that at least one type of transmembrane
ECM receptor, integrin B,, can act as a
mechanoreceptor in that it can transfer
mechanical signals to the CSK by way of a
specific molecular pathway. A cell’s sensi-
tivity to a mechanical stimulus therefore
may be altered by changing ECM receptor
number, location, or adhesion strength or
by modulating focal adhesion formation.
Other types of transmembrane molecules
that interconnect with CSK filaments (for
example, different integrin subunits, cad-
herins, or cell surface proteoglycans) may
also transfer external mechanical signals to
the CSK. The magnetic twisting device
provides a simple method to directly address
this possibility. In addition, these results
suggest that transfer of force from integrins
to the CSK may represent a proximal step
in an intracellular mechanical signaling
cascade that leads to global CSK rearrange-
ments and simultaneous mechanotransduc-
tion events at multiple locations inside the
cell (21, 28). If cells use a tensegrity-based
transduction system, then mechanical sig-
nal transfer throughout the entire cell
would be essentially instantaneous and thus
more rapid than any diffusion-based signal-
ing system.
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Expression of Pseudomonas aeruginosa Virulence
Genes Requires Cell-to-Cell Communication

Luciano Passador, James M. Cook, Michael J. Gambello,
Lynn Rust, Barbara H. Iglewski*

Pseudomonas aeruginosa is an opportunistic human pathogen that causes a variety of
infections in immunocompromised hosts and individuals with cystic fibrosis. Expression of
elastase, one of the virulence factors produced by this organism, requires the transcrip-
tional activator LasR. Experiments with gene fusions show that gene /as/ is essential for
high expression of elastase. The /as/ gene is involved in the synthesis of a diffusible
molecule termed Pseudomonas autoinducer (PAl). PAI provides P. aeruginosa with a
means of cell-to-cell communication that is required for the expression of virulence genes
and may provide a target for therapeutic approaches.

The Gram-negative bacterium Pseudomo-
nas aeruginosa is an opportunistic pathogen
capable of secreting many extracellular vir-
ulence factors. Among these are the prod-
ucts of the aprA gene, which encodes alka-
line protease (1), the toxA gene encoding
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toxin A (2, 3), and the products of the lasA
and lasB genes, each of which encodes a
protease with elastolytic activity (4, 5).
The role of elastase as a virulence factor is
supported by the list of substrates that it uses,
including elastin (1), human immunoglob-
ulins G and A (6, 7), some collagens (8),
serum o, -proteinase inhibitor (9), and com-
ponents of the complement system (10).
The product of the lasR gene (LasR) has

been shown to be required for the transcrip-
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tion of aprA, lasA, and lasB (11-14) and to
enhance toxA expression (12, 14). Thus, it
appears that LasR may be a global regulator
of genes involved in the virulence of P.
aeruginosa.

An incomplete open reading frame of
approximately 209 bp has been identified
distal to lasR (14) and named ORF2. To
study this gene, we used a 703-bp probe
encompassing an Eco RV-Eco RI fragment
from pMJG1.7 (11) to screen a subgenomic
library of PAO1. A 5.4-kb Eco RV fragment
was identified, isolated, and subcloned into
pBluescriptll KS* (Stratagene) to construct
pJMC30. The cloned insert was further sub-
cloned into a 1.8-kb Eco RI fragment, and a
4.0-kb Cla I fragment. These were inserted
into pBluescriptIl KS* to construct pJMC31
and pJMC32, respectively.

The DNA sequence upstream of the Eco
RI site within ORF2 has been reported (11).
We determined the nucleotide sequence of
the remainder of the open reading frame by
the dideoxy chain termination method (15),
using pJMC30 through pJMC32 as tem-
plates. A putative Shine-Dalgarno region
centered at ten nucleotides upstream of the
suggested start of translation has been iden-
tified. The high frequency of P. aeruginosa
codon usage (16) and the high GC content
(59%) throughout the open reading frame
are good indicators that ORF2 represents an
actual P. aeruginosa gene. The translated
product of ORF2 has a deduced molecular
mass of 22,847 daltons. No likely transmem-
brane regions were detected with the Uni-
versity of Wisconsin GCG DNA-Protein
analysis software (17). The GenBank—Euro-
pean Molecular Biology Laboratory sequence
database was searched by means of the GCG
DNA-Protein analysis software package
(17), and we found that the highest Jdegree
of similarity was to the Vibrio fischeri luxl
gene product (18). Regulation of the genes
required for luminescence in V. fischeri in-
volves both LuxR and a small effector mol-
ecule that is freely diffusible and is termed
autoinducer (Al), the synthesis of which is
catalyzed by the product of the luxI gene, Al
synthetase (19-21). Vibrio fischeri Al exhib-
its similarity to a group of autoregulatory
molecules seen in Streptomyces spp. (22),
and both have been postulated to be in-
volved in cell-cell communication (22, 23).

The LuxR protein is a member of a
group of transcriptional activators defined
by sequence similarity in a COOH-termi-
nal, helix-turn-helix—containing region
proposed to be involved in binding DNA
(24). Included in this group is LasR, the
overall amino acid sequence of which ex-
hibits 27% identity to that of LuxR (14).
The COOH-terminal domains of LasR and
LuxR are ~53% identical, suggesting a
similar biological function in binding DNA
(14). Furthermore, the regions spanning
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Fig. 1. Comparison of the LasI
amino acid sequence of

1 MIVQIGRRE..EFD]

DEMEIDGYDA 48

II II|I I !II! I 21| s II

" LuxI 1 HTIHIKKSDFLAIPSEBY'KGILSLRYQVFK LVVENNLESDEYDN 50
Lasl to that of Lux|. Optimal o LSP . spm 95
alignment was found with i ol LUl 1L LT ee LT oe- ] -l
the local homology algo- 51 smyn)\cnm ENVSGCWRLLPTTGDYMLKSVFPELLGQQSAPKDPN 98

rithm of Smith and Water-
man (33). Dots in the se-
quence denote a gap insert-
ed to allow correct align-
ment of the downstream
sequence. The numbers

HEEEN

9 I WBLSR?AI NSGQKGSDGPS

99 IVKLSRPAVGKNSSKINNSASBITHILFBAI

3.
149 IKRPLKRIKV'PCBRIGDKBI

SLQNDI QTLVTVTI'VG 147
NN ES |2 so0s o3| &
VSQGITBYVTVTSTA 148

148 VEKMMIRAGLDVSRFPGPH. LKIGIBRAVALRIBLNAR’I’QIALYGGVLV‘BQRLAVS 201

HEEA NI
KPINBQFKKAVLN 193

preceding and following each line indicate the position of the respective amino acid at the beginning and
end of each line. Comparison symbols between the two sequences are defined as follows: identical
amino acids are denoted by a line, two dots denote conservative amino acid replacements, and one dot
denotes evolutionary related substitutions. Abbreviations for the amino acid residues are as follows: A,
Alag; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gin;

R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.

Fig. 2. Northern analy- 1
sis of /lasR mRNA. Total

RNA from strain PAO1

(lane 1), PAO-RI (lane

2), PAO-RI(pMJG1.7)

(lane 3), or PAO-RI- 29-
(PSW200) (lane 4) was
separated by electro-
phoresis on a 1.2%
agarose gel containing
6.2% formaldehydeand ~ 1.1=
transferred to nitrocellu- .
lose. The RNA was hy-
bridized to a 32P-la-
beled 649-bp Eco RV
fragment obtained from
PMJG1.7 that is specific
to an internal region of /asR. The lasR mRNA
consistently appeared as a smear, perhaps in-
dicating a short half-life. RNA molecular size
standards are indicated at left (in kilobases).
RNA was obtained, separated by electrophore-
sis, and probed as described (77).

2 3 4

1.77- u

the Al recognition site of LuxR also exhibit
36% identity to a region in the NH,-
terminus of LasR (14). Five of the seven
LuxR point mutations that decrease sensi-
tivity to Al are conserved between LasR
and LuxR (25). On the basis of the simi-
larities between LuxR and LasR and be-
tween ORF2 and luxI, and given the loca-
tion of luxI and ORF?2 relative to luxR and
lasR (the gene for LasR), respectively,
ORF2 was renamed lasl.

The amino acid sequence of the putative
Lasl (the lasI gene product) is 34.6% iden-
tical and 55.9% similar to that of LuxI (the
luxI gene product or Al synthetase) (Fig. 1).

‘Although LuxI is 193 amino acid residues in

length, Lasl contains 201 amino acids. Giv-
en the similarity of Lasl to LuxI, we suspect-
ed that Lasl might have a similar function.
Thus, we designed an assay system to inves-
tigate the function of Lasl with respect to
LasR and LasB, the lasB gene product.
Pseudomonas aeruginosa strain PAO-RI,
in which the lasR gene is inactivated, ex-
hibits no detectable elastase activity or
antigen (11). However, the elastolytic phe-
notype can be partially restored if lasR is
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Fig. 3. Northern analysis A

of las/mRNA. We used a Bt O
700-bp fragment ob-

tained by Sal | digestion

of pJMC31 and corre-

sponding to the region

downstream of the Eco

Rl site 214 bp internal to

lasl to probe total RNA

from P. aeruginosa PAO1

(lane 1), PAO-RI (lane 2), .
PAO-RI(pMJG1.7) (lane
3), and PAO-RI(pSW200)
(lane 4) (A). RNA was iso-
lated, separated by elec-
trophoresis, and probed
as described in Fig. 2.
We monitored the integri-
ty of the RNA by hybrid-
izing it with a pilin gene
probe (B) as described
(11).

supplied in trans (I1). To quantify the
specific effects of lasR on expression of the
elastase structural gene lasB, we used PAO-
RI carrying a plasmid-encoded lasB::lacZ
translational fusion [pTS400 (26)] as a re-
porter system. In this system, the expression
of lasB is monitored by measuring the B-ga-
lactosidase production (27) from PAO-RI
carrying the fusion in the presence [PAO-
RI(pTS400-1.7) (26)] or absence [PAO-
RI(pTS400)] of lasR supplied in trans.

The addition of lasR in trans exhibited
only a small effect on lasB expression (Table
1). Therefore, the presence of only lasR,
even on a multicopy plasmid, does not
restore elastolytic activity to the amounts
seen in wild-type strain PAO1. Northern
(RNA) analysis indicated that lasR was tran-
scribed in the wild-type PAO1 and in PAO-
RI when lasR was supplied in trans on a
multicopy plasmid (Fig. 2, lanes 1 and 3) but
not in PAO-RI or PAO-RI carrying the
vector control (Fig. 2, lanes 2 and 4). Thus,
the lasR gene product alone was not suffi-
cient for maximal expression of elastase.

Northern analysis of total RNA with a
700-bp las-specific probe shows that the



Table 1. Expression of /asB in the presence of /asR and /as/.

Strain* Phenotypet B-galt ECR (%)§
PAO1(pTS400) R+I+ 2664 + 218 100
PAO-RI(pTS400) R-1- 7+ 1 5
PAO-RI(pTS400-1.7) R+I- 28+ 8 5
PAO-RI(pLPL106) R*I* 6807 = 812 323
PAO-RI(pLPL108) R-I+ 5+ 1 25

*Strains were grown at 32°C with shaking in LB medium containing carbenicillin (200 pg/ml) for 18
hours. tPhenotype of the strain with respect to /asR (R) and /as/ (1) is shown. A plus sign indicates that a
functional gene is present either on the chromosome or as a plasmid-encoded copy. A minus sign indicates that
the gene is not expressed. $Samples were taken after 18 hours of growth, and p-galactosidase (B-gal) assays
were performed as described (27). B-Galactosidase values are expressed as Miller units (27). Values shown
indicate the mean + SD of at least three determinations. §The elastolytic activity of each strain, obtained by
the ECR assay (13), is expressed as a percentage of the value obtained for PAO1(pTS400).

Table 2. Expression of the /asB::lacZ fusion in strains grown in cell-free supernatants of E. coli TB1
or P. aeruginosa PAO-RI carrying /as/ or a control plasmid.

B-gal (Miller units)t

Spent medium*

MG4(pTS400) MG4(pTS400-1.7)
TB1(pSW200)/LB 3+ 3 28 + 1
TB1(pLASI-1)/LB 46+ 2 1151 = 34
PAO-RI(pSW200)/At 192 + 35 68+ 7
PAO-RI(pLASI-2)/A%§ 237 + 40 522 + 14

*Supernatants from 18- to 24-hour cultures of the indicated strain grown in the medium shown were used as the
source of spent medium. Cultures contained either ampicillin (100 pg/ml) (in the case of E. coli TB1) or
carbenicillin (200 wg/ml) (in the case of P. aeruginosa PAO-RI) to ensure maintenance of the plasmid. The
supernatants were filter-sterilized by passage through a 0.45-pm filter, and we tested portions for cellular
contamination by incubating them at 37°C for 24 hours. Glycerol (0.05%) and the appropriate antibiotic were
added to portions of supernatants shown to be cell-free and were used to grow the E. coli MG4 strains. 18-
Galactosidase assays were carried out as described (27). Cultures were grown in the supernatant at 32°C with
shaking. Samples for the assay were taken at 4 hours after inoculation into the supernatant. Values shown indicate

the mean + SD of at least three determinations.

glycerol (0.4%), yeast extract (0.05%), and 1 mM MgSO, were used.

lasl message was present in PAO1 (Fig.
3A). However, lasI message was not detect-
ed in samples of RNA obtained from strain
PAO-RI either alone or with other plas-
mids. This confirms that the lasI gene is not
transcribed in PAO-RI and that the incom-
plete lasl gene found in pMJG1.7 is not
sufficient to produce a stable lasI transcript.
All lanes contained the same amount of
RNA, and there was no evidence of RNA
degradation (Fig. 3B).

Given the similarities of lasI to luxI, lasl
may be fesponsible for the production of a
factor that activates LasR in a manner
similar to the LuxR-Al system. In order to
address this question, we subcloned lasR
and lasl onto pTS400, which carries the
lasB::lacZ translational fusion, to construct
pLPL106 (28). In this construct, the nor-
mal chromosomal position and spacing of
lasR and lasI was maintained to ensure that
all regulatory features would be preserved.
We used pLPL106 to determine whether
the presence of both the lasR and lasI genes
would affect expression of lasB relative to
the presence of the lasR gene or the lasl
gene alone. The presence of both lasR and
lasI genes resulted in an increase in lasB
expression over lasR alone and even over
that seen in parental strain PAO1 (Table
1). The presence of lasI alone exhibited no

FA medium is essentially as described (27) except that

§Plasmid pLASI-2 is described in (37).

significant effect on lasB expression. Pre-
sumably, lasB expression is higher in PAO-
RI(pLPL106) than in PAO1(pTS400) be-
cause multiple copies of lasR and lasI are
provided.

The elastolytic activity of strains carrying
only lasR [PAO-RI(pTS400-1.7)] or lasl
[PAO-RI(pLPL108)] exhibited no significant
difference when compared with the lasR™
control strain [PAO-RI(pTS400)] (Table 1).
The activity of these strains was far below that
seen in the wild-type control strain
PAQO1(pTS400). The presence of lasR alone
only resulted in a small increase in activity.
These results suggest that neither lasR nor lasl
alone can account for wild-type amounts of
elastase activity. Furthermore, the results
from the elastin Congo Red (ECR) assays
(13) correlated well with the respective results
from the B-galactosidase assays (Table 1).
These data indicate that both lasR and lasI are
required for maximal expression of lasB and
that lasI may function in a manner similar to
the luxI gene of V. fischeri.

To determine whether lasI is involved in
the production of a diffusible molecule like
the Al molecule in V. fischeri, we grew the
lac™ Escherichia coli MG4 strain (29) con-
taining both lasR and the lasB::lacZ fusion
[MG4(pTS400-1.7)] or containing the fu-

sion alone [MG4(pTS400)] in cell-free su-
SCIENCE
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pernatants of E. coli TB1 (30) carrying lasl
[TB1(pLASI-1) (31)] or the control vector
[TB1(pSW200)]. Supernatant from cul-
tures of the strain that carries lasI increased
expression of the fusion more than 40-fold
when lasR was present (Table 2). No sig-
nificant effect was seen in the absence of
lasR. Furthermore, supernatants from cul-
tures of the control strain do not exhibit
any effect, regardless of the presence of
lasR. The same experiments were carried
out with P. aeruginosa PAO-RI carrying
either a control plasmid (pSW200) or lasl
(pLASI-2) (31) as the source of superna-
tant. Experiments suggest that the diffusible
factor is either unstable in P. aeruginosa LB
supernatants or that the LB medium con-
tains inhibitors that are not broken down
by P. aeruginosa (32). Furthermore, when
grown in LB medium, P. aeruginosa often
produces large amounts of pigment that
might interfere with the P-galactosidase
assay. For these reasons, we used modified
A medium (Table 2). Medium from P.
aeruginosa PAO-RI(pLASI-2) cultures in-
creased expression of lasB approximately
eightfold (Table 2). No significant effect
was observed when the control strain was
used as a source of spent medium.

The data presented in this study indicate
that Lasl is involved in the production of a
diffusible Al-like molecule that we term the
P. aeruginosa autoinducer (PAI) and that
both LasR and PAI are required for maxi-
mum lasB expression. The experiments car-
ried out with the E. coli strains also indicate
that LasR protein and PAI are sufficient for
the expression of lasB and that no other P.
aeruginosa—derived factors are required.
Thus, LasR, a regulator of virulence, re-
quires a diffusible inducer molecule pro-
duced by the pathogen.

To be successful, a pathogen must be
able to sense its environment and modulate
the expression of those genes necessary to
establish itself in a new niche. This is
important in the case of P. aeruginosa be-
cause it is found in many different environ-
ments, such as burn tissue or the lungs of
individuals affected with cystic fibrosis or
neutropenia. The latter two environments
result in different (chronic-localized versus
acute-disseminated) lung infections, high-
lighting the importance of understanding
how virulence factor genes are regulated
and of identifying the signals involved.

The possibility also exists that the LasR-
PAI system could serve as a mechanism for
cell-cell communication between P. aeru-
ginosa cells or between P. aeruginosa and
other bacterial cells to allow coordinate
expression of virulence-associated genes.
When carried out in response to cell density
or other environmental and nutritional
stimuli, this communication could result in
a concentrated attack on the host.
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GDNF: A Glial Cell Line-Derived Neurotrophic
Factor for Midbrain Dopaminergic Neurons

Leu-Fen H. Lin, Daniel H. Doherty, Jack D. Lile, Susan Bektesh,
Frank Collins*

A potent neurotrophic factor that enhances survival of midbrain dopaminergic neurons was
purified and cloned. Glial cell line—derived neurotrophic factor (GDNF) is a glycosylated,
disulfide-bonded homodimer that is a distantly related member of the transforming growth
factor—B superfamily. In embryonic midbrain cultures, recombinant human GDNF pro-
moted the survival and morphological differentiation of dopaminergic neurons and in-
creased their high-affinity dopamine uptake. These effects were relatively specific; GDNF
did not increase total neuron or astrocyte numbers nor did it increase transmitter uptake
by y-aminobutyric—containing and serotonergic neurons. GDNF may have utility in the
treatment of Parkinson’s disease, which is marked by progressive degeneration of midbrain

dopaminergic neurons.

Poarkinson’s disease is characterized by de-
generation of dopaminergic neurons in the
midbrain that innervate the striatum (I).
Current treatments are aimed at pharmaco-
logically augmenting striatal dopamine but
do not prevent continued neuron degener-
ation. Neurotrophic factors that specifically
prevent this degeneration and increase the
functional activity of the remaining dopa-
minergic neurons are therefore of substan-
tial clinical interest.

The search for such neurotrophic factors
has focused on dissociated cultures of embry-
onic midbrain, where high-affinity dopamine
uptake and expression of tyrosine hydroxylase
(TH) can be used as markers for dopaminergic
neuron survival and differentiation (2). These
bioassays have established the existence of
dopaminergic neurotrophic activity in condi-
tioned media derived from primary glial cells
(3) and from several cell lines with the prop-
erties of glia (4). However, these factors have
not been characterized.

Here we report the characterization of a
specific dopaminergic neurotrophic factor se-
creted by one of these glial cell lines, rat B49
(5). This factor, termed GDNF (for glial cell
line—derived neurotrophic factor), was puri-
fied to apparent homogeneity (6) on the
basis of its ability to promote dopamine
uptake in midbrain cultures (7). Purified
GDNF produced a single peak on reversed-
phase high-performance liquid chromatogra-
phy (RP-HPLC) but a broad smear on SDS-
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polyacrylamide gel electrophoresis (SDS-
PAGE), a property suggestive of glycosyla-
tion (Fig. 1). The presence of N-linked
glycosylation was confirmed by treatment
with N-glycanase, which decreased the ap-
parent molecular mass of GDNF from ~20
kD to ~15 kD (Fig. 1). GDNF behaved like
a disulfide-bonded dimer; its apparent mo-
lecular mass on nonreducing SDS gels was
32 to 42 kD compared with 18 to 22 kD on
reducing gels (Fig. 1).

Fig. 1. SDS-PAGE
of GDNF. Samples
were heated to
100°C for 10 min with
or without reducing
agent (200 mM di-
thiothreitol) or after
treatment with N-gly-
canase to remove
Asn-linked  sugars.
The positions of mo-
lecular weight mark-
ers are indicated on
the left. Lane 1, puri-
fied B49 cell GDNF
(25 ng), detected by
silver staining; lane 2,
purified B49 cell
GDNF (25 ng) after reduction of disulfide bonds,
detected in an immunoblot with antibodies to
rhGDNF; lane 3, purified B49 cell GDNF (25 ng)
after treatment with N-glycanase, detected in an
immunoblot with antibodies to rhGDNF; lane 4,
purified hGDNF (2 ng), detected by Coomassie
brilliant blue staining; lane 5, purified rhGDNF (2
Q) after reduction of disulfide bonds, detected
by Coomassie brilliant blue staining.
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