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Editorial

A Conversation on Protein Folding
http://www.jbsdonline.com
When the paper on stoichiometry-driven protein folding by Mittal et al. (1) was
published, I knew that it would become a controversial publication, bordering on revolutionary. The ideas, such as (i) no preferences are related to sidechain chemistry and (ii) notwithstanding size and 3D fold, the probability that
two amino acids will be close together depends mainly on their percent populations, go against what is being currently practised and taught in biochemistry and
molecular biology. Preferential interaction between amino acids is the basis of the
development of knowledge-based potentials, which in turn form the underpinning of protein structure prediction by modeling and simulation, now routinely
performed in many laboratories across the globe (2-5 and references therein).

Ramaswamy H. Sarma
Department of Chemistry, State
University of New York at Albany,
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It was very obvious that I should invite protein structural chemists to comment
on the claims of Mittal et al. In my letter of invitation, I made it explicitly clear
that their comments would not be subject to the normal peer review so that they
could express their personal points, views, and evaluation of Mittal et al. without interference from the referees. This is perfectly ﬁne because the comments
themselves are not research articles which require mandatory peer evaluations,
but just pure comments, and referees inserting moderation and balance into
the comments is not right. These comments are brief items without abstracts,
contain only a short list of references, and do not contain original research data.
They are essentially open referee reports on Mittal et al. As Editor-in-Chief of
the Journal, I thoroughly read each one of the comments; it was necessary to
make certain minor editorial changes in a few of them so that all the comments
were in resonance with the Journal format and mission. The comments are published without dates received and without the name of the Communicating Editor
because they are not regular research articles. Finally this Journal is publishing
the section consisting of this editorial, the 29 comments and the author response
as Open Access. This is because this Journal strongly believes that doctoral students in biochemistry and molecular biology will beneﬁt a great deal from a
study of these comments; and Open Access publication enables this.
I have received comments from 29 laboratories across the globe. I thank all of
them for reading Mittal et al. and expressing their opinion. I am particularly
grateful to the senior and highly respected investigators in the discipline, Harold Scheraga, Cornell Univ., Brian Matthews, Univ. of Oregon, Alexei Finkelstein, RAS, Pushchino, Russia and Herman Berendesen, Univ. of Groningen, The
Netherlands for participating in this Conversation and providing their comments
within the deadline.
Mittal et al. have written a single collective response to the 29 comments so as to
avoid redundancy and to provide the response in a clear well structured setting.
There is very little one could do about the repetition of a few items from comment
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to comment. Nevertheless, the collection of comments and
the author response form an engaging Conversation. Many
of the commentators in their presentation have visited the literature on how protein folding evolved over the last 70 years.
There have been interesting incidents in which a commentator answers certain questions raised by another commentator, even though commentators themselves had no previous
notion of who was writing what. While several people were
very critical of the Mittal et al. thesis of protein folding, to
others it appeared like a fresh breeze with a novel perspective; even there were young investigators excited about
potential development of biologically meaningful ab initio
modeling, based on universal principle of stoichiometry.
There were discussions of the evolution of the amino acids,
a few evolving earlier than others, and how this might have
inﬂuenced their distribution in the proteins. There was also
the question of whether there was any relationship between

Sarma
the proportions of amino acids and their proprotions in the
codons. There are also people who believe that the organization and the hierarchical structure of the living system makes
the living system unique, and that the molecular biology
at the lowest level does not dictate the terms and conditions
for the higher level.
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Comment

Stoichiometry versus Hydrophobicity
in Protein Folding

Brian W. Matthews
Institute of Molecular Biology and

http://www.jbsdonline.com
In their recent report in this journal, A. Mittal, B. Jayaram and coworkers (1)
suggest that protein folding is driven by stoichiometric occurrences of amino
acids (“Chargaff’s Rules”), and not by preferred interactions (e.g., hydrophobic
interactions) between speciﬁc amino acids. The proposal is a radical departure
from conventional wisdom and is shown to be without merit.

Department of Physics,
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Eugene, OR 97403-1229

The analysis of Mittal et al. (1) is based on the counting of CA-CA distances in
3718 structures taken from the Protein Data Bank. Beginning with a single protein one takes an amino acid of interest (e.g., leucine). Around the CA atom of the
ﬁrst leucine in the protein structure one draws a series of concentric spheres of
increasing radius, X. The number of CA atoms of any other residues that happen
to be located within the sphere is counted separately for the 20 possible types of
amino acid and binned as a function of the sphere radius. In this way one determines both how many and what sort of neighbors (or “contacts”) there are for this
leucine residue within a given distance.
The procedure is then repeated in turn for all other leucine residues in the protein
and the results summed. The same analysis is carried out for each of the proteins
from the PDB and these results are also included in the summation. The overall
totals give the leucine-speciﬁc neighborhood distribution for all leucines in all the
proteins analyzed.
Starting from the beginning, the same procedure is used to ﬁnd an alaninespeciﬁc neighborhood distribution, and likewise for all 20 types of amino acids.
The results can be seen in Figure 2 of Reference 1.
Total CA-CA Contacts: In the ﬁrst part of their analysis of the neighborhood distribution curves Mittal et al. (1) focus on the total number of contacts made by
each of the 20 different types of amino acids. They hypothesize that “in case
amino-acids prefer certain neighborhoods due to preferential interactions (e.g.,
hydrophobic, hydrogen bonding, electrostatics), one would not be able to predict
a direct relationship between the total number of contacts of a given amino-acid
with its frequency of occurrence in folded proteins”.
To test this hypothesis they estimate, for each type of amino acid, the total number of contacts generated by all CA atoms in all proteins and plot this against
the percentage occurrence of that amino acid in the overall sample of proteins.
The points lie on a straight line, leading the authors to state “To our surprise, the
total number of contacts made by an amino acid were correlated excellently with
the average occurrence of that amino acid (stoichiometry) in folded proteins as
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shown by Figure 2E. This strongly supported our hypothesis
and directly implied an ‘absence’ of any preferential interactions between amino acids”. Unfortunately, as shown by
the simple example below, this plot has no predictive value
because the calculation always gives a straight line, whether
the CA atoms correspond to a real protein or to some other
arbitrary arrangement.
Consider, for example, a protein consisting of one methionine
(Met), two serines (Ser) and seven alanines (Ala) arranged
as in Figure 1. It can be assumed that the structure is fully
extended although this will not enter into the analysis.
Met-Ser-Ser-Ala-Ala-Ala-Ala-Ala-Ala-Ala
Figure 1. Hypothetical protein of 10 amino acids.

We now wish to plot the equivalent of Figure 2E of Reference 1 for this hypothetical protein. For each type of amino
acid we need to count the total number of “contacts” that can
be made with all other CA atoms in the chain. For the single methionine there are nine such contacts. Because there
are two serines and each can make nine contacts there are
18 contacts. Similarly, the seven alanines make a total of
7 x 9 = 63 contacts. As summarized in Table 1, these total
contact values are directly proportional to the abundance of
each amino acid. It will also be apparent from the example that the same straight-line dependence seen in Table 1
would be obtained no matter what sequence or structure or
arbitrary arrangement of CA positions was assumed for the
protein. For the same reason, the straight-line dependence
seen in Figure 2E of Reference 1 cannot be taken as support for the suggestion that preferential interactions between
amino acids in proteins are unimportant. Because Figure 2E
will be a straight line regardless of the assumed structure
or amino acid composition, it does not support the idea that
the percentage occurrence of the 20 amino acids needs to be
within speciﬁed limits in order for a protein to fold (Table 1
of Reference 1).
Table I
Stoichiometry calculation for the hypothetical protein shown in Figure 1.

Type of
amino acid
Met
Ser
Ala

Total number of CA- CA
“contacts” possible for
the whole protein

Percentage
occurrence of amino
acid in protein

9
18
63

10%
20%
70%

Short-range CA-CA Contacts: In the second part of their
analysis Mittal et al. (1) focus on shorter-range CA- CA contacts. Their analysis is based on the following relationship
(Equation 1) which they use to describe how the number of
contacts depends on distance.

Y = Ymax(1 – e-kX)n

[1]

Y is the number of contacts within a sphere of radius X, and
Ymax is the number of contacts for the whole sample (i.e.,
when the sphere radius becomes large enough to encompass
the whole protein). The distributions are sigmoidal in nature
and k and n are arbitrary variables which are determined
by ﬁtting the equation to the experimental data. In practice,
Mittal et al. found for each of the 20 amino acids that k has a
value of about 0.07 and n a value around 4.5.
To look for possible short-range differences between one
type of amino acid and another, Mittal et al. focus especially
on the value of n because the “lift-off” points of the sigmoid
distributions are strongly dependent on n. In their words “if
there were any preferential neighborhoods (of amino acids)
they would be reﬂected particularly in n”.
Returning to Equation 1, if (-kX) is small then
e-kX y 1 – kX

[2]

Y y Ymax(kX)n

[3]

which leads to

Since k equals about 0.07, Equation 3 should be reasonably
accurate up to radii X of about 5 Å.
Equation 3 predicts that the number of CA contacts increases in
proportion to the nth power of the sphere radius X. For a hypothetical one-dimensional protein as in Figure 1, it would be
expected that the number of CA contacts would be approximately
proportional to the sphere radius X, i.e., n would equal about 1.
For a hypothetical two-dimensional protein, with CA positions
in a plane, the number of CA contacts would increase in proportion to the sphere radius squared, i.e., n would be approximately
2. For three-dimensional proteins it would expected that n ~ 3,
i.e., the volume of a sphere of radius X is proportional to X3.
How can it be that the actual value determined by Mittal et al.
(1) is n ~ 4.5? As shown below, it arises from limitations
on CA-CA distances in proteins. For consecutive amino acids
in a polypeptide chain the CA-CA distance is 3.8 Å (ignoring
cis peptide bonds which are extremely rare). For nonconsecutive amino acids the closest CA-CA approach is limited
to about 3.2 Å by van der Waals contact. The consequences
of these restrictions on the CA-CA distance can be seen in
Figures 3(A-D) of Reference 1. For “neighborhood distances”
of 1 Å, 2 Å and 3 Å there are no CA-CA contacts whatsoever
and even at 4 Å the number of contacts remains very small.
This type of distribution, with zero or small values from X = 0
to 4 Å, and rapidly increasing thereafter, is exactly what one
would expect for a distribution of the form Xn with n ~ 4.5.
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Mittal et al. ﬁnd that the value of n is essentially constant,
regardless of the amino acid, and infer that this demonstrates
the absence of preferred interactions between amino acids.
In contrast, the analysis given above shows that the value of
n arises from the inherent stereochemistry of protein backbones. Because n is determined primarily by backbone geometry it is expected to be largely independent of the identity of
the side-chain, consistent with observation.
In summary, the conclusions reached by Mittal et al. based
on their analysis of both longer and shorter CA-CA distances
in known protein structures are not justiﬁed.
Some years ago, Rose et al. (2) also carried out an analysis
of known protein structures, but based on the accessibility
to solvent of individual amino acids in each protein. Their
analysis showed that hydrophobic amino acids like leucine,
isoleucine, methionine, etc., are often fully buried within the
core of the protein, whereas this happens infrequently for
the polar amino acids. This analysis strongly indicated that
the non-polar residues do tend to cluster together within the
cores of proteins and this provides hydrophobic driving
energy for the folding process.
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In this context it might be worth noting that the purpose of
the analysis of Mittal et al. (1) was to look for preferential
interactions between speciﬁc pairs of amino acids in proteins.
Such interactions will be between side-chains, but the analysis
was based on CA-CA distances, which may be more diagnostic
of the backbone. As a suggestion, it might be instructive to
repeat the analysis of Mittal et al. using CB-CB rather than
CA-CA distances since the former may be more representative
of sidechain-sidechain interaction. Also, rather than attempting an interpretation based on Equation 1, a simpler calculation would sufﬁce. If, for example, a CB-CB analysis was
made of amino acids in the neighborhood of leucine, the key
question would be whether the hydrophobic amino acids in
the immediate vicinity of the hydrophobic leucine occur more
frequently than the polar ones. Such a calculation would have
to be appropriately normalized to take into account the abundance of all of the amino acids involved.
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On the Information Content of Protein Sequences

S. Rackovsky†
H. A. Scheraga*

http://www.jbsdonline.com
In recent work, Mittal et al. have investigated the spatial organization of amino
acids in proteins (1). They considered residue-speciﬁc radial distributions of
the 20 amino acids, and concluded, on the basis of an observed universality
in the form of the distribution function, that the folding of proteins is “a direct
consequence of a narrow band of stoichiometric occurrences of amino acids in
primary sequences” They reject the role of speciﬁc amino acid interactions as a
driving force in protein folding, and suggest that this result represents a protein
version of the Chargaff rules which have long been known to govern nucleic
acid folding.
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In the present work, we make several points relevant to the conclusions of
Mittal et al.
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1. It has been long known (2, 3) that neither A-carbon nor side-chain radial
distribution functions alone are reliable indicators of the placement of residues in proteins, and are therefore not reliable indicators of inter-residue
interactions in proteins. Rather, it was shown that one must consider the
angular dispositions of side chains in order to obtain a reliable indication
of interactive properties. This result was analyzed with respect to its signiﬁcance for hydrophobic interactions, but is even more certainly correct
for the atom-speciﬁc interactions which are responsible for Van der Waals,
hydrogen-bonding and electrostatic interactions.

Ithaca, NY 14853

It should be noted more generally that “contacts”, deﬁned by the presence of
given atoms within a speciﬁed distance from a point of interest in the structure, do not automatically carry information about stabilizing interactions.
A contact map is a geometric tool, not an energetic measure. It is entirely
possible that atoms which fall within the speciﬁed distance, particularly at
the longer distances (up to ~90 Å) considered by Mittal et al. do not interact
with the central atom in a way which meaningfully stabilizes the structure.
For these reasons, conclusions cannot be drawn about the global stabilization of a molecule from radial distribution functions alone.
2. It has been known for some time, thanks to the work of numerous investigators, that the amino acid composition of proteins contains information about
the fold of the molecule (4-15). Their results showed that amino acid composition can give reasonably accurate classiﬁcations of structure class and
fold family. Classiﬁcation schemes, however, do not give information
about the quantitative differences between structural classes. In very recent
work (16), one of us (S.R.) addressed this question, and demonstrated that,
when properly represented, amino acid composition encodes the quantitative organization of protein structure space.
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The ﬁrst four factors are essentially pure physical properties; the remaining
six factors are superpositions of several physical properties, and are labelled
for convenience by the name of the most heavily weighted component.

The intersequence metric function was shown (16) to
be a natural result of the application of a Euclidean
distance measure to the 10-dimensional space which
arises when sequence compositions are represented
by the Kidera factors. An excellent three-dimensional
picture of the resulting space was obtained (16) by
using a Principal Component Analysis of the 10-dimensional space, and shows clearly that the organization of protein architectural groups, using the
sequence metric, corresponds well to that obtained in
earlier work (19) on the organization of protein space
using a structure-based metric.

These observations suggest that one must exercise considerable care in interpreting the results of a study of simple radial
distributions. It would seem to be somewhat premature to
discount the role of speciﬁc pairwise amino acid interactions
in the folding of proteins.

Table I
Values of The Kidera Property Factors.a

ALA
ASP
CYS
GLU
PHE
GLY
HIS
ILE
LYS
LEU
MET
ASN
PRO
GLN
ARG
SER
THR
VAL
TRP
TYR
a

Table II
Deﬁnitions of The Kidera Property Factors.a

In order to extract this information it is necessary to
describe protein sequences numerically in a statistically signiﬁcant manner, and then construct a metric
function which acts on that numerical sequence information to give quantitative distances between pairs
of sequences or pairs of groups of sequences. The
numerical description of sequences was carried out
using 10 physical property factors derived by Kidera
et al. (17, 18) with a factor analysis. The 10 factors
were shown to carry a large fraction of the variance
for all the known physical property sets described for
the 20 naturally occurring amino acids. These factors
are orthonormal by construction, eliminating problems which arise in other numerical representations
due to incompleteness and statistical correlation. (The
values of the 20 factors are given in Table I, and their
deﬁnitions in Table II.)

f1

f2

f3

f4

f5

f6

f7

f8

f9

f10

–1.56
0.58
0.12
–1.45
–0.21
1.46
–0.41
–0.73
–0.34
–1.04
–1.40
1.14
2.06
–0.47
0.22
0.81
0.26
–0.74
0.30
1.38

–1.67
–0.22
–0.89
0.19
0.98
–1.96
0.52
–0.16
0.82
0.00
0.18
–0.07
–0.33
0.24
1.27
–1.08
–0.70
–0.71
2.10
1.48

–0.97
–1.58
0.45
–1.61
–0.36
–0.23
–0.28
1.79
–0.23
–0.24
–0.42
–0.12
–1.15
0.07
1.37
0.16
1.21
2.04
–0.72
0.80

–0.27
0.81
–1.05
1.17
–1.43
–0.16
0.28
–0.77
1.70
–1.10
–0.73
0.81
–0.75
1.10
1.87
0.42
0.63
–0.40
–1.57
–0.56

–0.93
–0.92
–0.71
–1.31
0.22
0.10
1.61
–0.54
1.54
–0.55
2.00
0.18
0.88
1.10
–1.70
–0.21
–0.10
0.50
–1.16
0.00

–0.78
0.15
2.41
0.40
–0.81
–0.11
1.01
0.03
–1.62
–2.05
1.52
0.37
–0.45
0.59
0.46
–0.43
0.21
–0.81
0.57
–0.68

–0.20
–1.52
1.52
0.04
0.67
1.32
–1.85
–0.83
1.15
0.96
0.26
–0.09
0.30
0.84
0.92
–1.89
0.24
–1.07
–0.48
–0.31

–0.08
0.47
–0.69
0.38
1.10
2.36
0.47
0.51
–0.08
–0.76
0.11
1.23
–2.30
–0.71
–0.39
–1.15
–1.15
0.06
–0.40
1.03

0.21
0.76
1.13
–0.35
1.71
–1.66
1.13
0.66
–0.48
0.45
–1.27
1.10
0.74
–0.03
0.23
–0.97
–0.56
–0.46
–2.30
–0.05

–0.48
0.70
1.10
–0.12
–0.44
0.46
1.63
–1.78
0.60
0.93
0.27
–1.73
–0.28
–2.33
0.93
–0.23
0.19
0.65
–0.60
0.53

The property factors are dimensionless by construction. The reader is
referred to references 17 and 18 for details of their derivation.

1. Helix/bend preference
3. Extended structure preference
5. Double-bend preference
7. Flat extended preference
9. pK-C

2. Side-chain size
4. Hydrophobicity
6. Partial speciﬁc volume
8. Occurrence in alpha region
10. Surrounding hydrophobicity

a

3. The result presented by Mittal et al. does not, in fact,
support the existence of Chargaff-like rules for proteins. On the contrary, their result suggests that the
pairwise interaction of amino acids is purely random,
governed by the relative proportions of the 20 amino
acids in the sequence. The Chargaff rules, on the
other hand, arise from pairwise-speciﬁc interactions
of nucleotides in DNA molecules, and do not reﬂect
random association in any way.
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Cunning Simplicity of a Stoichiometry Driven
Protein Folding Thesis

Oxana V. Galzitskaya
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Mittal et al. present two statements, which, as they say, ‘reveal a surprisingly simple unifying principle of backbone organization in protein folding’ (1). Namely,
they assert (i) ‘that protein folding is a direct consequence of a narrow band of
stoichiometric occurrences of amino-acids in primary sequences’, and (ii) ‘that
“preferential interactions” between amino-acids do not drive protein folding,
contrary to all prevalent views’.

Institute of Protein Research, Russian
Academy of Sciences, Institutskaya str.,
4 Pushchino, Moscow Region, 142290,
Russia

However, the ﬁrst of these statements, presented quite ambiguously by Mittal
et al. is not novel, while the second one is wrong (and moreover, to prove this
statement, Mittal et al. used a method that is hardly sensitive to interactions
between the chain links). Thus, the paper by Mittal et al. is useful in one respect
only: it clearly shows that consideration of interactions in protein molecules at the
level of CA - CA distances has no sense.
Mittal et al. write that there is ‘a narrow band of stoichiometric occurrences of
amino-acids in primary sequences’ for the “folded” (i.e., having ‘crystal structures
in the Protein Data Bank’ (2)), while ‘stoichiometry of “unstructured” proteins’
deviates ‘from the frequencies of occurrence of amino-acids in folded proteins’.
This needs to be commented.
(a). Actually, the reported numbers in Table I of Mittal et al. clearly show
that the “band” is not that narrow: the content of Ala in “folded” proteins is 7.8 o 3.4%, the content of Cys is 1.8 o 1.5%, and so on. Thus,
individual proteins can have signiﬁcant deviations from a “typical”
(for folded proteins) amino-acid composition. Do Mittal et al. really
mean that any (even with a random sequence) polypeptide chain folds
when and only when its amino-acid composition is in the “band” outlined by them? This would contradict to the known (3-5) large folddestabilizing effect of quite a few point mutations. If not, what do they
have in mind, really?
(b). The typical amino-acid compositions of proteins that one can ﬁnd
in any textbook (e.g., 6, 7) are rather similar to those reported in
Mittal et al. for folded proteins. The composition of a folded globular protein (especially of eukaryotes and their viruses) is known to
be close, as a rule, to that yielded by random usage of codons of the
genetic code (8). However, amino acid compositions of some well
folded proteins (e.g., collagen, a ﬁbrous protein) can be entirely different from a ‘typical’ amino acid composition of the folded globular
proteins (6, 7).
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(c). A modest difference between typical amino-acid
compositions of “folded” and “unstructured” (usually called “natively unfolded”) proteins, as observed
by Mittal et al. is well known; moreover, it is widely
used to predict the state of a protein (e.g., 9-14).
Amazingly, Mittal et al. ignore all these works completely!
(d). It is also odd that Mittal et al. ignore the famous
work by H. Fisher (15), who many years ago related
the size and crude shape of protein molecules to
their amino-acid composition.
(e). Although Mittal et al. promise to present ‘rules
for protein folding’, they, actually, talk only on
the ability of amino-acid sequences to form some
folded structure, and do not say a word on why and/
or how a sequence chooses its native fold among
zillions of alternatives. It may be noted that just the
latter question is normally called “the protein folding problem”!
Thus, although amino-acid composition is undoubtedly
important for protein folding, this is not a novel ﬁnding
and it cannot solve the protein folding problem without
the help of geometry-speciﬁc interactions of amino-acid
residues.
Now, let us consider the method used by Mittal et al. to prove
that “preferential interactions” between amino-acids do not
drive protein folding. In this connection, it should be noted
that that preferential interactions between amino acids are
the basis for introducing knowledge-based potentials, which
in turn provide the underpinning for present day 3D protein
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structure prediction by modeling and simulation (16-19 and
references therein).
To analyze this method, we will consider DNA double helices rather than proteins (we have the right to do
this, because Mittal et al. also refer to Chargaff’s rules
established for DNA). The “preferential”, complementary interactions of nucleotides, underlying the structure
of double helices, are well known (20). Let us see, if it is
possible to detect these interactions by the method used
by Mittal et al. in search for the “preferential interactions”
in protein chains.
The method of Mittal et al. brieﬂy, consists in calculation
of the number of various “contacts” of residues (AlalAla,
AlalGly, ..., AsplLys,..., etc.), which are not adjacent in
the chain at distances of a3 Å; a4 Å; a5 Å; ...; a60 Å between
their backbone CA atoms (1). Mittal et al. assume that ‘if two
amino-acids were to interact with each other ... their respective CA- atoms would be expected to occur in ﬁxed neighborhoods relative to each other’.
The same, literally, analysis we applied to DNA double
helices, the only difference being that in DNA, we have to
use C1’ atoms, which play here the same side-chain binding
role as CA atoms in polypeptides. The structures of complementary DNA double helices, of at least 10 base pairs each,
are taken from the Protein Data Bank (2); we chose the
structures with resolution of 2.5 Å or better from the ﬁles,
which contain only DNA having all four types of bases (+
water, and no other atoms). The Bank contains 18 such
double helices of 10–12 nucleotide pairs. Figure 1 shows

Figure 1: Analysis of C1’-C1’ distances in crystal structures of 18 DNA double helices, including, in total, 85 A-T and 113 C-G nucleotide pairs — (Left)
The number of nucleotide pairs AlA (black triangles), AlC (green squares), AlG (blue circles), AlT (red triangles) within a given C1’-C1’ distance limit.
The upper limit is 40Å (as in (1), we took the largest possible distance for our molecules), although no interaction of nucleotides is expected at C1’-C1’ distances above 15Å. A physically meaningful C1’-C1’ distance range is given in the Insert. The points correspond to the limits 0-1Å, 0-2Å, ..., 0-14Å, 0-15Å,
0-20Å, 0-30Å, 0-40Å. (Right) The number of nucleotide pairs ClA (black triangles), ClC (green squares), ClG (blue circles), ClT (red triangles) within
a given C1’-C1’ distance limit. One can see that both panels show a small difference in occurrence of complementary (A-T, C-G) and non-complementary
nucleotide pairs: this difference is comparable to differences in the numbers of contacts between various non-complementary bases.
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that the numbers obtained demonstrate a small (maximum
twofold, but often much less) difference in occurrence of
complementary and non-complementary nucleotide pairs
even at short C1’-C1’ distances, where nucleotides can be
in a complementary contact (Figure 1 insets). This means
that the approach used by Mittal et al. is a poor tool for
singling out even the well known preferential interactions
that stabilize the structures of double helices. Therefore,
it is no wonder that this approach, applied to proteins (1),
is hardly capable of singling out the “preferential interactions” in them.
The reason is that the distances between CA atoms (in proteins) or between C1’ atoms (in DNA) are not that sensitive
to “preferential interactions” of chain links: these atoms are
far from the place where a speciﬁc side chain-side chain
interaction occurs. It is no mere chance that Miyazawa and
Jernigan used distances between the side chain centers (not
CA atoms!) to obtain their famous potentials (21, 22), and
Galzitskaya et al. used “contact distances” determined as
distances between the closest (in space) heavy atoms of two
amino-acid residues (23).
When we used the nucleotide contact distances (instead of the
C1’-C1’ distances) to analyze the crystal structures of DNA
double helices, the “preferential interactions” of complementary nucleotide pairs in DNA became quite evident (Figure
2) at the shortest contact distances (Figure 2 inset), — while
larger distances, which have nothing to do with physical
interactions of the chain links, were again, of course, inﬂuenced by nucleotide content only as in Mittal et al. By the
way, certain “preferential interactions” of residues at short
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distances are also seen in protein statistics (21, 22), but here
they are quite smoothed-out and less speciﬁc than in DNA.
Some traces of these interactions can be found even in
Figures 3A-D in Mittal et al. i.e., the Figures that concern short-range (a10 Å) CA-CA distances (they are especially evident in Figures. 3B, 3D at the distances of 6–7
Å: here, they are comparable to deviations in occurrences
of complementary and non-complementary nucleotide
pairs at the C1’-C1’ distances of 10–13 Å). However,
Mittal et al. prefer to neglect these small deviations and
concentrate on larger (up to 60 Å!) distances (where interactions must be negligible and therefore the deviations are
absent) — and, of course, they miss all “preferential interactions” and obtain only some more or less trivial stoichiometric relationships.
Odd enough, Mittal et al. treat these stoichiometric relationships as an analogue of Chargaff’s rules. The Chargaff’s
rules read: %A = %T and %G = %C in a double-stranded
DNA (24), while Mittal et al. give no equalities of this kind:
they end up with an already known amino-acid contents of
“folded” and “unstructured” proteins, and seem to think that
these contents by themselves can elucidate the intricate spatial organization of proteins!
The authors thank E. V. Serebrova for assistance in manuscript preparation. This work was supported by the grants
from the HHMI (#55005607), MCB (#01200957492
and #01200959110) and “Leading Sci. Schools” (#NSh2791.2008.4) programs, RFBR (#10-04-00162-a and #08-0400561-a) and FASI (#02.740.11.0295).

Figure 2: Analysis of contact distances (determined as distances between the closest in space heavy atoms of two nucleotides) in crystal structures of 18
DNA double helices — (Left) The number of nucleotide pairs AlA (black triangles), AlC (green squares), AlG (blue circles), AlT (red triangles) within
a given contact distance limit. (Right) The number of nucleotide pairs ClA (black triangles), ClC (green squares), ClG (blue circles), ClT (red triangles)
within a given contact distance limit. Now both panels show a deﬁnite (~tenfold) predominance in occurrence of complementary (A-T, C-G) nucleotide pairs
at short (3 - 4Å) contact distances (while the larger distances, as in Figure 1, reﬂect mainly the nucleotide content of all the remote DNA pieces and, of course,
do not show any “predominant interactions”).
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Comment

The Relevance of Distance Statistics
for Protein Folding

Herman J. C. Berendsen
Molecular Dynamics Group,

http://www.jbsdonline.com
This paper is a comment on a recent article by Mittal et al. (1), written at the
request of the Editor of the Journal of Biomolecular Structure and Dynamics.
The authors of this article investigate the statistics of inter-aminoacid distances
(measured as CA distances) in over 3700 folded proteins with known crystal
structures. They report a remarkable insensitivity of this distance statistics to the
nature of the amino-acids and conclude that the total number of neighbors within a
given distance (of any amino-acid) depends only on the overall occurrence of that
amino-acid. Thus it appears that there are neither short- nor long-ranged interactions between particular amino-acids that could be a determining factor in protein
folding. The authors suggest that protein folding is determined by such packing
of residues (excluding water) that the surface-to-volume ratio is minimized; they
do not support the conventional view that classiﬁcation into polar and nonpolar
residues plays a role.

Groningen Biomolecular Sciences and
Biotechnology Institute, University of
Groningen, Nijenborgh 4, 9747 AG
Groningen, The Netherlands

In this comment I shall ﬁrst take a closer look at the meaning of the observations reported in the article. My conclusion will be that the way the results are
presented emphasizes the stoichiometric aspects and hides possible relevant
details. Some observations (relating to total long-range counts) that are reported
as surprising and indicating the absence of long-range interactions, appear to be
a simple consequence of the stoichiometry alone without sensitivity to possible
interactions. The more relevant observations at shorter ranges do indeed seem to
indicate absence of speciﬁc short-range interactions; I discuss the consequences
for effective potential energy models used in protein folding simulations. Finally
I suggest how the presentation of the results could be made more relevant.
A few deﬁnitions: In order to be able to discuss the results, a few deﬁnitions are
given here.
With “aa” we mean “amino-acid” and with “set” we mean the set of all 3718
proteins.
i, j = 1 ... 3718 enumerates the proteins,
k, l = 1 ... 20 enumerates the type of aa,
nik is the number of aa’s of type k in protein i,
Li = £k nik is the length (number of aa’s) in protein i,
Nk = £i nik is the total number of aa’s of type k in the set
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Ntot = £k Nk = £i Li is the total number of aa’s in the set,
fk = Nk /Ntot is the fractional occurrence of aa of type k
Long-range Counts
The authors count the number of neighbors within a given
range X of each aa of type k (excluding itself and its immediate sequential neighbors) over the whole set and sort the
neighbors according to aa type l. Thus they obtain a 20 x 20
matrix Ykl for each chosen X. They ﬁnd that each of the elements of this matrix follows a functional relationship with
the distance X:
Ykl = Yklmax [1-exp(-KX)]n,

[1]

where K and n are parameters that appear to be independent
of the type of aa (K y 0.075 and n y 4.5). Note that k in the
article has been replaced by K in order to avoid confusion
with the index k in this comment.
The authors then plot (in ﬁgure 2E) the sum of all 20 values
of Yklmax, i.e., £l Yklmax, versus the percentage of occurrence
of the central aa of type k, i.e., 100 fk, and ﬁnd a perfect
proportionality between the two variables. From ﬁgure 4C,
which replots the same data, we can read the proportionality
constant:
£l Yklmax = 3.25 x108 fk .

[2]

Now consider the fact that all proteins have a limited size
and the asymptotic large range from any aa in any protein
will include all aa’s present in the protein. If summed over
all types, the number of neighbors at a limiting large range
will equal the total number of aa’s in the protein minus the
excluded three (two if the central aa is a terminal), i.e., Li – 3.
For aa of type k there are nik occurrences in protein i, so that
the total summation over all proteins yields:
£l Yklmax = £i nik (Li – 3).

[3]

Under the assumption that the aa distribution is homogeneous over proteins of all sizes, implying that nik = fk Li ,
eq. [3] reduces to

From the considerations above I conclude that the presentation of the long-range data is such that the results are completely determined by stoichiometry without any possible
inﬂuence of long-range interactions. Is this also true for the
shorter-range data?
Shorter-range Counts
The validity of eq. [1] for all ranges X with parameters K
and n independent of aa type would indicate that there are
no speciﬁc interactions between amino-acids also at shorter
range. The shape of the functions is then a result of the spatial distribution of each protein and the length distribution of
the set of proteins. The authors claim (ﬁgure 3) that also at
shorter distances (5-10 Å) the distributions follow the general
form. However, closer inspection of ﬁgure 3 shows appreciable deviations of the data points from the ﬁts to eq. [1].
Further analysis on the basis of the article cannot be given as
the data points are not speciﬁed. It would be worthwhile for
the authors to analyze the deviations from eq. [1] in terms of
the amino-acids involved.
But let us assume that such further analysis will not show
speciﬁcity: the conclusion must then be that folding does
not imply enhanced or reduced contacts between speciﬁc aa
pairs. This indeed seems contrary to the commonly held view
that a folded protein contains internal clusters of hydrophobic aa’s, with hydrophilic aa’s situated mostly on the surface
in contact with water. If such views are valid, the conclusion must be that CA distances are irrelevant indicators of
aa clustering.
Consequences for Computational Folding
Computational protein folding using detailed atomic models
with explicit solvent was (2) and still is a formidable problem,
mainly because the huge space that must be sampled. The
sampling problem can be eased by using effective models in
a reduced coordinate space. The simplest models place amino-acids on a grid with effective pair interactions. With the
results of Mittal et al. we can now say that such approaches
must fail because the pair interactions between amino-acids
are non-descriptors for the interactions that determine folding. Such models are mere toys for playing with sampling
methods.

£l Yklmax = fk £i Li (Li – 3) y fk £i Li2.
We have recovered the empirical relation, eq. [2], without any reference to the strength of “long-range interactions.” In fact such interactions are completely irrelevant
for this result. The fact that the points in ﬁgure 2E are
not exactly on a straight line relate to possible deviations
of the homogeneity assumption, which could be validated
separately.

More sophisticated coarse-grained models must involve several degrees of freedom per aa. At least an appropriate interaction site at – or in the direction of - the CA position must
be included in order to provide proper local densities. In the
formulation of an effective Hamiltonian, it now seems that
pair interactions between CA atoms are irrelevant and can be
left out (this does not mean that angular and dihedral terms
for successive CA atoms are also irrelevant). Thus the article
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reviewed here may help to construct better effective Hamiltonians for coarse-grained protein models.
Conclusions
It is concluded that the long-range neighbor counts do not
reﬂect any interactions between aa’s, but follow exclusively
from the stoichiometry. For shorter ranges this is not true,
but the presentation of the data emphasizes the non-speciﬁc
distribution. From the presented data it is not clear whether
any short-range speciﬁcities exist and it is recommended
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to re-analyze the statistics on the basis of deviations from
the non-speciﬁc (average) distribution. If there are indeed
no short-range speciﬁcities, one may conclude that CA pair
interactions are irrelevant descriptors for effective coarsegrained interaction models used for computational protein
folding.
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Short-Range Contact Preferences and
Long-Range Indifference: Is Protein
Folding Stoichiometry Driven?

Hue Sun Chan
Departments of Biochemistry,
Molecular Genetics, and of Physics,

http://www.jbsdonline.com
Mittal et al. (1) recently advanced an unconventional view on protein folding. By
analyzing the spatial neighborhoods of amino acid residues in an extensive set of
structures in the Protein Data Bank (PDB), the authors concluded that preferential
interactions between amino acid residues do not drive protein folding. In this connection, it should be noted that preferential interactions between amino acids are
the basis for introducing knowledge-based potentials, which in turn provide the
underpinning for present day three-dimensional protein structure prediction by
modeling and simulation (2-5 and references therein). Instead of these preferential interactions, Mittal et al. indicate that “protein folding is a direct consequence
of a narrow band of stoichiometric occurrences of amino-acids in the primary
sequences” (1). According to the authors, this observation is akin to Chargaff’s
discovery that the molar ratios of adenine and thymine and that of guanine and
cytosine in DNA were not far from unity (6).

University of Toronto, Toronto,
Ontario M5S 1A8, Canada

This assertion runs counter to prevalent views, most notably the decades-old consensus that hydrophobic interactions is a major driving force for folding (7, 8).
The view of Mittal et al. is counterintuitive because folded proteins do have a
“hydrophobic inside, polar outside” organization; the average buried area (not
exposed to solvent) of an amino acid residue in folded proteins correlates with its
hydrophobicity (9). The authors’ conclusion is all the more puzzling in light of
established statistical potentials derived from the PDB that clearly demonstrate
preferences in contacts among amino acids (10–12). A major contribution to
those preferences is none other than the hydrophobic effect (13).
The conclusion of Mittal et al. was based on enumerating the spatial distribution
of pairs of CA positions among PDB structures. For each of the 20 × 20 pairs
of the twenty types of amino acids, they obtained the number of residue pairs
(termed “contacts”) within a variable distance from each other (the residues
were referred to as “neighbors” regardless of distance), and ﬁtted the distance
dependence of the number of such contacts to a particular sigmoidal-shaped
function. They found that the ﬁtted sigmoidal trends were similar for all 20 ×
20 types of neighbors, and that asymptotically (at large distances) the number
of contacts of an amino acid type is proportional to its overall composition
in the PDB structures considered. They interpreted the results of this “neighborhood analysis” of theirs (1) as implying a lack of preferential interactions.
Mittal et al. did not address the inconsistency of their conclusion with established statistical potentials. But this contradiction is signiﬁcant because it should
not have arisen. After all, the authors’ results and the statistical potentials were
both derived from the PDB.
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Is Mittal et al.’s assertion warranted by the analysis they presented? To answer this question, it is instructive to perform a
neighborhood analysis on the hydrophobic-polar (HP) model
(Figure 1). Folded structures of short HP sequences conﬁgured
on the two-dimensional square lattice have ratios of inside and
outside residues similar to those of real proteins (14). The only
favorable interaction energy in the HP model is that between
a pair of H residues that are not next to each other along the
chain sequence but are spatial nearest neighbors on the lattice.
Although this simple potential does not provide a full account
of protein energetics (15), it captures important features of the
sequence to structure mapping of real proteins (16), and thus is
a valuable tool for studying molecular evolution (17). The HP

Chan
model has preferential interactions by construction. Regardless of the model’s ability, or lack thereof, to rationalize real
protein properties, we may use it to evaluate the interpretive
logic of Mittal et al. by asking whether the folded structures
in the model exhibit neighborhood properties similar to those
obtained by the authors. If the answer is afﬁrmative, it would
indicate that the results presented by Mittal et al. do not necessarily imply that preferential interactions do not drive folding
of real proteins.
In Figure 1, the behavior exhibited in (A) for a single HP
sequence with n = 25 residues (18) are similar to that in (C)
for more than six thousand n = 18 HP sequences (17). Both

Figure 1: Neighborhood analysis in the two-dimensional HP model. (A) Following the terminology of Mittal et al. (1), the “number of contacts” (vertical
axis) is the number of residue positions within a given distance (horizontal axis, in unit of lattice bond length) from a residue of a given type (H or P). Results
in (A) are for the HP sequence and structure in (B). The curve labeled “H–H” (red circles) shows the sum of numbers of H residues in the neighborhood of each
H residue; the curve labeled “H–P or P–H” (green circles) shows the sum of numbers of P residues in the neighborhood of each H residue, and vice versa;
similarly, the curve labeled “P–P” (blue diamonds) shows the sum of numbers of P residues in the neighborhood of each P residue. (B) The HP sequence
studied in (A) is one of 325 HP sequences determined by Irbäck and Troein to encode uniquely for the structure shown (18). H and P residues are drawn as red
and blue beads, respectively. The concentric dotted circles illustrate the neighborhoods of a residue. Results in (C) are for 6,349 18-residue HP sequences that
encode uniquely, with each sequence contributing equally to the data plotted. A total of 1,475 different native structures are encoded by these sequences (17).
For this set of 6,349 sequences, the overall P/H ratio of fractional occurrence is equal to 51,602/62,680 = 0.8233. The corresponding ratio for the total number
of contacts with P versus that with H is equal to 776,644/950,284 = 0.8173. (D) Two examples among the 6,349 sequences studied in (C) are depicted in their
respective native structures.
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show a sigmoidal trend similar to that observed by Mittal
et al. This behavior is not surprising because the number of
contacts of any residue must saturate for large neighborhood
distances (denote as r below) if the sizes of the folded structures are ﬁnite (as in the model and for real proteins). For
smaller r values, the number of contacts should be roughly
proportional to the available volume of the neighborhood,
meaning that it should increase approximately as (r − rex)2 in
two dimensions and (r − rex)3 in three dimensions, where rex
is a threshold r value below which contacts are impossible
because of excluded volume. (In Mtital et al. (1), the number
of contacts ~ r4 for small r; a larger exponent of y 4 instead
of 3 is apparently needed in their formulation to compensate
for the effect of rex.) For a structure with chain length n, the
total number of contacts as deﬁned by Mittal et al. is n − 3
for every residue not at the chain ends and n − 2 for the two
terminal residues. Thus, aside from a small chain-end correction, the total number of contacts so deﬁned for a residue type
is necessarily proportional to its fractional occurrence. This is
illustrated by the structure in Figure 1B. It has a P/H residue
ratio of 12/13 = 0.9231, which is almost identical to the corresponding ratio of 265/287 = 0.9233 for the total number
of contacts. In general, for a collection of structures (labeled
by i) with chain lengths ni and compositions Fai for any amino
acid type a, the total fractional occurrence of the amino acid
type a is, by deﬁnition, £i ni Fai / £i ni and the total number of
contacts of a is essentially £i ni (ni – 3) Fai . It follows that an
approximate proportionality relationship between the overall fractional occurrence and the total number of contacts of
an amino acid type as observed by Mittal et al. is expected
if ni is a constant (as in Figure 1C), or if Fai varies little with
ni — which is apparently the case for real proteins.
In Figure 1C, the overall sigmoidal shapes for the H and P
contacts are similar. Yet a P residue is on average 3.65 times
more exposed than an H residue in this set of structures.
Therefore, similarity of the overall sigmoidal ﬁts for different residues does not necessarily imply a lack of preferential interactions. Because the HP model interactions have a
short spatial range, the differences between H and P contacts
are apparent for small neighborhood distances but the differences are less conspicuous if one takes a panoramic view
and assigns equal signiﬁcance to “contacts” at all neighborhood distances when ﬁtting the data to sigmoidal functions.
Mittal et al. noted deviations from their overall ﬁts at small
neighborhood distances but dismissed the deviations as “only
noise in the data” (1). However, if most interactions among
real amino acids have short spatial ranges, behaviors at small
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neighborhood distances should be regarded as key signals for
the underlying physics, not noise in the data. Mittal et al.
did not identify the amino acid types of the data points for
small neighborhood distances in their Figure 3A–D. If provided, this information would help resolve the contradiction
between the authors’ conclusion and the preferential interactions underscored by statistical potentials (10–12).
Although the conclusion of Mittal et al. is not supported by
the evidence presented thus far, the authors’ suggestion of a
near-universal amino acid composition among globular proteins is thought-provoking and deserves further investigation.
If validated, it would be extremely interesting to relate this
organization principle to the study of evolution of the genetic
code (19) as well as theoretical perspectives that emphasize
interaction heterogeneity (13, 20) as a critical requirement for
efﬁciency (20) and cooperativity (15) of protein folding. In
this as in any scientiﬁc endeavor, it is prudent to heed Chargaff’s timeless advice: “generalizations in science are both
necessary and hazardous; they carry a semblance of ﬁnality
which conceals their essentially provisional character” (6).
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We discuss here the paper by Mittal et al. (1), which claims that stoichiometry
plays a key role in protein folding. Though the very use of the term stoichiometry
seems to be unjustiﬁed in this context, we will follow the authors’ deﬁnition of
stoichiometry in order to discuss the results, the way they were obtained, and the
suggested conclusions on protein folding. The main issue we have with how the
analysis is done is the range of interaction distances studied, which is mostly irrelevant to protein structure. The authors measure the cumulative distribution of the
number of CA-CA interactions over the range 0–60 Å for speciﬁc residue types and
ﬁt this to simple sigmoids. The ﬁts show no clear residue dependence at the range
of interaction distances typically known to be relevant to protein structure and
folding (0–10 Å). This is not surprising since the ﬁts are dominated by the data
at long distances and would look very similar for scrambled sequences, implying
that folding is sequence-independent. Most physical interactions between amino
acids, however, are mediated by direct contact between residues or perhaps one
or two water molecules or hydration shells. Speciﬁcally, van der Waals interactions between different atom types have most of their potential well in the range
2.5–5.0 Å, with vanishingly weak interactions at distances longer than 5.0–7.0 Å
(2). The limit for hydrogen bonding is around 4.2 Å (3). Coulomb interactions
are screened due to the high dielectric constant of the solvent but may still have a
somewhat longer range (up to 10–15 Å). Translated to CA-CA distances, anything
beyond 15–20 Å should thus in most cases be ignored when calculating statistics
over residue-residue interactions.
The distributions seen in the paper are an effect of general protein geometry and
the natural frequencies of the different amino acids. The number of residues
within a given sphere should scale as the volume of that sphere. At some point
the sphere will be larger than the protein and no matter how big you make it no
more residues will be counted. Hence the sigmoid shape of the distribution. These
are the gross features of the distribution, and they would be the same regardless of structure and also for scrambled sequences. However, as mentioned, any
effects due to speciﬁc interactions are expected in the range 0–20 Å. Mittal et al.
acknowledge this and zoom in to the region 0–10 Å and ﬁnd that the ﬁtted curves
are very similar for all amino acids. The clear deviations of the data from the
ﬁtted curves are however not discussed. To illustrate the signiﬁcance of the
deviations we have plotted the probability density function (instead of the distribution function) for Leucine contacts, normalized by a factor 1/r2 to remove the
effect of the number of possible contacts growing as the distance increases, in ﬁgure 1A. From this ﬁgure it is clear that there are strong deviations from the behavior described in the paper. First of all there are irregularities in the form of peaks
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Mittal et al. In this connection it may be noted that the preferential interactions between amino acids served as the basis
for the development of knowledge-based potentials, which in
turn provided a foundation for modern day protein structure
prediction by modeling and simulation (5, 6 and references
therein).

Figure 1: (A) CA-CA contacts between Leucine and other residues. Residues are classiﬁed as follows, hydrophobic/aliphatic: Ala, Val, Ile, Leu, Met
and Cys; aromatic: Phe, Tyr, Pro, Trp and His; charged: Arg, Lys, Asp and
Glu; polar: Asn, Gln, Thr, Ser. Error bars are calculated by dividing the
set of proteins into three and calculating the standard deviation between the
distributions in each bin. (B) CA-CA contacts between residues of different
distance along the chain. The plots are calculated from a set of 4135 proteins
with 30 % max sequence identity, 1.8 Å or better resolution and a R-factor
cutoff 0.25. The list of PDBs was downloaded from PISCES September 3
2010 (26).

corresponding to contacts in the secondary structures. Second,
and more importantly in this context, there is a strong preference for Leucine to make contacts with hydrophobic
residues rather than polar or charged ones. Above 20 Å the
different curves are identical, i.e., when there is no physical
interaction there is no preference for any certain residue to
be in a contact with a given amino acid. This result holds
for contacts between any amino acid types, yielding favorable interactions between hydrophobic amino acids as well
as between polar/charged ones and unfavorable interactions
between hydrophobic and polar/charged residues (data not
shown). This is a well-known fact and the contact preferences between different amino acid types were discussed in
detail by for example Miyazawa and Jernigan (4). At relevant spatial distances between amino acids (up to 10–15
Å), the identities of the interacting residues do matter, and
folding thus depends on the order of the amino acids in the
sequence, contrary to what is implied by the conclusions of

The polymer nature of proteins, which prompted the authors
to their exercise, is indeed one of the major determinants of
protein structure, evolution and folding. Figure 1B contains
the distribution of closed loop sizes, i.e., the distance along
the sequence given that two CA-atoms are within 5, 7, and 10
Å of each other, respectively. The distribution yields a preferential size for closed loops (7), or chain returns, at around
25–30 amino acid residues. It has been shown exhaustively
that closed loops are a universal basic unit of folds/domains
of soluble proteins (8), and any protein globule can be represented as a combination of closed loops, which tightly follow
one another forming a loop-n-lock structure (9). It was also
hypothesized that closed loops are units of co-translational
protein folding, which consists of the sequential loop closure and formation of the hydrophobic core (10, 11). The
importance of closed loops for the structure and stability of
soluble proteins stems from their evolutionary history (12).
Speciﬁcally, closed loops are apparently descendants of
primordial ring-like peptides, the ﬁrst proteins with primitive functions. These peptides were brought together by gene
fusion into different combinations, thus forming complex
enzymatic functions (12-14). High-throughput analysis of
proteomic sequences allows a reconstruction of closed loop
prototypes (13), and thus an alphabet for modern proteins
using these prototypes (14). Speciﬁc signatures of elementary chemical functions can also be determined for prototypes, turning them into prototypes of elementary functional
loops (EFLs). An exhaustive description of a protein fold
and its enzymatic function as a combination of EFLs illuminates how this fold emerged in pre-domain evolution by
fusion of prototype genes and opens an opportunity to (re)
design folds with desired functions by combining EFLs.
A rigorous computational procedure for deriving prototypes
of EFLs has recently been developed (15).
We believe that our demonstration of some basic results and
the discussion thereof reveals the nature of the misconceptions in the paper by Mittal et al. and brings one back to the
concepts and ideas dominating the protein folding “endeavor”
for almost half a century. These studies started from Anﬁnsen’s experimental observations and thermodynamic hypothesis (16, 17), formalized and rigorously described in theory
(18), and are still full of problems to be resolved. The theory
of protein folding has reached a mature state where the general mechanisms and driving forces are understood to a large
extent (18). Due to a ﬁne balance between energy and entropy
the stability of most proteins is only marginal, which means
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that the process is extremely sensitive to the details of the
different interactions involved. Hence formulating a realistic
unbiased energy function that can be used to describe protein
folding is a difﬁcult and unsolved problem (19), although
some progress has been made (20-25). With improved energy
functions and simulation techniques, and modern state-of-theart experimental approaches, one can address new exciting
problems in protein folding, such as co-translational folding,
folding in crowded cellular environments, chaperone assisted
folding and refolding, folding of large multidomain proteins
and membrane proteins, and folding upon binding for intrinsically disordered proteins.
This work was supported by FUGE II (Functional Genomics)
Program allocated through Norwegian Research Council.
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The basics, or the foundations, of biology, i.e., molecular biology, have been
explored in such great detail that one often wonders what is still left to be discovered. This has been particularly fueled by the wide availability of tools and
kits for the direct manipulation of living systems at the molecular level. Genetic
manipulations are now routine, though still highly labor intensive. Unfortunately,
even though we know biology at the molecular level quite well, we are still unsure
what makes it work. I often think that the molecular biology is really simple and
it plays a relatively minor role in the living system. It is the organization and the
hierarchical structure of the living system that makes the living system unique
(and worth the name “living”). The question that begs today is “how the molecular biology at the lowest level dictates the terms and conditions for the higher
level?” I think the answer is “it doesn’t.”

University of Hyderabad, Hyderabad
500046 India

Perhaps the question is badly asked. This problem can be seen very clearly in
the classic question of protein folding. We have seen in the last quarter century
a phenomenal growth in the computing power and we thought that the answer is
going to come tomorrow. It is rather high time that we take a fresh look. How
does nature ﬁgure out how to fold a protein without using a supercomputer? Is our
current approach or the understanding wrong? Perhaps we have already reached
the dead end, but are afraid to admit? Do we need a radically different approach?
What are the right questions to ask? It was presumed that once the sequences of a
large number of proteins are determined, the clear answer would come out naturally. When it did not happen, we thought that once we get the 3-D structures of a
sufﬁciently large number of proteins, we should know the answer. But the answer
still remains elusive.
In a recent paper in this Journal, Mittal et al. discard the conventional wisdom
and took a new look at the same old problem (1). In brief, they have discarded the
R-groups of the amino acids and have taken the bare backbones. Next they have
looked at the distribution of the various R-groups from random points. They have
ﬁnally plotted the results (for the 3718 proteins taken from the PDB database) as
a function of the distance. If we normalize the results by the relative abundances
of the various R-groups, then we get one sigmodial looking curve. In Figure 2 of
Mittal et al. the four sets are remarkably same (after the normalization). But then
it is an average behavior. How can we conclude the behavior of an individual
from the overall population (2)?
Seeing is Believing
In Figure 1 (top left), we see the rasmol plots for lysozyme, with all the
atoms (water molecules have been removed) in a ball and stick form. The
same molecule, plotted for the backbone atoms only (all the backbone
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proteins do share some structural similarity (and with any other
common proteins).

Figure 1: Rasmol plots of lysozyme (top panel), a small protein by common biological standards and G-protein (bottom panel), a large membrane
bound protein. The full molecules (without the ligands) are shown on the left
and the backbones (not the CA alone) are shown on the right. How bare the
backbones look!

atoms, not the CA alone) can be seen on the right (top right).
Lysozyme is a small protein (PDB ID 3IJV)- well studied
and well characterized and is considered a hydrophilic protein (found in the cytosol)- a typical small representative
protein. The other protein, a trimeric G protein, responsible
for signal transduction, is shown on the bottom panel (PDB
ID 3AH8). It is a monster hydrophobic protein (associated
with membranes) seen in a ball-and-stick model on the bottom left and just the backbone on the bottom right. Qualitatively, they share the same features, viz.,
1. loosely packed structures; and
2. poor approximation to a sphere.
Globular proteins need some ﬂexibility in their conformational space for effective function. Binding to their
substrates or making a signal is not possible with a static
structure (ﬁbrous proteins do not perform any such task and
can be very tightly packed). We therefore perhaps understand the loosely packed structure of the proteins. But why
do we want them to be spherical at all? The computationally
folded structure is often a good approximation to the real
structure which is partly dynamic in nature. For a protein
to function well, it must have several rigid regions and a
few ﬂexible regions. Often it is possible to guess the rigid
and ﬂexible regions by a careful observation of the 3-D structure of the protein. It is very difﬁcult to guess the rigid and
ﬂexible regions of the protein by looking at the backbone
alone. At some level, however, Mittal et al. are right: the two

Globular proteins are not perfect spheres but we can make
some intelligent guess by considering them so. For a tightly
packed sphere, the number of neighbors at a distance r from
a (any) given point increases as r2 but as we approach the surface the number (of neighbors) decreases. For large values of
r, the number is expected to be zero (as all the proteins have
reasonable sizes). For a loosely packed sphere the increase
is expected to be rx where 1 < x < 2 is some number that
depends on the packing density. On a space-ﬁlling model,
most proteins appear to be “reasonably” packed “tightly”.
The best packing is obtained for a regular structure (but the
helix leaves an empty core and the sheet structures leave
space for hydrogen bonding) but a structure containing turns
and bends wastes space. From the graphs (Figure 2 in reference 1; the authors have plotted the integral of this quantity,
i.e., they have considered all contacts lying upto the distance
r), the value of x appears to be close to 1.5. In Figure 2 (below
left), we have illustrated this concept in a different way, but
as long as the origin is taken at a point well within the protein molecule, the results and conclusions remain valid. The
shape of the curves (in Reference 1) is therefore unsurprising.
Graphs in Figure 3 (see Ref 1) show very clearly the quadratic dependence on r (i.e., the nearest number of contacts
increases as r2 for small values of r; again we must allow for
the integration that the authors present their results). Does it
provide any new insight? I do not know at this point.
In Figure 2 (see inset), we have plotted a theoretical curve for
a compact spherical molecule which looks very much similar
to the graphs the authors have presented. For a non-compact
molecule, the slope at the midpoint of the sigmoid curve will
be reduced and this is in line with our basic postulates. In
an earlier work we have shown that the amino acids in real
protein sequences correlate with a fractal dimension that is
broadly consistent with the present observations (3). The 3-D
structures of proteins are also reported to be fractal in nature.
Textbook Information
Virtually all text books (4) on biochemistry report that the
polypeptide chain starts folding as soon as it emerges from the
ribosome (the protein synthetic machinery of the cell). It may
well be correct, but then we shall expect one end of the polypeptide chain deeply embedded inside the folded structure.
The protein folding then will follow a path similar to a ball of
thread wound carelessly (one end completely inaccessible).
I ﬁnd difﬁculty in this theory when I consider multimeric
proteins with the chains “quite” nicely entangled. None of
the available computational tools (for protein structure determination) start folding the chain from one end. Another difﬁculty lies with the role of the “lowest energy conformation”
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that may not be the ultimate desired structure and we need “chaperones” to guide the protein to a decent functional form (5).
New Lamps for Old
New hypotheses are always put on a higher level of test: it
must accommodate all known facts. The very ﬁrst theories
are only expected to explain most of the facts with a hope
that existing inconsistencies will be ironed out with a better understanding. We believe that every protein is unique
and has a given role to perform. We also believe that there
exists some global unifying principle that govern the process
of protein folding. We have the following problems here:
1. Small changes (e.g., replacement of one amino acid
by another) can sometimes cause large changes in
structure (this is not always true).
2. Most proteins (particularly the globular proteins) have
very similar amino acid composition. One wonders
how the amino acid composition (see Table I in
Reference 1) can drive the overall folded structure.
3. A major part of the protein structure acts as a scaffold
for the active site. The active site is composed of a
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relatively few amino acids. The scaffold is relatively
insensitive to small changes in the structure but the
active site is. Therefore key features of the active site
may get lost in the bulk of the scaffold that holds the
active site together.
4. How does the working chaperone(s) ﬁt in this model?
Thermodynamics of Protein Folding
Protein folding is a spontaneous process (e.g., many denatured proteins, particularly small ones, can be renatured by
very slow and careful annealing) and the free energy change
must be negative. However, the folded structure is ordered
and has lower entropy (denatured proteins are disordered and
have higher entropy). Therefore the decrease in entropy must
be fueled by a large enthalpy change. The enthalpy change
is driven by molecular interactions (including solvent). Small
proteins have a relatively large surface and the solvent interaction plays a very signiﬁcant role but for larger proteins
(including but not limited to, membrane bound, or hydrophobic proteins) the role of the solvent is less (relatively speaking) and intramolecular interactions must drive the folding
process. For larger proteins the total intramolecular interaction is large but is also distributed over a larger number
of atoms. Very large proteins usually assemble in subunits.
Experimental evidence for the “molten globule”, the intermediate partially folded state, support this.
Computational tools (e.g., molecular dynamics) are quite
powerful and are widely available today (6, 7 and references
therein). They employ a variety of modern techniques for
geometry optimizations. However, the force ﬁeld used for
the energy computations is somewhat empirical and has been
experimentally optimized. But the results clearly suggest the
importance of the intramolecular interaction in the protein
folding process (8).
Amino Acid Correlations and Cooperativity
Unfortunately this is a neglected ﬁeld. Many large ordered
system have long range correlations. For protein folding, we
deﬁne cooperativity as having several independent folding
nuclei that come together and fuse into the ﬁnal structure in
a dynamical fashion (9). Experimental observations of the
molten globule phase for the protein folding suggest this
view. Also the success of the Chou-Fasman algorithm for the
prediction of the secondary structures of protein directly supports the presence of correlations and cooperativity.

Figure 2: A compact approximately spherical molecule will enclose
“number of contacts” that is proportional to r3 but once r becomes larger
than the size of the molecule this cannot increase further (number of contacts cannot exceed the total number of atoms in the molecule). We therefore
get a “sigmoidal looking” graph. The slope at the midpoint of the graph
determines the compactness of the molecule and is related to the fractal
nature of the molecular structure. The graph is plotted in gnuplot with
smooth bezier options.

Homology Modeling
That homology modeling (10-12 and references therein)
works tells us that similar sequences have similar structures.
If the sequences are shufﬂed, the process fails. According to
the authors, any permutation of the sequence will preserve

Journal of Biomolecular Structure & Dynamics, Volume 28, Number 4, February 2011

614
the structure. Site directed mutagenesis suggests that a few
mutations (at some sites) has no signiﬁcant effect.
Conclusions
The parametric equation used in the curve ﬁtting in Figure
2 (ref: 1) has no sound theoretical basis. Simple geometrical
consideration tells us that the number of points at a distance
r will be proportional to r2 for small values (relative to the
size of the protein) of r for tightly packed spheres and zero
for large values of r. This can also explain the given curves
but the exponent will be dependent on the packing density. The graphs in Figures 2 and 3 (ref:1) will almost perfectly superimpose if properly normalized by the amino
acid distribution (either individually for each protein or
even for the full set of 3718 proteins studied). As the equation used in the curve ﬁtting the experimental data has no
theoretical signiﬁcance, the parameters k and n has no
physical signiﬁcance. Nevertheless, sigmoidal behavior (see
Figure 4A) has been widely related to cooperative phenomena
(e.g., binding of oxygen to myoglobin follows a hyperbolic
pattern, similar to the plot for n = 1 in Figure 4A whereas
binding of oxygen to hemoglobin follows a sigmoidal curve).
It is important to remember that phase transitions and orderdisorder transitions also belong to cooperative phenomena.
We strongly suspect that the authors have seen the correlations but have failed to notice. Table I, lists the overall percentages (mean and the standard deviation) for the 20 amino
acids. However, I think that the standard deviations are not
directly comparable and we should use the CV (coefﬁcient
of variation, S/ x) for comparison. We notice that the CV for
high abundance amino acids are relatively small and those for
the low abundance amino acids are relatively high. These are
probably related to the metabolic pathways.
Amino acid composition has evolved over a period of time
and as more and more hydrophobic proteins are identiﬁed,
isolated, puriﬁed and sequenced, we notice a small but
steady increase in the proportions of the hydrophobic amino
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acids. Several amino acids are less common, (e.g., W and H)
perhaps because they place a strain on the metabolic resources.
Several amino acids preferentially occur at the active site
(S, H, W, etc.,) in the sequence. A large number of proteins
are known to exist in the lipid phase and they perform important functions (13).
I believe the text book version of the hypothesis that the polypeptide chain starts folding as soon as emerges from the ribosome has merit. Protein folding is a dynamical process and
dynamics must start the moment it emerges from the ribosome. However, these are the initial conditions and the path
traveled (in the phase space and on the energy surface) by
the growing polypeptide chain must somehow be constrained.
How several polypeptide chains intertwine remains bafﬂing.
Perhaps it is high time we take a (or more) step back and take
a fresh look at the holistic approach for the protein folding
problem.
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In their paper in a recent issue of this Journal, Mittal and coworkers make some
interesting observations about the spatial correlation between pairs of amino acids
in proteins (1), by analyzing nearly 4000 proteins from the Protein Data Bank
(2). They ﬁnd that the cumulative pair distance probability distributions are well
ﬁtted by a universal sigmoid. The asymptotic value of the sigmoid simply reﬂects
natural amino acid abundances.

and Center for Biophysics and
Computational Biology, University of
Illinois, Urbana, IL 61801

In a compact random heteropolymer, this result is what one would expect. But
there is another possible explanation. If folding is governed by myriad weak interactions (van der Waals contacts, entropically driven solvent exclusion or hydrophobicity, hydrogen bonds, salt bridges, etc.,), the free energy terms summed up
to produce a given pair-distribution will act as random variables, and the Central
Limit Theorem applies approximately (3). A universal sigmoid should then provide a fairly good ﬁt to the data. Thus the result of Mittal reinforces the notion that
no single ‘magic bullet’ interaction holds proteins together in a compact state.
But when it comes to the origin of protein compactness, the devil is in the details,
and the details do appear in the data. As can be seen in Figure 2 of Mittal et al. many
of the probability curves intersect, and the detailed view in Figure 3 shows that in
the 5-8 Å range, different types of amino acids have different deviations from the
ﬁt: Leu (a nonpolar residue) low, Asn (a polar residue) high. The deviations are
small, but not unimportant. For a two-point correlation function, one expects the
deviations to be small: the hydrophobic residues, most of which are packed in protein interiors (4), have evolved to accommodate about 4 side chain contacts in the
folded state, making proteins almost three-dimensional solids (5). Thus 3- or 4-body
correlations are required to fully reveal the ordering in the interior of a protein. This
complexity is one of the reasons why current ab initio structure predictions do well
at ﬁnding generally reasonable structure candidates, but not so well at getting small
root-mean-square deviations from the experimentally measured structure (6). The
deviations tell us what fraction of the interactions is speciﬁc to sidechains, vs. what
fraction is generic (e.g., entropically driven solvent exclusion).
Not surprisingly, the standard deviations of the stoichiometric averages in Table
I of Mittal et al. are fairly large, comparable to the average value for many amino
acids. Consider tryptophan for example: 1.3 ± 1.0%. One can ﬁnd proteins much
richer in tryptophan of course, such as the Tryptophan-rich basic protein that has
3.5% tryptophan in its 173 amino acid sequence (7). One can also ﬁnd many proteins devoid of tryptophan. It may well be that the frequency of tryptophan reﬂects
its late evolution and representation by a single codon, rather than a stoichiometric
constraint on folding. Certainly 20 amino acids are not required to produce a
functional folding alphabet (8).
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In the end, Mittal et al. conclude that hydrophobicity drives
the structure-nonspeciﬁc aspects of folding, as most workers in the ﬁeld would agree: ‘a protein pack[s]/fold[s] in
an “exclusion by water” manner,’ which basically deﬁnes
the hydrophobic mechanism that the entropy of the solvent
shell is greater than the entropy of water solvating interior
residues of a protein.
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Stoichiometry and Topology in Protein Folding
http://www.jbsdonline.com
A fundamental piece of the puzzle, that is the protein folding problem, refers to
the balance between energetic and topological frustration. Energetic frustration
results from the often conﬂicting requirements that hydrophobic residues need to
reside inside the folded protein structure, while polar and charged residues prefer
to reside on the surface of the structure in close contact with water. Moreover,
even if the energetic frustration for a particular protein sequence is substantially
minimized, the requirement of almost perfect solid-like packing for a protein
structure leads to topological frustration manifested in conﬂicting geometrical
orientation of the various parts of the sequence due to the chain connectivity.
While topological frustration is relatively straightforward to study by reducing
the protein chain to a homopolymeric description, understanding the origin and
degree of energetic frustration in proteins is far more challenging.
Mittal et al.’s study (1) addresses the energetics of the protein folding problem
and therefore the energetic frustration issue (2). Starting from a large and diverse
set of protein structures present in the PDB (3), the authors aim to uncover the
driving force between the formation of amino acid pairs in functional protein
states: is it the stoichiometry or the chemistry (mainly the hydrophobicity) of
the members? Their study lands in the middle of a long standing controversy in
the protein folding ﬁeld that started with Kauzmann’s 1959 review in which the
author argued that the stabilization of a protein structure is largely due to the
hydrophobic effect (4). By contrast, according to this view, hydrogen bonds have
little or maybe even opposing inﬂuence on the protein folding reaction. While
this is still an inﬂuential point of view, alternative proposals are gaining ground.
Recent experimental ﬁndings and theoretical modeling indicate that osmolytes,
which can dramatically inﬂuence the folding/unfolding processes, target primarily the protein backbone (not the side-chains) and act on the unfolded state
rather than on the native state (5, 6), and that most mesophilic proteins unfold
or fold under very similar denaturating/renaturating conditions (temperature
or chemical denaturation) (7). It is also now well known that the number of
stable domains is limited. Recently, Rose and collaborators (8) showed that
two-state folding implies that conformation and stability are separable. Based
on these ﬁndings, as well as the success of the tube-like model of proteins
(9, 10) in proving that the native conformations of proteins can emerge on the
basis of geometry and symmetry, the view that hydrogen bonding, rather than
hydrophobicity, plays the central role in the protein folding process received
an unprecedented push (8). According to this viewpoint, “side chains serve to
select conformations from the limited repertoire of possible backbone conformations: alpha-helix, beta-strand, turns, and loops.” This viewpoint puts special
emphasis on the protein backbone for the protein folding process resulting in
the proposal that water is a poor solvent for the protein backbone. This proposal received backing from a study of intrinsically disordered proteins (11)
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which revealed that, in water, even polyglycine chains that
lack side-chains adopt compact but disordered structures
due to the preferential formation of backbone-backbone
hydrogen bonds over the formation of backbone-water
hydrogen bonds. However, the same study suggested that
additional factors, beyond backbone hydrogen bonding, are
needed to rationalize their ﬁndings. The authors proposed
that the negative entropy term seen in the collapse of short
polypeptide chains becomes increasingly unfavorable for
the hydration of long, ﬂexible chains. Thus, long protein
chains collapse to minimize the entropic cost of solvent
organization around a heterogeneous ensemble of loosely
packed conformations making the intrinsic chain ﬂexibility
a central player in setting the length scale of the collapse.
Another protein folding viewpoint is that ‘reduced-alphabet solvation-based’ codes correctly encode native protein
structures (12). This viewpoint is supported for example
by the ﬁnding that protein structures can be designed using
non-biological backbones (13).
Mittal et al.’s mathematically appealing study (1) adds support to the hydrogen-bonding centric viewpoint. Namely,
their central ﬁnding that the parameters of the mathematical
function that describes the spatial distribution of the total
number of pairs of amino acids in native protein structures
are independent of the chemical identity of the residues and
of the size of the protein strongly suggests that side-chains
do not play the main role in achieving packing in proteins.
Unfortunately, the predictive power of this study is severely
limited. For example, one limitation of their approach is
that it does not distinguish between orientation-dependent
and orientation-independent contacts, i.e., between hydrogen bonds and other non-covalent contacts. As a result, the
authors cannot provide direct insight into the factors that
drive the collapse of a protein sequence into a compact
structure. A different approach is needed to this end, such as
one that accounts for the dynamics of the folding process as
employed by Hubner and Shakhnovich (14). These authors
showed that, in a model protein system, classical potentials
accounting for directional hydrogen bonds formation and
van der Waals interactions that promote overall compaction lead to parts of the sequence folding into alpha-helices.
By contrast, exclusion of the hydrogen bond contribution
while retaining the van der Waals contribution does not lead
to the formation of secondary structure (alpha-helices) in
their model (14). Another limitation of the Mittal et al.’s
study is that their method cannot be extended to predicting the role played by side-chains in the selection of the
ﬁnal, well-folded conformation, which is supported by the
hydrogen-bond centric viewpoint (8). Studies have revealed
that relying entirely on the poor solvent quality of water
for the protein backbone leads to overly compact structures
that deviate from the native conformations of real proteins
thus indicating that side-chains are required to achieve the
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ﬁnal folded structure (15). One reason why Mittal et al.’s
methodology (1) cannot reveal the role of side-chains results
from one of the main assumptions behind their approach:
by pulling together data about spatial distribution of residue pairs in a large number of diverse protein structures,
the authors implicitly assume that any native protein structure can be assembled from a “soup” of amino acid pairs at
various spatial separations obtained by the decomposition of
many structures (16). While the backbone hydrogen-bond
centric viewpoint recognizes that proteins are build on scaffolds of secondary structure elements (alpha-helices and
beta-strands) (8), further decomposition of this scaffold into
amino acid pairs is not supported by the available experimental and theoretical literature. This is not surprising as
this assumption completely neglects the chain connectivity
which is known to give rise to the topological frustration in
protein folding. In conclusion, Mittal et al.’s work is a nice
exercise in the use of a large set of protein structures to map
out characteristics of the underlying amino acid distributions, but unfortunately with limited predictive power.
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Stoichiometry and Preferential Interaction:
Two Components of the Principle for Protein
Structure Organization

Bin-Guang Ma*
Hong-Yu Zhang*
National Key Laboratory of Crop

http://www.jbsdonline.com
A paper recently published in J Biomol Struct Dyn by Mittal and coworkers
proposed an interesting view that protein folding is driven by the stoichiometry
of amino acids rather than by the “preferential interactions” between them (1).
By analyzing about 3700 backbones of folded proteins, the authors argued that
something like Chargaff’s rules exist in protein folding similarly as in the organization of DNA structures. The above conclusion was made by counting the
numbers of contacts between two speciﬁc residues at a variable range of neighborhood distance and by showing that they all follow a similar sigmoid trend and
the total number of contacts formed by one residue is excellently correlated with
the percentage occurrence of that residue. The authors' conclusion highlights the
importance of amino acid composition in the determination of protein folding as
well as in the organization of the folded protein structures. This is generally true
and in line with some previous reports where the correlation between protein
folding rates and the amino acid composition was found as high as 0.7 (2) and
the prediction accuracy of protein folding type (two-state or multi-state folding)
based merely on the occurrence numbers of amino acids could be more than 80%
(3). Considering the limited information (only the frequencies of amino acids)
used in the predictions, the achieved accuracy is surprising. All these results
emphasized the important roles played by the stoichiometry of amino acids in
protein folding.
However, the above results are not a reason to deny the roles played by preferential interactions of amino acids in the organization of protein structures. A wealth
of evidence showed that the protein functional conformations are accomplished
by particular arrangement of amino acids. Firstly, the neighborhood occurrence of
amino acids in the primary sequence is not random (4). Secondly, it is well known
that amino acids preferentially occur in different types of secondary structures
(A-helix, B-sheets and coils, etc.,) and the successful prediction of protein secondary structures just utilized this kind of information (5, 6). Thirdly, the stability
of tertiary structures depends on the preferential interactions between speciﬁc
types of residues such as aromatic, charged and hydrophobic residues for stacking, salt bridge and internal packing effects (7-10). Fourthly, the formation of
quaternary structures owes to preferential contacts between amino acids in the
subunit interface (11). Our recent work on the thermal stability of prokaryotic
protein complexes also demonstrated the strategical use of charged residues in
the subunit interface to adapt to an elevated environment temperature (12). A
database called AAindex summarized the amino acid properties and many of the
contained indexes or matrices involve the preferential interactions between amino
acid residues (13).
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Actually, the authors' methodology has complicated the scenario by a sigmoid ﬁtting. To show if there are preferential
contacting patterns between residues, some direct statistical
tests (for example, C2 test) are proper to check the deviation
of amino acid pairing (contacting) frequencies from a random uniformity. Seen from the Figures 2 and 3 of the paper,
the numbers of contacts between one particular residue and
the other 20 (including itself) residues are not uniformly distributed. If C2 tests were used, the results might be different. On the other hand, it has to be noticed that whatever the
result is, it’s just statistical, meaning that it is an averaged
consequence over different types of protein classes, folds,
secondary structure contents and primary sequences. However, for the functional conformation of each particular protein, the amino acids are arranged in a strategical or even
subtle manner, far from promiscuous pairing. Universality
obtained from averaged diversity doesn't mean it holds for
every single molecule individually, which just shows the
limitation of statistical approach.
Considering the roles of amino acid composition in the
determination of protein folding rates (2), folding types (3)
and protein-protein interactions (14), the importance of the
stoichiometry information could never be neglected. The
authors' ﬁnding of universal backbone spatial organization
just enriched the store of evidence for this. Even with this
ﬁnding, the “grand challenge” of accurate ab initio prediction for protein folding trajectory and ﬁnal structure from the
sole primary sequence still remains and cannot be solved all
of a sudden. In their paper, the authors stressed the principle
of minimizing the surface-to-volume ratio in protein folding. Although this principle might be true (at least for some
globular proteins), the picture given by the authors that protein folding looks like ﬁtting “Lego Blocks” while precluding
any preferential interactions between these blocks is unrealistic. The authors mentioned in the last section of their conclusion that “This (protein folding, as we understand) must
be done while satisfying the structural constrains of the primary sequence composition and constitution (i.e., the order
in which a given stoichiometry of amino acids appear)”.
Actually, as suggested earlier, the primary sequence can
only provide the two sorts of information: composition and
permutation (or in the authors' term, constitution) (15, 16).
The permutation information is in fact a manifestation of the
preferential amino acid interaction (adjacency) in the primary
sequence. Unfortunately, in the given picture of protein folding, the authors missed this point (constitution constraint)
that they just mentioned and arrived at a biased conclusion of
stoichiometry driving protein folding without the contribution from preferential amino acid interactions. Considering
the roles of amino acid composition in determining protein
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folding behaviors (2, 3) and protein-protein interactions (14)
together with the importance of preferential amino acid interactions in the organization of different levels of protein structures (4-12, 17, 18), we can conclude that stoichiometry and
preferential interactions of amino acids are two indispensable
components of the principle for protein folding and structure
organization. Such a conclusion makes a lot of sense because
the preferential interaction between amino acids is the basis
for the development of knowledge-based potentials, which in
turn form the underpinning of modern day protein structure
prediction by modeling and simulation (19-22 and references
therein).
This work was supported by the National Key Project for
Basic Research (2010CB126100) and the National Natural
Science Foundation of China (30870520).
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Is Stoichiometry-Driven Protein Folding Getting
Out of Thermodynamic Control?
http://www.jbsdonline.com
Understanding the mechanism by which monomeric proteins fold under in vitro
conditions is fundamental to describing their functions at molecular level. Signiﬁcant advances in theory, experiment and simulation have been achieved (1),
making it possible to solve the three mostly focused aspects of protein folding
problems (2):
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(i) The thermodynamic question of how a native structure results from interatomic forces acting on an amino acid sequence - the folding code;
(ii) The kinetic problem of how a native structure can fold so fast - the folding
rate;
(iii) The computational problem of how to predict the native structure of a
protein from its amino acid sequence – the protein structure prediction.
The views on protein folding have evolved from simple force-driven folding (3),
i.e., the sum of many different small interactions (such as van der Waals interactions, hydrophobic interactions, hydrogen bonds, electrostatic interactions and
ion pairs), to complex, free energy-driven “folding funnel” model (4) based on the
energy landscape theory of protein folding (5). The latter is essentially a thermodynamically controlled process and emphasizes that folding is driven by complex
balance of enthalpy and entropy leading to global free energy minimum for the
protein-solvent system, rather than by simple optimization of inter-atomic forces
only within the protein.
A recent article in this Journal (6) by Mittal et al. presents interesting statistical results based on 3718 folded protein structures, showing a simple principle
of backbone organization of protein structure, which is interpreted as Chargaff’s
Rules related to protein folding, i.e., a stoichiometry-driven protein folding. One
of the interesting ﬁnding is that the total number of possible contacts for CA of a
given amino acid correlates excellently with its occurrence percentage in primary
sequences, leading the authors to conclude that protein folding is a direct consequence of a narrow band of stoichiometric occurrences of amino-acids in primary
sequences, regardless of the size and the fold of a protein (6). However, if this is
true, what is the mechanism by which the percentage occurrences of amino acids
determine protein folding? The authors do not answer deﬁnitely this question,
although the folding manner of “exclusion by water” to minimize the surface-tovolume ratio, which is essentially equal to hydrophobic collapse hypothesis (7)
for global protein folding, is proposed to relate the stoichiometric occurrences of
amino acids to protein folding. It is hard to understand how the shape characteristics of individual residues can minimize the surface-to-volume ratio through
constraints imposed by amino acid occurrence frequencies. One possibility is that
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the higher occurrence frequency an amino acid has, the more
probably it will occupy the core of a folded protein? Further
work is needed to examine the relationship between the burial
extent of amino acids and their occurrence percentages.
The “n” and “k” values for all the neighborhood sigmoids are
independent of the occurrence percentages of amino acids,
suggesting that there is no preferential interaction in short
and medium distance ranges. Accompanying the absence
of long range interactions, the authors concluded that the
“preferential interactions” between amino-acids do not drive
protein folding (6). It must be mentioned that preferential
interactions between amino acids were the basis for introducing knowledge-based potentials, which in turn provided the
underpinning for present day 3D protein structure prediction
by modeling and simulation (8-10 and references therein).
However, the authors’ (6) conclusion of lack of preferential
interaction between amino acids is drawn from analyses of
3718 already folded protein crystal structures. Therefore, it
is easy to conclude the overall structural stability of already
folded proteins can be maintained by the non-preferential/
random inter-residue interactions, but the question that to
what extent the non-preferential/random interactions contribute to the forces that drive protein folding is hard to answer
based on current data.
The process of folding of a polypeptide chain, either newly
synthesized from mRNA or denatured/unfolded from its
native state, must be driven by certain forces such as hydrophobic side-chain interaction (11) or backbone hydrogenbonding interaction (12). Interestingly, the hydrogen bond
between protein backbone >C=O···H-N< has a potential to
form between any two amino acids and can be considered as
non-preferential interactions. Rose and colleagues (12) have
recently proposed that the energetics of the backbone hydrogen bonds dominates the folding process, supporting the role
of non-preferential interactions in driving protein folding.
Nevertheless, the interactions between side-chain groups of
two amino acids can be considered preferential because different amino acids have distinct side chains. At ﬁrst glance,
the “preferential interaction” of a given amino acid with
another amino acid seems to come from speciﬁcally favorable
side chain contacts such as hydrophobic stacking, hydrogen
bonding (side chain-side chain hydrogen bond and side chainbackbone hydrogen bond) and electrostatic interactions.
However, a further deep-thinking reveals that the so-called
“preferential interaction” is to a large extent the consequence
of protein desolvation effect (solute exclusion by water as
mentioned in (6)) rather than speciﬁcally favorable side
chain contacts. When an unfolded polypeptide chain interacts
with the aqueous solvent under physiological conditions,
the massive water molecules will exclude and squeeze the
polypeptide to bring about the hydrophobic collapse (7, 13,
14). Upon collapse, the number of hydrophobic side chains
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exposed to water is minimized and the entropy of the solvent is maximized, thus lowering the total free energy of the
protein-solvent system. Therefore the burial and packing of
hydrophobic side chains, as the consequence of the hydrophobic collapse, increase the probability of observing hydrophobic interactions. Furthermore, it is interesting to note that
not all polar or electrostatically charged side chains/groups
are exposed to water, many of which can be buried inevitably in the interior of the folded structures. It has been suggested that the loss of stability by burying polar or charged
groups can be gained back through forming hydrogen bonds
(side chain-side chain hydrogen bonds or side chain-backbone hydrogen bonds) or salt bridges within the protein interior (15). The strength of hydrogen bonds depends on their
environment; and therefore hydrogen bonds enveloped in a
protein interior contribute more than those exposed to the
aqueous environment to the stability of the native structure
(16). This has led to the proposal that the protein folding is
associated with a systematic desolvation of hydrogen bonds
by surrounding hydrophobic groups (17). At stages after
hydrophobic collapse but before reaching the native state,
i.e., the molten globular state (18) and the glass transition
state (5, 19), further conformational rearrangements, which
are obtained through favorable energetic contacts or preferential interactions between certain groups, are required to
further lower the free energy of the protein-solvent system.
The interactions between surface-exposed polar side chains
and water molecules are not a negligible contributor to energetic enthalpy term of free energy change. Conclusively,
the process of protein folding, which is driven by decrease
in total free energy, is dictated by a delicate balance of the
mechanisms of opposing effects involving entropic and/or
enthalpic contribution.
For the folding process of an individual protein, the favorable/preferential interaction between any two amino acids
would undoubtedly contribute to the enthalpic term of the
free energy. If such a preferential interaction is “correct”
(which means that the interaction is preserved in the ﬁnal
native structure), it contributes really to lowering free energy;
if such a preferential interaction is “incorrect” (which means
that the interaction is not presented in the ﬁnal native structure), it contributes to the “trapped” free energy in the folding
funnel of energy landscape. The entropic effect from solute
and solvent and the competitive interactions (enthalpic effect)
can help the protein jump out the “trap”.
The statistical absence of preferential interaction between
amino acids can be explained. On the one hand, the result is
based on a large sample set of folded structures and therefore the simple count of number of CA contacts within varied
neighborhood distances would shield preferential interactions between side chain groups of amino acids. On the
other hand, it is possible that the contacts between any two
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amino acids, regardless of hydrophobic or hydrogen bonding/electrostatic interactions, can satisfy to some extent the
requirement of lowering free energy during protein folding.
Therefore, the observation of lack of preferential interactions can only be considered as a consequence of protein
folding | a process that is driven by combined effect of
enthalpy and entropy of the system | rather than the cause
of protein folding.
Elucidating the folding mechanism is crucial for development of effective protein structure prediction methods,
which in turn will improve our understanding of protein
structure-function relationship and facilitate drug discovery
and development. A very recent work by Sasisekharan and
coworkers (20) reveals that the folding code is actually a
network of inter-atomic interactions within the core regions
of protein domains, and that the application of such a network signature to structure prediction has achieved great
successes (for details, see (20)). This work also shows that
each protein fold family has its own unique protein core
atomic interaction network (PCAIN), implying that there
must be preferential inter-atomic interactions. Such speciﬁc PCAIN is also the consequence of thermodynamically
controlled folding process, and is not contradictory with
the statistical result of the lack of preferential inter-residue
interactions found by Mittal et al. (6) because most of
the so-called preferential inter-atomic interactions can be
observed between any two residues when the sample set is
large enough.
In summary, we conclude that:
(i) The statistical method used by Mittal et al. is not
sensitive to identify preferential/speciﬁc inter-atomic
interactions.
(ii) The statistical phenomena observed in this work are
the consequences of thermodynamics-driven folding
rather than the driving force of protein folding.
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(iii) It seems impossible to apply the “stoichiometrydriven” folding principle to protein structure prediction unless stoichiometric occurrences of residues can
be translated into position constraint information.
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Discriminatory Power of Stoichiometry-Driven
Protein Folding?

Mihaly Mezei
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http://www.jbsdonline.com
There is a saying that when life hands you a lemon, you make lemonade out of it.
I found that this has a parallel in molecular modeling: when your test of a putative
diagnostic property fails to show discriminatory power, make an invariant out of
it. The paper by Mittal, Jayaram, Shenoy and Bawa (1) is a brilliant example of
this. Based on three independent observations, comparison of CA distance distributions, small standard deviation (STD) of the amino-acid propensities and the
comparison of amino-acid propensities in structured and unstructured proteins,
the paper concluded that the relative frequencies each amino acid occurs in natural proteins is an important contributor to protein stability. This may not necessarily be surprising, but certainly it has not been thought to be the case. Given that
these relative frequencies are found to be (more or less) constant, the authors call
this set of relative frequencies stoichiometry. I will comment on these observations in the order of strength (as I see it).

Biology, Mount Sinai School of
Medicine, New York, New York 10029

In my opinion, the comparison of folded and unfolded proteins in (1) is direct
evidence of the importance of the close adherence to the right stoichiometry (as
deﬁned by the experimentally observed relative frequencies of amino acids).
However, this comparison also points to the fact that the right stoichiometry is
only a necessary condition for protein stability but probably not a sufﬁcient one,
since it is known that the probability that a random sequence will fold is vanishingly small and restricting random sequences to the right stoichiometry may still
leave many that would not fold.
As for the observed STDs of propensities, I was ﬁrst mildly skeptical that they
indicate the importance of this particular stoichiometry, since the values were not
that small. This led me to the thought experiment: what values of STDs would
one expect if the residues were chosen randomly, with the only restriction that
the probability of selecting a give residue is its observed propensity? Selection
of residue ri with probability pi is described with the binomial distribution whose
STD is given as np(1-p) where n is the sample size. It turns out that the observed
STDs are consistently smaller than the STD from the binomial distribution. Table
I shows the data from Table I of (1) extended with the STD’s calculated from the
binomial distribution. On the average, the STD’s from random sequences are 2.1
times larger than the observed values; the ratios range from 1.2 to 2.8.
The distribution of the CA distances has been examined in great detail and it was
found that they follow a sigmoidal distribution that can be described by three
parameters only. While different residues suggest higher likelihood of interactions
with speciﬁc partners, no such distinctions were found in the distributions. This
was also true when the short range part of the distributions were compared – an
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Table I
The average percentage occurrence of each amino acid, their STD as
observed and as calculated from the binomial distribution.

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

P (%)

STD (observed)

STD (random)

7.8
7.1
5.8
9.0
3.4
3.9
1.3
4.4
2.2
1.8
5.5
6.0
3.8
4.3
5.8
7.0
2.3
5.0
6.3
7.2

3.4
2.4
2.4
2.9
1.7
1.8
1.0
2.0
1.3
1.5
2.4
2.5
2.0
2.2
2.0
2.7
1.4
2.3
2.8
2.8

7.2
6.6
5.5
8.2
3.3
3.7
1.3
4.2
2.2
1.8
5.2
5.6
3.7
4.1
5.5
6.5
2.2
4.8
5.9
6.7

important point since the long-range part is not expected to
show signiﬁcant residue-dependence. The sigmoidal shape
in itself is not surprising – it is a consequence of the ﬁnite
size of proteins.
Given that the importance of the right stoichiometry for
protein stability has been amply demonstrated by the two
arguments quoted above, I think that the residue neighborhood distributions are worth revisiting to see if there is a
way to tease out data related to the contributions of speciﬁc interactions to protein stability. It is important to note
what is at stake here: the development of knowledge-based
potentials is based on preferential interaction between
amino acids, and the determination of protein structure by

modeling and simulation, based on preferential contacts
and interactions, has become very common (2, 3 and references therein). There are two reasons why the CA distance
distribution is not the best measure of interaction speciﬁcity: (a) the cumulative distributions are dominated by the
effect of the cubic dependence of volume with distance and
(b) different side chains are of different size and thus the
contact distances are different for different residue pairs.
This suggests two additional ways of analyzing the residueresidue distances: (a) instead of the cumulative distributions, calculate radial distributions, i.e., normalize by the
volume available - this would generate distributions with
peaks and troughs whose height and depth would be rather
sensitive to small changes in propensities; and (b) calculate
the number of residues of different kind that are in contact
(i.e., have at least one pair of heavy atoms within VdW distance) with the test residue.
The authors draw a parallel of their observation to the seminal observation of Chargaff related to the ﬁxed ratio of nucleotides in DNA. That ratio soon found its explanation in the
double helix structure. Completing the parallel between the
Chargaff rules would require the detection of the structural
or mechanistic origin of the importance of the right stoichiometry. The alternative analysis of residue neighborhoods
suggested above would be one option. It would be also informative to compare the STD of the ratio of different type of
residues with the STD expected from the individual residue
propensity STDs.
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Proteins will Fold Anyway!!
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Protein folding is one of the most challenging physiological phenomena which has
intrigued every discipline of research in science and several thousands researchers are working in the ﬁeld to unveil the reason of such a complex formation in
nature. One of the most discussed behavior of protein is its compactness in globular structure and the cause of the same (1, 2). Among the many different methods
and conclusions, the most popular concept is that the protein interior is compact
and has been so due to the presence of several selective amino acids, like polar
and apolar groups, making it different in case of thermophillic vs. mesophillic
proteins (3-7). Considering different physico-chemical parameters like residue
hydrophobicity vs. atomic hydrophobicity most of the researchers (8, 9) has been
providing a common guideline towards the protein’s folding; that the balance of
hydrophobicity vs. charge distribution inside the protein makes it to fold in stable
form of the 3D structure. It is the accessibility of polar residues to water vs. the
buried apolar group in one or other form (alpha vs beta or their combinations)
that makes the protein to fold in its thermodynamically stable structure. Considering these simple two types of residues, Dill et al. (2) summarize the principle of
protein folding: “The folding code is mainly binary and delocalized throughout
the amino acid sequence. The secondary and tertiary structures of a protein are
speciﬁed mainly by the sequence of polar and nonpolar monomers.”

Indira Ghosh
School of Computational & Integrative
Sciences, Jawaharlal Nehru University,
New Delhi 11 0067, India

The recent paper by Mittal et al. (10) has come up with a database driven conclusion which has challenged this concept of protein folding to form a stable folded
3D structure. Their calculations at atomic level (counting neighborhood residues
of each CA atom within a spherical boundary) shows that “ a direct consequence of
a narrow band of stoichiometric occurrences of amino-acids in primary sequences,
regardless of the size and the fold of a protein” drives protein folding. This raises
several questions: Is there any signiﬁcance inﬂuence of the sequence of aminoacids on the structure? Will any sequence fold in functional protein as long as it
satisﬁes the contact between residues? What about single mutation and unfolding
of proteins? Will any homopolymer fold only in one form of a conformer? But
according to Dill et al. (2) “Homopolymers do not collapse to unique states”.
More interesting ﬁnding is that the CA neighborhood is dependent only on the frequency of occurrence of the aminoacids and not on any preferential interactions.
This conclusion that “Preferential interactions between aminoacids” do not drive
protein folding is incapable to explain that most of the hydrophobic residues come
inside and hydrophilic residues come on the surface of Globular proteins in particular (11). In this connection it may be noted that the development of knowledgebased potentials is based on preferential interaction between amino acids, and the
determination of protein structure by modeling and simulation, based on preferential contacts and interactions, has become very common (13-16 and references
therein). The preference of occurrence of aminoacids in local secondary structures,
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hydrogen bonding, torsional angle preferences along the
backbone, preferred folding patterns (class, architecture and
topologies) appear to be redundant or just has to fall in line as
long as the “Chargaff’s rules for Protein folding” is satisﬁed.
The paper (10) mentioned the detailed method of considering
the number of neighborhoods and speciﬁc residues as long as
the CA of the pair are within a spherical distance. The authors
have considered only CA atoms and assumed that every spherical volume will include the sidechain atoms of the counted
CA which may not be the case when they are polar sidechains.
This overestimates the polar residues to be within the neighborhood and underestimates the apolar sidechains.
Truly the CA positions considered in folding patterns need to
take into account of spatial distribution i.e., spherical coordinate space (R, theta, phi) but the authors here considered
only R space (2D distance space, R). Spatial distribution of
CA positions from the centre of mass of the fold would be
ideal rather taking any CA as its centre and its neighbors. CA
does not indicate any type of aminoacid and its preferences
for another aminoacids in the neighborhood unless one considers directional interactions (hydrogen bonds, electrostatic
interactions) as well as the molecular interactions (hydrophobic and vanderwaals). These forces drive the folding
patterns taking account of microenvironment of aminoacids,
size, shape and compact packing to form the structural and
functional domains in a protein. Many proteins may not be
as compact as expected and might be dependent on their secondary structure as a recent study has shown (12).
Sigmoidal trends that were observed for neighborhoods of the
twenty amino acids by the method of calculation described
in the paper and dependence on their percentage of occurrences are expected observations and support the hypothesis
of “Chargaff’s rules”. Though the considered dataset of 3718
proteins has covered all the protein classes, in depth analysis
of the results reveals that this might be due to average effect of
highly dispersed frequency of occurrence of amino acids in the
total protein data bank considered. Using the data provided by
the authors (2548 pdb data ), when one re-calculates the Table
I (10), interestingly one ﬁnds that some of the apolar sidechain
have a large variance, more than average values (shown in
Table I below), mainly in Leu, Val & Ala. Also some discrepancies (frequency of Leu: 7.06 , Val: 8.92 & Ala: 7.8 as calculated using 2548 database) in the average values are noted; but
beyond this one starts to think: is this result obtained by Mittal
et al. due to averaging of high variance data?
Folding of protein is a thermodynamic phenomenon which
can not be simpliﬁed at the atomic level and limited to CA
counting. Moreover, the database driven result has biased the
conclusion towards the number of residues rather than physico-chemical characteristics of the residues in the packed
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Table I
Modiﬁcations to Table I in Mittal et al. (10).
Frequency of Amino Acid in Folded Proteins – Margin of Life (mean ± std,
n = 3718)
AA

freq ± std

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

7.8 ± 3.4
7.1 ± 2.4
5.8 ± 2.4
9.0 ± 2.9
3.4 ± 1.7
3.9 ± 1.8
1.3 ± 1.0
4.4 ± 2.0
2.2 ± 1.3
1.8 ± 1.5
5.5 ± 2.4
6.0 ± 2.5
3.8 ± 2.0
4.3 ± 2.2
5.8 ± 2.0
7.0 ± 2.7
2.3 ± 1.4
5.0 ± 2.3
6.3 ± 2.8
7.2 ± 2.8

variance of 2548 proteins
11.67
9.24
5.59
6.03
2.89
3.06
1.2
3.82
1.65
5.75
4.83
6.01
3.66
4.39
3.66
7.54
2.25
5.61
9.03
6.89

protein. Nonetheless it brings out an obvious conclusion that
the packing of residues makes the soluble proteins to have
compact structures. But the propensity of amino acid in a
protein is not the cause rather the result of folding in appropriate 3D structure required by its function.
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Protein Structures-based Neighborhood Analysis vs
Preferential Interactions Between the Special Pairs of
Amino acids?
http://www.jbsdonline.com
In the paper titled “A stoichiometry driven universal spatial organization of
backbones of folded proteins: are there chargaff’s rules for protein folding?” (1),
extensive statistic works were performed on 3718 structured proteins to exploit
the potential inherent laws in protein folding problems. Subsequently, protein
structure-based neighborhood analysis (see Figure 1 in Mittal et al. paper) was
conducted to the backbones of these protein dataset. The results show that there are
similar sigmoidal trends for neighborhoods of all the 20 amino acids, and all the
sigmoidals were ﬁtted as a generalized, single, sigmoidal equation (see Figure 2
in Mittal et al. paper). Based on the results, the total number of contacts made
by amino acids was found to correlate excellently with average occurrence of
that amino acid in the folded proteins shown in Figure 2E. Thereout the authors
deduced that there is no any preferential interactions between amino acids, and
protein folding is a direct consequence of a narrow band of stoichiometric occurrences of amino acids in primary sequences regardless of the size and the fold of
a protein. In this connection, it should be noted that the preferential interactions
between amino acids are the basis for introducing knowledge-based potentials,
which in turn provide the underpinning for present day three-dimensional protein
structure prediction by modeling and simulation (2-5).
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As is well known, the basic frame of protein folding (6-8) has been constructed for
about half century researches since Pauling and Anﬁnsen. In 1997, the folding funnel hypothesis is depicted as a speciﬁc version of the energy landscape theory of
protein folding (9). More and more experimental and theoretical studies have validated that the energy funnel model is a correct pathway to understand protein folding (10-14), which indicates that there is a preference pathway (energy driving or
energy leaning) for protein folding that can explain Levinthal’s paradox very well.
It is unlikely that there is a single mechanism for protein folding (15). If there is a
single mechanism of folding of module, it is nucleation-condensation, with framework and hydrophobic collapse mechanisms being extreme cases. According to
energy funnel model and nucleation-condensation mechanism of protein folding,
it is necessary that there are preference interactions between the special pairs of
amino acids that ﬁrstly drive protein folding. It is apparent that this basic result on
protein folding is inconsistent with the conclusions of Mittal et al. paper.
In our opinions, several conclusions in Mittal et al. paper need further deliberating. Firstly, the statistic methods and results are reasonable (Figure 1-5 in Mittal
et al. paper), but the main problem is that the results obtained from the 3718 proteins are used to deduce the conclusions of an individual protein folding; Secondly,
there are some logical shortcomings in preparing the dataset; Thirdly, the total
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Figure 1: Average occurrence probabilities of the
twenty kinds of amino acids
in the primary sequence.
Graphs (A-D) correspond
to the structure class of A,
B, A + B, A/B, respectively.

number of contacts has no clear biological functions, which
is not enough to denote the complete information of protein
folding. So it is unlikely to conclude that protein folding
is a direct consequence of a narrow band of stoichiometric
occurrences of amino acids in primary sequences from the
excellently linear relation between the total number of contacts and the average occurrence of the amino acids.
On the Methods and Materials
There are some logical shortcomings in preparing the dataset
in Mittal et al. paper. In this paper, a ﬁnal dataset composed of
3718 folded proteins are constructed, based on which extensive
statistic works are performed. However, there are about 67, 981
proteins in current Protein Data Bank (PDB) (16), what is the
criterion that the authors choose the 3718 proteins as statistic
samples? There are thousands of families of proteins whose
unique native structures have been determined. The total
number of families in nature is much larger, and is estimated
to be around 23,100. The large majority of these proteins
are composed of complex patterns of the 20 kinds of amino
acids. This pattern and compositional complexity has proven
to be a signiﬁcant hurdle to scientists attempting to crack
the protein folding code or explore the sequence–structure

relationship. In fact, it is well known that some amino acid residues are similar in physicochemical properties and their substitutions are tolerated in many regions of a protein sequence.
Some previous works have demonstrated that large proteins
can be designed with a reduced set of amino acids (17). On
the other hand, the speciﬁc physiochemical properties of each
kind of amino acid determined by its side chains play important roles in the diverse protein structures, different kinds of
secondary structures, such as A-helix, B-sheet, etc., have their
preferential amino acids compositions. Moreover, amino acids
compositions have been successfully used to discriminate different kinds of issues for proteins, such as protein subcellular
location (18), protein-protein interactions (19), IDPs prediction (20, 21), etc., However, these 3718 items are calculated
together, the results should be farfetched. Among these proteins, there are diverse functions and structure types. To give
objective results, the adopted 3718 proteins should be classiﬁed into several subgroups according to their structure type.
The protein function is dependent on its three-dimensional
structure and dynamics. Most proteins exist in unique conformations exquisitely suited to their function. Some methods
(22-25) have been developed to predict the three-dimensional
structure of protein which did not resolve by experimental
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method based on the information of known structure protein
in PDB. The quality of the training dataset strongly affects the
accuracy of the methods being implemented (26). However,
the Mittal et al. article did not describe the detail of how to
generate the dataset, this made the result imprecise.
Generally, side chains of protein play important role in protein folding (27-29), however the side chains of the 3718
proteins have been removed in the neighborhood analysis of
Mittal et al. paper, so some important information on protein
folding has been lost.
Previous studies have indicated that protein folding is consistent with two-state folding (30) or three-state (31) or
multi-state folding (32) and the last two models exhibit the
obvious intermediate state during the folding process under
the experimental conditions. The folding intermediate has
some characters different from ﬁnal structures, it is improper
to use only the ﬁnal structure to prove the folding problem.
On the other hand, many researches (33-37) have indicated
that the passage of the folded state is mainly guided by hydrophobic interactions, intramolecular hydrogen bonds, van der
Waals force and electrostatic interaction. Some key interaction residues play most important role in the form and stability of protein. It is improper to treat all contacts equally.
On the Results and Conclusions
Figures 2-5 in the Mittal et al. paper were obtained using
the neighborhood analysis, which is logical and reasonable.
However, the causality is confused in this paper. From the
original primary sequence to a structured protein with biological function, the physiochemical interactions such as
electrostatics, hydrogen bonding and hydrophobic interactions provide essential driving force. When a mature protein
is born, all the amino acids are restrained in ﬁxed regions. In
Mittal et al. paper, the authors claimed that protein folding
is a direct consequence of a narrow band of stoichiometric
occurrences of amino acids in primary sequences regardless
of the size and the fold of a protein. It is obviously not the
case. Since the primary sequence of a bioactive protein is not
randomly composed by the 20 amino acids, the usage bias
of amino acids is expected. In other words, occurrences of
amino acids are not the necessary and sufﬁcient conditions
for protein folding, but necessary conditions.
According to the deﬁnition in Mittal et al. paper, the total
number of contacts of a amino acid (for short: Ntc) is sum of
all 20 Ymax values (the general, single equation of all the sigmoids: Y = Ymax (1– e–kx)n), reﬂected by the sum of all asymptotes of the 20 sigmoids of that amino acid. What does the
Ntc means? the Ntc only shows the total number of contacts in
backbone of all the 3718 proteins, which has no clear biologi-
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cal function and did not depict all the complete information
of protein folding, which could not reﬂect whether there
are preferential interactions between two amino acids in a
protein even though there are the interactions. Because the
neighborhood distance (the most distance is 90 Å) almost
cover the size area of all the 3718 proteins, it is clear that Ntc
should have close relationship with the average occurrence of
the amino acid in the protein dataset. So it is certain that the
total number of contacts were correlated excellently with the
average occurrence of the amino acid from its deﬁnition (see
Figure 2E in Mittal et al. paper). On the other hand, the total
number of contacts has few biological function especially
having no direct relationship with protein folding, Ntc depicts
some global property of protein and Figure 2E reveals global
relationship between Ntc and the average occurrence of the
amino acid in the 3718 proteins, the result can not be used to
explain an individual protein folding. Therefore, Figure 2E
only reveals the fact that there is the deﬁned total number of
contacts has excellently linearity relationship with the average occurrence of the amino acid in the 3718 proteins, but it
has not indicated whether there are preferential interactions
between amino acids in an individual protein.
In the statistical results in Figures 2-4, number of contacts does
not appear to support the authors’ conclusions objectively. It
is conceivable that the more percentage occurrence, the more
contacts they have. If substituting the number of contacts with
the ratio of number of contacts and occurrence numbers of
corresponding amino acids, the ﬁgures may display some useful information better, and the results may be more objective.
Comparing Figure 5B with Figure 2E, the correlation of the
former ﬁgure is weaker than the latter. However, the number
of the adopted unstructured proteins is only 212, which is
not sufﬁcient enough to make an objective comparison. On
the other hand, it seems that most of the 212 unstructured
proteins are not complete structural disorder, but have some
unstructured regions in part. The intrinsically disordered
regions of “unstructured” proteins possess a highly ﬂexible,
malleable random coil-like structure. They lack speciﬁc tertiary structure or secondary structure, and are composed of an
ensemble of highly heterogeneous conformations. The states
of the “unstructured” proteins might be considered to represent the “liquid phase” of proteins (38). Intrinsically disordered proteins (IDPs) are highly, but not uniformly ﬂexible.
Different mobility in different regions may be linked to various functions, making the characterization of dynamics in
such proteins highly desirable. Therefore, the highly ﬂexible,
malleable random coil-like structure of the “unstructured”
proteins bring on the Ca of the backbone of the proteins have
more ﬂuctuant than the well-structure proteins, inducing that
the correlation of the “unstructured” proteins is weaker than
the well-structure proteins. Therefore, the statistics needs further discussion.
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Analysis of Sequence Character of Four Different Classes
of Protein Structure
The Mittal et al. paper shows that the protein folding has
a directly correlation with the frequency of occurrence of
amino acids in the primary sequence. In order to verify this
conclusion, we performed some analysis to see whether the
same frequency of occurrence of amino acids in the primary
sequence for proteins which have same structure character.
We have selected four different proteins (PDB ID: 2NLN,
2VO8, 2K8E, 1ZZO) which corresponding to four different structure class (A, B, A+B, A/B), respectively. Then Dali
server (39) was used to ﬁnd structures that have similar fold
of the four different proteins in PDB. The frequencies of
occurrence of twenty different amino acids for the four different structure classes have been analyzed (see Figure 1). It
is obvious that the high standard deviations of the percentage occurrences of amino acids in the four different structure
class proteins for some amino acids.
The essential fact of protein folding remains that the amino
acid sequence of each protein contains the information
that speciﬁes both the native structure and the pathway to
attain that state. However, this is not to say that nearly
identical amino acid sequences always fold similarly (40).
Furthermore, surroundings can inﬂuence conformations in
most cases.
Summary
Although extensive statistic works were performed in Mittal
et al. paper, there some shortcomings and questionable conclusions need clarifying. As have pointed above, the main problem is that the results obtained from the 3718 proteins can not
support their conclusions objectively. An appropriate dataset
is prerequisite for statistic works, while there are some logical
shortcomings in preparing the dataset, and the total number
of contacts was not enough to show the complete information of protein folding. Therefore it is unlikely for the results
to conclude that protein folding is a direct consequence of a
narrow band of stoichiometric occurrences of amino acids in
primary sequences, and it is unlikely to obtain that there is no
any preferential interactions between amino acids for protein
folding from the results in Mittal et al. paper.
We thank the ﬁnancial support from the Chinese Natural Science Foundation and Shandong Natural Science Foundation
(grant number 30970561 and 31000324, 2009ZRA14027
and 2009ZRA14028).
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Insenstivity to Close Contacts and Inability to
Predict Protein Foldability
http://www.jbsdonline.com
Mittal and coworkers recently (1) analyzed the spatial organization of folded proteins backbone and advocated an alternative hypothesis on protein folding stating
that speciﬁc interactions among amino acids do not drive protein folding. The
authors analyzed spatial distributions of CA atoms for all amino acid pairs in about
four thousands proteins available in PDB database and they found that the total
number of contacts of an amino acid is correlated with the average occurrence
of the amino acid. Their analysis led to a conclusion that there is no preferential
neighborhood for an amino acid.
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The correlation that they present between the amino acids occurrence in folded
proteins and the number of total contacts is not surprising, because it is trivial.
Their ﬁnding that there is not any preferential neighborhood for an amino acid is,
however, strange, unconventional and appears to be not entirely correct.
There are similar observations where amino-acid pairs were analyzed (2-5). From
these studies one concludes that there are statistically signiﬁcant preferences
between amino acid pairs, in addition to speciﬁc spatial arrangements. Furthermore
such preferences are extensively used to prepare knowledge-based potentials for
successful prediction of protein structures (6, 7). The theoretical determination of
protein structure and function by modeling and simulation, based on preferential
contacts and interactions, has become routine (8, 9, and references therein).
The disagreement between these observations and the report by Mittal et al. (1)
may indicate that the analysis of spatial distribution of CA atoms does not provide
enough information. The sigmoid curves, employed to analyze the numbers of contacts in relation to the distance, are insensitive to close contacts as the majority of
the curve is deﬁned by the long distance interactions. This can be seen in the poor
interleaving of the sigmoids in close contacts where the error bars would be approximately in tens of percents. These errors would probably be even stronger for more
interaction-speciﬁc amino acids like cysteine or charged residues. Therefore the
analysis of Mittal et al. (1) is actually detecting the preferential interactions in close
contacts even though they are saying that such preferences are not present.
Main reason for such a disagreement is probably hidden in the fact that most of
the contacts are random and as such deﬁned only by amino acid frequencies and
only a small minority of contacts is spatially and energetically distinguishable as
was shown previously by Berka et al. (5). This can also explain why only a small
number of amino acids is “critical” for folding of a protein (10, 11); why only a
minimal change of amino acid sequence with 88% sequence identity leads to a
completely different fold (12).
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Last but not least, the work of Mittal and coworkers (1) cannot, unfortunately, be used to predict protein foldability,
nor the protein structure, as the standard deviations in their
“Chargaff’s rules” are quite large and therefore not informative enough for any prediction.
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Stoichiometry of Amino acids Drives Protein
Folding?
http://www.jbsdonline.com
Mittal et al. (1) propose that the protein folding process is a direct consequence of
a narrow band of stoichiometric occurrences of amino acids in primary sequences,
regardless of the size and the fold of a protein. Based on rigorous analyses of
several thousand crystal structures of folded proteins, the authors suggest that
“preferential interactions” between amino acids do not drive protein folding, even
though, such preferential interactions currently form the basis of the development
of our knowledge based potentials and determination of protein structure by modeling and simulation (2, 3 and references therein).

Carlos H. T. P. Silva1*
Carlton A. Taft2*
1

Departamento de Ciências

Farmacêuticas, Faculdade de Ciências
Farmacêuticas de Ribeirão Preto,
Universidade de São Paulo, Av. do
Café, s/n, Monte Alegre, 14040-903,
Ribeirão Preto-SP, Brazil
2

Centro Brasileiro de Pesquisas

Físicas, Rua Dr. Xavier Sigaud, 150,
Understanding the process in which a primary amino acid sequence folds into a
biologically active protein with a well-established three-dimensional conformation that drives the function, still remains as one of the main challenges of modern biochemistry. In considering the 125 most important unsolved problems in
science, Science magazine reported: “Can we predict how proteins will fold? Of
inﬁnite possibilities of ways to fold, a protein picks one in only tens of microseconds. The same task takes 30 years of computer time” (4, 5).
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Brazil

Analysis and extrapolation of information in the literature on protein folding indicate that certain amino acids exert speciﬁc inﬂuence on the local conformation;
Kang et al. (6) thus discuss how the physicochemical properties of the amino
acids preferentially result in speciﬁc structural arrangements. Although speciﬁc
potentials of all 20 amino acids in forming secondary structures cannot be consistently predicted, the most and least favorable helix formers can be successfully
ﬁgured out. As an example, aliphatic residues with branched carbon beta side
chains (Val, Ile, Thr) are unfavorable helix formers due to the large volume of
the functional groups that can cause steric hindrances (6). In contrast, alanine
residues have a high helix-forming propensity.
The importance of the amino acid sequence in determining secondary structure
elements is well illustrated by intrinsically unstructured proteins. Unlike globular
proteins that in general form hydrophobic cores, disordered proteins possess a
comparatively lower proportion of ‘‘order-promoting’’ bulky hydrophobic residues and aromatic residues, but are signiﬁcantly richer in ‘‘disorder-promoting’’
residues including proline and glycine (6).
Nevertheless, it´s worth discussing what actually stabilizes secondary structures. Although different amino acids have different propensities to form speciﬁc secondary structures, there are also many “chameleon” sequences in natural
proteins, which are peptide segments that can assume either helical or B-sheet
conformations depending on their tertiary context (5). Studies of lattice and tube
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models have shown that secondary structures in proteins are
substantially stabilized by the chain compactness, an indirect consequence of the hydrophobic force to collapse, since
helices and sheets are the only regular ways to pack a protein
sequence into a tight space (5).
Considering such protein packing and a possible role of
the intermolecular forces in the protein folding process, it
is worthwhile remembering that, before the mid-1980s, the
predominant view was that the protein folding code is the
sum of many different small interactions (hydrogen bonds,
salt bridges, van der Waals interactions) that occur locally
(among neighbor residues) in the sequence, through secondary structures (7). However, from a statistical mechanical
point of view, a different idea emerged in the late 1980s, with
a dominant component to the “folding code” (the hydrophobic interaction). Such folding code would be distributed both
locally and non-locally in the sequence, and native secondary structures would be more a consequence than a cause
of protein folding (7). Today, there is considerable support
that hydrophobic interactions must play a major role in protein folding, since proteins have hydrophobic cores and the
apolar amino acids are then guided along the process to be
sequestered from water (5).
In such folding process, despite the inherent complexity
of the reactions, proteins seem to fold via a limited number of accumulated intermediates, where several proteins
show a two-state behavior (8). As a result, the folding
transition states (TS) play an important role in protein folding. Moreover, several proteins have also been suggested
to fold via parallel routes, such as lysozyme and c-type
cytochromes. Additional studies have reported proteins to
switch their preferred folding pathways depending on the
conditions. Finally, the different TS observed in homologous proteins also corroborate the notion of parallel folding
pathways (8).
In considering the contribution of Mittal and collaborators
(1) to the protein folding problem, it is especially signiﬁcant with respect to the statistical underpinning that interactions between amino acids do not drive protein folding or,
at least, they play a secondary role in the overall process.
In considering a likely hierarchical order in protein folding,
the authors have found that such event would be primarily
dictated by the frequencies of occurrence (stoichiometry)
of amino acids in the primary sequence, regardless of the
length/size. Moreover, the results pointed out that to achieve
a folded protein, the stoichiometric ratios of individual
amino acids have to be deﬁned by the known “Chargaff’s
Rules”. Such rules indicate the average percentage occurrence of each one of the 20 natural amino acids in folded
proteins, where the low standard deviations represent the
“margin of life” (1).

Silva and Taft
Nevertheless, stoichiometry for example does not explain
very well why there are many cases of nearly identical structures sharing no sequence similarity (9-12). Furthermore,
not only in the cases where, the sequence identity shared
by two proteins is low and the protein modeling is made by
“threading”, but also in the homology modeling cases the
average frequency of occurrence of amino acids in the primary sequence is not enough information or rule. In homologous proteins, it is not rare to see substitution of leucine (the
most frequent residue, 9%) by the least frequent, tryptophan
(1.3%) in the protein data bank -PDB, particularly if such
residues are buried in a hydrophobic pocket. In addition,
simple stoichiometry also does not predict/explain posttranslational modiﬁcations that, in most of the cases, have
structural implications for the folding and conformation of
the proteins, with functional consequences.
In reality, the “Chargaff’s Rules” only translates the structural and physicochemical constraints that amino acids of
a sequence must have in order to fold, event that occurs
in predominantly aqueous environment. In this respect,
and such as well discussed by Mittal and collaborators,
the aqueous environment would force a protein to fold in
“exclusion by water”, thus minimizing its overall surfaceto-volume ratio, which is provided by the individual shapes
of the residues along the sequence (1). As previously mentioned here, helices and sheets are thus formed as an indirect
consequence of the hydrophobic force to collapse, allowing
the protein sequence to pack into a tight space, with likely
subsequent formation of a folding transition state (TS)
(5, 8). In the last step of the protein folding process, the
packing would be then completed with the optimization
of the interactions among residues positioned in speciﬁc
chemical environments (13).
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Protein Folding: Grand Challenge of Nature
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Protein folding is a longstanding challenge in structural biology. No one knows
how to predict the correct native structure or folding of a protein from the primary
amino acid sequence unless that sequence has signiﬁcant homology with another
protein of known 3D structure. Concerning 1D-3D structure/folding prediction in
proteins, one remarkable research work “A Stoichiometry Driven Universal Spatial Organization of Backbones of Folded Proteins: Are there Chargaff’s Rules
for Protein Folding?” has recently been published by Mittal et al. in 2010 in this
Journal (1). The work opens an unanticipated window into the new biostatistics
methods on protein folding. After rigorous investigation on close to fourthousand
crystal structures (of protein), the authors conclude “Protein folding is a direct
consequence of a narrow band of stoichiometric occurrences of amino-acids in
primary sequences, regardless of the size and the fold of a protein”. Contrary to all
prevalent views, the authors also emphasized: “preferential interactions” between
amino-acids do not drive protein folding. In this connection, it should be noted
that that preferential interactions between amino acids are the basis for introducing knowledge-based potentials, which in turn provide the underpinning for
present day 3D protein structure prediction by modeling and simulation (2-5 and
references therein). Perhaps the actual rules of protein folding still remain elusive;
however, this work contributes new information on bio-mathematical expression
and adds a new dimension that could lead to solutions to problems presented by
structural biology.
Though the research work of Mittal et al. may provide some light on the recognition of protein fold from their primary amino acid sequences, it has several limitations. Several points in Mittal et al. appear to conﬂict with existing concepts. In
the prediction of protein folding, the contribution of side chains (polar/non-polar,
acidic and basic) in the primary sequence seems missing in this work, and this
should be clariﬁed. The hydrophobic, hydrophilic, van der Waals and H-bonding
interaction may control the folding mechanism by ﬁxing the orientation of side
chains in proteins (6-8). The side chains (polar, acidic or basic) interact with the
aqueous medium and play a major role in shaping the protein, the hydrophobicity
of amino acids tend to drive them from exterior to interior. The charge – charge,
charge – dipole and dipole – dipole interaction of side chains may calibrate the
fold recognition. So, the essence of side chain could be to gear the folding topology of protein, i.e., folding topology is not geared by protein backbone alone as
advocated by Mittal et al. The dynamical results reveal that the backbone is incapable to build the actual fold of a protein, perhaps the side chain with backbone
amino acids produce the folds (9). During dynamics, the fold of protein structure
undergoes the conformational changes which may be identical or not with its
x-ray structure. All the atoms (backbone and side chain) move anisotropically,
and the direction of motion in protein is determined by non-bonded interaction of
sidechains. This motion is anharmonic at biological temperature, usually due to
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side chain hopping between two or more alternative minima
(10-12). Moreover, the loop–ﬂap dynamics demand that the
backbone behave as rigid bodies (minimum RMSF) whereas
the displacement of loop is possible due to the reorientation
of sidechains (13). Hence, in addition to the C-alpha atoms,
the sidechain could inﬂuence the shape, size and fold of a
protein. On the basis of the above arguments, it is doubtful or
not clear, whether the correct fold recognition is provided by
the stoichiometry driven folding thesis of Mittal et al.
Again, an another important point, the inﬂuence of topology
to protein folding has not been mentioned by the authors.
Protein-folding rates and mechanisms are largely determined
by a protein’s topology rather than its inter-atomic interactions. In the several crystal structures, the large changes in
amino-acid sequence do not alter the overall topology of a
protein and evolution has not optimized protein sequences
for rapid folding (14). The observation that some structurally
related proteins with little or no sequence similarity have very
similar type of fold, makes the situation more complicated.
Nevertheless, some single-point mutation in a protein perturbs the secondary, tertiary, and quaternary structures, thus
inducing new folding (15). The backbone of protein could
not control the folding mechanism, perhaps a conﬂict in side
chain orientation causes a misfold (16, 17). Again in some
multi nuclear metalloproteins, the occupancy of metal ions
within the protein are controlled by side chains, not by backbone, and sometime the selectivity of metal ions (18) are also
governed by protein folding. In addition, continuum models of water do not account for the discrete nature of water
molecules, which may lead to differences in protein folding dynamics (19) such as a cooperative expulsion of water
upon folding. The authors’ view on this aspect is not clear.

Mukhopadhyay
Undoubtly, the work of Mittal et al. will be very effective to
provide impetus for further investigation in protein research.
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Is Protein Folding Still a Challenge?
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Mittal et al. in their paper entitled “A stoichiometry driven universal spatial organization of backbones of folded proteins: Are there Chargaff’s rules for protein
folding?” have asked whether there is a unifying theme or concept underlying
the magniﬁcent diversity of folded protein structures (1). They have observed
that preferential interactions between amino acids do not drive protein folding, contrary to all prevailing views. This view is so prevailing that preferential
interactions between amino acids are the basis for introducing knowledge-based
potentials, which in turn provides the underpinning for present day 3D protein
structure prediction by modeling and simulation (2-5 and references therein).

R. Nagaraj
Centre for Cellular and Molecular
Biology, CSIR, Uppal road,
Hyderabad 500 007, India

Every student of protein biochemistry is instilled with the idea that the protein
folding process is complex and modulated by several factors. Levanthal’s paradox (6) is often stated to emphasize the complexity of protein folding. Delineating the pathway of protein folding and identiﬁcation of folding intermediates has
been and still is a favourite research topic. Structural propensities of amino acids
to occur in a speciﬁc conformation such as A-helix, B-sheet or B-turns were proposed based on analysis of protein structures in the crystalline state way back in
the 1970’s by Chou and Fasman (7, 8). Prediction of protein folding was attempted
based on structural propensities of amino acids and probability values (8). Extensive analysis of protein crystal structures, have provided insights into interaction
between aromatic amino acids (9), disulﬁde conformation (10) and occurrence of
B-hairpin structures (11, 12).
Mittal et al. have analyzed 3718 protein X-ray structures and delineated interacting partners of amino acids based on CA distances (excluding those adjacent to
each other connected by a peptide bond). Their reasoning is that if the two methyl
groups in Leu and Ile are proximal to each other and interact via hydrophobic
interactions, this would be reﬂected in the CA distances between them. Their analysis also suggests that any one of the 20 coded amino acids could interact with any
of the other 19 coded amino acids. Also, interactions between cationic or anionic
amino acids are not precluded. Their intriguing observation is that, in the crystalline state, the interaction between amino acids is independent of the nature of the
amino acid. The frequency of occurrence rather than chemical nature determines
the interaction between amino acids. Their conclusion is that folding of a protein is
simply dictated by frequency of occurrence of amino acids and not the sequence.
An important conclusion by Mittal et al. is that for a folded protein, stoichiometric ratios of individual amino acids should have values indicated in Table I.
The implication of this is that it would not be possible for a protein to fold if the
percentage of Ala deviates from 7.8+/-3.4 or that of His deviates from 2.3+/-1.4.
This information would be of immense help to protein engineers in determining
whether a protein encoded by an open reading frame can fold or possibly exist.
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Mittal et al. have proposed in their paper that the most
important parameters for protein folding are (i) exclusion
of water and (ii) shape characteristics of individual amino
acids along the sequence that would minimize surfaceto-volume ratio. However, they summarize that protein
folding is primarily dictated by frequencies of occurrence
of amino acids. This appears to be at variance with their
proposal in (ii).
Chargaff’s rule stems from the association of Adenine (A)
with Thymine (T) and Guanine (G) with Cytosine (C) via
hydrogen bonding. A similar association of amino acids does
not emerge from the analysis by Mittal et al. In fact, their
analysis stresses the absence of any preferential relationship
between amino acids. Hence, the basis for stochiometrydriven spatially organized double helical structure of DNA
does not apply to organization of amino acids in proteins.
The authors are using the term Chargaff’s rule to emphasize
the stoichiometric relationship that exist among the amino
acids in Table I, this stoichiometry being the underpinning
of protein folding. From species to species, source to source,
the proportions of A, G, C and T in DNA may vary widely,
but universally, the molar ratios of A and T and that of G
and C in DNA were not far from unity. In the same manner,
from protein to protein, the proportions of amino acids may
vary, but in folded globular proteins, the stoichiometry of
the amino acids should not be far from what is in Table I in
Mittal et al. (1).

Nagaraj
The process of protein folding in solution can be modulated
by several factors such as pH, temperature, salt concentration and the presence of organic solvents. The study by
Mittal et al. gives a fascinating and new insight into organization of amino acids in folded proteins in the crystalline
state. However, knowledge of only amino acid composition
may not provide insights into how the folded conformation is
achieved, particularly in solution. Protein folding continues
to be a challenge and a problem yet to be solved.
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Is Stoichiometry a New Metric for Evaluating
Folded Proteins?
http://www.jbsdonline.com
The folding of randomly coiled polypeptide chains into biologically active protein
structures has been intensely studied for many years. In early studies by Anﬁnsen
(1, 2), the unfolding and refolding of disulﬁde-rich proteins initially led to the
formation of mispaired disulﬁde bonds (i.e., relative to the wild-type). However,
in an oxidative environment, the mispaired disulﬁde bonds returned to their native
disulﬁde pairings, thereby restoring normal enzyme activity. These results suggested that non-bonded interactions drive protein folding rather than the random
pairing of stronger covalent disulﬁde bridges.

James C. Burnett
Tam Luong Nguyen*
Target Structure-Based Drug Discovery
Group, SAIC Frederick, Inc.,
NCI-Frederick, Frederick,
MD 21702, USA

Due to experimental observations like those of Anﬁnsen, the current opinion is
that the sequence identity along a polypeptide chain contains the essential code to
understanding and predicting protein folding. However, the article by Mittal et al.
“A Stoichiometry Driven Universal Spatial Organization of Backbones of Folded
Proteins; Are there Chargaff’s Rules for Protein Folding?” (3) is set to add an
entirely new metric to these prevailing views.
In the work by Mittal et al. the crystal structures of 3718 folded proteins were
analyzed. For each amino acid in a protein, the authors determined the occurrence of neighboring amino acids by measuring between CA carbons within
speciﬁed spherical distances. In this way, neighborhoods for the 20 amino acids
were deﬁned over increasing distance ranges. The 20 amino acid neighborhoods
were found to be characterized by sigmoidal plots that could be parameterized
by a single, general equation (Figure 2 in the publication). Signiﬁcantly, the
total number of contacts made by an amino acid correlated with its average
occurrence in the folded proteins (Figure 4 in the publication), suggesting that
the amino acid neighborhoods were governed by the frequency of individual
amino acids rather than their preferential interactions with other amino acids.
This proved to be true even when short sub-10 Å neighborhood distances were
examined (Figure 3 in the publication). Taken together, these results led Mittal
et al. to propose that protein folding is stoichiometry-driven. In this context, it
should be noted that preferential interactions between amino acids were the basis
for introducing knowledge-based potentials, which provided a foundation for
modern day protein structure prediction by modeling and simulation (4, 5 and
references therein).
The concept of stoichiometry-driven protein folding is in sharp contrast to the
predominant view in modern biochemistry, which holds that the rapid clustering of large hydrophobic side chains is responsible for driving the conversion of random polypeptide chains into biologically relevant proteins. At ﬁrst
glance, a stoichiometric basis for protein folding may appear to be incongruent
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with established concepts in biochemistry, but the work of
Mittal et al. captures a distinct aspect of protein folding.
Speciﬁcally, the end result of protein dynamics and folding
is a fundamental ‘constant’ that appears as a single sigmoid
equation.
Because diverse proteins appear to converge on a fundamental constant, this single equation may be used as a
quantitative measure for ‘protein fold space’ (Table 1 in the
publication), and much like Ramachandran plots, may establish a metric for evaluating the quality of 3D protein structures, whether they be experimentally determined structures
or a de novo folds.
However, the impact of side chain-side chain interactions on
the protein folding process may have been ‘lost in translation’ during this study. In particular, residue neighborhoods
were generated by identifying amino acids within speciﬁed
distance ranges of a given amino acid, and these distance
parameters radiated in a spherical fashion from the CA carbon
atom. As a result, residues with side chains that do not engage
in close atom-atom interactions within a sub- 10 Å distance
may be identiﬁed as close contact neighbors. For instance, in
an amphipathic helical structure, a large hydrophobic residue
such as leucine at position i may be identiﬁed as a short, 5-10
Å neighbor of a highly acidic residue such as glutamic acid
at position i+2 – even though the side chains of these two
residues are oriented on opposite sides of the helical structure.

Burnett and Nguyen
In this example, any interactions between the side chains of
leucine (i) and glutamic acid (i + 2) would be highly unfavorable (i.e., hydrophobic-polar clashes), and yet, these two
residues are nearest neighbors. Since protein folding must follow the fundamental rules of chemistry and the hydrophobic
effect, these rules are not addressed by a purely stoichiometric
approach.
In closing, the work by Mittal et al. contributes to the protein
folding story, but is by no means the ﬁnal chapter. Rather, it
is another piece of the puzzle. The reported sigmoidal behavior of amino acid neighborhoods is quite amazing, and illustrates the enormous complexity underlying the forces that
drive protein folding. Indeed, Nature has built a large number
of diverse protein structures, and in doing so, has managed to
apply a single equation to array amino acids in three-dimensional ‘fold’ space.
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Mittal et al. (1) have examined the frequency distributions of amino acid residue
proximities in the secondary and tertiary structures of almost 4000 proteins, and
have concluded that there are no preferences related to side-chain chemistry. Irrespective of the size and three-dimensional shape of a protein, the probability that
two residues will be close together depends mainly, if not entirely, on how many
of each there are within that protein. This result sits uncomfortably with major
current ideas about protein folding, such as the evolution of wonderfolds (2), the
proteomic code (3), and the ‘ﬁrst-in-last-out’ hypothesis (4). It may not be logically inconsistent with these ideas, but it will be considered surprising. On the
simplest level: it is common knowledge that polar residues cluster with other polar
residues rather than hydrophobic ones, and vice versa, and this almost-universal
pattern is crucial for the spatial structuring of globular proteins. Preferential interaction between amino acids is the basis of the development of knowledge-based
potentials, which in turn form the underpinning of protein structure prediction.
Nowadays, determination of protein structure by modeling and simulation, based
on preferential contacts and interactions, has become a common practice (5, 6 and
references therein).

Paul S. Agutter
Theoretical Medicine and Biology
Group, 26 Castle Hill, Glossop,
Derbyshire, U.K

On the face of it, the ﬁndings of Mittal et al. (1) seem to conﬂict with this common
knowledge, so the study will be inspected for methodological ﬂaws.
One likely target for criticism will be the ‘broad-brush’ approach used by these
authors, which could make genuine patterns invisible. For example, a glutamate
residue on the surface of a globular protein may be no more distant from a leucine
below the surface than it is from a serine or arginine that is also exposed to the
aqueous environment. Thus, physical proximity alone does not distinguish hydrophilic surface from hydrophobic core. Therefore, what Mittal et al. (1) have found
need not be contrary to received wisdom after all. That may lead to wider doubts
about the validity of their method.
There is a simple test for validity, and it may merit a follow-up study. In nonstructural secreted proteins such as mammalian digestive enzymes and some
plasma proteins, three-dimensional structural stability depends more on disulphide bridges than on hydrophobic interactions. Therefore, in this class of globular proteins, a high percentage of cysteine residues are close neighbours of other
cysteine residues (being covalently linked to them). The distribution of cysteine
neighbours should therefore appear signiﬁcantly less random than the distributions reported in (1). If that prediction is conﬁrmed, it will be reasonable evidence
that the work of Mittal et al. is methodologically sound, and those who are studying the patterns and mechanisms of protein folding can then face the challenge of
reconciling these ﬁndings with the dominant models in the ﬁeld.
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Thermodynamic Framework of the Interaction
between Protein and Solvent Drives Protein Folding
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Teodorico C. Ramalho*
Elaine F. F. da Cunha*
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University of Lavras, Caixa Postal 37,

In the last three decades, simulation studies have driven the development of the
modern perspective on protein folding and have provided certain key insights on
the relationship between protein topology and the folding mechanism which may
emerge from folding free energy surface calculations (1). To date, however, it
should be kept in mind that the complete information on folding mechanism has
not emerged from free-energy surface projections. Therefore, the detailed aspects
of protein folding is not easily accessible even from the folding landscape theory
(2-6). In this respect, new perspectives on this fundamental biological phenomenon are welcome.
The Mittal-Jayaram thesis (7) reveals uncommon results and unfolds a novel
perspective on protein folding in the light of Chargaff’s Rules. Sir Chargaff discovered a quantitative relationship (stoichiometry) among the nucleic acid bases
of DNA (8). This ﬁnding was crucial and led to the DNA double helical structure discovery a few years later. Nevertheless, since the computational facilities and mathematic algorithms have emerged as a powerful tool to investigate
the matter at the molecular level, Chargaff’s Rules have been subjected to an
intense theoretical investigation (1, 8, 9). Currently, it is known that the Chargaff’s rule can be derived from a thermodynamic framework, because GC and
AT base pairs are the most stable complexes energetically formed (9). Therefore, the thermodynamic contribution is relevant in order to address the present
question at hand. As stated in Mittal et al. (7), the interaction between solvent
molecules and amino acid residues plays an important role in protein folding. In
this scenario, studies directed at a family of small, single-domain, cooperative,
fast-folding proteins indicated that relatively exposed peptide-hydrogen bonds,
as they occur in helices and turns, are signiﬁcantly weakened due to competition from water-hydrogen bonds (1). However, in B sheet hydrogen bonds, even
in the simplest B-sheet model comprised of an antiparallel alanine “dipeptide,”
the alanine side chain provides signiﬁcant shielding of the peptide interactions,
resulting in stronger interactions between the peptide chains (10, 11). These
strong interactions were attributed to lead to a slower dissolution of B sheet
structure in solution. In addition, some studies involving molecular dynamics
simulation delineated the role of hydrogen-bonding interactions in stabilizing
the secondary structure of proteins in water (12-14). It is worth noting that there
is an intense discussion about the balance between polar electrostatic and nonpolar cavity interactions calculated by implicit and explicit solvent models. Recent
ﬁndings suggest that the folding free energy landscape results, using the generalized Born (GB) implicit solvent model, is quite different from those using an
explicit solvent model (15). The most complete theoretical description of these
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systems is reached when the protein and its solvent environment are represented by explicit atoms, whose motions
are evaluated using molecular dynamics or Monte Carlo
approaches (16-20).
Thus, these kinds of studies demonstrated that relatively
exposed peptide-hydrogen bonds, as they occur in helices
and turns, were signiﬁcantly weakened by competition from
water-hydrogen bond donor and acceptor groups. From Mittal
et al. (7), the amino acids leucine, alanine, valine and glycine
show the highest percentage occurrences in folded proteins
(see Table I, (7)). Interestingly, this information is in good
agreement with the basic thermodynamics of the interaction
between protein and solvent. In fact, from our point of view,
Chargaff’s Rules applied to protein folding might be related
to a stoichiometry of amino acids in order to create hydrophobic cavities in the solvent environment, which could then
maximize the hydrophobic/electrostatic interactions among
the amino acids resulting in the protein folding. Actually, as
commented by Mittal and his colleagues (7), there is no evidence that “preferential interactions” between amino-acids
drive the protein folding, despite the fact that determination
of protein structure by modeling and simulation, based on
preferential contacts and interactions, has become a common
practice (21, 22 and references therein). However, from a
theoretical perspective, the creation of these afore mentioned
“hydrophobic cavities” might take place as an initial step for
the process.
We would like to mention the very productive interplay
between experiment and theory that has shaped much of the
work in the discipline. The Mittal-Jayaram protein folding
thesis is very interesting and promising, because it highlights
that stoichiometric occurrences of amino acids in primary
sequences is closely related to protein folding. It is important to mention, however, that the research ﬁeld in protein
folding has its genesis in the physical organic chemistry, and
hence it is not surprising that it may be evaluated by physicochemical approaches. These approaches involve the physical and energetic characterization of the several states of the
protein in the folding process (23).
Proteins folding is a complex problem with many variables.
This outlook is aggravated by the existence of few experimental handles for understanding the individual steps that
lead a polypeptide chain to adopt unique and relatively stable
three-dimensional conformations. Maybe Chargaff’s Rules
might be applied in conjunction with the solvent effect in
order to elucidate the protein folding problem. Actually, the
speciﬁc occurrences of amino acids in primary sequences,
pointed out by Mittal et al. (7), after analyzing close to four
thousand folded protein crystal structures and their interactions with water, cannot be ignored, because these facts
might play a much more important role in protein folding

Ramalho and Cunha
than we thought. This paper points out reliable interesting
results and deserves a deeper evaluation (24-26). We strongly
feel that the study reported by Mittal, Jayaram and their colleagues could be helpful for exploring protein engineering
as well.
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Stoichiometry and Folding of Linear Polypeptides –
Reading Between the Lines
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The article “A Stoichiometry Driven Universal Spatial Organization of Backbones
of Folded Proteins: Are there Chargaff’s Rules for Protein Folding?” by Mittal
et al. (1) seeks to relate the ability of linear amino acid sequences to form folded
protein structures and the frequency of occurrence of those amino acids in the polypeptide chains. Understanding the rules that govern how these simple lines of amino
acids fold – i.e., reading between the lines – is a key goal in modern biology.

Pharmaceutical Sciences, University of
Manchester, Oxford Road, Manchester,
M13 9PT, UK

Indeed, such linear polypeptides self-assemble into a wide array of elegant 3D
protein structures, with great variation in size and in the size of their substrates.
Proteins can adopt monomeric or oligomeric structures, as well as forming elaborate higher order multi-protein complexes. Beneath this complexity observed
across protein structures (e.g., currently 62957 protein structures populate the
PDB (2)), there is an underlying simplicity: 1393 protein folds are known (using
the SCOP classiﬁcation (3)), eight possible secondary structural elements (4),
with an underlying alphabet of 20 amino acids. The primary sequences of proteins
are somewhat more complex than that of DNA, with only four bases, but considerably less complex than the primary sequences of carbohydrates, with their
ability to branch in many ways (5). Proteins are large molecules, folding into sufﬁciently rigid scaffolds to perform their function effectively; with a low enough
surface area to volume ratio to prevent aggregation in the crowded cell; and with
a suitably sculpted surface to direct substrate to its active site (6), the latter often
being the deepest cavity in the protein (7).
In the study of Mittal et al. (1), analysis of a set of nearly 4000 folded protein crystal structures ﬁnds a rather narrow range of variation in amino acid composition,
suggesting that this speciﬁc ratio of amino acids is a prerequisite for a successfully folded protein (Table 1 of reference (1)). As a control, the authors observe a
different stoichiometry for proteins which populate signiﬁcantly unfolded states
(Figure 5B of reference (1)). Intriguingly, for the stoichiometry of the folded protein set, the highest abundances are observed for Ala, Val, Leu, Gly and Glu, with
the lowest for Met, Cys, Trp and His. Associated with these averages are standard
deviations across the set of ~4000 crystal structures which span 1.0–3.4%. This
range is colourfully referred to by the authors as the “margin of life”.
The authors draw an analogy between their work and that of Erwin Chargaff, who
demonstrated via elegant experiments the 1:1 stoichiometry of G:C as well as A:T
in DNA. Chargaff also used the four nucleotide bases to deduce that the composition of DNA is organism-speciﬁc, showing their relative proportions varied
between organisms. The latter rather simple observation hides the tremendously
intricate differences in genomic sequence that deﬁne species. In the same way,
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the “margin of life” though apparently narrow must be sufﬁciently broad, and the ordering of amino acids within the
conﬁnes of this stoichiometric range sufﬁciently ﬂexible, to
permit the complexity in the folded shape and behaviour of
functional proteins.
The underlying physics which dictate protein folding is the
subject of much debate, as Mittal et al. acknowledge in their
introduction (1). The authors examine the average radial
distribution of the 20 amino acid types around a given type
of amino acid, as measured by CACA distances. From their
analysis of the extent of these contacts and the similarity in
proﬁle of their distribution for a given amino acid type, the
authors conclude that protein folding is dictated simply by
frequencies of occurrences of individual amino acids. This
leads the authors to highlight solvation and packing effects
as the key guiding inﬂuences in the protein folding process.
Interestingly, the authors’ analysis of the radial CACA contacts in crystal structures bears some resemblance to the derivation of knowledge-based potentials used in protein folding
prediction (8), although the latter are normalized with respect
to a hypothetical reference state, e.g. frequency of contacts
expected from random mixing of amino acids and solvent.
Despite being low in resolution, the latter potentials have
shown some success in predicting 3D structures of small
proteins but typically require augmentation with other terms
and subsequent force ﬁeld reﬁnement in order to yield results
accurate to a resolution of ~1.5 Å (9-13). Of course, we note
that knowledge-based potentials and the CACA neighbourhoods calculated in (1) involve spherical averaging, whereas
proteins are inherently asymmetric molecules, a key to
understanding their biological function.

Bryce
Nevertheless, the insights derived from the work of Mittal
et al. represent an important contribution to the debate surrounding the basis of protein folding; extension of this analysis to a greater number of the known protein structures, as
well as to detailed examination of sub-sets such as structural
proteins, will provide further understanding of how linear
chains of amino acids adopt their exquisite 3D structures.
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“Everything should be as simple as it is, but not simpler!”
-Albert Einstein
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Protein folding! The ﬁrst thing that almost always comes to mind when someone
hears this term is Anﬁnsen’s hypothesis. So much so that protein folding and
Anﬁnsen’s hypothesis have long since been considered synonyms of each other.
Anﬁnsen’s hypothesis laid the ground rule for protein folding. The rule does not
even need rote learning, rather common sense: sequence determines structure
which, in turn, determines function.
Then arrived several models and theories which tried to explain exactly how a
protein folds into a perfect functional form commencing as soon as the aminoterminal chain emerges from the ribosome or after being fully synthesized. The
models were all woven around a basic set of rules: no new bond making or breaking in the folded protein and global minimum-most free energy for the native
structure. None of the methods, however, provide adequate instructions for the
exact folding process. This can be seen by the simple fact that we are still far away
from predicting an accurate, valid three-dimensional structure right from an arbitrary sequence using computational tools, with absolutely no mediator structures
in-between. It is largely known that in vivo, the folding process for some proteins
requires the aid of molecular chaperones.
In the manifold attempts towards elucidating the real mechanism, a recently published report by Mittal et al. (1) comes as a fresh breeze with a novel perspective.
In accordance with Einstein’s remarks above, they report a ‘surprisingly simple
unifying principle’ in that the protein folding appears to be dictated by ‘a narrow band of stoichiometric occurrences of amino-acids in primary sequences,
regardless of the size and the fold of a protein’. The authors further maintain that
contrary to all known perceptions, ‘preferential interactions’ between amino acids
do not drive protein folding.
The authors devised an elegant and simple way of approaching the problem.
Using the crystal structures of 3718 proteins present in Protein Data Bank (PDB),
they analyzed the backbones in terms of the neighbourhood of every CA atom.
This was based on the assumption that if two amino acids interact via side chains,
their respective CA atoms would be ‘neighbours’ ﬁxed in space, disregarding
their actual position along the protein sequence. The CA atoms occurring in the
protein’s ‘center’ would be expected to be surrounded by a higher number of CA
atoms of other amino acids. Considering each of the amino acids individually, a
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20 x 20 matrix of the number of neighbours within a deﬁned
neighbourhood distance was reported for each protein. Plots
for the number of times a speciﬁc amino acid appeared as a
neighbour within a ﬁxed distance were derived to investigate
the presence of any ‘preferential interactions’. Here, it should
be noted that the non-covalent interactions between amino
acids are the basis of the development of knowledge-based
potentials, which in turn form the underpinning of protein
structure prediction by modeling and simulation (2, 3 and
references therein). The authors investigated whether amino
acids prefer certain neighbourhoods arising out of non-covalent electrostatic, hydrogen bonds, hydrophobic and van der
Waals interactions.
A sigmoidal trend was observed for the neighbourhoods
of all the 20 amino acids and was found to be independent
of the nature and identity of an amino acid. The immediate implications were that either several spatial distributions
exist individually or there is one unifying spatial distribution pattern. A generalized, single equation ﬁtting all the sigmoids was found and it brought forth the latter implication
in full clarity. Further, a simple reasoning was applied that
assuming there are no ‘preferential interactions’ involved, an
amino acid that occurs as the highest number of times in the
primary sequence would be expected to occur as a neighbour
of all the 20 amino acids, including itself, the highest number of times. As expected, good correlation was established
between the total number of contacts made by an amino acid
and its stoichiometry (frequency of occurrence) in folded
proteins. By direct implication, for the unstructured proteins,
the authors found the stoichiometry to deviate from that of
amino acids in folded proteins.
These studies preclude ‘preferential interactions’ and deﬁne
stoichiometry of amino acids in the primary sequence governing the folding process. The very fact that the rules governing the folding of these proteins are universal makes it all
the more inspiring.
The protein folding thesis by Mittal et al. is further strengthened by recent external evidence (4). Several protein properties, that range from size to folding cooperativity to
dispersions in melting temperature, were found to depend
universally on the number of residues, N. Even the timescale
to reach the ‘native basin of attraction’ (native state) can be
estimated in terms of ‘N’ residues. These predictions have
been well-supported by experiments. But there is one major
difference here, that it is the stoichiometry of amino acids
rather than their number that has been found to govern.
The ﬁeld of protein folding has been so intriguing that the
ideas to understand the basic tenets have been sought even
from the laymen. An online game, Foldit (5), recently-developed, serves to further this cause.
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Until the 1990’s, protein folding was, in terms of computation,
an impregnable entity and has gradually been gaining ground
since. One might be over-optimistic in that, given this universal principle based on stoichiometry, biologically meaningful
ab initio modelling will indeed be possible in near future. An
entirely ‘new’ structural space of many hypothetical as well
as trans-membrane proteins will be visible, ‘new’ here referring to the fact that the basic premise will be applicable to one
and all of the proteins and hence that, ‘there is nothing new
under the sun!’. With this, widely acknowledged Darwinian
evolution rules might be re-written with some clauses added
and others deleted.
It is well-known that a structure is more conserved than
a protein’s sequence. Mittal et al. have taken backbone
atoms to investigate the folding process which clearly leads
to universal applicability. It would mean that the basic fold
is the same across the protein kingdom. Speciﬁcity and
uniqueness are, but, imparted by the side chains in proper
rotameric state. This conformational speciﬁcity is achieved
as a result of packing and many weak interactions (6).
Hence, in order to achieve a proper, functional and unique
structure, stoichiometry does appear to play a role, albeit
not per se.
While these ﬁndings are based entirely on theoretical
approach, it is essential to consider these in the light of real
scenario. Proper folding is usually thought to occur after a
part or a domain of the protein is translated by the ribosomes.
Apart from molecular chaperones to aid, existence of RNAmediated chaperone type for folding de novo is documented
(7). Co-translational kinetics may also play a role (8).
Protein folding in vivo is subjected to a different environment than in vitro. While in vivo, a cramped environment is
provided to the protein; in vitro, it is generally a much more
relaxed one. The cramped environment of the cell may force
the protein to misfold causing aggregation (9). It is equally
plausible that given relatively less number of solvent molecules due to the presence of more solutes around in vivo, the
excluded volume effects have to be taken into consideration
by the protein and fold correctly. Mittal et al. propose that
folding has to be done while considering the structural constraints of the amino acid sequence and the order in which
a given stoichiometry appears. Further, the authors opine
that another parameter for folding is the individual shape
characteristics of amino-acids along the sequence minimizing the surface-to-volume ratio. Entropic and energetic considerations of the folding in this manner would also seem
favourable. When constituent molecules are used up in stoichiometric ratios as an organized principle, it is logical that
the ordered folding may proceed at the expense of increased
entropy because of the disorder induced by the unfolded
ensembles in the surroundings.

Journal of Biomolecular Structure & Dynamics, Volume 28, Number 4, February 2011

Stoichiometric Leitmotif Made Visible
The stoichiometric ratios for each amino acid in folded proteins give rise to “Chargaff’s rules” for protein folding, and
these rules suggest that leucine has the greatest average percentage occurrence (9.0 ± 2.9) and tryptophan (1.3 ± 1.0)
and cysteine (1.8 ± 1.5) the least. This seems plausible since
leucine, being a hydrophobic residue and, being among the
most abundant in proteins, is expected to play a major role
in the folding or packing arrangements of cytosolic proteins
that tend to fold in a compact manner away from the solvent as well as the folding of trans-membrane proteins in a
hydrophobic environment. No wonder that leucine zippers
of transcriptional activators are an ideal system to study the
folding dynamics (10). However, this is not to assume that
tryptophan and cysteine residues have little role in the folding process because of their lowest percentage occurence. On
the contrary, these residues have been shown to be necessary
for proper folding of neprilysin (NEP)/endothelin-converting
enzyme (ECE) family of metalloproteases, to cite one example (11). Further, if the folding process is uniform for both,
intuitively, the question is: what exactly distinguishes the
cytosolic and trans-membrane proteins with regard to their
structure and hence, speciﬁc fate?
If we take this mechanism to be true, then it is entirely
explainable that chaperones, obviously, have an indirect,
supportive role in either coordinating or overseeing the
process. It appears that along the path to a proper fold, if
there were mediator structures mediating between any two
ﬂanking native-like conformations attempting to generate a
consensus, they might force decisions into one direction that
may not generate a proper fold. So, if a protein is to get its
desired structure and function, the trick is to let it fold naturally without the help of any mediators; and it is here that
the inter-play of stoichiometric ratios of amino acids driving
the folding is widely apparent. The question remains, how
disrupting a part of the protein by mutations, resulting in
insertion, deletion or substitution of amino acids and hence,
disruption of stoichiometric occurrences, is expected to let
the protein be viable in its remaining fold as is sometimes
observed.
Protein misfolding may also be well-explained in the context
of this new ﬁnding. Other proteins within a milieu may compete for speciﬁc amino acids thereby leading to misfolding of
those deprived of the amino acids in required stoichiometric
ratios.
Do the proteins prefer just the native fold? Or variations leading to an alternate functional folded state are plausible? Two
proteins were designed with 88% sequence identity and their
different structures and functions were found to be encoded
by only 12% of amino acids (12). It was further suggested
that the free energy change of alternative folded states may
be much more favourable. Depending upon stoichiometry
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and thermodynamics, the alternative folded states may be
formed and preferred over the native.
Needless to say, common sense dictates that protein folding
is environment- or context-dependent and therefore, folding may not be dependent upon stoichiometry alone. Many
proteins are known to fold only in the presence of a ligand.
Paralogs, common examples of which are myoglobin and
haemoglobin with poor sequence identity but similar secondary structures, reside in different cellular micro-environments. Some proteins such as haemoglobin function only in
a multi-domain form. If we consider a particular bacterium
which has to live in an environment where some amino acids
are limiting, there must be some mechanism for ensuring the
availability and hence, maintenance of adequate stoichiometry of amino acids.
Due consideration should also be given to the possibility of
the effect of codon bias in different organisms. In the case of
silent mutations, another amino acid having the same physico-chemical properties is used to form a similar fold with
virtually no phenotypic consequences. Providing an exception to Anﬁnsen’s dogma, a silent polymorphism due to a single-nucleotide change that altered P-glycoprotein’s function,
was determined to be resulting from a fold different from the
wild type (13). A rare codon for isoleucine was substituted in
the place of wild type codon. In such a situation, exactly how
the stoichiometric occurence of the amino acids encoded by
rare and/or cognate codons is expected to drive the correct
fold-formation is worth exploring further.
In disulﬁde-rich proteins, disulﬁde bond formation is found
linked to protein folding activity thermodynamically. Structural disulﬁde bonds are formed only when there is correct backbone-to-backbone distance and proper orientation
of cysteine residues. A mean distance of 5.6 Å is required
between two alpha-carbons of cysteine residues of adjacent
peptide backbones (14). In the case of oxidative folding of
antibody Fab fragment, formation and re-arrangement of
disulﬁde bonds is involved, and so, enzymes such as protein
disulﬁde isomerase need to enter into the picture. Thus, it is
apparent that it is not just stoichiometry (two cysteine molecules for one disulﬁde bond formation) that plays a role in
oxidative protein-folding process, enzymes are essential here
in the larger scheme of things.
The studies by Mittal et al. take into consideration only the
proteins with more than 50 amino acid residues. It will be
worthwhile to explore the folding of small proteins and peptides that are also crucial to the proper functioning of the cell
in light of the new ﬁndings. For example, 15-amino acids-long
helper T lymphocyte epitopes or the nonameric cytotoxic T
lymphocyte (CTL) epitopes need to contact both major histocompatibility complex (MHC) and T cell receptors (TCR)
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at any given point of time, and so, how do they adopt their
particular fold? An idea about the involvement of stoichiometry in their folding is supported by a theoretical instance
(15). In this study, most of the CTL epitopes shown to be
interacting with MHC molecules have leucine or valine at
the two primary anchor positions and also at the positions
where TCR is expected to make a contact. Other examples of
peptides for possible further studies are the ﬁve-amino acidslong met-enkephalin and the nine-amino acids-long hormone
vasopressin.
Rather uniquely, the “Chargaff’s rule” for protein folding
reported by Mittal et al. simpliﬁes both the gross and subtle
mechanisms of protein folding and paves novel pathways for
many more discoveries, yet to be unravelled. The immediate medical implication seems to be, obviously, a thorough
understanding of protein misfolding and aggregation in diabetes, cancer, Alzheimer’s and Parkinson’s diseases among
others ultimately leading towards the discovery and development of successful drugs. A recently developed highly
effective prodrug with enhanced stability and long-term
bioavailability, supramolecular insulin assembly (SIA-II) of
insulin oligomers for diabetes treatment, has been developed
taking into account the notions of protein folding (16). And
what is more, productive and meaningful ab initio protein
structure prediction is in our hands now-well, almost! Interestingly, these ﬁndings by Mittal et al. have been derived
using standard mathematical principles for a biological
problem. Who knows, there might be a magical number,
similar to the universal ‘Pi’ (P) or the golden mean ‘Phi’ (&)
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presiding over many natural phenomena, that governs even
the protein folding process!
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New Direction to the Solution of Protein
Folding Problem
http://www.jbsdonline.com
Recently we saw an interesting paper entitled “A Stoichiometry Driven Universal Spatial Organization of Backbones of Folded Proteins: Are there Chargaff’s
Rules for Protein Folding?” by Aditya Mittal, B. Jayram, Sandhya Shenoy and
Tejdeep Singh Bawa which appeared in the Journal of Biomolecular Structure
and Dynamics (1). The paper comes up with a very revolutionary idea about protein folding. The authors point out that the frequencies of amino acids in the
primary structures of proteins guide the folding patterns of the proteins. This very
idea is quite contrary to the existing belief of the theory behind protein folding.
According to the current understanding behind the mechanism of protein folding,
the process of protein folding relies predominantly on non-covalent interactions
between the side chains of amino acid residues in proteins (2-10) as well as with
the surrounding environment in which the proteins reside. This preferential interaction between amino acids is the basis of the development of knowledge-based
potentials and protein structure prediction which is common place nowadays by
modeling and simulations. (11, 12 and references therein).
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The authors in the paper observed, on the basis of their analysis of the crystal
structures of proteins in the protein data bank (PDB), that the frequencies of
amino acid residues in proteins govern the folding patterns of proteins. This is
quite interesting and, if substantiated in future research, would change the whole
scenario of the computational prediction of protein folding. Prediction of protein
folding from the amino acid sequence of proteins depends basically on the extent
of sequence similarity between the query protein and the template (13-15). As
per the observations of the paper in question, proteins with similar amino acid
frequency would likely to have similar folding patterns. We have a few questions
regarding the hypothesis.
Is there any direct correlation between the amino acid residue frequency and
the secondary structures of proteins? If so, then it would be a very essential step
towards in-silico protein development. Next question is how does the amino
acid sequence frequency determine the interaction patterns in proteins? The pattern of amino acid sequence frequency, while governing the folding patterns of
proteins, should also interfere with the interaction patterns of proteins. If indeed
this is the case, then this would shed light in the elucidation of the underlying mechanisms of different diseases. But one big question then is what are
the effects of the cellular environments on protein folding? According to the
results of the paper in question, minimization of the surface to volume ratio of
proteins (based on the side chains of the constituting amino acid residues of
the proteins) by exclusion of surrounding water molecules, is the most important parameter of the folding process. This correlates with the existing views
of the mechanism of protein folding. As per the results of this paper, proteins
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are found to be enriched in hydrophobic amino acid residues (Leu, Ala, Val) and Glycine and depleted in aromatic
amino acid residues (Phe, Trp, Tyr). It is well known that
hydrophobic amino acid residues generally constitute the
structural scaffolds of proteins, but aromatic amino acid
residues also stabilize proteins by cation-pi interactions
with basic amino acid residues (Lys, Arg) present in proteins (4-10). The average percentage of Cys residues is very
low (second to the minimum which is Trp). Therefore the
number of covalent disulﬁde bonds in proteins is much less.
This supports the existing view of the molecular mechanism of protein folding, which suggests the preponderance
of non-covalent interactions in proteins. Also the average
percentages of polar and charged amino acid residues are
much less. The less number of charged or polar amino acid
residues in proteins means less interactions with the surrounding aqueous milieu and that means less surface-tovolume ratio. However, we are curious to know what the
correlation is between the frequency of amino acid residues
in proteins and the numerous intermediates that proteins
have before getting converted to the natively folded form
from the unfolded states; whether it would be possible to
predict the structural aspects of the intermediates from the
amino acid frequencies of the proteins. If that is possible
then the mystery behind protein folding mechanisms could
be solved. But it should also be noted that crystal structures
are just some snapshots of the dynamic behavior of the ever
changing macromolecules in cells (16-18). Therefore it is
still far from certain what is actually happening inside the
cells. The paper in question suggests an interesting and
novel way of analyzing the mystery behind protein folding.
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Further validation of the hypothesis presented in the paper
may be achieved by determining the structures of proteins
from their amino acid residue frequency.
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Does Stoichiometry Drive Protein Folding?
http://www.jbsdonline.com
Proteins are synthesized in the cell as sequential strings of amino acids. However,
ribosome-emerging polypeptide chains are not active and they have to fold into a
usually unique three-dimensional (3D) structure to become functional. Many proteins have been shown to attain spontaneously in vitro their native state from an
initially complex ensemble of unfolded conformations in the absence of the cellular protein quality control. This implies that the information determining how
proteins gain their active 3D structures should be imprinted somehow in their primary sequences. Nevertheless, the speciﬁc connection between protein sequence
and function has remained lost for almost six decades in the black-box of protein
folding. Understanding how linear amino acids chains are pre-programmed to
fold into their speciﬁc functional architectures remains as one of the most challenging and important tasks in molecular biology. Now, in a recent theoretical
work Mittal et al. put forward a simple principle to explain backbone organization
in protein folding (1). Essentially, the authors propose the absence of preferential long-, medium- or short-range interactions between amino acids during the
folding of globular proteins. It must be mentioned that preferential interactions
between amino acids were the basis for introducing knowledge-based potentials,
which in turn provided the underpinning for present day 3D protein structure
prediction by modeling and simulation (2-4 and references therein).
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The process of folding would be determined instead by the stoichiometric distribution of the twenty proteinogenic amino acids in the primary sequences of proteins in a similar way that the stoichimetry of the four nucleotides, or Chargaff’s
rules, drive the spatial organization of the DNA double helix. The authors delineate these conclusions upon analyzing the distances between CA atoms in 3718
proteins in the PDB concluding that the most important factors for the folding
of a protein are exclusion by water, the shape of the individual amino acids (not
their physicochemical properties) and the way these shapes are distributed along
the sequence. There is no doubt that this is a revolutionary idea that if comes to be
true would change our present view of protein folding and have many important
implications in related areas like structural prediction, protein design or protein
engineering.
Unfortunately, the theoretical framework proposed by Mittal et al. at least in
its present formulation, clashes with different experimental evidences, like the
folding behaviour of retro-proteins. Both the classical view and the new proposal
agree that a polypeptide with exactly the same stoichiometry as a naturally occurring protein, but with a randomized distribution of residues or, in the authors’
formulation, shapes would not get the same native conformation and very likely
would not fold at all. But what would happen if we read the primary sequence
backwards generating thus a retro-protein? Because native proteins are usually
not palindromic in sequence, this exercise would result in a new polypeptide
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that does not align with its parent sequence and therefore,
according to the prevalent view of folding, it will not fold
into the same 3D structure, in case it can fold. Instead, if
one visualizes protein folding as proposed by Mittal et al.
because they display identical stoichiometry and the same
sequential distribution of amino acids shapes, their packing
can potentially attain the same minimal surface-to-volume
ratio and there is not obvious reason to doubt that the two
protein will attain the same 3D structure. The reality is that,
as a general rule, retro-proteins do not fold into the compact,
stable and soluble conformations characteristic of natural
globular proteins (5).
An important concept in the article by Mittal et al. is what the
authors deﬁne as the “margin of life” or the speciﬁc distribution of amino acids compatible with folded proteins. The
proposed stoichiometry displays low standard deviations,
implying that signiﬁcant divergences from this distribution
would have deleterious structural effects. These so said Chargaff’s rules of proteins would impose thus strong compositional constraints for the design of new non-natural proteins.
However, several protein design exercises have succeeded in
producing new proteins using reduced amino acid alphabets.
Although the sequences of these proteins deviate signiﬁcantly
in composition from the one proposed by Mittal et al. they
encode for stable, and topologically complex native conformations which are able to fold in a biologically relevant time
frame (6). In addition, as shown for the paradigmatic case
of bovine pancreatic trypsin inhibitor, extensively simpliﬁed
proteins in which over one-third of the residues are alanines
retain the overall backbone and side-chain conﬁgurations of
the natural inhibitor (7). Together, these observations support a view in which most protein structure determinants
occur at a few sites and involve the establishment of selected
side chain-side chain interactions, questioning thus the role
of strict stoichiometric laws in protein folding.
The discrepancies between Mittal et al. calculations and the
above mentioned experimental evidences likely arise from
the fact that the authors measure distances between CA
atoms in already folded globular proteins. Unfortunately,
this says little about the process of folding, since the fact
that CA atoms are separated in the native structure by a short
distance does not necessarily implies that the corresponding
residues would be interacting in the native conformation, nor
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that they established contacts during the process of protein
folding, since they could be brought in close vicinity simply
by the interactions established by neighbouring residues. This
brings us to the concept of folding nucleus, deﬁned as key
residues in the sequence, which contacts can lead the folding
of a polypeptide chain towards the acquisition of its unique
functional structure. The number of residues involved in such
interactions is usually small. In this way, for acylphosphatase
it appears that an extensive long range native-like contact
network established by only three residues during the folding
reaction is sufﬁcient to determine the overall conformation
of the protein (8). Importantly, in the native structure these
three key residues are not in contact. Therefore, approximations like the one of Mittal et al. will underscore their crucial
role in folding, while providing more relevance to residues
that are in the vicinity simply because the interaction between
residues in the folding nucleus make them come together, not
being necessary that they interact directly with each other
during or after folding.
Overall, although experimental data do not provide strong
evidences for stoichiometry being a major factor controlling
the folding reactions of natural proteins, we should not dismiss the relevance of the work of Mittal et al. It is clear that
the ﬁeld needs new ways of addressing the folding problem
that by generating debate on the mechanisms underlying this
process might allow us to advance towards the formulation of
general and simple rules to understand how proteins fold.
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Proteins are molecular machines built from a polypeptide chain with capability
to self-assemble into a compact 3D structure. This amazing capability is only
exhibited by a subset of all the possible polypeptide chains built using the 20
natural amino acids so that, proteins in the living organisms are the result of years
of natural selection (1). The physical basis of protein self-assembling or folding
as is commonly referred, has puzzled researchers for the last ﬁfty years and it is
still a matter of debate (2, 3). Protein folding has been analyzed using methodologies that range from biophysical methods including structural, spectroscopic
or computational to biochemical, including those of molecular biology. Present
knowledge is the result of important research efforts basically focused on either
understanding the structural features of known folded proteins, on the dynamics
of the folding process or on the design of algorithms to predict the 3D structure
of a protein from its sequence. These three aspects are closely related and need
to be considered simultaneously, since prediction of the 3D structure of a protein involves a deep understanding of the structural features of folded proteins
together with a solid knowledge of the driving forces involved in the folding process, including the role played by the solvent (4).
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Pioneering experiments performed on Ribonuclease at the beginning of the seventies and followed by hundreds of similar experiments with different proteins,
indicate that polypeptide chains fold and unfold reversibly and that all the necessary information of the folding process is embedded in their amino acid sequence
(5). These experiments provide a solid basis to consider that the native structure
is a minimum in the free energy landscape of a protein.
The ﬁrst structures of proteins were released from X-ray diffraction studies in
the early sixties (6) and conﬁrmed that protein structure is organized in structural
subunits, called A-helices and B-sheets. This result had been previously hypothesized from the analysis of the hydrogen bonding capability of polypeptide chains
(7). In addition, the ﬁrst crystal structures also revealed that these structural elements appear much more compact than previously anticipated. Since then, a large
number of structures solved from either X-ray diffraction, NMR or cryo-electron
microscopy have been deposited in the protein data bank, playing a pivotal role for
understanding the structural features exhibited by proteins in their native states.
Much of the work has been devoted to identify secondary structure trends of
sequences (8), to assess the number of folds expected for proteins to adopt (9) or
to identify rules about the neighboring trends of the different amino acids (10).
In the last ten years site directed mutagenesis has also provided useful information about protein structure. One of the most striking results was to demonstrate
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that the structure of a protein is only determined by a reduced
number of amino acids (11, 12). These experiments suggest
that there are key residues in the sequence that dictate the 3D
structure and that already formed secondary structures are
not necessarily determinants of the structure.
Analysis of the folding kinetics is another importance source
of information. Protein folding takes place from micro to milliseconds at room temperature. If folding is considered as the
process of ﬁnding the right pathway to the lowest free energy
minimum, taking into account the large number of energy
minima of the potential energy surface, a polypeptide chain
cannot be expected to explore all possible conﬁgurations in
reasonable time (13). Instead, the folding landscape must be
funneled: after going through valleys and ridges where they
may get trapped, proteins collapse into their native state very
quickly through a cooperative process. This process should
be understood in terms of a collective behavior in which
individual structures of an ensemble achieve their ﬁnal state
following different pathways: “all roads lead to Rome”. In
other words, the folding process should be viewed as a phase
transition and not as a chemical reaction (14).
Spite the level of maturity achieved there is still a debate in
the scientiﬁc community about the driving force of protein
folding. Present knowledge favors thinking that hydrogen
bonding interactions account for the formation of secondary
structure elements, but do not provide a full explanation of
the folded, compact structure of globular proteins. In contrast,
hydrophobic interactions are considered as the driving force
of protein folding (3). The latter hypothesis gained further
support after the shown prediction capabilities of threading
models developed in the eighties (15). Calorimetric measurements indicate that the free energy change of the folding
process is about 10-15 kcal/mole and it is size dependent.
This values, of the order of a single hydrogen bond suggest
that the net result of the folding process must be a delicate
balance of electromagnetic forces and entropy losses (4).
At present, the availability of new biophysical techniques, the
capability to perform longer computer simulations together
with the improved capabilities of protein engineering have
provided a renewed interest in getting a deeper understanding of the underlying principles of protein folding, together
with a considerable effort devoted to develop new methods
to predict the 3D structure of a protein from its sequence,
with the accuracy necessary to understanding its biological
function. In addition, the protein data bank currently contains
more than 65,000 entries with a rate of incorporation of more
than 5,000 new structures per year, offering a renewed opportunity to revise our ideas of the structure of folded proteins.
Taking advantage of the information accumulated in the protein data bank, a very stimulating paper has been recently
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published in this journal (16). The authors conducted a thorough analysis using around 4,000 protein structures aimed
at identifying patterns of preferential clustering of speciﬁc
residues around each other, concluding that the amino acid
occurrence is a necessary condition for a protein to fold. In
their study, the authors carried out a neighborhood analysis
for each of the amino acids in the sequence for each of the
proteins in the set, using different distance cutoffs. They
found that the total number of neighbors for each amino acid
correlates well with its average occurrence in the set of proteins studied independently of the cutoff considered. Indeed,
the asymptotic behavior of the number of neighboring residues of an amino acid in a protein with the distance, necessarily yields a measure of the occurrence of the different amino
acids in folded proteins and this needs to be consistent independently of the amino acid used as reference. The amino
acid occurrence numbers provided in the paper agree well
with other estimates already reported in the literature using
different protein sets (8). The more surprising result of the
report is that this result is independent of the cutoff distance.
Although these results are very stimulating they need to be
contrasted with other observations. First, to provide support
to this proposal in a recent report using a set of 1612 nonredundant protein structures, it was found that the amino acid
occurrence is an important discriminant of the protein folding
topology (17). Altogether these results suggest that folded
proteins exhibit a narrow range of amino acid occurrences and
this range can discriminate for the fold attained. Accordingly,
unstructured proteins should have amino acid occurrences
outside this margin, as the authors suggest in their report.
However, it should be noted that with the exception of arginine, a random translation of the genetic code yields amino
acid occurrences within to the occurrences found in folded
proteins (18). On the other hand, independent analysis carried out recently using a set of 1736 non-redundant proteins
reports contact numbers for the different amino acids that do
not show any correlation with their occurrence in folded proteins at different cutoff distances between 8 and 20 Å (10). In
the same report, the authors show a correlation between residue accessibility to the solvent and its contact number, with
hydrophobic residues exhibiting the highest number of contacts and charged the least. In our opinion the evidence provided cannot be considered as deﬁnitive, since the standard
deviations of the average numbers seem to be dramatically
important to infer the necessary conclusions. Accordingly,
a more detailed analysis is required where the statistical
signiﬁcance of the numbers reported can be assessed.
Understanding protein folding has still a way to go. New algorithms need to be designed for protein structure prediction. A
fundamental question still to be answered is about how folding is initiated. Is it due to a close packing of secondary structure elements already formed or by speciﬁc residues or turns
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that act as nucleation sites? A deeper understanding needs
to be build around the compensation between energy and
entropy contributions in the process and also the role played
by the solvent, in other words the role play by the different
players and the hierarchy of the process.
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The Protein Folding Problem has been a long standing challenge towards achieving a complete molecular understanding of life (1). Since the days of Anﬁnsen,
scientists over the world have been trying to understand the basic laws governing
protein folding and have come a long way. We currently understand the general
forces determining the protein folding such as the hydrophobic effect, secondary
structure formation and the role of preferential interactions among amino-acids.
However we don’t know their relative contributions at the quantitative level.
Thus we are not capable of predicting the folding properties of proteins from their
amino-acid sequence yet.
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The article by Mittal et al. (2) investigates this issue with a fresh twist of the
classic approach of extracting rules from the analysis of protein 3D structures.
Particularly the researchers perform a detailed analysis of CA- CA contacts at
various neighborhood distances, looking for correlations up to unconventionally high distance cut-offs. Various efforts have been made to study the effect
of interactions among amino-acids, but for the ﬁrst time the authors study the
effect and importance of these interactions in protein folding over long distances.
Their hypothesis is that if there are any preferential interactions between different
amino-acids as it is usually assumed, then the contacts distribution at different
distance cut-offs should exhibit speciﬁc biases. But if there are no preferential
interactions then the contacts distribution would just follow the amino acid frequency distribution in natural sequences. From their detailed analysis, they discover that the composition of the structural environment for any amino-acid in
folded proteins is directly proportional to the natural frequency of occurrence
of the amino-acid rather than any preferential interactions. In other words, the
distributions of amino-acid in proteins follow simple stoichiometric relationships
that they call “Chargaff’s rules” for protein folding.
Over the years, there have been numerous efforts pertaining to determination of
amino-acid interactions and to the development of pair-wise interaction potentials
and in their application in coarse-grained computer models of proteins (3). In fact,
a popular method assumes a quasi-chemical (4) approximation to determine pairwise interaction strengths from the frequency of amino-acids pairs in contact. The
Mittal et al. study departs from this general idea because it looks for correlations at
very long distances (up to 60 Å). Their observation that spatial distribution of amino-acids is identical to that dictated by the amino-acid composition is a provocative
result that opens up many questions which needs to be addressed in the future.
For example, the authors have performed an analysis for neighborhood distances
up to 60 Å, whereas correlations are usually investigated at much shorter dis-
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tances. Therefore there is an issue regarding whether when
one goes up to such distances, is it still reasonable to expect
speciﬁc correlations. When one calculates pairwise correlations over such long distances the number of possible pairs
is so large that it is not unreasonable for them to average
out resulting in a Gaussian distribution with its peak around
the average radius of the proteins within the dataset (20-25
Å). The cumulative sum of a Gaussian distribution produces
a sigmoidal curve that may be indistinguishable from those
observed by the authors.
On the other hand, in a recent article, Jha et al. (5) have
shown the presence of preferential interactions among amino-acids in protein folding by using an analysis based on
a scoring matrix of CA-CA contacts in different structural
environments. In this connection, it should be noted that that
preferential interactions between amino acids are the basis
for introducing knowledge-based potentials, which in turn
provide the underpinning for present day three-dimensional
protein structure prediction by modeling and simulation (6-9
and references therein). Another article by Berka et al. (10)
investigates the intramolecular energies for pairs of aminoacid side-chains using ab initio quantum mechanical calculations. These articles observe skewed distributions that
indicate the inﬂuence of amino-acid interactions, which is
contrary to the observations of Mittal et al. and therefore it
is important to complement the Mittal et al. study investigating the interactions at the level of speciﬁc amino-acids pairs,
look for effects at shorter neighborhood distances and possibly include side-chains in the analysis.
Also, there could be astronomically high number of sequences
with the natural distribution of amino-acids, yet not all of
them are observed in nature and fold into proteins. In fact,
experiments suggest that most random sequences are likely
to be dysfunctional folding-wise. So, the amino-acid composition of natural proteins may already include long-range
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correlations selected by evolution that would be missed out
with the Mittal et al. approach since the natural composition
is used as reference state.
Summarizing, the authors here present a novel, unconventional approach to study protein folding from the statistical
analysis of protein structures and make a surprising discovery
that suggests the absence of speciﬁc amino-acid pairwise interactions in protein folding. If conﬁrmed, these ﬁndings would
challenge the currently accepted view, but more research is
needed to clarify several outstanding issues.
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To date, there have been many hypotheses on protein folding and certain progress surely has been made, such as Anﬁnsen’s dogma (1), Levinthal paradox (2).
Recently, Mittal et al. analyzed close to 4,000 folded proteins from their published crystal structures in the protein data bank (PDB) with a bioinformatics and
computational method, and innovatively proposed that protein folding is a direct
consequence of a narrow band of stoichiometric occurrences of amino-acids in
primary sequences, regardless of the size and the fold of a protein (3). Contrary to
all prevalent views, this hypothesis actually negated the roles of speciﬁc aminoacid interactions and the sequence order of the amino acids in protein folding. In
this connection, it should be noted that preferential interactions between amino
acids are the basis for introducing knowledge-based potentials, which in turn
provide the underpinning for present day three-dimensional protein structure
prediction by modeling and simulation (4-7 and references therein). Although
their data analysis approaches seem scientiﬁcally correct, the “uniﬁed conclusion” drawn from a quantity of statistic data may not explain principles complied
by every individual protein for its folding. Nevertheless, spatial distribution of
neighborhoods for all amino-acids, rather than residues adjacent along the primary sequence, determine the protein folding, as proposed by Mittal et al. is a
meaningful ﬁnding.
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It is the study of the properties of protein folding in certain types of proteins that is
being used to deduce the common properties shared by other proteins; such studies has already laid the foundation for almost every hypothesis on protein folding.
For example, the reason why Anﬁnsen’s dogma is widely accepted is that it is
deduced from the study on the features of ribonuclease molecule (1). On the other
hand, the inspiration of Mittal et al. was originated from Chargaff’s Rules, a statement on DNA composition properties. It is well known that DNA is composed
by only 4 kinds of nucleotides while the types of amino acids in proteins are as
many as 20. Furthermore, DNA composition is relatively simple and conservative
in all species; but the structure of protein is far more complicated in that different
proteins have different structures even in the same species, and the structure of
a protein with the same function is different in different species. Therefore, it is
extremely difﬁcult trying to use one uniform concept to explain all kinds of protein foldings and structural features.
For a decade, our group has been constantly devoted to the study on protein misfolding diseases. The conformational conversion of amyloid proteins, especially
prions, is associated with numerous protein aggregation pathologies and infectious properties. We will comment on this issue based on the data obtained from
molecular biological and molecular dynamic prion protein studies.
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Each prion protein contains one prion-forming domain
(PrD), essential to its aggregation. It is found that in the
PrDs of Ure2p, Sup35p and Rnq1p, the ﬁrst three yeast prion
proteins to be identiﬁed, the glutamine (Q) and asparagine
(N) content is unusually high (48% for Ure2p-1–89, 46%
for Sup35p and 43% for Rnq1p) (8-10). Mutagenesis studies of Sup35p and Ure2p have conﬁrmed the important role
played by the Q/Ns content in prion formation (8, 9). Based
on the special amino acid Q/Ns’ content and other factors to
compose prion, Lindquist and her co-workers conducted a
bioinformatic proteome-wide survey to score every PrD in
yeast and revealed that ~ 200 proteins have candidate PrDs,
in which the amyloid and prion-forming properties of the
100 highest-scored PrDs were tested (11). They identiﬁed
24 proteins that satisﬁed the criterion for prion behavior,
of which several were proved to be prion (New1p, Swi1p,
Mot3p and Cyc8p). Their study has suggested that speciﬁc
amino-acids could contribute to the structural feature of a
certain protein.
Subsequently, Wickner and his team used Ure2p as a
model system and randomly shufﬂed the order of amino
acids of its PrD while keeping the amino acid composition
(12). Five Ure2p variants were generated. Test performed
in vitro shows that the prion domains of all ﬁve have readily
formed amyloid ﬁbers under native conditions. Meanwhile,
four of them formed stable prions in vivo, and the ﬁfth
formed unstable prions that could only be maintained and
transmitted under selective conditions. Liu et al. studied
Sup35p and shuffled its PrD without altering its amino
acid composition, which even formed amyloid fiber in
vitro (13). The study on the prion formation of shuffled
PrD of Sup35p in vivo was conducted by Wickner’s
group (14). Seven shuffled variants were generated, five
of which expressed normally in vivo. And for these five,
it was found that four of them formed stable prions and
the fifth formed unstable prion. It needs to be pointed out
that their results suggested that the Sup35p oligopeptide
repeats (PQGGYQQYN, which is repeatedly expressed
in prion domain of Sup35p) were not indispensable for
prion formation. These oligopeptide repeats were first
found in mammalian prion protein and were thought to
influence their conformational conversion to the prion
state (15).
Moreover, our group has used the molecular dynamics simulation to study the aggregation characters of a short 7 peptide fragment (GNNQQNY) in yeast prion Sup35p which
could form amyloid ﬁbrils (16, 17). The seven amino-acid
residues were reorganized randomly into 9 different fragments (shown in Table I), without changing any amino acid
content. We performed 20ns simulation for each fragment
system at pH 7 and temperature 330 K. The RMSD (Root
Mean Square Derivative) value of each fragment system
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Table I
The sequences of 9 randomly reorganized 7 peptides
and the computation after simulation.

wt
1
2
3
4
5
6
7
8
9

Sequence

RMSD (Å)

Aggregation
Time* (ns)

GNNQQNY
GQNQNNY
GNQNQNY
GNNQNQY
GQNNQNY
GQNNNQY
GNQNNQY
GQQNNNY
GNQQNNY
GNNNQQY

3.214
4.391
3.494
4.073
4.473
3.634
4.399
3.539
3.686
3.833

5.91
4.95
1.97
11.89
1.89
4.87
3.99
9.24
7.58
6.39

*Aggregation time, the time that each fragment system aggregate to one
cluster.

after the simulation was quite close, between 3.214 and
4.473, which indicated that the structural diversity of each
fragment were very similar. Hereafter we calculated aggregation time of each fragment system and found that these
nine systems aggregated into one cluster eventually despite
different time they spent. Although changing the permutation of the seven amino-acid residues has made impacts on
the aggregation speeds of nine systems, their aggregation
properties have not been inﬂuenced. Both Wickner and our
groups’ results indicated that the aggregation properties of
prion proteins are independent to the order of amino-acid
sequences.
Our opinion for the thesis of Mittal et al. comes from data on
only one kind of speciﬁc proteins. Results obtained cannot be
employed to prove that all the protein folding features of all
proteins may be in accordance with this principle. We believe
that special amino-acids should be crucial for the structural
features of certain type of proteins, and it might only be in
a limited ﬁxed type of proteins that the occurrence of amino-acids (stoichiometry) determines the structural features.
However, it is still open to question whether stoichiometry
driven protein folding is a universal concept that applies to
all proteins.
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Stoichiometry in Protein Folding?: Deeper Insights
may be Useful
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Understanding the mechanisms of protein folding has remained a mystery since
many decades and there have been a number of models or views which have
been proposed over the period of time (1-4). As of today, there has been a largely
accepted statistical view of protein folding which suggests that a protein starts
from an ensemble of unfolded states and folds through thousands of independent
microscopic pathways, and ﬁnally converging to the native state (5-8). It has been
widely believed and accepted that amino acids side chains play a very important
role in the folding process through electrostatics, hydrogen bonding, hydrophobic
interactions etc., Numerous experimental and theoretical reports are available to
support this view as well (9-10). In fact preferential interactions between amino
acids are the basis for introducing knowledge-based potentials, which in turn provide the underpinning for present day three-dimensional protein structure prediction by modeling and simulation (11-14 and references therein).

Centre for Development of
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The authors of the paper “A Stoichiometry Driven Universal Spatial Organization
of Backbones of Folded Proteins: Are there Chargaff’s Rules for Protein Folding?”, have made a fresh attempt to relook at this age old problem of protein folding with a completely different view point. In the paper published in this Journal
(15), Mittal et al. bring forth the view that protein folding is a direct consequence
of stoichiometric occurrences of amino acids, regardless of the size and fold of the
protein. Mittal et al. also claim that the preferential interactions between amino
acids do not drive protein folding. Going a step further, the authors also claim
that the protein folding is a consequence of the interaction of the C-alpha atoms
in backbone rather than the side chains. This obviously means that the side chains
of the amino acids do not play any role in the protein folding process. This is
contrary to the well accepted view that polar and non-polar amino acids are the
primary driving force in the protein folding process.
This paper brings in a fresh insight into the protein folding problem, and adds
another factor of “stoichiometry” into the numerous factors which govern the
mechanisms of protein folding. Though stoichiometric based analysis seems
interesting, there may be a few points which need to be addressed which may
bring more light into this:
1. The authors have carried out an analysis of spatial distribution of amino
acids in 3D space. The analysis has been carried out for a range between 0
to 9 Å and subsequently between 10 to 90 Å. The amino acids lying in this
range have been deﬁned as “contacts”. Since the distance of 90 Å is very
large one needs to see how signiﬁcant such interactions could be to affect
the entire folding process. It would be more interesting to carry out the
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Joshi
analysis using “native contacts” which would be in
the range 5 to 6 Å and which are well known to play
an important role in protein folding. Having done
an analysis of spatial distribution of amino acids, it
would also be important to see the effects of crystal
packing and symmetry on this analysis.
The plots of number of contacts versus neighborhood
distances show a sigmoidal curve. One needs to explain
why a sigmoidal curve is obtained in such an analysis.
The analysis claims that a single amino acid independent spatial distribution is obtained for all cases. Does
this necessarily mean that the amino acid side chains
do not have any role to play in the folding process?
If the stoichiometric based hypothesis is true, it would
be interesting to examine two proteins having different sequences but having the same stoichiometry. Do
they have the same folding pattern? Such cases need
to be examined and can be a proof for the hypothesis.
To take things further, it would be good to experimentally synthesize such molecules and study their
folding pattern.
Similarly, can one explain the phenomena of misfolding wherein the amino acid stoichiometry remains
same but still the folding pattern changes? In a number of cases, it is well known that chaperones assist in
protein folding process. If stoichiometry is the main
factor in protein folding, then why does a protein
require chaperones for folding?
Can we study cases of functional proteins like enzyme,
wherein a mutation can change the entire conformation of an active site? It would be interesting to study
the effect of a mutation on the protein fold, in one
case which changes the stoichiometry and another
which does not.

6. Lastly, can we formulate stoichiometric rules for formation of an alpha-helix, beta-sheet, coil etc., This, in
my opinion would be the most interesting aspect of
this work.
It may be possible that amino acid stoichiometry could be
another important factor contributing to protein folding. The
paper by Mittal et al. is very interesting and can add further
value to our understanding of protein folding.
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The Newest View on Protein Folding:
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1. There is a universal spatial distribution for the backbones of folded proteins, regardless of their size, shape and sequence.
2. This universality appears to primarily arise out of stoichiometric (relative
frequencies of occurrences of amino acids) margins of life that dictate the
neighborhoods of individual amino acids in folded proteins.
3. These neighborhoods defy the conventional views on “preferential interactions” stabilizing folded protein structures.
4. The apparent “preferential interactions” that have formed the current view
on protein folding are post-facto inferences rather than drivers of protein
folding.
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Several investigators have carefully and critically examined the above ﬁndings
(2-30), especially in terms of a very large body of literature on calculated propensities of different amino acids for different environments. It is very encouraging
that none of the investigators disagree with our results. In our opinion, an objective, weighed, and neutral articulation of our work is most elegantly put forward
by Berendsen (5).
However, there is a clear polarization of opinion on our proposals, with skepticism from the critics regarding the applicability of our methodology to understanding of protein folding. On one hand, several comments agree, to varying
degrees, with our ﬁndings on the stoichiometric margins of life (4, 8, 9, 10, 11,
12, 13, 14, 17, 18, 21, 23, 24, 25, 30), depending on (a) whether CA-CA neighborhoods can be considered informative, and, (b) even if stoichiometric margins of
life are considered necessary for protein folding, they are not sufﬁcient. Some
investigators agree with our ﬁndings in general, including the fascinating universal spatial distribution discovered by us (5, 20, 22, 23, 29), that may provide
a lead into the “sufﬁcient” condition(s) required for protein folding. On the other
hand several comments on our work are either quite skeptical or critical (2,
3, 4, 6, 7, 15, 16, 19, 21, 25, 26, 27, 28), based on the large body of literature
that has evolved sophisticated formalisms using knowledge-based potentials
towards establishing a mechanistic view on protein folding. Interestingly, in
the apparent debate on “for” (the former group) and “against” (the latter group)
our proposals, several arguments provided by “for” comments answer questions
raised by the “against” comments sufﬁciently. For example, it is remarkable that
the major issues raised by Matthews (2) are directly answered experimentally
by Song et al. (29).
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In this report, we address several issues regarding our proposals to enable a clearer and objective emergence of the
“newest” view on protein folding. For doing so we ﬁrst
address some points regarding our methodology:
1. The dataset of 3718 crystal structures of proteins was
randomly collected with the following constraints –
(a) 2.5 Å or better structural resolution, (b) Structural
data of only A-chains was considered to understand
folding of single polypeptide chains, and (c) only
soluble proteins were considered.
2. We speciﬁcally exclude immediate neighbors along
the sequence.
3. In considering CA-CA neighborhoods, neither do we
consider that the backbone carbon atoms interact with
each other, nor do we suggest any such possibility.
Our premise is that spatial organization of CA-pairs
of amino acids whose side chains interact would be
distinct from the spatial organization of CA-pairs of
amino acids whose side chains do not interact. Number of CA-pairs are termed as number of contacts
within a deﬁned distance.
4. Instead of arriving at stoichiometric margins of life by
simply compiling statistics of protein sequences, we
arrive at these margins through a surprising route of
discovering the universal spatial distributions. Thus,
while the end result appears to be “trivial”, the path
taken towards the discovery is certainly not. This in
fact, resembles several classical examples in mathematics, physics and chemistry where an apparently
intriguing path has yielded rather simple solutions to
problems.
Now, one of the major issues in several comments on our
work is the understanding of the sigmoidal universal spatial distributions, barring a few investigators (5, 20, 22,
23, 29). While we and others (20) strongly agree that the
single sigmoid provides solid computational insight into the
“protein folding space” and its constraints, the stoichiometric margins of life appear to be more understandable and
appreciated in general. Therefore, we examined simply the
raw data of the number of contacts as a function of the percentage occurrences, at different distances (the complete
dataset is provided as supplementary material). By doing so,
we directly observe the presence or absence of correlations
between the total number of contacts at speciﬁed distances,
rather than in terms of “n” and “k” as done previously (1).
Figure 1 clearly shows that regardless of the deﬁned distance, number of contacts made by leucines with individual
amino acids is well correlated to frequency of occurrences
of the respective amino acids. Overall, including the insets,
Figure 1 shows:
Number of Contacts = m x Number of pairs

This is also a distance independent relationship, where
“Number of pairs” is directly proportional to (Percentage
Occurrence)2. These results establish our proposals directly,
in a model independent manner. Here, it is extremely important to appreciate that development of a variety of knowledge
based potentials, applications of none of which have more
than 75% success in explaining folded proteins and require
customized corrections to achieve high resolution structural
predictions, has originated from analyzing the apparent deviations of points from the straight line shown in Figure 1A. In
this regard, we wish to state the following explicitly:
1. It is quite incongruous to analyze these apparent deviations in sub-10 Å regimes and ignore them for 20 Å or
higher distance regimes based on the assumption that
only the former matter and the latter do not. At the same
time, it would be equally incongruous to propose that
weak “preferential interactions” do occur at distance
scales of 20 Å or higher. Thus, over-analyses of amino
acid pairs limited to sub-10 Å distances has resulted in
somewhat misleading knowledge based potentials.
2. A clear and conclusive stoichiometric dependence
of number contacts that increases in correlation with
increasing distances points out a uniform distribution
constrained only by the sampling size. Lower the
sample size - more is the observed variation from the
expected. For example, if percentage occurrence of
an amino acid is 7% in a 100 residue protein, then
every set of 10 residues of the protein would be
expected to have either 1 or 0 of this amino-acid, on
an average. Thus, the “closer” we look into subsets of
10 or lesser residues, the more noise we would see in
terms of the average occurrence of this residue. Thus,
the deviation seen in Figure 1A is simply noise.
3. Over-analyses of the above noise (Figure 1A) has
led to sophisticated formalisms and development of
numerous knowledge based potentials, none of which
are universally applicable to known protein crystal
structures.
4. Percentage occurrence statistics of the 20 amino acids
have now been collected for 131855 protein sequences
(conﬁrmed by annotation and experimentally and having 50 or more residues) from the ExPASy Proteomics
Server (http://www.expasy.ch/sprot/) and are shown
in Table 1. The stoichiometric margins of life found
by us for 3718 proteins correlate extremely well with
those for 131855 sequences in the Swiss-Prot server
(Table 1). In fact, the very minor deviations between
the margins of life (1) and Table 1 here are probably
due to presence of a (small) number of unstructured
proteins also.
Having established our ﬁndings in a model independent
manner, we emphasize below some particularly remarkable
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Figure 1: Neighborhoods of amino-acids in folded proteins are determined by simply their stoichiometry in primary sequences, regardless of the deﬁnition
of neighborhood distance – (A) Neighbors of leucine within a 10 Å neighborhood are correlated well with their frequency of occurrence in folded proteins,
regardless of the size of the protein. The relationship is of the form “Number of Contacts = Slope x Percentage Occurrence”. Inset shows that “Slopes” from
such relationships for all the 20 amino-acids are also excellently correlated with the frequency of occurrence of the respective amino-acids. (B) Neighbors of
leucine within a 20 Å neighborhood are correlated well with their frequency of occurrence in folded proteins, regardless of the size of the protein. The relationship is of the form “Number of Contacts = Slope x Percentage Occurrence”. Inset shows that “Slopes” from such relationships for all the 20 amino-acids are
also excellently correlated with the frequency of occurrence of the respective amino-acids. (C) Neighbors of leucine within a 50 Å neighborhood are correlated
well with their frequency of occurrence in folded proteins, regardless of the size of the protein. The relationship is of the form “Number of Contacts = Slope x
Percentage Occurrence”. Inset shows that “Slopes” from such relationships for all the 20 amino-acids are also excellently correlated with the frequency of
occurrence of the respective amino-acids. From the insets of (A), (B) and (C) we ﬁnd “Slope = m x Percentage Occurrence”. Therefore, regardless of the
deﬁnition of neighborhood distance, we get Number of Contacts = m x Number of pairs, where Number of pairs is directly proportional to (Percentage Occurrence)2 for every amino-acid in a folded protein, regardless of the size of the protein.

examples of simulations by some investigators who while
attempting to refute our conclusions, actually support our
proposals extremely well:
1. Galzitskaya et al. (4) very clearly demonstrate (involuntarily) that in case of well established preferred
interactions, such as A-T and C-G in DNA, application
of our approach yields very clearly the following:

(a) Spatial organizations of complementary base pairs
clearly do not follow the same behavior as that
observed for non-complementary base pairs. The
curves obtained in Figure 1 in (4) cannot be ﬁt by
a single equation, with the complementary base
pairs showing unique/different forms.
(b) The preferred interactions are extracted, although
to varying degrees.
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Table 1
The average percentage occurrence of each amino-acid
from the ExPASy Server.

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

Protein sequences conﬁrmed
by annotation and experiments
(mean ± std, n = 131855)
7.2 ± 3.0
6.3 ± 2.1
5.1 ± 2.2
9.6 ± 2.9
3.0 ± 1.5
3.9 ± 1.8
1.2 ± 0.9
5.4 ± 2.6
2.2 ± 1.3
1.9 ± 2.3
5.5 ± 1.8
7.9 ± 2.8
4.3 ± 2.0
4.2 ± 1.9
5.2 ± 1.9
6.8 ± 2.8
2.4 ± 1.3
5.3 ± 2.9
6.0 ± 2.9
6.6 ± 2.8

Thus, application of our methodology to DNA
sequences clearly extracts the complementary base
pairs. Therefore, the corollary stands that in absence
of extraction of individual amino acid paired interactions, folded proteins do not have the conventionally
assumed preferential interactions.
2. Chan (6) shows that even in presence of presumed
preferential interactions in a lattice model, reproduction of our results is seen. A signiﬁcant aspect of this
work is that if one was to simply reverse the positioning of red and blue beads in the simulation, while
keeping the numbers the same as original, similar
results would be obtained. In other words, the results
are essentially dependent on the numbers of the red
and blue beads only. Thus, H-H contacts or P-P contacts are not required to be deﬁned in this simulation.
Simply keeping total number of beads as the same and
keeping H/P ratio also the same in the example would
yield the same results. Therefore, the conclusion must
be that H-H or P-H/H-P or P-P contacts in this simulation are simply a post-facto inference resulting from
the number of H and P beads considered in the simulation system. Interestingly enough, before applying
our methodology, Chan states “Folded structures of
short HP sequences conﬁgured on the two-dimensional square lattice have ratios of inside and outside
residues similar to those of real proteins.” Thus, stoichiometric margins have already been ﬁxed to obtain
the results by Chan. The corollary is one would expect

to obtain similar spatial distributions that result from
ﬁxed stoichiometries. This is exactly our conclusion.
3. Mitternacht and Berezovsky (7) state “The distributions seen in the paper are an effect of general protein
geometry and the natural frequencies of the different amino acids”. We could not agree more. We are
the ﬁrst ones to demonstrate this intuitive statement.
Further, in their simulations, the authors appear to
consciously avoid the use of simple frequency of
occurrence on their data set and utilize somewhat
complex formalisms. It is apparent from their Figure
1 that simple division by frequency of occurrence for
the amino acids would yield indistinguishable data
sets for neighbors of leucines.
4. Wang et al. (15) show occurrence probabilities of the
twenty amino acids in different structural classes of
proteins. Interestingly, they speciﬁcally investigate a
limited number of sequences based on “similar folds”
to four selected proteins representing four “different
structures”. Neither do the authors consider single
polypeptide chains (as we have done), nor do they
consider the possibility of exceptions to general biology. After all, even all of DNA is not double helical.
Further, the authors apparently avoid a ﬁgure with
all of their data pooled as one. One needs to appreciate that the margin of life is in form of distributions
and not absolutes. Moreover, the stoichiometric margins of life found by us for 3718 proteins correlate
extremely well with those for 131855 sequences in the
Swiss-Prot server.
5. Matthews incorrectly calculates the total number of
contacts in a hypothetical protein by including immediate sequence neighbors (2). Now, let us carefully
consider the example provided by Matthews and compare 3 sequences composed of only 3 amino acids
(Met, Ser, Ala) but with varying stoichiometries: (i)
Met-Ser-Ser-Ala-Ala-Ala-Ala-Ala-Ala-Ala (ii) MetAla-Ala-Ser-Ser-Ser-Ser-Ser-Ser-Ser (iii) Met-SerSer-Met-Ala-Met-Met-Met-Met-Met. It is straightforward to apply our methodology and ﬁnd that in
sequence (i) Met, Ser and Ala have stoichiometric
percentages of 10, 20 and 70 resp., and, a total of 8, 14
and 50 contacts resp. Thus, for all the 3 hypothetical
proteins, Met, Ser and Ala have stoichiometric percentages of 30.00 ± 34.64, 36.67 ± 28.87%, 33.33 ±
32.15% resp. and a total of 67, 78, 71 contacts resp.
Firstly, the stoichiometric standard deviations in this
example are clearly very high compared to the margins
of life. Secondly, the regression between percentage
occurrence and total contacts is already lower than that
found by us for 3718 proteins. We are also enthused
to observe the ﬁnal sentence by Matthews, while suggesting analysis of side chain contacts – “Such a calculation would have to be appropriately normalized to
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take into account the abundance of all of the amino
acids involved.” This conﬁrms the acceptance of our
proposals regarding the need for a straightforward
accounting (we urge this; for example if CB contacts
were analyzed, proper and simple normalization for
number of glycines would be required since it lacks
one!) for compositional stoichiometries in natural
proteins. We are convinced that if simple stoichiometric rules of physical chemistry are applied, the ﬁeld
of protein folding will certainly beneﬁt substantially
from our newest view.
6. Rackovsky and Scheraga (3) emphasize the importance of the four weak interactions in protein folding while correctly pointing out that contact maps are
geometric tools and not energetic measures. Surprisingly, these authors ignore that a contact map resulting from energetics of presumed interactions should
certainly show those interactions. While completely
mis-stating the Chargaff’s rules that primarily indicated stoichiometric equivalences of A with T and G
with C respectively (the pairings/preferential interactions were inferred much later by Watson and Crick),
these authors do correctly summarize our ﬁndings
in terms of the importance of relative proportions of
amino acids in protein sequences. In a nutshell the
arguments presented by these authors are extremely
well captured in support of our proposals by the elegant views of Gruebele (9) - “In a compact random
heteropolymer, this result is what one would expect.
But there is another possible explanation. If folding is
governed by myriad weak interactions (van der Waals
contacts, entropically driven solvent exclusion or
hydrophobicity, hydrogen bonds, salt bridges, etc.,),
the free energy terms summed up to produce a given
pair-distribution will act as random variables, and the
Central Limit Theorem applies approximately. A universal sigmoid should then provide a fairly good ﬁt to
the data. Thus the result of Mittal reinforces the notion
that no single ‘magic bullet’ interaction holds proteins
together in a compact state.”
Having established our ﬁndings in a model independent manner, we are now aware that the next challenge is to be able to
provide a mechanism towards solving of “Chargaff’s rules”
of protein folding in terms of stoichiometric margins of life,
analogous to the hydrogen-bonded pairing of complementary
bases proposed by Watson and Crick. The ﬁrst solid step has
already been taken in this direction (31), in which we have
discovered the existence amino acid side chain and location
independent invariant neighborhoods in backbones of folded
proteins. We hope that utilization of these invariant neighborhoods for developing knowledge based potentials could be a
strong step towards completely solving the protein folding
problem.

It is important to mention here that in (31) we also ﬁnd that
out of the possible 400 pairs of amino-acids, Cys-Cys pairs
show a distinct spatial organization compared to the remaining 399. These results are a direct “test for validity” of our
methodology suggested by Agutter (21) (these results had
been informally shared with Prof. Ramaswamy Sarma along
with the formal submission of (1)). Finally, in the spirit of
our work and comments received on it, we present a quote
attributed to Alfred E. Newman (the ﬁctional mascot of Mad
magazine): “We are living in a world today where lemonade
is made from artiﬁcial ﬂavors and furniture polish is made
from real lemons.”
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