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Abstract

Folding of naturally occurring proteins has eluded a universal molecular level explanation till 
date. Rather, there is an abundance of diverse views on dominant factors governing protein 
folding. Through rigorous analyses of several thousand crystal structures, we observe that 
backbones of folded proteins display some remarkable invariant features. Folded proteins 
are characterized by spatially well-defined, distance dependent, and universal, neighbor-
hoods of amino acids which defy any of the conventionally prevalent views. These findings 
present a compelling case for a newer view of protein folding which takes into account solvent 
mediated and amino acid shape and size assisted optimization of the tertiary structure of the 
polypeptide chain to make a functional protein.
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Introduction

Subsequent to the elegant work of Pauling (1), Anfinsen (2, 3), and several oth-
ers (4-14) spread over half a century, a consensus view on the principles of pro-
tein folding is yet to emerge due to lack of a unified concept leading to a folded 
protein. Can the diversity of protein architectures be captured by some invariant 
fundamental ‘rules’, representing a unifying theme? In pursuit of an answer to this 
question, we rigorously analyzed backbones of several thousand folded proteins 
from their published crystal structures (15). This was based on our hypothesis 
that rules of protein folding should be embedded in the (Cα) backbones. Assum-
ing that folded protein (crystal) structures were a consequence of specific amino 
acid interactions, the backbones of folded proteins would be organized within the 
constraints of defined ‘neighborhoods’ for Cα atoms of each amino acid. If two 
amino acids ‘interacted’ through their side chains (via the conventionally accepted 
non-covalent interactions), their respective Cα atoms would be expected to occur 
in fixed neighborhoods relative to each other, regardless of their actual position 
in the protein. Further, Cα of an amino acid occurring mostly in the ‘center’ of 
folded proteins would always be expected to be surrounded by a higher number of 
Cα atoms of other amino acids.

Till date, several investigators have analyzed atomic contacts including the spatial 
distributions of Cαs in folded with at least two objectives: (a) to decipher rules 
of folding, and, (b) to derive statistical potentials in contrast to the physics based 
potentials (16) for predicting tertiary structures of proteins or to predict sequences 
compatible with specified tertiary structures (17-53). While the Cα analyses have 
not yielded any rules (54-56), the protein tertiary structure prediction attempts with 

Open Access Article
The authors, the publisher, and the right 
holders grant the right to use, reproduce, 
and disseminate the work in digital form 
to all users.



444

Mittal et al.

statistical potentials have met with varying but limited degrees of success on a 
variety of protein structures (54-69).

This prompted us to critically examine spatial distributions of Cαs in a large 
number of crystal structures in an assumption-free and model independent  
manner (70). 

Materials and Methods 

Coordinates of all atoms in crystal structures of 3718 proteins were taken from 
the Protein Data Bank (see Supplementary Table S1 of reference 70). After spe-
cifically extracting the Cα coordinates for all the amino acids (i.e., backbone of 
the folded protein) from a given PDB file, neighborhood analysis was done as 
described in Figure 1. The analysis was done for all the Cα atoms in the protein, 
with the neighborhood distances fixed at 0-9 Å, with increments of 1 Å, and 
10-90 Å, with increments of 5 Å. Distances of 0-3 Å were chosen as an internal 
check (since zero neighbors were expected at these distances). Beginning with 
neighborhood analysis of 4000+ crystal structures of soluble proteins, we finally 
analyzed 3718 total crystal structures (see supplementary information of Ref. 
71) by including only those proteins with 50 or more residues and removing 
those structures that did not pass the internal check. These proteins had structural 
resolutions of 2.5 Å or better and we analyzed only the A chains for each protein. 
For A chain of each protein, a 20 x 20 matrix of number of ‘neighbors’, within a 
defined neighborhood distance, resulted by considering each of the amino acids 

Figure 1: Backbones in 3718 crystal struc-
tures reveal a single, amino acid independent, 
spatial distribution of Cα neighborhoods in 
folded proteins – (A) shows neighborhood 
analysis of a Cα (grey) in a periplasmic pro-
tein (PDB: 1LST). Cα of any amino acid 
found within a defined distance (2-D blue 
circles) in the 3-D crystal structure was 
scored as a neighbor. Cα atoms of peptide-
bonded partners (red) were not scored as 
neighbors. (B) shows the neighborhoods for 
another Cα in the same protein. (C) Number 
of contacts (neighbors) of every Cα in the 
backbones of 3718 folded proteins are 
shown as a function of neighborhood dis-
tance. 400 total neighborhoods (20x20, for 
each of the 20 amino acids) are shown. 
Regardless of the amino acid, all neighbor-
hoods display a similar sigmoidal behavior. 
(D) All the 400 sigmoids collapsed into a 
very narrow band, except for one (arrow), on 
normalizing (dividing) each of the sigmoids 
with its asymptotic value. Smooth lines in 
(C) and (D) result from a single equation Y = 
YMax(1-e-kX)n, that fits the data of all 400 
neighborhoods. This shows that all amino 
acids are arranged according to a single spa-
tial distribution in folded proteins. Note that 
in (C) and (D) there are “0” contacts up to  
3 Å for all amino acids (see materials and 
methods, supplementary contact data tables 
in (71) for details). 
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individually. Thus, the total number of 20 x 20 matrices was equal to the total 
number of the defined neighborhood distances. Data of all the 20 x 20 matrices 
was analyzed in MATLAB (Mathworks Inc., USA). Other details are provided 
in (70).

Results and Discussion

By analyzing the backbones of 3718 folded proteins (see Supplementary  
Table S1 in (70) for a listing of all proteins), we extracted neighborhoods of  
each amino acid in every crystal structure. This yielded 400 ‘neighborhood’  
data-sets (see supplementary material in reference 71), each of which provided 
the number of times each of the 20 amino acids appear as a ‘neighbor’ of a  
given amino acid within a defined “neighborhood distance” for each protein (see 
Figure 1A-B). 

Our first observation was that the neighborhoods of all amino acids (with respect 
to each other) followed the same spatial distribution (70) apparently different 
only at asymptotic values, as shown in Figure 1C. In fact, based on the consensus 
views on amino acid classification till date (e.g. polar vs. non-polar), one would 
expect the non-polar amino acids to have a different spatial distribution compared 
to polar ones. Non-polar residues are expected to be surrounded mostly by other 
non-polar neighbors only (especially at closer distances). In contrast polar residues 
are expected to be surrounded by fewer amino acid neighbors (but more aqueous 
environment). The result observed however was a collapse of all neighborhood 
distributions into a narrow (amino acid independent) band, when each neighbor-
hood is normalized by its respective asymptote, as shown in Figure 1D. This indi-
cated a ‘secular’ behavior of amino acids in that contributions of all amino acid 
‘interactions’ to spatial organization were very similar to each other regardless of 
the conventional classifications (e.g. polar vs. non-polar). This discovery based on 
several thousand crystal structures questioned every existing view on “preferential 
interactions” in protein folding. 

It is interesting to note that only one pair of amino acids, out of the possible  
400, was clearly different from the others, shown by the arrow in Figure 1D.  
This was the Cysteine-Cysteine pair. The cysteines were found to be closest to 
each other, regardless of their location within a protein (i.e. middle vs. periphery) 
and independent of size of the protein. If a pair of amino acids were preferen-
tially interacting with each other (e.g. via side chains), then the crystal structures  
would show several populations of sigmoids, each population containing  
specific pairs of amino acids (as Cys-Cys) that are spatially segregated from each 
other. However, other than the Cys-Cys pair, all the 399 amino acid pair-wise 
neighborhood distributions apparently belonged to a single family of sigmoids 
(Figure 1D). 

Why did the neighborhood distributions of all amino acids collapse into a nar-
row band on simply normalizing each with its respective asymptote? To answer 
this question, we formulated a straightforward hypothesis. Asymptote of the 
spatial distribution of a single amino acid pair reflects the maximum number 
of times one amino acid appears as a neighbor for the other within the whole 
periphery of all folded proteins, independent of (a) the location of the two 
amino acids in each protein and (b) the size of the protein. Now, if an amino 
acid occurred maximum number of times in (the primary sequence of) folded 
protein, it would be expected to be found as a neighbor for all amino acids 
(including itself) maximum number of times. However, this would be the case 
only in the absence of any preferential interactions between amino acids in 
folded proteins. Alternatively, if a pair of amino acids interacted preferentially 
and were consistently found as neighbors, then the maximum number of times 
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one would observe the given pair in folded proteins would exceed the number 
of times they would be found as neighbors simply through their stoichiometries 
(frequencies of occurrence). To test which of the above two possibilities is cor-
rect, we plotted the total number of contacts made by a given amino acid in a 
folded protein against its percentage occurrence in folded proteins, as shown 
in Figure 2A. An excellent correlation between the number of neighbors of a 
given amino acid and its frequency of occurrence in folded proteins is clearly 
observed. This strongly suggested that protein folding was a direct consequence 
of simply the stoichiometric occurrences of amino acids in folded proteins 
rather than any “preferential interactions” between amino acids, contrary to all 
of the prevalent views. 

Figure 2: 3718 crystal structures show amino 
acid stoichiometry in the primary sequence, and 
not any preferential interactions between amino 
acids, as a rule of protein folding – (A) Total 
number of contacts for Cα of a given amino acid 
(sum of asymptotic values of the 20 neighbor-
hood sigmoids of the amino acid), correlates 
excellently (r2 = 0.99) with percentage occur-
rence (shown as mean ± CI, with alpha = 0.05,  
n = 3718) of that particular amino acid in 3718 
folded proteins. (B) Number of contacts between 
conventionally classified “positively charged” 
amino acids R, K with R, K, D, E as a function of 
neighborhood distance. (C) Normalizing each 
sigmoid in (b) by its respective asymptote col-
lapses all seven sigmoids into an overlapping 
single sigmoid irrespective of the neighborhood 
being defined as R-R, K-K, R-K, R-D, R-E, K-E 
or K-D. (D) Number of contacts between conven-
tionally classified “hydrophobic” amino acids A, 
V, I, L, F with each other (blue ), and, with 
“polar” amino acids N (red *) and Q (red ). (E) 
Normalizing each sigmoid in (d) by its asymp-
tote collapses all sigmoids into an overlapping 
sigmoid regardless of the classification or size of 
amino acids.
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To confirm these results rigorously, we first looked carefully at neighborhoods 
of the two “positively charged” amino acids as per conventional classifica-
tion, namely arginine (R) and lysine (K). One would expect that if amino acid 
neighborhoods were indeed defined by preferential interactions, then the R-R or  
K-K or R-K (positive charge – positive charge) sigmoids would be substantially 
different from the R-D (positive charge – negative charge) or R-E or K-D or 
K-E. Number of the positive-positive pairs would be much lesser in the small 
distance (short range or medium range) neighborhoods compared to positive-
negative pairs. Figure 2B shows the actual number of contacts made by R  
and K with each R, K, D and E. Normalization of each of the sigmoids with  
their respective asymptotes remarkably led to a collapse of the sigmoids into 
literally overlapping curves as shown by Figure 2C. Clearly, no electrostatic 
interactions were playing any role in the spatial distributions of these amino 
acids in folded proteins.

We next investigated non-polar pairs. Alanine (A), Valine (V), Isoleucine (I),  
Leucine (L) and Phenylalanine (F) are known conventionally as non-polar  
residues in the increasing order of size. Blue circles in Figure 2D show sig-
moids representing the number of contacts each of the A, V, I, L, F amino acids  
make with each other within defined neighborhood distances. Assuming non-
polar interactions were a dominant factor in protein folding, one would expect 
more number of pairs of smaller amino acids compared to pairs of large amino 
acids, and hence one would expect sigmoids of smaller amino acids to be dif-
ferent from sigmoids of larger amino acids. Figure 2E shows that this is clearly  
not the case. When each of the sigmoids is normalized with its respective  
asymptote, all possible pairings of A, V, I, L, F collapse into a single sigmoid. 
Thus, non-polar pairs were occurring identically in folded proteins, indepen-
dent of their sizes. While this pointed to a clear disagreement with conventional 
views of “hydrophobic packing” it still did not show whether non-polar contacts 
were important in protein folding. To test this, we compared contacts made by 
A, V, I, L and F with two conventionally classified polar residues, Q (red , 
Figure 2D) and N (red *, Figure 2D). Figure 2E shows clearly that neighborhood 
data of even the pairs of these non-polar and polar residues overlapped with  
the neighborhood data of non-polar pairs. Thus, “hydrophobic interactions” 
were not playing any special role in the spatial distributions of amino acids in 
folded proteins. 

In the absence of evidence to support the two strongest schools of thought in protein 
folding, viz. electrostatics and hydrophobic collapse, we were faced with the grand 
challenge question again: how do proteins fold? A clear comparison of Figure 1D 
with Figure 2C and E provided us with the first clue. The narrow band of neighbor-
hood data in Figure 1D was still not as narrow as in Figure 2C and E. Therefore, we 
hypothesized that several ‘families’ of neighborhoods could be present in Figure 
1D, each family as narrow as in Figure 2C and E, but not necessarily in accordance 
with the conventional views on protein folding. 

To seek out the hypothesized families, we utilized a model-independent  
analysis of the sigmoids (72). Figure 3A shows that by drawing a tangent to  
the steepest part of the sigmoid, we were able to define three parameters: “Close-
Contacts”, “Intermediate-Contacts” and “Long-Contacts” for any given pair of 
amino acids. Note that while these parameters are an arbitrary choice, they con-
sistently define the sigmoidal neighborhoods in a completely model-independent 
manner. Thus, we obtained each of the three parameters for all of the 400 sigmoids 
in Figure 1C (Figure 1D also gives the same values). What we had observed so 
far had not prepared us for the next finding. Since we had observed amino acid 
independent spatial distributions, we expected that the frequency distributions  
for the three parameters extracted out of the 400 sigmoids would show a sin-
gle uniform distribution. However, we were surprised to observe that frequency  
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Figure 3: Cα neighborhoods are clustered within the amino acid independent spatial distributions in folded proteins – (A) A model independent characterization 
of the sigmoids is done, that is also independent of normalization of the sigmoids by their respective asymptotic values. Tangent is drawn to the steepest part of the 
sigmoid (red line). Intersection of the tangent with the X-axis defines the “Close-Contact” distance and intersection with the asymptote (black line) defines the 
“Long-Contact” distance. The distance at which there are half the number of maximum possible contacts is defined as “Intermediate-Contact”. Note that Close-
Contact, Intermediate-Contact and Long-Contact distances, while defined arbitrarily, are consistent and model independent parameterizations of the sigmoids for 
comparison purposes. (B) Frequency distributions for number of contacts within the distances defined in (a) are shown. The Close-Contact frequency distribution 
(red) shows number of Cα-Cα contacts between 5-12.5 Å (i.e. all Close-Contact distances are in this distance range). The Intermediate-Contact frequency distribu-
tion (green) shows number of Cα-Cα contacts between 21-33 Å (indicative of ~half of “globular” size of proteins). The Long-Contact frequency distribution (blue) 
shows number of Cα-Cα contacts between 38-55 Å (indicative of, but smaller than, “globular” size of proteins). Each frequency distribution results from 400 sig-
moids shown in Figure 1C. Presence of convoluted/multiple frequency distributions is clear for all three parameters. (C) De-convolution of frequency distributions 
by K-means clustering partitions Close-Contacts into 3 (mean silhouette value, MSH = 0.701), Intermediate-Contacts into 6 (MSH = 0.724), and, Long-Contacts 
into 6 (MSH = 0.734), mutually exclusive clusters. Note that in both (B) and (C), the cysteine-cysteine pair (i.e. one out of the 400 pairs) appears as a small and 
separate “blip” at ~5 Å.

distributions of each of the three parameters indicated presence of multiple popu-
lations rather than a single population, as shown in Figure 3B. Even more inter-
estingly, these apparent multiple populations were confirmed to be statistically 
mutually exclusive by the K-means clustering technique, as shown in Figure 3C. 
We had observed in our work, for the first time, a possible distinction between 
amino acid pairs. More importantly, these distinctions were certainly pointing 
towards a completely new set of rules for protein folding. 
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An interesting observation from Figure 3B and C is that while Close-Contacts  
show only three distinct clusters, the Intermediate- and Long- Contacts show 
six clusters each. This is intriguing, since it would be expected that short-range 
(occurring within distances of 5-12 Å) pairings of amino acids would show more 
distinct populations in the presence of specific side-chain interactions. On the 
other hand, the medium-range (~20-30 Å) and the long-range pairings (~40-60 Å) 
of amino acids would be expected to show much lesser number of pairings due to 
existence of very few known chemical interactions at these distances. In simpler 
words, if neighborhoods of amino acids were governed by side-chain interac-
tions, then one would expect to see greater “splitting” at short range compared 
to the Intermediate- and Long ranges. On the other hand, if solvent were playing 
a major role then the Long and Intermediate range neighborhoods would show 
greater splitting. This is because at the long-range distances, solvent (predomi-
nantly aqueous) is the primary constituent rather than amino acids of a protein. 
Thus, our results clearly indicated the important, and quite under-rated, role  
of aqueous surroundings in protein folding. The aqueous environment was evi-
dently playing a much bigger role in packing amino acids rather than amino acid 
side-chain interactions. From an energetic perspective one possible inference is 
that solvation and desolvation balance in a manner such that all amino acids 
behave similarly.

To closely inspect the multiple populations of amino acid pairs from the  
de-convolutions in Figure 3C, we decided to compile the neighbors for each 
amino acid found in each of the distinct populations. Table I, shows the listing  
of ‘nearest’ neighbors for each amino acid found in each of the three Close-
Contact clusters. 

The first observation is that none of the clusters have any common members. Each 
of the 20 amino acids appears as a neighbor for a given amino acid in a unique clus-
ter only. The second observation is the absence of any neighbors in the first cluster 
for some amino acids. All neighbors for these occur in second or third cluster only. 
This indicates absence of a ‘shell’ of amino acids immediately around P, Q, N, D, 
E, R and K. Furthermore, even T, S, H and G belong to this group, if it were not 

Table I
 Identification of Cα atoms of amino acids in Close-Contact clusters (from Figure 3C), for the Cα of every amino acid.

AA

Cluster Number

1 2 3

A V, I, L, C A, Y, F, W, M, T, S, Q, H, R, G P, N, D, E, K
V A, V, I, L, Y F, M, C W, P, T, S, Q, N, D, E, H, R, K, G ---
I A, V, I, L, Y, F, W, M, C P, T, S, Q, N, D, E, H, R, K, G ---
L A, V, I, L, F, M, C Y, W, P, T, S, Q, N, D, E, H, R, K, G ---
Y V, I, C A, L, Y, F, W, P, M, T, S, Q, H, R, G N, D, E, K
F V, I, L, F, M, C A, Y, W, P, T, S, Q, N, E, H, R, K, G D
W I, F, C A, V, L, Y, W, P, M, T, S, Q, N, H, R, G D, E, K
P --- V, I, L, Y, F, W, C A, P, M, T, S, Q, N, D, E, H, R, K, G
M V, I, L, F, M, C A, Y, W, T, S, Q, N, H, R, G P, D, E, K
C A, V, I, L, Y, F, W, M, C, T, S, H, G P, Q, N, D, E, R, K ---
T C A, V, I, L, Y, F, W, M, T, S, H, G P, Q, N, D, E, R, K
S C A, V, I, L, Y, F, W, M, T, S, H, G P, Q, N, D, E, R, K
Q --- A, V, I, L Y, F, W, M, C P, T, S, Q, N, D, E, H, R, K, G
N --- V, I, L, F, W, M, C A, Y, P, T, S, Q, N, D, E, H, R, K, G
D --- V, I, L, C A, Y, F, W, P, M, T, S, Q, N, D, E, H, R, K, G
E --- V, I, L, F, C A, Y, W, P, M, T, S, Q, N, D, E, H, R, K, G
H C A, V, I, L, Y, F, W, M, T, S, H, G P, Q, N, D, E, R, K
R --- A, V, I, L, Y, F, W, M, C P, T, S, Q, N, D, E, H, R, K, G
K --- V, I, L, F, C A, Y, W, P, M, T, S, Q, N, D, E, H, R, K, G
G C A, V, I, L, Y, F, W, M, T, S, H, G P, Q, N, D, E, R, K
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Table II
Identification of Cα atoms of amino acids in Intermediate-Contact clusters (from Figure 3c), for the Cα of every amino acid. 

AA

Cluster Number

1 2 3 4 5 6

A --- V, I, C A, L, Y, F, W, M, S, H, G T, N, R P, Q, D, E, K ---
V C A, V, I, L, Y, F, W, M, T, S, H, G P, N, R Q, D, E, K --- ---
I C A, V, I, L, Y, F, W, M, T, S, H, G P, N, R Q, D, E, K --- ---
L C V, I, L, F, M, H A, Y, W, T, R, G P, Q, N, D, R E, K ---
Y C V, I, Y, F, W, M, H A, L, T, S, G P, Q, N, D, R E, K ---
F C V, I, L, Y, F, W, M, H, G A, P, T, S, N, R Q, D, E, K --- ---
W C V, I, Y, F, W, M, H A, L, T, S, G P, Q, N, D, R E, K ---
P --- C V, I, F L, Y, W, M, H, G A, P, T, S N, R Q, D, E, K
M C V, I, L, Y, F, W, M, H A, T, S, N, G P, Q, D, R E, K ---

C
V, I, L, Y, F, W, 

M, C, H, G
A, P, T, S, Q, N, R D, E, K --- --- ---

T --- V, I, C L, Y, F, W, M, H, G A, T, S, N, R P, Q, D, E, K ---
S --- V, I, C A, L, Y, F, W, M, H, G T, S, R P, Q, N, D, E, K ---
Q --- C --- V, I, L, Y, F, W, M, H A, T, S, N, R, G P, Q, D, E, K
N --- C V, I, F, M A, L, Y, W, T, H, G P, S, Q, N, R D, E, K
D --- --- C V, I, L, Y, F, W, M, H A, T, S, G N, D, E, R, K

E --- --- C V, I, F
A, L, Y, W, M, 

T, S, H, G
P, Q, N, D, E, 

R, K
H C V, I, L, Y, F, W, M, H A, T, S, G P, Q, N, D, R E, K ---

R --- C V, I, F
A, L, Y, W, M, T, S, 

H, G
P, Q, N, R D, E, K

K --- --- C V, I, F
A, L, Y, W, M, 

T, S, H, G
D, E, R, K

G C V, I, F A, L, Y, W, M, T, S, H, G P, N, R Q, D, E, K ---

for C. The third observation is the absence of any neighbors for some amino acids 
in the third cluster. This indicates that A, V, I, L, Y, F, W, M and C are closely 
surrounded by a shell of amino acids. The fourth observation is that regardless of 
the conventional view of amino acids, the Cα of cysteine is always found in close 
proximity to all amino acids, especially itself (see also Figure 1D, sigmoid indi-
cated by an arrow). 

The first deduction out of Table I is a possible distinction between the conven-
tionally classified polar and non-polar residues (except C, Y and possibly W).  
It is extremely important to appreciate that Table I is independent of the location  
(i.e. center vs. periphery) of the amino acid in a folded protein. While Figure 2F 
clearly demonstrates the absence of hydrophobic interactions in protein folding,  
our current results definitively show a possible grouping of non-polar residues 
(except P). The only reconciliation for this comes from a “water-centric” view on 
protein folding. In a folded protein, an amino acid excluded by water must have 
neighbors in terms of other amino acids only. 

To further explore the water-centric rule of protein folding emerging out of the 
data (in contrast to protein-centric or residue-centric), we compiled the clusters 
of Intermediate-Contacts and Long-Contacts in Tables II and III. While some 
observations from Table I were remarkably replicated even for medium and long 
range amino acid pairings, the most interesting observation was the shuffling of 
some amino acids as neighbors in the extracted clusters for a given amino acid. 
Additionally, a few amino acids were always present in either the first or the last 
clusters, regardless of the neighborhoods being defined as short-, medium- and 
long-range.

An integrated ‘wheel’ of neighborhoods derived from Tables I, II and III defining 
the probability of a given amino acid as a neighbor for any amino acid in folded 
proteins is presented in Figure 4. 
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sigmoidal distribution of the cumulative contacts in folded proteins providing an 
additional check of consistency. 

Conclusions

We carried rigorous, model-independent, analyses of backbones of the crystal 
structures of 3718 folded proteins. This was necessitated by the need to take a fresh 
look at the unsolved problem of protein folding (70, 71). Our results allow evolu-
tion of the following rules for protein folding:

There is an underlying single spatial distribution of the backbone C1. α atoms 
regardless of the fold and size, with Cysteine-Cysteine pairs being the sole 
exception.

The number of contacts an amino acid makes with other amino acids in a 2. 
folded protein is a direct result of its frequency of occurrence (stoichiom-
etry) in the primary sequence. 

Cysteine, in spite of its low frequency of occurrence in primary sequences, 3. 
is a “space-filler”. It is found closest to itself, and to all other amino acids.

Exclusion by water is the predominant factor for the protein fold. This 4. 
implies a “water-centric” view on protein folding rather than a “protein-
centric” or a “residue-centric” view. Within the constraints of the primary 

Table III
Identification of Cα atoms of amino acids in Long-Contact clusters (from Figure 3c), for the Cα of every amino acid.

AA

Cluster Number

1 2 3 4 5 6

A --- C V, I, L, , F, W, P, S, H, G A, P, T, N, R Q, D, E, K ---
V C V, I, L, Y, F, W, M, T, S, 

H, G
A, P, N, R Q, D, E, K --- ---

I C V, I, L, Y, F, W, M, T, S, 
H, G

A, P, N, R Q, D, E, K --- ---

L C V, I, F, M, H A, L, Y, W, T, S, N, G P, Q, D, R E, K ---
Y C V, I, L, F, W, M, H A, L, T, S, G P, Q, N, D, R E, K ---
F C V, I, L, Y, F, W, M, S, H, G A, P, T, N, R Q, D, E, K --- ---
W C V, I, Y, F, W, M, H A, L, T, S, N, G P, Q, D, R E, K ---
P --- C V, I, F, H A, L, Y, W, M, T, S, G P, Q, N, D, R E, K
M C V, I, L, Y, F, W, M, H, G A, T, S, N, R P, Q, D, E K ---
C V, I, L, Y, F, W, M, 

C, T, S, H, G
A, P, Q, N, D, R E, K --- --- ---

T C V, I L, Y, F, W, M, H, G A, P, T, S, N, R Q, D, E, K ---
S C V, I, F A, L, Y, W, M, H, G P, T, S, N, R Q, D, E, K ---
Q --- C --- V, I, L, Y, F, W, M, H, G A, P, T, S, N, R Q, D, E, K
N --- C V, I, L, F, W, M, H A, Y, T, S, G P, Q, N, D, E, K K
D --- C --- V, I, L, Y, F, W, M, H, G P, T, S, N, R Q, D, E, K
E --- --- C V, I, F, M, H A, L, Y, W, T, S, N, G P, Q, D, E, R, K
H C V, I, L, Y, F, W, M, H, G A, P, T, S, N, R Q, N, E, K --- ---
R --- C V, I, F, M, H A, L, Y, W, T, S, G P, Q, N, D, R E, K
K --- --- C V, I, F, H T, S, G P, Q, N, D, E, R, K
G C V, I, F, M, H A, L, Y, W, T, S, G P, Q, N, D, R E, K ---

How may the results presented here advance the field of statistical potentials 
derived from atomic/residue contacts? The answer to this is indeed anticipated by 
the critical appraisal provided by Jernigan and coworkers a few years ago (49). 
It is conceivable that these potentials could incorporate the stochiometric depen-
dence of the neighborhoods together with the observed clustering, with the overall 
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surface-to-volume ratio in water, is the individual shapes of the amino 
acids.

The conventional classifications of amino acids (6. e.g. polar, non-polar) and 
their interactions do not play any significant role in protein folding. Rather, 
they may be merely post-facto inferences. 

It is interesting to note that the above rules mimic the simplicity of chemical reac-
tions based on only the stoichiometries and solvation/desolvation characteristics of 
reacting species.
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Figure 4: An integrated “wheel” of neighbor-
hoods defining the probability of a given amino 
acid as a neighbor for any amino acid in folded 
proteins. The results in Tables I, II and III can be 
recovered by removing the boundaries between 
the various concentric circles. The white sur-
rounding the “X” (any one of the amino acids), 
indicates presence of either solvent (water) or 
other non- Cα atoms in the protein. Note that the 
figure is not to scale and only the order in which 
the amino acids appear is important. Also note 
that the wheel is location independent for amino 
acids, i.e. “X” can be anywhere in the protein 
(e.g. center or periphery).

sequence (i.e. composition and constitution), water excludes the polypeptide 
chain to assume a minimum surface-to-volume ratio.

In the absence of any ‘driving’ chemical interactions, the only other 5. 
possibility that can pack the amino acids into a folded protein, with minimum 
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