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Abstract. 

 

In vitro transcription/translation of actin 
cDNA and analysis of the translation products by na-
tive-PAGE was used to study the maturation pathway 
of actin. During the course of actin synthesis, several 
distinct actin-containing species were observed and the 
composition of each determined by immunological pro-

 

cedures. After synthesis of the first 

 

z

 

145 amino acids, 
the nascent ribosome-associated actin chain binds to 
the recently identified heteromeric chaperone protein, 
prefoldin (PFD). PFD remains bound to the relatively 
unfolded actin polypeptide until its posttranslational 

delivery to cytosolic chaperonin (CCT). We show that 

 

a

 

- and 

 

b

 

-tubulin follow a similar maturation pathway, 
but to date find no evidence for an interaction between 
PFD and several noncytoskeletal proteins. We conclude 
that PFD functions by selectively targeting nascent ac-
tin and tubulin chains pending their transfer to CCT for 
final folding and/or assembly.

Key words: protein folding • molecular chaperones • 
cytoskeletal proteins • protein synthesis • actin • tu-
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M

 

ANY

 

 proteins undergo spontaneous refolding to
their native conformation following denatur-
ation with reagents such as acid, guanidine, or

urea. The rate and efficiency of the refolding reaction var-
ies significantly, depending on the particular protein in
question. Initially thought to be a spontaneous process dic-
tated only by the primary sequence of the particular poly-
peptide (Anfinsen, 1973), many protein folding events are
now known to require the participation of additional com-
ponents termed molecular chaperones (recently reviewed
in Hartl, 1996; Johnson and Craig, 1997; Netzer and Hartl,
1998). While not conveying any information for the fold-
ing reaction itself, molecular chaperones increase the
probability of productive folding by stabilizing critical in-
termediates in the folding pathway.

Molecular chaperones working in tandem have been
suggested to participate in the maturation pathway of cer-
tain newly synthesized proteins. For example, a pathway
of successive chaperone interactions has been suggested
for the maturation of some proteins in the eukaryotic cyto-
sol, based on both folding reactions and translation experi-

ments done in vitro. At least three distinct chaperones
have been implicated in the folding of luciferase. Nascent
luciferase molecules were reported to initially interact
with an eukaryotic homologue of the bacterial DnaJ pro-
tein, referred to as hsp40 (Frydman et al., 1994). Binding
to hsp40 enables the recruitment and binding of hsp70,
which stabilizes the unfolded nascent polypeptide. Others
also have reported that eukaryotic hsp70 binds cotransla-
tionally to a wide variety of nascent polypeptide chains
(Beckmann et al., 1990; Nelson et al., 1992; Frydman et al.,
1994; Hansen et al., 1994; Frydman and Hartl, 1996; Eg-

 

gers et al., 1997; Pfund et al., 1998). In the case of luciferase,
after interaction with hsp70, the nascent chain becomes a
target for the cytosolic chaperonin, referred to variously as
CCT

 

1

 

 (for cytosolic chaperonin containing TCP-1), TriC,
or c-cpn, to which it is transferred cotranslationally (Fryd-
man et al., 1994). Subsequent folding to the native state is
thought to occur within the central cavity of the CCT par-
ticle again after one or more cycles of ATP-dependent
binding and release (Frydman and Hartl, 1996; Farr et al.,
1997). A similar pathway involving the sequential action of
these chaperones has been reported for actin biogenesis
(Frydman and Hartl, 1996).

Recently, other components have been identified and
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shown to participate in the maturation pathway of actin
and members of the tubulin family. For example, a hetero-
meric protein complex has been genetically (Geissler et
al., 1999) and biochemically (Vainberg et al., 1998; Siegers
et al., 1999) identified and shown to play an important role
in promoting the formation of functional actins and tubu-
lins. Termed prefoldin (PFD) in animal cells, this complex
has been shown to transfer full-length unfolded target pro-
teins (actin or tubulin) to CCT. Similarly in yeast, the cog-
nate complex, GimC, has been shown to function in con-
cert with CCT to facilitate actin folding in vivo (Siegers et
al., 1999).

Because PFD binds unfolded target proteins and trans-
fers them to CCT, it could act at many different points in
protein biogenesis, including binding to nascent chains, in-
teraction with nonnative proteins discharged from CCT as
part of the ATP-dependent chaperonin cycle, or the res-
cue of proteins that have become denatured by heat or
other stresses. Here, we report a detailed examination of
the pathway of actin maturation during in vitro transla-
tion. We show that an early and very prominent intermedi-
ate contains nascent actin complexed with PFD. Binding
of PFD to actin nascent chains occurs after synthesis of the
NH

 

2

 

-terminal 

 

z

 

145 amino acids. Actin molecules bound
to PFD are nonnative, are not protected from added pro-
teases as a consequence of association with PFD, and can-
not be released from PFD by incubation with ATP. The
nascent actin–PFD complex likely persists until the syn-
thesis of actin is complete. The full-length actin bound to
PFD is then transferred to CCT where folding to the na-
tive state occurs. We show that a similar maturation path-
way is operative for both 

 

a

 

- and 

 

b

 

-tubulin.

 

Materials and Methods

 

Materials 

 

Rabbit reticulocyte lysates were prepared and treated with micrococcal
nuclease (Calbiochem-Novabiochem Corp.) as described in Jackson and
Hunt (1983). Dr. D. Melton (Harvard University, Cambridge, MA) pro-
vided the SP6 RNA polymerase expression plasmid pSP64T (Krieg and
Melton, 1984). Edeine was the gift of Dr. H. Lodish (Massachusetts Insti-
tute of Technology, Cambridge, MA). SP6 RNA polymerase and RNase
inhibitor (RNASIN) were from Promega Corp. T7 RNA polymerase was
from New England Biolabs. [

 

35

 

S]Methionine (Translabel, 1,000 Ci/mMol)
was obtained from New England Nuclear. Apyrase and soybean trypsin
inhibitor were from Sigma Chemical Co. Rabbit polyclonal anti-PFD sub-
unit 6 (PFD 6) was described previously (Vainberg et al., 1998). A puri-
fied rat mAb, 23C, recognizing TCP-1

 

a

 

, was used for the analysis of CCT
(Lewis et al., 1992). Purified rabbit skeletal muscle actin was obtained
from Cytoskeleton Inc. AffiGel-10 was from Bio-Rad. DNase I was from
Worthington Biochemicals.

 

In Vitro Expression Vectors 

 

The sequence at the initiator methionine codon of chicken 

 

b

 

II-tubulin was
modified to create a NcoI site by Dr. H. Sternlicht (Case Western Reserve
University, Cleveland, OH). The 

 

b

 

-tubulin, human 

 

b

 

-actin (Ponte, 1984),
and 

 

Aequorea victoria

 

 green fluorescent protein (Chalfie et al., 1994)
coding sequences were shuttled into the pSP64T derivative, pSPBP4, re-
placing the preprolactin gene. pSPBP4 contains the SP6 promoter, the

 

b

 

-globin 5

 

9 

 

untranslated region, an NcoI site encoding an initiation codon
with an optimal Kozak consensus sequence (ACCATGGG; Kozak, 1984),
the gene for bovine preprolactin, and a polylinker, in that order. The ex-
pression plasmids used to produce yeast cytosolic invertase, 

 

a

 

-tubulin, and
firefly luciferase (pGEM-luc) mRNAs were described previously (Ngsee
et al., 1989; Gao et al., 1993; Promega Corp.).

 

In Vitro Transcription and Translation 

 

DNA templates were transcribed after complete linearization with the ap-
propriate restriction enzymes to create full-length and the desired trun-
cated coding regions. G

 

ppp

 

G capped mRNA templates (Krieg and Melton,
1984) generated by in vitro transcription using SP6 RNA polymerase as
described previously (Hansen et al., 1986) were used without purification.
Transcription with T7 RNA polymerase was performed in 40 mM Tris-
HCl, pH 7.9, 2 mM spermidine, 10 mM DTT, 12.4 mM MgCl

 

2

 

, 2 mM each
of ATP, CTP, UTP, and G

 

ppp

 

G, and 0.4 mM GTP at 37

 

8

 

C for 90 min. To
promote full-length transcription, the GTP concentration was then in-
creased to 2 mM and the incubation continued for 15 min. T7 transcripts
were precipitated with ethanol and resuspended in diethylpyrocarbonate
(DEPC) treated water. Rabbit reticulocyte translation reactions (40% ly-
sate) were performed at 22–24

 

8

 

C for the times indicated in 20 mM Hepes,
pH 7.4, 100 mM KCl, 2 mM MgCl

 

2

 

, 2 mM dithiothreitol, 0.2 mM spermi-
dine, and 10 mM S-adenosyl-methionine. In the experiment shown in Fig.
3, edeine (10 mM) and 7-methylguanosine monophosphate (7-

 

Me

 

GMP; 4
mM) were added as follows: after 5 min of translation for 

 

2

 

mRNA (no
added mRNA) and 99 aa actin; after 6 min for 123 aa, 145 aa, 156 aa, and
257 aa actin; and after 9 min for 336 aa and full-length actin. Aliquots of
the reactions were removed for analysis as follows (e, early; l, later): e

 

 5 

 

8
min, l

 

 5 

 

20 min for 

 

2

 

mRNA; e

 

 5 

 

8 min, l

 

 5 

 

12 min for 99 aa actin; e

 

 5 

 

9
min, l

 

 5 

 

16 min for 123 aa actin; e

 

 5 

 

9 min, l

 

 5 

 

20 min for 145 aa and 156
aa actins; e

 

 5 

 

12 min, l

 

 5 

 

25 min for 257 aa actin; e

 

 5 

 

12 min, l

 

 5 

 

70 min
for 336 aa and full-length actins.

 

Isolation and Analysis of Ribosome-associated Nascent 
Chain–Chaperone Complexes 

 

The reticulocyte lysate was programmed with mRNA encoding the 336–
(or 257–) amino acid NH

 

2

 

-terminal fragment of actin and incubated at
24

 

8

 

C for 8 min. Edeine (10 mM) and 7-

 

Me

 

GMP (4 mM) were added to in-
hibit new chain initiation. The reaction was further incubated for 9 min (7
min for the 257 amino acid actin) to allow for complete translation of the
mRNA template. The nascent chain–ribosome complexes were stabilized
by addition of 0.5 mM cycloheximide, ATP levels were depleted by incu-
bation for 10 min at 24

 

8

 

C with apyrase (50 U/ml) and 25 mg/ml soybean
trypsin inhibitor. The mixture was applied to a gradient of sucrose consist-
ing of 0.2 ml of 68% sucrose overlayered with 0.5 ml 20% sucrose, both
containing 20 mM Hepes, pH 7.4, 2.1 mM MgCl

 

2

 

, 100 mM KCl, 2 mM re-
duced glutathione, 0.1 mM EDTA, and 0.2 mM cycloheximide. The gradi-
ent was centrifuged in a Beckman TLA100 SW55 ultracentrifuge rotor at
50,000 rpm for 90 min at 4

 

8

 

C. After centrifugation, the gradient was frac-
tionated from the top. An aliquot of each gradient fraction was incubated
for 10 min with 0.5 mM puromycin and 20 

 

m

 

g/ml RNase A, and then ana-
lyzed by Tricine SDS-PAGE. RNA was isolated from each of the gradient
fractions by extraction with phenol/chloroform and precipitation with eth-
anol. The RNA samples were suspended in DEPC-treated water and de-
natured by incubation at 60

 

8

 

C in 7 M urea RNA sample buffer. The RNA
was fractionated by 5% PAGE containing 7 M urea, the gel stained with
ethidium bromide, and the UV transilluminated image photographed.
The tRNA and high molecular weight ribosomal RNAs recovered from
each fraction were quantified using NIH Image software. For native-
PAGE analysis, aliquots of the starting materials applied to the gradient
and of each gradient fraction were incubated with puromycin (0.5 mM),
apyrase (50 U/ml), and soybean trypsin inhibitor (25 mg/ml) for 10 min at
room temperature, followed by digestion with RNase A (20 

 

m

 

g/ml) in na-
tive-PAGE sample buffer for 10 min before analysis by native-PAGE as
described below.

 

SDS-PAGE 

 

SDS-PAGE analysis was performed using the gel formulations of Blattler
et al. (1972) or when indicated, a Tris/Tricine system (Schagger and von
Jagow, 1987). When peptidyl-tRNA species were to be examined, the
translation products were heated in Laemmli sample buffer, pH 6.8
(Laemmli, 1970). tRNA free polypeptides were analyzed after the pepti-
dyl-tRNA species were dissociated by incubation with 0.5 mM puromycin
at room temperature for 10 min, then heated in SDS-PAGE loading
buffer, pH 11.3.

 

Native-PAGE 

 

The discontinuous gradient native gels used (Schagger and von Jagow,
1991) were composed of two (5.5% on top of 12.5% for Figs. 1, 2 A, and 7)
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or three layers (5.5% on top of 12.5% on top of 15% for Figs. 2 C, 3, 4, and
5). The upper chamber (cathode) buffer consisted of 50 mM Tricine and
15 mM BisTris, pH 7.0. The lower chamber (anode) buffer chamber con-
tained 50 mM BisTris, pH 7.0. Reaction mixtures were adjusted with na-
tive gel loading buffer to final concentrations of 50 mM BisTris, pH 7.0,
5% glycerol, 2 mM reduced glutathione, 1 mM each methionine and cys-
teine, and a small amount of tracking dye, Ponceau S. The gels were run
initially at 50 V for 20 min (

 

z

 

5 mA), and then with a maximum current of
13 mA at 4

 

8

 

C until the tracking dye migrated to the bottom of the gel. The
position of migration of native molecular mass standards is indicated in
each figure: soybean trypsin inhibitor, 21 kD; BSA monomer, 70 kD; BSA
dimer, 130 kD; BSA trimer, 200 kD; ferritin, 450 kD; and 

 

a

 

2-macroglobu-
lin, 780 kD. Proteins were visualized either by Coomassie blue staining or
by fluorography. Radiolabeled proteins (where indicated) were quantified
by scanning the x-ray film image and processing with NIH Image soft-
ware.

 

Assay for Altered Mobility Induced by Antibody or 
Ligand and Immunodepletion 

 

Antibody Binding Induced Shift.  

 

Positive identification of components
present within nascent chain–chaperone complexes was performed by an
electrophoretic mobility shift assay with the nascent chain serving as the
radiolabeled probe. Antibodies to the chaperone protein of interest or
control antibodies (e.g., preimmune serum) were added to the puromycin-
released and ATP-depleted reticulocyte lysate translation products. After
incubation for 15–20 min at room temperature, native gel sample buffer
was added and the samples analyzed by native-PAGE.

 

Immunodepletion and DNase I–Sepharose Binding.  

 

The puromycin-
released and ATP-depleted reticulocyte lysate translation products were
mixed with antibodies (preimmune, anti–PFD 6, or anti–TCP-1

 

a

 

) previ-
ously bound to protein A–Sepharose or immobilized DNase I in native gel
sample buffer containing 100 

 

m

 

g/ml BSA. After 45 min at 4

 

8

 

C with occa-
sional mixing, the Sepharose beads were removed by centrifugation and
the supernatant solution was analyzed by native-PAGE. Sepharose beads
were washed four times in PBS, the bound proteins eluted by heating in
Laemmli sample buffer, and analyzed by SDS-PAGE.

 

DNase I Binding Induced Shift.  

 

In vitro translated actin was incubated
in the reticulocyte lysate supplemented with 400 

 

m

 

g/ml of DNase I at
room temperature for 15 min. Native-PAGE loading buffer was added
and the mixture analyzed by native-PAGE.

 

Two-Dimensional Native/Denaturing-PAGE 

 

Translation reaction products were fractionated by native-PAGE as de-
scribed above. The lanes were excised from the gel and incubated for 10
min in two times concentrated Laemmli sample buffer at 60

 

8

 

C. The entire
gel lane then was applied to and electrophoresed through a second dimen-
sion of 12.5% SDS-PAGE.

 

Results

 

Order of Events in the Actin Folding Pathway

 

The pathway of actin maturation was investigated using
translation in vitro. Full-length actin mRNA was trans-
lated in the presence of [

 

35

 

S]methionine and the reaction
products analyzed by both SDS-PAGE and native-PAGE.
In the first experiment, full-length actin mRNA was trans-
lated for 12 min. Inhibitors of translational initiation
(edeine and 7-

 

Me

 

GMP) were added and the translation re-
actions continued to allow for polypeptide chain elonga-
tion and completion. At various times, aliquots were re-
moved and incubated with apyrase (to deplete ATP levels
and thereby stabilize chaperone–nascent chain complexes)
and puromycin (to release unfinished nascent chains from
the ribosome). Analysis of the reaction products by SDS-
PAGE revealed a small amount of full-length actin after
12 min of translation (Fig. 1 A, SDS-PAGE). Maximal
amounts of full-length actin had accumulated between 20
and 30 min. Native-PAGE analysis showed that these re-

action products consisted of full-length monomeric actin
together with at least four actin-containing complexes with
apparent masses between 150 and 800 kD (indicated as I,
II, III, and IV in Fig. 1 A, native-PAGE). The monomeric
actin species had acquired its native folded state as evi-
denced by its ability to interact with DNase I, an assay
used to monitor the folding status of actin (see Fig. 3, C
and D; Lazarides and Lindberg, 1974).

Quantitation of the different actin complexes accumu-
lating over time (i.e., native-PAGE in Fig. 1 A) was per-
formed and is presented in two different ways in Fig. 1, B
and C. Such analyses showed that the 

 

z

 

150-kD complex
(species I) was the first complex formed. Subsequently,
the 

 

z

 

800-kD complex (species II) was observed to in-
crease. Finally, species III and IV were found to form later
in time. Based on its apparent mass of 

 

z

 

800 kD, species II
represents actin bound to the CCT, which has been de-
scribed by others. The nature of the other complexes, in
particular species I, is not known and is the major focus of
the present study. Note that by 40 min the levels of both
species I and II had markedly diminished, and that full-
length monomeric actin was now the predominant species.
Curiously, the levels of the 

 

z

 

500-kD complex (species III
in Fig. 1 A) did not change significantly over the course of
the last 20–30 min of translation. Given their low levels
and relatively late appearance (i.e., they rise only after the
native full-length actin monomer is present), it is unlikely
that species III and IV represent intermediates in the
pathway of actin monomer folding. Hence, we will restrict
our focus here to the characterization of species I and II.

In a second experiment of this type, full-length actin
mRNA was translated for only 2 min before addition of
the inhibitors of translation. Analysis of the reaction prod-
ucts over the course of the next 16 min via native-PAGE
revealed that the formation of actin species I preceded
that of species II, the actin–CCT complex (Fig. 1 C).

If the actin chains in species I were engaged with a mo-
lecular chaperone component, then an actin molecule un-
able to attain the native conformation might be expected
to display a longer residence time with its particular chap-
erone. Previously, it has been shown that removal of the
last 20 amino acids of yeast actin, which are essential for
holding together the three noncontiguous strands of sub-
domain I, resulted in the loss of actin’s structural integrity
(Wertman et al., 1992; Xia and Peng, 1995). To determine
whether actin would accumulate in the species I complex if
the acquisition of the native state was prevented, an
mRNA lacking a stop codon and encoding an actin chain
lacking the COOH-terminal 38 amino acids was generated
and translated in vitro. In this experiment, synthesis of the
NH

 

2

 

-terminal 336 amino acids will proceed (full-length ac-
tin is 374 amino acids), but in the absence of a translational
stop signal the nascent chain remains bound to the ribo-
some. Addition of puromycin should then result in the re-
lease of nascent chains and allow for the analysis of the
mass of the nascent actin chain. Translation of the trun-
cated actin mRNA was allowed to proceed for 12 min in
the presence of [

 

35

 

S]methionine before the addition of
translational initiation inhibitors. At various times thereaf-
ter, aliquots were removed, puromycin was added, ATP
levels depleted via addition of apyrase, and the material
analyzed by native-PAGE (Fig. 2 A). Actin species I was
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the first and most predominant species observed. Only
small amounts of the actin–CCT complex (species II) were
found. Subsequent to the appearance of species I and II,
low levels of the truncated actin molecule were observed
to migrate near the bottom of the gel, presumably having
folded into some type of monomeric-like species. Quanti-
tation of the different actin-containing species present in
Fig. 2 A revealed that the majority of the truncated actin
molecule accumulated as the species I complex (Fig. 2 B).

Two-dimensional gel analysis (native-PAGE in the first
dimension followed by SDS-PAGE in the second dimen-
sion) revealed that full-length actin could be found within
all of the species (Fig. 2 C). However, in the case of the
336–amino acid actin translation product, the vast majority
of the truncated actin chains was present within species I.
Here, very little of the truncated actin chains were found
present within the CCT containing complex, species II.

 

The Actin Species I Complex Contains PFD

 

A heteromeric chaperone termed PFD has been described
that can form a complex with chaotrope denatured full-
length actin, and then deliver this target to CCT where
folding to the native state commences (Vainberg et al.,
1998). To see whether species I might represent actin
bound to PFD, an antibody to the bacterially expressed
human PFD 6 was prepared and characterized. When an
immunoblot of HeLa cell and rabbit reticulocyte lysate
proteins was probed with the anti–PFD 6 antibody, a sin-
gle polypeptide of the appropriate size for the PFD 6 spe-
cies (

 

z

 

14 kD, as described by Vainberg et al., 1998) was
detected (Fig. 3 A).

We compared the native-PAGE migration of purified
PFD with that of actin species I and II produced during
the in vitro translation reaction. Following native-PAGE,

Figure 1. Intermediates in the
biogenesis of full-length b-actin.
(A) The reticulocyte lysate was
programmed with full-length
mRNA encoding b-actin in the
presence of [35S]methionine.
Edeine (10 mM) and 7-MeGMP
(4 mM) were added after 12 min
to block new initiation of transla-
tion. Aliquots were removed at
various times (indicated at the
top of the panel), the samples in-
cubated with apyrase (to deplete
ATP) and puromycin (to release
nascent chains), and analyzed by
native-PAGE (top). The migra-
tion of native molecular mass
markers is shown on the left. The
positions of migration of actin
monomer along with four other
actin-containing species (I, II,
III, and IV) are shown on the
right. The same samples, ana-
lyzed by SDS-PAGE, are shown
in the lower panel. The amount
of total material applied to the
native gel is twice that loaded on
the SDS-PAGE. Fluorograms of
the gels are shown after 2.5 h of
exposure. (B) Kinetics of ap-
pearance of the species detected
after native-PAGE (species I, II,
III, and monomeric actin). The
optical density of each band
from the x-ray film was calcu-
lated with NIH Image software.
The optical density units derived
for each species are plotted as a
function of time. (C) Kinetics of
appearance of the species de-
tected after native-PAGE, plot-

ted as follows: optical density data from B for each species were divided by the sum of the optical density units of all the radiolabeled
species recovered in the gel for a given time point. The percentage of each actin species (I, II, III, and monomeric actin) is plotted as a
function of time. (D) To examine the earliest forms of nascent actin, actin mRNA was translated for 2 min, and then edeine and
7-MeGMP were added. Aliquots were removed every 2 min and the actin-containing complexes fractionated by native-PAGE. The per-
centages of actin chains in species I or II were determined as described in C.
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the proteins were transferred to nitrocellulose and probed
with the anti–PFD 6 antibody. After the enhanced chemi-
luminescence (ECL) image was developed, the nitrocellu-
lose was extensively washed (to remove the ECL re-
agents), dried, and then reexposed to film to detect the
[

 

35

 

S]methionine-labeled actin species. As shown in Fig. 3
B, the PFD complex recognized by the antibody (lane 1)
migrated in a manner similar to that observed for radiola-
beled actin species I (lane 2). These observations are con-
sistent with the idea, but do not prove, that species I con-
sists, at least in part, of actin bound to PFD.

Gel mobility shifts and immunodepletion experiments
were used to further confirm the identity of species I and
II. The migration of the different actin-containing species
was unaffected when the material was incubated with PBS
(Fig. 3 C, lane 1). Incubation of this material with preim-
mune rabbit serum affected only the migration of native

monomeric actin (Fig. 3 C, lane 2), likely due to the pres-
ence of the actin-binding proteins gelsolin and vitamin
D–binding protein within the crude rabbit polyclonal se-
rum (Lee and Galbraith, 1992). Presumably the interac-
tion of full-length actin with these two different serum
proteins accounts for the doublet observed. When the
anti–PFD 6 rabbit antiserum was added to the translation
reaction the full-length monomeric actin species was gel
shifted (due to the presence of the actin-binding proteins
gelsolin and vitamin D–binding protein). Note, however,
that the species I band now also disappeared upon addi-
tion of anti-PFD serum (Fig. 3 C, lane 3). Thus, species I
contains actin and PFD. If the PFD 6 antiserum was first
preincubated with purified native actin, the mobility of the
radiolabeled native actin monomer was no longer altered,
yet species I still disappeared (Fig. 3 C, lane 4). Thus, addi-
tion of native actin was sufficient to titrate all of the native

Figure 2. COOH-terminal trun-
cated actin accumulates as the
species I complex. (A) The
reticulocyte lysate was pro-
grammed with mRNA encoding
a 336–amino acid NH2-terminal
fragment of actin (full-length ac-
tin is 374 amino acids) and the
reaction products analyzed as in
Fig. 1 A. The amount of total
material applied to the native-
PAGE (top) is twice that of the
amount loaded on the SDS-
PAGE (bottom). Fluorograms
of the gels are shown after 2.5 h
of exposure. The migration of
native molecular mass markers
is shown on the left and the actin
species shown at the right. (B)
Kinetics of appearance of the
species detected after native-
PAGE was plotted as follows:
optical density value derived for
each species was divided by the
sum of the optical density units
of all the radiolabeled species
recovered in the gel for a given
time point. The percentage of
each actin species (I, II, and
monomeric actin) is plotted as a
function of time. (C) In vitro
translation products of either
full-length actin mRNA (Actin),
or the 336–amino acid actin
truncation mRNA (Actin/336)
were analyzed in the first dimen-
sion by native-PAGE. The lane
containing the reaction material
was excised and then analyzed
by SDS-PAGE as described in
Materials and Methods. The
starting materials, actin/336 or
full-length actin, were loaded in
lanes 1 and 2, respectively (left).
Fluorograms of the gels are
shown.
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actin-binding proteins present within the crude rabbit sera.
When a purified mouse mAb to the CCT 

 

a

 

 subunit (anti-
body 23C) was added, the large (

 

z

 

800-kD) species II com-
plex disappeared (Fig. 3 C, lane 5). Finally, the radiola-
beled actin monomer produced in these reactions was
observed to gel shift upon addition of DNase I, demon-
strating that this actin species had indeed reached the na-
tive state (Fig. 3 C, lane 6).

Analysis of the 336–amino acid actin translation prod-
ucts again revealed that the actin species I shifted its gel
mobility only upon addition of the PFD 6 rabbit serum
(Fig. 3 C, lane 3). In addition, the antibody to CCT re-
sulted in the disappearance of the larger actin species II
(Fig. 3 C, lane 4). Note that the addition of either preim-
mune serum (Fig. 3 C, lane 2) or DNase I (Fig. 3 C, lane 5)
now had no effect on the position of any of the species in
the gel, consistent with there being no properly folded full-
length actin present.

We confirmed the results of the mobility shift experi-
ments using the different antibodies or DNase first immo-
bilized on Sepharose beads. For example, incubation of
the translation reactions with immobilized anti-PFD se-
rum again resulted in the disappearance of the actin I spe-
cies (Fig. 3 D, lane 4). Analysis of the material bound to
the immobilized PFD antiserum by SDS-PAGE con-
firmed the presence of radiolabeled actin (Fig. 3 F, lane 4).
Immobilized antibodies to CCT effectively resulted in the
disappearance of actin species II (Fig. 3 D, lane 5) while
the immobilized DNase effectively removed all mono-
meric actin (Fig. 3 D, lane 6). In each case the immobilized
CCT antibody or DNase beads now contained significant
amounts of the radiolabeled actin species (Fig. 3 F, lanes 5
and 6).

Very similar results were obtained when the immunode-
pletion analyses were performed on the 336 actin transla-
tion product. Again, immobilized antibodies to PFD and

 

Figure 3.

 

Actin species I contains PFD. (A) HeLa cell lysate or
rabbit reticulocyte lysate was examined for content of PFD 6 by
SDS-PAGE and Western blot analysis. Lane 1, HeLa cells grown
at 37

 

8

 

C; lane 2, HeLa cells 12 h after a 43

 

8

 

C/60 min heat shock
treatment; lane 3, rabbit reticulocyte lysate. The position of PFD
6 is shown on the right of the panel. (B) Purified bovine PFD
(lane 1) and in vitro translated [

 

35

 

S]methionine-labeled actin
(lane 2) were analyzed by native-PAGE, the proteins transferred
to nitrocellulose, and the position of purified PFD was deter-
mined by immunoblot using the PFD 6 antibody. After extensive
washing, the nitrocellulose was placed on film and the position of
actin species I and II revealed by autoradiography. The positions
of actin species I and II are indicated on the right. (C) Identifica-
tion of actin-containing complex components by electrophoretic
mobility shift assays. Full-length actin mRNA (left) was trans-
lated for 15 and 50 min. The reactions were mixed together to
create a pool of all actin-containing species. The mRNA encod-
ing 336–amino acid actin was translated for 30 min (right). Before
native-PAGE analysis, equal aliquots of the reaction mixtures
were incubated with: PBS (control, lane 1); preimmune antise-
rum (lane 2); anti–PFD 6 serum (lane 3); anti–PFD 6 serum sup-
plemented with purified actin (lane 4); purified anti-CCT mAb
(lane 5); and DNase I (lane 6). DNase shift (lane 6) was omitted
for the 336–amino acid actin translation products. The different
protein complexes were then analyzed by native-PAGE. A fluo-
rogram of the gel is shown. Molecular mass markers are shown at
the left, and the positions of the different actin complexes are in-

dicated in the center. The arrowhead indicates the shift in
full-length actin migration due to the presence of actin-binding
proteins present in the crude rabbit antisera. (D and F) Identifi-
cation of actin-containing complex components by immunode-
pletion with immobilized antichaperone specific antibodies and
DNase I. The full-length [

 

35

 

S]methionine-labeled actin transla-
tion reaction products (C) were incubated with antichaperone
antibodies first bound to protein A–Sepharose, or with DNase I
coupled to Affigel-10. After incubation, the samples were clari-
fied and the corresponding supernatants analyzed for the pres-
ence of the different actin species by native-PAGE as shown in
D. In parallel, the corresponding pellets containing the immobi-
lized antibodies or DNase I were resuspended in Laemmli sam-
ple buffer and analyzed for their relative content of radiolabeled
actin by SDS-PAGE as shown in F. An aliquot of the in vitro
translation products (i.e., starting material) is shown in lane 1;
protein A–Sepharose, lane 2; immobilized preimmune antibod-
ies, lane 3; PFD 6 antibody, lane 4; anti-CCT antibody, lane 5; im-
mobilized DNase, lane 6. The positions of the different actin
complexes are indicated in the center. (E and G) The [

 

35

 

S]me-
thionine-labeled 336–amino acid actin translation reaction prod-
ucts (C) were incubated with the immobilized antichaperone an-
tibodies or immobilized DNase. Subsequently, the samples were
clarified and the supernatants and pellets analyzed by native-
PAGE and SDS-PAGE, respectively. Lane designations are the
same as in D and F.
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CCT resulted in the specific depletion of species I and II,
respectively (Fig. 3 E, lanes 4 and 5). Note that none of
the 336–amino actin translation product was captured by
the immobilized DNase, indicative that this actin trunca-
tion product is unable to adopt its native conformation
(Fig. 3 G, lane 6).

Interestingly, the 

 

z

 

500-kD complex we termed species
IV, which only formed when full-length actin mRNA was
translated (see Fig. 1 A), was also somewhat depleted
upon incubation with the anti-CCT antibody (most notice-
able in Fig. 3 D, lane 5). Actin bound to this smaller com-
plex containing at least one of the subunits of CCT ap-
pears to be native or native-like, since the immobilized
DNase I also resulted in the disappearance of actin species
IV (Fig. 3 D, lane 6). Further work will be necessary to
characterize this species, as well as the species we have la-
beled species III. Taken together, these observations dem-
onstrate that species I consists of actin bound to PFD,
while actin species II represents actin bound to the CCT.

 

PFD Binds Actin Chains after Synthesis of the
NH

 

2

 

-terminal 130–140 Amino Acids

 

Experiments were designed to determine whether there
was a minimum length of the nascent actin chain required
to interact with PFD. A series of shorter actin mRNA
truncations was translated in vitro, and the products ana-
lyzed by native- and denaturing-PAGE. Time points were
taken early after the addition of inhibitors of translational

initiation, or at a later time when translational elongation
was complete (Fig. 4, e, early; or l, late). In each case, the
reactions were divided: to one half puromycin was added
to release nascent chains from the ribosome, while to the
other half SDS-containing buffer was added to strip the
nascent chains off the ribosome (Fig. 4, 

 

1

 

 or 

 

2

 

 puromycin,
respectively). Analysis of the reaction products by SDS-
PAGE revealed relatively homogeneous populations of
those actin nascent chains containing 

 

#

 

156 amino acids
(Fig. 4 A). In contrast, those reactions programmed with
mRNAs encoding longer actin molecules produced signifi-
cant heterogeneity in the nascent chains early during
translation, suggestive of ribosomal pausing during read-
ing of the mRNA (e.g., 336–amino acid actin). Note that in
those reactions where puromycin was not added, a portion
of the truncated actin molecules migrated very slowly in
the SDS gel (e.g., bands migrating at 

 

z

 

45 kD in translation
reactions programmed with the 257 amino acid actin
mRNA in Fig. 4 A). These species probably represent ac-
tin chains (

 

z

 

20–25 kD) still bound covalently to tRNA
(

 

z

 

25 kD).
Native-PAGE analysis of the reaction products ob-

tained from the different truncated actin mRNAs revealed
when the actin–PFD complex began to form (Fig. 4 B).
Translation of the first 99 or 123 amino acids of actin fol-
lowed by release of nascent chains with puromycin yielded
no detectable actin–PFD complex. Interestingly, puromy-
cin release of the 99 amino acid truncation product re-
sulted in the fragment migrating in the gel with an appar-

Figure 4. Native-PAGE analysis
of different COOH-terminal
truncated actin polypeptides.
Reticulocyte lysate was pro-
grammed with either full-length
actin mRNA or a number of pro-
gressively shorter mRNA spe-
cies encoding COOH-terminal
deletions. The predicted number
of amino acids translated is
shown. Translations were initi-
ated in the presence of [35S]me-
thionine, and then edeine and
7-MeGMP were added to block
the initiation of new chains at
different times (see Materials
and Methods). Aliquots were
taken either early (e) or later (l)
after edeine and 7-MeGMP addi-
tion, to visualize the different
species of nascent actin polypep-
tides. Note that for the SDS-
PAGE analysis (A) each reac-
tion was divided: one half was
untreated (2), while puromycin
and RNase were added to the
other half to release nascent
chains (1). Products were ana-
lyzed by SDS-PAGE. Analysis of
reactions via native-PAGE (B),
puromycin was added to each of
the samples and the material

applied to the gel. Shown are fluorographs of the gels, with molecular mass markers indicated on the left. The positions of the differ-
ent actin species, as well as monomeric actin, are shown at the right in B.
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ent mass of 

 

z

 

20–25 kD, while the 123 amino acid actin
translation product migrated with an apparent mass of

 

z

 

100 kD. It is unclear whether these two actin fragments
are interacting with one or more unknown proteins, but
gel shift experiments using antibodies to CCT or PFD had
no effect on the native-PAGE migration of these species
(data not shown). The actin–PFD complex was detected
only after translation of the first 145 amino acids, thus de-
fining a minimal requirement for binding of the nascent
actin chain to the chaperone. All longer actin truncation
products were also found preferentially bound to PFD. A
fraction of the 257–amino acid truncated actin molecule
apparently had released from PFD (note those species of

 

z

 

25 kD at the bottom of the native-gel). Presumably, a
portion of these chains forms some native-like structure
that is not recognized by either CCT or PFD present in the
lysate. Relatively low amounts of the different truncated
actin products were found in the 

 

z

 

800-kD CCT complex
(actin–CCT).

 

The Actin–PFD Complex Forms Cotranslationally

 

The data presented to this point are consistent with the
idea that PFD interacts with nascent actin after synthesis
of the first 130–145 amino acids. It remained possible,
however, that complex formation between actin and PFD
may occur in the reticulocyte lysate only after release of
the nascent actin chains from the ribosome. To determine
whether PFD can bind actin cotranslationally, the 336– and
257– amino acid actin truncations were translated, cyclo-
heximide was added to stabilize the nascent chains, ATP
was depleted, and polysomes were isolated by sedimenta-
tion through sucrose. The fractions from the polysome
gradient were analyzed by SDS-PAGE and native-PAGE.
In addition, RNA analysis was done to ensure that we had
isolated an enriched polysome population. As shown in
Fig. 5 A, the majority of the polysome-bound 336 amino
acid actin translation product (marked by the bracket) was
found near the bottom of the gradient (i.e., in fractions 6
and 7, these being enriched in high molecular weight
RNA). The absence of endogenous globin chains (aster-
isk) and tRNAs in these fractions indicated that contami-
nation of the polysome fraction by cytosol was low. When
released from the purified polysomes by puromycin, the
336 actin translation product again migrated in the native
gel with a native molecular mass of 

 

z

 

150 kD (i.e., similar
to that observed when the chains were released in the con-
text of whole reticulocyte lysate; Fig. 5 B).

Immunoblot analysis of the gradient fractions using
anti-CCT mAbs revealed that the majority of the ribo-
some-bound nascent actin chains (fractions 6 and 7) was
resolved from CCT (fractions 4 and 5) during the centrifu-
gation (Fig. 5 C). 

To verify that the 150-kD actin containing complex re-
leased from the isolated ribosomes contained PFD, an im-
munodepletion experiment was performed. Incubation of
the puromycin-released complexes with immobilized anti–
PFD 6 resulted in the complete depletion of the truncated
actin chains as shown by native-PAGE analysis (Fig. 5 D,
lane 3). Consistent with this observation was the capture
of the labeled actin by the PFD antibody beads as deter-
mined by SDS-PAGE (bottom of Fig. 5 D, lane 3). Note

that the immobilized preimmune antibodies or DNase I
slightly reduced the amount of species I (top of Fig. 5 D,
lanes 2 and 4). This likely is due to nonspecific binding,
since the beads did not retain the radiolabeled actin chain
after extensive washing (bottom of Fig. 5 D, lanes 2 and 4).

Similar results were obtained with the 257–amino acid
actin truncation product (Fig. 5, E and F). Specifically, the
nascent actin chains, upon their puromycin-mediated re-
lease from the polysomes, migrated in the native gel with
an apparent mass of 150 kD. Again, this material could ef-
fectively be removed by preincubation with the PFD anti-
body, but not with antibodies specific for CCT (data not
shown). We conclude that PFD interacts with nascent ac-
tin as the actin polypeptide is being synthesized on the ri-
bosome.

 

Nascent Actin Chains Complexed with PFD Are in a 
Nonnative State

 

Previous work has shown that nascent chains bound to
hsp70 are inaccessible to low levels of added protease un-
less the hsp70–nascent chain complex is first dissociated by
incubation with ATP. In the absence of ATP, nascent
chains are sequestered from the bulk solution (Hansen et al.,
1994; Eggers et al., 1997). We found that the actin–PFD
complex, present within the whole rabbit reticulocyte ly-
sate, was insensitive to added ATP (data not shown).
Moreover, protease protection experiments revealed that
little or no protection was provided to nascent actin chains
bound to PFD (Fig. 6 A). For example, under conditions
where full-length actin exhibited relative resistance to
added trypsin or chymotrypsin, the 336–amino acid trans-
lation product (which consists largely of actin molecules
bound to PFD; see Fig. 2) was rapidly and completely di-
gested (Fig. 6 A). In a second experiment, labeled full-
length actin was denatured in 8 M urea, the target protein
presented to purified PFD by sudden dilution, and the ac-
tin–PFD complex then isolated by gel filtration. The iso-
lated actin–PFD complex, as well as native actin, was sub-
jected to protease K treatment for varying times and the
reaction products analyzed by SDS-PAGE (Fig. 6 B). The
full-length actin molecules were only partially cleaved by
the added protease. In contrast, actin bound to PFD was
highly susceptible to the added protease. These results, to-
gether with our observation that actin–PFD complexes are
unable to bind to DNase I, indicate that nascent actin
chains bound to PFD are in a relatively solvent exposed,
nonnative state.

 

A Limited Subset of Proteins Folds via the
PFD-mediated Pathway

 

To determine whether nascent chains in general interact
with PFD, we translated mRNAs encoding a number of
other polypeptides and looked for their possible interac-
tion with PFD. We first examined newly synthesized 

 

a

 

-
and b-tubulin because, like actin, their productive folding
has been shown to be assisted by CCT (Frydman et al.,
1992; Yaffe et al., 1992; Sternlicht et al., 1993; Lewis et al.,
1996). In addition, urea-unfolded a- and b-tubulin have
been shown to be targets for PFD (Vainberg et al., 1998).
Finally, the yeast homologue of PFD, GimC, promotes the
formation of functional a- and g-tubulin in yeast (Geissler
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Figure 5. The actin–PFD com-
plex forms cotranslationally.
Reticulocyte lysate was pro-
grammed with mRNA encoding
either a 336– or a 257–amino acid
NH2-terminal fragment of actin.
After 8 min, edeine and 7-MeGMP
were added, and the reaction
continued for an additional 9
min. Nascent chain–ribosome
complexes were stabilized by ad-
dition of 0.5 mM cycloheximide,
and polysomes isolated by gradi-
ent centrifugation. Aliquots from
each fraction were incubated
with puromycin to release na-
scent chains from the ribosome.
(A and B) SDS-PAGE and na-
tive-PAGE analyses of the gradi-
ent fractions obtained from the
336–amino acid actin translation
product. S denotes the starting
material for the gradient. Shown
are fluorograms of the gels with
molecular mass markers on the
left. The position of sedimenta-
tion of the standards catalase
(11.3 S) and a2-macroglobulin
(18.6 S) are indicated at the bot-
tom of A. (C) The proteins in the
starting material for the gradient
and each of the gradient frac-
tions were analyzed for their
content of CCT by an immuno-
blot using anti-CCT antibodies.
(D) The polysome-bound actin
complex contains PFD. The pu-
rified polysomes shown in A and
B (lane 7) were treated with
puromycin and apyrase, and then
incubated at 48C for 30 min with
immobilized preimmune anti-
body, immobilized PFD anti-
body, or DNase I coupled to
Sepharose 4B. After clarifica-
tion, the supernatant fractions
from each of the reactions were
analyzed by native-PAGE (top).
The antibody beads were washed
four times with PBS and the ma-
terial retained by the beads was
eluted by heating in Laemmli
sample buffer, then analyzed by
SDS-PAGE (bottom). The start-
ing material is shown in lane 1;
immobilized preimmune anti-
bodies, lane 2; immobilized anti-
PFD antibody, lane 3; im-
mobilized DNase I, lane 4. The
position of actin PFD is in-
dicated on the left. (E and F)
SDS-PAGE and native-PAGE
analysis of the gradient fractions
obtained from the 257–amino

acid actin translation product, performed as in A and B. S denotes the starting material for the gradient which was immediately fro-
zen while S9 denotes the starting material which was stored at 48C during the centrifugation run.
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et al., 1998). Full-length b-tubulin mRNA was translated
in reticulocyte lysate for 8 min, inhibitors of translational
initiation were added, and the reactions were further incu-
bated to allow for polypeptide chain elongation and com-
pletion. At various times, aliquots were removed and incu-
bated with apyrase to deplete ATP, and with puromycin to
release any unfinished chains. Analysis of the reaction
products by SDS-PAGE revealed that little or none of the
tubulin chains had completed their synthesis after 9 min of
translation, that a small amount of full-length tubulin was
generated by 12 min, and that the level of full-length mole-
cules remained relatively unchanged after 18–21 min (Fig.
7 B). When analyzed by native-PAGE, two prominent tu-
bulin containing intermediates were observed, one of
z150 kD and the other of 800 kD (Fig. 7 A). Species I,
which comigrated with the actin–PFD complex (data not
shown), preceded the appearance of species II (Fig. 7, A
and C).

The composition of the different b-tubulin intermedi-
ates was determined by examining the effects of antibod-
ies specific for PFD and CCT upon the native-PAGE mo-
bility of the complexes. When anti-PFD antiserum was
incubated with the translation products, only the electro-
phoretic mobility of species I was affected, thus it con-
tained PFD (Fig. 7 D). Species II represented full-length
b-tubulin bound to CCT because the anti–TCP-1a anti-
body specifically altered its migration (Fig. 7 D). The spe-
cies migrating slightly slower than the PFD-containing
complex (indicated by an arrowhead in Fig. 7 A) probably
represents b-tubulin complexed with one of the several
tubulin-specific chaperones that facilitate tubulin het-
erodimer formation (Tian et al., 1996), while that species
migrating near the bottom of the gel (indicated as tubulin)
is probably a/b-tubulin heterodimer factor A–b-tubulin
complex, or a mixture of the two (Tian et al., 1996).

Analysis of the process of a-tubulin maturation in retic-
ulocyte lysate by the same methods yielded similar results:
nascent a-tubulin was observed to first interact with PFD
and was then found bound to CCT. The mobility of the
a-tubulin complexes formed was also specifically altered
by anti-PFD and anti-CCT antibodies (data not shown).
We conclude that, like actin, both a- and b-tubulin inter-
act with PFD before delivery to the CCT.

Neither PFD nor the CCT appeared to participate in the
maturation pathway of four other proteins: cytosolic yeast
invertase, green fluorescent protein, chloramphenicol ace-
tyltransferase, or luciferase. A careful kinetic analysis of
the different translation products via native-PAGE did
not reveal any distinct intermediates of native mass similar
to PFD or CCT during the maturation process (data not
shown). Based on these observations we conclude that un-
like actins or tubulins, maturation of these four proteins
does not involve PFD or CCT.

Discussion
Here we have shown that the cytoskeletal proteins, actin,
and a- and b-tubulin undergo a defined series of interac-
tions with at least two chaperones during the course of
maturation. In the case of b-actin, cotranslational interac-
tion of the nascent actin chain with PFD occurs following
synthesis of the first 145 amino acids. Once engaged, the
actin–PFD complex persists until the completion of actin
synthesis. Actin molecules bound to PFD are nonnative
and accessible to added proteases. Upon completion of
synthesis, full-length actin molecules are transferred to
CCT where folding to the native state is thought to occur
(Fig. 8). A similar maturation pathway applies in the case
of both a- and b-tubulin, although interaction of nascent
b-tubulin with PFD occurs later than that observed for ac-
tin (i.e., after z250 amino acids have been synthesized;
data not shown). Consequently, as in the case of actin, we
suspect that once bound to the nascent chain, PFD re-
mains engaged until the completion of tubulin synthesis,
probably until transfer to CCT has occurred.

Support for the aforementioned pathway of actin and
tubulin maturation follows from a number of observations.
First, kinetic analysis of translation products derived from
full-length actin shows that the newly synthesized protein
first accumulated in a complex with PFD. Over time the

Figure 6. Actin bound to PFD is nonnative. (A) Actin purified
from rabbit muscle (pure), along with either in vitro translated
[35S]methionine-labeled full-length actin (FL) or the 336–amino
acid NH2-terminal fragment of actin (336) were each incubated
at 238C for 30 min, under control conditions (i.e., no added pro-
tease, indicated as in the panel, lanes 1, 4, and 5); with 0.15 mM of
trypsin (T, lanes 2, 6, and 8) or 0.375 mM of trypsin (T, lanes 3, 7,
and 9); with 0.6 mM of chymotrypsin (C, lanes 10, 12, and 14) or
1.5 mM of chymotrypsin (C, lanes 11, 13, and 15). Digestions
were terminated by addition of 1 mM PMSF and the products
were analyzed by SDS-PAGE. Shown is the Coomassie blue
stained image of the purified actin, and a fluorograph of the gel
containing the in vitro translated substrates. (B) Full-length
[35S]methionine-labeled actin was synthesized in bacteria and
then purified by anion exchange chromatography on MonoQ. A
portion of the purified radiolabeled full-length recombinant actin
was denatured by treatment with 8 M urea, and then was diluted
out of urea in the presence of purified PFD. The recombinant ac-
tin–PFD complex was purified by gel filtration. Both the native
actin (left) and the actin–PFD complex (right) then were incu-
bated at 258C with 50 nM proteinase K for the times indicated.
The reactions were terminated by the addition of Laemmli sam-
ple buffer and the products resolved by SDS-PAGE. A fluoro-
gram of the gel is shown.
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newly synthesized actin molecules were then found in a
complex with CCT, before their appearance as monomeric
actin (Fig. 1). Only the monomeric actin appeared prop-
erly folded as evidenced by its ability to interact with
DNase I (Fig. 3). Second, translation of a truncated actin
mRNA resulted in the majority of the puromycin-released
actin becoming complexed with PFD; very little of the
truncated actin molecules was found in the chaperonin
complex (Fig. 2). To rule out the possibility that the trun-
cated actin chains released prematurely from the ribosome
were simply interacting with PFD molecules present
within the reticulocyte lysate, polysomes containing na-
scent actin were isolated. Subsequent release of the na-
scent chains and analysis by native-PAGE revealed actin
in a complex with PFD, but not with the CCT (Fig. 4). The
most likely interpretation of these data is that PFD was as-
sociated with polysomes based on its interaction with na-
scent actin chains. Analysis of the various actin intermedi-
ates by native-PAGE followed by SDS-PAGE (Fig. 2)
demonstrates that nascent, as well as full-length, actin
could be found complexed with PFD. Relatively low levels
of the puromycin-released nascent actin chains could be
found in a complex with CCT: rather, the full-length actin
molecules appeared to be the preferential binding partner
for CCT. Similar results were found for a- and b-tubulin
(Fig. 7).

Taken together, our results lead us to conclude that dur-

ing the course of their maturation, these cytoskeletal pro-
teins interact first with PFD and, upon completion of their
synthesis, are transferred over to the chaperonin complex
for their folding to the native state. We cannot rule out
that other pathways might also feature in the maturation
of these proteins. Frydman and Hartl described the
cotranslational interaction of nascent actin with the hsp70
chaperone, as well as with CCT (1996). While we also ob-
served an interaction of newly synthesized actin with CCT,
this interaction appeared to occur primarily after release
of the actin chain from the ribosome. It remains possible
that in the absence of PFD actin and tubulin maturation
may still occur, but presumably with slower kinetics and
reduced fidelity. Indeed, this is precisely the case in yeast
strains carrying mutations in the different PFD subunits
(Geissler et al., 1998; Vainberg et al., 1998; Siegers et al.,
1999).

Through binding cotranslationally to its target proteins,
which are in a relatively unfolded state, PFD may prevent
misfolding/aggregation during synthesis or after release
from the ribosome. In this context, binding by PFD may
be a prerequisite for efficient substrate presentation to the
CCT. We cannot rule out the possibility that PFD also par-
ticipates in the rebinding of actin or tubulin molecules that
are released from the CCT in a nonnative state. Recently,
it has been reported that the yeast PFD homologue,
GimC, acts primarily in a complex with the CCT during

Figure 7. The maturation path-
way of b-tubulin involves both
PFD and CCT. (A) Reticulocyte
lysate was programmed with
full-length mRNA encoding
chicken b-tubulin in the pres-
ence of [35S]methionine. Edeine
and 7-MeGMP were added after
8 min to block new initiation of
translation. Aliquots of the reac-
tion mixture were removed at
various times (indicated at the
top of the panel), the samples in-
cubated with apyrase and puro-
mycin, and analyzed by native-
PAGE (top). On the right, the
positions of migration of the tu-
bulin–PFD complex and the
b-tubulin–CCT complex are in-
dicated. An open arrowhead
marks the position of a fast mi-
grating b-tubulin containing
product (likely to be a/b-tubulin
heterodimer, b-tubulin–cofactor
A complex, or a mixture of the
two). The filled arrowhead indi-
cates the position of migration of
a species that occurs very late in

time, which likely is b-tubulin complexed with one of the several tubulin-specific chaperones that facilitate tubulin heterodimer forma-
tion. (B) Analysis of the same samples shown in A by SDS-PAGE. (C) Kinetics of appearance of species detected by native-PAGE in A
was determined as described for Figs. 1 and 2. (D) Puromycin-released b-tubulin chains produced after 18 min of translation (shown in
A) were incubated at 248C for 15 min with preimmune serum, anti–PFD 6 serum, or purified anti–TCP-1a monoclonal IgG 23C, and the
reaction products were analyzed by native-PAGE. The positions of tubulin bound to CCT and tubulin bound to PFD are indicated on
the left.
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the folding of actin and perhaps also after release of actin
from the chaperonin (Siegers et al., 1999). Our studies add
to this complex picture by showing that PFD (and presum-
ably GimC) act, at least in part, by binding cotranslation-
ally to the actin chain and subsequently presenting the
full-length actin (and tubulin) polypeptide to the chapero-
nin complex.

In vivo, there is a five- to eightfold decrease in the rate
of actin folding in GimC (PFD) knockout strains of yeast
(Siegers et al., 1999). The authors suggest that GimC
(PFD) prevents the release of nonnative actin folding in-
termediates from the chaperonin, and thereby accelerate
their folding. Alternatively, it has been suggested that if
the actin released from CCT has not yet reached the final
native state, then the interaction of actin with PFD
(GimC) ensures that the substrate will be retargeted to
CCT (Vainberg et al., 1998). The data presented here may
help to explain the slower appearance of folded actin ob-
served in yeast GimC mutants (Siegers et al., 1999): the
absence of a functional GimC (PFD) chaperone may re-
duce the efficiency of transfer of the newly synthesized ac-
tin chain from the ribosome to CCT.

Exactly what property (sequence) of nascent actin or
tubulin dictates their interaction with PFD remains to be
determined. Interestingly, several amino acids (present
within amino acids 103–133 of actin), which have emerged
from the ribosome when actin first binds to PFD, are des-
tined to pack into the native actin structure against resi-
dues found in the extreme COOH terminus (Kabsch et al.,
1990). Perhaps PFD helps to prevent misfolding of resi-
dues 103–133 until the COOH-terminal region of actin has
been synthesized.

Finally, it is important to note that so far we have been
unable to demonstrate any significant interaction of other
nascent/newly synthesized proteins with PFD or CCT.
Hence, we suspect that like the chaperonin with which it
interacts (Vainberg et al., 1998), PFD appears to have a
relatively narrow range of target proteins. However, the
family of proteins that possess the actin fold (i.e., potential
PFD substrates) is growing. Members of the actin-related

protein family function in diverse essential processes, such
as transcriptional regulation (Fryer and Archer, 1998;
Peterson et al., 1998), orientation of the mitotic spindle,
nuclear migration (Melki et al., 1993; Muhua et al., 1994),
and membrane polarity and endocytosis (Moreau et al.,
1996). Therefore, it will be interesting to see whether these
various relatives of actin similarly require the PFD–CCT
pathway for their proper maturation.
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