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ABSTRACT: In response to an experimental infection, the lepidoptétahiothis virescensproduces an
antifungal protein named heliomicin. Heliomicin displays sequence similarities with antifungal plant
defensins and antibacterial or antifungal insect defensins. To gain information about the structural elements
required for either antifungal or antibacterial activity, heliomicin and selected point-mutated variants were
expressed in yeast as fusion proteins. The effects of mutations, defined by comparing the primary structure
of heliomicin with the sequences of members of the insect defensin family, were analyzed using antibacterial
and antifungal assays. One of the variants shows significant activity against Gram-positive bacteria while
remaining efficient against fungi. The three-dimensional structures of this variant and of the wild-type
protein were determined by two-dimensiodll NMR to establish a correlation between structure and
antibacterial or antifungal activity. Wild-type and mutated heliomicins adopt a similar scaffold, including
the so-called cysteine-stabilizeg? motif. A comparison of their structures with other defensin-type
molecules indicates that common hydrophobic characteristics can be assigned to all the antifungal proteins.
A comparative analysis of various structural features of heliomicin mutant and of antibacterial defensins
enables common properties to be assessed, which will help to design new mutants with increased
antibacterial activity.

It has become clear that antimicrobial proteins are a key isolated fromDrosophila melanogaste(7). Both molecules
element of the immune response in multicellular organisms are active against a large number of fungi at rather low
in protecting themselves against infectious microorganisms concentrations<2 «M). In contrast to drosomycin, which
(1). Many of these proteins possess a broad spectrum ofis inactive against yeast, heliomicin is active against two
antimicrobial activity affecting bacteria and/or fungi, viruses, yeast strainsCandida albicansand Cryptococcus neofor-
or parasites 3—4). Among these antimicrobial peptides, mans(6). In addition, the activity of heliomicin is retained
cysteine-rich molecules are the most widespread. They areat physiological ionic strength (137 mM NacCl), whereas a
found in plants, invertebrates, and vertebratgs [nsect drop in drosomycin activity is observed.
defensins are a group of cysteine-rich proteins mainly active
against Gram-positive bacteria and occasionally against

Gram-negative strains and filamentous fungi. They have beeng,. .t res of a series of insect defensins, drosomycin and

found_ n a_1II Insect species mv_estlgated S0 far. R_e(_:ent!y,_a heliomicin, reveals the existence of a consensus motif of six
cysteine-rich protein whose primary structure exhibits simi- cysteines forming three disulfide bridges. As already ob-

larities to insect defensins has been isolated from the served in plant defensins, drosomycin has an additional
noth|q§anllqth|s y|rescens(6). This _molecule, named disulfide bridge between ifs N- and C-termini. The three-
hel[om|C|n, IS |_nact|vg aga!nst bac?erla but has a pqte_nt dimensional (3D) structures &hormia terran@ae defensin
anfufunga! activity. Hellpm|cm also d_|splays sequence simi- o 4ng drosomycin have been determined by two-dimensional
larities with drosomycin, an inducible antifungal protein (2D) *H NMR spectroscopy in aqueous solutic) §). The

* This work was supported in part by the Centre National de la 9lobal fold of the two proteins includes a cysteine-stabilized
Recherche Scientifique and the Fondation pour la Recherchigchle. o3 motif (CSas motif) (8) consisting of ar-helix and a

* The sequence of heliomicin has been deposited in the Swiss-Protywo- or three-strandeg@-sheet for the insect defensin or

Data Bank with accession code P81544. Heliomicin is a patented - - - - :
molecule (Patent PCT/FR99/00843. The coordinates of heliomicin Hel- drosomycin, respectively. In this motif, the two cysteine

Wt and of its mutant Hel-LL were deposited in the Protein Data Bank residues located one turn apart in thehelix form two
as entries 112U and 112V, respectively. disulfide bridges to two cysteine residues separated by a

*To whom correspondence should be addressed. Telephone: ; i i i _
433238255574, Faxe 33238631517 E-mail: vovelle@cnrs-orleansfr.  SiN9I€ amino acid in the last strand of fesheet (Cys-Xaa
s Unite Propre de Recherche 9022, CNRS. Cys of theo-helix linked to the Cys-Xaa-Cys sequence of

' Unité Propre de Recherche 4301, CNRS. the g-sheet). The C&p fold of insect defensins, initially

Insect defensins are cysteine-rich cationic proteins with a
molecular mass of-4 kDa (). Comparison of the primary
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identified in scorpion toxins1(, 11), was also found in plant  electrophoresis (CZE) (270-A-HT, Applied Biosystems)
defense proteinsl@—14) and in brazzein, a sweet-tasting under conditions previously describe).(Mass measure-
protein (@5). ments were performed on a Bruker (Bremen, Germany)

In an attempt to understand the structural features requiredBiflex Il MALDI-TOF mass spectrometer in a positive linear
for the antifungal activity in heliomicin versus the antibacte- mode. An external calibration was performed using standard
rial properties of insect defensins, the establishment of the Drosophilaantimicrobial peptides (drosocin, metchnikowin,
3D structure of heliomicin was required. In this study, we and drosomycin at [Mi- H]* values of 2199.5, 3046.4, and
present the solution structure of the yeast-expressed helio-4890.5, respectively).
micin, determined by NMR spectroscopy and restrained —Antimicrobial AssaysThe following fungal strains (gifts
molecular dynamics. The comparison of the solution structure from W. Broekaert, Leuven, Belgium) were usedeuro-
of heliomicin with the structures of (1) antifungal drosomy- spora crassa(CBS 327-54), Fusarium culmorum(IMI

cin, (2) the plant defense antifungal prot&iaphanus satiis 180420), andNectria haematococcgCollection Van Etten
protein 1 RsAFP1), and (3) the antibacteriBl terranaae 160-2-2). Antibacterial assays were performed agaifist
defensin A provides insight into the structaifinction crococcus luteusA270 (Pasteur Institute, Paris, France),

relationship of this class of antimicrobial proteins. In addition, Bacillus megateriunfrom J. Millet and A. Klier (Pasteur
site-directed mutagenesis was performed on heliomicin on Institute), andEscherichia coliD22 from P. Boquet (CEA,
the basis of primary structure alignments with insect de- France). Determination of minimal inhibitory concentrations
fensins, enabling a mutated protein (Hel-LL) to be selected (MICs) was carried out by liquid growth inhibition assays
with a gain in antibacterial activity compared to the wild- under previously described conditiond6l. MICs are
type heliomicin (Hel-Wt). The solution structure of Hel-LL, expressed as the fa]b] interval of concentrations, where
where the amino acids Lys23 and Arg24 were replaced with [a] is the highest concentration tested at which the micro-

two leucines, has been determined by #DNMR spec- organisms are growing and [b] is the lowest concentration

troscopy and compared to the 3D structure of Hel-Wt and that causes 100% growth inhibitiof9).

Phormiadefensin A. Nuclear Magnetic ResonancélMR experiments were
performed on 4 mM solutions prepared in sodium acetate

EXPERIMENTAL PROCEDURES buffer at pH 4.3'H DQF-COSY, TQF-COSYX8), TOCSY

, i (19, 20), and NOESY 21) spectra were recorded at 293 K
Synthetic Gene Constructioiihe yeastSaccharomyces o, 5 Bruker AMX-500 spectrometer equipped with three axis
cerevisiae strain TGY 48-1 was used for the production of - oagient coils. The water signal was suppressed using the
wild-type heliomicin (Hel-Wt) and the mutant proteins. \yATERGATE pulse sequence?). The exchange kinetics

Expression was performed as described previously ( of amide protons were estimated from 1D (one-dimensional)
Mutated heliomicins were prepared by replacing some of 5n4 2p spectra recorded at 293 K, after dissolution of the

the oligonucleotides (SEA-5 to SEA-109)(of the native lyophilized sample in BO. All NMR data sets were

molecule with specific nucleotides to introduce the mutation processed on a Bruker X32 workstation and analyzed with
sites. The following heliomicins with one mutation site were yEagy software 23).

prepared: (i) heliomicin AAAA (Hel-AAAA), replacement

of the N-terminal tetrapeptide Aspl-Lys2-Leu3-lle4 of the
native protein with four alanine residues; (ii) heliomicin A19-
A20 (Hel-AA), substitution of residues Asnl19 and Gly20
with two alanine residues; (iii) heliomicin L23-L24 (Hel-
LL), replacement of the basic amino acids Lys23 and Arg24
with two hydrophobic leucine residues; and (iv) heliomicin
R43 (Hel-R), substitution of the acidic amino acid Glu43
with a basic amino acid (Arg43). Using the sites for the
restriction enzyme incorporated into the synthetic gene, the
two, three, and four mutation sites were constructed and

expressed i15. cereisiae For heliomicin A19A20L23L24 medium-range, and 198 long-range restraints deduced from

(Hel-AALL), two oligonucleotides were required to over- NOEs and 85 dihedral restraints. These values were 120
come the absence of a restriction site between the Sequencg-, 108 190 and 100 respectively, for the mutant Nine’

encoding amino acids Asn19 and Gly20 and the sequence; ! : - .
encoding residues Lys23 and Arg24 of heliomicin, distance restraints corresponding to the three disulfide bridges

e : i were added for each molecule, and 14 hydrogen bonds (13
_Purification, Integrity, and Purity Control of the Recom-  for the mutant), detected by DYANA and in agreement with
binant ProteinsCloning procedures, yeast cell transforma-  the amide exchange data, were added during further steps
tions, and protein purification were performed as previously of the refinement. Forty DYANA structures with target

described §). However, the second step of purification by

HPLC was replaced with solid-phase extraction onto Sep- __ . oo
- . L Abbreviations: RP-HPLC, reversed-phase high-performance liquid

Pak CM cartridges (Waters). The recombinant heliomicins, . .omatography: CZE, capillary zone electrophoresis; MALDI-TOF,

eluted wih 1 M NaCl prepared in ammonium acetate buffer matrix-assisted laser desorption ionization time-of-flight; MS, mass

(25 mM at pH 3.6), were further purified by RP-HPLGSing spectrometry; MIC, minimal inhibitory concentration; DQF-COSY,

a linear biphasic gradient of acetonitrile adapted to each double-quantum-filtered correlation spectroscopy; TOCSY, total cor-
relation spectroscopy; NOESY, nuclear Overhauser enhancement

protein. Finally, the proteins were lyophilized and kept as gpectroscopy; TQF-COSY, triple-quantum-filtered correlation spec-
dry powder. Purity was ascertained by capillary zone troscopy.

Structure CalculationsStarting from 200 random con-
formations, we determined the 3D solution structures by
repeated rounds of DYANA calculatio24). From the 120
ms NOESY spectra were deduced interproton distances using
the CALIBA program 25) and3Jun-ne coupling constants
using INFIT 6). Programs included in the DYANA
package allow definition of constraints for tise, andy*
dihedral angles and stereospecific assignments with HABAS
(27) and GLOMSA @5) and incorporation of additional
restraints using NOAHZ4). The final NMR restraint set
included for heliomicin 130 intraresidue, 163 sequential, 105
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Insect species Peptide Primary sequence

Heliothis virescens ~ Heliomicin

Phormia terranovae  Defensin A
Sarcophaga peregrina Sapecin A
Calliphora vicina Defensin
Eristalis tenax Defensin
Anopheles gambiae  Defensin
Limnephilus stigma  Defensin

Heliothis virescens ~ Heliomicin 4A
Heliomicin AA
Heliomicin LL
Heliomicin R

Ficure 1: Comparison of the sequence of heliomicin frémeirescenswith some insect defensins, and selection of mutation sites. The
peptides are listed under the source organism. Residues conserved among the insect antibacterial defensins (bold) but subject to charge or
polarity differences in heliomicin were selected for site specific mutagenesis. Homologous cysteine residues are boxed. The resulting mutated
peptides expressed B\ cereisiae were named heliomicin AAAA (Hel-AAAA, replacement of the four N-terminal residues with four Ala
residues), heliomicin AA (Hel-AA, substitution of the Asn19-Gly20 dipeptide with two Ala residues), heliomicin LL (Hel-LL, replacement

of the Lys23-Arg24 dipeptide with two Leu residues), and heliomicin R (Hel-R, substitution of Glu43 with Arg). In the same way, molecules
mutated two, three, and four times were expressed.

Table 1: Production Rate and Antimicrobial Activity Spectrum of the Heliomicin Analogues Compared to Those of Wild-Type Heliomicin
from H. virescend

production rate fungal strain bacterial strain

heliomicin (mg/L) N. crassa F culmorum N haematococca Muteus B megaterium Ecoli
wild-type 2.50 0.30.2 0.2-0.4 0.4-0.8 ND ND ND
AAAA 0.34 1.5-3 3-6 6—12 12-25 25-50 ND
AA 0.82 0.1-0.2 0.2-0.4 0.4-0.8 ND ND ND
LL 0.83 0.2-0.4 0.4-0.8 0.8-1.5 12-25 25-50 ND
R 0.47 0.1-0.2 0.2-0.4 0.4-0.8 50-100 50-100 ND
AAAA/R 0.30 15-3 3-6 6—12 50-100 50-100 ND
AAAA/AA 0.38 15-3 3-6 6—12 25-50 ND ND
AAAA/LL 0.11 ND ND ND 12—-25 25-50 ND
AA/R 0.86 0.1-0.2 0.2-0.4 0.4-0.8 25-50 50-100 ND
LL/R 0.44 0.2-0.4 0.4-0.8 0.8-15 ND ND ND
AA/LL 0.25 0.2-0.4 0.4-0.8 0.8-1.5 ND ND ND
AAAA/AAIR 0.52 15-3 3-6 6—12 50-100 50-100 ND
AAAA/LLIR 0.39 ND ND ND ND ND ND
AAAA/AA/LL 0.15 ND ND ND ND ND ND
AA/LLIR 0.27 0.2-0.4 0.4-0.8 0.8-1.5 ND ND ND
AAAA/AA/LL/IR 0.14 ND ND ND ND ND ND

@ The heliomicin analogues are named according to the mutated sites on the peptide. The production rate is reported in milligrams of pure
compound per liter of culture medium. The MIC is expressed in micromolar as a final concentration. Several peptide dilutiorig{@dor the
antifungal assays and 160.2 uM for the antibacterial assays) were tested in liquid growth inhibition assays using three fungal and bacterial
strains for MIC determination. The MIC has the definition proposed by Casteels and co-wdrRemd) means that no activity was detected at
the highest concentration that was tested g for the antifungal and 10@M for the antibacterial tests).

functions<2 A2 were energy minimized with the CHARMM  This sequence allows secretion of the biologically active
force field 28) implemented in X-PLOR softwar@9). Two protein in a correctly processed form. Hel-Wt was subse-
sets of 18 structures showing the lowest number of residualquently purified according to the procedure described in
violations on distance restraints:@.2 A) were considered  Experimental Procedures. The integrity (including the pres-
as representative of the solution structure of Hel-Wt and ence of three disulfide bridges) and purity of the recombinant
Hel-LL and were used for further analysis with PROCHECK compound were confirmed by CZE and MALDI-TOF mass

(30, 31) and PROMOTIF 82). spectrometry using heliomicin (native) isolated frdth
virescenslarvae as an internal reference (data not shown).
RESULTS The mass measured at [M H]' (4785.6) is in perfect

Expression and Purification of Recombinant Hel-\io agreement with the mass measured for native heliomicin
produce a sufficient amount of native heliomicin for detailed (4785.8, MH') and its theoretical calculated average mass
studies of its 3D structure, 10 mg of recombinant wild-type (4785.3, MH).
heliomicin (Hel-Wt) was expressed in yeast. The fusion Selection, Expression, and Purification of Heliomicin
protein carries at its N-terminus the preprosequence derivedAnaloguesHeliomicin shows sequence similarities to anti-
from the precursor of the yeast pheromone-mating fator bacterial insect defensins (Figure 1), including the conserved
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Table 2: Structural Statistics of the 18 Selected Structures of Heliomicin Solution Structure and of the 18 Structures of the LL Mutant

Hel-WT Hel-LL
average no. of violations of experimental restraints mean min, max mean min, max
distance violations 0.3 A 0.0 0,0 0.02 0,1
distance violations-0.2 A 1.4 0,3 1.2 0,2
dihedral angle violations 10° 0.7 0,2 0.0 0,0
Hel-WT Hel-LL
no. of deviations from idealized geometry mean min, max mean min, max
bond distances 0.05 A 2.7 0,4 2.3 0,4
angles>10° 0.7 0,2 0.6 0,2
Hel-WT Hel-LL
Ramachandran maps (%0) mean mean
most favorable regions 61 60
additional regions 31 34
Hel-WT Hel-LL
rmsd (A) paiwise mean structure pairwise mean structure
all backbone atoms (N, & and C) 0.56+ 0.12 0.384+0.05 0.944 0.22 0.824+0.29
secondary structures (NoGCand CY 0.34+0.10 0.29+ 0.10 0.41+0.13 0.37+0.12
all atoms 1.6H0.14 1.10+ 0.09 1.89+ 0.29 149+ 0.44
energy (kcal/mob Hel-WT Hel-LL
E (electrostatic) —652+ 18 —666+ 29
E (van der Waals) —153+6 —156+ 8
E (NOE) 144+ 2.2 10.3+ 1.2

a2 Ramachandran plots were calculated with PROCHECKhe secondary structure elements are defined by residués7—25, 30-32, and
39-42.¢The energy terms were calculated using the CHARMM 19 force field implemented in X-PLOR with a distance-dependent dielectric
function and a cutoff distance of 12 A for all nonbonded interactions. The NOE energy terms were calculated with a force constant of 5¢ kcal mol
A-2for distance restraints and 1 kcal mbkad 2 for angular restraints.

array of cysteines. On the basis of sequence alignment withnot exceed 1.4 Da (obtained for Hel-LLR). The overall yield
insect defensins, different heliomicin analogues were ex- of pure protein varies from 0.11 to 0.86 mg/L of culture
pressed inS. cereisiae to confer antibacterial activity to  medium depending upon the isoform that is considered
these proteinsAmino acids conserved among the insect (Table 1).
antibacterial defensins but subject to charge differences in  Activity Study of Heliomicin Analogues on Microorgan-
the antifungal heliomicin were considered to be suitable isms. As only limited quantities of pure proteins were
candidate residues for site-specific mutational analysis. Fourobtained for different mutated proteins (Hel-AAAAR and
series of heliomicin variants were generated (Figure 1). (i) Hel-AAAA), only six microorganisms were selected for
In Hel-AA, the hydrophilic residues Asn19 and Gly20 were assessment of their antimicrobial properties. The fudgi
replaced with two alanines (Alal9 and Ala20) as found in crassa F. culmorum andN. haematococcavere selected
most insect defensins. (i) In the variant Hel-LL, the Leu23- as Hel-Wt revealed the strongest activity against these fungal
Leu24 dipeptide is substituted for the Lys23-Arg24 sequence, strains 6). In addition, heliomicin variants were tested against
since the antibacterial defensins, except thos&rstalis the Gram-positiveM. luteus and B. megateriumand the
tenaxandAnopheles gambia@®), have leucines at these two  Gram-negativeE. coli D22, in general the strains most
positions. (i) A basic residue (Arg) is conserved in the sensitive to insect defensins. The results that were obtained
C-terminal part of the defensin sequences, while heliomicin are reported in Table 1. The largest decrease in antifungal
has an acidic residue (Glu43) at this position. In Hel-R, activity was observed for all the heliomicin analogues
Glu43 is mutated to Arg43. (iv) The last mutation site containing four-alanine replacements. Replacement of the
concerns the four-residue N-terminal extension absent in Asp-Lys-Leu-lle sequence with four alanine residues results
antibacterial defensins. In the fourth series of variants, the in a 15-fold decrease in antifungal potency against the three
N-terminal tetrapeptide Asp-Lys-Leu-lle was replaced with fungal strains tested compared to Hel-Wt. The Hel-LL
a four-alanine peptide (Hel-AAAA). variants, carrying hydrophobic amino acids instead of basic
Yeast expression, production, and purification of the residues, showed a 2-fold reduction in antifungal activity
heliomicin variants were performed essentially as describedcompared to Hel-Wt. Hel-AAAA/LL, with two mutation
for Hel-Wt (6). After final purification, the integrity and  sites, is inactive onN. crassa F. culmorum and N.
purity of recombinant proteins were controlled according to haematococcat the highest concentration that was tested
the procedure used for Hel-Wt. The molecular mass of each (50 uM). The same pattern of results was obtained for the
compound measured by MALDI-TOF-MS was in agreement proteins with three and four mutation sites exhibiting the
with the values predicted using the ProMaC 1.5.3 program N-terminal substitution and the hydrophobic Leu-Leu re-
(data not shown). The variation between the molecular placements. No difference in antifungal activity was observed
masses measured and the calculated molecular masses didr Hel-AA and Hel-R (Table 1). The minimal inhibitory
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(b) Hel-LL

FIGURE 2: Stereoscopic viewes of a best fit superposition ofakmarbons of the 15 solution structures of heliomicin wild-type Hel-Wt (a)
and Hel-LL (b).

concentrations (MICs17) on the three fungal strains were -AAAA/LL, and -AA/R exhibited significant antibacterial
identical to that observed for the wild-type protein. Similarly, activity againsM. luteusandB. megateriun{Table 1). Hel-
Hel-AA/R did not show any decrease in antifungal activity LL/R and -AA/LL with two mutation sites did not exhibit
compared to the native molecule. Furthermore, the presenceantibacterial activity. Among the heliomicin molecules with
of the Ala19-Ala20 and/or Arg43 mutation(s) in heliomicin three mutation sites, only Hel-AAAA/AA/R was found to
had no additional effect on the decrease of antifungal potencyaffect the growth of the two Gram-positive bacteria. Surpris-
observed for Hel-AAAA and Hel-LL. In fact, the antifungal ingly, Hel-AAAA/AA/LL/R (four mutation sites) was inac-
activities of Hel-AAAA/R, -AAAA/AA, and -AAAA/AA/R tive on bacteria, although its primary structure is the closest
were comparable to the activity of the AAAA analogue. Hel- to that of insect defensins.
LL/R, -AA/LL, and -AA/LL/R exhibited antifungal proper- Among the mutated proteins, only Hel-LL exhibited
ties similar to those of Hel-LL (Table 1). significant anti-Gram-positive activity without a large reduc-
Measurement of the effect of heliomicin analogueson  tion in antifungal activity compared to Hel-Wt (only 2-fold).
coli D22 did not reveal any activity even at concentrations Therefore, in an attempt to evaluate the structural features
up to 100uM. However, the single mutation sites AAAA, responsible for this difference in activity, the 3D structure
LL, and R in heliomicin conferred antibacterial activity of the mutant Hel-LL was determined.
against both Gram-positive strains testétl (uteusandB. Structural FeaturesAll proton resonances of Hel-Wt and
megaterium (Table 1). Hel-AAAA and Hel-LL were active  of Hel-LL were defined using the standard sequence specific
againstM. luteusandB. megateriunat MICs of 12-25 and assignment strateg3®) from the'H DQF-COSY, TOCSY,
25-50 uM, respectively, while Hel-R exhibited moderate and NOESY spectra. For the two proteins, an examination
activity against these strains (MIE 50—100 uM). Hel- of the NOE data,3) coupling constants, and hydrogen
AA, even at 10QuM, was inactive against the three bacterial exchange rates for HN protons provided evidence for three
strains that were tested. Some of the mutated heliomicin strands ofs-sheet and an-helical region. The 3D structures
proteins carrying two mutation sites were also active against of both proteins were determined according to the procedure
the Gram-positive strains. Hel-AAAA/R, -AAAA/AA, described in Experimental Procedures. The structural statis-
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of the backbone atoms are 0.340.10 and 0.4H 0.13 A

for Hel-Wt and Hel-LL, respectively. In addition, the

a structures are in good agreement with the experimental data
since, on average, only 1.4 and 1.2 distance violations larger
than 0.2 A per structure were observed for Hel-Wt and Hel-
LL, respectively.

Structure analysis, using PROCHECB0( 31) and PRO-
MOTIF (32), reveals that the Hel-Wt global fold involves
an o-helix from Aspl7 to Arg25 and a three-stranded
antiparallel s-sheet, including residues—® for the first
strand, 36-32 for the second, and 392 for the last. The
9 13 17 21 25 20 33 37 41 classical array of €O (i)---NH (i + 4) hydrogen bonds is

Residue number found in the helical part of the molecule. In the first strand
of the g-sheet, a bulge at residues lle4 and Gly5 leads to
interruptions in the standard hydrogen bond network with
2 b the third strand. A long loop L1 (residues-I6) connects
18 the first strand of the3-sheet to then-helix. The loop is
stabilized by ay-turn (residues 1113) and backbone
backbone hydrogen bonds. A well-defined turn, T1, including
residues 2629, connects ther-helix to the second strand
\ ./\“ of the 5-sheet, and the chain reversal is ensured by Gly26
04 A~/ VM which adopts a positive value. The second and third strands

o of the 5-sheet are linked by a long turn, T2 (residues-33
38), including a type IVS-turn (residues 3437). At the
N-terminus of thea-helix, a hydrogen bond is observed
between the @ of Asp17 and the NH group of Gly20 which
was found to be slowly exchangeable in amide exchange
Olntra residue [ Sequential & Medium range MLong range | experiments. This interaction can be classified as an N-
70 c capping interaction 34). Compared to the positions of
aliphatic and other aromatic side chains, the position of Trp9
in loop L1 is poorly defined. There is a lack of precision in
the definition of its side chains but also in the conformation
of the backbone atoms: the angles of Val® @nd Trp9
(¢) adopt two different sets of values. Compared to Trp41l,
few NOE data are available for Trp9. Several Lys and Asn
side chain positions are poorly defined, such as Asnl13,
Lys23, Asn37, and Asn39. However, they always point in
the same direction, outward from the protein core.

The 3D structure of Hel-LL displays the same general
features as Hel-Wt (Figure 2). The rms deviation of the
backbone atoms of the minimized average structure between
2 d the two molecules is 1.35 A. This value drops to 0.67 A
16 A when calculated for the secondary structure elements (resi-
dues 2-6, 1725, 30-32, and 39-42) and is as low as 0.45
12 A for the helix, although this is where the mutation occurs.
08 A 1 \ Very few structural changes appear at the site of mutation;

' /\ /"\/\ / K the orientation of the Leu23 and Leu24 side chains is
04 P\~ "M\f\/ = \/ approximately identical to the orientation of Lys23 and
Arg24 in Hel-Wt. Large differences between Hel-Wt and
Hel-LL exist in loop L1 (residues-#16). In both structures,
ay-turn stabilizes L1, between residues 8 and 10 in Hel-Wt
and between residues 11 and 13 in Hel-LL. In heliomicin,
FicurRe 3: (a) Number of NOEs per residue for Hel-Wt: intraresi- turn T2 includes an additiongi-turn between residues 33
due (white), sequential (light gray), medium-range (dark gray), and and 36. The major difference between Hel-Wt and Hel-LL
I'\c;n%(l;anged(%ack). (b) L_o;:al rmsd, for l—:]eI-Wt, calculated for the concerns the definition of the solution structures in loop L1
thbéragf NO?Etg ng)serwrlttasiéi?ap?grt |t_(|)e|t_LciIa\(/de)raLgoeC;tr:Jn(;tsudref.oEc) and turn T2 (Figure 2 and Table 2). _The best fit superposition
Hel-LL. of the backbone atoms of loop L1 in the mutant shows that
it is structurally well defined, with a rmsd of 0.42 0.16 A
tics (Table 2) and a superposition of the selected structures(0.524+ 0.26 A for Hel-Wt). However, it can adopt different
(Figure 2) revealed their good definition. This is particularly orientations with respect to the rest of the molecule (Figure
evident in the region of regular secondary structure elements,2) as already observed Phormiadefensin A 8). Although
where the average pairwise rms deviations of the coordinatesthe amount of NOE data in turn T2 of Hel-LL is not

LD Intra residue B Sequential B Medium range B Long range ]

70

NOE Numbers

-
™
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FiGure 4: Best fit superposition of the global folds and lipophilic potential of (a) wild-type heliomicin, Hel-Wt (yellow), (b) drosomycin
(green), (cRsAFP1 (red), (d) heliomicin LL, Hel-LL (cyan), and (®hormiadefensin A, Def-A (magenta). The best fit was obtained for

the backbone heavy atoms corresponding to the common secondary structure elements. The lipophilic potentials are calculated with the
MOLCAD option of SYBYL (35, 36) on the Connoly surface of the molecules. Hydrophobic and hydrophilic surfaces are displayed in
brown and blue, respectively, and green surfaces represent an intermediate hydrophobicity.

dramatically lower than in Hel-Wt (Figure 3a,c), the rmsd A (Figure 4b). However, the first strand of th@sheet
per residue (local rmsd) is large (Figure 3d). Conversely, in involves five residues in heliomicin {26) and only three in
Hel-Wt, turn T2 adopts a well-defined conformation, with a drosomycin (2-4), while the second strand is shorter in

very low local rmsd (Figure 3b). heliomicin (30-32) than in drosomycin (3634). In addition,
the a-helix is two residues longer in drosomycin than in
DISCUSSION heliomicin (residues 1626 and 1725, respectively). But

the main difference is observed in the conformations of loop
L1 and turn T2. After best fitted superposition of the
backbone atoms of residues Z6 of heliomicin and droso-
mycin, the rms deviation between these atoms is large (4.1
A). Hydrophobic interactions between strands | and Ill and
between loop L1 and turn T2, supported by NOE connec-
tivities between Leu3 and Trp41 protons and between Val8
and Val38 protons, maintain the compactness of the structure

Proteins with a C&B motif constitute a family of
molecules with a large diversity of functions. This motif
observed in antimicrobial proteins from plant$2f and
invertebrates8) has also been reported in neurotoxis, (

11) and in a sweet-tasting protein from fruil). This
compact and well-organized scaffold, although not related
to a common biological activity, confers to all these
molecules a remarkable stability and a high resistance to A ' . o
proteases. The specificity of activity presumably results from of_hel|om|C|n desplt_e the absence of the additional disulfide
the type of residues and from their arrangement on the bridge of drosomycin (Cys2CysA4).

scaffold formed by the G&3 motif. Heliomicin is a member The antifungal plant defensiRsAFP1, from the radish

of this family showing an antifungal activity over a large R. satvus (13), which is only 28% similar to heliomicin,
spectrum of germs but is not active on bacte6i The also adopts a G$ overall fold, including aro-helix and a
global fold of heliomicin is characterized by the presence three-strandeg-sheet, and the molecule is stabilized by four
of a long loop, L1, connecting the first strand of {Besheet disulfide bridges. The rms deviation between the secondary
to thea-helix and a long turn, T2, between the second and structure elements of two selected structures of heliomicin
third strands of the sheet. Despite the presence of L1 andandRSAFP1 is only 1.01 A (1.02 A between drosomycin
T2, all these structural elements are well-defined by the NOE andRsAFP1). A representation of the backbones of the two
data, leading to a compact and apparently rigid structure. Proteins (Figure 4c) indicates that, as already observed for

Heliomicin shares approximately 50% sequence similarity drosomycin, the differences in the global fold of heliomicin
with drosomycin, . melanogasteantifungal defensin?. andRsAFP1 are concentrated in loop L1 and turn T2.
Drosomycin is also active against a variety of fungal strains  In addition to similarities in their global folds, heliomicin,
but not againsC. albicans The 3D structures adopted by drosomycin, andRsAFP1 contain large clusters of hydro-
drosomycin 9) and heliomicin in solution reveal a similar  phobic residues. One cluster is formed by residues at the
organization, ga/3p fold stabilized by a C&F motif. The top of loop L1 and in turn T2 and a second one by residues
rms deviation between the backbone atoms of the secondarylocated at the N- and C-termini. Both clusters are contiguous
structure elements of drosomycin and heliomicin is only 0.96 and form a large hydrophobic zone. An analysis of the
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lipophilic potentials calculated on the Connolly surface of
the molecules with MOLCADZ5, 36) (Figure 4a-c) shows
that, despite small differences in the distribution of potentials,

Lamberty et al.

activity. For this reason, we have determined the 3D structure
of the Hel-LL mutant.

The 3D structures of Hel-Wt and Hel-LL are very similar,

the three molecules display an amphipathic character. Theexcept for small differences in the observed hydrogen bond

molecular face including the-helix and the second strand
of the 5-sheet is hydrophilic. The other face (first and third

network and a lower precision of the structure of the mutant
in loop L1 and turn T2. In addition, in the mutant, loop L1

strands of the-sheet) is intermediate, while the head of the and turn T2 are much further apart so that the level of
molecule (end of L1 and T2) is hydrophobic. The presence packing of the hydrophobic residues is reduced (Figure 4d).
of such a hydrophobic area at the head of the molecule This leads to a decrease in the hydrophobicity of the head
already reported for drosomycin and plant defense proteinsof the molecule, which may account for the slight reduction
(37) seems to be a feature common to three antifungal in antifungal activity of Hel-LL if one assumes the impor-
proteins. tance of the hydrophobic cluster for antifungal activity.
Heliomicin and drosomycin have an overall identical total ~ The substitution of the two basic residues, Lys23 and
charge {-1), but the distributions of charges on the surface Arg24, at the end of the helix with two leucines gives rise
of the molecule are different, leading to distribution variations to an amphiphilic character in the-helix of Hel-LL. This
in electrostatic potentials (data not shown). Such differences amphiphilic character is a feature common to (i) the helices
could probably explain the difference in activity observed of all antibacterial insect defensins (for a review, seesjef
between drosomycin and heliomicin at high salt concentra- and (ii) some short helical antibacterial peptides such as
tions. cecropins 88) and magainins39). In addition, this mutation
Although the level of sequence similarity is only 40%, maodifies the repartition of hydrophobic potentials, leading
heliomicin andPhormiadefensin A display common struc-  to hydrophobic patches distributed all over the structure as
tural features. A superposition of the Hel-Wt and defensin observed on thBhormiadefensin A surface (Figure 4a,d,e).
A global folds (Figure 4e) shows a very good fit of their | conclusion, despite the absence of a fourth disulfide
CSo motifs. The rms deviation of the backbone atoms of pridge, heliomicin, like the other purely antifungal defensins,
the motif is only 0.90 A. However, the-helix of heliomicin drosomycin andRsAFP1, adopts a rigifgo,33 architecture,
is three residues shorter than tdielix of Phormiadefensin including the C8& motif. These antifungal proteins exhibit
A. In addition, large differences appear in the conformation very similar distributions of lipophilic potentials characterized
of the N-terminal segment, since the first strand offireheet by a hydrophobic region including residues of loop L1 and
is missing inPhormia defensin A, and in turn T2 which  tyrn T2.
includes five residues in heliomicin and only three in o the basis of sequence alignment with antibacterial
Phormiadefensin A. _ . _ _ defensins, we have designed a mutant (Hel-LL) of the
Heliomicin is purely antifungal, whil®hormiadefensin  antifungal heliomicin (Hel-Wt) that is active against Gram-
A is preferentially active against Gram-positive bacteria. We positive bacteria. The comparison of several structure-related
have taken advantage of this observation to suggest the naturgeatyres of heliomicin, of its mutant, and@hormiadefensin
of the amino acids and their key position on theoS$notif A shows that the mutation tends toward a molecule that
that conveys antibacterial versus antifungal activities. On the resemble®hormiadefensin A more than heliomicin does.
basis of sequence comparisons between antibacterial deObvioust, the differences between Hel-Wt and Hel-LL are
fensins and heliomicin, several site-directed mutations were gma||. and Hel-LL is active against Gram-positive bacteria
introduced to confer antibacterial activity to heliomicin. 4t 5 concentration higher tha&hormiadefensin A. Never-
Heliomicin was modified by four single-site mutations: three theless, the Hel-LL mutant, as expected, is active against
mutants (Hel-AAAA, Hel-LL, and Hel-R) acquired antibac-  Gram-positive bacteria, and the information obtained for the

terial activity, indicating the adequacy of the changes. 3p structure of heliomicin will allow the design of heliomicin
Moreover, most proteins with two mutation sites exhibited anaj0gues with increased antimicrobial potencies.

significant antibacterial activity. Mutants with three and four
mutation sites lost antibacterial activity but also lost anti-
fungal activity (Table 1). This loss of function may be linked .
to alterations in the structure as a consequence of overly We thank Dr. Laurence Sabatier for mass spectrometry
drastic modifications. It must be pointed out that all Measurements and Martine Schneider for her technical
heliomicins are not produced at the same level in yeast (Tab|ea33|sfcance in the production of the recombinant heliomicin
1). This is probably related to misfolding or interactions with Proteins.

the yeast. Most antibacterial analogues retained strong

antifungal activity, and the changes in the function of the SUPPORTING INFORMATION AVAILABLE

molecule are more a widening of the activity spectrum than  33,,,_.4 values and chemical shifts of Hel-Wt and Hel-
a real decrease in the activity on specific strains. Like LL. This material is available free of charge via the Internet
Phormiadefensin A, the antibacterial analogues are active at http://pubs.acs.org.

only against Gram-positive bacteria and not against Gram-

negative strains. This suggests that the amino acids intro-REFERENCES

duced by mutagenesis in the antibacterial heliomicins may
be responsible for their activity against Gram-positive
bacteria. Among the various heliomicin variants that were
studied showing a significant activity against Gram-positive
bacteria, Hel-LL exhibits only a minor reduction in antifungal
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