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The [URE3] yeast prion is the self-propagating amyloid form
of the Ure2 protein. [URE3] is cured by overexpression of several
yeast proteins, including Ydj1, Btn2, Cur1, Hsp42, and human
DnaJB6. To better understand [URE3] curing, we used real-time
imaging with a yeast strain expressing a GFP-labeled full-length
Ure2 construct to monitor the curing of [URE3] over time.
[URE3] yeast cells exhibited numerous fluorescent foci, and
expression of the GFP-labeled Ure2 affected neither mitotic sta-
bility of [URE3] nor the rate of [URE3] curing by the curing
proteins. Using guanidine to cure [URE3] via Hsp104 inactiva-
tion, we found that the fluorescent foci are progressively lost as
the cells divide until they are cured; the fraction of cells that
retained the foci was equivalent to the [URE3] cell fraction mea-
sured by a plating assay, indicating that the foci were the prion
seeds. During the curing of [URE3] by Btn2, Cur1, Hsp42, or
Ydj1 overexpression, the foci formed aggregates, many of which
were 0.5 �m or greater in size, and [URE3] was cured by asym-
metric segregation of the aggregated seeds. In contrast, DnaJB6
overexpression first caused a loss of detectable foci in cells that
were still [URE3] before there was complete dissolution of the
seeds, and the cells were cured. We conclude that GFP labeling
of full-length Ure2 enables differentiation among the different
[URE3]-curing mechanisms, including inhibition of severing
followed by seed dilution, seed clumping followed by asymmet-
ric segregation between mother and daughter cells, and seed
dissolution.

Prions are infectious proteins that have two stable conforma-
tions: a properly folded conformation and a misfolded infec-
tious amyloid conformation. Thus far, approximately a dozen
prions have been identified in yeast; the best studied of these are
[PSI�], [URE3], and [RNQ�] (1). To maintain prion propaga-
tion from generation to generation, there must be severing of
the prion seeds by Hsp104 and transmission of the seeds from
mother to daughter cells during cell division. To cure yeast of
the misfolded amyloid form of the prion, the prion seeds must

be eliminated, which can occur by several different mecha-
nisms. One mechanism of curing is inactivation of Hsp104,
thereby inhibiting severing of the prion seeds (2–4). Another
mechanism of curing yeast prions is aggregation of the prion
seeds followed by asymmetric segregation of the seeds between
mother and daughter cells, thus reducing the number of seeds
transmitted to the daughter cells (5–7). Finally, yeast prions can
be cured by dissolution of the seeds, which can occur either by
dissociating monomers from the ends of the seeds or by inhib-
iting the growth of the seeds (8, 9). When seed growth is
blocked, the severing activity of Hsp104 reduces the size of the
seeds until the yeast are cured.

To understand the mechanism of yeast prion curing under
different conditions, laboratories have used biochemical,
genetic, and cell biological approaches. These include measur-
ing the kinetics of curing, determining the relative number of
monomers in the aggregates and soluble pool, and live cell fluo-
rescence imaging of fluorescent-labeled prions. In the earliest
imaging studies, GFP was fused to the prion domain rather than
to the full-length prion protein; this was done with the prion
domain of Sup35 (10). The GFP-labeled prion domain forms
aggregates in cells with the amyloid form of the prion, but not in
cells when the prion protein is properly folded. However, when
just the prion domain was expressed in cells with the amyloid
prion form, the cells did not show the numerous foci that are
thought to represent the prion seeds.

In later imaging studies, full-length prion proteins rather
than just the prion domains were labeled. However, labeling of
the full-length prion protein poses challenges; the labeled prion
protein must retain its native activity when its properly folded,
and at the same time, the labeling must not interfere with the
conversion to and propagation of the amyloid conformation.
This has been successfully achieved for Sup35, which in its amy-
loid form is the [PSI�] prion. Sup35 is a multidomain protein,
consisting of an N-terminal domain, an M or middle domain
and a C-terminal domain. When GFP was inserted between the
N-terminal and M domains of Sup35, the GFP-labeled Sup35
(NGMC) protein became an excellent way to monitor the
Sup35 conformation (11, 12). Importantly, NGMC shows dif-
fuse fluorescence and retains the activity of the parent protein
when properly folded, whereas it forms numerous foci repre-
senting the prion seeds when it is converted to the [PSI�] prion.
Studies using this construct have been very useful in under-
standing how different [PSI�] variants, which differ in their
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relative number of prion seeds and amount of soluble Sup35,
pass [PSI�] from mother to daughter cells and also in under-
standing the different mechanisms for curing [PSI�] (8, 13–15).
With the use of this construct, we have determined that, in
addition to the severing activity of Hsp104 that reduces the size
and increases the number of seeds, Hsp104 has a trimming
activity that reduces the size of the seeds but does not affect the
number of seeds (15). The trimming activity of Hsp104 has
been shown to be required for the curing of [PSI�] by Hsp104
overexpression (8).

In contrast to [PSI�], a full-length Ure2 labeled GFP has not
yet been constructed that maintains [URE3] propagation. This
was the case regardless of whether Ure2 was labeled at its C-ter-
minal end or internally labeled after residue 65 (16). The Wick-
ner laboratory found that, unfortunately, expression of these
GFP-labeled Ure2 constructs from a URE2 promoter on a cen-
tromeric plasmid cured the [URE3] prion (16). Instead of a full-
length labeled Ure2 protein, they used an N-terminal Ure2
prion domain labeled at the C terminus with GFP to monitor
[URE3]. When the latter construct was expressed in [URE3]
yeast, the cells had fluorescent clumps instead of foci (16). A
functional full-length GFP-labeled Ure2 that stably propagated
[URE3] would be very useful for understanding the mecha-
nisms by which overexpression of different proteins cure
[URE3], including Btn2, Cur1, and Hsp42 and two different
J-domain proteins, Ydj1 and human DnaJB6 (6, 9, 17, 18). Imag-
ing studies employing such a functional GFP-labeled Ure2
would complement genetic, biochemical, and cell biological
approaches that have been used to understand how these vari-
ous proteins cure [URE3].

Thus far, no mechanism has been proposed for how Hsp42
overexpression cures [URE3]. On the other hand, asymmetric
segregation has been proposed as the mechanism by which
Btn2 overexpression cures [URE3], based on the observation
that clumps of GFP-labeled Ure2-prion domain partially colo-
calized with Btn2 (6). As for overexpression of Cur1 and Ydj1,
curing has been attributed to inhibition of fragmentation
because of insufficient Sis1, which is required for Hsp104 sev-
ering (19, 20). Cur1 sequesters Sis1 in the nucleus, whereas Ydj1
appears to compete with Sis1 for Ssa1, which reduces the con-
centration of the Sis1-Ssa1, a complex that binds and activates
Hsp104. An alternative model for the curing of [URE3] by Ydj1
overexpression is that Ydj1 binds to soluble Ure2 and inhibits
the addition of the Ure2 monomers to the end of the prion seeds
that then continue to shorten as they are severed by Hsp104
(21). A similar mechanism has been proposed for the curing of
[URE3] by human DnaJB6b, another member of the Hsp40
family. Like Ydj1, DnaJB6 inhibits nucleation of the Ure2 pro-
tein in biochemical assays using purified proteins (9) and also
other amyloids such as amyloid �42 and polyglutamine pep-
tides (22–24). On this basis, the Masison laboratory proposed
that human DnaJB6 cures [URE3] by binding to the prion seeds
and inhibiting their growth (9).

In this study, we engineered a full-length GFP-labeled Ure2,
which, unlike other GFP-labeled reporters of full-length Ure2,
stably maintained the [URE3] prion. This was done by express-
ing in [URE3] yeast relatively low levels of the labeled Ure2
protein, in which the GFP was inserted after residue 90, along

with endogenous levels of unmodified Ure2. Curing of [URE3]
by guanidine inactivation of Hsp104 showed that the percent-
age of cells with foci correlated with the percentage of [URE3]
cells measured using a plating colony assay. When yeast over-
expressed Btn2, Cur1, Hsp42, or Ydj1, the foci assembled into
aggregates, which reduced the number of prion seeds, ulti-
mately curing [URE3]. In contrast to Ydj1, the human DnaJB6
caused a loss of detectable foci prior to curing, which is consis-
tent with DnaJB6 blocking the growth of the amyloid seeds, but
not their severing.

Results

Establishment of a GFP-labeled Ure2 strain

Our aim was to make a GFP-labeled Ure2 protein to use in
imaging the curing of [URE3] in real time. Expression in of a
C-terminal GFP-labeled full-length Ure2 construct made by
the Wickner laboratory in the 1076 yeast, a strain of yeast that is
[URE3] and [rnq�], produced cells with aggregates as well
as cells with diffuse fluorescence (16). Similar results were
obtained when we expressed a Ure2 construct internally labeled
with GFP at residue 65. Because expression of these constructs
has been shown to cure [URE3], the cells with diffuse fluores-
cence presumably are cured ([ure-o]) yeast. As an alternative,
we engineered a full-length GFP-labeled Ure2 by inserting GFP
at residue 90, the terminal residue of the protease-resistant
fibril core of the Ure2 amyloid (25, 26). When this GFP–Ure2
fusion protein was expressed from the URE2 promoter on a
centromeric plasmid in 1076[URE3] yeast, confocal imaging
showed numerous foci, as well as clumps and, importantly, no
cells with diffuse fluorescence. Unfortunately, however, plating
assays showed that this construct, like the constructs made by
the Wickner laboratory (16), cured the [URE3] prion. Further-
more, this construct did not stably maintain [URE3] even when
integrated into the URE2 chromosomal locus. To circumvent
this problem, we expressed relatively low levels of this GFP–
Ure2 fusion protein by using a plasmid with the RNQ1 pro-
moter instead of the URE2 promoter. Based on the number
of Ure2 and Rnq1 molecules produced per yeast cell as mea-
sured by the Weissman laboratory (27), only �10% of the
Ure2 molecules per cell should then be labeled with GFP.
After transforming the plasmid with the RNQ1 promoter
into 1076[URE3] yeast, confocal imaging showed numerous
foci in the yeast, and importantly, the red/white colony assay
showed only white colonies, indicating that all of the yeast
was still [URE3] (25).

We therefore integrated the GFP–Ure2 fusion gene into the
RNQ1 chromosomal locus of the 1075 yeast strain to make the
1660 yeast strain. Fluorescent imaging showed numerous foci
in the 1660 [URE3] yeast cells, whereas no foci were present
after this strain was cured in guanidine (Fig. 1A). When the
1660[URE3] strain was assayed for [URE3] on 1⁄2 YPD plates
(28), all the colonies were white, indicating that [URE3] was
stably maintained, whereas as expected, all the colonies were
red after curing the 1660[URE3] strain in guanidine (Fig. 1A).
As the 1660[URE3] yeast were cured in guanidine, the maxi-
mum Z-stack projections show a progressive decrease in foci
number with increasing incubation time in guanidine (Fig. 1B),
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consistent with guanidine inhibiting the severing of the prion
seeds so that the seeds are diluted out by cell division. These
results are very different from the results that were observed
using GFP-labeled Sup35 (NGMC) where we observed that
during the curing of [PSI�] in guanidine, there was a loss of
detectable foci prior to curing (15). These latter results revealed
that, in addition to the well-characterized severing activity of
Hsp104, Hsp104 has another activity, which we called trim-
ming, that reduces the size of the seeds but does not affect the
number of seeds.

Next, we determined whether the expression of the GFP–
Ure2 fusion protein affected the rate of [URE3] curing by gua-
nidine. This was done by measuring the rate of [URE3] curing in
both the 1660 strain and 1076 strains. Fig. 1C shows that the
rate of [URE3] curing as determined by the red/white colony
assay is the same in these two strains, which establishes that
expression of the GFP–Ure2 fusion protein does not signifi-
cantly affect [URE3] curing by guanidine. To validate the use of
the 1660[URE3] strain as a real-time reporter of [URE3] curing,
we next examined whether the GFP-labeled foci are represen-

Figure 1. Characterization of the 1660 [URE3] strain. A, the 1660[URE3] and the cured 1660[ure-o] yeast strains were imaged and plated. The 1660[URE3]
strain was cured in 5 mM guanidine to make the 1660 [ure-o]. These strains were imaged on the Zeiss 880 microscope and plated on 1⁄2 YPD plates. Images are
maximized projections of Z-stack confocal images. B, images of 1660 [URE3] strain during curing in guanidine. Confocal images were obtained using the Zeiss
880 microscope after incubation in guanidine for two, four, or eight generations (gen), respectively. The images are the maximum Z-stack projections. The same
settings were used in all images. C, the kinetics of curing the 1660[URE3] and 1076[URE3] yeast strains in 5 mM guanidine was measured using the red/white
colony assay. The cells at the indicated time were plated on 1⁄2 YPD plates, and only completely red colonies were counted as cured. The data represent the
averages and standard deviation obtained from three independent experiments. The cells with foci were measured in 1660 [URE3] yeast following the addition
of 5 mM guanidine (�300 cells were counted/time point). The percentage of cells with foci as a function of generation time are plotted on the same graph as
the curing curves.
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tative of the entire population of prion seeds. If so, then during
the curing of [URE3] by guanidine, the percentage of cells with
GFP-labeled foci should be equivalent to the percentage of
[URE3] cells. Therefore, we determined the percentage of cells
with GFP-labeled foci (�300 cells/time point) at different times
after addition of guanidine, and this percentage was plotted as a
function of generation time. Fig. 1C shows that these data are
nearly superimposable on the curing curve, indicating that the
cells with GFP-labeled foci are equivalent to [URE3] cells.
Therefore, the 1660[URE3] strain is a new tool for real-time
imaging of the curing of [URE3] under different conditions.

Curing of [URE3] by overexpression of Btn2, Cur1, or Hsp42

Because [URE3] is cured by overexpression of Btn2, Cur1, or
Hsp42 (6, 17, 18), we wanted to determine the basic mecha-
nisms of curing by these three proteins by visualizing the curing
as it occurs in the 1660[URE3] strain. First, we measured the
rate of [URE3] curing using the red/white colony assay when
these proteins were overexpressed from the GAL1 promoter in
the 1660 and 1076 [URE3] strains. As shown in Fig. 2A, overex-
pression of Btn2 and Hsp42 cured [URE3] faster than overex-
pression of Cur1 in both the 1660 and 1076 yeast strains; as
expected, the vector control, which was treated the same as the
other samples, showed no curing. To elucidate the basic mech-
anisms of curing by these three different proteins, concomi-
tantly with plating the yeast, we followed the curing by real-
time Z-stack confocal imaging. As we observed for the curing of
[URE3] by guanidine, the imaging data correlated with the cur-
ing curves. All cells started with numerous foci, and as the prion
was cured, there was an increase in the fraction of cells without
foci until all the cells were devoid of foci. However, unlike the
curing in guanidine, imaging showed that cells formed large
aggregates prior to curing.

Fig. 2B shows the aggregation of the foci in yeast grown two
generations in galactose medium. These maximum Z-stack
confocal images were obtained using the Zeiss Airyscan detec-
tor, which has a lateral resolution of �140 nm in the lateral axis.
We measured aggregates �300 in the vector control (Fig. 2B,
panel a), and in yeast overexpressing Btn2, Cur1 or Hsp42 (Fig.
2B, panels b– d). In the vector control, �20% of the cells had an
aggregate with an average size of 380 nm, whereas there were
more cells with aggregates and the size of the aggregates were
larger in yeast overexpressing Btn2, Cur1, or Hsp42. Specifi-
cally, more than one-third of the cells had an aggregate with an
average size ranging from 0.5 to 0.8 �m in yeast overexpressing
Btn2, Cur1, or Hsp42 (Fig. 2, C and D). Consistent with the
slower curing of [URE3] by overexpression of Cur1, the per-
centage of cells with aggregates and the foci size were smaller
than in cells overexpressing either Btn2 or Hsp42. The forma-
tion of these aggregates would cause a marked reduction in
their mobility compared with the diffraction limited size of the
seeds present in the 1660[URE3] control. In addition, some of
the yeast had aggregates greater than 1 �m regardless of the
protein being overexpressed. Such large aggregates would have
trouble passing through the bud neck of dividing cells, and cer-
tainly the rapid aggregate formation is consistent with the
kinetics of curing by overexpression of these three different
proteins. By imaging the same field of 1660[URE3] cells induced

in galactose to overexpress Hsp42, the GFP–Ure2 aggregates
showed a progressive increase in size, and new aggregates con-
tinue to form in the daughter cells (Fig. 2E). Therefore, overex-
pression of Btn2, Cur1, or Hsp42 causes aggregation of the
prion seeds, which in turn reduces the seed number and
restricts their transmission to the daughter cells.

Next, we examined whether the GFP–Ure2 was immobilized
in the large aggregates by measuring the fluorescence recovery
after photobleaching in cells incubated for two generations in
galactose medium. Unlike the Ure2–GFP foci, which moved
rapidly throughout the cell, the large aggregates showed very
limited movement. These large aggregates were photo-
bleached, and the recovery of fluorescence was measured. As
shown in Fig. 3A, there is no significant fluorescence recovery
of the GFP–Ure2 in the aggregates, indicating that the GFP–
Ure2 in the aggregates is not exchanging with the soluble pool
of GFP–Ure2.

Finally, we examined the colocalization of the GFP-labeled
Ure2 aggregates with Btn2, Cur1, or Hsp42 with the use of dual
color imaging. To do this, we used Btn2, Cur1, or Hsp42 that
was labeled with a red fluorophore (either RFP or Cherry). First,
we checked that the fluorescent labeling of these proteins did
not significantly affect their ability to cure the 1660[URE3]
yeast. Comparing Fig. 3B with Fig. 2A shows that fluorescent
labeling of Btn2 and Hsp42 reduced the rate of [URE3] curing
by two or three generations but did not significantly affect the
rate of curing by Cur1. When we imaged the colocalization of
GFP–Ure2 with Btn2, the cytosolic GFP–Ure2 aggregates colo-
calized with the Btn2 clumps (Fig. 3C). However, most cells had
several Btn2 clumps, and only some of these clumps were asso-
ciated with GFP–Ure2 aggregates. This is reflected in our anal-
ysis of colocalization of these proteins (in 200 cells); �90% of
the GFP–Ure2 aggregates colocalized with the Btn2 clumps,
whereas �50% of the Btn2 clumps colocalized with the GFP–
Ure2 aggregate. Another protein that formed cytosolic clumps
is Hsp42, but in general, there were fewer clumps of Hsp42 per
cell than clumps of Btn2. The GFP–Ure2 aggregates showed
extensive colocalization with the Hsp42 clumps; there was
�90% colocalization of GFP–Ure2 aggregates with the Hsp42
clumps. Furthermore, in contrast to the Btn2 clumps, �90% of
the Hsp42 clumps colocalized with the GFP–Ure2 aggregates.
Cur1, a paralog of Btn2 that predominantly has a nuclear local-
ization (17, 29), also produced cytosolic GFP–Ure2 aggregates.
We did observe a low level of Cur1 in the cytoplasm, and occa-
sionally, there was colocalization of GFP–Ure2 with the cyto-
solic Cur1 (see asterisk in Fig. 3C). Therefore, even though
these proteins have very different cellular functions and local-
izations, they all caused aggregation of the GFP-labeled prion
seeds, which would lead to curing of [URE3] by asymmetric
segregation.

Mechanism of curing of [URE3] by Cur1

It has been proposed by the Zhouravleva laboratory (20) that
overexpression of Cur1 cures [URE3] by recruiting Sis1 into the
nucleus, thereby depleting it from the cytosol. This is based on
their finding that when they overexpressed a Cur1 fragment
(Cur1�3–30) that does not localize to the nucleus, there was
neither recruitment of Sis1 to the nucleus nor curing of [URE3].
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Unexpectedly, we observed curing of [URE3] when we over-
expressed a mutant of Cur1 (Cur1–NLS), which contains
two point mutations at its nuclear localization site, Cur1

(K26A,K27A), that presumably would prevent it from localiz-
ing to the nucleus. As shown in Fig. 4A, overexpression of
Cur1–NLS cures [URE3], although at a slightly slower rate than
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wildtype Cur1. These results are consistent with the finding
from the study by Alberti and co-workers (29) in which they
examined curing of an artificial yeast prion by overexpression of
a Cur1 �NLS mutant.

Previous studies have shown that wildtype Cur1 recruits Sis1
to the nucleus, but not when Cur1 is mutated to prevent its
nuclear localization (20, 29). To verify these results, we coex-
pressed the different RFP-labeled Cur1 constructs with GFP-
labeled Sis1 (Fig. 4B), and then cells were fixed, and the nucleus
was stained with 4�,6�-diamino-2-phenylindole to quantify the
localization of Cur1 and Sis1 in the nuclear and cytoplasmic
compartments. There was approximately three times more
wildtype Cur1 in the nucleus than in the cytoplasm, whereas
there was no significant difference in the intensity of Cur1–NLS
between the nucleus and the cytoplasm. Similarly, there was
approximately four times more Sis1 in the nucleus than in the
cytoplasm in yeast overexpressing Cur1, whereas there was no
significant difference in relative Sis1 intensity between the
nucleus and the cytoplasm in cells overexpressing mutant
Cur1–NLS or in the vector control (Fig. 4C). Therefore, Sis1 has
a very different localization depending on whether Cur1 or
Cur1–NLS is overexpressed.

Interestingly, however, even though overexpression of
Cur1–NLS does not sequester Sis1 into the nucleus, it still cures
[URE3]; imaging of the 1660[URE3] yeast showed aggregation
of the GFP-labeled Ure2 foci in cells overexpressing Cur1–NLS
(Fig. 4D), just as we observed in yeast overexpressing wildtype
Cur1. To explain this result, we made use of the observation
that Cur1 binds directly to Sis1 (29). On this basis, we hypoth-
esized that even though overexpression of Cur1–NLS does not
recruit Sis1 to the nucleus, it reduces the cytoplasmic pool of
Sis1 by forming a Cur1–NLS–Sis1 complex. This was tested by
determining whether overexpression of Sis1 antagonizes the
curing of [Ure3] by overexpression of Cur1–NLS, as well as by
wildtype Cur1. As shown in Fig. 4A, overexpression of Sis1
markedly reduced the rate of curing of 1660[URE3] by the
Cur1–NLS, as well as by the wildtype Cur1. Occasionally, we
observed a colony in which overexpression of Sis1 did not
antagonize the curing by either wildtype Cur1 or mutant Cur1,
but we also occasionally observed curing in the vector control
as well. Therefore, these data are consistent with overexpres-
sion of either Cur1 or Cur1–NLS curing [URE3] by depleting
the free pool of cytoplasmic Sis1. Furthermore, these data sug-
gest that a reduction in the free pool of Sis1 causes aggregation
of the GFP-labeled Ure2 foci, thereby curing [URE3] by asym-
metric segregation.

Curing of [URE3] by overexpression by other molecular
chaperones

Overexpression of two different J-domain proteins, Ydj1 and
human DnaJB6, has been shown to cure [URE3], but with very
different kinetics (9). In agreement with this study, we also
found that overexpression of Ydj1 cures 1660[URE3] much
faster than overexpression of DnaJB6 when curing was mea-
sured using the red/white colony assay. Furthermore, the
shapes of the curing curves are very different (Fig. 5A), which
suggests that these J-domain proteins cure [URE3] by different
mechanisms. As yeast were cured, we simultaneously imaged
the GFP-labeled foci. Like the results obtained with overexpres-
sion of Btn2, Cur1, and Hsp42, overexpression of Ydj1 caused
aggregation of the foci. As shown in Fig. 5B, after two genera-
tions in galactose medium, the Ure2–GFP foci formed aggre-
gates, which persisted until the yeast were cured. Analysis of the
images (200 cells) showed that �60% of the cells had multiple
aggregates with an average size of �500 nm (470 � 125 nm).
After four generations in galactose medium, a time when the
yeast were �50% cured, images showed there were cells with no
foci and cells with multiple aggregates that were not signifi-
cantly larger than those observed after two generations (aver-
age size 480 � 100 nm). As observed previously (30), the curing
of [URE3] by overexpression of Ydj1 requires a functional J-do-
main. Specifically, there was neither curing nor large aggregate
formation of the 1660[URE3] strain overexpressing Ydj1
(D36N), which has a point mutation inhibiting its binding to
members of the Hsp70 family. Therefore, overexpression of
Ydj1 with a functional J-domain causes aggregation of the prion
seeds, which cures [URE3] when the aggregates are diluted out
by cell division.

In contrast to overexpression of Ydj1, overexpression of
human DnaJB6 did not cause aggregation of the Ure2 foci.
Instead, in some yeast overexpressing DnaJb6 for two genera-
tions, the foci were difficult to resolve above the background
fluorescence even though plating assays showed that the yeast
were still more than 95% [URE3] (Fig. 5B). After four genera-
tions in galactose, at which time the [URE3] yeast were �10%
cured, the background fluorescence had increased along with a
concomitant loss of detectable foci, but there were still cells
with detectable foci. As expected, no foci were detected after all
the yeast were cured. Taken together, these data suggest that
Ydj1 cures [URE3] by asymmetric segregation of the seeds,
whereas DnaJB6 cures [URE3] by dissolution of the seeds.

Figure 2. The curing of the 1660[URE3] by overexpression of Btn2, Cur1, or Hsp42. A, the curing [URE3] as a function of time was measured in the 1660
(open symbols) and 1076 (closed symbols) yeast strains overexpressing Btn2, Cur1, or Hsp42. The vector control is also shown for the 1660 (	) and 1076 (�)
[URE3] strains. Yeast was grown overnight in raffinose medium prior to addition of galactose to induce expression from the GAL1 promoter. The extent of curing
was measured on 1⁄2 YPD plates. The vector control was treated the same as the other samples. The data represent the averages and standard deviation
obtained from three independent experiments. B, confocal images of 1660 [URE3] strain in the vector control (panel a) or in yeast overexpressing Btn2 (panel
b), Cur1 (panel c), or Hsp42 (panel d). The images were taken two generations after induction of overexpression by addition of galactose on the Zeiss 880
microscope. The images are maximized projections of Z-stack confocal images. C, the percentage of cells with aggregates was measured in the vector control
and in cells overexpressing the indicated proteins for two generations. For each sample, �200 cells were analyzed to determine whether they contained
aggregates �0.3 �m. The values represent the averages and standard deviation. D, the average size of the aggregates was measured in the vector control and
in cells overexpressing the indicated proteins for two generations. Only aggregates of �0.3 �m were measured. The values represent the averages and
standard deviation (n � 150 aggregates/sample). E, images from a time-lapse movie showing formation of aggregates in the 1660 [URE3] strain overexpressing
Hsp42 for the indicated time in galactose medium. Imaging was performed on the Zeiss 880 confocal microscope. The images are maximized projections of
Z-stack confocal images.
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To help clarify whether overexpression of Hsp104 cures
[URE3] (6, 18), we also examined the effect of overexpressing
Hsp104 in the 1660[URE3] strain. Following Hsp104 overex-
pression, the rate of curing was measured by the red/white col-
ony assay. In agreement with the results of Kryndushkin et al.
(6), overexpression of Hsp104 does cure [URE3], but curing
occurs at a very slow rate. As shown in Fig. 5A, following induc-

tion of Hsp104 overexpression from the GAL1 promoter, only
�15% of the 1660[URE3] cells were cured in 15 generations.
This slow rate of curing is very different from the relatively
rapid rate of curing of [PSI�] by Hsp104 overexpression (31).
Another difference from [PSI�] curing by Hsp104 overexpres-
sion is that prior to curing, the 1660[URE3] yeast showed no
loss of detectable foci because of trimming of the prion seeds by

Figure 3. Characterization of the aggregates formed by 1660[URE3] overexpressing Btn2, Hsp42, or Cur1. A, the fluorescence recovery after photo-
bleaching of aggregates present in 1660[URE3] yeast overexpressing Btn2, Cur1, and Hsp42. A minimum of five aggregates were photobleached for each
sample on the Nikon A1R confocal microscope. The data were normalized by setting the initial fluorescence value to 1.0. The average value and a standard
deviation are plotted for each time point. Photobleaching experiments were performed on the Nikon A1R confocal microscope. B, the time course of curing of
1660[URE3] by overexpression of Btn2–RFP, Cur1–RFP, and Hsp42–Cherry. The data represent the averages and standard deviation obtained from three
independent experiments. C, colocalization of GFP–Ure2 with Btn2, Hsp42, and Cur1. Btn2–RFP or Hsp42–Cherry was overexpressed for two generations.
Cur1–RFP was overexpressed for five generations. The asterisk shows colocalization of Ure2–GFP aggregate with Cur1–RFP. The maximum Z-stack projections
of confocal images obtained on the Nikon A1R confocal microscope.
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overexpressed Hsp104. Instead, the cells had foci, and some
also had aggregates after nine generation in galactose medium
(Fig. 5C). Finally, we examined whether overexpression of
Hsp104, which presumably would increase the rate of severing
of the prion seeds, affected curing of 1660[URE3] by DnaJB6
overexpression. As shown in Fig. 5A, the rate of curing of
[URE3] by DnaJB6 overexpression was not affected by overex-
pression of Hsp104. These results suggest that increasing the
severing of the seeds does not increase the rate of curing by
DnaJB6 overexpression assuming, of course, that severing of
the prion seeds increases at higher expression levels of Hsp104.

Effect of overexpressing Btn2, Cur1, Hsp42, Ydj1, or DnaJB6 in
[PSI�] yeast

Next, we examined how the curing of [PSI�] yeast compares
with the curing of [URE3]. Specifically, we examined whether
overexpression of these different curing agents cured the L2888
weak [PSI�] variant. In L2888 [PSI�] yeast, GFP-labeled Sup35
(NGMC) is expressed from the SUP35 chromosomal locus,
enabling us to image the curing of [PSI�]. Among [PSI�] vari-
ants, L2888[PSI�] is a weak variant (32), and it cures much
more readily than a strong [PSI�] variant (33). However, com-
pared with 1660[URE3] prion, the L2888[PSI�] variant has
many more seeds, as evident by comparing the rate of curing of
these two prions in guanidine (compare Fig. 6A and Fig. 1C).
Despite the difference in seed number, overexpression of Cur1,
Ydj1, or DnaJB6 from the GAL1 promoter cured L2888[PSI�] (Fig.
6A), but at a slower rate than they cured 1660[URE3]. Overexpres-
sion of Btn2 and Hsp42 did not cure L2888[PSI�], nor did overex-
pression of Ydj1(D36N), which has a point mutation disrupting its
interaction with members of the Hsp70 family.

The L2888[PSI�] yeast were imaged to determine the
changes in the GFP-Sup35 fluorescence during curing. As
shown in Fig. 6B, the fluorescent foci became larger and then
aggregated with time when either Cur1 or Ydj1 was overex-
pressed when imaged either at two or six generations in galac-
tose. On the other hand, overexpression of DnaJB6 caused a loss
of detectable foci in cells that still plated as [PSI�]. Therefore, it
appears that these proteins produced a similar change in the
fluorescent foci in both 1660[URE3] and L2888[PSI�] yeast,
although the former were cured more readily than the latter. It
should be noted that the weak 1758[PSI�] variant, which
expresses the unmodified Sup35 protein, was only cured by
overexpression of DnaJB6 and not by overexpression of either
Cur1 or Ydj1 unlike L2888[PSI�]. This difference is probably
due to expression of NGMC in [PSI�] yeast, which makes for a
weaker [PSI�] variant, as was observed previously (32). None of
these different proteins when overexpressed from the GAL1
promoter cured the strong SY80[PSI�] variant.

Discussion

This study examined the curing of [URE3] in real time by
using the 1660[URE3] yeast strain that expresses GFP-labeled
Ure2 from the RNQ1 promoter. To cure [URE3], the seeds must
be eliminated, which was achieved in this study by three differ-
ent mechanisms, each of which led to a very different appear-
ance of the GFP-labeled prion protein. These mechanisms are
1) inhibition of severing followed by diluting out the seeds, 2)
clumping of the seeds followed by asymmetric segregation
between mother and daughter cells, and 3) dissolution of the
seeds. Regardless of the method used to cure [URE3], when
curing was complete, none of the cells had fluorescent foci.
Furthermore, the curing of the 1660[URE3] strain by these dif-
ferent mechanisms was not significantly different from the
1076[URE3] strain, which does not express GFP–Ure2. These
results contrast with studies from the Cullin laboratory (34) in
which they found that the properties of the [URE3] prion prop-
agated by a Ure2–GFP construct, which consisted of the full-
length Ure2 protein labeled with GFP at its C-terminal, were
very different from that of the endogenous Ure2 protein. For
example, the [URE3] yeast expressing Ure2–GFP were not
cured by guanidine. Surprisingly, there were no foci associated
with the presence of the [URE3] prion, which lead them to
propose that Ure2 exists in a soluble state rather than in an
aggregated state (35). They did observe Ure2–GFP aggregates,
but these were dead-end aggregates rather than prion seeds
(34).

We first examined the curing of [URE3] by guanidine-in-
duced inhibition of Hsp104 severing activity. As expected, inhi-
bition of severing caused a progressive loss of seeds concomi-
tant with an increase in properly folded soluble cytosolic Ure2.
Importantly, in the 1660[URE3] strain, there was an excellent
correlation between the percentage of cells that visually
retained foci and the percentage of cells that were still [URE3]
as determined by the plating assay, which strongly suggests that
the foci are the prion seeds. The second mechanism of curing
that we examined was asymmetric segregation of the seeds,
which occurred when Btn2, Cur1, Hsp42, or Ydj1 was overex-
pressed. These proteins induced the formation of aggregates,
which both reduced the number of seeds and impeded their
transmission to the daughter cells. Finally, when DnaJB6 was
overexpressed, we observed curing by dissolution of the prion
seeds; in this case, the seeds appeared to decrease in size until
they were all eliminated.

Does our imaging data agree with the mechanisms previously
proposed for the curing of [URE3]? No mechanism was previ-
ously proposed for the curing of [URE3] by overexpression of
Hsp42, whereas the Wickner laboratory (16) proposed that

Figure 4. Mechanism of curing [URE3] by Cur1 and Cur1–NLS. A, the curing of 1660[URE3] yeast was measured as a function of generation time in yeast
overexpressing RFP-labeled Cur1–NLS or in yeast coexpressing Sis1 and RFP-labeled Cur1 or in yeast coexpressing Sis1 and RFP-labeled Cur1–NLS. The dashed
line is the data shown in Fig. 3B for the curing of 1660[URE3] by overexpression of RFP-labeled Cur1. The Sis1 and the RFP-labeled Cur1 constructs were both
overexpressed from the GAL1 promoter. B, colocalization of Sis-GFP with RFP-labeled Cur1 or Cur1–NLS. The cells were imaged after five generations in
galactose medium to induce expression of the different Cur1 constructs. C, the intensity of GFP-labeled Sis1 in the nucleus compared with its intensity in the
cytoplasm was measured in vector control cells or cells overexpressing either RFP-labeled Cur1 or Cur1 NLS. After fixing the cells with 4% paraformaldehyde,
the nucleus was stained with 4�,6�-diamino-2-phenylindole to delineate the nucleus. The ImageJ program was used to measure the GFP fluorescence intensity
in the nuclear and cytoplasmic compartments. A minimum of 30 cells were measured for each condition. The average values and standard deviation are plotted
for each condition. D, images of 1660[URE3] yeast overexpressing RFP-labeled Cur1–NLS for five generations. The maximum Z-stack projections of confocal
images were obtained on the Nikon A1R confocal microscope.
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overexpression of Btn2 cures by asymmetric segregation. Our
results agree with their proposed mechanism, which was based
on their observation that aggregates of overexpressed Btn2
colocalized with the GFP-labeled prion domain of Ure2, which,

by itself, tends to aggregate. In addition, our conclusion that the
mechanism of curing by overexpression of human DnaJB6 in
dissolution of the seeds is consistent with the proposal of the
Masison laboratory that DnaJB6 blocks the growth of the prion
seeds (9). This proposal was based on in vitro data showing that
DnaJB6 arrested the growth of amyloid fibers composed of the
prion-forming domains of either Ure2 or Sup35 and also the
growth of amyloid fibers composed of either amyloid � frag-
ments or polyglutamine fragments (9, 22–24). Blocking the
growth of the prion seeds, but not the severing of the seeds by
Hsp104, would cause a gradual reduction in the size of the seeds
as they are repeatedly severed, followed by their ultimate disso-
lution. However, this proposed mechanism is not consistent
with our observation that overexpression of Hsp104 did not
affect the rate of curing of [URE3] by DnaJB6, assuming there is
greater severing of the prion seeds at the higher levels of
Hsp104 expression. Evidently, more work is needed to under-
stand the curing of yeast prions by DnaJB6.

In contrast to our imaging data for Btn2 and DnaJB6, which
agree with previously proposed mechanisms of curing by these
agents (6, 9), our imaging data showing large GFP-labeled Ure2
aggregates in yeast overexpressing either Cur1 or Ydj1 do not fit
with proposed models for the curing of [URE3] by these pro-
teins. It has previously been suggested that overexpression of
Cur1 and Ydj1 cures by inhibiting severing of the prion seeds
because of a reduction in Sis1 levels. Instead, our imaging data
of 1660[URE3] show that overexpression of these proteins
causes aggregation of the Ure2 foci, which in turn would cause
curing by asymmetric segregation. The data are consistent with
overexpression of either wildtype Cur1 or the Cur1–NLS
mutant reducing cytosolic Sis1 activity, but wildtype Cur1
achieves this by binding and sequestering Sis1 in the nucleus,
whereas the mutant Cur1–NLS achieves this by binding and
sequestering Sis1 in the cytosol. In contrast to our results, the
Zhouravleva laboratory (20) found that [URE3] was not cured
by overexpression of a Cur1 fragment (Cur1�3–30), which
includes deletion of the nuclear localization sequence, residues
25–29 (29). One possibility for the difference in results is that
the truncated fragment binds with lower affinity to Sis1 than
the Cur1–NLS mutant, but our studies also differ in the [URE3]
variant and the genetic background of the yeast strain.

Like Cur1, overexpression of Ydj1 was proposed to cure
[URE3] by inhibiting the severing of the prion seeds (19), a
proposal based on competition between Ydj1 and Sis1 for Ssa1.
Consistent with this proposal, overexpression of Ydj1 does not
cure [URE3] if mutated in its J-domain to disrupt its binding to
members of the Hsp70 family (30). The competition for Ssa1
between these Hsp40 proteins reduces the amount of Sis1-Ssa1
complex bound to Hsp104, which would reduce the severing
activity of Hsp104 (36, 37). However, our imaging data of
1660[URE3] overexpressing Ydj1 suggest that reducing Sis1
activity in the cytosol causes aggregate formation, although
inhibition of severing may also be contributing to the curing of
[URE3]. These results suggest that in addition to the role of Sis1
in propagating prions, Sis1 may function, perhaps as a cochap-
erone with Ssa1, to inhibit the aggregation of the prion seeds.

Although overexpression of Hsp42, Btn2, Cur1, and Ydj1 all
cured [URE3] by a mechanism involving asymmetric segrega-

Figure 5. The curing of 1660[URE3] by other molecular chaperones. A, the
rate of curing of 1660[URE3] was measured using the red/white colony assay
for yeast overexpressing Ydj1, Yjd1(D36N), DnaJB6, Hsp104, or coexpressing
Hsp104 and DnaJB6. All proteins were overexpressed from the GAL1 pro-
moter. The data points represent the averages and standard deviation
obtained from three independent experiments. B, images of 1660[URE3]
overexpressing either Ydj1 or DnaJB6 for either two generations or four gen-
erations. The maximum Z-stack projections of confocal images were obtained
on the Zeiss 880 confocal microscope. C, images of 1660[URE3] prior to over-
expression and overexpressing Hsp104 for nine generations from the GAL1
promoter. The images are maximized projections of Z-stack confocal images
obtained on the Nikon A1R confocal microscope.
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tion, we found that only the latter two proteins cure [PSI�].
This is the first time that overexpression of Cur1 has been
shown to cure [PSI�] yeast, and in fact, a recent report using a
different yeast strain found that overexpression of Cur1, rather
than curing [PSI�], made it a stronger [PSI�] variant (20). Over-
expression of Ydj1 has not previously been shown to cure
[PSI�], but it has been shown to cure an artificial [PSI�] strain
that expresses a chimeric Sup35 composed of the N-terminal
domain from Pichia methanolica and the M and C-terminal
domains from Saccharomyces cerevisiae (38). Like the images
obtained with the 1660[URE3] yeast strain, imaging of the
L2888[PSI�] strain showed fewer, brighter foci in yeast when

either Cur1 or Ydj1 was overexpressed, indicative of aggrega-
tion of the prion seeds. These proteins cured the weak
L2888[PSI�] variant, but not the strong SY80[PSI�] variant.
However, apparently there is not a direct relationship between
seed number and curing of yeast prions by overexpression of
Ydj1 based on the observation that overexpression of Ydj1
cured only some variants of the yeast [RNQ�] prion (39), even
though all of the [RNQ�] variants evidently have much fewer
seeds than [PSI�] yeast based on the observation that the num-
ber of Rnq1 molecules per cell is one-hundredth the number of
Sup35 molecules per cell (27). This suggests that the structure
of the prion must also affect the curing of prions by overexpres-

Figure 6. The effect of overexpression of Btn2, Cur1, Hsp42, Ydj1, or DnaJB6 in the L2888[PSI�] strain. A, the curing of [PSI�] as a function of generation
time was measured in L2888[PSI�]. Yeast was either incubated in 5 mM guanidine or in grown in galactose medium to overexpress Btn2, Cur1, Hsp42, Ydj1,
Ydj1(D36N), or DnaJB6. The cells were plated on 1⁄2 YPD plates, and curing was measured using the red/white colony assay. The data represent the averages
and standard deviation obtained from three independent experiments. B, confocal images of L2888[PSI�] overexpressing Cur1 or Ydj1 or DnaJB6 prior to
induction, two generations (gen) in galactose medium, and six generations in galactose medium. The images are maximized projections of Z-stack confocal
images obtained on the Zeiss Live confocal microscope. The same settings were used for all images.
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sion of Ydj1. For example, although we observed no curing of
[PSI�] by overexpression of Hsp42, the Shorter laboratory
reported that overexpression of Hsp42 cured [PSI�] (40). This
difference between our results may be due to the [PSI�] variant
or the genetic background of the yeast.

We also observed that overexpression of DnaJB6 cured
the L2888[PSI�] strain and caused a change in the appearance
of the GFP-labeled Sup35 foci like that observed in the
1660[URE3] yeast. Specifically, there was a loss of detectable
foci in the yeast even in cells that were still [PSI�]. In our pre-
vious studies, we observed dissolution of the prion seeds in
[PSI�] overexpressing Hsp104 (8, 31). Although the GFP-la-
beled Sup35 seeds had a similar appearance to that caused by
overexpression of DnaJB6, the mechanism by which Hsp104
overexpression causes dissolution is very different. Curing
caused by Hsp104 overexpression is caused by dissociation of
Sup35 monomers from the seeds in an Hsp104-dependent
reaction that we termed trimming (15). The trimming that we
observed by overexpression of Hsp104 has different properties
than curing by overexpression of DnaJB6. Specifically, overex-
pression of Hsp104 cures both weak and strong [PSI�] variants
(33) and is dependent on the cochaperone Sti1 (41, 42).

Even though overexpression of Hsp42, Btn2, Cur1, and Ydj1
all cure [URE3] by asymmetric segregation, studies using dele-
tion mutants have revealed differences in the detailed mecha-
nisms by which these proteins aggregate the prion seeds. For
example, Hsp42 is required for [URE3] curing caused by over-
expression of Btn2, but not for [URE3] curing caused by over-
expression of Cur1 (17). On the other hand, Cur1, but not Btn2,
is required for [URE3] curing caused by overexpression of
Hsp42 (17), which illustrates that the curing of [URE3] involves
complex interactions between these various proteins. Despite
these interactions, these curing agents share the common fea-
ture that increasing Sis1 levels antagonize their ability to cure
[URE3] (17, 19), possibly either by Sis1 binding directly to the
seeds or by acting as a cochaperone with Ssa1 to inhibit their
aggregation (17).

In conclusion, our results show that overexpression of
Hsp42, Btn2, Ydj1, and Cur1 cure [URE3] by asymmetric seg-
regation of the prion seeds. Interestingly, Hsp42, Btn2, Ydj1,
and Cur1, expressed at the levels induced by stress conditions,
all function in yeast protein quality control; i.e. they mediate the
sequestration of misfolded non-amyloid proteins to different
cellular deposition sites, thus reducing their toxicity (29,
43– 45). Future work using the 1660[URE3] strain should help
elucidate the detailed mechanisms by which these four agents
aggregate the prion seeds and how these mechanisms relate
to their ability to sequester misfolded non-amyloidogenic
proteins.

Experimental procedures

Yeast strains

Yeast strain 1075[URE3][RNQ�] (MAT�, kar1-1, PDAL5::
ADE2, his3�202, leu2�1, trp1�63, ura3-52) (46) was cured of
the [RNQ�] prion to make yeast strain 1076[URE3] strain.
Strain 1660 has URE2–GFP regulated by the RNQ1 promoter
integrated at the RNQ1 genomic locus in place of the RNQ1

coding region. It was made by transforming strain 1075 with a
3.1-kilobase pair KpnI–SalI fragment from plasmid pDCM144
(see below) and selecting HIS� transformants.

pDCM144 carries a URE2–GFP allele with GFP between
URE2 codons 90 and 91 (see below for description of insertion
of the GFP). There are an additional 500 bp downstream of the
URE2 stop codon followed by Schizosaccharomyces pombe
HIS5, which complements S. cerevisiae his3. These sequences
are flanked by the RNQ1 promoter (500 base pairs upstream of
the initiator codon) and terminator (500 base pairs of 3� RNQ1
DNA) to target integration at the RNQ1 genomic locus. Plasmid
pRNQ1–Ure2–GFP is a single-copy URA3-marked vector with
the same URE2–GFP allele regulated by the RNQ1 promoter.

The L2888 [PSI�][RNQ�] and SY80 [PSI�][RNQ�] yeast
strains were derived from the 74-D694 (MATa ade1-
14UGAtrp1-289 his3-�200 ura3-52 leu2-3,112) (32). These
strains have GFP-labeled Sup35 (NGMC) inserted into the
SUP35 chromosomal locus.

Construction of Ure2–GFP plasmid

The Ure2–GFP was constructed by internally inserted the
GFP fluorophore after residue 90. This was done by making
three different PCR products and then annealing these prod-
ucts to obtain the GFP inserted at residue 90 of Ure2. The first
PCR product started 500 base pairs into the promoter region of
Ure2 and terminated at residue 90 of Ure2. The primers used
for this reaction were gatcggatccgaaagaaagtcaagacc (forward)
and gttcttctcctttacttgcctgttgttgttgtcgat (reverse). The second
PCR product for insertion of the GFP between residues 90 and
91 of ure2 used the following primers: caacaacaacaggcaagta-
aaggagaagaacttttcactgg (forward) and cgtgactcatatccgaaaatttg-
tatagttcatccatgccatg (reverse). The third PCR product started
at residue 91 of Ure2 and extended 500 base pairs into the
non-coding region used the following primers: gaactata-
caaattttcggatatgagtcacgtggagtattcc (forward) and gatcggatcct-
cacatagtgtttgtaaac (reverse). The annealed PCR products
were subcloned into pRS314 to make pURE2–Ure2–GFP.
pRNQ1–Ure2–GFP was made using pRS316 –Rnq1p–RNQ1
(pDCM137). Ure2–GFP was inserted into this plasmid after
cutting out the RNQ1 gene. Plasmids were transformed into
yeast as described previously (45). The centromeric Hsp42–
mCherry plasmid used in this study was subcloned from the
pAG415GPD–Hsp42–mCherry plasmid (O-2252) from the
Alberti laboratory (29). The centromeric Cur1–RFP plasmid
used in this study was subcloned from pBEE2 plasmid. All con-
structs were sequenced (Macrogen). A list of the plasmids used
in this study is given in Table 1.

Curing of yeast prions by overexpression of different proteins

Yeast grown in synthetic defined medium were washed with
PBS and then grown overnight in raffinose medium. Galactose
medium was then added, and the yeast growth was monitored
by the absorbance at 600 nm. At the indicated times, yeast was
plated on 1⁄2 YPD plates to measure the extent of curing. The
presence of [URE3] was monitored y by use of an ADE2 allele
regulated by the DAL5 promoter (PDAL5::ADE2), as described
previously (19). When plating on limiting adenine (1/2 YPD
plates), [URE3] and [ure-o] cells gave rise to white and red col-
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onies, respectively. Curing of [URE3] was determined by the
fraction of entirely red ([ure-o]) colonies after 3 days of incuba-
tion at 30 °C. The curing of [PSI�] was also monitored by red/
white colony assay since the yeast strains have the ade1-14 non-
sense mutation. Colonies that had any white were scored as
[PSI�], whereas completely red colonies were scored as [psi�].
For each time point, we counted a minimum of 200 colonies. All
curing curves were done a minimum of three times, and the
data are plotted as the averages and standard deviation.

Microscopy

Imaging of the fluorescence was always done by Z-stack con-
focal imaging of live cells. As noted in the text, the different
microscopes used to image were the Zeiss LSM 880 Airyscan
confocal microscope equipped with a 63	 1.4 NA objective, the
Nikon A1R confocal microscope equipped with a 60	 1.4 NA
objective, and the Zeiss Live confocal microscope equipped
with a 100	 1.4 NA objective. Yeast were imaged in 8-well,
25-mm, two-chambered coverslips (Lab-Tek, Rochester, NY).
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