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ABSTRACT

The rpoA gene, encoding the o subunit of RNA
polymerase, was cloned from  Streptomyces coelicolor
A3(2). It is preceded by rpsK and followed by rplQ,
encoding ribosomal proteins S11 and L17, respectively,
similar to the gene order in  Bacillus subtilis . The rpoA
gene specifies a protein of 339 amino acids with
deduced molecular mass of 36 510 Da, exhibiting 64.3
and 70.7% similarity over its entire lengthto  Escherichia
coli and B.subtilis o subunits, respectively. Using T7
expression system, we overexpressed the  S.coelicolor
o protein in E.coli. A small fraction of this protein was
found to be assembled into  E.coli RNA polymerase.
Antibody against S.coelicolor o protein crossreacted
with that of B.subtilis more thanwith the E.coli o subunit.
The ability of recombinant o protein to assemble and
B’ subunits into core enzyme  in vitro was examined by
measuring the core enzyme activity. Maximal recon-
stitution was obtained at  a,: 3+’ ratio of 1:2.3, indicating
that the recombinant o protein is fully functional for
subunit assembly. Similar results were also obtained

for natural o protein. Limited proteolysis with endo-
proteinase Glu-C revealed that S.coelicolor o contains
a tightly folded N-terminal domain and the C-terminal
region is more protease-sensitive than that of E.coli a.

INTRODUCTION

EMBL/GenBank/DDBJ accession no. X92107

domains connected by a flexible link&e,(L3). The structure of

the C-terminal domain (CTD) has been determined by NMR and
was shown to contain a recognition loop and helices for both
transcriptional activators and the DNA UP element, distinctly
different from other DNA binding proteing4). It has also been
shown that the contact sites for both DNA and transcriptional
activators occupy the same surfacex@iD (14-16).

Gram-positive bacteria of the gertseptomycesindergo a
complex morphological and physiological differentiatiam)(
When the growth of the substrate mycelial colony on a solid
surface nearly ceases, usually triggered by nutrient limitation, the
colonies develop aerial mycelia, utilizing nutrients primarily
provided from the hydrolysis of substrate mycelia. The aerial
mycelia further develop into chains of spores. The biosynthesis
of various antibiotics by Streptomycetes usually occurs concomi-
tantly with the development of aerial mycelia and spores. These
differentiation processes involve a wide range of regulatory
mechanisms including alternatigefactors (8). Even though
several lines of growing evidence indicate that the interaction
with various regulatory factors is central to this regulation, only
a few transcription factors were identified until nG8-22). A
better understanding 8freptomycegene regulation will require
not only the analysis afis- andtrans-acting regulatory factors,
but also the detailed characterization SifeptomycedRNA
polymerase as a whole as well as its subunits. In this study we
present our work on cloning and characterization of the gene for
the a subunit. The overproduced recombinanprotein was
demonstrated to contain full activity for core enzyme assembly,

DNA dependent RNA polymerases of prokaryotes are multisubu@f'd @ somewhat different structure frénsoli
enzymes composed of core enzyme with a subunit composition

of a>BB’ ando subunit specifying promoter recognitiah2).
Thea subunit is the most characterized oftkeherichia cOlRNA
polymerase subunits, serving several functions. Init@lybunit

MATERIALS AND METHODS

Bacterial strains and growth conditions

has been known to play a role in the assembly of multisubunit
RNA polymerase complex, providing a scaffold for the assemblgscherichia colDH5a was used for all initial transformation and

of B andp' in the following order; @ — a2 — 023 - 02BR" (3). It

propagation of plasmids. Strain BL21 (DE3) pLysS, a derivative

contains determinants for protein—protein interaction for itef lambda lysogen carrying an IPTG inducible gene for T7 RNA

dimerization, fon—f3 interaction, and possibly, farf3' interaction.
These determinants reside in the N-terminal two-thirdspobtein

polymerase, was used to overexpressothmotein ¢3). The
Streptomyces coelicolatrain used was M145, a prototrophic,

(4-7). The C-terminal third is involved in the interaction withSCPT SCPZ derivative of the wild-type A3(2) strain. For RNA
various transcriptional activatofs0), binding to specific DNA  polymerase preparatio8,coelicolorA3(2) M145 was grown in
sequencesl(,12), as well as its own dimerizatiohd). It has been 3.5 | YEME medium Z4) containing 34% sucrose and 5 mM
demonstrated that the two regions constitute two separdigCl, under vigorous aeration in a fermenter for 23 h.
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Oligonucleotide primers, PCR and cloning The Western blot analysis was performed as described by Blake
et al (27). Blotted filters were incubated overnight with polyclonal

For cloning therpoA gene, oligonucleotide primersl mouse antibod ; . . :
" p y against (1:1000 dilution) in TBS buffer
(5-GT(G/C) CT(GIC) CAC GA(GIA) TAC AGC AC3anda2 . ,niaining 20 mM Tris—HCI (pH 7.5), 500 mM NaCl, 0.5% BSA

(5-CTT (G/C)AG GCA GTT GTA GCT (G/C)ICGBwere 4 g 050 Tween 20. Bound antibody was detected by anti-

designed as to contain mixed compositions of 50% each of G | P ; ith alkali hosph
C or G and A at each degenerate codon position, and synthesizedu se 1gG goatantibodies conjugated with alkaline phosphatase.

by Oligos, Etc. (USA). The PCR was performed in the reaction .. . .
mixture (10Qul) containing 20 pmol each afl anda2 primers, Burification of RNA polymerase from S.coelicolor

four dNTPs at 0.2 mM each, 10 mM Tris—HCI (pH 9.0), 1.5 MMRNA polymerase was prepared by a combined modification of
MgClp, 50 mM KCl, 0.1% Triton X-100, 100 n§.coelicolor  two procedures developed for the purification of holoenzymes
genomic DNA and 2.5 Uaq DNA polymerase (Poscochem, from E.coli and S.coelicolor (28,29). In brief, S.coelicolor
Korea). The reaction mixture was subjected to 30 cycles @fycelial cells (40 g wet weight) were suspended in 400 ml lysis
polymerization consisting of 1 min denaturation &#t®41L min  puffer [10 mM Tris—=HCI (pH 7.9 at°€), 2 mM EDTA, 1 mM
annealing at 37C, and 1.5 min extension at°@2 The 4 kb pMSF, 1 mM 2-mercaptoethanol, 0.2 M NaCl, 1 mM DTT, 5%
Pst/BanmHI genomic DNA fragment hybridizing with the PCR glycerol] containing 1 g lysozyme and were incubated@tfdr
product was cloned into pUC18 and further subcloned int90 min. The cells were disrupted by grinding with aluminum
PGEM-7zf(+). To construat-expressing pET plasmid (pEl;  oxide in a commercial mixer. Crude extracts were rapidly mixed
an oligonucleotide primerNdd (5'-ACTGAAGGATCCC-CA-  with Polymin P at a final concentration of 0.35% (v/v) and
TATGCTGAT-3) was designed as to credldd site (underlined)  subjected to salt extraction, ammonium sulphate precipitation,
at the start codon (ATG). PCR was performed wittdd and  DEAE-Sephacel, and heparin-Sepharose chromatographies. For
universal forward sequencing primers (#1212, NEB) using 100 Agrther purification, the fractions containing intendB’ subunits
PGEM-7 plasmid containing thepoA gene as a template. \ere pooled and applied via a 1 ml superloop to a MonoQ HR 1/1
Amplification was carried out for 20 cycles (denaturation @894  anjon exchange column on FPLC (Pharmacia). The column was
for 1 min, annealing at 42 for 1 min, and extension at@2for  washed with 4 ml TGED plus 0.2 M NaCl and then a 20 ml linear
1 min). The PCR product was cloned into pET-3a plasmid to cregjgadient of 0.2—0.6 M NaCl was applied at a flow rate of 0.5 ml/min.
pET. Fractions containing pure RNA polymerase were diluted with
; : two times concentrated storage buffer (TGED with 50% glycerol
DNA sequencing and sequence analysis and 0.15 M NaCl) and stored at =Z0
DNA sequencing was carried out on double-stranded DNA
fragments cloned into pGEM-7zf(+) by both manual and automat&all scale purification of RNA polymerase fronE.coli
sequencing (ALFexpress, Pharmacia). The sequence was deposited ) o ]
to EMBL under accession number X92107. Sequence comparidefcherichia coliBL21 cells containing pEg- plasmid were

with the database was done using BLAST progm@], @nd grown to OQOO of 0.6 and treated with 0.01 mM |PTG for 6 h.
CLUSTAL V for multiple alighmentsZp). Cells from 200 ml culture were harvested and lysed in the same

buffer used for large scale preparation of RNA polymetie (
Following Polymin P fractionation, the polymerase fraction was
loaded on 1 ml heparin—Sepharose column and proteins were
Escherichia coliBL21 (DE3) pLysS cells containing pET- eluted with step gradient of KCI from 0.3 to 0.8 M. The pooled
plasmid were grown to Odgg of 0.6. Following induction by fractions containing RNA polymerase were further fractionated on
0.4 mM isopropyB-p-thiogalactopyranoside (IPTG), cells were glycerol gradient centrifugation as described by Gaak(30).
harvested and stored at <@until use. The frozen cells were

suspended in the lysis buffer [10 mM Tris—HCI (pH 7.9°&)4  |solation of subunits from purified RNA polymerase

1 mM EDTA, 0.1 M NacCl, 0.3 mg/ml of lysozyme and 1 mM ]

phenylmethylsulfonyl fluoride (PMSF)] for 20 min on ice andThe a, B andp’ subunits were separated from the core RNA
sodium deoxycholate was added to a final concentration of 0.298lymerase as described by kfllal (31) with slight modifications.

and further incubated for 20 min before sonication. Aftefcore enzyme (3 mg)in 3 ml of storage buffer was diluted with 6 ml
removing cell debris by centrifugation, proteins were precipitate@f deionized 9 M urea (final concentration 6 M) and adjusted to
with 60% saturated ammonium sulfate and resolubilized in ark MM DTT. Following 15 min incubation at 30, the mixture
dialyzed against buffer TGED [10 mM Tris—HCI (pH 7.9%E)  Was dialyzed for 3 h against buffer 3§D [TGED with 20%

0.1 mM EDTA, 0.1 mM DTT, 5% glycerol]. The proteins were(V/V) glycerol] containing 6 M urea. The dissociated enzyme was
then subjected to DEAE—Sepharose column chromatograpi@@plied to a phosphocellulose column ®©4 cm) equilibrated
eluted with a linear gradient of 0-0.5 M NaCl. Fractions containingfith the same buffer. The column was then washed witHI%

a protein were eluted at 0.3 M NaCl and were further purified oBlus 6 M urea. Subunit came out in the flow-through fraction

the preparative polyacrylamide gel electrophoresis system (BioRadj1ereas subunifd andp’ were eluted at 0.2 and 0.7 M KCl,
respectively. The fractions containing each subunit were dialyzed

overnight against the renaturation buffer [50 mM Tris—HCI (pH 7.9
at 4C), 0.1 mM EDTA, 1 mM DTT, 10 mM Mggl 0.3 M KCl,
Purifieda protein was electrophoresed on 10% SDS—PAGE. G8D% glycerol] to remove urea. They were concentrated by
slice containingx was crushed and resuspended in phosphatenmonium sulphate precipitation. The protein pellet was redis-
buffered saline (0.8% NaCl, 0.02% KCI, pH 7.2). A total of @50 solved in TGED buffer and dialyzed overnight against the storage
protein was used to immunize two mice for antibody productiotuffer and kept at —2@.

Overexpression and purification ofS.coelicolora protein

Western blot analysis
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Reconstitution of RNA polymerase core enzyme rs Sa Sm Py ¥m  Sa Su S K rlz
| A I N | [ | I

To reconstitute core enzyrirevitro, either natural or recombinant N >

o protein was mixed witrB and (' subunits at various v R
SllirpsK) ALPHA{rpoAd} E1T{rpd (Y

stoichiometric molar ratios in reconstitution buffer containing
7-10 mM Tris—HCI (pH 7.9 at 2&), 7 mM MgC}, 25 mM
MnClz, 0.07-0.1 mM EDTA, 0.3 M KCI, 10 mM DTT and 40% Figure 1.Restriction map and gene order in the DNA fragment containiry
glycerol. The final concentration of total protein was adjustedjene ofS.coelicolorRestriction map of the 1.6 kb DNA fragment containing
between 0.2 and 0.5 mg/ml. The mixture was incubated®@ 30 genes for ribosomal protein SIp<K), a (rpoA) and ribosomal protein L17

(rplQ) was presented. The thick arrows indicate the position of genes identified.
for 30 min to 1 h. The RNA SyntheSIZlng aCtIVIty of the reSUItmgO nly the C-terminal 99 nucleotides gfsK gene and the N-terminal 213

enzyme was determined as described by Burgess and Jeﬂdﬁ)tsak (nucleotides ofplQ gene were included. The restriction enzyme sites identified
are as follows: P®vul; Sa,Sal; Ps,Pst; K, Kpnl; B, Bcll; Sc,Sad; Sm,Sma.
The accession number for the nucleotide sequence of this fragment is EMBL

RESULTS X92107.

Cloning of the rpoA gene fromS.coelicolor

Comparison of amino acid sequencesa giroteins fronE.coli, Sequence identification of thapoA, rpsKand rplQ genes
Bacillus subtilisand plant chloroplasts revealed several conserveéducleotide sequencing identified an open reading frame for the
regions 83-37). Based on this observation, oligonucleotidea subunit (poA), preceded by a truncated sequence from
primers were designed from two such conserved sequencesibmsomal protein S1i{sK) with 132 bp of intercistronic region,
amplify the intervening region 8t coelicolor gene. Degenerate and followed by another truncated sequence from ribosomal
oligonucleotide primers correspondingctooliresidues 64—7@&(@)  protein L17 (plQ) with 191 bp of intercistronic region. The
and 265-2710(2) were synthesized (Fig). PCR reaction on restriction map and the gene organization of a 1.BstbBcll
chromosomal DNA frong.coelicolorA3(2) M145 produced a fragment were shown in Figufle The C-terminal 30 residues
single species of product of 620 bp, the size of which is @ancoded byS.coelicolorrpsK exhibited high similarity to the
predicted from the sequenafrpoAgene fronE.coli. The PCR  C-terminal residues &.coliribosomal protein S11 (20 identical
product was cloned and partially sequenced. The translated amiasidues) {3). The N-terminal 71 residues encodedblpoelicolor

acid sequence was 35 and 41% identical to the sequences ofrtii® also exhibited 54% similarity to the N-terminal residues of
corresponding regions &.coli (34 of 98 amino acid residues) E.coliribosomal protein L173(3).

and B.subtilis (40 of 98 amino acid residues) subunit, The rpoA open reading frame encodes a protein of 339 amino
respectively. This PCR product was used as a probe for theids with a deduced molecular mass of 36 510 Da. A potential
Southern hybridization ofS.coelicolor chromosomal DNA Shine—Dalgarno (SD) sequence, GAAGGA, was found between
digested witiKpnl, Pst, BarrHI or Pst/BanHI. A single distinct  nucleotides (nt) 212 and 217, consistent with the average distance
band was detected for each digest (data not shown). The hybridiz{fg10 nt) between the ATG and the SD sequences in eubacteria.
Psi—BanHI fragment of 4 kb was cloned into pUC18 and furthe Amino acid sequences 8fcoelicolora subunit was compared

subcloned into pGEM-7zf(+). with other known bacterial sequences (Fig). Betweerk.coli
.10 .20 .30 .40 .50 wl —% 70 .80
S.coglicolor MLIAQRFSL-TEEVYDEFR-SRFVIEPLEPGFGYTLGHSLRRTLLSS I PGRAVTSIRI DG VLHEF TTVPGVKEDYVTDLILN IKOLVVSSEHD a0
B.subtilis MIEIEKPKIETVEISDDAKFGEFVVEPLERGYGTTLGNSLRRILLSSLPGAAVTSIQIDGVLHEFSTIEGYVYEDVTITI ILRIKKLALKIYSD 92
E.coli MOGSYTEFLEPRLVDIEQVSSTH-AKVILEPLERGFGHTLGNALRRI LLSSMPGCAVTEVEI DGVLHEY STHEGYQEDI LE I LLNLEGLAVRYQGK a5
B.purtussis MSTQGFLKPRSIEVEPVGAHH AKIVME PFERGYGHTLGNALRRILLSSMTGYAPTEVOMTEYVHEY STIAGVREDVVD ILLNLEGYVEELHNR 93
tt * t * tttt kR *I'!'i' £ * ¥ . . *+ ** _i' *r ii _.i”* . .
L100 L110 L120 L130 140 .150 .160 170

S.coelicolor EPVVMYLSKQGPGLVTAADIAPPAGVEVHNPDLVLATL-NGKGKLEMELTVERGRGYVSA---VONKEVGQEIGRIPYDSIYSPVLEVIYEVEATR 182
B.subtilis EEKTLEI DVOGEGTVTAADITHDSDVE ILNPDLEIATL-GENAS FRVRLTANRGRGY TPA---DANKRODQPIGVIPIDSIYTEVSRVSYOVENTR 184
E.coli DEVILTLNKSGIGPYVTAADY THDGDVEIVEPQHVICHLTDENAST SMRIKVQRGRGYVPASTRIHSEEDERPIGRLLVDACYSPVERIAYNVEAAR 191
B.purtussis DEVTLVLRKNGAGAVVASDIELPHDVEIINPDHLICNLTDA GKIEMQVKVERGRGYVPGRVRALSEDRTHTIGRIVLDASFSPVRRVSYRVESAR 18R

® & & &+ . L L ERER L A DU L O L

L1940 .200 .210 220 .230 L2490 .250 — az 270
S.coelicolor VEQRTDFDKLIVDVETKOAMRER-AMASAGETLVELFGLARELNIDAEGIDMGPSPTDAALARDLALPIEELELTVRS YNCLKREGIHSVGELVRR 277
B, subtilis VeOVANYDELTLDVH T DGSTGPKEAIALGSKILTEHLN I FVGLTDEAQHAE IMVEKEEDOKEEVLEMTIEELDLSVRS YNCLERAGINTVQELANE 280
E.coll VEQRTDLDELVIEMETNGT IDPEERIRRAAT I LABQLERFVILE-~-DVROPEVKEEKPEFDPILLRFPYDDLELTVRSANCLKAEAIHYIGDLVOR 284
B.purtussis VEQRTDLDELVLDI ETNGVI SPEEBVRQRRRI LMDQI SVFMLEGRGDHYE EEVRGT-FOI DE‘VLLR PVDDLELTVRSARCLKAENIYYIGDLIQR 283

LA S L 1 LLLE Lk kAR mERd LA

L EEREEEE R »
.280 -290 L300 .310 .320 .330
S.coelicolor SEADLLDIRNEGAKSIDEVKAKLAGMGLALKDSEPGFDPTARADAFGADDDRDRGFVETEQY 339
B.subtilis TEEDMMEVENLGRESLEEVEAKLEELGLGLREDD 314
E.coli TEVELDLKTPNLGEKSLTEIKDVLASRGLSLGMRLENWEPPASIADE 32
B.purtussisx TENELLKTPNLGRKSLNEIKEVLBARGLTLGNKLENWEELGLERP 3z8

LR

Figure 2. Comparison of amino acid sequenceS.obelicolorx proteinwith those from other bacteria. The comparison was made with sequencBssiubtitis,

E.coli andB.pertussig33,34,38). The amino acid residue identical at a given position in all of these organisms is marked by an asterisk, whereas the conselr
substitution is marked by a dot. The gap which is introduced to allow optimal alignment is denoted with a dash. The residues corresponding to the PCR primers
to amplify the intervening region are overlined with arrows. Protease-sensitive linker rdgjicoliia is demarcated by an underlying arrow (12,13).
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Figure 3. Overexpression and purification of recombinanprotein from
E.coli. Samples from progressive stages of purification process were subjected
to SDS—-PAGE and stained with Coomassie blue. Lane 1, crude lySatelof

cells harboring pET-3a plasmid; lane 2, crude lysateadli cells harboring

pET-a plasmid; lane 3, resuspended ammonium sulfate precipitate; lanes 4 and 5,
DEAE-Sepharose fractions containadane 6, purifiedx protein following
preparative electrophoresis; lane M, molecular weight size markers.

Figure 4. Immunoblot analysis ofx from various sourcesAf Purified
recombinantt protein (lane 1) and RNA polymerase frBmoelicolor(lane 2)
were subjected to gel electrophoresis, along with partially purified RNA
polymerase preparation froBisubtilis (lane 3) anck.coli (lane 4). Protein
bands were visualized by staining with Coomassie BYémmunoblot of the
gel in A with polyclonal antibodies raised against purif@doelicolor

and S.coelicolor 39.8% of residues were identical and 64.3%'écombinant protein.

were conserved considering similar residues. When compared

with B.subtilis the degree of conservation was 48.2 and 70.7% for

identical and similar matches, whereas \Bithidetella pertussii

was 40.3 and 65.2988). Association ofS.coelicolora subunit with E.coli RNA
Several conserved domains can be predicted from the distributipalymerasein vivo

of homologous residues. One long stretch of conserved residues .

are most prominent. These correspond well with the positio
known to be involved in subunit assembly, and in contacting wi
transcriptional factors and DNA, respectivelg)(

{io assemble into RNA polymeragecoli BL21 cells containing
pPET-0 were slightly induced fo$.coelicolora protein with
0.01 mM IPTG instead of 0.4 mM. Under thamdition, most of
the recombinantor protein exists in soluble fractions. RNA
) o ) polymerase holoenzyme was purified from these cells through
Expression and purification ofa protein Polymin-P fractionation, ammonium sulfate precipitation, heparin—
Sepharose chromatography and glycerol gradient ultracentrifuga-
Using the T7 expression system, as described in Materials diah. FigurebA demonstrated a SDS—PAGE profile of purified RNA
Methods, we were able to obtain a large amouBtarfelicolorm  polymerase fronE.coli BL21 (lane 2)and S.coelicoloras a
protein in E.coli. Following induction with0.4 mM IPTG, control (lane 1). Inlane 2, a very faint band of 46 kDa was visible
S.coelicolora protein made up to 35% of the total protein inalong with thicker band dE.coli a which migrates faster. The
E.coli cell extracts. The recombinamtprotein was purified to presence of.coelicolora protein inE.coli RNA polymerase
>95% homogeneity as shown in FigBr&he apparent molecular preparation was more clearly demonstrated by immunoblotting
mass was determined tol#6 kDa, substantially larger than the with antibody again$.coelicolon protein (Fig5B, lane 2). The
predicted one. We compared the antigenicity antopgoteins  result indicates that tt&coelicolox subunit is able to assemble
from S.coelicolorB.subtilis andE.coli by immunoblotting (Figd).  with E.coli 3 andf’ subunits to form hybrid core enzymes. We
The polyclonal antibodies raised against the recombinamhecked each fraction of glycerol gradient for the presence of
S.coelicolor protein cross-reacted with the naturadrotein in ~ S.coelicolor a by immunoblotting and found out that the
purified RNA polymerase, demonstrating that the recombinantS.coelicolora protein was present only in the bottom fractions
protein was antigenically indistinguishable from the natural onehereE.coli3 andB’ subunits cosedimented as well as in the top
(Fig. 4B, lanes 1 and 2). We found that the antibody againftactions existing as free subunits (data not shown). This rules out
S.coelicolom protein cross-reacted better witsubtilisa than  the possibility tha®.coelicolorr might have been contaminated
that of E.coli (Fig. 4B, lanes 3 and 4), suggesting that then theE.coli RNA polymerase preparation.
structural difference io subunit betwee8.coelicolormandE.coli
is rather substantial. The deduced pl valugebelicolor from paconstitution of S.coelicolorRNA polymerase core
the amino ac_|d composition is 4.36, which is most acidic Whe@nzyme from the recombinant protein in vitro
compared with those d.coli subunits;3’ (6.85),B (5.30),a
(4.65) anab’0(4.40) @9). This acidic property of tH&.coelicolor  In order to test further the assembly function of the recombinant
o protein was confirmed by two-dimensional gel electrophorests protein, we performedh vitro reconstitution ofS.coelicolor
performed in parallel withe.coli RNA polymerase under the RNA polymerase core enzyme from its suburftsand p'
denaturing condition (8 M urea) (data not shown). subunits were dissociated from the purified RNA polymerase by
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Figure 5.Incorporation o8.coelicolo subunit intce.coliRNA polymerase.
(A) SDS—PAGE of RNA polymerases purified fr@toelicolor(lane 1) and
E.colicells harboring pE® (lane 2). B) Immunoblot analysis of the gelin (A)
with antibody again$.coelicolon protein. Arrows indicate the position of the
a protein ofE.coli (E) andS.coelicolor(S).

—~ 100 1

80 +

80 4

6 M urea and isolated through phosphocellulose column chromato-
graphy as described in Materials and Methods. The separation of
isolated subunits was checked by SDS-PAGE as shown in
Figure6A. We assigned the higher salt-eluted suburfit as in
E.coli(40) and noted thg’ migrated slightly faster thg unlike
in E.coli The isolate@ andf' and the recombinaunt proteins
were then mixed in the absence of urea at different molar ratios
of B/ az and measured for RNA polymerizing activity (FEB)_' Figure 6. Reconstitution o8.coelicolorRNA polymerase core enzyme from
The active enzyme was recovered only when all the subunits weggrified subunits.A) SDS-PAGE of purified subunits of RNA polymerase
combined. Urea was not required in the reconstitution process ased in reconstitution. The subunits were separated by phosphocellulose
observed by Lillet al (31) for E.coli RNA polymerase. The Chﬁ]m;g’%r:r?:ﬁ;";su(fgi:';)S%ﬂgge% gr?;e;;”;z;‘;nass V‘agf:fligsgeig t:rl?@f£1

> d . . | o
?h%l(gzaé[g'e(r:gggrgf\/\iazs . g,cmgzlee; dvé?etﬂgiiofgﬁgﬂtgtxvce;e 1mr|;_(t?(§j %glyacrylamide gel B) Reconstitution efficiency at different mixing ratios. To

an 1
s recombinant o
o patural o

20 +

Enzyme Activity (%

2 3 4 5
Mixing Ratio (B+3")/2c

0 1

> 2P a fixed amount of mixture containing 100-150uhgach of3 andp’, varying
This indicates that the amount of ‘compet@rahd/o3’ molecules
in these preparations waé3% of the totaP andp' proteins.
More excess amounts @fover3 andp' subunits were found to

amounts of either recombinant or natargirotein were added at the indicated
molar ratio. RNA polymerase activity was assayed as described in the text. The
maximal activity at the ratio of 2.3 was taken as 100%.

be inhibitory to enzyme assembly or activity. The maximum
activity of reconstituted enzyme corresponded to 40-60% of the )
activity of core enzyme treated in parallel with 6 M urea withouvo-thirds of a, and the smaller 8 kDa fragment is from the
column separation of subunits, comparable to the efficiency wifrterminal region suggesting tleatonsists of two major domains,
E.coli RNA polymerase 41). When the naturabr subunit ~N-terminal domain (NTD) and C-terminal domain (CTD), linked
dissociated from the native core enzyme replaced the recombinBit Protease-sensitive flexible linker from residue 235 to 248
o protein, there was no difference in the efficiency of reconstitutiod-2:13)- Both the 33 and 28 kDa fragments were derived from the
within experimental error. This indicates that the recombimant N-terminal portion ofS.coelicolora, since various lengths of
protein is indeed capable of assembling functional RNA polymeraggletions from the C-terminal end up to residue 250 barely changed
with B andpB' subunits, just like natural protein. the pattern of proteolysis (data not shown). We were not able to
observe any smaller fragments around 10 kD& f@elicolom
(Fig. 7, lane 2).

The distribution of Glu residues in the C-terminal region from
To obtain preliminary information on the subdomain structure atsidue 235 to 339 B.coelicolon is such that there are nine Glu
o subunit, the purifiedx protein was partially digested with residues altogether, and excluding Glu-335 and 337 which are
endoproteinase Glu-C which cuts at Glu residues. The reactioery close to C-terminus, the remaining seven residues all
products were run on SDS-polyacrylamide gel and comparedrrespond toither Glu or Asp residues .coli. There are no
with E.colia protein subjected to the same treatment in parallextra Glu residues f.coelicoloiC-terminal region which do not
(Fig. 7). Streptomyces coelicolor was cleaved into one major correspond to these positions. The partial cleavage pattern of
(33 kDgypp and two minor(28 kDaypp fragments, whil&.coli  E.coli a with V8 protease (same as Glu-C), under conditions
o was cleaved into two major fragments, 28 and 8, where it cuts at both Glu and Asp, has been reported to be very
observed by Blatteet al (12). Previous studies on domain similar to that of the Glu-C digest, predicting Glu-241 as the
mapping oE.colia have demonstrated that the protease resistamtajor cut site for both enzyme treatmenitg {3). Glu and Asp
28 kDa fragment is from the highly structured N-terminakesidues C-terminal to Glu-241 Ecoli are not accessible to

Proteolytic analysis ofa protein
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that the residues in the N-terminal portion are involved in the
assembly of the core RNA polymera$e7). Point mutations
within the C-terminal domain that affected transcriptional
e activation by regulatory factors or binding to UP element
;;%g identified individual residues aofi as potential contact sites
(8,10,12). Most of these residues are conservesldonelicolor
as well. One example is the binding site for cyclic AMP (CAMP)
receptor protein (CRP). The residues between 258 and 270,
known to be involved in the interaction with CRP at class |
CRP-dependent promoteik5(46,47), are very well conserved.
These are residues at 258(D), 259(D), 260(L), 261(E), 262(L),
265(R), 268(N) and 269(C) E.coli, corresponding t8.coelicolor
residues at 251(E), 252(E), 253(L), 254(E), 255(L), 258(R),
. i . . . . 261(N) and 262(C), respectively. The residues involved in the
Figure 7.Limited proteolytic cleavage &.coelicolom protein.a proteins . . .
(1?)}19) fromE.coIip(Iane 1);or S.coelic%lor(lane 2) Were%igested \’/)vith Qg recognition of the UP element ohB P1 promoter irE.coli
endoproteinase Glu-C (Sigma) in TGED buffer plus 150 mM NaCF& &5 260(L), 262(L), 264(V), 265(R), 266(S), 268(N), 269(C), are all
2 h. Digestion products were analyzed by SDS-PAGE, and visualized by:orrespondingly conserved $icoelicolor(14-16). One of the
Coomassie blue staining. The apparent molecular weights (in kDa) of the\,5 residues at 297(K) and 298(K) Hcoli known to be
reaction products as well as the parent molecule are denoted on both sides.. . L.
involved in both UP element and CRP recognition, are conserved
in S.coelicolorat 291. Whether these conservations have any
meaning irS.coelicoloiis not known, since so far neither a homolog
proteolytic cleavage. I5.coelicoloraCTD assumes a similar of CRP nor CRP-dependent promoters have been reported for
structure tde.coliaCTD, then the corresponding position will not Streptomycesspp. Furthermore, intracellular concentration of
be accessible either $icoelicolor The absence of any discrete cAMP is relatively constant and does not appear to be involved
proteolytic product fromS.coelicolor a C-terminal region in catabolite repression 8treptomycespp. ¢8). The presence
indicates that the C-terminal remainder of Glu-C digest is veryf UP element ir8.coelicolorpromoters has not been reported
labile toward proteinase attack unlike the C-terminal portion dafither. One of the two residues, Pro-322 and Pro-32ofiq,
E.colia. We have also treat&icoelicolor with endoproteinases which is involved in OmpR activatiod) is also conserved at 316.
Lys-C and trypsin. They produced essentially the same cleavages-271 involved in interactions with the activators CysB, AraC
pattern withE.coli a as reported previouslylZ,13), but no and MelR irE.coliis conserved i.coelicolotat residue 26450).
discrete CTD product witB.coelicolor, confirming the result  Although no homologs of these activators have been described to
with Glu-C digest (data not shown). These results suggest that thete inStreptomycespp., the work it.colito define the activator
C-terminal domain oB.coelicolol may assume a looser structurecontact sites oa can help assign a role 8rroeliclora that might
compared with that d&.coli. interact similarly with different array of transcriptional activators.
S.coelicolo subunit protein contains an extra C-terminal tail of
17 amino acids. This extended C-terminal tail is also observed in the
Chlamydiala protein, with complete lack of homology between
the two €3). The prominent feature in the C-terminal tail of

polymerase and demonstrated that its gene product expresseg-fPelicolont is the abundance of acidic residues (six out of 17).
E.coli can indeed be assembled into a functional RNA polymerals)eEVen though the peptide sequences are rather highly conserved
core enzyme. ThepoA gene was found to be precededisk | etweqS.coehcoloranc_iE.coh0( proteins, th(_e §tructura| dlfft_erence
(S11) and followed bgplQ (L17). This gene order is the same adS Manifested by low immuno-crossreactivity and the difference
in B.subtilisandChlamydia trachomatisn E.coli, rpoAliesinan N susceptibility to endoproteinase. The less compact structure in
operon with four ribosomal protein genes in the omgesi/ C_—termlngl domam oB.coehcoIora_can be postulated, and the
(S13), rpskK (S11),rpsD (S4), rpoA andrplQ (L17) (33). The dlﬁerent interaction benNeeﬁé.coellqolora and DNA or oth(_er
organization oB.subtilis rpoAoperon differs fronk.coliin that ~ transcriptional regulators can be inferred. Further genetic and
it lacksrpsD gene precedingpoA (42). In the genomes of both Piochemical studies are necessary in this respect.
B.subtilisandC.trachomatisthe rpoA gene is preceded by the
rpsK gene 43). In this respectsS.coelicoloris more closely AcKNOWLEDGEMENTS
related with these groups th&mxoli. The absence apsD is
interesting because S4 has been shown to act as a translational
repressor of the operon irE.coli, inhibiting the translation of the We thank Dr A. Ishihama for helpful discussions and providing
three ribosomal protein cistrons precedingottaad L17 cistron pGEMAXI185 for the overproduction of tiecolia subunit; Dr
distal toa (44,45). This autogenous regulation of theperon by  D. Hopwood for providings.coelicolorM145 A3(2) strain; Drs
S4 results in differential expression of ribosomal proteinsxand N. Fujita and J.-W. Suh for valuable discussions; Dr H.-D. Youn
in E.coli. Further investigation is needed as to whether thiar technical assistance in protein purification; J.H. Lee for
ribosomal proteins arwl are differentially regulated B.coelicolor  automatic sequencing; other members of our lab for the sequence
and if so, what is the mechanism of action. data analysis and helpful discussions. This work was supported
The sequence comparisonS€oelicolora protein with three by a grant from the Korea Science and Engineering Foundation
other known bacteriat proteins revealed that there are severdior SRC (Research Center for Molecular Microbiology) to J.-H.
conserved regions. Mutation studiesoroli o have demonstrated Roe.
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DISCUSSION

We isolated the gene farsubunit protein o8.coelicolorRNA
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