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Abstract 

The refined structure of dimeric diphtheria toxin (DT) at 2.0 A resolution, based on 37,727 unique reflections 
( F >  l o ( F ) ) ,  yields a  final R factor of 19.5% with a model obeying standard geometry. The refined model con- 
sists of 523 amino acid residues, 1 molecule of the bound  dinucleotide  inhibitor adenylyl 3’-5’ uridine 3’ mono- 
phosphate  (ApUp), and 405 well-ordered water molecules. The 2.0-A refined model reveals that the binding motif 
for  ApUp includes residues in the catalytic and receptor-binding domains  and is different  from  the Rossmann 
dinucleotide-binding fold.  ApUp is bound in part by a long loop (residues 34-52) that crosses the active site. Sev- 
eral residues in the active site were previously identified as NAD-binding residues. Glu 148, previously identified 
as playing a  catalytic role in ADP-ribosylation of elongation  factor 2 by DT, is about 5 A from uracil in ApUp. 
The trigger for insertion of the transmembrane domain of DT  into  the endosomal  membrane at low pH may in- 
volve 3 intradomain and 4 interdomain salt bridges that will  be weakened at low pH by protonation of their acidic 
residues. The refined model also reveals that each molecule in dimeric DT has an “open” structure unlike most 
globular proteins, which we call an open  monomer.  Two open monomers interact by “domain swapping” to form 
a compact, globular dimeric DT  structure. The possibility that the  open  monomer resembles a  membrane inser- 
tion  intermediate is discussed. 
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Diphtheria toxin (DT) is secreted from toxic strains of the bac- 
terium Corynebacterium diphtheriae. Toxigenic conversion of 
C. diphtheriae occurs by lysogenization with corynephage 0 
(Freeman, 1951), which carries the DT gene encoding a 535- 
residue protein (M, 58,342) (Uchida et al., 1971; Greenfield 
et al., 1983). DT kills eukaryotic cells by inactivating an essen- 
tial component of the protein translation machinery, elongation 
factor 2 (EF-2) (Collier, 1975). 

DT is produced as a  protomer of 2 fragments connected by 
a loop containing  a proteolysis site and a disulfide bond. Lim- 
ited proteolysis with trypsin and reduction of the disulfide sep- 
arates  the 2 fragments, which are denoted  fragment  A and 
fragment B (Drazin et al., 1971). Fragment  A consists of an in- 
dependent  folding domain,  the catalytic (C) domain (residues 
1-190) (Choe et al., 1992). Fragment B consists of 2 folding do- 
mains, the transmembrane (T) domain (residues 191-378) and 
receptor-binding (R) domain (residues 379-535) (Choe et al., 
1992). 

Reprint  requests to: David Eisenberg,  Molecular  Biology Institute, 
University of  California  at Los Angeles, Los Angeles,  California 90024- 
1570; e-mail: david@uclaue.mbi.ucla.edu. 

DT has 3 functions  during cell intoxication, which are per- 
formed by 1 of the 3 folding domains.  First, the R domain binds 
to a cell-surface receptor and is endocytosed (Morris et al., 
1985). The  DT  receptor,  a 185-residue integral membrane  pro- 
tein, has been cloned from monkey kidney cells (Naglich et al., 
1992) and has 97% sequence identity with human  heparin- 
binding epidermal growth factor precursor (Higashiyama et al., 
1992). Second,  DT is triggered by low pH  to undergo  a con- 
formational change and insert into the  endosomal  membrane, 
an event that has been unraveled by mimicking the process at 
the plasma membrane by exposing cells to low pH (Sandvig & 
Olsnes, 1980). In vitro, DT undergoes a cooperative conforma- 
tional  transition at  pH 5.0, characterized by increased hydro- 
phobicity,  exposure of buried tryptophan residues, and altered 
susceptibility to proteases (Blewitt  et al., 1985; Dumont & Rich- 
ards, 1988). At low pH, DT also forms ion-conducting pores in 
lipid bilayers and living  cells (Donovan et al., 1981; Kagan 
et al., 1981; Sandvig & Olsnes, 1988). Third,  after being trans- 
located to  the cytosol,  the C domain catalyzes the  transfer of 
ADP-ribose from  NAD  to a  posttranslationally modified his- 
tidine (diphthamide) of EF-2 (Van  Ness et al., 1980), halting pro- 
tein synthesis and killing the cell (Collier, 1975). 
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Although  the disease diphtheria  has been virtually eradicated 
in developed countries  through  vaccination,  DT is still the  topic 
of  intense scientific inquiry. Knowledge about  how  this  water- 
soluble  protein crosses  lipid  bilayers may  provide insight into 
the  general  principles  of  protein  transport  across biological 
membranes.  Another  active  area  of  DT  research is the  produc- 
tion  of  immunotoxins, in which DT is linked to  antibodies or 
other  ligands  that recognize cells targeted  for  destruction,  such 
as  cancer cells (Pastan et  al., 1992). These  areas  of  research  de- 
pend  on  knowing  the  3-dimensional  structure  of  DT  at  atomic 
resolution. 

Results 

Overall structure 

Ribbon  drawings  of  dimeric  DT  and  the  open  monomer within 
dimeric  DT  are  shown in Figure  1A and B, respectively, and Ki- 
nemage 1. The  structure  of each of  the 3 folding  domains in di- 
meric  DT is virtually identical to  the  corresponding  domain in 
monomeric  DT (see Kinemage  2; Bennett & Eisenberg, 1994 
[companion  paper]).  However,  the R domain  of  each  subunit 
within dimeric  DT is noncovalently  associated with the C and 
T domains of the  other  subunit within the dimer (“domain swap- 
ping”). The  crystallographic evidence for this domain-swapped 
structure is documented in Bennett et al. (1994) and  further here, 
and  the  implications  of  the  dimeric  DT  structure  for  DT  func- 
tion  are  discussed. A preliminary  description  of  the  structural 
differences between dimeric  and  monomeric  DT  has been pub- 
lished (Bennett et al., 1994). Here,  and in the  accompanying 
paper  on  monomeric  DT, we describe these differences  further 
and present many  details of the  structures  that  are relevant to 
substrate-NAD binding, membrane  insertion,  and DT-receptor 
binding. 

The  quality of the  refined  dimeric  DT  model  can  be assessed 
from  the  statistics given in Table 1. There is 1 half-dimer per 
asymmetric  unit;  the 2  molecules in dimeric  DT  are  related by 
crystallographic 2-fold symmetry.  The  refined  model  consists 
of 4,021 non-hydrogen  protein  atoms, 43 dinucleotide  (ApUp, 
adenylyl 3’-5’ uridine 3’ monophosphate)  atoms,  and 405 wa- 
ter molecules. Of the 535 residues in DT, our model includes 523. 
Twelve  residues (1 88-199) comprising  the  arginine-rich  prote- 
olysis loop  linking  the C and T domains  are  not  included in the 
model  because  they  are  disordered.  The  refined  dimeric  DT 
model  has  an R factor  of 19.5% for 37,727 reflections ( F  > 
l u ( F ) )  between 10 and  2.0 A resolution. 

Accuracy of the model 

One  means  of  estimating  the  accuracy  of  the  model is to  plot 
the R factor  as a function of  resolution as shown  for  the refined 
dimeric DT model in Figure 2. Theoretical curves (Luzzati, 1952) 
suggest a mean  coordinate  error  of 0.25 A. 

Another  measure  of  the  quality  of  the  model is its  fit to the 
simulated  annealing  (SA)  omit  map  (Hodel et al., 1992) con- 
toured  at 1 U as  shown in Figure 3 for residues 384-388. To cal- 
culate  this  map, residues 380-390 were omitted,  as were all 
residues having  an  atom within 5.0 A of residues 380-390. The 
continuous  electron  density  for  the  main-chain  and side-chain 
atoms, in addition  to  the well-defined density  for  the  carbonyl 
oxygen atoms,  show  that  the  model is correct in this  region. The 

B 

CH 

Fig. .l. Diphtheria  toxin  dimer  structure. A: Ribbon  drawing of the 
2.0-A  resolution  model of dimeric DT. One polypeptide  chain is gray, 
the  other is white. The termini of 1 polypeptide chain are labeled NH3+ 
and  COO-.  The  domains  are  indicated by the  letters  C  (catalytic), T 
(transmembrane),  and  R  (receptor  binding).  The  ApUp  molecule is 
shown in ball-and-stick  representation. B: Ribbon  drawing of I mono- 
mer of dimeric  DT  (“open”  monomer).  A  3-character  code used to  in- 
dicate  secondary  structure elements refers to (1) the  domain (C, catalytic; 
T,  transmembrane; R, receptor  binding), (2) the  secondary  structure el- 
ement  (H, helix; B, &strand),  and  (3)  the  number of sequential  occur- 
rences of each  type  of  secondary  structure within each  domain.  Primed 
numbers-indicate  secondary  structures  that were not  assigned  in  the ini- 
tial 2.5-A structure  (Choe  et  al., 1992). The  ApUp molecule is shown 
in ball-and-stick  representation.  Residues 188-199, which form  a  sur- 
face  loop  linking  the  carboxy-terminus of the  C  domain to the  amino- 
terminus of the T domain,  are  disordered  and  not included in the model 
(see  text).  Ribbon  drawings were made  using  MOLSCRIPT  (Kraulis, 
1991). 
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Table 1. Quality  of the DT dimer model 
refined at 2.0 A with XPLOR 

Crystallographic R factor (%) 19.5 
Number of reflections ( F  > l o ( F ) )  37,121 
Resolution range (A) 10.0-2.0 
Completeness (070) 90.4 

_ _ _ ~  ~~ ___- 

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

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

Average B factors (A2) 
All atoms 
Protein  atoms 
Main-chain atoms 
Dinucleotide atoms  (ApUp) 
Water molecules 

0.018 
2.6 
25.8 
2.0 

4,021 
43 
405 
4,469 

29 
29 
28 
18 
31 

map shown is representative of the quality of SA omit maps in 
other regions of the molecule. 

Improvement  of 3 0 - 1 0  profile scores 
in the refined DT model 

An additional  tool  for model verification is a plot of the 3D-1D 
profile score (Bowie et al., 1991) versus residue number. The 
3D-1D profile score is a measure of how compatible  a residue 
is with its environment in the model as measured by analysis of 
a database of well-refined structures. A high profile score indi- 
cates that  an  amino acid is compatible with its environment in 

2 sin e/x 
Fig. ?. Luzzati (1952) plot  indicating  a mean coordinate  error of 
0.25 A  for the dimeric DT model. The thick line shows R factor  as  a 
function of resolution. Theoretical curves cqrresponding to mean co- 
ordinate errors of 0.15,0.20,0.25,  and 0.30 A are plotted in thin lines. 

Fig. 3. 2F0 - F, simulated annealing omit map.  The SA omit map 
(Hodel et al., 1992)  is contoured at lo  and superimposed on  the  non- 
hydrogen atoms of residues His 384,  Lys  385, Thr 386, Gln 387, and Prp 
388. The  omitted region included any residue with an  atom within 5  A 
of residues 380-390. Residues having an atom within 3 A of the  omit- 
ted region were harmonically restrained from moving into the  omitted 
region. 

the model and hence is  likely to be correct. Figure 4 shows a 
comparison of the 3D-1D profile scores of the previously pub- 
lished dimeric DT model determined at 2.5 A by multiple iso- 
morphous replacement (Choe et al., 1992) and the refined 2.0-A 
dimeric DT model. The labeled minima in Figure 4 indicate sev- 
eral areas where the profile scores improved after refinement of 
the model. 

The replacement of previously misregistered segments of the 
model with the correct segments greatly increased the profile 
scores of both segments in the refined model. In the 2.5-A 
model, residues 43-46,  130-135,  173-175,  238-254,  263-268, 
387-390,413-453, and 514-522 had the DT sequence misregis- 
tered in the electron density. In the refined model, they are re- 
placed by residues 44-47,  133-138,  172-174,  239-255,  262-267, 
388-391,  412-452, and 508-516, respectively. Loops  flanking 
the residues, which replace misregistered segments (residues 43, 

392-393,411,453,496-507, and 517-523), appear as peaks or 
gaps in a  plot of the RMS differences between the 2.5-A model 
(Choe et al., 1992) and  the refined 2.0-A model after a  struc- 
tural alignment of the models  using the program ALIGN (Satow 
et al., 1986) (Fig. 5). Because of the structural alignment, resi- 
dues which  themselves  replace  misregistered  segments do not ap- 
pear as peaks in Figure 5. 

Segments where the main chain was rebuilt without  shifting 
the sequence registration are: 7-9,  68-73, 223, 293-296,  351- 
354,400-405, and 464-466. These residues also appear as peaks 
in Figure 5 .  

Excluding residues 387-393 (discussed below), all of the pre- 
viously misregistered segments have higher profile scores in the 
refined model than  the same segments in the initial model at 
2.5 A resolution, indicating that they are compatible with their 

48, 126-132,  139-143,  167-171,  175,  232-238,  268-269, 387, 
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Fig. 4. 3D-1D profile window plot: refined  ver- 
sus unrefined dimeric DT. The 3D-1D profile 
score (Bowie et al., 1991; Zhang & Eisenberg, 
1994)  is averaged over a 21-residue windoweand 
plotted versus residue number for  the 2.0-A re- 
fined dimeric DT model (solid lines) and the 
2.5-A initial dimeric DT model (Choe et al., 
1992) (broken lines). Residues 188-199 are  not 
included in the refined model. Several  segments 
are labeled for identification. 

environments in the refined model (Fig. 4). For example, in the 
refined model, the previously  misregistered residues 514-522 are 
replaced by  508-516, and residues 496-507 and 523  in the flank- 
ing loops are rebuilt. As shown in Figure 4, the profile scores 
of residues 496-523 increased in the refined model. 

Profile scores  of other segments  increased  in the refined  model 
because residue environments became more compatible with the 
amino acid sequence as a result of shifting the sequence regis- 
tration of a spatially contiguous segment. For example, although 
residues 455-495 are not themselves shifted in sequence regis- 
tration relative to the initial model, their profile scores increased 

because of shifting residues 412-452 in the refined model, which 
form tertiary  contacts. 

The pronounced dip in the 3D-1D profile plot occurs because 
of the low profile scores of residues 380,  384, 385, and 387. 
These residues are in or near the hinge loop (residues 379-386), 
which changes conformation when DT dimerizes by domain 
swapping (Bennett et al., 1994); residues in the hinge loop have 
different  environments in dimeric and monomeric DT. For ex- 
ample, Tyr 380 and His 384 are buried in monomeric DT, but 
are more exposed in dimeric DT, which is a less favorable envi- 
ronment for both Tyr and His. In addition, Lys  385 has unusual 

10 

9 -  
392- 
393 

I 107 
167-1 71 

I 

2 

1 '6 351-354 

IO- 
15 

496-507 
I 

464-466 
52: 

50 100 150 200 250 300 350  400  450  500 
L 

Residue number 

Fig. 5. RMS positional differences between re- 
fined and unrefined dimeric DT. The RMS dif- 
ferences between corresponding C a  atoms of 
the superimposed 2.0-A :efined dimeric DT 
model and the initial 2.5-A model (Choe et al., 
1992)  were calculated using the program ALIGN 
(Satow et al., 1986),  which superimposes 2 sets 
of Cor coordinates using a structural!lignment. 
The overall RMS difference is 0.6 A based on 
442 C a  pairs. The comparison using ALIGN 
was done  for  the  coordinate sets of 2 segments 
(residues 1-187 and 200-393; and 394-535); the 
breakdown into 2 segments was necessary be- 
cause the position of the  R  domain relative to 
the  C and T  domains is different in the initial 
and refined models due  to the fact that only the 
refined model has domain swapping. Gaps in 
the plot are residues that do not pair with a res- 
idue in the  other model. With the exception of 
residues 188-199,  which are deleted in the re- 
fined  model, all residues plotted as gaps are in 
loops that changed in length during refinement 
to adjust the sequence registration of an adjacent 
secondary structure (residues43, 126,  132,  175, 
232,268,387,453,417-522). Several peaks dis- 
cussed in the text are labeled for identification. 
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main-chain torsion angles in dimeric DT (discussed below), but 
not in monomeric DT. The profile scores of the hinge loop in 
monomeric DT  are higher, with an average of approximately 0.2 
(Bennett & Eisenberg, 1994). In dimeric DT, the hinge loop is 
extremely well defined in the 2F, - F, SA omit map (Fig. 3) 
and the position of the side chain of His 384 is confirmed by the 
binding of a  mercury atom  at  the His NE  atom (Bennett et al., 
1994). The low profile score of  this well-defined portion of the 
model is consistent with the higher energy of domain-swapped 
dimeric DT relative to monomeric  DT  (Carroll et al., 1986a). 

Main-chain conformation 

Scatter  plots of the main-chain torsion angles 4 and $ for  both 
glycine and non-glycine residues are shown in Figure 6.  Values 
for  the backbone  dihedral angles of the refined model cluster 
into  the allowed regions of the  Ramachandran  plot, showing 
that  the model is stereochemically sound. Morris et al. (1992) 
have defined "core," "allowed," and "generously allowed" re- 
gions of the  Ramachandran plot based on 462 structures in the 
1990 release  of the Brookhaven Protein Data Bank. Figure 6 has 
the boundaries  drawn for  the allowed regions. By comparison 
with 119 well-refined structures at 5 2 . 0  A resolution, structures 
refined at the same resolution are expected to have >go% of the 
non-glycine main-chain torsion angles in the core regions for a- 
helix, &strand, and left-handed helix,  which are smaller subsets 
of the allowed regions shown in Figure 6. The refined DT struc- 
ture has 92% of its non-glycine residues in the core  region, as 
compared to only 65% of the non-glycine residues in the initial 
2.5-A model. 

- cys201 I 
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I - 1 -  ri 

-120 1 - )-p , ' 
Asn 424 L ~ S  385 
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-180  -120 -60 0 60 120  180 

@ [degrees] 

Fig. 6. Ramachandran  plot of main-chain  torsion  angles q5 and $. Four- 
hundred  seventy-nine non-glycine residues  (excluding  the  chain  termini 
Ala 187, Ser 200, and Ser 535)  are  indicated  with a circle  and 40 glycine 
residues  (excluding  the chain terminus  Gly  1)  are  indicated  with a tri- 
angle. The allowed regions  defined by  Morris  et al. (1992)  are  indicated 
by solid boundaries. Non-glycines outside the allowed regions  are la- 
beled:  Cys  201  (97O, 123"), Leu  350  (154", -157"), Lys  385 (47", -123% 
and Asn 424 (-150", -93"). Seventeen of 40 glycines  are in regions  not 
allowed for residues  with a side chain. 

M. J. Bennett et  al. 

Residues that  are outside the allowed regions are labeled in 
Figure 6: Cys 201 adopts an  unfavorable conformation in or- 
der to make the disulfide bond with Cys 186; Asn 424 forms a 
hydrogen bonded crystal packing contact; Leu 350 is  in a poorly 
defined loop having high main-chain B factors; and Lys 385 is 
in the hinge loop  that changes conformation when DT dimer- 
izes by domain swapping. 

Ten of 479 non-glycine residues cluster in the left-handed a- 
helical  region near (60°, 40"). They are: Asn 16, Gln 43, Asp 129, 
Asn 235, Asp 318, Asp 392, Asn 453, Asp 467, Asp 519, and 
His 520. Five of these residues, Gln 43, Asp 129, Asn 318, 
Asp 392, and Asn 453, are  found in the i + 1 position of type 
I' (inverse common) turns (Richardson, 1981). Asn 16 occurs as 
a tight connection between the first 2 &strands in the  C domain. 
The remaining 4 residues are in parts of the  structure where 
main-chain atoms  are poorly defined in the electron density and 
have high B factors. 

Of the glycine residues, 17 of 40 are found in regions not  al- 
lowed for residues with side chains. None of the 21 prolines has 
a cis peptide bond.  Proline residues are expected to have 6 near 
-60" due to geometric constraints of the  pyrrolidine ring. As 
expected, all prolines in DT  are  found either in the polyproline 
region at (-60", 140") or in the  a-helical region (-60", -40") 
of the Ramachandran plot. 

Stereo figures  of the Ca backbones of  each domain are shown 
in  Figure 7. The secondary structure of the model is  given in  Fig- 
ure 8, which lists DSSP (Kabsch & Sander, 1983) secondary 
structure assignments for the initial 2.5-A model (Choe et al., 
1992) as well as DSSP and visual secondary structure assign- 
ments for  the refined 2.0-A model. Hydrogen  bonded reverse 
turns  are also listed in Figure 8. 

As shown in  Figure 8, the DSSP assignment  of  residues to sec- 
ondary  structure classes differs between the initial 2.5-A model 
(Choe et al., 1992) and  the refined 2.0-A model. These differ- 
ences can be explained by 2 changes in the refined model. First, 
the  total number of residues in secondary structures is higher 
in the refined 2.0-A model than in the initial 2.5-A model:  DSSP 
assigns 73% of the residues in the refined model to P-strands, 
helices, or hydrogen bonded turns, as compared to 61 070 of  the 
residues  in the initial model. As an example  of  this increase, con- 
sider the 4 consecutive residues in the initial model (residues 20- 
23) forming a 0-strand (Fig. 8, second line);  in the refined model, 
6 consecutive residues (residues 18-23) form an extended ver- 
sion of the same 0-strand (Fig. 8, third line). The second change 
involves  residues that replace  previously  misregistered segments, 
resulting in shifts in secondary structure boundaries. For exam- 
ple, the second to last 0-strand in the R domain was comprised 
of residues 514-522 in the initial model, whereas it is comprised 
of residues 508-516 in the refined model. Other residues that 
were previously misregistered in secondary structures in the ini- 
tial model are: 130-135, 238-254, 263-268, and 413-453. 

Figure 8 also shows underlined residues that  are assigned to 
named secondary structure elements. We have made  additions 
and deletions to  the previously named secondary structures in 
the model (Choe et al., 1992) to maximize the number of resi- 
dues in named secondary structures that have appropriate DSSP 
assignments and to remove residues without DSSP assignments. 
In the C domain:  the first helix assigned in the 2.5-A model 
(CH1, residues 2-7) is deleted because it contains too few  resi- 
dues in helical conformation  and residues 2-3 are instead as- 
signed to a hydrogen bonded turn;  an a-helix (CH4') is  assigned 
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Fig. 7. Stereo figures of the Cm backbones of the 3 domains of DT. A: Catalytic domain (residues 1-187). All non-hydrogen 
atoms of ApUp  are  also  shown. B: Transmembrane domain (residues 200-377). C: Receptor-binding domain (residues 378- 
535). All stereo figures are in approximately the same orientation as Figure 1 .  Some residues are labeled for identification. 
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1 
2.5 A DSSP 
2.0 A DSSP 
2.0 A visual 

51 
2.5 A DSSP 
2.0 A DSSP 
2.0 A visual 

101 
2.5 A DSSP 
2.0 A DSSP 
2.0 A visual 

151 
2.5 A DSSP 
2.0 A DSSP 
2.0 A visual 

201 
2.5 A DSSP 
2.0 A DSSP 
2.0 A visual 

251 

2.0 A DSSP 
2.5 A DSSP 

2.0 A visual 

301 
2.5 A DSSP 
2.0 A DSSP 
2 . 0  A visual 

351 
2 . 5  A DSSP 
2.0 A DSSP 
2.0 A visual 

401 

2 . 0  A DSSP 
2.5 A DSSP 

2 . 0  A visual 

451 
2.5 A DSSP 
2.0 A DSSP 
2.0 A visual 

501 
2.5 A DSSP 
2.0 A DSSP 
2.0 A visual 

GADDWDSSK SFVMENFSSY  HGTKPGYVDS  IQKGIQKPKS  GTQGNYDDDW 
TTTTT S EES  E  EEE  TTHHHH HHH 
GGGTB  GGG  EEEET  EEE  EEE TT TTG  GGG 

SS S S TTTT 

TT TT EEEE  EEE TT  FG GGG 
SS S TT SSGGG 

I I CB1  CB2 II CH2 I'  I 
TT 'M' 

KGFYSTDNKY  DAAGYSVDNE  NPLSGKAGGV  VKVTYPGLTK  VLALKVDNAE 
EEEES HH HHGGG  B SS SSSS B EE  EEEE  SSEEE  EEEES HH 
SEEEES HH HHGGG  B TT STTTS  B EE EEEE  SSEEE  EEEBS HH 
EEEE HH HHGGGG TT EE  EEEEE  EEE  EEEE HH 
CB3  CH3 I CB4  CB5 

TIKKELGLSL  TEPLMEQVGT  EEFIKRFGDG ASRWLSLPF AEGSSSVEYI 
HHHHHSS S SS HHHHTTS  HHHHTTTTS  EEEEES S S SSS EEE 
HHHHHTT S SS HHHHHTS  HHHHHHHSTT  SEEEEEEE TT EEEE 

H H H H G  HHHHHHHHTT  EEEEEEE TT EeEE HHHHHn 
CH4  CH4 a CH5 I' CB6 II CBI 

NNWEQAKALS  VELEINFETR  GKRGQDAMYE  YMAQACAGNR  VRRSVGSSLS 
E  HHHHTT  E  EEEEE SHHH HTTTT  THHH  HHTTSSS S SSS SSS 
E TTGGGG  E  EEEEEESGGG  STTHHHHH  HHGGGG * * *  * * * * * * * * *  
E T- TT TT7 HHGGGG * * *  * * * * *  t * * *  

I CH5' CB8 I 11' CHI 

CINLDWDVIR  DKTKTKIESL  KEHGPIKNKM  SESPNKTVSE  EKAKQYLEEF 
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following the fourth previously assigned helix; a 310-helix (CH5') 
is assigned preceding the last P-strand; and the last previously 
assigned helix (CH6) is deleted. In the T domain: an additional 
a-helix (TH5') is assigned between the previously assigned fifth 
and sixth helices. In the R domain: several additional short 0- 
strands are assigned, RB2' and RB4', following the second and 
fourth  previously  assigned  P-strands,  respectively; and RB3' and 
RB7', which contain residues previously assigned to the fourth 
and seventh 0-strands, respectively. 

Fig. 8. Secondary  structure  assignments 
in  dimeric DT. Upper  line, amino acid se- 
quence  (Greenfield  et  al., 1983); second 
line,  DSSP  secondary  structure  assignment 
for  the  initial  model  at  2.5 A using the  no- 
menclature 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  assignment for  the  refined  model 
at 2.0  A;  fourth line, visual secondary  struc- 
ture  assignment  for  final  model  at  2.0  A; 
fifth  line, reverse turns (classified into  stan- 
dard types  [Richardson, 19811) and  names 
of @-strands  and  a-helices  (underlined) 
using  the  3-character  code  described  in  the 
caption  to  Figure 1. Asterisks  indicate  res- 
idues  omitted  from  the  refined  model  (res- 
idues 188-199). Residues  at  the  edges  of 
secondary  structures were visually inspected 
and assigned to the  secondary  structure 
only if both 6 and $ are within  the  allowed 
regions  of  the  Ramachandran  plot  and if 
the following conditions  are  met. A residue 
bordering  a helix was  included  in  the helix 
if it  was  not  in  a  reverse  turn  and  made  at 
least 1 hydrogen  bond  to  the helix, with do- 
nor  to  acceptor  distance  53.5  A  and  the  an- 
gles at  the 0 and H atoms  not less than 
110" (Baker & Hubbard, 1984). A  residue 
bordering  a  0-strand was included  in  the 
strand if it  made  at least 1 hydrogen  bond 
to a  neighboring  strando  with  donor-to- 
acceptor  distance 1 3 . 5  A and  the  angles 
at  the 0 and H atoms  not less than 120" 
(Baker & Hubbard, 1984). Although  they 
are considered  a-helical by DSSP, residues 
352-357 are  not  included  in helix TH9 be- 
cause  residues 352-354 are  poorly  ordered 
and residues 355-357 d o  not  form  hydro- 
gen bonds with the  corresponding i + 4 res- 
idues in TH9.  Hydrogen  bonded  turns were 
classified  into  standard  types  (Richardson, 
1981; Wilmot & Thornton, 1990) on the  ba- 
sis of their  main-chain  torsion angles at  the 
i + 1 and i + 2 residues according to  the  cri- 
teria of Lewis et  al. (1973). In  all  turns,  the 
hydrogen  bond  donor  and  acceptor  atoms 
of the i and i + 3  residues are less than 
3.3  A  apart  with  the  angles C - 0 . .  . H  and 
N - H . .  .O >90". 

Side-chain con formation 

A combination of side-chain torsion angles (x angles) that is 
highly populated in well-refined structures  is  termed a rotamer. 
The fraction of amino acid residues with the x angles of a rota- 
mer  is  termed rotamericity; different amino acids have differ- 
ent rotamericities. Side-chain rotamericity is another basis for 
comparison of the DT structure  with a database of well-refined 
structures. 
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Side-chain rotamericity for each amino acid  type in DT was 
compared to  the values obtained by Schrauber et al. (1993). The 
comparison is given in Table 2. Rotamericity values for side 
chains in DT  are generally in  the range  of the values obtained 
from  the  database of well-refined structures.  The majority of 
unusual side-chain conformations observed in dimeric  DT can 
be rationalized by inspection of the model. Several Thr,  Phe, 
and Arg side chains are within 0.2-4.5" of a  rotamer  boundary; 
if the criterion of +20" were slightly relaxed, the rotamericities 
for these residues would be comparable to the reference values. 
In addition, Schrauber et al. (1993) note that Asp and Asn have 
virtually uniform x2 distributions, hence low rotamericities. 
This is consistent with the fact that 17 of 29  Asn residues in DT 
are excluded from rotarner classes because of unusual x2 an- 
gles. Asp actually has a 25% higher rotamericity than expected; 
its high apparent rotamericity may be a consequence of the small 
number of Asp residues in DT, which occurs at one-half of the 
expected frequency  (Lehninger, 1975). 

Frequently residues adopt unusual x angles  because of tertiary 
contacts. In DT, 4 tyrosines with unusual rotamers are in tertiary 
contacts, which may contribute  to  the low rotamericity of Tyr 
in Table 2. These tyrosine residues, Tyr 54, Tyr 179, Tyr 375, 
and Tyr 380 are in the active site, the interface between the  C 

Table 2. Percentage of side-chain conformations 
belonging to rotamer classes 

~- - 

Number 
rotamers Reference 

Number observed/ Rotamericity' rotamericityd 
Amino acid residuesa possibleb (TO) (To) 

Valine 
Leucine 
Isoleucine 
Serine 
Threonine 
Cysteine 
Phenylalanine 
Tyrosine 
Tryptophan 
Histidine 
Aspartic acid 
Asparagine 
Glutamic acid 
Glutamine 
Methionine 
Lysine 
Arginine 

44 
35 
33 
48 
30 
4 

18 
18 

5 
16 
28 
29 
37 
16 
8 

39 
13 

3/4 
4/9 
5/7 
3/3 
3/3 
313 
415 
3/4 
2/6 
416 
313 
316 
618 
317 
3/5 
5/7 
215 

93.2 
77.1 
12.7 
83.3 
73.3 

100.0 
61.1 
38.9 
80.0 
68.8 
71.4 
13.8 
54.1 
62.5 
75.0 
66.7 
23.1 

94.0 
84.1 
83.1 
85.3 
92.6 
92.4 
81.9 
75.8 
78.5 
68.0 
46.1 
37.5 
69.4 
73.6 
77.2 
60.7 
65.8 

- _ _ ~ -  
~~ 

a Excluded from the  table  are:  Ala (40 residues), Gly (41 residues), 
Pro (21 residues), residues 188-199. ' Side-chain conformations in DT were analyzed and compared to 
the  rotamer  library of Schrauber et al. (1993). "Possible" rotamers  are 
unique rotamers determined from a survey of 68 structures of better than 
2.0 A resolution, with R factors below 20.0%. The expanded  rotamer 
library of Schrauber et al. includes a subset of rotamers defined by Pon- 
der and Richards (1987), as well as newly defined rotamers. "Observed" 
rotamers are unique  rotamers  found in DT. 

Rotamericity is defined as the fraction of residues having side-chain 
torsion angles within k20" of the x angles of a  rotamer. 

Reference values for rotamericity as determined by Schrauber et al. 
(1993). 

and T  domains,  the interface between the  T  and  R domains, and 
the hinge loop, which changes conformation upon dimerization, 
respectively. Tyr 54 and Tyr 179 adopt unusual x2 angles (62" 
and 295", respectively), presumably to avoid steric clashes with 
other  atoms. Tyr 380 in the hinge loop is  very near the side 
chain of Lys  385,  which may cause its atypical x2 angle (305"). 
Tyr 375 adopts  an unusual x, value (277") in order  to position 
its hydroxyl group in proximity to the main-chain oxygen of res- 
idue 481 on the symmetry-related R domain. If xI of Tyr 375 
were forced to  adopt  the g-, g+, or t rotamer, the hydrogen 
bond would be disrupted. 

Disulfide bridges 

DT contains 4 cysteine  residues that form  2 disulfide bridges  be- 
tween Cys 186  in the C domain  and Cys 201 in the T domain, 
and between Cys 461 and Cys 471, both in the R domain (see 
Kinemage 2). Disulfide bond lengths and angles are given  in Ta- 
ble 3. 

The Cys 186-Cys  201 disulfide bridge is functionally  under- 
stood: it is the only remaining covalent bond between the C 
and T  domains after proteolytic cleavage at  the arginine-rich 
proteolysis loop (188-199). The C domain becomes catalytically 
active when it is freed from  the T and R domains by reduction 
of this disulfide. The C,-C, vectors of the half cystines are 
antiparallel and  the disulfide has a  right-handed conformation 

The Cys 461-Cys 471 disulfide bridge was proposed to be in- 
volved  in membrane  translocation, but its role remains unclear 
(Papini et al., 1987; Stenmark et al., 1991). It is a rare example 
of a disulfide bridging 2 antiparallel P-strands in a protein struc- 
ture (Fig. 9). Its torsion angles (Table 3) are characteristic of the 
short  right-handed hook conformation, which was observed in 
crystal structures of peptides that  form antiparallel  &strands 
with S-S bridges  (Karle et al., 1988,  1989). The Ca-CCY distance 
and S-S bond length are comparable to values found in these 
peptide structures; however, the CSS angles of 99.6" for Cys 461 
and 99.5" for Cys 471 in DT are smaller than the values of 
102.9-107.9" determined for these and other linear and cyclic 
disulfide-containing peptides (Bigoli et al., 1981; Ravi et al., 
1983), which may be a consequence of the disulfide occurring 
in the context of a @-sheet, rather than in a short peptide with 
flexible ends. 

( x 3  = 78"). 

Chain flexibility 

The average isotropic B factor  for all atoms in the refined di- 
meric DT model is  29 A* (Table l), which agrees with the value 
derived from  the Wilson plot (see Materials and methods). 

Table 3. Disulfide bond  parameters 
~~ 

Disulfide bridge (deg) (deg) (deg) (deg) (deg) (A) (A) 
X I =  x2  x3  x2' x1' ccu;ccu s;s 

CYS 186-CYS 201 59 54 78 64 -163 5.54 2.05 
Cys461-CYS 471 -55 -103 109 -82 -59 3.77 2.03 

a x 1 and x2  refer to the first cysteine, and x1' and x2' to the second 
cysteine in each pair. 
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Fig. 9. Stereo  figure of the disulfide 
bridge between 2 antiparallel  &strands  in 
the R domain of DT. All non-hydrogen 
atoms of  residues 460-462 and 470-472 
are shown. Cysteines 4 6 1  and 471, which 
form the disulfide bridge, are labeled. 

Figure 10 shows a plot of the main-chain temperature  factors 
for  the 523 residues in the refined model. There are 4 segments 
with  high temperature factors that require further comment. As 
shown in Figure 10, these are: residues 231-241,346-354,464- 
466, and 518-521. 

All residues with high B factors in Figure 10 are in surface 
loops. Residues 231-241 connect the second and third helices  in 
the T domain. Residues 346-354 are in a loop between a pair 
of helices in the T domain (TH8 and TH9), which may insert 
into  the endosomal  membrane at low pH (discussed below). 
Residues 464-466 are in a  loop between the disulfide-linked 
/3-strands RB6 and RB7 (Fig. 1B) in the  R domain. Residues 
518-521 are in the protruding receptor-binding loop between the 
last 2  @strands in the R domain. 

Solvent structure 

The refined model contains 405 water  molecules modeled as ox- 
ygen atoms. The highest B factor for a water molecule is  59 A’ 
and the average is 3 1 A’. Because the dimeric DT crystals con- 
tain 54% solvent based on a protein density of 1.35 g/cm3, the 
water  molecules in the model constitute 14%  of the  total solvent 
molecules in the crystal. There are 319 waters in the first hydra- 
tion shell at a  distance of 1 3 . 5  A from a  polar  protein atom; 

157  of these can be considered an integral  part of the  protein, 
with B factors less than  or equal to  the average B factor of 
28 A’ for  the main-chain atoms of the polypeptide  chain. 

Several pentagonal rings of water molecules and polar pro- 
tein atoms  are  found in DT, where they are centered over the 
methylene carbons in long, charged side chains at  the surface 
and in intermolecular contacts. Clusters of water molecules and 
polar  protein atoms in pentagonal rings were first called to at- 
tention in the description of the crambin structure (Teeter, 1984), 
in which they formed  caps for  apolar  atoms.  One such cluster 
in DT has 2 fused pentagons  formed by 7 water molecules and 
Oe of a Gln residue; 1 pentagon is centered on C6 of  Lys 51, and 
the other on Cy of Glu 497 in a molecule related by a  unit cell 
translation along c (Fig. 11). Two other pentagonal rings are cen- 
tered on Cy of Arg 407 and Cy of Glu 142 in a 2-fold symmetry- 
related molecule. The methylene carbons make 2 or 3 contacts 
of  less than  4 A with the water  molecules  in the rings, except for 
C6 of  Lys 51,  which makes 3 contacts at a distance of 4.2 A. The 
average B factor for waters in the pentagonal rings is 26 A2,  
and the average 0-0 distance is 2.7 A. These semiclathrate rings 
of water around  apolar protein  groups are consistent with the 
notion that  the hydrophobic  interaction is caused by the local- 
ization of clathrate-like cages of water about  apolar protein 
groups  (Kauzmann, 1959). 

80 
346,354 

51 8 
-521 

Fig. 10. Plot of residue  temperature factors. 
Isotropic main-chain B factors, averaged  per 
residue, were plotted against residue num- 
ber. All 4 labeled segments with high B fac- 
tors are surface loops. 

0 50 100 150 200 250 300 350 400 450 500 

Residue number 
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Fig. 11. Stereo figure of a semi-clathrate  water  array in DT. 
One  pentagonal  array  composed  entirely  of  water  molecules is 
centered  over C6 of Lys 5 I .  Water  molecules are represented 
by their oxygen  atoms. A second  pentagon,  composed of 4 
water  molecules  and a sidexhain  oxygen  atom of GIn 43, is  cen- 
tered over Cy of Glu 497' in a c-axis-related  molecule (primed 
residue number indicates  symmetry-related  residue). 

2 Glu 497' 

During  refinement,  an isolated electron density peak of ap- 
proximately 6 A by  10 A was a persistent feature at  the dimer 
interface on  the 2-fold axis. Because of the  shape of the  peak, 
which was a roughly planar diamond with 4 bulges at  the verti- 
ces, it could not logically  be modeled as a tetrahedral phosphate 
ion,  although  phosphate is necessary for dimerization. The peak 
is not coordinated by the protein as it would  be if it  were a metal 
ion.  Although the identity of the peak remains obscure, it was 
modeled as 4 water  molecules  (2 unique: waters 61 1 and 735, and 
their  symmetry  pairs), which are  rather close, the shortest 
oxygen-to-oxygen distance being  2.4 A. These waters have B fac- 
tors of  21 and 30 A', respectively, and  are well-defined in the 
final 2F, - F, electron density maps. 

Dinucleotide-binding fold 
Although one of  the  substrates of DT is NAD, the  structure  of 
dimeric DT complexed with the  inhibitor ApUp (DT-ApUp) is 
distinct from the Rossmann NAD-binding fold found in the de- 
hydrogenases (Adams et al., 1970). Figure 7A shows the posi- 
tion of the  ApUp molecule in the context of the C a  coordinates 
of the C domain (see also Kinemage 2). All protein atoms in- 
teracting with ApUp, either directly or through  a single water 
molecule, are located in the cleft formed by residues 17-65 in 
the C domain  and residues 446 and 458 in the R domain. The 
secondary  structures  formed by these residues comprise the 
ApUp-binding  cleft. 

Other bacterial toxins with structurally  homologous active 
sites include heat-labile enterotoxin (Sixma et al., 1991), pertus- 
sis toxin (Stein et al., 1994), and exotoxin A (ETA) (Allured 
et al., 1986). In addition, ETA catalyzes the same reaction as 
DT, the  transfer of ADP-ribose from NAD to diphthamide of 
EF-2.  Superposition of the  CCU coordinates of the catalytic do- 
mains of DT  and ETA yields an RMS difference  of  l .56 A be- 
tween 91 residues (16-33, 34-38,46-66,75-88,91-96, 133-141, 
147-164 of DT; and 435-452,454-458,462-482,493-506,511- 

Two previous models for NAD binding to ETA and  DT pre- 
dicted that 1 base  of NAD binds  in a hydrophobic cavity formed 
by Tyr 54 and Tyr 65 in DT and the other base stacks  against 
Trp 50 in DT  (Brandhuber et al., 1988; Domeninghini et al., 
1991). Our model of DT-ApUp, based on an atomic  resolution 
crystal structure, reveals that  ApUp is bound roughly perpen- 
dicular to  the orientation of NAD predicted by these studies. 
Uracil is stacked against Tyr 65, near Tyr 54; however, adenine 
is more  than 15 A from  Trp 50. It is possible that  DT also binds 
NAD in this orientation because adenosine is present in both 
ApUp  and NAD; to bind NAD in a different orientation would 

516, 539-547,  552-569 of ETA). 

require 2 distinct adenosine-binding sites in  DT.  Because  of the 
structural simiIarity  of the active sites  in DT  and ETA,  ETA  may 
also bind NAD in this orientation. 

Conformation  of bound ApUp 
There are 2 changes in the  conformation of the ApUp molecule 
in the refined model as compared to the initial model (Choe 
et al., 1992). The  adenosine ribose is rotated 180" about x ,  the 
torsion angle around  the bond between C1' in ribose and N9 in 
adenine, placing C5' of the ribose and its 05'  oxygen into  an 
electron density peak, and forming  a hydrogen bond between 
02 '  in ribose and His 21. Uracil is also  rotated 180" about x, 
the torsion angle about  the bond between C1' in ribose and N1 
in uracil, placing its 0 2  atom  into  an electron density peak and 
forming hydrogen bonds between N3 and 0 2  and 2 ordered wa- 
ters (waters 598 and 577). The entire ApUp molecule is well 
defined in the electron density with a low average B factor of 
18 A 2 .  

The bond lengths and angles  of ApUp in DT-ApUp were com- 
pared with those in the crystal structure of  adenylyl-3',  5"uridine 
(ApU) (Seeman et al., 1976). None of the bonds were found to 
differ by more than 0.06 A, and only 2 angles differ by more 
than 10.0" in the  2  structures. One of these angles is also more 
than 10" from an equilibrium value used in refinement of DT- 
ApUp: the angle formed by C5' and 05' of uridine and the mid- 
dle phosphate is 132.5" in DT-ApUp  and 118.5" in ApU,  as 
compared to the equilibrium value of 120.5'. The similar angle 
formed by C3' and 0 3 '  of uridine and  the terminal  phosphate 
(131.7"), for which there is no  comparison in ApU, is the only 
other angle in ApUp more  than 10" from an equilibrium value 
used in refinement. A possible explanation for the  deformation 
of these angles is that it  is caused by the salt links between 
Arg 458 and Lys  24 and the  phosphate  groups. 

As shown in Figure 12A and €3, the conformation of ApUp 
bound to DT resembles an L, in  which the adenosine phosphate 
portion of ApUp is 1 arm of the L and  the uridine  phosphate 
portion is the  other arm. Table 4 lists  selected torsion angles for 
ApUp in the refined model of DT-ApUp. These angles are 
within the ranges observed in other crystal structures of nucle- 
otides  bound to protein  (Moodie & Thornton, 1993). The uri- 
dine ribose has a 6 angle consistent with the C1' exo conformer, 
an energetically acceptable  conformer significantly populated 
in DNA crystal structures.  The  adenosine ribose in DT-ApUp 
has the common C2' endo  conformation. As indicated by the 
values of x in Table 4, adenosine and uridine have syn and  anti 
conformations, respectively. Unlike NAD bound to  the de- 
hydrogenases (Branden & Eklund, 1980), the  conformations 



1454 M. J. Bennett et ai. 

A 

Glv 34 

Gln 36 Gin 36 k 

Thr 42 ”(2 

Fig. 12. Stereo figures of the active site of DT with the  bound nucleotide inhibitor  ApUp. A: Adenosine phosphate  portion 
of ApUp with the side chains of DT  to which it binds. The orientation is approximately the same as Figures 1 and 7. B: Uridine 
phosphate  portion of ApUp and the side chains of DT to which it binds. The orientation is rotated approximately 90” about 
the vertical axis relative to  A, as if viewing from the right side of A. The  ApUp molecule is shown in ball-and-stick representa- 
tion with atom sizes proportional to Van der Waals radii. Primed residue numbers indicate residues from  the 2-fold symmetry- 
related R domain.  In monomeric DT, the same residues from the R domain are involved in ApUp binding. 

about  the torsion angles y in ApUp bound to  DT  are not high- 
energy conformations. 

Atomic interactions between DT and ApUp 
The  structure of ApUp is related to  that of NAD (Fig. 13): each 
has a 6-membered ring, uracil or nicotinamide, linked to ribose; 
an adenosine group; and 2 phosphate groups. They differ in the 
linkage of the 2 nucleosides: in ApUp, 1 phosphate links aden- 

Table 4. ApUp torsion angles 

Value in adenosine Value in uridine 
Torsion anglea (de@ ((leg) 

01 - - 179 
P - -139 
Y 67 45 
6 147  123 
E - 67 -93 
r -71 
X 40 - 126 

- 

aAtoms involved in torsion angles: a, 03~,-,,-P-O5’-CS’; p ,  

P; t, C3’-03’-P-05i,+l); x, 04”CIf-N1-C2 (pyrimidines), 04”Cl’-N9- 
C4  (purines). 

P-O5’-C5”C4‘; ~,05’-C5”C4”C3’; 6, C5”C4”C3’-03’; E ,  C4”C3’-03” 

osine to uridine 3’-5‘, the  other is a 3‘ terminal phosphate on the 
uridine. Obviously, the active site of DT must adjust to accom- 
modate the different structures of NAD or  ApUp. However, be- 
cause the nucleoside portions of NAD and  ApUp  are similar, 
we may be able to infer the  structure of DT-NAD from  that of 
DT-ApUp. The  atomic interactions between ApUp  and  atoms 
in DT, direct or mediated by a single water, are summarized 
schematically in Figure 14 (see Kinemage 2). 

Looking at the interactions between ApUp  and residues in the 
nucleotide-binding cleft, we find that  the location in the model 
of the His 21 side chain, which forms a hydrogen bond with 
02’ in the adenosine ribose (Figs. 12A, 14), is consistent with a 
His modification  study that suggested His 21  is near the aden- 
osine ribose in NAD  (Papini et al., 1989). Thus, adenosine in 
DT-NAD may bind in the same position as in DT-ApUp. His 21 
has also been proposed to play a  role in catalysis, based on 
the observation that a  titratable group with a pK  of 6.2-6.3 
(His pK = 6.5) must be protonated for catalysis to occur (Wil- 
son et al., 1990). 

Tyr 65, another residue proposed to be involved in NAD 
binding, makes extensive apolar ring-stacking contacts to uracil 
in ApUp (Fig. 12B). Tyr 65  was previously identified in the 
nicotinamide-binding site because both NAD and nicotinamide 
protect it from being photolabeled (Papini et al., 1991). Thus, 
it is possible that  the nicotinamide ring stacks against Tyr 65 in 
a similar fashion in DT-NAD. 
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Fig. 13. Covalent  structures of ApUp and NAD. ApUp is shown  on  the 
left and NAD on the right, to illustrate their  similarities. 

Glu 148 is the  only  residue  in  DT  that  was previously shown 
to play a role in catalysis; its mutation even to  the chemically 
similar residues Gln or Asp greatly  diminishes  ADP-ribosylation 
activity  (Wilson  et  al., 1990). Therefore,  Glu 148  is  expected to  
be  near  the active  site. The  ApUp  atom closest to  Glu 148 is 0 2  
in  uracil, which is  4.6 A from a carboxyl oxygen in  Glu 148. 
Photolabeling with nicotinamide-radiolabeled  NAD yields nic- 
otinamide linked by its  number 6 carbon  to  the y-methylene car- 
bon  of  Glu 148,  suggesting C6  of  nicotinamide  in  DT-NAD is 
close to  Glu 148 (Carroll  et  al., 1985). If nicotinamide  binds in 
the  same  position  as  uracil,  C6 will be 5.8 A from a carboxyl 
oxygen in  Glu 148. Thus, a shared  binding site for  nicotinamide 
and  uracil is consistent with the  photolabeling  experiments,  al- 
though  not  proven. 

A  residue that was not  previously  noted as  important in bind- 
ing NAD or ApUp is Lys 24. In  our  DT  model, Lys 24 makes 
a salt  bridge to  the  phosphate  group between 0 3 ’  in adenosine 
and 0 5 ’  in  uridine (Figs. 12A, 14). Given  the flexibility and 
length of  the Lys  side chain, it is conceivable that this  salt  bridge 
is present  in DT-NAD, even though  the  phosphate position may 
be  different. 

The  interaction between ApUp  and  Ser 446 and  Arg 458  in 
the R domain (Figs. 12B, 14) appears  to be specific to  DT-ApUp 
because it involves the 3’ terminal phosphate, which NAD lacks. 
ApUp  interacts with Ser 446 by  forming a hydrogen  bond,  and 
with Arg 458 by forming a salt  bridge  and  multiple  hydrogen 
bonds between the negatively charged  phosphate  group  and  the 
positively charged  guanidinium  group. Because the R domains 
in  the  DT  dimer  are  swapped,  Ser 446 and  Arg 458 belong to 
the  2-fold  symmetry-related  subunit  in  the  dimer.  However,  in 
monomeric DT, the  same residues  in the R domain  are in the  ac- 
tive site.  The  binding  of  residues in the R domain to the  termi- 
nal  phosphate  of  ApUp  may  explain  why  intact  DT  binds  the 
substrate  NAD (which lacks  the  terminal  phosphate) with mi- 
cromolar  affinity  and  the  inhibitor  ApUp  with  nanomolar  af- 
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finity,  whereas  isolated C domain  binds  NAD IO-fold more 
tightly than  ApUp  (Collins & Collier, 1985), and is consistent 
with the  observation  that  DT binds NADP, with its 2’ phosphate 
group,  more tightly than  NAD  (Michel & Dirkx, 1974). 

The long loop  across  the  active  site (residues 34-52) clearly 
is important  for binding  nucleotides  because several main-chain 
and  side-chain  atoms in the  loop  form  hydrogen  bonds with 
ApUp.  This active-site loop  may be in a different  conformation 
in nucleotide-free DT, in which these  interactions are absent. The 
proposal  that  the  loop undergoes  a conformational change upon 
nucleotide  binding is supported by a study  that  found Lys 39 
changes its accessibility to  proteases  upon  NAD or ApUp bind- 
ing  (Zhao & London, 1988). The  importance  of  the  loop in nu- 
cleotide  binding is also suggested by the existence of  a mutant 
DT, known  as  CRM 197,  which has  Glu  substituted  for  Gly  at 
position  52  and is unable  to  bind  NAD  (Lory et a]., 1980). In 
our  structure, Gly  52 is closely packed  against a neighboring p- 
strand; if the  structure is changed by having a  side chain  at  po- 
sition  52, it may  render DT  unable  to  bind  NAD or ApUp by 
repositioning  the  hydrogen  bond  donors  and  acceptors in the 
active-site loop. 

A conformational  change in the active-site loop (residues 34- 
52) upon  nucleotide  binding  could  explain  the  previous  obser- 
vation of changes in the  tryptophan  band  of  the  near UV CD 
spectrum in DT-ApUp (Collins & Collier, 1985). In  our  model, 
Trp 153 is about 4 A from  adenine, lying in an  apolar  pocket 
formed by Lys  37, Gln 43, and Gly  52  in the active-site loop. 
In  nucleotide-free DT, this  pocket  may  not  form,  altering  the 
environment  of  Trp 153. Trp 153 is apparently  not required for 
the active-site loop to be in the  nucleotide-binding  conforma- 
tion because DT with chemically modified Trp 153 binds  NAD, 
although  enzymatic activity is lost  (Michel & Dirkx, 1977). The 
remaining  Trp in the C domain,  Trp 50 in the active-site loop, 
is about 10 A from  ApUp. It is possible that  one of the  trypto- 
phans in DT plays a more  intimate  role  in  NAD  binding  that is 
not  evident in the  DT-ApUp  complex  studied  here. 

Transmembrane domain 

The T domain  consists  of 10 cy-helices (Fig. 8). The first  4  heli- 
ces  in the T domain  (residues 206-268) lie on  the  surface  of  the 
domain,  are hydrophilic, and  contain 14 of  the 19 basic residues 
in the  entire T domain. In contrast,  the last  3 helices in the  do- 
main (residues 310-376) are  buried  in  the  native  structure,  are 
hydrophobic,  and  contain  only 3  positive charges.  The  middle 
helices (residues 275-305) are  intermediate,  in  that  they  are  lo- 
cated on the  surface  of  the  domain  but  are  hydrophobic  and con- 
tain  only 1 positive  charge. 

Based on  the  refined  dimeric  DT  structure  and  previous  hy- 
drophobicity analysis, we suggest that  there  are 4  potential  trans- 
membrane helices in the T domain. Segments 269-289,  301-321, 
and 338-358 were previously identified from  the sequence  as po- 
tential  transmembrane helices based on their  mean  hydropho- 
bicities using a 21-residue window  (Eisenberg et al., 1984). On 
the basis of  the  crystal  structure, we now suggest that  segment 
338-358 is not a  single transmembrane helix, but  includes  the 
most  hydrophobic  portions  of 2 transmembrane helices (residues 
328-348 and residues 351-371), which  essentially form  the last 
2 helices in the  native DT structure, TH8 and TH9 (Fig. IB). 
Segments 328-348 and 351-371 have  mean  hydrophobicities  of 
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Fig. 14. Schematic diagram of the atomic interactions between DT and ApUp in the active site. Hydrogen bonds are shown 
as broken lines labeled with the donor-to-acceptor distances in A .  Primed residue numbers indicate residues from the 2-fold 
symmetry-related R domain. In monomeric DT, the same residues from the C and R domains of 1 monomer are involved in 
ApUp  binding. 

0.57 and 0.52, well above the threshold value of 0.42 used by 
Eisenberg et al. (1984) to identify potential  transmembrane seg- 
ments. Thus, combining information  from sequence analysis 
and the crystal structure, we infer that  the T domain has 4 po- 
tential transmembrane helices (residues 269-289,  301-321, 328- 
348, and 351-371). These helices do  not correspond exactly to 
helices in the  T  domain (Fig. 8), but are essentially helices TH5, 
6-7,8, and most of 9 (Fig. IB); the flanking loops may become 
helical upon  membrane  insertion. 

DT inserts into membranes when the  pH  drops  (London, 
1992), suggesting that low pH increases the hydrophobicity of 
the T  domain.  One effect of low pH is to diminish the polarity 
of protein segments with acidic side chains. Such segments are 
the 2 loops between sequential pairs of potential transmembrane 
helices, which hold 6 Asp and Glu residues (Asp 290, Glu 292, 
Asp 295, Glu 298, Glu 349, and Asp 352), previously referred 
to as "dagger-tips"; at low pH,  protonation of these residues 
might allow the helices to enter the membrane  (Choe et al., 

1992). The dimeric DT model also reveals that residues in the 
4 potential transmembrane helices are relatively buried in the na- 
tive structure, with the exception of residues 269-280,  302,  320, 
and 353. Unfolding of the T domain would expose the buried 
hydrophobic segments to solvent, an arrangement that would 
be energetically unfavorable and could cause them to  sponta- 
neously insert in the membrane. 

The refined dimeric DT  model suggests 3 ways that  proton- 
ation of amino acid residues at low pH could alter the structure 
and expose apolar segments. First,  unfolding of the T domain 
may be facilitated by 2 nearby histidines, which  will repel each 
other when protonated  at  around  pH 6.5. His 223 and His 257, 
in the loops following the  first and third helices in T, respec- 
tively, are only 3.5 A apart. The  mutual repulsion of these His 
residues may disrupt the packing of these helices, a  structural 
disturbance that might propagate to  the rest of the T  domain. 
Because protonation of His residues occurs at a relatively high 
pH, this may be an initial event in the low pH pathway. 
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Second, protonating Asp and Glu residues will break salt 
bridges and may contribute  to  the unfolding of the T domain. 
Four of 5  potential intradomain salt bridges in the T domain 
(Table 5) contain a basic residue from  the first helix. One salt 
bridge links the first helix to  the third  potential  transmembrane 
helix at  the opposite  end from  the dagger-tip (Lys  212 or Lys  216 
to Glu 327). Another salt bridge links the first helix to the  fourth 
potential transmembrane helix (Arg 210 to Glu 362). Breaking 
these salt bridges could pry the hydrophilic first helix away from 
the  transmembrane helices, exposing them to aqueous solvent 
and causing them to spontaneously insert into  the membrane. 

Third, there are  at least 3 salt bridges between residues in the 
first helix in the T domain  and in or near the last helix in the 
C domain. As shown in Table 5 and Figure 15,  there is a net- 
work of interdomain salt bridges between Asp 207, Arg 210, 
Asp 211, Lys 172, Arg 173, and Asp 176. An additional salt 
bridge links Arg 377 at  the carboxy-terminus of the T domain 
and Asp 61 in the C domain. Weakening of these salt bridges 
at low pH could  cause the T and C domains to  separate, which 
may be a  prerequisite for membrane  insertion. 

Receptor-binding  domain 

The receptor-binding domain of DT  can be described as a  flat- 
tened barrel of 10 antiparallel  @-strands with a jellyroll fold 
(Richardson, 1981). During refinement against the 2.0-A data, 
the R  domain was significantly changed in 2 areas relative to the 
initial 2.5-A model. 

The loop connecting the first and second @-strands in R was 
rebuilt. As we have described previously (Bennett et al., 1994), 
during refinement of the model at 2.0-A resolution,  it became 
evident that a 3-residue loop (residues 391-393) had to be 
changed. In  the refined 2.0-A model,  the 391-393 loop cova- 
lently links the first  &strand in the R  domain to a  strand that 
was previously assigned as the second @-strand in the R  domain 
of the  other subunit in the dimer.  The  first  &strand is now a 
member of the &sheet containing the second @-strand (Fig. l), 
whereas in the initial model it was not a member of either sheet. 
This  arrangement of 0-strands in the R domain of refined di- 
meric DT is identical to that of monomeric DT (Bennett & Eisen- 
berg, 1994). 

Lys 172 

Asp 207 

Arg 210 

Asp 21 I 

A 

Table 5 .  Salt bridges in the transmembrane domain 

Distance 
Atom l a  Atom  2  (A) 

Intradomain 
Arg 210 NH1 
Lys 212 NZ 
Lys216 NZ 
Lys216 NZ 
Glu 292 OEl 

Glu 362 OE2  3 .O 
Glu 327 OEl 3.0 
Glu 327 OE2 2.8 
Glu 259 OEl 3.6 
Lys  299 NZ 3.6 

Interdomain  (to C domain) 
Asp 207 OD2 Lys 172 NZ 3.7 
Asp 207 OD1 Arg 173 NHl 2.6 
Arg 210 NH2 Asp 176 OD1 2.8 
Asp 211 OD1 Arg 173 NH2  2.5 
Arg 377 NH2 Asp 61 OD1 3.0 

a Only salt bridges in which both side chains  are well defined in the 
electron density are included. Where  more  than 1 interaction between 
2 residues is possible, the  interaction with the closest distance is given. 

The second to last &strand in the R domain was also changed, 
by shifting the sequence registration  6 residues toward  the 
carboxy-terminus (discussed above). Residues in this region are 
involved in binding the DT receptor, and the 6-residue shift in 
sequence registration forms  a fl-hairpin loop (residues 5 14-525) 
between the last 2  @-strands that protrudes from  the surface of 
the R domain, consistent with a role in molecular recognition, 
as we discuss in our companion paper on monomeric DT. 

Intermolecular contacts 

Table 6 lists polar interactions at the intermolecular contacts be- 
tween l  DT open monomer and its neighbors. The DT dimer 
dyad is located on  the crystallographic 2-fold axis and, because 
the R  domains are swapped,  there are many contacts between 
the C and T  domains  of  one molecule and  the R  domain of 
the molecule related by crystallographic 2-fold symmetry (R). 
Excluding interactions with ApUp, there are 3 salt bridges, 9 
charged and 8 uncharged hydrogen bonds between molecules 

Fig. 15. Interdomain salt bridges between 
the T and C domains. Non-hydrogen at- 
oms of residues 172-176 and 207-21 1 are 
shown. Salt bridges (Table 5 )  are shown as 
broken lines. 
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Table 6.  Hydrogen  bonds and salt bridges formed  by an 
open DT monomer with neighboring molecules in the crystal 
~ _ _ ~ -  ~ _ _ _ ~  

Atom 1 

Lys 37 NZ 
Lys 39 0 
Gly41 N 
Gln 43 NE2 

Asn 45 OD1 
Tyr 46 N 
Asp 47 OD2 
Trp 50 NE1 
Asp 97 OD2 
Asp 97 0 
Asn 98 ND2 
Ala 99 N 
Phe 140 0 
Glu 142 0 
Glu 148 OE2 
Tyr 179 OH 

Gin 287 0 
Ile 306 0 
Asp 318 N 
Ser 374 0 
Tyr 375 OH 
Arg 377 NHI 

Tyr 380 N 
Thr 386 0 

Ser 446 OG 
Arg 458 NH2 
Arg 458 NH2 
Arg 458 NHI 
Arg 458 NH1 

Lys 10 NZ 
Asp 57 OD2 

~ ~ _ _ _ ~  

_ _ _ _ ~  

Atom 
~______  
Glu 497 OE2 
Lys 440 NZ 
Glu 503 OE2 
Glu 497 OE2 

Asn 444  ND2 
Ser 446 OC 
His 492 NE2 
Glu413  OE2 
Lys 447 NZ 
Lys 447 NZ 
Clu413 0 
Glu 413 OE2 
Lys 456 NZ 
Ser 451 OG 
Lys 456 NZ 
Arg 455 NHI 

Lys 522 NZ 
Gln515 N 
Asn 424 OD1 
Asn 453 ND2 
Asn 481 0 
Asn 453 0 

His 484 NE2 
Lys 419 NZ 

ApUp 0 3  
ApUp 0 3 '  
ApUp 0 3  
ApUp 0 1  
ApUp 0 3  

Glu 262 OE2 
Lys 264 NZ 

Distance' 
('4) 

3.6 
3.5 
3 .  I 
2.9 

3.1 
2.9 
3.7 
3.1 
3.2 
2.8 
3.0 
3.0 
2.8 
2.8 
3.9 
3 . 3  

C-R' 

2.7 
2.7 1 
3.2 

2.8 3.0 1 Hinge loop-R 

2.7 
3.2 ~ 

2.9 

3.4 
3 .  I 

3.4 ApUp-R 

.~ 
~ 

a Atom 2 is in a symmetry-related molecule. 
Symmetry operators for the space group C2 relating atom 2 to the 

corresponding atom in the reference molecule are: I ,  unit translation 
along c ;  11 ,  2-fold axis along b at the origin; 111, 2-fold axis along bat 
the origin plus c centering. 

Distance between hydrogen bond donor and acceptor atoms. Table 
includes all salt bridges 5 4 . 0  A and hydrogen bonds 5 3 . 5  A. 

related by 2-fold symmetry (It) .  Additional intermolecular 
contacts in the crystal are between molecules related by unit 
translation  along the c axis (I) and by 2-fold symmetry plus c 
centering (111) (Table 6). The contacts between  molecules related 
by 1 and Ill include many fewer polar interactions than between 
molecules related by 11. 

The solvent-accessible surface  area of each pair of molecules 
forming  intermolecular  contacts was calculated (Richmond & 
Richards, 1978). The  area buried between molecules related by 
I1 is extensive: 4,200 A' per molecule, as compared with only 
190 A2 and 570 A' between molecules related by I and 111, re- 
spectively. Our  assumption that the dimer in the DT crystals is 
comprised of 2 molecules  related  by crystallographic 2-fold  sym- 
metry is supported by the extensive area  buried and multiple 
polar  interactions between them. 

The solvent-accessible surface areas of pairwise combinations 
of domains  forming the 2-fold symmetry contacts were calcu- 
lated (Richmond & Richards, 1978), subtracted from the sum 
of solvent-accessible surface areas of the individual domains, 
and evaluated with atomic solvation  parameters (Eisenberg & 
McLachlan, 1986). The results are shown in Table 7, along with 
the results for the C-T interface and  the R-R' interface, for com- 
parison. The interface between C and R' buries 1,860 A' and as 
shown in Table 6, contains 3 salt bridges, and 5 charged hydro- 
gen bonds. As might  be  expected from  the large number of polar 
interactions in the C-R' interface, AG~o,,,,i,,, the free energy 
change of solvation is  only - 1 kcal/mol. The interface between 
T and R' buries 1,910 A' and contains  no salt bridges and only 
2 charged hydrogen bonds. AG&vation upon association of T 
and R' is - 12 kcal/mol, consistent with the observation that the 
interface  contains apolar segments in both  T and R (discussed 
below). 

R-R' interface 

Because DT undergoes domain swapping during  dimerization, 
the dimer interface  has  2 classes of interactions.  One class in- 
cludes interdomain  interactions that also occur in monomeric 
DT (C-R', T-R'). This has been  called the "primary interdomain 
interface" (Bennett et al., 1994). The other class includes inter- 
actions found only in dimeric  DT (R-R'). This has been called 
the "secondary interdomain  interface" (Bennett et  al., 1994). 

The secondary interdomain  interface (R-R') is essentiaIly 
formed by the first 3 P-strands in the R domain and the symmetry- 
related residues in R' (Fig. 16). This R-R' interface consists of 
3 vertical  layers  with alternating apolar/polar character (Fig. 16). 
The  interface buries 440 A 2  per subunit in the dimer (Table 7). 
If Thr 386, at  the end of the hinge loop (Bennett & Eisenberg, 
1994), is included in the  interface, an additional 35 A* are  bur- 
ied and l hydrogen bond is formed (Table 6). 

All of the polar  interactions in the interface are mediated by 
1 or more water molecules; 1 1  of 15 waters in the interface may 
be considered an integral part of the protein  interface, with 
B factors below the average main-chain value of 28 A'. All 
R-R' contacts mediated by a single water are shown in Table 8 
and Figure 16. Table 8 and Figure 16 also include polar  inter- 

Table 7 .  Solvent-accessible surface area 
buried between DT domains 

Domain Area buriedb AGPolvationc 

interactiona (A2) (kcalhol  of monomer) 

~ "_______ ~ ~ ~ _ _ _  "_______ ~ _ _ -  

C-R 1,860 - 1  

R-R 440 -3 
T- R' 1,910 -12 

C-T 1,530 - 1  
_ ~ _ _ _ _ _ _ _ _ _ ~  

a C = catalytic domain, residues 1-187; T = transmembrane domain, 
residues 200-378; R = receptor-binding domain, residues 387-535, 
R = R domain related by 2-fold crystallographic symmetry. 

ACCESS (Richmond & Richards, 1978). 
Area buried  per subunit in  the dimer as determined by  the  program 

A G ; ~ ~ ~ ~ ~ ~ ~ ~  is the free energy change of solvation of the surfaces in 
the domain interface as estimated from  atomic  solvation parameters 
(Eisenberg & McLachlan, 1986). 
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Polar 

Apolar 

Polar 

Fig. 16. Stereo figure of the dimer interface. Non-hydrogen atoms of residues  386-399 and 417-423 are shown. Water  molecules 
that form hydrogen bonds with residues from both  subunits in the dimer are represented by their oxygen atoms (waters 571, 
669, 787, and 842). Water molecules hydrogen bonded to  other water molecules or to just 1 subunit in the dimer are omitted 
for  clarity.  Hydrogen  bonds are shown as  broken lines. The 2-fold axis is vertical in the  plane of the page. 

actions between Thr 386 in the hinge loop (Bennett & Eisenberg, 
1994) and R’, The first layer of the  R-R interface, at the  bot- 
tom in Figure 16, is polar.  The  unidentified  diamond-shaped 
electron density modeled as 2 waters is near the 2-fold axis (not 
shown) with protein ligands from the main-chain carbonyl of 
residue 394 in the second 0-strand and the side chain of Glu 423 

Table 8. Interactions at the DT dimer interface 
(secondary interdomain interface) 
_ _ ~ _ _ ~  -~~___~~___~______~ 

Distancea Distance 
Atom I Atom  2 

Top polar layer 
~ _ _ _ _ ~ _ _ _ ~  

Polar contacts  (protein) 

Polar contacts (water) 
Thr 386 0 Lys  419’ NZ‘ 

Thr 386 OG Wat  842 
Ser 397 OG Wat  669 
Lys  419 NZ Wat 571 

Lys  419 NZ Wat  669 
Lys  419 NZ Wat  669 

Middle apolar layer 
Apolar  contacts 

Leu 390 CDI Ala 395’ CB 
Leu  390 CDl Thr 421’ CG2 
Leu  390 CD2 Ala 395’ CB 

Bottom polar layer 
Polar  contacts (water) 

Leu  390 0 Wat  787 
~ ~ _ _ _ _ _ _ ~ ~ ~  ______~___ 

(A) Atom  3b 

2.8 

2.4 
3.6 
3.3 

3.4 
3.4 

3.8 
4.0 
3.8 

3.1 

Asn 399’ OD1 
Ser 397’ OG 
Trp 398’ 0 
Ser 397‘ OG 
Lys  419’ NZ 
Ser 397’ OG 

Glu 423‘ OEl 

(A) 
~~ 

2.9 
3.6 
3.0 
2.7 
3.4 
3.6 

3.0 
~. ~ 

a Distance between hydrogen bond donor and acceptor atoms (polar 
interactions) or carbon  atoms (apolar  interactions). 

bAtom 1 and Atom  3 from the neighboring subunit in the dimer 
each form a hydrogen bond with Atom 2  (the oxygen atom of a water 
molecule). 

Primed residue numbers  indicate residues in the molecule related 
by crystallographic 2-fold symmetry. 

flanking the third  @-strand in R’. A total of  6  more waters (3 
unique,  3 symmetry-related) form a cluster with the ring. One 
of these, water  787, forms a hydrogen bond with  residue 390 and 
residue 423 in R. The middle layer of the R-R’ interface is apo- 
lar, with contacts  formed by apolar  atoms in side chains from 
each of the 3  0-strands at  the interface (Leu 390, Ala 395, and 
Thr 421), which interact with the symmetry-related residues 
in R. The top layer is polar with contacts  formed by residues 
from 2  &strands (Ser 397, Trp 398, Asn 399, and Lys 419) and 
Thr 386 in the hinge loop, which interact  through  3 water mol- 
ecules (waters 571,  669, and 842)  with the symmetry-related res- 
idues in the other molecule. One of the waters in the  top layer 
sits directly on the 2-fold axis (water 669). 

Discussion 

Energetics of dimerization 

Although it  is long lived and stable to high salt, guanidinium hy- 
drochloride, and  urea,  the DT  dimer is thermodynamically un- 
stable: dimeric DT dissociates to monomers at a rate of 5-1070 
per several weeks (Carroll et al., 1986a). This suggests that  the 
binding energy contributed by the dimer interface is insufficient 
to overcome the toss of  entropy  upon  dimerization.  The weak- 
ness of association in the dimer is consistent with the fact that 
dimeric DT is nontoxic  (Carroll et al., 1986a): there was no se- 
lective pressure for evolving a  stable  DT  dimer. 

The dimeric and monomeric DT models reveal structural fea- 
tures that may cause the dimer to be unstable. Because the pri- 
mary  interdomain  interfaces (C-R‘ and T-R’) are identical in 
monomeric and dimeric DT, the net area buried upon dimeriza- 
tion is essentially in the secondary interdomain interface (R-R). 
Comparison of the solvent-accessible surface areas (Richmond 
& Richards, 1978) in monomeric and dimeric DT reveals that 
the  area buried in dimeric DT is only 410 A 2  per subunit, con- 
sistent with our estimate in Table  7 of the  area buried in R-R. 
The area buried in the  DT dimer is much less than is found in 
dimers  of  comparable molecular weight (1,600-4,900 AZ per 
subunit)  (Janin et al., 1988). 



1460 M. J. Bennett et al. 

There are  no polar  interactions in the R-R' dimer interface 
and only 2 hydrogen bonds in the hinge loop-R' interface, fewer 
than in the hinge loop-R interface in monomeric DT. Thus, 
the free energy of  dimerization may be estimated as the sum of 
2  terms: -TASo + AG:olvation, in which ASo is the  entropy 
change of rotation and translation and AG:olvation is the change 
in free energy of solvation. We estimate A G : ~ , ~ ~ ~ ~ ~ ~  from atomic 
solvation  parameters (Eisenberg & McLachlan, 1986) as only 
- 1 kcal/mol of monomer. Because the primary interdomain in- 
terfaces (C-R' and T-R') are identical in monomeric and dimeric 
DT, AG:olvation reflects the  formation of the secondary  inter- 
domain dimer interface (R-R') and changes in the hinge loop 
(the hinge loop appears to be  in a high-energy conformation rela- 
tive to monomeric DT, as suggested by its low profile scores, dis- 
cussed above). Following Erickson (1989), we estimate -TASo 
to be  10 kcal/mol of monomer at 277 K, yielding a free energy 
of dimerization of 9  kcal/mol of monomer.  In short,  the small 
R-R' dimer interface,  produced  not by natural selection but by 
freezing in phosphate buffer, does not provide enough binding 
energy to compensate the loss of entropy upon dimerization. 

.In spite of its thermodynamic  instability,  the  DT dimer is 
metastable: it is long lived and resistant to  denaturation. What 
is the source of the metastability of the dimer? We suggest that 
the barrier to dimer dissociation is the primary  interdomain in- 
terface  formed in dimeric DT by the R  domain of one subunit 
(R') and  the C and T  domains of the  other  subunit. This  inter- 
face occurs in the toxic monomeric form of DT and presumably 
evolved  over  time to be stable. Consistent with stability, the area 
buried in the primary interdomain interface in the dimer is large 
(3,770 A *  per subunit; sum of C-R' and T-R' in Table 7), bur- 
ies apolar  surfaces, and contains  3 salt bridges and 15 hydro- 
gen bonds (Table 6). Because the primary interdomain interface 
is present in both dimeric and monomeric DT,  it cannot contrib- 
ute to  the overall thermodynamic stability of dimeric DT. How- 
ever,  disrupting  it presents a large activation  barrier to dimer 
dissociation, endowing the dimer with a long lifetime. From  the 
measured rate of dimer dissociation to monomers, we estimate 
a value of 27 kcal/mol of dimer for  the energy of this activa- 
tion  barrier. 

Implications of the open monomer for toxin function 

Although the domain-swapped dimer is nontoxic, the open 
monomer within dimeric DT (Fig. 1B) may be relevant to toxin 
function. Because the domain-swapped dimeric DT  structure is 
formed  from  the  compact, globular  monomeric DT  structure, 
we infer that an intermediate must exist  in solution, at least tran- 
siently, which has altered tertiary  structure and may resemble 
the open  monomer within dimeric DT. 

Because low pH triggers both  the  formation of the open 
monomer structure  and membrane  insertion, it is possible that 
the open  monomer  has  structural  features in common with a 
membrane-insertion intermediate. The open monomer is formed 
by exposing the toxin to low pH, as inferred from the conditions 
under which dimerization occurs: freezing in mixed phosphate 
buffer. Mixed phosphate buffer has the property  of decreasing 
from  pH 7 to 3.6 during freezing (van den Berg & Rose, 1959), 
and it  appears that low pH is required for dimerization because 
DT  does not dimerize upon freezing in buffers that lack this 
property  (Carroll et al., 1986b). 

The open monomer may facilitate membrane insertion by  ex- 
posing a phosphate-binding site that is  buried  in monomeric DT. 
It has been suggested that a  phosphate-binding site ( P  site) in 
DT may be involved in membrane insertion by binding to phos- 
pholipids (Lory et al., 1980). A cluster of 9 positive charges par- 
tially buried within 6 A of the interface between the C and R 
domains may be considered the P site of DT (Lys 447, His 449, 
Arg 455, Lys 456, Arg 458, Arg 460, Lys 474, His 488, and 
His 492).  Lys  474  was previously identified as part of the P site 
on the basis of affinity radiolabeling with ADP-ribose (Proia 
et al., 1980). Another residue in the cluster,  Arg 458, interacts 
with the 3' terminal  phosphate of ApUp in our DT model. If  
the P site binds phospholipids during membrane insertion, then 
a  more  open  tertiary structure, perhaps resembling that of the 
open  monomer, must be formed, because the P site is buried in 
the C-R interface in the closed structure of monomeric DT. 

In addition to exposing the P site, the open monomer has 
other  structural properties that may facilitate  membrane inser- 
tion. In monomeric DT, the receptor-binding domain, includ- 
ing the  protruding  @-hairpin  loop 514-525,  is compact with 
the T domain (Bennett & Eisenberg, 1994). Therefore, the low 
pH-triggered conformational change in the T domain leading 
to membrane insertion could be sterically hindered by the pres- 
ence of the  R domain and possibly the  DT receptor. In contrast, 
the @-hairpin  loop 514-525  is  20 A from  the T  domain in the 
open  monomer (Fig. 1B). 

The  open  monomer also exposes apolar surfaces that would 
otherwise be buried in the  interface between the  T and R do- 
mains.  Forming  the  open  monomer from monomeric  DT re- 
quires about 16 kcal/mol in hydrophobic folding energy, as 
calculated from  atomic solvation parameters (Eisenberg & 
McLachlan, 1986). The  unfavorable free energy is the result of 
exposing apolar residues in the T and R  domains.  Apolar seg- 
ments in the T-R interface that  are exposed in the open monomer 
are: residues 306-31 1 and 316-319 (second proposed transmem- 
brane helix, discussed above), 367-371 (fourth proposed trans- 
membrane helix,  discussed above), 426-430,476, and 483  (in  R). 
Because exposure of these apolar segments to aqueous solvent 
is unfavorable, they might be expected to lead the insertion of 
DT into the  membrane. The mechanism of cell intoxication by 
DT is discussed further in the companion  paper. 

Materials and  methods 

Purification and crystallization 

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 
into dimeric and monomeric fractions following the method of 
Carroll et al. (1986b). 

Dimeric form IV crystals were grown by the method of Fujii 
et al. (1991) in 12% (w/v) polyethylene glycol (PEG) 8OO0, 
0.43 M NaCI, 0.043 M Tris-HC1, pH 7.5,  using the hanging drop 
method at 25 "C.  Crystal form IV belongs to space group C2 
with unit cell parameters a = 108.3 A, b = 92.3 A, c = 66.1 A, 
@ = 90.4, and 1 molecule per asymmetric unit. 

Dimeric DT crystals were prepared for X-ray data collection 
at - 150 "C by soaking in a glycerol-containing artificial mother 
liquor. Crystals dissolved  when  10-30%  (v/v)  glycerol  was added 
to  the crystal growth  solution unless the concentration of PEG 
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8000 was increased from 12% to 18%. Crystals were transferred 
to 100 pL of  artificial mother liquor (18% PEG 8000, 0.43 M 
NaCI, 0.043 M Tris-HC1, pH 7.5, 20% [v/v] glycerol) in a sit- 
ting drop with a 1-mL reservoir of the same  composition and 
soaked for 24 h. Crystals were mounted directly from this so- 
lution in a  hair loop using the modified method of Teng (1990). 
Because of the soaking  procedure, the unit cell parameters 
changed to those of crystal form 111 (Fujii et al., 1991), which 
are similar to those of crystal form IV.  We also observe this unit 
cell change when form IV crystals are soaked in  higher than 14% 
PEG 8000 in the absence of glycerol; form I11 crystals are grown 
from 14% PEG 8000. Upon freezing, the unit cell edges de- 
creased, which is a  commonly observed effect (Hope, 1988; 
Wilke  et al., 1991; Madden et al., 1992). The frozen crystal form 
is referred to as Form V, with unit cell parameters a = 105.6 A ,  
b = 91.6 A ,  c = 65.6 A, fl  = 94.6". 

X-ray  data collection 

After  mounting, crystals were flash frozen and continuously 
cooled in a -150 "C nitrogen gas stream using an open flow 
cryostat (Molecular Structure  Corporation). Native data were 
collected from 2 crystals of dimeric DT using an RAXIS-I1 im- 
aging plate (Rigaku). Eighty-two frames were  collected  using  ex- 
posure times of 1 h  and 2.1-3" oscillation ranges. The data were 
integrated and scaled using the RAXIS-I1 data processing soft- 
ware (Rigaku). The merged data set consisted of 39,447 unique 
reflections with Rmerge of 7.3%. The data were 93.0Vo complete 
to 2.0 A resolution.  The successful merging of data collected 
from 2 frozen crystals shows that the change in unit cell dimen- 
sions caused by freezing is reproducible.  The Wilson plot of 
these data (Fig. 17) is linear to  the high-resolution limit, indi- 
cating that  data quality is acceptable at 2.0 A. At 2.0 A, more 
than 30% of the reflections had intensities greater than 3u(I). 

5A 3A 2ii 
.- 

001 002 003  0 0 4  005 0.06 

sin2 @/x2 
Fig. 17. Wilson  plot of dimeric DT crystal Form V. The plot (Wilson, 
1949) shows the reciprocal space dependence of  the ratio of the natu- 
ral log of the average X-ray intensity ( F 2 )  to the sum of the squares of 
the  atomic  form  factors ( A ) .  The dotted line corresponds to an  over- 
all temperature factor of  29 A 2 .  
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The average temperature  (B)  factor estimated from  the Wilson 
plot  (dotted line) is 29 A'. 

Refinement of the atomic  model to  X-ray data 

The progress at various stages of refinement is summarized in 
Table 9. Refinement was initiated using the dimeric DT model 
determined at 2.5 A resolution  from  form 111 crystals (Choe 
et al., 1992). All refinement was performed using the program 
XPLOR (Briinger et al., 1990). The  form 111 coordinates were 
refined for 20 cycles  with the entire molecule modeled as a rigid 
body, followed by 40 cycles with the 3 domains (C, T, and R) 
modeled as individual rigid  bodies. A typical cycle of refinement 
included positional, simulated annealing, and, after cycle 7, re- 
strained individual isotropic B-factor refinements. After the first 
cycle  of refinement the resolution of the data was extended from 
2.5 to 2.4 A, and after another cycle, the resolution was extended 
to 2.0 A. The  coordinates were then iteratively rebuilt and re- 
fined against 2a data between 8 and 2.0 A resolution. In the last 
8 cycles, 1 u data were  used for refinement and in the last 3 cy- 
cles, data in the resolution  range 10-2.0 A were used in an  ef- 
fort  to resolve additional solvent molecules. 

The free R value (Briinger, 1992) is a  tool to detect overfit- 
ting of the model to  the  data, and for several refinement cycles, 
starting at cycle 5, when significant changes were being made 

Table 9. Course of refinement of the atomic  model 
of dimeric D T to  X-ray  data 

Free 

Refinement range factor factor 
round (A) (To)" Comments 

- 

Resolution R R 

0 8-2.5  37.4 Rigid body refinement; 
form I11 model: 
residues 1-535 plus 
ApUp; all 2o data 

1 
4 

8-2.5  30.7 
8-2.0  33.0 Overall B factor 

Overall B factor 

5 8-2.0 31.1 44.4 10% of  20 data removed 
from refinement for 
free R-factor calculation 

isotropic B-factor 
refinement 

from model; 196  water 
molecules 

ment; 196 water molecules 

residues 1-535 (188-199 
missing) plus ApUp and 
405 water molecules 

7  8-2.0  27.4  40.4 Restrained individual 

17 8-2.0  20.3  27.8 Residues 188-199 removed 

17.5  8-2.0 22.6 All 20 data used in refine- 

28 10-2.0 19.5 All l o  data; final model: 

a R = E(IF,b, - Fco,c~)/E(Fo~) X IOOTo, where Fobs and Fcotc are  the 
observed and calculated structure factor amplitudes. 

Free R factor calculated as  above for a randomly chosen set of 10% 
of the X-ray data (Fobs), which were excluded from simulated anneal- 
ing refinement. 
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to  the model, 10% of the  data chosen at  random were omitted 
in order  to calculate a free R value. These data were never sub- 
sequently included in the refinement until after cycle  17. Starting 
values of Rfree and R,, were 44.4% and 31.1’70, respectively, 
decreasing to 27.8% and 20.3% at cycle  17. The decrease in 
Rfree and its value of only 7.5% greater than RcrYsl at cycle 17 
shows that extensive rebuilding and  the inclusion of 196  well- 
ordered water molecules (at that stage) were not overfitting the 
data. 

SA omit  maps  (Hodel et al., 1992)  were used to reduce model 
bias  in the electron density maps and  to reveal areas of the model 
needing rebuilding. To scan the structure for questionable areas, 
50-residue segments were systematically omitted throughout  the 
entire DT sequence. Only the residues themselves were omitted 
rather  than including an additional 3-5-A-radius shell around 
them, which  worsened the interpretability of maps. Omitted seg- 
ments were excluded from  both the structure  factor calculation 
and  the empirical energy function  during refinement and  from 
the structure  factor and phase calculations for electron density 
maps with the coefficients 2F, - F, and phases calculated from 
the model. Residues having an  atom within 3 A of the omitted 
segment were harmonically restrained to their starting positions 
to prevent them from moving into  the omitted region. 

After cycle 21, the side-chain orientations of Gln, Asn, and 
His residues were analyzed to find  any  carboxamide or imidaz- 
ole groups needing to be rotated 180”.  Because the 2 possible ori- 
entations of these side chains are ambiguous in electron density 
maps, the  hydrogen  bonding  potential and comparison of the 
B factors of the ambiguous atoms were used to identify  4 His 
and 5 Gln  and Asn side chains, which needed to be changed. 

Water molecules were added to  the model by building into 
electron density, which  met 3 criteria: first, density was present 
in the conventional 2F0 - F, electron density map contoured at 
l a ;  second, density was present in the F, - F, map contoured 
at 3a; and  third, there was at least 1 hydrogen bonding  partner 
(water or protein) within 3.5 A with reasonable geometry. There 
are 405 water molecules in the refined model. 
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