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Our crystal structure of granulysin suggests a mechanism for lysis of
bacterial membranes by granulysin, a 74-residue basic protein from
human cytolytic T lymphocyte and natural killer cells. We determined
the initial crystal structure of selenomethionyl granulysin by MAD
phasing at 2 Å resolution. We present the structure model refined using
native diffraction data to 0.96 Å resolution. The five-helical bundle of
granulysin resembles other “saposin folds” (such as NK-lysin). Positive
charges distribute in a ring around the granulysin molecule, and one face
has net positive charge. Sulfate ions bind near the segment of the molecule
identified as most membrane-lytic and of highest hydrophobic moment.
The ion locations may indicate granulysin’s orientation of initial approach
towards the membrane. The crystal packing reveals one way to pack a
sheet of granulysin molecules at the cell surface for a concerted lysis
effort. The energy of binding granulysin charges to the bacterial mem-
brane could drive the subsequent lytic processes. The loosely packed
core facilitates a hinge or scissors motion towards exposure of hydro-
phobic surface that we propose tunnels the granulysin into the fracturing
target membrane.
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Introduction

Granulysin, a 74-residue basic protein from
human cytolytic T lymphocyte and natural killer
cells, directly lyses a variety of bacterial, tumor,
and fungal cells, including Mycobacterium tuberculosis
and Mycobacterium leprae.1 Patients expressing large
amounts of granulysin can contain the spread of
leprosy infection.2,3 One visible result of granulysin
action on M. tuberculosis is the formation of pro-
truding lesions on the target cell surface.1 Increase
in membrane permeability of the M. tuberculosis
and Escherichia coli substrates results in osmotic
lysis.4 In collaboration with perforin, granulysin
kills intracellular M. tuberculosis without simul-
taneous apoptosis.5,6 Granulysin can also induce
apoptosis of the host cell, in a mechanism involv-
ing caspase and other pathways.7,8

Granulysin is one member of the “saposin fold”
family of membrane-interacting proteins of various
functions. Other examples of the family are: sapo-
sins A and C;9 porcine NK-lysin;10 the cyclic
peptide bacteriocin AS-48;11 one domain of
prophytepsin;12 and amoebapores.13 Saposins A
and C appear to alter membranes to become sub-
strates for other enzymes, but do not lyse the
membranes they bind. The saposin-like domain of
prophytepsin appears to anchor the protein for
transport to vacuoles. Bacteriocin protects
Enterococcus faecalis from bacterial infection by
opening pores in the target membrane. NK-lysin
and granulysin directly lyse membranes.

Evidence and speculations on the actions of
saposin-like proteins have been published. For
reviews of antimicrobial peptides and their modes
of action, see Zasloff,14 Shai,15 and Bechinger.16

Also, the thinking of Bruhn and Leippe13 overlaps
that presented here. Qi and Grabowski9 propose
that differences in charge distributions confer
specificity by steering the orientations of saposins
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A and C relative to the membrane surface. The N
and C termini were found by them to be buried in
the membrane, with a conformational change
observed for saposin C. NK-lysin lyses membranes
possibly by “molecular electroporation” followed
by pore formation.17 NK-lysin buries its one trypto-
phan (Trp58) in the membrane but does not lose its
secondary structure.18 Several peptides derived
from the NK-lysin and granulysin sequences lyse
membranes.19,20 Experiments identifying the most
lytic peptides do not address the function of the
entire molecule, as the protein charge distributions
and shape and adjacency effects are not retained
in such experiments.

We present our crystal structure of granulysin.
Based on interpretation of this structure, and on
previous work with membrane-lytic peptides and
with other saposin-like proteins, we propose a
schematic model of action. The locations of
charged solvent species identified in the crystal
structure indicate the orientation of granulysin
relative to the membrane. The packing of the
granulysin in the crystal is a plausible “carpet”
arrangement as implicated in the function of other
membrane-lytic peptides.15

Results

Granulysin structure

The granulysin molecule is a five-helix bundle
(Figure 1), resembling other “saposin fold”
proteins. Our granulysin model includes all 74
residues, of which ten side-chains are split into
two conformations each. The granulysin amino
acid residues are numbered 1–74, and other
modeled species have non-sequential “residue”
numbers 81–1107. The model is refined with
0.96 Å resolution diffraction data (R-factor is 0.138;
Rfree for the penultimate model was 0.190). For
details and statistics, see Materials and Methods
and Table 1.

The granulysin molecules in their crystalline
arrangement form many protein–protein contacts
in the x and z directions, but few contacts in the y

Figure 1. Ribbon representation of the granulysin five-
helix bundle. (a) Numbers label helices 1 through 5, and
N and C denote N and C termini. Molscript54 auto-
matically assigned the backbone geometry as helix
(cyan) or coil (white). Molscript interprets the borderline
geometry between helices 3 and 4 as a bent helix. The
same transition was depicted as coil when the data
resolution was 1.5 Å. The two disulfide bonds and the
solvent ions (sulfate and N-morpholino propane-
sulfonate) are shown as ball-and-stick figures (white
carbon, blue nitrogen, red oxygen, green sulfur atoms).
Coordination of negative solvent ions in the region at
the top of this Figure could indicate the orientation of
initial approach to the bacterial membrane. The mem-
brane would run left to right across the top of this Figure
(in an x–z plane; see Figure 3). The crystal y direction
(indicated at lower right) is slightly tilted from vertical
to clarify representation of the voids. (b) Ribbon rep-
resentation of granulysin seen from the left of (a) (crystal
directions are shown at lower left). Disulfide bonds
connect helices 1 and 5 (at left) and 2 and 3 (at right).

Hydrophobic side-chains loosely fill the core volume,
leaving enclosed voids represented by wire frame. The
enclosed volumes identified by VOIDOO (see Materials
and Methods) are 14 Å3 (blue), 10.6 Å3 (green), and 5 Å3

(magenta). Unenclosed caves are omitted from this
Figure. In the text, we propose that the loose core pack-
ing facilitates scissors motion: The left and right helix
pairs move out of and into the paper, hinged by back-
bone torsions in the coil regions at the bottom of this
Figure. Preliminary ionic membrane contact drives scis-
sors exposure of hydrophobic surface of the most
membrane-lytic portion of the molecule (Helix 3). This
Figure was produced with Molscript,54 VOIDOO,51

XtalView,55 Raster3D,56 and PhotoShop (Adobe).
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Table 1. Statistics of the granulysin crystal, data, and model

Resolution shell (Å) R-factor kI/sl Completeness (%)

23.6–0.92 0.037 48 82.3
1.05–1.00 0.129 11 84.6
1.00–0.96 0.19 6.5 53.4
0.96–0.92 0.30 3.8 31.7

Model R-factor Rfree Peak/hole/s Data/parameters
r13a 0.137 (0.19) 0.190 0.46/ 2 0.25/0.052 33821/7094
r13b (1L9L) 0.138 (0.19) Not evaluated 0.51/ 2 0.24/0.058 35633/7094

Restraint RMS deviation (Å) Sigma (Å)
Anti-bump 0.076 0.02
Bond lengths 0.017 0.02
Bond distances 0.038 (38) 0.04
Flat groups 0.32 0.431

PDB code: 1L9L. Crystal parameters: space-group P21, a ¼ 23.27 Å, b ¼ 60.44 Å, c ¼ 23.59 Å, b ¼ 91.08. Diffraction data: X-ray
wavelength ¼ 0.979 Å. The R-factor is calculated on intensities. kI/sl is the intensity divided by the error estimate, averaged in a
resolution bin. Refinement statistics: The last refinements r13a and r13b were identical except r13b included the Rfree reflection set.
The R-factor (calculated on F) is stated for the entire resolution range (23.6–0.92 Å), and in parentheses for the 1.00–0.92 Å shell.
Peak/hole refers to the largest positive and negative features in the Fobs 2 Fcalc map (units of electrons Å23), and along with the
standard deviation s indicates the importance of unmodeled structural features. Addition of the former Rfree reflections further
clarified the Fobs 2 Fcalc and 2Fobs 2 Fcalc maps, although the s value increased. A high data-to-parameter ratio encourages stable refine-
ment. Deviations from restraint targets: SHELXL applies its restraints with increasing force as the deviations exceed the sigma values,
the expected variabilities in the parameters. The top violators in the anti-bump restraints list are mostly hydrogen atoms. SHELXL
restrains bond angles as “bond distances” between one to three atoms. The bond angle deviation in degrees was determined by
WHAT_CHECK, and is shown in parentheses. Errors in model parameters were also quantified by full-matrix refinement (see
Materials and Methods).

Figure 2. Contacts of sulfate ions. The sulfate hydrogen bonds and salt bridges (combination ionic and hydrogen
bond interactions) listed in Table 2 are shown here in a stereo pair. The viewpoint is above Figure 1; crystal axis orien-
tations are the same as in Figure 3. The central granulysin molecule is summarized as light gray ribbons (Helix 3 is
labeled H3; termini are labeled N and C). Selected side-chains (identified by one-letter residue codes) and solvent
species (for example, 81 means sulfate 81) are shown as ball-and-stick figures. Oxygen atoms are red, nitrogen atoms
are blue, and sulfur atoms are green. Carbon atoms of the central molecule are light gray. Symmetry-related granulysin
atoms are shown with C atoms colored orange for the same x–z layer, and yellow for the next x–z layer up in the y
direction (up refers to Figures 1 and 5). Arg51 at left (R51; orange) is related to Arg51 at right by an x,y,z 2 1 operation.
Arg38 at right (R38; orange) is related to Arg38 at left by an x,y,z þ 1 operation. The side-chains with yellow atoms are
related to the central molecule by a 1 2 x,y þ 1/2,1 2 z operation, except Lys15 (K15 at bottom) by 2x,y þ 1/2,1 2 z.
The location of Trp41 (W41, left of center) indicates the membrane-lytic surface of Helix 3. Both conformations are
shown for each discretely disordered side-chain interacting with a sulfate. Sulfate hydrogen bonds and salt bridges
are shown as green dotted lines. Some of the electric field interactions are shown by adjacency (see Table 2).
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direction (vertical in Figure 1). Some contacts to
ions in the y direction are shown in Figure 2.

Solvent structure

We modeled most of the solvent species as 93
bound water molecules (residue numbers 1001–
1107). Three water molecules occupy split sites
that follow the conformations and occupancies of
their discretely disordered protein anchors (at
Gln12, Asp43, Asp72). We also modeled bound
molecules of ethanol, N-morpholino propyl-
sulfonate (Mops) buffer, and sulfate ions.

We found four sulfate ions bound in an x–z layer
(residues 81–84; see top of Figure 1, foregrounds of
Figures 2 and 3). The sulfate ions form hydrogen
bonds and salt bridges (both ionic and hydrogen
bond character) to protein atoms, and presumably
respond to electric fields from more distant charged
atoms (Figure 2). Table 2 lists the contacts of the sul-
fate ions. In solution at high ionic strength, distant
charges interact weakly.21 Below, and in Table 2, we
include distant sulfate–protein interactions when in
the context of the crystal, no intervening molecules
shield their coulombic attractions. Sulfate 81 tightly
binds between atoms of granulysin molecules within
the same x–z layer. Sulfate 82 tightly binds between
atoms within the x–z layer, and Arg24 in the next
layer up in the y direction. Sulfate 83 contacts Arg2
in its conformation B but otherwise experiences elec-
tric field from the other conformation of Arg2, Arg40,
and atoms of the next molecule up in the y-direction.
Residual density at sulfate 83 could represent an
overlapping binding site nearer Arg2 conformation
A, and Arg40. Sulfate 84 is the least tightly held in
this model, judging from its electron density. Sulfate
84 contacts atoms in one granulysin molecule, and
bumps (no salt bridge) Lys20 of an adjacent molecule

in the next x–z layer up along the y direction. In Dis-
cussion, below, we will infer mechanism partly from
the observation of crystal packing in alternating
sheets of protein and solvent ions.

A molecule of Mops buffer binds between the N
and C termini (top of Figure 1). The morpholine
ring is in chair conformation. The ring nitrogen is
protonated and forms a salt bridge to the
C-terminal Arg74 carboxylate. The ring oxygen
directs its electron clouds towards an Arg42 in the
same x–z layer. The sulfonate and the first carbon
of the propyl group appear (because of the poorly-
shaped streak of density) to adopt an overlapping
series of positions near the N-terminal Gly1 amine
and the side-chain of Arg50 of an adjacent granu-
lysin molecule in the same x–z layer. The Mops
sulfonate thus appears to interact with the local
electric field, rather than in direct salt bridges as
do the more tightly held sulfate ions.

During model building and refinement, our
model left residual electron density in the solvent
region. The most prominent un-modeled features
in the solvent were of about the diameter of a sul-
fate ion, sliding over the modeled and un-modeled
commotion of positive charges brought together by
crystal symmetry: arginine residues 2, 5, 32, 35, 46,
and Lys20. With current crystallographic methods,
we can model atoms only in discrete, highly
populated states.

Voids in the hydrophobic core

By visual inspection of the granulysin model, we
found enclosed cavities lined by hydrophobic
atoms in the loosely packed core. To quantify core
looseness, rather than to identify ligand-binding
sites, we used the VOIDOO program (see Materials
and Methods) with probe radius of 0.5 Å. By this
method, we found that the three largest voids

Table 2. Sulfate interactions

Sulfate Atom Contacts in model

81 O1 Arg42 NH2
O2 Arg51 (x,y,z 2 1) NH2
O3 Ser39 N and OG_B; water 1011 (indirect to Arg38 NH1)
O4 Arg42 NH1; Arg51 (x,y,z 2 1) NE

82 O1 Asn47 ND2; Arg24 (1 2 x,y þ 1/2, 1 2 z ) NH1
O2 Arg2_B NH1; Arg38 (x,y,z þ 1) NH2
O3 Arg2_B NH1; Arg24 (1 2 x,y þ 1/2,1 2 z ) NH2
O4 Arg51 NH1 and NH2

83 O1 None
O2 Arg24 (1 2 x,y þ 1/2,1 2 z ) NE; Asn28 (1 2 x,y þ 1/2,1 2 z ) ND2
O3 Lys15 (2x,y þ 1/2,1 2 z ) NZ_A and NZ_B
O4 Arg2_B NH2; Arg24 (1 2 x,y þ 1/2,1 2 z ) NH2; unshielded 5–5.5 Å to Arg2_A and Arg40

84 O1 Arg46_A NH1 and NH2
O2 Arg46_B NH2; Arg42 NE
O3 Bumps Lys20 (1 2 x,y þ 1/2,1 2 z )
O4 Arg42 NH1

Hydrogen bond and salt-bridge contacts are shown in Figure 2, and listed here, including non-contact electric field interactions.
Alternate conformations are specified by “_A” or “_B” (example: Arg46_A). Symmetry operations specifying adjacent granulysin
molecules are stated in fractional coordinates. The sulfate oxygen atoms are located in the N–H directions, except: sulfate 84 bumps
the CE atom of the adjacent Lys20, and the Arg2_B N–H-sulfate 82 angle is about 1008.
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enclose 14 Å3, 11 Å3, and 5 Å3 (total volume 30 Å3;
see Figure 1). The same analysis applied to the
plant-specific (saposin) domain of the pro-
phytepsin crystal structure (PDB accession code
1QDM)12 detected voids surrounding Met79S
(about 15 Å3 in chain A, 14 Å3 in chain B, 10 Å3 in
chain C). The NMR models of NK-lysin (1NKL),10

and bacteriocin (1E68)11 are more loosely packed
than the crystal structures, and VOIDOO detected
many voids, tunnels and caves. For NK-lysin, the
enclosed voids were more than double the
volumes found in granulysin. In Discussion,
below, we propose that the loose core packing par-
ticipates in the membrane-lytic activity of
granulysin.

Hydrophobic moments

The granulysin molecule is a small, hydro-
phobic-core, helical bundle, only two helices thick,

and is almost entirely amphipathic. The “hydro-
phobic moment” function quantifies how amphi-
pathic a sequence segment is, assuming helicity
(see Materials and Methods). Moderately large
calculated hydrophobic moments are correlated
with membrane-lytic segments of amino acid
sequences.22 We calculated the hydrophobic
moments of granulysin and related sequences,
and show results for three sequences in Figure 4.
The peak values of hydrophobic moment range
from large in the strongly membrane-lytic proteins
granulysin and NK-lysin, to above background in
the simply membrane-interacting proteins (saposin
domain of prophytepsin; saposins A, B, C, D). The
residues at moment maxima reside mostly in
helices, several at ends of helices. The value of the
hydrophobic moment function may be reduced by
hydrophobic domain interfaces or exposed hydro-
phobic surface, as in bacteriocin.11 For granulysin
and NK-lysin, the hydrophobic moment function
reaches maxima in segments that in tests of syn-
thetic peptides had been previously identified as
membrane-lytic.19,20

Discussion

From the structural detail observed via crystal-
lography, we extrapolate to the function of
granulysin on the target cell membrane, assisted
by the sparse matrix of previous experiments and
thoughts on related membrane-lytic proteins. The
granulysin structure implies its function, but not

Figure 3. Charged solvent species layer in the granu-
lysin crystal. The crystal contains x–z sheets of granu-
lysin molecules, interleaved with x–z sheets of sulfate
and Mops molecules. The viewpoint is from the top of
Figure 1, same orientation (shown lower left) but more
distant than in Figure 2. The granulysin molecule is
shown at center, in ribbon representation. The four sul-
fate ions straddle Helix 3, and contact neighboring gran-
ulysin molecules as described in the text and Table 2,
and illustrated in Figure 2. The Mops buffer bridges the
N and C termini. The repeating red stick figures rep-
resent symmetry-related sulfate and Mops molecules,
bound in a nearly flat x–z layer. The granulysin similarly
repeats by translation in the crystal. In the text we pro-
pose that the layer of charged species in the crystal
could represent the negative charges of the bacterial
membrane. The viewpoint in this Figure would then be
inside the bacterial cell, looking “out the window” at
the first-arrived granulysin molecule, with its most
membrane-lytic Helix 3 pressed against membrane sur-
face charges.

Figure 4. Hydrophobic moments of three “saposin
fold” sequences. Moderately large values of calculated
hydrophobic moments suggest the presence of
membrane-lytic segments.22 Hydrophobic moments
were calculated assuming that each polypeptide chain is
entirely a-helical, and using the default 11-residue win-
dow (thus, the first function value is centered at residue
6). We rearranged the sequence file of the cyclic poly-
peptide bacteriocin AS-4811 (N and C termini fused in
“Helix 5”; sequence modified to 10–70, 1–9). The
maximum hydrophobic moments in granulysin and
NK-lysin are in a-helices previously identified as
membrane-lytic.19,20
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as explicitly as would a ligand-bound enzyme
structure. We narrow discussion to lysis of
bacterial membranes in culture. On an exposed
substrate, the action of granulysin is not compli-
cated by partners in translocation, such as perforin
and caspase (see Introduction). The outermost
layers of bacterial cells (lipopolysaccharides, pep-
tidoglycan, techoic acids) appear to be too porous
to exclude granulysin by dialysis. Traversing a
tightly woven structure would require application
of an injecting force, and could cause some
conformation changes preceeding those we dis-
cuss, below.

Initial contacts

The initial contact between a granulysin mol-
ecule and a bacterial membrane is likely mediated
by arginine charges attracted to the layer of mem-
brane phosphate charges. Granulysin membrane
binding and lysis may be inactivated by chemical
modification of its arginine residues.4 In the granu-
lysin crystal, the negative solvent ions (four sulfate
sites per granulysin monomer) bind between argi-
nine charges in an x–z layer (top of Figure 1; fore-
grounds of Figures 2 and 3). The Mops buffer
places its sulfonate near the N terminus. The ion
binding geometry in the crystal results in part
from the allowed side-chain conformations in that
restrictive environment. As in many other crystal
structures, some side-chains of granulysin adopt
two conformations (examples in Figure 2). On a
bacterial membrane, the charged side-chains of
granulysin would search for contacts by sampling
conformations. The granulysin charge cluster coor-
dinating negative charges as seen in the crystal
(cyan atoms at top of Figure 5), will do so in the
solution environment.

The negative ions in the crystal bind near Helix
3, the most membrane-lytic portion of the granuly-
sin molecule, as identified by testing for lysis by
synthetic peptides derived from granulysin and
NK-lysin.4,19,20 Also, the hydrophobic moment
function reaches its maximum in Helix 3 (see
Results and Figure 4).

The accumulated observations and parallels indi-
cate that the initial contacts of the granulysin mol-
ecule to the target membrane are at the tops of
Figures 1 and 5, and in the foregrounds of Figures 2
and 3. Saposins A and C bury their N and C termini
in the target membrane.9 Miteva et al.17 calculated
potentials around the NK-lysin NMR model, and
proposed the same initial contacts. Their Figure 1(c)
(NK-lysin on hypothetical membrane) differs in
style and in viewpoint from our Figure 3 (granulysin
on sulfates plane in the same relative orientation).

Figure 5. Granulysin charge locations. The charge dis-
tribution in the granulysin molecule steers its orientation
relative to the membrane. All the protein atoms are
shown as balls (but excluding all conformation B
atoms). Positively charged atoms (N-terminal amine,
Lys and Arg side-chain nitrogen atoms) are cyan. Nega-
tively charged atoms (oxygen atoms of Asp and Glu
side-chains, and the C-terminal carboxylate) are
magenta. (a) View as in Figure 1(b). Positive charges dis-
tribute mostly in a ring around the molecule, with
greatest concentration at the top. Most of this face is
uncharged polar. Tyrosine 52 and Leu73 are partly
exposed near the top of this region. (b) View from behind
Figure 1(b), right side of Figure 1(a), left side of Figure 2.
Many backbone atoms are exposed on this face. Trp41 is
in a cleft near the top (atom CB marked 41). Val33 and
Met17 are exposed near the middle. In the context of the
crystal, several long charged groups turn their charged
atoms away, exposing their methylene chains on this
face. The positive charge concentration of granulysin
steers the sulfate ions into a layer in the crystal (top of

Figure 1, foregrounds of Figures 2 and 3), and could
orient the granulysin molecule relative to a negatively
charged membrane. After rolling, this face could be the
second to interact with the membrane. This Figure was
produced with XtalView55 and Raster3D.56
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Bruhn and Leippe13 did not predict the orientation of
their amoebapore model relative to the membrane
for lack of charge clusters.

Positive charges not involved in initial contact
with the membrane would sustain force to drive
granulysin into the membrane surface, and could
drive subsequent events. The surface of granulysin
facing the viewer in Figure 5(b) is a plausible can-
didate for secondary interactions (the face in
Figure 5(a) is too hydrophilic). Val33, Trp41 and
Met17 are among the hydrophobic groups located
on this face. Positive charges on this face could
roll the granulysin molecule around the N termini
of helices 1 and 3, bringing the lytic surfaces of
helices 1, 2, and 3 nearer the target membrane.

Granulysin has one tryptophan (Trp41), located
at the N terminus of Helix 3, in the most lytic seg-
ment of the sequence. In the granulysin crystal
structure, Trp41 nests in a cleft (left of center in
Figure 2; near the top of Figure 5(b)), but may be
rotated out (x1 rotation) without serious collisions,
even without postulating further structural
rearrangement induced by contact with a mem-
brane. Once the granulysin molecule orients via
charges at the membrane surface, Trp41 could
easily insert into the membrane as disruption of
the membrane initiates. Tryptophan residues have
been implicated in the anchoring function of phos-
pholipases A2, and we have inferred a similar
function in M. tuberculosis antigen 85B.23 NK-lysin
partially buries its only tryptophan in the
membrane18 (Trp58, exposed to solvent in Helix 4).
In Figure 1(c) of Miteva et al.,17 based on energy
calculations, the Trp58 of NK-lysin faces away
from the proposed location of the membrane. NK-
lysin may approach the membrane at a different
angle, or penetrate deeply.

Voids facilitate scissoring

The voids in the hydrophobic core of granulysin
may allow relative motion of the helical halves of
the molecule on binding to the bacterial membrane.
The cavities are not large enough for insertion of a
ligand such as a phospholipid molecule, unless the
granulysin molecule opens (see below, and Results).
Disulfide bonds hold together granulysin Helix 1
with Helix 5, and Helix 2 with Helix 3 (left and right
sides of the ribbon representation in Figure 1(b)).
NK-lysin is inactivated by reduction of its disulfide
bonds24 as though the halves need tethering. The
covalent backbone link from Trp70 to Met1 in the
cyclic polypeptide bacteriocin appears to provide
sufficient rigidity without disulfides. Without fully
interdigitated side-chains, the oily (rather than
waxy) core of granulysin would allow a scissors
motion of the disulfide-linked helix pairs (1–5 and
2–3; out of and into the paper, Figure 1(b)), exposing
the lytic inner surfaces to the bacterial membrane.
We think that a scissors motion would precede any
gross turning inside-out because it would require
less energy, and only some backbone torsions in the
region of residues 17–20 and near Ala62. We found

evidence of backbone twist at Leu60 (see Materials
and Methods). Some peptides derived from the gran-
ulysin sequence can lyse membranes, above
threshold concentrations. These segments are pre-
clustered in intact granulysin, and the full structure
lyses with no threshold detected.4 The energy of
charge binding and subsequent rolling could drive a
scissors motion exposing more membrane-lytic sur-
face. This charge-driven scissors motion could be
the process underlying “molecular
electroporation”.17

The cavity volumes we report are not directly
comparable to those reported elsewhere (for
example in Ref. 25). Internal voids have been found
in many proteins, including NK-lysin,10 in predicted
structures of amoebapores,13 and many crystal struc-
ture reports mention internal cavities. Voids in the
structure of colicin E1, for example, were proposed
to facilitate structural rearrangement during the
action of that molecule.26 Peristaltic rearrangement
of internal cavities appears to move ligand molecules
through “solid” myoglobin.27 In their analysis of
domain:domain motions facilitated by internal cav-
ities, Hubbard and Argos28 used larger probe
spheres than we did. That our 1 Å diameter probe
sphere can roll between some granulysin core atoms
drawn at their van der Waals radii indicates that
these atoms can pass each other with little friction.

Cooperative membrane fracturing

Many granulysin molecules may participate in
each membrane lesion (see Figure 4 of Stenger
et al.1). The lesions are much larger than individual
granulysin molecules. Granulysin can kill a bacterial
cell within minutes by increase of membrane
permeability.4 The several-days time scale of lesion-
ing by granulysin could mean that formation of
lesions proceeds stepwise as more granulysin mol-
ecules aggregate at the bacterial membrane.
Addition of ammonium sulfate to a granulysin
solution crystallized the granulysin into tightly
packed x–z protein layers alternating with sulfate/
Mops layers. If granulysin aggregates at the charged
layer on a membrane surface, one plausible way the
granulysin molecules can interact is via the interfaces
displayed in the densely packed crystalline x–z
plane. The crystalline arrangement in the y direction
is mediated by sulfate ions and very few protein–
protein contacts (vertical in Figures 1 and 5; perpen-
dicular to the paper in Figures 2 and 3). Shai15

suggests an initial “carpeting” of the membrane by
lytic peptides. Yang et al.29 report crystalline arrange-
ments of membrane pores formed by magainins and
protegrins, above the critical peptide to lipid ratios.
Magainin and melittin may be cyclized (via cysteine
residues added at N and C termini; presumably
while unfolded), and retain some lytic activity.30

This suggests that carpeting the membrane is
enough for lysis; insertion of linear helices
(prevented by disulfide cyclization) is not
mandatory. A geometric clustering of granulysin
could accommodate a non-geometric distribution
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of membrane charges by searching side-chain con-
formations. A preference for semi-periodic charge
arrays could provide some target membrane
specificity.

A dense clustering of granulysin molecules
could allow cooperative lysis by “friction” between
adjacent molecules. In the example “carpet” of the
crystalline packing, Asp3 and Lys13 salt bridge to
Arg38 and Asp72 of the next granulysin molecules
in the ^z directions. These ion pairs, and other
interactions, would help hold together a row of
granulysin molecules in the z direction. A rotation
of the row of molecules around an axis parallel
with z, while maintaining a dense carpet, would
stress and deform the granulysin (via collisions)
and the membrane. Each granulysin molecule
could apply local forces to its patch of membrane,
and its structure rearrange through a series of con-
formations as newly neighboring granulysin
molecules locally bend their membrane patches.
Matsuzaki31 discusses cumulative curvature stress
by magainin and tachyplesin peptides. The granu-
lysin-induced lesions may represent accumulation
of many local bending events.

Conclusion

Based on our crystal structure of granulysin and
on published work with this and other antimicrobial
proteins, we have presented a model that seems
plausible for events leading to membrane lysis.
These are summarized in the low-resolution car-
toons of Figure 6. We do not have direct evidence of
periodic aggregation of granulysin on the mem-
brane, as reported for magainin and protegrin by
Yang et al.29 To induce crystallization, we counteract
the entropy of granulysin in solution by addition of
a high concentration of ammonium sulfate. On a bac-
terial surface, the negative charges are already con-
fined in a layer, and thus granulysin can
spontaneously aggregate on it as a dense carpet.
Minton32 explains the thermodynamics of surface
adsorption and two-dimensional crystallization via
weak self-association. The apparent lack of threshold
concentration4 indicates that granulysin molecules
start lysis singly or in small rugs. Our extrapolation
from the crystalline x–z plane of negative solvent
charges to the surface of a bacterial cell seems
plausible.

Materials and Methods

Crystallization

Granulysin was produced and purified as
described,4,33 but scaled up to 5 mg injections into a
larger reverse-phase column (Varian Dynamax C18;
21.4 mm £ 25 cm, plus guard cartridge). The flow rate
was 10 ml min21, and detection was by absorbance at
280 nm. The granulysin peak fractions were dried in a
vacuum centrifuge (Speed Vac from Savant) for storage.
The dried granulysin was dissolved to about 10 mg ml21

by addition of water. Crystals grew by the hanging drop

vapor diffusion method. The reservoir solutions were
1 ml of 3.1–3.2 M (NH4)2SO4, 0.05 M Na Mops (pH 7),
2.5% (v/v) ethanol. The drops contained equal volumes
of 10 mg ml21 granulysin in water, and reservoir solution
from the 3.2 M condition. This granulysin/precipitant
mixture was centrifuged at 9700g for 5 min, and 4 ml
drops were pipetted onto siliconized cover slips. The
granulysin crystals began growing about two weeks
later at 21–22 8C. The growth processes continued for at
least a month. Most granulysin crystals grew as clusters.
Presence of ethanol reduced the number of crystals per
cluster, and sometimes yielded the single crystals that
we used for this work. A different crystal morphology
resulted from substitution of ethanol by acetone or 2-
methyl-2,4-pentanediol (MPD). The MPD form crystals
were much softer and diffracted more poorly than the
ethanol form. The MPD and ethanol form crystals appear
to be nearly isomorphous, and MPD binds weakly or not

Figure 6. Schematic diagrams of granulysin action.
(a) Ellipses represent granulysin molecules, with a clus-
ter of positive charges (þþþþ ), and more positive
charges distributed elsewhere (þ ; see Figure 5). The
charge cluster of the granulysin molecule in solution (1)
orients the molecule (2) towards the negatively charged
surface of the bacterial cell (line with dashes). The argi-
nine residues bind surface charges (3). The granulysin
molecules could cluster at the cell surface (4), possibly
as in the crystal: x–z sheets of granulysin alternating
with x–z sheets of sulfate ions and Mops. This arrange-
ment clusters the N and C termini and the most lytic
helix adjacent to the sulfate (membrane) layer. Granu-
lysin lyses the membrane (5), possibly rolling the granu-
lysin in the direction of the lytic surfaces of helices 1, 2,
and 3 (see Figure 5(b)). (b) The lysis process could
involve a scissors motion enabled by the internal voids
(see Figure 1), further exposing lytic surface. Granu-
lysin’s terminal helices 1 and 5 (gray foreground object)
are disulfide-linked, and would move together. Helices
2 and 3 are also disulfide-linked. The most membrane-
lytic surfaces are in helices 1, 2 and 3 (see Figure 4). The
helical sheets could slide past each other, lubricated by
the loose and thus oily core, hinged at the bottoms of
this diagram and of Figure 1. Such a conformation
change, driven by rolling and bringing more charges
nearer the membrane, could expose more lytic surface,
and dig the granulysin into the membrane, bending or
tearing it.
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at all. All crystals used here were flash-frozen in
“cryosalt”,34 consisting of 0.8 volume of saturated
(NH4)2SO4 and 0.2 volume of saturated lithium acetate.

The granulysin crystal symmetry is P21, with cell
dimensions a ¼ 23.27 Å, b ¼ 60.44 Å, c ¼ 23.59 Å, and
b ¼ 91.08. Because the a and c cell parameters are almost
equal, many data sets had to be re-indexed (h, k, l became
l, 2k, h ). However, we found no evidence of merohedral
twinning that could have resulted from this lattice
geometry.35

Structure determination

Selenomethionyl granulysin was prepared in E. coli by
means of providing selenomethionine while stopping
methionine biosynthesis.36 One useable crystal grew and
was frozen as above. Diffraction data were collected at
Brookhaven National Laboratory Beamline X8C at wave-
lengths corresponding to the peak, inflection, and a high-
energy remote.37 The detector was an Area Detectors Sys-
tems Corporation Quantum 4R. Diffraction data were
processed with HKL.38 Anomalous and dispersive differ-
ence Patterson functions showed 10 s peaks representing
the two Se atoms. Se coordinates were found with
SHELXD.39 Selenium parameters were refined and
phases calculated up to 2 Å resolution with MLP-
HARE.40,41 These rough phases were modified by solvent
flattening and histogram matching in resolution shells,
and extended to 1.5 Å, using DM.41,42 The modified
phases were input for refinement and automatic model
building using ARP/wARP.43 Almost the entire granuly-
sin molecule (but not Gly1 or Lys13), and much of the
solvent structure were thus automatically placed using
the selenomethionine diffraction data.

Refinement

The ARP/wARP protein model (no solvent) was then
refined with native (sulfur methionine) diffraction data,
using SHELXL44 in conjugate gradient mode. For the
first five rounds of refinement, we used a 1.5 Å resol-
ution in-house data set, collected with Cu Ka radiation
and an ADSC Quantum 4 CCD detector. For refinements
6 through 13, we used diffraction intensities measured at
Beamline X8C, as before. High-resolution data were col-
lected at 30 seconds exposure time, with crystal-to-detec-
tor distance of 60 mm. The more intense low-resolution
data were collected at five seconds exposure time, at a
distance of 120 mm. The wavelength was 0.979 Å. Stat-
istics of the high-resolution data set are listed in Table 1.
The same reflections were tagged for Rfree calculation
throughout the refinement process. Surprisingly, several
side-chains flipped during the change between data
sets. The amino acid sequence of the granulysin model
was altered in response to the electron density: The
structure we report has isoleucine in position 57 (PIR
data base sequence code A27562), not the Thr57 variant
as was input to ARP/wARP.

We restrained the geometries of granulysin and its
small-molecule ligands. Sulfate and ethanol coordinates
were obtained from the Cambridge Crystal Structure
Database,45 and were used as restraint targets for
SHELXL refinement. Coordinates of Mops were obtained
from the HIC-up database of protein ligand structures.46

Refinement with granulysin data symmetrized the input
morpholine ring structure, and that symmetry was later
enforced by symmetric restraint values. Globally
decreasing the rigidities of the geometric restraints did

not alter Rfree, and we therefore used the default restraint
stringencies.

Content of the granulysin model

The granulysin model includes hydrogen atoms, pri-
marily to apply the hydrogen anti-bump restraint in
SHELXL. Few of the hydrogen atoms are sufficiently loca-
lized to produce easily visible electron density. All non-
hydrogen atoms of the model are anisotropic. We also
used the overall anisotropic scaling and bulk solvent scal-
ing features of SHELXL. Occupancy parameters for split
side-chains and their associated water molecules were
refined by SHELXL. We manually input unrefined occu-
pancy parameters of 0.5 for some water molecules, and
for sulfate ions 83 and 84, to qualitatively scale the elec-
trons of the model to the strength of the electron density
calculated from the diffraction data. At each water site,
the Uij parameters mimic the distribution about the aver-
age. Three water molecules occupy split sites that follow
the conformations and occupancies of their protein
anchors (at Gln12, Asp43, Asp72). Not all atoms of the
model may be present simultaneously. The side-chains of
Gln12 and Asp72 of adjacent molecules in the same x 2 z
layer may simultaneously occupy their A conformations,
while binding water molecules 1021A and 1041A. Either
side-chain in conformation B excludes water 1021B.

We added detail to the model until the standard devi-
ation (s) and features of the Fobs 2 Fcalc map (Table 1)
decreased to insignificance. The protein model excludes
some interpretable details, for example: difference peaks
indicate that a few percent of the disulfide bridges
between Cys35 and Cys45 are broken, possibly due to
radiation damage. The side-chain of Leu60 has a very
low occupancy second conformation, whose modeling
would require a backbone twist, and thus a dispropor-
tionate complication of the model.

Validation of the model

We judge the granulysin model to be of good quality.
Statistics of the refinement and the model are presented
in Table 1. The model fits the density, by visual examin-
ation. The outputs of SHELXL, PROCHECK47 and
WHAT_CHECK48 did not indicate significant problems,
except as noted in the next paragraph. All residues are
in favorable backbone conformations according to a
Ramachandran w–c plot49 except that Asp19 is in an
“additionally allowed” region. Aspartate 19 is bent by
its location at the end of Helix 1, and stretched by adja-
cent arginine charges; Asp19 thus does not relax into a
Ramachandran favored conformation.

Errors in the granulysin model were further quantified
by full-matrix refinement using SHELXL with enlarged
arrays. This method estimates uncertainties in model par-
ameters without reference to geometric restraint targets.
The starting model for this calculation was the all-data
model r13b (1L9L; Table 1). For most atoms, the estimated
positional errors cluster tightly around 0.02–0.05 Å. Esti-
mated errors in principal Uij values are mostly 5–10%.
The worst parts of the granulysin model are Arg2 and
Arg35. The two modeled conformations of Arg2 only par-
tially explain the events at this site. In placing atoms of
Arg2, conformation A, at their average positions, the
refinement gradients visibly bent the CD–NE–CZ bond
angle 188 away from its target value. Still, the estimated
errors in the average positions of these atoms are only
0.05–0.07 Å. In contrast, the terminal atoms of Arg35 are
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very near target geometry, but the estimated positional
errors reach as high as 0.17 Å for atom NH1 in confor-
mation A.

Computations

Hydrophobic moments were computed with the
MOMENT program†22. We used the default 11-residue
window, and assumed helicity of all segments. Hollows
were evaluated with the “molecular speleology” pro-
gram VOIDOO.50 We removed the hydrogen atoms from
the models for consistent evaluation of voids. To quan-
tify the volumes between core side-chains, rather than
volumes available to a ligand, we reduced the probe
radius from its default value of 1.4 Å to 0.5 Å. When una-
vailable, three-dimensional models were constructed for
saposin-like sequences by threading onto the granulysin
crystal structure using SWISS-MODEL.51,52

Atomic coordinates

The granulysin diffraction data and the model reported
here (r13b in Table 1) have been deposited in the RCSB
Protein Data Bank‡53 under accession code 1L9L.
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