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Abstract 

Although it  is known that three-dimensional structure is  well conserved during the evolutionary development of 
proteins,  there have been few studies that consider other  parameters apart  from divergence of the main-chain 
coordinates. In this study, we align the structures of 90 pairs of homologous  proteins having sequence identities 
ranging from 5 to 100%. Their structures are compared as a  function of sequence identity, including not only con- 
sideration of Ca coordinates  but also accessibility, Ooi numbers, secondary structure, and side-chain angles. We 
discuss how these properties  change as the sequences become less similar. This will  be of practical use in homol- 
ogy modeling, especially for modeling very distantly related or analogous  proteins. We also consider how the av- 
erage size and number of insertions and deletions vary as sequences  diverge. This study presents further quantitative 
evidence that  structure is remarkably well conserved in detail, as well as at  the topological level, even  when the 
sequences do not show similarity that is significant statistically. 

Keywords: accessibility; homology modeling; Ooi number; protein  structure; secondary structure; side-chain 
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It is  well known  that  the  three-dimensional  structure  of 
a protein is much  better  conserved  during  evolution than 
is sequence, to  the  extent  that  homologous  proteins with 
insignificant  sequence  similarities  retain very similar to- 
pologies.  Previous  studies  have  concentrated  mainly on 
how the  positions of the CY carbons  change  as sequences 
diverge,  measured by root  mean  square (RMS)  overlaps 
between  structures  (Chothia & Lesk, 1986, 1987; Hub- 
bard & Blundell, 1987; Orengo  et  al., 1992). However, 
many  different  methods  are used to  characterize  struc- 
tures (e.g., secondary-structure  content, accessibility, and 
torsion angles), and given the use of highly diverged fam- 
ilies of  sequences to predict  protein structure, it iS perti- 
nent  to  ask  how  these  other  parameters  change  as a 
protein evolves. For example, multiple sequences are now 
used regularly to predict  secondary  structure  and acces- 
sibility  (Benner & Gerloff, 1991; Rost et al., 1993). If 
these  properties  change  substantially  in  distantly  related 
proteins,  then this fact  should  be taken  into account  dur- 
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ing  prediction.  In  addition, it is of  interest to  ask  how 
multiple  sequence  changes-such as  those  that have  oc- 
curred  in  distantly related structures - are accommodated 
in  a  structure.  For  example,  are  the side  chains  altered 
radically in  their  packing by changing x ' values, or  are 
residues buried by side-chain groups  more accessible when 
the side  chains  mutate? 

A successful ab initio  method  for  the  determination of 
protein  structure  from  amino acid  sequence  has yet to be 
discovered.  Currently, the most  accurate  method  for  the 
prediction  of  protein  structure is model  building from a 
protein or proteins  of  known  structure  that have .been 
identified as  homologous  from  sequence  analysis.  The 
first  attempts  at model  building were conducted with an 
a-lactalbumin, on the basis of the hen egg white lyso- 
zyme coordinates, and with mammalian  serine  proteases 
(Browne  et al., 1969; Greer, 1981). The early studies were 
carried out  predominantly by hand,  but  this process has 
now been automated (Sutcliffe et al., 1987a,b; Blundell 
et  al., 1988; Sali et al., 1990). The  method involves four 
fundamental steps:  (1)  determine an accurate  alignment 
between the  protein sequences; (2) from this  alignment, 
replace the  core residues from  the  known  structure with 
those  of the  unknown; (3) replace the  loops of the  known 
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structure with  plausible conformations that the unknown 
sequence could  occupy;  and (4) build the side-chain 
conformations. 

With the success of this method and the realization that 
proteins with  very little detectable sequence identity may 
fold into very similar structures, this technique is  being 
extended to the modeling of  ever more distantly related 
proteins. Several  recent publications have  described algo- 
rithms that allow  the  most  likely  fold for a given  sequence 
to be identified from a data base  of known folds (Bowie 
et al., 1990,  1991; Overington et al., 1990; Jones et al., 
1992) or that select the most appropriate topology from 
plausible models (Finkelstein & Reva, 1991; Taylor, 
1991). Once a possible candidate has been identified as 
the most  likely fold, a model of the sequence of unknown 
structure must be constructed, based on the known fold 
and in a manner identical to that described previously. 
With this increase in the prediction of structure by ho- 
mology modeling, it is useful to be aware of the extent of 
divergence  expected  in these parameters, such as x ' val- 
ues, to improve the modeling protocols. The extension  of 
these methods to the more difficult problem of modeling 
analogous proteins makes this information even more 
relevant. 

We can also ask the question whether deviations in co- 
ordinate positions, torsion angles, or accessibility can be 
used to distinguish analogous and homologous structures. 
Proteins with the same fold and function have presum- 

ably evolved from the same  ancestor and may  show  better 
conservation of detail  (e.g.,  side-chain  packing) than anal- 
ogous structures (i.e., those that have the same topology 
but no apparent functional or evolutionary relationship). 

With the increased size  of the protein structure  data 
base (Bernstein et al., 1977) and the abundance of auto- 
matic methods for the comparison of protein structures 
(Taylor & Orengo, 1989a,b; Orengo & Taylor, 1990;  Sali 
& Blundell, 1990; Rose & Eisenmenger, 1991; Orengo 
et al., 1992;  see Orengo, 1992, for review), it is  now pos- 
sible to consider a larger data base of structures that have 
been  aligned more reliably and  a wider  set of character- 
istics. In this  paper we have  aligned a  data base of  90 pro- 
tein  pairs  with  pairwise  identities  ranging from 5 to 100%. 
We consider a wide variety of characteristics that are cru- 
cial to prediction and modeling  of protein structures, in- 
cluding the divergence  of C a  main-chain atoms, solvation 
parameters, secondary-structure content,  and side-chain 
conformations. 

Results 

Comparison of independent solutions 
of the same structure 

Table 1 summarizes the comparisons between identical 
proteins, i.e., proteins with the same name and from the 
same species, that have been  solved in different labora- 

Table 1. Structure comparisons of identical proteins determined independentlya 

Comparative percent agreement 

Protein RMS deviation X' x 2  
of Coloatoms Accessibility Ooi  radius  Ooi  radius  Secondary "_______ 

1 2  (A) (070) S A  14 A  structure All <15% All <15% 

lcd4 2cd4 0.77 12.0 0.8 2.0 84.4 55.3 23.3 46.5 23.6 
30.1 17.0 46.4 21.6 

l i lb  2i lb 0.36  5.2  0.2  0.9  96.0  16.3  12.0  18.4  1.4 
l i lb  4i lb 0.32  4.2  0.2 0.5 95.4  7.5  15.7  20.2  12.5 
l i lb  5ilb 0.34 4.6 0.3 0.7 98.0 17.1  14.7 20.0 5.7 
2ilb  4ilb  0.39  5.2  0.3  1.0  95.4  35.1  17.3  25.7  8.7 
2ilb  5ilb 0.33 4.5 0.3 0.9 95.4 26.3  15.2 24.9 5.7 
4ilb  5ilb 0.39 4.6 0.4 0.9 94.7 34.0 18.6 33.2 8.8 
lutg 2utg(A)  0.51  7.1  0.3  0.8  94.3  33.0  10.4  47.8  170.5 
2cna 3cna 1 .oo 7.5 0.9  2.3 94.1 50.0 45.1 43.1 37.4 

3est Best 0.30  2.1  0.3  0.8  99.2  21.1  6.8  22.8 4.2 
3pep 4pep 0.79 4.9 0.5 1.2 92.6 30.0 17.8 27.7 15.0 

3pep S P ~ P  0.88  5.5  0.5 1.4 93.6 38.8  24.6 34.7 16.9 

4pep S P ~ P  0.55 4.6 0.4  1.2 96.0 36.4  20.0 23.8 12.4 

Residue mean 0.40  4.7  0.3  0.8  96.3  22.8  12.1  25.2 

- 

1P2P  4P2P 0.57 5.6  0.5 1.2 89.5 

2fgf  3fgf  0.68  6.1 0.5 1.1  94.4  30.1 17.8 22.7  2.1 

4cpv 5cpv 0.43  5.4  0.3  0.7  96.3  24.9  5.3  32.1  3.2 

(995)  (995)  (995)  (995)  (995) (663) (198) (185) (31) 
12.6 

.___ - " 

a ~ 1 1  values except those  of RMS deviation of CCY  backbone  atoms  and  secondary  structure  are  the average difference between the aligned Pro- 
teins. Boldface  type is used for  those pairs of structures  that  are  both refined at  a resolution of 2.0  A or better;  the residue mean and (in parenthe- 
ses) the  number of residues compared  are given for these pairs. 



Comparison of con formational characteristics 

tories by independent  groups.  These  pairs allow an esti- 
mate of the  amount of difference between structures that 
would be expected by experimental error.  Three of the 
protein  pairs  in  this  table  are  not  identical (see Table  2), 
but  are included  because  they are  from  the  same species 
and would  be expected to have 100% sequence  identity. 
In these cases there  are  up  to  four residues that  are  not 
the same. The RMS deviation between the C a  atoms  for 
structures  defined  to  resolutions  better  than 2 A ranges 
from 0.30 to 0.68 A. When  all  protein  pairs  are  consid- 
ered, regardless of their resolution, this increases to 1 .O A. 
This is in agreement with the work of Hubbard  and Blun- 
dell (1987), who found  that  the RMS deviation decreases 
as resolution is improved. 

The solvation and  contact  parameters  compare well 
within protein  pairs, generally with a small overall differ- 
ence  in  values.  The  secondary-structure  assignments 
match less well, with structures at lower resolution giv- 
ing values  less than 85% consistent. As expected, the side- 
chain conformation angles agree much more in the buried 
regions of the  protein, where the electron  density is usu- 
ally adequate  for  confident placement of side chains.  The 
minima  in which the  side  chains  fall are  in  good agree- 
ment, with 81.7% of  all x’ angles  and 95.8% of  buried 
x ’  angles  occupying the  same  minima. For x’ angles 
whose x ’ occupy the  same minima, these values are 86.7% 
and 97.1 Yo, respectively. This  has  implications for test- 
ing routines devised for  generating side-chain conforma- 
tions given the  backbone  atoms:  many of  the accessible 
side chains of the X-ray structures  are defined poorly, and 
therefore  when  comparing  predicted  and  observed side- 
chain angles of all residues,  only about 80% agreement 
can be expected. 

For comparison,  the  protein  pair  lpaz  and  2paz  in- 
volved molecular  replacement using lpaz as  the  starting 
model for  the  refinement of 2paz.  The RMS deviation for 
this  pair is much  lower, 0.14 A. Similarly,  the other de- 
viations are  also  found  to  be  much lower. 

Conservation of backbone con formation 
in structurally similar proteins 

Probably  the simplest measure  of  structural  relatedness 
involves consideration  of  backbone  conformation  and 
of how the C a  coordinates  compare between structures 
as sequence identity diverges. For all equivalent residues, 
the RMS deviation  of the C a  atoms increases steeply in 
a  nonlinear  fashion with decreasing  sequence  identity 
(Fig. IA). Equivalent  residues  whose side-chain accessi- 
bility is  less than 15% exhibit a  similar  trend,  but the up- 
turn for protein  pairs of low sequence  identity is not  as 
pronounced (Fig. 1B). 

Previous  studies  have  defined the criteria for equiva- 
lence differently. Chothia  and Lesk (1986,  1987) calcu- 
lated the RMS deviation for residues in the  common core. 
This  common  core is obtained by a series of superposi- 
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Fig. 1. The RMS deviation of CCY backbone coordinates as a function 
of sequence identity. A: All  equivalent residues. B: Equivalent  residues 
whose  side-chain  solvent  accessibility  is <IS%. Symbol  shape  represents 
protein class: 0, predominantly a ;  A, predominantly 0; 0,  a/p. Filled 
symbols represent  pairs of structures refined at a resolution of 2 A or 
better. The line in each  panel  is  that  due to analysis of Chothia  and  Lesk 
(1986). 

tions  of  the  main-chain  atoms of the  major secondary- 
structure elements, gradually including additional residues 
until the C a  of the last residue to be included deviates by 
no  more  than 3 A. After all  of the equivalent residues 
have been determined,  the  overall  superposition  of  these 
residues is calculated. For proteins with less than  20% se- 
quence identity, this accounted for approximately half the 
number  of residues in  each  sequence. Using this  defini- 
tion,  Chothia  and Lesk (1986, 1987) showed that  the vari- 
ation of RMS deviation  in C a  coordinates with sequence 
identity  may  be  fitted with an exponential  curve.  In  con- 
trast,  Hubbard  and Blundell (1987) obtained  equivalent 
residues by a succession of superpositions using the whole 
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protein.  The  first  superposition is calculated  using  a few 
residues that  are  known  to  be  equivalent.  This set of 
equivalent  residues is then  expanded by including  more 
residues that  are close to each  other  in  the  previous su- 
perposition.  This process is repeated until the numbers of 
equivalent  residues  converge. The  common  core is taken 
as  equivalent  residues that have less than  7% side-chain 
accessibility. This gives a core  of 20-35% of  residues  per 
protein. Hubbard  and  Blundell(l987) suggested a linearly 
increasing RMS deviation with decreasing sequence iden- 
tity, with sequence  identity given as  the  number  of iden- 
tical residues in the  core divided by the  total  number of 
residues in the  core.  When  separating a and @ proteins, 
they suggested that  two  different  equations  are needed to 
fit these data  adequately.  Orengo et al. (1992) considered 
the RMS deviation  of the C a  atoms  that have a non-zero 
score from  the  structural  alignments,  as described  later. 
Their  results  showed a nonlinear  upturn  of RMS devia- 
tion with diverging  sequence  identity  similar to  that seen 
by Chothia  and Lesk (1986, 1987), but  their values are 
generally  higher than  the  exponential curve  described 
earlier. 

For  the  purpose  of  comparison,  the best-fit  line  calcu- 
lated by Chothia  and Lesk (1986) has been  included  in 
Figure 1A and B. However,  this  line  does not  fit  the  data 
in  either  of  these  figures.  This is not  surprising  because 
the results  presented  here are  not  constrained by the 3-A 
cutoff imposed by Chothia  and Lesk (1986). What is clear 
is the  nonlinear increase in  structural divergence with de- 
creasing  sequence  identity. 

The  three  azurin with  plastocyanin  structural  align- 
ments  are seen to  be  outliers  in  Figure  1  because  one of 
the  P-sheets in the  @-sandwich is shifted  (Taylor & 
Orengo, 1989a). The  other  outliers  have  different  inter- 
vening secondary  structures, which produce rigid-body 
shifts  of  the  secondary-structure  elements,  particularly 
with a-helices. The  outliers  at  the high homology  end of 
the scale are caused predominantly by large  deviations at 
either the N or C terminal.  Exceptions to  this  are  the 
alignments of yeast hexokinase  A and B, which have two 
different  substrates  bound.  Here  the  structure is kidney- 
shaped, with the active  site found in the  cleft.  The  two 
lobes of these  proteins  are  shifted  apart  and hinged 
around  the middle,  causing  this  large  deviation. 

As  expected, for  protein  pairs in which one or both 
structures  have a nominal  resolution  better than 2 A,  the 
RMS deviations  are  larger.  This is a reflection of the  dif- 
ficulty  in placing atoms  in  the  electron density at low res- 
olutions,  particularly  in loop regions.  Also,  comparison 
of Figure 1A and B  shows that it is the accessible residues 
that  differ  most  as  the sequence  identity  becomes very 
low.  These accessible areas, where the differences  occur 
on  the whole, tend to  be limited to  the  loop regions. This 
is particularly  noticeable  for  the  immunoglobulin  frag- 
ments, which have  large  variation  in  their  loops  required 
for diversity  of  antigen  recognition. 

The method of Chothia  and Lesk (1986, 1987) using 
a 3-A distance  for  determining residue  equivalences  can- 
not be  applied during modeling  because  only  sequence 
equivalences are  known.  Hubbard  and Blundell (1987) 
tried to  overcome  this by considering  residue accessibil- 
ity, so that  only buried  residues are used as  the  common 
core. We see no difference  in  behavior between protein 
classes (Fig. lA,B) because  these data seem to be dis- 
persed evenly, independent of the  secondary-structure 
content  of  the  proteins. 

Conservation of solvation and contact values 

Solvation is an  important  factor in  determining  protein 
structure,  and  many of the  methods  that  match sequences 
to folds  contain a solvation  term.  This  term  assumes that 
the  exposure of a given residue and its  structurally equiv- 
alent  residue will  be the same.  Therefore, it is important 
to  determine to what  extent  this is affected by sequence 
identity. 

There is an approximately  linear  relationship between 
conservation of accessibility and percent identity, Le., as 
the sequences diverge, the average difference in side-chain 
accessibility increases (Fig. 2B,C). For identical residues, 
with sequence identity  above 20%,  the average difference 
in accessibility values is below 10%. Including all resi- 
dues, accessibility is slightly less well conserved.  This re- 
flects the basic conservation  of  the  core  and  the fact that 
although  loops change  their conformation, they are gen- 
erally accessible. Accessibility is equally well conserved in 
all  types of secondary  structure. 

The conservation of Ooi  numbers, expressed as  the 
number of a carbon  atoms  found within a  defined  radius 
around  the a carbon  of  the residue of interest, is  very sim- 
ilar to  the  trend  found  for accessibilities, i.e., the increase 
in  difference is linear with decreasing  sequence  identity 
(Fig. 3). The average  difference of the  Ooi value for  the 
8-A  radius is up to  about 2, which is one-fifth of the  av- 
erage  Ooi  value for  this  radius.  However,  the average 
difference  for  the 14-A radius,  although  larger, is only 
one-eighth of the average  Ooi  number for this  radius. As 
expected, the  Ooi value for  the 14-A radius, which mea- 
sures the gross  environment  of  each  residue, is conserved 
better  than  that  of  the smaller  radius, which is more sen- 
sitive to local  variations. 

There  are  only a few noticeable  outliers  in  these  com- 
parisons,  found  at  the low sequence  identity  end and in- 
volving comparisons of proteins of differing size, e.g., 
4mdh with 4fxn. 

Conservation of secondary structure 

The  trend  for secondary  structure is again  approximately 
linear,  similar to  that of accessibility (Fig. 4A,B), i.e., as 
the percent  identity  decreases,  the  secondary  structure is 
less well conserved, dropping  to 90% at 60% sequence 
identity.  None  of  the  secondary  structures was conserved 
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Fig. 2. A: Distribution of side-chain solvent accessibilities expressed as 
a percentage calculated over the whole data set. B,C: Average differ- 
ence in percent accessibility as  a function of sequence identity for iden- 
tical  residues (B) and for all  equivalent  residues (C).  Lines fitted by linear 
regression to the filled symbols, which represent pairs of structures re- 
fined at a resolution of 2 A or better. 
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Fig. 3. Average difference in Ooi number for all equivalent residues  as 
a function of sequence identity. A: Ooi 8-A radius. B: Ooi 14-A radius. 
Lines fitted by linear regression to the filled symbols, which represent 
pairs of structures refined to 2 A or better. 

preferentially in  comparison to  others.  The  spread of 
points is greater  than  that of the  solvation values. This 
is due  in  part  to low-resolution  structures, for which au- 
tomatic  assignment  of  secondary structure is  less accu- 
rate  (Morris  et  al., 1992). In  our experience, we find that 
the  automatic assignment of &strand  residues in low- 
resolution  structures is often  difficult,  and  that  the  num- 
ber of these residues increases with increasing resolution. 

Conservation of x' and x' 
side-chain conformations 

One  of  the most important  parts  of modeling by homol- 
ogy is building  in the side  chains.  Methods involve build- 
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Fig. 4. Conservation of residue secondary structure as a function of 
sequence identity for (A) identical and (B) all equivalent residues. Sym- 
bol shape represents protein class: 0, predominantly a; A, predomi- 
nantly 6; 17, Lines fitted by linear regression to the filled symbols, 
which represent pairs of structures refined at a resolution of 2 A or 
better. 

ing the new side  chain in a conformation  similar to  that 
adopted by the equivalent residue. Summers  et  al. (1987) 
determined rules for  modeling side chains based on  pro- 
teins  aligned  structurally by hand.  Their  study was lim- 
ited to seven proteins from  three protein  families, with 
sequence identities in the range of 16-60% and, unlike the 
present study, their data set was not  large  enough to in- 
vestigate how conservation of side-chain conformation 
varies with sequence identity. 

The average  difference for  both x ’ and x 2  angles in- 
creases approximately linearly with decreasing  sequence 

identity. In  the case of x ’ angles, those  for identical res- 
idues  increase by the  order of 10-15% for all  solvation 
values, whereas those for residues that  are buried increase 
by less than 10%. When  all residues that  are equivalent 
structurally  are  considered,  this  increase is more  pro- 
nounced (Fig. 5 ) .  For x 2  angles,  the values are  more 
scattered due  to reduced numbers  of examples per pro- 
tein  compared to x ’ angles. Except for a few cases, resi- 
dues  that  are buried are likely to have very similar x 2  
values, within 10% of each other.  When  all  equivalent 
residues are  considered,  there is a gradual increase of  the 
order of 20-25% (Fig. 5D). 

As percentage identity decreases, there is an increasing 
number of side  chains that change  conformation  from 
one well, or “conformer,”  to  another (Fig. 6). In  a  man- 
ner similar to the  average  changes in x angles,  these 
changes are influenced  predominantly by accessibility of 
the side chain. The  more buried  the side chain,  the  more 
likely it is that the side-chain conformations will agree. 
If the accessibility is less than  15%,  the conservation of 
x’ side-chain  conformation of all  identical residues is 
independent  of sequence identity: 95% of these x ’ side- 
chain angles are conserved, suggesting that simply trans- 
ferring  the x ’ from  one  structure to another is a  good 
first  approximation.  The  slope  in  Figure  6C is due  to  the 
side  chains of different residue types that  are slightly less 
well conserved,  depending on  the overall  sequence iden- 
tity.  This  difference is never less than  60%  and  on aver- 
age is near  90%.  The  numbers of  occurrences of x 2  
described previously  were inevitably much decreased, and 
the points  exhibited  greater  scatter.  It is not possible to 
see clearly whether there is a  trend in x* angles for all of 
the  categories described for x ’ angles. These data sug- 
gest,  however, that if the x’ angle agrees for  buried res- 
idues,  then x* is 95% likely to agree also, regardless of 
sequence identity. 

The  more accessible side  chains are much less likely to 
adopt  the  same  conformation. This is due largely to  the 
actual disorder of the  surface side chains. However, from 
Figures 5 and 6 we can see that when both  structures  are 
at high resolution, the side-chain conformations  are more 
likely to agree.  Structure  pairs related by molecular re- 
placement generally have higher agreement than those 
solved independently. 

Insertions  and  deletions 

Pascarella and  Argos (1992) have considered the occur- 
rence of insertions  and  deletions  (indeh) in protein  pairs 
aligned using a variety of methods. They made three main 
observations about  the size and occurrence of indels with 
decreasing percent residue identity: (1) the average length 
increases  exponentially  from  slightly  more  than 2 to 
slightly less than 5 residues; (2) the average  length  of in- 
tervening residues between indels decreases exponentially 
from  just  under 60 to 7 or  8;  and (3) the average  number 
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of  indels  per  aligned  residue increases from 1 to just  over 
5 per 100 residues. 

In  our  data set,  the average  length  of  indels is seen to 
increase with diverging  sequence  identity from  one  to 
around six residues (Fig. 7A).  These  values  are  similar 
to  those reported by Pascarella and Argos (1992), who 
also suggested that  the  number of indels  per  residue ver- 
sus  sequence  identity  does  not  exhibit  exponential  behav- 
ior,  but becomes saturated  at low sequence  identities. 
However, by considering the  number  of indels  per resi- 
due based on  the shortest  sequence, we see an exponen- 
tial  relationship (Fig. 7B). This  difference is probably  due 

to  the fact  that  the  number  of aligned  residues is inher- 
ently linked to  the  number  of indels, which is reflected in 
the plot of two  correlated  parameters. These findings sug- 
gest that  the  initiation  and  propagation of a gap  should 
be less penalized for less related  sequences. 

Discussion 

The results  presented  here are  dependent on  the quality 
of  the  structural  alignments calculated by SSAP (struc- 
ture  and sequence alignment program).  In our experience, 
the  alignments  obtained  are very reliable. For example, 
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the  SSAP  alignment with the lowest sequence  identity 
(leucine amino  peptidase  and  carboxypeptidase A)  suc- 
cessfully identifies the  same equivalences as  those  deter- 
mined  recently by graph  theoretic techniques  (Artymuik 
et  al., 1992). The  SSAP  alignment  method is different 
from  many  other  procedures in that it assigns residues as 
those  that have  equivalent  environments,  whereas  other 
methods  determine equivalences from a three-dimensional 
superposition.  This  leads to  improved  alignments  for 
pairs  of  structures  where  secondary  structural  elements 
have rigid body  shifts, giving large Ca deviations yet 
maintaining  the  same  topology. 

In  most  cases,  the  conformational characteristics  de- 
scribed  in  this  paper  remain well conserved even at very 
low  sequence  identities (<20%).  This provides quantita- 
tive evidence that  structure is much  more  conserved than 
sequence.  These  findings  reinforce the validity of  current 
methods  for modeling  proteins even for very distant se- 
quences.  Despite  shifts in  the Ca backbone of homolo- 
gous  proteins,  the  solvation  state,  secondary  structure, 
and side-chain  conformations  are all well conserved. The 
largest  changes in  homologous  protein  structures  are 
found to be  restricted to residues in  and  around indels. 
This  also  explains why confident placement of loops and 
the changes associated with different  loop  conformations 
is one  of  the  major difficulties for molecular  modelers. 
The divergence  between all these  characteristics  shows a 
clear  correlation  with  percent  identity.  This  allows  the 
derivation  of confidence limits that  may be applied to val- 
idate  the results of homology  modeling. For  instance, it 
is unlikely that  structures with <20% sequence  identity 
will have an RMS  deviation  of  the a carbon  coordinates 
of less than 1 A for buried  residues. 

We also  find a clear  difference in conservation  values 
between  pairs of proteins  whose  structures  are  refined 
using high-resolution data  compared with the  other pairs. 
This  difference suggests that,  as  the resolution of the  struc- 
tures  of  the  proteins in the  pairs increases, the observed 
characteristics  are  much  better  conserved,  i.e.,  variation 
is partially  due  to  uncertainty in atomic  coordinates. 

Are  the weakly related  proteins  formed by divergence 
from a common  ancestor or by convergence from  two  un- 
related  ancestors?  It seems likely that  pairs  of  proteins 
with a common activity  exhibit a similar  structure  due to 
divergent evolution.  A recent publication  from Ollis et al. 
(1992) provides  some compelling arguments  for divergent 
evolution  of  the a / p  hydrolase  fold  adopted by five hy- 
drolytic  proteins with weak sequence  homology.  These 
have  a wide variety  of  substrates yet maintain  common 
catalytic  residues even though  the binding  site  has  di- 
verged. However, the  question is more  open  for structures 
that  have  a  similar  topology yet have different  functions. 
For instance,  the  evolutionary  relationship between the 
eight-stranded  a/&barrels  (TIM  barrels) is still unclear. 
On  one  hand it is argued  that it is divergent  evolution by 
circular  rearrangement of the gene (Farber & Petsko, 

1990), whereas others  argue  for convergent evolution  due 
to  the existence of two  distinct  modes of side-chain pack- 
ing  in  these  structures (Lesk et  al., 1989). This  has been 
questioned  further with the crystal  structure of a seed 
storage  protein  that  also has  a TIM  barrel  structure  but 
has no  apparent enzymic activity (Hennig et al., 1992). Is 
it then  a  protein that has  lost its enzymic activity from di- 
vergent evolution, or is the  TIM  barrel  structure a  com- 
mon building  block to which many  sequences  converge? 

In  our  data base of protein  pairs,  only  the first six pairs 
in Table 2 can be  considered to have the  “same”  structure 
but  little or  no  functional relatedness. It  could be argued 
that if these proteins have converged rather  than diverged, 
then  the details  of  their  structures (e.g., side-chain  pack- 
ing, accessibilities, etc.) might show a discontinuity  com- 
pared to proteins  that have  diverged  over  time  (i.e., on 
the plots  presented  in  this paper,  these  proteins might be 
expected to be  outliers). The plots all suggest that changes 
in  structure  are  more  common below 20% sequence iden- 
tity.  However,  some of the  pairs having clearly related 
functions  show less similarity than  those  of unrelated 
functions.  Thus, these data  provide  no evidence that  the 
“analogous”  structures are  any less similar than  homol- 
ogous  structures with equivalently low sequence identities. 
This  cannot  prove  that  these  proteins have evolved by di- 
vergent evolution, however, because the  constraints of to- 
pology  may  dictate  this level of similarity  in  detailed 
structure  and  packing. 

Methods 

Below a  threshold  of  around  25% sequence  identity it is 
generally very difficult to  align proteins  optimally  from 
a knowledge of their amino acid sequences alone  (Sander 
& Schneider, 1991). i t  is necessary to  incorporate  struc- 
tural  information  to  obtain  the best alignment.  For  the 
purpose  of this  investigation, we aligned 90 pairs of struc- 
tures using the  structure  and sequence alignment program 
SSAP (Taylor & Orengo, 1989a,b; Orengo & Taylor, 1990; 
Orengo  et al., 1992). Throughout this paper, sequence 
identity is taken  as  the  number of identical  residues that 
can be  aligned  divided by the length of the  shorter se- 
quence;  this  value is expressed as a percentage. 

Protein pairs used for analysis 

Protein  pairs were chosen  in one  of two ways: ( 1 )  Pairs 
of proteins  that were identified from  the  literature  as be- 
ing structurally  homologous with little sequence homology 
were aligned with SSAP. (2) A selection of  pairs was cho- 
sen from  an all-pairwise sequence alignment of the  Brook- 
haven  Protein  Data  Bank (D.T. Jones, pers. comm.). No 
more  than  two  pairs were chosen from  any cluster  of se- 
quences, thereby ensuring that  the  data,  as  far  as possible, 
were not biased to any family of structures. Also included 
are pairs of protein  structures with identical sequences 
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that have  been determined independently, in order to de- 
termine the variability one would  expect from experimen- 
tation. All these pairs of sequences are summarized in 
Table 2 and were aligned using  SSAP. 

Protein structure alignment  and superposition 

SSAP uses comparison of internal residue-residue  vector 
distances to determine the optimal alignment  between  two 
or more structures. A detailed description of this algo- 
rithm was given by Taylor and Orengo (1989a). This res- 
idue separation is taken as the vector  distance  between  CP 
atoms in  preference to Ca atoms because the former con- 
tain more geometric information. For example, the Cp 
position defines the side of a  0-strand  on which the side 
chain is found. Pairs of residues from each structure hav- 
ing similar main-chain angles and accessibility are se- 
lected, and the internal vectors  of  these  residues to all the 
other residues  within  their structures are calculated. Using 
a function that is inversely proportional to the difference 
between these calculated vectors, it is possible to score a 
two-dimensional matrix whose  axes correspond to the se- 
quences of the proteins being compared.  The optimal 
path representing the alignment of the structures may  be 
traced through this matrix using a dynamic programming 
algorithm. Scores  along the alignment paths generated for 
each  residue  pair are accumulated  in another matrix of the 
same  dimensions.  The optimal path is then traced through 
this matrix and is equivalent to a consensus alignment. 
This alignment is then improved further by considering 
20 of the highest scoring pairs in this matrix and repeat- 
ing the process.  This  last  stage  may  be repeated. The main 
advantage of this method, in addition to its speed, is that 
(unlike  some other methods) no previous  equivalences  be- 
tween the structures are required. 

All pairs of proteins in our  data set  were superimposed 
based on  the alignment obtained from SSAP using the 
method of Rippmann and Taylor (1991). In summary, 
this method performs a weighted superposition of the two 
proteins using the least-squares method of McLachlan 
(1979). The weights are obtained from the comparison 
scores generated by SSAP, which  give a measure of  resi- 
due similarity based on the local structural environment 
between the two proteins. 

Residue-by-residue comparisons 

The following comparisons, except those for insertions 
and deletions, are made for all  residues that are  structur- 
ally equivalent, as defined by a non-zero SSAP score. 
This criterion gives >90% of residues for comparison 
even at the lowest sequence identity, which is considera- 
bly larger than in the previous comparisons. However, 
this is more appropriate when the problem of  assessing 
structural divergence and modeling is being addressed. 
Throughout  the following discussions, the results at the 

residue level are considered in two groups where applica- 
ble. One  group is made up of identical residue pairs,  and 
the other consists of all pairs of residues. However, it is 
important to remember that these data are not  equally  nu- 
merous for identical and nonidentical residues, because 
those that have a higher percent identity will obviously 
have more identical residues, and vice versa at the  other 
end of the scale. Consideration is also given to the solva- 
tion state of the side-chain atoms. Residues  whose  side 
chains are < 15%  accessible are  taken as buried, result- 
ing  in an average of 30% of all side chains considered to 
be buried for structures that  are  <20% identical sequen- 
tially. The 15% cutoff was chosen as the value that sep- 
arates the large  peak  associated  with  buried  residues from 
those that  are accessible  (see  Fig.  2A). We find very little 
difference between the results  using the 15% cutoff or any 
other value below 20% residue accessibility. 

Higher resolution data allow for more confident place- 
ment of main chains and side chains into the observed 
electron density. For the purpose of this investigation, we 
consider  primarily those pairs of structures whose  resolu- 
tions are 2.0 A  or better; these points are identified in the 
figures by  filled  symbols.  All  lines are fitted to these  pairs 
only, although the remaining pairs are included for the 
purpose of comparison. If a related protein structure is 
available, molecular replacement techniques may  have 
been  used to identify the location and  orientation  of the 
protein molecule  in the crystal. This protein structure is 
then used as the model in the early stages of refinement, 
and the final structure may  be  biased toward the original 
model. As far as  possible we have  tried to identify  pairs of 
proteins that have  been  solved  by  molecular replacement. 

The pairs of proteins are considered to belong to one 
of three classes  of protein structures: predominantly CY, 
predominantly 0, and the remaining proteins, which we 
group as a0. The term “predominantly” is used to mean 
that  no more that 15% of the other secondary structure 
occurs (Taylor & Thornton, 1984). Where applicable, 
these classes  have  been represented in the figures by dif- 
ferent  symbols to denote properties that may influence  the 
results. 

Calculation of characteristics 

The RMS deviations of equivalent CCY coordinates were 
calculated from  the superpositions. Values  were calcu- 
lated for all residues and separately for residues that were 
< 15 Yo accessible. 

Monomeric  side-chain  accessibilities were calculated by 
the method of Lee and Richards (1971)  using a 1.4-A probe 
radius and expressed as the percentage of the accessible 
surface  area compared with that of the same residue in 
the extended tripeptide Ala-residue-Ala. The absolute dif- 
ference in  accessibility  was averaged over all equivalent 
residues. A similar  descriptor of solvation used commody 
is the Ooi number (Nishikawa & Ooi, 1986). Unlike ac- 
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cessibility, this is  very simple and quick to compute. The 
Ooi number of a residue is  simply the number of C a  at- 
oms within a given radius. This radius is  usually 14 & al- 
though 8 A is sometimes used. In  an manner identical to 
that of accessibility, the average difference in Ooi values 
is computed. For both accessibilities and Ooi numbers, 
the variations within a, @, and coil  regions are calculated. 

Secondary structure was  assigned  by the method of 
Kabsch and Sander (1983). The conservation of a-helix, 
@-strand, or coil state was considered for each residue. 
Residues  in the 310-helical state were grouped with other 
helical  residues.  Residue  secondary structure was counted 
as conserved if the category (a, @, or coil)  did not change. 

Several studies on proteins have identified the most fa- 
vored conformations of side chains (Janin et al., 1978; 
Bhat  et al., 1979; McGregor  et al., 1987). Due to  the 
wealth of structurally equivalent residues, discussion is 
limited to residues  whose torsion angles are strictly com- 
parable (for x 1  these are Leu, Phe, Met, Trp, Cys, Ser, 
Asn,  Gln,  Tyr, His, Asp, Glu, Lys, and Arg, and  for x* 
these are Met, Gln, Glu, Lys, and Arg).  Any  residues that 
are branched at  the C @  or Cy side-chain atoms are ex- 
cluded. The side-chain conformations of these  residues  in 
well-ordered structures cluster closely around three min- 
ima: g+ = -60°, g- = 60", and t = 180°, corresponding 
to staggering of substituents (Morris et al., 1992). The 
A x  between  equivalent  residues is calculated and averaged 
over all structurally equivalent residues in each protein 
pair. In addition, conservation of the conformation of 
the side chains is considered in terms of the minima in 
which  they fall. If the angles  of the structurally equiva- 
lent residues fell  within 60" of the same well, they were 
considered to agree. Such a generous criterion allows for 
some flexibility  with the less  refined structures. The x* 
side-chain angles  were considered only for those equiva- 
lent  residues  whose x ' angles agree. The effect of  acces- 
sibility on  the conservation of side-chain angle was also 
considered. To determine exactly to what  extent the mo- 
lecular replacement model influences the results, pairs 
solved  using this method were, as far as possible, identi- 
fied from the literature. 

Insertions and deletions 

The numbers of indels were calculated from the align- 
ments, and these were  used to calculate the length and fre- 
quency of occurrence with  respect to sequence identity. 
Because the length and  conformation of loops are  often 
very different for proteins with  weak sequence identity, 
SSAP often fragments the alignments at this point. For 
the purpose  of  investigation  of  indels,  this ambiguity was 
overcome by considering fragmented alignments  in loops 
as one indel if the length of sequence between two gaps 
was  less than  four residues. This value  was  based on vi- 
sual inspection of the sequence alignments obtain by 
SSAP. 
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