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In mouse Paneth cells, �-defensins, termed cryptdins (Crps),
are activated by matrix metalloproteinase-7-mediated proteol-
ysis of inactive precursors (pro-Crps) to bactericidal forms. The
activating cleavage step at Ser432Ile44 inmouse pro-Crp4-(20–
92) removes nine acidic amino acids that collectively block the
membrane-disruptive behavior of the Crp4 moiety of the pro-
form. This inhibitory mechanism has been investigated further
to identify whether specific cluster(s) of electronegative amino
acids in pro-Crp4-(20–43) are responsible for blocking bacteri-
cidal activity and membrane disruption. To test whether spe-
cific cluster(s) of electronegative amino acids in pro-Crp4-(20–
43) have specific positional effects that block bactericidal
peptide activity andmembrane disruption, acidic residues posi-
tioned at the distal (Asp20, Asp26, Glu27, and Glu28), mid (Glu32
and Glu33), and proximal (Glu37, Glu38, and Asp39) clusters in
pro-Crp4-(20–92)weremutagenized, and variantswere assayed
for differential effects of mutagenesis on bactericidal peptide
activity. Substitution of themid and proximal Asp andGlu clus-
terswithGlyproducedadditive effectswith respect to the induc-
tion of both bactericidal activity and membrane permeabiliza-
tion of live Escherichia coliML35 cells. In contrast, substitution
of distal Glu andAsp residueswithGly or their deletion resulted
in pro-Crp4-(20–92) variants with bactericidal andmembrane-
disruptive activities equal to or greater than that of fully mature
Crp4. These findings support the conclusion that themost distal
N-terminal anionic residues of pro-Crp4-(20–92) are primarily
responsible for blocking Crp4-mediated membrane disruption
in the precursor.

In the small bowel, Paneth cells at the base of the crypts of
Lieberkühn secrete �-defensins and additional antimicrobial

peptides at high levels in response to cholinergic stimulation
andwhen exposed to bacterial antigens (1–4). Paneth cell�-de-
fensins show broad spectrum antimicrobial activities and con-
stitute the majority of bactericidal peptide activity in Paneth
cell secretions (2, 5–7). The release of Paneth cell products into
the crypt lumen is inferred to protect mitotically active crypt
cells from colonization by potential pathogens and to confer
protection from enteric infection (2, 8–10). The most compel-
ling evidence for a Paneth cell role in enteric innate immunity is
evident from studies ofmice transgenic for a human Paneth cell
�-defensin, HD-5, which are completely immune to infection
and systemic disease from orally administered Salmonella
enterica serovar typhimurium (11).

The biosynthesis of �-defensins requires post-translational
activation by lineage-specific proteinases (12, 13). Although the
enzymes that mediate pro-�-defensin processing in myeloid
and epithelial cells differ, the overall processing schemes are the
same. Both myeloid and Paneth cell �-defensins derive from
�10-kDa prepropeptides that contain canonical signal
sequences, electronegative proregions, and a 3.5–4-kDa
mature �-defensin peptide in the C-terminal portion of the
precursor (13–16). Pro-�-defensin processing inmouse Paneth
cells is catalyzed by matrix metalloproteinase-7 (MMP-7)3 and
takes place intracellularly and prior to secretion (17, 18). In
mouse small intestinal epithelium, only Paneth cells express
MMP-7 as components of dense core secretory granules (12),
and the bactericidal activity of mouse Paneth cell �-defensins
depends completely on activation of 8.4-kDa pro-Crps by
MMP-7-catalyzed proteolysis (12, 18).MMP-7 gene disruption
ablates pro-Crp processing such that mature, activated Crp
peptides are absent from the small intestine, and innate immu-
nity to oral bacterial infection is impaired in MMP-7-null mice
(12).
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MMP-7 produces active mouse �-defensins by cleaving pre-
cursors in vitro at conserved sites in the proregion including the
junction of the propeptide and �-defensin moiety (18). Elec-
tropositive Arg side chains in Crp4 facilitate electrostatic inter-
actions necessary for disruption of the electronegative bacterial
cell envelope (3, 19, 20). In contrast, pro-Crps lack in vitro bac-
tericidal activity, corresponding with a diminished ability to
interact with model membranes, to disrupt large unilamellar
vesicles (20), and to permeabilize live Escherichia coli ML35
cells. MMP-7-mediated proteolysis of pro-Crp4-(20–92) pro-
duces the specific cleavage intermediates pro-Crp4-(44–92),
pro-Crp4-(54–92), and pro-Crp4-(59–92) (18). Because the
Ser432Ile44 cleavage event is sufficient to activate bactericidal
activity, amino acids in the pro-Crp4-(20–43) region of the
prosegment maintain the precursor in an inactive state by
removal of nine acidic amino acids from proximity to the Crp4
component of the molecule (21).
To test the hypothesis that specific clusters of the nine ani-

onic residue positions in the pro-Crp4-(20–43) region exert
differential effects in blocking pro-Crp4 bactericidal activity,
partial charge-neutralizingmutationsmade at Asp andGlu res-
idue positions in pro-Crp4-(20–92)were prepared, and the var-
iant pro-Crp4 peptides were tested for bactericidal activity and
in cell permeabilization assays. The results show that the acidic
residues nearest the pro-Crp4N terminus are primarily respon-
sible for inhibiting pro-Crp4 bactericidal activity.

EXPERIMENTAL PROCEDURES

Preparation of Recombinant Peptides—Recombinant pro-
Crp4-(20–92) proregion variants were prepared by site-di-
rected PCR-based mutagenesis (18), expressed as N-terminal
His6-tagged fusion proteins, and subsequently affinity-puri-

fied (3, 18, 22). After cleavage of
the His6 tag, the peptides were fur-
ther purified by HPLC. Peptide
homogeneity was assessed by ana-
lytical reverse-phase HPLC and
acid/urea (AU)-PAGE (23), and
peptide masses were confirmed by
matrix-assisted laser desorption
ionization time-of-flight (MALDI-
TOF) mass spectrometry (Voyag-
er-DE) (21). The experimental
details of mutagenesis and prepa-
ration of the individual recombinant
peptides investigated (Fig. 1) are
described in detail (see supplemental
“Experimental Procedures”).
MMP-7-mediated Proteolysis of

Recombinant Peptides—To test
pro-Crp4 variants for proteolytic
conversion by MMP-7, 10-�g pep-
tide samples were incubated with or
without 0.5 mol eq of MMP-7 in
HEPES buffer (1 mMHEPES, 15 mM
NaCl, 0.5mMCaCl2, pH7.4) for 18 h
at 37 °C. Complete peptide digests
were resolved by AU-PAGE and

stained with Coomassie Blue.
Bactericidal Peptide Assays—The bactericidal activities of

purified recombinant peptides were tested in vitro against
E. coliML35, Staphylococcus aureus 502A,Vibrio cholerae, Lis-
teria monocytogenes 104035, and S. enterica serovar typhi-
murium strains as described previously (21, 24). Samples con-
sisting of exponentially growing bacterial cells were collected
by centrifugation, washed, and resuspended in 10 mM PIPES,
pH 7.4, supplemented with 0.01 volume (1%, v/v) of Trypticase
soy broth (PIPES/TSB). Bacteria (5� 106 colony-forming units
(CFU)/ml) were incubated with each peptide (0–6�M) in 50�l
of PIPES/TSB. After 60 min at 37 °C, 20 �l of each incubation
mixture were diluted 1:1000 with 10 mM PIPES, pH 7.4, and 50
�l of the diluted samples were plated on Trypticase soy-agar
plates using an Autoplate 4000 (Spiral Biotech Inc., Bethesda,
MD). Surviving bacteria were quantitated as CFU/ml on plates
after incubation at 37 °C for 12–18 h, and data were analyzed
and plotted using SigmaPlot (Systat Software, Inc., San Jose,
CA). Bactericidal assays performed in Figs. 3, 4, and 7 are rep-
resentative of experiments that are reliably reproducible (see
supplemental Fig. S4).
Peptide-mediated Permeabilization of Live E. coli—Expo-

nentially growing E. coli ML35 cells were washed and resus-
pended in 10 mM PIPES/TSB as described (18, 20). Bacteria
were incubated in triplicate with 0–6 �M peptide and 2.5 mM
2-ortho-nitrophenyl �-D-galactopyranoside (ONPG), a chro-
mogenic substrate. 80 �l of E. coli ML35 cells in PIPES/TSB
(�5 � 106 CFU/ml) were added to 10 �l of ONPG and 10 �l of
peptide solution and incubated at 37 °C for 2 h in a 96-well plate
format. E. coliML35 cells are �-galactosidase-constitutive and
permease-negative, so ONPG diffusion into bacterial cells and
ONP production are dependent on peptide-mediated mem-

FIGURE 1. Recombinant pro-Crp4 variant peptides prepared by site-directed mutagenesis. The primary
structures of the recombinant peptides prepared and assayed in this study are aligned. Altered residues in
mutant Crp4 peptides are shown in underlined boldface. Numbers above the pro-Crp4 sequence refer to residue
positions in reference to the N-terminal Asp of native pro-Crp4-(20 –92).
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brane disruption. ONP was measured at 405 nm on a 96-well
SpectraMax plate spectrophotometer (Molecular Devices,
Sunnyvale, CA), and data were analyzed using SigmaPlot.

RESULTS

MMP-7 Processes Pro-Crp4 Anionic Proregion Variant
Peptides—To test whether partial reduction of the electroneg-
ative charge in the proregion of pro-Crp4 has effects on precur-
sor folding and processing, the native and variant pro-Crp4
peptides were incubated with MMP-7 and analyzed by AU-
PAGE. Pro-Crp4 requires MMP-7-mediated proteolytic con-
version to Crp4, and disruption of disulfide pairings would
result in extensive peptide proteolysis (22). Because properly
folded Crp4 resists proteolysis completely and Crp4 and its fol-
damers have distinctly different mobilities in AU-PAGE, this
assay for the comigration of processing products with native
Crp4 is a useful index of correct peptide folding (17, 22, 25).
Pro-Crp4 and its electronegative variants were processed by
MMP-7 to generate products that comigrated with Crp4, as
evident from MALDI-TOF mass spectrometry and AU-PAGE
mobility of all pro-Crp4 peptide variants (Fig. 2). Thus, reduc-
ing the electronegative charge of the proregion to differing
extents did not destabilize the canonical �-defensin fold as
judged by peptide masses and resistance to peptide proteolysis.
Also, the mutagenized proregion alone, (DE/G)-pro-Crp4-
(20–60), was degraded byMMP-7, indicating thatmutagenesis
did not modify prosegment sensitivity to proteolysis.
Effects of Partial Electronegative Charge Neutralization on

Pro-Crp4 Bactericidal PeptideActivity—Todeterminewhether
partial reduction of anionic charge in pro-Crp4-(20–43) exerts
differential effects on the inhibition of pro-Crp4-(20–92) bac-

tericidal activity, the proregion variants of pro-Crp4 were
tested against S. aureus 502A, L. monocytogenes 104035, E. coli
ML35,V. cholerae, and S. enterica serovar typhimurium strains
including 14028s, CS022, and �phoP (3). Native pro-Crp4-
(20–92), which lacks activity, served as a negative control pep-
tide with bactericidal Crp4 and (DE/G)-pro-Crp4 molecules
serving as positive controls (18, 21).
To test whether the bactericidal activity of (DE/G)-pro-Crp4

resulted from conferring activity on the proregion per se by
mutagenesis of the electronegative residues to glycines, the
mutant proregion (DE/G)-pro-Crp4-(20–60) also was assayed
formicrobicidal activity (see “Experimental Procedures”). In all
instances, (DE/G)-pro-Crp4-(20–60) had no effect on bacterial
cell survival up to 6 �M peptide concentration (Fig. 3, A–F).
These findings show that the activity of (DE/G)-pro-Crp4-(20–
92) is due to the proregion loss of inhibitory function and is not
a consequence of (DE/G)-pro-Crp4-(20–60) being converted
to a bactericidal molecule as a result of the mutagenesis.
To test the hypothesis that removal of carboxyl groups alone

at Asp and Glu positions would be sufficient to eliminate pro-
region inhibitory effects, we prepared (DE/NQ)-pro-Crp4-
(20–92) in which Asn and Gln residue positions would retain
side chain length but lack anionic charge. Against the less sen-
sitive S. aureus and S. enterica serovar typhimuriumCS022 and
14028s species, even 6 �M (DE/NQ)-pro-Crp4 showed very lit-

FIGURE 2. MMP-7 processing of pro-Crp4 variants. The recombinant pep-
tides (10 �g) were incubated with (�) or without (�) 0.5 mol eq of MMP-7 in
1 mM HEPES, 15 mM NaCl, 0.5 mM CaCl2, pH 7.4, for 18 h at 37 °C. The digestion
products were resolved by AU-PAGE and visualized by staining with Coomas-
sie Blue. (DE/G)-pro-Crp4 did not undergo complete cleavage due to the high
ratio of peptide substrate to MMP-7. Lane 1, Crp4; lane 2, pro-Crp4; lane 3,
(DE/G)-pro-Crp4; lane 4, (DE/NQ)-pro-Crp4; lane 5, (6-DE/G)-pro-Crp4; lane 6,
(3-DE/G)-pro-Crp4; lane 7, (DE/G)-pro-Crp4-(20 – 60). The proregion and its
fragments do not stain with Coomassie Blue.

FIGURE 3. Partial activation of pro-Crp4 bactericidal activity by
mutagenesis of proximal anionic amino acid clusters. Exponentially
growing S. enterica serovar typhimurium �phoP (A), L. monocytogenes (B),
S. enterica serovar typhimurium CS022 (C), S. aureus (D), S. enterica serovar
typhimurium 14028s (E), and E. coli (F) were exposed to the peptide con-
centrations shown at 37 °C in 50 ml of 10 mM PIPES buffer supplemented
with 1% TSB for 1 h. Following peptide exposure, the bacteria were plated
on TSB-agar and incubated overnight at 37 °C. Surviving bacteria were
counted as CFU/ml at each peptide concentration. Values below 1 � 103

CFU/ml signify that no colonies were detected. F, Crp4; E, pro-Crp4; ƒ,
(DE/G)-pro-Crp4; �, (DE/NQ)-pro-Crp4; �, (6-DE/G)-pro-Crp4; f, (3-DE/G)-
pro-Crp4; �, (DE/G)-pro-Crp4-(20 – 60).
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tle to no activity (Fig. 3, C–E). On the other hand, relative to
Crp4 and (DE/G)-pro-Crp4, (DE/NQ)-pro-Crp4-(20–92) had
attenuated activity at concentrations of 1.5 �M or less (Fig. 3,
A–F) except against defensin-sensitive S. enterica serovar
typhimurium �phoP and E. coli, where the activities were
equivalent (Fig. 3, A and F). Against L. monocytogenes, (DE/
NQ)-pro-Crp4 had approximately one-tenth the activity of
(DE/G)-pro-Crp4 at �1.5 �M peptide (Fig. 3B). From these
findings, we infer that anionic amino acids in the proregion
appear to inhibit pro-Crp4-(20–92) bactericidal activity by a
combination of charge neutralization of Crp4 cationic residues
and side chain interactions that were not evident in studies of
(DE/G)-pro-Crp4.
To test the hypothesis that individual clusters of anionic

amino acids in pro-Crp4-(20–43) exert differential effects in
blocking pro-Crp4 bactericidal activity, the peptide activities of
pro-Crp4 variants with partially reduced anionic charge in the
distal (Asp20, Asp26, Glu27, and Glu28), mid (Glu32 and Glu33),
and proximal (Glu37, Glu38, and Asp39) anionic clusters in pro-
Crp4-(20–92) were compared with pro-Crp4-(20–92) (Fig. 1).
Peptides with combined charge neutralization of the distal
and proximal clusters, (6-DE/G)-pro-Crp4, and of the mid and
proximal clusters, (5-DE/G)-pro-Crp4, were more active than
pro-Crp4 but not as active as (DE/G)-pro-Crp4 or Crp4 (Fig. 3,
A–F). The proximal pro-Crp4 variant (3-DE/G)-pro-Crp4 was
attenuated compared with (6-DE/G)-pro-Crp4 and (5-DE/G)-
pro-Crp4, suggesting that anionic clusters contribute to block-
ing pro-Crp4 activity in an additivemanner (Fig. 4,A–D). How-
ever, mutagenesis of the distal anionic amino acid cluster
showed a markedly greater and differential effect on pro-Crp4
bactericidal activity as comparedwithmid and proximal cluster
charge neutralization (Fig. 4).
Mutagenesis of Anionic Amino Acid Residues in Proregion

of Pro-Crp4 Enables Permeabilization of Live E. coli ML35
Cells—To test the hypothesis that individual clusters of anionic
amino acids in pro-Crp4-(20–43) exert differential effects on
defensin-microbe interactions and permeabilization of live

bacteria, the pro-Crp4 variant peptides were compared with
Crp4 and pro-Crp4 using the ONPG conversion assay (see
“Experimental Procedures”). Consistent with their lack of bac-
tericidal peptide activity, (DE/G)-pro-Crp4-(20–60) and pro-
Crp4-(20–92) did not permeabilize E. coli (see supplemental
Fig. S2). Relative to the effects of Crp4, bacterial exposure to 3
�M (DE/G)- and (DE/NQ)-pro-Crp4 resulted in a delay in
measurable ONP accumulation (Fig. 5). In fact, at 3 �M, no
ONP accumulation was detected as a result of exposure to pro-
Crp4 variant peptides, suggesting an attenuation ofmembrane-
disruptive activity for the partial electronegative variants (see
also supplemental Fig. S3). On the other hand, at 6 �M, com-
parison of pro-Crp4 peptides with a combined charge neutral-
ization of distal and proximal clusters or with only the proximal
cluster neutralized supported the view that the anionic clusters
provided an additive inhibitory effect on pro-Crp4-induced cell
permeabilization (Fig. 6A). Deletion of the distal cluster con-
ferred permeabilizing activity, but the induced ONPG conver-
sion was not as robust as that caused by mature Crp4 (Fig. 6B).
The Most N-terminal Electronegative Cluster Is Primarily

Responsible for Maintaining Pro-Crp4 in an Inhibited State—
Acidic amino acid residue positions in the most distal prore-
gion cluster predominate in inhibiting pro-Crp4 bactericidal
activity. For example, against S. enterica serovar typhimurium
�phoP, L. monocytogenes, and E. coli, collective mutagenesis of
the proximal anddistal clusters ((6-DE/G)-pro-Crp4) increased
peptide activity to a greater extent than mutagenesis at the
proximal cluster alone ((3-DE/G)-pro-Crp4) (Fig. 3, A, B, and
F). Mutagenesis of the distal cluster alone improved bacteri-
cidal activity much more than the combined mutagenesis of
mid and proximal clusters, as evident in assays against S. en-
terica serovar typhimurium �phoP, L. monocytogenes, and
E. coli (Fig. 4,A–C). For reasons that remain unclear, the recov-
eries of distal cluster variant (4-DE/G)-pro-Crp4 and combined
proximal and mid cluster mutant (5-DE/G)-pro-Crp4 were
unusually low, requiring that their bactericidal peptide activi-
ties be tested in separate experiments (Fig. 4, A–D). Remark-
ably, mutagenesis of the distal cluster resulted in (4-DE/G)-
pro-Crp4 being as or more active than mature Crp4 at

FIGURE 4. Mutagenesis of distal proregion acidic amino acid clusters fully
activates pro-Crp4. Exponentially growing S. enterica serovar typhimurium
�phoP (A), L. monocytogenes (B), E. coli (C), and S. aureus (D) were exposed to
the peptides as in Fig. 3. F, Crp4; E, pro-Crp4; ƒ, (4-DE/G)-pro-Crp4; �,
(5-DE/G)-pro-Crp4.

FIGURE 5. (DE/NQ)-pro-Crp4 exhibits attenuated permeabilization of live
E. coli ML35 cells. Exponentially growing E. coli cells were exposed to 3 �M

control peptides (F, Crp4; E, pro-Crp4) and peptide variants in the presence
of ONPG for 2 h at 37 °C. �-Galactosidase hydrolysis of ONPG was measured at
405 nm. ƒ, (DE/G)-pro-Crp4; �, (DE/NQ)-pro-Crp4.
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concentrations �1.5 �M, and the distal cluster mutant was
more bactericidal than any partial charge neutralization
mutants (Fig. 4A). To summarize, the relative bactericidal
activities of all partial anionic pro-Crp4 variants are as follows:
Crp4 � (DE/G)-pro-Crp4 � (4-DE/G)-pro-Crp4 � (6-DE/G)-
pro-Crp4 � (5-DE/G)-pro-Crp4 � (3-DE/G)-pro-Crp4 � pro-
Crp4. Thus, the acidic residues in the distal cluster of the pro-
region inhibit pro-Crp4 differentially.
Deletion of Distal Anionic Residue Cluster Confirms Its Inhib-

itory Role—To test the role of the distal acidic amino acid clus-
ter further, a variant peptide, pro-Crp4-(29–92), with a dele-
tion of the nine N-terminal amino acids of pro-Crp4-(20–92)
was studied (Fig. 7,A–F). As observed for charge neutralization
of the distal cluster in (4-DE/G)-pro-Crp4, deletion of the distal
anionic cluster resulted in the peptide having equivalent or bet-
ter activity than Crp4 (Fig. 7, A–C and F). Thus, whether the
distal cluster was modified by charge neutralization or by dele-
tion, the results confirmed that themost N-terminal acidic res-
idue positions are mainly responsible for maintaining pro-
Crp4-(20–92) in an inactive state.

DISCUSSION

This investigation tested whether specific cluster(s) of elec-
tronegative amino acids in pro-Crp4-(20–43) have specific
positional effects that block bactericidal peptide activity and
membrane disruption. Acidic residues positioned at the distal
(Asp20, Asp26, Glu27, and Glu28), mid (Glu32 and Glu33), and
proximal (Glu37, Glu38, and Asp39) clusters in pro-Crp4-(20–

92) were mutagenized, and variants were assayed for differen-
tial effects of mutagenesis on bactericidal peptide activity.
Certain substitutions produced additive effects on the
induction of both bactericidal activity and permeabilization
of live E. coli ML35 cells. In contrast, substitution of distal
Glu and Asp residues with Gly or their deletion resulted in
variants with bactericidal and membrane-disruptive activi-
ties equivalent to or greater than those of the fully mature
Crp4 peptide. These findings support the conclusion that the
distal anionic residues near the N terminus of pro-Crp4-
(20–92) are primarily responsible for blocking Crp4-medi-
ated activity in the full-length precursor.
Anionic amino acids in the proregion mediate inhibition of

mouse pro-�-defensin bactericidal activity (21). �-Defensin
bactericidal activity is determined by a combination of elec-
tropositive charge and amphipathicity (26–29), which enable
target cell membrane disruption. Production of functional
Crp4 requires specific proregion cleavage events mediated by
MMP-7 (3, 12, 21, 30). Proteolysis at Ser432Ile44 removes nine
acidic residues in the proregion to produce the pro-Crp4-(44–
92) intermediate, which is fully active, and findings presented
here implicate the distal three acidic residues in pro-Crp4-(20–
43) as having the predominant role in blocking precursor bac-
tericidal action. Because (DE/NQ)-pro-Crp4 has intermediate
bactericidal activity (Fig. 3), we cannot exclude the possibility
that proregion-Crp4 side chain interactions that are not char-
ge-neutralizing also contribute to blocking pro-Crp4 activity.
Although the effect of neutralizing different anionic amino acid
clusters suggested that the clusters exert additive inhibitory

FIGURE 6. The distal, mid, and proximal pro-Crp4 variants at 6 �M show
differential effects on permeabilization of live E. coli ML35 cells. ONPG
conversion was measured at 405 nm as described in the legend to Fig. 5.
A, (6-DE/G)-pro-Crp4 (�) and (3-DE/G)-pro-Crp4 (f); B, pro-Crp4-(29 –92) (�);
A and B, Crp4 (F) and pro-Crp4 (E).

FIGURE 7. Deletion of the distal acidic residue cluster confers full bacteri-
cidal activity on pro-Crp4. Exponentially growing S. enterica serovar typhi-
murium �phoP (A), L. monocytogenes (B), E. coli (C), S. aureus (D), V. cholerae
(E), and S. enterica serovar typhimurium 14028s (F) were exposed to the pep-
tide concentrations indicated as in Fig. 3. F, Crp4; E, pro-Crp4; ƒ,
pro-Crp4-(29 –92).
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effects (Figs. 3 and 4), mutagenesis of the distal anionic amino
acid residues alone, i.e. in (4-DE/G)-pro-Crp4 and pro-Crp4-
(29–92), supports a greater role for residues positioned nearest
the pro-Crp-(20–92) N terminus.
Individual pro-�-defensins may have evolved differing

mechanisms to achieve the same inhibitory effect as those
described for pro-Crp4. For example, in the human neutrophil
�-defensin precursor pro-HNP-1, interactions between hydro-
phobic proregion residues with those in the HNP-1 moiety
appear to be critical to maintaining pro-HNP-1 in an inactive
state (30). Furthermore, in striking contrast to the findings
we report, pro-HNP-1 remained inactive following deletion
of nine amino acids from the pro-HNP-1 N terminus, includ-
ing three acidic residues, showing that they are functionally
dispensable in this respect (30). Thus, the role(s) of individual
proregion residue positions in maintaining pro-�-defensin
inhibition vary, possibly depending on the distribution of elec-
tropositive charge or the orientation of peptide amphipathicity
along the �-defensin triple-stranded �-sheet topology. Clearly,
these features vary with peptide primary structure in that all
�-defensins share a common constrained tertiary structure. In
this respect, Crp4 and RMAD-4 (rhesus myeloid �-defensin-4)
differ markedly with regard to charge distribution and the ori-
entation of hydrophobic side chains along the peptide fold. Still,
neutralizing anionic amino acids in the proregion of pro-
RMAD-4-(20–94) have the same activating effects as those
described here for pro-Crp4-(20–92) (36). Possibly, the bio-
chemistry of the HNP precursor may have a unique structural
context, leaving the question open until additional molecules
have been characterized.
To date, every pro-�-defensin investigated lacks bactericidal

and membrane-disruptive activities (9, 18, 32), and proseg-
ments of �-defensin precursors have a highly conserved hydro-
phobicmotif (30) and balance the charge of their defensin part-
ners (9, 15). Possibly, proregions are involved in attracting
chaperones to facilitate trafficking of�-defensins during granu-
logenesis. For example, the human neutrophil defensin prore-
gion is essential for in vitro folding (32), subcellular trafficking
and sorting (31), and targeting (14). The proregion of pro-Crp4
is unstructured,4making it difficult to visualize the actual inter-
actions between the proregion and the mature peptide that
inhibit defensin function. Also, in vitro, the pro-HNP-1 prore-
gion, even in trans, improves the efficiency of peptide folding
(32), suggesting that the proregionmay confer some protection
against a misfolded protein response (33–35). Conceivably, a
membrane-disruptive prodefensin could alter the endoplasmic
reticulum environment to induce endoplasmic reticulum stress
and possibly trigger the unfolded protein response. Therefore,
maintaining pro-�-defensins in an inactive state during biosyn-
thesis and trafficking may be critical to the viability of both
promyelocytes and Paneth cells, lineages that express these
innate immune effector molecules at very high levels.
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