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ABSTRACT: The mechanism of chaperonins is still under intense investigation. Earlier studies by others
and us on the bacterial chaperonin GroEL points to an active role of chaperonins in unfolding the target
protein during initial binding. Here, a natural eukaryotic chaperonin system [tail-less complex polypeptide
1 (TCP-1) ring complex (TRiC) and its target protein actin] was investigated to determine if the active
participation of the chaperonin in the folding process is evolutionary-conserved. Using fluorescence
resonance energy transfer (FRET) measurements on four distinct doubly fluorescein-labeled variants of
actin, we have obtained a fairly detailed map of the structural rearrangements that occur during the TRiC-
actin interaction. The results clearly show that TRiC has an active role in rearranging the bound actin
molecule. The target is stretched as a consequence of binding to TRiC and further rearranged in a second
step as a consequence of ATP binding; i.e., the mechanism of chaperonins is conserved during evolution.

The folding of many proteins in both prokaryotes and
eukaryotes is assisted by molecular chaperones, of which
one important family consists of the chaperonins. The
chaperonins are divided into two groups: Group I chaper-
onins, present in eubacteria, mitochondria, and chloroplasts,
and Group II chaperonins, found in the cytosol of eukaryotes
and Archaebacteria. The best studied is the Group I chap-
eronin GroEL, but a large amount of research has now also
been conducted on the eukaryotic chaperonin tail-less
complex polypeptide 1 (TCP-1)1 ring complex (TRiC). All
chaperonins are large oligomeric complexes, composed of
two identical 7-9-membered rings stacked back to back.
Each ring contains a central cavity where unfolded polypep-
tides (substrates or target proteins) can bind and reach their
native structure. Here, we will focus on the details of the
structure and mechanism of the eukaryotic cytosolic chap-
eronin TRiC.

In TRiC, each ring comprises eight different but homolo-
gous (30% identity) subunits (1-4), with molecular masses
of 52-65 kDa (2). Each subunit consists of three domains:

the equatorial domain with the nucleotide-binding site, the
apical domain, which is involved in substrate binding, and
a central hinge, the intermediate domain, that transfer
nucleotide-dependent conformational changes in the equato-
rial domain to the substrate-binding apical domain. A helix
is protruding from the tip of the apical domain of each
subunit (5). These protrusions point outward in the ADP or
nucleotide-free state of TRiC, thus leaving the chaperonin
in an open conformation. In this conformation, the substrate-
binding sites are exposed and a target protein can bind to
the chaperonin cavity (6). ATP binding induces conforma-
tional changes, leading to downward and inward movement
of the apical domains (6), which in turn cause a closure of
the central cavity (6, 7). Consequently, the target protein is
confined inside the chaperonin. It is proposed that TRiC
undergoes further conformational changes at ATP hydrolysis
(8), and the release of the target protein occurs after
hydrolysis of ATP (6).

In the pioneering studies (3, 9), it was anticipated that the
cytoskeletal proteins actin and tubulin were the main targets
for TRiC, but the list of proposed target proteins has become
longer (10). About 10% of newly synthesized proteins in
the eukaryotic cell are suggested to interact with TRiC (11).
Some results indicate that target proteins interact with TRiC
in a partly structured, slowly formed quasi-native conforma-
tion (12-15), ready to undergo the final stage in their folding
process upon the ATP-dependent action of TRiC.

Despite the knowledge of ATP-dependent conformational
changes in the chaperonin, as a consequence of ATP binding
and hydrolysis, little is known about how the target protein
is affected by these conformational changes. Two general
models have been presented to explain the folding activity
of chaperonins, the Anfinsen cage model (16) and the more
active role as an unfoldase (17).
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According to the Anfinsen cage model (16), the chaperonin
cavity is a passive container, providing a sequestered
microenvironment for unfolded target proteins. In contrast,
we and others hypothesize that the chaperonin plays an active
role in reorganizing the bound protein substrate through
unfolding of the misfolded structure. In the Anfinsen cage
model, folding or refolding to the native bioactive state is
supposed to proceed, while the protein is protected from
unfavorable interactions and aggregation in the crowded
environment of the cell. However, several experiments have
shown that this model is not applicable to all target proteins,
because certain proteins are ejected from the cavity with each
round of ATP hydrolysis, irrespective of its conformational
state (18-23). In several studies, the binding of the protein
Rubisco to GroEL has been used as a model to illuminate
possible unfoldase activity of the chaperonin. In support of
the more active role in unfolding the bound target, it was
proposed that it was the binding of ATP and the co-
chaperonin GroES to GroEL that induces a stretching force
that acts on the bound substrate, thereby promoting unfolding
(24). This model was however recently challenged because
no effect of ATP-GroES-induced stretching could be
detected when the experiments of Shtilerman et al. were
revisited (25) mainly because of the lack of protected
hydrogens in the GroEL-bound state. Importantly, the binding
of Rubisco to GroEL in the absence of ATP did support a
stretched unfolding mechanism in a fluorescence resonance
energy transfer (FRET) study (26), which also demonstrated
that the binding of ATP and GroES promotes a compaction
of the bound substrate rather than stretching (26).

We have previously made spectroscopic and thermody-
namic studies on the bacterial chaperonin GroEL, where we
concluded that conformational changes in the prokaryotic
chaperonin force a bound target protein to expand its
hydrophobic core. In these studies, electron spin resonance
(EPR) spectroscopy was used to detect structural changes
of paramagnetic molecular probes attached to cysteine
variants of the substrate protein (27). This was complemented
with studies of fluorescent probes and distance changes
detected using FRET (28). The unfoldase effects of GroEL
were by both of these methods completely independent of
ATP and GroES. We also showed that this rearrangement
was promoted through conformational changes in GroEL
induced by substrate protein binding in the absence of ATP
and GroES (29). The unfolding that was forced by use of
the binding energy was concluded to give the substrate
protein a chance to correct a misfolded substructure into the
correct one, which in turn leads to an increased yield of
native protein (30, 31).

In this work, we show how the structure of actin is affected
upon binding to the eukaryotic chaperonin TRiC. Removal
of the native cysteine residues in actin afforded two important
characteristics of the TRiC substrate: (i) Actin becomes
significantly destabilized and hence prone to misfolding and
aggregation, which makes the cysteine-devoid actin molecule
(â-actincys-) an excellent substrate for TRiC capture. (ii) The
â-actincys- can be mutated to provide cysteine residues at
specific sites for attachment of fluorophores. A series of
single and double cysteine variants, denotedâ-actincys+, was
designed and labeled with fluorescein molecules, allowing
for distance determination using homo-FRET. We report on
large dynamical changes in the actin molecule when it binds

to a TRiC/ADP complex and its further rearrangements as a
consequence of the ATP-dependent conformational changes
in TRiC. Non-nativeâ-actincys+ initially adopts a “stretched”
conformation upon binding to the chaperonin. The confor-
mational changes in TRiC caused by ATP binding [here
mimicked by the ATP analogue, adenylyl imidodiphosphate
(AMP-PNP), to avoid hydrolysis] rearrange the bound
â-actincys+ molecule that achieves a more native-like
structure.

EXPERIMENTAL PROCEDURES

Cloning and Mutagenisis of Actin. The coding region for
chickenâ-actin, giving a amino acid sequence identical to
the bovineâ-actin (32, 33), was isolated from a chicken
cDNA library and was inserted directly after a T7 promotor
into theNcoI site of the plasmid pACA (34), also containing
the BLA gene, which gives ampicillin resistance. The gene
was further modified by site-directed mutagenesis. Naturally
occurring cysteine residues were replaced by alanine to give
a plasmid called pâACTIN. Thereafter, a set of actin variants
that contain cysteine at selected positions was generated. Five
variants R39C, W86C, Q137C, Q246C, and L261C contain
a single cysteine residue, and four variants R39C/Q246C,
W86C/L261C, Q137C/L261C, and Q246/L261C contain a
pair of cysteine residues. Plasmids containing the correct
mutation and otherwise an intact gene sequence were
transformed intoEscherichia coliBL21/DE3 cells.

Expression and Purification of Engineered Actin Variants.
E. coli BL21/DE3 containing the plasmid harboring the actin
variant gene was grown to an OD600 of 0.6-0.8 at 37°C in
2× Luria Bertani medium containing 60 mg/L ampicillin.
Protein expression was induced by 0.5 mM isopropyl-â-D-
1-thiogalactopyranoside (IPTG), and growth was allowed to
proceed at room temperature overnight. The cells were
harvested by centrifugation at 4°C and washed 2 times by
resuspending the pelleted bacteria in 100 mL of wash buffer,
containing 20 mM Tris-HCl (pH 7.5), 10 mM ethylenedi-
aminetetraacetic acid (EDTA), and 1% Triton X-100, fol-
lowed by centrifugation at 4400g for 20 min at 4°C. The
bacterial cells were ultrasonicated, and the lysate was
centrifuged at 14900g at 4 °C for 10 min. The pellet,
containing inclusion bodies of actin, was resuspended in
25 mL of wash buffer, and a granule of DNase I was added.
After this, the inclusion bodies were thoroughly washed by
7 rounds of alternating centrifugation at 14900g and resus-
pension in wash buffer. The washed inclusion bodies were
denatured in 8 M guanidium chloride (GuHCl) and 5 mM
dithiothreitol (DTT) before loading on a 130 mL Superdex
75 gel-filtration column pre-equilibrated in 4 M GuHCl,
1 mM DTT, and 60 mM Tris-HCl (pH 7.2). The
protein was eluted with the same buffer at a flow rate of
0.5 mL/min. The eluted fractions were analyzed on sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). The concentration of actin in the samples was
determined spectrophotometrically at 290 nm, usingε290 )
0.63 mL mg-1 cm-1 (35).

Fluorescein Labeling of Engineered Actin Variants.Label-
ing with fluorescein was done in a solution of 4 M GuHCl
and 60 mM Tris-HCl at pH 7.2 containing a 10-fold molar
excess of the 6-iodoacetamidofluorescein (6-IAF) reagent
over free cysteines. The reaction was allowed to proceed
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for 2 h atroom temperature, and excess reagent was removed
with gel filtration and 2 rounds of dialysis.

The degree of labeling was calculated by determination
of free thiol groups at 412 nm, using Ellman’s reagent and
ε412 ) 14 150 M-1 cm-1 (36).

Purification of TRiC. The purification of TRiC is based
on the method of Ferreyra and Frydman (37) but is
considerably modified and simplified, and therefore, we
describe the complete purification procedure in the Support-
ing Information.

Samples for Fluorescence Measurements.Fluorescence
measurements were performed in folding buffer on 600µL
samples with 0.4µM labeled actin and 1.6µM TRiC, unless
otherwise indicated. The final GuHCl concentration was 12-
32 mM in the “0 M GuHCl” and the TRiC-containing
fluorescence samples.

DTT was added to TRiC to a final concentration of 1 mM,
and the sample was incubated at 30°C for 15 min. Labeled
and denatured actin was diluted 125-300-fold, by adding
1 µL at a time, into the TRiC solution. The binding reaction
was allowed to occur for 45 min at 30°C. Insoluble
aggregates were removed by centrifugation at 17700g.

Steady-state fluorescence anisotropy spectra were recorded
on a Hitachi F-4500 spectrofluorometer at 21°C. The
emission intensity was monitored at 524 nm (10 nm slit),
and the corresponding excitation spectrum was collected in
the region of 460-510 nm (5 nm slit) at the four different
polarization configurations: VV, VH, HH, and HV
(Figure 3A). After homo-FRET measurements of the actin-
TRiC/ADP complex, the sample was split up into two tubes;
one was incubated with 160µM AMP-PNP, and the other
was incubated with 1.6µM DNase I and 160µM ATP for
60 min. Homo-FRET measurements of denaturedâ-actincys+

were performed at 7.5 and 4 M GuHCl, containing 60 mM
Tris-HCl at pH 7.2, with an actin concentration of 0.4µM.
Control experiments were also conducted onâ-actincys+

diluted into folding buffer devoid of TRiC/ADP. Selected
samples prepared in the same way as those for steady-state
anisotropy measurements were also used for time-resolved
measurements. Time-resolved anisotropy decay spectra were
recorded using time-correlation single photon counting with
an IBH time-resolved spectrometer. As an excitation source,
a 469 nm laser diode was used with a time profile< 200 ps
[full width at half maximum (fwhm)]. The emission mono-
chromator was set to 525 nm using a 16 nm slit. An apparatus
constant G was measured for all samples at 7.5 M GuHCl
for the relevant excitation and emission wavelengths (469
and 525 nm, respectively). The average of nine different
measurements was used in the analysis (G ) 0.646). A
GG495 filter (Melles Griot) was used to block residual scatter
from the excitation source.

Distance Determinations by Use of Steady-State and Time-
ResolVed Anisotropy and Homo-FRET.The distances were
calculated from measurements of energy transfer between
the fluorescent probes. The efficiency of such transfer can
be detected by measurements of changes in the anisotropy
of the fluorescent probes as described by Lakowicz (38) and
Hamman et al. (39). A detailed description of the theoretical
background for the measurements of distances is given in
the Supporting Information.

RESULTS

Labeling of Actin. To analyze structural rearrangements
of the target protein in a functional TRiC chaperonin cycle,
homo-FRET measurements were used to detect changes in
distances between selected positions inâ-actin. It is well-
known that actin requires the ATP-dependent action of the
chaperonin TRiC to reach its native state in mammalian cells
(13, 40), and it was therefore selected as a target protein.
Theâ-actin gene chosen for expression inE. coli was from
Gallus gallus(chicken).â-Actin is a highly conserved protein
and shares 100% amino acid identity in chicken, cow, and
many other mammalian species, including humans. The
choice of aâ-actin with an identical amino acid sequence to
the bovineâ-actin gives us a natural system to explore in
this study.

Homo-FRET measurements require the presence of two
identical fluorophores attached to the target at predetermined
positions. To facilitate the site-specific attachment of the
fluorophores, a set of engineered actin variants was generated
by site-directed mutagenesis on the designedâ-actincys-, in
which six naturally occurring cysteines have been replaced
by alanines. Notably, three of the cysteine side chains are
located at the surface of the actin molecule and hence
probably do not contribute to the stability of the protein. The
choice to replace the native cysteine residues by alanine
residues was made because only a small number of native
interactions are deleted, and therefore, the effects of the
mutations on the structure and stability of the actin molecule
are minimized. Subsequently, new cysteine residues were
introduced, one at the time, at five positions, creating the
variants R39C, W86C, Q137C, Q246C, and L261C, each
containing one cysteine residue, and R39C/Q246C, W86C/
L261C, Q137C/L261C, and Q246C/L261C, each containing
two cysteine residues (Figure 1). Theseâ-actincys+ variants
were labeled with the fluorophore 6-iodoacetamidofluores-
cein (hereafter referred to as fluorescein). This fluorescent
probe has a small Stoke’s shift, giving rise to homo-FRET

FIGURE 1: Structure of nativeâ-actin and the positions chosen for
site-specific labeling. The ribbon representation is based on the
crystal structure of bovineâ-actin [Protein Data Bank (PDB)
accession number 1HLU]. The positions chosen for labeling are
marked in black, and the distances between theirâ carbons are
indicated.
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where the Fo¨rster radius is 40 Å (39). This allows the
measurement of distances between approximately 20 and
70 Å, depending upon experimental conditions and rotational
diffusion of the label, a range suitable for gaining information
about structural rearrangements within the actin molecule
at different conditions (here, at 7.5, 4, and 0 M GuHCl, bound
to TRiC/ADP and to TRiC/AMP-PNP).

The purification of the actin variants resulted in high
yields, typically 25 mg of pure protein from 2 L of E. coli
culture (Figure 2A). The labeling with fluorescein was
efficient, leading to more than 90% labeled cysteine residues
for all of the variants.

Purification of TRiC. The method for purification of TRiC
from bovine testis originates from Ferreyra and Frydman (37)
but has been considerably simplified. The initial homogeni-
zation, ultracentrifugation, and ammonium sulfate precipita-
tion was performed essentially the same as by Ferreyra and
Frydman. The subsequent DE52 cellulose and MonoQ
chromatography steps were excluded, and instead, 1 mM
ATP was added to the sample, which was loaded directly
onto HiTrap Heparin columns. The fractions that contained
g95% pure TRiC (Figure 2B) were pooled for subsequent
change of buffer and concentration. The protein was incu-
bated with ADP to obtain the open conformation that can
accept the substrate. From this simplified protocol, 22 mg
of TRiC is obtained from 250 g of testis in 3 days. A
characteristic set of bands corresponding to the molecular
weights of the TRiC subunits, 52-65 kDa, is seen on a SDS
gel after Commassie staining (Figure 2B). To verify that the
purified TRiC complex has the native structure, sedimenta-
tion equilibrium analysis by ultracentrifugation was per-
formed. The results (Figure 2C) fit well with a molecular
mass of 950 kDa, strongly indicating that the purified TRiC
adopts the native quaternary structure with the complete set
of 16 subunits.

Distance Determinations by Homo-FRET ReVeal Rear-
rangements in TRiC-Bound Actin. When denaturedâ-actin-
cys+ is diluted into a folding buffer (conditions that favor the
native state) in the absence of the chaperonin, actin molecules
that are not able to reach the native state are prone to form
aggregates. This was manifested as an increased anisotropy
of labeled â-actincys+ in the folding buffer compared to
labeledâ-actincys+ in 4 M GuHCl (Figure 3F). To suppress
the formation of such aggregates, theâ-actincys+ variants were
diluted into a TRiC-containing folding solution to give a final
4-fold molar excess of TRiC in the actin-TRiC association
experiments. The affinity between TRiC and all of the
â-actincys+ variants is high, leading to a high degree of
binding of all variants, which is important for the interpreta-
tion of the distance data from the homo-FRET measurements.
The use of excess TRiC in the preparation of the actin-
TRiC/ADP complex efficiently hinders the formation of actin
aggregates, and the mixing procedure thus gave essentially
homogeneous samples of actin-TRiC/ADP complexes,
suitable for the homo-FRET measurements.

The homo-FRET phenomenon is manifested as an ex-
change rate between two fluorophores that results in a drop
in fluorescence anisotropy. The reduction of time-resolved
or steady-state anisotropy of labeled double variants com-
pared to the anisotropy of the single variants can be used to
calculate the distance between two labeled positions in a
protein molecule as outlined in detail in the Supporting

Information. Time-resolved control measurements were made
for denaturedâ-actincys+ samples as shown in Figure 4.
Representative steady-state emission intensity curves for the
possible polarization combinations are shown in Figure 3A.
Typical steady-state anisotropy excitation spectra on the
labeled single and double variants in the presence of TRiC

FIGURE 2: High degree of purity for all actin variants and TRiC.
(A) SDS gel showing the purity of the actin variants after
purification and labeling with fluorescein. (B) SDS gel showing
the purity in TRiC samples after ultracentrifugation (lane 2), 55%
(NH4)2SO4 (lane 3), and Heparin chromatography (lane 4). (C)
Sedimentation equilibrium analysis. The TRiC/ADP complex was
centrifuged at four speeds. Solid lines show the best fit, according
to the self-association model in the Beckman software. The analysis
indicates a molecular mass of 950 kDa, showing an intact TRiC
complex.
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with ADP or AMP-PNP are shown in parts B-F of
Figure 3. The distances between fluorophores were calculated
for all doubly labeled variants in the presence of the
denaturant and in the various actin-TRiC complexes
(Table 1).

Although the fluorophores are identical in each labeled
â-actincys+ single variant, the local environment in terms of
the amino acids adjacent to the probe position is different.
The anisotropy is dependent upon not only the tumbling of
the complex (because of the size) but also the local
movement of the fluorophores in the more or less folded
conformations. Thus, aâ-actincys+ single variant with a
fluorescein in a rigid position gives rise to a higher anisotropy
than aâ-actincys+ single variant where fluorescein has more
freedom to reorient. If the contribution to the anisotropy for
a fluorescein in one position is different from the contribution
from the other position, it is not possible to uniquely
determine the distance. Obviously, the use of the average
anisotropy from both single variants to determine the distance
causes uncertainties in such cases. The uncertainties in
distance determination is presented as a distance range

(in parenthesis) in Table 1 for eachâ-actincys+ double variant
at all different conditions. This distance range is obtained
from the calculation of the distance (R) for each double
variant using “r01” for each of the corresponding single
variants individually; i.e., the distance is calculated with the
(“worst case”) assumption that only one of the fluorophores
contributes to the anisotropy in the absence of homo-FRET.
Thus, the range in a way presents the shortest and longest
distances possible between the fluorophores in each double
variant.

The anisotropy is dependent upon the tumbling of the
complex and the local rotation of a fluorophore. Different
positions in the actin molecule have different environments,
which in turn affect the mobility of an attached fluorescein
molecule. To verify that the steady-state anisotropy really
reflected a decrease in anisotropy because of an exchange
rate and was not artifacts as a result of changes in anisotropy
because of structural differences between the single and
double variants, selected samples were also subjected to time-
resolved measurements (see the Experimental Procedures and
the Supporting Information). It is noteworthy that the slowest

FIGURE 3: Steady-state excitation and anisotropy spectra of actin variants labeled with fluorescein. (A-F) Excitation at 465-510 nm
(10 nm slit) and emission at 524 nm (5 nm slit). (A) Steady-state emission spectra for fluorescein-labeled actin bound to TRiC/ADP (s)
and TRiC/AMP-PNP (- - -) with the different polarization configurations VV (black), VH (red), HH (blue), and HV (green). (B-E) Steady-
state anisotropy spectra for the fluorescein-labeled actin double variants R39C/Q246C (B), W86C/L261C (C), Q137C/L261C (D), and
Q246C/L261C (E) with their respective single variants bound to TRiC/ADP (b, 1, and9) and TRiC/AMP-PNP (O, 3, and0). Where
homo-FRET is present, the double variants have lower anisotropies than their corresponding single variants. (F) Representative steady-state
anisotropy spectra for actin denatured in 4 M GuHCl (s), diluted from 4 M GuHCl into folding buffer (]), bound to TRiC/ADP (1), and
actin that has gone through one chaperonin cycle (ATP-binding and hydrolysis) leading to the release and binding of DNAse I (*).
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component of rotational diffusion of the denatured labeled
variants in 7.5 M GuHCl is very similar for all of the single
variants (Table 2 in the Supporting Information and parts A
and B of Figure 4). The slow component has the most impact
on the time-integrated or average (steady-state) anisotropy.
Thus, the fast reorientation of the “local structure” at each
probe site can be expected to give only a small contribution
to the calculated distance.

In Table 1, some distances are given as lower limits
(e.g., >55 Å for denatured actin monomers). When the

distance between the probes is large, the difference in
anisotropy between the single and double variants is too small
to resolve in steady-state experiments. Because the calculated
distance depends upon several parameters, this lower limit
was estimated for each case based on both the uncertainty
in anisotropy and the absolute anisotropy value for the actual
Förster distance (see the Supporting Information and the
Experimental Procedures for details). It can be concluded
that the upper range by which we can estimate the distances
is approximately 70 Å for TRiC-bound actin using the

FIGURE 4: Time-resolved anisotropy decay spectra of actin variants labeled with fluorescein in 7.5 M GuHCl and in 5.5 M GuHCl with
50% glycerol. Excitation at 469 nm and emission at 525 nm. (A and B) Time-resolved anisotropy decay spectra (direct fit) for the fluorescein-
labeled actin double variants R39C/Q246C (A) and Q246C/L261C (B) with their respective single variants in 7.5 M GuHCl. The arrow in
B indicates a faster decay, because of homo-FRET, for the doubly labeled variant (9) where the fluorescein molecules are relatively close
in space. This phenomenon is not seen in the R39C/Q246C variant (A), where the fluorescein molecules are far apart. (C) Representative
time-resolved anisotropy decay spectra for a fluorescein-labeled actin double variant and the corresponding single variants in 5.5 M GuHCl
and 50% glycerol. The arrow indicates a fast decay for the doubly labeled variant (9). The higher viscosity of the 50% glycerol sample
makes the homo-FRET the dominating process, thus separating the anisotropy decay of the double variant from the corresponding single
variants better than in B. The decay does not decay to 0 because of the higher viscosity of the sample and the short lifetime (3.5-4 ns) of
fluorescein. (D) Representative time-resolved anisotropy decay spectra with the impulse reconvolution fit [diff(t)] for doubly and singly
fluorescein-labeled actin variants.

Table 1: Conformational Rearrangements of TRiC-Bound Actina

7.5 M
GuHCl

4 M
GuHCl

0 M
GuHCl

TRiC/
ADP

TRiC/
AMP-PNP

steady-state
FRET

distance (Å)

time-resolved
FRET

distance (Å)

steady-state
FRET

distance (Å)

steady-state
FRET

distance (Å)

steady-state
FRET

distance (Å)

steady-state
FRET

distance (Å)

crystal structure
distance between

â carbons (Å)

R39C/ >55 64 56 46 >68 35 37
Q246C (59-) (63-65) (52-64) (41-53) (57-) (33-38)
(sub 2-4)b

W86C/ >55 51 >55 41 45 38 33
L261C (56-) (47-69) (64-) (37-47) (44-45) (38-39)
(sub 1-4)b

Q246C/ 45 46 41 49 47 47 29
L261C (44-46) (45-46) (40-42) (42-58) (44-53) (44-52)
(sub 4)b

Q137C/ 47 45 47 32 39 42 20
L261C (45-48) (44-46) (44-52) (31-33) (37-41) (38-48)
(sub 1-4)b

a Values in parenthesis represent the distance range appearing when ther01 values of the individual actin variants are used separately, one at a
time (see the Experimental Procedures).b Indicates the subdomains of actin that harbor the fluorophore.
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steady-state data for slowly tumbling complexes, i.e., the
â-actincys+-TRiC complex. This is in agreement with
Hamman et al. (39). The rotational dynamics at the probe
site is crucial for the distance measurements. When the
viscosity of the solute is increased, the motion of the
flourophores becomes slower and, consequently, the rota-
tional diffusion relaxing the apparent anisotropy will be
reduced, which gives rise to larger anisotropy values. To
simulate the slow tumbling of theâ-actincys+-TRiC complex,
denatured actin was mixed with glycerol, resulting in samples
containing 0.4µM actin, 5.5 M GuHCl, and 50% glycerol.
The glycerol increases the viscosity of the sample, thus
slowing down the tumbling. Hereby, in the apparent anisot-
ropy, the energy transfer becomes the dominating process
and the anisotropy decay of the double variant is much faster
than that for any of the single variants (Figure 4C). This
viscosity effect was observed for all doubly labeled variants
(data not shown).

The homo-FRET in terms of fluorescence anisotropy was
used to determine the structural changes in theâ-actincys+

molecule at different unfolding conditions, after binding to
TRiC to form an â-actincys+-TRiC/ADP complex, and
finally to monitor how the nucleotide-dependent conforma-
tional changes in TRiC affect the structure of the bound
â-actincys+ molecule. First, as a control of the steady-state
homo-FRET measurements, distances in allâ-actincys+

double variants were examined in 7.5 M GuHCl with both
the steady-state and time-resolved techniques. A comparison
between distance values determined by steady-state and time-
resolved measurements show that the steady-state method
is applicable for measuring distances in this system
(Table 1 and the Supporting Information). Second, the
â-actincys+ variants were diluted into folding buffer devoid
of TRiC/ADP. Here, actin is prone to aggregate, as can be
seen by an increase in the anisotropy as a result of slower
tumbling of a larger complex, as previously mentioned.
Overall, the results indicate that the actin molecule becomes
more compact as the denaturant is removed (Table 1).
However, because the distribution of aggregated states of
actin at 0 M GuHCl is not well-characterized, the 4 M GuHCl
distance determinations are chosen as the reference state in
the distance comparison between non-native and TRiC-bound
actins in the following discussions. Nevertheless, the results
from the 0 M GuHCl measurements importantly show that
the possible presence of a small fraction of non-native actin
(as a monomer or in soluble aggregates) in the actin-TRiC/
ADP samples does not contribute to the observed chaperonin
stretching effect discussed below.

Third, the binding ofâ-actincys+ to the open, ADP-bound
state of TRiC was analyzed. Asâ-actincys+ is diluted from
4 M GuHCl to the TRiC-containing folding solution, a stable
â-actincys+-TRiC/ADP complex is formed. After the forma-
tion of this complex, the distance between 39 (in the tip of
subdomain 2) and 246 (in the tip of subdomain 4) is increased
by g12 Å, while the distance between 86 and 261 is
shortened byg10 Å, compared to the non-native state in
4 M GuHCl. The changes between the positions in the other
two variants are less dramatic, although there is an increase
(6 Å) in the distance between positions 246 and 261 and a
decrease (8 Å) between positions 137 and 261.

Fourth, the ATP-bound state of TRiC was mimicked by
adding the nonhydrolyzable ATP analogue, AMP-PNP, to

theâ-actincys+-TRiC/ADP complex. It is known that ATP-
binding results in conformational changes in TRiC, in
particular in the apical domains where the actin molecule is
proposed to bind (41). The homo-FRET measurements
clearly show that these nucleotide-dependent conformational
changes in the chaperonin drastically affect the conformation
of the bound actin molecule. This is in particular obvious
for the distance between positions 39 and 246, where a
dramatic decrease (g33 Å) occurs. Note also that the distance
between positions 86 and 261 is shortened by 7 Å, while
the distances between 246 and 261 and 137 and 261 are more
or less unchanged.

Intact Chaperonin Function Is Shown by Substrate Release
That Is Dependent upon ATP Hydrolysis. To verify the
proper function of TRiC, it is important to show that
â-actincys+ can not only bind to the chaperonin but also be
released from the cavity. Because anisotropy is dependent
upon the size of the labeled molecule, the release of a
â-actincys+ monomer with a molecular weight of about
42 kDa would cause a major drop in anisotropy compared
to when it is bound to the 900 kDa complex of the chaperonin
TRiC. However, non-native actin could aggregate as it is
released from the chaperonin cavity into the surrounding
buffer. Furthermore, released native actin monomers can
polymerize, leading to larger complexes. In both of these
cases, the anisotropy values could (by chance) resemble those
of actin bound to TRiC. Interestingly, DNase I binds to a
loop in subdomain 2 of native, monomeric actin (Figure 1),
thereby preventing actin polymerization into fibrous actin.
DNase I can only form a high-affinity complex with full-
length and correctly folded actin (42, 43).

Here, we performed an experiment in which DNase I was
added to the solution containing theâ-actincys+-TRiC/ADP
complex before subsequent addition of ATP. We show that
TRiC has a retained proper function in ourin Vitro experi-
ments; ATP hydrolysis leads to the release of the bound
Q137C, L261C, and Q137C/L261C variants from TRiC. The
release is shown by a significant drop in anisotropy (shown
for L261C in Figure 3F), which is due to the faster tumbling
of the DNase-I-boundâ-actincys+ molecule after release from
the larger TRiC complex.

The anisotropy of the proposed actin-DNase I complex
is higher than that forâ-actincys+ dissolved in 4 M GuHCl
but lower than that forâ-actincys+ diluted into folding buffer
with no chaperonin present, where aggregates of non-native
â-actincys+ are formed upon storage (Figure 3F). Our
interpretation of these anisotropy values is thatâ-actincys+

Q137C, L261C, and Q137C/L261C adopts a native or close
to native structure after one chaperonin cycle with the
subsequent release. For the otherâ-actincys+ variants, we
observed a significant drop in anisotropy (data not shown),
but the anisotropies in those cases were more similar to the
anisotropy of theâ-actincys+ aggregates, which are formed
when dilutingâ-actincys+ from 4 M GuHCl to folding buffer.
Considering all of the mutations and insertion of probes in
theâ-actincys+ molecule, it is not surprising if not all of our
investigatedâ-actincys+ variants can reach the native state.
However, they all bind to TRiC and show a coherent pattern
of conformational rearrangements as a result of nucleotide-
dependent rearrangements of the TRiC molecule. Thus, the
rearrangement of the TRiC complex forces the bound
â-actincys+ molecule to rearrange into a conformation that is
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competent to fold to the native state upon release from TRiC
after ATP hydrolysis.

DISCUSSION

FRET is a sensitive method for studying protein-protein
interactions and dynamics and can be used to study relative
distance changes in a well-defined system. Here, it is applied
to examine the mechanism of the TRiC chaperonin when
assisting the folding of its prime target protein actin. TRiC
and actin in the studied system are identical to the proteins
found in bovine cells. Interestingly, the bovine TRiC amino
acid sequence differs only by∼3% from the human
counterpart, and the actin amino acid sequence is identical
in cows and humans. Thus, the actin-TRiC interactions
studied in the bovine system would probably be similar to
the interactions in human cells. The actin template used in
our work was designed without the native cysteine residues,
abbreviatedâ-actincys-. This rendered the molecule prone
to misfold and aggregate. This is important because it enables
efficient capture of the actin substrate protein. It has been
shown that actin binds to both GroEL and TRiC but is only
chaperoned into the native product by TRiC (44). However,
the binding seemed to be weaker to TRiC than to GroEL.
Importantly, the use of theâ-actincys+ variants, in the present
study, enabled efficient capture by TRiC, when TRiC was
used in 4-fold excess overâ-actincys+. The variantâ-actincys+

hence can resemble the highly homologous cardiacR-actin
disease-associated mutants believed to cause hypertrophic
and dilated cardiomyopathy (45), several of which have been
shown to populate partially folded states (43). More interest-
ingly, especially the mutant R312H showed prolonged
binding to TRiC duringin Vitro biosynthesis and folding (43).
We were intrigued by the possibility of being able to monitor
the conformational changes of a captured actin molecule in
the TRiC chaperonin by FRET.

The sites for attachment of fluorescein were chosen after
inspection based on the known native structure ofâ-actin
(46). The actin molecule is divided by the nucleotide-binding
cleft into a small and a large domain. Each domain is further
divided into two subdomains, with the small domain consist-
ing of subdomains 1 and 2 and the large domain consisting
of subdomains 3 and 4 (Figure 1). To analyze rearrangements
between the four subdomains, the positions chosen for
fluorescein labeling are spread throughout the structure.
Orientational differences of the fluorescein labels can add
uncertainties to the distance calculations, especially if such
movements at both sites occur in concert. Using 4 pairs of
labeled sites to obtain a medium resolution distance map of
the bound actin molecule, we aimed to minimize the risk
that our interpretations were skewed by local reorientations
of the fluorescein side chains. As can be seen in Table 1,
several of the changes in the distance are much larger than
can be explained by mere reorientation of the fluorophores.
The actin variant R39C/Q246C was chosen because of results
from cryo-EM experiments (6), which indicate large nucle-
otide-dependent rearrangements in relative positions of
subdomains 2 and 4 upon the interaction with TRiC. The
Q246C/L261C variant was chosen to report on events within
a defined subdomain (subdomain 4), and the variants W86C/
L261C and Q137C/L261C were chosen to report on rear-
rangements that might occur between subdomains 4 and 1.
To maximize the chance to monitor changes in the distance

upon the interaction with TRiC, the distances between the
attachment sites for the fluorophores all lay in the 20-40 Å
range in the native actin molecule.

In the following sections, we will discuss the rearrange-
ments of the actin subdomains in detail, as the solvent and
conditions for the interaction with TRiC are altered. We
describe how the actin structure is affected when non-native
actin [a distinct intermediate I3 according to Altschuler et
al. (47)] rearranges upon binding to the cavity of the TRiC/
ADP complex and how binding of the ATP analogue, AMP-
PNP, to TRiC causes conformational changes in the bound
actin molecule.

The distances were mainly obtained from the effects of
FRET on the fluorescence anisotropy that is determined in
steady-state measurements. In addition, the reliability of these
values was demonstrated by the very similar distance values
that were obtained from both time-resolved and steady-state
anisotropy measurements on actin variants dissolved in
7.5 M GuHCl.

Binding to TRiC/ADP Leads to Forced Rearrangements
of the Target Protein. To examine how actin is affected upon
binding to TRiC, the denaturated labeled actin was diluted
125-300-fold from 4 M GuHCl into a folding solution
containing TRiC/ADP. This results in a final GuHCl
concentration of 12-32 mM. At this low GuHCl concentra-
tion, TRiC is stable and active, according to earlier folding
assays of actin in complex with TRiC, where a GuHCl
concentration of 60 mM did not affect the folding negatively
(2, 48). To minimize aggregation and maximize the degree
of actin binding to TRiC, the final molar concentration of
the TRiC/ADP complex was 4 times higher than the actin
concentration. Moreover, the total protein concentrations
were kept low (0.4µM actin and 1.6µM TRiC) to further
minimize the risk of aggregation. Notably, Chik et al. (47)
have shown that a stable unfolding intermediate (I3) of actin,
which may well be the natural substrate for TRiC, does not
aggregate at these low concentrations. In summary, the
conditions used seem to be beneficial for productive interac-
tions between actin and TRiC.

â-actincys+ was also diluted in the same way from 4 M
GuHCl into folding buffer without any TRiC/ADP present,
leading to non-native actin molecules with a tendency to
aggregate. The distances in all double variants were mea-
sured, and the results (Table 1) implicate that the actin
molecule becomes, overall, more compact in 0 M GuHCl.
However, the aggregated states of non-native actin in
0 M GuHCl are not well-characterized, and instead, the
unfolded state of actin in 4 M GuHCl is used as a reference
in the distance comparisons between unfolded actin and actin
bound to TRiC/ADP. The 0 M GuHCl measurements are
important, though, to emphasize that the contribution from
any possible remaining non-native actin molecules or ag-
gregates in the actin-TRiC/ADP measurements is negligible.
Notably, a comparison with the observed distance at 0 M
GuHCl indicates that the active stretching upon binding to
the chaperonin may increase the distance between positions
39 and 246 by more than 22 Å.

As non-native actin binds to TRiC/ADP, the 39-246
distance is increased byg12 Å; thus, the subdomains 2 and
4 are forced to move apart (parts B and C of Figure 5 and
Table 1). The cryo-EM structure from Llorca and co-workers
(6) shows that actin interacts with two of the subunits in
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TRiC sitting in the 1-4 position relative to each other
(almost opposite each other) and that the upper parts of
subdomains 2 and 4 make these interactions (Figure 5). This
leaves the actin molecule in an “open” configuration, which
corresponds well with the>68 Å distance shown by the
homo-FRET measurements. In addition to this large increase
in distance between the subdomains 2 and 4, we also see

stretching in subdomain 4, as indicated by the 6 Å increase
between positions 246 and 261.

Another striking change is theg10 Å shortening of the
distance between positions 86 and 261. Thus, the unstruc-
tured and flexible parts of the molecule, present in 4 M
GuHCl, seem to have disappeared, and actin becomes more
compact in this region when bound to TRiC/ADP. The
distance between 137 and 261 is also shortened (by 8 Å),
which indicates that subdomain 3 becomes more compact.
This increased compactness in some parts of the actin
molecule is gained passively through the removal of the
denaturant or actively by binding to the chaperonin, which
is not possible to deduce from our data.

Stretching Is RelieVed by ATP (AMP-PNP) Binding to the
Chaperonin. The next step in the chaperonin mechanismin
ViVo would be ATP binding to the equatorial domains of
each chaperonin subunit in the octameric ring to which actin
is attached. Earlier studies have shown that ATP binding to
the equatorial domains of TRiC induces conformational
changes that are transmitted from the equatorial domain
through the intermediate domain to the apical domain,
leading to the closure of the cavity by a 70° twist of the
helical protrusions in the tips of the apical domains (7, 49).
Recall that ATP binding solely induces conformational
changes but does not release the target protein because the
release is dependent upon ATP hydrolysis (6).

In the present study, the ATP-bound state of TRiC was
mimicked by adding the nonhydrolyzable ATP analogue,
AMP-PNP, in 100-fold molar excess compared to TRiC.
Again, homo-FRET measurements report on large rearrange-
ments within the actin molecule (Figure 5). Positions 39 and
246 in subdomains 2 and 4 are brought closer together (by
g33 Å), and the 86-261 distance continues to decrease,
by 7 Å, while there might be a small increase between 137
and 261 (3 Å; Table 1). Overall, the actin molecule is forced
into a more compact state by the twist of the apical domains
of TRiC, indicating a compression of the TRiC-bound actin
during AMP-PMP binding. These results are also in ac-
cordance with the cryo-EM pictures published by Llorca et
al. (6; I and II in the right panel of Figure 5). From a
comparison of the distances obtained from the homo-FRET
measurements to the distances between theâ carbons of the
labeled amino acid residues in the native structure, it is
obvious that the compactness of actin in the TRiC/AMP-
PNP-actin complex is close to that of subdomains 2 and 4
in native actin (Table 1). The FRET-derived distances in
R39C/Q246C and W86C/L261C are remarkably similar to
the distances in native actin. The observed distances for
Q246C/L261C and Q137C/L261C are longer in the TRiC/
AMP-PNP-actin complex than in native actin. These
observation either indicate that these regions become more
structured upon the release from TRiC or indicate that that
the fluorescein molecules, which can add approximately
6 Å to the distance, could point in opposite directions in the
TRiC/AMP-PNP-actin complex, thus reporting a larger
distance than the true distance between theâ carbons.

Notably, inspection of the anisotropies for the singly
labeled variants shows that actin single variants R39C,
W86C, Q246C, and L261C have essentially the same
anisotropy in TRiC/ADP and TRiC/AMP-PNP complexes
(parts B-E of Figure 3). Because the anisotropy is dependent
upon both the size of the complex (speed of tumbling) and

FIGURE 5: Rearrangements in the actin molecule. (A-D) Schematic
representation of the rearrangements in the actin molecule upon
stepwise transfer from highly denaturing conditions to the interac-
tion with TRiC/ADP and TRiC/AMP-PNP. The colored areas
represent subdomain 1 (blue), subdomain 2 (pink), subdomain 3
(green), and subdomain 4 (yellow) of the actin molecule. The ribbon
representation of nativeâ-actin from Figure 1 is superimposed onto
the colored areas to emphasize the rearrangements of the actin
subdomains as the conditions are altered. Arrows at the labeled
positions indicate major directional changes that have occurred in
the process leading to this state. Dashed arrows represent changes
where the starting distance between the labeled positions could not
be determined (>55 Å in GuHCl or>68 Å in TRiC). Arrows with
a continuous line represent changes where the starting distance
between the labeled positions is known. I and II are schematic
representations of the TRiC-actin complex as measured by
cryo-EM (6).
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the local rotation of the fluorescein label, these results support
earlier reports that ATP binding alone does not result in the
release of a bound target protein (6) and that the fluorophore
in these variants experiences very similar environments in
complex with TRiC/ADP and TRiC/AMP-PNP. However,
at position 137, the anisotropy decreases considerably upon
the addition of AMP-PNP (Figure 3D), indicating that
position 137 is more flexible in actin bound to TRiC/AMP-
PNP than in actin bound to TRiC/ADP. Note that this
observation supports the FRET results by showing that
binding of ATP (AMP-PNP) leads to conformational rear-
rangements in the hinge region around position 137.

Release of actin from TRiC only occurs following ATP
addition (not AMP-PNP binding), indicating that the hy-
drolysis of ATP is a requirement for release (Figure 3F).

CONCLUSIONS

In simple organisms, GroEL-type chaperonins display a
symmetric arrangement of homo-oligomeric ring structures,
whereas in more advanced species, hetero-oligomeric chap-
eronins have evolved, likely to interact in a more specific
manner with a variety of substrates. Chaperonins are designed
for multiple-valence binding of substrate proteins to the
apical domains. This multiple-valence binding is well-suited
to interact with partially folded globular proteins. In this
paper, we have employed fluorescein homo-FRET to study
the structural dynamics of actin bound to the chaperonin
TRiC, a natural pair of protein substrate-chaperone found
in all eukaryotic cells. Further, we used GuHCl denaturation
as a comparative measure of the compactness of actin as a
reference to the structural rearrangements invoked by TRiC.
Actin unfolded by 4 M GuHCl displays a rather compact
unfolded state, which, during 125-300-fold dilution into the
TRiC-containing folding buffer, is likely to collapse even
more. Nevertheless, the TRiC-bound actin displays a stretched
structure showing extended distances close to unfolded actin
in 7.5 M GuHCl, showing that binding to TRiC forces the
actin molecule away from a compact state into an elongated
state. This forced rearrangement is completely ATP-
independent and is likely facilitated through efficient utiliza-
tion of the binding energy between the TRiC and actin to
induce an energetically more favorable interaction surface.
Upon AMP-PMP binding, the conformational change in the
TRiC chaperonin allows the actin molecule to relax into a
compact state. This rearrangement may occur spontaneously
or through active compression. Thus, the actin molecule is
affected by TRiC (through stretching and compaction) in
ways strikingly reminiscent of the GroEL substrate protein
interactions that we and others have reported previously. We
conclude that the mechanism for assisted folding by chap-
eronins is evolutionary-conserved and can be summarized
in three steps: (i) ATP-independent active stretching of
partially folded globular substrates through the use of binding
energy, (ii) promotion of correct folding by ATP (AMP-
PNP) binding, which relieves the stretching of the substrate,
and (iii) ATP hydrolysis to release the substrate from the
chaperonin.

SUPPORTING INFORMATION AVAILABLE

Detailed procedures for purifying TRiC, theory on steady-
state and time-resolved homo-FRET, and a table presenting

dynamic parameters of the five single variants in 7.5 M
GuHCl obtained by deconvolution fitting. This material is
available free of charge via the Internet at http://pubs.acs.org.
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