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ABSTRACT The database of known pro- 
tein three-dimensional structures can be signif- 
icantly increased by the use of sequence homol- 
ogy, based on the following observations. (1) 
The database of known sequences, currently at 
more than 12,000 proteins, is two orders of mag- 
nitude larger than the database of known struc- 
tures. (2) The currently most powerful method 
of predicting protein structures is model build- 
ing by homology. (3) Structural homology can 
be inferred from the level of sequence simi- 
larity. (4) The threshold of sequence similarity 
sufficient for structural homology depends 
strongly on the length of the alignment. Here, 
we first quantify the relation between sequence 
similarity, structure similarity, and alignment 
length by an exhaustive survey of alignments 
between proteins of known structure and re- 
port a homology threshold curve as a function 
of alignment length. We then produce a data- 
base of homology-derived secondary structure 
of proteins (HSSP) by aligning to each protein 
of known structure all sequences deemed ho- 
mologous on the basis of the threshold curve. 
For each known protein structure, the derived 
database contains the aligned sequences, sec- 
ondary structure, sequence variability, and se- 
quence profile. Tertiary - structures of the 
aligned sequences are implied, but not modeled 
explicitly. The database effectively increases 
the number of known protein structures by a 
factor of five to more than 1800. The results may 
be useful in assessing the structural signifi- 
cance of matches in sequence database 
searches, in deriving preferences and patterns 
for structure prediction, in elucidating the 
structural role of conserved residues, and in 
modeling three-dimensional detail by homol- 
ogy. 
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INTRODUCTION 

Database limitations to structure prediction 
Given a newly sequenced gene, there are two 

main approaches to  the prediction of structure and 
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function from the amino acid sequence. Homology 
methods are the most powerful and are based on the 
detection of significant extended sequence similar- 
ity to a protein of known structure or  of a sequence 
pattern characteristic of a protein family. Statistical 
methods are less successful but more general and 
are based on the derivation of structural preference 
values for single residues, pairs of residues, short 
oligopeptides, or short sequence patterns. Both 
kinds of methods are severely limited by the size of 
the database in which one performs searches or from 
which one derives structural preferences. For exam- 
ple, in order to have on the average 5 occurrences of 
all possible 8000 amino acid triplets in each of the 3 
secondary structure states (helix, extended strand, 
loop) one would need a database of about 120,000 
residues in different known structures; 20 times 
more for all quadruplets and so on. 

Current size of databases 
In comparison with these requirements, the 

present size of the database of known protein three- 
dimensional (3-D) structures is too small; it  is also 
small compared to  the database of known primary 
sequences and very small compared to the many 
thousands of different proteins estimated to exist in 
living cells. At the end of 1989 the Protein Data 
Bank' had about 100 different protein 3-D struc- 
tures with about 20,000 residues; the current data- 
base of known sequences2.:' was about 100 times 
larger: 12,000 proteins with more than 3 million res- 
idues; and the total number of distinctly different 
proteins in nature was estimated in the hundreds of 
thousands. 

Link between structure and 
sequence databases 

Fortunately, many proteins in the database of 
known sequences are similar in sequence to a pro- 
tein of known structure and this fact can be ex- 
ploited to close the gap in the size of the two data- 
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Fig. 1. The structural meaning of sequence similarity depends 
strongly on the length of alignments. In this extreme example, two 
short peptides have sequence similarity normally sufficient for 
structural homology (75% identical residues), yet their structures 
are very different. Residues 159-166 of a subtilisin protease 
(dashed line, data set 2SBT') and residues 23-30 of an immu- 

bases. For example, there are currently more than 
100 known sequences of proteins homologous to the 
known structure of the GTPase domain or G-domain 
of elongation factor TU4 and ras p21 oncogene 
protein. 

Key technical problem 
The transfer of structure information to a poten- 

tially homologous protein is straightforward when 
the sequence similarity is high and extended in 
length, but the assessment of the structural signifi- 
cance of sequence similarity can be difficult when 
sequence similarity is weak or restricted to a short 
region. Note two extreme examples. (1) Extended 
weak sequence similarity yet very similar struc- 
tures: rus p21 protein5 and elongation factor TU,4 
after optimal superposition, are identical in the to- 
pology of the chain fold and similar in overall struc- 
ture (with only 2.4 8, rms deviation in C(a) positions 
of 138 out of 166 residues), yet the two proteins are 
dissimilar in sequence with less than 20% identical 
residues. (2) Short strong sequence similarity yet 
very different structure'? octapeptides from subtili- 
sin (2SBTI7 and an immunoglobulin (3FAB)' are 
dissimilar in structure with as much 4.7 A rms C(a) 
deviation, yet 75% identical in sequences (Fig. 1). 
These examples illustrate one of the two key prob- 
lems (the other problem being refined measures of 
sequence similarity): the shorter the length of the 
alignment, the higher the level of similarity required 
for structural significance. 

Homology threshold as a function of length 
To solve this problem, we need to calibrate the 

length dependence of structural significance of se- 
quence similarity. Empirically, this can be done by 
deriving from the database of known structures a 
quantitative description of the relationship between 
sequence similarity, structural similarity and align- 

noglobulin (solid line, data set 3FA88) have 6 out of 8 identical 
residues (TGSSSTVGITGSSSNIG), but differ by 4.7 A rms devi- 
ation in C(u) positions. Secondary structures are also very differ- 
ent (LTTSLLLUELLTTSST where T, H-bonded turn; s, geomet- 
rical turn; E, part of beta strand; L, extended loop). Protein 
fragments as stereo C(a) traces. 

ment length. The resulting definition of a length- 
dependent homology threshold can provide the basis 
for reliably deducing the likely structure of globular 
proteins down to the size of domains and fragments. 
Previously, Chothia and Lesk' have quantified the 
relation between the similarity in sequence and 
three-dimensional structure for the cores of entire 
globular proteins. 

Extending the database of known structures 
Having solved the problem of length dependence, 

we can begin to merge the information in the se- 
quence database with that in the structure database 
by exhaustive searches for sequence-similar frag- 
ments. Selection of sequence alignments with signif- 
icant sequence similarity (homology) to proteins of 
known structure then leads to a database of homol- 
ogy-derived protein structures several times larger 
than the Protein Data Bank. 

METHODS 
Sequence and Structure Databases 

The process of producing the database of homol- 
ogy-derived structures is effectively a partial 
merger of the database of known three-dimensional 
structures, here the PDB Protein Data Bank (fall 
1989 release') with the database of known protein 
sequences, here the EMBLISwissprot database (re- 
lease Nov. 12,1989,12,305  sequence^).^ The merger 
is partial in that only structurally homologous in- 
formation is merged, where homology is based on 
currently available alignment methods with an em- 
pirically determined homology threshold. 

Calibration of Structural Significance of 
Sequence Alignments 
Alignment method 

We perform an empirical determination of homol- 
ogy thresholds by studying thousands of sequence 
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Fig. 2. Color stereo view. Calibration of the homology 
threshold is based on this 3-D scatter plot of sequence similarity 
(Y. range 0-100%), structure similarity (Z, range 0-100%) and 
alignment length (X, range 0-150 residues) for pairwise protein 
sequence alignments. Each point represents the alignment of two 
protein fragments, one each from a protein of known 3-0 structure 
produced by a standard sequence alignment method. Red points 
are pairs dissimilar in structure (bad pairs), blue points are pairs 
similar in structure (good pairs), with other colors interpolating 
intermediate values of structural agreement. The rectangular blue 
slice (back) represents good pairs; they occur at almost all values 
of sequence similarity and all lengths-the thin population in the 
top half of the blue slice being an artifact of the database (very few 
protein pairs with 50-90% sequence similarity solved by crystal- 
lography). The absence of (yellow and red) points in the top left 
and front shows that no pairs with sufficiently high sequence 

alignments within the PDB database. Each protein 
from a selected set of high and low resolution protein 
structures is compared with all others from the set. 
We use the dynamic sequence alignment algorithm 
of Smith and Waterman" as implemented in 
MaxHom (C. Sander and R. Schneider, unpub- 
lished); local sequence similarity is given by the 20 
by 20 matrix of amino acid similarities of 
McLachlan," scaled to a minimum value of smin 
(usually negative) and a maximum value of 1.0 (for 
the top single residue identity). Maximum length of 
a deletion is maxdel (e.g., 10) residues, opening a n  
insertion gap costs gap opening penalty (e.g., 3.0 
similarity units) and gap elongation per residue 
costs gap elongation penalty (e.g., 0.1 units). Align- 
ments terminate if the cumulative similarity value 
becomes negative. For each protein pair comparison, 
we use several values of smin in order to obtain dif- 
ferent lengths of alignments and keep the optimal 
and several suboptimal alignments from each pair 
comparison. 

Similarity measures 
For each alignment, sequence similarity, struc- 

tural similarity, and alignment length are noted. 
Sequence similarity as percent identity of amino ac- 
ids; structural similarity of two aligned protein frag- 
ments either as the rms difference of equivalent C ( a )  
positions in 3-D space after optimal superposition 
(tertiary structure similarity)I2 or as the percent 

similarity have low structure similarity: above the homology 
threshold, all points are "pushed" into the blue region of good 
structural agreement. Sequence-identical oligopeptides (5-10 
residues long) with dissimilar local structure6 are red points at the 
front top right. Homologous protein pairs of length about 150 res- 
idues are blue points at the back top left. Sequence Similarity of an 
alignment is defined as the percentage of identical amino acids in 
an alignment, range 0-100%. Structure similarity is defined as the 
percentage of identical secondary structure symbols in DSSP no- 
tation, range 0-1 00%. Alignment lengths (number of residues) 
are as produced by the recursive (dynamic programming) se- 
quence alignment algorithm" at a given value of smin (adjusts 
zero level of sequence similarity), with gaps allowed up to a total 
length of 10 residues (MaxDel = lo),  a gap opening penalty of 3.0 
units, and a gap elongation penalty of 0.1 units per residue. Sim- 
ilarity units are defined in the text. 

identity of secondary structure symbols according to 
DSSP (secondary structure similarity)':'; and align- 
ment length as the number of amino acids, exclud- 
ing gaps. Note that while i t  is important to use a 
more sophisticated measure of sequence similarity 
in producing the alignments, the simpler measure of 
percent identity is useful when comparing widely 
different alignment methods. 

Homology threshold 
By analyzing the distribution of points in a result- 

ing three-dimensional scatter plot of thousands of 
alignments of protein fragments of known structure 
in terms of sequence similarity, structural similar- 
ity and alignment length (Fig. 2 ) ,  we determine a 
safe threshold for each alignment length such that 
any alignment with a similarity value above this 
threshold represents structural homology. 

Search for Homologies Between Structure and 
Sequence Databases 

Given a safe structural homology threshold, we 
proceed to produce the database of homology derived 
protein structures. For each protein of known struc- 
ture in PDB we perform a search in the sequence 
database for structurally significant alignments. 
Each sequence alignment is the result of a pairwise 
comparison. The end result is a multiple sequence 
alignment. For technical reasons, the search is per- 
formed in several steps. 
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1. Rapid scan of the database using FASTA14 
with sufficiently low similarity score cutoff yields a 
list containing all proteins potentially homologous 
to the reference PDB protein. 

2. A more refined comparison with the proteins in 
this list, using MaxHom and retaining the five best 
distinctly different alignments for each protein pair 
comparison, yields an improved list of candidate 
alignments. MaxHom parameters used are smin = 
-0.7, m a d e l  = 10, gap opening penalty = 3.0, gap 
elongation penalty = 0.1. This choice of parameters 
is based on experience, but is not unique. Good 
alignments with rather long gaps may appear as two 
separate alignments. 

3. Only alignments with similarity scores above 
the significance threshold (determined below, Table 
I) are retained. 

4. All alignments are reported in register relative 
to a single instance of the sequence of the PDB ref- 
erence protein: special notation is used to indicate 
insertions and deletions. 

Measures of Sequence Variation 
Given a multiple sequence alignment, sequence 

variation is measured in two ways: (1) based on the 
Dayhoff exchange matrix15 (variability) and (2) 
based on entropy (variation entropy). 

Sequence variability 
This definition makes use of the Dayhoff exchange 

matrix and quantifies the extent to which exchanges 
at one position are more or less conservative. Since 
no sequence can be singled out as a root or master 
sequence, all Npairs = N(N - 1)/2 pairs of se- 
quences are considered. Conservation consfi) at po- 
sition i is defined as the weighted sums of residue 
similarities over all sequence pairs ( k  # 1)  

Npairs 

2 wk&m(Ri$ii) 
k,1 cons(i) = Npairs 

and variability var(i) as its complement relative to 
the maximum value s idmux)  of residue similarity 
(usually s i d m a x )  = 1.0) 

wadi) = si4ma.x) - consfi) 
where sim(Rik,Rid is the similarity of residue Rik in 
sequence k and residue Ri,  in sequence 1, both at  
sequence position i .  

Weights for sequence pairs. In defining variabil- 
ity, each sequence pair is weighted with its mutual 
distance in sequence space, defined here as the frac- 
tion of amino acid mismatches over the alignment 
length L. 

TABLE I. Homology Threshold for 
Different Alignment Lengths* 

Alignment length L 
(number of residues) 

Homology threshold t 
(% residue identity) 

< lo  
10 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
35 
40 
45 
50 
55 
60 
65 
70 
80 

>80 

- 
79.6 
71.9 
65.9 
61.2 
57.2 
53.9 
51.1 
48.7 
46.6 
44.7 
43.0 
39.4 
36.6 
34.2 
32.3 
30.6 
29.1 
27.8 
26.7 
24.8 
24.8 

*A sequence alignment between two proteins is consid- 
ered to imply structure homology if the sequence simi- 
larity is equal to or above the homology threshold t in a 
sequence region of a given length L. For example, an 
alignment with 30% sequence similarity over a length 
of 60 residues implies homology while one with 30% 
sequence similarity over a length of 40 residues does 
not. The threshold values f L )  are derived from an anal- 
ysis of thousands of aligned fragment pairs from the 
Protein Data Bank' and can be represented by the for- 
mula 

f L )  = 290.15L-0.662 

where L is in the range 10-80 residues. For alignments 
shorter than 10 residues any value of sequence similar- 
ity appears to be consistent with any degree of structure 
similarity. Alignments longer than 80 residues have the 
asymptotic threshold of about 25% identical residues. 
The precise numerical values depend on the measure of 
sequence similarity used. Here, for simplicity, we use 
percent identical residues. 

The weights are a way of correcting for the uneven 
representation of amino acid sequences in the cur- 
rent database. The more similar the sequences k and 
1 are, the lower the influence of the pair kl on the 
family average. Very dissimilar pairs have a large 
weight. The underlying model of sequence variation 
in evolution assumes that the number of mutation 
events connecting two sequences is proportional to 
the distance between them as measured by the num- 
ber of accepted point mutations and ignoring back 
mutations. One drawback of this particular form of 
pair weights is that a cluster of very similar se- 
quences may effectively become the master se- 
quence dominating all pair comparisons with mem- 
bers external to the cluster, although intracluster 
comparisons are appropriately weighted down. 
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Weights for single sequences. For some averaging 
purposes, e.g., deriving weighted structural prefer- 
ence parameters, one needs weights attached to sin- 
gle sequences, not sequence pairs. In such cases, we 
propose giving each sequence a weight related to the 
local density in sequence space. The more close 
neighbors a sequence has, the larger the local den- 
sity, and hence the lower the weight of this se- 
quence. Using any distance measure d,, in sequence 
space (d,, = d,,* and d,, = 0.0) we define the weight 
w k  for sequence k as the average distance to all other 
sequences 1 

where d,, is, e.g., the number of mismatches be- 
tween sequences k and I ,  as  above.26 If the weights 
w k  themselves are used as weights in taking the 
average, we have a n  equation for a self-consistent 
set of weights. Because all elements d,, of the dis- 
tance matrix are positive, Perron’s theorem’” guar- 
antees that the equivalent eigenvalue problem 

N 

has a solution in terms of a unique eigenvector as- 
sociated with the largest eigenvalue, which is real, 
and that iterative application of the  right-hand side 
to a starting estimate for the wk will converge to this 
solution. The components of this eigenvector consti- 
tute a set of unique sequence weights when normal- 
ized to unity: 

A more detailed discussion of sequence weights will 
be presented elsewhere. 

Variation entropy 
The second way of defining sequence variation is 

based on the concept of entropy or information. 
Given the frequency of occurrence f R ,  of amino acid 
of type R at position i in the alignment, the entropy 

expresses the extent to which the  distribution f R ,  is 
uniform. The sum is over all 20 possible amino acid 
residue types R. If all amino acids are equally fre- 
quent a t  position i, then 

so the range of values is 0 5 entropy(i) 5 In 20. 
Smaller entropy(i1 values represent strong conser- 

vation, larger values mean large variability. A rel- 
ative measure, normalized to 1.0, is 

relent(i) = S(i)/ln 20 

Both variability vadi) and relative variation en- 
tropy relent(i) are reported in the current version 
( ~ 0 . 9 )  of the HSSP database. 

RESULTS 
3-D Scatter Plot of Sequence Similarity, 
Structure Similarity, and Alignment Length 

Comparison of database structures 
The systematic survey of a large number of align- 

ments within the PDB database of known protein 
structures for the first time reveals the average re- 
lationship between sequence similarity (SeqSim) 
and structure similarity (StrSim) at various align- 
ment lengths (AliLen) (Fig. 2). By observing the reg- 
ularities in this plot we are able to quantify the no- 
tions of “two protein structures are homologous” and 
of “two protein sequences are sufficiently similar to he 
considered structurally homologous.” 

Variations in structure 
One of the remarkable features of the 3-D scatter 

plot (Fig. 2) is the saturation behavior of StrSim 
with increasing SeqSim at a given AliLen: the wide 
scatter of StrSim at low SeqSim gradually narrows 
to a band of asymptotically constant width; and, the 
asymptotic width is approximately the same for var- 
ious alignments lengths. In other words, for large 
SeqSim, secondary structure similarity is well 
within 30 percentage points of perfect (100%) and 
tertiary structure similarity within 2.5 A of perfect 
(0.0 A) (see Methods for definitions). However, per- 
fect sequence similarity does not always imply per- 
fect structural agreement: a protein crystal struc- 
ture may vary, typically in loop regions o r  in domain 
orientation, as a result of different crystal packing, 
different substrate/cofactor interaction, or complex 
formation. 

Definition of structural homology 
In view of the inherent plasticity of globular pro- 

tein structure reflected in the observed asymptotic 
width, i t  is reasonable to think of the structure of 
two aligned segments as structurally essentially 
identical or structurally homologous whenever the 
observed structures differ by not more than 30 per- 
centage points in secondary structure (identity of 
DSSP ‘summary’ symbols) or not more than 2.5 A in 
tertiary structure lrms deviation of C ( a )  positionsl. 

Homology Threshold as a Function of 
Alignment Length 
Definition of homology threshold 

With a clear definition of structural homology we 
are now in a position to define a cutoff in sequence 
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similarity above which homology of structure can be 
inferred. For each alignment length, the cutoff is 
determined by inspection of the StrSidSeqSim scat- 
ter plot (Fig. 2) or histograms (Fig. 3) as that value 
(arrows in Fig. 3) of sequence similarity above which 
almost all alignments are structurally homologous, 
i.e., fall within the plasticity margin of perfect struc- 
tural identity. 

The resulting homology cutoff (Fig. 4, Table I) is a 
strongly varying function of alignment length up to 
a length of about 70-80 residues. For example, for 
alignment length 30, sequence similarity has to be 
at least 43% (gaps allowed with a gap opening pen- 
alty of three residue identities) to infer structural 
homology. For very long alignment lengths 25% se- 
quence identity is suffkient, Note that below these 
values of sequence similarity structural homology 
cannot be asserted nor excluded-the region of 
weaker sequence similarity is a “don’t know” region 
(mixture of squares and crosses in Fig. 4). 

Sharpness of homology threshold 
There is a residual margin of error in applying the 

threshold to infer structural homology (Fig. 3). This 
is because the transitions in the scatter plot (Fig. 2) 
are not infinitely sharp and because the present da- 
tabase is a limited subset of all possible protein 
structures. In the absence of a correct physical the- 
ory of sequence-structure relation, inferences based 
on empirical relationships are subject to at least a 
small margin of error. The margin of error is larger 
for shorter alignments, for which statistical noise 
appears to be stronger. Visual inspection of HSSP 
files confirms the suspicion that a few (1-28 of total) 
short alignments of dubious structural significance 
lie above the chosen threshold. Raising the thresh- 
old by 3 percentage points relative to the values in 
Table I eliminates most of these, but decreases the 
sensitivity of the procedure. 

Threshold as a tool for e m r  detection 
Violation of the threshold in a few cases actually 

indicated problems with PDB datasets. For example, 
there are a number of fragment pairs &om datasets 
4ATCl7ATC or 2AWl7ATC (aspartate transcar- 
bamoylase) with 100% sequence similarity but very 
different structure-up to 4.96 A C(a) rms for 146 
residues. The differences turned out to be due to a 
correction in the chain tracing of the regulatory 
chain between 2ATCI4ATC (unliganded formx7) and 
7ATC [CTP liganded form]-’). The apparently incor- 
rect data set 4 A E  was never corrected in the Pro- 
tein Data Bank nor is it flagged there aa incorrect. 

In a similar but as yet unresolved case, fragment 
pairs invoiving the multiheme cytochromes lCY3I9 
and 2CDV2’ show surprisingly large and potentially 
very interesting structural differences, in spite of 
above-threshold sequence similarity (37% identity 
over 59 residues). As data set 1CY3 i s  known to be a 

preliminary structure [authors’ remarks in PDB 
data set and Holm and Sander, J. Mol. Biol., sub- 
mitted], these differences may be due to possible in- 
accuracies in the 1CY3 dataset. 

Database of Homology-Derived 
Structure (HSSP) 

Content of database 
Notation and layout are described in Fig. 6. More 

than 300 files were produced, one for each PDB 
protein from the fall 1989 release of PDB with 
release 12 of EMBUSwissprot (12305 sequences). 
This corresponds to derived structures for 3512 
proteins or protein fragments; 1854 of these are 
homologous over a length of at least 80 residues. 
Some of these proteins are very similar to their 
PDB cousin, differing by as little as one residue out 
of several hundred. Others are more distant 
relatives and their homology-derived structure 
represents a nontrivial addition to the corpus of 
known structures. Some PDB proteins have several 
hundred known homologous sequences, others have 
none; e.g., human hemoglobin (4HHB121 has 466 
aligned sequences, with from 25 to 100% identical 
residues, of which almost all are globins (except the 
last 16 which are unexpected-interesting or 
false-positives). Crambin (1CRN)22 has 12 aligned 
sequences with 3843% sequence identity (one 
unexpected positive). Rhodanese (lRHD)23 had no 
homologous partner {yet). 

Size of dutaba.se 

The increase in total information content in HSSP 
over PDB is as dif€icuit to quantify a8 the increase in 
information when a homologous protein is solved by 
crystallography. A rough conservative estimate can 
be made as follows. The average number of aligned 
sequences is 103 per PDB entry. Of the 3512 aligned 
sequences (counting each protein exactly once) 1831 
are more than 50940 different (sequence identity) 
from any PDB cousin; after filtering out short frag- 
ments and potential unexpected p i t i v e s  by requir- 
ing an  alignment length of at least 80 residues, 775 
of these remain. As some investigators have c h n  
a cutoff of 50%la s e ~ u ~ n c e  identity for a nonredun- 
dant PDB database, one may say that the HSSP da- 
tabase ha6 increased the number of nonredundant 
(relative to PDB) datasets by about 700-800 pro- 
teins. Allowing for close homologies within this set 
of additional proteim (factor of up to 0.51, the in- 
crease in nonredundant infonaation corresponds to 
a factor of about 3 to 6 (3871120 to 775J120). 

It is i.nportant to note that the derived structures 
are three-dimensional, although only secondary 
structure information is given in HSSP files. B d  
on the alignments, a rough three-dimensional model 
of each of the aligned proteins can Ire produced with 
relative ease. 
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Fig. 3. Detailed justification for the particular values of the 
homology threshold (arrow) is provided by histogram projections 
of the data in Figure 2: frequency of structurally similaridissimilar 
alignments as a function of the percentage of identical residues in 
the alignment, for alignments of length 79-1 50 residues. The 
threshold is perfect, if all fragment pairs to the right of the thresh- 
old arrow are similar in structure (black bars), without intrusion by 
structurally dissimilar pairs (gray bars). The strong mixture of 
black and gray bars to the left of the arrows indicates that below 
the threshold one cannot use percent sequence identity as indi- 
catdr of structure similarity. The particular choice of threshold rep- 
resents an attempt to divide the range of sequence identity values 
into a "do not know" region (left) and a 'sequence similarity im- 

plies structure similarity region (right) (Top) Structure similarity 
assessed by identity of secondary structure, with the similar 
(b1ack)idissimilar (gray) dividing line at 70% identity of secondary 
structure symbols (H,E,T etc ) (Bottom) Structure similarity as- 
sessed by rms deviation of C(a) atom positions after optimal su- 
perposition of the two fragments, with the similar (b1ack)idissimilar 
(gray) dividing line defined to be at 2 5 A rms C(U) deviation per 
residue Apparently, comparing (Top) and (Bottom), the dividing 
line is less clear cut in terms of C(U) deviation than it is in terms of 
identity of secondary structure Therefore identity of secondary 
structure was used for calibration of the homology threshold In 
part, possibly inaccurate structures like 2ACT and 1CY3 contrib- 
ute to the excess of gray bars to the right of the arrow in (Bottom). 
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8 0  $1 x 
x x x  x x  

X 
0 secondary Structure identity <70% 

O I  I I I I I I I I I I I I I I 

0 1 0  2 0  3 0  4 0  5 0  6 0  

leng th  

Fig. 4. Homology threshold for structurally reliable alignments 
as a function of afignment length, a principal result (numerical 
values in Table I). Each data point represents an alignment be- 
tween two fragments from proteins of known structure. The graph 
is a two dimensional projection of Figure 2 onto the plane of 
sequence similarity/alignment length, with structural similarity col- 
lapsed to a one bit yedno description (crosseskquares). The data 
points are a subset of the data in Figure 2. The homology thresh- 
old (curved line) divides the graph into a region of safe structural 

Sequence Variation 

Role of conserved residues 

Sequence elements conserved in evolution are 
taken as evidence of selective pressure resisting mu- 

7 0  8 0  9 0  1 0 0  1 1 0  1 2 0  1 3 0  1 4 0  1 5 0  

of a l ignment  

homology (upper right) where essentially all fragment pairs are 
observed to have good structural similarity (crosses, secondary 
structure identity above 70%) and a region of homobgy unknown 
or unlikely (lower left) where some fragment pairs are structurally 
similar (crosses) and some are not (squares, secondary structure 
identity below 70%). The histogram of Figure 3a corresponds to a 
vertical slice of this graph in the length range 79-150 residues, 
summing all available data points in that length range. 

tational events. Much can be learned from studying 
sequence conservation in a three-dimensional pro- 
tein structure, especially about the possible contri- 
bution of individual residues to the architecture of 
the protein fold and t o  protein function.24 An exam- 
ple is shown in Figure 5. 

Fig. 5. Sequence variability mapped into the tertiary structure 
of chicken triose phosphate isomerase, 1TIMS The three-dimen- 
sional color stereo view of the TIM monomer shows placement of 
most conserved (blue) and most variable (red) residues in the 
crystal structure. Residues are colored according to variability (12 

homologous sequences, see Methods) on a sliding scale: blue- 
green-yellow-red. The most conserved residues are near the ac- 
tive site (Glu-165, His-96, Lys-13) at one end of the parallel p 
barrel (front) and in a loop ( I ,  top right front) that makes important 
contacts in the dimer interface. N is N-terminus, C is C-terminus. 
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Computer graphics display 
For example, residues conserved in the 3-D struc- 

ture of the enzyme triose phosphate isomerase25 
(color Fig. 5 )  appear to be located in (1) the ends of p 
strands of the parallel barrel, (2) near the active 
site, and ( 3 )  in a loop at the dimer interface. Color- 
ing residues in the 3-D structure according to se- 
quence conservation-which can be done routinely 
and quickly from the PROTID.HSSP output file- 

provides a visual way of developing intuition about 
the importance of residues in protein function and 
folding. Even a linear graph of sequence variability 
against the protein sequence can be instructive. 

DISCUSSION 
Current Limitations 

The main results, the homology threshold curve, 
the reported alignments and the implied secondary 

Fig. 6. Description of HSSP files: One HSSP file contains a 
structural protein family: one test protein of known structure and 
all its structurally homologous (as judged by our homology thresh- 
old Table I, Fig. 3) relatives from the database of known 
sequences. The file is divided into four blocks, HEADERS, 
PROTEINS, ALIGNMENTS and SEQUENCE PROFILE. The 
HEADERS block is mandatory The other three blocks are present 
only if at least one homologous alignment is found; each of the 
additional blocks begins with the string "##". File organization is 
line-oriented. Lines have a maximum length of 132 bytes. Some of 
the line types are self-explanatory 

(a) HEADERS block. the first four bytes in the file, 'HSSP', can be 
used for file type detection. The first line also has the version 
number of the HSSP software. The PDBID (protein data bank 
identifier) line identifies the test protein of known structure (e.g. 
1 PPT), the SEQBASE-line specifies the source of the aligned 
sequences (e.g. EMBUSwissprot or PIRINBRF). The PARAME- 
TER line specifies alignment parameters used in MaxHom (smin 

~ lowest similarity, smax 7 highest similarity between amino 
acids, maxdel = maximum length of deletion; maxdel restriction 
will be removed in future releases). The THRESHOLD line refers 
to the homology threshold curve used. Information about the test 
protein as copied from PDB (name, source, author) and as derived 
(length of the sequence SEQLENGTH, number of distinct chains 
NCHAIN. and the number of aligned sequences NALIGN). 

(b) PROTEINS block: pair alignment data for each of the proteins 
deemed structurally homologous to the test protein, where the 
word pair alignment refers to the alignment of the test protein with 
the single homologous protein 

ID 

STRlD 
I 

%IDE 

IFlR ILAS 

JFI RiJLAS 

LALl 

NGAP 

LGAP 
LSEQ2 

PROTEIN 

EMBLSWISSPROT identifier of the aligned 
(homologous) protein 
if  the 3-D structure of this protein is known, 
then STRlD (structure ID) is the Protein Data 
Bank identifier as taken from the database 
reference line or DR-line (latest date) of the 
EMBUSWISSPROT entry 
percentage of residue identity of the align- 
ment 
first and last residue position of the alignment 
in the test protein 
first and last residue position of the alignment 
in the aligned protein 
length of the alignment excluding insertions 
and deletions 
number of insertions and deletions in the 
alignment 
total length of all insertions and deletions 
length of the entire sequence of the aligned 
protein 
one-line description of aligned protein 

(c) ALIGNMENTS block residue-by-residue details of the family 
alignment From left to right in one line sequence and structure 
information for one position in the test protein taken from the 
corresponding DSSP file [13]. sequence variability for this 
position followed by the aligned sequences in the same order 

as in the PROTEINS-block, equivalent (aligned) residue in each of 
the homologous database proteins The sequences of the test 
protein and the aligned database proteins run vertically 

SeqNo sequential residue number of test protein as 
in DSSP file 

PDBNo residue number name as in PDB file 
AA amino acid type in one letter code 
STRUCTURE secondary structure summary hydrogen 

bonding patterns for turns and helices, geo- 
metrical bend, chirality, one character name 
of p-ladder and of p-sheet 

solvated residue surface area in A' (number 
of contacting water molecules '10) 
sequence variability (see text) as derived from 
the NALIGN alignments 
ruler to identify alignments by their number in 
the PROTEINS block 

BPI,  BP2 (J-bridge partners 
ACC 

VAR 

1 

NOTE that lower case characters in the sequence of the test 
protein (AA-column) indicate cysteines in SS-bridges Insertions 
and deletions in either sequence are indicated by special 
characters in the sequence of the aligned protein 

dots ( ) indicate a deletion in the aligned sequence 
lower case 

characters quence, e g AkeV means AK[insertion]EV 

There are residues from up to 70 database proteins in one line 
If the number of alignments (NALIGN) is greater than 70, the 
alignments block is repeated (1 70, 71-140 etc) until the total 
number of alignments is reached 

bracket an insertion point in the aligned se- 

(d) SEQUENCE PROFILE block relative frequency for each of 
the 20 amino acid residue in a given sequence position, from 
counting the residue at that position in each of the aligned 
sequences including the test sequence A value of 100 means 
that at this position only one type of amino acid is found Asx 
and Glx are counted in their acid/amide form in proportion to 
their database frequencies (Asx to Asp 0521 Asx to Asn 
0 439, Glx to Glu 0 623, Glx to Gln 0 410 as in 
EMBUSwissprot release 12, November 1989) For each line 
corresponding to a particular sequence position 

NOCC number of aligned sequences spanning this 
position (including the test sequence) 

NDEL number of sequences with a deletion in the 
test protein at this position 

NlNS number of sequences with an insertion in the 
test protein at this position 

ENTROPY entropy measure of sequence variability at 
this position (see Methods) 

RELENT relative entropy, I e entropy normalized to the 
range 0-100 
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PDBID 

SEQBASE 
PAWLMETER 
THRESHOLD 
REFERENCE 
CONTACT 
AVAILABLE 

SOURCE 
AUTHOR 
SEQLENGTH 
NCHAIN ~~ 

NALIGN 

Headers a 
HOMOLOGY DERIVED SECONDARY STRUCTURE OF PROTEINS , VERSION 0.9 1989 
lPPT 
file generated on 18-Mar-90 
RELEASE 13.0 OF EMBL/SWISS-PROT WITH 13837 SEQUENCES 
SMIN: -0.7 SMAX: 1.0 MAXDEL: 10 
according to t(L)=290.15 L ** -0.562 
Sander C., Schneider R. : Database of homology-derived protein structures. Proteins,l990. 
e-mail Schneider@EMF!L.bitnet or Sander@EMBL.bitnet / phone +49-6221-387361 / fax t49-6221-387306 
Free academic use. Cmercial users must apply for license. 
PANCREATIC HORMONE 
AVIAN PANCREATIC POLYPEPTIDE 
TURKEY (MELEAGRIS GALLOPAVO) PANCREAS 
T.L.BLUNDELL,J.E.PITTS,I.J.TICKLE,S.P.WCOD 
36 
1 

b Proteins 

I# PROTEINS : EMBL/SWISSPROT identifier and alignment Statistics 
MI. ID STFUD %IDE IFIR ILAS JFIR JtAs =I NGAP LGAP LSEQ2 PROTEIN 
1 : PAHOSCHICK lPPT 1.00 1 36 1 36 36 0 0 36 PANCREATIC HORMONE. 
2 : PRHOSSTRCA 0.94 1 36 1 36 36 0 0 36 PANCREATIC HORMONE. 
3 : PAHOSRLLMI 0.80 2 36 2 36 35 0 0 36 PANCREATIC HORMONE. 
4 : PAHOSANSAN 0.78 1 36 1 36 36 0 0 36 PANCREATIC HORMONE. 
5 : NEUYSPIG 0.57 2 36 2 36 35 0 0 36 NEUROPEPTIDE Y ( N P Y ) .  

C 
Alignments 

YX ALIGNMENTS 1 - 23 
Seqo PDBNo AA STRUCTURE BP1 BP2 ACC VAR .... :. ... 1....:....2....: 

1 1 G  0 0 101 0 GG G 
2 2 P  - 0 0 60 0 PPPPPPPPPPPPPPPPPP PPPP 
3 3 s  - 0 0 106 50 SALSSSSSAAIPPLLLLL LLPL 
4 4 Q  - 0 0 139 33 aQQQ-EEEEEEEQE 

6 6 T  - 0 0 126 46 TTKTDDDDEEEEEVVEWEW 
5 5 P  - o o 26 o ~~~~~~~~~~~~~~~e~~~~~~~ 
7 7 Y  - 0 0 121 43 YYYYNNNNAAANNYYYYYYYYSY 
8 8 P  - 0 0 55 0 PPPPPPPPPPPPPPPPPPPPPPP 
9 9 G > - 0 0 27 0 GGGGGGGGGGGGGGGGGGGGGGG 
10 10 D T 3 St 0 0 128 16 DDDNEEEEEEEEEDDDDDDDDGD 

I# SEQUENCE 
;eqNo PDBNO 

1 1  
2 2  
3 3  
4 4  
5 5  
6 6  
7 7  
8 8  
9 9  
10 10 

PROFILE 
V L  
0 0  
0 0  
0 39 
0 0  
0 0  
21 0 
0 0  
0 0  
0 0  
0 0  

AND ENTROPY 
I M F  
0 0 0  
0 0 0  
4 0 0  
0 0 0  
0 0 0  
0 8 0  
0 0 0  
0 0 0  
0 0 0  
0 0 0  

W Y G  
0 0 100 
0 0 0  
0 0 0  
0 0 0  
0 0 0  
0 0 0  
0 58 0 
0 0 0  
0 0 100 
0 0 4  

Sequence 

A P S T  
0 0 0 0  
0 100 0 0 
13 13 30 0 
0 0 0 0  
0 100 0 0 
0 0 0 1 7  
1 3 0 4 0  
0 100 0 0 
0 0 0 0  
0 0 0 0  

profile 

C H R  
0 0 0  
0 0 0  
0 0 0  
0 0 0  
0 0 0  
0 0 0  
0 0 0  
0 0 0  
0 0 0  
0 0 0  

d 
K Q E N D NOCC NDEL NINS ENTROPY RELENT 
0 0 0 0 0 4 0 0 0.000 0 
0 0 0 0 0 23 0 0 0.000 0 
0 0 0 0 0 23 0 0 1.397 47 
38 25 38 0 0 24 0 0 1.082 36 
0 0 0 0 0 24 0 0 0.000 0 
4 0 33 0 17 24 0 0 1.630 54 
0 0 0 25 0 24 0 0 1.053 35 
0 0 0 0 0 24 0 0 0.000 0 
0 0 0 0 0 24 0 0 0.000 0 
0 0 38 4 54 24 0 0 0.965 32 
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and tertiary structures are subject to a number of 
limitations. 

Validity of homology threshold 
The principal limitation in the calibration of the 

homology threshold as reported is in the measure of 
sequence similarity used. Given two aligned protein 
sequences, we have used the simplest possible mea- 
sure, the percent identity of amino acids, which is 
reported by most available alignment procedures. A 
more refined local measure (actually used here in 
producing the alignments) uses a mutational 20 by 
20 frequency or similarity table." In addition, a 
more refined global measure is a weighted sum over 
local similarity, in which more conserved positions 
are given a higher weight, as in multiple alignment 
methods.26 The advantage of using the simplest 
measure is its immediate usefulness for other work- 
ers. The disadvantage is that the threshold transi- 
tion is rougher and the reported alignments include 
more possible false positives than presumably would 
result with a threshold in terms of a more refined 
similarity measure. Plans for a future version in- 
clude use of a more refined and weighted similarity 
measure (higher weights for conserved regions) both 
for threshold definition and for alignment produc- 
tion. 

Accuracy of reported alignments 
Considerable effort is being expended to improve 

the accuracy of sequence alignments relative to 
structural  alignment^.^^^^^ In general, alignments 
may be inaccurate in local detail (trailing ends in- 
correctly aligned, incorrectly shifted gaps etc.). An 
example is given by loop 41-49 (DLKVAGGAS) in 
subtilisin' aligned to 47-57 (DLAGKVVGGWD) in 
t h e r m i t a ~ e , ~ ~ , ~ ~  where the alignment procedure in- 
correctly shifts a gap by two residues, i.e., KVAGG 
does not match KVVGG in 3-D. In such cases, the 
sequence alignment may correctly represent conser- 
vation in the evolutionary chain of events connect- 
ing the two sequences while the structural align- 
ment reflects a local structural rearrangement as a 
result of mutations in sequence positions spatially 
near the conserved residues. We therefore see no 
obvious remedy for locally incorrect alignments in 
loop regions. 

We plan to improve the accuracy of the align- 
ments by going from the current independent pair- 
wise method to a growing cluster alignment method. 
In a growing cluster alignment, each new sequence 
is brought into the cluster by alignment against the 
sequence profile of the existing cluster; in addition, 
each position i can be weighted with a conservation 
weight c(i) derived from the existing cluster. Accu- 
racy may be further increased by the use of newly 
derived exchange matrices, e.g. exchange matrices 

that depend on the structural state of the residue 
position at  which the exchange takes place (work in 
progress). 

Accuracy of homology-derived structure 
Each alignment implies a homology-derived 3-D 

structure for a sequence of unknown 3-D structure. 
Even if the inference of homology is correct (true 
positives), the expected accuracy of the derived 
structures is not 100%. For example, trypsid 
elastase (3PTN13EST),31*32 known to be homolo- 
gous, have a sequence alignment with 35% sequence 
identity and 6 gaps for 240 residue positions. How- 
ever, their secondary structures symbols (DSSP 
states) are only 80% identical and the aligned C(a)  
positions differ by 1.4 A for 180 residues after opti- 
mal superposition. An extreme example is provided 
by the 15-residue long sequence similarity in a loop 
region of bovine and porcine phospholipase (BP21 
P2P).33,34 In spite of safe overall homology of 88% 
sequence identity over 122 residues, a 15-residue 
stretch with 80% sequence similarity (KLDSCKV- 
LVDNPYTN/NLDSCKFLVDNPYTE; res 57-71), 
above our homology threshold for this length, has 
significantly different structure in the two crystals: 
17% identity in secondary structure and 3.3 A C(a) 
rms in tertiary structure. In response to mutations, 
loop regions are simply more plastic than secondary 
structure segments or core regions. 

In general, the accuracy of derived structure is 
limited to the plasticity margin (Fig. 21, i.e., homol- 
ogy-derived structure can be expected to be occasion- 
ally wrong in local detail, e.g., in the conformation of 
some loop regions and in the precise delineation of 
the ends of some secondary structure segments. The 
average accuracy given by the middle of the plastic- 
ity margin is 85% identity of secondary structure 
(states H,G,E,B,T,S,blank) and 1-2 A rms deviation 
of C(a) positions in tertiary structure. Cases of in- 
correctly inferred existence of a-helices and p- 
strands, however, are very rare-we are not aware 
of a single example in the database of deposited 3-D 
structures. 

In addition, the inference of homology for align- 
ments above the homology threshold may simply be 
incorrect (false positives). In the current implemen- 
tation and with the current threshold values (Table 
I), we estimate, by visual inspection, the level of 
possible false positive alignments at roughly 1-2%, 
most of them short alignments which are subject to 
more statistical noise. 

Limited database 
Any empirical investigation is limited by the size 

of the database. Deviations from the principles ob- 
served here are possible as more and perhaps new 
classes of protein structures became known. 
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Recommendation for Use of HSSP Database 
The current version (vO.9; January 1990) contains 

1-2% unexpected positives. Which of these are false 
positives and which represent discovery of struc- 
tural relationship is in principle unknown-the 
threshold was deliberately set to include a small 
fraction of these. The user of the database should 
allow for a small margin of error and, to be on the 
safe side, choose to delete a certain fraction of the 
lowest-scoring alignment upon reading in the HSSP 
files, using herhis own judgment and criteria, at the 
risk of deleting correct positives as well. A program 
to filter the files according to a higher, user-defined 
threshold is available. In the current version (vO.9) 
of the files being distributed via network, a filter 
corresponding to raising the threshold values by 3 
percentage point for all lengths has been applied. 

In using variability scores, the user should be 
aware that low occupancy positions (few alignments 
span that position) have poorly determined variabil- 
ity values-in the limit of zero occupancy the vari- 
ability is undefined and set to zero. The user may 
choose to use only positions with occupancy larger 
than, say, five proteins. 

Availability of database 
The HSSP database (one file per PDB protein with 

a full coordinate set named PDBID.HSSP) will be 
distributed freely to end users (unlimited academic 
use; resale excluded; added value information copy- 
righted). Files will be mounted on the file server 
NETSERV@EMBL. bitnet (send e-mail message 
‘help’ for more information). Source code to read and 
filter HSSP files is also available and serves as an 
operational definition of file format. 

Future Extensions and Applications 
The threshold for structural homology can be used 

to improve the evaluation of matches in sequence 
database searches. Although the length dependence 
of statistical significance of sequence matches is 
well known rnathemati~ally:~ the most popular da- 
tabase alignment search programs (e.g., FASTA, 
Word~earch’~ ,~~)  sort the best hits on total similar- 
ity, without reference to length. We suggest that a 
homology threshold curve like the one presented 
here can be used to order the database matches by 
the extent to which their score exceeds the thresh- 
old, in appropriate units. 

Unexpected positives in HSSP files, e.g., se- 
quences aligned to a globin structure with sequence 
similarity above the threshold curve which are so 
far not known to be related to globins, are tantaliz- 
ing candidates for possible discovery of structural 
homologies. 

The significantly increased database with its 
structural family alignments, sequence profiles, se- 
quence variability (or variation entropy) can be used 

1. to study the evolution of protein sequence and 
structure; an example is the correlation between 
residue side chain contacts and sequence variation 
in the TNC fami lp ;  

2. to derive statistically more reliable preference 
parameters or sequence patterns for structure 
predi~t ion~~-~’;  

3. to  extract weighted sequence profiles for data- 
base searches. For example, sequence positions 
along the profile can be given a weight correspond- 
ing to the degree of conservation, such that strongly 
varying positions are effectively ignored in a profile 
sequence c o m p a r i ~ o n ~ ~ - ~ ~ ;  

4. to define the core region of a structural family 
for model building by homology, even when only one 
structure is known. Strongly varying positions are 
considered not be part of the invariant core; 

5. to derive structure-dependent similarity tables 
for amino acid types (or tuples of types) for use in 
aligning sequences to proteins of known 3-D struc- 
ture and for use in planning point mutations based 
on known or predicted protein structures. 

Updates of the database are planned for each new 
release of the protein structure and sequence data- 
bases. 
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