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Tandem repeat proteins are the product of minimal folds from the 
repetition of simpler units

Tandem repeat proteins



(L Paladin et al, FEBS Lett. 2015)(G Guerreiro et al. Front.Plant.Sci. 2015)

Function

● Extended structure, large surface

● Platform for protein-protein interactions



• The majority of repeats are found in eukaryotes, probably due to 
duplications

• Many repeats are involved in diseases (e.g. Huntington or 
"fragile X syndrome"), especially when they give rise to fibril 
formation (e.g. BSE)

• Repeated sequences evolve more rapidly than the 
non-repeated ones

Evolution



● Two definition of the units

○ Structural symmetry (RepeatsDB)

○ Exon boundaries

● Compare the two definitions to detect 

duplication events

○ Same boundaries

○ Exon duplication (2:1, ...)

○ Exon/RepeatsDB mismatch

Paladin et al., JSB 2020

Exon boundaries of 3TSR chain E

Repeat evolution



Hydrophobicity

● hydrophobic

● hydrophilic

Conservation

● Conserved 

● Variable

● High sequence variability

● Buried residues are more conserved

Properties



● Linear folding

● Local stabilizing interaction

● The first and last units are conserved and guarantee stability of the whole protein fold

● Central repeats can be deleted without leading to protein misfolding

(Ferreiro and Wolynes, PNAS, 2014)

Folding



Broad classification based on periodicity

1. Aggregates

2. Coiled-coils and Collagen

3. Solenoids

4. Toroids

5. Beads on a string

(Kajava, J Struct Biol 2012)

Classification



Pertactin from Bordetella 
pertussis 

Pftools - Generalized sequence profiles

Bucher et al., 1996, Comput. Chem. 20, 3-23
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Repeats prediction and modelling

• Modelling is made easier by the repeats modularity, but it heavily depends on the alignments 
quality

• Standard methods do not exist (yet)
Leucine Rich Repeat



Consensus sequences in solenoid proteins 

● red cylinders → α-helices 

● blue cylinders → 3-10-helices 

● magenta arrows → beta strands 

● + → positively charged amino acid

● o → hydrophobic amino acid 

Consensus patterns



Some statistics for LRR



Kajava, (2012) J. Struct. Biol. 

Type of method ab initio / a priori Properties of repeats Rapidity

Fourier Transform analysis
REPPER (Gruber et al., 2005)

ab initio Long arrays without indels +

Short string extension algorithms
XSTREAM (Newman and Cooper, 2007) 

T-REKS (Jorda and Kajava, 2009)
ab initio

With indels and less than 15-20 
residues

+

Sequence-sequence alignment
RADAR (Heger and Holm, 2000)

TRUST (Szklarczyk and Heringa, 2004)
ab initio More than 15 residues. With indels -

Hidden Markov Models (HHMs) or sequence profiles 
PFAM(Sonnhammer et al., 1998)

SMART ((Schultz et al., 1998)
BISMM library (Kajava and Steven, 2006)

requires a priori 
information

Long and strongly imperfect repeats -

HMM-HMM or profile-profile comparisons
HHREPID (Biegert and Soding, 2008) 

ab initio Long and strongly imperfect repeats -

Sequence profile - Fourier and wavelet transforms
REPETITA (Marsella et al., 2009), WAVELET (Vo et al., 2010)

requires a priori 
information

Long and strongly imperfect repeats -

Coordinate profile
RAPHAEL (Walsh et al., 2012)

ab initio Repeat period +

Coordinates
ReUPred / RepeatsDB-lite (Hirsh et al., 2016; Paladin et al. 2018)

requires a priori 
information

Repeated units and class -

Detection of tandem repeats from sequence

…from structure



Repeats prediction

• Dot plot - Compare the sequence against itself, repeats can be identified as duplications

• Exact detection of repeats is hard if they are degenerated, units boundaries are ambiguous

Duplication

Inversion

Similar regions



1. Compute self-alignment matrix

2. Choose initial repeat (highest local diagonal score, distance 
from main diagonal)

3. Iteratively identify similar repeats (unit Vs sequence)

4. Compute repeats unit boundaries (place units around a 
cylinder)

5. Remove not significative repeats (Z-score)

6. If shorter repeats can be determined, go to step 2

7. If the sequence contains other repeats, go to step 2 (Heger & Holm, 2000)

RADAR - Rapid Automatic Detection and 
Alignment of Repeats



Solving the protein sequence metric problem. 
Atchley et al., 2005, PNAS

● Map sequence residues to the five features of the Atchley's scale (a) 

○ Summarize variability among amino acids

○ Polarity, secondary structure, molecular volume, codon diversity, 
electrostatics charge

● Transform the sequence into profiles 

○ Probability p of finding amino acid X in the Multiple Sequence 
Alignment (MSA) at position k

Atchley function Sequence profile

REPETITA



● Map to the frequency space using discrete Fourier Transform (DFT) to each of the five 
Atchley sequences, for each possible fragment of size n = 0, …, N - 1,  where N is the 
length of the sequence (Fa

n)

● Calculate the angular frequency ω and period T

A periodic waveform (triangle wave) and its frequency 
spectrum, showing a "fundamental" frequency at 220 Hz 
followed by multiples (harmonics) of 220 Hz. (WikiPedia)

REPETITA



PDB 1EZG

● Peaks around the fundamental 
frequency rank n=7 (14, 21, 28, 35)

● Corresponding to a period T = 12

REPETITA

Atchley's scale profiles



RAPHAEL

● Coordinate profiles

○ Average C-alpha coordinates (windows 6 and 3)

● Labelling / period definition

○ Consecutive local maxima

● Scoring 

○ Randomization (translation / rotation)

○ Frequent adjacent periods

○ Frequent periods separated by rarely occurring 
periods



RAPHAEL - Detect the period

● Period matrix 

○ The frequency of period k of residue j given 
200 random rotations and translations along 
each coordinate frame x, y and z

○ Y → Period length (max 60)

○ X → Period start index in the sequence (j)

1JL5

9PAP



RAPHAEL - Detect solenoids

● Solenoids, are usually elongated

○ Minimum distance between the first 40 residues and the last 40 residues

● Contacting residues in solenoids should have low sequence separation relative 
to globular proteins

○ The number of contacting residues at a sequence separation >55

● There should be regularity in sequence among the contacting residues 
(conversely, there should be large variance for non-solenoids)

○ Variance of the residue-wise contact order → how regular the sequence 
separation is for contacting residues



RepeatsDB

A database of repeat proteins

● Manual curation provide a high quality gold 
standard of repeat protein annotations

● Integration of RepeatsDB-lite predictions

In collaboration with

●  Dr. Andrey V. Kajava (CNRS Montpellier) 

●  Prof. Miguel Andrade (University of Mainz)

https://repeatsdb.org 

https://repeatsdb.org


● Structure alignment

○ Higher conservation

○ Insertions

○ Biological significance

Sequence alignment

Structure alignment

Structure Vs sequence alignments



Matrix porin outer membrane protein f 
Escherichia coli (strain K12)
PDB 1MPF, chain A

Multiple structural alignment 

(Mustang)

Intra-region unit similarity in RepeatsDB

All-Vs-All pairwise structural alignment

(TM-align)



● Input - PDB structure

● Output - unit start/end, insertions, classification 

● User feedback on data quality

● Results integrated into RepeatsDB

protein.bio.unipd.it/repeatsdb-lite

ReUPred / RepeatsDB-lite





● Curvature

● Twist 

● Handedness 

Kobe B. and Kajava A. (2000)

Structural descriptors



Structural descriptors

Osmanli et al. GeomeTRe: accurate calculation of geometrical descriptors of tandem repeat proteins - Bioinformatics - 
2025 - https://doi.org/10.1093/bioinformatics/btaf395 

https://doi.org/10.1093/bioinformatics/btaf395

