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Galactose-1-phosphate uridylyltransferase (GALT) is the second enzyme in the Leloir pathway that reversibly converts
galactose-1-phosphate to glucose-1-phosphate. GALT deficiency can cause growth defects in both prokaryotes and
eukaryotes. Likewise, in humans, damage of this enzyme leads to a toxic syndrome known as galactosemia type I. In
this study, to understand structural features and the underlying molecular mechanism of GALT in yeast, the crystal
of GALT from Debaryomyces hansenii was determined at a resolution of 2.8 Å. The crystal of D. hansenii (Dh GALT)
belonged to the space group C2221, with the unit cell parameters a = 88.5 Å, b = 122.3 Å, c = 154.2 Å, α = β = γ = 90°. Two
macromolecules were present in the asymmetric unit of the crystal. Following its structural determination, further study
will be done for elucidating the structural features and reaction mechanism in fungal species.
INTRODUCTION
Galactose is a major energy source in living cells. However,
this sugar cannot be directly involved in glycolysis, but needs
to be converted to a more metabolically useful form; glucose6-phosphate (Berg et al., 2002a). The conversion of galactose
to glucose is performed during a three-step pathway called the
Leloir pathway (Frey, 1996). This process converts galactose
from different sources to glucose-1-phosphate, which can be
further modified to glucose-6-phosphate for the glycolytic
pathway (Berg et al., 2002b; Holden et al., 2003).
In the second step of the Leloir pathway, the galactose1-phosphate uridylyltransferase (GALT) enzyme reversibly
transfers a uridine monophosphate (UMP) moiety from uridine
diphosphate-glucose (UDP-Glu) to galactose-1-Phosphate (Gal1-P) to form glucose-1-phosphate (G-1-P) and UDP-galactose
(UDP-Gal) (Holden et al., 2003). Since the accumulation of Gal1-P inside cells leads to growth inhibition in prokaryotes and
eukaryotes, GALT has become a key enzyme in living cells
(Slepak et al., 2005; Gibney et al., 2018). In mammals, the
deficiency of GALT enzymes causes a toxicity syndrome called
galactosemia type I or classical galactosemia (Lai et al., 2009).
As previously reported, patients with GALT deficiency have
severe manifestations. Hence, the only available treatment is to
exclude galactose from their diets (Welling et al., 2017; Schulpis
and Iakovou, 2019).
GALT belongs to branch III of the Histidine Triad superfamily
(HIT). HIT proteins exist in the dimeric form, with a HXHXHX
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motif, a specific binding site for nucleoside 5’ monophosphate,
and the binding site for a leaving group, which can be an amino
acid, nucleotide, oligonucleotide, or carbohydrate (Brenner,
2002). However, GALT and other members of branch III are
different from other HIT proteins by the HXHXQX motif present
in their sequences (Brenner, 2014). Due to this difference,
substrate requirements for GALT are highly specific, as only
UDP-Glu or UDP-Gal can be involved in its reaction, whereas
other nucleotide sugars, including adenosine diphosphate
(ADP)-glucose, cytidine diphosphate (CDP)-glucose, guanosine
diphosphate (GDP) - glucose, GDP-mannose, thymidine
diphosphate (TDP)-glucose, UDP-xylose, and UDP-mannose
show no reaction (Bertoli and Segal, 1966) GALT has been
studied in humans and E. coli , however, knowledge about this
enzyme in other species remains limited. Thus, to expand the
structural study on GALT, we overexpressed, purified, and
crystallized GALT from Debaryomyces hansenii . Our data may
provide insights into the structural variation and underlying
molecular reaction mechanism of Dh GALT.

RESULTS AND DISCUSSION
The Dh GALT gene with a length of 1110 bp was amplified from
the genomic DNA of D. hansenii and cloned into a pET28a
vector (Table 1). The recombinant plasmid was then transformed
into Escherichia coli BL21 (DE3) star cells for purification.
Since a hexa-histidine tail was added to the N-terminal of
Dh GALT, the protein was first purified using Ni-NTA affinity
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chromatography, followed by size exclusion chromatography
(SEC). Based on the SEC data, Dh GALT elution profile was
presented as a single and symmetry peak at an elution volume
of approximately 70 ml, which corresponded to its molecular

TABLE 1 I Recombinant Dh GALT protein production information
Source organism

Debaryomyces hansenii

DNA source

Genomic DNA

Forward primer* (5´-3´) ATCCGCTAGCATGGCCGAACTATTCGATTTT
Reverse primer* (5´-3´)

ATCCCTCGAGCTAGTTTATTTTACTCAAATAATGTT

Cloning vector

pET28a

Expression host

Escherichia coli BL21 Star

Complete amino acid
sequence of the
construct produced
(N-terminal to
C-terminal)

MAELFDF TNHSHRRFNPLSNT Y VLCSPHRAKRPWQGAKEELKKSDLPSFDPKCYLCPGNIRATGDSNPK YENT YIFPNDYPAVRVDQPDYIEDTEEIEKSSPLKAKLFKTQGVKGKCFVICFS P N H N LT L P L M S V E D I T S V I Q S W R S LY KDLQKE AQDGPVK YK YLQIFENRGFAMGCSNPHPHGQ AWCLDTIPTE VDHEIKNMTNYHNESHSHMLGDY VQLELKERERLVLENDSFIVVVPYWALWPFETLLISKEHLRSIKDFTEKHNKD L A S I L K K LT T K Y D N L F N T S F P Y S M G I H Q APLDGTDEEKNNSWFHMHFYPPLLRSAT VKKFCVGFEMLGESQRDLTSEQAASRLQDLDGDKHYLSKIN

weight of ~60 kDa (Figure 1A). Since the calculated molecular
weight of Dh GALT monomer was around 42 kDa, the accurate
oligomeric state of this protein in solution could be determined
by additional experiments such as multi-angle light scattering,
analytical ultracentrifugation and so on. Subsequently, the
obtained protein was purified with a purity over 95% based on
sodium dodecyl sulphate-polyacrylamide gel electrophoresis
analysis (Figure 1B). The protein was concentrated to 22 mg/ml
and stored at –80°C for subsequent analysis.
Cr ystallization trials were per formed in more than 600
conditions using spare-matrix screening solution kits at 7°C
using the sitting-drop vapor diffusion method. After obtaining
the optimal condition for crystallization, crystals of Dh GALT
were formed using the hanging-drop vapor diffusion method.
Rod-shaped crystals were obtained after one day at 7°C (Figure
2). The best crystallized condition was in the presence of 0.1
M calcium chloride and 20% (w/v) PEG 3350 (Table 2). The
protein crystals were flash-frozen in liquid nitrogen, using a
cryoprotectant, which contained 30% (v/v) glycerol for data
collection at Pohang Beamline 7A (Pohang, South Korea).
The crystal of Dh GALT was diffracted at a resolution of 2.8
Å and belongs to C2221 space group (Figure 3). The unit cell
parameters for the crystal were a = 88.5 Å, b = 122.3 Å, and c =

*Underlined sequence: restriction enzyme site.

FIGURE 2 I Crystal of the Dh GALT protein. The diffracted crystals
were obtained from the condition of 0.1 M calcium chloride and 20% (w/
v) PEG 3350. The scale bar is shown at the bottom right corner.

TABLE 2 I Crystallization details of Dh GALT

FIGURE 1 I Preparation of the D. hansenii (Dh GALT) protein. (A) Sizeexclusion chromatography (SEC) profile of N-terminal His6-GALT from
Debaryomyces hansenii . (B) Sodium dodecyl sulphate–polyacrylamide
gel electrophoresis analysis of Dh GALT. The black arrowhead indicates
the size of the target protein. Molecular weights of the standard size
markers are shown on the left-hand side. Lanes are as following: M, size
marker (low range); 1, whole cell extract; 2, insoluble fraction; 3, soluble
fraction; 4, unbound fraction from His-affinity chromatography; 5, Wash
fraction at 15 mM imidazole.
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Method

Vapor diffusion

Plate type for screening

96-well sitting-drop crystallization
plate, Art Robbins Instruments

Plate type for optimization

24-well plate, Hyundai Micro

Temperature (°C)

7

Protein concentration (mg/ml)

15

Composition of protein solution

20 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 2 mM DTT

Composition of reservoir solution

0.1 M calcium chloride and 20% (w/v)
PEG 3350

Volume (μl) and ratio of drop

2, 1:1

Volume of reservoir (μl)

1000
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TABLE 3 I Statistics of X-ray diffraction data collection and processing

Dh GALT

FIGURE 3 I Representative diffraction pattern of Dh GALT crystal.
The diffraction image of a Dh GALT crystal. The black dotted circles and
bold texts represent resolution ranges.

Diffraction source

Beamline 7A, PAL

Wavelength (Å)

0.9793

Temperature (K)

100

Detector

ADSC Quantum Q270r

Crystal-to-detector distance (mm)

180

Rotation range per image (°)

1

Total rotation range (°)

360

Exposure time per image (s)

1

Space group

C 2221

a, b, c (Å)

88.5, 122.3, 154.2

α, β, γ (˚)

90, 90, 90

Resolution range (Å)

50.0–2.8 (2.9–2.8)a

Total no. of reflections

111283 (8315)

No. of unique reflections

17053 (1434)

Completeness (%)

80.2 (69.3)

Multiplicity

6.5 (5.8)

I /σI

10.7 (2.3)

R merge (%)b

14.1 (74.4)

CC1/2

154.2 Å, α = β = γ = 90°.
The initial phase information was obtained by molecular
replacement from the structure of GALT from E. coli (PDB ID:
1XHQ, 50.69% sequence identity). Molecular replacement was
performed using Phaser-MR in the PHENIX crystallographic
sof t ware package (PHENIX; USA) (Adams et al., 2010).
Currently, preliminary structure refinement and model building
are in progress using PHENIX.refine and WinCoot softwares
(Emsley and Cowtan, 2004; Adams et al., 2010). The detailed
crystallographic information is summarized in Table 3.

0.986 (0.725)

a

Values in parentheses are statistics from the highest resolution shell.
Rmerge = Σ |I obs – I avg| / I obs, where I obs is the observed intensity of individual reflections, and I avg is averaged over symmetry equivalents.

b

ON, Canada). After elution using an elution buffer containing
500 mM imidazole, the target protein was further purified using
the HiPrep 16/60 Sephacryl S-300 HR column (GE Healthcare,
Mississauga, ON, Canada). The protein was concentrated to 22
mg/ml and stored at −80°C for subsequent analysis.
Crystallization

METHODS
Preparation of the Dh GALT protein
The gene encoding Debaryomyces hanseni i galactose-1phosphate uridylyltranferase (gene ID: 2900293; Dh GALT)
was amplified from fungal genomic DNA by a polymerase
chain reaction. The product was then cloned into the pET28a
expression vector to form an overexpression construct.
Subsequently, the construct was transformed into the BL21
(DE3) star. Cells were grown in a Luria– Ber tani medium
(Ambrothia, Deajeon, Republic of Korea) containing 50 mg/
L kanamycin (Applichem, St. Louis, MO, USA). Next, 0.3 mM
isopropyl-β-D-thiogalactopyranoside (IPTG) was used to
induce the expression of the recombinant Dh GALT protein
at an optical density of 0.6, following further incubation of
cells at 20°C for 18 h. Cells were harvested and lysed by
ultrasonication (SONICS, VCX-500/750, Sonics & Materials,
Inc., Newtown, CT, USA) followed by cell debris removal using
centrifugation. The supernatant was collected and loaded to a
Ni-NTA HiTrap chelating column (GE Healthcare, Mississauga,
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Cr ystallization trials were conducted at more than 60 0
conditions using spare-matrix screening solution kits at 7°C
using the sitting-drop vapor diffusion method. The optimal
condition for crystallization included 0.1 M calcium chloride and
20% (w/v) PEG 3350. After one day at 7°C, rod-shaped crystals
were obtained in drops, which contained equal volumes (1 µl) of
the protein (15 mg/ml) and reservoir solution using the hangingdrop vapor diffusion method. Crystals were transferred to a
cryoprotectant solution containing a crystallization buffer and
30% (v/v) glycerol, which was flash-frozen in liquid nitrogen for
subsequent experiments.
Data collection
Diffraction datasets were collected at 100 K on beamline 7A
of the Pohang Accelerator Laboratory (PAL, Pohang, Republic
of Korea) using a Quantum 315 CCD detector (Area Detector
Systems Corporation, Poway, CA, USA). The crystal structures
were solved by molecular replacement methods using PHENIX
software, version 1.9 (Lawrence Berkeley Laboratory, Berkeley,
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CA, USA) (Slepak et al., 2005). Subsequently, structural models
were built with WinCoot (Emsley and Cowtan, 2004) followed by
model refinement using PHENIX.refine.
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