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CovR, the two-component response regulator of Strepfococcus pyogenes (group A streptococcus [GAS])
directly or indirectly represses about 15% of the genome, including genes encoding many virulence factors and
itself. Transcriptome analyses also showed that some genes are activated by CovR. We asked whether the
regulation by CovR of one of these genes, dppA, the first gene in an operon encoding a dipeptide permease, is
direct or indirect. Direct regulation by CovR was suggested by the presence of five CovR consensus binding
sequences (CBs) near the putative promoter. In this study, we identified the 5’ end of the dpp4 transcript
synthesized in vivo and showed that the start of dppA transcription in vitro is the same. We found that CovR
binds specifically to the dppA promoter region (PdppA) in vitro with an affinity similar to that at which it binds
to other CovR-regulated promoters. Disruption of any of the five CBs by a substitution of GG for TT inhibited
CovR binding to that site in vitro, and binding at two of the CBs appeared cooperative. In vivo, CovR activation
of transcription was not affected by individual mutations of any of the four CBs that we could study. This
suggests that the binding sites are redundant in vivo. In vitro, CovR did not activate transcription from PdppA
in experiments using purified GAS RNA polymerase and either linear or supercoiled DNA template. Therefore,

we propose that in vivo, CovR may interfere with the binding of a repressor of PdppA.

Streptococcus pyogenes (group A streptococcus [GAS]) is an
exclusively human pathogen that causes multiple diseases, both
mild and severe. In some individuals, the serious poststrepto-
coccal sequelae rheumatic fever and rheumatic heart disease
or acute glomerulonephritis may occur. Mild GAS infections
of the skin and throat include pharyngitis, impetigo, and scarlet
fever, while more invasive life-threatening infections include
necrotizing fasciitis and streptococcal toxic shock syndrome
(7). Thus, GAS must be able to adapt to, and grow in, many
different microenvironments within its human host. Since GAS
encodes only one secondary sigma factor (o) (43), and this is
not expressed in laboratory culture (42), GAS must have al-
ternate means to mount global changes in gene expression to
adapt to environmental stresses.

Two-component signal transduction systems are often used
by bacteria to sense and respond to alterations in environmen-
tal conditions, such as those encountered during infection by
GAS (29, 50, 53). Typically, these systems consist of a mem-
brane-bound sensor kinase and a cytoplasmic DNA-binding
response regulator protein. The sensor kinase detects a change
in the extracellular environment and responds by autophos-
phorylation. The phosphoryl group is then transferred by the
kinase to the response regulator, resulting in enhanced DNA
binding of the response regulator to target promoters for ac-
tivation or repression of gene expression.

The two-component signal transduction system CovR/CovS
(CsrR/CsrS) is a global regulator that controls the expression
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of about 15% of GAS genes (8, 20), including those encoding
virulence factors that enable the organism to attach to host
cells, tolerate stress conditions, and evade the immune system
(8, 16, 27, 31). The importance of the CovR/CovS system in
GAS pathogenesis is attested to by the findings that it is ex-
pressed in vivo in animal models of infection (5, 9, 55) and that
its presence correlates with severe invasive disease in humans
(54). Unlike most response regulators, CovR represses most of
the genes that it controls, including its own expression (25).
Regulation by CovR may be indirect, through a cascade in-
volving an additional transcription factor (48), or direct, by
binding at the regulated promoter. Direct regulation of tran-
scription by CovR in vitro was demonstrated at the promoters
for genes encoding has (capsule synthesis), sag (streptolysin S),
covRS (18, 24, 25), and riv (48). Furthermore, in vivo, repres-
sion by CovR is reduced by substitution mutations in the CovR
binding sites at the sas and covRS promoters (17, 25).

The dppA promoter, PdppA, which is regulated positively by
CovR, has five CovR consensus binding sequences (CBs)
within 200 bp upstream of the first open reading frame, sug-
gesting a direct interaction with CovR. Binding sites of tran-
scriptional activators are usually located upstream of promot-
ers to allow contact with RNA polymerase to increase the
initiation of transcription (3). However, at PdppA, CovR bind-
ing sites are located both upstream and downstream of the
putative promoter, which is similar to the location of CBs at
promoters of genes repressed by CovR (18, 24, 25). There-
fore, we wanted to investigate whether CovR binds PdppA
directly to activate transcription and, if so, how CovR interacts
differently at this promoter to increase, instead of decrease, tran-
scription.

In this study, we confirmed that CovR increases dppA tran-
scription in vivo. However, although CovR binds PdppA spe-
cifically in vitro at the predicted CBs, this binding alone does
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TABLE 1. Primers used in this study

J. BACTERIOL.

Primer

Sequence (5'-3")*

Use

PdppA S1 BamHI

PdppA A2 Pstl
PdppA Al Xhol
PdppA PE3

PdppA S mut CB-1
PdppA A mut CB-1
PdppA S mut CB-2
PdppA A mut CB-2
PdppA S mut CB-3
PdppA A mut CB-3
PdppA S mut CB-4
PdppA A mut CB-4
PdppA S mut CB-5

cggegeggatccTGTATTAATGGCTATCTGAAG

atagaaaactgcagTGATATTCCCTTGATTGTGG
gggeegetcgagCCCAGTCAAAAATAACGTGA
TGATAATAGAGAAGTATTTTAGG
TGATCAGTTTCCTTCTTTTTTTAATCTAAAAT
AAAAAAAGAAGGAAACTGATCACTAAGAAATA
TTCTTTTTTTCCTCTAAAATAAGTCATGAAAC
TTATTTTAGAGGAAAAAAAGAATTAAACTGAT
CTTTTGTTCCTACATCAACTTATAAAAAAGCC
GTTGATGTAGGAACAAAAGATAAAGAGGTTTC
CAAAAATTCTCCTTAACCAGTTAAACAATTGC
AACTGGTTAAGGAGAATTTTTGTTATTTTCAG
TATTTATTAAGGAGAAATAAGGAGATTTGATTG
CCTTATTTCTCCTTAATAAATAATAATAGTAAC

PdppA-gusA transcriptional fusions
and construction of pEU7535

Construction of pEU7535

PdppA-gusA transcriptional fusions

Primer extension

PdppA CB-1 mutagenesis
PdppA CB-1 mutagenesis
PdppA CB-2 mutagenesis
PdppA CB-2 mutagenesis
PdppA CB-3 mutagenesis
PdppA CB-3 mutagenesis
PdppA CB-4 mutagenesis
PdppA CB-4 mutagenesis
PdppA CB-5 mutagenesis

PdppA A mut CB-5
codY S1 EcoRI
codY Al Sacl
PdppA-M6-F
PdppA-M6-R
Ptrc99a-EcoRI
Ptrc99a-BamHI

atccggaattcGTAAAATCACATCTATTTTGC
gaatcgcgagctc ATCTAACTCTCCAAGAATTGC
CCCTCCCAACAAGCTATTTTTGTTCGTAACC
GGGAGGGGTGACATCATTTCCTACAGGATAACC
gegaattccGTAGCGCCGATGGTAGTG
gggeeatccGCTTCCTCGCTCACTGAC

PdppA CB-5 mutagenesis
codY insertional inactivation
codY insertional inactivation
RPA probe construction
RPA probe construction
Construction of pEU7535
Construction of pEU7535

“ Uppercase letters indicate sequences derived from the genes of interest, lowercase letters indicate sequences added for cloning purposes, and underlined sequences

indicate restriction sites.

not stimulate transcription from the dppA promoter in vitro. It
appears, therefore, that a factor is present in vivo that is absent
from our in vitro transcription system. Thus, CovR activation
at PdppA is unlike CovR repression at Phas, Pcov, Psag, and
Priv, where no additional factor is required.

MATERIALS AND METHODS

Media and strains. Escherichia coli K-12 strain DH5« was used for construct-
ing all plasmids. All GAS strains are derivatives of the M6 serotype strain JRS4
(41). Escherichia coli strains were grown in LB broth (51), and GAS strains were
grown at 37°C without agitation in Todd-Hewitt broth supplemented with 0.2%
yeast extract.

Antibiotics were used at the following concentrations: ampicillin at 100 p.g/ml
for E. coli, kanamycin at 50 pg/ml for E. coli and 200 pg/ml for GAS, and
spectinomycin at 100 pg/ml for both E. coli and GAS.

RPAs. RNase protection assays (RPAs) were performed on late-log-phase
RNA harvested from GAS as described previously (10). The dppA segment was
amplified using primers dppA-M6-F and dppA-M6-R (all primers are listed in
Table 1) to construct pEU7564. Labeling and preparation of an antisense RNA
probe for dppA from the pEU7564 template were the same as those for the gusA4
probe (10).

Primer extension. An antisense primer to the dppA4 open reading frame (PdppA
PE3) was radiolabeled with [y->?P]ATP (38) and used in a reverse transcription
reaction of late-log-phase RNA isolated from JRS4. Primer extension was per-
formed using the protocol for reverse transcriptase Superscript Enzyme IT (In-
vitrogen).

Construction of pEU7535. The PdppA promoter region was cloned upstream
of transcriptional terminators in pEU2146, a derivative of pTrc99a (1). To
construct pEU2146, an EcoRI- and BamHI-digested Prns promoter fragment
was cloned into a 2.1-kb fragment of pTrc99a using primers Ptrc99a-EcoRI and
Ptrc99a-BamHI (G. P. Munson and J. R. Scott, unpublished data). The Prus
promoter was excised using enzymes BamHI and EcoRI. Primers PdppA S1
BamHI and PdppA A2 PstI were used to PCR amplify the dppA promoter region
(positions —233 to +102 with respect to the dppA transcriptional start) from the
JRS4 chromosome. The resulting PCR product was cloned into the BamHI and
EcoRI sites of pEU2146 to construct pEU7535.

Mutation of CBs. CBs at PdppA were mutated by substituting guanine residues
for thymine residues in the ATTARA sequence by site-directed mutagenesis
using complementary primer pairs (Table 1). Each sense strand primer contain-
ing the desired mutation was used with PdppA Xhol and each antisense primer
containing the desired mutation was used with PdppA BamHI to amplify a

segment of PdppA from the JRS4 chromosome. These PCR products subse-
quently served as templates in an overlapping PCR with the outside primers
PdppA BamHI and PdppA Xhol to produce the mutated PdppA fragments
(positions —233 to +102) with flanking BamHI and Xhol sites.

Construction of reporter fusions. All PdppA-gusA reporter fusions were
cloned upstream of the gusA reporter gene in pJRS462 (25), a suicide vector
containing regions of homology to the VIT locus of RTG229 (19) for single-copy
introduction into the chromosome of GAS. To construct the PdppA-gusA wild-
type transcriptional fusion, primers PdppA S1 BamHI and PdppA A1 Xhol were
used to amplify a 335-bp segment of PdppA (positions —233 to +102) from the
JRS4 chromosome. This segment was cloned upstream of the gusA4 reporter gene
in pJRS462 between the BamHI and Xhol sites to construct pEU7526. To
construct the PdppA-gusA CB mutant fusions (with TT-to-GG substitutions),
PCR products containing the mutated PdppA regions with flanking BamHI and
Xhol sites (see above) were cloned into pJRS462 to create the following plas-
mids with the indicated promoter mutations (Table 2): pEU7524 (CB-1%),
pEU7527 (CB-2*), pEU7531 (CB-3*), pEU7525 (CB-4*), and pEU7528 (CB-
5%). The resulting GAS strains are listed in Table 2.

To construct the PdppA-gusA ACB-5 fusion, a region including the dppA
promoter from positions —233 to +14 was amplified from the JRS4 chromosome
using primers PdppA S1 BamHI and PdppA A3 Xhol. The resulting PCR
product was cloned into the BamHI and Xhol sites of pJRS462 to construct

TABLE 2. PdppA-gusA transcriptional fusions in E. coli and GAS
and locations of consensus sequence mutations

Location of GAS strain®

PdppA-gusA

fusion TT—to—_GG Plasmid” - —
mutation” CovR CovR

Wild type pEU7526 JRS675 JRS679
CB-1* —158, =157 pEU7524 JRS661 JRS671
CB-2* —146, —145 pEU7527 JRS662 JRS672
CB-3* —108, —107 pEU7531 JRS680 JRS685
CB-4* =51, =52 pEU7525 JRS663 JRS676
CB-5* +29, +30 pEU7528 JRS664 JRS674

“ The location of thymine base pair substitutions is indicated with respect to
the dppA transcriptional start.

® PdppA wild-type and CB mutant promoter regions were cloned upstream of
the gusA reporter in pJRS462 in E. coli.

¢ PdppA-gusA fusions were integrated in a single copy into the chromosome of
GAS strain RTG229 in CovR™ or CovR ™ backgrounds.
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pEU7540. The plasmid was linearized with Xmnl, and the reporter fusion was
introduced in a single copy into the chromosome as described above.

Deletion of the covR gene. The covR gene in each GAS transcriptional fusion
strain was replaced with a nonpolar spectinomycin resistance cassette (32) using
a temperature-sensitive plasmid, pJRS651 (25).

Purification and phosphorylation of CovR. Native CovR protein was purified
from E. coli and phosphorylated with acetyl phosphate as described previously
(18). For in vitro transcriptions, following phosphorylation, acetyl phosphate was
removed by purification through MicroBioSpin columns (Bio-Rad). The protein
concentration was determined using the Micro BCA protein assay kit (Pierce)
standardized against bovine serum albumin.

DNase I protection assay. Primers PdppA S1 BamHI and PdppA A1 Xhol
were used to amplify the 335-bp PdppA segment (positions —233 to +102) of the
JRS4 chromosome. DNase I protection assays with purified CovR were per-
formed as described previously (17).

Gus assays. GAS cultures were grown to late log phase in Todd-Hewitt broth
supplemented with 0.2% yeast extract and assayed for specific B-glucuronidase
(GusA) activity (15).

Purification of GAS RNA polymerase and major sigma factor. RNA polymer-
ase from GAS was purified as described previously (43). The major sigma factor
from GAS (RpoD) was expressed in E. coli and purified as described previously
(25).

In vitro transcription. Transcription reactions were performed as described
previously (18). To identify transcripts from the putative dppA promoter,
pEU7526 (see reporter fusions) was digested separately at each of two sites
(EcoRI and Xhol) downstream of the promoter so that transcript sizes could be
predicted. Transcripts from the promoter were of the predicted size (~130 bp
and ~102 bp for EcoRI and Xhol digests, respectively), indicating that the 5’ end
of the transcript mapped by primer extension in vivo coincides with the dppA
start of transcription in vitro.

Insertional inactivation of codY. A 593-bp internal segment of the codY gene
was amplified from the JRS4 chromosome using primers codY S1 EcoRI and
codY Al Sacl and cloned between the EcoRI and Sacl sites of the suicide vector
pSK-Erm (42) to construct pEU7562. The plasmid was electroporated into
JRS675 (PdppA-gusA reporter strain) and integrated into the chromosome by a
single crossover. The presence of the integrated plasmid within the codY open
reading frame was confirmed by PCR.

ISS1 mutagenesis. Transposon mutagenesis using the temperature-sensitive
plasmid pGhost9-ISS1 (33) was performed on JRS679 (Table 2), the isogenic
covR derivative of the wild-type PdppA-gusA reporter strain. Survivors at the
nonpermissive temperature were screened for increased transcription from the
PdppA-gusA reporter by replica plating onto Thy plates spread with 5-bromo-4-
chloro-3-indoxy-beta-p-glucuronide (X-glu; Gold BioTechnology, Inc.). Colonies
with increased Gus activity (blue) were analyzed further.

RESULTS

CovR activates dppA expression in vivo. Microarray analyses
showed that the amount of dppA transcript in a strain deleted
for CovR is reduced about fivefold in late exponential phase in
a serotype M1 GAS strain (20) and about fourfold in a sero-
type M6 strain (10). We confirmed these results with an RPA
using radiolabeled antisense RNA probes to the dppA open
reading frame and the gusA4 (B-glucuronidase) reporter gene
fused to the dppA promoter region (Fig. 1). Controls for ex-
periments described below using quantitative reverse tran-
scription-PCR (data not shown) and reporter enzyme assays
(see below) also corroborated these results.

CovR binds PdppA in vitro. The 5’ end of the dppA tran-
script lies downstream of putative —35 and —10 promoter
elements and 48 bp upstream of the dppA open reading frame,
as shown by primer extension analysis of RNA isolated from
JRS4 in late log phase (Fig. 2). The size of the transcript
produced in vitro from PdppA using GAS RNA polymerase
and GAS o factor was consistent with this (Fig. 3).

We found that CovR retarded the mobility of a 335-bp
fragment (from positions —233 to +102) of the JRS4 chromo-
some that includes the dppA promoter (data not shown), dem-
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onstrating that CovR binds to this region. Binding of CovR was
localized more precisely by DNase I protection assays. We
found four regions of PdppA DNA, from positions —163 to
+40, that were specifically protected by CovR (Fig. 4 and 5).
Within each region of protected DNA, there is at least one
ATTARA consensus or near-consensus binding sequence
(CB). Binding at CB-3 and CB-4 requires a higher concentra-
tion of CovR than does binding to the other CBs, suggesting
that the affinity of CovR for these sites is lower. The sequence
ATTAAC, labeled CB-3, differs from the consensus by a single
base, and at other promoters, Pcov and Psag, CovR was also
shown to bind at near-consensus binding sequences (18, 25).

In a DNase I protection assay of PdppA with phosphorylated
CovR (incubated with acetyl phosphate), we found that phos-
phorylation increased the binding affinity of the protein to the
CB-1 and CB-2 regions by twofold and the CB-5 region by at
least threefold; however, the regions of DNA protected were
the same (data not shown).

Mutation of CB sequences at PdppA disrupts binding of
CovR in vitro. The thymine residues of CB sequence AT
TARA are required for binding of CovR at Phas and Pcov (17,
25). To determine whether these residues are also required for
CovR binding at PdppA, we substituted guanine residues for
thymine residues at each CB by site-directed mutagenesis and
used DNase I protection assays to evaluate the ability of CovR
to bind to the mutated DNA. Within the region where the
mutation was located, protection was reduced by the mutation
of each CB sequence (Fig. 6), although the binding at the other
protected sequences showed little if any effect of the mutation.
The exception to this lack of cooperativity in binding occurred
at CB-1 and CB-2, which are both located within the same
protected region. In these cases, mutation of either CB pre-
vented protection within the entire region (Fig. 6A). In addi-
tion to inhibiting binding in the protected region that included
the mutation, the mutation at CB-5 also shifted the location of
the protected region downstream from that protected on wild-
type DNA (Fig. 6B). These results show that CovR binds
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FIG. 2. Primer extension to map the 5" end of the dppA transcript. Antisense primer PdppA PE3 was annealed to RNA isolated from JRS4 in
late log phase, and primer extension was performed using Superscript II enzyme (Invitrogen). The arrow (+1) indicates the 5" end of the transcript.
Predicted promoter elements (—35 and —10) and the ribosome binding site (rbs) are labeled. CovR consensus binding sequences (CB) are shown

in relation to the start of dppA transcription. ORF, open reading frame.

specifically at PdppA in a manner similar to that at other
promoters (17, 18, 25).

Effect of CB mutations on PdppA transcription in vivo. To
determine whether CovR binding sites at PdppA are required
for activation of the promoter in vivo, we constructed tran-
scriptional fusions of the dppA promoter region (from posi-
tions —233 to +102 with respect to the start of transcription)
to the gusA (B-glucuronidase) reporter gene. The wild-type
promoter fusion (PdppA-gusA) as well as promoter fusions
containing individual CB mutations (Table 2) were introduced
in single a copy at an ectopic site into the GAS chromosome
(see Materials and Methods), leaving the native dppA locus
intact. Reporter activity (Gus activity) was measured in ex-

tracts of wild-type and isogenic covR strains harvested at late
log phase.

We found that Gus activity from the wild-type promoter was
about fourfold higher in the presence of CovR than in its
absence (Fig. 7), consistent with previous results measuring
dppA RNA (Fig. 1). CovR increased activity three- to fivefold
from promoters mutated at CB-1, -2, -3, and -5, which is com-
parable to the amount of activation of the wild-type promoter
(Fig. 7). Therefore, mutations at these CBs had little or no
effect on the CovR activation of PdppA. Although no activation
by CovR was detected from the CB-4 mutant promoter, the
activity of this promoter approached the background level of
detection for the assay (data not shown). Therefore, we are
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FIG. 3. Identification of the dppA transcript by in vitro transcription. In vitro transcription was performed using plasmid pEU7526 (containing
the PdppA region from positions —233 to +102) linearized separately with two different enzymes (EcoRI and Xhol) at sites downstream of the
5" end of the dppA transcript (+1). A ribonucleotide size marker (M) (Ambion) is shown to the right of the image. ORF, open reading frame. nt,

nucleotides.
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of protection are indicated by solid lines, and CovR consensus binding sequences (CB) are labeled. The bent arrow indicates the start of dppA transcription.

unable to rule out the possibility that the CB-4 mutation pre- binding of CovR to this site in vitro (Fig. 6B) and was therefore
vents transcription from PdppA, for example, by preventing unlikely to fully disrupt CovR binding in vivo, it remained

binding of RNA polymerase.

possible that this binding site was required for PdppA activa-

Since the CB-5 mutation at PdppA did not fully disrupt the tion. To evaluate this, we constructed a truncated PdppA-gusA

CCTGTATTAA TGGCTATCTG AAGTTTTTGA TTCCCTTCGT AAACTACAAT TCCTTTATTT CTTAGTGATC
GGACATAATT ACCGATAGAC TTCAAAAACT AAGGGAAGCA TTTGATGTTA AGGAAATAAA GAATCACTAG

AGTTTAATTC TTTTTTTAAT CTAAAATAAG |[TCATGAAACC T(QTTTATCTT TTGTTAATAC |[ATCAACTTAT
TCAAATTAAG AAAAAAATTA GATTTTATTC |[AGTACTTTGG AGAAATAGAA AACAATTATG |TAGTTGAATA

CB-1 CB-2 CB-3

AAAAAAGCCC TGAGTATCTT CCTGAAAATA ACAARAATTC TAATTAACCA GTTAAACAAT TGCCCTCCTA
TTTTTTCGGG ACTCATAGAA GGACTTTTAT TGTT[ITTAAG ATTAATTGET CAATTTGTTA ACGGGAGGAT

CB-4

-10 +1 RBS

====== ,—V CB-5 J——

TTTGTTTATT GCTATAATGA GATGGAGTCG TTACHATTAT TATTTATTAA TTAGAAAT. GGAGATTTGA

AAACAAATAA CGATATTACT CTACCTCAGC AATGATAATA ATAAATAATT AATCTTTATT| CCTCTAAACT

start dppA ORF
TTGTGTCAAA ATACCTAAAA TACTTCTCTA TTATCACGTT ATTTTTGACT GGGCT

AACACAGTTT TATGGATTTT ATGAAGAGAT AATAGTGCAA TAAAAACTGA CCCGA

FIG. 5. CovR binding sites at PdppA. Regions of CovR protection at PdppA based on DNase I footprints shown in Fig. 4 are outlined. CovR consensus
binding sequences (CB) are underlined. Promoter elements (—35 and —10) are indicated, and the bent arrow indicates the 5’ end of the dppA transcript.
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fusion (from positions —233 to +14) that was deleted for the
CB-5 sequence. This fusion, designated PdppA-gusA ACB-5,
was introduced in a single copy into the GAS chromosome, as
was done for the other fusions. Activity from the PdppA-gusA
ACB-5 reporter in both wild-type and covR derivative strains
was about twofold higher than the original PdppA-gusA fusion
(data not shown). This may be due to the change in proximity
of the promoter to the gusA ribosome binding site or to the
deletion of a negative regulatory element located within the
region omitted from the fusion. Despite the increase in re-
porter expression, activity from the PdppA-gusA ACB-5 fusion
was about fivefold higher in the presence of CovR (Fig. 7),

suggesting that CB-5 is not needed for CovR-dependent acti-
vation of PdppA.

CovR does not activate PdppA in vitro. To determine
whether phosphorylated CovR activates transcription from
PdppA directly, we used an in vitro transcription system with
purified GAS RNA polymerase (25) and a supercoiled DNA
template. The 335-bp region including PdppA used in the
DNA binding and reporter assays was cloned upstream of
transcriptional terminators to produce pEU7535. As a con-
trol that should be unaffected by CovR, the Ptrc promoter in
pTrc99a (1), which is also located upstream of transcrip-
tional terminators, was used. The two transcripts produced
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CovR"/CovR
5’ dppA gusA
-35 -10 rbs rbs

wt 436 +-0.53
CB-1 CB-2 CB-3 CB-4 CB-5

CB-1* %E:—;E'Eﬂ 3.31 - 0.05
* CB2  CB3 CB-4 CB-5

cB-2+ s—=C—cemommm) o0
cB1 ¥ CB-3 CB-4 CB-5

CB-3* - §=§=|;§'§~ 28841 0.68
CB-1 CB-2 CB-4 CB-5

CB-4* %ﬂgﬂ 1.08 +/- 0.64
CB-1 CB2  CB-3 * CB-5

CB-5* %:L_Eﬁﬂ 4.21+/-0.41
CB-1 CB-2 CB-3 CB-4 *

ACB-5 = '95- 5.68 +/- 1.4
CB-1 CB-2 CB-3 CB-4

FIG. 7. CovR activation of wild-type and mutant PdppA-gusA fusions. Extracts of late-log-phase GAS cultures were harvested, and the specific
activity of B-glucuronidase was measured in wild-type and isogenic CovR™ and CovR ™ derivatives of each strain. The ratio of the activity in a
CovR™ strain divided by its activity in a CovR ™~ strain is shown. The location of each binding site mutation (CB*) is indicated by an asterisk, the
start of transcription is indicated by an arrow, and the —10 and —35 elements of the promoter are indicated by boxes.

from each promoter (PdppA and Ptrc) (Fig. 8) probably
result from the inefficiency of termination of transcription
by the first terminator, since they differ in size by the dis-
tance between the two terminators (175 bases). Unexpect-
edly, neither CovR (data not shown) nor CovR-P activated
transcription from PdppA. Instead, at a concentration of
CovR-P that had no effect on Ptrc, it repressed PdppA.
Similarly, when PdppA was present on a linear template,

No 1.0 pM
CovR-P CovR-P

CovR-P did not activate but repressed transcription (data
not shown), although 50% repression of PdppA required
twice the CovR-P concentration necessary to achieve 50%
repression of Phas and Pcov on linear DNA templates (data
not shown). Therefore, in the absence of other factors,
CovR-P appears to repress (at high concentrations), not
activate, transcription from PdppA in vitro using either a
linear or supercoiled DNA template.

UM CovR-P

— ]

0 0.03 0.06 0.12 0.25 0.50 1.00 M

Control 2 —p s seee S S

500 nt

[ —— —

dppA2

Control 1 —p s s s s

rb-—-—-—_.——._....

dppAl

pTrc99a

e 400 nt

= 300 nt

pEU7535

FIG. 8. Effect of CovR-P on dppA expression in vitro. Transcripts from Ptrc (labeled Control 1 and Control 2) and PdppA (labeled dppAl and
dppA2) preincubated with or without CovR-P prior to the addition of RNA polymerase are shown. The DNA templates used are listed below the
figure, and a ribonucleotide size marker (M) (Ambion) in nucleotides (nt) is shown to the right of the image.



1414 GUSA ET AL.

CodY does not repress dppA expression in GAS. The differ-
ence in the effect of CovR on PdppA in vivo and in vitro
suggests that the in vitro system is missing a factor important
for PdppA activation. Since CovR binds specifically to but does
not activate PdppA in vitro, two simple explanations for the
activation of PdppA in vivo by CovR are that a coactivator is
required or that CovR interferes with the binding of a repres-
sor at this promoter. In other bacteria, similar operons pro-
ducing enzymes used to scavenge peptides from the environ-
ment are repressed by the pleiotropic repressor CodY. Both
the dpp operon in Bacillus subtilis (37, 52) and the opp operon
(oligopeptide transport system) in Lactococcus lactis (22) are
repressed by CodY. Because GAS has a codY homolog in its
genome, it seemed possible that CovR might interfere with
CodY binding to the dppA promoter, thereby increasing dppA
transcript levels.

To determine whether CodY represses dppA expression in
GAS, we insertionally inactivated codY in the PdppA-gusA
reporter strain (JRS675) and measured dppA and gusA tran-
script levels by RPA (Fig. 1). Unexpectedly, we found that in
the absence of CodY, dppA and gusA expression levels were
reduced eight- and fivefold, respectively, compared to that of
the wild-type strain (Fig. 1). A Gus assay comparing activity in
the wild type and codY isogenic strains confirmed the RPA
result: PdppA activity in the codY strain was reduced fivefold
(data not shown). This suggests that CodY does not repress
PdppA in GAS but rather is required for wild-type expression
from this promoter. Because the CodY mutation is polar, it is
possible that the activation of PdppA might be due to a gene
downstream of codY. However, the nearest downstream gene
is a putative pyrazinamidase/nicotinamidase (SPy1776), which
is unlikely to have this effect. After this work was completed
(23), CodY activation of PdppA was reported in a different
strain of GAS (34).

Isolation of mutants in a putative repressor or coactivator of
dppA. In an attempt to identify a putative regulator of PdppA,
the covR deletion strain containing the PdppA-gusA transcrip-
tional fusion at an ectopic location (JRS679) was subjected to
ISS7 transposon mutagenesis (33). Of about 15,000 colonies
containing the inserted transposon in 12 independent mu-
tagenesis experiments, three independent mutants were found
to have increased GusA activity. This is an unexpectedly low
number for GAS, which has only about 2,000 genes. Quanti-
tative reverse transcription-PCR demonstrated that there was
at least a fivefold increase in transcription from PdppA for two
of these mutants compared with that of the parental strain
(data not shown). Sequence analysis of both Pdpp regions of
each of the two mutants showed no changes from the wild-type
Pdpp sequence. Because there was an increase in gusA activity
from PdppA-gusA as well as an increase in transcription from
PdppA at its native location in these mutants (data not shown),
it is likely that both of these independently derived mutations
affect a regulator of dppA expression. Unfortunately, we were
unable to map the location of these mutations because the
ISSI element was not present in the chromosome of these
strains, indicating that the phenotype resulted from a sponta-
neous mutation. The isolation of spontaneous mutations with
increased activity of PdppA, accompanied by the failure to
isolate insertion mutations with a similar phenotype, suggests
that the regulator of PdppA in GAS is essential for growth.
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DISCUSSION

Because they interact differently with RNA polymerase,
most transcriptional activators bind to promoter regions of
DNA at different locations from those to which transcriptional
repressors bind (3). To recruit RNA polymerase to target pro-
moters, most activators bind upstream of the core —35 and
—10 promoter elements. For example, class I activators, which
interact with the C-terminal domain of the « subunit of RNA
polymerase, bind promoter DNA upstream of the —35 se-
quence (14). The precise location of these activator binding
sites can vary due to flexibility in the linker region connecting
the a C-terminal domain and o N-terminal domain subunit of
RNA polymerase. Class II activators contact the o”® subunit of
the RNA polymerase holoenzyme by binding upstream of pro-
moters at or near position —41.5 (13, 40). A third class of
activators, which includes members of the MerR family, binds
the spacer region between the —35 and —10 elements to acti-
vate transcription. These activators change the conformation
of DNA at the promoter to shorten the distance between the
—35 and —10 elements, thus promoting binding of the RNA
polymerase holoenzyme (2, 28).

In contrast to transcriptional activators, whose binding sites
are generally located upstream of promoter DNA, binding
sites for transcriptional repressors usually overlap the —35 and
—10 promoter elements and also may occur downstream of the
start of transcription (3, 49). Repressors may inhibit transcrip-
tion by sterically interfering with RNA polymerase binding to
a promoter or by inhibiting later steps in the transcription
process, including the transition of the RNA polymerase-pro-
moter complex from closed to open, promoter clearance, and
transcriptional elongation (49). Repressors may also bind at
sites flanking the —35 and —10 promoter elements to create a
DNA loop that prevents access of RNA polymerase (6).

The presence of CovR CBs at PdppA suggested that the
activation of this promoter might be direct. In agreement with
this, we found that CovR binds specifically to PdppA in vitro
(Fig. 4), and, as at other CovR-regulated promoters, the thy-
mine residues of the ATTARA consensus sequences are re-
quired for the CovR-PdppA interaction (Fig. 6). Consistent
with binding of an activator protein, four CovR binding sites at
PdppA are upstream of the —35 sequence, and CovR binding
does not protect the —35 and —10 elements from DNase I
digestion. However, CovR also protected a region (CB-5)
downstream of the promoter in DNase footprints (Fig. 4).
Usually, transcription factors that bind downstream of promot-
ers act to repress transcription, although in E. coli, activation
by the AraC family member Rns requires a site downstream of
the start of transcription at Prns as well as upstream of the —35
element (39).

To determine the role of CB-5 and the other CBs at PdppA
in vivo, we examined transcription from each mutated pro-
moter at an ectopic chromosomal location. Individual muta-
tions at CB-1, CB-2, CB-3, and CB-5 had no effect in vivo on
the activation of PdppA by CovR. The CB-4 mutation, which is
centered 18 bp upstream of the —35 sequence, reduced pro-
moter activity to the background level, probably because it
disrupts the binding of the « subunit of RNA polymerase.
Therefore, we cannot determine whether binding at this site is
required for CovR activation. That single CB mutations did
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not reduce CovR activation of PdppA in vivo suggests that their
function is redundant. This differs from the binding of CovR at
promoters that it represses, since at these promoters, binding
to multiple sites is required to achieve full repression in vivo
(17, 25).

Direct repression by CovR at Phas, Pcov, Psag, and Priv was
demonstrated in vitro using a purified GAS transcription sys-
tem (18, 24, 25, 48). Using the same transcription system, we
were surprised to find that the addition of CovR to either a
linear or supercoiled PdppA template did not result in activa-
tion (Fig. 8). Instead, transcription from PdppA was repressed
in vitro by CovR-P (Fig. 8). The lack of direct activation of
PdppA by purified CovR-P suggests that although it can bind to
this promoter, CovR alone is unable to activate it. It appears
that the in vitro system lacks a factor required for activation by
CovR.

Although it is always possible that the salt conditions in the
in vitro transcription system preclude the detection of CovR
activation, there are several other possible explanations. One is
that to activate transcription, CovR requires a cofactor or
small molecule to alter its conformation so that it can interact
with PdppA or RNA polymerase to facilitate, instead of inhibit,
transcription. The best-known example of a transcriptional
regulator that changes from a repressor to an activator on
binding a small molecule is probably MerR. MerR binds be-
tween the —10 and —35 elements of the merTPCAD promoter
to sequester the RNA polymerase holoenzyme and repress
transcription. However, when HglI binds to MerR, the result-
ing conformation change in MerR brings these DNA regions
into a position that facilitates RNA polymerase binding and
leads to the activation of transcription (30). We do not favor
this explanation, however, because CovR is a response regu-
lator in the OmpR family. Although OmpR family proteins
may require metal ions (as well as phosphorylation) to achieve
the conformation optimal for binding to DNA, the lack of such
ligands reduces their affinity for DNA but does not alter the
contacts made between the protein and the DNA (26, 35).
Therefore, if ligand binding by CovR converts it from a repres-
sor to an activator, this would be unique among this well-
studied class of response regulator proteins.

Our ability to isolate mutants in a covR deletion strain that
showed increased expression of both the PdppA transcriptional
reporter as well as the native dppA locus suggests that GAS
produces a trans-acting protein that affects the transcription of
PdppA. The simplest explanation for this is that CovR func-
tions as an antirepressor by competing with a repressor for
binding to sites at PdppA or by interfering with the interaction
of the repressor with RNA polymerase. In support of the
existence of a repressor for PdppA, we found very low expres-
sion in vivo of GusA from PdppA (about 25 units) compared to
its expression from Pska (about 70 units) or Pcov (200 units)
(data not shown), although the amount of transcript produced
in vitro from linear templates was at least as great for PdppA as
for each of these promoters (data not shown). The putative
repressor of PdppA in GAS is not CodY (Fig. 1), although the
CodY homolog in B. subtilis represses dppA expression in that
organism (37, 52). It appears instead that the putative repres-
sor is an essential protein, since we were not able to obtain
transposon-mediated insertional mutations in the gene encod-
ing it. It is possible that the presumed PdppA repressor might
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be a histone-like DNA-binding protein similar to H-NS of
gram-negative bacteria, which binds promoters that it regulates
as a multimer to alter the conformation of DNA and repress
transcription (12, 47).

Although the mechanism of CovR activation at PdppA re-
mains unclear, it is clear that in GAS, the dpp operon is reg-
ulated by more than one transcriptional regulator in response
to more than one signal. Since GAS is auxotrophic for 13 of the
20 amino acids (11), GAS requires peptide permeases to use
small peptides in the environment as a source of these essential
amino acids. In GAS, unlike other lactic acid bacteria, dipep-
tides are taken up exclusively by the DppA-E system encoded
in this operon, which suggests that this operon is of critical
importance for GAS growth (44). At least three global regu-
latory proteins are involved in the control of transcription from
PdppA: CovR (8, 20), Mga (44), and CodY (34) (Fig. 1). Each
of these regulators responds to a different set of environmental
signals. CovR responds to stress signals including changes in
pH, temperature, and osmolarity (10) and may respond to
extracellular Mg?* concentrations (21); Mga responds to ele-
vated CO,, temperature, and iron levels (4, 36, 45); and CodY
responds to changes in nutritional status (34). With all of these
signals feeding into dpp regulation, it is even possible that
several regulatory proteins are present at the promoter simul-
taneously to control expression. The multiple regulatory cir-
cuits controlling PdppA suggest that the ability to use dipep-
tides in the environment is very important for growth of GAS
under many different stress conditions.

This study increases our appreciation of the complexity of
the CovR regulatory network. Previous work defined promot-
ers that are directly repressed by CovR and require no other
factors for this repression. We showed above that one pro-
moter activated by CovR requires some additional factor
whose availability is presumably subject to additional regula-
tory systems. Thus, the mechanism of activation at PdppA
represents an additional way for CovR to provide regulatory
input and to interact with other regulons. Several other GAS
promoters are activated by CovR, and it will be interesting to
learn whether this activation is direct or indirect and whether
these promoters require additional regulatory factors that are
the same or different from that required for the activation of
PdppA. The complexity of these interacting regulatory net-
works in GAS has probably evolved to facilitate the growth of
these bacteria under many different environmental conditions
in the absence of alternative sigma factors.
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