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nomena of this kind are to be found in 
many, if not most, physiological signaling 
systems. 
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Organization of Diphtheria Toxin T Domain in 
Bilayers: A Site-Directed Spin Labeling Study 
Kyoung Joon Oh, Hangjun Zhan,* Can Cui, Kalman Hideg, 

R. John Collier, t Wayne L Hubbellt 

The diphtheria toxin transmembrane (T) domain was spin-labeled at consecutive res
idues in a helical segment, TH9. After binding of the T domain to membranes at low pH, 
the nitroxide side chains generated by spin labeling were measured with respect to their 
frequency of collision with polar and nonpolar reagents. The data showed that the helical 
structure of TH9 in solution is conserved, with one face exposed to water and the other 
to the hydrophobic interior of the bilayer. Measurement of the depth of the nitroxide side 
chains from the membrane surfaces revealed an incremental change of about 5 ang
stroms per turn, which is consistent with a transmembrane orientation of an a helix. These 
results indicate that the helix forms the lining of a transmembrane water-filled channel. 

Diphth eria toxin (DT) (I) belongs to a 
large class of toxic proteins that act by 
enzymatically modifying cytosolic substrates 
within eukaryotic cells (2). The process by 
which the catalytic moiety is transferred 
across a membrane lipid bilayer into the 
cytosol is not understood for any such toxin. 
For DT, translocation occurs only after the 
toxin has bound to its receptor at the cell 
surface and has been delivered by receptor-

mediated endocytosis to the endosomal 
compartment (3). Under the influence of 
the low pH within that compartment, the 
toxin undergoes a conformational rear
rangement that causes its T domain to in
sert into the endosomal membrane (4). 
This insertion event is known to induce the 
toxin's catalytic domain to cross the mem
brane to the cytosolic compartment (5), 
where it catalyzes the adenosine diphos-
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Fig. 1. Structure of the T domain (residues 202 to 
378) of DT. The locations of 21 residues selected 
for mutation to cysteine and attachment of spin 
probes are indicated as solid spheres. Mutants of 
the isolated T domain were prepared as described 
(15). The numbering of the mutant residues is that 
of the native DT. This Molscript representation (23) 
was generated from the coordinates of DT provid- 
ed by Bennett and Eisenberg (8). 

phate ribosylation of elongation factor-2, 
causing inhibition of protein synthesis and 
cell death (6). 

The T domain (Fig. l), which is situated 
between the toxin's NH2-terminal catalytic 
and COOH-teiminal receptor-binding do- 
mains, is composed of nine a helices (7, 8). 
Two long hydrophobic helices, TH8 and 
TH9, form a helical hairpin in the core of the 
T domain and are covered by two other "lay- 
ers" of helices (9). The holotoxin or the iso- 
lated T domain forms voltage-dependent 
channels in planar bilayers under low-pH 
conditions (pH -5) (1 O), and a toxin subfrag- 
ment containing TH8 and TH9 as the only 
components of the T domain is sufficient for 
channel formation (I 1 ). Chemical modifica- 
tion studies indicate that the TH8-TH9 in- 
terhelical loop is located on the trans surface 
of the bilayer in the open channel state (1 2). 
Thus, it has been postulated that the DT 
channel is formed by the insertion of the 
TH8-TH9 helical hairpin into the membrane 
(7, 9,  12). However, direct evidence that this 
motif retains its helical structure in the mem- 
brane is lacking, and the structure of the 
conducting unit is unknown. 
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Fig. 2. Reaction of spin 
label to generate nitrox- 
ide side chain R1. 

MTSSL Side chain R l  

Site-directed spin labeling (SDSL) offers 
a promising approach for resolving secondary 
structure and tertiary interactions in proteins 
(13). To explore the structure of the mem- 
brane-bound state in the isolated T domain. 
we prepared 21 single-cysteine substitution 
mutants (Fig. 1) and modified each with a 
methanethiosulfonate spin label (MTSSL) 
to generate a nitroxide side chain, designat- 
ed R1 (Fig. 2). The electron paramagnetic 
resonance (EPR) spectra of the spin-labeled 
mutants bound to phospholipid vesicles (14, 
15) are shown in Fig. 3. 

To  determine the topographical loca- 
tions of the R l  side chains in the mem- 
brane, we used Dower saturation techniaues 
to assess the collision frequencies of the 
nitroxides with polar and nonpolar para- 
magnetic reagents [Ni(II)-ethylenedia- 
minediacetate complex (NiEDDA) and 0 2 ,  
respectively] ( 1  6). These frequencies are ex- 
pressed in terms of the proportional acces- 
sibility parameter II (1 7). For a membrane- 
bound protein, a nitroxide immersed in the 
bilayer has a high accessibility to 0, but a 
low accessibility to NiEDDA, and the re- 
verse is true for a nitroxide in water, be- 
cause of the differential solubility of the 
reagents in the two phases. A plot of II(0,) 
and II(NiEDDA) as a function of amino 
acid number for the membrane-bound T 
domain (Fig. 4A) shows that the collision 
frequencies for both reagents display a peri- 
odicity in sequence position, with an aver- 
age period of 3.5 residues, approximately 
that of an cw helix. Similar results were 
reported earlier for collision frequencies 
with O2 in the bacteriorhodopsin E helix 
(1 8). However, the oscillatory behaviors for 
II(0,)  and II(NiEDDA) are 180' out of 
phase with each other (Fig. 4A). This pat- 
tern indicates a helical structure throughout 
the sequence, with one face solvated by 
water and the other by the hydrophobic 
interior of the bilaver. 

The maxima in 11(02) occur at residues 
357, 360, 363, 367, and 371; the maxima in 
II(NiEDDA) occur at residues 356,359,362, 

(originally buried within the hydrophobic 
interior or at tertiary contact sites in the T 
domain in solution), whereas the residues 
facing the aqueous phase are polar (either 
exposed or near tertiary contact sites in the 
solution structure). A helical wheel repre- 
sentation of the sequence studied is shown 
in Fig. 4B. 

The accessibility data are consistent with 
either of the two general models shown in Fig. 
4D for the interaction of the TH8-TH9 heli- 
cal hairpin with membranes. For the surface- 
adsorbed helix (model l ) ,  the most deeply 
buried residues facing the bilayer interior are 
all at the same depth in the membrane, 
whereas in the transmembrane channel (mod- 
el 2), successive residues on the helix surface 
facing the bilayer are located at increasing 
depths, reaching a maximum at the mem- 
brane center. Because gradients of 0, and 
NiEDDA exist in the bilayer at equilibri- 
um, collision frequencies are depth depen- 
dent, and the quantity @ = ln[II(02)/ 
II(NiEDDA)] is a linear function of depth 
for a nitroxide in the membrane (16). 
Calibration of @ using spin-labeled phos- 
pholipids with nitroxides at known depths in 

366, 369, and 372 (Fig. 4A). These maxima N-I 4 [- I 
100 G scan 

represent sites on the outer surface of the 
helix that face the bilayer and water, respec- Fig- 3. EPR spectra of SPin-labeled T domain 
tively. l-his interpretation is supported by the mutants in the presence of phospholipid vesicles 

at pH 4.6. Spin-labeled T domain mutants (24.25) finding that the nitroxide mobilities at these 
bound to vesicles containing POPG-POPC (14) 

sites, reflected in the spectral line shapes, are prepared as described (75), The vertical 
similar to those observed on the outer surfaces dashed lines mark the locations of outer hypefine 
of helices in bacteriorhodopsin (16) and T4 extrema. The sham features in some sDectra are 
lysozyme ( 1  9), respectively. Moreover, the the result of a small amount of unattached spin 
residues facing the bilayer are hydrophobic label (the arrow indicates one example). 
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Fig. 4. (A) Access~blllty 
parameters II(0,) (a) and 

due number (26) (B) He -a 
~(NIEDDA) (A) versus res- 

llcal wheel showng loca 
tlons of the spin labeled 
resldues Dashed and sol- 
d clrcles denote resdues 
at the maxlma of n(0,) 
and ~(NIEDDA), respec- 
tlvely Squares nd~cate 356 360 364 368 372 376 
sltes of lmmobll~zed resl Residue number 
dues (C) lmmerson 
depth of R1 chalns versus 25 - D- 
res~due number (20) (D) 3 20 4 11 
Two schematic models 
for the organization of the $;"- , , , , , O * ,  , , , 
TH8 TH9 helical harpn In n 5 

1 
a membrane In model 1 ,  0 

hel~ces are adsorbed on 356 360 364 368 372 376 
the suriace of the mem Residue number 
brane In model 2, a wa 
ter fllled channel formed from an assoclat~on of helical halrpins 1s Inserted across the membrane Three 
assocated harplns are the mlnlmum requlred for channel formation The heavy Ines schematically lndlcate 
the reglons scanned In TH9 

the bilayer allows calculation of the depth of 
the R1 side chain from the membrane-solu- 
tion interface (20). For nitroxide side chains 
in a protein, this analysis is valid only for 
sites facing the  hilayer interior (16). 

For the residues located on the surface of 
the helix facing the hydrophobic interior of 
the bilayer, the data (as calculated from @) 
reveal that st~ccessive~ residues vary in depth 
by increments of -5 A, with residue 364 near 
the center of the bilayer (Fig. 4C);  this find- 
ing is consistent with a transmembrane orien- 
tation of the a: helix. Only residue 357 lies at 
a depth greater than that predicted from the 
simple model 2, which suggests an  irregularity 
In the structure near the NH2-terminus of the 
helix. In the crystal structure of DT, the first 
turn in the NH2-terminus of T H 9  (residues 
356 to 359) is also irregular (8) (Fig. 1). 
Collectively, these data argue strongly for the 
existence of a water-filled channel lined by 
helix T H 9  of the T domain of DT. 

T h e  maxima in I I (NiEDDA) increase 
regularly from the  NH2-terminal to the  
COOH-terminal sites in the  putative trans- 
membrane helix. This observation implies 
that the  concentration-diffusion product of 
NiEDDA is attenuated alone the length of 

fine extrema in the ranee of 66 to 70 G; this - 
feature defines an  immobilized nitroxide (Fig. 
3).  Such sites provide a map of tertiary or 
auaternarv contact surfaces in the T H 9  helix. 
These surfaces lie between the water- and 
bilayer-exposed surfaces of the helix (Fig. 4B), 
as would be expected in a helical bundle 
arrangement of the type shown in Fig. 4D. 
Although similar nitroxide-scanning experi- 
ments must be carried out in the remainder of 
the T domain to determine the cornnlete 
structure, the above data offer strong support 
for a transmembrane organization in which 
the T H 9  helix lines a water-filled channel. 

Our  results extend earlier SDSL studies 
o n  membrane proteins (13) and reveal peri- 
odic out-of-phase accessibilities to polar and 
nonpolar reagents for asymmetrically solvat- 
ed helices. In  addition, the experiments 
demonstrate that nitroxide-scanning SDSL 
can provide sequence-specific secondary 
structure data. This method should comple- 
ment current techniques for investigating 
the structure of membrane-associated pep- 
tides and proteins, including those involved 
in translocation processes (21 ). 
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