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Abstract 

With  a growing number of structures available in the Brookhaven Protein Data Bank,  automatic  methods for do- 
main  identification are required for  the construction of databases.  Domains are considered to be clusters of sec- 
ondary  structure elements. Thus, helices and  strands  are first clustered using intersecondary  structural distances 
between Ca positions, and dendrograms based on this distance  measure are used to identify domains. Individ- 
ual domains are recognized by a disjoint factor, which enables the  automatic identification and cIassification into 
disjoint,  interacting, and conjoint  domains. Application to a  database of 83 protein families and 18 unique struc- 
tures shows that  the  approach provides an effective delineation of boundaries and identifies those  proteins that 
can be considered as a single domain. A quantitative  estimate of the interaction between domains has been pro- 
posed. The  database of protein  domains is a useful tool for understanding  protein  folding, for recognizing pro- 
tein folds,  and  for understanding structure-activity relationships. 

Keywords: clustering  of  secondary structures;  identification of domains;  protein  domains;  protein  three- 
dimensional  structure;  supersecondary  structures 

Even as the first structures were solved, proteins were found 
to have  structurally distinct Iobes (Phillips, 1966). However, 
the term  “domain” was not assigned to compactly folded struc- 
tures until later, when Wetlaufer (1973) recognized it to be a 
common feature in unrelated proteins. Since then, it has become 
clear that  domains  form an important level in the hierarchical 
organization of the three-dimensional structure of globular pro- 
teins, although not all proteins can be described as multidomain 
structures. 

Domains are found in different combinations and often bring 
with them discrete functions. The relative disposition of domains 
in a  protein may be important for the function and/or ligand 
binding (Lesk & Chothia, 1988; for a recent paper see Gerstein 
et al., 1994); for example, domain movements important to func- 
tion have been  described in aspartic proteinases (Sali  et al., 1992) 
and in T4-lysozyme (Dixon et al., 1992). Domains of recently 
evolved proteins are frequently encoded by exons, reflecting  gene 
fusion  of simpler modules. Thus, domains are  important both 
in protein  folding and in biological function. 

~~~~~~ 
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The definition of a domain has undergone several stages of 
metamorphosis. A domain may  be (1) functional (functional do- 
main), for example, glutathione  reductase or (2) defined on 
structural considerations (structural  domain), for example, T4- 
lysozyme, or (3) an independent folding unit (folding domain), 
for example, y-crystallin. Although each definition is  valid  when 
used in a  particular context, often definitions are interchanged. 
We restrict the present analysis to structural domains. Although 
the identification of domains and their boundaries may often 
seem subjectively obvious,  a general and automatic  definition 
of domain boundaries is not  straightforward. In particular,  do- 
mains that  are discontinuous  (made up of more than  one seg- 
ment of the polypeptide chain in the  amino acid sequence) or 
highly associated (characterized by a large number of contacts 
at  the domain  interface) are  not easily defined. 

Several algorithms for  domain identification have been sug- 
gested and domains in proteins have been discussed by several 
groups (Rao & Rossmann, 1973; Liljas & Rossmann, 1974;  Levitt 
& Chothia, 1976; Sternberg & Thornton, 1977; Wodak & Janin, 
1981; Janin & Chothia, 1985; Zehfus & Rose, 1986; Kikuchi 
et al., 1988). In order to compile a database of protein structural 
domains, an automatic,  fast, and reliable procedure is required. 

Schulz (1977) proposed that domains have short distances 
between residues because they are structuralIy  compact. The 
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reciprocal  of  the  average  distance between the C" atom  of a 
residue to  other C" atoms  that  are >7 residues and <25 resi- 
dues  away in the  sequence was used to  define  domains;  domain 
linkers obtain relatively low values. Go (1981) also exploited the 
fact  that  interdomain  distances  are  normally  larger  than  intra- 
domain  distances;  all  possible C*-C" distances were repre- 
sented  as  diagonal  plots (Go & Nosaka, 1987) in  which there 
were distinct  patterns  for helices, extended  strands,  and  com- 
binations  of  secondary  structures.  However,  both  methods  as- 
sumed  that  domains  comprise  an  ideal  compact  structure  of 
amino  acid residues and  this is not  universal. 

Rose (1979) considered  a protein molecule as a rigid body and 
defined  three  mutually  perpendicular  axes passing through  the 
centroid.  The  domain disclosing plane  (defined by the larger two 
axes) and  the  cutting line (corresponding  to  the  third axis) were 
employed  to  identify  continuous  chain  segments  that  corre- 
sponded  to  compact  domains. By measuring  the  entire  protein 
volume  and  the  volume  of dissected segments,  two  segments A 
and B of a continuous  polypeptide  AB were  said to be domains 
if they fell on either  side of the  domain disclosing plane.  An  er- 
ror function was applied  to every pair  of  polypeptide  segments 
of  the  protein.  An  important prerequisite for  the  error  function 
was the  input  of  rough  boundaries of the  domains.  This  method 
works strictly only for  continuous  domains  and may identify sev- 
eral  substructures  as  individual  domains. 

A  binary clustering algorithm  (Crippen, 1978) considered pro- 
teins  as several small  segments  that need not be the  secondary 
structural  components  of  the  protein.  The initial  segments were 
clustered one  after  another based on intersegment  distances. Seg- 
ments with the lowest  values  were clustered  and  considered  as 
a single segment  thereafter.  The stepwise clustering  finally in- 
cluded  the  full  protein. 

Zehfus  and  Rose (1986) calculated  compactness of substruc- 
tures using  solvent  accessibility. Although  this  method  can be 
extended to  identify  discontinuous  domains  (Zehfus, 1994), it 
is computationally expensive. 

Argos (1990) analyzed  protein  domains in the  context of the 
composition  and  conformation of domain  linkers. A graphical 
inspection was  used  in order  to  identify  domains  and  their 
boundaries.  Holm  and  Sander (1994) used  a contact  matrix  to 
group  residues in  a protein in order  to  identify  domains. Islam 
et  al. (1995) also use contact  matrices  for  defining  domains. 

In this paper, we describe a method  that  subsumes  the  advan- 
tages of several other  methods. C"-C" distances between sec- 
ondary  structures  are represented  in the  form of average values 
termed  "proximity indices" and  the  secondary  structural  orga- 
nization is indicated in the  form of dendrograms. Specific nodes 
in these  dendrograms  are  identified  as  tertiary  structural clus- 
ters of the  protein; these include  supersecondary  structures  and 
domains. 

A ratio  of  the  average  proximity indices (ignoring interclus- 
teral distances) to  the  average  of all proximity indices,  weighted 
for  the  aggregation  of small subclusters  and  termed  the  disjoint 
factor, is employed as a  discriminatory parameter  to identify au- 
tomatically  clusters  representing  individual  domains.  The  pro- 
cedure is applied  to  independent  protein  structures  that  form 
representatives  of a database  of  aligned  homologous  proteins 
(Overington  et  al., 1993) and single structures.  It is shown  that 
the  domain  boundaries usually match well with those  reported 
by the  authors in their  crystal  structure  reports;  but  for  some 
proteins,  the  procedure  has  identified  convincing  but  hitherto 

unrecognized  domains  embedded  in  protein  structures.  It  can 
also  identify  those  proteins with  single domain  folds.  It will be 
useful to  quantify  the extent of  interaction between domains in 
order  to classify them  into  disjoint,  interacting,  and  conjoint 
types.  Disjoint  domains  are  those  that  have  sparse  domain  in- 
terface, whereas conjoint  domains  are characterized by an elab- 
orate  domain  interface  and several contacts  are present between 
the  domain  entities.  Interacting  domains  are  defined  as  those 
that  contain  intermediate  degree of interactions between do- 
mains.  A  "disjoint factor" has been introduced that gives a quan- 
titative  measure  of  the  extent  of  interaction.  Accordingly,  the 
calculated  disjoint  factor is used to  classify domains  into  the 
three types. 

Results and discussion 

General distribution of proximity indices 

The proximity  index is a measure  of the extent  of interaction be- 
tween pairs of secondary  structures in a protein  and is given by 
the  average  of all  possible distances between C" atoms of one 
secondary  structure  to  the C" atoms of the  other.  The  distribu- 
tion of proximity indices of  secondary  structural  pairs in 20 in- 
dependent  proteins of  varying size and  fold (shown in Fig. 1) 
illustrates that  the values  tend to be smaller,  as  expected, where 
the two  secondary structures  are  @-strands.  However,  for helix- 
helix interactions,  the  proximity indices are  seldom less than 
10 A. Proximity indices of secondary  structures belonging to dif- 
ferent  domains of a protein  can be as high as 70 A. By employ- 
ing a  clustering algorithm on these  indices,  secondary structures 
can  be  grouped  into  tertiary  structural  clusters  representing su- 
persecondary or tertiary  structures. 

z 3 

aa 500 

400 

300 

200 

100 

Proximity  index  (in A) Proximity  index  (in A) 

BOO 

500 

400 

300 

200 

100 

Proximity  index  (in A) 

z i 3hL 200 300 100 Proximity 10 20 30 40 60 index BO 70 BO (in 90 

Fig. 1. Distribution of proximity  indices  between  pairs of secondary 
structures (a:  helix; 0: extended  strand) of 20 different  proteins of vary- 
ing sizes and  folds.  These 20 proteins  form a subset  of  the 101 proteins 
used for analysis. Neg. is the  number  of  examples. 
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Fig. 2. Ribbon drawing of the crystal structure  of cal- 
modulin (PDB code, 3CLN) together with the secondary 
structural  dendrogram. Different nodes are numbered 
and two clusters are prominent in the dendrogram. Do- 
mains identified by the  authors  as well from  the dendro- 
gram are compared. The Ndomain is shown in pink and 
the  C-domain in blue. 

Five typical protein examples 

Calmodulin 
Calmodulin comprises a 148-residue polypeptide chain that 

folds into two distinct domains  as revealed by the 2.2-A crystal 
structure (Babu et al.. 1988). Both domains have largely  heli- 
cal calcium-binding sites, the E-F hands, and the two domains 
are connected by an unusually exposed kinked helix. The  do- 
main boundaries have been identified as 5-78 and 82-147  by the 
authors. Figure 2 shows the C“ trace of calmodulin along with 
the secondary structural  dendrogram; two prominent clusters 

(residues 6-77 and residues 82-145)  in the  dendrogram corre- 
spond to  the two domains. 

Porphobilinogen deaminase 
Porphobilinogen deaminase (PDB code, IPDA), a ubiquitous 

enzyme involved in the synthesis of  hemes and chlorophylls, 
is composed of one discontinuous domain and two continuous 
domains (Louie et al., 1992) as shown in Figure 3. Domains 1 
(residues 3-100;  201-218) and 2 (residues 106-194) are doubly 
wound, largely parallel P-sheets surrounded by  helices. Domain 3 
(222-307)  is an open-faced three-stranded antiparallel P-sheet 

Fig. 3. Domains in porphobilinogen deami- 
nase (PDB code, IPDA). Three clusters are in- 
dicated by the  tree  diagram. Boundaries 
defined by the three clusters compare very  well 
with the  domain  boundaries  reported earlier 
(Louie et al., 1992) and examined by graph- 
ics (to the left). 
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with three helices on one side. These domain  boundaries, re- 
ported by Louie  et  al. (1992), are confirmed by the  boundary 
definitions delineated by the  tree diagram (see Fig. 4) obtained 
by the clustering algorithm. 

Endothiapepsin 
The aspartic proteinases, for example endothiapepsin, are 

bilobal with the active site cleft  between the two  lobes. The struc- 
ture (PDB  code,  4APE) consists of  five antiparallel @sheets; 
there are two @sheets in each of the N- and C-terminal domains 
and a further sheet (the central motif)  at their interface (Eilundell 
et al., 1990). From  a subjective analysis of the interresidue con- 
tact matrices, Sali et al. (1992) conclude that  the central motif 
should be considered separately. Figure 4 shows the C" trace of 
the endothiapepsin structure and  the dendrogram of the second- 
ary structures. Three clusters can be identified from the dendro- 
gram; residues 14-142 form one cluster, residues 0-6,  150-184A, 
and 31  1-325 form the second cluster, and residues 191-307 com- 
prise the third cluster.  Similar domain boundaries have  been pro- 
posed by the authors while discussing domain flexibility. 

Papain 
The crystal structure of papain (Kamphuis et al., 1984)  shows 

the protein has two discontinuous  domains, defined by the  au- 
thors by graphical inspection as: domain 1: 1-9;  112-207; do- 
main 2: 10-1 l l;  208-212. 

Calculation of the intersecondary structural proximity  indices 
followed  by the clustering and construction of dendrograms also 
reveals the presence of two prominent clusters made up of dis- 
continuous segments. An extended strand at residues 5-6 and 
secondary structures within residues 118-190 are grouped  in 
cluster 1, whereas those within residues 25-1 12 and 207-210 are 
present in the second  cluster of the dendrogram. Figure 5 shows 
the secondary structural  dendrogram and C" traces of papain 

with the two domains in different colors for boundaries defined 
by authors as well as by the present method. 

Porin 
Porin is a membrane-intrinsic @-protein comprised of 301 

amino acids arranged as a 16-stranded tubular barrel with three 
short helices  (Weiss & Schulz, 1992). Two prominent clusters 
are present in the secondary structural  dendrogram of this pro- 
tein: the  N-terminal32 residues and the  C-terminal58 residues 
together form  the first cluster, which  is separate from the rest 
of the P-barrel, which forms  the second (Fig.  6). Porin is an un- 
usual structure that resembles a hollow cylinder, and  the two 
clusters roughly correspond to opposite faces of the cylinder. 
The clusters arise where P-strands in the barrel are long but in- 
teract with shorter /3-strands. There are, nevertheless, still hy- 
drogen bonds and close interactions between strands, so that it 
is not surprising that use of the disjoint factor (see  below) indi- 
cates that these two clusters should be considered part of the 
same  domains. Hydrogen bonding interactions are not specifi- 
cally  weighted  while constructing the dendrograms. However, 
as discussed in the next section, we show that the present do- 
main identification method does not consider these two clusters 
to represent  individual domains, by means of a quantitative mea- 
sure of the interactions between clusters. 

Disjoint factor 

Although clusters are evident from the dendrograms, we must 
address the following: (1) Of the various nodes and clusters in 
the tree, which are the ones that define domains? (2) How can 
we distinguish domains with secondary structures that inter- 
act with others? An example would be two  domains that  are 
separately folded but are hydrogen bonded through antiparallel 
0-strands. (3) How do we identify single domain folds that have 

I I 
Fig. 4. Crystal  structure of the  aspartic  protease,  en- 
dothiapepsin  (PDB code, 4APE; Blundell  et al., 1990) 
together  with  the  secondary  structural  dendrogram. 
Three  clusters  are  evident  from  the  dendrogram  that 
correspond to the  three  noted  by  Sali  et al. (1992). The 
N-domain is shown in blue,  the  central  motif in yellow, 
and  the C-domain in  pink. 
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Fig. 5. Secondary structure-based ribbon represen- 
tation of papain (PDB code, 9PAP; Kamphuis et al., 
1984) and the tree diagram.  Two  domains proposed 
by the  authors  are colored differently and compared 
with the  domains derived from  the dendrogram. 

multiple clusters in the dendrogram corresponding to supersec- and may represent more complex supersecondary structures or 
ondary arrangements? globular domains. For example, Figure 2 shows the dendrogram 

In order to assess these questions, a term called the “disjoint of calmodulin (3CLN) in which we have numbered every node 
factor” is introduced. Once the dendrograms are constructed, (or branch) in the dendrogram.  There are four  pairs of second- 
the  domain  arrangement can be described by a situation that is ary  structures  (node  numbers 4, 5 ,  10, and 9). Together with 
a collection of nodesklusters. For example, a node  can define four single secondary structures (H45-55,  H29-38,  H82-92, and 
a pair of secondary structures. Clusters are higher order nodes H138-145), they give  rise to two situations: situation 1: clusters 1 

Fig. 6. Secondary structural dendrogram of porin (PDB 
code, 2POR) and  the ribbon  representation of the single do- 
main fold (Weiss & Schulz, 1992). Two clusters are evident 
in the dendrogram; the cluster shown in pink  comprises about 
90 residues from the N- and C-terminal polypeptide  segments. 
As shown by a low 0, value, this  protein is considered as a 
single domain  fold. 
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and 8 (two  domains);  situation 2: clusters  3, 5 ,  7,  and 9 (four 
domains). For every situation, a “disjoint  factor” O f )  is calcu- 
lated.  This  factor is related to  a ratio  that is the  average  prox- 
imity  index  value (ignoring indices  of secondary  structure  pairs 
in different  clusters)  to  the  average  proximity indices of all sec- 
ondary  structure  pairs in  a protein.  This  ratio, when  weighted 
for close interactions between clusters (number of  residues  within 
7 A), is termed  the  “disjoint  factor”  (for a detailed  definition 
of  proximity  index,  cluster,  situation,  and  disjoint  factor, see 
Methods).  The  situation with the highest disjoint  factor is con- 
sidered  to  describe best the  domain  organization in a protein. 
Situations with Df values  lower than 1.0 d o  not  represent  do- 
main  arrangements. 

Disjoint factors for  the  five examples and derivation 
of  cut-offs  for classification of  domains 

In the case of calmodulin, situation  1 (including the two domains) 
has a  significantly better  disjoint  factor  of 1.98 than  situation 2 
(0, value is 1.35)  involving four  domains.  However,  the  do- 
mains in calmodulin  are near-ideal with no residues between the 
two  clusters  at a distance less than 7 A. In  the  protein  porpho- 
bilinogen deaminase  (IPDA),  the  situation  corresponding to the 
three  clusters,  described  earlier,  scores  the highest Df value of 
1.64. The  other  two  situations describe the  domain  organization 
by considering clusters of lower levels and have  disjoint  factors  of 
1.518 and 1.167. Similarly, Df associated with the three-cluster 
situation in endothiapepsin  (4APE) is 1.376 and  the  two clus- 
ters of papain  (9PAP)  obtain a Df value  of 1.06.  Decreasing 
values  of Df indicate  more closely interacting  domains. In po- 
rin (2POR),  the  two  tertiary  structural  clusters  identified in the 
dendrogram have a calculated Df value  of less than 1 .O (0.726). 
Clearly,  hydrogen  bonding  interactions between the  strands have 
weighted down  the value between the initially identified  clusters 
and  the  method  identifies  porin  to  have a  single domain. 

A  value of  the  parameter  greater  than 1  in general  indicates 
clusters  corresponding  to  domains.  Increasing  the  value of D, 
identifies domains  that have  decreasing  interactions. This is also 
borne  out by the fact that  domains in papain (Of is 1.06) are 
well defined but highly interacting,  whereas domains in calmod- 
ulin do  not  interact.  Forty  other protein structures (independent 
of  those in this  analysis) were examined  on  the  graphics  and 
the  domain  boundaries suggested by the  method were carefully 
compared.  The  correlation between the extent  of interaction be- 
tween domains  and  the  calculated  disjoint  factor was also  ana- 
lyzed (data  not  shown).  This led to  the  conclusion  that we can 
define  disjoint (Of > 1.5) domains  as in calmodulin  and  por- 
phobilinogen deaminase, interacting (1.25 5 D, 5 1.5) domains 
as in endothiapepsin or conjoint (1 .O 5 0,s 1.25) domains  as 
in papain. 

Application of the method to representative structures 
from an alignment database and unique structures 

The  proteins used for  the  analysis (see Methods  and  Electronic 
Appendix  for a list) include a total  of 101 protein  structures, 83 
representative  members  belonging to  different  protein families 
(as  defined by Overington  et  al., 1993) and 18 unique  proteins. 
Domain  boundaries suggested by the  clustering of secondary 
structures were compared with those  reported by the  authors of 
the  crystal  structures  in  the  literature  and  independently inves- 

tigated using  a graphical  inspection.  Table 1 shows a compari- 
son of the  boundary definitions by the procedure  as well as those 
reported by the  authors. 

Domain  boundaries  have been identified well in most  multi- 
domain  proteins,  for  example,  1LZ1,  3HLA,  3TLN,  IATN, 
3AAT, 6XIA,  2CD4,  2TBV-a,  2GCR,  2ALP,  3RP2,  4APE, 
IFNR,  IFBP,  lMSB,  IRHD,  3LZM,  2TAA,  2TS1,  3GAP, 
6ACN,  and  6ATl  in  Table I .  However, in other  multidomain 
proteins,  such as  IRNH, 2FB41c, 3PHV, IACX,  2AZA, 2FB41v, 
1F3G,  INSB,  IACE,  ICOL,  and  3BCL,  multiple  clusters exist 
in the  secondary  structural  dendrogram  and  the  calculated Df 
value is higher  than  one,  indicating  domains  not  identified by 
the  authors. 

Clusters with high Df values often occur in small proteins  that 
are either disulfide  bonded or bound  to  metal  ions (see Table 1,  
entries  4TGF, IPK4,  IGSS,  2CTX,  6INS, 3B5C, SPAL,  IYCC, 
2CDV, and  2HHBa, which have  disjoint  factors  greater  than 
1 .O). They  are  small  isolated  segments,  often stabilized by di- 
sulfides or a metal  ion,  that  do  not represent the  true  structural 
domains with hydrophobic  interactions.  For this reason, we do 
not  consider clusters  with less than 25 residues as  domains. 

Of  the 101 proteins  examined in this analysis, only in modified 
a I-antitrypsin  (PDB  code,  9API) were domains  identified by 
a  graphical  inspection that were not identified by the  procedure. 
Although  two  clusters exist in the  dendrogram  of  9API  (not 
shown),  the Df value is significantly less than 1 (0.843). This 
protein is comprised of an extensive region of @-sheet composed 
of  strands  that  are  discontinuous in the  sequence. A graphical 
inspection suggests that  the  protein  can  be  separated  into  two 
domains  mainly by the  pattern of helical clusters that  surround 
the  central  common  6-sheet.  The low value  of Df is under- 
standable  due  to  the presence of the  6-sheet.  Hence,  this  pro- 
tein may be viewed as a single domain  fold  as implied by the 
procedure. 

Isocitrate  dehydrogenase  (3ICD)  has been described  as  three 
domains, a large a+@ domain,  one small a/P domain,  and a 
smaller a/@ clasp-like domain  that is shared by two  subunits  of 
the  functional  dimer (Hurley  et al., 1989). Our  method splits the 
large a+6 domain  into  two  clusters, so isolating a helical sub- 
domain  that  was  noted by the  authors. 

In  some  proteins,  for  example  3BLM,  IATN,  IABP,  IPFK, 
SLDH,  IGDl,  ICOX,  IPIII, SRUB, ILAP,  2PHH,  and 7CAT, 
the  domain  boundaries  are  somewhat  different  from  those  ob- 
tained by graphical  inspection.  In  the  N-domain of 6-lactamase 
(3BLM), three discontinuous  polypeptide segments are identified 
by the  method, whereas the  crystallographers  propose only two 
discontinuous  segments.  This is due  to  the fact that  the extra res- 
idues,  corresponding  to a helix at 201-213, closely interact with 
four  other helices of  the  N-domain. A  similar situation  occurs 
in actin  (IATN) where the second domain, which is made  up of 
a continuous  polypeptide  segment, is larger than  that  defined 
by the  authors  due  to close interactions between helix 79-91 and 
the rest of  the second domain.  In  the  enzyme  lactate  hydrog- 
enase, helix 244-263 is grouped  with  the  N-domain  due  to its 
interaction with helix 31-43 of the  N-domain.  Similarly, close 
interactions of one or two  secondary  structure(s) with the rest 
of  the residues  in  a domain,  not easily noticeable on graphics, 
give  rise to slightly different  boundaries in the  other  proteins 
mentioned  above. 

In glutathione  transferase  (3GRS),  four  domains  have been 
proposed by the  authors  on  the basis  of function.  These  com- 
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Table 1. Domain boundaries of proteins used in the analysis 

Domain  boundary 
- -- Disjoint  factor 

Protein  code By graphics By method (Of 1 

iNCP  No clear  clusters 

" ~ 

- 

lZNF  No clear  clusters 
1 MRB  No clear  clusters 
2MRB  No clear  clusters 
lPPT No clear  clusters 
lBBL  No clear  clusters 
6RXN  No clear  clusters 
IPGX No clear  clusters 

4FD 1 Two clusters 0.983 

- 

- 
- 

- 
- 
- 
- 

2c12  No clear  clusters - 

C1 2-4;  45-56 
C2 25-34;  66-75 

1 UTG  No clear  clusters 
2H1P 
IFXI  Two clusters 0.290 

- 

No clear  clusters - 

C1 3-18 
C2 48-88 

2ETI  No clear  clusters 
4TGF  Two clusters 2.253 

- 

C1 20-24;  29-33 
C2 38-39; 45-46 

IBDS No clear  clusters 
1 TAB No clear  clusters 
61NS 

- 
- 

Three  clusters 1.359 
C1 1A-16A; 2B-19B 
C2 24B-26B; 9D-26D 
C3 3C-16C 

2 0 v o  No clear  clusters 
5PTI  No clear  clusters 
2CTX  Two clusters 

C1 2-13 
c 2  19-57 

C1 72-74; 62-64 
C2 1-2; 78-79 

1 PK4  Two clusters 

1 HDD No clear  clusters 
2CR0 Two clusters 

C1 2-12; 45-61 
c 2  17-35 

351c No clear  clusters 
3B5C Two clusters 

C1 6-47;  75-79 
C2 55-71 

5PAL  Two clusters 
C1 8-32 
C2 40-108 

lYCC  Two clusters 
C1 3-13;  88-101 
C2 50-74 

2CDV Two clusters 
C1 30-41 
C2 9-20; 65-98 

2HMQ  Two clusters 
C1 22-37; 91-104 
C2 41-85 

1  BP2 No dear  clusters 

2HHBa Three  clusters 
2CCY No clear  clusters 

C1 4-17; 119-136 
C2 21-71; 96-112 
C3 76-89 

1.064 
- 

2.138 

0.838 
- 

1.130 
- 

1.133 

1.344 

1.312 

0.973 

1.217 
- 

__ __ 

Classification 
-~ 

Single  domain 
Single  domain 
Single  domain 
Single  domain 
Single  domain 
Single  domain 
Single  domain 
Single  domain 
Single  domain 
Single  domain 

Single  domain 
Single domain 
Single  domain 

Single  domain 
Two isolated  clusters 

Single  domain 
Single  domain 
Two clusters 

Single  domain 
Single  domain 
Two clusters 

Two isolated  clusters 

Single  domain 
Single  domain 

Single  domain 
Two clusters 

Two clusters 

Two clusters 

Two clusters 

Single  domain 

Three  clusters 

(continued) 
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Table 1. (Continued) 

Domain  boundary 
Disjoint  factor 

Protein  code By graphics 

3CLN 

1 ABM 

lGSS 

1 PRC 

lLZl 

3HLA 

9PAP 

2CAB 

3BLM 

3TLN 

1 ATN 

31CD 

9API 

3AAT 

3GRS 

3TRX 

Two  domains 
Dl  5-78 
D2 82-147 

Cytochrome  subunit 
Dl  1-36:  143-315 

0 2  37-142;  316-336 

Two  domains 
Dl 1-39;  90-130 
D2  40-88 
Two  domains 
Dl 1-178 
D2  185-262 
Two  domains 
Dl 1-9; 112-207 
D2  10-1  11;208-212 

Two  domains 
Dl 1-67;  168-256 
D2 69-154 
Two  domains 
Dl 1-157 
D2  157-316 
Four subdomains 
Dl 1-32;  70-144;  338-372 
D2 33-69 
D3 145-180;  270-337 
D4 18  1-269 
Three  domains 
Dl  1-124;  318-416 

D2  125-157;  203-317 
D3 158-202 
Two  domains 
Dl 1-147 
D2 148-393 
Two  domains 
Dl  15-47;  326-410 
D2  48-325 
Four domains 
Dl  19-157 
D2  158-293 
D3 294-364 
D4 365-478 
Two  domains 
Dl  1-72 
D2 74-  108 

1.250 Interacting  domains 

1.470 lnteracting  domains 

1.060 Conjoint  domains 

0.043 Single domain 

By method (Df, Classification 

Two clusters 1.978 Disjoint  domains 

C2 82-145 
Three clusters 1.285 Three clusters 

C1 6-77 

C1 20-28; 166-180 
C2 30-80 
C3 92-159;  186-196 
Two clusters 1.797 Two isolated clusters 
CI 3-7;  28-73 
C2 15-23;  185-197 
Four clusters 1.602 Four domains 
C1 8-34;  244-247 
C2 172-239 
C3 52-81 
C4 102-136;  262-309 
Two clusters 
C1 5-36;  110-115 
C2 43-100 
Two clusters 
C1 3-179 
C2 186-262 
Two clusters 
C1 5-6;  118-190 
C2 25-1 12; 207-210 
Two clusters 
CI 32-50;  78-82;  108-124; 141-150; 

191-212;  257-258 
C2 56-70; 88-97;  131-134;  158-175; 

216-226 
Two clusters 
CI 33-67;  180-193;  221-287 
C2 72-154;  201-213 
Two clusters 
CI  4-151 
C2 159-312 
Four clusters 
C1 8-32;  103-136;  338-371 
C2 35-91 
C3 137-178;  274-330 
C4 182-262 
Four clusters 
C1 15-121;  326-366 
C2 370-414 
C3 126-154;  203-316 
C4 164-197 
Two clusters 
C1 23-79; 204-340;  363-388 
C2 89-193;  344-357 
Two clusters 
C1 21-24;  313-405 
C2 51-311 
Three clusters 
C1 19-50;  124-154;  326-354 
C2 56-120;  158-216 
C3 228-240;  369-461 

Two clusters 
C1  39-48;  95-104 
C2 3-28;  53-90 

1.330 Interacting  domains 

1.451 Interacting  domains 

1.532 Disjoint domains 

1.469 Interacting  domains 

0.843 Single domain 

1.207 Conjoint  domains 

1.703 Disjoint domains 

1.16 Two clusters 

(continued) 
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Protein  code By graphics 

1 RNH 

3FXN 
lETU 
3DFR 

1 GKY 

1 SBT 

3TMS 

lABP 

1 PFK 

5LDH 

lGDl 

ZLIV 

l C 0 X  

lPIIl  

lTIM 
IALD 

1 GOX 

6XIA 

5RUB 

2FB41c 

2CD4 

Two  domains 
Dl 1-32;  82-186 

D2  33-81 

Two  domains 
Dl 1-109;  255-284 
D2 109-254;  285-291 
Two  domains 
Dl  1-160;  257-319 
D2  162-252 
Two  domains 
Dl 23-165 
D2  183-331 
Two  domains 
Dl 1-149 
D2  150-334 
Two  domains 
Dl 1-110;  257-294 
D2 11 1-256; 295-309 
Two  domains 
Dl 5-44;  226-316;  462-506 
D2 45-225;  317-461 
Two  domains 

D2 41-83; 163-221 
Dl 1-40;  84-162 

Two  domains 
Dl  10-321 
D2  328-393 
Three  domains 
Dl  2-138 
D2  142-420 

D3 393-457 

Two  domains 
Dl 1-98 
D2  99-173 

~.~ 

By method 
~~ 

~~ 

Two clusters 
CI 4-69;  115-141 
C2 72-1  11 
No clear clusters 
No clear clusters 
Two clusters 
CI 2-32;  112-160 
C2 38-105 
Three clusters 
C1 4-31;  82-121;  164-183 
C2 125-157 
C3 34-81 
Two clusters 
CI 6-17; 175-201; 220-274 
C2 27-152;  205-217 
Two clusters 
C1 2-37;  213-220 
C2 53-209;  229-250 
Two clusters 
C1 7-81; 260-272 
C2 11 1-252 
Two clusters 
C1 3-123;  258-302 

Two clusters 
C2 139-246;  309-3 18 

C1  24-161;  244-302 
C2 166-237;  311-329 
Two clusters 
C1 1-145;  315-330 
C2 149-311 
Two clusters 
C1 3-116;  259-316 
C2 124-248;  330-342 
Two clusters 
C1 11-155;  232-303;  388-399;  444-505 
C2 162-204; 324-380; 407-424 
Two clusters 
CI 39-54;  70-214;  232-235 
C2 51-63;  220-226;  245-254 
No clear clusters 
Two clusters 
C1 9-32;  73-301 
C2 36-63;  303-337 
Two clusters 
C1 8-26; 165-205 
C2 33-155;  227-356 
Two clusters 
C1 10-321 
C2 323-383 
Three clusters 
C1 14-133;  292-315;  336-356 
C2 143-287;  319-321;  364-369; 

389-392 
C3 376-383;  403-455 
Two clusters 
C1  116-120;  132-182;  193-208 
C2 124-128;  184-189 
Two clusters 
c 1  2-102 
C2 114-174 

R.  Sowdhamini and T L .  Blundell 

~ 

~~ 

Disjoint factor 
(e/ ) 

1.126 
~- 

- 

- 
1.244 

1.291 

0.968 

0.665 

1.566 

1.662 

I .25 

1.407 

1.563 

1.280 

1.14 

- 

1.066 

1.080 

1.298 

1.647 

1.078 

I .376 

Classification 
~ ~ 

Conjoint  domains 

Single domain 
Single domain 
Interacting  domains 

Interacting  domains 

Single domain 

Single domain 

Disjoint domains 

Disjoint domains 

Interacting  domains 

Interacting  domains 

Disjoint domains 

Interacting  domains 

Conjoint  domains 

Single domain 
Helical inserts in TIM  barrel 

Helical inserts in TIM barrel 

Interacting  domains 

Disjoint domains 

Conjoint  domains? 

Interacting  domains 

(continued) 
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Table 1. (Continued) 

Domain boundary 

Protein code By graphics 

3PHV 

lACX 

2AZA 

2FB41v 

l I lB 

2SOD 

1F3G 

1 RBP 

2TBV-a 

2GCR 

2ALP 

3RP2 

4CNA 

4APE 

lNSB 

4RHV 

IACE 

Two domains 
Dl 106-270 
D2 271-376 
Two domains 
Dl  1-81 
D2  89-169 
Two domains 
Dl 15A-107;  231-245 
D2 132-228 
Two domains 
Dl 16-21;  128-230 
D2 28-122;  231-243 

Two domains with a 
central motif 

C 0-7;  150-184;  311-326 
Dl 8-143 
D2  190-308 

Four chains 
VPl chain 
VP2 chain 
VP3 chain 
VP4 chain 

By method 

Two clusters 
C1  10-24;  63-72 
C2 32-59;  75-90 
Two clusters 
C1 3-34;  50-63A;  89-93 
C2 36-41;  67-82 
Two clusters 
C1  4-9;  28-35;  92-98 
C2 19-23;  49-52;  82-83;  108-128 
Two clusters 
C1 9-23;  61-75;  103-107 
C2 33-47;  84-99 
Two clusters 
C1 4-12;  42-62;  146-150 
C2 17-29;  67-135 
Two clusters 
C1  4-34;  93-99;  148-149 
C2 39-87;  114-146 
Two clusters 
C1  20-54;  136-167 
C2 58-122 
Two clusters 
C1 22-79;  166-167 

Two clusters 
C2 85-138 

C1  106-265 
C2 274-376 
Two clusters 
C1 3-81 
C2 89-169 
Two clusters 
C1 15B-120K;  231-242 

Two clusters 
C2 135-230 

C1 20-21;  135-230 
C2 30-108;  231-242 
Two clusters 
C1 5-96;  140-175;  209-215 
C2 103-130;  179-200 
Three clusters 

C2 0-6;  150-184A;  311-325 
C1 14-142 
C3 191-307 
Two clusters 
C1 91-97;  351-447 
C2 112-315 
Four clusters 
VP1 cluster 
VP2 cluster 
VP3 cluster 
VPI, VP3, and VP4 
Interacting cluster 
Four clusters 
C1 7-59;  96-146;  168-199 
C2 151-155;  236-310 
C3 79-82;  329-399;  518-532 
C4 201-225;  319-324;  401-514 

Disjoint facto1 
(Of) Classification 

1.115 

1.421 

1.405 

1.073 

0.13 

0.921 

1.127 

0.122 

1.500 

1.475 

1.079 

1.183 

0.39 

1.38 

1.13 

Conjoint domains? 

Interacting domains 

Two clusters 

Conjoint  domains? 

Single domain 

Single domain 

Conjoint domains? 

Single domain 

Disjoint domains 

Interacting domains 

Conjoint domains 

Conjoint domains 

Single domain 

Two domains with a central 
interacting motif 

Conjoint domains 

1.324 Interacting domains 

(confinued) 
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Table 1. (Continued) 
~~~~ -~ 

Domain  boundary 

Protein  code By graphics 
~ 

l C 0 L  

1 FNR 

lFBP 

1 LAP 

lMSB 

lPGD 

1  RHD 

3LZM 

2PAB 
2PHH 

2TAA 

2TS1 

3BCL 

3GAP 

6ACN 

6AT 1 

7CAT 

~. ." 

Two  domains 
Dl 19-153 
D2 160-314 
Two  domains 
Dl  6-199 
D2 201-225 
Two  domains 
Dl 1-150 
D2 151-484 
Two  subdomains 
Dl 107-152 
D2 158-212 
Two  domains 
Dl 1-172 
D2 178-433 

Two  domains 
Dl 1-157 
D2 158-293 
Two  domains 
Dl 1-72 
D2 74-164 
Single domain 
Two  domains 
Dl 1-70; 100-184; 269-345 
D2 70-99; 185-268; 

348-386 
Three  domains 
Dl 1-121;  180-350 
D2 121-179 
D3 355-478 
Two  domains 
Dl 1-222 
D2 224-3 19 

Two  domains 
Dl 1-131 
D2 134-208 
Three  domains 
Dl  1-310 
D2 335-495 
D3 550-750 
Catalytic chain 
Two  domains 
Dl 17-129; 285-304 
D2 135-279 
Regulatory chain 
Two  domains 
Dl  8-98 
D2 102-153 
Two  domains 
Dl 69-149; 212-365 
D2 153-204;  434-499 

~- ~~ 

By method 
~- ~ ~ ~~ 

Two  clusters 
C1 8-67; 169-198 
C2 76-164 
Two  clusters 
C1 38-151 
C2 164-313 
Two  clusters 
C1 13-199 
C2 209-334 
Two  clusters 
C1 3-68;  84-145 
C2 76-83; 151-483 
Two  clusters 
C1 107-135; 213-220 

Three  clusters 
C l  5-175; 354-381 

C2 155-207 

C2 178-291; 315-348; 392-432 
C3 439-464 
Two  clusters 
C1 9-136 
C2 161-281 
Two  clusters 
C1 3-80 
C2 85-155 
No clear clusters 
Two  clusters 
C1 5-40; 102-157; 277-283; 298-318 
C2 47-99; 175-274; 289-290; 328-385 

Three  clusters 
C1 11-118; 182-375 

C3 388-464 
Two  clusters 
c 1  2-220 
C2 248-3 18 

C2 125-173 

Two  clusters 
C1 4-68; 122-127; 244-279; 300-357 
C2 71-117; 136-229;  284-290 
Two  clusters 
C1 9-134 
C2 139-  189 
Three  clusters 
C1 18-314; 517-518 
c 2  337-495 
C3 552-750 

Two  clusters 
C1 1-137;  293-310 
C2 138-292 

Two  clusters 
C1 15-95 
C2 102-150 
Two  clusters 
C1 10-16; 77-147; 213-237; 259-364 
C2 160-198; 246-255; 440-499 

Disjoint factor 
( 4 )  

1.074 

1.371 

1.277 

1.247 

1.040 

1.551 

1.398 

1.327 

1.343 
- 

1.426 

1.242 

1.185 

1.333 

1.543 

1.419 

1.342 

1.321 

Classification 
~~~ ~~~~~~~ ~ 

Conjoint  domains? 

Interacting  domains 

Interacting  domains 

Conjoint  domains 

Conjoint  domains? 

Disjoint  domains 

Interacting  domains 

interacting  domains 

Single domain 
Interacting  domains 

lnteracting  domains 

Conjoint  domains 

Conjoint  domains? 

interacting  domains 

Disjoint  domains 

Interacting  domains 

interacting  domains 

Interacting  domains 
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prise  residues  19-157  of the FAD  binding  domain,  residues  158- 
293  of the NADPH  domain,  residues 294-364  of the central 
domain,  and  residues  365-478 of an interfacial  domain.  The 
protein, which  is functional only as a  symmetrical  dimer  (Kar- 
plus & Schulz,  1987),  has  two  symmetric  active  sites  with pro- 
tomers contributing to each  active  site. The present  procedure 
identifies  three structural domains,  which, as expected, do not 
have the same  boundaries as those  of the classical  domains.  As 
shown in Figure  7,  one of  them  is  comprised  of  three  discon- 
tinuous polypeptide segments  (19-50;  124-154 and 326-354), 
whereas the other two are made  up  of  two  discontinuous  poly- 
peptide  segments  (56-120;  158-293 and 228-240;  369-461). 

The nucleotide  kinases  have  two  domains,  one of  which  is 
similiir in both  adenylate and guanylate  kinases, whereas the 
other “insert” domain differs between the two  proteins. The 
three  clusters  in the secondary structural dendrogram  of  gua- 
nylate  kinase  (1GKY)  correspond to these  two  domains  and 
a  cluster of two  roughly antiparallel helices. The third cluster 
corresponds to a highly  flexible “flap” or “lid” domain in the 
adenylate  kinases  (1AKE  and  1AK3) that undergoes  large  move- 
ments  upon  AMP  binding  (Berry et al., 1994) not  present  in the 
guanylate  kinases.  Indeed,  the  secondary  structural  dendrograms 
of adenylate  kinases have three  clusters  representing the three 
domains. 

In catabolite gene activator (protein code,  3GAP), the pro- 
tein  chain  is  folded into two domains that are connected by a 
long  helix.  One  of the domains  makes  a  significant  number of 
contacts with the  central  helix.  The  exclusion of the central  he- 
lix  (residues  113 and 124) from  either of the  two  domains  gives 
a  higher D, than a situation where the central helix  is consid- 

7 

.- - 1  

ered part of  one  domain.  A  better  representation  would  be to 
split the central helix into two segments  with  each part of a do- 
main, analogous to the  domain  representation  in calmoddin (see 
Fig.  2),  where  there  is a natural kink in the central  linking he- 
lix. Thus,  once  the  tertiary  clusters describing  domains are iden- 
tified, long  secondary structures in domain  linkers and loop 
regions between clusters  may  be  examined  specifically for local 
interactions  and  partial  secondary  structures  may  in  this  case  be 
allocated to domains. 

In 6-phosphogluconate  dehydrogenase  (PDB  code lPGD), the 
C-terminal25 residues  (residues 439-464) form a separate clus- 
ter  in  the secondary structural  dendrogram.  Whether this region, 
which  is  comprised  of a helix and two antiparallel &strands, can 
be  considered as a separate domain or not is questionable. 

When D, is  less than  1 .O, the domain  organization  attributed 
to the protein is definitely  unfavorable.  Several  proteins in the 
database that are single domain  folds  have  two  clusters  in the 
dendrogram  with D, values less than 1.0.  Examples  include 
4FD1, lFXI, 2CR0,2HMQ, 2CAB,  3TMS, lIlB, 2SOD,  IRBP, 
4CNA,  2PAB, and 2POR.  Interactions  between the clusters  allow 
the disjoint factor to demarcate true domains from those that 
involve  intimately  interacting  secondary  structural  clusters.  How- 
ever,  those  proteins that have D, values  in the range 1.0-1.1 
(for example,  2FB4lc,  3PHV,  2FB41v,  1F3G, ICOL, IMSB, and 
3BCL)  have doubtful domain  organizational situations. 
In the 101 proteins used for the present  analysis,  as  shown  in 

Table  1 , domains  have been  classified into one of the three cat- 
egories:  Ten  proteins  have  disjoint factors greater than 1.5 and 
hence have  disjoint  domains.  Figure 8A  shows  the C“ trace of 
phosphofructokinase (lPFK, Df value  is  1.66),  which  has  two 
disjoint  domains.  In 24 proteins (about 25%), the domains are 
of the interacting type.  Figure  8B  shows the C” trace of an ex- 
ample of a  pair  of  interacting  domains  in 2PHH. Bilobal  pro- 
teins with elaborate  domain  interfaces have  low disjoint  factors. 
In the present  analysis, 17 proteins  have conjoint domains. An 
example  of conjoint  domains is the mammalian  serine  protease, 
rat mast protease  (3RP2),  shown in Figure  8C.  Although  such 
a quantitative estimate  has  enabled an interaction-based  classi- 
fication of domains,  clearly,  borderline  cases are to be treated 
with caution. 

Using an extended data set that includes  61  independent  struc- 
ture determinations apart from all members in the alignment 
database, the domain  identification  algorithm  has been  used to 
identify 581 domains in  447 protein  structures.  A  detailed  anal- 
ysis  of the  domains of this extended dataset, in terms of second- 
ary structure and fold  similarities, the construction of domain 
templates,  and  their  application to fold  recognition are reported 
elsewhere  (R.  Sowdhamini, S. Rufino, MS. Johnson, & T.L. 
Blundell,  manuscript in prep.). 

Conclusion 

The method  described  above  uses  a  clustering  algorithm  in or- 
der to represent  the  organization of  secondary  structures into 

Fig. 7. Domains in glutathione  transferase (PDB code, 3GRS). Three three-dimensional  domains.  Domain  organization is  explicit 
prominent  clusters  =e  noted  in  the  secondary  structural  dendrogram  (not from  the tree diagrams,  and it is  possible to identify  domain 
shown). Structural  domains  identified  here do not correspond to the boundaries even for complicated situations. 
functional domains  defined by the  authors  (Karplus & Schulz, 1987). 
The  first six residues of the  helix 101-120, which  link two of the  domains The procedure presupposes 
(shown in green  and  pink),  are colored in green for the  sake of clarity. units  Such that the Proximity  indices of secondary  structures be- 
Monomer  coordinates  were  used  in  domain identification. tween domains would  be significantly  higher than those within 

to be ‘Ompact 
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A B C 

a domain. For ideal compact domains,  the average proximity 
index ignoring interdomain indices would be higher in magni- 
tude than the average proximity index where all distances are 
considered. However, this compactness is not made as a rigid 
entity and certain allowance for interactions between domains 
is also permitted in this method. This procedure provides a ver- 
satile approach to domain  identification,  in which a reliable 
quantitative estimate of the extent of interaction between do- 
mains is proposed. The classification of domains  thenceforth 
into three types, disjoint, interacting, and conjoint, provides a 
useful guide to the understanding of protein structure and func- 
tion. The definition of protein domains involves a degree of sub- 
jectivity, often guided by an operational requirement such as to 
understand protein folding,  evolution,  function, and so on. 
There is no absolute definition of a protein domain and there- 
fore it is difficult to assess methods quantitatively in a more rig- 
orous fashion. 

One feature of the present analysis is that only secondary 
structures  are considered in distance matrices. Because the con- 
tacts involving loop regions are not represented, this obviously 
leads to  an approximate  representation.  Additionally, consid- 
ering only the secondary structures implies that  loops that act 
as  domain linkers will not be included. 

As illustrated in the  catabolite gene activator (PDB code, 
3GAP), long secondary structures in linker regions may be as- 
signed to  one of the identified domains and may still maintain 
appreciable  contacts with the rest of the  domains. Using the 
present version of the  method, it is not possible to assign auto- 
matically smaller segments of long secondary structures to sub- 
divide the interactions of the long secondary structures in domain 
boundaries and assign smaller segments to individual domains. 
Thus, long secondary structures in domain linkers may be seg- 
mented to smaller regions and specific interactions be analyzed 
for contact studies. 

This domain identification algorithm has been coded as a com- 
puter  program  DIAL. The list of domains  in the present data- 
base (Table l) is also available from  the authors  on request. We 

Fig. 8. Illustrative  examples  of  pairs 
of disjoint,  interacting,  and  conjoint 
domains in three  different  protein  struc- 
tures:  domains in (A) phosphofructo- 
kinase, (B) p-hydroxybenzoate  hydrox- 
ylase, and (C) rat  mast cell protease. 
PDB codes  and 0, values are marked. 

will be updating  the  domain database periodically. A more de- 
tailed analysis on 447 proteins uses structural comparison algo- 
rithm (Rufino & Blundell, 1994) to cluster protein domains and 
to derive domain templates useful for fold recognition methods 
(R. Sowdhamini, S. Rufino. M.S. Johnson, & T.L. Blundell, 
manuscript in prep.). 

Methods 

Tree construction 

Secondary structures were identified on  the basis of main chain 
hydrogen bonding patterns, using the program SSTRUC (D. 
Smith,  unpubl. results), which implements the algorithm of 
Kabsch and Sander (1983) to define regions of a-helix and p- 
strand. A proximity index, p, was associated with every pair of 
secondary structures. 

where ni refers to  the number of residues in the secondary 
structure i, nj refers to  the number of residues in the secondary 
structure j ,  and dkl is the distance between the C” atom of kth 
residue of secondary structure “i” and the  C” atom of the Ith 
residue of secondary structure ‘7.” 

The calculated proximity indices were used to perform clus- 
tering  using KITSCH, which  is a part of the phylogeny  inference 
package PHYLIP (Felsenstein, 1985). The program involves 
bootstrap sampling and computes the “best” tree chosen by the 
parsimony and compatibility methods. This leads to a majority- 
rule consensus tree that has higher confidence limits and better 
statistical significance. This is a modified version of the origi- 
nal Fitch-Margoliash method (Fitch & Margoliash, 1967),  where 
local swapping of the phylogeny branches has been included 
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to  enable  exploration of numerous  topologies.  The  results  of 
clustering  analysis were transformed  into a format  suitable  for 
drawing  dendrograms using DRAWTREE (Z.-Y. Zhu,  unpubl. 
results). 

Identification of clusters from dendrograms 

Starting  from  the  secondary  structural elements, nodes  may rep- 
resent even  a pair  of  secondary  structures while clusters  are 
higher  order  nodes.  Whereas  nodes  can  be  as  small  as  four res- 
idues  (a  pair  of  two-residue  extended  strands),  clusters with  a 
size smaller  than 25 residues are generally not  considered.  Al- 
though  the choice of a lower limit for  the size of the cluster seems 
arbitrary, it is well known  that  domains  are generally  between 
40 and 200 residues in length  (Wetlaufer, 1973). From a given 
dendrogram describing the  secondary  structural  organization of 
a protein, it is possible to derive more  than  one  combination  of 
cluster.  Each  combination of  possible clusters is referred  to  as 
a “situation.”  Out of several possible situations, only one is best 
suited  to  describe  the  domain  organization  of a protein. 

Parameter for  assessing compactness of  domains and 
automatic identification of domain boundaries 

Let us consider a “situation”  where n, clusters  are  identified 
from  the secondary structural  dendrogram of a  protein. The dis- 
joint  factor (Of) gives a measure of the physical interaction be- 
tween identified  clusters by comparing  the  mean  proximity 
indices  of secondary  structures  within  clusters with the  mean 
proximity indices  of all secondary  structures. Of = Q X X 

. . . Wn,pl, ,3, ,  where Q is a ratio given by: 

nr(nt  - 1 )  
2 

a =  
k=n,  t i = i s l ( k ) - l  JJ=rsl(k) 

P l i ;k ,JJ ;k  
k = l  r i = l  jJ=ir+I 

i s t (k ) ( i s t (k )  - 1) 

2 

where nt = total  number of secondary  structures in the  protein; 
p i , J  = proximity  index between secondary  structures i and j ;  
ist ( k )  = number  of  secondary  structures in cluster ( k ) ;  and W 
is a  weight attached  to  pairs  of  clusters. 

The weighting promoted  the identification  of  clusters that  are 
reasonably  large  and  aggregates  of highly interacting  clusters 
(for  example, residues that  are  part of  a P-sheet may initially be 
part  of  two  different  clusters). 

I = number  of  secondary  structures in  cluster 1; m = number of 
secondary  structures in cluster 2; n ( i )  = number of residues  in 

secondary  structure ( i ) ;  n ( j )  = number of  residues  in second- 
ary  structure ( j ) ;  d l ; i ; i j ,2 ; j , j j  = number of  residues  within 7.0 A 
between secondary  structure i of  cluster 1 and  secondary  struc- 
ture j of  cluster 2. 

This weighting  lowers the value only in the case of small clus- 
ters  and  does  not  significantly  affect  the values  when the clus- 
ters do  not have  any  interactions  and  when  the  clusters  have 
minimal  interactions  at  the  interface. 

Proteins used for the analysis 

Coordinates of  protein  structures were obtained  from  the Brook- 
haven Protein  Data Bank  (Bernstein  et al., 1977). Proteins used 
for  the present  analysis  include  representative  members from 86 
protein families and 20 unique structures and have domains with 
different levels of  interaction  and  some  proteins with single do- 
main  folds.  The  Electronic  Appendix  contains a complete list 
of the  protein  names  along with the  family  they belong to  and 
the  source.  Domain  boundaries  defined by the  present  proce- 
dure  have been compared  with  those  proposed by the  crystal- 
lographers  and  also  independently  confirmed by graphics.  The 
domain  boundaries  are listed  in Table 1. The  ribbon  represen- 
tation  of  protein  structures was performed using the  software 
SETOR  (Evans, 1993). 
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