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Attenuation of Biopterin Synthesis Prevents
Escherichia coli K1 Invasion of Brain
Endothelial Cells and the Development of
Meningitis in Newborn Mice
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Elevated levels of pterins and nitric oxide (NO) are observed in patients with septic shock and bacterial men-
ingitis. We demonstrate that Escherichia coli K1 infection of human brain microvascular endothelial cells
(HBMECs) induces the expression of guanosine triphosphate cyclohydrolase (GCH1), the rate-limiting
enzyme in pterin synthesis, thereby elevating levels of biopterin. DAHP (2,4-diamino hydroxyl pyrimidine), a
specific inhibitor of GCH1, prevented biopterin and NO production and invasion of E. coli K1 in HBMECs.
GCH1 interaction with Ecgp96, the receptor for outer membrane protein A of E. coli K1, also increases on
infection, and suppression of Ecgp96 expression prevents GCHI1 activation and biopterin synthesis. Pretreat-
ment of newborn mice with DAHP prevented the production of biopterin and the development of meningi-

tis. These results suggest a novel role for biopterin synthesis in the pathogenesis of E. coli K1 meningitis.
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Escherichia coli (E. coli) K1 is the bacterium that most
commonly causes neonatal meningitis in industrial-
ized countries [1]. The morbidity and mortality rates
associated with neonatal meningitis have not changed
for last 2 decades despite the use of effective antibiotics
and supportive care [2]. This poor outcome is attribut-
ed to an incomplete understanding of the pathogenesis
and pathophysiology of the disease, which inhibits the
development of novel therapeutic strategies for preven-
tion. Besides antimicrobial therapy, prevention of
E. coli K1 traversal to the brain has become another
area of focus for preventing meningitis. E. coli K1

Received 27 April 2012; accepted 10 August 2012; electronically published 24
October 2012.

Correspondence: Nemani V. Prasadarao, PhD, Division of Infectious Diseases,
Departments of Pediatrics and Surgery, Children's Hospital Los Angeles and Uni-
versity of Southern California School of Medicine, 4650 Sunset Blvd, Los Angeles,
CA 90027 (pnemani@chla.usc.edu).

The Journal of Infectious Diseases  2013;207:61-71

© The Author 2012. Published by Oxford University Press on behalf of the Infectious
Diseases Society of America. All rights reserved. For Permissions, please e-mail:
journals.permissions@oup.com.

DOI: 10.1093/infdis/jis656

translocation of the blood-brain barrier and invasion
of human brain microvascular endothelial cells
(HBMECs), a single-cell lining of the blood-brain
barrier, requires unique interactions between the bac-
terial determinants and their cognate host receptors.
Previous studies have demonstrated that Ecgp96, a 96-
kDa glycoprotein, serves as a receptor in HBMEC to
outer membrane protein A (OmpA) of E. coli K1 for
binding to and invasion of the bacterium [3].
Additionally, E. coli K1 induces tight junction dis-
ruption and blood-brain barrier leakage by triggering
iNOS activation and consequently nitric oxide (NO)
production [4]. Tetrahydrobiopterin (BH,), a pterin an-
alogue and an obligate cofactor for all the isoforms of
NOS, primarily controls NO production [5]. Pterin (bi-
opterin and neopterin) production occurs mainly by de
novo synthesis, using guanosine triphosphate (GTP) as
a source and GTP cyclohydrolase (GCH1; EC 3.5.4.16)
is the first and rate-limiting enzyme in this reaction [6].
Human GCHI exists in its native form (approximately
28 kDa) and assembles to a homo-decamer to catalyze
GTP to pterins [7]. The vital role of GCH1 and pterins
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in cell differentiation, pain modulation and mRNA stability is
well documented [8-10]. Furthermore, elevated levels of pterin
are used as a diagnostic marker in infections caused by intracel-
lular pathogens and malignant tumors [11]. Lipopolysaccharide
(LPS), interferon y (IFN-y), and tumor necrosis factor oo (TNF-
o) stimulate de novo synthesis of pterins in various immune
and endothelial cells [12].

During sepsis, iNOS-dependent NO production and subse-
quent vasodilation is a major factor responsible for persistent
hypotension [13]. Of note, elevated pterin levels in cerebrospi-
nal fluid (CSF) of pediatric patients with bacterial meningitis
were also observed [14]. Therefore, we hypothesize that E. coli
K1 triggers NO production not only by activating iNOS ex-
pression but also by modulating pterin synthesis. Since endo-
thelial cells have been reported to produce low levels of
neopterin [15], we have focused only on biopterin production
in this study. Here, our studies demonstrate that E. coli K1
invasion of HBMECs depends on the expression of GCH1
and biopterin synthesis. Importantly, we found that pretreat-
ment of newborn mice with the GCH1-specific inhibitor 2,4-
diamino hydroxyl pyrimidine (DAHP) protects the animals
from E. coli K1 meningitis.

METHODS

Bacterial Strains, Antibodies, and Other Reagents

E. coli (OmpA+ E. coli), a spontaneous rifampin-resistant
mutant of strain RS 218 (serotype O18:K1:H7), was isolated
from the CSF of a neonate with meningitis [3]. OmpA— E. coli
is a mutant of RS218 that does not express OmpA or invade
HBMECs. Antibodies to GCHI, iNOS, and B-actin were ob-
tained from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-
Ecgp96 antibody was generated as previously described [16].
Fluorescent-tagged secondary antibodies were purchased from
Invitrogen (Carlsbad, CA). DAHP and Lipofectamine were ob-
tained from Sigma (St. Louis, MO). Griess reagent was pur-
chased from Promega (Madison, WI). We purchased 6-
methylpterin (internal standard), p-neopterin, and L-biopterin
from Shricks Laboratories (Jona, Switzerland). Ascorbic acid
was obtained from Calbiochem (La Jolla, CA). Lugol’s iodine
was purchased from Electron Microscopy Sciences (Hatfield,
PA). Antibodies to GFAP and MPO were obtained from Leica
Microsystems (Buffalo Grove, IL).

HBMEC Maintenance and E. coli Invasion Assays

HBMECs were isolated, cultured, and maintained as described
elsewhere [17]. The frozen stocks of HBMECs were revived,
characterized for brain endothelial cell markers and used for
invasion assays. Total cell association (represented as binding)
and invasion assays were described previously [3]. Cytotoxicity
of DAHP was assessed using a Cytotox 96 assay kit
(Promega) according to the manufacturer’s protocol.

Determination of Biopterin Levels

The total biopterin level was measured using the protocol of
Fukushima and Nixon, with minor modifications [18]. The
whole sample preparation was performed in a dark environ-
ment, using brown centrifuge tubes. Total lysates of HBMECs
and brain tissues were treated with 50 pL of 10% trichloroace-
tic acid on ice for 30 minutes. Samples were centrifuged at
10000 x g at 4°C for 10 minutes, and the supernatants were
subjected to iodine oxidation. A total of 125 uL of sample and
the standard containing 200 nM neopterin, 100 nM biopterin,
and 10 pL of internal standard (6-methylpterin) were mixed.
Thirty microliters of 1 N HCl was added, and the oxidation
was started by the addition of 10 uL of acidic iodine solution.
Tubes were kept at room temperature for 60 minutes, and
then 15 pL of ascorbic acid was added to reduce excess iodine.
A total of 100 pL of the solution was subjected to high-perfor-
mance liquid chromatography (HPLC; Thermo Fisher Scien-
tific, Hercules, CA). Separation was performed on a C18
Spherisorb 5-um precolumn (10x4.6 mm) and a ODS-1
Spherisorb analytical column (250 x 4.6 mM; Waters, Milford,
MA), using 1.25 mmol/L potassium hydrogen phosphate
buffer, with 6% (v/v) methanol at a flow rate 1.3 mL/minutes.

Plasma Membrane Isolation, Inmunoprecipitation, and
Western Blotting

Plasma membrane and cytosolic fractions from HBMECs were
isolated as described earlier, using the BioVision kit [19]. For
immunoprecipitation, cytosolic fractions (300 ug) or plasma
membrane fractions (80-100 pg) were incubated with appro-
priate antibodies overnight at 4°C, washed, and incubated for
2 hours with protein A agarose beads. The beads with bound
immune complexes were washed, boiled for 10 minutes in
sodium dodecyl sulfate (SDS) sample buffer, and separated by
10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
For identification of iNOS dimerization, samples were dis-
solved in sample buffer (devoid of B-mercaptoethanol)
without boiling, and SDS-PAGE was performed at 4°C [20].
Western blotting was done as described previously [19].
Protein expression levels were quantitated using Image] soft-
ware (http://www.rsbweb.nih.gov/ij/).

Flow Cytometry

To detect the expression of GCH1 and Ecgp96, HBMECs were
infected with OmpA+ E. coli and OmpA— E. coli, with or
without DAHP pretreatment for various periods, and the cells
were subjected to flow cytometry as described previously [19].

Suppression of Ecgp96 Expression by Small Interfering RNA
(siRNA)

HBMECs at 60% confluence were transfected with 40 pmol of
Ecgp96 siRNA (catalog no. HSS110955; Invitrogen) by use of
Lipofectamine, according to the manufacturer’s instructions.

62 o JID 2013:207 (1 January) e Shanmuganathan et al


http://www.rsbweb.nih.gov/ij/
http://www.rsbweb.nih.gov/ij/
http://www.rsbweb.nih.gov/ij/

The efficiency of silencing was verified by Western blotting of
total HBMEC lysates.

Estimation of NO as Nitrite by Griess Assay

Total nitrite (NO5) content was used as an index of NO pro-
duction. Nitrite levels were determined in supernatants of cell
spectrophotometry,
(Promega, Madison, WI) and using sodium nitrite as a stan-

cultures by using Griess reagent

dard according to the manufacturer’s protocol.

Newhorn Mouse Model of Meningitis

Animal studies were approved by the Institutional Animal
Care and Use Committee (IACUC) of Children’s Hospital of
Los Angeles and followed guidelines for the performance of
animal experiments, as mandated by the office Laboratory
Animal Welfare at the National Institutes of Health. C57BL/6]
timed-pregnant mice were purchased from Jackson Laborato-
ries (Bar Harbor, ME). One litter of 3-day-old mouse pups
was infected intranasally with 10° colony-forming unites
(CFU) of bacteria as previously described [21]. Control mice
received pyrogen-free saline through the same route. To evalu-
ate the effect of DAHP on OmpA+ E. coli meningitis, DAHP
(100 mg/kg body weight) was injected intraperitoneally 6
hours before, at the time of, and 6 hours after infection. On
the basis of a previous report [22] and dose optimization
studies, a dose of 100 mg/kg was used for this study. CSF
samples were collected aseptically under anesthesia by cister-
nal puncture and were directly inoculated into rifampicin-
containing LB. Growth of E. coli in broth from CSF samples
was considered positive for meningitis. Whole brain was asep-
tically removed. One half of the brain was homogenized in
sterile phosphate-buffered saline to determine the bacterial
count, and the other half was stored in formalin for histopath-
ologic analysis. Bacterial counts in brain were determined by
plating 10-fold serial dilutions on rifampicin LB agar plates.

Statistical Analysis

All data were derived from at least 3 independent experiments.
Statistical analyses were conducted using SigmaPlot software
(version 11.0). Significant differences (P <.05) between the
groups were determined using the unpaired Student ¢ test. For
animal studies, statistical significance was determined using

analysis of variance.

RESULTS

Infection of HBMECs With OmpA+ E. coli K1 Induces GCH1
Expression and Biopterin Synthesis

Our previous findings showed that the expression of OmpA in
E. coli K1 is important for the invasion of HBMECs [3].
Therefore, we examined the effect of OmpA+ E. coli and
OmpA— E. coli K1 infection on GCHI expression and

biopterin production. OmpA+ E. coli K1 infection signifi-
cantly induced GCHI1
manner, which peaked 60 minutes after infection and started

expression in a time-dependent

declining by 90 minutes (Figure 1A). OmpA— E. coli K1 infec-
tion showed only a moderate effect on GCHI1 expression. The
increase in GCHI1 expression was 2.5-fold greater during
OmpA+ E. coli K1 infection than in control cells, after nor-
malizing to B-actin levels, as measured by densitometry of the
protein bands (Figure 1B). Flow cytometry of HBMECs infect-
ed with the bacteria after staining with anti-GCH1 antibodies
revealed that OmpA+ E. coli induced greater levels of GCH1
expression 30 and 60 minutes after infection as compared to
control or OmpA— E. coli-infected cells (Figure 1C and 1D).
Next, the total biopterin level was measured by HPLC 60
minutes after infecting HBMECs with OmpA+ E. coli or
OmpA— E. coli K1. Cells infected with OmpA+ E. coli K1
showed a significant increase in the quantities of total biopter-
in as compared to uninfected control HBMECs (P <.05).
However, no significant increase in biopterin levels was ob-
served in HBMECs infected with OmpA— E. coli Kl
(Figure 1E). These results suggest that E. coli K1 infection
stimulates biopterin synthesis by inducing GCH1 expression
and that the presence of OmpA in E. coli is critical for this

event to occur.

Inhibition of Biopterin Synthesis by DAHP Prevents NO
Production and Binding to and Invasion of HBMECs

by E. coli K1

To analyze the role of GCHI1 and biopterin in binding to and
invasion of HBMECs by E. coli K1, the cells were pretreated
with DAHP for various times and at different concentrations.
A time- and dose-dependent inhibition in both binding and
invasion of E. coli K1 was observed (Figure 2A and B).
HBMECs treated with 5 mM DAHP for 3 hours reduced the
binding and invasion of E. coli K1 by 45.6% and 56.2%,
respectively, compared with control cells (mean +SD CFU/
well, 1.93x 10° + 0.4 x 10% P <.05). Interestingly, DAHP co-
treatment (0-hour treatment) along with E. coli K1 infection
also showed significant inhibition of binding and invasion
(16.5% and 46.8%, DAHP
HBMECs for 6 hours showed minimal cytotoxicity, even at a

respectively). treatment of
concentration of 7.5 mM (Figure 2C) and no antimicrobial ac-
tivity (data not shown). Pretreatment of HBMECs with 5 mM
of DAHP for 3 hours was found to be the minimal condition
for 50% inhibition of invasion by E. coli K1. Hence, the same
time and dose of DAHP treatment were used for further
experiments.

We have previously reported that E. coli K1 triggers NO
production via iNOS for invading HBMECs [4]. Of note,
dimer formation is critical for sustained enzymatic activity of
iNOS and mainly depends on a cofactor like BH, [23]. Since
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Figure 1. OmpA+ Escherichia coli infection of human brain microvascular endothelial cells (HBMECs) induces guanosine triphosphate cyclohydrolase
(GCH1) expression and biopterin production. A, Total cell lysates of HBMECs infected with OmpA+ E. coli or OmpA— E. coli were subjected to Western
blotting with antibodies to GCH1 and B-actin. B, Integrated density values of the bands were measured using ImageJ software and graphed. Bars
represent means + SD of fold-differences relative to GCH1 expression in uninfected HBMECs taken as one. #P> .05, with respect to control. C, Confluent
monolayers of HBMECs were either left alone, infected with OmpA+ E. coli or Omp— E. coli for varying periods, and cells were subjected to flow
cytometry using anti-GCH1 antibodies, as described in Materials and Methods. An overlay image generated from the data at 90 minutes after infection
is shown as a representative panel. 0, Mean fluorescence intensities (MFls) of GCH1 expression obtained from the experiments described in panel C
were graphed after subtracting the isotype-matched control values. Omp-, OmpA negative; OmpA+, OmpA positive. £, In separate experiments, confluent
monolayers of HBMECs were treated with Omp+ E. coli or Omp- E. coli for 60 minutes, and total cell lysates were prepared. Total biopterin levels were
measured in the lysates, using high-performance liquid chromatography, as described in Materials and Methods. Values are means + SD of 3 different
experiments. #P> .05, compared with control (Con). Abbreviations: Con, control; Omp—, OmpA negative; OmpA+, OmpA positive.

necessary for increased production of NO during OmpA+ E.
coli infection of HBMECs.

E. coli K1 infection stimulates total biopterin production, we
analyzed the monomer/dimer status of iNOS in HBMECs. A
time-dependent increase in iNOS dimer formation was ob-
served in HBMECs infected with OmpA+ E. coli Kl
(Figure 2D). Similarly, the total iNOS expression also in-

Expression and Association of Ecgp96 With GCH1 Is
Necessary for Biopterin Production

creased, beginning 30 minutes after infection. Pretreatment of
HBMECs with DAHP (5 mM) for 3 hours attenuates both
iNOS monomer and dimer expression. In parallel, production
of NO (measured as the total nitrate level) induced by E. coli
K1 was significantly diminished by DAHP pretreatment
(Figure 2E). These results suggest that biopterin synthesis is

It was demonstrated that only the GCH1 decamer exhibits
enzyme activity for catalysis of GTP to pterin [24]. Chaper-
ones play a vital role in protein maturation, folding, and mul-
timerization [25], and Ecgp96 (also known as “HSP90B,”
“gp96,” and “GRP94”) is a very abundant molecular chaper-
one in endoplasmic reticulum [26]. Hence, we hypothesized
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Figure 2. Pretreatment of human brain microvascular endothelial cells (HBMECs) with 2,4-diamino hydroxyl pyrimidine (DAHP) prevents Omp+ Escher-
ichia coli from binding to and invading the cells by inhibiting iNOS expression and NO production. A, HBMEC monolayers were pretreated with different
doses of DAHP (1.25-7.5 mM) for 3 hours and infected with OmpA+ E. coli for 90 minutes. Percentage binding and invasion as compared to untreated
HBMECs were calculated. *P< .05, compared with control (Con). B, Cells were pretreated with 5 mM of DAHP for various times prior to OmpA+ E. coli
infection, and percentage binding and invasion were calculated. Values are mean+SD of 2 different experiments performed in triplicate. *P<.05,
compared with control (Con). C, HBMEC monolayers were treated with various concentrations of DAHP for 6 hours, and the cytotoxicity percentage was
measured as described in Materials and Methods. D, To analyze iINOS dimerization, total lysates of Omp+ E. coliinfected HBMECs, with or without
DAHP pretreatment (5 mM for 3 hours), were subjected to low-temperature Western blotting under nondenatured conditions. Uninfected HBMECs were
used as a control. The same lysates were denatured and subjected to conventional Western blotting to examine total expression (monomer) of iNOS.
B-actin was used to normalize the iINOS expression. £, HBMECs were cultured in 96-well plates and infected with Omp+ E. coli, with or without DAHP
pretreatment (5 mM for 3 hours). The total nitrite level was measured in the cell supernatants by the Griess method. Values are mean+SD of 2
different experiments performed in triplicate. *P<.05. Abbreviation: WB, Western blotting.

that the association of Ecgp96 and GCH1 is essential for the en-
zymatic activity of GCH1. To explore this, cytosolic and mem-
brane fractions were prepared from HBMECs infected with
OmpA+ E. coli or OmpA— E. coli and were immunoprecipitated
with anti-GCHI1 antibodies, followed by immunoblotting with

anti-Ecgp96 antibodies. In cytosolic fractions, a significant as-
sociation of GCHI and Ecgp96 was observed in OmpA+ E.
coli-infected cells, with maximal interaction at 60 and 90
minutes, as determined by densitometric analysis (Figure 3A).
Since OmpA— E. coli showed minimal stimulation of GCH1
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Figure 3. Association of guanosine triphosphate cyclohydrolase (GCH1) and Ecgp96 in human brain microvascular endothelial cells (HBMECs). A,
Cytosolic fractions (300 pg) of uninfected HBMECs or HBMECs infected with OmpA+ Escherichia coli or Omp— E. coli were immunoprecipitated (IP)
with anti-GCH1 antibodies. The immune complexes were separated by sodium dodecy! sulfate polyacrylamide gel electrophoresis and immunoblotted
with anti-Ecgp96 antibodies. Similarly, total lysates were immunoprecipitated with anti-Ecgp96 antibody and immunoblotted with anti-GCH1 antibodies.
Con, control. B, Plasma membrane fractions from total lysates of uninfected HBMECs or HBMECs infected with Omp+ E. coli or OmpA— E. coli were
prepared. Membrane proteins (100 pg) were immunoprecipitated (IP) with anti-GCH1 antibodies and immunoblotted with antibodies to GCH1 or Ecgp96.
The experiments were performed at least 3 times, and representative blots are shown here. The densities of protein bands from each blot were
determined, normalized to the densities of immunoglobulin G (IgG), and graphed. The control (Cont) values were taken as one. Abbreviation: WB,

Western blotting.

expression and Ecgp96, it was not surprising that a slight in-
crease in association of GCHI and Ecgp96 was also observed
at 30 minutes. To reconfirm this observation, reverse immuno-
precipitation was performed using anti-Ecgp96 antibodies, fol-
lowed by immunoblotting with anti-GCHI antibodies.
Maximum association of Ecgp96 with GCH1 was observed in
HBMECs 60 and 90 minutes after infection with OmpA+
E. coli.

Our previous studies showed surface translocation of
Ecgp96 from cytosol during E. coli K1 infection in HBMECs
[16]. Thus, it was of interest to analyze whether these 2 pro-
teins also associate at the membrane level. Immunoprecipita-
tion of membrane fractions of infected cells revealed a
significant association of GCH1 and Ecgp96. However, unlike
the interaction observed in the cytosol, the maximum

association began at 15 minutes and was maintained until 90
minutes after OmpA+ E. coli infection (Figure 3B). In con-
trast, OmpA— E. coli-infected HBMECs only showed a basal
level of association. Collectively, these data demonstrate that
increased expression and association of Ecgp96 and GCHI
occurs in the cytoplasm and that a portion of the complexes
translocate to the plasma membrane of HBMECs during in-
fection with OmpA+ E. coli.

Inhibition of GCH1 Reduces Total and Surface Expression of
Ecgp96

OmpA+ E. coli infection induces total and cell surface expres-
sion of Ecgp96 in HBMECs, mediated by increased produc-
tion of NO [4]. Since pretreatment of DAHP attenuates NO
production, we sought to analyze the effect of DAHP on the
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Figure 4. Effect of 2,4-diamino hydroxyl pyrimidine (DAHP) on total

and membrane expression of Ecgp96. A, Total lysates of uninfected and
OmpA+ Escherichia coli~infected human brain microvascular endothelial
cells (HBMECs), with or without DAHP pretreatment (5 mM for 3 hours),
were prepared and subjected to Western blotting with anti-Ecgp96 or
anti-B-actin antibodies. Con, control. B, Integrated density values of
Ecgp96 and B-actin bands were measured using Imaged software, nor-
malized to B-actin, and graphed. Bars represent the means + SD of fold-
differences relative to Ecgp36 expression in uninfected HBMECs.
#P > .05, compared with control (Con). OmpA+, OmpA positive. C, Mem-
brane expression of Ecgp96 in uninfected and OmpA+ E. coli~infected
HBMECs, with or without DAHP pretreatment (5 mM for 3 hours), were
analyzed using flow cytometry with anti-Ecgp96 antibodies. The mean
fluorescence intensity (MFI) of Ecgp96 expression was calculated after
subtracting the MFI value of isotype-matched antibodies as a control.
Values are mean+SD of 3 different experiments. #P>.05, compared
with control (Con). Abbreviation: OmpA+, OmpA positive.

total and surface expression of Ecgp96. As shown in Figure 4A,
OmpA+ E. coli activates total expression of Ecgp96 15-60
minutes after infection. Pretreatment of HBMECs with 5 mM
of DAHP for 3 hours significantly reduced the expression of
Ecgp96 despite infection with OmpA+ E. coli. Densitometric
analysis of the protein bands revealed a 2.5-fold increase in
the expression of Ecgp96 in HBMECs infected with OmpA+

E. coli, compared with control, which was inhibited by treating
the cells with DAHP (Figure 4B). Flow cytometry of HBMECs
revealed increased expression of Ecgp96 on the membranes
30-60 minutes after infection, while DAHP-treated and infect-
ed HBMECs exhibited significantly reduced expression of
Ecgp96 by 60 minutes after infection (P <.05; Figure 4C).
These results suggest that GCH1 regulates Ecgp96 expression
and plasma membrane translocation via NO production.

Silencing Ecgp96 by siRNA Affects GCH1 Expression and
Biopterin Synthesis During E. coli K1 Infection

We next sought to evaluate GCH1 expression and biopterin
synthesis after silencing Ecgp96 expression, using siRNA.
HBMECs transfected with 40 pmol of Ecgp96 siRNA sup-
pressed the expression of Ecgp96 by approximately 75%, on
the basis of densitometric analysis (Figure 5A). Untransfected
HBMECSs revealed increased expression of GCHI1 with E. coli
K1 infection, beginning 15 minutes after infection. However,
such an increase of GCHI1 expression was inhibited in
Ecgp96-siRNA/HBMECs, despite infection with OmpA+ E.
coli (Figure 5B). Densitometry analysis of GCHI expression
revealed a 2.5-fold decrease in expression, which was similar
to that for control cells (Figure 5C). Furthermore, Ecgp96-
siRNA-transfected cells with and cells without OmpA+ E. coli
infection were analyzed for total biopterin production
(Figure 5D). In control HBMECs, the total biopterin level was
found to be 476.2 pmol/mg of protein, and the level decreased
to 351.6 pmol/mg protein on silencing of Ecgp96 expression.
Similarly, in HBMECs infected with OmpA+ E. coli, the total
biopterin level declined from 676.8 pmol/mg protein to 365.6
pmol/mg protein on introduction of Ecgp96-siRNA into
HBMECs (P <.05). Together, these results support our hy-
pothesis that Ecgp96 plays vital role in cellular biopterin pro-
duction by regulating the activity of GCHI.

GCH1 Inhibition by DAHP Prevents Meningitis in Newborn
Mice by E. coli K1

We further examined the role of biopterin synthesis in our
well-established newborn mouse model of meningitis. A sig-
nificant elevation in total biopterin production was noticed in
the brains of OmpA+ E. coli-infected pups, compared with
controls (Figure 6A). Additionally, the mean bacterial load
(£ SD) in the brains of OmpA+ E. coli-infected newborn
mice was found to be 5.22 + 1.9 log CFU/g brain tissue at 72
hours (Figure 6B). In agreement with this finding, 100% of
infected pups had CSF cultures that were positive for E. coli
K1 (which indicates positivity for meningitis; Figure 6C). Of
note, brains of newborn mice treated with DAHP had no pos-
itive CSF cultures and had decreased levels of biopterin
induced by OmpA+ E. coli infection. Analysis of brain tissue
sections of OmpA+ E. coli-infected pups showed significant
brain damage by extensive infiltration of glial cells and
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Figure 5. Role of Ecgp36 on guanosine triphosphate cyclohydrolase
(GCH1) expression and biopterin production. A, Human brain microvascu-
lar endothelial cells (HBMECs) were transfected with 40 pmol of Ecgp96
small interfering RNA (siRNA), and the expression of Ecgp96 was ana-
lyzed by Western blot using anti-Ecgp96 antibodies. Con, control. B and
D, GCH1 expression (B) and total biopterin levels (D) were examined in
uninfected and Omp+ Escherichia coli~infected HBMECs, with or without
transfection with Ecgp96 siRNA, by Western blotting (WB) and high-
performance liquid chromatography, respectively. Con, control. C, Quanti-
tative analysis of GCH1 expression after normalization to B-actin levels
was performed by Imaged software. Bars represent means + SD of fold-
differences relative to GCH1 expression in uninfected and untransfected
HBMECs. Total biopterin values are means+SD of 3 different experi-
ments. #P > .05, compared with control (Con). Abbreviation: OmpA+,
OmpA positive.

neutrophils, compared with brain sections of uninfected pups
(Figure 6D). DAHP pretreatment prevented the abnormalities
induced by OmpA+ E. coli infection in the brains of newborn
mice. These results suggest that GCHI1 activity is important
for the development of meningitis due to E. coli K1 in

newborn mice.

DISCUSSION

Our previous studies have demonstrated that E. coli K1
induces NO production via OmpA interaction with the recep-
tor Ecgp96 in HBMECs [4]. Here, we show that OmpA+ E.
coli infection of HBMECs enhances the expression of GCHI,
biopterin synthesis, and, concurrently, NO production. Al-
though LPS has been shown to increase GCHI1 expression, we
observed only a moderate effect during OmpA— E. coli infec-
tion. Our unpublished data revealed that OmpA+ E. coli
induces the expression of Toll-like receptor 2/Ecgp96 com-
plexes on HBMEC plasma membranes, whereas OmpA— E.
coli enhances mainly Toll-like receptor 4 (TLR4) expression.
Therefore, it is possible that the moderate increase in GCH1
expression and biopterin production observed in OmpA— E.
coli-infected HBMECs could be due to the interaction of LPS
with TLR4. Since GTP is the substrate for cellular pterin syn-
thesis, it should be noted that the GTP level is inversely pro-
portional to the cellular pterin level, which in turn affects G-
protein signaling and small-GTPase activation. This sequence
of events could be the basis of our earlier observation that
OmpA+ E. coli decreases the activity of the small GTPase
Racl for cytoskeleton rearrangements [27].

Homo-decamerization of GCH1 is a critical factor in its ac-
tivation, indicating that assembly of the GCH1 monomer into
larger units is necessary for function. Hwu et al have reported
the role of Hsp90, a heat shock protein, in regulating GCH1
expression and activity [28]. Although Ecgp96 is a paralogue
of the Hsp90P form, this study revealed that Ecgp96 also asso-
ciates with GCH1 and that their levels increased significantly
on OmpA+ E. coli infection of HBMECs. In addition, Ecgp96/
GCHI1 complexes also translocated to the cell surface during
the invasion process. Coordinated expression of GCH1 and
iNOS under inflammatory conditions has been reported in
various models [29, 30]. Furthermore, the reduced forms of
biopterin are critical for iNOS dimerization and NO produc-
tion [31]. Consistent with these reports, OmpA+ E. coli
induced total expression, dimer formation of iNOS, and sub-
sequent NO production 30-60 minutes after infection of
HBMECs. Of note, NO-mediated Ecgp96 expression via iNOS
was observed in HBMECs infected with OmpA+ E. coli. In
DAHP-treated HBMEC:s, a significant decrease in total dimeric
iNOS and in NO production was observed and, concurrently,
reduced the total and surface expression of Ecgp96 during
OmpA+ E. coli infection. A significant decrease in the total bio-
pterin levels in HBMECs transfected with Ecgp96 siRNA and
decreased expression of GCH1 induced by OmpA+ E. coli in-
fection were also observed.

We translated our in vitro observations to a neonatal mouse
model to further investigate the role of biopterin synthesis in
OmpA+ E. coli infection. A beneficial role of DAHP in
preventing septic shock induced by gram-positive and
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Figure 6. 2 4-diamino hydroxyl pyrimidine (DAHP) prevents the occurrence of meningitis in newborn mice. Newborn mice at day 3 were infected
intranasally with 10° colony-forming units (CFU) of OmpA+ Escherichia coli, with or without receiving DAHP (100 mg/kg body weight, intraperitoneally)
pretreatment. At the end of the study, whole brain was aseptically removed. Half of the brain was analyzed for total biopterin production by high-
performance liquid chromatography (A) and bacterial load (B) by plating the tissue homogenates on rifampicin LB agar plates. Samples of cerebrospinal
fluid (CSF) were collected by cisternal puncture and directly inoculated into LB containing rifampicin to examine the presence of bacteria (C). A positive
CSF culture is considered as positive for meningitis. Another half of the brain from each animal was paraffin embedded, sectioned, and stained with
hematoxylin-eosin or subjected to immunostaining with anti-GFAP or anti-MPO antibodies (D). The saline-treated and uninfected group was used as a
control (Con) to compare the pathological alterations. Arrows indicate the infiltration of either glial cells or neutrophils. Representative images of each
group (n=6) are shown. Qriginal magnification x20.
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Figure 7. A proposed model for the pivotal role of biopterin synthesis
in Escherichia coli K1 invasion of human brain microvascular endothelial
cells (HBMECs). OmpA+ E. coli infection of HBMECs enhances both
Ecgp96 and guanosine triphosphate cyclohydrolase (GCH1) expression
and GCH1-Ecgp96 association for formation of an enzymatically active
homo-decamer to stimulate biopterin synthesis. Elevated GCH1 expres-
sion and biopterin production induces NO production by stimulating iNOS
expression and dimerization. The formation of NO further stimulates
Ecgp96 expression and membrane translocation that enables more OmpA+
E. coli interaction with Ecgp96 for subsequent invasion. 2,4-diamino
hydroxyl pyrimidine blocks the entire signaling cascade induced by OmpA+
E. coli by functionally inhibiting GCH1 and biopterin production.

gram-negative pathogens was suggested by several studies [32-
34]. However, this is the first report to show the effect of
DAHP in preventing bacterial entry into brain. NO produc-
tion by iNOS during infection has been reported to be 100-
1000-fold higher than that of constitutive forms of NOS [35]
and to cause severe brain injury and increased intracranial
pressure [36]. Additionally, elevated GCH1 expression and
pterin metabolites were found to produce persistent neuro-
pathic pain [9]. OmpA+ E. coli-induced abnormalities in
brain pathology completely resolved, and the total biopterin
production was reduced in DAHP-treated newborn mice. In
addition, the observation of a significant decrease in blood
bacteremia among infected newborn mice (data not shown)
indicates that the inhibition of biopterin synthesis reduced the
bacterial load in the blood.

In sum, this study demonstrates that OmpA+ E. coli infec-
tion stimulates biopterin synthesis by manipulating the ex-
pression and activity of GCH1 for efficient brain translocation.
Furthermore, the stimulation of biopterin synthesis also favors
iNOS expression, dimerization, and subsequent NO produc-
tion (Figure 7). Since iNOS-mediated NO production was trig-
gered by many clinically important pathogens, it is of interest

to examine the role of GCHI and biopterin production in
other infectious diseases.
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