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The hetero-oligomeric eukaryotic chaperonin TRiC
(TCP-1-ring complex, also called CCT) interacts cotrans-
lationally with a diverse subset of newly synthesized
proteins, including actin, tubulin, and luciferase, and
facilitates their correct folding. A photocross-linking ap-
proach has been used to map the contacts between in-
dividual chaperonin subunits and ribosome-bound nas-
cent chains of increasing length. Whereas a cryo-EM
study suggests that chemically denatured actin inter-
acts with only two TRiC subunits (6 and either $ or €),
actin and luciferase chains photocross-link to at least
six TRiC subunits («, B, 8, € & and 0) at different stages
of translation. Furthermore, the photocross-linking of
actin, but not luciferase, nascent chains to TRiC sub-
units { and 0 was length-dependent. In addition, a single
photoreactive probe incorporated at a unique site in
actin nascent chains of different lengths reacted co-
valently with multiple TRiC subunits, thereby indicat-
ing that the nascent chain samples the polypeptide bind-
ing sites of different subunits. We conclude that
elongating actin and luciferase nascent chains contact
multiple TRiC subunits upon emerging from the ribo-
some, and that the TRiC subunits contacted by nascent
actin change as it elongates and starts to fold.

Double-ring chaperonin complexes play a fundamental role
in cellular protein folding (1-4). Based on their ability to bind
unfolded polypeptides within their ring cavities, chaperonins
prevent off-pathway reactions and promote productive protein
folding to the native state in a highly cooperative, ATP-depend-
ent manner. Type I chaperonins such as Escherichia coli
GroEL are generally homo-oligomeric, require a ring-shaped
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co-chaperonin complex such as GroES for productive folding,
and are found in prokaryotes, mitochondria, and chloroplasts
(1, 5). GroEL is thought to function primarily in a post-trans-
lational manner (1-3), although cotranslational interactions
have been reported for some proteins (6). Type II chaperonins
are found in Archaea and eukaryotes, are hetero-oligomeric,
and do not require a GroES-like cofactor (4, 7). The eukaryotic
chaperonin named TRiC* (for TCP-1 ring complex) or CCT (for
chaperonin containing TCP1) consists of eight different, yet
homologous, subunits per ring that are designated either a—6
or 1-8. Based on an analysis of chaperonin subcomplexes (8), a
clockwise order for the arrangement of subunits in the ring has
been proposed to be, moving clockwise, o/1, €/5, {/6, p/2, /3, 6/8,
8/4, and /7.

All TRiC subunits are essential for viability in yeast (4), and
this raises a fundamental question: why did TRiC evolve dif-
ferent subunits if prokaryotes can mediate folding with homo-
oligomeric chaperonins? One possibility is that certain TRiC
subunits or combinations of subunits interact with substrates
that have specific structural features or motifs, and that eight
unique subunits provide a mechanism for accommodating a
wider variety of substrates (9, 10). But in fact, little is known
about how TRiC interacts with its substrates.

Several studies have examined how purified TRiC interacts
in vitro with chemically denatured substrates, including actin
and actin-derived peptides (10, 11). For instance, cryo-EM
studies of binary complexes made by incubating purified and
chemically denatured actin with purified TRiC suggested that
TRiC-bound actin is in close proximity to only two subunits, 8§
and either B or € (9). These experiments further proposed that
subdomain 2 of actin (amino acids 33-78) bound only to the §
subunit, whereas domain 4 (amino acids 179-261) bound to
either subunit B or €. Yet these approaches have two significant
drawbacks. First, because high-resolution cryo-EM analysis
relies on averaging particles that contain electron-dense mate-
rial within the cavity, these experiments can only detect chap-
eronin proximity to compact, well defined, and stable struc-
tures in the substrate. Yet TRiC binding sites in the substrate
may localize to flexible regions that are either not resolved or
are averaged out during the single particle reconstruction, and
hence are not seen. Second, analyzing chemically unfolded
polypeptides does not appear to reproduce what happens in

! The abbreviations used are: TRiC, TCP-1 ring complex; eANB, N*-
(5-azido-2-nitrobenzoyl); CCT, chaperonin containing tail-less complex
polypeptide 1; RNC, ribosome-nascent chain complex.
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Multiple TRiC Subunits Photocross-link to Nascent Chains

vivo (12). It has been shown that multidomain proteins, such as
luciferase, begin to fold cotranslationally even before the rest of
the polypeptide has been synthesized and while its C terminus
is still inside the ribosome (12). Furthermore, several cytosolic
chaperones such as Hsp 40, Hsp 70, GIMc, and TRiC (13, 14)
bind to nascent chains as they emerge from the ribosome, and
it has been proposed that simultaneous protein synthesis and
chaperone-mediated folding serve to maintain the nascent
chains within a protected folding environment (15). This raises
the possibility that chaperone interactions and nascent chain
conformational states that occur during physiological folding
are very different from those observed between chemically de-
natured, full-length proteins and purified chaperones.

To understand how TRiC functions to fold its substrates in
the cell, it is important to determine how these proteins inter-
act with the chaperonin as they emerge from the ribosome. A
powerful approach to address this issue is to incorporate pho-
toactivatable probes directly into ribosome-bound polypeptides
and thereby identify by light-induced photocross-linking the
proteins adjacent to the nascent chain at the time of sample
illumination (photolysis). We have previously used this ap-
proach to examine the environment of nascent chains inside
the ribosome (16) and during cotranslational targeting to (17),
translocation across (18), and integration into (19-21) the
membrane of the endoplasmic reticulum. In addition, pho-
tocross-linking experiments demonstrated that ribosome-
bound actin and luciferase nascent chains interact cotransla-
tionally with TRiC (14).

Thus, to determine whether newly synthesized chaperonin
substrates interact with all or only a restricted subset of TRiC
subunits, we here exploited the photocross-linking approach to
identify which subunits of the hetero-oligomeric chaperonin
complex are in close contact with growing polypeptide chains.
Ribosome-bound actin and luciferase chains of varying lengths
were cross-linked to TRiC and its subunit-specific contacts
were examined after dissociating the TRiC complex and immu-
noprecipitating with subunit-specific antibodies under dena-
turing conditions. Both actin and luciferase nascent chains
were found to photocross-link to at least 6 of the 8 TRiC sub-
units. Furthermore, actin proximity to some TRiC subunits
depended upon nascent chain length, thereby suggesting that
the interactions with the chaperonin changed as the chain
elongates. In addition, because a single site in subdomain 2 of
actin photocross-linked to multiple subunits, the actin nascent
chains appear to dynamically contact and sample different
TRiC subunits during the folding process. Finally, a probe
photocross-links to TRiC soon after emerging from the riboso-
mal tunnel, so TRiC must be in extremely close proximity to the
ribosomal exit site during the early stages of translation, a
result that is consistent with a chaperone-dependent protected
folding environment.

EXPERIMENTAL PROCEDURES

Plasmids, mRNA, and tRNA—Amber codons were introduced into
plasmids coding for mouse B-actin and luciferase (14) using the
QuikChange protocol (Stratagene), and the primary sequence of each
construct was confirmed by DNA sequencing. Truncated mRNAs of
defined lengths were transcribed as described elsewhere (21). Yeast
N<-(5-azido-2-nitrobenzoyl)-Lys-tRNA™* (eANB-Lys-tRNA¥*) was pre-
pared as before (17, 21), as was the amber suppressor tRNA, eANB-
Lys-tRNA**® which decodes an amber stop codon (21, 22).

Radiolabeled Cell Lysate—Human fibroblast TSA-201 cells were
grown to 50% confluency, labeled overnight, and harvested as described
(23) except that cells were grown in Dulbecco’s modified Eagle’s me-
dium and not minimal essential media. Fractions enriched in TRiC
were isolated by gel filtration on Superose 6 and then immunoprecipi-
tated with various subunit-specific antibodies as described below.

Translations, Photocross-linking, and Immunoprecipitations—In
vitro translations (26 °C, 40 min, 100 ul) were performed in rabbit
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reticulocyte lysate as before (14) in the presence of 20 uCi of [**S]Met
and either 60 pmol of eANB-Lys-tRNA™* or 80 pmol of eANB-Lys-
tRNA2™" Samples were photolyzed on ice for 15 min using a 500 watt
mercury arc lamp (21). After photolysis, samples were incubated (26 °C,
10 min) with 2.2 uMm RNase A, 20 mm EDTA (pH 7.4), and 14.4 mMm
methionine. Following clarification by sedimentation, supernatants
(110 pl) were added to 650 ul of buffer A (20 mm HEPES (pH 7.5), 140
mmMm KCl, 0.1% (w/v) SDS, 1% (v/v) Nonidet P-40, 1% (w/v) sodium
deoxycholate) to dissociate the TRiC complex (24). Fresh ATP was then
added to a final concentration of 2 mm, and 3-14 ul of the desired
antibody were added before being rocked gently at 4 °C for 2-16 h.
Affinity purified antibodies were raised against the 3, §, €, {, and 6 TRiC
subunits using a unique C-terminal peptide for each (25), whereas
monoclonal antibodies against « were purchased from Stressgen. After
sedimentation to remove aggregates, each supernatant (750 ul) re-
ceived 20 ul of protein A-Sepharose beads (Sigma) in buffer A contain-
ing 10% (w/v) delipidated bovine serum albumin (Sigma) before being
rocked for at least 2 h at 4 °C. Beads were then pelleted, washed 3 times
with 750 ul of buffer A, and resuspended in 40 ul of sample buffer
(65 °C, 30 min). After SDS-PAGE, radioactive species were detected and
quantified using a Bio-Rad FX phosphorimager.

RESULTS

Experimental Approach—McCallum and colleagues (14) pre-
viously showed that ribosome-bound actin nascent chains pho-
tocross-link to TRiC. Because the actin-TRiC photoadducts in
that study were immunoprecipitated using native conditions,
the TRiC subunits remained associated and it was not known
which TRiC subunits were adjacent to the nascent chain.

A higher resolution view of nascent chain processing by TRiC
requires both identifying any nascent chain interactions with
individual TRiC subunits and also determining the nascent
chain length dependence of any interactions. Translation inter-
mediates with nascent chains of a defined length were pre-
pared in vitro by translating mRNAs that were truncated in the
coding region. Ribosomes halt when they reach the ends of such
mRNAs, but normal termination does not occur because of the
absence of a stop codon. The nascent chain therefore remains
bound to the ribosome as a peptidyl-tRNA in a ribosome-na-
scent chain complex (RNC). Because the length of the nascent
polypeptide is determined by the length of the truncated
mRNA, one can examine nascent chain length dependence
simply by preparing intermediates using truncated mRNAs of
different lengths.

If the nascent chain binds to a particular TRiC subunit, the
two polypeptides must contact and be immediately adjacent to
each other. Such an interaction can then be detected using a
photocross-linking approach to monitor nascent chain proxim-
ity to individual TRiC subunits at a specific time (the time of
illumination). We therefore incorporated a photoactivatable
probe at one or more specific sites in the nascent chain by
translating the mRNA in the presence of [2°S]Met and either
eANB-Lys-tRNA™® or eANB-Lys-tRNA*™" tRNAs that recog-
nize either a lysine or an amber stop codon, respectively. Upon
illumination, a probe in an RNC-TRiC complex will react co-
valently for an extremely short period of time (ns) with any
protein located adjacent to the radioactive nascent chain.
Whereas the formation of a particular photoadduct only proves
that the nascent chain was closely juxtaposed to that TRiC
subunit at the time of probe excitation, the efficiency of pho-
tocross-linking will typically be much higher between two asso-
ciated proteins than between two unassociated proteins. Further-
more, by altering the position of the probe in the nascent chains,
as well as the length of the nascent chains, differences in the
environment of the nascent chain can be detected. This approach
provides a direct means of assessing the immediate environment
and interactions of the nascent chain with individual TRiC sub-
units at different stages during the folding process, and, in
effect, provides a snapshot at a particular instant of the nas-
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Fic. 1. Immunoprecipitation of TRiC subunits. Radiolabeled
TRiC from human fibroblast cells were immunoprecipitated under de-
naturing conditions using subunit-specific antibodies as indicated. NI,
non-immune serum.

cent chain proximity and binding to individual TRiC subunits
in the RNC-TRiC complexes that comprise the sample.
Specificity of TRiC Antibodies—Because previous immuno-
precipitations done under native conditions did not dissociate
the TRiC complex into its subunits (14), the identification of
subunit-specific photoadducts required immunoprecipitation
conditions that dissociated the TRiC complex. Yet this ap-
proach elicited two major concerns: would the antibody-epitope
association survive denaturing immunoprecipitation condi-
tions, and would antibody specificity be compromised by cross-
reactivity with other subunits under the denaturing conditions.
To address these concerns, immunoprecipitation specificity and
stability were assessed using radiolabeled TRiC complexes.
Human fibroblast TSA 201 cells were metabolically labeled
with [*®S]Met overnight and then lysed, after which the cell
contents were fractionated by gel filtration chromatography.
TRiC-containing fractions were identified by immunoprecipita-
tion under native conditions with antibodies raised against the
B subunit (data not shown). Fractions containing radiolabeled
TRiC were used to identify solvent conditions that dissociated
the TRiC subunits, but retained antibody binding to their
epitopes. As reported previously (24), a denaturing mixed mi-
celles buffer completely dissociated TRiC and still allowed an-
tibodies to specifically immunoprecipitate the subunits (Fig. 1).
Under these conditions (“Experimental Procedures”), 7 of the 8
antibodies raised against unique mouse C-terminal peptides
(26) also recognized the corresponding human TRiC subunits
(Fig. 1). However, the antibodies that recognize the mouse 7
subunit were unable to recognize the human 7 subunit (Fig. 1).
Similarly, sequencing of rabbit y and 7 in the region of the
epitopes (GenBank™ accession numbers AAR92488 and
AAR92487) revealed that there were significant differences
when compared with mouse sequences. Because the mouse-
specific antibodies bound weakly or not at all to the rabbit y
and 7 subunits,? these antibodies served as negative controls.
Because the human subunits do not contain equal numbers
of methionine and cysteine residues, the observed difference in
the intensities of the immunoprecipitated bands in Fig. 1 is not
surprising. In addition, differences in antibody-epitope affini-
ties probably contribute to the apparent variation in immuno-
precipitation efficiencies, even though each of the polyclonal
antibodies is affinity purified. But most important for this
study and its goal of identifying the subunits that photocross-
link to the nascent chain, six of the eight TRiC subunits were
specifically immunoprecipitated under denaturing conditions
that dissociated TRiC, as evidenced by the different apparent
molecular masses of the subunits and the presence of only a
single primary radioactive species in each lane (Fig. 1). These
conditions were therefore used for all experiments reported
here after titrations determined the amount of each antibody
that maximized the immunoprecipitation of its cognate TRiC
subunit from a defined sample size (data not shown).
Photocross-linking of Actin Nascent Chains to Individual
TRiC Subunits—To determine which TRiC subunits are pho-
tocross-linked and hence adjacent to an actin nascent chain

2 A. Roobol, unpublished data.
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Fic. 2. Actin nascent chain photocross-linking to TRiC sub-
units. RNC-TRiC complexes containing the nascent actin 220-mer were
photolyzed, and the extents of photocross-linking to different TRiC
subunits were assessed by immunoprecipitation with antibodies spe-
cific for each of the subunits indicated. Photoadducts containing nas-
cent actin and a single TRiC subunit are indicated by the single arrow-
heads, whereas photoadducts with apparent molecular masses
consistent with a covalent complex between nascent actin and two TRiC
subunits are indicated by the double arrowheads. The asterisk indicates
radioactive material washed ahead of the IgG heavy chain. NI, non-
immune serum.

during folding, translation intermediates (RNCs) with a 220-
residue actin nascent chain (actin 220-mer) were synthesized
in a rabbit reticulocyte lysate containing endogenous TRiC,
[35S]Met, and eANB-Lys-tRNA™S. After photolysis, a sample
was split into equal aliquots and immunoprecipitated under
denaturing conditions before analysis by SDS-PAGE. As shown
in Fig. 2, efficient photocross-linking occurred between the
actin 220-mer and both the @ and B subunits of TRiC. Surpris-
ingly, the photocross-linking of the actin 220-mer to 6 was
much less efficient, even though this nascent chain contained
subdomain 2 of actin. Photocross-linking of the actin 220-mer
to { or 0 was also weak (Fig. 2), whereas photoadduct formation
between the actin 220-mer and e was visible upon longer expo-
sure (see Fig. 6). Thus, nascent actin is in very close proximity
to multiple TRiC subunits at this stage of translation and not
only to 6 as concluded from the cryo-EM analysis.

We previously showed that eANB-Lys-tRNA™® is able to
compete effectively with endogenous Lys-tRNA™* for incorpo-
ration into protein under our in vitro conditions, and that an
average of about one eANB-Lys is incorporated for every four
lysine codons translated (18). Because the N-terminal 220 res-
idues of actin include 10 lysines, it is likely that each such
nascent chain will contain 2 or 3 photoactivatable probes.
Hence, if a single nascent chain contacts two or more TRiC
subunits at the same time, then it is possible that upon pho-
tolysis a nascent chain will react covalently with more than one
TRiC subunit. In fact, based on the apparent molecular masses
of some immunopreciptated photoadducts (Fig. 2, especially
lane 2), the simultaneous photocross-linking of a single actin
nascent chain to two TRiC subunits does occur. Thus, although
the C-terminal subdomain 4 has not yet emerged from the
ribosome in these RNCs, the actin nascent chain is adjacent to
and probably interacts with the «, B, §, €, {, and 6 subunits of
TRiC, and a single nascent chain is adjacent to more than one
subunit at a time.

Nascent Chain Length Dependence of Actin Photocross-link-
ing—Is the proximity of actin to a particular TRiC subunit
dependent on the length of the nascent chain? RNCs containing
nascent actin chains between 84 and 371 residues in length
were photolyzed in the presence of TRiC, and the extents of
nascent chain photocross-linking to 6 TRiC subunits were de-
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TaBLE 1
Actin photo-crosslinking to various TRiC subunits in the presence
or absence of ATP

The symbols indicate whether a photoadduct was detected (yes, +;
no, —) between a nascent actin chain of the indicated length and the
indicated TRiC subunit after immunoprecipitation and analysis by
SDS-PAGE. Higher resolution quantification was precluded because
the large numbers of samples required many phosphorimager screens
with different detection efficiencies and different exposure times be-
cause the translation efficiencies varied for different nascent chains.
Each experiment was repeated a minimum of 3 times.

Photoadducts containing:

B 8 € ¢ 0

Nascent chain length

S

In the absence of apyrase

84 - - - - - -
133 + o+ o+ o+ - -
220 + o+ o+ o+ o+ o+
303 + 0+ o+ o+ o+ 4+
371 + o+ o+ o+ o+ o+
In the presence of apyrase
84 - - - - - -
133 + o+ o+ o+ - -
220 + o+ o+ o+ o+ o+
303 + o+ o+ o+ o+ o+
371 + o+ o+ o+ o+ o+

termined by immunoprecipitation (Table I). For example, nas-
cent actin chains of 133 residues or longer were adjacent to 8,
although the efficiency of photocross-linking varied (Fig. 3; for
conciseness, only the 8 data are shown). Whereas this variation
could result from a nascent chain length dependence in actin
association with 8 and/or a variation in the positioning of nas-
cent chain probes relative to the d subunit as the nascent chain
lengthens, the important point is that the nascent chain re-
mains in close proximity to & throughout the stages of folding
examined.

Actin photoadducts containing two TRiC subunits were not
observed until the nascent chain was 220 residues long (Fig. 3),
presumably because a larger number of lysines were required
in the actin nascent chain to increase the likelihood of incor-
porating multiple photoreactive probes into a single nascent
chain. Alternatively, only the longer actin nascent chains adopt
a conformation that can be simultaneously recognized by two or
more subunits. These double photoadducts then continued to
be formed as the nascent actin lengthened, as was true of
adducts containing only the & subunit.

The nascent chain length dependence of actin photocross-
linking to «, B, and € was similar to that of §, and the results are
summarized in Table I. But photocross-linking to ¢ and 6 was
detected only after the actin nascent chain reached 220 resi-
dues; no photocross-linking to { and 6 was observed with RNCs
containing the actin 133-mer (Table I). Thus, at an early stage
of actin folding inside TRiC, the nascent chain is photocross-
linked to «, B, 8, and €, but not to { or 6. Thus, it appears that
nascent actin interacts differentially with the TRiC subunits at
various times during the folding process.

Nascent Chain Exposure to TRiC Subunits Is Not Dictated by
ATP—ATP is hydrolyzed as TRiC catalyzes actin folding (4). It
is therefore reasonable to determine whether the presence or
absence of ATP significantly alters the accessibility of the actin
nascent chain to individual actin subunits, as evidenced by the
presence or absence of photoadduct formation. Because ATP is
required for translation, RNCs containing actin nascent chains
of different lengths were first prepared using eANB-Lys-
tRNALS, Each sample was then split, and one-half was incu-
bated with apyrase to hydrolyze any remaining ATP, while the
other half was similarly incubated in the absence of apyrase.
After photolysis, the extent of actin cross-linking to individual
TRiC subunits was examined by immunoprecipitation and
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Fic. 3. Nascent chain length dependence of actin photocross-
linking to 8. RNCs containing nascent actin chains of the indicated
length were photolyzed, and photoadducts between nascent actin and
the & subunit were selected by immunoprecipitation. Samples treated
with apyrase are indicated; all other samples were mock-treated. Pho-
toadducts containing nascent actin and a single TRiC subunit are
indicated by the single arrowheads, whereas photoadducts with appar-
ent molecular masses consistent with a covalent complex between nas-
cent actin and two TRiC subunits are indicated by the double arrow-
heads. The asterisk indicates radioactive material washed ahead of the
IgG heavy chain. NI, non-immune serum.

SDS-PAGE. As shown in Fig. 3, the presence or absence of ATP
either increased or decreased the photocross-linking yield of a
particular actin nascent chain to the 6 subunit of TRiC, but did
not alter the existence of nascent actin exposure to 8. Similarly,
the proximities of different nascent actin chains to «, B, €, ¢,
and 6 were not greatly influenced by the presence or absence of
apyrase (Table I). Whereas nascent chain exposure to individ-
ual TRiC subunits was not sensitive to ATP under our experi-
mental conditions, this observation may result from the con-
tinuous exposure to nucleotide during the translation
incubation.

Photocross-linking of Luciferase Nascent Chains to TRiC—
To assess the specificity of nascent chain interactions with
individual TRiC subunits, photocross-linking to TRiC was ex-
amined using various lengths of nascent luciferase, another
folding substrate of TRiC. Using the same experimental ap-
proach as with actin nascent chains, the 8 and e subunits of
TRiC were found to photocross-link to luciferase nascent chains
as short as 77 amino acids and as long as 232 amino acids
either in the presence or absence of apyrase (Fig. 4). Each of
these various lengths of luciferase nascent chains also pho-
tocross-linked to «, 8, ¢, and 6 either in the presence or absence
of apyrase (Table II).

Although each length of nascent luciferase was adjacent to
each of the six TRiC subunits tested, the efficiency of nascent
chain-TRiC subunit photocross-linking was not constant. This
is clearly evident in Fig. 4, where the extents of photoadduct
formation varied as a function of nascent chain length for both
B (Fig. 4A) and e (Fig. 4B). Furthermore, the relative efficiency
of nascent luciferase photocross-linking to 8 and e differed as
the nascent chain lengthened. For example, whereas the yields
of B and e photoadducts were similar for the luciferase 125-mer,
the extents of 197-mer and 232-mer photocross-linking were
much higher to B than to e (compare Fig. 4, A with B). These
results reveal that as the nascent chain lengthens, it interacts
to different extents with the individual TRiC subunits, perhaps
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Fic. 4. Photocross-linking of nas-
cent luciferase to g and €. RNCs were
prepared using eANB-Lys-tRNA™* and
photolyzed in the presence of TRiC with
or without apyrase as indicated. Photoad-
ducts containing luciferase nascent
chains of the indicated lengths and either
the B (A) or € (B) subunits of TRiC were
detected by immunoprecipitation and
SDS-PAGE. Cross-linked species contain-
ing a single TRiC subunit are indicated by
the single arrowheads, whereas species
containing two TRiC subunits are indi-

Luc N.C. Length
Apyrase

TRIC Subunit

cated by two arrowheads. The asterisk in- 97

dicates peptidyl-tRNA. NI, non-immune

serum. 66
46
30
14

Luc N.C. Length
Apyrase

Antibodies Against ¢ ¢

TRiC Subunit

TABLE II
Luciferase photo-crosslinking to various TRiC subunits in the presence
or absence of ATP
The symbols are defined as in the legend to Table I. Each experiment
was repeated a minimum of 3 times.

Photoadducts containing:

B 5 ¢

Nascent chain length

5

€

In the absence of apyrase

92

o+t
o+ttt
+ o+ttt
++ o+t
++++++
++++++

232
In the presence of apyrase

77

92

125
164
197
232

++++++
o+ttt
+ o+ttt
++ 4+t
++++++
++++++

because the subunits have differing affinities for different por-
tions of the nascent chain. In addition, the differences noted
above for e demonstrate that nascent chain exposure to and
contact with individual TRiC subunits vary as the nascent

Antibodies Against
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chain lengthens and folding proceeds. Because the N-terminal
domain of luciferase, comprising its first 190 amino acids, folds
cotranslationally, it is possible that this folding event reduces
the availability of the e photocross-linking determinant in
luciferase.

A Single Probe Can Be Adjacent to More than One TRiC
Subunit—Our observation that the same actin nascent chains
cross-link to multiple TRiC subunits suggests a high level of
degeneracy in the specificity of the binding sites within the
subunits. However, in the above experiments, a nascent chain
could photocross-link to a TRiC subunit from any of several
locations within the nascent chain because eANB-Lys could be
incorporated in place of any Lys in the sequence. To determine
whether a single site in the actin nascent chain could interact
with multiple subunits, we next introduced a photoreactive
probe solely at one location in the nascent chain. To this end, a
single amber stop codon was substituted into the actin coding
sequence in place of the natural lysine codon at position 61,
which is located within the proposed & binding site of subdo-
main 2 (9). RNCs were then synthesized in vitro using eANB-
Lys-tRNA®*™" an amber supressor tRNA that translates an
amber stop codon and incorporates an eANB-Lys at that loca-
tion with an efficiency as high as 50% (22). Nascent chains
terminated at the amber stop codon by the action of the termi-
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Actin N.C. Length 220 220 220 220
Probe Position 61 61 61 61
Antibodies Against B £ o NI

TRIC Subunits

Fic. 5. Actin nascent chain photocross-linking to TRiC sub-
units from position 61. RNCs containing actin 220-mers with a probe
at residue 61 were photolyzed in the presence of TRiC and immunopre-
cipitated as indicated. Photoadducts are identified by the arrowheads.
NI, non-immune serum.

nation factor do not contain a probe and hence do not influence
photocross-linking results; only intermediates that incorporate
the modified lysine would continue translation to the end of the
truncated mRNA to yield a radioactive nascent chain of the
desired length.

To determine whether the probe at this single location
photocross-links to several TRiC subunits, a sample of actin
220-mer RNCs with the probes at position 61 was therefore
photolyzed, and equal aliquots of the sample were immunopre-
cipitated with anti-subunit antibodies. These actin nascent
chains photocross-linked to B, €, and « (Fig. 5), with the cross-
links being most intense with the g subunit (Fig. 5). Thus, at
this stage of protein folding inside TRiC, this particular seg-
ment in the actin nascent chains is in contact with at least
three different TRiC subunits.

To assess whether this apparent promiscuity in subunit
binding reflects the specificity of nascent chain-TRiC interac-
tions during the course of actin folding, the dependence of
photocross-linking on both nascent chain length and probe
location were examined. The data summarized in Table III
demonstrate that in a sample of RNC-TRiC complexes, three
different TRiC subunits («, B and €) were each exposed (pho-
tocross-linked) to each of five different sites along the nascent
actin chain when it was 133 residues or longer. Thus, once the
nascent chain probes have emerged from the ribosome, five
different actin sequences are simultaneously adjacent to three
different TRiC subunits in a population of RNC-TRiC com-
plexes as the nascent chain is lengthened from 133 to 371
residues.

Site-specific Photocross-linking of Nascent Actin to B—To
characterize further the exposure of specific sites in the nas-
cent chain to a given subunit, we next substituted a single
amber stop codon into the actin coding sequence in place of one
of the natural lysine codons at positions 18, 50, 61, 68, or 84.
Because actin containing a single probe at position 61 pho-
tocross-linked most strongly to subunit 8 (Fig. 5), we examined
the effect of positioning the probe at these positions on the
photoadduct yield with this subunit.

Five samples of actin 220-mer RNCs were prepared that
differed only in the location of the photoactivatable probe in the
nascent chain: at positions 18, 50, 61, 68, or 84. Upon photolysis
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TasLE III
Exposure of specific residues in nascent actin chains of different
lengths to TRiC subunits
The symbols are defined as in the legend to Table I. Most experiments
were repeated 3 times; some with lengths between 177 and 337 were
done only once if photoadduct formation was detected.

Probe located at residue:

Nascent chain length

18 50 61 68 84

Photoadducts to the TRiC B subunit

60 - ND*

84 + + + ND

133 + + + + +

177 + + + 4+ o+

220 + + + o+ o+

260 + + + 4+ o+

303 + + + o+ o+

337 + + + o+ o+

371 + + + 0+ o+
Photoadducts to the TRiC « subunit

60 - -

84 - - — —

133 + + + + +

177 + + + + +

220 + + + + +

260 + + + + +

303 + + + + +

337 + + + + +

371 + + + + +
Photoadducts to the TRiC e subunit

60 - -

84 - - — —

133 + + + + +

177 + + + + +

220 + + + + +

260 + + + + +

303 ND + + + +

337 ND + + + +

371 + + + + +

“ND, not done.

in the presence of TRiC, each actin 220-mer derivative was
found to photocross-link to the B subunit of TRiC, although
with different efficiencies (Fig. 6A). It therefore appears that at
this stage of actin folding, residues 50, 61, and 68 are exposed
equally to B, whereas residues 18 and 84 are adjacent to 3
much less frequently than are the other actin sites.

The nascent chain length dependence of photocross-linking 8
from each of these actin positions was then examined. Whereas
84-residue nascent chains photocross-linked only weakly to 3,
each probe location in actin nascent chains between 133 and
337 residues in length was adjacent to 8 (Fig. 6, B-F). Because
each of the five actin residues was able to contact g in the TRiC
complex as the nascent chain increased in length by a mini-
mum of 204 residues, the nascent chain does not appear to
localize at a stable site(s) within the TRiC cavity during the
folding process. The dramatic decrease in the photocross-link-
ing to B of all probe locations in the 371-mer (when nascent
actin is almost full-length) except 18 may be because of the
cotranslational formation of folded structures in the N-termi-
nal portion of actin that contains the probe sites.

TRiC Is in Close Proximity to the Ribosomal Exit Site When
Bound to the Nascent Chain—TRiC associates with nascent
chains as they emerge from the ribosomal nascent chain tun-
nel, and the data in Fig. 6F (lane 39) show that a probe at
position 84 in a 133-residue nascent chain photocross-links to
the B subunit of TRiC. Thus, an amino acid in the nascent chain
located only 49 residues from the ribosomal P site is adjacent to
TRiC. How close can TRiC get to the ribosome as it binds and
sequesters the nascent chain? RNCs containing a 125-residue
actin nascent chain with a probe at position 84 were prepared,
photolyzed, and found by immunoprecipitation to react co-
valently with TRiC B (Fig. 7). A probe in the nascent chain only
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Fic. 7. Proximity of TRiC to the ribosomal tunnel exit site.
RNCs containing actin nascent chains of 125, 129, or 133 residues with
a probe at position 84 were photocross-linked to TRiC, and photoad-
ducts to B detected by immunoprecipitation are shown (arrowheads).
NI, non-immune serum.

41 residues from the ribosomal P-site can therefore react co-
valently with TRiC.

DISCUSSION

Although the mechanism by which a chaperonin catalyzes the
folding of a nascent chain as it is being synthesized by the
ribosome has not yet been elucidated, it is presumed to involve
the entry of the nascent chain into the chaperonin cavity and
then a series of interactions with some or all of the chaperonin
subunits to yield a folded protein or protein domain. But in actual
fact, few experimental data bear directly on the nature and
specificity of physiological (ribosome-bound) nascent chains with
chaperonin subunits, other than that those interactions are
somehow facilitated by ATP hydrolysis. We therefore decided to
determine the answers to five critical questions that would iden-

133 177 260 303 337 371 260
<--—--Probe at Position 84--—>

tify important and fundamental properties of co-translational
processing of the nascent chain by a chaperonin. Is a nascent
chain sequence exposed to all chaperonin subunits, or does it
contact only a select few? Does nascent chain exposure to a
chaperonin subunit change as translation and folding proceed?
Can a nascent chain interact with two chaperonin subunits si-
multaneously? Do different nascent chains interact similarly
with the chaperonin? How soon does the nascent chain interact
with individual chaperonin subunits?

These questions were addressed experimentally by incorpo-
rating one or more photoactivatable probes into nascent chains
of actin and firefly luciferase as they were being synthesized by
a ribosome. Each sample contained a population of RNC com-
plexes in which each nascent chain had the same defined
length and a probe(s) located at the same defined location(s).
Because TRiC associates with these nascent chains during
their translation (14), we then illuminated each RNC-TRiC
sample to initiate the photocross-linking of the nascent chain to
any nearby chaperonin subunit and thereby provide a nearly
instantaneous snapshot of nascent chain proximity to individ-
ual subunits at the chosen stage of folding. Were the nascent
chain bound tightly to only one or a few subunits, then we
would expect to obtain only a limited number of nascent chain-
TRiC subunit photoadducts. Yet we observed something very
different.

The comprehensive investigation carried out in this study
and summarized in Tables I-III reveals that actin nascent
chains of 220 residues or longer are adjacent to at least 6 of the
8 TRiC subunits at the time of photolysis (Figs. 2 and 5, Tables
I and III). More precisely, whereas a single nascent chain may
be simultaneously adjacent to 6 subunits, at least a fraction of
the nascent chain population in the sample is adjacent to each
of the 6 subunits at any given time. Similarly, nascent lucifer-
ase chains of 77 residues or longer are adjacent to 6 of the 8
TRiC subunits at the time of photolysis (Fig. 4; Table II).
Furthermore, this apparent non-selectivity in the distribution
of nascent chains between TRiC subunits was maintained as
the actin and luciferase nascent chains lengthened to 371 and
232 residues, respectively (Tables I—III, Figs. 3, 4, and 6).
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Because the photocross-linking approach did not identify a low
number of discrete, stable, and reproducible nascent chain
photoadducts with specific TRiC subunits, it is clear that the
nascent chain does not occupy a fixed location within the cavity
where it is bound to only a select few of the subunits. In fact,
even when a actin nascent chain contained only a single probe
(at each of five different sites) and its flanking sequence might
be expected to direct that portion (sequence) of the nascent
chain to bind and photocross-link to only one or two subunits,
the singly labeled nascent chains photocross-linked to several
TRiC subunits (Table III, Fig. 5). Hence, there is significant
overlap in the nascent chain binding specificities of the indi-
vidual subunits. These data therefore lead overwhelmingly to
the conclusion that any nascent chain within the chaperonin
cavity is in a dynamic state, is exposed transiently to each of
the TRiC subunits, and moves from one subunit to another
within the cavity, irrespective of the length (folding state) of
the nascent chain.

Having said that, it is also clear from our data that nascent
chain-TRiC subunit interactions are not completely non-selec-
tive and promiscuous. This is evident from variations in the
efficiency of nascent chain- photocross-linking as the length of
the nascent chain increases and as the position of the probe
varies (Fig. 6), as well as from the different efficiencies of actin
220-mer photocross-linking to various TRiC subunits (Fig. 2).
Thus, it seems likely that there are different affinities of indi-
vidual TRiC subunits for specific nascent chain sequences, and
that the higher affinity interactions will necessarily lead to
higher photocross-linking efficiencies and greater photoadduct
formation. Yet the broad distribution of photoadduct identities
suggests that such affinity differences are relatively small and
only modulate to a limited extent the duration of subunit-
substrate interactions.

This view of nascent chain-TRiC interactions is at odds with
the currently proposed model for substrate-TRiC interactions,
which holds that a particular substrate polypeptide interacts
with specific subunits within the cavity. The latter opinion
originated largely from cryo-EM data that appeared to show
that chemically unfolded actin polypeptides (containing essen-
tially the same residues examined in this study) assumed a
stably folded and highly structured conformation within the
cavity, and was in close proximity to only two TRiC subunits, «
and either B or € (9). In contrast, our results suggest that newly
made actin polypeptides contact multiple subunits in the TRiC
complex. So why do the photocross-linking and cryo-EM anal-
yses yield different conclusions? We believe that the discrep-
ancy originates both from the different techniques employed
and from the nature of the samples analyzed.

Whereas each photocross-linking experiment reported here
in the figures and Tables detects and analyzes more than 101!
probe-containing nascent chains per sample, Llorca et al. (9)
included less than 2500 total particles in their image recon-
struction analyses (9). To obtain high-resolution images,
cryo-EM particle reconstructions must reduce the number of
structurally diffuse and ill-defined particles included in their
analyses. Because unfolded actin polypeptides inside TRiC par-
ticles are not well defined and would decrease resolution, such
images are not included in the analysis, thereby biasing the final
result by this pre-selection of data. Thus, in addition to the
obvious differences in the nature of the data collected in cryo-EM
and photocross-linking experiments, the two studies differ
greatly in the total number of substrate-TRiC complexes exam-
ined and in the stringency of inclusion of all substrate-TRiC
complexes in the analysis. It should also be noted that whereas
cryo-EM reconstructions indicate that TRiC-bound actin is in a
highly compacted conformation, biochemical analysis of TRiC-
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actin complexes indicate that most actin chains are in a protease-
sensitive, relatively unstructured conformation (11).

Another major difference between the two studies involves the
substrate. The C terminus of each nascent chain in the pho-
tocross-linking studies is covalently bound to a peptidyl-tRNA in
the ribosomal P site, and hence each nascent chain is tethered to
the peptidyltransferase center far inside the ribosome. Thus, in
the photocross-linking studies, every nascent chain substrate
must have its C-terminal end extending out of the entrance to the
TRiC cavity and into the ribosome, whereas the N-terminal end
of the nascent chain is free to sample different conformations and
folding intermediates. In contrast, the substrates examined in
the cryo-EM study are able to insert fully into the chaperonin
cavity, and their freedom to sample different conformations and
fold is not restricted by having one end extending through the
cavity entrance and fixed in location somewhere outside the
chaperonin. Given the non-physiological nature of the latter sam-
ples, it is not clear to what extent they mirror the conformational
states and opportunities that occur and exist in vivo. Impor-
tantly, whereas only a subfraction of the chemically denatured
actin is correctly folded by TRiC, suggesting that many of the
actin chains interact in a non-productive conformation (e.g. Refs.
11 and 27), most of the newly translated actin is efficiently and
rapidly folded by TRiC (e.g. Refs. 15 and 28). Thus the folding
efficiencies and folding intermediates of the de novo folding proc-
ess probably differ significantly from those observed using puri-
fied components.

Whereas the photocross-linking data indicate that at any
given time there are a plethora of different nascent chain-
subunit interactions and structures present in a population of
RNC-TRiC complexes, it is also important to note that the
photocross-linking experiments reveal some structural con-
straints. For example, whereas an 84-residue actin does not
react covalently with any TRiC subunit and a 220-residue actin
reacts covalently with all six of the TRiC subunits examined, a
133-residue actin reacts covalently with only the «, 8, §, and €
subunits (Table I). Thus, it appears that when nascent actin
first enters the TRiC cavity, the short nascent chain is not
detectably exposed to the 6 and { subunits. Similarly, when a
photoreactive probe is positioned at residue 18 in an 84-residue
long nascent actin, this probe is able to react covalently with
the B subunit, but not with the o and € subunits (Table III).
Based on these differential effects that depend on nascent
chain length, it would appear that there is a preferred interac-
tion pathway for the nascent chain as it enters the chaperonin,
although more data are necessary to clarify the nature of this
putative pathway. Because the interactions with individual
TRiC subunits differed for actin and luciferase nascent chains,
such a pathway may vary depending upon the substrate as
each nascent chain proceeds sequentially through a series of
folding states and intermediates within the cavity that may
alter probe exposure to a particular subunit.

Three other points should be noted. First, the detection of
photoadducts containing two TRiC subunits (Figs. 2 and 3)
indicates that a single nascent chain can contact two different
subunits at the same time. It seems likely that the longer
nascent chains could simultaneously contact even more sub-
units, but this has yet to be demonstrated experimentally.
Second, we observed ATP-dependent differences in the pho-
tocross-linking efficiencies of various nascent chains to differ-
ent subunits, but no clear and consistent pattern emerged (e.g.
not all efficiencies increased in the presence of ATP). Hence, we
cannot as yet ascertain the basis of the observed ATP depend-
ence of nascent chain exposure to the different TRiC subunits.
Third, as we have noted previously (14), TRiC is able to asso-
ciate with the nascent chain soon after it emerges from its
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ribosomal exit site. Here we have found that a 133-residue
actin with a probe at position 84 is able to photocross-link to the
TRiC «, B, and e subunits (Table III), whereas a 125-residue
actin with a probe at 84 can photocross-link the 8 subunit (Fig.
7). Thus, a probe located only 41 nascent chain residues from
the ribosomal P site is able to photocross-link to TRiC. We have
shown recently using fluorescence resonance energy transfer
between two different fluorophores incorporated into the same
nascent chain that soluble proteins are approximately fully
extended within the nascent chain tunnel (16). This result
would indicate that the probe is located about 143 A (41 x 3.5
A/fully extended residue) from the P site when cross-linking
occurs, and because the length of the nascent chain tunnel is on
the order of 100 A, it would appear that the TRiC 8 subunit is
located within ~40 A of the ribosomal exit site in the co-
translational RNC-TRiC complex.

In summary, the extensive analysis of nascent chain prox-
imity to individual TRiC subunits performed here suggests
that nascent polypeptides contact multiple chaperonin sub-
units upon emerging from the ribosome. Multiple TRiC sub-
units appear to engage the same portion of the polypeptide,
albeit with different affinities. Thus, in contrast to the static
view of highly specific substrate-chaperonin interactions that
currently prevails, our experiments provide experimental sup-
port for dynamic interactions between the polypeptide sub-
strate and the chaperonin. Whereas different subunits exhibit
some specificity in substrate binding, the full range of nascent
chain-TRiC interactions at each stage of folding under physio-
logical conditions exhibits remarkable plasticity.
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