0.03)

TTHB228  hypothetical protein 1.11 1.40 1.98 2.80 2.01 2.28
(0.36) (0.13) (0.01) (0.01) (0.01) (0.00)

TTHB229  hypothetical protein 1.28 1.70 2.40 3.46 2.18 2.57
(0.36) (0.13) (0.04) (0.01) (0.01) (0.00)

TTHB230  Cas3 1.17 1.41 1.76 2.47 2.06 2.15
(0.36) (0.08) (0.05) (0.01) (0.01) (0.01)

TTHB231  Cas6 1.14 1.29 1.80 2.14 1.59 1.80
(0.40) (0.17) (0.05) (0.03) (0.01) (0.01)

TTHB233  hypothetical protein 1.15 1.14 1.06 0.99 1.04 0.80
(0.39) (0.29) (0.24) (0.33) (0.22) (0.05)

TTHA0176* GCNS-related acetyltransferase 0.87 0.85 1.07 1.08 0.71 0.72
(0.37) (0.18) (0.18) (0.15) (0.01) (0.01)

TTHAO771%* transcriptional activator SARP 1.81 3.85 12.4 22.0 4.21 6.06
family (0.36) (0.08) (0.02) (0.01) (0.01) (0.01)

TTHA0798 GGDEF domain protein 1.28 1.81 3.33 4.36 1.63 2.46
(0.36) (0.15) (0.02) (0.01) (0.02) (0.00)

TTHA0909 ornithine aminotransferase 1.08 1.02 0.96 0.99 1.00 0.98
(0.47) (0.49) (0.30) (0.35) (0.25) (0.19)

TTHA0910 exoribonuclease 1.11 1.04 1.06 0.96 1.07 0.91
(0.43) (0.43) (0.27) (0.30) (0.17) (0.10)

TTHA0924 hypothetical protein 1.07 1.04 1.08 1.01 0.83 0.87
(0.44) (0.40) (0.07) (0.34) (0.05) (0.06)

TTHA0925 poly(A) polymerase family protein 0.79 0.99 1.25 1.32 0.84 0.66
(0.40) (0.50) (0.12) (0.09) (0.04) (0.01)

TTHA1437 CRP 1.08 1.14 0.95 0.93 n.d. n.d.

(0.47) (0.31) (0.30) (0.24)

Normalized intensities in the post-infected cells relative to those in the non-infected cells and the g-values, determined
at the ORF level, are shown.

n.d., the detection call was absent (see Materials and Methods).

*Genes with asterisks are under the control of CRP-dependent promoters. Expression of a probable transposase gene
(see Fig. 19) could not be determined because oligonucleotide probes for it correspond to a couple of the same or
similar genes. Expression of TTHB166 gene cannot be determined because adequate probes cannot be designed.

Expression of CRISPRs

In order to investigate the altered expression of CRISPRs after phage infection, probe-level
analysis of the DNA microarray data was performed. After phage infection, the normalized
intensities of most probes corresponding to one strand each of all CRISPRs except CRISPR-8
and CRISPR-10, which were not detected because corresponding oligonucleotide probes have
not been designed for DNA microarray analysis, gradually increased with p-values of < 107

thus, the transcripts derived from the CRISPRs were mostly generated from one strand on phage
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infection (Figs. 19 and 24). The expression levels differed among the loci, roughly in the order

of CRISPR-5, -6, -7, -9, and -11 > CRISPR-3, -4, and -12 > CRISPR-1 and -2 (Fig. 24), which

is not the same as that of the associated cas genes (Table 12 and Fig. 19). Highly conserved

regions were found in the upstream sequences of CRISPR-1, -2, -4, and -11, and between those

of CRISPR-6 and -7, respectively (Fig. 25). These observations support the transcriptional

direction of the CRISPRs determined on DNA microarray analysis because upstream sequences

of the CRISPRs possibly contained promoters for the following CRISPRs (Brouns et al., 2008).

The upstream sequences of CRISPR-9 and -10 are also conserved (Fig. 25). The repeat

sequences of the CRISPRs were classified into three types: those of CRISPR-1, -2, -3, -4, -5, -8,

-11, and -12 (type I); those of CRISPR-6 and -7 (type II); and those of CRISPR-9 and -10 (type

IIT) (Table 13). CRISPR-3, -5, and -12 had possibly been generated through insertion of the

same or a similar transposase gene, TTHB146, TTHB154, and TTHA0921, respectively (Fig. 19).

The increased expression level did not depend on the type of repeat sequence.
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Fig. 24. Altered expression around
the CRISPR loci after phage
infection. The expression in the
phage-infected 7. thermophilus HB8
wild-type strain at 25 (a), 50 (b), 75
(¢), and 100 min (d) and the Acrp
strain at 75 (e) and 100 min (f)
post-infection, relative to those in the
non-infected strains, was analyzed at
the probe level, and is presented as
the log,-transformed  normalized
intensity of each probe. The upper
and lower graphs for each time point
are for the (+) and (—) strands,
respectively. Numerals indicated by
red letters on the graphs represent the
CRISPR code numbers. CRISPR
regions are indicated in red on the
genome map. The p-value range is
indicated by a color; that is, p < 10™
for the (+) strand (red), p < 10 for
the (—) strand (blue), 10* < p < 107
(black), and p < 107 (gray). The
expression of CRISPR-8 and -10 was
not detected, because the
corresponding oligonucleotide probes
have not been designed for DNA
microarray analyses.



A

CRISPR-1_up 18445 CGTCCCTTCCTCTTGTGGCTTTCTATCGGTGTAAACCCTCAAAAACCCCC 18396

CRISPR-2_up 133624 CGCCCCTTTCTCCTGTGGGTTTCCATTGGTGTAAACCCTCAAAAACCCCC 133673

CRISPR-4_up 143987 CGCCCCTTCCTCCTGTGGCTTTCTATCGGTGTAAGCCCTCAAAAACCCTC 144036

CRISPR-11_up 871960 CGCCCCTTCCTCCTGTGGCTTTGCATCGGCATAAACCCCCGAAAACCCCG 872009
Hok Hokok sk ok fokk skkok ok sfololekkkok ok

CRISPR-1_up 18395 GTTATTCGCCGTGTGCATATTCCAAGCTTCATCTTTCTCACAAACCCCCC 18346
CRISPR-2_up 133674 ATTATTCGCCGTGTGCATATTCCAAGCTTCATCTTTGTCACAAACCCCCG 133723
CRISPR-4_up 144037 ATTATTCGCCGTGTGCATATTCCAAGCTTCATCTTTGTCACAAACCCCCC 144086
CRISPR-11_up 872010 GTTATTCGCCGTGTGCATATTCCAAGCTTCATCTTTGTCACAAACCCCCG 872059

CRISPR-1_up 18345 CTCTGGCGGCGCCGTCCAGGACGGGGTTCTTTGGGGGGTCCC 18304

CRISPR-2_up 133724 CTTTGGCGGCGCCGTCCAGGACGGGGTTCTTTGGGGGGTACC 133765

CRISPR-4_up 144087 CTCTGGCGGCGCCGTCCAGGACGGGGTTCTTTGGGGGGTACC 144128

CRISPR-11_up 872060 -TCTGGCGGCGCCGTCCAGGACGGGGTTCTTTGGGGGGTACC 872100
* Kok

B

CRISPR-6_up 191003 TCCTAAACAGACACATAAAGGGGGGTAAGCGGGCGTTTGTGCCGTCCTGG 190954
CRISPR-7_up 200755 TCCCGAATAGACACATAAACGGGGGTGAGCGGGCGTTTTCGCCGTCCTGG 200804

Hokk ok
CRISPR-6_up 190953 TCATGT 190948
CRISPR-7_up 200805 TCATGT 200810

skkokekokk

C
CRISPR-9_up 228476 CGAGCGCGAAGGCCACCTTATGCAAACCCCCTGTGCCAAACCGGGGGTTT 228427
CRISPR-10_up 238868 CGAGCGCGAAGGCCACCTTATGCAAACCCCCTGTGCCAAACCGGGGGTTT 238917

CRISPR-9_up 228426 TTGCTGTACAGAAGGCTGCTCTTTTGAATTGCATACTTGTTCTTTCCCCT 228377
CRISPR-10_up 238918 TTGCTGTACAGAAGGCTGCTCTTTTGAATTGCATACTTGTTCTTTCCCCT 238967

CRISPR-9_up 228376 CGTGCGCGTGCGCACTCGTCCTGGAGAAGGAAAGTCCCACTTTAGTCCCA 228327
CRISPR-10_up 238968 CGTGCGCGTGCGCACTCGTCCTGGAGAAGGAAAGTCCCACTTTAGTCCCA 239017

CRISPR-9_up 228326 CGGCTCCTCTTCCAGGTTGACGCATAATCCCCCCGCGTGCGAAAATGGCC 228277
CRISPR-10_up 239018 CGGCTCCTCTTCCAGGTTGACGCATAATCCCCCCGCGTGCGAAAATGGCC 239067

CRISPR-9_up 228276 TCAAGACCCCCCGCCTGGAGCCGCTTCCTGGAGGGGGCC 228238
CRISPR-10_up 239068 TCAAGACCCCCCGCCTGGAGCCGCTTCCTGGAGGGGGCC 239106

Fig. 25. Nucleotide sequence alignment of upstream regions of CRISPR-1, -2, -4, and -11 (A) CRISPR-6,
and -7 (B) and CRISPR-9, and -10 (C). Conserved sequences are indicated by asterisks. The genome
positions of the sequences on pTT27 (CRISPR-1, -2, -4, -6, -7, -9, and -10) and the chromosome
(CRISPR-11) are indicated.
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Table 13. Composition of the CRISPR loci on pTT27 and the chromosome of 7. thermophilus HBS.

Type of
Locus® CRISPR Representative repeat sequence (5’ to 3)° repeat No.of - Length of spacer
name repeats sequence (avr) (bp)
sequence
on pTT27
18,303-18,044 CRISPR-1 4 3840 (38.7)
133,766-133,954  CRISPR-2 3 40-41 (40.5)
135,156-136,099  CRISPR-3 GTTGCAAGGGATTGAGCCCCGTAAGGGGATTGCGAC I 13 35-42(39.6)
144,129-144,842  CRISPR-4 10 37-42 (39.3)
146,042-146,983  CRISPR-5 13 36-44 (39.5)
190,947-189,507  CRISPR-6 GTAGTCCCCACGCACGTGGGGATGGACCG 24 31-33(32.4)
11
200,811-202,078  CRISPR-7 GTAGTCCCCACGCGTGTGGGGATGGACCG 21 32-35(33.0)
210,807-210,842  CRISPR-8 GTTGCAAGGGATTGAGCCCCGTAAGGGGATTGATAC I 1 -
228,237-227,324  CRISPR-9 GTTGCAAACCCCGTCAGCCTCGTAGAGGATTGAAAC 13 36-41(37.2)
111
239,108-239,214 CRISPR-10 GTTGCAAACCTCGTTAGCCTCGTAGAGGATTGAAAC 2 35
On the chromosome
872,101-873,199  CRISPR-11 15 3543 (39.9)
GTTGCAAGGGATTGAGCCCCGTAAGGGGATTGCGAC I
874,397-874,734  CRISPR-12 5 37-41 (39.5)

*Each one begins with the first base of the first repeat, and ends with the last base of the last repeat.
"Palindromic sequences are underlined.

Expression of CRP-related genes

T. thermophilus CRP positively regulates 22 genes in a cAMP-dependent manner (Shinkai et

al., 2007a). In addition to two CRP-regulated cas operons (Fig. 19), the expression of the

remaining CRP-regulated genes except TTHA0176, remarkably increased after phage infection,

being especially increased at 100 min post-infection (Table 12). Increased expression of the

crp gene was not observed; furthermore, expression of the CRP-regulated genes was less

up-regulated in a phage-infected Acrp strain than in the wild type (Table 12; see “Effects of crp

gene disruption on responses to phage infection” subsection). These results suggest that

expression of these CRP-regulated genes increases due to an increase in the intracellular cAMP
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level, and that cAMP is a signaling molecule that transmits information on phage infection to

CRP. An additional regulatory factor might be involved in the expression of TTHA0I76.

Interestingly, the expression of TTHA0798 encoding a GGDEF domain protein, which has a

domain homologous to an adenylyl cyclase catalytic one, also increased after phage infection

(Table 12). This protein might be involved in cAMP synthesis. The increased cAMP level

might be undetectable because it could not be observed upon enzyme immunoassaying with

anti-cAMP antibodies, performed as described previously (Shinkai et al., 2007a).

Several other features observed in the genome-wide expression profile

In order to characterize the genome-wide altered expression profile, I categorized all of the

expression-altered genes (¢ < 0.05) at 75 and 100 min post-infection based on the Clusters of

Orthologous Groups of proteins (COGs) (http://www.ncbi.nlm.nih.gov/COG) (Tatusov et al.,

2003), as summarized in Table 14 and Fig. 26 (Agari et al., 2010b). In category T, the number

of up-regulated genes was more than that of down-regulated ones (Table 14). The relative

expression levels of the up-regulated genes at 75 and 100 min were 1.38-12.4 [average value

(avr), 3.84] and 1.28-22.0 (avr, 3.29), respectively. Interestingly, 6 putative two-component

response regulators out of the 12 found in this strain were up-regulated 1.29-2.76 (avr, 1.89)

times at 100 min (Agari et al., 2010b). On the other hand, many down-regulated genes were

found in categories J, E, F, H, and I, especially at 100 min (Table 14). Their relative
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expression levels were 0.48—-0.88 (avr, 0.61), 0.33-0.81 (avr, 0.64), 0.36-0.91 (avr, 0.67), 0.29—

0.86 (avr, 0.62), and 0.41-0.84 (avr, 0.67), respectively. Notably, the expression of the genes

in category L and that of uncategorized genes, including several functionally uncharacterized

cas genes, were relatively greatly altered (Fig. 26), with more than 70% of them being

up-regulated 1.71-8.35 (avr, 3.50) and 1.17-6.47 (avr, 2.52) times, respectively, at 75 min

[Table 14, and see also supplementary Table S1 of ref. (Agari et al., 2010b)]. As reported

previously (Sevostyanova et al., 2007), the expression of rpoC (ITHAI812) was decreased at

100 min, the relative expression level being 0.57 (¢ = 0.04). As for @Y S40 genes, expression

of the genes for DNA replication, recombination, and nucleotide metabolism increases from the

carly stage of post-infection (Sevostyanova et al, 2007). Taking all the facts together, I

speculate that upon phage infection, a signal is transmitted to the host cells, and the overall

efficiencies of transcription, translation, and metabolism in the cells decrease, while replication

of phage DNA and uncharacterized host response systems including CRISPR systems (see

above) are activated. Unlike in the previous study (Sevostyanova et al., 2007), significantly

altered expression of infB (ITHA0699), infC (ITHA0551), sigd (TTHA0532), dnakK

(TTHA1491), and the alcohol dehydrogenase gene (TTHA0466) was not observed.
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Table 14. Number of expression-altered genes (¢ < 0.05, on ORF-level analysis) in each category of COGs
observed in the phage-infected 7. thermophilus HB8 wild-type and Acrp strains at 75 and 100 min post-infection.

Wild Type Acrp
COG . In 75 min 100 min 75 min 100 min
Description a
code genome Up Down Up Down Up Down Up Down
(%) (%) (%) (%) (%) (%) (%) (%)
Information storage and processing
J Translation 153 2(154) 11(84.6) 4(14.3) 24(85.7) 10(8.3) H 8 (6.6) 13
(91.7) (93.4)
K Transcription 104 9(56.3) 7(43.7) 14(41.1) 20(58.9) 29 (46.8) 33(53.2) 39(50.6) 38 (49.4)
L Replication, recombination and repair 117 (71748) 4(222) 21(56.8) 16(43.2) 33 (49.2) 34 (50.8) 41 (54.7) 34 (45.3)
B Chromatin structure and dynamics 2 0(0) 0(0) 0(0) 1(100) 0(0) 0(0) 0(0) 0(0)
Cellular processes
D Cell cycle control, mitosis and meiosis By (50.0) 1(50.0) 2(22.2) 7(77.8) 8(53.3) 7(46.7) 7(43.8) 9(56.2)
V  Defense mechanisms 200 (33.3) 2(66.7) 2(333) 4(667) 3(429) 4(57.1) 6(54.5) 5(45.5)
T Signal transduction mechanisms 65 6(85.7) 1(143) 16(84.2) 3(158) 31(86.1) 5(13.9) 38(86.4) 6(13.6)
M Cell wall/membrane biogenesis 78 5(50.0) 5(50.0) 10(31.3) 22(68.7) 14 (31.1) 31(68.9) 23 (37.7) 38(62.3)
i 12
N Cell motility 1(50.0) 1(50.0) 2(50.0) 2(50.0) 4(444) 5(55.6) 3(37.5) 5(62.5)
Z  Cytoskeleton ! 1(100) 0(0)  1(100) 0(0)  1(100) 0(0)  1(100) 0(0)
U Intracellular trafficking and secretion 0 (33.3) 2(66.7) 2(20.0) 8(80.0) 5(27.8) 13(72.2) 6(30.0) 14 (70.0)
0 Posttranslational modification, protein 84 50
turnover, and chaperones (28.6) 5(71.4) 13(48.1) 14(51.9) 8(20.0) 32(80.0) 15(30.0) 35(70.0)
Metabolism
C Energy production and conversion 150 (41718) 12(52.2) 19(45.2) 23 (54.8) 42(61.8) 26 (38.2) 59 (60.8) 38(39.2)
G Carbohydrate transport and 125 11
metabolism (68.8) 5(31.2) 26(57.8) 19(42.2) 34(47.9) 37(52.1) 43(51.2) 41 (48.8)
E Amino acid transport and metabolism 209 (71)26) 5(29.4) 25(39.0) 39 (61.0) 48(38.4) 77(61.6) 54 (36.7) 93 (63.3)
F Nucleotide transport and metabolism 4 0(0) 5(100)  0(0) 26(100) 7(16.3) 36(83.7) 11 (24.4) 34 (75.6)
H  Coenzyme transport and metabolism 10 4(25.0) 12(75.0) 13 (33.3) 26 (66.7) 22 (33.3) 44 (66.7) 36 (40.9) 52 (59.1)
1 Lipid transport and metabolism 8 4(33.3) 8(66.7) 13(37.1) 22(62.9) 24 (45.3) 29 (54.7) 27 (45.0) 33 (55.0)
Inorganic ion transport and 91
P metabolism 3 (50.0) 3(50.0) 14(63.6) 8(26.4) 18(32.7) 37(67.3) 20(33.3) 40 (66.7)
Q Secondary metabolites biosynthesis, 58 10167
transport and catabolism (16.7) 5(83.3) 12(52.1) 11 (47.9) 21(65.6) 11 (34.4) 27(71.1) 11(28.9)
Poorly characterized
. - 304 19 103 124
R General function prediction onl
p y (55.9) 15(44.1) 47 (45.6) 56 (54.4) 66(39.1) (60.9) 89 (41.8) (58.2)
S Function unknown 166 (71550) 5(25.0) 26(45.6) 31 (54.4) 42(50.0) 42(50.0) 47 (46.5) 54 (53.5)
. 434 46 126 187 113
- Not in COGs
(70.8) 19(29.2) 93 (60.4) 61 (39.6) (58.9) 88 (41.1) (63.6) (36.4)
Total 2492 169 133 375 443 596 805 787 930
(56.0) (44.0)  (458) (542)  (42.5) (575)  (458) (54.2)

Up and Down indicate up-regulated and down-regulated genes, respectively. The percentage of the altered genes in each category is
shown in parentheses.
*Number of genes in the genome of 7. thermophilus HBS.
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Fig. 26. Contents of expression-altered genes in the phage @Y S40-infected 7. thermophilus HB8 wild-type
and Acrp strains. The percentages of each COG-based categorized gene among the total number of
expression-altered genes (¢ < 0.05) at 75 (shaded bars) and 100 min (dark bars) post-infection are shown.
The percentages of the genes in the genome are shown by open bars. The definition for each COG code is
given in Table 14.

Effects of crp gene disruption on responses to phage infection

The expression of CRP-regulated genes was most remarkably up-regulated by phage
infection (Table 12); thus CRP may be one of the key molecules for cells to respond to phage
infection. In order to determine the effects of this molecule on host responses after phage
infection, I infected the Acrp strain with @YS40. The eclipse period of the strain was almost
the same as that of the wild type, suggesting that CRP-regulated genes are not involved in phage
production (Fig. 20).

The expression of the TTHB159-156 operon and TTHB178, which are directly controlled by
CRP, was not up-regulated in the phage-infected Acrp strain (Table 12). In the case of the two
cas operons and TTHAO771, which are under the control of CRP-dependent promoters (Fig. 19
and Table 12), increased expression was still observed in the Acrp strain after phage infection,
although the level was only 25-50% of that in the phage-infected wild-type strain (Table 12),
suggesting that their expression is controlled by both CRP and some additional regulatory
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factor(s). Expression of TTHBI176 and TTHB177 was less up-regulated even though they are

not under the control of a CRP-dependent promoter, suggesting that their expression is

indirectly controlled by CRP. In the case of cas genes that are not under the control of a

CRP-dependent promoter, [i.e., the TTHBI160—165 operon encoding a set of RAMP modules,

TTHB230 (cas3), and TTHB231 (cas6)], increased expression was observed in the

phage-infected Acrp strain, with the level being similar to that in the phage-infected wild type

(Table 12). For up-regulation of these genes, unknown regulatory factor(s) may be activated

when a phage infects cells. Additionally, expression of the TTHB144—145 (cas—casI) operon

was significantly up-regulated in the Acrp strain after phage infection, unlike in the wild type

(Table 12). Expression of all remaining cas genes was not altered in the phage-infected Acrp

strain, as observed in the wild type (Table 12). Regarding the expression of the cas genes,

basically the same results were obtained on probe-level analysis of the DNA microarray data

(Agari et al., 2010b). Thus, the transcriptional regulatory mechanism may differ depending on

the cas gene. The up-regulation of the transcription of CRISPRs in the phage-infected Acrp

strain was observed to be similar to that in the wild type (Fig. 24), indicating that the regulation

was not mediated by CRP, but by unknown regulatory factor(s) induced by phage infection.

As in the case of the wild-type strain, significant alteration of overall mRNA expression was

observed in the Acrp strain (Agari et al., 2010b). Although the numbers of up-regulated and

down-regulated genes (¢ < 0.05) differed from those in the wild type, the expression profiles of
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the genes involved in signal transduction, transcription, translation, and metabolism were

basically consistent with those in the wild type. However, the ratio of the genes belonging to

category L and the uncategorized genes among the expression-altered genes at 75 min

post-infection was reduced in the Acrp strain, which was the most striking feature of the profile

(Fig. 26). This finding suggests that unknown host response systems as well as several

CRISPR systems are under the control of CRP.
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2-5. Discussion

I found that most CRISPR systems of 7. thermophilus HB8 were significantly up-regulated

by phage infection. Interestingly, expression of the systems was not simply regulated by some

common regulatory factor(s); that is, several cas genes were regulated by CRP, which may be

the receiver of a signaling molecule, cAMP, while several other cas genes and CRISPRs were

regulated by unidentified factor(s). Notably, CRISPR and the genes in the vicinity of the

CRISPRs including cas genes were not always simultaneously up-regulated after phage

infection, as in the cases of the CRISPR-2, -3, -11, and -12 loci (Fig. 19). It might be that the

protein machineries of CRISPR systems can interact in frans with RNA transcribed from distant

CRISPRs. Several core cas genes were not up-regulated after phage infection, but were

expressed in the non-infected strains because the detection calls for them were all ‘present’.

Interestingly, up-regulation of only one each of the cas/ and cas2 genes was observed although

the strain has two more of each gene. It would be more interesting if the expression profile of

cas genes could be altered depending on the species of invading foreign replicons. Since the

bacterial strain used in this study is sensitive to phage @YS40 and the strain does not have

CRISPR spacers identical with its DNA, the phage-induced expression profiles I observed

might reflect the adaptation phase rather than the interference phase of CRISPR immunity.

Alternatively, the strain might respond similarly to any foreign replicon, and it might be ready to

adapt and interfere with its infection simultaneously even if it does not have CRISPR spacers

99



identical with the sequences of the invading foreign replicon because Casl, which has been

thought to be involved in the adaptation phase (Wiedenheft ef al., 2009), and Cas6 (Carte et al.,

2010) and Ecoli subtype Cas proteins plus Cas3 (Brouns et al., 2008), which have been thought

to be involved in the interference phase, were significantly up-regulated after phage infection.

I found that about 40% of the expression-altered genes of wild-type 7. thermophilus HB8 after

phage infection (¢ < 0.05) are annotated as being functionally unknown, suggesting the

involvement of unknown host response system(s) in addition to CRISPR systems. Of the

functionally unknown genes, significantly up-regulated genes after phage infection, such as

TTHB028, TTHB153, TTHB155-159, TTHB184, TTHB185, TTHB195, TTHB198, TTHB199,

and TTHB226-229, which are localized in close proximity in CRISPRs (Fig. 19), might play

key roles in the CRISPR immunity.

Thus, the results obtained in this study provide a basis for additional biochemical and genetic

characterization of host response systems including CRISPR systems, which will facilitate

understanding of the regulatory mechanism induced by phage infection. Since proteins from 7.

thermophilus HB8 are good candidates for X-ray crystal structure analysis (Yokoyama et al.,

2000a), this results will also facilitate understanding of the mechanism at the atomic level.
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