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SI Materials and Methods
Preparation of Candida albicans Thg1 (CaThg1) and Mutants. The
thg1 gene from Candida albicans was cloned into the Nco1/Xho1
sites of the pET26b vector (Novagen) with an N-terminal His6
tag. C. albicans encodes a unique seryl-tRNACAG that decodes
the leucine codon CTG as serine (1, 2); thus all CTG codons in
the cloned C. albicans thg1 gene were altered to the serine codon
AGC using a QuikChange mutagenesis kit (Agilent Technologies).
A tobacco etch virus (TEV) protease-cleavable site was inserted
between the N-terminal His6-tag and thg1 to allow removal of the
His-tag for crystallization. The enzyme was overexpressed using
Escherichia coli B834 (DE3)-pRARE2 (Novagen). Cells were grown
in LB medium containing 25 μg/mL kanamycin and 34 μg/mL
chloramphenicol at 37 °C to an OD600 of 0.6. Isopropyl-β-D-
thiogalactopyranoside was then added to a final concentration of
250 μM for the induction of overnight protein production at 25 °C.
Cells were harvested (4,000 × g for 15 min at 4 °C) and disrupted
by sonication in buffer A [50 mM Tris·HCl, pH 7.5, 300 mM
NaCl, 1 mM MgCl2, 10% (vol/vol) glycerol] with 0.5 mg/mL ly-
sozyme and 0.1 mg/mL DNase I. All of the following purification
processes were carried out at 4 °C. Cell debris was removed by
centrifugation (40,000 × g for 1 h), and clarified supernatant
was loaded onto a HisTrap HP column (GE Healthcare) pre-
equilibrated with buffer A. The column was washed with buffer
A containing 50 mM imidazole, and proteins were eluted with a
linear gradient of 50–250 mM imidazole. Pooled fractions were
dialyzed against buffer A containing 1 mM DTT. The His6 tag
attached to the N terminus was cleaved with TEV protease over-
night and was then removed using a HisTrap HP column. The
enzyme fractions were then loaded onto a HiLoad 26/60 Superdex
200 pg column (GE Healthcare) equilibrated with buffer A.
Pooled fractions were concentrated by ultrafiltration to a final
concentration of 14 mg/mL.
The overexpression vectors of CaThg1 mutants without a TEV

protease cleavage site were constructed using a QuikChange
mutagenesis kit (Agilent Technologies). All mutations were
confirmed by sequencing of the plasmid DNA. CaThg1 variants
were purified by Ni Sepharose 6 Fast Flow column chromatog-
raphy (GE Healthcare) followed by dialysis against buffer B
[25 mM Hepes–Na, pH 7.5, 500 mM NaCl, 4 mM MgCl2, 1 mM
DTT, 50% (vol/vol) glycerol] and stored at –30 °C.

tRNA Preparation. C. albicans tRNAHisΔG−1 and its variants and
Saccharomyces cerevisiae tRNAPhe variant tRNAPhe

GUG were
transcribed using T7 RNA polymerase as described previously
(3). Transcribed tRNAs were purified by HiTrap DEAE FF
column chromatography (GE Healthcare) as described pre-
viously (4). The tRNAs eluted at ∼250 mM NaCl. The tRNAs
were precipitated with ethanol, dissolved in buffer C [25 mM
Tris·HCl, pH 7.5, 100 mM NaCl, 5 mM MgCl2, 5% (vol/vol)
glycerol] for crystallization or in buffer D [25 mMHepes–Na, pH
7.5, 125 mM NaCl, 10 mM MgCl2, 3 mM DTT, 5% (vol/vol)
glycerol] for Thg1 activity assays, and stored at –80 °C.

Crystallization and Data Collection. Crystals of ligand-free CaThg1
were obtained by sitting drop vapor diffusion against 100 mMBis-
Tris propane (pH 8.0), 200 mM NaNO3, and 20% (wt/vol) PEG
3350 at 20 °C. Crystals of the CaThg1-ATP complex were ob-
tained by soaking ligand-free CaThg1 crystals in a reservoir so-
lution containing 25 mM ATP and 20 mM MgCl2 overnight and
then moved into cryoprotectant buffer [reservoir solution con-
taining 25 mM ATP, 20 mM MgCl2, and 20% (vol/vol) glycerol].

Crystals of the CaThg1-GTP complex were obtained by the same
procedure. The diffraction data sets were collected on beamline
BL41XU at SPring-8 (Proposal 2011A1299) using a wavelength
of 1.0000 Å at –173 °C.
CaThg1 and tRNAPhe

GUG were mixed in a molecular ratio of
1:1.2 in buffer C. The resulting mixture was concentrated by ul-
trafiltration to a final protein concentration of 200 μM. Crystals of
the CaThg1-tRNAPhe

GUG complex were obtained by sitting drop
vapor diffusion against 50 mM Bis-Tris propane (pH 6.0), 200 mM
CaCl2, and 15–20% (wt/vol) PEG 3350 at 20 °C. Crystals of
CaThg1-tRNAHisΔG−1 complex were obtained under the same
crystallization conditions as for the CaThg1-tRNAPhe

GUG complex.
The diffraction data sets of CaThg1-tRNAHisΔG−1 and CaThg1-
tRNAPhe

GUG were collected on beamline BL1A (Photon Factory)
with a wavelength of 1.1000 Å and on beamline BL41XU at
SPring-8 (Proposal 2011B1227) with a wavelength of 0.97906 Å,
respectively, at –173 °C after crystals were soaked into reservoir
solution buffer containing 20% (vol/vol) glycerol. All diffraction
data of CaThg1-tRNA, CaThg1-ATP, and CaThg1-GTP complexes
were indexed, integrated, scaled, and merged using XDS (5).

Structure Determination and Refinement. The structure of the
CaThg1-ATP complex was solved by molecular replacement
using Molrep in the CCP4 suite (6), with the dimer structure of
human Thg1 [PDB ID 3OTE (19)] as a search model. The model
of CaThg1 was rebuilt by phenix.autobuild (7) and LAFIRE (8)
and modified manually using Coot (9). Structure refinement was
performed using phenix.refine (10) and autoBUSTER (11) with
noncrystallographic symmetry restraints. Finally, Rwork and Rfree
factors were converged to 17.6% and 20.8%, respectively. The
structure of the CaThg1-GTP complex was solved by molecular
replacement using Molrep with the tetramer structure of CaThg1
in the CaThg1-ATP complex as a search model. After several cycles
of refinement by phenix.refine with noncrystallographic symmetry
restraints and manual fitting using Coot, Rwork and Rfree factors
were finally converged to 19.8% and 23.9%, respectively.
The structure of the CaThg1-tRNAPhe

GUG complex was solved by
molecular replacement using Phaser (12) with the tetramer struc-
ture of CaThg1 in the CaThg1-ATP complex as a search model.
The model of tetrameric CaThg1 in the CaThg1-tRNAPhe

GUG
complex was refined using phenix.refine and autoBUSTER with
reference structure restraints using the CaThg1-ATP complex
structure. After refinement of the CaThg1 structure, electron
density maps of two tRNAmolecules were clearly observed, which
allowed us to manually fit the S. cerevisiae tRNAPhe structure
[PDB ID 1EHZ (28)] into this electron density map using Coot.
The models of two tRNA molecules were rebuilt and fitted au-
tomatically using NAFIT, a model-fitting program for nucleic acid
structures (13). After several cycles of refinement with phenix.
refine or autoBUSTER, in which reference structure and non-
crystallographic symmetry restraints were applied to each subunit
of CaThg1 and tRNA molecules, and manual fitting with Coot,
Rwork and Rfree factors finally converged to 25.3% and 28.8%,
respectively (Table S1). The structure of the CaThg1-tRNAHisΔG−1

complex was obtained by rigid-body refinement using the struc-
ture of the CaThg1-tRNAPhe

GUG complex as a model. The struc-
tural refinement of the CaThg1-tRNAHisΔG−1 complex was carried
out in the same way as described above, and Rwork and Rfree factors
converged to 29.2% and 33.5%, respectively. For all structures, the
translation/libration/screw protocol was used in the final cycles
of the refinement. Table S1 presents a summary of all data col-
lection and structural refinement statistics. Ramachandran plots
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of all determined structures were calculated using MolProbity
(14) and showed that 97.1–99.8% of the protein residues were
in the favored regions, with no residues in the outlier region. All
figures were prepared with PyMOL (PyMOL Molecular Graphics
System, Version 1.5.0.4).

Small-Angle X-Ray Scattering. For preparation of CaThg1-bound
tRNAHisΔG−1, CaThg1 without His6-tag was mixed with
CatRNAHisΔG−1 in a molar ratio of 1:1 and then purified by gel
filtration using a Superdex 200 16/60 pg column (GE Health-
care) in buffer C. The complex fractions were collected and
concentrated by ultrafiltration to a final protein concentration of
5 mg/mL with binding buffer C.
Small-angle X-ray scattering (SAXS) measurements were

carried out at beamline 10C (Photon Factory). A wavelength of
1.488 Å was used, and the specimen-to-detector distance was
2,034 mm. The scattering vector range was 0.017 Å−1 < s < 0.300
Å−1, where s = 4π sinθ/λ with 2θ being the scattering angle. The
conditions of the SAXS measurement were optimized, and final
data were measured using 1.0 mg/mL of each sample at 20 °C,
and all buffers and samples were exposed for 10 min. The SAXS
data sets were normalized to the intensity of the incident beam
and processed for background subtraction using the standard
procedures with the program package PRIMUS (15).
The SAXS mass of each sample was estimated from I(0)/c [I(0)=

scattering intensity atQ = 0; c = concentration] based on the value
I(0)ref/cref calculated from a solution of the reference protein
ovalbumin (molecular weight = 45 kDa) in buffer C. The Rg
values of each sample were estimated from scattering profiles
in a specific Q range (Q × Rg < 1.3) by Guinier analysis and are
summarized in Table S2. The Rg volume and the discrepancies
between the calculated and the experimental scattering curves
were minimized using the program CRYSOL (16) as described
previously (17). The model of CaThg1 bound to two tRNA mol-
ecules in antiparallel orientation was built by superposing subunit
A with tRNA1 to subunit C. The model of CaThg1 bound to three
tRNA molecules was built by superposing subunit A with tRNA1
to subunits B and C. The model of CaThg1 bound to four tRNA
molecules was built by superposing subunits A with tRNA1 to
subunits B, C, and D.

Gel Filtration Analysis.Gel filtration analysis was performed by fast
protein liquid chromatography using a Superdex 200 10/300 GL
column (GE Healthcare) at 4 °C equilibrated in buffer B. For pre-
parative assays, samples (150 μL) were prepared in the same buffer
and preincubated for 30 min at room temperature with 100 μM
of CaThg1 with or without tRNAHisΔG−1. The samples were
loaded onto a 24-mL column at 4 °C at a flow rate of 1.0 mL/min.

Thg1 Assay. Guanylylation activity of CaThg1 proteins was assayed
by monitoring the incorporation of [α-32P]GTP into tRNAHisΔG−1

as described previously (18). Reactions were incubated at 25 °C for
1 h until they reached a plateau. All reactions were carried out
in buffer D. Protein concentrations were adjusted to 5 μM, and
tRNA was added to a final concentration of 10 μM, giving a 1:2

molar ratio of enzyme to tRNA. Reactions were analyzed by
polyacrylamide gel electrophoresis in gels containing 12% urea and
visualized using a Molecular Dynamics Storm 860 phosphoimager
(Amersham Biosciences).

Phylogenetic Tree. We used the classification scheme provided
by the Structural Classification of Proteins database (19). Each
obtained structure was than blasted against the Protein Data
Bank (PDB) (20) to identify additional palm-domain–containing
proteins. Structures were downloaded from PDB. Structures
were aligned using the STAMP algorithm as implemented in
Visual Molecular Dynamics (VMD) (21, 22).

SI Text
Thg1-tRNA Complex in Solution. The predicted SAXS curves for
parallel and antiparallel tRNA binding were compared with ex-
perimental SAXS data (Fig. S3). The calculated SAXS curve from
the crystal structure of the CaThg1-tRNA complex in parallel
tRNA orietation showed a close fit to the experimental curve of
the purified CaThg1-tRNAHisΔG−1 complex with a discrepancy χ
value of 0.184, whereas the model of tRNA binding to CaThg1 in
an antiparallel orientation showed a higher discrepancy χ value
(0.384) than the crystal structure (Fig. S3B). These results sug-
gest that the orientation of two tRNA molecules in the present
crystal structure is consistent with the solution structure of the
CaThg1-tRNAHisΔG−1 complex.

Flexible Region of Thg1. Thg1 contains a highly flexible region
(residues 218–244) with low-sequence conservation. This region
is disordered in CaThg1-tRNA structures as is the case in the
HsThg1-dGTP structure (PDB ID 3OTB) (Fig. 2B), whereas this
flexible region forms the α-helix in the CaThg1-GTP structure
but a long β-sheet arm (β6 and β7) in that of HsThg1 (PDB ID
3OTC) (Fig. S5 A and B).

ATP and GTP Binding in Nucleotide-Binding Site. To understand how
eukaryotic Thg1 recognizes and distinguishes ATP and GTP, we
solved the structures of CaThg1 in complex with ATP and in
complex with GTP. Both structures contained two nucleotide
molecules (ATP1 and ATP2 and GTP1 and GTP2, respectively)
and three magnesium ions (Mg2+A, Mg2+B, and Mg2+C). In the
CaThg1-ATP complex, the triphosphate moiety of ATP1 inter-
acts with Mg2+A and Mg2+B and forms hydrogen bonds with
main-chain amides (residues 32–34). The base of ATP1 is co-
ordinated in the nucleotide-binding pocket composed of α2 and
α3 and the in-between loop. Superposition of CaThg1-GTP into
CaThg1-ATP clearly showed that the base of ATP1 is more
deeply embedded in the nucleotide-binding pocket than that of
GTP1 and recognized by hydrogen bonds with the main-chain N
and O of Glu43 and Asp47 (Fig. S8B). The base of GTP1 makes
hydrogen bonds with the main-chain atoms of Glu43 and Asp47,
which is also observed in the HsThg1-dGTP structure. Remarkably,
unlike the CaThg1-GTP structure, electron density maps in the
CaThg1-ATP structure clearly show that the side chain of Lys44
interacts directly with N3 and O2′ of ATP1 (Fig. S8 A and B).
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Fig. S1. Enzymatic reactions catalyzed by Thg1 and DNA polymerase.

Fig. S2. (A) The guanylylation activity using [α-32P]GTP of CatRNAHis (C. albicans tRNAHis) variants and SctRNAPhe (S. cerevisiae tRNAPhe) variants. (B) The 2D structure
of C. albicans tRNAHis and S. cerevisiae tRNAPhe. (C) Superposition of tRNA molecules in CaThg1-tRNAPhe

GUG (yellow) and CaThg1-tRNAHisΔG−1 (gray). (D) Electrostatic
surface potential of CaThg1 calculated using APBS software (23). Positively and negatively charged surfaces are colored blue and red, respectively.
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Fig. S3. The observed SAXS curves (black dots) are compared with theoretical scattering curves calculated from CaThg1-tRNAHisΔG−1. (A) Model of the molar
ratio of 4:1 Thg1 to tRNA. (B) Model of the molar ratio of 4:2 Thg1 to tRNA. The crystal structure of CaThg1-tRNA (red) and the model of CaThg1-tRNA (blue)
with two tRNA molecules bound in antiparallel orientation. (C) Model of the molar ratio of 4:3 Thg1 to tRNA. (D) Model of the molar ratio of 4:4 Thg1 to tRNA.

Fig. S4. Gel-filtration analysis. The gel-filtration analysis of CaThg1 was carried out in the presence (solid line and diamond) or absence (dashed line and
squares) of tRNAHisΔG−1. The standard curve was calculated using ferritin (440 KDa), γ-globulin (158 kDa), conalbumin (75 kDa), and ovalbumin (44 kDa). The
complex of CaThg1 with tRNAHisΔG−1 eluted with an apparent molecular weight of 173 kDa, consistent with the molecular weight of tetrameric CaThg1 (130
kDa) with two tRNAHisΔG−1 molecules (48 kDa).
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Fig. S5. (A) The dimer structure of CaThg1-GTP with ordered α-helix and loop structures (blue). (B) The dimer structure of HsThg1 with the long arm composed
of two β-strands (blue). (C) Superposition of eight monomers of Thg1 in the asymmetric unit of the CaThg1-ATP structure. The palm domains (blue) were well
superposed but not the finger domains (cyan), suggesting a flexibility of the finger domain. (D) The structural comparison of tRNA molecules in the CaThg1-
tRNA structure (yellow) and the crystal structure of S. cerevisiae tRNAPhe (black) (PDB ID: 1EHZ).

Fig. S6. Stereo views of the simulated annealing composite omit map calculated using Phenix for the anticodon and the acceptor stem recognition are in gray
and are contoured at 1.0 σ. (A) G34 and U35 recognition. (B) U35 and G36 recognition. (C) The acceptor stem recognition.
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Fig. S7. Multiple sequence alignment of eukaryotic Thg1 (euThg1), archaeal Thg1 (arThg1), and TLP enzymes. Secondary structures of CaThg1 and HsThg1 are
indicated at the top (α, α-helix; β, β-strand; η, 310- turn). The residues interacting with ATP/GTP, magnesium ions, the anticodon loop, and the acceptor stem are
marked with circles, diamonds, stars, and triangles. The HINNLYN motif is highlited with an orange box. The species aligned are as follows: CaThg1, C. albicans;
ScThg1, S. cerevisiae; HsThg1, Homo sapiens; MaThg1, Methanosarcina acetivorans; MtThg1, Methanothermobacter thermautotrophicus; MkThg1, Methanopyrus
kandleri; and DdiTLP1-4, Dictyostelium discoideum. Each protein sequence was aligned by CLUSTALW, and the figure was prepared with the program ESPript.
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Fig. S8. (A) In the CaThg1-ATP structure, two ATP molecules (yellow sticks) were observed in the palm domain. ATP1 binds to the adenylylation site with Mg2+

A and Mg2+B. ATP2 binds to the incoming nucleotide-binding site with Mg2+C. The residues interacting with ATP molecules and magnesium ions are shown as
stick models. The omit map for two ATP molecules and the side chain of Lys44 is represented as a gray mesh (2.5 σ). (B) In the CaThg1-GTP structure, two GTP
molecules (magenta sticks) were detected in the palm domain. The omit map for two GTP molecules is represented as a gray mesh (2.5 σ).

Fig. S9. (A) Stereoview of the proposed guanylylation model, which was generated by superposing the CaThg1-tRNA, CaThg1-ATP, and CaThg1-GTP struc-
tures. The arrow indicates possible conformational changes of GTP induced by tRNA binding. (B) The proposed base movements of GTP (G−1) and A73. The
magenta dash line indicates the proposed G-A base pairing between G−1 and A73.
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Table S1. Data collection and refinement statistics (molecular replacement)

CaThg1-ATP CaThg1-GTP CaThg1-tRNAHisΔG−1 CaThg1-tRNAPhe
GUG

Data collection
Space group P21 P21 P3121 P3121
Cell dimensions

a, b, c (Å) 74.8, 217.9, 87.2 87.4, 217.6, 140.9 96.5, 96.5, 300.4 96.7, 96.7, 299.3
α, β, γ (°) 90, 113.7, 90 90, 102.3, 90 90, 90, 120 90, 90, 120
Resolution (Å)* 50–2.39 (2.54–2.39) 50–3.03 (3.21–3.03) 50–4.18 (4.43–4.18) 50–3.64 (3.86–3.64)

Rmeas (%)*,† 4.3 (30.6) 8.3 (85.6) 12.7 (100.3) 11.3 (118.0)
I/σ (I)* 23.93 (5.19) 16.50 (2.03) 12.45 (2.48) 16.68 (2.05)
Completeness (%)* 97.1 (89.8) 98.8 (96.5) 98.8 (94.0) 99.6 (98.1)
Redundancy* 3.8 (3.5) 3.9 (3.9) 10.6 (10.7) 9.5 (9.6)

Refinement
No. reflections 97,819 98,553 12,539 18,933
Rwork/Rfree (%) 17.62/20.82 19.83/23.93 29.22/33.48 25.29/28.75
No. of atoms

Protein 17,504 35,254 8,128 8,128
Ligand/ion 520 1072 ― ―

Water 365 15 ― ―

RNA ― ― 3,102 3,146
B-factors (Å2)

Protein 49.6 84.4 116.7 89.7
Ligand/ion 46.0 88.2 ― ―

Water 36.1 42.6 ― ―

RNA ― ― 183.1 144.2
Estimated coordinate error (Å)‡ 0.26 0.41 0.53 0.69
rmsd from ideal

Bond lengths (Å) 0.009 0.005 0.003 0.004
Bond angles (°) 1.261 0.999 0.807 0.761

Each data set was collected from a single crystal.
*Values in parentheses are for the highest-resolution shell.
†Rmeas is the redundancy-independent Rsym.
‡Maximum-likelihood estimates using test set reflections given by phenix.refine.

Table S2. Estimated experimental molecular weight of CaThg1 and CaThg1 with tRNAHisΔG−1

by SAXS

Sample name Theoretical mass (kDa) SAXS mass (kDa) Rg (Å)

CaThg1 128 122 41.0 ± 0.2
CaThg1-CatRNAHisΔG−1 178 178 43.9 ± 0.2

The estimated molecular weight of CaThg1 with tRNAHisΔG−1 by SAXS was 173 kDa, indicating a 4:2 molar
ratio of CaThg1 (130 kDa for tetramer) with two tRNAHisΔG−1 molecules (48 kDa) in solution.
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