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Abstract 

A method  was  developed  to  compare  protein  structures  and  to  combine  them  into a multiple  structure  consen- 
sus. Previous  methods  of multiple structure  comparison  have  only  concatenated pairwise alignments or produced 
a consensus  structure by averaging  coordinate sets. The  current  method is a fusion  of  the  fast  structure  compari- 
son program  SSAP  and  the multiple sequence  alignment  program  MULTAL.  As in MULTAL,  structures  are  pro- 
gressively combined,  producing  intermediate  consensus  structures  that  are  compared directly to  each  other  and 
all remaining single structures,  This leads to a hierarchic  “condensation,”  continually  evaluated in the light  of the 
emerging  conserved  core  regions. 

Following  the  SSAP  approach, all interatomic  vectors were retained with  well-conserved regions  distinguished 
by coherent  vector  bundles  (the  structural  equivalent  of a conserved  sequence  position).  Each  bundle  of  vectors 
is summarized by a resultant,  whereas  vector  coherence is captured in an  error  term, which is the  only  distinction 
between conserved and variable  positions.  Resultant  vectors are used directly in the  comparison, which is weighted 
by their error  values, giving greater  importance  to  the  matching  of conserved positions.  The  resultant vectors and 
their  errors  can  also  be used directly in molecular  modeling. 

Applications  of  the  method were assessed by the  quality of the resulting sequence  alignments, phylogenetic tree 
construction,  and  databank  scanning with the  consensus. Visual  assessment of  the  structural  superpositions  and 
consensus  structure  for  various well-characterized families  confirmed  that  the  consensus  had  identified a reason- 
able  core. 
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The  comparison of protein  tertiary  structures  has been a rich 
source  of  insight  and  understanding  into  the  nature  of  protein 
structure  and  the  interactions  that give rise to  the  observed 
forms.  Systematic  comparison  across widely differing  families 
has led to  the identification of recurring  folds and  substructures 
that  appear  to  constitute  the  fundamental  building  blocks of 
protein  structure.  In  sequence  comparison,  equivalent  elements 
(or  motifs)  have been found  mainly  through  the  application  of 
automatic multiple  sequence  alignment methods to protein  fam- 
ilies, but  the  methodology  for  structure  comparison  has failed 
to  attain  the  same  degree of sophistication  as  found  in  multi- 
ple sequence  comparison  methods. 

Using rigid body  superposition methods, Sutcliffe  et al. (1987) 
devised  a method  for  the  comparison  of  multiple  protein  struc- 
tures.  This  worked well for  proteins  that were reasonably re- 
lated,  but  for  more diverged data  the  conserved  core  often 
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dwindled to  a small size. The  application of the  dynamic  pro- 
gramming  algorithm  (the basic sequence  alignment method  both 
for  global  [Needleman & Wunsch, 19701 and local [Smith  and 
Waterman, 19811 alignment) to  rigid body  superposition  (Bar- 
ton & Sternberg, 1988; Johnson et al., 1990b; Russell & Barton, 
1992) alleviates this  problem but still encounters difficulties when 
faced  with  relative  internal  domain  movement.  Methods  based 
on the  comparison  of  structural  environments (Taylor & Orengo, 
1989b; Sali & Blundell, 1990) have  the  capacity  to  overcome 
these problems  and  have been applied in  a  pairwise manner in 
which  simple pair  alignments were concatenated  to  produce a 
multiple  alignment  (Johnson et al., 1990a, 1993; Pickett et al., 
1992). 

The  production  of a  multiple  alignment from a matrix  of  pair- 
wise comparisons, however, is equivalent to  an early stage in the 
development  of  multiple sequence alignment  (Taylor, 1987b) and 
in  that field it was quickly realized that such  alignments can eas- 
ily become  inconsistent when the sequences are remotely  related. 
The  solution  to  the  problem was the  introduction  of a consen- 
sus (or  average)  sequence  either by gradual  accumulation on a 

1858 



Multiple  protein structure alignment 

core  (Barton & Sternberg, 1987) or by  hierarchic  condensation 
with the  formation of a consensus for each  subgrouping  (Taylor, 
1988). Despite the  construction of  phylogenetic  trees by  various 
structure  comparison  methods, no current  method calculates an 
internal  representation  of multiple  pairwise  residue interactions. 

The  combination  of  the  dynamic  programming  algorithm 
with  the  comparison  of  structural  environments  allows  any 
method of  multiple  sequence  alignment to  be directly transposed 
to  the  structural  problem.  The  current  development will be rel- 
evant  only  to  those  algorithms  that use the  3D  structure directly 
(Taylor & Orengo,  1989a, 1989b; Sali & Blundell, 1990), main- 
taining  the  full pairwise interactions between  residues. Of  this 
type  the  method  of Taylor and  Orengo (1989b) is best suited for 
adaption  because it uses only  the  dynamic  programming  algo- 
rithm,  whereas  the  method  of  Sali  and Blundell (1990) used  a 
combination of dynamic  programming  and  simulated  anneal- 
ing (the  latter being  a stochastic  optimization  method).  Adopt- 
ing the  method of  Taylor and  Orengo (1989b), the  only problem 
to overcome in the  transposition  from  sequence  to  structure is 
to  define  the  structural  equivalent  of a consensus  sequence (or 
profile). 

The  definition  of a consensus  structure  not  only serves to 
reveal and  quantify  the conserved  elements  in a family of struc- 
tures  but  also  provides a structural  template  on which the se- 
quence  of  any  member of the  family with unknown  structure 
can be modeled. A true consensus structure will have  advantages 
over a core  derived  from a  single structure (or bits  of  different 
structures) because  it will be continuous - with the  core regions 
distinguished simply by a higher weight.  This  means  that  there 
will be  no  breaks between the  core  and  the  loops, which in stan- 
dard  modeling  methods  are generally constructed by selecting 
fragments  from  the general protein  structure  databank  (Jones & 
Thirup, 1986) with  little reference to  the  family being modeled. 

Results 

Immunoglobulin domains 

The  immunoglobulin  domains  form a tightly  knit  family of 
structures  and,  although  the  majority of sequence identities are 
below 30%,  most of the SSAP scores were above 75 (Fig. 1; 
Table 1). Default values  were  used for  the  residue selection 
(sel-cut) and  vector  comparison  parameters (w,g;  see section 
on implementation  details  in  Methods). Four cycles were applied 
(with successive score  cutoffs 80, 75,  70, 60). 

The  alignments  of  the  @-strands  (A, B, C, D, E, F, G, H ;  see 
Fig. 2) agreed  with  that derived from  an  inspection  of  hydro- 
gen  bonding  patterns  (Kabsch & Sander, 1883). It  can  be seen 
that  the  conserved cysteines that  hold  the  sheets  (strands B, G) 
together  and  the  tryptophan  residue  against which they  pack 
(strand C) are  among  those residues  having the  most  structur- 
ally conserved environments. A multiple superposition based on 
the equivalenced residues (see Fig.  3 and Kinemage 1) shows the 
central  @-strands  having  the best fit,  whereas  edge  strands  and 
connecting  loops,  particularly  of  the  variable light domains,  are 
least well superposed. 

Doubly wound domains 

Table 2 shows  the  SSAP scores obtained by comparing  pairs  of 
the  doubly  wound  structures.  This is a more diverse set than  the 
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Fig. 1. Dendrogram showing structural relatedness of immunoglobu- 
lin domains.  The  dendrogram was generated by single-linkage cluster 
analysis of the SSAP pairwise score matrix (Table 1). The axis  is  labeled 
with the SSAP scores of 0 up  to 100 (for identical structures). The sche- 
matic TOPS representation (Flores et al., 1994)  is shown adjacent to the 
corresponding  Brookhaven  PDB  code  for  the  structure.  Triangles rep- 
resent strands  and circles helices. Lines penetrating these symbols indi- 
cate  a  connection  at  the  "front" of the  secondary  structure (otherwise 
behind). 

immunoglobulin  folds (above). However, most  of the  structures 
align against 3 or more  other  members with significant  scores 
above 70, suggesting a reasonably well-related group  sharing  the 
common  framework of the  Rossmann fold. Some  structures,  for 
example,  the  flavodoxins  (4fxn, 2fx2, and  2fcr)  are closely re- 
lated,  whereas  there  are extensive differences between others 

Table 1. Pairwise SSAP scores immunoglobulin foldsa 

2rhe00 87.7 86.9 83.9 90.7 79.8 80.4  80.0 86.9 78.5 78.5 
lcd8OO 84.7 76.0 87.4 80.1 79.4 80.2 87.5 78.6 78.4 
3fabH 1 77.0 85.7 78.2 79.8 79.2 88.6 73.0 79.3 
3fabH2 74.4 85.5 84.1 86.8 77.7 91.0 84.8 
3fabL1 80.6 76.5 80.0 86.9 79.1 76.6 
3fabL2  86.4 88.4 80.3 86.5 86.0 
lfclAl 
lfclA2 

87.7 80.4 85.0 86.2 
80.9 88.2 89.1 

2fb4H 1 78.2 79.1 
2fb4H2 84.8 
3hlaBO 

"_ - ~~~ 

~- 

PDB codes. 
a See section on  data in the  Methods  for  the  correspondence of the 
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Fig. 2. Structure-derived  multiple  sequence  alignment of immunoglobulin  domains.  Residues in equivalent  secondary  structure 
regions,  determined from the  hydrogen  bonding  patterns,  are  shown  bold.  Residues in the  &strands  common  to  both  variable 
and  constant  domains (A, B, C ,  D, E, F, G, H) are all  correctly  aligned.  The  consensus SSAP score for each  position is shown 
as a  symbol  ranked  in  the  order “ : - + * # I ’  increasing  with  degree of conservation of the  structural  environment. 

(Fig. 4). Six structures  (4fxn,  2fcr, 2fx2, 3chy,  letu, 5 ~ 2 1 )   a r e  
missing the  edge  C-strand,  and in  p21, the  structure is further 
complicated by an inserted strand between the A and B strands. 
Proteins  IgdOl, Zfcr, and  2fx2  have  additional  antiparallel 
strands in some  of  the connecting  loops (1gdlOl  -B/C  and  E/F 
strands,  Zfcr-E/F,  2fx2-D/E), whereas ladh  has a  helical  in- 
sert in  the  loop  connecting  the  C/D  strands.  Therefore,  despite 
the  common  framework,  the  group  provides a  wide range  of 
structures  with which to  test  the  method. 

Parameters  for  residue  selection (sel-cut) and  vector  com- 
parison ( w , g )  were set to  the  default values  because the  quality 
of the final alignment was not  found  to be sensitive to these val- 
ues. Four alignment cycles were used with decreasing SSAP cut- 
off scores of 80,75,70,  and 60. The alignment  of the 5 P-strands 
(A, B, C ,  D, E;  see Fig. 5) agreed with that  derived  from  an  in- 
spection  of the Kabsch and  Sander (1983) hydrogen bonding pat- 
terns. That  of  the sixth edge F-strand was slightly misaligned for 
4fxn,  2fx2,  2fcr,  and  letu.  This  secondary  structure is harder 
to  match  because  the  geometry  of  the  strand is distorted by a 

@bulge. The  correspondence of the  a-helices  appeared  reason- 
able, given that  their  location  tends  to  be  more  variable. 

Multiple  superposition  of  all  the  structures in the  group 
(Fig. 6; Kinemage 2) was  performed using equivalences  deter- 
mined by the  multiple  alignment.  Inspection  on a computer 
graphics  workstation  showed  the  alignment of the  core  strands 
and helices (bA, bB,  bD, bE)  to  be very good, whereas the  edge 
strands  and helices showed  greater  mismatch. 

A consensus  structure  was  generated  from  the  average vec- 
tors between structurally  conserved  positions (see section on con- 
struction  of a consensus  template in Methods).  The resulting 
consensus  fold  consisted of the 4 central  strands (A, B, D, E) 
and 2 central helices (a, b) and  contained 68 residues. This  min- 
imal  Rossmann  fold (Mini-Ross) was  scanned  across a data set 
of 150 unique  nonhomologous  folds using the pairwise SSAP 
algorithm. All known CY/@ doubly  wound  domains were matched, 
both  from  single  and  rnultidomain  proteins.  TIM  barrel  folds, 
which also  contain  alternating a/@ motifs,  gave  the next best 
hits.  Comparisons between  Mini-Ross and  the  doubly  wound 



Multiple  protein structure alignment 1861 

Fig. 3. Multiple  structure  superposition of immuno- 
globulin  domains.  The  domains  were  superposed  as 
rigid bodies  using  the  residue  equivalences  in  Figure  2. 
Conserved  elements  of  the  average  structure are  drawn 
bold.  This  representation gives an  impression  of  the 
consensus  structure  but is not  an  accurate  guide  to  its 
true  internal  relationships.  (Details  of  the  method  can 
be found  in  the  section on multiple  superpositions.) 

structures used to derive  it  gave  significant SSAP scores greater 
than 80  in most cases (see Table 2). 

The ability of the consensus Mini-Ross fold  to identify related 
structures was compared  with  the  performance of a represen- 
tative doubly  wound  structure.  For this the che-Y protein (3chy) 
was  chosen  because it matched  the largest number  of  doubly 
wound  folds in the set with good  SSAP scores. The  SSAP scores 
observed using Mini-Ross (see Fig.  7A,B) gave a better discrim- 
ination between the  Rossmann  folds  and  TIM  barrels.  At least 
80%  of  multidomain  structures  known  to  contain a Rossmann 
fold  domain gave SSAP scores between 75 and  85, all the single- 
domain  proteins  scored  above 80. By contrast, using the che-Y 
structure  produced scores with a poorer discrimination between 
related  and  unrelated  folds,  with a significant  proportion of 
multidomain  folds  scoring below 70. Furthermore, because the 
Mini-Ross domain  contains fewer residues than  the che-Y struc- 
ture,  the  scan was faster. 

Figure 8 shows the superposition  of the  structure derived from 
the  Mini-Ross  consensus (using the  methods in the  section on 
construction  of a  consensus template)  on  the equivalent domain 
in malate  dehydrogenase  (4mdhA). 

Farber  and  Petsko (1990) suggested 4 families of  TIM-barrel 
folds,  based  on a number of structural  parameters  such  as 
lengths  of helices and  sheets  and  the  location  of  additional  do- 
mains  and  secondary  structures.  Most  known  TIM  barrels  are 
enzymes and  Petsko  and  co-workers have  suggested  divergence 
from a common  ancestor by cyclic permutation.  Alternatively, 
Lesk et al. (1989) analyzed the  different  modes of  residue pack- 
ing within the  barrels,  from which  they inferred  convergent 
evolution. Using Petsko's  classification,  flavocytochrome b2 
(1fcbAl) lies in one family,  triose  isomerase (StimA), tryptophan 
synthase  (IwsyA),  and  anthranilate  isomerase  (lpii) in another, 
and  aldolase  (lald) in a third. Schematic TOPS  diagrams shown 

I S P 2 1  
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TIM barrels 

The level of  structural  similarity  among  the 5 TIM-barrel  folds 
was much lower than  for  the  immunoglobulins, with SSAP 
scores  generally  below 75 (Table 3). This was  mainly due  to vari- 
ation in the  length,  packing,  and  orientation  of  the  a-helices. 

t" lgrcA 

Table 2. Pairwise SSAP scores fo r  a/P doubly wound folds" 

cons  79.6 86.1 84.4  84.7  84.4  85.3  84.5  84.7  83.9 86.2 
lgrcAO 68.1 73.1 74.5 67.0 69.0 72.6 73.4  70.3 76.5 
61dh01 77.9 76.8 72.7 0.0 76.2 73.8 65.6 77.1 
8adhOl 78.0 68.3 68.3 67.1 73.1 64.5 77.5 
lgd lOl  70.0  69.3  67.1  68.0  63.7  75.7 
5p2 100 80.6 70.5  74.2  69.4 74.1 
letu00 69.4 73.1 69.7 74.4 
4fxn00  88.7  83.3 74.1 
2fx200  86.2  76.4 
2fcr00  72.5 
3chy00 

~~ 

~ . 
~~ 

Fig. 4. Dendrogram  showing  structural  relationships in alternating a/p 
doubly  wound  folds,  generated  from  the SSAP pairwise  score  matrix 
(Table 2). The  schematic  TOPS  representation is shown  adjacent  to  the 
corresponding  Brookhaven  PDB  code  for  the  structure. 

a See  section  on  data in the  Methods  for  the  correspondence  of  the 
PDB  codes.  The row cons gives the  scores of the  consensus  structure. 
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Fig. 5. Structure-derived  multiple  sequence  alignment  of  CY/^ doubly  wound  folds.  Residues  in  equivalent  secondary  structure 
regions,  determined  from  the  hydrogen  bonding  patterns, are shown  bold.  Residues  in the  &strands are correctly  aligned  with 
the  exception of a  slight  displacement  in  the  more  variable  C-terminal (F) strand. (See legend to Fig. 2 for  details.) 

in  Figure 9 illustrate  some of the  differences between the  folds. Because there is more diversity in this  family,  thresholds  for 
Both  anthranilate  isomerase  and  flavocytochrome b2 contain residue selection  were adjusted  to allow more  residue  compari- 
additional  domains, which have been excluded for  the  purposes sons between structures  (buried  areas  and  angle  cutoff,  dtot = 
of this  analysis. In flavocytochrome 62, the  P-barrel is nearly 200; sel-cut = 30). Similarly,  the weight on errors  for  vector 
circular,  whereas  the  other  barrels  are  more  elliptical. comparison was softened by reducing w in Equation 4. Five 
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Fig. 6 .  Multiple  structure  superposition of 
L Y / ~  doubly  wound  folds.  The  domains  were 
superposed  as  rigid  bodies  using  the  residue 
equivalences  in  Figure 5 .  (See the legend to 
Fig. 3 and  the  section on multiple  superposi- 
tions in the  Methods.) 

U LJ 

alignment cycles were  used  with successive score  cutoffs 80, 75, A consensus  TIM  barrel  structure was generated  from  the 
70, 60, 50. The  alignments  of  the 8 P-strands  (Fig. 10) agreed alignment  consisting  of 157 positions.  When  scanned  against a 
with hydrogen bonding  patterns derived from Kabsch and  Sander data set of 150 nonhomologous  folds,  all  the  barrel  structures 
(1983) and  that of the helices was reasonable given the  differ- were matched  first,  above  the  Rossmann  folds.  Table 4 shows 
ences in their  lengths and  orientations. Figure 1 1  and Kinemage 3 all the hits giving SSAP scores above 65. All the  TIM barrel folds 
show a multiple superposition of the  structures,  generated using had scores above 70 and  the  template  matched all the  structures 
equivalences  from  the  multiple  alignment. in the set used to  generate it  with scores  above 80 (see Table 3 
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Fig. 7. Distribution of pairwise SSAP scores  obtained  by  scanning (A) the  consensus  Rossmann  fold  structure  Mini-Ross  and 
(B) the che-Y structure,  against a data set of  nonhomologous  folds.  Solid  bars  represent  correct  hits  (other  alternating P/or-type 
proteins  with a similar  fold),  whereas  crosshatched  bars  represent  hits  on  TIM-barrel  proteins  (alternating  p/a-type  proteins 
with  a  different  fold).  Hatched  bars  are  unrelated  folds.  The  Mini-Ross  hits  score  more  highly  for  correct  folds  giving  better 
resolution. 
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above). For comparison,  Table 4 also  shows  the pairwise SSAP 
scores  obtained using a representative  TIM  structure  (StimA). 
It  can be seen  clearly that  the  template is a  better  discriminator 
of  TIM  barrel  folds 

Discussion 

The use of  the  dynamic  programming  algorithm  for all stages 
in  the  comparison of protein  structures  has allowed the  meth- 
ods of multiple  sequence  alignment  to be transposed directly to 
the  problem  of  multiple  structure  comparison.  The  structural 
equivalent  of a position  in  a  multiple  sequence  alignment (a set 
of  residue  types)  became  a set (bundle) of interatomic  vectors. 
For practical reasons,  the  bundle was reduced to  an average vec- 
tor  and  an  error  term reflecting the  coherence  of  the  set.  This 
term was used as a weight, giving reduced emphasis  to  the  com- 
parison  of  unconserved  (incoherent)  positions. 

Applying  the  method  to  typical families  of very remotely re- 
lated  proteins, we found  that  the  consensus  structures  main- 
tained a good  core  that  became increasingly diffuse  toward  the 
surface.  The consensus structures  produced by our method have 
no distinct  boundary between core  and  loops  (ordered  and dis- 
ordered).  This  should be a  great  advantage  for  molecular  mod- 
eling because the refinement potentials  can be specified as target 
constraints  and weighted at  a local level by the  coherence (er- 
ror) measure  of  the  vector  bundles.  This local weight applica- 
tion  should  overcome  the  problem  often  encountered when 
modeling  a new sequence  from  a  family  of  structures  that  con- 
tain  domains in  relatively different  orientations.  In our ap- 
proach,  the  interatomic vectors  within each  domain will be 

Table 3 .  Pairwise SSAP scores for TIM-barrel foldsa 

cons 85.7 84.3  85.6  86.5  84.6 
2timA 77.8 75.6  16.9  68.6 
lald 67.4  64.0  74.0 
1 fcbA_ 1 61.5  76.4 
I piiL 1 78.7 
1 wsyA 

- 
~~~~~~~ ~~~~ ~~ 

~~ ". ~ ~~L 

- . .  - " 
~ ~" 

See  section on  data in the  Methods for the  correspondence  of  the 
PDB  codes.  The  row  cons gives the  scores of the  consensus  structure. 

Fig. 8. Superposition of the  consensus 
Rossmann  structure  (shown  in  bold)  on 
the  Rossmann  fold  domain  of  the  multi- 
domain  protein,  malate  dehydrogenase 
(4mdh,  chain  A).  Structures were super- 
posed  by  the  method of Rippmann  and 
Taylor (1991) using  residue  equivalences 
generated by a pairwise SSAP  alignment. 

preserved (and so retain  their high weighting) irrespective of the 
relative domain  orientations. 

When using the consensus structure as a  probe against  the pro- 
tein structure  databank, we found  that  the  consensus  structure 
was always better  than  any  individual  protein  that  had  contrib- 
uted to it. By analogy with consensus  sequence (profile)  match- 
ing, this might  have been expected.  However, it was not clear 
that  the  effect  would  have been significant because the  infor- 
mation  contained in any  one  structure is much  greater  than its 
equivalent  sequence  (compare  the  background noise  in the  dot- 
plots of a  sequence  comparison  and  a  structural  comparison). 

h. , 

&a 

70  ,EO .9 0 ,100 Y 

Fig. 9. Dendrogram  showing  structural  relatedness  among  a set of TIM 
barrel  folds  generated  from  the  SSAP  pairwise  score  matrix,  as for Fig- 
ure 1. Schematic TOPS representations  of  the  folds  are  shown  on  the 
far  right,  adjacent  to  the  corresponding  Brookhaven PDB codes. 
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Fig. 10. Structure-derived  multiple  sequence  alignment of 5 TIM barrel  folds. Residues in equivalent  secondary  structure  regions, 
determined  from  the  hydrogen  bonding  patterns,  are  shown  bold. (See legend to Fig. 2 for details.) 

The  improvement,  as with consensus  sequence  matching,  was  ison  algorithm  can be substituted,  including  the local alignment 
probably largely derived  from  the  damped  contribution  from  method described  previously (Orengo & Taylor, 1993). We fore- 
variable  loop  regions. see  a useful  application  of these 2 methods in allowing  motifs 

The  method  described  here was based on a global  compari-  to  be  defined  and  matched  against  the  structure  databank - so 
son  method;  however,  because  of our sole use  of  the  dynamic accumulating a library of consensus  fragments  suitable for struc- 
programming  algorithm,  any  variant of this  sequence  compar-  ture  prediction  and  modeling. 
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Fig. 11. Multiple  structure  superposi- 
tion of TIM  barrel  folds.  The  domains 
were  superposed  as rigid bodies  using 
the  residue  equivalences in Figure  10. 
(See the  legend  to  Fig.  3  and  the sec- 
tion on multiple  superpositions in the 
Methods.) 

Methods 

Outline of sfructure comparison 

The  method  of  Taylor  and  Orengo (1989b) for  the  comparison 
of 2 structures  (implemented  as  the  computer  program SSAP) 
was based on  the  definition  of a local  structural  environment 

PDB  code 

l p l l  452 
5timA  249 
1 wsyA  246 
lald 363 
5rubA 434 
4enl 436 
2taaA 478 
lximA 392 
ldri 271 
lcseE 274 
2cmd  3  12 
21iv 344 
3grs 461 
lldb 291 
5p21 166 
~ _ _ _ _  .. 

Table 4. Databank hits using TIM-barrel consensusa 
~ 

~ . ”. .~ 

Title 
~~ ~ 

Anthranilate  isomerase 
Triosephosphate  isomerase 
Tryptophan  synthase 
Aldolase  A 
Rubisco 
Enolase 
Taka-amylase 
Xylose  isomerase 
D-Ribose  binding  protein 
Subtilisin  Carlsberg 
Malate  dehydrogenase 
Leucine  binding  protein 
Glutathione  reductase 
Lactate  dehydrogenase 
Ras p21 protein 

~ ~. 

SSAP 

86.48 (76.9) 
85.74 (100) 
84.58 (68.8) 
84.25 (77.8) 
77.36 (68.5) 
75.75 (65.9) 
74.35 (62.9) 
73.78 (70.8) 
69.76 (62.1) 
69.23  (61.5) 
68.78  (58.7) 
68.12 (60.6) 
66.53 (59.6) 
66.51  (59.9) 
65.85  (68.3) 

~~~~ ~ 

. ~~ ~~~~ 

Equivalent 

157 
157 
157 
157 
155 
141 
128 
122 
139 
122 
133 
148 
133 
120 
122 

~~~~~ ~ 

for  each  position.  Each  position was characterized by a set of 
interatomic  vectors  to  all  other residues  in the  structure  and by 
comparing these  vector sets,  the  similarity of 2 positions was 
quantified. Given  a measure  for  the  similarity of pairs of  posi- 
tions, a sequence  alignment algorithm  can  be applied to  enforce 
the expected co-linearity of the resulting equivalence of residues. 

The  method  would  be simple but  for  the  complication  that 
the  equivalence  of  vectors between each set must  be  known be- 
fore 2 sets  can  be  compared  and  this  equivalence  is,  itself,  the 
final  sequence  alignment. The problem is apparently circular be- 
cause  the  sequence  alignment  must  be  known in order  to be cal- 
culated.  This  difficulty has led others  to stochastic  solutions (Sali 
& Blundell, 1990; Holm & Sander, 1993), however, a more direct 
solution  can  be achieved by calculating  the  difference between 
all pairs  of vectors  in  each set and  performing a sequence align- 
ment  at  this low level for  each  pair  of residues independently. 

Each  independent  comparison  of  pairs of vector sets  gener- 
ates a  sequence  alignment and,  although these will undoubtedly 
differ, a  trend will emerge based on  the correct equivalences that 
leads to  the best alignment.  This  trend  can be extracted simply 
by summing all the individual  alignments in a “master” (or high- 
level) matrix  and calculating a final consensus  alignment by the 
reapplication  of  the  dynamic  programming  algorithm. Because 
the  method involves the  application of dynamic  programming 
at 2 levels, it has  come to be known  as  the  double  dynamic  pro- 
gramming  algorithm. 

The Dairwise SSAP algorithm generates an overall  normalized 

resentative  structure  (SSAP  scores  in  parentheses). 70 and 80  suggest related  folds  having  more  variation  in  the 
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loops  and  orientations  of  the  secondary  structures  (Orengo rather  than  take  the  difference between  all pairs,  the  difference 
et  al., 1992, 1993a, 1993b; Orengo & Taylor, 1993). of  each  from  their  average was calculated. 

Outline of multiple sequence alignment Implementation details 

The  generalization  of  the  dynamic  programming  algorithm  to 
multiple  sequences,  although  straightforward, is generally con- 
sidered impractical. This  has led to  the development of a number 
of  methods  based  on  the  combination  of pairwise alignments. 
These  differ  only in the  order in  which they  combine  the se- 
quences  and  whether  some  form of abstraction or consensus is 
derived at  each  stage. A robust  approach (used  in the  method 
of  Taylor [ 19881) is to  combine  the  most  similar  sequence  pairs 
independently  into a consensus  and  then  to  recalculate  the sim- 
ilarity between all single and  consensus  sequences  to  progres- 
sively bring together  the most  similar  of  these at each  stage. This 
strategy  allows  the  conserved  aspects of each  subfamily  to be- 
come  apparent  before  they  are  aligned  at a later  stage. 

In  the  method of Taylor (1988) no  abstraction was made  and 
the  consensus (or profile) was taken  as  the  multiple  alignment 
itself. A similarity  measure between either a single sequence or 
a pair of alignments was defined  for a pair  of  positions, by the 
sum of the  similarity  measure between all pairs  of residues  in 
each  sequence  in  the 2 alignments.  (A  similarity  measure  for 2 
residues  can  be  obtained  from  an  amino  acid  relatedness  ma- 
trix  such as  that of Dayhoff et al. [1978].) This  approach retains 
virtually  all the  information in each  alignment, avoiding the loss 
that  would  occur if a more  abstract  representation were used. 

Outline of multiple structure alignment 

In sequence alignment, a  similarity (or distance)  measure is com- 
monly  derived  from a precalculated  matrix  (Dayhoff et al., 
1978). The equivalent  measure  in structure  comparison is the  dif- 
ference  in 2 3-dimensional  interatomic  vectors.  Unlike  the ge- 
neric measure of  sequence  relatedness,  each  vector is defined by 
the  structure  of  the  protein  in which  it occurs. If a consensus 
sequence  retains the identity of all amino acids at 1  position,  then 
an equivalent  consensus structure  would  be a bundle of  vectors. 

The  calculation of the similarity  between  2 positions in a pair 
of  alignments  depends  on  the  product  of  the  number  of se- 
quences in each  alignment.  Simply,  finding  the  similarity  of 2 
amino  acids  through a look-up  table is  a fast  process to  calcu- 
late  and this quadratic dependence is tolerable. By contrast, find- 
ing  the  difference  in 2 vectors  takes  longer to  calculate  and a 
quadratic  dependence is to be avoided, especially as  this  occurs 
at a low level in the  comparison  of  the  structural  environments. 
For this  reason  the  representation  of a consensus  interatomic 
vector was defined  as  the average of  the  component vectors and 
the  comparison  of 2 positions  as  the  magnitude  of  the  differ- 
ence in these  average  vectors. 

Taking  an  average  vector  as a consensus solves one  problem 
but raises another. Because some  information  has  been  lost, it 
is impossible t o  distinguish a coherent  bundle  of  vectors  from 
a divergent  bundle  of  (longer)  vectors  which, by chance,  might 
have an identical  average. An  error  measure is needed: although 
this  could  be  defined  in a number  of ways in  terms  of  both  the 
direction  and  length of the  component  vectors, a simple  mea- 
sure  that  incorporates  both these  aspects is the  magnitude  of  the 
vector  difference.  Again, to  avoid a second-order  dependence, 

The multiple  alignment program MULTAL  (Taylor, 1988, 1990) 
was  combined  with  the  program  SSAP, which implements  the 
fast  structure  comparison  algorithm  of  Orengo  and  Taylor 
(1990). The log-normalized  score  calculated by the later versions 
of  SSAP  was used  in determining  the  condensation  order in 
MULTAL because this formulation is almost length-independent 
and gives a good  correlation with other  measures  of  structural 
similarity (Orengo  et al., 1992, 1993a). It  also  corresponds with 
more  intuitive  estimations  of  similarity  among very remotely 
similar proteins  (Orengo & Taylor, 1993; Orengo  et  al., 1993b). 

Consensus vector definition 
At each stage in the hierarchic condensation of  sequences into 

a multiple alignment,  MULTAL  can  join  more  than 2  sequences 
using the (earlier) algorithm  of  Taylor (1987b). This  feature  al- 
lows  similar proteins  to be combined  quickly, so saving time 
through fewer iteration cycles. Although  the  consensus  (aver- 
age)  vectors  outlined above  are derived at each stage,  the method 
must  allow  more  than 2 structures  to  be  combined in 1 step. 

Generally,  where a consensus is to  be constructed  from N 
aligned  structures,  an  average  vector ijj was  defined between 
residues i a n d j  using each interatomic vector $,fj (in protein n) ,  
as: 

The  error  associated with this  average was then  defined  as: 

Treatment of gaps 
Where a gap  occurs in  a  sequence, there is no vector to be av- 

eraged, so the  average  was  taken  only over non-gap  positions. 
(Thus, if there is only 1 non-gap  residue  at  an  aligned  position, 
its vector will be  the  average.)  However,  gap  positions  should 
clearly  diminish  the weight  of the  vector  because  positions 
that  can be deleted  must  be given lesser importance.  This  was 
achieved by adding a constant weight g (default 5.0) to  the  error 
term e, in Equation 2 for  each  gap  position. 

Basic score definition 
The basic scoring  method in SSAP is the  difference  of 2  in- 

teratomic vectors  between P-carbons, with each  defined in a lo- 
cal  coordinate  frame  based  on  the  a-carbon  of  their  residue  of 
origin. If the  average  vector ijj from  residue i t o j  in  protein A 
is being compared  to  the  vector  from m to n in protein B ,  then 
their  difference, 6,,,, is initially defined  as follows: 

+ +  
6,mn = ( T i ,  - rrnn)’. (3) 

This was then converted to a  similarity  score  using the  constants 
a and b -the values  of  which have been investigated in  previ- 
ous works  (Taylor & Orengo,  1989a, 1989b). At  this  point,  the 
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errors associated with each average vector can be introduced to 
down weight the contribution of variable positions. This was  im- 
plemented as a product  of errors  to severely dampen the con- 
tribution  from the comparison of 2 variable positions: 

where w is an overall weight (default 1 .O), which can be speci- 
fied by the user to  adjust  the effect of the  error  contribution. 

Residue selection 

In the basic SSAP pairwise algorithm, residue pairs are only 
compared if they have similar buried areas and torsional angles 
(parameter dtot with default value 150  used  by Orengo and Tay- 
lor [1990]).  Because these selection criteria increase the speed of 
calculation as well as improve accuracy by reducing noise in the 
score  matrix, they were also  applied in the  current multiple 
mode. Additionally, when aligning a consensus or real structure 
against another consensus structure, positions were  selected that 
have SSAP consensus scores above  a  cutoff (sel-cut default 
value 20). 

Construction of a consensus template 

A multiple sequence alignment derived from structure can easily 
be portrayed. However, the underlying structural consensus that 
gave rise to  the alignment is less  easy to visualize. At  the end of 
the alignment process, there are no atomic coordinates-only 
a set of average interatomic vectors that  are not necessarily mu- 
tually consistent (due to, say, relative domain movements). 

The most direct method for solving the problem  of inconsis- 
tent vector sets is to let each vector define  a  target position and 
adjust  the atomic coordinates to simultaneously minimize differ- 
ences from  the targets, with each vector appropriately weighted 
by its degree of conservation.  A good starting model for this 
minimization can be obtained by projecting the distance matrix 
derived from  the vector lengths using the technique of distance 
geometry (Kuntz et al., 1989). This  method cannot, however, 
incorporate weights on individual distances and is therefore not 
able to give prominence to conserved features.  Consequently, 
a real-space refinement procedure was also used. 

Unlike the simple distance  constraints minimized in many 
methods, the  the use of vectors provides additional directional 
information. When located at the$ origi? (on residue i )  in the 
starting model (of coordinates A I  . . . A N ) ,  the set of inter- 
atomic vectors from residue i specifies target  locations for all 
other  atoms. A  shift  vector, $j,tcan thus be defined for any 
atom j (with atomic coordinate A j )  by thejth vector in the set 
associated with atom i (F;,): 

Atoms were then  shifted  along the s vectors toward their new 
positions using the simple algorithm described previously (Tay- 
lor, 1993). This regularization method is similar to  the SHAKE 
algorithm  (van  Gunsteren & Berendsen, 1977) used in the pro- 
gram EXPLOR (deVlieg et al., 1988), but follows a  Braun and 

Gb (1985) strategy by applying smaller shifts  further from  the 
local center of superposition  (by  a  factor proportional  to the 
square-root of the sequential separation). In the current  appli- 
cation, however, the additional weight reflecting the conserva- 
ti2n of the vector (ejj)  was incorporated, giving the new location 
(AJ for atom j ,  as follows: 

t 
i t  

A; = A, + SIJ 

ejJ Ij - i I ' 
( i  # j ) .  

Data 

Test data were extracted from  the  Protein Data Bank (PDB) 
(Bernstein et al., 1977). Protein families were selected that ex- 
hibited a wide degree of structural similarity and,  for compar- 
ative purposes,  had  also been examined extensively in previous 
pairwise comparisons. 

Immunoglobulins 
Eleven immunoglobulin  domains were selected. All have a 

common fold consisting of 2 0-sheets held together by a disulfide 
bridge. However, there are differences in the number of strands 
in the  2  domains (Fig. 1). The 0-sheets in the variable domains 
contain 5 and 4 strands, respectively, whereas the first sheet of 
the constant  domain  contains only 3 strands. The  strand label- 
ing (A, B, C, D, E, F, G, H) conventionally adopted is shown 
in Figure 2. The GH hairpin has a  variable length loop and  the 
H  strand in the variable type domains  contains  a @-bulge. The 
E-F hairpin is similar in both variable and constant  domains al- 
though  a large sequence displacement is needed to align the 
E-strands (see Fig. 2). When the  strands  are correctly aligned, 
the conserved disulfide cysteines (in strands  B and G, see Fig. 2) 
are equivalenced and also a conserved tryptophan (in strand  C). 
Members of the immunoglobulin superfamily were split into 
their domains, giving 11 data sets as follows (with PDB code in 
brackets): antigen binding fragment NEW (Saul et al., 1978) 
[3fab], heavy (H)  and light (L) chain variable (1) and constant 
(2) domains (designated- fabH1,  fabH2,  fabL1,  fabL2, respec- 
tively); similarly, for the binding fragment KOL (Marquart 
et al., 1980) [2fb4] (fb4H1,  fb4H2);  constant  fragment FC 
(Deisenhofer, 1981) [lfcl]  (fclAl,  fclA2); variable light chain 
domain [2rhe] (Furey et al., 1983) [2rhe]; histocompatibility fac- 
tor CD8 (Leahy et al., 1992) [lcd8] (lcd800); histocompatibility 
factor HLA (Bjorkman et al., 1987) [3hla]; the 0-2 microglob- 
ulin (hlaBO). 

Alternating CY/@ proteins 
Doubly wound domains. Ten doubly wound alternating a/@ 

folds were selected: the ras oncogene protein p21 (Pai et al., 
1990) [5p21]; ribosomal  elongation  factor Tu (La-Cour et al., 
1985) [letu]; flavodoxin (Clostridium mp.) (Smith et al., 1977) 
[4fxn]; flavodoxin (Desulfovibrio vulgaris) (Watt et al., 1991) 
[2fx2]; flavodoxin (Chondrus  crispus) (Fukuyama et al., 1990) 
[2fcr]; glycinamide ribonucleotide  transformylase (A chain) 
(Chen et al., 1992) [Igrc]; lactate dehydrogenase (LDH)  (Abad- 
Zapatero et al., 1987) [61dh] (N-terminal domain);  alcohol de- 
hydrogenase (ADH) (Eklund et al., 1984) [ladh] (N-terminal 
domain); glyceraldehyde-3-phosphate dehydrogenase (GPD) 
(Skarzynski et al., 1987) [Igdl] (N-terminal domain); bacterial 
chemotaxis Y protein (che-Y) (Volz & Matsumura, 1991)  [3chy]. 
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No pairs had sequence identity greater than  35%. Seven  were 
single domain structures, whereas the remaining 3 (61dh01, 
8adh01, 1gdlOl) were single domains  extracted from multi- 
domain proteins. The doubly wound or Rossmann fold has been 
described as having 6 parallel /3-strands forming  a single sheet 
of strand  order  bA, bB, bC, bD, bE,  bF; with 4 helices in con- 
necting loops between the  strands (aB, aC,  aE, aF).  The chain 
first forms  the  A, B, C strands before  doubling back on itself 
to  form  the D, E, F strands.  The fold was initially identified in 
dinucleotide binding proteins (Rao & Rossmann, 1973) and sub- 
sequently, proteins having different  functions  but similar folds 
were also identified (Walker et al., 1982). Only the bacterial che- 
motaxis protein (3chy)  of the proteins in this group does not bind 
a nucleotide. 

TIM-barrel domains. This  alternating a/P-fold consists of 
8 parallel /3-strands wound in a single direction to  form a  barrel 
with a-helices packed on  the outside. Five TIM barrel structures 
were selected: flavocytochrome b2 (A chain) (Xia & Mathews, 
1990) [lfcb]; triosephosphate isomerase (A chain) (Wierenga 
et al., 1987) [2tim]; aldolase (Gamblin et al., 1991) [lald]; phos- 
phoribosyl anthranilate isomerase (N-terminal domain) (Wil- 
manns et al., 1992) [lpii];  tryptophan synthase (A-chain) (Hyde 
et al., 1988) [lwsy]. 

Presentation of results 

Dendrograms were constructed by applying single linkage clus- 
ter analysis to  the SSAP score matrices,  generated from pair- 
wise structural alignments between the  folds (Tables 1, 2, 3). 
Cartoons of the secondary structural elements are presented 
as schematic representations  produced by the  program TOPS 
(Flores et al., 1994). a-Helices are represented by circles and 
@-strands by triangles. TOPS diagrams of the folds are shown 
on the  far right of the dendrograms, adjacent to the correspond- 
ing Brookhaven PDB codes. 

Multiple superpositions 
Structures are superposed in the same order as depicted in the 

dendrograms.  Each structure was superposed to  the  structure 
or average structure  found at  the point where they join  the tree. 
Rigid body  superposition was carried out using the method of 
McLachlan (1979)  with each superposition weighted using the 
average SSAP scores for  the alignment (Rippmann & Taylor, 
1991). The overall structure was calculated for  the alignment po- 
sitions that contain residues from each sequence. Kinemages are 
colored from blue to red according to  the average SSAP score 
at each position. 
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