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Region 2.1 of the ¢ factor is once proposed to be involved in core binding, and certain
bulky hydrophobic amino acids in region 2.1 are thought to make contact with the con-
served isoleucine residues in the promoter -10 binding region on the same protein. To
examine the roles of the contact between these two regions in ¢ structure and function,
o’ factor with L145A, I149A, or Y153A was created, and the effects of each substitution
on the growth of Bacillus subtilis and on the structural and functional properties of o*
were analyzed. Our data revealed that the growth potential of B. subtilis was signifi-
cantly affected by each of the substitutions of o* at elevated temperature. The growth
defect was most pronounced with the strain containing L145A-04; it possessed a low
growth potential even at 37°C. In parallel, changes in the structural stability and core-
binding activity of o* and in the promoter-binding and transcription activities of o*-
RNA polymerase were observed for each of the substitutions, with the most drastic
effects exerted by L145A. Clearly, region 2.1 of o* has extra functions, such as the bind-
ing of RNA polymerase to promoter DNA, other than the known core-binding ability.
Moreover, the multiple effects of each of the substitutions on ¢* demonstrate that the
contacts between the hydrophobic amino acids in region 2.1 and those in the promoter
-10 binding region are critical to the maintenance of the functional ¢* structure and
that 1.145 in region 2.1 plays an important role in this respect.
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The prokaryotic RNA polymerase is composed of a o factor
and a core enzyme which contains a,, 8, and B’ subunits.
The o factor confers the specificity of promoter recognition
and the transcription of specific genes. Amino acid se-
quence alignment of various o factors in the ¢™ family has
revealed four regions of homology (7, 2). Two of them, des-
ignated as regions 2.4 and 4.2, have been shown in several
o factors to interact with the promoter DNA (3-11). Region
2.4, which is supposed to recognize the promoter —10 DNA,
forms an amphiphilic a-helix with three isoleucines located
at four-residue intervals (12). The three isoleucines on the
hydrophobic face of the amphiphilic a-helix are critical to
ensure a proper folding and to sustain the functional struc-
ture of the Bacillus subtilis o factor (13).

In our previous study of the amphiphilic a-helix of the
promoter —10 binding region (region 2.4) of the B. subtilis
o® factor (12, 14, 15), we found that the double Ile-to-Ala
substitutions at positions 198 and 202 on the hydrophobic
face of the promoter —10 binding helix generated a temper-
ature-sensitive (Ts) o factor that formed multimeric struc-
ture predominantly at low temperature and was prone to
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denaturation and aggregation at elevated temperature. The
monomeric form of the Ts o*, which possesses a looser con-
formation than the wild-type (Wt) monomer, was scarcely
observed in vitro (13). It is believed that the aggregative
tendency and looser conformation of the Ts o* are responsi-
ble for the significant reduction in core binding of the Ts o
at restrictive temperature (13). By analogy with the crystal
structure of a partial peptide fragment of the E. coli ¢™
(16), it is assumed that the loose conformation of the mono-
meric Ts o® and the tendency to aggregation of the multim-
eric Ts o® are attributable, at least in part, to the loss of
contact between the conserved isoleucine residues (1194,
1198, and 1202) on the hydrophobic face of the promoter —
10 binding helix and the bulky hydrophobic amino acids
(LL145, 1149, and Y153) in the putative core-binding region,
region 2.1, on the same protein (Fig. 1; 17-19).

The necessity for all known o factors to bind to the core
enzyme has led to the assumption that the core-binding
regions of ¢ must be highly conserved (2, 20-23). Several
regions of o have been reported to be involved in core bind-
ing. The earliest reported was the amino acid sequence of
region 2.1 of the Escherichia coli 6™ (17, 18). Single-amino-
acid substitutions at positions 68 and 94 in this region of
the B. subtilis of factor have also been found to affect core
binding (19). Conserved region 2.2 has also been implicated
in core binding. A single-amino-acid change (Q80N) in this
region of the E. coli o® reduces its affinity for core RNA
polymerase (24). Mutations that lie outside regions 2.1 and

2702 ‘62 Jequisldes uo A1sleAlun pezy dlwes| e /B1o's[eunofpiosxo-qlj/:dny wouy pepeojumoq


http://jb.oxfordjournals.org/

30

2.2 of 0* and reduce the core-binding activity of o* have
also been reported (25). They include mutations in the pro-
moter —35 binding region (region 4.2) and a 24-amino-acid
deletion in region 3 of ¢ (26). Thus, more than one specific
region of o seems to be involved in core binding. However, it
remains unclear whether all of the putative core-binding
sites are really involved in contact with core RNA poly-
merase. It is conceivable that mutations at these positions
simply alter the functional conformation of ¢, which in turn
lowers the core-binding activity. Moreover, detailed analy-
ses of the extra functions of the core-binding regions or the
side effects of mutation (s) in core-binding regions on o
structure and function are still lacking.

We are interested in understanding the roles of the
hydrophobic amino acids (1145, 1149, and Y153) in region
2.1 and the importance of their interaction with the hydro-
phobic amino acids in the promoter —10 binding helix. To
this end, we constructed three B. subtilis sigA mutants in
which a hydrophobic amino acid residue in region 2.1 of ¢
was replaced with alanine. We then analyzed the structural
stability, core-binding activity, promoter-binding activity,
and transcription activity of each of the mutant o* factors.
Our data revealed that the substitution of alanine for each
of the bulky hydrophobic amino acids, especially L145A,
affects the structural stability, promoter-binding activity,
and transcription activity of the B. subtilis o factor. The
multiple effects demonstrate that region 2.1 is critical to
sustain the functional o structure besides the putative
core-binding activity.

MATERIALS AND METHODS

Construction of sigA Mutants—A mutant sigA gene con-
taining the I145A, 1149A, or Y153A substitution was con-
structed by overlapping extension polymerase chain reac-
tion (PCR) as described previously (12). Each mutation was
designed to disrupt the possible contacts between 1145,
1149, and Y153 in region 2.1 and the three isoleucines on
the hydrophobic face of the promoter ~10 binding helix of
the B. subtilis o* factor. The forward, reverse, and overlap-
ping primer sequences used for the synthesis of mutant
sigA genes were as follows: A, 5-GTACGAATTCGACCAA-
GTAAAAGAG-3; D, 5-CGTACCTGCAGGGATCCGTATA-
CGCTTACAATAGAAAAT3; B145, 5-CTGACAACGGCC-
CGCAGGTTCGC-3; C145, 5-CCTGCGGGCCGTTGTCAG-
TATCGC-3’; B149, 5-CCGTTTTGCGGCACTGACAACAA-
3; C149, 5&5-GTTGTCAGTGCCGCAAAACGGTATG-3';
B153, 5-GCGTCCGACGGCCCGTTTTGCGATAC-3, C153,
5-CGCAAAACGGGCCGTCGGACGCGGTATG-3'. Besides
the amino acid substitutions, an Haelll restriction site was
introduced into the overlapping primer sequences a few
codons away from the mutated sites. The Haelll site en-
abled us to keep track of the mutant sigA genes and to
monitor them after their integration into the B. subtilis
chromosome. In the synthesis of mutant sigA genes, the
ABx and CDx (x represents 145, 149, and 153) fragments
complementary at the mutated regions were first synthe-
sized by PCR and gel purified. The two DNA fragments
were then mixed and subjected to another run of PCR to
synthesize the mutant ADx fragments. These DNA frag-
ments were further digested with EcoRI and BamHI before
being used to replace the sigA fragment on the pBY1T2
plasmid, which harbours a sigA gene with an Ala-197-Pro
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substitution (27). The pBYx plasmids thus constructed
were finally used to transform B. subtilis DB2 (¢rpC).

Transformation of B. subtilis DB2 with pBYx plasmids
devoid of the replication origin of B. subtilis but having a
chloramphenicol resistance marker produced B. subtilis
cells that contained both intact and truncated alleles of
sigA gene in a direct repeat (28, 29). Since the intact sigA
allele might be a mutant copy and the designed amino acid
substitution might destabilize ¢* or affect its activity, we
expected that some of the transformants might be defective
in growth, especially at elevated temperature. To confirm
the sigA mutants, co-transformation and direct sequencing
of the mutant sigA genes were performed as mentioned
previously (12, 17).

Qverexpression and Purification of o* Factor—To overex-
press the o* factor with L145A, 1149A, or Y153A substitu-
tion, each of the sigA genes was first fished out from the
corresponding strain of B. subtilis using PCR with the for-
ward primer (OP1, 5-CTGCAGAGATCTGAATTCGTTG-
CAAGCTTTGG-3") and the reverse primer (MI2, 5-CGTA-
CCTGCAGGGATCCGTATACGCTTACAATAGAAAAT-3).
After digestion with EcoRI and Pstl, each mutant sigA
gene was cloned into pT7-5 (30), a vector used for protein
overexpression. Methods for overexpression and purifica-
tion of ¢* were the same as those reported previously (31).

Analysis of the Core-Binding Activity of o* by Glycerol
Density Gradient Centrifugation—To prepare samples for
glycerol density gradient centrifugation (19), culture of B.
subtilis was grown in 2x SG medium at 37°C to an optical
density (A,;,) of 0.6, then aliquoted into two portions. One
aliquot was kept at 37°C; the other was transferred to 49°C
Each aliquot (40 ml) was incubated at the designated tem-
perature for 5 min, pelleted by centrifugation, and resus-
pended with 1.4 ml of lysis buffer (10 mM Tris-HCI, pH 7.9,
100 mM NaCl, 10 mM MgCl,, 0.5 mM EDTA, 0.1 mM DTT,
1 mM PMSF, 0.5 mg/ml lysozyme, and 10% glycerol). The
cell suspension was incubated on ice for 30 min, then
treated in a French press at 20,000 psi. Brij-58 (5%, v/v)
was added to the resulting cell lysate at a concentration of
0.5% (v/v), and the lysate was further centrifuged at 7,000
rpm in a Hitachi RPR20-2 rotor. Then 1.1 ml of the super-
natant was layered on a 10-ml glycerol density gradient
(15-30%), centrifuged at 4°C 35,000 rpm in a Hitachi
RPS40T rotor for 28 h, and the sample was fractionated
with a fractionator (Isco). For quantitative analysis of o
and B’, proteins in equal volumes of the fractionated sam-
ples were subjected to SDS—polyacrylamide gel electro-
phoresis, transferred to a nitrocellulose paper, and probed
with anti-o®, and anti-f’ antibodies. The protein bands
which represent ¢* and B’ on the blots were scanned with a
reflective densitometer. This enabled us to determine the
amounts of o* and B’ in the fractionated samples.

The Degradation Half-Lives of o*—To determine the deg-
radation rate of o* in vivo, each B. subtilis strain was
grown in glucose minimal medium (GMM) (32) supple-
mented with 0.004% tryptophan at 37°C to an A, of 0.4
(measured with a Milton Roy Company Spectronic 20D
spectrophotometer), and the culture was separated into two
portions. One portion was further incubated at 37°C; the
other was transferred to 49°C. After 9 min, each culture
was pulse-labeled with L-[**S]methionine (1,200 Ci/mmol)
at a concentration of 20 pCi/ml for 5 min, then chased with
non-radioactive methionine at a concentration of 5 mM.
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Sampling of the labeled cultures was started 2 min later. At
the designated time points, 0.5 ml of each culture was
removed, pelleted by centrifugation at 4°C for 10 min, and
incubated at 37°C for 10 min in 40 ul of lysis buffer (50 mM
glucose, 25 mM Tris-HCI, pH 8.0, 0.1 pg ml™ lysozyme, 0.2
mM PMSF). Then 20 pl of detergent solution (1 % [w/v]
SDS, 1 % [v/v] Triton X-100) was added to each sample to
disrupt the cells. The sample was then heated to 90°C for 3
min, and the insoluble cell debris in the sample was re-
moved by centrifugation. To specifically precipitate o* and
GroEL in the supernatant simultaneouly, a 50-ul aliquot of
the sample was diluted with 450 pl of incubation buffer
(1% {v/v] Triton X-100, 0.1% [w/v] SDS, 100 mM NaCl, 10
mM Tris-HCI, pH 8.0) prior to the addition of 1 pul each of
anti-c® and anti-GroEL antibodies. The mixture was incu-
bated overnight at 4°C with gentle shaking (100 rpm), then
60 wl of swollen protein A-Sepharose CL-4B in incubation
buffer was added to the sample mixture before shaking for
another 2 h at 4°C The Sepharose resin was pelleted,
washed once with incubation buffer (1 ml) and once with
Tris-HCI buffered saline solution (100 mM NaCl, 10 mM
Tris-HCl, pH 8.0). After vacuum-drying, proteins absorbed
by the resin were solubilized with 30 pl of Laemmli sample
buffer (33) for 10 min at 90°C A 10-p] sample of the solubi-
lized protein solution was electrophoresed on SDS—poly-
acrylamide gel. The protein gels were stained with Co-
omassie Blue, vacuum-dried, and exposed to X-ray film.
Radioactivities of the target protein bands were measured
with an Ambis Radioactivity Image Reader.

In Vitro Transcription Assay of the Wt and Mutant o*-
RNA Polymerases—Core enzyme with His-tagged g’ and ¢*
was prepared according to the protocols reported previously
(31, 34). Methods for the preparation of reconstituted RNA
polymerase and in vitro transcription were modified from a
previously reported version (31). The RNA polymerase
holoenzyme was obtained by mixing 15 pl of core enzyme (3
rg) with 15 pl of purified ¢ (2.0 pg) on ice for 10 min. To
this solution was added, 25 pl of pCT20 or pCT24 plasmid
DNA (0.3 pg) harboring the P1P2 promoter of B. subtilis
sigA operon or the G3b promoter of $29 phage (35), respec-
tively. This RNA polymerase and promoter DNA mixture
was incubated on ice for 10 min, then transferred to the
designated temperature (37 or 49°C). Subsequently, 60 pl of
reaction cocktail (40 mM Tris-HC], pH 7.9, 10 mM MgCl,,
100 mM KCl , 0.4 mM DTT, 0.2 mM each of UTP, CTP,
GTP, ATP, 3 uCi [«-*2P]ATP, and 5% of glycerol) prewarmed
at the designated temperature was added to start the tran-
scription reaction. The reaction was allowed to proceed for
1 h, then the sample was immediately placed on ice, and 60
pl of stop buffer (95% formamide, 20 mM EDTA, 0.05%
bromophenol blue, and 0.05% xylene cyanol FF) was added.
Finally, the sample was run on a 6% denaturing polyacryla-
mide gel, and autoradiography was performed after electro-
phoresis and vacuum-drying of the gel.

Preparation and Labeling of the G3b Promoter DNA—
The 135-bp G3b promoter DNA was synthesized by PCR
using a pCoiZA-derived plasmid containing the G3b pro-
moter DNA as template (36). The two primers used for the
synthesis were BC1041-Pstl (5-GCTGGTCTGCAGAACG-
TAGACAACAACC-3) and BC1048-Xbal (5-GCGTCGTCT-
AGAATTTGTAGACTCTGTATC-3"). To label the G3b pro-
moter DNA, 2.5 ng of the DNA fragment was first treated
with calf intestinal alkaline phosphatase, recovered by elec-
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troelution, and resuspended in 100 ul of TE buffer (10 mM
Tris-HCI, pH 8.0, and 0.1 mM EDTA). Then, 2 pl of polynu-
cleotide kinase (10 U/ul), 20 ul of 10x kinase buffer (500
mM Tris-HCI, pH 8.2, 100 mM MgCl, 1 mM EDTA, 50
mM dithiothreitol, 1 mM spermidine), 12.5 pl of y-**P-ATP
(10 pCi/pl), and 65.5 pl of H,O were added to the DNA
solution. The reaction mixture was incubated at 37°C for 1
h, then extracted twice with phenol-chloroform. The labeled
DNA in the upper aqueous phase was precipitated with 0.3
M sodium acetate, washed with 70% of ethanol, dried in
vacuum, and finally dissolved in 100 pl of TE buffer.

Promoter-Binding Activities of Wt and Mutant o*-RNA
Polymerases—Gel-retardation assay was used to analyze
the promoter-binding activity of Wt or mutant ¢A-RNA
polymerase. Core RNA polymerase was first reconstituted
with o* factor on ice for 10 min in binding buffer (50 mM
Tris-HCL, pH 7.9, 10 mM MgCl,, 0.1 mM EDTA, 0.1 mM
DTT, 125 mM KCl, and 10% glycerol). *?P-labeled G3b pro-
moter DNA was added to the reconstituted holoenzyme
solution, and the mixture was incubated on ice for 10 min,
then transferred to 37°C for another 20 min of incubation.
The molar ratio of promoter DNA, core enzyme, and o in
the binding mixture was 1:50:500, with 2.24 x 10° M of the
promoter DNA. After binding, 3 pl of loading buffer (50
mM Tris-HCl, pH 7.9, 10 mM MgCl,, 0.1 mM EDTA, 125
mM KCl, and 70% glycerol, 0.4% bromophenol blue) was
added to the binding mixture, and the sample was sub-
jected to 5% non-denaturing polyacrylamide gel electro-
phoresis in 1x TPE buffer (90 mM Tris-phosphate and 2
mM EDTA). The gel was prerun at 100 V for 30 min before
applying the samples.

RESULTS

Construction and Growth Potential of the B. subtilis sigA
Mutants—On the basis of the very high conservation of
amino acids in both regions 2.1 and 2.4 among o factors (2,
2) and the crystal structure of a partial peptide fragment of
the E. coli ¢™, it has been assumed that 1.145, 1149, and
Y153 in region 2.1 of the B. subtilis o factor interact inter-
digitally with 1194, 1198, and 1202 on the hydrophobic face
of the promoter —10 binding helix on the same protein (Fig.
1; 35). To investigate the roles of these interdigital interac-
tions in o® structure and function, sigA mutants with the
L145A, 1149A, or Y153A substitution in o® were construct-
ed, and confirmed by chromosomal DNA co-transformation
as well as DNA sequencing of the mutant sigA genes (see
“MATERIALS AND METHODS"). Since alanine is a better
helix former than other amino acids (37), we expected that
the second helical structure in region 2.1 would not be dis-
rupted by the substitutions. We also expected that some of
the sigA mutants might grow slowly at elevated tempera-
ture, as seen for the sigA mutants with Ile-to-Ala substitu-
tion(s) on the hydrophobic face of the promoter —10 binding
helix (12, 35). This is because each of the substitutions may
result in the loss of contact between regions 2.1 and 2.4 of
o®, which in turn leads to structural and functional defects
of o As expected, the growth potentials of the sigA mu-
tants with the L145A, 1149A, or Y153A substitution were
affected to different extents at elevated temperature, and
the most drastic effect was observed with the strain con-
taining L145A-c* (Fig. 2). This strain was defective in
growth even at 37°C. These results indicated that the func-
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tion of o* was influenced by each of the substitutions, espe-
cially by L145A on the second helix of region 2.1, and sup-
ported the notion that there were direct contacts between
the hydrophobic amino acids on the hydrophobic faces of
promoter —10 binding helix and in region 2.1 of ¢* as
shown in Fig. 1. Moreover, they seemed to indicate that the
contact between 1194 and 1.145 is most critical for sustain-
ing the functional conformation of o,

The constitutively low growth potential of B. subtilis with
L145A-0* (Fig. 2) is quite different from that observed for
the Ts sigA mutant (B. subtilis DB1005) with Ile-198, 202-
Ala substitutions on the hydrophobic face of the promoter
~10 binding helix of o#, of which the growth potential is

Helix 1

Helix 2

Fig. 1. The proposed interdigital interactions between the
three isoleucine residues on the hydrophobic face of the pro-
moter -10 binding helix (region 2.4) and the hydrophobic
amino acids in region 2.1 of the B. subtilis ¢* factor. The dia-
gram was drawn with Swiss-PdbViewer v3.7b2 based on analogy
with the E. coli ¢™ factor, of which the amino acid residues in these
two regions are very highly conserved among the primary o factors
(2). The amino acid residues involved in the interactions are com-
pletely identical in the E. coli 67 and B. subtilis o* factors. The o-he-
lix of region 2.4, which starts from 1194, extends from the helix of
region 2.3. The three conserved isoleucine residues (1194, 1198, and
1202) on the hydrophobic face of the promoter —10 binding helix are
shown in tan. L145 and 1149 on the hydrophobic face of the second
helix and Y153 in the loop of region 2.1 are shown in green. The pro-
posed interdigital interactions are indicated by dashed lines with
the distance (A) between the contact atoms indicated.
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comparable to that of the Wt at 37°C (12). We speculated
that the replacement with alanine of the bulky hydrophobic
amino acid on the second helix of region 2.1 had affected
the structure of o differently from the reported effect of
the Ile-to-Ala substitution in region 2.4 of o* (13).

Transcription Activities of the Mutant *-RNA Poly-
merases—To answer why B. subtilis with L145A, 1149A, or
Y153A in ¢* had a lower growth potential than the Wt,
especially at elevated temperature, we measured the rela-
tive transcription activities of the mutant o*-containing
RNA polymerases on the G3b promoter of B. subtilis $29
phage and the P2 promoter of B. subtilis sigA operon in
vitro. The mutant ¢*-RNA polymerases were obtained by
enzyme reconstitution. Figure 3 shows the results of in
vitro transcription assays. Clearly, the RNA polymerase
containing L.145A-c* had lower transcription activity than
those that containing the Wt or either of the other two
mutant o# factors (Fig. 3). With G3b promoter as DNA tem-
plate, the relative activity of RNA polymerase containing
the Wt-, L145A-, 1149A-, or Y153A-0* was in the ratio of
1:0.11: 0.65:0.84 at 37°C and 1:0.27:0.39:0.43 at 49°C. With
P2 promoter as DNA template, the relative transcription
activities of the same RNA polymerases were 1:0.1:0.31:
0.70 and 1:0.05:0.19:0.38 at 37°C and 49°C, respectively.
Evidently, the function of o* in transcription was influenced
by each of the amino acid substitutions in region 2.1 and
the effect was most pronounced with L145A.

L145A, 11494, and Y153A Cause Structural Instability of
o* Even at 37°C—The decreased transcription activity of a
mutant o factor may be attributed to structural instability
(38-40), aggregation of folding intermediate (13), or low
core-binding activity of the mutant o factor (17, 24-25). It
could also be a result of low promoter-binding activity,
change in promoter specificity (5, 9-11), blocking of tran-
scription initiation (41), or defective open complex forma-
tion of the mutant o-containing RNA polymerase (42, 43).
Since L145, 1149, and Y153 in region 2.1 were assumed to
interact with 1194, 1198, and 1202, we suspected that the
substitutions, L145A, 1149A, and Y153A may lead to struc-
tural instability of o* as seen for the Ile-to-Ala substitu-
tions in region 2.4 due to the loss of hydrophobic contacts
with the three conserved isoleucine residues (35). As sus-
pected, the structural stability of ¢* was significantly
affected by L.145A, 1149A, or Y153A. The degradation half-
lives of the Wt and the three mutant o* factors at 37°C

Fig. 2. Growth potentials of the B. subftilis sigA
mutants. Each strain of B. subtilis was grown in
2x SG liquid medium at (A) 37 and (B) 49°C The
symbols @, a, ®m, and & represent the strain of B.
subtilis containing Wt-, Y153A-, Y149A-, and
L145A-c*, respectively.

0 2 4 6 8 10 0 2 4

Time (h)

6 8 10
Time (h)
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Fig. 3. In vitro transcription ac-
PIP2 tivities-of the Wt.and mutant ¢*-
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were >600, 129, 417, and 292 min, respectively (Table I),
indicating that 1.145 is more critical than 1149 and Y153 to
the structural stability of o*. Like the mutant o* factors
with Ile-to-Ala substitution(s) in the promoter —10 binding
region (35), all of the tested o* factors, whether Wt or
mutant, became unstable at elevated temperature (49°C)
with degradation half-lives ranging from 26 to 38 min.
Since the structural stabilities of the Wt and mutant o fac-
tors were similar at high temperature, it is likely that the
reduction in growth potential of B. subtilis containing
L145A-04, 1149A-04, or Y153A-0* is not the result of struc-
tural instability of mutant ¢* factors. Other factors must be
responsible for the decreased growth potential of the sigA
mutants at high temperature.

Effect of L145A, 1149A, or Y153A in o* on Core-Binding
Activity of RNA Polymerase Holoenzyme—The structural
instability of L145A-, 1149A-, or Y153A-0* (Table I), and
the location of these substitutions in region 2.1, which is
thought to interact with core RNA polymerase, raised the
possibility that each of the substitutions might affect the
core-binding activity of ¢ To check this possibility, cell
lysate of each sigA mutant prepared at 37°C or 49°C was
subjected to glycerol density gradient centrifugation. Dur-
ing the centrifugation, o* factors were separated into free
and core-associated states. The free o* was sedimented in
the top fractions (mostly fractions 1-9), whereas the core-
associated o* was in the bottom ones (fractions 10-19). Dis-
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- RNA polymerases on different
— promoters. A: Transcription activi-
ties of the Wt and mutant o*-RNA
polymerases on the G3b promoter of
B. subtilis $29 phage at 37 and
49°C. B: Transcription activities of
the Wt and mutant c*-RNA poly-
merases on the P1P2 promoter of B.
subtilis sigA operon at 37 and 49°C.
For each promoter template, the
pattern of RNA transcripts (top) and
the relative transcription activities
(bottom) of the Wt and mutant o*-
RNA polymerases are shown.
Transcription from either promoter
would produce two transcripts due
to the presence of T1T2 terminators
of the E. coli rrnB operon (45),
which are located downstream of
the G3b and P1P2 promoters on the
pCT24 and pCT20 plasmids, respec-
tively. The two transcripts from the
G3b promoter are 291 and 451 nt in
length, and those from the P1P2
promoter are 348 and 508 nt in
length. The transcript of 278 nt in
length was the RNA product tran-
scribed from the putative P8 pro-
moter (no physiological significance
has been identified yet) of the B.
subtilis sigA operon (35). To caleu-
late the relative transcription activ-
ity, the total band density of the two
major transcripts synthesized by a
specific mutant o*-RNA polymerase
was divided by that obtained for the
Wt counterpart at the designated
temperature.
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TABLE I. Temperature sensitivity of B. subtilis strains and the
half-lives of o* degradation in them.

y ; Temperature Degradation half-life (min)®
gt sensitivity” 37°C 49°C
Wt 4 >600 34
L145A 1 129 38
1149A 3 417 27
Y153A 2 292 26

“Relative sensitivity to temperature elevation; the higher the
value, the higher the sensitivity to temperature elevation. The val-
ues were determined by comparing the growth potentials of all
tested B. subtilis strains at 49°C. *The half-lives of o* degradation
were determined as described in “MATERIALS AND METHODS.”
The half-lives of GroEL in different strains were also measured
and used as an internal control. They are about 150 min at 37°C
and about 45 min at 49°C.

tribution of ¢* in the core fractions (as indicated by the
presence of B’ subunit) for each B. subtilis strain was ana-
lyzed by Western blotting and the results are shown in Fig.
4. Both the Wt and mutant o factors were able to associate
with core RNA polymerase at both 37 and 49°C, although
the core-binding activity of the tested o* factors varied. The
percentages of o* bound to core RNA polymerase at 37°C
were about 37.6, 25.6, 25.9, and 38.5% for the Wt-, L145A-,
1149A-, and Y153A-0#, respectively. The corresponding fig-
ures at 49°C were about 27, 17.9, 21.1, and 30.8%. Since
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Fig. 4. Core-binding activities of the Wt and mutant o factors
as determined by glycerol density gradient centrifugation and
Western blot analyses. A and B show the distributions of ¢* and B’
in the gradient samples of cell lysates of different B. subtilis strains
grown at 37 and 49°C, respectively. The contents of o* in the tested
strains of B. subtilis were very similar as analyzed by Western blot-
ting. Methods for preparation of the gradient samples and detection of

about 17.9% of the total cellular o* remained associated
with core RNA polymerase in the strain of B. subtilis con-
taining L145A-0* after the upshift of temperature to 49°C,
it can be argued that the mechanism responsible for the
low growth potential of B. subtilis containing L145A-0* at
elevated temperature was very different from that respon-
sible for the Ts phenotype of the sigA mutant, B. subtilis
DB1005, of which the incapability of core binding of the Ts
o is attributed to its tendency to denaturation aggregation
(13) and the loose conformation of the monomeric form of
the Ts o?.

Replacement of L145, 1149, or Y153 of ¢* with Alanine
Decreased the Promoter-Binding Activity of Mutant o*-RNA
Polymerase—Since the relatively high core-binding activity
of L145A-c* (about 66% [17.9/27] of that of the Wt at 49°C)
could not explain the low activity of the L145A-cA-RNA
polymerase on transcribing the G3b or P2 promoter (about
27 or 5% of the Wt o*-RNA polymerase activity, respec-
tively, at 49°C; Fig. 3), it seemed that the Leu-to-Ala substi-
tution at position 145 of o®* must have affected the process
of transcription, subsequent to core binding of o*. The first
possibility was that the L145A-c*-RNA polymerase was
defective in promoter binding. This idea was examined by
measuring the promoter-binding activity of RNA poly-
merase containing the Wt-, L145A-, 1149A-, or Y153A-c.
As shown in Fig. 5, only L145A-0* had a significant effect
on binding of RNA polymerase to the G3b promoter at
37°C; the amount of promoter DNA bound by the L145A-
o*-RNA polymerase was about 34.5% of that of the Wt-o*-

C.-T. Liao et al.
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the distributions of ¢* and p’ are as described in “MATERIALS AND
METHODS.” Numbers shown above the figures are the fraction num-
bers from the top to the bottom of the glycerol density gradient. The
core enzyme-containing fractions are indicated by the presence of B’
subunit. The percentage of o* associated with core enzyme was ob-
tained by dividing the total band density of core-associated o* by the
total band density of o* in the gradient for each strain of B. subtilis.

RNA polymerase. No significant difference in the activity of
promoter binding was observed for RNA polymerase har-
boring the Wt-, 1149A-, or Y153A-0* at the same tempera-
ture. However, a clear difference in the promoter-binding
activity of RNA polymerase was observed as the tempera-
ture was elevated to 49°C; the relative amounts of promoter
DNA bound by the Wt-, L145A-, I149A-, and Y153A-0* con-
taining RNA polymerases were 100, 19.7, 62.36, and
78.45%, respectively. Thus, the three hydrophobic amino
acids in region 2.1, especially L145, are essential to the pro-
moter-binding function of ¢*-RNA polymerase. Moreover,
the close correlation between the reduction in promoter
binding of RNA polymerase containing L145A-, 1149A-, or
Y153A-0* and the reduced growth potentials of the corre-
sponding B. subtilis strains at 49°C suggests that it is the
promoter-binding activity of RNA polymerase which deter-
mines the capability of the mutant B. subtilis to grow at
elevated temperature.

DISCUSSION

We have shown that L145A, 1149A, and Y153A in region
2.1 of the B. subtilis o® factor change the structural stabil-
ity and core-binding activity of ¢#, as well as the promoter-
binding activity of ¢*-RNA polymerase. The pleiotropic
effects of these mutations on ¢* are consistent with the
facts that region 2.1 is within the most hydrophobic core
region (13, 31-35), is probably involved in core binding (17,
19), and is in close contact with the promoter —10 binding

J. Biochem.
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Extra Functions of Region 2.1 of the o* Factor
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Fig. 5. Promoter-binding activities of the Wt and mutant ¢*-
RNA polymerases as determined by gel retardation assays. A
and B show the promoter-binding activities of the Wt and mutant o*-
RNA polymerases on the G3b promoter of B. subtilis $29 phage at 37
and 49°C, respectively. The upper part of each figure depicts the
amount of promoter DNA retarded by RNA polymerase containing
the Wt-, L145-, 1149-, or Y153-6* factor. Free P indicates the un-
bound G3b promoter DNA. P+R indicates the RNA polymerase and
G3b promoter DNA complex. The lower part of each figure indicates
the relative promoter-binding activity of RNA polymerase containing
the Wt-, L145-, 1149-, or Y153-0* factor. To calculate the relative pro-
moter-binding activity, the band density for a specific mutant o*-
RNA polymerase and promoter DNA complex (P+R) was divided by
that obtained for the Wt counterpart at the designated temperature.

helix (16, 35). They also demonstrate that the interdigital
interactions between the three bulky hydrophobic amino
acid residues (L145, 1149, and Y153) in region 2.1 and the
three isoleucine residues (1194, 1198, and 1202) in the pro-
moter —10 binding helix (Fig. 1) are critical for the mainte-
nance of the functional o* structure.

It has been reported that, of the three isoleucine residues
on the hydrophobic face of the promoter —10 binding helix,
1198 is most essential to sustain the normal o# structure
and function (35). Thus, it was predicted that L.149, which
is opposite to 1198, should be also most important to the
structure and function of o*. However, it is shown here that
L145 at the most N-terminal position of the second helix of
region 2.1 is much more critical to o structure and func-
tion than 1149 and Y153, although the latter two amino
acids are supposed to make more direct contact with the
isoleucine residues on the promoter —10 binding helix than
does L.145 (Fig. 1). The reason for this discrepancy is un-
clear. It could be that there are other important contacts
between L145 and amino acids in the neighborhood that
are not deducible from the limited crystal data of the par-
tial peptide of E. coli ™ (16).

More than one specific region of the o factor has been
reported to be involved in core binding (17-19, 22, 24-26,
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44). Among them, region 2.1 first drew our attention (17—
19). Two mutations in this region of the B. subtilis o factor
have been found to affect the core-binding activity of oF.
One of them, designated as sigEA61-3, contains a three-
amino-acid deletion at the end of the first helix and loses
core-binding activity. The other mutant oF factor, which
contains an Arg-to-Cys substitution at position 68 of of, the
most N-terminal position of the second helix of region 2.1
and one that is solvent-exposed, has a reduced core-binding
activity (19). In the present study, L145A and I149A
located on the hydrophobic face of the second helix of region
2.1 slightly reduce the core-binding activity of o* (Fig. 4),
while Y153A located in the loop region downstream the sec-
ond helix of region 2.1 has a slight positive effect on core
binding. The slight change in core binding of L145A-,
[149A-, and Y153-0* may be explained by the presence of
multiple core-binding sites on ¢, In other words, the effi-
cient binding of ¢* to core enzyme may be an additive
event, and thus change of one of the binding sites may not
have a drastic effect on the core-binding activity of o, How-
ever, this seems to be not the case, as L145, 1149, and Y153
are located within an unexposed core region and are not
directly involved in core binding (Fig. 1). We think it more
probable that the overall core-binding conformation of
region 2.1 of the B. subtilis ¢ factor is altered to various
extents by L145A, 1149A, and Y153A.

The significantly low promoter-binding activity of RNA
polymerase containing L145A-0* (about 34.5 and 19.7% of
that of the Wt at 37 and 49°C, respectively) was unexpected
(Fig. 5). It seems that this is not a result of the reduced
core-binding activity of L145A-0*, since this mutant ¢ fac-
tor still possesses about 66% of the core-binding activity of
Wt o4 at 37 and 49°C (Fig. 4), and since the promoter-bind-
ing assay was performed under a condition in which the
core enzyme was highly saturated with ¢* (the molar con-
centration of o® used for holoenzyme reconstitution was in
10-fold excess of that of core enzyme; see “MATERIALS AND
METHODS”). Therefore, we favor the notion that the reduc-
tion in the efficacy of recognition or binding of the promoter
-10 binding region of the L145A-, 1149-, or Y153-0*-RNA
polymerase to the promoter DNA must be attributed to
improper adjustment of the promoter —10 binding region of
the mutant o* to the cognate promoter, especially at ele-
vated temperature. Taken together, our data suggest that
the contacts between the hydrophobic amino acid residues
in regions 2.1 and 2.4 of the B. subtilis o* factor are essen-
tial to sustain the functional core-binding and promoter-
binding conformations of o®. In other words, region 2.1 may
play an important role in retaining the active conformation
of o?.
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