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a-Defensins in Enteric Innate Immunity
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Paneth cells are a secretory epithelial lineage that release
dense core granules rich in host defense peptides and proteins
from the base of small intestinal crypts. Enteric a-defensins,
termed cryptdins (Crps) in mice, are highly abundant in Paneth
cell secretions and inherently resistant to proteolysis. Accord-
ingly, we tested the hypothesis that enteric a-defensins of Pan-
eth cell origin persist in a functional state in the mouse large
bowel lumen. To test this idea, putative Crps purified from
mouse distal colonic lumen were characterized biochemically
and assayed in vitro for bactericidal peptide activities. The pep-
tides comigrated with cryptdin control peptides in acid-urea-
PAGE and SDS-PAGE, providing identification as putative
Crps. Matrix-assisted laser desorption ionization time-of-flight
mass spectrometry experiments showed that the molecular
masses of the putative a-defensins matched those of the six most
abundant known Crps, as well as N-terminally truncated forms
of each, and that the peptides contain six Cys residues, consist-
ent with identities as a-defensins. N-terminal sequencing defin-
itively revealed peptides with N termini corresponding to full-
length, (des-Leu)-truncated, and (des-Leu-Arg)-truncated N
termini of Crps 1-4 and 6. Crps from mouse large bowel lumen
were bactericidal in the low micromolar range. Thus, Paneth
cell a-defensins secreted into the small intestinal lumen persist
as intact and functional forms throughout the intestinal tract,
suggesting that the peptides may mediate enteric innate immu-
nity in the colonic lumen, far from their upstream point of secre-
tion in small intestinal crypts.

Antimicrobial peptides (AMPs)* are released by epithelial
cells onto mucosal surfaces as effectors of innate immunity
(1-5). In mammals, most AMPs derive from two major fami-
lies, the cathelicidins and defensins (6). The defensins comprise
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the -, B-, and 0-defensin subfamilies, which are defined by the
presence of six cysteine residues paired in characteristic tridis-
ulfide arrays (7). a-Defensins are highly abundant in two pri-
mary cell lineages: phagocytic leukocytes, primarily neutro-
phils, of myeloid origin and Paneth cells, which are secretory
epithelial cells located at the base of the crypts of Lieberkiihn in
the small intestine (8 —10). Neutrophil a-defensins are stored in
azurophilic granules and contribute to non-oxidative microbial
cell killing in phagolysosomes (11, 12), except in mice whose
neutrophils lack defensins (13). In the small bowel, a-defensins
and other host defense proteins (14 —18) are released apically as
components of Paneth cell secretory granules in response to
cholinergic stimulation and after exposure to bacterial antigens
(19). Therefore, the release of Paneth cell products into the
crypt lumen is inferred to protect mitotically active crypt cells
from colonization by potential pathogens and confer protec-
tion against enteric infection (7, 20, 21).

Under normal, homeostatic conditions, Paneth cells are not
found outside the small bowel, although they may appear
ectopically in response to local inflammation throughout the
gastrointestinal tract (22, 23). Paneth cell numbers increase
progressively throughout the small intestine, occurring at high-
est numbers in the distal ileum (24). Mouse Paneth cells express
numerous a-defensin isoforms, termed cryptdins (Crps) (25),
that have broad spectrum antimicrobial activities (6, 26). Col-
lectively, a-defensins constitute approximately seventy percent
of the bactericidal peptide activity in mouse Paneth cell secre-
tions (19), selectively killing bacteria by membrane-disruptive
mechanisms (27-30). The role of Paneth cell a-defensins in
gastrointestinal mucosal immunity is evident from studies of
mice transgenic for human enteric a-defensin-5, HD-5, which
are immune to infection by orally administered Salmonella
enterica sv. typhimurium (S. typhimurium) (31).

The biosynthesis of mature, bactericidal a-defensins from
their inactive precursors requires activation by lineage-specific
proteolytic convertases. In mouse Paneth cells, inactive ~8.4-
kDa Crp precursors are processed intracellularly into microbi-
cidal ~4-kDa Crps by specific cleavage events mediated by
matrix metalloproteinase-7 (MMP-7) (32, 33). MMP-7 null
mice exhibit increased susceptibility to systemic S. typhi-
murium infection and decreased clearance of orally adminis-
tered non-invasive Escherichia coli (19, 32). Although the «-de-
fensin proregions are sensitive to proteolysis, the mature,
disulfide-stabilized peptides resist digestion by their converting
enzymes in vitro, whether the convertase is MMP-7 (32), tryp-
sin (34), or neutrophil serine proteinases (35). Because a-de-
fensins resist proteolysis in vitro, we hypothesized that Paneth

VOLUME 284 -NUMBER 41+-OCTOBER 9, 2009


http://www.jbc.org/cgi/content/full/M109.050773/DC1

cell a-defensins resist degradation and remain in a functional
state in the large bowel, a complex, hostile environment con-
taining varied proteases of both host and microbial origin.

Here, we report on the isolation and characterization of a
population of enteric a-defensins from the mouse colonic
lumen. Full-length and N-terminally truncated Paneth cell
a-defensins were identified and are abundant in the distal large
bowel lumen.

EXPERIMENTAL PROCEDURES

Preparation of Recombinant and Synthetic Peptides—Native
Crp4, disulfide-null (6C/A)-Crp4, proCrp4, (M19L)-Crpl,
(M19L)-Crp6, and rhesus macaque [-defensin-4 (rhBD-4)
were produced by recombinant methods and purified to homo-
geneity as described previously (27, 36). Recombinant peptides
were expressed in E. coli as N-terminal His,-tagged fusion pro-
teins from the EcoRI and Sall sites of the pET-28a expression
vector (Novagen, Inc., Madison, W1I) and subsequently purified
as described (29, 36, 37). Peptide homogeneity was assessed by
analytical reversed-phase HPLC, acid-urea polyacrylamide gel
electrophoresis (AU-PAGE) (40), and peptide masses were
confirmed by matrix-assisted laser desorption ionization time-
of-flight mass spectrometry (MALDI-TOF MS, Voyager DE, PE
Biosystems, Foster City, CA) (39).

Synthetic human B-defensins 1 and 3 (hBD-1 and hBD-3)
were generously provided by Drs. Michael Selsted and Gyorgy
Osapay (Dept. of Pathology and Laboratory Medicine, Univer-
sity of California, Irvine). Synthetic Crp2 and Crp3 peptides
were a gift from Dr. Wuyuan Lu (Institute of Human Virology,
University of Maryland School of Medicine).

Animals—All procedures on mice were performed with
approval and in compliance with the policies of the Institu-
tional Animal Care and Use Committee of the University of
California, Irvine. Outbred Swiss Webster mice were 45-day-
old males from Charles River Breeding Laboratories, Inc.
(Wilmington, MA). Mice were housed under 12-h cycles of
light and dark and had free access to standard rat chow and
water.

Preparation and Purification of Enteric o-Defensins—Pep-
tides were isolated using procedures described previously
except where noted (8). Segments of ileum and distal large
bowel, consisting of the colon and rectum only, were excised
from mice immediately following euthanasia by halothane
inhalation followed by cervical dislocation. Protein extracts
were prepared from “complete” tissue, consisting of tissue plus
luminal contents. Alternatively, extracts were generated from
tissue and luminal contents processed separately. To remove
the luminal contents, intestinal segments were opened by lon-
gitudinal incisions, and the luminal contents were washed away
from the segments by dipping the organ into ice-cold water.
Samples were homogenized in 100 ml of ice-cold 60% acetoni-
trile plus 1% trifluoroacetic acid and incubated at 4 °C overnight
prior to clarification by centrifugation and lyophilization.
Lyophilized samples were resuspended in 5 ml of 5% acetic acid
and chromatographed on a 10 X 60-cm Bio-Gel P-60 column
(Bio-Rad), and 350 drop fractions were collected. Fractions
containing a-defensins were identified by the presence of rap-
idly migrating peptides in AU-PAGE stained with Coomassie
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Brilliant Blue, a characteristic of a-defensins in this system (8,
40). The fraction of total extracted protein in a-defensin con-
taining fractions was determined by Bradford Assay (Bio-Rad
Protein Assay).

Samples of combined a-defensins were purified further by
cation-exchange chromatography before analysis by SDS-
PAGE, in bactericidal peptide assays, and by peptide sequenc-
ing. Lyophilized a-defensin pools were resuspended in 100 mm
ammonium formate loading buffer (pH 6.2) and applied to a
3-ml CM-Sepharose column equilibrated with the same buffer
and washed with 10 ml of loading buffer. Resin-bound peptides
were eluted using 10-ml volumes of 0.2 M, 1.25 M, and 2.0 M
ammonium acetate (pH 5.2) followed by a final wash of 2.0 m
ammonium acetate. a-Defensins eluted from the resin with
1.25 M ammonium acetate. Fractions were lyophilized, resus-
pended in 5 ml of 5% acetic acid, dialyzed against 5 liters of 5%
acetic acid, and lyophilized again.

Peptide Analysis by Mass Spectrometry—Samples were sepa-
rated by C18 reversed-phase HPLC that was developed with an
aqueous 15-35% gradient of acetonitrile using 0.1% trifluoro-
acetic acid as the ion-pairing agent (41) delivered in 90 min at 1
ml/min. Samples of HPLC fractions were mixed with an equal
volume of 10 mg/ml a-cyano-4-hydroxycinnamic acid in 60%
acetonitrile containing 0.1% trifluoroacetic acid and left to dry
completely prior to analysis by MALDI-TOF MS (Voyager-DE,
PE Biosystems) in the Mass Spectroscopy Facility of the Dept. of
Chemistry at the University of California, Irvine.

HPLC fractions with masses consistent with known or pre-
dicted mouse a-defensins were subjected to performic oxida-
tion to detect the modification of cysteine and methionine res-
idues. Performic acid reagent was prepared by mixing 1 part
hydrogen peroxide with 19 parts 97% formic acid and incubat-
ing on ice for 1 h. Lyophilized samples were dissolved in this
reagent and incubated at ambient temperature for 30 min,
dried in vacuo, washed once with 50 ul of ice-cold H,O, and
twice washed with 20 ul of H,O. Samples of oxidation reactions
were mixed 1:1 with 10 mg/ml a-cyano-4-hydroxycinnamic
acid in 60% acetonitrile containing 0.1% trifluoroacetic acid
prior to analysis by MALDI-TOF MS as before. Upon oxida-
tion, cystine and cysteine are converted to cysteic acid by addi-
tion of three oxygen atoms per cysteine; methionine residues
are converted to methionine sulfone by the addition of two
oxygen atoms to each methionine sulfur atom. Consequently
modification of peptides or proteins containing 6 cysteine res-
idues results in a predicted increase in mass of 288 atomic mass
units. Performic acid oxidation of Crps containing 6 Cys and 1
or 2 Met residues would increase peptide mass by 320 or 352
atomic mass units, respectively.

SDS-PAGE—SDS-PAGE was performed using 10 —20% Tris-
Tricine precast ready-gels (Bio-Rad) with samples that were
diluted 1:2 with SDS-PAGE sample buffer (Bio-Rad) prepared
according to manufacturer’s instructions with 1% 3-mercapto-
ethanol and boiled for 10 min. 5 ul of Kaleidoscope (Bio-Rad)
prestained molecular weight standards were run on each gel.

Peptide Extraction from AU-PAGE Gels and Peptide
Sequencing—a-Defensin preparations from mouse complete
ileum and complete colon were run in AU-PAGE and electro-
blotted to 0.1 wm polyvinylidene difluoride membrane (Milli-
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pore Immobilon PSQ) using 5% acetic acid as the transfer
buffer. Individual peptide bands were excised from Coomassie-
stained membranes prior to N-terminal sequencing. Eleven
rounds of Edman degradation were performed on an ABI
494-HT Procise Edman Sequencer by the Molecular Structure
Facility at the University of California, Davis.

Bactericidal Peptide Assays—E. coli ML35, Listeria monocy-
togenes 10403S, and Salmonella enterica sv. typhimurium
AphoP were target organisms for assays testing bactericidal
activity of a-defensin preparations as described previously (42).
Bacteria growing exponentially in Trypticase soy broth (TSB) at
37 °C were collected by centrifugation, washed, and resus-
pended in 10 mMm PIPES (pH 7.4) supplemented with 0.01 vol. of
(1% v/v) TSB (PIPES-TSB) (28, 37). Bacteria (5 X 10°/ml) were
exposed to varied peptide concentrations for 1 h at 37 °C in 50
wl of PIPES-TSB. Samples were diluted 1:100 with 10 mm PIPES
(pH 7.4) and plated on Trypticase soy agar plates using an Auto-
plate 4000 (Spiral Biotech, Inc., Bethesda, MD). Surviving bac-
teria were quantified as colony-forming units per milliliter
(CFUs/ml) after 10—18 h of incubation.

Defensin Sensitivity to Trypsin and Chymotrypsin Proteolysis—
Recombinant and synthetic a-defensins and 3-defensins were
digested with trypsin (Sigma, T-8253) or a-chymotrypsin
(Sigma, C-9135) as described below and analyzed for suscepti-
bility to proteolysis by AU-PAGE and MALDI-TOF MS as
above. Samples (5 ug) were incubated with each proteinase at
37 °C for 2 h at a substrate to enzyme molar ratio of 50:1 in 50
mM ammonium bicarbonate (pH 8.0). Samples consisting of
85% of each digest were analyzed by AU-PAGE, and the
remainder of each digest was subjected to MALDI-TOF MS.

RESULTS

Apparent Paneth Cell o-Defensins in Distal Colonic Lumen—
Paneth cell a-defensins were tentatively identified in protein
extracts from mouse distal colonic lumen following protein
separation by gel-permeation chromatography. Because mouse
enteric a-defensins are highly mobile in AU-PAGE, Bio-Gel
P-60 (P-60) fractions containing apparent a-defensins were
subjected to AU-PAGE analysis to identify fractions containing
rapidly migrating peptides of low molecular weight (40).

As expected (8), peptides with mobilities characteristic of
a-defensins were detected in P-60 separations of complete (tis-
sue plus luminal contents) mouse ileum (boxed region, Fig. 1A).
In AU-PAGE, proteins resolve on the basis of charge-to-size
ratio rather than as a more direct function of molecular weight
alone. In mice, production of a-defensin mRNAs and peptides
occurs exclusively in Paneth cells in the small intestine (8 10,
31, 43, 44). In contrast, a-defensin production in the colon has
not been detected at any level (8 -10, 31, 43, 44). Nevertheless,
when protein extracts of complete large intestine were sepa-
rated as shown for the complete ileum sample, highly mobile
peptides of low molecular weight were readily apparent in AU-
PAGE (boxed region, Fig. 1B). In replicate experiments, putative
a-defensin-containing fractions from complete ileum and
complete large bowel were combined, as were the remaining
fractions containing all other extracted proteins. Less total pro-
tein was consistently extracted from complete large intestine
compared with the complete ileum; however, the measure-
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FIGURE 1. Isolation of putative a-defensins from mouse colon. Proteins
extracted from complete ileum (organ plus luminal contents) of 12 mice (A),
complete colon (organ plus luminal contents) of 12 mice (B), colonic tissue of
9 mice (C), and colonic luminal contents of 9 mice (D) were separated by P-60
gel-permeation chromatography (“Experimental Procedures”). Beginning 10
fractions after elution of the void volume, every third fraction was analyzed in
AU-PAGE, and gels were stained with Coomassie Blue. The arrows indicate
increasing elution time from the P-60 columns. The boxed region denotes
either a-defensins (A) or the anticipated position of a-defensin elution from
P-60 gel-permeation chromatography columns and rapid migration in AU-
PAGE (B-D). Note that no apparent a-defensin peptides were evident in the
colonic tissue extract (C). Recombinant Crp4 was loaded in the far left lane in
panels A-C.

ments also showed that the combined a-defensin-containing
fractions represented approximately an equivalent ~4% of all
protein extracted from both sources. Additionally, putative
a-defensins were visualized when similar experiments were
performed for samples of complete rectum, the most distal por-
tion of the large bowel (data not shown).

Putative a-defensins among proteins extracted from com-
plete mouse large bowel derive from colonic lumen. Proteins
extracted separately from large bowel tissue and luminal con-
tents were analyzed by gel-permeation chromatography and
AU-PAGE. Consistent with the absence of both Paneth cells
and a-defensin mRNAs in mouse colon (10), no apparent «-de-
fensin peptides were detected in extracts of colonic tissue (Fig.
1C). In contrast, putative a-defensins were both evident and
abundant among proteins extracted from the luminal contents
of the distal colon (boxed region, Fig. 1D). Thus, the finding of
putative a-defensins in the colonic lumen is consonant with
previous studies showing that a-defensins are not produced in
the colonic tissue and must derive from another source. Given
that a-defensins have been isolated and characterized from
both the mouse and human small intestinal lumen (34, 41) and
Paneth cells are the only cells that express a-defensin genes in
mouse small bowel, Paneth cell secretions released into small
intestinal crypts are the most likely source of these peptides.

Structural Integrity of Colonic a-Defensins—To test the pos-
sibility that colonic luminal a-defensins may contain cryptic
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intrastrand scissions, preparations of combined ileal «-de-
fensins and of putative colonic a-defensins were analyzed by
SDS-PAGE (Fig. 2). Although the a-defensin canonical disul-
fide array (Fig. 3) confers resistance to proteolysis in vitro (35,
36), we considered that the complex milieu of host and micro-
bial-derived proteases in the colonic lumen could cleave within
the a-defensin polypeptide backbone, but such intrastrand
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FIGURE 2. Colonic a-defensins are structurally intact. a-Defensin prepara-
tions from ileum tissue, complete ileum, and complete colon were analyzed
by SDS-PAGE under reducing conditions (“Experimental Procedures”) along
with pro-Crp4, Crp4, and Crp3 control peptides. Pro-Crp4 has a molecular
mass of 8221 Da, and mature, processed a-defensins have molecular masses
of ~3700-4500 Da. 5% of the total defensin preparation generated from
protein extracts from four mice separated by gel-permeation chromatogra-
phy and CM-Sepharose was electrophoresed in the lanes as described. Lanes:
M, molecular weight markers; 1, proCrp4; 2, Crp4; 3, Crp3; 4-6, a-defensin
preparations from ileal tissue, complete ileum, and complete colon, respec-
tively. Because of their similar sizes, reduced a-defensins migrate with indis-
tinguishable mobilities in SDS-PAGE, as observed. The combined colonic
a-defensins migrate as a single band with the same apparent molecular
weights as control a-defensins, indicating that intact a-defensins were iso-
lated from the colon.

Paneth Cell a-Defensins in Mouse Distal Colon

scissions might not be evident in peptides stabilized by disulfide
bonds. The presence of intrastrand scissions would result in the
peptides disintegrating into multiple fragments upon reduction
and their disappearance from the gel. However, under reducing
conditions, putative a-defensins from the colon showed no evi-
dence of cryptic scissions, co-migrating at 4 kDa with native,
intact ileal a-defensins and with Crp3 and Crp4 control pep-
tides (Fig. 2). This finding shows that the apparent a-defensins
in colon are intact and resistant to intrastrand cleavage events
in the highly proteolytic environment of the colonic lumen.

Full-length and Truncated Forms of Paneth Cell a-Defensins
in Large Bowel Lumen—Putative a-defensins from colonic
lumen consist of full-length Paneth cell a-defensins as well as
Crp variants with truncated N termini. Preparations of nominal
colonic luminal a-defensins were purified further using C18
reversed-phase HPLC, and molecular masses of the separated
peptides were determined using MALDI-TOF MS. Experimen-
tal peptide masses corresponded to those of abundant Crp pep-
tides, allowing the identities and primary structures of a-de-
fensins isolated from the colonic lumen to be inferred (Fig. 3).
For example, colonic peptides with the same molecular masses
as full-length Crps 1, 3, 4, 5, and 6 were detected readily (Fig. 3).
Additional MS data corresponded to variants of Crps 1, 2, 3, 4,
and 6 lacking one or two amino acids from the peptide N ter-
minus (Fig. 3). These findings are consistent with detection of
full-length and N-terminally truncated a-defensins from lumi-
nal rinses of mouse ileum (41).

Peptide Primary Structure Molecular Mass
Experimental Theoretical
(A.M.U.) (A.M.U.)
I ]
Cryptdin-1 LRDLV CYCRSRGCKGRERMNGTCRKGHLLYTLCCR
(des-Leu-Arg) -Cryptdin-1 |  DLV!CYCRSRGCKGRERMNGTCRKGHLLYTLCCR 3848.1 3846.6
Cryptdin-1 i LRDLV | CYCRSRGCKGRERMNGTCRKGHLLYTLCCR 4112.3 4115.9
i i
(des-Leu) -Cryptdin-2 | RDLV;CYCRTRGCKRRERMNGTCRKGHLMYTLCCR 4133.8 4134.0
: )
(des-Leu-Arg) -Cryptdin-3 DLV ; CYCRKRGCKRRERMNGTCRKGHLMYTLCCR 4006.4 4005.9
i i
(des-Leu) -Cryptdin-3 | RDLViCYCRKRGCKRRERMNGTCRKGHLMYTLCCR 4160.3 4161.0
: !
Cryptdin-3 LRDLV ! CYCRKRGCKRRERMNGTCRKGHLMYTLCCR 4274.5 4274.2
i i
(des-Gly-Leu) -Cryptdin-4 i L ; CYCRKGHCKRGERVRGTC--G-IRFLYCCPRR 3585.0 3585.3
i i
(des-Gly) -Cryptdin-4 ! LL | CYCRKGHCKRGERVRGTC--G-IRFLYCCPRR 3699.0 3698.5
! !
Cryptdin-5 ELSKKLI:CYCRIRGCKRRERVFGTCRNLFLTFVFCSS 4315.9 4315.9
i i
(des-Leu-Arg) -Cryptdin-6 | DLV { CYCRARGCKGRERMNGTCRKGHLLYMLCCR 3861.4 3860.7
! i
(des-Leu) -Cryptdin-6 ! RDLV!CYCRARGCKGRERMNGTCRKGHLLYMLCCR 4016.2 4016.9
: !
Cryptdin-6 i LRDLV | CYCRARGCKGRERMNGTCRKGHLLYMLCCR 4133.8 4130.0

FIGURE 3. Primary structures of colonic a-defensins deduced by MALDI-TOF MS. Masses of colonic a-defensins were determined by MALDI-TOF MS
(“Experimental Procedures”). Experimental masses were compared with the theoretical masses deduced from previously characterized mouse Paneth cell
a-defensin peptide and mRNA sequences and used to deduce peptide primary structures and identities. All masses are given in atomic mass units (A.M.U.).
Dash characters were introduced into the alignment of certain colonic a-defensin primary structures to maintain cysteine spacing. The canonical a-defensin
disulfide array is depicted for Crp1 above the aligned colonic a-defensins. Residues proximal to the first cysteine are boxed to highlight the variable N termini

of colonic a-defensins. A form of each Crp was identified in the colon.
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A B

Band Peptide Primary Structure
a (des-Leu-Arg) -Cryptdin-1 DLVCYCRSRGCKGRERMNGTCRKGHLLYTLCCR
1 2 3 4 b (des-Leu) -Cryptdin-6 RDLVCYCRARGCKGRERMNGTCRKGHLLYMLCCR
; a Cryptdin-6 LRDLVCYCRARGCKGRERMNGTCRKGHLLYMLCCR
" c (des-Leu) -Cryptdin-6 RDLVCYCRARGCKGRERMNGTCRKGHLLYMLCCR
’ 2 Cryptdin-6 LRDLVCYCRARGCKGRERMNGTCRKGHLLYMLCCR
- d d (des-Leu) -Cryptdin-2 RDLVCYCRTRGCKRRERMNGTCRKGHLMYTLCCR
- - e Cryptdin-2 LRDLVCYCRTRGCKRRERMNGTCRKGHLMYTLCCR
e (des-Leu) -Cryptdin-3 RDLVCYCRKRGCKRRERMNGTCRKGHLMYTLCCR
Cryptdin-4 GLLCYCRKGHCKRGERVRGTC--G-IRFLYCCPRR

FIGURE 4. N-terminal sequencing confirms the identities of colonic a-defensins. A, contains the following samples electrophoresed in a non-reducing
AU-PAGE gel: Crp3 (lane 1), Crp4 (lane 2), a preparation of a-defensins from complete ileum (lane 3), a preparation of a-defensins from complete colon (lane 4).
Individual bands from the complete colon a-defensin preparation in lane 4 are labeled with lowercase letters a—e. Peptide bands were transferred to polyvi-
nylidene difluoride membrane as preparation for 11 cycles of N-terminal sequencing (“Experimental Procedures”) with the resulting deduced peptide iden-
tities and primary structures shown in B. Underlined sequence represents amino acid residues determined by sequencing. Because residue position 10 is the first
variable amino acid among full-length Crps 1-3 and 6, it is boxed to highlight the identities of individual peptides.

Chemical modification of putative a-defensins from the
colon provided further evidence that they were Paneth cell
a-defensins (supplemental Table S1). For example, performic
acid oxidation preferentially modifies the sulfur atoms of Cys
and Met residues in polypeptide chains, increasing the atomic
mass of each Cys by 48 atomic mass units by addition of 3
oxygen atoms and each Met by 32 atomic mass units by addi-
tion of 2 oxygen atoms. When coupled with MALDI-TOF MS,
the method provides further evidence that a molecule is a
defensin in that all defensins contain six Cys residues. Specifi-
cally, a peptide mass shift of +288 atomic mass units would
correspond to oxidation of a peptide that contains 6 Cys, a mass
increase of 320 atomic mass units would correspond to 6 Cys
and 1 Met, and an increase of 352 atomic mass units is predicted
for peptides containing 6 Cys and 2 Met residues. When pep-
tides tentatively identified as full-length or truncated Crps 1-6
were oxidized, their modified masses were consistent with their
deduced identities (supplemental Table S1). For example, per-
formic acid treatment of deduced Crpl-derived peptides
increased peptide atomic masses by 320 atomic mass units, cor-
responding to the oxidation of 6 Cys plus 1 Met. In addition,
these apparent colonic Crps were recognized by an anti-Crpl
antibody in Western blot analyses (data not shown), providing
further evidence of their identities as a-defensins. These collec-
tive findings provided strong evidence that the peptides are
a-defensins.

Nine putative colonic luminal «-defensins were identified
definitively by N-terminal sequence analysis. Apparent a-de-
fensins from mouse complete colon were separated in
AU-PAGE (Fig. 4A), electroblotted to a polyvinylidene difluo-
ride membrane, and stained with Coomassie Blue. Individual
peptide bands were excised from the membrane (see “Experi-
mental Procedures”). Because the N termini at the majority of
mouse Paneth cell «-defensins are identical LRDLVC
sequences with the first variable residue in Crps 1-3 and 6
occurring at position ten, 11 cycles of automated Edman
sequence analysis were performed on each peptide band. These
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N-terminal sequence analyses disclosed the presence of one or
two predominant sequences at the N terminus of each peptide
band (Fig. 4B). Empty cycles, characteristic of unmodified cys-
teines, were interpreted as Cys residues at those positions.
Results show that the sequenced peptides correspond to full-
length, des-Leu, or des-Leu-Arg variants of Crps 1-3 or 6 as
well as full-length Crp4 (Fig. 4B). These findings are compelling
evidence that Paneth cell a-defensins and their N-terminal
truncated forms persist intact in the lumen of the colon.

Colonic Luminal a-Defensins Retain Bactericidal Activity—
Colonic a-defensins were bactericidal against all bacterial spe-
cies assayed, showing that they exist in a functional state (Fig.
5). Colonic a-defensin activities were compared with those of 1)
corresponding pooled ileal a-defensins, 2) a mixture of control
Crp peptides, and 3) Crp4. The colonic a-defensins were bac-
tericidal in the low micromolar range, as were corresponding
ileal a-defensins. Native a-defensins from both sources were
most active against Listeria monocytogenes, with the colonic
a-defensins exhibiting slightly greater activity than the ileal
peptides at lower peptide concentrations (Fig. 54). The colonic
and ileal a-defensin samples had similar bactericidal peptide
activities against E. coli ML35 (Fig. 5C) and S. enterica sv. typhi-
murium AphoP (Fig. 5E). Generally, peptide mixtures were less
active than individual control peptides (Fig. 5 and supplemental
Fig. S1). Results shown are representative of several experi-
ments, and the reproducibility of these assays was demon-
strated by performing determinations in triplicate at selected
peptide concentrations (supplemental Fig. S2). The bactericidal
activity of individual Crps within the Crp mix has been con-
firmed (supplemental Fig. S3). Thus, the in vitro bactericidal
peptide assays show that the colonic a-defensins are microbi-
cidal, killing ~99% of all bacterial species tested (Fig. 5, A, C,
and E).

To confirm that the microbicidal activities of «-defensins
prepared from complete colon are derived from luminal a-de-
fensins, bactericidal peptide activities of a-defensins purified
specifically from the colonic lumen alone were determined.
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In contrast to Crp resistance to
201 trypsin and chymotrypsin exposure,
0+ 1 each of the three B-defensins tested
S. Typhimurium AphoP _ , S. Typhimurium AphoP were more extensively proteolyzed
0 4 8 12 0 4 8 12 as judged by their modified mobili-
Peptide (pg/ml) ties in AU-PAGE gels (Fig. 6A).

FIGURE 5. a-Defensins isolated from the complete colon and colonic lumen retain bactericidal activity.
Bactericidal peptide assays were performed against L. monocytogenes (A and B), E. coli ML35 (C and D) and S.
enterica sv. typhimurium AphoP (E and F), surviving bacteria were counted, and data were expressed as percent
of no peptide control. A, C, and E symbols: #, Crp4; &, Crp Mix; @, a-defensins from complete ileum; O,
a-defensins from complete colon. B, D, and F symbols: B, Crp3; @, a-defensins from complete ileum; O, a-de-
fensins from complete colon; ¥, a-defensins from ileal tissue; V, a-defensins from colonic lumen. a-Defensin
preparations from the complete colon and colonic luminal contents were bactericidal. Data are representative

of multiple experiments.

Colonic luminal a-defensins were compared with a-defensin
preparations from complete colon, complete ileum, ileal tissue,
and synthetic Crp3. As anticipated, colonic luminal a-defensins
killed all bacterial species tested (Fig. 5, B, D, and F). Against L.
monocytogenes, all peptide samples, including Crp3, had equiv-
alent activities at 10 ug/ml (Fig. 5B). We conclude, therefore,
that colonic luminal a-defensins are bactericidal in vitro,
thereby retaining potential functional roles in innate mucosal
immunity in the large bowel.

Differential Susceptibility of a- and B-Defensins to Proteolysis—
Exposure of representative «- and -defensins to trypsin and
chymotrypsin in in vitro digests showed that a-defensins were
less readily proteolyzed than B-defensins (Fig. 6). Although
a-defensins are not produced in the colon, certain B-defensin
genes are expressed in colonocytes (45-50). Accordingly, in
response to finding Paneth cell a-defensins in the colonic
lumen, we assessed the relative susceptibility of certain «-de-
fensins and B-defensins to in vitro proteolysis by trypsin and
chymotrypsin. Following incubation with these proteases, sam-
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MALDI-TOF MS revealed that the
B-defensins were proteolyzed N-
terminal of the Cys'-Cys® bond,
and hBD-3 and rhesus BD-4 pep-
tides also were cleaved C-terminal
of the Cys®-Cys® disulfide bond
(Fig. 6B). No cleavage events were
detectable in the disulfide-stabilized polypeptide chain of
hBD-3. However, hBD-1 and rhBD-4 were susceptible to
extensive intramolecular proteolysis within the disulfide
bonds as deduced from peptide masses evident in mass spec-
tra of their digests (Fig. 6B). Thus, under these in vitro con-
ditions, a-defensins exhibited greater inherent resistance to
proteolysis than 3-defensins.

DISCUSSION

Microbicidal a-defensins occur at abundant levels in the
lumen of the distal colon, even though the peptides are released
exclusively by Paneth cells found only in the small intestine.
The colonic a-defensin peptides are not synthesized by cells
that reside in colonic tissue (8 —10, 25, 43, 44) but accumulate in
association with colonic luminal contents. Full-length Crps and
Crps truncated N-terminally by one or two amino acid residues
were identified, indicating involvement of an unknown amin-
opeptidase, and certain N-terminal truncations were replicated
in vitro by peptide exposure to trypsin. The colonic a-defensins
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A (6 CIA)-

hBD-1

givalis culture supernatants, which
also cleave HNP-1, a human neutro-

Crp2 Crp3 Crp4 Crp4
- TC-TGC

- TC-TZC -

sEE_es -
- -—— -

B
Peptide

Crp2 LRDLVCYCRTRGCKRRERMNGTCRKGHLMYTLCCR

Crp3 LRDLVCYCRKRGCKRRERMNGTCRKGHLMYTLCCR

Crp4 GLLCYCRKGHCKRGERVRGTC--G-IRFLYCCPRR

v < AR A 4 vV V¥
hBD-1 DHYNCVSSGGQCLYSACPIFTKIQGTCYRGKAKCCK

hBD-3

v ¥

rhBD-4

FIGURE 6. Differential susceptibility of a-defensins and B-defensins to proteolysis by trypsin and chy-
motrypsin. Representative mouse a-defensins, including Crp2, Crp3, and Crp4, and B-defensins, hBD-1,
hBD-3, and rhBD-4, were incubated without enzyme (—), with trypsin (T), or with chymotrypsin (C). (6 C/A)-Crp4,
a peptide lacking the disulfide bonds common to all a-defensins, was included as a susceptible control pep-
tide.Samples representing 85% of each digest were analyzed by AU-PAGE (A), and the remainder of each digest
was subjected to MALDI-TOF MS to determine the masses of enzymatic cleavage products larger than 2 kDa. In
B, the primary structures of the peptides are aligned with the canonical cysteine positions boxed in gray. Trypsin
cleavage sites deduced from the MALDI-TOF MS analysis are shown with filled arrows, and chymotrypsin

cleavage sites are shown with open arrows.

have overall bactericidal peptide activity equivalent to that of
native a-defensin preparations extracted from ileal tissue.
Accordingly, the removal of one or two N-terminal amino acids
does notappear to modulate antibacterial activity or predispose
the molecules to more extensive degradation. We speculate
that persistence of Paneth cell a-defensins far from their sites of
secretion to the most distal regions of the large intestine indi-
cates that these molecules may also mediate mucosal immunity
in the colon.

Functional, luminal a-defensins potentially operate in
innate immunity alongside antimicrobial products made
locally in the large bowel. Although a-defensins are not pro-
duced in the colon, colonic epithelial cells express AMPs of
the B-defensin and cathelicidin peptide families. In mice, for
example, PB-defensin-1 (mBD-1) and the cathelicidin
CRAMP are constitutively expressed in colon (51). Human
colonocytes constitutively produce cathelicidin LL-37 (52,
53) and hBD-1 (47), and hBD-2, hBD-3, and hBD-4 are
induced upon inflammation (47, 54). Both Gram-negative
and Gram-positive bacteria produce proteases that inacti-
vate linear AMPs, including LL-37 and CRAMP (55). Human
B-defensins are susceptible to inactivating proteolysis by
endogenous host proteases in airway epithelium (56), by Pro-
teus mirabilis ZapA protease (57), and by Porphyromonas gin-
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hBD-3 rhBD-4
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phil a-defensin (58). Although both
a- and B-defensins have tridisulfide
arrays and similar folded conforma-
tions, the Cys spacing and disulfide
connectivities of the peptide fami-
lies differ (4). Although very few
peptides have been analyzed, the
disulfide array appears not to be a
determinant of microbicidal activity
for either peptide family. On the
other hand disruptions to disulfide
‘ pairing induces peptide susceptibil-
ity to proteolysis in vitro (36, 59, 60).
In contrast to the sensitivity of the
hBD-1 and rhBD-4 polypeptide
backbones to trypsin cleavage,
mouse a-defensins resisted proteol-
ysis between Cys' and Cys® (Figs. 3,
4,and 6, and data not shown). Over-
all, the three representative -de-
fensins analyzed here were more
susceptible than a-defensins to in
vitro proteolysis with trypsin and
chymotrypsin (Fig. 6). These find-
ings suggest that 3-defensins also
would be more susceptible than
a-defensins to degradation in the
colonic lumen by varied protein-
ases of cellular or microbial origin.
We speculate that, if this were the
case, colonic AMPs, including
B-defensins, may function locally
at their sites of secretion from colonocytes, and a-defensins
could contribute to a greater extent in the lumen.
Extracellular proteolysis of the luminal a-defensins may
be mediated by varied proteases. The conversion of Paneth
cell a-defensins from inactive precursors to bactericidal
mature peptides differs in mice and humans. For example,
human Paneth cells accumulate inactive pro-a-defensins
that are converted to active forms after secretion (34), but
mouse Paneth cell a-defensin precursors are processed
intracellularly by MMP-7 as the activating convertase (32).
Although intracellular pro-Crp processing is dependent on
MMP-7, we have found that exposure of pro-Crp molecules
to trypsin, cathepsin G, elastase, proteinase 3, and thrombin
results in proregion proteolysis that generates native Crp
peptides. The identification of des-Leu-Arg variants of sev-
eral Crps in the colonic lumen is consistent with the possi-
bility that a trypsin-like enzyme may modify Paneth cell
a-defensins post-secretion. However, such variants have not
been detected in protein extracts of wild-type or MMP-7-
null mouse ileal tissue. On the other hand, isolation of full-
length and des-Leu variant Crps from colon indicates that
N-terminal truncation in the lumen is not complete or uni-
form and supports a potential role for multiple proteases in
luminal processing of a-defensins.
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Processed, microbicidal a-defensins in the large bowel
milieu may participate both directly and indirectly as effectors
of colonic innate immunity. For example, they may confer pro-
tection against acute infection by colonic pathogens or possibly
influence the composition of the colonic microflora. Enteric
a-defensins exhibit direct in vitro microbicidal activity against
small intestinal pathogens, S. aureus, E. coli, L. monocytogenes,
S. typhimurium, V. cholerae, and Giardia lamblia (25, 61— 63).
In mice, the appearance of Paneth cells during postnatal crypt
development is crucial for the ability to clear in vivo infections
by Shigella sp., an organism with a colonic tropism (64). Our
findings provide rationale for assessing the sensitivity of Shi-
gella sp. and additional colonic pathogens to direct killing by
a-defensins.

Colonic luminal a-defensins may also influence composition
of the microflora in both small intestine and large intestine
(65—67). For example, quantitative and qualitative variation of
the a-defensin population along the intestinal tract could con-
tribute to differential influences of the peptides on the com-
mensal flora, shaping the population. Achieving an under-
standing of the interactions between a-defensins and this
microbial ecosystem is complicated, because most commensal
microbes are unculturable obligate anaerobes, and the effects of
defensins on these species are largely unexplored. Whether
colonic a-defensins protect against pathogens directly or by
influencing the microflora, we speculate that the abundance of
Crps in the mouse colonic lumen suggests a function beyond
the small intestine. The finding also suggests that, in enteric
immunity, the site of effector molecule synthesis and secretion,
e.g. Paneth cells, may not mean that function is restricted to that
particular location. In conclusion, Paneth cell a-defensins resist
proteolysis in vivo to persist in the distal colonic lumen, a find-
ing that may redefine the environment in which Paneth cell
a-defensins mediate innate immunity.
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