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ABSTRACT A number of investigators have ad-
dressed the issue of why certain protein structures
are especially common by considering structure
designability, defined as the number of sequences
that would successfully fold into any particular
native structure. One such approach, based on fold-
ability, suggested that structures could be classified
according to their maximum possible foldability
and that this optimal foldability would be highly
correlated with structure designability. Other ap-
proaches have focused on computing the designabil-
ity of lattice proteins written with reduced two-
letter amino acid alphabets. These different
approaches suggested contrasting characteristics
of the most designable structures. This report com-
pares the designability of lattice proteins over a
wide range of amino acid alphabets and foldability
requirements. While all alphabets have a wide distri-
bution of protein designabilities, the form of the
distribution depends on how protein ‘‘viability’’ is
defined. Furthermore, under increasing foldability
requirements, the change in designabilities for all
alphabets are in good agreement with the previous
conclusions of the foldability approach. Most impor-
tantly, it was noticed that those structures that were
highly designable for the two-letter amino acid al-
phabets are not especially designable with higher-
letter alphabets. Proteins 1999;34:113–124.
r 1999 Wiley-Liss, Inc.
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INTRODUCTION

It has been noted by a number of investigators that
certain structures are more commonly observed among
proteins than others.1–4 A variety of models have been
developed to explain this phenomenon by considering
protein structure designability, that is, the number of
sequences that would successfully form one structure or
another. Highly designable structures would be more
likely to have been found through the process of evolution,
as well as be more robust to random mutational changes.5,6

These structures might also represent attractive targets
for protein design.7,8 Several designability approaches
have focused on protein energetics and kinetic issues by
considering the number of sequences that would be both

foldable and thermodynamically stable. For instance,
Finkelstein and colleagues9–11 used energetic arguments
to explain why particular local motifs might be easier to
stabilize and thus more common in the protein database.
Govindarajan and Goldstein12 developed a model for se-
quence foldability, a thermodynamic measure characteriz-
ing how amenable the free-energy landscape is to success-
ful protein folding, and showed that different structures
would have different maximum possible foldabilities. It
was demonstrated that those structures with the largest
optimal foldabilities would be the most designable, as
there would be many possible sequences far from the
optimum, and yet still be adequately foldable.12,13 Con-
versely, a protein structure that had a low optimal foldabil-
ity would be poorly designable, as these structures could
only be formed by the relatively rare sequences with
close-to-optimal interactions.

Other groups of investigators have used two- and three-
dimensional lattice models to explicitly enumerate those
sequences that have a nondegenerate ground-state confor-
mation in one structure or another.14–17 In order to reduce
the total number of possible sequences, they constructed
their sequences with a two-letter amino acid alphabet with
all residues belonging to one of two types, either hydropho-
bic or polar. The presence of a nondegenerate ground state
was assumed to be adequate to ensure that the protein
could successfully fold into that structure; those sequences
with ground-state degeneracy were considered to repre-
sent ‘‘unviable’’ proteins. In agreement with the theoretical
and analytical approaches described above, these groups
observed that a greater proportion of viable sequences
folded into some structures compared with others; that is,
some structures were more designable than others.

There are a number of reasons to question the biological
relevance of these latter models. First, it is not clear how
dependent the results are on the use of a reduced two-
letter amino acid alphabet. A sequence is considered viable
if and only if there is a nondegenerate ground state. The
effect of sequence degeneracies is, however, strongly alpha-
bet dependent. For instance, Shakhnovich noted that
when the entropy of the amino acid alphabet drops below
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that of the conformational entropy per residue, as in the
case of the two-letter code, a sizable number of degenerate
sequences exist.18,19 By contrast, exact ground-state degen-
eracies are less expected in protein models that use larger
alphabets, and should be virtually nonexistent in real
proteins, given the continuous nature of the interaction
strengths. Discarding large numbers of degenerate se-
quences might skew designability results, making conclu-
sions based on two-letter codes inapplicable to natural
proteins with a larger alphabet entropy.

There are additional problems in considering the ab-
sence of degeneracies as a necessary and sufficient condi-
tion for protein viability. While the presence of one domi-
nant state is generally a requirement for folding, naturally
occurring proteins often exist in a number of conforma-
tional substates with similar free energies.20 Such proteins
would be considered nonviable according to these latter
models. Furthermore, as has been demonstrated by lattice
simulations, lack of an exact ground-state degeneracy is
not adequate to ensure that a protein sequence can
actually fold or be stable in its conformation of lowest free
energy.21–24 The concept of foldability was introduced to
address such issues. On the basis of these questions, it is
important to examine whether the designability results
obtained with these models can be extrapolated to natural
proteins made up of 20 amino acids and where foldability
and stability are important.

This report addresses some of these questions by looking
at the designability of lattice proteins both as a function of
alphabet size and required foldability. We find that the
observation that various structures have a disproportional
number of foldable sequences is a universal aspect for all
alphabets. The form of the distribution of designabilities,
as well as which structures are most designable, however,
are strongly dependent on the size of the alphabet and on
how sequence viability is defined. In particular, those
structures that are highly designable for the two-amino
acid alphabets are not the most designable structures for
the larger alphabets. Overall, our results demonstrate the
difficulty in extrapolating the results obtained with the
reduced amino acid models to naturally occurring pro-
teins.

MODELS AND METHODS

Our model consists of a 25-residue protein chain con-
fined to a maximally compact 5 3 5 two-dimensional
lattice, in which each residue is assigned to a lattice point.
Aside from computational feasibility, our particular choice
of lattice model is motivated by consideration of realistic
solvation ratios of residues and the level of compactness
found in globular-protein native states; two-dimensional
lattice proteins have a more natural ratio of solvated
versus buried residues as compared with three-dimen-
sional lattice proteins of the same size. Our consideration
of only compact conformations stems from previous lattice
protein results demonstrating that hydrophobic collapse
favors native states having nearly maximal compaction.14

In addition, other recent work has shown that the interac-
tions favoring compaction should be quite strong in opti-

mally folding proteins.25 While 25 residues is rather short
for natural proteins, a corresponding state analysis sug-
gests that these lattice models may be appropriate for
natural proteins of longer length, with a number of amino
acids in the protein represented by each lattice-model
residue.26

For the maximally compact 5 3 5 two-dimensional
lattice protein, there are a total of 1,081 possible self-
avoiding walks on this lattice, excluding rotations and
reflections, which represents the 1,081 different possible
conformations for the protein chain. The energy function
for a sequence S in a particular conformation k is given by
a simple pair-contact form:

ES
k 5 o

i,j
gij

S Dij
k 5 gij

S ? Dij
k (1)

where gij
S specifies the residue contact energies of all

possible contacts that can be formed for a particular
sequence S, and Dij

k is equal to 1 if nonsequential residues i
and j are on adjacent lattice sites in conformation k and
zero otherwise. The structure vector Dij

k is unique for each
conformation k, as no two conformations have identical
pair contacts. Owing to the nature of the lattice, the only
contacts possible are between odd and even residues,
making the total number of possible contacts equal to 132.
Of these 132 possible contacts, a subset of only 16 contacts
are actually made in each compact conformation.

The free-energy landscape of the protein is completely
determined by the interaction vector gij

S. Each contact
energy gij

S 5 g(Ai
S, Aj

S) is a function of the amino acids Ai
S

and Aj
S, at sequence positions i and j as specified in the

definition of the amino acid alphabet. It is the size of the
alphabet, the details of its amino acid pair-contact ener-
gies, and the requirements for sequence viability that
determines the relative representation of structures in the
sequence database. This report explores the alphabet
dependence of structure designability by comparing re-
sults achieved with six different amino acid alphabets: the
HP, Li, and p (PI) two-letter alphabets, the hHYX four-
letter alphabet, the Miyazawa-Jernigan (MJ) 20-letter
alphabet, and the independent interaction model (IIM)
infinite amino acid alphabet, where each possible contact
potential is independent from other possible contacts. This
latter model is achieved by randomly drawing all 132 gij

S

interactions from a gaussian distribution. The energetic
details of these various alphabets are summarized in
Table I.

For each alphabet with its specific amino acid pair-
contact potential and a given set of possible conformations,
we synthesize an ensemble of sequences and generate
their corresponding energy landscapes. It is assumed that
the native state of each sequence is its lowest-energy
conformation, an assumption known as the thermody-
namic hypothesis.32,33 We first adopt the standard ap-
proach of Lipman, Li, Bornberg-Bauer, and their respec-
tive co-workers and presume that a sequence would fold if
and only if the lowest-energy structure is nondegenerate.
As mentioned in the introduction and shown in Table II,
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smaller alphabets have a higher percentage of sequences
with degenerate ground states compared with larger alpha-
bets.

The approach described above ignores the energetic and
kinetic considerations at the heart of recent protein folding
models. For this reason, we also consider that a nondegen-
erate ground state does not guarantee a protein’s ability to
fold into its native state. There has been extensive theoreti-
cal, computational, and experimental work elucidating the
relationship between the thermodynamic properties of
proteins that characterize their energy landscape and the
ability of a protein to fold. For example, using concepts

borrowed from the physics of spin glasses, Bryngelson and
Wolynes21,22 consider that two thermodynamic transitions
are possible in a protein: one to the folded state at a
temperature Tf, and the other to a glassy state at a
temperature Tg. For temperatures below Tg the density of
conformational states suffers an entropy crisis, folding
kinetics become slow, and it becomes difficult for the
protein to transit from misfolded local minima to other
stable states. Tf defines the temperature at which the
global, energy minimum is deep enough to be preferen-
tially populated over other possible conformations and
stable with respect to thermal fluctuations. Foldability
requires a temperature regime that is both adequately
below Tf for the folded state to be stable yet sufficiently
above Tg for the folded state to be accessible. This demands
that the folding temperature Tf be substantially higher
than that of the glassy transition temperature Tg. Thus,
the ratio Tf/Tg is a measure of how easily a given sequence
can fold into its native structure by escaping misfolded,
metastable kinetic traps and freely exploring the energy
landscape, while also having a stable native fold at its
global energy minimum.

Using the random energy model (REM) to describe the
landscape, one can analytically relate Tf/Tg to the protein
sequence foldability F ; D/G, where D measures the depth
of the free energy of the native state with respect to the
average of the ensemble of random states, and G is the
standard deviation of free energies of the random en-
semble.34,35 The REM is one of the simplest possible
approaches and ignores all correlations in the free-energy
landscape. Maximizing the foldability, however, results in
the stabilization of the native state, a reduction in the
depth of metastable traps, a destabilization of competing
dissimilar conformations, and the stabilization of conforma-
tions similar to the native state producing the funnel-like
energy landscapes central to a number of more recent
models.36 This foldability approach was supported by
Monte Carlo simulations with lattice proteins, which
showed that foldable proteins were characterized by a
large value of F. 23,37,38 We assume, based on the results of
these simulations, that a sequence should be foldable if its
foldability F exceeds a critical value Fcrit. More sophisti-
cated models have been developed by a number of other
researchers.39–48

For any sequence with a specified alphabet and associ-
ated matrix of amino acid pair-contact potentials g(Ai, Aj)
we can calculate the energy of all possible compact confor-
mations, find the native conformation, and measure the
sequence foldability F. We can determine the sequence
viability by requiring this foldability to be larger than the
critical foldability Fcrit. For the two-letter alphabets, we
did an exhaustive enumeration of all 225–33 million se-
quences, whereas the other alphabets were examined by
randomly sampling ,20 million sequences. In all cases, we
verified that the number of sequences is large enough for
the averages to be well defined. Table II lists the sequence
foldability statistics for all the alphabets, both for se-
quences with nondegenerate and degenerate ground states.
With this extensive set of data, we can examine the

TABLE I. Energy Parameters for the VariousAlphabets†

HP H P Li H P p H P
H 21.0 0.0 H 22.3 21.0 H 23.14 21.00
P 0.0 0.0 P 21.0 0.0 P 21.00 0.00

hHYX h H Y X
h 22.0 24.0 21.0 2.0
H 24.0 23.0 21.0 0.0
Y 21.0 21.0 0.0 2.0
X 2.0 0.0 2.0 0.0

†Contact energies g(A i, A j) for the two- and four-letter alphabets. Dill
et al.27 and Lipman et al.15 have used the HP two-letter alphabet,
which mimics the effect of hydrophobic collapse in its tendency to bury
hydrophobes in the core and segregate polar residues to the protein
surface. A refinement of the HP model, the Li two-letter alphabet is
based on dominant eigenvalue analysis of the Miyazawa-Jernigan
statistical potential and was constructed so that two like-contacts (HH
and PP) are energetically favored over two unlike contacts (HP and
HP).16,28 We also constructed a p (PI) alphabet, which represents a
compromise between the HP alphabet and the Li alphabet. The use of
a transcendental number in the potential prohibits the possibility of
‘‘accidental degeneracies’’ (i.e., structures with the same energy with-
out identical numbers of the same types of contacts) for any size
protein in any lattice. The hHYX four-letter alphabet was taken from
the Crippen empirical potential,29 as modified by Bornberg-Bauer.30

The 20-letter MJ alphabet, not shown here, was based on the
Miyazawa-Jernigan statistical potential.31

TABLE II. Statistics Describing the Ensemble
of Sequences Constructed Using the

VariousAminoAcidAlphabets†

Alphabet
Degeneracy

(%) 7 F 8non-deg s Fnon-deg
7 F 8deg s F deg

HP two-letter 81.58 3.4931 0.4180 2.9237 0.4221
Li two-letter 63.09 2.9831 0.3058 2.7539 0.3056
PI two-letter 61.65 3.1677 0.3619 2.8917 0.3485
hHYX four-

letter 41.63 3.1385 0.3474 2.8836 0.3125
MJ 20-letter 4.39 3.1341 0.3547 2.9667 0.3248
IIM infinite-

letter 0.01 3.1217 0.3373 2.8943 0.2878
†For each alphabet, we list the percentage of the constructed se-
quences that had degenerate ground states, the average foldability of
the sequences (7 F 8), and the standard deviation of the foldabilities
(sF ), both for sequences with nondegenerate (non-deg) and degenerate
(deg) ground states. Conformations were considered degenerate if
their energies differed by less than 1024.
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resulting distribution of sequences over native state confor-
mations and see how structure designability is affected by
both alphabet size and foldability requirements.

RESULTS

The designability, defined as the fraction of viable se-
quences that have conformation k as their unique native
state (i.e., the volume of foldable sequence space folding
into native structure k) is written as Vk. For each alphabet,
there are 1,081 possible native states and, thus, 1,081
different Vk values. The Vk for each respective alphabet
were normalized so that the sum over all structures equals
10,000. Figure 1 shows a histogram of the designabilities
for different alphabets. The observation that some struc-
tures are more designable than others seems to be a
universal feature of all alphabets. This highlights the fact
that structural designability cannot be described by a
uniform probability, where all motifs are equally design-
able in the sequence database, as suggested by Wang,49

and fits recent statistical studies of the distribution of
various fold types among proteins of known structure.50

The two-letter alphabets all have a broad, exponential
distribution of designabilities where there are a large

number of poorly designable structures with small Vk and
a very few ‘‘super-designable’’ structures. This is similar to
the designability distributions found by Lipman and
Wilbur,15 Li et al.,16 Bornberg-Bauer,17 Renner and Born-
berg-Bauer,53 and even the (four-letter alphabet) RNA
structural designability results of Schuster and co-
workers.51,52 This form of the distribution, however, does
not correspond to the situation for larger alphabets where
the designability distribution becomes narrower and more
gaussian in form. These same data are portrayed in a
Zipf ’s law plot in Figure 2, which shows the designability
Vk plotted against the relative rank of the designability.
Again, it is clear how similar the distributions are for the
various two-letter alphabets and how different they are
relative to the higher-letter alphabets.

Tang and co-workers16 noticed that the most designable
lattice structures for the two-letter alphabet tended to be
highly symmetric and reasoned that this might explain the
high degree of symmetry observed among naturally occur-
ring proteins. This connection between protein symmetry
and design, mirrors the results of earlier HP lattice protein
work by Yue and Dill,54 where structures with tertiary
symmetry such as four-helix bundles, a/b-barrels, and

Fig. 1. Histogram of the designability distributions Vk for the various
alphabets. The Vk for all alphabets have been normalized to 10,000. The
two-letter alphabets have a broad exponential distribution, whereas the

higher-letter alphabets have a narrower, gaussian-like distribution. The
dashed line represents the expected value of Vk if all structures were
equally designable, as assumed by Wang.49
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parallel b-helices were found to be globally optimal struc-
tures of HP sequences with minimal degeneracy. At the
other end of the alphabet spectrum, Govindarajan and
Goldstein12,13 concluded, on the basis of their foldability
model with the infinite-letter IIM alphabet, that highly
designable structures would have many long-range con-
tacts. In light of these structural conclusions for both
alphabet extremes, one should ask how much does the
relative ordering of structures ranked by their designabili-
ties depends on the alphabet size. Are the structures that
are highly designable for the more realistic MJ 20-letter
alphabet closer to those of the two-letter alphabets or the
infinite-letter IIM alphabet? Figure 3 shows the correla-
tion in the relative values of Vk for the same structure
between different alphabets. Correlation coefficients of
these data are presented in Table III. As shown, the values
of Vk are highly correlated across the various two-letter
alphabets, indicating that it is the size of the alphabet,
rather than the specific details of the amino acid pair-
contact potentials, that is important in determining the
designability of particular structures. Similarly, structure
designabilities are highly correlated between the 20-letter
MJ and infinite-letter IIM alphabet, supporting the struc-
tural conclusions of the foldability model concerning the
presence of long-range contacts in highly designable pro-
teins. By contrast, however, the relative designabilities of
particular structures between the two-letter alphabets
and the higher 20-letter and infinite-letter IIM alphabets
are negligibly correlated with each other; the highly
designable structures for the two-letter alphabets are not
overly designable for the larger alphabets, and vice-versa.
The four-letter hHXY alphabet represents an intermediate
case with some degree of correlation with both smaller and
larger alphabets. Thus, it appears that the structural
designability results for two-letter alphabets may contain

artifacts because of the small alphabet size. This indicates
that caution should be exercised when extrapolating corre-
lations between high designability and particular struc-
tural features as observed with two-letter codes to natural
proteins.

One of the most striking characteristics of the smaller-
letter alphabets is the relative abundance of sequences
with degenerate ground states, an abundance that disap-
pears for the larger alphabets. As mentioned in the intro-
duction, this is of suspect biological significance as exact
degeneracies are unlikely to be observed in real proteins.
How much are the differences in relative designabilities
due to the large number of degenerate sequences with the
two-letter codes? In order to address this question, we
relaxed the requirement for sequences to have nondegener-
ate ground states. We re-examined the exhaustive se-
quence enumeration for the Li two-letter alphabet, where
we now considered all sequences with native-state degen-
eracy ,108 (10%) to be viable. If a sequence has a
ground-state degeneracy of m, we assign to each degener-
ate native structure a sequence volume of 1/m. The results
of these calculations are summarized in Figure 4. This
new, ‘‘relaxed’’ Li* two-letter alphabet now exhibits a
gaussian, rather than a broad, exponential designability
distribution, similar to what was observed for the higher-
letter (and less degeneracy-prone) alphabets. Interest-
ingly, as shown in Figure 5, including sequences with
degenerate ground states did not change the identity of the
most designable structures: the Li* two-letter alphabet is
still very much a two-letter alphabet. Thus, whereas the
form of the two-letter alphabet designability distribution
seems to depend on the requirement of ground state
nondegeneracy, the relative ordering of which structures
are most designable depends more directly on the size of
the alphabet.

Fig. 2. Designability distributions for the HP, Li,
and PI two-letter alphabets (—), four-letter hHYX
alphabet (----), 20-letter MJ alphabet (– - – -), and
infinite-letter IIM alphabet (–––), displayed in a Zipf’s
plot.Vk values are plotted against the index of the
structure ranked by Vk value (i.e., the structure with
the largest number of foldable sequences has a rank
of 1). All two-letter alphabets have similar designabil-
ity distributions, whereas the higher alphabets tend to
cluster around a different distribution.
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As discussed in the introduction, the existence of a
nondegenerate ground-state does not necessarily guaran-
tee a viable, foldable protein sequence. The question arises
how the need to be adequately foldable, that is, to have
foldability F greater than some critical foldability Fcrit,
affects protein structure designability. One of the predic-

tions of the foldability model was that at higher Fcrit those
structures which were already highly designable would
become even more overrepresented, while poorly design-
able structures would become underrepresented and even-
tually impossible. This effect is demonstrated both in
Figure 6, which shows Zipf ’s plots of the designability
distributions of the six different alphabets under increas-
ing foldability pressure where sequences had to both be
nondegenerate and have a foldability F . Fcrit to be
considered viable, and in Figure 7, which shows the
resulting effect on the designability of specific structures.
As shown, highly designable structures are relatively
overrepresented (larger Vk) for increasing Fcrit, whereas
poorly designable structures become underrepresented
and eventually ‘‘extinct’’ and can no longer be formed by
any viable sequence. In particular, as the critical foldabil-
ity increases, the form of the designability distribution of
higher-letter alphabets begins to resemble the exponential
distribution characteristic of the simpler, two-letter alpha-
bets.

While this prediction of the foldability model holds
across all alphabets, the extinction of the less designable
structures with increasing Fcrit is especially pronounced for

TABLE III. Correlation Coefficients Comparing the
Relative Vk of Corresponding Structures

for DifferentAlphabets†

Alphabet Li hHYX IIM

HP 0.9131 0.9510 0.4602
Li — 0.8609 0.2654
PI 0.9833 0.9229 0.3533
hHYX 0.8609 — 0.6136
MJ 0.3236 0.6764 0.9877
IIM 0.2654 0.6136 —

†The various two-letter alphabets have highly correlated Vk values, as
do the two largest alphabets. There is little correlation in the Vk values
between the structures of the two-letter and the larger alphabets. The
four-letter hHYX represents an intermediate case, correlated with
both the two-letter and higher-letter alphabets.

Fig. 3. Scatter plots displaying the Vk values of identical structures as
computed for different pairs of alphabets. As shown, the relative Vk values
are highly correlated between the various two-letter alphabets as well as
between the 20-letter MJ alphabet and the infinite-letter IIM alphabet.

There is little correlation, however, between the Vk values for the two-letter
and the 20-letter alphabets. The four-letter hHYX alphabet represents an
intermediate case between the two-letter and higher-letter alphabets, with
Vk values correlated to both.
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the Li and PI two-letter alphabets compared to the more
robust HP two-letter alphabet. It is interesting that, while
the form of the distribution of designabilities for the
various two-letter alphabets was originally quite similar,
the particular effect of a foldability requirement on indi-
vidual two-letter alphabets is highly dependent on the
specifics of the amino acid pair-contact potentials. This can
be explained based on the statistics of sequence foldabili-
ties F for the different two-letter alphabets: the nondegen-
erate sequences for the HP alphabet have higher F on
average, whereas the nondegenerate sequences for the Li
alphabet have lower average F (Table II). The reason for
this foldability difference between the two-letter alphabets
resides in the discrete nature of the two-letter energy
landscape and the specifics of the amino acid pair-contact
potentials. As an illustration, for an HP sequence where
every conformation k has a total of 16 contacts and each
contact can only have two possible pair-contact energies
(21 or 0), the conformational energy density of any HP
sequence is distributed over only 17 possible total energy
values E 5 5216, 215, . . . , 21, 06. Because of the selection
of only the few sequences with nondegenerate ground
states in this sparse energy landscape, the foldability is
selectively sampled and poorly averaged over the interac-
tion space. As shown in Table II, better averaging over the
interaction space is achieved when one uses higher-letter
alphabets. Thus, it appears that while the two-letter
alphabet foldability statistics are highly sensitive to the
energetic details of the amino acid pair-contact potentials,
these statistics become more robust when one increases
the size of the alphabet.18 We speculate that the details of
foldability statistics, the levels of degeneracy, and the
differences in designability for these small alphabets might
be due to the nonisotropic sampling of interaction space by
two-letter alphabet sequences and the large differences in
interaction space between nearly identical sequences.

As discussed earlier, removing the need for the native
state to be nondegenerate changed the form of the distribu-
tion of designabilities for the two-letter alphabets so as to
more closely match that of the large alphabet designabili-
ties. Yet, the ordering of relative designabilities of different
structures remained mostly unchanged. Likewise, as seen
in Figure 6, enforcing the need for a sufficient foldability
causes the distribution of designabilities of the larger
alphabets to more closely resemble that of the two-letter
alphabets. So, what happens to the relative ordering of
which structures are more designable under this more
stringent criterion? Will the structures that are highly
designable in the two-letter alphabets and four-letter
alphabets emerge to be dominant when one increases the
foldability pressure on the IIM infinite-letter alphabet or
MJ 20-letter alphabet? The answer to this question is
displayed both in Figures 7 and 8. Similar to the phenom-
enon of allowing degeneracies for the two-letter Li alpha-
bet, it appears that change in the form of the designability
distribution of larger alphabets with increasing Fcrit does
not mean a change in the relative designability of different
structures; those structures that are highly designable for
the larger alphabets remain highly designable without
becoming more similar to the ordering produced with the
two-letter alphabets. This point is particularly empha-
sized in Figure 8, which compares the relative values of Vk

of the same structures for the two-letter Li alphabet and
the 20-letter MJ alphabet under different conditions of
high Fcrit. The Vk values for the smaller and larger alpha-
bets remain uncorrelated; one cannot transform the struc-
ture designability results of two-letter alphabet to that of
larger alphabet by simply varying selective pressure,
either by relaxing the assumption of nondegeneracy or
enforcing higher sequence foldabilities. It appears that
determining which structures are designable is a property
inherent in the size of the alphabet.

Fig. 4. Zipf’s plot showing the distribution of
designabilities with the Li* alphabet where ground-
state degeneracies are allowed (p–p) compared with
the original Li alphabet (—), hHYX alphabet (----),
and IIM alphabet (–––). Relaxing the non-degen-
eracy requirement causes the observed distribution
of the (Li*) two-letter alphabet to more closely match
that of larger alphabets. Insert: Histogram of the Li*
designability distribution. The shape of this distribu-
tion closely matches the hHYX four-letter alphabet
shown in Figure 1.
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DISCUSSION

The form of the distribution of designabilities seems to
most strongly dependent on the way that protein viability
is defined, changing from a gaussian-like distribution to a
more exponential distribution as the requirements for
viability are increased. For instance, with the larger-
alphabet codes, the vast majority of all sequences have
nondegenerate ground states and the resulting distribu-
tion of designabilities is close to gaussian. If we require
that these sequences have a foldability greater than Fcrit,
the proportion of sequences that are viable decreases, and
the distribution becomes more closely exponential. Con-
versely, for the two-letter codes, the vast majority of
sequences have degenerate ground states and are thus
considered unviable. The distribution of designabilities is
consequentially roughly exponential. Removing the re-
quirement of nondegeneracy of the ground state allows
most sequences to be viable, and the designability distribu-
tion shifts to more closely gaussian. So in this way,
requiring the ground state to be nondegenerate for two-
letter alphabets, although of suspect biological relevance,

has an effect similar to the requirement for a minimum
foldability. This is because, as shown in Table II, sequences
with degenerate ground states are more likely to have
smaller foldabilities.

By contrast, the relative ordering of the structures by
designability depends on the size of the alphabet and is
relatively insensitive to how viability is defined. While the
differences in the distribution of designabilities can be
understood in the context of foldability models, it is more
difficult to explain why there is a significant difference in
the relative ordering of designabilities of different struc-
tures between the two-letter alphabets and the higher-
letter alphabets. This problem can be addressed through
considering the interaction landscape introduced by Govin-
darajan and Goldstein,12,13 consisting of the the continuous
space of all possible values for the interaction vector, gij

S as
defined in the methods section. For the 5 3 5 lattice
protein, this interaction landscape is in a 132-dimensional
space, where each dimension corresponds to the pair-
contact energy gij of a pair of residues i and j that can
possibly come into contact. Specific sequences correspond

Fig. 5. Scatter plots displaying the Vk values computed with the Li*
alphabet, which allows degenerate ground states, against the Vk values of
the same structure for selected other alphabets. Even though the
distribution of Vk values for the Li* alphabet becomes similar to that of the

larger alphabets, the relative Vk values for different structures still
maintains a strong correlation with the original Li and other two-letter
alphabets.

120 N.E.G. BUCHLER AND R.A. GOLDSTEIN



to discrete points (unique gij
S) in this interaction landscape.

It is assumed that the gij
S corresponding to different

possible protein sequences were randomly distributed
throughout this interaction landscape.13 Thus, based on
the foldability model, one expects the designability of
different structures to be given by relative volumes of the
interaction space as sampled by the IIM alphabet. In this
report, the infinite-letter IIM alphabet is such a random
and unbiased distribution of points in this interaction
space. The random distribution of MJ 20-letter sequences
throughout interaction space is supported by comparing
the pair-correlation function for random pairs of sequences
with a random distribution.55 Additional evidence that MJ
sequences are randomly distributed in interaction space is
presented in Figures 1, 2, and 3, where both the distribu-
tion of Vk and the relative Vk values for particular struc-
tures are well correlated between the 20-letter MJ alpha-
bet and the IIM infinite-letter alphabet, giving us
confidence in extrapolating the results of the foldability
model to the designability of 20-letter MJ proteins.

Conversely, it appears that sequences in the two-letter
and four-letter alphabets are likely not distributed in a
random way throughout the interaction landscape. This is
possibly attributable to correlations between the energies

of the possible contacts and the relatively sparse number
of possible amino acid pair-contact energies. For the
two-letter alphabets, there is a maximum of three possible
unique energies (HH, HP, PP). Thus, each dimension of the
interaction vector gij

S can only have three possible values.
As already mentioned, these effects lead both to higher
levels of ground-state degeneracy and possible noniso-
tropic sampling of interaction space. This discrepancy
between the interaction-landscape picture and the results
from the two-letter alphabet may be exacerbated by the
relatively small number of residues that actually interact
in any structure. If so, the two-letter alphabet results on
longer proteins on larger lattices may be more correlated
with the results in interaction space and those of higher
alphabets.

CONCLUSION

There have been two classes of attempts to understand
why certain proteins are overrepresented among biological
proteins. The first class focused on energetic and kinetic
considerations and considered the number of sequences
that should be able to successfully fold and be stable in a
native conformation. One such approach led Govindarajan
and Goldstein to the conclusion that those structures with

Fig. 6. Zipf’s plots showing the effect of foldability requirements on the
distribution of designabilities, where only sequences with foldabilities F

larger than a minimum foldability Fcrit are considered viable, for Fcrit 5 0.00
(—), 3.13 (–––), 3.77 (----), and 4.30(●–●). This minimum foldability

requirement makes the distribution of designabilities more extreme by
preferentially eliminating sequences that would otherwise fold into the
lesser-designable structures.
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many long-range interactions, and thus larger optimal
foldabilities, should be highly designable and overrepre-
sented in the sequence database. These results were based
on certain assumptions concerning how real sequences
were distributed throughout interaction space. The second
class used reduced alphabets and extensive computations
with lattice proteins to determine how many sequences
had one native-state conformation or another and to look
at the properties of both sequences and designable struc-
tures. These lattice models were based on the assumption
that the presence of a nondegenerate ground state was
adequate for ensuring protein foldability and stability.
Computational results with these reduced alphabets lead
to the conclusion that highly symmetric conformations
should be common among naturally occurring proteins.

The question arises: how much do the different assump-
tions made in these two classes of approaches lead to
dissimilar designability results? What is the consequence
of using a reduced two-letter alphabet or an interaction
space framework (infinite-letter IIM alphabet), as com-
pared with the 20-letter alphabet that ‘‘real’’ proteins work

with? How many of the designability conclusions depend
on what is considered necessary for adequate stability and
foldability? These are the questions that we have tried to
address in this report, where we examined how the
properties of ensembles of viable proteins depend on the
size of the amino acid alphabet and how viability is
defined.

Our results indicate that the form of the distribution of
designabilities and the relative rank of different structures
as ordered by designability are highly dependent on the
details of the model. Specifically, the form of the distribu-
tion is highly dependent on the proportion of sequences
that would be considered viable, shifting from somewhat
gaussian to more exponential as the percentage of viable
sequences is reduced on the basis of either degeneracy or
foldability. Conversely, the relative ordering of which
structures are highly designable is mostly dependent on
the size of the alphabet, and less dependent on the
definition of viability. Most importantly, those structures
that are highly designable for the two-letter alphabets are
not the same highly designable structures found for the

Fig. 7. Scatter plots showing how requiring a foldability value greater than Fcrit affects the
relative designability of various structures, for a variety of alphabets. Even with such selective
pressure on protein foldability, the relative ordering of structures by designability remains strongly
correlated with the original ordering ignoring foldability requirements.

122 N.E.G. BUCHLER AND R.A. GOLDSTEIN



20-letter MJ and infinite-letter IIM alphabet. This sug-
gests that extrapolating structural conclusions from the
relative designability of lattice proteins calculated with
two-letter alphabets to the properties of real 20-amino acid
proteins may be problematic.

In all respects, the designability results of the 20-letter
MJ alphabet are highly similar to those of the infinite-
letter IIM alphabet, supporting the applicability of the
results of the foldability model to natural proteins written
in a 20-letter code. (As the interactions between amino
acids in the protein can also depend on sidechain conforma-
tions, local context, multibody effects, and post-transla-
tional modifications, the effective size of the alphabet for
natural proteins may actually be significantly larger than
20.) Thus, in light of the recent controversy surrounding
the proposal that the designability principle is an alterna-
tive to the foldability model,56 these results indicate that
foldability provides a framework for understanding the
overall distribution of designabilities and identifying which
structures would be expected to be particularly designable.
In addition, the foldability model can be used to examine
how proteins will evolve given the need to fold, how the

resulting evolutionarily derived proteins will fold, and
what properties characterize the resultant proteins.33,55,57–61

Thus, the real controversy lies not in the incompatibility of
foldability and designability, but rather in understanding
why the highly designable structures for two-letter alpha-
bets are so different from those of higher-letter, more
realistic alphabets.
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