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Natural bacterial transformation is a genetically programmed pro-
cess allowing genotype alterations that involves the internalization
of DNA and its chromosomal integration catalyzed by the universal
recombinase RecA, assisted by its transformation-dedicated loader,
DNA processing protein A (DprA). In Streptococcus pneumoniae, the
ability to internalize DNA, known as competence, is transient, de-
veloping suddenly and stopping as quickly. Competence is induced
by the comC-encoded peptide, competence stimulating peptide
(CSP), via a classic two-component regulatory system ComDE. Upon
CSP binding, ComD phosphorylates the ComE response-regulator,
which then activates transcription of comCDE and the competence-
specific ¢*, leading to a sudden rise in CSP levels and rendering all
cells in a culture competent. However, how competence stops has
remained unknown. We report that DprA, under ¢* control, inter-
acts with ComE~P to block ComE-driven transcription, chiefly im-
pacting ¢* production. Mutations of dprA specifically disrupting
interaction with ComE were isolated and shown to map mainly
to the N-terminal domain of DprA. Wild-type DprA but not ComE
interaction mutants affected in vitro binding of ComE to its pro-
moter targets. Once introduced at the dprA chromosomal locus,
mutations disrupting DprA interaction with ComE altered compe-
tence shut-off. The absence of DprA was found to negatively im-
pact growth following competence induction, highlighting the
importance of DprA for pneumococcal physiology. DprA has thus
two key roles: ensuring production of transformants via interaction
with RecA and competence shut-off via interaction with ComE,
avoiding physiologically detrimental consequences of prolonged
competence. Finally, phylogenetic analyses revealed that the acqui-
sition of a new function by DprA impacted its evolution in strepto-
cocci relying on ComE to regulate comX expression.

Originally discovered in the human pathogen Streptococcus
pneumoniae (the pneumococcus) (1), bacterial transforma-
tion is a genetically programmed process allowing alteration of
genotypes via homologous recombination. Bacterial transforma-
tion is regarded as a substitute for sexual reproduction (2), which is
crucial for genetic diversity in eukaryotes but is lacking in pro-
karyotes. Transformation is phylogenetically widespread in bac-
teria (3), proceeding through the internalization of single-strand
(ssDNA) derived from exogenous double-stranded DNA, re-
quiring an evolutionarily conserved multiprotein DNA uptake
apparatus (4). Integration of internalized DNA into the chromo-
some then relies on homology search (i.e., matching DNA in the
chromosome) catalyzed by the universal bacterial recombinase
RecA, assisted by the transformation-dedicated protein DprA.
This cytosolic protein, which is also widely distributed in bacteria,
ensures the loading of RecA onto transforming ssDNA (5).

In several species, including S. pneumoniae and Bacillus subtilis,
the ability to internalize ssDNA, also called competence, is not
permanent, as synthesis and assembly of the uptake apparatus is
a transient, regulated process. Competence regulatory circuits are
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not universal but rather represent adaptations to every species’
lifestyle as exemplified by the S. pneumoniae and B. subtilis models
(6). In pneumococcal cultures, competence or X-state, which is
considered as an SOS substitute (7), develops abruptly during
exponential growth phase in response to a competence-stimulating
heptadecapeptide, CSP, encoded by comC (8). A dedicated ABC
transporter, ComAB, matures and exports the comC-encoded pre-
CSP (9). CSP acts through a receptor, the membrane histidine
kinase (HK) ComD, to activate its cognate response regulator
(RR), ComE (10). The ComDE pair belongs to the two-component
signaling systems (TCS) (11) and a classic mode of activation,
involving autophosphorylation of the CSP-sensor HK, ComD, and
the subsequent transphosphorylation of its cognate RR tran-
scription activator, ComE, recently received indirect support (12).
ComE~P activates both comAB and comCDE operons, estab-
lishing a positive feedback loop, which results in a sudden rise in
extracellular CSP levels, rendering all cells in a culture simulta-
neously competent. ComE~P activates another key gene, comX,
which encodes the competence-specific ¢ factor, 6%, the only al-
ternative 6 of S. pneumoniae (13). Genes under direct ™ control,
which are collectively known as late com genes (as opposed to the
ComE-activated, early com genes), include those coding for the
DNA uptake machinery and proteins dedicated to the processing
of transforming DNA, such as DprA (14, 15).
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Although the development of pneumococcal competence is
sudden, its cessation is almost as abrupt, hence the notion of “peak
of competence” for pneumococcal transformation. Recent meas-
urements of the apparent transcription rate of the comCDE op-
eron indicated that comCDE expression was detectable 2.5 min
after CSP addition, peaked after 8.5-9 min, then decreased ~3.5-
fold within the next 4.5-5 min (12) (Fig. 1). This shut-off phase is
followed by a long period, about 60-80 min, during which cells are
unresponsive to the presence of high concentrations of CSP in the
medium (refractory period) (16-18). The mechanisms for the
shut-off phase have remained unknown and simple signal termi-
nation occurring by dephosphorylation of the RR, as observed in
many TCS (19), cannot account for the blind-to-CSP period unless
it is combined with prevention of further HK activation. A first
clue was obtained when it was observed that inactivation of comX
resulted in higher expression of a comX::lacZ transcriptional fu-
sion during the competence induction phase, at the time of com-
petence shut-off and during the refractory period (13). These
observations suggested that either ComX or the product of a late
com gene (i.c., a gene depending on o™ for expression) inhibits
comX gene expression during the shut-off phase and CSP un-
responsive period.

Here we report that inactivation of the late com gene dprA
strongly affects competence shut-off, revealing a recombination
protein as the key agent of the rapid reversal of competence in-
duction. We show that although lack of DprA up-regulates comX
transcription, its engineered expression at an early stage of com-
petence reduces expression of com.X, in the absence of any other
late com gene product. A combination of genetic, biochemical,
and phylogenetic analyses allows us to conclude that that DprA
plays two key roles in competence and genetic transformation of
S. pneumoniae and closely related streptococci. The function of
DprA as a transformation-dedicated RecA loader renders it es-
sential for the production of transformants, and its specific in-
teraction with ComE ensures the phyiologically important shut-off
of competence. The latter action constitutes an original regulatory
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Fig. 1. A Late com protein is required for comX transcription shutoff.
Comparison of comC and comX expression in response to CSP in wild-type
and comX~ cells confirms influence of ComX on comX expression. (Left)
Promoter activities; (Right) apparent rates of transcription [expressed as
relative luminescence unit (RLU) increase per arbitrary time unit] calculated
at a given time point, t, by substracting RLU value at t, from RLU value at t4,
as previously described (12). CSP (100 ng/mL~") was added after 10-min in-
cubation in C+Y (S/ Materials and Methods). Strains used: (Upper) comC::luc
R2002 (comX~) and R1960; (Lower) comX::luc R2256 (comX~) and R2250. CSP
was added at 0 min.
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mechanism; to the best of our knowledge, this report of antago-
nization of an RR by a recombination protein is unique.

Results

Differential Impact of comX Inactivation on comCDE and comX
Transcription. Although inactivation of comX was reported to re-
sult in higher expression of a comX::lacZ fusion during the com-
petence induction phase (13), it was recently found to have a very
limited effect on expression of the comCDE operon (12). Taken
together these observations suggested a differential behavior of
the two ComE-dependent promoters (Pg), P.omx and Peouc;
however, they did not involve a direct comparison. This result
prompted us to compare P,,,,,x and P,,,,,c expression in parallel in
wild-type and comX™ cells, using luc transcriptional fusions at each
locus. Light emission, which results from activity of the /uc-enco-
ded Firefly luciferase, was recorded every minute after CSP ad-
dition (SI Materials and Methods). Similar subsidence in comC
transcription was confirmed in both genetic backgrounds (Fig. 1).
On the other hand, although comX transcription kinetics paral-
leled that of comC in wild-type cells, in comX ™~ cells the apparent
transcription rate of comX continued to increase for 2.5-3 min
before decreasing slowly, resulting in an overall expression level of
comX ~fourfold higher 19 min after CSP addition (Fig. 1). These
observations were thus fully consistent with the hypothesis of
a role of ComX (¢*) or a late com gene product in the de-
celeration of P,,,,x transcription (13), though still confirming that
the deceleration of P,,,,¢ transcription occurred independently of
ComX (12).

Inactivation of the Late com Gene dprA Affects comX Transcription
Shut-0ff. Serendipitously, while studying the role of the late com
gene product DprA in transformation, dprA~ cells were observed
to display altered competence kinetics (20). Compared with wild-
type, dprA~ cells exhibited strongly enhanced expression of the late
com gene ssbB, but only a small increase in P,,,,,c expression (Fig.
2A4). Direct comparison of comC, comX, and ssbB expression in
wild-type and dprA~ cells confirmed this hypothesis, dpr4 in-
activation strongly increasing comX expression but having limited
impact on comC expression (Fig. 2B). A specific increase in comX
expression because of the absence of DprA was also observed in
dprA~ cells harboring single amino acid changes in comE, resultin;
in the up-regulation of competence, comEPE and comER'?
(Fig. S1 A and B), the former a phosphorylmimetic mutant of
ComE (12) and the latter a mutant displaying an extended com-
petence period (21). Taken together, these data were consistent
with an alteration of the shut-off of comX transcription in the
dprA mutant.

Expression of DprA as an Early com Gene Product Accelerates the
Shut-0ff of comX. To further document the impact of DprA on
shut-off, we inserted a copy of the dprA gene at an ectopic chro-
mosomal position, under the control of the P,,,,,c promoter (S/
Materials and Methods). Examination of P,,,,c and P,,,,x expres-
sion in otherwise wild-type cells harboring this construct revealed
that expression of DprA as an early com gene product strongly
reduced transcription from P,,,,x, yet having no detectable effect
on P,,,,c (Fig. 2C). A similar result was observed in comER12%S
cells (Fig. S1C). These data suggested that DprA has a direct
impact on P,,,,x transcription.

To establish whether DprA alone was sufficient to turn off
comX transcription, the impact of dprA expression as an early com
gene was evaluated in comX™ cells. A very strong inhibition of
P.omx expression was observed indicating that DprA inhibits comX
transcription independently of any other late com gene product
(Fig. 2D). A more limited inhibition of P,,,,c transcription was
also observed (Fig. 2D), suggesting that DprA plays a role in the
shut-off of all P promoters.

Mirouze et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219868110/-/DCSupplemental/pnas.201219868SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219868110/-/DCSupplemental/pnas.201219868SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219868110/-/DCSupplemental/pnas.201219868SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219868110/-/DCSupplemental/pnas.201219868SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219868110/-/DCSupplemental/pnas.201219868SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1219868110/-/DCSupplemental/pnas.201219868SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1219868110

L T

z

1\

BN AS  DNAS P

&
o
: 77 PssbB 31 Peome
o .
9 ; ,
3 51 dprA 5 dprA
[T
S 31
§ ] wt 1 wt
5  |csp lesp
s 114 v
'g w
S 0 50 100 150 200 250 0 50 100 150 200 250
min @ 37°C
B 2 F)comC ~ 20
dprA 88
¢3
wit 10
1 o %
0
(]
o< i e
* OOOOC 0 E
o - 3
o) Pcomx dprA' o - i 8 5
3 A g ®
A L) Ay w4 =
E’ o A ‘I“h~~ 4 5
o N A 2
£ oW, AT E
e ese i PeitPoy ﬁﬂ 2
e 1 wt | o‘ﬁﬁw o 8
o o =
§ 0 i
o P 8
ssbB -
4 dprA 3898 0 £
*
* °0
o ¢ o *
%000
2 004 4%% % o 10
wt § 0 e, e
csp ° AN
It > NS 0
0 Pogs
0 10 20 30 0 10 20 30
min @ 37°C

C comE™ genetic background
Pcome + DprA
20
12 5.. =
[e] —
9 e oo E
= Oe 10 3
o 6 [ o x
x o 000 ® 2
5 3 ” **9a2909.°028 0 ®
x &
0 2
'g Pcomx AéA 6 5
o g o %)
o o By g
% Aak An 4 f
I 4 N": DADEA o 2 5
A
S - ‘AA*‘::":::{A_‘“:.‘—‘ ﬁ. .'.A .Dggéuégum g
2 I ﬂ .'A‘IA All " lul %
+ DprA el o
0
0 10 20 0 10 20
min @ 37°C min @ 37°C
D comX ~ genetic background
Pcome %
25 0 . 15 =
— o. ° E
v e O 10 5
S 15 + DprA * oo e
x s oo0oP” 070 OO 0. 9 5 =
- % o 00,200 i)
n_:l 5 ¢SP 8 .0‘0’“’ O0000 o, 0 0 g
= ' 0 9%y s
c —
& o - 5
3 25 Peomx gﬁh 20 &
s My S
5 £ e £
§ 15 B o 10 8
[
P il
+ DprA A a8
5 A WA 4 a0 A0A, 50 0
. Akkddy, adaadaaidal nng

0 10 20 30
min @ 37°C

Fig. 2. Direct involvement of DprA in the control of comX expression. (A) Comparison of ssbB and comC expression in wild-type and dprA~ cells reveals
a strong influence of DprA on ssbB expression. Strains used: (Left) ssbB::/luc R2018 (dprA~) and R1502; (Right) comC::luc R2017 (dprA~) and R1960. (B) In-
activation of dprA most strongly affects comX expression. Pcomc, Pcomx, @nd Psspp transcription was compared as described in Fig. 1. Strains used: (Top) comC::
luc R2017 (dprA~) and R1960; (Middle) comX::luc R2240 and R2241 (both dprA~), and R2200 and R2218 (both dprA*); (Bottom) ssbB::luc R2018 (dprA~) and
R1502. (C) Comparison of Pcomx and Pcomc transcription in wild-type cells with and without ectopic expression of dprA as an early com gene. Strains used:
comC::luc R1998 (CEPg-dprA) and R1960 (Upper); comX::luc R2259 and R2260 (both CEPg-dprA*), and R2200 and R2218 (both without CEP) (Lower). See also
Fig. S1C. (D) DprA inhibits P,mx transcription independently of any other late com gene product. Same experiment as in C but using comX~ cells. Strains used:
(Upper) comC::luc R2003 (CEPg-dprA) and R2002; (Lower) comX::luc R2265 (CEPg-dprA) and R2256.

DprA Targets ComE~P. To determine whether Pg promoter shut-off
involved a direct interaction between ComE and DprA, yeast two-
hybrid assays (Y2H) were performed as described previously (5).
Interaction between DprA and the phosphorylmimetic mutant
ComEP*E strongly activated the interaction reporter genes in
yeast under the most stringent conditions (i.e., on synthetic me-
dium lacking histidine supplemented with 30 mM 3-aminotrioazole)
(Fig. 34). This interaction is bidirectional, which is quite in-
frequent in Y2H (i.e., 5% or less of Y2H interactions are recip-
rocal), strongly supporting a genuine physical interaction be-
tween DprA and ComEP>%E, Weaker interaction phenotypes
were detected between DprA and the wild-type and mutant forms
of ComE if plates were incubated in synthetic medium lacking
adenine (Fig. 34). These results suggest that a direct interaction
of DprA with ComE could participate in the shut-off of pneu-
mococcal competence. Importantly, in view of its strong in-
teraction with the phosphorylmimetic ComEP®F mutant, DprA
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could preferentially interact with ComE~P, allowing it to interfere
with the CSP signal-transduction cascade and block transcription
of the early com genes, particularly comX.

Further evidence for interaction of DprA with Com n
pneumococcal cells was obtained through investigation of the
impact of dprA inactivation on comX expression. Recently,
comEP®E cells were shown to exhibit wild-type transformation
frequencies in the absence of both CSP and ComD, demonstrating
that ComEP>®F triggers its own production and activates tran-
scription of the early com promoters (12). We found that in-
activation of dprA in otherwise AcomCD comEPE cells resulted
in 40-70% increase in comX expression compared with dprA™*
cells (Fig. S24). The increase in comX expression resulting from
ComD inactivation (Fig. S24) was previously attributed to the
sequestration of ComEP*®E by ComD because of the binary in-
teraction between ComEP**F and ComD in Y2H (12). Similarly,
in the absence of ComD, we attribute the further increase in comX
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Fig. 3. DprA-ComeE interaction is crucial for competence shut-off. (A) Y2H assays revealing physical interactions of DprA with wild-type and ComE mutant
proteins. Cells expressing full-length DprA, wild-type or mutant ComE as GAL4 binding domain (BD) fusions (Left) were mated with cells expressing these
proteins as GAL4 activation domain (AD) fusions (top line). Binary interactions were revealed by growth of diploid cells on selective medium lacking either
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abolishing DprA-ComE interaction affect the shutoff of ssbB expression. ssbB::luc strains used: R1502 (dprA*), R2018 (dprA~), R2178 (dprA-'%*"), R2179
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presence of the indicated concentrations of DprA or DprAY®'“ as described in Materials and Methods. C2, type 2 complex; FP, free probe. See also Fig. S2E.

expression observed when dprA is inactivated to the relief of se-
questration of ComEP3*E by DprA.

DprA-ComE Interaction Is Crucial for Competence Shut-Off. A Y2H
screen for DprA mutants unable to self-interact yet retaining full
capacity to interact with RecA, and vice-versa, allowed the iden-
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tification of DprA residues important for self-interaction and for
interaction with RecA (22, 23). This screen also included a search
for dprA mutations affecting DprA—-ComE interaction, but also
maintaining ability of DprA to self-interact and interact with RecA
(22). Such mutations were obtained and located, revealing
a striking clustering in the 5’ moiety of dprA4, which contrasted with
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the 3’ location of mutations affecting DprA self-interaction and
interaction with RecA (Fig. 3B). Notably, a majority of these
mutations were located in the N-terminal sterile a-motif (SAM)
domain, a region of DprA conserved at the structural but not the
primary sequence level (5, 23).

Several of these mutations were then introduced at the dprA
chromosomal locus to investigate their effect on the shut-off of
competence. None of the mutations affected transformation fre-
quency, suggesting full functionality of the mutant proteins for
DNA Kyrocessiné. Although some mutations had no effect
(dprA®=®, dprA 266G dprA©*P, and dprAE87G), others resulted in
ssbB shut-off kinetics intermediate between those in wild-type and
dprA-null cells, the DprAY®'C mutant protein exhibiting the
strongest impact on competence shut-off (Fig. 3C). Shut-off al-
teration was confirmed through analysis of com.X::luc kinetics (Fig.
3D and Fig. S2B). We concluded that a direct interaction between
DprA and ComE is required to shut off expression of the early
com genes, particularly comX.

DprA Inhibits the Binding of ComE to Early com Promoters in Vitro.
Next, before investigating the effect of DprA on in vitro binding of
ComE to its early com promoter target, we wished to evaluate the
stoichiometry of DprA and ComE, knowing there are ~87,000
ComE monomers per fully induced cell (12). Calculations for
DprA resulted in an estimate of ~6,320 and ~8,350 molecules per
cell, respectively, 10 and 20 min after CSP addition (Fig. S2C).
Thus, a DprA to ComE ratio of ~0.1 is sufficient for DprA to start
inhibiting P,,,,.x transcription.

Previous measurements of apparent Ky through EMSA estab-
lished that among various ComE proteins assayed in vitro, the
ComEP8E-R1208 protein exhibited the lowest K4 for a P,,,,,c pro-
moter fragment, although binding to a P,,,,x promoter fragment
was similar for all ComEs and much weaker than to P.,,,c (12).
The various ComE proteins did not only display differences in Kgs
but also in the type of retarded complexes that were formed. For
example, whatever the promoter fragment, the ComEP>8E-1208
protein formed mainly C2 complexes migrating more slowly than
the major species (C1) observed with other ComEs (12). We in-
vestigated the impact of DprA and DprAY8!€ on the binding of
ComEP3ERIZ0S 6 4 P promoter fragment (Fig. 3E). The
presence of 200 nM DprA essentially abolished the binding ob-
served with 50 nM ComEP %ER120S Ty constrast, up to 400 nM
DprAY®'€ had no detectable effect on ComEP**¥R1205 binding,
As a control, DprA and DprAY®!C were shown to be equally ef-
ficient in binding a dT100 oligonucleotide in vitro (Fig. S2D), in-
dicating that purified DprAY®!“ was fully active.

The effect of DprA on the binding of wild-type ComE to P,,,,.c
and P,,,,x fragments was also investigated. In both cases, DprA
significantly reduced or abolished ComE binding (Fig. S2FE).
Thus, in vitro data were fully consistent with DprA-dependent
shut-off of early com gene transcription requiring direct in-
teraction between DprA and ComE, and resulting from in-
hibition of ComE binding to its promoter targets.

C/C Dimerization of DprA Is Crucial for Competence Shut-Off. Tail-to-
tail (C/C) dimerization of DprA was recently shown to be crucial
for formation of nucleocomplexes in vitro and for genetic trans-
formation. Presumably, dimerization is required to stabilize
DprA-ssDNA complexes, facilitating the subsequent loading
of RecA onto ssDNA (23). The DprA monomeric mutant,
DprAH200A-L269R (D sy AARY ‘thus exhibited a 2-log transformation
defect despite displaying full ability to interact with RecA. To
establish whether C/C dimerization of DprA was also important
for competence shut-off, we compared expression of the late com
gene ssbB after CSP addition in cells harboring mutations of dpr4
previously shown to abolish DprA self-interaction in Y2H,
dprACBRT2SL g gISIVH2O0R "3 g AP257G-L269S 93y Com-
pared with wild-type and dprA-null cells, DprA self-interaction
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mutants exhibited an intermediate shutoff phenotype (Fig. 44).
Moreover, similar to DprAYSIC and in contrast to DprA, the
DprA®R protein did not affect in vitro binding of ComEP>¥E-R1208
to Peomce (Fig. 4B). We concluded that, in addition to physical
interaction with ComE, C/C dimerization of DprA is required to

shut-off transcription of the early com genes.

DprA Stability May Underlie the CSP Unresponsive Period. Because
ComE and ComD are stable proteins (12, 24), DprA itself should be
rather stable to fulfill a direct role in competence shut-off via its
interaction with ComE. This theory prompted us to document
DprA stability via Western blotting, revealing that DprA is as stable
as ComE. In contrast to the competence-induced ssDNA-binding
protein SsbB, which appeared unstable, the amount of DprA was
maximal 40 min after CSP addition and remained at the same level
at least until 80 min after CSP (Fig. 4C). This feature is fully con-
sistent with DprA being responsible for the blind-to-CSP period that
typically follows the peak of competence in pneumococcal cultures.

DprA-Driven Competence Shut-Off Is Crucial for Pneumococcal
Physiology. Evidence was obtained that the DprA-dependent
shut-off of competence is physiologically important. Thus, it was
repeatedly observed that although growth rate of dprA™ cells was
identical to wild-type, induction of competence resulted in a se-
vere growth defect of mutant cells (Fig. 4D). To further document
the importance of the competence regulatory role of DprA, we
assayed the transfer by transformation of a dprA-null mutation
(dprA::spc2I€, conferring resistance to spectinomycin, Spc®) into a
series of cup (for competence up) mutant strains (e.g., comER'?%
or comDP?°N) (Table 1). These comDE mutants, previously se-
lected on the basis of up-regulated comCDE expression, exhibited
enhanced spontaneous competence development, resulting in
some cases in altered cell viability (21). Although dprA::spc21©
was readily introduced into four of the cup mutants, it could not
be integrated in six other mutants, as deduced from the ~3-log
reduction in frequency of the Spc® transformants compared with a
reference marker. We concluded that the latter cup mutations
were synthetic-lethal with the dprA4 knock-out. This conclusion was
reinforced by the finding that the low-frequency Spc™ clones
obtained in the cup strain zrt (comD*°™) corresponded to double
transformants that simultaneously integrated dprA::spc21€ and
ejected the #rt mutation (Fig. S34). It is of note that DprA was not
essential in the comEP>®F cells, despite the proposed sequestering
of ComEP**F by DprA (Fig. S24), implying that the phosphor-
ylmimetic mutation leads to competence levels lower than those
attained with other cup mutations.

To further investigate the basis for the observed synthetic le-
thality, we launched a screen for mariner minitransposon inser-
tions that would suppress lethality (i.e., insertions allowing survival
of otherwise lethal dprA-trt double mutant cells). Fifteen in-
dependent suppressive insertions were characterized (SI Materials
and Methods) and found to be located in the comAB operon (Fig.
S3B), resulting in defective CSP export and therefore abolition of
spontaneous competence development. This result unambigu-
ously established that the up-regulation of spontaneous compe-
tence, a consequence of the #7¢ mutation, cannot be tolerated in the
absence of DprA. We concluded that uncontrolled competence is
detrimental to pneumococcal cells and that DprA plays a crucial
role in competence regulation, hence in maintenance of cell
physiology, by ensuring its shut-off.

Involvement in Competence Shut-Off Impacts Streptococcal DprA
Evolution. Phylogenetic analyses of the ComD-ComE TCS led
to the conclusion that many streptococci lack ComDE orthologs,
and therefore use widely different regulatory cascades to control
competence (25). This conclusion was fully supported by the
recent identification of a competence regulatory circuit involving
an Rgg transcriptional activator, ComR, and a peptide pheromone
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Fig. 4. DprA dimerization requirement, intrinsic stability and impact on postcompetence growth. (A) Mutations abolishing C/C dimerization of DprA affect
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DprA, but not the C/C dimerization mutant DprA”R, inhibits the binding of ComEP>8ER12%5 16 early com promoters in vitro. Same experimental set-up as in
Fig. 3E. (C) DprA stability readily accounts for the competence shut-off phase and the subsequent CSP refractory period. DprA levels (Lower curve) were
analyzed with a Biolmager (LAS-4000; Fujifilm) after Western blotting (Upper) using extracts from R1502 cells induced with CSP (25 ng/mL~") and harvested
at the indicated time after CSP addition. Levels of the unstable competence-induced (SsbB) and stable house-keeping (SsbA) ssDNA-binding proteins were
monitored in parallel, as controls. (D) Growth of dprA-null cells is severely impeded by prolonged competence resulting from lack of DprA-mediated shut-off.
OD492 nm Was monitored in parallel with light emission in the experiment shown in Fig. 24, in cultures treated with CSP (filled symbols); open symbols

correspond to control cultures without CSP. Strains used: (Upper) R2017 (dprA~) and R1960 (wt); (Lower) R2018 (dprA~) and R1502 (wt).

encoded by comS (26-29). Thus, although streptococci belonging
to the Streptococcus anginosus and Streptococcus mitis groups,
which includes S. pneumoniae, presumably rely on ComDE
orthologs to regulate comX expression, those belonging to the
Streptococcus pyogenes, Streptococcus bovis, Streptococcus salivar-
ius, and Streptococcus mutans groups use instead ComRS systems
(Fig. 54) (30). On the other hand, the DprA family was previously
defined at the primary sequence level by the Pfam02481 (5), but
was recently proposed to consist, at the structural level, of a larger
entity comprising an extended Rossmann fold (eRF), which en-
tirely overlaps Pfam02481, preceded by a SAM fold (23) (Fig. 5B).
The structural conservation of a SAM, together with the lack of
primary sequence conservation of the N terminus of DprA pro-
teins, were consistent with a differential rate of evolution of the
SAM and eRF DprA ancestral domains.

Table 1. Synthetic lethality of dprA and cup mutations

Nature of the cup mutation*

Mutation permissive for dprA inactivation®

The present finding that DprA plays a key role in the shut-off of
pneumococcal competence, requiring a direct interaction with
ComE, together with the observation that a majority of mutations
abolishing DprA-ComE interaction were located in the SAM
(Fig. 3B), led us to investigate whether acquisition of this regula-
tory function had an evolutionary impact on DprA structure.
DprA sequences from streptococci, as well as Lactobacillaceae
and Leuconostoc species used as controls, were retrieved. SAM
and eRF sequences were aligned, trees computed, and evolu-
tionary distances of DprA domains between species calculated
from the trees as described in SI Materials and Methods. The plot
of the distance computed on the SAM domain against the distance
computed on the eRF domain for each species pair revealed
a striking bimodal distribution among streptococci (Fig. 5C). The
ComE-dependent group thus behaved similarly to Lactobacilla-

Mutation non permissive for dprA inactivation*

Point mutation

comDDSSE

cup4 (comD®2'*), cup6 (comD™°%4),

trt1 (comDP?**"), cup3 (comD™**), cup5 (comD"31>),
cup?1 (comD?%Y), cup10 (comER'2%),

Potential dprA:spc (Spc?) transformants appeared only after prolonged incubation (41 h) as microhemolysis zones (e.g., Fig. S3A), which did not grow

further and could not be recovered for growth in liquid medium.
*These mutations have been previously described (21).

"Frequency of dprA::spc transformants with normal colony size of ~0.2 relative to the rpsL41 (Sm®) reference marker (i.e., close to the expected value).
*Approximately 3 log reduction in the frequency of dprA::spctransformants with normal colony size (e.g., Fig. S3A) compared with the permissive situation.
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Fig. 5. Involvement in competence shut-off impacts DprA structure. (A) A
phylogenetic tree of streptococci was generated as described in the S/
Materials and Methods. Tree color code: red, species with ComE-regulated
competence; blue, species with ComRS-regulated competence; green, identifies
Lactococcus lastis. All internal branches received the maximum support with
both parametric methods and all had 100% boostrap support, except three
branches (98%, black circle; 88%, red circles). Digits identifying species follow
the relative order of leaves in the different subtrees, starting from 1 (Strepto-
coccus intermedius) and increasing in a clockwise orientation, with 10, 14, 20,
30, and 35 corresponding, respectively, to Strepotococcus peroris, S. pneumo-
niae, Streptococcus thermophilus, Streptococcus porcinus, and Lactococcus lactis
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ceae and Leuconostoc species in showing an accelerated evolution
(3.1- to 3.7-fold) of the SAM domain compared with the eRF
domain. In contrast, the ComRS-dependent group exhibited a rate
of evolution of the SAM domain almost identical to that of the eRF
domain. Although the latter observation was puzzling (Fig. S4), the
bimodal distribution of streptococci with respect to SAM domain
evolution matching the presence/absence of ComE regulated
competence was consistent with the hypothesis that the acquisition
of a new function by DprA had an impact on its evolution.

Discussion

Dual Role for Pneumococcal DprA in Competence and Transformation.
The present work adds a unique facet to S. prneumoniae DprA
activities in showing that this DNA processing protein fulfils an-
other biologically important function, playing a direct role in the
shut-off of competence. S. pneumoniae DprA was first described as
the prototype for a new subfamily of so-called recombination
mediator proteins, dedicated to bacterial transformation (5).
DprA ensures the loading of RecA onto ssDNA to form pre-
synaptic filaments (Fig. 64). This loading activity was recently
shown to require both direct interaction with RecA and C/C di-
merization of DprA, the latter being crucial for formation of stable
nucleocomplexes in vitro (23). C/C dimerization and RecA in-
teraction residues and surfaces were found to overlap, localizing in
the C-terminal RF domain of DprA. We now show that DprA is
responsible for the shut-off of pneumcoccal competence. This role
requires both its direct interaction with the master competence
regulator, ComE, and the ability to form C/C dimers. Interestingly,
ComeE interaction residues were predominantly localized in the N-
terminal SAM domain of DprA (Fig. 3B).

DprA and ComE Activities Converge to Shut Off Early com Promoters.
Recent results shed light on the mechanism of shut-off of pneu-
mococcal competence and the subsequent blind-to-CSP period
that had remained unknown for several decades. Thus, the shut-
off of P.,,c was recently proposed to be intrinsic to ComDE,
subsidence of comCDE transcription readily occurring in the ab-
sence of any late com gene product (12). Based on the finding that
nonphosphorylated ComE efficiently bound P,,,,,c in vitro and
acted as a repressor of spontaneous competence development, it
was concluded that ComE accumulating in response to CSP effi-
ciently outcompeted ComE~P for binding to P,,,c, thus pre-
venting further transcription. Evidence was also obtained for
a differential transcriptional activation and repression of P.,,.c
and P,,,,.x, the ComE/ComE~P ratio, and the relative affinities of
ComE and ComE~P for Pg promoters dictating the individual
patterns of expression (12). This differential behavior was con-

(used as an outgroup). For other digits, the correspondence with species
names is given in Table S1. (B) Ribbon schematic and linear representation
of S. pneumoniae DprA structure. DprA 3D image was generated with
PyMOL Molecular Graphics System The conserved primary sequence defining
the DNA processing A family (pfam02481) is shown below the linear map.
Domain color code: violet, SAM; blue, RF; yellow, e (RF extension). Note that
ComE interaction residues are located on the same face, with residue
changes affecting competence shut-off (shown in red) preferentially found
in flexible loops and those not impacting shutoff (shown in green) in a-he-
lices. (C) Comparative evolution of SAM and eRF domains among strepto-
cocci with and without ComE-regulated competence. The evolutionary
distances between species were computed from SAM and eRF sequence
alignments as described in the S/ Results and Discussion. Each dot corre-
sponds to distances computed for a given species pair. Same color code as in
A for streptococci; green, Lactobacillaceae; purple, Leuconostoc species.
Colored solid lines represent regression curves for each group of species.
Slopes = 1.12 (r = 0.82) for ComRS streptococci and 3.09 (r = 0.95), 3.57 (r =
0.92), and 3.71 (r = 0.88) for ComE streptococci, Leuconostoc sp., and Lac-
tobacillaceae, respectively. Gray dotted line indicates the line of slope 1,
expected if domains evolved at identical rates.
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Fig. 6. A dual role for DprA: RecA loading and competence shut-off. (A)
DprA was first recognized as playing a key role in the processing of in-
ternalized ssDNA as a transformation-dedicated RecA loader. The present
study documents its direct involvement in the shut-off of competence. We
propose that DprA similarly affects Poomx and Peomu, controlling, re-
spectively, expression of the competence-specific ¢* factor and Comw,
which is crucial for ¢* activation and stabilization. DprA could act as an
antiactivator (a) or affect ComE phophorylation state (b) (Discussion). (B)
Diagrammatic representation of the involvement of DprA C/C dimerization
in the shutoff of Pg promoters. DprA could first interact with ComE~P as
a monomer, through its N terminus. C/C dimerization of two monomers
could then trigger ComE~P dimer dissociation. As RR phosphorylation
mediates dimerization, which then promotes transcriptional activation (12),
ComE~P dimer dissociation is likely to result in transcription shut-off. Pos-
sible alternatives are evoked in the Discussion.

A

ComE~P

firmed in this study through the demonstration that the shut-off of
P.omx was more affected than that of P.,,,c by a late com gene
product (Fig. 1), identified as DprA (Fig. 2, and Figs. S1 and S2).

We propose that in the absence of DprA, ComE~P concen-
tration or availability increases (see below), resulting in prolonged
P omx transcription but having little effect on P,,,,c. This differ-
ential effect correlates with the recently documented hierarchy of
Pg promoters (12). Because of lower affinity of ComE for P,,,,.x
than for P,,,,,c, shut-off of the latter occurs first. Then, once ComE
concentration has reached the critical threshold for P,,,,c re-
pression, an increase in ComE~P availability resulting from dpr4
inactivation can only have a more limited effect, as observed. The
prominent effect of DprA is therefore to accelerate the shut-off of
P.omx- The P,y promoter presents kinetics and characteristics
very similar to those of P,,,,.x (12). Notably, among ComE-binding
boxes in Pg promoters, which consist of a 9-bp direct repeat sep-
arated by a stretch of 12 bp, P,,,,,u- contains the most divergent left
repeat, and the least conserved right repeat is that of P.,,.x.
Therefore, although the effect of dprA4 inactivation on P,y ex-
pression was not documented, we propose that DprA accelerates
its shut-off as well (Fig. 64).
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To summarize, we propose that DprA shifts the ComE/
ComE~P ratio in favor of repression of Pg promoters, with a hi-
erarchy depending on the relative strength of each promoter.
Because both ComX and ComW are fairly unstable (31), DprA-
dependent shut-off of Pmmx and P, promoters in fine ensures
the rapid cessation of 6™-driven expression of the late com genes,
including dprA itself (Fig. 64).

Mechanism of DprA-Dependent Inhibition of ComE~P Driven
Transcription. The preferential acceleration of P, x shutoff by
DprA is most consistent with DprA targeting ComE~P. Results of
Y2H showing that D}I))rA interacts more strongly with the phos-
phorylmimetic ComE protein than with other ComEs (Flg
34) and evidence for sequestration of ComEP**F by DprA in
comD-null cells (Fig. S24) strongly support this view. In light of
these observations, we do not favor the hypothesis that DprA acts
as an inhibitor of the ComD HK, as one would expect the protein
to preferentially bind ComE rather than ComE~P. We envision
instead two types of mechanisms for the DprA-dependent shut-off
of Pg promoters. DprA could either act as an antiactivator, an-
tagonizing interaction of ComE~P with its promoter targets (Fig.
6 A, a), or affect ComE phosphorylation state (Fig. 6 4, b). Either
mechanism would account for our observations. Although ac-
cording to our estimates there is an excess of ComE over DprA,
the effective ratio could well be in favor of DprA if its target is
ComE~P rather than ComE, the former presumably representing
a minor fraction of total RR molecules in the cell.

C/C dimerization of DprA has proven crucial for both the
production of transformants (23) and the shut-off of competence
(Fig. 4 A and B). In the first case, dimerization is presumably re-
quired to stabilize complexes between DprA and internalized
ssDNA. In the light of this observation, the need for DprA di-
merization in competence shut-off could indicate that DprA-—
ssDNA complexes are the active species. Therefore, to check
whether DNA availability affects competence shut-off we tested
the impact of the presence of exogenous DNA in liquid culture on
competence kinetics but did not detect any effect. As an alterna-
tive, DprA dimerization could trigger disruption of ComE~P
dimers (Fig. 6B), which are presumably required for transcription
activation (12). DprA could also interact with ComE~P before its
binding to DNA, its dimerization being required for stabilization
of DprA-ComE~P complexes, resulting in sequestration of
ComE~P or its locking in a conformation no longer compatible
with DNA binding.

DprA-Driven Competence Shut-Off Is Physiologically Important. The
finding that the absence of DprA negatively impacts growth upon
competence induction (Fig. 4D) highlights the importance of
DprA’s control of competence for pneumococcal physiology. This
conclusion is reinforced by the finding that dprA inactivation is not
tolerated in several mutants displaying up-regulated competence
(Table 1 and Fig. S3), suggesting that permanent activation of
competence is toxic. Various reasons could account for the ap-
parent need to tightly control competence in S. pneumoniae. First,
unlike B. subtilis, pneumococcal competence develops during early
exponential growth phase (i.e., in actively replicating and dividing
cells). Differentiation to competence could require the slowing
down of both processes, as in B. subtilis (32), but prolonging this
pause may pose a potential challenge to survival. Second, the
development of competence in only 10% of B. subtilis cells,
a consequence of bistability, was proposed to serve to minimize
risks (33). In contrast, there is no sign of bistability in pneumo-
coccal competence, presumably because of the presence of several
promoters contributing to maintenance of comCDE basal ex-
pression (34), and nearly all cells become competent. The whole
population is thus at risk, which could account for the evolution of
an efficient competence shut-off mechanism in this species (6).
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The observation that DprA is required for postcompetence
resumption of growth in pneumococcal cells might explain the
previous finding that inactivation of DprA resulted in >10*fold
reduction in transformation in S. pneumoniae but only 50- to 100-
fold in B. subtilis (35). We envision the possibility that chromo-
somal transformation frequencies in cells lacking DprA are similar
in both species but that potential transformants formed in S.
pneumoniae are then lost because of the failure of dpr4™ cells to
resume normal growth.

Investigation of DprA stability revealed the entire protein pool
synthesized at competence is transmitted to daughter cells (Fig.
4C). DprA thus contrasts with other competence-induced proteins
that are important for the processing of transforming DNA such as
SsbB, which is required for the stabilization of internalized ssDNA
(36), or CoiA. Both SsbB and CoiA are rapidly degraded once
competence disappears (Fig. 4C) (37). We conclude that DprA
stability being of no use for DNA processing is the consequence of
its recruitment for the shut-off of competence, which has thus
shaped its life span.

Finally, phylogenetic analyses of DprA conducted among
streptococcal species to investigate whether the acquisition of this
new function by DprA had an impact on the evolution of this do-
main led us to conclude that this unique role of DprA is not specific
to S. pneumoniae but is likely to be shared by all streptococci relying
on ComE as a master regulator of competence (Fig. 5).

Concluding Remarks. The antagonization of an RR, ComE, by
a recombination mediator protein, DprA, constitutes an original
regulatory mechanism. Nevertheless, the involvement of a DNA
processing protein in regulation of a global cellular response is not
unprecedented. RecA is thus well known to be directly involved in
SOS induction in Escherichia coli, with RecA-ssDNA nucleofila-
ments constituting the ultimate signal for DNA damaging con-
ditions, and RecA interaction with the SOS repressor LexA
triggering its autoproteolysis, thereby turning ON SOS. It is
amazing that conversely, in S. pneumoniae and related strepto-
cocci, the RecA loader DprA was recruited to turn OFF compe-
tence, regarded as an SOS substitute.

Materials and Methods

Strains, Culture, and Transformation Conditions. All of the strains and plasmids
constructed in this work are listed, together with primers, in Table S2.
Standard procedures for chromosomal transformation and growth media
were used. These procedures are briefly described with appropriate refer-
ences together with specific constructions in SI Materials and Methods.

Cloning, Purification, and Epression of Soluble DprA and ComE Proteins.
Recombinant plasmid pR502 allowing expression of a dprA"8'intein fusion
was constructed as follows. A dprAY8'C fragment was amplified with primers
dprA4-dprA2 on strain R2180 genomic DNA. The PCR product has a 5’ Ndel site
(present in dprA4) and a Ndel site internal to dprA. The amplified product was
digested with Ndel and inserted into Ndel-digested pR430, carrying dprA-
intein. The orientation and sequence of the substituted dprA®'¢ fragment
were verified to retain plasmid pR502. Expression and purification of DprA and
DprAY®'€ were performed as previously described (5) using the IMPACT system
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(New England Biolabs), which allows isfopropyl-g-p-thiogalactopyranoside—
inducible expression from a multicopy plasmid of the protein of interest fused
through its C terminus to the dual tag intein-calmodulin binding domain.

E. coli BL21-Gold(DE3) strain (Stratagen) containing the relevant pKHS-
comE or pKHS-comEP>8ER1205 plasmid, and plasmid pGKJE3, which allows
expression of chaperones to prevent ComE aggregation, was used to purify
soluble His-tagged ComE proteins through retention on a Ni-NTA column
(Qiagen) and elution with imidazole (200 mM), as previously described (12).
After centrifugal concentration, DprA and ComE proteins were further pu-
rified by gel filtration onto a Superdex Hiload 16/60 column.

Western-Blot Analysis of DprA Cellular Content. For preparation of cell extracts,
20 mL R1501 culture in C+Y medium at ODssg 0.07 (~1.06 108 cfu/mL™") was
induced with CSP (25 ng/mL") and was incubated at 37 °C. After 10 and 20
min, 5 mL aliquots were taken. Cells were then collected by centrifugation;
pellets were resuspended in 100 pL [Tris (10 mM, pH 8.0), EDTA (1 mM)] buffer
and lysed for 10 min at 37 °C after addition of 4 pL [DOC (0.25%), SDS (0.5%)].
Next, 100 pL loading buffer was added and the extract was incubated for 5 min
at 85 °C before loading onto a 12% (wt/vol) acrylamide-SDS gel. Proteins were
transferred to Westran CS Membrane (Whatman) by semidry blotting using
a GE Healthcare Blotting transfer unit (TE 77 PWR) for 90 min at 0.8 mA/cm~2in
Tris (48 mM)-Glycin (39 mM), SDS (0.037%), and MeOH [20% (vol/vol)].

Western-blots were performed as previously described (38), with 2-h in-
cubation at room temperature with a 1/10,000th dilution of rabbit polyclonal
antibodies raised against purified DprA peptides using the Eurogentec pro-
tocol (AS-DOUB-LX + AS-PCAP-RABBIT). The ECL Prime Western Blotting De-
tection System (GE Healthcare) and a Biolmager were used for signal detection
(30-s exposure). As a standard for determination of DprA cellular amounts in
strain R1501, we used various concentrations of purified DprA protein mixed
with extract of the DprA-null (R2017) mutant containing total protein
amounts similar to those used for R1501 (Fig. S2C).

Promoter Binding Assay. The upstream regulatory region of comCDE (255 bp)
was amplified with primer pair Oligo-LE/Oligo-RE. The PCR fragment was end-
labeled with [y—33P]»ATP (Perkin-Elmer) using T4 polynucleotide kinase (New
England Biolabs) according to standard procedures (39) and purified on
MicroSpin G-50 columns (GE Healthcare). Promoter binding assay was carried
out in a total volume of 20 pL containing 50 mM NacCl, 50 mM TriseHCl pH 7.5,
5% (volivol) glycerol, ~5 nM end-labeled P.omc promoter fragment, 1 mM
MgCl,, 0.15 pg Poly(dl-dC) (as nonspecific competitor), and a mixture of
ComEP38ER1205 . pbrotein (50 nM) and wild-type or mutant DprA proteins (at
the concentrations indicated in Figs. 3E and 4B). Reaction assays were in-
cubated at 37 °C for 30 min and reaction products were analyzed by electro-
phoresis in native TBE polyacrylamide gels [5% (wt/vol)]. After 110-min
electrophoresis at 4 °C at constant voltage (20 V/em™") in 0.5x TBE buffer, gels
were dried at 80 °C for 30 min and exposed to a Phosphorlmager screen (Life
Science Systems-Fujifilm Global). Quantification of free DNA and protein-
bound DNA was performed using Multi Gauge 3.0 Analysis Software (Life
Science Systems-Fuijifilm Global).
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