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Quantitative interactions between cryptdin-4 amino
terminal variants and membranes
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Abstract

Paneth cells secrete�-defensins into the lumen from the base of small intestinal crypts, and cryptdin-4 (Crp4) is the most potent mouse
�-defensin in vitro. Purified recombinant Crp4 and Crp4 variants with (des-Gly)-, (Gly1Val)-, (Gly1Asp)-, and (Gly1Arg)-substitutions
were all bactericidal with Crp4 and (Gly1Arg)-Crp4 being slightly more active than other variants. Bactericidal activities correlated directly
with permeabilization of liveEscherichia coli, with equilibrium binding toE. coli membrane phospholipid bilayers and vesicles, and with
induced graded fluorophore leakage from phospholipid vesicles. The Crp4 peptide N-terminus affects bactericidal activity modestly,
apparently by influencing peptide binding to phospholipid bilayers and subsequent permeabilization of target cell membranes.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Paneth cells reside at the base of the crypts of Lieberkühn
in the small intestine, where they secrete large, apically ori-
ented granules that contain high levels of antimicrobial pep-
tides and proteins, including lysozyme[7,26,37], secretory
phospholipase A2 [20], and�-defensins[4,21,25,27]. Paneth
cells discharge these granules in response to cholinergic
stimulation or when exposed to bacteria or bacterial antigens
[2,29,30]. �-Defensins are 3–4 kDa bactericidal peptides that
are cationic, amphipathic, and have a defining tridisulfide
arrangement and�-sheet polypeptide backbone[9,17,32].
Mouse�-defensins, termed cryptdins, account for∼70% of
the bactericidal peptide activity in Paneth cell secretions[2].

Cryptdins are components of mouse innate enteric im-
munity in vivo as shown by studies of mice lacking a key
processing enzyme in the biosynthetic pathway[40]. Ma-
trix metalloproteinase-7 (MMP-7, matrilysin, EC 3.4.24.23)
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is the enzyme responsible for processing and activation
of mouse Paneth cell procryptdins[1,40]. Paneth cells of
MMP-7-null mice contain high levels of cryptdin precur-
sors but produce no detectable functional cryptdin peptides
[1,40]. This deficiency correlates with defective clearing
of orally administered bacteria, and MMP-7 knockouts
are ∼10-fold more susceptible to systemic disease when
infected orally with virulentSalmonella entericaserovar
typhimurium (S. typhimurium) [40]. Thus, studies that
elucidate mechanisms of peptide action contribute to the
understanding of innate immunity in molecular terms.

Studies of certain human and mouse�-defensins impli-
cate the peptide N-terminus as a determinant of bactericidal
activity [6]. For example, the human neutrophil�-defensins
HNP-1, -2 and -3 are identical except at their N-termini,
where HNP-1 terminates as ACYCR. . . , HNP-2 as CYCR
. . . , and HNP-3 as DCYCR. . . [6]. In the context of the
HNP-1/3 polypeptide backbone, HNP-1 and HNP-3 are
variants of HNP-2 with Ala and Asp at their respective
N-termini, and those modifications strongly influence pep-
tide activities. For example, HNP-1 and HNP-2 possess
nearly equivalent broad-spectrum microbicidal activities,
but the activity of HNP-3 is severely attenuated against
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certain microorganisms[6]. HNP-3 is 14-fold less bac-
tericidal againstStaphylococcus aureus502a, and it has
only ∼1% the activity of HNP-1 and 2 againstCrypto-
coccus neoformans. In mice, enteric�-defensins recovered
from the small intestinal lumen included N-terminally
truncated cryptdins that had reduced antimicrobial activ-
ities in in vitro assays[24]. One peptide in particular,
(des-Gly)-Crp4, was lacking the Gly residue from the Crp4
peptide N-terminus and exhibited less bactericidal activity
against certain Gram-negative bacteria, suggesting that the
Crp4 N-terminus was a determinant of microbicidal activity.

In this report, amino acid substitutions were introduced to
alter the charge and hydrophobicity of the Crp4 N-terminus,
and the variant peptides were tested for differences in mi-
crobicidal activity. Compared to naturally existing HNP-1/3,
changes to the N-terminal charge and hydrophobicity of
Crp4 altered microbicidal activity only modestly. Never-
theless, the small differences in bactericidal activity of the
N-terminal Crp4 variants correlated with quantitative effects
on peptide–membrane interactions and with the kinetics and
extent of peptide-induced cellular and vesicular permeabi-
lization events.

2. Method

2.1. Preparation of recombinant Crp4 peptides

Recombinant Crp4 peptides were expressed inEs-
cherichia coli as N-terminal 6X-histidine tagged fusion
proteins. DNA coding for the Crp4 peptide, corresponding
to nucleotides 182–274 of mouse Crp4 cDNA[22], was am-
plified and directionally subcloned into theEcoRI andSalI
sites of the pET28a expression vector (Novagen, Inc., Madi-
son, WI, USA). The Crp4 coding cDNA sequences were am-
plified using forward primer [ER1-Met-C4-F] 5′-GCGCG
AATTC ATCGA GGGAA GGATG GGT TTGTT AT-
GCT ATTGT, paired with reverse primer, [pMALCrp4-R].
To introduce substitutions at the N-terminus, the com-
mon reverse primer [pMALCrp4-R] 5′-ATATA TGTCG
ACTCA GCGAC AGCAG AGCGT GTACA ATAAA
TG [24] was paired with the following forward primers:
(des-Gly)-Crp4, [ER1-Met-XGC4-F] 5′-GCGCG AATTC
ATCGA GGGAA GGATGTTG TTATG CTATT GT;
(Gly1Asp)-Crp4, [ER1-Met-Gly1AspC4-F] 5′-GCGCG
AATTC ATCGA GGGAA GGATG GAC TTGTT AT-
GCT ATTGT; (Gly1Val)-Crp4, [ER1-Met-Gly1ValC4-F]
5′-GCGCG AATTC ATCGA GGGAA GGATG GTT
TTGTT ATGCT ATTGT; and (Gly1Arg)-Crp4, [ER1-Met-
Gly1ArgC4-F] 5′-GCGCG AATTC ATCGA GGGAA
GGATG CGCTT GTTAT GCTAT TGT. In each primer,
the underlined codon in each Crp4 forward primer de-
notes the Met codon introduced immediately upstream of
the designed peptide amino terminus to introduce a CNBr
cleavage site. Following PCR amplification, samples of
individual reactions were gel purified using in 2% agarose

gels, and extracted using QIAEX II (Qiagen Inc., Valencia,
CA, USA). Purified fragments were digested withEcoRI
and SalI, ligated into similarly digested pET28a plasmid
DNA (Novagen, Inc.), and transformed into XL-1 Blue cells
(Stratagene Cloning Systems, Inc., La Jolla, CA, USA).
Positive recombinant clones were identified byEcoR1 and
Sal1 digestion of plasmids from colonies and confirmed to
have appropriate coding modifications by DNA sequencing.

Recombinant proteins were expressed inE. coli
BL21(DE3)-CodonPlus-RIL cells (Stratagene) transformed
with Crp4 cDNA constructs. Cells were grown at 37◦C
to OD620 = 0.9 in Terrific Broth (TB) medium consisting
of 12 g BactoTryptone (Becton Dickenson Microbiologi-
cal Systems, Inc., Sparks, MD, USA), 24 g of BactoYeast
Extract (Becton Dickenson), 4 ml glycerol, 900 ml H2O,
100 ml of the following sterile phosphate buffer 0.17 M
KH2PO4 and 0.72 M K2HPO4, and 70�g/ml kanamycin.
Fusion protein expression was induced by addition of
0.1 mM isopropyl-�-d-1-thiogalactopyranoside (IPTG), and
bacterial cells were harvested by centrifugation after growth
for 6 h at 37◦C and stored at−20◦C. Cells were lysed by
resuspending the bacterial cell pellets in 6 M guanidine–HCl
in 100 mM Tris–HCl (pH 8.1) followed by sonication at
70% power, 50% duty cycle for 2 min using a Branson
Sonifier 450. Lysates were clarified by centrifugation in a
Sorvall SA-600 rotor at 30,000× g for 30 min at 4◦C prior
to protein purification.

2.2. Purification of recombinant Crp4 proteins

His-tagged Crp4 fusion peptides were purified using
nickel-nitrilotriacetic acid (Ni-NTA, Qiagen) resin affin-
ity chromatography[36]. Cell lysates were incubated with
Ni-NTA resin at a ratio of 25:1 (v/v) in 6 M guanidine–HCl,
20 mM Tris–HCl (pH 8.1) for 4 h at 4◦C. Fusion proteins
were eluted with 2 column volume of 6 M guanidine–HCl,
1 M imidazole, 20 mM Tris–HCl (pH 6.4), dialyzed
in SpectraPor 3 (Spectrum Laboratories, Inc., Rancho
Dominguez, CA, USA) membranes against 5% acetic acid
and lyophilized. The Met residue added to the N-terminus
of each Crp4 peptide provided a cyanogen bromide (CNBr)
cleavage site in the His-tagged fusion peptide. CNBr cleav-
age was performed on lyophilized His-Crp4 peptide dis-
solved in 50% formic acid to which solid CNBr was added
to a final concentration of 10 mg/ml, and the mixtures were
incubated for 8 h in foil wrapped polypropylene tubes at
25◦C. The cleavage reactions were terminated by addition
of 10 volumes of H2O, followed by freezing and lyophiliza-
tion of the peptide mixture. Cleaved peptide samples were
then dissolved in 5% acetic acid and stored at 4◦C.

The Crp4 peptides were purified to homogeneity using
reverse-phase high performance liquid chromatography
(RP-HPLC). After CNBr cleavage, Crp4 peptides were sep-
arated from the 36 amino acid 6X-His-tag fusion partner
by C-4 RP-HPLC on a Vydac 214TP1010 column (Grace
Vydac, Hesperia, CA, USA). Protein samples were applied
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to C-4 columns in aqueous 0.1% trifluoroacetic acid (TFA)
and resolved using a 55 min gradient of 0 to 35% ace-
tonitrile. Crp4 peptides were purified to homogeneity by
analytical C-18 RP-HPLC on a Vydac 218TP54 column.
Using the same mobile phase, each Crp4 variant was re-
solved with elution times ranging from 21 to 24 min using a
55 min, 10–45% acetonitrile gradient. Protein fractions con-
taining Crp4 were identified by acid-urea polyacrylamide
gel electrophoresis (AU-PAGE) as described[23,33,35]
to confirm comigration with natural Crp4 and to evaluate
the homogeneity of the preparation. Peptide concentrations
were quantitated by amino acid analysis (Waters Alliance,
Bedford, MA, USA) or UV absorption spectrophotometry
at 280 nm (∈= 3355 M−1 cm−1). Molecular masses of pu-
rified peptides were determined using matrix-assisted laser
desorption ionization mode mass spectrometry (Voyager-
DE MALDI-TOF, PE-Biosystems, Foster City, CA, USA)
in the UCI Biomedical Protein and Mass Spectrometry
Resource Facility.

2.3. Microbicidal assays

Recombinant peptides were tested for microbicidal ac-
tivity againstE. coli ML35, S. typhimurium(PhoP-), Vibrio
cholera, S. aureus710a,Listeria monocytogenes104035,C.
neoformans271a andC. albicansas previously described
[16]. Exponential-phase bacteria or fungi, respectively,
grown in trypticase soy broth (TSB) or Sabouraud dextrose
broth (SDB) at 37◦C, were deposited by centrifugation at
1700× g for 10 min, washed in 10 mM PIPES (pH 7.4),
and resuspended in 10 mM PIPES (pH 7.4) supplemented
with 0.01 volumes of TSB or SDB. Peptide samples were
lyophilized and dissolved in 10 mM PIPES (pH 7.4) at
1 mg/ml. Approximately 1× 106 microorganisms were
incubated with test peptides in a total volume of 50�l
for 1 h (bacteria) or 2 h (fungi) in a shaking incubator at
37◦C. Following incubation, 20�l samples of incubation
mixtures were diluted 1:2000 with 10 mM PIPES (pH 7.4)
and 50�l of the diluted samples were plated on TSB or
SDB agar plates using an Autoplate 4000 (Spiral Biotech
Inc., Bethesda, MD, USA). Surviving microorganisms were
quantified as colony forming units per milliliter (CFU/ml)
after incubation at 37◦C for 12 to 18 h.

2.4. Permeabilization of E. coli cell membranes

The relative ability of Crp4 peptides to permeabilizeE.
coli cell cytoplasmic membrane was assayed by measuring
hydrolysis ofo-nitrophenyl-�-d-galactopyranoside (ONPG)
by cytoplasmic�-galactosidase and colorimetric detection
of the ONPG hydrolysis producto-nitrophenol[16]. In lac-
tose permease-deficient and�-galactosidase-constitutiveE.
coli ML35 cells [15], peptide-induced membrane disrup-
tion allows the ONPG substrate to diffuse into the bacterial
cell for hydrolysis by cytoplasmic�-galactosidase[19]. To
measure Crp4-induced ONPG conversion inE. coli ML35,

158�l of substrate buffer consisting of 10 mM PIPES (pH
7.4), 1% (v/v) TSB and 10 mM ONPG was combined with
2�l of peptides, as noted the legend toFig. 6, and 40�l
of log-phaseE. coli ML35 cells (OD620 = 0.1) in 10 mM
PIPES (pH 7.4), 1% TSB. The kinetics of ONP produc-
tion at 37◦C was measured by absorbance at 400 nm for
120 min using a 96-well Spectra Max plate spectrophotome-
ter (Molecular Devices Corp., Sunnyvale, CA, USA). The
maximum velocity of ONPG hydrolysis (VP) reflects the
concentration-dependent, maximum rate of ONPG diffusion
into the bacterial cytoplasm following membrane perturba-
tion. VP was calculated by non-linear regression of the time
course of ONP absorbance at 400 nm[19] using the first or-
der kinetic equation of Hill[
Y = AXB

CB + XB

]
(1)

The maximum rate of hydrolysis and the corresponding
time points were determined using the first differential of
Eq. (1),[

dY

dX
= AB(XB−1)

CB + XB

(
1 −

(
XB

CB + XB

))]
(2)

with coefficients derived from the kinetic data for ONPG
hydrolysis fit with Eq. (1) using SigmaPlot (SPSS Sci-
ence, Chicago, IL, USA). The variables are defined as
follows: (Y) measured absorbance of ONP at 400 nm, (X)
time interval corresponding to (Y) in minutes and decimal
seconds, (A) the maximum ONP absorbance value, (B)
concentration-dependent cooperativity for ONPG hydrol-
ysis determined usingEq. (1), and (C) the corresponding
time point to attain 50% of the absorbance maximum (A).

2.5. Binding of Crp4 peptides to phospholipid bilayers

Surface plasmon resonance (SPR) was used to determine
the equilibrium binding constant (Kd) of Crp4 and each
peptide variant toE. coli phospholipids on a Biacore 3000
instrument (Biacore International AB, Uppsala, Sweden).
large unilamellar vesicles (LUV) were prepared from whole
cell phospholipids extracted fromE. coli (Sigma–Aldrich,
St. Louis, MO, USA). The lipid mixture was dissolved
in methylene chloride with gentle mixing until clear and
homogeneous and then dried under a stream of N2 gas,
frozen, and lyophilized for 3 h to remove residual methy-
lene chloride. The dried lipid cake was suspended in 1 ml
10 mM PIPES (pH 7.4, Fluka, Sigma–Aldrich, Milwaukee,
WI, USA), and used to make LUV by repeated extrusion
of the lipid suspension through an extruder fitted with
polycarbonate membranes with 0.1�m pores (Avanti Polar
Lipids, Inc., Alabaster, AL, USA). The Biacore L1 sensor
chip surface was conditioned by injection of 100�l 40 mM
octyl-d-glucoside (Pierce Chemical Company, Inc., Rock-
ford, IL, USA) in 10 mM PIPES (pH 7.4) at a flow rate of
10�l/min, followed by injection of 100�l LUV (2 �l/min)
consisting of 5.8 mM total lipid. The resulting lipid bilayer
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was stable as judged by the consistency of SPR signals
after repeated injection of 0.10 M NaOH[5,11]. Injections
of 0.5�g/ml bovine serum albumin (Sigma), showed≤70
relative response units of binding to the sensor surface in
the presence of the lipid bilayer, evidence of phospholipid
coverage of the sensor surface.

Equilibrium binding of Crp4 peptides to the phospholipid
surface was performed by injection of 0–10�M Crp4 pep-
tide solutions in 10 mM PIPES (pH 7.4) at a flow rate of
30�l/min at 37◦C. SPR signals were monitored for 15 min
after injection to record both the association and dissoci-
ation kinetics of the peptide–phospholipid bilayer interac-
tion. At all concentrations assayed, peptide binding reached
equilibrium within 120 s, and peptide dissociation was mon-
itored for 10 min following the injection. After each injec-
tion period, bilayers were washed with 30�l 0.5 M KCl at a
flow rate of 10�l/min, and desorption of Crp4 was judged
by the return of SPR signals to pre-peptide injection val-
ues. Equilibrium binding constants (Kd) for peptide affinity
to the phospholipid bilayer were determined by non-linear
regression using the Marquardt–Levenberg algorithm of the
protein binding isotherm in the program SigmaPlot.

2.6. Peptide interactions with lipid/polydiacetylene (PDA)
mixed vesicles

Colorimetric lipid/PDA vesicles were prepared using
dimyristoylphosphatidylcholine (DMPC) and dimyris-
toylphosphatidylglycerol (DMPG) purchased from Sigma–
Aldrich Co. Total lipids were extracted fromE. coli B/r
H-266, grown at 37◦C for 24 h in LB medium. Bacteria
deposited by centrifugation were resuspended in 4 M NaCl
and an equal volume of a 1:1 mixture of chloroform and
methanol. After the mixture was shaken gently for 1 h and
refrigerated overnight, the chloroform and aqueous phases
were separated by centrifugation at 5000× g for 15 min,
and the aqueous methanol solution was re-extracted with
chloroform. The combined chloroform extracts were con-
centrated by evaporation, and the residual lipid-containing
fraction was lyophilized. Lipids were stored at−20◦C.

The diacetylenic monomer, 10,12-tricosadiynoic acid
(GFS Chemicals, Powell, OH, USA), was washed in chlo-
roform, and filtered through a 0.45�m filter prior to use.
Vesicles consisting of defined lipid/PDA (2:3 molar ratio)
or using total cell lipids extracted fromE. coli at 2:3 mass
ratio of total lipid to PDA were prepared as follows. All
lipid constituents were dissolved in chloroform/ethanol
(1:1), dried together in vacuo to constant weight, and sus-
pended in deionized water by probe sonication at 70◦C
for 2–3 min. The vesicle suspension was cooled to room
temperature, incubated overnight at 4◦C, and polymerized
by irradiation at 254 nm for 10–20 s, resulting in solutions
having an intense blue appearance. Crp4, (des-Gly)-Crp4,
and (Gly1Arg)-Crp4, at concentrations ranging from 0.2
to 20�M, were added to 60�l vesicle solutions consisting
of 0.5 mM total lipid in 25 mM Tris–HCl (pH 8). Follow-

ing addition of the peptides, the solutions were diluted to
1 ml and spectra were acquired at 28◦C between 400 and
700 nm on a Jasco V-550 spectrophotometer (Jasco Corp.,
Tokyo), using a 1 cm optical path cell. Blue-to-red color
transitions within the vesicle solutions, defined as the col-
orimetric response (percent CR), were calculated as follows
[13,28]: percent CR= [(PB0 − PBI )/PB0] × 100, where
PB= Ablue/(Ablue+ Ared), andA is the absorbance at 640 nm,
the “blue” component of the spectrum, or at 500 nm, the
“red” component. The terms “blue” and “red” refer to the vi-
sual appearance of the vesicle solutions, not actual absorban-
cies. PB0 is the blue/red ratio of the control sample before
induction of a color change, and PBI is the value obtained for
the vesicle solution after the colorimetric transition occurred.

2.7. Fluorescence-based vesicle leakage assays of
peptide–membrane interactions

Crp4, (des-Gly)-Crp4, and (Gly1Arg)-Crp4 also were
tested for their relative abilities to induce leakage from large
unilamellar vesicles of defined composition. For these stud-
ies, unilamellar phospholipid vesicles of palmitoyl–oleoyl–
phosphatidyl glycerol (POPG) or of 80% POPG and 20%
palmitoyl–oleoyl–phosphatidyl choline (POPC) were pre-
pared and loaded with the ANTS/DPX fluorophore/quencher
system [38]. Lipids were purchased from Avanti Polar
Lipids (Birmingham, AL, USA) and ANTS/DPX from
Molecular Probes (Eugene, OR, USA). Briefly, aqueous
lipid solutions consisting of 17 mM ANTS, 60.5 mM DPX,
10 mM HEPES, 31 mM NaCl, and 19.5 mM NaOH (solu-
tion osmolarity 260 mOsm, pH 7.4) were vortexed, frozen,
and thawed for five cycles and then extruded through
polycarbonate filters of 100 nm pore size. Vesicles were
separated from unencapsulated ANTS/DPX by passing the
solution through a Sephadex G-50 medium resin column,
using as the eluant a solution consisting of 130 mM NaCl,
10 mM HEPES, and 4.5 mM NaOH (260 mOsm, pH 7.4).
Vesicular suspensions were diluted with this same solution
to a final value of approximately 74�M total lipid and were
then incubated with peptide at ambient temperature. Time-
dependent fluorescence, produced by ANTS release, was
monitored at 520 nm (excitation at 353 nm[28]). Kinetics
of the leakage response was a function of peptide concen-
tration. However, equilibrium was attained well before 4 h.
Thus, the 4 h value was plotted as a function of peptide con-
centration, normalized to the fluorescence obtained when
vesicles were solubilized with Triton X-100.

3. Results

3.1. Production of recombinant Crp4 peptides

Efficient recombinant expression of Crp4 and Crp4 vari-
ants was obtained inE. coli using pET-28a (Section 2),
providing improved yields compared to those reported pre-
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Fig. 1. Biochemical composition of the recombinant Crp4 peptides. Crp4 and N-terminal variants are shown in alignment. Theoretical and experimentally
determined peptide molecular weights are reported for each Crp4 amino acid sequence. The conserved�-defensin intramolecular disulfide bond arrangement
is identified by the connecting bars above the peptide sequences. Net charge was calculated based on the pKa of ionizable side chains at pH 7.4 present
in the peptide sequences.

viously [24]. Recombinant 6x-His-Crp4 fusion peptides
purified by affinity chromatography from bacterial cell
lysates (Section 2) were cleaved with CNBr to release Crp4
peptides from the fusion partner free of ancillary residues
[28,36]. The molecular masses of individual recombinant
peptides matched their theoretical values by MALDI-TOF
mass spectrometry (Fig. 1), and peptide homogeneity was
confirmed using analytical RP-HPLC (not shown) and by
AU-PAGE (Fig. 2). All Crp4 peptide variants were homo-
geneous by these criteria, and each migrated in AU-PAGE
as expected, based net charge relative to Crp4[31]. Thus,
the expressed and purified Crp4 peptides were biochemi-
cally equivalent to natural Crp4, or as predicted from the
modifications at their N-termini.

3.2. Bactericidal activities of the Crp4 variants

Crp4 and Crp4 N-terminal variants were nearly indistin-
guishable in their ability to kill Gram-negative and Gram-
positive bacteria. Because the microbicidal activities of
human neutrophil�-defensins improve when nutrients are
added to assay mixtures[6,34], Crp4 peptides also were
assayed with nutrient supplementation. Under these new
conditions, the sensitivity and reproducibility of Crp4 mi-

Fig. 2. Purified recombinant Crp4 peptides. Expressed Crp4 peptides were
purified using NTA affinity chromatography, C-4 and C-18 reverse-phase
HPLC. The retention times of individual Crp4 variants were very similar.
Purified peptides were evaluated for homogeneity using non-reducing
AU-PAGE and mass spectrometry. The high sensitivity of AU-PAGE
to slight differences in net positive charge relative to size enables the
resolution of Crp4 variant peptides. Coomassie blue stained AU-PAGE;
4�g of each purified peptide was loaded into each lane. Lanes: 1, native
Crp4; 2, Crp4; 3, (des-Gly)-Crp4; 4, (Gly1Asp)-Crp4; 5, (Gly1Val)-Crp4;
6, (Gly1Arg)-Crp4.

crobicidal activity was markedly enhanced relative to our
previous antimicrobial assays of Crp4 and (des-Gly)-Crp4
in 10 mM PIPES (pH 7.4)[22,23]. As noted inSection 4,
the robust concentration-dependent activity of Crp4 and all
peptide variants (Figs. 3 and 5) eliminated the previously
observed attenuation of (des-Gly)-Crp4 activity. Against
E. coli, S. typhimurium PhoP, and V. cholera, Crp4 and
(Gly1Arg)-Crp4 consistently showed slightly greater activ-
ity than the remaining peptides assayed, killing 99.9% of
exposed bacteria between 2.5 and 10�g/ml (Fig. 3A–C).
On the other hand, (Gly1Asp)-Crp4 had somewhat lower
activity against Gram-negative species, requiring two to four
times more peptide to kill at the level of Crp4 (Fig. 3A–C).
Thus, compared to the effects of the N-terminal Asp on
HNP-3 activity[6], the Gly1Asp substitution caused negligi-
ble attenuation of bactericidal activity. (Gly1Val)-Crp4 also
displayed diminished activity against certain target cells,
suggesting that the decreased activity is not attributable
solely to N-terminal charge. Although subtle differences in
the concentration dependence of bacterial cell killing were
observed,S. aureusand L. monocytogeneswere killed by
all Crp4 peptides at concentrations of 10–20�g/ml (Fig. 4A
and B). L. monocytogeneswas most sensitive to (Gly1Arg)-
Crp4 and Crp4, and (Gly1Asp)-Crp4 was slightly less
active againstS. aureusand L. monocytogenes(Fig. 4A
and B), consistent with the previously observed preferen-
tial killing of Gram-negative bacteria. However, unlike the
profound attenuating effects of electronegative substitution
at HNP N-termini[17], the Crp4 variants that differed most
in microbicidal activity varied only by a factor of two to
three-fold (Fig. 3).

3.3. Microbicidal activity of the Crp4 variants against fungi

The opportunistic fungiC. neoformansandCandida al-
bicanswere less sensitive than bacteria to the microbicidal
effects of Crp4 and N-terminal Crp4 variants (Fig. 5). C. ne-
oformanswas more susceptible thanC. albicans, which was
insensitive to (Gly1Val)-, (Gly1Asp)-, and (des-Gly)-Crp4
exposure and only slightly affected by Crp4 or (Gly1Arg)-
Crp4 (Fig. 5B). Consistent with their bactericidal activities
(Figs. 3 and 4), Crp4 and (Gly1Arg)-Crp4 were slightly
more active against both fungi than the other Crp4 variants
(Fig. 5A).
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Fig. 3. Bactericidal activity of recombinant Crp4 peptides against
Gram-negative bacteria. Exponentially growingE. coli ML35 (A), S. ty-
phimurium(PhoP) (B), or V. cholera(C) were exposed to increasing con-
centrations of Crp4 peptide in 10 mM PIPES pH 7.4 buffer, 1% TSB for
1 h at 37◦C (Section 2). Following exposure, bacteria were plated onto
TSA plates and incubated for 16 h at 37◦C. Surviving bacteria were quan-
tified and the results are reported as the number of colony forming units
per milliliter (CFU/ml) for each peptide concentration. Bacterial counts
below 1× 103 CFU/ml indicate no surviving colonies on the incubated
plate. Symbols: (�) Crp4, (�) (des-Gly)-Crp4, (�) (Gly1Asp)-Crp4, (�)
(Gly1Val)-Crp4, (�) (Gly1Arg)-Crp4.

3.4. Permeabilization of E. coli by Crp4 peptides

To determine whether modifications of N-terminal net
charge and hydrophobicity modulated the ability of Crp4
to permeabilize the inner bacterial cell membrane, cell per-
meabilization experiments were performed againstE. coli
ML35 (Fig. 6; Section 2). Permeabilization ofE. coli by
the Crp4 peptides was concentration-dependent and corre-
sponded with the relative bactericidal activities of the pep-
tides. At concentrations≥2.3�M (8.5–8.9�g/ml), all Crp4
N-terminal variants killed 99.9% of exposedE. coli ML35
cells (Fig. 3A), and each peptide permeabilizedE. coliequiv-
alently at concentrations of 2.3�M or greater (Fig. 6A–C;
Table 1). On the other hand, at≤2.3�M peptide, the rate and

Fig. 4. Bactericidal activity of Crp4 peptides against Gram-positive bacte-
ria. Exponentially- growingS. aureus710a orL. monocytogenes104035
were exposed to increasing concentrations of the Crp4 peptides. All as-
say parameters were performed as described inFig. 3. Symbols: (�)
Crp4, (�) (des-Gly)-Crp4, (�) (Gly1Asp)-Crp4, (�) (Gly1Val)-Crp4,
(�) (Gly1Arg)-Crp4.

Fig. 5. Fungicidal activity of Crp4 peptides. Yeast-like fungi,C. neofor-
mans (A) 271a andC. albicans(B) were grown to mid-log phase and
exposed to increasing concentrations of Crp4 peptides in 10 mM PIPES
(pH 7.4), 1% SAB for 2 h at 37◦C. Following peptide exposure, fungi
were plated onto SAB plates and incubated for 36 h at 37◦C (Section
2). Surviving fungi were quantified as described inFig. 3. Symbols: (�)
Crp4, (�) (des-Gly)-Crp4, (�) (Gly1Asp)-Crp4, (�) (Gly1Val)-Crp4,
(�) (Gly1Arg)-Crp4.
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Fig. 6. Permeabilization of theE. coli cytoplasmic membrane by
Crp4 N-terminal variants. The kinetics for membrane permeabiliza-
tion by Crp4 peptides was determined by monitoring the rate of
o-nitrophenyl-�-d-galactopyranoside (ONPG) hydrolysis by cytoplasmic
�-galactosidase inE. coli ML35. ONPG hydrolysis was measured follow-
ing addition of Crp4 peptide (A400 nm at 5 s intervals for 120 min, 37◦C).
The maximum velocity of enzyme catalyzed ONPG hydrolysis (VP) was
determined by non-linear regression for each time course (Section 2).
The time required to reachVP were compared by determining the time
at which the maximum rate of hydrolysis was reached (Section 2), in-
dicated by the vertical line intersecting each kinetic curve (defined as
TP). Values forVP and TP are listed inTable 1. Peptide concentrations
were as follows: (A) 1.0�M; (B) 1.5�M; (C), 2.3�M. Symbols: (�)
Crp4, (�) (des-Gly)-Crp4, (�) (Gly1Asp)-Crp4, (�) (Gly1Val)-Crp4,
(�) (Gly1Arg)-Crp4. For each panel,VP and TP values represent the
mean from triplicate determinations for each peptide.

Table 1
E. coli membrane permeabilization by Crp4 and the N-terminal variants.

Peptide concentration (�M) Crp4 (des-Gly)-Crp4 (Gly1Val)-Crp4 (Gly1Asp)-Crp4 (Gly1Arg)-Crp4

VP TP VP TP VP TP VP TP VP TP

1.0 79.5 44.7 82.3 45.7 62.1 55.6 58.5 57.5 82.8 36.3
1.5 101.2 34.2 101.5 30.4 74.2 48.2 71.0 50.8 104.5 30.4
2.3 108.9 30.9 106.5 29.5 95.0 33.8 89.1 30.7 116.7 26.7
3.5 107.5 26.5 105.5 25.5 109.2 26.2 103.2 25.7 115.3 20.4

The maximum velocity of enzyme catalyzed ONPG hydrolysis (VP in pmol/min) following permeabilization of theE. coli cytoplasmic membrane and
the time to achieveVP (TP in minutes) are listed for each peptide.VP and TP were determined as described inFig. 4.

magnitude ofE. coli cell permeabilization correlated with
the bactericidal activities of individual peptides againstE.
coli (Figs. 3A and 6), with (Gly1Arg)-Crp4, Crp4, and (des-
Gly)-Crp4 inducing ONPG hydrolysis more rapidly and to a
greater extent than (Gly1Asp)- and (Gly1Val)-Crp4 (Fig. 6).
The reduced level of ONPG hydrolysis and increased time
needed for (Gly1Asp)-Crp4 and (Gly1Val)-Crp4 to reach
their respectiveVP values (Fig. 6) is consistent with their
lower bactericidal activities againstE. coli (Fig. 3A). When
E. coli ML35 cells were exposed to 1.5�M Crp4, only
20–30 min exposures were required to kill >99.9% of the ex-
posed cells, but 45–60 min exposures were needed to attain
comparable killing with 1.5�M (Gly1Val)-Crp4 (data not
shown). Because the permeabilization of liveE. coli by N-
terminal Crp4 variants correlated with the killing activities
of the peptides against this organism (Fig. 3A–C; Table 1),
three approaches were used to test whether the relative bac-
tericidal activity of individual peptides corresponded with
quantitative peptide–membrane interactions.

3.5. Binding of Crp4 peptides to E. coli phospholipids

The equilibrium-binding constants (Kd) of Crp4 pep-
tides toE. coli phospholipid bilayers were determined by
surface plasmon resonance (SPR) on Biacore L-1 sensor
chip treated with large unilamellar vesicles composed of
E. coli extracted phospholipids[5]. Binding experiments
were performed at 0.267–10�M peptide concentration, i.e.
1–37.5�g/ml Crp4, the range over which the peptides were
microbicidal againstE. coli (Fig. 3). A representative ligand
binding isotherm and nonlinear regression for Crp4 binding
is shown inFig. 7, and theKd of individual peptides are
summarized inTable 2. The respective affinities of Crp4
and its variants for theE. coli phospholipid bilayer agrees
well with their relative bactericidal activities. Because SPR
only distinguishes changes in quantity of bound peptide
[5,11], possible reorganization or reorientation of peptides
into higher ordered structures within the bilayer could not
be analyzed by this approach[3,10,39], and so comparative
peptide–phospholipid interactions were evaluated in two
additional model membrane systems.
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Fig. 7. Equilibrium binding isotherm of Crp4 binding to anE. coli phos-
pholipid bilayer. Large unilamellar vesicles composed ofE. coli phos-
pholipids were used to establish a phospholipid bilayer on a Biacore L1
sensor chip (Section 2). Equilibrium binding of Crp4 to the phospho-
lipid bilayer was determined by independent injections of Crp4 in 10 mM
PIPES (pH 7.4) at 37◦C over a 120 s injection period. Dissociation con-
stants were determined by non-linear regression of the binding isotherm
for each Crp4 peptide and are listed inTable 2.

3.6. Crp4 interactions with lipid/PDA mixed vesicles

Interactions between Crp4, (des-Gly)-Crp4, and (Gly1Arg)-
Crp4 were studied by colorimetric assays performed using
lipid/PDA mixed vesicles (Section 2). The peptide-induced
blue-red chromatic transitions (percent CR) were dependent
on peptide concentration and the phospholipid composition
of the lipid/PDA mixed vesicles (Fig. 8), and the chromatic
shifts varied with the composition of the peptide N-termini.
The peptides we examined, Crp4, (des-Gly)-Crp4, and
(Gly1Arg)-Crp4, were added to DMPC/PDA vesicles (Fig.
8A) and lipid/PDA mixed vesicles composed ofE. coli
whole membrane phospholipids (Fig. 8B). The percent CR
curves induced by (des-Gly)-Crp4 were steeper than those
of the other peptides, showing that (des-Gly)-Crp4 bound
more strongly to lipid bilayer head groups than Crp4 or
(Gly1Arg)-Crp4 and that it inserted less deeply into the
membrane[12,14,28]. At 0.5�M (des-Gly)-Crp4, percent
CR values were 50 and 25% in DMPC/PDA andE. coli
lipid/PDA vesicles, respectively (Fig. 8A and B). In con-
trast, 0.5�M Crp4 and (Gly1Arg)-Crp4 induced percent
CR values of only 10–30%, evidence of enhanced inser-
tion of these two peptides into the hydrophobic core of the

Table 2
E. coli phospholipid binding constants determined for each Crp4 peptide

Peptide Kd (�M) S.D.

Crp4 0.69 0.04
(des-Gly)-Crp4 0.82 0.05
(Gly1Val)-Crp4 0.77 0.09
(Gly1Asp)-Crp4 1.26 0.09
(Gly1Arg)-Crp4 0.58 0.07

Dissociation constants were determined by surface plasmon resonance as
described inFig. 5 and Section 2. Each determination was performed in
triplicate.

Fig. 8. Crp4 N-terminal variant interactions with lipid/PDA vesicles of
differing lipid composition. PDA vesicles containing DMPC/PDA (2:3
mole ratio) (A) or total lipid extracts fromE. coli (B) were exposed to
Crp4 (�), (Gly1Arg)-Crp4 (�), or (des-Gly)-Crp4 (�) as described in
Section 2. The relative increase in percent CR is proportional to the depth
of peptide insertion into the lipid bilayers. In both systems, (des-Gly)-Crp4
exhibits stronger interfacial binding to polar head groups, but Crp4 and
(Gly1Arg)-Crp4 insert more deeply.

lipid bilayer [14]. The modestly lower bactericidal activity
of (des-Gly)-Crp4 may result from its interactions at the
lipid/water interface and less perturbation of the hydropho-
bic core of the membrane. Consistent with this notion, the
lower slopes of the percent CR curves induced by the more
active Crp4 and (Gly1Arg)-Crp4 peptides suggest that they
insert more deeply into the bilayer than (des-Gly)-Crp4 and
that the N-terminal Gly residue of natural Crp4 influences
lipid bilayer penetration.

3.7. LUV leakage studies

Interactions between membranes and peptides (Crp4,
(Gly1Arg)-Crp4, (des-Gly)-Crp4) were also analyzed by ex-
amining peptide-induced leakage of low molecular weight
fluorophores (ANTS) from LUV (Section 2). Results were
consistent with the relative bactericidal activities of the pep-
tides: Crp4 and (Gly1Arg)-Crp4 were more effective than
(des-Gly)-Crp4; the differences were small but measurable
(Fig. 9). All Crp4 peptides were more effective at inducing
leakage from vesicles composed exclusively of the anionic
lipid POPG (Fig. 9A) compared to LUV consisting of 80%
POPG and 20% POPC (Fig. 9B), suggesting that electro-
static interactions regulate the degree of vesicle leakage.
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Fig. 9. Crp4 N-terminal variant induced leakage from LUV corre-
lates with bactericidal activity. Vesicles composed of palmitoyl–oleoyl–
phosphatidyl glycerol (POPG) (A) or of 80% POPG and 20% palmi-
toyl–oleoyl–phosphatidyl choline (POPG/POPC) (B) were prepared as de-
scribed (Section 2). After exposure of vesicles to differing concentrations
of Crp4 (�), (Gly1Arg)-Crp4 (�), or (des-Gly)-Crp4 (�), fluorescence
increases due to release of the fluorophore (ANTS) from quenched con-
ditions inside the vesicle lumen. Fractional leakage is reported after 4 h
(as calculated by the ratio of fluorescence increase relative to maximum
fluorescence increase upon destroying the vesicles with the surfactant Tri-
ton X-100). The extents of leakage observed for the peptides examined
are consistent with their respective bactericidal activities. Extent of leak-
age also depends on membrane composition, with membranes richer in
anionic lipid more susceptible to peptide-induced perturbation.

Fluorescence requenching assays showed that all Crp4 pep-
tides induced graded rather than all-or-none leakage. Thus,
the Crp4 N-terminal variants induced leakage from LUV by
a similar mechanism, and the slightly differing extents of
leakage induced by the individual peptides were consistent
with their modestly different bactericidal activities.

4. Discussion

In a previous report, certain cryptdin peptides purified
from rinses of the mouse small intestinal lumen were found
to have truncated N-termini and attenuated in vitro antimi-
crobial activities[24]. In bactericidal assays conducted by
exposing bacteria to peptides in 10 mM PIPES (pH 7.4),
(des-Gly)-Crp4 had markedly lower activity relative to
Crp4. However, when microbicidal assays were modified
by exposing the test bacteria to peptides in dilute (1%, v/v)
microbiological media, the sensitivity and reproducibility
of the assays improved, but (des-Gly)-Crp4 no longer had

reduced activity relative to Crp4 (Figs. 3–5). It is not clear
as to why the activity of (des-Gly)-Crp4 improved so drasti-
cally under the new assay conditions, but it is now clear that
(des-Gly)-Crp4 and Crp4 have similar inherent bactericidal
activities under the current assay conditions. Perhaps, as has
been noted for certain neutrophil�-defensins, bacteria are
more sensitive to membrane disruptive peptides when they
are metabolically active[18]. Studies are being carried out
to reconcile the differences in the (des-Gly)-Crp4 activities
observed.

Relative to the striking attenuating effect of the N-terminal
Asp on HNP-3 bactericidal activity[6], changes at the Crp4
peptide N-terminus produced very modest reduction or en-
hancement of Crp4 microbicidal activity. These differential
effects of the N-terminus in the context of the HNP and
Crp4 polypeptide structures suggest that the contribution of
the N-terminal residue to the overall charge of the peptide
influences activity more than N-terminal modification per
se[8,41]. Because the Crp4 net charge (+8.5) is more than
twice that of HNP-1 and -2 (+3), the unit charge reduction
introduced by an electronegative N-terminal Asp residue in
HNP-3 (+2) affects peptide charge, and possibly activity,
more drastically than the comparable change in Crp4. It is
also possible that N-terminal modifications different from
those introduced here, i.e. Lys, Phe, or His, could alter Crp4
activity. On the other hand, studies of the single disulfide
bonded peptide bactenecin have shown that increasing N-
and C-terminal cationicity improved bactericidal peptide ac-
tivity more than comparable changes in the loop formed by
the disulfide bond[41]. As those authors suggested, addi-
tion of basic residues to the loop could affect peptide amphi-
pathicity adversely, which reduced peptide activity despite
increasing the overall charge of the peptide.

Although N-terminal changes at the Crp4 N-terminus
induced only subtle changes in bactericidal activity, the
differences between peptides corresponded directly to quan-
titative differences in their peptide–membrane interactions.
Measurements of bacterial cell permeabilization kinetics
(Fig. 6; Table 1), phospholipid dissociation constants mea-
sured by SPR (Fig. 7; Table 2), interactions with lipid/PDA
mixed vesicles (Fig. 8), and induction of graded leakage
from LUV of defined phospholipid composition (Fig. 9)
showed that modified bactericidal activities by N-terminal
substitution corresponded directly to quantitative differ-
ences in peptide–membrane interactions. For example, the
(Gly1Arg)-Crp4 peptide has a reducedKd for phospho-
lipid bilayers, penetrated more deeply into the hydrophobic
core of mixed vesicles, and induced LUV leakage more
effectively (Fig. 9). Thus, even under conditions in which
differences between the bactericidal activities of individ-
ual peptides are very modest, or perhaps especially so,
quantitative assessment of membrane binding or membrane
disruptive behavior of peptide variants correlates very well
with biological activity.

Changes to N-terminal charge and hydrophobicity alter
the microbicidal activity of natural HNP-1/3 more pro-
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foundly than comparable changes in Crp4. Because the
Cys1–Cys6 disulfide bond that exists in all�-defensins
brings the N- and C-termini into proximity, changes at the
N-terminus may be mitigated by the side chain composi-
tion of the amino acids that extend the peptide chain on
the C-terminal side of Cys6. Crp4 and HNPs differ in this
respect, because Crp4 has a Pro-Arg-Arg C-terminal exten-
sion, but HNP-1/3 terminates at Cys6 and has no C-terminal
extension. Preliminary findings show that charge reversal
at the Crp4 C-terminus and within the polypeptide chain
diminish or eliminate bactericidal peptide activity and thus
have more profound effects than corresponding N-terminal
mutations (H. Tanabe et al., unpublished data). Perhaps, the
lack of C-terminal amino acid side chains to interact with
neighboring N-terminal residues accounts for the increased
attenuating effect of N-terminal Asp on the biological activ-
ity of HNP-3 relative to Crp4. Introduction of (Asp1Lys)-
or (Asp1Arg)-substitutions at the HNP-3 N-terminus and
the addition of basic residues to the HNP-1 C-terminus
should provide the means for testing this hypothesis.
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