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ABSTRACT. Humang-defensin-2 (HBD-2) is a member of the defensin family of antimicrobial peptides.
HBD-2 was first isolated from inflamed skin where it is posited to participate in the killing of invasive
bacteria and in the recruitment of cells of the adaptive immune response. Static light scattering and two-
dimensional proton nuclear magnetic resonance spectroscopy have been used to assess the physical state
and structure of HBD-2 in solution. At concentrations<i?.4 mM, HBD-2 is monomeric. The structure

is amphiphilic with a nonuniform surface distribution of positive charge and contains several key structural
elements, including a triple-stranded, antipargilsheet with strands 2 and 3 irgahairpin conformation.

A p-bulge in the second strand occurs at Gly28, a position conserved in the entire defensin family. In
solution, HBD-2 exhibits aw-helical segment near the N-terminus that has not been previously ascribed
to solution structures ai-defensins or to thg-defensin BNBD-12. This novel structural element may be

a factor contributing to the specific microbicidal or chemokine-like properties of HBD-2.

Defensins are small cationic antimicrobial peptides that by proinflammatory cytokines such as interleukjf-fumor
contribute to host defense in multicellular organisriys ( necrosis factort, and bacterial lipopolysaccharidé<{10).
Three intramolecular disulfide bonds are conserved through-At nanomolar concentrations, HBD-2 attracts immature
out the defensin family and provide stability to defensin dendritic cells and memory T-cells, a chemokine-like activity
tertiary structures. Mammaliam- and-defensins differ in mediated through the CCR6 receptdrl), Thus, HBD-2
the pairing of six invariant cysteine residue® @). The appears an important effector molecule of innate immunity
disulfide connectivity inn-defensins is £6, 2—4, and 3-5, and an early activating signal in the recruitment of cells that
whereas that iff-defensins is 5, 2—4, and 3-6. The high mediate an adaptive immune response.

net positive charge of defensins facilitates their electrostatic T date, NMR solution structures are available for three
interaction with polyanionic surfaces of bacterial cells. mammaliaro-defensins. These include the human neutrophil
Defensins exert their antimicrobial activity by permeabili- peptide HNP-1 14, 15) and the rabbit neutrophil defensins
zation of bacterial membranes followed by interactions with Np-5 (12, 13) and NP-2 {4, 15). The solution structure of
additional, but as yet uncharacterized, intracellular targets povine neutrophif-defensin-12 (BNBD-12) has also been
(1, 4). Humang-defensin-2 (HBD-2},a 41-residue peptide,  determined by NMR16). The first defensin crystal structure
was first isolated from inflamed skin of patients with \yas of human neutrophil-defensin HNP-317). From these
psoriasis where it was found at micromolar levess ). studies, a triple-stranded, antiparaffesheet with strands 2
Subsequent studies have shown the peptide to be secretegnd 3 involved in a8-hairpin has emerged as a common
at mucosal surfaces of the respiratory tract, oral cavity, and structural feature in bottw- and g-defensins. However,
intestine {—9). Transcription of the HBD-2 gene is enhanced (ifferences in the antimicrobial spectrum and activity of

o= . od ¢ by funds from the NHLBI (Grant defensins remain largely unexplained. Recently, the X-ray
IS WOrK was supported I part by tungs from the rant  structure of the first humag-defensin HBD-2 was published
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and B.F.T.), and the NIH (Grant HL46809 to T.G. and L.L.) and the (18). While the general shape and charge distributions were
University of lowa College of Medicine (W.R.K.). similar to those of previously determined defensin structures,
‘ The NMR data and the coordinates of the final 20 structures of HBD-2 contained an additional structural element in the form

the first N-terminal hydrogen bonding model have been deposited in . - -
the RCSB Protein Data Bank (PDB entry 1FQQ). The coordinates of of ana-helical region. In the crystalline state, HBD-2 was

the final 20 structures of the second N-terminal hydrogen bonding model dimeric and exhibited higher-order oligomeric structure. Our
will be available on request.
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analysis of HBD-2 in solution at pH 3.7 or 6.4 by static light
scattering and two-dimensional NMR has established that
the peptide is monomeric in the concentration range of 0.5
2.4 mM and displays a novel-helical segment. Thus, our
data establish that the helical portion of HBD-2 is an inherent
structural feature of the monomeric form of the peptide and S
not a product of higher-order oligomeric structures that are 2 4 6 8§ 10 12
evident from crystallographic studies. ¢ (mg/ml)
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MATERIALS AND METHODS Ficure 1: Debye plot for the static light scattering analysis of HBD-
2. K is an optical constant; is the concentration of the solution,
Peptide.HBD-2 utilized in these studies was obtained and R is the Rayleigh ratio. Black circles and white squares
using an insect cell/lbaculovirus protein expression systemrepresent the data at pH 3.7 and 6.4, respectively.
as previously described for HBD-1 and other defensli$s. (
The homogeneity of the preparation was indicated by 25 °C. DQF-COSY, TOCSY, and NOESY spectra were
monodisperse behavior on capillary zone electrophoresis atobtained using standard procedures. For all experiments, a
pH 3.0 and by high-pressure liquid chromatography utilizing 6_ kHz spectral width was used in _each dl_men3|on. The Wa'_[er
a 1000um inside diameter column (MIC-25-05-C18P3) signal was reduced by presaturation during a 2.5 s relaxation
provided by LC Packings (San Francisco, CA). Further delay for the NOESY and TOCSY spectradam 2 s
confirmation of the structure was provided by both chemical relaxation delay for the DQF-COSY spectrum. NOESY
and immunological methods. Mass measurements wereSPectra were taken at mixing times of 50, 100, 150, 300,
performed on a Hewlett-Packard model 1100 MSD instru- @nd 400 ms. The TOCSY spectrum was collected with a
ment equipped with an electrospray ionization source. The Mixing time of 120 ms. In the NOESY and the TOCSY
calculated mass for the fully oxidized form of HBD-2 is SPectra, the data sets were 1024 complex poiritstip 512
4328.2 Da. The observed mass for the material used in thes€Omplex points irfy, and 16 transients were averaged faer
studies was 4328.2 0.4 Da. Compositional analysis and increment. The DQF-COSY spectrum had a resolution of
measurement of the mass per unit volume for purposes of2048 complex points ify and 512 complex points ifi with
determining an extinction coefficient were performed with 32 transients averaged perincrement. The spectra were
a Beckman 6300 amino acid analyzer. An extinction coef- referenced to the water signal at 4.757 ppm. Baseline
ficient of 0.43 mL mg! cm~! was calculated from the  Correction inf, was applied to NOESY spectra prior to peak
absorbance at 280 nm of HBD-2 solutions of known Volume measurement. Spectral processing and NOESY peak
concentrations. Western analysis was performed as previ-volume measurement were carried out using the VNMR 6.1B
ously described on ureacetic acid gels19) or by SDS s_oftware package. The peak v_olumes measured W|_th a mixing
gel electrophoresis in precast Novex 16% Tricine gels using ime of 150 ms were used in structure calculation. NOE
a previously described rabbit anti-human HBD-2 antiserum Puildup curves were found to be linear with a mixing time
(19). of 150 ms. Degenerate NOEs were excluded from structure
Light Scattering ExperimentBor light scattering studies, ~ calculation.
HBD-2 solutions of different concentrations were prepared ~ Sequential Resonance Assignmdifite procedure devel-
in 0.05 M NaHPO, buffer (pH 3.7) and 0.05 M N&PO, oped by Wthrich (23) was employed for sequential reso-
buffer (pH 6.4). Static and dynamic light scattering measure- Nance assignment of HBD-2. Proton spin systems of indi-
ments were conducted using an ALV/SP-125 compact Vidual amino acid residues were identified from the DQF-
goniometer and an ALV-5000/E digital correlator. A diode- COSY and TOCSY spectra. The residues were then linked
pumped, solid-state laser (COHERENT, DPSS532-400) to each other in a sequential manner through the NOE
operating at 532 nm was used as a light source. Molecularconnectivities shown in Figure 2. Additional NOEs used for
masses were determined using the Debye analg6js The complete sequential assignment of HBD-2 included Asp4
change in the refractive index of HBD-2 solutions was A—Pro5d, 6" and Lys40a—Pro419, ' NOEs.
studied as a function of concentration (increment of refractive ~ Coupling ConstantsThirteen coupling constants were
index, dvdc) using an ALV/DR-1 differential refractometer ~measured from the DQF-COSY spectrum and were corrected
and the laser mentioned above as the light source. Thefor line broadening. These included oflks and 1233y
measured W/dc value of 0.23+ 0.01 mL/g was used for ~ coupling constants. Th&n, coupling constants are shown
molecular mass analysis. In the dynamic light scattering in Figure 2.
experiments, the pseudo cross-correlation function of the Slowly Exchanging Amide ProtonSor identification of
scattered light intensity was measured in the self-beating slowly exchanging amide protons in HBD-2, the above NMR
mode @1). Time-correlation functions were analyzed using sample was lyophilized to dryness and dissolved in 400
the regularized Laplace inversion program CONTRR)( of H,O. It was lyophilized again and dissolved in 40D of
All light scattering studies were carried out at 25 and at 100%72H,0 just prior to data collection. Loss of amide proton
a 90 scattering angle. signals was observed through an array of one-dimensional
NMR Sample PreparatiotdBD-2 (1.5 mg) was dissolved  spectra and 50 ms TOCSY spectra at “®a The amide
in 400 uL of 0.045 M NaHPO, buffer prepared in a 90%  protons of those residues for which HiNeross-peaks were
H,0/10%2H,0 mixture (pH 3.7). This resulted in a peptide observed aftee7 h of exchange were identified as slowly
concentration of 0.9 mM. exchanging and are denoted in Figure 2.
NMR ExperimentsAll NMR spectra were recorded on a Conformational Restraints and Structure Calculatidhe
Varian Unity INOVA instrument operating at 500 MHz and program Dynamics Algorithm for NMR Applications (DY-
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T e A, A s A Table 1: Classification of NMR Distance and Torsion Angle
Constraints Used in HBD-2 Structure Calculation

HN * *e o *e 60 o XX X4
e - ——— - = oam constraint type no. of constraints
dp - - e - - — NOE distance constraints
dpn R N N . - - .tOtal . 177
intraresidue 75
how O n © oo on nooo o interresidue 102
1 residue away 69
1.0 - >2 and<5 residues away 15
| ”” ” ”” | ” >5 and<10 residues away 7
GTTIETT T 1 By St o
1.0 <250 A 50
. : : : . i >2.50 and<3.50 A 73
0 6 12 18 24 30 36 2 >3.50 A 54
Residue Number torsion angle constraints
Ficure 2: HBD-2 secondary structure elements with the cylinder ?1 1%

representing the-helix and the arrows representing fhetrands.
The sequential HNHN, Ho—HN, and H3—HN NOE connectivi-

ties in HBD-2 are depiCted as black bars. The black diamonds Conformat|0na| analys|s and averaglng us|ng the program

denote the slowly exchanging amide protons in HBD-2. The white . :
circles and the white squares indicat#3, > 8.0 Hz and 3y Molecule Analysis and Molecule Display (MOLMOLZ®).

< 6.0 Hz, respectively. The chemical shift indexafprotons of
HBD-2 is shown in the lower part. The chemical shift index RESULTS

classifiesa-protons based upon whether their chemical shift is . . . .
greater than (1), within (0), or less thanX) the random coil value To assess the physical state of HBD-2 in solution, static

+ 0.1 ppm. According to the rules of chemical shift index, a group light scattering analysis was performed on seven solutions
of three or more “1’s” not interrupted by a"1” indicates g3-strand (five at pH 3.7 and two at pH 6.4) of the peptide ranging in
and a group of four or more—*1's” not interrupted by a "1 concentration from 2.3 to 10.3 mg/mL. The molecular mass
indicates a helix. of HBD-2 was determined to be 458 300 Da with the
data sets at pH 3.7 and 6.4 fitting the same line in the Debye

ANA) (24) was used to generate the necessary distance andlot (Figure 1). Within the limits of experimental error
dihedral angle constraints based upon the NOE peak volumeg$stimated at 6.7%, the observed and calculated (4328.2 Da)
with a mixing time of 150 ms and the coupling constants molecular masses were the same. Furthermore, dynamic light
measured from the DQF-COSY spectrum. DYANA was also Scattering experiments performed in the same concentration
used to anneal and calculate the structures consistent witHange (data not shown) indicated that there was no depen-
these constraints. DYANA uses simulated annealing com- dence of the hydrodynamic size on HBD-2 concentration.
bined with molecular dynamics in torsion angle space The peak value of the hydrodynamic radius distribution was
(torsion angle dynamics). Thirteen dihedral angle constraints 1.2 nm for all the solutions that were studied. The size
and 177 distance constraints were used in the structuredistributions that were obtained were narrow and unimodal,
calculation. Constraints were also added for Gy6§s37,  indicating the absence of intermolecular aggregates. Thus,
Cys15-Cys30, and Cys26Cys38 disulfide bonds. In ad- ~ at concentrations between 0.5 and 2.4 mM, HBD-2 exists
dition, all the slowly exchanging amide protons were as & monomer in solution.

assigned hydrogen bond donors. Some of the hydrogen bond NMR data collection was carried out at pH 3.7 and 6.4 at
acceptors were obvious by the distinct NOE connections & peptide concentration of 0.9 mM. Qualitatively similar
between the involved residues. The others, including Valé Spectra were obtained at both pHs. Characteristic NOE
O—Leu9 HN and Cys8 ©Alal3 HN, were determined by  contacts between Thr7 and Lys10 were observed at both pHs,
carefully analyzing the interatomic distances between the indicating the presence of an N-termirehelical segment.
corresponding donors and potential acceptors in structuresThe structure described below is based on data collected at
calculated without those hydrogen bond constraints. For thePH 3.7, because of the better resolution of severptoton
slowly exchanging Leu9 HN and Ala13 HN, an alternative chemical shifts from that of water. Secondary structural
method for assigning hydrogen bond acceptors was also usedfeatures of HBD-2 that emerged from the studies at pH 3.7
In this second model, hydrogen bond constraints were addedare summarized in Figure 2 together with the sequential NOE
between the partners conventionally expected in a helical connectivities, slowly exchanging amide protons and an
configuration, i.e., Leu9 HNPro5 O and Alal3 HN-Leu9 a-proton chemical shift index26) that documents the

0. In DYANA, a total of 100 trial structures were generated Structural assignments.

for each N-terminal hydrogen bonding model with torsion  Table 1 shows the classification of the NOE distance
angles chosen at random. NOE constraints were added tcconstraints and the torsion angle restraints used in HBD-2
the standard force constant set using the DYANA target solution structure calculations. Violation statistics and the
function multiplier wo of 10 kJ mot! A2, Torsion angle mean global rmsd values for the 20 HBD-2 conformers of
constraints were added using the default target function each N-terminal hydrogen bonding model are given in Tables
multiplier. Each structure was then annealed in 4000 steps2 and 3, respectively.

from an initial temperature of 8000 K to 0 K, followed by According to the first N-terminal hydrogen bonding model
1000 further steps of conjugate gradient minimization. For (Leu9 HN-Val6 O and Alal3 HN-Cys8 O), HBD-2
each N-terminal hydrogen bonding model, 20 structures with contains amx-helical region from residues Thr7 to Lys10,
the lowest final target function value were subjected to while according to the second model (Leu9 HRro5 O and
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Table 2: Violation Statistics for the 20 HBD-2 Conformers of Each
N-Terminal Hydrogen Bonding Model

first N-terminal hydrogen bonding model
mean rms deviations from experimental restraints

NOE (A) 0.155+ 0.005
dihedrals (deg) 35304
mean rms deviations from idealized covalent geometry
bonds (A) 0.012
angles (deg) 1.7
second N-terminal hydrogen bonding model
mean rms deviations from experimental restraints
NOE (A) 0.161+ 0.005
dihedrals (deg) 3.50.9
mean rms deviations from idealized covalent geometry
bonds (A) 0.012
angles (deg) 1.7

Table 3: Mean Global rmsd Values for the 20 HBD-2 Conformers
of Each N-Terminal Hydrogen Bonding Model and for the 20
BNBD-12 Structures Available from the Protein Data Bank

backbone rmsd (A) heavy atom rmsd (A)
HBD-2, First N-Terminal Hydrogen Bonding Model

residues

1-41 1.62+ 0.41 2.294+0.40
1-13 1.61+ 0.53 1.95+ 0.57
13-41 0.91+ 0.22 1.94+ 0.36
HBD-2, Second N-Terminal Hydrogen Bonding Model
1-41 1.39+0.32 2.10+0.32
1-13 1.44+ 0.51 1.91+ 0.58
13-41 0.87+0.24 1.86+ 0.34
BNBD-12
1-38 2.81+0.90 3.28+0.74
1-10 2.76+ 0.82 3.78£ 0.76
10-38 0.93+ 0.39 1.73+0.49

Alal3 HN—Leu9 O), theo-helical region contains residues
Val6é—Leu9. The NMR evidence for the presence of this
N-terminal o-helix included the characteristicto i + 3
NOEs between Thré@-Lys10 HN and Thriw-Lys104. Also,

i toi + 1 HN—HN connectivities were observed from Val6
through Alal3, and a negative chemical shift index was
observed between residues 3 and 8 and for residue 10.

Biochemistry, Vol. 40, No. 13, 2003813

Ficure 3: Ribbon representation of the HBD-2 conformer of the
first N-terminal hydrogen bonding model with the lowest final target
function value [MOLMOL (A)] and superposition of the backbones
of all 20 HBD-2 conformers of the first N-terminal hydrogen

bonding model [MOLMOL (B)].

The global position of the first turn was mainly decided by
the NOE connection between Vall8 HN and Thi5The
sequential Arg23 HNTyr24 HN NOE represented the
second turn. The amide proton of Tyr24 was found to be
slowly exchanging and was constrained in a hydrogen bond
with Arg22 O. The side chain NOEs between Tyr24 and
llel4 and those between Tyr24 and Cys38 indicate that the
structure is highly ordered at this end of theegion.

The seconds-strand 32) of the triple-strandeg-sheet
contains residues Lys255ly28 with 1le27 and Gly28
participating in as-bulge. The NMR evidence was strong
for the presence of thig-bulge. An interstrand backbone
NOE was observed between Lys25 HN /A2 and Lys39
HN in 3. Both these amide protons were slowly exchanging
and were constrained in hydrogen bonds between the strands.
Anitoi + 1 NOE was observed between lle27 HN and
Gly28 HN. These two amide protons along with Cys37 HN
were found to be slowly exchanging. Both lle27 HN and
Gly28 HN were constrained in hydrogen bonds with Cys37
O, while Cys37 HN was constrained in a hydrogen bond

From Table 3, it can be seen that the rmsds are generaIIyWith Gly28 O to form a classi@-bulge.

lower for the structures of the second N-terminal hydrogen

bonding model than for the structures of the first model.

Residues Thr29Thr35 form the loop of thg3-hairpin
involving 52 and$3. The Thr356 proton exhibited distinct

Two nonsequential NOEs between Asp4 and Cys8 and NOEs with Cys303 protons. The sequential Cys30 HN
one between Pro5 and Cys8 also shaped the structure of thély31 HN, Gly31 HN-Leu32 HN, and Gly34 HN-Thr35

N-terminus of HBD-2. Asp4 was assumed to be in the

HN NOE connectivities were also observed in this region.

protonated state at pH 3.7, and no change was detected whe®lowly exchanging Cys30 HN was constrained in a hydrogen
the structures were calculated with Asp4 in the deprotonatedbond with the hydroxy oxygen of Thr35. Chemical shift

state. Although the amide proton of Thr7 was within
hydrogen bonding distance of the Asp4 hydroxy oxygen, it
was not found to be slowly exchanging. The Cy&8/s37
disulfide bond was confirmed by the NOE interactions
between thes-protons of the two cysteines.

The first strand 1) of the triple-stranded, antiparallel
pB-sheet extends from llel4 to His16, whereas the third
f-strand [3) extends from Lys36 to Lys39. The character-
istic interstrand backbone NOEs betwegh and 33 were
llel4 HN—Cys38 HN and His1l6 HNLys36 HN NOEs.

index analysisZ6) of thea protons is summarized in Figure
2 and supports the overall secondary structure assignments
for HBD-2.

HBD-2 solution structures depicted in Figures3are of
the first N-terminal hydrogen bonding model. The ribbon
form of the HBD-2 conformer with the lowest final target
function value and the superposition of the backbones of all
20 conformers are presented in Figure 3. According to the
solution structure of HBD-2, the positively charged side
chains of Lys10, His16, Arg22, Arg23, Lys25, Lys39, and

Moreover, these four amide protons exhibited slow exchange Lys40 are favorably oriented for solvent accessibility. The
in 2H,0O and were constrained in hydrogen bonds between hydrophobicity of HBD-2 has been mapped in Figure 4. The

the strands.

Two turns, one consisting of residues PreT?/s20 and
the other of residues Pro2Tyr24, follow 51 in the solution
structure of HBD-2. Both turns are classified as type IV.

figure displays the hydrophilic and hydrophobic faces of
HBD-2 distinctly. These observations illustrate the am-
phiphilic character of HBD-2 and the nonuniform distribution
of positive charge at its surface.
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of the relationships between structure and biological activity
of this effector molecule of innate and adaptive immunity.
The NMR structures and the primary sequences of two
p-defensins, HBD-2 (pH 3.7, 0.9 mM) and BNBD-12 (pH
4.0, 2.2 mM), are presented in Figure 5. The solution
structures are monomeric and similar except for a prominent
difference in secondary structure at their amino termini. In
the 38-residue BNBD-12 peptide, the N-terminus is reported
to consist of a disordered strand followed by an ideal type |
SB-turn formed by residues Gly6Gly9 (16), although Gly6
o—Gly9 HN and Gly6a—Gly10 HN NOE connectivities
consistent with a helix were observed. Td@roton chemical
shift index for residues-14, 6, 7, and 9 of BNBD-12 was
determined to be-1, 0, 1,—1, 0,—1, and 0, which indicates
a random coil structure. In the 41-residue HBD-2 peptide,
the corresponding N-terminal region is more ordered with
the presence of the-helical segment. It can be seen from
Table 3 that the rmsds in the N-terminal region are much
smaller in HBD-2 than in BNBD-12. Several minor structural
differences were also apparent on comparison of the bovine
and human peptides. Thesheet content in BNBD-12 is
higher than that in HBD-2. This is attributable to the longer
2 and /33 strands in the former structure of six and five
residues, respectively. The correspondiigtrand regions
of HBD-2 have four residues each. Thus, tji&8—33
interstrand loop region of BNBD-12 is significantly shorter
than that in HBD-2. In BNBD-12, the third turn consisting
of residues Prol8Met21 has been specified as a type VI
turn with acis-proline at positiori + 2 and with a hydrogen
bond between Met21 HN and Pro18 O. In HBD-2, however,
Arg22 O was consistently found to be closer to Tyr24 HN
for a hydrogen bond than Pro21 O, and this turn was
classified as a type IV turn. Another apparent difference in

Ficure 4: Hydrophobicity map of the HBD-2 conformer of the
first N-terminal hydrogen bonding model with the lowest final target
function value with the hydrophilic areas shown in blue and the
hydrophobic areas shown in reddish brown (SYBYL 6.5, Tripos,
Inc., St. Louis, MO).

N\ r~r

‘c ':'*-'1;-\\ J these structures was identified during the course of exchange
HBD-2 BNBD-12 studies. In HBD-2, Cys15 was found to be fast exchanging
in contrast to the corresponding residue in BNBD-12, Cys12.
HED-2  GIGDEVTCLKSGAICHEVECERRYKQIGTCGLPGTKCCKKP However, no apparent differences were noted ingmilge

region where formative residues lle27, Gly28, and Cys37 in
the HBD-2 solution structure corresponded to lle24, Gly25,

BNED-12 GPLSCGRNGGVCIPIRCPVPMRQIGTCFGRPVKCCRSW

Ficure 5: Ribbon representations of three-dimensional solution
structures (MOLMOL) and sequence alignment of HBD-2 and
BNBD-12. The HBD-2 structure shown is of the first N-terminal

hydrogen bonding model with the lowest final target function value.
The BNBD-12 structure shown is the first of 20 available from the

and Cys34 in the BNBD-12 structure.

The difference between the N-terminal structures of
HBD-2 and BNBD-12 is probably due to the shorter
N-terminal segment of BNBD-12 and the presence of a

Protein Data Bank. glycine residue at position 6 in the latter structure, for which
DISCUSSION the gorresponding resid_ue at posi_tion 9in I_-|BD-2 is a bulky
leucine. The observed differences in N-terminal structure may
Defensins, because of their cationic nature, are attractedbe a contributing factor to their differences in antimicrobial
by electrostatic forces to polyanionic structures present in specificity. For example, BNBD-12 displays greater activity
bacterial membranes. This is viewed as the initiating event towardStaphylococcus aure({&8) than HBD-2 §). Indeed,
on a pathway that ultimately leads to disruption of the barrier the recent observation by Ouellette et a&9)( that the
membrane Z7). The mechanism by which these bound N-termini of murine Paneth celit-defensins (cryptdins)
ampbhipathic peptides promote the loss of membrane integrity contribute importantly toward their bactericidal activities
and ultimately cell death remains an area of intense study.supports this notion. It is also possible that the more subtle
An equally intriguing subject is the basis for differences in structural variances noted above may be factors contributing
activity among the various defensins and other peptide to selectivity differences between these t@«lefensins.
antimicrobials toward Gram-negative and Gram-positive  Two X-ray structures of HBD-2 were recently reported
bacteria, fungi, yeast, and certain enveloped viruses. Minor by Hoover et al. 18). In both the monoclinic and ortho-
structural variation must influence activity in a profound way. rhombic crystalline forms, an octameric structure comprised
In addition to their antimicrobial effects, some defensins of four HBD-2 dimers is a conserved feature. Our solution
attract lymphocytes to sites of inflammation by virtue of a structure of HBD-2 is in agreement with the monomeric unit
chemokine-like activity. The solution studies of HBD-2 of the crystal structure, including the presence of the novel
reported here are an important step toward an understanding\-terminal a-helical segment. In our static light scattering
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studies conducted at pH 3.7 or 6.4 at concentrations between In summary, the solution structure of HBD-2 showed no
0.5 and 2.4 mM, neither HBD-2 dimers nor octamers evident evidence of multimer formation in the concentration range
in the crystalline forms of the peptide were observed. The of 0.5-2.4 mM and differed from all other known solution
absence of intermolecular NOEs in the NOESY spectra of defensin structures by the presence of an N-termirtalical
HBD-2 also indicated the monomeric behavior for HBD-2 segment. Future studies of the effects of substitutions in the
in solution at a concentration of 0.9 mM. In contrast, Hoover N-terminal region should clarify its potential contribution

et al. (L8) observed principally HBD-2 dimers by dynamic
light scattering studies conducted at a HBD-2 concentration
of 6.9 mM at pH 8.0. Thus, it is likely that dimerization of
HBD-2 in solution requires a threshold concentration of 3.5

to effector functions of HBD-2.
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proximately 6.5 times higher than the concentration of REFERENCES

HBD-2 in our solution structure studies. Thus, insights
provided from studies of HBD-2 in solution suggest that at
micromolar levels in skin and mucosal secretions, HBD-2
is likely to be present in monomeric form. Moreover, this
does not exclude the possibility that multimeric structures
of HBD-2 may form at a lipid-water interface at vastly
reduced protein concentrations.

In the crystal structure of HBD-2, the N-terminedhelical
region participates in the octameric assembly. The key
observation of this work is that the-helix is also well-
defined for the monomer in solution and may, therefore,
confer upon the peptide properties important to either its
microbicidal or chemokine-like activities or both. According
to the X-ray structure of HBD-2, interactions betwegts
of two monomers facilitate dimer formation. These inter-
actions include only two hydrogen bonds involving the
backbone atoms of Cys15. In our solution structure studies
of HBD-2, Cys15 was not observed to be slowly exchanging
and no intermolecular NOEs were seen that could implicate
the residues ofl in dimer formation. These findings offer
further evidence that HBD-2 is monomeric in solution at the
stated limits of concentration.

A -bulge involving a conserved glycine (Gly28 in HBD-
2) is evident in all defensin structures determined to date.
In fact, this glycine residue is an invariant feature of every

defensin sequence known at present. In the crystal structure 13.

of HNP-3, Tyrl7 and Gly18 are at the dimer interfad@)(
This suggested that thé-bulge region of other defensins
may be similarly involved in promoting dimerization.
However, this is conceptually difficult to reconcile with the
fact that residues lle27 and Gly28 that shape fHaulge
evident in the solution structure of HBD-2 have no obvious
intermolecular involvement in either the dimeric or octameric
crystalline forms of this peptide.

The hydrophobicity map of HBD-2 (Figure 4) suggests a
possible mode of action on membranes whereby the highly
hydrophobic end would embed itself in the bilayer, leaving
the charged and hydrophilic end of the molecule free to
interact with the aqueous environment. This would be
consistent with a surfactant-like mechanism of action. Future
biophysical studies of defensins in the context of model
membranes employing oriented CD analysis and solid-state
NMR spectroscopy are expected to provide considerable
insights into the mechanism by which defensins compromise
bacterial barrier membranes.
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