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Features of a Leader Peptide Coding Region
that Regulate Translation Initiation
for the Anti-TRAP Protein of B. subtilis

Guangnan Chen' and Charles Yanofsky*
Department of Biological Sciences
Stanford University

Stanford, California 94305

Summary

The ripA gene of Bacillus subtilis encodes the Anti-
TRAP protein, AT. AT can bind and inhibit the TRAP
regulatory protein, preventing TRAP from promoting
transcription termination in the trpEDCFBA operon
leader region. AT synthesis is upregulated transcrip-
tionally and translationally in response to the accumu-
lation of uncharged tRNA™. Here we analyze AT's
translational regulation by ripLP, a 10 residue leader
peptide coding region located immediately preceding
the ripA Shine-Dalgarno sequence. Our findings sug-
gest that, whenever the charged tRNA™ level is suffi-
cient to allow the ribosome translating ripLP to reach
its stop codon, it blocks the adjacent ripA Shine-Dal-
garno sequence, inhibiting AT synthesis. However, when
there is a charged tRNA™ deficiency, the translating
ribosome presumably stalls at one of three adjacent
ripLP Trp codons. This stalling exposes the ripA
Shine-Dalgarno sequence, permitting AT synthesis.
RNA-RNA pairing may also influence AT synthesis.
Production of AT would inactivate TRAP, thereby in-
creasing trp operon expression.

Introduction

In Bacillus subtilis both free tryptophan and uncharged
tRNA™ are sensed as regulatory signals modulating trp
operon expression and tryptophan biosynthesis (Babit-
zke and Gollnick, 2001; Henkin and Yanofsky, 2002).
Expression of seven genes is required for the biosynthe-
sis of L-tryptophan. Six of these are arranged in the
trpEDCFBA operon (Gollnick et al., 2002), a segment
of the aromatic amino acid supraoperon (Henner and
Yanofsky, 1993; Gollnick et al., 2002). The seventh trp
gene, trpG (pabA), is within the unlinked folate operon
{Babitzke and Golinick, 2001; Gollnick et al., 2002). Ex-
pression of all seven trp genes is regulated by the trp
RNA binding attenuation protein, TRAP, in response to
changes in the intracellular concentration of L-trypto-
phan (Babitzke and Gollnick, 2001; Gollnick et al., 2002).
TRAP, when tryptophan-activated, promotes transcrip-
tion termination in the trp operon leader region (Babitzke
and Yanofsky, 1993; Otridge and Gollnick, 1993; Babit-
zke et al., 1994) by binding to a transcript segment con-
taining 11 (G/U)AG trinucleotide repeats which are sepa-
rated by 2-3 nonconserved nucleotides (Babitzke et al.,
1994, 1995; Antson et al., 1995, 1999). Six of these re-
peats are located within an RNA antiterminator struc-
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ture. Thus, when TRAP is activated, it binds to these
repeats and prevents the formation of the antiterminator.
The overlapping terminator structure, therefore, forms
and promotes transcription termination in the trp operon
leader region (Shimotsu et al., 1986; Babitzke and Goll-
nick, 2001). Activated TRAP also inhibits translation initi-
ation for four coding regions, trpE (Merino et al., 1995;
Du and Babitzke, 1998), trpG (pabA) (Yang et al., 1995;
Duetal,, 1997), trpP, a gene believed to encode a trypto-
phan transport protein (Sarsero et al., 2000a), and ycbK,
a gene of unknown function (Sarsero et al., 2000b; our
unpublished data).

Uncharged tRNA™ is also sensed as a regulatory sig-
nal by B. subtilis. The accumulation of uncharged tRNA™
leads to increased trp operon expression and trypto-
phan biosynthesis (Steinberg, 1974; Sarsero et al,,
2000b; Valbuzzi and Yanofsky, 2001; Chen and Yanof-
sky, 2003). This was first shown in studies with a temper-
ature-sensitive tryptophanyl-tRNA synthetase mutant,
trpS1, defective in tRNA™ charging at elevated tempera-
tures (Steinberg, 1974; Lee et al., 1996). The operon
responsible for this uncharged tRNA™-mediated in-
crease in trp operon expression was identified and
named the at operon (Sarsero et al., 2000b; Valbuzzi
and Yanofsky, 2001; Chen and Yanofsky, 2003). Expres-
sion of the at operon was shown to be subject to tandem
transcriptional and translational sensing of uncharged
tRNA™ (Chen and Yanofsky, 2003). Transcription of the
structural gene region of the at operon proceeds as
a consequence of franscription antitermination in the
leader region of the operon by the T box mechanism
(Sarsero et al., 2000b; Henkin, 2000). Uncharged {RNA™
is believed to pair with at operon leader RNA and prevent
the formation of a transcription terminator (Sarsero et
al., 2000b; Henkin, 2000). The at operon’s leader region
also contains a 10 residue peptide coding region, ripLP,
that has three tandem tryptophan codons (Chen and
Yanofsky, 2003). Attempted translation of these codons
is believed to provide a second opportunity for the cell to
sense and respond to the availability of charged tRNA™®
(Chen and Yanofsky, 2003). The product of ripA, a pro-
tein designated AT (Anti-TRAP), can inhibit TRAP’s func-
tion (Valbuzzi and Yanofsky, 2001); AT forms a complex
with tryptophan-activated TRAP, blocking TRAP’s RNA
binding ability (Valbuzzi and Yanofsky, 2001; Valbuzzi
et al., 2002). AT was shown to compete with RNA for
the RNA recognition surface on tryptophan-activated
TRAP (Valbuzzi et al., 2002). Zinc is required for the
assembly and function of AT (Valbuzzi and Yanofsky,
2002).

Our previous results (Chen and Yanofsky, 2003) sug-
gested that several features of the ripLP segment of the
at leader region may influence AT synthesis. These are:
(1) the short 6 nucleotide sequence separating the ripLP
stop codon from the AT Shine-Dalgamo (S/D) region,
(2) potential inhibitory RNA-RNA pairing of the ripLP
containing segment of the at leader transcript, and (3)
the presence of three Trp codons in the ripLP coding
region. In this article we examine these features sepa-
rately and show how each can influence AT synthesis.
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(15 nt spacer insertion site)
Met Tyr Asp Gly Trp Trp Trp His Ser Arg
leader peptide

Figure 1. Organization and Features of the ripLP Segment of the B. subtilis at Operon Leader Transcript

The start point of transcription of the at operon is marked +1. The nucleotide sequence for the transcript segment including and surrounding
rtpLP is shown. AL, leader region deletion (the ends of the region deleted are indicated). The AUG start codons for rtpLP and ripA are in
bold, underlined. S/D, Shine-Dalgarno sequence (in bold). nt, nucleotide. The three Trp codons in rtpLP and the three Trp residues in the
leader peptide are underlined. The sites of the deletion/addition in the frameshift construct are shown, as is the site of the 15 nt insertion.
The leader terminator is located from nucleotides +252 to +277 in the region deleted in AL. Mutational changes employed/examined:

(1) AL: deletion of 287 nucleotides of the leader region, from the third nucleotide following the start site of transcription, to 5 nucleotides
upstream of the S/D region for ripLP, including the T box terminator/antiterminator

(2) Frameshift (also see Figure 3): AUG UAC GAU GGC UGG UGG UGG CAU AGC AGA (Met Tyr Asp Gly Trp Trp Trp His Ser Arg) in rtipLP

replaced by AUG ACG AUG GCU GGU GGU GGC AUU AGC AGA (Met Thr Met Ala Gly Gly Gly lle Ser Arg)

(3) Three Trp codons—Ala codons (also see Figure 4A): UGGUGGUGG replaced by GCAGCAGCA

(4) Start codon—stop codon (also see Figure 4A): rtpLP start codon AUG replaced by stop codon UAG

(5) 15 nt spacer (also see Figure 4A): UAUAAAUUAGAUUAA was inserted 3 nucleotides following the ripLP stop codon
(6) A (S/D to AUG of rtpLP) (also see Figure 4B): deleted region CUUAAAGGAGGUGACGGCCAAUG

(7) ripLP” (see Figure 4B): GGCUGGUGGUGG replaced by UUUUUUAAUAUA

(8) ArtpLP (see Figure 4B): deletion of UACGAUGGCUGGUGGUGGCAUAGCAGAU

Restits

Features of the at Leader Region

The organization of the at operon, as well as the RNA
sequence of ripLP and its adjacent segments, are pre-
sented in Figure 1. The genetic changes introduced in
the constructs examined in this study are indicated in
the figure or described in its legend. A 360 bp leader
region separates the at operon promoter from its first
major structural gene, ripA (Sarsero et al., 2000b, Val-
buzzi and Yanofsky, 2001). A leader peptide coding re-
gion, rtpLP (Chen and Yanofsky, 2003), and its associ-
ated S/D region are located following the leader
terminator and preceding the S/D region for ripA, the
AT structural gene (Figure 1). Since the rtpLP stop codon
is only 6 nucleotides before the ripA Shine-Dalgarno
region, a translating ribosome reaching this stop codon
could conceivably inhibit ripA translation initiation, i.e.,
a translating ribosome generally masks about 15 nucleo-
tides on either side of the codon being read (Dubey et
al., 2003). In addition, the transcript segment containing
the ripLP coding region could pair with other segments
of leader mRNA to form two mutually exclusive RNA
secondary structures. One of these structures (Figure
2A) could inhibit ripL P translation, while the second (Fig-
ure 2B) could inhibit ripA translation. The predicted AG
for the 5 RNA secondary structure, structure A, is —10
kcal/mol, while that for the second secondary structure,

structure B, is —12 kcal/mol. The locations of these
structures would suggest that structure A would free
the rtpA S/D/start codon region for efficient ribosome
loading whereas structure B would block this S/D region
and inhibit ripA translation.

rtpA Translation Initiation Is Activated by Ribosome
Stalling at One of the Three Trp Codons in ripLP

In a previous study we observed that replacing the three
Trp codons of ripLP by Ala codons reduced the increase
in AT production normally associated with a charged
tRNA™ deficiency (Chen and Yanofsky, 2003). However,
the constructs examined also altered the predicted RNA
structures; thus, it was not possible to distinguish be-
tween ribosome involvement versus RNA secondary
structure participation. To analyze these alternatives,
we examined AT production using two constructs, one
with the wild-type sequence and a second in which a
double frameshift was introduced in the ripLP coding
sequence that shifts the Trp codons out of phase (Fig-
ures 1 and 2). The double frameshift does not signifi-
cantly alter the pairing or predicted stability of either of
the two RNA secondary structures; thus, either structure
could continue to form. The predicted AG for structure
A of the frameshift construct should remain at —10 kcal/
mol, while the predicted AG for structure B would in-
crease slightly, from —12 to —13 kecal/mol. These two
constructs were introduced into two strains, one with
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Figure 2. The Transcript Segment Containing
the ripA Coding Region Could Theoretically
Form Two Mutually Exclusive RNA Second-
ary Structures

The predicted AG for the 5 RNA secondary
structure (A) is —10 kcal/mol, while that for

ARGGAG A% the second secondary structure (B) is —12
rtpLP S/D rtpLP START keal/mol. In structure (A) the rtpLP upstream
sequence would pair with the ripLP coding
region, while in structure (B) the rtpLP coding
region would pair with the start codon region
for ripA. The changes introduced in the
B rté’é /D U deleted in frameshift mutant are indicated in structure (B).
rtprp stop aBY PGg rtpA START double frameshift
uGa G A AR > 7
¢ GUUA UAUCA UGGUCAUUG
A 1111 Tyl tevreint
\G A’ CGAU GUGGUGGUCGGUAGCAU
3 TRP CODONS G
U added in ‘ rtpLP START
double frameshift

the wild-type trpS™ tryptophanyl tRNA synthetase locus,
and the second with the trpS7 allele, an allele with a
mutational change that leads to temperature sensitive
tryptophan-dependent growth. The latter strain is defi-
cient in tRNA™ charging when grown at elevated tem-
peratures (Steinberg, 1974; Sarsero et al., 2000b). The
chromosomal at operon was deleted from both of these
strains, thus any AT produced could only have been
derived from the single copy construct integrated at the
amyE locus. These cultures were grown at 42°C in the
presence of tryptophan and AT levels were measured
by Western blotting (Figure 3). A common crossreacting
protein reference band that appears to be present at a
constant concentration in all our preparations served as

trpS allele trpS* trpSt

Construct:  wild frame wild frame
type shift type shift
Lane: 1 2 3 4

Ref. —> wmmm=
AT

Figure 3. Westemn Blot Analyses of AT Levels in trpS* and trpS1
Strains with Two Integrated Constructs, One with and One without
a Frameshifted rtpLP Coding Region

Constructs: Lanes 1 and 3, promoter-leader region-rtpLP-rtpA;
lanes 2 and 4, the double frameshift indicated in Figure 2. The
double frameshift replaces the TyrAspGlyTrpTrpTrpHis sequence of
the rtpLP peptide by ThrMetAlaGlyGlyGlylle. Constructs in lanes 1
and 2 were integrated into the chromosomal amyE locus of strain
CYBS318 (Aat Sp). Constructs in lanes 3 and 4 were integrated into
the chromosomal amyE locus of a trpS71 derivative of CYBS318,
strain CYBS319 (trpS7 Aat Sp). Strains were grown overnight in
minimal medium with 0.5% glucose at 30°C, then subcultured in the
same medium with the addition of 50 pg/mi L-tryptophan, and grown
at 42°C. Equal numbers of cells were treated as described in the
Experimental Procedures, and presumed equal amounts of protein
were loaded in each lane. AT production was measured using anti-
bodies prepared against pure AT. The reference band (shown) was

" produced by an unidentified protein in extracts that crossreacts
with the AT antiserum. The reference band appeared to be present
at a relatively constant level in all extracts. Measurements were
performed on three occasions with similar resuits.

an internal control. This band allowed us to determine
whether an equal amount of protein was loaded in each
lane. In the trpS™ strain, no AT was detected in prepara-
tions with either construct (Figure 3, lanes 1 and 2). In
the comparable trpS1 temperature-sensitive strain the
AT level with the wild-type rtpLP construct was elevated
appreciably (Figure 3, compare lane 3 with lane 1). No
AT was detected with the comparable double frameshift
construct (lane 4). These results are consistent with the ~
explanation that upon depletion of charged tRNA™ in
the trpS7 strain, AT production is dependent on at op-
eron transcription and ribosome stalling at one or more
of the Trp codons of the ripLP coding region. These
results also indicate that relieving transcription termina-
tion in the leader region of the at operon by charged
tRNAT® depletion is insufficient to increase AT produc-
tion to detectable levels. Although it was not examined,
it appears unlikely that mRNA turnover is responsible
for the difference in AT production detected with versus
without the three Trp codons (lane 4 versus lane 3).

ripA Translation Initiation Is Blocked by the Ribosome
Reaching the ripLP UGA Stop Codon

In our previous study we speculated that either or both
the spacing between the ripLP stop codon and the AT
S§/D region, and competitive RNA-RNA pairing could
influence AT production (Chen and Yanofsky, 2003). To
examine these possibilities separately, we first elimi-
nated RNA-RNA pairing as an alternative. To achieve
this objective, we prepared constructs in which the three
Trp codons (UGG) of the ripLP coding region were re-
placed by Ala codons (GCA). The changes introduced
would prevent the formation of either of the RNA sec-
ondary structures shown in Figure 2. Thus, the ripLP
translation initiation region would be unpaired and nei-
ther structure, A nor B, could form. We also deleted
most of the upstream leader region, including the leader
terminator (this deletion is designated AL) (Figure 1). This
change would presumably allow maximal transcription,
thus eliminating transcriptional regulation of AT produc-
tion as a variable. Since AL and the three Trp to Ala
codon changes in rtpLP are present in all four con-
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A
Construct:
Lane 1: AL; (rtpL.P 3 Trp—Ala)
Lane 2: AL; (rtpLP 3 Trp—Ala, start {o stop)
Lane 3: AL; {rtpLP 3 Trp—Ala); 15 nt spacer-rtpA
Lane 4: AL; (ripLP 3 Trp—>Ala, start to stop); 15 nt spacer-ripA

Lane:
Ref. —p

AT

Relative
Percent: 06 27 100 44

B

Construct:

Lane 1: AL; (rtpLP start to stop)

Lane 2: AL; A{S/D and AUG for rtpLP)

Lane 3: AL; A{S/D and AUG for ripLP); ripLP"(wild type
ripLP Trp codon segment GGCUGGUGGUGG replaced
by UUUUUUAAUAUA)

Lane 4: AL; A (S/D and AUG for ripLP); ArtpLP

Lane: 1 2 3 4

Ref, —> TS smmmrEms

AT —> R e

Relative
Percent: 9 4 61 100

Figure 4, Western Blot Analysis of AT Production by Strains with
Various Constructs

Each construct was integrated into the chromosomal amyE locus
of CYBS318 (Aat Sp). Strains were grown in minimal medium with
0.5% glucose plus 50 pg/ml L-phenylalanine at 37°C. AT production
was measured using antibodies prepared against AT. Equal num-
bers of cells from each culture were extracted identically, and an
equal volume of each sample was loaded in each lane. A band
labeled Ref. (reference band) was produced by an unidentified pro-
tein in each extract that crossreacts with the AT antiserum. The
percent values for AT were also calculated by comparison with
the relative amounts of the reference band. Measurements were
performed on three occasions with similar results. The constructs
examined are described in the legend to Figure 1 and in the text.
(A) Examination of transiational effects. The AT value for the sample
in lane 3 was set at 100%, and all other AT levels were expressed
as a percentage of this value. When referring to the reference bands,
these values were identical to the values shown in the figure for
lanes 1-3, but the AT level in lane 4 was 90% rather than 44%.
(B) Examination of the effects of the two predicted RNA secondary
structures. The AT value for the sample in lane 4 was set at 100%,
and the other AT levels were expressed as a percentage of this
value. The percent values for AT were also calculated by comparison
with the relative amounts of the reference band in each lane. These
values are 10%, 2%, 61%, and 100% for lanes 1-4, respectively,
and are not very different from the values calculated directly.

structs, we believe that at mRNA levels should be identi-
cal in strains with the four constructs. In Figure 4A, lane
1, it can be seen that there was very little AT produced
by the construct in which the three Trp codons were
replaced by Ala codons. Since RNA-RNA pairing was
eliminated as an alternative using this construct, this
result implies that the ribosome reaching the rtpLP stop
codon may be sufficient to inhibit AT production when
the operon is transcribed in the presence of adequate
levels of charged tRNA™. Replacing the rtpLP start co-

don by a stop codon (AUG—UAG) (lane 2) would pre-
sumably eliminate ripLP translation and would prevent
a ribosome from reaching the rtpLP stop codon. This
change led to a significant increase in AT production,
from 0.6% to 27% (Figure 4A, compare lanes 1 and 2).
Similarly, introducing a 15 nucleotide spacer (UAU
AAAUAAUAGAUVU) into these two constructs, 3 nucleo-
tides following the rtpLP stop codon (increasing the
spacing between the rtpLP stop codon and the S/D for
rtpA from 6 nucleotides to 21 nucleotides) also in-
creased AT production, from 0.6% to 100% (Figure 4A,
compare lanes 1 and 3). Introducing the 15 nucleotide
spacer into a construct in which rtpLP could not be
translated, increased the elevated AT level from 27% to
44% (Figure 4A, compare lanes 2 and 4); however, the
value for the sample in lane 4 would be 90% when
corrected for the amount of protein in the reference
band (see Figure 4A legend). The 15 nucleotide insert
was designed to retain the natural sequences sur-
rounding the ripLP stop codon. These results suggest
that, whenever there is sufficient charged tRNA™ in a
wild-type culture to allow the ribosome translating rtpLP
to reach its stop codon, AT synthesis will be inhibited.
This presumabily is due to temporary ribosome blockage
of the adjacent ripA S/D region.

Increased AT Production Elevates trp

Operon Expression

In previous studies with a leader deletion strain in which
the at operon was believed to be transcribed maximally,
but in which the culture was not deficient in charged
tRNA™, insufficient AT was produced to increase trp
operon expression (Chen and Yanofsky, 2003). It ap-
peared that completion of translation of ripLP must be
prevented for the cell to synthesize sufficient AT protein
to inhibit the TRAP protein that was present. Consistent
with this interpretation, the anthranilate synthase level
of a trpS7 strain was 32-fold higher than that of the
wild-type strain, when both were grown at 42°C in the
presence of tryptophan (Sarsero et al., 2000b). To exam-
ine the influence of rtpLP translation on trp operon ex-
pression in the absence of at operon RNA secondary
structure effects, we measured anthranilate synthase
levels in strains with the various constructs in Figure 4A
(Table 1). All the constructs were in a strain with a trpS™
background, with the chromosomal at operon deleted.
The constructs in the strains on lines 2-7 carried the
AL leader region deletion; in these, transcription of the
constructed at operon was presumed to be maximal.
Despite the leader region deletion, the anthranilate syn-
thase-specific activity remained low with the constructs
in lines 2 and 3 (Table 1, compare lines 3 and 4 with line
2). The construct in line 2 has the wild-type at operon
leader region while the construct examined in line 4 has
the Trp to Ala codon substitutions in rtpLP that prevent
formation of the two RNA secondary structures shown
in Figure 2. These findings suggest that relieving tran-
scription termination in the leader region of the at operon
is insufficient in itself to increase AT production to a
level adequate to inactivate the cellular TRAP. However
eliminating the ripLP start codon in the AL leader region
deletion construct with the three Trp to Ala substitutions,
s0 that rtpLP could not be translated, did increase trp
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Table 1. Increased AT Production Due to Translational Changes Only Elevates trp Operon Expression

Anthranilate Synthase-Specific Activity

Genetic

Construct Background ~Trp +Trp
1. None mirB QTc' 8370 8360
2. P-L-ripLP Aat Sp° 53 26

3. P-AL-rtpLP Aat Sp* 54 33
4. P-AL-ripLP (3 Trp—Ala) Aat Sp' 24 27

5. P-AL-ripLP (start—stop, 3 Trp—Ala) Aat Sp' 800 533
6. P-AL-rtpLP (3 Trp—Ala)-15nt spacer-ripA Aat Sp’ 3710 3000
7. P-AL-ripLP(3Trp—Ala, start—stop)-15 nt spacer-ripA Aat Sp’ 1690 1460

Cultures with the integrated constructs shown were grown to exponentia! phase in minimal medium plus or minus L-tryptophan (50 ug/mi)
plus L-phenylalanine (50 pg/ml), with 0.5 % glucose. The parental strain used in preparing the constructs in lines 2-7 was CYBS318 (Aat Sp');
this strain lacks the at operon and cannot produce AT. The control strain in line 1, CYBS223 (mtrB QTc'), lacks mtrB, and cannot produce
TRAP. Cultures were harvested, washed, and frozen, and the cells were subsequently disrupted by sonic oscillation and assayed for anthranilate
synthase activity, as described (Creighton and Yanofsky, 1969). Specific activity is in fluorometer units/mg protein. The construct on line 2

contained the wild-type at operon leader region.

operon expression appreciably (Table 1, compare line
5 with line 4). In addition, inserting a 15 nt spacer be-
tween the stop codon of the intact ripLP coding region
and the ripA S/D region increased anthranilate synthase
production even further (Table 1, compare line 6 with
line 5). Combining the start to stop codon change and
the 15 nt spacer also led to an elevated level of anthrani-
late synthase (Table 1, compare line 7 with line 4). In
the constructs examined in lines 4 through 7, neither
RNA structure A nor B could be formed; therefore, it
appears that translation of ripLP to its stop codon is
sufficient to block AT synthesis. This blockage was re-
lieved by either preventing ripLP translation or by in-
creasing the spacing between the rtpLP stop codon and
the rtpA Shine-Dalgarno region. Either change would
make the ripA Shine-Dalgarno sequence available for
ribosome loading.

rtpA Translation Initiation Can Also Be Regulated

by RNA-RNA Interactions

Examination of the nucleotide sequence of rtpLP and
its surrounding segments revealed that this transcript
segment could theoretically form either of the two RNA
secondary structures shown in Figure 2, one that might
activate rtpA translation (Figure 2, structure A) and a
second that could inhibit rtpA translation by masking its
start codon region (Figure 2, structure B). Thus, before a
ribosome could load at the ripLP start codon or follow-
ing ribosome dissociation at the rtpLP stop codon, the
rtpLP transcript segment could theoretically be paired
in a secondary structure that influences rtpA translation.
To examine the effects of these potential structures on
AT synthesis in the absence of rtpLP translation, we
prepared constructs which could or could not form
these structures, in which ripLP could not be translated.
This was achieved by deleting the DNA region containing
the rtpLP S/D region and its AUG start codon (Figure 1
legend, item 6; Figure 4B, constructs examined in lanes
2,3, and 4). We introduced a second deletion, AL, into all
four constructs examined in Figure 4B to allow maximal
transcription. This deletion also eliminated an RNA seg-
ment that could contribute to RNA pairing. (In our previ-
ous study [Chen and Yanofsky, 2003], pairing of a seg-
ment of the upstream RNA of an altered leader region

reduced the stability of the natural RNA structures that
could form.) According to M-fold RNA structure predic-
tions, the AL deletion of the at operon leader region
should not affect the formation or stabilities of the pre-
dicted downstream RNA secondary structures shown
in Figure 2. We examined AT production using four con-
structs integrated into the chromosomal amyE locus of
a strain with the chromosomal at operon deleted. The
AT protein detected, therefore, could only have been
derived from our single copy integrated constructs (Fig-
ure 4B). Since the AL deletion was present in all four
constructs examined, and since none of the constructs
allows rtpLP translation, we believe that at mRNA syn-
thesis should be comparable from all four constructs.
The data in Figure 4B show that a relatively low level of
AT was produced in the strain which could form either
RNA secondary structure, A or B, and in which ripLP
could not be translated (9%, lane 1). The AT level was
slightly lower in the strain which could only form struc-
ture B (4%, lane 2). Presumably, structure A competes
with structure B, thereby reducing structure B formation
and reducing structure B's inhibition of AT synthesis.
This small difference was noted in three repeat determi-
nations. When changes were introduced that prevented
formation of either structure, A or B (lane 3), AT produc-
tion was elevated appreciably (61%, compare lane 3
with lanes 1 or 2). In addition, a strain was examined
that had a construct with an additional deletion, ArtpLP,
removing the rtpLP coding region (lane 4). This deletion,
plus the other two, remove both the upstream region
responsible for formation of structures A and B, and the
rtpLP coding region. The AT level detected in lane 4
was the highest in this comparison and was set at 100%.
Thus, under the conditions examined, the ability to form
structure B does inhibit AT production, and this inhibi-
tion is reduced somewhat when structure A also can
be formed.

Altering RNA Pairing in the Absence of ripLP
Translation Also Alters Anthranilate

Synthase Production

Strains with the four constructs analyzed in the experi-
ment summarized in Figure 4B were also assayed for
anthranilate synthase activity, following growth with or
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Table 2. The Effects of Changes Affecting RNA Secondary Structure Only, on trp Operon Expression

Genetic

Anthranilate Synthase-Specific Activity

Construct Background ~Trp +Trp
1. None mirB QTc' 9380 6270
2. P-L-ripLP Aat Sp’ 70 47

3. P-AL-rtpLP Aat Sp’ 77 26

4. P-AL-rtpLP (start—stop) Aat Sp' 440 589
5. P-AL-A (S/D and AUG for rtpLP) Aat Sp’ 149 120
6. P-AL-A (S/D and AUG for ripLP)-rtpLP” Aat Sp’ 9170 7830
7. P-AL-A (S/D and AUG for rtpLP)-ArtpLP Aat Sp’ 4350 7330

Cultures with the integrated constructs shown were grown to exponential phase in minimal medium plus or minus L-tryptophan (50 pg/ml)
plus L-phenylalanine (50 ng/mi) with 0.5 % glucose. The parental strain used in preparing the constructs in lines 2-7 was CYBS318 (Aat Sp*);
this strain lacks the at operon and cannot produce AT. The control strain in line 1, CYBS223 (mtrB QTc'), lacks mirB, the structural gene for
TRAP. Cultures 4-7 (Figure 8) have constructs in which ripLP cannot be translated. Cuitures were harvested, washed, and frozen, and the
cells were subsequently disrupted by sonic oscillation and assayed for anthranilate synthase activity, as described (Creighton and Yanofsky,
1969). Specific activity is in fluorometer units/mg protein. ripLP” designates the remainder of ripLP after its AUG has been deleted. ArtpLP

designates a deletion of the rtpLP coding region.

without added tryptophan (Table 2, lines 4-7). The an-
thranilate synthase levels observed were qualitatively in
agreement with the AT levels detected in Figure 4B. The
strain with the construct that could only form structure
B (Table 2, line 5) produced less anthranilate synthase
than the strain with the construct that could form struc-
tures A or B (Table 2, line 4). Strains with constructs that
could not form either structure had very high anthranilate
synthase levels, comparable to those of a TRAP-defi-
cient mutant (Table 2, compare lines 6 and 7 with line
1). These findings establish that the potential RNA struc-
tures that could be formed from the ripLP segment of the
at operon transcript do influence trp operon expression,
presumably because of their effects on AT production.
Since all the strains examined were capable of synthe-
sizing tryptophan, the presence or absence of added
tryptophan had only minor effects on anthranilate syn-
thase-specific activity. (The reproducibility of very high
values was poor; this was due to the enzyme assay
procedure.) How often structure A or structure B forms
in vivo is not known.

Discussion

In this and a preceding article, we have shown that
synthesis of the Anti-TRAP protein, AT, is regulated
translationally as well as transcriptionally in response
to the accumulation of uncharged tRNA™ (Chen and
Yanofsky, 2003). Translational regulation may provide
more continuous monitoring of the availability of charged
tRNA™, hence its purpose may resemble the objective
of end product feedback inhibition of the activity of the
first enzyme of a biosynthetic pathway. Thus, following
activation of transcription of the structural genes of the
at operon, a second, separate decision would be made:
whether or not to allow efficient initiation of translation
of the ripA coding region. This decision would depend
on whether the level of charged tRNA™ in the cell at any
particular moment was sufficient to allow completion of
transiation of ripLP. The combined use of transcriptional
and translational sensing of tRNA™ charging would
therefore provide more continuous control over AT syn-
thesis and, ultimately, over trp operon expression than
would be achieved by transcriptional regulation alone.

In this study we investigated the features of ripLP
and its adjacent genetic regions that are responsible for
regulation of ripA translation. Frameshifting of the three
Trp codons of ripLP or replacing them by other codons
eliminated the increased AT production typical of the
trpS1 strain (Figure 3). This finding demonstrates the
importance of ribosome stalling at one of these Trp
codons for maximal AT production. Inserting a spacer
sequence of 15 nucleotides between the UGA stop co-
don of rtpLP and the S/D region for ripA also increased
AT production appreciably (Figure 4A). The latter finding
implies that the closeness of the rtpLP stop codon to
the ripA S/D region plays a crucial role in allowing the
ribosome completing translation of ripLP to inhibit AT
synthesis. In agreement with this conclusion, it was pre-
viously shown that replacing the second Trp codon of
rtpLP by a UGA stop codon increases AT production
{Chen and Yanofsky, 2003); this change would also add
to the spacing between the functional ripLP UGA stop
codon and the ripA S/D region, increasing it from 6
nucleotides to 21 nucleotides. These observations are
most compatible with the model presented in Figure 5.
This model assumes that completion of translation of
the ripLP coding region positions a ribosome at its stop
codon, where it inhibits translation initiation at the ripA
S/D start codon. Ribosome stalling at one of the preced-
ing rtpLP Trp codons, as a consequence of a charged
tRNA™ deficiency, would prevent this inhibition by
exposing the ripA Shine-Dalgarno region and allowing
initiation of translation of rtpA to proceed.

The transcript segment downstream of the T box ter-
minator/antiterminator of the at operon can form two
mutually exclusive RNA secondary structures (Figure 2).
Either structure could form whenever rtpLP is ribosome
free. One structure (structure A) would activate and the
second (structure B) would inhibit initiation of translation
of ripA. Whenever structure B would form, the rtpA start
codon region would be sequestered, which would de-
crease AT production, as observed (Figure 4B). Our find-
ings therefore suggest that ribosome inhibition need not
be the sole mechanism of reducing rtpA translation,
formation of RNA structure B may also contribute to this
reduction (Figure 2).

In view of our findings it becomes important to know
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Figure 5. Predicted Position of the 30S Sub-
unit of the Translating Ribosome on the ripLP
Transcript Segment in a Culture with Suffi-
cient Charged tRNA™ to Sustain Protein Syn-
thesis versus in a Culture Deficient in
rivA Charged tRNA™
LP, leader peptide; S/D, Shine-Dalgamo se-
quence.

Translating ribosome blocks
the S/D region of rtpA

Growth with a deficiency of charsed tRNATP

LP: Met Tyr Asp Cly-

GUUAGAAAGGAGGAUAUCAAUG

rtpA —p

Stalied ribosome exposes
the S/D region of ripA

the kinetic properties of several of our postulated
events. How long does the ribosome reaching the ripA
stop codon remain at this codon before dissociation?
Does it ever dissociate? Does the nucleotide sequence
on either side of the stop codon influence the rate of
this ribosome’s release? How crucial is the UGA stop
codon to this regulatory process? It is conceivable that
this stop codon and the specific nucleotides in its vicin-
ity are designed to delay ribosome release. It was shown
previously that the ripLP coding region can be trans-
lated; this was demonstrated using a ripLP’-'lacZ fusion
(Chen and Yanofsky, 2003). However, we have not stud-
ied release of the ripLP-specified peptide or of a fusion
polypeptide, which has the ripLP UGA stop codon re-
gion. In experiments in which stable RNA-RNA pairing
was eliminated by altering the nucleotide sequence of
the Trp codon segment of ripLP, AT production was still
very low (Figure 4A). This result implies that under the
specific conditions examined RNA-RNA pairing plays
only a minor role in inhibiting ripA translation. Another
unknown variable is the rapidity with which a ribosome
initially attaches at the ripLP start codon when this se-
quence is first synthesized. If ribosome binding were
slow, then postulated RNA secondary structure A could
come into play. If structure A formed before ripLP trans-
lation was initiated, it could prevent structure B from
forming and thereby allow limited translation of ripA.
We would also like to know the physiological variables
that influence the formation of structure A versus struc-
ture B. Ultimately, we must determine the relative contri-
butions of ribosome inhibition versus secondary struc-
ture inhibition of ripA translation under all relevant
physiological conditions.

There are many examples where translation of an up-
stream coding region influences translation initiation at
a downstream start site. Translational coupling and de-
coupling are common mechanisms used in regulating
downstream gene translation (Oppenheim and Yanof-
sky, 1980; Das and Yanofsky, 1984; Sachs and Geballe,
2002). Studies by Steege and coworkers with filamen-
tous phage IKe have shown that translation of an up-
stream phage codingregion, V, reduces efficient transla-

tion initiation at its adjacent downstream coding region,
VII (Yu et al., 2001). Similarly, Lovett and Rogers (1996)
have demonstrated how chloramphenicol inhibition of
translation of a short upstream coding region activates
translation of a downstream coding region, specifying
a protein that confers chloramphenicol resistance. in
studies with eukaryotes, Hinnebusch, Sachs, Geballe,
and Morris have described examples in which transia-
tion of a short upstream coding region, uORF, is used
to modulate downstream gene translation (Gaba et al.,
2001; Hinnebusch, 1997; Alderete et al., 2001; Raney et
al., 2002). These examples establish that features of
translation initiation, elongation, and termination (Jin et
al., 2002) can be exploited in the design of upstream
coding regions that can influence downstream coding
region translation. In many transcripts with two or more
coding regions, therefore, translation of an upstream
coding region may have a profound effect on translation
of its downstream neighbor.

Experimental Procedures

Bacterial Strains and Transformations
The parental B. subtilis strains used in this study are: CYBS318 (Aat
Sp'), a prototroph, (Sarsero etal., 2000b); CYBS319 (trpS7 Aat Sp'), a
temperature-sensitive tryptophan auxotroph {Sarsero et al., 2000b);
and CYBS223 (mtrBOTc’), a strain lacking the ability to synthesize
the TRAP protein (Merino et al.,, 1995). Transformation was per-
formed using natural competence (Anagnostopoulos and Spizizen,
1961). With a plasmid containing the at operon’s promoter-leader
region-ripLP-rtpA as template and oligonucleotides as primers, the
following PCR products were prepared. EcoRI/Hind Ill fragments:
promoter-leader region-ripLP-rtpA and promoter-leader region-
ripLP (frameshift)-ripA, Figure 3; promoter-AL-rtpLP (3 Trp—Ala)-
rtpA, promoter-AL-ripLP (3 Trp—Ala, start to stop)-rtpA, promoter-
AL-rtpLP (3 Trp—Ala)-15 nt spacer-ripA, promoter-AL -ripLP (3
Trp—Ala, start to stop)-15 nt spacer-ripA, Figure 4A, Table 1; pro-
moter-AL-rtpLP (start to stop)-ripA, promoter-AL-A(S/D and AUG
for rtpLP)-rtpLP-rtpA, promoter-AL-A (S/D and AUG for ripLP)-
rtpLP” (wild-type rtpLP Trp codon sequence GGCUGGUGGUGG
changed to UUUUUUAAUAUA)-rtpA, promoter-AL-A {S/D and AUG
for ripLP)-ArtpLP-ripA, Figure 4B, Table 2.

These PCR products were each subcloned into the EcoRI/Hind
ill sites of the integration vector ptrpBG1-PLK. The DNA sequences
of the inserted fragments were confirmed by sequencing at the
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Stanford University PAN facility. Gene fusions and cloned DNA frag-
ments were integrated into the chromosomal amyE locus by homol-
ogous recombination (Merino et al., 1995). Upon selection for chlor-
amphenicol resistance, disruption of amyE was confirmed by testing
for amylase production by iodine staining (Sekiguchi et al., 1975).

Western Blot Analysis of AT Levels

B. subtilis cells were grown in Vogel-Bonner minimal medium (Vogel
and Bonner, 1956) containing 0.5% glucose, with or without 50 g/
m! of L-phenylalanine or 50 pg/m! of L-tryptophan, supplemented
with or without 5 pg of g:hloramphenicol per ml, at 30°C, 37°C, or
42°C. Inocula were subcultured in the same media with or without
50 ng/m! of tryptophan and grown to mid-exponential phase at the
desired temperature. Cultures were diluted to an A, reading of
0.60. Cells pellets from 1 ml of culture were resuspended in 20 ul
of sodium dodecyl sulfate Tris-Tricine sample buffer and placed in
a boiling-water bath for 5 min. These samples were centrifuged at
12,000 g for 10 min at room temperature, and the supernatanis
were transferred to fresh tubes. Five microliters of each sample was
electrophoresed on sodium dodecyl sulfate —15% polyacrylamide
gels in Tris-Tricine buffer systems (Schagger and von Jagow, 1987)
and then electrophoretically transferred to a nitrocellulose mem-
brane (Protran BA79; Schleicher & Schuell, Inc.). Immunoblotting
was performed as described previously (Bumette, 1981) with rabbit
polyclonal antisera prepared by the Covance Company against puri-
fied AT protein. Bound antibody was visualized by use of horseradish
peroxidase-conjugated donkey anti-rabbit immunoglobulin (Amer-
sham) and SuperSignal West Pico Chemiluminescent detection re-
agents (Pierce). The Western blot bands were quantified with the
Molecular Analyst 2.1 Software package (Bio-Rad). Other cross-
reacting bands on the Westemn blots were used as internal controls
for quantitation.

Anthranilate Synthase Assays

Cultures were grown under the same conditions described for West-
ern blot analysis of AT levels. Anthranilate synthase activity was
assayed fluorometrically as described (Creighton and Yanofsky,
1969). Each assay was repeated on several occasions. Data are
reported as fluorometer units/mg extract protein.
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Tandem Transcription and
Translation Regulatory Sensing of
Uncharged Tryptophan tRNA

Guangnan Chen and Charles Yanofsky*

The Bacillus subtilis AT (anti-TRAP) protein inhibits the regulatory protein
TRAP (trp RNA-binding attenuation protein), thereby eliminating transcrip-
tion termination in the leader region of the trp operon. Transcription of the
AT operon is activated by uncharged tryptophan transfer RNA (tRNAT*®),
Here we show that translation of AT also is regulated by uncharged tRNAT™,
A 10-residue coding region containing three consecutive tryptophan codons
is located immediately preceding the AT structural gene. Completion of
translation of this coding region inhibits AT synthesis, whereas incomplete
translation increases AT production. Tandem sensing of uncharged tRNAT™®
therefore regulates synthesis of AT, which in turn regulates TRAP's ability

to inhibit trp operon expression.

The expression of seven genes is required for
the biosynthesis of L-tryptophan in B. subti-
lis. Six are organized in the npEDCFBA
operon (/), a segment of the aromatic su-
praoperon (/); the seventh, #pG, is within the
unlinked folate operon (/, 2). Expression of
all seven np genes is regulated by the
tryptophan-activated protein TRAP in re-
sponse to the accumulation of tryptophan (2,
3). Tryptophan-activated TRAP binds to spe-
cific trinucleotide repeats in RNA (2-6) and
either activates transcription termination (7—
10) or inhibits translation initiation (3, //-
14). Accumulation of uncharged tRNAT™ in
a temperature-sensitive tryptophanyl-tRNA
synthetase (#pSI) mutant also increases #rp
operon expression, despite the presence of
excess tryptophan (/5-/7). The operon re-
sponsible for this increase is the rfpd-vcbK
operon (henceforth designated the at operon)
(Fig. 1) (17). Transcription of the af operon is
induced by uncharged tRNAT™ through the
T-box transcription antitermination mecha-
nism (/7, 18). Increased levels of AT protein
(the rtp4 product) lead to TRAP inactivation
(17). AT forms a complex with tryptophan-
activated TRAP, inhibiting its RNA binding
ability (/9). Immediately upstream of 7tp4 in
the at operon is a 10-residue leader peptide
coding region, rfpLP, containing three con-
tiguous Trp codons. Here we show that trans-
lation of ripLP also regulates AT synthesis
and that AT overproduction is required to
overcome TRAP action.

The leader peptide coding region, »7pLP,
is located six nucleotides (nt) preceding the
rip4 Shine-Dalgamo sequence (Fig. 1). The
presence of three Trp codons in rpLP sug-
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gests that rfpLP translation may regulate AT
synthesis. The spLP and rp4 Shine-
Dalgamno sequences are identical, but the
spacing between the respective Shine-
Dalgarno sequences and their start codons
differs: 9 nt for repLP versus 7 nt for ripd
(Fig. 1). The rip4 protein, AT, does not
contain any Trp residues (/9). The translation
of ripLP was demonstrated by preparing a
rtpLP’-'lacZ translational fusion with and
without a rtpLP start codon —> stop codon
mutation. The leader region terminator was
deleted; thus, ar operon transcription could
proceed. These fusion constructs were inte-
grated at the chromosomal amyE locus.

T-box

REPORTS

B-Galactosidase activity was observed in the
strain with the rpLP start codon, but there
was little activity in the strain with the start
codon — stop codon mutation (or in a strain
with the lacZ’ integrated vector without an ar
operon insert). As expected, tryptophan addi-
tion had no effect.

To assess the effects of altering ripLP
translation on #p operon expression, we mea-
sured anthranilate synthase levels in two
strains with constructs with the ar leader ter-
minator deleted (AT ), one with r7pLP intact
and the other with the rspLP start codon
replaced by a stop codon (Table 1). For
comparison, we measured anthranilate syn-
thase levels in a TRAP-deficient mutant in
which wild-type mrB (TRAP structural
gene) was replaced by DNA conferring tetra-
cycline resistance (/4). Table 1 shows that
when translation of rtpLP is allowed to pro-
ceed (row 2), anthranilate synthase levels are
low and are comparable to those of a strain
lacking the ar operon (row 1). However,
when translation of r#pLP is prevented by the
rtpLP start codon — stop codon change (row
3), anthranilate synthase levels are very high,
comparable to those of the m#B mutant
(Table 1). Thus, preventing translation of
rtpLP appears to increase AT production ap-
preciably, and the higher AT level attained is
sufficient to inactivate all the TRAP protein
in the cell. When the AT strain with unmu-
tated rtpLP was grown without added trypto-
phan, there was only a doubling of the an-
thranilate synthase level relative to that seen
with added tryptophan (row 2). These find-
ings suggest that the transcriptional response

rtpA yebK

leader rtpLP

s I

(
GAGACCCUCGUCCUUUGCAUAGGACGCCCCUUUUUUGUGUUUCUUAAN

Terminator

rtpLR—p

AGGUGACGGCCA-

S-D rtpA —>

AUGUACGAUGGCUGGUGGUGGCAUAGCAGAUGAGUUAGAAAGGAGGAUAUCAAALG
[

v

LP: Met{Tyr Asp Gly Tzp Trp Trp His Ser Arg

v
UAG
(start codon—stop)
v
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4
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Fig. 1. Organization and features of the B. subtilis at operon. The nucleotide sequence for the
transcript segment including and surrounding rtpLP is shown. The AUG start codons for rtplP and
rtpA are in bold and underlined. AT, terminator deletion (brackets identify the region deleted); the
underlined sequences identify segments presumably paired in the terminator. S-D, Shine-Dalgarno
sequence (in bold); LP, leader peptide (the three Trp residues in the leader peptide are underlined).
The start codon — UAG stop codon, second Trp codon — UGA stop codon, three Trp codons —
Ala codons, and UGA stop codon — UAG stop codon mutations are shown.
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to a charged tRNAT™ deficiency is insuffi-
cient to generate enough AT protein to inac-
tivate the cellular TRAP; interference with
completion of rpLP translation also appears
to be essential.

The effect of rtpLP translation on AT
production was measured directly by Western
blot with an antiserum to pure AT (19, 20)
(Fig. 2). In the strains examined, the natural
ar operon was deleted, so AT could be pro-
duced only from the integrated ar construct.
Our control construct (lane 1) contained the
wild-type promoter-leader-rppLP-rip4 region.
In our comparison constructs (lanes 2 to 5), the
leader region transcription terminator was de-
leted (AT). No AT was detected in the strain
with a construct that did not have the leader
terminator deletion (lane 1). In the strain with
the construct with the terminator deletion (AT ),
AT production was detected, but its level was
only 2% (lane 2) that of the AT strain with the
ripLP start codon —> stop codon change (lane
3), which was set at 100%. The AT level ob-
served in the strain with the AT rplP
UGG2(Trp) — UGA construct was §2% (lane
4), whereas the AT level in the AT strain with
the rspLP UGA stop codon — UAG stop codon
change (lane 5) was low and comparable to that
of the AT control strain (lane 2). These findings
indicate that completion of translation of ripLP
inhibits AT synthesis. Read-through at the
ripLP UGA stop codon was eliminated as an
explanation because its replacement by UAG
had no effect (lane 3).

To examine the role of the Trp codons of
ripLP in AT synthesis, we compared AT pro-
duction by a AT »pLP wild-type construct and
a comparable AT rtpLP construct in which the
three Trp codons of ripLP were replaced by Ala

AT AT AT
ripLP ripLP rtpLP
start UGG2 UGA

AT to to to

Construct: rtpLP rtpLP stop UGA UAG

Lane: i 2 3 4 5

AT >
Relative
Percent: 0 2 1.2

Fig. 2. Western blot analysis of AT levels in
strains with various constructs. Each fusion was
integrated into the chromosomal amyf£ locus of
CYBS318: A at Sp”. Strains were grown in min-
imal medium plus 0.5% glucose and L-
phenylalanine (50 pg/ml) at 37°C. The AT value
for the sample in lane 3 was set at 100%; all
other AT levels are expressed as a percentage of
this value. AT production was measured with
antibodies to AT (79, 20). Equal amounts of
protein were loaded in each lane. Reference
bands were produced by proteins that cross-
react with the AT antiserum. Measurements
were performed on three occasions.

100 82
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codons. These constructs were integrated into
tpS* and #pSI strains (Fig. 3). The #pS!
allele confers temperature-sensitive tryptophan-
dependent growth due to reduced ability to
charge tRNAT™ (15). We also compared a AT
rtpLP construct in which the rpLP start codon
was replaced by a stop codon (Fig. 3). The
chromosomal copy of the ar operon was deleted
from all strains. Cultures were grown at 42°C in
the presence of tryptophan and phenylalanine.
In the #pS™ background, the control construct
(lane 1) produced only 1% of the AT produced
by the start codon —> stop codon construct (lane
3), whereas the construct with Trp codons re-
placed by Ala codons (lane 2) increased AT
production to a level one-sixth that of the start
codon — stop codon construct (compare lanes
2 and 3). In #pS! cultures with the three con-
structs grown at 42°C (Fig. 3), the AT level in
the control strain was elevated appreciably,
reaching 21% that of the start codon > stop
codon construct, which was set at 100% (com-
pare lanes 4 and 6), and 30 times that of the
same construct in the #pS™ background (com-
pare lanes 4 and 1). The construct with the Trp
—> Ala codon substitutions in the #pS/ back-
ground had an AT level comparable to this
construct in the #pS™ background (lanes 2 and

Fig. 3. Western blot analysis of AT
levels in trpS™ and trpST strains
with various integrated constructs.
Constructs in lanes 1 to 3 were
integrated into the chromosomal
amyE locus of strain CYBS318: A
at Sp". Constructs in lanes 4 to 6
were integrated into the chromo-
somal amyE locus of a trpS7 deriv-
ative of CYBS318, strain CYBS319:
trpST A at Sp". Cultures were
grown with 0.5% glucose plus L-
phenylalanine (50 pg/ml) at 30°C
and then subcultured in the same
medium at 42°C with the addition

Construct:
Lane:

AT >
Relative
Percent:

trpS allele:

5); that is, there was no increase associated with
the #rpSI mutation. However, the AT level in
the strain with the Trp — Ala substitutions was
elevated and was one-half the level of the con-
trol construct (compare lanes 5 and 4). This
elevated expression can be explained by other
features of the ripLP RNA sequence, as ex-
plained below.

The presence of a short coding region (r7-
pLP) with three tryptophan codons in close
Jjuxtaposition to the r#p.4 Shine-Dalgamo region
provides a second opportunity to sense—and
respond to—the accumulation of uncharged
fRNAT® in regulating AT synthesis. The re-
sponse is translational, implying that both tran-
scriptional and translational sensing of un-
charged tRNAT™ are used in regulating AT
synthesis. Unexpectedly, replacing the three
Trp codons of rpLP by Ala codons in the #pS™
strain led to an increase in AT production rel-
ative to the low level observed in the control
strain (Fig. 3, lane 2 versus 1). This observation
suggests that features of the rpLP coding re-
gion other than the spacing between the ripLP
stop codon and the r#pA4 Shine-Dalgamno region
influence AT production. Examination of the
nucleotide sequence of the 7pLP coding region
and adjacent regions revealed that the ripLP

trpS” trpS1
AT AT AT AT
rtplP  rtpLP rtpLP  rtpLP
AT 3Trp  start AT 3Trp  start
control to to control to to
rtplP Ala stop rtplP Ala stop
1 2 4 5 [}

0.7 15 90 21 12

of L-tryptophan (50 pg/ml) (20). The AT value for the sample in lane 6 was set at 100%,; all other
AT levels are expressed as a percentage of this value. Equal amounts of protein were loaded in each
lane. Measurements were performed on three occasions.

Table 1. Eliminating at leader peptide synthesis in vivo increases trp operon expression. Two constructs
had the terminator deletion, AT (Fig. 1). In AT rtplP-rtpA, rtpLP was intact; in AT rtplP (start—stop)-rtpA,
the rtplP start codon was replaced by a stop codon. These constructs were incorporated into the
integration vector ptrpBG1-PLK (74, 23) and integrated into the chromosomal amyE locus of strain
CYBS318: A at Sp™ (78) by hornologous recombination. The A at deletes most of the chromosomal at
operon. Integrants were identified by selecting for chloramphenicol resistance; disruption of amyf was
confirmed by testing for amylase production by iodine straining (24). In strain CYBS223: mtrBQTc',
wild-type mtrB* (the TRAP structural gene) was replaced by a tetracycline resistance marker (74).
Cultures were grown te log phase in minimal medium (25) with L-phenylalanine (50 pg/ml), with or
without L-tryptophan (50 wg/ml), at 37°C. Cells were chilled, harvested, sonicated in tris buffer at pH 7.8,
and recentrifuged, and the supernatants were assayed for anthranilate synthase activity fluorometrically,
as described (26). Results are expressed as fluorometer units (FU) per mg of extract protein.

Anthranilate synthase activity (FU)

Construct Genetic background
~Trp +Trp
None Aat 83 18
AT rtplP-rtpA Aat 60 27
AT rtplP (start—sstop)-rtpA A at 2000 2500
None mtrBQTe 2900 2100
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coding region can theoretically form a stable
RNA secondary structure with the rp4 start
codon region. This predicted paired structure
would be expected to inhibit translation initia-
tion at the r7pA start codon. Substitution of the
three Trp codons of ripLP by Ala codons would
reduce the stability of this RNA secondary
structure, thereby preventing RNA secondary
structure inhibition of AT synthesis. Complicat-
ing this simple interpretation is the prediction
that the 77pLP coding region can also pair with
the sequence just upstream of the rpLP start
codon. Thus, competitive RNA-RNA interac-
tions may contribute to the extent of inhibition
of ripA translation.

Despite these complications, our studies
show that both transcriptional and transla-
tional sensing of uncharged tRNAT™ are used
by B. subtilis to regulate #7p operon expres-
sion. Escherichia coli also senses uncharged
tRNAT® translationally in regulating #p
operon expression; however, the mechanism
of action is very different (/9).
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A B Cell-Based Sensor for Rapid
Identification of Pathogens

Todd H. Rider,”* Martha S. Petrovick, Frances E. Nargi,’
James D. Harper,® Eric D. Schwoebel,” Richard H. Mathews,’
David J. Blanchard," Laura T. Bortolin,? Albert M. Young,’
Jianzhu Chen,? Mark A. Hollis’

We report the use of genetically engineered cells in a pathogen identification
sensor. This sensor uses B lymphocytes that have been engineered to emit light
within seconds of exposure to specific bacteria and viruses. We demonstrated
rapid screening of relevant samples and identification of a variety of pathogens
at very low levels. Because of its speed, sensitivity, and specificity, this pathogen
identification technology could prove useful for medical diagnostics, biowarfare
defense, food- and water-quality monitoring, and other applications.

The diagnosis of infectious diseases such as
severe acute respiratory syndrome (SARS)
and detection of potential bioterrorism agents
such as Bacillus anthracis (anthrax) and va-
riola major (smallpox) would benefit greatly
from a pathogen identification method with
better combined speed and sensitivity than
existing methods such as immunoassays (/)
and polymerase chain reaction (PCR) (2).
This report describes a pathogen sensor that
achieves an optimal combination of speed
and sensitivity through the use of B lympho-
cytes: members of the adaptive immune sys-
tem that have evolved to identify pathogens
very efficiently. B cell lines were engineered
to express cytosolic aequorin, a calcium-
sensitive bioluminescent protein from the Ae-
quoria victoria jellyfish (3, 4), as well as
membrane-bound antibodies specific for
pathogens of interest. Cross-linking of the
antibodies by even low levels of the appro-
priate pathogen elevated intracellular calcium
concentrations within seconds (J5), causing
the aequorin to emit light (6, 7). We named
the sensor CANARY (cellular analysis and
notification of antigen risks and yields).

We first developed a system for efficient
production of pathogen-specific B cell lines. A
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oratory, Lexington, MA 02420, USA. 2Center for Can-
cer Research and Department of Biology, Massachu-
setts Institute of Technology, Cambridge, MA 02139,
USA.
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parental cell line with stable expression of cyto-
solic aequorin (§) was generated from the
MI12g3R (IgM+) B cell line (9), and the clone
with maximum light emission upon cross-link-
ing of the surface immunoglobulin M (IgM) was
selected (10). The M12g3R-aequorin cells were
subsequently transfected with plasmids contain-
ing antibody light- and heavy-chain constant-
region genes, into which variable regions spe-
cific for a particular pathogen were inserted.
Clones from the second transfection were select-
ed for optimal response to that pathogen (/0).

The resulting cells responded to pathogens
with excellent speed, sensitivity, and specificity.
Cells specific for Yersinia pestis, the bacterium
that causes plague, could detect as few as 50
colony-forming units (CFU) in a total assay time
of less than 3 min, which included a concentra-
tion step (Fig. 1A). The probability of detection
for Y. pestis ranged from 62% for 20 CFU to
99% for 200 CFU (fig. S1), whereas the false-
positive rate for the CANARY assay was 0.4%.
These cells did not respond to large numbers of
unrelated bacteria (Francisella tularensis), nor
did excess F. mularensis block the response to
very low levels of Y. pestis. Similar performance
was observed with other cell lines, including one
specific for orthopoxviruses (Fig. 1B). The sen-
sitivity of a B cell line specific for Venezuelan
equine encephalitis (VEE) virus, a virus too
small to be concentrated in a microcentrifuge
(10), is currently 5 X 10° plaque-forming units
(PFU) (Fig. 1C).

CANARY can also identify pathogens in
complex relevant samples. B cells specific
for Escherichia coli strain Q157:H7, an im-
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Abstract

At the onset of endospore formation in Bacillus subtilis the DNA-binding protein Spo0A
directly activates transcription from promoters of about 40 genes. One of these promoters, Pskf,
controls expression of an operon encoding a killing factor that acts on sibling cells. AbrB-
mediated repression of Pskf provides one level of security ensuring that this promoter is not
activated prematurely. However, Spo0OA also appears to activate the promoter directly since
Spo0A is required for Pskf activity in a AabrB strain. Here we investigate the mechanism of Pskf
activation. DNase I footprinting was used to determine the locations at which Spo0OA bound to
the promoter, and mutations in these sites were found to significantly reduce promoter activity.
The sequence near the -10 region of the promoter was found to be similar to extended
-10 region promoters, which contain a TRTGn motif. Mutational analysis showed that this
extended -10 region, as well as other base pairs in the -10 region are required for Spo0A-
dependent activation of the promoter. We found that a substitution of the consensus base pair for
the non-consensus base pair at position -9 of Pskf produced a promoter that was active
constitutively in both AabrB and Aspo0A/AabrB strains. Therefore, the base pair at position -9 of
the Pskf makes its activity dependent on SpoOA binding, and the extended -10 region motif of the

promoter contributes to its high level of activity.

3]



Introduction

Bacillus subtilis initiates a complex developmental program that leads to the
differentiation of the cell into a dormant endospore as the final step in a series of responses to
nutrient depletion [for review see (18)]. Initiation of this differentiation is dependent upon
phosphorylation of a response regulator, Spo0A (6). A complex signal transduction network
comprising multiple kinases and phosphatases controls the level of phosphorylated Spo0A
(Spo0A~P) in the cells (6, 16). SpoOA~P directly regulates expression of about 121 genes,
through either repression or activation (14) by binding specifically to a 7 bp DNA element,
referred to as an 0A box (5'-TGNCGAA-3") (24, 31). For example, SpoOA~P binding directly
represses the promoters for abrB, fruR, flgB, fisE, sdp, and rocD (14, 17, 20). Other genes are
directly activated by SpoOA~P (14, 17, 20), and still others are activated by SpoOA~P indirectly
(14, 24). For example the spo0H gene is repressed by AbrB until Spo0OA~P produced at the end
of the exponential growth phase represses abrB, relieving spo0H from AbrB-mediated repression
(28). Moreover, Spo0A-activated promoters include those used by RNA polymerase containing

the primary sigma factor, 6™ (e.g., spolIG and spollE promoters (20, 30)), and those used by

RNA polymerase containing the secondary sigma factor, 6™ (e.g., spolid and racA promoters (2,
3. 29)), which introduces additional combinations of control.

In a strain mutant for both kind and kinB, two of the kinases that control the level of
Spo0A~P, a low level of Spo0A~P accumulates that is sufficient to repress abrB transcription
but insufficient for the activation of other Spo0A~P-dependent genes required for sporulation
(25). Therefore, the responses of some Spo0A-regulated promoters to SpoOA~P appear to be

more sensitive to SpoOA~P levels than are the responses of other Spo0A-regulated promoters. A

progressive accumulation of Spo0A~P at the end of the exponential growth phase produces a

(F%)



temporal pattern of responses by SpoOA-regulated promoters that reflects the specific response
of each promoter to low or high threshold levels of SpoOA~P (9). Thus, in addition to the
combinations of controls described above, Spo0A-regulated promoters can be classified as either
high- or low-threshold activated or repressed promoters (9). High-threshold promoters require a
high level of Spo0A~P to be activated or repressed probably in part because the regulatory
regions for these genes have relatively weak affinities for Spo0A~P, whereas low-threshold
promoters respond to a low level of SpoOA~P because their regulatory regions have relatively
high affinity binding sites for Spo0A~P (9).

The progressive accumulation of SpoOA~P allows cells to try less drastic responses to
nutrient depletion before commitment to differentiation into a dormant cell type. Moreover,
Spo0A phosphorylation occurs in only a fraction of the population (7, 9, 10). Activation of
Spo0A in this fraction of the population enables these cells to delay progression into sporulation
by activating two operons, the sporulation killing factor (skf) and the sporulation delaying protein
(sdp) operons (10). The products of these two operons prevent non-Spo0A~P-expressing sibling
cells from sporulating (sdp) and cause them to lyse (skf). The cells that have activated Spo0A
early are then able to feed off the nutrients released, allowing them to continue growing, and thus
to delay their differentiation into dormant endospores. The skf promoter must be highly active to
drive production of the secreted toxin, and it must be activated early in response to low levels of
phosphorylated Spo0OA (9, 10). However, its expression must be tightly regulated to prevent
premature expression of the killing factor. Here we investigate how this promoter can be both
highly active in response to low levels of SpoOA~P but tightly controlled to prevent premature

expression of the toxin.



The sequence of the skf promoter, which is activated by low levels of Spo0A~P (9),
appears to indicate that SpoOA~P may directly activate this promoter by mechanism that is
different from that of the spolIG promoter, which has been studied more extensively (4, 12, 19-
21, 23). Comparison of the relative affinities of SpoOA for the high-and low-threshold promoters
show that spolIG has a Kq4 of 1,700 nM, whereas the skf promoter has an apparent Kq value of 26
nM (9). A bioinformatics search identified two Spo0OA binding sites (14); however, the search
did not reveal other features of the skf promoter that would contribute to its positive regulation
by low-levels of Spo0A~P.

Here we report that skfis a 6™*-dependent promoter with multiple SpoOA binding sites,
two of which span the -35 region. Moreover, upstream of the mapped transcriptional start site is
a sequence that is very similar to the TRTGn motif found in extended -10 promoters in Bacillus
subtilis (13, 26, 27), another feature that is not present in the spolIG promoter. We show that this
sequence is necessary for the high level of Spo0A-dependent promoter activity. We also describe

other features of this promoter that are necessary for its tight regulation by Spo0OA.



Materials and Methods
Bacterial strains and culture media. Routine microbiological manipulations and procedures
were carried out by standard techniques as described in (8) . The concentrations of antibiotics
used for selection on Luria broth (LB) or Difco sporulation media (DSM) were 5 pg/ml for
choramphenicol, 100 pg/ml for spectinomycin, 10 pg/ml for kanamycin, and 100 pg/ml for
ampicillin. Cultures were grown in LB, and sporulation was induced by nutrient exhaustion in
DSM. Competent cells were prepared and transformed by the two-step method as described in
(8).

In order to create the abrB deletion strain (CMBS001) (Table 1), the 5'- and 3°-flanking
DNA of abrB was PCR amplified from chromosomal DNA. The 5°-flanking DNA PCR product
was cloned into pDG784 digested with Sphl and Pstl. The 3°-flanking DNA PCR fragment was
then cloned into the resulting plasmid digested with BamHI and EcoRI to generate plasmid
pDG784abrB. Plasmid pDG784abrB was sequenced to ensure the correct DNA sequences of the
cloned fragments, and was used to transform competent JH642. Kanamycin resistant colonies
were selected and analyzed further by PCR to determine if the gene replacement of kanamycin
for abrB occurred as described in (12).

In order to clone the skf promoter, the DNA region from the stop codon (TAA) of ybeM
(the upstream adjacent gene to the skf operon) to the start codon (ATG) of skf4 (the first
structural gene of the skf operon) was PCR amplified with oligonucleotides GNC1 and GNC2
and inserted into EcoRI- Hind I1I-digested pPBG1PLK to create pPBG1PLK-SKF. The plasmid

was checked by sequencing and used to transform competent JH642 to chloramphenicol



resistance. Integration of pBGI1PLK-SKF into the wild type B. subtilis chromosomal amyE locus
by homologous recombination was confirmed by testing for loss of amylase production by iodine
staining, and by PCR and DNA sequencing. The resulting strain was later transformed with
AabrB and/or Aspo0A knockout plasmids (12) producing corresponding B. subtilis strains (Table
2).

Overlapping PCR was used to introduce base pair substitutions in the wild-type skf’
promoter. First, two Quick-Change oligonucleotides were designed that were complementary to
each other and anneal to the skf promoter but carry the desired nucleotide change. Each was used
in combination with an external oligonucleotide (GNC1 or GNC2) to perform PCR using the
plasmid pBGI1PLK-SKF as template. The two amplified products, which correspond to the 5°-
and 3’-portions of the skf promoter and partially overlap the mutated region, were gel-purified.
The products were then mixed, annealed, and used as template for the second step of PCR
performed with the two external primers, GNC1 and GNC2. The product obtained, which should
carry the skf promoter sequence with the desired substitution, was sequenced and then inserted
into EcoR I- Hind 111-digested pBG1PLK. The resulting plasmids (Table 1) were then used to

transform competent JH642.

RNA preparations. Cultures of B. subtilis strains THWB2, THWB18, THWB24 and THWB3
(Table 2) were incubated in DSM. Two hours after the end of the exponential growth phase the

bacteria were harvested by centrifugation and stored at -80 °C. RNA was prepared as in (8).

Primer extension reactions. 100 ng of primer GNC12 (Table 2) was end labeled with -

[>*PJATP using T4 Polynucleotide Kinase from New England Biolabs. The labeled primer was



purified using the Amersham Biosciences MicroSpin™ G-25 column (Amersham Pharmacia
Biotech, Piscataway, N.J). 15 ng of this purified labeled primer was added to 50 pg of total RNA
along with hybridization buffer [150 mM KCI, 10 mM Tris (pH 8.3), and 1 mM EDTA] in a final
volume of 30 pl. The RNA and labeled primer were incubated in 90 pul of Elongation Buffer [20
mM Tris (pH 8.3), 10 mM MgCl,, 7 mM DTT) at 30°C for 16 h. Twenty units of Avian
Myeloblastosis Virus Reverse Transcriptase (Promega) was added, and the reaction mixture was
incubated at 42°C for 1 h. The extension was terminated by adding 205 pl DEPC water, and the
extension products digested with 4.2 pg RNaseA at 37°C for 15 min. The products were
extracted with 300 pl phenol /chloroform/isoamyl alcohol (25:24:1) and precipitated by adding
30 ul of 3 M sodium acetate and 2.5 volumes ethanol. The dried pellet was then suspended in 4
ul of TE and 2 pl formamide sequencing loading buffer, and subjected to electrophoresis in a 6%
polyacrylamide gel containing 7 M urea alongside a sequencing reaction ladder generated with
labeled primer GNC12.
Preparation of end-labeled DNA and DNasel footprinting

The oligonucleotide SKF3For (50pmol) was labeled with y-[*>P] ATP using T4
Polynucleotide Kinase (NEB) per the manufacturer’s instructions. The probe was separated from
unincorporated nucleotides using a G-25 Microspin column (Amersham Pharmacia Biotech,
Piscataway, N.J.). The purified labeled probe was used in a PCR reaction containing 36 pmol of
unlabeled SKF4Rev primer and Herculase DNA Polymerase (Stratagene). The PCR product was
purified by elution from a G-50 Microspin Column (Amersham Pharmacia Biotech, Piscataway,
N.J).

For DNasel protection assays, end-labeled DNA fragments were pre-incubated with or

without the purified C-terminal domain of Spo0A (C-Spo0A), purified as described in (22), for



15 min in assay buffer [20 mM TrisCl (pH7.4), 50 mM KCl, ImM DTT, poly(dI/dC) 2 ng /ul,
400 pl MgClI2, 200 uM CaCly, BSA 100 pg/ml]. DNasel prepared from lyophilized enzyme
(Sigma) was added at 100 ng/ml for 1 minute at 37°C. The digestion was quenched by the
addition of 10 volumes of ice-cold precipitation buffer (570mM NH4OAc, 50 pg tRNA/ml, 80 %
ethanol). Electrophoretic analysis was carried out by resuspending the dried pellet from the
protection reaction in 80% formamide, 50 mM Tris-HCI, 50 mM borate, 1.4 mM Na,-EDTA,
0.1%(w/v) xylene cyanol, and 0.1% (w/v) bromophenol blue. After denaturation by incubation at
90°C followed by chilling in ice, the samples were electrophoresed through 8 % (w/v)
acrylamide, 8.3M urea gels along side sequencing reaction generated with the labeled primer.
The electrophoresis buffer was 90mM Tris-HCI, 89 mM borate, and 2.5 mM Na,EDTA. After
electrophoresis, the gels were exposed to KODAK XAR-2 film at -79°C with intensifying

screen.

B-galactosidase activity. Duplicate cultures were incubated in DSM with chloramphenicol (5
ug/ml). After two hours of growth, two 300 pl aliquots of each culture were collected every half
hour for six hours. The first of these aliquots was used to measure the optical density, while
bacteria from the second aliquot were harvested by centrifugation and stored at -80° C until

assayed for B-galactosidase (8).

Results
Anatomy of the skf promoter
We used primer extension analysis to determine the start point of skf transcription. RNA

was isolated about two hours after the end of exponential growth phase from cultures of four



strains (wild type, Aspo0A4, AabrB, Aspo0A/AabrB) that contained an skf4 - lacZ translational
fusion integrated at the amyE locus of the chromosome. A primer complementary to part of the
lacZ sequence was used in primer extension reactions, and the products analyzed as described in
Materials and Methods. The major transcription product found in RNA isolated from an
otherwise wild-type strain mapped to a position 53 base pairs upstream from the start codon of
skf4, AUG (fig. 1 and 2). This product was absent in RNA isolated from a spo04 null strain (fig.
2, lane h). In results consistent with measurements of the B-galactosidase accumulated by the
strains (see below), the RNA transcript was most abundant in RNA isolated from an abrB mutant
strain (fig. 2, lane a), and was present at a low level in a spo04 and abrB double mutant strain (
fig. 2, lane b). The start point of transcription seen is consistent with the effects of mutations on
promoter activity described below. A transcript that mapped to the same start point was observed
in experiments using a primer that was complementary to part of the wild-type allele of skf4 at
its ﬁormal chromosomal location (data not shown).

We used the C-terminal domain of Spo0A (C-Spo0A), which binds and activates
transcription independently of phosphorylation (11), in DNase [ footprinting to precisely
determine the site(s) at which SpoOA binds within the skf promoter. The C-Spo0A protected a
region extending approximately from bases -14 to -72 on the template strand of the skf promoter,
(fig. 3). Within this protected region it was apparent that were sites with different affinities.
When the lowest amount of C-Spo0A was added (12 nM), we observed protection from bases -
19 to - 53 (Figure 3, lane b), with base -19 showing hypersentivity to cleavage that gradually
diminished with increasing amounts of C-SpoOA. On the other hand, base -27 shows increased
hypersensitivity with increasing concentrations of C-Spo0A (fig. 3, lane c-f). Examination of the

sequence within this region for Spo0A binding sites identified a region centered at -28 that is
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perfectly consensus to the consensus Spo0OA binding site (5°-TGNCGAA-3’) (box 1 in fig. 1)
and other sites with partial consensus to the Spo0A binding site (boxes 2 - 4 in fig. 1). Another
DNasel protected site was observed between bases -30 to -72 when we used higher
concentrations of C-Spo0A (fig. 3, lanes d - f). Spo0A is thought to bind as head-to-tail dimmer
(31), and therefore we denote 0A boxes 1 and 2 as site 1 and boxes 3 and 4 as site 2. Site 1 is a
higher affinity site than site 2, which was expected because it contained the perfectly consensus
0A binding site. In addition to these sites, titration with C-Spo0A also showed protection and
hypersensitive bands downstream from the start point of transcription. Fujita et al. (9) suggest
that high levels of Spo0OA act as a repressor for this promoter, perhaps by binding to these
downstream sites. Since binding to these sites would mean that the promoter is repressed at
higher levels of Spo0A, and with our interest being in how the promoter is activated, we did not
try to resolve all the binding sites beyond the start point of transcription. Examination of C-
Spo0A binding using the same DNA fragment that had been end-labeled on the template strand
showed a similar pattern of protection where site 1 had greater affinity than site 2 and sites
beyond the transcriptional start site had the lowest affinity (data not shown). Examination of site
1 and site 2 in relationship to other conserved elements of the promoter shows a poorly
conserved -35-like element centered at position -32 and-33, which lies between the two 0A
boxes of site 1 (fig. 1). This places the highest affinity 0A binding site downstream of this -35-

like element.
Spo0A binding sites are required for skf promoter activity.

In order to test whether the sequences bound by Spo0A are required for skf promoter

activity, we examined the effects of base pair substitutions at the consensus Spo0OA binding site.
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The wild-type or mutant promoters were fused to a promoterless /acZ and integrated at the amyE
chromosomal locus of a wild-type strain and in isogenic derivatives containing deletions of the
spo0A and/or abrB locus. In a wild-type background, lacZ production under the control of the skf
promoter was minimal until the end of the exponential growth phase (To) (fig 4a). After this
point, the activity increased steadily until about T», declining slightly as the culture approached
Ty (fig. 4a). Production of /acZ in a AabrB strain showed a higher basal level of transcription as
well as a slightly earlier activation (~T.q5). The activity in this strain was significantly higher
when compared to the wild-type background but reaches a similar peak at T» 5. Activity in the
Aspo0A4 strain remained constant throughout the time course at a level similar to the basal level
seen in the wild-type strain. We also observed the activity of the fusion in a Aspo0A4/AabrB strain
(fig. 4a). As in the Aspo04 background the activity in this strain was low; however, we did note
that early activity (before To) was greater than late activity (after Tp.) All of these results were
consistent with those previously reported by Fujita et. al. (9).

Having confirmed the findings of Fujita et. al. (9) we proceeded to investigate the
consensus Spo0A binding site centered at position —28. We made base substitutions at positions
-25, -27 and -29. The effects of these base-substituted promoter fusions were then examined in
the Aspo0A, AabrB and Aspo0A/AabrB strains (fig. 4b). All the base substitutions had a negative
effect in the AabrB strain, the most dramatic being the —29 substitution, which reduced activity
to basal level. There was no noticeable activity in the Aspo04 or Aspo0A/AabrB strains. This
confirmed that binding to the high affinity site 1 was important for regulation of the skf promoter
by Spo0A. We also created a truncated version of the promoter in which we deleted the site 2
binding sites (OA boxes 3 and 4), and tested the activation of the promoter in Aspo0A4, AabrB

and Aspo0A/AabrB strains. No activity from the promoter was detected in any of the strains (data
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not shown), suggesting that both sites (site 1 and site 2) are needed for optimal activation of the

promoter by Spo0OA.

Spo0A-dependent activation of the skf promoter requires an extended -10 region.

The sequence centered 10 base pairs upstream from the putative start point of
transcription identified by primer extension is identical to the consensus -10 region at five of six
positions (5°-TATTAT-3") found at promoters used by RNA polymerase containing the primary
sigma factor ¢ (15) (fig. 1). We examined the effects of several single base pair substitutions to
test whether this sequence is important for promoter activity. When examined in a wild-type
strain, base substitutions at positions —10 and —11 resulted in a decrease in promoter activity (fig.
4c and data not shown). However, substitution of A for the T at position —9, which made the —10
sequence perfectly consensus, resulted in a significant increase in promoter activity (fig. 1 and
4¢). These results are consistent with the model that RNA polymerase containing 6™ uses the skf
promoter.

The sequence at the -10 region of the promoter is also similar to extended -10 region
promoters, which contain a TRTGn motif (1, 5, 13, 26, 27). To determine if this motif played a
role in promoter activity we examined the effect of a two base pair substitutions at positions
-15 and -14 (T to C and G to T, respectively). The activity for this promoter was significantly
reduced in both wild-type and abrB mutant strains (fig. 4d). These results show that the extended
-10 motif, as well as other base pairs in the -10 region are required for Spo0A-dependent
activation of this promoter.

We also noted that there was a second sequence, centered at —6, that was similar to a

consensus —10 sequence (non-template strand 5’-TATCGT-3"). The short distance between this



region and the start of transcription led us to believe that it was unlikely to serve as the —10 site
for the promoter. However, a double base pair substitution of AA for the CG within this
sequence, which makes it more consensus-like, resulted in slightly elevated promoter activity
(fig. 1 and data not shown). Therefore, to further test the role of this potential -10 like sequence
we examined the effect of a single base pair substitution at positidn -4, which alters the most
highly conserved position in the -10 consensus sequence. If this sequence were acting as a -10
element we would expect that this change would reduce promoter activity. However, this

substitution had no effect on promoter activity (data not shown).

A mutation in the skf promoter that results in Spo0A independent activity.

Extended -10 region promoters do not require extensive similarity to consensus at the -35
region for their activity (1, 5, 13, 26, 27). Therefore, it was unclear why the extended -10 region
of the skf promoter was insufficient for promoter activity in the absence of Spo0OA and AbrB.
The -10 region of the skf promoter contains only a single non-consensus base pair, located at
position -9. As mentioned above, a base substitution conferring the consensus base to this
position resulted in an overall increase in activity in the wild-type strain. We examined the effect
of this base substitution in AabrB and Aspo0A/AabrB strains and found that the substitution
conferred Spo0A-independent activity to the promoter (fig. 4e). These results indicate that, at
least for the skf promoter, the base pair at position —9 is critical for transcription activity, and that
a non-consensus base pair at this position results in a promoter that requires the assistance of

SpoOA despite the presence of an extended —10 motif.
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Discussion

Expression of the skf operon must be highly activated in response to low levels of
phosphorylated Spo0A (9); however, its expression must be tightly regulated to prevent
premature expression of the killing factor. This tight regulation of a highly active promoter
involves two processes. The skf promoter is repressed by AbrB (9). Synthesis of AbrB is
repressed by low levels of phosphorylated Spo0A; therefore, the production of low levels of
Spo0A leads to reduced synthesis of AbrB and therefore derepression of the skf promoter
activity. However, even in an abrB mutant strain skf promoter activity also requires direct
activation by SpoOA. The skf promoter contains high affinity SpoOA binding sites, two of which
span the -35 region of the promoter. We found that these sites in addition to the upstream sites
are required for the Spo0A-dependent promoter activation.

An unusual feature of the skf promoter is its extended -10 region motif. Many promoters
in E. coli and B. subtilis contain a conserved sequence motif at the upstream end of the -10
region, the so-called extended -10 motif, or the TRTGn motif in B. subtilis (1, 5, 13, 26, 27). In
E. coli this sequence can compensate for a weakly conserved -35 region. We found that the base
substitutions in the TG motif located at positions -15 and -14 greatly reduce the Spo0A
dependent promoter activity. Evidently, RNA polymerase requires both interaction with SpoOA
and the extended -10 region sequence to utilize the skf promoter efficiently. Because the
extended -10 region plays a role in skf promoter activity, and because promoters containing
extended -10 region sequences are thought to not require highly consensus -35 regions, it seemed
surprising that SpoOA was required for skf promoter activity even in the absence of AbrB
repression. We found that a single base pair substitution at position -9 that produced a perfect

match to a consensus -10 region yielded a promoter that no longer required Spo0OA for its



activation. Therefore, the specific base pair at position -9 of the promoter makes skf promoter
activity directly dependent on Spo0A binding, and the extended -10 region motif of the promoter
contributes to its high level of activity.

The best understood mechanism of promoter activation by Spo0A is the activation of the
high-threshold, 6**-dependent spolIG promoter (4, 12, 19-21, 23). In this promoter, sequences
similar to the —10 and —35 hexamers, which signal recognition of promoters by ¢*-RNA
polymerase, are separated by 22 bp, a distance that is ordinarily considered too great for
productive interaction of these sequences with 6™ (15). At this promoter, the consensus -35-like
promoter element is centered between positions -37 and -36 and is overlapped by a Spo0A
binding site (20). Based on molecular modeling and genetic assays, it has been proposed that
binding of Spo0A~P occludes binding of 6™ region 4 to the consensus -35-like sequence, and
interaction between Spo0A and 6" positions region 4 of * 18 bp upstream from the -10 region
of the spolIG promoter (12). This positioning of ™ allows region 2 of 6™ to interact
productively with the -10 region of the spolIG promoter thus stimulating its activity. It is likely
that Spo0A activates some other 6*-dependent promoters (e.g., spolIE and yneE) by a similar
mechanism because these are similar to spollG in that their -35 like sequences are separated
from the -10 by 21 bp [(30) and unpublished data]. Moreover, their -35 like sequences overlap a
Spo0A binding site [(30) and unpublished data]. However, in contrast to these promoters the skf
promoter does not have a consensus -35 sequence at or upstream from its -35 region, and the
positions of Spo0A binding sites relative to the start point of transcription for the skf promoter
differs from the spolIG-like promoters. Therefore, activation of the skf promoter by Spo0A may

involve novel interactions between Spo0A and RNA polymerase.
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Figure Legends

Figure 1. Anatomy of the skf promoter. The sequence shown is the non-transcribed strand and
includes the minimal region required for wild-type promoter activity. The start point of
transcription is indicated as +1. The vertical arrows show the activity of each mutated promoter
relative to the wild-type promoter. The region of the non-template strand that was protected from
DNase I by C-Spo0A is indicated by broken lines below the sequence. The extended -10 region
is denoted by the solid underline. Sequences similar to the consensus for Spo0A binding sites are

indicated as 1 — 4, and horizontal arrows indicate the orientation of these asymmetric sites.

Figure 2. Primer extension analysis of the skf promoter. Total RNA isolated two and half
hours after the end of the exponential growth phase from four B. subtilis strains [ dabrB
background (lane a), Aspo0A/AabrB background (lane b), a wild-type strain (lane ¢), or from a
Aspo04 background (lane h)] was used for primer extension as described in Materials and
Methods. The primer extension product, and therefore the putative start point of transcription, is
indicated by an arrow on the left and by +1 on the right of the figure. The DNA sequence
generated by dideoxy-sequencing using the same primer is shown in lanes d, e, fand g. The letter
above each of these lanes indicates the dideoxynucleotide used to terminate each reaction. The

two vertical columns on the left of the figure indicate the DNA sequence of the region.

Figure 3. DNase I protection assay analysis of the skf promoter with C-Spo0A. P**-labeled
non-template strand of skf promoter DNA was incubated with or without purified C-Spo0A (0 -

240 nM) and subjected to DNase I digestion for 1 min at 37°C (lanes a and g, probe with no C-



Spo0A added; lanes b to f, probe incubated with increasing amounts of C-Spo0A as indicated on
the top of each lane). The line on the right of the footprint shows the region of protection seen
with 12 nM amounts of C-Spo0A. The sequencing products generated using the same labeled
primer are loaded in lanes h-k and the letters above indicate the terminating dideoxynucleotide
used in the reaction. The Spo0OA binding box is indicated to the right of the sequencing ladder
and the arrows indicate the orientation of the Spo0OA boxes on the skf promoter relative to the

Spo0A recognition sequence (5’ -TGNCGAA-3").

Figure 4. Effects of mutations on skf promoter activity. 3-Galactosidase levels were measured
in strains [wild-type (circle,) dabrB (square,) Aspo0A4 (triangle) and Aspo0A/AabrB (diamond)]
carrying wild-type and mutant skf promoter fused to /acZ. Solid symbols denote wild-type
promoter, open symbols denote mutant promoter. (A) Activity of the wild-type skf promoter in
various strains. (B) Effect of the C to G base pair substitution at position -29. (C) Effects of -10
region mutations, th¢ T to A substitution at position -9 (solid line, open circle) and the A to T
substitution at position -11 (dashed line, open circle). (D) Effects of the double base pair
substitution TG to CT at positions -15 and -14 in wild-type and AabrB strains. (E) Spo0A

independence conferred on the skf promoter by the base pair substitution of T to A at position -9.



TABLE 1. Bacterial strains used in this study

Strains Genotype Source or reference
JH642 trpC2pheAl J. Hoch
CMBS001 | abrB::kan This work
EUAKB78 | spo0OA::spec (12)
THWB2 amyE::skfA'-'LacZ This work
THWB3 amyE::skfA'-'LacZ (-5/-6 CG—AA) This work
THWB4 amyE::skfA'-LacZ (-9 T—A) This work
THWBS amyE::skfA'-'LacZ (-5/-6 CG—TT) This work
THWB6 amyE::skfA'-'LacZ (-11 A—T) This work
THWB7 amyE::skfA'-'LacZ (-11 A—G) This work
THWBS amyE::skfA'-LacZ (-10 T—A) This work
THWB9 abrB::kan amyE::skfA'-LacZ This work
THWBI10 | abrB::kan amyE::skfA'-"LacZ (-29 C—G) This work
THWBI11 | abrB::kan amyE::skfA'-"LacZ ( This work
THWBI12 | abrB::kan amyE::skfA'-"LacZ (-27 A—C) This work
THWBI13 | abrB::kan amyE::skfA'-'LacZ (-37--34 TTAC—CCCA) This work
THWBI14 | abrB::kan amyE::skfA'-'LacZ (-25 A—T) This work
THWBI15 | abrB::kan amyE::skfA'-LacZ (-37--34 TTAC—AGTT) This work
THWBI16 | spo0OA::spec amyE::skfA'-'LacZ (-5/-6 CG—AA) This work
THWBI17 | spo0OA::spec amyE::skfA'-LacZ (-10 T—A) This work
THWBI8 | spo0A::spec amyE::skfA'-"LacZ This work
THWBI19 | spo0A::spec amyE::skfA'-'LacZ (-11 A—QG) This work
THWB20 | spo0A::spec amyE::skfA'-'LacZ (-9 T—A) This work
THWB21 | spo0A::spec amyE::skfA'-'LacZ (-5/-6 CG—TT) This work
THWB22 | spo0A::spec amyE::skfA'-'LacZ (-11 A—T) This work
THWB23 | abrB::kan spo0A::spec amyE::skfA'-'LacZ (-37--34 This work
TTAC—AGTT)
THWB24 | abrB::kan spo0A::spec amyE::skfA'-'LacZ This work
THWB25 | abrB::kan spo0A::spec amyE::skfA'-'LacZ (-25 A—T) This work
THWB26 | abrB::kan spo0A::spec amyE::skfA'-'LacZ (-27 A—C) This work
THWB27 | abrB::kan spo0A::spec amyE::skfA'-'LacZ This work
THWB28 | abrB::kan spo0A::spec amyE::skfA'-'LacZ (29 C—QG) This work
THWB29 | abrB::kan spo0A::spec amyE::skfA'-LacZ (-37--34 This work
TTAC—CCCA)
THWB30 | abrB::kan amyE::skfA'-'LacZ This work
THWB31 | abrB::kan amyE::skfA'-LacZ (-9 T—A) This work
THWB32 | abrB::kan amyE::skfA'-'LacZ (-5/-6 CG—AA) This work
THWB33 | abrB::kan amyE::skfA'-"LacZ (-5/-6 CG—TT) This work
THWB34 | abrB::kan amyE::skfA'-'LacZ (-11 A—T) This work
THWB35 | abrB::kan amyE::skfA'-'LacZ (-11 A—G) This work
THWB36 | abrB::kan amyE::skfA'-'LacZ (-10 T—A) This work
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THWB37 | abrB::kan spo0A::spec amyE::skfA'-'LacZ (-9 T—A) This work
THWB38 | abrB::kan spo0A::spec amyE::skfA'-LacZ (-5/-6 CG—AA) This work
THWB39 | amyE::skfA'-LacZ (-4 T—A) This work
AKB393 | amyE::skfA'-'LacZ (-14/-15 TG—CT) This work
AKB395 abrB::kan amyE::skfA'-'"LacZ (-14/-15 TG— CT) This work




TABLE 2. Oligonucleotides used for PCR, sequencing, and mutagenesis

Name Sequence (5'- 3"

GNC1 CCGGAATTCTAAGATGTTTAACCCCTCTGG

GNC2 GCCCCAAGCTTCATAAGTAAACCTCCTCTC

GNC21 CCACTCTCAACTCCTGATCC

GNC22 CTTAGTCGGCTACCGCCTGTC

GNC23 GGATCAGGAGTTGAGAGTGG

GNC24 CATTTGGGGAGGAAGAAAC

GNC353 CGC.GGATCCTTAAGAAGCCTTATGCTC

GC-GNC33 | AAGCAAGCTTACTGCCGGAGTTTCCGGA

GNC55 AGCTTTGCCTCCGCCGCTCCATGCCACTTCAATTGC
GC-GNC55 | TGTCATGCTGCCTCCGGAAATGGAATCAATGTTTCC
GNC57 TGTCATGCTTACCTCCAATGTTTCCTCTGCTCCATGC
GC-GNC57 | TGGAGCGGCGGAGGCAAAGCTAAACCTACCAACAGTG
GNC37 TCCATTTCCGGAGGCAGCATGACAAAAGCTAAACC
GNC38 GGAAACATTGGAGGTAGCATGACAAAAGCTAAACC
GNC39 TCTAGGGTTGATCATGCTTCGTGATCC

GNC40 TGATTCCATTTCCGCGTTGTTTGGTTATAC

GNC66 GTATAACCAAACAACGCGGAAATGGAATCA

GNC67 GATTCCATTTCCTCGGCGTTTGGTTATACTG

GNC72 CAGTATAACCAAACGCCGAGGAAATGGAATC
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GC-GNC72 | CATTTCCTCGTTGGCTGGTTATACTGTCAGC

GNC73 GCTGACAGTATAACCAGCCAACGAGGAAATG

GC-GNC73 | CATTTCCTCGTTGTTTGCTTATACTGTCAGCATG

GNC81 CATGCTGACAGTATAAGCAAACAACGAGGAAAT

GC-GNC81 | CCATTTCCTCGTTGTTTGGTGCTACTGTCAGCATGACAAAAGC

GNC12 TAAGTTGGGTAACGCCAGGGTTTTCC
GNCI18 GGAAGCGGAAGAATGAAGTAAG
GNC19 TAAGTCCCGTCTAGCCTTG

SKF3For TCGAGAGGATAGCTTGTCAGC

Skf4Rev TAAGTTGTGGTAACGCCAGGGTTTTCC




Ococeoc oo

o O

L+

c+

o] eeeyovyie] eeyyhbey] | yeejbieejjeejoelejie}oyjejeeee)fbbeee

D>

1dPL-ISL- 96¢-
e -—..—\ —.I ¥/ N
A
0 Y Xl
— BbB1eos oje}bojeyyeybbiojeesbpeyoyon ._Wom:Oooo
t -] n L] -]
L+ | C

VVvGe-/9-
V6~

¢

>

1%

P>



TA
GC +1
CG
AT
TA
GC

GC
GC
AT
CG

-
.
o '%.» L

L
0

.
o
.

. m‘,;

L
L
o




60 120 240 0

12 24

C-Spo0A nM__ 0

~
=
Q
2
<
S

| s

,?, ,‘U'

L
-

l 0A box 3
0A box 4

|

.
- \w,"l‘“\\\‘v‘ i
‘ .‘\, u,m’ L




0 0
1002
005
00
0001
009 ™
B
008 Q
0051 V)
Q
000}
O
0002 =
0021 Q
3 'oose ‘ oL Q.
Q
]
D
=

Q ool



