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The protein universe as we know is composed of folded structures and intrinsic dis-

ordered regions. The latter may adopt structures upon interaction with binding part-

ners. In addition, some proteins contain C‐terminal extensions which act as

independent functional units in the context of the protein. Since their activity does

not depend on the protein context they can be considered as peptides in proteins.

To illustrate this principle, we here discuss the C‐terminal extensions of IgM antibod-

ies which dictate their assembly and the molecular chaperones Hsp90, Hsp70, and

Hsp104 which use C‐terminal peptide extensions as a docking site for interaction

with different co‐chaperones.
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1 | INTRODUCTION

Proteins are known as chains of amino acids which fold into well‐

defined three‐dimensional structures. In recent years, intrinsically dis-

ordered proteins were discovered which are devoid of structure in iso-

lation. Additionally, an increasing number of proteins has been

identified which contain folded and intrinsically disordered regions

(IDR). About one‐third of the human proteome may contain IDRs.1,2

Importantly, these IDRs can adopt three‐dimensional structures upon

interaction with ligands such as DNA or other proteins, allowing spe-

cific interactions with different ligands thus expanding the repertoire

of complexes as, e.g., seen for transcription factors.3 The range of

structural elements present in proteins is further expanded by N‐

terminal signal sequences of 30 to 50 residues needed for targeting

to mitochondria and the endoplasmic reticulum (ER) that are cleaved

after translocation across the membrane.4 In addition, short (three to

four residues) C‐terminal targeting sequences exist.5

Here, we highlight the existence of C‐terminal elements in proteins

which act similarly to independent peptides attached to a protein

domain. In this review, examples are presented where these peptide
- - - - - - - - - - - - - - - - - - - - - - - - - -
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sequences serve as assembly regulators of homotypic and heterotypic

interactions in different biological contexts. The idea of peptide exten-

sions as independent elements attached to folded domains is sup-

ported by the fact that for the examples discussed here, homologues

of the respective proteins exist that lack the specific peptide exten-

sion. Since the respective isolated peptides also perform the basic

assembly reactions, their biological functions may be encoded in the

peptide sequence alone.

With a view to describe generic aspects of peptide tags, we pres-

ent examples for this concept from two different areas: molecular

immunology and molecular chaperones. In both cases, peptides in

the range of 18 to 30 amino acid length perform essential functions

that govern the architecture of large protein complexes up to the giga

Dalton range.

2 | THE TAILPIECE PEPTIDE‐MEDIATED
ASSEMBLY OF IgM ANTIBODIES

In general, antibodies or immunoglobulins (Ig) contain two identical

heavy (HC) and two identical light chains (LC). They exhibit modular
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structures consisting of several domains that each adopt the Ig fold.6

The variable N‐terminal domains of the HC and LC (VH and VL,

respectively) bind to antigens with high affinity and specificity.7 The

C‐terminal part (Fc) interacts with receptors and is responsible for

effector functions that drive the immune response such as activating

the complement system.8

Two classes of antibodies, IgM and IgA, contain a short peptide

extension of ~ 20 residues located at the C‐terminus of their HCs. This

so‐called tailpiece (tp) dictates the polymerization of the entire anti-

body into complex macromolecular structures such as IgA dimers or
IgM hexamers. Therefore, this process is of major importance for the

immune response of vertebrates. Since most progress has been made

in the investigation of the IgM‐tp (μtp), we focus here on the role of

the μtp in IgM hexamer formation.

Upon initial exposure to an antigen, IgM is the first antibody

produced in the primary immune response.9-11 To ensure rapid

activity, IgMs are secreted before B cells undergo somatic

hypermutation, which increases antigen binding affinity and specific-

ity.12 Consequently, IgMs show generally lower antigen affinity than

other immunoglobulin classes. However, this is compensated by
FIGURE 1 Tailpiece peptide‐mediated
assembly of IgM. (A) Scheme of hexameric
IgM. HC and LC domains are illustrated in blue
and gray, respectively. HC and LC domains are
illustrated in blue and gray, respectively. S‐S
indicates a disulfide bond. (B) Crystal structure
of the monomeric Cμ4 domain (PDB: 4JVW,
green) with the modeled domain boundary
(orange ribbons) and μtp extension (red
ribbons) as indicated by SAXS measurements
with corresponding amino acid sequence of
the murine μtp. (C) SAXS‐, NMR‐, and X‐ray‐
derived modeled structure of the hexameric
IgM Fc fragment including the Cμ2 (orange),
Cμ3 (blue), and Cμ4 (green) domains as well as
the μtp (red ribbons)
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oligomerization (Figures 1A and 2), leading to multiple antigen bind-

ing sites in one antibody complex and an overall high avidity.13 IgMs

are secreted as pentamers and hexamers. In pentameric IgM, one

IgM subunit is replaced by a small cysteine‐rich protein, called J

chain (~15 kDa).14-16 Its function and secondary structure remain

unknown.17 While most other Igs comprise three constant heavy

chain domains, the HC of IgM is C‐terminally extended by the Cμ4

domain (Figure 1A,B).18,19 In contrast to IgM, IgA is highly antigen‐

specific and accomplishes rather local immune functions.20 There-

fore, the majority of IgA molecules serve as a first‐line defense

against foreign pathogens.21 IgA exists in two distinct, tissue‐

dependent isoforms, IgA1 and IgA2.21 Similar to IgM, secretory IgA
FIGURE 2 Proposed mechanism of IgM oligomerization dictated by the μ
surface patches, S‐S indicates a disulfide bond, SH a nonoxidized thiol gro
monomer, nor for the oligomer is known in detail. (a) + (b) Dimerization init
of IgM oligomerization. (c) Intermediate structures assemble via noncovalen
(d). (B) (a) Initial step of oligomerization of full‐length IgM, (b) schematic se
comprises a tp which is required to form defined dimers in a com-

plex with the J chain.16

The IgM hexamer and pentamer are highly symmetric assemblies

(Figure 1A,C).22 Electronmicroscopy (EM) and small angle X‐ray scatter-

ing (SAXS) revealed a mushroom‐shaped quaternary structure of the

polymer with the Cμ4 domains and the μtps located in the stem.23,24

Already in 1986, it was found that the μtp is required for IgM olig-

omerization.25 More recently, progress was made on the mechanistic

role of the μtp and the contribution of its residues (Müller et al,

2013; Pasalic et al, 2017).

The μtp and the IgA‐tp (αtp) share remarkable sequence homology

(Figure 3A). Of highest importance, both contain the important
tp. (A) Cμ4‐tp in vitro oligomerization. Red areas indicate hydrophobic
up of a cysteine. The distinct conformation of the μtp neither for the
iated by the penultimate Cys575 disulfide formation is the driving step
t hydrophobic interactions, leading to a highly symmetric IgM hexamer
ction of full‐length IgM hexamer assembly



FIGURE 3 Sequence alignments of C‐
terminal IgM tailpieces and Hsp90, Hsp70,
and Hsp104 chaperone peptides. (A)
Sequence alignment of tailpieces of IgM in H.
Sapiens (hμtp), Mus Musculus (mμtp) and two
isotypes of IgA in H. Sapiens (hαtp1 and
hαtp2). (B) Sequence alignment of the last 31
amino acids of Hsp90 in H. sapiens and S.
cerevisiae. The c‐terminal MEEVD motif is

shared by the eukaryotic Hsp90 variants with
conservation of some acidic and small
hydrophobic patches. (C) Sequence alignment
of the last 31 amino acids of Hsp70 H. sapiens
and S. cerevisiae. The c‐terminal EEVD motif is
shared by the eukaryotic Hsp70 proteins
following PT and a small hydrophobic amino
acid (I or V). (D) Sequence alignment of the
last 31 amino acids of Hsp104 in S. pombe, Z.
rouxii, and S. cerevisiae. Acidic amino acids are
depicted in blue, basic amino acids in magenta,
small and hydrophobic amino acids in red, and
hydroxyl‐, sulfhydryl‐, amine, and glutamine in
green
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penultimate cysteine. Further similarities are a region of mostly

hydrophobic residues ranging from Val to Gly as well as the conserved

N‐ and C‐terminal residues Gly‐Thr and Thr‐Tyr, respectively.

Interestingly, at two positions, there are distinct differences between

the two tps: while IgA incorporates His‐Val/Ile, IgM has inverted

polar/nonpolar residues comprising Leu‐Tyr. Additionally, while

Ala/Gly in IgM are small, nonpolar residues, IgA contains a rather large

and acidic Asp. So far, it is only poorly understood which impact these

alterations have regarding structure and oligomer assembly.

An important aspect in this context are the boundaries of the pro-

tein domains to which peptides are attached. They are usually deter-

mined either on a structural (e.g., middle domain of Hsp90), functional

(e.g., ATP‐binding domain of Hsp90), or genetic (e.g., constant Ig

domains) basis. Accordingly, peptide extensions of proteins are often

assigned as part of a protein domain.26,27 Given this heterogeneity of

domain and peptide boundary definitions, also the distinct length of

the tp is rather undefined. On the functional level, it was shown that

the very C‐terminal 18 residues of the IgM HC (Pro‐Tyr) are necessary

for the μtp function.28 However, the presence of Gly and Lys in both

IgM and IgA suggests them to be part of the conserved tp sequence

(Figure 3A). Recently, we proposed a protein stability‐based approach

to assign domain boundaries of Ig domains.29 The conformational sta-

bility of an IgG domain was strongly increased by simply shifting the

C‐terminal domain boundary. The reason for this strong stability

enhancement is the interaction of the C‐terminal Lys with an adjacent

α‐helical loop, ensuring the formation and stabilization of this α‐helix

and a very C‐terminal β‐strand. Thus, in particular Lys is supposed to

have a beneficial effect on the stability of the Cμ4 domain and should

therefore be considered part of the Cμ4 domain. Thus, the sequence

of μtp should be defined fromPro559 toTyr576 of the μHC (Figure 1B).
Interestingly, the secondary structure of the μtp is still unknown

(Figure 1B). Since it could not be determined along with the Cμ4

domain by X‐ray crystallography, the μtp is potentially flexible or

intrinsically unfolded and therefore likely to adopt various transient

conformations.24 Secondary structure prediction suggested two β‐

strand segments, a long (Thr560‐Thr571) and a very short (Cys‐Tyr)

one, linked by coiled residues.28 Of note, within the μtp, the “NVS”‐

motif containing Asn563 represents an active N‐glycosylation site.

The μtp glycan supports the assembly of IgM pentamers with the J

chain.30,31 Remarkably, the isolated μtp peptide is able to form dimers

upon disulfide bond formation, which is accompanied by a change in

its relative secondary structure toward a larger β‐strand content.28

The role of each μtp residue in IgM assembly was determined by

alanine‐scanning mutagenesis28 employing Cμ4‐tp. Cμ4‐tp is the

smallest IgM construct capable of forming regular higher order oligo-

mers in vitro, ie, hexamers of Cμ4‐tp dimers,24 corresponding to

hexamers of full‐length IgM. This screen emphasized that Cys575,

the penultimate residue in the μtp, is essential for IgM polymerization.

However, Cys575 alone was not sufficient for oligomerization in some

tp variants indicating the importance of other μtp residues.25,32 The

effects of mutations in μtp residues were highly similar for Cμ4‐tp

in vitro and full length IgM in cells suggesting that indeed the μtp is

the decisive factor of IgM oligomerization and that the Cμ4‐tp domain

is an excellent minimal model to study IgM association. Several posi-

tions were identified for which the mutation to Ala did not interfere

with oligomer formation. However, when Tyr562, Val564, Leu566,

Ile567, Met568, and Cys575 were mutated to Ala, no oligomerization

was observed, and either no IgM secretion was observed or only

monomers were secreted from cells. Thus, in particular, the hydropho-

bic region from Val564‐Met568 and Cys575 are of major importance
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for IgM oligomerization. This hydrophobic stretch is located within the

predicted β‐strand, suggesting that this secondary structure element

and/or its hydrophobicity may be important for oligomerization. IgM

oligomerization is a multistep mechanism governed by conformational

transitions of the μtp (Figure 2): the initial step required for polymeriza-

tion is the disulfide formation between two adjacent Cys575,

connecting two IgM subunits to a dimer. Upon this event, the μtp

undergoes a conformational shift leading to the exposure of largely

hydrophobic amino acids, which had formerly been buried. It seems

that hydrophobic interactions lead to oligomer formation via transient

intermediate states, finally giving rise to Cμ4‐tp pentamers and

hexamers.

Interestingly, the C‐terminal μtp is also sufficient to drive oligomer-

ization when fused to other Ig classes such as IgG.33,34 However, there

are still important gaps in our mechanistic understanding of this pro-

cess such as the structural requirements of the tp‐linked Ig domain

for defined oligomerization. In this context, transient and stable inter-

actions of the μtp in the IgM monomer, dimer, pentamer, and hexamer

are subjects of current investigations. It is so far not possible to pre-

dict the quaternary structures that are created by fusing the μtp to

various proteins. Furthermore, it is still enigmatic how exactly the J

chain is incorporated into the IgM pentamer.

Besides polymerization, the μtp serves an important protein qual-

ity control (QC) function in the early secretory pathway of the ER.35

Given the fact, that about one third of the entire proteome matures

in the ER, QC is of major importance to ensure that properly folded,

functional proteins are secreted and to prevent overloading of the

protein biosynthesis and secretion machinery.36,37 To meet these

requirements, a number of chaperones and enzymes manage secre-

tory protein maturation and QC in the ER. The redox‐specific

enzyme ERp44 can specifically detect free, reduced cysteines of pro-

teins by forming mixed disulfide bonds with its clients.38 Accordingly,

the unassembled µHC is not secreted by the cell but retained by

ERp44 in the ER lumen to be either correctly assembled into IgM

oligomers or eventually degraded if assembly does not occur.39 Inter-

estingly, this mechanism involves another C‐terminal peptide motif

of the “captured” proteins: ERp44 and other ER‐resident proteins

such as BiP (the ER‐resident Hsp70 homolog) have a C‐terminal

RDEL or KDEL motif, respectively, that mediates interaction with

the KDEL receptor preventing secretion of these ER‐resident

proteins.40

Taken together, the C‐terminal tp extensions of IgM and IgA are

essential for Ig oligomerization, for ER QC as well as for the interac-

tion with other proteins such as the J chain. Thus, they are at the heart

of the biological function of these antibodies and an efficient immune

response.
3 | PEPTIDE‐GUIDED ASSEMBLY WITHIN
THE MOLECULAR CHAPERONE MACHINERY

Another striking example for peptides in proteins are the C‐terminal

peptide extensions that emerged in several molecular chaperones
upon transition from prokaryotes to eukaryotes. These peptide tails

are used as anchors for the binding to partner proteins. This concept

is most extensively used in the Hsp90 machinery. Hsp90 is important

for the folding, stability, and activity of several hundred different client

proteins in the cytosol of eukaryotic cells.41-43 As the interactome of

Hsp90 includes kinases, transcription factors, ribosomal proteins, and

proteins of the ubiquitination system, the regulatory potential of the

chaperone ranges from signal transduction, transcription, and transla-

tion to protein synthesis and degradation.44-47

Hsp90 from prokaryotes and eukaryotes exhibits a conserved

three‐domain structure (Figure 4). The N‐terminal domain binds

ATP, the middle domain is mainly responsible for client interaction

as well as ATP hydrolysis, and the C‐terminal domain mediates

dimerization. Strikingly, only in eukaryotic Hsp90s, an unstructured

tail region of about 30 residues emerges from the C‐terminal end

of Hsp90. In the crystal structure of yeast Hsp90, this segment is

unstructured and only partly resolved due to its flexibility48 (PDB:

2CG9). Similarly, the cryo‐EM structure of the human Hsp90 isoform

Hsp90β revealed the terminal 35 amino acids as unstructured49

(PDB: 5FWK). Secondary structure predictions of the tail regions

confirm the unstructured nature. In the Hsp90β structure, the C‐

terminal peptides protrude in opposing directions, whereas in the

yeast Hsp90 structure they are parallel. Despite the large evolution-

ary distance, the amino acid composition of the C‐terminal extension

is similar in yeast and human Hsp90 regarding the nature of the side

chains with roughly 40% hydrophobic as well as acidic amino acids

(Figure 3B).

This emergence of the C‐terminal tail in eukaryotic Hsp90 corre-

lates with the occurrence of co‐chaperones for Hsp90: while no co‐

chaperone has been detected in bacteria, more than a dozen of

Hsp90 co‐chaperones exist in eukaryotes. The long unstructured tp

can be regarded as a flexible attachment site with an anchor sequence

at its C‐terminal end to which some co‐chaperones bind. Specifically,

these recognize the (M)EEVD amino acids at the very end of the

tail.50,51 This increases the client range and the functional flexibility

of the Hsp90 system. The co‐chaperones interacting with the (M)

EEVD peptide are PP5, CHIP, Fkbp51, Fkbp52, Cyp40, HOP/Sti1,

and RPAP3/Tah1 (seeTable 1). Their interaction is mediated by a spe-

cific module, the tetratricopeptide repeat (TPR) domain (Figure 5)

present in some of the co‐chaperones. TPR domains are mediators

of protein‐protein interactions and contain five to seven helix‐turn‐

helix segments of 34 amino acids with hydrophobic patches.52 Con-

served residues are alanine at position 8, 20, and 27 and glycine at

position 8. Proline acts as a helix‐breaking amino acid at position 32.

The helices form a binding grove which can accommodate peptide

sequences ranging from five to nine amino acids (Figure 5). The bind-

ing motifs of TPR domains are not conserved, as different combina-

tions of multiple hydrophobic and charged interactions are

possible.53 Accordingly, extended sequences as well as α‐helices are

able to bind to the TPR.54 Crystal structures of TRP domains in com-

plex with tp peptides revealed that different extended conformations

are bound to the TPR domains (Figure 5). While the MEEVD peptide

binds to the Tah1 TPR in a stretched fashion, the same peptide binds



FIGURE 4 Crystal structures of yeast Hsp82, yeast Hsp104, and
human Hsp70. The closed conformation of the yeast Hsp90 dimer is
shown on the left (blue) with a schematic representation of the tail
domains as blue spheres with the C‐terminal amino acids MEEVD
(PDB: 2CG9, derived from the Hsp82‐Sba1 complex). In the middle, a
monomer Hsp104 NBD is depicted in red (PDB: 5VY9). The C‐
terminal tail region is depicted as red spheres with the C‐terminal
amino acids DDLD. The transition of the C‐domain to the tail piece is

depicted as sticks with dark blue colored nitrogen and red oxygen
atoms. On the right, the Hsp70 NBD is depicted in dark green (PDB:
5BN8), and the SBD is depicted in light green (PDB: 4PO2). The C‐
terminal tail region is depicted as light green spheres with the C‐
terminal amino acids EEVD. The transition of the C‐domain to the tail
piece is depicted as sticks with dark blue colored nitrogen and red
oxygen atoms. The tail piece of the second Hsp82 monomer is
depicted as cartoon. Both structures show the last amino acids
breaking the helix conformation

TABLE 1 Overview of TPR domain containing co‐chaperones

Co‐Chaperone
Number of TPR
Domains FunctionHuman Yeast

CHIP CHIP 1 E3 ubiquitin ligase

Cyp40 Cpr6, Cpr7 1 Prolyl isomerase

Fkbp51 ‐‐‐ 1 Prolyl isomerase

Fkbp52 ‐‐‐ 1 Prolyl isomerase

Hop Sti1 3 Hsp70/Hsp90 client transfer

PP5 Ppt1 1 Hsp90 phosphatase

RPAP3 Tah1 1 Part of the R2TP complex
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the PP5 TPR domain in a reversed orientation with the C‐terminal Asp

buried inside the TPR domain and the N‐terminal Met protruding.

Binding affinities of TPR domains to the Hsp90 tails are in the low

μM range (1‐25 μM) and drop significantly to the mM range for

shorter peptides.
Hsp90 undergoes large conformational changes during the

ATPase reaction (Figure 6). In the apo state, Hsp90 is in the open

conformation in which the monomers are only associated via the C‐

domains.55 Upon ATP binding, the N‐domains undergo a conforma-

tional transition which leads to their association. To completely

assemble the ATPase site, the N‐domains have to associate with the

M‐domains. The transitions between these states are slow, in the

minute range, and represent the rate‐limiting steps of the cycle. After

ATP hydrolysis, ADP and phosphate are released, and Hsp90 returns

to the open state.

Co‐chaperones control this conformational cycle by stabilizing spe-

cific Hsp90 states or by interacting with client proteins. Well‐studied

examples are the co‐chaperones Hop/Sti1 and Cdc37 which bind to

open Hsp90 conformations and Aha1 and p23 which bind to closed

states.56-59 Co‐chaperone binding sites are found in all domains of

Hsp90, but by far the most prominent interaction site is the (M)EEVD

motif in the C‐terminal tail. To exert their specific functions, these co‐

chaperones contain different functional domains in addition to the

TPR module. Depending on the co‐chaperone, this allows modulation

of chaperone activity and substrate specificity.

An example in case are several TPR‐containing co‐chaperones

comprising peptidyl‐prolyl cis/trans isomerase (PPIase) domains

which empower these co‐chaperones to act as important regulators

of the mammalian stress response and disorders like depression

and diabetes via glucocorticoid signaling.60,61 The Fkbp51/52 co‐

chaperones comprise three domains: an N‐terminal immunosuppres-

sive (FK506) binding FK1 domain responsible for the PPIase

activity, an FKBP‐like domain (FK2), and a 7 helix‐containing TPR

domain.62 These co‐chaperones are part of Hsp90‐steroid receptor

complexes63 and affect the affinity of the glucocorticoid receptor

for its ligand.

The broad range of functions that can be combined with Hsp90 via

TPR‐interactions is further demonstrated by the Hsp90 co‐chaperone

CHIP which consists of a TPR domain and a C‐terminal U‐box domain

with E3 ligase function.64 Thus, it connects protein folding with degra-

dation. CHIP mediates ubiquitination of important cellular regulators

like p53.65,66 This requires the interaction of CHIP with Hsp90 and

the flexibility of the tail as shortening of this segment leads to

impaired p53 ubiquitination even if the (M)EEVD CHIP‐binding motif

remains unaltered.66



FIGURE 5 Crystal structure of TPR domains
of co‐chaperones with Hsp90 or Hsp70
peptides. The C‐terminal peptides of Hsp90
(blue) and Hsp70 (green) are shown as stick
representations, the α‐helical TPR domains
are depicted as cartoon representations: PP5
in dark gray with the Hsp90 peptide MEEVD
in blue (PDB: 2BUG), CHIP in white with the
Hsp90 peptide DTSRMEEVD in blue (PDB:
2C2l) or Hsp70 PTIEEVD in green (PDB:
3Q49), FKBP51 in yellow with the Hsp90
DTSRMEEVD peptide (PDB: 5NJX), Sti1
TPR2A domain in purple with Hsp90 MEEVD
in blue (PDB: 3UQ3), Sti1 TPR1 in purple with
Hsp70 GPTIEEVD in green (PDB: 1ELW),
RPAP3 in orange with Hsp90 SRMEEVD in
blue (PDB: 4CGV), Tah1 in red with MEEVD
(PDB: 2L6J), and Sti1 TPR2B in purple with
Hsp70 PTVEEVD in green (PDB: 3UPV)
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TPR‐co‐chaperone‐Hsp90 interactions can also affect posttransla-

tional modifications: Protein phosphatase PP5 contains a phosphatase

domain67 which dephosphorylates Hsp90 and the co‐chaperone

Cdc37 in complex with Hsp9068,69 and may also act on client proteins

of Hsp90.70

TPR‐co‐chaperones are also used to recruit further effector pro-

teins to Hsp90. In this context, Tah1/RPAP3 mediates Pih1 binding

and stabilization of the Hsp90‐bound complex.71 Tah1/RPAP3 is also

involved in rRNA processing72 and mTOR stability.73

In contrast to these co‐chaperones which feature a single TPR

domain, Hop/Sti1 contains three TPR domains with different specific-

ities for Hsp90 and for themolecular chaperoneHsp70. Upon transition

from prokaryotes to eukaryotes, also Hsp70 acquired a C‐terminal

extension of ~ 30 amino acids containing an EEVD motif that binds to

TPR domains. In general, the Hsp90 system is functionally strongly con-

nected to the molecular chaperone Hsp7074 and Sti1/Hop mates the

two chaperones in one complex facilitating client protein transfer from

Hsp70 to Hsp90.75-77

Of note, Hsp70 is not related to Hsp90 on both the sequence

and structure level. By aligning isoforms of Hsp90 and Hsp70 from

different organisms, only a strict conservation of the C‐terminal

MEEVD motif becomes obvious (Figure 3B,C). Hsp70 consists of an

N‐terminal nucleotide binding domain (NBD) and a C‐terminal sub-

strate binding domain (SBD) including the lid subdomain (Figure 4).

The transition region from the folded domain to the C‐terminal tail

is more variable than in Hsp90. Some TPR‐co‐chaperones such as
CHIP do not discriminate between the Hsp90 and Hsp70 peptide

extensions while others like Fkbp51 exclusively bind Hsp90. Struc-

tures of TPR domains in complex with the respective peptide ligands

show the different binding modes (Figure 5). For example in

Hop/Sti1, two of the three TPR domains interact with Hsp70

(TPR1 and TPR2B) and one (TPR2A) with Hsp90.78 Furthermore, if

Hop/Sti1is attached to Hsp90 via binding to the TPR2A domain,

the TPR2B domain interacts with the Hsp90 M‐domain with regions

outside its peptide binding site. These interactions prevent confor-

mational transitions in Hsp90, thus inhibiting the ATPase activity

and blocking the chaperone cycle.78,79 The specificity of an individual

TPR domain for Hsp70 or Hsp90 is determined by amino acids

upstream of the EEVD motif: for the interactions of TPR1/TPR2B

with Hsp70, the amino acid Ile (IEEVD) is favored over Hsp90 Met

(MEEVD).50 In opposition to TPR1/TPR2B, the Hsp90‐binding TPR2A

domain generates higher affinity to Met (MEEVD) than to Hsp70 Ile

(IEEVD).

Strikingly, the concept of adding a peptide extension to a molecu-

lar chaperone upon transition from prokaryotes to eukaryotes is also

seen in yeast Hsp104. This hexameric AAA + ATPase (Figure 4) is able

to unfold proteins and dissolve protein aggregates.80-82 The acidic C‐

terminus (IDDDLD) of Hsp104 (Figure 3D) interacts with the TPR

domains of the co‐chaperones Sti1 (TPR1), Cpr7 and Cns1.83

Hsp104 is of major importance at severe heat stress, where survival

increases up to 1000‐fold compared with strains lacking Hsp104. In

addition to its disaggregase activity, Hsp104 can prevent aggregation



FIGURE 6 Co‐chaperone interactions with
the Hsp90 tailpiece in the human
conformational cycle. The shortened Hsp90
conformational cycle consisting of the open
ATP unbound state (top), the open ATP‐
bound and intermediate state (right), and the
closed states (bottom, left). The Hsp90 N‐
domain (N), M‐domain (M), and C‐domain (C)
of the monomers are illustrated in light and
dark blue with the C‐terminal extension and
the MEEVD motif (terminal blue square). The
substrate (yellow circle (S)) transfer from the
Hsp70/Hsp40 chaperones (dark (Hsp70
nucleotide binding domain (NBD)) and light
green (Hsp70 substrate binding domain
(SBD)), red (Hsp40) is shown with possible co‐
chaperone interactions in the Hsp90 states.
The substrate leaves Hsp90 after ATP
hydrolysis. TPR domains of co‐chaperones are
depicted as U‐shaped boxes. Hop (purple)
enters the cycle at the ATP unbound open
state binding to Hsp70 and Hsp90 with its
three TPR domains and leaves the circle upon
closing of Hsp90. The PPIases Fkbp51 and
Fkbp52 (ocre) enter the cycle upon Hsp90
ATP binding. The co‐chaperone p23 stabilizes
the Hsp90 closed state (brown) and
dissociates from Hsp90 after ATP hydrolysis
on the right. Schematic representations of the
co‐chaperones Cyp40 (brown), PP5 (dark
gray), RPAP3 (orange), and CHIP (white) are
shown on the right
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of proteins and hold them soluble.84 Interestingly, metazoa lack an

Hsp104 orthologue. Their different components seem to compensate

this loss.85,86

Taken together, the C‐terminal peptide extensions of Hsp90,

Hsp70, and Hsp104 bind toTPR domains of a number of different pro-

teins resulting in a competition for co‐chaperone binding which is

influenced by the levels of the respective proteins.
4 | CONCLUSIONS

The examples discussed in this review establish that nature evolved

protein tags as independent functional units that can be added to the

C‐terminal ends of proteins to foster protein interactions. Interestingly,

in all cases discussed, versions of the respective proteins exist in which

the peptide tags are lacking. The repertoire ranges from short exten-

sions of a few amino acids to more than 30 residues, thus covering

the range typical for functional peptides. Different functional principles

become obvious: in the case of antibodies, the homotypic interaction

of two tail peptides seems to convey the steric information for the for-

mation of specific oligomers. This requires not only the covalent linkage

of the tp cysteines but specific structural information encoded in the

tp's hydrophobic region. Thus, the µtp is a rather complex functional
unit. In contrast, the current knowledge on the Hsp90/70‐tp suggests

that the mode of action of this peptide extension is less complicated.

Its function seems to correspond to that of a fishing rod with the (M)

EEVD motif at its end as the prey for TRP‐domain containing proteins.

Here, complexity is added by the range of TPR‐proteins competing for

the interaction and the expansion of function that is achieved by the

additional domains present in the TPR‐proteins.

A comprehensive view of peptides in proteins is still lacking. Given

that the two examples described here originate from completely dif-

ferent areas, it can be envisioned that many more (and different) pep-

tide tags exist in different functional contexts. It will be interesting to

see how this basic theme is orchestrated to support diverse biological

processes.
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