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Introduction

Summary

Heat-shock protein (hsp)60/chaperonin 60 is a potent immunogen which
has recently been claimed to have cell-signalling actions upon myeloid
and vascular endothelial cells. The literature is controversial with different
chaperonin 60 proteins producing different patterns of cellular activation
and the ever-present criticism that activity is the result of bacterial con-
taminants. To clarify the situation we have cloned, expressed and purified
to homogeneity the chaperonin 60 proteins from Chlamydia pneumoniae,
Helicobacter pylori and the human mitochondrion. These highly purified
proteins were compared for their ability to stimulate human peripheral
blood mononuclear cell (PBMC) cytokine synthesis and vascular endo-
thelial cell adhesion protein expression. In spite of their significant
sequence homology, the H. pylori protein was the most potent PBMC
activator with the human protein the least potent. PBMC activation by
C. pneumoniae and human, but not H. pylori, chaperonin 60 was blocked
by antibody neutralization of Toll-like receptor-4. The C. pneumoniae
chaperonin 60 was the most potent endothelial cell activator, with the
human protein being significantly less active than bacterial chaperonin 60
proteins. These results have implications for the role of chaperonin 60
proteins as pathological factors in autoimmune and cardiovascular
disease, and raise the possibility that each of these proteins may result in
different pathological effects in such diseases.
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remains controversial because: (1) Cpn60 proteins, in
spite of their sequence conservation, have been reported

Chaperonin (Cpn)60, also known as heat-shock protein
(hsp) 60, is a tetradecameric protein consisting of sub-
units with an approximate molecular mass of 60 000.'
Two functions of this protein were identified almost sim-
ultaneously. The protein-folding or chaperoning activity
of Cpn60 was identified in the late 1980s,> as was the
extreme immunogenicity of this protein.” The latter is an
unusual characteristic given the significant sequence con-
servation of Cpn60 proteins. In the last decade a still
controversial hypothesis has been propounded, namely
that Cpn60 proteins from bacteria and from eukaryotic
cells can act as intercellular signals.” Such studies have
used mainly myeloid cells with a few studies of the
response of vascular endothelial cells.” This hypothesis

to activate myeloid cells by a number of different recep-
tor-mediated pathways;*'® (2) there is no explanation of
how the chaperonins are exported from cells; and (3) of
the evidence produced by some workers that the activity
of Cpn60 preparations is the result of contamination with
the potent Gram-negative bacterial inflammogen, lipo-
polysaccharide (LPS)."'™"* It has also been known for
some years that purified or recombinant Cpn60 proteins
are contaminated with cellular proteins,'*'> presumably
the cohort of cytosolic/mitochondrial proteins that nor-
mally bind to Cpn60 within cells. All of these problems
have clouded the evidence supporting the hypothesis that
Cpn60 proteins represent a class of immune-activating
proteins. It would be sensible to group Cpn60 proteins

Abbreviations: Cpn, chaperonin; LOX, lectin-like oxidised low-density lipoprotein receptor; TLR, Toll-like receptor;

VCAM, vascular cell adhesion molecule.
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into the population of bacterial proteins known as patho-
gen-associated molecular patterns (PAMPs). In Medzhitov
and Janeway’s definition, these are highly conserved mole-
cules produced only by pathogens and, because of their
importance to cellular functions, unlikely to undergo sig-
nificant evolutionary change.'® The chaperonins fit into
this definition, with the important distinction that they
are also produced by the host (albeit by the mitochon-
drion which was once a bacterium) and it is reported that
human Cpn60 is able to activate myeloid cells.”'°

In an attempt to bring some clarity to the study of
Cpn60 proteins we have developed methods for purifying
recombinant versions of these molecular chaperones which
remove both contaminating LPS and also contaminating
proteins.'”'® In this study we have investigated the relative
capacities of Cpn60 proteins from a eukaryote (human)
and from two prokaryotes: Chlamydia pneumoniae
(an intracellular bacterium) and Helicobacter pylori (a
Gram-negative opportunistic pathogen) to stimulate the
production of: (1) pro-inflammatory cytokines by human
peripheral blood monocytes; and (2) vascular endothelial
cell adhesion proteins by human vascular endothelial cells.

Materials and methods

Cloning and expression of the three Cpn60 homologues

The genes encoding the H. pylori, C. pneumoniae and
Homo sapiens Cpn60 proteins were cloned, expressed and
purified as described in Maguire et al.'® The H. pylori and
C. pneumoniae cpn60 genes were amplified by polymerase
chain reaction and inserted into the pBAD expression
vector (Invitrogen, Paisley, UK). The cpn60 gene from
Homo sapiens was inserted into the pQE60 expression
vector (Qiagen, Crawley, UK). The proteins were
expressed in Escherichia coli and purified using nickel
affinity (Ni-NTA) chromatography followed by reactive-
red dye affinity chromatography to remove proteins asso-
ciated with the chaperonin. Contaminating LPS and other
hydrophobic material was removed by washing proteins
bound to the Ni-NTA column with polymyxin B.'”'® The
purity of the proteins was determined by sdoium dodecyl
sulphate—polyacrylamide gel electrophoresis (SDS-PAGE)
with the proteins being stained with colloidal Coomassie
blue (Sigma, Poole, UK). Levels of LPS were determined
by the Limulus amoebocyte lysate assay (Associates of
Cape Cod; Liverpool, UK). The cell-based experiments
described below were repeated at least three times and
showed consistent patterns of cell activation.

Preparation of human peripheral blood mononuclear
cells

Human peripheral blood mononuclear cells (PBMCs)
were prepared from buffy coat blood from healthy
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donors by density gradient centrifugation and differen-
tial adherence as previously described.'” PBMCs were
seeded at 2 x 10° cells/ml and exposed to a range of
concentrations of the recombinant Cpn60 proteins. LPS
from E. coli (Sigma) was used as a positive control.
Polymyxin B was added at a concentration of 20 pg/ml
to neutralize any residual LPS remaining from the puri-
fication of recombinant proteins. As further controls for
LPS contamination, recombinant proteins were either
boiled for 15 min or subjected to proteinase K diges-
tion before addition to the PBMCs. Following a 16-hr
exposure to the recombinant Cpn60 proteins, cell cul-
ture media were collected and cytokine concentrations
were determined by two-site enzyme-linked immuno-
sorbent assays (ELISAs).

To determine if the Cpn60 proteins interacted via
Toll-like receptor-2 (TLR2) or TLR4, commercially
available neutralizing antibodies to these bacterial recog-
nition receptors [anti-TLR2 antibody clone TL2.1 or
anti-TLR4 antibody clone HTA125 (Serotec, Oxford,
UK)] or an irrelevant isotype control (Sigma) were incu-
bated at a concentration of 20 pg/ml with the PBMCs
for 2 hr prior to addition of the recombinant Cpn60
proteins.

EAhy926 vascular endothelial cell culture

EAhy926, a human vascular endothelial cell line, was
routinely cultured in Dulbecco’s modified Eagle’s min-
imal essential medium (DMEM; Sigma) supplemented
with glutamine, penicillin/streptomycin (Sigma), 10%
foetal calf serum (FCS; Sigma) and hypoxanthine—
aminopterin—thymidine (HAT; Invitrogen). The cells
were grown as monolayers and the medium was changed
three times per week. Cells were seeded at a density of
2 x 10°/ml and stimulated with the various agonists for
18 hr.

ELISAs for vascular adhesion proteins

The EAhy926 cells were washed with FCS-free DMEM
(Sigma) and fixed using 1% paraformaldehyde (Sigma)
in phosphate-buffered saline (PBS; Sigma) for 30 min.
The cells were washed three times with PBS then
incubated with Hanks’ balanced salt solution supple-
mented with Ca/Mg, 1% bovine serum albumin (BSA),
100 mMm glycine, 0-05% sodium azide (Sigma) solution
for 30 min. Monoclonal antibodies diluted in PBS/1%
BSA solution were added at the following concentra-
tions: anti-E-selectin at 10 ug/ml; anti-intracellular
adhesion molecule-1 (ICAM-1) at 10 pg/ml and anti-
vascular cell adhesion molecule-1 (VCAM-1) at 2 pg/ml.
Antibodies were a kind gift from Celltech Therapeu-
tics (Slough, UK). The ELISA used was as described
previously."”
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Cytokine assays

Interleukin-1f (IL-1B), IL-6 and IL-8 cytokine standards
were prepared at the National Institute for Biological Stand-
ards and Control (NIBSC, Potters Bar, UK). The cytokine
ELISA methods used were as described elsewhere.'”

Results

Purification of Cpn60 proteins

Purification of each of the three Cpn60 proteins is seen
in Fig. 1 with the elution from the first affinity column
and the final purified protein being shown. The material
eluted from the Ni-NTA column contained a number of
proteins in addition to the 60 000 molecular weight
Cpn60 protein. These contaminating proteins were
removed by the reactive-red column. The levels of LPS in
the starting and final materials are shown in Table 1.

Comparison of PBMC cytokine-inducing activity

Initial experiments revealed significant differences in the
potencies and efficacies of these three recombinant Cpn60
proteins and so the dose-responses presented range from
10 to 100 pg/ml to show the activity of the least active
protein. Over this dose range, the human protein was a
very weak inducer of IL-1B, IL-6 and IL-8 synthesis. The
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Figure 1. Purification of recombinant Cpn60 proteins shown on
SDS-PAGE stained with Brilliant G colloidal Coomassie blue show-
ing first elution from the Ni-NTA column and the final ultrapure
protein free from contaminating proteins and having negligible LPS
contamination. (a) Purification of Helicobacter pylori Cpn60: lane 1,
eluate from Ni-NTA column; lane 2, purified H. pylori Cpn60 pro-
tein after final elution from PD-10 column. (b) Purification of Chla-
mydia pneumoniae Cpn60: lane 3, eluate from Ni-NTA column; lane
4, purified C. pneumoniae Cpn60 protein after final elution from
PD-10 column. (c) Purification of human Cpné60: lane 5, eluate from
Ni-NTA column; lane 6,purified human Cpn60 protein after final
elution from PD-10 column.

Table 1. LPS contamination of chaperonin 60 preparations at begin-
ning and end of purification

Initial LPS level Final LPS level

Chaperonin 60 (EU/ml) (EU/ml)
Human > 05 0-03

C. pneumoniae > 0-5 0-025
H. pylori > 05 0-01
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C. pneumoniae Cpn60 protein had some weak agonist
activity at the lowest concentration tested and, with the
exception of IL-8 synthesis, showed a more-or-less dose-
dependent activation of cytokine synthesis. In contrast,
the H. pylori Cpn60 protein was a much stronger cyto-
kine-inducing molecule. This protein was a potent indu-
cer of IL-8 synthesis while the other two proteins were
weak agonists in this respect. Helicobacter pylori Cpn60
was also a potent IL-6 inducer with activity being recor-
ded at concentrations as low as 100 ng/ml. This contrasts
with the dose-dependent activation of IL-1P synthesis
where at low concentrations the H. pylori protein is no
more active than the other two Cpn60 proteins. However,
at 100 pg/ml (approximately 1 um — assuming activity is
the result of the tetradecameric protein) it is clear that
the H. pylori protein exhibits significantly greater efficacy
than the other two chaperonins (Fig. 2).
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Figure 2. Relative production of IL-1B, IL-6 and IL-8 by human
PBMCs incubated with various concentrations of either Helicobacter
pylori Cpn60 (A), Chlamydia pneumoniae Cpn60 (H), or human
Cpn60 (®). Each data point represents the mean * standard error
for three replicates from a representative experiment. These experi-
ments were performed four times from different donors.
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The activity of all three Cpn60 proteins was signifi-
cantly inhibited by boiling for 15 min and activity was
completely eliminated after the proteins had been proteo-
lysed by proteinase K. The same treatment had no effect
on E. coli LPS (results not shown).

Influence of TLR-neutralizing antibodies

To determine if the purified preparation of Cpn60 pro-
teins are interacting with TLR2 or TLR4 on the surface of
human monocytes commercially available blocking anti-
bodies to these bacterial recognition receptors were used.
To confirm the specificity of these antibodies (with
respect to their capacity to neutralize LPS) we tested their
ability to block LPS activation of monocytes and have
compared this effect with that of polymyxin B. As can be
seen, both the polymyxin B and anti-TLR4 antibody sig-
nificantly inhibited IL-6 production. In contrast, and as
expected, the anti-TLR2 antibody was ineffective, reveal-
ing that it had no specificity for the TLR4 receptor
(Fig. 3).

When the anti-TLR2 antibody was added to monocytes
stimulated with the individual Cpn60 proteins there was
no significant inhibition of IL-6 synthesis, suggesting that
none of the three recombinant proteins interacted with
TLR2. In contrast, the neutralizing antibody to TLR4 had
an almost complete inhibitory effect on the human
Cpn60 and significantly inhibited the activity of the
C. pneumoniae protein (Fig. 4). Similar results were also
seen when IL-1p and IL-8 were measured (results not
shown). The effect on the H. pylori protein was minimal
(result not shown).
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Figure 3. The effect of adding polymxyin B, anti-TLR4, or anti-
TLR2 antibodies to PBMCs activated by 100 ng/ml LPS. The addi-
tion of polymyxin B and TLR4 each strongly reduces the stimulation
of the PBMCs by LPS as expected, the anti-TLR2 antibody has no
effect. Each data point represents the mean + standard errors for
three replicates from a representative experiment. The experiments
were performed three times from different donors.
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Figure 4. Inhibition of IL-6 production by the addition of anti-
TLR4 antibody. PBMCs were preincubated for 2 hr either with anti-
TLR4 antibody HTAI125, or an irrelevant isotype control. The cells
were then stimulated with either human Cpné0 or Chlamydia pneu-
moniae Cpn60. The anti-TLR4 antibody reduces the stimulatory
effect of both the human and C. pneumoniae Cpn60 proteins. Each
data point represents the mean + standard errors for three replicates
from a representative experiment. These experiments were performed
three times using blood from different donors.

Induction of vascular endothelial cell adhesion
proteins

All three Cpn60 proteins had the ability to induce vascu-
lar endothelial cells to synthesize E-selectin, ICAM-1 and
VCAM-1. Again, the human Cpn60 was the weakest
agonist for all three adhesion proteins. However, in con-
trast to the activation of monocytes, both the C. pneumo-
niae and H. pylori Cpn60 proteins were equally active and
could induce maximum synthesis of all three adhesion
proteins (Fig. 5).

Discussion

It has long been the dogma one gene—one protein—one
function. However, this hypothesis is being disproved by
the number of proteins being discovered that have more
than one function. Such proteins have been named
‘moonlighting proteins’.'®** Evidence emerging over the
past decade suggests that the group of intracellular pro-
teins known variously as heat-shock proteins, cell-stress
proteins, or molecular chaperones (although the terms
may not be synonymous) are also capable of moonlight-
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Figure 5. Induction of vascular endothelial cell proteins by the three
Cpn60 proteins. EAhy926 cells were incubated for 18 hr either with
0-1 pg/ml LPS (far left column on graph) or with each of the three
Cpn60 proteins. Each data point represents the mean * standard
error for three replicates from a representative experiment. This
experiment was performed three times.

ing. Thus, in addition to protein folding within intracel-
lular compartments, these proteins can modify immune
responses by chaperoning antigenic peptides and/or they
can themselves be processed and presented to T cells.”! In
addition, and potentially more controversially, a number
of molecular chaperones have been reported to act as
intercellular signalling molecules with the capacity to
modulate immune and inflammatory responses.”’ The
early studies in this field were carried out using bacterial
preparations of molecular chaperones and suggested that
these proteins could act as bacterial virulence factors.”?
Much attention has focused on the 60 000 molecular
weight tetradecameric protein known as Cpn60.>*’ The
chaperonins are highly conserved proteins and the expec-
tations were that all Cpn60 proteins, irrespective of
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source, should have the same basic biological activity by
signalling through a common receptor. This has not
proved to be the case.>” Moreover, it has been found
that the human Cpn60 protein functions as a signalling
protein.***® Comparisons of bacterial and human Cpn60
proteins by different workers have resulted in a confusing
picture in which some proteins interact with myeloid cell
CD14, others interact with TLR2 or TLR4 and yet others
fail to interact with any of these receptors or, indeed, fail
to activate myeloid cells (Table 2). A similar situation
exists with hsp 70 where a number of receptors have been
implicated in cell binding and activation including
CD40* and lectin-like oxidised low-density lipoprotein
receptor (LOX)-1.%8

The diversity of receptors for these various preparations
of cell-stress proteins has resulted in a lack of confidence
in the results being presented and has led to the specula-
tion that the findings are the result of contaminants in
these protein preparations. It has been known for years
that the prototypic Cpn60 protein — E. coli GroEL — is
heavily contaminated with other proteins.'*'> These are
the proteins which are associating with the Cpn60 protein
within the bacterium’s cytosol at the time of purification.
We have shown that similar protein contamination is
found with other bacterial and human Cpn60 proteins
expressed as recombinant proteins in E. coli.'® To remove
these proteins we have modified a dye-binding purifica-
tion method for GroEL* which involves the Ni-NTA-
purified Cpn60 protein being applied to a reactive-red
column in the presence of ATP. This results in the
sequestration of contaminating proteins/peptides and the
elution of a homogeneous Cpn60 protein.'”'® This pro-
cess alone resulted in the removal of LPS. To remove the
majority of the LPS we wash the recombinant Cpn60 pro-
tein, while it is on the Ni-NTA column, with a high
concentration of polymyxin B, an antibiotic that binds
strongly to the lipid A component of LPS. This signifi-
cantly lowers the LPS concentration in the final prepara-
tions to very low levels'® and prevents the major losses of
protein that occur if the Cpn60 protein is passed over a
polymyxin B column to remove LPS. The activity of the
final preparations of the Cpn60 proteins was heat labile
and proteinase K-sensitive, ruling out non-proteinaceous
components, such as LPS, as being responsible for cellular
activation. In addition, the fact that all three preparations
of Cpn60 proteins have similar levels of LPS contamin-
ation but very different potencies also demonstrates that
the activity of these proteins is not the result of LPS.

In the present study we have prepared recombinant
highly purified Cpn60 proteins from Homo sapiens,
C. pneumoniae and H. pylori. These three Cpn60 proteins
have been studied in greater detail than other members of
this protein family. One significant reason for this is that
these proteins have been implicated in the pathogenesis
of atherosclerosis.®® There is controversy in the literature
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Table 2. Comparison of myeloid modulating actions of chaperonin 60 proteins from diverse sources

Myeloid cell

Species Putative receptor activation Ref.

Mpycobacterium CD14 activates 7
tuberculosis Cpn60-1

Mycobacterium unknown (not CD14) activates 7
tuberculosis Cpn60-2

Mycobacterium leprae Cpn60.2 unknown activates unpublished

Actinobacillus not TLR4 activates 6
actinomycetemcomitans Cpn60

Escherichia coli GroEL unknown (not CD14) activates 18

Chlamydia trachomatis Cpn60.1 CD14/TLR4/MD2 activates 8

Chlamydia pneumoniae TLR2 activates 31

Rhizobium Cpn60.1 ? fails to activate 44

Rhizobium Cpn60.3 CD14 activates 44

Helicobacter pylori Cpn60 unknown (not TLR2/TLR4) activates 10

Human Cpn60 CD14/TLR2 and/or TLR4 activates 24-26

about the nature of the receptors used by these various
preparations of Cpn60 proteins in cell activation. The
human Cpn60 protein has been claimed to activate cells
by binding to CD14,>* TLR4,%® TLR2,%° or a combination
of TLR2 and TLR4.° The Cpn60 protein from C. pneumo-
niae has been claimed to bind to CD14,>* TLR4,® or
TLR2.’! In contrast the receptor for the H. pylori Cpn60
protein has been reported to be distinct from TLR2 and
TLR4."

Using standardized preparations of the three recombin-
ant Cpn60 proteins, and using human PBMCs as a rele-
vant source of activatable cells, we have found substantial
differences in the activity of these three proteins. Using a
number of preparations of human PBMCs the human
Cpn60 protein was always found to be the least active of
these three chaperonins. Indeed, in a previous publica-
tion, in which we compared a number of commercially
available human Cpné60 preparations, we found that the
majority of the activity of human Cpn60 was the result of
contaminating LPS.*” In the present study, the C. pneu-
moniae Cpn60 protein was slightly more potent and effi-
cacious than the human protein. However, the H. pylori
Cpn60 protein was the most active, being significantly
more potent and efficacious than the other two chapero-
nins. This was most marked with the induction of IL-8
synthesis. Efficacy or intrinsic activity is a pharmacologi-
cal concept which relates to the magnitude of the biologi-
cal response to an agonist at a receptor.”” Current views
suggest that efficacy is not simply a property of the inter-
action of a ligand with its receptor but also depends upon
the nature of the native receptor ensemble.**

To determine the nature of the receptor for these highly
purified Cpn60 proteins use was made of well-established
neutralizing antibodies to TLR2 or TLR4 to identify if one
or both of these bacterial recognition proteins played a role
in cell activation. It was established that only the anti-TLR4
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antibody neutralized the activity of LPS. The anti-TLR2
antibody had no inhibitory effect on any of the three
recombinant Cpn60 proteins. In contrast, the anti-TLR4
antibody almost completely inhibited the activity of the
human Cpn60 protein and significantly inhibited the
C. pneumoniae Cpn60. However, and confirming the work
of Fererro’s group'® who used native purified H. pylori
Cpn60, the anti-TLR4 antibody had no effect on the
activity of the recombinant H. pylori Cpn60. These findings
either support the hypothesis that the receptor for the
H. pylori protein is some other cell surface protein or
proteins independent of the CD14/TLR2/TLR4 complex or
they support the hypothesis that the H. pylori Cpn60 inter-
acts with this receptor in a manner that is unaffected by the
antibodies used. The finding that the anti-TLR4 antibody
only partially inhibited (around 60% in repeat experi-
ments) the action of the C. pneumoniae hsp 60 suggests
that this protein may interact both with TLR4 and with
other receptors such as the receptor(s) for the H. pylori
hsp 60. There is evidence that H. pylori Cpn60 is used by
this organism as an adhesin.’® Indeed, this is emerging as
one of the moonlighting functions of bacterial Cpn60
proteins.’®*” Could such adhesion receptors for these
bacterial Cpn60 proteins on human cells be transducing the
binding signal and causing cytokine synthesis?

As noted above, there is a very plausible hypothesis
linking immunity to bacterial (particularly C. pneumoniae
and H. pylori) Cpn60 proteins in the autoimmune patho-
genesis of atherosclerosis. In the most recent recasting of
this hypothesis the direct role played by Cpn60 proteins
in activating vascular endothelial cells is emphasized.”®
Various preparations of Cpn60 proteins from Mycobacte-
rium tuberculosis,”® E. coli,*° C. pneumoniae*' and Homo
sapiens*' have been reported to activate vascular endothel-
ial cells to synthesize and express cell surface adhesion
proteins, including E-selectin, ICAM-1 and VCAM-1.

© 2005 Blackwell Publishing Ltd, Immunology, 115, 231-238



Only one comparative study of Cpn60 proteins has been
made and this suggested that human and C. pneumoniae
Cpn60 proteins were equally active in stimulating endo-
thelial cell adhesion protein synthesis.* Using our protein
preparations for comparative purposes two points quickly
became evident. The first was that the human vascular
endothelial cell line, EAhy926, was more responsive to
Cpn60 proteins than were monocytes. The second was
that the human Cpn60 protein was significantly less active
as an inducer of adhesion protein synthesis than were the
two bacterial proteins. Thus, maximum induction of
ICAM-1 synthesis was with 1-10 pg/ml H. pylori or
C. pneumoniae Cpn60. In contrast, even at 50 pug/ml, the
human equivalent did not stimulate maximum synthesis.
It is intriguing that the C. pneumoniae Cpn60 should be
so relatively inactive as a monocyte activator yet be such
a potent activator of this vascular endothelial cell line.
Indeed, this is the first report of the interaction of
H. pylori Cpn60 with vascular endothelial cells and reveals
that this protein is a potent activator of these cells show-
ing maximum activity (assuming activity is the result of
the oligomeric structure) at concentrations of 1-10 nm.
This is similar to the potency of pro-inflammatory cyto-
kines such as tumour necrosis factor-o.. Again, the differ-
ences in the potency of these proteins is not reflected by
the (low) levels of LPS contamination.

Having cloned the cpn60 genes from three organisms,
and expressed and purified to homogeneity the three
recombinant proteins, it is clear that in spite of the signi-
ficant sequence conservation these Cpn60 molecules exhi-
bit differences in potency, efficacy and apparent receptor
binding. In both the PBMC and endothelial cell assays
the human protein has the weakest agonist activity. The
most active of the three proteins as PBMC activators is
the H. pylori protein. With the vascular endothelial cells
the two bacterial proteins are equally active. The explan-
ation for this pattern of activity is not immediately clear.
The antibody neutralization studies suggest that the
H. pylori protein does not interact with TLR4 or with that
part of TLR4 that the neutralizing antibody binds to. The
most compelling evidence that Cpn60 proteins bind to
different receptors is the work of Kolb and co-workers
who have shown that the commercially available human,
rat, or mouse Cpn60 proteins do not cross-compete with
hamster or bacterial Cpn60 proteins for binding to
murine monocytes.*> This suggests that there has been a
co-evolution of interaction between bacterial and mam-
malian Cpn60 proteins such that multiple receptors are
available to bind to Cpn60 proteins from different spe-
cies. The advantage to the prokaryotic and eukaryotic
partners of this evolutionary diversity of the recognition
of Cpn60 proteins is not clear and will require much
more precise elucidation of both the panoply of the host
receptors for the chaperonin proteins and the structure—
function relationships of the Cpn60 proteins. The finding
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that single residue mutations in GroEL can result in this
protein gaining insect neurotoxic activity’® reveals the
potential complexity of the structure—function relation-
ships of this family of moonlighting proteins.
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