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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
o-defensin with potentn vitro bactericidal activity, has a primary structure distinct from all known
o-defensins in that its polypeptide backbone uniquely lacks three residues betwéear@CySy¥. 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 antigzustiiett

with the -strands joined to each other by a series of tight turns afichairpin. However, the overall
pB-sheet content in Crp4 is lower than that of otbedefensin structures, while the shape and orientation

of the Crp4f-hairpin also differ from those of other-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 smallazurophilic granules of the neutrophil, and two (HD-5 and
cationic proteins, are characterized by six cysteine residuesHD-6) occur in secretory granules of the Paneth cdl®.(
that form three intramolecular disulfide bonds. On the basis Enteric a-defensins are released by Paneth cells from the
of amino acid sequence similarities and the connectivities base of the crypts of Liebetka in the small intestine as
of the six cysteine residues, defensins may be classified intocomponents of apically oriented granules. The secretory
three subfamilieso-, 8-, andf-defensins ). As a class of granules are discharged in response to cholinergic stimulation
antimicrobial peptides (AMPS),defensins exhibit broad or exposure to bacteria or bacterial antigeh$13), and
microbicidal activity against Gram-positive and Gram- they contain varied AMPs and proteind4, including
negative bacteria, yeast, fungi, mycobacteria, spirochetes, andysozyme (5—17), secretory phospholipase £18), angio-
enveloped virusesl( 2). In addition, some defensins have genin-4 (9), and a-defensins, termed cryptdins (Crps) in
been reported to be able to act as chemokines, activatingmice 20—22). In in vitro assays, Crp4 is the most potent of
the adaptive immune respon&-6). At present, mammalian  the known mouse-defensin peptides2Q).
defensins are among the most intensely studied AMPs. Paneth celbi-defensins confer enteric immunitg)( and

The mammaliam-defensins are 2935 residues in length,  thus, knowledge of determinants of peptide activity and
with specific Cy$—-Cys’!, Cyd'—CysY, and Cy¥ —Cys’ biosynthesis will improve the understanding of their role in
disulfide connectivities. They were first isolated from mye- mucosal immunity. For example, cryptdins (Crps) are
loid cells @) and later identified in intestinal Paneth cells secreted into the lumen of small intestinal crypts at concen-
(7), ando-defensins RK-1 and RK-2 were found in rabbit trations of 25-100 mg/mL, 4 orders of magnitude greater
kidney @, 9). So far, sixa-defensins have been isolated from than theirin vitro minimum bactericidal concentrations)(
humans; four of them (HNP-1HNP-4) are stored in In mice, Paneth celbi-defensin precursors (proCrps) are

processed to their biologically active forms by specific
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Ccrpl LRDLVCYCRSRGCKGRERMNGT CRKGHLLYTLECCR therefore, this temperature was used for the detailed two-
Crp2 LRDLVCYCRTRGCKRRERMNGT CRKGHLMYTLCCR dimensional (2D) NMR data collection on the Bruker Avance
Crp3 LRDLVCYCREKRGCKRRERMNGT CRKGHLMYTLCCR 700 MHz spectrometer. DQF-COS‘QQ), TOCSY (With a
e ST T TnRTR R mixing time of 120 ms), and NOESY (with mixing times of
Crps LSKELICYCRIRGCKRRERVFGTCRNLFLTFVFCCS N

b wrikxy Bopwevincshor.rnsxyr BBREKR 200, 300, and 400 ms) spectra were acquired. Water

HND-3 DCYCRIPACTAGERRYGTCTYQOGRLWAFCC suppression was achieved using the excitation sculpting

Ficure 1: Amino acid sequences of mouse cryptdins (GiplL technique §0) in both NO.ESY and TOCSY .experiments.
and theo-defensins from rabbit kidney RK-1 and human neutrophil In the DQF-COSY experiment, the water signal was sup-

HNP-3. The six conserved cysteine residues are highlighted. pressed using the 3-9-19 Watergate pulse sequence with
) _ ) ) gradients and presaturation during the relaxation delay. All
improve our understanding of structuriinction relation-  2p data were collected with 2048 and 600 data points in

ships in the peptide and to gain insight into how this theF, andF, dimensions, respectively, using spectral widths
structurally uniquea-defensin contributes to innate im- of 6500 Hz. To determine which amides were in slow
munity. To date, the three-dimensional structures ofanumberexchange with the solvent, the Crp4 NMR sample was
of a-defensins have been determined by both NMR and |yophilized and redissolved in 99.9%0. Immediately after
X-ray crystallography techniques (partially reviewed in ref thjs a one-dimensionaH spectrum was acquired followed

24). The reported three-dimensional structures dode- by a series of one- and two-dimensiofdlspectra over the
fensins contain a triple-stranded antiparafietheet motif, following 24 h.
a criterion for identifying peptides as-defensins. Generally, All 2D data were processed with NMRPipe version 3.4

the factors that modulate the antimicrobial spectrum and (31) and analyzed with the NMRView version 4.1.32)
activity of a-defensins remain largely unexplained. Studies goftware package on workstations operating with RedHat
of Crp4 structure-activity relationships have shown that yersjon 7.1 of the Linux operating system. The data were
paired charge reversal mutations at Arg residues in the Crp4zero-filled in each dimension and Fourier-transformed with
peptide result in the loss of function in bactericidal activity 4 ghifted sine-bell squared function.
and peptide-membrane interactions, suggesting that the net R Diffusion Experimento determine the aggregation
positive charges are important determinants of Crp4 bacte-state of Crp4 at the concentration used for NMR experiments,
ricidal activity (25). Unlike nearly every know-defensin a diffusion experiment was performed at 700 MHz using
in which nine amino acids separate the fourth and fifth gioxane as an internal standaB8). Approximately 2.5:L
cysteine residues, the Crp4 primary structure lacks threeqf 5 104 solution of dioxane in £D was added to the Crp4
amino acid residues between these two cysteines (Figure 1)NMR sample in RO. Pulsed field gradient diffusion experi-
and we tested the hypothesis that this divergence from thepents were collected with the PG-SLED sequerz: 35).
a-defensin consensus primary structure affects Crp4 tertiary ysing the Bruker XWINNMR software package, the decay
structure. In particular, we predicted that the hairpin 100p of the peak intensity as a function of gradient strength was
connecting thg32 andfi3 strands could diverge from the  ysed to determine the relative diffusion constants.
consensus and, in turn, modulate the function of this unique  gyrycture CalculationThe assignment of proton chemical
defensin. shifts was performed using the standard methodology
MATERIALS AND METHODS Qeveloped by Wihrich (36). Spin systems were identified
in the TOCSY spectrum, and sequential assignments were

Preparation of the Recombinant Crp4 PeptidRecom- made by observing Hi)—HN(i + 1) cross-peaks in the
binant Crp4 was expressed iBscherichia colias an NOESY spectrum. Upon completion of the proton assign-
N-terminal Hig-tagged fusion protein2@) and purified to ments, NOE-based distance restraints were obtained from
homogeneity by reverse-phase high-performance liquid chro-the NOESY spectra on the basis of NOE peak intensities
matography (RP-HPLC) after chemical cleavage with CNBr using NMRView. The¢ dihedral angles were constrained
and verified by analytical RP-HPLC and polyacrylamide by the addition of Karplus coupling constant constraints when
electrophoresis. The molecular mass of Crp4 was determinedthe coupling constants measured from the DQF-COSY
by MALDI-TOF MS, and the antimicrobial activity was spectrum exceeded 8 Hz. Additionally, broad dihedral angle
tested as described previousBR6]. restraints (between-35° and —180°) were used to confine

NMR SpectroscopyThe NMR sample of Crp4 was the bond angles for the non-Gly and -Pro residues, where a
prepared by dissolving approximately 3.2 mg of peptide in coupling constant could not be easily determined. Initial
500 uL of a 9:1 HO/D,O mixture and adjusting the pH to  structures were generated from restraints of unambiguous
~4.2 using dilute HCI or NaOH. Sodium 2,2-dimethyl-2- NOEs and dihedral angles, and then disulfide bond restraints
silapentane-5-sulfonate (DSS) was added as an internalwere incorporated into the structure calculations. Protein
chemical shift reference compound (0 ppm). structures were calculated using ARIA version 137)(

Proton NMR experiments were performed on Bruker ARIA enables the incorporation of ambiguous NOE distance
Avance 700 and 500 MHz spectrometers, equipped with arestraints into structure calculation as well as calibration of
triple-resonance probe and a cryoprobe, respectively. Tothe NOE distance restraints using a structure-based NOE
determine the optimal NMR conditions for Crp4, preliminary back-calculation. ARIA runs were performed using the
two-dimensional TOCSY (mixing time of 120 m9)7) and default parameters supplied in the program. Hydrogen bond
NOESY (mixing time of 250 ms)28) NMR spectra were  restraints were added to the final calculation. Of the 100
acquired on the Bruker Avance 500 MHz spectrometer at resulting structures, the 20 lowest-energy structures were
25, 30, and 35C. The 30°C spectrum gave the optimum kept. Structures were analyzed with MOLMORBSEj and
balance between line width and chemical shift distribution; GRASP @9).
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FiGUre 2: Fingerprint region of the 2D TOCSY spectrum of Crp4 acquired at@@nd pH 4.2. Individual amino acid spin systems are
denoted with vertical lines.

RESULTS 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 bf Cys6 and 4

of Cys21, hx of Cys29 and H of Cys4, Hx of Cys29 and

Hp of Cys4, H3 of Cys1l and i of Cys28, KB of Cys6
and H3 of Cys28, and 1A of Cys6 and i 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 otherdefensins, i.e.,
Cys—Cys”, Cyd'—CydV, and Cy¥-Cys’, is also correct
gor the recombinant Crp4. This disulfide bonding pattern was
incorporated in all the latter ARIA runs. Additionally, to

resolving several overlapping peaks and in confirming all ensure that these NOEs were not due to structural packing,

resonance assignments. Figure 2 shows the fingerprint region' alsol used dn‘ferent disulfide bondmg patterns, but such
of the TOCSY spectrum acquired at 30 with each amino calculatlons gave rise to more NOE violations and structures
acid highlighted. An interesting observation in this TOCSy With energies much higher than the consensttefensin
spectrum was that the chemical shift of the side chain NH disulfide connectivities.

proton of Arg7 (9.68 ppm) was shifted significantly down- ~ As shown in Figure 3, the short- and medium-range NOEs
field from the expected value (7.30 ppn®g. Such a shift ~ and the chemical shift index (CSIs}4) indicated that the

is most likely due to deshielding brought on by diamagnetic secondary structure of Crp4 may be composed of three
anisotropy from a polar group or aromatic ring. Coincidently, S-strands located in the sequence of residue$,5.5-21,

the 2D NOESY experiment indicated the presence of a protonand 25-29. Thisj-sheet structure was further supported by
signal attributed to the four terminal NH protons from Arg7. the data obtained from the,D exchange experiment. More
Normally, these protons are not observed in either the than 24 h after Crp4 was redissolved in@) seven of the
TOCSY or NOESY spectra due to fast exchange with 30 backbone NH correlations were still visible in the 2D
solvent. It is possible that the imidazole ring from His10 TOCSY experiment. These belonged to Tyr5, Arg7, Argl6,
coordinates to the charged side chain of Arg7. Proton Leu26, Tyr27, Cys28, and Cys29. All these slowly exchang-
exchange between the two side chains could be sufficientlying amides corresponded to tfiestrand region established
slow to be viewed on the NMR time scale. Pro30 was by the CSlI, indicating that they should be constrained in the
demonstrated to be in the trans conformation based on thehydrogen bonds between the strands. These amide protons
dos(i — 1,i) NOE between the Pro and the preceding Cys29. were ascribed to the hydrogen bond donors. The assignment

Using an empirical equatior(), the calculated hydro-
dynamic radius of Crp4 was estimated to be 12.98 A while
the experimental value obtained from NMR diffusion is 12.64
A. Since the calculated hydrodynamic radius of a dimer is
15.87 A, 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 proteihg—

43). Peptides prone to dimerization or aggregation show
increased measured values of the hydrodynamic radR)s (

The 2D NMR spectra of Crp4 acquired at 3@
demonstrated very good chemical shift dispersion. Using the
standard method, a near-complete proton assignment wa
obtained. Spectra obtained at 25 and°@5were helpful in
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Ficure 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 thebHckbone atoms is also presented.

4 Table 1: Summary of Structural Statistics for Crp4
81 N\ _ :
\r no. of distance restraints

interresidual 278
sequential 146
medium-range 52

long-range 159

83 \ unambiguous NOEs 607
27 ambiguous NOEs 28
i 0

unassigned NOEs

total NOEs 635
no. of broad dihedral restraints 26
rms distances from ideal values

a2 o bonds (A) 3.89x 103+ 1.54x 1074
\l/N\ JH/ \[H\ J\r angles (deg) (0.504 2.50)x 102
||17 ' impropers (deg) 1.380.134
van der Waals (kcal/mol) 23.18 2.56
Ficure 4. Interresidue NOEs and hydrogen bonds observed distance restraints
between the three separafestrands. Dotted lines represent unambiguous (A) (7.4 1.47)x 1072
hydrogen bonds, and arrows with solid lines represent NOEs. ambiguous (A) (1.7% 1.46) x 102
all distance restraints (A) (7.18 1.41)x 102
. . . i i 3 2
of hydrogen bonds along with the corresponding NOEs is _ dihedral restraints (deg) 3.09107 +1.31x 107
d in Figure 4 nonbondeql energies
presented in Fig : electronic (kcal/mol) —836.49+ 49.98
Solution NMR Structure of Crp4ltogether, 635 NOE- van der Waals (kcal/mol) —238.26+ 5.07
based distance restraints were used to calculate the structure Ramactiandrar (%) 90
of C_rp4, including 278 interresidue, 14_6 sequential, _52 additionally allowed 28.0
medium-range, and 159 long-range distance restraints.  generously allowed 0.0
Hydrogen bonds were introduced into the structure calcula- disallowed 0.0

tion only after amide proton and carbonyl oxygen distances 9lobal rms distance (&)
were within 2.4 A and the plane of the bond did not exceed ﬁggbgc’aqgrgsﬂg:%fﬁéo) (l):ggg
35°, as determined by MOLMOL. The final 20 lowest-energy . _
structures all have NOE violations 6f0.5 A and dihedral * As determined by PROCHECHKS). ® Calculated using MOLMOL.
violations of <1.5°. They overlay with a global rms deviation  petween Gly9 and Gly14. This would seem to be reasonable
0f 0.46 A for the backbone atoms and 1.503 A for the heavy gue to the presence of glycine residues near both turns of
atoms of residues-330. The statistical data summarizing s section. The presence of glycines may result in flexibility
the quality of these 20 structures are presented in Table 1.gjying rise to multiple conformations in this region. Similar
Crp4 possesses a small three-stranded antipafadiebet  conformational flexibility caused by the presence of a proline
structure (Figure 5). Strangi—/33 are formed by residues  residue was found in RK-4§). In addition, there are some
5-7, 15-18, and 25-28, respectively. The amide protons interactions in the NOESY spectrum between residues 17
of Tyr5 and Arg7 in stranggl form hydrogen bonds with 19 and 26-27. However, thg2 strand cannot make a regular
the carbonyl oxygens of Leu26 and Cys28 in strei®d B-strand in the section of residues 17 and 18 because the
StrandB1 is connected with stran@? by a type IV turn for  side chains of these residues would stick directly into the
residues 810 and a type | turn for residues +14. The side chains from residues 26 and 27. P2estrand contains
second turn is stabilized by a disulfide bond between Cys11 g -bulge caused by these steric interactions of the bulky
and Cys28. Strand2 follows this turn and is connected with  side chains of Val17 and Arg18, minimizing their interactions
strandf3 by ap-hairpin consisting of two type | turns, from  with Leu26 and Tyr27. A similag-bulge has been found in
residues 1821 and 22-25. The N- and C-termini of Crp4  the previously determined structures of mammalian de-
are in the proximity of each other due to the disulfide bond fensins.
formed by Cys4 and Cys29. Electrostatic Surface Properties of Crp@rp4 exhibited
Closer inspection of the proton NOEs indicated that two an amphipathic structure with the hydrophobic residues
distinct conformations could exist for the unstructured region forming two hydrophobic faces with positively charged
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Ficure 5: (A) Diagram of the backbone traces of the 20 lowest- ) .
energy structures of Crp4. (B) Ribbon diagram of the Crp4 structure FIGURE 7: Overlay of the NMR structure of Crp4 (blue) with the
with the three disulfide bonds colored gold. This figure was NMR structure of RK-1 (left) and the crystal structure of HNP-3

generated with MOLMOL. (right).

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
o-defensin with potent and broad-rangevitro bactericidal
activity. As expected, the structure of Crp4 indeed consists
of a triple-strande@-sheet, and theg&strands are connected
by a series of tight turns and&hairpin.

So far, all the known mammalian defensins, irrespective
of whether they are- or 3-defensins, adopt a similar overall
structure, i.e., a triple-stranded antiparalfkheet. 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-strandeg@-sheet with its specific
arrangement of disulfide bridges for defensins only confers
a stability of their structures, but is not necessarily a
T i determinant itself of antimicrobial activity. Th_is is supported
Gluts by a recent study showing that the disulfide bonding of

Al® HBD3 can be fully dispensed to its antimicrobial function

Ficure 6: Charge distribution on the surface of Crp4. The basic pyt does influence HBD3 chemokine activigg]. Therefore,

regions of the protein are colored blue, whereas the acidic regions : : : _
are colored red. This figure was produced with MOLMOL. Panels a Co.mpanson Of. the structures of dlﬁergnt klndsooﬂg .
A—E show five different perspectives, while panel F shows the fensins should aid in a better understanding of the activities

same view as panel E but in ribbon form. Arg32 is red because it of these proteins.
is the carboxy-terminal residue in the protein. Published coordinates for mammaliardefensins depos-
ited in the Protein Data Bank are limited to an X-ray study

residues forming a hydrophilic ring (Figure 6). As shown in 0N HNP-3 @7), the NMR study on RK-14%), and the
Figure 6A-D, the arrangement of the hydrophobic and structural comparison between HNP-3 and RK-1 which has

positive residues may perhaps better resemble two tightly g_een p_erfo:mfd ?reViO:;'%yﬂ'ﬁ)'. % Figu_re 7 tZe t?r:etﬁ
fitting links of a chain with one link positive and the other imensional structure ot Lrp4 1S SUperimposed wi ose

. . of HNP-3 and RK-1. The @ backbone of Crp4 and RK-1
hydrophobic in nature. The positive charges seem to be . .
distributed about th imeter i s C and D of Fi can be overlayed with an rms distance of 3.37 A, whereas
Istnbuted about the perimeter in panels & an OPFIQUe e Gu rms distance of Crp4 with HNP-3 is 3.68 A. The

6, while the hydrophobic regions on two faces are joined iy hoor overlay between thesedefensins results mainly
around one side of the molecule (Figure 6E). This arrange- s,om the following. First, thef-sheet content in these
ment results in one region of charge-neutral residues, anothekyyctures is different, with 34.4% in Crp4, 43.7% in RK-1,
region of positive residues, and a small isolated negative and 60% in HNP-3. The difference if-sheet content
charge for Glul5. Given the anionic nature of the bacterial petween RK-1 and Crp4 is consistent with the data obtained
surface, the location of the positive charge around the from the DO exchange experiment. It was previously
periphery of the positive “link” of the chain may induce determined that 10 amide protons did not exchange 24 h
curvature of the bacterial membrane to permit maximum after dissolution of RK-1 in BO (45), while only seven were

Glul5

E Glyl F

M-terminus
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not exchanged in Crp4. The difference in exchange rates maybeing pursued in our laboratory in an attempt to shed further
also be interpreted as being part of a more flexible fold in light on this question.
the sheet structure which permits interaction of water with It is also very interesting to note the sensitivity of the
amide protons. The difference in homology between RK-1 function of Crp4 to charge reversal. Any pair of site-directed
and Crp4 may reflect the fold flexibility. Second, the length, Arg to Asp mutations in Crp4 attenuate or eliminate its
shape, and orientation of the hairpin are different. As microbicidal activity, regardless of the position of the Arg
mentioned in the introductory section, Crp4 lacks three amino residue in the amino acid sequen@&)( Compare this with
acids in the sequence between Cyand Cy¥. However, the positive charge of-5 and negative charge of4 for
the B-hairpin is unexpectedly longer than that of RK-1 and RK-1 to give an overall charge efl (Figure 1). Clearly, in
HNP-3 due to the relatively shorté?2 strand in Crp4. In the case of RK-1, having a significant portion of the molecule
addition, the hairpin in Crp4 is composed of two type | turns, with a clear negatively charged character does not seem to
while there are three turns comprising two type IV turns and impede the antimicrobial nature of the molecule.
one inversey-turn in RK-1, two turns in HNP-3, with one Other studies have demonstrated thedefensins act by
type IV and another type IV turp, 47). There is currently  permeabilizing the cell membranes of target microl&ds, (
no evidence concerning the relationship betweerfthbeet but the details of the process are not yet clear. It has been
content and the antimicrobial activity. However, fhéairpin proposed that the mode af-defensins interacting with
differences may be particularly interesting because of membranes is dependent on the conformation in solution.
evidence that th@-hairpin loop is the active region of the  Dimeric human neutrophil defensins permeabilize model
rabbit neutrophil defensin NP-2 molecul8j. Possibly, the membranes by forming large, long-lived poré&)( while
distinct hairpin structure in Crp4 contributes to its high monomeric rabbit defensins disrupt membranes by causing
vitro potency, a hypothesis that can be tested directly by a graded leakag&®). No evidence was found in the current
site-directed mutagenesis. Aside from the N- and C-termini, NMR study that Crp4 is a dimer in solution, and indeed, it
the S-hairpin loop of Crp4 may gain flexibility from the  has been found that Crp4 induced graded leakage of
presence of two glycines found in the turn. The flexibility fluorophores from phospholipid vesicles4. However, Crp4
of the hairpin turn found in the hydrophobic portion of the and rabbit neutrophil defensins have a high overall positive
peptide may account for an enhanced interaction with charge compared to RK-1, indicating that there is a difference
hydrophobic inner regions of bacterial membranes. in the mode of action between them, although they are all
Another major difference between thaselefensinsisthe  monomeric in solution. Therefore, extensive and direct
overall positive charge. Inspection of the Crp4 sequence comparisons of the membrane interactions of these peptides
indicates the presence of nine positively charged residueswill be essential if a complete understanding of the mech-
and only one negatively charged residue (Glul5), while RK-1 anism of action of these AMPs is to be obtained.
and HNP-3 possess one and two net positive charges,
respectively. Significant net positive charges may be the mostACKNOWLEDGMENT
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