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Abstract

Protein homooligomers afford several important benefits for the cell; they mediate and regulate
gene expression, activity of many enzymes, ion channels, receptors, and cell—cell adhesion
processes. The evolutionary and physical mechanisms of oligomer formation are very diverse and
are not well understood. Certain homooligomeric states may be conserved within protein
subfamilies and between different subfamilies, therefore providing the specificity to particular
substrates while minimizing interactions with unwanted partners. In addition, transitions between
different oligomeric states may regulate protein activity and support the switch between different
pathways. In this chapter, we summarize the biological importance of homooligomeric assemblies,
physicochemical properties of their interfaces, experimental methods for their identification, their
evolution, and role in human diseases.

1. FUNCTIONAL ROLES OF HOMOOLIGOMERS IN A CELL

Only a small fraction of proteins function in isolation and many soluble and membrane-
bound proteins form oligomeric complexes defined as those having identical or very similar
homologous chains (called “homooligomers” hereafter).1=3 It is difficult to overestimate the
functional importance of protein homooligomers which provide the diversity and specificity
of many pathways, regulate their cross talk, and may mediate and regulate gene expression,
activity of enzymes, ion channels, receptors, and cell-cell adhesion processes.* Moreover,
large assemblies consisting of many identical subunits have advantageous regulatory
properties as they can undergo sensitive phase transitions.3® The molecular structure of
homooligomers can also provide sites for allosteric regulation, generate new binding sites at
interfaces to increase specificity, and diversity.® In addition, oligomerization allows proteins
to form large assemblies without increasing genome size and may enhance stability, while
the reduced surface area of the components in a complex can offer protection against
denaturation.2:57

There are certain characteristic protein regions (discussed in detail in the following sections)
that might be important for providing a given oligomeric state. These features can function
as specificity determinants and be responsible for high binding specificity to certain
interacting partners while minimizing interactions with other unwanted partners. Some
protein regions modulating oligomerization may be preserved in evolution only within a
specific protein subfamily which can be characterized by a well-defined oligomeric state.
Such an evolutionary mechanism would be essential for the separation of functional
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pathways of close paralogs, preventing the possible usage of similar surface regions
interacting with the same or very similar partners or facilitating through specific features the
interactions with the novel partners. As shown in Table 1.1, proteins in different oligomeric
states may have various binding affinities and functional activities. Figure 1.1 and the two
following examples illustrate the development of new protein specificities through
homooligomerization in different organisms or in paralogs from the same organism.

The first example involves proteins from the human p53 C-terminal domain family which
function as homotetramers. Two of these family members (p63 and p73) can also form
mixed heterotetramers; however, p53 protein cannot associate with either p63 or p73.18
Interestingly, a recent study showed that p63 and p73 are different from p53 in that the
former have an additional alpha-helix which stabilizes the tetramer.19 The absence of this
helix in p53 explains its inability to oligomerize with p63/p73, resulting in the separation of
the p53 pathway from the paralogous p63/p73 pathways. Another example is the LIM-
domain-binding protein Ldb1, a nuclear adaptor protein which interacts with diverse
proteins containing LIM domains and plays essential roles in development and cellular
differentiation.2%-21 Humans have two close paralogs Ldb1 and Ldb2. Since the loss of Ldbl
causes severe developmental defects in embryos that are not compensated for by Ldb2,
Ldbl and Lbd2 are likely to participate in different pathways. It is known that Ldb1 forms a
trimer while Ldb2 exists in a monomer—tetramer—octamer equilibrium, suggesting that the
oligomeric differences might enable Ldb1 and Ldb2 to interact with different partners in
different pathways.22

2. EXPERIMENTAL CHARACTERIZATION AND COMPUTATIONAL
PREDICTION

Experimental characterization of homooligomeric structures, their dynamic equilibrium
between different oligomeric states, and computational inference of the biologically relevant
oligomeric form from the crystalline state have always been very challenging. Various
experimental and computational methods have been devised over the years to meet these
challenges. They aim to accurately identify biological interactions and distinguish them
from nonbiological crystal packing or nonspecific aggregation. The main experimental
techniques include X-ray and neutron scattering, mass spectrometry, gel filtration, dynamic
light scattering, analytical ultracentrifugation, and fluorescence resonance energy transfer
(FRET)23 (see also references for Table 1.1). For instance, analytical centrifugation and gel
filtration chromatography provide data on molecular mass distribution, the subunit
stoichiometry of the complexes, and equilibrium constants. FRET characterizes the kinetics
and dynamics of complex formation, monitoring the extent of energy transfer between donor
and acceptor, whereas X-ray and neutron scattering offer the atomic details of interaction
interfaces. Nowadays, proteins are being crystallized using high-throughput techniques and
very often without the extensive biochemical or biophysical characterization of their
oligomeric states. This raises the importance of computational methods to reconstruct
biological assemblies from crystalline states.24-26 These algorithms apply crystallographic
symmetry operations and then attempt to differentiate the biological from the crystal
packing interfaces by computational criteria. For example, the PISA algorithm applies graph
theory to find the set of stable assemblies, which fill all the crystal space in a regular
manner, with nodes and edges in the graph corresponding to protein monomers and
interfaces between them.2 To distinguish “biologically relevant” from crystal packing
interactions, one can also use ad-f1oc scoring schemes which are determined by interface
area, amino acid composition, number of contacts, topological complementarity, hydrogen
bonding, and other characteristics.2’-31
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3. PHYSICOCHEMICAL PROPERTIES OF HOMOOLIGOMERIC INTERFACES

The amino acid composition of homooligomeric interfaces differs from those of crystal
packing interfaces, heterooligomeric interfaces, and solvent-exposed surfaces and largely
depends on the type of homooligomeric complexes.2’-30:32.33 Moreover, besides interface
composition, allosteric mutations may also affect intersubunit geometry and contribute to
the evolution of oligomeric states.3* Obligate homooligomers (complexes where monomers
are unstable and are prone to unfold upon isolation) are characterized by the large fraction of
hydrophobic and, to a lesser extent, aromatic residues on their interfaces, while nonobligate
(transient) complexes include more polar and charged residues.28:32:35 |nterfaces of obligate
homooligomers are usually larger?8 but contain fewer hydrogen bonds per residue compared
to heterooligomers.33 The analysis of kinetic and equilibrium data on dimeric proteins
shows that per-residue interface and surface areas of “three-state dimers” (monomers are
stable on their own) are significantly smaller than that of “two-state dimers” (monomers are
not stable when separated from the complex).36

As can be seen in Fig. 1.2, homooligomers in the Protein Databank (PDB) mostly form
dimers (37%), then trimers (5%) and tetramers (7%) with predominantly cyclic or dihedral
symmetries. Moreover, eukaryotes have a considerably smaller fraction of homooligomers
(40%) compared to eubacteria and archaea (60%). This might be explained by previous
observations that eukaryotic proteins evolved through the more extensive domain fusion and
shuffling events and contain more heterooligomers and multi-domain proteins.3” The self-
attraction and symmetry in homooligomers might occur due to stability, foldability, and
evolutionary optimization.38:39 The physical effect of a statistically enhanced self-attraction
was recently modeled to show that interactions between identical random surfaces are
stronger than attractive interactions between different random surfaces of the same size.38
Furthermore, it was demonstrated that the efficiency of co-aggregation between different
monomers and protein domains decreases with decreasing sequence identity.4? Binding
arrangements involving isologous homooligomeric interfaces with a two-fold symmetry axis
seemed to be more frequently conserved in evolution compared to nonisologous
interfaces.*! In addition, symmetrical isologous dimers were shown to contain more residues
in disordered regions than heterodimers or non-symmetrical dimer interfaces,*2 which might
modulate the high specificity of interactions between the dimer complexes and their
interacting partners and play an important role in allosteric regulation.*3

4. EVOLUTIONARY MECHANISMS TO FORM HOMOOLIGOMERS

A number of evolutionary mechanisms of homooligomerization have been proposed.
According to some of them, evolutionary pathways may follow kinetic pathways of two-
state or three-state folding.#44° At the same time, assembly pathways of oligomers may
mimic evolutionary pathways, and it was suggested and verified experimentally that
homomeric proteins with dihedral symmetry may evolve and assemble through their cyclic
intermediates.#647 One of the major mechanisms of oligomerization is gene duplication with
subsequent diversification where one copy of the gene retains its original function whereas
the other gene copy is under relaxed evolutionary constraints, allowing it to develop new
functional specificities. This mechanism may lead to the formation of oligomeric paralogs
and may create protein complexes with novel specificities.*1:48-51 While in S. cerevisiae up
to 20% of complexes evolved by stepwise partial duplications,*® this mechanism was found
to be less prevalent in Escherichia coli*?

Similarity in protein sequences, folds, and functions between two orthologous proteins does
not necessarily imply that they will have the same interacting partners.52 Although
homooligomeric states and binding interfaces are usually conserved within the clades on
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phylogenetic trees, they can only be reliably transferred from very close homologs (sharing
more than 30% sequence identity for oligomeric states and sharing more than 50-70%
identity for binding modes inference).146 In some cases, the oligomeric state can be
evolutionarily conserved while the binding arrangement can be markedly different. This
points to the possibility that interactions between monomers are not necessarily inherited
from the ancestral homooligomer but rather can develop anew in evolution. For example,
proteins from the glycosyltransferase family may function as monomers, dimers, or
tetramers in different organisms. Although the dimeric and tetrameric proteins appear to be
as ancient as the monomers, the binding modes can differ even between very similar
proteins, for instance, engaging completely opposite sites on the molecule.>0 Despite this
diversity, there are certain characteristics of evolutionarily conserved homooligomeric
binding modes. For example, binding modes with larger interfaces are more frequently
conserved, while smaller interfaces are acquired more recently in evolution,41:46

In the next few sections, we will consider several evolutionary mechanisms that play key
roles in homooligomerization: domain swapping, formation of Leucine zippers, amino acid
substitutions, and insertions/deletions.

4.1. Domain swapping

Domain swapping includes opening up of the monomeric conformation and exchanging
identical regions between two monomers. Although the term “domain swapping” was
introduced by Eisenberg and coworkers in 1994,33 the first example of this type of oligomer,
bovine pancreatic ribonuclease (RNase A, Fig. 1.3A), was found by Crestfield ef a/. in
1962.54 Later on, it was shown that RNase A exchanges N-termini upon dimerization.
Originally, domain swapping was applied only in the context of homooligomers; however,
the usage of the term has been extended lately and it now encompasses different cases
including those where swapping may occur between regions of closely homologous but
nonidentical monomers. Overall, about 300 examples of domain swapping are reported in
protein structures from the Protein Data Bank.>°>6 The length of the swapped region may
vary considerably, from a single secondary structure element to regions of over 100
residues. Although swapping of terminal regions seems to be more common, the regions can
be located anywhere in the structure, and on occasion, two or more distinct regions may be
swapped.®>>7 For example, RNase A has two swapped regions at the N- and C- termini and
can form a dimer, trimer, or higher-order oligomers (Fig. 1.3A).58

Interdomain linker regions have been studied in order to identify regions responsible for
domain swapping.>%-61 The importance of proline residues in linker regions was recognized
by several experimental studies,?®:0 and recently, the amino acid proline has been shown to
have the highest propensity in hinge regions, similar to loop structures.52 However, the roles
and number of these proline residues varied between the proteins. Cell cycle regulatory
protein, p13sucl, for example, has two prolines in the hinge loop which control its
monomer—dimer equilibrium.5? Interestingly, the replacement of the first proline by alanine
results in the shift of monomer—dimer equilibrium toward the monomer, whereas the
replacement of the second proline shifts the equilibrium toward the dimer. In another
example, in the hinge region of cyanovirin-N, the substitution of proline by glycine
stabilizes both the monomeric and dimeric states, while the replacement of serine by proline
results in an exclusively dimeric protein.%0 The length of the domain linker itself may also
affect the monomer—dimer equilibrium. For instance, interleukin-5 (IL-5) belongs to the
short-chain helical cytokine subfamily and forms a domain-swapped homodimer although
other members in the family form monomers. The loop between helices C and D is shorter
in IL-5 compared to other family members and the engineered lengthening of the loop
enabled IL-5 to form an active monomer.53
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There are computational and theoretical studies which aim to examine the mechanism of
domain swapping. Using a model which incorporates only the monomeric conformation in
an energy function, it has been shown that the intermediate states represent open-ended,
domain-swapped dimers, and it also appears that overall monomer topology is a main
determinant of the structure of domain-swapped dimers.54 According to another mechanism
for domain swapping, the swapping starts from the C-terminus and progresses by
exchanging an increasing portion of the chains until a stable conformational state is reached.
In contrast to the previous study, this process does not include complete monomer
unfolding.6°

4.2. Structural oligomerization motifs

There are several known structural motifs used by proteins for oligomerization, the alpha-
helical coiled-coil being the most common one among them. The coiled-coil motif appears
in proteins with different functions, for example, alpha-keratin and vimentin (intermediate
filaments of the cytoskeleton), myosin and kinesin (motor proteins), SNARE proteins
(mediation of vesicle fusion), and the b-Zip family (transcription factor).%6 For instance, the
b-Zip family uses the Leu-zipper motif for DNA binding (Fig. 1.3B). The coiled-coil motif
is observed as a series of continuous heptad repeats (abcdefg),, in protein sequences.” When
the motif forms an alpha-helical structure, hydrophobic residues at the “a” and “d” positions
interact with each other to form a helical bundle. The “Leu-zipper” motif is a type of coiled-
coil structure where leucine is frequently observed at the “d” position (Fig. 1.3B).58 The
coiled-coil motifs may form different oligomeric states depending on the particular amino
acids in the heptad repeat. For example, the yeast transcription factor GCN4 forms a dimeric
coiled coil; however, the replacements of Ile by Leu at the “a” and Leu by lle at the “d”
positions enables GCN4 to form a tetramer.%9 Other combinations of Leu, lle, and Val at the
“a” and “d” positions may also cause trimerization,%9:70 whereas replacements in positions
“e” or “g” can lead to higher-order oligomers such as heptamers.’! Moutevelis and
Woolfson organized coiled-coil structures in a “periodic table”’2 where coiled-coil
structures were arranged in columns with increasing numbers of alpha-helices. According to
the authors’ results, 74% of coiled-coil structures were dimers and 12% formed trimers.

4.3. Amino acid substitutions

Amino acid substitutions introduced on the protein surface/interface may cause association
or dissociation of homooligomers. A simple rule for amino acid substitutions that mediate
the oligomeric states was proposed recently: the replacement of solvent-exposed residues by
more hydrophobic and/or larger protruding residues tends to shift the equilibrium toward the
formation of oligomers.”® Another study found that as few as two substitutions could shift
the average composition of a surface patch to that of an equivalent interface.’”# The artificial
design of new oligomers by amino acid substitutions was performed on four protein
assemblies’® (Fig. 1.3C). Some of these proteins needed only a single amino acid
replacement to associate to a higher-order complex, and it was discovered that introducing
large nonpolar side chains, such as phenylalanines or tryptophans, facilitated the complex
formation.

Residues or sites with a large contribution to binding energy are sometimes called “binding
hotspots.” Originally, hotspots were recognized by alanine scanning of the interface region
between human growth hormone and the extracellular domain of its receptor as those few
residues which caused the largest reduction in the binding affinity.”6 Bogan and Thorn
compiled a database of alanine mutants and described some important properties of hotspot
residues.’” It was shown that hotspots were located near the center of the interface
completely occluded from bulk solvent, with an abundance of arginine, tryptophan, and
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tyrosine.””-78 Additionally, it was suggested that some tightly packed binding hot spots
could form a cluster on an interface.”®

Amino acid substitutions on homooligomer interfaces may change the functional activity of
a protein and have been implicated in several diseases. For example, mutations leading to
the disease fructose intolerance are shown to destabilize the tetramer of the enzyme
fructose-1,6-biphosphate aldolase A and thereby decrease its activity,80 while certain
substitutions in glutamate receptors may stabilize their dimer interface and reduce
desensitization.8!

4.4. Insertions and deletions

Insertions and deletions at oligomer interfaces provide another important mechanism to
modulate different functional specificities and protein oligomeric states in evolution. The
protein N-acetyl-L-glutamate kinase (NAGK) from Pseudomonas aeruginosais such an
example; it catalyzes the second step in arginine biosynthesis. P. aeruginosa NAGK has an
extra alpha-helix on its N-terminus and forms a homohexamer (trimers of dimers), although
the same kinase from E. coli does not have this helix and exists as a homodimer (Fig. 1.3D).
The homohexameric NAGK has a built-in negative feedback mechanism; binding of
arginine causes a conformational change which inhibits the enzyme function by stabilizing
an enlarged active center conformation. The arginine binding site is formed by the N-
terminal helix and C-terminal lobe, flanking the junction between dimers, thus,
hexamerization mediated by the N-terminal helix would be essential for this inhibition.82

The inspection of inserted and deleted regions among homologous proteins existing in
different oligomeric states has revealed that about a quarter of them are located on
interaction interfaces® and many of them are responsible for enabling or disabling the
formation of oligomers.59:84.85 |ndeed, removal of enabling regions from protein structures
may result in the complete or partial loss of oligomer stability.83:85 According to these
investigations, the insertions and deletions are located preferentially in loop regions and to a
lesser extent on alpha-helices and beta-strands. Furthermore, the insertions and deletions
modulating oligomerization usually have a lower aggregation propensity and contain a
larger fraction of polar and charged residues compared to conventional interfaces and
protein surfaces.83 The residue composition of enabling regions depends on the size of the
interface area; large insertions (>500 A2 on interface area) tend to be hydrophobic, similar to
conventional interfaces, but small insertions have polar or small residues such as Asn, Ser,
Gly, or Pro. This tendency can be explained from the viewpoint of structural restraints for
these insertions; the small insertions mainly form turns in the protein secondary structure,
thus residues with high turn propensities are required to maintain their local structures.8>
Interestingly, different oligomerization mechanisms can be employed within different
proteins from the same family. For example, in the dihydrofolate reductase family, the
enabling loop of bacteriophage T4 leads to the formation of a homodimer,84 while
dimerization of the same enzyme from 7hermotoga maritima is achieved by amino acid
substitutions.”3

5. REGULATION OF PROTEIN ACTIVITY THROUGH OLIGOMERIZATION

Cellular processes are extremely complex, requiring many factors to provide desired
outcomes and prevent inefficiency. This control might be applied at the level of gene
expression or protein—protein interactions, by changing protein activity, posttranslational
modifications, or other means. Moreover, proteins can exist in dynamic equilibrium between
different oligomeric states which can be controlled by physiological conditions (pH, certain
ionic strength, temperature), ligands, and posttranslational modifications.88 Protein activity
may be also regulated through the dynamic transitions between oligomeric states with
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differential activity. It has also been shown that certain mutations may induce changes in
oligomeric state and activity but do not compromise stability.16 In addition, reversible
transitions between discrete conformations and oligomeric states might account for protein
cooperative binding properties and allosteric mechanisms in signal transduction.®

Here we present different scenarios which can explain how shifting the equilibrium between
different oligomeric states might serve as a regulatory mechanism. These scenarios include:
-homooligomerization may be important for protein self-activation when the active or
binding site occupies the oligomeric binding interface; -conformational changes
accompanying oligomerization could lead to exposure/suppression of the active or protein
binding sites; -the formation of an oligomer may inhibit binding of a monomer to its
substrate through competitive binding even without conformational changes; -the
posttranslational modifications or binding of small molecules at or near the oligomeric
interface can shift the equilibrium between different oligomeric states. In addition to
examples from the previous study,86 we manually compiled a list of experimentally verified
examples of the above-mentioned mechanisms in Table 1.1. As can be seen from this table,
phosphorylation is a very widespread mechanism used by the cell to control protein activity
through oligomerization. Indeed, recent work has shown that phosphorylation sites tend to
be located on binding interfaces in heterooligomeric and weak transient homooligomeric
complexes, and phosphorylation may potentially mediate or in many cases disrupt the
complex formation.87

We will describe a specific example, which shows how the transition between the dimeric
and tetrameric forms of pyruvate kinase can be implicated in tumor formation. Pyruvate
kinase is a key glycolytic enzyme and its activity is consistently altered during
tumorigenesis. It has been noted that, during tumor formation, the M2 isoform of pyruvate
kinase is over-expressed.® The active tetrameric form of this enzyme from normal cells has
high affinity to its substrate phosphoenolpyruvate (PEP), associates with the glycolytic
enzyme complex, and produces high levels of ATP. The dimeric form has low affinity to
PEP, does not associate with the glycolytic enzyme complex, and is accompanied by low
levels of ATP. Having the inactive dimeric form is advantageous for tumor cells as
phosphometabolites above pyruvate kinases in the glycolytic cycle accumulate in tumor
cells and are then available as precursors for synthesis required by tumorigenesis. The
tetramer—dimer ratio is regulated by different factors, for example, by fructose 1,6-P2 and
serine concentrations. Moreover, Rous sarcoma virus may also phosphorylate M2-PK and
lead to its dimerization and disassociation from the glycolytic enzyme complex.88

6. OLIGOMERIZATION, PROTEIN AGGREGATION, AND RELATED
DISEASES

Protein aggregation and amyloid fibril formation are associated with a number of
devastating human diseases, including Alzheimer’s disease, Parkinson’s disease, and
Huntington’s disease. Amyloid fibril is an insoluble protein fibril, which usually represents a
straight and unbranched polymer of several thousand angstroms in length and is deposited
mainly in extracellular regions.89 The major difference from other biological polymers is
that amyloid fibers have very high stability, are highly insoluble in detergent, and have a
considerable amount of B-sheet structure.?? The mechanism of amyloidogenesis has been
extensively studied, and several models have been proposed. The prevalent model to explain
the self-assembly process is nucleation-dependent polymerization.9! According to this
model, a nucleus is required to initiate the fibrillation process. After the formation of a
nucleus, the elongation of fiber becomes thermodynamically favorable and a large
percentage of the starting protein material is assembled into fibrils. Another mechanism is
double-concerted fibrillation.?2 In this model, the amyloid fibril formation is achieved via
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two consecutive processes. The first process involves concerted associations of monomers,
forming oligomeric granular species. In the second process, the oligomeric species act as a
growing unit and form fibrils. In addition, a number of theoretical and computational
approaches have been developed to elucidate the detailed process of amyloid fibril
formation.9% An example of this is a molecular dynamics simulation showing the
aggregation process of eight SH3 domains, where the initial step of aggregation is the
dimerization, followed by the formation of one aggregate that consists of all eight
proteins.94

An important question is why disease-related amyloids are toxic. In the case of Alzheimer’s
disease, which is one of the most common neurodegenerative diseases, many studies suggest
that a high concentration of amyloid-p (AB) proteins causes neuronal alterations.%°
Interestingly, not only assembled amyloid fibrils but also prefibrillar aggregates including
dimers, trimers, and relatively short oligomers show cytotoxicity.?® In particular, the AB
dimers extracted directly from brains of Alzheimer’s disease patients inhibited long-term
potentiation, enhanced long-term depression, and reduced dendritic spine density.%’ In
contrast, the same study demonstrated that amyloid plaque cores did not impair long-term
potentiation unless AP dimers were released from the amyloid. This suggests that the
amyloid core is not toxic by itself but the dynamic release of oligomers from the amyloid is
toxic.

It remains unclear why natively soluble proteins aggregate under some specific conditions.
Certainly, one of the factors is mutation, which could trigger diseases or increase the risk of
diseases. For example, myofibrillar myopathies are a group of neuromuscular disorders,
characterized by the cytoplasmic aggregation of multiple proteins, resulting in slowly
progressive weakening of limb muscles. Desmin, one of the aggregated proteins in this
disorder, is a muscle-specific filament protein, which plays an important role as a structural
component of the muscle cytoarchitecture. A genetic study identified three different
missense mutations in the desmin protein, namely R350P, E413K, and R454W.%8 These
mutations have a profound effect on the stability of the dimer and tetramer, which impairs
the proper filament assembly. A nonsense mutation was found in the gene encoding another
aggregated protein, FLNC. The mutation causes the truncation of a part of the dimerization
domain, leading to the inability to form a proper dimer.%° Overall, more than 20 missense
mutations that cause Alzheimer’s disease have been identified in or near the coding region
of AB protein,® which enhance the aggregation of the peptides.

On the other hand, the ability to form amyloid fibril is not limited to a small group of
disease-related proteins.100101 There is a growing list of functional amyloids, where
proteins natively form filamentous aggregates and fulfill specific biological functions.20 A
recent study demonstrated that more than 30 human peptide hormones can be spontaneously
assembled and form amyloids, which function as a storage of hormones.192 This study also
showed that the amyloid fibrils formed by the peptide hormones were able to release active
monomeric hormones despite the high stability of the amyloids. Although the mechanism of
the isolation of the monomers from the amyloid fibrils is still unknown, the secretion of
peptide hormones is a highly regulated process. Other examples of functional amyloids
include the Pmel17 protein forming intramelanosome fibrils through normal biological
proteolytic processing associated with skin pigmentation103 and the curli fiber of £. coli,
which are involved in adhesion to surfaces and biofilm formation.104 These functional
amyloids are regulated and contribute to cellular biology without causing significant
cytotoxicity. In addition, oligomerization is used in nature to counterbalance the
destabilizing effects of mutations or higher temperatures and protect against nonspecific
aggregation,105.106

Prog Mol Biol Trans/ Sci. Author manuscript; available in PMC 2013 September 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nishi et al. Page 9

7. CONCLUSIONS

Analysis of high-throughput protein—protein interaction networks shows that there are
significantly more self-interacting proteins than expected by chance.107 Despite the
importance and abundance of homooligomers in a cell, they are usually neglected in studies
of protein—protein interaction networks. An explanation comes from the ambiguity of the
experimental characterization of homooligomers and the difficulty of their computational
prediction. In this review, we attempted to summarize the biological importance of
homooligomeric assemblies, their evolution, and physicochemical properties. We also
outlined the regulatory properties of homooligomers which might exist in dynamic
equilibrium between different oligomeric states and can be controlled by physiological
conditions, ligands, and post-translational modifications. The disruption of their regulatory
functions may lead to many human diseases, namely certain mutations may induce changes
in oligomeric state and protein activity and in some cases trigger non-specific protein
aggregation and amyloid fibril formation.
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Illustration for the development of novel protein specificities and regulation of protein
activity through homooligomerization. Adapted from Ref. 3.
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Figurel1.2.
Distribution of different homooligomeric states in a nonredundant set of Protein Data Bank

(PDB) structures (A) and in Eukaryotes, Archaea, and Eubacteria (B). The nonredundant set
of structures was obtained using the criteria of BLAST pvalue <10~ on all PDB chains and
oligomeric state annotations were taken from PDB.
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Figure1.3.

Different mechanisms of homooligomerization. (A) Domain swapping of RNase A:
monomer (LRTB) and domain-swapped dimer (LA2W) of RNase A. The swapped regions
and domain linker regions are shown as red and yellow, respectively. (B) Leu-zipper of
GCN4 (LYSA). Leu at position “d” is shown as stick model and colored in red. (C) Amino
acid substitutions for designed homooctamer of L-rhamnulose-1-phosphatase aldolase
(2UYU). The original protein exists as a tetramer which is shifted to the octamer upon a
single substitution (A88F, shown in red). (D) Insertions of A-acetyl-L-glutamate kinase
hexamer (2BUF). Inserted N-terminal helix shown in red enables the hexamer formation.
Adapted from Ref. 3.
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