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Pheromone-inducible aggregation substance (AS) proteins of Enterococcus faecalis are essential for high-
efficiency conjugation of the sex pheromone plasmids and also serve as virulence factors during host infection.
A number of different functions have been attributed to AS in addition to bacterial cell aggregation, including
adhesion to host cells, adhesion to fibrin, increased cell surface hydrophobicity, resistance to killing by
polymorphonuclear leukocytes and macrophages, and increased vegetation size in an experimental endocar-
ditis model. Relatively little information is available regarding the structure-activity relationship of AS. To
identify functional domains, a library of 23 nonpolar 31-amino-acid insertions was constructed in Ascl0, the
AS encoded by the plasmid pCF10, using the transposons TnlacZ/in and TnphoA/in. Analysis of these insertions
revealed a domain necessary for donor-recipient aggregation that extends further into the amino terminus of
the protein than previously reported. In addition, insertions in the C terminus of the protein also reduced
aggregation. As expected, the ability to aggregate correlates with efficient plasmid transfer. The results also
indicated that an increase in cell surface hydrophobicity resulting from AS expression is not sufficient to

mediate bacterial aggregation.

Enterococcus faecalis has become a growing health concern
as a mediator of the spread of antibiotic resistance and a
leading agent of nosocomial infections (for review, see refer-
ence 10). The surface protein aggregation substance (AS) ap-
pears to play a role in both antibiotic resistance spread and in
the pathogenesis of enterococcal infections. Expression of AS,
which is encoded on the sex pheromone plasmids of E. faecalis,
is induced by small 7- to 8-amino-acid peptide pheromones
(26). AS on the surface of the donor cell then binds its recep-
tor, enterococcal binding substance, on the recipient cell, me-
diating close cell contact that leads to conjugative transfer of
the plasmid. It is thought that AS has no role in forming the
DNA channel machinery, as efficient conjugation can occur if
AS is expressed on either the donor or recipient cells (26).

Over 20 different pheromone plasmids have been identified.
Often, these pheromone plasmids express antibiotic resistance
genes and other virulence factors, and many clinical isolates
have multiple pheromone plasmids (36). The AS genes from
the three most-studied plasmids, Asal from pADI, Aspl from
pPD1, and Ascl0 from pCF10 (encoded by the prgB gene),
have been sequenced and show high identity (see below). The
gene encoding Asa373, the AS protein of the pheromone plas-
mid pAM373, has also been sequenced but shows little homol-
ogy with the other known AS proteins and appears to aggre-
gate through a different mechanism (21). Expression of AS,
which is normally tightly controlled in laboratory cultures, is
induced in serum (13).

A number of functions of AS that may contribute to viru-
lence have been identified. A major function of AS is host cell
adhesion. Kreft et al. found that Asal increased adherence to
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cultured pig renal tubular cells (13). Increased uptake medi-
ated by Ascl0 into epithelial cells originating from the colon
and duodenum but not from the ileum has also been observed
(25, 30). Along these lines, Asal increases invasion in an ex
vivo model of the colonic mucosa but does not increase trans-
location (11). Asc10 has been found to increase adherence to
and uptake by polymorphonuclear leukocytes, possibly by
binding the integrin CR3 (35). In other studies, Asc10-express-
ing enterococci had higher intracellular survival rates in poly-
morphonuclear leukocytes (27). Likewise, adherence to and
survival inside macrophages were increased with the expres-
sion of Asal (33). In vivo examination of the role of AS has
centered on the rabbit experimental endocarditis model. In-
fection of a rabbit with a damaged heart valve leads to devel-
opment of a mass of bacteria, platelets, and fibrin known as a
vegetation (17). Two studies have found more severe vegeta-
tion formation induced by AS-expressing enterococci (4, 31).
Ascl0 has also been shown to increase adherence to fibrin and
cell surface hydrophobicity (8).

Although much study has focused on the functions of AS, it
is unclear how the structure of the protein mediates these
functions. Like most gram-positive surface proteins, Asc10 has
an N-terminal signal sequence and C-terminal LPXTG cell
wall anchor motif (see Fig. 1A). Analysis of the three se-
quenced genes encoding closely related proteins reveals strik-
ing conservation of >90% identity in the majority of the pro-
tein, excluding a variable region of 30 to 50% identity located
between amino acids 266 and 559 in the N terminus of AS (36).
All three proteins also have conserved Arg-Gly-Asp (RGD)
motifs that have been implicated in binding to integrins (13, 29,
33, 35). Secondary structural analysis yields little information
with the exception of a predicted alpha-helix domain from
amino acids 200 to 280 (36). Isolation of AS yields both a
full-length version of the protein (137 kDa) and a specific,
78-kDa, N-terminal cleavage product (9). Scanning electron
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microscopy of Asal on the cell surface suggests that the N
terminus of the protein is more exposed than the C terminus
(9). Finally, the only structural analysis of AS done to date
found that an aggregation domain of Asal from amino acids
525 to 617 (of the mature protein with the signal sequence
removed) exists and that the C terminus plays no essential role
in aggregation (20).

One dilemma with the use of conventional biochemical ap-
proaches to AS structure-function analysis is the high instabil-
ity of purified protein. For this reason, we have taken a genetic
approach to probe the protein for functional domains using the
transposons TnlacZ/in and TnphoA/in (15, 16). In-frame inser-
tions can be identified by functional fusions to the 5’ LacZ or
PhoA reporter protein. Digestion of the insertion with BamHI
removes most of the transposon but leaves an in-frame 31-
amino-acid insertion. These transposons have been success-
fully used to analyze the structure-function relationship of a
number of membrane and cytosolic proteins (14, 15, 19, 22,
23), but this is the first attempt to use them in the analysis of
a gram-positive surface protein.

A library of 23 insertional mutants distributed throughout
the length of the prgB gene has been constructed. The stability
of the AS protein expressed by these mutants was examined,
and most proteins were found to be stable on the surface of E.
faecalis. Phenotypic analysis of the insertion mutants in aggre-
gation and conjugation revealed that both the N and C termini
of the protein play significant roles in these processes. The
ability of wild-type and mutant Asc10 proteins to increase cell
surface hydrophobicity was also analyzed, and it was shown
that increased hydrophobicity is not sufficient for aggregation.

MATERIALS AND METHODS

Bacterial strains and culture conditions. E. faecalis was grown at 37 or 30°C
as indicated with gentle shaking in Todd-Hewitt broth (Difco). For DNA isola-
tion and manipulation, Escherichia coli was grown at 37°C with shaking in
Luria-Bertani (LB) medium or brain heart infusion broth (Difco) for erythro-
mycin selection. Agar plates contained 1.5% agar. The antibiotic concentrations
used for E. faecalis were erythromycin at 10 pg/ml, tetracycline at 15 pg/ml, and
rifampin at 200 wg/ml, while the concentrations used for E. coli were erythro-
mycin at 50 wg/ml (in brain heart infusion broth) or 200 wg/ml (in LB) and
chloramphenicol at 50 wg/ml. All antibiotics were obtained from Sigma.

DNA manipulation. Plasmids were isolated with the Qiagen midi or mini kit as
recommended by the manufacturer. Restriction enzymes were purchased from
Promega, Gibco BRL, and New England BioLabs. PCR was performed with a
Perkin-Elmer Gene Amp PCR system or a Eppendorf Mastercycler using either
BioXact DNA polymerase (Bioline) or Vent polymerase (New England Bio-
Labs). All sequencing and primer synthesis were done by the Microchemical
Facility of the University of Minnesota.

Phage isolation, infection, and screening of transp insertions. Prepara-
tion of NTnlacZ/in and NTnphoA/in was performed as previously described (1)
using the E. coli suppressor strain CC245. Phage stocks were calculated at titers
of 107 phage/ml. Phage infection was performed as previously described (15) with
some minor modifications. Cultures of E. coli strain CC160 containing the target
plasmid were grown overnight to stationary phase in A broth (10 g of tryptone
and 2.5 g of NaCl per liter supplemented with 0.2% maltose and 10 mM MgSO,).
One milliliter of the overnight culture was mixed with 1 ml of the phage stock and
was incubated at 37°C for 10 min. Three milliliters of LB broth was added, and
the phage/bacteria were incubated at 30°C with gentle shaking for 6 h to over-
night. The entire mixture was plated (150- by 15-mm LB agar petri plates;
Falcon) with erythromycin and chloramphenicol and was grown overnight. The
colonies were collected by washing the plates with distilled water. Plasmids were
isolated from these cells; electroporated into competent E. coli strain CC118;
and plated on LB supplemented with erythromycin, chloramphenicol, 5% su-
crose (to counterselect against right-end insertions of the transposon), and 40 p.g
of 5-bromo-4-chloro-B-p-galactopyranoside (X-Gal) or 5-bromo-4-chloro-3-in-
dolylphosphate (X-Phos) (Sigma) per ml. Blue transformants were screened by
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restriction digestion or colony PCR using a primer complementary to the nisin
promoter (5'-CGGCTCTGATTAAATTCTGAAGTTTGTTAGATACAATG
A-3") and to the insertion sequence (5'-CCTGGACGGAACCTTTCCCG-3").
Colony PCR was performed by mixing a sterile pipette tip touched to the side of
a colony into the PCR mix. The bacterial cells were first lysed by a 10-min 94°C
incubation before the standard PCR was performed. The latter primer in the
insertion sequence was also used to sequence transposon inserts in prgB. The
bulk of the transposon was removed with BamHI (Promega) digestion and
religation with T4 DNA ligase (Gibco BRL). Relevant insertions in prgB were
electroporated into E. faecalis, and transformants were screened by plasmid
isolation (2) and restriction digestion.

Construction of insertion mutants. Relevant plasmids are listed in Table 1.
The initial target for insertion mutagenesis was the vector pMSP3602. This is a
derivative of pINY1801 with the BamHI sites removed and was constructed in
two steps. First, the blunt-ended KpnI-EcoRI fragment from pTRKH2 (the blunt
end was generated using Klenow DNA polymerase [Promega] with the manu-
facturer’s instructions) containing the erythromycin gene was inserted into the
Banll site of pINY1801 to generate pMSP3601. The BamHI fragment from
pMSP3601 was removed with BamHI digestion, and the overhangs of the frag-
ment and vector backbone were filled with Klenow polymerase. The blunt-ended
fragment was then religated into the pMSP3601 backbone to create pMSP3602.
The TnlacZ/in insertions 1077, 01638, 02049, 02064, 02085, 12421, 02601,
02979, 03102, 03414, and Qs3599 (Fig. 1) were generated in pMSP3602.
053599 is an out-of-frame insertion at the very C terminus of the gene, resulting
in production of most of the gene product without a cell wall anchor. The amino
acid insertion sequence generated by the in-frame insertion sequence is 5'-
XDSYTQVASWTEPFPFSIQGDPRSDQETXXX-3’, where X depends on the
duplicated target sequence. Due to a lack of prgB expression in pMSP3602, these
insertions were moved into pMSP7517 by isolating the prgB BsrGI-Bipl fragment
containing the insertion from pMSP3602 and by ligating it into pMSP7517,
replacing the corresponding wild-type prgB sequence. pMSP7517 was also used
as a target for insertional mutagenesis generating r2760 and Qr3183. These
insertions are in frame but are in the reverse orientation, generating the amino
acid insertion sequence 5'-XXXCLLIRSWIPLDGKRERFRPGRYLCIRVS/R-
3’, where X depends on the duplicated target sequence. Out-of-frame and
reverse insertions were frequently observed, as the transcription machinery of E.
coli was likely recognizing artifactual promoters in the AT-rich E. faecalis DNA.
In an attempt to decrease the target size of the gene, pMSP7517AMscl was
constructed by removing the Mscl fragment from pMSP7517. Two TnphoA/in
insertions, 96 and (258, were generated in this construct. These insertions
were restored to the context of full-length prgB by reinserting the prgB Mscl
fragment into the Mscl restriction site. Note that the insertions left after removal
of the BamHI fragments are identical for both NTnlacZ/in and NTnphoA/in.

A lack of N-terminal insertions in prgB led to the hypothesis that these fusions
were lethal for E. coli, possibly through a protein hybrid jamming mechanism
(32). To overcome this problem, a signal sequence-deficient clone of prgB was
generated and was inserted into the vector pGEX-4T to create pMSP3604.
pMSP3604 was constructed in two steps. A PCR product from the BsrGI (5'-A
GAGATCTACTGATAATGTACAAGC-3', with a Bg/II site)-to-Birl (5'-TAG
GCTTAAGAAGCAGTCACGTCTTTCGC-3', with an EcoRlI site) sites of prgB
in pMSP7517 was generated with BioXact and was cloned into the pGEM-T
Easy (Promega) vector to generate pMSP3603.1. No erroneous mutations were
found in the PCR product as determined by sequencing. The prgB fragment was
removed by BglII-EcoRI digestion and was ligated into the BamHI-EcoRI sites
of pGEX-4T, creating pMSP3604. The insertions 324, Q438, Q468, 11074,
01299, 01317, 1419, and Q1551 were generated in pMSP3604. These inser-
tions were moved back into pMSP7517 in the context of wild-type prgB using two
approaches. Initially, the BsrGI-B#r] fragment containing the insertion was iso-
lated and was exchanged with pMSP7517. However, problems with the Btrl
restriction enzyme forced some of the insertions to be moved by isolating the
BsrGI-PshAl fragment containing the insertion from pMSP3604 and exchanging
it with the same fragment of pMSP7517.

Nisin induction, surface extraction, and Western blotting. For nisin induction,
cultures inoculated 1% from an overnight culture were grown for 3 h in Todd-
Hewitt broth plus the appropriate antibiotics with gentle shaking. Nisin was
added to a final concentration of 25 ng/ml (a stock solution of 10 mg of nisin/ml
was made from a 2.5% nisin preparation [Sigma] in distilled water [effective nisin
concentration was 250 pg/ml]), and the cultures were incubated for an additional
1.5 h. To overcome the differences in growth rate, the cultures grown for the
stability difference seen at 30°C were induced overnight with 25 ng of nisin/ml. A
lysozyme surface extract of each induced mutant culture was performed as
previously described (7). The lysozyme extraction buffer was slightly modified to
include 12.5 mM EDTA and 25 mg of lysozyme/ml for the extraction of the four



VoL. 183, 2001

GENETIC ANALYSIS OF AS STRUCTURE 5661

TABLE 1. Strains and plasmids used in this study

Strain, phage, or plasmid

Strain or description

Source or reference

Bacteria
E. faecalis CG1SSp 6
CGI1RF 6
E. coli CC160 C. Manoil
CC245 C. Manoil
CC118 C. Manoil
Phage NTnlacZ/in C. Manoil
NTnphoA/in C. Manoil
Plasmids
pWM402 E. coli, E. faecalis shuttle vector 37
pGEX-4T Expression—glutathione S-transferase fusion vector from the fac promoter Pharmacia
Biotech
pTRKH2 Shuttle vector 24
pINY1801 pCF10 positive control region from prgX through prgC 5
pMSP3601 Kpnl-EcoRI fragment of pTRKH2 blunt ended and inserted into BanlI site of This study
pINY1801
pMSP3602 BamHI sites of pMSP3601 filled, first mutagenesis target This study
pMSP3603.1 BsrGI-Btrl PCR cloned into pGEXT-Easy This study
pMSP3604 BspHI-Ncol fragment of pMSP3603.1 inserted into Xhol-Ncol sites of pGEX-4T, This study
making signal sequence deficient target
pMSP7517 Nisin-inducible prgB 8
pMSP7517AMscl Mscl fragment removed from pMSP7517 This study
pMSP3535 Nisin-inducible expression vector 3
pCF175 Tn917 insertion into prgB of pCF10 5
prgB insertions in pMSP7517¢
pCWQ96 TnphoA/in insertion at base 96 This study
pCWQ258 TnphoA/in insertion at base 258 This study
pCWQ324 TnlacZ/in insertion at base 324 This study
pCWQ438 TnlacZ/in insertion at base 438 This study
pCWQ468 TnlacZ/in insertion at base 468 This study
pCWQ1074 TnlacZ/in insertion at base 1074 This study
pCWQ1077 TnlacZ/in insertion at base 1077 This study
pCWQ1299 TnlacZ/in insertion at base 1299 This study
pCWQ1317 TnlacZ/in insertion at base 1317 This study
pCWQ1419 TnlacZ/in insertion at base 1419 This study
pCWQ1551 TnlacZ/in insertion at base 1551 This study
pCWQ1638 TnlacZ/in insertion at base 1638 This study
pCWQ2049 TnlacZ/in insertion at base 2049 This study
pCWQ20064 TnlacZ/in insertion at base 2064 This study
pCWQ2085 TnlacZ/in insertion at base 2085 This study
pCWQ02421 TnlacZ/in insertion at base 2421 This study
pCWQ2601 TnlacZ/in insertion at base 2601 This study
pCWQ2760 Reverse in-frame TnlacZ/in insertion at base 2760 This study
pCWQ2979 TnlacZ/in insertion at base 2979 This study
pCWQ3102 TnlacZ/in insertion at base 3102 This study
pCWQr3183 Reverse in-frame TnlacZ/in insertion at base 3183 This study
pCWQ3414 TnlacZ/in insertion at base 3414 This study
pCWQ3599 Out-of-frame TnlacZ/in insertion at base 3599 resulting in a stop codon and no cell This study

wall anchor

“ All have the BamHI fragment of the transposon removed.

cultures grown at 30 or 37°C to measure differences in protein stability. The
protein concentration of each sample was determined using the bicinchoninic
acid Protein Assay Kit (Pierce). An equivalent amount of each sample was
electrophoresed on a sodium dodecyl sulfate-7.5% polyacrylamide gel electro-
phoresis gel and was transferred to a BA 85 nitrocellulose membrane (Schleicher
& Schuell). Western blot analysis was performed with an antibody constructed
against an N-terminal domain of Asc10 (18) at a dilution of 1/2,500. Detection
was performed with the enhanced chemiluminescence protocol (Pierce).
Quantification of aggregation using flow cytometry and spectrophotometry.
Aggregation was quantified by two methods. Nisin-induced cultures were directly
diluted 1/5 in phosphate-buffered saline-0.1% Tween 20 and were analyzed on a
Becton Dickinson FACScan, and the data were analyzed using CellQuest Ver-
sion 3.3 software (Becton Dickinson). Identically placed quadrants were used to

analyze the percentage of each sample in each quadrant. One milliliter of nisin-
induced cultures was also poured into plastic cuvettes and was left stationary for
1 h. The optical density at 600 nm (ODy,) of each sample was read on a
Beckman DU-70 Spectrophotometer.

Plasmid transfer. The insertional mutants were induced with nisin as previ-
ously described with the exception that no antibiotic was added to the medium.
The donor strain, OG1SSp(pCF175), an Asc10~ pCF10 derivative, was induced
in the same manner except that 25 ng of cCF10/ml was added instead of nisin.
The recipient strains expressed either wild-type Ascl0 or one of the insertion
mutants, as AS can increase plasmid transfer when expressed on either the donor
or recipient cell. The induced donor and recipient cultures were mixed at a ratio
of 1:10 respectively and were incubated at 37°C for 30 min. Transconjugants were
enumerated by serial dilution on Todd-Hewitt broth with rifampin and tetracycline.



5662 WATERS AND DUNNY

A. Asc10
3918 bp

srGl 119

CW Anchor

J. BACTERIOL.

erm_leader

pMSP7517
12630 bp

Blpl 3875

Fig. 1. (A) The positions of insertion mutations in prgB are shown on a linear map of the gene. Each mutation consists of an in-frame
31-amino-acid insertion. The insertions at 12760 and r3183 are in frame but in the reverse orientation, while the insertion at s3599 is out of frame
and produces a stop codon. Structural map: SS, signal sequence; helix, predicted N-terminal helix domain; variable, unconserved AS region;
essential, aggregation domain identified by Muscholl-Silberhorn; and cleavage, site of cleavage that produces the characteristic N-terminal 78-kDa
fragment. (B) The mutant Ascl0 proteins were expressed using the nisin-inducible Asc10 expression vector pMSP7517.

Hydrophobicity assay. Cell surface hydrophobicity was measured using a hexa-
decane extraction of induced cultures as previously described (28). Hydropho-
bicity is expressed as the percentage of cells that are extracted to the hexadecane
as measured by OD.

Statistical analysis. Statistical significance was calculated by determining con-
fidence intervals for the differences of two population means when population
variances are known (12).

RESULTS

Construction of PrgB insertion mutants. To scan Ascl0 for
potential functional domains, the transposons TnlacZ/in and
TnphoA/in were used to generate in-frame, nonpolar 31-ami-
no-acid insertion mutations throughout prgB (15, 16). Previous
work with the well-defined Lacl repressor protein using these
transposons identified the important functional motifs, validat-
ing their use in structure-function analysis of less-well-defined
proteins (22). Briefly, prgB, carried on a shuttle plasmid, was
targeted by TnlacZ/in or TnphoA/in in E. coli strain CC160.
Relevant insertions were isolated and sequenced. The bulk of
the transposon was then removed from prgB by BamHI restric-
tion digestion and religation, leaving a 31-amino-acid in-frame
insertion. The 31-amino-acid insertion consists of 84 bp pro-
vided by the transposon and 9 bp derived from the duplicated
target sequence. The prgB insertions were electroporated into
E. faecalis and were analyzed for surface expression, loss of
function of aggregation and of conjugation, and increase in cell
surface hydrophobicity. The designation of the insertion mu-
tations generated in this study indicates the nucleotide residue
of prgB that immediately precedes the insertion junction (Ta-
ble 1). A number of different plasmids were used to construct
the insertion mutants (see Materials and Methods for ratio-
nale), but all of the functional analysis was performed with the
insertions in the prgB gene of the nisin-inducible construct
pMSP7517, allowing for controlled expression of the muta-
tions.

Analysis of surface localization of Asc10 mutants. The sta-
bility of the mutant proteins was addressed by analyzing their

surface expression in E. faecalis. Surface expression of the
Ascl0 insertion mutations in E. faecalis was analyzed by gen-
erating cell wall extracts of each mutant (7). An equivalent
amount of total protein (measured by a bicinchoninic acid
protein assay [Pierce Chemical] and silver staining) was elec-
trophoresed on a Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis gel and was Western blotted with a polyclonal
antibody generated against the first 333 amino acids of Asc10
(18) (Fig. 2). When isolated from the cell wall, wild-type AS
becomes very unstable and usually forms a laddering pattern
on a Western blot. Most of the surface protein extracts from
the insertion mutants reacted well in a Western blot, indicating
normal cell wall localization. Only three mutants, 324,
02049, and 2064, had reduced levels of reactive protein. One
mutant, 22085, had no reactive protein on the cell surface and
was removed from the functional analysis. Surprisingly,
083599, which has no cell wall anchor, also had reactive pro-
tein on the cell surface. Likely, anchorless Asc10 released from
the cell immediately binds the AS receptor, enterococcal bind-
ing substance, on the cell surface. A Western blot of (253599
expressed in the enterococcal strain INY3000 (negative for
enterococcal binding substance) (34) had no reactive protein
on the surface of the cell (data not shown). The mutant pro-
teins also have different laddering patterns on the Western
blot, suggesting differences in protein stability on the surface of
the cell or during the extraction procedure. When different
preparations of the same mutant protein were examined on
different blots, they exhibited variable laddering patterns, mak-
ing it difficult to draw conclusions about the mutant stability
from the laddering patterns.

Identification of two domains that mediate aggregation. Ag-
gregation of the insertion mutants was quantified by two meth-
ods. Figure 3A shows representative data from five mutants.
First, the forward scatter and side scatter profiles of induced
cultures were determined on a flow cytometer. Larger particles
have larger forward scatter and side scatter profiles. Popula-
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FIG. 2. Western blot analysis of surface extracts from the Ascl0 insertion mutants. The Western blot utilized a polyclonal antibody generated
against the N terminus of Ascl0. An equivalent amount of protein was added to each lane. The laddering pattern is typical of AS protein
preparations, as they have high instability. Migration of molecular mass standard marker proteins is shown at the left of the blot, and the 137-kDa
full-length Asc10 and 78-kDa fragment are indicated by arrows. 7517, Asc10*; 3535, vector control.

tions were separated into four quadrants (Fig. 3A, bottom).
The vector control (3535) had very few events located in the
upper right quadrant (0.03%), while a much larger percentage
of the wild-type Ascl0 nisin-induced (7517) population was
located in the upper right quadrant (4.65%) (Fig. 3A and B).
The profile of each mutants was determined two to three times
(Fig. 3B). Many mutations throughout the gene resulted in

complete inhibition of aggregation, while others maintained
wild-type aggregation levels. Some mutants, 1077, Qr2760,
and Qr3183, had intermediate levels of aggregation. 1317
and Q1419 had very low but statistically significant levels of
aggregation. Interestingly, (21299, 02064, and (23414 had sta-
tistically significant, increased levels of aggregation relative to
wild-type Asc10. As expected, 253599 was unable to aggregate.
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FIG. 3. Aggregation of the mutants was measured by spectrophotometry and flow cytometry. Representative data for Asc10™ (7517), the vector
control (3535), a functional mutant (1299), intermediate mutant (r2760), and a nonaggregating mutant (3102) are shown. UR, upper right. (A).
The aggregation of the mutants was measured by flow cytometry as a percentage of the induced populations in the (UR) quadrant (B). The ODg,
of induced cultures after 1 h of settling was also determined (C). A decrease in ODy, indicates aggregation. #, P < 0.05 from 7517; @, P < 0.1

from 7517; #, P < 0.05 from 3535; §, P < 0.1 from 3535.
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FIG. 4. Insertion mutants 2049 and 2421 have near-wild-type ag-
gregation levels when grown at 30°C as indicated by spectrophotome-
try (A). Western blot analysis of surface extracts indicated much more
reactive protein on these cells when they were grown at 30°C (B).
Migration of molecular mass standard marker proteins is shown to the
left of the blot, and the 137-kDa full-length and 78-kDa Ascl0 frag-
ments are indicated by arrows.

Aggregation was also quantified by determination of the
ODyy of induced cultures after 1 h of settling (Fig. 3A, top,
and C). For these data, increased aggregation is indicated by a
decreased OD. Data obtained in this manner generally agreed
with the results generated on the flow cytometer. In this
method, no significant differences could be distinguished be-
tween cells expressing wild-type AsclO and cells expressing
mutant proteins that were functional aggregators. Likewise, no
statistical difference was found between vector control 3535
and the nonaggregators (21317 and 1419. However, mutants
displaying an intermediate level of aggregation when measured
on the flow cytometer (1074, 01077, Qr2760, and Qr3183)
were also intermediate when measured by the spectrophotom-
eter. Comparison of the two methods suggests that flow cy-
tometry is more sensitive in quantifying small differences in
aggregation levels.

The data measured by these two methods indicated a dis-
tinct aggregation domain expressed in the gene from nucleo-
tide residues 1317 to 1638 (corresponding to amino acids 439
to 663 of the Ascl0 protein). Also, many insertions in the C
terminus (02421, Qr2760, 03102, and Qr3183) had reduced or
abolished aggregation, indicating regions in the C terminus
that are involved in aggregation. However, two C-terminal
functional aggregators (22601 and Q2979) were interspersed
among the nonaggregators, suggesting that the entire region
does not participate in aggregation.

Temperature-sensitive stability of Ascl10 from 2049 and
02421. Growth of Q2049 and 2421 at 30°C resulted in in-
creased aggregation to near-wild-type levels (Fig. 4A). Analysis
of surface extracts of these strains by Western blotting revealed
that much higher levels of Ascl0 were isolated from cells
grown at 30°C. Note that increased exposure times would show
reactive protein in the 37°C extract of 2421, confirming the
presence of reactive protein seen in Fig. 2. Interestingly, more
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FIG. 5. The plasmid transfer levels of each mutant were deter-
mined and were expressed as transconjugants/donor (tc/donor) (A).
Plasmid transfer levels are compared with the ability to aggregate (B).
UR, upper right.

wild-type Ascl0 can be seen from cultures grown at 30°C as
well (Fig. 4B). These data suggest that the failure of 12049 and
02421 to aggregate at 37°C was likely due to instability of the
mutant proteins rather than to disruption of an aggregation
functional domain. The mechanism of this increased stability at
30°C is unknown. Growth at 30°C did not affect the aggrega-
tion phenotype of any of the other insertion mutants.
Plasmid transfer of insertion mutants correlates with ag-
gregation. To determine the plasmid transfer capability of
the insertion mutants, nisin-induced mutant cultures were used
as recipients and were mixed with an E. faecalis OG1SSp
(pCF175) donor strain. pCF175 is a pCF10 derivative that has
a Tn917 insertion in the prgB gene, rendering it incapable of
aggregation or efficient conjugation. Thus, aggregation could
only be mediated by the recipient Asc10 mutants, as expression
of AS can lead to increased conjugation when expressed on
either the donor or recipient cell of the mating pair (26).
Plasmid transfer is expressed as the number of transconjugant
cells/donor cell. As expected, induced 7517 gave high transfer
levels at 3.5 X 102, while the vector control transferred at
6.5 X 10~* Various transfer levels were observed for the
mutants (Fig. 5A), and as expected, transfer levels correlated
with aggregation ability (Fig. 5B). Interestingly, the three mu-
tants that had significantly higher aggregation levels as mea-
sured by flow cytometry, 21299, 12064, and (3414, did not
have statistically significantly higher transfer levels.
Hydrophobicity. Cell surface hydrophobicity of the insertion
mutants was measured by determining the percentage of cells
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FIG. 6. Cell surface hydrophobicity of each mutant as a percentage
of cells that were extracted with hexadecane (A). Comparison of hy-
drophobicity with aggregation for each mutant can be seen in the
scatter plot (B). UR, upper right.

that could be extracted from aqueous solution into hexadecane
(Fig. 6A). A number of mutants maintained high levels of cell
surface hydrophobicity, with some mutants having an even
higher percentage of cell surface hydrophobicity than wild-type
Ascl0. Likewise, many mutants showed low levels of surface
hydrophobicity comparable to those of non-Ascl0-expressing
strains. The amino acid sequences generated by both the for-
ward and reverse insertions are relatively hydrophilic, with a
percentage of polar amino acids at 63 and 50%, respectively.
However, the actual amino acids of the insertion seemed to
have little effect on the overall hydrophobicity of the mutants.
The hydrophilicity, surface probability, and antigenicity indices
were calculated for the amino acid sequence of Asc10 using the
program PEPTIDESTRUCTURE (Wisconsin Package Ver-
sion 10.1; Genetic Computer Group [GCG], Madison, Wis.).
The values for a window of 10 amino acids adjacent to the
insertion mutations were not predictive of the effect on cell
surface hydrophobicity (data not shown).

The effect of cell surface hydrophobicity on aggregation was
examined by plotting aggregation ability on the x axis versus
the percent hydrophobicity on the y axis (Fig. 6B). No strong
correlation between cell surface hydrophobicity and aggrega-
tion levels was observed.

DISCUSSION

The functional analysis of the 23 prgB insertion mutants
generated in this study led to four important conclusions: (i)
the domain that mediates bacterial aggregation extends into
the variable region of Ascl0, farther into the amino terminus
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than previously reported (13), (ii) the C terminus of the pro-
tein does contribute to aggregation, (iii) efficient conjugation
directly correlates with functional aggregation, and (iv) in-
creased cell surface hydrophobicity caused by Ascl0 is not
sufficient to mediate aggregation.

The transposons TnlacZ/in and TnphoA/in have been suc-
cessfully used to analyze the structure-function relationship of
a number of gram-negative membrane and cytosolic proteins
(14, 15, 22, 23) and even a mouse mammary tumor virus su-
perantigen (19), but to our knowledge, this study is the first
attempt to use these transposons for mutagenesis of a protein
from a gram-positive organism. Although we had problems
with E. coli transcription machinery recognizing artifactual
promoters and inefficient export of the fusion proteins, 23
nonpolar, in-frame 31-amino-acid insertions were generated
that were spaced throughout the prgB gene. The insertion
mutants have good coverage of the protein, with the largest
gap found from nucleotide residues 468 to 1074. This region
was resistant to transposition, as multiple mutagenesis at-
tempts yielded no insertions. Interestingly, previous Tn5 mu-
tagenesis studies that targeted pCF10 DNA also had a large
gap in the prgB gene that corresponds to the same transposi-
tion-resistant region identified in this study (26).

Western blotting of the surface extracts of induced mutant
cultures revealed that most proteins were expressed on the
surface of the cell. Full-length protein was difficult to observe
in some mutants, but this result is not unexpected, as purified
protein is very unstable. Three mutants, (324, 02049, and
02064, had reduced expression of Ascl0 at 37°C, while 2085
showed no reactive protein. Consequently, 2085 was re-
moved from the functional analysis. Interestingly, the insertion
mutants 22049 and 2421 were found to aggregate to near-
wild-type levels when grown at 30°C, suggesting that their lack
of aggregation at 37°C is due to protein instability. The in-
creased stability of these proteins at 30°C may be due to alter-
ations in folding conformations or differences in activity of an
enterococcal cell surface protease.

Insertions in two major regions of the protein inhibited or
abolished aggregation. Insertions in the N terminus inhibited
aggregation in agreement with Muscholl-Silberhorn’s previous
identification of an aggregation functional domain for Asal
(20). The insertions generated in this study identify an aggre-
gation functional domain in the gene from nucleotide residues
1317 to 1638, but it is not clear how far the functional domain
extends beyond residue 1638. However, as 02049 aggregates at
30°C, the aggregation domain does not extend this far into the
gene. The aggregation domain identified in Asal extends from
base numbers 1704 to 1980. Combining the two identified
regions would indicate an aggregation domain from 1317 to
1980 (Fig. 7). Also, a comparison of the two results indicates
that the aggregation functional domain for Asc10 extends far-
ther into the amino terminus of the protein than previously
reported for Asal. Interestingly, the domain identified in this
study extends into the variable region, suggesting that it may
play a role in aggregation. This result is supported by the
observation that an Asal-Aspl variable region chimera fails to
aggregate (20). Most of the insertions in the extreme N termi-
nus of the protein, residues 258 to 1299, had no effect on
aggregation levels with the exception of 96 and (324. Mu-
tation Q296 was in the signal sequence of the protein and likely
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FIG. 7. Functional domains identified in this study that disrupted
aggregation (top) and hydrophobicity (bottom). All proteins generated
from these insertions were expressed on the cell surface. The two
mutants with increased stability at 30°C are indicated (*). Amino acids
preceding the insertions indicate the mutants (nucleotide residues are
given in parentheses). The Extended Agg domain was identified by the
mutations in this paper and by the previously identified aggregation
functional domain (21). Note that the N-terminal aggregation domain
extends into the variable region. C-terminal insertions that disrupt
aggregation are hypothesized to play a structural role. Many mutants
that are unable to aggregate still increase cell surface hydrophobicity.

disrupted correct migration through the cell membrane, while
324 had very low protein levels on the cell surface, suggesting
decreased stability of the protein.

Surprisingly, some C-terminal insertions had reduced or
abolished aggregation. Specifically, the protein produced by
insertions Qr2760, 3102, and Qr3183 were expressed well on
the cell surface. These mutants also reacted with an anti-Asc10
monoclonal antibody as measured by fluorescence-activated
cell sorter analysis (data not shown), further indicating reactive
protein on the cell surface. Strikingly, the insertion at (23102
was completely deficient in aggregation. In contrast, Muscholl-
Silberhorn (20) concluded that the C terminus of Asal is not
essential in aggregation based on two observations: (i) a C-
terminal deletion construct maintains aggregation, although at
a third of wild-type levels, and (ii) an N-terminal fragment of
the protein attached to a solid surface can mediate cell attach-
ment. Based on (i) the data reported in this paper, (ii) the
preceding observations with Asal, and (iii) the fact that the N
terminus is more surface exposed (9), it is likely that the C
terminus plays a structural role in aggregation. Specifically, the
regions identified by the insertions (2760, 23102, and Qr3183
serve to place the N-terminal functional domain in the correct
conformation to mediate aggregation. This hypothesis could
account for the decreased aggregation seen in the C-terminal
deletion of Asal. Moreover, the structural function of this
C-terminal domain may not be necessary when the protein is
attached to a solid surface, as observed by Muscholl-Silberhorn
(20). Note that the fully functional insertion (22979 intersects
this structural region, indicating that some sites are permissive.
It should be noted that the use of these transposons in the
analysis of structure-function relationships has been validated
by previous work with the Lacl repressor (22). In this study, all
18 31-codon insertions generated by random transposition of
TnlacZ/in yielded the predicted phenotypes based on previous
structural analysis of the protein.

As expected, the ability to aggregate positively correlated
with plasmid transfer levels, further supporting the notion that
the only role of AS in conjugation is to initiate close contact
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between the members of the donor-recipient pair. Interest-
ingly, the mutants that had statistically significant higher levels
of aggregation as measured by flow cytometry did not have
higher levels of plasmid transfer, suggesting that AS has
evolved aggregation levels that maximize plasmid transfer.

The increased cell surface hydrophobicity elicited by Ascl10
expression was also measured for each mutant. Various levels
of hydrophobicity could be seen for the insertion mutants, but
no one distinct domain necessary for increasing hydrophobicity
was detected. Comparison of the hydrophobicity and aggrega-
tion levels reveals that increased cell surface hydrophobicity is
not sufficient for aggregation. Specifically, (21551 is unable to
aggregate but induces very high levels of cell surface hydro-
phobicity. Likewise, mutants that are intermediate aggregators
have hydrophobicity levels equivalent to those of strong aggre-
gators. Thus, AS mediates aggregation through a specific in-
teraction, as opposed to a generalized alteration of cell surface
hydrophobicity. It should be noted that no mutants that were
completely deficient in increased cell surface hydrophobicity
were able to aggregate, possibly indicating that hydrophobicity
may be necessary but not sufficient for aggregation.

This study reports the construction of a library of 23 31-
amino-acid insertions in Ascl0, the AS of pCF10. By using
Western blotting of surface extracts, it was shown that most of
the insertion mutants were expressed on the surface of E.
faecalis. Analysis of aggregation identified both N- and C-
terminal domains important in aggregation and showed that
the variable region may play a role in aggregation. Moreover,
an increase in cell surface hydrophobicity is not sufficient for
aggregation. This insertion library will be further analyzed for
functional domains of Asc10 involved in the pathogenesis of E.
faecalis infections.
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