ments without prior synaptic tetanization (Fig.
1B), robust LTD of about 30% was always
apparent 1 min after the light tetanus. Thus,
synaptically induced LTD occludes photo-
stimulation LTD, suggesting similar mecha-
nisms of expression of both kinds of LTD (/5).

The mechanism of LTD induction is very
quick. The reduction of the neuronal depolar-
izations was always apparent at the first stim-
ulation, 1 min after the tetanus. It should
therefore be mediated by a local, membrane-
bound process. One possibility could be
changed ion channel kinetics, but we ob-
tained no evidence for this explanation. An-
other explanation could be a modulation of
glutamate channel conductance (/6).

The method of infrared-guided laser stim-
ulation allows the stimulation of selected tar-
get points on neurons with a spatial precision
of 10 wm. Neurons can be depolarized by
light flashes with a duration of a few milli-
seconds for at least 1 hour without any signs
of photodamage. The use of infrared video-
microscopy for the visualization of neurons
obviates the necessity of neuronal staining by
fluorescent dyes (/7) or biocytin (/8), which
have inherent drawbacks.

LTD is spatially restricted. Tetanic activa-
tion of postsynaptic glutamate receptors by
photolysis alone can induce LTD. This
postsynaptic LTD of glutamate receptors is
sufficient to account for the LTD of EPSPs
seen 30 min after electrical stimulation of
afferent fibers. The LTD of a small mem-
brane patch (Fig. 2C) suggests that, during
synaptic transmission, a few or even single
synapses may undergo LTD in isolation.
These results are compatible with observa-
tions that single spines show transient [Ca®*]
increases after synaptic stimulation (/9).

In conclusion, our experiments indicate
the importance of the postsynaptic site for the
generation of LTD. At this site, LTD can be
induced very quickly and with high precision.
Our finding of high spatial specificity would
allow for a model of fine tuning of the trans-
mission strength of each individual synapse,
depending on its input. Such a specific mech-
anism would be very attractive for “high-
density storage” of memory traces.
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Regulation of Intestinal
a-Defensin Activation by the
Metalloproteinase Matrilysin in
Innate Host Defense
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Precursors of «-defensin peptides require activation for bactericidal activity. In
mouse small intestine, matrilysin colocalized with «-defensins (cryptdins) in
Paneth cell granules, and in vitro it cleaved the pro segment from cryptdin
precursors. Matrilysin-deficient (MAT~/~) mice lacked mature cryptdins and
accumulated precursor molecules. Intestinal peptide preparations from
MAT "/~ mice had decreased antimicrobial activity. Orally administered bac-
teria survived in greater numbers and were more virulent in MAT~/~ mice than
in MAT*/* mice. Thus, matrilysin functions in intestinal mucosal defense by
regulating the activity of defensins, which may be a common role for-this
metalloproteinase in its numerous epithelial sites of expression. :

One role of the mucosal epithelium is to
function as an active barrier against the ex-
ternal environment. Secretion of antibiotic
peptides by epithelial cells appears to be an
important component of innate immunity (/).
The «- and B-defensins comprise a family of
cationic peptides that kill bacteria by mem-

brane disruption (2, 3). Granulocytes and sev-
eral epithelial tissues (4), including the Pan-
eth cells of the small intestine of most mam-
mals (3, 5, 6), produce a-defensins as pre-
propeptides. In mice, Paneth cell a-defensins
are termed cryptdins (crypt defensins) (5-7),

of which six distinct peptides have been iso- .
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lated and characterized (6). Cryptdins and
other antimicrobial molecules (lysozyme and
secretory phospholipase A2) are released
from secretory granules in response to bacte-
ria or cholinergic agents (6, §). The pro seg-
ment of cryptdins maintains them in an inac-
tive state (9); the protease that mediates re-
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Fig. 1. Immunolocalization
of matrilysin and aypt- .
din-1 in MAT*** and
MAT~/~ small intestinal
crypts. Frozen sections of
small intestine from
MAT*/* (A and C) and
MAT~/~ (B and D) mice
were stained with poly-
donal antibodies against
matrilysin (20) (A and B)
and ayptdin-1 (7) (C and
D) as described (12). The
blue indicates positive
staining; red staining iden-
tifies the nudei. Arrow-
heads indicate clusters of
Paneth cells at the base of
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moval of the pro domain, thereby regulating
the level of functional peptides, has not been
identified.

Previously, we showed that mRNA for
matrilysin (MMP-7), a matrix metallopro-
teinase (MMP), localizes to Paneth cells in
mice harboring a conventional microflora
(10). Matrilysin expression parallels that of
the cryptdins (1/) in that it is produced post-

_natally and is abundant in the unchallenged

adult animal (/0). Rather than being secreted
basally, matrilysin is released at the apical
cell surface and is detectable within the crypt
lumen (12) (Fig. 1A). No staining for matri-
lysin was observed in Paneth cells of matri-
lysin-deficient (MAT/~) mice (Fig. 1B).
MAT** and MAT™/~ crypts exhibited
identical staining patterns for cryptdin-1, in-
dicating that the absence of matrilysin does

not affect cryptdin precursor expression (Fig.
1, C and D). Other MMPs expressed in the
mouse small intestine, including collage-
nase-3 (MMP-13) and stromelysin-2 (MMP-
10), were not seen in Paneth cells of
MAT*'* animals (13). '

Matrilysin prefers a leucine-arginine di-
peptide sequence in the right-hand (P, and
P,") position of cleavage sites (/4). The NH,-
terminal residue of cryptdins 1 to 3, 5, and 6
is a leucine, and, as deduced from the cDNA
sequences, this amino acid is predicted to be
the NH,-terminal residue in all cryptdin fam-
ily members (15) (Fig. 2A). Except for crypt-
din-5, all cryptdin genes code for an arginine
immediately after the NH,-terminal leucine
in the mature peptide (/5). Finally, matrilysin
itself does not have antimicrobial activity
(16), supporting a role for it in procryptdin
processing.

To address this possibility, we tested the
ability of activated human matrilysin to cleave
the pro segment from recombinant cryptdin
precursors. At a 1:2 molar ratio of enzyme to
substrate, a ratio typically used in MMP-sub-
strate reactions in vitro (17), purified procrypt-
din-1 (PC-1) (I18) was converted to mature
cryptdin-1 (Fig. 2B). This reaction was inhibit-
ed by EDTA, a chelator of metal ions required
for MMP activity (Fig. 2B). Peptide sequencing
confirmed that matrilysin cleaved PC-1 to pro-
duce authentic cryptdin-1 with an NH,-terminal
sequence of LRDLV (79). To test if matrilysin
recognizes heterologous cryptdin precursors,
we expressed a procryptdin chimera (proCC)
(18) consisting of procryptdin-15 sequence, the

adjacent ts. Photo- a5 : .
gr;phs we?eyptaken with L ﬁ -4ﬂ1rel§RCOOé-I-tzl;‘m}_hl.na1 res1due; AOf crypt-
Nomarski optics. Scale bar, s (PRR), and a s tag (Fig. : )-_PI'O(_«‘C
25 pm. g 8 . was also efficiently cleaved by matrilysin (Fig.
Lo L 2B), and NH,-terminal amino acid sequencing
o B verified that catalysis occurred at the same po-
A sition as in PC-1. Increasing the molar concen-
—— tration of substrate reduced the amount of
{-’ig. 2.( C)le%\]/age of cryptdin precursmis by matri- A
lysin. (A} The amino acid sequence alignment of
procryptdin-1 (PC-1), procryptdin-15 (PC-15), and PC-1 113pIQNTm:E'rKTl-:Ezzgs[gg;:!gverDPEGTSLQEEZQ LR.DchYCRsr;:-E(L:;:ER':ﬂEGP;éEKEGHLLYTLccr
the recombinant procryptdin chimera (proCC) is e Lo SN R T R R R R T M
shown. Dots denote residues of identity with PC- PEOCTI Ny na sis slei s atarals e intata s ardiirasyia s ads diuforsta S S P Kilon iR eeBTad it isnsnaaiss PRRHHHHHH
1. Residues 40 and 41 are the known or deduced
NH,-terminal amino acids of processed cryptdins. <¥

(B) One microgram each of PC-1 and proCC (18) B

was incubated for 24 hours with 1 ug of catalyt- O

ically active recombinant human matrilysin 28—

(+Mat) (Chemicon) in assay buffer [10 mM Hepes N _ Matrivsin

(PH 7.4), 0.15 M NaCl, and 5 mM CaCl,] withor "2~ ks e R it

without 50 mM EDTA. Reactions were analyzed by T —— — - —ProCC 12 14
tris-tricine SDS-PAGE (15% polyacrylamide). Pro- 7.6- B il D Enzyme:Substrate
teins were visualized by staining the gel with _— —cC

GelCode Blue reagent (Pierce), which does not 3.55 - — - Cryptdin-1 0 05.1..2 .4 8 h
detect the pro segment. The legend to the right of Tt —— i - P0CC
the gel identifies the bands corresponding to ma- T PR e L ————— CC

trilysin, the precursors PC-1 and proCC, and their
cleavage products cryptdin-1 and CC, respectively.
CC migrates less rapidly than cryptdin-1 because of the additional residues from cryptdin-4 and the 6xHis tag. (C) Matrilysin digestion of proCC was
set up as in (B), but the molar ratio of enzyme to substrate was varied as indicated. After tris-tricine SDS-PAGE, proteins were transferred to
polyvinylidene difluoride (PYDF) membrane, and reaction products (proCC and CC) were detected with an antibody to His (COOH-terminal)
(invitrogen) at a 1:5000 dilution. (D) A time course of proCC cleavage by matrilysin was analyzed as in (C).
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proCC converted to CC peptide (Fig. 2C). Al-
though only 50% of the precursor was cleaved
by 8 hours (Fig. 2D), the in vitro reaction
kinetics may not reflect the in vivo rate.
MAT™/~ mice were used to explore the
relation between matrilysin expression and pro-
cessing of cryptdin precursors in vivo. When
housed under specific pathogen-free conditions,
these mice do not develop spontaneous infec-
tions by opportunistic microorganisms. In addi-
tion, expression of cryptdin genes is normal in
MAT™/~ mice (20) (Fig. 1). To assess if pro-
cryptdin processing is altered in MAT~/~ mice,
we analyzed small intestinal extracts by acid-
urea polyacrylamide gel electrophoresis (AU-

A ol <~ <l 4+ H+ - ++ -l A+ H+C4
é a . » :|
++ = o+ H+

e — Promat

- e — Mat

++

— Promat
, — Mat
Fig. 3. Lack of procryptdin processing in
MAT~/~ small intestine. (A) Acetic acid ex-
tracts of small intestine were prepared and
analyzed by AU-PAGE as described (27, 22)
without prior knowledge of genotype. Synthet-
ic refolded cryptdin-4 (C-4), the most rapidly
migrating of the mouse enteric defensins, was
included in the gel as an a-defensin marker.
The bracket indicates the position where ma-
ture cryptdins migrate. There was complete
concordance between genotype and presence
(MAT*/* lanes) or absence (MAT~/~ lanes) of
detectable peptides. A band comigrating with
the cryptdin-4 marker is not readily detected in
the extracts, as this peptide is the least abun-
dant of the characterized cryptdins. (B) Lyoph-
ilized MAT*/* and MAT ™/~ intestinal extracts
were dissolved in sample buffer, and equal
amounts of protein were analyzed by tris-
tricine SDS-PAGE (15% polyacrylamide). Re-
combinant PC-1 (0.5 pg) was included as a
standard. Proteins were transferred to PVDF
and immunoblotted with a polyclonal antibody
against the pro segment of PC-1 (1:2000 dilu-
tion) (25). (C) Extracts from (B) were analyzed
by SDS-PAGE (12% polyacrylamide) and immu-
noblotting with a polyclonal antibody against
mouse matrilysin (20). The precursor (Promat)
and mature (Mat) forms of matrilysin, at 28 kD
and 19 kD, respectively, are indicated. (D)
Granules isolated from 3500 crypts (MAT*/~
and MAT~/~) (35) were analyzed as in (C).

D -+
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PAGE). In this acidic gel system, cryptdin pep-
tides are the most rapidly migrating of mouse
intestinal peptides and separate in a predictable
pattern according to their overall positive
charge (21, 22). Mature cryptdin peptides were
present in MAT*'* mice (Fig. 3A, bracket);
however, there was no evidence of processed
cryptdins in intestinal extracts of MAT /'~ an-
imals (Fig. 3A) (23). Further analysis of
MAT '~ extracts by reversed-phase high-per-
formance liquid chromatography (rpHPLC)
verified that peptides in MAT*/* samples elut-
ing with retention times characteristic of crypt-
dins were absent from MAT /™ intestinal ex-
tracts (/3). Finally, although both procryptdins
and mature cryptdins were detected in isolated
MAT™/* Paneth cell granules, only precursors
were found in MAT /'~ granules (24). In
MAT™*/~ small intestine, processed peptide

Fig. 4. Association of
matrilysin  deficiency

levels were equivalent to those in MAT*/*
animals (13).

The lack of mature cryptdins in MAT /'~
mice suggested that procryptdins would ac-
cumulate in these animals. Indeed, protein
immunoblot analysis of intestinal extracts
with an antibody against the cryptdin-1 pro
domain (25) showed an increase in cryptdin
pro forms in MAT/~ extracts (Fig. 3B). The
immunoblot also confirmed that the absence
of cryptdin peptides in MAT '~ animals is
not due to diminished procryptdin synthesis.
Together, the results demonstrate that pro-
cessing of procryptdins in vivo is dependent
on matrilysin and indicate that it occurs in-
tracellularly. Furthermore, the observation
that matrilysin cleaves the pro segment from
cryptdin precursors in vitro suggests that this
metalloenzyme directly activates procryptdins

g
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with a decrease in mi-
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bation for 1 hour at 37°C with shaking, CFUs were determined by plating in triplicate on nutrient agar.
The mean number of bacteria killed is expressed as a percentage (*+SD) of controls from which crypts
were omitted. P = 0.01 by Student’s t test. (C) MAT*/* and MAT~/~ mice were inoculated
intragastrically with 1to 2 X 10" CFUs of E. coli KBC-236 and killed 2 hours later for small intestine
extraction and quantification of surviving bacteria in the small intestine (32). The data were obtained
from two separate experiments, with a total of seven to eight mice of each genotype. We calculated
the median, or SOth, percentile (denoted by bisected triangles) and analyzed the statistical significance
of the data using the nonparametric Wilcoxon/Mann-Whitney Rank Sum Test (one-tailed). (D) To
assess mouse survival after oral challenge with a virulent strain of S. typhimurium (ATCC 14028s), we
inoculated MAT*/* and MAT~/~ females (C57BL/6 background) at about 6 weeks of age with 2.89 X
105 CFUs as described (32). LD, values were determined with the moving average interpolation

method (33).
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in vivo as well, although potential intermediates
in the processing pathway cannot yet be ruled
out. The presence of the active form of matri-
lysin in small intestinal homogenates (26) and
acid extracts (Fig. 3C) and within Paneth cell
granules (Fig. 3D) supports MMP-mediated in-
tracellular processing.

To assess the biological effect of cryptdin
peptide deficiency, we determined the anti-
microbial activity of small intestinal extracts
in radial diffusion assays that measure com-
bined bactericidal and bacteriostatic activity
(22). At protein concentrations at which
MAT** extracts showed maximal killing
activity against Escherichia coli ML35,
MAT ™/~ extracts were completely inactive
(Fig. 4A). Zones of clearance with MAT '~
extracts were detected only with 100 pg of
protein, a level 10 times as great as the
highest MAT /" concentration tested (/3).
In another approach, intact crypts were iso-
lated from MAT™* and MAT™/~ small in-
testines (27), and Paneth cell degranulation
was stimulated by the cholinergic agent car-
bamylcholine (CCh) (28, 29). AU-PAGE
confirmed the presence of defensins in super-
natants from CCh-treated MAT*'* crypts;
these peptides were absent in untreated su-
pernatants (24). In a liquid-phase assay mea-
suring bactericidal activity, MAT /= crypt
supernatants killed a defensin-sensitive strain
of Salmonella tvphimurium (30) less effi-
ciently than MAT*/" supernatants, even at
the single-crypt level (Fig. 4B). Although
other Paneth cell components released upon
degranulation likely contribute to the antibac-
terial activity of MAT ~/~ crypt supernatants,
the reduced activity of these supernatants is
consistent with a deficiency in functional
cryptdins.

To ascertain the effects of cryptdin defi-
ciency in vivo, we assessed the fate of exog-
enous bacteria in MAT"" and MAT '/~
small intestine. The indicator strain of bacte-
ria, KBC-236, is a kanamycin-resistant .
coli derivative expressing type-1 adherent pili
that mediate binding to mucosal epithelium
(31). MAT"'* and MAT /" mice were oral-
ly infected with KBC-236, and the number of
viable microorganisms remaining in the small
intestine was determined by growth on selec-
tive media (32). Because these bacteria are
noninvasive in the intestine (/6), in contrast
to enteric pathogens such as Salmonella, they
are particularly appropriate for quantification
of bacterial survival. Infected mice were
killed 2 hours after inoculation to minimize
changes in bacterial numbers by cell division.
The median number of viable KBC-236 re-
covered from the proximal small intestine,
where Paneth cell density is relatively low,
was about the same for both MAT"/* and
MAT /~ mice (Fig. 4C) and represented
only a small percentage of the input bacteria.
In contrast, the median number of bacteria
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recovered from MAT '~ mid and distal seg-
ments was higher than that from MAT*/*
mice (Fig. 4C). In both MAT™* and
MAT ™'~ mice, bacterial recovery increased
from segment to segment along the proximal-
distal axis, excluding the possibility that bac-
terial transit is altered in MAT ™'~ mice. In
addition, little difference in bacterial numbers
was noted at 30 min after inoculation, when
the majority of bacteria were still in the prox-
imal intestine (/3). Thus, despite the presence
of other antimicrobial molecules, survival of
exogenous bacteria in the small intestine is
enhanced in the absence of matrilysin. In
addition, the oral 50% lethal dose (LD.,) (33)
of a virulent, invasive strain of S. typhi-
murium for MAT '~ mice was one-tenth that
for MAT */* mice (Fig. 4D). MAT '~ mice
succumbed more rapidly to Salmonella infec-
tion than did MAT /" animals at a bacterial
dose slightly above the LD, for MAT /™
mice (Fig. 4D). Although we cannot exclude
a potential matrilysin-dependent systemic
mechanism, these results support our conclu-
sion that epithelial expression of matrilysin is
important in restricting bacterial -colonization
and access to the intestinal mucosa.

These findings show involvement of an
MMP in host defense against bacteria and
extend the activity of matrilysin beyond that
of connective tissue remodeling. The absence
of any defect in matrix turnover in MAT ~/~
mice and the ability of matrilysin to cleave
nonmatrix substrates (34) support a role for
this metalloenzyme in protein processing.
The wide spectrum of constitutive matrilysin
expression in different organs suggests that
the enzyme has a common function among
mucosal tissues. The role we have described
for matrilysin in the small intestine, specifi-
cally regulation of defensin activation, may
be the shared function of this metalloprotein-
ase in other epithelia.
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Est1 and Cdc13 as Comediators
of Telomerase Access

Sara K. Evans and Victoria Lundblad®

Cdc13 and Est1 are single-strand telomeric DNA binding proteins that con-
tribute to telomere replication in the yeast Saccharomyces cerevisiae. Here it
is shown that fusion of Cdc13 to the telomerase-associated Est1 protein results
in greatly elongated telomeres. Fusion proteins consisting of mutant versions
of Cdc13 or Est1 confer similar telomere elongation, indicating that close
physical proximity can bypass telomerase-defective mutations in either pro-
tein. Fusing Cdc13 directly to the catalytic core of telomerase allows stable
telomere maintenance in the absence of Est1, consistent with a role for Est1
in mediating telomerase access. Telomere length homeostasis therefore is
maintained in part by restricting access of telomerase to chromosome termini,
but this limiting situation can be overcome by directly tethering telomerase to

the telomere.

In most species, telomeres are composed of
G-rich repetitive sequences that are elongated
by telomerase (/). Several factors govern the
balance between sequence addition and loss
to maintain telomeres at a stable length, in-
cluding positive and negative regulation of
telomerase access to the chromosome termi-
nus (2—4). In S. cerevisiae, five genes are
required for the telomerase pathway (4-7).
TLCI and EST2 encode the RNA and reverse
transcriptase subunits of telomerase, respec-
tively, and as expected for subunits that are
essential for catalysis, telomerase activity is
absent in extracts from strains defective in
EST2 or TLCI(7-9). In contrast, mutations in
ESTI, EST3, and CDCI3 do not eliminate
enzyme activity in vitro (9, /0), despite the
fact that strains carrying mutations in any of
these three genes have the same severe telo-
mere replication defect as est2-A or tlcl-A
strains (6, 10).

Both Cdcl13 and Estl bind single-strand
telomeric DNA (4, 1/, [12), although they
make separate contributions to telomere rep-
lication and stability. Estl is required solely
for the telomerase pathway (/7), whereas
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Cdcl3 has an essential function at the telo-
mere. presumably in protecting the end of the
chromosome (/3), as well as a role in telo-
mere replication (4). This latter activity was
revealed by a telomerase-defective allele of
Cdc13, called cdc 3" [originally named est4
(6)]. leading to the proposal that Cdcl3, like
Estl, mediates telomerase access (4). The
two proteins also display different biochem-
ical properties. Estl, but not Cdcl3, requires
a free single-strand 3’ terminus for DNA
binding and binds telomeric DNA with a
500-fold reduced affinity compared with
Cdcl3 (4, 11). In addition, Estl is associated
with telomerase, whereas Cdcl3 does not
exhibit a detectable interaction with the en-
zyme ([4).

These results suggest that telomerase is
recruited to the telomere due to a direct (but
weak) protein-protein interaction between
Cdcl3 and the enzyme, and the telomere
shortening in the cdcl 3% mutant strain is due
to a further reduction in this interaction. This
model predicts that increasing the association
between Cdcl3 and telomerase would in-
crease telomere length. To test this, we ex-
amined the consequences of fusing Cdcl3 to
the telomerase-associated protein Estl (75).
Introduction of the gene encoding this
Cdcl3-Estl fusion, present on a single-copy
plasmid and expressed by the CDCI3 pro-
moter, into a CDC13™ strain resulted in sub-
stantial telomere elongation (Fig. 1A, lanes 2
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