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Abbreviations

aa amino acid(s)

bp base pair(s)

C- carboxy-

cAMP cyclic adenosine monophosphate
CAPS cyclohexylamino-1-propanesulphonic acid
CBB Coomassie brilliant blue

CRP  cAMP receptor protein

DEAE diethylaminoethyl

DFP  diisopropylfluoro phosphate

DTT  dithiothreitol

EDTA diethylaminoethyl

HPLC high performance liquid chromatography
IPTG isopropyl-B-D-thiogalactopyranoshide
LB Luria Broth

N- amino-

PAGE polyacrylamide gel electrophoreisis
PCR  polymerase chain reaction

PMSF phenylmethanesulfonyl fluoride

PITC phenylisothiocyanate

PTC  phenylthiocarbamyl

PTH  phenylthiohydantoin

SDS  sodium dodecyl sulfate

TFA  trifluoroacetic acid

TEMSA trifluoromethanesulphonic acid

TGE  Tris-Glycerol-EDTA

TGED Tris-Glycerol-EDTA-DTT



1. Summary

The o subunit of Escherichia coli RNA polymerase consists of 329
amino acids and plays an essential role in protein-protein contacts not only
for RNA polymerase assembly but also for transcription regulation by
class-I factors and DNA enhancer elements. To reveal the structure-
function relationship of o subunit, I studied the organization of structural
domains by analysis of the pattern of limited proteolysis with two
endoproteases, V8 protease and trypsin. Results indicated that one
region, Arg235-Glu244, was highly accessible to endoproteases. I
propose that the o subunit consists of two major structural domains, an
amino (N) terminal-proximal domain upstream from Arg235 and a
carboxy (C) terminal-proximal domain downstream from Glu245, both
being connected by an inter-domain linker formed by the spacer between
these two amino acid residues. The structural organization obtained was
in good agreement with its functional map. The N-terminal domain
corresponds to the assembly domain of RNA polymerase while the C-
terminal domain corresponds to the transcription regulatory domain
including the contact sites with class-I transcription factors and DNA UP
elements. Upon prolonged proteolysis, the N-terminal domain was cleaved
into two subdomain fragments (Na and Nb) between Arg45 and Glu68. On
the other hand, the C-terminal proximal domain of 85 amino acids in length
(amino acid (aa) residues 245-329) was highly resistant to endoproteases.
This domain was assumed to form a compact structure.

Next, I determined the conformation of this C-terminal domain
(aCTD) by NMR analysis in collabolation with Prof. Y. Kyogoku and
colleagues (Institute for Protein Research, Osaka University). NMR
analysis revealed that «CTD forms a compact and rigid structure

consisting of four helices and two long loops at both termini. The helix1



(Val264 to Leu273) is perpendicular to the largest helix 4 (Lys297 to
Ser309) and the N-termini of helix 1 and helix 4 are very close to each
other on the tertiary structure. The location of the contact sites for class-I
transcription factors, mapped based on mutant studies, is discussed in
relation to the tertiary structure of cCTD.

To identify the residue(s) involved in interaction with UP (DNA
enhancer) elements, chemical shift perturbation experiments of NMR
analysis were performed. Results indicated that the helix 1 and the N-
terminal region of helix 4 interact with the rrnBP1 promoter UP element. It
seems that the configuration formed between helix 1 and helix 4 i1s
appearently similar to helix-turn-helix motif which is present in DNA-
binding proteins.

Finally, I tried to confirm the contact site of CRP on helix 1 using a
newly developed transcription inhibition assay by o-related peptides. For
this purpose, I prepared a set of synthetic peptides containing the CRP
contact site sequence of ¢ subunit. This transcription inhibition experiment
showed that a peptide including the whole sequence of helix 1 significantly
inhibited CRP-RNA polymerase interaction, suggesting that the intact
conformation of helix 1 is necessary for effective interaction with CRP.
The inhibition test of transcription by synthetic peptides can be used for

mapping contact sites with other class-I factors.

2. Introduction

Escherichia coli cells have evolved global regulation mechanisms of
transcription for growth and survival under various conditions. The RNA
polymerase plays a essential role in transcription of all species of cellular
RNA. Control of the activity and specificity of RNA polymerase is now

recognized as a major mechanism of the global regulation of transcription.
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The RNA polymerase of Escherichia coli consists of four core
subunits (20, B and B’) and one of the multiple molecular species of ©
subunit (Fig. 1). On the basis of the known molecular weights and relative
contents of these subunits, the RNA polymerase is known to exist in two
forms, core enzyme (0,BB") and holoenzyme (o,Bf'c) (Burgess, 1969). The
genes encoding for these subunits have been located on the E. coli
chromosome (Hayward and Scaife, 1976). The core subunit genes are
organized into operons together with the genes for ribosomal proteins. The
genes, rpoB (B) and rpoC ("), are included in a single large operon with
the genes encoding ribosomal proteins L11 (rplK), L1 (rplA), L10 (rplJ)
and L12 (rplL) (Bendiak ef al., 1977; Lindahl et al., 1977b; Yamamoto and
Nomura, 1978; An and Friesen, 1980). The gene rpoA (o) forms an operon
with the genes for ribosomal protein S13 (rpsM), S11 (rpsK), S4 (rpsD)
and L17 (rplQ) (Jaskunas et al., 1975; 1977, Lindahl et al., 1977a). The
rpoD gene for ¢’ subunit froms an operon with the genes for ribosomal
protein S21 (rpsU) and the primase (dnaG) (Harris et al., 1977, 1978;
Nakamura, 1978 Travers et al., 1978; Gross et al., 1978). From the
sequence of rpoA (o), rpoB (B), rpoC (B’) and rpoD (c™), the molecular
weights of the o, B, B° and ¢ has been calculated to be 36,512
(Ovchinnikov et al., 1977), 150,618 (Ovchinnikov et al., 1981), 155,163
(Ovchinnikov et al., 1982), and 70,263 (Burton et al., 1981), respectively.
The assembly of RNA polymerase proceeds sequentially under the order:
200 = 0y = o2 — PP’ (core enzyme) — Eo (holoenzyme)(Saitoh and
Ishihama, 1976; reviewed in Ishihama, 1981).

The rate of synthesis of core enzyme subunits in exponentially
growing cells increases together with those of ribosomal proteins (Iwakura
et al., 1974). The total number of core enzyme is maintained in the range of
1,000 to 3,000 moleculers per cell at exponential growth phase (Ishihama,

1991). The total number of genes on the E. coli chromosome is, however,



more than 4,000 as estimated from its DNA sequence.  The limited
number of core RNA polymerase is interconvertible between different
holoenzyme formed by replacement of ¢ subunit. The promoter selectivity
of holoenzyme is further modulated by interaction with one of many
transcription factors (reviewed in Ishihama, 1988).

Our knowledge of the functional role(s) of each subunit was
established by the genetic and biochemical studies. Functional analyses of
B subunit indicated that: i) affinity labeling with substrate analogues
demonstrated that the substrate binding site is located in the C-terminal
region of the [ subunit (Frishauf et al., 1973; Armstrong et al., 1976;
Grachv et al., 1987; 1989, Mustaev et al., 1991); i1) mutations conferring
resistance to rifampicin are mapped in three clusters in the central region of
B subunit (Jin and Gross, 1988). A rifampicin resistant mutant (Arg529Cys)
(Arg was substituted for Cys at position 529), showing reduced affinity for
UTP and decreased promoter clearance, implied close proximity of this
position to the catalytic center of RNA polymerase (Jin et al., 1994).
Similarly, another rifampicin resistant mutant carrying GIn513 to Pro
substitution showed decreased affinity for purine nucleotides during
elongation (Jin and Gross, 1991). The close relation between substrate
binding site and rifampicin binding site was also suggested by affinity
labeling (Mustaev et al., 1994; Severinov et al., 1995) and resonance
energy transfer experiments (Kumar and Chatterji, 1990); iii) RNA
polymerase containing 3 mutant with four Ala substitutions between
codons 1065-1073 showed defect in promoter clearance and decreased
elongation rate, suggesting that this region is related to translocation of
RNA products and is close to the catalvtic center of RNA polymerase
(Sagitov et al., 1993); iv) a small internal deletion mutant of B subunit
suggested that a region between codons 965 and 1083 is involved in

promoter selectivity (Glass et al., 1986b); v) RNA polymerase mutants



carrying aa substitution at approximate positions of aa residue 736 and 906
in 3 subunit show relaxed phenotypes insensitive to stringent control (Glass
et al., 1986a). Moreover, ppGpp analogue was cross-linked to [} subunit
(Owens, et al., 1987; Dipankar et al., submitted for publication); vi)
deletion mutants lacking longer than 20% from C-terminus of 3 subunit can
not form complexes with ¢ subunit (Glass er al., 1986¢), and mutants
lacking 40% from the C-terminus of B subunit show defect in the core
enzyme assembly (Glass et al., 1988).

Functional analyses of B’ indicated that: i) comparison of aa sequence
of largest subunit (RNA polymerase II) of yeast (Allison et al., 1985;
Memet et al., 1988), Drosophila (Jokerst et al., 1989), mouse (Ahearn et
al.,) with E. coli (Squires et al., 1981;0vchinnikov et al., 1982), indicated
that there are eight highly conserved segments (A-H) in B” subunit. ii)
photochemical cross-link experiment of the complex formed by E. coli
RNA polymerase and T7 DNA, demonstrated that §° subunit was cross-
linked to T7 DNA. * subunit can bind to DNA. (Wu and Hillel, 1978;
Harrison er al., 1982). iii) mutations (Met7471le, Arg780His and
Ser793Phe) conferring resistance to streptolydigin, a potent inhibitor of
elongation, were located in one of the highly conserved regions (Segment
F) of [}’ subunit and these mutants showed a change in elongation rate
(Severinov et al., 1995); 1iv) the rpoC mutation (Tyr75Asp) reduced
readthrough at a rho-independent transcription terminator placed
downstream of the phage HK022 P, promoter (Clerget er al., 1995). This
mutation is located in the putative Zinc-binding motif [one kind of the
DNA-binding motifs, which include in addition, helix-loop-helix (HLH)
motif (observed in MyoD, n-Myc) (Murre et al., 1989), lucine zipper motif
(GCN4, Jun, Fos, Myc) (Landschulz et al., 1988; Gentz er al., 1989), and
helix-turn-helix (HTH) motif (A Cro repressor, CRP, A repressor)
(Anderson et al., 1981; Ohlendorf ef al., 1982; Matsuo ef al., 1995; Mckay



et al., 1981; Pabo et al., 1982)] of P’ subunit, suggesting that this domain
is related to termination (Clerget et al., 1995); v) the rpoC mutant
(Glu402Lys) is defective in contact between [’ subunit and regulatory
factors required for transcription termination and antitermination including
NusA (Ito and Nakayama, 1993).

o’" subunit is essential for the recognition of specific promoters by
RNA polymerase. Functional analyses of the ¢’’ subunit indicated that: i)
comparison of nucleotide sequence of E.coli (Burton et al., 1981),
Salmonella typhimurium (Erickson et al., 1985) and Bacillus subtilis
Stragier et al., 1985; 1986; Gribskav et al., 1986) indicated that conserved
regions (1, 2, 3and 4) exist among these c’® subunits. ii) photochemical
cross-link experiment showed that ¢ subunit was cross-linked to lacUV3
(Simpson, 1979) and T7 DNA (Wu and Hillel, 1978; Harrison et al., 1982).
¢ subunit recognizes promoter through direct interaction with DNA. iii)
The five substitution mutants affecting promoter recognition were isolated.
Substitution mutants, Gln437His and Tyr440lle in region 2, affected -10
promoter recognition, and Arg584Cys, Glu585GIn and ArgS588His in
region 4 affected -35 promoter recognition (Gardella et al., 1989; Siegele et
al., 1989; Waldburger et al., 1990; Keener and Nomura, 1993). Therefore,
these regions seemed to be concerned in direct interaction of the ¢ subunit
with -10 and -35 signals of the promoter, respectively; 1v) deletion
mutation analysis exhibited that the region between aa residues 530 to 539
of 6" is essential for the interaction with CRP in galP] transcription and
region between aa residues 557 to 575 contains PhoB contact site (Kumar
et al., 1994). They proposed that the contact sites for a group of proteins
are located in the C-terminal region of ¢'® subunit and called this region
the contact site II. Substitution mutants (Asp570Gly, Tyr5371Ala,
Tyr572Leu, Glu575Lys, Val376Tyr, Lys578Glu and Phe580Val) reduced

transcription from PhoB-dependent promoters including the pstS promoter
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(Makino et al., 1993; Kim et al., 1995). This result indicated that the first
helix of region 4.2 plays an important role in the direct interaction with
PhoB. The substitution of Arg 596 to His in ¢” specifically suppressed the
activation defect caused by the pc2 mutation (Arg38Asn) of A cl protein.
This result indicated that the C-terminal region of ¢’ subunit interacts with
CI protein to activate transcription from P;,, promoter (L1 et al., 1994). v)
The cross link experiment of substrate analogue indicated that cross-link
takes place not only to B subunit but also ¢’ subunit within Glu508-
Met561 containing the C-terminal protein of region 3 (Severinov et al.,
1994), suggesting close location of the ¢’ region 3 to the substrate-binding
site of P.

The o subunit is composed of 329 aa residues. Since an N-terminal
fragment of o lacking the C-terminal segment downstream from aa 236 can
be assembled into functional core enzyme, the C-terminal portion is not
required for the enzyme assembly (Igarashi and Ishihama, 1991). In a
temperature—sensitive E. coli strain carrying rpoA112 mutation (Ishihama
et al., 1971), which encodes o subunit with Arg to Cys substitution at aa 45
(Igarashi et al., 1990), the subunit assembly is blocked in either o
dimerization or subsequent o, complex formation step at a non-
permissive temperature (Kawakami and Ishihama, 1980). These
observations altogether indicate that the N-terminal two-thirds of the o
subunit carries the protein-protein contact sites for subunit assembly
(Igarashi et al., 1991a; Hayward et al., 1991). Recently, Kimura et al.
(1994; 1995a; 1995b; 1996) carried out fine mapping of this N-terminal
domain (subunit assembly domain) of o by making series of deletion,
insertion and aa substitution mutants. This result indicated that: the N-
terminal region between aa 20-235 is sufficient and necessary for core
enzyme assembly (Kimura ef al., 1994); the B-binding sites are located in

two regions, one around aa 45 and the other around 80; and f’-binding
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sites are located on two regions, one between aa 80-86 and the other
between 173-200 (Kimura and Ishihama,1995a; 1995b; 1996).

On the other hand, the C-terminal region of o downstream from aa
236 is required for transcription regulation by providing interaction with
class-I transcription factors (Igarashi and Ishihama, 1991; Igarashi er al.,
1991b) (Fig. 2).  Genetic analyses of the sites interacting with various
transcription factors, CRP (Zou et al., 1992; Murakami et al., 1996), OxyR
(Tao et al., 1993; 1995), CysB, MelR and AraC (Giffard et al., 1988;
Thomas and Glass, 1991), Ogr (P2) and & (P4) (Sacer ef al., 1975; 1982;
Ayers et al., 1994), OmpR (Tao ef al., 1993; 1995) and Fnr (Lambard er
al., 1991) revealed that the contact site I region is composed of several
subsites, each subsite being composed of about 5-10 aa residues (reviewed
in Ishihama, 1992: 1993). In addition, the contact site I region of o
subunit also participates in specific binding activity of DNA elements with
transcription enhancement activity, located upstream of the rrmBP1
promoter (Ross et al.. 1993). Upstream sequences of the core promoter,
which increase promoter strength without accessory factors, were also
observed in ryrT promoter (Lamond et al., 1983), tufB promoter (Delft et
al., 1987), levV promoter (Bauer et al., 1988), rrnAP1 (Nachaliel et al.,
1989), argT promoter (Hsu et al., 1991), and galP1 promoter (Lavigene et
al., 1992). These observations altogether indicate that the N-terminal and
C-terminal regions form two distinct functional domains.

In order to reveal the domain organization of o subunit on the
structural basis, I employed in this study the limited proteolysis method
under non-denaturing conditions.  Results using two endoproteases, V38
protease and trypsin, indicate that the ¢ subunit is composed of two major
structural domains linked by an intra-domain spacer between aa residues
235-244 (Negishi et al., 1995). To determine the tertiary structure of
oCTD, I isolated both unlabeled and isotope-labeled aCTD [C-terminal
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fragment of o subunit consisting of a 98 amino acids between amino acid
residues 233-329 (plus methionine at the NH,-terminus)]. NMR anlysis of
this aCTD fragment was carried out in colaboration with Dr. Y. Kyogoku,
Institute for Protein Research, Osaka University. From the structural
information with atomic resolution of «CTD in solution, it was found that
oCTD has four amphipathic helices and two long loops enclosing the
hydrophobic core to fold the compact structure.

Fine mapping of the contact site for CRP was carried out in this
laboratory by systematic mutagenesis of aCTD (Zou er al., 1992,
Murakami et al., 1996). These studies revealed that Arg265 is the most
important residue for contact between ooCTD and CRP, and in addition,
Asp268 Cys269 and Leu270 are also involved in a.CTD-CRP interaction.
These residues are all located on the surface of helix 1. In order to get a
direct evidence for protein-protein interaction, I tested possible inhibitiory
effect of short peptides with the sequences corresponding to the CRP
contact site on ¢ (hereafter reffered to “alpha peptide”) on CRP-dependent
lac transcription. Results will show that a peptide covering the entire helix

1 has an inhibitory effect on CRP-dependent transcription.

3. Materials and Methods

3-1 Purification of o subunit

o subunit was purified from E. coli BL21(ADE3) transformed with
the expression plasmid, pGEMAX185, essentially according to Igarashi
and Ishihama (1991). All steps of the purification were carried out at 4
°C. Frozen cells at - 80 °C were suspended in 5 volumes of 50 mM Tris-
HCl buffer (pH 8.0 at 4 °C) containing 1 mM EDTA [lysis buffer].  After
adding phenylmethylsulfonylfluoride (PMSF)(Boehringer Mannheim) and
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lysozyme (SEIKAGAKU, 6x cryst) to make the final concentration of 0.27
mM and 0.3 mg/ml, resPectively,- the cell suspension was incubated on ice
for 20 min. Cells were lysed by sonication (5 sec x 6 times) (
SONICATOR, HEAT SYSTEMS-ULTRASONICS, INC.) and then
centrifuged at 10,000 xg for 10 min at 4 °C. o subunit recovered in the
precipitate was extracted with 0.5 M NaCl in the lysis buffer, and then
centrifuged at 10,000 xg for 10 min at 4 °C.  Supernatant was brought to
60% saturation of ammonium sulfate, and stored at 4 °C overnight. «
subunit was recovered in the precipitate after centrifugation at 10,000 x g
for 20 min, dissolved in TGED buffer [10 mM Tris-HCI (pH 7.6 at 4 °C),
5% (viv) glycerol, 0.1 mM EDTA and 0.1 mM dithiothreitol (DTT)], and
then dialyzed against 0.1 M NaCl in TGED buffer. After centrifugation at
10,000 x g for 10 min at 4 °C, the supernatant was applied on to a DEAE-
TOYOPEARL (TOSOH) column (3.0 x 62.5 cm) equilibrated with TGED
buffer containing 0.1 M NaCl After washing the column with two
column volumes of TGED buffer, proteins were eluted with a linear
gradient (1,600 ml) of 0.1-0.5 M NaCl in TGED buffer. Fractions of 10 ml
were collected at a flow rate of 2 ml/min, and aliquots were analyzed by
SDS-polyacrylamide gel electrophoresis (PAGE) according to the method
of Laemmli (1970). Fractions containing ¢ subunit were pooled, and
proteins were salted out with 60% saturation ammonium sulfate. ~ After 2
hr on ice, the precipitate was collected by centrifugation at 10,000 x g for
20 min at 4 °C, and dissolved in TGED containing 0.1 M NaCl. After
overnight dialysis against the same buffer, the partially purified o subunit
was applied on to a TOYOPEARL HW35F (TOSOH) column (1.6 x 94
cm) and eluted with TGED buffer.  Fractions of 2 ml were collected at a
flow rate of 1 ml/min.  The pooled fractions containing ¢ subunit were
dialyzed against a storage buffer [10 mM Tris-HCI (pH 7.6 at 4 °C), 10
mM MgCl,, 0.1 mM EDTA, 200 mM KCl, 50% glycerol and 1 mM DTT]
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and stored at -80 °C.  Starting from 15 g of induced cells, 79 mg of o
subunit was purified. The purity of o subunit used in this study was more

than 98% as judged by SDS-PAGE.

3-2 Proteolytic digestion

For trypsin digestion, the stock preparation of o subunit was diluted to
5 pg/pl with 40 mM Tris-HCI (pH 8.0 at 4 °C) containing 40 mM KCl and
5% (v/v) glycerol, and incubated with 50 ng/ul of trypsin (SIGMA) for
various times at 37 °C [the ratio of o subunit to trypsin was 100 : 1 (w/w)].
The reaction was terminated by adding PMSF (final concentration, 5 mM)
and stored at -30 °C. Cleavage products were analyzed by SDS-PAGE.

In the case of S. aureus V8 protease (Pierce) digestion, ¢. subunit was
diluted to 5 pg/ul with 125 mM phosphate buffer (pH 7.8) containing 1 mM
EDTA and incubated for various times at 37 °C with 50 ng/ul of S. aureus
V8 protease (Pierce) [100 : 1 (w/w) ratio]. The reaction was terminated by
adding diisopropylfluoro-phosphate (DFP) at a final concentration of 5
mM.

3-3 N-terminal sequence analysis

Proteins on gels were blotted onto polyvinylidene difluoride-type
supports (ProBlott, Applied Biosystems) according to the manufacturer's
protocols with minor modifications.  In brief, proteins were transferred
electrophoretically (Bio-Rad, Transblott Cell) to ProBlott membranes in
10% cyclohexylamino-1-propanesulphonic acid (CAPS) containing 10%
methanol. The membranes were stained briefly with 0.5% Coomassie

blue R-250 in 10% acetic acid and 25% isopropanol. ~ Stained bands were
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excised from the membranes and subjected to Edman degradation analysis
using an Applied Biosystems Model 477A Protein/Peptide Sequencer
equipped with an Applied Biosystems Model 120 phenylthiohydantoin
(PTH) Analyzer for on-line analysis of PTH derivatives. Twenty

reaction cycles were performed for each proteolysis fragment.

3-4 C-terminal sequence analysis

After SDS-PAGE of proteolytic fragments, each gel band was excised
into small gel slices. The gel slices were homogenized in an ice-cold
elution buffer (total volume, less than 1 ml) composed of 50 mM Tris-HCI
(pH 8 at 25 °C), 0.1 mM EDTA, 5 mM DTT, 0.15 M NaCl and 0.1% SDS.
Elution was performed by mixing gently the gel suspension overnight at 4
. 2 After centrifugation at 15,000 rpm for 20 min at 4 °C, the
supernatant was concentrated to less than 100 il using a vacuum centrifuge
(Speedvac concentrator SVC 200H, SAVANT) and then applied to Quick
Spin column (Boehringer Mannheim) to remove remaining polyacrylamide
gel particles.  Proteolytic fragments (100 to 200 pmol each) were
hydrolyzed with 10 ng carboxypeptidase Y (Takara) at 37 °C in 100 mM
pyridine-acetate buffer (pH 5). At 1 br intervals, aliquots were heated
at 95 °C for 5 min and dried up by vacuum centrifugation.

Phenylthiocarbamyl (PTC) coupling of liberated amino acids was
carried out as follows: Dried sample was dissolved in 100 ul of a freshly
prepared coupling buffer (acetonitorile : triethylamine : distilled water =7 :
2 : 1), dried again by evaporating the coupling buffer with a vacuum
centrifuge, and then redissolved in 100 pl of the coupling buffer containing

5% phenylisothiocyanate (PITC).  After incubation at room temperature
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for 20 min, reaction products were dried up by vacuum centrifugation, and
stored under argon at -30 °C until analysis.

For PTC-amino acid analysis, the sample was dissolved in 50 mM sodium
acetate (pH 5) and applied to Applied Biosystems Model 120 PTH Analyzer
(C18, PTC-column).  Elution conditions were: column temperature, 38 °C;
wave length, 254 nm; flow rate, 0.3 ml/min; and gradient system [93% solvent
A (50 mM sodium acetate, pH 5.4) and 7% solvent B (70% (v/v) acetonitrile /
water) at 0 min; 68% A and 32% B at 10 min; 45% A and 55% B at 20 min; and
100 % B at 25 min and thereafter].

3-5 Expression and purification of aCTD

A 3’-terminal fragment of the rpoA gene from nucleotide 697 (counting
from the first base of the initiation codon) to 993 was PCR-amplified using a
pair of primers. The 5’-primer was attached with Ndel site while the 3"-primer
with BamHI site. PCR was carried out according to the operater manual
(PERKIN ELMAR CETUS). In brief, reaction mixture contained in 100pl:
template DNA, 1ng; 10x reaction buffer, 10 pl; dNTP mixture (1.25mM each of
dATP,dCTP,dGTP and dTTP); primer, 0.6ug each, and Amplitaq, 0.5ul (2.5
unit/tube). Reaction program was: melting (94 °C, 1 min), annelling (37 °C, 1
min) and polymerization (72 °C, 2 min) for 25 cycles. The PCR-amplified rpoA
fragment was inserted into an expression vector pET-3a between Ndel and
BamHI site to make pETaCTD. The resulting plasmid expresses a carboxy-
terminal o fragment of 98 amino acids in length [97 amino acids from o
carboxy-terminus plus methionine encoded by the initiaton codon within the
Ndel site].
Transformation and expression of oCTD was carried out essentially

according to Igarashi and Ishihama (1991). In brief, E. coli BL21(ADE3) was
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transformed with pETaCTD, and the transformant was grown in LB medium
counting 100 pg/ml of ampicillin. When the culture reached to 30 Klett units,
30 units as mesured with a Klett-Summerson photometer (filter, 600nm)
expression of «CTD was induced by adding IPTG (WAKO) at 1 mM. After
incubation at 37 °C for 2 hrs, cells were harvested and stored at -80 °C.

For purification of oCTD, frozen cells were suspended in lysis buffer.
and lysozyme (SEIKAGAKU, 6x Cryst) was added to the cell suspension to
make a final concentration of 3.0 mg/ml. After incubaton for 20 min on ice, the
cell suspention was sonicated (5 sec, 6 times, at 4 °C) (SONICATOR™ HEAT
SYSTEMS-ULTRASONICS, INC) and then centrifuged at 1500 x g for 15 min
at 4 °C. oCTD was recoverd in the supernatant fraction [intact o 1s recoverd in
the precipitate fraction (Igarashi and Ishihama, 1991)]. The supernatant was
applied to a DEAE-TOYOPEAL (TOSOH) column (1.5 x 11 cm) and the
column was developed with a 0.05-0.5 M linear gradient of NaCl in TGE buffer
[10 mM Tris-HCI (pH 7.6 at 4 °C), 0.1 mM EDTA and 5% glycerol]. The peak
fractions of oCTD as monitored by SDS-PAGE were pooled and applied onto
TOYOPEAL-HWS55F (TOSOH) gel filtration column (1.6 x 90 c¢cm) and
proteins were eluted with the TGE buffer containing 0.1 M NaCl. The peak
fraction of otCTD at this step was more than 99% pure as juged dy SDS-PAGE
followed by stainning with Comassie brilliant blue (see Fig. 7).

For preparation of the NMR sample of higher than 1 mM concentration,
pooled aCTD fractions were applied onto a Protein PAK G-DEAE (Waters)
column (8.2 x 75 mm) equilibrated with 50 mM phosphate buffer (pH 6.0) and
eluted with the same buffer containing 0.5 M NaCl. The purified aCTD was
diluted with 50 mM phosphated buffer (pH 6.0) to make 0.3 M NaCl solution.
Starting from 4.95 g cells, the yield of alCTD at the final step was 6.9 mg. "N-
labeled and “C/'*N-double labeled aCTD were expressed in M9 medium
containing “NH,C1 (0.05%) and ‘*C-D-glucose (0.1%) as nitrogen and carbon

sourses. Transformant was grown in the same medium to ODg, = 0.6.
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Expression of oCTD was induced by adding IPTG at ImM. After incubation at
37 °C for 2 hrs, cells were harvested. The labeled oCTD was purified by the
same procedure as employed for purification of the unlabelled sample for NMR

analysis.

3-6 NMR measurment

The purified «CTD was dissolved to make a final concentration of 1
mM in H,0/D,0 (90%/10%, v/v). For 'H NMR analysis, pH was adjusted to
5.5 with 5 mM phosphate buffer containing 20 mM KCI and 1 mM
dithiothreitol. For NMR analysis of the ladeled aCTD, the protein
concentration was adjusted to 2 mM solution in 20 mM phosphate buffer (pH
6) containing 30 mM KCl and 1 mM DTT.

The structure of aCTD was determined by multidimensional
heteronuclear magnetic resonance spectroscopy (Jeon et al., 1995).
Resonance assignments of 'H, N and "C nuclei were given by means of the
3D NMR experiments. For the backbone nuclei resonances, “N-edited total
correlation spectroscopy (TOCSY)-HSQC was performed (Grzesiek et al.,
1992). For the side chain nuclei resonance, HEHOHEHAHA was performed
(Grzesiek et al., 1993). Distance information was collected using two-
dimensional homonuclear nuclear Overhauser effect spectroscopy (NOESY)
with a 100-ms mixing time. NMR measurements were carried out at 500
MHz with Bruker AMX500 and DMX 500 spectrometers by Prof. Y.

Kyogoku and colleagues (Institute for Protein Research, Osaka University).
3-7 Synthesis of Alpha peptides

o peptides were synthesized with an Applied Biosystems 430A

automated peptide synthesizer by the standard tert-butyloxycarbonyl (t-Boc)

19



method using pheny-lacetamidomethyl (PAM) resin. Couplings were
mediated by symmetrical anhydr-icies, dicyclohexylcarbodiimide (DCC) and
I-hydroxybenzotriazole (HOBT) active esters. Cys269 was protected with 4-
methoxy benzyle, while Arg255 and Arg265 were with mesitylene-2-
sulfonyl. Other amino acids were protected according t-Boc method (other aa
was protected by t-butoxycarbonil group). Cleavage of the peptides from the
resin and removal of the protecting groups were achived by treatment with
TFEMSA/TFA and a mixture of scavengers, ethandithiothiol and anisole. The
peptides were precipitated by the addition of diethyl ether at 4 °C, dried up by
lyophilization, and purified by reverse phase HPLC using LU
BONDASPHERE column (Waters) at a flow rate of 5 ml/min, and a linear
gradient of acetonitrile formed from between 0.05% (v/v) TFA solution and
acetonitrile containing 0.05% (v/v) TFA. The purified peptides were dried up
by vaccum centrifugation. The sequences were checked using an Applied
Biosystems model 477A Protein/Peptide Sequencer equipped with an
Applied Biosystems model 120 phenylthiohydantoin (PTH) Analyzer for on-
line analysis of PTH derivatives. The purified alpha peptides were dissolved
in water for use. The peptide concentration was determined by using the
fluoromeric assay of proteins based on the content of free amino groups

essentially according to Bolen et al. (1973).
3-8 In vitro transcription

In vitro transcription was carried out using wild-type lac and lacUV5
promoter fragments as templates. The following templates were used: a 205
bp EcoRI fragment of plasmid pKB252 carrying the lacUV5 promoter
(Kajitani and Ishihama, 1983), a 205 bp Pvull-Xbal fragment of pUCI19
carrying the wild-type lac promoter. The standard assay system was as

follows (total volume, 50 ul): template DNA (lacP1, 0.1 pmol; lacUV35, 0.02
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pmol), CRP (2.5 pmol) and cAMP (10 pM) were incubated for 3 min at 37
°C; Ec70 holoenzyme (1 pmol) was then added and preincubation was
carried out for 5 min at 37°C; and finally, 15 ul of substrate mixture (4 mM
ATP, 4 mM GTP, 4 mM CTP, 1.25 mM UTP and 2uCi [a-**P] UTP)
containing heparin (final concentration, 200 pg/ml) was added to initiate
RNA synthesis (5 min, 37 °C). Labeled transcripts were ethanol-precipitated
and analyzed by electrophoresis on polyacrylamide gels containing § M urea.
The gels were exposed to imaging plates and analyzed with a BAS-2000
image analyzer (Fuji).

For the competitive inhibition assays, o subunit, «CTD or synthetic
peptides were mixed with template DNA for 3 min at 37 °C before the
addition of CRP and cAMP.

4. Results
4-1 Domain organization of o subunit
4-1-1 Tryptic cleavage of ¢ subunit

There are 39 possible sites of trypsin cleavage in o subunit (Fig. 3).
Limited digestion of o subunit (5 mg/ml) with 50 pwg/ml trypsin led to
produce two large fragments with the apparent molecular mass of 31 and 28
kDa (Fig. 4A, upper duplex bands), and two small fragments of 11 and 9
kDa (Fig. 4A, lower duplex bands). After prolonged digestion, the large
fragments disappeared and the cleavage products migrated on SDS-PAGE
as a smeared band with the averaged molecular mass of 11 kDa. The 11
kDa fragments were, however, resistant to overnight digestion with the
same concentration of trvpsin. A half of the input ¢ subunit was cleaved
within 30 min, and the complete conversion of ¢ subunit to the 11 kDa

fragments took place after 2 hr incubation under the conditions employed.
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4-1-2 V8 proteolytic cleavage of o subunit

There are 56 possible cleavage sites of V8 protease in o subunit (Fig.
3). By a mild treatment of o subunit (5 mg/ml) with V8 protease (50
g/ml), intact o subunit disappeared after more than 3 hr of digestion. In
parallel, three proteolytic fragments with the apparent molecular mass of
28, 24, and 9 kDa appeared within a short period (about 15 min) and
subsequently, 14.4 and 5.8 kDa fragments were generated at 1 hr (Fig. 4B).
In addition, a 4.2 kDa fragment was detected in the 1 hr digestion sample
when more than 100 pg of the sample was analyzed. All these five
cleavage fragments were resistant to further digestion with the same
concentration of V8 protease at least for 3 hr. After overnight digestion,
however, a small amount of 28 kDa fragment remained but all other four

fragments were digested to smaller fragments.
4-1-3 Determination of the N-terminal sequences of tryptic fragments

Tryptic digestion generated four major fragments: 31, 28, 11 and 9
kDa polypeptides.  These fragments (100 — 200 pmol) were fractionated
by SDS-PAGE and electroblotted from the gels on to PVDF membranes.
Proteins were detected by staining with Coomassie blue R-250, and each
protein band was directly subjected to determination of the N-terminal
amino acid sequence using a protein sequencer. Both the 31 and 28 kDa
fragments were found to have the same N-terminal sequence as intact o
subunit (Fig. 5A). Judging from the fragment sizes and the distribution of
potential tryptic cleavage sites, these two fragments were estimated to
correspond to N-terminal fragments, T(N-26) and T(N-24 or N-25) [T
represents a tryptic fragment and the numbers in parentheses represent the
tryptic cleavage sites shown in Fig. 3 (N and C represent N- or C-terminus,

respectively)] (see Fig. 6).
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The 11 kDa band was a mixture of two major and two minor
fragments. The two major components, 11 kDa-A and 11 kDa-B,
constituted 51.4% and 42.0%, respectively [the molar ratio of 11 kDa-A to
11 kDa-B fragment was 1 : 0.8] and their N- terminal residues were
determined as Ile46 and Asp236, respectively. Thus, the 11 kDa-B was
identified to be the C-terminal proximal fragment generated by the initial
cleavage.  The contents of two minor fragments, 11 kDa-C and 11 kDa-
D, were only 5.4 and 1.2%, and their the N-terminal amino acid residues
were determined as Ala220 and Gly34, respectively.  The N-terminal
amino acid residue of 9 kDa fragment corresponded to Glu244, indicating
that this is a secondary cleavage product derived from the 11 kDa-B

fragment (see Fig. 6).
4-1-4 Determination of the C-terminal sequences of tryptic fragments

The N-terminal sequence analysis indicated that the initial cleavage by
trypsin takes place at Arg235 (trypsin site 26). The N-terminal proximal
fragment, T(N-26), was further cleaved into more than three fragments
including 11 kDa-A fragment. The one cleavage site was identified to be
between Arg44 (Lrypsin site 5) and Arg45 (site 6), but the other was not
detected. In order to identify the second cleavage site, the C-terminal
amino acid sequence was determined for the 11 kDa-A and 11 kDa-B
fragments. The C-terminal sequences of tryptic fragments were
determined after step-wise digestion with carboxypeptidase Y (TAKARA)
followed by analysis of amino acids liberated. The C-terminal sequence of
the 11 kDa-A and 11 kDa-B fragments were determined to be -R-G-R and
-X-D-E, respectively (Fig. 5A).  Thus, we concluded that the 11 kDa-A
and 11 kDa-B frgments were T(6-16) and T(26-C), respectively (see Fig.
6).
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4-1-5 Determination of the N-terminal sequences of V8 fragments

V8 digestion generated five major fragments, 28, 24, 14.4, 9 and
5.8 kDa polypeptides.  Sequence determination revealed that the 28 kDa
fragment carries Phe8 at its N-terminus. The 28 kDa preparation contained
another fragment (31 kDa fragment), which retained the intact N-terminal
sequence of @, in a molar ratio of 3 : 1 [these two fragments were estimated
to be V(1-41) and V(N-41)]. By N-terminal sequence analysis, the 9 kDa
fragment was found to correspond to the C-terminal proximal half of the
initial cleavage products [V(41-C)]. The N-terminal aa residue of 24
kDa fragments was found to correspond to Phe8, indicating that this
fragment must be generated from the 28 kDa N-terminal fragment [V(1-
41)] by a secondary cleavage near its C-terminus.  The 24 kDa fragment
was further digested by V8 protease to generate 14.4 kDa fragment, which
carried Tyr68 at its N-terminus (Fig. 5).

The 5.8 kDa preparation was a mixture of two fragments, each
carrying the N- terminal residue of Val242 and Glu245, respectively. The
molar ratio of the two fragments was 3.3 : 1. Thus, we concluded that the
first cleavage by V8 protease took place at Glu241 (VS8 site 41) [and Glu7
(V8 site 1)]. The N-terminal fragments [V(N-41) and V(1-41)] were then
cleaved at Glu67 (V8 site 9) to split into two sub-fragments, 4.2 kDa-A and
14.4 kDa-A (see Fig. 6). When 100 pg of the digestion mixture was
applied on SDS-PAGE, a minor fragment of 4.2 kDa-B was also observed.
The N-terminal amino acid residue of these 4.2 kDa fragments were
determined to be Phe8 and Asnl37, indicating that this fraction contained

two fragments, 4.2 kDa-A and 4.2 kDa-B (Fig. 3).

4-1-6 Determination of the C-terminal sequences of V8 fragments
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In order to confirm the cleavage sites in further details, the C-terminal
sequences of 9 and 5.8 kDa fragments were determined.  From the C-
terminal sequences -X-D-E (9 kDa) and -E-V-E (5.8 kDa), we concluded
that the 9 kDa fragment was the initial cleavage product [V(41-C)] but the
two 5.8 kDa components were secondary cleavage products, derived from
this 9 kDa fragment, carrying the same C-terminal sequence of -E-V-E,
corresponding from Val242 to Glu288 [V(41-52)] and from Glu245 to
Glu288 [V(42-52)] respectively (see Fig. 6). This indicates that, although
the C-terminal domain with transcription activation function forms a rigid
and compact structural domain, the region including aa 288 can be cleaved

by proteases.

4-2 Structure of CTD
4-2-1 Expression and purification of aCTD

PCR-amplified rpoA fragment including the coding capacity of aCTD
was inserted into an expression vector pET-3a to make pETaCTD.
pETaCTD was transformed into E. coli BL21(ADE3). The transformant
was grown in LB medium containing 100 pg/ml of ampicillin to 30 Klett
unit. After adding IPTG at 1mM, the expression level of aCTD reached to
maximum at 2 hrs (37°C). The expressed aoCTD was recoverd in the
soluble fraction (intact o subunit forms inclusion bodies). In DEAE ion
exchange column chromatography, aCTD was eluted in 0.14 M Na(Cl
fraction and in HWS5S5F gel filtration column chromatography, aCTD was
eluted in the dimer position [but it stays as monomer (see Discussion)].
0CTD was purified to homogeneity by column works (Fig. 7). For NMR
anlysis, ooCTD was concentrated to more than 1mM by adsorbing the

oCTD fractions to a small column (Protein PAK-DEAE (HPLC)) and then
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eluting with a small volume of elution buffer. This purified sample gave
high resolution of signals in '"H NMR (Fig. 8).
The purification of isotope-labeled sample was performed by the same

procedure and the purity was as high as the unlabeled sample.

4-2-2 Structure of aCTD

The structure of ooCTD was determined by multidimentional
heteronuclear magnetic resonance spectroscopy. NMR measurments were
carried out at 500 MHz. The structure of oCTD consists of four
amphipathic helices and two long loops including the domain termini and
altogether forming a compact and rigid structure (Fig. 10). These four
helices formed the hydrophobic core in oCTD. Helix 1 contains residues
Val264 to Leu273, helix 2 [1e278 to GIn283, helix 3 Glu286 to Thr292 and
helix 4 Lys297 to Ser309. The N-terminal loop contains two a-helical
turns, I1e252 to Arg255 and Pro256 to Asp259 (Fig. 9). The helix 1 is
perpendicular to the longest helix 4. The N-terminus of helix 1 and that of
helix 4 are very close to each other on the tertiary structure. The N-terminal
loop upstream from Thr263 and the C-terminal loop downstream from
Gly311 close to each other between Phe249 (N-terminal loop) and Trp321
and Ile326 (C-terminal loop). The root-means-square deviation (RMSD)
for the back bone heavy atoms of 50 structures from Phe249 to Ile326 was
0.67 A and the region from Val264 to Ser309 was 0.57A.

oCTD is able to bind to not only transcription factors but also the
rrmBP1 promoter UP element (Blatter er al., 1994). In order to determine
the residue of aCTD involved in interaction with »»nBP1 promoter UP
element, ""N-labeled aCTD was subjected to chemical shift perturbation
experiments by using the rrnBP1 promoter UP element duplex DNA with a
sequence [d(TCAGAAAATTATTTTAAATTTCCTC)] (Jeon et al., 1994).

26



It is based on the idea that NH and NH, groups, which are involved in
protein-DNA interactions, are likely to undergo relatively large chemical
shift changes on complex formation. The selective signal loss is observed
due to either line broadening or intensity reduction in (*’N, 'H) hetero
nuclear signal quantum correlation (HSQC) spectra of "N enriched protein
in the presence of small amount of DNA. The substantial selective signal
losses were observed for the resonance of Arg265, Asn268, Leu270,
Thr292, Asn294, Leu295 and Gly296 (Joen et al., 1995), indicating that
these residues interact with rrnBP1 promoter UP element. The intermediate
broading effects were observed for Thr263, Val264, Ala274, Ser299 and
Glu302, suggesting that these residues are in weak interaction with the
DNA UP element, or the observed signal loses are due to indirect effects.
Val264, Arg265, Asn268, Leu270 are located in the helix 1, and Ser299
and Glu302 are in the N-terminal region of helix 4. Asn294 and Leu295 are
located in the loop region between helix 3 and helix 4. Thr263 and Ala274
are close-neighboring residues near N-terminai and C-terminal end of helix
1. These results altogether indicated that the entire helix 1 and the N-
terminal region of helix 4 are involved in the interaction with rmBP1

promoter UP element.

4-3 Inhibition of lac transcription by alpha peptides
4-3-1 Theoretical considerations

Complex formtion between DNA and proteins is inhibited by addition
of oligonucleotides with the sequence of protein-binding sites. Likewise,
the formation of protein-protein complexes should be competed by adding
oligopeptides with the aa sequence corresponding to the contact sites. Such

attempts have not been made for analysis of RNA polymerase-transcription

27



factor contacts.

In order to confirm that helix 1 in aCTD is indeed involved in direct
contact with CRP, I tried to test the inhibition of CRP-o subunit contact by
synthetic peptides with the sequence of aCTD helix 1 region. Four kinds of
alpha peptides were synthesized as shown in Fig. 11. Peptides A, B and C
correspond to parts of & sequence between Asp250 and Asp280. Peptide A
is a tetrapeptide including an important residue Arg265 for CRP contact.
Peptide B is an undecapeptide including the N-terminal proximal half of
helix 1. Peptide C contains the whole helix 1. Peptide D is a mutant of
peptide C, which differs by one residue at Arg265 (the most important
residue for CRP-dependent transcription) substituted to Ala. To monitor the
effective inhibition of CRP-o. subunit contact, I measured transcription

inhibition of CRP-dependent lac transcription in vitro.
4-3-2 Inhibition of lac transcription

First I carried out inhibition assay of lac transcription by o subunit
and oCTD. Both o subunit and oCTD inhibited CRP-dependent
transcription from /acP1 promoter even though CRP-independent
transcription from lacUV3 promoter was also inhibited but to lesser extent
(Fig. 12). The inhibition of lacUVS5 transcription was considered to be non-
specific, and the ratio of lacP1/lacUV35 transcription was taken as an
indication of specific inhibition. Upon increase in the concentration of o
subunit or cCTD to 2500 pmol, transcription level decreased to 40 and
80%, respectively (Fig. 13). The results indicated that this transcription
inhibition assay can be used for specification of the CRP contact site on .
subunit.

Next, I analyzed effect of the synthetic peptides. Peptide A, B and D
were added in the reaction mixture from 0 to 30,000 pmol and peptide C

was added from 0 to 10,000 pmol. The gel patterns of transcripts are shown
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in Fig. 14 and the quanfitative data are shown in Fig. 15. Peptide A did not
show any inhibitory activity at least up to the highest concentration
examined. Peptide B inhibited transcription level to approximetry 70% at
30,000 pmol. Peptide C inhibited transcription level to 50% at 10,000
pmol. Peptide D, a mutant derivative of peptide C, inhibited to about 80%
at 10,000 pmol. Thus, peptide C is the most effective inhibitor but peptide
D has a half inhibitory activity of the level of peptide C. These results are

consistent with the idea that peptide C carries the CRP contact site.

5. Discussion

5-1 Domain organization of « subunit

Domain structure is defined as a stable unit of protein structure,
which can fold autonomously, and generally consists of a continuous single
stretch of polypeptide chain from 100-200 amino acids in length (for
examples see GO, 1983; Janin, J. and Chothia, C., 1985). The domain
structure is often a basic unit of a function (Janin et al., 1985). For
examples, DNA polymerase I from E. coli consists of two fragments, large
fragment and small fragment. These two fragments can be separated by
limited proteolysis with subtilisin. The large fragment retains the
polymerase activity and 3°—5" exonuclease activity and the small fragment
retains only 5°—3" exonuclease activity (Klenow et al., 1971: Jacobsen et
al., 1974). CRP contains two functional domains, DNA-binding domain
and dimerization domain (cAMP binds to this domain) (Mckay et al.,
1981). Nitrate reductase from spinach has a multidomain structure,

consisting of molybdenum domain. cytochrome by, domain and FAD
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domain. This domain organization was revealed by limited proteolysis with
trypsin and V8 protease (Kubo et al.,1988).

The domain structure can be further separated to subdomains. The
subdomain is a unit of folded structure larger than an isolated helix or
sheet, but smaller than an entire domain (Rose, G. D., 1979). Oct-1 and
Oct-2, transcription factors with the recognition activity of octamer
sequence (5-ATTTGCAT-3"), contain a POU domain (DNA-binding
domain) consisting of two subdomains, POU-specific subdomain and POU-
type homeo subdomain. POU-specific subdomain plays a role in sequence
recognition while POU-type homeo subdomain carries DNA binding
avtivity (Assa-Munt ez al., 1993).

Limited proteolysis under non-denaturing conditions is one of the
experimental methods frequently used to investigate the domain structure
of multidomain proteins. Under mild reaction conditions, endoproteases
cleave proteins preferentially at the region exposed into the solvent
reflecting the domain organization of the proteins. Domain linkers are often
exposed into the solvent. Conformational change of a protein under
different conditions can also be detected by following the change of
proteolytic cleavage pattern. For an example, TyrR protein shows different
patterns of trypsin cleavage in the presence or absence of ATP (Cui et al.,
1993).

The proteolytic cleavage was applied for analysis of subunit-subunit
interactions within RNA polymerase (Lill et al., 1975; Ishihama et al.,
1979; 1987). Proteolytic cleavage pattern is different depending on the
assembly states such as between native and premature core enzymes
(Ishihama et al., 1979). In order to get insight into the domain organization
within a single subunit, I analyzed in this study the pattern of limited
proteolysis of isolated ¢ subunit by endoproteases, V8 protease and trypsin.

The results indicate that the region between Arg235 to Glu244 are highly
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accessible for cleavage by endoproteases, and that the initial cleavage takes
place within this region (see Fig. 6).  These regions were assumed to be
exposed on protein surface, presumably forming an interdomain linker. I
carried out surface probability analysis by using Gene Works (TEIJIN Co.)
according to Janin et al. (1978) and Emini ef al. (1985). This analysis
indicated that the region between Arg235 to Glu248 has a high possibility
to be exposed on protein surface. This surface prediction is in agreement
with the result of proteolytic cleavage. I thus propose two major structural
domains for o subunit. i.e., N-terminal domain (aa residues 8 — 235), and
C-terminal domain (aa residues 245 — 329). This two-structural domain
model is in good agreement with the functional map of o subunit (Igarashi
and Ishihama, 1991; Kimura ef al., 1994: also reviewed in Ishihama, 1992;
1993). The N-terminal region between aa 21 to 235 is involved in the
subunit assembly (Kimura er al., 1994; Kimura and Ishihama, 1995a;
1995b; 1996), while the C-terminal region up to aa 235 carries the class-I
factor contact sites (Igarashi and Ishihama, 1991; Igarashi et al., 1991b;
for reviews see Ishihama, 1992; 1993).

Upon prolonged proteolysis, the N-terminal domain was cleaved into
two subdomain fragments (Na and Nb) between Arg45 and Glu68.  The
proximal N-terminal Na subdomain was rapidly digested upon further
proteolysis with trypsin, suggesting that the subdomain Na undergoes rapid
unfolding after the secondary cleavage. In this small domain of 38 amino
acids in length, there are 4 possible sites for trypsin cleavage. Analyses of
insertion mutants of two amino acids, Ala and Ser, and Ala-substitution
mutants at various positions of the N-terminal domain indicates that o
dimer contains more than one contact including the site of around Gly40
(Kimura and Ishihama, 1995a; 1995b; 1996).  Thus, the subdomain Na
may be involved in inter-subunit contact between two o subunits.

Subdomain Na alone may not be able to form dimer, and as a result, it must
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be degraded rapidly. The subdomain Nb plays essential roles not only in o
dimerization but also in linking large two subunits, p and ', all together
forming an assembly core of RNA polymerase. The subdomain Nb of 168
amino acids in length was cleaved between Argl50 and Glyl151 into two
smaller fragments.  The proximal N-terminal fragment containing the 3
subunit-binding site was resistant to cleavage by trypsin, but the rest
carrying the B’ subunit-binding site was digested rapidly upon continued
proteolysis. It seems that B’ subunit-binding site tends to unfold after
second cleavage.

The C-terminal proximal domain of 85 amino acids in length (aa
residues 245-329) was highly resistant to endoproteinases. In spite of the
fact that this domain has a number of contact sites with class I transcription
factors (reviewed by Ishihama, 1992; 1993), it seems that this region
maintains a compact and rigid structure at least under the conditions
employed. Independently, Blatter et al. (1994) carried out limited digestion
of o subunit with trypsin and found that it is composed of two domains, N-
terminal proximal domain comprised of aa 2 to 241 and C-terminal domain

of aa 249 to 329.

5-2 Structure of aCTD

Since the finding that the C-terminal domain is involved in protein-
protein and protein-DNA contacts for transcription regulation, it is
supposed that this domain changes its conformation upon interaction with
transcription factors or DNA UP elements and alters promoter recognition
properties of the RNA polymerase. It is therefore important to analyze
the conformational change in the C-terminal domain upon transcription

activation.

32



NMR spectroscopy has become a powerful technique to get structural
and dynamic information of proteins in solution at the atomic level. At
present, however, detailed structures can be obtained only for
nonaggregating proteins whose molecular weights are less than 20 kDa.
Since the molecular weight of oCTD is about 11 kDa, it was suitable for
NMR analysis. The spectrum of 'H NMR provided high resolution signals
from individual side chain groups. Using analytical size-exclusion
chromatography, Blatter ef al. (1994) showed that CTD forms a dimer at
8 uM. At a higher concentration (1 mM) used in the present experiment,
however, the profile of 'H NMR indicated that oCTD stayed as a
monomer. And a sedimentation equilibrium experiment on a 0.1 mM
oCTD solution showed a molecular weight of 11,800 as a monomer (Jeon
et al., 1995). aaCTD seems to have affinity for certain resins of size-
exclusion chromatograpy and thus it is eluted at a position of dimer
(Kimura et al., 1994).

Detailed mapping of the contact site for CRP has been carried out by
systematic mutagenesis within or near the contact site I of aCTD (Zou et
al.,1992; Murakami et al., 1996). Zou et al. (1992) prepared a set of rpoA
mutant library by using PCR mutagenesis and isolated o mutants defective
in response to CRP. The rpoA129 (Arg265Cys) mutant showed the most
decreased lac transcription; rpeA127 (Leu270Pro) mutant also showed
decreased expression of lac; but the level of lac expression in other mutant
rpoAl123 (Asn268Asp) i1s higher than those of rpoAl29 and rpoAl27.
Murakami et al. (1996) carried out a systematic mutagenesis in aa residues
258-275 and aa 297-298 by substitution of alanine or tryptophan and
examined lac transcription by reconstituted mutant RNA polymerases
carrying these mutant o subunits in vitro. The results indicated that the
mutant enzymes carrying [260A)q, [262A]c, [265A]c, [268A]a, [297A ]

and [270A]o showed a decreased level of lac transcription, among which
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[265A]o mutant enzyme exhibited the most decreased activity. The results
were essentially the same as those obtained with the enzymes carrying Trp-
scanning o subunits. Therefore mutations affecting the CRP response have
been mapped in two regions of aCTD, aa 265-270, and 296 to 299. The
one region, aa 265-270, was on helix 1 and the other region, aa 296 and
299, was on helix 4.

The two OxyR contact regions aa 265-269 and aa 293-300 are also
located on helix 1 and helix 4, respectively, and very close to those of CRP
(Tao et al., 1993; 1995). The contact sites for CysB, MelR and AraC were
suggested to include Lys271 by analysis of rpoA341, which shows
pleiotropic defects in CysB, MelR and AraC-dependent gene expression
(Giffard et al., 1988; Thomas and Glass, 1991). This site is also located on
helix 1. The contact sites for bacteriophage P2 ogr protein and
bacteriophage P4 & protein were suggested to include Leu290 by analysis
of rpoA109 (Sauer et al., 1975; 1982). This site is located near the N-
terminal region of helix 3 and near V& protease cleavage site Glu288 (see
Fig. 9). This region is exposed on the protein surface and is able to interact
with transcription factors. The contact site for Fnr, a transcription factor for
the genes induced under anaerobic condition, was suggested to locate
within a stretch of seven amino acid between Gly311 to Arg317 (Lambardo
et al., 1991). The contact site for OmpR was indicated to be mapped at
Pro322 and Pro323 on the extream C-terminal region of atCTD. OmpR
controls transcription activation in a positive or negative fashion at the
ompC and ompF promoters in response to medium osmolarity (Slauch et
al., 1989; 1991). These amino acid residues of OmpR contact site were
included within the C-terminal loop downstream from Gly311. This OmpR
contact site may be exposed on the protein surface and will be able to

interact with OmpR.
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A set of monoclonal antibodies specific for o subunit have been
isolated by Krakow and colleagues (Venezia and Krakow, 1990). Epitope
mapping experiments indicated that oo subunit contained three major
antigenic regions, aa residues 1-23, 190-210 and 310-320 (Sharif et al.,
1994). The third region, amino acide residues 310-320, is located within
the C-terminal loop of o.

The contact sites on o with transeription factors consist of segments of
about 8-10 amino acid residues, which are close to antigenic epitopes. Thus
the type of protein-protein interaction between ¢ subunit and transcription
factors may be simillar to that of epitope-paratope interaction between
antigens and antibodies, but it may be lower than epitope-paratope
interaction in strength of binding.

The genetic studies in this laboratory revealed that Leu260, Leu262,
Arg265 Asn268 and Lys297 were important for interaction with both
rrmBP1 promoter UP element and CRP, while Leu270, 11e275 and Lys298
were only involved in interaction with CRP and Cys269 was only
responsible for interaction with rnBP1 promoter UP element (Zou ef
al.,1992; Murakami et al., 1996). Both genetic studies and NMR analysis
showed that both Arg265 and Asn268 interact with rrnBP1 promoter UP
element. However selective signal loss in NMR analysis was not observed
for Leu260, Leu262, Cys269 and Lys297 predicted by genetic studies.
These residues might affect o-UP element interaction indirectly. NMR
analysis provides direct evidence about protein-DNA interaction by using
intact “N-labeled oCTD and rrnBP1 promoter UP element duplex DNA,
while genetic studies can not rule out indirect effect(s).

The tertiary structure of «CTD shows that both N-terminal region of
helix 1 and helix 4 are close to each other and that helix 1 is perpendicular
to helix 4. The relative orientation between helix1 and helix 4 is similar to

helix-turn helix (HTH) motif. HTH motif is one of the DNA-binding
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motifs, which include in addition, helix-loop-helix (HLH) motif (observed
in MyoD, n-Myc) (Murre et al., 1989), Zn finger motif (Spl,GAL4)
(Pavietich et al., 1991; Kraulis et al., 1992; Marmorstein et al., 1992) and
lucine zipper motif (GCN4, Jun, Fos, Myc) (Landschulz et al., 1988; Gentz
et al., 1989). All these DNA-binding motifs contain helix as a part of
structure.
The HTH structure was the first discoverd DNA-recognition motif
that exists in a large family of prokaryotic DNA-binding proteins such as A
Cro repressor (Anderson et al., 1981; Ohlendorf er al., 1982; Matsuo et al.,
1995), CRP (Mckay et al., 1981) and A repressor (Pabo et al., 1982). The
basic structure of HTH motif consists of an o helix, a turn, and a second o.
helix (Steiz et al., 1982 : Ohlendorf ez al., 1983). For instance, HTH motif
of A Cro repressor is a segment of 20 amino acid residues in length,
consisting of the first helix (amino acid residues 1-7) and the second helix
(residues 12-20). This second helix is a DNA recognition helix, and fits
into the major groove of DNA. Side chains from this helix are considered
to make a site-specific contacts with bases in the major groove.
aCTD recognized rrnBP1 promoter UP element by using two
helices, the entire helix 1 and the N-terminal region of helix 4. However,
helix 1 and helix 4 are not directly connected, and the orientation of both
helices are opposite to each other. This cCTD motif can interact with not
only DNA UP element but also transcription factors, CRP and OxyR. Such

type of motif have never been identified.
5-3 Inhibition of transcription activation by alpha peptides
To determine contact sites with the transcription factor, we usually

employ genetic methods by making a library of rpeA point mutation.

Mutation always accompany indirect effect due to conformational changes
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of a protein. Therefore, in order to confirm the contact site of o for CRP, I
synthesized a set of peptides containing the sequence of the CRP contact
site and these peptides were subjected to inhibition assay of lac
transcription. In the previous studies, anti-o monoclonal antibodies have
been used for inhibition studies of the RNA polymerase (Venezia and
Krakow, 1990; Sharif et al., 1994). Krakow and colleagues (1990) isolated
four monoclonal antibodies against the purified o subunit and these four
monoclonal antibodies strongly inhibited CRP-dependent initiation from
lacP1 promoter and partially inhibited initiation directed by lacUV5
promoter (Venezia er al., 1990). Interaction between CRP and RNA
polymerase is affected by binding of one of the anti-o. monoclonal
antibodies to o (Riftina er al., 1990). The epitope of this anti-o. monoclonal
antibody may be proximal to the contact site between CRP and RNA
polymerase. However, antibodies are huge proteins, and an indirect
effect(s) of the monoclonal antibobies can not be ruled out.

Recently, Joseph et al., (1995) carried out peptide inhibition assay for
mapping of functional domains on GTP-binding protein, Racl, and
proposed to call this method as “peptide walking”. They succeeded to map
five functional sites in the primary structure of Racl by inhibition test of
NADPH oxidase activation. Four of the five domains are exposed on the
surface of Racl and were not identified previously by mutational analyssis.
Peptide inhibition assay can supplement to mutational analysis. Coen et al.
(1995) identified a class of specific peptide inhibitors of herpes simplex
virus (HSV) DNA polymerase to disrupt subunit-subunit interaction. The
HSV DNA polymerase consists of a catalytic subunit (Pol) and a smaller
accssesory subunit UL42 that increases the processivity of the enzyme.
They synthesized peptides corresponding to the C terminus of Pol and
identified some peptides with blocking activity of the protein-protein

interaction between Pol and UL42. These peptides and their structure gave
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an information for the synthesis of clinically effective drugs, because these
peptides were found to block virus replication in vive (Digared et al.,
1995).

I tried “peptide walking” to cofirm the CRP contact site on o subunit
by using four peptides (see Fig. 11). First I examined the inhibition assay
by using o subunit and aCTD. o subunit was two fold more active in
inhibition than aCTD. Since o subunit exists as dimer in solution (Saitoh
and Ishihama, 1976) and binds to UP elements template more stably than
aCTD (Blatter et al., 1994), it is reasonable that o subunit is more active
than aoCTD. Next I tried the inhibition assay by peptides. Peptide A is very
short and unable to fold any stable secondary structure even though it
contains the most important residue, Arg265. This peptide did not inhibit
lac transcription. On the other hand, the lengths of peptide B, C and D are
11, 16 and 16 aa residues, enough to form secondary structure (1 helix turn
is 3.5 aa residues). Peptide B cotains major aa residues involved in the CRP
contact sites but only half of the helix 1. Peptide B lacks two Ala residues,
Ala272 and Ala274, located on the C-terminal proximal region of helix 1.
Since Ala has the highest helical potential than other amino acids
(Marqusee et al., 1989), peptide B may form less stable helix structure than
peptides C and D. As expected, peptide B inhibited lac transcription in
about half the level of peptide C. Peptide C contains both the CRP contact
site and the entire helix |. In fact, peptide C was found to be the most
active inhibitor among the test peptides. Peptide D is a mutant derivative of
peptide C, carrying a substitution of Ala for Arg265. The level of
transcription inhibition by peptide D was half of that by peptide C and
close to that by peptide B. The replacement of Arg265 by Ala provided the
most drastic damage to CRP interaction (Murakami et al., 1996). NMR or
CD spectroscopy will be necessary to reveal the relationship between the

observed inhibition activity and the tertiary structure.
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The effective concentration of peptide C for inhibition of activation by
CRP is 200 puM. In the case of.Racl-GTP interaction, the effective
concentration of peptides is 20 uM, while inhibition of HSV Pol-UV42
interaction is observed in the peptide concentration of 10-100 uM. Thus,
peptide C was required about 2-10 fold higher concentrations than these
examples (Rac 1 and Pol). Molecular interaction between CRP and RNA
polymerase takes place on the same DNA molecule and may be stronger
than the other two cases (Racl-GTP and HSV Pol-UV42) which take place
in free solution. It is reasonable that inhibition of CRP-RNA polymerase
contact requires higher concentrations of inhibitory peptides than those
required for other two cases. The difference may also be due to differences
in peptide length and tertiary structure.

This new approach confirmed the contact site on o with CRP and
suggested that the whole secondary structure of helix 1 is needed for
interaction with CRP. The inhibition test for transcription by alpha peptides
will be a useful method for mapping of the contact sites of other class-I

factors.
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Table 1.

Buffer solutions

1) Lysis buffer 50 mM Tris-HCI (pH 8.0 at 4 °C)
| mM EDTA  (pH 8.0)
500 mM Na(Cl

2) TGE buffer 10 mM Tris-HCI (pH 7.6 at 4 °C)
50% (v/v) glycerol
I mM EDTA
0.1 mM DTT

3) Strage buffer 10 mM Tris-HCI (pH 7.6 at 4 °C)
10 mM MgCl,
0.1 mM EDTA
200 mM KCI
50% glycerol
] mM DTT




Table 2.

Mediums
LB medium Trypton 10 g
Yeast ext. 5g
NaCl 5g
Glucose lg
H,O (pH 7.2) |liter
Medium I

(*N-labeled sample)

Medium 2
('C-""N-labeled sample)

Na,HPO, 6.2g
KH,PO, 29g

NaCl 19¢

CaCl2 0.01g

N-NH,C1l 0475g

thiamine, thymine, biothin, adenosine,
cuanosine and cytidine 2 mg each
Ampicillin -~ 50 pg/ml

H.0

Na,HPO, 78

KH,PO, 3g
NaCl 20 ¢
CaCiz 001 ¢g

N-NH.CI 0.5¢g

thiaminz. thymine. biothin, adenosine,
guanosine and cytidine 2 mg each
Ampicillin -~ 50 wg/ml

H,0
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ANA polymerase

Aclzenzyme (Egi0)

Subunit

Function

o subunit

B subunit

B subunit

core assembly (o dimerization, 3 binding, 3 'binding)
transcription activation (contact site I)

binding of substrates

binding of RNA products

binding of rifampicin and streptolydigin

binding of ¢ subunit

stringent control (ppGpp binding)

core assembly (o binding)

binding of template DNA

binding of ¢ subunit

core assembly (& binding)

@ subunit promoter recognition
transcription activation {(contact site II)
Figure 1. Structural model of £. coli RNA polymerase holoenzyme

(Ec’®) and function of each subunit.
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Figure 2. Functional map of the RNA polymerase o subunit.

59



Trypsin
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Figure 3. Potential proteolytic cleavage sites of RNA polymerase o

subunit. A total of 39 cleavage sites for trypsin and 56 sites for V8

proteinase are indicated by open and closed triangle, respectively.
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A| Trypsin cleavage

Sample Content N-terminal Sequence C-terminal Sequence Fragment
1
31kDa 100% M-Q-G-S-V-T-E-F- T(N-26)
1
28kDa 100% M-Q-G-S-V-T-E-F- T(N-24/25)
11kDa 46 150 .
A 51.4% -L-L-S-S-M-P-G- -V-X-R-G-R T(6-16)
236 329
B 42.0% D-V-R-Q-P-E-V-K- -P-P-X-S-I-X-D-E T(26-C)
220
C 5.4% A-A-T-I-X-A-X-Q- T(25-7)
34
D 1.2% G-F-G-H-T-L-G-N- T(4-7)
244
9kDa 100% E-E-K-P-E-F-D-P- T(28-C)
B| V8 protease cleavage
Sample Content N-terminal Sequence  C-terminal Sequence Fragment
28kD 8
A 759 F-L-K-P-R-L-V-D-I- V(1-41)
1
B 25% M-Q-G-S-V-T-E-F-L- V(N-41)
8
24kDa 100% F-L-K-P-R-L-V-D-I- V(1-7)
68
14.4kDa 100% Y-S-T-K-E-G-X-Q-X- V(9-7)
242 329
9kDa 100% V-K-E-E-K-P-E-F-D- --X-D-E V(41-C)
5.8kDa oo 288
A T71% V-K-E-E-K-P-E-F-D- -R-X-E-V-E V(41-52)
245 288 !
B 23% E-K-P-E-F-D-P-L-X- -R-X-E-V-E V(42-52)
B
42kDa o e F-L-K-P-R-L-V-D-I- V(1-7)
137
B 55% N-A-S-I-S-M-R-|-K- V(21-?)
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Figure 5. Amino acid sequences of proteolytic cleavage fragments of
RNA polymerase o subunit. [A] The amino-terminal and carboxy-
terminal amino acid sequences were determined for tryptic fragments using
670 pmol (31 kDa), 710 pmol (28 kDa), 1000 pmol (11 kDa) and 100
pmol (9 kDa) fragments. Unidentified amino acid residues are denoted
by X. The number at the left and right side of each sequence indicates
the amino acid residue in the intact ¢ subunit.  Fragments are designated
by showing the sites of potential cleavage, shown in Fig. 3 (N and C
represents the amino and carboxy terminus, respectively). When an
SDS-gel band contains more than one fragments, the percentage of each
fragment content in the total mixture is indicated at the left side of the
sequence. [B] The N-terminal and C-terminal amino acid sequences were
determined for V8 proteolytic fragments using 536 pmol (28 kDa), 67
pmol (24 kDa), 56 pmol (14.4 kDa), 138 pmol (9 kDa), 69 pmol (5.8 kDa),
and 50 pmol (4.2 kDa) samples. ‘
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Figure 6. The pathway of proteolytic cleavage of RNA polymerase o,
subunit. The cleavage sites of ¢ subunit by trypsin [A] and V8
proteinase [B] are shown. The numbers in parentheses represent the
cleavage sites estimated from the fragment size and the distribution of

potential cleavage sites.
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Figure 8. 'H NMR spectra (500 MHz) of o CTD in H,0/D,0 (90%/10%,
v/v: pH 5.5) at 30 °C, PH was adjusted to 5.5 with SmM phosphate buffer

containing 20 mM KCI and 1 mM DTT. Sample preparation method is

shown in the text.
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Figure 9. Secondary structure of the «CTD. The sequence of the o CTD
is shown in one-letter code. The location of the helices is indicated by
arrows. The cleavage sites of the CTD with trypsin and V8 protease are
shown by open and filled triangles, respectively. The bracket indicates the
CRP contact site, 265-270, 296 and 299. Astarisk indicates the most

important residues, Arg265.
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Figure 10. Ribbon diagram representing the folding aCTD, from Phe249
to Ile326. Numbers refer to the first and last residues in the helix]l and
helix4. The structure of aCTD was determined by multidimensional
heteronuclear magnetic resonance spectroscopy. The root-mean-square
deviation (RMSD) for the backborn heavy atoms of 50 structures from
Phe249 to 1e326 is 0.67A.

68



250 255 260 265 270 275 280
B P
DPILLRPVDDLELTIVRSANCL KAqA IHYIG

263 266 A
= b
260 270 =
R R S S e R H %
275 a-
260 R e
T A S T R W R S ¥
260 e’ .
R A T S R R e e
R
[
Y
A

Figure 11. Preparation of alpha peptides.  Four species of the alpha
peptides (A to D) were used in this study, each covering the indicated
sequence. Helix 1 consists of a sequence from Val264 to Glu273. Box
means helix 1, and asterisks indicate important residues for contact with
CRP. CRP contact site is between aa resicue Arg263> to Leu270.

Preparation methods are in the text.
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Figure 13. Inhibition of lac transcription by ot subunit and T,
Gel patterns are shown in Fig. 12. Details of the reaction conditions are

shown in the text and legend for Fig. 12.
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was adued and RNA synthesis wits allowed for's min at 379, Laballed
transaripts were analyvzed by electrophoresis on polyacrylanide pels
contamning 8M ureq, The gel was exposed w lmaging plate and analyatcd

Wit [FAS-2000 image alyzer (Fugi),
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Figure 15. Inhibition of lac transcription by alpha peptides.

Gel patterns are shown in Fig. 14. Detaiis of the reaction conditions are

shown in the text and legend for Fig. 14.
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