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ABSTRACT

The essential Hsp40, Sisl, is a J-protein cochaperone for the Ssa class of Hsp70’s of Saccharomyces cerevisiae.
Sisl is required for the maintenance of the prion [RNQ*], as Sisl lacking its b5-amino-acid glycine-rich
region (G/F) does not maintain [RNQ*]. We report that overexpression of Sisl1AG/F in an otherwise
wild-type strain had a negative effect on both cell growth and [RNQ™*] maintenance, while overexpression
of wild-type Sisl did not. Overexpression of the related Hsp40 Ydjl lacking its G/F region did not cause
inhibition of growth, indicating that this dominant effect of Sis1AG/F is not a characteristic shared by all
Hsp40’s. Analysis of small deletions within the SISI G/F region indicated that the observed dominant
effects were caused by the absence of sequences known to be important for Sis1’s unique cellular functions.
These inhibitory effects of Sis1AG/F were obviated by alterations in the N-terminal J-domain of Sisl that
affect interaction with Ssa’s ATPase domain. In addition, a genetic screen designed to isolate additional
mutations that relieved these inhibitory effects identified two residues in Sis1’s carboxy-terminal domain.
These alterations disrupted the interaction of Sisl with the 10-kD carboxy-terminal regulatory domain of

Ssal, indicating that Sisl has a bipartite interaction with Ssa in vivo.

T is well established that molecular chaperones func-
tion in a wide range of cellular processes. For exam-
ple, chaperones assist the folding of other proteins by
preventing their aggregation and, in some cases, by re-
solubilizing protein aggregates. In addition, a role for
molecular chaperones in modulating the state of prions,
proteins that have the unusual ability to exist in distinct
and heritable conformations, has begun to emerge
(WICKNER et al. 1999; SERI1O et al. 2000); the stability of
these prion states allows for the faithful transmission of
prions during cell division.

While a number of classes of molecular chaperones
exist, Hsp70 and J-type chaperones are among the most
conserved, being present in nearly all organisms.
Hsp70’s and J-proteins function together (Bukau and
HorwicH 1998). Neither Hsp70 nor J-proteins alone
are capable of promoting the refolding of denatured
luciferase in vitro, but together they can cooperate to
efficiently effect refolding. Hsp70’s bind unfolded or
partially unfolded polypeptides in an ATP-regulated cy-
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cle. Whereas the central 18-kD domain binds short hy-
drophobic stretches of amino acids, the highly con-
served N-terminal 44-kD domain regulates this binding
of substrate polypeptides through its interaction with
adenine nucleotides. Therefore, Hsp70 proteins have a
two-state conformation. When an ADP molecule is
bound to the nucleotide-binding site, the Hsp70 exhib-
its stable peptide binding; when ATP is bound, this
interaction is relatively unstable.

On the basis of biochemical analyses, J-proteins are
thought to facilitate Hsp70 action in two ways (YOUNG
et al. 2004). First, they stimulate ATP hydrolysis, promot-
ing a stable interaction between Hsp70 and unfolded
proteins. Second, some J-proteins bind unfolded poly-
peptide substrates and are able to prevent their aggrega-
tion independently of Hsp70 action. Therefore, ac-
cording to the current model of the cycle of Hsp70 and
J-protein action, a J-protein first binds unfolded protein
substrate and then transfers it to Hsp70, simultaneously
stimulating the Hsp70 ATPase activity and thus stabiliz-
ing the Hsp70-unfolded protein interaction.

Multiple J-proteins exist in both prokaryotic and euk-
aryotic cells. The highly conserved J-domain interacts
with the Hsp70 ATPase domain in an ATP-dependent
manner (Bukau and HorwicH 1998). A major subset
of J-proteins called Hsp40’s (CHEETHAM and CAPLAN
1998) has a N-terminal J-domain, followed by a region
rich in glycine residues, which in turn is followed by a
domain that binds unfolded polypeptides. The Hsp40
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Sisl, the subject of this report, is the J-protein partner
of members of the Ssa family of Hsp70’s (Ssal-4) (Lu
and Cyr 1998). Sisl contains an extended glycine-rich
region compared to other Hsp40’s, such as Escherichia
coli DnaJ or yeast Ydj1. The first 55 amino acids of this
region of Sisl are also rich in phenylalanines (G/F re-
gion); the last 49 amino acids are rich in methionine
residues (G/M). The carboxy-terminal 181 amino acids
of Sisl contain the proposed polypeptide binding site
(domain I), a domain of unknown function (domain
IT), and a dimerization domain (Lu and Cyr 1998; SHA
et al. 2000; LEE et al. 2002; L1 et al. 2003). In addition
to the J-domain:ATPase domain interaction, an interac-
tion between the carboxy-terminal region of Sisl and
the C-terminal 10-kD domain of Hsp70 has been de-
tected (DEMAND et al. 1998; QIaN et al. 2002). In the
cases of Ssal and Sisl, the interaction requires the last
four amino acids of Ssal, but the in vivo significance of
this interaction between the C termini of the two pro-
teins is unknown.

Sisl is critical for maintenance of the prion form of
the protein Rnql (SONDHEIMER et al. 2001; FAN et al.
2004; N. Loprez, R. ARON, W. WALTER, E. CRAIG and ]J.
JonnsoN, unpublished results). Like other prion-form-
ing proteins, Rnql exists in different states: a soluble
form, [rng~], and an aggregated prion form, [RNQ™"].
Sis1 lacking the G/F region (Sis1AG/F) is unable to
maintain [RNQ*] (SONDHEIMER ef al. 2001). The role
of Sisl in maintenance of [RN Q*] is not related to its
essentiality (ZHONG and ARNDT 1993), as neither a dele-
tion of the RNQI gene nor the presence of [RNQ*] causes
an obvious phenotype (SONDHEIMER and LINDQUIST
2000). Sis1 plays multiple roles in the cell, and evidence
points to a role in the initiation of translation as an essen-
tial cellular Sisl function (ZHONG and ARNDT 1993).

Sisl is functionally unique in that it performs roles
that are not covered by related proteins. Overexpression
of another cytosolic Hsp40, Ydjl, cannot restore wild-
type growth of a sisI strain (LUKE et al. 1991) nor is Ydj1
required for the maintenance of [RNQ*] (LoPEz et
al. 2003). Surprisingly, the specificity of Sisl function
resides in the glycine-rich region (YAN and CrRAIG 1999).
The C-terminal sequences extending beyond the gly-
cine-rich regions, including the polypeptide-binding do-
main, are essential neither for cell viability nor for main-
taining Rnql in an aggregated state. However, they play
some role as cells expressing only the J-domain and the
G/F region of Sisl grow somewhat more slowly than
wild-type cells, and although Rnql is maintained in a
prion state, smaller aggregates are observed (SOND-
HEIMER et al. 2001).

Because of the critical nature of the G/F region of
Sis1l, we began an analysis of sisIAG/F. We found that
sisIAG/F had a negative effect on both prion mainte-
nance and cell growth when overexpressed in wild-type
cells. However, these negative effects were suppressed
by mutations causing single amino acid alterations of
Sisl that disrupt interaction with either the ATPase do-

main or the 10-kD regulatory regions of Ssal. Our results
suggest that Sis1 has a bipartite interaction with Ssal n
Vivo.

MATERIALS AND METHODS

Strains, plasmids, and growth conditions: All genetic experi-
ments were carried out in the W303 background, mainly utiliz-
ing PJ51-3a (a trpl-1 wra3-1 leu2-3,112 his3-11,15 ade2-1 canl-100
GAL2" met2-A1 lys2-A). For testing the function of sis] mutants
in the absence of wild-type SISI, WY26 (o trpI-1 wra3-1 leu2-3,112
his3-11,15 ade2-1 canl-100 GAL2" met2-A1 lys2-A2 sisl::LEU2/
YCP50-SIS1) (YAN and CRAIG 1999) was transformed with pRS314
(S1korskI and HIETER 1989) carrying SISI mutants. Colonies
having lost wild-type SISI were selected on plates containing
5-fluoroorotic acid (5-FOA). WY12 (o his3-11, 3-15 leu2-3,2-
112 wra3-52 trpl-A1 lys2 Apep4::HIS3 ssa2::LEU2 ssa3::TRPI1
ssa4::LYS2) (PFUND et al. 2001) and Y1121 (o Apep4::HIS3
Asis1::LEU2/YCP50-SISI leu2-3,112 wra3-52 trpIl-A1 his3-11,15
lys1 lys2) were used for protein purification after transforma-
tion with the plasmids indicated below.

Strains were grown in YPD (1% yeast extract, 2% peptone,
2% dextrose) or minimal media lacking specific amino acids
(0.67% yeast nitrogen base without amino acids, 2% dextrose,
supplemented with all required amino acids). To analyze cell
growth, serial dilutions of logarithmically growing cells were
spotted onto YPD or selective minimal media.

Plasmids pYW65 (pRS314-SIS1), pYW116 (pRS314-sisIAG/
F), pYW118 (pRS314-sis1-H34Q), and p316-RNQI-GFP have
been described elsewhere (YAN and CrAIG 1999; SONDHEIMER
and LinpQuisT 2000). Other plasmids described below were
constructed by standard molecular techniques.

Rnql prion analysis: Centrifugation assays to determine the
aggregation state of Rnql were performed as described (SoND-
HEIMER el al. 2001). For fluorescence microscopy, cells were
transformed with a copy of RNQI-GIP regulated by the CUPI
promoter (SONDHEIMER and LinpqQuisT 2000). Cells were
grown at 30° and visualized during midlog phase after induc-
tion with 50 pM CuSO,. Unfixed cells were visualized in a
fluorescence microscope Zeiss Axioplan 2 (Zeiss, Ober-
kochen, Germany). Digital images were captured using the
QED software (QED Imaging, Pittsburgh).

Protein purification: Ssal was purified from WY12 trans-
formed with plasmid p416TEFHIS-SSAI using metal chelate
affinity chromatography as described (PFUND et al. 2001). Puri-
fied proteins were dialyzed against a standard Tris buffer (20
mMm Tris, pH 7.5, 20 mM NaCl,10 mm MgCly, 5 mM 2-mercapto-
ethanol, 10% glycerol). Wild-type and mutant Sisl proteins
with an amino-terminal histidine-tag were generated by clon-
ing into the pRSETB vector (Invitrogen, Carlsbad, CA). For
expression in yeast, this construct was placed under control
of the glyceraldehyde-3-phosphate dehydrogenase (GPD) pro-
moter in p414GPD or related vectors (MUMBERG et al. 1995)
and transformed into Y1121. To ensure that the His-tagged
Sis1 was the only Sisl present, transformants were transferred
to media containing 5-FOA to counterselect for the Ycp50-
SIS1 plasmid. Due to reduced viability of cells expressing only
Sis1A170-255 (data not shown), an additional untagged ver-
sion of Sis1 lacking the dimerization domain (SHA et al. 2000)
was present to improve cell growth. Purification was done as
described for Ssal.

Genetic analysis: To obtain consistent overexpression levels,
wild-type SISI, sisIAG/F, and sisIAG/I*H34(Q (not encoding
the amino-terminal histidine tag) were moved into the centro-
meric 414GPD and 415GPD vectors (MUMBERG ¢t al. 1995).
PJ51-3A was transformed with these plasmids using standard
yeast methods (GIETZ et al. 1995). Immunoblot analysis (not
shown) determined that wild-type cells containing 414GPD-
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SISI expressed four to five times the amount of Sis1 produced
from the chromosomal copy of SISI alone. 414GPD plus
415GPD (or 416GPD) was used to achieve the same level of
overexpression of variants of Sisl having deletions of the G/
F region. In all experiments reported, the overexpression of
Sisl or Sisl variants was at least four or three times, respec-
tively, the level produced from the chromosomal copy of SIS1
alone. For overexpression analysis of Ydjl and Ydjl1AGF,
pRS317-Ydj1 or Ydj1AGF was cotransformed with pRS424-Ydj1
or YdjIAGF into PJ51-3A cells. Overexpression of approxi-
mately two- and fourfold for Ydj1 and Ydj1AGF, respectively,
relative to endogenous Ydjl, was determined by immunoblot
analysis.

A plasmid library containing random mutations in codons
158-352 of Sisl1AG/F was generated using error-prone PCR
and transformed into a strain that grew well unless sisIAG/F
was overexpressed. Two colonies arose despite producing full-
length Sis1AG/F. Plasmid DNA from these colonies was iso-
lated and the mutations were identified as sisIAG/F-L268P and
sisIAG/F-G315D. These mutations were subsequently moved into
the p414GPD and p415GPD vectors for overexpression and puri-
fication. In addition, the 1.268P and G315D mutations were
separated from the AG/F mutation using internal restriction
sites and moved into full-length SISI for purposes of protein
purification.

Immunoblot analysis: Immunoblots were performed as de-
scribed (SONDHEIMER ef al. 2001; Lopez et al. 2003) using
polyclonal antibodies developed in the Craig laboratory
against full-length Sisl (66932) or the first 185 residues of
Rnql (1121). Samples were separated by SDS-PAGE and ana-
lyzed by immunoblot using chemiluminescence detection
(New England Nuclear, Boston).

Substrate-binding ELISA assays: Firefly luciferase (Promega,
Madison, WI) or Rnql was denatured for 1 hr at 25° in 3 M
guanidine HCI, 25 mm HEPES, pH 7.5 (KOH), 50 mm KCI,
5 mm MgCl,, and 5 mm DTT. Substrate was diluted in 0.1 m
NaHCO; and bound to CoStar 3590 EIA plates (Corning,
Corning, NY) at a concentration of 0.1 pg/well. Wells were
washed with phosphate-buffered saline (PBS), blocked with
PBS containing 0.5% fatty-acid-free bovine serum albumin
(BSA) (Sigma, St. Louis), and washed with PBS containing
0.05% Tween 20 (PBST). Wild-type or mutant Sis1 was serially
diluted in PBST + 0.5% BSA and incubated with substrate
for 1 hr at room temperature. After extensive washing with
PBST, a 1:20,000 dilution of polyclonal antisera against Sisl
was added and incubated for 1 hr. After additional washes, a
1:4000 dilution of donkey-anti-rabbit HRP-conjugated antise-
rum (Amersham, Piscataway, NJ) was added and incubated
for 45 min. After washing, the reaction was developed ac-
cording to the manufacturer’s specifications with TMB peroxi-
dase EIA substrate kit (Bio-Rad, Hercules, CA).

Ssal 10-kD binding assays: Ten-kilodalton fragments of Ssal
were expressed as GST fusion proteins in E. coli using pGEX-
KG (Guan and Dixon 1991), purified on glutathione-agarose
beads (Sigma), and released from GST by thrombin cleavage
as described (GuaN and Dixon 1991). The 10-kD fragment
or BSA as a control was diluted into 0.1 M NaHCO, and 7
pmol was bound to each well of EIA plates. The Sisl-binding
assay was performed as described for the substrate-binding
assay.

Other assays: Single-turnover ATPase and luciferase refold-
ing assays were performed essentially as described (L1u et al.
2001).

RESULTS

Sis1AG/F binds denatured substrates, but does not
efficiently cooperate with Hsp70 to refold luciferase.
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Ficure 1.—Sis1AG/F binds denatured protein. (A and B)
Binding of purified wild-type Sis1, Sis1AG/F, or Sis1A170-255
to denatured luciferase (A) or Rnql (B). Serial dilutions of
purified Sis1 (4, 2, 1, 0.5, and 0 nm) were incubated with 100
ng of luciferase or Rnql immobilized in wells of a microtiter
plate. Bound Sis1 was detected with antibody specific for Sis1.

Since Sis1AG/F is severely defective in the maintenance
of [RNQ™], we purified Sisl and Sisl1AG/F to compare
their physical and functional interactions with unfolded
protein substrates and with Ssal. We first determined
if Sis1AG/F had an altered interaction with unfolded
proteins using a modified and sensitive ELISA assay
previously used to study interactions between the E. coli
Hsp40 DnaJ and substrates (WAwWRzyNow and ZYLICZ
1995). Chemically denatured luciferase (Figure 1A) or
Rnql (Figure 1B) was immobilized in wells of microtiter
plates. Increasing concentrations of wild-type or mutant
Sisl were added, and the amount of Sisl retained in
the wells after extensive washing determined using Sis1-
specific antibodies. A Sisl mutant protein lacking do-
mainT (Sis1A170-255), the peptide-binding domain, was
used as a control. As expected, Sis1A170-255 bound very
poorly to denatured luciferase or Rnql compared to
wild-type protein. However, binding of Sis1AG/F was
indistinguishable from that of wild-type Sisl, indicating
that it was not defective in substrate binding.

We next tested the ability of Sis1AG/F and Ssal to
function together. First, we compared the ability of Sisl
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FiGURE 2.—Sis1AG/F is able to stimulate the ATPase of
Ssal but is unable to cooperate in the refolding of denatured
luciferase. (A) Stimulation of Ssal ATPase activity. A total of
0.2 M Ssal in complex with radiolabeled [y-*P]ATP was
incubated in the presence or absence of 0.02 pum Sisl or
Sis1AG/F. Fraction of ATP converted to ADP was determined
at indicated times. (B) Refolding of denatured luciferase. De-
natured luciferase was incubated with 0.2 pwm Sis1 or Sis1AG/
F in the presence of indicated amounts of Ssal. Luciferase
activity is expressed as percentage of activity prior to denatur-
ation.

and SisIAG/F to stimulate the ATPase activity of Ssal,
as typically Hsp40’s stimulate the intrinsic ATPase activ-
ity of Hsp70’s by increasing the rate of hydrolysis. We
used a single-turnover assay in which preformed com-
plexes between purified Ssal and [a-*P]ATP were incu-
bated in the absence of Sisl or in the presence of wild-
type Sisl or Sis1AG/F. Over a range of concentrations
we observed no substantial difference in the ability of
Sis1 and Sis1AG/F to stimulate Ssal ATPase activity
(Figure 2A) (data not shown).

Second, we tested the ability of Sisl and Ssal to facili-
tate the refolding of denatured luciferase. As expected
from previously published results (Lu and Cyr 1998),
wild-type Sis1 could facilitate refolding of up to 75% of
the denatured protein (Figure 2B). However, Sis1AG/F
was compromised in its ability to refold luciferase over
a range of Ssal concentrations. Hsp40’s are thought to
target substrates to Hsp70 by first binding them and

then facilitating their transfer to Hsp70. The inability of
Sis1AG/F to efficiently facilitate refolding of luciferase,
even though it could bind unfolded polypeptide, sug-
gested that the G/F region may be important for a
productive interaction between Hsp40 and Hsp70.

To test whether the folding defect of Sis1AG/F was
manifest in the presence of wild-type protein, we exam-
ined the effect of adding Sis1AG/F to a folding reaction
containing wild-type Sisl and Ssal (Figure 2B). Partial
inhibition of folding occurred in the presence of a two-
fold excess of Sis1AG/F. For example, when 2 um Ssal
was used in the assay, Sis1AG/F had 33% of the activity
of wild-type Sisl. A mixture of wild type and Sis1AG/F
had 70% of the activity of wild type alone. Thus, in vitro
Sis1AG/F is defective in chaperone activity and partially
inhibits the ability of wild-type Sisl to facilitate protein
folding.

Sis1AG/F has a dominant negative effect on mainte-
nance of [RNQ'] and cell growth: The in vitro experi-
ments described above indicate that Sis1AG/F is defec-
tive in functional interactions with Ssal and has an
inhibitory effect on the ability of wild-type Sisl to refold
luciferase in vitro. Therefore we asked if Sis1AG/F also
had dominant effects on the maintenance of [RN Q*]
or on cell growth. To analyze the physical state of Rnql
in strains overexpressing Sis1AG/F, we used two assays.
We assayed the sedimentation properties of Rnql in
cell lysates and we monitored the distribution of Rnql
in living cells, making use of a Rnql-green fluorescent
protein fusion (Rnql-GFP). As controls we tested Asis]
cells expressing wild-type SISI or sisIAG/F from a cen-
tromeric plasmid. As previously reported (SONDHEIMER
and LinpQuisT 2000; LopPEz et al. 2003), all of the Rnql
was present in the pellet fraction and fluorescence ap-
peared in a single bright focus in the majority of cells,
with the rest of the cell having a dark background,
when cells expressing wild-type Sis1 were tested. In cells
expressing Sis1AG/F, all the Rnql was in the soluble
fraction and the fluorescence was diffuse (Figure 3A),
very similar to that seen in wild-type cells that had been
cured of the prion.

To test whether overexpression of SislAG/F has a detri-
mental effect on prion maintenance in the presence of
wild-type Sisl, wild-type strains overexpressing either Sisl
or SisIAG/F were assayed for the presence of [RNQ*] by
high-speed centrifugation of cell lysates. Fourfold overex-
pression of wild-type Sisl did not modify the sedimentation
properties of Sisl, as no detectable Sisl was present in
the supernatant fraction (Figure 3B, bottom). However,
threefold overexpression of Sisl1AG/F consistently re-
sulted in 15-17% of Rnql being in the supernatant.
This effect of Sis1AG/F is partially dominant, as all Rnq1
in extracts from cells expressing only Sis1AG/F is found
in the supernatant fraction. In addition, overexpression
of Sis1AG/F, but not of wild-type Sis1, in wild-type cells
affected the distribution of Rnql-GFP (Figure 3B, top).
The majority of cells overexpressing Sis1AG/F in the
presence of normal levels of Sisl displayed a diffuse
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F1GURE 3.—Opverexpression of Sis]IAG/F in the presence of
wild-type Sisl is deleterious for maintenance of [RNQ*] and
cell growth. (A and B) Analysis of Rnql. (Top) Cell lysates
were separated by centrifugation and immunoblotted with
antibody specific for Rnql; total cell lysate (T), supernatant
(S), and pellet (P) fractions. (Bottom) Fluorescence micros-
copy of Rnql-GFP. Insets are the corresponding bright-field
images. (A) AsisI cells expressing wild-type SISI (SISI) or
sisIAGF. (B) Wild-type cells harboring plasmids: vector as a
control (1X Sisl) or SISI (4X Sisl) or sisIAG/F (1X Sisl +
3X Sis1AG/F). (C, left) Equal amounts of lysates from wild-
type cells (—), or cells overexpressing sisIAG/F (Sis1AG/F)
or SISI (4X Sisl) were separated by SDS-PAGE and immu-
noblotted with antibodies specific for Sisl. (C, right) Growth
of serial dilutions of the same strains on selective medium
after a 2-day incubation at 23° and 37°.

pattern of fluorescence, very similar to that seen in a
strain expressing only Sis1AG/F (Figure 3A). Therefore,
both assays indicated a disruption in the maintenance
of the prion [RNQ"] when Sis1AG/F is present along
with normal amounts of wild-type protein.

Although deletion of RNQI has little or no effect on
cell growth, Sis1 is essential for cell viability (LUKE et al.
1991). Therefore, we also evaluated whether overexpres-
sion of Sis]1AG/F had any effects on growth rate. Three-
fold overproduction of Sis1AG/F in otherwise wild-type
cells dramatically affected growth particularly at temper-
atures above and below the optimum of 30° (Figure
3C), while increased levels of wild-type Sisl did not.
Therefore, Sisl’s ability to allow growth and maintain
[RNQ™] is sensitive to moderate overexpression of Sisl
lacking the G/F region.

Sisl deleted for a 13-amino-acid segment of the G/F
region has dominant effects: To better understand what

A 13
Sis1 mumsmpsgiismnnsnnnn
Ydjl ceeeveeerees AGGAGGF PGG G e RRREERPP VY FSQFFG

B

ol &
ydjl AGF

C

AAY)

sis] AGF
sis1A67-78 LT

sis]AIOI-113
sisIA86-96 LB

Frcure 4.—Different effects of overexpression of Ydjl and
Sis1 lacking G/F sequences. (A) Comparison of the G/F re-
gion of Sisl and Ydjl. Identical residues are boxed. (B and
C) Wild-type cells harboring plasmids: vector as control (—)
or vector containing the indicated genes. Tenfold serial dilu-
tions of cells were spotted onto selective media and the plates
were incubated at the indicated temperatures for 2 days.

sequences are causal in growth inhibition and prion
maintenance, we analyzed additional deletion mutants.
First, we tested another Hsp40 of the yeast cytosol, Ydj1.
We asked if overexpression of the Hsp40 Ydjl lacking
its G/F region (Ydj1AG/F) had deleterious effects on
growth relative to overexpression of wild-type Ydj1. Four-
fold overexpression of Ydj1AG/F had no effect in wild-
type cells (Figure 4B), indicating that the negative ef-
fects we observed for Sis1AG/F are not common to all
Hsp40’s lacking their G/F regions.

The G/F regions of Ydj1 and Sisl are similar, but the
alignment of these sequences indicates that the larger
G/F region of Sisl has two unique segments, amino
acids 67-78 and 101-113 (Figure 4A) (LoPEz el al
2003). We tested whether overexpression of Sis1A67-
78, Sis1A101-113, or Sis1A86-96, which lacks 11 amino
acids of the conserved portion of the G/F region, causes
growth inhibition. Fourfold overexpression of Sis1A67-
78 or Sis1A86-96 did not inhibit the growth of wild-type
cells. However, twofold overexpression of Sis1A101-113
in wild-type cells resulted in decreased growth regardless
of the temperature at which they were tested (Figure
4C). These results are consistent with the idea that the
sequences responsible for the negative effects are those
important for Sisl’s unique functions such as prion
maintenance, as discussed below.

Disruption of interaction with Hsp70 obviates the neg-
ative effects of Sis1AG /F: Our biochemical results indi-
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FIGURE 5.—Amino acid substitutions in the J-domain obvi-
ate the dominant in vivo effects of Sis1AG/F on [RNQ*]
maintenance. Wild-type cells were transformed with plasmids
overexpressing either sisIAG/F (1X Sisl + 3X SisAG/F) or
sisIAG/IH34Q (1X Sisl + 3X Sisl1AG/F-H34Q) (A) Tenfold
serial dilutions of cells were spotted onto selective medium and
incubated for 2 days. (B) Analysis of Rnql. (Top) Fluorescence
microscopy of transformants expressing Rnql-GFP. (Bottom)
Centrifugation analysis of Rnql. Cell lysate (T), supernatant
(S), and pellet (P) fractions were immunoblotted with Rnql-
specific antibodies.

cated that Sis1AG/F is not defective in its interaction
with substrate proteins or ability to stimulate the ATPase
activity of Ssal, but cannot cooperate in the refolding
of denatured luciferase. Because of the dominant effects
that we observed, we proceeded to test the hypothesis
that an altered interaction, rather than a lack of interac-
tion, of Sis1AG/F with Ssal, is the cause of the inhibitory
effect produced by its overexpression. Since the J-domain
of Hsp40’s interacts with the ATPase domain of Hsp70’s,
we asked whether a single amino acid alteration in the
conserved HPD motif of the J-domain known to disrupt
Sis1 function, H34Q (YAN and CraiG 1999), modulated
the dominant effects of SisAG/F. We found that over-
expression of Sis1AG/F-H34Q did not inhibit the
growth of wild-type cells (Figure 5A).

We also tested whether the H34Q) alteration affected
the ability of SislAG/F to disrupt the propagation of
the prion. While cells overexpressing Sis1AG/F showed
dispersed Rnql-GFP fluorescence, cells overexpressing
Sis1AG/F-H34Q maintained a single focus of fluores-
cence (Figure 5B, top). In addition, all the Rnql was
found in the pellet fraction after high-speed centrifuga-
tion of lysates from cells overexpressing Sisl1AG/F-
H34Q (Figure 5B, bottom). These results provide evi-
dence that although Sis1AG/F can stimulate the ATPase
activity of Ssal, the interaction between Sis1AG/F and
Ssal is altered and this leads to subsequent loss of
[RNQ*].

Alterations in the C-terminal domain of Sisl obviate
the toxic effects of Sis1AG/F: Since the H34Q) alter-

A

B _ 3x AG/F  3x AG/F- 3x AG/F- 3x AG/F-
H34Q L268P  G315D
TS PTGSPT SPTGSPTJGSP
—_—
G

F1GUre 6.—Alterations in the C terminus of Sis1 disrupt the
dominant in vivo effects of Sis1AG/F on growth and [RNQ*]
maintenance. (A) Serial dilutions of wild-type cells carrying a
control vector or a plasmid carrying sisIAG/F, sisIAG/I-~H34(Q),
sisIAG/I-L268P, or sisIAG/F-G315D were grown for 2 days on
selective media at 23° or 37°. (B) Centrifugation analysis of
Rnql using lysates from strains overexpressing sisIAG/E,
sisIAG/I-H34Q, sisIAG/I-L268P, or sisIAG/F-G315D. Cell ly-
sate (T), supernatant (S), and pellet (P) fractions were immu-
noblotted with Rnql-specific antibodies. (C). Structure of the
C-terminal domain of Sisl (SHA et al. 2000) with location of
G315 and L268 indicated. Image generated from PDB file
1C3G using Rasmol.

ation obviated Sis1AG/F’s ability to inhibit growth of
wild-type cells, we used error-prone PCR to randomly
mutagenize sisIAG/F and selected for mutations that
relieved the growth inhibition (Figure 6A). Two mutants
that produce normal levels of protein (data not shown)
were selected and analyzed further. Both mutations
cause single amino acid alterations in domain II of the
C-terminal region (L268P and G315D). Both L268 and
G315 lie near the interface with domain I (Figure 6C).
To determine whether the C-terminal mutations that
we isolated affect prion maintenance, the aggregation
of Rnql in cells overexpressing Sis1AG/F-L268P or
Sis1AG/F-G315D was examined. As in the case of cells
overexpressing Sis1AG/F-H34Q), all of Rnql was found
in the pellet after high-speed centrifugation of extracts
(Figure 6B). In addition, cells overexpressing these pro-
teins maintained a single focus of Rnql-GFP fluores-
cence, similar to Sis1AG/F-H34Q) (data not shown).
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Alterations in the C terminus of Sis1 disrupt interaction
with the 10-kD domain of Ssal: Because the C-terminal
alterations had the same effects in vivo as the J-domain
alteration known to affect interactions with Hsp70, we
hypothesized that the L268P and G315D alterations affect
the interaction of Sisl with Ssal. We therefore proceeded
to investigate the interaction between the C terminus of
Sisl and Ssal. Recently, an interaction between the en-
tire C-terminal region of Sisl (residues 170-352) con-
taining domains I and II, as well as the dimerization
domain, and the 10-kD C terminus of Ssal was described
(QIAN et al. 2002). While the region of Ssal interacting
with Sisl was localized to the most C-terminal 15 resi-
dues, the C-terminal segment of the Sisl involved is not
known.

We adapted the previously described ELISA assay to
evaluate the interaction between the C terminus of Sisl
and the 10-kD C-terminal domain of Ssal. The purified
10-kD fragment was bound to the wells of a microtiter
plate and the amounts of wild-type or mutant Sisl pro-
teins retained on the wells after extensive washes were
determined using Sisl-specific antibodies. A deletion of
the last four C-terminal residues of the 10-kD domain
(AEEVD), previously shown to be required for Ssal’s
interaction with the C terminus of Sisl (DEMAND et al.
1998; QIaN et al. 2002), was used as a control. Full-
length Sis1 (Figure 7A), as well as the isolated C-terminal
region (data not shown), had significant binding to the
10-kD region, while minimal interaction was observed
for the control protein, BSA or the 10-kD region con-
taining the EEVD deletion. Full-length Sisl containing
either the L268P or the G315D alteration displayed
markedly reduced binding to Ssal (Figure 7B), sug-
gesting a role of these residues in the interaction be-
tween Sisl and the 10-kD region of Ssal. These results
provide additional evidence that altered interaction of
Sisl1AG/F with Ssal leads to the dominant effects of
the mutant protein on [RNQ™] maintenance and cell
growth.

In vivo consequences of defective interaction between
the C terminus of Sisl and the 10-kD domain of Ssal:
To test the effect of amino acid alterations in the C
terminus of Sisl that alter its interaction with the 10-
kD domain of Ssal, we examined the phenotype of sisi-
L268P and -G315D in the absence of wild-type Sisl.
Serial dilutions of strains expressing only Sis1-L.268P or
Sis1-G315D were tested for growth at 23°, 30°, and 37°.
No growth defects compared to cells expressing wild-
type Sisl were observed (Figure 8A). All three strains
produced the same level of Sisl protein as judged by
immunoblot analysis (data notshown). [RNQ*] pheno-
types of sisI-L268P and sisI-G315D were also compared
with those of wild type and sisIAG/F. Cells expressing
Sis1-L268P or Sisl-G315D showed an intermediate
[RNQ™] phenotype. Rnq1-GFP fluorescence was visible
as a pattern of multiple small foci in virtually all cells
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FIGURE 7.—Alterations in the C terminus of Sisl disrupt its
interaction with the 10-kD region of Ssal. (A) Binding of Sis1
to the purified 10-kD fragment of Ssal (10KSsal), 10KSsal
lacking the C-terminal four amino acids (10KSsalAEEVD), or
BSA as a control. A total of 7 pmol of 10-kD fragment (or
BSA) was immobilized in wells of a microtiter plate and incu-
bated with serial dilutions of purified Sisl. Sisl retained in
the wells after washing was detected by immunoblot analysis
using antibody specific for Sisl. (B) Binding of Sisl, Sisl-
L268P, or G315D to the 10KSsal. A total of 7 pmol of purified
10KSsal was immobilized in wells of a microtiter plate and
serial dilutions of Sis1, Sis1-G315D, or L268P were added. Sisl
retained in the wells was detected by antibody specific for Sis1.

(Figure 8B). In addition, a portion of Rnql was present
in the soluble fraction (Figure 8B). Thus, alteration of
these residues affects the prion state of Rnql, although
not as dramatically as the absence of the G/F region.

DISCUSSION

Bipartite interaction between Sisl and Hsp70. The
results presented here indicate that a bipartite interac-
tion between Sisl and Ssal occurs in vivo. It has been
appreciated for some time that Hsp40’s and Hsp70’s
interact, as binding of the J-domain of Hsp40 to the
Hsp70 ATPase domain is required for stimulation of
ATPase activity (BukAU and HORwICH 1998; LAUFEN ef
al. 1999). A second site of interaction between the 10-
kD domain of Ssal and the C-terminal 181 amino acids
of Sisl was recently described (QIaN et al. 2002). The
suppressor analysis described above uncovered two al-
terations in Sisl that disrupted this interaction, L268P
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F1GURE 8.—Phenotypes of strains expressing sisI-L268Pand
sisI-G315D. sisl::LEU2/YCp50-SIS1 was transformed with a
plasmid expressing SISI, sisI-L268P, or sis]-G315D. Trans-
formants having lost the YCp50-SISI plasmid were selected on
plates containing 5-FOA. (A) Serial dilutions of cells express-
ing the indicated genes were grown for 2 days on rich media
at the indicated temperatures. (B) Analysis of Rnql. (Top)
Fluorescence microscopy of indicated transformants express-
ing Rnq1-GFP. (Bottom) Centrifugation analysis of Rnql using
lysates from sis] strain expressing wild-type SIS1, sisIAG/F, sis1-
L268P, or sisI-G315D. Cell lysate (T), supernatant (S), and
pellet (P) fractions were immunoblotted with Rnql-specific
antibodies.

and G315D. Both mutated residues are in domain II of
the C-terminal region of Sis1, very close to the interface
with domain I. Sequence comparison indicated that resi-
due L268 is not strictly conserved, although most Sisl
homologs have a hydrophobic residue at this position.
In contrast, residue G315 is highly conserved, being
found in all Hsp40’s examined. Alterations of highly
conserved residues in the a-helix of domain I that faces
domain II (L190A and E191A) also relieve the growth
inhibition caused by Sis1AG/F (data not shown), sug-
gesting that these alterations also disrupt Sis1-Ssal inter-
action. On the basis of the available structural informa-
tion (SHA et al. 2000; L1 et al. 2003) and functional
studies of the putative peptide-binding region (JOHN-
soN and CraAIG 2001; LEE et al. 2002), these residues lie
neither within the substrate-binding surface nor within
the dimerization domain of Sisl. Thus the interface
between the two domains may be the site of interaction
with the 10-kD domain of Ssal.

Bipartite interactions between an Hsp70 such as Ssal
and an Hsp40 such as Sisl can easily be envisioned as
an important part of a mechanism by which substrates
are efficiently transferred from an Hsp40 to an Hsp70.
The interaction between more than one site on the
proteins, the J-domain with the ATPase domain of Ssa
and the C terminus with the 10 kD of Ssa, could serve
to correctly align the two proteins, thus assisting in the
transfer step. With Sisl as a dimer, an interaction be-

tween the C termini of the two proteins can be modeled
such that Sisl “straddles” the peptide-binding domain
of Ssa in a position to readily achieve substrate delivery
(LaNDRY 2003).

Whether such a bipartate interaction occurs with
other Hsp40’s is unresolved. Using the same assay used
to analyze Sisl and Ssal, no interaction between Ydjl
and the 10-kD domain of Ssal was detected (data not
shown). Either the C-terminal interaction with the 10-
kD domain may be restricted to Hsp40’s of the Sis1 class
or such an interaction may occur with other Hsp40’s,
but with weaker contacts, and thus is not detectable
under the conditions used. In fact there is evidence
that interactions occur between the Ydj1/DnaJ type of
Hsp40’s and the peptide-binding domain of Hsp70’s
(GASSLER et al. 1998; SUH et al. 1998; LINKE et al. 2003),
although the nature of this interaction has not been
elucidated.

The question of the functional importance of the
glycine-rich and the C-terminal regions of Sis1 presents
apparent conundrums. On the one hand, the data dis-
cussed above provide evidence for in vivo interaction
between the C terminus of Sisl and the C terminus of
Hsp70 and indicates that disruption of this interaction
has effects in vivo on prion maintenance. On the other
hand, a Sis1 fragment containing only the J-domain and
G/F region (Sisl-121) is able to function in vivo (YAN
and CrAIG 1999; SONDHEIMER et al. 2001). Sis1-121 is
sufficient to maintain both cell viability and the prion
form of Rnql, albeit in the visibly less aggregated form,
similar to that observed for Sis1-L268P and -G315D. In
addition, single amino acid alterations in the G/F re-
gion of Sis1-121 that drastically affect both prion mainte-
nance and essential cellular functions have been iso-
lated (Lorkez et al. 2003). These results indicate that the
G/F region can perform specific important functions.
Thus, past suggestions that the glycine-rich regions of
Hsp40’s serve only as flexible linkers between important
domains is not the case, at least for Sisl.

We favor the idea that different regions of Sisl func-
tion together to efficiently transfer substrates to Hsp70.
Efficient “targeting” is dependent on specific sequences
in the glycine-rich region, as well as on those in the
carboxy-terminal regions that interact with the 10-kD
regulatory region of Ssal. According to this model, coor-
dinated interaction of these regions of Sisl with Ssal is
required to facilitate transfer of substrates bound to Sisl
to the Ssal peptide-binding domain. Maintenance of
[RNQ™] seems particularly dependent on robust Sisl
function, as both deletion of the G/F region, and the
single amino acid substitutions Sis1-L268P and Sisl-
G315D, have more severe effects on prion maintenance
than on cell growth.

Why does overexpression of Sis1AG/F have dominant
deleterious effects? One possibility is that deletion of
the G/F region of Sisl changes the spacing between
the J-domain and the C-terminal regions. One could
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imagine that the spacing between the two sites of inter-
action between Ssa’s ATPase and C-terminal domains
is critical and alteration of this spacing interferes with
productive transfer of substrate protein. However, this
idea is not favored by the analysis of other deletions,
particularly as contrasting results were observed with
the smaller deletions, Sis1A67-78 or Sis1A101-113. Only
deletion of residues 101-113 caused a dominant delete-
rious defect similar to deletion of the entire G/F region.
Interestingly, residues within this region were found to
be critical for Sis1-121’s ability to rescue growth of a
Sis1 deletion strain and to maintain [RNQ*] (LOPEZ el
al. 2003). Thus we favor the idea that mutant Sisl pro-
teins have lost some regulatory functions, resulting in
deleterious effects. Perhaps a complex of Sis1AG/F:sub-
strate polypeptide:Ssal is stabilized, compared to the
very transient interaction of the wild-type Sisl:substrate
complex with Ssal. Such stabilization would be expected
to be deleterious for the cell. This idea would be consis-
tent with the fact that mutations that cause destabiliza-
tion of the Sisl:Ssal interaction are suppressors of the
dominant effects of sisIAG/F.

A role for the G/F region in “targeting” of substrates
is likely not unique for Sisl, as an E. coli mutant Dna]
lacking the G/F region was shown to be defective in
enhancing binding of the Hsp70 DnaK to the native
substrate 0™ (WALL et al. 1995), although the basis of
this defect was not pursued. How a G/F region functions
in such “targeting” is still a matter of conjecture, but
two alternatives can be envisioned. First, the G/F region
may directly affect the spatial orientation of J-domain
residues, with different G/F regions subtly altering the
overall J-domain conformation, and thus its interaction
with Hsp70 in such a way that substrate specificity is
altered. Evidence does suggest that the presence of the
G/F region alters the structure of the J-domain of DnaJ
(HuaNG et al. 1999), but the importance of this alter-
ation is unknown. Alternatively, the G/F region could
directly interact with Hsp70, affecting its structure. Tests
of these models are in progress. Either way, since Sisl
and Ssal have roles in maintaining [RNQ*] (LopPEz et
al. 2003), interaction with a specific Hsp40 provides a
mechanism to specialize Hsp70 function.
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