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Get3, Get4, and Get5 in Saccharomyces cerevisiae participate
in the insertion of tail-anchored proteins into the endoplasmic
reticulum membrane. We elucidated the interaction between
Get4 and Get5 and investigated their interaction with Get3 and
a tetratricopeptide repeat-containing protein, Sgt2. Based on
co-immunoprecipitation and crystallographic studies, Get4 and
Get5 formed a tight complex, suggesting that they constitute
subunits of a larger complex. In contrast, although Get3 inter-
acted physically with the Get4-Get5 complex, low amounts of
Get3 co-precipitatedwithGet5, implying a transient interaction
between Get3 and Get4-Get5. Sgt2 also interacted with Get5,
although the amount of Sgt2 that co-precipitatedwithGet5 var-
ied. Moreover, GET3, GET4, and GET5 interacted genetically
with molecular chaperone YDJ1, suggesting that chaperones
might also be involved in the insertion of tail-anchoredproteins.

Protein transport in cells is an elaborate process that requires
extensive cooperation among various biochemical pathways. In
Saccharomyces cerevisiae, the Hsp70 homologs Ssa1/Ssa2 and
Hsp40/DnaJ-related protein Ydj1 participate in protein trans-
port to the endoplasmic reticulum (ER)4 and mitochondria (1).
Moreover, several tetratricopeptide repeat (TPR)-containing
proteins have been shown to interactwith Ssa1. EachTPRmotif
composed of 34 amino acids forms an antiparallel pair of �-heli-
ces with equal length (2). Some Ssa1-interacting TPR-contain-
ing proteins are also involved in the targeting of intracellular
proteins in S. cerevisiae. For example, Sti1 (3) and Cns1 (4)
interact with Ssa1 to stimulate its ATP hydrolytic activity, and
Tom70 (5) interacts with Ssa1 and Hsc82 (Hsp90 in yeast) to

facilitate protein translocation into mitochondria. Another
TPR-containing protein, Sgt2, co-immunoprecipitates with
Ssa1/Ssa2, and yeast SGT2 interacts genetically with YDJ1,
which encodes a molecular chaperone, when yeast are under
stress (6). Sgt2 is thought to be a homolog of the vertebrate
small glutamine-rich TPR-containing protein, SGT (7). Re-
cently, SGT was implicated in several processes related to cell
growth, including androgen receptor signaling (8) and mitotic
cell division (9); however, it is unclear whether Sgt2 has similar
functions in yeast.
Recently, Hillenmeyer et al. (10) used small molecules to

probe the growth fitness of yeast strains in deletion collections.
In this type of assay, genes that show a similar fitness profile for
various chemicalsmay be scored and clustered together.MDY2
and YOR164C are the two genes that have the highest score for
homozygous co-sensitivity with SGT2. The N-terminal
domain of Sgt2 interacts with Mdy2 (6), but details of the
interaction between Sgt2 and Yor164c have not been eluci-
dated. Interestingly, the genes showing co-sensitivity with
MDY2 and YOR164C are quite similar and include GET3.
In S. cerevisiae, GET complexes, including Get1-Get2 and
Get3, take part in the insertion of a subset of tail-anchored
(TA) proteins into the ER membrane (11, 12). These TA
proteins insert into the membrane using a single transmem-
brane segment in the C-terminal region, leaving the N-ter-
minal functional domain in the cytosol. Jonikas et al. (13)
reported that Yor164c and Mdy2 also participate in the
insertion of TA proteins. They appear to play a role upstream
of Get3. Accordingly, YOR164C andMDY2 were renamed as
GET4 and GET5, respectively (13). In addition, FLAG-
tagged Get3 has the capacity to precipitate Get4 (Yor164c)
and Get5 (Mdy2) (13), but it is unclear whether Get3 inter-
acts physically with Get4 and Get5 or whether this associa-
tion is mediated by another protein(s).
Data obtained from large scale yeast two-hybrid assays (14)

and mass spectrometry analyses of protein complexes (15, 16)
have revealed that the four proteins, Sgt2, Get5, Get4, andGet3,
interact with one another, although the details of the interac-
tions have not been elucidated. We therefore investigated the
interactions among these proteins and determined the crystal
structure of full-length Get4 complexed with the N-terminal
domain of Get5. In addition, the molecular chaperon YDJ1was
also shown here to genetically interact with several GET com-
plexes members. The results of our functional and structural
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studies led to a deeper understanding of the machinery for TA
protein targeting into ER membrane.

EXPERIMENTAL PROCEDURES

Yeast Strains—S. cerevisiae strains in the S288C genetic
background (BY4741, BY4742, and single-deletion mutants)
used in this study were purchased from Research Genetics/
Open Biosystems, and the double mutant, get4�ydj1�, was
generated by first crossing the appropriate haploid strain fol-
lowed by sporulation and tetrad dissection. The wild-type yeast
strain in the W303 background (MATa ura3-1 ade2-1 his3-11
leu2-3 trp1-1 can1-100) was provided byDr. J.-Y. Leu (Institute
of Molecular Biology, Academia Sinica), and the mutants were
generated by replacing the genes with the knaMX4 cassette
(17). Growth and manipulation of yeast were carried out using
the procedures described by Amberg et al. (18) unless other-
wise specified.
Construction of Plasmids for Protein Expression and Yeast

Two-hybrid Assays—Plasmids were constructed by standard
molecular cloning and recombinantDNA technologies. Briefly,
to construct plasmids of GET4, its coding sequence with 288
nucleotides upstream and 338 nucleotides downstream was
obtained from the genome of S. cerevisiae using PCR. After
introducing an NdeI site at the N terminus of the coding
sequence, the DNA was cloned into the pET-15b (Novagen).
The plasmid obtained, Get4/15b, was used to express recombi-
nant Get4 for the production of antibodies (6). To express Get4
and Get5 simultaneously, the coding sequences of GET4 and
GET5 were inserted into MCS2 and MCS1 of the vector
pRSFDuet-1 (Novagen), respectively. The plasmid (Get4-Get5)/
pRSFDuet-1 can be used to simultaneously express the His6-
tagged Get4 and untagged Get5. The expression plasmids con-
taining GET3 were constructed by amplifying its coding
sequence using PCR from the genomic DNA of S. cerevisiae.
During the amplification, a NdeI site was introduced at the
5�-end of the coding sequence, and a XhoI site was introduced
after the stop codon. The NdeI-XhoI fragment obtained was
cloned into the pET-15b vector using the same two restriction
sites. The resulting plasmid, Get3/15b, was used to express the
Get3 recombinant protein in E. coli.
For the yeast two-hybrid assays, a fragment containing the

coding sequence of GET4 was isolated and was cloned into
pACT2 vector (Clontech), and the fragment containing the
coding sequence of GET5 was cloned into pAS2-1 (Clontech),
respectively. The SGT2-contaning plasmids with pAS2-1 as
backbone were obtained previously (6). To generate the plas-
mid containing the coding sequence for the first 110 amino
acids ofGET5, we digestedMdy2/15b (6) with StuI and EcoRV.
The digested plasmid was allowed to self-ligate, and the NdeI-
XhoI fragment containing the Get5-(1–110) was excised and
ligated with pAS2-1 using NdeI and SalI sites. The NcoI-XhoI
fragment was also obtained and was inserted into the pACT2
vector using the same two sites. The plasmids containing frag-
ments of GET5 corresponding to the coding sequences for
amino acids 69–153 and the onewith amino acids 69–212were
engineering by amplifying these fragments using PCR with
Mdy2/15b as template. During the process, appropriate restric-
tion sites were introduced at the 5�-end and the 3�-end. Subse-

quently, they were cloned into both pACT2 and pAS2-1 vec-
tors. To engineer the plasmids containing the coding sequence
of Get4-(1–148) and Get4-(149–312), the corresponding DNA
fragments were amplified by PCR and ligated with pAS2-1
using NdeI and XhoI sites.
Yeast Mating Assay—All mutants used were the a mating

type. They were mated with tester strain 4275 (MAT� ade8) in
the SK1 genetic background (provided by Dr. T.-F.Wang, Aca-
demia Sinica). BY4742 (MAT�) was also used in this assay as
a negative control. Briefly, overnight cultures were diluted
30-fold in YPDmedium and cultured at 30 °C for 3 h. Then, 5�
106 cells from each sample and 107 cells of the 4275 tester strain
were mixed, washed once with water, and diluted with 1 ml of
water. The cells were allowed to settle onto a 0.22-�m GSWP
nitrocellulose membrane (25 mm in diameter) using a glass
microanalysis filter holder (Millipore). The filters were placed
on YPAD plates (1% yeast extract, 2% peptone, 2% glucose,
0.002% adenine, 2% agar) and incubated for 3 h at 30 °C. The
cells were subsequently recovered by washing with 2 ml of
water. They were serially diluted to 105-fold and spread either
on synthetic complete plates lacking adenine to quantify the
input cell number or on synthetic dextrose plates (with ade-
nine) for the estimation of successful mating events. The plates
were incubated at 30 °C for 2–3 days. Mating efficiency was
calculated as the ratio of successful mating events to the input
cell number.
Purification of Recombinant Proteins—Expression of recom-

binantGet4-Get5 complexwas induced by adding isopropyl-�-
D-thiogalactopyranoside (final concentration 1mM) to bacterial
cultures harboring the plasmid (Get4-Get5)/pRSFDuet-1. The
cells were collected by centrifugation and suspended in 0.1 cul-
ture volume of homogenization buffer (20 mM Tris-HCl, pH
7.9, 500 mM NaCl, 5 mM imidazole) with protease inhibitors
(EDTA-free, RocheApplied Science). After the addition of glass
beads (150–212�m; Sigma) to 1 g/ml suspension, themixtures
were homogenized by vortexing (maximum speed, five times,
30 s each). Then, 5 volumes of buffer with protease inhibitors
were added to each homogenate. The mixtures were resus-
pended and centrifuged. The Get4-Get5 complex in the super-
natants was purified using Ni2�-NTA resin (Qiagen). Re-
combinant Get3 was purified using an identical procedure.
Alternatively, the cells were homogenized using a Microfluid-
izer (Microfluidics) under high pressure, and the lysate was
centrifuged at 40,000 � g for 1 h at 4 °C. The supernatant was
then loaded onto aHisTrapTMHP column (GEHealthcare) and
elutedwith an imidazole gradient (5–300mM in buffer contain-
ing 20mMTris-HCl, pH 7.9, and 500mMNaCl). Fractions con-
taining the Get4-Get5 complex were pooled and further puri-
fied by size exclusion chromatography on a 16/60 Superdex 200
column (GE Healthcare) equilibrated with a buffer containing
20 mM Tris-HCl, pH 7.9, and 300 mM NaCl. The purified pro-
tein complex was concentrated to 10 mg/ml and stored at 4 °C.
After 90 days in storage at 4 °C, the remaining stable complex
containing full-length Get4 and Get5-(2–59) was purified with
a 16/60 Superdex 200 size exclusion column (GE Healthcare)
with the same buffer.
Preparation of Yeast Cytosol for Immunoprecipitation—

Overnight cultures (A600 nm � 5–8) were harvested after the
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addition of NaN3 to 0.1%. The pellets were washed once with
ice-cold water and resuspended in phosphate-buffered saline
(2� volume over packed cells) containing protease inhibitors.
The mixtures were homogenized with glass beads (425–600
�m, Sigma). After homogenization, 20 volumes of phosphate-
buffered saline with protease inhibitors were added, and the
diluted homogenates were mixed briefly by vortexing. The sus-
pensions were then centrifuged at 20,000 � g for 15 min, and
each supernatant was collected and subjected to high speed
centrifugation (100,000 � g, 30 min). Each clear supernatant
(cytosol) was then incubated at 25 °C for 50min with anti-Get5
antibodies that had been coupled to protein A-Sepharose (6).
The resin was then washed with phosphate-buffered saline,
and the protein bound to the resin was eluted with 20 mM

HCl in water. Each eluate was lyophilized, and samples of the
dry residues were solubilized with SDS sample buffer for gel
electrophoresis.
Crystallization of Get4-Get5N Complex and Structure De-

termination—For crystallization trials, the Get4-Get5N com-
plex was first concentrated to 6 mg/ml in buffer containing 20
mM Tris-HCl, pH 7.9, and 300 mM NaCl with a Centricon
concentrator (Millipore). The hanging drop vapor diffusion
method was then carried out at 298 K by mixing 1 �l of Get4-
Get5N with an equal volume of crystal screening solutions.
Rod-shaped crystals appeared after 1 day under the condition
containing 200 mM diammonium hydrogen citrate and 20%
(v/v) polyethylene glycol 3350. Because no structure similar to
Get4 and Get5 could be used for molecular replacement phas-
ing, heavy atom derivatives were tried for solving the phase
problem using the multiwavelength anomalous dispersion
method. After an extensive search, one useful mercury deriva-
tive was obtained by the co-crystallizationmethod with 0.1 mM

tetrakis(acetoxymercury)methane using a modified reservoir
condition containing 300 mM diammonium hydrogen citrate
and 18% (v/v) polyethylene glycol 3350. The crystals belong to
space group P21 and contain four Get4-Get5N molecules per
asymmetric unit. The cryogenic multiwavelength anomalous
dispersion data collection was conducted on an Area Detector
Systems Corp. Quantum-315 charge-coupled device detector
using a synchrotron radiation x-ray source at beamline BL13B1
of the National Synchrotron Radiation Research Center
(NSRRC) in Taiwan. Two energies were chosen near the
absorption peak and the edge ofmercury atoms inGet4-Get5N,
1.0050 and 1.0085 Å, which corresponded to the maximum f �
and the minimum f �, respectively. A remote energy was
selected as reference wavelength at 0.8550 Å. X-ray diffraction
data integration and scaling were performed using the
HKL2000 package (19). The redundancy-independentmerging
R-factor (Rr.i.m.) and the precision-indicating merging R-factor
(Rp.i.m.) were calculated using the program RMERGE (20, 21).
SOLVE (22) was used to locate the only mercury site and gen-
erate the initial multiwavelength anomalous dispersion phases
at 2.50 Å resolution. The extension of initial phases to 1.99 Å
and the preliminary auto-model building were carried out by
RESOLVE (23). XtalView (24) was used for examining electron
densitymaps andmanuallymodel building. Further refinement
was performed by usingCNS (25) andRefmac5 (26). After com-
pletion, the R-factor of final model for all reflections above 2 �

between 25.59 and 1.99 Å resolution was refined to 17.5%, and
an Rfree value of 20.6% was obtained using 4.8% randomly dis-
tributed reflections. The Ramachandran plot showed that
93.8% of residues lie within themost favored regions, 6.2% lie in
the additional allowed regions, and no residues were found in
generously allowed and disallowed regions.
Mass Spectrometry Analysis—Protein bands of interest were

excised from Coomassie Brilliant Blue-stained gels, digested
with trypsin (20 �g/ml), and then spotted onto Bruker’s pres-
potted �-cyano-4-hydroxycinnamic acid target. The masses of
the fragments were acquired using an Autoflex III matrix-as-
sisted laser desorption/ionization-time of flight/time of flight
mass spectrometer (Bruker). The spectrawere first subjected to
fingerprinting search with MASCOT (version 2.2.1) using the
National Center for Biotechnology Information (NCBI) data
base. The identity of the proteins was confirmed with peptide
sequencing using the same instrument.
Other Methods—The yeast two-hybrid assays were carried

out as described (27) except that in some cases we used yeast
strain Y190 with GET4 or GET5 deleted using the kanMX4
cassette (17). To generate the double mutant, get3�ydj1::
natkM, we first crossed strain get3� in BY4741 with strain
BY4742. The diploids heterozygous for YDJ1 were obtained by
replacing one copy of the gene with the natMX cassette. To
engineer the cassette, we first isolated the HindIII/EcoRV frag-
ment from the pAG25 plasmid (17). The fragment was inserted
into YDJ1 between the same two restriction sites in plasmid.
Subsequently, the diploids heterozygous for both GET3 and
YDJ1 were sporulated for tetrad dissection.

RESULTS

Get5 Mediates the Interaction of Sgt2 with Get4—Tandem
affinity purification-tagged Sgt2 has the capacity to pull down
Get4, Ssa1/Ssa2, and Sse1/Sse2 (15). Moreover, based on
homozygous co-sensitivity for yeast deletion strains (10), Get4
(Yor164c) has the highest correlation score as an interactor of
Sgt2. Therefore, we first considered whether Sgt2 might phys-
ically interact with Get4; indeed, yeast two-hybrid assays dem-
onstrated this interaction (Fig. 1A). Further investigation dem-
onstrated that the N-terminal region of Sgt2 was necessary and
sufficient for interaction with Get4 (Fig. 1A). Interestingly, the
same N-terminal region of Sgt2 has been demonstrated to
interact with Get5 (Mdy2) (6). To confirm the physical interac-
tion between Get4 and Sgt2, we purified recombinant proteins,
including Get4 fused with glutathione S-transferase (GST).
Surprisingly, GST�Get4 failed to bind Sgt2 in a pulldown assay.
On the other hand, the physical interaction between GST�Get4
and Get5 was evident (supplemental Fig. S1), suggesting that
the observed yeast two-hybrid interaction between Sgt2 and
Get4 could have been mediated by Get5. Based on this hypoth-
esis, Sgt2 and Get4 should not interact in yeast strains lacking
GET5. Indeed, Sgt2 andGet4 did not interact in theGET5 dele-
tion strain (Fig. 1B). Thus, it is likely that the apparent two-
hybrid interaction between Sgt2 and Get4 is mediated by Get5.
Based on the assumption that Get5 mediates the interaction

between Sgt2 and Get4, we constructed GET5 truncation
mutants for use in yeast two-hybrid assays. The results showed
that the N-terminal region of Get5 interacted with Get4 (Fig.
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1C, also see Fig. 5A below), whereas fragments containing the
Get5 ubiquitin-like domain were sufficient for interaction with
Sgt2 (Fig. 1C).
Cells LackingGET4 orGET5 Show Identical Phenotypes—Be-

cause Sgt2, Get4, and Get5 show co-fitness in chemical
genomic assays (10), they might perform a similar, if not iden-
tical, function in yeast. If so, one would expect that deletion of
these genes would result in similar phenotypes. Deletion of
GET5 results in a decrease in mating efficiency (28); therefore,
we examined whether deletion of SGT2 or GET4 might also
have such an effect. The mutants were generated from yeast
cells with two distinct genetic backgrounds, and they were
mated with the tester strains at a ratio of 1:2. The mating effi-
ciency was then quantified. Similar to get5� cells, the get4�
strain showed a reduction in mating efficiency with yeast cells
having the W303 or S288C genetic background (Fig. 2). For
sgt2� strains, however, a decrease inmating efficiency was only
observed with W303 cells, suggesting that the sgt2� strains
behaved differently from the get5� and get4� strains.

The genetic interaction between SGT2 and YDJ1 can be
observed in yeast cells under stress; under normal growth con-
ditions, however,GET5 interacts genetically with YDJ1 (6). We
therefore tested whetherGET4 interacts genetically with YDJ1.

Mutants, including get4�ydj1�, were first generated through
sporulation and were verified by immunoblotting. These
mutantswere then subjected to growth fitness assays. As shown
in Fig. 3A, get4� had no growth defect, and ydj1� had a slow
growth phenotype. Notably, however, get4�ydj1� showed a
much more severe growth defect than ydj1�, clearly indicating
that GET4 interacts genetically with YDJ1. Taken together,
these analyses show that Get4 and Get5 are closely related in a
functional sense, whereas the function of Sgt2 is more distantly
related to these proteins.
Get4 and Get5 Form a Tight Complex in the Cytosol—Al-

though we demonstrated that Get5 has the capacity to interact
with both Sgt2 and Get4, there are conflicting reports about
whether these proteins are located in the same cellular com-
partment in yeast. Fleischer et al. (29) reported that Get5 is
associated with ribosomes, indicating that Get5 should be
located in the cytosol. On the other hand, by examining the
cellular location of Get5 fused with green fluorescent protein
(GFP), Hu et al. (28) concluded that Get5 was predominantly

FIGURE 1. Yeast two-hybrid assays to assess the interaction between dif-
ferent pairs of proteins among Sgt2, Get4, and Get5. A, interaction of SGT2
and its fragments (in pAS2-1 vector) with GET4 (in pACT2 vector) was deter-
mined, and the blue filters are shown. Human lamin C-(66 –230) in pAS2-1
(Lam) was used as a control. B, interaction of GET4 with SGT2 was determined
using yeast strain Y190 and Y190 with GET5 deleted; the blue filters are
shown. C, interaction of GET4 and SGT2 with fragments of GET5 (in either
pAS2-1 or pACT2) was determined, and the blue filters are shown. The ubiq-
uitin-like domain of Get5 ranges from residues 74 –173.

FIGURE 2. Effect of deletions of GET or SGT2 genes on mating efficiency.
The mating efficiency of the mutants having the W303 or S288C genetic back-
ground was quantified. Data represent the means � S.E. of three indepen-
dent determinations. WT, wild type.

FIGURE 3. Genetic interaction of YDJ1 with GET4 and GET5. Diploid yeast
strains heterozygous for YDJ1 and GET4 (A) or for YDJ1 and GET3 (B) were
sporulated, and tetrads were dissected. Growth fitness assays were per-
formed on tetrads with all four possible combinations. Here, an equal number
of cells was streaked onto YPD plates and allowed to grow at 30 °C for 3– 4
days before being photographed.
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found in the nucleus. However, using an approach identical to
that adopted by Hu et al. (28), Jonikas et al. (13) recently dem-
onstrated that Get5�GFP was indeed cytosolic. To clarify these
discrepancies, we examined the subcellular localization of
endogenous Get5 by immunofluorescence microscopy. Our
result (supplemental Fig. S2) suggested that Get5 is predomi-
nantly located in the cytosol. Because Sgt2 and Get4 are also
cytosolic, these three proteins would indeed have the capacity
to interact with each other in vivo.
The next question was whether Sgt2, Get4, and Get5 form a

complex in yeast. We prepared a cytosolic fraction from yeast
cultured in rich medium, and this fraction was incubated with
anti-Get5 antibodies coupled to protein A-Sepharose. The pro-
tein bound to the antibodies was then eluted with acid for anal-
ysis. Under our experimental conditions, most (if not all) of the
Get5 in the cytosolic fraction was immunoprecipitated by anti-
Get5 (Fig. 4A). The immunoprecipitate was subjected to SDS
gel electrophoresis (Fig. 4B), which revealed twomajor proteins
and a fewminor ones that were subsequently identified bymass
spectrometry. The two major proteins were Get5 and Get4,
which were always present in similar, if not identical, amounts.
Based on the Saccharomyces Genome Database (SGD), the
number of copies per cell for Get4 (5.4 � 103) and Get5 (6.5 �
103) is similar. Indeed, most of Get4 also precipitated withGet5
(Fig. 4A). Theminor bands found in the anti-Get5 immunopre-
cipitate were identified as Sgt2 and Ybr137c. They were always
present at much lower levels than Get5 and Get4, and the
amount of these minor proteins varied from experiment to
experiment (data not shown). These results clearly suggest that

Get4 and Get5 form a tight complex in yeast cells, and Sgt2
associates transiently with this complex.
Crystal Structure of Get4-Get5NComplex—To obtain a crys-

tal structure of the Get4-Get5 complex, we co-expressed His-
tagged Get4 and untagged Get5 in Escherichia coli and purified
the protein. Get5 co-purified with Get4 on Ni2�-NTA resin,
and the amount of the two proteins was similar (Fig. 4C). Our
attempts to use the purified protein complex for crystallization
met with limited success because of apparent protein degrada-
tion upon storage at 4 °C. After 3months of storage at 4 °C, two
major stable fragments remained. Mass spectrometry and
N-terminal sequencing revealed that they were the full-length
Get4 and the N-terminal fragment of Get5 (Get5N, residues
2–59). These two polypeptides remained associated in a com-
plex in solution as determined by size exclusion chromatogra-
phy (data not shown). The Get4-Get5N complex was further
purified to homogeneity for crystallization trials. The single
crystals we obtained were used for structural determination.
The statistics of data collection and structure refinement are
shown in Table 1.
A ribbon diagram of the structure at 1.99 Å resolution is

shown in Fig. 5A. The complex had an overall oblong shape:
about 80 Å in length, 30 Å in width, and 40 Å in pitch. The
organization of the secondary structures of Get4 andGet5N are
given in supplemental Fig. S3. Get4 contains 14 �-helices (helix
A to helix N) and is composed of several helix-turn-helix

FIGURE 4. Get4 and Get5 form a complex. A, yeast lysates were prepared
and utilized for immunoprecipitation with anti-Get5. The immunoprecipi-
tates were subjected to gel electrophoresis and then blotted with anti-Get5,
anti-Get4, and anti-hexokinase (HxK). Lanes 1, 2, and 3 represent the lysate
diluted 1:2000, flow-through diluted 1:2000, and protein bound to antibodies
diluted 1:200, respectively. B, the protein immunoprecipitated with anti-Get5
was subjected to gel electrophoresis, and the gel was stained with Coomassie
Brilliant Blue. Lanes 1 and 2 represent immunoprecipitates from wild-type and
get5� lysates, respectively. C, Get5 co-purifies with His-tagged Get4 using
Ni2�-NTA resin. Lanes 1 and 2 represent the soluble fraction of the bacterial
lysates and the purified protein, respectively.

TABLE 1
Data collection and refinement statistics

Data collection
Space group P21
Cell dimensions
a (Å) 48.28
b (Å) 118.77
c (Å) 168.38
� (°) 95.17

Peak Inflection Remote

Wavelength 1.0050 1.0085 0.8550
Resolution (Å) 2.15 1.99 1.99
Redundancy 6.3 (6.0)a 3.1 (3.0) 3.1 (3.0)
I/�(I) 19.5 (3.9) 15.3 (3.7) 12.4 (2.4)
Completeness (%) 99.7 (99.9) 99.3 (99.1) 98.9 (96.9)
Rmerge (%)b 9.0 (47.2) 7.3 (33.0) 9.6 (49.2)
Rr.i.m. (%)c 9.5 (51.3) 8.7 (40.1) 11.4 (59.1)
Rp.i.m. (%)d 3.8 (21.0) 4.9 (22.2) 6.4 (32.8)

Refinement
Resolution (Å) 25.59-1.99
No. of reflections 203797
Rwork/Rfree (%) 17.5/20.6
No. of atoms
Protein
Get4 9288
Get5N 1515

Mercury ion 4
Water 1202

B-factors
Protein
Get4 21.1
Get5N 24.4

Mercury ion 49.2
Water 35.1

r.m.s.e deviations
Bond lengths (Å) 0.005
Bond angles (°) 1.0

a Numbers in parentheses refer to the highest resolution shell.
bRmerge � �h�i�Ihi 	 
Ih��/�h�iIhi.
c Rr.i.m. � �h�N/(N 	 1)
1⁄2�i�Ihi 	 
Ih��/�h�iIhi.
d Rp.i.m. � �h�1/(N 	 1)
1⁄2�i�Ihi 	 
Ih��/�h�iIhi.
e r.m.s., root mean square.
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motifs; an antiparallel �-sheet (�A and �B) lies between helices
K and L. Get5N in the complex has an N-terminal �-helix (�1)
followed by two long loops (loop 1 and loop 2) with a short
�-helix (�2) in between, and it straddles the C-terminal bisec-
tion of the elongated Get4 structure. Get5N �1 is located in the
cleft formed by�A,�B, and helices L andMofGet4. Loop 1 lies
across the bottom of helices J, K, and L of Get4, and helix �2
makes a turn in Get5N that allows loop 2 to fit into the concav-
ity on the Get4 surface comprised of helices H, I, J, and N.
The structure also showed that Get4 and Get5N associate

mainly through hydrophobic interactions (Fig. 5B). The non-
polar surface of the amphipathic helix �1 (Fig. 5C) of Get5N is
lodged in the hydrophobic cleft on Get4 formed by �A, �B,
helix L, and helix M through extensive hydrophobic interac-

tions and a few hydrogen bonds. Loops 1 and 2 of Get5N also
interact with Get4 mainly through hydrophobic interactions.
These binding behaviors imply thatGet4 andGet5 are not likely
to dissociate in the cytosol, which is hydrophilic in nature.
Moreover, there is an abnormally high density of prolyl residues
(6 of 48) inGet5N, five of which are in the loop regions. Because
of the inherent inflexibility of prolyl residues, the long loops of
Get5N may be able to adopt more rigid conformations to fit
into the complementary positions on the Get4 surface. A sche-
matic representation summarizing the interaction of Get5N
with Get4 is given in Fig. 5D.
The continuous antiparallel �-helices in Get4 structure sug-

gest an architectural similarity to the TPR proteins. However,
the structural comparison between Get4 and the TPR domain

FIGURE 5. Crystal structure of Get4-Get5N. A, ribbon diagrams for the Get4-Get5N complex structure. The structure of Get4 in the complex (gold) and Get5N
(blue) is shown. The left and right panels are the front orthogonal view and top orthogonal view, respectively. B, hydrophobicity of the Get5N surface. The
surface hydrophobicity of Get5N is shown by a color gradient from green (hydrophobic) to white (hydrophilic). Get4 is shown as the gold ribbons. C, helical plot
of the �1 in Get5N. The basic, acidic, polar, and hydrophobic residues are indicated in blue, red, green, and yellow, respectively. D, interactions between Get5N
and Get4. Residues of Get5N and Get4 are displayed by circles and rectangles, respectively. The �-helices and loops of Get5N are colored in green and blue,
respectively. Residues participating in intermolecular interactions are represented by black solid lines (hydrophobic interactions) or red dotted lines (hydrogen
bonds).
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of human SGT (30) reveals that Get4 does not behave in a right-
handed helical conformation, as do regular TPR proteins
(supplemental Fig. S4). The varied numbers of amino acid res-
idues in each antiparallel �-helix pair of Get4 also overrule the
relatedness to theTPR family (supplemental Fig. S3). Neverthe-
less, the structural feature of Get4 may still suggest a possible
evolutionary relationship to proteins containing helix-turn-he-
lix repeats and provide hints for a similar interaction manner
with other proteins.
Interaction of the Get4-Get5 Complex with Get3—Homozy-

gous co-fitness data (10) show thatGET4 andGET5 have a high
correlation with GET3, and deletion of GET3 reduced mating
efficiency (Fig. 2). Moreover, Get4 and Get5 have been shown
to take part in the insertion of TA proteins into the ER mem-
brane, and they function upstream of Get3 (13). BecauseGET3
was found to interact with GET4 in a large scale two-hybrid
analysis (14) and because FLAG-taggedGet3 has the capacity to
pull downGet4 andGet5 (13), we next testedwhetherGet3 and
Get4 interact physically. We first purified the Get4-Get5 com-
plex and mixed it with purified Get3. The mixture was then
immunoprecipitated with anti-Get5. The result clearly demon-
strated that Get3 was pulled down by the Get4-Get5 complex
(Fig. 6A). We next determined whether Get3 interacts specifi-
cally with Get4 or Get5 or with both proteins. Yeast two-hybrid
assays (Fig. 6B) demonstrated that both Get4 and Get5 ap-
peared to interact with Get3. Because deletion of GET4
abolished the interaction of GET5 with GET3, however, the
apparent interaction between GET5 and GET3 (31) might be
mediated byGET4. These results suggest that in the Get4-Get5
complex, either onlyGet4 interactswithGet3 or the interaction

of Get5 with Get3 is dependent on
structural aspects of Get5 that are
only manifested when it is bound to
Get4.
Get4 is expressed ubiquitously

across many species, and thus we
chose some of the most conserved
Get4 homologs from different spe-
cies for sequence alignment
(supplemental Fig. S5), and a color
gradient from yellow (70% similar-
ity) to red (100% identity) was
assigned to the residues on the sur-
face of Get4 (Fig. 6C). Besides the
relatively conserved Get5N-binding
troughs, Get4 contains a highly con-
served region located distal to the
Get5N-interacting surface. This
conservation of surface charge
suggested that the N-terminal
region of Get4 is responsible for
interacting with the conserved
Get3. To test this possibility, we
generated deletion plasmids of
GET4 for the yeast two-hybrid
assay. As expected, the C-terminal
domain of Get4 interacted with
Get5, but the results also clearly

showed that the N-terminal domain of Get4 interacted with
Get3 (Fig. 6D).
GET3 Interacts Genetically with the Molecular Chaperone

YDJ1—Using Hsp70 inhibitors, Rabu et al. (32) have demon-
strated in vitro that in vertebrates, membrane insertion of a
subset of TA proteins depends on the cytosolic Hsc70/Hsp40
chaperone system. Thus, we employed a genetic approach in
yeast to investigate the possible involvement of chaperones in
this process. Because we previously demonstrated a synthetic
interaction ofGET4 andGET5 with YDJ1, we wanted to deter-
mine whetherGET3 also interacted genetically with YDJ1. Dip-
loids with heterozygous mutations in both GET3 and YDJ1
were generated, and the tetrads were dissected. After verifying
the mutations by immunoblotting, we examined the growth
phenotypes of themutants. As shown in Fig. 3B, get3� cells had
no growth defect in rich medium, and ydj1::natkM cells dis-
played a slow growth phenotype. Moreover, the growth of
get3�ydj1::natkM was severely retarded, demonstrating that
GET3 interacts genetically with YDJ1. This result is consistent
with the hypothesis that in yeast, there might be another
chaperone-dependent pathway for the insertion of TA proteins
into membranes.

DISCUSSION

Our results clearly show that Get4 and Get5 in S. cerevisiae
form a tight complex to carry out their function(s). This con-
clusion is supported by the observation that both Get4 and
Get5 are completely immunoprecipitated from yeast cytosol by
anti-Get5 and that Get4 and Get5 also co-purify from extracts
prepared from bacteria co-expressing the two proteins. In both

FIGURE 6. Interaction of the Get4-Get5 complex with Get3. A, recombinant Get4-Get5 complex (lane 1) was
incubated with purified Get3 (lane 2), and the mixtures were immunoprecipitated with anti-Get5. Get3 co-
precipitated in the presence of the Get4-Get5 complex (lane 3) but not in its absence (lane 4). B, yeast two-
hybrid interactions of GET3 with GET4 in Y190(get5�) and of GET3 with GET5 in Y190 and Y190(get4�) are shown.
C, conserved residues on the Get4 surface. Residue conservation in Get4 determined by sequence alignment
(supplemental Fig. S5) is shown by a surface diagram with a color gradient from yellow (70% conserved) to red
(100% identical). Get5N (blue) is shown as ribbons with stick side chains. D, the yeast two-hybrid assays were
used to dissect the interaction of Get4 with Get3 and Get5. The N-terminal region (residues 1–148) and C-ter-
minal region (residues 149 –312) of Get4 are responsible for interacting with Get3 and Get5, respectively.
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cases, the stoichiometry of the recovered proteins was essen-
tially 1:1, in agreement with the data deposited in SGD, indicat-
ing that the number of copies of these two proteins in yeast is
virtually identical. The crystal structure of the complex formed
by Get4 and Get5N clearly indicates that these proteins associ-
ate primarily via hydrophobic interactions. Although two other
proteins, Sgt2 and Ybr137w, also have the capacity to associate
withGet4 orGet5, the amount of these proteins associatedwith
this complex varied and was not stoichiometric. Therefore,
their association with the Get4-Get5 complex is probably
dynamic, and Get4 and Get5 are likely the only two subunits of
the complex. The quaternary structure of this molecule, how-
ever, remains to be determined.
The structure of Get4-Get5N also suggests that Get4 may

play an important role in the stabilization of Get5 in yeast cells.
Based on the structure, the N-terminal domain of Get5 would
be highly exposed in the absence ofGet4. Because of the flexible
long loops and the amphipathic helix �1, Get5 would conceiv-
ably be easily cleaved by proteases or abnormally aggregated
unless it was associated with Get4. If so, then deletion ofGET4
should significantly accelerate the turnover of Get5. Indeed,
deletion ofGET4 brought about a pronounced reduction in the
level of Get5 (supplemental Fig. S6) without affecting the level
of Get3 and Sgt2 (data not shown). In vertebrates, however, the
situation may be different. Homologs of Get3 and Get4 have
been identified based on amino acid sequence data. The Get3
homolog, Ansa-1, participates in the insertion of TA proteins
into membranes (32). Vertebrate homologs of Get4 have also
been identified (33), but their function(s) has not been eluci-
dated. The vertebrate homolog of Get5 remains elusive, and no
protein has been found to have amino acid sequence similarity
with the N-terminal region of Get5. There are at least two sim-
ple interpretations for this observation. First, itmay be that only
the three-dimensional structure, and not the sequence, of the
putative vertebrate equivalent of Get5 needs to be conserved;
i.e. the sequences of the yeast and putative vertebrate proteins
may have diverged to the extent that the search algorithm may
not recognize any existing similarity between them. Second, the
vertebrate equivalent of Get5 may not associate with Get4,
eliminating the need for sequence conservation (or even main-
tenance) of the N-terminal region. It is also possible that the
putative vertebrate Get5 may be associated with some as yet
unidentified component or it may act alone. Further work is
needed to clarify these hypotheses.
Get1, Get2, and Get3 are involved in the insertion of TA

proteins into the ER membrane (12). More recently, Jonikas et
al. (13) demonstrated that Get4 andGet5 also participate in the
membrane insertion of TA proteins and that Get4 and Get5
function upstream of Get3. Our present data demonstrate that
the Get4-Get5 complex interacts physically with Get3. Al-
though the experiments were carried out using recombinant
proteins in the absence of TA proteins, the results nevertheless
imply that Get4-Get5 may have the capacity to transfer TA
proteins to Get3 without any additional GET protein. In intact
cells, however, the association of the Get4-Get5 complex with
Get3 may be transient because Get3 does not co-precipitate in
any significant amount with the Get4-Get5 complex in yeast
cytosol. Moreover, Get5 is associated with ribosomes (29). It is

possible that nascent TA proteins emerging from ribosomes
may be quickly transferred to the Get4-Get5 complex(es).
Therefore, the number of essential components upstream of
Get4-Get5 for this process may be quite limited. These
upstream components, if any, might be important for specific-
ity because certain TA proteins are inserted into themitochon-
drial outer membrane instead of the ER (12).
Sgt2 is one of themajor proteins associatedwith theGet4-Get5

complex.However, the role of Sgt2 in the insertion of TAproteins
is unclear. On one hand, the phenotypes of sgt2� cells differ from
thoseof get3�, get4�, and get5�cells. Forexample, for yeast strains
having theS288Cgenetic background, deletionofGET3,GET4, or
GET5 reduces mating efficiency, but deletion of SGT2 does not
affect the mating process. It is possible that reduction in mating
efficiency for those strainsmay originate from a defect in TA pro-
tein insertion because someTAproteins (e.g.Prm3) are important
for the signaling involved in themating process (34). If so, the lack
of an effect of SGT2 deletion onmating efficiency may imply that
the product of this gene is not an essential component for the
insertion of TA proteins into the ER membrane. On the other
hand, Sgt2mayassociatewith theGet4-Get5 complex in vivo, sug-
gesting that these three proteins may be somewhat interdepen-
dent with respect to their various functions. Similarly, chemical
genomics analysis results (10) also imply that SGT2may be func-

FIGURE 7. Model for the insertion of tail-anchored proteins. Besides the
known pathway involving GET proteins, there is a chaperone-dependent
pathway for the insertion of tail-anchored proteins. However, the role of Sgt2,
if any, in this process needs to be elucidated. It also remains to be determined
whether there are additional membrane proteins (indicated by X) participat-
ing in the insertion of tail-anchored proteins.
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tionally linked toGET4 andGET5.Moreover, Sgt2 interacts phys-
icallywithmolecular chaperoneSsa1 (6). Because chaperonesmay
play a role in the insertion of TA proteins into the ERmembrane,
Sgt2 might also be involved in, but may not be an essential com-
ponent of, that process.
Yeast strainswithGET3,GET4, orGET5deleted donot show

any defect in growth fitness in rich medium. This observation
suggests that there might be another pathway for the insertion
of TA proteins into the ER membrane. However, this putative
pathway may have lower target-membrane specificity because
certain TA proteins are transported to an incorrect location in
the GET3 deletion strain (12). Similar to vertebrates (32), this
additional pathway may be chaperone-dependent. We there-
fore examined the synthetic interaction between YDJ1 and
GET3 as well as GET4. Indeed, both GET3 and GET4 show
synthetic interaction with YDJ1. It has also been shown that
YDJ1 and GET5 interact genetically (6). It cannot be ruled out
that the GET protein complexes might physically interact with
chaperones and that the chaperones improve the efficiency of
TA protein transfer mediated by the GET complexes. Never-
theless, the simplest interpretation of this result is that besides
the pathway involving GET protein complexes, there is a par-
allel chaperone-dependent pathway for the insertion of TA
proteins. A simple workingmodel is given in Fig. 7, in which we
hypothesize that a membrane component (X) participates in
this process because it is unclear whether the Get1-Get2 com-
plex is sufficient for proper insertion of TA proteins into
membranes.
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