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ABSTRACT: The three-dimensional solution structureAfe AMP1, an antifungal protein extracted from
onion seeds, was determined uslhNMR spectroscopy and molecular modeling. This cationic protein
contains 93 amino acid residues and four disulfide bridges. Its structure was determined from 1260 NOE-
derived distance restraints and 173 dihedral restraints derived from NOE3zang coupling constants.

The global fold involves four helical segments connected by three loops and a C-terminal tail without
regular secondary structures, except forghlix turn and gs-turn. The most striking feature is the
absence of any continuous cavity running through the whole molecule as found in recently determined
structures of nonspecific transfer proteins extracted from wheat and maize seeds, although their global
folds are very similar. Consistent with the absence of a cavity in the co~e®@AMP1, it was found

that this protein, in contrast to ns-LTPs, does not bind fluorescently labeled phospholipids in solution.
On the other handAce AMP1 is able to interact with phospholipid membranes as shown by the release
of carboxyfluorescein from the lumen of artificial liposomes and by the induction of alterations in
fluorescence polarization of fluorescently labeled phospholipids embedded in artificial liposomes.

Various antimicrobial proteins have been proposed to be AMPL1 is synthesized with an N-terminal signal peptide and
involved in the protection of seeds against potential microbial a C-terminal propeptide of 12 amino acid residues which
invaders during their germination on substrates rich in are both absent from the mature protein. The C-terminal
microorganisms. Since the initial discovery of the antimi- propeptide ofAce AMPL1 precursor is rich in hydrophobic
crobial properties of thionins in 1942)( other antimicrobial and acidic residues as found in C-terminal propeptides of

proteins have been isolated from plants suchpak,3- precursors of many vacuolar plant proteirnks)( Such
glucanases 2 3), permatins 4), ribosome-inactivating  C-terminal propeptides have often been shown to be deter-
proteins 8, 5), cysteine-rich antimicrobial peptide§-8), minants for targeting the proteins to the vacudlé, (17).
plant defensins9—11), 2S albumins g, 10), and several The subcellular location chce AMP1 remains nevertheless
nonspecific lipid transfer proteins (ns-LTPs12( 13). to be determined.

Recently, Cammue et all4) have isolated a protein from AceAMP1 is a 93-residue protein, including eight cys-

onion seeds, namedceAMP1, which exhibits a higher  eines engaged in four disulfide bridges. The positions of
antimicrobial activity tharRsns-LTP, a ns-LTP-like protein ¢ gight cysteine residues are similar to those found in the
extracted from _rad|sh seecﬁ;).(_ AceAMP1 is active against sequences of ns-LTPs. A sequence alignment betdeen
numerous fungi at concgntratlggaOgg/mL, and in contrast AMP1 and maize ns-LTP reveals 32% identity and 49%
to that of Rsns-LTP, its activity is weakly affected by  gimilarity (18). On the basis of such sequence similarities,
inorganic cations at physiological concentratiohd)( Ace AceAMP1 could be considered a member of the ns-LTP
family. Nevertheless, it does not exhibit the characteristic
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its complex with palmitoyl coenzyme A were established light beam allowed us to calculate the steady state polariza-
from 'H and'3C NMR data 23). Similar folds involving tion parameteP [=(l, — Ip)/(l; + I5)]. For DPH labeling,
four helixes wound in a right-handed superhelix and a 50 uL of a DPH solution (17«g/mL) diluted in methylene
C-terminal region devoid of regular secondary elements were chloride was added to 50@L of the lipid solution (1 mg/
found in these three-dimensional structures. The structuresmL, DPH/lipid ratio~ 1/250). After drying, 1.5 mL of the
of wheat and maize ns-LTPs showed an internal elongated10 mM sodium phosphate buffer at pH 7.0 was added and
hydrophobic cavity running through the whole molecule the solution was mixed as described above. One milliliter
(19—-21) which has been shown to be the site for lipid of a diluted solution in phosphate buffer was poured into a
binding 20, 21). More recently, we have proposed a model quartz cuvette, and titration was performed by adding
of the structure oAceAMP1 by using homology modeling  stepwise a protein solution (1 mg/mL) in phosphate buffer.
(18). The polarization data were recorded before and after the
Despite the extensive study of the structure of ns-LTPs transition temperature of DMPG and DMPC (23) from
using a variety of techniques, a debate is still open on their 15 to 45°C.
possible role in vivo. Different functions have been proposed ~ Carboxyfluorescein (CF) release from liposomes was
such as playing a role in the formation of cutin by performed according to a modification of the procedure
transporting the hydrophobic cutin monomers to the apoplastdescribed by Wilschut2g). Briefly, a 50 mM solution of
(24) or playing a role as antimicrobial agents in the defense HPLC-purified carboxyfluorescein (Molecular Probes) in 5
of plants against pathogen8, (L3, 25). mM HEPES containing 1 mM EDTA was adjusted to pH
In this paper, we report on the three-dimensional structure 7-4 With 1 N NaOH. Six hundred microliters of this solution

of AceAMP1 in solution determined on the basis of NMR Was added to 2.3 mg of a dry equimolar mixture of eggPG
spectroscopy experiments. This study enables us to pointand eggPC (Sigma-Aldrich) and the mixture vortexed until
out striking analogies between the global foldAcEAMP1 all the phosphollp_lds were dispersed. This solution was then
and ns-LTPs but also important differences in the organiza- €xtruded under high pressure through a 400 nm polycarbon-
tion of their internal cavities which are probably related to ate filter. Large unilamellar vesicles with encapsulated CF

their capacity to bind lipids. were separated from nonencapsulated CF by size exclusion
chromatography on a PD-10 (Pharmacia) column eluted with
MATERIALS AND METHODS HEPES buffer (5 mM HEPES, 1 mM EDTA, and 100 mM

o . . ) NaCl at pH 7.4). For the CF release assay, the liposome

Lipid—Ace-AMP1 Interaction StudiesFluorescence emis-  so|ution was diluted in HEPES buffer so the absorbance
sion spectra oAceAMP1 were recorded with an Amincon  would be below 0.2 at 493 nm. The kinetics of CF release
SLM 4800 spectrofluorometer. Excitation and emission were recorded by the fluorescence increase at 520 nm
wavelengths were set to 295 and 335 nm (slits of 4 nm), (excitation at 490 nm). One hundred percent release was
respectively. For the titl’ation Of proteins W|th Various |IpIdS, Obtained by |yS|ng Vesic'es in the presence Of 1% Triton
the following procedure was used. Two to four microliters x_100.
of aqueous dispersions of wheat total polar lipids, phospho-  NMR Experiments AceAMP1 was purified from onion
lipids in 10 mM sodium phosphate buffer at pH 7.0 (either (Alljum cepalL.) seeds as previously describetf), The
1 or 10 mg/mL), was added stepwise to 1 mL of protein NMR sample was prepared from lyophilized material to
solution (0.1 mg/mL, 8uM) in the same buffer. After  make p a 3 mMsolution in a mixture of 90% kD and
incubation for 1 min, the fluorescence emission spectra were 109, D,O. The pH was subsequently adjusted to 5.0.
recorded at 20C. Fluorescence data were corrected for Al NMR measurements were performed on a Bruker

background signals by using the corresponding lipid solutions Apx 500 MHz NMR spectrometer equipped with a three-

anqe_. _ axis field gradient unit. Quadrature detection in the indirectly
Lipid transfer assay was performed using fluorescent detected dimensions was performed using the States method
phospholipid probes 1-palmitoyl-2-pyrenyldecanesglyc- (29. NMR spectra were processed using the UXNMR

ero-3-phosphocholine (pyr-PC) and the corresponding phos-program from Bruker on a X32 workstation. The following
phoglycerol derivative (pyr-PG) as previously descrii@8l (  experiments were carried out at a temperature of 308 K:
27). Lipid binding was tested by adding different ns-LTPs double-quantum COSY (2Q-COSY) with a mixing time of
(wheat, maize, and barley) alteAMP1 to 1.5 mL ofa 30 ms, total correlation spectroscopy (clean-TOCSY) with
liposomal suspension of M pyr-PC or pyr-PG. Inthe  a 90 ms mixing time performed with a MLEV17 sequence
binding assay, the final protein to fluorescent probe molar (spin-lock field of approximately 10 kHz)3(), purged
ratio was about 5. In both fluorescence transfer and binding COSY (P-COSY) 81), triple-quantum-filtered COSY (TQF-
assays, the excitation wavelength was set to 346 nm (4 nmCOSY) 32), relayed COSY 33) with a 40 ms relay period,
slit) and the emission wavelength was set to 378 nm (4 nm and NOESY with a 60 ms mixing time. Additional NOESY
slit). All measurements were carried out at 5. experiments with a 200 ms mixing time were carried out at
The effect of proteins on lipid dynamics was studied by temperatures of 298, 308, and 318 K. In all cases, the water
fluorescence polarization of a lipophilic probe, diphenyl- signal was suppressed prior to the free induction decay
hexatriene (DPH), embedded within the hydrophobic core detection by using the WATERGATE sequenc®)(in
of phospholipid bilayers. Excitation and emission wave- which the selective inversion was achieved through-8-3
lengths were set to 360 and 435 nm (band width of 4 nm), 19 composite pulse and an interpulse delay of 250 ms. In
respectively. Measurements of the fluorescence intensitiesTOCSY and COSY experiments, a weak field (approximately
detected through polarizers oriented parallg) énd per- 10 Hz) presaturation applied during the relaxation period was
pendicular [p) to the plane of polarization of the excitation followed by a SCUBA sequenc&%). The measurements
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of proton exchange rates were performed at 308 K as follows. calculation, and this protocol was repeated eight times until
The protein sample in ¥ first Iyophilized and then  all NOESY cross-peaks were assigned.

dissolved in DO at 273 K was placed in a preshimmed  The 30 structures with lowest target function (£ A2)
spectrometer approximately 15 min after dissolution. Two were then subjected to simulated annealing using the XPLOR
NOESY spectra were acquired, one short (4 h) and one long3.1 program 42). Subsequently, 15 structures, exhibiting
(17 h), with a mixing time of 200 ms, which was followed the smallest restraint violations and presenting at least 65%
by a TOCSY experiment with a mixing time of 90 ms. of their (p and ) torsional angles in the most favorable

All spectra were recorded with a spectral width of 7052 region of the Ramachandran map, were minimized using the
Hz in both dimensions and 2048 650 time domain data CHARMM force field 43) implemented in XPLOR. The
points, except for NOESY experiments used for the structure PROMOTIF @4) and PROCHECK programg®) were used
calculations which were acquired with 4096 650 data  to analyze and to check the quality of the structures.
points. Sine bell apodization functions were used prior to
Fourier transformation. Application of zero-filling resulted RESULTS
in 2K x 1K data points for all spectra and 4K 1K real
points for NOESY spectra used for structure calculations. Sequence-Specific Assignments

Modeling of the Three-Dimensional Structurilodels of
the AceAMP1 three-dimensional structure in solution were
built using the hybrid method of distance geometry and the
simulated annealing protocol3§) on Silicon Graphics
workstations. The assignment of all NOESY cross-peaks
was obtained with repeated rom_mds of structure calculationsrnents recorded at a temperature of 308 K. Due to severe
with DIANA (37, 38) and with ASNO .69) software redundancy of some amino acid residues in the primary
packages. The cross-peak vo_Iumes were m_te_grat_ed from thestructure of the protein (19 arginines and 9 prolines), a
NOESY spectrum recorded with a 60 ms mixing time using sequential assignment pathway was also followed on NOESY
EASY (40). Peak volumes were translated into upper limit spectra recorded at 298 and 318 K. The good dispersion of
distance restraints using the CALIBA prograB7/38) with the amide'H resonances, as showﬁ in Figure 1 where two
an upper distance limit of 5.0 A for the weakest volumes, spectral regions of a NdESY spectrum recorded at 308 K
and the strongest NHNH;,; connectivity in regular helixes

was used as a reference. To take spin diffusion effects intoWith a 200 ms mixing time are plotted, led to an almost
: . P ..~ L continuous stretch of sequential NOEs over the whole
account, cross-peaks appearing on the 200 ms mixing time

molecule. The only exception concerned the C-terminal
NOESY spectrum and absent on the 60 ms NOESY SpeCtrumregion where the assignment of the tripeptide 11€87-GIn88-
were further considered and converted into a fixed distance

of 6.0 A, irrespective of the cross-peak volume intensity. A Cys89 remained very ambiguous due to the high exchange

first set of structures was generated with DIANA and was rate of the amide protons and to peak overlapping in the

: A aliphatic proton resonance region. The assignments of the
used to redefine the 10 calibration classes of the CALIBA ; :
program. The final data set consisted of 1260 distance five glycine Gtz were confirmed through a 2Q-COSY

. . : . : . experiment, since the glycine remote connectivities resonated
restraints, |ncIud|ng' 220 inwraresidual, 320 sequer_ltlal, 339 in a typical free spectral region. In addition, this experiment
medium-range|( — j| < 5), and 378 long-range distance

restraints. Sxity-si%J coupling constants were deduced confirmed the degeneracy ofot; proton resonances of
from the NOESY sp(:é'jc?gm using the back Fourier transform Gly5_2. A relayed_ COSY spectrum recorded at 308 K
procedure of the INFIT progrand{) and were used together confirmed the assignments of t_heﬁle prptons through a
with the distance restraints to generate &6 v, and 15 relay to amide protons. The nine prolines Ate-AMP1
1 . : 09 Toy, were all found in the trans configuration characterized by
x! torsion angle restraints with the HABAS prograBi). CaH(i — 1)-COHs(i) and NH{ — 1)-CoHs(i) NOE
Thirty-six prochiral groups were stereospecifically assigned connectivities
with the GLOMSA program 7). Hydrogen bonds found '
by DIANA in a majority of structures during the different
rounds of calculations were progressively introduced as
restraints. They were converted into upper bond distance The amide exchange data and the short- and medium-range
limits of 3.5 and 2.5 A and lower bond distance limits of dipolar connectivities observed for the backbone protons in
2.7 and 1.8 A for C&-N and CO-HN, respectively. To a 200 ms NOESY spectrum in,8 are summarized in Figure
define the four disulfide bridges, distance restraints were 2. The presence of four helical secondary structure elements
added in the following range: 1=2.1 A for Sy(i)—Sy(j) is first derived from a dense array of characteristic NOEs
and 2.5-3.5 A for CB(i)—Sy(j) and @B()—Sy(i). and from stretches of slowly exchanging backbone amide
Starting from 200 randomized structures and keeping only protons. Successive rounds of calculations led us to define
unambiguously defined restraints, a first set of conformations more accurately the extent of the fourhelixes encompass-
was obtained using the DIANA program. The 30 structures ing residues Cys4Leul9 (H1), Ala25-Leu34 (H2), Leud2
with the lowest target function were selected for further Asn57 (H3), and Arg65Arg74 (H4). Most hydrogen bonds
calculations using the REDAC strateg$8[. Additional characterizing these helixes are present in a majority of
restraints were incorporated in successive stages accordingelected structures and are all supported by slow'NH
to the concept of structure-aided assignment of ambiguous?H exchange rates and by low values3d§ wn coupling
NOE cross-peaks with the ASNO prograB88). Each new constants (Figure 2). The only discrepancy is found for the
set of restraints was used as input for a new round of coupling constants of some residues in the H4 helix which

An almost complete sequence-specific assignment of the
H NMR spectra (Supporting Information) was performed
according to the well-established sequential assignment
procedure of Wthrich (46), using a combination of COSY,
TOCSY, 2Q-COSY, and NOESY two-dimensional experi-

Secondary Structures
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9.00 8.00 range connectivities between Cys49 and Val7 or Asn8

= , Q'NQ' r @ 0 residues which are adjacent to Cys4 in the H1 helix. The
l;psn(; | 0? q N @ @ @ 350 only possibility for the last bridge was Cys4TCys89 even
. — 4 @ ‘ +Q

if any Cys89 proton resonances could be identified. The
proposed disulfide pairings, Cys€ys49, Cysl14Cys27,
Cys28-Cys73, and Cys47Cys89, are fully compatible with
the distance restraints (Table 2) and with the disulfide pattern
found for all known ns-LTP structured ¢—22).

4.00 - A-4.00 Three-Dimensional Structure

Quality of the Structure Table 2 gives an evaluation of
the quality and precision of the structures determined from
NMR data. Inthe 15 selected structures, there is no structure
with distance violations larger than 0.4 A and the average

@_4.50 number of violations larger than 0.3 A is only 0.2. Con-

- . A § sidering the number of NOEs per residue (Figure 3), the
3.00 3.00 ' secondary structure elements are particularly well-defined,
in contrast with the loop and turn regions where some
variability is observed. In the four helixes HH4, the
average pairwise root-mean-square deviations (rmsds) are
0.62 A for the backbone atoms (NpCand C) and 1.13 A
for all heavy atoms. These values drop to 0.44 and 0.97 A,
respectively, when the rmsds are calculated with respect to
the average structure. The highest rmsd values are confined
to the loops connecting the helixes and to the very end of
the C-terminal region (Figure 3). All these values are typical
of high-resolution NMR structures. An efficient assessment
of the structure quality may be obtained from the distribution
of the residues in a¢( vs y) Ramachandran plot48).
PROCHECK concludes that 70% of thg &ndy) pairs of
the 15 minimized structures dice AMP1 lie within the most
energetically allowed regions and 29% in the extended
favorable regions.
SEE: ¢ Global Fold. The global fold ofAceAMP1 shown in
9.00 8.00 ppm Figure 4 is stabilized by four disulfide bonds and involves
Ficure 1: Two spectral regions of a NOESY spectrumAxdfe ;OL;-r argpft‘n)ipatic hel_ixes”(I-HH4) anda C-ternr:inal segmelj(;
AMP1 in'9/1 0/D,0 at 308 K with a 200 ms mixing time and efined above. As. in all ns-LTP structures, the Pro13 rQSI ue
the assignmel;lbt patzhway for the first helix from residgue 6 to 12. prodyces a brea}< in the hydrogen bond network of he“,x H1
and induces a kink of about 20 A PROCHECK analysis
starts after a proline residue (Pro64) and which contains a©f the 15 best structures showed that the H2 helix (residues
proline residue (Pro70) in the middle of its sequence (see 25—34) ends up at residue Leu34 and displays a characteristic

below). The Asn75Asn93 fragment includes extended a-helical hydrogen bond pattern. The two next residues,
conformations and two well-organized fragments:;@@lix Arg35 (¢ = —30.5 andy = —32.3; ¢ andy averaged

4.50

ppm

7504

8.00 -

turn (Val78-Phe81) and #-turn (Arg84-Ile87). over the 15 structures) and Phedg< —76.3' andy =
—24.9), are located in the helical regions of the Ramachan-
Disulfide Bridges dran map, but they are not involved in regular hydrogen

bonds with the preceding residues. The N terminus of helix

The three-dimensional structureAte AMP1 is stabilized H2 is connected to helixes H1 and H4 through two disulfide
by four disulfide bridgesi4). In the absence of chemical bridges, Cys2#Cys14 and Cys28Cys73. The third helix
characterization, these covalent links were determined ac-H3 (residues 4257) is interrupted by a proline residue
cording to the following procedure. The distance between (Pro58). However, in 10 out of the 15 selected structures,
the H3 protons of one Cys residue and the Hroton of the the three residues following Pro58 are involved in a
second one engaged in the same disulfide bridge is in a rangesupplementarg-helical turn (residues 5962) stabilized by
in which NOEs can be theoretically detected) Never- a hydrogen bond between the carbonyl of Pro58 and the
theless, local dynamics or a special conformation can stronglyamide proton of Arg62. The NH proton of Leu60 was found
reduce these NOEs, thus hampering their detection. Severato exchange slowly, and in all structures, this fragment is
inter-cysteine NOE connectivities allowed us to identify linked to the H3 helix by a hydrogen bond with the carbonyl
clearly two disulfide bridges: CystACys27 and Cys28 of Asn57. The Pro58 residue induces a severe kink of about
Cys73 (Table 1). Since in the Cys€ys49 bridge the  90° between helix H3 (residues 457) and the supplemen-
f-proton resonances of the two cysteine residues almosttary a-helical turn (residues 5962). As is often observed
overlap, inter-residue connectivities could not be unambigu- in distorted helixes of ns-LTPs, higRlcanwn coupling
ously assigned. This bridge was deduced indirectly via long- constants are found for the residues preceding prolines (8.2
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Ficure 2: Summary of the data on the sequentials NOE, slow amide proton exchange rates (marke®yyitmd3Jc ny coupling
constants (black fotJcann > 8 Hz, gray for 6 Hz< 3Jc e > 8 Hz, and white foPJcann < 6 Hz) determined by NMR foAce AMPL.

and 10.8 Hz for Arg56 and Asn57, respectively). The H3 amide proton of Arg65. In this helix, including residues-65
helix is linked to helix H1 and the C-terminal segment 74, the hydrogen bond network is somewhat irregular
through two disulfide bridges, Cys4Cys49 and Cys4? showing both %- anda-helical characteristics as previously
Cys89. The last helix, H4, is preceded by-turn stabilized observed for the wheat ns-LTP structurgé9) These

by a hydrogen bond between the carbonyl of Asn63 and theirregularities arise from the presence of two proline residues,
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hydrogen bonds or salt bridges. For instance, the side chain

Table 1: NOE Connectivities Defining the Disulfide Pairings A
guanidinium groups of Arg43 and Arg44 form a hydrogen

disulfide bridge inter-residue NOE connectivity bond with the C-terminal group. This hydrogen bond can
82% x::; :E% ggig be related to the low-field chemical shift of thBIH proton
Cys4—Cys49 QG2 Val7 HB2 Cys49 of Arg43 (9.3 ppm). In 9 refined structures, the guanidinium
QG2 val7 HB3 Cys49 group of Arg65 is quite close to the oxygen of the hydroxyl
HB2 Asn8 HA Cys49 of Tyr17 (2.8 A). In the TOCSY cross-peak pattern of the
HA Cys14 HB3 Cys27 aromatic ring, the d protons are coupled to two nonequiva-
Cys14-Cysa? %i%{/sslli ';'4?\'2&3;52277 lent protons and give rise to two very broad cross-peaks. At
HN Cys14 HB3 Cys27 35 °C, their line width is almost 100 Hz. Increasing the
HN Cys14 HB2 Cys27 temperature to 48C leads to an increase of the line width
Cys28-Cys73 HA Cys28 HB2 Cys73 of up to 150 Hz of the most downfield located cross-peak,

while the intensity of the second one is drastically reduced.
Table 2: Structural Statistics of the 15 Best Structures of Thes.(_a observaiions a.r e n a_greement with a restricted
AceAMP1 mobility of the Tyrl7 side chain, most probably due to a
hydrogen bond. In most structures, the side chain of Arg79
points toward the hydroxyl oxygen of Thr76. However, a
hydrogen bond is found in only 6 structures among 15.

mean number min, max

Mean Number of Violations of Experimental Restraints

distance restraints of0.3 A 0.20 0,1 ) i e

distance restraints of0.2 A 1.40 0,3 Finally, in 7 out of 15 structures, the guanidinium group of
angle restraints o 10° 4.46 2,7 Arg86 is involved in a hydrogen bond with the side chain

Deviation from Idealized Geometry carbonyl of Asn55 (2.8 A).Ace AMP1 contains two acidic

bond distances of 0.05 A 5.80 4,9 residues, Asp33 and Asp72, which belong to the H2 and H4
angles of>10° 4.00 2,9 helixes, respectively, and whose side chains are well-defined.

st favorable regionSRamaCha”dra'?‘O% 29 65 Asp33 appears to be involved in a salt bridge with the
additional regions 29% 31,26 guanidinium group of Arg6, as shown in 7 out of 15

structures.
rmsd from the pairwise Hydrophobic Core. The hydrophobic aliphatic residues
average structure (A)  rmsd (A) of the four amphipatic helixes (Val7, lle10, Valll, and Vall5

backbone (+93) 1.114+0.17 1.614+ 0.41 in helix H1, lle24, Leu31, Leu34, and Val37 in H2, Leu50,
E‘i"i‘fflg) g-;fii 8-8‘7‘ 8-25&i 8-23 Val51, Val53, and Val54 in H3, and 11le69 in H4) are pointing
H2 (25-34) 0.29% 0.09 0.41+ 015 toward the interior of the proteln,. generating a large and
H3 (42-57) 0.30+ 0.07 0.36+ 0.09 extended hydrophobic core. Unlike ns-LTRPs;e AMP1

H4 (65-74) 0.18+0.07 0.23+0.08 contains 7 aromatic residues which are almost all located in
C-terminal region (7593) 1.26+0.36 1.78+£0.75 the last helix and the C-terminal region. As shown in the

) ] superposition of the 15 structures represented in Figure 5,
Pro64 and Pro70. The C-terminal segment (residues 75 the conformations of aromatic residues are very well defined.
93) contains one ;g-helical turn (residues 7881) and @ Al their side chains strongly interact with their near
p-turn (residues 8487). Its first part is packed against the  enyironment and display very well defined conformations
H4 helix, whereas its last part is approximately parallel to as revealed by thej! circular variances which are always

the H3 helix. lower than 0.01 (Figure 3). The aromatic side chain of

Disulfide Bridges ar_1d S_ide C_hainsThe conforma.tions Tyrl7, belonging to the first helix, is located between the
adopted by the four disulfide bridges are reported in Table last turn of H1 and the first turn of H2, thus facing residues

36 Jlgfe dczzflg)(r:n{zzints)m\?v%eergggetrr:inées ct;\; c;?egﬁglly lle24 and lle69. These three amino acids make a partially

hop ) ' . ys . solvent-exposed hydrophobic cluster at the top of H1. The

adopts one well-defined conformation. Conversely, the ill Phe36 residue located in the last turn of H2 belonas to

experimental definition of Cys4 and Cys89 residues leads lad ) ! . - urm o g

to variable conformations of the Cys€ys49 and Cys47 another hydrophoplc clqster involving residues lle3, Val7,

Cys89 bridges. All cysteines but Cys89 adopt staggered and Leu34, which is partially exposed to the solvent. Phe66,
which belongs to the last helix, is oriented toward the core

orientations around the,& Cs bond, and Cys14, Cys47, and . -
Cys49 residues are well-defineg(< 0.1) (Figure 3). of the protein, makes several contacts with H1, H4, and the

Moreover, for the first three disulfide bridges, Cys@ys49, ~ C-términal region, and is included in an aromatic cluster
Cys14-Cys27, and Cys28Cys73 SSangles are very close  involving residues Trp82 and Trp83. The C-terminal seg-
to the expected values for energetically favorable conformers, Ment contains four aromatic residues, namely Phe77, Phe8l,
i.e., £90° (49). Trp82, and Trp83. The last three residues of this segment
Most side chain conformations are well-defined since 63% belong to the hydrophobic core, while Phe77 is solvent-
of the y* circular variances are lower than 0.1 (Figure 3). exposed. Phe8l is in van der Waals contact with the H1
The 19 arginine residues distributed over the sequence ofand H2 helixes and is buried in a small hydrophobic cluster
AceAMP1 are all exposed to the solvent, and therefore, most involving residues Leu34 and Val37. The Trp82 residue
of their side chains are badly defined. Only Arg44, Arg65, makes contacts with helixes H1, H2, and H4, while Trp83
Arg79, and Arg84 side chains hayé circular variances  interacts with helixes H3 and H4 through residues Val51,
lower than 0.1 (Figure 3). Some of them are involved in Val54, and Leu60. Trp82, Trp83, and Phe66 constitute an
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Ficure 3: Data for the 15 best NMR structures Afe AMP1 plotted as a function of sequence. (A) Distribution of intraresidual (black),
sequential (gray), medium-range (black gray), and long-range (light gray) NOEs by residue. (B) Average local rmsd for backbone atoms
(N, Ca, C, and O) for residues-193. (C) Distribution of they? circular variance by residue. Thg circular variance was calculated by
PROCHECK 45). (D) Distribution of the¢ angle by residue. (E) Distribution of the angle by residue.

aromatic cluster embedded in the hydrophobic core of the Phe66 aromatic ring is not accessible to the solvent. Its
protein. In all structures, the Trp82 side chain facing the indolic proton is involved in a hydrogen bond with the
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FiGurRe 4: MOLSCRIPT 68) stereoview ofAce AMP1. Helixes H1 (4-19), H2 (25-36), H3 (42-57), and H4 (65-74) and the four
disulfide bridges are reported.

Table 3: Side Chain Dihedral Angles for the Four Disulfide Bridges

Xl XZ XSS XZ’ Xl’
4—49 (14 structures) —103.2 (31.8) 9.5 (40.0°) —101.3 (18.7) —83.5 (11.8) —33.7 (12.9)
14-27 (12 structures) —87.4 (29.0) —82.1° (46.7) —89.6 (3.3) —38.8 (19.6) —54.% (5.1°)
(3 structures) ~162.5 (2.7) 73.8 (2.7) 100.2 (3.7) —96.1° (1.6°) —64.3 (4.5)
28-73 (8 structures) ~159.3 (29.0) —93.3 (18.7) —94.8 (17.7) ~131.8 (6.8) ~114.0 (15.9)
(6 structures) -87.9 (16.9) —82.7 (23.9) 121.4 (3.9) 119.9 (10.3) ~102.3 (11.8)
47-89 (15 structures) 166°68.3°) —36.4 (117.7) —26.7 (109.9) 77.5 (75.7) —91.7° (56.1°)

Ficure 5: Stereoview of the 15 best NMR structuresAde AMP1 showing the aromatic residues and the polypeptide backbone. The
structures are fitted to thecCatoms of the four helixes.

backbone carbonyl of Phe66 and does not exchange withphospholipids was first tested. It was found tAae AMP1

H over a period of several weeks. did not induce a change in fluorescence of either pyr-PC or

pyr-PG, while the fluorescence of both molecules increased

significantly in the presence of wheat ns-LTP (Figure 6a).
The possible interaction @fce AMP1 with phospholipids ~ This result indicates tha&ce AMP1, in contrast with wheat

was assessed using three different assays. The ability of thens-LTP, cannot associate with individual phospholipids in

protein to bind individual fluorescent pyrene-conjugated solution. A second assay was used to measure the release

Interactions with Phospholipids
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Ficure 6: (a) Carboxyfluorescein release from liposomes consisting of a PG/PC mixture, indudsteByIP1, wheat ns-LTP, and
puroidoline-a. Arrows indicated the time of addition of the protein. (b) Fluorescence polarization of the hydrophobic probe, diphenylhexatriene,
on gekfluid liquid-crystalline phase transition of DMPG liposomes. (c) Binding of fluorescent pyr-PG (1) and pyr-PC (ll) probes to wheat
(1), maize (2), barley ns-LTPs (3), atte AMP1 (4). Total fluorescence was measured by adding Triton X-100 (5).

of carboxyfluorescein entrapped in artificial liposomes transition cooperativity. No effects on the géluid phase
composed of an equimolar mixture of PG and PRAce transition of neutral DMPC were observed for both wheat
AMP1 was found to release carboxyfluorescein from such ns-LTP andAceAMP1. The pyrene fluorescence assay was
liposomes, indicating that it somehow interacts with the lipid also performed without addition of the acceptor liposomes
bilayers (Figure 6a). In contrast, wheat ns-LTP was not in order to probe lipid binding. Under these conditions, the
active in this assay. This release of carboxyfluorescein protein/lipid molar ratio was 5/1. No fluorescence increase
caused byAceAMP1 was substantially weaker than that was observed wherAiceAMP1 was added to pyr-PG
induced by puroindoline-a, a wheat protein known to interact liposomes, contrary to what was observed for wheat, barley,
strongly with bilayer vesicles5Q) (Figure 6a). Finally, a  and maize ns-LTPs. Similar results are obtained with pyr-
last assay was set up which consisted of measuring fluores-PC (Figure 6c). It was noteworthy that the binding of PC is
cence polarization of a lipophilic fluorescent probe embedded not immediate, unlike that of pyr-PG. This result was
in acidic DMPG bilayer vesicles before and after addition probably due to a difference in the kinetics of the adsorption
of the protein. AceAMP1 caused a decrease in cooperativity of protein to the bilayer interface. This adsorption was
of the gel to fluid transition (Figure 6b). These effects were probably improved by the electrostatic interactions between
observed only when the amount of protein added was highbasic ns-LTP and anionic PG. This experiment showed
(lipid/protein ratioR = 1—2), and in contrast with that of  unambiguously that\ceAMP1 was unable to bind dia-
puroindoline-a, the phase transition was not suppressed. Acylphospholipids, unlike the other cereal ns-LTPs. However,
slight but significant increase in the transition temperature these results do not preclude the binding of monoacylated
was observed with wheat ns-LTP with no major changes of derivatives toAce AMP1.
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DISCUSSION ns-LTP sequences. In the maize ns-LTP structure, this
. ) aspartic residue is engaged in a salt bridge with the amino
Comparison of the Structure of Ace-AMP1 with ns-LTP 05 of the N-terminal residue. Different kinds of interac-
Structures AceAMP1 shares about 32% sequence identity {ions seems then to be involved in the stabilization of the
and about 46% sequence similarity with maize ns-LTP. These n_terminal fragment.
numbers fall when other ns-LTP sequences are considered A fragment of 8 amino acids involving residues Arg43-

(Figure 7). Nevertheless, a superposition of the global folds Arg44-Alad5-Alad6-Cys47-Xaad8-Cys49-LeusO0 is strictly
of AceAMP1 and wheat19), maize 0), and barley £2) conserved between the maize ns-LTP aAdeAMP1
ns-LTP solution structures reveals striking structural analo- sequences (Figure 7). Similar interactions are found between
gies (Figure 8). In the four proteins, the tertiary fold Arg43-Arg44 residues and the C-terminal groupAne
maintained by four disulfide bridges involves four helixes Apmp1 and Arg45-Arg46 residues and the C terminus in
wound on a right-handed superhelix and an extended yize ns-LTP. An aromatic residue is present in most ns-
C-terminal region. Superposition of the experimental struc- | Tp sequences at position 81. In maize ns-LTP, this residue
ture of AceAMP1 in solution with that predicted by (5 tyrosine) juts into the protein hydrophobic cavity, thus
homology m_ode_lmgIS) re_ve_als the same global fold (Figure capping the channel. In the lipigorotein complex20, 21),
8). The main difference is in the presence of supplementary yis residue participates in the stabilization of the complex
turns in the structure in solution (residues-3% and 79- via a hydrogen bond between its OH and the lipid carbonyl.
81) and in the position of some aromatic side chains (Trp82 |, AceAMPL, this residue is replaced by a phenylalanine
and Trp83). and its aromatic ring is in the same location as the tyrosine
The doublet Pro13Cys14 of the H1 helix is present in  ring in reported solution structures of ns-LTPs. In the maize
the four protein sequences, and the proline residue inducess-LTP X-ray structure, the H3 helix interacts with the
a kink of about 20in their H1 helix. This kink is associated second part of the C-terminal region through a hydrogen
with high3Jcnw coupling constants in sequence positions  bond between Lys54 and Thr87 residueal)( Such
— 2 andi + 1, wherei represents the proline sequence index. hydrogen bonding is not systematically found in all NMR
Comparison of the average interhelix angles in reported ns-structures ofAce AMP1 (7 of the 15 structures), indicating
LTP structures andceAMP1 (Table 4) shows that the first  that other kinds of interactions could be involved in this
three helixes have the same directions in all four proteins, region.
forming an up-down—up motif. The main difference A striking structural feature of all known structures of ns-
betweemrAce AMP1 and the ns-LTPs seems to be located in | TP is an internal hydrophobic cavity running through the
the Spatial pOSition of helix H4. The pTECiSion of the three whole molecule 19—22) It is first para||e| to H1 and then
interhelix angles involving H4 is rather poor faceAMP1 to H4 and is |arge enough to accommodate one or two
structures, due to its,@ anda-helical mixed characteristics.  aliphatic chains of a lipid40, 21, 51). The volume of this
Another difference between ns-LTPs aAdeAMP1 is the Ca\/ity can vary from 240 to 500 3&in the maize ns-LTP
presence in the last protein of one supplementaiyelix solution structure without noticeable changes of the overall
turn involving residues Gly59Asn62 following the H3 helix  protein structure40). Slight variations of the C-terminal
and another one involving residues Arg7Bhe81 following  fragment and side chain conformations of the residues which
the H4 helix. The latter turn seems to be correlated with delineate the cavity lead to such large volume variations.
the insertion of two amino acids, Val78 and Arg79Ane We have recently shown that wheat ns-LTP can form a stable
AMP1, which are not in ns-LTPs. Val78 and Phe81 belong Comp|ex in solution with DMPG, a d|acy|phosph0||pﬂ]_6
to the hydrophobic core and are pointing toward the interior The calculated structure derived from NOE data revealed
of the protein, while Arg79 is oriented outward into the that the insertion of the lipid into the hydrophobic cavity
solvent. did not entail significant changes in the protein structure
In addition to the eight cysteine residues, several hydro- architecture. The most glaring divergence between the
phobic residues, namely Val7, Valll, Prol3, Vall5, Leu31, protein and the complex concerns the position of the
Leu34, Val37, Ala46, Leu50, Leu60, lle69, and Pro80, are C-terminal tail which is pushed outward into the solvent.
conserved betweelice AMP1 and ns-LTP sequences. They Therefore, it appears that this C-terminal segment can act
are spread all over the different structural elements, and theyas a molecular cover capping the hydrophobic crevice
interact to form the hydrophobic cluster in the core of the delineated by the four helixes and modulating the accessible
protein and therefore contribute to the stability of the protein volume. This peculiarity may explain why these proteins
scaffold. An aromatic residue, Tyr or Phe, is present in all are not specific and are able to transfer different hydrophobic
ns-LTPs and inAceAMP1 at position 17 AceAMP1 compounds. Although most assays designed to assess the
numbering). InAceAMP1, a hydrogen bond is found biological activity of ns-LTPs are based on the interaction
between the Tyrl7 and Arg65 side chains. Inthe maize ns-with phospholipids, the natural ligands of these proteins are
LTP X-ray structure, such a hydrogen bond would exist actually unknown. To detect the presence of such a cavity
considering that the Tyrl7 hydroxyl hydrogen is close in AceAMP1 solution structures, we have applied the
enough to the oxygen side chain of Asn64. A close analysis program CAVITE (8) which probes and delineates cavities
of the 13 ns-LTP sequence alignments shows that a lysineinside protein structures. As shown in FigureA¢e AMP1
or an asparagine residue is present in position 65 in 8 possesses some sparse and small cavities, but there is no
sequences. This observation probably indicates that thecontinuous channel as described in ns-LTP structures,
hydrogen bond involving Tyrl7 is a general feature of ns- although hydrophobic residues which outline the maize ns-
LTP structures. The Leu4?2 residueAxfe AMP1 interacting LTP hydrophobic pocket are mostly conserved in the
with lle3 and Val37 is replaced by an aspartic residue in all sequence oAceAMP1. This structural difference arises
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Ficure 8: Comparison of théceAMPL1 global fold with that of ns-LTPs. (a) SuperpositionfAde AMP1 (magenta) with wheat ns-LTP
(yellow) (19). (b) Superposition oAce AMP1 (magenta) with maize ns-LTP (greeD). (c) Superposition oAce AMP1 (magenta) with
barley ns-LTP (blue)32). (d) Superposition oAce AMP1 (magenta) withAce AMP1 as determined by homology modeling (green-blue)

(19).

Table 4: Average Interhelix Angles in Maize, Wheat, and Barley
ns-LTPs andAceAMP1 Structures

helixes maize ns-LTP wheat ns-LTP barley ns-LTRce AMP1

2-1 —146 —143 —146 —142
3-1 —31 —22 —24 —33
3-2 —141 —143 —144 —145
4-1 124 132 123 80
4-2 —78 —72 —64 —86
4-3 140 145 150 108

from the presence of bulky residues Phe66, Trp82, and Trp83
which are found only in théceAMP1 sequence. This is
shown in Figure 10 where the side chains of these three
aromatic residues are displayed within the hydrophobic cavity
of maize ns-LTP, whose structure was fitted on the C
coordinates oAceAMP1. Actually, the aromatic rings of
residues Phe66 and Trp82 are oriented toward the interior
of the protein obstructing the channel. The position of the
tryptophan residues in the hydrophobic core of the protein
is consistent with fluorescence data. The emission peak
around 330 nm (result not shown) is close to the emission

of a tryptophan in a hydrophobic environment. The absence
of any continuous cavity inside the protein structure may be
related to its incapacity to transfer lipids between membranes
in vitro and to bind diacylphospholipids. However, the two
solution structures of complexes of barley ns-EAgalmi-
toylCoA (23) and wheat ns-LTPRDMPG (51) showed that
insertion of bulky lipids induces structural rearrangement of
the protein structure. In the case of barley ns-LTP, a
significant swelling of the structure was observed. In the
DMPG complex, the only noticeable difference between the
free and complexed structures was a movement of the
C-terminal region. According to these observations, we
cannot completely exclude the possibility of a structural
change ofAceAMP1 taking place upon interaction with
lipidic membranes.

Interactions of Ace-AMP1 with Lipids.The different
studies performed to evaluate the ability Aée AMP1 to
interact with phospholipids show unambiguously that, in
contrast with other plant ns-LTP8ceAMP1 is unable to
bind diacylphospholipids. These results are in agreement
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FicurRe 9: Stereoview of small cavities insidce AMP1. The backbone is represented as a gray tube, and aromatic residues are indicated
in black. The cavities are shown as dark gray spaces.

Phesl

FiGurRe 10: Stereoview of the maize ns-LTP cavity with indications of the positions of the aromatic residiesAf1P1 (Phe66, Phe81,
Trp82, and Trp83).

with previous results which demonstrated tiate AMP1 antifungal activity thanAceAMP1. However, antifungal
could not transfer phospholipids between mitochondria and activity assays show that puroindoline-a is significantly less
liposomes 14) and with our structural data which show that potent tharAce AMP1 in inhibiting fungal growth, especially

no cavity is present in this protein. HowevéiceAMP1 in the presence of salt (W. F. Broekaert, unpublished results).
can interact with bilayer vesicles composed of an anionic Another difference betweefice AMP1, both puroindolines,
phospholipid, phosphatidylglycerol, as shown by fluores- and ns-LTPs is the fact that puroindolines and ns-LTPs can
cence polarization experiments with fluorescent membrane-potentiate the antifungal activity of membrane-disturbing
embedded probes. This interaction is apparently strongerproteins called thionins wheredse AMP1 cannot {3; W.

with AceAMPL1 than with wheat ns-LTP. The decrease in F. Broekaert, unpublished results). For all these reasons,
cooperativity of the getfluid phase transition of the phos- we favor the working hypothesis thAte AMP1 does not
pholipid membrane indicates thate AMP1 is capable of  affect fungal growth via direct proteirlipid interactions but
penetrating slightly into the hydrophobic core of lipid rather via proteirrlipid interactions mediated by a membrane
bilayers. This effect is more pronounced with puroindoline- receptor.

a, a wheat protein structurally related to plant ns-LTE3 ( AceAMP1 is the only known protein of the ns-LTP family
which is capable of deeply penetrating into lipid bilayers which contains such a high number of positive residues (19
(50). This is consistent with our observation that puroin- arginines). Maize ns-LTP, for instance, contains only 8 basic
doline-a is more efficient tharhceAMPL in releasing residues. In théceAMPL1 structure, although the arginine
carboxyfluorescein from the lumen of liposomes. Hence, residues are well spread all over the sequence, at least 12 of
although AceAMP1 clearly interacts with phospholipid them are oriented toward the C-terminal region. For the
membranes, it is not particularly potent in disturbing or maize ns-LTP protein, we have shown that most of these
permeabilizing such membranes in comparison to otherresidues are oriented toward the C-terminal region, thus
proteins such as puroindolines. As noted previousH),( constituting a possible interaction site of ns-LTPs with acidic
the antifungal activity oAce AMP1 cannot be based on lipid  lipid layers @0). Such a conclusion could therefore be
transfer activity as the protein is unable to transfer individual extended tcAceAMP1.

lipids. On the other hand, it is also unlikely thate AMP1 In addition to AceAMP1 and ns-LTPs, other more
exerts its antifungal effect by interacting directly with distantly related proteins also seem to have adopted a folding
phospholipid membranes. Indeed, if lipid interaction would based on a bundle of four cystine-stabilizetielixes. These

be the basis of the antifungal activity dice AMP1, one proteins include puroindoline$2), 2S albumines§3), and
would expect puroindolines to exert an even stronger probably also relatedi-amylase/protease inhibitors from
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cereal seedd). Itis interesting to note that puroindolines ACKNOWLEDGMENT
(52) and 2S albumine$p) have also been shown to interact
with phospholipid membranes. Hence, interaction with
membranes seems to be a general property of this protein
superfamilly, although the way they interact with membranes SUPPORTING INFORMATION AVAILABLE
apparently differs significantly among the different super-
familly members. Table containing théH chemical shifts oAce AMP1 (2

In conclusion, the four known three-dimensional structures pages). Ordering information is given on any current
of proteins extracted from different plant seeds (wheat, maize, masthead page.
barley, and onion) exhibit very similar folds. The organiza-
tion of their hydrophobic cores appears to be a determinant REFERENCES
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