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FarA Acts as a DNA-Binding Transcriptional Regulator That
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FarA of Streptomyces lavendulae FRI-S5 is a specific receptor protein for IM-2, a butyrolactone autoregulator
that controls the production of a blue pigment and the nucleoside antibiotics showdomycin and minimycin. Gel
shift assays demonstrated that FarA binds to the far4 upstream region and that this binding is abolished in
the presence of IM-2. The FarA binding sequence was localized by DNase I footprinting to a 28-bp sequence
located approximately 70 bp upstream of the farA translational start site. High-resolution S1 nuclease mapping
of farA transcripts revealed a putative transcription start site, located at an A residue positioned 64 bp
upstream from the fard translation start codon and 4 bp downstream from an Escherichia coli ¢7°-like —10
recognition region. The FarA-binding sequence overlaps this —10 region and contains the farA4 transcription
initiation site, suggesting that FarA acts as a repressor that, in the absence of IM-2, represses transcription

of farA.

IM-2  [(2R,3R,6R)-2-(hydroxybutyl)-3-(hydroxymethyl)bu-
tanolide] of Streptomyces lavendulae FRI-5 is one of many
butyrolactone autoregulators found in Streptomyces species.
These molecules appear to function as microbial hormones
that, at nanomolar concentrations, control the production of
secondary metabolites and/or morphological differentiation (8,
24). IM-2 itself triggers the production of the nucleoside anti-
biotics showdomycin and minimycin as well as an undefined
blue pigment at a concentration of only 3 nM (5, 13, 24, 28).
These autoregulators have a common 2,3-disubstituted -y-bu-
tyrolactone skeleton, and the 10 identified to date can be
classified into three groups (IM-2 type [3], virginiae butanolide
[VB] type [2, 11, 22, 27], and A-factor type [10, 14]) based on
minor structural differences (12, 16, 21).

Receptor proteins corresponding to each of the three types
of autoregulators have been purified, and the genes encoding
them have been cloned and characterized (17, 18, 25). The
IM-2-specific receptor protein (FarA) from S. lavendulae
FRI-5 is a 221-amino-acid protein of 24,282 Da. The N-termi-
nal region of FarA (amino acids 17 to 54) shows extensive
homology with the other two types of autoregulator receptors,
namely, the VB-specific receptor BarA of S. virginiae and the
A-factor specific receptor ArpA of S. griseus. While this ho-
mologous region was predicted to encode a helix-turn-helix
DNA-binding motif, and DNA-binding activities of both ArpA
and BarA have been studied (9, 19), the precise function of
FarA remains unclear. During early growth, cultures of S.
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lavendulae produce the antibiotic D-cycloserine (13, 28) but
later switch to producing the nucleoside antibiotics showdo-
mycin and minimycin (5). The predicted DNA-binding activity
of FarA may regulate the transcription of genes involved in the
synthesis of all three antibiotics. Consequently FarA, together
with IM-2, may play an important role in the signal transduction
mechanisms that trigger secondary metabolism in S. lavendulae.

Previous work analyzed the DNA-binding activities of the
autoregulator receptor proteins BarA and ArpA. Although
their DNA-binding sequences have been partially character-
ized (9, 19), the precise nature of these sequences and the
abilities of different autoregulators to influence DNA binding
have not been extensively studied. Moreover, nothing was
known about the sequences recognized by FarA. In this study,
we demonstrate the DNA-binding activity of FarA in gel shift
assays and localize its target sequence by DNase I footprinting.
The sequence to which FarA binds overlaps the —10 region
and transcriptional start site of the far4 promoter. These re-
sults suggest that FarA represses its own synthesis under the
regulation of IM-2.

Strain, growth conditions, and plasmids. Streptomyces sp.
strain FRI-5 (MAFF10-06015; National Food Research Insti-
tute, Ministry of Agriculture, Forestry and Fisheries, Tsukuba,
Japan), which was taxonomically identified as S. lavendulae by
courtesy of S. Miyado (Meiji Seika Kaisha Ltd.), was used as a
source of total RNA and grown at 28°C as described previously
(5). DNA manipulations in Escherichia coli and in Streptomyces
were performed as described by Sambrook et al. (23) and
Hopwood et al. (6), respectively.

FarA binds specifically to the farX-farA intergenic region.
Northern blot hybridization analysis of farA transcripts had
shown that the addition of IM-2 during the cultivation of FRI-5
resulted in enhanced (1.5- to 1.7-fold) transcription of farA
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FIG. 1. Map of the farA upstream region and gel shift assays using rFarA.
(A) Map of the fragments used for binding studies in the farA4 upstream region.
Numbers indicate nucleotide positions. (B and C) Gel shift assays. The plasmids
were digested with EcoRI and HindIII, and the desired fragments were labeled
with [a-*?P]dCTP. The fragments were incubated with 8 pg of purified rFarA in
15 pl of DNA binding buffer [20 mM triethanolamine-HCI containing 0.1 M KCl,
20% (vol/vol) glycerol, and 1 pg of poly(dI-dC) - (dI-dC), pH 7.0] at 25°C for 10
min. (B) Binding of rFarA to the farA upstream region. Lanes: 1, control DNA;
2, control DNA plus rFarA; 3, 227-bp Sacl-Bgll fragment containing the farX-
farA intergenic region; 4, SacI-BglI fragment plus rFarA. (C) Further localization
of the rFarA-binding region. Lanes: 1 and 2, 117-bp SacI-Sacll fragment; 3 and
4, 110-bp Sacll-Bgll fragment; 5, 3?P-labeled SaclI-Bgll fragment; 6, fragment
plus rFarA; 7, fragment plus rFarA and unlabeled DNA.

(25). Promoter-probe analysis using the vector plJ486 had
identified promoter activity in the Sacl-Bgl/l fragment immedi-
ately upstream of far4 (Fig. 1A and data not shown). It thus
seemed possible that FarA regulated its own synthesis and
might therefore bind to its own promoter region. To address
this possibility, gel shift assays were performed with purified
recombinant FarA (rFarA) (25) and the 227-bp SacI-BglI frag-
ment (Fig. 1B) containing the farX-farA intergenic region as
target DNA. As shown in Fig. 1B (lane 4), rFarA bound to this
fragment, reducing its electrophoretic mobility, while the con-
trol fragment (rplK from S. virginiae) was not retarded (Fig. 1B,
lane 2). To further localize the rFarA-binding sequence(s), the
Sacl-Bgll segment was separated into two fragments, a 117-bp
Sacl-Sacll fragment and a 110-bp SaclI-Bgll fragment. While
the SacI-Sacll fragment showed no sign of rFarA binding (Fig.
1C, lane 2), the SacII-BglI fragment was retarded (Fig. 1C, lane
4). Addition of the unlabeled SaclI-Bgll fragment to a molar
level equivalent to that of rFarA abolished visible retardation
of the labeled fragment (Fig. 1C, lanes 5 to 7). From these
data, we conclude that there is a specific FarA-binding se-
quence present in the 110-bp SacII-Bgll fragment.
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FIG. 2. Effects of different autoregulators on DNA-binding activity of rFarA.
When IM-2, VB-C, or A-factor was added to the reaction mixture, the mixture
was incubated at 25°C for 5 min. Lane: 1, 110-bp Sacll-Bgll fragment only; 2,
DNA plus rFarA; 3, DNA plus rFarA and 40% methanol (MeOH); 4 to 6, 0.5,
1, and 3 molar equivalents of IM-2; 7 to 10, 0.5, 1, 3, and 5 molar equivalents of
VB-C; 11 to 13, 1, 5, and 30 molar equivalents of A-factor.

The DNA-binding activity of FarA is controlled by IM-2.
FarA shows high ligand specificity, readily discriminating IM-2
from the structurally similar VBs and A-factor. While FarA
binds IM-2 with a K, of 1.3 nM (21), the VBs show at least
10-fold less activity, and A-factor shows almost no affinity to-
ward FarA. However, the ability of each ligand to influence the
DNA-binding activity of FarA was not assessed. To address
this issue, the gel shift assays were repeated with increasing
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FIG. 3. DNase I footprinting analysis of the rFarA-binding site. The 458-bp
insert of pFP1 containing upstream sequences and part of the far4 coding
sequence (positions 1341 to 1760) was amplified by PCR using **P-labeled FP1
(5'-AACTGCAGCTCATCGGCACACCACGGCC-3') and unlabeled M13
primer M3, and the PCR product was used in DNase I footprinting. Dideoxy
DNA sequence ladders were derived from primer FP1. Lanes: 1 to 4, 14 g of
purified rFarA incubated with 40, 20, 10, and 5 wg of DNase I per ml, respec-
tively; 5 to 8, no rFarA incubated with 40, 20, 10, and 5 ng of DNase I per ml,
respectively. Protected bases are underlined.
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FIG. 4. Comparison of binding sequences of FarA and ArpA (19). Asterisks
indicate nucleotides conserved between FARE and one of the ArpA-binding
sites. In the ArpA-binding consensus sequence, positions 3, 8,9, and 11 are more
highly conserved.

concentrations of the autoregulators (Fig. 2). With IM-2, ad-
dition of a 0.5 molar equivalent of IM-2 with respect to rFarA
completely abolished DNA-binding activity (lane 4). Since
B,,.x (binding maximum) of purified rFarA for IM-2 is 0.38
mol of [*’H]IM-2-Cs/mol of rFarA monomer (25), this was not
surprising (the low B,,,, presumably indicates that only ap-
proximately 38% of the rFarA was capable of binding IM-2
due to inactivation during purification, and we suspect that this
38% of rFarA can bind DNA). VB-C was also able to inhibit
the DNA-binding activity of rFarA (lane 10) but was required
at much higher concentrations than IM-2. The presence of a
fivefold molar excess of VB-C over rFarA, 10 times the con-
centration of IM-2 eliciting the same effect, completely elimi-
nated the mobility shift. In contrast, a 30-fold molar excess of
A-factor had no effect. These results agreed well with the
earlier biochemical studies of the ligand specificity of rFarA
and indicated that rFarA in its unligated form possesses DNA-
binding activity that is lost upon binding of IM-2 (25). All three
autoregulator receptors characterized thus far (FarA, BarA,
and ArpA) were found to exist as dimers under native condi-
tions (17, 18, 25). Since the dimeric form of rFarA obtained by
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TSK G-2000SWy, gel filtration high-pressure liquid chroma-
tography showed clear DNA-binding activity (data not shown),
and since rFarA remains as a dimer after binding IM-2, it
seems likely that it is the dimeric form of rFarA that binds to
DNA in vivo.

Analysis of the FarA-binding site by DNase I footprinting.
To further localize the FarA-binding sequence in the Sacll-
Bgll fragment, DNase I footprinting experiments were per-
formed with the 420-bp DNA fragment (positions 1341 to
1760) labeled on the coding strand by PCR amplification (Fig.
3). The *?P-end-labeled fragment was incubated with DNase 1
in the presence and absence of rFarA. After incubation at 25°C
for 10 min, DNase I (Boehringer Mannheim) in 100 mM
MgCL,-50 mM CaCl, was added to each reaction mixture to
final concentrations of 40, 20, 10, and 5 pg per ml and incu-
bated at 25°C for 1 min. The region protected by rFarA con-
tains 28 bp of the farX-farA intergenic region, extending from
nucleotides 1429 to 1456. This sequence, named FARE (FarA-
responsive element), is located approximately 70 bp upstream
of the farA translational initiation site and shows significant
homology to one of the artificial ArpA-binding sequences (Fig.
4). Onaka and Horinouchi (19) concluded that a palindromic
sequence was necessary for ArpA binding and deduced the
half-site sequence 5'-GG(T/C)CGGT(A/T)(T/C)G(T/G)-3" as
a consensus ArpA-binding site. Although the homology of
FARE to this ArpA consensus half-site is high (81.8% identi-
ty), FARE is only partially palindromic. Since no native ArpA-
binding site has been cloned or sequenced, the proposal that
autoregulator receptor proteins generally recognize binding
sites with dyad symmetry remains to be resolved.
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FIG. 5. (A) High-resolution S1 nuclease mapping of the far4 transcription start site and time course of farA4 expression in the presence and absence of IM-2. For
RNA isolation, strain FRI-5 was grown in liquid medium (5) and total RNA was prepared from the mycelium of the indicated cultivation time (hours). (+), IM-2 was
added to a final concentration of 100 nM at 5 h of cultivation, and cultivation continued for a further 3 or 5 h; (=), IM-2 was not added at 5 h. The probe (331 bp)
for S1 nuclease mapping was generated by PCR using pFP1 as the template and 3?P-labeled SN1 (5'-TCCGAGATGGTGGCCGCCTGGTAGC-3') and unlabeled M13
primer RV as primers. Lanes T, C, G, and A represent sequence ladders generated with the primer that was used to derive the end-labeled probe. Asterisks indicate
the apparent transcription start site. (B) Nucleotide sequence of the far4 upstream region. The putative —35 and —10 regions of farA are boxed, the apparent
transcription start site is denoted by an asterisk, and the putative ribosome-binding site (RBS) is underlined. The region (FARE) protected from DNase I digestion

by purified rFarA is underlined with a broken line.
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Analysis of the far4 promoter region by high-resolution S1
nuclease mapping. The location of FARE relative to the far4
translational initiation codon suggested that FarA might con-
trol the transcription of farA. To address this possibility, the
transcriptional start site of far4 was determined by high-reso-
lution S1 nuclease protection analysis performed as described
by Janssen et al. (7) and White and Bibb (26) (Fig. SA). Forty
micrograms of RNA which was hybridized with 30,000 cpm of
probe in sodium trichloroacetate buffer (15) was extracted
essentially as described previously (6) except that the mycelium
was scraped directly into modified Kirby mixture. A protected
fragment corresponding to a putative transcription start site at
an A residue at position 1436, 64 bp upstream of the far4
translational start codon, was observed. Five base pairs up-
stream of this putative start site lies the hexameric sequence
TAAGAT, and 16 bp upstream lies the motif TTGGCG; these
sequences may act as the —10 and —35 regions, respectively, of
the farA promoter (Fig. 5B) (1). The binding sites of most
transcriptional regulators (activators or repressors) either
overlap the RNA polymerase-binding site or are located im-
mediately upstream of this sequence. FARE covers the puta-
tive farA transcription initiation site and overlaps the probable
—10 region of farA, suggesting that FarA acts as transcriptional
repressor of its own synthesis by preventing RNA polymerase
binding. Binding of IM-2 to FarA would then result in the
dissociation of the receptor from the DNA, allowing transcrip-
tion of farA to occur. IM-2 addition during cultivation clearly
induced farA transcription, as detected by S1 nuclease map-
ping, with some basal level transcription in the absence of IM-2
(Fig. 5A). We propose that in the early stages of cell growth,
before IM-2 production can be detected, low-level synthesis of
farA mRNA generates sufficient FarA to repress its own tran-
scription. During later stages of growth, when IM-2 can be
detected in the culture medium, transcription of farA4 is dere-
pressed and increases dramatically. The resultant FarA could
then act to regulate the expression of genes other than farA.

We believe that FarA plays an important role in the regu-
lation of secondary metabolism in S. lavendulae and that it does
so in conjunction with IM-2. While the production of the
nucleoside antibiotics showdomycin and minimycin is induced
by addition of IM-2, the production of D-cycloserine is termi-
nated. Whether the biosynthetic genes for the production of
these compounds are regulated by FarA and, if so, whether
directly or indirectly remain to be determined. If they are
directly controlled by FarA, then many of them should be
preceded by sequences similar to FARE. We are currently in
the process of isolating additional FarA binding sites that may
be helpful in answering this question.

Nucleotide sequence accession number. The sequence
shown in Fig. 1A has been assigned Genbank/EMBL accession
no AB001683.
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