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Abstract 

3D domain  swapping is a mechanism  for  forming  oligomeric  proteins  from their monomers.  In 3D domain  swap- 
ping,  one  domain of  a monomeric  protein is replaced by the  same  domain  from  an  identical  protein  chain.  The 
result  is an  intertwined  dimer or higher  oligomer,  with  one  domain  of  each  subunit replaced by the  identical  do- 
main  from  another  subunit.  The  swapped  “domain”  can  be  as  large  as  an  entire  tertiary  globular  domain, or as 
small  as an  a-helix or a strand  of a P-sheet. Examples of 3D domain  swapping  are reviewed that suggest domain 
swapping  can  serve  as a mechanism  for  functional  interconversion between monomers  and  oligomers,  and  that 
domain  swapping  may  serve  as a mechanism  for  evolution  of  some  oligomeric  proteins.  Domain-swapped  pro- 
teins  present  examples  of a single  protein  chain  folding  into  two  distinct  structures. 

Keywords: aggregation;  complementation;  oligomer  evolution;  protein  dimerization 

Since Svedberg’s discovery  of  functional molecules composed 
of  two or more  identical  protein  chains,  much  effort  has been 
expended in studying their metabolic  regulation  (Monod et al., 
1965; Koshland et al., 1966) and  their  assembly  and  disassem- 
bly (Kikuchi & King, 1975; Caspar, 1980; Jaenicke, 1995). 

Despite  this  progress,  understanding  the  assembly  of oligo- 
meric proteins  from  monomers  remains a  challenge. A common 
observation is that disassembly of  an  oligomeric  protein  into its 
monomeric  subunits is accompanied by irreversible  unfolding 
and  aggregation.  This  observation is often  interpreted in terms 
of exposing apolar patches on  the  monomer surface that  are cov- 
ered in the  oligomer,  thereby  providing  binding  energy  from a 
hydrophobic  interaction.  Thus,  the question  remains of how the 
oligomer  could  have been assembled in the  first place. We pro- 
pose  an  answer  to  this  question  for  some  oligomers  based  on a 
mode of association  that we have  noticed in several proteins  of 

Reprint requests to: David Eisenberg, Molecular Biology Institute, 
Department of Chemistry and Biochemistry, and UCLA-DOE  Labo- 
ratory  of  Structural Biology and Molecular Medicine, University of 
California-Los Angeles, Los Angeles, California 90095-1570; e-mail: 
david@pauling.rnbi.ucla.edu. 

Abbreviations: BS-RNase, bovine seminal ribonuclease; DT, diph- 
theria toxin; GM-CSF, granulocyte-macrophage colony-stimulating fac- 
tor; GST, glutathione  S-transferase; IF, interferon; IL, interleukin; 
RNase, ribonuclease. 

known  structure. We term  this  mode  of  association 3 0  domain 
swapping, because oligomers are  formed  from  stable  monomers 
by exchanging  domains. 

A problem  related  to  the  formation  of  oligomeric  proteins  in 
a cell is the  problem  of  how  oligomeric  proteins evolved from 
monomeric  precursor  proteins.  For an oligomer to  evolve, ran- 
dom  mutations  must  change  the  surface  of  the  monomer so 
that  sufficient  free  energy is released upon  oligomerization  to 
overcome  the  accompanying  entropy loss of immobilizing the 
monomers. As we discuss in  this review,  single amino  acid re- 
placements  must  be  fortuitous to  provide an  adequate  free  en- 
ergy  of  interaction. But an  evolutionary  pathway involving 
domain  swapping  can easily  lead to  stable  oligomers. 

In this review, we present several examples of  domain-swapped 
proteins  that  demonstrate 3D domain  swapping is a mechanism 
used by nature  to switch monomers  to  oligomers. We then dis- 
cuss  the  case  of  domain-swapped  diphtheria  toxin in greater 
detail,  to provide insight into  the mechanism of oligomer forma- 
tion  (including  destabilization  of  the  monomer by a pH switch 
and  formation  of  domain-swapped  dimers  at  high  protein  con- 
centration). We then suggest  a  possible pathway  for  oligomer 
evolution via 3D domain  swapping  and  provide  examples.  For 
simplicity, we focus  on  dimers;  however, higher oligomers  also 
may  form by domain  swapping. We also  note  that  unregulated 
domain  swapping  can  lead  to  protein  precipitates  and even to 
the  abnormal  aggregates  that  characterize  amyloidosis. 
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Definitions 

The following definitions are helpful in discussing 3D domain 
swapping. 

Swapped  domain 

A swapped domain in a protein oligomer is a globular domain 
(or sometimes one or a few elements of secondary structure) that 
is intertwined with an identical protein chain, with the swapped 
domain having an environment essentially identical to that of 
the same  domain in a protein monomer. 

Hinge loop 

A segment of polypeptide chain that links the swapped domain 
to the rest of its subunit is a hinge loop. Hinge loops have differ- 
ent conformations in monomers and domain-swapped  oligomers. 

C-interface 

A C-interface occurs between domains in a monomeric subunit 
(closed monomer) (Fig. IA, left). 

3D domain-swapped dimer 
A dimer with a two C-interfaces between  two different subunits 
(open monomers) is a 3D domain-swapped dimer (Fig. 1 A, 
right). 

0 interface 
An 0-interface occurs between open monomers in a 3D domain- 
swapped dimer,  NOT present in the closed monomer (Fig. 1 B, 
left). 

Examples of 3D domain swapping in proteins 

We first  described 3D domain swapping as it occurs in metastable 
dimers of diptheria toxin (DT) formed by freezing  in phosphate 
buffer (Bennett et al., 1994b)  (Kinemage  2). However, the struc- 
tures of other proteins that undergo domain swapping have also 
been reported (Table 1; Fig.  2). These are well-characterized  ex- 
amples of domain swapping; the  structures of  several entries in 
Table I have been determined in both monomeric and dimeric 
states by  X-ray crystallography (DT. CD2 [Kinemage 31, and 
staphylococcal nuclease).  Of the remaining entries, the high  se- 
quence similarity of the RNases ( S O % )  makes it  likely that mo- 
nomeric  BS-RNase and dimeric RNase A  are similar to the X-ray 
structures of monomeric RNase A  and dimeric BS-RNase, re- 
spectively. The CksHs2 monomer was observed in solution and 
its inferred structure is the same as  the crystallographic structure 
of CksHsl (81% identical) (Arvai et al., 1995). The a-spectrin 
dimer structure was determined crystallographically and  the 
monomer was observed in solution (Yan et al., 1993).  Single- 
chain Fv molecules form monomers, dimers, and higher oligo- 
mers in solution (Raag & Whitlow, 1995). The hinge loop is 
disordered in the  structure of the anti-sialidase single chain Fv 
molecule, but close interactions between molecules in the crys- 
tal suggest it is a domain-swapped dimer (Kortt et al., 1994). 

Domain-swapped proteins have a C-interface (see Defini- 
tions), generally with many specific interactions. Each pair of 

M.J.  Bennett  et al. 

A Closed 
Monomers  Domain-swapped  dimer 

Hingle loop C interface 

B Stable  domain- 
Domain-swapped  dimer  swapped  dimer 

0 interface 

c h 
Fig. 1. 3D  domain  swapping  definitions. A: Closed monomers  are  com- 
prised of tertiary  or  secondary  structural  domains  (represented by a  cir- 
cle and  square) linked by polypeptide linkers (hinge loops). The interface 
between domains in the closed monomer is referred to  as  the  C-  (closed) 
interface.  Closed  monomers  may  be  opened  by mildly denaturing  con- 
ditions  or by mutations  that  destabilize  the  closed  monomer  (see  text). 
Open  monomers  may  dimerize  by  domain  swapping.  The  domain- 
swapped  dimer  has  two  C-interfaces  identical to those in the  closed 
monomer,  however,  each is formed  between  a  domain  from  one  sub- 
unit  (black)  and  a  domain  from  the  other  subunit  (gray).  The  only res- 
idues  whose  conformations  significantly  differ  between  the  closed  and 
open  monomers  are in the hinge loop.  Domain-swapped  dimers  that are 
only  metastable  (e&, DT, CD2,  RNase A) may  convert to monomers, 
as  indicated  by the  backward  arrow. B: Over  time, amino acid  substi- 
tutions  may  stabilize  an  interface  that  does  not exist in the closed mono- 
mers.  This  interface  formed  between  open  monomers is referred  to  as 
the 0- (open)  interface.  The  0-interface  can  involve  domains  within  a 
single  subunit ( I )  and/or  between  subunits (11). 

proteins in  Table 1 has an identical C-interface in the monomeric 
and dimeric states (Fig. 2), formed between domains linked by 
a hinge loop. The length of the swapped domains varies greatly 
from a 150-residue globular domain in DT, to four P-strands in 
CD2, to a single a-helix of only 15 residues  in  BS-RNase.  How- 
ever, the buried areas and polar interactions in the C-interfaces 
are more uniform and extensive, from 850 A' to 3,800 A' and 
involving 8-19 hydrogen bonds and/or salt bridges. 

In addition to illustrating that  domain swapping occurs in a 
variety of unrelated proteins, Table 1 includes domain-swapped 
dimers with functions altered from their monomers, consistent 
with the hypothesis that domain swapping can be a means  of  reg- 
ulating activity. We discuss two of these proteins in the following. 

RNase A and  BS-RNase 

RNase (Kinemage 3)  is a 124-residue protein isolated from the 
pancreas of animals, and from bovine  seminal  plasma.  BS-RNase 
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is a dimer with >SO% sequence identity (Suzuki et al., 1987) and 
extensive structural homology  (Mazzarella et al., 1993) to  mono- 
meric pancreatic RNase A (Richards & Wyckoff, 1973). BS-RNase 
can be isolated as a monomer, which is assumed to have a struc- 
ture virtually  identical to  that  of  RNase  A  on  the basis  of  its 
CD  spectrum, activity and reactivity  with anti-RNase  A  serum 
(Blackburn & Moore, 1982). As shown in Figure 2C, RNase A 
contains  two  0-sheets  and  three  a-helices.  The crystal structure 
of  dimeric BS-RNase (Mazzarella et al., 1993), shown in Fig- 
ure 2D,  reveals that  each half of the  dimer  has  a  fold virtually 
identical to  that of RNase  A.  However,  the  fold is composed of 
the  N-terminal  segment (residues 1-14) of  one  subunit  and  the 
"body" (residues 23-124) of the  other  subunit in the  dimer. 
Therefore, BS-RNase can be  viewed as having undergone  3D do- 
main swapping, in which the  N-terminal segment is the swapped 
domain. 

Domain  swapping  endows  the BS-RNase dimer with novel 
properties.  Domain  swapping yields two  composite  active sites 
in  which histidine residues 12 and 119 from  different  subunits 
contribute  to  a single active site.  This provides the  potential  for 
communication between the active  sites, and hence the  possibil- 
ity of allosteric regulation. In fact,  although dimeric  BS-RNase 
has lower activity, it displays mixed cooperativity, in contrast 
to  monomeric BS-RNase and  RNase  A  (Piccoli et al., 1988). In 
addition,  domain-swapped dimeric  BS-RNase  displays selective 
toxicity for  tumor cells, whereas  monomeric BS-RNase and 
RNase  A do not (Cafaro et al., 1995). Thus,  domain-swapped 
BS-RNase differs  both in structure  and  function  from  mono- 
meric BS-RNase, even though  both  are  formed  from  the  same 
protein  chain. 

CksHs2 

CksHs2 is a cell  cycle regulatory  protein  of 79 residues that binds 
to  cyclin-dependent kinases and is essential for their function- 
ing.  The  crystal  structure  of  dimeric  CksHs2,  shown in Fig- 
ure 2F, consists  of a  four-stranded  antiparallel 0-sheet with two 
short helices (Parge et al., 1993). The  CksHs2  monomer is be- 
lieved to  have  the  same  fold as one  half of the  dimer,  as  shown 
in  Figure 2E, which is the  same as the  X-ray  crystallographic 
structure of the related (81 Vo identical) monomeric protein CksHs 1 
(Arvai et al., 1995). In the  dimer,  the  fourth  0-strand is extended 
and exchanged with the identical strand  from  the  other  subunit. 
Therefore,  the  CksHs2  dimer  forms by 3D domain  swapping, 
in  which the  carboxy-terminal segment (residues 66-79) is the 
swapped  domain. 

The  domain-swapped  dimer is stabilized by metal  ion  bind- 
ing as follows. Glu 63 in the hinge loop of each subunit  contrib- 
utes to a  metal  binding site  in the  domain-swapped  dimer, but 
not in the  CksHs2  monomer  (Parge et al., 1993). In  the absence 
of metals,  Glu 63 from  both  subunits would  electrostatically re- 
pel one  another i f  the dimer  formed.  Thus,  at  neutral  pH, metal 
ion binding stabilizes the dimer by compensating  this  repulsion, 
whereas  at low pH (as in the  crystal),  the  dimer is stable even 
in the  absence of metal  ions. 

Ultimately, domain swapping in CksHs2 allows ion-regulated 
assembly  of a hexamer that is believed to be the  functional unit 
of this protein  (Parge et al., 1993). In the  crystals  of  CksHs2, 
noncrystallographic  three-fold  symmetry yields a hexamer from 
three crystallographically related dimers.  Not only does this hex- 
amer  expose  conserved residues that  may  be involved in bind- 

ing cyclin-dependent  kinases,  but i t  can  also be docked  to six 
copies of a kinase structure  homologous  to the  cyclin-dependent 
kinases,  suggesting that  this  complex  may  form in vivo. Based 
on  the  crystal  structure, it  was suggested that  ion-regulated di- 
merization  produces structures whose  interaction promotes hex- 
amer  assembly,  consistent with solution  studies showing that 
metal  ion  binding  facilitates hexamerization, whereas the metal 
ion chelator  EDTA prevents i t  (Parge et al., 1993). 

Mechanisms of 3D domain  swapping 

The  pathways leading to  domain-swapped  dimers  are  unknown 
for  proteins  that  undergo  dimerization  during  folding  (e.g., 
BS-RNase and  spectrin).  However,  a  simple  mechanism  can be 
described for  some  stable  monomers  that interconvert with meta- 
stable  domain-swapped  dimers. I n  this mechanism,  the folded 
monomer is temporarily  subjected to  conditions  that favor  open 
monomers.  Then, when closed monomer-stabilizing  conditions 
are  restored,  the  open  monomers  may  swap  domains with one 
or  more  subunits,  particularly i f  the  protein  concentration is 
high. Domain  swapping was implicated more  than 20 years ago 
in the  formation of dimers  and higher  aggregates of RNase  A 
(Crestfield et al., 1962), tryptophan  synthetase 01 subunit  (Jack- 
son & Yanofsky, 1969), and  tryptophanase  (London et al., 1974) 
upon  denaturation  and  subsequent  renaturation  from urea or 
guanidine.  Unlike these early  domain-swapped  proteins,  the 
three-dimensional  structure of DT has been determined in both 
the  monomeric  and  dimeric  states. DT dimerization is  well un-  
derstood  and serves an  example  of this  mechanism, discussed 
below. 

DT dimerization by p H  pulse 

Diptheria toxin (DT) is a 535-residue protein toxin secreted from 
a  bacterium  that causes the disease diphtheria  (Collier, 1975). 
Figure 2A shows  the  structure of monomeric  DT  that  has  three 
domains labeled C (catalytic), T (transmembrane), and R (receptor- 
binding). DT is active as a  monomer  and does not spontaneously 
convert to dimer even at high concentrations (30 mg/mL). How- 
ever, DT can be dimerized by freezing in mixed phosphate  buff- 
ers, which causes a  drop in pH  from  neutral  to  about  3.6  (van 
den Berg & Rose, 1959). The decrease in pH converts  monomeric 
DT into  an  open  monomer, in which a  globular  domain  (the 
R  domain) is dissociated  from  the  body of the  subunit  (Fig.  3, 
middle). The  open  monomers  form domain-swapped  dimers and 
higher oligomers  at the high concentration of the  mixture  as  the 
pH returns to normal  during  thawing  (Bennett et al., 1994b). 

The  formation of a  domain-swapped  dimer such  as DT does 
not release much  free energy  because the  same  noncovalent 
bonds in the  C-interface (see Definitions) of the closed mono- 
mer (Fig.  3,  left)  are present in the  C-interfaces of the  domain- 
swapped  dimer  (Fig. 3, right).  Also,  the loss of rotational  and 
translational  entropy of the  two  monomers in forming  the  di- 
mer will increase the  free energy. However,  domain  swapping 
can  trap  a  metastable  DT  dimer,  as shown in Figure 3. The 
Gibbs  free energy of dimerization, AG: ,,,, ,,",,, is positive,  as 
shown by the  observation  that 5-1OVo of dimeric DT dissociates 
to  monomer over  several weeks at  4 "C (Carroll et al., 1986). 
Monomeric  DT converts to dimer  only in the  conditions of very 
high concentration  and low pH  generated by freezing in phos- 
phate  buffer,  as discussed above. At neutral pH, monomeric DT 
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Fig. 3. Free  energy  relationships in the  formation of domain-swapped 
dimeric DT (right-hand  minimum)  from  monomeric DT (left-hand min- 
imum)  as  estimated  from  experiments  and  calculations.  The  Gibbs  free 
energy of formation, AG&,,Cr,,ifl,U,,, is positive as  shown by the  obser- 
vation  that 5-10’70 of  dimer  dissociates to monomer  over several weeks 
(Carroll et al., 1986). We calculate  a  value of 9 k 2  kcal/mol of mono- 
mer  for AG&,l.r,l~,l,o,l as  a  sum of two  terms: - TAS” + AG~,l,,,,i,,,, , 
in which AS” is the  entropy  change  of  rotation  and  translation  and 
AG&l,,,,,,, is the free-energy  change  of  solvation  of  the  surfaces in the 
dimer.  Following  Erickson  (1989), we estimate TAS” = -10 i 1 kcal/ 
mol  of  monomer  at 277 K ,  and  from  atomic  solvation  energies  (Eisen- 
berg & McLachlan,  1986), we estimate AG~,,,.,,,,,,, = -1 ? 1 kcal/mol 
of monomer.  The free-energy barrier between monomer  and  dimer  can 
be estimated  from  experimental  rates  of  dimer  dissociation. We estimate 
;1 value for Act, the  activation  energy of converting  dimer to open 
monomer, of 27 t 1 kcal/mol  of  dimer  from  the  measured  rate  of  di- 
mer  dissociation to  monomers  (Carroll  et  al., 1986) and  the  Eyring  rate 
equation,  assuming  first-order  kinetics  and  that  the  transmission  coef- 
ficient is unity.  Reprinted in modified  form  from Bennett et al. (1994b). 

does  not  dimerize  and  dimeric  DT  dissociates  only slowly, in- 
dicating  that  the  activation  barrier, AGS, is large. Thus,  al- 
though  the  domain-swapped  DT  dimer is thermodynamically 
unstable,  the large activation  barrier  endows it  with  a long life- 
time.  The  dotted-line  right-hand well in Figure  3,  with a  nega- 
tive AGdq,,,Crila,ion, represents the case of stable  domain-swapped 
dimers, such  as IL-5 and 0 B2-crystallin. A metastable  domain- 
swapped  dimer  could evolve into a stable  dimer  by  the  accumu- 
lation of stabilizing  amino  acid  replacements  at  the 0 interface 
as  shown in Figure  IB. Alternatively, a stable  domain-swapped 
dimer  could be formed by a mutation in the hinge loop  that de- 
stabilized  the  monomer (discussed  below). 

Mechanisms for domain swapping in vivo 

Although  the  observation  of  domain  swapping  under  transient 
denaturing  conditions in vitro  can  be considered an experimen- 
tal  artifact, it is consistent with the possibility that  stable  mo- 
nomeric  proteins  might  undergo  3D  domain  swapping in  vivo. 
This  could  occur if association of folded  domains is slow  rela- 
tive to  domain  folding or if proteins  encountered  transient  de- 
naturing  conditions,  for  example in an acidic compartment. As 
an example  of  dimerization  during  folding,  the  N-terminal  do- 
main of the cell adhesion molecule CD2  undergoes  domain 

swapping when  it is expressed as a fusion  protein with GST 
(Murray et al., 1995). The  tethering  of  two  CD2 molecules to  
a GST dimer during folding  permits domain swapping, perhaps 
mimicking  interactions between folding  intermediates  at high 
concentrations in the cell. That is, 3D  domain  swapping might 
occur in the  folding  pathways  of  proteins if intermediates ac- 
cumulate  that  have  folded  but  unassociated  domains. 

Finally, we note  that  domain  swapping  may play  a role in 
amyloidosis, a set of diseases characterized by the  deposition of 
protein aggregates. Often,  the  proteins involved  in amyloid ag- 
gregates are stable in both  monomeric  and oligomeric forms,  as 
are  domain-swapped proteins. Domain swapping was proposed 
to be involved  in the  formation of amyloid-like  fibrils in vitro 
from a  Bence-Jones protein  (Klafki et al., 1993). The  mecha- 
nism for  forming  amyloid fibrils is not yet well understood, but 
partial  denaturation was shown to be sufficient for amyloid for- 
mation of transthyretin in vitro  (Colon & Kelly, 1992). 

Evolution of oligomers 

We have  documented in Table 1 that  domain  swapping  occurs 
in  a  several different  proteins,  leading in some cases to oligo- 
mers with different activities from  the  monomers.  Thus  far, we 
have limited our discussion of domain swapping to  dimerlmono- 
mer pairs  having the  same  amino acid sequence (Table I ) .  Now, 
we will describe  two  models  for  oligomer  evolution  and  extend 
the discussion to  include  dimer/monomer  pairs having differ- 
ent  sequences  and a common  ancestor,  to  support  the idea that 
domain swapping  may play a  role  in  oligomer  evolution (Table 2; 
Fig. 4). 

Two models for oligomer evolution 

What  are  the  characteristics of a stable  oligomer  interface  and 
how  might such an interface evolve? For  simplicity, we focus 
on dimers in the  following  discussion.  Dimer  interfaces  are ex- 
tensive (700-5,000 A2/subunit), close-packed, and generally in- 
clude several hydrogen  bonds  (Janin et al., 1988). A primitive 
dimer would  have  required a stable  interface  that yielded a  free 
energy  of interaction  at least equal  to  the  free energy  associated 
with the loss of  rotational  and  translational  entropy  upon di- 
merization, which has been estimated as  approximately 15 kcal/ 
mol (Erickson, 1989; Finkelstein & Janin, 1989). In  the follow- 
ing, we outline  two possible models  for evolving such a prim- 
itive dimer  interface, which we call the  “sticky billiard  ball 
model”  and  the  “3D  domain  swapping  model.” 

The simplest view of dimer formation  can be termed  the sticky 
billiard  ball  model:  a  primitive dimer might arise  from  the gen- 
esis of an  interface  on  the  monomer  surface by the replacement 
of residues via random  mutations.  These  amino  acid replace- 
ments  must have the correct  chemical structure  to  bind residues 
in the  other  subunit  and  must  be fully  accessible at  the  subunit 
surface  to  bind  productively  upon collision with another  sub- 
unit.  However,  the  occurrence of  several amino  acid  substitu- 
tions on the  monomer surface that  form a dimer  interface is  very 
unlikely  in  a  single generation.  Thus,  the sticky  billiard  ball 
model  can  account easily for  only  those  dimerizations  in which 
a single mutation  produces a stable  dimer.  However, a  single 
mutation is unlikely to  provide  the  large  surface  area  and  mul- 
tiple specific interactions  that  characterize  stable  interfaces. In 
spite of this  seeming  contradiction,  some  intracellular  dimers 
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Table 2. Monomers and dimers related by divergent evolutiona 
" 

Sequence 
Residues  identity 

Residues in Residues  between  RMSD 
Protein  PDB in  swapped  in  hinge  monomer  monomer  Domain 
(Reference)  code  proteinb  domain'  loopd  and  dimer vs. dimere  Function  exchanged 

RNase  A  monomer  5RSA  124 
(Wlodawer  et  al., 1982) 

15-22 Ribonuclease 

BS-RNase  dimer 1 BSR 124 14 15-22 83 To 0.4  (103)  Ribonuclease  a-Helix 
(Mazzarella  et  al., 1993) 

y B  crystallin  monomer  4GCR  174 79-87 Eye  lens  protein 
(Summers  et  al., 1984) 

pB2  crystallin  dimer 2BB2 204 97 79-87 36%  1.2 (167) Eye lens  protein  Globular 
(Lapatto  et  al., 1991) 

GM-CSF  monomer  IGMF 127 
(Diederichs et al., 1991) 

87-99 Granulocyte-macrophage 
growth  factor 

IL-5  dimer 
(Milburn  et  al., 1993) P-strand 

r 113 26 82-89 20'708 1.9 (73) B & T cell growth  factor  a-Helix  and 

IFN-pmonomer I RMI  160 97-114 Fibroblast  interferon 
(Senda  et  al., 1992) 

IL-Iodimer I ILK 160 46 108-1 18 20070~  2.2 (94) Cytokine  inhibitory  2  @-Helices 
(Zdanov  et  al., 1995) synthesis  factor 

~ .. " ~ - -~ 

a Each  pair of structures  resembles  a  pair  of  domain-swapped  structures  (as in Table I ) ,  but  the  sequences of these  pairs  are  not  identical.  These 
pairs  support  the  hypothesis  that  domain  swapping  has  occurred  during  the  evolution of oligomers. All structures  were  determined by X-ray 
crystallography. 

-~ - 

Number of residues in the  protein;  some  residues  are  not  included  in  the  PDB  coordinates  because  of  disorder. 
The smallest  of  the  domains  defined  between  the N or C  terminus  and  the N- or C-terminal  edge of the  hinge  loop,  respectively. 
Hinge  loops were initially assigned as segments  that are  not  superimposable between monomers  and  dimers:  RNase, 16-22; crystallins, 87; IL-5, 

84-86; and  GM-CSF, 89-96. Hinge  loops  were  extended  at  both  ends  to  include  residues  with @, + differences of >30°  until  two  consecutive  resi- 
dues  were  below  the  cutoff. @,+ differences  were  calculated  as (A@* + For  structures  with  more  than  one  molecule  in  the  asymmetric 
unit,  the  average @,+ difference was used.  The  exception,  for  which  the  hinge  loop  does  not meet these  criteria, is the  IL-lO/IFN-P  pair;  only C a  
atoms  are  available for IFN-P, so the hinge  loops  can  only  be  tentatively  assigned. 

e Structural  alignments  and  best-fit  superpositions were carried  out  using  the  program  ALIGN  (Satow  et  al., 1986) for  the  RNases  and  crystal- 
lins, and  the  program 0 (Jones  et  al., 1991). Pseudo-closed  monomers  were  generated  from  the  open  monomers  in  the  dimeric  structures by com- 
bining  coordinates  from  two  subunits:  BS-RNase,  residues 1-22 of molecule 1 and residues 23-124 of  molecule 2; B2-crystallin,  residues -2-87 
of molecule 1 and residues 88-175 of molecule  2;  1L-5,  residues 1-85 of  molecule  1  and  residues 86-1 12 of  molecule 2; 1L-10, residues 10-1 16 of 
molecule 1 and residues 117-160 of  molecule  2. The C a  RMS  difference  between  BS-RNase  and  RNase  A is based on the  superposition of residues 
I-15,23-37,  39-65,71-87,95-113,  and 115-124 of both.  The C a  RMS  difference  between  pB2-crystallin  and  yB-crystallin is based  upon  the  super- 
position of residues  I-28,29-68,69,72-73, 74-86, 88-106, 107-1 16, 118,  118A,  and 120-172 of pB2-crystallin  and  residues  I-28,29-68,70,71-72, 
74-86,88-106, 107-1 15, 116, 118, and 120-172 of yB-crystallin.  The Ca RMS  difference  between  IL-5  and  GM-CSF is based  upon  the  superposi- 
tion  of  residues 6-21, 29-34, 42-55, 68-83, and 87-107 of 1L-5 and  residues 14-29, 37-42, 52-65, 73-88,  and 97-1 17 of  GM-CSF.  The C a  RMS 
difference between 1L-10 and  IFN-fi is based  upon  the  superposition of residues 20-33,44-47,61-74, 76-80, 87-107, 118-128, 130-133, and 138-158 
of IL-IO and residues 11-24, 33-36, 51-64, 66-70, 76-96, 114-124, 126-129, and 140-160 of IFN-0.  Numbers  in  parentheses  indicate  the  number 
of  matched Cor atoms  used  the  calculation  of  RMS  differences. 

Coordinates  supplied  by  original  authors  prior  to  PDB  deposition. 
GM-CSF  and IL-5 are  both  members  of  the  short-chain  subfamily  of  helical  cytokines.  Although  the  sequence  identity is low,  similar  posi- 

tions  of  cysteines  in  the  5'ends of exons  3  and  4  and/or  intron-exon  organization  and/or  homology  upstream  of  the TATA box  suggests  the  IL-5 
gene is related to  the  genes for the  short-chain  cytokines  GM-CSF,  IL-4,  IL-2,  and  IFN-y,  and less closely to  the  gene  for  IL-3  (Tanabe  et  al., 1987). 
IL-2  and  IFN-y  are  not  clustered on the  same  chromosome  as  the GM-CSF,  IL-5,  IL-4, and  IL-3  genes. 

IL-IO and  IFN-p  are  members of the  long-chain  subfamily of helical cytokines.  Although  the  sequence  identity of the  proteins is low,  the  struc- 
tural,  functional,  and  genetic  similarities of the long-  and  short-chain helical cytokines  suggests  that  they  are  related by divergent  evolution  (Sprang 
& Bazan, 1993). 

could  form in this way because  high  intracellular  protein  con- 
centrations can decrease the free energy of oligomerization  (Berg, 
1990; Zimmerman, 1993). An example of this  might be  the poly- 
merization  of sickle cell hemoglobin at  high  concentrations  in 
the  erythrocyte. 

3D  domain  swapping  (Bennett et al., 1994b) provides an al- 
ternative  pathway  from  protein  monomers  to  dimers, in  which 
dimers  are  formed by exchanging domains. A central  feature  of 

the  3D  domain swapping  model is that it  exploits a pre-evolved, 
tightly binding  interface  at every stage  of  oligomer  evolution, 
rather  than  requiring  the  gradual  accumulation of  several ran- 
dom  mutations or yielding dimers  that  are  only  stable  at high 
protein  concentration. Several  of the  domain-swapped  dimers 
in  Table 1 are examples  of primitive stable or metastable dimers, 
which interact  through extensive C-interfaces of 850-3,800 A'. 
These  dimers  could  be  formed by changes in the  solution envi- 
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Fig. 4. Monomeric and dimeric proteins related by 
divergent evolution (Table 2). The domain that can 
be  swapped is highlighted  (yellow)  in the monomer 
structures. The two subunits in the dimer structures 
are blue and green. The N- and C-termini are la- 
beled for clarity. The hinge loops (red) (Table 2) 
are  also  shown. Where they occur,  interchain di- 
sulfides in the dimers are  shown in ball-and-stick 
representation. The RNase structures referred to 
in Table 2 are shown in Figure 2C and D. A: Bo- 
vine lens y B-crystallin at 1.5 A resolution (Sum- 
mers et al., 1984). B Bovine lens PB2-crystallin 
at 2.1 br. resolution (Lapatto  et al., 1991). C: Re- 
combinant  human GM-CSF at 2.4 A resolution 
(Diederichs-et al., 1991) D: Recombinant human 
IL-5 at 2.4 A resolution (Milburn et al., !993). E 
Recombinant murine interferon P at 2.2 A resolu- 
tion (Senda et al., 1992). F: Recombinant human 
1L-10 at 1.8 A resolution (Zdanov et al., 1995). 
Drawings  were made with MOLSCRIPT (Kraulis, 
1991). 

ronments of the monomers (described above for DT), or by  ge- 3 0  domain  swapping in oligomer  evolution 
netic  changes that destabilized the monomers (discussed  below). 
If these primitive dimers possessed new activities that conferred Table 2 lists several dimer/monomer pairs in which the dimer 
an advantage to the organism, stabilizing mutations in the 0 in- is intertwined and resembles the  structure of a different  mono- 
terface would be favored in natural selection (Fig. 1B). meric protein (Fig. 4). RNases and crystallins have highly iden- 
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tical  sequences,  suggesting  divergent evolution  from  a  common 
ancestor. Helical cytokines lack significant  sequence  identity, 
but  are genetically, functionally  and  structurally similar. In the 
following  sections, we describe  two  of  the  proteins in Table  2 
in  more  detail. 

GM-CSF versus IL-5 
Structural,  functional,  and genetic similarities between the he- 

lical hematopoietic  cytokines  strongly suggest that  they  are re- 
lated by divergent evolution  (Sprang & Bazan, 1993). GM-CSF 
belongs to  the  short-chain helical cytokine  subfamily  and, like 
the  other  members of this  family,  the  protein  folds  into  a  bun- 
dle of four helices ( a A ,  B, C,  and D) with two  antiparallel 
&strands (0 1 and 2) (Fig.  4C). IL-5 is also  a  member of the 
short-chain  subfamily.  Each half of the 1L-5 dimer has  the  same 
fold  as  GM-CSF;  however, it is composed of helices A, B, and 
C  and 01 of one  subunit,  and helix D  and 0 2 of the  other  sub- 
unit (Fig.  4D).  Thus,  02  and a D  comprise  a  domain  that was 
swapped in evolution from a primitive monomer  that resembled 
the structure of GM-CSF  and  other  monomeric helical cytokines. 

There is ample genetic  evidence that IL-5 and  other  hemato- 
poietic  cytokines are evolutionarily  related. The  human  and mu- 
rine genes for  IL-5,  IL-4,  IL-3,  and  GM-CSF  are clustered on 
the  same  chromosome  (Takahashi et al., 1989). The IL-5 and 
GM-CSF genes also  have  significant  sequence  homology in the 
5”flanking regions  immediately upstream of the TATA box. In 
addition,  IL-5,  IL-4,  and  GM-CSF  have similar exon-intron 
organization  and  location of  cysteine  residues  within exons 
(Tanabe et al., 1987). The  similar  structures  and  clustering  of 
the genes on the  same  chromosome  are suggestive  of evolution 
by duplication of a  common  ancestral  gene. 

i 

Similarities also exist between the  amino acid  sequences  of 
IL-5 and GM-CSF. The  position of the  intrachain  disulfide 
(Cys 54-Cys 88) in GM-CSF is similar to  that of the  interchain 
disulfide (Cys 44-Cys 86) in  IL-5  (Fig.  4C,D).  IL-5  and  GM-C 
SF also  share  28%  amino  acid  sequence  identity in a D  (Roz- 
warski et al., 1994). The conserved residues in a D  are  apolar  and 
buried in the  cores of the  GM-CSF  and IL-5 structures.  Thus, 
the tightly binding  C-interface between a D  and  the  other heli- 
ces in GM-CSF is conserved in the  dimer  interface in domain- 
swapped  dimeric  IL-5. 

A  structure-based  superposition of IL-5  and  GM-CSF yields 
an  overall RMS difference  of  1.9 A based upon 73 paired Cu 
atoms  (Table 2). The  superposition of GM-CSF  and IL-5 is 
shown in Figure 5 ,  highlighting  their striking  structural similar- 
ity.  The  aligned  structures of GM-CSF  and  IL-5  offer insight 
into  how  the IL-5 dimer might have been formed by a  loop  de- 
letion that  forced it  to  adopt  an  open  monomer  conformation: 
GM-CSF has a 13-residue  hinge loop (residues 87-99), whereas 
IL-5  has  an 8-residue loop (residues 82-89) that would  prevent 
formation of a closed monomer unless the  secondary  structure 
was disrupted  (Fig. 5). 

yB-crystallin versus PB2-crystallin 
Crystallins  are  responsible for the high refractive index of 

the eye lens. 0-Crystallins  form  dimers  and higher oligomers, 
whereas y-crystallins are always monomeric.  The  structures of 
y B-crystallin (Wistow et al., 1983; Summers et al., 1984) and 
/3B2-crystallin (Lapatto et al., 1991) are  shown in Figure  4A 
and B, respectively and in Kinemage 4. yB-crystallin has two do- 
mains (N-  and  C-terminal),  each of which is composed of two 
Greek key motifs. pB2-crystallin has two similar domains;  how- 

Fig. 5. Similarity of three-dimensional  structures  of IL-5 and  GM-CSF.  Stereo  figure of the C a  backbones of IL-5 and  GM- 
CSF  after  superposition of C a  atoms using  the  program 0 (Jones  et  al.,  1991).  Domain-swapped  dimeric IL-5 is shown in bold 
solid  and  broken lines and  monomeric  GM-CSF is shown  in  thin  lines.  The N- and  C-termini of GM-CSF and  one  subunit of 
the IL-5 dimer are labeled,  as  are  the  hinge  loop  boundaries  (residues 87-99 in GM-CSF  and  residues 82-89 in IL-5). Residues 
in  the  second  subunit of IL-5 are labeled  with  primed  numbers. 
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ever, approximately half of  the PB2-crystallin structure is swapped. 
Superposition  of  the  entire yB-crystallin  molecule  with  residues 
-2-87 (N-terminal  domain)  of  one  subunit  and residues 88-172 
(C-terminal  domain)  of  the  other  subunit in the fiB2-crystallin 
dimer yields an  RMS  difference  of 1.2 A, based on 167 pairs  of 
Ca atoms.  Thus, p B2-crystallin can  be  regarded  as a domain- 
swapped  dimer  of a monomer resembling yB-crystallin. 

Sequence similarities between p- and y-crystallins suggest they 
are  evolutionarily  related.  Alignment  of  the  sequences of PB2- 
and yB-crystallins  reveals  their sequence  identity is 36’70, partly 
due  to conservation  of  residues necessary for  adoption of the 
Greek key fold  (Summers  et al., 1984). The  gene  organization 
of p- and y-crystallins  suggests they  originated  from a common 
ancestor  and  separated  at  the  stage  of a single  domain  protein, 
evolving  the  second  domain  independently by gene  duplication 
and  fusion  (Lubsen  et al.. 1988). Therefore,  the  separation  of 
the crystallins  preceded the evolution of  the C-interface between 
N- and  C-terminal  domains.  They-  and  0-crystallins  may  have 
independently evolved similar  monomeric  forms, with later  di- 
merization  of &crystallins by domain swapping. The idea of  3D 
domain swapping  in the crystallins was essentially suggested pre- 
viously by Bax et al. (1990): “the p-, y-crystallin superfamily 
demonstrates  how  modification  of  an existing interface  rather 
than  evolution  of a new one  can give rise economically to  novel 
assemblies  during  evolution.” 

Hinge loop mutations can lead to 3 0  domain swapping 

An  important distinction between the sticky billiard ball and  3D 
domain  swapping  models  for  oligomer  evolution is that  stable 
dimers  may  be  formed by 3D  domain  swapping simply by de- 
stabilizing  the  monomer,  rather  than  requiring  the  accumula- 
tion  of  mutations in a dimer  interface. Because the  C-interfaces 
are  identical in monomers  and  domain-swapped  dimers,  desta- 
bilizing the  C-interface  in  the  monomer  would  also  destabilize 
dimers.  Therefore,  the  C-interface is an unlikely  target for  mu- 
tations  that lead to  domain  swapping.  However,  the hinge loop 
between domains  must play an  important  role in determining 
whether  domain  swapping occurs. In the following, we describe 
two possible  ways that  changes in hinge  loops  can  promote  do- 
main  swapping. 

First, if a hinge loop  connecting  two  domains is shortened by 
a deletion,  then  the closed monomer  structure  may  no  longer 
be  sterically possible and  the  open  monomer  may  be  unstable 
because  of  the  exposure  of  residues  normally  buried in the 
C-interface  (Fig. 6A). Domain-swapped  dimers  would  then be 
favored. An example of a loop deletion mutation  that causes do- 
main  swapping is found in staphylococcal nuclease.  A deletion 
of six residues in the  loop  preceding  the  C-terminal helix pre- 
vents  the  formation  of a closed monomer,  leading  to  the  for- 
mation  of a stable  dimer by domain  swapping  (Green et al., 
1995) (Fig. 25). The  same  phenomenon is observed  in the single- 
chain Fv molecules (composed  of  variable light (V,) and heavy 
(V,) domains), which form increasing amounts  of  dimer when 
the hinge loop between the V, and V, domains is shortened:  the 
proportion  of  dimer is 53%, 34%, and 10% with 12-,  14-, and 
]&residue  hinge  loops, respectively (Raag & Whitlow, 1995). 

A second way that  changes in a hinge loop  can  promote  do- 
main  swapping is the following. The  monomer  might  be  desta- 
bilized by random  mutations,  such as substitution  of residues 
that  favor  open  hinge  loop  conformations  because  of  having 
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Fig. 6. Hinge loop  mutations that  lead to 3D domain swapping. The 
protein is comprised of  two domains (circle and rectangle), which could 
be one or more cy-helices and/or &strands (as in the RNases and CD2) 
or full globular domains (as in DT and 0 B2-crystallin). The C-interface 
in the closed monomer (left structure, each panel) is indicated by  black 
shading. In the open monomer (middle structure, each panel) this in- 
terface is exposed to solvent, which is unfavorable. In the domain- 
swapped dimer (right structure, each panel), the C-interface is  buried 
by interacting with another subunit. A: Hinge loop deletion. B Amino 
acid substitution. 

fewer or greater  conformational  options  (e&,  proline or gly- 
cine) or that  have  steric or electrostatic  clashes in the closed 
monomer.  As  an  example of this, fiB2-crystallin differs  from 
y-crystallin  in having  an inserted aspartic  acid  (Asp 106A) and 
an acidic  residue at position 87 in the hinge loop between N- and 
C-terminal domains. It has been suggested that, if the hinge loop 
in  PB2-crystallin formed a  closed monomer  of  the  same  struc- 
ture  as y B-crystallin,  these two  acidic residues would  electro- 
statically repel one  another  (Lapatto et al.. 1991). Therefore, 
one  or  both  of  these  amino  acid  replacements  may have  been 
genetic  changes  that destabilized the closed monomer  and led 
to domain swapping.  Replacement of  the hinge loop in dimeric 
aB2-crystallin with the  loop  from y-crystallin converts  0B2- 
crystallin to  monomers,  underscoring  the  importance  of  the 
amino  acid  sequence in the  hinge region  in determining  oligo- 
merization  (Trinkl et al., 1994) 

Summary of concepts 

The  defining  characteristic  of a 3D  domain-swapped  oligomer 
is the presence of  an  intersubunit  interface  that is  identical to  
an intrasubunit  interface between domains in the  monomer. Sev- 
eral  protein  structures  are  now  known in both  monomeric  and 
oligomeric  states that display  this 3D  domain swapping. In some 
of these structures  (for  example,  DT  and single-chain Fv anti- 
bodies), the  swapped  domain is a full globular  domain; in other 
cases (for example  RNase, CksHs2,  and  CD2),  the swapped do- 
main is only an a-helix, or a strand  of  &sheet, or a few strands 
of 0-sheet. In all cases, the  oligomer is formed by the  swapping 
of a domain  that  occupies  the  same  environment in the oligo- 
mer as it does in the  monomer.  Thus,  the  same  forces  that  sta- 
bilize the  association  of  domains in the  monomer must  stabilize 
the  oligomer. 

The energetics of  oligomer  formation  from  monomers by 3D 
domain swapping are  not yet  well understood. But it is clear that 
the  monomer  and  the  oligomer generally have  comparable  en- 
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ergies.  The  reason is that  the  same  interfaces  are  formed by the 
swapped  domain in  its monomeric  and  oligomeric molecules. 
The relatively  small differences  in energies of the  monomer  and 
oligomer  have three origins: (1) differences in the  conformations 
and  environments of the  hinge  loop  that leads to  the  swapped 
domain; (2) formation  of  an  additional  interface in the oligo- 
mer  (the 0 interface)  that is not  present in the  monomer;  and 
(3) the loss of translational  and  rotational  entropy in forming 
the  oligomer  from  monomers.  Terms 1 and 2 can  favor  either 
monomer or oligomer;  term 3 must always favor  monomer. 
Thus, when domain swapping occurs, either the  monomer or the 
oligomer  can  be  the  more  stable  molecular  form.  In  the  case  of 
DT, the  monomer is more stable (Carroll et al., 1986); in the case 
of BS-RNase, the  dimer is more  stable  (Piccoli  et  al., 1992). 

There is likely to  be a high energy barrier between monomer 
and  oligomer, regardless  of  whether the  monomer or the  dimer 
is the  more  stable  form.  The  reason is that  the  domain  that 
swaps is held by noncovalent  bonds  in  both  the  monomer  and 
the oligomer. These  bonds must be broken  during  the  transition 
between monomer  and oligomer;  this breakage  accounts  for  the 
energy  barrier. Because of  this  barrier,  the less stable  molecu- 
lar  form is likely to  be  metastable;  that is,  it is likely to have a 
prolonged existence  in  its metastable  form. In other  words,  two 
(or more)  states of the  same  protein chain can be effectively sta- 
ble over  significant  periods of time. 

The discovery  of domain-swapped  proteins  forces a minor 
modification  of Anfinsen’s “thermodynamic  hypothesis”  (An- 
finsen, 1973). Anfinsen’s  hypothesis is that a protein folds to its 
thermodynamically  stable  structure.  With  domain  swapping, 
there  are  two  (or  more)  structures  that  can be effectively stable 
over significant periods  of  time.  Of course,  the domain-swapped 
structure resembles the  monomeric  structure: most of the  inter- 
faces in the oligomer are  the  same  as  those in the  monomer. But 
there is the  important  difference  that  the  oligomer is a multiple 
subunit molecule, capable of cooperativity and  other properties 
that  differ  from  the  monomer.  The  point is that  one  sequence 
can  form  more  than  one  structure, with all structures being close 
in energy. 

Implications  of  domain-swapped proteins for  function 

Domain  swapping  offers  the  opportunity  to cells of regulation 
of assembly and  metabolism by switching proteins between 
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oligomeric  structures.  For  proteins  that exist in  various oligo- 
meric  states  within a cell, such  as  CksHs2,  the  mechanisms  for 
switching between monomer  and  dimer  are  not yet known,  but 
the well-studied examples of RNase A and  DT  demonstrate  that 
switching is possible by chemical  mechanisms  (e.g.,  changes in 
pH  and concentration) similar to those that could operate within 
organisms.  In  the  case  of DT,  a drop in pH  and  the  transient 
high concentration  that  accompany freezing and  thawing  cause 
domain  swapping.  Changes in pH or ionic  concentration  may 
be  common events  in vivo that  destabilize  monomers,  leading 
to  higher  oligomers (see Fig.  3). 

The switching between oligomeric states  can  be  transitory,  as 
for  the cell cycle protein  CksHs2, or can be  permanent,  as in  the 
evolution of oligomers  from  monomers by domain  swapping. 
As argued  above, oligomer evolution by domain  swapping (Ta- 
ble 2, Fig. 4) rather  than by the  “sticky billiard ball  model” 
avoids  the necessity of  evolving  a set of stabilizing mutations  at 
the  intersubunit  interface.  Instead, a mutation  that destabilizes 
the  monomer  can lead to  oligomers  that  interact  through a 
C-interface  that  has  “pre-evolved”  as  an extensive, tight  inter- 
face  in  the  monomer. 

Domain  swapping  also  provides a model  for  the  evolution 
of  oligomeric  enzymes  that  have  their  active sites at  subunit 
junctions.  These include  RuBisCO  (Schreuder  et al., 1993), glu- 
tamine  synthetase (Almassy  et al., 1986), catalase  (Fita & Ross- 
mann, 1985), and  others. A  possible pathway  for  the  evolution 
of such enzymes is shown in Figure 7. As  suggested by Gilbert 
(1978), the  fusion of exons  encoding  single-domain  proteins 
(perhaps each  binding  a  different  substrate)  could  generate  prim- 
itive closed monomers with new functions (Fig. 7, I and 11). Fig- 
ure 7, I l l  represents a primitive closed monomer  that  has  an 
active  site  in the  C-interface,  as is commonly  found  in  multi- 
domain proteins.  3D domain swapping  could then yield a  dimeric 
form of the  protein, which has  active sites  between subunits 
(Fig. 7, IV), and  also  has  the possibility of  forming  an 0 inter- 
face. Figure 7, V represents  a  present-day dimer, in which amino 
acid replacements in the 0 interface  further stabilize the  dimer. 
Thus,  Figure 7 represents a plausible  evolutionary  pathway  to 
an enzyme  with its active  site  formed by two  protein  chains. 

Domain swapping  also suggests a possible mechanism for  pro- 
tein aggregation and  protein fiber formation,  as in  amyloidosis. 
Amyloid  deposits  are  insoluble  fibers  formed  from  aggregated 
protein  that  disrupt cells. The oligomers discussed above  are  of 

IV V 
Single  domain 
proteins 

Primitive 
monomer 

Primitive active 
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Domain-swapped 
dimer  dimer 

Present-day 

Fig. 7. Evolution of dimers  with  active  sites at  subunit  junctions. Two single-domain  proteins  with  different  functions  are 
represented by a  circle  and  square (I). Fusion of genes for  the  two  proteins yields closed  monomers  covalently  bound by a 
polypeptide  linker (11). Evolution  of  a  C-interface  and  active  site  may  be  favored by covalent  linkage  of  the  domains,  which 
have less rotational  and  translational  freedom  than  the  single-domain  protein  precursors.  Monomers  having  active  sites  (indi- 
cated by an asterisk) at  the  C-interface  are  shown  in 111. If  3D  domain  swapping  occurs,  a  dimer will be  formed  that  has 
two  C-interfaces  with  two  active sites formed  between  two  subunits  (black  and  gray) (IV). This  domain-swapped  dimer  pro- 
motes  communication  between  active  sites  and  hence  might  favor  the  acquisition  of  allosteric  regulation,  as is found  in  RNase 
(Piccoli & D’Alessio, 1984). I f  this  domain-swapped  dimer  confers  some  advantage to the  organism,  then  amino  acid  replace- 
ments  that  stabilize  the 0 interface will be selected in natural  selection,  leading  to a more  stable  dimer  with  active sites at  sub- 
unit interfaces (V) .  
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Cyclic(c1osed) 
domain-swapped oligomer 

Linear (open-ended) 
domain-swapped  oligomer 

Fig. 8. Formation of open-ended  oligomers  by 3D domain  swapping. 
Left:  Closed  domain-swapped  oligomer  (in  this  case, a trimer)  as  in Ta- 
bles l a n d  2.  Right:  High  molecular  weight,  open-ended  oligomers  may 
also  be  formed  by  association of molecules  through a C-interface.   As 
described  in  the  text,  some  protein  “precipitates”  may  be  of  this  form. 

the closed sort, such  as  oligomeric enzymes. But open-ended 
oligomers can  also be formed by 3D domain swapping, as shown 
in Figure 8, in which  each swapped  domain leads to a new mol- 
ecule. Then a large  aggregate is formed, which would  be ex- 
pected to  precipitate in the test tube  or cell. DT (Bennett  et  al., 
1994b), single-chain Fv molecules (Raag & Whitlow, 1995), 
RNase A (Crestfield  et al., 1962), tryptophan  synthetase 01 sub- 
unit  (Jackson & Yanofsky, 1969), and several other  proteins 
form  oligomers  higher  than  dimers,  and  there  appears  to be no 
reason  that very large  open-ended  oligomers  of  proteins  could 
not  be  formed by domain  swapping.  Even  though  such  large 
domain-swapped  aggregates  would  be  difficult  to  characterize 
in terms of  molecular structure, it may  be useful to keep in  mind 
that  the  protein molecules of precipitates  and  amyloid  deposits 
may  be held together by domain  swapping. 

One  other  type of protein association  can be explained by do- 
main swapping.  This is the  phenomenon of protein complemen- 
tation  (Zabin & Villarejo, 1975), in which two  different  protein 
molecules,  each  lacking a different  portion,  can  cooperate  to 
form a  functioning molecule. A simple  example is from  the work 
of  Crestfield  et al. (1963), in which two samples  of  RNase A were 
treated to inactivate  His 12 in one  sample,  and  His 119 in the 
other  sample.  Both histidines are  required for catalysis  and, 
upon mixing the  samples, no activity was found. But after ly- 
ophilization  from acetic acid  and  redissolving,  partially active 
RNase,  now a dimer, was recovered.  Crestfield et al.  reasoned 
that  domain  swapping  must  have  occurred (see Fig. 2D), lead- 
ing to  some  active sites containing  unmodified  His 12 and  un- 
modified  His 119. Other examples  of protein  complementation 
have  emerged  from  work  on  tryptophan  synthetase CY subunit 
(Jackson & Yanofsky, 1969), P-galactosidase  (Zabin & Villarejo, 
1975), and  lactose  permease (Bibi & Kaback, 1992). 

In conclusion, 3D domain swapping is a newly recognized, but 
not  uncommon,  mode  of  protein  association  that  can  account 
simply  for a variety of  observations  on  the  function  and  evolu- 
tion of  oligomeric  proteins that  are otherwise  difficult to explain. 
In particular,  domain swapping  permits  switching among oligo- 
meric  forms of a protein  having  comparable energies. 
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