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1. INTRODUCTION

1.1. TheStreptomyces coelicolor A3(2)

Sreptomyces species are soil-dwelling Gram-positive bactehia telong to the order
Actynomycetales. They are well known for their complex life cyclen solid medium spores
germinate to produce a complex substrate mycelidmamcally growing filamentous
multigenomic hyphae. At a given stage of the lijele substrate mycelium gives rise to aerial
hyphae, which subsequently undergo septation to fdrains of monogenomic, thick walled
reproductive spores. Thield cascade (for bald, meaning unable to form aengihhe)
regulates initiation of aerial growth, resulting time formation of surface active molecules
(SapB peptide, chaplins, rodlins) that lower thaevaurface tension and enable hyphae to
grow into the air, whereas th&hi genes control spore formation. Morphological
differentiation process is coupled to the produtitd a wide variety of secondary metabolites
(such as antibiotics) with notable medical, phamhagical, biotechnological importance.
Streptomyces coelicolor A3(2) (S codicolor) is one of the most well studied model
streptomyceteS. coelicolor produces several antibiotics, among them the pigsented
actinorhodin that is secreted by thet transport system. Complete understanding of the
regulation of differentiation process and antilmotproduction would require the

characterization of regulatory mechanisms actingrotein level.

1.2. Mono-ADP-ribosylation and mono-ADP-ribosyltrarferase (ADPRTase) enzymes

Mono-ADP-ribosylation of cellular proteins can ocdhrough enzymatic and non-
enzymatic mechanisms. The enzymatic reaction isalysgd by mono-ADP-
ribosyltranferase (ADPRTase enzymes. Mono-ADP-ribosylation of proteins is a
phylogenetically ancient post-translational modifion in which a single ADP-ribose moiety
of B-NAD" is transferred to a specific amino acid side chafima target protein. It is a
reversible regulatory mechanism because the imnipffect of this modification on protein
function could be reversed by removal of the ADfbse moiety by ADP-ribose-protein
glycohydrolases.

The best-known mono-ADPRTases are bacterial tosnsh as cholera, diphtheria, or

pertussis toxin which exclusively act on eukarydtcget proteins, resulting in permanent



activation or inactivation of the cell functions dwated by these crucial host cell protein
substrates. Ectogenous and endogenous ADPRTases dfsy been detected in various
prokaryotes, archeas, and eukaryotes, too. ADFsylaton of DNA on the amino group at
N2 of 2’-deoxyguanosine by pierisins, apoptosis g cytotoxic proteins oPieris rapae
and P. brassicae was also described. Pierisins show homology to Abd#-ribosylating
mosquitocidal toxin produced [Bacillus sphaericus.

Although similarities between the primary sequencE&DPRTases are usually very
limited their structural conservation is high. Paojotic ADPRTases fall into two broad
groups- the diphtheria toxin (DT) group and the choleraino(CT) group— based on the
characteristics of the conserved consensus secgieAtieknown ADPRTases share three
conserved regions that form the NABinding and catalytic site: (i) N-terminal regidn
which contains a conserved Arg (in the DT group tejglaces Arg) in § sheet and which is
involved in the formation of the NADbinding site and active-site integrity; (i) a te
region 2, containing the aromatic-hydrophobic-Skr-$er motif (replaced by two Tyr
residues in the DT group) that is characterize@ Pysheet followed by an-helix important
for positioning the NAD substrate; and (i) a highly acidic region 3, #hBP-ribosylating
turn-turn (ARTT) loop that contains the strictly ns@rved catalytic glutamate, which is
crucial for catalysis and associated with a nonpplatrand responsible for the transferase
activity. Common substrate recognition domains hasteyet been identified.

Endogenous bacterial mono-ADP-ribosylation reastiare also occur to control
metabolic enzymes. This is the case in the phothsyic nitrogen-fixing bacterium
Rhodospirillum rubrum, where mono-ADP-ribosylation regulates the nitraagge enzymes
responsible for nitrogen fixation, this was thatficlear demonstration of physiological role of
this reaction. Mono-ADP-ribosylation is catalysegd & dinitrogenase reductaseginine-
specific mono-ADP-ribosyltransferase (DRAT). Thenittbgenase reductase is fully
reactivated by a specific ADP-ribosylarginine hydse called dinitrogenase reductase-
activating glycohydrolase (DRAG) that hydrolyses tN-glycosidic bond of the ADP-
ribosylated protein. The activities of DRAT and D&/Are known to be controlled vivo.

Although many ADP-ribosylated proteins have beeamidied from different bacterial
species, little is known of the endogenous ADPR3agrd their physiological role in

bacterial cells.



1.3. Mono-ADP-ribosylation in Streptomyces species

Previously, our research group demonstrated forfitge time the presence of ADP-
ribosylated proteins in Gram positive bacteriastfin S. griseus later in S, coelicolor. We
have shown Arg-specific ADPRTase activity $ griseus using agmatin as ADP-ribose
acceptor but we had no knowledge about the ADPR&aggmes themselves and the ADP-
ribosylated proteins for a long time. The firstntiéed ADP-ribosylated protein i& griseus
was glutamin synthetase (GS). The subunits of tilyree could be ADP-ribosylated and
adenylylated too. Both modification resulted indtization of GS activity.

Using inhibitors of ADPRTase enzymes (m-aminopheosdnic acid, 3-
aminobenzamide) our experimental results suggesitatl ADP-ribosylation may have
significant role in the development and secondagyafolite production i®treptomyces. We
have found that thdrgA mutant S coelicolor strain showed defects in protein ADP-
ribosylation, aerial mycelium formation and actimodin production. ThérgA mutation as a
new pleiotropic regulatory locus was mapped neaA locus.

A japanese group identified four proteins ADP-rjdated on a cysteine residue (MalE,
MIdBK, a periplasmic protein for binding branchesha amino acids, and a periplasmic
solute binding protein) fror. coelicolor. All of these proteins participated in the transmd
metabolites or nutrients through the membrane,camdain liporotein modification site with
cysteine residue which is the suggested site oAie-ribosylation.

Knowing the complete genome sequenceSBO2860 (arr) gene was identified as an
ADPRTase coding gene. The gene product Arr-sc mdhogue of the rifampin ADP-
ribosyltransferase, Arr-ms iycobacterium smegmatis. Arr-ms not only inactivate the
antibiotic but also has role in mycobacterial resgmto DNA double strand breaks, therefore

Arr-sc may have unexplored biological functiorSrcoelicolor.



2. AIMS

Althought our previous results suggest that the ADBsylation may play significant
role in growth and differentiation &reptomyces species, our knowledge was limited about
the ADP-ribosylated proteins and the enzymes, wbathlyze the modification. In our study
we have focused on the physiological role of endoge mono-ADP-ribosylation in the well-
known model streptomycete organism, 8reptomyces coelicolor A3(2) strain.

In order to identify ADP-ribosylated proteins andDRRTase enzymes and to
understand their role in the cell the following elments were carried out:

1. optimization of thein vitro ADP-ribosylation reaction conditions for modificat of

proteins in crude extract of ti&coelicolor M145 wild type strairculture.

N

isolation and identification of ADP-ribosylatedopeins from wild type strain.

3. identification of genes coding for putative monoJAlbosyltransferase enzymes in
the genome sequence using search for consensufs raothmon to ADPRTases
furthermore ann silico analysis the structure of protein coded by thatifled genes.

4. elimination of an ADPRTase coding gene from theoge®a thus creating a null
mutant.

5. analysis of the phenotype of the null mutant

6. complementation of the null mutant with the wilgpéygene in order to prove that the
the mutant phenotype was caused by the absenhe ehzyme.

7. comparison of ADP-ribosylated protein pattern af Wild type strain with that of the

mutant to demonstrate that the identified gendyealddes an ADPRTase enzyme.



3. MATERIALS AND METHODES

3.1. Materials

We used the highest purity chemicals that are comially available.E. coli HB101
was used as the host for cosmid cloning. John I@eeder has provided us with the following
bacterial strains and vectorS coelicolor A3(2) M145, a plasmid-free, wild type,
prototrophic, antibiotic producing straii;, coli BW21153/plJ790 (wassed as a host for
RED recombination-based PCR-targeted gene disnjptie coli ET12567/pUZ8002 (was
used as the donor in conjugational DNA transfeo Bitcoelicolor M145); pWHM3 (Amg',
Thio®) E. coli/Streptomyces shuttle vector (was used for complementation), &t8D11

cosmid (contain§CO5461 gene and was used in ReDirect method).
3.2. Methodes
Isolation and identification of ADP-ribosylated proteins from S. coelicolor

For setting optimal conditions of ADP-ribosyltraestse assay (adenine-ZHNAD”
was used as substrate to measure ADPRTase achvibyief, 36h old cells were scraped off
from the cellophane-covered SFM-agar plates. @eti® disrupted by sonication. Cell debris
was removed by centrifugation and in the ADPRTasmw the supernatant was used as the
crude cellular extract, which provided not only #rezyme protein but also substrate proteins
to be ADP-ribosylated (endogenous ADP-ribosylatidrt)e supernatant was halved and one
aliquot was supplemented with ADP-ribose, the othigh an equal volume of di®. The
ADP-ribosilation reaction was started with the aiddi of (adenine-2,8H)NAD* (100 pM)
and the samples were incubated #iC30At given times small aliquots were removed from
both reaction mixtures and their protein contens \weecipitated with trichloroacetic acid
(TCA) at O°C for 30 min. The radioactivity remaining on th#iis was determined with a
liquid scintillation counter. For purification of[2P-ribosylated proteins cellular crude extract
was prepared as described above. We complemergesbhiition with ADP-ribose based on
the results from previous experiments. Half aliqgwas supplemented with NADthe other
half with equal volume of dyD. After the ADP-ribosylation reaction the precéd proteins

were redissolved and was purified an m-aminophenmgitic acid—agarose affinity



chromatography column. Concentrated proteins froth Bamples were separated by 2D-gel
electrophoresis to obtain a representative patérADP-ribosylated proteins. Coomassie-
Brillant Blue stained protein spots were excisamhfr2D-gels. After in-gel trypsin digestion
samples were analyzed by MALDI-TOF mass spectromeéWtALDI-TOF peptide mass
fingerprint data were analyzed using the “MASCO&asch engine.

Disruption of SCO5461 in S. coelicolor M145 and complementation of the null mutant

We identified theSCO5461 as a gene of a putative ADPRTase enzyme in thengerof
S codicolor using bioinformatics approache (PBLAST, PSI-BLASSyyepDB database).
PCR targeted mutagenesis (ReDirect technology) wsesl to replace the chromosomal
SCO5461 allele with an apramycin resistance marlagr, (aac(3)1V) generated by PCR using
primers with 36 nt homology extension.

First we amplified the requiredpr-oriT cassette from plasmid plJ773. The PCR
product was introduced int&. coli BW21153/plJ790 harboring the cosmid St3D11 and
expressing thée. RED recombinase system. The resulting recombirgasmid, carrying
SCO5461::apr instead 0fSCO5461, was introduced int&. coelicolor M145 by conjugation
usingE. coli ET12567/pUZ8002. The apramycin-resistant, kanamgensitive exconjugants
were selected, and gene disruption was confirme@®®R coupled to restriction fragment
length polymorphism analysis (RFLP) of the PCR picadising Xhol enzyme.

Complementation of thé&. coeicolor M145 ASCO5461::apr mutant was achieved
using the plasmid pWHMS3. The entire open readiagniz ofSCO5461 gene was amplified
by PCR withS. codicolor M145 genomic DNA as template. The 636 bp PCR prodias
inserted between thelindlll and EcoRI sites of pWHM3 in frame with the wedlacZ
promoter to obtain pWHE1L. The resulting pWHEL1 plasmas cloned irk. coli HB101 cells
and the construct was verified by PCR and RFLPyaimlpWHE1 was then transformed into
S codicolor M145 ASCO5461::apr to obtain the thiostrepton resistant complemeried
coelicolor M145A4SC0O5461::apr/pWHEL strain.



Phenotypic analysis of the null mutant

Morphological analysisin order to compare the morphological differembiatof the

mutant strain, the complemented mutant strain &edwild type M145 strain, all of them
were cultivated on four different solid media — SFBMMS supplemented with 10% sucrose
(SMMS+), and R5. For microscopic analysis the cekse grown on coverslips inserted into
three different agar plates (SMMS, SMMS+, R5). & &ndays old samples were fixed with
methanol. Tracing the development of the strairdeum phase-contrast light microscope we
confirmed characteristics observed on the platee.DNA of 2 and 7 days old samples from
plates with coverslips were stained with propidilodide and studied under confocal laser
scanning microscope.

Production and secretion of antibiofikhe strains were grown on sterile filters deposited
on the surface of three different solid media (SMNM#MS+, R5). The filters did not allow
the growth of the mycelium into the medium. Remavfathe filter with the mycelium on it

after seven days of cultivation makes it possibleisualize the blue actinorhodin antibiotic
secreted into the extracellular environment.To ys®lextracellulay-actinorhodin, the wild
type and the null mutant strains were cultivatedfdor days in SFM liquid medium. Cultures
supernatants were acidified to pH 2-3 and methahloitoform (1:1) was used to extract the
antibiotic. The A4, was measured in the chloroform phase. The amotintraduced

antibiotic was normalized to protein content in slegliment.

Protein ADP-ribosylation assay

Comparison of ADP-ribosylated protein pattern irffadent strains The mutant,

complemented mutant and the wild type strains weog/n 32 hours on cellophane-covered
R5 plates. In the ADP-ribosylation reaction ADPesk andB-[adenylate*’P]NAD* were
added to the crude extracts of mycelia. After griéaiion with TCA proteins were solubilised
and separated on SDS-PA-gel. Finally, proteins ftbengel were electrophoretically blotted
to Immobilon P transfer membrane in a semi-drydf@nassembly. The labeled proteins on

the blot were detected by a phosphor image analyzer



Sequence identification and alignments; secondary tracture prediction and 3D

structure prediction

The putative amino acid sequence of the SCO5461 okéasined from the genome

database ofS. coedlicolor (http://streptomyces.org.yk/ Sequence analysis and alignments

were performed using PSI-BLAST search through theCBN web server
(www.ncbi.nlm.nih.gov/BLASY). Secondary structure predictions were made USBBRED

software Wwww.coot.embl.de/~fmilpetz/SSPRED and TMpred server

(http://www.ch.embnet.ojg Signal peptide analysis was done using Signalégram
(www.cbs.dtu.dk/services/Sign3|PTaTFind and TatP softwaremiw.signalfind.org and

www.cbs.dtu.dk/services/Tatirespectively). Protein 3D structure was predidigdising the
(PSY modeling softwarehitp:/ps2.life.nctu.edu.tyv

Databases

The following databases were used for genomic semuenalysis of the various

Streptomyces  strains: http://www.broadinstitute.org (for S lividans; S albus, S

pristinaespiralis); http://streptomyces.org.ukfor S coelicolor; S scabies, S griseus;, S
avermitilis; S clavuligerus, S. venezuelae).
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4. RESULTS AND DISCUSSION

Our group has already demonstrated the presenédBfribosylated proteins and an
arginine-specific ADPRTase activity 8 griseus, but no exact molecular information was
available about ADP-ribosylated proteins or enzymegslysing this type of modification in
Sreptomyces.

To understand the biological function of proteinmaeADP-ribosylation,S. coelicolor
we have tried to identify endogenously ADP-ribogstaproteins; to find unknown genes
encoding ADPRTase enzymes by sequence homologyto(8)srupt the gene coding for
identified ADPRTase enzyme in order to recognisenplipical differences between the wild

type and the mutant strains.

4.1. Identification of ADP-ribosylated proteins inStreptomyces coelicolor

First the optimal conditions of ADP-ribosylatingaction were established. We have
showed that the maximal incorporation of ADP-rib@ses reached 30 min after the addition
of radioactive {°P]-NAD" as a substrate to the cell-extractSotoelicolor then it decreased.
The cause of this decrease is probably the NADGHigcof the cell-extract hydrolyses the
substrate and the MARH activity cleaving the inavgted ADP-ribose from the proteins
making this posttranslational modification revelsiljin the genome o0& coelicolor at least
six genes showing significant homology with the WnoMARH enzymes can be found
(SCO0086, SCO1766, SCO2028, SCO2030, SCO4435, SCO5809; personal sequence
analysis).] The incorporation of ADP-ribose int@fgins could be increased with the addition
of an excess of unlabelled ADP-ribose, which caaoldbit the MARH activity (NADGH is
not inhibited by ADP-ribose). The great excess aifld” ADP-ribose also reduces the non-
enzymatic incorporation off{P]-ADP-ribose produced by the NADGH present in ted
extract ofS coelicolor.

Thein vitro ADP-ribosylated proteins @& coelicolor were purified by m-aminophenyl-
boronic acid affinity chromatography and separatéith 2-D SDS-PA gel electrophoresis.
The separated proteins were in gel digested withsin, and the peptide patterns were
analysed by MALDI-TOF. EightS. coelicolor ADP-ribosylated proteins were identified.
Some of the proteins were found in more than om¢sspith different pl on the 2-D gel. In
case of SCO5477, a putative oligopeptide-bindipggrotein (an ABC transporter subunit)

11



several isoforms were found with slightly differept values, probably due to ADP-
ribosylation or by spontaneous desamination of 8sglu. The other proteins (inosine-5'-
monophosphate  dehydrogenase, IMPDH, coding §C04771; and FolD,
methylenetetrahydrofolate dehydrogenase/methergfitgdrofolate cyclohydrolase, coding
by SCO4824) were found in two spots on the 2-D gel. In botlses one of the spots has the
expected molecular weight and pl, the other spotesented a protein variant with the same
molecular weight but lower pl. Both IMPDH and Fdilnction as multimers in the cell, and
interestingly, both the unmodified and modifiednfer of the proteins were found on the 2D
gel. This raises the possibility that the activfythe multimer is influenced by the ratio of the
ADP-ribosylated and unmodified subunits. The madifion-dependence allows a kind of
fine-tuning of the enzyme activity of the complea &dapt to current needs of cell
metabolism. Similar regulatory mechanism was oleskrwn E. coli, in case of glutamine
synthetase having twelve identical subunits. Thiric of this enzyme complex is regulated
by the ratio of unmodified and adenylylated sulbsinit

According to their suggested or known biologicalesothe eight proteins can be
categorised as (1) secreted proteins: the putg@rg@lasmic branched-chain amino acid-
binding protein SC0O2008 and SCO5477, and the athesecreted proteins SCO6108 (FusH
protein) and SC0O1968 (2) metabolic enzymes usindMWADH or NADP/NADPH as
coenzymes: IMPDH (SC0O4771) and FolD (SC0O4824), @hather proteins: SpaA (coding
by SCO7629) and glutamine synthetase (GInA, coding3302198).

(1) SCO2008 and SCO5477 are the extracellular diganding lipoprotein subunit of
different ABC transporters. Confirming our resuUB€02008 was previously identified as a
protein ADP-rybosylated on a cysteine side-chairsbgawara and his colleagues. This ADP-
ribosylated cysteine is the one, which is presaenthe lipobox part of the signal sequence
necessary for the translocation and for the lipmbification of the prospective lipoprotein.
Sugawara and his colleagues assumed that ADP-tdimsy of the Cys side chain inhibited
the secretion of the unmatured protein, so theplipiein diacylglycerol transferase could not
attaches a lipid to it. ADP-ribosylation would peew both the export of the protein and its
membrane attachment, so the ADP-ribosylated pramaining in the cytoplasm would not
be able to carry out its function in transport gsses. Similarly to SC0O2008 the SCO5477
protein has a signal sequence containing a cysteiar appropriate position, thus Piette and
his colleagues assumed that SCO5477 is an ADPyldtesl protein, too. Our findings

support this idea.
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Both of the other two secreted proteins, SCO6108HK and SCO1968 are hydrolases.
FusH is an esterase providing fusidic acid restga®ince the ADP-ribosylated FusH was
isolated from the cytoplasm, ADP-ribosylation oftprotein could influence its export.
SCO1968 is a hypothetic secreted hydrolase showimmgnology with GIpQ, a
glycerophosphoryl diester phosphodiesteraseBaaillus subtilis induced by phosphate-
starvation. The reversible ADP-ribosylation of SGB& can be a posttranslational regulatory
mechanisms influencing glycerine metabolisnsiroelicolor.

(2) Both SCO4771 and SC0O4824 are dehydrogenastwitrcases the ADP-ribosylated
peptide fragments were identified by MASCOT prograBCO4771 is an inosine-5'-
monophosphate-dehydrogenase (IMPDH) & coelicolor. The intracellular GTP
concentration has a crucial role in the regulatmin morphological differentiation in
prokaryotes. Since IMPDH catalyses the key stemannovo GTP biosynthesis, ADP-
ribosylation of this enzyme can be an importantgublpgical regulatory mechanism of spore
formation and antibiotic production. Analysis oetamino acid sequence data of two tryptic
peptides (207-225 and 226-245) from the major spggested that IMPDH was modified at
two different positions, on Arg-225 and Arg-244 anhighly conserved region. The other
dehydrogenase FolD encoded 8304824 is involved in tetrahydropholate metabolism; it
has both methylenetetrahydrofolate dehydrogenasel anethylenetetrahydrofolate
cyclohydrolase activity. The GAEVVVVGR peptide fragnt of the enzyme, which was
found to be ADP-ribosylated in our experiment, &tpf the evolutionary highly conserved
NADP*-binding motif. ADP-ribosylation and thus inactiiat of FolD can have a crucial
effect in the regulation of the primary metaboliogesses and differentiation through the
modification of methionine and purin biosynthesis.

Two proteins belong to the third group. One of thertheSCO7629 encodes the SpaA
protein. This protein is homologous with the RspAH. coli which is involved in the
regulation of the stationary growth phase. It iswn that the disruption &CO7629 gene in
S codlicolor causes a conditional, cell density-dependent gigpro So the endogenous
ADP-ribosylation of SpaA can have an effect on riiagponse of the bacterium given to the
cell density. SpaA could serve as a starvatiore gahsor protein. The other ge®@02198
codes glutamine synthetase GInA. Activity of GInA regulated by adenylylation in
prokaryotes (especially in intestinal bacteria).ské#h and his colleagues proved the
adenylylation of the conserved Tyr-397 side chdithts protein inS. coelicolor. Our group
showed previously that thén vitro ADP-ribosylation of GInA, which inactivated this

glutamine synthetase 8. griseus. This modification was also found iRhodospirillum
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rubrum and later inSynecocystis species. Our result confirmed the presence of ADP-
ribosylation of GInA inStreptomyces species.

Six of the eight identified proteins are newly itdked targets of ADPRTases. The
remaining two findings were validation of previotesults. The finding that four proteins
(SCO5477, IMPDH, SpaA, and FolD) are ADP-ribosylateuld provide evidence for our
previous hypothesis about the connection betweenteipr ADP-ribosylation and
morphological differentiation.

4.2. ldentification of SCO5461, presumably encoding an ADPRTase enzyme and
bioinformatical analysis of its hypothetical proten product

Since one of our aims was to create an ADPRTasanhatrain we had to identify genes
encoding ADPRTase enzymes. We have applied a bionatic approach to find possible
ADPRTase coding genes in the genomé&.afoelicolor A3(2). The high sequence plasticity
characteristic for ADPRTases makesithailico identification of homologues difficult, so the
position-sensitive PSI-BLAST program was used fquence analysis. The comparison of
the full amino acid sequence of the known ADPRT@s¢eins shows only little identity, but
the NAD'-binding site and the three strongly conserved sege motifs in the catalytic active
center can help in the identification of ADPRTasenes. As a result we found two
possible ADPRTases encoding genes in the genong afeicolor, the above mentioned
SCO2860 andSCO5461 genes. Based on the comparison narrowed down tthitbe motifs,
the nearest homologues of SCO5461 besides the ABSERTIrStreptomyces strains were the
DNA ADP-ribosylating pierisin-1 and -2 (found in tberflies, cytotoxic for mammalian
cells), the Arg specific MTX iBacillus sphaericus and the catalytic subunit CT-A of cholera
toxin, an Arg specific ADPRTase Wibrio cholerae.

Due to the great interest toward the family of ABBBsylating toxins, the 3D structures
of several ADPRTases have been reported, includigdera toxin. Based on these known
structures and the recognized sequence homologiebawe predicted the 3D structure of
SCO5461 using the PS2 software intended for cortiparanodeling of protein three-
dimensional structure®espite of the lack of extended amino acid sequanodarity, the
chainfold of SCO5461 protein corresponds to the dold of ADPRTases. In SCO5461, the
conserved LYR and YVSTS motifs are part of two eagicularp-sheets while the catalytic
Glu-164 is in a loop connectingfasheet and a-helix as in the ARTT loop of CT. The
secondary structure of SCO5461 predicted by theREEPprogram fits to the predicted 3D

14



structure, since the LYR and YVSTS motifs are pafi-sheets and QVEVA is on the border
of an unstructured loop anflsheet. Whereas the third motif is EXE in Arg speci
ADPRTase enzymes, as CT and MTX, QXE motifs areoiins with different substrate
specificity (Cys, Asp or DNA), therefore glutamimestead of glutamate can not determine
the substrate specificity of SCO5461.

Among fully sequence@reptomyces genomes the orthologues of tBEO5461 gene
were found to be present only in the closest nadatiof S. coelicolor. All of these are
hypothetic proteins§ lividans TK24, SSPG_02248.1; S. albus J1074, SSHG 04549.3; S
scabies, SCAB27771; S pristinaespiralis ATCC 25486, SSDG 06196.1, and
Sreptosporangium roseum DSM 4321, YP_003344216.1)

In the StrepDB database, SCO5461 is annotated pstative secreted protein with
possible non-cleavable N-terminal signal. The Si@na(version 3.0) program
(http://cbs.dtu.dk/services/Signaliddeed recognized a tripartite N-terminal sigeefjuence
(1-43 amino acids) in SCO5461, which contains aiRRRA motif in its N-terminal part that

might resemble to a twin-arginine translocationt]Tagnal. We have used the prediction
programs TatFind version 1.4 and TatP version Ih@p:(/www.signalfind.org and
http://www.cbs.dtu.dk/services/TatP-1.@espectively) to check whether SCO5461 protein
could be a candidate Tat substrate. None of thgranas recognized the N-terminal sequence
of SCO5461 as a genuine Tat-targeting signal. Tasclusion is in accordance with
previously reported results that the SCO5461 sigeatide did not mediate the transfer of a
reporter protein irs coelicolor M145. Tat signal peptides superficially resembl&éc signal
peptides; however, the positively charged K41 wesiat the end of the C-region of the
suggested signal peptide of SCO5461 protein migittion as a Sec avoidance signal, which
could explain the finding that SCO5461 is not stxtein theS coelicolor M145 AtatC
mutant defective in Tat transport. The SCO5461gmomight be a transmembrane protein
with an extracellular domain. This notion is confed by several protein secondary structure
predictions. The SSPRED softwareww.coot.embl.de/~fmilpetz/SSPREPredicted an N-

terminal a-helix which was confirmed among others by the Tébpr server
(http://ch.embnet.odg According to TMpred prediction, SCO5461 proteis a
transmembrane protein with a short (9 aa) intratzll domain, an inside to outside

transmembrane helix (26 aa) and a longer extrdaeliomain (27-204 aa).
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4.3. Disruption of the SCO5461 and complementation of the mutant

PCR targeted mutagenesis was used to replacesCtb&461 gene with an apramycin
resistance cassette. Gene replacement was venfi@CR coupled to RFLP analysis of both
the recombinant cosmid and the genomic DNA of themycin resistaniSCO5461.::apr
mutant. For complementation analysis, the PCR miodantaining the complet8CO5461
gene was cloned into thgcoRI/Hindlll site of pWHMS3 creating pWHEL. The construct was
transformed into theS coelicolor M145 ASCO5461::apr mutant, generating the
complemente@. codlicolor M1454SC0O5461.::apr/pWHEL strain.

4.4. Phenotypic analysis of thelSCO5461::apr mutant

Morphological differentiation: Disruption of theSCO5461 gene resulted in a conditional
pleiotropic phenotype. On SFM-agar medium, the phgre of the null mutant was similar to
that of the wild type strain. Since phenotypes aftants might depend on the growth
condition, spores of wild type strain (M145), the 146 ASCO5461::apr/pWHE1
complemented mutant, and tl#SCO5461::apr mutant were streaked onto the following
media: SMMS, SMMS+ and R5.

On SMMS medium, the mutant showed delayed morplwdbgdifferentiation
compared to that of wild type M145 straandthe complemented mutant strain. In 48h, old
cultures M145 and complemented mutant producedlasrycelium and spores while the
mutant had a bald-likeppearance. At 120h, aerial mycelium and sporeystazh were
evident in the mutant culture as well, however,redormation was not as dense as it was in
the control culture.The applied osmotic stress MiVES+ even more strongly delayed aerial
hyphae production and sporulation. At 120h, thé muitant displayed sparse aerial mycelium
and spore formation. After one week of cultivattbe mutant sporulated abundantly.

However, the phenotype of tltSC0O5461::apr mutant strain was different when grown
on R5 medium. Both the aerial mycelium formationd asporulation were completely
suppressed in the mutant growing alone on R5-agaggesting that normal ADP-
ribosyltransferase activity is required for diffet@tion on this osmotically enhanced rich
medium. The surface of the colonies of tHSCO5461::apr mutant had a bald-like
appearance but unlike thieldA mutant, it produced actinorhodin. The morphololgica

differentiation of theASCO5461::apr mutant was restored when it was grown beside theé wi
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type M145 or the complemented mutant strain on g&-alhe wild type phenotype was also
restored when the mutant was cultivated on a sB&nimedium of theS, coelicolor M145
strain. It is important to note, that on SMMS andN8S+ media the mutant sporulated after a
longer cultivation period when it was grown in @iesence of the wild type strain.

Since the complementesl coelicolor M1454SCO5461.::apr/pWHEL strain had normal
phenotype in all three media, we concluded thathm M145 ASCO5461::apr strain the
mutant phenotype is due to the disruption of38©5461 gene.

Observations of the phenotype of the null mutstnhin under a phase-contrast light
microscope confirmed the above-described charatityi Phenotypes of samples were
visualized by growing the cells on coverslips itsérinto the agar plates. After 5 days of
incubation in SMMS medium, aerial mycelium and gpcnains were present in the sample of
the mutant strain, but spores were less abundantiththe wild type sample. The difference
between the wild type and mutant phenotypes was ewere pronounced in SMMS+
medium. Beside aberrant, unevenly swollen spokesllen hyphal tips were also frequent in
the culture. The phenotype of the mutatrain grown in R5-agar plates showed, that after
four days of cultivation, mostly undifferentiatedycelium and very few, short spore chains
characterized the sample. Only occasional sporensheere formed even after 12 days of
cultivation.

The DNA of 2 and 7 days old mycelia of wild typedanull mutant strains from
aforementioned three different plates with covpssivere stained with propidium-iodide. We
could not find any difference in the DNA contanttire cells under confocal laser scanning

microscope.

Production and secretion of antibiotic: In addition to the defect in morphological
differentiation, the production and secretion diraarhodin is also affected in the constructed
null mutant. The effects of the mutation were ddéfg when the strains were cultivated on
solid and on liquid media. The mutant produced seateted more actinorhodin than the wild
type strain when it was grown on R5 agar plate, lagd actinorhodin was produced when it
was grown on SMMS and SMMS+ agar plate. Considdahegpossible extracellular location
of the catalytic domain of the SCO5461 protein, difeerences in antibiotic secretion might
confirm our previous suggestion that ADP-ribosylatof certain subunits of ABC transporter
complexes might affect solute transport3meptomyces. Unexpectedly the mutant did not

secrete anyy-actinorhodin in liquid SFM medium, neverthelesg thntibiotic production
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seemed to be normalhe differences between characteristics on soldllauid media may
lie in different regulation of the antibiotic setioa.

These results suggest that some of the proteins itlvalved transport process of
actinorhodin might be affected directly or indidgddty ADP-ribosylation that is catalyzed by
the SCO5461 enzyme. None of the eight identifiedPAibosylated proteins could be
connected to the mechanism of antibiotic secretion.

4.5. Verification of ADPRTase activity of SCO5461 mtein

Comparison of ADP-ribosylated protein pattern ie tihutant, complemented mutant
and the wild type strains evidences tB&8X05461 gene codes an ADPRTase enzyme. The
absence of a 65 kDa ADP-ribosylated protein inayt®plasmic fraction o1ISCO5461.::apr
null mutant that was present in the sample of wijze and the complemented mutant strain
confirms our hypothesis. We have identified with MA-TOF analysis an ADP-ribosylated
protein with the same molecular mass, that proteas the solute-binding subunit of an
oligopeptide ABC transporter, coded by 8805477 gene. The difference in the pattern of
the modified proteins of the wild type strains d@hd null mutant was not dramatic, which can
be explained with the presence of additional ADP&Tanzyme(s) besides SC0O2860 and
SCO05461 proteins in tHe codlicolor.
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5. SUMMARY

The protein ADP-ribosylation is a reversible pastsiational modification catalysed by
mono-ADP-ribosyltransferases (ADPRTases). Our aias wo isolate, and identify ADP-
ribosylated proteins ir&treptomyces coelicolor A3(2), which is an antibiotic-producing
bacterial strain with complex morphology, and défetiation. Also, we wanted to find new
potential ADPRTase enzyme coding genes in the genoh®. coelicolor using sequence
homology search and to prepare an ADPRTase nudkmb8tcoelicolor strain. We planned to
study the biological function of protein ADP-ribdatjon in S coelicolor by analysing the
phenotype of the null mutant strain.

First, proteins in the crude cytoplasm extract dbiwype S coelicolor werein vitro
ADP-ribosylated. After optimisation of the reacticonditions ADP-ribosylated proteins were
purified by m-aminophenylboronic acid affinity chnatography fromcrude extract of 36
hoursS. codicolor M145 cells cultivated on SFM medium. Samples weesled onto 2-D
SDS-PA gel. The separated proteins were in gelstegewith trypsin, and the pattern of
digested fragments were analysed by MALDI-TOF. EigibP-ribosylated proteins were
identified using this method: SCO5477, SCO02198, 3@, SCO4771, SCO1968,
SCO04824, SCO6108, and SCO7629. Six of the proteimie newly identified as ADP-
ribosylated proteins, in two cases we have confiech@revious results in literature.

In silico analysis of thes. coelicolor genome revealed a hypothetic ADPRTase coding
gene, theSCO5461. This SCO5461 gene was replaced by an apramycin resistancettasse
The generated null mutantS- coelicolor M145 ASCO5461::apr — strain had a pleiotropic,
conditional phenotype. The mutation delayed or detefy inhibited the morphological
differentiation and antibiotic production and se¢iore of the strain, depending on culture
condities. The mutant was complemented with thedhiction of a wild type gene carrying
plasmid. The comparison of the pattern of ADP-rif@i®d proteins of the wild-type, the null
mutant, and th&. coelicolor M145ASCO5461::apr/pWH1 complemented null mutant strains
revealed, that an ADP-ribosylated protein with denolar weight off 65 kDa was missing
from pattern of the mutant strain. This proteinwkger reappeared in the complemented
strain. So, we concluded that the SCO5461 is anRRL#3e enzyme which is involved in the

regulation of differentiation, antibiotic produati@nd secrecion @&. coelicolor.
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