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Amino acid sequence of pheromone-inducible surface protein in
Enterococcus faecalis, that is encoded on the conjugative plasmid pPDI1
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The major pheromone-inducible protein, PD78, believed to contribute to bacterial conjugation, was purified from Enterococcus (formerly Strepto-

coccus) faecalis cells containing the plasmid pPD1. A cloned EcoRI-Bg/Il 3.6-kbp fragment of the plasmid pAM351(pPdl::Tn916) contained an

open reading frame corresponding to 467 amino acid residues representing PD78. In a central region of the deduced protein, there is a repeated

sequence of X-X-Pro that is repeated 15 times. This is analogous to the Gin-Gln-Pro repeat in the C-terminal region of TraD product encoded
on the R100 plasmid in Escherichia coli.
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1. INTRODUCTION

Certain conjugative plasmids in Enterococcus
(formerly Streptococcus) faecalis encode a mating
response to specific sex pheromones [1-4] excreted by
plasmid free recipient cells [5,6]. The pheromone
response involves an induced aggregation of donors and
recipients as well as transfer of plasmid DNA [5,6]. It
has been proposed that aggregation is caused by bin-
ding between an adhesin designated ‘aggregation
substance’ (AS) on the donor surface and a receptor
designated ‘binding substance’ (BS) on the recipient [6].
Self-aggregation or clumping can also occur when
donor cells alone are exposed to a culture filtrate (i.e.
pheromone) of the recipient cells. BS was presumed to
be chromosomally determinant and commonly present
on the surface of both donor and recipient [6]. On the
other hand, AS was presumed to be encoded on the
plasmid and induced by the corresponding sex phero-
mone [6].

AS was presumed to be a protein, since the formation
of aggregates were sensitive to trypsin, pronase, SDS
and heat, but insensitive to the lysozyme or lipase [7].
Four novel proteins appeared on the surface of
pPDI1-carrying donor cells after exposure to the cor-
responding sex pheromone cPD1 and these were
designated PD157 (157 kDa), PD153 (153 kDa), PD130
(130 kDa) and PD78 (78 kDa) [8]. These proteins were
believed to contribute to the mating response as they ap-
peared 30-45 min after induction by sex pheromone,
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when aggregation first became apparent [8,9]. Further-
more, because antiserum raised against these proteins
blocked cell aggregation, one or some of them was
thought to be AS [9].

In the present study, we purified PD78 which was
predominant in these inducible proteins and also cloned
and sequenced a segment of plasmid DNA that encodes
this protein.

2. MATERIALS AND METHODS

2.1. Bacterial strains and plasmids

PD78 and plasmid pAM351(pPD1: : Tn916) were prepared from a
strain E. faecalis OG1X(pAM351) [10]. E. coli strain JM109 and
plasmid vector pUC118 have been previously described {11,12].

2.2. Purification of PD78

In each step of the purification, PD78 was followed by monitoring
the pheromone-inducible 78 kDa band on SDS-polyacrylamide gel
electrophoresis [8]. All extraction and purification procedures were
performed at 4°C. OG1X(pAM351) cells were cultured for 4 h in the
Todd-Hewitt Broth (Oxoid) medium, and self-aggregation was induc-
ed by synthetic sex pheromone ¢PD1 [4]. The amount of cPD1 added
was 16-fold in excess of the minimum amount required for clumping.
The aggregated cells were harvested by decantation followed by cen-
trifugation at 7000 x g for 30 min. PD78 was extracted with 50 mM
Tris-HCI buffer (pH 8.4) for 2 h with gentle shaking of the cells. The
extract was purified by two step DEAE-Sepharose CL-6B column
chromatography in 50 mM Tris-HCI: in the first (3.3 13 cm), elu-
tion was with 0.3 M NaCl; in the later (1.4 x 18 cm), elution involved
a linear gradient 0 to 0.3 M NaCl. The final step utilized Sephacryl
S-300 gel chromatography (1.9 X 98 ¢cm) in 0.2 M ammonium acetate,
pH 7.2.

2.3. Amino acid sequence analysis

Amino acid sequence analysis was performed on a gas-phase se-
quencer (Applied Biosystems 470A or 477A) equipped with an on-line
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PTH-amino acid analyzer (Applied Biosystems 120A). Samples
(100-200 pmol) were applied to the polybrene-coated glass filter.

2.4. Lysyl endopeptidase digestion

PD78(20 xg) was digested with lysyl endopeptidase (Wakojunyaku)
according to the methods reported by Takayama et al. [13]. The
resulting peptides were separated by reversed-phase HPLC on a Sen-
shu Pak SC4-1251 column.

2.5. Cloning and sequencing of the PD78 gene

An oligonucleotide probe for southern hybridization was synthesiz-
ed (Applied Biosystems 380B) on the basis of N-terminal amino acid
sequence of PD78. The probe was a 17-mer antisense oligonucleotide
(5' TT[TC]JTCIATGC]CCITCITG[AG]TT[AG]AA 3’, [ ] means
mixture) corresponding to Phe-2 to Lys-7 of the N-terminal amino
acid sequence of PD78 and labeled with [y-*2PJATP (3000 Ci/mmol,
111 TBq/mmol) and T4 polynucleotide kinase (Takara).

Plasmid pAM351 was prepared by the alkaline method described
by Dunny et al. [14]). Plasmid DNA from E. coli was prepared by the
alkaline method [15]. The pAM351 was digested with EcoRI and
BgllI and separated by agarose gel electrophoresis. The gel was blot-
ted onto GeneScreen filter (NEN Research Products). The filter was
washed to 6 X SSC, 0.1% SDS at 37°C. A 3.6-kbp EcoRI-Bglll frag-
ment which hybridized with the probe was subcloned into the plasmid
pUCI118. Deletion mutants for sequencing were constructed by ex-
onuclease III digestion [11]. Sequence analyses utilized the dideox-
ynucleotide method of Messing [16].

3. RESULTS AND DISCUSSION

3.1. Extraction and purification of PD78

PD78 was easily extracted by gentle washing of the
cells with buffer, and without addition of detergent or
EDTA. Therefore, it is presumed that PD78 is attached
to the cell surface very weakly - probably through
hydrophobic and/or ionic interaction. Three mg of
PD78 was obtained from 180 g wet weight OGIX
(pAM351) cells during 3 steps of column chromato-
graphy. The purified preparation of PD78 revealed a
single band stained by Coomassie blue upon SDS poly-
acrylamide gel electrophoresis.

3.2. Amino acid sequencing of PD78

The N-terminal amino acid analysis of PD78 revealed
the sequence Ala-1 to Pro-17 (Fig. 2).

In order to determine regions within PD78, the pro-
tein was enzymatically cleaved by lysyl endopeptidase.
23 peptide fragments were sequenced and totally 341
amino acid residues were identified (Fig. 2).

3.3. Cloning and sequencing of PD78 gene

Southern hybridization using an oligonucleotide
complementary to the N-terminal amino acid sequence
of PD78 specifically revealed a 3.6-kbp EcoRI-Bgill
fragment (Fig. 1A) of pAM351. This fragment was
subcloned into sequencing vector pUC118(pINI1;
Fig. 1B). Fig. 2 shows the DNA sequence from pJNI1
and the deduced amino acid sequence. pJN1 had an
open reading frame corresponding to encode the entire
PD78 sequence, which was preceded by potential Shine-
Dalgarno (SD) sequence and terminated by TAA stop
codon. However, no obvious RNA polymerase binding
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(A)

pAM351
( pPD1:: Tn 976)

70.5kb

(B)

!

pUC118 —e————— 3 6kb 1—-— pUCT18

Fig. 1. (A) A circular map of pAM351. pAM351 was mapped with
respect to sites cleaved by EcoRI and Bg/ll and the map of pPDI
described by Yagi et al. [7]. Tn916 is located in a 26.5-kbp EcoRI frag-
ment (bold line). The wider line is the 3.6-kbp EcoRI-Bg/II fragment
encoding PD78. (B) Structure of pJN1. The thick arrow indicates the
direction of transcription and the region of the open reading frame of
PD78. The strategy used to determine the nucleotide sequence is
shown by the short arrows. E, EcoRI; B, Bglll; A, Accl; H, Hincll.

sequence was present. There are two in-frame ATGs
(bp 256-258, 265-267) immediately after the SD se-
quence. Considering spacings between the SD sequence
and the two ATGs [17], initiation of translation is
presumed to occur at the downstream one. There is a
palindromic sequence, which could be related to regula-
tion of PD78 expression, upstream ( ~ 66 ~ — 30) of the
open reading frame. The N-terminal and lysyl endopep-
tidase peptides sequences determined were fully con-
tained in the amino acid sequence deduced from the
nucleotide sequence. There is a hydrophobic sequence
consisting of 33 amino acids preceding the N-terminus
of PD78. Considering the fact that PD78 is an ex-
tracellular protein, this is probably a signal sequence.
One of the lysyl endopeptidase peptides was fully con-
sistent with the deduced C-terminal amino acid se-
quence. This result indicates that PD78 is not processed
on its C-terminus.

There is a large discrepancy between the apparent
molecular size of PD78 based on its mobility in SDS
polyacrylamide gels (78 kDa, [9]) and the size calculated
from the sequence data present here (53, 846 Da). The
reason for this anomalous behavior in SDS polyacryl-
amide gel may be due to its unusually amino acid com-
position that is very rich in glutamic acid (13.8%) and
lysine (11.5%) [18].

Interestingly, PD78 contains a fifteen times tandem
repeated sequence of X-X-Pro(amino acid residue
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TGCAGGTCGACTCTAGGACGACAACAARAAAGACCGTCGGTAGCATTTAGCGGGTTTACGGCGATCTTTTTTTGTATCGTCAARATATAT 90

GCTGCCBATCTTCTATCGGTCATTTACTCTAAGGGGACATGTTTCGAGCATGTCCTCTTTTCATATTCTATTATACGTATAACGAACGAG 180

AAAGTAAATAAAAAAGCAAAAAAAGGGCTGTTCTAAAAAGAATAGCTCCTTTTTTGTACACAACAATTGAGAGQAATGAAAGAAATGAAC 270
M

SAMATCARAAAGARACCGCTAAAAAACACCAAARATATTTAGTARTTGGGT TATGT TCTGTCGCATTACTAGBANGCGGGCTGACTTAT - 360
ENQKETAKKHOQKYLVIGELLSVALLESGELTY,
SCTGCATTCAACCAGGCOAMARGAAGACGCACAGACAGAGCARCAAGGTCCARMACCTARAGRAGAACGTCARACGTCAARAAGTAMA 450
AAF NQGE Q T EOQQGDPKPEKETERG QTSEKS

CAGTCCCCTTGGGAACGGAAAGTGACGGAAAATG&AGAAAAAA&CAAGGATAAAGACAAAAAAAGTAAGCAGTCTCAAC&AACGAAAGAT 540
g s W E R VT ENETEIKNEKDIKDKIKS XK Q QT b

TCGTTAGCTGAAGTAGTTAGCGGTTTTGAACGTACAAAAGAAGAAAAACCAAAACTCTTTGGTQTGGAAAT&CCAGAAATAAAAAGCGAT 630
S LAEV VYV S ERTREEKPKLFGEVETIPETIL! KSD

CTATTAGGACAACTAGCGAATGCGCTTGTTC%ACAGGACCGTAAGAAGCGATTCGAGAAACGAACAAAAAABAAAAACAGCGGGAGACAA 720
Lb QL ANALVYV O QQDRKEKTE E KR T KK NS R Q

FLRYNE T S EPMEKLPGEKTDTTDK

TTCTTGCGTTATAATGAGAAAACGCCAAGTGAACCAATGGAAAAATTACCAGGGAAAACAGATACAACCGATAAAATA TACCAGAA 810
1{L L PJE

AA| AACGGTTTCAGAATTGATTAAAAAATCACAAGGTCAACTAGTAGCGGCCACACAAAAA 990
Q PIV E PIE QO PIT K P|JT V S E LT KIKSQG6 QL A Q K

GCACAAAACATTAATCATCAACTAGAAAACGTGCAGAAAAAGTTAGCGCAACTTACTCAAGTGGAAGAATTAAGTAAGAATGGGGAAGAA 1080
A QN 1N 0 L E QKK L AQ1LTQVETETLSTIKHENGSGETE

ACAACAAATTATTGGTCAGAAGTAGTGCATTTAGTCG&TGAATATAATCAGTTATCTGAACAAATT&AAACCTTAGTAAGTGAGAACART 1w
T T N Y W S E Q g 1 K T L ¥ 5 E

GAGGTAGAAGAGATTAATGCAACTTTGTATAACCﬂﬂACATACCAACA&CTACAAGAAAAAGTTGTCGAAGTTCACAACGCCCAAGAAAAA 1260
£ EEINATLYNQTVYQQLGQE VEVYHHNADQEHK

GCGAACCAGGCAACAAATGATTTTGAAAACAAAGTTTCTAATGCAACAAAAACGCATGAAAACTTGGAAAACCTAGAAAATAACTACGAA 1350
A N Q AT NDFE v s T T HENLENTLENNYE

GAAACAGTGCAACCTCAAGCAGAACAGGCAAAAGAAACGGTTGGTACAGCAATTGATGAAGTGCAAACCAATACAGAAGTGGCTGTCAAT 1440
E v a Q A QA KETVEGT AT DE QT T E

GTTCAAACAGAAGTTGCACAAGCAGAAGCAGCCGCTGTTGCTGTACAAAACAATCAAGAAAAAATTGCACAACAATTGGTTGTCGCAAAG 1530
Q TEVAQAEAAAVAVQN Q E K1 AQQLVVAK

AGCCAAGAAACACAAGAAACATTAAGTGAGGTACAAGATACCGCAAAAGAAGTGAAGGAAATCGCAACTACGCAAAATCAAGCCGTTGCA 1620
Q ET QE L S EVQDTAKEVKETIATTAQ Q A

GACGTACAAAAAGACTTTACTCACTTACCACAACCAATCAAAGACCAACCAAAAGAACCAGAGACAGTCTCTGATTCAACGATAGGTACA 170
0 Q KDFTHLPOQPIKDOQP £ ET VS DSTIG?TT

ACTGCACAAAAAGAAGAAACGGAAGTGA&AATAGATGA#CCAACGAATAAAATGGTGGAGACACCTATTACCAATCAAGAAAAGTAAACA 1800
T AQKEETENV b E N KMV ETP L THQG

TAATTTTCAAAAGGTAGATTTGAACCCEARTCCTTTTTATATAGGGTCARAAGAAAATAAGAATATATTCCTTTTTGETATCGGCCETAA 1890
TCCAAAGBTTGAACAGGGGT TAGGTGAAAATTCACCTAGAGAAAAGGCAACC TTAGAAGGGTGGTGCGAAAAAGAATGAARAABAGEATA 1980
CGAATAGAATACTRCTTCT TGATCCTACGCAAAATCATGGGAT TCCAAACGTGGGGCATATEGGCET TGAGTGTTTTTTATATAGCCACE 2070
AAAGGATGGCAGTTACTTRGGAACACAGTCTATGTCGCCACAAAAAATEGCCAGGGACGATTGTCTGAAGTGAGTCCTTTTGRGGCAACE 2160
TATGACAACTTGGTGCCAATTTTATTCCTCGTTTTTATCCTACAGGCAGTAATGACTATGTCCTAAAAAAAAAAGATGAGTGGGCAACGE 2250
TTAAAAGAATTGTTCAACGAATCAGTCGATATTATGGTTCATTAGGCTTGATTGCTTTACTCGTAGGAATTGGGATTAGCGAGACCGCCA 2340
ATAGCGAGGATTTCTCGCTATTGTGATCATGCTGGTTCAATACTTGTTGATTCGCCGATTTAATTCGAT TAAAGACGAACAATTGAAACA 2430
GGGGATATTTCGTTATATCCATCTAAAACAGCGTATACAGCCAACGAATGGCTAATCCATGGAGATTGRCAACCCTATGTTGTTTTAGCE 2520
GGTGAAGAAAACAAACGT TACCETAAAACGACGBAAGAGT TAGTGAAAGGAAAGTGGCACACAGCGTATACAATCCCGTCAGTSCAACTT 2610
TTGTTCCGTTTCCGCTATACACCATTTACTTTATCCATTCACT TAGAAGAGATTGT TCCGAGAAGGATAGACTACGAAATACCABTAACG 2700
AACATGARAGGAGTGGCTGGGAGTCARTAGTTTTTTGAGTGCCTTTTTATTGGT Y TATTTAGTGGGGACSTECGEGTETATGCTATTTCA 2790
TAARGAAGCAATGTCAATGGTTGTCCACTTTTTCTTTTTGATTTTTAGTGTGTTCACCGTGCTTGTTTTTACCTACTCCTCATTCTTAGA 2880
AGAAAATCTACGATACACAGTTCCACTAATGCCGBCCATTCTTTGYCTTTTAGTGGABAT TCCTTATGTTCGACAATTTTTCAAAGAAAA 2970
GCCATGGAAAGAGTGRTGGAATGATGT TGCGCAAAAAAGATAGTAGTAAAACCAAAAAGAAAAAT TATGAAAAAGAAAAAGCCAAACAAA 3060
ATAAGTCTTCGTTTTTTAGCAGATCAACATAGCAGATCAACAATTTTTACTCCCAAGCATGCA
Fig. 2. DNA sequence and the deduced amino acid sequence of PD78. A pair of arrows show a palindromic sequence. SD indicates a Shine-

Dalgarno sequence. Signal sequence are shown by dotted line. N-terminal amino acid sequence is shown by bold line, The sequence identified from
lysyl endopeptidase peptides are underlined. X-X-Pro repeated sequence is enclosed by boxes.

146-190) analogous with a ten times repeated sequence TraD protein is believed to contribute to transport of
of GIn-GIn-Pro in the C-terminal region in the product plasmid DNA through the cell envelope or strand
of TraD encoded on R100 plasmid in E. coli [19]. The separation [20]. PD78 is believed to be involved with
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sexual aggregation but not necessary plasmid transfer in
E. faecalis. Such a repeated sequence has not been
found in other proteins and its function is still uncer-
tain. In efforts to study the mechanism of DNA
transfer, it might be important to elucidate the function
of these proline repeated sequences. The role of PD78
in cell aggregation and mating is being further in-
vestigated.
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