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Abstract 
Motivation: Polyproline II (PPII) is a common conformation, comparable to α-helix and β-sheet and is 
a candidate for being the most prevalent secondary structure. PPII, recently termed with a more 
generic name – κ-helix, adopts a left-handed structure with 3-fold rotational symmetry. Lately, a new 
type of binding mechanism – the helical lock and key model was introduced in SH3-domain 
complexes, where the interaction is characterized by a sliding helical pattern. However, whether this 
binding mechanism is unique only to SH3 domains is unreported. 
Results: Here, we show that the helical binding pattern is a universal feature of the κ-helix 
conformation, present within all the major target families - SH3, WW, profilin, MHC-II, EVH1, and 
GYF domains. Based on a geometric analysis of 255 experimentally solved structures, we found that 
they are characterized by a distinctive rotational angle along the helical axis. Furthermore, we found 
that the range of helical pitch varies between different protein domains or peptide orientations and 
that the interaction is also represented by a rotational displacement mimicking helical motion. The 
discovery of rotational interactions as a mechanism, reveals a new dimension in the realm of protein-
protein interactions, which introduces a new layer of information encoded by the helical conformation. 
Due to the extensive involvement of the conformation in functional interactions, we anticipate our 
model to expand the current molecular understanding of the relationship between protein structure 
and function.  
Availability: We have implemented the proposed methods in an R package freely available at 
https://github.com/Grantlab/bio3d 
Contact: Tomermrsn@gmail.com 
Supplementary information: Supplementary data are available at Bioinformatics online. 

 

1 Introduction 
Protein secondary structures are repetitive elements with conserved 
geometric and biophysical properties and are of the utmost importance in 
many branches of biology.  Since Pauling and coworkers proposed the α-
helix and β-sheet in 1951, now known to constitute tens of thousands of 

proteins, they remain to be the most recognized secondary structures 
(Eisenberg, 2003). Polyproline II (PPII) helix is yet another fascinating 
structure which was once considered to be infrequent (Berisio, et al., 
2006; Creamer and Campbell, 2002; Siermala, et al., 2001; Wang, et al., 
2005), however the actual prevalence and significance continues to 
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unfold (Adzhubei, et al., 2013; Jha, et al., 2005; Wang, et al., 2005). PPII 
has an elongated left-handed structure, three residues per turn, and a 
three-fold rotational symmetry along the helix axis (Holt and Koffer, 
2001).  

PPII, as indicated by their name, are often enriched with 
prolines and possess a PxxP motif (Kaneko, et al., 2008). However, 
proline-free PPIIs are almost just as frequent, which evoked a 
widespread criticism for the misleading name ‘polyproline’ to the many 
structures which contain few or none, and calling for a more suitable 
designation (Adzhubei, et al., 2013; Hicks and Hsu, 2004; 
Hollingsworth, et al., 2009; Mansiaux, et al., 2011; Martin, et al., 2014; 
Meirson, et al., 2019; Milner-White and Russell, 2008). Therefore, ‘κ-
helix’ was proposed as the Greek letter forms three partial triangles. 
Also, its spelling ‘kappa’ denotes it is enriched with prolines (aPPa) and 
requires three residues to complete a turn (AppA) (Meirson, et al., 2019).  

The κ-helix stands out among secondary structures due to its 
distinctive structural properties. While κ-helix constructs fibrillar 
proteins which serve as mechanical support of cells and tissues (Esipova 
and Tumanyan, 2017; Rhee and Grinnell, 2007), the secondary structure 
is markedly more flexible in comparison to the α-helix and β-sheet 
(Zagrovic, et al., 2005). The extended character of κ-helix does not 
support regular patterns of intrachain hydrogen bonds and capable of fast 
conformational changes (Cubellis, et al., 2005; Kelly, et al., 2001; 
Mensch, et al., 2016; Stapley and Creamer, 1999). The irregular 
character of κ-helix hydrogen bonds allows it to form intermolecular 
ligand-target hydrogen bonds and supports the formation of protein-
protein interactions (Cubellis, et al., 2005; Siligardi and Drake, 1995). 
The mediation of protein interactions via κ-helix and their recognition 
motifs azre among the best known functional roles of the structure 
(Adzhubei, et al., 2013). Yet, the selective facilitation of protein-protein 
interactions is discordant with the promiscuous binding of this small and 
conformationally restricted peptide. This raised speculations on how the 
conflicting features of the motif can coexist (Agrawal and Kishan, 2002; 
Ball, et al., 2005; Meirson, et al., 2019).  

The κ-helix is found in protein ligands participating in 
binding to various protein domains, such as the Src homology 3 (SH3), 
WW (named for a conserved Trp‐Trp motif), profilin, major 
histocompatibility complex class II (MHC-II), Ena/VASP Homology 1 
(EVH1) and glycine-tyrosine-phenylalanine (GYF) domains (Adzhubei, 
et al., 2013; Ball, et al., 2005). Recently, we have shown that κ-helix 
interaction with SH3 domains is governed by the rotation angle of the 
helix backbone around the helical path (Meirson, et al., 2019). The 
helical motif can be described as a “screw”, while its binding interface 
on the surface of the target offers a semblance of a “nut thread” to this 
screw. Therefore, all SH3/κ-helix complexes can be characterized in a 
single uniform system in rotational space. These findings introduced a 
novel model of a lock with a rotating and translating key with no known 
equivalent machinery in molecular biology (Meirson, et al., 2019). In 
contrast to the classical lock and key model where the binding partners 
have essentially random spatial arrangements, the proposed model offers 
a coherent apparatus where the binding partners share a common helical 
interface. In addition, due to the 3-fold rotational symmetry of κ-helix 
and the rotary translation, the SH3/κ-helix complexes are separated by 
120° rotation, and stratified into three classes α (0-120°), β (120-240°) 
and γ (240-360°). Also, κ-helices were found to be characterized by a 
structural reading frame, containing the PxxP motif, and together with 
the flanking residues dictate the organization of SH3 domains. One of 
the major questions arising from these findings is whether the helical 
lock and key model of κ-helix is unique to SH3 domains or is a more 
general binding mechanism. Therefore, in this study, we focus on the 

binding interactions of the major κ-helix binding domains (KBD) and 
explore a similar helical association to κ-helix. 
 

Figure 1. Three-dimensional structures of representative examples κ-helix binding 

domains. (A) SH3 domain (PDB: 1ABO). (B) WW domain (PDB: 2HO2). (C) Profilin 

(PDB: 2JKG). (D) MHC-II (PDB: 1JK8). (E) EVH1 domain (PDB: 5ZZ9). (F) GYF 

domain (PDB: 1L2Z). The figure depicts the overall folds of the domains and the location 

of the peptide-binding site comprising the exposed and aromatic residues. Residues are 

colored by type. The residues used for binding frame assignment and reference are 

marked with a circle and triangle, respectively. 

 
2 Methods 
2.1 Data collection: 
To obtain all the major domains complexed with polyproline peptides, 
we queried the PDB database for the domain names in all species - SH3, 
WW, profilin, MHC-II, EVH1, GYF and UEV domains (Adzhubei, et 
al., 2013; Ball, et al., 2005). Each structure was inspected manually and 
downloaded if it involved an interaction with a peptide. In total, we 
identified 255 PDB files (Supplementary Table 1). None of the identified 
UEV complexes passed the assignment threshold for PPII and thus were 
excluded from further analysis. Crystal structures with several chains and 
NMR structures with multiple conformations were split into separate 
complexes. For MHC-II structures with multiple chains, only one 
complex (α/β chains with a peptide) was used. Peptides with less than six 
residues in the binding groove or synthetic residues in this interface were 
excluded. Crystal structures with a resolution of more than 3Å were also 
excluded. To analyze the structures, the Bio3D package (Grant, et al., 
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2006) was used with the statistical programming language 
R (https://www.r-project.org/).  
 
2.2 Binding frame assignment 
The six-residue reading frame representing the binding interface was 
assigned based on the position of the peptide relative to a common 
conserved residue in each domain. The length of the peptide may be 
longer (e.g., in MHC-II complexes), however only the first six residues 
are considered. The residues in the target domains representing the 
boundary of the ligand (Figure 1) included Trp99 (PDB: 1ABO), Trp280 
(PDB: 2HO2), Tyr35 (PDB: 2KJG), Trp61 (PDB: 1JK8), Gln79 (PDB: 
5NC7), Tyr6 (PDB: 1L2Z), in SH3, WW, profilin, MHC-II, EVH1 and 
GYF domains, respectively. Since PPII peptides can be situated in 
various configurations, we used a uniform nomenclature that is based 
only on the binding frame. The most N-terminal residue in the binding 
frame is assigned as position “1” and the remaining positions increment 
positively toward the C-terminus, which allows a comparable 
nomenclature that is independent of the peptide orientation. 
 
2.3 Polyproline type II assignment  
To assign PPII we used the method which was recently introduced 
(Meirson, et al., 2019). We calculated the root-mean-square dihedral 
deviations (RMSdD) of the peptide backbone torsional angles φ and ψ as 
a measure of the average deviation from the reference PPII. The RMSdD 
of φ and ψ angles is given by  

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅φ = �
1
𝑁𝑁
�(φ𝑖𝑖 − φ𝑟𝑟)2
𝑁𝑁

𝑖𝑖=1

 

                           

(1) 

 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅ψ = �
1
𝑁𝑁
�(ψ𝑖𝑖 − ψ𝑟𝑟)2
𝑁𝑁

𝑖𝑖=1

 

                           

(2) 

 

where N is the total number of residues with calculated torsional angles 
φ𝑖𝑖 and ψ𝑖𝑖, and φ𝑟𝑟 and ψ𝑟𝑟 are the reference angles of φ=-78°, ψ=146° 
(Stapley and Creamer, 1999). The mean RMSdD which incorporates 
both torsional dihedral angles is then given by 
 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =  
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅φ + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅ψ

2
 (3) 

In this study, we used a stricter RMSdD threshold for PPII assignment 
that was set 70% of the previously calculated cut-off (Meirson, et al., 
2019). 
 
3 Results 
3.1 The universal helical nature of κ-helix 
To evaluate whether the helical binding mode of κ-helix is restricted to 
SH3 domains or is a general phenomenon, we analyzed additional 
domain families. First, we used only complexes with peptides assigned 
to κ-helix conformation (Supplementary Table 2). The assignment of the 
κ-helix secondary structure is based on the dihedral angle deviations of 
the peptide from an ideal PPII. The alignment of the assigned peptides 
with their cognate targets are shown in Figure 2. The structural 
alignments of the complexes demonstrate a rotation coupled with 
translation (i.e., screw motion) along the helix axis which is best 
observed in the SH3 domain (Figure 2A). The rest of the domains 
contain fewer structures but also depict a similar distribution (Figure 2B-
F). However, WW domain (Figure 2B) and to a lesser extent EVH1 
domain (Figure 2E) present with an additional rotation that is 
perpendicular to the binding plane in some of the peptides, suggesting a 

more versatile binding interface or that the interaction is context-
dependent (Zhou, et al., 2019).  
 

 
Figure 2. Structural alignment of κ-helix binding domains in complex with their cognate 

ligands. (A) SH3 domain. (B) WW domain. (C) Profilin. (D) MHC-II. (E) EVH1 domain. 

(F) GYF domain; shown are multiple conformations for a single GYF domain (PDB: 

1L2Z). The figure shows the helical displacement in various degrees relative to the target. 

Peptide ligands are colored by their PDB ID.  

 
To characterize the interaction formed between the peptides 

and their cognate targets, we modeled the rotation and the rise of the 
helix relative to a conserved residue in each of the domains (Figure 1). 
This analysis allows us to compare all the complexes uniformly, using a 
single coordinate system. Figure 3 depicts the 2D projection and 3D 
conformation of the peptides stratified by orientation and protein family 
membership. The rotary distributions of the residues are continuous in all 
the groups. SH3 and WW domains (Figure 3A-B) have the highest 
number of complexes and display a complete circle of 360o (each 
position shifts within 120o), where the positive orientation of MHC-II 
which has fewer complexes (Figure 3D) nearly completes a circle. 
Contrarily, negative MHC-II, profilin, EVH1 and GYF domains (Figure 
3C-F) possess a small number of solved structures and present a more 
restricted range of distribution, suggesting that the range correlates with 
the number of structures and the actual range is broader. Also, the 
transition between the orientations is characterized by a clockwise or 
anti-clockwise rotation and is also continuous with a certain gap (Figure 
3A-E). The analysis demonstrates that all the peptides present a gradual 
rotation along the helical path irrespective of the family domain and their 
distribution can be described as a corkscrew that is distinguished by the 
relative rise and rotation. Remarkably, this pattern indicates that the 
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helical binding mode is a general property of κ helices and is not a 
unique feature of SH3 domain interactions. 
 

Figure 3. Κ-helix sliding helical pattern. The residue angles of κ-helices are shown as a 

2D projection (top) and in 3D (bottom) stratified by orientation. (A) SH3 domain (n=405 

conformations). (B) WW domain (n=151 conformations). (C) Profilin (n=13 

conformations). (D) MHC-II (n=65 conformations). (E) EVH1 domain (n=27 

conformations). (F) GYF domain (n=7 conformations). Red, purple and green dots 

represent the 1st, 2nd and 3rd residues of each Κ-helix turn, respectively. In the 2D 

projection (top), the 1st and 2nd turns are designated by the inner and outer circles, 

respectively. Perpendicular arrows and X, Y, and Z projections are shown to aid in the 

spatial interpretation. Z-axes are in radians. Each panel is stratified into positive (N-to-C) 

and negative (C-to-N) orientations, designated by + and - signs, respectively. NMR 

ensembles are included in the dataset.  

 
 
 
 
 
 
 
 
 
 

 
 
 

3.2 Characterization of the κ-helix interaction 
The interaction formed between the κ-helices and the target proteins can 
also be characterized via a unique rotational angle, which represents their 
relationship (Figure 4, Supplementary Figure 1, Supplementary Table 3). 
The range of angles is widest in SH3 and WW domains (Figure 4A-B), 
followed by the positive orientations of MHC-II, EVH1 and profilin 
(Figure 4C-E). The rest cannot be sufficiently assessed due to the small 
number of solved structures (Figure 4C-E, Supplementary Figure 1). The 
pitch of the peptide represents the height of one complete helix turn, and 
the pitch distributions are shown in the lower panels in Figure 4A-E and 
supplementary Figure 1. The median pitch of the ligands binding to SH3, 
profilin, EVH1, and GYF domains is around 9Å. However, the median 
pitch of the MHC-II helices is 9.57, which is significantly higher than the 
rest of the domains (Figure 4F). Furthermore, the pitch distribution of 
WW domain reveals an interesting pattern in which the opposing 
orientations are significantly different, but not the rest of the domain 
families (Figure 4F). This observation suggests that the classes of WW 
domains represent two distinct types of pitch selectivity which may 
impede the formation of dimers, as opposed to the potential dimerization 
of SH3 domains. The analysis could explain why some domain families 
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dimerize while others do not. However, given that the significance is 
marginal (p=0.04) more data are required to establish these findings.  
 

Figure 4. Histograms of κ-helix rotational angles and pitch. The distribution of rotational 

angles of the 3rd residue of κ-helix relative to the target is shown at the top panel. The 

distribution of κ-helices pitch is shown at the bottom panel. (A) SH3 domain. (B) WW 

domain. (C) Profilin. (D) MHC-II. (E) EVH1 domain. (F) Boxplots comparing the pitch 

distributions between different domain families and their orientations. P values were 

calculated using two-tailed Student’s t-test. Density plots (A-E) and violin plots (F) are 

shown where applicable. Median pitch is depicted with a dashed line. For NMR structures 

with multiple conformations, the average rotation angle and pitch was calculated. 

 
Using the analogy of the helical “screw” that is driven into 

the protein “nut”, the target can also be represented by two structural 
features: the side-chain ridges that constitute the "nut thread", and the 
scaffold that constitutes the "nut body". To evaluate the relationship 
between these three actors, we calculated the vertical displacement along 
the helical axis in SH3/κ-helix complexes (Supplementary Figure 2A). 
The displacements between the n-SRC loop (“nut thread”), represented 
by the conserved SH3-Trp and the center (“nut body”), represented by 
the conserved SH3-Pro, significantly correlate with the displacement of 
the peptide (“screw”). This correlation is more pronounced in the 
positive than the negative orientation (Supplementary Figure 2B). 
 We further analyzed the physico-chemical interactions, 
focusing on hydrogen bonds (H-bonds), to generalize the observations 
about the interaction patterns of κ-helix complexes (Supplementary 
materials). The results show different H-bonding profiles between the 
domains and orientations (Figure 5), with some consistency in the type 
of H-bonds (donor/acceptor) and contributing atoms (side-chain/main-
chain) within the domain families, especially in SH3 and MHCII 
complexes. The most common H-bond patterns are summarized in 
Supplementary Figure 3. Also, we investigated whether there is a 

relationship between the rotation angle and the strength or angle of the 
donor-acceptor H-bonds. There was a significant correlation (p=0.03) 
between the rotation and the donor-acceptor distance at positions 0 and 3 
in the SH3 positive and negative orientations, respectively 
(Supplementary Figure 4). Furthermore, a significant correlation 
(0.02<p<0.003) between the rotation and H-bond angle was observed in 
three positions (-2, 1 and 6) in MHCII (Supplementary Figure 5).. 
Overall, the structural analysis demonstrates the shared attributes and 
complexities of κ-helix interactions on different levels and their 
relationship to the rotational angle. 
 

Figure 5. Distribution of κ-helix intermolecular hydrogen bonds. The relationships 

between the positions of hydrogen bonds and the rotational angles (of the 3rd residue) of 

κ-helices are shown. (A) SH3 domain. (B) WW domain. (C) Profilin. (D) MHC-II. (E) 

EVH1 domain. (F) GYF domain. The densities of the contributing side-chain/main-chain 

atoms are shown on the right side. Each panel is stratified into positive (N-to-C) and 

negative (C-to-N) orientations, designated by + and - signs, respectively. Flanking N-

terminal (positions -2 to -0) and C-terminal (positions 7 to 9) residues are indicated by 

two grey lines.  

 
3.3 Analysis of κ-helix NMR ensembles 
NMR ensemble structures with multiple conformers may provide 
valuable information regarding the dynamic motion of protein 
complexes. To assess whether the helical displacement occurs not just 
between different complexes in a domain family but also within the same 
structure, we analyzed the conformations of each NMR structure. The 
complexes of SH3, WW, EVH1, and GYF domains demonstrate a 
helical displacement within the bundles, confirming that this notable 
feature is a general property of κ-helix interaction (Supplementary 
Figure 6). Since there are no NMR structures of profilin and MHC-II 
domains in the dataset, they were not evaluated for this purpose. 
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However, the helical displacement is consistent in any of the NMR 
structures in the dataset (Supplementary Table 4). One of the major 
limitations of the analysis involves the result of an NMR structure 
determination procedure, which reflects the uncertainty of the structure-
solving method (Billeter, 2015). This imprecision represents the sparse 
nature of the data that is to some extent, due to intrinsic structural 
dynamics (Billeter, 2015). Validation of local dynamics using better 
techniques such as NMR relaxation studies (Lindorff-Larsen, et al., 
2005) should be performed. 
 
3.4 The pivotal role of κ-helix in protein interaction 
and signaling 
The significance of a domain family can be discerned using various 
attributes, including the size of the family and the number of interactions 
with counterpart proteins. Therefore, we used the SMART database to 
summarize the number of proteins that are involved in protein-protein 
interactions (Supplementary material). Supplementary Table 6 lists the 
top 20 domain families ranked according to the abundance of proteins in 
the domain. The table shows that SH3 and WW domains are among the 
most abundant families. SH3 domain family is ranked 3rd and contains 
211 proteins which correspond to 1.03% of the proteome, whereas WW 
domain is ranked 14th with 52 proteins, which corresponds to 0.25%. 
Furthermore, we calculated the extensiveness of the protein-protein 
network using the 1st and 2nd degree neighbors associated with the 
domain members. The results in Supplementary Table 6 show that SH3 
and WW domains interact in total with 87.8% and 83.1% of the 
proteome, respectively. Also, Supplementary Figure 7 illustrates the 
overall functional interaction map of the six κ-helices binding domains, 
which comprise 1.8% of the proteome. The 1st and 2nd neighbors together 
comprise 89.2% of the proteome, indicating how substantial is the scope 
of the interaction network.   
 
4 Discussion 
The discovery of the helical lock and key model that portrays the binding 
interaction between SH3 and PPII as helical rotations, unveiled new 
insights into this exceptional binding mechanism and raised questions 
regarding the generality of the binding model (Meirson, et al., 2019). 
Here, we show that the helical nature of the interaction between SH3 
domain and its ligand equally occurs in WW, profilin, MHC-II, EVH1, 
and GYF domains. The consistency throughout all the investigated 
protein domain families signifies the universal nature of this apparatus.  

The designation “PPII” was initially coined in 1958 to 
describe the configuration of polymers enriched with prolines 
(Harrington and Sela, 1958). However, other secondary structures are not 
termed based on the propensities of their residues. For example, α-helix 
is not named ‘polyalanine helix’ despite the high propensity of alanine 
(Blaber, et al., 1993), yet six decades after the introduction of PPII helix, 
the structure is still named after the high propensity of proline. 
Moreover, almost half of the PPII helices contain not a single proline 

(Cubellis, et al., 2005). Therefore, despite the familiar acronym, we refer 
throughout the paper to PPII as κ-helix as outlined previously (Meirson, 
et al., 2019), to conform with the growing criticism of the historical term. 

For many years, α-helix was considered to be the most 
abundant secondary structure (Buxbaum, 2015; Fisher, et al., 2018; 
Mohammed, et al., 2009; Rosu, 1996; Zhang, et al., 2000), however, this 
conclusion might be due to the limited assessment which is restricted to 
globular regions in proteins (Kohn and Hodges, 1998; Mondal and Gazit, 
2016; Paoli, et al., 2010). If the coil regions in folded proteins are 
considered, the κ-helical content is comparable with the α-helical 
conformation (Adzhubei, et al., 2013). Also, in fibrillar proteins, such as 
collagen and elastin, κ-helix is the most common structure, with almost 
100% of the proteins (Esipova and Tumanyan, 2017). Collagen alone, 
which is the major component of the extracellular matrix (ECM) 
accounts for 30% of the total protein mass (Vanakker, et al., 2015). 
Therefore, we make the case that κ-helix is the most abundant secondary 
structure in the human body. Yet, this conformation was overlooked for 
many years, partly because it is not defined by hydrogen bonds, and is 
not assigned by the most widely used secondary-structure assignment 
program, DSSP, which is employed in the PDB (Mansiaux, et al., 2011). 
Unlike α-helices and β-sheets, which represent structural building blocks 
in proteins, κ-helices represent “functional blocks” as they are often 
linked to a specific function (Adzhubei, et al., 2013). Also, as a distinct 
secondary structure class, these helices play an important structural role 
in proteins (Esipova and Tumanyan, 2017). Their extended 
conformation, non-regular hydrogen bonds and preferred location on the 
surface of proteins, makes them ideal structure for a wide range of 
molecular interactions (Adzhubei and Sternberg, 1993; Adzhubei and 
Sternberg, 1994; Cubellis, et al., 2005). Furthermore, we show that a 
subset of KBDs constitutes substantial interconnectivity covering most 
of the proteome (Supplementary Table 6, Supplementary Figure 7), 
corroborating the idea that κ-helix represents the most widely spread 
binding motif in proteins (Adzhubei, et al., 2013). Together, κ-helices 
are directly involved or mediate most or possibly all major 
physiologically and pathological processes. 
Therefore, the helical lock and key model could potentially represent the 
most widespread type of binding mechanism involved in functional 
protein-protein interactions.  
 The extended linear motifs, or more specifically helical 
motifs, formed by κ-helices, represent a structural code that encrypts the 
specific rotational angle to the target. The produced angle is affected by 
the overall contribution of various factors (Figure 6) including: helical 
pitch, κ-helix intermolecular interactions (Ball, et al., 2005), flanking 
residues (Meirson, et al., 2019) and the structural context of the peptide 
(Zhou, et al., 2019). Discerning these relationships may provide a 
substantial advancement in structural biology; however, the lack of 
graphical representation of κ-helix dooms the observer to be blind to the 
visual interpretation of these structural elements (Meirson, et al., 2019).  
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Figure 6. Contributing factors for κ-helix interaction. (I) The primary structure 

comprising the reading frame - six residues of κ-helix, where every three residues form a 

structural ‘codon’ that completes one turn in the helix. Optionally, flanking residues are 

positioned upstream, downstream or in both directions. Note that the length of the peptide 

might be different from six residues. (II) The overall contribution to the binding 

interaction is affected by various factors including flanking residues (left), intermolecular 

interactions between the target and κ-helix (middle), and matching pitch between the 

binding interface and the ligand (right). (III) The resulted interaction is shown in 3D 

representation (left), which is characterized by a distinct rotational angle of the peptide 

(“screw”) relative to the target (right – bottom view). The target side-chain ridges 

constitute the "nut thread", and the scaffold constitutes the "nut body". 

The global properties of helical binding and helical displacement of 
κ-helices provide further support to the potential involvement of this 
conformation in dynamic propagation (Meirson, et al., 2019). Since κ-
helix is characterized by irregular hydrogen bonds, low-affinity binding, 
and can complete a full rotational displacement, it serves as a suitable 
candidate for facilitating motion. This could be true not just for protein-
protein interactions such as sarcomeres and motor proteins, but also in 
protein-nucleic acid interactions where κ-helix forms non-specific 
interaction with the minor and major grooves of DNA and interaction 
with RNA molecules (Hicks and Hsu, 2004). Future studies should test 
the hypothesis that κ-helix can facilitate motion.  

Predicting which peptides will be presented by MHC‐II molecules 
are essential for understanding the activation of T helper cells which 
orchestrate the outcome of many host immune responses (Castellino, et 
al., 1997; Rudolph, et al., 2006). However, despite many efforts, most 
methods still have low performance compared to MHC class I (MHC-I) 
(Jensen, et al., 2018). Different explanations were proposed to explain 
the difficulty in predicting MHC-II binding affinities, but we provide a 
fundamentally different explanation of why these two similar complexes 
produce dissimilar behaviors. Since MHC-II binds κ-helices, whereas 

MHC-I mostly not (Adzhubei, et al., 2013), the peptide-MHC-II 
interaction is also affected by the rotational space, facilitated by the 
exposed backbone of κ-helices. Therefore, similar sequences may bind in 
a different angle or binding register, whereas unalike sequences may 
bind similarly, contributing to the complexity of generating predictive 
models in MHC-II.  
 Since the introduction of the κ-helix structure over six 
decades ago, scientists have pondered about the unusual nature of this 
conformation. Here, we find that the rotating helical motif is omnipresent 
in κ-helix interactions. The ability of the motif to function in a helical 
pattern acquires a new physical layer of complexity, enabling a simple 
structure, restricted by a limited set of interactions to form virtually 
unlimited arrangements in the rotational space. Thus, the helical lock and 
key model may provide a solution to the enigma of how small, 
promiscuous, and conformationally limited structures perform 
surprisingly rich and directed functions. While once considered 
infrequent and insignificant with disordered conformational composition, 
the κ-helix structure may reveal to be the master conductor of biological 
interactions.  
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