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Nearly 5% of membrane proteins are guided to nuclear, endoplasmic reticulum (ER), mitochondrial, Golgi, or peroxisome mem-
branes by their C-terminal transmembrane domain and are classified as tail-anchored (TA) membrane proteins. In Saccharomy-
ces cerevisiae, the guided entry of TA protein (GET) pathway has been shown to function in the delivery of TA proteins to the ER.
The sorting complex for this pathway is comprised of Sgt2, Get4, and Get5 and facilitates the loading of nascent tail-anchored
proteins onto the Get3 ATPase. Multiple pulldown assays also indicated that Ybr137wp associates with this complex in vivo.
Here, we report a 2.8-A-resolution crystal structure for Ybr137wp from Saccharomyces cerevisiae. The protein is a decamer in
the crystal and also in solution, as observed by size exclusion chromatography and analytical ultracentrifugation. In addition,
isothermal titration calorimetry indicated that the C-terminal acidic motif of Ybr137wp interacts with the tetratricopeptide re-
peat (TPR) domain of Sgt2. Moreover, an in vivo study demonstrated that Ybr137wp is induced in yeast exiting the log phase and
ameliorates the defect of TA protein delivery and cell viability derived by the impaired GET system under starvation conditions.

Therefore, this study suggests a possible role for Ybr137wp related to targeting of tail-anchored proteins.

Eukaryotic membrane-bound proteins have to be targeted to
the membranes. Approximately 5% of membrane proteins are
tail anchored (TA) to the membrane, and this class of integral
membrane proteins can be grouped into the TA family (1-6). TA
membrane proteins have a C-terminal trans-membrane domain
(TMD). The TMD is inserted into the membrane, while the func-
tional domain(s) is oriented toward the cytosolic side of the cell.
TA proteins can be found in nuclear, endoplasmic reticulum (ER),
mitochondrial, Golgi, and peroxisome membranes (7, 8). More
than 400 human TA proteins have been identified and implicated
in membrane fusion, protein translocation, and apoptosis. It was
recently shown that TA proteins are delivered to the ER mem-
brane via the guided entry of TA protein (GET) pathway (9-14).
Unlike proteins containing an N-terminal signal peptide(s) that is
recognized by the signal recognition particle and targeted to the
ERin a cotranslational manner, TA proteins expose their targeting
signal only after the complete biosynthesis of the C-terminal TMD
and are released from the ribosome (15).

In Saccharomyces cerevisiae, Getl to Get5 and Sgt2 are the ma-
jor components of the GET pathway (9, 13, 16-18). The first step
in the GET pathway is the formation of the Sgt2/Get4/Get5 sorting
complex, which recognizes and loads the newly formed TA pro-
tein onto the Get3 ATPase (19-21). Get3 then delivers the TA
protein to the ER membrane, where the TA protein is released for
insertion with the aid of the Get1/Get2 membrane-bound com-
plex (13, 22). Get2 acts as a receptor that recruits the Get3-TA
protein complex onto the surface of the ER membrane, while Get1
triggers the release of the TMD of the TA protein from Get3 (9, 12,
23,24).

Sgt2 is a 38-kDa protein containing a domain with three tet-
ratricopeptide repeats (TPRs) and is well conserved across eu-
karyotes (25). Starting from the N terminus, Sgt2 has a dimeriza-
tion domain, a TPR domain, and a Glu/Met-rich C-terminal
domain (26-28). Recently, Sgt2 has been shown to interact with
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Ybr137wp, Hsp104, and Hsp70 via its TPR domain (13, 20).
Ybr137wp is the subject of this work, while Hsp104 and Hsp70 are
chaperone proteins. A previous immunoprecipitation study indi-
cated that Argl71 and Argl75 of the Sgt2 TPR domain interact
with Ybr137wp and the above-mentioned chaperones. Simultane-
ous mutation of these two arginine residues abolishes the associ-
ation of Sgt2 with Ybr137wp or the chaperone proteins (13). No-
tably, the association of Hsp104 or Hsp70 with Sgt2 increases in a
yeast strain with a ybr137w deletion (13). The results imply that
Ybr137wp and the chaperones compete for the same binding site
on the Sgt2 TPR domain. Ybr137wp may regulate TA protein
targeting by mediating interactions between Sgt2 and the chaper-
ones. Interestingly, Ybr137wp can form a cytosolic complex with
Kap142p (29). Kap142p is a karyopherin that mediates both nu-
clear export and import (29). However, the role of Ybr137wp in
this complex is unclear. We also noted that ybr137w is not con-
served outside fungi, even though TA protein targeting and sgr2
are universal to all eukaryotes.

Although many studies have focused on the GET pathway
and the role of Sgt2 in the pathway, the function of Ybr137wp
remains to be elucidated. To investigate the potential function
of Ybr137wp, we first determined the crystal structure of
Ybr137wp, which has a homodecameric quaternary structure in
both crystal and solution forms. Structural homology analysis
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suggests that Ybr137wp belongs to the GlcG-like superfamily do-
main, although they shared low sequence identity. We used iso-
thermal titration calorimetry (ITC) to quantify the binding con-
stant for binding of Sgt2 to Ybr137wp during complex formation,
and with the use of in vivo assays, we suggest a possible role for
Ybr137wp in the GET pathway.

MATERIALS AND METHODS

Construction of plasmids. ybr137w encoding Ybr137wp (residues 1 to
179) was PCR amplified by using S. cerevisiae genomic DNA as the tem-
plate, an upstream primer containing an Ndel site, and a downstream
primer containing an Xhol site. The amplified fragment was digested with
Ndel and Xhol and then subcloned into the Ndel/Xhol site of pET15b
(Novagen) to yield a construct encoding N-terminally Hisg-tagged
Ybr137wp. PCR amplification of the genes encoding full-length Sgt2 (res-
idues 1 to 347) and the TPR domain of Sgt2 (Sgt2TPR) (residues 95 to
227) was performed in a manner similar to that for Ybr137wp. Sgt2AC,
lacking the Sgt2 C-terminal domain (residues 1 to 227), and
Ybr137wpAC, lacking the Ybr137wp C-terminal domain (residues 1 to
170), were generated by introducing a stop codon using QuikChange
site-directed mutagenesis kit reagent (Stratagene) after the codon for po-
sition 227 or 170, respectively.

Protein expression and purification. Plasmids for protein expression
were transformed into Escherichia coli BL21(DE3) cells. Transformed cells
were grown at 37°C in LB medium supplemented with ampicillin at 100
pg/ml until the optical density at 600 nm (ODy,) reached 0.6. Overex-
pression of His.-Ybr137wp was induced by the addition isopropyl-thio-
B-p-galactopyranoside (final concentration, 1.0 mM), and cell growth
was continued at 37°C for an additional 3 h. Cells were harvested by
centrifugation at 5,000 X g for 20 min at 4°C. Harvested cells were sus-
pended in a solution containing 20 mM Tris-HCI (pH 8.0), 500 mM NaCl,
and 5 mM imidazole and then lysed with a Microfluidizer (Microfluidics).
The lysate was centrifuged at 30,000 X g for 50 min and then loaded onto
a HisTrap HP column equilibrated with the same buffer solution. The
column was washed with 10 column volumes of a solution containing 20
mM Tris-HCI (pH 8.0), 500 mM NaCl, and 50 mM imidazole. The His-
tagged proteins were eluted with a solution containing 20 mM Tris-HCI
(pH 8.0), 500 mM NaCl, and 200 mM imidazole. Protein fractions were
further purified by Superdex 200 gel filtration chromatography using buf-
fer containing 20 mM Tris-HCI (pH 8.0) and 100 mM NaCl. Column
fractions were subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), and those fractions found to contain His-
Ybr137wp were concentrated to ~10 mg/ml and stored at —80°C. Sel-
enomethionine (SeMet)/Hisg-Ybr137wp was expressed in cells grown in
Overnight Express Autoinduction System 2 medium (Novagen) and was
purified in a manner similar to that for Ybr137wp. Sgt2AC and Sgt2TPR
were also purified in a similar manner.

Size exclusion chromatography. Size exclusion chromatography
(SEC) was performed at 4°C by using an Akta purifier system (GE Health-
care). Briefly, 5-ml samples (100 uM) were individually applied onto a
Superdex 200 16/60 PG column (GE Healthcare) that had been equili-
brated with a solution containing 20 mM Tris-HCI (pH 8.0) and 100 mM
NaCl. The flow rate was 1.0 ml/min, and 2-ml fractions were collected.
Peak fractions were then subjected to SDS-PAGE (20% [wt/vol] acryl-
amide). The column was calibrated by using protein markers (GE Health-
care), including thyroglobulin (669 kDa), ferritin (440 kDa), aldolase (158
kDa), and conalbumin (75 kDa).

Analytical ultracentrifugation. Analytical ultracentrifugation (AUC)
experiments were conducted with an XL-A analytical ultracentrifuge
(Beckman-Coulter, Brea, CA) and a Ti An60 rotor. Ybr137wp, Sgt2AC,
and Ybr137wp/Sgt2AC samples in a solution containing 20 mM Tris-HCl
(pH 8.0) and 100 mM NaCl were used for all centrifugation experiments.
The buffer density and viscosity were calculated by using the SEDNTERP
program (30) based on buffer composition. The partial specific volumes
were calculated based on the amino acid compositions of Ybr137wp and
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Sgt2AC by using the same program. The sedimentation velocity profiles
were collected at 20°C at 280 nm with rotor speeds of 60,000 rpm
(Sgt2AC) and 35,000 rpm (Ybr137wp). Data were analyzed with the SED-
FIT program (31) to fit a continuous distribution model, c(s), according
to the Lamm equation. For sedimentation equilibrium experiments, the
Ybr137wp/Sgt2AC complex was obtained by SEC, and data collection was
performed at rotor speeds of 3,200, 3,800, and 7,000 rpm. The resulting
absorbance-versus-radial profile was measured at 250 nm for each speed
until equilibrium was reached. Sedimentation equilibrium profiles at
three rotor speeds were globally fitted to a single discrete species model by
using SEDPHAT (32).

Protein crystallization. Crystallization trials were set up by using 10
mg/ml Ybr137wp in a solution containing 20 mM Tris-HCI (pH 8.0) and
100 mM NaCl. Initial screening was performed by using a Phoenix robot
platform (Rigaku) with commercially available screen reagents (Hamp-
ton Research, Molecular Dimension, and Qiagen Ltd.) at 25°C. Crystals
(0.06 mm by 0.06 mm by 0.02 mm) that diffracted to a ~4.5-A resolution
were obtained for the 30% (vol/vol) 2-methyl-2,4-pentandiol (MPD)-20
mM Tris-HCI (pH 8.0) trial. Crystals (0.15 mm by 0.15 mm by 0.02 mm)
suitable for X-ray diffraction were obtained by the hanging-drop vapor
diffusion method after adjusting the protein concentration to 15 mg/ml at
pH ~8.2 to 8.4 and adding pentaerythritol propoxylate (Aldrich) to ~2 to
4% (vol/vol). SeMet-Ybr137wp crystals were obtained in a similar man-
ner. The crystals belong to the space group P3,21 with cell dimensions of
a="b=13525Aand c = 121.13 A and were diffracted to 2.8- and 2.9-A
resolutions for native and SeMet-labeled crystals, respectively. Native and
single-wavelength anomalous diffraction data were generated by using
synchrotron X-ray radiation at Beamline 13B1 of the National Synchro-
tron Radiation Research Center, Taiwan, and collected with a Quantum
310 charge-coupled device (CCD) detector (Area Detector Systems
Corp.) at 100 K. The Ybr137wp structure was determined by using sele-
nium single-wavelength anomalous dispersion (Se-SAD) phasing of the
SeMet-Ybr137wp data acquired at a peak wavelength of 0.9786 A. All data
were processed by using DENZO and SCALEPACK in HKL2000 (33, 34).

Structure solution and refinement. The identification of the sele-
nium positions and the generation of initial SAD phases at a 3.0-A reso-
lution were performed by using PHENIX (35, 36). After identifying the 15
Se positions, the initial phases were further improved to a 2.8-A resolution
by using the maximum likelihood density modification algorithm in
PHENIX. Owing to the limited resolution, automatic model building us-
ing PHENIX was not successful. Therefore, Coot (37) was used for model
building. The native structure (2.8-A resolution) was energy minimized
and then annealed by using PHENIX and CCP4 (35, 36, 38). Sixty-four
water molecules were found in the structure by using the water-picking
routine in PHENIX. The final model has an R factor of 20.7% for all
reflections of >2 o and between 30.0- and 2.8-A resolutions and an Ry,
value 0f 26.8% for 5% randomly chosen reflections. APHENIX-generated
Ramachandran plot for the Ybr137wp ¢&-¢ angles indicates that 94% of
them are in the most favored regions and that 6% are in allowed regions.
Solvent-accessible and interface areas were calculated by PISA (39). Py-
Mol and Chimera (40, 41) were used to generate the figures. The Phyre2
server (42) predicted that residues 172 to 177 of Ybr137wp are a-helical.
However, due to the lack of electron density at the region occupied by
residues 174 to 179, we cannot validate the prediction experimentally.

Isothermal titration calorimetry. ITC was performed by using a Mi-
croCal iTC200 calorimeter (GE Healthcare) at 25°C. For all experiments,
the sample cell contained 60 uM Sgt2AC, 20 mM Tris-HCI (pH 8.0), and
100 mM NaCl in a volume of 200 wl. An injection syringe was loaded with
700 wM Ybr137wp or a similar concentration of Ybr137wpAC in the same
buffer. Each experiment consisted of 20 injections. The volumes of the first
and subsequent injections were 1 wl and 2 pl, respectively. The time interval
between each injection was 240 s. The stirring speed and reference power were
1,000 rpm and 5 pcal/s, respectively. The binding isotherms were integrated
and analyzed by using Origin v7.0 (MicroCal).
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Yeast strains and plasmids. All yeast strains used in this study were
derived from S. cerevisiae in the BY4741 genetic background. Single-dele-
tion strains were obtained from the Saccharomyces Genome Deletion
Consortium (43). All yeast strains with a ybr137w deletion were prepared
by PCR replacement of ybr137w with URA3 in the corresponding single-
deletion strain. To restore Ybr137wp expression in the deletion strains,
cells were transformed with a pRS313 construct containing ybr137w with
an endogenous promoter. The gene encoding Flag-SCS2 was constructed
by PCR fusion of synthetic DNA encoding the Flag tag and the SCS2
fragment amplified from genomic DNA and then cloned into pYCplac33
between the TEF1 promoter and terminator. The enhanced green fluores-
cent protein (eGFP)-Sec22 fusion gene was linked with the SaclI restric-
tion site sequence and cloned into pYCplac111 between the Gall pro-
moter and terminator.

Viability assay. A single colony of yeast was cultured in yeast extract-
peptone-dextrose (YPD) and subcultured daily in fresh YPD for 3 days.
Prior to the viability assay, equal amounts of cells cultured overnight were
subcultured in YPD and grown for 6 h to log phase at an OD,, of ~0.5 to
1.0. The cells were washed twice with synthetic complete (SC) medium
and then resuspended in the same medium. In the viability assay using
galactose, SC medium without glucose (SC-D medium) was used to wash
the cells. After measurement of the cell density at 600 nm, cells were
resuspended in 5 ml of SC medium or SC-D medium containing galactose
to a final ODy, of 0.05 and cultured at 30°C. To assess cell viability, cells
were serially diluted with YPD, and a 2-pl sample was dropped onto a
YPD plate for each spot. The images were taken after incubation of the
plates at 30°C for 36 to 48 h.

Western blotting. For the quantification of endogenous Ybr137wp,
yeast cells were cultured in YPD overnight and subcultured into YPD or
SC medium. Two milliliters of cells was harvested at the indicated times.
Following ODy,, measurements, an equal amount of cells was resus-
pended in 0.1 N NaOH on ice for 15 min. The treated cells were resus-
pended in 1X SDS sample buffer and heated at 95°C for 5 min. The
proteins were separated by electrophoresis with Bis-Tris 4 to 12% acryl-
amide gels (Invitrogen) and transferred onto a polyvinylidene difluoride
(PVDF) membrane (Merck Millipore). The membrane was blocked in
phosphate-buffered saline-Tween (PBST) containing 3% bovine serum
albumin (BSA) and incubated with rabbit polyclonal antibodies against
Ybr137wp or mouse anti-glucose-6-phosphate dehydrogenase (anti-
G6PDH) at room temperature for 1 h, followed by incubation with ap-
propriate secondary antibodies (Abcam).

Blue native gel electrophoresis. For blue native PAGE analysis, wild-
type (WT) and ybr137w deletion yeast strains were cultured in 20 ml YPD
overnight. The cells were harvested, resuspended in 0.1 N NaOH, and
incubated at room temperature (RT) for 30 min. The treated cells were
resuspended in water and sonicated on ice for 2 min to lyse the cells. After
centrifugation, the cell lysates were stored at 4°C before use. Ybr137wp
with the His tag removed was used as a control. The His tag was removed
from the purified recombinant protein by digesting 1 mg of His-
Ybr137wp with 1 unit of thrombin (Novagen) in 1 X digestion buffer (20
mM Tris-HCI [pH 8.4], 150 mM NaCl, 2.5 mM CacCl,) at room temper-
ature for 2 days. The His, tag and undigested recombinant proteins were
removed from Ybr137wp by passing the digestion mixture through a Ni
column. Blue native gel electrophoresis was conducted with Bis-Tris 4 to
12% acrylamide gels (Invitrogen) according to the NativePAGE gel sys-
tem protocol. Cell lysates (15 l at 4 mg/ml) were mixed with 5 l of 4X
NativePAGE loading dye (Invitrogen). The HMW Native Marker kit (GE
Healthcare) was used for markers. Electrophoresis was performed with
NativePAGE running buffer (50 mM Bis-Tris, 50 mM Tricine [pH 6.8])
and blue cathode buffer (0.02% G-250, 50 mM Bis-Tris, 50 mM Tricine
[pH 6.8]) at 150 V for 2.5 h. The markers were cut and stained with
Coomassie blue dye. Proteins on the acrylamide gels were transferred
onto PVDF membranes and visualized by Western blotting as described
above.
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TABLE 1 X-ray data collection statistics

Value®
Parameter Native Ybr137wp SeMet Ybr137wp
Cell statistics
Space group P3,21 P3,21
Unit cell parameters (A) a=>b=135.25, a=>b=135.97,
c=121.50 c=122.25
Resolution range (&) 50.0-2.8 50.0-2.9
Mosaicity (°) 0.4 0.3
Data processing statistics
Total no. of reflections 235,271 322,258
No. of unique reflections 30,600 29,247
Multiplicity 7.7 (7.7) 11.0 (11.2)
Completeness (%) 95.7 (96.3) 99.8 (100.0)
I/o (1) 33.8 (6.8) 36.4 (4.2)
Rierge (%)° 5.9 (41.2) 6.0 (54.4)

@ Values in the parentheses are for the highest-resolution shell.

" Rinerge = i [L(hKD) = (I(RKD)]|/%.,,13.; I(hk]), where I,(hkl) is the observed
intensity and [I(hkl)] is the average intensity from multiple observations of symmetry-
related reflections.

Fluorescence microscopy. Yeast cells harboring pYCplac33 plasmids
carrying the Flag-SCS gene were cultured at 30°C for 2 days in SC me-
dium. Cells were fixed with formaldehyde (4% [vol/vol]) for 15 min.
Fixed cells were collected by centrifugation (200 X g for 10 min) and then
washed with 0.1 M potassium phosphate (pH 6.5) and suspended in 0.1 M
potassium phosphate (pH 6.5) with 1.2 M sorbitol. Cells were then treated
with Zymolyase (20 g/ml) in the same buffer containing 143 mM (3-mer-
captoethanol. The resulting spheroplasts were seeded onto poly-L-lysine-
coated slides and permeabilized with 100% methanol for 3 min, followed
by 100% acetone for 1 sat —20°C. The spheroplasts were next treated with
2% (wt/vol) bovine serum albumin in PBS for 30 min and then with
anti-Flag antibody (1:500 dilution; Abcam) and 1% (wt/vol) bovine se-
rum albumin in PBS. After washing with PBS, the spheroplasts were
treated with Cy3-conjugated anti-mouse antibodies (1:800 dilution;
Rockland) in PBS and 1% (wt/vol) bovine serum albumin for 2 h. The
slides were stained with 4',6-diamidino-2-phenylindole dihydrochloride
and then mounted on Vectashield mounting medium (Vector Laborato-
ries) and imaged. For live-cell fluorescence microscopy imaging, yeast
cells containing pYCplac111 with the eGFP-Sec22 gene were cultured at
30°C for 2 days in SC medium. After washing with PBS, cells were seeded
directly onto slides coated with poly-L-lysine (Sigma) and then visualized
with a Zeiss LSM 780 confocal microscope. For the quantification of cells
containing puncta, images were taken by using an Olympus IX71 fluores-
cence microscope mounted with a 100X 1.4-numerical-aperture lens and
a Delta Vision Restoration Imaging system. Several hundred cells in 50
random fields from 3 independent experiments were examined.

Protein structure accession number. The atomic coordinates for
Ybr137wp have been deposited in the Protein Data Bank (PDB) under
accession number 4CLC.

RESULTS

Structure of S. cerevisiae Ybr137wp. The crystal structure of full-
length S. cerevisiae Ybr137wp was determined at a 2.8-A resolu-
tion by using the single-wavelength anomalous dispersion (SAD)
phases from an SeMet-derivative crystal. The statistics for data
collection and refinement are summarized in Tables 1 and 2. The
final model contains five Ybr137wp molecules in the asymmetric
unit. Surprisingly, these five Ybr137wp molecules can form a
decamer in the crystal (Fig. 1A). The Ybr137wp monomer con-
tains seven a-helices (al to a7) and four B-strands (B1 to B4)
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TABLE 2 Refinement statistics

Refinement parameter Value for Ybr137wp
Resolution range (&) 25.0-2.8
No. of molecules per asymmetric unit 5
RIRg (%)° 20.7/26.8
No. of residues per asymmetric unit 856
No. of atoms per asymmetric unit 6,602
No. of water molecules per asymmetric unit 64
Ramachandran plot (% core/allowed/disallowed) 94/6/0
RMSD from ideality
Bond lengths (&) 0.009
Bond angles (°) 1.4
B-factor (A?)
Avg 429
Macromolecules 43.0
Solvent 35.2

“R = S |[Fopsl = [Fearcll/Z it [Fopsl> where |Fop | and [F, | are the observed and
calculated structure factor amplitudes, respectively. Ry, was calculated on the basis of
5% of the total number of reflections that were randomly omitted from the refinement.
RMSD, root mean square deviation.

(Fig. 1B). The four B-strands form an antiparallel 3-sheet consti-
tuting the core of Ybr137wp surrounded by a-helices.

The decamer structure is formed mainly by a dimer designed as
an AB dimer through a pseudo-5-fold symmetry (Fig. 1A). In
addition to the AB dimer, there are two other types of protein-
protein interactions, denoted AC and BC, in the decamer, as
shown in Fig. 1A. To determine which interaction represented the
major structural element to form the decamer, we used the PISA
server (39) to measure the surface areas of these interfaces. The
surface area buried by the AB dimer (Fig. 1C) is 929.9 A?, whereas
those of the AC (Fig. 1D) and BC (Fig. 1E) interfaces are 446.8 A*
and 620.2 A% respectively. Therefore, the AB dimer most likely
plays the major elemental dimer to form the Ybr137wp decamer,
and AC and BC interactions contribute to assemble and stabilize
the decamer conformation. The AB dimer interface mainly in-
volves B2 from one chain arranged in an antiparallel orientation
with the 32 of the neighboring molecule through 2-fold symmetry
(Fig. 1C). The intermolecular interactions stabilizing the interface
involve electrostatic interactions, hydrogen bond networks, and
van der Waals interactions. Specifically, His69 from one chain and
Asp85 from the other chain form reciprocal salt bridges (Fig. 1C).

To determine if Ybr137wp is a decamer in solution, we per-
formed size exclusion chromatography (SEC) analysis. Ybr137wp
oligomerizes in solution with the major peak migrating at an elu-
tion position of ~250 kDa, a mass consistent with a Ybr137wp
decamer, since the theoretical molecular mass of the His,-tagged
Ybr137wp monomer is 22.6 kDa (Fig. 2A). We also performed
sedimentation velocity studies by analytical ultracentrifugation
(AUC). The sedimentation velocity results revealed that
Ybr137wp has a sedimentation coefficient of 9.2 S at a concentra-
tion of 46 uM (Fig. 2B). The corresponding c(s) distribution
yielded a molecular mass of ~230 kDa, which is consistent with
the SEC result and matches the theoretical mass of the Ybr137wp
decamer.

Given these results, we concluded that the decameric structure
is probably essential for Ybr137wp function. To further support
this hypothesis, we performed blue native PAGE using proteins
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from yeast crude extracts, and the results clearly indicated that
endogenous Ybr137wp forms an oligomer with a molecular
weight equivalent to that of a decamer in vivo (Fig. 2D). Therefore,
the decameric quaternary structure is detectable in vivo and in
vitro.

Comparison of Ybr137wp and proteins with similar struc-
tures. Although the function of Ybr137wp is not clear, our crys-
tallography study shows that its tertiary structure is similar to
those of a heme-degrading protein, HbpS from Streptomyces re-
ticuli (PDB accession number 3FPV) (44), and a protein of un-
known function from Klebsiella pneumoniae (PDB accession
number 2A2L). However, Ybr137wp has only 14 and 16% se-
quence identity to HbpS and the K. pneumoniae protein, respec-
tively (Fig. 3A). Structural homology analysis using the Phyre2
server (42) suggests that Ybr137wp belongs to the GlcG-like su-
perfamily domain observed in bacteria, archaea, and eukaryotes.
In general, members of the GlcG-like superfamily have 5 a-helices
and 4 B-strands arranged in an a-B(2)-a(3)-B(2)-a configura-
tion (Fig. 3A). We used a SCOP database search (45) and found
>4,100 proteins containing a GlcG-like domain. Although the
GlcG-like superfamily is large, there are only two representative
structures deposited in the Protein Data Bank. We therefore com-
pared the Ybr137wp structure with those of HbpS and the K.
pneumoniae protein. The most significant structural differences
were found in the N-terminal regions of the proteins (Fig. 3B).
Residues 1 to 30 of Ybr137wp form two extra a-helices, whereas
the N-terminal regions of HbpS and the K. pneumoniae protein
form random coils and pointed in a direction opposite to that of
Ybr137wp. Although the GlcG-like portion (residues 36 to 169) of
Ybr137wp does not display striking conformational disparity for
other GlcG-like proteins, there are several minor structure differ-
ences in the loop regions.

We also noted that Ybr137wp has a decameric structure, while
HbpS and the K. pneumoniae protein form octamers in crystals.
The Ybr137wp decamer is ~106 A in diameter and contains a pore
through its middle with a diameter of ~10 A (Fig. 4). However,
both HbpS and the K. pneumoniae protein did not form a pore,
and the diameter is smaller than that of the Ybr137wp decamer
(Fig. 4B and C). We compared the surface potentials of these three
oligomers. As shown in Fig. 4, the negatively and positively
charged residues are almost equally distributed on the surface of
the Ybr137wp decamer, while the HbpS octamer has more posi-
tive charge potential on the protein surface than Ybr137wp and
the K. pneumoniae protein. Surprisingly, the surface potential
of the K. pneumoniae protein is mainly negatively charged. These
results indicated that these three proteins may be involved in dif-
ferent pathways with different functions.

We also compared several species containing Ybr137wp-like
proteins by sequence alignment. Ybr137wp can be found only in
fungi. We selected Candida albicans, Torulaspora delbrueckii, Tet-
rapisispora phaffii, Naumovozyma castellii, and Baudoinia compni-
acensis for comparison with Saccharomyces cerevisiae. Except for
Baudoinia compniacensis, which belongs to the Teratosphaeri-
aceae family and is distantly related to Saccharomyces cerevisiae, all
species are members of the Saccharomycetaceae family. As shown
in Fig. 5, there are only 32 conserved residues in this comparison.
Most of these residues are located near the protein-protein-inter-
acting interfaces, such as H69, D83, and R97, as mentioned above.
Due to the lack of high sequence similarity to any protein with a
known function and quaternary structure, the current structural

mcb.asm.org 4503


http://www.rcsb.org/pdb/explore/explore.do?structureId=3FPV
http://www.rcsb.org/pdb/explore/explore.do?structureId=2A2L
http://mcb.asm.org

Yeh et al.

FIG 1 Structural features of Ybr137wp. (A) Decamer conformation of Ybr137wp. The five Ybr137wp molecules in an asymmetric unit are designated Mol A to
Mol E and are shown in green, blue, pink, orange, and cyan, respectively. The left and right panels are the side view and top view of the decamer, respectively. (B)
Ribbon diagram of the Ybr137wp monomer. The four B-strands (81 to B4), seven a-helices (a1 to a7), and loops in the protein are shown in yellow, red, and
green, respectively. (C to E) Three types of interface interactions between subunits, the AB-type interface (C), the AC-type interface (D), and the BC-type
interface (E). The corresponding molecules are colored as described above for panel A. The residues involved in salt bridge formation are depicted as a stick

model.

information does not allow us to predict a possible function for
Ybr137wp.

Interaction between Sgt2 and Ybr137wp. Coimmunoprecipi-
tation studies have shown that Sgt2 associates with the Get3, Get4,
and Get5 proteins and chaperone proteins such as Hsp104 and
Hsp70 (20). Interestingly, a then-novel protein encoded by
ybr137w was also found to associate with the Sgt2 complex (13,17,
20). To characterize the interaction between Ybr137wp and Sgt2,
we performed an in vitro binding assay using purified recombined
proteins. We initially constructed His-tagged full-length Sgt2 con-
taining the dimerization (residues 1 to 72), TPR (residues 95 to
227), and C-terminal TA protein-binding (residues 228 to 347)
domains. However, during the course of purification, full-length
Sgt2 was rapidly degraded, producing fragments with a molecular
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mass of ~25 to 35 kDa. Therefore, we reconstructed a truncated
Sgt2 lacking the unstable C-terminal domain (Sgt2AC) (residues 1
to 227) for binding assays. As shown in Fig. 2A, SEC results for
Sgt2AC revealed a molecular mass matching the dimeric state of
the protein, consistent with data from previous studies (20, 46).
We also performed sedimentation velocity analysis by AUC, and
the results revealed that Sgt2AC has a sedimentation coefficient of
3.2 S (Fig. 2C). The c(s) distribution analysis revealed that the
molecular mass is 54 kDa and closely matches that of the dimeric
conformation.

We next verified the association between Sgt2 and Ybr137wp
by SEC. When Ybr137wp and Sgt2AC were mixed ina 1:1.5 molar
ratio and then subjected to SEC, the Ybr137wp/Sgt2AC complex
eluted between the 440- and 669-kDa markers in the presence of
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FIG 2 Oligomer and complex formation of Ybr137wp and Sgt2 in solution. (A) Size exclusion chromatograms of Ybr137wp, Sgt2AC, Sgt2AC/Ybr137wp,
and Ybr137wpAC/Sgt2TPR. The molecular masses (kDa) of four markers are indicated in blue. mAU, milli-absorbance units. (B and C) Sedimentation
velocity analyses of Ybr137wp and Sgt2AC. ¢(s) distribution analysis of sedimentation velocity data is shown for Ybr137wp (B) and Sgt2AC (C) at 20°C.
(D) Blue native PAGE analysis of cell lysates from wild-type and Aybr137w cells after being cultured in YPD for 16 h. The proteins were resolved by blue
native PAGE on 4-to-12% gradient gels. Recombinant Ybr137w with the His, tag removed was used as the control. The native PAGE marker with the
indicated molecular masses (kDa) was stained with Coomassie blue dye, and Ybr137wp was visualized by Western blotting with anti-Ybr137wp
antibodies. (E) Sedimentation equilibrium data for the Sgt2AC/Ybr137wp complex. Shown are the absorbance-versus-radius profiles for the Sgt2AC/
Ybr137wp complex after attaining sedimentation equilibrium at 3,200 rpm (O), 3,800 rpm ([J), and 7,000 rpm (A) scanned at 250 nm. Best-fit
distributions are shown as a solid line. Residuals versus the radial position were plotted under the resulting best-fit analysis at three rotor speeds. Data were
extracted with SEDFIT and analyzed with SEDPHAT.
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FIG 3 Sequence alignment and structural comparison. (A) Sequence of Ybr137wp compared with those of HbpS and a K. pneumoniae protein of unknown
function (PDB accession number 2A2L). Numbering of residue is based on Ybr137wp. Secondary structural elements of helices and strands are shown in red and
orange, respectively. al and a2 helices are observed only Ybr137wp. Identical amino acid residues are highlighted in green and yellow when the sequences are
identical among all three and between two proteins, respectively. Sequences in blue are amino acids that have similarity between any two proteins. Sequence
alignment was performed by using the Biology Work Bench from the San Diego Supercomputer Center (SDSC) and displayed with the program BOXSHADE.
The light brown color below the secondary structure pattern indicates the GlcG-like domain. The secondary structures are designated according to the crystal
structure of Ybr137wp; however, residues 171 to 179 representing a-helices are the prediction result from Phyre2. (B) Stereo view for structural comparison of
Ybr137wp (blue), HbpS (magenta), and the protein reported under PDB accession number 2A2L (green).

100 mM NaCl (Fig. 2A). Because Ybr137wp is a decamer, the SEC
results may indicate that the stoichiometry of the Ybr137wp/
Sgt2AC complex trends toward 1:1. To further confirm the mo-
lecular mass of the Ybr137wp/Sgt2AC complex, sedimentation
equilibrium experiments were performed. The resulting absor-
bance-versus-radial position plots at three rotor speeds are
shown in Fig. 2E. All plots were globally fitted to a single dis-
crete species model and represented best-fit distributions. The
molecular mass of Ybr137wp/Sgt2AC in solution was deter-
mined to be 499,587 Da. This result is consistent with SEC
results and again suggests that the molar ratio of Ybr137wp/
Sgt2AC in the complex can be 1:1.

We next used isothermal titration calorimetry (ITC) to evalu-
ate the affinity of binding between Sgt2 and Ybr137wp. Integra-
tion of the binding isotherms indicated that the dissociation con-
stant (K;) for Ybr137wp/Sgt2AC s 1.36 = 0.09 .M in assay buffer
containing 20 mM Tris-HCI (pH 8.0) and 100 mM NaCl (Fig. 6A).
The resulting stoichiometry of 0.99 indicated that one Ybr137w
decamer is capable of interacting with five Sgt2AC dimers. To
directly assess the role of the Sgt2 dimerization domain in
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Ybr137wp/Sgt2AC complex formation, we performed ITC using
Sgt2TPR and Ybr137wp and found that the binding affinity and
stoichiometry of this complex were similar to those of the
Ybr137wp/Sgt2AC complex and that the K,; is 1.38 = 0.09 pM
(Fig. 6B). This result indicated that the Sgt2 dimerization domain
does not interact directly with Ybr137wp.

Previous studies indicated that the acidic C-terminal DDLD
motif of Hsp104 is responsible for its association with other pro-
teins (17). We noted that Ybr137wp also contains an acidic motif,
EEDL, in its C-terminal region. To assess whether Ybr137wp uses
a similar motif to bind the TPR domain of Sgt2, we generated a
Ybr137wp construct lacking the C-terminal EEDL motif (residues
1 to 170) (Ybr137wpAC) and used it for binding assays with ITC
detection. The ITC results indicated that Ybr137AC and Sgt2 do
not associate (Fig. 6C). We also carried out SEC to examine if
Ybr137AC can form a complex with Sgt2TPR. We mixed
Ybr137AC with Sgt2TPR at a molar ratio of 1:1. The SEC results
indicate that no peak higher than the Ybr137wAC decamer mo-
lecular mass can be detected (Fig. 2A) and are consistent with the
ITC results. Taken together, the results presented here strongly
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~106A

FIG 4 Electrostatic surface potential of Ybr137wp in a decameric conformation (A), HbpS from Streptomyces reticuli in an octameric conformation (B), and a
protein from Klebsiella pneumoniae with unknown function in an octameric conformation (PDB accession number 2A2L) (C). Positively and negatively charged

residues are shown in blue and red, respectively.

suggest that Ybr137wp interacts with the TPR domain of Sgt2 via
its C-terminal acidic motif. This result is consistent with our struc-
ture, since the C-terminal region of Ybr137wp protrudes from the
surface of the decamer. However, these results do not delineate the
function of Ybr137wp. Therefore, we performed in vivo experi-
ments to determine whether Ybr137wp participates in the GET
pathway.

Ybr137wp mediates GET-dependent defects. Numerous
studies have demonstrated that deletions of GET proteins directly
affect TA protein delivery to membranes. The mutants form

December 2014 Volume 34 Number 24

puncta containing the TA proteins or have a decreased efficiency
of inserting the TA protein into the ER membrane (9, 47). Due to
the various functions of TA proteins, deletion of GET proteins can
result in a wide range of phenotypic changes, such as increased
sensitivity to temperature and antibiotics and secretion of ER-
resident proteins (9, 48, 49). To understand the involvement of
Ybr137wp in the GET system, we assessed the viability of yeast
cells with a knockout of ybr137w or a gene encoding a GET protein
at both 30°C and 40°C. As shown in Fig. 7A, strains with a get3,
get5, or sgi2 deletion have decreased yeast cell viability at 40°C,
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FIG 5 (A) Sequence alignment of Ybr137wp with other Ybr137wp-like proteins from the indicated species. Fully conserved residues are shown in green when
the sequences are identical in all species, in yellow when the sequences are identical, and in blue when similarity existed. Sequence alignment was performed by
using the Biology Work Bench from SDSC and was displayed with the program BOXSHADE. The secondary structure is based on the crystal structure of
Ybr137wp. Since we did not observe the C-terminal structure (residue 171 to 179) of Ybr137wp, the a-helix represented here is from the prediction result by
Phyre2. (B) Fully conserved residues are shown in green on the decamer surface of Ybr137wp, generated by PyMol.

although normal viability was maintained at 30°C. Conversely,
cells of a strain with a ybr137w deletion behave as wild-type yeast
cells at elevated temperatures. Interestingly, the severity of the
viability defect for each strain was dependent on the missing pro-
tein, as follows: Get3 > Get5 > Sgt2. This order was also observed
for GFP-Sed5 mislocalization and hygromycin B sensitivity in
GET protein-deleted cell lines (17).

Since the viability of each GET protein deletion strain was dif-
ferent at 40°C, the temperature sensitivity may have obscured the
involvement of Ybr137wp in the GET pathway. Thus, we assessed
the influence of ybr137w on other GET pathway-dependent phe-
notypes. A previous study showed that deletions of two members
of the GET pathway can further enhance the temperature and
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antibiotic sensitivities of the affected yeast (9). We next examined
the growth defect using cells with a ybr137w and GET protein
double deletion. We found that yeast cells with a get3, get5, or sgt2
deletion have low viability at day 5 in synthetic complete (SC)
medium at 30°C (Fig. 7B, left). In contrast, the viability of cells of
the ybr137w deletion strain was comparable to that of WT cells.
Surprisingly, cells with GET gene and ybr137w double deletions
behaved similarly to WT cells (Fig. 7B, left).

We also noted that the amount of Ybr137wp was small in log-
phase cultures but increased significantly after culturing for 14 h
and reached a maximal level at 24 h in YPD medium, whereas it
increased to a maximal level at 14 h in SC medium (Fig. 7C). The
time point of increasing Ybr137w expression levels matches the
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FIG 6 Isothermal titration calorimetry data reveal Sgt2 binding to Ybr137wp. (A) Sgt2AC titrated into Ybr137wp; (B) Sgt2TPR titrated into Ybr137wp; (C)

Sgt2TPR titrated into Ybr137wpAC.
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FIG 7 Genetic interactions of ybr137w and get genes. (A) S. cerevisiae wild-
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plates. (B) After 5 days of incubation in SC medium with glucose or galactose,
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diauxic shift of yeast, at which point glucose is mostly consumed.
This phenomenon suggests that Ybr137wp might modulate the
function of proteins in the GET pathway when the cells exhaust
the nutrients in the medium. To test this hypothesis, we assessed
the viability of ybr137w and GET pathway protein double-dele-
tion mutants in SC medium with galactose as the carbon source.
As shown in Fig. 7B (right), all single-deletion strains, including
the Aybri37w strain, had lower cell viability in SC medium con-
taining galactose instead of glucose. Nevertheless, the ybri37w
deletion can rescue Get3, Get5, or Sgt2 deletion strains in galac-
tose-containing medium (Fig. 7B, right). These results suggest
that Ybr137wp in conjunction with the GET pathway may also
function as a response to starvation.

Recently, Powis et al. demonstrated that all cytosolic compo-
nents of the GET system are translocated into a distinct focus
containing TA protein in the absence of glucose (50). Thus, we
investigated whether Ybr137wp affects the formation of TA pro-
tein-containing foci. The ER membrane proteins Sec22 and SCS2
have been used as model substrates to study the delivery of TA
proteins by the GET system (9, 13). We established yeast strains
expressing Flag-tagged Sec22 or GFP-tagged SCS2 in WT and
Aget3 yeast cells. As shown in Fig. 8A, the tagged Sec22 and SCS2
proteins localized mainly at the perinuclear ER and cortical ER in
the wild-type strain. In contrast, noticeable fractions of puncta
containing Sec22 or SCS2 were observed in the Aget3 strain, im-
plying a defect in TA protein delivery (Fig. 8A and B). However,
deletion of ybr137w alone did not affect the distribution of Sec22
and SCS2. Interestingly, deletion of both ybr137w and get3 de-
creased the formation of Sec22 and SCS2 puncta significantly
compared to that in cells with only a get3 deletion (Fig. 8A and B).
This rescue effect of the ybri37w deletion on punctum formation
is consistent with our findings of viability defects, as shown in Fig.
7. To further confirm the effect of Ybr137wp on this phenotype,
we transformed a plasmid bearing the ybr137w gene driven by an
endogenous promoter. Ybr137wp expressed in Aget3 Aybri37w
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FIG 8 Localization of TA proteins in S. cerevisiae. (A) Subcellular localization of Flag-SCS2 (top) and eGFP-Sec22 (bottom) expressed in wild-type S. cerevisiae
or the indicated strains after 2 days in SC medium. (B) Quantitative analysis of the formation of Sec22 puncta. Error bars represent the means = standard

deviations from several hundred cells in three independent experiments.

double-deletion cells restored the formation of TA protein puncta
(Fig. 8A). Taken together, it appears that Ybr137wp expression is
induced in yeast cells exiting the log phase and mediates the func-
tions of the GET system in terms of TA protein delivery and cell
viability.

DISCUSSION

TRC40/Asnal was first discovered in mammalian cells in 2007 as
an ATPase responsible for efficient delivery of TA proteins to ER
membrane. Its yeast homolog, Get3, and related proteins (Getl,
Get2, Get4, Get5, and Sgt2) in the GET system were subsequently
identified (9, 11, 13, 20, 51). Substantial evidence has demon-
strated that Sgt2 acts upstream of the GET pathway (13, 17). Sgt2
is complexed with Get4 and Get5. The C-terminal methionine-
rich domain of Sgt2 binds the TA protein and then transfers it to
Get3 for ER membrane targeting with the aid of the Get4/Get5
complex. Moreover, the TPR domain of Sgt2 binds chaperones
such as Hsp104 and Hsp70 (SSA1 in yeast) (13). It has been shown
that Hsp70 can stimulate TA protein integration in vitro (9).
Thus, it is speculated that Sgt2 can also recruit chaperones to
prevent the aggregation of newly synthesized TA proteins be-
fore Get3 binding.

In this report, we demonstrated that Ybr137wp and the Sgt2
TPR domain interact directly with a remarkable binding affinity
(Fig. 6). Given the facts that removal of the TPR domain on Sgt2
has no effect on the distribution of Sed5 (a Golgi membrane-
residing TA protein) in yeast (17) and that Sgt2 with a mutation at
the TPR domain can still load the TA protein Sec22 onto Get3 in
vitro (13), the biological function of the TPR domain of Sgt2 and
the role of its association with Ybr137wp in the GET pathway
remain elusive. Indeed, the role of Ybr137wp in the delivery of TA
proteins was assessed by using the temperature-sensitive pheno-
type commonly found in yeast when any protein in its GET path-
way is deleted (Fig. 7A). The results are consistent with those of a
previous study (17) and indicate that Ybr137wp is not essential for
routine TA protein targeting under normal conditions. However,
we observed that the Ybr137wp expression level is lower in yeast
cells grown in log phase under normal conditions but was signif-
icantly increased in yeast after 9 h of culturing in SC medium or
after 24 h of culturing in YPD medium. These time points of
increasing Ybr137wp expression levels coincide with the diauxic
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shift of yeast. Previous studies indicated that the glucose concen-
tration is dramatically decreased to exhausted levels in minimal
defined (MD) limiting medium at 9 h (52), whereas glucose is
exhausted in rich YPD medium after 18 h of culturing (53). In
both studies, the mRNA levels of ybr137w were found to be tran-
siently and significantly increased during the diauxic shift and
reduced after this shift. We furthermore found that the Ybr137wp
protein levels during the diauxic shift in limited and rich media are
maintained through later phases, suggesting a possible function of
Ybr137wp in these later phases.

The TPR domain of Sgt2 is also involved in the homeostasis of
other proteins (54, 55). A recent study revealed that Sgt2 interacts
with two key chaperones (Ssal and Hsp104) involved in prion
pathogenesis and affects prion formation in yeast (56). Further-
more, the mammalian homolog of Sgt2, SGTA, antagonized the
Bag6-dependent ubiquitination of mislocalized proteins (55). The
protein interaction networks and the time when the gene is ex-
pressed often provide strong clue to its biological function. There-
fore, it is suggested that Sgt2 can recruit or associate with different
proteins to participate in or modulate numerous cellular func-
tions, especially under stress conditions. In support of this hy-
pothesis, a previous study showed that Get3 as well as other cyto-
solic members of the GET system translocated into distinct foci in
response to starvation (50). Under nutritional stress, the risk of
protein aggregation increases because less ATP is available for
chaperone activity (50). Therefore, it was suggested that TA pro-
teins would be actively translocated into Get3-containing foci and
held by Get3 to protect them from aggregation and that the activ-
ity of the GET system might be regulated in response to starvation.
In our study, we found that the formation of aggregated Sec22 or
SCS2 in yeast with an impaired GET system depends on the pres-
ence of Ybr137wp after 2 days of culture. Deletion of ybr137w and
the gene encoding Get3 significantly prevented TA protein aggre-
gation (Fig. 8). This result indicated that Ybr137wp expressed in
later phases plays a role in the GET system. Nevertheless, the res-
cue effect on punctum formation by Ybr137wp also appeared to
affect the viability of yeast in long-term (>3-day) cultures, which
would be a newly identified phenotype associated with Get3, Get5,
and Sgt2. Since Ybr137wp shared the same binding site with
Hspl104 and Hsp70 on the Sgt2TPR domain, the deletion of
ybr137w might increase the occupancy of chaperones on Sgt2.
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Therefore, it is possible that more Hsp104 is recruited to Sgt2 to
disaggregate TA protein puncta in the absence of Ybr137wp and
rescue the viability defect in the Aget3 strain. Taken together, we
suggest that Ybr137wp, when bound to Sgt2, modulates the func-
tion of the GET system under starvation conditions. However, the
detailed molecular mechanism for this function remains to be

addressed.
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