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ABSTRACT Protein-side-chain protonation, coupled to conformational rearrangements, is one way of regulating physiological
function caused by changes in protein environment. Specifically, protonation of histidine residues has been implicated in
pH-dependent conformational switching in several systems, including the diphtheria toxin translocation (T) domain, which is
responsible for the toxin’s cellular entry via the endosomal pathway. Our previous studies a) identified protonation of H257
as a major component of the T domain’s conformational switch and b) suggested the possibility of a neighboring H223 acting
as a modulator, affecting the protonation of H257 and preventing premature conformational changes outside the endosome.
To verify this “safety-latch” hypothesis, we report here the pH-dependent folding and membrane interactions of the T domain
of the wild-type and that of the H223Q mutant, which lacks the latch. Thermal unfolding of the T domain, measured by circular
dichroism, revealed that the reduction in the transition temperature for helical unfolding for an H223Q mutant starts at less acidic
conditions (pH <7.5) relative to the wild-type protein (pH <6.5). Hydrogen-deuterium-exchange mass spectrometry demon-
strates that the H223Q replacement results in a loss of stability of the amphipathic helices TH1-3 and the hydrophobic core helix
TH8 at pH 6.5. That this destabilization occurs in solution correlates well with the pH-range shift for the onset of the membrane
permeabilization and translocation activity of the T domain, confirming our initial hypothesis that H223 protonation guards
against early refolding. Taken together, these results demonstrate that histidine protonation can fine-tune pH-dependent

switching in physiologically relevant systems.

INTRODUCTION

Conformational signaling, broadly defined as structural
switching in response to external stimuli, is involved in all
aspects of cellular functioning. Changes in proton concen-
tration are among the most prominent physicochemical sig-
nals capable of triggering functionally relevant structural
rearrangements. pH-dependent transitions play important
roles in the cellular entry of bacterial toxins (1-5), colicins
(6), and viruses (7,8), in the function of pH-sensors (9,10),
in the signal cascades of G-protein (11), and possibly in
apoptotic regulation (12—16). Protonation-dependent transi-
tions are also involved in cancer pathogenesis, because “the
dysregulation of pH by cancerous cells is able to create a
unique milieu that is in favor of progression, invasion, and
metastasis as well as chemo-/immunoresistance of solid tu-
mors” (17). On the other hand, novel approaches for the de-
livery of anticancer therapy and tumor imaging are using
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pH-dependent transitions for targeting diseased acidic
tissues (18). Although the exact mechanism for coupling
protonation and conformational changes remains largely
unknown, protonation of histidine residues does cause
conformational switching in several systems (7,8,19,20),
consistent with order-disorder transitions in intrinsically
disordered proteins and their fragments (21-23). Specif-
ically, histidines do play an important role in the functioning
of the diphtheria toxin translocation domain (T domain)
(24-28), making it an attractive model for studies of mech-
anisms of conformational switching by protonation (29).
Diphtheria toxin enters the cell via the endosomal
pathway, which is shared by many other toxins, including
botulinum, tetanus, and anthrax (1-5). A crucial step in
cell infection is the translocation of the catalytic domain
from the endosome into the cytosol, accomplished by the
translocation domain. Diphtheria toxin T domain is a small,
178-residue protein fragment that forms a separate, tightly
folded domain at neutral pH but changes its conformation
under the acidic conditions inside the endosome. It then in-
serts into the lipid bilayer and translocates its own N-termi-
nus and the attached catalytic domain across the membrane
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(30,31). Although the crystallographic structure of the solu-
ble toxin is known (32), as are the interactions of the
T domain with lipid bilayers (24,33-43), we report here
a significantly improved understanding of the molecular
mechanism of its action.

Previously, we demonstrated that the protonation of H257
is a principal element of the pH-dependent trigger, respon-
sible for destabilizing the solution fold of the T domain
in preparation for its membrane insertion (25). Our recent
computational study confirmed this conclusion by esti-
mating the free-energy penalty for protonating all six histi-
dine residues in the T domain by thermodynamic integration
along the molecular dynamics (MD) simulation trajectory
(28). Protonation of H257 has the highest free-energy
penalty and, hence, the most destabilizing effect on the
native structure. In contrast, protonation of the neighboring
H223 is favorable, suggesting that this residue is easily pro-
tonated without causing any structural rearrangements. The
protonation of H223, however, has an effect on the free-
energy penalty for protonation of H257, increasing it by
~3 kcal/mole. Similar conclusions follow from an indepen-
dent calculation of pK, distributions based on the continuum
electrostatic model, resulting in the shift of the distribution
of pK,s in an MD-generated ensemble toward acidic pH
by ~1.5 units (equivalent to 2 kcal/mole in terms of free
energy) (28).

Safety-latch hypothesis of conformational
switching in diphtheria toxin T domain

Acidification of the endosomal environment triggers a series
of conformational changes in the T domain, ultimately re-
sulting in its refolding and bilayer insertion. The first stage
occurs in solution and results in a pH-dependent conversion
of the membrane-incompetent W-state into a protonated
membrane-competent W *-state. The latter state is prone
to aggregation, which significantly complicates its structural
characterization and hampers applications of high-reso-
lution methods. Recently, we elucidated conformational
changes occurring during the W-to-W™ transition using
MD simulations and fluorescence and circular dichroism
spectroscopy (CD), and used various computational ap-
proaches to estimate the pK,s for the T domain’s six histi-
dine residues (28).

The resulting distributions of pKa probabilities for both
W- and W-states provide the thermodynamic rationale
for pH-triggered conformational switching via coupling of
protonation of key histidines and conformational rearrange-
ments (see (29) and the Supporting Material for further
details). These calculations also form the basis of the
“safety latch” hypothesis illustrated in Fig. 1. The black
and the green traces represent the pK, distribution of the
main pH trigger, H257, calculated in the presence and
absence, respectively, of the charge on H223 (reproduced
from (28)). The protonation of H257 is coupled to a confor-

pH-Dependent Conformational Switching

Diphtheria Toxin T Domain:
THS-9, insertion hairpin
H257, pH-trigger

H223, safety latch
1 ] ] I ]
Q

R

3
ol WT 1
Fy safety on _
=
B [ H223Q 1
8 100 safety off -
Q.
m o -
=
E 50 |- -
<]
o L -
0 i 1 i 1 i 1 i 1 " Dt
2 3 4 5 6 7 8 9
H257 pKa
FIGURE 1 [Illustration of the “safety latch” hypothesis tested in this

study. The crystallographic structure (32) of the T domain of diphtheria
toxin (inset) is represented as the backbone ribbon with the consensus
membrane-insertion domain, TH8-9, highlighted in brown. Histidines
223 (magenta) and 257 (purple) are shown as sticks. Solid lines represent
MD-based calculations of the probability distribution that H257 has a
particular pK, (reproduced from (28)) (Two cases corresponding to the
neighboring H223 being neutral (green trace) or charged (black trace)
are considered. Because the histidine protonation is coupled with a pH-
dependent conformational transition to form a membrane-competent state
(discussed in detail in (29) and illustrated in Fig. S1), the conformational
transition occurs at a pH corresponding to the rising edge of the pK, distri-
bution of the main trigger, H257 (25,28) (vertical arrows). The protonation
of H223 serves as a safety latch for the H257 trigger by moving the onset of
pH-coupled refolding and insertion toward the endosomal pH range (gray
band). This safety-latch hypothesis is tested here by comparing pH-depen-
dent folding and membrane insertion of the WT T domain with that of an
H223Q mutant that lacks the latch (see text for details). To see this figure
in color, go online.

mational transition leading to the formation of the mem-
brane-competent state in which all histidines have pK, >7
(Fig. S1). Because protonation and conformational changes
are coupled, the experimentally observed transition occurs
at a pH corresponding to the rising edge of the distribution
(Fig. 1, arrows) when approaching from neutral pH (as dis-
cussed in (28)). As a result, only the difference in pK, pro-
files above the pH of the W-to-W+- transition (Fig. 1, shaded
area) affects the differences between pH-dependent folding/
insertion of the wild-type (WT) and mutant of the T domain.
Acidification of the endosomal environment (which is the
physiological attempt by the cell to destroy the invading
toxin) leads to refolding and membrane insertion of the T
domain, ultimately resulting in translocation of the N-termi-
nus with the attached catalytic domain into the cytosol. In
the WT protein, the onset of the conformational change is
synchronized with the pH experienced by the toxin after
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being internalized inside the endosome. We hypothesize that
H223 plays a central role in this synchronization, acting as a
“safety latch” to prohibit triggering of the refolding transi-
tion outside of the cell, where it would be nonproductive. In
the absence of this safety latch, the W-to-W™ transition is
expected to be dominated by the excess of pK, distribution
at neutral pH, highlighted in Fig. | by the shaded area under
the H257 pK, distribution in H223Q versus that of the WT.
Here, we describe a test of this hypothesis by determining
the pH-dependent stability of T domain WT and H223Q
mutant in solution and their interactions with the lipid
bilayers.

MATERIALS AND METHODS
Materials

Diphtheria toxin T domain (segment 202-378 of the full-length toxin) was
prepared as described in (44). Palmitoyloleoylphosphatidylcholine (POPC),
palmitoyloleoylphosphatidylglycerol (POPG) were obtained from Avanti
Polar Lipids (Alabaster, AL).

CD measurement and analysis of thermal unfolding

CD measurement and analysis of thermal unfolding were performed as
described previously (26). CD spectra were measured using an upgraded
Jasco-720 spectropolarimeter (Japan Spectroscopic, Tokyo, Japan) in the
range 190-260 nm with samples containing 4 uM of protein in 50 mM
phosphate buffer in a 1-mm optical path cuvette. 150 scans were averaged
and the background was subtracted. Temperature dependency of unfolding
was monitored by measuring ellipticity at 222 nm in the course of a 1°/min
rate scan. The thermal unfolding was analyzed using thermodynamic equa-
tions for a two-state, N-to-U unfolding transition, where N and U are the
native and unfolded states of the protein, respectively. To obtain the transi-
tion temperature (7;,) and the enthalpy changes (AH®), raw data were fitted
applying nonlinear least-squares analysis with six fitting parameters, Yy,
my;, Yu, my, AH®, and Ty,, with the following equations, which imply small
heat capacity change upon unfolding (45):

Y = (YN—I—mN X T) X XN+ (YU—I—mU X T)
x (1 —Xn) (D
Xn = 1/[1 +exp( — AH°(1 — T/T,)/RT]

where Y is the experimentally observed CD signal at a given temperature,
Yn and Yy, represent the signals of the pure N and U states at 0 K, my
and my are the temperature dependencies of these CD signals for the
N and U states, respectively, and Xy is the fraction of the native state at
temperature 7.

For measurements at different pH, appropriate volumes of 50 mM so-
dium phosphate buffer of pH 8 and 50 mM sodium acetate buffer pH 4
were mixed. The pH-dependence of the melting temperature 7, was fitted
to the following:

T — Ty + T x 107 PKa—pH)
me 1 + 107° (PKa—pH) ~ ’

(©))

where Ty and Ty are limiting values of the T, at neutral and low pH, respec-
tively; pK, is an apparent constant, and 7 is a cooperativity coefficient.

Hydrogen/deuterium exchange mass spectrometry

Hydrogen/deuterium exchange mass spectrometry (HDX) was performed
as described in an earlier study (46). To perform pH-dependent HDX, the
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pH of various T domain solutions was adjusted to 7.5, 6.5, and 6.0 by mix-
ing appropriately 50 mM sodium phosphate buffer (pH 7.5) with 50 mM
sodium acetate buffer (pH 4). All pH values were corrected (pD =
pHread + 0.4) (47) from the actual pH readings of a SevenEasy pH meter
(Mettler Toledo, Columbus, OH). The HDX was initiated by mixing 1 uL of
the T-domain solution (75 uM) with 19 uL. of D,O exchange buffer (final
D,0 content was 95% and final protein concentration was 3.75 uM in label-
ing solution), or H,O buffer for 7, samples, and incubated for a predeter-
mined set of times under each pH condition at 4°C. After a specific
incubation time, 30 uL of ice-cold 3 M urea/1% (v/v) trifluoroacetic acid
(TFA) was rapidly added to 20 uL of the incubated protein solution to
quench the HDX reaction and denature the protein structure. The quenched
protein mixture was immediately passed through a custom-built, freshly
prepared immobilized pepsin column (2 mm X 2 cm) at a flow rate of
200 pL/min, and the resulting peptic peptides were captured on a C8 car-
tridge (2.1 mm x 1.5 cm, Agilent, Santa Clara, CA) for desalting; the total
time for digestion and desalting was 3 min. Peptides were then separated by
using a C18 high-performance liquid chromatography column (1.9 um Hy-
persil Gold, Thermo Fisher, Waltham, MA) over a 5 min linear gradient
(4—40% CH;CN, 0.1% (v/v) formic acid). Valves, columns, and tubing
for protein digestion and peptide separation were submerged in an ice—
water bath to minimize back exchange. Mass analysis was performed
with an Orbitrap mass spectrometer (LTQ Orbitrap XL, Thermo Fisher,
Waltham, MA) equipped with an electrospray ionization source operated
at a capillary temperature of 225°C and a spray voltage of 3.5 kV. Each
measurement was made in triplicate. LCMS/MS analysis to identify the
peptides from digestion was performed in a data-dependent mode of an
Orbitrap mass spectrometer, and the top six most abundant ions were
selected for collision-induced fragmentation. MS/MS product-ion spectra
were submitted to Mascot (Matrix Science, London, United Kingdom)
for peptide identification. Digestion by freshly made pepsin beads yielded
a set of peptides that covered 100% of the sequence of the H223Q T
domain. In our earlier study, fungal XIII digestion was needed in addition
to pepsin digestion to obtain nearly complete sequence coverage (46).
Fungal XIII, however, was not used here because the pepsin used was
more active and provided sufficient peptides with better sequence coverage.

N-terminus translocation assay

The N-terminus translocation assay was performed using thrombin-loaded
large unilamellar vesicles (LUVs) made of a 3:1 molar ratio of POPC and
POPG, as described previously (48). The recombinantly expressed T
domain in pET15b plasmid contains an N-terminal His-tag with thrombin
cleavage-site treatment. Upon insertion and translocation of the T-domain
N-terminus into LUVs preloaded with thrombin, the His-tag is cleaved
off by the protease, resulting in a protein of lower molecular weight; the dif-
ference between cleaved and uncleaved T domain can be detected by elec-
trophoretic mobility. LUVs containing ~0.02 units of bovine thrombin
(Fisher Bioreagents, Fair Lawn, NJ) were prepared by the conventional
extrusion method (49,50). Nonencapsulated thrombin was removed by
FPLC gel filtration on a Superose 12 1 x 30-cm column. The final concen-
trations were 100 nM for T domain and 2 mM for vesicles in a total volume
of 40 uL. To prevent cleavage due to vesicle rupture (rather than transloca-
tion of the N-terminus), 0.02 units of the thrombin inhibitor hirudin (Sigma,
St. Louis, MO) were added to the reaction mixture. After 1 h incubation at
room temperature, 10 uL of 5x SDS sample buffer was added, samples
were boiled for 5 min and analyzed by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (PAGE) in 4%—15% Tris-HCl gels. Other details,
including control experiments demonstrating that cleavage occurs inside
the vesicles and that thrombin is active at pH >5.8, are described in (48).

RESULTS AND DISCUSSION

We examined the secondary structure and thermal stabil-
ity of the WT and H223Q mutant T domains using CD



spectroscopy at neutral and mildly acidic pH values. Histi-
dine 223 replacement does not cause any changes of the
helical content, as the CD spectra for both proteins are su-
perimposable (Fig. 2 A). The thermal stability, however, be-
comes markedly different (Fig. 2 B). Whereas the enthalpy
values of the transition, AH°, measured for mutant and WT
protein coincided with each other within the precision of
the experiment, the transition temperature, 7,,, showed a
distinctly different pattern. Consistent with our previous re-
ports for the WT (27), the transition temperature (Fig. 2 C)
decreases upon acidification below pH 6.5. In contrast, the
changes in T, for the H223Q mutant have already started
at pH <7.5. The data fit to a linked model, in which both
proteins share the same melting temperatures at high and
low pH, yet have different apparent pK, values and cooper-
ativity coefficients, n (Fig. 2 C, solid lines). This analysis
confirms the expectations from our hypothesis that the sub-
stitution of H223 would result in the loss of conformational
stability at mildly acidic pH.

To map those elements of the H223Q secondary struc-
ture that undergo reduction in stability, we measured
the kinetics of HDX and compared the results to those
previously published for the WT T domain (46). The rates
of protein backbone amide HDX reactions depend on
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hydrogen bonding, solvent accessibility, and structural
flexibility of the protein. Stable secondary structures are
expected to undergo slower HDX for the corresponding
segments of the protein compared to unstructured parts
of the protein (e.g., loops). Overall, the data for H223Q
are consistent with acid-induced loosening of the structure
(increase in structural flexibility), with the lowest and
highest normalized exchange rates occurring at pH 7.5
and 6, respectively (Fig S2). (Note that all exchange rates
are corrected for the inherent pH dependence of exchange,
as described previously (46). We selected the relative
extents of HDX for 55 representative peptic peptides
(Fig S2) to obtain sufficient short and overlapping peptides
to represent most of the protein sequence. Kinetics plots
of regions with significant conformation change (shown
in Fig. 3) demonstrate the following trends. a) There are
virtually no differences between the WT and H223Q at
pH 7.5, where little exchange is observed, and at pH 6,
where both proteins show similarly fast exchange. b)
Faster exchange, and hence lower helix stability, occurs
for H223Q at pH 6.5. This difference in exchange is visu-
alized with the help of a heat map demonstrating the rela-
tive difference in deuterium labeling in the two proteins
at pH 6.5 (Fig. 3, top).

FIGURE 2 CD spectroscopic comparison of the
secondary structure and thermal stability of the
WT (black) and H223Q (green) T domains. (A)
CD spectra for the two proteins coincide at all

pH values, suggesting identical secondary structure

100 (pH 6.5 shown). (B) Thermal denaturation was

followed by the changes in ellipticity measured at
222 nm at pH 6.5. Solid lines represent a fit
to Eq. 1 with the following parameters: T,, =
652 =+ 0.1°C, AH° —77 % 3 kcal/mole
for WT and T,,, = 47.9 * 0.1°C, AH®* = 73 =+
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melting temperature, 7T, calculated from CD
data such as those in (B) (average of two to three
measurements shown). The data were fitted to
Eq. 2 to estimate the apparent pK, and n values,
presented on the graph. The WT and mutant pro-
teins were expressed in Escherichia coli and puri-
fied as described in (44). CD measurements were
in cuvettes of 1 mm path length using a Jasco-
720 spectropolarimeter (Japan Spectroscopic), as
described previously (55). To see this figure in
color, go online.
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Differential HDX heat map:H223Q mutant vs WT at pH 6.5
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The value for the exchange of the WT, measured at the
last time point (equivalent of 3000 s in the HDX-time plots
in Fig. 3), is subtracted from that for the H223Q, and the dif-
ference is normalized to the WT value. The backbone ribbon
representation of the T-domain crystallographic structure
is color-coded in accordance with the differential uptake
factor, v = (HDXya239 — HDXywr)/HDXywr. Segments
with no difference in exchange (y ~ 0) are colored in
gray, whereas those for which the exchange level is higher
in the H223Q are colored in yellow (0.1 < v < 0.3), orange
(0.3 <y < 1), and red (v > 1). The only segment for which
the levels of HDX are slightly lower in the mutant is in the
middle of THY (light blue), probably owing to partial dimer
formation occurring upon destabilization of the folded
T domain. Our previous HDX study demonstrated that
THO is part of the dimerization interface for the WT at
pH <6.0 (46). We found fairly dramatic differences in
HDX for TH1, TH2, and TH3, suggesting that the perturba-
tion propagates far from the mutation site. Interestingly, our
previous microsecond-range all-atom MD simulations sug-
gest that helices TH1 and TH2 are among those undergoing
the most dramatic refolding during the formation of the
membrane-competent state as triggered by histidine proton-
ation (28). We conclude that H-to-Q substitution at position
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FIGURE 3 HDX measurements of the confor-
mational flexibility of the T domain WT and
H223Q mutant. (Bottom) Kinetic HDX curves of
proteolytic peptides measured at pH 7.5, 6.5, and
6.0. All time points were corrected to standard con-
dition at pH 7.5 and 4°C, and measurements were
conducted as described in (46). The title of each
data subplot refers to the amino acid residue num-
ber and charge state of the peptide in the mass
spectrometer. Both proteins have equally low ex-
change at pH 7.5 and equally high exchange at
pH 6.0. At the intermediate pH value of 6.5, the ex-
change in H223Q is noticeably greater than that in
the WT. (Top) Differential heat maps of the HDX
of H223Q versus WT at pH 6.5. The ribbon dia-
grams are colored according to the relative differ-
ential uptake factor, y = (HDXpy3q —
HDXwrt)/HDXwT, measured for the last kinetic
point of 3000 s (see key below heat maps). The
three versions of the map represent three different
orientations of the structure. The highest differen-
tial HDX is observed for amphipathic helixes
THI1-3 and for the central hydrophobic helix,
THS. To see this figure in color, go online.
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223 assists in the structural preparation necessary for
membrane insertion. This is clearly also demonstrated by
the dramatic increase in the accessibility of the most hydro-
phobic internal helix, TH8 (Fig. 3, red), for which the HDX
extent in the mutant is over twice as high as that for the WT
(y > 1.

Membrane insertion and translocation of the T domain
are complex, with various stages of protonation-coupled re-
folding occurring in solution and on a lipid bilayer (29.,44).
Our previous mutagenesis studies reveal that some stages
can be uncoupled by mutations of C-terminal histidines
(26,27) or of acidic residues in the TH8-9 insertion domain
(51). Replacing the main trigger, H257 (25), we propagate
pH dependence of the early stages to the latter stages of
the pathway. To test whether the H223Q replacement leads
to a shifted pH range of membrane insertion and refolding of
the T domain, we compared the activity of the WT and
H223Q by using two independent approaches: a) vesicle
permeabilization (Fig. 4) and b) N-terminus translocation
(Fig. 5).

We measured membrane permeabilization by using a
vesicle leakage assay in which we followed changes in fluo-
rescence intensity owing to the release of the fluorescence
dye/quencher pair 8-aminonapthalene-1,3,6 trisulfonic acid



(o]
o
T

Leakage, %
N
o
I

. pH
20 pH 6 i
P
pH 71
0 5 10 15 20

Time, min

FIGURE 4 Leakage of fluorescence markers ANTS/DPX from lipid ves-
icles formed of a 3:1 molar ratio of POPG to POPC caused by pH-depen-
dent vesicle permeabilization by H223Q (solid traces) and WT (dashed
traces) T domains. To see this figure in color, go online.

(ANTS)/p-xylene-bis-pyridinium bromide (DPX) (52).
When both molecules are preloaded into the vesicles, the
quenching results in low fluorescence intensity, which in-
creases upon the release of markers owing to the decrease
in the concentration of DPX in the vicinity of ANTS. In
our experiments, we mixed loaded vesicles with the T
domain at pH 8 and triggered permeabilization by lowering
the pH to a particular value (Fig. 4). Our results indicate
that both H223Q (solid traces) and WT (dashed traces) T do-
mains have equally high permeabilizing activity at strongly
acidic pH (blue traces, pH 5) and no activity at neutral pH
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FIGURE 5 pH-dependent functional activity of the WT (black) and
H223Q (green) T domains, measured by the proteolysis-based translocation
method of Rodnin and Ladokhin (48). The T domain was incubated with
lipid vesicles preloaded with thrombin, and the translocation was assayed
by proteolytic cleavage of the N-terminal 22-residue sequence of the pro-
tein. The details of experiments and controls demonstrating that cleavage
occurs inside the vesicle are in (48). The higher activity of the H223Q
mutant observed at 6.5 < pH < 7.5 is consistent with the difference in
conformational stability (Figs. 2 and 3) predicted by the safety-latch hy-
pothesis (cf. Fig. 1, shaded areas). To see this figure in color, go online.
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(black traces). The activity at mildly acidic pH is markedly
different, with much higher activity of the mutant. Although
this behavior is consistent with the predictions of the safety-
latch hypothesis, we note that the difference in leakage ap-
pears to be shifted toward lower pH, as compared to changes
in solution folding (compare to Figs. 2 and 3). There could be
several reasons for this shift, as the membranes can affect the
protonation by influencing the effective pK, and/or cause the
shift in the equilibrium between the W- and W '-states by
binding the latter. Both explanations are consistent with pre-
viously reported shifts of the pH-dependent binding upon the
increase in the fraction of anionic lipids in the vesicles (44).

Although membrane leakage is a very sensitive way
of detecting protein-membrane interactions, our previous
studies with various mutants indicate that it provides a
less specific measure of physiological activity (26), espe-
cially when compared to the N-terminus translocation assay
(48). Here, we applied this protease-based method, which
we previously developed to study T domain activity, to
examine the translocational activity of both proteins as a
function of pH. The vesicles are loaded with thrombin and
incubated with externally added T domain at various pH
values. The translocation is detected by cleavage of the
N-terminal sequence and quantified by PAGE; appropriate
control experiments confirm that the cleavage occurs only
upon the translocation and not as the result of release
of thrombin from the vesicles (48). The method can be
used at pH >5.8, but not at a more acidic pH because
the thrombin activity is pH-dependent. The examples of
PAGE images used in quantitating the results are shown in
Fig. S3. In Fig. 5, we present the pH dependence of translo-
cation of the N-terminus into the vesicles, clearly demon-
strating a higher activity for the H223Q mutant compared
to the WT at 6.5 < pH < 7.5. These data confirm our hy-
pothesis that histidine H223 indeed acts as a safety latch,
preventing refolding and insertion into the membrane at
neutral pH, corresponding to conditions before the acid-
ification of the endosomal compartment.

CONCLUSIONS

The insertion/translocation transition in T domains is a
multistep process that starts with a conformational change
in solution to convert the water-soluble W-state into the
membrane-competent W *-state. We established that the
conformation changes by protonation of key histidine resi-
dues, specifically H257 (25,28). On the basis of these
studies, we formulated a “safety-latch” hypothesis for the
role of H223 in the refolding process, positing that it pre-
vents premature protonation of the main trigger, H257,
which is confirmed here experimentally. Upon binding to
membranes, the T domain goes through additional proton-
ation at the same pH (hence, the pH-dependent transitions
are staggered and not consecutive (44)), which likely in-
volves E362, located in the middle of TH9 (51). After
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that, the T domain cascades through multiple conformations
in the bilayer from an interfacial I-state, to an initial inserted
T1-state (only the TH8-9 hairpin is inserted and the N-ter-
minus is on the cis-side of the bilayer), and finally to a trans-
located T2-state (TH5 and TH8-9 are inserted and the
N-terminus is translocated to the trans-side). The latter
transition is modulated by C-terminal histidines (26), and
mainly by H322 (27). Note that those mutations that affect
the pH range of initial transitions do not necessarily lead
to an overall shift in the translocation pH (51). This is
not the case when we removed the safety latch; now,
the H223Q T domain undergoes both solution refold-
ing (Figs. 2 and 3) and membrane insertion/translocation
(Figs. 4 and 5) at less acidic pH than does the WT T domain.

Deciphering the nature of conformational switching not
only is a key to understanding the physiological functioning
of many cellular systems but also is important for advancing
protein engineering. On one hand, subtle changes in pH pro-
duced by tumors and other diseased tissues can target them
for therapeutics (18). On the other, bacterial toxins target
cancer cells as a component of immunotoxins (53,54). Un-
derstanding the rules that govern pH-dependent conforma-
tional switching in diphtheria and other toxins has the
potential to bring these two approaches together to create
new tools for tumor targeting. We demonstrate here, for
the first time to our knowledge, a new mechanism for histi-
dine protonation in fine-tuning pH-dependent switching in
physiologically relevant systems, advancing our ability to
design protein machines that respond to external signaling
via protonation.

SUPPORTING MATERIAL

Three figures are available at
supplemental/S0006-3495(16)30831-1.
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