
Interaction of the 20 kDa and 63 kDa Fragments of Anthrax Protective Antigen:
Kinetics and Thermodynamics†

Kenneth A. Christensen,‡ Bryan A. Krantz,‡ Roman A. Melnyk, and R. John Collier*

Department of Microbiology and Molecular Genetics, HarVard Medical School, 200 Longwood AVenue,
Boston, Massachusetts 02115

ReceiVed October 15, 2004

ABSTRACT: The action of anthrax toxin begins when the protective antigen (PA83, 83 kDa) moiety binds
to a mammalian cell-surface receptor and is cleaved by a furin-family protease into two fragments: PA20

(20 kDa) and PA63 (63 kDa). After PA20 dissociates, receptor-bound PA63 spontaneously oligomerizes to
form a heptameric species, which is able to bind the two enzymatic components of the toxin and transport
them to the cytosol. Treatment of PA83 with trypsin yielded PA63 and a form of PA20 lacking unstructured
regions at the N- and C-termini. We labeled these fragments with dyes capable of fluorescence resonance
energy transfer to quantify their association in solution. We kinetically determined that the equilibrium
dissociation constant is 190 nM with a dissociation rate constant,koff, of 3.3× 10-2 s-1 (t1/2 of 21 s). A
two-step association process was observed using stopped-flow: a fast bimolecular step (kon ) 1.4 × 105

M-1 s-1) was followed by a slower unimolecular step (k ) 3.5 × 10-3 s-1) with an equilibrium
isomerization constant,Kiso, of 2.1. The two-step mechanism most consistent with the data is one in
which the dissociation of the PA20‚PA63 complex is followed by an isomerization in the PA63 moiety.
Our results indicate that, following the cleavage of PA on the cell surface, PA20 is largely dissociated
within a minute. A slow isomerization step in PA63 may then potentiate it for oligomerization and subsequent
steps in toxin action.

Anthrax toxin, a major virulence factor ofBacillus
anthracis, consists of three nontoxic proteins that interact
on the surface of mammalian cells to form toxic noncovalent
complexes (1, 2). The three proteins are as follows: edema
factor (EF), a Ca2+- and calmodulin-dependent adenylate
cyclase; lethal factor (LF), a Zn2+-metalloprotease; and
protective antigen (PA83, 83 kDa), a protein that binds EF,
LF, or both and delivers them to the cytosol of mammalian
cells. Once within the cytosol, EF and LF contact their
substrates and catalyze reactions that result in toxicity (3-
5).

Anthrax toxin assembly and action begin when PA83 binds
to either of two known cell surface receptor proteins: anthrax
toxin receptor/tumor endothelial marker-8 (ATR/TEM8) or
capillary morphogenesis protein 2 (CMG2) (6, 7). A cellular
protease of the furin family then cleaves PA83 into 2
fragments: PA20 (20 kDa), corresponding to the N-terminus,
and PA63 (63 kDa), corresponding to the C-terminus (8). PA20

dissociates into the medium and plays no further known role
in toxin action. This eliminates a steric barrier to self-
association, allowing PA63 to oligomerize and form a
heptameric ring-shaped structure called prepore (9). PA63

heptamer binds up to three molecules of LF or EF competi-
tively and with nanomolar affinity (10, 11). The resulting
complexes are localized to detergent-resistant lipid micro-

domains, where they undergo receptor-mediated endocytosis
(12). Acidification of the toxin-containing compartment then
causes a structural rearrangement of the prepore that enables
it to insert into the membrane and form a pore (13, 14). Pore
formation is linked to translocation of the bound enzymatic
cargo (LF or EF) to the cytosol, but the mechanism of
translocation remains poorly understood. LF has been shown
to cleave members of the mitogen-activated protein kinase
kinase family (4, 5), leading, by a still poorly defined
sequence of events, to host death. Elevation of cAMP
concentration by EF may protect the bacteria from degrada-
tion by macrophages (15).

From this qualitative picture of anthrax toxin action, efforts
are currently underway to characterize the kinetics and
thermodynamics of interactions between toxin components.
Here, we present studies of the noncovalent interaction
between PA20 and PA63, which occurs via the large hydro-
phobic interface observed in the crystallographic structure
of PA83 (9). Our measurements in solution using fluorescence
resonance energy transfer (FRET) suggest a mechanism for
the dissociation of PA20 from PA63, enabling better under-
standing of this early step in toxin assembly.
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PA.; PA20, 20 kDa fragment of PA.; PA63, 63 kDa fragment of PA.;
PA63*, PA63 isomer unable to bind PA20; FRET, fluorescence resonance
energy transfer; EF, edema factor; LF, lethal factor; LFN, N-terminal
domain of LF.; nPA83, nicked PA83; nPA83 E465C*488, nPA83 where
C465 in the PA63 moiety is labeled with a donor fluorophore (Alexa
fluor 488); nPA83 Q140C*594, nPA83 where C140 in the PA20 moiety
is labeled with an acceptor fluorophore (Alexa fluor 594);koff, off-rate
constant;kon, on-rate constant;Kd, equilibrium dissociation constant;
Kiso, equilibrium isomerization constant; Ex., excitation; Em., emission.
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MATERIALS AND METHODS

Protein Expression and Purification.PA83 (wild type,
T126C, Q140C, E465C, and K563C) and LFN (residues 1
to 263 of LF) were produced recombinantly inE. coli BL-
21 DE3 star using pET22b (for PA) and pET15b (for LFN).
Cultures were grown in a 5 L fermenter at 37°C using
ECPM1 growth media (16) supplemented with carbenicillin
(50 mg/L) until reaching an OD600 of 3-10. After induction
by IPTG (0.8-1 mM) for 3-4 h at 27-30 °C for PA83 and
37 °C for LFN, cells grew to a final OD600 of 6-20. PA83

periplasmic lysates were generated as previously described
(17). Periplasmic lysate was buffered with 20 mM Tris-Cl
and supplemented with 2 mM dithiothreitol to protect free
Cys sites. The PA83 periplasmic lysate was purified by Q
Sepharose anion-exchange chromatography (Amersham)
eluted by a 0f 250 mM NaCl gradient, using buffers A
(20 mM Tris-Cl, 1 mM CaCl2, pH 8.5) and B (A+ 1 M
NaCl). For LFN, cell pellets lysed by French press and
sonication were purified as previously described using His-6
Ni2+-affinity chromatography (18). Pure fractions (by SDS-
PAGE) were concentrated to 30 g/L and stored at-80 °C.
Protein concentrations were determined by absorbance (ε280

of 75670 and 18040 M-1 cm-1 for PA83 and LFN, respec-
tively.)

Preparation of nPA83 and Purification of PA20. Nicked
PA83 (nPA83) was prepared with either TPCK-treated trypsin
(Sigma) or furin (New England Biolabs). Trypsinization was
carried out by incubating PA83 (1-2 mg/mL) in buffer C
(15/85% mixture of buffers A and B) for 30 min at room
temperature at a 1:1000 w/w ratio trypsin:PA, yielding>
90% nicking efficiency. Soybean trypsin-chymotrypsin in-
hibitor (Sigma) was added in a 10-fold w/w excess of trypsin
to prevent further proteolysis. Furin proteolysis required
incubating PA83 (1 mg/mL) in buffer C with 10 units of furin
per mg of PA overnight at room temperature, yielding>90%
nicking efficiency. PA20 was purified from the proteolysis
reaction and PA63 by Q Sepharose (0f 500 mM NaCl
gradient, using buffers A and B). Fractions were pooled based
on SDS-PAGE and further purified to>95% using Super-
dex 75 or Sephacryl 100 size exclusion chromatography in
Buffer C. Protein concentrations were determined by absor-
bance (ε280 ) 26030 M-1cm-1).

Fluorescent Labeling of PA.Proteins with single Cys
mutations were labeled with Alexa fluor 488 C5 maleimide
or Alexa fluor 594 C5 maleimide (Molecular Probes) using
the manufacturer’s procedures. Protein solutions were ex-
changed back into buffer C by gel filtration. Conjugates’
dye:protein ratios were 0.9-1.2, and they were stored at-80
°C.

Off-Rate Measurements.Fluorescently labeled solutions,
nPA83 E465C labeled with Alexa fluor 488 (nPA83

E465C*488) and nPA83 Q140C labeled with Alexa fluor 594
(nPA83 Q140C*594), were mixed at a 1:1 ratio in buffer C
to a final nPA83 concentration of 12µM. Solutions were
incubated for 30 min at room temperature, allowing forma-
tion of nPA83 complexes wherein fluorescent labels were
present in both the 20 kDa and 63 kDa moieties by random
exchange. Upon reaching equilibrium,∼25% of the nPA83

becomes doubly labeled with donor and acceptor fluoro-
phores. Purified unlabeled PA20 was added in 10-fold excess
to the doubly labeled 100 nM nPA83 complexes. Dissociation

was reported by the reduction in FRET (em. ratio 615 to
520 ( 16 nm, ex. 488 nm Ar+ laser line) using an ISS K2
spectrofluorimeter. Data were fit using single exponentials,
A(t) ) Ao exp(-kt) + c, to recover the observed off-rate
constant,k. Off-rates were also measured by rapid dilution
of 12 µM double-labeled nPA83 to 1-100 nM while
measuring reductions in FRET. All measurements were done
at 20°C.

On-Rate Measurements.Solutions of 10 nM nPA83

E465C*488 were incubated in buffer C for at least 15 min
at 20°C with stirring. At t0, purified PA20 Q140C*594 was
added to 100 nM or 1µM to maintain pseudo-first-order
conditions. In slow manual mixing experiments, increases
in FRET (em. ratio 615 to 520( 16 nm, ex. 488 nm Ar+

laser line) were recorded using the ISS spectrofluorimeter.
For faster rate determinations, a Biologic SFM-400 stopped-
flow was used as previously described (19). Association
kinetics experiments were reported by FRET (em. ratio 520
( 10 nm band-pass filter to>570 nm long-pass filter, Omega
Optical; ex. 488 nm Ar+ laser line). Protein solutions were
diluted into BufferC and temperature was maintained by a
circulating water bath at 20°C. Syringe 1 contained buffer
alone. Syringes 2 and 3 contained 2 and 0.4µM stock
solutions of PA20 Q140C*546, respectively. Syringe 4
contained a 20 nM stock solution of nPA83 E465C*488. A
constant volume (150µL) of syringe 4 was delivered in each
experiment, where the balance of the total shot volume, 300
µL, was delivered by the other syringe to vary the concentra-
tion of PA20. Flow rates were 7-15 mL s-1; the dead volume
is 15µL; and the dead time is 1-2 ms. Transients were fitted
double-exponential decays,A(t) ) Σ Ao,i exp(-kit) + c, to
recover association rate constants,k, and amplitudes,Ao.

Equilibrium Kd Determination.The affinity of the PA20‚
PA63 interaction was measured by serial dilution of equimolar
nPA83 E465C*488 and nPA83 Q140C*594 at 20°C. Under
these conditions,∼25% of the nPA83 (PA20‚PA63 complex)
is double-labeled. The observable FRET signal,θ, (em. ratio
615 to 520( 16 nm, ex. 488 nm Ar+ laser line) was
measured as the concentration varied from 1µM to 1 nM
using the ISS fluorimeter. Excitation intensity was controlled
by the addition of neutral density filters to avoid photon
counting pulse pile-up, and corrections for inner-filter effect
were applied (20). θmax, the signal of fully bound PA63, was
estimated by extrapolating amplitudes tot0 from binding
dissociation experiments. A single-site binding model, in
which the binding partner, PA63, isomerizes with a form
unable to bind PA20, called PA63*, by the equilibrium rate
constant,Kiso ) [PA63*]/[PA 63], is described by

Since free PA20 concentrations are related to total concentra-
tions by [PA20]free ) [PA20]total × (θmax - θ)/ θmax (when the
unbound signal is set as zero), then the serial dilution data
is able to be fit by

The equilibrium dissociation data were fitted using the

θ )
θmax[PA20]free

Kd(1 + Kiso) + [PA20]free

(1)

θ ) θmax +
θmaxKd(1 + Kiso)

2[PA20]total
(1 -x1 +

4[PA20]total

Kd(1 + Kiso)
) (2)
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kinetically determined parameters,Kiso and Kd, as fixed
parameters to demonstrate consistency between the kinetic
and equilibrium data.

Temperature Dependence of PA20 Dissociation.Dissocia-
tion rates,koff, monitored by FRET were measured as a
function of temperature,T, at 10, 20, 28, and 37°C. koff

values were then fitted in an Eyring plot by

where R, kB, and h are the gas, Boltzman, and Plank
constants, respectively.∆qH and ∆qS are the enthalpy and
entropy of activation, respectively.∆qG was calculated by
∆qG ) ∆qH - T∆qS.

RESULTS

Preparation of PA20 by Proteolysis.We prepared PA20

from PA83 using two different proteases, trypsin and furin,
and compared the products. Whereas the PA63 fragments
from the different digestions were identical as judged by
SDS-PAGE and mass spectrometry, the PA20 fragment from
trypsin digestion was∼3 kDa smaller than that from furin
digestion (Figure 1A; Table 1). Edman degradation showed
that the tryptic fragment’s N-terminus was truncated by 17
residues (Figure 1B), and mass spectrometry revealed that
it also lacked 10 residues at the C-terminus (Table 1). Of
the 17 residues missing from the N-terminus, the 10 most
N-terminal are extraneous (not part of wild-type PA83) and
introduced by the cloning process. The next seven residues
are part of the wild-type PA83 sequence but are not ordered

in the crystallographic structure of PA83 (Figure 1C). The
10 residues missing from the C-terminus are in the linker
region between the PA20 and PA63 moieties and are also
expected to be disordered in solution (Figure 1B,C). We
showed (Figure 2) that the dissociation rates of the trypsin-
and furin-derived forms of nPA83 are identical and used the

FIGURE 1: PA20 produced by trypsin and furin cleavage. (A) SDS-PAGE of nPA83 prepared with furin and trypsin with MW markers
indicated in kDa at left: PA83 untreated (lane 1); PA83 treated with trypsin (lane 2) or furin (lane 3). (B) Amino acid sequence of PA20,
wherein the identified peptides by N-terminal Edman degredation for furin (single underlined) and trypsin (double underlined) cleavage are
indicated. Extraneous N-terminal sequence is legacy of the expression clone used to produce PA83. The indicated C-termini are deduced
from mass spectrometry (Table 1). Residues shaded in gray are those that are ordered and present in the crystal structure of PA83. (C)
Ribbon diagram of the PA20 portion of the PA83 crystal structure (9). The N- and C-termini, which are disordered in the structure, are
shown as dotted lines. R7 and K157 are highlighted as the N- and C-terminial trypsin cleavage sites in PA20. Notice that PA20 prepared by
furin cleavage only differs from that prepared by trypsinization in the highly disordered N-terminus and the C-terminal linker formerly
connecting PA20 to PA63.

Table 1: Mass Spectrometry and N-Terminal Sequencing of PA
Nicked by Furin and Trypsin

protein protease
expecteda

MW (Da)
measuredb

MW (Da)
N-‚‚‚C-terminal

residues of proteinc

PA20 trypsind 17160 17145 L8‚‚‚K157

PA20 furin 20319 20013 M-10‚‚‚R167
e

PA63 trypsind 63448 63356 S168‚‚‚G735

a Based on N-terminal sequencing by Edman degradation (Figure
1B) and the likely cleavage recognition site for the proteases.b Major
peaks from MALDI mass-spectrometry are given.c See also Figure 1B.
d TPCK-treated.e M-10 designates the inclusion of 10 extraneous
residues on the N-terminus of furin cleaved PA20.

koff ) (kB/h)exp(∆qS/R - ∆qH/RT), (3)

FIGURE 2: PA20 off-rate determination. Representative dissociation
kinetics of PA20 from PA63. (A) Trypsin nicked, doubly labeled
nPA83 complex (E465C*488, Q140C*594) at 100 nM was com-
peted with 1 µM unlabeled PA20 (solid circles) and without
unlabeled PA20 (open circles, as a control), using FRET to report
dissociation. (B) Furin nicked, doubly labeled nPA83 complex
rapidly diluted from 12 to 1µM. Curves, fitted to a single
exponential, are the average of three experiments.
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trypsin-derived fragment for most of the measurements
reported.

Labeling nPA83 with Two Dyes Capable of FRET.To
estimate the equilibrium and kinetic dissociation constants,
doubly labeled nPA83 FRET complex was prepared. PA83-
E465C was labeled with Alexa fluor 488 (donor), and PA83-
Q140C with Alexa fluor 594 (acceptor). Equal parts of
labeled PA83 proteins (PA83 Q140C*594 and PA83 E465C*488)
were nicked with either trypsin or furin, mixed, and incubated
to allow the PA20 moieties to exchange. Thus∼25% of the
population of nPA83 molecules contained one of each label.
Residues 140 and 465 are in PA20 and PA63, respectively.
Therefore, the complex exhibited FRET, because the dye
pair is separated by∼40 Å and well within the 55 Å Fo¨rster
distance expected for the dye pair.

Dissociation Kinetics of the PA20 Fragment.To measure
the dissociation rate constant (koff) for the labeled PA20‚PA63

complex prepared by trypsinization, we added a 10- to 100-
fold molar excess of unlabeled wild-type PA20 to an
equilibrated equimolar mixture of nPA83 E465C*488 and
nPA83 Q140C*594, monitoring the FRET ratio as a function
of time (Figure 2A). A consistentkoff of 3.3 ( 0.3 × 10-2

s-1 (t1/2 ) 21 ( 2 s) was observed at all concentrations of
unlabeled PA20 tested. No change in FRET efficiency was
seen in the absence of added competitor, PA20 (Figure 2A).
A similar dissociation rate (t1/2 of 24 ( 2 s; data not shown)
was observed in the absence of unlabeled PA20 when the
equilibrium is shifted toward dissociation by rapidly diluting
the nPA83 FRET complex from 12µM to 1-100 nM. As
expected for a unimolecular dissociation process, no con-
centration dependence was observed (Table 2; Figure 3D).
Finally, as a control for potential differences between the
trypsin-treated PA83 and the physiologically relevant furin-
treated PA83, we measured thekoff of furin-treated doubly
labeled nPA83 by rapid dilution from 12µM to 1-100 nM
(Figure 2B). Thekoff value for the furin-treated PA83 was
3.4 ( 0.4 × 10-2 s-1, demonstrating no difference in
dissociation kinetics (Figure 2B).

Binding Association Kinetics of PA20 and PA63. To measure
the association rate constant (kon), a solution of nPA83

E465C*488 (labeled only on the PA63 fragment) was diluted
to 10 nM, a concentration at which the complex was largely
dissociated. Labeled PA20 was then added to give a final
total concentration of PA20 of 20 nM to 1 µM, and the
increase in the ratio of emission of donor and acceptor
fluorophores was monitored with time. The association rates
observed at low PA20 concentrations (e100 nM) could be
fit to a single-exponential, as expected for a single-step
mechanism (Figure 3A). However, a double-exponential
decay function was required to fit the data at higher PA20

concentrations (Figure 3B), indicating two kinetic steps. No
change in fluorescence was seen if PA83 had not been

proteolytically activated (Figure 3B), ruling out nonspecific
interactions and mixing artifacts.

Stopped-flow measurements were used to obtain accurate
values of the fast association rates at high PA20 concentra-
tions. Because these measurements were performed at
concentrations near the estimatedKd for the PA20‚PA63

complex, the observed association rate (kobs) is given by

In the limit of low PA20 concentrations, the observed rate of
association approached the off-rate. We, therefore, fit the
fast association rate data from the stopped flow measure-
ments to eq 4 (Figure 3D). The fastkon calculated from this
approach was 1.4( 0.1× 105 M-1s-1; koff was 2.8( 0.6×
10 -2 s-1 and in agreement with the previously determined
value of 3.3( 0.3 × 10-2 s-1. From these kinetic values,
we calculated the equilibriumKd of the PA20‚PA63 interaction
(Kd ) koff/kon) to be 190( 50 nM.

While the fast association rate changed significantly as a
function of PA20 concentration, the slow association rate (3.5
( 0.3× 10-3 s-1) was independent of concentration (Figure

Table 2: PA20‚PA63 Complex Dissociation Rates at 20°C

[nPA83]a (nM) [PA20]b (µM) koff × 10-2 (s-1)

100 0.1 3.0( 0.2
100 1 3.3( 0.3
100 10 3.6( 0.1
10 0 3.1( 0.2
1 0 2.6( 0.3

a Double-labeled FRET complex.b Unlabeled competitor.

FIGURE 3: PA20 on-rate determination. Representative association
kinetics of PA20, where uncomplexed nPA83 E465C*488 (10 nM)
is bound by (A) 100 nM and (B) 1µM PA20 Q140C*594. In panels
A and B, the data are the average of three experiments. Residuals
are plotted above the fitted data. The lower (flat) trace represents
a control with PA83 that had not been proteolytically activated. (C)
Representative stopped-flow kinetic traces for the determination
of the fast PA20 association rate. nPA83 E465C*488 (10 nM) is
bound by PA20 Q140C*594 at either 80 nM (bottom trace) or 1
µM (upper trace). Each kinetic transient is the average of four shots.
(D) Stopped-flow fast association rate constants (upper panel) of
PA20 (open circles) and measured off-rates from competition
experiments (triangles) and dilution (upside down triangles). A plot
of the concentration dependence of the slow association step is also
shown, as determined in manual mixing experiments (squares). At
bottom is shown a concentration dependence of the fast amplitude
relative to the total amplitude,Afast/(Afast + Aslow), where the average
value is 32( 8%.

kobs) [PA20]kon + koff (4)
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3D). The existence of two separate kinetic steps is masked
at the lowest PA20 concentrations, where concentration-
dependent association of PA20 and PA63 is slow and similar
to the rate-determining second step. At higher PA20 concen-
trations, where an association step is faster, the initial fast
association step is more clearly separated from the slower
step.

We also measured the amplitudes of the fast and slow
kinetic phases,Afast and Aslow, respectively. We found no
concentration dependence on the relative amplitudes of these
two distinct phases over the measured concentration range
(Figure 3D). The fast phase was on average 32( 8% of the
total amplitude. Assuming the slower phase appeared due
to an isomerization step, we calculated the equilibrium
constant,Kiso, as 2.1( 0.8 byKiso ) Aslow/Afast.

To control for possible perturbations due to the presence
of the fluorescent labels, we measured dissociation and
association rates for the nPA83 complex at probe locations
significantly removed from the PA20‚PA63 binding interface.
The PA63 fragment was labeled at the K563C site with Alexa
fluor 594, and the PA20 fragment was labeled at the T126C
site with Alexa fluor 488. Measured dissociation and
association kinetics were statistically indistinguishable from
the previously measured rates (data not shown).

Oligomerization of PA63. Since it is known that PA63 can
spontaneously oligomerize following dissociation of PA20,
we conducted experiments to determine whether an oligo-
merization side reaction occurs under our experimental
conditions, as this could impact the observed kinetics. Here,
labeled and nicked Cys mutants nPA83 K563C*488 and
nPA83 K563C*594 (labeled in the PA63 moiety) were used
as FRET probes for oligomerization. Equimolar amounts of
labeled PA were mixed at 2-200 nM, and FRET was
monitored over 15 min. No increase in FRET was observed
(Figure 4). When LFN was added to initiate oligomer
formation, there was a significant increase in fluorescence
emission ratios, indicating that PA63 oligomerizes under these
experimental conditions in the presence of LFN. We conclude,
however, that no significant population of oligomeric states

was formed under the conditions of our kinetic measure-
ments.

Equilibrium Affinity of the PA20‚PA63 Interaction. To
estimate the equilibrium dissociation constant, doubly labeled
nPA83 complex was serially diluted to final concentrations
from 1 nM to 1 µM and monitored by the fluorescence
emission ratio, orθ (Figure 5). Due to experimental
limitations, we were unable to determine a ratio for com-
pletely bound PA20‚PA63 complex (θmax). While θmax could
be estimated from initial FRET ratios obtained in rapid
dilution dissociation experiments previously described, fixed
parameters determined kinetically,Kd andKiso, were included
in the fit to simply demonstrate consistency in the equilibrium
results (Figure 5). The data were fitted to a single-site binding
model in which the binding partner PA63 is in equilibrium
with a form that is unable to bind PA20, called PA63* (eqs 1
and 2; see Materials and Methods). This analysis showed
consistency between the equilibrium dissociation curve and
kinetically determined equilibrium constants,Kd and Kiso.
When we allowed the equilibriumKd value to vary, it fit to
90( 10 nM, which suggests that nPA83 is mostly associated
at 10µM and mostly dissociated at 1 nM.

Temperature Dependence of PA20’s Dissociation Rate.
Finally, additional thermodynamic parameters for the dis-
sociation of the PA20‚PA63 complex were obtained from
temperature studies. Off-rates were determined at tempera-
tures between 10 and 37°C (Figure 6). The free energy of
activation,∆qG, for the dissociation, 19.1 kcal mol-1, is large
and positive, with significant contributions from both∆qH
and∆qS. An enthalpic barrier, as observed, is expected since
unfavorable van der Waals interactions can be experienced
in the process of dissociation. The observed entropic barrier
may reflect freezing of rotational and/or vibrational degrees
of freedom that are required during dissociation.

DISCUSSION

We have examined the kinetics and thermodynamics of
the PA20‚PA63 interaction in solution using FRET between
acceptor and donor fluorophores introduced into the two
fragments. As PA83 contains no Cys residues, we used two
single-Cys forms at sites that do not affect toxin activity (21).
PA83E465C was labeled with Alexa fluor 488 (donor), and

FIGURE 4: PA63 oligomerization. nPA83 K563C*488 and nPA83
K563C*594 were mixed (10 nM each), and the fluorescence
emission ratio was monitored. Att ) 20 min, 100 nM LFN was
added, prompting PA63 oligomerization, which is indicated by the
increase in FRET.

FIGURE 5: Determination of PA20 affinity for PA63 by serial dilution
of nPA83. An equimolar mixture nPA83 E465C*488 and nPA83
Q140C*594 was diluted to a final concentration of 1µM to 1 nM.
The observable emission ratio from the FRET pair,θ, is plotted as
a function of [PA20]total and fit to eq 2. Two fits are show where
parameters are provided from kinetic measurements as fixed
parameters:Kd and Kiso are fixed (solid line) andKiso is fixed
(dashed line). When theKd is a free parameter, it fits to 90( 10
nM.

Interaction of the 20 and 63 kDa fragments of PA Biochemistry, Vol. 44, No. 3, 20051051



PA83Q140C with Alexa fluor 594 (acceptor). The distance
between Q140 and E465 in the crystallographic structure of
PA83 is approximately 40 Å. We estimate that the Fo¨rster
distance for the two dyes is 55 Å, thereby allowing for the
fragment binding to be effectively reported by FRET (20,
22). PA83 can be cleaved at, or near, the furin site with either
trypsin (23) or furin (24) to generate the 20 and 63 kDa
fragments. While the resulting PA20 fragment from trypsiniza-
tion was∼3 kDa smaller than expected, the truncations were
in unstructured, disordered regions of PA83’s structure (Figure
1B,C; Table 1)(9).

Initial measurements of PA20’s dissociation rate both by
competition with unlabeled PA20 and rapid dilution suggested
a simple mechanism of dissociation as shown in Scheme 1.
Our data demonstrate that dissociation of the PA20‚PA63

complex is a two-step process, where the slow step is
independent of concentration and likely a unimolecular
rearrangement. Several potential mechanisms may manifest
in the observed two-step association kinetics. One alternative
(Scheme 2) is that, after nicking, the high affinity complex
undergoes a slow conformational change in relative orienta-
tion (i.e. differences in the angles of the two proteins relative
to each other) or other conformational rearrangements to a
lower affinity transitory, encounter complex (nPA83*), which
then quickly dissociates (25, 26). The presence of a transitory
complex followed by a unimolecular rearrangement should,
however, give rise to aKd for the weak complex significantly
below that determined by equilibrium measurements. This
was not what we found; the equilibriumKd measured for
the PA20‚PA63 complex was within a factor of 2 of that
determined kinetically, and hence, does not support a weakly
associated intermediate complex. Moreover, the slow uni-
molecular association rate we measured is∼3.5× 10-3 s-1,
and for Kd’s from kinetics and equilibrium studies to be
equivalent (or nearly so), the observed dissociation rate,∼3
× 10-2 s-1, is 1 order of magnitude off of the expected value
for Scheme 2 to be operant.

A more likely alternative (Scheme 3) is that the initial
dissociation of the nPA83 complex is followed by a rate-
determining isomerization (27). It is known that PA63 in the
heptameric prepore form shows differences in conformation
from that observed in intact PA83 (9). Hence, the conforma-
tional change must occur in PA63 at some point after
dissociation, to create an oligomerization-competent PA63,
called PA63

*. The slow unimolecular process we observed
(∼3.5× 10-3 s-1) in the association kinetics (Figure 3) most
likely corresponds tok-2 in Scheme 3. Therefore, we propose
that, prior to oligomerization, PA63 exists in equilibrium
between two conformational states, only one of which will
combine with PA20 to form the PA20‚PA63 complex, and that
the slow kinetic step observed reflects back isomerization:
PA63* f PA63. If we speculate that PA63* is, in fact, an
oligomerization competent form, then the known conforma-
tional change must occur after PA20 dissociation, but prior
to oligomerization of PA63

*, leading to the heptamer (Scheme
4).

It follows then that we can estimate the rate constant,k2,
for the forward isomerization process, PA63 f PA63*.
Because we know both the isomerization equilibrium con-
stant,Kiso, and k-2, then k2 is ∼7.4 × 10-3 s-1. Of more
relevance to the biology of PA heptamer assembly is that
the proposed isomerization, PA63 T PA63*, has as equilib-
rium constant of∼2.1, which favors PA63* such that 68%
of the PA63 monomers would be poised for oligomerization.
Furthermore, regardless as to whether PA63* is the hypotheti-
cal oligomerization competent form, the net effect of an
isomerization reaction favoring PA63* is that it effectively
drives the dissociation of PA20.

We measured a 21 s half-life for PA20’s dissociation from
PA63. Kinetic data have been obtained for several steps of
toxin assembly. The association rate for PA83 binding to the
anthrax toxin receptor CMG2 is 1× 105 M-1 s-1 (19). Elliot
et al. have measured kinetics of binding of EF and LF to
assembled PA heptamer with an association rate of 1.8×
105 M-1s-1 (10). Since oligomerization of PA even in the
presence of LFN (Figure 4) is slower than the relatively rapid
dissociation kinetics of PA20, the dissociation of PA20 from
PA63 is likely not the rate-limiting step in the overall
mechanism. Rather the proposed isomerization, PA63 T
PA63*, may, in fact, limit heptamerization, since it is an order
of magnitude slower.

We have measured kinetic and equilibriumKd’s for the
PA20‚PA63 interaction, which indicate a two-step binding
model. These data aid in understanding the kinetic pathway
of toxin assembly. Following receptor binding and proteolytic
activation, PA20 rapidly dissociates. A slow isomerization
step in PA63 may then potentiate it for oligomerization in
the presence of the enzymatic ligands, LF and EF. Future
work will address whether oligomerization of PA63 is, in fact,
limited by such a slow conformational rearrangement.

FIGURE 6: Eyring plot of complex dissociation. Off-rates of PA20
were measured between 10 and 37°C and fitted by eq 3, yielding
a ∆qH of 9.1 ( 0.1 kcal mol-1, ∆qSof 33 ( 1 cal mol-1 K-1, and
a ∆qG of 19.1 kcal mol-1 at 25°C.

Scheme 1: Single-Site Binding Model

Scheme 2: Encounter Complex Model

Scheme 3: Isomerization Model

Scheme 4: PA63 Oligomerization Model
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