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INTRODUCTION

Virulent bacteriophages are phages which can oniliply on bacteria and destroy
the cell by lysis after immediate replication oethirion. Bacteriophage T4 is a phage
that infectsEscherichia coli.Like most other virulent phages, T4 infects expuiady
growing cells, which maintain active metabolic psses. T4 terminates these processes
and takes over bacterial metabolism. This is ad@deduring the first few minutes of
infection, when the phage-encoded factors modifgtgins of E. coli to serve the
development of the phage. The changes in gene ssipre occur at the levels of
transcription, translation, and mRNA degradatione T4 DNA sequences that act as the
regulatory signals for gene expression also playrgortant role in the aforementioned
processes.

The most important process that ensures a consestenession of T4 genes is the
temporal transcriptional regulation, when phageseied transcriptional regulators
modify the RNA polymerase of the host cell and medti it to recognize three different
classes of T4 promoters: early, middle, and latdl¢Met al., 2003). It takes less than 30
minutes for a switch from early to late T4 genensiption to occur (O’Farrell and
Gold 1973; Christensen and Young 1984; Kai etl&196). Such rapid transition cannot
be achieved solely through changes in transcriptiarctivity; it also requires an
effective and rapid mRNA degradation, which conités to translation apparatus
available for another gene expression and als@ea&sing the pool of free nucleotides.
These processes are closely related and interdepeadd are regulated both by the
structure of mMRNA and protein modifications.

It is known that bacteriophage T4 also modifies tanber of E. coli proteins
involved in translation, thus redirecting thesetgims to recognize the sequences that
regulate the synthesis of phage peptides. Meanwvimanaturation and degradation of
T4 mRNA are among the least investigated proce3desE. coli RNase E that is used
throughout the phage development has been theefitkinuclease shown to be involved
in the processing of T4 mMRNAs (Mudd et al., 1990hjle the sequence-specific T4-
encoded RegB endoribonuclease functionally inats/amost early transcripts and
expedites their degradation. T4 RegB generates tutthe middle of GGAG/U

sequences located in the intergenic regions oy gges, mostly in translation initiation
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regions (Uzan et al., 1988; Ruckman et al., 19&Hhs8n and Uzan, 1993, 1995). By
destroying the ribosome binding sites, RegB causestional inactivation of early
transcripts, thus facilitating the transition beéneearly and subsequent phases of T4
gene expression (Sanson et al., 2000).

Although RegB targets most of the early transcrigtss still unclear how this
enzyme facilitates the mRNA degradation, and whkahe role of RNase E as well as
otherE. colrencoded RNases that have only a few targets iggfid mRNR identified
so far. Moreover, there is no evidence regarding tmodification of these
endoribonucleases by T4. It has been found that4hmfection changes the specificity
of RNase E and G and, as a result, some of theepbiagoded transcripts become more
resistant to these enzymes, while the resistan&e oblrencoded transcripts drastically
decreases (Yonesaki and Ueno, 2004). However, whitdge T4-encoded factors
modify ribonucleases and have the capacity to tSedétg stabilize or destabilize the
MRNA remains unknown. It has been shown that duthey T4 infection, Dmds
required for the regulation of mMRNA stability instage-dependent manner (Ueno and
Yonesaki, 2001). When a Tdmd mutant infectsE. coli, this RNase is activated after
early and middle phage genes are expressed (ki 4998; Ueno and Yonesaki, 2001;
Otsuka et al., 2003), and causes rapid degradatiorost mRNAs at late stages, leading
to a defect in T4 phage growth (Kai et al., 1998)e purified Dmd protein inhibits the
activity of RNase LS but does not affect RNase Angsaki et al., 2005; Otsuka and
Yonesaki, 2005; Otsuka, 2007). The most recentareeehas shown that the T4 Dmd
protein may inhibit the activity of other endonwdes as well (Otsuka and Yonesaki,
2012). These findings suggest that to control RElasmge T4 has developed a complex
mechanism, which needs yet to be investigatedattiqular, very little is known about
the degradation of early mRNAs. Apart from the R&#&egB, no otheE. col+ or
phage-encoded proteins are known to be involvekignprocess.

To begin to address this knowledge gap, this stadyed to identifyE. coli
endoribonucleases that are involved in secondaocessing of RegB-cleaved T4
MRNAS, to investigate whether RNases are being fieddduring the infection cycle

and to determine what phage T4-encoded factorstdfie activity of endoribonucleases.



GOAL OF THE DISSERTATION WORK
The goal of this study was to investigate the impa€ Echerichia coli
endoribonucleases on the early transcripts of pA&gand their functional dependence

on phage-encoded factors.

Towards this goal, the following specific objecswsere formulated:

1. To find new RegB targets in bacteriophage T4-endddmnscripts.

2. To investigate the transcription of gesegD

3. To identify E. coli endoribonucleases that are involved in secondattyng of
RegB-processed T4 mRNR.

4. To investigate whether RNases are being modifigthduhe infection cycle and
whether these modifications influence the origisetondary cleavages.

5. To determine what phage T4-encoded factors affdoe factivity of
endoribonucleases.

6. To investigate the degradation of RegB-processethRMAS.

SCIENTIFIC NOVELTY

The results of primer extension sequencing haveealed seven new RegB
cleavage targets within SD or intergenic regionthefearly T4 mRNAs, namelpdd.4
mobD, sp,segD pin, dmdandarn. The primer extension analysis of 3dgDmMRNA has
revealed a new early promoter that has been namrss)P. Despite the deviation from
the consensus sequence of T4 early promoters inegdbn at well-conserved first base
position, this B is active during T4 infection. Three additional Begrocessed
transcripts, namely,nrdC.3 ndd and 55.2, carrying clear targets for secondary
processing have been identified. Secondary praugssithese genes occurs in the AU-
rich sequences located 5-8 nt downstream of thegoyi cleavage. Using mutant strains
deficient in RNase G, RNase E or both enzymes, gbeondary endonucleolytic
processing of several RegB-cleaved transcripts Hmeen elucidated. The RNase G

appears to be the main ribonuclease responsibléhtorsecondary processing of T4



MRNA. Noteworthy, the RNase G targets in T4 mRNAsatibed in this study are the
first that have been identified for this nuclease.

This study has revealed that the RNase G can balartly modified during the
T4 infection cycle. However, such modifications ©lot affect its activity towards the
secondary sites in RegB-processed T4 mRNAs. Intiaddio these resultsa new
method has been proposed for a quick and inexpensialuation of protein
modifications in the bacteria-phage system.

Another important finding is that the I/S phage T4@Kwhich is widely used for the
construction of T4 mutants, encodes defective patigotidkinase (PNK). In this study
it has been shown that the phage T4K10 carriespirat mutations within the gene for
polynucleotide kinaspseT resulting in amino acid substitutions G14D an@®2. The
G14D mutation impairs 5'-kinase activity vivo, as well asin vitro, and leads to
diminished processing at secondary sites of se\RegB-cleaved transcripts. TipseT
deletion mutants TAPNK and T4K1@APNK, which have been constructed during this
study, allowed to confirm the hypothesis that tlegrddation of transcripts carrying
secondary cleavage sites is dependent on PNK. Notleyy this research was innovative
in itself because of the application of a moderdemwalar technique qRT-PCR for the
analysis of the degradation of bacteriophage-ddriteanscripts. It has been
demonstrated that the PNK accelerates the degoadaitiRegB processed transcripts but
the degradation can also proceed in a PNK-indepevaday.

THESIS STATEMENTS

1. The early promoterd3egD, despite the deviation from the consensuseseguof

T4 early promoters, is active during the T4 infewti

2. E. coliendoribonucleases E and G are involved in secgrtacessing of RegB-
cleaved T4 mRNA.
3. RNase G is the main ribonuclease that cleavesnallvk secondary sites within

RegB-processed transcripts.
4. T4K10-encoded PNK has a G14D mutation, which ingotie 5'-kinase activity.
The 5'-kinase activity of PNK determines the sensjtof the secondary targets

in RegB-processed mMRNAs towards the RNase G andqies their degradation.



DISSERTATION CONTENTS

The dissertation is written in Lithuanian and camdathe following sections:
Introduction, Review of the Literature, MaterialsdaMethods, Results and Discussion,
Conclusions, List of References (264 positionshlés (7) and Figures (34). There are

148 pages in total.

MATERIALS AND METHODS

Bacterial Strains and BacteriophagesE. coli strain B (suf) was a gift from dr. L. W.
Black. E. coli K-12 strains GW10 (W311@ce-726::Tn1) GW11 (GW10rng::cat),
GW20 (GW10rne-1) and GW21 (GW1Qne-1 rng::ca) (Wachi et al., 1997) were
kindly provided by dr. M. Wachirng::cat results in a truncated RNase G protein
comprising only first 107 amino acids. N3433 (Hft&tZ43/-relA spoT1 thi-} and
N3431 [N3433rne3071ts)] were kindly provided by dr. P. Régnié&r. coli DH5a was
used for transformation and preparation of plasbiA. E. coli C41(DES3), a derivative
of E. coliBL21(DE3) [F- dcm ompT hsdS (rB — mB) g&lDE3)] (Avidis) was used in
plasmid-phage assays, as well as for superprodguofigproteins.E. coli strains MH1,
BE-BS (suf) and CR63 fupD, se), the phage T4K10, as well as the standard supF-
containing I/S cloning vector pBSPLO+ were kindlpyided by dr. K. Kreuzer. T4K10
(38amB262 51amS29 denAnd28 denBAHBT8) permits genome substitutions using
the T4 insertion/substitution (I/S) system (Selatlal., 1988; Kreuzer and Selick, 1994).
E. coli strain MH1 araD1394lacX74 galU galK hsdR rpglwas used as the plasmid-
containing host for the initial infection with T4R1E. coli BE-BS (sup) is a selective
host for phages carrying the integrated plasridcoli CR63 6upD sey was used for
nonselective growth of T4K10 and T4 segregants tfat lost thesupFcontaining
plasmid. Wild-type bacteriophage T#as kindly supplied by dr.W. B.Wood. T4regB
(regBL52 Ruckman et al., 1989) was a gift from dr. M. UzadA-related phages RB42
and RB49 were a gift from dr. K. Carlson. Phage H&8 was a gift from dr. L. W.
Black. T4AregB was constructed earlier in our department. gehaTAPNK,
T4K10APNK, T4K10PNK+, T4K10M14 and T4K10M229 were constad in the
course of this study.

RNA Preparations and Analysis of Phage mRNAsTotal RNA was used for RNA

primer extension sequencing under conditions ofmeri excess using avian



myeloblastosis virus reverse transcriptase (AMV B3 described by Uzan et al. (1988).
Briefly, to highlight RNA cleavage positions, prirsecomplementary to specific
MRNAs were used. The oligonucleotide was 5-encelled by T4 PNK using
[y-3?P]JATP (Perkin Elmer) and separated from the labéd@® by precipitation with
ethanol in the presence of 2 M ammonium acetate dideoxy chain termination
method of Sanger et al. (1977) was used to sequeNeéeisolated from phage-infected
cells by extension of a 5' end-labeled primer wathAMV RT (Promega). Total cellular
RNA (50 ng) and P%labeled oligonucleotide (2 pmol) were annealea itotal volume
of 10 ul containing AMV RT buffer (50 mM Tris-HCI (pH 8.3)0 mM KCI, 10 mM
MgCl2, 10 mM DTT, 0.5 mM spermidine). The samples wermbated for 3 minutes at
60 °C and then rapidly frozen. After the thawing of gdes on ice, Ll of AMV RT (5
units) was added. Four chain-termination reactiotxtures, each containing 2% of the
annealing mixture and 2,4 of a solution containing all four dNTPs (2 mM éa@and
one of the four dideoxynucleotides (1 mM), in AMVI Buffer were incubated for 20
minutes at 48C. The reactions were stopped by adding 6 ul gb swution (95 %
formamide, 20 mM EDTA, 0.05 % bromphenol blue, 0%5xylene cyanol) and the
samples were then analyzed on a denaturing poligaige gel (6 % acrylamide, 8 M
Urea, TBE). Reaction products were visualized with Fujifilm FLA5100
phosphorimager.

Assays of the Activities of RNases in Phage-InfecteCells. To detect RegB cleavage
sites in phage-induced transcrigdEs,coli BE or C41(DE3) was grown at 30 °C teoA=
0.8 in LB medium and infected with T4 T4regB (regBL52 or T4AregB at a
multiplicity of infection (m.o.i.) of 10. The usef al'4AregB allowed to avoid the
expression ofegB from the infecting genome. At the desired timdeated cells were
collected, immediately lysed, and total cellular/RNas purified.

To determine the origin of the secondary cleavagfesE. coli GW10, GW11,
GW20, GW21, N3433 and N3431 were grown in LB medatr80 °C. With or without
transferring of the cultures to 43 °C for 30 miell€ were infected with T4Am.o.i=10).
43 °C is non-permissive for the mutant RNase EW208, GW21 and N3431. At 6 min
after infection at 30 °C, or 4 min at 43 °C, cellsre taken, immediately lysed and total
cellular RNA was purified. Cleavages were analyaggrimer extension sequencing of

phage-specific mMRNAs.
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Assays of the Activities of RNases in Plasmid-Phadgystems.To detect secondary
cleavage sites in the transcripts induced from tbeombinant plasmidsk. coli
C41(DE3), harboring pT4regB-T4nrdC.3pT4regB-T4g55.2 or pT4regB-T4motB
were grown in LB medium with ampicillin (5Qg/ml) at 30 °C to Ao = 0.5. The
transcripts to be tested, as well as RegB proteare induced by addition of IPTG to
1 mM. After 30 min, an aliquot of the culture was irtkmt with T4AAregB (m.o.i.=10) and
total RNA was extracted at 6 min post-infectionnm®ées from the uninfected culture
were taken at 30, 40 and 50 min after the addiobdPTG. Harvested cells were
immediately lysed and total cellular RNA was pwifi RNAs induced from plasmids
were analyzed by primer extension sequencing.
Identification of Protein Modifications. Recombinant plasmids encoding proteins
RNase G or EF-Tu fused to an N-terminal leaderigemontaining 10 tandem histidines
were introduced intd. coli C41(DE3) cells. Single ampicilin-resistant colanwere
inoculated into LB medium containing 0.05 mg/ml aeiim, and cultures were grown at
37 °C until the Aq reached 0.3. Then cultures were induced by adddioPTG to
1 mM, and subsequently incubated for 1 h with ¢ardus shaking. One sample was
then infected with T4 while the other one was left uninfected (contr@xmples were
taken at 10 min after infection. Cells were hareddiy centrifugation, sonicated and the
induced proteins were purified using His-Spin Frot&iniprep (Zymo Research)
columns following all subsequent procedures of ZyResearch recommendations.
Construction of T4 Phage Mutants.GenepseTmutants of phage T4r T4K10 were
constructed using I/S system (Selick et al. 1988y. this, thepseTdeletion was first
constructedn vitro on the basis of I/S vector pBSPLO+ by fusing twid/ADfragments
flanking pseTgene. A plasmid carrying wild-type TgseTgene was also constructed
using the I/S cloning vector pBSPLO+. Standard edoces for isolation and
manipulation of plasmid DNA, and for constructiondaverification of recombinant
plasmids were used throughout (Sambrook et al.)1989

The resulting plasmids were introduced irio coli MH1 cells. The cells were
grown at 37 °C to an o= 0.6 in LB medium and then were infected with it$ephage
T4K10 (m.o.i = 3). Infected cells were grown at%€7 120 min and the cross between
phage and recombinant plasmid was terminated byadoéion of 1/10 of chloroform.

Progeny phages carrying integraggpF~containing plasmids within their genomes and
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subsequent segregant phages that had losugfecontaining plasmid were selected by
plating on theE. colistrains B-BS (suf) and CR634upD, se) respectively.

Protein Production and Purification. Recombinant plasmids for overexpression of the
native or mutated T4seT genes were constructed on the basis of expressotor
pPET16b (Novagen). Recombinant plasmids carryinghtitere or mutated TgseTgenes
were introduced intd. coli C41(DE3) cells. Single ampicilin-resistant colanwere
inoculated into 40 ml of LB medium containing 0/®%/ml ampicilin, and cultures were
grown at 37 °C until the @0 = 0.3. Then the temperature was gradually loweced t
17 °C, cultures were induced by addition of IPTA tmM, and subsequently incubated
for 16 h with continuous shaking. Cells were haresy centrifugation and the induced
proteins were purified using His-Spin Protein Mm@p (Zymo Research) columns
following manufacturers recommendations. Finallyrified recombinant proteins were
dialyzed against T4 PNK storage buffer (20 mM HiSt (pH 7.5), 25 mM KClI,
0.1 mM EDTA, 2 mM DTT and 50 % (v/v) glycerol). Gzentrations of the purified
proteins were determined using Bradford reagenh wibvine serum albumin as the
standard (Thermo Fisher Scientific, Vilnius).

In Vitro 5'-Polynucleotide Kinase AssayReaction mixtures (10 ul) containing 50 mM
Tris-HCI (pH 7.6), 10 mM MgCl 5 mM DTT, 0.1 mM spermidine, 25 uM-P*]ATP,

10 pmol of a synthetic 5'-OH DNA oligonucleotidédSAIGCTCGATCCAATGCCAGT
CAGGACAAGATTGCGTAGCTTCTG) and 100, 75, 50, 25, 10 & ng of an
appropriate recombinant PNK were incubated for & ati 37 °C. The reactions were
stopped by adding 6 pl of stop solution. The miesuwere analyzed by electrophoresis
through a denaturing polyacrylamide gel (6 % acrytee, 8 M Urea, TBE). The
radiolabelled oligonucleotide products were visgdi and quantitated using Fujifilm
FLA5100 phosphorimager.

gqRT-PCR

RNA Extraction and Purification. E.coli C41(DE3) cells were grown at 30 °C t@o&
= 0.8 in LB medium and then were infected with pead4K10PNK or TAPNK
(m.o.i= 10). The first sample of the cells was eciéd 5 min after infection (sample at 0
min point) and rifampicin was added (12 pg/ml). €@tsamples were collected 3, 5, 7,

10 and 20 min after rifampicin had been added,dysemediately and total cellular
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RNA was purified using ZR RNA MiniPrep™ RNA isolati kit following the
manufacturer’s protocol. Total RNA was eluted fréme matrix with 25ul of RNase-
free water. Residual genomic DNA was removed byhating the RNA solution with
0,1 ufd of RNase-free DNase | (Thermo Scientific, Vilnius 10x reaction buffer with
MgCl. for 30 min at 37 °C followed by addition of 50 MBDTA and incubation 10 min
at 75 °C to inactivate the DNase |I.

Quantitative Real-Time PCR. Manufacturers’ instructions were followed for gegpi
one-step qRT-PCR reactions (SensiMix Probe One-&iigBioline Reagents). Briefly,
for one-step, the liquid handling system creatednastermix and primer/probe.
Mastermix and sample were then added to each tibgl (fotal volume) and contents
mixed. The real-time PCR reactions were performsihgu Rotor-Gene 6000 5-plex
HRM model (Corbett Research, Australia). The R sterolved incubation at 42 °C for
30 min. The PCR cycling conditions included aniahitlenaturation of 95 °C for 10 min
followed by 30 cycles of 95 °C for 5 sec and 60f&€ 50 sec. gRT-PCR assays were
performed fourfold in triplicate. All samples wetested for the presence of residual
DNA during quantitative real-time PCR with RT-minesntrol.

Data Analysis. Quantitative PCR assays were analyzed and cyadadstibtd (Ct) values

determined using the Rotor-Gene 1.7.87 softwarsiaer

RESULTS AND DISCUSSION

Identification of the New RegB Processing Sites wiin Bacteriophage T4 mRNAs

In order to find more T4 phage transcripts impkchin RegB mediated secondary
cleavage, a systematic study of DNA sequencesdrréggions carrying prereplicative
genes was performed. Potential RegB sites weredelir whether they could be
substrates for RegB. Primer extension sequencirggpggormed on mRNAs extracted
from E. coliinfected by either T4or T4regB (T4regBL52). Putative RegB sites located
within the Shine—Dalgarno or intergenic regions 18f mMRNAs were tested first.

Analysis revealed 7 new RegB targets in the SDntargenic regions of T4 mRNAs
(Fig. 1).
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Fig. 1 Mapping of RegB targets within SD sequencdsr genesndd.4, segD, dmd, sp, mobD.1 and pin and
within intergenic region upstream genearn (A). Primer extension sequencing reactions wemedmn RNA
isolated fromE. coli BE cells at 4 min post-infection at 30 °C with "Tdr T4regB. The sequencing lanes are
labeled with the dideoxynucleotides used in theusaging reactions. Triangles indicate the 5' ereterated
by RegB processing. The initiating nucleotidesh# transcripts for genesld.4 segD dmdandsp are noted.
(B) Nucleotide sequences of the 5' flanking regiohgenesndd.4 segD dmd sp mobD.] pin andarn. The
GGAG and GGAU motifs are shown with black backgmsininitiation codons are shown in boldface and
underlined; termination codons for the upstreamegesre given in bold and marked with asterisks titédr
black arrows designate the positions of RegB clgasaThe initiating nucleotides for the early t@ipts are
shown in italic and boldface P- shows initiating nucleotides segDtranscrips induced from newly detected

early promoter.
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The GGAG/U motifs of the targets showed differamgceptibilities to RegB. Three
strong RegB targets were located within the SD seges ofndd.4 sp and mobD.1
transcripts. Three poorly-cut GGAG/U motifs werairid in the SD sequences s#gD
dmdandpin transcripts, and one poorly processed RegB tavgstfound upstream of
the early genarn.

Primer extension reaction on transcript from thggae of the gensegDrevealed 5'
ends coming from the putative promoter. So, thatpe promoter sequences that could
potentially serve as the early promoters have laaatyzed and their activity has been

testedn vivo.

Analysis ofIn Vivo Activity of Bacteriophage T4 Putative Early Promoter

First, the nucleotide sequence of the genomic redlmat harbors a putative
promoter has been analyzed, and a good match td éheonsensus sequence as well as
a plausible spacer region have been identified. ¢l the -35 region of the putative
promoter deviated from the consensus sequence @aifly promoters (ATTTACA) at
the first position (GTTTACA). Since it is known tihte first and the third positions are
usually well-conserved among early T4 promoters IKgvis and Ruger, 1994), the
activity of the aforementioned putative promotegignce has been tesiadsivo.

For this, total RNA was isolated from the T4-infstE. coli cells in the absence or
presence of chloramphenicol (Cm) and the transcwgire analyzed by primer extension
analysis. Chloramphenicol inhibits synthesis of nawteins. Early transcripts can be
seen in the presence of chloramphenicol, since @ally transcription is independent of
de novoT4 protein synthesis. Analysis of the transcribtst were isolated from the T4-
infectedE. coli cells in the absence of chloramphenicol reveaiédhiing nucleotides of
transcripts as well as the 5' ends generated b Ragcontrast, in the case of the RNA
isolated from the T4-infecte&. coli cells in the presence of chloramphenicol only
initiating nucleotides of transcripts were obser(€ed). 2). These results confirmed that

the putative promoter sequence is an active eaoiyngterin vivo.
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TTHATTTACAAGACCAAAGTAATATGATATTATAATCATATACAAACGGAGTGATGTTTAAAATG

as RsegD.

SD

Fig. 2. Primer extension analysis of transcripts fio gene segD of bacteriophage T4.Primer extension
sequencing was done on RNA isolated fr&ncoli BE cells at 3 min post-infection with bacteriophagé

the absence or presence of chloramphenicol & 3Brimer extension reactions of RNA isolated & 15 min
post-infection from the cells that were infectedhaphage T4 at 30 °C are shown. The sequencing lanes are
labeled with the dideoxynucleotides used in theusaqing reactions. The post-infection time (minutats
which each RNA was isolated is noted on the tofhefautoradiograph. The initiating nucleotidesrafhscripts
and the 5'-end nucleotide of the endoribonucleasgBRruncated transcript are noted. Nucleotide srgel of

the 5' flanking region of gersegDof phage T4 are shown at the bottom of the autogadph. The -35 and -10
regions of early promoters and the initiating natildes for transcripts are shown on grey backgrotihe base
that differs from the consensus is on black baakgdo Vertical arrow denotes the position of Reg&aghge

Primer extension analysis revealed that the trgstsanitiated from this promoter
appear immediately after infection and their amdonteases up to at least 4 min after
infection (Fig. 2). This feature is also charadkcei to the transcription initiated from

early T4 promoters. Thus, the aforementioned neily gmomoter has been designated

Identification of E. coli Endoribonucleases Involved in Secondary Processingf

RegB-cleaved T4 mRNAs

Primer extension reactions on transcripts fromaegjiof the genesdd nrdC.3and
55.2 revealed strong RT stops corresponding to RegB authe GGAG and GGAU

motifs, as well as additional stops correspondimghe secondary cuts within RegB-
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processed transcripts (Fig. 3 A—C). The observedrstary cleavages occur in AU-rich

sequences downstream of the processed (primapg @tig. 3 D), indicating that the

cuts were generated by another nuclease.
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Fig. 3. Primer extension analyses of mMRNAs from thatercistronic regions upstream of genesidd (A),
nrdC.3 (B) and 55.2 (C). Primer extension sequencing used RNA isolated formoli BE cells at 4 min post-
infection at 30 °C with T4or T4 regB. The sequencing lanes are labeled with the didemigotides used in
the sequencing reactions. Primer extension reactérRNA isolated 1-15 min post-infection from tbells
that were infected with T4or T4regB at 30 °C are next to the sequencing lanes. The {min) of post-
infection that RNA was isolated is at the top. Blagangles marked with (1) indicate the 5' endseagated by
RegB processing, grey triangles marked with (2wweb as brackets, show the 5' ends generated dpndary
cleavages. The stem-loop symbol in the case ofididgranscript indicates the RT stops at the hairpincsure,
while for the55.2 transcript t marks the RT stops at the probabteimdependent terminator (Miller et al.,
2003). Nucleotide sequences of the 5' flankingamegjiof T4 geneadd, nrdC.3and55.2 (D) are presented at
the bottom. The GGAG and GGAU motifs are shown weidck backgrounds. Initiation codons are in batdfa
and underlined, termination codons for upstreamegeare in bold and marked with asterisks. Convérgen
arrows denote the inverted repeats of palindromgusnces. Vertical black arrows designate the ipositof
RegB cleavages, grey arrows denote the positiogeaiindary cuts, the most efficient being marked pgint.

The group of RT stops (labeled 2), with the majtpsmapping to an A, 6

nucleotides downstream of the cleaved GGAG motis wbserved in the polycistronic



transcript just upstream of gendd (Fig. 3 A). The 5' ends assigned to the additional
cleavage events first appear at 4 min after indfecteach a maximum at 5 min and
continue to be present thereafter. The secondaavafies appear with a 2 min delay,
with respect to RegB processing event in the middithe GGAG. Primer extension
analysis of the kinetics of 5' ends accumulatiantiie T4regB infection indicates that
the secondary processing events are dependeneqmithary cleavage by RegB (Fig. 3
A). Two bands indicating the 5 ends generated dgomsdary processing of RegB-
processed transcripts were detected in the ealgistronic transcript synthesized from
thenrdC.3region (Fig. 3 B). A doublet band, mapping 5 andu8leotides downstream
of the processed GGAG sequence can be detecteohiat &d culminates 6—7 min after
infection. These bands appear with a one-minut@ydelith respect to the bands
indicating the 5' ends generated by RegB at theawy site, and are absent after
T4regB infection.

In the case of primer extension experiments cawigdvith the gen&5.2 specific
primer, a triplet of bands indicating the 5' endstranscripts assigned to secondary
cleavages maps 6 to 8 nucleotides downstream ofléaed GGAU motif (Fig. 3 C).
Analysis of the kinetics of 5 end accumulation whothat secondary processing
becomes efficient 5 to 7 min after infection withage T4 and is dependent on RegB.
Taken together, these results show that the RegBepsed transcripts from the
intercistronic regions just upstream o#ld nrdC.3 and 55.2 become susceptible to
further processing by an unknown nuclease aftéaimleavage by RegB.

Secondary processing of RegB-cleaved transcripgsn fintercistronic regions
upstream of the genewld nrdC.3 and55.2 occurs in the AU-rich sequences located
downstream of the primary cleavage. This fact eraged to test the possibility of
RNase E involvement, since this enzyme prefersutongthin single-stranded regions
that are AU-rich. Therefore, the RNA isolated frantd-type [N3433] andne3071(ts)
[N3431] isogenicE. coli strains after infection at 30 °C and 43 °C hasbaealyzed.
The results (not shown) suggest that RNase E aieneither not involved in the
secondary cleavage otid nrdC.3and55.2 mRNAs or its activity is masked by another
nuclease with overlapping specificity, e.g. RNasevBich is a structural homologue of

RNase E and has similar cleavage site specificity.
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To test whether the mRNAs truncated at secondaeg svere products d. coli
RNase G cleavage, total RNA was extracted from asog wild-type [GW10] and
RNase G-deficient [GW11] strains after T4 infect{fiigs. 4 and 5).
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Fig. 4. The role of RNase G in the secondary procgag of mRNAs from the intercistronic regions
upstream of genesdd (A), nrdC.3 (B), 43 (C), 39 (D) and motB (E). Primer extension sequencing of RNA
isolated fromE. coli GW10 (wild-type) and GW11riig::cat) cells at 6 min (30 °C) and 4 min (43 °C) post-
infection with T4. Sequencing lanes are labeled with the dideoxguaticdles used. Black triangles marked with
(1) indicate the 5' ends generated by RegB, griemgtes marked with (2) show the 5' ends generhted
secondary cleavage. The symbol associated mdth 43 and motB transcripts indicates the RT stops at the
hairpin structure. Initiating nucleotides for midéhode transcripts are noted. Nucleotide sequenicdse 5'
flanking regions of T4 genesdd nrdC.3, g43, g3%nd motB (F) are presented at the bottom. The GGAG
motifs are shown with black backgrounds. Initiatemdons are in boldface and underlined, terminatimstons
for upstream genes are in bold and marked withriakte Convergent arrows denote the inverted repeft
palindromic sequences. Vertical black arrows destigthe positions of RegB cleavages, grey arrowstdehe

positions of secondary cuts, the most efficienhgenarked by a point. Initiating nucleotides foe tharly and
middle transcripts are shown in italic boldface.
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MRNA was analyzed by primer extension sequencinggyzimers specific todd,
nrdC.3 55.2 and for genest3, motB cef and 39, whose mRNAs had been found
previously to undergo RegB-dependent primary anmbrsgary processing (Hsu and
Karam, 1990; Sanson and Uzan, 1993). In wild-tyglescRT stops corresponding to the
cleavages at primary and secondary sites weretddt€€igs. 4 and 5), whereas in the
absence of RNase G the 5' ends of mRNAs truncdtéideasecondary sites were not
detected in the intergenic regions upstream of gedd nrdC.3 43, 39 andmotB (Fig.

4), indicating that the host-encoded RNase G gézethose 5' ends.

However, the 5' ends reflecting the RT stops atsbeondary sites of mRNAs
upstream of geneS5.2 and cef (Fig. 5) were still observed in the RNase G-defiti
strain, although the intensity of the bands (esglgcthat of the gen&5.2 mRNA) was
lower than in the wild-type strain (Figs. 5 A anjl Bhese results suggest that RNase G
is not sufficient to account for the secondary ¢éege events in the5.2andcef mMRNAs
and another enzyme most likely also participates.

Using a different set of isogenic strains, the Imgment of both RNase E and
RNase G has been tested. In agreement with expasnusingrne3071there was no
significant difference in accumulation of secondatgavage products of gerh.2
transcripts isolated from wild-type amde-1 (ts) strains at either 30 °C or 43 °C (non-
permissive forrne-1) (Fig. 5 A). Very weak RT stops were observed he tne-1
rng::cat double mutant strain at 30 °C, indicating thathi@ absence of RNase G another
ribonuclease attacks the same targets of5the transcript. At 43 °C, however, no 5'
ends resulting from cleavage at the secondary sibedd be detected. These results
indicate that both RNase G and RNase E cleaveatine sarget just upstream of the gene
55.2

Analysis of the transcription pattern of the regjast upstream otef (Fig. 5 B)
also leads to the same conclusion. It should bedhdhat RegB is active in these
experiments, regardless of any inactivation of Ri$aS and E. Thus, RNase G is solely
responsible for cutting within the AU-rich sequesid®wnstream of the RegB-processed
primary sites near Tédd nrdC.3 motB 43 and 39, while both RNases G and E
recognize the same sites within mRNAs upstreamhef T4 genesb5.2 and cef

However, judging by the intensity of bands corregpog to the RT stops (Fig. 5), the
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contribution of RNase E to the secondary cleavagariall and RNase G appears to be

the main ribonuclease that cleaves all known semgnidrgets.
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Fig. 5. The roles of RNases G and E in the secongaprocessing of mRNAs from the intercistronic
regions upstream of gene85.2 (A) and cef (B). Primer extension sequencing of gé&ite2 mRNA used RNA
isolated fromE. coli GW10 (wild-type), GW11rhg::cat), GW20 ¢ne-1) and GW21 ing::cat rne-]) cells at 6
min (30 °C) and 4 min (43 °C) post-infection with4*T Sequencing lanes are labeled with the
dideoxynucleotides used. Black triangles marketh (@) indicate the 5' ends generated by RegB, miaygles
marked with (2) show the 5' ends generated by skwgncleavage. Nucleotide sequences of the 5'ifignk
regions of T4 genesb.2andcef(C) are presented at the bottom. The GGAU and GGAGfsrmte shown with
black backgrounds. Initiation codons are in boldfaod underlined, termination codons for upstreaneg are
in bold and marked with asterisks. Convergent asronote the inverted repeats of palindromic setpgen
Vertical black arrows designate the positions ojBReleavages, grey arrows denote the positionsadredary
cuts, the most efficient being marked by a poinitidting nucleotide for the early transcript at®wn in italic
boldface. For th&5.2transcript t marks the RT stops at the probabdeimdependent terminator (Miller et al.,

2003).

The RNase E/G family prefers AU-rich single-strasthd®NA substrates carrying a
5' monophosphate (Mackie, 1998, 2000; Jiang eR@00; Tock et al., 2000). However,
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T4 RegB produces 5'-OH carrying RNA. It is thuspsising that RNases G and E
appear responsible for secondary cleavages witbgBRprocessed transcripts, and it is
possible that T4 infection influences the actidtoed RNases E and G.

The plasmids pT4regB-T4g55.2", pT4regBT4nrdC.3' piidregB-T4motB' each
containing the T4egB gene and the proximal parts of gel&s2 nrdC.3 andmotB
respectively, together with their 5' upstream ragi@arrying primary and secondary
sites for the endoribonucleases have been comsttuBPdasmid-derived mRNAs were
isolated from uninfected and AdegB-infectedE. coli C41(DE3) and analyzed by
primer extension sequencing using plasmid spepifivers. A control experiment using
plasmid-free cells infected by T4r T4AregB revealed that the 5' end patterns of the
nrdC.3 55.2andmotBmRNAs (Figs. 6 A—C) were the same as observés toli BE or
GWI10 after infection with T4 or T4regB (Fig. 3 B-C and 4 E). Plasmid-derived
nrdC.3and55.2 transcripts in uninfected cells are efficientlyppessed at their primary
site by RegB, but are resistant to secondary psoog¢Fig. 6 A and B).

After infection by T4regB transcripts derived from the plasmids pT4regB-
T49g55.2' and pT4regBT4nrdC.3' are truncated at pathary and secondary sites, and
at the same positions asdC.3 and55.2 transcripts in T#infected cells (Fig. 3 B and
C). Plasmid-derived pT4regB-T4motB' transcriptgy(Fé C) were processed at primary
and secondary sites in both uninfected andr&gB-infected cells, although in the latter
case the cuts at secondary sites were strongerithaninfected cells. Thus, the data
suggest that cleavage of RegB-processed transbipgNases E and G is stimulated by

T4 infection.
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Fig. 6. Susceptibility of RegB-processed T4 mRNAsdm the intercistronic regions upstream of genes
nrdC.3 (A), 55.2 (B) and motB (C) to the host RNases in plasmid-phage systemBrimer extension
sequencing of RNA isolated froB coli C41(DE3) cells harboring recombinant plasmids g§8-T4nrdC.3',
pT4regB-T455.2' or pT4regB-T4motB', without phag&ction or 6 min post-infection with phage ArégB at
30 °C. Transcripts were induced from the plasmigishie addition of IPTG to 1 mM 30 min before infect
Samples from uninfected cells were taken 30, 40 &@dmin after induction with IPTG. The control
experiments (first panels) show primer extensiaqusacing of the T4-induced transcripts isolatednfie. coli
C41(DE3) at 6 min after infection with T4r T4AregB at 30 °C. The sequencing lanes are labell¢hdl the
dideoxynucleotides used, the time (min) of induttiwith IPTG (and infection) is noted. The blaclatgles
marked with (1) indicate the 5' ends generated bgHR grey triangles marked with (2) show the 5'send
generated by secondary cleavage. Forsthe transcript t marks the RT stops at the probabdeimdependent
terminator (Miller et al., 2003). The symbol foetimotBRNA indicates the RT stops at the hairpin struetur
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It should be noted that the regions containing Rdgpendent secondary sites
share some common features. Secondary cleavage9lkade in the AU-rich regions
downstream of the processed primary sites. Palndrgequences predicted to fold into
stem-loops lie upstream of the primary and secgndiées in all cases. To test whether
these stem-loops affect cleavages at the primadysanondary sites, the proximal parts
of genes55.2 nrdC.3 together with their 5 upstream regions with andhewt
palindromic sequences for the stem-loop were cloheddifferences were observed in
the RNA processing patterns (data not shown). & e@ncluded that, after cleavage by
RegB the terminal hairpins at the 3' extremitiey i@ required to stabilize the upstream
MRNAS.

Determination of Bacteriophage T4 Encoded Factorswhich May Affect the
Activities of Endoribonucleases E and G

In order to find out, which of bacteriophage T4 esed factors may affect the
activities of endoribonucleases, the investigationthe following two stages was
pursued. First, it was tested whether RNases candaified during the infection cycle
and whether this plays a role in the origin of setayy cleavages. Second, the attempt to
find such a bacteriophage T4 mutant, which woultlaomtain secondary cleavage sites

in appropriate early transcripts, was made.

Study of Possible Modification in RNase G

The plasmid pET16b_rnag containikg coli rnag gene fused to an N-terminal tag
containing 10 tandems of histidines has been aactstl. pET16b_rnag plasmid was
introduced intoE. coli C41(DE3) cells, grown until thesfo reached 0.3, then cultures
were induced by addition of IPTG to 1 mM. One htater a part of the culture was
infected with bacteriophage T4and the remaining part of the culture was left
uninfected. After 10 min cells were harvested byntdRigation, disrupted by
sonification and the induced proteins were purifieing His-Spin Protein Miniprep
(Zymo Research) columns following all subsequerdcedures of Zymo Research

recommendations. Purified recombinant proteins vaegdyzed by SDS PAGE (Fig. 7).
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Fig. 7. Endoribonuclease G electrophoretic mobilityassay in denaturing protein electrophoresisSamples
were loaded on SDS—PAGE gel and protein bands wisualized by coomassie brilliant-blue staining.eTh
first line indicates RnaG protein, which is isothtafter induction with IPTG, 2 - RnaG protein ideld after
induction and T4 infection, 3 — molecular mass dtads — PageRulef Plus Prestained Protein Ladder.

Electrophoresis analysis revealed that infectiothwihage T4 changed RnaG
electrophoretic mobility. After infection, RnaG peocn becomes heterogeneos and
moves in electrophoretic field as three separatgeprs of higher molecular weight. The
molecular weight of RnaG protein can change assaltref some additional functional
groups that covalently bound to protein amino acksst-translational modifications
usually can alter the intracellular location of firetein, its stability and functions.

To test the hypothesis that RNase G modificatiotgkgs place in the early phase
of bacteriophage T4 infection, recombinant plasnpEi316b_rnag were introduced into
E. coli C41(DE3) cells. Then the culture was induced hyitaxh of IPTG to 1 mM and
infected with bacteriophage T4. The samples wetertat 1, 3, 5 and 10 min after the
start of infection. Proteins were purified usingtidine-binding columns and analysed as
described previously. It was found that one mirafter the start of infection RNase G
electrophoretic mobility changes — protein moveslattrophoretic field as two proteins

of higher molecular weight (Fig. 8). Five minuteliea infection, protein moves in
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electrophoretic field as three separate bandst 8ani be supposed that ribonuclease G

could be modified in the early period of infection.

Infected with T4 (min)
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Fig. 8. Analysis of recombinant RNase G electrophetic mobility assay after co-expression with genes
modA, modB and alt encoded ribosiltransferasesSamples were loaded on standard SDS-PAGE gel and
protein bands were visualized by coomassie brillidue staining. The first line indicated moleculaass
standards — PageRul¥rPrestained Protein Ladder Plus, 2 - RnaG protghich is isolated after induction
with IPTG, 3 — 6 RnaG protein isolated after induetand infection of phage T4 after 1, 3, 5 andrif), 7 — 9

— rnag co-expression with phage T4 ADP-ribosyltransfesagenesnodA modB and alt. The black arrow
denotes the resulting equivalent protein mass awafier 3 min of infection and after the co-exgi@s with

modB

To test whether RNase G can be ADP-ribosylated;stes for the co-expression
of cloned genes ifEscherichia coliwas constructed. Co-expression typically involves
the transformation oE. coli with several plasmids that have compatible origihs
replication and independent antibiotic selection rimaintenance. So first, the vectors
pl28 21 1 and p128_ 16b that were compatible witbmdinant plasmid pET16b_rnag
were constructed. Also, the plasmids pl128 21 1 mo@A28 16b _modB and
pl28_16b_alt each containing one of phage T4 encdd&P-ribosyltransferase genes
were constructed independently. Recombinant plasmi&te co-transformed into. coli
C41(DE3) cells, grown until theefo reached 0.6, then cultures were induced by additio
of IPTG to 1 mM and after two hours cells were lested by centrifugation, disrupted

by sonification and the induced proteins were peatifusing His-Spin Protein Miniprep
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(Zymo Research) as recommended by manufacturefigdurecombinant proteins were
analyzed by SDS PAGE (Fig. 8). It was found thatg@ns ModA and Alt do not change
RNase G electrophoretic mobility, while ribosyltséerase ModB does. After two hours
of coexpresion of RnaG and ModB, RnaG protein ensa electrophoresis field as two
bands (Fig. 8). Taken together, such data sug@estRNase G is modified during
bacteriophage T4 infection and it may be ADP-ribasgn. On the other hand it seems
most likely that RnaG undergoes additional yet antdied modification or
modifications.

Analysis of Transcripts of Bacteriophage T4 Deletio Mutants

Previously, it was shown that endoribonuclease R&gB in concert with thE. coli
RNases G and E to process some T4 early transdupiisg infection. Moreover, it was
suggested that T4 infection could alter the prefeeeof RNases G and E to cleave
5'-OH-terminated substrates with enhanced effigienc

In order to detect which T4-encoded factor is resgae for stimulation of RNase G
activity, the attempt to find such bacteriophage deletion mutant, which would not
contain secondary cleavage sites in appropriatéy deanscripts, has been made.
Analysis has revealed that phage mRNAs are resisiarieavage by host RNases, when
cells are infected with the insertion/substitut{t/®) system phage T4K10 (Fig. 9).

T4_HS88 T4 K10 T4
'ACGT'ACGT'ACGT

P -

iq 4§

Fig.9. Analysis of transcripts for genenrdC.3 of bacteriophage T4 andT4 deletion mutants. Primer
extension sequencing of genadC.3mMRNA used RNA isolated frorg. coli C41(DE3) cells at 5 min (30 °C)
post-infection with T4 _H88, T4K10 or T4Sequencing lanes are labeled with the dideoxgaticles used.
Black triangles marked with (1) indicate the 5'®ggnerated by RegB, grey triangles marked witlski@w the
5' ends generated by secondary cleavage.
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Phage T4K10 was obtained from dr. K. Kreuzer latooya Multiply mutant T4 I/S
phage T4K10 was generated by genetic crosses hefiveenutants obtained earlier by
UV or chemical mutagenesis (Selick et al, 1988ndgpe of the I/S phage is defined as
amB262(gene 383 amS29gene51) nd28(denA rlIPT8 (denB-rll deletion). It is known
that ArlIPT8 deletion encompases twelve genes with Igrgaknown functions. First, it
was assumed that one of those genes can affecteBRNasvity related to the origin of
secondary cuts in RegB-processed T4 mRNA. Hencage4 mutant T4_H88, which
has defectivellB gene, was tested. The analysis revealed thagéme does not affect
RNases activity (Fig. 9). Other genes framlIPT8 region by complementation studies
were also tested, but no one was responsible &otigin of secondary cuts in RegB-
processed T4 mRNA (data not shown). So it was asduthat T4K10 might have
additional mutations in the other genes.

It was hypothesized that phage T4-encoded PNK méyeince secondary cuts.
Bacteriophage T4pseT gene encodes PNK enzyme, which catalyzes both the
phosphorylation of 5'-hydroxyl polynucleotide teniniand the hydrolysis of
3'-phosphomonoesters and 2',3'-cyclic phosphodgestdovogrodsky et al., 1966;
Cameron and Uhlenbeck 1977 vivo, T4 PNK plays a role of a healing enzyme
involved in tRNAYS repair together with the RNA ligase in responseckeavage
catalyzed by host enzymes (Amitsur et al 1987). ddenthe potential role of
bacteriophage T4 PNK in the phosphorilation of mRN#s been investigated. In this
case T4K10 PNK should be defective, so piseTgene of this phage was sequenced.
The results indicated the existence of two pointations that alter amino acids: glycine
changes to aspartic acid (G14D) and arginine todme (R229H). In addition, the first
substitution is in the conserved position of 5'ds@ domain, so there could be a strong
probability that the PNK 5' kinase function is ableéd. Second substitution is in non
conserved position, so it might be insignificant dletermine whether or not phage
T4K10 PNK is functional, phage T4 and T4K18ef genes were cloned into the
expression vectors p128 21 1.

In order to determine whether the phage T4K10 PNihtpmutation affects the
activity of PNK and herewith mRNA phosphorylatighe study was carried out in two
different plasmids systems. Previously it was shaWat transcripts induced from

recombinant plasmids pT4regB-T4nrdC.3 are effityeptocessed at the primary site by
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RegB but are resistant to secondary processing GF& p. 23). In order to find out if
PNK alone, without phage T4 infection, has a roleéhie origin of secondary cleavages,
the assay in co-expression systems was perforfgeedcoli C41(DE3) cells were
transformed with recombinant plasmid pT4regB-T4nB8ICor co-transformed with
pT4PNK or pT4K10PNK. It was discovered thatlC.3 transcripts were processed at
primary and secondary sites in both co-expressystems, although in the case of co-
expression with pT4PNK the cuts at secondary sv&® stronger than in co-expression
with pT4K10PNK (Fig. 10).

This finding suggests that T4K10 PNK retains itgtiphactivity. More generally, it
may be concluded that PNK alone is a sufficientdiador stimulating the activity of
endoribonucleases E and G, whereas the modificafiddNase G during infection has

no influence on the origin of secondary cleavages.

pT4regB T4nrdC.3’
pT4regB_T4nrdC.3> pT4PNK pT4K10PNK

'ACGTACGTAC CGT

Fig. 10. Analysis of plasmid-derivechrdC.3 transcripts coexpressed with cloned T4 or T4AK1@seT genes.
Primer extension sequencing of RNA isolated fremcoli C41(DE3) cells harboring recombinant plasmids
pT4regB-T4nrdC.3', pT4regB-T4nrdC.3' and pT4PNK pdrdregB-T4nrdC.3' and pT4regB-T4nrdC.3' and
pT4K10PNK at 30 °C. Transcripts and PNK from thasphids were induced by the addition of IPTG to 1 mM
30 min before infection. Samples were taken 30 after induction with IPTG. The sequencing lanes are
labeled with the dideoxynucleotides used. The btdekgles marked with (1) indicate the 5' endsegated by
RegB and the grey triangles marked with (2) shasw&hends generated by secondary cleavage.

In order to determine which amino acid replacenieatls to a partial loss of PNK
activity, T4K10 mutants carrying single mutatiorthim thepseTgene were constructed,
and the functional gene was recovered as wellttisrphage T4 gengseTwas inserted
into cloning vector pBSPLO+. Recovery of theeTmutations of the T4K10 phage was
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accomplished by the genetic crosses between phéigéOrand a recombinant plasmid
pO-T4pseTcarrying T4 wild-typepseTgene. As a result of homologous recombination
between the sequences of cloned and genpeedgenes, we obtained three mutants on
the T4K10 genetic background: T4K10PNK+ carryingdwype pseT T4K10M14
carrying pseT gene encoding PNK with the G14D substitution; aK10M229
carryingpseTgene encoding PNK with the R229H substitution.

To detect if secondary cleavages appear in theephmatyiced transcripts, tHe. coli
C41(DE3) cells were infected with phages T4, TAKIOK10M14, T4K10M229 and
TAK10PNK+. Isolated mRNAs were analyzed by primgtersion sequencing using
specific primer nrdC.3(R) (Fig. 11).

T4 —T4KI10 T4 KI0MI14 T4 KIOM229 T4 KIOPNK+
ACGTACGTACGTACGTACG T

> Seee0dHeosessts-tassnse

D> . .
20 . Y.

Bl

: 152 B

Fig. 11. Analysis of transcripts for genenrdC.3 of bacteriophage T4 and T4pseT mutants. Primer
extension sequencing afdC.3 mRNA isolated fronE. coli C41(DE3) cells at 6 min post-infection at 30 °C
with T4, T4K10, T4AK10M14, T4K10M229 and T4K10PNK-Hhages. The sequencing lanes are labeled with the
dideoxynucleotides used in the sequencing reactiBlack arrows marked with (1) indicate the 5' ends
primary cleavage generated by RegB and grey arnoarked with (2) show the 5' ends of secondary clges
generated by RNase G, stimulated by T4 PNK.

As shown in figure 11, genardC.3 transcripts after infection with phages T4,
T4K10M229 and T4K10PNK+ are truncated at both prymand secondary sites,
whereas in case of infection with T4K10 and T4K1@MiNRNA are efficiently
processed only at their primary site by RegB. Abseaf the secondary cuts within
nrdC.3 transcripts from T4K10 and T4K10M14 infections icated that PNK protein
encoded by these phages might be inactive. To eribig, recombinant PNK proteins

from T4 and T4K10 were produced and theivitro 5'-kinase activities were tested.
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Recombinant plasmids carrying wild-typseTgene or mutated TgseTgene from
phage T4K10 genome were constructed on the basigpséssion vector pET16b. After
transformation of thé&. coli C41(DE3) cells and induction of expression of thened
genes, recombinant proteins were purified using-afiigity columns. Purified
recombinant proteins contained short N-terminal/ipistidine tags, which do not affect
kinase activity or quaternary structure of T4 PNMang and Shuman 2001).

T4 PNK catalyses transfer of thgphosphate from ATP or other nucleotides to a
5'-hydroxyl terminus of either DNA or RNA, whichta&qually serve as the substrates
for this enzyme (Richardson 1965; Novogrodsky etl@66). The 5'-polynucleotide
kinase activities of the recombinant proteins wisgted byin vitro phosphorylation
reactions of DNA oligonucleotide having 5'-hydroxyP*>-labeled ATP was used as a
phosphate donor. The radiolabeled oligonucleotidedycts were resolved by
electrophoresis in polyacrylamide gels and visealiand quantitated using a Fujifilm
FLA5100 phosphorimager (Fig. 12).

(A)
; ControlI ; T4 PNK - T4 K10 PNK ,
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Fig. 12. Comparison of phage T4 and T4K10 5'-kinasactivity of recombinant PNK proteins. The activity
of the wild-type PNK was assigned 10089.T4 PNK and T4K10 PNK activity assay of th& Brimer labeling
reaction,B) T4 and T4K10 PNK activity assessments in graptégakession.
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The results ofn vitro reactions presented in Figure 12 indicate that IdKiutant
PNK was defective in catalysis and retained on$g lthan 5 % of the wild-type PNK
activity.

Interestingly, both G14 and R229 aa have been qusly changed by A (alanine),
but these substitutions had no effect on eithddiréise or 3'-phosphatase activities of
recombinant proteins (Wang and Shuman 2001). Bhist surprising for R229, which
occurs in the non-conservative position and theeena catalytically important residues
located nearby (Galburt et al. 2002). Meanwhile, 434 conserved in PNK close
homologues and is located in the vicinity of K15d&®16, which are essential for 5'-
kinase activity. Presumably, substitution of G14 d&ysmall alanine preserved the
structural integrity of the PNK active site and aidt affect phosphorylation process,
while displacement of G14 by the aspartic acidodistl active site and ablated 5'-kinase

activity.

Investigation of PNK Influence on Degradation of Plage T4 Early Transcripts

In order to determine whether PNK has an influeanedegradation process of
phage T4 transcriptardC.3 motB and g39 quantitative real-time PCR analysis was
performed. gRT-PCR can be used to demonstrate itatarg changes in mRNA levels
(Halford, 1999), so an assay based on the deteationanges in mRNA levels under the
influence of PNK was performed. First, theeTdeletion mutant T4K10PNK of phage
T4K10 using I/S system was constructed (Selickl.ei@88). ThenE. coli C41(DES3)
cells were infected by phages T4K10PNK+ or T4KPROIK. Rifampicin, which
prevents initiation of new transcripts by bindirgthe p subunit of RNA polymerase
(Campbell, 2001), was added to bacterial cultu@smples were harvested before
rifampicin addition, and 3, 5, 7, 10 and 20 minusdder rifampicin addition. Isolated
MRNAs were analyzed by gRT-PCR using sequencefsp&dA probes consisting of
oligonucleotides that were labeled with a floresaeporter and specific primers. Real-
time PCR and HRM assays were performed in line Widmufacturers’ instructions.
gRT-PCR was performed four times (using RNA isalatefour different experiments)
as triplicates. Each transcript had negative conmtrthout input of any template. The

Rotor-Gene 1.7.87 software version was used fargasing the results.
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First, the influence of PNK on gemedC.3transcripts was examined. As shown in
figure 13,there are significant differences between mRNA ddgtion levels, when
functionalpseTgene is presented in bacteriophage genome and iivisedeleted.

As already mentioned, 5 min after infection withctesiophage T4K10PNK+ or
T4K10APNK rifampicin was added to bacterium culture. RNBlecules in elongation
complexes with RNA and DNA are resistant to rifaonpibinding. Once elongating
RNAPs terminate transcription and release RNA ahthDthey become susceptible to
rifampicin binding, which traps them in newly forchepen complexes (Herring et al.,
2005). For this reason, increasing levels of trapscis still observed from 0 to 3 min
(Fig. 13 B). During this period, new transcripte atill synthesized, but the degradation

of MRNA also commences.

(A)
Gene nrdC.3 mRNA

T4 T4K10PNK+ T4 T4K10APNK
ACGT 1 3 5710121520 ACGT 135710121520
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Fig. 13. Analysis of PNK influence on generdC.3 transcript degradation. A) Primer extension sequencing
using RNA isolated fronkt. coli C41(DE3) cells at 6 min post-infection at 30 °Ghwir4*. The sequencing
lanes are labeled with the dideoxynucleotides usdtie sequencing reactions. Primer extension igaciof
RNA isolated 1, 3, 5, 7, 10, 12, 15 and 20 min fofgction from the cells that were infected with
T4K10PNK+ or T4K1@APNK phages at 30 °C are next to the sequencingslafige time (min) of post-
infection that RNA was isolated is at the top. Blaéigangles marked with (1) indicate the 5' endsagated by
RegB processing and grey triangles marked withsf@w the 5' ends generated by secondary cleavByes.
Grafical representation of mMRNA degradation revedlg gRT-PCR assay. RNA was isolated frdn coli
C41(DE3) cells at 0, 3, 5, 7, 10, and 20 min frohne tcells that were infected with T4K10PNK+ or
T4K10APNK phages at 30 °C. Data analysis was performied (Rotor-Gene 7.1.87 software.
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The analysis ohrdC.3 transcripts derived from cells infected with T4HRINK+
has revealed that they degraded much faster thase tderived from T4KIAPNK
infected cells. Thus in the absence of PNK thestapts become more stable (Fig. 13
B). These results suggest tmatlC.3 transcripts degradation is dependent on PNK, but
later on the degradation can also proceed in a PidEpendent way.

The genemotB was chosen for degradation study because hydsolgkiits
transcripts differs from other analyzed transcriad it seems thamnotB mRNR
secondary processing can take place both in theepee of PNK, or without it (Fig. 14
A).

(A)
Gene motB mRNA
T4 T4K10PNK+ . T4 T4K10APNK
"ACGT1 35710121520 ACGT 1 35 710121520

s SESEE 2R res -
=TT T SEEs > mees 0‘%
bkt Bhtisandiit ii: IRETLEEE

B)
motB

—@— T4K10PNK+
W T4K10APNK

3.0

IR
o (6]
L L

-
o
1

-
L
4

Relative concentration

ot
9]
1

) 3 5 7 10 20
Time (min)

Fig. 14. Analysis of PNK influence on genenotB transcript degradation. A) Primer extension sequencing
using RNA isolated fronk. coli C41(DE3) cells at 6 min post-infection at 30 °Ghwir4*. The sequencing
lanes are labeled with the dideoxynucleotides usdatie sequencing reactions. Primer extension imaciof
RNA isolated 1, 3, 5, 7, 10, 12, 15 and 20 min {ofgction from the cells that were infected with
T4K10PNK+ or T4K1@APNK phages at 30 °C are next to the sequencingslaflee time (min) of post-
infection that RNA was isolated is at the top. Blagangles marked with (1) indicate the 5' endsegated by
RegB processing and grey triangles marked withs{iyw the 5' ends generated by secondary cleavByes.
Grafical representation of mMRNA degradation reveéddg gRT-PCR assay. RNA was isolated fr&mcoli
C41(DE3) cells at 0, 3, 5, 7, 10, and 20 min frone tcells that were infected with T4AK10PNK+ or
T4K10APNK phages at 30 °C. Data analysis was performied (Rotor-Gene 7.1.87 software.
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The results of this study indicated that there wace significant differences
between the degradation rate of the transcriptsvetérfrom cells infected with
T4AK10APNK or T4K10PNK+ (Fig. 14 B), but mRNA derived frof4K10PNK+
infected cells degraded a little bit faster. Thisding suggests that PNK has minor
influence oormotB MRNA degradation. Taken together, all results gmesd in this work
suggest thamotB transcripts can be equally degraded in both th&-Bé&pendent and
independent way.

It was known that gen89 is transcribed from the early promoter into thago
polycistronic early transcripts and from a proximatdle promoter into monocistronic
middle transcripts (Stitt and Hinton, 1994). Whastidguishes the two overlapping
transcripts in each case is that the polycistrepiecies can be cleaved by RegB in the
upstream intergenic regions, whereas the mononistroiddle transcripts cannot. It was
therefore appropriate to examine PNK influencehis tase. The results indicate that
g39transcripts isolated from cells infected with TARRNK+ are degraded more rapidly
than those isolated from the T4KABNK-infected cells, however, the difference
between the amounts over the time is similar (Ft). This can be explained by the fact
that polycistronic early transcripts are degradapidly (by RegB and PNK-dependent
manner), while monocistronic middle transcripts lmn@e stable and degraded by RegB

and PNK independent manner.

35



A)
Gene g39 mRNA

T4’ T4K10PNK+ T4' T4K10APNK
ACGT 1 3 5 710121520 ACGT 135 710121520
> oemm- cSeee- > SSSS ~ocomess
e T T TF Y y EEE8
P, o= == Seees p, s -
-

(B)
g39

—@— T4K10PNK+
W T4K10DPNK

Relative concentration

T T T T T
o 3 5 i 4 10 20

Time (min)

Fig. 15. Analysis of PNK influence on gen@9 transcript degradation. A) Primer extension sequencing using
RNA isolated fromE. coli C41(DE3) cells at 6 min post-infection at 30 °GhwT4". The sequencing lanes are
labeled with the dideoxynucleotides used in theusaging reactions. Primer extension reactions oARN
isolated 1, 3, 5, 7, 10, 12, 15 and 20 min posétibn from the cells that were infected with T4RNK+ or
T4K10APNK phages at 30 °C are next to the sequencing ldre time (min) of post-infection that RNA was
isolated is at the top. Black triangles marked with indicate the 5' ends generated by RegB protgssd
grey triangles marked with (2) show the 5' endsegated by secondary cleavag@y Grafical representation of
mRNA degradation revealed by qRT-PCR assay. RNA is@ated fromE. coli C41(DE3) cells at 0, 3, 5, 7,
10, and 20 min from the cells that were infectethvii4K10PNK+ or T4K1APNK phages at 30 °C. Data
analysis was performed using Rotor-Gene 7.1.8aoét

Based on the knowm vivo functions of the PNK, its deficiency may have sale
consequences during phage development, major oEhwboncern gene expression
processes. As mentioned above, T4 PNK is involvedRINA repair and accelerates
MRNA degradation through 5'-phosphorylation of thaydroxyl termini left by
ribonuclease RegB. In this study, we show thatgssing at the secondary sites of seven
T4 transcriptsrfdd nrdC.3 55.2 cef motB g43 andg39) is impaired in the absence of
an active kinase. However, even in the absencdeaifrlg visible secondary cuts, 5'-
terminal phosphorylation can stimulate distant végge events within other transcripts
by RNases E and G and modulate their stabilityn@liat al. 2000; Feng et al. 2002;
Jiang and Belasco 2004). It can be concluded thidt the T4 RNase RegB, as well as
PNK stimulate activities oE. coli RNases E and G and are directed to accelerate

degradation of phage T4 early transcripts.

36



CONCLUSIONS

1. The SD sequences of geredd.4 mobD, sp, segD pin, dmdand the intergenic
region upstream gersen have RNase RegB cleavage sites.

2. EarlysegDmRNA is transcribed from the newly detected earlymoter BsegD
that contains the untypical -35 sequence.

3. RegB-processedirdC.3 ndd and 55.2 mRNAs carry AU rich clear secondary
cleavage targets located just downstream of Reg®velge sites.

4. E. coli endoribonucleases E and G are involved in secgnglacessing of the
RegB-cleaved T4 mRNAs, but RNase G is the mainniilstease that cleaves all
known secondary sites of RegB-processed transcripts

5. RNase G can be modified during the T4 infection leydHowever, such
modifications do not affect the activity of thisakease towards secondary cuts in
the RegB-processed T4 mRNASs.

6. The T4K10 geneseT contains two point mutations leading to the amaood
substitutions G14D and R229H. The G14D mutationamgp5'-kinase activity of
T4K10 PNK.

7. Phage encoded RNase RegB, as well as PNK stimalateities of E. coli
RNases E and G and are directed to accelerate diggna of phage T4 early
transcripts.
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SANTRAUKA

Sio darbo tikslas buvo istirti bakteriofago T4 atyksjy transkripty degradacijos
mechanizmus, nustatyti Siame procese dalyvéujariermentus irj tarpusavio veikimo
priklausomylg.

Pirmas Sio darbo uzdavinys buvo nustatyti naujukbghonukleagzs RegB sklimo
taikinius ankstyvuosiuose fago transkriptuose bafikpnti kai kuriuos potencialius
taikinius, iSsidsciusius vidurinijy ar wlyvuyjy geny srityse. Siame darbo etape pavyko
patvirtinti 6 naujus RegB hidrolizuojamus taikinjesaiius gem ndd.4 segD dmd sp,
mobD.1 ir pin SD srityse ir 1 taikin esant prieS gen arn. Analizuojant segD
transkriptus, kurie buvo laikomiélyvaisiais (Luke ir kt., 2002), buvo aptiktas ikioE
nenustatytasn vivo aktyvus ankstyvasis promotoriugsegD, kurio —10 srities seka ir
tarpiklio sritis atitiko tipines fago T4 &2 promotoriaus sekas, o —35 srities seka
(ATTTACA) buvo netipire. Darbo metu buvo patvirtinta, kad Sis promotoryra
aktyvus ir pakankamai stiprus vivo, taigi RegB hidrolizuojamsegD transkriptai yra
ankstyvieji.

leSkant nauj endoribonukleazs RegB taiking, buvo aptikti 3 transkriptain@d,
nrdC.3ir 55.2), kurie tugjo antrinius sklimo taikinius AU turtingose sekose, eserse
uz RegB taikini. Siame darbe patvirtinome, kad visi 7 antriniuikitéus turintys
transkriptaitampa tinkamais substratais kitoms nukésag tik po pradinio kirpimo, kur
vykdo endoribonukleazRegB. Sie transkriptai buvo pasirinkti, kaip masléblimesrs
RegB kirpty transkript; degradacijos tyrimams.

Analizuojant mRNR, iSskigtiS RNazs E ts jautm E. coli kamien; nustatme, kad
RNaz E arba visiSkai nedalyvauja gendd nrdC.3ir 55.2 transkripty degradavime,
arba nuklea¥s aktyvumas maskuojamas kitos nukisazurirtios panasg specifiSkum.
Todkl buvo patikrintas panasius taikinius atjsdrtios RNazs G galimas poveikis fago
T4 RegB kirptiems transkriptams. Sio darbo metwdajant RNags G mutantinius
kamienus, nustatyta, kad RNagG yra atsakinga uz antripiskélimy atsiradima AU
turtingose sekose prieS bakteriofago T4 gemdd nrdC.3 43, motBir 39. Tuo tarpu
RNazs E ir G abi kartu gali atpazinti tuosduas antrinius taikinius, eséius mRNR
prieS genush5.2 ir cef Apibendrinus tyrim rezultatus galima teigti, kad RNaz E

vaidmuo antriniame tigt transkripty skaldyme yra nedidelis, ir RNa% yra pagrindia
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nukleaz, skelianti visus iki Siol Zinomus RegB kigptranskript; antrinius taikinius. Sie
taikiniai yra pirmieji fago T4 transkriptuose nustaRNazs G taikiniai.

RNazs E ir G teikia pirmenyb tiems RNR substratams, kurie 5' gale turi
monofosfatig grupe (Mackie, 1998, 2000; Baker ir Mackie, 2003; Jiangt., 2000).
Taciau buvo Zinoma, kad po endoribonuklema®RegB sklimo, transkripto gale lieka
5'OH grug (Saida ir kt., 2003), o tokie transkriptaiéra geri substratai
endoribonukleagms E bei Glklonavus T4regB gery bei RegB ir antrinius taikinius
turincius genus ir indukavusyjraiSky nuo plazmidai, buvo pastedia, kad antriniai
MRNR kirpimai plazmididse sistemose neatsiranda. Jiddvo stebimi tik plazmidines
sistemas dar papildomai infekavus ir bakteriofagil. Tai rodt, kad fago koduojami
veiksniai turijtakosk. coliRNazi E ir G aktyvumui. Tod tolimesni tyrimai buvo skirti
nustatyti, kokie fago baltymai veikia RNgzaktyvumy RegB kirpt; ankstywjy fago
transkripty atzvilgiu. Tyrimy modeliu buvo pasirinkta pagrindi$io proceso RN&zG ir
jos hidrolizuojami transkriptai. Buvo tikrinama Ra G modifikavimo galimyb, o
taip pat panaudojant delecinius T4 mutantus buvwedbma nustatyti fago baltymus,
darartius jtaka antriniy skélimy atsiradimui.

Tikrinant RNazs G modifikavimo galimyb, buvo klonuotas jos genas bei
indukuotas ir iSgrynintas rekombinantinis baltymd&Xalis indukuog lasteliy pries
baltymo iSgryninimg buvo infekuojama fagu T4 Analizuojant baltymus SDS PAGE
nustatyta, kad keéiasi po fagirs infekcijos isgryninto RnaG baltymo elektroforédin
judrumas. Po infekcijos rekombinantinis baltymasaB@ntampa nevienalytis, juda
elektroforetiniame lauke tarsi trys atskiri, pawaSmolekuligs mass baltymai. Atlikus
rnag koekspresijos su T4 riboziltransfergzgenais &lt, modA ir modB tyrimus,
nustaéme, kad RNaz G fagires infekcijos metu galiidi ribozilinama baltymo ModB.
Taciau taip pat panasu, kad infekcijos metu RNG@zgali kuti ne tik ribozilinama, bet ir
patiria ne vieno tipo modifikagjj

Lygiagretiai su RNags G modifikavimo tyrimais buvo tiriami laboratorgo
kolekcijoje esatiy T4 delecinj mutant, transkriptai, siekiant rasti tpknutang, kurio
infekcijos metu RegB kirpt transkripty antriniai sklimai nevykiy. Tyrimy modeliu
naudojantnrdC.3 transkriptus nustatyta, kad I/S sistemos (Selickti, 1988) fago
T4K10 infekcijos metu ties antriniais taikiniaig jrera karpomi. Patikrinus Sio fago

delecires sritiesArlIPT geny jtakg antriniams s&limams, buvo parodyta, kad vienas
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IS tirty delecires srities gen nebuvo atsakingas uz RNa#/G aktyvumo RegB kirpt
transkripty atzvilgiu susilpgjima. Fagas T4K10 buvo sukonstruotas kryzminant ajskir
geny mutantus, gautus chemmar UV mutageneés bidu (Selick ir kiti, 1988), toé
buvo dide¢ tikimyb¢, kad gali ti pazeisti ir kiti jo genai. Vienas iS kandidagalirciy
jtakoti antriniy kirpimy atsiradim buvo fago T4 gen@seT koduojamas fermentas
polinukleotidkinaz (PNK). PNK fosforilina tRNR® antikodono 5'-OH liekan palikty
po nukleazs PrrC sklimo (Amitsur ir kt., 1987). Tai buvo vieninkeliki Siol zinoma
biologine T4 PNK funkcija. Buvo nusgsta patikrinti fago T4K10pseT geno
nukleotidire sely. Nust&ius jg, buvo pastedia, jog Siame gene yra dvi taskn
mutacijos, keidiancios aminofigstis — G14D ir R229H. Pirmoji buvo konservatyvioje
padttyje ir arti PNK 5' kinags aktyviojo centro, o kita — nekonservatyvioje ¢ig ir
toli nuo aktyvijjy centuy.

Iterpus T4 ir T4K10pseT genus; ekspresijos vektorius, indukavusg faisky ir
iSgryninus rekombinantinius baltymus buvo atlikii in vitro 5'-kinazinio aktyvumo
tyrimai. Nustatyta, kad T4K10 PNK aktyvumas siekila apie 5 % natyvios PNK
aktyvumo. Taip pat buvo atliktas koekspresijos ekspentas, po kurio buvo nustatyta,
kad plazmidigje sistemoje pateiktos PNK uztenka, kad nuo plazsiddukuotinrdC.3
transkriptai Ity fosforilinami ir &l to atpazstami RNazs G bei efektyviai
hidrolizuojami antrinj taikiniy vietose. Sis tyrimas paneidiipotez, kad RNazs G
modifikavimas T4 infekcijos metu yra reikalingadramy skélimy atsiradimui, nes esant
rekombinantinei PNK ir be infekcijos fagu jie bustebimi.

Sukonstravus T4K10 viengubus mutantus ir iStyrnu®RegB kirptus transkriptus,
buvo nustatyta, kad G14D mutacturinti PNK nestimuliuoja RNas G aktyvumo. Si
mutacija yra PNK 5'-kinas domene, tad grei¢iausiai yra pazeista 5' kinge funkcija.
Tuo tarpu, R229H pakaita yraykusi PNK 3'-fosfataZzs nekonservatyvioje patyje,
todkl greiciausiai nesutriké Sios funkcijos arba ji yra nesvarbi RNazG stimuliavimui.
Véliau buvo sukonstruoti T4pseTir T4K10ApseTdeleciniai mutantai ir iStirtiy visi 7,
antrinius taikinius turintys, RegB hidrolizuojanmahskriptai. Rezultatai patvirtino ws
septyni; transkripty antrires hidrolizs priklausomyb nuo fago T4 koduojamos PNK.
Buvo padaryta iSvada, kad fago koduojama PNK fdsgfarvisy tirty fago ankstyyjy
RegB kirpt; transkripty 5'OH galus ir taip sukuria palankius substra&usoli RNazms

E/G, kurios toliau hidrolizuoja métuosius transkriptus.
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Darbo pabaigoje kiekybinio realaus laiko PGR metdauo jvertinta fago
koduojamos PNKtaka ankstyyjy geny nrdC.3 motB ir g39 transkript; degradacijai.
Tyrimams naudoti fag T4K10APNK ir T4K10PNK+ infekcijos eigoje iSskirti
transkriptai. Vig tirty transkripty degradacija yra greitesresant PNK, t&au ilgainiui
jie degraduojami ir nuo PNK nepriklausomu keliu.vBupadaryta iSvada, kad tjrt
transkripty stabilumas sumapa esant veikliai PNK, taau sumagjimas priklauso nuo
konkretaus transkripto endoribonukleolénhidrolizs ypatum.

Apibendrinant gautus rezultatus galima teigti, kedk T4 RNazs RegB, tiek ir
PNK slygotas E. coli RNazy E ir G veikimas yra skirtas anksiyy transkript

degradacijai pagreitinti.
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