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Cyclin E, a partner of the cyclin-dependent kinase Cdk2, has been implicated in positive control of the G1/S
phase transition. Whereas degradation of cyclin E has been shown to be exquisitely regulated by ubiquitination
and proteasomal action, little is known about posttranscriptional aspects of its biogenesis. In a yeast-based
screen designed to identify human proteins that interact with human cyclin E, we identified components of the
eukaryotic cytosolic chaperonin CCT. We found that the endogenous CCT complex in yeast was essential for
the maturation of cyclin E in vivo. Under conditions of impaired CCT function, cyclin E failed to accumulate.
Furthermore, newly translated cyclin E, both in vitro in reticulocyte lysate and in vivo in human cells in culture,
is efficiently bound and processed by the CCT. In vitro, in the presence of ATP, the bound protein is folded and
released in order to become associated with Cdk2. Thus, both the acquisition of the native state and turnover
of cyclin E involve ATP-dependent processes mediated by large oligomeric assemblies.

Human cyclin E was initially identified in a genetic screen by
virtue of its ability to rescue a deficiency of G1 cyclin function
in the budding yeast Saccharomyces cerevisiae (10, 12). In mam-
malian cells, cyclin E, in association with its catalytic partner
Cdk2 (22), is a positive regulator of the G1-to-S phase transi-
tion of the cell cycle (16–19, 30). Yet there is no consensus on
the identity of the critical targets of cyclin E-Cdk2 phosphor-
ylation involved in promoting the G1/S phase transition. More
is understood concerning the regulation of cyclin E-Cdk2 ac-
tivity in the cell cycle. Cyclin E-Cdk2 activity can be modulated
by the phosphorylation and dephosphorylation of its catalytic
partner, Cdk2 (15), as well as by association and dissociation of
inhibitor proteins of the Cip-Kip family, which includes
p21Cip1, p27Kip1, and p57Kip2 (23). In addition, regulated cyclin
E proteolysis, which occurs through the ubiquitin-proteasome
pathway, contributes to modulation of cyclin E-Cdk2 activity
(2, 31). Specifically, autophosphorylation of cyclin E-Cdk2
complexes at threonine 380 of cyclin E, which occurs when
cyclin E-Cdk2 complexes become active, targets cyclin E for
ubiquitination and subsequent degradation by the 26S protea-
some, a large protease-containing organelle. Thus, cyclin E
remains stable as long as cyclin E-Cdk2 complexes are main-
tained in an inactive state, such as when inhibitor proteins are
bound. However, cyclin E is rapidly turned over upon activa-
tion of such complexes, presumably allowing for dynamic reg-
ulation of the G1/S phase transition.

Here we show that a different large protein assembly also
governs the biogenesis of cyclin E, the chaperonin complex
known as CCT (chaperonin containing t-complex polypeptide
1) (5, 9, 29). CCT binds newly translated cyclin E and mediates
its folding into a form that can associate with Cdk2. This
provides another step at which cyclin E protein levels and
activity may be regulated.

MATERIALS AND METHODS

Northern blot analysis, yeast cell extracts, and immunotechniques. Northern
blot analysis was performed as previously described (31) with the exception that
after autoradiography for cyclin E, the filter was stripped and rehybridized with
an actin probe. The preparation of yeast extracts by glass bead lysis, immuno-
techniques, and histone H1 kinase assays were essentially as previously described
(31). Protein concentrations were determined using the Bio-Rad protein assay,
and equal amounts of protein were used for Western blot analysis and immu-
noprecipitation. Proteins were separated by standard sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), blotted to an Immobilon-P
membrane (Millipore), and incubated with specific antibodies as indicated. Im-
munoreactivity was visualized by using enhanced chemiluminescence (Pierce).

In vitro translation. Cyclin E mRNA was translated in a reticulocyte lysate
(Promega) for 6 min at 30°C in the presence of [35S]methionine. Cycloheximide
and ribonuclease A were added, and 1 aliquot was chased for 30 min at 30°C with
a mixture of 0.4 U of hexokinase/ml and 20 mM glucose (HK/glc) and the other
was chased without HK/glc. Samples were then applied to a Superose 12 gel
filtration column run in MES buffer (20 mM MES [morpholineethanesulfonic
acid] [pH 6.8], 100 mM KCl, 2 mM MgCl2, 1 mM EGTA, and 5% glycerol), and
fractions were analyzed by SDS-PAGE.

HeLa cell extracts and immunoprecipitations. Suspension cultures of HeLa
cells were synchronized at the G1/S phase boundary by 2 mM thymidine treat-
ment for 16 h, collected in the presence of 0.02% sodium azide, and washed with
ice-cold phosphate-buffered saline containing 15 mM EDTA. The cell pellets
were snap-frozen and homogenized in lysis buffer (15 mM HEPES [pH 7.5], 0.1
M KCl, 0.5% Triton X-100, 1 mM EGTA, 15 mM EDTA, and protease inhib-
itors). Human CCTb was immunoprecipitated by incubating extracts with anti-
CCTb antibodies (StressGen) cross-linked to protein A-Sepharose (7) in the
modified lysis buffer adjusted to 50 mM HEPES on ice for 4.5 h with occasional
tapping. The immune complexes were washed four times with ice-cold Nonidet
P-40 (NP-40) buffer (0.5% NP-40, 150 mM NaCl, 10 mM MgCl2, and 15 mM
HEPES [pH 7.5]) before being subjected to SDS-PAGE.

Pulse-chase analysis. A549 cells (1 3 106 cells per dish) were transduced with
either recombinant adenoviruses (Ad5) expressing cyclin E from the cytomega-
lovirus promoter or control viruses at a multiplicity of infection of 250. After 6 h,
the cells were preincubated for 1 h in methionine-deficient Dulbecco’s modified
Eagle’s medium (DMEM) plus 10% dialyzed serum and pulse-labeled for 1.5
min with [35S]methionine (500 mCi). The cells were then washed and chased for
10 min with DMEM plus 10% fetal bovine serum supplemented with 20 mM
unlabeled methionine. Extracts were prepared by lysing the cells on ice using FB
buffer with 15 mM HEPES (pH 7.5) as described previously (25). CCT immune
complexes were dissociated by boiling in 1% SDS for 5 min, diluted 1:10 in FB
buffer containing 0.5% Triton X-100 and 0.5% deoxycholate, and then immu-
noprecipitated with anti-cyclin E antibody overnight at 4°C. After incubation
with protein A-Sepharose beads for 1 h, the cyclin E immune complexes were
washed three times with RIPA buffer and once with buffer containing 50 mM
Tris (pH 7.5), 0.5% NP-40 and 10 mM MgCl2. For the direct cyclin E immuno-
precipitation, the cell extracts were boiled and diluted as described above before
the immunoprecipitation with anti-cyclin E antibody.
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Nucleotide sequence accession numbers. The accession numbers (GenBank)
for the human CCT sequences reported here are AF026291 for delta, AF026292
for eta, and AF026293 for beta.

RESULTS

Genetic interaction between human cyclin E and human
CCT subunits in yeast. Previously, we observed that overex-
pression of human cyclin E at high levels from a galactose-
inducible promoter along with its catalytic partner Cdk2 is
lethal to yeast cells, but expression at lower levels from a less
active promoter is tolerated (31). The lethality associated with
cyclin E overexpression, although associated with elevated ki-
nase activity, is not understood, but based on this phenotype
we performed a genetic screen to identify negative regulators
of cyclin E function that could rescue the cyclin E-associated
growth inhibition. Operationally, a yeast strain was constructed
in which the endogenous cyclin-dependent kinase Cdc28p was
replaced by the human homologue Cdk2 and human cyclin E
was expressed from the conditional GAL1 promoter (31). We
used the p21Cip1 cDNA as a positive control, since the encoded
protein has been shown to function as a cyclin E-Cdk2 inhib-
itor (3, 8); when cyclin E was induced, yeast cells coexpressing
p21Cip1 grew well, whereas cells containing the vector plasmid
did not, confirming the feasibility of the screen (data not
shown). Next, cells containing Cdk2 and cyclin E expression
constructs were grown in glucose medium to repress cyclin E
expression and transformed with a human cDNA library (21),
and the transformants were plated on glucose medium. Colo-
nies were then replica plated to galactose medium to induce
expression of cyclin E protein, and those that were dependent
on a human cDNA for survival were identified. We recovered
these cDNAs, subjected them to sequence analysis, and found
three of them to encode human homologues of the beta, delta,
and eta subunits of the eukaryotic CCT or TCP1-ring complex
(5, 6, 9, 13, 29). The CCT consists of two back-to-back rings,
each with eight unique but homologous subunits (11). It assists
the folding of newly translated polypeptide substrates through
multiple rounds of ATP-driven release and rebinding of par-
tially folded intermediate forms (4). Previously, the only
known substrates of the CCT complex had been the cytoskel-
etal proteins tubulin and actin (25, 27, 28); more recently,
a-transducin, the Ga protein associated with phototransduc-
tion, has also been identified as a substrate in vitro and in vivo
(4). Although it remains unclear why expression of single CCT
subunits should rescue cyclin E-associated lethality (but see
Discussion), the fact that CCT subunits interacted with cyclin
E genetically prompted us to ask whether the intact CCT
complex is a molecular chaperone involved in cyclin E biogen-
esis.

Maturation of human cyclin E requires CCT function in
yeast. To determine whether CCT mediates folding of cyclin E
in vivo, yeast strains expressing either the wild-type (CCT2) or
a temperature-sensitive version of CCT containing a lesion in
the b subunit (cct2ts) (14) were used. At the permissive tem-
perature, both wild-type and cct2ts cells grew well in the ab-
sence of human cyclin E expression, but when cyclin E was
induced, both strains exhibited severely reduced growth (Fig.
1A). When plated at 35°C, a semipermissive temperature for
the cct2ts mutant, the wild-type cells still failed to grow when
cyclin E was induced. However, the growth of cct2ts cells bear-
ing a defective CCT complex was not affected by induction of
cyclin E, and colonies were formed. Our interpretation of this
result is that the CCT complex containing mutant Cct2p is
unable to fold cyclin E efficiently at semipermissive tempera-
ture, thus protecting the cell from the toxicity associated with

native cyclin E. We tested this idea by examining the steady-
state levels of cyclin E in wild-type and cct2ts cells (Fig. 1B).
Indeed, when mutant cells were grown at high temperature,
cyclin E protein levels were greatly reduced, whereas the abun-
dance of another protein, the Cdc28 kinase, was not affected
(lanes 5 to 8). In contrast, cyclin E mRNA levels were similar
in the wild-type and mutant cells (lanes 1 to 4), demonstrating
that the reduction in cyclin E protein levels in the mutant cells
is not due to effects on promoter activity or RNA stability. The
differences in cyclin E protein levels were also reflected in the
reduced activity of cyclin E-associated histone H1 kinase in the
mutant cells compared to that in wild-type cells (lanes 9 to 12),
showing that the overexpressed protein was biochemically ac-
tive and, presumably, accounting for the toxicity. The forego-
ing results are thus consistent with the notion that impairment
of CCT function protects the cell from toxicity of cyclin E
overexpression by leaving cyclin E in a nonnative form that is
subject to proteolysis. In order to confirm that the yeast CCT
does, indeed, interact with human cyclin E, CCT was immu-
noprecipitated from yeast lysates after induction of cyclin E
(Fig. 1C). A small portion of the steady-state pool of cyclin E
coimmunoprecipitated with yeast Cct2, consistent with the idea
that newly synthesized cyclin E interacts with the endogenous
yeast CCT. Although these results do not directly address the
question of whether cyclin E is a substrate of the CCT, and
alternative explanations are possible, the data are certainly
consistent with CCT-dependent folding of cyclin E.

Newly translated cyclin E associates with the CCT in vitro.
To directly address the issue of whether cyclin E is a substrate
of CCT, the biogenesis of cyclin E upon translation in a re-
ticulocyte lysate was analyzed. After a 6-min translation with
[35S]methionine, further translation was halted by addition of
cycloheximide. The mixture was split into two fractions. ATP,
required for chaperone action, was depleted from one by ad-
dition of HK/glc, and both fractions were further incubated for
30 min at 30°C. The samples were then subjected to gel filtra-
tion chromatography (Fig. 2A). Most of the newly translated
cyclin E from the ATP-depleted sample localized to a 900-kDa
fraction containing CCT (4, 25, 27, 28). An additional, smaller
portion of cyclin E was present in a 150-kDa fraction, where it
was found by coimmunoprecipitation with anti-Cdk2 antibody
to associate with Cdk2 (data not shown). This portion of cyclin
E most likely represents native cyclin E that has already
reached maturity during the 6-min translation reaction. When
ATP was not depleted, only a small amount of cyclin E was
detected in the 900-kDa fraction, whereas most of the cyclin E
now localized to the 150-kDa fraction. This suggests that cyclin
E is released from the CCT complex in an ATP-dependent
manner, consistent with its being a CCT substrate. Physical
association of cyclin E with CCT was demonstrated by coim-
munoprecipitation of cyclin E with CCT, using anti-CCT an-
tibodies (Fig. 2B). Here, since CCT requires both Mg and ATP
to release a bound substrate, EDTA was used to quench CCT-
mediated folding and release. When newly synthesized cyclin E
was incubated in the presence of EDTA, cyclin E was coim-
munoprecipitated with CCT (Fig. 2B). In contrast, cyclin E was
not present in the CCT immunoprecipitate when the sample
was incubated without any quenching reagent (Fig. 2B), con-
firming the ATP-dependent release of cyclin E from the CCT
complex. Moreover, when incubated in the absence of EDTA,
the released cyclin E associated with Cdk2, its natural partner,
present in the lysate, as demonstrated by coimmunoprecipita-
tion with anti-Cdk2 antibodies (Fig. 2B). Although the associ-
ation of newly translated cyclin E with the CCT and its ATP-
dependent release to complex with Cdk2 do not constitute
proof of CCT-dependent folding of cyclin E, taken with the
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CCT-dependence of cyclin E accumulation in yeast and the
known role of the CCT, this is the most likely explanation for
the behavior of cyclin E in the experiments described above.

Association of newly translated cyclin E with the CCT in
vivo. To determine whether cyclin E is also a substrate of CCT
in vivo, HeLa cells were arrested by thymidine treatment in
early S phase, which corresponds to the peak of cyclin E syn-
thesis. Cell extracts were prepared and fractionated on a size
exclusion column, and the fractions containing CCTb and cy-
clin E protein were determined by Western blot analysis. A
portion of the cyclin E cofractionated with the high-molecular-
mass complex containing CCTb (data not shown), suggesting
that cyclin E associates with CCT in human cells. Cyclin E was
present in an anti-CCTb immunoprecipitate from an extract
incubated with EDTA to quench ATP-dependent reactions,
confirming a physical interaction between cyclin E and CCT
(Fig. 3A). A significant decrease in the amount of cyclin E
bound to CCT in a sample incubated with Mg-ATP compared
to samples incubated with either EDTA or Mg alone was
observed, demonstrating that here, as with cyclin E translated
in vitro, cyclin E is dissociated from the CCT in an ATP-
dependent manner. The same coimmunoprecipitates showed
that the amount of the previously determined CCT substrate,
b-tubulin, was also decreased in the sample incubated with
Mg-ATP. In contrast, neither the DNA polymerase processiv-
ity factor PCNA nor Cdk2, the kinase partner of cyclin E,
coimmunoprecipitated with CCTb, indicating that neither of

these proteins is a substrate of the CCT and that cyclin E
associated with CCT is not already bound to Cdk2.

To determine whether the CCT complex interacts specifi-
cally with newly synthesized cyclin E in mammalian cells, as
would be expected for an essential folding function, in vivo
pulse-chase experiments were performed on human cells in
culture (Fig. 3B). A549 human lung carcinoma-derived cells
transduced with a recombinant adenovirus programmed to
express high levels of cyclin E were pulse-labeled with [35S]me-
thionine for 1.5 min and then subjected to a 10 min chase in the
presence of excess nonradioactive methionine. Cell extracts
were prepared and the CCT complex and associated proteins
were then immunoprecipitated with anti-CCTb antibody. Sub-
sequently, CCT immune complexes were dissociated in SDS
and diluted, and a second immunoprecipitation with anti-cyclin
E antibody was performed to assess the association of radio-
labeled cyclin E with the CCT complex (Fig. 3B). After the
short interval of pulse-labeling, both the 44-kDa and 39-kDa
species resulting from expression of recombinant cyclin E co-
immunoprecipitated with CCTb (lane 2), demonstrating an
association of newly translated cyclin E with CCT in vivo. In
contrast, cells transduced with control virus did not produce
any detectable signal (lane 1) due to the much lower level of
endogenous cyclin E synthesis that falls below the level of
detection under these short-pulse conditions. The level of both
species of cyclin E associated with CCT decreased dramatically
during the 10-min chase (lane 3), confirming that the newly

FIG. 1. A growth-defective phenotype of yeast cells overexpressing cyclin E is relieved by CCT deficiency, which is associated with reduced cyclin E protein levels
and histone H1 kinase activity. (A) Growth on galactose plates at 25 or 35°C of wild-type (CCT2) and temperature-sensitive (cct2ts) yeast CCTb cells transformed with
either the cyclin E-expressing plasmid YCptG3(M)E or the insertless vector YCptG3(M) (31). (B) Effect of CCTb mutation on cyclin E expression. CCT2 and cct2ts

cells carrying either the cyclin E-expressing plasmid (E) or the vector (V) were grown at 35°C for 3 h in sucrose medium supplemented with 2% galactose and whole-cell
RNA, and extracts were prepared. RNA was analyzed by Northern blotting with a cyclin E probe and an actin probe (lanes 1 to 4). Protein extracts were analyzed by
Western blotting with an anti-cyclin E monoclonal antibody and a PSTAIRE monoclonal antibody for Cdc28p (lanes 5 to 8). Cyclin E-associated kinase activity was
assayed by precipitation of extracts with the anti-cyclin E monoclonal antibody and kinase reactions with [g-32P]ATP and histone H1 (lanes 9 to 12). (C) Cyclin E
physically interacts with endogenous yeast CCT. Yeast cells expressing Cct2 bearing the Myc epitope (14) were induced for 2 h to express cyclin E (lanes 1 and 4). A
cell extract was prepared, immunoprecipitated with anti-Myc antibody (Santa Cruz), and processed for Western blot analysis using anti-cyclin E monoclonal antibody.
Protein extracts from cells expressing Cct1 bearing the influenza virus hemagglutinin epitope (14) after induction of cyclin E (lanes 2 and 5), and from cells expressing
Cct2-Myc but lacking cyclin E (lanes 3 and 6), were also prepared and processed as negative controls.
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synthesized cyclin E is indeed transiently associated with the
CCT complex in vivo. Tubulin and actin were also coimmuno-
precipitated with CCT from the sample pulse-labeled extract,
and the level of both of them likewise decreased during the
chase (data not shown). However, whereas actin and tubulin
are stable proteins with half-lives measured in mammalian cells
of 65 and 48 h, respectively (20, 24), cyclin E is an unstable
protein with a half-life of 30 min (31). Therefore, to control for
the natural turnover of labeled cyclin E in vivo during the
chase, cyclin E was directly immunoprecipitated from the same
pulse-labeled and -chased extracts used for CCT coimmuno-
precipitation (lanes 5 to 8). Both the 44- and 39-kDa species of
labeled cyclin E showed a slight decrease during the chase
(lane 7) consistent with the reported 30-min half-life, but this
was only a small change compared with complete disappear-
ance from the cyclin E-CCT complex (lane 3). These data
indicate that the decrease in CCT-associated cyclin E during
the chase is due not to turnover of cyclin E but to release from
chaperonin. Alternatively, the pool of cyclin E associated with
the CCT may have an uncharacteristically short half-life. How-

ever, taken with the essentiality of CCT function for cyclin E
biogenesis in yeast and the demonstration that cyclin E trans-
lated in vitro associates with the CCT prior to association with
Cdk2, these results are more consistent with the idea that
newly translated cyclin E in vivo associates transiently with the
CCT for folding and is then released in a mature active form.

DISCUSSION

To date, the CCT complex has been shown to mediate the
ATP-dependent folding of only a limited set of proteins in
vivo—tubulin, actin, and a-transducin. These proteins do not
show any significant amino acid sequence similarity, nor do
they share a common fold. Cyclin E, likewise, does not bear
any recognizable primary structural similarity to the other
known CCT substrates. Notably, however, all four of these
proteins are known to be aggregation prone when expressed in

FIG. 2. Cyclin E newly translated in a reticulocyte lysate associates with the
CCT complex. (A) Newly translated cyclin E fractionates at 900 kDa and in the
presence of ATP chases to a 150-kDa fraction. Cyclin E mRNA was translated
in a reticulocyte lysate in the presence of [35S]methionine. One aliquot was
chased with HK/glc (closed circle) and the other was chased without HK/glc
(open circle). Samples were then applied to a Superose 12 gel filtration column
run, and fractions were analyzed by SDS-PAGE. Radioactivity incorporated into
cyclin E was quantitated with a PhosphorImager. The amount of cyclin E recov-
ered in each fraction is shown as a percentage of the total recovered from the
column. (B) Newly translated cyclin E coimmunoprecipitates with CCT. Cyclin E
was translated as described for panel A and was chased at 30°C in the presence
(1) or absence (2) of 5 mM EDTA. The lysates were then immunoprecipitated
by using anti-cyclin E monoclonal antibody, polyclonal anti-CCTb serum, or
polyclonal anti-Cdk2 antibody. A similar experiment performed with b-actin is
shown for comparison.

FIG. 3. Interaction of newly translated cyclin E with CCT in human cells. (A)
Cyclin E is a substrate of the CCT complex. Extracts from thymidine-blocked
HeLa cells were aliquoted into three parts and incubated with either 15 mM
EDTA, 5 mM MgCl2, or 5 mM Mg plus ATP at room temperature for 20 min.
Human CCTb was immunoprecipitated from these samples, and the immune
complexes (IP) along with whole-cell extract (Total) were separated by SDS-
PAGE and processed for Western blot analysis. The upper half of the blot was
probed sequentially with anti-cyclin E antibody and anti-b-tubulin antibody
(Boehringer Mannheim). The lower half was probed with anti-PCNA antibody
(Santa Cruz) and anti-Cdk2 antibody (Transduction Laboratories). (B) Newly
synthesized cyclin E in vivo associates with the CCT complex. A549 cells trans-
duced with either an adenovirus expressing cyclin E (E) or a control virus (V)
were pulse-labeled with [35S]methionine for 1.5 min (p), chased for 10 min (c),
extracted and immunoprecipitated with anti-CCTb antibody (lanes 1 to 4) or
anti-cyclin E antibody (lanes 5 to 8). The CCT immune complexes were disso-
ciated and reimmunoprecipitated with anti-cyclin E antibody (lanes 1 to 4), and
cyclin E immune complexes were subjected to SDS-PAGE analysis.
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bacterial systems or when subjected to refolding from dena-
turant in vitro. Thus, exposure of hydrophobic surfaces in the
nonnative state may be a significant shared feature of recog-
nition of these proteins by CCT, as it is for the bacterial
chaperonin, GroEL (1). On the other hand, CCT in general
does not efficiently bind GroEL substrates following their di-
lution from denaturant, for example (26). Thus, there must be
additional features of recognition in addition to, or other than,
exposed hydrophobic surfaces, which are operative in recogni-
tion by this machinery. Perhaps the heterologous nature of the
eight different CCT apical domains, corresponding to eight
different subunits, contributes to such specificity. In any case,
here, as with other heterooligomeric proteins whose subunit
folding is assisted by chaperonin, CCT-mediated folding of
cyclin E precedes the step of oligomerization with its partner
protein, Cdk2. In the present case, in contrast to a and b
tubulins, both of which require CCT action, Cdk2 does not
appear to require the action of CCT for acquisition of its native
state. However, folding of cyclin E by the CCT appears to be
a prerequisite for Cdk2 binding, as cyclin E associated with the
CCT is not associated with Cdk2.

The findings reported here of involvement of the CCT in
biogenesis of cyclin E complement previous studies showing
the involvement of another complex, the proteasome, in the
ubiquitin-mediated turnover of cyclin E. It remains to be un-
derstood exactly what conformational features of the same
primary cyclin E sequence are recognized by CCT early after
translation, leading to production of the native state and as-
sembly with Cdk2, as opposed to those recognized by the
ubiquitin conjugation machinery after the G1/S transition,
leading to proteasome-mediated proteolysis.

The genetic interaction between cyclin E and components of
the CCT was discovered because expression of individual hu-
man CCT subunits was able to rescue the lethality associated
with cyclin E overexpression in yeast, presumably by interfer-
ing with some aspect of cyclin E biogenesis or function. This
result would seem to be at odds with the notion that CCT
function is associated with folding and maturation of cyclin E
into an active form. However, we propose two models that
might provide resolution to this apparent paradox. Firstly, hu-
man CCT components, when expressed in yeast might be co-
assembled into the endogenous CCT, acting as poison or
dominant negative subunits. Reducing the efficiency of the
endogenous CCT in this manner might interfere with the mat-
uration of cyclin E, accounting for the rescue of cyclin E-as-
sociated toxicity. Consistent with this interpretation, human
CCT subunits coeluted with endogenous high-molecular-
weight CCT complexes when yeast extracts expressing the re-
combinant human protein were subjected to gel filtration chro-
matography (data not shown). Secondly, excess monomeric
human CCT subunits might have the capacity to bind and
sequester cyclin E in a nonfunctional state, thereby reducing
the functional level of cyclin E and accounting for the rescue of
cyclin E-associated toxicity. Although gel filtration profiles re-
vealed elution patterns consistent with CCT subunit-cyclin E
heterodimer formation, the steady-state levels of such com-
plexes were relatively low (data not shown). However, we can-
not exclude the possibility that such complexes exist at much
high levels in vivo and dissociate upon lysis and preparation of
extracts. Therefore, further investigation is required to choose
from between these models or additional models in order to
explain our initial genetic observations linking cyclin E to the
CCT.
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