
<14) hydrogen bonding to the oxydianion 
in the wild-type SBP ( 8 ) .  

Although the active site Ser in proteinases 
has been successfully mutated to Cys, the 
ultimate goal or desired result has not been 
achieved; engineered thiol trypsin exhibits 
essentially no enzymatic activity with nor- 
mal amide and ester substrates (3 ) .  The 
cause of the failure to achieve the desired 
result is not clearly understood (15). Small 
geometrical changes resulting from the mu- 
tation could have an effect far more pro- 
found than that described here. Although 
little publicized, the catalync Ser or Cys 
residues of proteolytic enzymes are, like 
Ser130 of SBP, engaged in cooperative hy- 
drogen bonding; they simultaneously do- 
nate to a His residue that is part of the 
charge relay system and accept an NH group 
or a solvent molecule. 

The results presented here demonstrate 
the sensitivity of a Ser to Cys mutation. If 
the effect of the mutation is as deleterious as 
the one reported here, one wonders what 
the extent of the effect might be if the 
residue is directly involved in enzyme catal- 
ysis. In any case the use of si&-directed 
mutagenesis to probe or quantitate struc- 
ture-function relations is fraught with un- 
certainty. To minimize the uncertainty, it is 
important that many mutational changes be 
made. For amino acid replacements to be 
rationally selected and generated and for 
interpretation of the results to be properly 
made, a well-refined high-resolution struc- 
ture is a prerequisite. 

Finally, there seems to be a propensity of 
hydroxyl-containing residues, as well as pep- 
tide units, to interact with charged groups 
and ligands (9, 16, 17). An excellent example 
has been recently shown in the well-refined 
1.7 A resolution structure of the phosphate- 
binding protein in complex with phosphate; 
the completely dehydrated and sequestered 
phosphate is held in place by a total of 12 
hydrogen bonds, 5  with peptide unit NH 
groups and 4  with hydroxyl side chains (17).  
We have hrther noted that ligand-gated ion 
channels are known to contain regions rich 
in hydroxyl side chains and that, like in the 
binding protein-phosphate, complex, these 
hydroxyls may have properties that are par- 
ticularly important in achieving the requisite 
specificity and speed of ion movements (17).  
The sensitivity and differential effects of 
mutations of Ser to Cys, Ala, and Gly at a 
highly specific ion-binding site as demon- 
strated here could be used to probe similar 
residues residing in these channels or in 
other ligand-binding sites. 
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Crystal Structure of Defensin HNP-3, an Amphiphilic 
Dirner: Mechanisms of Membrane Permeabilization 

Defensins (molecular weight 3500 to 4000) act in the mammalian immune response by 
permeabiliziig the plasma membranes of a broad spectrum of target organisms, 
including bacteria, fungi, and enveloped viruses. The high-resolution crystal structure 
of defensin HNP-3 (1.9 angstrom resolution, R factor 0.19) reveals a dimeric P sheet 
that has an architecture very different from other lytic peptides. The dimeric assembly 
suggests mechanisms by which defensins might bind to and permeabilize the lipid 
bilayer. 

N EUTROPHILS CONSTITUTE 50 TO 

70% of the total white blood cells 
in humans. They play a vital role in 

the immune response by ingesting invading 
microorganisms, which are then destroyed 
by one of two general mechanisms. The 
"oxygen-dependent" mechanism results 
from the production of superoxide, which is 
converted to potent oxidants termed "reac- 
tive oxygen intermediates" ( 1 ) .  The other, 
"oxygen-independent," defense mechanism 
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occurs when the microbicidal-cytotoxic pro- 
teins of cytoplasmic granules are discharged 
into the phagocytic vacuole (2). 

Defensins account for -30% of the total 
protein in human azurophil granules ( 3 ) .  
They are small (molecular weight of 3500 to 
4000), cationic, disulfide cross-linked pro- 
teins that show in vitro activity against 
Gram-negative and Gram-positive bacteria 
(3, 4), fungi ( 5 ) ,  mammalian cells (6 ) ,  and 
enveloped viruses ( 7 ) .  The work of Lehrer 
and colleagues shows that defensins perme- 
abilize both the inner and outer membranes 
of Escherichia coli, and that inner-membrane 
~ermeabilization is coincident with cell 
death (8). A membrane potential is appar- 
ently required for defensin action, since cells 
are killed onlv when metabolicallv active and 
they are protected by membrane-depolariz- 
ing agents such as carbonylcyanide M-chlo- 
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rophenyhydmone (CCCP) and 2,4-dini- 
trophenol (DNP) (8, 9). This result is 
consistent with the observation that defen- 
sins form voltage-dependent channels in lip- 
id biyers, a process that apparently in- 
volves aggregation of two to four molecules 
(10). These data strongly suggest that defen- 
sins kill by penneabiliziig the membrane; so 
does their broad specificity, which includes 
enveloped but not naked viruses (7). 

To understand further the mechanism of 
defensin action we have determined the 

crystal structure of the defensin HNP-3 by 
the method of isomorphous replacement 
(Table 1) and refined the atomic model to an 
R factor of 0.19 against 1.9 A data (Table 
2). The structure we see is remarkable in 
being quite unlike that of other membrane- 
permeabdizmg proteins. Other lytic or mem- 
brane-permeabii peptides have been 
characterized, including melittin (ll) ,  ce- 
cropin (12), magainin (13), alamethicin (14), 
and &hemolysin (15). All of these are am- 
phiphilic a helices that contain no p sheet and 

have no disul6de bonds. In sharp contrast, 
defensin is an all-p-sheet protein with no a 
helix, and it is stabilized by three disuhide 
bonds. The few membrane-permeabii 
proteins that do contain significant amounts 
of p sheet are either circular peptides, such as 
gramicidin s (I@, or contain ~-amin0 acids, 
such as gramicidin A (17, 18), or, like porin 
(19), are much larger than defensin. 

Defensin is an elongated, ellipsoidal mol- 
ecule with overall dimensions of 26 A by 15 
A by 15 A (Fig. 1A). The structure is 

Flu. 1. (A) Stereoview of the polypeptide backbone of the D 
defensin monomer, with selected side chains labcled, includ- 
ing the six Cys residues that form !X bonds. The four Arg 
side chains are shown; two of them, Arg15 and w5, could 
not be located during the crystallographic analysis but are 
included here in low-energy conformations. (B) Pamm of 
hydrogen bonding in the defemin dimer. The disuliide 
bridges are shown as hghtning bolts, and several residues 
rrfkced to in the texe are n o d  by one-lemr symbols (39). 
(C) Ca plot of the dimer viewed along the rwo central p 
strands of (B). The local twofold axis is vemcal. Twisting 
and coiling of the shca produm a pseudo barrel, in which 
a virtual seventh strand is formed by ordered solvent mole- 
cules, which are shown as crosses. The center of the barrel is 
packed with hydrophobic side chains. (D) Molecuk A and B 
amino-terminal p strands are hydrogen-bondrd to each other 
through ordered solvent. Five water molecules occupy a 
mini-channel that completely crosses the dimer. The view hcrc is down the local twofold axis. Possible hydrogen bonds are shown with dashed lines. The 
F,, - F,, map was computed with all water molecules deleted from the model; it was contoured at 3.5 times the root-mean-square deviation. (E) 
Space-filling representation of the dimer with the local twofold axis vertical and viewed along the solvent minishanncl, which can be seen at the top center. 
Carbon atoms, yellow; sulfur, brown; uncharged nitcogen, light blue; charged nitrogen, blue; uncharged oxygen, pink, and charged oxygen, red. Nodce that 
the base of the basket is apolar, as shown by the hydrophobic moment (black arrow), which points toward the base. 
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dominated by a three-stranded antiparallel P 
sheet that includes 60% of all residues (20- 
24). The molecule appears sufficiently rigid 
that the crystal structure must provide a 
good model both for the conformation in 
solution and at the site of action. The con- 
straints of the three disuffide bonds prohibit 
a gross conformational change, such as that 
proposed for colicin A (25), upon moving 
from an aqueous to an apolar milieu. This 
appearance of stability is supported by the 
similarity of the two molecules in the asym- 
metric unit. All main-chain atoms of the two 
molecules superpose with a root-mean- 
square (rms) deviation of 0.82 A. The only 
significant departure from noncrystallo- 
graphic symmetry is an apparent flexing 
motion of residues 20 to 25. If these resi- 
dues are omitted from the least squares 
superposition, the deviation of main-chain 
atoms of the two monomers becomes 0.32 
A. 

The pattern of conserved residues of the 
defensin family (Fig. 2) can be interpreted in 
terms of the three-dimensional structure and 
suggests that all other defensins have con- 
formations similar to HNP-3. The six Cys 
residues that must play a major role in 
stabilizing the conformation are invariant. 
Moreover, several other key structural resi- 
dues, Arg6, Glu14, and G I ~ ,  are found in 
every defensin except GPNP. Glf4 occupies 
the third position of a type I' turn; Arg6 
forms a salt bridge with Glu14 that spans the 
only stretch of polypeptide that does not 
participate in the P sheet (26). Nuclear 
magnetic resonance (NMR) studies of NP-5 
(27-29) also support the view that all known 
defensin sequences can fold as HNP-3. 

HNP-3 crystallizes as a dimer. The two 
molecules in the asvmmetric unit are in close 
contact and are related to each other by a 
local twofold rotation axis. The three- 
stranded sheet of the monomer is extend- 
ed across this interface to form a six-strand- 
ed sheet in the dimer. Figure 1B shows how 
four hydrogen bonds link the two monomer 
sheets directly and that two more hydrogen 
bonds extend the intermolecular P-sheet in- 
teraction through well-ordered water mole- 
cules. The d&eric association is further 
stabilized by hydrophobic interactions, es- 
pecially between Cys5, CysZO, Tyr22, and 
PheZ8 from each of the monomers. Equilib- 
rium centrifugation confirmed that HNP-3 
is a dimer or higher polymer in solution 
under conditions identical to the crystalliza- 
tion conditions but without the PEG 8000 
(30). The presence of the invariant Gly18 at 
the dimer interface also suggests that defen- 
sin is a dimer at the site of action. If Glv18 
were replaced by any other residue, the CP 
atom would overlap with the 0 atom of 
residue 20 from the neighboring monomer. 

The observed dimeric association suggests 
several hypotheses for the killing mechanism 
of defensins, as discussed below. 

The shape of the dimer resembles a basket 
with an apolar base and a polar top that 
includes the two amino termini and the two 
carboxyl termini (Figs. 1C and 3A). The P 
sheet both twists and coils, and as a result 
the amino-terminal p strands of the two 
neighboring monomers are close together in 
space (Fig. 1C). These two P strands are 
hydrogen-bonded together through ordered 

solvent molecules that form a mini-channel, 
which passes right through the dimer (Fig. 
1, D and E). The core of this basket is 
hydrophobic and, at the center of the dimer 
interface, the disuffide bonds between resi- 
dues 5 and 20 of the two molecules are in 
van der Waals contact with each other. Six 
Arg residues form an equatorial ring around 
the dimer; these side chains are relatively 
flexible and three of them cannot be located 
in Fourier maps. 

The dimeric crystal structure suggests 

A C Y C R I P A C I A G E R R Y G T C I Y Q G R L W A F C C  
Human 

D C Y C R I P A C I A G E R R Y G T C I Y Q G R L W A F C C  iymI P A ~ I  A G[R Y[T[I Y Q[R L w A FH 
V C S C R L V F C R R T E L R V G N C L I G G V S F T Y C C T R V  

Guinea GPNP R R C I C T T R T C R F P Y R R L G T C I F Q N R V Y T F C C  
pig 

Rabbit 

V V C A C R R A L C L P R E R R A G F C R I R G R I H P L C C R R  
V V C A C R R A L C L P L E R R A G F C R I R G R I H P L C C R R  
G I C A C R R R F C P N S E R F S G Y C R V N G A R Y V R C C S R R  
G R C V C R K Q L L C S Y R E R R I G D C K I R G V R F P F C C P R  
V S C T C R R F S C G F G E R A S G S C T V N G V R H T L C C R R  
V F C T C R G F L C G S G E R A S G S C T I N G V R H T L C C R R  

RatNP-1 V T C Y C R R T R C G F R E R L S G A C G Y R G R I Y R L C C R  
Rat RatNP-2 Rat..-3 V T C Y C R S T R C G F R E R L S G A C G Y . R G R I Y R L C C R  lsuT S .SIR F .NL S l A I R  

I Lu RatNp-4 A C Y C R I G A C V s G E R L T G A C G L N G R I Y R L C C R  

Fig. 2. The amino acid sequences of HNP-3 and other defensins (39, 40) are referred to a common 
numbering scheme. As a result the 30-residue HNP-3 starts with residue number 2 and ends with 
residue number 31. The disulfide connectivity is indicated and residues are boxed if conserved in at least 
all but one of the sequences. 

Table 1. Data collection and structure determination. HNP-3 was purified as described (34), and 
crystals were grown at room temperature in 4-kl hanging drops. The drop consisted of a 50:50 
mixture of reservoir and 20 mg ml-' protein in 0.01% acetic acid, the reservoir solution was 15% 
PEG 8000, 10% isopropanol, 100 mM sodium citrate at pH 4.0. Crystals would usually grow in 
about 4 days and were harvested into the reservoir solution without loss of diffraction properties. 
The space group is P2,2,2 with a = 30.8 A, b = 45.0 A, and c = 40.3 A. There are two defensin 
monomers in the asymmetric unit, and the crystal contains 38% solvent. These HNP-3 crystals are 
apparently isomorphous to one of the forms reported for the closely related HNP-1 (35). A total of 
six derivatives were identified by locating the heavy-atom positions by using Patterson and Fourier 
methods. Inspection of several Fourier maps showed density that clearly corresponded to a Trp side 
chain. Once this feature had been recognized, many maps calculated with the use of different 
combinations of derivatives, with and without solvent flattening (36), were assayed by the quality of 
this Trp density. The best map was that calculated from K2Pt(CN), (20 mM, 24-hour soak, three 
sites) and Pt(NH2)2(N02)2C12 derivatives (13 mM, 4.5-day soak, one site) after solvent flattening. 
Maps phased on both of these derivatives but before solvent leveling, or based on just the 
K2Pt(CN), derivative after solvent flattening, were also of high quality. The mean figure of merit 
after solvent flattening was 0.73. These three maps were displayed on an Evans and Sutherland 
PS390, and an atomic model was easily fitted with the program FRODO (37). 

Parameter Native 

Rim* 
Resolution limit (dm,,, a) 1.9 
Observations (no.) 22,975 
Rejected during processing (no.) 1,617 
Unique reflections (no.) 4,524 
% Complete (95.9) 
IF1 > 2uF (%) 96.7 
Rsymt 0.054 
Rms F,/E* (centrics) 
Rms F d E  (acentrics) 
R~ulliss 

*R;,, = (1 I F,  ,,,,, ,,, I - I F ,,,,,, I)/Z I F ,,,,,, I. tR,,, = (I 1 Ii I - I I,,l)/Z I I,, I; this value is calculated before 
reiectine anv observations. SF, is the heaw-atom structure factor and E is the residual lack of closure. 
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Fig. 3. (A) Schematic representation of the dimer 
basket. The top is hydrophilic, and the base is 

A 

hydrophobic (shaded). Six flexible Arg residues 
are distributed around the middle. The solvent 
mini-channel is indicated. The local twofold is + 
vertical. (B) Wedge hypothesis. The hydrophobic 
surface of the dimer is buried into the lipid 
bilayer, disrupting the lipid-lipid interactions and B 
perhaps permeabilizing the membrane. (C)) Di- 
mer-pore hypothesis. Two dimers stack top to top 
with their bottom hydrophobic surfaces (shaded) 
facing lipid tails. Association of the hydrophilic 
top surfaces is stabilized by charge complementar- 
ity. Two solvent mini-channels (stipled) cross the 
bilayer. (D) General-pore hypothesis. This cross 
section shows just two defensin dimers. In order 
to complete the pore, more dimers must be added 
in front and back. Modeling suggests that at least 
four dimers are required to complete this type of 
pore, which could include many defensin mole- 

W 
cules and become very large. 

three ways in which defensin molecules 
might interact with and permeabilize a lipid 
bilayer. A wedge effect, like that proposed 
for the permeabilization of membranes by 
melittin and lysolecithin (31), might result 
from the amphiphilicity of the dimer basket. 
A cluster of four hydrophobic side chains on 
the bottom of the basket (Figs. 1C and 3A) 
provides a hydrophobic patch of 344 A' of 
solvent-accessible surface area that is sur- 
rounded, hrther up the basket, by the ring 
of six Arg side chains. In the wedge hypoth- 
esis, the HNP-3 dimer disrupts the mem- 
brane by distorting lipid-lipid interactions. 

The dimer does this by burying the hydro- 
phobic surface into the bilayer while the Arg 
guanidinium (Gu) groups interact with lipid 
phosphate groups /Fig. 3B). 

Two other possible mechanisms emerge 
from the structure, both of which involve 
pore formation. One of these, the dimer 
pore, makes use of the solvent mini-channel 
seen in the crystal structure (Fig. 1, D and 
E). In this model, two dimers assemble in 
the membrane with their polar tops toward 
each other and apolar bases facing lipid tails 
(Fig. 3C). There is some charge comple- 
mentarity at this putative dimer-dimer inter- 

Table 2. Refinement statistics for the atomic model in which the restrained least squares program of 
Hendrickson was used (38). 

Refinement parameter Value 

Resolution range (A) 1.9-10.0 
Reflections (no.) 4448 
R factor* 0.190 
Protein atoms included (no.) 2 70 
Protein atoms missing (no.) 12 
Water molecules included (no.) 44 
B factor: Wilson plot (2.5-1.9 4) (A2) 15.6 
B factor: Molecule A average (A2) 14.5 
B factor: Molecule B avera e (A2) 17.9 
B factor: Solvent average (X2) 38.3 
(1-2) Bond distances (4)t 0.019 (0.020) 
(1-3) Angle distances (A) 0.049 (0.040) 
( 1 4 )  Distyces (A) 0.045 (0.050) 
Planarity (A) 0.014 (0.020) 
Chiral volumes (A3) 0.180 (0.150) 
Nonbonded contacts (A) 

Single torsion 0.204 (0,500) 
Multiple torsion 0.274 (0,500) 
Possible hydrogen bonds 0.181 (0.500) 

Conformation torsion angles (degrees) 
Planar (W, 180") 2.8 (3.0) 
Staggered (+60°, 180") 18.2 (15.0) 
Orthonormal (+9W) 28.8 (20.0) 

Isotropic temperature factors (A2) 
Main-chain bond 0.991 (1,000) 
Main-chain angle 1.720 (1.500) 
Side-chain bond 1.565 (1.000) 
Side-chain angle 2.427 (1.500) 

= (1 I F I - I F C C  I )  I F I . tThe  values are the rms deviations; the target v values are given In 
parentheses. 

face, especially involving the ion pair Arg6 
and Glul*. The side chains of the six "equa- 
torial" Arg residues move to bind lipid head 
groups. In this configuration, two of the 
solvent mini-channels seen in the crystal 
structure completely span the bilayer. 

The other, general-pore, hypothesis also 
has dimers completely spanning the mem- 
brane, but now rotated by -90" from the 
"dimer-pore" orientation and with the polar 
top surface lining the pore (Fig. 3D). The 
same hydrophobic dimer surface contacts 
lipid tails, and Arg side chains have again 
moved to bind head groups. Simple model- 
ing suggests that at least four dimers are 
required to form this type of pore, which 
could conceivably become very large and 
include many defensin dimers. 

At this stage it is not possible to tell 
which, if any, of these three ideas are cor- 
rect. Indeed they might all have elements of 
correctness, since a wedge interaction could 
be the forerunner of either of the other two 
"pore" models. The concentration depen- 
dence of defensin activity (10) might reflect 
transitions from wedge to dimer-pore to 
general-pore mechanisms. 

Each of the three models requires burying 
essentially the same hydrophobic surface 
against the lipid aliphatic chains, binding of 
the same Arg Gu functions to lipid head 
groups, and exposing the same hydrophilic 
surface to a suitable environment. Conse- 
quently, consideration of the various defen- 
sin sequences may support each model, but 
will not in general allow us to choose among 
them. The greatest challenge to the three 
hypotheses is the presence of Asp1' in NP- 
3b, which in all the models is buried in the 
middle of the membrane. Consideration of 
Arg16 suggests that this is not a fatal flaw in 
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our models; Arg16 is conserved betwen 
HNP-3 and NP-3b, and in the HNP-3 
crystal structure this Gu forms a hydrogen 
bond with Thrl' (equivalent to Asp1' of 
NP-3b). In each of our three hypothetical 
membrane-bound models the Arg16 side 
chain can be re~ositioned so that & meth- 
ylene groups contact lipid tails while its Gu 
group binds lipid head groups. Perhaps in 
NP-3b the Arg16 Gu maintains a salt bridge 
with Asp18 within the hydrophobic lipid 
environment. Such intramembrane salt 
bridges have precedence (32). Despite the 
high degree of defensin sequence variation, 
the flexibility of Arg side chains and plastic- 
ity of the membrane suggests that the dif- 
ferent defensins could all interact with mem- 
branes in an identical manner. 
AU three of the hypotheses are consistent 

with the observation that a membrane po- 
tential is required for defensin activity (8,9) .  
In the wedge model the net negative charge 
on the inside of the cell drives the cationic 
wedge into the bilayer. In the pore models 
the potential is required to pull some of the 
Arg side chains completely across the mem- 
brane. All three models also rationalize the 
observed biphasic binding kinetics (S), in 
which the first step is predominantly electro- 
static (Arg side chains with head groups) 
and the second of a more hydrophobic 
nature with lipid functions that are initially 
cryptic (hydrophobic dimer surface with 
lipid tails). 

Defensin shares more in structural charac- 
teristics with small toxins that act by binding 
to specific receptor proteins than with other 
lytic peptides. Defensin's overall dimen- 
sions, positive charge, P sheet, and disulfide 
bonds are reminiscent of various snake, scor- 
pion, and spider toxins (33) that function 
not by permeabilizing the membrane, but by 
binding molecules such as the acetylcholine 
receptor. Although similar to these, the de- 
fensin structure is quite different from other 
membrane-permabilizing peptides. The con- 
strained, disulfide cross-linked structure, 
common to defensins and the small toxins. 
may reflect a requirement to maintain a 
stable and compact conformation to avoid 
digestion by proteases. 
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Cross-Regulatory Interactions Between the Proneural 
achaete and scute Genes of Drosophila 

CARMEN ~ T ~ N E Z  AND JUAN MODOLELL 

The achaete (ac) and scute (sc) genes of Drosophila allow cells to become sensory organ 
mother cells. Although ac and sc have similar patterns of expression, deletion of either 
gene removes specific subsets of sensory organs. This specificity was shown to reside in 
the peculiar regulation of ac and sc expression. These genes are first activated in 
complementary spatial domains in response to different cis-regulatory sequences. Each 
gene product then stimulates expression of the other gene, thus generating similar 
patterns of expression. Therefore, removal of one gene leads to the absence of both 
proneural gene products and sensory organs in the sites specified by its cis-regulatory 
sequences. 

T HE CUT~CLE OF DROSOPHILA CAR- discs that give rise to the adult epidermis, ac 
ries many sensory organs (SOs). The and sc are expressed in groups of cells called 
achaete (ac) and scute (sc) genes are the proneural clusters, which delimit the 

necessary for cells to become sensory organ sites where SMCs will develop (2). Al- 
mother cells (SMCs) ( 1 ) .  In the imaginal though these genes are expressed in similar 
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