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Estimating the Number of Protein Folds
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A number of fundamental questions in structural biology concern the
diversity of protein architectures (or folds). Here, we address two of
them, the size of the universe of folds, and the distribution of sequence
families among them, using an analysis based on a new and rigorous
statistical sampling method. In particular we show that the number of
known non-transmembrane protein folds is approximately one half of the
total that exist, and that certain superfolds should exist, which accommo-
date dozens of non-homologous sequence families.
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The large number of tasks required for proper
cellular functioning require an even larger number
of speci®c molecular interactions and these, in
turn, require substantial structural diversity in the
pattern of protein folds. The hope nevertheless per-
sists that structural regularities might be present in
the form of some manageable number of generic
architectures (Levitt & Chothia, 1976; Ptitsyn &
Finkelstein, 1980; Richardson, 1981; Chothia &
Finkelstein, 1990; Chothia, 1992; Holm & Sander,
1996). Protein domains sharing homologous
sequences do of course encompass a large number
of similar structures (Chothia & Lesk, 1986; Sander
& Schneider, 1991; Orengo et al., 1994), and these
represent the variation required for ®ne tuning
function. Notably, the conservation of structure is
more readily identi®ed than the conservation of
sequence, since even proteins having statistically
insigni®cant sequence similarity sometimes adopt
the same fold (Ptitsyn & Finkelstein, 1980;
Finkelstein & Ptitsyn, 1987; Chothia & Finkelstein,
1990; Johnson et al., 1990). The possibility that
nature may have a very limited repertoire of gener-
ic architectures is attractive, for if it is correct the
problem of predicting structure from sequence
would be greatly simpli®ed (Chothia, 1992;
Blundell & Johnson, 1993; Shortle, 1994; Holm &
Sander, 1996; Fischer et al., 1996).

Assuming that the sequence families for which
structures have been determined are a random
sample of all sequence families, the number of pro-
tein folds that exist can be estimated from the
number of folds that are known. One of the ®rst

such estimates was made by Chothia (1992), who
conjectured that the total number of sequence
families is approximately 1500 and that the num-
ber of distinct folds should be about 1000. How-
ever, linkage clustering of the non-transmembrane
protein sequences in the SWISS/PROT database
(release 27) indicates that the number of protein
sequence families is approximately 23,100 (Orengo
et al., 1994). Chothia's formulation then predicts
close to 8000 folds (Orengo et al., 1994), a much
less encouraging number.

There are two limitations on the reliability of
these estimates. Firstly, the statistical sampling pro-
cess is not properly modeled (Wang, 1996), and
consequently it leads to a strong dependence of the
prediction on the number of sequence families
(hence the large variation in the estimates). Sec-
ondly, these estimates assume that different pro-
tein folds accommodate almost the same number
of sequence families. Although the overall distri-
bution of the protein sequence families among
folds is yet to be determined, that the sampling
distribution is not uniform has been demonstrated
by several independent analyses (Orengo et al.,
1994; Alexandrov & Go, 1994; Murzin et al., 1995)
of the protein structural database (Berstein et al.,
1977). In particular, SCOP (Murzin et al., 1995), one
of the widely quoted structural classi®cation data-
bases, now distinguishes 361 folds, which rep-
resent a total of 736 non-transmembrane protein
families. The demography of this sample, i.e. the
number of folds having m (m � 1, 2, . . . ) families,

m, is an exponentially decreasing function of m,
with most folds having one or a very few families
and a few superfolds having more than ten
families (Table 1).
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Here, we re-estimate the number of protein folds
using a rigorous statistical method to model the
sampling process. We show below that if the
underlying distribution of sequence families
among folds is random, the observed distribution,

m, is predicted quantitatively with no adjustment
of parameters. Immediate predictions are the total
number of non-transmembrane protein folds,
which can be placed at approximately 700, and the
existence of a number of superfolds that are able to
accommodate dozens of sequence families.

Consider the M protein families as sequentially
numbered sites along a straight line, with families
belonging to the same fold represented by consecu-
tive sites (Figure 1). The N different folds are dis-
tinguished by the N boundary sites, each
terminating a succession of families belonging to
the same fold, with the boundary of the last fold
necessarily at M. With this representation, the
number of families in a fold is simply the number
of sites enclosed by two adjacent boundaries, with
the convention that the right-hand boundaries
belong to the folds on their left. If the N boundary
sites are randomly distributed, then the probability
that a randomly picked family is a boundary site is
pb � N/M. The probability that a fold is composed
of exactly x families is given by:

ÿx � �1ÿ pb�xÿ1pb �1�
If we take the Ms � 736 protein families whose

structures are known as a random sample of the M
non-transmembrane protein sequence families, the
probability that any particular family is selected is
ps �Ms/M. Consequently the probability that a

fold has x families and none of these families is
selected is ÿx (1 ÿ ps)

x. Summing these individual
probabilities over x, we have the probability that a
fold (of any size) contains no representatives in the
sample:

F 0 �
X1
x�1

ÿx�1ÿ ps�x � pb�1ÿ ps�
ps � pb�1ÿ ps� �2�

N can be solved as a function of M by substituting

F 0 � �N ÿNs�=Ng;
the observed fraction of folds that are not sampled,
in the above equation:

N � MsNs

Ms ÿ �1ÿ ps�Ns
�3�

With M � 23,100, Ms � 736 and Ns � 361, equation
(3) predicts that N � 687. It is evident from
equation (3) that M enters only through ps �Ms/
M. The result is, therefore, insensitive to M when
M4Ms. For example, with 6727 4 M 4 100,000,
we ®nd 641 4 N 4 704. The lower bound on M is
a conservative estimate of the total number of pro-
tein families in nature (Alexandrov & Go, 1994);
whereas we take the latter, the estimated number
of human genes, as a reasonable upper bound for
M. We therefore ®nd that N is in the vicinity of
700, and that it is robust against change in M.

To determine whether the estimate is also com-
patible with the observed distribution function 
m

(Table 1), consider a random sample of Ms families
drawn from a universe of M families that are dis-
tributed among folds in accordance with equation

Table 1. The distribution of non-transmembrane protein sequence families among folds in the current protein struc-
ture database

m 1 2 3 4 5 6 7 8 10 11 14 15 16 23 29

m

a 235 58 24 19 6 5 2 3 2 2 1 1 1 1 1
Ns

b 361
Ms

c 736

Based on the June 1997 release of SCOP (Murzin et al., 1995).
a 
m represents the number of folds found to have exactly m families.
b The total number of known non-transmembrane folds, Ns � �m 
m
c The total number of sequence families of known structure, Ms � �m m
m

Figure 1. Schematic represen-
tation of the statistical sampling
model. The M protein families are
sequentially represented by sites (1
to M) along a straight line, with
families belonging to the same fold
bearing consecutive numbers. The
N folds can be distinguished by the
N boundary sites, {B1, B2, . . . , BN},
each being the last family of a
given fold. Assuming the N bound-

ary sites are randomly distributed, then the number of families in each fold, x, is a discrete random variable with a
probability density function given by equation (1). The Ms (736) non-transmembrane protein families whose struc-
tures are currently known are treated as a random sample of the M families (in the example illustrated here, the 3rd,
11th, 14th, 19th, . . . , and (M ÿ 3)th families are selected).
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(1). De®ne Fm as the fraction of folds in the sample
which are found to have exactly m families.
Then:

Fm �
X1
x�m

ÿx�1ÿ ps�xÿmpm
s

x

m

� �

� Ms ÿNs

Ms

� �m N2
s

N�Ms ÿNs�

�4�

Note that NFm, the average number of folds
having exactly m families, is independent of M,
and N�m � 1

1 Fm � Ns. NFm is linear on a semi-log
plot (Figure 2(a)); the slope, ÿ0.29, is essentially
indistinguishable from the slope of the best least-
squares ®t to the observed distribution 
m

(m � 1, 2, . . . ,8) on the same semi-log plot, which is
ÿ0.28. The agreement is a strong indication that ÿx

(shown in Figure 2(b)) captures the fundamental
characteristics of the underlying distribution of
protein families among folds in the universe, and
that N (equation (3)) is a sensible estimate of the
number of folds.

Therefore, ÿx (equation (1)) may provide the ®rst
insight into the demographic structure of all non-
transmembrane protein families when they are
clustered in three-dimensional structural space. In
particular, the near geometric distribution of pro-
tein families among folds (Figure 2(b)) predicts
that there may be a small fraction of giant folds
which can accommodate up to several dozens of
sequence families.

Some idea of the dependence of the results on
the underlying distribution ÿx (equation (1)) can be
obtained by comparison with predictions based on
the uniform distribution which was used pre-
viously (Chothia, 1992; Orengo et al., 1994; Wang,
1996). Speci®cally, if the M families are uniformly
distributed among folds, N can be obtained from:

1ÿNs

N

� �N

� 1ÿMs

M

� �M

�5�

For M � 23,100, Ms � 736, and Ns � 361, such an
estimate yields N � 443.

In analogy to Fm, we de®ne FU
m as the fraction

of folds found to have m families when a sample
of Ms families are randomly drawn from the M
families uniformly distributed among the N folds.
Then:

FU
m � �1ÿ ps� M

N� � ps

1ÿ ps

� �m M

N

� �
m

0@ 1A �6�

where [ � ] represents the integral part of the
bracketed number. The distribution function NFU

m
thus calculated is both qualitatively and quantitat-
ively different from the observed distribution 
m

(Figure 2(a)).
Our estimation also allows us to analyze the

time and strategy required to explore the universe
of folds. Given M and the corresponding estimate
of N, the relation between the protein families

Figure 2. (a) The distributions of Ms (736) protein
sequence families among Ns (361) folds plotted on a log-
arithmic scale. Filled triangles represent 
m, the number
of folds that have exactly m protein families observed
from the current structural database (Table 1). If the Ms

families are taken as a random sample drawn from a
universe of protein sequence families that are distribu-
ted among folds in accordance with equation (1), the
number of folds that have m sequence families in the
sample, NFm (open triangles), is given by equation (4).
Open squares represent NFU

m (equation (6)), the ana-
logue of NFm for a random sample of Ms families
drawn from a universe of sequence families uniformly
distributed among the folds. For all three functions,
only the ®rst eight terms (m � 1, 2, . . . ,8) are shown.
(b) The distribution of non-transmembrane protein
sequence families among the folds in the universe. This
is presented by ÿx, the fraction of folds that are com-
posed of x families, as a function of x.
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being sampled, Ms, and the fraction of folds they
represent on average, � � Ns/N, is given by:

� � MsM

MsM�N�MÿMs�
�7�

and drawn in Figure 3. We chose M as the number
of protein families suggested by Orengo et al.,
1994) because it is most consistent with the family
de®nition used by SCOP (Murzin et al., 1995).

Because of the skewed distribution of protein
families among folds (Figure 2(b)), the complete
elucidation of all the folds by the default strategy
(random family selection) still means solving the
structures of virtually all protein families, despite
the fact that there is a limited number of folds in
nature. A more practical question may be how
long it will take to solve a majority, say, 95%, of
the folds, or equally interesting, what rate of tech-
nical advance will be required to ful®l a time-table,
say, the next 15 years, to discover 95% of the folds.

In accordance with Figure 3, to uncover 95% of
the folds requires, on average, the structural deter-
mination of representatives from 8344 randomly
chosen protein families. According to SCOP
(Murzin et al., 1995), the structures of 177 new pro-
tein sequence families have been reported over the
past two years. If this rate continues, it will take
approximately 86 years to identify 95% of the
folds. In order to reduce this ®gure to 15 years, we
have to increase the rate of family structural deter-
mination by about 20% per year. The alternative is
to select new sequences for structural determi-
nation in accordance with a de®nite strategy that
maximizes the chance of uncovering a new fold.
Such strategies are not dif®cult to devise, but their
implementation will require cooperation among
the community of structural biologists, at a level
similar to that developed in the genomics commu-

nity during the past decade. The potential payoff
could be the solution to the protein folding pro-
blem during the next two decades.

The de®nition of folds of course affects their cur-
rent and, therefore, their predicted number. The
estimate of �700 non-transmembrane folds is
based on the protein structural classi®cation
scheme employed by SCOP (Murzin et al., 1995);
the use of other classi®cation schemes (Holm &
Sander, 1996; Orengo et al., 1997) is expected to
give different results. For example, CATH (Orengo
et al., 1997), another widely used database, clusters
the structures of 1051 sequence families, including
both transmembrane and non-transmembrane
families, in the current structural database into 482
topological folds. Based on equation (3), these
values predict that the total number of folds is 857,
which remains moderate.

The estimate can also be in¯uenced by a number
of other sources of bias, but we expect these to be
small. For example, ¯uctuation in the current value
of Ns is expected due to some uncertainties in the
structural classi®cation. If Ns is 10% larger than the
current value of 361, N estimated by equation (3)
increases to 831. Alternatively, the process of
selecting the Ms families for structural determi-
nation may not be ideally random. This will
increase N if the extreme folds are over-rep-
resented. If we remove the nine superfolds each
having ten or more families from Ns � 361 and the
139 families that belong to those nine folds from
Ms � 736, equation (3) gives N � 827. Adding back
the nine superfolds places the total folds at 836.

More serious bias arises if a certain fraction of
the universe of protein folds is inaccessible to the
sampling process. Some protein families are very
dif®cult to crystallize, and their structures will be
under-represented in the current structure data-
base. Transmembrane proteins originally fell into
this category, but they have necessarily been
omitted in our analysis. Although we do not know
the number of natural transmembrane folds, we
expect it to be small compared with the number of
non-transmembrane folds because of the severe
sequence constraints imposed by the hydrophobic
nature of the membrane. Some protein families are
only found in organisms such as archaea, which
have not been the subject of extensive study until
very recently (Brown & Doolittle, 1997). It is poss-
ible that some of these protein families also
embody novel folds speci®c to such organisms.
Therefore, the estimate based on the current struc-
tural database may be better interpreted as the
result of randomly sampling the universe of
``accessible'' protein families (mostly from the ®rst
two branches of life) and re¯ects only the size of
the accessible portion of the fold universe. When
the protein families from all branches of life
become equally available to structural determi-
nation, the number of folds in the entire universe,
its demographic structure, and the time required to
explore it, can be recalculated using equations (1),
(3) and (7).

Figure 3. The percentage of folds identi®ed on aver-
age, � � Ns/N, as a function of the number of protein
families randomly sampled for structural determination,
Ms (for M � 23,100). Broken lines specify the number of
protein families (8344) that need to be sampled in order
to solve 95% of the folds.

1304 Estimating the Number of Protein Folds



Acknowledgements

C.Z. acknowledges the postdoctoral support from U.S.
Department of Energy (DE-F602-96ER62263). We thank
J. Cornette and C. R. Cantor for helpful discussions.

References

Alexandrov, N. N. & Go, N. (1994). Biological meaning,
statistical signi®cance, and classi®cation of local
similarities in nonhomologous proteins. Protein Sci.
3, 866±875.

Berstein, F. C., Koetzle, T. F., Williams, G. J. B., Meyer,
E. F., Jr., Brice, M. D., Rodgers, J. R., Kennard, O.,
Shimanouchi, T. & Tasumi, M. (1977). The Protein
Data Bank: a computer-based archival ®le for
macromolecular structures. J. Mol. Biol. 112, 535±
542.

Blundell, T. L. & Johnson, M. S. (1993). Catching a com-
mon fold. Protein Sci. 2, 877±883.

Brown, J. R. & Doolittle, W. F. (1997). Archaea and the
Prokaryote-to-Eukaryote transition. Microbiol. Mol.
Biol. Rev. 61, 456±502.

Chothia, C. (1992). One thousand families for the mol-
ecular biologist. Nature, 357, 543±544.

Chothia, C. & Finkelstein, A. V. (1990). The classi®cation
and origins of protein folding patterns. Annu. Rev.
Biochem. 59, 1007±1039.

Chothia, C. & Lesk, A. M. (1986). The relation between
the divergence of sequence and structure in pro-
teins. EMBO J. 5, 823±826.

Finkelstein, A. V. & Ptitsyn, O. B. (1987). Why do globu-
lar proteins ®t the limited set of folding patterns?
Prog. Biophys. Mol. Biol. 50, 171±190.

Fischer, D., Rice, D., Bowie, J. U. & Eisenberg, D. (1996).
Assigning amino acid sequences to 3-dimensional
protein folds. FASEB J. 10, 126±136.

Holm, L. & Sander, C. (1996). Mapping the protein uni-
verse. Science, 273, 595±602.

Johnson, M., Sutcliffe, M. & Blundell, T. (1990). Molecu-
lar anatomy: phyletic relationships derived from
three-dimensional structures of proteins. J. Mol.
Evol. 30, 43±59.

Levitt, M. & Chothia, C. (1976). Structural patterns in
globular proteins. Nature, 261, 552±558.

Murzin, A., Brenner, S. E., Hubband, T. & Chothia, C.
(1995). SCOP: a structural classi®cation of proteins
database for the investigation of sequences and
structures. J. Mol. Biol. 247, 536±540.

Orengo, C. A., Jones, D. T. & Thornton, J. M. (1994).
Protein superfamilies and domain superfolds.
Nature, 372, 631±634.

Orengo, C. A., Michie, A. D., Jones, S., Jones, D. T.,
Swindells, M. B. & Thornton, J. M. (1997). CATH-A
hierarchic classi®cation of protein domain struc-
tures. Structure, 5, 1093±1108.

Ptitsyn, O. B. & Finkelstein, A. V. Q. (1980). Similarities
of protein topologies: evolutionary divergence,
functional convergence or principles of folding?
Quart. Rev. Biophys. 13, 339±386.

Richardson, J. S. (1981). The anatomy and taxonomy of
protein structure. Advan. Protein Chem. 34, 167±339.

Sander, C. & Schneider, R. (1991). Database of hom-
ology-derived protein structures and the structural
meaning of sequence alignment. Proteins: Struct.
Funct. Genet. 9, 56±68.

Shortle, D. (1994). Protein fold recognition. Nature Struct.
Biol. 2, 91±93.

Wang, Z.-X. (1996). How many fold types of protein are
there in nature? Proteins: Struct. Funct. Genet. 26,
186±191.

Edited by F. Cohen

(Received 22 May 1998; received in revised form 17 September 1998; accepted 18 September 1998)

Estimating the Number of Protein Folds 1305


	Biological meaning, statistical significance, and classification of local similarities in nonhomologous proteins
	References
	Figures
	Figure 1
	Figure 2
	Figure 3

	Tables
	Table 1

	Equations
	Equation 1
	Equation 2
	Equation 3
	Equation 4
	Equation 5
	Equation 6
	Equation 7


