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Abstract 

The  structure of toxic monomeric diphtheria toxin (DT) was determined at 2.3 A resolution by molecular replace- 
ment based on the  domain  structures in dimeric DT and refined to  an R factor of 20.7%.  The model consists of 
2 monomers in the asymmetric unit (1,046 amino acid residues), including 2 bound adenylyl3’-5’ uridine 3’ mono- 
phosphate molecules and 396 water molecules. The  structures of the 3 domains are virtually identical in  mono- 
meric and dimeric DT; however, monomeric DT is compact and globular as compared to the “open” monomer 
within dimeric DT (Bennett MJ, Choe S, Eisenberg D, 1994b, Protein Sci3:OOOO-OOOO). Detailed differences be- 
tween monomeric and dimeric DT are described, particularly (1) changes in main-chain conformations of 8 resi- 
dues acting as  a hinge to  “open”  or “close” the receptor-binding (R) domain,  and (2) a possible receptor-docking 
site, a  @-hairpin  loop  protruding  from the R domain containing residues that bind the cell-surface DT receptor. 
Based on the monomeric and dimeric DT crystal structures we have determined and the solution studies of oth- 
ers, we present a 5-step structure-based mechanism of intoxication: (1) proteolysis of a disulfide-linked surface 
loop (residues 186-201)  between the catalytic (C) and transmembrane (T) domains; (2) binding of a 0-hairpin loop 
protruding  from  the R domain to the DT receptor, leading to receptor-mediated endocytosis; (3)  low pH-triggered 
open monomer formation and exposure of apolar surfaces in the T domain, which  insert into  the endosomal mem- 
brane; (4) translocation of the  C  domain into the cytosol; and (5) catalysis by the C  domain of ADP-ribosylation 
of elongation factor 2. 
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Diphtheria toxin (DT) is a 535-residue protein that causes the 
disease diphtheria. DT is secreted from toxic strains of the bac- 
terium Corynebacterium diphtheriae lysogenized  with a phage 
carrying the DT  gene (Freeman, 1951). DT has 3 functions during 
cell intoxication, which are performed by folding domains (C, 
catalytic; T, transmembrane; R ,  receptor-binding) (Choe et al., 
1992). The R domain binds to a cell-surface receptor and DT 
is endocytosed from coated pits (Morris et al., 1985). Within the 
low pH of the  endosome, DT undergoes a conformational 
change and inserts into the  endosomal membrane (London, 
1992). The  C domain is then translocated across the membrane, 
into the cytosol, where it catalyzes the  transfer of ADP-ribose 
from NAD to elongation factor  2 (EF-2), halting protein syn- 
thesis and killing the cell (Collier, 1975). 

To illuminate the  structural basis of this process of intoxica- 
tion, it was essential to determine the structure of the toxic mo- 
nomeric form of DT. Also, the 2.0-A resolution structure of 
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nontoxic dimeric DT revealed that  the monomer within dimeric 
DT has an open structure unlike most globular proteins (Ben- 
nett et al., 1994b [companion paper]), and it was  essential to de- 
termine how the monomeric and dimeric DT structures differ. 
From  the  structures of both monomeric and dimeric DT,  we 
have been able to infer some aspects of the  structural basis of 
DT intoxication. 

Overall refined monomeric DT structure 

The monomeric DT model is refined to a crystallographic R fac- 
tor of  20.7% based on 42,844 reflections ( F >  la(F)) between 
10 and 2.3 A resolution. Statistics for assessing the quality of 
the monomeric DT model are listed  in Table 1. The 2 monomers 
in the asymmetric unit were refined independently; the model 
consists of 8,042 non-hydrogen protein atoms, 86 dinucleotide 
(ApUp, adenylyl 3’-5’ uridine 3’ monophosphate)  atoms,  and 
396 water  molecules.  As in the dimeric DT model, a flexible loop 
between the C  and  T domains (residues 188-199)  is not included 
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Refined structure of monomeric diphtheria toxin 

Table 1. Quality  of the monomeric DT model refined 
at 2.3 A with XPLOR 

Crystallographic R factor (To) 20.7 
Number of reflections ( F >  l u ( F ) )  42,844 
Resolution range (A) 10.0-2.3 
Completeness (To) 88.8 

RMS deviations from target geometry 
Bond lengths (A) 
Bond angles (deg) 
Dihedral angles (deg) 
Improper angles (deg) 

Number of non-hydrogen atoms 
Protein (2 DT monomers) 
Dinucleotide (2 ApUp) 
Water 
Total 

0.022 
2.4 
25.8 
2.0 

8,042 
86 
396 
8,524 

Average overall B factor (A2) 20 

in the monomeric DT model because  of disorder. To distinguish 
between the 2 monomers in the asymmetric unit, residues 1-535 
refer to residues in monomer “1 ,” placed in the unit cell accord- 
ing to the top solutions to the  rotation  and translation functions 
(see Materials and methods). Residues 1’-535’ refer to  mono- 
mer “2,” related by noncrystallographic 2-fold symmetry. 

Figure 1 is a  plot of the RMS differences between Ca posi- 
tions in the 2 monomers in the asymmetric unit after superpo- 
sition of C a  atoms  differing by <2 A. The  overall RMS 
difference is 0.4 A ;  if 5 residues differing by > 1 A (labeled in 
Fig. 1) are excluded, the difference is 0.3 A. Labeled residues 
in Figure 1 are: residues 350-353 in a poorly defined loop  that 
has high main-chain temperature ( B )  factors and is modeled dif- 
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ferently in the 2 monomers in  the asymmetric unit,  and residce 
498 in a disordered surface loop. The noncrystallographic 2-fold 
symmetry is preserved for 119 water molecules with equivalent 
positions within 1 A in each monomer.  The overall RMS dif- 
ference for these 119 pairs of water molecules is 0.5 A. 

Structural similarity of monomeric and dimeric DT 

A stereo  figure of monomeric DT is shown in Figure 2 (see  Ki- 
nemage 2). The 3 domains are labeled C (catalytic, upper  left), 
T  (transmembrane, bottom),  and R  (receptor-binding,  upper 
right). The structure of each of the 3 folding  domains is virtu- 
ally identical to  that  found  in dimeric DT, with the exception 
of  residues  in crystal contacts and residues in the hinge loop (res- 
idues 379-386), which permits the large movement of the  R  do- 
main discussed below. The interfaces between domains  in 
monomeric and dimeric DT  are very similar in the  amounts of 
buried surface  areas (Richmond & Richards, 1978), hydropho- 
bic folding energies estimated using atomic solvation parameters 
(Eisenberg & McLachlan, 1986), and polar interactions. One dif- 
ference from the interdomain polar interactions found in dimeric 
DT (Bennett et al., 1994b) is that salt bridges involving Arg 173 
in the C-T  interface are not found in monomeric  DT because 
the side chain  of  Arg 173 is in a  different  position,  forming  a 
crystal contact. 

Figure 3 shows the DSSP (Kabsch & Sander, 1983) second- 
ary  structure assignments in dimeric DT compared to mono- 
meric DT. The assigned secondary structures in monomeric DT 
are essentially the same as in dimeric DT, however, there are 2 
differences requiring further  comment. Residues in the hinge 
loop (residues 379-386) have a coil conformation in monomeric 
DT, whereas residues 381-387 form 2 consecutive reverse turns 
in dimeric DT (Kinernage 3). In  addition, residues 517-518 and 
521-522 extend the last 2 P-strands in the  R domain  and resi- 
dues 519-520 form a type I’ reverse turn stabilized by crystal 

350-353 

Fig. 1. Comparison of the  2 monomers in the 
asymmetric  unit of monomeric DT crystals. 
RMS differences between CCY atoms are plotted 
against residue ?umber and residues with  RMS 
differences > 1 A are labeled.  Excluding  residues 
350-353,  which are modeled differently in the 
2 monomers, and residue 498 in a surface loop, 
the overall  RMS difference is 0.3 A. RMS differ- 
ences  were calculated using the program OVER- 
LAY (Kabsch, 1978) with a 2-A cutoff. 
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R Fig. 2. Stereo figure of the C a  atoms of mo- 
nomeric DT.  Residues  188-199, in a disordered 
loop connecting the C and T domains,  are not 
included in the model. The domains  are indi- 
cated by the letters C (catalytic), T (transmem- 
brane), and R (receptor-binding). Some residues 
are labeled for identification. 

Fig. 3. Comparison of secondary structure assignments in 
monomeric and dimeric DT. Upper line, amino acid se- 
quence (Greenfield et al., 1983); secong line, DSSP second- 
ary structure assignments for  the 2.0-A refined dimeric DT 
model (Bennett et al., 1994b) (D) using the  nomenclature 
of Kabsch and Sander (1983): E,  @-strand; H, a-helix; G ,  
310-helix; B, isolated  &bridge; S, bend; T, hydrogen 
bonded turn;  third line, DSSP secondary structure assign- 
ments for monomer  1 (Ml) of the monomeric DT model. 
The secondary structure  content of monomer  2 is virtually 
identical to that of monomer 1; fourth line, assignments of 
a-helices and  8-strands (underlined) for monomeric and di- 
meric DT using a 3-character code referring to (1) the do- 
main (C, catalytic; T, transmembrane; R, receptor-binding), 
(2) the secondary structure element (H, helix; B, &strand), 
and (3) the number of sequential occurrences of each type 
of secondary structure within each domain. Asterisks indi- 
cate residues not included in the model because of disorder 
(residues 188-199). Residues  in dimeric DT  were  visually in- 
spected and assigned to secondary structures  as described 
.(Bennett et al., 1994b).  Residues  in monomeric DT  were as- 
signed to secondary structures using the same criteria. Four 
residues with similar 6 and $ angles to those in the dimer 
and without  large  RMS  differences  (residues  29,64-66)  were 
assigned to the same secondary structure  as in the  dimer, 
although  the angles at  donor  and acceptor atoms deviated 
up to 12" from the cutoff value of 110". 
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contacts in monomeric DT (discussed below), whereas residues 
517-522 are disordered in dimeric DT. 

Figure 4A is a plot of RMS differences between Ca positions 
in the 3 domains in monomeric and dimeric DT after superpos- 
ing Ca atoms  differing by <2 A. The overall RMS differences 
for all Ca atoms in the C, T, and R  domains  are 0.4 A, 1.4 A, 
and 1.2 A, respectively. If the residues with RMS differences 
>2 A are excluded (labeled in Fig. 4A), the overall RMS dif- 
ferences for  the T and R  domains drop to 0.5 A (based on 176 
of 187 Ca! atoms) and 0.8 A (based on 136 of 149 Ca atoms), 
respectively. Excluding residues 380-387, in and near the hinge 

loop (discussed below), and residues 408-41 1 ,  near different 
crystal contacts in monomeric and dimeric DT, residues with 
RMS differences >2 A (labeled in Fig. 4A) are in surface loops 
that  are poorly defined in the electron density and have high 
main-chain B factors. Residues 40,269,438-439, and 498-503 
are in or near intermolecular contacts in dimeric but not in mo- 
nomeric DT crystals; the loss of these contacts may cause in- 
creased mobility and positional shifts in monomeric DT. The 
3D-1D profile scores of monomeric and dimeric DT  are com- 
pared in Figure 4B. The greatest  differences are in the hinge loop 
(residues 379-386), which  has  higher profile scores  in monomeric 
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loop 
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I 
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Fig. 4. Comparison of the  monomeric and 
dimeric DT structures. A: RMS differences be- 
tween C a  atoms in the  3  domains in mono- 
meric and dimeric DT. The  3  domains and the 
hinge loop, which changes conformation upon 
dimerization (residues 379-386), are indicated. 
The RMS differences were calculated after su- 

OVERLAY (Kabsch, 1978) with a 2-A cutoff. 
perposition of C a  atoms using the  program 

Ca atoms in 3  domains of monomeric DT 
(monomer 1) and dimeric DT (residues 1-187, 
200-386, and 387-535)  were superposed sepa- 
rately. The overall RMS differences for the 
C, 7, and R domains are 0.4 A, 1.4 A,  and 
1.2 A, respectively. All residues  with  RMS dif- 
ferences >2 A  are labeled. If  these  residues are 
excluded, the overall RMS differences inthe T 
and R domains drop  to 0.5 A and 0.8 A, re- 
spectively. B: 3D-1D profile window plot: mo- 
nomeric versus dimeric DT. The 3D-1D profile 
score (Bowie et al., 1991; Zhang & Eisenberg, 
1994) is  averaged  over a 21-residue  window and 
plotted versus residue number for  the  mono- 
meric DT model (solid lines) and the 2.0-A re- 
fined dimeric DT model (broken lines). The 
hinge loop (residues 379-386)  is labeled. 
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DT. The hinge loop is the only segment that differs significantly 
between monomeric and dimeric DT (Fig. 4A and discussed be- 
low). Its higher profile scores in monomeric DT, reflecting 
greater compatibility of residues with their environments, are 
consistent with the  greater stability of monomeric DT relative 
to domain-swapped dimeric DT (Carroll et al., 1986a; Bennett 
et al., 1994a). 

There are differences in the toxicity  of monomeric and dimeric 
DT:  monomeric DT is toxic to animals and cultured cells, but 
dimeric DT is not  (Carroll et al., 1986a). In addition,  the DT 
crystal structures show that  the active site in domain-swapped 
dimeric  DT is formed by 2  subunits (Bennett et al., 1994b), 
whereas in monomeric DT, it is formed by 1 polypeptide chain. 
Because of these differences in toxicity and active-site compo- 
sition,  it is of interest to compare the active sites in monomeric 
and dimeric DT. The  superposition  of ApUp  atoms  and all at- 
oms in residues within 5 A of  ApUp  in monomeric and dimeric 
DT yields an overall RMS difference of 0.5 A, indicating the ac- 
tive sites are very similar. 

Structural dgferences between monomeric and 
dimeric DT: Hinge loop (residues 379-386) 

The segment in Figure  4A with the largest RMS differences be- 
tween Ca positions in monomeric and dimeric DT is the hinge 
loop between the  T and R domains (residues 379-386). Changes 
in the positions  of these 8 residues result in a large shift in the 
overall position of the R domain, although  the  structure of the 
R domain itself remains essentially unchanged. Figure 5A  shows 
a  comparison  of the Ca backbones of  the R domains  of  mono- 
meric and dimeric DT, viewed approximately from  the "back" 
of Figure 2. 

The large movement of the entire R domain from monomeric 
to dimeric DT, shown in Figure 5A, is accomplished by changes 
in the main-chain torsion angles of residues 379-386. Table 2 
shows a  comparison between the main-chain torsion angles @I 

and $ for these 8 residues and 2  flanking residues in the mono- 
meric and dimeric DT models. Changing only the main-chain 
torsion angles of  either Thr 386 or Lys 385 is sufficient to ro- 
tate the R domain into approximately its position in dimeric DT, 
swung away from  the rest of the molecule. In other words, the 
main-chain atoms of Thr 386 or Lys  385 act as a molecular 
hinge. Upon dimerization by domain swapping, the main-chain 
conformations of other hinge loop residues may adjust to avoid 
steric clashes. 

The side-chain conformations of His 484 and Lys  419  in the 
R domain  are also  affected by conformational changes in the 
hinge loop upon dimerization. In monomeric DT, the hinge loop 
crosses the back of the R domain like a  strap across the P-sheet, 
whereas in dimeric DT the hinge loop is more exposed (Fig. 5A). 
In dimeric DT, His 484  is rotated 90" about x ,  relative to its po- 
sition in monomeric DT, filling a pocket occupied by the main- 
chain and side-chain atoms of Tyr 380 in the hinge loop in 
monomeric DT. Comparison of Figure 5B and C (structures 
overlaid in Kinemage 3) shows the differences in the position of 
Tyr 380: in monomeric DT, its side chain is packed against the 
R domain; in dimeric DT, it is more exposed. Similarly, in di- 
meric DT, the side chain of Lys  419 fills a pocket occupied by 
the main-chain  atoms of residues 383-385 in the hinge loop in 
monomeric DT. Differences in the main-chain positions of res- 
idues 383-385 can be seen  by comparing Figure 5B and  C. The 

Table 2.  Comparison of main-chain torsion angles of 
residues in and near the hinge loopa in monomeric 
and dimeric DT 

-~ 

Residue 

Pro 378 
Ala 379 
Tyr 380 
Ser 381 
Pro 382 
Gly 383 
His 384 
Lys 385 
Thr 386 
Gln 387 

Monomeric  DTb 

d $ Distance' 
(deg)  (deg)  (de@ 

-66 127 8 
-63 122 99 
-64 124 36 
- 12 98 94 
-58 -38 173 
-66 142 158 
- 83 132 28 
-88 -15 173 

-132 162 148 
-58 124 15 

Dimeric  DT 
- 

d $ 
(de@ (deg) 

-62 134 
-154 162 
-99 131 
- 74 169 
- 60 135 

85 8 
- 109 141 

47 -123 
- 103 17 

-72 129 

-~ 

a The hinge loop (residues 379-386) connects  the  T  and  R  domains 
and is the  feature  that  differs  most between monomeric  and  dimeric DT, 
as  shown in Figure 4A.  

Torsion  angles in monomer 1. Torsion  angles  in  monomer 2 differ 
by less than 15". Average  difference  between  hinge loop torsion  angles 
in  the 2 molecules  in the  asymmetric  unit is 5" 

Distance  calculated  as ( A + 2  + A\l.2)"2. 

change in environments of residues 380, 384, and 385 contrib- 
ute to  the lower profile scores of  the hinge loop in dimeric DT. 
In addition,  the different side-chain positions of His 484 and 
Lys  419 allow the formation of different hydrogen bonds be- 
tween the hinge loop and the  R domain in monomeric DT or be- 
tween the hinge loop  and the symmetry-related R domain in 
dimeric DT. 

Structural differences between monomeric and dimeric 
DT: Receptor-binding loop (residues 514-525) 

The R  domain of DT can be described as a flattened barrel of 
10 antiparallel &strands with a jellyroll fold (Richardson, 1981). 
Although the immunoglobulin (Ig) fold is distinct from the jelly- 
roll fold, the Ig variable domain shares some topological features 
with the  R domain of DT (Choe et al., 1992). The connection 
between the last 2 P-strands in the R  domain (residues 514-525) 
is a  protruding P-hairpin loop (Fig. 6) containing a residue nec- 
essary for receptor binding (Greenfield et al., 1987). Consistent 
with a role in molecular recognition, this protruding /3-hairpin 
loop corresponds to CDR3 in the Ig variable domain,  one of the 
hypervariable antigen-binding loops. 

The 12-residue loop 514-525  (see Kinemage 2) may  be re- 
garded as a distinct substructure because residue 5 13  is the last 
residue that forms hydrogen bonds with a neighboring strand. 
Within the loop, residues  519 and 520 form a type I' reverse turn, 
which  is  stabilized by a salt bridge between Asp 519 and Lys 445' 
of  a symmetry-related molecule (discussed below). Because of 
this crystal contact,  the tip of the P-hairpin loop (residues 517- 
523)  is  well defined in the monomeric DT electron density maps, 
with lower B factors than in dimeric DT. In dimeric DT, the hy- 
drogen bonds between residues 517 and 522 are disrupted, ef- 
fectively decreasing the lengths of the last 2  p-strands in the R 
domain (Fig. 3). 
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Fig. 5.  The vast  movement  of  the R domain  upon  dimerization. A: Stereo  figure of Ca atoms in  the  R  domains of monomeric 
and dimeric DT. The  orientation is from  the  "back"  of  the  monomeric  model  shown in Figure 2. Ca atoms  in  dimeric  and  mono- 
meric  DT  are  connected  with  broken  and  solid  lines,  respectively.  Labels  indicate  residues  in  monomeric  DT.  Residues 375 and 
386 are  the  approximate  boundaries  of  the  hinge loop and  residue 535 is the  carboxy-terminus  of DT. Monomeric  (monomer 1) 
and  dimeric  DT  models  were  superimposed by least-squares  fitting  the C a  atoms  of  the  and T domains  (residues 1-187 and 
200-375) using XPLOR (Briinger  et  al., 1990), giving an overall RMS difference of 0.6 A. B: Stereo  figure  of  non-hydrogen 
atoms in or near  the  hinge  loop in monomeric  DT  (residues 375-387). The  orientation is the  same  as  in  A. C: Stereo  figure of 
non-hydrogen  atoms  in or near  the  hinge  loop  in  dimeric  DT  (residues 375-387). The  orientation is the  same  as in A and B. 

Intermolecular contacts within the asymmetric unit 15, 88-94,  133-139) form a 6-stranded 0-sheet across the  non- 

Intermolecular  contacts between 2 monomers related by non- This 2-fold axis between DT  monomers at their C domains 
crystallographic 2-fold symmetry are formed by residues in the is distinct from the 2-fold axis that relates the monomers in 
first &strand in each molecule (residues 12-15). These @-strands dimeric DT  at their R domains (Bennett et al., 1994b). The 
are antiparallel, with 2 half hydrogen bonds between the main- solvent-accessible surface  area buried at this C domain  contact 
chain atoms of Val  13 in each molecule (denoted residues 13 and was calculated (Richmond & Richards, 1978) and  found  to be 
13') (Fig. 7). Three strands  from each molecule (residues 12- about 400 A' per subunit, which is  less than is found in stable 

crystallographic 2-fold axis. 
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Fig. 6 .  Stereo figure of the receptor-binding loop of DT.  All non-hydrogen atoms of residues 514-525 are  shown. The 12 resi- 
dues form a  @-hairpin loop, which protrudes from the  surface of the R domain. A salt bridge between Asp 519 and Lys 445’ 
of a symmetry-related molecule stabilizes the reverse @-turn at residues 519 and 520  in monomeric DT, whereas it is disordered 
in dimeric DT. Residue 525 (Greenfield et al., 1987)  is known to be involved in receptor binding. 

dimers (Janin et al., 1988). We do not expect that  the dimer 
found within the asymmetric unit of monomeric crystals forms 
in solution because DT dimers of any sort are not formed at high 
monomer  concentrations (30 mg/mL)  (Carroll et al., 1986a). 

Intermolecular crystal packing contacts 
and crystal morphology 

Table 3 lists polar  interactions between 2 DT monomers in the 
asymmetric  unit and neighboring monomers in the crystal.  In 
the following we note that  the number of polar  contacts in ax- 
ial directions in the monomeric DT crystals is related to the crys- 
tal growth rate  and morphology. 

Table 3 shows that contacts between molecules related by 
translation along c (I) are the most abundant intermolecular in- 
teractions.  There are also many intermolecular contacts in the 
a  direction, between molecules related by the 2-fold screw axis 
along a (111). The  contacts between monomers related by I11 in- 
clude residues in the protruding P-hairpin loop in the R domain. 

In  contrast,  there are only 2 intermolecular contacts in the b di- 
rection, between  molecules  related by the 2-fold screw axis along 
b (11). Unlike the interactions between  molecules related by I and 
111, the contacts between molecules related by I1 are not  dupli- 
cated in both monomers in the asymmetric unit. 

The  number of polar  contacts in each axial direction can be 
correlated with the extent and rate of crystal growth in that di- 
rection: the longest dimension of the crystals is parallel to  the 
c axis, the axis  with the most intermolecular contacts; the short- 
est dimension is parallel to the  b axis, the axis  with the least con- 
tacts. Crystal macroseeds grow rapidly in the dimension parallel 
to the  c axis, which initially leaves the crystals hollow at the ends 
because growth in the  other  2 dimensions is slower (see Materi- 
als and methods). 

Consistent with the similar intermolecular  contacts in the 2 
monomers in the asymmetric unit, B factors are virtually iden- 
tical in the 2  monomers  (not shown). The only exceptions are 
residues 222-260, which have lower B  factors in monomer  2, 
perhaps because they are in different  environments than  the 

Fig. 7. Stereo figure of part of the @-sheet formed by 2 monomers related by noncrystallographic 2-fold symmetry in the asym- 
metric unit of monomeric DT crystals. Non-hydrogen main-chain atoms of  residues  12-15 and 88-94 are shown; a 0-strand formed 
by residues 133-139 (not shown) is also in the @-sheet. Hydrogen bonds are indicated by broken lines and the direction of the 
polypeptide chain (N to C )  by arrows.  The oval symbol represents the noncrystallographic 2-fold axis perpendicular to the plane 
of the page. Residue 13 in each of the  2  monomers in the asymmetric unit (denoted residues 13 and 13’) forms 2 half hydrogen 
bonds across the noncrystallographic 2-fold axis. 
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Table 3.  Hydrogen  bonds and salt bridges formed  by 2 DT 
monomers in the asymmetric unit with neighboring 
molecules in the crystal 

Atom 1 

Monomer 1 
Glu 70d OE2 
Glu 70 OEl 
Glu 70 OEl 
Arg 173 NH2 
Ala 294 0 
Tyr 358 OH 
Asn 359 N 
Asp 519 OD2 
Asn 524 N 

Monomer 2 
Glu 15’ OE2 
Lys 39’ NZ 
Glu 7 0  OE2 
Glu 70’ OEl 
Glu 7 0  OE2 
Arg 173’ NH2 
Ala 294‘ 0 
Tyr 358’ OH 
Asn 359’ N 
Asp 519’ OD2 
Asp 519’ OD1 
Asn 524‘ N 

~~ 

Symmetry Distancec 
Atom  relationb  (A) 

Arg 407 NHI I 2.9 
Arg 407 NH2 I 2.9 
Lys 534 NZ I 3.4 
Lys 385 0 I 3.2 
Gln 387 NE2 I 3.3 
His 384 0 I 2.8 
Gln 387 OEl I 2.8 
Lys 445’ NZ 111 3.3  
Asp 465‘ OD1 111 2.9 

Asn 228‘ ND2 I1 3 .1  
Glu 256 OEl I1 3.7 
Arg 407’ NHl I 3.2 
Arg 407’ NH2 I 3.2 
Lys 534’ NZ I 4.0 
Lys 385’ 0 I 3.5 
Gln 387’ NE2 I 3.0 
His 384‘ 0 I 2.6 
Gln 387’ OEl I 2.9 
Lys 445 NZ 111 3 .O 
Lys 445 NZ 111 3.2 
Asp 465 OD1 111 2.8 

-~ -~ 

a Atom 2 is in a symmetry-related molecule. 
Symmetry operators  for  the space group P21212 relating atom 2 to 

the  corresponding atom in the reference molecule are: 1, unit transla- 
tion  along c; 11, 2-fold screw axis along b at a = 1/4, c = 0; 111, 2-fold 
screw axis along a at b = 1/4, c = 0. 

Distance between hydrogen bond donor  and acceptor atoms. In- 
cludes all salt bridges 54.0 A and hydrogen bonds 53.5  A. 

The molecule placed in the unit cell by molecular replacement (see 
Materials and methods) is numbered 1-535; the  molecule  related by non- 
crystallographic symmetry is numbered 1’-535’. 

same residues in monomer 1 and Asn 228‘ forms an intermolec- 
ular hydrogen bond, which  is not present in monomer I .  In gen- 
eral, residues in intermolecular contacts in monomeric DT also 
have lower B factors than  the same residues in dimeric DT. 

Discussion 

Structure-based mechanism of intoxication 

Each domain of DT performs an essential function in pathogen- 
esis: the T and R domains  are  the machinery for delivering an 
enzyme, the C domain, to the cytosol. Because  it performs a cat- 
alytic, rather than stoichiometric role,  a single C domain is able 
to inactivate many EF-2 molecules. Statistical methods have 
shown that a single C domain can kill a cell in only 2 days 
(Yamaizumi et al., 1978). Taken together, the structures of mo- 
nomeric and dimeric DT suggest the outlines of a structure-based 
mechanism of intoxication as shown in Figure 8. 

1 .  Proteolysis. A disulfide-linked loop of 16 residues connects 
the C and T domains (residues 186-201). This loop is flexible 
and is disordered in our crystals and is proteolyzed at 1 of 3 Arg 
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residues (Moskaug et al., 1989) after secretion of DT by C. 
diphtheriae (Fig. 8, panel 1). Proteolysis allows the C domain 
to dissociate from the T  and R domains once the disulfide bridge 
between residues 186 and 201 is reduced. Disulfide reduction 
takes place within the intoxicated cell, perhaps as the C domain 
is translocated to  the cytoplasm  (Papini et al., 1993). 

2. Receptor binding. A  &hairpin loop protruding from  the 
R domain (residues 514-525) (discussed above) is  likely to be 
involved when DT binds the cell-surface DT receptor (Fig. 8,  
panel 2). This hypothesis is supported by a  study that finds res- 
idue Ser 525 (Greenfield et al., 1987) necessary for receptor 
binding. Once DT binds the receptor, the DT-receptor complex 
undergoes receptor-mediated endocytosis (Morris et al., 1985). 
The receptor for DT has been cloned (Naglich et al., 1992) and 
its predicted amino acid sequence found virtually identical to 
that of heparin-binding epidermal growth factor (HB-EGF) pre- 
cursor (Higashiyama et al., 1991), showing that DT opportun- 
istically uses as a receptor a cell-surface molecule, which has 
another function.  The  DT receptor is predicted to be a 185- 
amino acid protein with an  amino-terminal extracellular do- 
main, single transmembrane helix, and  carboxy-terminal 
cytoplasmic domain (Naglich et al., 1992). The cytoplasmic do- 
main contains 2 tyrosines that may be involved in receptor- 
mediated endocytosis and the  transmembrane domain contains 
an unpaired cysteine that may be involved in reducing the di- 
sulfide bond between the C and  T domains (Naglich  et al., 1992). 

3. Open monomer formation and membrane insertion. Based 
on the refined DT  structures and hydrophobicity analysis, we 
suggest 4 potential  transmembrane helices  in the  T  domain as 
shown in  Figure 8, panel 3 (A, residues 269-289; B, residues 301- 
321; C, residues 328-348; and D, residues 351-371) (Bennett et 
al., 1994b). These helices do not  correspond exactly to helices 
in the  T  domain (Fig. 3) but are essentially helices TH5, 6-7,  8, 
and most of 9. Pairs of these helices, A and B, and C and D, 
are linked by loops  containing 4 and 2 acidic residues, respec- 
tively. These acidic residues were previously referred to as the 
“dagger-tips’’ (Choe et al., 1992) and  are represented in Fig- 
ure 8, panel 3,  as protonated carboxylate groups in the loops be- 
tween A and B, and C and D. At low pH,  protonation of these 
residues might allow the  loops to lead the penetration of the 
pairs of transmembrane helices through  the  endosomal mem- 
brane. The mutation of Glu 349 to Lys in the C-D loop impairs 
the DT cytotoxicity by reducing low pH-triggered translocation 
across membranes (O’Keefe  et al., 1992), supporting the hypoth- 
esis that  protonation of acidic residues in the  T domain is in- 
volved  in membrane insertion and subsequent translocation. 

In addition,  an open monomer structure may form within the 
low pH of the endosome, where we would  expect the noncovalent 
interactions between the C and R domains are weakened. Spe- 
cifically, 3 salt bridges between the C and R domains (Asp 47- 
His 492, Asp 97-Lys 447, and Glu 148-Lys 456) are presumably 
weakened by protonation as the pH  drops. This could lead to 
noncovalent dissociation of the R domain from  the C and T do- 
mains and  formation of an open monomer structure, perhaps 
similar to the  structure of the open monomer within dimeric DT 
(Bennett  et al., 1994b) (Fig. 8, panel 3). Forming the open mono- 
mer requires about 16 kcal/mol in hydrophobic folding energy, 
as calculated from atomic  solvation  parameters (Eisenberg & 
McLachlan, 1986), because of the exposure of apolar residues 
in the T and R domains. Two of the  potential  transmembrane 
helices contain apolar segments that become  exposed in the open 
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1. PROTEOLYSIS 

extracellular U kceptor  

I ,  

intracellular 

2. RECEPTOR  BINDING 
(Cell Surface) 

intracellular 

3. OPEN  MONOMER 
(Endosome) 

J 

low pH 0 

neutral pH 

4. TRANSLOCATION 

? 

5. CATALYSIS 
(Cytosol) 

Fig. 8. The proposed structure-based mechanism of intoxication by DT 
shown schematically. The 3 domains  of  the DT molecule are labeled C 
(catalytic, residues 1-190). T (transmembrane, residues 191-378). and 
R (receptor-binding, residues 379-535). Panel I :  Proteolysis of the 
disulfide-linked surface loop (residues 186-201) allows the C domain to 
dissociate  from  the T and R domains when the  disulfide  bond between 
residues 186 and 201 is reduced in the cell. Three salt bridges between 
the C and R domains  (Asp 47-His 492, Asp 97-Lys 447, Glu 148- 
Lys 456) are indicated by the symbols - and +, representing acidic and 
basic residues, respectively. Panel 2: Receptor binding by a  &hairpin 
loop (residues 514-525) shown protruding from the surface of the R do- 
main. Panel 3: Open monomer formation triggered by low pH. Proton- 
ation of acidic residues in the C domain probably weakens 3 salt bridges 
between the C and R domains.  Four  potential  transmembrane helices 
are represented  as cylinders and labeled A (residues 269-289), B (resi- 
dues 301-321). C (residues 328-348), and D (residues 351-371). The open 
monomer exposes apolar surfaces on helices Band D, indicated as striped 
patches. Acidic resides (Asp 290, Glu 292, Asp 295, Glu 298, Glu 349, 
and  Asp 352) in the  loops between helices A  and  B  and helices C and D 
are represented as  protonated  carboxylate  groups. Panel 4: The molec- 
ular mechanism of translocation remains obscure (see text). Panel 5 :  The 
toxic reaction involves the sequential binding of substrates.  NAD binds 
first and may cause  a  conformational  change in a loop covering the 
active-site cleft (residues 34-52), which allows EF-2 to bind.  After  the 
transfer of ADP-ribose to EF-2 (inactivating EF-2). the C domain un- 
dergoes  subsequent  rounds of catalysis. 

+5 LJ + 

+ NAD ADP-ribos 
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monomer (residues 306-311 and 316-319 in helix B, and resi- 
dues 367-371 in helix  D). These apolar segments are represented 
in Figure 8, panel 3, as striped patches. 

4. Translocation. The C domain is translocated across the en- 
dosomal membrane. It is not known whether more than 1 DT 
molecule is required to translocate the C domain. It  has been 
shown that residues 322-382 in the T domain (corresponding to 
the proposed  transmembrane helices C and D) form ion chan- 
nels in lipid bilayer membranes (Silverman et al., 1994). These 
ion channels have properties identical to channels formed by 
whole toxin, suggesting that helices C and D are a minimal 
channel-forming domain. However, the minimum translocation 
domain remains obscure. As discussed above, we have identi- 
fied 4 potential  transmembrane helices, which are  too few to 
form a pore. Rather than forming a pore, helices from  the 
T domain of a single DT molecule  might instead shield polar seg- 
ments in the C domain as it traverses the membrane. Hydropho- 
bic photolabeling experiments have shown that the C domain 
interacts with the hydrocarbon chains of photoreactive phospho- 
lipids in liposomes (Montecucco et al., 1985), supporting the hy- 
pothesis that the C domain  contacts  the  membrane  as it is 
translocated. In addition, the C domain undergoes a conforma- 
tional change in low pH, becoming hydrophobic, exposing bur- 
ied tryptophan residues, and interacting with  lipid  vesicles (Zhao 
& London, 1988). This conformational change is  reversible, con- 
sistent with the possibility that  the C domain  unfolds to cross 
the  membrane, partially shielded by the T domain, then refolds 
in the cytosol. 

5 .  Catalysis. Ln the cytosol, the C domain catalyzes the trans- 
fer of ADP-ribose from NAD to EF-2, thus inactivating EF-2 
and halting protein synthesis, which results in cell death (Col- 
lier,  1975). The reaction proceeds  with sequential binding  of  sub- 
strates, first of NAD, then of EF-2 (Chung & Collier, 1977). The 
DT structures suggest a reason for sequential binding: a long 
loop in the C domain (residues 34-52) covers the active-site cleft 
and may be involved in binding NAD (Bennett et al., 1994b). 
A change in loop conformation upon NAD binding may be a 
prerequisite for EF-2 binding (Fig. 8, panel 5). The  DT struc- 
ture also suggests why whole DT cannot catalyze the toxic re- 
action (Collier, 1975): entry to  the active site is  blocked in whole 
DT by the R domain. 

In summary,  the  structure of monomeric DT and its compar- 
ison to  the structure of dimeric DT yield the beginnings of a 
structure-based description of the many actions of DT in its 
pathogenesis. 

Materials  and methods 

Purification and crystal growth by seeding 
Partially purified uncleaved DT was purchased from Connaught 
Laboratories (Willowdale, Ontario,  Canada), incubated with a 
2-fold molar excess of the inhibitor ApUp  and further purified 
following the method of Carroll et al. (1986b). 

Monomeric DT crystals were grown using both microseeding 
and macroseeding in conditions similar to the preliminary crys- 
tallization conditions described  by  Collier  et al. (1982). Crystals 
were grown in 17% (w/v) polyethylene glycol (PEG) 8000, 
1.0 M NaCl, 0.05 M Tris-HC1, pH 7.5, using hanging drop va- 
por diffusion at 25 "C. Initial crystals  were grown in 10-pL hang- 
ing drops  from a protein concentration of 17 mg/mL. Initial 
crystals were small, twinned needles and therefore not suited to 
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X-ray diffraction analysis.  Microseeds  were obtained from these 
crystals using a rabbit whisker (Stura & Wilson, 1991) and in- 
troduced into hanging drops having the same  volume and pre- 
cipitant  composition  as  the initial drops, but having a protein 
concentration of only 8 mg/mL. These drops were equilibrated 
3 days  before  seeding.  Crystals  grew from microseeds  within sev- 
eral  hours and reached maximum size after 3 days. Crystals 
grown from microseeds had greatly  improved  morphology 
(clean  edges and single crystals) but were too small for  data col- 
lection (0.05 x 0.05 x 0.2  mm'). To increase crystal size, sin- 
gle crystals were washed in 2/3  strength  mother  liquor (11.2% 
[w/v] PEG 8000,  0.7 M NaCl, 0.03 M Tris-HCI, pH 7.5) and 
introduced as macroseeds into hanging drops, which  were iden- 
tical to those used for microseeding (Fig. 9A). Crystal size in- 
creased dramatically overnight  (Fig. 9B) and  continued  to 
increase for several days, with several hundred-fold increases in 
crystal volume (final size 0.5 x 0.25 x 1.3 mm3). 

Monomeric DT crystals belong to space group P2,2,2 with 
unit cell edges a = 173.4 A, b = 142.3 A, and c = 47.5 A. Crys- 
tal density was analyzed using aqueous Ficoll solutions (West- 
brook, 1985), which showed there  are 2 molecules in  the 
asymmetric unit, giving a Matthews number (Matthews, 1968) 
of 2.5 A3/Da. This is in  contrast to the  initial  characterization 

Fig. 9. Monomeric DT crystals. A: Monomeric DT crystal macroseed 
immediately after transfer into a new crystal growth drop. Length in the 
2 visible dimensions, corresponding to the a and c axes: 0.04 mm  and 
0.16 mm, respectively. B: The same monomeric DT crystal as in A, dra- 
matically increased in size after 24 h. Length in the 2 visible dimensions, 
Corresponding to the a and c axes: 0.19 mm and 0.60 mm, respectively. 
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of  this  crystal  form, which suggested there was only 1  molecule 
in the  asymmetric  unit (Collier  et al., 1982). 

For  X-ray  data  collection  at - 150 "C, crystals were soaked 
in a glycerol-containing mother  liquor.  Although we attempted 
to  stabilize  the  crystals by raising  the  PEG  concentration  and 
by  increasing  the glycerol content  gradually,  they  frequently 
cracked or dissolved.  Crystals were gradually  transferred (in- 
creasing the glycerol content by 2-3%) to  sitting drops  contain- 
ing 100 pL  of  artificial  mother  liquor  (final  concentration 25% 
PEG 8000, 1 .O M NaCI, 0.05 M Hepes,  pH  7.5,  11.3% [v/v] 
glycerol) and  soaked  for 4-5 h.  Crystals  that  survived  soaking 
were mounted in hair  loops using the  modified  method  of Teng 
(1990) directIy from  the  soaking  solution.  Upon  freezing,  the 
unit cell edges decreased to a = 168.5 A ,  b = 135.5 A, c =47.OA. 

X-ray  data collection 
After  mounting,  crystals were flash  frozen  and  continuously 
cooled in a nitrogen  gas stream using an  open flow cryostat  (Mo- 
lecular  Structure  Corporation).  Data  to  2.7 A resolution were 
collected at - 150 "C  from a single crystal  of  monomeric DT, 
using  30-min exposures  and 1" oscillation  steps.  The  merged 
data set at  2.7 A resolution  consisted  of 26,603 unique reflec- 
tions with Rmrrge of 8.8%. The  data were 88.3%  complete  to 
2.7 A resolution. For model  refinement,  data  to 2.3  A resolu- 
tion were  collected from 2 crystals, using 30-60-min exposures 
and 0.9-1" oscillation  steps.  The  merged  data set at 2.3  A res- 
olution  consisted  of 44,070 unique  reflections with Rmerge of 
7.4%.  The  data were 89.9%  complete  to 2.3 A resolution.  All 
data were  collected  using an  RAXIS I1 imaging  plate  (Rigaku) 
and were integrated  and scaled using  the  RAXIS-I1  data  pro- 
cessing software. 

Molecular  replacement using the  dimeric DT model 
Molecular  replacement was initiated using the  data set at  2.7 A 
resolution and a partially  refined  dimeric DT model.  This  model 
contains all 535 residues and consists  of a closed monomer. Mo- 
lecular  replacement was done  using  the  programs  in  XPLOR 
(Briinger  et al., 1990). The  cross  rotation  function, using data 
in the  resolution  range 15-4.0 A and a maximum  vector  length 
of 45 A, gave  a top  solution  (Eulerian angles 0,  = 239.7", e2 = 
56.0", 8, = 304.4") after  Patterson  correlation  refinement with 
a corresponding  correlation  coefficient  of 0.1 17, which was 4.2 
times higher than  the next highest solution.  The translation  func- 
tion  using  data in the  resolution  range 15-4.0 A had a top so- 
lution of 120 above  the mean with fractional  coordinates (0.206, 
0.200, 0.125) and a second highest solution of 100  above  the 
mean  with  fractional  coordinates (0.106, 0.700, 0.125). 

The 2 translation  function  solutions  are  consistent with the 
2  molecules  in the  asymmetric  unit being related by a noncrys- 
tallographic  2-fold  axis  parallel  to  the  crystallographic 2-fold 
screw  axis along b. This  relationship between the 2 molecules 
in the  asymmetric  unit was independently  determined  from  the 
u = 1/2 section  of  the  native  Patterson  map, which has a peak 
at u = 0.1, w = 0. The  noncrystallographic 2-fold  axis is located 
at  approximately x = 0.2, z = 0. 

Refinetnent of the atomic  model to X-ray  data 

Refinement was initiated using the 2.3-A-resolution data set and 
the dimeric DT  model refined at  2.0 A  resolution  (Bennett  et al., 

1994b). This  model lacks 12 residues in a disordered loop (188- 
199) and  consists of an  open  monomer.  Therefore,  the  coor- 
dinates used to  initiate  refinement  consisted  of  the C and T 
domains  from  the  dimeric  DT  model  (residues 1-378), and  the 
R domain related by 2-fold  crystallographic symmetry in the di- 
mer  crystals (residues 386-535), with  the  intervening  loop (res- 
idues 379-385) omitted. All  refinement was performed using the 
programs  in  XPLOR (Brunger  et al., 1990). The dimeric DT co- 
ordinates were first  transformed  to  the  monomeric  DT  unit cell 
using a matrix  determined  from preliminary monomeric  DT co- 
ordinates  obtained by molecular replacement and several cycles 
of  simulated  annealing  refinement  against  the 2.7-A data  set. 
The  transformed coordinates were refined  against  the 2.3-A data 
set for 20 cycles a t  3.0 A, with the  entire molecule modeled  as 
a  rigid body,  invoking  strict  noncrystallographic  symmetry. A 
typical  refinement cycle consisted  of  positional,  simulated  an- 
nealing, and restrained  individual  isotropic B factor refinements; 
42,844  reflections ( F >  l o ( F ) )  between 10 and 2.3 A were  used 
for  refinement.  After  the  first cycle of  refinement,  the crystal- 
lographic R factor was 28.6%. 

Little  manual  rebuilding of the  model was necessary, except 
for segments that  differ in monomeric  and  dimeric  DT, because 
the  coordinates  had been extensively rebuilt  and  refined  against 
the  dimeric  DT  X-ray  data  at 2.0 A resolution.  The 2  longest 
such  segments  consisted  of  the hinge loop, which changes  con- 
formation  upon dimerization (residues 379-386), and a loop  that 
had  to  be  rebuilt because of  differences in the  intermolecular 
contacts in monomeric DT crystals  (residues 408-41 1). In the 
first 2 cycles of rebuilding and refinement, residues 379-385 were 
built  into  what  was essentially an unbiased  omit  map  (because 
these residues  had never been included in the  model,  there was 
no  model  bias in  this  region of the  electron  density  map).  The 
polypeptide chain trace  for  the segment 379-386 was clear in the 
electron  density,  including  density  for  the  large side chains  of 
Tyr 380 and  His 384. Adding residues 379-386, rebuilding res- 
idues 408-41 1,  and  including 71 water molecules reduced  the 
crystallographic R factor  to  26.0%. 

A measure  of  the precision of the refinement is offered by the 
2 independent  DT  monomers in the  asymmetric  unit. Strict non- 
crystallographic  symmetry  constraints were imposed for  the first 
4 cycles of refinement, noncrystallographic  symmetry restraints 
for 1 cycle, and  no  restraints  for  the  final 7 cycles. As  shown 
in  Figure 1, the  RMS differences between the 2 monomers in the 
asymmetric  unit  are small  (0.4 A, based  on  all Ca atoms),  with 
the exception  of 5 residues in 2 surface  loops,  one of which (res- 
idues 350-353) is modeled  differently in the 2 monomers.  The 
noncrystallographic  symmetry is also  preserved  for 119 of the 
modeled waters,  for which the  overall  RMS  difference is 0.5 A. 
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