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Competence for Genetic Transformation in Streptococcus pneumoniae:
Mutations in o* Bypass the ComW Requirement for Late Gene
Expression
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ABSTRACT

Streptococcus pneumoniae is able to integrate exogenous DNA into its genome by natural genetic transformation. Transient ac-
cumulation of high levels of the only S. pneumoniae alternative o factor is insufficient for development of full competence with-
out expression of a second competence-specific protein, ComW. The AcomW mutant is 10*-fold deficient in the yield of recombi-
nants, 10-fold deficient in the amount of o™ activity, and 10-fold deficient in the amount of ¢ protein. The critical role of
ComW during transformation can be partially obviated by * mutations clustered on surfaces controlling affinity for core RNA
polymerase (RNAP). While strains harboring ¢* mutations in the comW mutant background were transforming at higher rates,
the mechanism of transformation restoration was not clear. To investigate the mechanism of transformation restoration, we
measured late gene expression in 6** suppressor strains. Restoration of late gene expression was observed in AcomW ¢** mu-
tants, indicating that a consequence of the ¢** mutations is, at least, to restore o™ activity. Competence kinetics were normal in
AcomW o** strains, indicating that strains with restored competence exhibit the same pattern of transience as wild-type (WT)
strains. We also identified a direct interaction between ComW and o using the yeast two-hybrid (Y2H) assay. Taken together,
these data are consistent with the idea that ComW increases 6™ access to core RNAP, pointing to a direct role of ComW in o fac-
tor exchange during genetic transformation. However, the lack of late gene shutoff in AcomW mutants also points to a potential

new role for ComW in competence shutoff.

IMPORTANCE

The sole alternative sigma factor of the streptococci, SigX, regulates development of competence for genetic transformation, a
widespread mechanism of adaptation by horizontal gene transfer in this genus. The transient appearance of this sigma factor is
strictly controlled at the levels of transcription and stability. This report shows that it is also controlled at the point of its substi-
tution for SigA by a second transient competence-specific protein, ComW.

S treptococcus pneumoniae, a Gram-positive opportunistic
pathogen found in the human nasopharynx, causes diseases
such as pneumonia and meningitis. S. pneumoniae’s natural com-
petence, or ability to integrate exogenous DNA into its chromo-
some, provides a major mechanism of rapidly overcoming selec-
tive pressure (1, 2). The ability to take up and exchange DNA
depends on development of the competent state, which is
prompted by quorum sensing (QS) mediated by a small peptide,
via a signal transduction pathway that is incompletely understood.

Cells in the exponential growth phase are first primed for
transformation by a QS mechanism encoded by two genetic loci
initially transcribed at a basal level by core RNA polymerase
(RNAP) bound to the primary sigma factor, o* (3). The loci are
comAB (4, 5) and comCDE (3). ComC is a propeptide cleaved and
exported by ComAB, as the mature peptide called CSP (compe-
tence-stimulating peptide) (6). CSP is sensed by the histidine ki-
nase receptor ComD, which then phosphorylates its cognate re-
sponse regulator, ComE (3, 5, 7, 8). Phosphorylated ComE
(ComE~P) binds at a direct repeat upstream of the promoters of
comAB, comCDE, and six additional operons that are transcribed
only at competence (3, 9, 10), called the early genes. Induction of
the early genes establishes a positive-feedback loop that increases
the level of CSP produced.

Another early gene, comX, encodes the single known strepto-
coccal alternative sigma factor, oX (11). In S. pneumoniae and
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other streptococci, 0 forms a holoenzyme with RNA polymerase
(RNAP) to recognize noncanonical promoter sequences, termed
cin (competence-induced)-boxes, upstream of late competence
genes (12-15). Organized in ~12 principal operons, the so-called
late genes encode a core streptococcal set of 28 competence-spe-
cific proteins, which create a DNA processing pathway for efficient
transport, preservation, and recombination of extracellular ge-
nome fragments. The most prominent of these core competence-
specific proteins is SsbB, a nonessential paralogue of the essential
single-stranded DNA (ssDNA)-binding protein, SsbA. In compe-
tent cells, SsbB coats internalized ssDNA fragments in amounts
that can exceed half a full genome equivalent. The promoter of
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FIG 1 Hypothetical functions of ComW as a ¢ factor adapter or in sequestration of o during competence in S. prneumoniae. Two main mechanisms are
suggested for ComW’s mode of action during transformation, blocking o association with E (core RNA polymerase) or promoting ¢ association with core
RNAP. However, many steps exist with either mechanism, and ComW could act at any of these steps. For example, if the role of ComW is to prevent o
association with core RNAP, it might act by sequestering * (2,) or by preventing o* from accessing core RNAP (?,). If ComW acts to increase o™ access to core
RNAP, it might act by directly binding o™ (?;) or by promoting the loading of ¢* onto core RNAP (?,). It could also act to promote switching between the two
sigma factors (?5). Purple squares, ComW; beige circles, *; magenta circles, 0; gray ovals, core RNA polymerase; green pentagon, housekeeping genes; brown
and orange pentagons, late genes; ?, hypothetical locations of ComW action; boxed ¢’s, cin-boxes.

ssbB contains the highly conserved — 10 octamer element (TACG
AATA) that is typical of cin-box promoters.

The ComABCDE/CSP system of competence induction is
maintained in the mitis and anginosus groups of streptococci,
whereas other streptococcal groups utilize a different set of QS
genes, comR and comsS, to coordinate population-wide induction
of 0® genes (16). Strict regulation of o™ is imperative in the strep-
tococci as some competence genes are responsible for fratricidal
proteins and associated immunity proteins (17). In addition to
transcriptional regulation by QS, o™ stability and activity rely on a
small protein, ComW (18, 19), which is found only in S. pneu-
moniae and 10 other species of streptococci. As o™ is conserved in
every Streptococcus species (20), it appears that the remaining spe-
cies without ComW have other mechanisms of regulation of o™
that do not require ComW.

comW was first identified as a gene whose expression was CSP
inducible and required for transformation (21). ComW was sub-
sequently implicated in the full o™ response during transforma-
tion (18), as ectopic coexpression of o™ and ComW was sufficient
to restore the yield of transformants to 80% of wild-type (WT)
levels. ComW was also described as necessary for ™ activity (19)
and for the protection of ¢ from degradation by the ATP-depen-
dent CIpEP protease. However, AcomW AclpP strains were unable
to transform despite producing the native amounts of ™ (19).

In an effort to pinpoint the critical role of ComW in com-
petence development, a suppressor screen revealed that muta-
tions in the primary o factor could partially restore transfor-
mation yields in the AcomW background. That screen took
advantage of the strong (10,000-fold) transformation-negative
phenotype of comW mutants to enrich for suppressor mutations
by means of three successive large-scale transformation steps,
which were carried out independently in 15 parallel enrichment
series, yielding a total of 27 independent suppressor alleles. All 27
independent spontaneous suppressor mutations mapped to re-
gions of o that control its affinity to core RNAP and mimic al-
terations known to reduce o affinity for core RNAP (22). This
suggested that ComW might act at the sigma substitution step to
promote substitution of * for ¢; however, there are several pos-

September 2016 Volume 198 Number 17

Journal of Bacteriology

sible ways in which ComW could affect the switching of sigma
factors (Fig. 1). For example, ComW could act either to block o
association with core RNAP or to promote o™ binding to core
RNAP. Further, for either mechanism there are multiple steps
where ComW could act. We hypothesized that ComW functions
as an adapter, binding to o™ to promote its access to core RNAP.
To test this interpretation, we have asked whether late gene ex-
pression is restored in AcomW ¢™* mutants.

We now show that late gene expression is restored in AcomW
o™ strains, that competence kinetics in these strains is similar to
that of the WT, and that ComW can interact directly with o,
Taken together, these data indicate that one role of ComW is to
increase o™ access to core RNAP. Finally, we observed persistence
of late gene expression in all AcomW mutants, suggesting a new
function for ComW in late gene shutoff.

MATERIALS AND METHODS

Bacterial strains and culture media. The strains used in this study are
listed in Table 1. CP2137, a Acps AcomA AssbB::pEVP3::ssbB derivative of
strain Rx1 (11, 22, 23), was used as the wild-type (WT) standard for
transformation assays. It produces no CSP, being deficient in the CSP
maturation protease and secretion exporter subunit, ComA. Isolation of
o™* suppressor mutations and creation of isogenic suppressor strains
were described previously (22). All pneumococcal strains were cultured in
CAT medium, supplemented as needed with 1.5% agar. CAT medium was
prepared from 5 g of tryptone (Difco Laboratories), 10 g of enzymatic
casein hydrolysate (ICN Nutritional Biochemicals), 1 g of yeast extract
(Difco), and 5 g of NaCl in 1 liter of H,O; sterilized for 40 min at 121°C;
and then supplemented to 0.2% glucose and 0.016 M K,HPO, before use.
Antibiotics were used at the concentrations described previously (22).
CSP1 (24) was obtained from NeoBioSci (Cambridge, MA) as a custom
synthetic peptide with the sequence EMRLSKFFRDFILQRKK at 80% pu-
rity and stored as a sterile 0.025% solution in water at —20°C.
Transformation assays. The standard assay for transformation was
done essentially as previously described (19). A log-phase culture at an
optical density at 550 nm (ODss,) of 0.05 at 37°C was incubated with 0.1
pg/ml DNA, 250 ng/ml CSP, 0.5 mM CaCl,, and 0.04% bovine serum
albumin (BSA) for 80 min at 37°C. Portions of the culture were then
embedded (in 1.5 ml of CAT medium mixed with 1.5 ml of CAT agar) in
sandwich plates and overlaid with the relevant antibiotic, as previously
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TABLE 1 Strains used in this study

Reference or

Strain Description source

S. pneumoniae

CP2137 hex malM511 str-1 bgl-1; low a-galactosidase 23
background; AcomA Acps AssbB::pEVP3::
ssbB SsbB™ Sm* Cm'; LacZ reporter
CP2451 CP2137 rpoD-L363F Sm" Cm" 22
CP2452 CP2137 rpoD-A171V Sm" Cm" 22
CP2453 CP2137 rpoD-R355H Sm" Cm" 22
CP2454 CP2137 rpoD-R316H Sm" Cm" 22
CP2455 CP2451 AcomW::kan Sm" Cm" Kn" 22
CP2456 CP2452 AcomW::kan Sm* Cm" Kn" 22
CP2457 CP2453 AcomW::kan Sm" Cm" Kn" 22
CP2458 CP2454 AcomW::kan Sm" Cm" Kn" 22
CP2463 CP2137 AcomW::kan Sm* Cm" Kn* 22
E. coliDH5a  F~ $80lacZAMI15 A(lacZYA-argF)U169 recAl  Invitrogen
endAl hsdR17 (r~ my ") phoA supE44 N~
thi-1 gyrA96 relAl
S. cerevisiae
GlodY2H  MATa trp1-901 leu2-3,112 gal4A gal80A mell ~ Clontech
Y187 MATa trp1-901 leu2-3,112 gal4A gal80OA MELI Clontech

described (19). After 15 h at 37°C, colonies were counted. The transfor-
mation efficiency is expressed as CFU per milliliter of cells transformed at
an ODg;, of 0.05.

[3-Galactosidase assay. To measure [3-galactosidase activity, a culture
was induced to competence atan ODy, 0f 0.1 by the addition of 0.1 pg/ml
DNA, 250 ng/ml CSP, 0.5 mM CaCl,, and 0.04% BSA. At 10 min intervals,
0.5-ml samples were removed, mixed with 0.125 ml lysis buffer (300 mM
Na,HPO,, 200 mM NaH,PO,, 50 mM KCl, 5 mM MgSO,, 0.5% Triton
X-100, and 250 mM B-mercaptoethanol), held at 37°C for 10 min, and
then put on ice. An 0.1-ml portion of each mixture was loaded into a well
in a 96-well plate, in duplicate. An 0.05-ml amount of o-nitrophenyl-3-

TABLE 2 Plasmids and primers used in this study

D-galactopyranoside solution was added to each well (4 mg/ml o-nitro-
phenyl-B-p-galactopyranoside, 60 mM Na,HPO,, 40 mM NaH,PO,).
The plate was incubated at 37°C with shaking, and absorbance at 420 nm
was read every 10 min for 100 min on the BioTek Synergy 2 reader. The
slope of the absorbance curve was used to calculate LacZ activity, which is
reported in Miller units.

Competence kinetics assays. To measure the amount of transfor-
mants at several time points after CSP addition, transforming cells were
incubated with DNA for 5 min and then exposed to DNase I. DNase I
(Sigma-Aldrich) was prepared as a 5-mg/ml solution in 0.15 M NaCl with
50% glycerol and stored at —20°C. A log-phase culture atan OD5,, 0£0.05
was brought to 250 ng/ml CSP, 0.5 mM CaCl,, and 0.04% BSA and incu-
bated at 37°C. Every 10 min post-CSP addition, 0.1 ng/ml DNA was added
to 1 ml cells and incubated at 37°C for 5 min. DNase I was added to a final
concentration of 20 wg/ml, and the cells were incubated for another 75
min to allow integration and expression of introduced genes. Cells were
then diluted and plated using the method described above.

Yeast two-hybrid (Y2H) strains and culture media. The Saccharomy-
ces cerevisiae strains used in this study were Y2HGold (MATa trp1-901
leu2-3,112 gal4A gal80A mell) and Y187 (MAT« #rp1-901 leu2-3,112
gal4A gal80A MELI) (Clontech, Mountain View, CA). Yeast strains were
grown in YPAD medium (1% [wt/vol] Bacto yeast extract, 2% [wt/vol]
Bacto peptone, 80 mg liter ' adenine hemisulfate) or selective minimal
(SD) medium that included a carbon and nitrogen source. Essential
amino acids were added to SD medium to create various selection media,
as previously described (25).

Plasmid construction. pAD, pBD, and other control plasmids were
obtained from Clontech (Mountain View, CA). The recombinant plas-
mids used for the Y2H assay, listed in Table 2, were constructed by restric-
tion enzyme digestion and ligation of insert DNAs into shuttle vectors.
The region of the S. pneumoniae R6 chromosome encoding the protein of
interest was amplified by PCR. pAD-comX was created by ligating the
comX amplicon generated by PCR into pAD after digestion of both mol-
ecules by BamHI and Xhol (New England BioLabs, Ipswich, MA). Simi-
larly, pBD-comW was created by ligating comW into pBD after digestion
of both molecules by BamHI and Sall (New England BioLabs, Ipswich,
MA). The primers used in this study are listed in Table 2. Primers JB17 and

Plasmid or primer name

Plasmid description or primer sequence®

Plasmids
pAD
pBD
pAD-comX
pBD-comX
pBD-W
pAD-W
pAD-rpoD
pAD-T
pBD-53
pBD-lam

Primers
JB17
JB20
JB37
JB38
JB41
JB42
JB45
JB48
JB51
JB52

pGADT, HA tag, Amp" leu2

PGBKT, c-Myc epitope tag, Kan" trpl
pGADT-comX, HA tag, Amp" leu2
pGBKT-comX, c-Myc epitope tag, Kan" trpl
PGBKT-comW, c-Myc epitope tag, Kan® trpl
pGADT-comW, HA tag, Amp" leu2
pGADT-rpoD, HA tag, Amp" leu2
pGADT-antigen T, HA tag, Amp" leu2
pGBKT-murine p53, HA tag, Kan" trp1
pGBKT-lamin, HA tag, Kan" trp1

GTACGGATCCAGGGGAAAATTATGATTAAAGAATTGTAT
GCATCTCGAGCTAATGGGTACGGATAGTAAACTC
GTCAGGATCCTTATGTTACAAAAAATTTATGAGCAGATG
GCATGTCGACTACTAAAATTACCTCAACAAGAAATAAAC
GTCAGGATCCTTATGTTACAAAAAATTTATGAGCAGATG
GCATCTCGAGTACTAAAATTACCTCAACAAGAAATAAAC
GTACGGATCCAGGGGAAAATTATGATTAAAGAATTGTAT
GTACGGATCCAGGGGAAAATTATGATTAAAGAATTGTAT
GTACGGATCCCAGCCCTAGAAGAATTGGAACG
GCATCTCGAGTCAATTTGCTCTTCTGTATAAG

“ Underlining indicates restriction enzyme recognition sites. HA, hemagglutinin.
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FIG 2 Late gene expression is restored in AcomW o** strains. Late gene expression patterns were measured in WT and AcomW strains and six AcomW o**

Ax.Al7lT, O_Ax-Al7lV, GA*RS]G(,, O_Ax-R316H’ O.A*RSSSH

mutant (o

, and o™*"2%%F) strains. P, s-driven transcription of lacZ was measured as 3-galactosidase activity

(Miller units) in samples harvested at indicated times after CSP addition. Each strain is indicated by its 0* mutation. The WT and AcomW strains have the WT
copy of . Late gene expression was not detected without CSP treatment. Error bars, standard deviations from three biological replicates. Arrow, addition

of CSP.

JB20 were used to amplify the full length of comX, and JB37 and JB38 were
used for amplification of the full length of comW. The full length of rpoD
was amplified by primers JB51 and JB52, digested with BamHI and Xhol,
and cloned into pAD. pBD-comX was created by ligating comX generated

30,000
25,000
20,000
-}
E
2
c
©
§ 15000 AcomW gA*R316H
2
o
=
10,000 AcomW gA*L363F
AcomWo-A*R355H
5,000
AcomW
AcomW gA*A71v
0 - —
0 10 20 30 40 50 60

Minutes

FIG 3 Competence kinetics are normal in AcomW ¢** strains. The number of
transformants/ml after a 5-min exposure to DNA was measured in the WT
(™7T) and AcomW (a*W7) strains and four AcomW o®* mutant (o”**17V,
gMIBIOH | GAXRSSSH oy 4 A*L303F) strains after CSP induction and a 5-min
exposure to 5 ng/ml DNA at each time point. Each strain is indicated by its o*
mutation. The WT and AcomW strains have the WT copy of . Transfor-
mants were not detected at any time without CSP treatment. Error bars, stan-
dard deviations from experiments performed in triplicate. CSP was added at
time zero.
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by PCRinto pBD digested by BamHI and Sall. pAD-comW was created by
ligating comW to pAD digested by BamHI and Xhol. Recombinant plas-
mids were first transformed into Escherichia coli (DH5«) with selection on
ampicillin (50 pg/ml) or kanamycin (50 pg/ml) plates. DNA from se-
lected single colonies was purified with the Zymo Miniprep kit, and cor-
rect cloning in frame was confirmed by sequencing the junction area of
DNA by Sanger sequencing (University of Illinois at Chicago Research
Resources Center [UIC RRC]).

Y2H assay. Recombinant plasmids were transformed into competent
yeast of a or a mating type by the lithium acetate (LiAc)-mediated method
(26), with selection on SD-Leu or SD-Trp medium (30°C for 72 h). Single
clones of the haploid transformants were verified by sequencing plasmid
junctions and stored at —80°C with 15% glycerol. By cross-mating be-
tween different mating types of yeast haploids, diploid strains were ob-
tained on SD-Leu-Trp. Five diploid transformants were picked up and
saved from each cross. Small identical volumes of five individual frozen
strains were mixed by resuspension with double-distilled water (ddH,0O)
and diluted to inoculate about 10° cells onto patches of SD-Leu-Trp agar
with  5-bromo-4-chloro-3-indolyl-a-p-galactopyranoside  (X-a-Gal).
Diploids on SD-Leu-Trp—X-a-Gal were incubated at 30°C for 5 days be-
fore determining interacting partners by production of blue product.

RESULTS

Late gene expression is restored in AcomW o¢** suppressor
strains. Transformation requires the cooperation of dozens of

TABLE 3 Persistent late gene expression in strains lacking ComW

ComW present ComW absent
o allele” Induction” Shutoff® Induction” Shutoft®
WT 4.2 —0.4 0.4 0.2
A171V 2.9 —0.4 3.0 1.0
R316H 5.0 —=0.5 1.6 0.2
R355H 4.1 —0.5 1.3 0.3
L363F 5.2 —0.5 1.1 0.3

“ Allele of o in strain tested.

b Rate of change in Miller units during induction phase, measured as slope of
expression between 10 and 20 min.

¢ Rate of change in Miller units during shutoff phase, measured as slope of expression
between 40 and 60 min.
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FIG 4 Late gene expression is persistent in o** strains lacking ComW. Late gene expression patterns after CSP induction using a lacZ reporter at gene ssbB.
B-Galactosidase activity (Miller units) in samples harvested every 10 min after CSP induction was measured in WT (¢*""), AcomW (AW and o** strains in
the presence or absence of ComW. Each panel examines a different single amino acid substitution in o*, denoted as the WT amino acid, the position of the

change, and the amino acid at that position: o

AXLIOSE (7)) GAHALTIV () AxR3IOH () and o*R35°H (D). Dashed lines, strains with WT o; solid lines, strains with

o* suppressor mutations; red, strains with comW deletions; blue, strains with WT comW. Late gene expression was not detected without CSP induction of A
activity. Error bars, standard deviations from experiments performed in triplicate.

proteins, many of which are expressed specifically during the de-
velopment of competence. In comW mutants, expression of the
o*-dependent late genes is severely reduced, and the yield of
transformants is only 0.01% of that in the WT (19). In AcomW
o™ suppressor strains, the yield of transformants is restored by
10- to 1,000-fold, reaching as high as 10% of the WT level (22), but
the mechanism of this suppression of the strong comW compe-
tence phenotype is unclear. Because transformation depends on
initiation of transcription of dozens of late genes by o™ polymer-
ase, one possibility is that the o** mutations restore late gene
expression sufficiently to allow production of functional levels of
effector proteins. To test whether o™ polymerase activity is in fact
increased by o™* suppressor mutations, we determined expres-
sion from a representative late gene promoter after CSP stimula-
tion in AcomW o** suppressor strains. The strains examined had
different suppressor mutations in o, the primary o factor, caus-
ing one of six amino acid replacements (A171T, A171V, R316C,
R316H, R355H, and L363F), representing the range of the amino
acid replacements found in the previous suppressor screen, and all
transformed at 10% of the WT level in the comW mutant back-
ground (22).

To monitor late gene expression in AcomW o™* strains, we
measured the activity of 3-galactosidase produced by a lacZ tran-
scriptional fusion to the promoter of ssbB (11), a late gene respon-
sible for protecting the newly imported DNA (27). ssbB is tran-
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scribed from a cin-box recognized by o™-RNAP (14, 15). Since
cin-boxes are highly conserved among the late genes (14, 28), ssbB
expression can be taken as generally representative of late gene
expression level (29).

ssbB expression in six 6™* comW strains was measured over a
period of 80 min after addition of CSP to CSP-deficient cultures
(Fig. 2). In the WT, ssbB expression was undetectable at the time of
addition of CSP (Fig. 2), but by 20 to 30 min later, maximal ex-
pression had been reached, followed by a decrease of LacZ activity
after 30 min. The slow decrease of LacZ activity reflects the shutoff
of late gene expression, proteolytic decay of o, loss of compe-
tence, and dilution of the stable LacZ protein by cell growth. In the
comW mutant, LacZ accumulated much more slowly but contin-
ued beyond 80 min at a reduced rate. In contrast, in every AcomW
o™* strain, there was a significant increase of ssbB expression rel-
ative to the AcomW control at 20 min post-CSP induction, indi-
cating a partial restoration of ssbB expression. In strains with the
suppressors g RIOH GAFLIOI 1y g GA*RISH expression was in-
creased to roughly 20% of that of the WT, whereas in those with
MMV GAAITIT S and g™*R219C it reached 70 to 80% of WT
expression at 20 min. No strain exhibited late gene expression
without CSP induction, indicating the absolute need for o X activ-
ity to allow late gene expression and indicating that the suppressor
alleles of 0* do not themselves allow recognition of late gene pro-
moters. We conclude that ¢™* suppressors not only greatly in-

September 2016 Volume 198 Number 17


http://jb.asm.org

crease recombination yields but also significantly restore o™-
RNAP activity in vivo.

Competence is transient in 6** mutants. A characteristic fea-
ture of the temporal profile of competence development in S.
pneumoniae, mediated by the negative feedback regulator DprA
(3, 30) and by degradation of o™ by the ATP-dependent ClpP/
CIpE protease (13,31, 32), is the rapid appearance and subsequent
shutoff of competence after sudden exposure of naive cells to CSP.

To learn whether the partially restored competence in suppres-
sor strains was also subject to such regulation, we monitored
transformation over time during CSP-induced competence devel-
opment in AcomW o** mutant strains, evaluating the yield of
transformants produced by 5-min DNA exposures at various
times after CSP addition (Fig. 3). Similarly to the temporal path of
ssbB expression, transformation reached peak yields at 20 min
after CSP induction; by 30 min, the yield of transformants
dropped off sharply, soon becoming undetectable for all strains,
except the AcomW o™**7'V strain. The latter strain still trans-
formed past 60 min but with 5-fold-lower yields than at the time
of peak late gene expression. Interestingly, this is the same strain
in which late gene expression did not shut off completely, and
it was higher than that for any other AcomW ¢** suppressor
strain (Fig. 2 and Table 3). Presumably, the persistent residual
o® activity allows maintenance of sufficient levels of all late
proteins for continued DNA-processing capacity. We conclude
that the partially restored competence in suppressor strains
exhibits the same pattern of transient expression of compe-
tence as that in WT strains.

Late gene expression kinetics in suppressor strains indicate a
role of ComW in determining reversal of ¢ activation. A per-
plexing feature of the ssbB expression profiles following CSP treat-
ment of ¢™* suppressor strains (Fig. 2) was that an initial burst of
ssbB expression at 10 to 20 min was followed by lower but persis-
tent expression of ssbB in the 20- to 60-min period, as evidenced
by continued accumulation of LacZ, in contrast to the growth-
dependent dilution of LacZ activity seen in WT strains. Although
this persistent but low level of expression of late genes was gener-
ally not accompanied by continued competence for DNA uptake
(Fig. 3), it nevertheless indicates an apparent partial failure of the
escape from competence by inactivation of ComE (by DprA) (30)
and/or proteolysis of ™ and late gene products (by CIpEP) (13,
33). A simple explanation of this contribution would be subopti-
mal DprA levels in the suppressor comW strains. However, this
explanation is not entirely satisfactory, because the suppressor
(aA*M71Y) with the highest expression of ssbB, and by extension
the largest amounts of DprA, was also the one with the most con-
spicuous failure of shutoff.

To trace the origin of this failure to either of the new compo-
nents of the suppressor AcomW strains—mutation in o or lack of
ComW-—we monitored late gene expression in strains carrying o
suppressor mutations but also carrying wild-type ComW. Com-
paring the expression profiles of these two sets of strains would
indicate whether the lack of ComW was responsible for the per-
sistent pattern of late gene expression or whether the pattern was
due to the mutations in 0. The temporal patterns of turn-on and
shutoff of ssbB expression in ComW " strains (Fig. 4; summarized
in Table 3) revealed, in all cases, a return to the wild-type temporal
profile, suggesting that ComW somehow contributes to the com-
pletion of shutoff rather than that the altered o itself interferes
with shutoff. This result implies that ComW is partly responsible
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FIG 5 Interactions of ComW with 0™ and o evaluated by yeast two-hybrid
assay. Diploids containing fusion proteins were plated on SD-Leu-Trp—X-a-
Gal plates. Interacting proteins that activate a-galactosidase allow colonies to
appear blue. Plates were incubated at 30°C for 5 days. Proteins fused to pGADT
are indicated at the left; proteins fused to pGBKT are indicated directly above
each diploid patch. @, empty vector; NC, negative control showing no inter-
action between lamin and large-T antigen; PC, positive control showing inter-
action between lamin and a large-T antigen. Empty vectors @AD and @BD
paired with tested proteins were examined, as well as @AD and @BD only. X,
o*; A, 0 W, ComW.

for the proper regulation and shutoff of o™ activity, because late
gene expression is normal regardless of the o™* mutation if
ComW is present in this strain, and strains lacking comW all ex-
hibited persistent ssbB expression. We conclude that ComW is
responsible for the induction and shutoff of ssbB expression,
pointing to another role for ComW in the regulation of 6™ activ-
ity. This suggests that ComW acts as an adapter to promote ™
degradation after competence ends.

o*interacts with ComW in yeast two-hybrid assays. Consid-
ering the known mechanism of o factor regulation in bacteria, two
classes of action of ComW that might tip the /0™ balance in
favor of o™ in competent cells can be considered. Acting nega-
tively, ComW might decrease the amount of o or decrease its
access to polymerase core. Acting positively, ComW might in-
crease the amount of o™ or increase its access to polymerase core.
Available evidence argues against two of these mechanisms. First,
o® remains essentially constant in amount in competent cells,
indicating that nothing is directing its destruction (18). Second,
increasing the amount of the labile 6™ protein in AcomW strains
by inactivation of the ClpP protease does not suppress the ComW
transformation-deficient phenotype (18), indicating that the crit-
ical consequence of the absence of ComW is not the decreased
amount of 0.

To distinguish whether ComW may function to promote o™
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access to RNA polymerase directly by binding ¢ or indirectly by
sequestration of 6 to weaken its competition with o™ for access to
RNA polymerase, we turned to a Y2H assay that could detect
interacting partners. When the fusion proteins interact with each
other, a functional Gal4 transcription factor is detected by expres-
sion of the Gal4-responsive mell gene, which is monitored by
formation of blue colonies on X-a-Gal plates. We observed o
and ComW interaction in both pairings (BD-o*/AD-W and BD-
W/AD-¢*) indicated by blue colonies, but no interaction of either
fusion with empty vector products (Fig. 5, red rectangle). Simi-
larly, o exhibited self-interaction (BD-0*/AD-0™). Diploids
containing the following pairs of fusion proteins formed white
colonies on X-a-Gal indicator plates: Y BD/AD-W, @BD/ AD-o%,
OAD/BD-0*, @BD/@AD, AD-0*/BD-0*, and BD-W/@AD. Be-
sides, ComW and o did not show interactions, as indicated by
white colonies on SD-Leu-Trp—X-a-Gal plates. Control partners
used in the assay were pGBKT7-53 and pGADT7-T as positive
controls (PCs) and pGBKT7-lam and pGADT7 as negative con-
trols (NCs) (Fig. 5, white rectangle).

The Y2H results are the first indication that o™ could interact
with ComW and that o™ could interact with itself but that ComW
does not interact with o*. As the Y2H results indicate an interac-
tion of ComW with ¢ but not with o, we are led to the hypoth-
esis that ComW acts to promote o™ assembly into polymerase core
rather than to reduce access to ¢ with core.
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DISCUSSION

RNA polymerase (RNAP) can be directed to specific noncanonical
promoters via different alternative o factors, which are important
mediators of the bacterial response to stress. Bacteria contain at
least one o factor, the housekeeping o, which is responsible for
the transcription of genes required for metabolism and growth,
but may also carry alternative o factors, which can direct RNAP to
specific noncanonical promoter sequences, allowing them to
quickly respond to their environment.

Despite their ability to rapidly direct the cell to respond to
stressors, alternative o factors are not always actively present. In
fact, because alternative o expression can result in global tran-
scriptional changes in the cell, most alternative o factors are reg-
ulated by occlusion, proteolysis, or other mechanisms. In Strepto-
coccus thermophilus, for example, o™ is negatively regulated by
degradation through the MecA adapter protein and the ClpP pro-
tease complex (34). o factors can be sequestered by anti-sigma
factors, preventing o factor association with RNAP, as in Bacillus
subtilis, where the anti-o factor RsiW sequesters o" until YluC
cleaves RsiW, eventually allowing the release of "V (35). However,
few alternative o factors are known to be regulated directly at the
o-RNAP holoenzyme assembly step. Data from this and our re-
cent study suggest that ComW acts as a o switching factor that
assists in the switch from o to o™ during development of com-
petence for genetic transformation.
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ComW has been described as having at least two effects, in-
creasing both o activity and o stability (19) (Fig. 6). ComW is
also suggested to improve o™ affinity for core RNAP (22). A new
function proposed for ComW in this study is a potential role in the
shutoff of late gene expression. Every comW mutant strain, re-
gardless of whether it had the WT or mutant o*, had unusually
persistent residual late gene expression. While this may present an
additional function for ComW, it is possible that all the functions
of ComW reflect a single role with different effects. For example, if
ComW is a labile o factor activator that assists with loading of o
into core RNAP, this could explain all the separate phenotypes
observed. ComW binds to 6™ to load it onto core RNAP for a brief
period during transformation, allowing the transcription of late
genes, as shown by its role in late gene transcription. Loading of ™
onto core could also allow decreased o™ proteolysis because of
protection by core RNAP. This reduced proteolysis would explain
ComW’s role in increasing o stability. Later, although it is un-
clear how ComW is involved, the correct shutoff mechanism is
ineffective without ComW. Alternatively, it is possible that
ComW acts as an adapter, allowing improved o™ binding to core
RNAP, but also improves its recognition by proteases. The ab-
sence of ComW in mutant strains could allow persistence of late
gene expression because of the decreased recognition by pro-
teases. However, it is not clear how this promotion of degradation
of RNAP activity late in transformation is related to the apparent
protection from degradation early in the transformation process
(Fig. 6).

While many alternative o factors are negatively regulated by
proteolysis and sequestration, the idea of a o factor activator is not
entirely novel (36). The small protein Crl, discovered in E. coli,
acts to promote o° binding to core RNAP (37, 38). However, Crl
has been identified only in Gram-negative bacteria, even though it
is found in many genera such as Escherichia, Salmonella, and Pseu-
domonas (39, 40). ComW is found only in the streptococci, where
it is restricted to the mitis and anginosus groups of species. If
ComW is, in fact, a o factor activator, its function would be novel
in Gram-positive bacteria. The current studies on the function of
ComW all point to a role as a protein responsible for promoting o
factor exchange during transformation (Fig. 6). Taken together,
the data presented in this study suggest that ComW functions as a
novel o factor activator in S. pneumoniae during transformation.
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