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Although the biogenesis of ribosomal subunits occurs pre-
dominantly in the nucleus, final remodeling steps take place in
the cytosol. One cytosolic step has two components: 1) the
removal of the maturation factor Arx1, which transits from the
nucleus to the cytosol with the pre-60 S subunit, and 2) its sub-
sequent transport back into the nucleus. Two cytosolic proteins,
Rei1 and Jjj1, are required, but their individual contributions to
this step are not understood. Here we report that Rei1 and Jjj1
directly interact. This interaction is mediated by a C-terminal
segment of Jjj1 encompassing a region rich in charged residues,
flanked by C2H2-type zinc fingers. Deletion of the charged
region results in defects in 60 S subunit biogenesis in vivo. In
addition, we report resolution of an apparent contradiction in
the literature regarding the associationofArx1with thepre-60S
subunit in the absence of Rei1. The association of Arx1 with
ribosomes is sensitive to the concentration of magnesium ions
when Rei1 is absent. At near physiological concentrations, Arx1
remains associated with the pre-60 S particle, as it does in the
absence of Jjj1; at higher concentrations, Arx1 dissociates in the
absence of Rei1 but not in the absence of Jjj1. As both Rei1 and
Jjj1 are required for dissociation of Arx1 from the pre-60 S sub-
unit, and the region of Jjj1 thatmediates interactionwith Rei1 is
required in vivo for 60 S subunit biogenesis, our data support the
idea that the primary role of both Rei1 and Jjj1 is the first step of
the Arx1 removal/recycling process.

The eukaryotic ribosome, the site of protein synthesis, is a
remarkably complex machine. The 60 S subunit, the larger of
the two that compose a ribosome, consists of the 25 S, 5.8 S, and
5 S rRNAs, as well as �49 r-proteins (1, 2). Given this degree of
structural complexity, it is not surprising that the process of
ribosome biosynthesis is very intricate, involving the correct
assembly and orientation of these components to form a prop-
erly functioning ribosome (1). In addition to the structural
components that make up the mature ribosome, multiple aux-
iliary or maturation factors are required in the biogenesis pro-

cess. In the yeast Saccharomyces cerevisiae, over 80 such factors
have been identified for the 60 S subunit alone (1–4). Most of
these factors associate with and dissociate from the pre-60 S
particle in the nucleus. However, several, including Arx1, Alb1,
Tif6, Nmd3, and Rlp24, are transported with the particle to the
cytosol (5–9). These “shuttling” factors must subsequently be
removed and recycled back into the nucleus to allow them to
participate in further rounds of biogenesis (2). Most relevant to
this report areArx1 andAlb1, which form a stable heterodimer,
with Arx1 serving to tether the complex to the ribosome (10).
Although the role of Alb1 is unknown, Arx1 has recently been
reported to act as a nuclear export receptor for the ribosome,
facilitating transport of the pre-60 S subunit through nuclear
pore complexes via interaction with FG repeats of nucleoporin
proteins (10, 11).
Several cytosolic proteins have been shown to be important

for the release and/or recycling to the nucleus of particular
pre-60 S biogenesis factors (8, 9, 12–15). In the case of the
Arx1/Alb1 heterodimer, Rei1 and Jjj1 are required. Inwild-type
(WT)3 cells, the majority of Arx1/Alb1 complexes are associ-
ated with pre-60 S particles in the nucleus, consistent with effi-
cient cytosolic dissociation and transport back through the
nuclear membrane (8). However, in the absence of either Jjj1 or
Rei1, Arx1 and Alb1 accumulate in the cytosol (8, 9, 14). �rei1
and �jjj1 cells, as well as �rei1 �jjj1 cells lacking both proteins,
grow poorly at low temperatures, with �jjj1 growing slightly
better than�rei1�jjj1 and�rei1, which grow very similarly (14,
16).Other phenotypes of�jjj1 and�rei1 are very similar aswell,
and all are hallmarks of dysfunctional 60 S ribosomal subunit
biogenesis. Both strains accumulate half-mer ribosomes (poly-
somes having one 40 S subunit lacking a 60 S subunit partner
(17)) and have a reduced total level of 60 S subunits (8, 9, 14, 16,
18). In addition, deletion of ARX1 suppresses the cold sensitive
growth phenotype of both �rei1 and �jjj1 strains, suggesting
that the failure of Arx1 to dissociate or recycle to the nucleus
from the cytosol ismore detrimental than the complete absence
of the Arx1 protein (8, 9, 14).
Although little information is available regarding Rei1, Jjj1 is

known to be a member of a class of proteins called J-proteins,
which work in concert with Hsp70-typemolecular chaperones.
Hsp70/J-protein chaperonemachineries participate inmultiple
cellular processes including protein folding, protein import
into organelles, and remodeling of protein-protein complexes
(19). Apart from the highly conserved 70-amino acid-long J-do-
main, which is required for cooperation with the Hsp70, many
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J-proteins have little in common. Previously, we have shown
that the J-domain of Jjj1 is required for its function in ribosome
biogenesis and that Jjj1 cooperates with the major cytosolic
Hsp70, Ssa (14). The C terminus of Jjj1, however, is unique
among J-proteins of S. cerevisiae. This 286-amino acid-long
region contains two C2H2-type zinc fingers that flank a 168-
amino acid-long region rich in charged residues, the function of
which is unknown (14).
There is general acceptance that both Rei1 and Jjj1 are

important factors in 60 S subunit biogenesis, specifically affect-
ing the dynamics of the cytosolic interactions of Arx1. How-
ever, the roles the two proteins play and the functional relation-
ship between them are not understood. In particular, a
contradiction exists in the literature concerning the effect of
the absence of Rei1 onArx1/Alb1 recycling.On one hand, it has
been reported that Arx1 and Alb1 accumulate in a small cyto-
plasmic complexwhenRei1 is absent (8, 16).On the other hand,
results of a different study indicate that Arx1 remains associ-
ated with the pre-60 S subunit in a �rei1 strain (9). However,
there is agreement that the heterodimer remains ribosome-as-
sociated with pre-60 S subunits in the cytosol in the absence of
Jjj1. Here we report that Arx1 remains associated with pre-60 S
ribosomes in cell lysates made from either�rei1 or�jjj1 strains
when physiological conditions are mimicked by maintaining
low concentrations of magnesium ions. In combination with
our demonstration of a direct physical interaction betweenRei1
and Jjj1, our data support the hypothesis that Rei1 and the Jjj1-
Ssa chaperone system work together to facilitate the release of
Arx1/Alb1 from the pre-60 S subunit.

EXPERIMENTAL PROCEDURES

Yeast Strains, Plasmids, and Genetic Techniques—REI1 was
obtained by PCR amplification of genomicDNA frompositions
�232 to 1446 using PfuTurbo polymerase (Stratagene, La Jolla,
CA) and cloned into the HindIII and XbaI sites in pRS315 (20).
All REI1 variants were generated by QuikChange mutagenesis
(Stratagene) in this same vector. To create HA-REI1 WT and
variants, three tandem copies encoding the hemagglutinin tag
were inserted after the start codon in pRS315 REI1.

To obtain pRS316 jjj1�363–534, amino acids 363–534 were
removed from pRS316 JJJ1 (14) by QuikChange mutagenesis
(Stratagene). To create the HA-tagged version, three tandem
copies encoding the hemagglutinin tagwere then inserted prior
to the stop codon. For purification of Jjj1-His6, JJJ1 followed by
six CAC codons was isolated by PCR amplification and cloned
into the NdeI and BamHI sites of pET3a (Novagen). Variants
used for analysis of binding to Rei1 were generated by subse-
quent QuikChange mutagenesis (Stratagene) on pET3a JJJ1
His6. For purification ofMBP-Rei1, the coding sequence of Rei1
was cloned into the XbaI and HindIII sites of the pMAL-HIS-
TEV vector, a gift from A. W. Johnson.
Null alleles of JJJ1 and REI1 were obtained in DS10 (GAL2

his3-11,15 leu2-3112 lys1 lys2�trp1 ura3-52) as described pre-
viously (14). To generate �jjj1 �rei1, haploid strains of �rei1
and �jjj1 were mated and sporulated. Strains having ARX1
tagged with three tandem copies of the HA epitope or GFP
inserted in the chromosome at the ARX1 locus were made by
homologous recombination in �jjj1 or �rei1 (21).

Analysis of Cell Extracts—Lysate preparation and sucrose
gradient centrifugation for polysome analysis were as follows.
For analysis of Arx1-HA in�rei1, 1 liter of culture was grown in
yeast peptone dextrose (YPD) medium at 23 °C to an optical
density of 0.5–1 at 600 nm. Cells were treated with 100 �g/ml
cycloheximide and harvested by centrifugation at 4 °C. The
cells were then washed with 14 ml of ice-cold Buffer I (20 mM

Tris-HCl (pH 7.5), 50 mM KCl/5 mM MgCl2)4 or II (10 mM

Tris-HCl (pH 7.4)/100 mM NaCl/30 mM MgCl2) (8, 16) and
centrifuged at 4,000 � g for 5 min and resuspended in 3.5 ml of
Buffer I or II plus 140 units of rNAsin (Promega,Madison,WI).
In some experiments, as indicated in text, MgCl2 concentra-
tions were changed. Lysis of cells and clearing of lysate were
performed as described (22). Ten A254 units of cleared lysate
were layered on 10-ml 5–50% sucrose gradients prepared in
Buffer I or II containing the appropriate concentration of
MgCl2. Gradients were centrifuged in an SW40 Ti rotor at 4 °C
at 40,000 rpm for 4.5 h. Fractions of 0.6 ml were collected, and
proteins were precipitated with 86% acetone overnight at
�20 °C before immunoblot analysis. For analysis of WT
Jjj1-HA and Jjj1�363–534-HA, as well as Jjj1 and HA-Rei1 in
�rei1 and �jjj1 strains, cells were grown at 23 °C in medium
lacking uracil or leucine, unless noted otherwise, and lysis was
done in Buffer I containing 5 mM MgCl2. Gradients were
performed essentially as described (22). For analysis of
HA-Rei1 WT and mutant levels, as well as WT Jjj1-HA and
Jjj1�363–534-HA levels, cells were grown at 23 °C in medium
lacking leucine or uracil, respectively, and lysis was performed
in Buffer I as above. Lysatewas examined for the presence of Jjj1
or Rei1 by anti-HAWestern blotting.
Rei1 and Jjj1 Purification—Preparation of WT Jjj1 and vari-

ants was essentially as described (14). For Rei1, pMAL-HIS-
TEV REI1was transformed into BL21 pLysS cells lacking DnaK
andDnaJ for protein expression. Proteinswere induced at 30 °C
with the addition of 1mM isopropyl-�-D-thiogalactopyranoside
at an A600 of 0.5 and incubated for an additional 4 h. The cell
lysates were prepared using a French press, and purification
was performed following the His tag protein purification pro-
tocols from Novagen.
Jjj1-Rei1 Interaction—Pulldown assays using purified recom-

binant Jjj1 and Rei1 proteins were performed by incubating
purifiedMBP-Rei1 in 100�l of binding buffer (300mM sorbitol,
20 mM HEPES (pH 7.5), 5 mM MgCl2, 300 mM KCl, 10% glyc-
erol), 0.5% bovine serum albumin, and 20 �l of a 50:50 slurry of
equilibrated amylose resin for 4 h, rotating, at 4 °C. The resin
was washed twice with 1 ml of binding buffer, and the Rei1-
bound resin was then incubated with purified Jjj1-His6, again in
100 �l of buffer with 0.5% bovine serum albumin for 1 h, rotat-
ing, at 4 °C. The resin was then washed three times with 1 ml of
binding buffer, and proteins bound to the beads were loaded on
an SDS-polyacrylamide gel and analyzed by Western blotting.
For binding curves, immunoblot signals were quantified by
densitometry and plotted against Rei1 concentrations. All
curves were plotted in GraphPad Prism (GraphPad Software
Inc., San Diego CA) using a single binding hyperbola to fit data,
except that of Jjj14C-4A was fit by linear regression.

4 A. W. Johnson, personal communication.
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Other Methods—For microscopy, overnight cultures were
diluted into freshmedium to anA600 of 0.1 and cultured at 23 °C
to mid-log phase. Fluorescence was visualized on a Nikon Eclipse
E800 microscope fitted with a �60 objective and MetaMorph
software (GE Healthcare). Images were captured using a Pho-
tometrics CoolSnapHQ camera (Roper Scientific, TusconAZ).
Immunoblot detectionwas carried out by using the ECL system
(Amersham Biosciences) according to the manufacturer’s sug-
gestion. Purified maltose-binding protein (MBP), anti-MBP
antisera, and amylose resin were purchased fromNew England
Biolabs (Ipswich, MA). The anti-Jjj1 antibody was produced as
described (14). The anti-HA antibody was purchased from
Covance (Denver, PA). All chemicals were obtained from
Sigma unless otherwise stated.

RESULTS

Rei1 Directly Interacts with Jjj1—As a step toward a better
understanding of how Rei1 and Jjj1 function in ribosome bio-
genesis, we askedwhether they physically interact, following up
on a report of a two-hybrid interaction (16). To this end, we first
purified full-length Rei1 and Jjj1 fused to MBP and a 6-residue
histidine tag, respectively. We then proceeded to develop a
binding assay. MBP-Rei1 or, as a control, MBP alone, was pre-
bound to amylose resin prior to addition of various concentra-
tions of Jjj1. Jjj1 was retained by the MBP-Rei1-bound resin at
all concentrations tested (Fig. 1A, panel 1). Binding was satura-
ble as the amount of Jjj1 retained was similar at the three
highest concentrations tested (Fig. 1A). Jjj1 binding was not
detectedwhenonlyMBPwas bound to the resin, indicating that
the observed interaction betweenRei1 and Jjj1was specific (Fig.
1A, panel 9). We conclude that Rei1 and Jjj1 can directly inter-
act in the absence of other cellular components.
Amino Acids 305–590 of Jjj1, Encompassing the Zinc Fingers

and Charged Region, Are Sufficient for Interaction with Rei1—
Having established that Jjj1 and Rei1 directly interact, we

sought to determinewhat regions of
the two proteins are important for
this interaction. To this end, we
attempted to purify variants of both
Jjj1 and Rei1. We were unsuccessful
in purification of Rei1 variants.
However, we were able to isolate
and test several Jjj1 variants. First,
we tested two N-terminal trunca-
tions, one lacking the first 178
amino acids, Jjj1�1–178, and a second
lacking the first 304 amino acids,
Jjj1�1–304. Both bound Rei1 very
similarly to full-length Jjj1 (Fig. 1A,
panels 2 and 3). However, we
observed no binding with a C-ter-
minal truncation lacking residues
305–590, Jjj1�305–590 (Fig. 1A,
panel 4).
These results suggest that the

C-terminal 286 residues are neces-
sary and sufficient for binding of Jjj1
to Rei1. To better understand what

sequences within this region play a role in binding, we pro-
ceeded to isolate and test additional Jjj1 constructs, focusing on
the two C2H2-type zinc finger motifs and the region of highly
charged amino acids that they flank.Wewere able to purify two
Jjj1 C-terminal variants. One, Jjj1�363–534, lacked the charged
region. The second bore alanine residues in place of the con-
served cysteines in each zinc finger, at positions 340, 343, 551,
and 554. This variant is referred to as Jjj14C-4A throughout. No
binding of Jjj1�363–534 to Rei1 was detected, suggesting that the
charged region of Jjj1 is important for interaction with Rei1
(Fig. 1A, panel 5). Binding of Jjj14C-4A was observed, but only at
the two highest concentrations tested, thus implicating the zinc
fingers in binding as well (Fig. 1A, panel 6). We also tested a
fragment consisting of the charged region alone, Jjj1363–530.
Consistent with a role for the zinc fingers in facilitating the
Jjj1-Rei1 interaction, no binding of this fragment was detected
(Fig. 1A, panel 7).
To extend and confirm these results, we assessed binding

again, this time keeping the concentration of Jjj1 constant while
varyingRei1 levels. Results similar to those reported abovewere
obtainedwith full-length Jjj1 and Jjj1�1–304. Association of both
approached saturation, with 50% of observed maximal binding
obtained at �0.5 �M (Fig. 1B). Binding of Jjj14C-4A was again
detectable but did not reach saturation, with only �40% of the
maximum binding obtained with full-lengthWT protein or the
Jjj1�1–304 fragment observed at the highest concentration
tested (Fig. 1B). Together, our results suggest that the 286-
amino acid-long fragment containing the zinc fingers and the
charged region of Jjj1 is necessary and sufficient for mediating
the Jjj1-Rei1 interaction, with both features being important for
an efficient interaction.
The Region of Jjj1 Sufficient for Interactionwith Rei1 Is Impor-

tant for 60 S Subunit Biogenesis—Amino acids 305–590 of Jjj1
are sufficient for its interaction with Rei1, but is this interaction
important in vivo for biogenesis of the 60 S ribosomal subunit?

FIGURE 1. Jjj1 interacts directly with Rei1. A, to assay Jjj1-Rei1 binding, maltose-binding protein-tagged Rei1
(MBP-Rei1) was prebound to amylose resin and then incubated with the indicated concentrations of WT Jjj1
(panel 1) or Jjj1 variants (panels 2–7). The J domain (J), zinc fingers (Zn1 and Zn2), and charged region, which are
designated in the adjacent diagrams, are described more fully under “Results.” Asterisks indicate zinc finger 1
and 2 cysteine to alanine alterations. After pelleting of the resin, Jjj1 binding was assessed by immunoblotting
using anti-Jjj1 antibody. Three control lanes were included in each panel: 0.25 �M of Jjj1 protein (T); resin with
no Rei1 added (�R); and resin with no Jjj1 added (�J). In addition, a representative blot of MBP-Rei1 was
incubated with MBP-specific antibody (panel 8), and MBP alone was prebound to resin and incubated with WT
Jjj1 (panel 9). B, concentrations of MBP-Rei1 ranging from 0.06 to 3 �M were incubated with amylose resin prior
to incubation with 1 �M WT Jjj1, Jjj1�1–304, or Jjj14C-4A. Bound Jjj1 was quantified by densitometry. The amount
of WT Jjj1 pulled down by 3 �M Rei1 was set as 1. Values were plotted in GraphPad Prism using a single binding
hyperbola to fit data obtained for WT Jjj1 and Jjj1�1–304 and linear regression to fit Jjj14C-4A.
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To address this question, we assessed strains expressing alter-
ations in the C-terminal region of Jjj1 for slow growth at low
temperatures,mislocalization ofArx1, and the presence of half-
mer ribosomes, three hallmarks of defects in ribosome
biogenesis.
We first tested the ability of C-terminal Jjj1 variants to rescue

the growth defect of �jjj1 cells at 23 °C. Jjj1 having cysteine to
alanine substitutions in one zinc finger rescued �jjj1 as well as
theWTprotein, whereas cells expressing Jjj1 having alterations
in both, Jjj14C-4A, exhibited a slight growth defect (Fig. 2A).
However, growth of cells expressing Jjj1�363–534 was signifi-
cantly compromised (Fig. 2A). To assure that the phenotype
observed was not due to a low level of expression, we wanted to
monitor protein expression levels. As our Jjj1-specific antibody
would not be expected to recognize Jjj1�363–534 and full-length
protein equally, both Jjj1�363–534 and full-length Jjj1 were
tagged with HA. We found that WT and variant proteins were
expressed at similar levels and that cells expressing the HA-
tagged Jjj1 variants grew at a rate similar to those expressing
untagged proteins (supplemental Fig. S1, data not shown).
Thus, we conclude that the poor growth of jjj1�363–534 cells is
not due to low levels of expression of the deletion variant.
Next, we monitored the localization of Arx1, concentrating

on the two mutants having growth defects, jjj1�363–534 and
jjj14C-4A. Making use of an Arx1-GFP fusion protein, wemicro-

scopically observed the distribution of the fluorescent signal
between the nucleus and cytosol. Each cell observed was placed
into one of three classes: Class I, predominantly nuclear signal;
Class II, obvious cytosolic signal but with a more intense
nuclear signal; and Class III, dispersed fluorescence, with
approximately equal intensity in the nucleus and cytoplasm. As
expected (8, 9), the vast majority of WT cells, 82%, showed a
predominantly nuclear Arx1-GFP signal and were placed in
Class I, whereas the majority of �jjj1 cells, 79%, showed dis-
perse cytosolic fluorescence and were placed in Class III (Fig.
2B). Although a significant portion (46%) of jjj14C-4A cells were
classified as belonging to Class I, 33% showed partial cytosolic
localization (Class II) and 21% showed equal cytosolic and
nuclear localization (Class III) (Fig. 2B). Thus, Jjj14C-4A cells
have a significant defect in Arx1 localization. jjj1�363–534 cells
displayed even more cytosolic mislocalization of Arx1-GFP
than did jjj14C-4Acells, with 39 and 61% of cells placed inClass II
and Class III, respectively (Fig. 2B).
To assess the presence of half-mers, extracts from WT cells

and cells expressing Jjj1�363–534-HA were analyzed by centrifu-
gation through sucrose gradients to separate species of ribo-
somes and their subunits. In addition to an accumulation of
half-mer ribosomes, a decrease in the level of free 60 S subunits
when compared with 40 S subunits at 23 °C was apparent in
jjj1�363–534-HA cells when compared with WT cells (Fig. 2C).

FIGURE 2. The region of Jjj1 required for interaction with Rei1 is necessary for efficient ribosome biogenesis. A, 10-fold serial dilutions of �jjj1 cells
carrying WT JJJ1, the indicated JJJ1 mutant gene, or no JJJ1 gene (�) on a plasmid were spotted on a minimal medium plate and incubated at 23 °C for 2 days.
B, �jjj1 cells expressing Arx1-GFP and Jjj1 (WT), no Jjj1 (�), or the indicated variants were grown to an A600 of 0.3– 0.6 at 23 °C prior to imaging. Upper,
representative images showing the Arx1-GFP localization. Lower, the percentages of cells with Class I, II, or III Arx1-GFP localization are shown. A minimum of
100 cells was counted for each. Part. Cyto, partial cytosolic localization; Disp, dispersed localization. C, �jjj1 cells expressing WT Jjj1-HA, Jjj1�363–534-HA, or no Jjj1
(�jjj1) were grown at 23 °C and lysed in Buffer I. Ten A254 units of lysate were centrifuged through a 5–50% sucrose gradient. Upper, the A254 was monitored and
plotted versus the time course of fraction collection. The positions of 40 S, 60 S, 80 S, polysomes, and half-mer migration are labeled. Lower, fractions were
analyzed for the presence of Jjj1�363–534-HA and WT Jjj1-HA by immunoblot analysis using HA-specific antibody.
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Both the presence of half-mers and the decrease in 60 S sub-
units are typically observed in cells having defects in 60 S sub-
unit biogenesis. Thus, by all three criteria, we found Jjj1�363–534
to be deficient in promoting 60 S subunit biogenesis; Jjj14C-4A
was less so, but defects in growth at low temperatures and Arx1
localization were observed.We reasoned that a combination of
the charged deletion and point mutations of the cysteines in
one or both of the zinc fingersmight lead to an enhanced defect
as the zinc fingers contribute to Rei1 binding in vitro. Unfortu-
nately, these mutant proteins were not stably expressed.
We note two additional observations regarding Jjj1. First,

similar to WT Jjj1, Jjj1�363–534-HA co-migrated with the 60 S
subunit in the sucrose gradient, suggesting that the charged
region of Jjj1 is not simply required for anchoring Jjj1 to the
pre-60 S particle (Fig. 2C). Also, we found that a small percent-
age of Jjj1�363–534-HAmigrated farther into the gradient, imply-
ing that ribosomes having Jjj1 associated are able to participate
in protein synthesis, at least at some level. In sum, the data
described above are consistent with the hypothesis that the
interaction between Jjj1 and Rei1 is important for proper 60 S
subunit maturation in vivo.
The Jjj1-Rei1 Interaction Is Not Required for Ribosome Asso-

ciation of Either Protein—Having established that Rei1 and Jjj1
physically interact, wewanted to begin to address howRei1 and
Jjj1 function and the importance of the physical interaction
between them. First, we asked whether Jjj1 is required for bind-
ing of Rei1 to the ribosome, or vice versa. Sucrose gradient
analysis revealed that Jjj1 and Rei1 co-migrated with ribosomes
in the absence of Rei1 or Jjj1, respectively (Fig. 3). This lack of
interdependence for tethering to ribosomal particles indicates
that direct interaction between Jjj1 and Rei1 is not important
for recruitment Rei1 or Jjj1 to the 60 S subunit. Rather it points
to the idea that their interactionmay be important for their role
in ribosome biogenesis per se.
Arx1 Remains Associated with the Pre-60 S in the Absence of

Rei1—The results described above indicate not only that the
Rei1-Jjj1 interaction is biologically relevant but also suggest
that the two proteins are functionally coupled. However, the
recently reported observation that Arx1 and Alb1 accumulate
in a small cytoplasmic complex in the absence of REI1, whereas
the heterodimer remains ribosome-bound in the absence of JJJ1
(8, 16), suggests a critical distinction between the function of

Rei1 and that of Jjj1. As it has also been reported that Arx1
remains associated with the pre-60 S subunit in a �rei1 strain
(9), we sought to uncover the reason behind this apparent
discrepancy.
Weused sucrose gradient centrifugation to separate particles

in cell lysates, employing a �rei1 strain containing chromo-
somally integrated, C-terminally HA-tagged Arx1 to allow for
detection of Arx1. Cell lysis and centrifugationwere carried out
in the buffers used in the previous studies. In the case of the
experiments reported byHung and Johnson (9), cells were lysed
in 20 mM Tris, pH 7.5, 50 mM KCl, and 5 mM MgCl2; the lysis
buffer employed by Lebreton et al. (8) and Demoinet et al. (16)
consisted of 10mMTris-HCl, pH 7.4, 100mMNaCl, and 30mM

MgCl2. For simplicity, we refer to these as Buffer I and II,
respectively. We were able to reproduce both results. When
cells were lysed in Buffer I, Arx1-HA predominantly co-mi-
grated with 60 S subunits, consistent with continued associa-
tion of Arx1 with the ribosome (Fig. 4A).When cells were lysed
in Buffer II, Arx1-HA accumulated near the top of the gradient,
consistent with Arx1 being part of the previously described
small complex (8, 16) (Fig. 4B). To determine which compo-
nent(s) contributed to the differences in ribosome association
of Arx1, we varied the concentrations of each component of
Buffer II individually. Lowering the concentration ofNaCl to 50

FIGURE 3. Neither Jjj1 nor Rei1 is required for tethering of its binding
partner to the ribosome. �rei1 and �jjj1 cells, grown at 30 °C, were lysed in
Buffer I. Ten A254 units were centrifuged through 5–50% sucrose gradients.
Upper, the A254 was monitored and plotted versus the time course of fraction
collection. The positions of 40 S, 60 S, 80 S, and polysomes are labeled. Lower,
fractions were tested by immunoblot analysis for the presence of Jjj1 in frac-
tions from �rei1 lysates (left) or of HA-tagged Rei1 in �jjj1 lysates (right). Anti-
bodies specific for Jjj1 and HA, respectively, were used.

FIGURE 4. Arx1 remains 60 S-associated in the absence of REI1. Lysates
from 23 °C-grown �rei1 (A–D) or �rei1 �jjj1 (E) cells containing chromosom-
ally integrated ARX1-HA were centrifuged through 5–50% sucrose gradients,
and the A254 was monitored versus the time course of fraction collection
(upper). Fractions were analyzed for the presence of Arx1-HA by immunoblot-
ting (lower). Cells were lysed and centrifuged in the following conditions:
A and E, Buffer I containing 5 mM MgCl2; B, Buffer II in the presence of 30 mM

MgCl2; C, Buffer II in the presence of 5 mM MgCl2; and D, Buffer I in the pres-
ence of 30 mM MgCl2. Note: The small peak on the top of the gradient side of
the 40 S peak in B and D is not consistently observed.
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mM, changing the salt from KCl to NaCl, or increasing the con-
centration of Tris-HCl did not result in sedimentation of
Arx1-HA at the 60 S position (data not shown). However, when
the MgCl2 concentration was lowered from 30 to 5 mM, the
majority of Arx1-HA co-migrated with free 60 S subunits, sug-
gesting that this protein remained associated with the 60 S sub-
unit under these conditions (Fig. 4C). Consistent with this con-
clusion, increasing the concentration of MgCl2 in Buffer I
resulted in accumulation of Arx1-HA near the top of the gradi-
ent when �rei1 extracts were analyzed (Fig. 4D).
On the basis of the results of the experiments described

above, we conclude that differences in MgCl2 concentration in
the lysis and gradient buffers were responsible for the apparent
discrepancy in Arx1 ribosome association in the absence of
Rei1. At a concentration of 5 mM, Arx1 is associated; at 30 mM,
it is not. The concentration of Mg2� in the cytosol has been
reported to be between 1 and 3 mM (23). For this reason and
because magnesium ions are known to significantly affect ribo-
some structure, we favor the idea that Arx1 remains associated
with 60 S subunits in vivo in the absence of either Jjj1 or Rei1 but
that high concentrations of Mg2� during lysis destabilize Arx1
if Rei1 is absent.
Cold Sensitivity of �rei1 Correlates with Dysfunctional Ribo-

some Biogenesis—Wedecided to carry out amutagenic analysis
of REI1, with a goal of determining what regions of Rei1 were
critical for its in vivo function and whether the growth defects
correlated with effects on ribosome biogenesis. We took two
approaches: 1) constructing deletion mutants to remove �60-
amino acid-long segments of Rei1 and 2) making amino acid
substitutions, changing the cysteine residues in the zinc fin-
ger motifs to alanines. The deletion mutants constructed
that resulted in stable Rei1 variants lacked amino acids 8–50,
50–130, 262–327, or 328–390 (Fig. 5A). rei1�8–50 and
rei1�50–130 cells grew as well as WT cells, whereas rei1�262–327
and rei1�328–390 grew slowly at 23 °C, similar to cells carrying a
complete deletion of REI1, despite being expressed to greater
levels than theWTprotein (Fig. 5B and supplemental Fig. S2A).
To determinewhether the function of Rei1 in ribosome biogen-
esis was affected in these mutants, we monitored the localiza-
tion of Arx1, againmaking use of anArx1-GFP fusion. As in the
previous experiment, the vast majority, 87%, of WT cells dis-
played nuclear fluorescence andwere thus placed inClass I (Fig.
5,A andC). Again, as expected,�rei1 cells displayed an increase
in cytosolic fluorescence; 19 and 78% of the cells were placed
into Classes II and III, respectively (Fig. 5, A and C). As
expected, if slow growth is indicative of defects in ribosome
biogenesis, Arx1-GFP was localized predominantly to the
nucleus in rei1�8–50 and rei1�50–130, with 86 and 87%, respec-
tively, falling into Class I (Fig. 5, A and C). On the other hand,
fluorescence was detected in the cytoplasm in cells expressing
Rei1�262–327 and Rei1�328–390, the two strains that were com-
promised for growth at low temperatures, with between 85 and
100% of cells categorized as either Class II or Class III (Fig. 5, A
and C).
As we were unable to stably express variants deleted for

amino acids 131–262, we decided to individually alter the two
putative C2H2-type zinc fingers that are found within this
region: Zn2, residues 162–187, and Zn3, residues 211–233. In

addition, we also altered zinc finger 1, Zn1, which is found
within amino acids 9–31. As expected, based on the WT
growth levels observed for rei1�8–50, alteration of the two cys-
teine residues of Zn1 did not result in slow growth at 23 °C or in
cytosolic accumulation of Arx1-GFP (Fig. 5, A–C). However,
despite being expressed at levels similar to that of WT Rei1,
cells expressing variants having substitutions in either Zn2 or
Zn3 grew more slowly at 23 °C than did WT cells but slightly
faster than cells completely lacking Rei1 (Fig. 5B and supple-
mental Fig. S2A). Alteration of Zn2 or Zn3 also resulted inmis-
localization of Arx1-GFP to the cytosol. Like �rei1 cells, few if
any cells had predominantly nuclear fluorescence, indicating a
role of zinc fingers 2 and 3 of Rei1 in ribosome biogenesis (Fig.
5,A andC). Similar results were obtainedwhen cells expressing
alterations of both Zn2 and Zn3 were analyzed, suggesting that
the deleterious effects of Zn2 and Zn3 alteration are not addi-
tive (data not shown).
In addition to the defects in Arx1-GFP recycling discussed

above, expression of Rei1�262–327, Rei1�328–390, and both zinc
fingers mutants resulted in accumulation of half-mer ribo-
somes, further underlying the importance of these amino acids
in ribosome biogenesis (Fig. 5D). Thus, overall, our results are
consistent with slow growth of REI1mutant strains being pre-
dominantly caused by disruption of ribosome biogenesis as a
positive correlation was found between the growth phenotype,
the mislocalization of Arx1, and the accumulation of half-mer
ribosomes.

DISCUSSION

Several recent reports (8, 9, 14, 16) established that Rei1 and
Jjj1 are necessary for one of the final cytosolic steps in the bio-
genesis of the 60 S ribosomal subunit: the dissociation of the
Arx1/Alb1 heterodimer and its subsequent recycling to the
nucleus.However, whether bothRei1 and Jjj1 function together
by facilitating the dissociation of the heterodimer from the
pre-60 S subunit or instead act sequentially, Jjj1 in dissociation
of the heterodimer andRei1 in its subsequent transport into the
nucleus, has been a matter of debate. The data reported here
favor a model in which the primary role of Jjj1 and Rei1 is to
effect the physical dissociation of Arx1/Alb1 from the pre-60 S
particle and in which their physical interaction is important for
their cooperation in that process.
Both Rei1 and Jjj1 Function in the Dissociation of Arx1 from

the Pre-60 S Subunit—The main piece of data that led to the
model purporting that Jjj1 andRei1 function in separate steps of
the pathway (e.g. the dissociation of Arx1 from the pre-60 S
particle or its transport back into the nucleus) was the observa-
tion that Arx1 remained associated with 60 S particles in the
absence of Jjj1 but not in the absence of Rei1 (16). However, we
found that the migration of Arx1 in �rei1 cells was dependent
on the concentration of MgCl2 used in the lysis or gradient
buffer. At 5 mM MgCl2, Arx1 co-migrated with 60 S; at 30 mM

MgCl2, Arx1 was near the top of the gradient. As effects of
chloride ion levels were ruled out, we conclude that the
observed result is due to the high concentration of magnesium
ions. Because the total cytosolic concentration of Mg2� is 1–3
mM (23), the lower, 5 mM concentration more closely mimics
physiological conditions.
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For decades, it has been known that magnesium ions bind
ribosomal subunits (24–29) through interactions with the neg-
atively charged rRNA backbone and, in this manner, facilitate
structural alterations in the ribosome (24). Thus, it is easy to
envision that high Mg2� concentrations in cell lysis/gradient
buffers might alter the pre-60 S subunit in such a way that the
Arx1-pre-60 S subunit interaction is destabilized. This expla-
nation requires that a difference in structure exists between
pre-60 S particles from �jjj1 and �rei1 cells such that the Arx1
interaction is sensitive to high Mg2� concentrations in the
absence of Rei1 but not in the absence of Jjj1. Testing of such an
idea awaits a better molecular understanding of pre-60 S sub-
unit structure. However, that �rei1 cells show defects in recy-
cling of the pre-60 S factor Tif6, whereas �jjj1 cells do not (16),

is consistent with the idea that structural differences exist. Also
relevant to this discussion is the recent report that 60 S subunits
from cells lacking Rei1 are more salt-labile thanWT ribosomes
(30), indicative of a substantial structural difference between 60
S ribosomal particles in WT and �rei1 strains.
The Rei1-Jjj1 Interaction Is Biologically Important—The data

reported here establish that Rei1 and Jjj1 physically interact.
Our ability to identify alterations in Jjj1 that affect both its phys-
ical interaction with Rei1 and the ability of Jjj1 to function in 60
S subunit biogenesis in vivo supports the idea that this interac-
tion is biologically important. The region rich in charged amino
acids (residues 363–534), situated between the two C2H2-type
zinc fingers, very likely plays a prominent role in the interaction
of Jjj1 with Rei1 as its deletion profoundly affects the interac-

FIGURE 5. Zinc fingers 2 and 3, as well as residues 262–390 are important for the role of Rei1 in ribosome biogenesis. A, summary of Rei1 variants tested
(left). Asterisks indicate zinc finger (Zn) in which the cysteine residues were altered to alanines. Center, growth observed for each at 23 °C; right, the percentages
of cells with Class I, II, or III Arx1-GFP localization. A minimum of 100 cells was counted for each variant. Part. Cyto, partial cytosolic localization. B, 10-fold serial
dilutions of cells were spotted on a minimal medium plate and incubated at 23 °C for 3 days. Data are summarized in A. C, representative images showing the
Arx1-GFP localization resulting from expression of each Rei1 variant tested, as well as in controls: cells expressing WT Rei1, no Rei1 variant (�rei1), and cells
lacking both Rei1 and Jjj1 (�rei1 �jjj1). Cells were grown to an A600 of 0.3– 0.6 at 23 °C prior to imaging. Quantification is shown in A. D, 10 A254 units of lysate from
cells grown at 30 °C were centrifuged through 5–50% sucrose gradients in Buffer I containing 5 mM MgCl2, and the A254 was monitored. Strains analyzed are as
follows: �rei1 expressing WT Rei1 or the indicated Rei1 variants; no Rei1 (�rei1). Asterisks denote half-mers.
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tion. However, this charged region is not sufficient; binding
equivalent to that of the full-length protein requires the adja-
cent zinc fingers. It is possible that the zinc fingers perform a
structural role, stabilizing the fold of the charged region. Alter-
natively, the interaction between Rei1 and Jjj1 may be partially
mediated via direct interactions between the zinc fingers of Jjj1
and those of Rei1. Indeed, several C2H2 zinc finger-containing
proteins have been shown to dimerize in such a manner (31).
Consistent with this hypothesis, we have shown that zinc fin-
gers 2 and 3 of Rei1 are important for its role in ribosome
biogenesis.
How Do Rei1 and Jjj1 Facilitate Dissociation of Arx1 from

Pre-60 S Subunits?—Previously, we reported that Jjj1 is a func-
tional J-protein that partners with the major cytosolic Hsp70,
Ssa (14). Indeed, alteration of the J-domain results in accumu-
lation of half-mer ribosomes as well as failure to release Arx1
(14). As many J-proteins are thought to interact with client
proteins and “target” them to their partnerHsp70 (19), the abil-
ity of Jjj1 to interact with Rei1 raises the possibility that Rei1 is
a client protein of the Jjj1-Ssa chaperone machinery. Although
the results presented here do not establish that this is the case,
many of the available data are consistent with this idea. As
molecular chaperones typically are not absolutely critical for
the occurrence of a cellular process but instead act to increase
its efficiency, it is perhaps not surprising that overexpression of
Rei1 is capable of partially rescuing the growth defects of cells
lacking Jjj1, yet the reverse is not the case (16). It is also inter-
esting to note that several other pre-60 S factors have been
shown to require GTPases or ATPases for their efficient and
proper release (12, 13, 15). Thus, with the involvement of a
J-protein and Hsp70 machinery reported here, a common
theme involving utilization of the energy of nucleotide hydro-
lysis for removal of pre-60 S biogenesis factors is emerging.
Regardless of whether Rei1 is a client protein of the Jjj1-Ssa

chaperone system, the exact nature of the role of Rei1 in Arx1
removal remains unknown. If Rei1 is a client protein, it is pos-
sible that the Hsp70 plays an active role, helping Rei1 to initiate
a conformational change in the ribosome, resulting in dissoci-
ation of Arx1. Alternatively, Jjj1 and Ssa may aid in removal of
Rei1 itself, weakening the association of Arx1 with the ribo-
some. Consistent with this idea, Rei1 appears to have a pro-
longed association with 60 S subunits when Jjj1 is not present,
as indicated by trailing of Rei1 into the polysome fractions in
jjj1� cells. As the ribosome association of Arx1 is sensitive to
high levels of magnesium in the absence of Rei1, removal of
Rei1 may result in alteration of the Arx1-ribosome interaction.
At the other end of the spectrum of possibilities, Rei1 may be a
part of the chaperone system itself. For example, it might play a
role in regulating the ATP hydrolysis cycle of Ssa. Such a role
would not be unprecedented as the yeast protein Ssz1, which
binds to the J-protein Zuo1, profoundly affects the stimulation
via Zuo1 of the ATPase activity of its partner Hsp70 (32).
Future studies will focus on these and other possible mecha-

nisms of action of Rei1 and the Jjj1-Ssa chaperone system in
promoting the release of the pre-60 S biogenesis factors Arx1
and Alb1. Much work also needs to be done to understand how

the interaction of Rei1 and Jjj1 themselves with the pre-60 S
subunit is modulated as their interaction is also transient.
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