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Abstract

Drosomycin is the first antifungal protein characterized recently among the broad family of inducible peptides and
proteins produced by insects to respond to bacterial or septic injuries. It is a small protein of 44 amino acid residues
extracted from Drosophila melanogaster that exhibits a potent activity against filamentous fungi. Its three-dimensional
structure in aqueous solution was determined using 'H 2D NMR. This structure, involving an a-helix and a twisted
three-stranded B-sheet, is stabilized by three disulfide bridges. The corresponding Cysteine Stabilized a8 (CSa) motif,
which was found in other defense proteins such as the antibacterial insect defensin A, short- and long-chain scorpion
toxins, as well as in plant thionins and potent antifungal plant defensins, appears as remarkably persistent along

evolution.
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Insects respond to septic or bacterial injuries by the rapid and
transient synthesis of a battery of potent antibacterial peptides and
proteins (Hoffmann & Hetru, 1992; Hoffmann et al., 1996). These
molecules are produced by the fat body, a functional analogue of
the mammalian liver, and are secreted into the blood. They are
mostly cationic peptides and proteins with a broad spectrum of
activity against Gram-positive and Gram-negative bacteria. Since
the initial characterization of cecropins in 1981 by Boman and
associates (Steiner et al., 1981), more than 100 inducible antibac-
terial peptides and proteins have been isolated from various insect
species. It has only recently become apparent that insects can also
synthesize antifungal polypeptides in response to a septic injury
(Fehlbaum et al., 1994, 1996; Levashina et al., 1995). Indeed, in
addition to the production of several distinct antibacterial peptides,
the fruitfly Drosophila melanogaster synthesizes a 44-residue pro-
tein with potent antifungal activity directed against filamentous
fungi, but inactive against bacteria (Fehlbaum et al., 1994). This
protein, named drosomycin, has eight cysteine residues engaged in
four intramolecular disulfide bridges, a characteristic likely to con-
fer to the molecule a highly compact structure and that certainly
accounts for the remarkable resistance of drosomycin to proteases
and to heat treatments. The small size of Drosophila precludes the
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isolation of sufficient quantities of drosomycin for NMR elucida-
tion of its three-dimensional structure. We have recently expressed
in Saccharomyces cerevisiae adequate amounts of recombinant
protein, which was shown by various approaches to be identical to
native drosomycin (Michaut et al., 1996). Here we describe the
three-dimensional structure of the recombinant protein.

Results and discussion

Structural features

Distance and angle restraints used to build a model of drosomycin
structure were established from two-dimensional 'H-NMR spectra
recorded on a 3 mM solution of recombinant protein in water at
pH 4.0 and 293 K. From the 200 structures generated with the
DIANA program (Giintert et al., 1991), the 30 best, which target
function ranges from 0.8 to 1.5 at the last step of calculations, were
subjected to restrained simulated annealing calculations and then
to restrained energy minimization with the X-PLOR program
(Briinger, 1992). A set of 15 structures, with the fewest number of
residual violations on distance restraints and internal geometry,
was finally retained to represent the solution structure of droso-
mycin. Figure 1B shows that this family of structures is especially
well-defined in the secondary structure regions mentioned below,
where an average pairwise RMSD of 0.38 A is found for C,, atoms
(Table 1). The number of NOEs per residue collapses at the N- and
the C-terminal residues and around Pro 10, Gly 27, and Pro 35
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Fig. 1. Structural data for the 15 selected NMR structures of drosomycin. A: From top down, plots as a function of the residue number
of (a) the number of upper distance constraints used in the final structure calculations [intraresidual (dark), sequential (light shadowed),
medium- (dark shadowed), and long-range (very light shadowed)]; (8) RMSDs from the average structure for the backbone heavy
atoms N, C,, C', and O, obtained by fitting Ca atoms in the secondary structure elements; and (y) ¢, . ;. and y» angular circular
variances defined as: CVy = 1 — V{S(cos 6,)> + (sin 6,)>}/n, where 6 is a torsion angle and n the number of # values. The black
part of the dial is proportional to the circular variance (drawn with PROCHECK, Laskowski, 1993). (§) Schematic representation of
the secondary structure elements of drosomycin with the detail of accessibility [buried residues in black, accessible ones in white,
drawn with PROCHECK (Laskowski, 1993)]. B: Stereo view of 15 of the best structures of drosomycin, superimposed over the C,
atoms in secondary structure element. This superposition shows a low variability of the backbone even in the region outside secondary
structures. Disulfide bridges are light shadowed. The 23/41 one exhibits a well defined conformation. C: Schematic stereo view of the
backbone of drosomycin with the detail of the four disulfide bridges, drawn with MOLSCRIPT (Kraulis, 1991). The a-helix and the
twisted three-stranded B-sheet defining the CSa motif are clearly displayed.
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Table 1. Structural statistics and residual restraint violations
of the 15 structures that represent the solution structure
of drosomycin (average value, min, max)

RMSD pairwise (A)

Global 1.55 (1.19, 1.94)
Ca 0.56 (0.26, 0.96)
Ca (secondary structure) 0.38 (0.19, 0.63)

RMSD/mean structure (A)

Global 1.06 (0.92, 1.26)
Ca 0.38 (0.25, 0.66)
Ca (secondary structure) 0.26 (0.18, 0.40)

Ramachandran plot
Most favored regions
Additionally allowed regions

78.3 (743, 85.7)
19.6 (14.3, 22.9)

Violations of NOE restraints

Number > 0.4 A 0.4 (0, )
Number > 0.3 A 2.1(2,3)
Number > 0.2 A 5.2 (3, 8)
Violations of bond length

Number > 0.05 A 6.1 (3. 10)
Violations of bond angles

Number > 10° 0.6 (0, 2)

Energies (kcal/mol)

Etot —472 (—415, —5006)
EvdW —166 (=153, —177)
Eelect —683 (—642, —~729)

?The secondary structure is defined as 2—4, 16-26, 30-34, and 38-42.
The Ramachandran plot was calculated with PROCHECK (Laskowski.
1993).

residues (Fig. 1A). The final structures having 78% of residues
lying in the most favored regions of a ®,% Ramachandran plot and
about 20% lying in the additionally allowed regions are in excel-
lent agreement with the experimental restraints and present good
internal geometry (Table 1).

The secondary structure elements defined by PROCHECK
(Laskowski, 1993) are a short a-helix encompassing residues 16-26
and twisted B-sheet structure formed by a very short strand I (2-4)
and by two more extended strands II (30-34) and III (38-42)
(Fig. 1C). The long fragment (5-15) between the first strand and
the helix is fastened to strand II by the 11/33 disulfide bridge and
involves three B-turns: a first one, including Ser 4 to Tyr 7 resi-
dues, is of type IV in the majority of structures; the two other
consecutive turns, 12-15 (type I) and 13-16 (type IV), can be
regarded as forming a distorted helical turn, initiating the a-helix.
This helix is followed by a tight turn, starting with Gly 27, whose
conformation will be discussed below. The B-turn 34-37 linking
strand II and III is of type IV in the majority of structures.

Among the two disulfide bridges connecting the a-helix to
B-strand 111, the 23/41 one adopts a well-defined right-handed
conformation with an average y,s angle equal to +89 + 5° and
shows very low circular variances of y; and y, angles of both Cys
residues, whereas three conformers are observed for the 19/39
bridge. The 11/33 bridge connecting the fragment (5-15) to strand
IT exhibits two unequally populated conformers with s angles
equal to —141 + 7° (in 10 structures from 15) and to +88 + 3°,
respectively, and a locked y, angle of Cys 11. The conformation of
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the 2/44 bridge joining the N and C terminus of the polypeptide
chain is ill-defined, which is reflected by the mobility of the
N-terminal Asp 1 residue. Two of these bridges are partly (23/41)
or totally (19/39) buried in the core of the molecule.

According to the low values of ®,¥ circular variances (Fig. 1A),
the overall structure of drosomycin is remarkably rigid as far as it
exhibits only small regions of moderate variability. One of these
regions corresponds to the Lys 8—Gly 9 doublet preceding a rigid
sequence, including Pro 10-Cys 11 and two consecutive 3-turns.
Another one involves Ser 36 and Leu 37 residues, which oscillate
between two conformations in the B-turn linking strands II and III.
Most amide protons, even outside secondary structures, are slowly
exchanging with the solvent (data not shown), which confirms the
structure rigidity and suggests a high compacity of the molecule.

Comparison with other proteins

The global fold of drosomycin bears resemblance with those of
various small proteins exhibiting different biological activities, such
as an antibacterial insect defensin A (Cornet et al., 1995), short-
and long-chain scorpion toxins (Dauplais et al., 1995; Landon
et al., 1996), plant thionins (Bruix et al., 1993, 1995; Nitti et al.,
1995), and potent antifungal plant defensins (Terras et al., 1993;
Broekaert et al., 1995). In spite of a low level of sequence homol-
ogy, they contain a common structural motif, which we named
Cysteine Stabilized af-motif (CSe8 motif) (Cornet et al., 1995),
insofar as it involves an a-helix including an invariant sequence
(Cys-Xxx-Xxx-Xxx-Cys) linked by two disulfide bridges to the
last strand of a B-structure, which includes another invariant se-
quence (Cys-Xxx-Cys).

A comparison is made between drosomycin and insect defensin
A, an antibacterial 40-residue protein extracted from the fleshfly
Phormia terranovae (Lambert et al., 1989; Cornet et al., 1995).
Although the level of sequence identity is relatively low, these two
antimicrobial defense molecules of insects share significant as-
pects in their three-dimensional structures. Only eight residues are
common to both proteins: these are two glycines (Gly 27 and
Gly 31 in drosomycin, and Gly 24 and Gly 28 in defensin A) and
six cysteines, which form the two disulfide bridges of the CSaf
motif and the bridge numbered 11/33 in drosomycin and 3/30 in
defensin A. The main difference is located in the N-terminal frag-
ments preceding the a-helix: in drosomycin, the loop inserted
between Cys 11 and Cys 19 is shorter than the corresponding
Cys 3—Cys 16 fragment in defensin A, by five residues. The ad-
ditional 1-10 sequence present in drosomycin introduces a third
B-strand and is fastened by a fourth disulfide bridge (2/44), bring-
ing the C terminus near the N terminus. Similar features (four
disulfide bridges, three-stranded S-sheet) are found in plant thio-
nins (Bruix et al., 1993, 1995) and in long-chain scorpion toxins,
like LqqIll (Landon et al., 1997). The N-terminal fragments of the
two insect proteins have opposite positions with respect to the
CSaf motif (Fig. 2). Another important difference between droso-
mycin and defensin A concerns the a-helix. In drosomycin, its N
end is extended by two residues when compared to defensin A, and
two pairs of charged residues, Arg 20—Arg 21 and Lys 24—Glu 25,
replace the two hydrophobic doublets, Ala 17-Ala 18 and Leu 21~
Leu 22, found in defensin A. A Gly residue is present at the C end
of this helix in both proteins, allowing the formation of a three-
residue tight turn, which exhibits an agBag and an agfBy, con-
formation (Efimov, 1986; Sibanda et al., 1989) in drosomycin and
in defensin A, respectively.



Solution structure of drosomycin

1881

Fig. 2. Comparison of hydrophobic and electrostatic potential maps of drosomycin (left) and defensin A (right). Top: Schematic
representation of the backbone showing the orientation of the molecule (drawn with MOLSCRIPT, Kraulis, 1991). Middle: Hydro-
phobic potential surface calculated with the MOLCAD option (Ghose et al., 1988; Heiden et al., 1993) of SYBYL software at the
Connoly surface. Hydrophobic and hydrophilic surfaces are displayed in brown and blue, respectively, whereas green represents an
intermediary hydrophobicity. Bottom: Electrostatic potentials calculated with the GRASP (Nicholls et al., 1991) program at the
accessible surface. Positive and negative surfaces are displayed in blue and red, respectively.

In defensin A, small hydrophobic patches distributed within the
polar residues delineate on the surface of the protein a mosaic
structure (Cornet et al., 1995). The helix of the CSa8 motif pos-
sesses an amphipathic character and positively charged side chains
are located on two regions of the molecule (Lys 33 in one location
and Arg 23, Arg 25, and Arg 39 in another one). The electrostatic
potential surface is mainly positive (Fig. 2). The only negative spot
corresponds to the Asp 4 side chain (data not shown). In contrast,
calculations of the hydrophobic potential map of drosomycin re-
veal a quite different organization of hydrophobic and hydrophilic
residues: Pro 10, Ala 12, Val 13, Trp 14, Pro 35, and Leu 37
residues form a well-defined hydrophobic cluster on one pole of its
structure, whereas the opposite pole is clearly hydrophilic. On the
electrostatic potential map, three negative patches (Asp 15/Glu 17,

Glu 25/Glu 26, and Glu 42) appear clearly within a globally pos-
itive surface (Fig. 2).

The structural similarities between drosomycin, plant defensins,
and thionins are even more striking than those with insect defen-
sins (Fig. 3). The degree of sequence identity is 36% between
drosomycin and the plant defensin Rs-AFP1 extracted from the
seeds of radish Raphanus sativus (Terras et al., 1992, 1993; Fant
et al., 1997), and is 39% and 41% between drosomycin and the
v-1P and y-1H thionins, extracted from wheat and barley, respec-
tively (Bruix et al., 1993). Plant defensins, which are 5 kDa cat-
ionic proteins, inhibit the growth of a broad range of filamentous
fungi (Terras et al., 1993), and consequently participate in the plant
host defense, whereas thionins exert toxicity in various biological
systems by destroying membranes (Bohlmann, 1994). A prelimi-
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Droso --DCL--SGRYKGPCAV----- WDNETCRRVA-KEEGRS%———PSL—&i_CIEG—C
Def A = -—-—---------- ATCDLLSGTGINHSACAAHCLLR-GNRGGYCNG---KG-VCEVCRN- -
Rs-AFP1 QKLCERPSGTWSGVCGN------- NNACKNQCINLEKARHGSCNYVFPAH-KCICYFPC
Y-1P -KICRRRSAGFKGPCM------- SNKNCAQVC-QQEGWGGGNCD---GPFRRCKCTIROC
Y-1H -RICRRRSAGFKGPCV------- SNKNCAQVC-MQEGWGGGNCD- - -GPLRRCKCMRRC

Fig. 3. Comparison of amino acid sequences of the antifungal drosomycin from D. melanogaster (Fehlbaum et al., 1994), the
antibacterial defensin A from P. terranovae (Cornet et al., 1995), the antifungal Rs-AFPI from the seeds of radish R. sativus (Terras
et al., 1993), the y-1P thionin from wheat, and the y-1H thionin from barley (Bruix et al., 1993). a-Helix and $-strands are underlined

by single and double lines, respectively.

nary description of the global fold of Rs-AFP1 (Fant et al., 1997)
indicates the presence of a CSa8 motif with the characteristic Cys
residue positions and a three-stranded B-structure. The coordinates
of the NMR structures of the y-1P and y-1H thionins are available
(Bruix et al., 1993).

Drosomycin, plant defensins, and y-thionins share a consensus
sequence including eight cysteine residues that form a conserved
array of four disulfide bridges (Fig. 3). Four other residues are
strictly conserved: Ser 4, Gly 9, Glu 26, and Gly 31 (drosomycin
numbering), whereas Tyr 7 is replaced by a Trp residue in plant
defensins and a Phe residue in y-thionins. In drosomycin struc-
tures, Ser 4 side-chain hydroxyl group is located in the core of the
protein and is buried in a hydrophobic cluster involving residues
Val 22, Cys 23, Cys 39, and Cys 41. The hydroxyl hydrogen proton
points toward a recurrent small cavity, with average dimension of
37 A% and large enough to contain an internal water molecule. The
strict conservation of this amino acid among all the primary se-
quences of related proteins suggest an important structural role.

Glu26

Tyr 7 in drosomycin, or Phe 10 in thionins, points toward the
molecule and caps the 11/33 and 19/39 (drosomycin numbering)
disulfide bridges (Fig. 4). Gly 9 is found in all primary sequences
of plant defensins and thionins. The Ramachandran plots of droso-
mycin structure and thionins structures show peculiar values of ¢
and ¢ angles. These angles are confined in a narrow region around
120° and 180°, respectively, which is only populated by Gly res-
idues for steric hindrance reasons. Glu 26 points toward the solvent
and is possibly involved in the interaction between drosomycin
and the receptor. The conservation of Gly 31, located on strand II,
can be explained by the very close contact between the helix and
the sheet within the CSaf3 motif.

A striking feature that emerges from the comparison of proteins
exhibiting a CSaf motif is the great variety of activities that
appear to result from the variations in amino acid sequences. For
example, considering scorpion toxins, charybdotoxin (Bontems
et al., 1991) acts on mammalian K= channels, whereas LqqIII
(Kopeyan et al., 1993) induces changes in the permeability of both

Fig. 4. Ca trace of drosomycin (left) and y1-H structures (right) with a representation of the conserved residues.
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mammalian and insect Na™ channels. The structure of the latter
protein, which we have established recently (Landon et al., 1997),
differs from that of drosomycin by the presence of a C-terminal
loop and by longer strands in the three-stranded B-sheet.

In conclusion, our study provides the first structural determina-
tion of an inducible antifungal protein that plays an essential role
in the host defense of Drosophila (Lemaitre et al., 1995). Although
very few residues are conserved between the antifungal drosomy-
cin from D. melanogaster and the antibacterial defensin A from
Phormia terranovae, these two defense proteins adopt the same
CSap architecture. Moreover, we show that, in addition to amino
acid sequence similarities (Fehlbaum et al., 1994), drosomycin
shares the same structural scaffold with plant antifungal proteins.
This organization extends over the whole molecule and comprises
a three-stranded B-sheet and an a-helix stabilized by disulfide
bridges in the same array in both molecules. It is tempting to
speculate that drosomycin and plant defensins have evolved from
a common ancestor molecule that predated the separation of plants
and animals. The high degree of conservation of these molecules,
shown by the structural data, underlines the role of antimicrobial
proteins in the host defense of eukaryotes.

Finally, we point out that these molecules, although complex,
are amenable to chemical synthesis as illustrated for charybdotoxin
(Vita et al., 1995). This field of research therefore has obvious
potential for the design of new antibiotics. In particular, engineer-
ing of peptides, in which the basic structural motif is decorated
with appropriate residues, might lead to molecules with well-
targeted activity against selected microorganisms.

Materials and methods

Recombinant drosomycin from D. melanogaster was produced by
a strain of S. cerevisae and purified according to procedures de-
scribed previously (Michaut et al., 1996). Structures were deter-
mined from two-dimensional 'H-NMR spectra recorded at 293 K
on a Bruker AMX-500 spectrometer equipped with three axis
gradient coils. 'H DQF- and TQF-COSY, TOCSY, and NOESY
spectra were assigned according classical procedures including
spin-system identification, sequential assignment, and secondary
structure identification (Wiithrich, 1986). Exchange kinetics of
amide protons were estimated with 1D and 2D spectra recorded at
277 K and 293 K, after dissolution in D,O. Interproton distance
restraints were derived from NOE intensities (mixing time 120 ms)
and torsion angle restraints from analysis of the NOEs and from
the *Jyp.con coupling constants determined with the INFIT pro-
gram (Szyperski et al., 1992) of XEASY (Bartels et al., 1995). The
30 best structures from the 200 generated with the DIANA pro-
gram (Giintert et al., 1991; Giintert & Wiithrich, 1991) were re-
fined with a simulated annealing/energy minimization standard
protocol using the X-PLOR computer program (Briinger, 1992).
The system was submitted to molecular dynamics simulations at
1,000 K, cooled down at 300 K, and energy minimized. The final
512 NMR restraints set (from which values redundant with the
covalent geometry had been eliminated by DIANA) consisted of
104 intraresidue, 144 sequential, 113 medium-range 2 =< |i —
JI = 5) and 151 long-range (|i — j| > 5) upper bond restraints
deduced from NOEs, 12 distance restraints corresponding to the
four disulfide bridges, and 84 backbone and 78 side-chain dihedral
angle restraints. Only four restraints were introduced in the first
calculations to form the two hydrogen bonds between Cys 2 and
Cys 41. Thirteen hydrogen bonds proposed by the DIANA pro-
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gram, located in regular secondary structure elements and in ac-
cordance with the amide hydrogen exchange data, were added
during further steps of calculations. A total of 22 stereospecific
assignments, including 17 B-methylene pairs, were made using
GLOMSA (Giintert et al., 1991). The 15 final structures used for
analysis were selected on the basis of the number of residual
violations of internal geometry and distance restraints. The coor-
dinates of these 15 structures representing drosomycin have been
deposited in the Brookhaven Protein Data Bank (accession code
IMYN).
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