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ABSTRACT: The structure of a novel plant defensin isolated from the floweRedfinia hybrideéhas been
determined byH NMR spectroscopyP. hybridadefensin 1 (PhD1) is a basic, cysteine-rich, antifungal
protein of 47 residues and is the first example of a new subclass of plant defensins with five disulfide
bonds whose structure has been determined. PhD1 has the fold of the cysteine-stabilrratid, consisting

of ana-helix and a triple-stranded antiparalf¢isheet, except that it contains a fifth disulfide bond from

the first loop to thex-helix. The additional disulfide bond is accommodated in PhD1 without any alteration

of its tertiary structure with respect to other plant defensins. Comparison of its structure with those of
classic, four-disulfide defensins has allowed us to identify a previously unrecognized hydrogen bond network
that is integral to structure stabilization in the family.

Antimicrobial proteins play an important role in the The three-dimensional structure is dominated by a triple-
defense mechanisms of eukaryotely. (In plants, they stranded, antiparallgd-sheet and a single-helix lying in
constitute a part of the molecular defense arsenal that includegarallel with theS-sheet 9). The a-helix is connected by
various other antimicrobial substances such as hydrogentwo disulfide bridges to the centrdi-strand (3) of the
peroxide and phytoalexing,(3). Antimicrobial proteins are  antiparallels-sheet; strangh2 is connected by a disulfide
widely distributed throughout the plant kingdom and can be bridge to the first loop, and the N- and C-termini are
grouped into several families based on their primary structure.connected by a disulfide bridge. The plant defensins are
They include thionins, lipid transfer proteins, heveins, structurally related to insect and mammalian defensins except
knottins, and plant defensing)( that insect defensins contain three disulfide bridges and lack

Plant defensins are a family of highly stable, basic proteins the region corresponding to the amino-termifisdtrand of
of 45—54 amino acids, containing eight cysteine residues plant defensins, while the mammalian defensins contain a
that form four disulfide bridges4j. Members of this family  triple-stranded antiparallgd-sheet stabilized by three di-
have been characterized in several plant species at both theulfide bonds but lack the @@ motif (4).

DNA and protein level from various plant tissues, including ~ PhD1 and PhD2 are two recently discovered defensins
leaves, pods, tubers, fruit, and flowegs§) (Figure 1). Much from the flowers ofPetunia hybrida(10). Their sequences

of the work, however, has been performed on seeds whereare shown in Figure 1. They are the first described plant
these proteins are prevale).( defensins containing five disulfide bonds. PhD1 inhibits the

It is not known whether plant defensins have a common growth of the fungiBotrytis cinereaand Fusarium oxy-
mode of action. However, Rs-AFP2, one of the best- sporum f. spdianthi and may thus be of interest for the
characterized antifungal plant defensins, has been suggestedevelopment of novel fungicide4@).
to interact with a membrane-bound receptor rather than by  Among the plant defensins with four disulfide bonds, the
permeabilizing the membrane by direct deferdipid protein with the sequence most identical to those of PhD1
interaction 7). and PhD2 is théNicotiana alataplant defensin NaD1, the

All plant defensins share a characteristic three-dimensional sequence of which is 51 and 72% identical, respectivsly (
folding pattern, stabilized by four disulfide bridgey,(that ~ Apart from the cysteines, key residues conserved in
incorporates the cysteine-stabilizegg (CSo3)* motif (8).
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PhD2 -GTCKAE-CPTWEGT] -KAQPEKFTDuHr‘ KIL--RRCLCTKEC (49)
NaD1 -RECKTE- SNTFPGT] c (47)
Rs-AFP1 ZKLC-ERPSGTWSG c (51)
Ah-AMP1 --LCNERPSQTWSG§ c (50)
Padl -KTC-EHLADTYRG c (46)
Y1-H -RICRRR- SAGFKGP c (48)
Ti-p -KICRRR- SAGFKGP c (48)
®-H -RICTGK- SQHHHFP c (49)
SIol -RVICMGK - SQHHSFP c (47)
Drosomycin --DC---LEGRYKGPH c (44)

Ficure 1: Sequence alignment of PhD1 and PhD2 with plant defensins NBDR$-AFP1 82), Ah-AMP1 (35), Psd1 86), y1-H and

y1-P @), w-H (40), and Skl (41), and with the antifungal drosomycin froBrosophila melangogastgB7). Gaps have been introduced

to maximize sequence similarity. Amino acid residues are numbered above the sequences, according to the PhD1 sequence. The length of
each protein is indicated in parentheses next to the sequence. Z is the one-letter code for pyroglutamitlelaids ands-strands are

indicated above the sequences and by red and blue shading, respectively, within the sequences. The cysteine residues are highlighted by
yellow rectangles, and the disulfide bonds are depicted by connecting lines. The fifth disulfide bond of PhD1 is indicated by a red line.
Conserved residues are highlighted in orange.

almost all plant defensins are a serine at position 7, anindirect dimensions was achieved using the TPPI method
aromatic residue at position 10, two glycines at positions 12 (11). The spectral width was 10 ppm f&ét, and the carrier
and 32, and a glutamic acid at position 27 (numbering relative frequency was positioned on the water resonance. Water
to NaD1) @, 5). In PhD1, however, Ser7 is replaced with a suppression in the DQF-COSY experiments was achieved
cysteine, Gly12 is replaced with a serine residue, and Glu27 using selective low-power irradiation of the water resonance
is replaced with an alanine (Figure 1). during a relaxation delay of 1.3 s. For NOESY and TOCSY

Here we describe the solution structure of PhD1, as experiments, a 3-9-19 WATERGATE scheni@)(was used,
determined by*H NMR spectroscopy. This represents the employing gradient pulses of 6 G/cm on either side of a 10
first reported structure of a plant defensin containing five kHz 3-9-19 binomial pulse. TOCSY experiments used the
disulfide bridges. PhD1 has a compact three-dimensional MLEV17 sequencel(d) for isotropic mixing. The same pulse
structure and possesses all the characteristics of thggCS sequences were used for measurements,®, Bxcept that
motif. We compare the region of the additional disulfide bond no water suppression was necessary.

in PhD1 with other plant defensins to gain insight into the a5 AcquisitionThe following spectra were recorded for

functional significance of this new structural feature. This PhD1 in a 90% HO/10% DO mixture: DQF-COSY 14)

analysis reveals a previously undescribed network of hy- yith 4096 x 512 data points, two-dimensional (2D) TOCSY
drogen bonds, which is likely to be conserved in most plant (15) with a spin-lock time of 80 ms and 4096 512 data

defensins and is important in the stabilization of the plant points, and 2D NOESY16) with mixing times of 150, 250,

defensins. and 400 ms and 4098 512 data points. No signs for spin

MATERIALS AND METHODS diffusion were found in the spectra at 150 and 250 ms.
Slowly exchanging amide protons were identified by record-

Purification of PhD1 ing a series of TOCSY and one-dimensional (1D) spectra at

PhD1 was isolated and purified as described by Lay et al. 310 K on a fully protonated sample of PhD1 immediately
(10). Mass spectrometry confirmed that all 10 cysteines in after dissolution in BO. The following spectra were recorded
PhD1 were in the oxidized form. RP-HPLC and NMR studies ©n PhD1 in 99.9% BO: TOCSY with a mixing time of 80

confirmed that the protein is95% pure. ms and 4096« 512 data points, 2D E.COSY.T) with 4096
x 512 data points, and 2D NOESY®) with mixing times
NMR Spectroscopy of 150 and 250 ms and 4096512 data points. A°C HSQC

General Conditions.Samples for NMR spectroscopy ~SPectrum 18) with 4096 x 280 data points was recorded at
contained 0.94 mM PhD1 in either a 90%®10% DO ngtural abundance on PhD1. The spectrall width in the carbon
mixture or 99% DO at pH 3.1. The protein is monomeric dimension was 80 ppm, and the carrier frequency was
under these conditions, as judged by the line width of the Positioned at 35 ppm.

NMR signals. Spectra were recorded at 280 and 310 Kona Data Processing.Spectra were processed on an SGI
Bruker DMX750 spectrometer wita 5 mmtriple-resonance  Octane R12000 workstation using XWINNMR (Bruker).
self-shielded z-gradient probe. Quadrature detection in theData were analyzed using the program GLXCIO)(
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Resonance Assignments Coordinates

The NMR spectra of PhD1 exhibited good chemical shift ~ The 20 final structures of PhD1 and the restraints used to
dispersion in the amide region, indicating a well-defined generate them have been deposited in the Protein Data Bank
structure under the conditions of the NMR experiments. The as entry 1n4n (RCSB entry 017513).
resonances of PhD1 were assigned using homonuclear two-
dimensional NMR method£0). In the initial 2D spectra, it ~RESULTS

was not possible to determine whether both prolines were Secondary Structure of PhDBequential and medium-

in thecis or transconformation due to the overlap of several range NOES observed in the NOESY spectra of PhD1 were

crucial resonances in the homonuclear NOESY spectrum. e s for the determination of the secondary structure of
For the connection between Cys7 and Pro8, one of the Pro8py 9 (Figure 2). The dominant structural features of PhD1

H® resonances has the same chemical shift as the Cys7 H ;e 3 triple-stranded antiparalféisheet and an-helix. The
signal. For the Lys18Pro19 connection, the resonance of pimary evidence for the antiparallgisheet structure is the
Pr019_ H |s_close to the water signal and _has the_ Same presence of several intrastrancf(B—H%(i — 1) NOEs as
chemical shift as the Ser35*Hesonance, while the signal o) a5 several characteristic interstrandi(i—HN(),
of Lys18 H* overlaps with both Eisignals of Ser35. Analysis HNG)—He(j), and H(i)—H¢(j) NOEs @0) (Figure 2). This

of a ¥C HSQC spectrum, recorded at natural abundance,; ; ;
showed that?he d[i)fference in th¥C chemical shift between ENSL;)F;S?J;? ;thf}grzzs;évatégg ifNievféilpﬂgév Izs:;[g?:gg "o
the @ and C resonances of the prolines is 5 ppm for Pro8 \yishin the g-sheet (Figure 2). Residues Cys4&Iu46 form

and 2.5 ppm for Pro19. Previous studies have shown thatine central strands@) of theS-sheet, while residues The2

the &'—C” separation is ger)eraIPyS ppm fortrans Xaa-— Glu6 (f1) and residues Asp3iCys34 (32) form the two
Pro bonds and-10 ppm forcis Xaa—Pro bondsZ1). Thus,  qinheral strands. In addition to tfesheet, anx-helix was

bOFh proline re;idues of PhD1 are in ﬂnangconformation. identified from residue Lys17 to Lys26 by the presence of
This was confirmed by a second analysis of homonuclear HNG)—HNG + 1), HV@)—HNG + 2), HY()—HNG + 3), and

NOESY spectra recorded at different temperatures. He(i)—HN(i + 4) NOEs Q0). This was supported by the
observation of slowly exchanging™protons for residues
within the a-helix (Figure 2).

Four hundred seven distance constraints were derived from Tertiary Structure.The three-dimensional structure of
250 and 150 ms mixing time NOESY spectra recorded in a PhD1 was calculated from a total of 407 interresidual
90% H0/10% DO mixture or in 99.9% BO as described  distance constraints derived from 165 sequential, 82 medium-
previously @2). Upper limits of 1.0, 1.5, and 2.0 A were range, and 160 long-range NOEs together withp2d 28
added for non-stereospecifically assigned methylene, methyl,y; dihedral constraints. No intraresidual distance constraints
and phenyl ring protons, respectiveB0. 2Junne coupling were used. At a later stage of the structure calculations, 30

Distance Constraints and Structure Calculations

constants and a comparison of intraresidudl(iH-H*(i) hydrogen bonds constraints (defining 15 hydrogen bonds)
NOEs with sequential ¥i + 1)—H%(i) NOEs were used to  were added for slowly exchanging amide protons where the
determine a total of 26 angle constraints2@). 2Juans acceptor carbonyl groups could be determined from previous

coupling constants in conjunction with relevant NOE intensi- calculations without these constraints.
ties, from the NOESY spectra with a mixing time of 150 or A total of 50 structures was generated using a simulated
250 ms, were used to determine;28ngle constraint24). annealing method within the program CN36). The 20
Initial structures were calculated using XPLOR version 3.851 structures with the lowest energies that had no violations of
(25). Several rounds of structure calculations were performed distance restraints greater than 0.25 A and no violations of
to resolve ambiguities in the assignment of NOE cross- dihedral angles greater than 3@ere chosen to represent
signals. Hydrogen bond constraints of +22 A between the solution structure of PhD1. Figure 3A shows the
donor H' and acceptor Catoms, and of 2.73.0 A between  ensemble of structures superimposed over the backbone
donor N and acceptor '‘Catoms, were added, where the heavy atoms of residues involved in secondary structure
correct hydrogen bonding geometry could be determined elements (26, 17-26, 31—34, and 4146). All structures
from structure calculations without hydrogen bond constraints satisfy the experimental constraints with only minor devia-
and where the M proton had been identified as a slowly tions from idealized covalent geometry (Table 1). The
exchanging proton in the #—D,0 exchange experiments backbone rmsd of the 20 refined PhD1 structures is 0.32 A
(20). A total of 30 constraints, representing 15 hydrogen for residues involved in secondary structure elements and
bonds, was added in this way. 0.57 A for all residues. The rmsd value over the entire
A final set of 50 structures was calculated using the molecule is 1.22 A for heavy atoms and 1.64 A for all atoms.
standard torsion angle simulated annealing protocol incor- PhD1 adopts a very compact globular fold (Figure 3B).
porated within the program CN26) and afterward refined  The -sheet is regular, with strangll at an angle of 31
in a box with explicit water molecules using the method of relative to strang83, and the angle between stragf@ and
Linge and Nilges 27). strandf2 is 29. The a-helix extends 15 A and spans 10
A total of 20 structures with the lowest overall energy residues from Lys17 to Lys26 (three helical turns), which is
that had no violations of distance restraints greater than 0.25evidenced by an abrupt changegrandy dihedral angles
A and no violations of dihedral angles greater thar? Svas at the residues preceding Lys17 and following Lys26. The
chosen to represent the structure of PhD1. Structures werevalues of the dihedral angles for the Lysilys26 fragment
visualized using the program MOLMOI28) and analyzed  are within 20 of the values of the regulax-helix (—=57°
with PROMOTIF @9) and PROCHECK-NMR 30). and —48° for ¢ and 1y, respectively). Only the backbone
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Ficure 2: Identification of the secondary structure elements of PhD1. (A) Amino acid sequence of PhD1 and survey of NMR data used
to identify regular secondary structure. The sequential and medium-range NOEF (< 5) are represented by lines connecting the two
residues related by the NOE. NOE intensities, grouped into five classes, are represented by the heights of basN)he-Ho(i + 1)

NOEs of proline residues are shown along the same line as %ttéN}{i)—HN(i + 1) connectivities. Filled circles below the amino acid
sequence indicate the positions of amide protons that exchange sufficiently slowly to be observed in TOCSY spectra 12 h after dissolving
a lyophilized protein sample in D at 298 K. Amide protons fully exchanged affieh are indicated by empty circles, while amide protons

with intermediate exchange behavior are indicated by gray circles. The values3dfithe coupling constants (in Hertz) are indicated by

gray J < 7 Hz) and emptyJ > 7 Hz) squares. The chemical shift index (CS1p)is also indicated below the sequence with filled and
empty squares designatinghelices ands-sheets, respectively. The arrows and helices at the top of the figure indicate the position of
regular secondary structure elements in PhD1 as identified from the calculated structures. (B) Triple-stranded aptiplaealiebgion in

PhD1 showing the interstrand NOEs (arrows), hydrogen bonds (dashed lines), and slowly exchahgiotphk (asterisks). Interstrand
NOEs, which could not be observed due to overlap, are represented by dashed arrows.

dihedral angles of Ala27 have values more characteristic of (CSH) motif 33). The CSH motif consists of a pair of
a 3irhelix (¢ = —86°, y = 4°). The H' atoms of Lys28 cysteines, located on arhelix and separated by three amino
and Phe29 have hydrogen bonds to the carbonyl oxygenacids (CXXXC). This pair of cysteines is connected via two
atoms of Lys25 and Cys24, respectively, forming a classical disulfide bridges to a second pair of cysteines which is
non-glycine Schellmann motif for C-capping. The backbone located on the middle strand of an antiparafietheet and
of Asn16 has #-conformation, which is regularly observed separated by one amino acid (CXC). This consensus se-
for an N-capping asparagin8l). The side chain carbonyl quence is expanded in the @% motif to include a third
atom of Asn16 acts as a hydrogen bond acceptor for the H disulfide bond, which connects the loop between strgitis
of Lys18, while the Oof Cys20 maintains a hydrogen bond and 3 with an extended loop between strghtl and the
with the main chain M of Asn16 in a modified N-capping  a-helix. The consensus sequence of thex@&otif can be
box. A similar arrangement has also been observed in therepresented as@X);-C2XXXC 3-(X);-C*-(X),-C?XC?, and
radish plant defensin Rs-AFP32). the CS5 motif is incorporated in PhD1 in the following
The tertiary structure of PhD1 has the general fold of the form: Cys14 for G, Cys20 for C, Cys24 for G, Cys34 for
cysteine-stabilizeds (CSa3) motif (8), which elaborates  CY, Cys41 for C, and Cys43 for €. In addition to the
on a smaller motif known as the cysteine-stabilizetelix CSus motif, a fourth pair of cysteine residues (Cys3ys47
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c A

Ficure 3: (A) Stereoview of the backbone atoms of all residues for the family of the 20 structures of PhD1 best fitted*tcahid C

atoms of residues in secondary structure elements (residu@s1Z—26, 31-34, and 41+46). The four disulfide bonds, common to all

plant defensins, are colored yellow; the fifth disulfide bond, which is unique to PhD1, is colored red. (B) Ribbon representation of the
model with the lowest energy of the solution structure of PhD1, showing the regular secondary structure and global fold of the protein. The
N- and C-termini as well as all secondary structure elements are indicated. The side chains of the five disulfide bonds are shown explicitly
and are colored yellow; the fifth disulfide bond, which is unique to PhD1, is colored red. The orientation of PhD1 as shown in the figure

is a standard orientation that is maintained in most of the figures in this paper. This figure was produced with MO28IOL (

Table 1: Parameters Characterizing the Structure Determination of
PhD1

parameter PhD13

energy (kcal/mol)

total —1793.52+ 58.41
bond lengths 9.84 1.34
bond angles 52.5% 7.39
impropers 9.84£1.91
van der Waals —121.53+ 13.55
restraint violations 11.05 2.70
dihedral angles 0.7 0.43

electrostatic —1957.32+ 73.79
no. of residual constraint violations
for all distance constraints
0.2A <rmmsd<0.25 A 0.30+ 0.47
>0.25 A 0

deviation from idealized geometry

bond lengths (A) 0.004- 0.000

bond angles (deg) 0.5@8 0.034

improper angles (deg) 0.4240.039
rmsd from experimental distance constraints

NOEs (&) 0.023+ 0.029

dihedral angle restraints (deg) 0.4690.133
Ramachandran statistics (%)

residues in most favored regions 815

residues in additional allowed regions 18.2

residues in generously allowed regions 0.2

residues in disallowed regions 0.0

a[PhD10represents the ensemble of the 20 final structures. The

The loop between straritll and thex-helix (Ser7-Asn16)
is stabilized by the aromatic side chain of Trp10, in addition
to the two disulfide bridges (Cys3ys23 and Cysl4
Cys34). The loop wraps around the side chain of Trp10 and
is stabilized by hydrophobic interactions between the indole
ring of Trpl0 and the backbone atoms of the loop, as
evidenced by a number of NOEs between the Trp10 side
chain and the loop. Further evidence for the interaction
between the side chain of Trp10 and the loop comes from
the profound effect that the aromatic indole ring of Trp10
has on the chemical shifts of nuclei in its vicinity. For
example, the Firesonances of Cys41 and th& ksonance
of Ser12 experience marked upfield chemical shifts because
of the ring current of the indole ring of Trp10.

Electrostatic Surface Properties of PhDRhD1 has two
sides with different electrostatic surface characteristics
(Figure 4). The side of PhD1 that incorporates thaelix
is predominantly positively charged along ttéelix. Only
the C-terminus contains a small negatively charged region
formed by Glu46. The other side of PhD1, bearing the
p-sheet, is predominantly hydrophobic with only small
positively (e.g., Lys4) and negatively charged areas (e.g.,
Glu6) distributed across the surface.

DISCUSSION

structures were calculated using a torsion angle simulated annealing PhD1 is the first defensin frofA. hybridato be structurally

and energy minimization protocol in CN286). The resulting structures

were refined in a box of explicit water molecules using the method of

Linge and Nilges 27).

characterized and the first member of a new subclass of plant
defensins that contain five disulfide bonds. The three-
dimensional structure of PhD1 features all the characteristics

in PhD1) is highly conserved among plant defensins and of the CSx3 motif (8) and is dominated by a triple-stranded,

forms a disulfide bond between the N- and C-termini [cf.

the PROSITE 34) signature (PS00940) for-thionins]. PhD1
is the first defensin with an extra cysteine pair (Cy§#/s23)
that forms a fifth disulfide bond from the-helix to the loop
between stran@1 and thex-helix. Because of the presence

antiparallelg-sheet (stran@1 from Thr2 to Glu6, stran@2
from Asp31 to Cys34, and strarftd from Cys41 to Glu46)
and a singlex-helix (from Lys17 to Lys26) lying in parallel
with the 5-sheet. Thex-helix is connected by two disulfide
bridges to the central strand3) of the antiparalleB-sheet;

of these five disulfide bridges, the structure of PhD1 is very the N- and C-termini are connected by a disulfide bridge,

compact.

and strand32 is connected with a disulfide bridge to the
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Ficure 4: Electrostatic surfaces of a representative structure of PhD1. Surfaces are colored by charge (red is negative, blue positive, and
white uncharged or hydrophobic). Two surface patches that are potentially involved in the antifungal activity of the protein are indicated
by yellow outlines. The molecule is shown in two orientations. (A) PhD1 is oriented witlthelix in front of the molecule. (B) The

molecule is rotated 180about a vertical axis with thg-sheet in front. This figure was produced with GRASB)(

first loop. In PhD1, the first loop is further connected to the only four disulfide bridges. It is obvious from this comparison

o-helix by a fifth disulfide bond. that the additional disulfide bond in PhD1 is incorporated
The electrostatic surface of PhD1 (Figure 4) provides some within the structure of PhD1 without a disturbance of the

insight into the function of the protein. Residues essential fold of the protein or the orientation of its secondary structure

for antifungal activity have previously been identified in the elements.

plant defensin Rs-AFP230). They are located in the loop Another hypothesis is that the extra disulfide bond

connecting strands2 andf3, in the loop connecting strand  enhances the stability of the loop between str@hénd the

A1 and thea-helix, and on thex-helix and strangs3 itself. o-helix. In all known structures of plant defensins, this loop
Structurally, they form two adjacent patches on the surface is stabilized by a conserved aromatic residue (Trp10 in PhD1)
of Rs-AFP2 that are essential for its antifungal activE9)( whose side chain is involved in hydrophobic interactions with

The equivalent residues in the structure of PhD1 also form the backbone of the loop. The extra disulfide bond in PhD1
two patches on the surface of the protein (Figure 4), but their does indeed seem to add further to the stability of the loop.
electrostatic character is slightly different from that of The local backbone rmsd values (normalized to the rmsd
Rs-AFP2. In Rs-AFP2, both patches are predominantly values within regular secondary structure elements) of the
uncharged with the exception of Lys44. While the predomi- Cys7-Trp10 segment are lower in PhD1 than in most other
nant nature of both patches in PhD1 is still uncharged, the plant defensins, even in structures where the local backbone
contributions of charged residues to these areas are notablymsd in regions of regular secondary structure is similar to
larger in PhD1 than in Rs-AFP2, especially toward the “top” that of PhD1. Apparently, the additional disulfide bond
of the molecule f1—ol and2—33 loops) (Figure 4). If restricts the variability of this part of the loop in PhD1, thus
plant defensins act by binding to a receptor as has beenfurther enhancing its stability.
previously suggested), then it is tempting to speculate that To assess further contributions of the fifth disulfide bond
the receptor for PhD1 may be different from the receptor to the overall stability of the molecule, we compared the
for Rs-AFP2. region around the disulfide bond in PhD1 with the corre-
To gain an insight into how the extra disulfide bond is sponding regions of other plant defensins, and identified
accommodated within the structure of PhD1 and what common structural features that are present in these proteins.
influence it has on the structure of PhD1 relative to other This structural comparison revealed a previously undescribed
plant defensins with four disulfide bonds, the structure of hydrogen bond between two semiconserved amino acids that
PhD1 was compared with the structures of NalB), (  is present in all plant defensins (Figure 5). The hydrogen
Rs-AFP1 82), Ah-AMP1 (35), y1-H (9), Psdl 86), and bond connects the side chain of a charged residue (usually
drosomycin 87). a glutamic acid) at position 27 (“residue A”) at the end of
One possibility is that the extra disulfide bond in PhD1 thea-helix with the side chain of a semiconserved threonine
changes the orientation of the-helix with respect to the  residue at position 9 (“residue B”) on strafid (numbers
[-sheet. However, a comparison of the angles between therelative to NaD1) (Figure 5, top left and center). The charged
strands of thgg-sheet and the-helix in PhD1 with those of  residue A is usually located four residues after the second
other plant defensins shows that these angles are well withindisulfide bond that anchors the-helix to strand33 of the
the variation that is already encountered in the different plant 3-sheet, while residue B is located directly before the
defensins that have four disulfide bridges. The distance aromatic side chain that stabilizes tfg—al loop.
between the € atoms of Cys7 and Cys23, i.e., the two It has previously been observed that in most defensins
residues connected via the additional disulfide bond, is alsothere is at least one glutamate residue (Glu27 in NaD1)
about the same size in PhD1 as in the plant defensins withpresent at the end of the-helix that may be involved in
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drosomycin

Psd1 " Rs-AFP1

Ficure 5: Conserved hydrogen bond betweendhbelix and strangdl of plant defensins. Shown are the structural families for Ne&)1 (

(top left), drosomycin 7) (top right), Ah-AMP1 85) (middle right), Rs-AFP132) (bottom right), Psd136) (bottom left), and PhD1

(blue, middle left). For each protein, the backbone fragment encompassing giraamdi thec-helix is shown as are the side chains that
participate in hydrogen bonds between strAhdnd thex-helix. Conserved side chains A/and B, participating in the conserved hydrogen

bond, are colored orange; side chains C ahe&quivalent to the fifth disulfide bond in PhD1, are colored red, and other residues participating

in an extended hydrogen bonding network are colored yellow. Hydrogen bonds are represented by green lines. In the center is a schematic
drawing of the conserved hydrogen bond. The color coding is similar to that of the individual structure families. The conserved hydrogen
bond between A and B or'Aand B is indicated by a solid or dashed green line, respectively, and the location of the fifth disulfide bond

is indicated by a dashed red line. This figure was produced with MOLMEZH). (

protein stabilization by forming salt bridges or hydrogen seems to be able to maintain hydrogen bonds with the
bonds 88). However, the semiconserved threonine residue semiconserved residue Ser4. The substitution of the otherwise
as a partner for the glutamate has not been described so farprevalent threonine for arginine in drosomycin might explain
In several plant defensins, other residues participate in why the contribution of this residue has not been described
stabilizing interactions between thehelix and strangfl so far.
and the conserved hydrogen bond forms the core of a more A second example is Ah-AMPL1 (Figure 5, middle right)
extended network of hydrogen bonds and/or salt bridges (35), where apart from Glu28 (residue A) and Thr9 (residue
between residues on thehelix and strangsl. Although B), residues GIn8 and Arg5 on strafid as well as GIn23
not a plant defensin, the prototype for such a network is on the a-helix participate in what is the most extensive
drosomycin (Figure 5, top right8¢, 38). Here the role of hydrogen bond network of all plant defensins between the
the threonine is played by Arg6 (residue B) which forms a-helix and strang3l.
salt bridges or hydrogen bonds with both Glu26 (residue A)  An additional semiconserved residue deemed to be in-
and Glu25 (residue ‘A (Figure 5, top right). Glu26 in turn  volved in protein stabilization is a serine at position 7



Structure of a Five-Disulfide Plant Defensin Biochemistry, Vol. 42, No. 27, 20038221

(numbering relative to NaD1)4( 5, 9). In some plant  AMP1) that contributes to the hydrogen bond network
defensins (e.g., NaD1;1-H, y1-P, and drosomycin), the between the-helix and stranggl. In both cases, the original
serine seems to participate in the network of hydrogen bondsresidues have roughly the same steric requirements as a
between ther-helix and strangbl, in at least some models  cysteine. Thus, it is not surprising that the fifth disulfide bond
of the structural families (Figure 5). Often though (e.g., Ah- in PhD1 is seamlessly accommodated within the structure
AMP1 and Rs-AFP1), the serine does not contribute to the of PhD1 and that this additional disulfide bond influences
hydrogen bond network (Figure 5, middle and bottom right) the orientation of the:-helix with respect to thg-sheet only

but rather is found to point toward a small internal cavity, slightly when compared with solution structures of other plant
which could contain one or two water molecules that could defensins. In addition, the fifth disulfide bond is likely to
be essential for protein stabilityd3, 38). It has previously confer additional thermodynamic stability on PhD1, when
been suggeste@®) that the serine (Ser7 in NaD1) is likely it is compared to other plant defensins, by replacing the
to play an important role in protein structure stabilization or noncovalent hydrophobic interactions or hydrogen bonds
in the protein folding pathway. In other cases (e.g., PhD1 between the involved residues with a covalent bond.

and Psd1), the serine is replaced with other amino acids.  |nterestingly, the fifth disulfide bond of PhD1 is adjacent
Interestingly, in PhD1 the conserved serine and glutamic to the hydrogen bond between the conserved threonine and
acid residues are replaced with Cys7 and Ala27, respectivelyglutamic acid residues of the other plant defensins. Therefore,
(Figure 5, middle left). These replacements are a direct the additional disulfide bond seems to reinforce this hydrogen
consequence of the presence of the fifth disulfide bridge bond (Figure 5), showing the importance of stabilizing
between Cys7 and Cys23 in PhD1. Ser7 is replaced becausgnteractions in this region of the structure of plant defensins.
Cys7 forms part of this disulfide bond. Ala27 is present due This notion is also highlighted by the fact that most other
to steric constraints, since there is not enough space for aplant defensins have a more extensive network of hydrogen
glutamic acid next to the disulfide bond in PhD1. Neverthe- bonds and/or salt bridges between thkelix and Stranqﬂl
less, PhD1 still contains the conserved hydrogen bond.than PhD1, as discussed above. It appears that the fifth
Instead of Glu27 (which has been replaced with Ala27), the disulfide bond sufficiently stabilizes the protein to make part
role of residue A is fulfilled by Lys26, which maintains a  of the hydrogen bond network dispensable, thus playing an
hydrogen bond with Thr9 (Figure 5, middle left). The same intricate role in the stabilization of the protein in a manner
holds true for Psd13g) (Figure 5, bottom left), where residue  that is complementary to those of other plant defensins.
A is replaced with Ala28. Instead, a hydrogen bond with
Thr9 (residue B) is maintained by Lys27, which takes over
the role of residue A from Ala28. It appears that the role of
residue A is taken over by the preceding residue (termed L , o
residue A) whenever residue A itself is missing so that the L ﬁ?ggaﬁi,%éigl%?) Antimicrobial peptideBfol. Plant-Microbe
conserved hydrogen bond is always present. It is thus 2 Broekaert, W. F., Cammue, B. P. A., De Bolle, M. F. C.,
tempting to speculate that the conserved hydrogen bond is  Thevissen, K., De Samblanx, G. W., and Osborn, R. W. (1997)
important for the stability or function of plant defensins and Antimicrobial Peptides from Plant€yrit. Rev. Plant Sci. 16297—

that this functional importance is the reason for the conserva- 323.
3. Garcia-Olmedo, F., Molina, A., Alamillo, J. M., and Rodriguez-

tion of the threonine and the glutamic acid. Palenzuela, P. (1988) Plant defense pepti@spolymers 47
The importance of the conserved hydrogen bond for the 479-491.

function of plant defensins is further highlighted by the fact 4. Broekaert, W. F., Terras, F. R. G., Cammue, B. P. A., and Osborn,
that mutation of Thr10 (residue B) to glycine, or mutation R. W. (1995) Plant defensins: novel antimicrobial peptides as
of Leu28 or Phe49, each of which is next to Glu27 (residue i%?gonents of the host defense systBfant Physiol. 1081353

A), to an arginine results in a dramatic loss of activity in 5 | 5 E.T. Schirra, H. 3., Scanlon. M. J.. Anderson, M. A., and
Rs-AFP2 89). All these mutations are likely to disrupt the Craik, D. J. (2003) The three-dimensional solution structure of
hydrogen bond between the threonine and the glutamic acid ~ NaD1, a new floral defensin fronNicotiana alata and its
based on electrostatic considerations application to a homology model of the crop defense protein

. . L alfAFP, J. Mol. Biol. 325 175-188.
How is the fifth disulfide bond of PhD1 accommodated 6. Osborn. R. W.. De Samblanx, G. W.. Thevissen, K., Goderis, I.,

by the protein? The residues in all previously described Torrekens, S., Van Leuven, F., Attenborough, S., Rees, S. B., and
structures of plant defensins, which are on the same Broekaert, W. F. (1995) Isolation and characterisation of plant
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