
ACCELERATED COMMUNICATION

Monitoring anthrax toxin receptor
dissociation from the protective
antigen by NMR

Maheshinie Rajapaksha,1 Jack F. Eichler,1,2 Jan Hajduch,3

David E. Anderson,4 Kenneth L. Kirk,3 and James G. Bann1*

1Department of Chemistry, Wichita State University, Wichita, Kansas 67226
2Division of Natural Science and Mathematics, Oxford College of Emory University, Oxford, Georgia 30054
3Laboratory of Bioorganic Chemistry, National Institute of Diabetes and Kidney Diseases, National Institutes of Health,
Bethesda, Maryland 20892
4Proteomics and Mass Spectrometry Facility, National Institute of Diabetes and Kidney Diseases, National Institutes of Health,
Bethesda, Maryland 20892

Received 23 October 2008; Revised 6 November 2008; Accepted 7 November 2008
DOI: 10.1002/pro.26

Published online 2 December 2008 proteinscience.org

Abstract: The binding of the Bacillus anthracis protective antigen (PA) to the host cell receptor is
the first step toward the formation of the anthrax toxin, a tripartite set of proteins that include the

enzymatic moieties edema factor (EF), and lethal factor (LF). PA is cleaved by a furin-like protease

on the cell surface followed by the formation of a donut-shaped heptameric prepore. The prepore
undergoes a major structural transition at acidic pH that results in the formation of a membrane

spanning pore, an event which is dictated by interactions with the receptor and necessary for entry

of EF and LF into the cell. We provide direct evidence using 1-dimensional 13C-edited 1H NMR that
low pH induces dissociation of the Von-Willebrand factor A domain of the receptor capillary

morphogenesis protein 2 (CMG2) from the prepore, but not the monomeric full length PA. Receptor

dissociation is also observed using a carbon-13 labeled, 2-fluorohistidine labeled CMG2, consistent
with studies showing that protonation of His-121 in CMG2 is not a mechanism for receptor release.

Dissociation is likely caused by the structural transition upon formation of a pore from the prepore

state rather than protonation of residues at the receptor PA or prepore interface.
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Introduction

The protective antigen (PA),1 an 83 kDa protein secreted

by Bacillus anthracis, is a component of the anthrax

toxin, a tripartite set of proteins that also includes the

enzymatic moieties lethal factor (LF)2 and edema factor

(EF).3 PA recognizes on host cells the von-Willebrand

factor A (VWA) domain of one of two possible cell sur-

face receptors, anthrax toxin receptor/tumor endothelial

marker 8 (ATR/TEM8) or capillary morphogenesis

protein 2 (CMG2).4,5 Binding to the receptor is fol-

lowed by proteolysis on the cell surface by a furin-like

protease, an event which cleaves PA into two separate

fragments of 20 and 63 kDa. The 20 kDa fragment

diffuses away whereas the 63 kDa fragment remains

bound to the receptor. This fragment subsequently

undergoes oligomerization into a seven-member ring-

shaped structure called the prepore [(PA63)7].
6

Formation of the prepore creates binding sites for

LF and/or EF, with a stoichiometry of three molecules

Grant sponsor: National Institutes of Health; Grant number: US4
AJ1057160; Grant sponsor: IDeA-COBRE-PSF award (through
the University of Kansas).

*Correspondence to: James G. Bann, Department of
Chemistry, Wichita State University, 1845 Fairmount, Wichita,
KS 67260-0051. E-mail: jim.bann@wichita.edu

17 PROTEIN SCIENCE 2009 VOL 18:17—23 Published by Wiley-Blackwell. VC 2008 The Protein Society



of LF and/or EF per prepore.7,8 The toxin is then

endocytosed into an early endosome and subsequently

trafficked to an acidified late endosome.9 In this low

pH environment (pH �5–6), residues 285–340 (b2-b3
strands) within Domain 2 of each of the seven mono-

mers of [(PA63)7] insert into the vesicle membrane

bilayer, forming a 14-stranded extended b-barrel called
the pore.10–12 LF and EF then enter through the nar-

row channel of the pore in an unfolded state and are

translocated through the pore into the cytosol.13–15

Upon entry, these proteins must refold and through

manifestation of their enzymatic activities, disrupt cell

signaling mechanisms required for maintenance of

host immunity.

Early in vitro studies16,17 have shown that the

purified prepore can form a pore by lowering the pH

from 8 to �7, leading to the hypothesis that pore for-

mation involves the protonation of histidine residues

(which have a pKa of �6). However, more recent stud-

ies have shown that when the prepore is first bound to

the isolated VWA domain of the receptor, the pH

required for pore formation is lowered to �5–6.6,18 In

addition, the pH threshold necessary to induce pore

formation is dependent on the type of receptor VWA

domain bound to the prepore, which also exhibit dif-

ferences in binding affinity for PA. For instance, the

dissociation constant for the VWA domain of ATR/

TEM8 is �130 nM and the pH required for pore for-

mation is �6, whereas the dissociation constant for

VWA domain of CMG2 is �0.15 nM and the pH is

lowered to �5.18,19 Also, mutagenesis of residues in

CMG2 that are at the PA-receptor interface raise the

pH required for pore formation from �5 to �6 and

more closely approach that of ATR/TEM8.20

Although the receptor lowers the pH threshold for

pore formation, experiments based upon immunopreci-

pitation of PA-CMG2 or PA-ATR/TEM8 complexes as a

function of pH have shown that the receptor VWA do-

main dissociates from the prepore at the same acidic

pH which induces pore formation.18 Whether dissocia-

tion is a prerequisite to pore formation, or happens as a

consequence of pore formation, is not understood. The

crystal structures of the PA21 and prepore-CMG27 com-

plexes are virtually identical with identical interfaces

(see Fig. 1), indicating that little change in the interface

occurs after the initial binding event of PA to CMG2. On

the basis, we hypothesized that if protonation of recep-

tor interface residues was the cause of receptor dissocia-

tion, that release of the VWA domain of CMG2 (referred

hereafter as just CMG2) should occur when low pH

binding is monitored between either monomeric PA or

prepore. In this study, we present the use of 1-dimen-

sional (1D) 13C-edited 1H NMR to monitor binding of a

carbon-13 labeled CMG2 to PA and prepore as a func-

tion of pH. Our results are consistent with a model

whereby the large structural change that occurs in the

prepore to pore transition at low pH induces dissocia-

tion of the receptor.

Results

To monitor binding of CMG2 to either PA (PA83, the

full-length monomeric protein) or the prepore, we

used a method termed strongest methyl resonance of

carbon-13 (SMRC).24 This technique utilizes the first

dimension of a 1H-13C-heteronuclear single quantum

coherence experiment (HSQC), focusing on the 1H-

methyl resonance (�0.8 ppm) of a 13C-labeled protein

(CMG2), in the presence and absence of an unlabeled

protein (PA or prepore). SMRC is highly sensitive,

allowing nanomolar to micromolar concentrations to

be used in binding assays. A protein binding event

causes line broadening and a subsequent decrease in

peak height, due to an increase in molecular mass.24–26

As seen in Figure 2, a significant decrease in

SMRC intensity of 13C-CMG2 (4 lM) is observed at

pH 8 upon addition of PA (4 lM), indicating forma-

tion of the 13C-CMG2-PA complex. A similar decrease

in SMRC intensity is observed upon binding of 13C-

CMG2 (6.25 lM) to the prepore (3.1 lM PA63) at

pH 8. In the latter case, we used a twofold higher stoi-

chiometry of 13C-CMG2 to prepore. This was done in

order to be more quantitative in terms of degree of

binding, because binding of 13C-CMG2 (�20 kDa) to

prepore (444 kDa) results in a complete loss of SMRC

intensity. At pH 5, however, although we observed

very little change in the intensity of the resonance of
13C-CMG2 bound to PA, a significant increase in the

SMRC peak intensity is observed for the prepore com-

plex, indicating that a large proportion of the receptor

present in solution is no longer associated with the

prepore. This is the first direct evidence that the recep-

tor dissociates from the prepore at low pH and is con-

sistent with a model in which the prepore-to-pore

structural transition induces dissociation.

Role of CMG2 His-121 in pore formation

An early hypothesis for low pH mediated release of

CMG2, based on the crystal structures of PA-CMG2 and

prepore-CMG2 complexes, focused on His-121 in CMG2

as a likely candidate for the pH sensor that governs pore

formation.6,21 His-121 is within 5 Å of Arg-344 in PA, a

residue adjacent to the Domain 2 b2-b3 strands that

form the transmembrane pore (see Fig. 1). Thus, it was

thought that protonation of His-121 in CMG2 at low pH

results in charge repulsion of Arg-344, triggering the

release of the b3-b4 loop from the CMG2 surface and

allowing insertion of the b2-b3 strands into the mem-

brane. Experimentally, mutagenesis of His-121 (to Ala,

Asn and Glu) only slightly shifts the pH required for

pore formation to higher values (0.2–0.6 pH units), and

a His-121 to Gln mutant behaved in a manner similar to

WT CMG2 in cytotoxicity assays.20,27

We also investigated the role of His-121 by label-

ing this residue with 2-fluorohistidine (2-FHis), which

not only would allow us to probe the role of this resi-

due in pH-dependent pore formation, but also allow

us to probe pH-dependent interactions with PA or
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prepore by 19F NMR.28,29 2-FHis is isosteric for histi-

dine and is perhaps the most conservative change one

could make for this residue. However, 2-FHis pos-

sesses a side chain pKa of �1, and thus prevents pro-

tonation at low pH.28 The fluorine nucleus is small

and in general structurally nonperturbing, but is

highly sensitive to local environmental changes and

should allow the detection of CMG2 binding to PA or

the prepore via 19F NMR.30,31

We labeled CMG2 with 2-FHis, and the degree of

labeling was confirmed to be >90% by mass spectrome-

try, as had been observed previously when the

periplasmic chaperone PapD was labeled with this resi-

due.28 The 2-FHis-CMG2 was also shown to form a 1 : 1

complex with PA using a gel-shift assay, and the stabil-

ity to pH was similar to that of WT CMG2 (see Fig. 3).
19F NMR experiments were carried out in a manner

similar to that used to monitor binding by the SMRC

technique. As seen if Figure 4(A), 19F NMR experiments

show that PA (40 lM) bound to 2-FHis-CMG2 (40 lM)

at pH 8, as indicated by a large chemical shift change

from d ¼ �35 ppm (unbound) to d ¼ �30.9 ppm

(bound). However, when the pH was lowered to 5, a

visible precipitate was observed in the NMR tube, pre-

venting observation of the spectral changes at this pH.

Given that dissociation of CMG2 from PA could not

be detected using 19F NMR, CMG2 was colabeled with

carbon-13 and 2-FHis, and receptor binding to the pre-

pore was monitored as a function of pH using the

SMRC technique. As shown in Figure 4(B), binding was

observed for 13C-2-FHis-CMG2 (12.5 lM) to prepore

(6.25 lM PA63) from pH 8 to 6, but at pH 5 there is a

�30% increase in SMRC intensity, indicative of receptor

dissociation. Our results are consistent with studies

showing that protonation of His-121 is not a mechanism

for receptor dissociation and provide further support

for a model in which the structural transition from a

prepore to a pore induces receptor dissociation.

Discussion
In this study, we provide direct evidence using NMR

for low pH induced dissociation of CMG2 from the

Figure 1. Overlay of structures of PA(purple) bound to CMG2 (green) and of prepore (orange) bound to CMG2 (blue) (pdb

1T6B and 1TZN, respectively). The gray region comprises the b3-b4 loop and the b2-b3 strands from Domain 2. The red

sphere is manganese. Overlay was carried out using combinatorial extension.22 The figure was generated using Pymol v.99.23
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prepore form of PA. Because dissociation is not

observed at low pH when monitoring association of

CMG2 to full-length PA, this suggests that the struc-

tural change in the prepore to pore conversion, rather

than protonation of residues at the receptor-PA or pre-

pore interface, is the cause of receptor dissociation.

Indeed, recent cryo-EM studies of the pore bound to

GroEL, induced in 1M urea, indicate a large-scale

global conformational change that is not just specific

to Domain 2, which contains the transmembrane seg-

ment but Domain 4 as well.12 In fact, Domain 4 is not

observed in the cryo-EM images. Therefore, receptor-

prepore interactions may be lost through the global

unfolding of the prepore to a pore, but rather than

being initiated by protonation of residues in the recep-

tor, is likely initiated by protonation of residues within

the prepore.

Recent studies from our laboratory have shown

that labeling PA with 2-FHis prevents unfolding from

pH 8 to 5, but does not inhibit the prepore to pore

conversion at pH 5.29 However, if the 2-FHis-labeled

prepore is first bound to CMG2, we observe that both

low pH induced receptor release and pore formation is

blocked (manuscript in preparation). This supports the

model proposed here, whereby protonation of histi-

dines residues within the prepore (bound to CMG2)

causes a structural transition from a prepore to a pore,

and either in a concomitant or subsequent timeframe,

dissociation of CMG2. By using the SMRC method, it

should be possible to probe the timing of release of

the receptor in relation to pore formation, thereby

possibly determining which residues in the PA initiate

pore formation.

Materials and Methods

Protein production and labeling

Production and purification of the B. anthracis PA

was carried out as described previously.29 A human

cDNA corresponding to full-length CMG2 from

Figure 2. (A) SMRC of 13C-labeled CMG2 (4 lM), either in the absence (red) or presence (blue) of PA (4 lM) at pH 8.0 (left

spectra) or pH 5 (right spectra). (B) SMRC of 13C-labeled CMG2 (6.25 lM), either in the absence (red) or presence (blue) of

prepore (3.1 lM PA63) at pH 8.0 (left panel) or pH 5 (right panel). Spectra represent 512 transients 20�C.
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Origene Technologies (Rockville, MD) was used to

clone the VWA domain of CMG2 (residues 38–218)

into the expression plasmid pGEX-4T1, using BamH1-

Not1 restriction sites as described previously.19 2-FHis

labeling: cultures of the E.coli strain UTH780, harbor-

ing pGEX-4T1-CMG238-218, in minimal media31 were

grown to an A600 of 2.0. The cells were harvested,

washed three times with 0.9% NaCl, and resuspended

in minimal media supplemented with 0.2 mM 2-FHis.

The cells were incubated for 10 min, and then induced

for 3 h at 37�C by addition of IPTG to 1 mM. 13C-label-

ing: cultures of the E. coli strain BL21, harboring

pGEX-4T1-CMG238-218, were grown in M9 minimal

media supplemented with 0.2% U-13C-glucose at 37�C.
Cultures were grown to an A600 of 2.0 and induced

with 1 mM IPTG, grown for an additional 3 h at 37�C,

and then harvested. For the combined (13C and 2-FHis)

labeling, we used strain UTH780 and grew cultures in

M9 minimal media supplemented with 0.2% U-13C-glu-

cose and 0.2 mM histidine. Cultures were grown to an

A600 of 2, harvested, washed twice with 0.9% NaCl, and

resuspended in fresh M9 media containing 0.2% U-13C-

glucose, supplemented with 0.2 mM 2-FHis. Cultures

were grown for 10 min, induced with 1.0 mM IPTG for

3 h at 37�C, and then harvested. Cells were frozen at

�20�C prior to purification.

Purification of CMG2

Frozen cells (13C, 2-FHis labeled) were resuspended in

phosphate buffered saline and lysed using a sonicator

(Branson). After centrifugation (15,000g, 30 min), the

supernatant was applied to a 5 � 5 mL glutathione–

sepharose HP column (GE HealthCare; equilibrated in

phosphate-buffered saline, pH 7.4). Elution of the pro-

tein was achieved using thrombin (80 Units/mL; GE

Healthcare), which cleaves between CMG2 and gluta-

thione, and passage through a benzamidine column

(5 � 5 mL) afforded pure CMG2.

SMRC experiments

All experiments were performed at 20�C. 13C-labeled

CMG2 or 13C-labeled, 2-FHis-CMG2 in PBS pH 7.4

was incubated with 20 mM Tris d11, pH 8.5, 0.4M

NaCl alone or with either PA or PA63 (in the prepore)

in 0.4M NaCl, 20 mM Tris-d11, pH 8.5 in a volume of

100 lL. The binding reaction was incubated overnight

at room temperature, to which 400 lL of a universal

pH buffer (200 mM each of cacodylic acid-d7, Bis-

Tris-d19 and Tris-d11, 1.0% b-D-octyl-glucoside-d24, and
12.5% D2O) at pH 8, 7, 6, or 5 was added. 1D 1H-13C-

HSQC spectra were acquired on a Varian INOVA 700

MHz spectrometer and represent 512 transients.

19F NMR spectroscopy
Spectra were acquired at 20�C on a Varian INOVA 500

MHz spectrometer using a dedicated Varian 19F-CryoQ

probe operating at 20 K. Spectra represent 4096 transi-

ents with a recycle delay of 4 s and were referenced to

an external standard of 5 mM trifluoroacetic acid. 2-

FHis-CMG2 (47.4 lL) in PBS was incubated with 52.6

lL of either 20 mM Tris d11 pH 8.0, 0.4M NaCl, or

with PA (same buffer) to give final concentrations of

200 lM 2-FHis-CMG2 and PA. The binding reaction

was incubated overnight, to which 400 lL of a univer-

sal pH buffer (200 mM each of cacodylic acid-d7,

Bis-Tris-d19 and Tris-d11, 1.0% b-D-octyl-glucoside-d24,
and 12.5% D2O) at pH 8 or 5 was added. Final concen-

tration of PA and 2-FHis-CMG2 was 40 lM. No spectra

were recorded at pH 5 due to aggregation.

Stability of CMG2, 2-FHis-CMG2 to pH

Data were acquired on a Cary Eclipse spectrofluorime-

ter, using an excitation wavelength of 280 nm, and

samples maintained at 20�C with a Peltier cooling

Figure 3. (A) Binding assay of WT PA with varying molar

ratios of WT-CMG2 (top) and 2-FHis-CMG2 (bottom). Free

refers to free PA and bound refers to the PA—CMG2

complex. (B) WT CMG2 (n) and 2-FHis-CMG2 (l) pH

dependence on fluorescence (Ex. 280 nm) was monitored

by following the peak maximum wavelength. Data were

acquired on a Cary Eclipse fluorescence instrument, and

samples maintained at 20�C with a Peltier cooling system.

Protein concentration was 0.8 lM, and the buffer consisted

of 10 mM each of BisTris/Hepes/cacodylic acid/citric acid.

The data were fit according to the Henderson-Hasselbalch

equation assuming a two-state protonation equilbrium:

Fl(obs) ¼ (Fl(N) þ Fl(I) 10
pH-pKapp)/(1 þ 10pH-pKap) where pKapp

represents an apparent pKa encompassing all classes

of titratable sites. The fits (solid lines) gave a pKapp of

3.4 � 0.1 for the WT protein and 2.7 � 0.2 for the 2-FHis

labeled protein.
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system. Protein concentration was 0.8 lM, and the

buffer consisted of 10 mM each of BisTris/Hepes(so-

dium salt)/cacodylic acid(sodium salt)/citric acid. The

data were fit according to the Henderson-Hasselbalch

equation assuming a two-state protonation equilibrium:

Fl(obs) ¼ (Fl(N) þ Fl(I) 10
pH-pKapp)/(1 þ 10pH-pKap) where

pKapp represents an apparent pKa encompassing all

classes of titratable sites. The fits gave a pKapp of 3.4

� 0.1 for the WT protein and 2.7 � 0.2 for the 2-FHis

labeled protein. We note that very little change occurs

in the peak max of either protein down to �pH 4.

Mass spectrometry
Mass for CMG2 (residues 38–218, plus an N-terminal

Gly from the thrombin cleavage) is 19,876 (expected

19875.8) and 2-FHis-CMG2 is 19,894 (expected

19893.8). For LC/MS measurements of whole protein

mass, an aliquot of protein (�20 picomoles) in 5%

acetic acid was applied to a reversed phase column

(zorbax 300SB-C3 2.1 � 150 mm, Agilent), the column

was washed for 25 min (0.2 mL/minute 5% acetic acid

in water), and then eluted with a steep gradient

(3.6%/minute to 95%). Starting solvent was 5% acetic

acid in water and the elution solvent was neat acetoni-

trile. The HPLC system was an HP1100 (Agilent) stack

with degasser and column heater (the column was

heated at 40�C). The protein eluted into an HP MSD

single quad mass spectrometer (Agilent), which was

set up to scan between 500 and 1700 M/Z beginning

after the first 25 min. LC/MS data were analyzed using

the Chemstation software package. A prominent peak

appearing only in the sample run was summed to-

gether and subjected to the transform program present

in the software package.

Native PAGE binding assay
WT PA (1.6 lL of 31 lM) was placed into eppendorf

tubes and either WT CMG2 (15 lM) or 2-FHis-CMG2

(52 lM) was added in increments to give final concen-

trations of 2.5 lM PA and 0, 0.25, 0.5, 1.0, 1.5, 2.0, 2.5,

and 3.75 lM CMG2 proteins. The volumes were brought

up to 20 lL by adding appropriate amounts of 10 mM

Tris-HCl pH 8. Glycerol (80%) was then added to each

sample to a final concentration of 5% and incubated at

room temperature for 1 h. The protein samples were

then loaded (20 lL) onto a 4–20% native PAGE gel and

run at constant 40 V for 17 h at 15�C.

Figure 4. (A) Binding 2-FHis-CMG2 (40 lM) in the absence (blue) and presence (red) of PA (40 lM) monitored by 19F NMR.

Spectra were acquired at 20�C, pH 8.0 and represent 4096 transients. (B) SMRC of 13C-2-FHis-CMG2 (12.5 lM), either in the

absence (red) or presence (blue) of prepore (6.25 lM PA63), as a function of pH. Spectra represent 512 transients acquired at

20�C.
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