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Acid-induced Unfolding of the Amino-terminal Domains
of the Lethal and Edema Factors of Anthrax Toxin

Bryan A. Krantz, Amar D. Trivedi, Kristina Cunningham
Kenneth A. Christensen and R. John Collier*

Department of Microbiology
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The two enzymatic components of anthrax toxin, lethal factor (LF) and edema
factor (EF), are transported to the cytosol of mammalian cells by the third
component, protective antigen (PA). A heptameric form of PA binds LF
and/or EF and, under the acidic conditions encountered in endosomes,
generates amembrane-spanning pore thatis thought to serve asa passageway
for these enzymes to enter the cytosol. The pore contains a 14-stranded
transmembrane B-barrel that is too narrow to accommodate a fully folded
protein, necessitating that LF and EF unfold, at least partly, in order to pass.
Here, we describe the pH-dependence of the unfolding of LFy and EFy;, the
30 kDa N-terminal PA-binding domains, and minimal translocatable units, of
LF and EF. Equilibrium chemical denaturation studies using fluorescence and
circular dichroism spectroscopy show that each protein unfolds via a four-
state mechanism: N« I« ]J« U. The acid-induced N—1 transition occurs
within the pH range of the endosome (pH 5-6). The I state predominates at
lower pH values, and the ] and U states are populated significantly only in the
presence of denaturant. The I state is compact and has characteristics of a
molten globule, as shown by its retention of significant secondary structure
and its ability to bind an apolar fluorophore. The N — I transition leads to an
overall 60% increase in buried surface area exposure. The ] state is expanded
significantly and has diminished secondary structure content. We analyze the
different protonation states of LFy and EFy in terms of a linked equilibrium
proton binding model and discuss the implications of our findings for the
mechanism of acidic pH-induced translocation of anthrax toxin. Finally,
analysis of the structure of the transmembrane -barrel of PA shows that it can
accommodate o-helix, and we suggest that the steric constraints and
composition of the lumen may promote a-helix formation.
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Introduction
Abbreviations used: AF488, Alexa Fluor 488; AF546,

Alexa Fluor 546; ASA, solvent-accessible surface area; bis- The pathology of Bacillus anthracis is due, in part,

ANS, 4,4'-dianilino-1,1-binaphthyl-5,5'-disulfonic acid;
EF, edema factor; EFy;, edema factor’s amino-terminal
domain (residues 1-254); EFyN*, EFy with a AF488/AF546
FRET pair; Fl, fluorescence; FRET, fluorescence resonance
energy transfer; GdmCl, guanidinium chloride; LF, lethal
factor; LFy;, lethal factor’s amino-terminal domain
(residues 1-263); LFy*, LEN with an AF488/AF546 FRET
pair; MG, molten globule; PA, protective antigen; B,
relative surface area buried in an equilibrium transition
computed from m-values; AAG™ ", equilibrium folding
free energy change due to the protonation; ¢§11+,
percentage of protonation free energy change realized in
an equilibrium folding transition.

E-mail address of the corresponding author:
jeollier@hms.harvard.edu

to the production of a toxin, an ensemble of three
non-toxic monomeric proteins that combine at the
surface of host cells to form toxic non-covalent
complexes (Figure 1A). Two of these are enzymes
that modify cytosolic substrates: lethal factor
(LF; 90 kDa) is a Zn>" protease that cleaves several
mitogen-activated protein kinase kinases;'” and
edema factor (EF; 89kDa) is a Ca®’" and
calmodulin-dependent adenylate cyclase.” The
third, protective antigen (PAgs; 83 kDa), binds to
cellular receptors and transports LF and EF to the
cytosol.

The initial step in the action of anthrax toxin

0022-2836/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
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(Figure 1A) is binding of protective antigen (PA) to a
von Willebrand A domain of a cell-surface recep-
tor.*® Receptor-bound PA is cleaved into two
fragments by a furin-family protease.® Dissociation
of the smaller fragment allows the larger, receptor-
bound fragment to self-associate into a ring shaped
heptamer, referred to as the PA; prepore.” The PA;
prepore may bind up to three molecules of LF and/
or EF® with tight affinity.” The resulting complexes
are endocytosed and delivered to an acidic
compartment,10 where PA; is converted from the
prepore state to an integral membrane, ion-
conductive pore."" The process of translocating LF
and EF into the cytosol is linked to the formation of
a pore, but the nature of this relationship is poorly
understood. Within the cytosol these enzymatically
active moieties may then disrupt normal cellular
physiology.

Heretofore, studies of anthrax toxin’s mechanism
of translocation have been focused mainly on the
dramatic conformational changes occurring in PA;
upon acidification,"'? and no study has addressed
the acid-induced changes in the individual
A moieties, LF and EF. PA;’s prepore structure
revealed that the central lumen is too small to
accommodate native LF or EF," necessitating some
degree of protein unfolding for efficient trans-
location. In accordance with this idea, disulfide-
stabilized and liganded protein fusions of LFy with
either diphtheria toxin A domain or dihydrofolate
reductase have reduced translocation efficiency
significantly.'"* Thus, stabilized toxin fusions
suppress an unfolding event that is required for
translocation of EF and LF.

Here, we focus on the pH-dependence of the
equilibrium folding stability of LF and EF’s
highly homologous ~250 residue amino-term-
inal domains (LFy and EFy). These domains
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share 35% sequence identity;'> and a threading

algorithm'® predicts that EFy’s fold mirrors that
of LEN (Figure 1B).)” These domains are necess-
ary and sufficient for binding to PA; and are
able to undergo PAj;-mediated translocation into
the host’s cytosol. Furthermore, fusing LFy to
some, but not all, heterologous proteins was
shown to potentiate them for PAj;-mediated
translocation.'*

By fluorescence and circular dichroism (CD)
spectroscopy, LFy and EFy unfold via a four-state
mechanism. The native-to-intermediate transition
is destabilized upon reduction in pH, leading to
significant population of a “molten globule” (MG)
intermediate.”®" This acid-induced MG unfold-
ing mechanism was previously hypothesized*
and experimentally determined to be crucial to
the translocation of some other bacterial toxins
across cellular membranes.”*® Endosomal acid-
ification may destabilize proteins that are stable
and folded at neutral pH, allowing them to
translocate into the host’s cell in the absence of
ATP-driven cellular factors commonly required to
facilitate unfolding. This translocation pathway, in
the case of anthrax toxin, depends on the
formation of a 14-stranded B-barrel molecular
tube””*® (akin to that formed by staphylococcal
a-hemolysin)® that chaperones the acid-destabi-
lized moieties, LF and EF, across membranes.
Because a disproportionate amount of secondary
structure remains intact in the MG, we model
whether residual secondary structure is compa-
tible with the dimensions of PA pore’s mem-
brane-spanning molecular tube. Even the
bulkiest secondary structure, a-helix, is shown
to be accommodated by PA’s lumen, making
such residual structure less of a factor than
anticipated.
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Figure 1. A, Model of anthrax toxin entry into cells: 1, Binding of PAg; to its cellular receptor; 2, proteolytic activation
of PA and dissociation of PA; 3, self-association of monomeric PAg; to form the heptameric prepore, PAy; 4, binding of
EF/LF to PA7; 5, endocytosis of the receptor /PA;/ligand complex; 6, acid-induced insertion of PAs; and translocation of
EF and LE. B, Structure of LFy, residues 27-263 of LFY with a modeled amino terminus: a-helix (blue; 42%), B-sheet
(green; 13%), and loop/coil (gray; 46%). FRET dyes, AF488 and AF546, are attached at residues 14 and 242, respectively.

All 14 native Tyr residues are depicted.
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Results

Derivatization of LFy and EFy with fluorescent
dyes

The constructs used,'® based on the structure of
LF,'” were engineered by site-directed mutagenesis
to have two Cys residues, introduced near their
amino and carboxy termini. These sites are expected
to be within 40-60 A in the folded form (Figure 1B).
Two differently colored, maleimide-reactive fluor-
ophores were coupled to the dual-Cys proteins
using a multi-step procedure. First, a stoichiometric
equivalent of Alexa Fluor 488 Cs maleimide (AF488)
was reacted with the protein, and the reaction
mixture was fractionated by anion-exchange chro-
matography. A peak containing a single equivalent
of AF488 per protein was then reacted with an
excess of the second fluorophore, Alexa Fluor 546
Cs maleimide (AF546), and the dual-labeled pro-
duct was purified. The final preparations, referred
to as LFy and EFy, contain between ~0.8 and 1.2 eq
of each dye.

Fluorescence resonance energy transfer (FRET)
characterization of LFy and EFy,.

Knowing the relationship, E(R) = RY/(R$ + r°) and
the ~60 A Forster distance, R,, for the two Alexa
Fluor dyes, we determined the FRET distance, 7, for
LFy and EFy, using a ratiometric protocol. 30 FRET
efficiencies, E, generated r values for native LFyand
EFy of 55(42) A and 53(+3) A, respectively (pH
6-9). Measurement integrity depends strictly on
how uniformly a protein preparation is labeled with
a single donor and acceptor, however, r is consistent
with the crystal structure,’ con51der1ng the lack of
ordered structure in LFy’s amino terminus (first 27
residues) and the long Cs linkers on each fluor-
ophore. Finally, the addition of high concentrations
of guanidinium chloride (GdmCl) eliminated FRET
in LFy; sensitized emission of the acceptor
decreased while donor intensity increased,
indicating expansion in the inter-fluorophore
distance far beyond R, (Figure 2A).

Analysis of small-angle X-ray-scattering studles
of proteins denatured by chemical denaturants®
estimates that the radius of gyration (Ry) of
denatured LFy (~250 residues) should be ~53 A.
From an ideal relationship between the root-mean-
squared end-to-end distance (fend-to-ena) and Ry,
(Rg ¥ =(Fend-to-ena)/6, the predicted inter-fluoro-
phore distance in 6 M GdmCl denaturant is
~130 A. Our estimates of 7 for the unfolded state
(U) in 6 M GdmCI show that it is >110 A and
beyond the limit of the FRET pair’s useful range,
indicating, therefore, that U approximates an ideal
random-flight chain.

FRET equilibrium denaturation profiles are four-
state

We then probed the equilibrium denaturation

profiles of LFy and EFy using the ratio of the
570nm and 520 nm band intensities to report
denaturation. At neutral to high pH values, the
GdmCl profiles could not be fit adequately to either
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Figure 2. FRET spectra and denaturation profiles.
A Fluorescence spectra of LFy (excitation by 488 nm
* line) in the absence (continuous line) and presence
(broken line) of 3 M GdmCl, pH 8. FRET GdmCl profiles
at 20 °C for (B) LFy and (C) EFy at different pH values.
Signals (ratio of intensity at 520 nm and 570( £ 16) nm) are
fit to a four-state model. Fit parameters are shown in
Figure 6. Profiles are normalized such that 6y for either
protein is defined as zero and 6y is unity.
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a two-state or a three-state equilibrium denatura-
tion model without significant systematic devi-
ations in the residuals. Rather, they are best fit by
a four-state model, N~ 1+ J < U (Figure 2B and C;
Materials and Methods). Here, two intermediate
forms, states I and ], are populated, as the native
state, N, was denatured to the fully unfolded form,
U. The standard free energies, AG, for each of the
three transitions, N—1,1—], ] — U, are calculated in
the absence of denaturant and are compiled in
Figure 6.

To corroborate the four-state thermodynamic
model, we examined the denaturant-dependence
of the free energy changes, or m-values.’*>> The
m-values, which report on the amount of
denaturant-sensitive surface area exposed durin
an unfolding transition, are ~ 3.6 kcal mol M1
T4kcalmol "M ™! and 1.1kcalmol 'M~"' for
myy, my and myy, respectively (Table 1), totaling
~6kcalmol "M ™! for the N—U transition
(1 cal=4.184]). The expected value calculated for
a 263 residue protein is 6.0 kcal mol~ ' M~ 'or
5.6 kcal mol ~! M~ !, depending on whether surface
area is estimated by LFy’s number of residues or its
structure.!’?*3> Nonetheless, when two-state and
three-state curve fits are applied, the resulting
total myy values of 1.5kcalmol 'M™! and
2.4 kcal mol ' M ™!, respectively, are significantly
less than expected.

We also calculated FRET distances, 7, from pH
7-10 using the individual signal amplitudes, 6; and
), of the intermediates, I and ] (Materials and
Methods). Here, we assume, to a first approxi-
mation, that the FRET efficiency is zero in the
unfolded state and use the native state’s r values
estimated above. Therefore, the FRET distances for
states I and ] are 59(£3) A and 103(%5) A,
respectively, for LFy and 67.6(+0.2) A and
97(£5) A, respectively, for EFy.

While free energies defining the transitions” stab-
ilities (AGny, AGyy and AGyy) are generally unaffected
at neutral to mildly basic pH values, AGyy, AGyy and
AGyy are destabilized to various degrees from pH7 to
5.5. AGny is most destabilized followed by AGyy,
while AGy; is destabilized only subtly. As the pH is
lowered from 5.5 to 3.5, AGyjy continues to destabilize
such that N is no longer detectable, while AGy; and
AGyy stabilize significantly.

Table 1. Equilibrium stabilities and m-values

Tyr fluorescence GdmCI profiles

LFy and EFy have no tryptophan residue, but
have many tyrosine residues (14 and ten, respect-
ively; Figure 1B). Fluorescence (Fl) spectra of GdAmCl
denatured LFyn in 5M GdmCl show that U is
quenched relative to N (Figure 3A). At neutral to
mildly basic pH values, GAmCI profiles recapitulate
the four-state mechanism. We observed that LFy’s I
state is hypochromic relative to N (36(£10) %
quenched), whereas EFy’s I state is hyperchromic
relative to N (28( £7) % de-quenched; see also Figure
5A). For LFy, the relative signal level changes for
N—I -], and ] — U are remarkably well resolved,
as —36(+10) %, —37(x11) %, and —27(+2) %,
respectively, of the total N— U signal change from
pH 6.5 to 85 (Figure 3B). EFy\’s relative signal
changes for N—I, I—], and J—U are also
well resolved, as +28(£7) %, —107(£5) %, and
—21(£2) %, respectively, where the positive
percentage change in the N—1I signal change
indicates a hyperchromic shift (Figure 3C). For either
protein, the | state is hyperchromic relative to U,
representing ~25% of the total N — U signal change.
Observed hyperchromicity in EFy’s N — I transition
versus LEN’s hypochromicity may be explained by
the environments of three non-conserved Tyr resi-
dues’ phenol side-chains in LFy (residues 108, 118,
and 120) that are largely buried (or 30%, 15%, and 8%
solvent-exposed, respectively). These residues may
be disrupted in I, thereby explaining the change in
sign of the signal change for the two proteins. Tyr Fl
and FRET denaturation profiles could be fit simul-
taneously at a given pH using shared AG and m-
value parameters, showing that the two probes
report consistent pH-dependent stability changes
(Figure 6).

Far-UV CD

To confirm the four-state model and assess the
secondary structure content of the four states,
far-UV CD spectra were recorded from pH 2-8
for LFy and EFy in the absence of denaturant
(Figure 4A and B). The secondary structure content
of LFy as judged by its structure (Figure 1B)" is
42% o-helix, 13% B-sheet, and 46% random coil.
Spectra at pH 8 for LFy and EFy estimate the molar

Protein Transition AG® (kcal mol ™1 m (kcal mol ' M1
LFy N-—I —2.5540.01 (—2.574+0.01) 3.59+0.05
I-] —1.524+0.01 (—1.524+0.01) 1.37+0.03
J-U —3.631+0.02 (—3.6610.01) 1.05+0.05
N-U —7.70+0.02 (—7.754+0.02) 6.011+0.08
EFn N-I —1.04+0.01 3.6740.09
I-] —1.8040.01 1.44+0.03
J-U —4.13+0.02 1.1940.04
N-U —7.004+0.02 6.31+0.1

AG?®, the equilibrium stability in the absence of denaturant at pH>>pK, is calculated from the data in Figure 6 by equation (3). Values in
parentheses for LFy are from fits using fixed pK values for the unfolded state (Table 2). The m-values for the N — I transition are obtained
by globally fitting all denaturation profiles from ~pH 6-9; m-values for the -] and ] » U transitions are obtained using all the available

data.
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Figure 3. Tyr fluorescence spectra and denaturation
profiles. A, Native Tyr Fl at pH 7.5 (excitation
275(#£8) nm; continuous line) reports on denaturation
by 5M GdmCl (broken line) as a reduction in intensity.
Representative Tyr FI GAmCI profiles at 20 °C for (B) LFy
and (C) EFy at different pH conditions (excitation
275(+8) nm; emission 320-340 nm) are fit to four-state
models. Fit parameters are shown in Figure 6. 0y for
either protein is defined as zero. 6y for LFy, which has a
hypochromic 6, is normalized to unity, whereas the
hyperchromic 6; for EFy is normalized to unity.

ell1pt1c1t1es at 222 nm as —8600 and -—
9600 deg cm” dmol !, respectively. The smaller
molar ellipticity determined for LFy relative to
EFy may reflect the fact that LFy contains about ten
more unstructured residues than EFy on its N
terminus. These molar ellipticities are shghtly lower
than predicted using Wetlaufer basis spectra, but
each protein contains a 21 residue N-terminal Hisg
tag that is expected to be “random coil”. Further-
more, the first ~27 residues on the N terminus of
native LFy (~17 residues of EFy by homology) are
either dlsordered or not present in the X-ray crystal
structure.'” When including the His-tag leader, the
predicted molar elhpt1c1ty at 222 nm for LFy is —
10,600 deg cm* dmol ~'. Upon further acidification,
LFy loses <10% of its secondary structure as
determined by CD at 222 nm, while EFy loses
~25% of its structure.

AG and m-value parameters from denaturation
profiles monitored by CD at 222 nm (Figure 4C and
D) agree with fluorescence measurements (Figure 6).
For either protein, AGyy is destabilized dramatically
as the pH is lowered from 8 to 5. By pH 2, the N—1
transition is undetectable. Average signal changes in
the profiles at pH 5 and 8 for LFyare —22(411) %, —
61(+13) % and —17(£2) % of the total molar
ellipticity for the N—1I, -], and J— U transitions,
respectively. Corresponding CD signal changes for
EFy are —19(%2) %, —69.3(£0.4) % and —12(£2)
%. For either protein, the I—] transition maintains
the largest percentage change in secondary struc-
ture. ] states consistently retain some residual
secondary structure content, ~10-20% of N, while
U had no detectable ellipticity.

Tyr fluorescence H™ titrations

To corroborate the observed acid-induced desta-
bilization of the native state, H" titrations were
performed in the absence of denaturant. pH was
monitored continuously using a microelectrode
(Figure 5A). From pH 8 to 5.5, LFy and EFy
demonstrate their respective characteristic hypo-
chromic and hyperchromic shifts as N depopulates
and I populates. These intensity shifts are consistent
with denaturation profiles in this pH range
(Figure 3B and C). As stated above, the change in
intensity may reflect the differing environments of
non-conserved Tyr residues, which are buried in the
N state but are more exposed in the I state.
Alternatively, non-conserved Tyr residues may be
quenched differentially in the I state by neighbori ng
weakly basic side-chains from His,”” Asp and Glu
residues or acetate buffer,”® because weak base
carboxylate groups are known to quench by
interacting with the excited sl states of Tyr by
weak base-catalyzed deprotonation of the phenol,
creating less fluorescent tyrosinates.””*® Further-
more, LFy and EFyN’s Tyr fluorescence intensity
increases sharply below ~pH 5.4, which is near the
pK, range, 4.2-5.3, expected for tyrosinate.””** This
Tyr fluorescence quenching mechanism implies that
large-scale conformational fluctuations and
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Figure 4. CD spectra and denaturation profiles. Representative CD spectra for (A) LFy and (B) EFy each at pH 8.0
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and (D) EFy at pH 8 (triangles), 5 (circles), and 2 (squares). Profiles are fit to a four-state model. Fit parameters are plotted

in Figure 6.

significant solvent penetration dominate I. These
complex photophysics, however, preclude unam-
biguous assignment of N and I signal baselines and
further thermodynamic analysis.

4,4'-Dianilino-1,1'-binaphthyl-5,5'-disulfonic
acid (bis-ANS) fluorescence

We further characterized the N—1I transition
using bis-ANS fluorescence to determine if I is a
molten globule.*’ Bis-ANS is essentially non-fluor-
escent until it is bound to apolar sites on a protein;
native proteins often do not bind the fluorophore.
For LFy and EFy;, pH titrations reveal an increase in
bis-ANS fluorescence that begins at ~pH 7 and
plateaus at ~pH 4.5 (Figure 5B). The acid-stabilized
I state, therefore, has more apolar bis-ANS-binding
sites exposed than the native state. While bis-ANS
has considerable hydrophobic surface, it also has
two negatively charged sulfonate groups. Thus,
some of the additional bis-ANS binding in the
acidic pH range may be due to the protonation of
Asp/Glu carboxylate groups, which reduces

electrostatic repulsion. Nonetheless, the intensity
increase is consistent qualitatively with the
exposure of significant hydrophobic surface in an
MG-like I state.

Fluorescence anisotropy H™ titrations

We explored several options for characterizing
the N—1 transition by H™ titration in the absence
of denaturant. Some probes have complex
pH-dependent photophysics (Tyr, AF488) or bind-
ing properties that artificially drive the thermo-
dynamic transition (bis-ANS). Far-UV CD lacks
reasonable signal changes for the two proteins;
and near-UV CD is promising, but requires
greater concentrations of protein (data not
shown). Fluorescence anisotropy, however,
is advantageous to the study of pH-dependent
protein conformational changes, because it is
generally insensitive to pH-dependent changes
in fluorophore quantum yield, as the signal is
ratiometric. Fluorescence anisotropy senses differ-
ences in fluorophore mobility that are expected
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when fluorophores change environments as differ-

ent conformational states are populated. We mon-

itored Tyr Fl anisotropy in the absence of

denaturant as a function of pH. LFy showed a

slight, but significant, increase in anisotropy

(Figure 5C). The titration curve was fit initially to

a single N—1 transition (equation (3)), since I was

more stable than J, and ] was more stable than U. In

theory, J should be populated maximally at ~5%

near ~pH 5.5 (see Figure 8B), but the data were not

of sufficient quality to include the minor popu-

lation. The pH profile also agrees with separately

measured AGyy values determined from GdmCl

profiles; therefore, pH titration profiles were fit
globally with all the available thermodynamic data

(Figure 6A). EFy, however, had such a small Tyr
anisotropy signal change that thermodynamic

analysis was not feasible (data not shown). H*

titrations probed by fluorescence anisotropy of
directly excited acceptor fluorophores, AF546, in
LFy and EFy were performed. From pH 8 to 4, LFn
shows an increase in AF546 Fl anisotropy (data not
shown), whereas EFy’s anisotropy decreases from
0.17 to 0.15 (Figure 5D).

AG pH dependencies

Inspection of the global pH-dependence of the
Gibbs free energy changes (Figure 6) shows that a
minimum of two classes of titratable/ionizable
groups are required to describe the stability
changes: one for the destabilization of AGy;, AGy
and AGjy from pH 7 to 5 and a second for the
stabilization of AGy and AGy from pH 5 to 3. In
quantifying the conformational stability changes,
we im lemented a linked equilibrium binding
model*'™ that relies on the unifying formahsm
pointed out recently by Hilser and colleagues.**
This linked equilibrium model demonstrates that
presumed pH-dependent changes in m-values are
indicative of the population of an intermediate.
Therefore, we fit all denaturation profiles for the
three different optical probes using a shared set of
m-values, which are invariant with pH (Table 1),
and obtained AG for each transition as a function of
pH. AG versus pH (Figure 6) was then analyzed by a
linked equilibrium proton-binding model (equation
(3)) with two classes of ionizable residues: class 1,
His; and class 2, Asp/Glu (subscripted 1 and 2
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Figure 6. Gibbs free energy pH dependencies. A, LFy
and B, EFy free energy pH-dependence at 20 °C for each
transition, AGn; (black symbols), AGyy (red), AGyy (green),
determined from fits to native Tyr Fl (open circles), FRET
(filled circles), and CDa2; nm (Open squares). To compen-
sate for missing AGyy stability information below pH 5, Fl
anisotropy H™ titrations carried out in the absence of
denaturant (Figure 5C and D) were fit simultaneously
with the data in A and B using equation (3) (R* of 0.996
and 0.993 for LFy and EFy, respectively.) C, Four-state
linked thermodynamic scheme with two tiers of proto-
nation states, H1 1" and H2™; thermodynamic values are
given for LFy.

throughout). It was difficult to estimate AGy; below
pH 5, so we included fluorescence anisotropy H™
titrations (Figure 5C and D) in the AG versus pH fit
minimization. As a result, we were able to deter-
mine pK values and the number of stability-altering
ionizable groups, n (Table 2).

Class 1, histidine

The number of class 1 titratable groups, which
affect stability, are ~4 and 2 for LFy and EFy,
respectively, with pK values that range from 6.6 to 4
(Table 2). For LEy, we find that pKy ; was near the
expected intrinsic value of histidine,*> where PKj 1,
pKi1, and pKy1 are successively more depressed.
As pK shifts e(}uate to a change in equilibrium
stability (AAG™'™), LFy\’s pattern of successively
depressed pK values manifests in a strong destabi-
lization of AGyy (~4 kcal mol ') and milder desta-
bilizations of AGy and AGyy (~1kcalmol ' in
either case; Table 3) by mass action.*****” This
observed acid-denaturation behavior and the range
of measured pK values suggest that these residues
are desolvated histidine residues. Similar depressed
pK values for desolvated His residues, which
destabilized the native state, have been observed
in agomyoglobin‘ls’m and staphylococcal nucle-
ase.**>™* In apomyoglobin, the observed acid-
induced transition from N —1is driven by a couple
of His residues with very depressed pK values,”
which may be considered “hot spots”.*””'* The
alternative view that the loss of globally dispersed
charge—charge interactions is responsible for the
acid-denaturation is less likely, since such inter-
actions are generally weaker.”” >’

Under a hot spot hypothesis, analysis of largely
desolvated His residues in LF'” and EF°® (where
those in EFy are determined by sequence align-
ment) reveals ten and five residues, respectively,
that are >90% desolvated. H91 of LF (96%
desolvated) is conserved in EF and may aid in
unfolding the amino-terminal domain. Two 100%
desolvated His residues in LF, H686 and H690, are
responsible for catalytic function,” suggesting their
dual role: acid-induced denaturation for efficient
translocation coupled to catalytic function. Interest-
ingly, LF’s H229 is crucial to its binding interaction
with PA'® and is 91% desolvated, implying a dual
role as well.

Class 2, aspartate/glutamate

There are two and four class 2 stability-altering
groups in LFy and EFy, respectively, with pK values
that range from 4.1 to 5.4 (Table 2). For LFy;, we find
pKuz is 415+£0.06 and very near the intrinsic
values for Asp or Glu,* and pKj2 and pK;, are
successively more elevated. Therefore, the protona-
tion of these acidic residues is stabilizing, leading to
increased population of I and J. The reduction of net
negative charge may stabilize these condensed,
intermediate states, since these proteins have low
isoelectric points due to their high content of acidic
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Table 2. Proton affinity and stoichiometry

His class® Asp/Glu class®
Protein State pKi n pK> Ny Constraints® R?
LFy N 5.34+0.08 3.6+04 5.44 1.7£0.1 PKn2=pKio 0.996
1 6.211+0.04 5.4440.05
] 6.39£0.05 4.65+0.03
U 6.5710.06 4.15+0.06
LFy N 5.4540.02 3.7240.06 5.42° 1.67£0.03 pKy1=6.6 0.997
1 6.24+0.01 5.4240.03 PKn2=pKi2
] 6.411+0.01 4.63+0.01 pKun.=41
U 6.6° 4.1°
EFn N 39+1 1.74+0.05 4.83° 3.8+0.2 pKu,1=6.6 0.993
1 5.371+0.07 4.83+0.05 PKn2=pKi2
] 6.0910.02 4.36£0.01 pKu.=41
U 6.6° 4.1°

Parameters are from fits (equation (3)) to the pH-dependence of AG for each transition (Figure 6); goodness of fits are reported by R2.
2 Subscrlpts of pK and n parameters are 1 and 2 for His and Asp/Glu classes, respectively.
® Fit model constraints for pKy are based on those obtained from model compounds.*®

residues. Interestingly, when these class 2 sites are
fully protonated AGyy is more stabilized (—2.9 to
—37kcal mol ™ 1) than AGpy (—1.1 to —1.3 kcal
mol~'; Table 3), demonstrating that the more
condensed I state receives more stabilization than
the expanded J. The trend may reflect the fact that
repulsive electrostatic interactions have shortened
length scales that affect compact intermediates
more significantly than extended conformers.
Compaction also implies increased desolvation in
I, which favors elevated pK values, since burial of
ionizable groups in the uncharged form is less
costly. Because ~50 Asp or Glu residues dominate
the surface electrostatics of LFy and EFy, acidic
residues may Contrlbute as a general collective
force, attracting H™ to the protein through
coulombic interactions, elevating their own pK
values. As we observed, more compact

intermediates express this pK elevation more
readily than less compact intermediates.

Desolvation and relative pK shifts

The aforementioned solvation effects implicated
in the observed pK shifts led us to determine
whether these shifts correlate generally with
relative surface area burial assessed from m-values.
We compute cbe as the fraction of the free energy
change in the trans1t1on between two arbitrary
states, i—j, relative to the total change by:

q) (1 —j) = AAGH+/AAG
where (Table 3):
AAGH™ =230 nRT(pK; — pK))

Table 3. Proton binding stability changes, ¢-values, and relative surface area burial

AAGHl+a AAGH2+a
Protein Transition (kcal mol 1) (kcal mol ™ 1) d)HH'b d)}fq“b Beq®
LFy N-I 42406 04 0.71+0.09 0d 0.60+0.01
(3.9+0.1) (0.69+0.02)
-] 09403 -1.8402 0.1540.05 0.6140.06 0.2340.01
(0.8540.06) (—1.7740.08) (0.15+0.01) (0.60+0.03) [0.58+0.01]°
J-U 0.940.3 -1.14+02 0.1540.06 0.39+0.06 0.1740.01
(0.9540.03) (—1.1940.03) (0.17£0.01) (0.4040.01) [0.43+0.01]°
N—-U 6.0+0.8 -29403 1¢ 1¢ 1°
(5.7+0.1) (—2.9540.09)
EFn N—I 3+2 04 0.5+04 04 0.5840.02
I-] 1.740.2 —24403 0.340.1 0.64+0.08 0.2340.01
[0.55+0.01]
J-U 1.1940.06 —1.34+0.08 0.2040.07 0.36+0.03 0.1940.01
[0.45+0.01]°
N—-U 6+2 —3.8403 1¢ 1¢ 1¢

* AAG values for an i—j transition are calculated by AAG;‘Jr =

calculatlons from fit parameters using fixed pKy values.

2.30 nRT(pK; — pK;) using values in Table 2. Parentheses designate

 Fraction of the total equilibrium free energy change due to protonation in a given transition, i—j, is calculated by

deg (i—)) = AAG/AAGRY.

¢ Relative surface area burial, B.q, is defined as m;;/myy for ani—j transition. Values in square brackets are for the correlation analysis
of class 2 residues in Figure 7: due to the inability to assess pKn 2, my is used instead of myy.

4 Zero by definition.
¢ Unity by definition.
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For a metric of relative surface burial, we use B,
which is calculated analogously from m-values by
Beq = mij/myy (Table 3). For class 2 residues, we are
unable to assess pKy» and used myy instead of mny
in the calculat1on of Beq. A significant correlation
between d) and B4 is observed with slope near
unity, 1. 02+0 05 (R-value of 0.936; Figure 7). It may
be argued that the correlation reflects the fact that
titratable residues with altered pK values are
distributed over the surface of the protein; however,
when specific hydrophobic core residues are
mutated, the correlation is recapitulated (unpub-
lished observations). Therefore, pK shifts may be
due to either (i) global changes in side-chain
desolvation and/or (ii) the compaction of charge,
which collectively alters the electrostatic field
protons encounter when binding the protein. Only
the former can apply to class 1 His residues, which
have depressed pK values, whereas a combination
of the former and latter may apply to the class 2
acids, which have elevated pK values. Interestingly,
desolvation is directly and compaction is indirectly
expressed in Beq, contributing to the high degree of
correlation.

Discussion

Four-state equilibrium unfolding mechanism

Denaturants are commonly employed in the
analysis of a protein’s unfolding mechanism,
because they allow species that are undetectable
under native conditions to be quantified. 334360 The
denaturant-dependence of the change in stability is
extremely linear, allowing for the facile determi-
nation of the free energies of 1nd1v1dual trans1t10ns
Using optical spectroscopy methods,” we have
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Figure 7. pK shifts and desolvation. Correlation of
relative surface area buried, Beq, and relative change in
equilibrium stability due to protonation, d)eq+, for the
three transitions in LFy and EFy at class 1 and 2 sites
(Table 3), which is fit through the origin (slope of 1.02 +
0.05; R-value of 0.936).

identified a four-state mechanism, Nelo]J<U,
through the observation of three inflection points in
denaturant titrations. Less sophisticated two-state
or three-state models led to significant systematic
deviations in fit residuals. Denaturant m-values, the
linear proportionality constant for a given
transition’s free energy and denaturant concen-
tration, are related empirically****®' to the solvent-
accessible surface area difference between
compared states (AASA). Therefore, we validate
this thermodynamic model by comparing the
measured m-values to the ASA burial change
predicted by the structure in the N — U transition.”*
Rigorous assessment of m-values allows for detec-
tion of intermediates that may be masked when
intermediates have signal levels similar to that of
the native or unfolded states.”> Supporting this
view, we find that two-state or three-state models
underestimate the expected myy-value signifi-
cantly, by fourfold and by 2.5-fold, respectively.

Molten globules and multi-state equilibrium
unfolding

a-lactalbumin and

Bovine sperm whale
63,64

myoglobin are classic examples of proteins
with three-state equilibrium unfolding mechan-
isms, NI+ U. a-Lactalbumin unfolds via an MG
intermediate (also referred to as the A-state) that is
populated heavily under acidic conditions or in
moderate concentrations of denaturant in the
absence of Ca®" 2% This I state retains signifi-
cant secondary structure as determined by CD
studies,®® and is nearly as compact as the N state,®”
yet despite the rapid accumulation of secondary
structure as unfolded protem folds to the I state as
detected by CD stopped-flow,*® hydrogen exchange
(HX) studies show dynamic acce551b111ty to the I
state’s backbone amide groups.*” For apomyoglo-
bin, the acid-stabilized MG 1 state, while more
stable than U, is closer in Gibbs free energy to U
than N.”° The acid-stabilized MG I state, however, is
complex; that is, while HX protectlon is observed in
helices A, G and H of the I state,”" site-directed
mutants demonstrate more significant destabiliza-
tion of N than I, reveahng that tertiary interactions
in T are “loose”.”* Likewise, aromatic near-UV CD
signals® are not preserved in I, indicating a similar
loss of tertiary structure in a-lactalbumin.

Four-state equilibrium unfoldmg systems,
N<—>I<—>]<—>U include DnaK,” fibronectin type 111
domain,” g-subunit of try];tophan synthase,””®
bovine carbonic anhydrase,”” and staphylococcal
B-lactamase.”® Low-temperature studies on the
latter two reveal both an MG, compact intermediate
(~10%>N) and a second, less compact, partly
folded, pre-MG intermediate (~30%>N). Hydro-
dynamic and small-angle X-ray-scattering studles
on I1 and 12 of a-subunit of tryptophan synthase”
demonstrate that while I1 is compact like a MG, 12 is
expanded and nearer to the unfolded state but has
residual structure.”
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LFy and EFy have acid-induced molten globule |
states

The I state is shown to be the predominant form
under acidic conditions (~pH 5) encountered in
endosomes (i.e. in the absence of denaturant;
Figure 8A and B). I retains large amounts of
secondary structure as determined by far-UV CD
(75-90% of N; Figure 3A and B). Yet the acid-driven
transition to I liberates ~60% of the native buried
ASA (Figure 8B; Table 3). Moreover, acid-induced
ASA exposure is confirmed by bis-ANS binding,
revealing that the exposed surface is hydrophobic.
Near UV-CD studies reveal a loss of aromatic
chirality in I (data not shown). Our unpublished
Ala/Gly mutagenesis experiments show consist-
ently that at nearly all sites across the protein ~70%
of the AAG for each substitution is realized in N,
demonstrating that most tertiary interactions are
substantially diminished in I. Amino-to-carboxy-
terminal FRET distance (r) measurements estimate
that T (~60 A) is compact and closer in this
dimension to N (~55A) than U (>110 A) In
summary, I is compact, contains substantial
secondary structure but little native- hke tertiary
structure, and consequently, ~14,000 A2 of surface
is exposed in the acid-induced transition.

J is expanded and largely unfolded

The second intermediate, ], shows much less
secondary structure content than I. J is more
exposed to solvent, as shown by m-value analysis
(Beq, Table 3), and its largely quenched Tyr
fluorescence signal. Furthermore, FRET distance
measurements demonstrate significant expansion
inJ (~100 A) relative to N (~55 A). Interestingly, |
is populated maximally (~5%) in the absence of
denaturant between pH 5 and 5.5, the physiological
conditions expected in endosomes (Figures 1A and
8B). The implication of the minor population of ] to
translocation, however, is unclear, although it is
expected that the translocation intermediate is a
threaded polypeptide in a more extended
conformation.

Protein unfolding and translocation

The translocation machinery of anthrax toxin
(Figure 1A) is contalned in the PA moiety. PA;, upon
heptamerization,” can bind up to three molecules of
LF and/or EF smlultaneously Endocytosis of PA-
liganded by LF and EF is followed by the trafficking
of vesicles containing these complexes to an acidic
compartment in the cell.'"” Endosomal ac1d1f1cat1on
then drives PA; to an ion-conductive pore form'!
with a 14 stranded [-barrel that spans the mem-
brane.”””® LF and EF presumably cross via the
lumen of the B-barrel, but the lumen is narrow, 1181
~15A in diameter based on the structure of
staphylococcal a-hemolysin® (Figure 9A and B).

Our work shows how large, stably folded proteins
like LF and EF at neutral pH can be destabilized and
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Figure 8. Four-state pH-dependent equilibrium stab-
ility model. A, Four-state free energy diagrams for LFy. B,
Simulation of the pH-dependence of the fractional
population of the four states (upper panel) and the
overall degree of surface area buried relative to U** (lower
panel) for LFy (continuous line) and EFy (broken line). C,
Simulations of the GAmCl-dependence of the fractional
population of the four states at pH 7.5 (upper panel) and
pH 5 (lower) for LEy.

partly unfolded under acidic conditions to MG I
forms in the absence of ATP-driven chaperones.
Regardless of whether the MG I forms of LFy
and EFy are genuine equilibrium intermediates
or more compact denatured states that contain
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significant “residual structure”, these structures,
comprised of ~8000 A? of bur1ed surface and
about —8000 deg cm? dmole ™! (CD2s nm) of second-
ary structure content, must be either disassembled
prior to or accommodated during toxin transloca-
tion. The translocation problem, therefore, should
consider two key questions. (i) What is the balance
of energetic factors that must be overcome upon the
conversion of LFy from a soluble molten form to the
“translocating form” that is passable via PA pore’s
lumen? (ii) What are the steric or geometric
constraints of polypeptide translocation through a
lumen? Namely, which types of likely regular
backbone polypeptide conformations can pass
through the lumen?

Native state destabilization and dissociation
from PA

Once in endosomes, the initial and likely limiting
step in the process of anthrax toxin translocation

involves the acid-induced destabilization of the
native folds of LF and EF. Desolvated His residues
(i.e. having pK values of ~5 in N) may be, upon
protonation, larﬁely responsible. Cell-based trans-
location studies™ show that efficient translocation
requires pH values below ~5.5 in agreement with
the acid-induced N state destabilization observed
here (Figures 6A and B, and 8A and B). Recent
unpublished data also show that in planar lipid
bilayer studies, LFy translocates via the PAz-pore
efficiently (under a+50 mV membrane potential) at
pH 55 but not pH 6.6, in agreement with our
current data.

In conjunction with this acid-induced destabili-
zation, the protein must dissociate from its native
state/neutral pH binding site. The largely desol-
vated H229 in LF and H220 in EF have been shown
to be involved in the binding interaction with PA
pre-pore heptamer at neutral pH."” The acidifica-
tion of H229 may help LF dissociate from its native/
neutral pH binding site. Our unpublished
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Figure 9. Secondary structure compatibility with PA’s B- barrel lumen. A, Model of PA’s 14-stranded B-barrel (green)

based on staphylococcal a-hemolysin, * PAzs pre-pore structure' and other studies,

2728 where LFy (residues 1-66 in an

a-helical conformation; blue) is in the lumen. Probability contours of the atomic densities, (B) P(x,y) in a bird’s eye view
(left) and P(z,r) in a radial cross-section view (right), demonstrate little side-chain steric hindrance for a translocating a-
helix from LFy (red contours) in the 14-stranded B-barrel’s lumen (black contours). Outermost contours are 1 atom/AZ.
C, Average residue volume, (v), calculation on PA and homologues (PA homologue from Bacillus cereus G9241 (red), Iota
toxin from Clostridium perfringens (green), ViplAC from B. thuringiensis (blue), PA from B. anthracis (cyan), and Sb
component from C. spiroforme (magenta)), using a running window of six residues. Three bins of (v) for PA and all
homologues (thick black line) were made using sequence ranges 1-274, 275-352, and 353-700, where the central bin is the
identified luminal B-strands of PA;?® bin averages are 106(16) A3 94(+5) A% and 105(+6) A® , respectively.
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fluorescence data indicate that LFy changes confor-
mation, dissociating from the native/neutral pH
binding site in a pH-dependent manner, in agree-
ment with these acid-denaturation studies. Of
course, the binding of LFy to PA is in linked
equilibrium with LFy’s conformational stability;
therefore, acid-induced destabilization of LFy
ultimately weakens its apparent affinity for PA at
the native/neutral pH binding site.

Conversion of molten globule to a
translocatable conformation

Remaining challenges for understanding translo-
cation involve the MG intermediate’s residual
structure, i.e. retention of native-like secondary
structure as well as ~30% of its native buried
surface. The energetics under acidic endosomal
conditions (~pH 5) are favorable, however, since
this MG form is at its minimal stability, only
~1.5kcal mol ! more stable than the expanded J
state (Figure 6A and B), which has onlg ~3600 A of
buried surface and —2500 degcm?® dmol ' of
CD222 nm- Also, unpublished observations show
that tertiary interactions in the MG are loose, i.e.
<30% of AAGyny- Thus, under acidic conditions the
more compact I state is weakly stabilized over the
more unfolded ] form: favorable energetic inter-
actions gained upon binding inside of PA’s lumen
may balance the slight penalty paid in melting
residual structure in the MG.

Because negatively charged residues are more
prevalent than positively charged residues on the
surfaces of LFy and EFy;, and the pore form of PA is
cation selective,!! another critical factor in the
conversion of the MG form to a translocatable
form is the reduction of net negative charge. Here,
the desolvated environment expected in the narrow
lumen of PA pore (see Figure 9) probably aids in
elevating these acidic residues’ pK values. This
effect is noted in the correlation of q>gg+ and Beq in
Figure 7, where the relative elevation of pK values
for class 2 acidic residues, ¢LiF, correlates well with
desolvation, or Beq (:omputeccl1 from m-values.

Geometric constraints on translocation

The high content of secondary structure of the
MG I forms led us to investigate the geometric
constraints imparted by PAj-pore’s B-barrel struc-
ture. This 14-stranded B-barrel transmembrane
molecular tube structure has been suggested
recently by its pre-pore structure'® and the alter-
nating pattern of accessibility to sulfhydryl-modifi-
cation in cysteine-substituted mutants of PA
assessed by K™ conductance measurements, using
black membranes.””*® Tetraalkylammonium ion
studies indicated that the lumen is at least ~11 A
in diameter.®! The structure of PA’s B-barrel lumen
is believed to be similar to staphylococcal
a-hemolysin® due to their similar 7-fold
symmetries and the number of hydrophobic
residues spanning the membrane.”” There may,

however, be subtle differences in the angular
alignment or shear, S, in PA’s luminal B-strands.®?
A recent structure of an autotransporter, NalP, has
revealed a 12-stranded transmembrane B-barrel, in
which the lumen of the translocator domain is filled
with an a-helical tail of the passenger domain.®®
Likewise, this model of PA’s B-barrel lumen
(Figure 9A) shows that a-helix may be accommo-
dated, making residual secondary structure in the
MG form of LF and EF less of a factor than
anticipated (Figure 9B). Other backbone confor-
mers, such as extended B-strand or polyproline II, a
common element of unfolded polypeptides,®**° are
considerably more narrow than a-helix. Therefore,
the translocator domain of a 14-stranded B-barrel
tube can pass, in principle, all elements of
secondary structure but probably not tertiary
structure. Analysis of average residue volume, (v),
shows selection pressure in PA and related pore-
forming toxins for smaller side-chains in the
luminal B-strands (Figure 9C). We conclude that
the cross-sectional area of the lumen is optimized
for the passage of even the bulkiest secondary
structural elements, such as a-helix.

We also observed the conservation of small
volume residues with alcohol functional groups,
Ser and Thr, in the lumen’s interior. A prior study of
the inventories of side-chains in related B-barrel
outer membrane proteins in Gram-negative
bacteria® showed general conservation of Ser and
Thr in the interior, luminal face, but did not
conclude on their chemical or steric utility in the
translocation of polypeptides. The simplest expla-
nation may be that these residues best mimic water
and have favorable solvation characteristics for
translocating peptides or substrates. Co-solvent
alcohols, especially 2,2,2-trifluoroethanol,®®
promote o-helical conformations in proteins and
unstructured peptides, probably by favoring back-
bone desolvation.¥?° Also, a-helix formation has
been shown to be coupled with surface area burial
in protein foldin% transition states, presumably due
to desolvation.””? Furthermore, the narrowness of
the lumen (Figure 9B) limits the amount of solvent
that may be permitted to translocate alongside the
polypeptide, enhancing the aforementioned helix-
stabilizing effects.

The snug fit of the a-helix in the structure of
NalP led Oomen et al. to consider that helix is not
the major secondary structural element popu-
lated during translocation, and an accessory
chaperone, Omp85, may assist the translocation
of the passenger domain. However, we conclude
that the lumen can accommodate a-helix, and the
steric constraints and chemical composition of
the lumen’s interior may promote a-helix
formation.

Conclusion

We have demonstrated that LF and EF’s amino-
terminal domains unfold via two intermediate
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states, I and J. State I is a classic MG that is
populated heavily at low pH conditions, consistent
with those physiologically relevant to acidified
endosomes. The pH-dependence is likely attribu-
table to desolvated His residues in N that have
depressed pK values. Desolvated histidine residues
are distributed throughout the structures of LF and
EF. The acid-induced I state contains substantial
secondary structure. Yet sequence analysis and
modeling studies show conservation of small
volume residues in PA’s B-barrel lumen, which
maximize its ability to translocate secondary struc-
tures as large as a-helix but not tertiary structures.
Acid-denaturation of LF and EF define the initial
events of translocation and explain how large
proteins may travel through a narrow channel in
the absence of ATP-driven chaperones. While we
have not studied the full-length ~90 kDa versions
of LF and EF (for technical reasons), future work
will address whether the observed pH-dependent
destabilization of the enzymatic moieties’ PA-
binding domains are recapitulated in their
catalytic domains. Finally, current work demon-
strating that membrane potential is a driving force
for translocation undoubtedly sets the course for
understanding how protein folding is coupled
with translocation.

Materials and Methods
Proteins

K14C and N242C mutations were introduced into an
over-expression plasmid, pET15b-LFy (residues 1-263 of
LF15). Likewise, H4C and G241C were introduced into
pET15b-EFy (residues 1-254 of EF'®). Proteins were over-
expressed in a 51 fermenter using ECPM1 broth.”
Extracts were His, affinity purifiecl;15 pure fractions
(concentrated to 30 g/1) were treated with 5 mM DTT
and stored at —80 °C.

FRET labeling

Buffers A (20 mM Tris-HCl, pH 8) and B (buffer A+1M
NaCl) were purged of O, by sparging with N,. A portion
(~1 pmol) of DTT-free, dual Cys LFy or EFy was reacted
with 1 mg of Alexa Fluor 488-Cs-maleimide (AF488,
Molecular Probes) for two hours at 25 °C in 0.5 mM tris-
(2-carboxyethyl)phosphine (TCEP). Unreacted dye was
blocked with 10 mM 2-mercaptoethanol. After concentrat-
ing to ~2 ml, reactions were separated into four species,
free dye, unlabeled protein, singly labeled protein, and
doubly labeled protein, using Hi-Trap Q Sepharose anion-
exchange, HTQ (0-500 mM NaCl gradient in bufferA;
280 nm/495 nm absorbance detection). Protein peaks
were assessed by SDS-PAGE and absorbance. Single
AF488-labeled protein was then reacted with 0.5 mg of
Alexa Fluor 546-Cs-maleimide (AF546) and HTQ purified.
Labeling efficiency was assessed using the manufacturer’s
ratiometric absorbance procedure.

Fl and CD equilibrium denaturation

Generally in denaturant titrations, the cuvette con-
tained buffer with 0 M GdmCl, and the titrant contained

6-7M GdmCl, where the protein concentration was
identical in the two solutions. A computer-controlled
Hamilton titrator was interfaced to either a Jasco J-715
spectropolarimeter for CD (222(#2) nm) or an ISS K-2
fluorimeter for Tyr Fl (excitation 275(%16) nm, emission
330(£16) nm) and FRET (excitation 488 nm, emission
ratio of 520 to 570(+16) nm). Protein concentrations
ranged from 10nM to 2 pM. Experiments used either
fluorescence universal buffer (FUB: 10 mM each Tris-HCI,
Mes, Hepes and acetic acid) or CD universal buffer
(CDUB: 10 mM each borate, phosphate, and acetic acid).
For fluorescence spectra, monochromator slit-widths
were reduced to +8nm. For CD spectra, degassed
5mM phosphoric acid adjusted in pH with NaOH was
used instead of CDUB.

The unfolding reaction was shown to be reversible
by numerous controls: GdmCl, urea, H" and tem-
perature-denatured LFy all refolded to their native
folds as indicated by CDa2 nm, native Tyr fluorescence
and bis-ANS binding fluorescence. The timescales of
refolding relaxation from chemically denatured con-
ditions were faster than one second; therefore, 10-20
seconds of equilibration time was allotted per titration
step.

Equilibrium fluorescence H titrations

For Tyr fluorescence experiments, cuvettes contained
0.5 uM LFy or EFy at pH ~8 in FUB. Titrant solutions,
which contained 0.5 uM protein, in FUB (~pH 2-3), were
added in 2040 pl increments by the Hamilton titrator to
the cuvette, spanning pH 8—4. The pH was monitored
continuously by a 3.5 mm Orion micro probe (type 8102)
interfaced to a Jenco 6171 console that outputs a voltage
signal proportional to pH, which was recorded by the
fluorimeter’s analog input for a photomultiplier tube.
Bis-ANS binding fluorescence intensity experiments
(excitation 340(+£16) nm, emission >500 nm filter) used
FUB supplemented with 10 uM bis-ANS at protein
concentrations of 100 nM.

Anisotropy fluorescence

Tyr fluorescence and AF546 fluorescence anisotropy
were measured in FUB, where the former was excited at
275(416) nm by a vertically polarized xenon arc lamp
and the latter was excited by a 514 nm Ar™ laser line.
A Glan-Thompson polarizing prism was stepped in
orthogonal intervals per titration point to record verti-
cally (Fyert) and horizontally (Fpor) polarized intensities at
330(£16)nm for Tyr and 570(+16) nm for AF546.
Anisotropy, a, is calculated by:

F vert Fi hor
F vert +2F, hor

Protein concentrations were 2 pM and 150 nM for Tyr and
AF546 anisotropy measurements, respectively.

Four-state thermodynamic model

For a NeI<J<U equilibrium model containing
native (N), unfolded (U) and two intermediate states (I
and J), the partition function, Q, which describes the total
energy of the system, is:

Q =1+ Knr + KKy + KniKyKjy €]
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Fractional populations, f, of each state are:

N :l» f =%, fi :% and
A gNIKUK]U @)
v Q

Denaturant and pH-dependence for the equilibrium
constants, K, between any two states, i and j, of this set,
N, I, J,U}, are:

K;;([Den], pH) o
pKix—pHY "
= Kjjexp(m;[Den]/RT) H (1 +10 ) 3)
[3

1+ 10PKi—PH

Free energy changes between any states i and j (in the
absence of denaturant at pH>>pK) are given by
AG=RT In Kj;. AG values for a given transition have a
linear free energy destabilization with respect to [Den]
with a proportlonahty of m.3*3 The pH-dependence is
defined using Wyman's linkage, in which n protons bind
to n ionizable groups in state i and j with affinities
described by pK; and pKj, respectively; pK = —10§ ¥ and
K, is a proton dissociation equilibrium constant.™** Two
classes of ionizable groups are indexed by k in the set,
{His, Asp/Glu}. Observed signals, 0,ps, for a denaturant
or pH titration are given as O,ps = > _; f:0;.

Four-state denaturation profile analysis

Assuming m-values were invariant with pH,** profiles
were fit initially in clusters (e.g. high, pH 6.5-9.5;
medium, pH 5-6.5; and low, pH 2-5), where the m-values
were defined as globally shared parameters in each
cluster. The m-value describing the N—1 transition was
determined only from the high pH datasets. Thus, for the
medium set, my; was fixed and my and myy were
obtained. For the low set of data, the profiles were
essentially fit to a three-state model, <]« U, because
AGny was too destabilized to measure. After a consistent
set of m-values were estimated, all denaturation profiles
were fit by equation (3) to obtain AG values. Only a
sloping baseline correction was made for Tyr fluor-
escence, since GdmCl had a fluorescent background.
Finally, AG versus pH was fit to equation (3). Fluorescence
anisotropy pH titrations were included in the global,
non-linear, least-squares fit of the AG values to best
estimate pKy,; under acidic destabilizing conditions.
Constraints, in some cases, were applied for LFy and
EFy as defined in Table 2 for the intrinsic pK values of His
and Asp/Glu, in U.

FRET distance measurements

A steady state protocol® estimated the FRET efficiency
of N, En. By the Forster relationship, FRET distance, 7, for
an efficiency, E, of any state i is ;= v/R§(1/E; — 1), where
the Forster distance, R,, for AF488 and AF546 is 60 A
(Molecular Probes). E for an intermediate species i was
approximated using the signal intensities, 6; and 6, from
equilibrium denaturation fits and the FRET distance in N,
N, by:

E; = (RS/RS + 1)) X (6:/(On — 0p))

Surface area and structure modeling

GETAREA 1.1} calculated ASA with a solvent radius of
1.4 A°* Coordinates of LFy (residues 27-263; 1J7N)"7
were modified to mclude a disordered N terminus using
Swiss-PdbViewer.”> A U model of LFy was created by
extending ¢/¢ angles to 180°>* An o-helical model
(o= —57°, &= —47°) of residues 1-66 of LFy was made
using Swiss-PdbViewer. A model of PA’s B-barrel
transmembrane lumen was generated by populatmg
7AHL? with side-chains from PA defined as “inside”
and “outside” of the lumen from a previous s’tudy.28 The
B-barrel of PA and a-helical model of LFy were aligned
along their symmetry axes to the z-axis to calculate
probability contour histograms (1X1 A bins): (i) P(x,y),
for a bird’s eye view; and (ii) P(r,z), for a cross-sectional
view of atomic density at radius, 7, from the z-axis.

A running window calculation of average side-chain
volume, (v), was made from individual residue Volumes
1,”® where (v);= ZHH Y% for a window length, 1=
residues, using the followmg sequences: PA homolog
from B. cereus G9241 (accession no. ZP_00236306), Iota
toxin from C. perfringens (140862), ViplAC from
B. thuringiensis (AAO86514), PA from B.anthracis
(I39934), and Sb component from C. spiroforme
(CAA66612), where the ~30 residue secretion tag leaders
were removed.
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