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Structure of Staphylococcal
a-Hemolysin, a Heptameric
Transmembrane Pore

Langzhou Song,* Michael R. Hobaugh,* Christopher Shustak,
Stephen Cheley, Hagan Bayley, J. Eric Gouaux

The structure of the Staphylococcus aureus a-hemolysin pore has been determined to
1.9 A resolution. Contained within the mushroom-shaped homo-oligomeric heptamer is
a solvent-filled channel, 100 Ain length, that runs along the sevenfold axis and ranges
from 14 A to 46 A in diameter. The Iytic, transmembrane domain comprises the lower
half of a 14-strand antiparallel g barrel, to which each protomer contributes two 3 strands,
each 65 A long. The interior of the B barrel is primarily hydrophilic, and the exterior has
a hydrophobic belt 28 A wide. The structure proves the heptameric subunit stoichiometry
of the a-hemolysin oligomer, shows that a glycine-rich and solvent-exposed region of
a water-soluble protein can self-assemble to form a transmembrane pore of defined
structure, and provides insight into the principles of membrane interaction and transport
activity of B barrel pore-forming toxins.

The a-hemolysin (aHL) of the human
pathogen Staphylococcus aureus is secreted
as a 33.2-kD water-soluble monomer that
binds to rabbit erythrocytes and human
platelets, erythrocytes, monocytes, lympho-

cytes, and endothelial cells (1). Membrane-
bound monomers assemble to form 232.4-
kD heptameric transmembrane pores (2).
The sensitivity of cells to aHL ranges from
human erythrocytes, which require solution
13 DECEMBER 1996 1859
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concentrations of aHL above 1 uM for
lysis, to human platelets and rabbit eryth-
rocytes, which are lysed at 1 nM (3). The
heptamer is the cytolytic species, and pri-
mary mechanisms of cell death include (i)
bilayer permeabilization to ions, water, and
low molecular weight molecules, and (ii)
cell lysis (1).

The conductance of aHL pores displays a
near linear dependence on solution conduc-
tivity and is thus suggestive of a water-filled
channel (4). An effective diameter of 11.4
+ 0.4 A has been estimated from the con-
ductance of single oligomers (about 90 pS,
+15 mV,-8:.1 M KCl, pH 7.0) (4). Assem-
bled on cell membranes aHL channels ex-
hibit partial rectification, modest anion se-
lectivity and rapid fluctuations to a higher
single channel conductance state at acidic
pH (4-6). Spectral analysis of pH-depen-
dent fluctuations in current are consistent
with a model in which about four identical
ionizable groups (pK, = 5.5) reside in the
channel (6). In addition, low pH and di-
and trivalent cations cause slow, reversible
voltage-dependent channel closure (4, 5).

oHL assembles on cellular and synthetic
membranes (7, 8), whereas deoxycholate
(9) or diheptanoylphosphatidyl choline
(DiC,PC) micelles (10) catalyze heptamer
formation in solution. Even though the
monomer is highly soluble in aqueous solu-
tion (~0.3 mM) and the primary structure
is polar with no obvious hydrophobic trans-
membrane stretches (11), the heptamer is
amphiphilic and firmly rooted to the mem-
brane. The heptamer is not released into
aqueous solution by high salt, basic pH, or
chaotropic agents, and solubilization of the
membrane-bound heptamer requires deter-
gent micelles (9, 12).

A host of experimental approaches has
illuminated a mechanistic framework for
the assembly of aHL (see below) and has
pinpointed residues involved in membrane
binding, assembly, and in defining the
transmembrane pore.

oy o *
Water-soluble — Membrane-bound

monomer monomer

a7 oz
—> Heptameric — Heprameric
prepore pore
Circular dichroism shows that the primarily
B secondary structure does not undergo
large changes during the conversion of a; to
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a, (13). Nonetheless, the amino latch
(Ala'-Val®®} and the glycine-rich region
(Lys!1O-Tyr'*®), which are susceptible to
trypsin and proteinase K in ., are protease
resistant after o, formation (14). The o *
and a,* intermediates remain sensitive to
proteolysis at the amino latch, and the gly-
cine-rich region is not attacked (15). Hall-
marks of the a,* prepore are that it is
nonlytic, does not form transmembrane
pores, and is heptameric in subunit stoichi-
ometry (15). Recent studies suggest that the
glycine-rich region inserts into the bilayer
(16) and lines the transmembrane channel
(17) and that His* is a critical residue (18—
22) that becomes buried after o, formation
(19). In the a,* to a, step, a functional pore
is formed, the glycine-rich region is translo-
cated across the membrane (23), and the
amino latch becomes protease resistant (15).
Thus membrane translocation and pore for-
mation follow oligomerization.

In function, aHL is related to bacterial
toxins that include aerolysins from Aeromo-
nas hydrophila and A. sobria, and a toxin
from Clostridium septicum. These toxins as-
semble from water-soluble species to form
transmembrane pores that disrupt the mem-
branes of their hosts, cause leakage of low

molecular weight molecules, destroy cellu-
lar osmotic balance, and promote cell lysis
(24). Eukaryotic proteins such as perforin
and complement C9, although distinct in
terms of sequence and size, also assemble to
oligomeric transmembrane pores (25).

We now present a high-resolution,
three-dimensional structure of an assembled
pore-forming toxin. In particular, we de-
scribe the molecular structure of the deter-
gent-solubilized oHL heptamer at 1.9 A
resolution. This high-resolution structure
defines the architecture of the pore-forming
motif and its surrounding scaffold, and it
provides a structural basis for understanding
protein-bilayer interactions, heptamer as-
sembly, membrane insertion and the bio-
physical properties of the channel.

Structure determination and molecular
architecture. A crystallization strategy de-
signed for membrane proteins that included
full factorial and sparse sampling matrices
yielded 22 distinct crystal forms with the
heptamer (26) solubilized in five detergents
(2, 27). Of these crystal forms, five diffract
to at least 3 A resolution, and one form,
grown in the presence of n-octyl-B-glu-
coside, ammonium sulfate, and PEG 5000
monomethyl ether and diffracting to 1.8 A

Table 1. Statistics for data collection, phase determination and refinement. The crystals are in space
group C2, with unit cell dimensions of 2 = 151.92 Aib=136.76 A:c = 135.12 A; B =91.38°

Itern Native Il Native | U0,Cl, OsCly K,0s0, K,IrClg
Detector, A = 1.54 A R-Axis IIC FAST
d min (A) 1.89 2.39 3.0 3.5 3.5 4.0
Unique reflections (N) 206863 94796 41345 30594 33480 22452
Observations (V) 2024665 389970 55339 79989 111484 83467
Mean redundancy 141 41 14 2.6 3.3 3.7
Data coverage (%) 93.3 89.5 52.8 87.7 95.9 96.5
Ry (1) (%) 8.4 6.2 8.1 41 6.0 4.2
Mean fractional 27.1 13.0 14.0 251
isomorphous
difference (%)t
MIR analysis
d min (&) 3.0 3.5 3.5 4.0
Heavy atom sites (unit cell) (V) 80 80 36 60
Phasing powert 1.61 214 1.72 1.46
cutisS 0.67 0.69 0.67 0.77
Mean overall figure of merit]] 0.504
Refinement (Native 1)
Model: 2051 residues, 818 water molecules (17214 atoms)
rms deviations
d-spacings Reflections R valueq R_S;?S e Bonds Angles B values
(& N) (%) o A) ) (A%)
(%)
8.0-1.9 198341 19.9 25.7 0.012 1.66 2.23

Ry = el Zl{0K) — KD/ k)

sym

protein structure factor amplitude and |F,,| is the heavy-atom derivative structure factor amplitude.

tMean fractional isomorphous difference =, 2ll1F.| — IFAll/IFAN. IFolis the

$Phasing

power = rms (|F,[/E), where |F,| = heavy-atom structure factor amplitude and £ = residual lack of closure

error.
contribution.

$Reuiis = no2llFen £ Fel = Freaol/noZlFen = Fol where F is the calculated heavy atom structure factor
[Mean overall figure of merit = |Fihki),qel/FlhKI).

qJR values: Crystallographic R value

(urlIFol — IF I/, ZIFol) with 90 percent of the native data employed for refinement. Free R value: R value based on 10

percent of the native data withheld from refinement.

#Rms bond lengths and bond angles are the rms deviations

from ideal values for bond lengths and angles, respectively. rms deviations on B-values are the rms mean-square
deviation between B-values on covalently bonded atom pairs.
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resolution, was used to solve the structure.

The initial phases were obtained by the
multiple isomorphous replacement (MIR)
method (28-33). Solvent flattening (34)
and histogram matching (35) yielded mod-
est improvements to the initial 3 A electron
density map. Real space averaging around
the molecular, seven-fold axis resulted in a
dramatic improvement in_the MIR-phased
electron density map at 3 A resolution (36).
The phases were extended from 3 A to 1.9
A resolution in 300 cycles of density mod-
ification, which included averaging, solvent
flattening, and histogram matching by the
program DM (37). The structure (38, 39)
has been refined with X-PLOR (40, 41) to

a conventional R value of 0.199 and a free

2

Fig. 2. Ribbon repre-
sentations of the aHL
heptamer with each
protomer in a different
color. (A) View perpen-
dicular to the seven-
fod axis and ap-
proximately parallel to
the putative membrane
plane. The mushroom-
shaped complex is ap-
proximately 100 A tall
and up to 100 A in
diameter, and the
stem domain measures
about 52 A in height
and 26 A in diameter
from C, to C,. Approx-
imate locations of the
cap, rim, and stem
domains are shown.
Thr'29 s located at the
base of the stem do-

main. (B) View from the top of the structure and parallel to the sevenfold
axis. The amino latch of one protomer makes extensive interactions with
its clockwise-related immediate neighbor and residues in each glycine-
rich region wrap around the sevenfold axis approximately 180°. Protomer-

R value of 0.257 (Fig. 1 and Table 1).
During refinement, the coordinates were
not restrained to the noncrystallographic
sevenfold axis with the exception of two
sections encompassing residues 119 to 140
and 260 to 265 (41). In each protomer
there is one cis peptide bond at Pro!®. The
structure includes main chain atoms for all
2051 residues, side chain atoms for all but
six residues for which there is no significant
electron density, and 818 solvent mole-
cules, which were modeled as waters (42).

The heptameric complex is mushroom-
shaped and measures 100 A in height and
up to 100 A in diameter (Fig. 2). A sol-
vent-filled channel running along the sev-
enfold axis forms the transmembrane pore.

» o ||

Fig. 1. Stereo diagram of the electron density distribution in the triangle region calculated with 2|F| —
|F.| coefficients and phases from the refined model contoured at 1o. The separation of the polypeptide
chain from a protomer core to form the stem B strands (bottom of view) is evident in the electron density.
Solvent molecules modeled as waters are indicated by red spheres.

B sheet.
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This aqueous channel spans the length of
the complex and ranges from 14 A to 46 A
in diameter. The gross size and shape of
the heptamer resemble low resolution im-
ages of aHL assembled on bilayers, al-
though data from electron microscopy and
a range of biochemical and biophysical
experiments have been incorrectly inter-
preted in terms of a hexameric subunit
stoichiometry (2).

Comprising the heptameric complex are
the cap domain, the stem domain and seven
rim domains. Electron microscopy of aHL
assembled on membranes show large protru-
sions from the bilayer surface (43), which
we identify as the cap domain and portions
of the rim domains. The cap domain is
composed of seven B sandwiches and the
amino latches of each protomer. Rim do-
mains protrude from the underside of the
heptamer, participate in only a few pro-
tomer-protomer interactions, and are prob-
ably in close proximity, if not in direct
contact, with the membrane bilayer. The
stem domain forms the transmembrane
channel. A crevice between the top of the
stem domain and the rim domains defines a
basic and aromatic amino acid-rich region
that might participate in interactions with
phospholipid head groups or other cell sur-
face receptors. Extensive hydrophobic and
hydrophilic contacts throughout the cap
knit the protomers together and form inter-
digitating networks that confer stability on
the heptamer.

The primary structure, corresponding el-
ements of secondary structure, and diagrams
of a protomer are shown in Fig. 3. The
protomers adopt a tertiary fold that is dis-

protomer contacts consist almost exclusively of side chain-side chain
interactions in the cap domain while in the stem domain main chain-
main chain contacts predominate as the B strands form a continuous

1861



tinct from folds previously described (44).
Contained within the protomer core are the
elements of structure that constitute the B
sandwich and rim domains. Approximately
80 percent of the amino acids form the
protomer core, which is an ellipsoid that
measures 70 A algng the sevenfold axis, 45
A wide and 20 A thick. Superpositions of
protomers in crystallographically indepen-
dent environments indicate that they have
the same fold and very similar conforma-
tions; the mean root mean square (rms)
deviation between protomer A and the oth-
er six protomers is 0.24 A for main chain

Amino latch

A~

;; Stem domain

/ Rim domain
Y

\

PK T PK

atoms. Each protomer is composed of 16 B
strands (52.9 percent), four short stretches
of either a- or 3,,-helix (4.3 percent), a
long region of random coil that spans resi-
dues Asp'®® through Lys*® (7.9 percent)
and substantial non-a, non-B elements of
structure (34.9 percent), in agreement with
estimates from circular dichroism studies
(13, 45). Pronounced excursions of the
polypeptide chain from the protomer core
include the amino latch (Ala!-Val?®), and
39 residues (Lys'!® to Tyr'#), which form
the stem domain. Linking the stem B
strands to the protomer core are two short

sections of polypeptide that form two sides
of the triangle region (Pro!® to Thr!®® and
Val'® to Asp!'®?), an element of structure
which participates in crucial protomer-
protomer interactions and may play a key
role in conformational rearrangements that
accompany the conversion of &, to a;.
The transmembrane stem is composed of
14 antiparallel B strands, two of which are
contributed by each protomer (Fig. 4).
These strands begin at Lys!'® and end at
Tyr'*®, and they form a righthand barrel
with a height of 52 A and a diameter of 26
A, measured from a-carbon positions. Each
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Fig. 3. (A) Ribbon diagram of an isolated protomer with g strands numbered
consecutively. This view is from the “outside” of the heptamer. The B-sand-
wich domain (blue) is a scaffold for the protomer core and is formed by two
antiparallel B sheets that we define as the inner (strands 1, 2, 3, 13, 6) and
outer (strands 9, 10, 5, 14, 15, 16) sheets, located on the interior and exterior
of the cap domain, respectively. The rim domain (red), Tyr and Trp residues
and glycines (white swatches on the ribbon and rope) are also indicated. The
B strands that compose the stem domain are green. (B) Stereoview of a
protomer oriented similarly to the schematic in (A). (C) Correspondence
between the primary sequence and protomer secondary structure with em-
phasis of important residues. Red squares define acrylodan-derivatized sin-
gle cysteine mutants in which the label is in a more hydrophobic environ-
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ment following heptamer formation on membranes (52). Single cysteine
mutations at the orange sites have a major effect on activity without chemical
modification and at the yellow sites represent positions where effects are
seen only after chemical modification (20). Residues colored green are in-
volved in cell binding based on mutagenesis and chemical modification
studies (20, 22). Purple circles indicate sites whose reactivity changes on
heptamer formation in site-directed chemical modification experiments; (half-
filed circles) highly reactive to less reactive; (filled circles) highly reactive to
unreactive; (outlined circles) low reactivity to higher reactivity. Abbreviations
for the amino acid residues are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly;
H, His; I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T,
Thr; V, Val; W, Trp; and Y, Tyr.
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strand wraps around the barrel axis by ap-
proximately 180°. In contrast to the n = 16
and n = 18 B barrels found in the bacterial
porins (46, 47), which have shear numbers
(S) (48) of 20 and 22 (S = n + 4), respec-
tively, the aHL stem B barrel has a shear
number of 14 (S = n). For aHL, the
strands are not tilted as far from the barrel
axis (o =~ 38°) as are the B strands in barrels
with shear numbers of S = n + 4 (a = 45°).
Large B barrels (n > 8) with S = n have
apparently not been observed before our

structure determination (48). However, we
propose that homomeric B barrels where
each protomer contributes two strands are
likely to have shear numbers of S = n. The
electron density for residues 119 to 140 is
relatively weak, and this glycine-rich region
is characterized by high thermal parameters
(about 70 A2). Nonetheless, sevenfold av-
eraged electron density maps enabled us to
obtain a reliable trace through this region
and allowed for the placement of amino
acid side chains.

A

Exterior

KHO

Interior

v 111
{? {1 e

Fig. 4. (A) Schematic representation of the residues that define the inner and outer surfaces of the stem
domain. The a-carbons of the stem were projected onto the surface of a cylinder that was then unrolled.
Residues are color coded: Ala, Val, Pro, Leu, lle, Met, Phe: dark green; Gly: light green; Asp, Glu: red;
Lys, Arg, His: blue; Tyr, Trp: gold; Ser, Thr, Asn, Gin: light purple. In the left and right vertical strips are
the residues whose a-carbons project B-substituents to the interior and exterior of the channel,
respectively. (B) Solvent accessible surfaces of a, colored by the same code as Fig. 4A. Sagittal section
along the seven-fold axis. The protein residues lining the channel are predominately charged or polar. (C)
Side view. The polar and charged character of the cap contrasts with the primarily nonpolar surface of
the stem exterior. Aromatic residues and nonpolar amino acids on the rim domain, such as Trp'87,
Pro89, Val'®®, and Trp?6°, may interact with the membrane. The color coding is the same as in (A)
except that Asp, Glu, Lys, Arg, His, Ser, Thr, Asn, and GIn are light purple. (D) Intracellular view. This is
a view from the membrane looking toward the putative membrane binding surface. The bases of the
seven rim domains and the stem-rim crevice have a preponderance of aromatic and basic residues,

suggestive of im-membrane interactions.
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Pore, interprotomer and membrane
surfaces. At the top of the cap domain, the
~28 A channel diameter is lined by the
amino latches (Fig. 4). Within the cap do-
main, the inner sheets of the B-sandwich
domains form the walls of the widening
pore. At the vertex of the triangle marked
by Pro'®, the channel reaches a maximum
diameter of 46 A. The channel narrows to
~15 A in diameter at the juncture of the
triangle and the stem. Through the stem,
the diameter of the channel varies from 14
to 24 A, depending on the volume of the
side chains protruding into the 26 A (C,-
C,) diameter cylinder. Both ends of the
stem are defined by rings of acidic and basic
residues, and the intervening 40 A is lined
by neutral amino acids. Two hydrophobic
bands, one formed by seven Met!!? residues
and the second by seven Leu!?” residues, are
solvent-exposed on the interior of the pore
and demonstrate that hydrophobic residues
contribute to the lining of transmembrane
channels. The distribution of rings of neg-
atively and positively charged residues, in
combination with the bands of hydrophobic
groups, are reminiscent of the proposed ar-
rangement of polar and nonpolar groups in
the channel of the nicotinic acetylcholine
receptor (49).

Each promoter is involved in about 120
salt bridges and hydrogen bonds, partici-
pates in about 850 van der Waals contacts,
and buries almost one-third of the solvent
accessible surface area in the heptamer (Ta-
ble 2). Both polar and nonpolar interac-
tions are present in the five major interfaces
although the stem domain has a preponder-
ance of main chain hydrogen bonds. Most
(>98 percent) of the contacts occur be-

Table 2. Buried interprotomer surfaces. Reduc-
tion in the solvent accessible surface area on the
hypothetical assembly of a heptamer from regions
or domains of a protomer. These values were ob-
tained by calculating the surface area of the pro-
tomer (area A, 17,120 A2) The domain or region of
interest was abstracted from the coordinate file
and its solvent-accessible surface was computed
(area B). Then the combined area of the protomer
and domain or region was calculated (area C). The
reduction in solvent-accessible surface area is
then defined as (A + B — C)/2. Since a protomer
forms interactions with both its +1 and —1 neigh-
bors, the total reduced surface area is approxi-
mately 5664 A2. The radius of the probe was 1.4 A
and the calculations were performed with the use
of GRASP.

Domains or regions Surface area (A2)

Amino latch 670
B sandwich 851
Rim 90
Triangle 410
Stem 811
Total 2832
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tween nearest neighbors, and the few (1, 3)
interprotomer interactions involve amino
latch to B-sandwich and stem top to rim
interactions. Key contacts, as determined
from our structure and from site-directed
mutagenesis, are conserved in each of the
seven interfaces and virtually all interpro-
tomer interactions are similar in each crys-
tallographically different interface (Fig. 5).

The amino latch is important for hep-
tamer formation and cell lysis (14). In the
heptamer structure, the amino latch makes
extensive contacts with the inner B sheet of
an adjacent protomer. Deletion of the NH,-
terminal two amino acids abolishes hemo-
lytic activity (I14) although individual
charged residues in this region do not have
essential roles (20). His®’ is located in the
crucial B-sandwich contact region. Conser-
vative substitutions at position 35 render
the protein diminished in lytic, heptamer-
forming, and lethal activity, and noncon-
servative changes abolish these activities
(18, 19, 22). Additional groups of interact-
ing residues in this essential interface in-
volve inter B-sandwich contacts between
the side chains of His*® and Asp?%, as well
as between Lys®? and Lys®® on one protomer
with Asp'® on its neighbor. Asp?*, His*,
and Asp!® also affect or influence hemo-
lytic activity (20).

The triangle region is the nexus between
(i) a protomer core and its stem-forming
strands, (ii) triangle regions on adjacent
protomers, and (iii) triangle region—rim do-
mains on adjacent protomers. A network of
salt bridges and hydrogen bonds link the
amino group of Lys!!® with the main-chain
carbonyl oxygen of GIn'*® and the side-
chain residues of Asp'*? and Asn!'” (rim
domain) on an adjacent protomer. Mu-
tagenesis of either Lys'!® or Asp'®? to cys-
teine diminishes or ablates hemolytic activ-
ity, respectively (20). Additional interpro-
tomer contacts include polar interactions
between Lys'** and Asn?'# (rim domain) as
well as nonpolar interactions between Ile!®’
and Phe!®? and Leu?'? (rim domain).

A hydrophobic belt on the stem exterior
is defined by residues Tyr'!® to Gly'?® and
Ile!*? to Ile!*? and a ring of 14 aromatic
amino acids is composed of Tyr''® and
Phe!? (Fig. 4). In contrast, the remaining
solvent-exposed surfaces of the heptamer are
primarily polar and charged. Below the hy-
drophobic belt is a collar of charged and
polar residues (Asp'?? to Lys'*!) that define
the base of the stem. Above the hydrophobic
belt is a crevice between the stem and rim
domains that is highly populated by aromatic
residues and positively charged amino acids.

We propose that the hydrophobic belt
on the stem domain, which is ~28 A thick,
interacts with the nonpolar portion of the
lipid bilayer. The thickness of the hydro-
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phobic region of dipalmitoylphosphatidyl
choline bilayers is 28 to 30 A (50) and
erythrocyte membranes are rich in phos-
phatidyl choline and sphingomyelin lipids
(16:0, 18:0, 18:1, and 18:2 acyl chains)
(51). Thus, the nonpolar belt of the aHL
stem is thick enough to span the hydropho-
bic domain of an erythrocyte bilayer. Rein-
forcing the assignment of the transmem-
brane domain are (i) fluorescence studies of
aHL site-specifically labeled with acrylo-
dan, a polarity sensitive probe, which sug-
gest that residues Tyr!!® to Val'*® comprise
the transmembrane sequence (52) and (ii)
Forster energy transfer experiments tbat in-
dicate that position 130 is about 5 A from
the head groups on the inner leaflet (16). In
the water-soluble monomer, the residues

comprising the membrane-spanning por-
tion of the stem domain are protease sensi-
tive (13, 14) and solvent exposed (52).
Therefore, the aHL heptamer provides a
high-resolution, three-dimensional view of
how an approximately 20-residue fragment
of a water-soluble protein creates a stable
transmembrane structure.

Interactions between the heptamer and
the lipid head groups involve both the stem
and the rim domains (Fig. 6). Difference
electron density maps calculated from x-ray
diffraction data of o, crystals soaked with
DiC,PC showed strong positive peaks near
Arg?® (53). When Arg?® was changed to a
cysteine and chemically modified, o bind-
ing to rabbit erythrocytes is abolished (20).
Three protruding loops at the base of the

Fig. 5. Schematic dissection of protomer-protomer interactions (A, pink; B, green; C, purple) viewed
from the lumen of the pore. Shown in panel 1 are hydrogen bonds and salt links near His®%, a residue that
defines a region particularly critical for heptamer formation and cell lysis. In 2 are shown the interactions
between His*® (A) and Asp2* (B) and Thr22 (B). This second region of B-sandwich—B-sandwich contact
includes polar interactions between main chain atoms of Asn*” O (A) to Thr22 N (B) and Asn*® N (A) to
Thr22 O (B). As depicted in 8, the amino latches participate in numerous polar and nonpolar contacts. To
simplify the view, polar interactions are shown between protomers A (pink) and B (green), and residues
involved in nonpolar interactions are defined for protomers B and C (purple). Shown in 4 is a closeup of
the interactions in the triangle region of protomer B and their spatial relationship to other important
regions. Of particular significance are the polar interactions from Lys'° (B) to Asp'5? (C) and Asn'72 (C)
and from Lys'47 (B) to Glu'"" (B) and Glu'"" (A). These interactions involving two consecutive residues
at the beginning of the stem domain may help orient the stem B strands. lle'°7 (A) and Phe5%, Val'®® and
Leu?'® on protomer B form an interprotomer hydrophobic cluster.
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rim domains constitute another potential
membrane binding site. These loops are
composed of neutral and nonpolar residues
and are near Trp'®’, Pro!®°, Val'®!, Arg?®,
Met?*, and Trp®%; and they are flanked by
residues that when mutated prevent mem-
brane binding (20). The proximity of the
base of the rim domain to the membrane
spanning region of the stem, combined with
the character of the rim domain surface,
leads us to speculate that the base of the rim
and the crevice between the rim and stem
domains interact with the cell membrane.
In fact, fluorescence studies of a single cys-
teine mutant labeled with acrylodan at po-
sition 266 in the rim domain indicate that
this site is exposed to a more hydrophobic
environment upon heptamer formation
(52), thus suggesting membrane insertion.
Molecular basis of transport activity
and mechanism of assembly. The aHL
heptamer structure provides a basis for un-
derstanding the biophysical properties of
the pore and forms the basis for detailed
mechanistic studies. We find that the nar-
rowest constriction in the pore is ~14 A
(Fig. 4), which is in agreement with previ-
ous approximations of the pore diameter
(4). This constriction is formed by the side
chains of Glu!!}, Lys'*?, and Met!'?3, and it
probably confers the estimated 2-kD size
limit for transport of macromolecules by the
pore (54). The ring of Glu!!! residues, lo-
cated within the pore and at the top of the
stem, forms favorable binding sites for a
range of di- and trivalent cations. On incu-
bation of a7 crystals with 5 mM UO,CIL,,
for example, we observe strong peaks (>7¢0)
in difference Patterson and Fourier maps
near the carboxylate groups of Glu'!!. Sim-

ilar features are seen with crystals soaked in
solutions containing OsCl, and K,IrCl,.
One mechanism by which di- and trivalent
ions effect partial or complete reduction in
pore conductance (4, 5) may involve steric
block of the channel by ion binding to
Glu!!! at the stem top. Alternatively, chan-
nel block may include ion binding to
Asp'?” and Asp'?®, resulting in collapse of
the barrel at the glycine-rich stem base. A
mechanism to describe the rapid increase
in pore conductance at low pH and the
pH-dependent current fluctuations in the
open channel (6), may involve protonation
‘of one or more Glu!!! residues, disruption of
Glu'!'-Lys'4” ion pairs, and enlargement of
the pore neck by rearrangement of Glu!!!
and Lys!*7 side chains. Although not poised
in a constriction of the pore, Asp'?’ and
Asp'?® may participate in pH-dependent
changes in conductance in aHL assembled
on a cell membrane.

Rectification and reduction in pore con-
ductance at high transmembrane potentials
(> =100 mV) may be understood in terms
of varying degrees of conformational re-
arrangement and channel closure at the
glycine-rich stem base. This region of the
structure displays high thermal parameters
and could undergo conformational changes
leading to partial or complete steric block of
the pore in response to an applied mem-
brane potential. In fact, substitution of five
histidine residues for Gly'*°-Gly!'** yields a
Zn?* -regulated pore that is closed by micro-
molar Zn?* added from either the cis or
trans sides of a bilayer apparatus (17). These
experiments emphasize that the polypeptide
backbone can undergo conformational re-
arrangements to yield a Zn?* binding site

Fig. 6. A stereo view of a model for the interaction of the heptamer with phospholipid head groups.
Difference electron density from a, crystals soaked in a solution containing DIC,PC shows 5¢ peaks
near the guanidinium group of Arg2°°. We used the difference density in conjunction with chemical and
biochemical information to guide the construction of a model for the interactions between a, and seven
DiC,PC molecules. Residues Tyr''2, Lys''¢, Tyr''8, His'44, and Tyr'“® project from the surface of the
stem, and Trp17°, Tyr'82, Trp'87, Arg2®, and Met?°* define the rim side of the crevice, together forming
an attractive binding site for phospholipid molecules.
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that reduces pore conductance, possibly via
steric block of the pore. Alternatively, an
applied membrane potential may alter the
electrostatic potential in the pore, changing
ion concentrations at the stem base and
top, which in turn could affect permeant
ion conduction and lead to the observed
rectification behavior. Site-directed mu-
tagenesis, structural studies, and biophysical
experiments may now be used to test and
refine specific molecular mechanisms.

The protomer structure and extensive
biochemical information provide important
insights into the structure of a; and mech-
anisms of assembly. Because the B sandwich
forms a compact and well-ordered domain
and there is little change in the secondary
structure on heptamer formation (13), the
water-soluble monomer probably has a ter-
tiary fold that is similar to an a, protomer.
Nonetheless, the amino latch and the gly-
cine-rich stem exhibit greater exposure to
aqueous solution in the o state (13, 52).
To prevent spontaneous assembly of o, to
o, in aqueous solution and to maintain
water solubility of a;, the hydrophobic res-
idues of the stem B strands may pack against
the nonpolar patch defined by Phe!*,
Val'®®, and Leu?'® (Fig. 5) in the a; state.
By covering this hydrophobic cluster, as-
sembly will be blocked until interaction
with a membrane bilayer triggers strand re-
arrangement. In the a;, o *, and o,* forms,
the amino latch may participate in intra-
protomer interactions with the inner sur-
face of the B sandwich, some of which may
be analogous to the interprotomer amino
latch interactions in a,. Assembly of aHL
is probably controlled by a tradeoff of intra-
protomer interactions in the a; form for
interprotomer and o,-membrane interac-
tions in the o, form and thus may represent
a prototype for bilayer-catalyzed folding and
refolding.

aHL as a pore-forming motif for bacte-
rial toxins. In contrast to a wide range of
bacterial and insect toxins that utilize a-
helices to perturb or penetrate the bilayer
(55), the aHL heptamer structure defines
the criteria for membership in a family of
toxins that employ bilayer-spanning anti-
parallel B-barrels. The aHL protomer has
secondary and tertiary structural features in
common with aerolysin from A. hydrophila,
whose structure is only known in the water-
soluble form (56). Both protomeric species
have long B strands that form a B sheet
with a 180° twist, both have a domain
containing numerous solvent-exposed tryp-
tophan residues, and both toxins assemble
to heptameric oligomers. The structure of
the pore-forming domain of the aHL hep-
tamer may define a more accurate model for
the structure of the aerolysin pore-forming
domain than the one obtained from fitting
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the x-ray structure of the water-soluble form
of aerolysin to low resolution electron den-
sity contours of the oligomer derived from
image reconstruction of electron micro-
graphs (56). Additional members of this
" family of B barrel, pore-forming toxins
could include Pseudomonas-activated cyto-
toxin and a toxin from C. septicum.

In conclusion, we have defined the

structure of a bacterial toxin that assembles
on the surface of eukaryotic cells and cre-
ates an aqueous transmembrane pore. The
structure reveals the molecular basis for the
biological activity of aHL from S. aureus
and mayprovide insights into the structure
of functionally related toxins such as aero-
lysin from A. hydrophila. The information
reaped from our analysis of the aHL struc-
ture will facilitate protein engineering of
the aHL channel (58) and may contribute

to

further understanding of the function

and assembly of oligomeric membrane
channels in general.
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