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SI Text
SI Methods. Cloning, expression, and purification of proteins. The se-
quences of Get4 (YOR164c) and Get5 (YOL111c) were obtained
from the Saccharomyces Genome Database, codon optimized for
expression inEscherichia coli usingDNAWorks and synthesized by
PCR (1). Residues 1–9 of Get4 were truncated to Met-Gly due to
lack of conservation and predicted disorder (Fig. S1A). The genes
were inserted sequentially into a pET33b(+)-derived vector
(Novagen) and separated by an internal ribosome binding site.
The C-terminus of Get4 was fused to a tobacco etch virus TEV
protease cleavage site followed by a hexa-histidine tag. The pro-
teinswereoverexpressed inBL21(DE3) (Novagen) grown in 2xYT
media for 3 h at 37 °C after induction with 0.3 mM IPTG. Cells
were lysed using anM-110L pneumatic microfluidizer (Microflui-
dics) and purified as a complex by Ni-affinity chromatography
(Qiagen). The affinity tag was removed by a 3 h TEV protease
digest at room temperature while dialyzing against 20 mM Tris
pH 8.0, 30 mMNaCl and 12 mM β-mercaptoethanol. The sample
separated into two peaks using a 6mLResourceQ anion exchange
column (GE Healthcare). Each peak was further purified using a
Superdex 200 16/60 size exclusion column (GE Healthcare)
equilibrated with 5 mM Tris pH 8.0, 300 mM NaCl and 12 mM
β-mercaptoethanol and concentrated to 10 mg∕mL.

The Aspergillus fumigatus homologs of Get4 (NCBI sequence
XP_747572) and Get5 (NCBI sequence XP_748165) were
cloned, expressed, and purified in the same way as the Sacchar-
omyces cerevisiae proteins. Get5 started from the second methio-
nine in the Genbank sequence, omitting the first 42 annotated
residues, as they were not consistent with our multiple sequence
alignments. The sequence used in this study is shown in Fig. S1B.
Expression and purification of Get3 were performed as pre-
viously described (2).

Mutations and truncations of Get3, Get4, or Get5 were intro-
duced using the Quikchange method (Stratagene). All mutants
were expressed under identical conditions as the wild type
Get4/5, purified by Ni-affinity chromatography and cleaved by
TEV protease where indicated. Analytical size exclusion chroma-
tography was performed using either a Superdex 200 10/300
column with a QuadTec UV detector (Biorad) or a Shodex
KW 803 column with a Dawn Heleos MALS detector (Wyatt
Technology).

Formation and detection of complexes between Get3 and Get4/5.
Complexes were formed by incubating 800 pmol Get3 and 400
pmol Get4/5 for 2 h at room temperature in 200 μL of 50 mM
HEPES pH 7.3, 100 mM NaCl, 2 mM MgCl2, 30 mM imidazole
and, where indicated, 2 mMADPor 2 mMATP. After incubation,
the reaction was added to 10 μL of gravity settled Ni-NTA agar-
ose beads and mixed. The beads were washed twice with 100 μL
of the incubation buffer within 1 minute. Bound proteins were
eluted with 25 μL of incubation buffer containing 300 mM
imidazole.

Limited proteolysis and crystallization of Get4/5. Crystallization
screening was performed using a TTP LabTech Mosquito robot
and commercially purchased kits (Hampton Research, Qiagen,
Molecular Dimensions Limited). Adding TLCK treated α-chy-
motrypsin (Sigma) at a 1∶125mass ratio to either oligomeric state
immediately prior to screening, as described (3), resulted in crys-
tals growing as hexaganol rods within a day at room temperature.
Limited proteolysis was performed at room temperature for
15 minutes or 60 minutes on ice and stopped by the addition

of 0.1 mM PMSF. Six products were separated by a Resource
Q column, and only the major product, Get4/5-N, crystallized
after concentration to 5 mg∕mL. Sequences of the proteolytic
fragments were determined using LC/MS with tryptic digestion
and/or N-terminal sequencing. After refinement of the condition,
crystals approximately 150 μm in length grew after 3 days at room
temperature, although the majority had a twist approxi-
mately half way down their length and were unable to diffract
(Fig. S2D).

A small molecule additive screen (Hampton Research)
revealed that the addition of spermidine aggravated twisting
while 10 mM L-proline, trimethylamine-HCL or sarcosine
yielded three-sided single crystals (Fig. S2D). Diffracting crystals
were grown using the hanging drop vapor diffusion method where
1 μL of Get4/5-N at 5 mg∕mL in 20 mM Tris pH 8.0, 90 mM
NaCl, and 12 mM β-mercaptoethanol was mixed with 1 μL of
a reservoir of 17% PEG 6000, 0.14 M ammonium sulfate,
0.1 M Bis-tris pH 5.5, and 10 mM L-proline. Crystals were trans-
ferred into 20 μL of reservoir, cryoprotected by repeatedly
removing and adding reservoir solution supplemented with 1%
increments of glycerol to 10%, and flash frozen in liquid nitrogen.
Selenomethionine derived protein was expressed following
established methods (4) and purified, crystallized and frozen
as described for the native protein.

Data collection, structure solution, and refinement. A single wave-
length anomalous dataset to 2.8 Å resolution was collected on
beam line 9-2 at the Stanford Synchrotron Radiation Laboratory
(SSRL) (Table S1). Data were integrated and scaled using XDS
(5), the space group was determined by POINTLESS and the data
were merged and converted to amplitudes with SCALA/CTRUN-
CATE (6). The selenium substructure was determined using
SHELXD (7) and initial phases, density modification, and model
building were performed by PHASER (8) and RESOLVE (9) as
implemented automatically by PHENIX (10). The asymmetric
unit consisted of three copies of Get4/5-N arranged along a
distorted 3-fold axis. Chain E was the most complete copy of
Get4, with continuous electron density observed for residues
9–299. Similarly, chain F was the most complete copy of Get5-N
consisting of residues 3–56. Manual rebuilding was performed
using COOT (11). Difference densities in two copies near the
N-terminal poles ofα3ofGet4 (residues 49–52) thatwere too large
for ordered waters were modeled as L-proline. Reciprocal space
refinement with local NCS restraints was performed using
REFMAC v5.6 (12) using the direct single wavelength anomalous
dispersion (SAD) target (13).Anative dataset of comparable qual-
ity was collected on beam line 11-1 at SSRL, however refinement
against the SAD data resulted in a higher quality model (deter-
mined by R-factors and model geometry) and thus the seleno-
methionine structure was used for deposition into the PDB (ID
code 3LKU). The final model had an Rcrys of 18.2% and an
Rfree of 22.4% with residues in the Ramachandran plot in
97.9% preferred, 2.1% allowed, and 0.0% in the disallowed and
restricted regions [COOT (11)]. Fig. 1 A–C, Fig. 2, Fig. 4 D and
E, Fig. 5B, Fig. S3 and Fig. S8 were prepared using Pymol (14).
Figs. S4 and S9 were prepared using UCSF Chimera (15, 16).

Yeast growth assays.Knockout strains BY4741 YOR164C::KanMX
and BY4741 YOL111c::KanMX were purchased from America
Type Culture Collection (ATCC) (17). The Get4 rescue plasmid
was constructed by PCR amplifying the open reading frame with
339 bp upstream and 87 bp downstream flanking regions from
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BY4741 genomic DNA and inserting into the YEp-352 shuttle
vector (18). Similarly, the Get5 open reading frame was amplified
with 506 bp upstream and 69 bp downstream flanking sequence.
Mutations were then introduced with the Quikchange method.
The parent BY4741 and deletion strains were transformed using
the LiAc/single-stranded carrier DNA/PEG method (19).

Phenotypic rescue was determined by growing each transfor-
mant in SC-Ura media at 30 °C to an OD600 nm between 1 and
2, diluting to 3.85 × 106 cells∕mL and spotting 4 μL of serial
dilutions onto SC -Ura agar plates in the presence or absence
of 2 mM CuSO4. Plates were then incubated at 37 °C for 20 h
and photographed.
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Fig. S1. Sequence alignments of Get4 and Get5. (A) Sequences of Get4 were aligned using ClustalX (20). Residue coloring is based on the program output
(amino acid type). Species in order are Scer (Saccharomyces cerevisiae), Afum (Aspergillus fumigatus), Spom (Schizosaccharomyces pombe), Atha (Arabidopsis
thaliana), Cele (Caenorhabditis elegans), Xlae (Xenopus laevis), Hsap (Homo sapiens), and Dmel (Drosophila melanogaster). Numbering above the sequences is
based on S. cerevisiae, with residues observed in the crystal structure in black and residues absent in red. Mutants generated for this study are indicated above
the numbering, with double mutants connected with bars, and are highlighted based on wild type (cyan), weak (yellow) or weakest (red) interactions with
Get3. Secondary structure is shown on topwith helices indicated by boxes and β-strands by arrows color ramped tomatch Fig. 1B. (B) Alignment of Get5. Species
in order are Scer (Saccharomyces cerevisiae), Agos (Ashbya gossypii), Calb (Candida albicans), Dhan (Debaryomyces hansenii), Ppas (Pichia pastoris), Afum
(Aspergillus fumigatus), Drer (Danio rerio), Dmel (Drosophila melanogaster), and Hsap (Homo sapiens). Secondary structure in the N-domain is from the crystal
structure, whereas secondary structure of the Ubl-domain is based on the NMR structure of human Ubl4A (PDB ID code 2DZI). Residues 179–205 are predicted to
be helical and are colored cyan. The arrow above residue 148 indicates the start of the C-domain peptide observed during purications. I44 and K48 labeled
vertically above the Ubl-domain designation refer to residues in ubiquitin specically addressed in the text. The L120A/K120A mutant is indicated in yellow
representing a moderate growth defect.
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Fig. S3. Comparison to other crystal structures. All views are from the bottom of Get4/5-N relative to Fig. 1A. (A) Aligning the three molecules in the
asymmetric unit relative to the first six helices in molecule A. The molecules are colored the same as in Fig. 1C. The rotation relative to the domains is indicated.
(B) Similar to (A) with the A/B molecule colored N-domain (blue), C-domain (red), and Get5-N (magenta). The four molecules in the asymmetric unit of Chang et
al (1 wpv) are aligned to the N-domain as in (A) colored by Get4 (green) and Get5-N (cyan). (C) Similar to (B) but molecules 1 wpv-A/B are aligned to the
C-domain. The shifted α10 is indicated. (D) The Bozkurt et al. (1 lpz) Get4 (green) aligned to the A molecule N-domain. Included are a C-terminal peptide
seen in that crystal structure that docks into the Get5-N binding groove (cyan).
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Fig. S4. Surface conservation and charge. (A) Get4 shown as an accessible surface and Get5-N as a ribbon colored from most (orange) to least (purple)
conserved. The fungal specific β-tongue is shown as a cyan ribbon. (B) As in A with the total accessible surface colored by Coulombic charge. (C) Ribbons
diagram in the same orientations for reference.
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Fig. S8. Mutants on Get4 and Get3. (A) View from the N-terminal face of Get4 as an accessible surface colored from positive (blue) to negative (red) Coulombic
charge. (B) Side view of Get4/5 as in Fig. 1B. The mutants used in Fig. 4 B and C are displayed as spheres as colored based on wild type (cyan), weak (yellow), or
weakest (red) binding to Get3 as in Fig. 4D. (C) Get3 similar to (A) in the closed state (PDB ID code 2WOJ) (D) Ribbon diagram of the closed state of Get3 with
mutants that had previously been shown to have strong phenotypes as spheres. Tested mutants are colored as in Fig. 4E. (E) Ribbon diagram of the open state
of Get3 colored as in (D) (PDB ID code 3IBG).

Fig. S9. Get5 model with phenotypic rescue. (A) Ribbons diagram of a homology model of the Get5-Ubl-domain generated by sequence threading through
the NMR structure of human UBL4A (PDB ID code 2DZI) using SWISS-MODEL, color ramped from N- (blue) to C-terminus (red). Residues L120 and K124 are
displayed as sticks. (B) Get5-Ubl oriented as inA and shown as an accessible surface colored from least (purple) to most (orange) conserved. (C) As in (B), colored
from positive (blue) to negative (red) Coulombic charge. (D) Spot plate growth assays in the BY4741 Get5::KanMX background, performed as in Fig. 5.
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Table S1. Crystallographic statistics

Data collection Get4/5 Se peak

Beamline SSRL 9-2
Wavelength (Å) 0.97862
Space group P 31 2 1
Cell dimensions
a, b, c (Å) 108.7, 108.7 169.8
α, β, γ (°) 90, 90, 120
Resolution range (Å) 30-2.8 (2.95−2.80)*
Rmerge

† 0.104 (0.500)
I/σI 20.3 (4.7)
Completeness (%) 99.9 (100.0)
Multiplicity 12.1 (11.7)
Anom. compl. (%) 99.9 (99.9)
Anom. multiplicity 6.3 (6.1)
Phasing
Se sites 9
PHASER figure of merit (8) 0.29
RESOLVE figure of merit (9) 0.65
Refinement
No. reflections, working 27722
No. reflections, free 1464
No. atoms
Protein 8439
Water 84
Ligands 16
Avg. B-factor (Å2) 52.3
Working R-factor‡ 0.18152
Free R-factor 0.22437
rmsd bonds (Å) 0.011
rmsd angles (°) 1.2

*Values in parentheses represent highest resolution shell.
†Rmerge ¼ ΣhklΣijIðhkIÞi − hIðhkIÞij∕ΣhkIΣihIðhkIÞii.
‡R-factor ¼ ΣhkljFoðhkIÞ − FcðhkIÞj∕ΣhkIjFoðhkIÞj, where Fo and Fc are observed and
calculated structure factors, respectively.
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