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Background. Escherichia coli–bearing Dr-adhesins (Dr+ E. coli) cause chronic pyelonephritis in pregnant
women and animal models. This chronic renal infection correlates with the capacity of bacteria to invade epithelial
cells expressing CD55. The mechanism of infection remains unknown.

Methods. CD55 amino acids in the vicinity of binding pocket-Ser155 for Dr-adhesin were mutated to alanine
and subjected to temporal gentamicin-invasion/gentamicin-survival assay in Chinese hamster ovary cells. CD55/
microtubule (MT) responses were studied using confocal/electron microscopy, and 3-dimensional structure analy-
sis.

Results. Mutant analysis revealed that complement-protective CD55-Ser165 and CD55-Phe154 epitopes
control E. coli invasion by coregulating CD55–MT complex expression. Single-point CD55 mutations changed
E. coli to either a minimally invasive (Ser165Ala) or a hypervirulent pathogen (Phe154Ala). Thus, single amino acid
modifications with no impact on CD55 structure and bacterial attachment can have a profound impact on E. coli
virulence. While CD55-Ser165Ala decreased E. coli invasion and led to dormant intracellular persistence, intracellu-
lar E. coli in CD55-Phe154Ala developed elongated forms (multiplying within vacuoles), upregulated CD55–MT
complexes, acquired CD55 coat, and escaped phagolysosomal fusion.

Conclusions. E. coli target complement-protective CD55 epitopes for invasion and exploit CD55–MT complexes
to escape phagolysosomal fusion, leading to a nondestructive parasitism that allows bacteria to persist intracellularly.
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Escherichia coli–bearing Dr-adhesins (Dr+ E. coli), the
first CD55-recognizing pathogen described, can cause
chronic/recurrent infections. Dr+ E. coli are reportedly
associated with a risk of chronic pyelonephritis in preg-
nant women, recurrent cystitis, and chronic diarrhea in

children [1–4]. Dr+ E. coli use human CD55/decay ac-
celerating factor as the receptor to invade epithelial
cells [1]. CD55 is a cell surface protein that protects
host cells from lysis by autologous complement [5–7].
CD55 is also a receptor for multiple enteroviruses and
Helicobacter pylori, all of which have the capacity to es-
tablish chronic infections [8–14]. This poses the ques-
tion of how CD55, which is normally a host-protective
protein, promotes chronic/recurrent infections.

The attachment of Dr-adhesin to CD55 is a crucial
step that precedes E. coli invasion [15, 16]. Using a re-
combinant model of the CD55–E. coli–Dr-adhesin in-
teraction [17] and a 3-dimensional (3D) model of
human CD55-SCR3 [18], the Dr-adhesin binding site
was narrowed down to the SCR3 domain of CD55.
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A substitution of Ser155Ala and Ser165Leu (a rare polymor-
phism of human CD55 designated Dr[a-]) abolished binding of
Dr+ E. coli [17, 19]. CD55 residues Phe123, Phe148, Phe154,
and Ser165 confer complement protective function but not bac-
terial attachment [18].

Because the molecular mechanism of Dr+ E. coli invasion
remains unresolved, we evaluated a series of CD55 mutants for
their ability to promote the rate of invasion of and/or the fate of
Dr+ E. coli once internalized.

METHODS

Materials
Primary antibodies for CD55 (sc9156), β-actin (ab8227), and
tubulin (ab7291) were procured from Santa-Cruz Biotechnolo-
gies and Abcam (ab8227 and ab7291), respectively. Alexa Fluor
488/546 secondary antibodies were obtained from Invitrogen.

Plasmids
The EGFP-LC3 construct was a kind gift from Dr Waldemar
Popik, Meharry Medical College, Nashville, TN.

CD55 SCR3 Mutants
The construction, characterization, and transfection of human
CD55 SCR2/SCR3 mutants in CHO cells has been described
elsewhere [18].

Bacterial Strains, Cell Lines, and Growth Conditions
Dr-fimbriated pyelonephritis strain IH11128 (O75:K5:H−) was
grown on Luria–Bertani (LB) agar at 37°C. E. coli EC901 strain
BN406, containing plasmid pBJN406 (expressing Dr-adhesin
[Dr+], and its transposon mutant [BN 17] with a mutation in
draE adhesin subunit gene [Dr−]), was grown on LB agar con-
taining chloramphenicol (25 μg/mL) [1]. The expression of
Dr fimbrae by E. coli was evaluated by determining the
minimal hemagglutination titer as detailed in the Supplemen-
tary Methods. The maintenance of Chinese hamster ovary
(CHO) K-1 (American Type Culture Collection, CCL61) cells
has been described elsewhere [18].

Binding and Invasion Assays
The assays are detailed in the Supplementary Materials. Briefly,
for the invasion assay, CHO cells expressing wild-type (WT) or
mutated CD55 were infected with bacteria for 3 hours at 37°C.
Extracellular bacteria were killed with gentamicin. Cells were
then washed and lysed and the lysate plated on L-agar plates
and incubated at 37°C. The colonies were counted and results
expressed as colony-forming units per well.

For the modified invasion assay, monolayers were incubated
with bacterial suspension for time periods ranging from 15
minutes to 3 hours. Monolayers were then processed as was
done for the invasion assay.

Intracellular Survival Assay
CHO cell monolayers were incubated with bacterial suspen-
sions for 1 hour at 37°C to allow for invasion. Monolayers were
washed with F-12 plus gentamicin (200 mg/mL) and incubated
in the same medium for 1–2 hours. Cells were then washed,
lysed, and plated, as was done for the invasion assay. Since ex-
tracellular bacteria were killed, recovered colonies represented
bacteria that survived.

Labeling of Bacteria
The bacteria were fluorescently labeled using Alexa Fluor 488
(AF488) or 633 (AF633) protein labeling kits (Invitrogen).
AF488-labeled bacteria were used in experiments for labeling
only microtubules (MT); AF633-labeled bacteria were used for
CD55–MT costaining experiments.

Immunofluorescence Microscopy
CHO cells were cultured on glass coverslips in 24-well plates
for 24 hours, rinsed with phosphate-buffered saline (PBS), and
fixed in 4% paraformaldehyde for 20 minutes at room tempera-
ture. Thereafter, cells were washed with PBS (×3) and permea-
bilized with ice-cold 100% methanol for 10 minutes at −20°C.
The cells were washed with PBS (×3), blocked in 1:1 blocking
buffer (LI-COR Biosciences) and PBS, and incubated with
primary antibodies (CD55/MT at 1:200) overnight at 4°C in
blocking buffer with 0.1% Tween-20. Slides were then washed 5
times with PBST (PBS with 0.1% Tween-20) followed by a 1-
hour incubation with the Alexa Fluor secondary antibody. The
slides were washed with PBST (×5), mounted in SlowFade Gold
antifade reagent (Invitrogen), and examined using a confocal
laser scanning microscope (Nikon A1R).

Proximity Ligation Assay
The proximity ligation assay (PLA) was performed to detect
CD55–MT interactions in situ. The assay was performed using
a Duolink II fluorescence kit (Olink Biosciences). Details are
included in the Supplementary Materials.

RESULTS

Dr+ E. coli Recognize CD55 Ser165Ala Invasion Epitope
The CD55 mutants that were used involved primarily alanine
substitutions of selected amino acids in the structurally con-
served SCR2/SCR3 regions of CD55. SCR mutants were ana-
lyzed to identify the hypothetical internalization domain that
allowed Dr+ E. coli to invade epithelial cells. For this purpose,
a standard 3-hour gentamicin protection/invasion assay was
performed. All experiments were done using a clinical isolate
of Dr+ E. coli (IH11128) and a control Dr− E. coli Dr14
(IH11128ΔDr) as described [20] and of recombinant Dr+ and
Dr− E. coli as shown in Supplementary Figure 1. CD55 mutants
were classified into 5 groups based on their E. coli binding and
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invasion characteristics (Table 1); 5 alanine mutants from this
list were used in this study. In each case, their properties were
compared with WT-CD55 or vector-transfected (CD55−)
CHO cells. They included S165A (normal binding characteris-
tics but a significantly lower invasion rate), G159A (reduced E.
coli binding and invasion rates), F123A (normal binding and
invasion rates), and 2 group V mutants (F148A and F154A)
that have normal binding characteristics along with a signifi-
cantly elevated rate of invasion. The positions of mutated key
AA residues on the CD55 SCR2/SCR3 region that were used
are depicted in Figure 1A. The levels of CD55 expression on se-
lected mutants were similar, as evaluated by flow cytometry/
Western blotting (Supplementary Table 1; Supplementary
Figure 1).

Figure 1B shows the results of an E. coli invasion assay using
CHO cells expressing WT-CD55(+), CD55 mutants, or
CD55(−) control. There was a significant reduction in the
number of colony-forming units per well in the invasion-
deficient S165A mutant and modest to no changes in invasion
with G159A and F123A mutations, but a significantly higher
number of E. coli were found intracellularly when either
mutant F148A or F154Awas used.

Ser165Ala Decelerates While Phe154Ala Accelerates Initial
Phase of Invasion
In order to investigate the mechanism involved in the reduced
ability of E. coli to invade S165A, we focused on the rate of
entry at early stages of invasion when both intracellular multi-
plication and killing would have no, or minimal, effect. The
overall time-dependent invasion rates (between 15 and 60
minutes) for S165A and other mutants are shown in Figure 1C.

It took at least 15 minutes to observe a demonstrable invasion
of E. coli in various groups (Figure 1D). Therefore, this may
represent time required for the initial binding, signaling, and
cytoskeleton-related processes to occur that result in invagina-
tion and internalization. The most rapid increase in internaliza-
tion of E. coli occurred within 15–30 minutes. Clearly, after
90–180 minutes, CD55(−) and S165A had the fewest colony-
forming units, while F148A and F154A had the most
(Figure 1E).

With this extended period of incubation, however, the ques-
tion arose as to whether or not these findings included a com-
ponent of intracellular multiplication or destruction of bacteria.

Ser165Ala Promotes Dormant Persistence While Phe154Ala
Promotes Intracellular Multiplication
We then focused on the survival patterns of bacteria using
an intracellular survival assay (Figure 1F–H). CHO cells con-
taining WT-CD55 and mutants S165A, G159A, and F123A
appeared to stay dormant with a steady number of colony-
forming units (Figure 1F). A parallel evaluation of AF488
showed a lack of any dividing E. coli or stained bacterial debris,
suggesting the absence of intracellular multiplication and/or
killing (see below). Unexpectedly, E. colimutant F154A showed
a dramatic decrease in colony-forming units (to less than half )
at 60 minutes; this increased again at 120 minutes, indicating
an alternating cycle of killing and multiplication (Figure 1G).
In contrast, the number of colony-forming units in mutant
F148A doubled at 60 minutes compared with the number at 30
minutes and then decreased rapidly to less than half at 120
minutes (Figure 1H). This led us to consider that once internal-
ized, CD55 mutants either led to a seemingly dormant intra-
cellular persistence of E. coli (G159A and F123A) or were
subjected to processes of destruction and/or duplication
(F154A and F148A).

To support or refute these suppositions, we used transmis-
sion electron microscopy (TEM) and fluorescence confocal
microscopy analyses as described below.

TEM Analysis of CD55 SCR3 Mutants
After a 2-hour invasion, TEM analysis of WT-CD55 identified
intracellular vacuoles, each containing a single bacterium
without evidence of multiplication (Figure 2A). Similar obser-
vations were made for S165A (data not shown). In contrast,
several other types of vacuoles were observed in mutants
F148A and F154A (Figure 2B–F). Bacteria occurred in clusters
in these mutants and formed microcolonies. In F154A, 4 bacte-
ria were found in a vacuole with tightly apposing, limiting
membranes; this suggests that this vacuole was formed as a
result of fusion of the 4 individual vacuoles to form a microcol-
ony (Figure 2B). Nevertheless, some microcolonies in mutants
F148A/F154A appeared to be formed by E. coli multiplication
within a tight vacuole (Figure 2C). Other vacuoles contained

Table 1. Effect of CD55 Mutations on Attachment and Invasion
of Dr+ Escherichia coli

Group
CD55+ and
Mutants

% Binding vs
CD55+

% Invasion vs
CD55+

CD55+ 100 100
Group I (CD55−) (0*) (10*)

S155A 0* 1.6*

C156A 0* 2.0*
S165L 0* 0.4*

Group II G159A 40* 77

Y160A 25* 35*
L162A 25* 34*

Group III S165A 100 28*

Group IV F163A 75 100
L171A 80 74

F123A 95 84

Group V F148A 100 142*
F154A 100 201*

Asterisk (*) indicates statistical significance (P≤ .05) compared withWT-CD55+.
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Figure 1. CD55 SCR3 mutants differ in Escherichia coli invasion and survival capacities. A, Location of mutated amino acids on CD55’s SCR2 and SCR3
domains. This figure was obtained using Cn3D (PubMed structure). The yellow labels represent amino acids mutated for the study. B, Results from a 3-hour
Dr+ E. coli invasion assay using Chinese hamster ovary (CHO) cells expressing wild-type (WT) and mutated human CD55; the CD55(−) control represents
group I mutants with no binding or invasion characteristics. Other mutant group representatives (all selected mutants are alanine substitutions) include
group II (G159), group III (S165), group IV (F123), and group V (F148 and F154). Results are shown as means ± standard deviation (SD; n = 3). Asterisk (*) in-
dicates significance (P≤ .05) vs CD55(+) WT control. C, Results from temporal invasion assays with invasion stopped at earlier time points (15, 30, 45, or
60 minutes). D, Results from invasion assays stopped at 15 or 30 minutes; data are reported using expanded scales for both time points. E, Invasion results
from assays stopped at 90 minutes and 180 minutes. F, Survival assay comparing WT, mutant, or CD55(−) CHO control cells that had no significant change
in the number of bacteria within CHO cells between 30 and 120 minutes. G, Mutant F154A survival assay data supporting killing followed by multiplication
of bacteria over time. H, Mutant F148A survival assay data supporting multiplication followed by killing of bacteria over time. Results shown are mean ±
SD for 3 independent experiments.
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multiple bacteria or intact E. coli along with bacterial debris
(Figure 2E and 2F). Overall, unlike Shigella, where bacteria
escape to the cytoplasm to multiply, Dr+ E. coli appear to be
able to multiply within vacuoles [21–23].

Fluorescence confocal microscopy findings were consistent
with TEM results. Confocal microscopy showed single 1- to
3-µm dormant intracellular E. coli without evidence of division
and/or elongation in WT-CD55 and S165A, while F148A and
F154A contained elongated (20-µm, see below) and dividing
bacteria, with clusters of microcolonies localized below the cell
membrane.

CD55 SCR3 Mutations and E. coli–MT Interaction as Evidenced
by Confocal Fluorescence Microscopy
Our previous studies showed that depolymerization of MT with
nocodazole abolished invasion [20]. Here we investigated
whether mutations in CD55 affected bacterial interactions with
the MT network and therefore their disposition and fate within
cells. WT and mutant CD55-expressing CHO cells were infect-
ed with AF488-labeled Dr+ E. coli for 30 minutes, 90 minutes,

or 3 hours. Figure 3A shows a 3D reconstruction of the confo-
cal microscopy images, indicating the interaction between bac-
teria (green) and MT (red). E. coli appear tethered to MT in
both controls and mutants, as shown in the insets in the 3-hour
images (Figure 3A). To show their close association, the average
Pearson correlation coefficient values for WT-CD55 ranged
from 0.592 to 0.624 at 30 and 90 minutes and at 3 hours. Com-
pared with WT-CD55, the level of association with MT was far
more pronounced in F148A and F154A, but significantly
reduced in S165A, and absent in CD55(−) cells (20 random
cells were evaluated for each; Supplementary Figure 2). Likely
the heightened invasion kinetics in CD55 mutants F148A and
F154A as well as the propensity to form microcolonies once in-
ternalized (arrows in F148A and F154A) produced some of the
observed intense MT staining patterns. We found that F148A
had an 86% ± 5% and F154A had a 91% ± 4% greater propensi-
ty to form microcolonies compared with WT-CD55 cells. We
also quantitated MT staining intensity and performed Western
blot analysis (not shown) and found that mutants F154A and
F148A showed 2- and 2.5-fold increases, while mutant S165A

Figure 2. Transmission electron microscopy analysis of Escherichia coli invasion in wild-type (WT)-CD55 and mutants F148A and F154A. A, Dr+ E. coli
2-hour invasion results of Chinese hamster ovary (CHO) cells containing WT-CD55 showing a tight vacuole containing a single bacterium. B, Dr+ E. coli
2-hour invasion results of CHO cells containing CD55 mutant F154A showing a microcolony containing 4 bacteria in a tight vacuole. The arrows indicate
the tightly apposing limiting membranes of 4 individual vacuoles fusing to form the big vacuole. C, Following a 2-hour invasion assay, a CD55 mutant
F148A example showing a dividing bacterium within a single vacuole. D, Mutant F148A showing a larger colony with several bacteria, each within its own
vacuole (arrows point to individual bacteria within their own vacuoles). E, Mutant F148A showing a loose vacuole containing 4 bacteria and some debris
after a 2-hour invasion. F, Mutant F154A showing a loose vacuole containing 2 bacteria and some bacterial debris after a 2-hour invasion (arrows point to
the bacterial debris). Bar = 500 nm.
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Figure 3. Dr+ Escherichia coli interact with microtubules (MT) and MT and CD55 follow the same expression patterns in wild-type (WT) and mutant
CD55 expressing Chinese hamster ovary (CHO) cells. A, Immunofluorescence confocal microscopy images showing invasion of Dr+ E. coli in CHO cells ex-
pressing WT-CD55, mutated CD55, or cells lacking CD55(−). Red = MT and green = bacteria. The panels indicate projected images of internal Z stacks (60
× magnification) of 0.5 μm each. Mutants F148A and F154A showed an increased invasion capacity compared with WT-CD55, while mutant S165A
behaved like the negative control CD55(−). White arrows in WT-CD55 panels indicate a single bacterium. Arrows in mutants F148A and F154A indicate
larger microcolonies of bacteria. Insets in 3-hour images show bacteria apparently tethered to, or in very close association with MT. B, Quantitation of MT
fluorescence intensity (MtRelFl) at 3 hours for WT-CD55, mutants, and negative controls. Values represent the mean ± standard deviation (SD) obtained
from at least 20 cells. All images were taken at the same intensity (set at 5) and gain (set at 3) with a pixel dwell time of 1.1 μs/pixel. C, Graphic represen-
tation of the densitometric analysis of immunoblots showing changes in CD55 protein expression upon infection of WT and mutant CD55 expressing CHO
cells with Dr+ E. coli. Quantitation and analysis of bands were performed using Odyssey software. β-actin was used as a normalization control, and the
results are expressed relative to the level of β-actin. Asterisk (*) indicates significance, P≤ .05, vs CD55+ controls. Values are mean ± SD (n = 3).
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showed about a 2-fold decrease in MT fluorescence intensity
compared with WT-CD55 after a 3-hour invasion (Figure 3B).
This increased and/or decreased MT fluorescence intensity cor-
responded to the E. coli invasion assay results at 3 hours
(Figure 1B), which in turn supports the concept that MT ex-
pression and the level of bacteria internalization are correlated.
MT in CD55(−) CHO cells remained unaffected, presumably
due to the lack of CD55 receptors and therefore the lack of sig-
nificant bacterial attachment or invasion.

As the invasion of E. coli is also dependent upon the density of
CD55, we determined whether changes in MT density correlated
with changes in CD55 protein expression. After infection with
E. coli, expression of CD55 in F148A and F154A increased ap-
proximately 2-fold, while S165A had about half as much expres-
sion as WT-CD55, as shown byWestern blot analysis (Figure 3C)

and immunostaining (data not shown). Therefore, the changes in
CD55 density corresponded to the changes in MT immunofluo-
rescence intensity. We also considered that CD55 and MT were
physically associated. Thus, we performed confocal microscopy
on WT-CD55 cells infected with labeled bacteria (AF633, blue)
for 3 hours and stained for both CD55 (green) and MT (red)
(Figure 4A) after removing extracellular bacteria with gentamicin.

We noted that E. coli were bound to CD55 molecules that
either colocalized with MT or with CD55–MT “complexes”
within CHO cells (note the arrow in Figure 4A points to a single
bacterium at the base of each panel). We also observed that MT
were decorated with CD55 molecules, as shown by the overlay,
thereby producing a yellow color (arrows in Figure 4B). The
heavy staining of the bacteria-associated CD55 does not allow for
the visualization of MT-associated CD55 in panel A of Figure 4.

Figure 4. Dr+ Escherichia coli bind to a complex including microtubules (MT) and CD55 and develop a CD55-mutant–dependent morphological plasticity.
A, Wild-type (WT)-CD55–containing Chinese hamster ovary (CHO) cell assays only. Taken from a 3-hour E. coli invasion assay. Examples show a colocaliza-
tion overlay, followed by E. coli (blue), CD55 (green), and MT (red) immunofluorescences alone. Arrows indicate the position of a single E. coli that is colo-
calized with CD55 and MT, as an example. B, WT-CD55–containing CHO cell assays only. From a 3-hour invasion assay that shows colocalization of CD55
and MT yielding a yellow overlay. Arrows pinpoint various spots and indicate colocalization of CD55 and MT. C, Four comparative overlays. A comparison
of E. coli 3-hour invasion assays using WT-CD55 or selected CD55 mutants (S165A, F148A, and F154A). Individual figures show the differences in the
number of bacteria invading the cells and also the different forms of E. coli with respect to size and extent of CD55 coating (white arrows, bacteria that
were heavily coated with CD55; yellow arrows, bacteria that were lightly coated with CD55; and fuchsia arrows, bacteria that had an undetectable CD55
coating). Alexa Fluor 633–labeled bacteria (blue) were used to infect cells in these experiments. A–C are projected images of Z stacks (60 × magnification),
0.5 μm each.
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Finally, we identified the following 3 patterns of E. coli stain-
ing within cells (Figure 4C): (1) bacteria that were heavily
coated with CD55 (F148A/F154A, white arrows), (2) bacteria
that were lightly coated with CD55 (WT, yellow arrow), and (3)
bacteria that had an undetectable CD55 coating (fuchsia
arrows). In addition, elongated bacteria were always heavily
coated with CD55 but they had a 50%–80% reduction in blue
staining compared with other bacteria in WT cells, which is
consistent with an interpretation that the amount of staining
per unit of E. coli length was reduced due to their intracellular
elongation. We also noted that while WT-CD55 contained few
to no elongated/filamentous E. coli, mutants F148A and F154A
contained 3–4 times more filamentous bacteria (Figure 4C), in-
dicating that the formation of elongated forms may be depen-
dent upon the CD55 genotype.

CD55 and MT Form Molecular Complexes
To determine if costaining of CD55 and MT resulted only from
coincidental/functional coexpression or represented a close mo-
lecular association, we studied the proximity between CD55 and

tubulin proteins using a PCR-based PLA. Using WT-CD55
(Figure 5A), the PLA showed fluorescent green spots, indicating
that CD55/MT were within ≤40 nm of each other [24]. When
the primary antibodies were omitted in the assay (data not shown)
or when the CD55(−) controls were used, these green spots were
not produced, indicating the specificity of results (Figure 5B).
The number of CD55 and tubulin molecules that were in close
association (55–90 dots/cell) decreased upon treatment of the
cells with the MT depolymerizing agent nocodazole (NDZ) at
5 µg/µL for 1 hour (few or no dots; Figure 5C). Overall, these
results demonstrate that CD55 and MT are physically associated
and that NDZ dissociates these CD55–MT complexes.

Dr+ E. coli Escape Phagolysosomal Fusion
Our EM data indicate that E. coli persist within tight vacuoles,
suggesting they escape phagolysosomal fusion. To investigate
this further, we transfected WT-CD55 CHO cells with the au-
tophagosome marker EGFP-LC3. These cells were infected
with AF633-labeled E. coli (red) for 3 hours, fixed after the
removal of extracellular bacteria, and examined by confocal

Figure 5. CD55 and microtubules (MT) form molecular complexes. A, In situ proximity ligation assay (PLA) showing green spots (from fluorescein
isothiocyanate–labeled probe) indicate the close association of CD55 and MT as seen by immunofluorescence (60 × magnification) in wild-type (WT)-CD55
cells. B, PLA showing WT-CD55 cells after nocodazole (NDZ) treatment (5 µg/µL for 1 hour). C, CD55 (−) Chinese hamster ovary cell patterns. Diamidino-2-
phenylindole (blue) was used to stain the nuclei.
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microscopy. As shown in Figure 6A, bacteria did not colocalize
with EGFP-LC3, suggesting that Dr+ E. coli escaped phagolyso-
somal degradation.

Molecular Models of CD55 SCR3 and Ser165 Mutants Defective
in E. coli Invasion
Our calculations with GETAREA [25–27], using an experimen-
tal structure of CD55 SCR3, showed that Ser165 is located on
the exposed surface of the molecule. The models for WT vs the
Ser165 mutant showed a small backbone root mean square de-
viation of 0.28Å. Calculated electrostatic potentials, using
MOLMOL, were mapped onto the surface of the models of
mutant and WT-CD55 SCR3 (Figure 6B). The red patch indi-
cates the presence of a negative potential developed by the pres-
ence of polar or charged atoms. WT-CD55 SCR3 shows a large
polarized area (red) in the region surrounding Ser165. There was
a significant change in this distribution in point mutants
Ser165Ala and Ser165Leu (Figure 6C and 6D) compared with
WT. A hypothetical possibility exists that the presence of charged
or polar atoms contributes to the CD55–MT association.

DISCUSSION

Dr+ E. coli can cause chronic/recurrent infections [2–4, 28–33].
Previously, we developed an experimental animalmodel of chronic
pyelonephritis with Dr+ E. coli in which infection was abolished
by mutation of Dr-adhesin, which inactivated invasion [34]. In
the current study, we describe how Dr+ E. coli use CD55 recep-
tors to invade and persist within the intracellular environment.

CD55 SCR3 single-point mutants were analyzed to identify
the internalization domain for Dr+ E. coli.While Ser165Ala de-
creased invasion, Phe154Ala significantly increased invasion.
As Ser165 and Phe154 are important for the protective function
of CD55 against complement autolysis and at the same time in-
fluence invasion, one may speculate that Dr+ E. coli exploit
pathways established for host cells to escape complement injury
in order to persist intracellularly [18, 20, 34]. Surprisingly, while
S155A abolished binding, the adjacent F154A did not impact
binding but enhanced invasion. This observation is consistent
with the apparent strategy of E. coli to separate binding and in-
vasion into 2 closely spaced but distinct events involving

Figure 6. Dr+ Escherichia coli escape phagolysosomal fusion in WT-CD55 Chinese hamster ovary (CHO) cells; modeled structures of CD55 SCR3 generated
using MPACK showing CD55 SCR3 and Ser165 mutants. A, Wild-type (WT)-CD55 expressing CHO cells transfected with EGFP-LC3 were infected with Alexa
Fluor 633–labeled Dr+ E. coli (red) for 3 hours. White arrows in the merged inset image show that bacteria do not colocalize with LC3. The panels are projected
images of Z stacks (60 × magnification) 0.5 μm each. B, The negatively charged surface in Ser165 and Asp181 of WT-CD55 is indicated by arrow 1, and the
surface of Dr-adhesin binding site is indicated by arrow 2. This figure was generated using MOLecule analysis and MOLecule display (MOLMOL). Other key res-
idues (D181, K161, and R139) are also noted. Areas in red have a negative potential of −0.5 units and those in blue have a positive potential of +0.5 units. C,
A modeled structure of a CD55 Ser165Ala mutant that binds to Dr+ E. coli as well as WT-CD55 but has a significantly reduced capability of promoting the inva-
sion of bacteria. D, A modeled structure of a CD55 Ser165Leu mutant that neither binds to Dr+ E. coli nor promotes its invasion capabilities.
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separate single CD55 AA residues [35]. One may consider that
the Ser155-binding domain allows colonization by multiple E.
coli, while Ser165 permits only a few bacteria to invade, leading
to an intracellular colonization that may serve as a reservoir for
chronic/recurrent infection. Alternatively, invasion via the hypo-
thetical single-attachment invasion epitope (Ser155-Phe154Ala)
could allow bacteria to achieve an overwhelming level of invasion
that, instead of a chronic subclinical process, turns into an acute
infection that could damage both host and pathogen.

To further define the mechanistic role of Ser165 and Phe154,
we analyzed temporary invasion patterns of E. coli and discov-
ered that Ser165Ala decelerated, while Phe154Ala accelerated
bacterial invasion at an early entry stage. The acceleration/de-
celeration pattern was associated with the pathogen’s capacity
to upregulate/downregulate CD55 in a corresponding fashion.
We propose that the resulting crosstalk between Dr-adhesin
and CD55 invasive epitopes defines the quantitative and/or
qualitative status of MT, which likely serve as an E. coli translo-
cation vehicle while passing through the cell membrane.

We also found that these CD55 mutants represent separate
survival classes that respond differently to infection by Dr+
E. coli. WT-CD55, G159A, F123A, and S165A had flat survival
curves (a constant number of bacteria), which supports the pro-
posed mechanism of a dormant, nonproliferative tissue reser-
voir that permits chronic/recurrent infections. Unexpectedly, E.
coli in F154A and F148A showed a pattern of rapid bacterial
multiplication alternating with a limited rate of killing. To our
knowledge, this study provides the first experimental evidence
that indicates that a single-point mutation in a host receptor
may change a dormant intracellular microorganism into a hy-
pervirulent pathogen. This implies that an evolution of the host
may have reshaped an aggressive host–pathogen interaction to
a less violent coexistence strategy.

The modeling study revealed changes in the distribution of
negative potential in Ser165 mutants. These changes could
impact Dr-adhesin–CD55-receptor interactions, leading to a
much lower invasion rate. Although the role of charge distribu-
tion in pathogen–host receptor entry is not well understood, it
is recognized that residues that contribute to a negative surface
can help determine ligand selectivity [36].

After mapping the invasion epitope to Ser165, we traced the
location of intracellular E. coli and found that it colocalized
with MT. Further mutant analysis revealed that invasion rates,
MT density, and CD55 expression in the CD55 mutants fol-
lowed the same patterns. Confocal microscopy and PLA proved
that CD55 and MT were close enough to form a molecular
complex. Although the role of CD55 as a regulator of comple-
ment activation has been investigated for years, the literature
does not show that the complement system and CD55, in par-
ticular, may involve the cytoskeleton and MT. We postulate
that the CD55–MT complex plays a previously unrecognized
function in regulating pathogen survival.

An intriguing finding was that CD55-coated intracellular E. coli
in WT-CD55 and selected CD55 mutants displayed plasticity.
Horvath and others from Hultgren group suggested that uropa-
thogenic E. coli use morphological plasticity (elongated forms) as
a way to subvert host immunity [37]. We therefore considered
that bacteria coated with WT-CD55/MT are recognized by host
cells as a self-antigen andhence theyevade the elimination process.
In contrast, E. coli, sensing CD55-F154A/MT complexes, form
destruction-resistant, highly virulent elongated forms.

To elaborate how E. coli survive intracellularly, we looked at
phagolysosomal degradation, which is a prominent player in
the elimination of intracellular pathogens. We postulated that
Dr+ E. coli may have evolved like some intracellular bacteria,
for example, Legionella, Brucella, and Mycobacterium tubercu-
losis, to escape phagolysosomal fusion in order to survive [22–
23]. Our data also support our hypothesis that E. coli developed
an alternate, as-yet-unknown strategy that involves CD55/MT
complexes to achieve this survival.

While further studies to define the signals/molecular mecha-
nisms involved in the subversion of autophagy by Dr+ E. coli
are underway, the findings presented here add to our under-
standing of the cellular mechanisms that allow CD55-mediated
intracellular survival of these bacteria. Understanding Dr+
E. coli host–cell interactions may allow us to identify new targets
(like CD55–MT complexes) and design strategies to treat and/
or prevent chronic/recurrent urinary tract infections.
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