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After binding to cellular receptors and proteolytic activation, the
protective antigen component of anthrax toxin forms a heptameric
prepore. The prepore later undergoes pH-dependent conversion to
a pore, mediating translocation of the edema and lethal factors to
the cytosol. We describe structures of the prepore (3.6 Å) and a
prepore:receptor complex (4.3 Å) that reveal the location of pore-
forming loops and an unexpected interaction of the receptor with
the pore-forming domain. Lower pH is required for prepore-to-
pore conversion in the presence of the receptor, indicating that this
interaction regulates pH-dependent pore formation. We present
an example of a receptor negatively regulating pH-dependent
membrane insertion.

Many bacteria that colonize mammalian hosts have evolved
mechanisms for introducing bacterial enzymes into the

cytosolic compartment of host cells. These enzymes disrupt
metabolism in various ways, disabling professional phagocytes
and�or other cells of the host’s immune system. Bacillus anthracis
accomplishes this disruption by secreting a tripartite toxin–
anthrax toxin, consisting of two intracellularly acting enzymes
together with a multifunctional protein that delivers the enzymes
to the cytosol (1). The two enzymes are: edema factor (EF, 89
kDa), an adenylate cyclase (2), and lethal factor (LF, 90 kDa),
a metalloprotease specific for mitogen-activated protein kinase
kinases (3, 4). The delivery component, termed protective
antigen (PA, 83 kDa), is a receptor-binding protein that forms
a pore in the endosomal membrane, enabling EF and LF to cross
to the cytosol.

PA, EF, and LF combine at the surface of receptor-bearing
cells to form a series of toxic noncovalent complexes (1). PA is
a four-domain molecule that binds to either of two cell-surface
receptors, capillary morphogenesis protein 2 (CMG2) or anthrax
toxin receptor�tumor endothelial marker 8 (ATR�TEM8) (5–7).
Proteolysis at a furin-sensitive cleavage site within domain 1
(residues 1–258) removes a 20-kDa fragment, PA20, from the N
terminus (8), leaving a 63-kDa fragment, PA63, bound to the
receptor. The remaining part of domain 1 (residues 168–258)
forms the N terminus of PA63 and functions in oligomerization
and in binding EF and LF (Fig. 1a). In the absence of PA20, PA63
self-associates to form a ring-shaped heptamer (9), termed the
prepore, the structure of which was previously determined at 4.5
Å (5). Domain 2 (residues 259–487) has a �-barrel core structure
and lines the lumen of the heptamer (Fig. 1 a and b). There is
a large amphipathic loop between strands 2�2 and 2�3 (residues
302–323) that is disordered in the crystal structure of monomeric
PA and is believed to insert into the membrane as a hairpin to
generate a 14-stranded �-barrel pore (10) (Fig. 1a). For this loop
to reach and span the membrane, the 2�2 and 2�3 strands are
predicted to peel away from the domain 2 core and, together with
2�1, 2�4, and the amphipathic hairpin, form an extended
�-barrel involving residues 285–340 (5, 10, 11). Domain 3
(residues 488–595) is located on the outside of the heptamer and
contains several key residues for oligomerization (12) (Fig. 1b).
Domain 4 (residues 596–735) has limited contact with the rest

of PA and has been implicated by blocking antibodies, proteol-
ysis, and mutagenesis to function in host–cell receptor binding
(13–16) (Fig. 1a).

Both of the known PA receptors, ATR�TEM8 and CMG2, are
type 1 membrane proteins with an extracellular von Willebrand
factor A (VWA) domain (6, 7). The VWA domains have 60%
amino acid identity and, as in the case of the �-integrin inserted
(I) domains, include a metal ion-dependent adhesion site
(MIDAS) motif that is thought to mediate their interaction with
ligand (6, 7). The crystal structure of the CMG2 VWA domain
alone revealed a Mg2� ion bound in the MIDAS along with a
carboxylate ligand mimetic (17). Mutagenesis studies suggest
that the carboxylate sidechain of PA D683 completes the
MIDAS metal coordination in ATR�TEM8 (18). Significant
additional contacts are anticipated, because the affinity of the
ATR�TEM8 VWA domain for PA is tighter than the �M-mM
affinities observed between integrin I domains and their phys-
iological ligands (H. Scobie, personal communication, and ref.
19). Given their sequence homology, we anticipate that ATR�
TEM8 and CMG2 will interact with PA similarly. The interac-
tion between PA and the CMG2 VWA domain (Kd � 170 pM)
is much tighter than that with ATR�TEM8 (H. Scobie, personal
communication, and ref. 20), however, indicating the likelihood
of some differences in contacts.

In this article, we describe a 3.6-Å structure of the heptameric
PA prepore alone and a 4.3-Å structure of the prepore com-
plexed with the VWA domain of CMG2. The prepore structure
reveals the location of the seven 2�2–2�3 loops from domain 2
that are implicated in formation of a transmembrane �-barrel.
The structure of the complex shows that CMG2 has contacts not
only with domain 4 of PA, as expected, but also with domain 2.
The notion that receptor-domain 2 contacts could regulate the
pH at which pore formation occurs is supported by experiments
showing a major shift in the prepore-to-pore transition toward
lower pHs in the presence of CMG2. These findings demonstrate
that a receptor can negatively regulate the pH-dependent inser-
tion of a protein into a membrane.

Materials and Methods
Preparation of Proteins. We prepared the PA heptameric prepore
(PA63)7 and CMG2 VWA domain (residues 38–218) proteins as
described (20). The PA heptameric prepore:CMG2 VWA do-
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main complex, (PA63)7(CMG2)7, was prepared by incubating the
purified proteins for 15 min at room temperature using a
�10-fold molar excess of CMG2. The complex was then isolated
by gel filtration on a Sephacryl-300 column (Pharmacia) and
concentrated for crystallization.

Crystallization and Data Collection. Crystals of (PA63)7 were grown
by hanging drop vapor diffusion at room temperature by mixing
2 �l of protein solution [8.6 mg�ml in 320 mM NaCl, 40 mM
�-octyl glucoside, 20 mM Tris (pH 8.0)] with 2 �l of reservoir
solution (50 mM Hepes, pH 8.25) and 0.4 �l of 100 mM
spermine. Crystals grew in space group P1 with cell dimensions
a � 149.6 Å, b � 167.0 Å, c � 168.2 Å, � � 77.6°, � � 75.7°, � �
76.0°, and two heptamers per asymmetric unit. Glycerol was
added for cryoprotection, and the data were collected at 100 K
on beamline 7-1 of the Stanford Synchrotron Radiation Labo-
ratory (SSRL).

Crystals of (PA63)7(CMG2)7 grew at 4°C when 2 �l of protein
[12 mg�ml in 20 mM Tris (pH 8.5), 200 mM NaCl, 1 mM MgCl2)
were mixed with 2 �l of reservoir solution [6% polyethylene
glycol (PEG) 8000�10 mM NaCl�50 mM Tris, pH 8.5). The
crystals were in space group P1 (a � 157.3 Å, b � 158.0 Å, c �
212.5 Å, � � 69.7°, � � 69.4°, � � 65.6°), with two heptameric
complexes per cell. Ethylene glycol was used for cryoprotection,

and data were collected at beamline F-1 of the Cornell High
Energy Synchrotron Source (CHESS). Both datasets were pro-
cessed with HKL2000 (21) and sharpened with a B factor of �50.

Structure Determination. The positions of the two PA63 heptamers
in the (PA63)7 data were determined by molecular replacement
using the 4.5-Å heptamer structure (5) as a search model. Rigid
body refinement of the 14 monomer subunits was then per-
formed at 5 Å, and the noncrystallographic symmetry (ncs)
operators were calculated and used as strict constraints in energy
minimization. Repeating this cycle at 4.5 Å, 4.0 Å, and finally 3.6
Å allowed for convergence of the ncs operators and stable
refinement. Positional refinement, simulated annealing with
torsion angle dynamics, and grouped B-factor refinement were
carried out in CNS (22) with strict 14-fold ncs restraints. Iterative
cycles of refinement and rebuilding in O (23) resulted in a 3.6-Å
structure with an overall R factor of 31.4% (Rfree � 31.7%,
Table 1).

One heptamer from the refined 3.6-Å structure of (PA63)7 was
used as the molecular replacement search model for the
(PA63)7(CMG2)7 data. The positions of the two PA heptamers
were identified, improved by rigid body refinement, and pro-
vided sufficient phase information to manually dock the refined
1.5-Å structure of the CMG2 VWA domain (PDB � 1SHU) into

Fig. 1. The (PA63)7 prepore structure. (a) A single monomer from the 3.6-Å (PA63)7 structure. Domains 1, 2, 3, and 4 are colored in pink, green, yellow and blue,
respectively. The previously unresolved 303–322 (red), 343–350 (blue) and 512–515 (blue) loops are visible whereas the 275–283 and 426–427 loops remain
unstructured (black dotted lines). (b) An aerial view (domain 1� is at the top, closest to the viewer) of the PA63 heptamer with one monomer colored as in a. Domain
2 lines the prepore lumen whereas domains 3 and 4 are located on the outside of the heptamer ring. (c) Domains 2 (green) and 4 (blue) from the 3.6-Å (PA63)7

structure, as viewed from the bottom. The domain 2 insertion loop (red) projects out to bind the neighboring monomer in a groove between domains 2 and
4. (d) The domain 2 insertion loop contacts domain 4 from its own monomer (residues 600–602) and domains 2 (residue 414) and 4 (residues 668–670) from the
neighboring monomer. N306 was mutated to cysteine and labeled with pyrene for the experiments described in Fig. 3b. Residues F313 and F314 are predicted
to form the tip of the membrane inserted �-hairpin (10).
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an fo-fc map. Rigid body, positional, and grouped B-factor
refinement was performed in two cycles, before and after one
round of minor rebuilding in O, by using CNS and strict 14-fold
noncrystallographic symmetry restraints. The final model has an
R factor of 32.2% (Rfree � 33.0%, Table 1) and contains residues
174–274, 285–425, 428–735, and two calcium ions from PA and
residues 38–218 (numbered as 1038–1218) and one magnesium
ion from CMG2 in 14 copies.

pH-Dependent Conversion of Prepore to SDS-Resistant State. Five
microliters of 200-�M CMG2 was added to six aliquots of 40-�l

4.5-�M (PA63)7 prepore and left for 15 min to allow complete
binding at room temperature. Six identical (PA63)7 aliquots
contained no CMG2. Individual aliquots were incubated for 1 h
with 40 �l of the following buffers: 1 M Bistris ([bis(2-
hydroxyethyl)amino]tris(hydroxymethyl)methane ), pH 5.5; 1 M
Bistris, pH 6.0; 1 M Bistris, pH 6.5; 1 M Hepes, pH 7.0; 1 M
Hepes, pH 7.5; and 1 M Hepes, pH 8.0. Samples were exposed
to 1.25% SDS for 20 min, separated on a 4–20% Tris-Glycine gel
in SDS running buffer, and visualized with Coomassie.

Pyrene Fluorescence. Mutant N306C PA83 was expressed and
purified with 0.5-mM Tris-(2-carboxyethyl)phosphine present
during the final step of purification. Pyrene modification was
carried out as described (24) with modifications. Briefly, a
10-fold molar excess of N-(1-pyrene)maleimide (PM) in N,N-
dimethylformamide was added to N306C monomer in 20 mM
Tris�HCl (pH 7.5) and reacted 15 h at 4°C. Labeled protein was
then separated from free dye by elution over a G-50 Sephadex
column and proteolytically activated to form heptamer. Mixing
experiments with CMG2 were done by incubating 1 �M
N306-PM heptamer with a 10-fold molar excess of CMG2 for 10
min in 20 mM Tris�HCl (pH 8.5) with 2% n-dodecyl-�-D-
maltopyranoside, followed by addition of 0.02 equivalents of
either 1 M Tris, pH 8; 1 M Hepes, pH 7; 1 M Bistris, pH 6; or
1 M acetate, pH 4.9. The resulting pH for each sample was 8.3,
7.0, 6.2, and 4.9, respectively. After a 30-min incubation, samples
were analyzed in an ISS (Champagne, IL) fluorimeter in a

Fig. 2. The (PA63)7(CMG2)7 structure. (a) In these bottom and side views, the CMG2 VWA domains are depicted in pink. Only three PA:CMG2 monomers are
shown in the side view for clarity. (b) The CMG2 VWA domain (pink) binds both PA domain 2 (white, green, and dark blue) and PA domain 4 (light and dark blue).
Direct contacts within the interface are depicted in dark pink (CMG2) and dark blue (PA). The PA insertion loop and the contiguous 2�2 and 2�3 �-strands (green)
are predicted to peel away from the domain 2 �-barrel core to form a pore. The CMG2 VWA domain bound to the PA 340–348 loop is likely to impede this
rearrangement. (c) This close-up of the PA:CMG2 interface is colored as in b. Previous PA mutagenesis studies suggest the importance of residues G342, W346,
I656, N682, and D683 (blue) in intoxication, although the G342C and W346C mutants may reflect structural instability (16). The domain 2 R344 (blue) is buried
within the PA:CMG2 interface and may form a salt bridge with CMG2 E122 (pink). Residues Y119, H121, E122, and Y158 of CMG2 (pink) are strictly conserved
in ATR�TEM8 and cluster at the PA domain 2 interface, suggesting that ATR�TEM8 binding will also block PA insertion loop rearrangement. Other CMG2 residues
at the interface with PA (yellow) are not conserved in ATR�TEM8.

Table 1. Crystallographic statistics

(PA63)7 (PA63)7 (CMG2)7

Wavelength, Å 1.0800 0.9186
Resolution, Å 30–3.6 20–4.3
Unique reflections 163,249 120,016
Redundancy 2.0 (1.7) 2.7 (2.5)
Completeness, % 93.4 (68.8) 97.3 (98.1)
I��(I) 10.6 (1.6) 6.8 (1.8)
Rsym, % 4.8 (29.1) 16.5 (44.9)
Rcryst�Rfree 31.4�31.7 32.2�33.0
rms deviation bond length, Å 0.005 0.004
rms deviation bond angle, ° 1.1 0.9

Numbers in parentheses refer to the values for the outer shell.
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1 � 0.5-cm quartz cuvette using an excitation wavelength of 341
nm. Emission was measured from 360 to 600 nm and normalized
against the maximal fluorescence at 384 nm.

Results and Discussion
The 3.6-Å resolution structure of the PA heptamer prepore was
determined by molecular replacement using the 4.5-Å prepore
model (5). The final model contains residues 174–274, 285–425,
428–735, and two calcium ions (in 14 copies, because there were
two heptamers per asymmetric unit). The missing loops, 275–283
and 425–427, are within the lumen of the prepore and are
probably mobile, because they are predicted to undergo struc-
tural changes in the formation of pore (11, 25) (Figs. 1a and 2b).
The improved resolution of the data, along with 14-fold aver-
aging, allows for visualization of some functionally important
regions of structure that were unresolved in the previous PA
monomer and heptamer structures (5) (Fig. 1a). The 343–350
domain 2 helix interacts unexpectedly with receptor (see below),
and the 512–515 domain 3 loop makes contacts with a neigh-
boring monomer to stabilize the heptamer, a result anticipated
by mutagenesis (12). Most notably, the new prepore structure
contains electron density for the 303–322 membrane insertion
loop. This loop projects out, away from the monomer, and packs
between domains 2 and 4 of the neighboring monomer (Fig. 1 c
and d). These contacts are not likely to contribute in a major way
to prepore stability because a 300–320 deletion mutant is still
able to form heptamers (24). However, the contacts the mem-
brane insertion loop makes with domain 4 of its own monomer
(600–602) and domains 2 and 4 of the neighboring monomer
(414 and 668–670) probably affect the loop’s conformation and
motility (Fig. 1d).

The structure of the PA heptamer:CMG2 VWA domain
complex was determined at 4.3 Å and reveals the CMG2 MIDAS
occupied by PA D683 (Fig. 2c). In addition, there are significant
contacts between four CMG2 loops (52–57, 87–88, 111–122, and
152–158) and four PA loops (340–348, 654–662, 681–688, and
714–716), burying 2000 Å2 of total accessible surface area (Fig.
2b). The protein–protein interface is significantly larger than
that observed in other MIDAS I domain–ligand interactions [the
�2 integrin-collagen (26) and �L integrin-intercellular adhesion
molecule-1 (ICAM-1) (27) interactions both bury �1,250 Å2],
and this result may explain the tighter CMG2:PA binding
affinity. The CMG2:PA interaction also differs from the �2
integrin-collagen (26) and �L integrin-ICAM-1 (27) interactions
in that the CMG2 MIDAS is not located in the center of the
binding site (Fig. 2b). Extensive site-directed mutagenesis in PA
corroborates the importance of some of the domain 4 interface
residues (I656, N682, and D683) in receptor binding and toxicity
(15, 16). Although a similar analysis has not yet been performed
for CMG2, four of the CMG2 residues in the CMG2-PA
interface (Y119, H121, E122, and Y158) are strictly conserved
in ATR�TEM8 and probably result in a common interaction
with PA (Fig. 2c). Many of the other CMG2 residues that
constitute the PA:CMG2 interface (N57, S87, Q88, R111, S113,
V115, E117, and L154) are not conserved in ATR�TEM8 and
may account for their differences in affinity (Fig. 2c).

Whereas the majority of the PA:receptor interaction is me-
diated through PA domain 4, CMG2 has significant contact with
the 340–348 loop of PA domain 2 (Fig. 2 b and c). This loop is
f lexible as evidenced by its disorder in the monomeric PA83
structure and is predicted to move upon pore formation to
accommodate the extended �-barrel composed of residues 285–
340 (5, 11). The interaction of the 340–348 PA loop with CMG2
may impede this rearrangement, and we hypothesized that this
result could contribute to a lowered pH threshold for prepore to
pore conversion.

Conversion of the prepore to pore in solution was found to
require a significantly lower pH in the presence of receptor (Fig.

3). In one set of experiments, SDS resistance was used as a
reporter for pore formation (24). At pH 7.5 or higher, the
heptamer dissociated in SDS to the PA63 monomer, but, at pH
7 or below, it converted to an SDS-resistant form that is
correlated with pore formation (Fig. 3a). In the presence of
CMG2 (or ATR�TEM8, not shown), this conversion to an
SDS-resistant state occurred only after the pH had been lowered
to between 6 and 6.5 (Fig. 3a). A similar shift in the pH threshold
was observed in a fluorescence assay in which the PA insertion
loop was labeled at N306C with pyrene and samples were
exposed to various pHs in the presence or absence of CMG2. The
pyrene labels are too far apart in the prepore structure to
interact, but their proximity within the �-barrel of the pore leads
to excimer formation and fluorescence (24). This event occurred
between pH 7 and 8.3 in the absence of receptor but required a
pH between 4.9 and 6.2 in its presence (Fig. 3b). Both techniques

Fig. 3. The pH-dependent conversion of (PA63)7 prepore to pore. (a) Forma-
tion of an SDS-resistant state correlates with the formation of pore in solution
(24). In the absence of CMG2, this conversion takes place between pH 7 and
7.5. In the presence of CMG2 (and ATR�TEM8, not shown), a pH between 6 and
6.5 is required. The slower pore migration in the presence of CMG2 may
indicate that CMG2 remains bound, although the differences between the
multiple pore bands are not yet understood. (b) Excimer formation by pyrene-
labeled N306C (PA63)7 occurs at a pH between 7.0 and 8.3 (Upper) but requires
a pH between 4.9 and 6.2 in the presence of the CMG2 VWA domain (Lower).
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show that the pH required for pore formation drops at least a full
unit when receptor is added. The results are consistent with
previous studies showing a requirement for lower pH on recep-
tor-bearing cells than in solution (24) and indicate that receptor
binding acts as a barrier to pore formation. By binding the
340–348 loop of domain 2, CMG2 is likely to block the unfolding
of the 2�3 strand (328–335) adjacent to the insertion loop (Fig.
2b). Further, CMG2 binding tethers PA domain 2 to domain 4
and could therefore affect the motility of the insertion loop from
the neighboring monomer, which is bound between these two
domains (Fig. 1c). The molecular basis by which pH triggers
these rearrangements remains unknown. Given a pH profile
consistent with the titration of histidines, however, it is notable
that there are four histidines located in the 285–340 stretch of
domain 2 (H299, H304, H310, and H336) and an additional
histidine from CMG2 (H121) located at the domain 2 interface.

Receptor binding seems to block the rearrangement of the PA
insertion loop until the pH is well below 7 and therefore confines
toxin pore formation to the endosomal membrane and not the
plasma membrane. This restriction eliminates the possibility of
premature pore formation before full assembly with the catalytic
factors. Further, it ensures exposure of EF and LF to endosomal
pH, thought to be critical in the unfolding required for their
translocation (B. A. Krantz, personal communication, and
ref. 28).

Many bacterial and viral pathogens exploit host cell-surface
proteins as receptors and vehicles for cellular internalization. For
those pathogens that reach endosomal compartments, many use
acidic pH to trigger membrane lysis, translocation, or fusion. In
some cases (for example in avian sarcoma and leukosis virus and
the paromyxovirus SV5 SER isolate), it is thought that the
conformational rearrangements required for fusion are trig-
gered by both a receptor-priming event and acidic pH (29, 30).
The results reported here, indicating that the anthrax toxin
receptor, CMG2, acts as a barrier to pore formation, provide a
twist in understanding the tightly orchestrated roles of receptor
and low pH in microbial pathogenesis.

Note. After completing the work for this manuscript, we learned of a
related report, detailing the structure of the PA83 monomer bound to the
CMG2 VWA domain (31). The structure, which was determined at 2.5
Å, should be helpful in dissecting the contributions of individual amino
acids to this high affinity, pH-dependent binding interaction.
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