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Assembly and Disassembly Kinetics of Anthrax Toxin Compléxes
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ABSTRACT: Proteolytic activation of the protective antigen (PA) component of anthrax toxin allows it to
self-associate into a ring-shaped homoheptamersgRAvhich can bind the enzymatic components lethal
factor (LF) and edema factor (EF). [Rdv is a pore-precursor (prepore), and under the low-pH conditions

of the endosome, it forms a transmembrane pore that allows LF and EF to enter the cytosol. PA was
labeled with donor and acceptor fluorescent dyes, af@téoresonance energy transfer was used to
measure the assembly and disassembly kinetics of the prepore complex in solution. The dissociation rate
constant for [PAg]7 was 1 x 1076 s71 (t1, ~ 7 days). In contrast, a ternary complex containing the
PA-binding domain of LF (LK) bound to a P& dimer composed of two nonoligomerizing mutants
dissociated rapidlyt{, ~ 1 min). Thus, the substantial decrease in the rate of disassembly ef {PA
relative to the ternary complex is due to the cooperative interactions among neighboring subunits in the
heptameric ring. Low concentrations of {.promoted assembly of the prepore from proteolytically activated
PA, whereas high concentrations inhibited assembly of both the prepore and the ternary complex. A
self-assembly scheme of anthrax toxin complexes is proposed.

Anthrax toxin, a major virulence factor oBacillus factor (LF), a ZA*-metalloprotease; and protective antigen
anthracis consists of three nontoxic proteins that interact at (PAgs, 83 kDa), a nonenzymatic protein that, after proteolytic
the mammalian cell surface or in solution to form toxic non- activation, can bind EF and LF and deliver them to the
covalent complexesl( 2). The three proteins are edema cytosol of mammalian cells. Once within the cytosol, EF
factor (EF)! a calmodulin-dependent adenylate cyclase; lethal and LF catalyze reactions that cause deleterious effects on
the host 8—5).
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 Harvard Medical School. to either of two known cell surface receptor proteiisq).

8 Clemson University. A cellular protease of the furin family then cleavesggifato
oot CF B e G e e ety & Ticked” form (nP/&g containing two ragmens: B
N?tn;;)mingl doméin;‘P&, 83 kDa fl'JII-Ieingth protectivg“antigen; nRA (20 kDa), Correspondlng to the N terminus, a,ndGP@S
nicked protective antigen (83 kDa); RA20 kDa N-terminal fragment ~ KDa), corresponding to the C termin; 9). PAy dissociates

of protective antigen; P&, 63 kDa C-terminal fragment of protective  into the medium and plays no further known role in toxin
antigen; ER, edema factor N-terminal domain; FRET rEier resonance action. Its removal eliminates a steric barrier to self-
energy transfer; CAMP, cyclic adenosine monophosphate; TRAK, )

tosylamide-2-phenylethylchloromethy! ketone; IPTG, isoprofyi- association of P4, allowing this fragment to oligomerize
thiogalactoside; DTT, dithiothreitol; nRAK563C*488, nicked pro- and form a heptameric ring-shaped structure ¢gPAtermed
tective antigen, residue 563 labeled with Alexa fluor 4g81@leimide; the prepore10). The PA; prepore is able to bind up to three

nPAg; K563C*546, nicked protective antigen, residue 563 labeled with e :
Alexa fluor 546 G maleimide; nPAs K563C*594, nicked protective molecules of LF and/or EF competitively and with nanomolar

antigen, residue 563 labeled with Alexa fluor 594 @aleimide; affinity (11, 1_2)- The_ r?SUmng Coml?'exes are localized to
[PAss]7*FRET, protective antigen homoheptamer containing a 1:1 ratio detergent-resistant lipid microdomains, where they undergo

of protective antigen where residue 563 is labeled with Alexa fluor _ ; ; PERTPIS

488 plus either Alexa fluor 546 or 594; GdmHCI, guanidirtéCl; recgptor mger:ilated endocytosis3(. Acidification IOf the
[PAsglrLFn, ternary complex of 1:1 ratio of protective antigen toxin-containing compartment causes _astruptura r_earrange-
nonoligomerizing mutants (D512K and K199E R468A R470D) plus ment of the prepore that enables it to insert into the
the N-terminal domain of lethal factor; NnBAD512K K563C*488, membrane and form a por&4 15). Pore formation is linked

nonoligomerizing protective antigen mutant, residue 563 labeled with ; ;
Alexa fluor 488; nPA; K199E R468A RA7OD K563C*546. nonoli- to translocation of the bound enzymatic cargo (LF or EF) to

gomerizing protective antigen mutant, residue 563 labeled with Alexa the cytosol by an acid-induced unfqlding me(?hanigjﬁ—( _
fluor 546; [PAs3]»LFN*FRET, protective antigen ternary complex with ~ 18). LF cleaves members of the mitogen-activated protein

the lethal factor N-terminal domain labeled at protective antigen residue kinase kinase family4;, 5), leading by a still poorly defined

563 with Alexa fluor 488 and 546; [PA]7-(LFn)s, protective antigen .
homoheptamer saturated with N-terminal domain of lethal factor sequence of events to host cell death. Elevation of the cAMP

ligands; L, E126C*594, N-terminal domain of lethal factor, residue concentration by EF protects the bacteria from phagocytic
126 labeled with Alexa fluor 594 £maleimide; PAsLFy, putative destruction 19).

1:1 complex with protective antigen and \;Fkg, dissociation rate The assembly of toxic complexes from PA, EF, and LF
constantk, association rate constant; DN, protective antigen mutant ’ ’

that displays dominant negative phenotyiig:equilibrium dissociation ~ ¢an be replicated in solution when trypsin or a serum protease
constant; Cys, cysteine. is used to activate PAL@). In the absence of EF or LF, the
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PA,, and PAj; fragments tend to remain associated via non-
covalent interactions [equilibrium dissociation constant
190 nM 0)]. When PAs; is separated from PAby anion-
exchange chromatography of ngAit spontaneously oli-
gomerizes to the prepore stafel). Alternatively, oligomer-
ization of PAs; can be stimulated by adding LF, EF, or their
PAss-binding N-terminal domains (Li-and Ek, respec-
tively) to nPAgz in solution @1, 22). As no quantitative study
of PAs3 oligomerization or dissociation has been reported,
we describe here measurements of the kinetics ofsPA
oligomer formation and dissociation in solution.

MATERIALS AND METHODS

Protein Expression and PurificatiofAgs (K563C, D512K
K563C, K199E R468A R470D K563C) and LKresidues
1-263 of LF) were produced recombinantlyBscherichia
coli BL-21 DES3 Star using the pET 22b expression system
for PAgs and the pET 15b expression system foryL&s
described previously2Q). Briefly, the proteins were ex-
pressed in cultures grown in a 5-L fermentor using ECPM1
medium supplemented with 50 mg/L carbenicillin until an
ODggo of 3—10 was reached2@, 23). The cultures were
induced with IPTG (0.81 mM) for 3—4 h at 2730 °C for
PAgs and at 37°C for LFy until a final ODsoo 0of 6—20 was
reached. Periplasmic lysates were buffered with 20 mM Tris-
Cl (pH 8.5) and supplemented with 2 mM dithiothreitol to
prevent oxidation of the Cys residues. &2#vas purified by
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(nPAg3 K563C*488) and nPAs K563C labeled with Alexa
fluor 546 or Alexa fluor 594 (nP& K563C*564, nPAs
K563C*594). The purified [PAg]; contained both donor and
acceptor labels ([PA]7*FRET). For rapid dilution experi-
ments, [PAs]*FRET was diluted from 1M to 10 nM in
buffer D (50 mM Tris-Cl, pH 8.5, 150 mM NaCl, 0.5 mg/
mL BSA, and 0.02% Nal. In competition experiments,
10 nM labeled [PAg]*FRET and 250 nM unlabeled [RA47
were combined in buffer D. In both experiments, the
fluorescence emission ratio (570/52510 nm emission, 488
=+ 4 nm excitation from Xe arc lamp) was monitored using
a spectrofluorometer over 16 days. Solution temperatures
were ~20 °C throughout the entire experiment. Data were
fit to a single-exponential decay model using nonlinear least
squares to recover the observed dissociation condtant,

Additional experiments contained the protein denaturant
guanidine-HCI (GdmHCI). Various amounts of GdmHCI
(0—0.6 M, as determined by refractive index) were added
to 10 nM heptamer solutions in buffer D. The fluorescence
emission ratio (615/525% 16 nm emission, 488 nm excita-
tion from Art laser) was monitored using a spectrofluoro-
meter over 10 days. All solutions were maintained af@0
throughout the entire experiment. Data were fit to a single-
exponential decay model using nonlinear least squares to
recover the observed dissociation constént,

Because measurements lkf required long incubation
periods at room temperature, all solutions were sterile filtered

anion-exchange chromatography (Q Sepharose) with aand supplemented with 0.02% Nalb inhibit microbial

0—250 mM NacCl gradient using buffers A (20 mM Tris-Cl,
1 mM CaC}, pH 8.5) and B (A+ 1 M NaCl). Hexahistadine-
tagged LIy was purified from cell pellets lysed by French
press and sonication using®Niaffinity chromatographyZ4).
Pure fractions, as determined by SBIBSAGE, were con-
centrated and stored &80 °C. Protein concentrations were
determined by absorbance spectrophotometsyy [PAss)
75670 Mt cm™t and (LRy) 18 040 Mt cm™Y).

Preparation of nPAg and [PAs3]7. Nicked PAgs (NPAg3)
was prepared using TPCK-treated trypsin (Sigma) by incu-
bating PA; (1—2 mg/mL) in buffer C (A+ 150 mM NacCl)
for 35 min at room temperature at a 1:1000 w/w ratio of
trypsin to PA; followed by the addition of a 1:100 w/w ratio
of soybean trypsin inhibitor (Sigma) to prevent further
proteolysis. This procedure yielded a90% nicking ef-
ficiency. [PAs3]7 was prepared at 95% purity using anion-
exchange chromatography. Briefly, nf2Avas loaded onto
the column (Q Sepharose) followed by elution using-#&00
mM NaCl gradient with buffers A and B. Separation of BA
from PAs3 was followed by spontaneous oligomerization of
PAs3 on column. Pure fractions, as determined by SDS
PAGE, were concentrated and stored-&80 °C. [PAsg];

growth that could lead to degradation of the non-covalent
protein complexes. SDSPAGE was used to monitor RA
proteolysis over a 16 day period. Briefly, a 20 nM solution
of [(PAs3)7]*488 in buffer D was incubated at either20 or
—20 °C for 16 days. At the conclusion of this period, the
room temperature incubated sample was again frozer2@t

°C until electrophoresis. These solutions were loaded onto
a 4—20% polyacrylamide gel. The gel was washed in gdH
and observed on a UV transilluminator to excite the Alexa
dye without fixing or staining, which quenches the fluores-
cence.

Measurements ofKor [(PAs3)2-LFn] Ternary Complex.
[(PAs3)2-LFN] was prepared by incubating a 1:1:1 mixture
of nPAg; D512K K563C labeled with Alexa fluor 488 (nRBA
D512K K563C*488), nPAs K199E R468A R470D K563C
labeled with Alexa 546 (nPA K199E R468A R470D
K563C*546), and Lk at 5uM (total nPAgz was 10uM).

All [(PA s3)2:LFn] contained both donor and acceptor labels
([(PA63)2'LFN]*FRET) [(PA53)2'LFN]*FRET was diluted
from 5 uM to 10 nM in buffer D and the fluorescence
emission ratio measured over time (570/52516 nm
emission, 488 nm Afr laser line excitation). The kinetic

concentrations were determined by absorbance spectrophotransients were fit to a single-exponential decay model (eq

tometry €280 347 480 Mt cmY).

Fluorescent Labeling of ProteinBroteins with single Cys
mutations were labeled with Alexa fluor 488 @aleimide,
Alexa fluor 546 G maleimide, or Alexa fluor 594 £

maleimide (Invitrogen) using the manufacturer’s procedures.

Protein solutions were exchanged back into buffer C by gel
filtration. The protein conjugates’ dye-to-protein ratios were

1) using nonlinear least-squares analysis to recover the
observed rate constatt, where the amplitude at time 8,
decays with respect to time, The offsetC, is the final value
reached when the system achieves equilibrium.

At)=Ae +C (1)

0.9-1.2 as determined by absorbance spectrophotometry. Measurement of.for [(PAes)7*(LFN)3] and [(PAes)2 LFn].

Dye-labeled proteins were stored-a80 °C.
Measurements ofjfor [PAs3] 7. [PAe3]7 was purified from
a 1:1 mixture of nPAg K563C labeled with Alexa fluor 488

Association rates of [(P&)7(LFn)s] were determined by
mixing 1:1 ratios of nPAs K563C*488 and nP4 K563C*594
at concentrations between 1.2 and 120 nM, followed by the
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Ar* laser. Emission band-pass was 8 nm for both spectra. Time (h) Time (h)

Ficure 2: Dissociation of [PAg]7*FRET. (A) Rapid dilution of
[PAs3]*FRET from 10 M to a final concentration of 10 nM.
Dissociation (decrease in FRET) was monitored over time by

addition of variable concentrations of LFfrom 1 x 10°°
to 1 x 105 M) to prompt oligomerization in solution.

Oligomerization was monitored by measuring sensitized
emission (FRET) via a fluorescence emission ratio of
intensity (615 nm/525 nm). Similarly, association rates were
determined for [(PAg)2:LFn] by mixing 1:1 ratios of nPAg
D512K K563C*488 and nP& K199E R468A R470D
K563C*546 at concentrations between 1.2 and 120 nM,
followed by the addition of variable concentrations of\LF
(from 1 x 10°to 1 x 105 M) to prompt complex formation

in solution. [(PAy)2-LFN] formation was monitored by

measuring the fluorescence emission ratio (570 nm/520 nm; 488
nm excitation). Error bars represent 95% cl. (B) Competition of
10 nM [PAs3]7*FRET with 200 nM unlabeled [P4]. Dissociation
(decrease in FRET) was monitored over time by measuring the
fluorescence emission ratio (570 nm/520 nm; 488 nm excitation).
Error bars represent 95% cl. (C) Plot of recoveledversus
[GAmHCI] for the rapid dilution of [PAZ*FRET with low
concentrations of GdmHCI (60.6 M) added to accelerate the
observed dissociation rate. (D) Controls: the fluorescence emission
ratio of an equimolar mixture of PA K563C*488 and PAg
K563C*546 (unnicked) was monitored over time. (Inset) Integrated

measuring the sensitized emission (FRET) via a fluorescenceintensity over the course of an experiment. Error bars for both

emission ratio (570 nm/525 nem 16 nm). All data were fit
using nonlinear least-squares analysis to a second-orde
exponential decay model (eq 2), where the amplitude at time
0, A, decays with respect to time,(22). The offset,C, is

the final value reached when the system achieves equilibrium.

controls represent the 95% cl. All experimental kinetic transients
ere fitted to a single-exponential decay model to recéyeAll
experiments were conducted at 20.

We also performed dilution experiments in the presence
of low concentrations of GdAmHCI to check the accuracy of

the measured value &f. [PAss]-*FRET was diluted from
10uM to 10 nM in solutions of 0.20.6 mM GdmHCI, and
the loss of FRET due to complex dissociation was monitored,
as before. The low concentrations of GdmHCI employed
accelerated the rate of dissociation (the majority of signal
change occurred during the first-2 days) while avoiding
protein unfolding. The observed kinetic transients were fitted

At) = AL+ k}) + C )

RESULTS

Dissociation Kinetics of [P4&]7. Equal parts of two
differently labeled PAs mutants, PAs K563C*488 and PAg
K563C*546 (or PAs; K563C*594), were combined, pro-
teolytically activated with trypsin, and loaded onto an anion- to a single-exponential decay function to recokgiand the
exchange column. FRET-labeled [B} ([PAes]*FRET) rate constants were plotted versus GdmHCI concentration
was isolated by gradient elution and found to show significant (Figure 2C). Extrapolating kinetics data © M GdmHCI
FRET (Figure 1, dashed line) compared to the control of an yielded a value oky for [PAs3]7 identical to that determined
unnicked equimolar mixture of donor and acceptor labeled in the absence of GAmHCI. This agreement suggested that
PAgs (Figure 1, solid line). The dissociation rate constant proteolysis was not likely to contribute significantly to the
(kg) of [PAs3];*FRET was measured after dilution of the observed kinetics. Additional support for this came from
complex from 10uM to 10 nM. The decline in FRET asa SDS-PAGE (Figure 3) of [(PAs)7]*488 that had been
function of time was monitored over 16 days, with the incubated at room temperature for 16 days and a control that
fluorescence emission ratio (570 nm/525 nm, 488 nm was stored at-20 °C during the experiment. Figure 3 shows
excitation) serving as the metric. We fit the observed kinetic showed that there was little change of intactsp#llowing
transients (Figure 2A) to a single-exponential decay function the long incubation. To minimize proteolysis, all solutions
(eqg 1) and calculated thky to be (1+ 1) x 106 s71, had been sterile filtered and supplemented with 0.02%JNaN
corresponding to a,, of 7 days. When a 25-fold excess to inhibit microbial growth.

(250 nM) of unlabeled [P4&]7; was present, the results were To obtain a baseline for the observed changes in FRET,
indistinguishable from those obtained in the absence of thewe mixed equal parts of unnicked RAK563C*488 and PAg
unlabeled protein (Figure 2B). K563C*546 and monitored the fluorescence emission ratio
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Ficure 3: SDS-PAGE of [(PAs3)7]*488 incubated in buffer D
for 16 days with MW markers indicated in kDa at left: room
temperature incubation (lane 1);20 °C storage (lane 2).

over time. Consistent with the inability of RBAto self-
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one face of PAg that blocked self-association of the protein;
and a set of three mutations (K199E, R468A, and R470D)
on the complementary oligomerization surface of the protein
had the same effec2l). Neither the single mutant nor the
triple mutant alone bound Lf but when the two were
combined in the presence of LFa ternary complex
containing 1 equiv of each of the three proteins was formed
(22). In this complex, [PAg]z'LFy, the single- and triple-
mutant forms of PAg presumably associate via their comple-
mentary, wild-type faces, with LiFbound to them in the
same way it binds to pairs of adjacent subunits within the
prepore 21).

To create a FRET-based assay ofsP#elf-association,
we introduced the K563C mutation into both of the oligo-
merization-deficient mutants and labeled the single (now
double) mutant with Alexa 488 and the triple (now qua-
druple) mutant with Alexa 546. Each preparation was nicked
with trypsin, and equal parts of NgAD512K*488 and nPAg
K199E D468A R470D K563C*546 were mixed at concen-
trations between 12 and 120 nM. {kvas then added at

associate, the fluorescence emission ratio was in the limitvarious concentrations to initiate dimerization of thegPA

of no detectable [P4]- in solution and was stable over the

mutants. The fluorescence emission ratio was recorded as a

time course of the experiment. Also, changes in fluorescencefunction of time, and the data were fit to eq 2 to recoker

emission intensity were minimal<(L0%) over 400 h,
indicating that losses to adsorption to cuvette walls were
negligible (Figure 2D, inset). Small changes in total emission
intensity over time did not affect kinetics values, as they
were calculated from the ratio of fluorescence emission
intensities.

Association Kinetics of [P&]-LFn. Because the equilib-
rium of PAss oligomerization is so strongly in favor of
[PAg3]7, neither monomeric PA nor subheptameric oligo-
mers of the wild-type fragment have ever been isolated.
Hence, it has not been possible to study the kinetics @EPA
association in a homogeneous syst@@).(Nonetheless, LF
or EF, or their N-terminal P&-binding domains, promote
oligomerization of PAg, starting with nPAg, presumably by
displacing PA, and bridging associated RBAsubunits.

As shown in Figure 4D, the association rate declined as the
LFy concentration was raised, as seen in highen LF
concentration ranges with wild-type npA

Dissociation Kinetics of Double-Labeled [(Rdy-LFy].
[(PAg3)2LFN*FRET was diluted from 5uM to 10 nM,
and the fluorescence emission ratio (570 nm/520 nm emis-
sion, 488 nm excitation) was monitored. The kinetics
transients were fit using a single-exponential decay model
to recoverky (Figure 5). The measurdd for the [(PAs3)2*
LFN*FRET was (1.3+ 0.01) x 102 s (t = 53 s),
showing that dissociation was 10 000-fold faster than with
the [PAs3] *FRET.

DISCUSSION

Therefore, we chose to examine the oligomerization process We have measured the kinetics of [iA dissociation and

in the presence of L Various concentrations of lHfrom
10 nM to 10uM) were added to a mixture of equal parts of
nPAg; K563C*488 and nPA; K563C*594 (12-150 nM),

association in the presence of \.lising FRET between
donor and acceptor fluorophores introduced intogfA
Because P4 contains no Cys residues, we used mixtures

and increases in FRET were monitored over time by the 615 of Cys mutants (K563C) labeled with either Alexa fluor 488
nm/525 nm fluorescence emission ratio. Recorded kinetic (donor), Alexa fluor 546 (acceptor), or Alexa fluor 594

transients were fitted to eq 2 (second-order kinetics) to
recoverk, (Figure 4A), and the observed rates were plotted
versus the concentration of KKFigure 4C). Because LF
has been shown to promote RAligomerization in solution,
we expected that raising the LFconcentration would

(acceptor) in our experiments. The K563C mutation has been
shown not to affect activity of PA (25). From the [PA3]7
crystallographic structure, the distance between adjacent
K563 residues is~59 A. Because the Fster distance for
these two dyes was estimated to be 55 A, FRET is an

increase the observed association rate, and indeed this wagffective reporter of P4 oligomerization 22). We also made

observed at relatively low concentrations of\-However,
as the Lk concentration was raised above 50 nM, the
observed oligomerization rate declined. In contrast, signifi-

kinetic measurements of RAPAs; dissociation and associa-
tion using the [(PAg)2-LFn] construct (PA; D512K and PAs
K199E R468A R470D) in the presence of \.FNe expect

cant differences in observed rates were not observed for athat the distance between the adjacent K563 residues in the

10-fold difference in nPAs concentration, suggesting that

[(PAg3)2:LFN] complex is similar to that in the [PA];

the rate-determining step in association does not directly complex, such that FRET effectively monitors its association

involve PAg; (Figure 4C).
Association Kinetics of [P4].-LFn. To investigate the

state. Because the FRET labels were onahd not Lk,
we monitored only the P4 dissociation.

basis of this phenomenon, we studied the assembly of a Disassembly of [P4g]- was very slow, with &g of ~107°

ternary complex containing an equimolar ratio ofyL&nd
each of two nonoligomerizing mutant forms of RBA
Mogridge et al. described D512K as a point mutation on

s 1. A 10 000-fold faster dissociation rate;1072 s, was
observed for the PA dimer bridged by Lk. The markedly
slower dissociation rate of the heptamer presumably results
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Ficure 4: Determination of the association rates for FJ&RFRET and [(PAxs)'LFN]*FRET. (A) Representative data for oligomerization

of PAg; in the presence of L LFy (100 nM) was added dt= 0 to an equimolar mixture of nRAK563C*488 and nPA K563C*594

(12 nM total nPAg). The increase in FRET due to RAassociation was monitored by fluorescence emission ratio. Data were fit to a
second-order model (eq 2). Residuals are shown in the upper plot. (B) Representative data for the dimerization of nonoligomgrizing PA
mutants in the presence of L A_Fy (100 nM) was added at= 0 to an equimolar mixture of nRAD512K K563C*488 and nP& K199E

R468A R470D K563C*546 (12 nM nPA total). The increase in FRET due to the association ofzR¥as monitored by fluorescence
emission ratio. Data were fit to a second-order model. Residuals are shown in the upper plot. (C) Graph of observed rat&kgdostant (
PAg3 association versus concentration ofy.FCircles represent data for 12 nM nAtriangles represent data for 150 nM n8A(D)

Graph of observed rate constaky)(for PAsz dimerization of nonoligomerizing PA mutants. Circles represent data for 12 nM gRA
triangles represent data for 120 nM n3AData are fit by linear regression (solid line, 12 nM ngAlotted line, 120 nM nP&).

B 4004 The substantial stability of [P&]; is of more than

D 0.000 § theoretical interest, as it impinges on the ability of dominant-

g o004 4. . negative mutant forms of PA to serve as potent antitoxins

. 009 T and, hence, as potential therapeutics for treating anthrax
3 infections. Certain point mutations in the pore-forming
& 0.8 - domain (domain 2) of PA block the ability of the [Rdv

=§ prepore to undergo the conformational transition to the pore

=5 007 - (e.g., D425A) or else block the translocation activity of the

8 pore, once it is formed (e.g., F427A2§, 27). A subset of

c 008 the mutant forms of PA were found to be dominant-negatives

§ O (DN), such that co-oligomerization of low stoichiometric

8 0057 ) ratios of mutant to wild-type PA yielded inactive prepores

S 008 or pores. This DN phenotype depends not only on the co-

100 200 300 400 oligomerization of mutant P4, with wild-type being
Time (s) stochastic, but also on the stability of the prepore, which

FIGURES: Dissociation of [(PAg)z-LFx]. [(PAss)2 LFNJ*FRET was precludes subun_i{subunit exchange that might allow Wi|d-
rapidly diluted from 5:M to a final concentration of 10 nM. A type PAss subunits to recombine to form uniformly wild-
decrease in FRET was monitored over time by measuring the type heptamers.

fluorescence emission ratio (lower plot; 570 nm/520 nm, 488 nm Det inati f iati tes f e licated
excitation). All data were fitted to a single-exponential decay model etermination of association rates for &4s complicate

to recoverky. Residuals were plotted (upper plot). Kinetic transients DY the intrinsic affinity of PAo and its ability, when bound,
were acquired at 20C. to block self-association of RA In cells, when membrane-

bound nPA; molecules dissociate to Bfand PAsg, the PAs;
from cooperative interactions of each subumit with neighbor- is constrained to the two-dimensional membrane surface,
ing subunits in the homoheptameric ring. We surmise that whereas the P4 is free to dissociate into extracellular
the slower dissociation rate of the R/eptamer translates  solution. As a result, the concentration of 8An the
into a substantially increased thermodynamic stability of the membrane is effectively elevated relative to that of, A
heptamer relative to individual RAdimer interactions. and this may facilitate P& oligomerization. The picture is

o
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Scheme 1. Oligomerization of RAin the Presence of L
NPAg, === PA, + PA,

PAgLFy

e

(PAg)2LFy <=

(PAgs),*(LFy)s

|

PAg + LFy \é
(PAg)(LFy), =—=(PAg3)s*(LF\)s
somewhat different in solution, where, except at sub-
micromolar concentrations, Bfand PA; remain associated
via non-covalent interactions. In this case, oligomerigfA

Biochemistry, Vol. 45, No. 7, 200385

LFn] species had &4 of 10 uM—1 mM, accurate measure-
ment ofKy would require such high concentrations of protein
to make FRET observation unlikely. In addition, a low-
affinity complex may have a very short individual lifetime
and relatively fast off-rates and would not be detectable using
a slow kinetic approach. The complex could also be oriented
such that the doneracceptor distance approaches or exceeds
twice the Foster distance, making complex association or
dissociation invisible to FRET measurement. Hence, although
we are currently unable to observe this interaction, we assert
that the most likely mechanism for kFmediated oligomer-
ization of PAsz is one in which both the [P&-LFy] and
[(PAs3)2-LFy\] intermediates may precede or compete with

does not exist at any measurable concentrations without the[PAs3]7. A LFn-LFy interaction could contribute to the

addition of at least one of the ancillary proteins: LF\LF
(N-terminal binding domain of LF), or ER2(). Our working
hypothesis is that in solution, LF (or kJ prompts oligo-
merization by binding to P& and preventing it from
associating with P4.

We made association rate measurements of {{PA
(LFn)3] and [(PAs3)2:LFn] using donor and acceptor labeled
mixtures of nPAz with variable Ly concentrations. Unlike
the measure#y values, only small differences (factor of 2)
were observed between tlg values for [(PAs)7(LFn)s]
and [(PAs3)2:LFn]. Notably, the observed association rate
constants decreased with increasing concentrations @f LF
This apparently indicates that KRnhibits PAs3 oligomer-
ization at higher concentrations. The measured heptémer
initially increased with LI as expected, but then decreased
at higher Lk concentrations. The dimek, consistently
decreased with increasing LFeoncentration. Initially we
hypothesized that high LWFconcentrations selectively popu-
lated PAs; dimers bridged by L, thereby reducing free RA
concentration. Because an unliganded:#Subunit is neces-
sary to complete the [RA- ring, this could effectively inhibit

assembly of toxic complexes. However, subsequent measure-

ments of [(PAs3)2’LFn] ks also demonstrated a negative
dependence on Lconcentration, indicating the existence
of another or competing source of the observed rate
decreases.

Consistent with these data, we propose the mechanism
shown in Scheme 1 to account for the observed rate behavior.

In this case, oligomerization would proceed through forma-
tion of PAg; dimers bridged by Lk (similar to the [(PAs3)2-
LFn] complex), and PAg-LFy complex formation would be

a competing pathway that inhibits heptamer formation. At
high LRy concentrations, closing the heptamer ring structure
could not proceed without dissociation of \.From PAs3
and is not favored. In addition, because the obsekged
independent of nPA concentration, binding of PAto LFy
must occur only after a rate-determining unimolecular
rearrangement of Lk

Because our proposed mechanism predicts the existence

of a [PAsz-LFy\] species, we attempted to detect this species
using FRET. We titrated nRPA D512K K563C*488 with
LFn E126C labeled with Alexa fluor 594 (LFE126C*594)

and also measured dissociation of the putative [LF
E126C*594PAs; D512K K563C*488] by rapid dilution of
the complex while measuring the fluorescence emission ratio
(data not shown). Although significant populations of FRET

complex were not detected, these data do not rule out the =

existence of a [P&-LFy] complex. Supposing the [Ré

observed negative rate dependence, but no precedent exists
for such an interaction. Thus, we propose that the overpopu-
lation of putative [(PAg):LFn] and [PAssLFy] intermediates

may be the source of the observedytdiependent slowing

of PAgs oligomerization.
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