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ABSTRACT 

IbeA is an important invasion determinant contributing to Escherichia coli K1 entry into brain microvascular endothe-
lial cells (BMEC) that is a key step in the pathogenesis of E. coli meningitis. Our previous studies have shown that 
IbeA-induced signaling and E. coli K1 invasion is mediated by two IbeA-binding proteins, vimentin, which is constitu-
tively present in the surface of human BMECs (HBMECs), and PSF, which is inducibly expressed in both mesenchymal 
(endothelium) and non-mesenchymal (epithelium) cells. However, it is unknown whether p54nrb, a PSF partner protein, 
could contribute to the pathogenesis of E. coli K1 meningitis. Here, we reported that a 54-kDa protein was identified by 
copurification with PSF through IbeA-affinity chromatography as an IbeA-binding protein, which is identical to p54nrb. 
Both p54nrb and PSF are RNA-binding proteins and share significant sequence homology. The specific interaction be-
tween IbeA and p54nrb was confirmed by Western blot and ligand overlay assays. Recombinant p54nrb blocked E. coli 
K1 invasion of human BMEC very effectively. Overexpressed p54nrb as a GFP fusion protein in the transfected 293T 
cells significantly enhanced E. coli K1 invasion. Furthermore, higher levels of surface p54nrb in the transfected 293T 
cells were detected by flow cytometry. These results suggest that the IbeA invasion protein of E. coli K1 interacts with 
p54nrb for bacterial invasion of human cells. 
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1. Introduction 

Despite the availability of effective bactericidal antibiot- 
ics over the last sixty years neonatal bacterial meningitis 
remains an important cause of high mortality and mor- 
bidity [1-4]. Escherichia coli is the most common cause 
of neonatal meningitis [2] and the K1 encapsulated strains 
are most commonly acquired by neonates via vertical 
transmission from the maternal genital tract in utero or 
during passage through the birth canal [2]. Most cases of 
bacterial meningitis in newborns develop as a result of 
hematogenous spread. One of the most important issues 
in the pathogenesis of E. coli meningitis is how circulat- 
ing pathogens cross the blood-brain barrier (BBB). Strains 

causing meningitis possess traits that distinguish them 

from commensal strains of E. coli and other pathogenic 
strains such as those causing diarrhea and urinary tract 
infection. Characteristically, meningitic strains of E. coli 
are composed of a restricted number of O serogroups (O1, 
O2, O7, O18, O83), produce S fimbriae, express IbeA, 
and predominately carry K1 capsule (over 84%) [1-3]. 

The presence of these features implies that meningitic 
strains possess a defined set of virulence determinants that 
allow the bacterium to penetrate the BBB and enter the 
central nervous system. An in vitro brain microvascular 
endothelial cells (BMEC) culture model with characteris- 
tics of the BBB has been established for dissecting the 
molecular and cellular mechanisms of E. coli crossing of 
the BBB. Using this cell culture model, we and others 
have shown that efficient penetration of E. coli across the 
BBB is mediated by multiple factors. Several genetic de- 
terminants, including ibeA, ibeB, yijP, aslA, traJ, cnfI and 
ompA, are required for E. coli crossing of the BBB [1-4]. 
However, the ibeA gene encoding a 50-kDa protein has 
been found to be unique to pathogenic E. coli K1 strains 
(e.g., C5 and RS218), while laboratory strains of E. coli 
K-12 (e.g., DH5 and HB101) as well as noninvasive E. 
coli K1 (e.g., E412) lack ibeA [1-3,5-8]. 

In support of the role of IbeA in E. coli K1 invasion, 
bacterial entry of human BMECs involves a complex in- 
terplay of IbeA with the host cell receptors and is associ- 
ated with activation of specific signaling pathways [9-11]. 
Receptor-mediated mechanisms also play an important *Corresponding author. 
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role in biological functions of nicotine [12]. The in- 
volvement of α7 nicotinic acetylcholine receptors (α7 
nAChRs) and IbeA-binding proteins (IBPs) in nicotine- 
induced stimulation of E. coli invasion has been demon- 
strated by using α7 antagonists and IbeA. Soluble IbeA 
protein markedly abolished both the nicotine-induced 
enhancement and the baseline activity of bacterial inva- 
sion in human BMECs. These findings suggest that IbeA 
and its receptors play an important role in both the nico- 
tine-induced enhancement and the baseline activity of 
IbeA+ E. coli K1 invasion. These studies suggest that E. 
coli invasion proteins (i.e., IbeA) and their receptors 
transduce their signal to a common pathway that can be 
synergistically enhanced by nicotine-mediated signaling 
by α7 nAChRs during E. coli invasion of nicotine-stimu- 
lated human BMEC. Our studies have further shown that 
signal transductions and cytoskeletal rearrangements me- 
diated by phosphatidylinositol 3-kinase (PI3K), and cal- 
cium signaling-mediated by calmodulin kinase II (Cam- 
KII) are required for IbeA+ E. coli K1 invasion of human 
BMEC under stimulation with and without nicotine [9-11]. 
Blocking of PI3K (LY294002) and CamKII (KN93) 
abolished the entry of IbeA+ E. coli K1 in BMECs in a 
dose-dependent manner. CamKII-mediated calcium sig- 
naling is required for both the IbeA receptor vimentin- 
and α7 nAChR-induced inflammatory responses [10-11]. 
These data suggest that the IbeA receptors and α7 nAChR 
could contribute to meningitic inflammation through the 
common pathway of CamKII-mediated signaling. 

In order to understand how E. coli invasion proteins 
interact with BMEC to initiate the signaling required for 
bacterial entry, a 50-kDa IbeA-binding protein on the 
surface of human BMECs was identified as vimentin [13]. 
A similar human BMEC surface protein (IBP55) was pre- 
viously revealed by immunoblotting with an anti-bovine 
IBP55 antibody [14]. IbeA, IBP55 and the anti-IBP55 
antibody were able to block E. coli invasion of human 
BMEC [14]. However, the identity of IBP55 is unknown. 
In our further effort to elucidate the role of IbeA-binding 
proteins in the pathogenesis of E. coli K1 meningitis, a 
100-kDa IbeA-binding protein (IBP100) was purified and 
identified as polypyrimidine tract-binding protein (PTB)- 
associated splicing factor (PSF) [15]. Protein sequence 
comparison shows that PSF has significant sequence ho- 
mology with another RNA-binding protein p54nrb, which 
is encoded by a different gene. Bladen et al. demonstrated 
that p54nrb is a pre-mRNA splicing factor [16]. Besides 
RNA-binding and DNA-binding properties, p54nrb is 
able to interact with several proteins including PSF and 
DNA topoisomerase I [15]. In this study we identify 
IBP55 as p54nrb and demonstrate the role of human 
p54nrb protein in IbeA-mediated E. coli K1 invasion of 
human cells. Like another multi-functional intracellular 
protein nucleolin which is translocated to the Hep-2 cell 

surface as a receptor for E. coli O157:H7 [17], p54nrb can 
serve as a binding protein on the BMEC surface for IbeA.  

2. Materials and Methods 

2.1. Bacterial Strains, Mammalian Cell Lines  
and Reagents 

E. coli E44 is a rifampin-resistant virulent strain derived 
from RS218 (O18:K1:H7) [1,2]. E. coli DH5α was used for 
subcloning and BL21 (DE3) for expressing recombinant 
proteins. The mammalian cells used are human BMEC [2] 
and human embryonic kidney cell 293T, which were 
grown at 37˚C in 5% CO2 in RPMI1640 medium (Media- 
tech) with 10% fetal calf serum. Restriction endonucleases 
and other enzymes were purchased from New England 
Biolabs (Beverly, Mass). The anti-IBP55 (Ibe10R) anti- 
body was prepared by immunizing rabbits with bovine 
BMEC membrane proteins bound onto IbeA-Ni-Sepharose 
column [14]. Anti-His6 and GST monoclonal antibodies 
were generous gifts from Dr. Yu-Zhou Yang. All other 
chemicals and antibodies were obtained from Sigma (St. 
Louis, Mo.) unless otherwise stated. 

2.2. Bioinformatics Approaches 

DNA and protein sequence analysis was done with pro- 
grams developed by Scientific & Education Software 
(Durham, NC). DNA and deduced protein sequences 
were used to search the DNA and protein databases at 
NCBI/NIH by using BLAST and PSI-BLAST [18]. SIM 
alignment program was used for alignment of two pro- 
tein sequences [6]. 

2.3. Protein Expression and Purification 

The expression and purification of recombinant proteins in 
E. coli were carried out according to protocols of manu- 
facturer (Novagen). The GST-IbeA expression construct 
pGEX17A [15] and the control vector pGEX-KG [19] 
were transformed into E. coli DH5α and the constructs for 
expression of His tag-containing proteins (pET17A [5], 
pET28A-p54nrb [20] and pET15b-PSF [21]) were trans- 
formed into E. coli BL21 (DE3). Purification of GST-IbeA 
and GST was carried out with glutathione sepharose col- 
umns (Pharmacia Biotech). His-tagged proteins purifica- 
tion was performed under denatured condition (8 M urea) 
using nickel-nitrilotriacetic acid (Ni2+-NTA) agarose col- 
umns (Qiagen). The eluted proteins were dialyzed against 
decreasing concentrations of urea in the same buffer as 
described previously [5]. 

2.4. Isolation of IbeA-Binding Protein with FPLC 

Around 1 ml of Ni2+-NTA agarose (Qiagen) was packed 
in a HR 5/5 column (Amersham), and washed with 10  
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mM phosphate buffer containing 150 mM NaCl and 
0.2% Tween 20 at 0.5 ml/min on the Biologic FPLC sys- 
tem (Bio-Rad). The purified His-IbeA in either active or 
denatured form was diluted and injected into the column 
at 0.5 ml/min. After washing for 10 min with the phos- 
phate buffer, 5 ml of HBMEC crude membrane extract 
was injected into the IbeA-immobilized column at 0.5 
ml/min. The column was washed extensively, and the 
binding complex of IbeA was eluted with 250 mM imi- 
dazol at 0.5 ml/min and 1.5 ml of peak was manually 
collected. The 500 μl of the collected sample was pre- 
cipitated by 10% TCA and analyzed with SDS-PAGE. 

2.5. SDS-PAGE and Western Blot 

Protein samples were resolved on SDS-12.5% poly- 
acryamide Phastgels (Amersham) at 16˚C. For Western 
blot the resolved proteins were transferred onto polyvi- 
nylidene fluoride (PVDF) membranes (Millipore). The 
PVDF membrane was blocked with 5% non-fat milk 
powder in PBS plus 0.05% Tween 20 (PBS-T) at room 
temperature for 1 h. Then the membrane was incubated 
in the primary antibody (1:3000 dilution in PBS-T) for 
1.5 h at room temperature, and washed in PBS-T. The 
horseradish peroxidase (HRP) conjugated secondary an- 
tibody (1:5000 dilution in PBS-T) was incubated with the 
membrane for 1.5 h at room temperature. After washing 
the proteins were detected using Lumi-light western blot- 
ting substrate kit (Roche). 

2.6. Ligand Overlay Assays 

The ligand overlay assay was carried out as previously 
described [22]. Briefly HBMECs were lysed in Laemmli 
sample buffer by boiling for 5 min. The HBMEC lysate 
was resolved by SDS-PAGE and transferred onto a 
PVDF membrane. After blocking with 5% non-fat milk 
powder the membrane was incubated with 10 μg/ml of 
GST-IbeA or GST in PBS overnight at 4˚C. Following 
extensive washing, the GST-IbeA or GST binding spots 
on the membrane were detected with anti-GST mono- 
clonal antibody as described above. 

2.7. Transfection and Invasion Assays 

The 293T of approximately 70% confluency was trans- 
fected with GFP-p54nrb construct pEGFP-C1-p54nrb or 
GFP construct pEGFP-C1 using the calcium phosphate 
transfection protocol [23]. The cells were examined un- 
der fluorescence microscope after 24 h incubation. The 
transfected cells were used for E. coli K1 invasion assays 
and Western blot. Invasion assays were performed in the 
cultured HBMEC and 293T cells by the method de- 
scribed previously [1,2]. 

2.8. Flow Cytometry for the Detection of Cell  
Surface p54nrb 

Transfected cells were grown to approximately 80% con- 
fluency and harvested with trypsin. Cells were then washed 
thrice in PBS containing 0.5% bovine serum albumin 
(BSA) and incubated in PBS containing 5% BSA for 30 
min. Approximately 3 × 105 cells per sample were incu-
bated with anti-p54nrb monoclonal antibody for 1 hour at 
room temperature. Following a wash with PBS/BSA solu-
tion as described above, cells were incubated with PE-con- 
jugated goat anti-mouse antibody for 1 hour at room tem-
perature in the dark. Again, cells were washed in PBS/FBS 
and resuspended in PBS/FBS for flow cytometry analysis 
using a FACSCalibur (BD Biosciences, San Jose, CA). 
Cells treated with secondary antibody alone served as a 
negative control for each cell line. A minimum of 10,000 
events were scored for each cell line. 

3. Results 

3.1. p54nrb Shows Significant Sequence  
Homology with IBP100 Protein (PSF) 

DNA and protein sequences of IBP100 were used to 
search the DNA and protein databases at the National 
Center for Biotechnology Information (National Insti- 
tutes of Health, National Library of medicine, Washing- 
ton, D.C.) by using the BLAST algorithm. The results 
indicate that the major portion of PSF protein (241 to 707 
residues) shows 59% identity with almost the entire pro- 
tein sequence of p54nrb (16 to 471 residues) (Figure 1). 
Human p54nrb shows a high degree homology with the 
homologous proteins of rats (96%) and mouse (97%) 
(data not shown), suggesting that p54nrb is a highly con- 
served protein. However, no homology was found with 
any other recognized invasion protein receptors, sug- 
gesting that PSF and p54nrb represents novel IbeA-bind- 
ing proteins contributing to E. coli K1 invasion of BMEC. 

3.2. Interaction between p54nrb and IbeA 

PSF has been demonstrated to interact with IbeA and 
contribute to meningitic E. coli K1 invasion in vitro [15]. 
As p54nrb shows significant homology to PSF and also 
forms a complex with PSF, it might be involved in E. coli 
K1 invasion during the development of meningitis. In our 
previous studies, a polyclonal antibody against bovine 
IBP55 was generated [14]. To examine whether the anti- 
IBP55 antibody can recognize both PSF and p54nrb, the 
purified His-PSF and His-p54nrb were blotted with anti- 
IBP55 antibody (Figure 2a). The anti-IBP55 antibody was 
unable to interact with His-PSF. However, His-p54nrb 
was clearly recognized by the anti-IBP55 antibody. The 
recognition of p54nrb was further confirmed by blotting 
GFP-p54nrb with anti-IBP55 antibody (data not shown). 
To investigate whether IbeA is able to bind both p54nrb 
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Figure 1. Protein sequence comparison of human IBP100 with IBP55. Amino acid sequences are denoted in single-letter code. 
The symbol * indicates the identical amino acids. 
 
and PSF, we employed an overlay of Human BMEC lysate 
with purified GST-IbeA (Figure 2b). Two major bands 
(55-kDa and 100-kDa) were observed in the GST-IbeA 
overlay. In contrast, no distinguish bands appeared in the 
GST overlay control. The positions of 55-kDa and 100-kDa 
protein bands correspond to the IbeA-binding proteins 
p54nrb and PSF, respectively. This suggests that IbeA spe-
cifically interacts with both p54nrb and PSF.  

To further examine the interaction between IbeA and 
p54nrb, we employed ligand affinity purification. The 
HBMEC lysate was incubated with Ni-NTA-agarose 
attached active IbeA or Ni-NTA-agarose alone in ep- 
pendorf tubes. After extensive washing, the IbeA-binding 
proteins were eluted, and p54nrb in the eluates was de- 
tected with anti-p54 monoclonal antibody on a western 
blot (Figure 2c). In contrast to the Ni-NTA-agarose, the 
eluate from IbeA attached Ni-NTA-agarose contains 
much stronger signal of p54nrb. To improve the results 
of affinity purification, we performed the large-scale 
purification processes on the Biologic FPLC workstation. 
The HBMEC membrane crude extract was applied onto 
active IbeA or denatured IbeA saturated Ni-NTA agarose 
columns. After completion of washing, the IbeA-binding 
proteins were eluted and analyzed on western blots (Fig- 
ure 2d). The active IbeA was able to capture p54nrb 
from crude HBMEC membrane extract. However, no 
binding of p54nrb from the crude extract to the column 
bound with denatured His-tagged IbeA was observed. 

3.3. Soluble p54nrb Competitively Inhibits  
E. coli K1 Invasion of Human BMEC 

To gain further insight into the relevance of p54nrb in the 

IbeA-mediated entry process, we examined the ability of 
soluble p54nrb to compete with the human BMEC surface 
receptor for binding of IbeA+ E. coli K1 during the proc-
ess of bacterial entry. As shown in Figure 3, p54nrb 
blocked E. coli invasion in a dose-dependent manner with 
a 50% inhibition at 2.5 µg/well (P < 0.01) and an 80% 
inhibition at 10 µg/well (P < 0.001). In contrast, BSA did 
not show significant effect on E. coli K1 invasion. We 
further verified whether p54nrb exhibited any bactericidal 

effect by incubating the E. coli with p54nrb, followed by 
colony plating. No bactericidal activity was observed 
(data not shown). These results suggest that the soluble 
p54nrb is able to prevent bacterial binding to the cell sur-
face of human BMEC, thus blocking E. coli K1 entry. 

3.4. Overexpressed p54nrb in Mammalian Cells  
Enhances E. coli K1 Invasion 

To investigate whether overexpression of human p54nrb in 
293T cells would affect binding and entry of IbeA+ E. coli 
K1, we transfected 293T cells with a plasmid expressing a 
green fluorescent protein (GFP)-tagged human p54nrb. The 
GFP intrinsic fluorescence allows direct visualization of 
transfected cells (Figures 4a and 4b). Transfected cells 
were tested for their ability to promote binding and entry of 
IbeA+ E. coli K1. As shown in Figure 4c, IbeA+ E. coli K1 
invasion was 2 times more efficient in transfected cells than 
in cells transfected with the vector alone. Western blot was 
used to verify the GFP-p54nrb expression. The native 
p54nrb of 54 kDa was detected in both GFP-p54nrb and 
GFP transfected cells, and the GFP-p54nrb of approximate 
80 kDa was only detected in the transfected cells with the 
GFP-p54nrb plasmid (Figure 4d). As a result of these  
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Figure 2. Interaction between p54nrb and IbeA. (a) Anti-IBP55 polyclonal antibody recognizes His-p54nrb. Equal amount of 
purified His-PSF (Lane 1) and His-p54nrb (Lane 2) were analyzed by Western blot with anti-IBP55 antibody. (b) Overlay of 
HBMEC with GST-IbeA. The HBMEC lysate was resolved on a SDS-12.5% polyacryamide gel and transferred on a PVDF 
membrane. The membrane was blocked with 5% non-fat milk powder, overlayed with purified GST (Lane 1) or GST-IbeA 
(Lane 2), and subsequently detected with anti-GST monoclonal antibody. (c), (d) Ligand affinity purification of native p54nrb 
from HBMEC. (c) The HBMEC lysate was incubated with Ni-NTA-agarose attached His-IbeA (Lane 1) or Ni-NTA-agarose 
only (Lane 2). After wash with 20 mM imidazole, the protein complex were eluted with 250 mM imidazole and analyzed with 
anti-p54nrb antibody on a Western blot. (d) The proteins in HBMEC crude membrane extract were allowed to bind to the 
Ni-NTA-agarose column in the Biologic FPLC system as described in Materials and Methods. The eluates from the columns 
loaded with active His-IbeA (Lane 1) or denatured His-IbeA (Lane 2) were detected with anti-p54nrb antibody on Western 
blots. Numbers on the right represents protein molecular mass in kDa. 
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Figure 3. Inhibition of E. coli K1 invasion of HBMEC by His-p54nrb. E44 was incubated with various concentrations of 
His-p54nrb or BSA for 1 h on ice before being added to confluent HBMEC monolayers for invasion assays as described in 
Materials and Methods. Invasion is expressed as percentage of intracellular bacteria among input bacteria. Each value 
represents the mean of triplicate measurements, and the error bars indicate the standard deviations. The asterisks indicate 
significantly different from basal levels (*, ** and *** denote P < 0.05, P < 0.01 and P < 0.001, respectively). P values are de-
termined by two-tailed t-test. 
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Figure 4. Enhanced bacterial entry into p54nrb-transfected 293T cells. The 293T cells were transiently transfected with a 
plasmid carrying a GFP-p54nrb fusion gene (a) or with a control plasmid carrying a GFP gene (b) are examined by fluores-
cence microscopy. The invasion assay (c) of the transfectants with GFP-p54nrb or GFP was carried out as described in Mate-
rials and Methods. The data represent the mean of triplicate experiments, and the error bars indicate the standard deviations. 
P value is determined by two-tailed t-test. (d) The transfected 293T cells with GFP (I) or GFP-p54nrb (II) were lysed and 
resolved on duplicate SDS-12.5% PAGE gels. The proteins were transferred onto PVDF membranes and probed with 
anti-p54nrb or anti-tubulin monoclonal antibody. Numbers on the left represents protein molecular mass in kDa. 
 
findings, we determined the levels of p54nrb expression 
on the surface of the transfected cells using flow cytome- 
try. As shown in Figure 5, the GFP-p54nrb transfectants 
have a significantly higher percentage of cells expressing 
cell surface p54nrb compared to the GFP transfectants. 
These results further supported that enhanced E. coli K1 
invasion of the GFP-p54nrb transfectants resulted from 
over-expression of p54nrb. Taken together, the transfec- 
tion experiments indicate that human p54nrb plays a 
critical role in the internalization step. 

4. Discussions 

The fundamental issue in the molecular pathogenesis of 
E. coli K1 meningitis is how specific surface structures 
on both microbial pathogens and host cells contribute to 
the tissue tropism of this disease. There are several E. 
coli K1 genetic determinants and host cell surface pro- 
teins contributing to bacterial invasion of human BMEC 
[1-7]. The bacterial factors include IbeA, IbeB, YijP, 
AslA, OmpA, TraJ and CNF1 [2-4]. Among these inva- 
sion determinants, the ibeA gene is significantly associ- 
ated with meningitic E. coli K1 strains isolated from CSF 
in comparison with E. coli strains from intestinal and 
vaginal microbiota, amniotic fluid and blood [8,24]. The 
host cell surface binding proteins or receptors present on  

human BMEC include vimentin and PSF for IbeA 
[13,15], Ecgp96 for OmpA [25] and laminin receptor for 
CNF1 [26]. However, it is not clear whether and how the 
PSF partner protein p54nrb contributes to E. coli K1 in-
vasion of BMEC. In our study to further elucidate the 
role of IbeA-binding proteins in E. coli K1 invasion of 
human BMEC, integrating affinity chromatography and 
Biacore analysis with mass spectrometry has allowed us 
to detect and characterize molecular interactions between 
IbeA and its partners to be complemented with identify- 
cation of a 100-kDa IbeA-binding protein as PSF. This 
protein shows significant sequence homology with an- 
other RNA-binding protein p54nrb [16]. It is unlikely 
that this protein is a degraded product of PSF since they 
are encoded by two different genes [16,20,21]. The spe- 
cific interaction between IbeA and p54nrb has been fur- 
ther demonstrated by several independent approaches. 
These include 1) a specific reaction of p54nrb with the an 
anti-IBP55 antibody; 2) the ability of p54nrb to bind to 
IbeA with ligand overlay assays and ligand affinity puri-
fication; 3) inhibition of E. coli invasion by soluble 
p54nrb; 4) detection of increased p54nrb expression on 
the cell surface of the GFP-p54nrb transfectants by flow 
cytometry; and 5) overexpression of p54nrb in the trans- 
fectants resulting in the increased invasion of E. coli K1.  
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Figure 5. Analysis of surface p54nrb expression in the transfectants using flow cytometry. 293T cells were transiently trans-
fected with a control plasmid carrying a GFP gene (a) or with a plasmid carrying a GFP-p54nrb fusion gene (b). Cell surface 
p54nrb expression was determined using immunofluorescence of anti-p54nrb antibody plus secondary antibody. Percentages 
represent the percent population of cells expressing p54nrb. The GFP-p54nrb transfectants had a significantly higher per-
centage of cells expressing p54nrb than the GFP transfectants. 
 

p54nrb represents an abundant and ubiquitous class of 
protein with 471 amino acid residues. Originally, p54nrb 
was purified as a heterodimer with PSF, which shows 
extensive sequence homology to p54nrb [27]. Copurifica- 
tion of p54nrb and PSF has been observed in a number of 
studies [16,20,27]. PSF and p54nrb are steroid receptor 
corepressors [28]. Both proteins contain protein phos- 
phatase 1 (PP1) consensus binding RVxF motifs, sug- 
gesting that PP1 may regulate the phosphorylation status 
of p54nrb and PSF and thus their function in gene tran- 
scription. A recent study demonstrated that PP1 could 
directly interact with the RVxF motif only in p54nrb, but 
not in PSF [28]. p54nrb has been shown to be implicated 
in numerous cellular processes including transcriptional 
regulation, splicing, DNA unwinding, nuclear retention of 
hyperedited double-stranded RNA, viral RNA processing, 
control of cell proliferation, and circadian rhythm main- 
tenance [16,20,21,27]. It can bind single and double- 
stranded RNA and DNA and has inherent carbonic anhy- 
drase activity. A number of reports suggest that p54nrb 
participates in coordinated regulation of both cell surface 
and nuclear receptors, including receptors for IL-17 [29] 
and steroid hormones, estrogen and androgen [30,31]. It 
has been suggested that p54nrb mediates different func- 
tions depending on its intracellular location, which could 
be regulated by phosphorylation. This protein can be 
phosphorylated on multiple sites including tyrosine, ser- 
ine and threonine residues [32]. Our studies demonstrated 
that p54nrb could act as a cell surface protein contributing 
to E. coli K1 entry into human BMEC. Similarly, a num- 
ber of intracellular proteins such as OmpA-binding pro- 
tein (Ecgp96), glucose transporters, T-plastin and calnexin 

have been shown to translocate from the intracellular 
compartments to the plasma membrane [25,33-35]. An- 
other multi-functional protein nucleolin, which is loca- 
lized predominantly in the nucleolus, has been proved to 
be the Hep-2 cell surface receptor for an outer membrane 
protein intimin-γ of E. coli O157:H7 [17]. Nucleolin is an 
RNA-binding protein and also an autoantigen. Nucleolin 
contains three major domains through which involve the 
organization of nucleolar chromatin, packaging of pre- 
RNA, rDNA transcription, and ribosome assembly [36]. 
Like nucleolin and PSF, p54nrb is a multi-functional 
regulatory protein located in both nucleolus and cell sur- 
face. This phenomenon may represent a mechanism for 
signal transduction between the nuclear compartment and 
the cell surface [36]. 

Our studies showed that overexpression of p54nrb in 
293Tcells (normally noninvasive for E. coli K1) make 
these cells more susceptible to E. coli K1 invasion, sug- 
gesting that p54nrb indeed is responsible for IbeA+ E. 
coli K1 invasion of human BMEC. Despite the accumu- 
lation of data suggesting that ibeA plays a crucial role in 
E. coli K1 invasion of human BMEC, a coordinated reac- 
tion of IbeA with other invasion proteins, such as IbeB, 
AslA, YijP, OmpA and CNF1, may be required for the 
entire invasion process. It has been demonstrated that 
OmpA- and CNF1-induced invasion are mediated by 
human BMEC receptors [25,26]. Since IbeA is unique to 
meningitic E. coli K1, the interaction of IbeA with hu- 
man BMEC via PSF and p54nrb appears to be more cru- 
cial for the invasion process. Like PSF, p54nrb has been 
demonstrated to exhibit multiple functions include bind- 
ing of nucleic acids (DNA and RNA) and proteins, DNA 
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pairing, promotion of pre-mRNA splicing, and transcript- 
tional regulation [16,20,21]. Due to its dual RNA/ 
DNA-binding properties and the ability to interact with 
several protein counterparts, p54nrb might be regarded as 
a “sticky” protein that can link multiple gene regulation 
processes, which may play a crucial role in the E. coli K1 
invasion process. Recently, we have demonstrated that 
vimentin and PSF could cooperatively contribute to IbeA+ 
E. coli K1-induced NF-κB signaling, bacterial invasion 
and leukocyte transmigration across the BBB [37], which 
are three hallmark features of bacterial meningitis [38]. 
Thus, it is tempting to speculate that IbeA/vimentin/ 
PSF/p54nrb interactions may represent an important 
mechanism responsible for a coordinated modulation of 
both bacterial and host factors that contribute to the inva-
sion process.  

In summary, the data presented in this report establish 
that p54nrb is the 55-kDa IbeA-binding protein, IBP55, 
which mediates E. coli K1 invasion of BMEC. Further 
work is needed to examine how vimentin, PSF and 
p54nrb coordinately contribute to IbeA-induced signal 
transduction and subsequently E. coli K1 entry into the 
host cells. 
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