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1 | INTRODUCTION

Abstract

Standard secondary structure elements such as a-helices or p-sheets, are character-
ized by repeating backbone torsion angles (¢p,y) at the single residue level. Two-
residue motifs of the type (¢,y), are also observed in nonlinear conformations,
mainly turns. Taking these observations a step further, it can be argued that there is
no a priori reason why the presence of higher order periodicities can not be
envisioned in protein structures, such as, for example, periodic transitions between
successive residues of the type (...-a-p-a-B-a-...), or (...-p-ou -B-o -p-...), or (...-a-B-ox -
a-p-a.-...), and so forth, where the symbols (o,B,0) refer to the established
Ramachandran-based residue conformations. From all such possible higher order
periodicities, here we examine the deposited (with the PDB) protein structures for
the presence of short-range periodical conformations comprising five consecutive
residues alternating between two (and only two) distinct Ramachandran regions,
for example, conformations of the type (a-p-a-p-a) or (B-oq-p-a-p), and so forth.
Using a probabilistic approach, we have located several thousands of such
peptapeptides, and these were clustered and analyzed in terms of their structural
characteristics, their sequences, and their putative functional correlations using a
gene ontology-based approach. We show that such nonstandard short-range peri-
odicities are present in a large and functionally diverse sample of proteins, and can
be grouped into two structurally conserved major types. Examination of the struc-
tural context in which these peptapeptides are observed gave no conclusive evi-
dence for the presence of a persistent structural or functional role of these higher

order periodic conformations.
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hydrogen bonding is a defining characteristic of the established second-

ary structure elements, such as the a-helix! or the [S—Sheet.2 An

The definition of secondary structure in biological macromolecules is a alternative—but complementary—description of secondary structure is
core principle in the study of the protein structure and function. It based on the distinct preferences of the backbone (¢,y) torsion angles
refers to the hydrogen bonded local folding of amino acid residues and for the various secondary structure elements. The established approach
the formation of energetically stable structural elements. The pattern of for studying the (¢,y) angles of protein structures is the Ramachandran
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plot,®* which allows the direct visualization of the torsion angles pre-
ferred by the various secondary structure elements such as a-helices,
B-sheets as well as less common?® elements like P,® and o, -helices.”
These preferences lead to the formation of identifiable clusters on the
two-dimensional (2D) Ramachandran space, and are described by
Hollingsworth et al. as linear groups, that is, conformations con-
structed by three or more residues with repeating (¢p,y) pairs.® Well-
known exceptions to the single-residue (¢,y) periodicities are reverse
turns or B-turns, as defined and classified in seven types (1, I', Il, II',
Vla, Vb, and VIII) by Venkatachalam et al.'* and refined by
J.S. Richardson.*? In reverse turns, the central residue (@,y) values of
the turn diverge significantly from the values of the two neighboring
residues. This distinctive (p,y) value transition pattern is also com-
monly observed in the extended definition of $-turns by Wilmot and
Thornton.*® The transitions of (¢,y)-pairs between two value ranges—
known as “regions” in the Ramachandran plot nomenclature—, have
been thoroughly examined and generalized beyond the f-turns in a

very comprehensive survey by Hollingsworth et al.*#

They are defined
as (¢,y)2-motifs, and refer to any possible and observed case of transi-
tion between two Ramachandran regions. The results of this survey
shown that these motifs are very abundant in proteins, something
that amends the classical definition of (¢,y) linearity in secondary
structure and suggests that (¢,y) periodicities in the two-residue level
may be present in secondary structure elements as well. Moreover, it
is well-known that backbone torsion angle irregularities, which break
linearity, are a very common attribute of loops.*>1 This is something
worth investigating further, in order to determine whether higher-
order (¢,y) periodicities are present in loops.

In this study, we examine the deposited (with the PDB) protein
structures for the presence of nonstandard repeating (¢, y)-motifs. We
algorithmically searched for five-residue long protein fragments in
which successive residues adopt conformations that alternate
between two distinct major Ramachandran regions. For instance,
motifs of the type (x-p-a-p-a) or any other possible repeating transi-
tion ensemble between distinct (¢,y) value pairs. To avoid re-
capturing common secondary structure elements such as f-turns—
which also adopt (¢,y), motifs—we completely omitted Gly and Pro
residues from our search. Finally, and as will be discussed later, the
reason that we have limited our search to peptapeptides is that no
statistically significant results could be obtained from the longer pep-
tides we examined.

In the following paragraphs, we describe the probabilistic algo-
rithm we devised for analyzing the five-residue fragments derived
from the PDB, and extensively discuss the statistical analyses per-
formed aiming to meaningfully cluster the derived peptide structures.
This is followed by the analysis of these pentapeptides in terms of
their sequence, secondary structure preferences, functional diversity
and correlation to their structural context. We conclude by discussing
the limitations and implications of this work, especially with respect to
the possibility that even higher dimensionality periodicities could be

present in the known protein structures.

2 | METHODS

2.1 | Data preparation

A sample of 27 300 protein structures with <80% sequence identity,
solved at 3.0 A resolution or better, were culled from the PDB” using
a list generated from the PISCES®® server. We chose a rather low-
resolution cut-off so that the sample is large enough for the statistical
analysis to be meaningful. The (¢,y) dihedral angles of the proteins
were extracted by the structure analysis program PROCHECK,'® and

used as input for our motif searching algorithm.

2.2 | Algorithmic principles

The algorithm we devised uses a probabilistic treatment to search and
score five-residue fragments that are consistent with the sought
structural motif of periodic transitions between two and only two dis-
tinct Ramachandran regions as shown schematically in Figure 1. In the
first step, and starting from a concatenated dihedral angle list of the
whole data set as input, a complete set of all observed (with the PDB)
five-residue fragments which have defined ¢, angles and do not con-
tain glycine or proline, is obtained (8 304 637 pentapeptides). In the
second step, these fragments are scored depending on their consis-
tency with the sought structural motif, which comprises three basic

rules (see Figure 1):

Residues i, i + 2, i + 4 must all reside on one Ramachandran region.

N

Residues i + 1, i + 3 must reside on another Ramachandran region.

3. The two regions must be distinct.

Representing residues as data points on the 2D Ramachandran
space, we define as (A,,) and (d,) the Euclidean distances between resi-
dues in the same region and distinct regions respectively. The process
of Euclidean distance calculation requires the ¢,y coordinates of two

residues and must take into account the circular periodicity of the

FIGURE 1 Schematic representation of the structural motif
searched by the algorithm. The two 2D Gaussians represent distinct
Ramachandran regions and the five points (a,b,c,d,e) represent the
coordinates of five consecutive residues of a hypothetical peptide
fragment. The black dotted lines are the difference vectors (A,)
between residues of the same region, while the red lines represent
the distances (d,) between residues of distinct regions. The algorithm
calculates these distances for all PDB-derived pentapeptides and
converts them to a goodness-of-fit metric [Color figure can be viewed
at wileyonlinelibrary.com]
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angles. In a grid of nine (three by three) identical Ramachandran plots,
the distance between two residues A and B, is the minimum distance
between the A(po, wo)—in the central plot—and all the symmetric
points of B(g;, w;). Details of the algorithm are described in the follow-
ing paragraphs.

2.3 | Probabilistic definition of Ramachandran
regions

As discussed in the previous section, what we want to estimate is the
probability that a set of residues (defined by their ¢,y angles) belong
to the same or distinct regions of the Ramachandran space. Defining
distinct regions with hard-coded limits on (¢,y) angle space leads to
loss of generality and is difficult to encode probabilistically. If, how-
ever, we view the Ramachandran plot as a set of superimposed 2D
Gaussians, a more general treatment is feasible as implied by Figure 1:
Calculating the probability that two points reside in the same or dif-
ferent regions (“Gaussians” from the algorithm's point of view), only
requires the coordinates of points as well as an estimate for the vari-
ance and mean of the respective distributions. To make the calcula-
tions tractable without losing generality, we have resorted to the
following three simplifications: The first is the assumption that the
distribution of the allowed regions on the Ramachandran plot can
indeed be viewed as a superposition of symmetric 2D Gaussians. The
second simplification is based on the assumption that the variance of
these Gaussian approximations is identically the same for all allowed
Ramachandran regions. The third simplification is that a meaningful
estimate of the probability that two points belong to the same
(or distinct) regions can be obtained without knowledge of the center
of the respective regions if all pairwise comparisons are based on the
global distribution of the difference vectors in Ramachandran space.
Please do note that all these approximations are safe in the sense that
by overestimating (through averaging) the variance of these Gaussian
distributions, as will be discussed in the next paragraph, we minimize
the probability of missing a true hit (ie, we minimize false negatives).
Unavoidably, this leads to a concomitant increase of noise (ie, false
positives) but we feel that this is an acceptable strategy given the sub-
sequent steps of clustering analysis performed as will be discussed in
section 2.5. We should also note at this point that the main purpose
of defining Ramachandran regions in a coarse manner, is to facilitate
representation of dihedral transitions between distinct angle value
ranges, rather than classifying them in the established terms (core,

generously allowed, allowed, and not allowed regions).*’

Having that
being said, performing a fine-grained classification of dihedral transi-
tions, would require the explicit definition of each of the classic Ram-
achandran regions, canceling the distance-based, probabilistic
approach we used and leading to a loss of generality. On the contrary,
our method is not dependent on (¢,y) pairs themselves, that is, no
angle data enter the score calculation. Additionally, the classification
of the hits is performed by straightforward pairwise comparison via
Cartesian clustering, assuring structural consistency among cluster
members. This focuses on the structural content of the fragments

adopting these transitions, making the exact position of residues

relatively to the core-regions on the Ramachandran space less mean-
ingful. For the reasons described, our results will be presented in
STRIDE terms, to indicate the transition patterns of the peptide frag-
ments in a comprehensive way and provide better visualization.

Based on the analysis outlined above, and given a distance
between two residues in Ramachandran space, our algorithm only
needs four parameters to estimate the sought probabilities. The first
two parameters are the mean distance and corresponding variance
over all pairs of residues that belong to the same Ramachandran
region. The third and the fourth parameters are the mean distance
and corresponding variance for pairs of residues belonging to distinct
regions. To average-out the differences between the shape and
extent of the allowed Ramachandran regions, we obtained estimates
for these four parameters from (a) the 1D distribution of all PDB-
derived distances between residues [i, i + 1] (which according to our
algorithm must reside on different regions), and, (b) the 1D distribu-
tion of the [i, i + 2] distances (which, for the motif we examine here,
must reside in the same Ramachandran region). These two distribu-
tions are shown in the top panel of Figure 2. Not unexpectedly, the
two distributions are quite similar and both display two distinct peaks,
one at small distances, the second at a distance of approximately
180°. We assigned the first peak to the distribution of distances
between residues that belong to the same cluster, and the second to
the distribution for residues that belong to different Ramachandran
regions. The deviation of these peaks from a normal distribution is
probably due to the deviation of the actual allowed Ramachandran
regions from ideally symmetric two-dimensional Gaussians.

We obtained numerical values for the means () and standard devi-
ations (o) of those two peaks (treating them as ideal normal distribu-
tions) through a nonlinear regression fitting performed with the
function nls() of the R package. Due to the deviation of these peaks
from ideal normal distributions, we have used for our fitting only the
right and left halves of the corresponding low and high deviation peaks.

The derived estimates were found to be:

e 45 =0ando; = 10.55 for the distribution of distances between res-
idues that belong to the same Ramachandran region, and,
e u; = 180.0 and 6, = 34.30 for the distances between residues

belonging to distinct regions.

These values were used to convert distances to probabilities as

described in the next section.

2.4 | Calculation of log-odd scores

For every pentapeptide fragment obtained from the PDB, the algo-
rithm calculates all the distances shown in Figure 1, and converts
them into probabilities using the complementary error function erfc
(x).2° Using the means and standard deviations obtained as described
in the previous section (with y; = 0 and ¢; = 10.55 for the same region
case, u, = 180.0 with 6, = 34.30 for the vectors between distinct

regions), the probabilities are calculated using the following formulas:
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FIGURE 2 Top Panel: Histograms of inter-residue pairwise
distances. The two superimposed curves are the histograms of the
distances between adjacent residues [i, i + 1] (green curve) and of

the distances between residues [i, i + 2] (red curve). Two peaks are
observed in both distributions; the peak on the left corresponds to the
distribution of distances between residues in the same Ramachandran
region. The peak on the right corresponds to the distribution of
distances between residues that belong to distinct Ramachandran
regions. To estimate the parameters needed for the algorithm, nonlinear
regression fitting was performed in the right and left halves of the
respective peaks (shown in green and red circles, respectively, see text
for details). Lower panel: histogram of peptide scores. The red line in this
figure shows the distribution of the log-odd scores obtained from all
PDB-derived pentapeptides in our sample. Approximately normally
distributed major peak defines the noise level of the calculation. The
vertical green dotted line, which was taken as the cutoff for a peptide to
be considered as a hit, lies at four standard deviations away from the
mean of the noise peak and corresponds to a (non-normalized) log-odd
cutoff of ~—14 [Color figure can be viewed at wileyonlinelibrary.com]

(a) The probability P,, that two residues belong to the same region

is given by:

An=py
P, =erfc| = )
a (261\/§

where (4,) is the distance—in Ramachandran space—between the two
residues under examination, and (4, 4) are the expected mean and
variance of the difference vectors for amino acids that belong to the
same Ramachandran region.

(b) The probability Py, that two residues belong to distinct regions
is given by:

dn _/42>
Py =erfc
a4 = et <262\/§

where (d,,) is the distance—in Ramachandran space—between the two
residues under examination, and (u,, 6,) are the expected mean and
variance of the difference vectors for amino acids that belong to dis-
tinct Ramachandran regions.

For each peptide fragment, a total of 10 probability values were
calculated corresponding to the 10 inter-residue vectors shown in
Figure 1. These were then converted to a final (per pentapeptide)

nonnormalized log-odd score using the logit function:

logit(P) = log (#)

The calculations described above were performed through the
application of the R statistical package in combination with locally

written programs.

2.5 | Structure selection and clustering

The lower panel of Figure 2 shows the distribution of the non-
normalized log-odd scores obtained from all pentapeptides in our
sample. The major noise peak is distributed Gaussian-like with a mean
log-odd score of 4 = —23.67 and a corresponding SD of ¢ = 2.35 (esti-
mated via nls fitting). We compared the results obtained by using two
different cut-off values for selecting putative hits, the first at 3¢ above
the mean of the noise peak and the other at 4o above mean
(corresponding to log-odd score cut-off values of —16.61 and —14.27,
respectively). Examination of the resulting structures for their con-
sistency with the sought motif showed that the 4¢ cut-off signifi-
cantly reduced the noise while simultaneously gave a large enough
sample for the subsequent analyses to be statistically meaningful.
With the selected 46 cut-off, a total 25 643 structures were classi-
fied as hits. After omitting identical homopolymeric entries and
entries containing noncanonical number of backbone atoms, a final
grand total of 12 525 structures remained, that correspond to 8535
unique PDB entries.

These hits had to be grouped according to their structural similar-
ity.2! Five clustering methods were tested, which are extensively dis-

cussed in the Supporting Information file:

1. Cartesian RMSD hierarchical clustering with a preset RMSD
cut-off.

2. Cartesian RMSD hierarchical clustering with automatic optimal
cluster number estimation.
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3. Torsion angle RMSD hierarchical clustering with a preset RMSD
cut-off.

4. Torsion angle RMSD hierarchical clustering with automatic optimal
cluster number estimation.

5. Dihedral Principal Component Analysis (dPCA).2%23

The two methods of automatic cluster estimation were carried on
by the pamk®* function of the R statistical package, which implements
the k-means algorithm.2®> R was also used for the two non-automatic
cluster number estimation methods. The RMSD methods required the
construction of two RMSD matrices, one using the Cartesian coordi-
nates of the backbone atoms, the other the respective ¢, dihedral
angles. The cartesian RMSD and torsion RMSD matrices were calcu-
lated by the programs CARMA?® and torsionRMSD, respectively, while
the dPCA was performed with the program GRCARMA.2” These RMSD
matrices are shown in the lower panels of Figures $1-S5. The RMSD
cut-offs for the two nonautomatic methods were estimated by study-
ing the RMSD histograms in both cases. The cut-off values correspond
to the local minima between the major peaks of both histograms
(1.59 A for the Cartesian and 1.44 rad for the dihedral methods respec-
tively, the histograms are shown in Figure Sé). The results derived from
every clustering method were compared by studying the Ram-
achandran plots, the secondary structure assessment WebLogos?®2?
and the dissimilarity RMSD matrices of the highly-populated clusters
(Figures S1-S5). As will be discussed in the next section, the automatic
methods and the dPCA do not group the structures as accurately as
the Cartesian or dihedral clustering with preset RMSD cutoffs, and tend
to merge rather dissimilar clusters into two large ones. Between the
two remaining clustering methods, the dihedral clustering produces
numerous clusters but with only minor differences between pairs of dif-
ferent clusters. The conclusion derived from the above analyses was
that the most accurate method is the Cartesian RMSD hierarchical clus-
tering with set RMSD cut-off as discussed in detail in Supporting
Information file.

3 | RESULTS

3.1 | Clustering results

Cartesian clustering with a preset RMSD cut-off of 1.59 A produced a
total of 20 clusters, of which only seven contained a significant num-
ber of members. Of these seven clusters, the top two account for
85% of the number of pentapeptide structures in our sample. Table 1
lists population statistics for these clusters. It is worth noting here that
all five of the clustering methods that we have tried (see previous sec-
tion), also returned the same two major clusters accounting for
approximately 85% of the pentapeptides in our sample.

Figure 3 shows a graphical representation of the RMSD matrix
between all pentapeptides in our sample after sorting them according
to which cluster they belonged. The origin of the matrix is at the
upper left-hand corner, warm colors (yellow, red) indicate high RMSD
values and cold colors (green, blue) low values as shown in the color

bar. The matrix clearly shows that the clustering method selected

RIZIOTIS anp GLYKOS
TABLE 1 The seven most populated clusters
Cluster members out of total 12 525 Percentage

Cluster  peptides (%)

1 5779 46.1

2 4926 39.3

3 116 0.9

4 90 0.7

5 873 7

6 353 2.8

7 336 27

TOTAL 12473 99.5

Cluster 2

34 5 67

Cluster

FIGURE 3 RMSD matrix of the seven prominent clusters. Color
representation of the RMSD matrix for all pentapeptides belonging to
the seven characterized clusters. Warm colors (red/yellow) indicate
high RMSD values, cold colors (blue/green) indicate low values. The
RMSD values range between 0.0 and 4.031 A as shown in the color
scale bar to the right of the diagram. See text for details [Color figure
can be viewed at wileyonlinelibrary.com]

performs well with a clear separation between relatively homoge-
neous clusters as indicated by (a) the low RMSDs between members
of the same cluster (dark blue/green squares centered on the matrix
diagonal), and, (b) the relatively high RMSDs between structures that
belong to different clusters (off-diagonal yellow/orange parallelo-
grams). Even at this coarse level of the analysis, some additional
observations can be made. For example, the lighter blue/green color
of cluster 2 indicates the presence of higher structural variability in
this cluster. Or, for another example, the off-diagonal green rectangle
that is aligned with the location of clusters 6 and 1 indicate the pres-
ence of a structural similarity between those two clusters, while the
orange rectangle connecting clusters 5 and 2 indicate significant
structural differences between the corresponding clusters. These
observations are placed on a solid ground with the direct structural

comparison shown in Figure 4. The second column in Figure 4
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FIGURE 4 Structural and sequence-based comparison of the pentapeptides. This figure, organized in the form of a table, compares for each
of the seven clusters identified the backbone 3D structures (second column), the Ramachandran plots (third column), the per-residue secondary
structure assignments (fourth column), and finally, the peptides' sequence preferences in the form of a WebLogo (fifth column). The secondary
structure preferences are depicted using a WebLogo-like representation (H, right-handed helix; E, extended f structure; L, aL-helix). The
structural diagrams are superpositions of representative members of each cluster and what is shown here is a smoothed backbone-only
representation using an N-to-C-terminus color scheme. See text for further details
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compares schematic diagrams of the structures of the seven clusters
using a smoothed backbone representation (with the colors indicating
the N-to-C-terminal peptide polarity). To clearly show the amount of
structural variability present in each cluster, what is shown in this fig-
ure is a least-squares superposition of several (equally spaced) mem-
bers from each cluster. Structure graphics in this column were
prepared in PyMol.%°

Before continuing with the detailed analysis of these structures
(next two sections), it is important to first demonstrate that these
peptides are indeed unrelated functionally and evolutionarily, that is,
they do not represent a mere repetition of sequences derived from
homologous protein families. That this is indeed the case, and that the
structures that belong to the different clusters are indeed evolution-
arily independent, is shown by (a) the divergence of the peptide
sequences as seen in the fifth column of Figure 4, and more impor-
tantly, (b) by the functional divergence of the proteins from which
these peptides were obtained which is shown in Figure 5. This figure
shows results from a gene ontology analysis using the GO enrichment
tool ReViGO®! and clearly demonstrates the large functional diversity
that is present in sample of proteins from which these peptide seg-
ments were derived. Something to be commented also is the presence
of hits in proteins of large and small size, >800 and <100 residues,
respectively. Large proteins usually adopt different structural motifs
than regular globular proteins, with a representative example being
collagen, which is a Polyproline-Il repeating motif, forming a fibrous
triple helix structure.3>33 Such instances make up the 1.06% of our
nonredundant dataset, and only the 0.89% of unique PDB IDs in the
seven most populated clusters. With respect to small proteins (<100
residues), although these make up 16,6% of the dataset, only 3.87%
of small protein unique PDB IDs are in the seven clusters. As these
percentages are rather low in the hits, we can safely say that neither
large nor small proteins are overrepresented, and the vast majority of
the hits correspond to proteins spanning from 100 to 800 residues.

One last thing that is worth noting here, is that the motifs we located
have a common characteristic with the reverse p-turns in terms of ¢
angles, in that in both cases motifs of the type (¢,y), are adopted.** The
main difference is that reverse turns are four residue-long and adopt a
single (,y)2-motif in the central two residues, while in the peptides we
located the (¢,y),-motifs are continuous in all five residues.

3.2 | Prominent peptide conformations correspond
to two types of a-g transition motifs

Two transition motifs, a-g-a-p-a and p-a-p-a- (motifs 1 and 2 hereaf-
ter) are the most highly populated clusters and are shown in the first
two rows of Figure 4. Motif 1 adopts a broad turn conformation, with
a tighter bulge in the center, formed by residues i + 2 and i + 3, as
shown in more detail in Figure 6 (please note that the term “bulge” is
used here to describe the particular backbone curvature and is not a
reference to the p bulges). In contrast with the established turns, this
conformation is not stabilized through hydrogen bonding. To show
that this is indeed the case, we examined the peptide structures for

the presence of putative hydrogen bonds between the —NH group of

residue i + 3 and the —CO group of residue i + 1, and similarly for the
pairs of residues (i + 2, i + 4) and (i, i + 2). By using the very generous

A3435 and an

criteria of a donor-acceptor distance of less than 3.9
acceptor-donor-hydrogen angle of less than 63° 3¢ the hydrogen bond
formation frequencies for the (i + 3:i + 1), (i + 2:i + 4), and (i:i + 2) pairs
were found to be only 22.3%, 3.5%, and 2% of the total number of
structures that belong to motif 1. The observation that hydrogen
bonding is not the main force stabilizing the structure of this motif is
consistent with its rather extended form, and indicates that these
loop-like structures are possibly stabilized from their structural envi-
ronment in the context of their corresponding folded proteins.

Motif 2 (B-a-p-a-pB, second row of Figure 4) is a conformation that
could alter the orientation and direction of secondary structure ele-
ments on the —N and —C termini, as it adopts an “S”-like shape with
two bulges facing opposite directions. The N-terminal bulge consists of
residues i, i + 1, i + 2 and the C-terminal bulge consists of residues i + 2,
i+ 3, i+ 4. These bulges could also be stabilized by hydrogen bonds; the
presence of three potential hydrogen bonds has been examined in the
cluster and shown in Figure 6:i+2 —i,i+4 —wi+2andi+3 —i+1
with occupancies 30%, 27.9%, and 0.8%, respectively. The two favored
hydrogen bonds of high occupancy (i+2 — iandi+ 4 — i + 2), can also
occur concurrently, as observed in several structures of the cluster. The
abundance of the a-f-a-f-a and p-a-f-a-f motifs indicates high struc-
tural conservation, while sequence analysis (sequence logos?® in
Figure 4) shows significant diversity in the primary structure level.

A natural question that arises at this point is the following. Do
these loop-like peptide structures have a preferential structural con-
text in which they occur? For example, do they connect other second-
ary structure elements on either side of the peptide, and if yes, are
there preferences as to what type of secondary structure elements
they connect? To answer this question, we show in Figure 7 the
WebLogo representation of the STRIDE-derived secondary structure
assignments for the five-residue motifs along with assignments of
10 residues preceding and following the corresponding motifs. Clearly,
and at least for motifs 1 and 2, notably strong preferences are indeed
present: Motif 1 appears to predominantly connect helical segments,
whereas Motif 2 demonstrates a preference for p structures. To place
this observation on a firm ground, we show in Figures S7 and S8 a
graphical representation of the raw secondary structure data used for
calculating the WebLogo representation of Figure 7. These two fig-
ures leave little doubt: motif 1 is indeed a mostly a-helical-connecting
structure, whereas motif 2 is dominantly associated with § structures.
To put this in numbers we have performed for motif 1 a cluster analy-
sis of the STRIDE assignments (the cluster analysis was performed as
described in ref. 37). What we have found is that ~44% of the cluster
members adopt a helix-loop-helix structure, with an additional 15%
and 6% having only a C- or N-terminal helix respectively. These pref-
erences, however, are not strict as shown in Figure $12. This figure
depicts a representative collection of actual structural schematics for
few of the structures that belong to these two motifs. Clearly, and
although most of the structures for motif 1 are helical and for Motif
2 extended beta, notable exceptions are present in both cases.

An interesting observation here is the connection between these
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FIGURE 5 Visualization of gene ontology
enrichment of each cluster. These scatter plots
represent the diversity of biological functions of
the proteins in each cluster and were created by
the program ReViGO3! using the list of GO terms
as derived from the PDB.Y” The radius of each
bubble is proportional to the generality of the
corresponding GO term (smaller bubbles indicate
more specific GO terms) and the color scaling

represents the uniqueness of each term in the list.

Note that every cluster is heterogeneous in terms
of biological function, a clear indication that the
peptides in our sample are not evolutionarily
related repetitions derived from homologous
protein families [Color figure can be viewed at
wileyonlinelibrary.com]

secondary structure preferences and the motifs per se: motif 1 is of
the a-p-a-f-a type and mostly connects ahelical segments. Motif 2 is

of the p-a-p-a-p type and predominantly connects B structures. Seen
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in this light, it can be argued that what these motifs essentially repre-
sent is structurally conserved three-residue-long loops connecting o

or B structures respectively. Having said that, and as shown in


http://wileyonlinelibrary.com

974 RIZIOTIS GLYKOS
WI LEY_BRQIEINS AND
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FIGURE 6 Representative backbone structures and Ramachandran plots of motifs 1-4. Comparison between the representative backbone
structures and their corresponding Ramachandran plots for Motifs 1-4. The representative structures shown here are those members of the
corresponding motifs, which have the lowest RMSD from the average structure of the motif (ie, the structure calculated by averaging the
Cartesian coordinates of all superimposed structures that belong to the motif). Putative hydrogen bonds together with their frequencies and
distances are also depicted. The Ramachandran plots shown on the right column of this figure were calculated from the representative structures
shown, are marked with the respective residue numbers, and their (¢,) angles are listed [Color figure can be viewed at wileyonlinelibrary.com]

Figures S7, S8, and S12, this observation should be seen as a statisti- for the N- and C- terminal sequences of the pentapeptides, rather
cal preference and not as a rule. than the pentapeptides themselves. This is because STRIDE considers
Something that should be clarified at this point is that STRIDE3® hydrogen bonding and structural context besides backbone torsion

secondary assignments as shown in Figure 7 are mostly meaningful angles to estimate short-range conformations. In the case of the
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FIGURE 7 Structural context of the four
major motifs. Weblogo-like representations of —
the per residue secondary structure preferences 4=
for the four major motifs within the structural o
context in which they occur. The STRIDE3® =
assignments for each of the four motifs

correspond to the five central residues (marked
as 11-15 and enclosed in the red dashed lines).
The assignments for the 10 residues preceding
and following the corresponding motifs are
marked as residues 1-10 and 16-25. The letter
code for the secondary structure assignments

Motif 2

are: H-G, helical; C, coil; T, turn; E, extended
structure [Color figure can be viewed at
wileyonlinelibrary.com]

Motif 3

Motif 4

pentapeptides we found, we use the terms «, p and o, to describe the
position of each residue on the Ramachandran space, and not to make
secondary structure assignment, as this cannot be defined in single-
residue level. Due to that, there is seemingly no agreement observed
between the WebLogos in the fourth column of Figure 4 and the five
central residues in the WebLogos of Figure 7. In the first case, the
logos are utilized to show the transition type consistency among the
cluster members, whereas in the second case, the logos show the sec-
ondary structure variation of the context, assigning the pentapeptides

prominently as coils and turns.

3.3 | a-a; and g-a; transition motifs are observed in
lower frequencies

In addition to motifs 1 and 2 described above, our algorithm also
located two lower frequency motifs of the types f-a;-f-a,-f and a-o;-
a-ay-a (marked as motifs 3 and 4 in Figure 4). Representative structures
for these two clusters can be seen in Figure 6. In motif 3, an inverse “S”
conformation, with a small N-terminal bulge and a larger C-terminal
bulge is observed. In contrast with motifs 1 and 2, hydrogen bonding is
important for these structures: Using the same hydrogen bond criteria
mentioned in the previous section, four hydrogen bonds (colored
dashes in Figure 6) are formed in motif 3 between residues i + 4 — i
+1,i+4—i+2,i+2—iandi+ 3 — i+ 1 with respective frequen-
cies of 67.2%, 39.7%, 12%, and 3.5%. The hydrogen bonding pattern
together with the torsion angle preferences makes the C-terminal bulge
of motif 3 very similar to a type Il -turn, thus allowing the metaphorical

description of motif 3 as a “double turn.”

Residue

WebLogo 3.4

Motif 4 is unusual in that it demonstrates a continuous transition
between the a and «; regions of the Ramachandran diagram. Although
it is observed in low frequency (~0.7%), its structure shows some inter-
esting characteristics: the C, atoms are arranged in a bow-like broad
conformation, with the carbonyl oxygen atoms oriented in such a way
as to point away from the structure's curvature (clearly seen in
Figure 6). As with the previous motifs, we have examined the structures
for the presence of hydrogen bonds (using again the generous criteria
described in section 3.2). For the residue pairs i+ 3 — i+ 1,i+ 4 —
i+ 2andi+ 2 — ithe observed frequencies were found to be 32.2%,
21.1%, and 8.9%, respectively, indicating that again that the main stabi-
lizing force for these structures is not intra-peptide hydrogen bonding.

3.4 | Motifs 5, 6, and 7 populate transitions within
the same Ramachandran regions

A by-product of the distance-based algorithm that we implemented
(see section 2), is the identification by our programs of motifs that
involve transitions within the same Ramachandran region. These
motifs, although consistent with our algorithmic design, are not fully
consistent with the sought target of our analyses. Having said that,
and for completeness, we show in Figure 4 the structural characteris-
tics of these three additional motifs (motifs 5, 6, and 7, last three rows
of Figure 4). Motif 5, and as can be seen in its corresponding Ram-
achandran plot (third column of Figure 4), mainly populates transitions
within the helical region of the plot, with the several of these transi-
tions being of the type a-310-a-310-a and 3;p-a-310-a-310.°>° Motifs

6 and 7 (two last rows in Figure 4) both demonstrate transitions
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within the f region of the Ramachandran plot, with motif 6 populating
transitions of the type Py-B-Py-$-Py, while cluster 7 occupies the com-
plementary g-Py-p-Py- motif. The main structural difference between
these two transitions concerns the orientation of the carbonyl oxygen
atoms, which are pointing to opposite directions when the other back-
bone atoms are structurally aligned. Although these intra-region tran-
sitions may have some structurally interesting characteristics, the
rather minor structural fluctuations that they demonstrate between
successive residues makes them fall outside the scope of this commu-

nication and will be no further analyzed.

3.5 | Sequence and functional diversity

The last (fifth) column of Figure 4 shows WebLogo representations of
the peptide sequences corresponding to the seven characterized
motifs. Clearly, the similarity of the peptides at the structural level (sec-
ond column) is not due to the presence of any form of conservation in
sequence space. The implication of this finding is clear: these structur-
ally conserved motifs are not evolutionarily related and they can be
observed in a diverse set of functionally and evolutionarily unrelated
proteins. Having said that, we have examined in structural terms some
of the most pronounced preferences seen in these WebLogo diagrams.
For example, there is a weak preference for residues D, S, N, T in posi-
tion 4 of motif 1, while motif 2 shows no particular preference. In motif
3, preferences are observed in positions 2 and 4 (D,F,N,L and D,H,A,
respectively) while in motif 4 there is a relatively highly conserved posi-
tion 3 with D,C,L residues being the most frequently observed. A natu-
ral question is whether these weak sequence preferences have a
structural basis,?* for example a side chain forming electrostatic interac-
tions with the peptide backbone. We have examined in structural terms
such putative preferences and in Figure S11 we show an example of
such an analysis for Motif 1. This figure depicts representative Motif
1 structures of each of the four residue preferences at position 4. The
structures shown in this diagram are the representative structures pro-
duced by Cartesian PCA analysis with side chains added only in posi-
tion 4 and only for residues D,S,N, and T. The orientation of the side
chains is towards the exterior of the backbone curve, indicating that it
is unlikely for these side chains are involved in direct interactions with
the main chain atoms. However, WebLogo and per-sequence STRIDE
analyses have shown that when these four residues are present, the
formation frequency of C-terminal a-helices is higher. A possible expla-
nation of this finding is that interactions between the fourth residue
side-chain of the motif and the following a-helix could lead to the stabi-
lization of the latter.

Although the absence of detectable sequence conservation in the
seven characterized motifs clearly points to the absence of functional
relationships between the corresponding proteins, we felt that a proper
analysis in functional terms of the proteins involved was necessary in
order to reach a definitive conclusion. To this end, we performed a
gene ontology enrichment procedure using a GO*° database obtained
directly from the PDB which assigns every chain of a PDB entry to its
corresponding GO terms. For each cluster, all parent polypeptide chains

were assigned to one or more GO terms, and the results were plotted

using the tool ReViGO.! The GO terms bubble plots shown in
Figure 5. Each bubble represents one GO term from the provided list,
and the dissimilarity among them is assessed statistically and defined
by two principal components which are denoted as “semantic space x”
and “semantic space y” in the ReViGO nomenclature. The color scale
and radius of each bubble in these diagrams represent the uniqueness
and generality of each term respectively. The dispersion and heteroge-
neity of these plots clearly indicate that the proteins from which these
peptide fragments have been derived correspond to a functionally het-
erogeneous ensemble of parent polypeptide chains, and are not just
repeating occurrences from structurally and functionally similar sub-
units, in good agreement with the results obtained from the WebLogo

analysis discussed in the previous paragraph.

3.6 | Shorter and longer-range periodicities

A natural question that arises at this point is whether periodicities simi-
lar to those observed for pentapeptides are also present in the case of
shorter or longer peptides. With respect to dihedral transitions
between three or four consecutive residues, these comprise a well-
established and characterized ensemble of structural motifs, commonly
known as tight turns. As already mentioned in the introduction, p-turns
comprise four residues, of which the two central ones (i+ 1 and i + 2)
reside in distinct regions on the Ramachandran space. Eight types
of B-turns have been identified, each one adopting a different
(@, y)2-motif. 131441 A similar case is seen in y-turns, which include
three residues instead of four, with (@,y) pairs (@1,y1) = (172°,128°);
(@2:y2) = (68°,—61°); (pays) = (—131°,162°)*% that is, two transitions
on the Ramachandran space involving one favored and one non-
favored region. Due to dihedral transitions being very common motifs
in turns, we have chosen to exclude three and four-residue peptide
segments from our search, as the algorithm hits would contain all those
well-characterized types of turns. This is also the reason why the Gly
and Pro residues were omitted from our search, as these are usually
observed in the central position of several types of p-turns.t®* More-
over, the main question to be addressed through this study is the exis-
tence of—consecutive—dihedral transitions in proteins, so for this to be
satisfied, the peptide fragment length should be at least four residues.
Regarding fragments longer than five residues, we have performed
a search for transitions (followed by the same Cartesian clustering
method as the one used in the case of pentapeptides) for peptide
fragments ranging from 6 to 10 residues. Although several such longer
peptides have been located by the search algorithm, the number of
hits drops so fast with increasing peptide length that we feel that the
results lack statistical significance. To put this in numbers, for peptides
ranging from 5 to 10 residues we have located the following number
of hits (expressed as the number of unique PDB entries from our non-
redundant dataset): 5-peptides: 8535; 6-peptides: 1644; 7-peptides:
326; 8-peptides: 80; 9-peptides: 10; 10-peptides: 5. The prominent
conformations observed for these fragments are presented in
Figure S13 in the form of superimposed structures along with the
corresponding transition patterns (only the most highly populated

clusters are shown). Note how the number of hits drops by almost a
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factor of five for each added residue, leading to sparsely populated
clusters for peptides longer than 7 residues, especially for the
10-residue peptides where hits were located in only five unique PDB
entries. Naturally, no meaningful clustering could be performed for
these longer than 7-mer fragments, and only some representative
structures are shown in Figure $S13. Comparison of the structures
shown in Figure 4 with the structures of these longer peptides, indi-
cates the presence of a persistent set of conformations for the central
region of the peptides which remain relatively unaltered as the length
increases, while the terminal regions show slightly more variance.
Although the clustering results shown in Figure $S13 could possibly be
meaningful for the hexapeptides, we are convinced that the much
higher sample size for pentapeptides, together with the structural sim-
ilarity between the peptapeptides and the longer peptides justifies
our choice to restrict our analysis to five-residue fragments. This pep-
tide size appears to be adequate for characterizing short-range peri-
odicities in the two-residue level, while maintaining the structural
content that is also observed in the longer fragments.

4 | SUMMARY AND CONCLUSIONS

We have shown that motifs of the type X-Y-X-Y-X, where X and Y
can be any of the three major regions of the Ramachandran plot, are
represented in significant populations in the set of known protein
structures. Our analysis indicated that out of all possible permutations
of this type of transitions, the a-p-a-f-a and p-a-f-a-p transitions
(motifs 1 and 2 in Figure 4) are the prominent ones based on their fre-
quencies of occurrence, followed by the g-a;-p-a,-p and a-a;-a-a;-a
motifs. Both of the two major motifs (a-p-a-f-a and g-a-p-a-) demon-
strate an extended loop-like structure that frequently serves as a con-
necting element in helix-loop-helix and p-hairpin supersecondary
structures, respectively. However, as Figures S7, S8, and especially
Figure S12 show, these are statistical preferences only (and not a
defining characteristic of the motif and the corresponding structures).
Nevertheless, and regarding Motif 1, we can probably safely conclude
that the presence of N- and C-terminal a-helices is clearly preferred.
Combining the information from hydrogen bonding and the occur-
rence of the hydrogen bonding patterns previously discussed in the
center of the pentapeptide, indicates that these peptides may serve as
structurally stable connecting regions in helix-loop-helix motifs. Simi-

larly, in Motif 2, whole-molecule STRIDES®

assignments show fre-
quent B-strands on both sides of the pentadeptides (Figure S8). This
together with the observed hydrogen-bonding frequencies may indi-
cate their loop role in B-hairpins. However, representative super-
secondary structures cannot be estimated in Motif 2, as there is high
secondary structure diversity on either side of the pentapeptides, in
contrast to Motif 1 where there is higher structural context consis-
tency among the cluster members.

Other than the pure structural interest of characterizing previously
unknown motifs, the work reported here may find putative applica-
tions mainly in the field of protein structure prediction algorithms. For

instance, a deep neural network could be trained to predict the

conformation of such motifs, among others, using sequence-level data to
refine the overall predicted structure. Moreover, and as discussed previ-
ously, a conclusion drawn from our results is that these short motifs are
frequently observed in loops. Research focusing on such elements is
increasingly gaining popularity, especially since loops have been shown to
serve major functional roles*® such as the hypervariable antibody
regions.** Providing additional structural insight on how loops adopt to
varying structural motifs can also be useful for creating or improving exis-
ting methodologies for their structural detection and characterization.*®
We will conclude this communication with a discussion of what
we perceive is the major limitation of the work reported here. In addi-
tion, this is no other than the idea already presented in the introduc-
tion of this manuscript: There is a multitude of possible higher order
periodicities that could involve any imaginable type of transitions
involving multiple Ramachandran regions and multiple successive resi-
dues. For example, we could envision periodicities of the type
ma-f-ag-a-f-qp-... or ...~a-a-p-p-a-a-... or ...-ay-p-f-a;-a-p-p-o-... and
so forth. Of all these putative periodicities, here we examined the
deposited with the PDB structures only for a very specific type involv-
ing successive transitions between two and only regions of the Ram-
achandran space. The fact that we have located several thousand
fragments demonstrating such transitions indicates that a more com-
plex search for higher order periodicities may well be a worthwhile
exercise. Performing such a generalized high dimensionality search
may not be trivial however. Standard tools for discovering periodic-
ities such as the Fourier transform spring to mind but their application
would not be straightforward, especially if a probabilistic treatment is
required. Additionally, if numerous residues are considered for such a
search, the curse of dimensionality will almost certainly present itself,
together with its implied computational complexity. Finally, such a
search for higher order periodicities—even if successful—is bound to
only locate “rare” substructures in the sense that if such periodicities
were common in protein structures they would already have been
characterized. Having said that, we believe that a search for such pre-
viously uncharacterized protein periodicities would be an interesting

exercise in expanding our view of protein structures.
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