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Abstract
Understanding the spatial folding of proteins from their amino acid sequences has an enormous potential in contempo-

rary life sciences. The ability to predict secondary and tertiary structures from primary ones through the use of compu-

ters will enable a much faster and more efficient discovery of organic substances with therapeutic or otherwise bioacti-

ve potential, largely eliminating the need for synthesis and testing of large numbers of organic substances for physiolo-

gical effects. Our manuscript presents an application of correlation function analysis, usually used to describe properties

of liquids, to protein structures in order to elucidate statistically favored distances among amino acids. Pairwise distri-

bution functions were calculated between C-alpha atoms of 20 amino acids in a large ensemble of Protein Data Bank

structures. The correlation functions show characteristic distances in amino acid interactions. Different propensities for

forming various secondary structure elements among all 210 possible amino acid pairs have been visualized and some

have been interpreted. Notably, we found  helices to be surprisingly common among certain pairs.
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1. Introduction
Proteins are the basic building blocks of life. Che-

mically they are polymers made of 20 proteinogenic
amino acids, some of which can be further modified post
synthesis. Understanding the mechanisms of protein fol-
ding is of central importance in structural biology. The
main problem of protein folding is the determination of a
protein’s native structure based on its amino acid se-
quence.1 In cellular and other physiological solutions
proteins assume a well-defined three dimensional struc-
ture, presumed to be of the lowest free energy state.2 The
structure is described on four levels. Primary structure is
a one-dimensional string of amino acids, conventionally
listed from N-terminal to C-terminal end.3 Secondary
structure signifies well defined local three dimensional
motifs which commonly repeat themselves, most often
alpha helices and beta sheets.3 These motifs are mainly a
consequence of hydrogen bond forming between amide
groups of the peptide backbone; however, there are some
interesting new findings which suggest that alpha helix
formation is also aided by side-chain interactions in a

large degree.4,5 Tertiary structure is a list of spatial coor-
dinates of every atom in the protein in its native fold, as
precise as can be deduced from an experimental techni-
que, usually x-ray crystallography or two-dimensional
NMR spectroscopy. Quaternary structure represents an
arrangement of multiple peptide chains joined by non-
peptide bonds in a functional protein. Notably, not all
proteins have quaternary structure, i.e. they are not com-
posed of multiple polymeric chains.3 The solution to the
problem of protein folding is of outstanding value in mo-
lecular biophysics and biopharmacy, as the design of a
new drug or a new vaccine will be increasingly depen-
dent on our ability to construct molecular structures with
very specific binding affinities. Starting from a linear se-
quence of amino acids (primary structure), a relatively
small protein is believed to adopt its native conformation
(of minimum free energy) through the interplay of inter-
molecular forces and thermal energy kBT (kB being
Boltzmann’s constant and T being absolute temperatu-
re).1 The problem of protein folding has been studied
with rather different approaches. On one hand, Ising-like
models allow us to enumerate exhaustively all confor-
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mations.6 These models can be enriched with pairwise
contact potentials.7 On the other hand, structure predic-
tion using atom-based force field molecular dynamics si-
mulations requires a vast computational effort.8–11 It
would be thus desirable to combine the best of both ap-
proaches, i.e. simplicity and accuracy.

Knowledge-based potentials are commonly used as
effective free energies or effective potentials to parametri-
ze coarse-grained protein models. These types of poten-
tials are obtained from databases of known protein struc-
tures and are successfully used in some of the best known
protein structure prediction and fold modeling algo-
rithms.12–15 Nevertheless, the ability of these methods to
predict existing protein structures and model novel ones is
limited. The main reason is due to inaccuracies in their en-
ergy parametrization. This necessitates investigation into
which assumptions used in these potentials are responsib-
le for these limitations, and to what extent. A wide variety
of knowledge-based potentials has been introduced, diffe-
ring in levels of geometric resolution, in terms of contri-
bution to the potential energy, in procedures of relating
energies to the observed frequencies, in levels of applica-
bility(some can be used for all proteins in general while
some for only a specific protein family), and in their in-
tended purposes, ranging from native fold recognition to
protein stability and dynamics simulations,16–22 including
study of protein denaturation in dependence to temperatu-
re and pressure.28

Here, we calculated radial correlation functions bet-
ween the 20 naturally occurring amino acids within a lar-
ge ensemble of Protein Data Bank structures. Pairwise di-
stribution functions have proven themselves to be a use-
ful tool in the theory of liquids and we show they can al-
so be of help in elucidating amino acid interactions. In
the latter, they are somewhat curbed by the non-isotropic
environment of a protein and a large border problem.
Both of these arise from the fact that the radial pairwise
distribution function is a tool meant originally for re-
search of amorphous materials, mainly liquids, which are
isotropic in nature.23 As the inside of a native protein
much more closely resembles a crystal than a solution,
we can only assume that in a large number of structures,
anisotropic effects cancel each each other out. However,
this likely applies only up to a point, as structural motifs
are well known to occur in similar instances throughout
the PDB database.24,25 Further, while in a system such as
a solution of B in A, it can easily be assumed that every
particle B will be surrounded on all sides with solvent
particles A, we have amino acids that themselves span a
significant portion of the total length in protein systems,
and can have no residue-residue interactions on the outsi-
de borders of the system. Also, we do not have a system
of two particles in a protein, but one of twenty – meaning
that, while for each function we assume there are only
AA1-AA2 interactions present, others nearby affect their
spatial densities as well. Therefore, a next step of the pre-

sented analysis could be an application of the liquid theo-
ry’s integral equation to extract effective statistical po-
tentials between amino acids,26,27 which ideally represent
only the interactions between the two amino acids in que-
stion. 

This paper consists of four sections. In Section II,
the methods are outlined, with results and discussion fol-
lowing in the Section III. A short conclusion in Section IV
completes the paper.

2. Methods

The radial distribution function or pair correlation
function gij(r) shows how relative density of particles j va-
ries as a function of distance from a reference particle i. If
average density of particles j is known

(1)

where V is volume of system and Nj number of particles j
in the system then local density of particles j from particle
i is

(2)

Of course all these assumptions hold in an isotropic
and homogenous system. In our case we assumed this and
that interaction between amino acids is pairwise. In our
analysis, we calculated distances between C-alpha atoms
for all amino acids of 63890 protein structures from Pro-
tein Data Bank and we obtained a number of pairs Nij(r)
as a function of distance. We obtained local density as an
average over all particles i divided by volume of a spheri-
cal shell

(3)

Where dr is the step at which distances were sam-
pled. As r grows large enough, affinity between particles
is reduced and local density approaches averaged global
density

(4)

In our case we noticed that local density becomes
flat at distances higher than 12 Å, so we determined ave-
raged density of particles j as average of local densities
between distances 12 and 15 Å. When local and averaged
bulk densities were known, pair distribution function was
calculated as

(5)
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3. Results and Discussion

In protein structures there are 20 different amino
acids. This translates into 210 pair correlation functions
for all their possible pairs. Although individual pairs have
hardly any truly unique peaks, certain amino acids do ha-
ve a preference to form definite peaks which correspond
to secondary structural motifs. Due to a limitation of avai-

lable space, only a few of the most interesting structures
are presented and described in detail, while the rest are
available as supplementary material. Those presented we-
re chosen according to uniqueness of their shape, which
means highly expressed peaks that are rare in most corre-
lation pairs, or an unusual ratio among peak surfaces. As
the research paper outlines, shape differences correspond
to different inclinations of the pairs to forming various se-

Figure1: Left – a polyglycine helical peptide with the distance between two C-alpha atoms likely responsible for , alpha and 3–10 peaks at around

4.1–4.7 Å, 5.4 Å, and 6.0 Å in our results, respectively, marked by a black line. Note that the molecular structure shown is actually an alpha helix –

the other two helices have a bit different shape, besides a different pitch length. Middle – two polyglycine beta strands forming an antiparallel beta

sheet, with hydrogen bonds marked by interrupted thin black lines. The horizontal black line highlights an example of an interstrand C-alpha-C-alp-

ha distance likely responsible for peaks at around 5.1 Å. The vertical black line marks an example of an intrastrand i-i+2 C-alpha-C-alpha distance

likely responsible for peaks at around 6.2 Å. Right – an example of two peptides related by a tertiary interaction between an imidazole group and a

p-hydroxyphenyl group of a histidine and a tyrosine residue, respectively. It is an example of our structural interpretations for peaks at around 8.6

Å and 9.8 Å. The black line shows the distance between C-alpha atoms of the two residues. 
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condary structure motifs. First we present a list of typical
peaks and our interpretations of their structural meanings
in Table 1 and in Figure 1 structural examples. 

In Figure 2 we present pair correlation function for
two alanine molecules in the entire distance range. A high
peak at 3.8 Å can be seen from the figure, which corres-
ponds to peptide bond distance and is present in all distri-
bution functions. This is the distance between two succes-
sive C-alpha atoms in the peptide backbone. In all other
histogram figures, the region before 4 Å is omitted from
the rest of the function for clarity. The alanine-alanine
curve has some interesting features. There are the highly
expressed peaks at 5.1 Å and 6.2 Å. The peak at 6.2 Å is
related to beta sheets, namely to the distance between C-
alpha atoms of an i-th and i+2-th amino acids in one
strand of the sheet. The typical distance between two H-
bonded amino acids among two neighboring strands is
around 5 Å, but this peak is usually hidden among the lar-
ger alpha helix curve. It is prudent to conclude that alani-
ne is heavily presented in beta sheets because of the two
clearly expressed peaks. Beta peak at 5.1 Å is actually li-
kely to be present in the majority of histograms, but only
in pairs markedly preferential for beta sheets can it define
itself from the larger peak nearby at 5.4 Å, which corres-
ponds to an alpha helix, the most often encountered se-
condary structure element. This is the distance of two C-
alpha atoms between an i-th and an i+4-th amino acids in
the helix, the amide groups of which are H-bonded one to
another, nearly parallel with the length of the helix. Next
two peaks can be found at 8.6 Å and 9.9 Å. Considering
their distance, we speculate they are related to side chain
interactions. 

Next we present the correlation functions between
alanine and several other amino acids – glycine, valine
and histidine – in Figure 3 . Alanine-glycine histogram is
one of two small amino acids, one hydrophobic and one
ambivalent. The pair forms all the more typical structural
elements, as shown by the alpha helix peak at 5.4 Å and
beta peak at 6.2 Å, as well as tertiary interactions. A bit
stronger peak at 7.1 Å stands out, perhaps indicating shor-

ter hydrophobic side-chain interactions, which corres-
ponds to smaller side chains of the two amino acids. As
next on Figure 3 we present alanine-histidine correlation.
The curve has an interesting shape in the beta structure
area. It actually peaks at 6.0 Å, instead of the usual obvi-
ous 6.2 Å peak, and is much flatter, particularly when
compared to the ala-ala curve. Our interpretation is that
the peak is shared with the above averagely expressed 3-
10 helices. Tertiary interactions are also quite strong, with
well-defined peaks at 8.6 Å and 9.8 Å. The final correla-
tion we plotted on Figure 3 was a distribution function for
the alanine-valine pair. It has a noticeable peak at 4.3 Å,
which is a bit rare generally and also the only pair on Fi-
gure 3 sporting this feature. We believe that it likely be-
longs to closer-pitched π helices. Before the ubiquitous
alpha helix peak at 5.4 Å, there is another smaller one at
5.1 Å. For this one we believe it belongs to interstrand di-
stances of beta sheets, indicating a higher-than-usual pre-
ference of the pair for this secondary structure type. The
next peculiarity is the split peak with creases at 6.1 Å and
6.3 Å, in place of the typical sharply defined beta sheets
peak at 6.2 Å. We consider two possibilities for this: it
could be either a preference for beta structure at more bent
sheets, or it could be related to tighter 3–10 helices. 

We continued with a correlation between two glyci-
ne molecules and plotted the peculiar result of the smal-
lest self-paired amino acid in Figure 4, amidst the pairs
glycine-tryptophane and glycine-alanine. Particularly,
peaks at 4.2 Å and 7.1 Å in the gly-gly curve both stand
out starkly from the other two curves, indicating a likeli-
ness for involvement of glycine in atypical π helices and
short-range tertiary interactions. Beta structure peak at 6.2
Å is expressed a bit below average, indicating glycine’s
lesser participation in beta sheets, at least as a pair in clo-
se proximity. Peaks at 8.6 Å and 9.8 Å are nearly absent –
particularly the latter one, confirming our hypothesis that
these peaks are related to sidechain interactions, since
glycine does not have a side chain. Also on Figure 4,
glycine-tryptophane radial distribution function is presen-
ted, pairing the smallest amino acid with one of the lar-
gest. Glycine has a large freedom of rotation of ϕ and ψ
angles, while tryptophane is hydrophobic due to the indo-
le group, and more rotation-encumbered. The forming of
alpha and beta secondary structure is clearly defined, as
well as tertiary structure at region from 8.6 Å to approxi-
mately 10.0 Å. More unique is the lesser peak at 6.0 Å,
which we believe is likely to be related to formation of ra-
rer 3–10 helices, which have a pitch height of around 6 Å,
showing a greater than usual tendency of the pair to form-
ing this type of structure. While the peak at 6.2 Å clearly
belongs to beta sheets, the indication of a peak at 6.6 Å is
more of a question.. It is, however, poorly defined, and so
it is our opinion that we cannot assign a particular secon-
dary structure to it. An obvious curiosity of the curve is
the peak at 7.7 Å, clearly not present in the other two
glycine distribution functions on Figure 4. It could repre-

Table 1. A list of typical peaks. Prefix ∼ means that the exact di-

stance of the peak may vary slightly from pair to pair.

Distance in Å Structural interpretation
∼4.3 Pitch of π helices

∼4.7 Pitch of Symbol helices

5.1 Hydrogen bonded beta strands

5.4 Alpha helices

6.0 Pitch of 3–10 helices

6.2 Distance between i-th and i+2-th aa in beta

sheets

∼7.1 Shorter range tertiary interactions, or maybe a

longer pitched coil

∼8.6 Tertiary side chain interactions

∼9.8 Tertiary side chain interactions
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Figure 2. Radial distribution function for two alanine molecules.

Figure 3. Radial distribution functions for pairs alanine-alanine, alanine-glycine, alanine-histidine and alanine-valine.
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Figure 4. Radial distribution functions for pairs alanine-glycine, glycine-tryptophane, and glycine-glycine.

Figure 5. Radial distribution function for the pair isoleucine-valine.
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sent shorter than usual tertiary interactions, an idea sup-
ported by the fact that glycine lacks any real side chain, as
well as that both amino acids are non-polar.

In Figure 5, which is certainly one of the most unu-
sual correlation functions, curve for the pair of two high-
ly hydrophobic amino acids of the BCAA group isoleu-
cine-valine exhibits an out-of-the-ordinary shape in the
entire region. Perhaps most obviously, the alpha helix
peak at 5.4 Å is actually lesser than the beta sheets peak
at 6.2 Å, indicating an extremely high preference of the
pair for the latter kind of secondary structure. Also high-
ly unusual is a very tall and defined peak at 4.7 Å, which
is likely attributed to more densely coiled π helices. In
fact, these two amino acids seem to be more present as a
pair in π helices than in otherwise much more prevalent
alpha helices, which is certainly unique. Indeed, along
with other histograms displaying peaks in this region, it
could indicate that π helices are not as rare as has been
generally assumed. We can see a defined peak at 7.1 Å as
well, indicating what we believe to be a propensity of the
pair to hydrophobic interactions at this distance, or may-
be even a previously unidentified type of secondary
structure, perhaps such as a coil with a pitch of this
length. Also of interest is the combination of a little ex-
pressed peak in the area of around 8.5 Å, and a much lar-
ger, although undefined, peak at 10 Å; it so seems that the
pair likes to form hydrophobic interactions at a larger di-
stance, which may be between non-proximal beta
strands, considering the high preference of the pair for
this type of structure.

4. Conclusions

Pairwise distribution functions were calculated bet-
ween C-alpha atoms of 20 amino acids in a large ensemb-
le of Protein Data Bank structures. Results for 210 pairs
were obtained and shown what can be learned from them
and how to interpret them. We have determined that the
implementation of pairwise distribution functions enables
elucidation of useful information about preferential di-
stances between amino acids in protein structures. We ha-
ve found typical peaks in radiuses of secondary and ter-
tiary interactions. These preferential distances are very
typical, but different pairs can have different combina-
tions of them. Of some interest, we found that certain
pairs have a high propensity for π helices, which may be
more common than generally thought. Distribution func-
tion by itself has certain problems in its use for this purpo-
se, namely non-isotropicity, border problems and a more
complex environment of 20 different amino acids all inte-
racting with each other. Distribution function values could
be improved by acknowledging sidechain orientation of
the pair, thus more clearly separating backbone interac-
tions from tertiary ones. Another step could be a determi-
nation of effective potentials. 
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Povzetek
Razumevanje prostorskega zvitja proteinov prek njihovih aminokislinskih zaporedij ima v dana{njih vedah o `ivljenju

ogromen potencial. Sposobnostra~unalni{kega predvidevanja sekundarne in terciarne strukture iz primarne bo omo-

go~ilo mnogo hitrej{e in u~inkovitej{e odkrivanje organskih snovi s terapevtskim ali druga~e bioaktivnim potencialom,

kar bo v veliki odpravilo potrebo po sintezi velikega {tevila organskih spojin in njihovega preizku{anja za fiziolo{ke

u~inke. V na{em ~lanku predstavljamo uporabo analize s korelacijskimi funkcijami, matemati~nega orodja, obi~ajno na-

menjenega za opis lastnosti teko~in, za ugotavljanje statisti~no preferen~nih razdalj med aminokislinami v proteinskih

strukturah. Izra~unali smo parske porazdelitvene funkcije med C-alfa atomi dvajsetih aminokislin v veliki zbirki PDB

struktur. Korelacijske funkcije poka`ejo karakteristi~ne razdalje v medsebojnih interakcijah aminokislin. Slikovno smo

prikazali razli~na nagnjenja vseh 210-ih posameznih parov do tvorjenja raznih elementov sekundarne strukture, nekate-

ra pa smo tudi interpretirali.


