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ABSTRACT: Many proteins composed of tandem repeats (a linear motif,
directly repeated within the sequence) are substrates for post-translational
modifications (PTMs). Tandem repeats are also dynamic in number,
presumably due to instability in the underlying DNA sequence. These
observations lead to a hypothesis that cells use a combination of PTMs and
variability in repeat number to mediate protein function. Evidence of these
processes co-regulating diverse aspects of cellular function can be found in all
organisms from bacteria to humans, suggesting a common but poorly
described mechanism for regulating and diversifying protein function. This
review highlights several examples whereby protein modifications and repetitive protein domains impart diversity. Lastly, it
speculates on the possibility of using chemically modified repetitive amino acid sequences to develop peptide-based biomolecules
with novel functions.

There is great interest in uncovering and subsequently
adapting cellular processes that create proteins with novel

function(s). While the 20 natural amino acids can presumably be
linked in innumerable combinations to create proteins of diverse
size, structure, and functionality, additional cellular mechanisms
exist to impart further chemical and structural diversity. Utilizing
these diversity-enhancing processes may be key to creating
proteins with novel function, a strategy that has been successful
for creating biomolecules with novel or enhanced function.1,2

The cellular mechanisms for diversifying proteins fit loosely
into two classes: genetic and chemical mechanisms. Genetic
mechanisms for imparting diversity range from altering the
genetic code to encode for additional amino acids (e.g.,
pyrrolysine and selenocysteine) to splicing of the encoding
mRNA to increase the number of individual polypeptides that
can be encoded by a single message.3 Recent advances in next-
generation sequencing, coupled with thorough characterization
of numerous genomes, have ignited interest in new sources of
genomic diversity, in particular, the repetitive mini- and
microsatellite regions of the genome.4 While the majority of
satellite DNA is associated with non-coding regions of the
genome, many repetitive regions do lie within genes and code for
proteins.5 Unsurprisingly, repetitive DNA encodes for repetitive
amino acids. This at first might seem to be the antithesis of
diversity; however, these repetitive sequences may be among the
most plastic regions of the genome,6 as will be discussed below.
In addition to genetic mechanisms, cells use chemical

modification of proteins to impart new function. Rather than
change the encoding amino acid sequence, these modifications
introduce new functionality, often in a spatially- and temporally
defined manner.7 Chemical modification of proteins ranges from
influencing peptide bond isomerization to attaching high-
molecular weight chains of carbohydrates or amino acids to a
single amino acid side chain. Furthermore, modifications often
occur in clusters on a given protein, greatly enhancing the

number of chemically distinct structures that can exist in the
cell.8,9 Presumably, all of these disparate structures could have
distinct cellular roles, thus creating immense functional diversity
from a single amino acid sequence.
Many proteins that are repetitive are also substrates for diverse

and numerous post-translational modifications. While most
repetitive proteins are structural and/or extracellular in nature,
many are involved in other aspects of cell function.5 The diversity
of modifications associated within repetitive proteins encom-
passes phosphorylation, methylation, glycosylation, hydroxyla-
tion, and even proline isomerization (see Table 1), among
others. Taken together, these observations lead to a hypothesis
that cells use a combination of PTMs and protein repeat
variability to mediate protein function. Evidence of these
processes co-regulating diverse aspects of cellular function can
be found in all organisms from bacteria to humans. This suggests
a common but poorly described mechanism for regulating and
diversifying protein function. This review highlights several
examples to describe mechanisms whereby protein modifications
and repetitive protein domains impart diversity. Lastly, it
speculates on the possibility of using chemically modified
repetitive amino acid sequences to develop peptide-based
biomolecules with novel functions.

■ CHEMICAL MODIFICATIONS OF PROTEINS IMPART
DIVERSITY

One of the most common mechanisms for diversifying protein
function is modification of the polypeptide chain itself. Many
modifications, such as methylation, acetylation, or phosphor-
ylation, change the chemical functionality on the side chains of
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amino acids via enzyme catalysis (known as post-translational
modifications (PTMs). Additionally, enzymes such as the prolyl
isomerases do not chemically alter the composition of amino
acids but alter the cis/trans geometry of peptide bonds.10 Not to
be overlooked are numerous non-enzymatic, chemical mod-
ifications such as nitration/nitrosylation, oxidation, and
deamidation, which also change the structure of amino acids,
play important roles in regulating protein interactions and
stability and also contribute to disease states.11 (A thorough
description of the many ways PTMs and chemical modifications
of proteins alter protein structure and function can be found in
ref 3).
Beyond the diversity in chemical structure that results from

modifications, chemical modification of proteins can modulate
their function in numerous ways (Figure 1A). For example
phosphorylation, prenylation, and ubiquitination often dictate
subcellular localization, allowing a single amino acid sequence to
display differential function in varying cellular environments.12,13

Similarly, modifications such as phosphorylation, hydroxylation,
and acetylation induce conformational changes. In the case of
enzymes, this often leads to activation or repression of catalytic
activity. Perhaps the largest role for PTMs is in mediating a
multitude of interactions between proteins and other bio-
macromolecules, including carbohydrates, nucleic acids, lipids,
and even other proteins. Ubiquitination, phosphorylation, and
proteolysis all regulate the cellular stability of proteins as
well.14,15 Consequently, PTMs including glycosylation, methyl-
ation, acetylation, and phosphorylation play integral roles in the
regulation of all cellular processes, from gene expression and
chromatin structure to cell−cell adhesion.5,16
Advances in proteomics indicate that PTMs do not act in

isolation.Many proteins are heavily decorated withmodifications
with one estimate stating that as many as 1 in 10 amino acids
within a protein may be modified.17 The role of combinatorial
PTMs is best studied in the case of histones where a large set of
PTMs on the N-terminal tails of the four histone proteins dictate
the recruitment of a host of proteins important for DNA-
templated processes (replication, transcription, DNA repair) to

chromatin.18 However, combinations of modifications are also
essential for the regulation of proteins such as p53, nuclear
receptors, and cell surface factors.9 In fact, more than 10 years
ago, it was proposed that the diversity at the cell surface dictated
by PTMs is a primary force dictating the difference between
humans and apes.19

In total there aremore than 400 known chemical modifications
of proteins.20 Protein modifications contribute to structural
diversity at individual amino acids. They also impact all facets of
protein structure and function and thus represent a vital
mechanism for cells to expand upon the functionality of its
proteins.

■ SHORT TANDEM REPEATS IN PROTEINS ARE
VARIABLE

As many as one-fifth of all proteins contain regions of repetitive
amino acids within their sequence.5 Repetitive proteins are
involved in all cellular processes, although they are most
commonly extracellular proteins or proteins involved in
maintaining cellular structure or cell−cell interactions. Tandem
repetitive domains are most often thought of as simple
homopolymeric runs of amino acids, such as the polyglut-
amine-containing proteins closely associated with neurodege-
nerative disorders such as Huntington’s disease and spinocer-
ebellar ataxias.21 However, as many as 20% of all proteins contain
a stretch of sequence that consists of a perfect or imperfect
(containing substitutions) tandemly repeated motif of 2 to >50
amino acids.5,22

The biology of repetitive domains has gained notoriety as the
length and variability of homopolymeric repeats, such as
polyglutamines, is often linked to the pathologic severity.23

Repetitive protein variability is likely derived from instability
within the DNA sequence that codes for the amino acids. Often
referred to as microsatellite DNA (2−10 bp) or minisatellite
DNA (∼10−100 bp), repetitive DNA sequences are prone to
unusual secondary structure formation, replication errors and
double-strand breakage.24,25 These genomic insults trigger DNA
repair processes that are often mutagenic, leading to variability in

Table 1. Modified Tandem Repeats in Proteins

protein repeat consensus associated PTMs significance ref

Structural Proteins
collagen PPG hydroxylation structure stabilization 48
elastin VGVAPG hydroxylation structure 76
DSPP SS[DN], SD phosphorylation calcium coordination/

biomineralization
51

fibroin SXSXSX phosphorylation water solubility 73
Cell-Surface and Extracellular Proteins

SRRPs SAS[AEV]SAST glycosylation structure 77
mucins HGVTSAPDTRPAPGSTAPPA,

and others
glycosylation immune recognition, tumor

specific
78, 79

proteins with internal repeats (PIRs) SQ[IV][STGNH]DGQ[LIV]
Q[AIV][STA]

glycosylation structure stabilization? 80

extensin (and other plant hydroxyproline-
rich glyocproteins)

PSPPKHPYHYKSPPPPS hydroxylation, glycosylation,
tyrosine cross-linking

structure stabilization, cell wall
assembly

81

trypanosome procyclic acidic repetitive
proteins

GPEET phosphorylation protection 82, 83

Nuclear Factors
Rpb1 YSPTSPS phosphorylation protein recruitment,

transcription
39

RNA-binding proteins (e.g., FMRP, Npl3,
Gar1)

RGG methylation RNA binding 84, 85

yeast Spt5 S[TA]WGG[QA] phosphorylation protein recruitment,
transcription elongation

86
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repeat number as well as high mutational frequencies in regions
surrounding the repeat (Figure 1B).5,26 In fact, Lobachev and co-
workers suggest repetitive regions have mutation frequencies
approaching 10−4 in wild-type cells.27 While it might seem that
highly mutagenic repetitive DNA sequences would be
deleterious to the genome, it is clear that both intergenic and
protein-coding repetitive sequences play important roles within
the cell. Variability in non-coding DNA repeats can tune the
expression of genes and has been discussed in great detail
elsewhere.5,26 Likewise, protein-coding repeats are plastic,
presumably to modulate function. For example, the repetitive
domain of FLO1 facilitates interactions with other cells
expressing FLO1, resulting in yeast aggregates (similar to biofilm
formation but also important in the wine and beer making
industries). Verstrepen and Fink demonstrated that the extent of
flocculation is mediated by the number of repeats present in
FLO1.28 Expansion of repeat number within FLO1 results in a
multivalent effect, where a greater number of repeats results in
synthesis of more binding domains, leading to a tighter
interaction between cells. Multivalency is an important concept

in many areas of biology29 and may be a driving mechanism
behind the functional significance of certain repeat expansions
and contractions.

■ MODIFICATIONS AND REPETITIVE REGIONS
SYNERGIZE TO IMPART BIOLOGICAL COMPLEXITY

A striking feature of many repetitive protein domains is that they
are also rich in post-translational modifications (see Table 1). To
clarify, it is well-known that many modifying enzymes recognize
short amino acid motifs within proteins. While many motifs may
be found multiple times in a particular protein, such as the
notable ARKS motif in histones (which are methylated,
acetylated, and phosphorylated),30 these motifs would not
necessarily constitute a repetitive domain as defined here. Rather
the propensity to be influenced by underlying DNA instability
within these regions, in combination with modifications, imparts
the great potential diversity or complexity into these simple
protein sequences. For example, a seven amino acid repeat that
could be modified at two locations by a single post-translational
modification would have four discrete chemical structures (see
Figure 2B). If this sequence were also tandemly repeated, the
number of possible chemical structures is 4n, where n is the
number of repeats. Thus, the biological complexity that can be
achieved by a simple amino acid sequence can be astounding, as
is demonstrated by the examples below.

The C-Terminal Domain Repeat of Eukaryotic RNA
Polymerase II. RNA polymerase II (RNAPII), the enzyme
primarily responsible for mRNA synthesis in eukaryotic cells,
possesses a long stretch of tandemly repeating amino acids at its
C-terminus (Figure 2). This C-terminal domain (CTD) is
composed of∼20−52 highly conserved repeats of a seven amino
acid sequence, YSPTSPS. The CTD is a target for diverse
modifications including phosphorylation at 5 residues (Y1, S2,
T4, S5, S7),16,31,32 O-GlcNAcylation at S5 and S7,33,34 proline
isomerization at the amide bond preceding P6,35 and even lysine
methylation36 and ubiquitination37 in some degenerate repeats
within the human and murine CTD.
How did such a complicated combination of PTMs and

repeats come into existence and why would it be evolutionarily
maintained? It is plausible to imagine an ancient RNAPII with a
short or nonexistent CTD. As organisms evolved and became
more complex, and needed to accommodate more protein
factors on the CTD, the instability within the CTD allowed the
cell to adapt − building a longer CTD, capable of binding more
proteins. Indeed, Stiller and co-workers have examined the
CTDs of diverse eukaryotes and there is a general trend with
longer CTDs being associated with more complex organisms.38

Additionally, early mutagenesis studies on the CTD in yeast
revealed that only 8 of 26 repeats are essential for growth,
however, these strains acquire spontaneous mutants with longer
CTD domains.39

As described above, one of the primary functions of PTMs is to
modulate protein−protein interactions. In the case of the CTD,
phosphorylation (mainly of serine) within the repeat increases
the functionality of the CTD by creating additional binding
platforms (Figure 2A). Indeed it is well established that different
RNAPII-associating factors bind to the CTD in different
phosphorylated forms.16,40 Several kinases act on the CTD
during different phases of transcription (e.g., initiation,
elongation, termination). As such, phosphorylation of the
CTD imparts temporal control on the binding of factors. For
example, factors that bind Ser5 phosphorylated-repeats tend to
associate early in the transcription cycle, factors involved in

Figure 1. Protein diversity is driven by post-translational modifications
and repetitive domains. (A) Post-translational modifications regulate all
aspects of protein function. The macromolecular interactions,
conformation, subcellular localization, stability, and activity of a protein
(blue) can all be modulated through attachment of a chemical
modification (small spheres) to a side chain of the protein. (B)
Instability within the DNA encoding repetitive amino acid sequences
results in expansion and contraction within the number of repeats.
Expansion/contraction can also be mutagenic, giving rise to repeats with
altered sequence. Variability in repeat length and sequence can give rise
to a range of phenotypes.
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transcription elongation recognize repeats phosphorylated at
both Ser2 and Ser5, and mRNA processing and transcription
termination factors associate with the CTD in its Ser2-
phosphorylated form.40,41 In addition, proline isomerization
plays an important role in regulating repeat binding. As show in
Figure 2C, recognition of Ser5 phopshorylation by two different
proteins, Ssu72 and Pin1, is determined by the cis/trans
conformation of proline at position 6 within the repeat.42,43

Within the past few years cis-proline was first demonstrated to
facilitate the binding of the phosphatase Ssu72, and new
modifications at Tyr1, Thr4, and Ser7 were uncovered (reviewed
in ref 41), suggesting there are still many unanswered questions
regarding the complicated regulation of the RNAPII CTD.
However, it does appear that the CTD (at least in yeast) is under
two levels of regulation: one at the level of DNA, to control the
number of repeats, and one at the post-translational level,

modifying the CTD to accommodate numerous protein factors
with diverse functions with both spatial and temporal precision.

Collagen Structure. Collagen is the most abundant protein
in mammals, making up more than 25% of total protein.44

Collagen acts as the main component of connective tissue, and
this is in large part because of its long fibrillar structure. This
structure is derived from the ability of individual collagen
peptides to form polyproline helices, which interact with each
other to form a stable triple-helical structure.45 There are diverse
classes of collagens, but the consensus motif is a repeating unit of
the tripeptide Xaa-Yaa-Gly where the Xaa position is most
commonly proline and the Yaa position often includes the
modified amino acid (2S,4R)-4-hydroxyproline (Hyp), which is
catalyzed by the enzyme prolyl-4-hydroxylase.46

Like the RNAPII CTD, hydroxylation of collagen has been
shown to be important for the binding of certain protein factors
(Glycoprotein VI).47 However the primary role of hydroxypro-
line in collagen is to modulate the structure of collagen itself. As
shown in Figure 3, individual collagen polypeptides form

polyproline type II helices and assemble with two other collagen
polypeptides to form a left-handed triple helical structure.45

Numerous studies have reported that hydroxyproline in the Yaa
position, but not the Xaa position, increases the stability of the
collagen triple helix. While many factors play into the overall
stabilization of collagen structure, the ability of individual strands
to form polyproline helices is related to stability. The pyrrolidine
ring of proline can adopt two conformations, a Cγ-endo or Cγ-exo
conformation (Figure 3A). Polyproline helices are stabilized with
Xaa in a Cγ-endo conformation and Yaa in a Cγ-exo
conformation.48 Hydroxyproline greatly prefers the Cγ-exo
conformation, whereas proline has an approximately 2:1
prerefence for the C-endo conformation. Thus, model peptides

Figure 2.Modifications within the C-terminal domain (CTD) repeat of
RNA polymerase II. (A) Model of RNA polymerase on DNA with
differentially modified repeats within the CTD recruiting different
protein factors. (B) Phosphorylation is most prevalent at Ser2 and Ser5
within the CTD repeat. A single repeat therefore can have at four
discrete structures, which can be differentially recognized by protein
domains. (C) Proline within the CTD repeat can adopt a cis- or trans-
peptide bond, which results in two distinct structures that can be
differentially recognized. Ser5 phosphorylation is recognized differently
by Pin1 (left) and Ssu72 (right) depending on the conformation at
Pro6.42,43

Figure 3. Collagen structures is stabilized by proline hydroxylation. (A)
Hydroxyproline (Hyp) favors a Cγ-exo pucker, which stabilizes triple-
helical collagen when in the Yaa position of a Xaa-Yaa-Gly repeat
sequence. (B) Structure of triple helical Pro-Pro-Gly repeats (top) and
Pro-Hyp-Gly repeats (bottom).87
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with Pro-Hyp-Gly repeats form considerably more stable triple
helices than Pro-Pro-Gly repeats of equal length (Figure 3B).
Organisms use hydroxyproline to “tune” the stability of

collagen depending on its given function. For example, collagen
associated with cold-water fish has ∼50 hydroxyproline residues
per 1000 residues, whereas collagen from their warm-water
counterparts has ∼80 hydroxyproline residues. This less than 2-
fold change in hydroxyproline content nonetheless results in a
>20 °C increase in thermostability.49 Similarly, hydroxylysine,
another modification common within collagen in bone, is
important for intramolecular cross-linking between tropocolla-
gen strands.50 Thus, cells use hydroxyproline density within
collagen repeats to dictate the function of individual collagen
fibrils.
Dentin Sialophosphoprotein.Many repetitive proteins are

extremely rich in serine residues. While phosphorylation of the
RNAPII CTD mediates the binding of protein factors, serine
phosphorylation can also mediate interactions with other
molecules. For example, the protein dentin sialophosphoprotein
(DSPP) is the most abundant noncollagen protein in teeth and is
important for complexing inorganic calcium phosphate. DSPP
has two repeating units, Ser-Ser-Asp/Asn, and Ser-Asp where
approximately 90% of all serine resides within these sequences
are phosphorylated.51 George and co-workers have shown that
this phosphorylation is necessary for proper mineralization.52

Mutations within the repetitive DSPP gene are common and lead
to a number of dentin diseases.53,54 George and co-workers have
proposed that the SSD repeat forms an extended structure where
phosphoserine pairs would occupy both faces of a plane (see
Figure 4). Presumably, these phosphate pairs act in concert to

nucleate calcium phosphate mineralization. Similar molecules are
thought to be important for bone mineralization and calcite
formation, and as such, there is great interest in creating artificial
molecules that can aid in the regrowth of these biomaterials.55,56

■ FUTURE PROSPECTS
Adapting existing cellular mechanisms has been a very successful
strategy for the design or selection of proteins with novel
functions. Perhaps the high variability of repetitive proteins can
be exploited to produce novel molecules. Furthermore, can the
proclivity for chemical modification seen in repetitive sequences
be utilized to even further diversify the types of peptide-based
structures we can produce in cells? This may be of interest for the

development of peptide-based biomaterials with a multitude of
uses.
Repetitive proteins offer many potential advantages for protein

engineering. The repetitiveness of the coding DNA not only
provides a facile way to make extended repeats57 but also has the
advantage of being unstable and mutagenic in vivo.27 Through
natural cellular processes, repetitive DNA sequences will break,
undergo expansion and contraction, and acquire substitutions
through DNA repair (Figure 2).23−26 This plasticity at the DNA
with regard to coding sequence and repeat number would result
in a highly variable amino acid sequence as well. Recent results
aimed at identifying the factors responsible for repeat expansion
and contraction may further provide leads in the development of
designer bacterial or eukaryotic strains with enhanced mutagenic
frequency.27

As shown for the examples above, the addition of a single PTM
within a repeat sequence greatly increases the number of discrete
species that exist within the cell. Multiplying this effect by either
having numerous repeats or more than one PTM results in
tremendous diversity. Many groups have shown it is possible to
chemically synthesize peptide libraries with large numbers of
modified side chains, but this process is both slow and
expensive.58,59 Is it possible to harness the power of modifying
enzymes to enhance the chemical diversity within libraries of
repetitive peptides in vivo? To do so would require an
understanding of the chemical and structural parameters that
control enzyme activity. For example, the cyclin-dependent
kinases recognize Ser/Thr-Pro motifs, whereas the ATM/ATR
kinases phosphorylate Ser/Thr-Gln motifs.60−62 Similarly, the
Yaa position within the collagen repeat is a strong substrate for the
enzyme prolyl-4-hydroxylase when proline is also present in the
Xaa position.

48 However, while there are several well-described
and conserved examples of substrate-consensus sequences, it
remains difficult to predict sites of modifications within proteins
on the basis of sequence alone. Classical studies of protease
substrate specificity suggest that engineering enzymes with
altered specificity is possible. Mutagenesis and selection has
enabled the design of enzymes with altered promiscuity or
specificity.63,64 Strategies such as scanning peptide arrays
developed by Turk make it possible to quickly screen and
potentially evolve enzymes with custom specificity,65 although
relatively few examples of this are apparent in the literature.66

There have been several recent attempts to produce repetitive
biomaterials. Many groups have tried to use the DSPP-like
repeats to create peptides that will nucleate biomineraliza-
tion.67,68Many groups have also been working to create synthetic
collagen, elastin, or silks using bioengineering approaches.69−71

These studies have not made use of the inherent variability of
these repetitive regions; rather, the focus has been on better
methods to clone and express repetitive DNA coding
sequences.57 A few attempts have been made to incorporate
the diversity provided by protein modifications into repetitive
peptides. Kaplan and co-workers utilized phosphorylation of
spider silk repeats to modulate water solubility.72 This approach
is used in nature by the aquatic caddisfly, which has evolved a H-
fibroin silk protein repeat (SXSXSX) that has diverged from that
of related insects (GXGXGX). This adaptation presumably
evolved to help the caddisfly produce silk underwater.73

Similarly, other groups have engineered bacteria and yeast to
promote hydroxyproline formation in recombinant sources.74,75

Chemically modification is a widely used natural mechanism
for imparting diversity into protein sequences. As more is learned
about the PTM enzyme specificity and DNA instability that

Figure 4. Model of the Ser-Ser-Asp repeat of dentin sialophosphopro-
tein (DSPP). More than 90% of all serine residues within DSPP are
phosphorylated facilitating interactions between the protein and calcium
ions presumably to drive dentin formation.52
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underlie the variability found in these domains, we will be able to
exploit these cellular mechanisms to develop better in vitro and in
vivo systems for producing molecules with novel function.
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■ NOTE ADDED AFTER ASAP PUBLICATION
Figure 3 was incorrect in the version published ASAP November
28, 2012. The corrected version was re-posted on December 3,
2012.
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