TR e

bonds, such as flipping of the unbound D
atoms, as in the water trimer (15), and per-
haps is also associated with twisting and
bending motions of the oxygen framework,
as found in cyclopentane (24). Assigning the
observed vibration to the flipping mode is
consistent with (i) a parallel (AK = 0) tran-
sition in which the dipole moment change
associated with the out-of-plane vibration is
parallel to the symmetry axis (perpendicular
to the ring) and (ii) the fact that both the
ground and the excited state structures are
averaged to rigorously symmetric top forms
by the flipping dynamics.
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Role of Mutant CFTR in Hypersusceptibility of
Cystic Fibrosis Patients to Lung Infections

Gerald B. Pier,* Martha Grout, Tanweer S. Zaidi, John C. Olsen,
Larry G. Johnson, James R. Yankaskas, Joanna B. Goldberg

Cystic fibrosis (CF) patients are hypersusceptible to chronic Pseudomonas aeruginosa
lung infections. Cultured human airway epithelial cells expressing the AF508 allele of the
cystic fibrosis transmembrane conductance regulator (CFTR) were defective in uptake of
P. aeruginosa compared with cells expressing the wild-type allele. Pseudomonas aerugi-
nosa lipopolysaccharide (LPS)-core oligosaccharide was identified as the bacterial ligand
for epithelial cell ingestion; exogenous oligosaccharide inhibited bacterial ingestion in a
neonatal mouse model, resulting in increased amounts of bacteria in the lungs. CFTR may
contribute to a host-defense mechanism that is important for clearance of P. aeruginosa

from the respiratory tract.

Among the most serious manifestations
of CF are chronic pulmonary infections
with the bacterium P. aeruginosa. The ba-
sis for hypersusceptibility of CF patients to
this bacterium is not well understood, and
the role of mutant CFTR, if any, is not
clear. Binding and internalization of respi-
ratory pathogens by epithelial cells fol-
lowed by desquamation could be an im-
portant mechanism for clearing bacteria
from the lung. This mechanism has been
shown to be important in protecting
against bladder infections (I).

To investigate whether the most com-
mon and severe CFTR mutation (AF508)
affected uptake of P. aeruginosa, we per-
formed bacterial invasion assays (2) with
four cell lines: CFT1, an airway epithelial
cell line derived from a CF patient ho-
mozygous for AF508 CFTR and that is
transformed with human papilloma virus
18 E6/E7; CFT1-AF508, which expresses a
third copy of AF508 CFTR introduced by
a retrovirus; CFT1-LC3, which expresses a
control gene (B-galactosidase) introduced
by the same retrovirus; and CFT1-LCFSN,
which expresses a functional wild-type hu-
man CFTR gene (3). We tested a standard
laboratory strain of P. aeruginosa, designat-

ed PAOI1, and two nonmucoid, LPS-
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smooth clinical isolates from CF patients
(4). Compared with CFT1-LCFSN cells,
the three lines expressing AF508 CFTR
internalized significantly fewer bacterial
cells (Fig. 1A). The AF508 mutation caus-
es inefficient processing of CFTR, a defect
that is partially corrected if the cells are
grown at 26°C (5). When epithelial cells
were cultured for 72 hours at 26°C there
were no longer significant differences in
uptake of the P. aeruginosa strains by the
cells expressing wild-type or mutant
CFTR (Fig. 1B). Because the overall up-
take of bacteria at 26°C was low, we per-
formed additional experiments with cells
grown for 72 hours at 26°C in which the
invasion assay was performed at 37°C for 3
hours, conditions under which surface ex-
pression of mutant AF508 CFTR is main-
tained (5). No significant difference in
bacterial cell uptake was measured (Fig.
1C), and overall amounts of internaliza-
tion approached those of the CFTI-
LCFSN cells at 37°C. Returning cells ex-
pressing AF508 CFTR to 37°C for 24
hours after growth for 72 hours at 26°C
removes CFTR from the cell surface (5);
under these conditions internalization of
the bacterial strains was essentially iden-
tical to that shown in Fig. 1A (6). These
data indicate that internalization of P.
aeruginosa by airway epithelial cells corre-
lated with membrane expression of CFTR.

The effect of AF508 CFTR on inges-
tion appeared to be specific for P. aerugi-
nosa; other bacterial pathogens tested (7)
were internalized equally well by cells ex-
pressing mutant AF508 or wild-type



CFTR. Quantitative bacterial binding as-
says revealed that differences in internal-
ization by the epithelial cells were not
simply due to differences in the adherence
of P. aeruginosa.

Over the course of chronic lung infec-
tion in CF patients, variants of P. aerugi-
nosa emerge that no longer express com-
plete LPS structures (8). To investigate
the effect of LPS structure on epithelial
cell internalization, we tested eight P.
aeruginosa strains that differ in LPS struc-
ture (9) (Fig. 2, A and B). Maximal inva-

Fig. 1. Internalization of
P. aeruginosa by 10°%
transformed airway epi-
thelial cells (2). Cells
were grown for 72 hours
and bacteria were then
allowed to invade the
cells for 3 or 4 hours.
Bars indicate the mean
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sion occutred into the CFT1-LCESN cells
by bacterial strains expressing an intact
LPS outer core; in addition, cells express-
ing wild-type CFTR ingested significantly
more P. aeruginosa, regardless of LPS phe-
notype, than did those expressing AF508
CFTR. No effect on bacterial ingestion
was seen when isogenic P. aeruginosa
strains differing in production of pili, fla-
gella, or mucoid exopolysaccharide were
tested (6).

We also compared the internalization of
three clinical isolates of P. aeruginosa with
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Cell lines are as follows: 1, CFT1-LCFSN; 2, CFT1; 3, CFT1-LC3; and 4, CFT1-AF508. (A) Cells were
grown at 37°C, a temperature that inhibits membrane expression of AF508 CFTR (5) and the assay was
carried out at 37°C. Multiple comparisons for all three bacterial strains were significant (P < 0.001,
ANOVA); the CFT1-LCFSN line was significantly different from any other cell line (P < 0.01, Fisher's PLSD
statistic) for all three bacterial strains. (B) Cells were grown at 26°C and internalization was assessed at
26°C. (C) Cells were grown at 26°C and internalization was assessed at 37°C. When cells were grown at
26°C to promote surface expression of AF508 CFTR (5), there were no significant (P > 0.2, ANOVA)
differences in bacterial uptake among the cell lines for any P. aeruginosa strain tested.

Fig. 2. Role of the complete outer-
core region of P. aeruginosa LPS
in internalization by airway epithe-
lial cells (2). Bars indicate the mean
of the determinations and error
bars the SD. (A and B) Assays with
bacterial strains of defined LPS
phenotype (9); 1, PAC1R, wild-
type, smooth; 2, PAC557, com-
plete core; 3, PAC1R algC::tet, in-
complete core; 4, PACB05, in-
complete core; 5, PAO1, wild-
type, smooth; 6, AK44, complete
core; 7, PAO1 algC::tet, incom- Cell
plete core; and 8, AK1012, incom-
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ing an incomplete core (P < 0.01, ANOVA; P < 0.05 for all pair-wise comparisons, Fisher PLSD). (C
to E) Increased internalization by airway epithelial cells of recombinant LPS-smooth P. aeruginosa
strains carrying cloned rfb genes (solid bars) compared with parental clinical isolates expressing an
incomplete LPS structure and carrying only the DNA cloning vector (open bars) (70). (C) Strain 2192;
(D) strain 332; (E) strain 9125. Ingestion of all of the LPS-smooth strains by all of the cell lines was
significantly better than ingestion of the corresponding LPS-incomplete isolate (P = 0.002, unpaired
t test), except for strain 9125 by the CFT1 cells. There was also significantly greater (P <.0.001,
~ ANOVA) uptake of all of the LPS-smooth bacteria by the CFT1-LCFSN cells compared with the other

three cell lines expressing AF508 CFTR.

SCIENCE e« VOL. 271 ¢ 5]JANUARY 1996

incomplete LPS structures with that of re-
combinant strains converted back to ex-
pression of complete LPS structures by in-
troduction of portions of the 7fb locus of P.
aeruginosa strain PA103 (10). All three re-
combinant LPS-smooth bacterial strains
showed the same pattern of ingestion by the
cell lines (Fig. 2, C to E) as was depicted in
Figs. 1 and 2, A and B, for naturally occur-
ring LPS-smooth strains. Uptake of the re-
combinant LPS-smooth strains by all of the
cell lines was significantly increased com-
pared with the LPS-incomplete clinical iso-
lates carrying only the vector for DNA
cloning. These results suggest that the
emergence of strains expressing an incom-
plete LPS structure during chronic infec-
tion of CF patients may further reduce ep-
ithelial cell uptake and thus contribute to
bacterial survival in the airways.

To determine if LPS could inhibit the
internalization of P. aeruginosa, we isolated
LPS and the oligosaccharide fragment lack-
ing lipid A from strains PAC557 and
PACIR algC::tet and tested their inhibitory
activity in the invasion assay. Strain
PAC557 produces an LPS with a complete
core but no O side chains, and the isogenic
strain PACIR algC::tet expresses an incom-
plete LPS core (11). LPS from the former,
but not the latter, strain inhibited ingestion
by the CFT1-LCESN cells (Fig. 3). LPS
with a complete core also inhibited bacte-
rial adherence to the CFT1-LCFSN cell
line (12). These results suggest that the"
complete LPS outer core is an important
bacterial ligand involved in the ingestion
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Fig. 3. Effect of intact LPS (A) and an oligosac-
charide with a lipid A-free core (B) on internaliza-
tion of P. aeruginosa into CFT1-LCFSN cells.
Each point is the mean of three to seven repli-
cates; error bars are SD. Pseudomonas aerugi-
nosa strains: (), PAO1; (4), 149; and (O), 324.
Solid symbols in (B) represent the mean CFU of
bacteria internalized in the presence of intact LPS
(100 pg/ml) from strain PAC1R algC::tet, which
has an incomplete-core  oligosaccharide.
Amounts of internalization <10* CFU differed sig-
nificantly (P < 0.01, ANOVA and Fisher PLSD for
pair-wise comparisons) from amounts of internal-
ization in the presence of incomplete-core LPS
(100 pg/ml).

65



Fig. 4. Effect of complete-core oligosaccharide on
P. aeruginosa infection in neonatal mouse lungs.
Each point indicates the median bacterial CFU for
8 to 10 lungs obtained from each group of mice
and the bars indicate the upper and lower quar-
tiles. Inhibitor delivered with inoculum: (@), none;
(O), complete-core oligosaccharide; and (M), in-
complete-core oligosaccharide. Groups of 7-day-
old neonatal BALB/c mice were infected intrana-
sally with ~108 CFU of strain PAO1 (74) alone or
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mixed with either complete-core oligosaccharide (50 p.g) or incomplete-core oligosaccharide (50 w.g)
(717). After 1, 24, or 48 hours, four to five mice were killed and their lungs were removed, weighed, and
dispersed into single-cell suspensions. The total CFU of bacteria present in each lung was determined
from a sample treated with Triton X-100 (0.5%) to release intracellular bacteria. The remaining cells
were treated with gentamicin (300 wg/ml) for 60 min to kill extracellular P. aeruginosa, then the cells
were centrifuged, washed twice in tissue-culture medium, and resuspended in 200 pl of 0.5% Triton
X-100 to release intracellular bacteria. These suspensions were diluted and plated. Differences among
groups were analyzed by nonparametric statistics: P < 0.0001, Kruskall-Wallis nonparametric
ANOVA; P < 0.001, Dunn procedure for individual pair-wise differences between the groups at 1 and
24 hours. Also, at 1 hour the group receiving the incomplete-core oligosaccharide had a reduced
amount (P = 0.05, Dunn procedure) of intracellular bacteria compared with the group receiving
nothing with the inoculum. At 48 hours, the group treated initially with complete-core inhibitor had
significantly more bacteria in their lungs (P = 0.003, Kruskall-Wallis; P < 0.05, Dunn procedure for all

pair-wise comparisons) than did the other groups.

by airway epithelial cells expressing wild-
type CFTR. LPS has a similar role in the
invasion of epithelial cells by Neisseria gon-
orrhoeae (13).

To assess the physiological significance
of these observations, we used a neonatal
mouse model for infection by P. aeruginosa
wherein epithelial cell internalization of
bacteria has been observed (14). Inocula
containing P. aeruginosa PAO1 plus com-

" plete-core oligosaccharide produced fewer
intracellular P. aeruginosa 1 and 24 hours
after infection compared with controls in-
oculated with PAOI alone or PAO1 plus
incomplete-core oligosaccharide (Fig. 4).
The total number of bacteria in the lung at
1 hour was the same for all groups, but at 24
hours there were =28 million more P.
aeruginosa per gram of lung tissue when the
complete-core oligosaccharide was added to
the inoculum. Forty-eight hours after infec-
tion, the mice given the complete-core in-
hibitor still had substantially more bacteria
in the lungs compared with controls. Mice
given the complete-core inhibitor had more

-internalized bacteria at 48 hours, although
this was not significantly different (P >
0.05) from mice given incomplete-core in-
hibitor; presumably this higher level of in-
ternalized bacteria reflected the fact that
there were more total bacteria in these
mouse lungs and there would be no effect
from the inhibitor at this time point. In a
separate experiment, addition of intact LPS
to the bacterial inoculum produced similar
results (6). Thus, addition of an exogenous
ligand to block bacterial ingestion by epi-
thelial cells resulted in less bacterial clear-
ance from the lungs of neonatal mice.

Histological analyses of affected lung tis-
sue removed from CF patients at autopsy or
for transplantation routinely show that P.
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aeruginosa cannot be seen internalized with-
in airway cells and are rarely attached to
epithelial cells. Instead, bacteria are ob-
served as microcolonies encased in the ex-
tracellular mucus layer lying in the airway
lumen (15). Thus, our findings are consis-
tent with the observed histopathology. Some
studies have implicated increased receptors
for P. aeruginosa on epithelial cells from CF
patients as the basis for the hypersusceptibil-
ity of CF patients to chronic infection (16),
whereas others have reported no differences
in' P. aeruginosa adherence to nasal polyp
epithelial cells cultured from individuals
with and without CF (17). Further studies
are needed to determine the relation be-
tween binding of P. aeruginosa and internal-
ization by epithelial cells and the pathogen-
esis of chronic lung infection in CF patients.

Our results suggest that P. aeruginosa can
initiate infection in CF patients because
airway epithelial cells expressing a mutant
CFTR are defective in internalization of the
bacterium, a process that may be an impor-
tant host defense. The emergence during
chronic infection of P. aeruginosa variants
with an incomplete LPS structure, which
would further impair their internalization,
may contribute to the maintenance of the
infectious state. Conceivably, genetic or
other therapies that promote expression of
CFTR on epithelial cell surfaces could en-
hance elimination of P. aeruginosa by cellu-
lar uptake and alter the otherwise relentless
clinical course of CF.
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Control of Aragonite or Calcite Polymorphism by
Mollusk Shell Macromolecules

Giuseppe Falini,” Shira Albeck, Steve Weiner, Lia Addadit

Many mineralizing organisms selectively form either calcite or aragonite, two polymorphs
of calcium carbonate with very similar crystalline structures. Understanding how these
organisms achieve this control has represented a major challenge in the field of biomin-
eralization. Macromolecules extracted from the aragonitic shell layers of some mollusks
induced aragonite formation in vitro when preadsorbed on a substrate of -chitin and silk

fibroin. Macromolecules from calcitic shell layers induced mainly calcite formation under .

the same conditions. The results suggest that these macromolecules are responsible for
the precipitation of either aragonite or calcite in vivo.

Many organisms are able to exert remark-
able control over the minerals they form.
Numerous mineralized tissues contain crys-
tals all having a preferred orientation and a
mineral composition and morphology dif-
ferent from precipitates that form abiologi-
cally under the same environmental condi-
tions (1, 2). A striking example of biologi-
cal control is the ability of many organisms
to determine which polymorph of CaCO,
will precipitate at a given location (3). In
mineralized tissues a mixture of CaCOj,
polymorphs is almost never found- at the
same site. There are, however, numerous
examples of species that precipitate one
polymorph type at one location and a sec-
ond type at an adjacent location (1).

The most common biologically formed
CaCO; polymorphs are calcite and arago-
nite. Vaterite, a less stable polymorph, is
not commonly formed by organisms (1, 4).
Calcite is thermodynamically more stable
than aragonite at ambient temperatures and
pressures (5). Calcite and aragonite have
very similar crystal structures (6). The cal-
cium ions are located almost in the same
lattice positions in (001) layers, alternating
with layers of carbonate ions. The major

differences between the two polymorphs oc--
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cur in the organization and orientation of
the carbonate molecules. The presence of
other doubly charged ions in CaCOj solu-
tions, in particular Mg?™* as well as a variety
of small organic molecules, favors the for-
mation of aragonite (7). It has thus been
widely believed that the regulation of ara-
gonite-calcite polymorphism in organisms
depends on the concentration of ions, pri-
marily magnesium, in the precipitating so-
lution (8).- }

A commonly used strategy in biomin-
eralization is the elaboration of an extra-
cellular organic matrix (4). The crystals
are induced to form within the matrix
voids. This is the strategy used by mollusks
to form their shells (9). In the matrix
sheets of nacre, the core is composed of a
layer of B-chitin that is sandwiched be-
tween two layers of glycine- and alanine-
rich proteins (10). The latter proteins
have x-ray and electron diffraction pat-
terns remarkably similar to that of silk
fibroin and are predominantly in the B
sheet conformation (11). The surfaces of
the matrix are coated with hydrophilic,
aspartic acid-rich macromolecules, some
of them in contact with the mineral phase
(12). These hydrophilic macromolecules
specifically interact from solution with
growing calcite crystals in vitro, suggesting
that they are involved in the crystal for-
mation process at the molecular level
(13). Hare proposed that the organic ma-
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trix proteins may be responsible for the
polymorph type deposited in mollusk
shells (14). Experiments testing the ability
of organic framework matrices from arago-
nitic and calcitic mollusk shell layers to
induce nucleation of the original phase in
a saturated solution met with some suc-
cess, although calcite formed predomi-
nantly, rather than aragonite, irrespective
of the origin of the matrix components
(15). Furthermore, this experimental ap-
proach does not guarantee the total ab-
sence of undissolved crystal nuclei in the
matrix, which could be responsible for
seeding the original phase.

We developed an experimental strategy
to determine whether components of the
matrix, especially the hydrophilic macro-
molecules, have a primary role in the con-
trol of polymorphism and whether the en-
tire matrix assembly is required. We reas-
sembled in vitro a substrate for nucleation
composed of the major mollusk shell organ-
ic matrix components: B-chitin, silk fi-
broin, and aspartate-rich soluble macromol-
ecules extracted from individual mollusk
shell layers (10). The B-chitin and silk were
purified from the pen of the squid Loligo and
the cocoons of the silkworm Bombyx mori,
respectively (16, 17), where neither are
associated with any mineral phase. This
approach precluded the possibility that our
results were influenced by any residual un-
dissolved mineral phase.

The Loligo B-chitin has a complex
three-dimensional organization (18). The
fibers are organized in an interlinked ar-
chitecture forming a dense net of pores
and channels. Purified soluble silk fibroin
was allowed to interact with the insoluble
chitin and was stabilized in the B confor-
mation by treatment with methanol (17).
The ensemble of macromolecules was then
adsorbed from solution on the B-chitin—
silk fibroin assembly. Crystallization was
finally induced by incubation of the sub-
strate complex in a saturated solution of
CaCO; (19). The macromolecules were
extracted from either calcitic or aragonitic
layers of four bivalves, a cephalopod, and a
gastropod (Table 1). Most of our experi-
ments used the macromolecules from ara-
gonitic layers, as the formation in vitro of
the less stable aragonite in the absence of
other additives presumably implies an ac-
tive role for these macromolecules in
CaCO, polymorph determination.

Crystallization on the partial or com-
plete assemblies of chitin, silk fibroin, and
mollusk shell macromolecules resulted in
the formation of spherulites of CaCO; on
the surface and inside the chitin scaffold
(20). The spherulites were isolated and
characterized by optical and scanning elec-
tron microscopy, and their mineralogies
were determined by Fourier transform infra-
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