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Abstract: Cellular entry of diphtheria toxin is a multistage process involving receptor targeting,
endocytosis, and translocation of the catalytic domain across the endosomal membrane into the
cytosol. The latter is ensured by the translocation (T) domain of the toxin, capable of undergoing
conformational refolding and membrane insertion in response to the acidification of the endosomal
environment. While numerous now classical studies have demonstrated the formation of an
ion-conducting conformation—the Open-Channel State (OCS)—as the final step of the refolding
pathway, it remains unclear whether this channel constitutes an in vivo translocation pathway or
is a byproduct of the translocation. To address this question, we measure functional activity of
known OCS-blocking mutants with H-to-Q replacements of C-terminal histidines of the T-domain.
We also test the ability of these mutants to translocate their own N-terminus across lipid bilayers
of model vesicles. The results of both experiments indicate that translocation activity does not
correlate with previously published OCS activity. Finally, we determined the topology of TH5 helix
in membrane-inserted T-domain using W281 fluorescence and its depth-dependent quenching by
brominated lipids. Our results indicate that while TH5 becomes a transbilayer helix in a wild-type
protein, it fails to insert in the case of the OCS-blocking mutant H322Q. We conclude that the
formation of the OCS is not necessary for the functional translocation by the T-domain, at least in
the histidine-replacement mutants, suggesting that the OCS is unlikely to constitute a translocation
pathway for the cellular entry of diphtheria toxin in vivo.

Keywords: membrane translocation; pH-dependent refolding; bilayer insertion; tryptophan fluorescence;
depth-dependent fluorescence quenching

1. Introduction

The diphtheria toxin enters and kills the cell through the combined action of its three domains:
the catalytic domain (C-domain), the translocation domain (T-domain), and the receptor-binding
domain (R-domain) [1]. The entry process starts with the R-domain recognizing the HB-EGF receptor
on the host cell plasma membrane, leading to the endocytosis of the entire receptor-toxin complex.
Subsequent acidification of the endosomal compartment induces the refolding of the T-domain and its
insertion into the lipid bilayer. The latter causes the translocation of the C-domain across the endosomal
membrane, which finally inhibits protein synthesis in the cytosol. Deciphering the missing molecular
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details of diphtheria toxin’s cellular entry is relevant for understanding the entry of other toxins [2] and
for the development of biomedical applications of targeted drug delivery. Indeed, diphtheria toxin has
already been utilized as a prospective anti-cancer agent for the targeted delivery of cytotoxic therapy
to cancer cells [3–16]. Normally, the targeted delivery is achieved by deleting the cell receptor-binding
R-domain and combining the remaining portion (containing T- and C-domains) with proteins that
selectively bind to the surface of cancer cells. Even a “receptorless” toxin (i.e., without the R-domain)
is cytotoxic to a variety of cancer cell lines [3]. Because cancerous cells are known to produce a
slightly acidic extracellular environment, we pursue the idea that targeting of “receptorless” toxin is
assured by pH-triggered membrane insertion of the T-domain similar to that of the pH-Low Insertion
Peptide (pHLIP) [17–26]. The previously demonstrated ability of the isolated T-domain to translocate
relatively large macromolecules [27] in a pH-dependent manner makes it a potential candidate for
targeting tumors.

In recent years, substantial progress has been made in characterizing structural, thermodynamic,
and kinetic aspects of diphtheria toxin T-domain’s interactions with lipid bilayers. As a result of
these studies (Reviewed in [28]), we now understand that the insertion/refolding process occurs
along a complex pathway, which includes multiple intermediates with staggered pH-dependent
transitions [29–33]. A number of critical titratable residues involved in acid-induced conformational
switching have been identified in a series of spectroscopic studies in vitro (e.g., H223 and H257 [32–35],
E349 and D352 [36], and the C-terminal histidines H322, H323, and H372 [35,37,38]). Two recent studies
of T-domain conductivity in planar lipid bilayers provided better understanding of the topological
arrangements of the T-domain at the late stages of the pathway, at the so-called Open-Channel State
(OCS) [39,40]. However, the central puzzle of the T-domain action, namely the exact mechanism
of translocation, remains unresolved. One of the key aspects of the puzzle was formulated over
30 years ago by Donovan et al. [41]: is the OCS of the T-domain a translocation passageway (illustrated
in Figure 1 by Pathway 2) or a byproduct of translocation (Pathway 1)? In this study, we present
functional and spectroscopic evidence that suggest the latter option as the preferred one.

2. Results and Discussion

2.1. Comparing the Two Translocation Pathways

We illustrate two alternative pathways of translocation of the catalytic domain of diphtheria
by the translocation domain in the scheme in Figure 1. The starting structure at the top is the
crystallographic structure of the toxin at neutral pH [42]. The two cartoons at the bottom represent
the arrangement of the toxin upon the insertion of the T-domain into the lipid bilayer at acidic pH,
with the R-domain remaining on one side of the membrane (green shape) and catalytic domain
translocated across the bilayer along with the N-terminal helices TH1-4 of the T-domain (red circle,
residues 1–273). On the right, the hydrophobic core of the T-domain is drawn in the OCS conformation
with the three transmembrane helices, TH5, TH8, and TH9, and a dipped hairpin formed by shorter
helices TH6 and TH7. This topology is based on a combination of measurements of channel activity
in planar bilayers [39,40,43] and is supported by additional spectroscopic evidence in model lipid
vesicles ([30,44] and Kyrychenko et al., Journal of Membrane Biology, in press). The translocation
Pathway 2 suggests that OCS is a functionally relevant state, which provides a passageway for
translocation of the presumably unfolded catalytic domain to the other side of the bilayer (red
circle—before translocation; pink circle—after translocation). In contrast, Pathway 1 indicates that the
OCS is formed after the translocation, and passageway through the bilayer is formed via an unknown,
possibly transient conformation. In order to distinguish between the two pathways, we will use new
and published data to compare how various mutations affect the following measures of T-domain
activity: (a) conductance in planar bilayers (i.e., formation of the OCS) [37,38,45–48], (b) N-terminus
translocation in vesicles [37,49], and ultimately (c) cell death assay based on inhibition of protein
synthesis in vivo [37,46,48,50].
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Figure 1. Schematic representation of two possible pathways for the translocation of the catalytic (C) 
domain across the lipid bilayer and formation of the Open-Channel State (OCS) by the translocation 
(T) domain of the diphtheria toxin. The starting structure on top corresponds to the crystal structure 
of the toxin at neutral pH [42], and consists of the C-domain (red), T-domain (helices color-coded 
according to OCS topology), and R-domain (green). The yellow star represents the position of W281 
within the lipid bilayer in the OCS, which was used in this study to monitor the formation of the OCS 
(Figures 2 and 3). In pathway 1 (blue arrows), diphtheria toxin first translocates the C-domain and the 
T-domain’s N-terminus across the lipid bilayer by an unknown mechanism (bottom left cartoon). The 
formation of the Open-Channel State (bottom right cartoon) is a consequence of the translocation step. 
In pathway 2 (gray arrows), the T-domain first adopts the OCS conformation, which then serves as 
passageway for the translocation of the C-domain and the T-domain’s N-terminal helices. The 
topology of the T-domain in the OCS, i.e., transmembrane helices TH5 (blue helix), and TH8-TH9 
(purple helical hairpin), and interfacial helices TH6 and TH7 (gray helices), is based on conductance 
measurements on planar bilayers [39,40,43] and supported by spectroscopic data in lipid vesicles 
[30,44]. Replacement of the C-terminal histidines of the T-domain (H322Q, H323Q, H372Q) are known 
to strongly reduce formation of channels in planar bilayers by blocking the formation of the OCS 
conformation [37,38]. Because these replacements do not affect the translocation of the N-terminus of 
the isolated T-domain in vitro (Figure 4a), nor delivery of the catalytic domain in vivo (Figure 4b), we 
conclude that the formation of the OCS is not necessary for cellular entry of the diphtheria toxin, 
which is occurring via Pathway 1. 

2.2. Spectroscopic Evidence for the Difference in TH5 Topology in WT and in OCS-Blocking Mutant H322Q 

We used tryptophan fluorescence to explore the effect of the C-terminal histidine replacement 
in H322Q mutant in the pH-triggered conversion of the T-domain into an OCS-like conformation in 
model lipid vesicles. The transmembrane positioning of TH5 helix is a hallmark of the OCS structure 
[40,43], making W281 located in its middle a convenient spectroscopic probe for membrane insertion. 
Previously, we have (a) reported that replacement of C-terminal histidines (especially H322) has a 
strong inhibitory effect on OCS activity and (b) shown a correlation between the tryptophan emission 
signal in vesicles and formation of the OCS in planar bilayers [38]. The reported spectral red-shift 
observed with OCS-blocking mutants is consistent with lack of insertion of TH5. However, the 
presence of two tryptophans complicates the interpretation. Now, we reexamine the spectral 
properties of the T-domain in the context of the single W281 by replacing the other tryptophan 
residue, W206, with a tyrosine in both the WT T-domain (from now on referred to as WT-like protein) 

Figure 1. Schematic representation of two possible pathways for the translocation of the catalytic (C)
domain across the lipid bilayer and formation of the Open-Channel State (OCS) by the translocation
(T) domain of the diphtheria toxin. The starting structure on top corresponds to the crystal structure
of the toxin at neutral pH [42], and consists of the C-domain (red), T-domain (helices color-coded
according to OCS topology), and R-domain (green). The yellow star represents the position of W281
within the lipid bilayer in the OCS, which was used in this study to monitor the formation of the OCS
(Figures 2 and 3). In pathway 1 (blue arrows), diphtheria toxin first translocates the C-domain and
the T-domain’s N-terminus across the lipid bilayer by an unknown mechanism (bottom left cartoon).
The formation of the Open-Channel State (bottom right cartoon) is a consequence of the translocation
step. In pathway 2 (gray arrows), the T-domain first adopts the OCS conformation, which then serves as
passageway for the translocation of the C-domain and the T-domain’s N-terminal helices. The topology
of the T-domain in the OCS, i.e., transmembrane helices TH5 (blue helix), and TH8-TH9 (purple helical
hairpin), and interfacial helices TH6 and TH7 (gray helices), is based on conductance measurements on
planar bilayers [39,40,43] and supported by spectroscopic data in lipid vesicles [30,44]. Replacement of
the C-terminal histidines of the T-domain (H322Q, H323Q, H372Q) are known to strongly reduce
formation of channels in planar bilayers by blocking the formation of the OCS conformation [37,38].
Because these replacements do not affect the translocation of the N-terminus of the isolated T-domain
in vitro (Figure 4a), nor delivery of the catalytic domain in vivo (Figure 4b), we conclude that the
formation of the OCS is not necessary for cellular entry of the diphtheria toxin, which is occurring via
Pathway 1.

2.2. Spectroscopic Evidence for the Difference in TH5 Topology in WT and in OCS-Blocking Mutant H322Q

We used tryptophan fluorescence to explore the effect of the C-terminal histidine replacement
in H322Q mutant in the pH-triggered conversion of the T-domain into an OCS-like conformation
in model lipid vesicles. The transmembrane positioning of TH5 helix is a hallmark of the OCS
structure [40,43], making W281 located in its middle a convenient spectroscopic probe for membrane
insertion. Previously, we have (a) reported that replacement of C-terminal histidines (especially
H322) has a strong inhibitory effect on OCS activity and (b) shown a correlation between the
tryptophan emission signal in vesicles and formation of the OCS in planar bilayers [38]. The reported
spectral red-shift observed with OCS-blocking mutants is consistent with lack of insertion of TH5.
However, the presence of two tryptophans complicates the interpretation. Now, we reexamine the
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spectral properties of the T-domain in the context of the single W281 by replacing the other tryptophan
residue, W206, with a tyrosine in both the WT T-domain (from now on referred to as WT-like protein)
and the H322Q OCS-blocking mutant. Our data in Figure 2 indicate that in the folded soluble state,
at neutral pH, W281 is in an identical environment in both proteins. Lowering the pH below 6.5 in the
presence of lipid vesicles results in a very different behavior. While in the WT-like protein, the emission
maximum shifts toward shorter wavelengths, consistent with membrane insertion; in H322Q, the shift
is toward longer wavelengths. The resulting 5 nm difference in position of fluorescence maximum
indicates a much more hydrophobic environment of W281 in the native protein compared to that in
H322Q, supporting a difference in membrane topology of TH5 helix in both proteins.

We emphasize that because of the very nature of fluorescence methodology, there can be no
one-to-one link between spectral position and structure. Our data prove that known OCS-blocking
mutation also results in alteration of bilayer insertion of TH5, reported by environment-sensitive shift
of W281 fluorescence. Previously, we reported similar shifts for the WT protein [38], but in that case,
it was impossible to specifically assign those to TH5 because of the presence of second fluorophore,
W206. The results obtained with W206Y mutant (Figure 2) confirm our previous conclusion that
OCS-blocking mutation H322Q alters bilayer insertion of TH5.
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(black) and the mutant H322Q (blue) show different spectral behavior upon acidification of the 
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transbilayer insertion of TH5, while red-shift in the case of the mutant H322Q indicates an alternative 
topology of this helix. 

To further investigate membrane penetration of W281, we used depth-dependent fluorescence 
quenching experiments [51–53]. Specifically, we measured fluorescence intensity of the membrane-
inserted T-domain in the absence and presence of bromine atoms attached to specific sites of the lipid 
acyl chains. In this series, we used all three commercially available bromolipids, each with two Br 
atoms attached either at positions 6 and 7, 9 and 10, or 11 and 12, and plotted the quenching efficiency 
versus the independently determined average depth of the atoms in the bilayer [54] (Figure 3). The 
higher the quenching efficiency with a particular bromolipid, the closer is the transverse position of 
the fluorophore (W281) to that of the quencher (Br). Our data clearly indicate that the rank order of 
quenching efficiency of the W281 is different for the two proteins: the deeper the quencher the 
stronger the quenching for the WT-like protein (black squares) and the shallower the quencher the 
higher the quenching efficiency for H322Q mutant (blue squares).  

For quantitative analysis of the data, we applied a Distribution Analysis (DA) method, which 
describes the quenching profile with a sum of two symmetrical Gaussian functions, representing cis-
leaflet and trans-leaflet quenching [52,55]. Generally, DA uses three independent fitting parameters, 
one for the average depth of the fluorophore (hm), one for the width of the fluorophore’s transverse 
distribution (δ), and one for quenching efficiency (S), related to fluorophore‘s exposure to the lipid 
phase [56]. In this case, because the profiles are poorly resolved (i.e., maxima lie outside of the range 
of depths probed by quenchers), we had to use only two and fixed the δ to the value of 5.0 Å, roughly 

Figure 2. pH-triggered formation of the OCS conformation studied by tryptophan fluorescence.
Transmembrane insertion of TH5 is monitored by measuring the position of maximum of emission
(λmax) of W281 in mutants of the T-domain carrying the W206Y replacement. The WT-like protein
(black) and the mutant H322Q (blue) show different spectral behavior upon acidification of the medium
in the presence of lipid vesicles. Blue-shift in the case of the WT-like protein suggests transbilayer
insertion of TH5, while red-shift in the case of the mutant H322Q indicates an alternative topology of
this helix.

To further investigate membrane penetration of W281, we used depth-dependent fluorescence
quenching experiments [51–53]. Specifically, we measured fluorescence intensity of the membrane-
inserted T-domain in the absence and presence of bromine atoms attached to specific sites of the
lipid acyl chains. In this series, we used all three commercially available bromolipids, each with
two Br atoms attached either at positions 6 and 7, 9 and 10, or 11 and 12, and plotted the quenching
efficiency versus the independently determined average depth of the atoms in the bilayer [54] (Figure 3).
The higher the quenching efficiency with a particular bromolipid, the closer is the transverse position
of the fluorophore (W281) to that of the quencher (Br). Our data clearly indicate that the rank order of
quenching efficiency of the W281 is different for the two proteins: the deeper the quencher the stronger
the quenching for the WT-like protein (black squares) and the shallower the quencher the higher the
quenching efficiency for H322Q mutant (blue squares).

For quantitative analysis of the data, we applied a Distribution Analysis (DA) method,
which describes the quenching profile with a sum of two symmetrical Gaussian functions, representing
cis-leaflet and trans-leaflet quenching [52,55]. Generally, DA uses three independent fitting parameters,
one for the average depth of the fluorophore (hm), one for the width of the fluorophore’s transverse
distribution (δ), and one for quenching efficiency (S), related to fluorophore‘s exposure to the lipid
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phase [56]. In this case, because the profiles are poorly resolved (i.e., maxima lie outside of the range of
depths probed by quenchers), we had to use only two and fixed the δ to the value of 5.0 Å, roughly
corresponding to the average value for such experiments. This is a commonly used simplifying
approach [52,57], and the small variation of the value of δ does not change the overall result but affects
only the quality of the fit (not shown). We estimated average depths of 4.5 ± 1.5 Å and 12.1 ± 0.1 Å
from the center of the bilayer for the WT-like protein and H322Q, respectively. These values indicate a
deep membrane penetration of W281 in the case of the WT-like protein and a shallow location of the
same residue for the H322Q mutant. The suggested topology of TH5 in both cases, also supported by
position of maximum emission (Figure 2), is drawn in Figure 3b, with TH5 as a transbilayer segment
for the WT-like toxin and an interfacial helix for the mutant. We suggest that the mutation H322Q
impairs the proper insertion of TH5, which is needed for the formation of the OCS.
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adopts transbilayer topology in the OCS conformation for the WT T-domain, and interfacial topology 
for the OCS-blocking H332Q mutant. 

2.3. Translocation Activity of OCS-Blocking Mutants of the T-Domain 

We examined the ability of the various mutants of the T-domain to bridge the lipid bilayer using 
a cleavage-based assay developed previously [49]. Briefly, lipid vesicles are preloaded with thrombin, 
and then a T-domain containing a 17-residue thrombin-cleavable tag at the N-terminus is added to 
the external compartment. If N-terminus’s translocation occurs upon acidification, the thrombin-
cleavable tag enters the vesicle and is cleaved by thrombin. Because this changes the electrophoretic 
mobility of the tagged T-domain, N-terminus translocation can be detected and quantified through 
SDS-PAGE. In Figure 4a we show the relative translocation of the T-domain WT and various C-
terminal single mutants at pH 5.8 plotted against previously determined OCS activity of the same 
mutants [38] (in order to allow a direct comparison with already published results, all proteins used 
in Figure 4 contain native W206). The measurements show that the three mutants maintain over 90% 
of the translocation activity despite the loss of channel activity, suggesting that replacing the OCS-
blocking mutations does not alter N-terminus’s translocation. 

Figure 3. Depth-dependent fluorescence quenching measurements of W281 in WT-like (black) and
H322Q T-domain (blue) using brominated lipids (both T-domain constructs carry W206Y mutation).
(a) Quantitative analysis of penetration of W281 into the lipid vesicles containing brominated lipids.
Relative quenching efficiency, F0/F-1 (where F-fluorescence measured in the presence of bromolipids
and F0-fluorescence without bromolipids) is plotted against the average distances of bromine atoms
from the center of the bilayer (11.0 Å, 8.3 Å, and 6.5 Å for 6-7-dibromo-PC, 9-10-dibromo-PC,
and 11-12-dibromo-PC, respectively [54]). Solid lines represent results of fitting with a simplified
version of Distribution Analysis (Equation (1)) with the following parameters: hm = 4.5 ± 1.5 Å,
S = 1.5 ± 0.3, and δ = 5.0 Å(fixed) for WT-like, and hm = 12.1 ± 0.1 Å, S = 0.46 ± 0.1, and δ = 5.0 Å(fixed)
for H322Q. (b) Schematic illustration of the proposed topology of TH5 helix in the lipid bilayer for
T-domain WT and H322Q, consistent with positioning W281 in accordance with the data in panel (a).
The TH5 adopts transbilayer topology in the OCS conformation for the WT T-domain, and interfacial
topology for the OCS-blocking H332Q mutant.

2.3. Translocation Activity of OCS-Blocking Mutants of the T-Domain

We examined the ability of the various mutants of the T-domain to bridge the lipid bilayer using
a cleavage-based assay developed previously [49]. Briefly, lipid vesicles are preloaded with thrombin,
and then a T-domain containing a 17-residue thrombin-cleavable tag at the N-terminus is added to the
external compartment. If N-terminus’s translocation occurs upon acidification, the thrombin-cleavable
tag enters the vesicle and is cleaved by thrombin. Because this changes the electrophoretic mobility of
the tagged T-domain, N-terminus translocation can be detected and quantified through SDS-PAGE.
In Figure 4a we show the relative translocation of the T-domain WT and various C-terminal single
mutants at pH 5.8 plotted against previously determined OCS activity of the same mutants [38]
(in order to allow a direct comparison with already published results, all proteins used in Figure 4
contain native W206). The measurements show that the three mutants maintain over 90% of the
translocation activity despite the loss of channel activity, suggesting that replacing the OCS-blocking
mutations does not alter N-terminus’s translocation.
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Figure 4. Activity of T-domain WT and mutants with single replacements in the C-terminal histidines.
(a) N-terminus translocation in mutants of the T-domain relative to N-terminus translocation of the
WT protein at pH 5.8. The assay is based on proteolytic cleavage of N-terminal segment preloaded into
lipid vesicles followed by SDS-PAGE [49]. The data are normalized to the WT and are plotted against
previously published OCS activity [38]. (b) Inhibition of protein synthesis by the full-length diphtheria
toxin WT and the indicated mutants in CHO-K1 cells after 24 h of intoxication. Protein synthesis
measurements were performed as previously detailed [37,58].

Finally, we have examined the ability of the T-domain mutants with His replacements to
translocate the catalytic domain across the membrane using a protein synthesis inhibition assay [37,58].
Briefly, we intoxicated plated CHO-K1 cells with serial dilutions of full-length diphtheria toxin, WT or
mutant and then monitored protein synthesis by measuring incorporation of L-[4,5-3H]-leucine into
cells after 24 h of intoxication. In Figure 4b, we show a representative result of a dose-dependent
inhibition of protein synthesis by diphtheria toxin WT and the T-domain’s mutants with C-terminal
histidine replacements. The data indicate that both the WT and the mutants completely inhibit
incorporation of radiolabeled leucine into cells and do so with similar potency. Because translocation
of the C-domain is required for inhibition of protein synthesis, this result indirectly shows that replacing
these histidines with glutamines does not affect the ability of the T-domain to translocate the C-domain.
Together with the translocation assay (Figure 4a), our data demonstrate that the T-domain is capable of
translocating its own N-terminus and the attached catalytic domain regardless of the OCS formation.

2.4. OCS: Critical Intermediate or Byproduct of Translocation

We answer the question in the title of this section by comparing the in vitro OCS activity of the
T-domain in planar bilayers and cytotoxic activity in vivo for a series of mutants of diphtheria toxin
with substitutions in the T-domain (Figure 5). The data are taken from the literature [37,38,46,48] and
from Figure 4b for H322Q, H323Q, and H372Q mutants. The relative cytotoxic activity is defined as
a ratio of the concentration of mutant toxin causing half-inhibition of protein synthesis (e.g., data in
Figure 4b) to that for the WT toxin. Obviously, if certain mutations have little effect on either in vivo
or in vitro activity, the data will cluster close to the point with coordinates 1; 1, corresponding to the
WT. In contrast, if both activities are strongly disrupted, the data should cluster around the 0; 0 point.
Indeed, many mutants fall into these two categories. The most interesting mutants are those that
exhibit intermediate behavior, as they allow one to differentiate the limiting aspect of translocation
and distinguish the two pathways outlined in Figure 1. If the formation of OCS constituted the critical
intermediate step of the pathway (i.e., pathway 2), one would expect the data to follow a somewhat
concave correlation pattern, illustrated by the grey arrow in Figure 5. In reality, the data clearly follow
a strongly convex pattern consistent with pathway 1. In the latter pathway, the OCS is a byproduct of
translocation that is or is not formed after the translocation occurs. This view is strongly supported
by the high WT-like activity of OCS-blocking mutants H322Q, H323Q, and H372Q observed in both
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in vitro N-terminus translocation assay (Figure 4a) and in vivo C-domain translocation assay, required
for cytotoxicity (Figure 4b).
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Figure 5. Comparison of the relative cellular toxicity in various mutants of diphtheria toxin and relative
OCS activity of the T-domain with the same mutations in planar bilayers. Black triangle represents
a single set of activity measurements (protein synthesis inhibition in living cells and conductance in
planar bilayers) for a mutant reported in references [37,46,48]. The data for H322Q, H323Q, and H372Q
mutants (color-coded circles) are from Figure 4b and reference [38]. Blue and gray arrows indicate the
expected correlation for the translocation occurring via Pathway 1 or 2, respectively (see Figure 1 and
text for details).

3. Conclusions and Perspectives

The data presented here clearly demonstrate the ability of diphtheria toxin with OCS-blocking
mutations (e.g., H322Q, H323Q, and H372Q [38]) to ensure efficient translocation of its catalytic
moiety into the cell (Figure 4b). These mutants are critical in establishing the correlation pattern
between in vitro and in vivo activities of toxin mutants (Figure 5), which strongly favors Pathway 1 of
cellular entry (Figure 1), in which the OCS is a byproduct of translocation rather than translocation
intermediate. These results raise several questions:

1. Is it possible that these mutants take advantage, for some reason, of an entry pathway alternative
to that of the WT toxin? While such an option is possible, it seems rather unlikely, because these
mutants also appear active in a simplified in vitro translocation assay performed in a reductionist
system of artificial lipid vesicles without a transbilayer electrical potential (Figure 4a);

2. Is it possible that the number of molecules in the OCS conformation is only a minor fraction of the
entire population in model experiments? Our spectroscopic data indicate otherwise, suggesting
a clear correlation between the ability of helix TH5 to insert in the OCS conformation or its
precursor even in the absence of transbilayer potential (Figures 2 and 3 and [38]);

3. What is the mechanism of the translocation? Clearly more model and cellular studies will be
necessary to fully answer this question. One possibility may involve the formation of a transient
passageway due to the perturbation caused by the T-domain refolding on bilayer interface.
Deciphering the molecular mechanism of this enigmatic system is especially important in light of
the potential use for diphtheria toxin T-domain as a molecular vehicle for targeted drug delivery.

4. Materials and Methods

Materials: Palmitoyl-oleoyl-phosphatidylcholine (POPC) and Palmitoyl-oleoyl-phosphatidyl-
glycerol (POPG), 6-7-dibromo-PC, 9-10-dibromo-PC, 11-12-dibromo-PC were obtained from Avanti
Polar Lipids (Alabaster, AL, USA).
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T-domain expression and purification: The diphtheria toxin T-domain (amino acids 202–378)
was cloned into the Ndel- and EcoRl-treated pET15b vector. The mutations were introduced
using Site-Directed Mutagenesis Kit (Stratagene, Santa Clara, CA, USA) according to manufacturer
recommendations. WT T-domain and the mutants were expressed and purified as described
previously [37,38]. Briefly, E. coli BL23DELysS cells previously transformed with plasmid carrying T
domain WT or mutant were grown in LB medium to OD600 = 0.6. Protein expression was induced by
addition of 0.8 mM IPTG and grown at 24 ◦C for 16 h. Cells were cleared by centrifugation, and pellets
were resuspended in lysis buffer (25 mM Tris-HCl, 300 mM NaCl, 5 mM imidazole, lysozyme
0.1 mg/mL (Fisher Scientific, Pittsburgh, PA, USA), protease inhibitors cocktail 1× (Hoffmann-La
Roche, Basel, Switzerland), pH 8) and subjected 5 times to 30 s of sonication on ice. Lysates were
centrifuged at 5000 g, cell debris discarded, and soluble T domain was bound to Ni-NTA (Qiagen,
Boston, MA, USA) at 4 ◦C for 16 h. Bound protein was washed several times with binding buffer
(25 mM Tris-HCl, 300 mM NaCl, 5 mM imidazole) and eluted with 0.5 M imidazole in the binding
buffer. Eluted protein was passed through a Superose 12 column 1 × 30 cm, flow rate 0.4 mL/min
in 50 mM sodium-phosphate buffer, pH 8. Purified protein was quantified by absorbance at 280 nm
(ε280 = 17.000 M−1cm−1) and purity was confirmed by SDS-PAGE.

On the request from editors to justify our mutagenesis strategy, we state that we do not believe
phenylalanine to be a proper replacement for histidine, especially in case of membrane-interacting
proteins, as it introduces additional non-natural mode of protein interaction with the lipid bilayer.
For more discussion see [32].

Vesicle Preparation: Large unilamellar vesicles of diameter 0.1 µm were prepared by extrusion
method [59,60] using a 1:3 molar mixture of POPC and POPG. Vesicles for quenching experiments
contained 1:1 molar mixture of POPG and either 6-7-dibromo-PC, or 9-10-dibromo-PC, or 11-12-
dibromo-PC, or POPC (control measurements with no quenching).

T-domain N-Terminus Translocation Assay: The translocation was performed using a proteolytic
assay described previously [49]. Briefly, lipid vesicles composed of a molar ratio of POPG:POPC
3:1 were preloaded with ~0.02 units of bovine thrombin (Fisher Bioreagents, Fair Lawn, NJ, USA),
and non-encapsulated thrombin was removed by FPLC gel filtration on a Superose 12 1 × 30 cm
column. Preloaded vesicles (2 mM lipid concentration) were then mixed with 0.1 µM of T-domain
containing an N-terminal His-tag linked by a sequence containing thrombin cleavage site. After 1 hour
of incubation at pH 5.8, the vesicles were treated with 5% of SDS and samples analyzed by SDS-PAGE
to quantify cleaved and uncleaved protein. To prevent cleavage due to vesicle rupture (rather than
translocation of the N-terminus), 0.02 units of thrombin inhibitor hirudin (Sigma, St. Louis, MO, USA)
were added to the reaction mixture.

Protein Synthesis Inhibition Assay. This assay of physiological activity of diphtheria toxin utilizes
a weakened strain of full-length diphtheria toxin carrying the E148S mutation, to reduce the toxic
potency [61]) (as per NIH guidelines). Full-length toxin was expressed and purified as previously
detailed [62]. Inhibition of protein synthesis was determined according to the previously described
method [58]. Briefly, CHO-K1 cells (10,000 cells/well) were intoxicated by diphtheria toxin constructs
for 24 h at 37 ◦C, after which incorporation of L-[4,5-3H] leucine was measured.

Fluorescence Measurements: Fluorescence was measured using a SPEX Fluorolog FL 3-22 steady-
state fluorescence spectrometer (Jobin Yvon, Edison, NJ, USA) equipped with double-grating excitation
and emission monochromators. The measurements were made at 25 ◦C in 2 × 10 mm cuvettes
oriented perpendicular to the excitation beam. For tryptophan fluorescence measurement, excitation
wavelength was 280 nm and emission spectra was recorded between 290 nm and 500 nm using
excitation and emission spectral slits of 2 and 4 nm, respectively. Normally stock concentrations of
vesicles and protein were mixed to achieve final concentration of 1 µM T-domain and 1 mM lipid in
10 mM phosphate buffer, pH 7. The insertion was achieved by rapid addition of small aliquots of 2.5 M
sodium acetate-acetic buffer, to reach the desired pH. All spectra were recorded after 30 min incubation
to ensure the equilibration of the sample. Correction for the background and fitting to a log-normal
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distribution to determine the position of spectral maximum of emission λmax was performed as
described previously [63]. The spectral data were averaged to whole nm value for the presentation.

Depth-Dependent Fluorescence Quenching with Brominated Lipids: Quenching study is performed
by taking a series of fluorescence measurements of the T-domain inserted into the vesicles containing
lipids with bromine atoms attached at different positions [51,52]. Here we have used 1:1 mixture of
POPG and BRPCs (6-7-dibromo-PC; 9-10-dibromo-PC and 11-12-dibromo-PC; one at a time) to prepare
vesicles containing 50% quenching lipid. We have determined fluorescence intensity of tryptophan F(h)
as a function of the known depth of the bromolipids (h). Data are usually normalized to the intensity
in the absence of quenching, F0, measured with 1:1 POPC:POPG mixture For quantitative analysis we
used Distribution Analysis method, which fits the data to the following symmetrical twin Gaussian
function [52]:

F0/(F(h) − 1 = G(h − hm, σ, S) + G(h + hm, σ, S),

where
G(h − hm, σ, S) = S/(σ

√
2π) exp{−[(h − hm)/2σ]2} (1)

The three parameters of this above distribution are: most probable distance of the fluorescent
probe from the center of bilayer (hm), dispersion of the transverse distribution of the probe (σ),
and quenching efficiency (S). In this particular case, we fixed the value σ at 5.0 Å, which corresponds
to a typical value observed in other systems, and used only two fitting parameters hm and S.

Acknowledgments: Research reported in this publication was supported by the National Institute of General
Medical Sciences of the National Institutes of Health under Award Number P30 GM110761. We are grateful to
R.J. Collier of Harvard Medical School for plenteous advice and for the use of his lab equipment for cellular work.
We are grateful to M.D.A. Myers for editorial assistance.

Author Contributions: A.S.L. conceived and designed the experiments and wrote the paper; M.V.-U. designed the
experiments and wrote the paper; M.V.R. designed and performed translocation experiments and prepared
mutants for all experiments; C.G. performed fluorescence experiments; O.S. performed protein synthesis
inhibition assay.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References

1. Murphy, J.R. Mechanism of diphtheria toxin catalytic domain delivery to the eukaryotic cell cytosol and the
cellular factors that directly participate in the process. Toxins 2011, 3, 294–308. [CrossRef] [PubMed]

2. Simon, N.C.; Aktories, K.; Barbieri, J.T. Novel bacterial ADP-ribosylating toxins: Structure and function.
Nat. Rev. Microbiol. 2014, 12, 599–611. [CrossRef] [PubMed]

3. Zhang, Y.; Schulte, W.; Pink, D.; Phipps, K.; Zijlstra, A.; Lewis, J.D.; Waisman, D.M. Sensitivity of cancer cells
to truncated diphtheria toxin. PLoS ONE 2010, 5, e10498. [CrossRef] [PubMed]

4. Wild, R.; Yokoyama, Y.; Dings, R.P.; Ramakrishnan, S. VEGF-DT385 toxin conjugate inhibits mammary
adenocarcinoma development in a transgenic mouse model of spontaneous tumorigenesis. Breast Cancer
Res. Treat. 2004, 85, 161–171. [CrossRef] [PubMed]

5. Urieto, J.O.; Liu, T.; Black, J.H.; Cohen, K.A.; Hall, P.D.; Willingham, M.C.; Pennell, L.K.; Hogge, D.E.;
Kreitman, R.J.; Frankel, A.E. Expression and purification of the recombinant diphtheria fusion toxin DT388IL3
for phase i clinical trials. Protein Expr. Purif. 2004, 33, 123–133. [CrossRef] [PubMed]

6. Turturro, F. Denileukin diftitox: A biotherapeutic paradigm shift in the treatment of lymphoid-derived disorders.
Expert Rev. Anticancer Ther. 2007, 7, 11–17. [CrossRef] [PubMed]

7. Ramakrishnan, S.; Olson, T.A.; Bautch, V.L.; Mohanraj, D. Vascular endothelial growth factor-toxin conjugate
specifically inhibits KDR/flk-1-positive endothelial cell proliferation in vitro and angiogenesis in vivo.
Cancer Res. 1996, 56, 1324–1330. [PubMed]

8. Ramage, J.G.; Vallera, D.A.; Black, J.H.; Aplan, P.D.; Kees, U.R.; Frankel, A.E. The diphtheria toxin/urokinase
fusion protein (DTAT) is selectively toxic to CD87 expressing leukemic cells. Leuk. Res. 2003, 27, 79–84.
[CrossRef]

http://dx.doi.org/10.3390/toxins3030294
http://www.ncbi.nlm.nih.gov/pubmed/22069710
http://dx.doi.org/10.1038/nrmicro3310
http://www.ncbi.nlm.nih.gov/pubmed/25023120
http://dx.doi.org/10.1371/journal.pone.0010498
http://www.ncbi.nlm.nih.gov/pubmed/20463924
http://dx.doi.org/10.1023/B:BREA.0000025407.02896.ec
http://www.ncbi.nlm.nih.gov/pubmed/15111774
http://dx.doi.org/10.1016/j.pep.2003.09.003
http://www.ncbi.nlm.nih.gov/pubmed/14680969
http://dx.doi.org/10.1586/14737140.7.1.11
http://www.ncbi.nlm.nih.gov/pubmed/17187516
http://www.ncbi.nlm.nih.gov/pubmed/8640821
http://dx.doi.org/10.1016/S0145-2126(02)00077-2


Toxins 2017, 9, 299 10 of 12

9. Murphy, J.R.; Bishai, W.; Borowski, M.; Miyanohara, A.; Boyd, J.; Nagle, S. Genetic construction, expression,
and melanoma-selective cytotoxicity of a diphtheria toxin-related alpha-melanocyte-stimulating hormone
fusion protein. Proc. Natl. Acad. Sci. USA 1986, 83, 8258–8262. [CrossRef] [PubMed]

10. Kreitman, R.J. Immunotoxins for targeted cancer therapy. AAPS J. 2006, 8, E532–E551. [CrossRef] [PubMed]
11. Hogge, D.E.; Yalcintepe, L.; Wong, S.H.; Gerhard, B.; Frankel, A.E. Variant diphtheria toxin-interleukin-3

fusion proteins with increased receptor affinity have enhanced cytotoxicity against acute myeloid
leukemia progenitors. Clin. Cancer Res. 2006, 12, 1284–1291. [CrossRef] [PubMed]

12. Hall, P.D.; Willingham, M.C.; Kreitman, R.J.; Frankel, A.E. DT388-GM-CSF, a novel fusion toxin consisting of
a truncated diphtheria toxin fused to human granulocyte-macrophage colony-stimulating factor, prolongs
host survival in a scid mouse model of acute myeloid leukemia. Leukemia 1999, 13, 629–633. [CrossRef]
[PubMed]

13. Feuring-Buske, M.; Frankel, A.; Gerhard, B.; Hogge, D. Variable cytotoxicity of diphtheria toxin 388-granulocyte-
macrophage colony-stimulating factor fusion protein for acute myelogenous leukemia stem cells. Exp. Hematol.
2000, 28, 1390–1400. [CrossRef]

14. Duvic, M.; Talpur, R. Optimizing denileukin diftitox (ontak) therapy. Future Oncol. 2008, 4, 457–469.
[CrossRef] [PubMed]

15. Cohen, K.A.; Liu, T.F.; Cline, J.M.; Wagner, J.D.; Hall, P.D.; Frankel, A.E. Toxicology and pharmacokinetics of
DT388IL3, a fusion toxin consisting of a truncated diphtheria toxin (DT388) linked to human interleukin
3 (IL3), in cynomolgus monkeys. Leuk. Lymphoma 2004, 45, 1647–1656. [CrossRef] [PubMed]

16. Black, J.H.; McCubrey, J.A.; Willingham, M.C.; Ramage, J.; Hogge, D.E.; Frankel, A.E. Diphtheria toxin-
interleukin-3 fusion protein (DT(388)IL3) prolongs disease-free survival of leukemic immunocompromised mice.
Leukemia 2003, 17, 155–159. [CrossRef] [PubMed]

17. Reshetnyak, Y.K.; Andreev, O.A.; Lehnert, U.; Engelman, D.M. Translocation of molecules into cells by
pH-dependent insertion of a transmembrane helix. Proc. Natl. Acad. Sci. USA 2006, 103, 6460–6465.
[CrossRef] [PubMed]

18. Reshetnyak, Y.K.; Segala, M.; Andreev, O.A.; Engelman, D.M. A monomeric membrane peptide that lives
in three worlds: In solution, attached to, and inserted across lipid bilayers. Biophys. J. 2007, 93, 2363–2372.
[CrossRef] [PubMed]

19. Andreev, O.A.; Engelman, D.M.; Reshetnyak, Y.K. Targeting acidic diseased tissue: New technology based
on use of the pH (Low) Insertion Peptide (pHLIP). Chim. Oggi 2009, 27, 34–37. [PubMed]

20. Segala, J.; Engelman, D.M.; Reshetnyak, Y.K.; Andreev, O.A. Accurate analysis of tumor margins using a
fluorescent pH Low Insertion Peptide (pHLIP). Int. J. Mol. Sci. 2009, 10, 3478–3487. [CrossRef] [PubMed]

21. Vavere, A.L.; Biddlecombe, G.B.; Spees, W.M.; Garbow, J.R.; Wijesinghe, D.; Andreev, O.A.; Engelman, D.M.;
Reshetnyak, Y.K.; Lewis, J.S. A novel technology for the imaging of acidic prostate tumors by positron
emission tomography. Cancer Res. 2009, 69, 4510–4516. [CrossRef] [PubMed]

22. Reshetnyak, Y.K.; Yao, L.; Zheng, S.; Kuznetsov, S.; Engelman, D.M.; Andreev, O.A. Measuring tumor
aggressiveness and targeting metastatic lesions with fluorescent pHLIP. Mol. Imaging Biol. 2011, 13, 1146–1156.
[CrossRef] [PubMed]

23. Andreev, O.A.; Engelman, D.M.; Reshetnyak, Y.K. pH-sensitive membrane peptides (pHLIPs) as a novel
class of delivery agents. Mol. Membr. Biol. 2010, 27, 341–352. [CrossRef] [PubMed]

24. Sosunov, E.A.; Anyukhovsky, E.P.; Sosunov, A.A.; Moshnikova, A.; Wijesinghe, D.; Engelman, D.M.;
Reshetnyak, Y.K.; Andreev, O.A. pH (Low) Insertion Peptide (pHLIP) targets ischemic myocardium.
Proc. Natl. Acad. Sci. USA 2013, 110, 82–86. [CrossRef] [PubMed]

25. Weerakkody, D.; Moshnikova, A.; Thakur, M.S.; Moshnikova, V.; Daniels, J.; Engelman, D.M.; Andreev, O.A.;
Reshetnyak, Y.K. Family of pH (Low) Insertion Peptides for tumor targeting. Proc. Natl. Acad. Sci. USA 2013,
110, 5834–5839. [CrossRef] [PubMed]

26. Andreev, O.A.; Engelman, D.M.; Reshetnyak, Y.K. Targeting diseased tissues by pHLIP insertion at low cell
surface pH. Front. Physiol. 2014, 5, 97. [CrossRef] [PubMed]

27. Ren, J.; Kachel, K.; Kim, H.; Malenbaum, S.E.; Collier, R.J.; London, E. Interaction of diphtheria toxin T
domain with molten globule-like proteins and its implications for translocation. Science 1999, 284, 955–957.
[CrossRef] [PubMed]

28. Ladokhin, A.S. pH-triggered conformational switching along the membrane insertion pathway of the
diphtheria toxin T-domain. Toxins 2013, 5, 1362–1380. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.83.21.8258
http://www.ncbi.nlm.nih.gov/pubmed/3095831
http://dx.doi.org/10.1208/aapsj080363
http://www.ncbi.nlm.nih.gov/pubmed/17025272
http://dx.doi.org/10.1158/1078-0432.CCR-05-2070
http://www.ncbi.nlm.nih.gov/pubmed/16489085
http://dx.doi.org/10.1038/sj.leu.2401357
http://www.ncbi.nlm.nih.gov/pubmed/10214872
http://dx.doi.org/10.1016/S0301-472X(00)00542-7
http://dx.doi.org/10.2217/14796694.4.4.457
http://www.ncbi.nlm.nih.gov/pubmed/18684057
http://dx.doi.org/10.1080/10428190410001663572
http://www.ncbi.nlm.nih.gov/pubmed/15370220
http://dx.doi.org/10.1038/sj.leu.2402744
http://www.ncbi.nlm.nih.gov/pubmed/12529673
http://dx.doi.org/10.1073/pnas.0601463103
http://www.ncbi.nlm.nih.gov/pubmed/16608910
http://dx.doi.org/10.1529/biophysj.107.109967
http://www.ncbi.nlm.nih.gov/pubmed/17557792
http://www.ncbi.nlm.nih.gov/pubmed/20037661
http://dx.doi.org/10.3390/ijms10083478
http://www.ncbi.nlm.nih.gov/pubmed/20111691
http://dx.doi.org/10.1158/0008-5472.CAN-08-3781
http://www.ncbi.nlm.nih.gov/pubmed/19417132
http://dx.doi.org/10.1007/s11307-010-0457-z
http://www.ncbi.nlm.nih.gov/pubmed/21181501
http://dx.doi.org/10.3109/09687688.2010.509285
http://www.ncbi.nlm.nih.gov/pubmed/20939768
http://dx.doi.org/10.1073/pnas.1220038110
http://www.ncbi.nlm.nih.gov/pubmed/23248283
http://dx.doi.org/10.1073/pnas.1303708110
http://www.ncbi.nlm.nih.gov/pubmed/23530249
http://dx.doi.org/10.3389/fphys.2014.00097
http://www.ncbi.nlm.nih.gov/pubmed/24659971
http://dx.doi.org/10.1126/science.284.5416.955
http://www.ncbi.nlm.nih.gov/pubmed/10320374
http://dx.doi.org/10.3390/toxins5081362
http://www.ncbi.nlm.nih.gov/pubmed/23925141


Toxins 2017, 9, 299 11 of 12

29. Ladokhin, A.S.; Legmann, R.; Collier, R.J.; White, S.H. Reversible refolding of the diphtheria toxin T-domain
on lipid membranes. Biochemistry 2004, 43, 7451–7458. [CrossRef] [PubMed]

30. Kyrychenko, A.; Posokhov, Y.O.; Rodnin, M.V.; Ladokhin, A.S. Kinetic intermediate reveals staggered
pH-dependent transitions along the membrane insertion pathway of the diphtheria toxin T-domain.
Biochemistry 2009, 48, 7584–7594. [CrossRef] [PubMed]

31. Vargas-Uribe, M.; Rodnin, M.V.; Ojemalm, K.; Holgado, A.; Kyrychenko, A.; Nilsson, I.; Posokhov, Y.O.;
Makhatadze, G.; von Heijne, G.; Ladokhin, A.S. Thermodynamics of membrane insertion and refolding of
the diphtheria toxin T-domain. J. Membr. Biol. 2015, 248, 383–394. [CrossRef] [PubMed]

32. Rodnin, M.V.; Kyrychenko, A.; Kienker, P.; Sharma, O.; Posokhov, Y.O.; Collier, R.J.; Finkelstein, A.;
Ladokhin, A.S. Conformational switching of the diphtheria toxin T domain. J. Mol. Biol. 2010, 402, 1–7.
[CrossRef] [PubMed]

33. Kurnikov, I.V.; Kyrychenko, A.; Flores-Canales, J.C.; Rodnin, M.V.; Simakov, N.; Vargas-Uribe, M.; Posokhov, Y.O.;
Kurnikova, M.; Ladokhin, A.S. Ph-triggered conformational switching of the diphtheria toxin T-domain:
The roles of N-terminal histidines. J. Mol. Biol. 2013, 425, 2752–2764. [CrossRef] [PubMed]

34. Rodnin, M.V.; Li, J.; Gross, M.L.; Ladokhin, A.S. The pH-dependent trigger in diphtheria toxin T domain
comes with a safety latch. Biophys. J. 2016, 111, 1946–1953. [CrossRef] [PubMed]

35. Perier, A.; Chassaing, A.; Raffestin, S.; Pichard, S.; Masella, M.; Menez, A.; Forge, V.; Chenal, A.; Gillet, D.
Concerted protonation of key histidines triggers membrane interaction of the diphtheria toxin T domain.
J. Biol. Chem. 2007, 282, 24239–24245. [CrossRef] [PubMed]

36. Ghatak, C.; Rodnin, M.V.; Vargas-Uribe, M.; McCluskey, A.J.; Flores-Canales, J.C.; Kurnikova, M.;
Ladokhin, A.S. Role of acidic residues in helices TH8–TH9 in membrane interactions of the diphtheria
toxin T domain. Toxins 2015, 7, 1303–1323. [CrossRef] [PubMed]

37. Rodnin, M.V.; Kyrychenko, A.; Kienker, P.; Sharma, O.; Vargas-Uribe, M.; Collier, R.J.; Finkelstein, A.;
Ladokhin, A.S. Replacement of C-terminal histidines uncouples membrane insertion and translocation in
diphtheria toxin T-domain. Biophys. J. 2011, 101, L41–L43. [CrossRef] [PubMed]

38. Vargas-Uribe, M.; Rodnin, M.V.; Kienker, P.; Finkelstein, A.; Ladokhin, A.S. Crucial role of H322 in folding of
the diphtheria toxin T-domain into the Open-Channel State. Biochemistry 2013, 52, 3457–3463. [CrossRef]
[PubMed]

39. Kienker, P.K.; Wu, Z.; Finkelstein, A. Mapping the membrane topography of the TH6–TH7 segment of the
diphtheria toxin T-domain channel. J. Gen. Physiol. 2015, 145, 107–125. [CrossRef] [PubMed]

40. Kienker, P.K.; Wu, Z.; Finkelstein, A. Topography of the TH5 segment in the diphtheria toxin T-domain channel.
J. Membr. Biol. 2016, 249, 181–196. [CrossRef] [PubMed]

41. Donovan, J.J.; Simon, M.I.; Draper, R.K.; Montal, M. Diphtheria toxin forms transmembrane channels in
planar lipid bilayers. Proc. Natl. Acad. Sci. USA 1981, 78, 172–176. [CrossRef] [PubMed]

42. Bennett, M.J.; Choe, S.; Eisenberg, D. Refined structure of dimeric diphtheria toxin at 2.0 Å resolution.
Protein Sci. 1994, 3, 1444–1463. [CrossRef] [PubMed]

43. Senzel, L.; Gordon, M.; Blaustein, R.O.; Oh, K.J.; Collier, R.J.; Finkelstein, A. Topography of diphtheria toxin’s
T domain in the open channel state. J. Gen. Physiol. 2000, 115, 421–434. [CrossRef] [PubMed]

44. Oh, K.J.; Zhan, H.; Cui, C.; Hideg, K.; Collier, R.J.; Hubbell, W.L. Organization of diphtheria toxin T domain
in bilayers: A site-directed spin labeling study. Science 1996, 273, 810–812. [CrossRef] [PubMed]

45. Mindell, J.A.; Silverman, J.A.; Collier, R.J.; Finkelstein, A. Structure-function relationships in diphtheria toxin
channels: III. Residues which affect the cis pH dependence of channel conductance. J. Membr. Biol. 1994, 137,
45–57. [CrossRef] [PubMed]

46. Silverman, J.A.; Mindell, J.A.; Finkelstein, A.; Shen, W.H.; Collier, R.J. Mutational analysis of the helical
hairpin region of diphtheria toxin transmembrane domain. J. Biol. Chem. 1994, 269, 22524–22532. [PubMed]

47. Silverman, J.A.; Mindell, J.A.; Zhan, H.; Finkelstein, A.; Collier, R.J. Structure-function relationships in
diphtheria toxin channels: I. Determining a minimal channel-forming domain. J. Membr. Biol. 1994, 137,
17–28. [CrossRef] [PubMed]

48. Kaul, P.; Silverman, J.; Shen, W.H.; Blanke, S.R.; Huynh, P.D.; Finkelstein, A.; Collier, R.J. Roles of Glu 349
and Asp 352 in membrane insertion and translocation by diphtheria toxin. Protein Sci. 1996, 5, 687–892.
[CrossRef] [PubMed]

49. Rodnin, M.V.; Ladokhin, A.S. Membrane translocation assay based on proteolytic cleavage: Application to
diphtheria toxin T domain. Biochim. Biophys. Acta 2015, 1848, 35–40. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/bi036157w
http://www.ncbi.nlm.nih.gov/pubmed/15182188
http://dx.doi.org/10.1021/bi9009264
http://www.ncbi.nlm.nih.gov/pubmed/19588969
http://dx.doi.org/10.1007/s00232-014-9734-0
http://www.ncbi.nlm.nih.gov/pubmed/25281329
http://dx.doi.org/10.1016/j.jmb.2010.07.024
http://www.ncbi.nlm.nih.gov/pubmed/20654627
http://dx.doi.org/10.1016/j.jmb.2013.04.030
http://www.ncbi.nlm.nih.gov/pubmed/23648837
http://dx.doi.org/10.1016/j.bpj.2016.09.030
http://www.ncbi.nlm.nih.gov/pubmed/27806276
http://dx.doi.org/10.1074/jbc.M703392200
http://www.ncbi.nlm.nih.gov/pubmed/17584737
http://dx.doi.org/10.3390/toxins7041303
http://www.ncbi.nlm.nih.gov/pubmed/25875295
http://dx.doi.org/10.1016/j.bpj.2011.10.018
http://www.ncbi.nlm.nih.gov/pubmed/22098755
http://dx.doi.org/10.1021/bi400249f
http://www.ncbi.nlm.nih.gov/pubmed/23621842
http://dx.doi.org/10.1085/jgp.201411326
http://www.ncbi.nlm.nih.gov/pubmed/25582482
http://dx.doi.org/10.1007/s00232-015-9859-9
http://www.ncbi.nlm.nih.gov/pubmed/26645703
http://dx.doi.org/10.1073/pnas.78.1.172
http://www.ncbi.nlm.nih.gov/pubmed/6264431
http://dx.doi.org/10.1002/pro.5560030911
http://www.ncbi.nlm.nih.gov/pubmed/7833807
http://dx.doi.org/10.1085/jgp.115.4.421
http://www.ncbi.nlm.nih.gov/pubmed/10736310
http://dx.doi.org/10.1126/science.273.5276.810
http://www.ncbi.nlm.nih.gov/pubmed/8670424
http://dx.doi.org/10.1007/BF00234997
http://www.ncbi.nlm.nih.gov/pubmed/7516434
http://www.ncbi.nlm.nih.gov/pubmed/7521329
http://dx.doi.org/10.1007/BF00234995
http://www.ncbi.nlm.nih.gov/pubmed/7516432
http://dx.doi.org/10.1002/pro.5560050413
http://www.ncbi.nlm.nih.gov/pubmed/8845758
http://dx.doi.org/10.1016/j.bbamem.2014.09.013
http://www.ncbi.nlm.nih.gov/pubmed/25291602


Toxins 2017, 9, 299 12 of 12

50. Falnes, P.O.; Madshus, I.H.; Sandvig, K.; Olsnes, S. Replacement of negative by positive charges in the
presumed membrane-inserted part of diphtheria toxin B fragment. Effect on membrane translocation and on
formation of cation channels. J. Biol. Chem. 1992, 267, 12284–12290. [PubMed]

51. London, E.; Ladokhin, A.S. Measuring the depth of amino acid residues in membrane-inserted peptides by
fluorescence quenching. Curr. Top. Membr. 2002, 52, 89–115.

52. Ladokhin, A.S. Measuring membrane penetration with depth-dependent fluorescence quenching:
Distribution analysis is coming of age. Biochim. Biophys. Acta 2014, 1838, 2289–2295. [CrossRef] [PubMed]

53. Kyrychenko, A.; Posokhov, Y.O.; Vargas-Uribe, M.; Ghatak, C.; Rodnin, M.V.; Ladokhin, A.S. Fluorescence
applications for structural and thermodynamic studies of membrane protein insertion. In Reviews in
Fluorescence 2016; Geddes, C.D., Ed.; Springer: Cham, Switzerland, 2017; pp. 243–274.

54. McIntosh, T.J.; Holloway, P.W. Determination of the depth of bromine atoms in bilayers formed from
bromolipid probes. Biochemistry 1987, 26, 1783–1788. [CrossRef] [PubMed]

55. Ladokhin, A.S. Analysis of protein and peptide penetration into membranes by depth-dependent
fluorescence quenching: Theoretical considerations. Biophys. J. 1999, 76, 946–955. [CrossRef]

56. Ladokhin, A.S. Evaluation of lipid exposure of tryptophan residues in membrane peptides and proteins.
Anal. Biochem. 1999, 276, 65–71. [CrossRef] [PubMed]

57. Gnanasambandam, R.; Ghatak, C.; Yasmann, A.; Nishizawa, K.; Sachs, F.; Ladokhin, A.S.; Sukharev, S.I.;
Suchyna, T.M. GsMTx4: Mechanism of inhibiting mechanosensitive ion channels. Biophys. J. 2017, 112, 31–45.
[CrossRef] [PubMed]

58. Blanke, S.R.; Milne, J.C.; Benson, E.L.; Collier, R.J. Fused polycationic peptide mediates delivery of diphtheria
toxin A chain to the cytosol in the presence of anthrax protective antigen. Proc. Natl. Acad. Sci. USA 1996, 93,
8437–8442. [CrossRef] [PubMed]

59. Hope, M.J.; Bally, M.B.; Mayer, L.D.; Janoff, A.S.; Cullis, P.R. Generation of multilamellar and unilamellar
phospholipid vesicles. Chem. Phys. Lipids 1986, 40, 89–107. [CrossRef]

60. Mayer, L.D.; Hope, M.J.; Cullis, P.R. Vesicles of variable sizes produced by a rapid extrusion procedure.
Biochim. Biophys. Acta 1986, 858, 161–168. [CrossRef]

61. Barbieri, J.T.; Collier, R.J. Expression of a mutant, full-length form of diphtheria toxin in Escherichia coli..
Infect Immun. 1987, 55, 1647–1651. [PubMed]

62. Zhan, H.; Elliott, J.L.; Shen, W.H.; Huynh, P.D.; Finkelstein, A.; Collier, R.J. Effects of mutations in proline
345 on insertion of diptheria toxin into model membranes. J. Membr. Biol. 1999, 167, 173–181. [CrossRef]
[PubMed]

63. Ladokhin, A.S.; Jayasinghe, S.; White, S.H. How to measure and analyze tryptophan fluorescence in
membranes properly, and why bother? Anal. Biochem. 2000, 285, 235–245. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://www.ncbi.nlm.nih.gov/pubmed/1376320
http://dx.doi.org/10.1016/j.bbamem.2014.02.019
http://www.ncbi.nlm.nih.gov/pubmed/24593994
http://dx.doi.org/10.1021/bi00380a042
http://www.ncbi.nlm.nih.gov/pubmed/3593689
http://dx.doi.org/10.1016/S0006-3495(99)77258-9
http://dx.doi.org/10.1006/abio.1999.4343
http://www.ncbi.nlm.nih.gov/pubmed/10585745
http://dx.doi.org/10.1016/j.bpj.2016.11.013
http://www.ncbi.nlm.nih.gov/pubmed/28076814
http://dx.doi.org/10.1073/pnas.93.16.8437
http://www.ncbi.nlm.nih.gov/pubmed/8710889
http://dx.doi.org/10.1016/0009-3084(86)90065-4
http://dx.doi.org/10.1016/0005-2736(86)90302-0
http://www.ncbi.nlm.nih.gov/pubmed/3110068
http://dx.doi.org/10.1007/s002329900481
http://www.ncbi.nlm.nih.gov/pubmed/9916148
http://dx.doi.org/10.1006/abio.2000.4773
http://www.ncbi.nlm.nih.gov/pubmed/11017708
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Comparing the Two Translocation Pathways 
	Spectroscopic Evidence for the Difference in TH5 Topology in WT and in OCS-Blocking Mutant H322Q 
	Translocation Activity of OCS-Blocking Mutants of the T-Domain 
	OCS: Critical Intermediate or Byproduct of Translocation 

	Conclusions and Perspectives 
	Materials and Methods 

