JOURNAL OF BACTERIOLOGY, July 2006, p. 5177-5186
0021-9193/06/$08.00+0  doi:10.1128/JB.00103-06

Vol. 188, No. 14

Copyright © 2006, American Society for Microbiology. All Rights Reserved.

An Unstable Competence-Induced Protein, CoiA, Promotes Processing

of Donor DNA after Uptake during Genetic Transformation
in Streptococcus pneumoniae
Bhushan V. Desaif and Donald A. Morrison*

Laboratory for Molecular Biology, Department of Biological Sciences, University of Illinois at Chicago, Chicago, Illinois 60607

Received 19 January 2006/Accepted 2 May 2006

Natural genetic transformation in Streptococcus pneumoniae entails transcriptional activation of at least two
sets of genes. One set of genes, activated by the competence-specific response regulator ComkE, is involved in
initiating competence, whereas a second set is activated by the competence-specific alternative sigma factor
ComX and functions in DNA uptake and recombination. Here we report an initial characterization of CoiA, a
ComX-dependent gene product that is induced during competence and is required for transformation. CoiA is
widely conserved among gram-positive bacteria, and in streptococci, the entire coid locus composed of four
genes is conserved. By use of immunoblot assay, we show that, similar to its message, CoiA protein is transient,
appearing at 10 min and largely disappearing by 30 min post-competence induction. Using complementation
analysis, we establish that coiA is the only gene of this induced locus needed for transformability. We find no
indication of CoiA having a role in regulating competence. Finally, using **P- and *H-labeled donor DNA, we
demonstrate that a coiA mutant can internalize normal amounts of donor DNA compared to the wild-type
strain but is unable to process it into viable transformants, suggesting a role for CoiA after DNA uptake, either

in DNA processing or recombination.

Natural genetic transformation was first observed in Strep-
tococcus pneumoniae by Griffith (13). Since then, similar abil-
ities to incorporate exogenous fragments of donor DNA into
the bacterial genome have been reported in more than 40
species (28). The state in which naturally transformable species
take up external DNA and alter their genetic makeup is
termed competence. In S. pneumoniae, competence for genetic
transformation is a transient, cell density-dependent state
which is activated through quorum sensing (55) mediated by a
peptide pheromone, CSP (competence-stimulating peptide)
(14). A 42-amino-acid prepeptide encoded by comC (43) is ex-
ported outside the cell through a dedicated transporter ComAB
(17, 18). During export, it is matured into the 17-amino-acid
active peptide CSP-1 that is responsible for activating the his-
tidine kinase ComD, which upon phosphorylation is thought to
activate its cognate response regulator ComE (9, 43). Acti-
vated ComE recognizes a direct repeat sequence in the pro-
moter region of several genes (59) and activates the first wave
of gene expression (early genes) in response to CSP (1, 15, 41,
45, 46, 48). These early genes include the comAB and comnCDE
loci and duplicate genes encoding a competence-specific alter-
native sigma factor, ComX (27, 30). ComX associates with the
core RNA polymerase for recognition of a noncanonical pro-
moter, the combox, and activation of a second wave of gene
expression (late genes), which produces proteins required for
DNA uptake and recombination processes (3, 7, 27, 41, 44).
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Several late genes have been assigned roles in DNA binding,
uptake, or recombination. Based on mutant phenotypes and on
homologies to Bacillus subtilis counterparts, protein products
of the cfl, cel, ccl, and cgl loci (comF, comE, comC, and comG
in B. subtilis, respectively), for example, have been proposed to
form the membrane pore for the entry of donor DNA (5;
reviewed in reference 20). Although it is known that donor
DNA is cut endonucleolytically upon binding to competent
cells and is reduced to a single strand during transport into the
cell (19, 20, 21, 22, 23, 25, 34, 37, 47), less is understood about
its fate once it is inside the cell in a single-stranded state. Two
cytoplasmic products of late genes, an Ssb and RecA, have
been implicated in binding the single-stranded DNA and in
promoting its search for a homologous partner (4, 35, 39, 41).
Recently, a third late competence gene product, DprA, has
been proposed to play a role in DNA protection, in parallel to
RecA. In dprA or recA mutants, donor DNA is taken up but is
degraded, completely failing to recombine (4, 5).

While the transcription of many competence-inducible
genes is strongly regulated, the expression pattern of the cor-
responding protein products during competence development
is known only for ComX (30) and ComE (59), both products of
early genes. The rapid shutoff of competence has been pro-
posed to be due to the degradation of ComX (11, 46), and late
gene mRNA loss does indeed precede the decay of compe-
tence; however, a corresponding disappearance or degradation
of late competence proteins has not been investigated.

coiA (competence inducible 4) was identified as a compe-
tence-specific gene in a screen of a lacZ transcriptional fusion
library (43), which was created using the insertion vector
pEVP3 (10). Disruption of the coid locus reduces transform-
ability (43). Recently, DNA microarrays revealed directly that
coiA mRNA was indeed competence specific, that its expres-
sion depended on the competence-specific alternative sigma
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TABLE 1. Bacterial strains used in this study

Strain Genotype and description Source or reference®

CP1016 nov-1 str-1 ery-2 vit 40
CP1250 hex malM511 str-1 bgl-1, Rx derivative, 43
low B-galactosidase background

CPM3  CP1250, comX1'QpEVP3 'comX1™" 27
CPM7  CP1250, ssb2' QpEVP3 'ssb2™ 27
CP1335 CP1250, ASP0979-81::Spc* This work
CP1389 CP1250, AdprA::Kan* This work

CP1500 hex nov-rl bry-r str-1 ery-rl ery-r2 Nov® 8

Sm" Em" Br*
CP1548 CP1250, cglA'QpEVP3 'cglA 27
CP1649 CP1250, comA'QpEVP3 'comA 27
CP1721 CP1250, comWQpEVP3 comW™* 54

CP1793 CP1250, AcoiA::Kan"
CP1795 CP1250, ssb2' QpEVP3 'ssb2*

This work
CP1793 X CPM7

AcoiA::Kan"®

CP1796 CP1250, comX1'QpEVP3 'comX1™" CP1793 X CPM3
AcoiA::Kan"®

CP1800 CP1250, cglA'QpEVP3 'cglA CP1793 X CP1548
AcoiA::Kan"®

This work
CP1793 X CP1806

CP1806 CP1250, comCQpEVP3 comC*
CP1807 CP1250, comCQpEVP3 comC*

AcoiA::Kan"

CP1808 CP1250, comCQpEVP3 comC* CP1389 x CP1806
AdprA::Kan®

CP1824 CP1250, coid' QpEVP3-coiA-C-His, This work
tag

CP1847 CP1250, comA'QpEVP3 'comA CP1793 X CP1649
AcoiA::Kan"

CP1848 CP1250, comWQpEVP3 comW™* CP1793 X CP1721
AcoiA::Kan"

CP1870 CP1250, P, aga::coiA::Spc:rafE This work

CP1871 CP1250, P, aga::coiA-C This work

term-Hisg::Spc::rafE

CP1873 CP1250, P, aga::coiA::Spc::rafE
AcoiA::Kan"

CP1874 CP1250, P, aga::coiA-C
term-Hisg::Spc:rafE AcoiA::Kan"

CP1793 x CP1870

CP1793 x CP1871

“ Construction of a strain by transformation between two different mutants is
shown as DNA X recipient.

factor ComX, and that it has a late gene expression profile
(46). Its promoter region contains the combox sequence, TA
CGAATA, typical of late genes (7, 43). Together, these fea-
tures establish coid as a late competence gene, whose tran-
scription increases at competence about 16- to 60-fold.

Although coi4 was among the first genes to be identified as
expressed specifically at competence and is required for effi-
cient transformation, nothing is yet known about its role in
transformation. Here we report that CoiA is a transient com-
petence-associated protein, that the temporal expression pat-
terns of early and late genes are unaffected by coi4 mutation,
and that coi4 mutants are defective in DNA processing at a
stage after DNA uptake.

MATERIALS AND METHODS

Strains, media, and transformation. S. pneumoniae strains and primers used in
this study are listed in Tables 1 and 2, respectively. DNA from strain CP1500
served as the donor for transformation assays, DNA from CPM6 (27) was the
template for PCRs, the JANUS cassette (53) was the source for the kanamycin
resistance marker, and pR412 was the source for the spectinomycin resistance gene,
aad9 (31). Oligonucleotides listed in Table 2 were obtained from QIAGEN, Inc.
(Valencia, CA).

Pneumococcal strains were routinely cultured in 18-mm tubes in casein hy-
drolysate yeast extract medium (CAT) (38), supplemented with 10 mM HCI to
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prevent endogenous competence induction. Cells were grown to an optical den-
sity at 550 nm (ODss() of 0.08 to 0.1 (Spectronic 20D +) at 37°C and then held
on ice until needed. For competence induction, the culture was further supple-
mented with bovine serum albumin (0.2%), CaCl, (0.005%), and CSP-1 (250 ng
ml~") obtained from Chiron Mimitopes (Raleigh, NC) (14) and incubated at
37°C for an additional 10 min. Competent cultures were exposed to the donor
DNA at the indicated concentrations at 30°C for 1 h for DNA uptake and
recombination. Serial dilutions of the transformed cultures were plated in 60-
mm-diameter petri dishes with a 4-layer (3-ml each) technique for phenotypic
development (38). Final concentrations of antibiotics for the selection of recom-
binant strains were as follows: chloramphenicol, 2.5 wg ml~'; kanamycin, 200 ug
ml™!; spectinomycin, 100 pg ml™".

Construction of insertion-deletion mutants. Construction of new mutations
used the strategy described by Lau et al. (26). To construct a coid deletion
mutant (CP1793), PCR was employed to amplify two DNA segments (approxi-
mately 1,000 bp) flanking the coi4 gene using primer pairs BVD26-27 and
BVD28-29. The resulting DNA segments, coid up and coi4 dn had terminal
BamHI site and Apal sites, respectively. The kanamycin cassette was amplified
with corresponding BamHI and Apal sites using primers DAM301 and
DAM302. These fragments were digested with the respective restriction en-
zymes, purified using the QIAGEN PCR purification kit, ligated, and trans-
formed directly into the wild-type strain, CP1250. Transformants were selected
with kanamycin and checked for the correct structure by amplifying both new
junction fragments. One coi4 mutation was further purified by backcross into the
wild-type strain CP1250 and isolation of a single clone, named CP1793. The dprA
and SP0979-81 (Table 1) mutations were constructed similarly, and their struc-
tures were confirmed by demonstrating the presence of new junction fragments.

Construction of C-terminal CoiA-His-tagged strain. coiA-His was amplified
using HiFi Platinum Tag polymerase (Invitrogen) with primers BVD83 and
BVD84 (Table 2). The PCR product had a 5" BglII site, six new His codons, and
a 3" Niil site. The amplified product was digested, purified, and inserted into the
integrative vector, pEVP3, between the BgllI and Nsil sites. The resulting plas-
mid, pBD04 in Escherichia coli host strain DH5a, was extracted, purified, and
transformed into CP1250 to create strain CP1824 (P;,::coi4-C-term His). The
CoiA-His insert in pBD04 was sequenced to confirm the absence of any point
mutations.

Construction of CoiA overexpression strains. CP1870 (P,coiA™, P, ¢:coiA)
was constructed using the PCR amplification-ligation strategy (see Fig. 4).
Briefly, four DNA fragments ('aga, coiA, spc, and rafE") were amplified using the
primers described in Table 2, with mutually compatible restriction enzyme sites.
Digestion, purification, and ligation of the four DNA fragments assembled a
four-piece cassette 'aga::coid:spcirafE’ which was transformed into CP1250.
Several independent Spc” colonies were analyzed for all three new junctions
using PCR. From 1 of 3 clones with the correct structure, the mutation was
back-crossed into strain CP1250 to purify it further. Several resulting single
colony clones were sequenced to confirm the absence of any point mutations in
the coid gene. One strain with the desired coid sequence was named CP1870.
CP1873 (Pg,coiA null, P :coid) was constructed by transforming the coid
mutation (from CP1793) into strain CP1870 and selecting a single transformant
for further work.

A similar strategy was employed for constructing strains CP1871 and CP1874
(Table 1) using primers described in Table 2.

Assay of the transformation phenotype. To determine the kinetics of compe-
tence induction for mutants and wild-type strains, parallel cultures were grown in
CAT as described above at 37°C. At an ODss, of 0.08 to 0.1, cultures were chilled
on ice and diluted 10-fold in 10 ml cold CAT supplemented with bovine serum
albumin, CaCl,, and HCI at the mentioned concentrations. Diluted cultures (1.5
ml) were transferred to sterile microcentrifuge tubes in a 37°C block. After 10
min at 37°C, all of the cultures were induced to competence in parallel by adding
CSP-1 (250 ng ml™'). At 5-min intervals, 0.15 ml of cells was mixed with 10 ng
of SMC donor DNA and incubated at 30°C for 5 min, and DNA uptake was
terminated by transferring 0.015 ml into 1.5 ml of CAT containing DNase I (40
pg ml™!) and MgCl, (10 mM). After 60 min at 30°C, the entire sample was
plated in CAT agar to determine Nov" transformants.

Beta-galactosidase activity assay. S. pneumoniae strains carrying the lacZ
reporter gene were grown and induced to competence as described above.
Samples (0.5 ml) were harvested before CSP treatment (“0 min” time point) and
at the indicated time intervals after the addition of CSP. Samples were collected
on ice, mixed with a 1/3 volume of 2% Triton X-100 (final, 0.5%), allowed to lyse
at 37°C for 10 min, and chilled until assay. The lysates were mixed with 1.5 ml of
ONPG reaction mix (1.6 mg o-nitrophenyl-B-p-galactopyranoside [ONPG], 20
mM sodium phosphate [16.4 mM Na,HPO, and 3.6 mM NaH,PO,, pH 7.5], 20
mM NaOH, 2 mM MgCl, and 90 mM B-mercaptoethanol), and incubated at
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TABLE 2. Oligonucleotides used in this study

Primer Sequence Location or use

BVD26 5'-AAACGGGAGTCTATCAAACGTCGTGAGCAA Upstream of coid

BVD27 5"-ATGGATCCTGAATTCCCTCCTTTTCTATATCAT In coiA

BVD28 5'-ATGGGCCCGAATAGAAAGGATGGAGGAATCTAA In coiAd

BVD29 5'-GTAGACATCGTACATCTTGAGATCTGAAAT Downstream of coiA

BVD52 5'-ATGGGCCCCTAGTGGATCCCCCGTTTGATTTT In spc cassette

BVD53 5"-ATATGCATTGCAGATTTTACATGATCCCCCATGTTG In spc cassette

BVDS83 5"-ATAGATCTCCAGCTTGTGGAGGCCAGCTCCATTTG In coid

BVD84 5"-AATATGCATTAGTGATGGTGATGGTGATGGTATTCTACCATATTTTTC In coiA/C-term His, extension
AAGAAATATTGCTGATAAAAG

BVD106 5'-ATGGGCCCGATTCCTCCATCCTTTCTATTCTACC In SP0979

BVD107 5'-ATATGCATTCAAACGAATAGTCCAAATCAATGAG In SP0981

BVD108 5'-AGTCCTGCTCTGGTGGTGGTGGACGAAATG In aga gene

BVD109 5'-ATGGTACCATATCATAGTTTTCTAAAAATATACTGTCTACTC In aga gene

BVD110 5'-ATGGTACCTAGAAAAGGAGGGAATTCATGTTTG In coiA

BVD111 5'-ATGGGCCCTTTCTATTCTACCATATTTTTC In coid

BVD112 5"-ATGGGCCCTCAATGGTGATGGTGATGGTGTTCTACCATATTTTTCAAG In coiA/C-term His, extension
AAATATTG

BVDI113 5"-ATATGCATCTGACCCCAAAAGTTAGATTTATTC In rafE

BVD114 5'-CGGTAAAGCCAATCGCATTC In rafE

BVDI121 5'-GTAAATCAGGTATTTGAGTCTTAAAACTTGTTTTC Sequencing of junction fragments

BVDI122 5'-AAGGAGCGTTTGACTCGTCTACAGCAAGG Sequencing of junction fragments

DAM301 5'-CGCGCAAGCTGGGGATCCG In kan cassette

DAM302 5'-ACGTGGGCCCTAGGTACTAAAACAATTCATCCAGTAA In kan cassette

DAMS563 5'-GATAGAGGCGATAAGCATGGCACATAGTAA Upstream of dprA

DAMS564 5'-ATGGGCCCTGCCATCATTTGATTCAAGAAG In dprA

DAMS565 5'-GGATCCATAACGGCTGGATTACGGCAACCT In dprA

DAMS566 5'-GATTGGGAACTCGCTTGCGTCCTATGACTGA Downstream of dprA

37°C until yellow color developed. The reaction was stopped by adding 1 ml of
1 M Na,COs;. The absorbance at 420 nm was determined, and B-galactosidase
activity was calculated using the following relation: Miller units (MU) = (1,000 X
OD,,)/(incubation time in min X culture sample volume in ml X culture ODss, at
addition of CSP). The “0-min” time sample was used as the blank.

Immunoblot analysis. S. pneumoniae strains CP1824 and CP1874 were grown
in 400 ml of CAT to an ODss, of 0.08 to 0.1. A 25-ml “0-min” sample was
harvested just before CSP addition, after which successive 25-ml samples were
harvested every 2.5 min. Samples were cooled rapidly in a 1-liter prechilled
stainless steel beaker and stored in 30-ml corex glass tubes on ice. Cells were
collected by centrifugation at 8,000 X g for 15 min at 4°C, resuspended in 0.2 ml
of 0.1% sodium dodecyl sulfate, and lysed for 5 min at 95°C. A sample of the
lysate (10 pl) was used to determine the total protein concentration using
Bio-Rad’s Bradford protein assay reagent. Two sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis minigels (10% Tris-HCI [Bio-Rad]) were developed
in parallel in Tris-glycine buffer at 85 V until the dye reached the bottom of the
gels. After the gels were washed twice in water, one gel was stained with Bio-
Rad’s BioSafe Coomassie. The other gel, a polyvinylidene difluoride membrane
(Hybond-P; Amersham, Piscataway, NJ), fiber supports, and blotting papers
were equilibrated in the transfer buffer (48 mM Tris, 39 mM glycine, pH 9.2) for
at least 10 min before being assembled together in an electrotransfer unit (Bio-
Rad). After transfer at 40 V for 90 min at 4°C, the membrane was washed twice
for 15 min with 25 ml TBST (20 mM Tris-HCI, pH 7.6, 140 mM NaCl, and 0.1%
Tween 20) buffer before the membrane was blocked overnight at 4°C with 30 ml
TBST containing 5% nonfat dry milk (Bio-Rad, Hercules, CA). The polyvinyl-
idene difluoride membrane was then rinsed twice with 25 ml TBST and probed
for 2 h with anti-Hisg primary antibody (RDI, Inc.) (1:4,000 in 20 ml TBST
containing 1% nonfat dry milk) at room temperature. The membrane was
washed thoroughly with TBST for a total time of 1 h with 6 25-ml buffer changes
at room temperature. The membrane was then probed with horseradish perox-
idase (HRP)-conjugated secondary antibody (Amersham Biosciences, Piscat-
away, NJ) (1:20,000 in 20 ml TBST containing 1% nonfat dry milk) for 2 h at
room temperature. After secondary probing, the membrane was again washed
thoroughly in TBST to remove all unbound antibody, and bands were visualized
using Amersham’s ECL plus immunoblotting detection system and X-OMAT
imaging films (Kodak, Rochester, NY).

Preparation of *H-labeled DNA. CP1016 was grown in 10 ml CAT containing
0.5 mCi of [*H]thymidine (specific activity, 20 to 40 Ci mmol~'; MP Biomedicals)
for 6.5 generations to an ODss, of 0.2. The culture was chilled, harvested, and

then processed for DNA extraction as recommended by the QIAGEN Genomic
DNA handbook (QIAGEN, Inc., Valencia, CA). Yield of the DNA from such
preparations was approximately 12 to 15 pg, with a specific activity of 1.0 to 1.5 x 10°
cpm pg L.

DNA uptake assay. CP1250, CP1793, and CP1389 were grown in 10 ml CAT
at 37°C to an ODs;5 of 0.08 to 0.1. Cells were chilled if required and returned to
37°C before CSP treatment. After competence induction, 1-ml cultures were
exposed to 40 ng of CP1016 chromosomal DNA (approximately 0.6 X 10° cpm).
For determining transformation, after 5 min of DNA uptake, 0.15 ml of cells was
mixed with 1.5 ml of CAT containing DNase I as described above, incubated at
30°C for 60 min, and then plated in soft agar plates (measure of transformation).
For measuring the DNA uptake stages, the remaining culture was incubated at
30°C for 30 min and centrifuged at 10,000 rpm at 4°C for 2 min. Supernatant
recovered from the spin was mixed with a 1/4 volume of 50% trichloroacetic acid
(TCA), incubated on ice for at least 10 min, and centrifuged at 10,000 rpm for 10
min. A portion of the resulting TCA-soluble supernatant (0.1 ml) was mixed with
0.4 ml of water and 10 ml of EcoLite scintillation fluid for measuring radioactivity
(measure of degradation). The pellet obtained from the first spin was washed once
without resuspension (21), resuspended in 0.1 ml of CAT containing 40 pg ml™"
DNase I, and incubated for 10 min at 30°C. Cells were centrifuged, and the super-
natant containing the DNase I accessible product was mixed with 10 ml EcoLite
scintillation fluid (MP Biomedicals) (measure of DNA binding). The cell pellet from
the last spin was washed once with 1 ml of cold CAT, resuspended in 0.1 ml SEDS
buffer (52), lysed at 37°C for 10 min, and mixed with 0.4 ml water and 10 ml EcoLite
scintillation fluid for determining DNA uptake.

Incorporation of [>?P]dATP in a large 11-kb donor DNA amplicon. An 11-kb
32P-labeled PCR product was prepared using HiFidelity Tag polymerase (In-
vitrogen), primer pairs BVD81 and BVDS2, and SMC as template DNA. The
PCR (50 pl) was carried out in the presence of 125 uCi of [**P]dATP (Amer-
sham BioSciences) according to the manufacturer’s recommendations.

Fate of labeled DNA. CP1806, CP1807, and CP1808 were cultured in 10 ml
CAT to an ODss, of 0.08 at 37°C and chilled until required. After the cultures
were rewarmed to 30°C and induced to competence at 30°C for 10 min, 4 ml of
cells was exposed to 150 ng of a [**P]dATP-labeled 11-kb PCR product for 20
min at 30°C. Cells were incubated further with DNase I (40 wg ml~!) at 30°C for
60 min, chilled for 5 min, diluted fivefold with cold CAT containing 5 mM
EDTA, and centrifuged at 10,000 rpm for 10 min at 4°C. The resulting cell pellet
was washed once with 1 ml of cold CAT containing EDTA and lysed at 37°C for
5 min in 0.4 ml SEDS containing 70 p.g ml~! RNase A. Chromosomal DNA from
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FIG. 1. Competence-dependent expression of CoiA. (A) Kinetics
of competence development of CoiA-His, mutant in CP1824 (@) and
transcriptional profile of coi4 in CP1250 (m). (B) CoiA-His4 protein
levels were determined in strain CP1824 in two replicate experiments.
(C) Comparison of the transformation phenotype between CP1824
and CP1250. Details for the transformation assay and immunoblot
analysis can be found in the Materials and Methods. Details for the
coiA mRNA can be found in the report from Peterson et al. (46).

the lysed cells was extracted using the phenol-chloroform method (51), precip-
itated with ethanol, and dissolved in 30 pl of warm 10 mM Tris-Cl buffer, pH 8.5.
The extracted DNA was digested with EcoRI and BstBI according to the man-
ufacturer’s recommendations and fractionated at 65 V in a 1% agarose gel (24 by
20 cm) for 20 h at room temperature. The gel was stained in ethidium bromide
to confirm equal loadings, dried in vacuo at 80°C for 4 h, and exposed to a
phosphorimager screen for about 36 h. The radiolabeled pattern was visualized
using the PhosphorImager SI (Molecular Dynamics, Sunnyvale, CA).

RESULTS

coid is a ComX-dependent late gene with transient protein
expression. To ask whether the competence-specific transcrip-
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tion of coiA is reflected by changes in the level of protein, we
created a coid gene encoding an epitope-tagged protein
(CoiA-His,) and showed that transformability of the recombi-
nant strain was not affected by this alteration in CoiA structure
(Fig. 1). Immunoblotting using a His-specific antiserum (anti-
His,) revealed that the amount of CoiA was low in noncom-
petent cells. The protein was first detectable 10 min after CSP
treatment, was maximal at 15 min, and disappeared soon after
20 min (Fig. 1). This is the first time that the temporal protein
expression profile for a late competence gene product has been
determined during competence. The only other competence
protein expression data available are for early competence
gene products. ComE is stable (59), but ComX is unstable,
with a temporal pattern similar to that of CoiA (30).

CoiA is a widely conserved protein of unknown function.
CoiA is widely conserved in gram-positive bacteria (Table 3),
and the entire coid locus (see below) is preserved within the
streptococci (Fig. 2B). Interestingly, the streptococcal coid
homologs are also associated with a combox promoter se-
quence (Fig. 2), suggesting a common functional role for these
proteins, perhaps in DNA transformation. Curiously, CoiA is
also invariably associated with a common downstream neigh-
bor annotated as an oligopeptidase (data not shown). The B.
subtilis homolog of CoiA, Y]jbF, has also been reported to have
a promoter sequence specifically regulated by the Bacillus com-
petence regulator ComK (6). Although CoiA is so widely con-

TABLE 3. Homologs of CoiA

Organism” I defl/(t]ity” Sim?ari ty Functional annotation®
Streptococcus 100 100 Competence protein CoiA
pneumoniae
Streptococcus mitis 89 92 Competence protein CoiA
Streptococcus gordonii 54 72 Competence protein
Streptococcus suis 50 68 Competence protein
Streptococcus agalactiae 49 66 Similar to hypothetical
transcription factor
Streptococcus mutans 46 66 Putative competence protein/
transcription factor
Lactococcus lactis 44 64 Competence protein CoiA
Lactococcus lactis 43 62 Transcription factor
Lactococcus lactis 42 62 Oligopeptidase PepF2
Streptococcus pyogenes 41 61 Putative transcription factor
Staphylococcus aureus 40 59 Hypothetical protein
Bacillus halodurans 37 56 Unknown conserved protein
Bacillus anthracis 34 57 Hypothetical protein
Bacillus thuringiensis 34 57 Possible competence protein
Enterococcus faecalis 34 57 Competence protein, putative
Bacillus cereus 33 54 Putative competence protein/
transcription factor
Bacillus subtilis 33 49 Hypothetical protein
Lactobacillus plantarum 33 46 Competence protein
Bacillus licheniformis 31 49 Conserved protein
Pediococcus pentosaceus 30 50 Competence protein
Lactobacillus acidophilus 30 45 Competence protein
Listeria monocytogenes 29 50 Putative competence protein
Staphylococcus 29 45 Hypothetical protein
haemolyticus
Listeria innocua 28 49 Putative competence protein
Lactobacillus johnsonii 27 48 Hypothetical protein
Staphylococcus 26 46 Putative competence protein
saprophyticus
Enterococcus faecium 26 45 Competence CoiA-like
Lactobacillus gasseri 25 49 Competence protein

“ Species in the NCBI database with homology to CoiA.

b Proportion of identical residues in full-length alignment with S. pneumoniae
CoiA.

¢ Functional annotations are as described in the NCBI database.
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combox consensus TACGAATA

S. pneumoniae TCCTGATCTTTTTTCTTTTTTACGARTGATATAGA aaaggaggGAATTCATGTTTGT TGCGAGAG
S. mutans CTGCCTTTGCGCGEGT TTT T TAact ATeTAT ITAGa22ggaAT TT T TGATGT TAGT TGCAAGGGA
8. pyogenes TTAAAGTTTGGTACT TAGT TTtCGAATAATAAGGTGGAAGATCTAAT aggaggtgACARAAATAT
S. agalactiae TATCCGAAAGGATAACTTTITtCGAATAGTAaaagt aggAGARAARATGT TAATTGC TAAAGACA
8. suis TAGCTGGGTGTTTTTTIGCGaACtARTARAGAGaggagqgt TTTATGTTAGT TGCACT TGATGAAG
5. mitis TCCTGATC TTCTTTTTTACGAATAATATAGA 5aaggaggGARATCATGT TTGT TGCGAGAG
8. gordonii AACGAGTTICICTTTTCTTTTACGAATAAAGGATGTAAATGTTTGaggaggtgT TCATGTTTTCA
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coiA 645 646 647 648
— S. pyogenes

cin  coiA 1062 1061 1060 1059

A R s J I S. agalactiae
cin coiA 0805 0806 0807

_D—m ) I S. suis
cin coiA 0858 0857 0856 0855 0854 0853

1 kb

FIG. 2. Sequence conservation at coid locus in streptococci. (A) Alignment of combox sequence in the promoter of coi4 homologs of several
streptococci. A consensus combox sequence is displayed at the top; putative combox sequences are highlighted in boldface type, with nonconserved
nucleotides in lowercase type; adjacent thymine residues (7, 44) are underlined; pneumococcal ribosome binding sites, aaaggaggtg, are in lowercase
italic type (2, 25); and predicted translation start sites (ATG/GTG) are shown in boldface type. (B) Comparison of coid loci among five
streptococci. Similar ORF patterns represent functional similarity. For S. pneumoniae, the three coi4d downstream genes annotated by Hoskins et
al. (16) are group B oligopeptidase (spr0882), probable methyltransferase (spr0883), and peptidylprolyl isomerase (spr0884), respectively. cin,
combox promoter; open arrows, ORFs not displaying functional similarity.

served, nothing is known about the function of any of its
homologs.

coiA deficiency reduces transformability. To characterize
the role of CoiA in transformation, a deletion mutant
(CP1793) was created by replacing the coid gene with a kana-
mycin resistance marker (Kan") using the strategy described in
Materials and Methods. The transformation efficiency of
CP1793 was severely reduced compared to its wild-type parent,
CP1250 (Fig. 3A). To determine whether this defect was de-
pendent on donor DNA concentration, the assay was repeated
over a wide range of donor DNA concentrations. As shown in
Fig. 3B, the low transformability of the coi4 mutant was con-
sistent over a wide range of DNA concentrations and is con-
sistent with the phenotype observed earlier for several coid
insertion-duplication mutants (43).

Loss of CoiA is responsible for the observed transformation
defect. coiA is the first gene of a 4-open reading frame (ORF)
cluster of CSP-inducible late genes, spr0881 to spr0884 (Fig.

2B) (46). Expression of its upstream neighbor gene, spr0880, is
invariant in response to CSP, and a terminator was identified
between spr0884 and spr0885 using the GeSTer algorithm (46,
57). This arrangement suggests that a single CSP-induced mRNA
may encompass coid and 3 adjacent genes. The observed trans-
formation defect in CP1793 might in principle be due to either the
loss of CoiA or a polar effect of the mutation on the expression of
downstream neighbors. We took two approaches to distinguish
these possibilities. First, the three downstream genes were deleted
by being replaced with a spectinomycin (Spc’) cassette while leav-
ing coiA intact. As the resulting mutant, CP1335, was fully trans-
formable, the phenotype of CP1793 could not be replicated by
disruption of these linked genes (Fig. 3A).

In a complementary approach, we asked if the transforma-
tion defect of the Acoid::Kan mutant could be complemented
by providing an ectopic copy of the coid gene alone. The aga
promoter P, (P4 in reference 50), regulated by the products
of the rafRS genes, is responsive to raffinose (50). coid was
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FIG. 3. Reduced transformability of a coi4 mutant. (A) Competence of CP1250 (®; wild type), CP1793 (m; coiA null), and CP1335 (A;
SP0979-09817) determined at 5-min intervals. (B) Comparison of transformation of CP1793 (m; coi4 null), and CP1250 (®; wild type) after
incubation in the presence of different amounts of donor DNA for 30 min at 37°C. Error bars indicate standard errors of results from three

independent experiments.

amplified using PCR, linked to a spectinomycin (Spc") marker,
and inserted in the raffinose utilization locus, downstream of
the aga gene (Fig. 4). The resulting strain, CP1870, had two
copies of coiA, the native copy retained under the control of its
combox promoter (P.,coid), and the ectopic copy retained
under the control of the raffinose promoter (P,,q:coid). To
study the complementation of the AcoiA mutation, the native
copy of the gene was replaced with a Kan" marker by crossing
CP1793 with CP1870. The resulting strain, CP1873 (P,,::coiA,
AP coid), was treated with synthetic CSP-1, and the ectopic
copy of coid was induced by adding raffinose at a level known
to be sufficient to induce maximum levels of aga expression
(29). The presence of 100 pM raffinose did not have an adverse
effect on competence development in the wild-type control
strain CP1250; however, as shown in Table 4, induction of the
P, copy of coid in CP1873 rescued the transformation defect
caused by deletion of CoiA (compare CP1793). From the con-
sistent results of the two approaches, we conclude that the

T-»
By I
4 1 o > ——
ifR a rafE AfG
ra B i
T—P rafF
‘aga P rafE’
|
—
coiA spe

FIG. 4. Construction of a raffinose-regulated ectopic copy of coiA.
Open arrows, five central genes of the raffinose utilization locus (50).
The four-part ligation product ('aga, coid, spc, and rafE") was trans-
formed into CP1250 to construct CP1870 (P;,coid™* and P, ::coid™).
Gray bars, regions targeting homologous recombination; black arrows,
coiA and the Spc’ cassette inserted in the raffinose locus; P, promoter
controlling aga gene; Py, promoter controlling rafE operon; P, pro-
moter driving expression of the spc cassette; stem-loop, transcriptional
terminator.

transformation defect observed in strain CP1793 is due to the
loss of the coiA gene alone and not to polar effects of the coid
mutation.

coiA deletion or overexpression does not alter competence
regulation in S. pneumoniae. Most CoiA homologs in the NCBI
database are annotated as proteins with unknown function or
as having a function in competence (based on the function
previously assigned to CoiA) (43). The only other function
assigned to a CoiA homolog is that of transcription factor,
made in the case of a gene in Lactococcus lactis, and based on
a 15% identity and 39% similarity to the tomato transcription
factor Vsf-1 (42, 49, 56). Although this similarity is weak, we
asked if mutation of coid in pneumococcus caused a general
disruption in the CSP response of early or late competence
genes by making use of the integrative reporter vector pEVP3
to analyze the expression of four early (comA, comC, comX,
and comW) and three late (cgl4, celB, and ssbB) competence
genes. Upon CSP induction, the expression of these represen-
tative genes was unaltered in the coi4 background compared
to the corresponding wild-type strains (Fig. 5; data shown only
for comA and cglA).

Transcriptional regulators are sometimes found to alter ex-
pression of target genes when overexpressed. To explore this
possibility for CoiA, the recombinant S. pneumoniae strain
CP1874 (P, coiA null and P, coiA-His,) was induced to com-
petence, while CoiA-His, was overexpressed by induction us-

TABLE 4. Complementation of coid deletion by
raffinose-controlled coid

No. of Nov* transformants
(10° cells ml~ ") with”:

Strain Genotype
No raffinose 100 wM raffinose”
CP1250  P,coid™ P, caga 1.64 1.63
CP1793 P, coid null P, caga 0.01 0.01
CP1870 P ,coid™ P, p:coiA™ 1.23 0.87
CP1873 P coid null P, ::coid™ 0.12 0.99

“ Transformation was assayed by exposing 1 ml of CSP-treated cells to SMC
donor DNA.
? When used, 100 wM raffinose was supplied at the same time as CSP.
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FIG. 5. Lack of effect of Acoi4 mutation on early and late competence gene expression. LacZ activity was determined at indicated times after
competence induction in wild-type (left) and coi4-deficient (right) backgrounds. A, comA; m, cglA.

ing 100 uM raffinose. A 16-fold overexpression of CoiA (data
not shown) did not affect transformation levels in the recom-
binant strain, although we did observe a small shift in the
timing of competence (Fig. 6). Thus, it seems unlikely that
CoiA may act as a general transcriptional regulator of compe-
tence genes.

coiA-deficient mutants take up normal amounts of donor
DNA. As a coiA mutant exhibited a severe defect in transform-
ability but did not appear to have a regulatory defect, we
sought to determine whether it was affected in DNA uptake
steps of transformation. The coi4 mutant was compared with
the wild-type and with a dpr4A mutant strain (CP1389) con-
structed by deletion replacement. Consistent with the previous
report (4, 5), this dprA mutant had a severe transformation
defect (0.0001% of wild-type; data not shown) but took up
comparable amounts of DNA and produced amounts of TCA-
soluble extracellular products similar to the wild type. The coid
mutant also exhibited DNA uptake properties similar to the
dprA mutant. Although there was a >95% defect in transform-
ability in a coi4 mutant, it took up DNA and produced TCA-
soluble products in amounts similar to the wild-type and dpr4
mutant strains (Table 5). Thus, the coi4 mutant, CP1793, was
similar to the dprA mutant in two ways: it was efficient in taking
up *H-labeled donor DNA and it produced few viable trans-
formants.

In an independent approach to trace the fate of donor DNA
in the coiA mutant, a strategy described previously (4, 33) was
used with some modifications. An 11-kb PCR product includ-
ing the gyrB point mutation nov-1, conferring Nov', was am-
plified in the presence of [**P]dATP for use as a donor. The
32P label was used to distinguish nucleotides incorporated by
recombination specifically at the gyrB locus from material dis-
tributed more broadly into the chromosome via degradation
and DNA synthesis. Both coi4 and dpr4 mutants were able to
take up the donor DNA, as seen from the uniform presence of
label in many restriction fragments (data not shown). While in
the wild-type strain, CP1250, intensely labeled bands at specific
positions reflected homologous recombination, such bands
were absent in the coid and dprA mutants, demonstrating that
both mutants failed to integrate donor genes into the resident
genome. The nonspecific bands observed on the gel were the

result of degradation of the labeled DNA and incorporation of
the label during DNA synthesis (33, 58). This interpretation
was strengthened by repeating the experiment in the presence
of an inhibitor of DNA synthesis, HpUra (33, 58). For the
wild-type, use of HpUra limited the incorporation of label to
the bands corresponding to homologous recombination, while
for the coiA4 and dprA mutants, no labeled bands were detected
(data not shown). Together, these results suggest that, as in
dprA mutants, donor DNA is taken up in a coi4 mutant, but
subsequent processing is blocked at some step leading to re-
combination.

DISCUSSION

As coiA is part of a four-gene competence-inducible operon,
the transformation defect reported by Pestova and Morrison
(44) for coiA insertion-duplication mutants cannot be directly
associated with the disruption of coi4. Indeed, Lacks (24)
proposed that the products of all four genes act in cell wall
remodeling during development of competence. To identify
the specific genes responsible for the defect in transformation,
insertion-deletion mutations in the coi4 locus were con-
structed. These mutations in combination with complementa-
tion analysis established coid as the only gene of this locus
required for transformation. A similar organization of compe-
tence-inducible operons has also been described before (46):
Peterson et al. reported that for seven competence-inducible
operons, only one of the more proximal genes was needed for
transformation, while the downstream genes were dispensable
for the process.

Genetic transformation in S. pneumoniae involves induction
and shutoff of competence. It was previously observed that
induction of this transient process was accompanied by a shift
in the expression of many cellular proteins (35). Recent
genomic surveys demonstrated a coherent activation of ap-
proximately 124 genes during competence induction (12, 46).
In contrast, competence shutoff has only been associated with
the disappearance of the messages of these induced genes. It
has been proposed that one or more gene products under the
transcriptional regulation of ComX may be responsible for
competence shutoff (27, 46, 54). However, it is not known what
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FIG. 6. Competence development in the presence of overexpressed
CoiA. (A) Transformation of CP1874 was determined at 2.5-min in-
tervals after adding CSP-1 to a culture grown for 1 generation in 100
M raffinose. (B) CoiA-His, protein levels determined by immunoblot
analysis in extracts prepared at 5-min intervals. (C) Transformation
phenotypes of CP1874 and CP1250, respectively.

change(s) in protein level or activity cause the rapid decay in
the ability of competent cells to take up or process DNA. Since
the accumulation of CoiA protein was transient and followed
kinetics parallel to that of competence, its loss may contribute
to the loss of competence. Protein expression profiles are
known for only two other competence genes, both in the early
gene category: ComE is stable throughout competence (59)
and ComX is unstable (30). If other late gene products also
follow expression patterns similar to CoiA and ComX, disap-
pearance of these competence-specific proteins could explain
the shutoff of competence.

The rapid disappearance of ComX has been attributed to its

J. BACTERIOL.

degradation by the protease CIpEP (54). Additionally, the
above study suggested that this degradation can be prevented
by an antiprotease activity of ComW. As the level of CoiA
achieved using transcription controlled by the P, promoter
was strongly elevated in competent cells (Fig. 6), it is possible
that CoiA is regulated similarly to ComX by the activities of
CIpEP and/or ComW and that the stability of CoiA may de-
pend on the presence of ComW or on other posttranscriptional
regulation.

A homolog of CoiA is annotated in the NCBI database as a
transcriptional regulator, based on a weak similarity (15%
identity and 33% similarity) of this CoiA homolog in Lacto-
coccus lactis to the transcriptional factor Vsf-1 (42, 56). In
addition, our unpublished results (B. Desai and D. Morrison)
demonstrate the presence of a C,H, type of zinc (Zn) finger
motif in the N terminus of CoiA. These types of Zn finger
motifs are extremely rare in prokaryotes but are abundant in
eukaryotes and are involved in DNA recognition. Since CoiA
possesses this Zn finger motif and as one of the CoiA ho-
mologs was possibly related to a transcriptional regulator, we
sought tp determine whether CoiA has a role in regulating
competence. Deletion of coi4 did not block the expression of
any of four early or three late competence genes. In addition,
approximately 16-fold overexpression of CoiA did not have any
affect on the level of competence. Thus, there is no direct
indication of any role for CoiA as a regulator of competence.

As CoiA did not have a major role in regulating competence,
we sought to determine whether CoiA had a more direct role
in DNA processing. Among 81 late competence-induced pro-
teins, only 15 are known to be required for transformation.
Most of these 15 proteins are membrane proteins involved in
DNA binding or degradation (5, 20). Little is known about the
proteins interacting with donor DNA after internalization.
Two ComX-regulated proteins, DprA and RecA, are essential
for transformation but not for DNA uptake (5). In both mu-
tants, donor DNA is immediately degraded after entry into the
cell, implicating them in DNA protection (4). Another com-
petence-induced protein is implicated in forming a protective
complex with a single-stranded donor (35, 36, 39). Finally, a
noninduced protein, MmsA (RecG), is known to be important
for DNA processing (32). As coi4 mutants exhibited a severe
defect in transformability but could internalize normal amounts
of donor DNA, CoiA also appears to act in a post-DNA uptake
step. Once internalized, DNA is known to undergo several stages

TABLE 5. DNA uptake and processing in coid mutant

DNA (cpm ml™') at processing stage: Transformation

Surain Degradation”  Binding® Uptaked ~ (Nov" cells ml™")
CP1250 1,060 =37 1,140 £30 600 = 27 1,900 = 450
(wild type)
CP1793 880 = 88 900 = 61 440=4 53 £30
(coiA null)
CP1389 990 = 38 890 =99 600 = 30 0.0001
(dprA null)

“ Cells were exposed to CSP and 10° cpm DNA for 30 min at 30°C. Data are
means * standard errors of results from three independent experiments.

® Acid-soluble extracellular products.

¢ DNase-susceptible bound DNA.

4 DNase-resistant bound DNA.
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of processing: protection, eclipse complex formation, and hetero-
duplex formation/recombination. It will be of interest to deter-
mine how far along this pathway single-stranded donor DNA
progresses in a coi4 mutant.
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