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A small number of folding patterns describe in outline most of the known protein globules, the same folds being found in non-homologous proteins 
with different functions. We show that the ‘popular’ folding patterns are those which, due to some thermodynamic advantages of their structure, 
can be stabilized by a lot of random sequences. In contrast, the folds which are rarely or never observed in natural globular proteins can be stabilized 
only by a tiny number of random sequences. The advantageous folds are few, they tolerate various primary structures, and therefore they can and 
ought to perform different functions. A connection between the inherent ‘weak points’ of protein folding patterns and positrons of active sites are 

discussed. 
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1. INTRODUCTION 

Inspection of protein structures shows that a small 
number of folding patterns describe in outline most of 
the known domains, the same patterns being found in 
proteins which have no genetic relationship and per- 
form quite different functions [l-8]. Rossmann folds, 
TIM barrels, helical bundles and Greek key motifs are 
examples of the most popular folding patterns. It has 
been shown [7] that the wide-spread protein architec- 
tures are those that have some advantages in thermody- 
namic stability. 

For example, a right-handed connection of parallel 
b-strands is a standard detail of the most popular folds, 
while a left-handed one is extremely rare (Fig. 1A). At 
the same time, a right-handed connection in a sheet with 
a right-handed twist (this twist is energetically favorable 
for natural L-amino acids [9]) demands less loop bend- 
ing [lo] and, due to polypeptide chain rigidity, it ‘costs’ 
- 2 kcal/mol less than a left-handed one [7,8]. The same 
predominance of less-bent loops is also observed for 
other standard connections of secondary structure ele- 
ments [l l-141. Similarly, loop crossing (Fig. 1B) is rare 
in proteins, and it seems that this ‘defect’ is prohibited 
because the crossing either buries and dehydrates a loop 
peptide group (which costs - 5 kcal/mol), or demands 
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additional loop bending to avoid this dehydration 
which also costs a few kcal/mol [7]. 

Thus, the most popular protein folds have some obvi- 
ous thermodynamic advantages, yet it is not clear why 
these small advantages provide the observed rigid limi- 
tations in patterns of protein folding. 

First, a defect costs only a few kcal/mol, while differ- 
ent sequences can readily add or subtract - 50 kcall 
mol to the energy of a fold [15]. Then, why does the 
small energy of a defect play any selective role, and why 
can it not be compensated for by an ‘appropriate’ amino 
acid sequence? 

Second, the arguments based on loop rigidity must 
mainly concern their entropy, because the main reason 
for polymer elasticity is that an additional bending de- 
creases the number of possible chain conformations 
[16,17]. Yet the entropy of a native protein globule 
which has a unique fold is zero in any case! Why do the 
‘entropic’ arguments against some protein architectures 
make any sense at all? 

2. HOW MANY AMINO ACID SEQUENCES CAN 
STABILIZE . . .? 

To clarify the origins of physical selection of protein 
structures, we consider an amount of randomly synthe- 
sized sequences which stabilize a folding pattern of this 
or that kind. Some preliminary considerations of this 
approach and a few examples can be found in [7,8,18]. 

The question ‘How many sequences can form this or 
that? is stimulated by recent development of the general 
physical theory of structures formed by random hetero- 
polymers [ 19-231. Investigations of this kind are related 

Published by Elsewer Science Publishers B. V. 23 



Volume 325, number 1,2 FEBSLETTERS June 1993 

to globular proteins, since their amino acid sequences 
(unlike e.g. the periodic chains of fibrous proteins) look 
like random heteropolymers which are ‘edited’ only 
slightly [24]. In this connection it is noteworthy that, 
according to the theory in [23], a significant part of 
randomly synthesized heteropolymers can have a ther- 
modynamically dominant fold. 

Below we investigate how easily the random polypep- 
tides can form different folding patterns and show that 
both energetic and entropic defects of the patterns result 
in a drastic, exponential decrease of the number of pat- 
tern-stabilizing sequences, so that at most they can sta- 
bilize only a few more-or-less ‘perfect’ folding patterns, 
if at all. 

3. BOLTZMANN-LIKE STATISTICS OF 
PROTEIN DETAILS 

For small elements of protein structure, the occur- 
rence-to-energy relationship was established two dec- 
ades ago [25]. It looks like an exponential predominance 
in the occurrence of low-energy elements over high- 
energy ones; 

OCCURRENCE - exp(-ENERGYIRT,) (1) 

here R is the gas constant, and T,, the ‘conformational 
temperature’, is equal to room temperature in order of 
magnitude. This relationship concerns statistics of 4, VI, 
x angles [25,26], occurrence of empty cavities [27], of 
cys- and truns-prolines [28], distribution of residues be- 
tween the globular surface and interior [29], between 
secondary structure regions [30,31], etc. 

Although this relationship looks like a conventional 
Boltzmann statistic of thermodynamic fluctuations, it 
must have quite a different origin, since the observed 
protein structures do not fluctuate, in the sense that the 
links of a protein chain do not wander from surface to 
interior of the protein, and from one secondary struc- 
ture to another. Rather, the basis for the observed pro- 
tein statistic is that any low-energy element exponen- 
tially enlarges the number of sequences which ensure 
protein stability, while any high-energy one reduces this 
number [ 181. 

A similar approach can clarify the origin of ‘physical 
selection’ of protein architectures. 

4. ENERGY SPECTRA OF HETEROPOLYMER 
GLOBULES 

A given fold can be stable only for those sequences 
where the total energy E (one can imagine that 

E=CE 
P 

P 

summarizes energies of all the residue-to-residue con- 
tacts and bends inherent in this fold) is at the very 
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Fig. 1. Two examples of folding patterns typical for globular proteins 
in comparison with similar ones which are, however, quite rare. /I- 
strands are shown by arrows, a-helices by cylinders, loops by solid 
lines. (A) Left-handed connection of parallel B-strands is rare; it de- 
mands a greater bend of a loop. (B) Crossing of loops is rare; it either 
dehydrates a peptide group of a loop or demands additional loop 

bending. 

bottom of the energy spectrum, below the energy level 
of any other fold of the chain. 

Basic properties of energy spectra of heteropolymer 
globules [21] can be summarized as follows, 

The form of an energy spectrum (Fig. 2a) is governed 
by overall properties of a chain (such as the content of 
attracting and repulsing residues). Overall properties of 
a vast majority of long random sequences are close as 
a result of statistical averaging. Therefore their energy 
spectra are also similar. 

For any chain, most energy levels occur within an 
interval of (E” - cr, i?” + a). B” is the mean value of 
chain energy averaged over all globular folds, and 0 is 
the root mean square deviation of fold energies from 
this mean value. Density of energy levels is proportional 
to 

i;iiE = A4 exp(-(E - E”)*/2 a*) (2) 

where M is the total number of globular folds. The 
lowest energy fold of a sequence relates to the energy 
range 

E* =E” -ad%% (3) 

In this region #iE - 1, and when %ii, is much less than 
unity, this means that energy levels are absent for nearly 
all sequences. 

Abatement of density of energy levels determines a 
‘critical temperature’ corresponding to the end of en- 
ergy spectrum 

T, = (R aln(5i,)/aEIiiiE= J’ = 02/(R@“-E *)) = a/d!%% (4) 
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Fig. 2. Typical distribution of energy levels for globular folds of a random heteropolymer. (a) The simplest case: all folds have the same overall 
properties (compactness, etc.). Each spectrum line corresponds to a fold of a random sequence; a plot of spectrum density averaged over the random 
sequences. i?’ is the mean energy of the spectrum; cr is a characteristic width of it: most levels occur in the range of& + cr. A typical position of 
the lowest energy fold is shown by hatching. The broken line corresponds to a region where %ir << 1; this region is accessible only for a small fraction 
of random sequences. Other plots illustrate a ‘physical selection’ of folding patterns: a smaller amount of low-energy folds gives a sequence a smaller 
chance of fmding its energy minimum within a handicapped group of folds. Three basic cases are shown. (b) Group 2 has an ‘entropic defect’: 
it contains much less folds than another one (M, -SC M,); other properties of the folds (mean energies and dispersions) are the same for both groups, 
,&y =&, and u, = ur. (c) Group 2 includes folds with an ‘energetic defect’:& >E:; other properties of the folds of both groups are the same, 
M, = Mz, and o, = ur. (d) Group 2 includes folds with a smaller variety of interactions: a, c a,; other properties of the folds of both groups are 

the same,,!?: =EO,, and M, = M,. 

Below T,, the lowest energy folds of the chains are 
‘frozen out’; above T,, these folds are not stable thermo- 
dynamically. T, depends on heterogeneity of residues 
and folds rather than on the chain length because o2 is 
proportional to this heterogeneity, and 02, Ink& and 
if?‘-E * are all proportional to the protein size 
[19,21]. 

5. THE ORIGINS OF BOLTZMANN-LIKE 
STATISTICS OF PROTEIN STRUCTURES 

The above results have been obtained for a basic case 
when all folds have the same overall properties, such as 

density. To understand a physical selection of protein 
folding patterns we have to consider a case when the 
folds are divided into groups with different properties. 
Let us consider the basic cases. 

1. Suppose that all A4 folds are divided into two 
groups. The first contains A4, folds, the second Mz ones, 
and M, e M, (Fig. 2b). This corresponds, for example, 
to division of folding patterns into those with right- and 
left-handed connections of B-strands (Fig. 1A): a left- 
handed connection includes a smaller number of chain 
conformations (see above). Let all energetic properties 
of the folds be the same. Then for each fold, there is an 
equal probability that it serves as the lowest energy fold 
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for some random amino acid sequence. However, the 
number of right-handed folds is much greater than that 
of their competitors. Proportionally, the lowest energy 
fold of a random chain has a much greater chance to 
happen to be a right-handed one. 

This can also be explained from another point of 
view. The expected ener of the lowest energy fold 
of Group 1 is.!?’ -CT 21nM, (see eqn. 3), while the low- Yy 
est ener fold of Group 2 usually has energy of 
E” -o 21nM,. As M, > M2, the best fold of Group C=- 
1 usually has a lower energy than the best fold of Group 
2. This shows that a smaller variety of folds gives a 
random sequence a smaller possibility of obtaining a 
low-energy fold. Thus, an ‘entropic’ defect (a lack of 
folds) results in an ‘energetic’ one. Thus, entropic de- 
fects can discriminate protein structures, even though 
entropy of a native protein globule is zero. 

2. Suppose now that folds of Group 2 have some 
energetic defect which enlarges their mean energy i?\ 
relative to E’,, the mean energy of the folds of Group 
1 (Fig. 2~). This corresponds, in particular, to division 
of folding patterns into those with non-crossed and 
crossed loops (Fig. 1B): the crossed loop loses an H- 
bond with water (see above). Let both groups have the 
same number of folds (M, = M2) and the same variety 
of interactions (i.e. cr, = 0,). Then 

Fig. 3. A scheme of subtilisin folds and the position of Its active site. 
Subtilisin is a rare example of a protein violating both of the structural 
rules shown in Fig. 1. Note that any loop forming a left-handed 
connection of parallel p-strands always has to cross at least one of the 
surrounding right-handed ones; this makes such a connection twice as 
unfavorable. The catalytic site of subtilisin is located just near the 
main ‘defect’ of the fold where a left-handed connection crosses a 
normal right-handed one. The residues of the catalytic site (His62, 
Asp3*, Se?‘) are shown by filled circles. The substrate binding site is 
shown by a cross and is situated in a crevice formed by diverged loops 

in a ‘switch point’ of the parallel B-sheets [32]. 

Of course, any defect can be compensated for by an 
appropriate amino acid sequence but, according to the 
above estimates, the amount of these lucky sequences 
is low. 

iii;. Irn,l: = exp(-(E*-Eq)*/2o*)/exp(-(E*-E”,)*/20*) 

is the ratio of average numbers of folds of these groups 
in the energy range related to the lowest energy fold (in 
this range, Z$+%ii”,, = 1, see above). Evidently, this 
ratio can be represented in a simple ‘Boltzmann-like’ 
form: 

This explains why the ‘popular’ folds of globular pro- 
teins are those which have practically no defects like 
crossed loops, cavities, etc. 

iii;. Iiii& = exp(-(Eq -i?O,)IRT,) (5) 

where 

3. The last case to be considered is the case when the 
groups differ in a number or variety of interactions (this 
can be caused, in particular, by different compactness 
of competing folds). As a result, the energy spectrum of 
one group is broader than that of another (Fig. 2d). Let 
both groups have the same number of folds (M, = M2), 
the same mean energy (j?“, = E\), but different energy 
dispersions (a, > a,). 

Then 

T, = a*/(R@' -E*)) (6) 

and E” is equal to (E”, + E”,)/2. 
This ratio shows a proportion of random sequences 

iii;* Isi;* = exp(-(E*-~“)*/2o~)/exp(-(E*-~“)*/2o~) 

which can stabilize the folds of competing groups. 
T, is a ‘conformational temperature’, the same as 

that which governs a Boltzmann-like statistic of small 
elements of protein globules [18]. Furthermore, this 
conformational temperature coincides with the critical 
temperature T, which limits thermodynamic stability of 
protein structure (cf. eqns. 4 and 6). 

is the ratio of average numbers of folds of these groups 
in a region related to the lowest energy fold 
(%$* + m; = 1, as above). When (6, - o,] << o (02 
is (a: + c$)/2), this ratio has a simple form 

m;. hii;* = exp((af - 0:)/2 RT$) (7) 

which shows a predominance of low-energy folds of that 
group which has a greater dispersion of interactions. 

Thus, Boltzmann-like statistics cover not only small The same can be explained from another point of 
details, but also the overall chain folds. view. The expected energy of the lowest energy fold of 

Even the small difference, E”, - E”, can discriminate Group 1 isi? -o,d2lnM (see eqn. 3), while the lowest 
folding patterns. One must not compare it with the total energy fold of Group 2 usually has the energy of 
energy of protein structure; to discriminate a pattern i?’ -o,~!%%?.Whena, > o,,thebestfoldofGroupl has 
‘inconvenient’ for random sequences, i?‘, -E”, has to usually a lower energy than the best fold of Group 2. 
exceed only RT*, i.e. only - 1 kcal/mol! Thus, a smaller variety of interactions (like a smaller 
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variety of folds, see above) gives a random sequence a ‘splayed comer’ [12] of orthogonal /?-sandwiches, as 
smaller possibility of forming a low-energy fold. In gen- well as haem-binding and active sites between diverged 
eral, this effect discriminates non-compact folds. ends of helices of long a-helical bundles [34]. 

Summarizing the above equations, we see that abun- 
dance of the folding pattern ‘p’ is proportional to 

7. CONCLUDING REMARKS 

exp(-~JRT,) 

where 

fip =i?“, - aiI2RT, - RT,lnM, (8) 

is the ‘selective free energy’ of the pattern. It depends 
on M,, a number of different folds within the pattern, 
onEi, the mean energy of the folds, on cr,, the mean 
dispersion of their energies, and on the universal confor- 
mational temperature T+. 

Boltzmann-like statistics is a general feature of stable 
folds of random heteropolymers. The conformational 
temperature T, emerges from a diversity of residues; the 
same temperature limits thermodynamic stability of the 
most stable folds of heteropolymer chains. 

One can imagine two basic ways in which new pro- 
teins could evolve. The first is repetition or fusion; it is 
clearly imprinted in amino acid sequences: repetition of 
small motifs in fibrous proteins, repetition or fusion of 
domains in multi-domain proteins, and of blocks in 
some membrane proteins. The second way is a choice 
from random sequences. This seems to be the case for 
globular proteins. It is imprinted in their quasi-random 
primary structures, in Boltzmann-like statistics of ele- 
ments of their 3D structures, and, moreover, in their 
folding patterns which are just those that can be most 
readily formed by random sequences. 

The basis of this statistic is that the more sequences 
provide stability of folds with a given feature, the more 
often this feature can be observed. As far as chains of 
globular proteins (unlike, e.g. fibrous ones) resemble 
random heteropolymers [24], this ‘multitude principle’ is 
valid for them as well. 
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