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The three-dimensional structure of the complex formed between
the cytosolic chaperonin CCT (chaperonin containing TCP-1) and
phosducin (Pdc)-like protein (PhLP), a regulator of CCT activity, has
been solved by cryoelectron microscopy. Binding of PhLP to CCT
occurs through only one of the chaperonin rings, and the protein
does not occupy the central folding cavity but rather sits above it
through interactions with two regions on opposite sides of the
ring. This causes the apical domains of the CCT subunits to close in,
thus excluding access to the folding cavity. The atomic model of
PhLP generated from several atomic structures of the homologous
Pdc fits very well with the mass of the complex attributable to PhLP
and predicts the involvement of several sequences of PhLP in CCT
binding. Binding experiments performed with PhLP�Pdc chimeric
proteins, taking advantage of the fact that Pdc does not interact
with CCT, confirm that both the N- and C-terminal domains of PhLP
are involved in CCT binding and that several regions suggested by
the docking experiment are indeed critical in the interaction with
the cytosolic chaperonin.
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Molecular chaperones are a large class of proteins that assist
other proteins in attaining their active conformation.

Among them, chaperonins are a ubiquitous family of chaperones
that have a common toroidal structure formed by the oligomer-
ization of 60-kDa proteins. The toroid is made of two rings
placed back-to-back with each ring enclosing a cavity where
folding occurs (1). Chaperonins have been classically divided in
two groups depending on whether they are found in eubacteria
and in the endosymbiotic organelles (group I) (2) or in archaea
and the cytosol of eukarya (group II) (3). The monomers of
every chaperonin known share a very similar three-domain
structure (4, 5): an equatorial domain that contains the nucle-
otide binding site and most of the interaction sites between the
subunits of the same ring and of the opposite ring; an apical
domain where the substrate binding site is located; and an
intermediate domain that transmits to the apical domain the
signals generated in the equatorial domain upon nucleotide
binding. Chaperonins act on unfolded substrates by using a
general mechanism that involves the recognition of the unfolded
polypeptide by hydrophobic residues at the entrance of the
chaperonin cavity, followed by folding of the polypeptide upon
closure of the cavity induced by the binding of ATP and a
cochaperonin (6).

A more specific mechanism seems to operate for the group II
eukaryotic cytosolic chaperonin CCT (chaperonin containing
TCP-1), whose toroidal structure is made up of two rings
composed of eight different but homologous proteins (7). The
work carried out with the major CCT substrates, actin and
tubulin, has shown that the recognition mechanism operates
through defined CCT subunits and specific domains of the
substrates, which have already acquired a large degree of native-
like conformation before interacting with CCT. The conforma-
tional changes undergone by CCT upon nucleotide binding
would be used to actively fold the two cytoskeletal proteins (6)

or to generate a structure apt to form a stable complex with other
proteins (8).

In contrast, a novel role for CCT other than folding or complex
formation seems to be behind its interaction with phosducin
(Pdc)-like protein (PhLP). PhLP and its homologue Pdc are
involved in the regulation of cell signaling through their inter-
action with the G protein �� subunit complex (G��). Binding of
PhLP or Pdc prevents G�� from interacting with the G� subunit
or downstream effectors (9–13). Unlike protein folding sub-
strates, PhLP has been shown to interact with CCT in its native
form and to inhibit the chaperonin actin folding activity (14),
suggesting that PhLP may be a regulator of CCT activity or
conversely that CCT could control the availability of PhLP
during G protein signaling (14). To gain further insight into the
interaction between CCT and PhLP, we have carried out elec-
tron microscopy and biochemical analysis of the CCT:PhLP
complex. The three-dimensional reconstruction of CCT:PhLP
obtained by cryoelectron microscopy together with a docking
analysis carried out with an atomic model of PhLP and with CCT
binding experiments performed with various PhLP mutants has
led to the determination of the regions of PhLP and the subunits
of CCT involved in the formation of the CCT:PhLP complex, and
to a hypothesis of the role of the CCT:PhLP interaction.

Materials and Methods
Protein Preparation. CCT was purified from soluble extracts of
bovine testis as described in ref. 15. G�1�1 was purified from
bovine retina and recombinant rat PhLP, and the PhLP�Pdc
chimeric proteins were expressed and purified from Escherichia
coli as described in ref. 16. The CCT:PhLP complexes were
formed by incubating CCT and PhLP in a 1:10 molar ratio for 30
min at 25°C. In the case of the CCT:PhLP:antibody immuno-
complexes, preformed CCT:PhLP complexes were incubated
with anti-CCT� 8g monoclonal antibody (5:1 antibody:complex
molar ratio) during 15 min at 25°C.

Generation of PhLP�Pdc Chimeras. The cDNA for wild-type rat
PhLP and Pdc with a 3� c-myc epitope tag were previously
constructed in the pET15b vector (14). The PhLP�Pdc chi-
meras were made by PCR amplification of two PhLP cDNA
fragments from this vector. The fragments were divided at an
endonuclease restriction site within the Pdc sequence to be
inserted or the PhLP sequence near the replacement point. If
the restriction site was within the Pdc insert, fragments were
amplified with primers complimentary to the sequence of
PhLP at the replacement point with overhangs containing the
Pdc sequence including the restriction site. If there was no
restriction site within the Pdc insert, then a primer containing
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complementary nucleotides of PhLP next to the replacement
point, the entire Pdc sequence to be inserted, and the addi-
tional PhLP sequence up to the restriction site was used. The
other primer was complementary to PhLP sequence including
the restriction site. Each fragment was then amplified by
pairing these primers with either the T7 forward or reverse
primers from pET15b f lanking the PhLP cDNA. The frag-
ments were cut at the restriction site, gel-purified, and ligated.
The full-length chimeras were then PCR-amplified by using
the T7 forward and reverse primers and inserted into the
pET15b vector by using the NcoRI and BamHI restriction
sites. For the P193R chimera, the single amino acid substitu-
tion was made by using the QuikChange protocol (Stratagene).
All constructs were confirmed by DNA sequence analysis.

Binding of PhLP�Pdc Chimeras to CCT. Binding of the PhLP�Pdc
chimeras to CCT was measured by coimmunoprecipitation and
immunoblotting. Purified PhLP�Pdc chimeric proteins (250 nM)
were added to 10% rabbit reticulocyte lysate in PBS with 0.5 mM
PMSF and 0.5% Igepal CA-630 detergent in a 100-�l total
volume and incubated for 15 min at 4°C. PhLP�Pdc complexes
were immunoprecipitated by using an antibody to the C-terminal
c-myc tag fused to each chimera and immunoblotted with an
antibody to CCT� or G�� as described in ref. 14. Intensities of
the CCT� bands from the PhLP�Pdc chimera were expressed as
a percentage of the CCT� band intensity from the wild-type
PhLP immunoprecipitates.

Electron Microscopy. For cryoelectron microscopy, 5-�l aliquots of
a solution containing CCT:PhLP complexes were applied to
glow-discharged holey carbon grids for 1 min, blotted for 5 sec,
and frozen rapidly in liquid ethane at �180°C. Images were
recorded at 20° tilt under minimum dose conditions in a FEI G2

FEG electron microscope equipped with a Gatan cold stage
operated at 200 kV and recorded on Kodak SO-163 film at
�62,000 nominal magnification and between 1.5 and 2.5 �m
underfocus. For electron microscopy of negatively stained sam-
ples, 5-�l aliquots were applied to glow-discharged carbon grids
for 1 min and then stained for 1 min with 2% uranyl acetate.
Images were recorded at 0° tilt in a JEOL 1200EX-II electron
microscope operated at 100 kV and recorded at �60,000 nom-
inal magnification.

Image Processing, Two-Dimensional Averaging, and Three-Dimen-
sional Reconstruction. Micrographs were digitized in a Zeiss SCAI
scanner with a sampling window corresponding to 3.5 Å per pixel
for negatively stained samples and 3.2 Å per pixel for vitrified
samples. For two-dimensional classification and averaging, top
and side views of CCT particles were selected, aligned by using
a free-pattern algorithm, and classified by using self-organizing
maps as described in ref. 15 to separate the PhLP-bound CCT
particles from those free of PhLP.

The three-dimensional reconstruction of the CCT:PhLP com-
plex was generated from randomly oriented particles whose
orientation was determined by using the angular refinement
algorithms provided by SPIDER (17). The volumes were gener-
ated by using the back-projection method (20). No symmetriza-
tion was applied to any of the volumes obtained during the
iterative procedure. The final resolution was estimated with the
0.5 criterion for the Fourier shell correlation coefficient between
two independent reconstructions by using BSOFT (18). Visual-
ization of the volumes was carried out by using AMIRA (http:��
amira.zib.de).

Modeling of PhLP and Docking of the CCT:PhLP Complex. The atomic
model of PhLP was generated by homology modeling techniques
using the sequences and atomic structures of four Pdc proteins
(PDB ID codes 2TRC, 1AOR, 1B9Y, and 1B9X) with the DALI

comparison algorithm (19) at the SWISS-MODEL server facilities
(20) (http:��swissmodel.expasy.org��SWISS-MODEL.html).
The atomic model of PhLP was then fitted manually into the
three-dimensional reconstruction of the CCT:PhLP complex by
using O (21).

Results and Discussion
The Formation of the CCT:PhLP Complex. To confirm the reported
interaction of PhLP with CCT and to visualize the CCT:PhLP
complexes, purified CCT was incubated in the absence or
presence of a 10 molar excess of purified PhLP, and the samples
were stained as described in Materials and Methods. Two typical
views were observed under the electron microscope: the most
common top view revealing the octameric nature of the CCT
rings, and the less frequent side view showing the two-ring
structure of the chaperonin. The latter view turned out to be the
most informative in detecting the absence (Fig. 1A) or the
presence of PhLP bound to the chaperonin oligomer (Fig. 1B),
which seems to occur outside the folding cavity. PhLP protrudes
from the apical region of the chaperonin in a manner similar to
the interaction between CCT and its cochaperone prefoldin
(PFD) (15). However, unlike what happens with PFD, the side
views of the CCT:PhLP complex indicate that the interaction
between PhLP and CCT occurs with only one of the chaperonin
rings, regardless of the amount of PhLP added to the CCT
solution, confirming the 1:1 stoichiometry for the CCT:PhLP
complex described in ref. 14.

CCT Subunits Involved in PhLP Binding. The side view of the
CCT:PhLP complex depicted in Fig. 1B also suggests the inter-
action of PhLP with regions on opposite sides of the CCT cavity.
This orientation is confirmed by the average top view image of
the same complex (Fig. 1C), which shows that an asymmetric
mass traverses the chaperonin cavity and interacts with two CCT
subunits on one side of the cavity and three CCT subunits in the
other side. This interaction is geometry-dependent, similar to
what has already been described for actin (22) and tubulin (23).
To determine whether the interaction is also subunit-specific we
made use of a monoclonal antibody reacting against the CCT�
subunit (8g) (22). Aliquots of the immunocomplexes were

Fig. 1. Two-dimensional average images of negatively stained CCT:PhLP
complex. (A) Average image of side views obtained from 243 CCT particles of
apo-CCT. (B) Average image obtained from 286 side views of CCT:PhLP com-
plexes. (C) Average image obtained from 4,225 top views of CCT:PhLP com-
plexes. (D and E) Average images of the two types of top views of CCT:PhLP:8g
(anti-CCT�) immunocomplexes (average of 324 and 626 particles). The subunit
labeled by the antibody is marked with ‘‘�.’’ (Scale bar, 100 Å.) A schematic
model of the each mode of PhLP binding, with the topology of the CCT
subunits according to ref. 24, accompanies each average image.
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negatively stained (to contrast only one of the CCT rings), and
950 top views were processed. After the classification proce-
dures, two main populations were obtained with PhLP present
in the CCT cavity whose average images are represented in Fig.
1 D and E, respectively. Both images reproduce a similar mass
crossing the CCT cavity. The specificity of the monoclonal
antibody and the known topology of the CCT ring (24) allowed
determination of the CCT subunits involved in PhLP binding.
The average image shown in Fig. 1D represents 65% of the
CCT:PhLP complexes and points to an interaction of PhLP with
CCT��� on one side of the CCT cavity and CCT����� on the
other side. In the average image representing the remaining 35%
of the CCT:PhLP complexes (Fig. 1E), PhLP seems to interact
with CCT��	 on one side of the cavity and CCT����� on the
other side. The structural basis for these two different modes of
interaction and their physiologically relevance remains to be
determined. Nevertheless, in either structure PhLP binding
occludes the CCT cavity, possibly explaining why PhLP com-
petes with other substrates for their interaction with CCT and
therefore regulates the chaperonin folding activity (14).

Three-Dimensional Structure of the CCT:PhLP Complex. To further
characterize the interaction between PhLP and the cytosolic chap-
eronin, a three-dimensional reconstruction of the CCT:PhLP com-
plex was carried out by cryoelectron microscopy and image
processing. After image classification, a homogeneous popula-
tion of 2,625 particles was obtained and used to generate a
three-dimensional reconstruction of the CCT:PhLP complex
(Fig. 2 A and B). The reconstruction reveals an asymmetric,
bullet-shaped structure as was observed in the two-dimensional
average image of the side view of the same complex (Fig. 1B).
Compared with the three-dimensional reconstruction of apo-
CCT (Fig. 2C), the CCT:PhLP complex shows important dif-
ferences, especially in the PhLP-bound CCT ring. One difference
has to do with the mass clearly attributed to PhLP that sits at the
entrance of the cavity and protrudes from it. In contrast to the
interaction of CCT with actin (22) tubulin (23), or its cochap-
erone, PFD (15), no part of the PhLP mass penetrates into the
folding cavity but simply interacts with two opposite sides of the
top apical region. The level of resolution of the CCT:PhLP
complex (26 Å) allows visualization of the PhLP mass as a
two-domain structure connected by a small linker. The two
domains are clearly asymmetric, the small one interacting with
two CCT subunits and the large one with three subunits (Fig.
2A). Another difference is a PhLP-induced movement of the
apical domains of the CCT subunits, reducing the diameter of
the entrance of the folding cavity from �80 Å to �55 Å and
leaving the entrance almost occluded by the presence of PhLP
(Fig. 2 A). This finding confirms the flexibility of the apical
domains, which are capable of undergoing large conformational

changes within the functional cycle and of accommodating
substrates of different sizes (25). These large conformational
changes of the apical domains induced by PhLP suggest a
high-affinity interaction, consistent with the 190 nM Kd reported
in ref. 14. The high binding affinity appears to derive from a
concerted action of the two PhLP domains and all eight CCT
subunits, probably involving multiple contacts. Finally, the re-
construction also confirms the binding of PhLP to only one of the
CCT rings (14) and strongly suggests that the movement of the
apical domains in the PhLP-bound ring transmits an allosteric
signal through the equatorial domains so that no PhLP molecule
is able to bind to the opposite ring.

Docking Analysis of PhLP into the Three-Dimensional Structure of the
CCT:PhLP Complex. PhLP belongs to a family of widely expressed
regulators of G protein signaling (26). Although no atomic
structure is available for PhLP, there is a high degree of sequence
homology between PhLP and Pdc (41% amino acid identity)
(27), another member of the family for which several atomic
structures are available (12, 28, 29). This similarity allowed us to
generate an atomic model of PhLP by homology modeling
techniques (see Materials and Methods). The atomic model (Fig.
3) lacked the first 50 residues of the rat PhLP sequence, which
are not present in Pdc, and the last 24 residues not defined in the
atomic structures of Pdc. The model naturally shows very similar
structural features to the Pdc atomic structure (Fig. 3B): a
unstructured N-terminal domain built up by three �-helices
(H1–H3) and a more compact C-terminal domain showing a
typical thioredoxin fold (12, 30), with a core formed by a
five-stranded �-sheet (S1–S5) flanked by four �-helices (H4–
H7). The two domains are linked by a flexible loop that connects
H3 and S1.

A docking analysis was carried out by fitting the atomic model
of PhLP into the mass of the CCT:PhLP complex attributable to
PhLP (Fig. 3). The fit is very good only when the C-terminal
domain is assigned to the smaller, more compact of the two PhLP
masses of the reconstructed volume. The N-terminal domain fits
well into the larger mass, and although there is a portion of the
mass that is not filled, this could be attributed to the 50 residues
of the N-terminal domain not present in the atomic model (red
arrow in Fig. 3B).

An analysis of the docking results suggests the involvement of
several regions of PhLP in the binding of CCT (Fig. 3 B and C).
In the N-terminal domain, a large stretch of amino acids runs
parallel to the apical domains of the three CCT subunits that are
in close proximity to PhLP (Fig. 3C) and suggests a possible
binding interface (Fig. 4A). This region (K109–E135) encompasses
part of the long H1–H2 loop, H2, the H2–H3 loop, and the
N-terminal part of H3. In addition, the 50 N-terminal residues
not present in the atomic model could potentially be involved in

Fig. 2. Three-dimensional reconstruction of the CCT:PhLP complex by cryoelectron microscopy. (A) Top view of the CCT:PhLP complex. (B) Side view of the same
volume. (C) Side view of the three-dimensional reconstruction of apo-CCT (23).
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CCT binding through an interaction with the third CCT subunit
(red arrow in Fig. 3B). In the C-terminal domain, three regions
are likely candidates for interaction with the two CCT subunits
(Fig. 3 B and C), the loops between S2 and H5 (E189–G194), H6
and S4 (G223–N231), and S5 and H7 (V249–D258). Additionally,
part of the last 24 residues of the sequence, not present in the
atomic model, might be placed in the bottom part of the PhLP
mass and therefore could also be involved in CCT binding. In all,
the electron microscopy shows clearly that both domains of PhLP
are involved in CCT binding, and the docking of the atomic
model of PhLP into the three-dimensional reconstruction of the
CCT:PhLP complex points to several specific regions of both N-
and C-terminal domains of PhLP as involved in CCT binding.

Biochemical Analysis of the CCT–PhLP Interaction. To assess the
validity of this structural model of the PhLP–CCT interaction,
the binding properties of a set of chimeric proteins were gen-
erated in which the PhLP sequences implicated in CCT binding
by the docking analysis were replaced with the corresponding
Pdc sequence. This mapping strategy takes advantage of the fact
that although both proteins are homologous, only PhLP interacts
with CCT (14). A set of two chimeras was generated in which the
N-terminal (residues 1–153) and C-terminal (residues 154–301)
domains of PhLP were switched with the corresponding region
of Pdc (Fig. 4A). The two chimeras were then assayed for CCT

and G�� binding by coimmunoprecipitation and immunoblot-
ting, the latter serving as a control for the ability of the chimeras
to maintain their functional activity and therefore their native
conformation. The results in Fig. 4B show that neither chimera
binds CCT yet both are able to bind G��, indicating that both
the N- and C-terminal domains of PhLP are required for CCT
binding. The diminished G�� binding of PhLP�Pdc(1–153) is
anticipated, given the fact that the N-terminal domain of PhLP
contributes more to G�� binding than that of Pdc, and that the
C-terminal domain of PhLP contributes less than the homolo-
gous region of Pdc (16). These results clearly confirm the
structural data showing that contacts from both N- and C-
terminal domains of PhLP are required for CCT binding.

The next step was to investigate in detail which specific regions
of PhLP are involved in CCT binding, using the information
provided by the docking analysis. Several PhLP�Pdc chimeric
proteins were generated in both N- and C-terminal domains of
PhLP and were also assayed for CCT and G�� binding (Figs. 5
and 6).

In the N-terminal domain, six PhLP�Pdc chimeric proteins
were designed to cover most of the secondary structures ele-
ments of this domain (Fig. 5A): PhLP�Pdc(60–73), in which the
putative H1 of PhLP had been switched to the corresponding Pdc
sequence; PhLP�Pdc(76–117) and PhLP�Pdc(95–115), covering
all or only the C-terminal half of the H1–H2 loop respectively;

Fig. 3. Docking of the atomic model of PhLP into the three-dimensional reconstruction of the CCT:PhLP complex. (A) Docking of the atomic model of PhLP into
the CCT:PhLP volume. (B and C) Two enlarged views of the docking of the PhLP atomic model (drawn in tubes) into the CCT:PhLP complex (depicted in transparent
fashion). The red arrow in B indicates a region of the PhLP mass that could be filled by the 50 residues of the N-terminal sequence of PhLP not present in the
PhLP atomic model. The green regions in the atomic model of PhLP are those suggested by the docking analysis to be involved in CCT binding.

Fig. 4. Both domains of PhLP participate in CCT binding. A sequence alignment of rat Pdc, PhLP1, PhLP2, and PhLP3 is shown in A. Conserved residues are
indicated with gray boxes, and secondary structural elements for Pdc (12) are indicated above the sequence (H for helix and S for �-strand). Shaded boxes below
the structural elements represent regions implicated in CCT binding by the docking analysis. A vertical arrow at residue 154 marks the loop between the N- and
C-terminal domains. The PhLP�Pdc(154–301) chimera contains the N-terminal domain of PhLP and the C-terminal domain of Pdc and vice versa for the
PhLP�Pdc(1–153) chimera. In B, the binding of these proteins to CCT or G�� was determined by immunoprecipitation of the PhLP chimeras and immunoblotting
for CCT� and G� as described in Materials and Methods. Immunoblots show representative data from three separate experiments. Positions of molecular weight
standards are shown on the right.
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PhLP�Pdc(116–132), encompassing the last few residues of the
H1–H2 loop, H2, and the H2–H3 loop; PhLP�Pdc(130–136),
covering the H2–H3 loop and the three N-terminal residues of
H3; and finally, PhLP�Pdc(138–154), encompassing H3. The
CCT binding assay with the PhLP�Pdc(60–73) chimera showed
no decrease with respect to wild-type PhLP (Fig. 5B), consistent
with the docking analysis showing no interaction of H1 with
CCT. Binding assays with chimeras PhLP�Pdc(76–117), PhLP�
Pdc(95–115), and PhLP�Pdc(116–132) revealed a small decrease
in the interaction with the chaperonin (�20–30%), indicating
that the H1–H2 loop, H2, and the N-terminal part of the H2–H3
loop individually make only minor contributions to chaperonin
binding. The CCT binding assays with chimeras PhLP�Pdc(130–
136) and PhLP�Pdc(138–154) showed a complete suppression of
chaperonin binding. The combined information obtained from
chimeras PhLP�Pdc(116–132), PhLP�Pdc(130–136), and PhLP�
Pdc(138–154) points to H3 and the C-terminal part of the
H2–H3 loop as critical for CCT binding (Fig. 5). According to
the docking analysis, the H2–H3 loop and the N-terminal part of
H3 make contact with CCT. In the PhLP�Pdc(130–136) chi-
mera, three nonconservative changes, L131K, E135G, and

F136G, abolish CCT binding (Fig. 5), suggesting that the stretch
of negative charge D132DEE surrounded by hydrophobic resi-
dues is required for CCT binding. Furthermore, in the PhLP�
Pdc(138–154) chimera, H3 residues Q138Q that are on the same
side of H3 as E134E are replaced with R and K, respectively,
increasing the positive charge in this face of H3 (Fig. 5).
Interestingly, the negatively charged character of this region is
conserved in other PhLP members like PhLP2 and PhLP3 (Fig.
4A), which are also believed to interact with CCT (31, 32).
Indeed, replacement of the D132DEE stretch with alanines in
human PhLP abolishes its CCT binding ability (data not shown).
Thus, it appears that the negatively charged stretch in the H2–H3
loop and at the N terminus of H3 is critical for CCT binding.

In the C-terminal domain, five chimeras were generated based
on the information extracted from the docking analysis (Fig.
6A). They were PhLP�Pdc(P193R), in which only a single
mutation was necessary to generate the Pdc sequence for the
S2–H5 loop; PhLP�Pdc(223–234), encompassing the H6–S4
loop; PhLP�Pdc(249–260), encompassing the S5–H7 loop; and

Fig. 5. Binding of PhLP�Pdc chimeras within the N-terminal domain to CCT.
Chimeras of PhLP within the N-terminal domain were made by inserting Pdc
sequence as shown in A. The numbers indicate the residues of PhLP that were
replaced with the corresponding Pdc residues and conserved residues within
the replacements are located in gray boxes. Binding of these PhLP chimeras to
CCT or G�� was measured as in Fig. 4. (B) Representative immunoblots for
CCT� and G�, as well as a graphical representation of the CCT� binding data
normalized to wild-type PhLP. Bars represent the mean � standard error from
seven separate experiments. No PhLP was added to the blank sample. The
standard lanes contain 700 ng of purified CCT (90 ng of CCT�) or 25 ng of G��

(21 ng of G�).

Fig. 6. Binding of PhLP�Pdc chimeras within the C-terminal domain to CCT.
Chimeras of PhLP within the C-terminal domain were made by inserting Pdc
sequence in the loops between the predicted secondary structural elements as
shown in A. The numbers indicate the residues of PhLP that were replaced with
the corresponding Pdc residues and conserved residues within the replace-
ments are located in gray boxes. Binding of these PhLP chimeras to CCT or G��

was measured as in Fig. 4. (B) Representative immunoblots for CCT� and G�,
as well as a graphical representation of the CCT� binding data normalized to
wild-type PhLP. Bars represent the mean � standard error from six separate
experiments. The lanes contain the same amounts of protein as in Fig. 5.
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PhLP�Pdc(223–234�249–260), a double-loop chimera switching
both of these two later loops. A fifth chimera, PhLP�Pdc(277–
301), covered the last 24 residues of the PhLP sequence, a region
whose structure was not predicted by the homology modeling
experiment but which could be potentially involved in chapero-
nin binding. The CCT binding assays (Fig. 6B) revealed a 60%
decrease in chaperonin binding for PhLP�Pdc(P193R) com-
pared with wild-type PhLP, suggesting that residue P193 is
involved in the interaction with CCT, probably through the
maintenance of a certain local conformation. Other binding
assays showed a small 25% increase in binding with PhLP�
Pdc(223–234) and a large 80% decrease in binding with chimera
PhLP�Pdc(249–260). A similar 80% decrease was observed for
the double-loop chimera PhLP�Pdc(223–234�249–260). These
results indicate that the H6–S4 loop is not involved in CCT
interaction, whereas the S5–H7 loop has an important role in
chaperonin binding. In the PhLP�Pdc(249–260) chimera, there
is only one nonconservative substitution (R250S; Fig. 6A),
suggesting that the positive charge at R250 plays a role in CCT
binding. Replacement of the last 24 residues of the C-terminal
domain of PhLP with chimera PhLP�Pdc(277–301) generated a
significant 50% decrease in CCT binding, suggesting that this
region is also involved in the interaction with the chaperonin.

These biochemical data are generally consistent with the
structural model proposed from the docking analysis, confirming
most of the suggested contacts and clearly showing that PhLP
interacts with CCT through specific regions in both N- and
C-terminal domains. In all, the CCT binding experiments shown
here suggest that apart from the stringent binding site in the
region encompassing part of the H2–H3 loop and H3, PhLP
interacts with CCT through the concerted interaction of several
regions of both N- and C-terminal domains, similar to what has
been described for actin and tubulin (22, 23).

As mentioned earlier, the CCT:PhLP structure displays an

interesting similarity to that of the CCT:PFD complex (15) in
that PhLP sits above the CCT folding cavity, contacting the
apical domains of the CCT subunits and occluding the entrance
into the cavity. The function of the cochaperone PFD is to assist
in the folding of actin and tubulin by binding to their nascent
polypeptide chains and delivering them to CCT for folding into
their native structures (15). Several lines of evidence suggest a
similar role of PhLP with regard to G�� folding and�or assem-
bly. First, genetic deletion of PhLP in Dictyostelium discoideum
blocked G protein signaling and membrane localization of the
G�� complex (33). According to these authors, PhLP could be
involved in facilitating the correct folding of G� or its assembly
into the G�� complex. Second, the need of chaperones for the
correct folding of WD40 proteins like G� has been already
demonstrated (34, 35). Interestingly, the interaction of some of
these WD40 proteins with CCT has also been described, and a
folding role of CCT has been demonstrated for some of them (36,
37). In fact, CCT seems to interact with at least 17% of the yeast
WD40 proteins including Ste4, the yeast G� subunit (38). Third,
a proteomic analysis of the protein complexes in yeast revealed
an interaction between CCT, yeast PhLP2, and VID27, a G�
protein homologue (31). Fourth, a recent genetic study reveals
that the cochaperoning role of PhLP with respect to CCT could
be extended to the folding of �-tubulin (32). In light of these
data, it is tempting to suggest that PhLP acts as a cochaperone
in concert with CCT to catalyze the folding of G� proteins
and�or the assembly of the G�� complexes.
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6. Gómez-Puertas, P., Martı́n-Benito, J., Carrascosa, J. L., Willison, K. R. &

Valpuesta, J. M. (2004) J. Mol. Recognit. 17, 85–94.
7. Willison, K. R. (1999) in Molecular Chaperones and Folding Catalysts, ed.

Bukau, B. (Harwood Academic, Amsterdam), pp. 555–571.
8. Valpuesta, J. M., Carrascosa, J. L. & Willison, K. R. (2004) in Handbook of

Protein Folding, eds. Buchner, J. & Kiefhaber, T. (Wiley, New York), in press.
9. Bauer, P. H., Muller, S., Puzicha, M., Pippig, S., Obermaier, B., Helmreich,

E. J. M. & Lohse, M. J. (1992) Nature 358, 73–76.
10. Lee, R. H., Ting, T. D., Lieberman, B. S., Tobias, D. E., Lolley, R. N. & Ho,

Y.K. (1992) J. Biol. Chem. 267, 25104–25112.
11. Hawes, B. E., Touhara, K., Kurose, H., Lefkowitz, R. J. & Inglese, J. (1994)

J. Biol. Chem. 269, 29825–29830.
12. Gaudet, R., Bohm, A. & Sigler, P. B. (1996) Cell 87, 577–588.
13. McLaughlin, J. N., Thulin, C. D., Bray, S. M., Martin, M. M., Elton, T. S. &

Willardson, B. M. (2002) J. Biol. Chem. 277, 34885–34895.
14. McLaughlin, J. N., Thulin, C. D., Hart, S. D., Resing, K. A., Ahn, N. G. &

Willardson, B. M. (2002) Proc. Natl. Acad. Sci. USA 99, 7962–7967.
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