
INFECTION AND IMMUNITY, Dec. 1984, p. 740-746
0019-9567/84/120740-07$02.00/0
Copyright © 1984, American Society for Microbiology

A Plasmid-Encoded Outer Membrane Protein, TraT, Enhances
Resistance of Escherichia coli to Phagocytosis

MARIA E. AGUERO,1 LIESELOTTE ARON,' ALBERT G. DELUCA,' KENNETH N. TIMMIS,2 AND FELIPE C.
CABELLO'*

Department of Microbiology, New York Medical College, Valhalla, New York 10595,1 and Departement de Biochemie
Medicale, Centre Medicale Universitaire, 1211 Geneva 4, Switzerland2

Received 16 April 1984/Accepted 17 September 1984

The presence of the outer membrane protein TraT, encoded by plasmid R6-5, reduces the sensitivity of
Escherichia coli cells to phagocytosis by macrophages. This effect is independent of the bacterial capsule and is
more evident in the presence of adsorbed normal human serum. The property of inhibiting phagocytosis is
specifically abolished by anti-TraT protein antiserum and anti-TraT immunoglobulin G but not by Fab
fragments. These results indicate that the TraT protein is a passive inhibitor of phagocytosis. Inhibition of
phagocytosis is produced because the TraT protein antagonizes opsonization by complement, such that C3
deposition is reduced and altered in distribution.

Phagocytosis and the bacteriostatic and bactericidal prop-
erties of the serum constitute the first line of defense against
invasive bacterial infections. The antibacterial activity of
blood is effective in eliminating most normally encountered
transient bacteremias and is the result of a constellation of
specific (e.g., antibodies) and nonspecific (e.g., comple-
ment, iron-binding proteins) factors (7, 16).
The ability of bacteria to avoid host defenses and become

invasive rests largely in cell surface components which are
important in the preliminary steps of the infective process
and crucial in determining its outcome (35). The role of
surface components such as capsules, peptidoglycan, pro-
teins, pili, and 0-antigens in increasing the virulence of
bacteria is well documented (34). Although most of these are
encoded by genetic determinants located on the chromo-
some, recent reports testify to the importance of plasmid-
encoded gene product modifications to the cell surface,
which alter bacterial virulence (13-15, 31, 33, 34).
The Escherichia coli plasmid R6-5 carries a gene specify-

ing resistance to the antibacterial activity of serum (31). This
determinant, which has been identified as traT, is one of the
genes of the tra operon, the genetic unit conferring conjuga-
tive ability upon the bacterial cell (1, 31). The traT gene
directs the synthesis of a highly exposed outer membrane
protein, which mediates resistance to serum. Since phagocy-
tosis, the other main line of defense against invasive bacteri-
al infections, involves complement, we explored the possi-
bility that the TraT protein may confer upon bacteria the
ability to resist phagocytosis. In this communication, we
show that this is the case and that the protein interferes
mainly with opsonization by the alternative pathway of
complement by restricting and altering the pattern of C3
deposition.

MATERIALS AND METHODS

Bacterial strains and plasmids. Bacterial strains and plas-
mids are listed in Table 1. Plasmid DNA, isolated by
standard procedures, was introduced into bacterial strains
by transformation or conjugation (45). Strains were stored at
-20°C in 60% glycerol.
Molecular cloning procedures. Restriction endonuclease

* Corresponding author.

cleavage of plasmid DNA, ligation reactions, transforma-
tions, screening, and analysis by agarose gel electrophoresis
were performed as described (45, 46).

Media. Bacterial strains were cultured in L broth with
aeration or on L agar, at 37°C, with antibiotic selection when
appropriate (8). Hanks balanced salt solution (HBSS;
GIBCO Laboratories, Grand Island, N.Y.) plus calcium,
magnesium, sodium bicarbonate, and phenol red was used in
the phagocytosis assays (22). Phosphate-buffered saline
(PBS) and PBS without calcium and magnesium (26) were
used to wash bacterial cells and macrophages for phagocyto-
sis assays and to dilute the bacterial suspensions.
Serum. Human blood was obtained from five healthy

donors and was allowed to clot at room temperature for 1 h
and for an additional 1 h at 4°C. Serum was separated by
centrifugation, pooled, and stored in small portions at
-70°C. Complement was inactivated by heating at 56°C for
30 min. This pool of normal human serum did not contain
antibody against TraT protein as detected by immunopreci-
pitation. Antibodies were adsorbed basically as described by
Horwitz and Silverstein (26). Briefly, 1011 exponential-phase
bacteria were mixed with 1 ml of fresh normal serum in 1 ml
of PBS and incubated on a rotary shaker at 4°C for 1 h. The
process was repeated three times, and the serum was
separated by centrifugation, filtered through 0.45-,um Milli-
pore filters, and stored in small portions at -70°C. In the
experiments performed with E. coli 59 rif, the serum was
adsorbed with this strain and its isogenic derivative contain-
ing the plasmid pKT107. A similar process was followed in
the experiments with E. coli FC004 and FC004(pKT107). E.
coli strains under study, when opsonized with this adsorbed
human serum preparation, did not show immunoglobulin G
(IgG) on their surfaces as determined by immunofluores-
cence with fluorescein isothiocyanate-conjugated goat anti-
human IgG immunoglobulins (Meloy Laboratories, Spring-
field, Va.). The anti-TraT protein antiserum was a gift from
S. Levy and was prepared with partially purified TraT
protein (17). This serum was adsorbed with bacterial E. coli
outer membranes prepared from E. coli X984 and E. coli 59
rif cells to adsorb antibacterial antibodies. This adsorbed
sera produced only one line of immune precipitation when
reacted with outer membrane of TraT+ cells. No precipita-
tion line was apparent in the presence of E. coli outer
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TABLE 1. Bacteria and plasmids
Bacteria and
plasmids

E. coli 59

E. coli 59 rif

E. coli FC004

E. coli X984

E. coli D1-7

pACYC184

pSClOl

pKT107

pKT118

pFC021

R6-5, R222, R1-19

pB182

Characteristics

Wild-type E. coli isolated
from feces; O:H2:K

rifampin-resistant
derivative of E. coli 59

Capsuleless derivative of
E. coli; 018ab:K1:H7

E. coli K-12, employed to
adsorb the antibacterial
antibodies of the anti-
traT antiserum

E. coli K-12 containing the
R222 plasmid; used to
adsorb the anti-traT
antibodies

High-copy-number cloning
vector, copy number of
20

Low-copy-number-cloning
vector, copy number of
5

Hybrid plasmid containing
the EcoRI fragment E-7
of R6-5 cloned into the
pACYC184 cloning
vector

Tn3 insertional inactivation
mutant of pKT107
unable to code for TraT
protein

Hybrid plasmid containing
the EcoRI fragment E-7
of R6-5 cloned into the
low-copy-number
pSC101 cloning vector

Genetically related,
antibiotic-resistant
conjugative plasmids of
the FIl incompatibility
group

Natural conjugative low-
copy-number plasmid
encoding colicin B
production

Source (reference)

(31)

(31)

(2)

(17)

(17)

(10)

(11)

(31)

(31)

This paper

(41)

Aguero and
Cabello

(manuscript in
preparation)

membranes lacking TraT protein. The anti-TraT antibodies
were adsorbed with outer membranes of strain D1-7 and E.
coli 59 rif (pKT107) cells (17).

Isolation of anti-TraT IgG and Fab fragments. The anti-
TraT IgG was isolated from the heat-inactivated rabbit
antiserum on a protein A-Sepharose column essentially as
described by Miller and Stone (30). To avoid extremes of
pH, it was eluted with a 0.1 M citrate gradient (pH 7.0 to
2.5). The eluate above pH 3.9 had 93% of the IgG. This
eluate was further concentrated by ammonium sulfate pre-
cipitation and dialyzed against 0.1 M phosphate (pH 7.4).
The Fab fragments were obtained by treating the IgG with
mercuri-papain (Worthington Diagnostics, Freehold, N.J.)
coupled to CNBr-Sepharose 4B (Pharmacia Fine Chemicals,
Inc., Piscataway, N.J.), as will be described elsewhere (L.
Aron and F. Cabello, manuscript in preparation). The diges-
tion products were passed over a protein A-Sepharose
column to remove Fc fragments and undigested IgG (18, 19).
Their identity was confirmed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and immunoprecipitation

with goat anti-rabbit Fab antiserum and goat anti-rabbit IgG
antiserum.

Phagocytosis assays. Phagocytosis was assayed by using
monolayers of mouse peritoneal macrophages prepared as
previously described (2, 4, 21). Briefly, 5 x 106 E. coli cells
were opsonized with different concentrations of the serum
preparations at 37°C for 15 min. Then they were washed
twice and suspended in HBSS before putting them in contact
with monolayers containing macrophages. The reaction of
the E. coli cells with anti-TraT Fab fragments was performed
in the same way as the opsonization described above, with
either 150 or 300 ,ug of Fab fragments per assay.

Fluorescence microscopy of C3-coated bacteria. Qualitative
complement fixation by bacteria was assayed as described
(26). Exponential-phase bacteria (5 x 106 cells) were incu-
bated for 15 min at 37°C with 300 ,ul of 25% normal or
adsorbed human serum in PBS, after which they were mixed
with 1 ml of cold 10 mM EDTA in PBS and washed twice in
PBS. The bacteria were then incubated at 37°C for 15 min in
0.1 ml of 1:10 diluted fluorescein isothiocyanate-conjugated
goat anti-human C3 IgG (Meloy Laboratories) in PBS,
washed twice, and resuspended in 100 pu1 of PBS. Slides
were mounted and examined with a Leitz Dialux micro-
scope.

Quantitation of C3 fixation. Quantitation of complement
fixation by bacterial cells was done by the technique of
Verbrough et al. (44). A suspension (0.2 ml) containing 5 x
108 bacteria per ml was incubated at 37°C for 15 min with 0.8
ml of different serum concentrations in Veronal saline buffer
(ionic strength, 0.147; 0.15 mM Ca2+, 1 mM Mg2+, 0.1%
[wt/vol] gelatin). The fixation of C3 was subsequently
stopped by addition of 2.5 ml of 10 mM EDTA in PBS, and
cells were washed three times with ice-cold PBS by centrifu-
gation at 1,600 x g. The bacteria were incubated for 15 min
at room temperature in 0.5 ml of 1:20 diluted fluorescein
isothiocyanate-conjugated goat anti-human C3 IgG, washed
three times with 2.5 ml of PBS, and suspended in 2.5 ml of
PBS. Fluorescence was measured in an American Instru-
ment Co. (Aminco) Bowman spectrofluorometer with an
excitation wavelength cf 485 nm and emission wavelength of
525 nm. Results are given as percentages ranging from zero
(control material incubated with buffer or inactivated serum,
average actual value of 10) to 100% (maximal emission
intensity in the series tested, average actual value of 75).

Immunoprecipitation. The immunoprecipitation assays
were done as described by Ferraza and Levy (17). Crude
envelopes of the different E. coli strains were used as
antigens, and antiserum was the rabbit anti-TraT antibody
provided by S. Levy.

Statistical analysis. The significance of the difference of the
means was determined by Student's t test (12).

RESULTS
TraT protein interferes with phagocytosis. Envelope struc-

tures are known to contribute to the ability of bacterial cells
to both evade and promote phagocytosis (26, 32, 37, 38).
The TraT protein encoded by the antibiotic resistance

plasmid R6-5 is an outer membrane protein which confers
upon E. coli resistance to the lethal activity of serum. This
protective ability may result from inhibition of the bacteri-
cidal action mediated by both the classical and alternative
complement pathways (31). Since the properties of the traT
gene product are consistent with the hypothesis that they
may also antagonize phagocytosis, it was of interest to
investigate this possibility by using the cloned traT gene in
various plasmid vectors.
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TABLE 2. Phagocytosis of two wild-type E. coli strains and their isogenic derivatives diferring in the amount of TraT protein expressed
in their outer membrane proteins'

Capsulated E. coli Phagocytic indexb Phagocytic index Uncapsulated E. co/i
59 rif derivatives PhgctcFC004 derivatives

59 rif 178.8- 608.8 FC004
59 riftpACYC184) 162.0- 304.0"
59 rif(pFC021) 152.6n FC004(pFC021)
59 rif(pR6-5) 118.8| p < 0.01

P < 0.01 229.3 FC004(pB182)
59 rif(pKT107) 44.9

204 C0(K17230.4' FC004(pKT107)
59 rif(pKT118) 153.0J 564.0 FC004tpKT118)

a For all strains, S x 106 bacteria suspended in 0.5 ml of HBSS were opsonized with 25 p.1 (5%) of normal human serum for 15 min at 37°C. Then bacteria were
washed twice and suspended in HBSS before putting them in contact with the monolayers containing the macrophages.

b The phagocytic index is the percentage of macrophages ingesting bacteria multiplied by the average number of E. coli cells ingested per macrophage.
' When percentages of macrophages ingesting bacteria are compared, E. coli FC004(pKT107) is significantly less phagocytized than FC004(pFC021) (P <

0.025).

Digestion of plasmid R6-5 with restriction endonuclease
EcoRI generates 13 fragments, of which E-7 contains the
traT gene (9). As previously reported (31), fragment E-7 was

cloned into the high-copy-number vector pACYC184 gener-

ating recombinant plasmid pKT107, and in this laboratory
this fragment was cloned into the low-copy-number vector
pSC101, generating pFC021; pB182, a conjugative low-copy-
number plasmid encoding colicin B production, was ob-
tained from a clinical isolate (see Table 1). Plasmids R6-5,
pKT107 pACYC184, pB182, and pKT118 were introduced
into E. coli 59 rif or the FC004 capsuleless strain, or both,
by conjugation or transformation. Their ability to promote
the inhibition of phagocytosis was ascertained by visual
assay for phagocytosis, with a monolayer of elicited mouse

peritoneal macrophages. In the presence of normal serum,

E. coli 59 rif and its derivative harboring the cloning vector
pACYC184 were better engulfed, as indicated by the high
proportion of macrophages associated with bacteria and the
high phagocytic index (Table 2). In contrast, the isogenic
strain harboring the plasmid pKT107 was poorly engulfed
(Table 2), indicating that the presence of the traT gene on

pKT107 does confer protection against phagocytosis. The

FIG. 1. Immunoprecipitation of outer membrane proteins of E.

coli 59 rif bearing different TraT plasmids. Envelopes were solubi-

lized in 2% Sarkosyl as described (17). The precipitation was carried

out in 1% agar gels containing 2% Sarkosyl. The center wells

contained 17 of a 1:4 dilution of the adsorbed anti-TraT antiser-

um. Serial dilutions (17 each) of envelope extracts were placed in

the test wells. Wells A, 59 rifpKTlO7 extract. Clockwise from top:

undiluted, 1:2, 1:4, and 1:8 dilutions. Wells B, 59 rifpFCO2 extract.

Dilutions are as shown for wells A. Wells C, Clockwise from top: 59

rif pKT1O7 extract at 1:16 and 1:32 dilutions and 59 rif pFCO21

extract at 1:16 and 1:32 dilutions. Wells D, 59 rif R6-5 extract.

Dilutions are as shown for wells A. Undiluted samples were

adjusted to 117 p.g of protein per 17 Comparison of the positions
of the different precipitation lines indicates that E. co/i cells harbor-

ing pFCt 21 and pKT1:7 express four and eight times more TraT

protein, respectively, than cells harboring R6-5.

difference in phagocytosis between these strains is mainly
produced by differences in the percentage of macrophages
ingesting bacteria, indicating that E. coli 59 rif is not easily
opsonized.

Similar experiments performed with E. coli 59 rif contain-
ing the R6-5 plasmid indicate that this strain is slightly but
not significantly less sensitive to phagocytosis than is its
plasmidless counterpart. The decreased ability of plasmid
R6-5 to confer the phenotypic ability to inhibit phagocytosis
when compared with the plasmid pKT107 probably reflects
the decreased production of TraT protein by E. coli cells
harboring this low-copy-number plasmid, since in E. coli
FC004 the plasmid pFC021, another low-copy-number
recombinant plasmid carrying the traT gene, was also shown
to confer decreased protection against opsonophagocytosis
in the presence of normal serum (Table 2). The differing
levels of inhibition of phagocytosis specified by pR6-5,
pFC021, and pKT107 were shown by immunoprecipitation
studies to correlate with the differing content of TraT protein
in the outer membranes of cells harboring these plasmids,
with pKT107-containing cells having a significantly higher
amount of TraT protein in the outer membrane (Fig. 1).
Furthermore, the high-copy-number plasmid pKT118, a

transposition mutant of pKT107 that no longer expresses the
TraT protein, fails to protect bacteria against phagocytosis
(Table 2). It is also important to mention that only the
capsulated E. coli strain which expresses elevated amounts
of TraT protein is significantly less phagocytized than its
isogenic capsulated derivatives. Concurrently, in the cap-
suleless strain, even low amounts of TraT protein are able to

TABLE 3. Phagocytosis of the capsulated strain E. coli 59 rif
(pKT107) in the presence of different opsonins

% Macrophages Phagocytic
Opsonin ingesting index

bacteria'

None 10.1 15.0
Normal human serum (5%) 21.4 44.9
Heat-inactivated human serum (5%) 13.9 13.3
Rabbit normal serum (5%) 14.5 30.5
Rabbit heat-inactivated serum (5%) 17.5 32.5
Rabbit anti-TraT antiserum (5%) 85.5 1,470.6
Rabbit anti-TraT IgG (0.3 mg) 84.0 705.0
Rabbit anti-TraT Fab (0.3 mg)b + 22.0 51.7
normal human serum (5%)
a The values are the arithmetical mean of at least three experiments.
6 Bacteria (5 x 106 cells) were first opsonized with 0.3 mg of the Fab

fragment preparation, washed twice in HBSS, and then opsonized with 25 p.1
(5%) of normal human serum as described in the text.
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TABLE 4. Plasmid-coded TraT protein protects E. coli from
phagocytosis independently of the presence of capsule'

% Macrophages ingesting bacteria'

Opsonin Capsulated E. coli' Uncapsulated E. coli

59 rif ri5pKTlO7) FC004 FC004(pKT107)

Normal 57.6 ± 2.2' 21.4 ± 9 87.2 ± 6' 53.5 ± 13.1
human
serum

Heat- 25.5 10.7 13.9 ± 6.6 21.4 ± 7.2e 23.5 ± 7.0e
inacti-
vated
serumd

Absorbed 29.6 11.5e 18.0 ± 2.8' 71.8 ± 3.1' 36.5 ± 13.0
human
serumf
a Bacteria (5 x 106 cells) in 0.5 ml of HBSS were opsonized with 25 ,tl (5%)

of normal and heat-inactivated human sera and 50 ±1 (10%) of adsorbed human
serum as described in the text.

b A total of 100 to 200 macrophages were counted in each experiment. The
results are the arithmetic mean of 10 independent experiments ± the standard
deviation.

c Differences between pairs of values (phagocytosis of isogenic derivatives
opsonized with the same serum preparation) are statistically significant at P <
0.05 (Student's t-text).
dThe heat-inactivated serum lost the ability to generate complement

opsonins.
eDifferences between pairs of values are not statistically significant. P >

0.05.
f The adsorbed serum does not mediate opsonization by immunoglobulins

or complement opsonins generated by activation of the classical pathway of
complement.

protect against phagocytosis (Table 2). These data indicate
that protection against opsonophagocytosis is dependent on
the presence ofTraT protein in the bacterial outer membrane
and correlates with the amount of TraT protein present.

Reaction with antibodies against TraT protein block the
inhibition of phagocytosis. Reaction of E. coli 59 rif cells
carrying pKT107 with specific antibodies directed against
TraT protein influenced the phagocytosis of these cells as
expected, i.e., pKT107-containing cells were readily phago-
cytized in the presence of anti-TraT protein antiserum, as
evidenced by the high percentage of macrophages ingesting
bacteria (Table 3). Similar results were obtained when the
bacterial cells were opsonized with purified anti-TraT rabbit
IgG. When the anti-TraT protein antiserum was adsorbed
with the TraT+ strain D1-7, no phagocytosis was observed,
indicating that phagocytosis in the presence of antiserum
was mainly due to the opsonizing effect of the TraT protein-
specific antibody or to blocking by anti-TraT antibodies of
the phagocytosis-inhibiting effect of the TraT protein. The
lack of phagocytosis when using the absorbed rabbit antiser-
um could be due to its low concentration of complement.

Effect of Fab fragments on opsonization by normal human
serum. To answer the question of whether the TraT protein
acts as a passive or active inhibitor of phagocytosis, we
determined the effect of the presence of Fab fragments on
the phagocytosis of TraT+ E. coli cells in the presence of
normal human serum (29). If the TraT protein has an active
inhibitor effect, we should expect an increase in the phago-
cytosis of the TraT+ E. coli cells reacted with Fab fragments
because they will block its inhibitory effect upon the macro-
phages (29).
We observed that the reaction of E. coli cells expressing

TraT protein, with 0.15 and 0.3 mg of anti-TraT Fab frag-
ments, does not increase their phagocytosis in the presence
of human serum, indicating that the TraT protein is a passive

inhibitor of phagocytosis (Table 3). The opsonization of the
capsulated TraT+ cells (Table 4) with different human serum
preparations is mediated by antibodies against other bacteri-
al surface structures other than the TraT protein, as evi-
denced by the decrease in phagocytosis of the TraT+ strain
in the presence of normal or inactivated human sera. No
significant difference was observed between phagocytosis of
the capsulated E. coli 59 rif and the isogenic E. coli 59
riftpKT107) when the opsonin was absorbed human serum,
indicating that the capsule interferes with the activation of
complement. Alternatively, experiments performed with the
capsuleless strain E. coli FC004 indicate that this strain,
which is highly phagocytized in the presence of normal
human serum, seems to be opsonized mainly by the activa-
tion of complement in the absence of antibodies; this ex-
plains the important difference in phagocytosis between
FC004 and FC004(pKT107) in the presence of adsorbed
serum (Table 4). These findings support the conclusion that
the TraT protein does not actively inhibit phagocytosis,
because its inhibitory effect can be overcome by antibodies
against either the TraT protein or other surface antigens (29).
These results also agree with previous results that indicate
that the TraT protein confers upon E. coli serum resistance
by a mechanism that does not involve degradation or inacti-
vation of the components of the complement system (47).

Ability of the TraT protein to interfere with phagocytosis is
independent of the bacterial capsule. Since the bacterial
capsule is a surface structure capable of increasing bacterial
resistance to serum (2, 27, 43, 47), it was of interest to
determine the possible influence of the presence of a bacteri-
al capsule on the inhibition of phagocytosis mediated by the
TraT protein. Plasmid pKT107 was therefore introduced by
transformation into the capsuleless strain E. coli FC004.
Comparison of capsulated and capsuleless E. coli strains

100 _

D FC004

80 E
FC004 pKT 107

80

0

w 0

0

2.5 5 12.5 25 50
Concentration of Absorbed Serum (%)

FIG. 2. The effect of serum concentration on the amount of C3
bound to E. coli FC004 and FC004(pKT107). A total of 108 bacteria
was incubated at 37°C for 15 min with 0.8 ml of different concentra-
tions of absorbed human serum, and the C3 deposited was measured
by spectrofluorometry as described in the text. The results are the
arithmetic mean of three experiments +,- the standard deviation.
These differences were not statistically significant (P > 0.05).
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FIG. 3. Complement fixation of the capsuleless strain FC004 (a)
and FC004(pKT107) (b). Complement deposit was evidenced by
fluorescein isothiocyanate-conjugated goat anti-human C3 IgG, and
the bacteria were examined by fluorescence microscopy. Note the
light and irregular pattern of fluorescence of the strain expressing
TraT protein. x 5oo.

containing pKT107 in the visual assay for phagocytosis
indicated that both were capable of antagonizing phagocyto-
sis (Tables 2 and 4). The decrease in the phagocytosis of the
FC004(pKT107) strain when the opsonin was inactivated or
adsorbed serum was used indicates that antibody and com-
plement play a role in the opsonization of this strain by
normal human serum (Table 4). These results also suggest
that the protective effect of the TraT protein may be at least
partially independent of 0-antigen structure since the capsu-
lated strain, E. coli 59 rif, and the capsuleless strain, E. coli
FC004, used in these experiments have different 0-antigen
composition. Because we were unable to isolate a capsule-
less mutant of E. coli 59 rif, these experiments were per-
formed with E. coli FC004; use of the capsulated isogenic
variant of strain FC004 was not possible due to difficulties in
introducing DNA into this wild-type strain by conjugation or
transformation.
TraT protein interferes with opsonization by the alternative

complement pathway. The data reported above suggest that
the TraT protein is a passive inhibitor of phagocytosis that
interferes mainly with opsonization by the alternative com-
plement pathway, since E. coli FC004 cells harboring
pKT107 were significantly less phagocytized (P < 0.005) in
the presence of adsorbed serum, in which case only the
activation of the alternative complement pathway can effect
deposition of the C3 opsonin (Table 4). Qualitative comple-
ment fixation assays suggested that E. coli cells expressing
TraT protein deposited less complement in the presence of
adsorbed serum. To confirm this finding these experiments
were repeated wtih the more sensitive fluorometric immuno-
fluorescence assay described in the text.

Since preliminary results suggested that the capsule pres-
ent in E. coli 59 rif interfered with the detection of small
differences in deposited complement, the capsuleless E. coli
strain FC004 containing pKT107 was used for these studies,
in which cells exposed to concentrations of normal and
absorbed human serum ranging from 2.5 to 50% were
assayed for complement deposition. This strain has a smooth
018ab antigen and is relatively resistant to serum (2). These
characteristics rule out the possibility of a nonimmune
activation of the classical pathway of complement (3, 39).
Cells in which the traT gene product was present sustained
less deposition of complement, as compared with control
cells, over the entire concentration range of adsorbed serum
used in this experiment (Fig. 2). The significant differences
in phagocytosis between the TraT+ and TraT- E. coli cells
in the presence of adsorbed serum could not be totally
explained by the nonsignificant differences in complement

deposition in the presence of adsorbed serum. Because
previous reports indicated that surface proteins can restrict
the distribution of complement deposition on bacterial sur-
faces, we decided to investigate the pattern of complement
deposition on TraT+ E. coli FC004(pKT107) cells (28). It can
be seen in Fig. 3 that cells in which the TraT protein is
expressed exhibited an irregular deposition of complement,
indicating that complement distribution is altered by the
presence of the traT gene product. The irregular deposition
of complement is more striking at high concentrations of
serum, suggesting that the phenomenon is not due to differ-
ences in the amount of complement deposited. Opsonopha-
gocytosis experiments also demonstrated that increased
concentrations of serum do not augment the phagocytosis of
TraT+ cells, underlining the need for a homogenous comple-
ment deposition to have efficient phagocytosis (data not
shown).

DISCUSSION
The bacterial cell surface has become the focus of efforts

to understand the pathogenesis and epidemiology of bacteri-
al disease. An understanding of the factors which contribute
to bacterial virulence is highly germane to the development
of new preventative and therapeutic measures. As demon-
strated in this report, the use of molecular cloning tech-
niques and the subsequent testing of bacteria harboring these
recombinant molecules in vitro and in vivo models of
infection constitute a powerful method for identifying vari-
ous pathogenic factors and discerning their relevance. The
data presented here demonstrate that an R plasmid gene is
capable of modifying the cell surface to favor bacterial
invasiveness; this modification may act per se or in cooper-
ation with chromosomally specified structures to increase
bacterial virulence.
The results presented above and previous reports demon-

strating the resistance of R plasmid-containing cells to the
bactericidal activity of serum clearly indicate that the pres-
ence of TraT protein in the E. coli outer membrane strongly
influences the interaction of bacterial cells with the host
defense systems (5, 31). When the traT gene is present on a
low-copy-number plasmid and the levels of traT expression
are low, it confers serum resistance and effects some protec-
tion against phagocytosis in capsuleless E. coli strains.
However, when the traT gene is expressed from a high-copy-
number vector, its ability to antagonize phagocytosis is
increased, as is the presence of TraT protein in the outer
membrane and the expression of the traT gene-specified
conjugative function resulting in surface exclusion (1). The
experiments performed with the capsuleless strain E. coli
FC004 and its derivatives indicate that the presence of the
TraT protein results in preferential interference with opsoni-
zation mediated by the alternative complement pathway,
since its ability to antagonize opsonophagocytosis is ampli-
fied in the presence of adsorbed serum and abolished in the
presence of heat-inactivated serum. Expression of the traT
gene product results in the restriction of C3 deposition and
also affects opsonin distribution such that complement depo-
sition is diffuse and irregular. The latter observation sup-
ports the idea that homogeneous deposition of complement
on the bacterial surface is required for the "zipper effect"
which facilitates phagocytosis (20).

Antibodies directed against outer membrane proteins in
Haemophilus influenzae type b are known to exert a protec-
tive effect for the challenged host during infection by these
microorganisms (23, 24). Similarly, when cells which ex-
press the TraT protein are reacted with specific antibodies
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directed against the traT gene product, their ability to
antagonize phagocytosis is eliminated. However, when
these cells are reacted with adsorbed anti-TraT protein
antibody, the protective effect conferred by traT gene

expression continues to be evident. The inability of the anti-
TraT protein Fab fragments to block the inhibition of phago-
cytosis and the fact that antibodies present in the normal
human serum directed to other bacterial structures can

opsonize TraT' E. coli cells indicate that TraT protein is a
passive inhibitor of phagocytosis. In this respect the TraT
protein exerts a shielding effect similar to the effect of the
capsules of some bacteria and fungae (2, 29).
The antiopsonic effect exerted by the TraT protein is

independent of the presence of a bacterial capsule. This
suggests that the ability of some capsules to interfere with
phagocytosis may be further augmented by outer membrane
components such as the TraT protein. This potential for
enhanced protection is consistent with the hypothesis that
the bacterial capsule is a heterogeneous cell surface cover-

ing, leaving exposed patches of outer membrane which can
interact with opsonins and macrophages.

Bacterial resistance to the bactericidal activity of serum

and to phagocytosis, which has been classically ascribed to
the presence of polysaccharide capsules and 0 antigens,
may be mediated by other cell surface structures (40, 42).
This is evident not only from the recent elucidation of TraT
protein function in E. coli but also from a recent report
concerning the function of M protein, a surface structure
common to group A streptococci (28). The presence of M-
protein restricts complement deposition, alters the pattern of
complement distribution, and increases the pathogenicity of
streptococci (6, 28, 36). Similarly, clinical and laboratory
data on gonococcal disease indicate that outer membrane
proteins of gonococci are also responsible for the ability to
produce disseminated infection and to resist the antibacterial
activity of serum (25). Thus, it has become increasingly
evident that outer membrane proteins are surface structures
of considerable and general importance in bacterial pathoge-
nicity. Experiments to be reported elsewhere indicate that,
as compared with control cells, plasmid-containing E. coli
cells capable of traT gene expression have an increased
ability to cause disease in mice in tests measuring either
bacteremia or lethality. These experiments and other results
show that traT gene expression in natural isolates containing
low-copy-number plasmids, such as ColV, also causes E.
coli cells to have increased pathogenic characteristics (C.
Parada, M. E. Fernandez, M. Binns, and F. C. Cabello,
submitted for publication). These results suggest that antibi-
otic resistance plasmids may carry genes which have the
potential to influence the natural history of a bacterial
infection independently of the success or failure of antibiotic
therapy. If antibiotic-resistant bacteria are indeed potentially
more pathogenic than drug-sensitive strains, imprudent use

of antibiotics will constitute a selective process for bacterial
virulence. The results communicated here indicate that the
antibiotic resistance plasmid R6-5 does specify a gene prod-
uct which has the potential to increase E. coli pathogenicity
by at least two mechanisms: serum and phagocytosis resist-
ance.

ACKNOWLEDGMENTS

This work was supported by the Public Health Service grant R01
AI10678 from the National Institute of Allergy and Infectious
Diseases, a grant from the Westchester-Putnam chapter of the
American Heart Association, and a gift from Smith Kline & French
Laboratories to F. Cabello. M. Aguero is a Fogarty International

Fellow, grant F05 TW03210. K. Timmis is a recipient of funds from
the Swiss National Research Foundation.
We are indebted to S. Levy, who provided us with generous

amounts of anti-TraT protein antiserum; S. Sharma, who allowed us
to use his photographic facilities, and B. Rowe, who serologically
characterized E. coli 59. We also acknowledge the secretarial help of
L. Delgado and E. Jones.

LITERATURE CITED
1. Achtman, M., N. Kennedy, and R. Skurray. 1977. Cell-cell

interactions in conjugating Escherichia coli: role of traT protein
in surface exclusion. Proc. Natl. Acad. Sci. U.S.A. 74:5104-
5108.

2. Aguero, M. E., and F. C. Cabello. 1983. Relative contribution of
CoIV plasmid and K1 antigen to the pathogenicity of Escherich-
ia coli. Infect. Immun. 40:359-368.

3. Betz, S. J., and H. Isliker. 1981. Antibody independent interac-
tions between Escherichia coli J5 and human complement
components. J. Immunol. 127:1748-1754.

4. Bianco, C., F. M. Griffin, Jr., and S. C. Silverstein. 1975.
Studies of the macrophage complement receptor. J. Exp. Med.
141:1278-1290.

5. Binns, M. M., J. Mayden, and R. P. Levine. 1982. Further
characterization of complement resistance conferred on Esche-
richia coli by the plasmid genes traT of R100 and iss of ColV,I-
K94. Infect. Immun. 35:654-659.

6. Bisno, A. L. 1979. Alternate complement pathway activation by
group A streptococci: role of M-protein. Infect. Immun. 26:
1172-1176.

7. Cabello, F., and K. N. Timmis. 1979. Plasmids of medical
importance, p. 55-69. In K. N. Timmis and A. Puhler (ed.),
Plasmids of medical, environmental and commercial impor-
tance. Elsevier/North Holland Biomedical Press, Amsterdam,
The Netherlands.

8. Cabello, F., K. N. Timmis, and S. N. Cohen. 1976. Replication
control in a composite plasmid constructed by in vitro linkage of
two distinct replicons. Nature (London) 259:285-290.

9. Cabello, F., K. N. Timmis, and S. N. Cohen. 1978. Cloning of
Hindlll and EcoRI fragments of the R6-5 plasmid by insertional
inactivation, p. 42-44. In D. Schlessinger (ed.), Microbiology-
1978. American Society for Microbiology, Washington, D.C.

10. Chang, A. C. Y., and S. N. Cohen. 1978. Construction and
characterization of amplifiable multicopy DNA cloning vehicles
derived from the plSA cryptic miniplasmid. J. Bacteriol. 134:
1141-1156.

11. Cohen, S. N., A. C. Y. Chang, and L. Hsu. 1972. Nonchromo-
somal antibiotic resistance in bacteria: genetic transformation of
Escherichia coli by R-factor DNA. Proc. Natl. Acad. Sci.
U.S.A. 69:2110-2114.

12. Dixon, W. J., and F. J. Massey, Jr. 1969. Introduction to
statistical analysis, 3rd ed. McGraw Hill Book Co., New York.

13. Evans, D. G., and D. J. Evans, Jr. 1978. New surface-associated
heat-labile colonization factor antigen (CFA/II) produced by
enterotoxigenic Escherichia coli of serogroups 06 and 08.
Infect. Immun. 21:638-647.

14. Evans, D. G., D. J. Evans, Jr., W. S. Tjoa, and H. L. DuPont.
1978. Detection and characterization of the colonization factor
of enterotoxigenic Escherichia coli isolated from adults with
diarrhea. Infect. Immun. 19:727-736.

15. Evans, D. G., R. P. Silver, D. J. Evans, Jr., D. G. Chase, and
S. L. Gorbach. 1975. Plasmid-controlled colonization factor
associated with virulence in Escherichia coli enterotoxigenic for
humans. Infect. Immun. 12:656-667.

16. Falkow, S. 1981. Bacterial pathogenicity, an overview, p. 91-
100. In S. B. Levy, R. C. Clowes, and E. L. Koenig (ed.),
Molecular biology, pathogenicity and ecology of bacterial plas-
mids. Plenum Publishing Corp., New York.

17. Ferraza, D., and S. B. Levy. 1980. Biochemical and immunologi-
cal characterization of an R plasmid-encoded protein with
properties resembling those of major cellular outer membrane
proteins. J. Bacteriol. 144:149-158.

18. Forsgren, A., and J. Sjoquist. 1967. "Protein A" from staphylo-
coccus aureus. III. Reaction with rabbit globulin. J. Immunol.

VOL. 46, 1984



746 AGUERO ET AL.

99:19-24.
19. Goding, J. W. 1978. Use of staphylococcal protein A as an

immunological reagent. J. Immunol. Methods 20:241-253.
20. Griffin, F. M., J. A. Griffin, J. E. Leider, and S. C. Silverstein.

1975. Studies on the mechanism of phagocytosis. I. Require-
ments for circumferential attachment of particle-bound ligands
to specific receptors on the macrophage plasma membrane. J.
Exp. Med. 142:1263-1282.

21. Griffin, F. M., Jr., and S. C. Silverstein. 1974. Segmental
response of the macrophage plasma membrane to a phagocytic
stimulus. J. Exp. Med. 139:323-336.

22. Hanks, H. J., and R. E. Wallace. 1949. Relation of oxygen and
temperature in the preservation of tissues by refrigeration. Proc.
Soc. Exp. Biol. Med. 71:196-200.

23. Hansen, E. J., C. F. Frisch, R. L. McDade, Jr., and K. H.
Johnston. 1981. Identification of immunogenic outer membrane
proteins of Haemophilus influenzae type b in the infant rat
model system. Infect. Immun. 32:1084-1092.

24. Hansen, E. J., S. M. Robertson, P. A. Gulig, C. F. Frisch, and
E. J. Haanes. 1982. Immunoprotection of rats against Haemo-
philus influenzae type b disease mediated by monoclonal anti-
body against a Haemophilus outer membrane protein. Lancet
i:366-377.

25. Hildebrandt, J. F., L. W. Mayer, J. P. Wang, and T. M.
Buchanan. 1978. Neisseria gonorrhoeae acquire a new principal
outer-membrane protein when transformed to resistance to
serum bactericidal activity. Infect. Immun. 20:267-273.

26. Horwitz, M. A., and S. C. Silverstein. 1980. Influence of the
Escherichia coli capsule on complement fixation and on phago-
cytosis and killing by human phagocytes. J. Clin. Invest. 65:82-
94.

27. Howard, C. J., and A. A. Glynn. 1971. The virulence for mice of
strains of Escherichia coli related to the effects of K antigens on
their resistance to phagocytosis and killing by complement.
Immunology 20:767-777.

28. Jacks-Weis, J., Y. Kim, and P. P. Cleary. 1982. Restricted
deposition of C3 on M' group A streptococci: correlation with
resistance to phagocytosis. J. Immunol. 128:1887-1902.

29. Kozel, T. R., and E. Gotschlich. 1982. The capsule of Cryptococ-
cus neoformans passively inhibits phagocytosis of the yeast by
macrophages. J. Immunol. 129:1675-1680.

30. Miller, T. J., and H. 0. Stone. 1978. The rapid isolation of
ribonuclease-free immunoglobulin by protein A-Sepharose af-
finity chromatography. J. Immunol. Methods 24:111-125.

31. Moll, A., P. A. Manning, and K. N. Timmis. 1980. Plasmid-
determined resistance to serum bactericidal activity: a major
outer membrane protein, the traT gene product, is responsible
for plasmid-specified serum resistance in Escherichia coli. In-
fect. Immun. 28:359-367.

32. Musher, D. M., H. A. Verbrough, and J. Verhoef. 1981. Sup-
pression of phagocytosis and chemotaxis by cell wall compo-
nents of Staphylococcus aureus. J. Immunol. 127:84-88.

33. Ogata, R. T., and R. P. Levine. 1980. Characterization of
complement resistance in Escherichia coli conferred by the
antibiotic resistance plasmid R100. J. Immunol. 125:1494-1498.

34. 0rskov, F. 1978. Virulence factors of the bacterial cell surface.

J. Infect. Dis. 137:630-633.
35. Peterson, P. K., and P. G. Quie. 1981. Bacterial surface compo-

nents and the pathogenesis of infectious diseases. Annu. Rev.
Med. 32:29-43.

36. Peterson, P. K., D. Schmeling, P. P. Cleary, B. J. Wilkinson, Y.
Kim, and P. G. Quie. 1979. Inhibition of alternative complement
pathway opsonization by group A streptococcal M protein. J.
Infect. Dis. 139:575-585.

37. Peterson, P. K., J. Verhoef, L. D. Sabath, and P. G. Quie. 1977.
Effect of protein A on staphylococcal opsonization. Infect.
Immun. 15:760-764.

38. Peterson, P. K., B. J. Wilkinson, Y. Kim, D. Schmeling, and
P. G. Quie. 1978. Influence of encapsulation on staphylococcal
opsonization and phagocytosis by human polymorphonuclear
leukocytes. Infect. Immun. 19:943-949.

39. Pluschke, G., and M. Achtman. 1984. Degree of antibody-
independent activation of the classical complement pathway by
Kl Escherichia coli differs with 0 antigen type and correlates
with virtlence of meningitis in newborns. Infect.Immun. 43:
684-692.

40. Robbins, J. B., R. Schneerson, W. B. Egan, W. Vann, and D. T.
Liu. 1980. Virulence properties of bacterial capsular polysac-
charides-unanswered questions, p. 115-132. In H. Smith, J. J.
Skehel, and M. J. Turner (ed.), The molecular basis of microbial
pathogenicity. Dahlem Konferenzen (1980), Verlag Chemie
GmbH, Weinheim, Federal Republic of Germany.

41. Sharp, P. A., S. N. Cohen, and N. Davidson. 1973. Electron
microscope heteroduplex studies of sequence relations among
plasmids of Escherichia coli. II. Structure of drug resistance (R)
factors and F factors. J. Mol. Biol. 75:235-255.

42. Stevens, P., C. L. Chu, and L. S. Young. 1980. K-1 antigen
content and the presence of an additional sialic acid-containing
antigen among bacteremic K-1 Escherichia coli: correlation
with susceptibility to opsonophagocytosis. Infect. Immun. 29:
1055-1061.

43. Sutton, A., R. Schneerson, S. Kendall-Morris, and J. B. Rob-
bins. 1982. Differential complement resistance mediates viru-
lence of Haemophilus influenzae type b. Infect. Immun. 35:95-
104.

44. Verbrough, H. A., W. C. VanDijk, R. Peters, M. E. van der Tol,
and J. Verhoef. 1979. The role of Staphylococcus aureus cell-
wall peptido-glycan, teichoic acid, and protein A in the process-
es of complement activation and opsonization. Immunology
37:615-621.

45. Timmis, K. N., F. Cabello, and S. N. Cohen. 1975. Cloning,
isolation and characterization of replication regions of complex
plasmid genomes. Proc. Natl. Acad. Sci. U.S.A. 72:2242-2246.

46. Timmis, K. N., F. Cabello, and S. N. Cohen. 1978. Cloning and
characterization of EcoRI and HindIll restriction endonuclease-
generated fragments of antibiotic resistance plasmids R6-5 and
R6. Mol. Gen. Genet. 162:121-137.

47. Timmis, K. N., P. A. Manning, C. Echarti, J. K. Timmis, and A.
Moll. 1981. Serum resistance in E. coli, p. 133-144. In S. B.
Levy, R. C. Clowes, and E. L. Koenig (ed.), Molecular biolo-
gy, pathogenicity, and ecology of bacterial plasmids. Plenum
Publishing Corp., New York.

INFECT. IMMUN.


