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ABSTRACT. ComA of Streptococcuss a member of the bacteriocin-associated ABC transporters, which is
responsible for both the processing of the propeptide ComC and secretion of the mature quorum-sensing
signal. The quorum-sensing system is a bacterial intercellular communication system implicated in various
functions including biofilm formation. In this study, the peptidase domains (PEPs) of the ComAs from
six species oBtreptococcuand ComCs from four species were expressed, purified, and characterized to
address the mechanism of the substrate recognition of PEP. PEPs specifically cleaved ComCs after the
Gly-Gly site in all the PEP-ComC combinations examined. The N-terminal leader region of ComC was
found to form an amphiphilic-helix structure upon binding to the PEP. Furthermore, mutagenesis studies
revealed that four conserved hydrophobic residues in this leader region of ComC extendinglfsaim

—4 positions are critical in the interaction with PEP. Together with the double glycine motif, these structural
features of ComC would explain the strict substrate specificity of the PEP.

The genusStreptococcuss Gram-positive bacteria and receptors. The signal pathway then alters the gene expres-
comprises a wide variety of pathogenic and commensal sions in the target bacteri&,(7). Many bacteria are known
species. They are present on the skin and the mucouso regulate diverse physiological processes other than the
membranes of the oral cavity or the respiratory and geni- activation of biofilm formation through this system. These
tourinary tracts of humans and animal§.(Some of the include bioluminescence iXibrio fischeri (8), sporulation
commensal species are known to be opportunistic pathogensin Bacillus subtilus (9), virulence factor expression in
Notably, oral streptococci, such &reptocuccus mutans  Staphylococcus aurey40), antibiotics production inLac-
which attach to the tooth surface as dental plaque, not onlytococcus lactig10), and competence for genetic transforma-
are cariogenic but also occasionally enter the human circula-tion in Streptococcus pneumoniagtreptococcus gordonii
tory system from the gingival pocket and cause life- andS. mutang4). Although several quorum-sensing systems
threatening infective endocarditis by forming a biofilm on are known, the two most thoroughly described systems are
the native or prosthetic heart valve®y.(It is postulated that  the acyl-homoserine lactone system of Gram-negative bac-
the formation of this biofilm and its inherent resistance to teria and the peptide-based signaling system of Gram-positive
antibiotics are a main cause of persistent and chronic naturebacteria 11).
of this infection @). The biofilm formation ofStreptococcus In S. pneumoniagethe competence-stimulating peptide
is thought to be regulated by the quorum-sensing system like(CSP) functions as a pheromone in the guorum-sensing
many other Gram-positive and Gram-negative bactelja (  signal pathway. CSP is cleaved from the precursor ComC

Quorum sensing is a way that bacteria communicate with peptide and concomitantly exported by ComA with help of
each other via pheromone molecules in order to properly an accessory protein, ComB. The accumulated CSP binds
respond to growth conditions, coordinate group behaviors, to the cell surface receptor ComD, which subsequently
and successfully survive as a “communit$).(It is believed phosphorlylates ComE by its histidine kinase activity and
that bacterial cells may be continuously releasing inherent thereby induces transcription of genes suchcasiXand
pheromones into their surrounding environment. As the comW resulting in DNA uptake (competence) and recom-
population density of a bacterial species increases, itsbination @, 12). Homologues of theseomgenes are found
pheromone concentration also rises, reaching the thresholdn other Streptococcuspecies and have been observed to
necessary to activate either the cell surface or intracellular be involved in the biofilm formation irs. gordonii(13) or

S. mutang14). Compared to the well-characterized acyl-
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been hindered, mainly because the important componentsupstream froncomA The 3 PCR primers were designed
of this system are membrane proteins. according to the conserved sequences in the ATP-binding

ComA, a key molecule essential for the first step of the domain found in the sequence comparison of $hepneu-
quorum-sensing system Streptococcusis a member ofa ~ moniae and S. mutans comAgenes. The correct DNA
family of bacteriocin-associated ATP-binding cassette (ABC) fragments were obtained only frof mitis Then, a 5PCR
transporters, which are composed of three domdif ie., primer with the nucleotide sequence identical to therxd
an N-terminal domain possessing the peptidase activity, aof the coding region o8. pneumoniae com#nd the above
transmembrane domain consisting of six membrane-spanning3 Primers were used to amplify th®. oralis PEP-coding
segments, and a C-terminal ATP-binding domain located on region. The PEP regions of otHétreptococcuspecies could
the cytoplasmic face of the membrane. The peptidase not be obtained by these simple PCR-based cloning strate-
domains of this family are thought to cleave their cognate 9I€S.
propeptides after the consensus Gly-Gly motif. To date, For the convenience of the purification, a kiag
peptidase domains of the family members, LagD, a trans- Sequence was attached to the C-terminal end of each PEP.
porter of lactococcin G ihactococcus lacti§l6), and CvaB, ~ The DNA-manipulation procedures and the sequences of the
a transporter of colicin V irEscherichia coli(17), were ~ PCR primers employed for the cloning and plasmid con-
confirmed to have proteolytic activity, for which a cysteine structions are described in Supporting Information.
residue is critical. However, both peptidase domains were Cloning and Plasmid Constructions of Streptococcus
mainly expressed as inclusion bodiesHn coli, and their =~ ComCs.ThecomCDEoperon was extensively searched for
biochemical characterizations have remained limited. Re- in the Streptococcuspecies 19), and the candidateomC
cently, we succeeded in the heterologous overexpression ofgeénes were identified in the species described in this study.
the peptidase domain (PEP) 8f pneumonia€omA as a The nucleotide sequences for tbemCgenes were found
soluble protein inE. coli, enabling us to do a detailed in the GenBank, the PCR primers were designed so as to
biochemical analysis. The purified PEP exhibited an efficient incorporate a Histag sequence at the N-terminal end, and
proteolytic activity for the natural substrate ComC, which thecomCgenes of the eight species (2 strainsSogordoni)
was confirmed to be cleaved after the Gly-Gly site, and the were cloned. The DNA-manipulation procedures and the
kinetic parameters of PEP for ComC were determirig).(  sequences of the PCR primers employed for the cloning and

Here, we first cloned, expressed, and purified six PEPs Plasmid constructions are described in the Supporting
and four ComCs from the species Btreptococcusand Information. . _
carried out catalytic and structural analyses. Then, based on_ Site-Directed Mutagenesis of the S. pneumoniae ComC.
these results and sequence comparison of the ComCs, a seri¢sch of the amino acid residues at the positierls, —14,

of mutations were introduced into tige pneumonia€omC —-12, =10, =7, =6, —4, =3, +1, and +3 of the S.

to further elucidate the substrate recognition mechanism of PneéumoniaeComC was replaced with alanine (for the

PEP. numbering of the residues of ComC, see Figure 5A). And,
the two residues Phel5-Val-14 were mutated to Val

EXPERIMENTAL PROCEDURES 15-Phe-14. Mutagenesis was done using a QuikChange Site-

Directed Mutagenesis kit (Stratagene, La Jolla, CA) accord-

Cloning and Plasmid Constructions of Streptococcus ing to the manufacturer’s instructions with pSPQB)(as
PEPs.In a previous report, we cloned and characterized the the template. The primer pairs used for the mutagenesis are
S. pneumoniaPEP (L8). For the present study, the following listed in the Supporting Information.
eightStreptococcuspecies (two strains f@. gordoni) were Protein Expression and PurificatiolPEPs and ComCs
obtained from the American Type Culture Collection, which \were expressed and purified essentially as previously de-
were supposed to possess tt@m system L9): S. mitis scribed (.8). Briefly, for expression of the PEPs, & coli
(strain ATCC No. 49456)S. oralis (35037),S. gordonii strain, BL21 (DE3) pLysS, carrying each expression plasmid
(10558),S. gordonii(33399),S. sangui$10556),S. cristatus was grown and induced by 0.2 mM isoprogb-thioga-
(51100),S. anguinosug33397),S. mutang700610), and. lactopyranoside (IPTG) fo5 h at 30°C for PPEP, TPEP,
thermophilugBAA-250). ForS. mutangndS. thermophilus and MUPEP2 or fo2 h at 37°C for MiPEP, OPEP*, and
the entire genome nucleotide sequences were availableviuPEP1 (see below for the abbreviations of the PEPs). The
(GenBank AE014133 and CP000023, respectively). Each PEPs were purified with the HBind Resin (Novagen,
genome had a gene annotatedcasA (gene ID 1027866  Madison, WI) and dialyzed against a buffer containing 20
for the S. mutans comAnd 3165209 for th&. thermophilus mM Tris-HCI, 200 mM ammonium sulfate, and 2 mM
comA), and the PEP-encoding regions were PCR-amplified dithiothreitol (DTT), pH 7.0.
and cloned. ForS. mutans the secondcomAlike open For expression of the ComCs, & coli strain, JIM109
reading frame, which has a 70% homology in the amino acid (DE3) pLysS’ Carrying each expression p|asmid was grown
sequence with theomAgene but is located outside the and induced by 0.2 mM IPTG fdl h at 37°C for PComC
COomAB operon R0), was also cloned. The N-terminal or 2 h at 37°C for the other ComCs. The ComCs were
hydrophobic extensions of 44 and 47 amino acids, respec-purified with the HisBind Resin followed by chromatog-
tively, of S. mutans comAand comAlike genes were  raphy with a HiTrapQHP column connected to aKPA
considered to promote inclusion body formation, and were fast protein liquid chromatography system (GE Healthcare,
truncated from the PEP domains. Piscataway, NJ).

To clone the PEP regions from oth8treptococcusthe The concentrations of the PEPs and ComCs were spec-
5" PCR primers were designed according to a nucleotide trophotometrically determined based on the numbers of the
sequence called the Box elemeri2l), located 17-bp aromatic amino acid residuet§).
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Ficure 1: Amino acid sequence alignment of PEPs from different speci&reptococcusThe amino acid residues that are identical in

at least four of the compared PEP sequences are shaded black. RRiERumMonia®EP; MiIiPEP S. mitisPEP; OPEP*S. oralisPEP;

TPEP,S. thermophilu®EP; MUPEP1S. mutans?PEP1; MUuPEP2S. mutansPEP2. The eight N-terminal residues of OPEP* might be
different from the nativeS. oralisPEP (see text for details). MUPEPL1 is a PEP domai8.ohutansComA, and MuPEP2 is that of tHe.
mutansComA-like protein, and the N-terminal highly hydrophobic sequences (44 and 47 amino acids, respectively) of the native proteins
have been removed in both MUPEPs (see text). Dots indicate six amino acid residues that are supposed to be important for the catalysis.

Circular Dichroism (CD) Measurement$he CD spectra  relatedness of th&treptococcuspecies based on tigeoESL
were recorded using a Jasco spectropolarimeter, modeland rnpB genes 22, 23). S. mitisis the closest toS.
J-720WI (Jasco, Tokyo, Japan) equipped with a thermocon-pneumoniag and only three amino acids were different
troller using a 0.1 cm light-path sample cell. The thermal between MIPEP and PPER. oralisis also close tcS.
denaturation profiles of the PEPs were measured by monitor-pneumoniagand OPEP* contains 10 amino acid differences
ing the CD at 222 nm while heating the samples at the rate located evenly throughout the 142-residue region of the PEP
of 1 °C/min. The buffers and protein concentrations are domain, compared to PPEP. Thus, although OPEP* might
described in the legends of Figures 3 and 4. be different from the native OPEP, the difference would be

Determination of Kinetic Parameter3he PEP activity at most one in the N-terminal eight residues. Anyway, results
was assayed in a 1QQ. reaction mixture containing 50 mM  for OPEP* in this study should be regarded as those for a
Tris-HCI, pH 7.0, 150 mM ammonium sulfate, and various PEP that has the primary structure of OPEP*, not necessarily
concentrations of a substrate. The high performance liquid those for theS. oralisPEP. TPEP has a five-residue extension
chromatography (HPLC) analysis was performed as previ- at the N-terminus, but the second methionine might be the
ously described1@). Briefly, the reaction mixtures were initiation codon in the nativeS. thermophilusPEP. As
loaded onto a WatergBondasphere £reversed-phase mentioned above, the hydrophobic N-terminal regions were
column (Waters, Milford, MA) connected to a Beckman removed in MUPEP1 and MuPEP2.

System Gold HPLC system (Beckman, Fullerton, CA) and Al PEPs could be expressed as soluble proteiri. icoli.
the peptides were separated on a linear gradient from 10 toas in the case of PPER®), the ratio of soluble to insoluble
55% (V/V) acetonitrile Containing 0.1% trifluoroacetic acid protein amounts was h|gher when expressed atBthan
over 10 min at the flow rate of 1 mL/min at ambient zt 37°C for TPEP or MUPEP2 (data not shown). Such an
temperature. Typically, less than 10% of the substrates wasimprovement was not observed for MiPEP, OPEP*, and
consumed in the reactions. MuPEP1, and these PEPs were expressed ¥ 3The PEPs
were purified to apparent homogeneity as judged on the
RESULTS SDS—polyacrylamide gels. No nonspecific peptidase activi-

Sequence Comparison, Expression, and Purification of ties were detected in the purified PEP samples. Routinely,

Streptococcus PEPSigure 1 shows the primary structures e Yields of the purified proteins from 100 mL of the
of the Streptococcu®EPs analyzed in this study. The PEPs Pacterial culture were-2.0 mg for PPEP~3.5 mg for
were designated as follows: PPEP firpneumoniaPEP; MIPEP; ~6.0 mg for OPEP*~0.052 mg for TPEP;-0.80
MIPEP for S. mitisPEP; OPEP* forS. oralisPEP; TPEP ~ Mg for MUPEP1; and-0.060 mg for MuPEP2.

for S. thermophilu®EP; MuPEP1 and MuPEP?2 for the two Expression and Purification of Streptococcus ConiCe

S. mutansPEPs. The asterisk of OPEP* denotes that the expression irE. coli was done under the conditions used
N-terminal eight residues might contain mutations becausefor the S. pneumonia€omC (8) and checked on SDS
the B PCR primer used had the sequence identical to that of polyacrylamide gelsS. cristatusComC,S. gordonii(10558)
PPEP. From the sequence comparisons at the amino acidComC, andS. gordonii(33399) ComC were expressed as
level, PPEP shows a high homology to MIiPEP (98%) and soluble proteins, where&s. anginosu€€omC was almost
OPEP* (93%), and a moderate homology to TPEP (64%), exclusively expressed as an inclusion body &hdmitis
MuPEP1 (57%), and MUPEP2 (51%). Comparisons of TPEP, ComC, S. oralis ComC, andS. mutansComCs were not
MuPEP1, and MuPEP2 show a-600% homology among  accumulated at all in thE. coli. For the latter four ComCs,
each other. These results are consistent with the phylogenetiovarious expression conditions were tried, but purified ComCs
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could not be obtained for analysis. The ComCs analyzed in A

this study were designated as follows: PComC fr EROTNC, NN IO S On

pneumonia€comC; CComC fofS. cristatusComC; G1ComC MuPEP1 =R T B Ty T G
for S. gordonii(10558) ComC; and G3ComC f&. gordonii

(33399) ComC. These ComCs were purified by a two-step PRSP ~p
procedure 18) to apparent homogeneity as judged on SDS “ @

polyacrylamide gels. Routinely;>~1 mg of the purified
protein was obtained from 300 mL of the bacterial culture

except for G3ComC<0.2 mg). B Relative activity (%)
Stability of PEPsThe CD spectra of OPEP* in the far-

UV region of 200-300 nm were measured at 30 (line 1) e S
and 75°C (line 2) in the presence of 0.15 M ammonium i 8 = oy
sulfate (shown in Supporting Information (Figure S1A)). The AR 2 % = il
spectrum at 30C is typical of the folded, native state of a ke = e <
protein. At 75°C, the spectrum showed drastic changes, and e e s o e
the solution became turbid, indicating that OPEP* was e = & e
MuPEP2 2.1 DT 253 0.7

denatured. The denaturation was an irreversible process. The
other five PEPs showed similar CD-spectral characteristics. pigure 2: Digestions of ComCs by PEPs. (A) Specific digestions
To monitor the heat-denaturation process, the CD value of ComCs by MuPEP1 shown by an SBBAGE analysis. Each
at 222 nm was monitored while the PEP solution was heated ComC was incubated with or withoug:a MUPEP1 in 10QuL of
from 30°C to 75°C (fOI‘ PPEP. MiPEP. and OPEP*) or to 50 mM Tris-HCI, 150 mM ammonium sulfate, 0.2 mM DTT, pH
o ’ ' . 7.0, at 25°C for 16 h. The reaction mixtures (28 each) were
90 °C (for TPEP, MUPEP1, and MuPEP2) (Figure SlB)', separated on a 16.5% SBBolyacrylamide gel with the Tris-tricine
These temperature scans Of the PEPS ShOWGd denaturaUOBuffer System 27) Because~40-amino acid ComCs are stained
curves with apparen, values of 47.9°C for PPEP, very differently from each other, the concentrations of the ComCs
49.9°C for MUPEP2, 55.8C for TPEP, 62.0C for MiPEP, in the reaction mixtures were adjusted so as to give rise to a similar
° * o visibility for each ComC band on the gel: 2501 PComC, 250
23'2 . C t‘.cor OPEP*, i”&.fg; %PfEL*MUPSIPéE;;‘e M CComC, 50uM G1ComC, and 5@M G3ComC. Arrowheads
_ena uration pr.ocess ,0 ! ! » Or Mu V\{as show contaminants of the purified ComCs, which are probably
highly cooperative, while PPEP, TPEP, and MUPEP2, which partially digested ComCs during the expressionEincoli. The
are not so stable as the former three PEPs, graduallysmaller digestion product of G3ComC cannot be seen in this image,
denatured. The results indicate that all the PEPs are stableédut was clearly seen during the destaining process. (B) Relative

i ; ; : activities of PEPs for ComCs determined at a fixed substrate
under the conditions employed in the following experiments. concentration of 5Q:M. The experiments were carried out at

Specific Digestion of ComCs by PEF%e digestions of 5> 'jn 50 mM Tris-HCI, 150 mM ammonium sulfate, and 0.2
PComC, CComC, G1ComC, and G3ComC by MUPEP1 are mM DTT, pH 7.0. The reaction mixtures were loaded ontoga C
shown in Figure 2A. Each ComC was converted into two reversed-phase column connected to an HPLC system as described
smaller peptides, suggesting that the cleavage is specific. Tounder Experimental Procedures. Relative activities were determined
verify the cleavage site of each ComC, the reaction products?Xecggg_%g%(t:hg;?r';'atlgrf‘rfgt%fl:ﬁst?é%%’gzl%%pggﬂ_for each of
were separated on a C8 HPLC column, and the smaller-peak
product, which is the C-terminal peptide from ComC, was activities of PPEP for CComC and G3ComC were lower than
collected, and its N-terminal sequence was determined: Asp-that for PComC, and the activity for GLComC was even
Leu-Arg-Asn-lle for CComC, Asp-lle-Arg-His-Arg for  lower. The profiles of the relative activities of MiPEP and
G1ComC, and Ser-GIn-Lys-Gly-Val for G3ComC. These OPEP* are similar to that of PPEP. TPEP and MuPEP1
sequences correspond with the N-terminal sequences of thearefer CComC to PComC and showed very low activities
CSPs of the respectivdtreptococcuspecies (Figure 5A),  for GIComC and G3ComC. MuPEP2 had very low activities
indicating all the ComCs were cleaved after the Gly-Gly for all the ComCs.
motif. As for the PComC products, the retention times of  The retention times in the HPLC analysis of the digested
the two peaks in the HPLC analysis of the MuPEfPLomC products from each ComC were identical for all the reactions
reaction products were identical to those of the PPEP with the six PEPs: 7.5 and 8.8 min for PComC; 8.2 and 8.6
PComC reaction products. It was confirmed that, by protein min for CComC; 8.2 and 9.2 min for G1ComC; and 8.5 and
sequencing and mass-spectrometric analyses, PPEP correcty.0 min for G3ComC. These results indicated that ComCs
cleaves PComC after the Gly-Gly motifl§). Thus the were specifically cleaved after the Gly-Gly motif in all the
cleavage site of PComC by MUPEPL1 is also after the Gly- 24 reactions in Figure 2B.

Gly motif. Kinetic Parameters of PPEP and MuPEP1 for ComCs.

The relative activities for all combinations of the PEPs The kinetic parameters of PPEP and MuPEP1 for PComC,
and ComCs were roughly estimated at the fixed ComC G1ComC, and CComC were determined. These two PEPs
concentration of 5M. The rate of substrate consumption were selected because they showed different patterns of
was measured by the HPLC analysis, and each rate wagelative activities in Figure 2B. G3ComC was not included
compared to that of PPEP for PComC, the only cognate because of its low expression level and the large protein
enzyme-substrate combination examined in this study amount required for this analysis. The reaction mixtures were
(Figure 2B). Although the relative activities of the PEPs for separated on ag&olumn, and the enzymatic activities were
the ComCs were varied, significant digestions were observedevaluated by measuring the initial rates of product formations
for all the enzyme-substrate combinations. PComC was the at various ComC concentrations. All the reactions conformed
best substrate for PPEP among the ComCs tested. Thevery well to the MichaelisMenten mechanism (typical
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Table 1: Kinetic Parameters of PPEP and MuPEP1 for CdmCs
PEPs  ComCs ke (min™) Km (uM)  KealKm (M~1s7Y)

PPEP PComC 140.1 86+ 6 270
GlComC 0.018 9.4+ 0.6 28
CComC  0.045k 0.003 9.1+1.8 82
MuPEP1 PComC 0.8% 0.04 740+ 50 20

0 &
G1ComC 0.05Gt 0.002 38+4 22 W W 0 W
L -4 I
| L

CComC 0.5A0.03 61+ 8 160 | J 1 |
1 L 1

aThe experiments were carried out at 25 in 50 mM Tris-HCI, 200 240 260 200 240 280 200 240 2680
150 mM ammonium sulfate, and 0.2 mM DTT, pH 7.0, as described Wavelength (nm) Wavelength {(nm) Wavelength (nm)
in Experimental Procedures. The concentrations of ComCs we28G
uM except for PComC (56900 M) in the MUPEP+PComC pair. B
The concentrations of PEPs were 0-25«M.  The standard deviation
was <0.001. 0

@

- 5'_
PComC CComC

AL
K 2
0

| G1ComC

2

(=]

al, (x10° deg cm’fdmol
[6], ( eg ) >

'
=

examples are shown in Supporting Information (Figure S2)).

The kinetic parameters are summarized in Table 1. Thea
catalytic efficienciesk../Kn values) for noncognate PEP
ComC pairs ranged from 10% to 60% compared to that for
the cognate PPEFPComC pair. For the pairs with low | ! ! =10 ey I
catalytic efficiencies, i.e., the PPE1ComC, PPEP Qfﬁmleng[ﬁ"ﬁnmj =0 ﬁmelmgtﬁ"ﬁnm] %0
CComC, and MuPEP1G1ComC pairs, théca VaIue_s are Ficure 3: Structural transitions of ComCs in the presence of
very low, compared to that for the PPEPComC pair. On trifluoroethanol (TFE) or PEP. (A) Far-UV CD spectra of ComCs
the other hand, thin values for these pairs are smaller by i the region from 195 to 300 nm in 0% (blue line) or 35% (red
2- to 9-fold than that for the cognate pair. The MUPEP1 line) TFE. The CD measurements were done at a protein concentra-
CComC pair showed kinetic properties almost comparable tion of 40 uM (for PComC), 60uM (CComC), or 20uM
to the PPEP-PComC pair. For the MuPEPPComC pair, (G1ComC) in the buffer solution containing 20 mM sodium

. phosphate and 150 mM sodium fluoride, pH 7.0, with or without
theKr value is 9-fold larger than that for the PPEPComC 35% TFE. The spectra were measured at the scan speed of 100

pair, although thek. value is relatively high, resulting in - nm/min and accumulated 10 times. (B) Far-UV CD spectra of
the reduction of the catalytic efficiency to 10% of that for CComcC in the region 207260 nm in the absence or presence of
the PPEP-PComC pair. Cysl17Ala PPEP (CAPEP). Data in the region below 207 nm could
. . not be obtained (see text). The ordinate of the left panel is the
CD Spectra of ComCsTo examine if ComCs have  measured CD value, while that of the right panel indicates the mean
propensities to take helical structures, CD spectra wereresidue ellipticity. The CD measurements were done usingh20
measured in the presence of trifluoroethanol (TFE), a well- CComC, 2Q:M CAPEP, and the mixture of 2M each of CComC
known solvent which facilitates helical formatio®4j. The and CAPEP. The buffer solution contains 30 mM sodium phosphate,

e 150 mM ammonium sulfate, 15 mM sodium fluoride, and 0.025
amount of purified G3ComC was too low to be used for mM DTT, pH 7.0. The spectra were measured at the scan speed of

this experiment. In the aqueous buffer, PComC, CComC, or 50 nm/min and accumulated 30 times. The spectrum of CAPEP
G1ComC exhibited a major negative maximum around 200 was subtracted from that of the mixture of CAPEP and CComC,
nm and a minor one around 230 nm (Figure 3A, blue lines), and the difference spectrum is shown ((CAPEPCComC) —

and these spectra did not change significantly after a 10 min CAPEP). The spectrum of 20M CComC in the same buffer

. : S containing 35% TFE was measured under the same conditions and
incubation at 80°C. These results indicate that the ComCs is overlaid. The mean residue ellipticity of the difference spectrum

have random-coil structures in the aqueous solution. In the (red line on the right panel) was calculated based on the assumption
buffer containing 35% TFE, the CD spectra of the ComCs that the CD changes derived from the structural changes of CComC.

were dramatically changed to those with negative maxima

around 210 and 220 nm (Figure 3A, red lines), typical of an

a-helix structure. The changes were instantaneous, and theshown (Figure 3B, red line). The difference spectrum is
spectra did not show any further time-dependent changes significantly different from the spectrum of 2M CComC
Thus, the ComCs are considered to have an inherent tendencyfFigure 3B, blue line) but is almost identical to the spectrum
to form ana-helix under appropriate circumstances. of 20 uM CComC measured in 35% TFE (Figure 3B, black

Next, the CD spectra of ComC were measured in the /Ine)-
aqueous buffer in the absence and presence of PEP (Figure Kinetic Parameters of PPEP for Mutant PComJsble
3B). The PPEPCComC pair was chosen because of its 2 shows the kinetic parameters of PPEP for a series of mutant
smallest, value (Table 1). Cys17Ala PPEP, which has lost PComCs. The catalytic efficiencies are significantly de-
the catalytic activity and cannot cleave Comi®)( was used creased (3680-fold) for the Phe-15Ala, Val-15Phe-14,
in this experiment. The spectrum of Cys17Ala PPEP (Figure Leu—12Ala, Leu-7Ala, and lle-4Ala PComCs. For these
3B, green line) is the same as that of the wild-type PPEP. mutant PComCs, th& values are decreased-30-fold,
The yellow line in Figure 3B shows the spectrum of the and theK, values are increased +Q9-fold. The parameters
mixture of 20uM each of Cysl17Ala PPEP and CComC. for the Val-14Ala, Glu—10Ala, GIn—6Ala, and Lys-3Ala
The spectrum below 207 nm could not be measured for thisPComCs are almost identical to those for the wild-type
mixture because of large noise derived from the high UV PComC. Thek.: value for the Gld-1Ala PComC is
absorption by the proteins. The difference spectrum betweenincreased 3.3-fold, and thk, value for the Arg-3Ala
these two spectra (yellow minus green) was calculated andPComC is decreased 2.6-fold.

CD (mdeq)

(8], (x10° deg cm®/dmol)
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it is not known whether the differences in the Glovalues

3 : ® Wild-type in Figure 4 directly reflect those in the helix contents. The
E 4} @ Phe-15Aa overall configuration of the titration curve or the mid-
w“E‘ ® Ha—dil transition point would be more reliable to infer the helical
S Ll propensity of each PComC than the Glovalue. Thus, it is
& thought that the propensity of PComC to take a helical
mz 3 structure is not significantly affected by these mutations.
E X Wild-type
% o xuevrzne DISCUSSION
L L L . L Although little is known about the structuréunction
0 10 20 30 40 50 relationship of PEP, the active-site catalytic triad of Cys17,

TFE (%) His96, and Aspl12, the oxyanion hole GInll, and the S

Ficure 4: TFE-titration of the wild-type and mutant PComCs. Far and S subsites, MetlS and Tyr99, respectively, were
UV CD spectra of PComCs in the region from 195 to 300 nm were pred'?wd from the sequence comparison of PPEP Wlth other
measured in the presence of 0, 5, 10, 15, 20, 25, 30, 40, and 50%Cysteine proteased§). All of these amino acid residues,
TFE, and the mean residue ellipticities at 220 nm were plotted except for Met15, are completely conserved among the PEPs
against the TFE concentrations. The CD measurements were dondrom species oStreptococcuéFigure 1). An arginine residue

at a protein concentration of 6aM except for the Leu7Ala g gypstituted for Met15 in TPEP, MUPEP1, and MuPEP2.

PComC (45uM). The buffer solution contained 20 mM sodium . . :
phosphate and 150 mM sodium fluoride, pH 7.0, with TFE at the Both Met and Arg residues have side chains bulky enough

concentrations indicateddj. For the Lew12Ala PComC, the O tightly fit the glycine at the-1 position of ComC. From
buffer solution of 20 mM Tris-HCI, pH 7.0, was used because this our experience of routinely handling PPEP, the substrate
mlét_ant |?|COYT21C %e%med tOdbti precipitated in tthe SOdiUT pthSph?teépecificity of PPEP is thought to be very high. This is most
sodium fluoride buffer, and the measurements were also done for 4 i : o ;

the wild-type PComC using the Tris-HCI buffex). The spectra obviously realized by the fln_dlng that the cytoplasmlpally
were measured at the scan speed of 100 nm/min and accumuIate&’ve”:’mdu_Cecj soluble PPEP is apparently nc_mtOXE: ml"

10 times. The solid lines are only for visual aid. Gradual linear PPEP strictly recognizes the double-glycine residues of
changes in the CD values at high TFE concentrations are thoughtPComC (8), but this alone cannot explain the nontoxicity
to be solvent effects by TFE, and the transitions themselves arepecause the Gly-Gly sequence is not uncommoRB.igoli
saturated around 35% TFE. proteins. Information on the region far from the active site
would be essential to explain the ComC-recognition mech-
anism of PEP.

MIPEP had only three substitutions compared to PPEP
(Phe34 — Ser, Glul28— Ala, Glul49 — Asp). The

Table 2: Kinetic Parameters of PPEP for the Wild-Type and
Mutant PComC%

PComCs Keat (Min™2) Km («M) KealKm (M™1s71)

wild-type 1.4+0.1 86+ 6 270 difference in only three residues would not allow MiPEP to
Phe-15Ala b b 2.4 L . . . .
Val—14Ala 0.92+ 0.10 100+ 20 150 discriminate MiComC from PComC. At this pOInt, It was
Val-15Phe-14  0.15+ 0.02 1400+ 200 1.8 predicted that PPEP (or MIPEP) cleaves both PComC and
Lue—12Ala 0.14+ 0.03 1600+ 500 15 MiComC and that in a reciprocal manner PComC (or
Glu—10Ala 1.2+0.1 76+ 14 260 MiComC) is cleaved by both PPEP and MIPEP. Further
Lue—7Ala 0.31+0.05 1600+ 300 3.2 . b h binat ded
GIn—6Ala 14402 89+ 20 260 sequence comparisons between other combinations provide
lle—4Ala 0.50+0.01 9604 40 8.7 no meaningful insights into the substrate recognition mech-
Lys—3Ala 0.45+ 0.03 120+ 20 63 anism of the PEPs.

Glu+1Ala 4.6+0.8 1004+ 30 760 . . .
Arg+3Ala 0.42+ 0.03 33+ 5 210 The stability of the PEPs was examined before the detailed

= The experiments were carried out at 25 in 50 mM Tris-HCI anglyses to ensure that there wouId_ be no structura_l instapility
150 mM ammonium sulfate, and 0.2 mM DTT, pH 7.0, as described WhICh. complicates the |r.1te.rpreta_t|on of Fhe obtained bio-
in Experimental Procedures. The concentrations of mutant PComCs Chemical parameters. This is particularly important because
were 10-500uM, and that of PPEP was 1M for the PComCs with PEP is a non-natural partial domain excised from ComA.
kealKm values of <10 M~! s™*. For the other mutant PComCs, the Indeed, PPEP was structurally unstable and easily precipi-
O s ot asratos onei ot e armpeq (e during the purificaton procecures, but sl such as
substrate concentratiorsSThe standard deviation was0.1. ammonlym.s.ulfate were f‘?“”d to stabilize PPEEB)'(There

was a significant correlation between the expression level

TFE-Titrations of the CD Spectra of Wild-Type and Mutant and thermostability of the PEPs. The expression level of
PComCs.The CD spectra of the wild-type, Ph@5Ala, TPEP or MUPEP2, more exactly the soluble/insoluble ratio,
Leu—12Ala, Leu-7Ala, and lle-4Ala PcomCs were mea-  Was significantly improved when induced at 30, compared
sured in the presence of%50% TFE, and the CD values at o that at 37°C, as was previously observed for PPEB)(
220 nm were plotted against TFE concentrations (Figure 4). These findings can be explained by the CD results measured
Although the CD values in the presence of saturating in the absence of ammonium sulfate, which showed that these
amounts of TFE (CR.,) are different among these PComCs, PEPs are stable at 2&, but become denatured at around
the mid-transition points<15% TFE) are almost unaltered 37 °C (data not shown). It should be noted that only the
by the mutations. If a mutation impairs the helix formation, three amino acid substitutions between PPEP and MiPEP
the titration curve will be shifted rightward. The CD value increased the apparef, value by 15.3°C.
of a peptide in this kind of experiment is generally interpreted  From a series of reactions using combinations of PEPs
as indicating the helix content of the pepti@5), However, and ComCs, the specific and significant digestion was




Substrate Recognition Mechanism of ComA Biochemistry, Vol. 47, No. 8, 2008537

-20 -10 Y 10
PComC  MKM-======= TVKLEQFVALKEKDLQKI KGGEMRLSKFFRDF ILORKK
MiComC  MKM=-======= TVNLDKEVELKEKDLQNIQGGEIRQTHNIFFNFFKRR
oComC  MKM--=====- TEKLEQFKEVTEAELQEIRGGDKRLPYFFKHLFSNRTK

AComC MEKLFAKKEVVEKEVVEFKELNDEQLDKI IGGDSRIRMGFDF SKLFGK

CComC MENTQEN----FRTIAQF PVLNEKELEKEVLGGDLRNIFLKIKFKKK

GlComC MEKFNKQ -NLLPKELQOFEILTERKLEQVTGGDIRKRINNSIWRD IFLKRK
G3ComC MEKENEQ-NLLPEELQQFEILTDNKLQTVIGGESQKGVYASQRSFVESWFREIFRI
MuComC MEK======= TLSLKNDFKEIKNTDELEIIIGGSGSLSTFFRLFNRSFTQALGE
precChbnuBz M SVEELNVEEMHQLHOOVITY GHGVI CIKTHCIVIIWGIQ

PComC

Ficure 5: N-terminal consensus region of ComCs. (A) Sequence alignment of ComCs from different spesiesptafcoccusHighly

conserved amino acids and the consensus double glycine are colored red. The sequence of the precursor for carnobacterium B2 from
Carnobacterium piscicolapreChnB2 (see text), is also shown. The residues6®of preCbnB2 are omitted. The arrowhead indicates a
predicted processing site of ComC by PEP. PCo®(hneumonia€omC; MiComC,S. mitisComC; OComCS§. oralisComC; AComC,

S. anginosu€omC; CComCS. cristatusComC; G1ComCSs. gordonii(strain ATCC No. 10558) ComC; G3Com§&, gordonii(33399)

ComC; MuComcC,S. mutansComC. (B) a-Helical wheel representations of the N-terminal regions of preCbnB2 and PComC. Highly
conserved hydrophobic amino acids are shaded red.

observed even in the non-natural enzyrsabstrate pairs  position —14, which is highly variable among the ComCs,
(Figure 2). Based on the profiles of the relative activities and those at the positionsl0 and—6, which are conserved
for the ComCs, the PEPs are divided into three groups:to some extent, were found to play almost no role in the
PPEP, MIPEP, and OPEP*; TPEP and MuPEP1; and PPEP-PComC interaction. The residues flanking the double
MuPEP2. This grouping is well correlated to that postulated glycine site, i.e., those at the position8 and+1, are not
from the sequence comparisons of the PEPs. Also, asimportant, and neither is the residue at the positie®,
predicted above, PPEP and MIPEP (and also OPEP*) havealthough it is conserved among the ComCs. The residues at
comparable activities for PComC. MuPEP2, which is the the positions—11 and —8, which are located in the
product of theS. mutans com#ke gene, showed low hydrophobic face of the helix, would not be important in
activities for all the ComCs examined. Considering that the the interaction with PEP, judging from the fact that these
S. mutans comAke gene does not exist as tlttomAB residues of G1ComC are different from those of PComC but
operon like the authenticomAgenes, thixomAlike gene still the K, value of PPEP for G1ComC is smaller than that
might be a pseudogene or have already been diverged intdor the cognate PComC (Table 1).
a gene with some different biological functions. Next, the  To demonstrate that the helical transition observed in 35%
kinetic parameters were determined (Table 1) for PPEP andTFE really happens during the PEP-catalyzed reaction
MuPEP1, representatives of the first and second groups,process, the CD spectra of CComC were measured in the
respectively. The most surprising finding was that even poor absence and presence of Cysl7Ala PPEP under more
substrates have high affinities for the PEPs and that the PEPphysiologically relevant aqueous conditions (Figure 3B). The
seem to discriminate one ComC from another by the rate results clearly show that, upon binding to PEP, CComC
constants rather than the binding affinities. undergoes the same transition from a random cail-telix

The promiscuous affinities of the PEPs for the ComCs as that in 35% TFE.
without apparent proteolytic activities for unrelated proteins  Based on the above findings, it is postulated that there is
lead us to focus on the conserved N-terminal regions of the a hydrophobic patch on the surface of the PEP protein, which
ComCs. As shown in Figure 5A, the sequences of the leaderinteracts with the hydrophobic face of the N-terminal helix
peptides of theStreptococcusComCs are homologous, of ComC. Two of the hydrophobic residues, PH& and
whereas those of the C-terminal CSPs are divergent. Besided.eu—7, are strictly conserved among the ComCs, and
the Gly-Gly motif, amino acid residues, such as Phe at the another, lle or Val at the positiort4, is highly conserved.
position—15, Leu/Val/lle at—12, Leu at—7, and lle/Val at TFE-titration of the CD spectra (Figure 4) showed that the
—4, are well conserved. These amino acid residues are allpropensity of PComC to undergo a gross conformational
hydrophobic and conserved not only among the ComCs buttransition was not affected by the mutations of these residues,
also among the bacteriocin precursors including the precursorwhereas the catalytic efficiency for PPEP was very sensitive
of carnobacteriocin B2 (preCbn2) froBarnobacterium to these mutations. The catalytic efficiency of PPEP for the
piscicola(also aligned in Figure 5A). The three-dimensional Val—15Phe-14 PComC, which has the same overall hy-
solution structure of preCbn2 was solved by NMR, and the drophobicity as the wild-type PComC, was significantly
N-terminal region of this molecule was revealed to form an decreased (Table 2). These findings indicate that the postu-
o-helix structure in the presence of 70% TEE), The CD lated hydrophobic patch of PEP might provide specific
measurements showed that ComCs can also take helixinteractions with these conserved residues of ComC, not just
structures in 35% TFE (Figure 3A). a “greasy” surface to catch the hydrophobic face of the helix.

In addition, the helix-wheel representations of the leader- This region of ComC extending from15 to —4, together
peptide sequences of preCbn2 and PComC (Figure 5B)with the Gly-Gly motif at the positions-1 and—2, would
showed that the conserved PHE5, Leu-12, Leu-7, and explain both the high specificity of the PEPs for the ComCs
lle—4 of PComC are arranged in the same way as-\14l, against other protein substrates and the promiscuity of the
Leu—12, Met-7, and Leu-4 of preCbn2 and that these PEPs for different ComCs. Usingp vivo assay, it was
residues are located on one side of thehelix. The suggested that similar double-glycine-type leader peptides
importance of these conserved hydrophobic residues wasare responsible for the recognition and cleavage of bacte-
experimentally confirmed (Table 2). The residue at the riocin precursors by the ABC transporters and are effective
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