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The tetratricopeptide repeat (TPR) structural motif is known to occur in a wide variety of proteins present in prokaryotic and
eukaryotic organisms. The TPR motif represents an elegant module for the assembly of various multiprotein complexes, and
thus, TPR-containing proteins often play roles in vital cell processes. As the TPR profile is well defined, the complete TPR pro-
tein repertoire of a bacterium with a known genomic sequence can be predicted. This provides a tremendous opportunity for
investigators to identify new TPR-containing proteins and study them in detail. In the past decade, TPR-containing proteins of
bacterial pathogens have been reported to be directly related to virulence-associated functions. In this minireview, we summa-
rize the current knowledge of the TPR-containing proteins involved in virulence mechanisms of bacterial pathogens while high-
lighting the importance of TPR motifs for the proper functioning of class II chaperones of a type III secretion system in the

pathogenesis of Yersinia, Pseudomonas, and Shigella.

he tetratricopeptide repeat (TPR) structural motif was origi-

nally identified in yeasts (1, 2). Now the TPR motifis known to
occur ubiquitously, as it has been found in a wide variety of func-
tionally unrelated proteins (more than 20,000 are included in the
SMART nrdb database) from all genera.

TPR motifs are minimally conserved (degenerate and variable)
34-residue-long regions. The TPR sequence is centered around
the consensus residues W,-L,-Gg-Y;;-A,-Fru-A,,-P5, (3). Al-
though no positions are completely invariant, a consensus se-
quence pattern of small and large hydrophobic residues has been
defined; small hydrophobic residues are commonly observed at
positions 8, 20, and 27, while large ones are at 4, 7, and 24 (3, 4).
Three-dimensional structural data have shown that the TPR motif
is arelatively simple solenoid containing two antiparallel a-helical
subdomains (termed helix A and helix B) that are equivalent in
length. The arrangement in tandem arrays of 3 to 16 TPRs gener-
ates a right-handed superhelical structure (Fig. 1) with an amphi-
pathic channel that can accommodate the complementary region
of a target protein, as originally described by Das et al. for protein
phosphatase 5 (PP5) (5). The interesting issue of possible differ-
ences between prokaryotic and eukaryotic TPR domains was dis-
cussed in a review by D’Andrea et al. (4); those authors concluded
that there are no significant differences in either amino acid pref-
erence or sequence consensus (4). Moreover, recent structural
studies of the prokaryotic TPR fold have demonstrated that it
corresponds to the known structures of eukaryotic TPR folds
(6-9).

The basic function of TPR folds is to mediate protein-protein
interactions, in which TPR folds reveal a certain level of “promis-
cuity.” The same fold within different proteins can bind many
distinct types of ligands (10). The specificity of the interaction
between a TPR domain and its cognate substrate is likely deter-
mined by amino acid residues other than the eight TPR consensus
residues (11). Thus, in general, the TPR can be seen as a scaffold
whose fold is defined by the consensus sequence onto which spe-
cific ligand-binding residues are grafted.
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The TPR functions in a variety of proteins involved in numer-
ous cell processes, such as gene regulation, mitosis, regulation of
steroid receptor function, and protein import (4). The impor-
tance of TPR-containing proteins is highlighted by the fact that
mutations of the TPR region have possible implications for hu-
man diseases, including polycystic ovary syndrome (12), the se-
vere inherited retinopathy known as Leber congenital amaurosis
(13), chronic granulomatous disease (14), and Down syndrome
(15).

TPR DOMAINS AND PROTEIN-PROTEIN INTERACTIONS

Ligand binding takes place on the concave surface formed by the
side chains of amino acids of helix A of the TPR domain (5, 16, 17)
as depicted in Fig. 2, although exceptions exist where ligands can
make contact with the convex side of the helical array (6, 18). The
TPR domain largely recognizes an extended conformation of the
target peptide. Upon ligand binding, no substantial structural
changes in the TPR folds appear (19).

The TPR domains discriminate between similar ligands in a
specific manner, as seen, for example, in the case of the TPR1 and
TPR2A domains of Hop (Hsp70-Hsp90 organizing protein),
which bind specifically to the C-terminal peptides of Hsp70 and
Hsp90, respectively; approximately 10-fold weaker binding was
reported in cross-partner binding assays (17, 20). Interactions be-
tween Hsp90/Hsp70 and their TPR-containing cochaperones
have been widely studied, and thermodynamic dissociation con-
stant (K},) values have been determined; for instance, the TPR2A
domain of Hop binds Hsp90 with a K}, of 3 = 2 wM and the TPR1
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FIG 1 Ribbon diagram of the TPR domain of PP5. PP5 was the first TPR-
containing protein whose structure was determined by crystallography (5). We
adopted this protein to illustrate the structure of the TPR-containing proteins.
PP5 contains three tandem TPR motifs (TPR1 to TPR3), which are depicted in
different colors. Each TPR motifis composed of a pair of antiparallel a-helices,
termed helices A and B. The structures of all of the TPR motifs are virtually
identical. The three TPR motifs are organized in a parallel arrangement, such
that sequentially adjacent a-helices are antiparallel. The 35 residues C terminal
to the three TPR motifs of PP5 are folded into an extended «-helix (a-7). This
helix is packed against helix B of TPR3 in an arrangement similar to that of the
helices within the TPR domain. The consequence of the regular repetition of
such a-helices is the formation of a right-handed helical conformation that
creates an amphipathic channel (5). The image shown was prepared with the
PyMOL Molecular Graphics System, version 1.3, Schrédinger, LLC. (Adapted
from reference 5 by permission from Nature Publishing Group.)

domain of Hop binds Hsp70 with a K, of 18 = 8 uM (21). The K,
values for the interactions of full-length Hop with Hsp90 and
Hsp70are 1 = 0.5and 2 = 1 wM, respectively (21). Similarly, the
K, value for the interaction between Pih1 (Hsp90-interacting co-
chaperone identified in yeasts) and Hsp90 is 1.3 wM (22) and the
K}, for the interaction of PP5 and the C-terminal peptide of Hsp90
has been determined to be 660 nM (19).

Most of the studies performed to date have focused on hetero-
complexes formed between TPR domains and their ligands. How-
ever, it has recently been found that some TPR proteins not only
bind heterologous ligands but can also self-assemble into higher-
order structures (6, 8,9, 18,23-25). This phenomenon seems to be
relevant for the fine-tuning of biological processes, since the ab-
sence of oligomerization can fatally affect the TPR-containing
protein-associated function (6, 9, 23). Although the biological rel-
evance of TPR-mediated oligomerization seems to be apparent, it
is still largely unclear whether the interfaces formed between TPR
subunits are similar to or distinct from those seen in heterocom-
plexes.

It has been proposed that TPR-containing proteins dimerize
mainly via the convex outer side formed by TPR motifs in the
middle of the repeat domain as observed in the crystal structures
of human O-linked N-acetylglucosamine transferase (1w3b.pdb)
(26), Pseudomonas aeruginosa type 4 pilus protein PilF (2fi7.pdb)
(8), and the mitochondrial outer membrane transporter Tom70
(2gwl.pdb) (27). However, whether the interfaces formed in these
dimers are biologically relevant has not been confirmed. In addi-
tion, a few cases of self-assembling TPR-containing proteins exist
where dimer crystal structures do not correspond to biologically
relevant arrangements in solution (23).

To address this issue, Krachler et al. introduced Tyr39, Tyr73, and
Tyr107 instead of Asp into the TPR three-repeat consensus protein
CTPR3 (1na0.pdb) (28, 29), producing CTPR3Y3 (2wgh.pdb) (23).
Using this protein construct, the authors suggested a possible mode

FIG 2 TPR-containing proteins accommodate their cognate substrates in the concave cleft. For illustration, we adopted the interaction between the TTSS class
II chaperone of Shigella, IpgC, and the chaperone binding motif of its cognate substrate, IpaB. IpgC binds the chaperone binding domain in an extended
conformation that is stabilized by conserved residues present in the cleft. (A) Diagram representing IpgC and a yellow ribbon model of the chaperone binding
domain of IpaB. The residues involved in the intermolecular interactions are shown. The H bonds (between the carbonyl of Ile-62, Pro-65, and Lys-68 in the IpaB
peptide and the amide of Gln-112 and the hydroxyl of Tyr-47 and Tyr-40 in IpgC) and one salt bridge (Lys-68 in the IpaB peptide and Asp-71 in IpgC) are
emphasized as dashed red lines. (B) Same view as in panel A showing a surface representation of IpgC in the cocrystal. The surface is colored according to the
electrostatic potential calculated without water and ligand (blue, positive; red, negative). The chaperone binding domain of IpaB (yellow) lining the major groove
of IpgC and the three pockets (P1 to P3) interacting with side chains of conserved residues Pro-65, Leu-67, and Pro-70 in the IpaB peptide via hydrophobic and
van der Waals interactions, P1, P2, and P3, are indicated. The > PELKAP” residues of the IpaB peptide are labeled. (Adapted from reference 9 with the permission
of the publisher.)
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FIG 3 Localization of TPR motifs identified by crystallography and/or predicted utilizing the web-based tool kits Pfam (30), SMART (31), and TPRpred (32).
Protein names, bacterial origins, and UniProt database accession numbers are shown in columns 1 to 3, respectively. The motifs determined by the particular
web-based tool kits are depicted in specific colors. Numbers refer to the first and last residues of the structural units.

of assembly for higher TPR-mediated structures, where both the crys-
tal structure and the biologically relevant arrangement of ho-
modimers are in agreement. They observed two distinct classes of
interfaces in the case of TPR-mediated homo-oligomerization, none
of which involves the TPR domain inner groove. Moreover, they
described the displacement of the “capping” helix by competing in-
teractions between TPR subunits as the mechanism of general appli-
cability and relevant for proteins such as Sgtl (regulator of innate
immunity in plants and required for kinetochore assembly in yeast),
Fisl (regulates mitochondrial morphology and fission), and YbgF
from Escherichia coli, a protein linked to the Tol system in Gram-
negative bacteria (23).

WEB-BASED RESOURCES FOR TPR PREDICTION

The TPR profile is well defined, and thus, the complete repertoire
of TPR-containing proteins of organisms with known genomic
sequences can be predicted. This provides an opportunity for in-
vestigators to identify and study new TPR-containing proteins,
including those involved in bacterial pathogenesis. Several web-
based resources can be employed to predict TPR-containing pro-
teins, including Pfam (30), SMART (31), and TPRpred (32). Pfam
and SMART use hidden Markov model profiles or sequence pro-
files that are constructed from the repeats believed to belong to the
family (30, 31). TPRpred is a profile-sequence comparison
method for predicting TPRs and closely related solenoid struc-
tural motifs, pentatricopeptide repeats, and Sell-like repeats (32).
TPRpred exploits a P value-dependent score offset to include di-
vergent repeat units, and it exploits the tendency of repeats to
occur in tandem (32).

As these web-based tool kits use different algorithms, certain
discrepancies in TPR motif prediction in a single protein can ap-
pear (Fig. 3). This should be taken into account when utilizing
these web-based tool kits.

TPR-CONTAINING PROTEINS AS BACTERIAL VIRULENCE
FACTORS

In the case of bacterial pathogens, TPR-containing proteins have
been found to be directly involved in virulence-associated func-
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tions, such as the translocation of virulence factors into host cells,
adhesion to host cells, and blocking of phagolysosomal matura-
tion (33-36).

Class II chaperones of the type III secretion system (TTSS) are
the most-studied TPR-containing proteins related to bacterial
pathogenesis (6, 7, 9, 37). Class II chaperones are required for the
recognition and presecretory stabilization of two hydrophobic
proteins known as translocators. The translocators have been
shown to make up a pore in the eukaryotic cell membrane, allow-
ing bacterium-specific effectors to enter the host cell (38). TPR-
containing proteins are also essential components for type IV pi-
lus (Tfp) biogenesis. Pili are multifunctional, flexible, filamentous
appendages that have been assigned specific virulence traits in
several important pathogens. These functions include adhesion,
twitching motility, biofilm formation, and competence for DNA
transformation (39).

The following section summarizes the current knowledge of
the TPR-containing proteins needed for bacterial virulence mech-
anisms while focusing on the importance of TPR motifs for the
proper functioning of class II chaperones of a TTSS in the patho-
genesis of Yersinia (LcrH), Pseudomonas (PcrH), and Shigella
(IpgC). As TPR motifs are not restricted only to class II chaper-
ones of a TTSS, we also provide salient points on proteins for
which limited experimental data on TPR function and/or the TPR
structure itself are available. These proteins include P. aeruginosa
PilF, Mycobacterium tuberculosis PknG, Porphyromonas gingivalis
TprA and PilF, FTL_0205, ComL, and its ortholog FTT1244c
from Francisella species, representing potential targets for further
studies of TPR motifs in bacterial pathogenesis. All of the TPR-
containing virulence factors discussed are listed in Table 1.

LcrH (also termed SycD) from the genus Yersinia. The genus
Yersinia includes three species that are pathogenic to rodents and
humans: Yersinia pestis is the causative agent of plague, Y. pseudo-
tuberculosis causes adenitis and septicemia, and Y. enterocolitica,
the most prevalent Yersinia species in humans, causes a broad
spectrum of gastrointestinal symptoms. In spite of their different
routes of infection, these three species share a tropism for host
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TABLE 1 Summary of the proteins reviewed

Protein Bacterium Function

LerH (SyeD) Genus Yersinia Class IT chaperone of TTSS; negative control of Yop synthesis (34)

PcrH P. aeruginosa Class II chaperone of TTSS (33, 40)

IpgC Genus Shigella Class II chaperone of TTSS; coactivator of transcription of virulence genes within MxiE regulon
(41, 42)

PilF P. aeruginosa Tfp biogenesis (43)

PilF F. tularensis Tfp biogenesis (35)

TprA P. gingivalis Transduction of stress signals from the environment (affects expression of proteins participating
in secretion) (44)

PknG M. tuberculosis Serine/threonine protein kinase G; inhibits phagosome-lysosome fusion (45)

ComL F. novicida Competence lipoprotein (needed for growth in macrophages) (46)

FIT1244c F. tularensis subsp. tularensis SchuS4 Conserved hypothetical protein (needed for growth in hepatic cells) (47)

FTL_0205 F. tularensis subsp. holarctica LVS Member of genetic locus required for stress resistance and intracellular survival (48)

lymphoid tissues and a common capacity to resist nonspecific
immune responses (49).

Yersinia relies on a TTSS to deliver toxins directly into the
cytosol of target cells. The Yersinia Yop (Yersinia outer protein)
effector molecules interfere with signal transduction pathways
that regulate the actin cytoskeleton, phagocytosis, apoptosis, and
the inflammatory response, thereby favoring survival of the bac-
teria (50). LerH, the TTSS class I chaperone from the Ysc-Yop
system, binds the Yersinia translocators YopB and YopD (6, 34).
Moreover, LcrH is involved in the regulation of Yop synthesis (i)
by negative regulation through a complex with YopD and (ii) by
the binding of YscY, a regulatory component of Yop synthesis
(51).

Analysis of the LcrH monomer crystal structure revealed three
TPR-like motifs (6) (Fig. 3). This is in accordance with the previ-
ously proposed structural model of the LcrH monomer, which
had been created on the basis of the homology between LcrH and
tandem TPRs whose structures are known (37). Furthermore, it
has been revealed that LcrH can form two structurally different
homodimers, i.e., asymmetric back-to-back dimerization via the
convex face of the TPR involving TPR2 and the turns between
repeats and, additionally, head-to-head dimer with an interface
that includes mainly the A and B helices of the first TPR motif. On
the basis of mutational analysis, it has been proposed that the
biologically relevant LcrH homodimer corresponds to the head-
to-head dimer (6). Dimerization seems to be indispensable for
appropriate LcrH functioning within the Yersinia TTSS (6). Ad-
ditional evidence of the importance of TPR motifs located in LcrH
has been provided by Edqvist et al., who found that the substitu-
tion of canonical amino acids in the TPR significantly reduces
chaperone stability and affects the ability of the LcrH to bind one
or both translocators (34). Moreover, TPR is required for the in-
teraction between LcrH and YscY. This finding further underlines
the importance of TPR within LerH (52).

PcrH from P. aeruginosa. A ubiquitous opportunistic patho-
gen, P. aeruginosa is a versatile Gram-negative bacterium that
causes life-threatening infections in patients with compromised
immune systems. P. aeruginosa expresses a TTSS for the delivery
of effector proteins into the cytoplasm of host cells. Four TTSS
translocated effector proteins have been identified in P. aerugi-
nosa. These proteins include the exoenzymes ExoS, ExoT, ExoU,
and ExoY (53-56), which subvert host cell signaling pathways and
lead to impaired phagocytic functioning in infected macrophages
or induce apoptosis in other cell types, such as epithelial and fi-
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broblast cells (57). The TTSS of P. aeruginosa is closely related to
that found in Yersinia species at both the structural and functional
levels. P. aeruginosa also expresses two translocators, PopB and
PopD, that are absolutely essential for toxin translocation. These
translocators share high similarity in both sequence and function
with Yersinia YopB and YopD (approximately 40% amino acid
identity) (58). PopB and PopD are recognized and stabilized
within the bacterial cytoplasm of P. aeruginosa by a class II chap-
erone, PcrH (59).

Structural analysis of PcrH has shown that the overall structure
displays a helical arrangement with three TPR units reminiscent of
LerH from Yersinia (7) (Fig. 3). While PcrH has been reported to
exist in equilibrium between monomeric and dimeric species in
the absence of a substrate, once bound to PopD, PcrH is stabilized
as a monomer (7). Two potential biologically relevant dimeric
arrangements have been described; the one with the most interac-
tions, observed in the asymmetric unit, is formed by apposition of
the convex surfaces of the monomers. A second potential dimeric
arrangement was observed between monomers of different asym-
metric units that interact through the N terminus. The latter dis-
plays more similarity to a biologically relevant head-to-head qua-
ternary arrangement of LcrH (7).

A detailed study by Job et al. showed that four hydrophobic
residues in the **VELNAP>* region of PopD are fully required for
an interaction with TPR-folded PcrH leading to the stabilization
of PopD within the bacterial cytoplasm (7). Moreover, Broms et
al. reported that substitution of the canonical residues within all
three TPR units (Leu-63, Gly-78, Ala-90, Ala-112, and Ala-131)
results in a less stable PcrH chaperone, as well as in destabilized
and not secreted PopB and PopD translocators (33). Thus, it has
been well documented that the TPR domains of PcrH are respon-
sible for the proper functioning of the TTSS of P. aeruginosa and
for its virulence. However, PcrH, unlike LcrH, is not involved in
the in vitro regulation of the TTSS. This phenomenon can be ex-
plained by an unusually high proportion of regulatory factors that
may overcome the need for a chaperone-dependent regulatory
pathway in P. aeruginosa (40). The functional similarity of LerH
and PcrH has been further demonstrated by employing a Yersinia
lcrH deletion mutant in which the introduction of cloned pcrH
partly restored wild-type levels of YopB and YopD and thus the
virulence phenotype, indicating that PcrH stabilizes YopB and
YopD prior to secretion (40).

IpgC from the genus Shigella. Bacillary dysentery caused by
Shigella species represents a global threat to human health. The
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mechanisms of Shigella colonization of the intestinal epithelium
involve the penetration of epithelial cells, intracellular multiplica-
tion, and spreading to adjacent cells, altogether eliciting a strong
inflammatory response (60). The process of host invasion de-
pends on a TTSS. In Shigella, four genes—ipgC, ipaB, ipaC, and
ipaD—from the 31-kb entry region of the virulence plasmid are
essential for colonization of the intestinal epithelium (61-63).

IpaB and IpaC are two translocator proteins of the Shigella
TTSS that are responsible for membrane lysis of the phagocytic
vacuole, contact hemolysis, and macrophage cell death (42, 63—
65). Both proteins are present in the bacterial cytoplasm, where
they are stabilized by a class II chaperone, IpgC (66). Upon the
secretion of IpaB and IpaC, IpgC is available to take on its subse-
quent role in Shigella virulence mechanisms; IpgC functions as a
coactivator of the transcription of virulence genes within the MxiE
regulon (41, 67).

IpgC displays a helical arrangement folded into three TPR-like
motifs that together create a cleft-like scaffold where IpgC binds
its cognate partners (9) (Fig. 2 and 3). Analyses of crystal and
biologically relevant structures showed that IpgC likely adopts
asymmetric and head-to-head dimer arrangements (9, 68).
Dimerization is required for both the stabilization and the secre-
tion of IpaB and, thus, efficient colonization of the intestinal epi-
thelium. Both arrangements may have important physiological
roles. Transition between the two modes can both promote effec-
tive delivery of translocators to the secretion system and accom-
modate its broad range of interacting partners (68).

The cleft-like scaffold created by conserved residues on the
concave side of the TPR moiety is considered to facilitate associa-
tion with its interacting polypeptide by providing an amphipathic
surface. IpgC captures the chaperone binding motif of IpaB in an
extended conformation, which is stabilized by the conserved res-
idues lining the cleft (9) (for details, see Fig. 2). The > PELKAP”°
region of IpaB is required for proper binding to IpgC. Compari-
son of the structures of the IpgC-IpaB and PcrH-PopD complexes
revealed that both binding sequences are accommodated within
their respective chaperone clefts in very similar fashions (7).

Other TPR-containing virulence factors. P. aeruginosa re-
quires the pilF gene product for Tfp biogenesis (69). Detailed anal-
ysis of the crystal structure of the P. aeruginosa PilF protein re-
vealed a helical arrangement folded into six TPR units (8, 69). The
TPR domain of P. aeruginosa PilF has been proposed to contain
three possible interfaces that meet the criteria for protein-protein
interaction (69), buta directly interacting partner has not yet been
discovered.

M. tuberculosis needs a serine/threonine protein kinase G
(PknG) for inhibition of bacterium degradation in lysosomes,
thus promoting the survival of M. tuberculosis in macrophages
(45). M. tuberculosis PknG contains a TPR domain (70) that is
required for proper activity of the kinase (71). Protein-protein
interactions mediated by the TPR domain in M. tuberculosis PknG
remain to be explored.

Francisella and other pathogens such as P. gingivalis utilize pu-
tative TPR-containing proteins for their virulence mechanisms. F.
tularensis needs PilF for the biogenesis of Tfp (35); pilF gene inac-
tivation leads to significant defects in adherence to distinct types
of cells and causes loss of virulence in a mouse model of infection
(35). Other Francisella proteins, FTL_0205, ComL, and its or-
tholog FTT1244c, are important for a normal growth rate in dif-
ferent cell types (46-48). P. gingivalis expresses the TprA protein,
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which is likely required to transduce stress signals from the envi-
ronment, leading to changes in the expression of proteins in-
volved in the secretion system of the bacterium (44).

The positions of TPR motifs, as they have been predicted or
structurally identified within the proteins discussed in this sec-
tion, are depicted in Fig. 3.

SUMMARY AND CONCLUDING REMARKS

TPRs occur ubiquitously in organisms as diverse as bacteria and
humans. The evolutionary conservation of the TPR motif suggests
that it is fundamentally important for living organisms, function-
ing as a module for protein-protein interactions. TPR-containing
proteins are involved in a variety of cellular functions, including
those that participate in bacterial pathogenesis (3, 37). Using
bioinformatics, a number of TPR-containing virulence factors
have been predicted, stimulating investigation focused on molec-
ular aspects of bacterial pathogenesis mediated by TPR motifs.

Of the TPR virulence factors proposed, class II chaperones of a
bacterial TTSS of Y. pestis (LcrH), P. aeruginosa (PcrH), and Shi-
gella (IpgC) have been experimentally shown to display TPR mo-
tifs. The roles of TPR motifs within these proteins have been spec-
ified, demonstrating that TPR motifs crucially determine the
functioning of LerH, PerH, and IpgC by giving them the ability to
bind and stabilize the respective translocator proteins in the bac-
terial cytoplasm (6, 7, 9, 34). Furthermore, a TPR domain enables
class II chaperones to self-assemble homodimers (6, 7, 9, 68), an
arrangement that is particularly required for the proper biological
functioning of LerH and IpgC (6, 9, 68). Besides class II chaper-
ones of a TTSS, TPR-containing proteins have also been suggested
to participate in virulence apparatuses of bacteria such as M. tu-
berculosis (PknG), F. tularensis (PilF, FTL_0205, ComL and its
ortholog FTT1244c), P. gingivalis (TprA), and P. aeruginosa (PilF)
(8,44-48, 69, 72). Only limited experimental data on TPR motifs
in these proteins are available. Therefore, these proteins represent
interesting targets for further structural and/or functional studies
that should be performed in order to obtain more information
about the TPR domains involved in bacterial pathogenesis.

We believe that comprehensive knowledge of the structures
and molecular functions of TPR domains in bacterial virulence
factors could be generally applicable in drug design and in the
development of attenuated live vaccines. For instance, it can be
assumed that peptide modules that selectively block TPR-medi-
ated protein-protein interactions required for bacterial pathogen-
esis could be utilizable in the discovery of a new class of antibac-
terial drugs. In cancer research, TPR modules that inhibit the
interaction between Hsp90 and natural TPR-containing cochap-
erones of Hsp90 have already been designed, leading to the iden-
tification of new potential anticancer therapeutics (73, 74). Fur-
thermore, several studies indicate that even a point gene
mutation(s) encoding the conserved amino acids can disrupt the
TPR fold, leading to failure of TPR-containing protein function(s)
(6, 7, 34). A point mutation(s) thus can cause loss of virulence
while preserving the expression of all immunogenic proteins. As
long as there is no safe and functional vaccine (e.g., against tula-
remia [75]), such attenuated strains with a fully expressed reper-
toire of immunogenic proteins might be suitable candidates for
the development of new live vaccines.
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