nM) (30, 31). Because the L-Ala’-D-Ala®
fragment of CsA makes no direct contact
with cyclophilin A, it is reasonable to expect
that the bicyclic fragment of TCsA also does
not contact the protein. This expectation
suggests that the greater binding affinity of
TCsA is due to the conformational proper-
ties of TCsA induced by the bicyclic frag-
ment, rather than the result of favorable
direct contacts between the protein and the
bicyclic fragment.

Although we were less certain that the
L-Ala’-D-Ala® region (of CsA) of the cyclo-
philin A-CsA complex does not contact cal-
cineurin, the binding data suggest that this
speculation has merit. The affinity of cyclo-
philin A-TCsA for calcineurin [K, = 78 = 14
nM; inhibition of phosphatase activity (32)] is
approximately two to three times that of
cyclophilin A-CsA for calcineurin (K, = 198
+ 16 nM) (33). In addition, TCsA is twice as
potent an inhibitor of the T cell receptor
signaling pathway, as judged by its ability to
inhibit the induction in a cellular assay of
B-galactosidase activity regulated by the nu-
clear factor of activated T cells (NFAT)
[50% inhibition concentration (ICy,) for
TCsA = 2 nM; IC,, for CsA = 4 nM]
(34, 35). INFAT activity appears to be
dependent on the calcineurin-mediated
dephosphorylation of the cytoplasmic
component of NFAT (36-38).]

The collective inhibitory data from bio-
chemical and cellular assays reveal a system-
atic enhancement in the cyclophilin A— and
calcineurin-binding properties of TCsA rel-
ative to those of CsA. The enhancement is
small (two- to threefold) but statistically
meaningful: The basis for the enhancement
is most likely the reduced entropic cost of
binding resulting from the designed confor-
mational restraints (conformation entropy).
Thus, the results demonstrate the feasibility
of using structural information to improve
the already high affinity interactions provid-
ed by a natural system. The degree of en-
hancement, however, is a reminder of the
enormous complexity of receptor-ligand
interactions in the solution phase. For
example, it is a significant challenge to
correctly anticipate the differential effect
of the molecular restraint in TCsA on the
entropy of solvation or desolvation of the
ligand versus that of the receptor-ligand
complex (solvation entropy).

- The. structure-based studies described
herein resulted in the preparation of a single
target molecule. The TCsA compound is a
structural variant of CsA with signaling in-
hibitory properties greater than those of
CsA. These studies suggest that the analysis
of a ligand bound to its receptor can provide
valuable information for the rational design
of new ligands. This capability augurs well
for the structure-based design of new cellular
probes and therapeutic agents.
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An Antiviral Soluble Form of the LDL Receptor
Induced by Interferon

Dina G. Fischer,* Nathan Tal, Daniela Novick, Sara Barak,
Menachem Rubinsteint

Interferons, which induce several intracellular antiviral proteins, also induce an extracellular
soluble protein that inhibits vesicular stomatitis virus (VSV) infection. This 28-kilodalton
soluble protein was purified to homogeneity and identified by protein sequencing as the
ligand-binding domain of the human 160-kilodalton low density lipoprotein receptor (LDLR).
The existence of an antiviral soluble LDLR was confirmed by immunoaffinity chromatog-
raphy with monoclonal antibody to LDLR. This soluble receptor mediates most of the
interferon-triggered antiviral activity against VSV, apparently by interfering with virus as-
sembly or budding, and not by inhibiting virus attachment to cells.

Interferons (IFNs) are virus- and mitogen-
induced cytokines that function by several
mechanisms to induce resistance against
many types of viral infections. [FNs induce
several proteins, some of which have a
known role in mediating the antiviral state.
Among the antiviral proteins induced are
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the Mx proteins, 2',5'-oligoadenylate syn-
thetase, protein kinase (P68), and the
RNA binding protein 9-27 (1-4). Many
other IFN-induced proteins have been de-
tected (5), but their role in establishing the
antiviral state is either indirect or unclear.
The majority of IFN-induced proteins are
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Fig. 1. Evidence for formation of AVH in IFN-
treated cell cultures. Titration of IFN-a2, -B, and
-y was done on WISH cells in 96-well plates.
Celis were incubated overnight with a series of
twofold-diluted stocks (1000 U/ml, calibrated
against the respective NIH standards) of re-
combinant human IFNs (final nominal concen-
tration in the well indicated at the top). The next
day, neutralizing anti-IFN was added (Neutral-
ize) or the medium was replaced, either by
fresh medium lacking IFN (Remove) or fresh
medium containing the same concentration of
recombinant IFN (Replace). VSV was then add-
ed to all wells, including the standard assay row
(Normal). The cytopathic effect was scored
after 20 to 24 hours and used for calculation of
the observed titer (right column), taking the titer
in Normal rows as 1000 U/ml.

either intracellular or membrane-associat-
ed. Secreted proteins include B,-microglob-
ulin, plasminogen activator, tumor necrosis
factor-a (TNF-a) and -B, and a 30-kD
protein whose function is unknown (6),
none of which have been implicated direct-
ly in the antiviral action of IFN. We now
present the first example of an IFN-induced
extracellular antiviral protein.

The titration of IFN is done by preincu-
bation of cells with a series of twofold
dilutions of IFN, followed by addition of
virus, usually without prior removal of the
IFN (7). We observed that removal of the
IFN-containing medium before addition of
vesicular stomatitis virus (VSV) reduces the
antiviral titer. Furthermore, replacement of
the culture medium with a fresh, IFN-
containing medium before addition of virus
did not fully restore the titer, whereas
neutralization of IFN at that stage had little
effect on the titer (Fig. 1). These findings,
observed with several types of cells, includ-
ing WISH amnion cells, fibroblasts
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Fig. 2. Isolation and identifica-
tion of AVH as sLDLR. (A) The
final step of the purification pro-
cess (9), reversed-phase
HPLC at pH 7.5, yielded about
2 pg of pure AVH. (B) SDS-
PAGE of portions of biologically
active fractions of the final
HPLC step was done under re-
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HPLC fractions. (C) Protein mi-
crosequencing was done on a C
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HPLC fractions 10 to 12 (upper
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nus of human pre-LDLR (Iower row). Positions 3 and 10 in the resulting sequence (Iabeled X) were
not identified, as expected for a Cys residue. Positions 1 to 24 in the lower row correspond to the
signal peptide of human LDLR, including the extra three amino acid residues (underlined) (18).

(SV80), and HeLa cells, led us to conclude
that IFN-treated cells produce an extracel-
lular antiviral factor distinct from IFN. It
was tentatively named antiviral helper fac-
tor (AVH). Calculation of the titers after
replacement of IFN indicated that at least
half of the total antiviral activity elicited by
IFN-a and IFN-vy against VSV is mediated
by AVH (Fig. 1).

Concentrated serum-free cell culture
supernatants of [IFN-y—treated WISH cells
were used as a source of crude AVH for
further studies. A quantitative bioassay of
AVH, resembling in principle the assay of
IFN (7), was developed. Serial twofold-
diluted crude AVH, mixed with neutral-
izing monoclonal antibody to IFN-y (an-
ti-IFN-v) (8), was added to WISH cells in
96-well plates, followed immediately by
addition of VSV. After 18 to 24 hours, the
antiviral activity was scored by the extent
of inhibition of the viral cytopathic effect
and also by a virus yield reduction assay.
The assay was calibrated against National
Institutes of Health (NIH) standards of
either IFN-a or IFN-B, whereas IFN-y
exhibits a very low antiviral activity under
these assay conditions. This bioassay was
used to determine that AVH was nondia-
lyzable and was sensitive to heat, low pH,
and trypsin. Size exclusion high-perfor-
mance liquid chromatography (HPLC)
gave a single ~40-kD peak of activity. It
was therefore concluded that AVH is a
protein. Several types of human cells (for
example, WISH, HeLa, and foreskin fi-
broblasts) were tested as producers of
AVH, and all produced comparable
amounts of activity in response to IFN-y
induction.

Concentrated, serum-free culture superna-
tant of IFN-y—treated WISH cells (typically
20 liters, 2.5 g of protein) was then fraction-
ated by a series of chromatographic steps (9).
Each step was monitored by the bioassay and
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by measurement of protein content. The in-
ducer IFN-y (pl = 8.5) was eliminated in the
first chromatographic (TSK-DEAE) step.
Analysis by SDS—polyacrylamide gel electro-
phoresis (SDS-PAGE) under reducing condi-
tions of portions from the final HPLC step
gave a single band of 28 kD, coinciding with
the biological activity (Fig. 2). The specific
activity of this preparation was at least 1.5 X
10° U/mg.

Protein microsequence analysis of the
HPLC-purified AVH (0.6 ng) gave a single
sequence consisting of 14 amino acid resi-
dues in amounts of 12 to 2 pmol (initial
yield 51%). Only cycles 3 and 10, which
were later found to correspond to Cys resi-
dues, were ambiguous. A comparison of the
sequence to the NBRF protein data bank
showed 100% identity with the NH,-termi-
nal sequence of the human low density
lipoprotein receptor (LDLR, Fig. 2C). The
164-kD LDLR consists of 822 amino acid
residues, of which 750 comprise the ecto-
domain, 22 residues form a single trans-
membrane domain, and 50 COOH-termi-
nal residues are intracellular. The ligand-
binding domain of the receptor consists of
the NH,-terminal 292 amino acid residues,
which are arranged in seven Cys-rich im-
perfect repeats (10). The molecular weight
of AVH and its NH,-terminal sequence
indicate that it probably corresponds to the
entire 292-residue ligand-binding domain
of LDLR. Hence, AVH is a soluble form of
LDLR (sLDLR), comprising the ligand-
binding domain of this receptor. The NH,-
terminal sequence of sSLDLR was shorter by
three amino acid residues than that of the
membrane-associated LDLR (Fig. 2). The
observed NH,-terminus of sLDLR is a per-
fect cleavage site of a signal peptidase (I11).
In contrast, the NH,-terminus of human
LDLR has been predicted only by homology
to bovine LDLR (10) and never confirmed
by protein sequencing. Therefore, it is pos-
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sible that the membrane-bound human
LDLR is also shorter by three amino acid
residues at the NH,-terminus.

Immunoaffinity purification with C7, a
monoclonal antibody to the ligand-binding
domain of bovine LDLR (12), was used to
confirm the linkage between sLDLR and the
antiviral activity. Crude concentrated
sLDLR (AVH) was loaded onto a C7 col-
umn, the column was washed and eluted at
a high pH, and the eluted fractions were
tested for antiviral activity. Very low activ-
ity was recovered in the eluted fractions,
probably because of inefficient binding of
sLDLR in the crude supernatant to the C7
column. The experiment was then repeated
with partially purified SLDLR from the first
step of chromatography (TSK-DEAE) (9).
All the antiviral activity was bound to the
column and then eluted at pH 11 with a
recovery of 32% and an 80-fold purification
(Fig. 3). Analysis of the eluted fractions by
SDS-PAGE under nonreducing conditions
gave more than one protein band. However,
protein immunoblotting with C7 revealed a
specific 28-kD band, detectable only in the
eluted fractions in which sLDLR was en-
riched (Fig. 3, inset). These results con-
firmed the existence of a 28-kD sLDLR that
displayed antiviral activity. The 28-kD band
could not be identified in the column load,
probably because of its low abundance and
interference by comigrating proteins in the
gel.

Cells treated with either purified sSLDLR
or IFN and then with VSV did not show
budding of viral particles, as determined by
transmission electron microscopy. Neutral-
izing monoclonal antibodies to IFN-a (13)
and IFN-y (8), and a polyclonal antibody
to IFN-B had no effect on the antiviral
activity of sLDLR. Unlike known IFNs, no
protection from VSV was seen when cells
were preincubated with sLDLR for 6 to 18
hours and washed before addition of VSV.
Therefore, we concluded that the antiviral
action of sSLDLR is independent and differ-
ent from that of IFNs.

Initially we assumed that LDLR is the
VSV receptor and that sLDLR effectively
competes for binding to the virus. To test
this theory, we examined fibroblasts of fa-
milial hypercholesterolemia (FH) patients,
who have null mutations in their LDLR
gene and therefore express neither LDLR
nor sLDLR. Two such fibroblast types,
FH350-3 (14) and S-233, were as sensitive
to VSV as were foreskin fibroblasts of nor-
mal individuals. Therefore, we concluded
that LDLR is not the VSV receptor, or at
least not the only receptor. The FH cells
could be protected from VSV, both by
various IFNs and by sLDLR. As expected,
and unlike other cell types (Fig. 1), replace-
ment of the culture media with fresh IFN
before addition of VSV had no effect on the

252

Fig. 3. Immunoaffinity chromatography of sLDLR on
a C7 column. Partially purified AVH (load, 2800 U,
42 mg, consisting of the 200 mM NaCl peak from the
TSK-DEAE step) (9) was loaded on a C7 agarose
column (0.6 ml). The column was washed and then
eluted at pH 11. Portions of each fraction were
subjected to bioassay of antiviral activity. The num-
bers in parentheses correspond to lane numbers in
the inset. Portions containing equal amounts of
protein were analyzed by SDS-PAGE (12% acrylam-
ide, nonreducing conditions) followed by protein 500
immunoblotting with C7 and '25|-labeled protein A
(inset). Lane 1, molecular size markers (indicated
on the left margin); lane 2, load; lane 3, effluent;
lanes 4 to 6, elution 1 to 3, respectively; lane 7, C7.
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The 28-kD sLDLR, observed in elution 2 and 3, is
indicated at the right. The intense band below the 200-kD marker represents C7 that had leaked
from the column and reacted with 25|-labeled protein A.

antiviral titer as determined in FH cells,
confirming that induction of sLDLR con-
tributes to the overall IFN-induced antivi-
ral activity in normal cells.

In another set of experiments, the step
at which sLDLR mediates antiviral activity
was determined. Incubation of WISH cells
with VSV for only 5 min and removal of
the unbound virus resulted in a complete
cytopathic effect after 18 to 24 hours. Ad-
dition of purified sSLDLR to WISH cells 30
min after infection by VSV gave the same
level of protection as obtained when sLDLR
was added before the virus. This result was
obtained both by a cytopathic effect reduc-
tion assay and by measurement of the yield
of VSV proteins in the culture supernatants

VSV yleld (Ag30)

Log,(dilution)

Fig. 4. Virus yield reduction assays of IFN and
sLDLR. Preformed monolayers of human WISH
cells in 96-well plates were treated with a serial
twofold dilution of either recombinant IFN-a2
(20 U/ml in dilution 1) (A) or sLDLR (20 U/ml in
dilution 1) (O), followed immediately by addi-
tion of VSV. In addition, the cells were first
treated with VSV, and after 30 min sLDLR (20
U/ml in dilution 1) (O) was added. The VSV
yield was determined by enzyme-linked immu-
nosorbent assay with rabbit anti-VSV and
horseradish peroxidase—conjugated goat anti-
bodies to rabbit anti-VSV. Maximal yield (no IFN
or sLDLR) was (1.29 * 0.03) Agso. Background
reading [no virus (0.084 + 0.002) Ag] was
subtracted from all readings.
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(Fig. 4). The same results were obtained in
FH350-3 cells. It was therefore concluded
that sLDLR does not act by inhibiting virus
binding and that it probably exerts its an-
tiviral effect at a later step. Soluble LDLR
probably affects virus assembly or budding,
because the yield of VSV proteins, as mea-
sured in cell extracts rather than in culture
supernatants, was not affected by sLDLR.

The induction of all known antiviral
proteins by IFNs takes place at the transcrip-
tional level. Therefore, we measured the
concentration of cell surface LDLR after
incubation with various IFNs. We reacted
the cells with C7 and either !?°I-labeled
protein A or fluorescein isothiocyanate-la-
beled second antibody. A dose-dependent
induction of cell-associated LDLR protein,
up to threefold over the basal level, was seen
in WISH cells but not in several other cell
types. IFN-y was the most effective inducer,
whereas IFN-B gave the lowest induction.
Maximal induction was obtained after incu-
bation with excess (100 U/ml) IFN-y for
about 20 hours, a kinetics similar to that
obtained with sLDLR induction. Half-max-
imal induction, measured after 20 hours,
required about 5 U of IFN-y per milliliter.
The induction of cell surface LDLR by IFN
on WISH cells may be the mechanism by
which a reduction of serum cholesterol oc-
curs in IFN-treated patients (15); however,
the type of cells or tissues that respond in
this way remains to be established.

Soluble proteins corresponding to li-
gand-binding domains of many polypeptide
hormone receptors and cytokine receptors
have been described, including soluble re-
ceptors to insulin, epidermal growth factor,
interleukin-2 (IL-2), growth hormone,
IFN-y, IL-6, TNF, IL-4, and complement
(16). Therefore, it appears that the exis-
tence of soluble variants of cell surface
receptors in body fluids is a general phe-
nomenon, and sLDLR may be another
member of this growing family of proteins.
The function of these different soluble re-
ceptors is as yet unknown, and the antiviral



activity of sLDLR indicates that such pro-
teins may perform independent functions
that cannot be predicted from the functions
of their membrane-associated analogs.
Previous studies have shown that some
viruses code for soluble receptor-like mole-
cules that block their respective cytokines,
for example, IFN-y, IL-1, and TNF. Such
soluble receptors assist virus infection by
suppressing host defense mechanisms (17).
It now appears that host organisms make use
of a similar type of molecule for the opposite
role of controlling virus infections. Under-
standing the mechanism of action of sLDLR
will help in determining its possible involve-
ment in other types of viral infections.
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Long-Term Synaptic Facilitation in the- Absence of
Short-Term Facilitation in Aplysia Neurons

Nigel J. Emptage and Thomas J. Carew*

Serotonin (5-HT) induces both short-term and long-term facilitation of the identified syn-.
aptic connections between sensory and motor neurons of Aplysia. Three independent
experimental approaches showed that long-term facilitation can normally be expressed in
the absence of short-term facilitation: (i) The 5-HT antagonist cyproheptadine blocked the
induction of short-term but not long-term facilitation; (i) concentrations of 5-HT below
threshold for the induction of short-term facilitation nonetheless induced long-term facil-
itation; and (jii) localized application of 5-HT to the sensory neuron cell body and proximal
synapses induced long-term facilitation in distal synapses that were not exposed to 5-HT
and had not expressed short-term facilitation. These results suggest that short-term and
long-term synaptic facilitation are induced in parallel in the sensory neurons and that the
short-term process, because it is induced and expressed at the synapse, can occur locally,
but the long-term process, because of its dependence on a nuclear signal, is expressed

throughout the neuron.

It is widely accepted that there are two
principal forms of memory storage: short-
term memory (STM) and long-term mem-
ory (LTM). STM describes a process that
retains information temporarily, after
which it is thought to become incorporated
or transferred into a more stable, long-term
store (1). One way to address the interde-
pendence between STM and LTM is to
examine these processes mechanistically.
We have used the identified synaptic con-
nections between tail sensory neurons
(SNs) and motor neurons (MNs) of Aplysia,
which exhibit both short-term and long-
term synaptic facilitation following learning
(2), as a model system to explore the
relation between STM and LTM. Using
three independent experimental approach-
es, we found that the induction of the
short-term synaptic process is not necessary
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for the induction of the long-term process.

Considerable evidence indicates that
5-HT participates in both short-term and
long-term synaptic facilitation in Aplysia
(2). Montarolo et al. (3) showed that in cell
cultures of SNs and MNs a single applica-
tion of 5-HT produces short-term facilita-
tion, whereas repeated 5-HT applications
produce long-term facilitation. We found
that in the intact central netvous system
(CNS) a single 5-HT application (5_uM)
produced short-term facilitation and multi-
ple applications produced long-term facili-
tation of "the monosynaptic excitatory
postsynaptic potential (EPSP) between the
tail SNs and MNs (4) (Fig. 1A). An anal-
ysis of variance (ANOVA) revealed a sig-
nificant overall effect of 5-HT (F, 5 = 5.84,
P < 0.008) (5). Subsequent planned com-
parisons showed that a single 5-HT appli-
cation produced significant short-term facil-
itation (mean increase = 157.1%, t; =
2.14, P < 0.04, one-tailed), and five appli-
cations produced significant long-term fa-
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