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ABSTRACT: The solution structure of two homologous naturally occurring antimicrobial peptides, rabbit
defensin NP-2 and human defensin HNP-1, have been determined by two-dimensional nuclear magnetic
resonance spectroscopy, distance geometry, and restrained molecular dynamics calculations. The structure
of these defensins consists of an antiparallel 8-sheet in a hairpin conformation, a short region of triple-
stranded B-sheet, several tight turns, and a loop region that has a well-defined local structure but with a
global orientation that is not well-defined with respect to the rest of the molecule. The solution structures
of these two peptides are compared with the solution and crystal structures of two other homologous defensins.
The structures for the defensins are also compared with known structures of other naturally occurring

antimicrobial peptides.

In recent years, a variety of naturally occurring antimi-
criobial peptides have been described. Theseinclude peptides
from insects and worms [e.g., cecropins; reviewed in Boman
(1991) and Bomanet al. (1991)], crustaceans [e.g., tachplesins
(Miyata et al., 1989)], lower vertebrates [e.g., magainins
(Bevins & Zasloff, 1990)], and mammals [e.g., defensins
(Lehreretal., 1991) and bactenecins (Gennarroetal., 1991)].
The anatomic distribution in the host organism varies among
species and includes the hemolymph of insects (Boman, 1991),
circulating and tissue leukocytes (Lehrer et al., 1991; Miyata
et al., 1989), epithelium including skin (Bevins & Zasloff,
1990; Mor et al., 1991), tracheal mucosa (Diamond et al.,
1991), and intestinal mucosa (Ouellette et al., 1992). Some
of these peptides possess potent, broad spectrum antimicrobial
activities against bacteria, fungi, and viruses in vitro and thus
have been considered as potential therapeutic antiinfectives.
Alternatively, from knowledge of the three-dimensional
structures of these peptides, it may be possible to design more
readily synthesized and easily administered nonpeptide phar-
maceuticals that possess similar antimicrobial activities.
Unfortunately, the three-dimensional structures for few
antimicrobial peptides have been determined, and there are
few data on structure—activity relationships available to assist
in determining the molecular requirements for their antimi-
crobial activities. Biophysical and physiological studies
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indicate that defensins, magainins, and cecropins can per-
meabilize biological membranes, suggesting that these peptides
inactivate the target organism by altering essential properties
at this site on the target envelope.

Knowledge of the three-dimensional structures of antimi-
crobial peptides would clearly aid in understanding their
molecular modes of action and their broad spectra of activities
and potencies. The three-dimensional structures for two
naturally occurring defensin peptides have been previously
reported: the solution structure of rabbit NP-5! (Bach et al.,
1987; Pardi et al., 1988; Levy et al., 1989) and the crystal
structure of human HNP-3 (Hilletal., 1991). Herewe present
the NMR solution structures of two additional defensin
peptides, rabbit NP-2 and human HNP-1. HNP-1and HNP-
3, which differ in sequence by only a single N-terminal amino
acid residue, possess distinctly different in vitro antimicrobial
activities (Ganz et al., 1985), indicating that the amino
terminus is a mechanistically important locus in these
defensins. The 16 defensins characterized to date possess a
broad spectrum of activities and a wide range of potencies
(Lehrer et al., 1985, 1991; Ganz et al., 1985; Lichtenstein et
al., 1986; Segalet al., 1985; Selsted & Harwig, 1987; Ouellette
et al.,, 1992). The four defensins for which there are now
three-dimensional structures span the full range of potencies
and activities of all the known defensin peptides; thus the
defensins provide an excellent model system for probing
structure—activity relationships on biologically active peptides.
The solution structures of the defensin peptides will also be
compared with structural information on other naturally
occurring antimicrobial peptides.

MATERIALS AND METHODS

The methods used for sample preparation and for acquisition
and processing of the NMR data are given in the preceding
paper (Zhang et al., 1992).

! Abbreviations: NP-5 rabbit neutrophil peptide 5; NP-2 rabbit
neutrophil peptide 2; HNP-1, human neutrophil peptide 1; HNP-3, human
neutrophil peptide 3; 2D, two dimensional; NOE, nuclear Overhauser
effect; d,n, distance from the C= proton on residue i to the NH of residue
i+1 in a polypeptide; MD, molecular dynamics; rms, root mean squared.
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Distance Geometry Calculations. The distance constraints
used in the structure calculations were derived from mea-
surement of cross peak volumes in the 100- and 150-ms 2D
NOE data sets for NP-2 and HNP-1, respectively. For the
2D NOE spectra in 2H,;O of both peptides, the cross peak
between the C= protons of Gly24 was used as a calibration for
calculating other proton—proton distances with these C=
protons assumed to be separated by 1.8 A. For the NP-2 2D
NOE data in H,O, the d,~ interaction (Wiithrich, 1986)
between residues 26 and 27 gives the largest resolved cross
peak in the spectrum and was used to calibrate the other
NOE-derived distances in the spectrum (a d,n distance of 2.2
A was assumed for this residue); however, in HNP-1 the don
cross peak between Ala'? and Gly!*> was used for this
calibration. The effects of spin diffusion or local motions
were ignored in calculating the distance constraints for these
peptides. Thus only qualitative interresidue distance con-
straints were included in the calculations, and the distances
were input with bounds of +0.5 A for sequential and 1.0 A
for nonsequential NOEs in the distance geometry algorithm.
No effort was made to define the stereochemistry of prochiral
protons. Instead, for the distance geometry calculations, the
chirality constraint was relaxed for prochiral protons that
had resolved chemical shifts (Pardi et al., 1988); however, for
prochiral protons with degenerate chemical shifts, correction
terms were added to the upper bound (Wiithrich et al., 1983).
Correction terms were also added to NOEs involving methyl
groups, as previously described (Pardi et al., 1988). A total
of 62 sequential and 42 nonsequential distance constraints
were included in the distance geometry calculations of NP-2,
In addition, three disulfide bonds (Cys’-Cys?9, Cys!%—Cys30,
Cys®*~Cys®!) and four hydrogen bonds (Cys?® NH«.QO=C
His?’, [le?2 NH--O=C Arg?, Arg?’ NH-.O=C He??, His?’
NH---O=C Cys?®) were included in the distance constraints
used to define the structure of the peptide. For HNP-1, a
total of 64 sequential and 65 nonsequential distance constraints
were used in the distance geometry calculations along with
the same disulfide and backbone hydrogen-bonding distance
constraints used in the NP-2 calculations [a complete list of
the NOEs for NP-2 and HNP-1 is given in Zhang (1989)].
As discussed in the preceding paper, for HNP-1, proline 8
was found to have a cis peptide bond, and so the covalent
constraints for this residue included a cis peptide bond. The
distance geometry calculations were carried out on a uVAX
I1 computer with the DSPACE program (Hare Research,
Inc.).

Molecular Dynamics Refinement. The starting structures
for the molecular dynamics calculations were the distance
geometry structures of NP-2 and HNP-1 generated as
described above and the previously reported distance geometry
structures for NP-5 (Pardi et al., 1988). All the distance
constraints used in the distance geometry calculations were
included as input for molecular dynamics calculations except
that the distance bounds were modified with the constraints
classified into three categories. For distances <2.8 A, the
bounds were £0.5 A; for distances between 2.8 and 3.7 A, the
bounds were —0.5 and +1.0 A; and for distances 23.7 A, the
bounds were £1.0 A. In addition, 29 and 25 ¢ torsion angle
constraints derived from the 3Jyn, coupling constraints were
included in the refinement of the NP-2 and NP-5 structures,
respectively. These ¢ torsion angles were calculated on the
basis of a Karplus equation using the empirical parameters
derived from model protein studies (Pardi et al., 1984).
Multiple well potentials were used when the J coupling constant
did not define a single range of torsion angles. The molecular
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dynamics refinements started from the distance geometry
structures and employed the program AMBER 4.0. The
dynamics simulations consisted of 2000 steps of conjugate
gradient energy minimization followed by 6 ps of restrained
molecular dynamics and finished with 2000 steps of restrained
energy minimization. The restrained molecular dynamics
procedure is similar to those previously reported (Gippert et
al., 1990; Briinger & Karplus, 1991) and consisted of heating
the system to 1000 K for 2 ps using a temperature relaxation
time of 0.2 ps. The NMR distance and angle restraint
weighting was gradually increased from 0.1 to 2.0 during this
time [1.0 is the standard weighting and corresponds to force
constants of 32 kcal/(mol-A2) for distance constraints and 32
kcal/(mol-rad?) for angle constraints (Moore et al., 1988)].
This was followed by gradual cooling for 4 ps toward 0 K with
a temperature relaxation time of 0.4 ps. During the cooling
step, the NMR constraint weighting was decreased from 2.0
to 1.0. The force constants for all nonbonded terms (van der
Waals, electrostatic, and hydrogen bonding) were the standard
AMBER default values, but the weighting for these terms
was set to 0.1 at the beginning of the refinement and was
increased to a final value of 1.0 after 3 ps. The molecular
dynamics and energy minimization calculations were carried
out on a Cray Y-MP or a Silicon Graphics 4D/35TG
computer.

RESULTS AND DISCUSSION

The strategy for determining the three-dimensional struc-
tures of the defensins was to use the distance geometry
algorithm to generate starting structures that were then refined
with molecular dynamics (MD) calculations and subsequently
used in the structural comparisons.

Distance Geometry and Molecular Dynamics Calculations.
The distance geometry algorithm is commonly used to generate
starting structures for NMR solution structure determinations
(Wiithrich, 1986); however, the algorithm has several potential
weaknesses with one being production of local or global mirror
image structures (Levy et al., 1989). Since chirality infor-
mation is not included in the embedding process, right- and
left-handed conformations of a structure can be obtained.
However, given a sufficient number of NOE distance con-
straints, this is normally a minor problem since only one class
of these structures can usually be refined to give low-energy
conformations consistent with the NMR distance data. In
this work, 10~20 independent runs of the distance geometry
algorithm were performed for each peptide, and <30% of the
structures were “mirror image” type structures where extensive
simulated annealing type refinement did not lead to structures
with small distance violations. Only those structures that
had no distance violations >0.5 A at the end of the distance
geometry refinement were used in the subsequent molecular
dynamics refinement, and all of these had the same global
chirality.

A second problem that has been observed in earlier
implementations of the metric-matrix distance geometry
algorithm is inadequate sampling of conformational space
(Havel & Wiithrich, 1985; Wagner et al., 1987; Metzler et
al., 1989). Thus we previously used a Monte Carlo algorithm
to generate three-dimensional structures of NP-§, in order to
search for all structures consistent with the NMR distance
information (Levy et al., 1989). These results showed that
the three-dimensional fold observed in the distance geometry
calculations was the only structure consistent with the NMR
data. Thus, it appears that the defensin peptides contain
enough long-range distance constraints, from the NOEs, J
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FIGURE 1: Stereopair of the superposition of (a, top) five NP-2 and (b, bottom) six HNP-1 structures derived from the restrained MD
calculations. Only the C2, C, and N atoms are shown, and the superpositions were best fits of these atoms for residues 15-30 in the 8-sheets.

Table I: Distance and Angle Violations and Pairwise rms Distance
Deviations for Select Backbone Regions of Defensins NP-2, HNP-1,
and NP-5

av. no. of torsion and

distance constraint violations NP-2 HNP-1 NP-§
per individual structure (n=5) (n=6) n=7
torsion angles >10° 1.6 -4 14
torsion angles >5° and <10° 1.6 - 33
torsion angles >1° and <5° 8.8 - 12.0
distances >0.2 A 3.2 0.0 2.0
distances >0.1 and <0.2 A 4.6 1.9 43
distances >0.05 and <0.1 A 6.0 5.9 6.1
av pairwise rms (A) for
select backbone regions
residues 2-31 30£1.0 23£05 24004
residues 3-7, 16-30 22%£07 15£03 1.9%09
residues 19-29 1.320.3 1.3+£0.3 13204
residues 6-14 1202 19£04 1.9 0.6

2 Not included in the calculations.

coupling constants and disuifide bonds, to determine the correct
folding of the defensins.

In order to more adequately sample local structural
variations consistent with the NMR data, the distance
geometry structures were refined with molecular dynamics
calculations as described under Materials and Methods.

Refined NP-2 Structures. Figure 1ashowsa superposition
of the peptide backbone for five NP-2 structures. Inan NMR
structure determination, different regions of structure may
be better defined than others, and this is clearly the case in
defensins. Thus we have chosen to superimpose the 8-sheet
region that has a low rms distance deviation in these structures.
Another important parameter in judging the quality of NMR

structures is the extent to which the final structures violate
the input distance and torsion angle constraints. Table I gives
the pairwise average rms distance deviations for various regions
of NP-2 as well as the average number of distance and torsion
angle violations in the final structures. These rms distance
deviations indicate that the local structure is reasonably well-
defined, but there is conformational variability for certain
regions of the global structure. For example, as seen in Table
I the average rms distance deviation of the peptide backbone
for regions 2-31, 3-7 and 16-30, and 19-29 is 3.0, 2.2, and
1.3 A, respectively. These data indicate that the 8-hairpin
region (residues 19-29) of NP-2 is better defined from the
NMR data than other regions. Figure 1a also shows that the
global geometry of residues 614 is not well-defined with
respect to the rest of the peptide. This is not surprising since
there are no nonsequential NOE connecting residues 6—14 to
other parts of the peptides (see Figure 4a in the preceding
paper in this issue). These results are similar to what was
previously observed for the NMR solution structures of NP-5
(Pardi et al., 1988).

As seen in Figure 2a, the 8-hairpin in NP-2 extends from
approximately residue 15 to 31 and possesses the distinctive
right-handed twist found in antiparallel 8-sheets. Asdiscussed
in the preceding paper (Zhang et al., 1992), this S-hairpin
also contains a 8-bulge at residues Gly!%. In addition to the
B-hairpin, there is a short piece of three-stranded S-sheet
consisting of one end of the S-hairpin and the N-terminal
residues in the peptide. The Cys*~Cys3! disulfide bond links
residues on two strands of this short triple-stranded region
and is probably instrumental in stabilizing its formation.

NP-2 also possesses two tight turns involving residues 22—
25 and 11-14. There are significant variations in the ¢,¥
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FIGURE 2: Stereopair of the lowest energy restrained MD structure of (a, top) NP-2 and (b, bottom) HNP-1. All heavy atoms are shown.

angles of these turns among the five NP-2 solution structures,
and therefore neither turn could be classified into a unique
turn type (Creighton, 1984).

Refined HNP-1 Structures. The number and location of
the cysteine residues is readily determined from the primary
structure of the peptide; however, the identification of disulfide
linkages is generally more difficult to determine. To try to
determine the disulfide linkages in HNP-1, twosets of distance
geometry calculations were performed with different disulfide
linkages. In both calculations, the Cys’-Cys2 disulfide was
included because this linkage was easily defined from qual-
itative analysis of the NOE data. These data also indicated
that the only possible pairings for the other disulfides were
(Cys*—Cys?!, Cys10-Cys¥ or Cys3—~Cys®, Cys!®~Cys?!). In-
dependent distance geometry structure calculations were
performed for these two pairings. The large residual distance
violations for the Cys>~Cys*®°, Cys!0—Cys3! structures (data
not shown) indicated that the only set of disulfide linkages
consistent with the NMR distance constraints is Cys*~Cys?,
Cys*~Cys?!, and Cys!%-Cys®, This set of disulfide linkages
was independently identified by biochemical analysis (Selsted
& Harwig, 1989). ,

Figure 1b shows a superposition of the peptide backbone
for six NMR structures of HNP-1. The NMR solution

structure for HNP-1 is quite similar to the NP-2 and NP-5
solution structures (Pardi et al., 1988). The average rms
distance deviations for the pairwise superposition of various
regions of HNP-1 are given in Table I and are again similar
to those for NP-2 and NP-5. As seen in Figure 2b, HNP-1
possesses a §-hairpin (residues 15-30), a short region of triple-
stranded gB-sheet, and a B-bulge (at Gly'®). In addition,
residues 22-25 and 11-14 form §-turns in HNP-1, but, as
observed for NP-2, these turns could not be uniquely classified
as to turn type due to variations in their ¢,J angles.
Intermolecular Aggregation of HNP-1. HNP-1 has sig-
nificantly more slowly exchanging amide protons than NP-2
or NP-5 [see Table III in the preceding paper (Zhang et al.,
1992) and Bach et al. (1987) and Pardi et al. (1988)]. Some
of these additional slowly exchanging amide protons in HNP-1
are on the surface of the molecule (see Figure 2b) and would
be predicted to have fast hydrogen exchange rates (Wagner
& Wiithrich, 1982; Wiithrich, 1986). The large number of
slowly exchanging amide protons indicates that HNP-1 is not
a monomer insolution and that the lifetime of the free monomer
is much less than the lifetime for hydrogen exchange of a
solvent-accessible amide proton [which is >100 s at pH 3.5
(Wiithrich, 1986)]. HNP-1 also shows larger proton reso-
nance line widths and larger NOEs as compared to NP-2 or
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FIGURE 3: Stereopair showing the comparison of the backbone conformations for three restrained MD structures for HNP-1 (shown with
bold solid lines), NP-2 (shown with thin solid lines), and NP-5 (shown with dashed lines). The superposition of the structures was performed

using the backbone atoms in residues 15-30 of the S-sheets.

FIGURE 4: Stereopair of the lowest energy restrained MD structure of HNP-1 where the polar side chains are shown in bold and the side chains
of the hydrophobic amino acids are shown with their van der Waals surfaces. The amino acid residues were classified according to the criteria
of Rose et al. (1985) except that the tyrosine residues were classified as hydrophobic in the figure.

NP-5 (Bach et al., 1987), indicating that HNP-1 does not
exist as a monomer under the NMR conditions used.

The stoichiometry of the HNP-1 complex could not be
determined from the NMR data. However, our results are
consistent with one or both of the following models: (i) HNP-1
forms a symmetrical complex in solution, or (ii) the rate of
exchange between monomer and aggregate is fast onthe NMR
chemical shift time scale (milliseconds). If HNP-1 exists as
a stable, slowly exchanging, asymmetric dimer in solution,
distinct NMR resonances would be observed for some or all
of the protons in each asymmetric unit. Since only a single
resonance is observed for all protons in HNP-1, any stable
slowly exchanging aggregate must have a center of symmetry
where all the individual monomers are equivalent. However,
this is not the only explanation for the data. The molecule
could also exist as an asymmetric aggregate where the
exchange between monomer and aggregate is fast on the NMR
chemical shift timescale. Under these conditions, only a single
resonance would be observed for each proton in the molecule.
The present NMR data cannot distinguish between these
possibilities.

Even though there is clear evidence of intermolecular
aggregation of HNP-1 in solution, no intermolecular NOEs
were observed in the molecule. Thus a dimer or higher order
aggregate could not be built from direct NOE data. The
location of slowly exchanging amide protons can help to define
solvent-inaccessible surfaces in a molecule (Wagner &
Wiithrich, 1982; Wiithrich, 1986), but we were unable to
generate a model of a symmetrical dimer that has the slowly
exchanging amide protons of both residues 21 and 26 solvent-

inaccessible. As will be discussed below, the X-ray structure
of HNP-3 is a symmetrical dimer where residue 21, but not
residue 26, is solvent-inaccessible.

Comparison of the Solution Structures of the Defensins.
Figure 3 shows the solution structures of the three defensins
NP-2, NP-5, and HNP-1 where the backbone atoms in the
B-hairpins of the three peptides have been superimposed. The
three defensins have similar backbone folds. In the previous
structure determination of NP-5 (Pardi et al., 1988), we did
not identify the short third strand of 8-sheet involving the
N-terminal residues because, as seen in Figure 7 in the
preceding paper (Zhang et al., 1992), NP-5 shows no cross-
strand backbone NOEs for this antiparallel §-sheet whereas
NP-2 and HNP-1 have two and three such NOEs, respectively.
Thus the third strand of 8-sheet is better formed for the latter
two peptides than for NP-5. However, even with no cross-
strand NOE:s in NP-5, the peptide backbone of the Nand C
termini are held together by the Cys3—Cys?! disulfide bond
and have an antiparallel orientation (Pardi et al., 1988) that
is qualitatively similar to the triple-stranded 8-sheet observed
in NP-2 and HNP-1.

The mechanism of action of the defensins is proposed to
involve membrane permeabilization, and since these peptides
contain a large number of hydrophobic and charged residues,
the amphiphilicity of the solution structures of the defensins
was analyzed. Figure 4 shows the structure of HNP-1 where
the charged side chains are highlighted in bold and the
hydrophobicside chains are highlighted by their van der Waals
surfaces. Although the conformations of many of the side
chains are not well determined from the present NMR data,
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Table II: Average Pairwise rms Distance Deviation (A) between the
HNP-3 Crystal Structure and the NMR Structures for Defensins
NP-2, HNP-1, and NP-5

selected HNP-3/ HNP-3/ HNP-3/
backbone regions NP-2 HNP-1 NP-5
residues 2-30 45£05 27+£04 3404
residues 3-7, 15-30 26%06 18£0.3 27%03
residues 15-30 1.7+£04 1.6+£03 1.8+04
residues 614 24£0.1 1.7£0.5 2.1+£03

the figure does show a distinctive hydrophobic surface for
HNP-1. The charged residues generally face away from this
surface, indicating that the peptide possesses an amphiphilic
character. A salt bridge between Arg® and Glu!4 is formed
in the HNP-1 structure shown in Figure 4, and this salt bridge
is on the hydrophobic surface of the molecule. However, it
may be misleading to analyze the amphiphilic character of
the defensin monomers since Hill et al. (1991) propose from
their crystal structure of HNP-3 that the active structure for
the peptide is a symmetrical dimer. Thereforethe amphiphilic
character of the dimer, and not the monomer, is likely the
relevant factor in the mechanism of action of the peptide.

As seen in Figure 3, the most striking difference in the
conformation of the three defensins is the relative orientation
of the §-hairpin and the loop involving residues 6-14, NP-2
is the peptide with the widest variation in its global confor-
mation and rms distance deviations (alsosee Table I). HNP-1
and NP-5 have similar, somewhat smaller, variations in their
global structures (and rms distance deviations). Unfortu-
nately, it is not possible to directly determine from our NMR
data if the observed variations are due to flexibility of the
peptides, and therefore could be related to their biological
activities, or whether the variations are a result of limited
NMR distance data for these regions of the peptides.

Comparison of the Solution and Crystal Structures of the
Defensins. Hilletal. (1991) have generated a high-resolution
crystal structure of HNP-3, and the overall folding is similar
to that observed for the solution structures of NP-2, NP-5,
and HNP-1. The solution structures of all three peptides
were generated totally independently and reported prior to
(Pardietal., 1988; Zhang, 1989) the X-ray structure of HNP-3
(Hilletal., 1991). Infact, Eisenberg and co-workers initially
attempted to solve the HNP-3 crystal structure by molecular
replacement starting from the NMR solution structures of
HNP-1, but this proved unsuccessful (Eisenberg and Hill,
personal communication) possibly because the global con-
formation of the loop from residues 6—14 is not well-defined
in the NMR structures. Thus the X-ray structure was
subsequently solved by standard multiple isomorphous re-
placement techniques (Hill et al., 1991). Theaverage pairwise
rms distance deviations for all backbone atoms of the HNP-3
crystal structure and the HNP-1 solution structures is 2.7 A
(see Table II). However, as discussed above, the relative
orientation of the S-hairpin and residues 6—14 is not well-
defined in the NMR solution structures of HNP-1. Therefore,
itis more appropriate to compare regions of the HNP-1 solution
structure and the HNP-3 crystal structure, as opposed to the
whole structure. Figure 5a shows a superposition of the
backbone atoms for residues 15-30 of the HNP-3 crystal
structure with the five HNP-1 solution structures. The X-ray
structure shows a good fit with the solution structures with
anaverage pairwise rms distance deviation of 1.8 A (see Table
IT).

Figure 5b shows that the local structure for residues 6—14
is quite well-defined in the HNP-1 solution structures and has
a backbone conformation similar to the HNP-3 crystal
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structure. The average rms distance deviation of the HNP-1
NMR structures from the HNP-3 crystal structure for this
region is 1.7 A (see Table IT). There are several possibilities
for why the global conformation of residues 6—14 is not weli-
defined relative to the rest of the peptide in the NMR solution
structures. One may be that this region is dynamic and does
not have a single rigid conformation in solution. A second is
that thereare nolong-range NOEs from residuesin this region
to other parts of the molecule. Analysis of the HNP-3 crystal
structure indicates that an important interaction that may
help to determine the global conformation of residues 6-14
is the salt bridge between Argé and Glu!4. No NOEs were
observed between these residues in the NMR studies of HNP-1
(or NP-2 or NP-5), and therefore there is no direct NOE
evidence to support formation of this salt bridge in solution.
However, this salt bridge still forms in two of the six HNP-1
NMR structures, and one of these is the lowest energy structure
shown in Figure 4. For these structures, it would appear to
be the combination of the general proximity of these two
residues and electrostatic attraction from the AMBER
potential that drives formation of the salt bridge.

HNP-3 forms a symmetrical dimer in the X-ray structure,
with the dimer being stabilized by an antiparallel 8-sheet
involving residues 17-22. As discussed above, the NMR
experiments show clear evidence of a dimer or a higher order
complex for HNP-1 in solution. However, no intermolecular
NOEs were observed for HNP-1 in solution. The amide
protons of residues 19 and 21 form cross-strand hydrogen
bonds on the dimer interface in the HNP-3 crystal structure
(Hillet al., 1991), and the amide proton of residue 21 is slowly
exchanging in the solution studies of HNP-1, which is
consistent with formation of the symmetrical dimer observed
in HNP-3. However, the amide proton of residue 26 is also
slowly exchanging in the NMR studies, and this result is not
consistent with the HNP-3 crystal structure. Theamide proton
of residue 26 is fully solvent-accessible and not within
hydrogen-bonding distance of any hydrogen-bond acceptors
in the HNP-3 crystal structure. This anomalously slowly
exchanging amide could result from the HNP-1 dimer forming
a higher order, possibly nonspecific aggregate, in solution.
Another possibility is that the molecule forms a number of
intermolecular complexes (dimers or higher order aggregates)
in solution that are all in fast exchange on the NMR time
scale. In this case, the slow exchange of the amide proton of
residue 26 would arise from formation of a complex where
this proton is, on the average, inaccessible to solvent.

Structural Comparison of the Defensins with Other
Naturally Occurring Antimicrobial Peptides. A widevariety
of naturally occurring antimicrobial peptides have recently
beenidentified with some of these functioning through oxygen-
independent mechanisms primarily by disruption of mem-
branes (Boman, 1991; Lehreretal., 1991). Three-dimensional
structures have been determined for only a few of these
peptides, and these data show that a variety of structural motifs
are employed in the mechanisms of action of antimicrobial
peptides. We will briefly discuss peptides for which direct
three-dimensional structural information is available, and their
structures will be compared with the structures of the defensins.

The magainins are a class of small (18 amino acids) non-
cysteine-containing cationic peptides that form amphiphilic
a-helices, and their mechanism of action is thought to involve
interaction with membranes (Zasloff, 1987; Bevins & Zasloff,
1990). Solution NMR studies on magainin 2 showed extensive
amphiphilic helical structure in aqueous solutions containing
8% trifluoroethanol (Marion et al., 1988). The magainins
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FIGURE 5: Stereopair of the NMR solution structures of HNP-1 and X-ray crystal of HNP-3 (a, top) where the backbone atoms for residues
16-30 were included in the superposition, and (b, bottom) where the backbone atoms for the loop involving residues 6-14 were included in
the superposition. The X-ray structure is shown in bold, and six restrained molecule dynamics structures derived from the NMR data are

shown with thin lines.

have been shown to lyse cells by formation of ion channels
(Bevins & Zasloff, 1990), which is similar to the proposed
mechanism of action of the defensins (Boman, 1991; Kagan
et al., 1990; Lehrer et al., 1991). Most ion channel forming
peptides are thought to form amphiphilic a-helical secondary
structures (Lear et al., 1988).

The tachyplesins and polyphemusins represent another
family of antimicrobial peptides (Miyata et al., 1989), and
the solution structure of one tachyplesin has been determined
(Kawanoetal., 1990). Thesesmall (17-18 aminoacid) highly
basic peptides have been isolated from the hemocytes of
horseshoe crabs. The peptides contain two disulfide linkages,
and proton NMR studies of tachyplesin I indicate that it exists
asanantiparallel 8-sheetin a hairpin conformation inaqueous
solution. Although a complete three-dimensional structure
has not been reported, molecular modeling of this 8-sheet
reveals an amphiphilic structure where all the hydrophobic
residues (including four aromatic residues, one valine, and
oneisoleucine) are on one face of the 8-sheet with the charged
residues generally clustered on the opposite face of the sheet
(A. Pardi, unpublished results). The 8-hairpin secondary
structure and amphiphilic character of this peptide are
structural features also found in the defensins. However,
HNP-3 exists as a symmetrical dimer in the crystal, and Hill
etal. (1991) propose that the active defensin species is a dimer
or complex of dimers. These data suggest that the active
species of tachyplesin I could be a higher order complex in
solution.

The sapecins, or insect defensins, represent another class
of antimicrobial peptides (Boman & Hultmark, 1987, Lee et

al., 1989). These are small (40 amino acids) cationic peptides
containing three disulfide linkages. The solution structure of
the sapecin peptide has been determined (Hanzawa et al.,
1990), and it has one loop region, a nine-residue a-helical
region, and the C-terminal 16 aminoacids form an antiparallel
B-sheet in a hairpin conformation. The N-terminal amino
acids are relatively well-defined in the solution structure and
areinan orientation consistent with formation of a short region
of triple-stranded S-sheet. The preliminary report of the
structure of this peptide did not identify the presence of the
short region of triple-stranded 8-sheet (Hanzawa et al., 1990);
however, Bontems et al. (1991) have determined the three-
dimensional structure of charybdotoxin and propose that it
has the same structural fold as sapecin. For charybdotoxin,
the N-terminal residues clearly form a short region of triple-
stranded antiparallel 8-sheet, suggesting that the N-terminal
residues in sapecin also form part of a triple-stranded §-sheet.
The §-hairpin secondary structure, the short region of triple-
stranded S-sheet, and the proposed amphiphilic nature of
sapecin are structural features also observed in the defensins.
However, it is not known if these two classes of peptides have
similar mechanisms for their antimicrobial activities.

CONCLUSIONS

Solution structures have been determined for several
homologous defensins that differ dramatically in their in vitro
potencies and spectrum of antimicrobial activities. The human
defensin HNP-1 and the rabbit defensin NP-2 show folding
of the polypeptide backbone similar to the previously deter-
mined solution structure of rabbit NP-5 (Pardi et al., 1988)
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and the crystal structure of human HNP-3 (Hill et al., 1991).
The predominate solution structural features for the defensins
arean antiparallel 3-sheet in a hairpin conformation (residues
~15-30), a short region of triple-stranded g-sheet (involving
this 8-hairpin, and the N-terminal residues 2-5), several tight
turns, and a loop region (residues 6~14) where the local
structure of the loop is well-defined but the relative orientation
of the loop with respect to the rest of the peptide is not well-
defined in solution.

HNP-3 exists as a symmetrical dimer in the crystal structure
whereas, although the solution NMR data on HNP-1 show
clear evidence of a dimer or higher order aggregate in solution,
it was not possible to define the structure of the dimer from
NMR. The X-ray structure of the dimer explains almost all
the hydrogen exchange data for the amide protons of HNP-1
with the only exception being the amide proton on residue 26.
This proton is fully solvent-accessible in the X-ray crystal
structure, and therefore would be predicted to have a fast
exchange rate, but is found to be slowly exchanging in solution.
We are presently unable to explain why this amide proton is
slowly exchanging in solution; however, this result is consistent
with HNP-1 forming a higher order complex than the dimer
observed in the X-ray structure of HNP-3 (Hill et al., 1991).

The main difference between the solution and crystal
structures is the variation for the peptide backbone of the loop
involving residues 6-14. This region is globally disordered in
the solution structure whereas it is well-ordered in the X-ray
structure. Fromthe present data, it is not possible to determine
definitively whether this region is dynamic in solution or
whether the disorder in the NMR structure is due to the
absence of NOEs for this region of the peptide. The
observation that the local structure of the loop is relatively
well-defined whereas the loop is globally disordered (with
respect tothe rest of the molecule) in all three peptides, suggests
that the loop region is dynamic in solution.

Insummary, the solution structures of the defensins indicate
a dynamic loop region that was not predicted from the X-ray
structure, and the X-ray data revealed dimer formation that
could not be identified from the NMR data. Thusthesolution
and crystal structure data on the defensins reveal structural
and dynamic features that were not available from either
technique alone and point out the usefulness of combining
both NMR and X-ray structural data on biomolecules.
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