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ABSTRACT: Mammalian defensins are abundant antimicrobial peptides that contribute to host defense.
They are characterized by several conserved amino acids, including six invariant cysteine residues which
form three intramolecular disulfide bonds and stabilize the tertiary structure. Cryptdin-4 (Crp4), a mouse
R-defensin with potentin Vitro bactericidal activity, has a primary structure distinct from all known
R-defensins in that its polypeptide backbone uniquely lacks three residues between CysIV and CysV. NMR
diffusion experiments showed that Crp4 is monomeric in solution, and its three-dimensional solution
structure, determined by two-dimensional proton NMR, consists of a triple-stranded antiparallelâ-sheet
with the â-strands joined to each other by a series of tight turns and aâ-hairpin. However, the overall
â-sheet content in Crp4 is lower than that of otherR-defensin structures, while the shape and orientation
of the Crp4â-hairpin also differ from those of otherR-defensin structures. These structural characteristics
combined with the high overall cationicity of Crp4 may contribute to its broad bactericidal spectrum and
membrane disruptive activity.

The gene-encoded mammalian defensins, a family of small
cationic proteins, are characterized by six cysteine residues
that form three intramolecular disulfide bonds. On the basis
of amino acid sequence similarities and the connectivities
of the six cysteine residues, defensins may be classified into
three subfamilies:R-, â-, andθ-defensins (1). As a class of
antimicrobial peptides (AMPs),1 defensins exhibit broad
microbicidal activity against Gram-positive and Gram-
negative bacteria, yeast, fungi, mycobacteria, spirochetes, and
enveloped viruses (1, 2). In addition, some defensins have
been reported to be able to act as chemokines, activating
the adaptive immune response (3-5). At present, mammalian
defensins are among the most intensely studied AMPs.

The mammalianR-defensins are 29-35 residues in length,
with specific CysI-CysVI, CysII-CysIV, and CysIII-CysV

disulfide connectivities. They were first isolated from mye-
loid cells (6) and later identified in intestinal Paneth cells
(7), andR-defensins RK-1 and RK-2 were found in rabbit
kidney (8, 9). So far, sixR-defensins have been isolated from
humans; four of them (HNP-1-HNP-4) are stored in

azurophilic granules of the neutrophil, and two (HD-5 and
HD-6) occur in secretory granules of the Paneth cells (10).
Enteric R-defensins are released by Paneth cells from the
base of the crypts of Lieberku¨hn in the small intestine as
components of apically oriented granules. The secretory
granules are discharged in response to cholinergic stimulation
or exposure to bacteria or bacterial antigens (11-13), and
they contain varied AMPs and proteins (14), including
lysozyme (15-17), secretory phospholipase A2 (18), angio-
genin-4 (19), and R-defensins, termed cryptdins (Crps) in
mice (20-22). In in Vitro assays, Crp4 is the most potent of
the known mouseR-defensin peptides (23).

Paneth cellR-defensins confer enteric immunity (3), and
thus, knowledge of determinants of peptide activity and
biosynthesis will improve the understanding of their role in
mucosal immunity. For example, cryptdins (Crps) are
secreted into the lumen of small intestinal crypts at concen-
trations of 25-100 mg/mL, 4 orders of magnitude greater
than theirin Vitro minimum bactericidal concentrations (4).
In mice, Paneth cellR-defensin precursors (proCrps) are
processed to their biologically active forms by specific
proteolytic cleavage events catalyzed by matrix metallopro-
teinase-7 (MMP-7, matrilysin). Disruption of the MMP-7
gene abrogates proCrp activation, eliminating the accumula-
tion of functional mature Crp peptides from the small
intestine (5). Consequently, MMP-7-null mice have impaired
enteric innate immunity in response to oral bacterial infec-
tions (5). Also, in mice transgenic for the human Paneth cell
R-defensin HD5, the minitransgene is expressed specifically
in Paneth cells, and the mice are immune to oral infection
by virulent strains ofSalmonella entericaserovar Typhimu-
rium (3).

In this study, we have determined the three-dimensional
solution structure of Crp4 by two-dimensional1H NMR to
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improve our understanding of structure-function relation-
ships in the peptide and to gain insight into how this
structurally uniqueR-defensin contributes to innate im-
munity. To date, the three-dimensional structures of a number
of R-defensins have been determined by both NMR and
X-ray crystallography techniques (partially reviewed in ref
24). The reported three-dimensional structures forR-de-
fensins contain a triple-stranded antiparallelâ-sheet motif,
a criterion for identifying peptides asR-defensins. Generally,
the factors that modulate the antimicrobial spectrum and
activity of R-defensins remain largely unexplained. Studies
of Crp4 structure-activity relationships have shown that
paired charge reversal mutations at Arg residues in the Crp4
peptide result in the loss of function in bactericidal activity
and peptide-membrane interactions, suggesting that the net
positive charges are important determinants of Crp4 bacte-
ricidal activity (25). Unlike nearly every knownR-defensin
in which nine amino acids separate the fourth and fifth
cysteine residues, the Crp4 primary structure lacks three
amino acid residues between these two cysteines (Figure 1),
and we tested the hypothesis that this divergence from the
R-defensin consensus primary structure affects Crp4 tertiary
structure. In particular, we predicted that the hairpin loop
connecting theâ2 andâ3 strands could diverge from the
consensus and, in turn, modulate the function of this unique
defensin.

MATERIALS AND METHODS

Preparation of the Recombinant Crp4 Peptide.Recom-
binant Crp4 was expressed inEscherichia coli as an
N-terminal His6-tagged fusion protein (26) and purified to
homogeneity by reverse-phase high-performance liquid chro-
matography (RP-HPLC) after chemical cleavage with CNBr
and verified by analytical RP-HPLC and polyacrylamide
electrophoresis. The molecular mass of Crp4 was determined
by MALDI-TOF MS, and the antimicrobial activity was
tested as described previously (26).

NMR Spectroscopy.The NMR sample of Crp4 was
prepared by dissolving approximately 3.2 mg of peptide in
500 µL of a 9:1 H2O/D2O mixture and adjusting the pH to
∼4.2 using dilute HCl or NaOH. Sodium 2,2-dimethyl-2-
silapentane-5-sulfonate (DSS) was added as an internal
chemical shift reference compound (0 ppm).

Proton NMR experiments were performed on Bruker
Avance 700 and 500 MHz spectrometers, equipped with a
triple-resonance probe and a cryoprobe, respectively. To
determine the optimal NMR conditions for Crp4, preliminary
two-dimensional TOCSY (mixing time of 120 ms) (27) and
NOESY (mixing time of 250 ms) (28) NMR spectra were
acquired on the Bruker Avance 500 MHz spectrometer at
25, 30, and 35°C. The 30°C spectrum gave the optimum
balance between line width and chemical shift distribution;

therefore, this temperature was used for the detailed two-
dimensional (2D) NMR data collection on the Bruker Avance
700 MHz spectrometer. DQF-COSY (29), TOCSY (with a
mixing time of 120 ms), and NOESY (with mixing times of
200, 300, and 400 ms) spectra were acquired. Water
suppression was achieved using the excitation sculpting
technique (30) in both NOESY and TOCSY experiments.
In the DQF-COSY experiment, the water signal was sup-
pressed using the 3-9-19 Watergate pulse sequence with
gradients and presaturation during the relaxation delay. All
2D data were collected with 2048 and 600 data points in
theF2 andF1 dimensions, respectively, using spectral widths
of 6500 Hz. To determine which amides were in slow
exchange with the solvent, the Crp4 NMR sample was
lyophilized and redissolved in 99.9% D2O. Immediately after
this, a one-dimensional1H spectrum was acquired followed
by a series of one- and two-dimensional1H spectra over the
following 24 h.

All 2D data were processed with NMRPipe version 3.4
(31) and analyzed with the NMRView version 4.1.3 (32)
software package on workstations operating with RedHat
version 7.1 of the Linux operating system. The data were
zero-filled in each dimension and Fourier-transformed with
a shifted sine-bell squared function.

NMR Diffusion Experiment.To determine the aggregation
state of Crp4 at the concentration used for NMR experiments,
a diffusion experiment was performed at 700 MHz using
dioxane as an internal standard (33). Approximately 2.5µL
of a 1% solution of dioxane in D2O was added to the Crp4
NMR sample in D2O. Pulsed field gradient diffusion experi-
ments were collected with the PG-SLED sequence (34, 35).
Using the Bruker XWINNMR software package, the decay
of the peak intensity as a function of gradient strength was
used to determine the relative diffusion constants.

Structure Calculation.The assignment of proton chemical
shifts was performed using the standard methodology
developed by Wu¨thrich (36). Spin systems were identified
in the TOCSY spectrum, and sequential assignments were
made by observing HR(i)-HN(i + 1) cross-peaks in the
NOESY spectrum. Upon completion of the proton assign-
ments, NOE-based distance restraints were obtained from
the NOESY spectra on the basis of NOE peak intensities
using NMRView. Theφ dihedral angles were constrained
by the addition of Karplus coupling constant constraints when
the coupling constants measured from the DQF-COSY
spectrum exceeded 8 Hz. Additionally, broad dihedral angle
restraints (between-35° and-180°) were used to confine
the bond angles for the non-Gly and -Pro residues, where a
coupling constant could not be easily determined. Initial
structures were generated from restraints of unambiguous
NOEs and dihedral angles, and then disulfide bond restraints
were incorporated into the structure calculations. Protein
structures were calculated using ARIA version 1.2 (37).
ARIA enables the incorporation of ambiguous NOE distance
restraints into structure calculation as well as calibration of
the NOE distance restraints using a structure-based NOE
back-calculation. ARIA runs were performed using the
default parameters supplied in the program. Hydrogen bond
restraints were added to the final calculation. Of the 100
resulting structures, the 20 lowest-energy structures were
kept. Structures were analyzed with MOLMOL (38) and
GRASP (39).

FIGURE 1: Amino acid sequences of mouse cryptdins (Crp1-5)
and theR-defensins from rabbit kidney RK-1 and human neutrophil
HNP-3. The six conserved cysteine residues are highlighted.
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RESULTS

Using an empirical equation (40), the calculated hydro-
dynamic radius of Crp4 was estimated to be 12.98 Å while
the experimental value obtained from NMR diffusion is 12.64
Å. Since the calculated hydrodynamic radius of a dimer is
15.87 Å, the experimental value indicates that Crp4 is a
monomer at the concentration used for structure determina-
tion. This method has been used successfully to study the
aggregation properties of AMPs and small proteins (41-
43). Peptides prone to dimerization or aggregation show
increased measured values of the hydrodynamic radius (42).

The 2D NMR spectra of Crp4 acquired at 30°C
demonstrated very good chemical shift dispersion. Using the
standard method, a near-complete proton assignment was
obtained. Spectra obtained at 25 and 35°C were helpful in
resolving several overlapping peaks and in confirming all
resonance assignments. Figure 2 shows the fingerprint region
of the TOCSY spectrum acquired at 30°C with each amino
acid highlighted. An interesting observation in this TOCSY
spectrum was that the chemical shift of the side chain NH
proton of Arg7 (9.68 ppm) was shifted significantly down-
field from the expected value (7.30 ppm) (36). Such a shift
is most likely due to deshielding brought on by diamagnetic
anisotropy from a polar group or aromatic ring. Coincidently,
the 2D NOESY experiment indicated the presence of a proton
signal attributed to the four terminal NH protons from Arg7.
Normally, these protons are not observed in either the
TOCSY or NOESY spectra due to fast exchange with
solvent. It is possible that the imidazole ring from His10
coordinates to the charged side chain of Arg7. Proton
exchange between the two side chains could be sufficiently
slow to be viewed on the NMR time scale. Pro30 was
demonstrated to be in the trans conformation based on the
dRδ(i - 1,i) NOE between the Pro and the preceding Cys29.

Crp4 is known to contain six disulfide-linked cysteines;
however, it is often difficult to unambiguously determine
the cysteine linkages by chemical methods. During the first
run of the ARIA calculation, no disulfide bond restraints were
included. However, many inter-cysteine NOEs that usually
characterize a disulfide bond, such as HR of Cys6 and Hâ
of Cys21, HR of Cys29 and HR of Cys4, HR of Cys29 and
Hâ of Cys4, Hâ of Cys11 and Hâ of Cys28, Hâ of Cys6
and Hâ of Cys28, and Hâ of Cys6 and Hâ of Cys21, were
observed in the NOESY spectrum, and these NOEs are
consistent with their peak intensities, suggesting that the
known disulfide bond pattern for the otherR-defensins, i.e.,
CysI-CysVI, CysII-CysIV, and CysIII -CysV, is also correct
for the recombinant Crp4. This disulfide bonding pattern was
incorporated in all the latter ARIA runs. Additionally, to
ensure that these NOEs were not due to structural packing,
we also used different disulfide bonding patterns, but such
calculations gave rise to more NOE violations and structures
with energies much higher than the consensusR-defensin
disulfide connectivities.

As shown in Figure 3, the short- and medium-range NOEs
and the chemical shift index (CSIs) (44) indicated that the
secondary structure of Crp4 may be composed of three
â-strands located in the sequence of residues 5-7, 15-21,
and 25-29. Thisâ-sheet structure was further supported by
the data obtained from the D2O exchange experiment. More
than 24 h after Crp4 was redissolved in D2O, seven of the
30 backbone NH correlations were still visible in the 2D
TOCSY experiment. These belonged to Tyr5, Arg7, Arg16,
Leu26, Tyr27, Cys28, and Cys29. All these slowly exchang-
ing amides corresponded to theâ-strand region established
by the CSI, indicating that they should be constrained in the
hydrogen bonds between the strands. These amide protons
were ascribed to the hydrogen bond donors. The assignment

FIGURE 2: Fingerprint region of the 2D TOCSY spectrum of Crp4 acquired at 30°C and pH 4.2. Individual amino acid spin systems are
denoted with vertical lines.
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of hydrogen bonds along with the corresponding NOEs is
presented in Figure 4.

Solution NMR Structure of Crp4.Altogether, 635 NOE-
based distance restraints were used to calculate the structure
of Crp4, including 278 interresidue, 146 sequential, 52
medium-range, and 159 long-range distance restraints.
Hydrogen bonds were introduced into the structure calcula-
tion only after amide proton and carbonyl oxygen distances
were within 2.4 Å and the plane of the bond did not exceed
35°, as determined by MOLMOL. The final 20 lowest-energy
structures all have NOE violations of<0.5 Å and dihedral
violations of<1.5°. They overlay with a global rms deviation
of 0.46 Å for the backbone atoms and 1.503 Å for the heavy
atoms of residues 3-30. The statistical data summarizing
the quality of these 20 structures are presented in Table 1.

Crp4 possesses a small three-stranded antiparallelâ-sheet
structure (Figure 5). Strandsâ1-â3 are formed by residues
5-7, 15-18, and 25-28, respectively. The amide protons
of Tyr5 and Arg7 in strandâ1 form hydrogen bonds with
the carbonyl oxygens of Leu26 and Cys28 in strandâ3.
Strandâ1 is connected with strandâ2 by a type IV turn for
residues 8-10 and a type I turn for residues 11-14. The
second turn is stabilized by a disulfide bond between Cys11
and Cys28. Strandâ2 follows this turn and is connected with
strandâ3 by aâ-hairpin consisting of two type I turns, from
residues 18-21 and 22-25. The N- and C-termini of Crp4
are in the proximity of each other due to the disulfide bond
formed by Cys4 and Cys29.

Closer inspection of the proton NOEs indicated that two
distinct conformations could exist for the unstructured region

between Gly9 and Gly14. This would seem to be reasonable
due to the presence of glycine residues near both turns of
this section. The presence of glycines may result in flexibility
giving rise to multiple conformations in this region. Similar
conformational flexibility caused by the presence of a proline
residue was found in RK-1 (45). In addition, there are some
interactions in the NOESY spectrum between residues 17-
19 and 20-27. However, theâ2 strand cannot make a regular
â-strand in the section of residues 17 and 18 because the
side chains of these residues would stick directly into the
side chains from residues 26 and 27. Theâ2 strand contains
a â-bulge caused by these steric interactions of the bulky
side chains of Val17 and Arg18, minimizing their interactions
with Leu26 and Tyr27. A similarâ-bulge has been found in
the previously determined structures of mammalian de-
fensins.

Electrostatic Surface Properties of Crp4.Crp4 exhibited
an amphipathic structure with the hydrophobic residues
forming two hydrophobic faces with positively charged

FIGURE 3: Summary of interresidue NOE connectivities for Crp4. The strong, medium, and weak NOEs are indicated by variations in the
relative intensity of each of the lines. The chemical shift index (CSI) of the HR backbone atoms is also presented.

FIGURE 4: Interresidue NOEs and hydrogen bonds observed
between the three separateâ-strands. Dotted lines represent
hydrogen bonds, and arrows with solid lines represent NOEs.

Table 1: Summary of Structural Statistics for Crp4

no. of distance restraints
interresidual 278
sequential 146
medium-range 52
long-range 159
unambiguous NOEs 607
ambiguous NOEs 28
unassigned NOEs 0
total NOEs 635
no. of broad dihedral restraints 26

rms distances from ideal values
bonds (Å) 3.89× 10-3 ( 1.54× 10-4

angles (deg) (0.504( 2.50)× 10-2

impropers (deg) 1.30( 0.134
van der Waals (kcal/mol) 23.10( 2.56

distance restraints
unambiguous (Å) (7.42( 1.47)× 10-2

ambiguous (Å) (1.71( 1.46)× 10-2

all distance restraints (Å) (7.16( 1.41)× 10-2

dihedral restraints (deg) 3.09× 10-3 ( 1.31× 10-2

nonbonded energies
electronic (kcal/mol) -836.49( 49.98
van der Waals (kcal/mol) -238.26( 5.07

Ramachandran (%)a

most favored 72.0
additionally allowed 28.0
generously allowed 0.0
disallowed 0.0

global rms distance (Å)b

backbone (residues 3-30) 0.459
heavy atoms (residues 3-30) 1.503

a As determined by PROCHECK (55). b Calculated using MOLMOL.
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residues forming a hydrophilic ring (Figure 6). As shown in
Figure 6A-D, the arrangement of the hydrophobic and
positive residues may perhaps better resemble two tightly
fitting links of a chain with one link positive and the other
hydrophobic in nature. The positive charges seem to be
distributed about the perimeter in panels C and D of Figure
6, while the hydrophobic regions on two faces are joined
around one side of the molecule (Figure 6E). This arrange-
ment results in one region of charge-neutral residues, another
region of positive residues, and a small isolated negative
charge for Glu15. Given the anionic nature of the bacterial
surface, the location of the positive charge around the
periphery of the positive “link” of the chain may induce
curvature of the bacterial membrane to permit maximum

electrostatic contact with Crp4. In this scenario, the hydro-
phobic regions of Crp4 would be drawn toward the hydro-
phobic inner membrane section. In this manner, membrane
penetration could be achieved.

DISCUSSION

The aim of this study was to determine the three-
dimensional solution structure of Crp4, a mouse Paneth cell
R-defensin with potent and broad-rangein Vitro bactericidal
activity. As expected, the structure of Crp4 indeed consists
of a triple-strandedâ-sheet, and theseâ-strands are connected
by a series of tight turns and aâ-hairpin.

So far, all the known mammalian defensins, irrespective
of whether they areR- or â-defensins, adopt a similar overall
structure, i.e., a triple-stranded antiparallelâ-sheet. This
structural feature may explain in part why defensins encoded
by different genes and from various organisms differ in their
antimicrobial spectrum and activity. Meanwhile, it is also
implied that the triple-strandedâ-sheet with its specific
arrangement of disulfide bridges for defensins only confers
a stability of their structures, but is not necessarily a
determinant itself of antimicrobial activity. This is supported
by a recent study showing that the disulfide bonding of
HBD3 can be fully dispensed to its antimicrobial function
but does influence HBD3 chemokine activity (46). Therefore,
a comparison of the structures of different kinds ofR-de-
fensins should aid in a better understanding of the activities
of these proteins.

Published coordinates for mammalianR-defensins depos-
ited in the Protein Data Bank are limited to an X-ray study
on HNP-3 (47), the NMR study on RK-1 (45), and the
structural comparison between HNP-3 and RK-1 which has
been performed previously (45). In Figure 7, the three-
dimensional structure of Crp4 is superimposed with those
of HNP-3 and RK-1. The CR backbone of Crp4 and RK-1
can be overlayed with an rms distance of 3.37 Å, whereas
the CR rms distance of Crp4 with HNP-3 is 3.68 Å. The
fairly poor overlay between theseR-defensins results mainly
from the following. First, theâ-sheet content in these
structures is different, with 34.4% in Crp4, 43.7% in RK-1,
and 60% in HNP-3. The difference inâ-sheet content
between RK-1 and Crp4 is consistent with the data obtained
from the D2O exchange experiment. It was previously
determined that 10 amide protons did not exchange 24 h
after dissolution of RK-1 in D2O (45), while only seven were

FIGURE 5: (A) Diagram of the backbone traces of the 20 lowest-
energy structures of Crp4. (B) Ribbon diagram of the Crp4 structure
with the three disulfide bonds colored gold. This figure was
generated with MOLMOL.

FIGURE 6: Charge distribution on the surface of Crp4. The basic
regions of the protein are colored blue, whereas the acidic regions
are colored red. This figure was produced with MOLMOL. Panels
A-E show five different perspectives, while panel F shows the
same view as panel E but in ribbon form. Arg32 is red because it
is the carboxy-terminal residue in the protein.

FIGURE 7: Overlay of the NMR structure of Crp4 (blue) with the
NMR structure of RK-1 (left) and the crystal structure of HNP-3
(right).

NMR Structure of Cryptdin-4 Biochemistry, Vol. 43, No. 50, 200415763



not exchanged in Crp4. The difference in exchange rates may
also be interpreted as being part of a more flexible fold in
the sheet structure which permits interaction of water with
amide protons. The difference in homology between RK-1
and Crp4 may reflect the fold flexibility. Second, the length,
shape, and orientation of the hairpin are different. As
mentioned in the introductory section, Crp4 lacks three amino
acids in the sequence between CysIV and CysV. However,
the â-hairpin is unexpectedly longer than that of RK-1 and
HNP-3 due to the relatively shorterâ2 strand in Crp4. In
addition, the hairpin in Crp4 is composed of two type I turns,
while there are three turns comprising two type IV turns and
one inverseγ-turn in RK-1, two turns in HNP-3, with one
type IV and another type IV turn (45, 47). There is currently
no evidence concerning the relationship between theâ-sheet
content and the antimicrobial activity. However, theâ-hairpin
differences may be particularly interesting because of
evidence that theâ-hairpin loop is the active region of the
rabbit neutrophil defensin NP-2 molecule (48). Possibly, the
distinct hairpin structure in Crp4 contributes to its highin
Vitro potency, a hypothesis that can be tested directly by
site-directed mutagenesis. Aside from the N- and C-termini,
the â-hairpin loop of Crp4 may gain flexibility from the
presence of two glycines found in the turn. The flexibility
of the hairpin turn found in the hydrophobic portion of the
peptide may account for an enhanced interaction with
hydrophobic inner regions of bacterial membranes.

Another major difference between theseR-defensins is the
overall positive charge. Inspection of the Crp4 sequence
indicates the presence of nine positively charged residues
and only one negatively charged residue (Glu15), while RK-1
and HNP-3 possess one and two net positive charges,
respectively. Significant net positive charges may be the most
preserved characteristic of AMPs in general (49). This may
explain the selective action of AMPs at negatively charged
bacterial membranes. Most eukaryotic membranes, such as
the plasma membrane of human erythrocytes, do not contain
negatively charged lipids in the outer leaflet. Usually,
increasing the overall positive charges will increase the
microbicidal activity of AMPs. Indeed, Crp4 has been found
to bind strongly to negatively charged model membranes,
allowing Crp4 to associate more effectively with negatively
charged biological membranes than neutral membranes (50).

Crp4 seems to require at least eight positive charges to
maintain optimal bactericidal activity. Charge reversal mu-
tagenesis at two positively charged positions diminishesin
Vitro antimicrobial activity markedly even though the net
overall charge of the modified peptide remains positive (25).
Also, the two proCrp4 processing intermediates (proCrp444-92

and proCrp454-92) possess the same number of positive
charges as Crp4 and have the same bactericidal activity as
the mature peptide (C. S. Weaks, H. Tanaka, and A. Y.
Ouellette, unpublished observations). while full-length pro-
Crp4 (proCrp420-92) has a net charge of 0 and lacks
bactericidal activity (50). Our preliminary NMR results
demonstrate that the isolated pro sequence of proCrp420-92

(proCrp420-60, containing eight negative charges) is very
flexible and unstructured, suggesting that the anionic pro
piece (proCrp420-60) might be able to neutralize the C-
terminal mature cationic Crp4, thereby eliminating the
antimicrobial activity of proCrp420-92. The task of determin-
ing the solution structure of intact proCrp420-92 is currently

being pursued in our laboratory in an attempt to shed further
light on this question.

It is also very interesting to note the sensitivity of the
function of Crp4 to charge reversal. Any pair of site-directed
Arg to Asp mutations in Crp4 attenuate or eliminate its
microbicidal activity, regardless of the position of the Arg
residue in the amino acid sequence (25). Compare this with
the positive charge of+5 and negative charge of-4 for
RK-1 to give an overall charge of+1 (Figure 1). Clearly, in
the case of RK-1, having a significant portion of the molecule
with a clear negatively charged character does not seem to
impede the antimicrobial nature of the molecule.

Other studies have demonstrated thatR-defensins act by
permeabilizing the cell membranes of target microbes (51),
but the details of the process are not yet clear. It has been
proposed that the mode ofR-defensins interacting with
membranes is dependent on the conformation in solution.
Dimeric human neutrophil defensins permeabilize model
membranes by forming large, long-lived pores (52), while
monomeric rabbit defensins disrupt membranes by causing
a graded leakage (53). No evidence was found in the current
NMR study that Crp4 is a dimer in solution, and indeed, it
has been found that Crp4 induced graded leakage of
fluorophores from phospholipid vesicles (54). However, Crp4
and rabbit neutrophil defensins have a high overall positive
charge compared to RK-1, indicating that there is a difference
in the mode of action between them, although they are all
monomeric in solution. Therefore, extensive and direct
comparisons of the membrane interactions of these peptides
will be essential if a complete understanding of the mech-
anism of action of these AMPs is to be obtained.
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