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Abstract
Galactose-1-phosphate uridylyltransferase (GALT) catalyses the conversion of galactose-1-
phosphate to UDP-galactose, a key step in the galactose metabolism. Deficiency of GALT activity
in humans caused by deleterious variations in the GALT gene can cause a potentially lethal
disease called Classic Galactosemia. In this study, we selected 14 novel nucleotide sequence
changes in the GALT genes found in galactosemic patients for expression analysis and molecular
modeling. Several variants showed decreased levels of expression and decreased abundance in the
soluble fraction of the Escherichia coli cell extracts, suggesting altered stability and solubility.
Only six variant GALT enzymes had detectable enzymatic activities. Kinetic studies showed that
their Vmax decreased significantly. To further characterize the variants at molecular level, we
performed static and dynamic molecular modeling studies. Effects of variations on local and/or
global structural features of the enzyme were anticipated for the majority of variants. In-depth
studies with molecular dynamic simulations on selected variants predicted the alteration of the
protein structure even when static models apparently did not highlight any perturbation. Overall,
these studies offered new insights on the molecular properties of GALT enzyme, with the aim of
correlating them with the clinical outcome.
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Introduction
In all living cells, productive metabolism of galactose begins with the phosphorylation of
galactose to galactose-1-phosphate (gal-1P) by galactokinase (GALK) (Cardini and Leloir,
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1953), the first metabolic enzyme of the Leloir pathway of galactose metabolism (Leloir,
1951). In the presence of galactose-1-phosphate uridylyltransferase (GALT), gal-1P will
react with uridine diphosphate-glucose (UDP-Glu) to form uridine diphosphate-galactose
(UDP-Gal) and glucose-1-phosphate (glu-1P) (Kalckar et al., 1953). Although the reaction
mechanism was revealed through intensive study of the Escherichia coli (E. coli) GALT
enzyme, the highly conserved nature of the GALT enzymes of the ubiquitous Leloir
pathway suggested that similar reaction scheme applies to GALT enzymes of other species,
including humans. In E. coli, the GALT enzyme catalyzes the above-mentioned reaction
through a double displacement mechanism (Arabshahi et al., 1986) by which the enzyme
will bind to UDP-Glu, followed by the attack of the β–phosphate of UDP-Glu through
His166 of the enzyme to form an uridylyl-enzyme intermediate and to release glu-1P. The
double-displacement reaction completes when the uridylyl-enzyme intermediate binds
gal-1P and mediates the transfer of the uridine monophosphate (UMP) group to gal-1P to
form UDP-Gal (Wong et al., 1977; Arabshahi et al., 1986; Field et al., 1989; Geeganage and
Frey, 1998). Moreover, structural analysis of E. coli GALT reveals that the enzyme is a
homodimer, and each monomer composes six α–helices and a β–sheet formed by nine anti-
parallel strands (Wedekind et al., 1995; Thoden et al., 1997). Two active sites exist in the
dimer, each one formed by amino acid residues contributed by both monomers (Wedekind et
al., 1995; Thoden et al., 1997). Therefore, correct inter-subunit interactions are needed for
the correct activity of the enzyme (Thoden et al., 1997).

In humans, deficiency of GALT activity caused by deleterious variations of the GALT genes
can result in a potentially lethal disorder called Classic Galactosemia (MIM# 230400)
(Isselbacher et al., 1956; Segal and Berry, 1995). If the affected neonates are not treated in
time, they will suffer from severe hepatic and renal failure, bleeding diatheses and E. coli
sepsis, which can lead to death within days of birth (Goppert, 1917; Mason et al., 1935;
Isselbacher et al., 1956; Segal and Berry, 1995). The exact pathophysiology of these acute
symptoms remains uncertain, partially because of the lack of experimental animal model for
this disease (Leslie et al., 1996), but the accumulation of gal-1P is regarded as one of the
most important pathogenic factors (Gitzelmann et al., 1967; Gitzelmann, 1995). The best
treatment for Classic Galactosemia to-date is the removal of galactose from the patients’ diet
to prevent the manifestation of the acute toxicity syndrome (Mason et al., 1935; Salt et al.,
1955; Jones and Leak, 1959; Bosch, 2006). However, long-term complications such as IQ
deficits, ataxia, speech dyspraxia, and premature ovarian insufficiency persist in many
patients with a galactose-restricted diet (Waggoner et al., 1990; Waisbren et al., 2011).

For the past few decades, the inclusion of Classic Galactosemia in the newborn screening
programs in many countries greatly facilitates the identification, diagnosis and timely
treatment of the affected patients. Furthermore, useful information about distribution and
types of GALT gene variations among different populations were revealed. The human
GALT gene maps to chromosome 9p13, and to-date, over 180 variations have been
discovered; most of them are nucleotide substitutions
(http://www.arup.utah.edu/database/GALT/GALT_display.php) (Calderon et al, 2007). In
the past, majority of studies about GALT variations focused on the identification of new
variations as well as their effects on patients’ red cell GALT activity (Singh et al., 2011), the
distributions of different variant alleles among populations (Lai et al., 1996) and the
predictive use of these variations in the prognosis of the disease (Guerrero et al., 2000). Few
groups reported in-depth studies about how variations in GALT gene affect GALT enzyme
activity at the structural level (Lai et al., 1999; Facchiano and Marabotti, 2010). Here we
report 14 novel GALT gene variations and examine how they cause abnormal GALT
activity in patients by in vitro enzymatic studies, as well as molecular modeling and
molecular dynamic simulation analysis.
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Materials and Methods
Site-directed mutagenesis of human GALT cDNA

The cDNA of human GALT gene was cloned into a bacterial expression vector pET-30
(EMD Chemicals Darmstadt, Germany). Each individual variation was introduced into the
construct through site-directed mutagenesis using QuickChange II Site-directed Mutagenesis
Kit (Stratagene Inc., La Jolla, CA). The introduced sequence changes were confirmed by
DNA sequencing. DNA variation numbering system used here is based on the reference
cDNA sequence from GenBank (BC015045.2 GI:34783207). Nucleotide numbering reflects
cDNA numbering with +1 corresponding to the A of the ATG translation initiation codon in
the reference sequence.

Over-expression, purification, and quantification of recombinant GALT enzymes
The wild-type GALT and variant proteins were expressed and purified using methods
similar to those previously described (Lai et al., 1999). Generally, the plasmids mentioned
above were transformed into Escherichia coli HMS174 (DE3) (Novagen). The bacterial
culture was grown in 37°C to reach OD600=0.6, then the culture was cooled down to room
temperature (19°C), and 1mM of IPTG was added to induce protein expression. Induction
took place overnight at room temperature. Protein purification was conducted at 4°C
throughout. Briefly, cell pellets were re-suspended in lysis buffer (50mM HEPES, 300mM
NaCl, 10mM imidazole, pH 8.0). Cells were then lysed using a microfluidizer and clarified
by centrifugation, and the lysate was loaded onto a chromatography column containing
Nickel affinity resin. The resin was washed with buffer mentioned above but in 20mM
imidazole and bound protein was eluted using the same buffer containing 200mM imidazole.

The purified proteins and the whole cell lysates were separated by SDS-PAGE, and then
transferred from gel to nitrocellulose membrane. After blocking the membrane with Li-Cor
blocking buffer (Li-Cor, Inc., Lincoln, NE) for one hour at room temperature, primary
mouse anti-His6 antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA) was added at a
dilution of 1:1000 to the membrane, and the mixture was incubated for one hour at room
temperature. After washing with 1X PBS + 0.15% Tween-20 for three times (five minutes
each), secondary antibody, Alexa Fluor® 680—allophycocyanin goat anti-mouse IgG (H+L)
(Invitrogen Inc., Carlsbad, CA), was then added at a dilution of 1:5000 for another hour.
After another wash, the membrane was scanned with Odyssey infra-red scanner (Li-Cor
Inc., Lincoln, NE).

GALT enzyme activity measurement
The specific activity of the purified wild-type and variant GALT proteins were assayed in
the glycine buffer (100mM, pH 8.7) containing 0.6mM UDP-Glu, 5mM MgCl2, 5mM
dithiothreitol, 0.8mM NADP, 1.2mM gal-1P, 5μM glucose-α-1,6-diphosphate,
phosphoglucomutase (0.5IU/ml), glucose-6-phosphate dehydrogenase (0.5IU/ml). The
formation of NADPH was quantified by monitoring change in absorbance of the reaction
mixture at 340nm for half an hour using BioTek plate reader (BioTek Inc., Winooski, VT).
The relationship between increase in NADPH production and glu-1P released was quantified
using the Beer-Lambert equation.

To assay for the Vmax and the KM for individual substrate, the substrate concentration was
varied and the other substrate was held at saturated level (8mM for gal-1P and 4mM for
UDP-Glu). The initial velocity of the reaction was measured by monitoring the change of
absorbance at 340nm, and was plotted against the substrate concentration. Curve-fitting was
accomplished using the equation V= Vmax S/ (KM+S) by Sigma Plot 10.0 (Systat Software
Inc., San Jose, CA), and the Vmax and KM were calculated from the above-stated equation.
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All biochemicals and enzymes used in the in vitro biochemical assays were purchased from
Sigma-Aldrich Inc., St. Louis, MO.

Static structure modeling
The 3D model of human GALT enzyme (Marabotti and Facchiano, 2005; PDB code 1R3A)
was used as the starting point to simulate the effect of variations. The strategy used to model
and analyze variant GALT enzymes, as well as the criteria to define the impact of a variation
on the static protein structure, are the same as reported previously (Facchiano and Marabotti,
2010). Each variant structure was submitted to two different Web servers to predict the
variation-induced change of protein stability with respect to the wild-type enzyme:
PoPMuSiC v.2.1 (Dehouck et al., 2011) and CUPSAT (Parthiban et al., 2006), and we
decided to consider reliable only results for which both predictors reached a consensus,
otherwise, the effect of variation on protein stability is classified as “not determined”. We
also checked the variations for their conservation score, which was previously calculated
(Facchiano and Marabotti, 2010) and stored in the GALT protein database
(http://bioinformatica.isa.cnr.it/GALT) (d’Acierno et al., 2009).

Molecular dynamics simulation
Molecular dynamics (MD) simulations were performed on selected GALT variants using
Gromacs v.4.5.3 (Hess et al., 2008). Simulations were hosted on a Linux Cluster of 32
nodes, each SuperMicro equipped of two processors: the 2.50GHz INTEL(R) Quad-core and
the 16GB Xeon(R), for a 256 total processors interconnected with the Infiniband 4X
network and 512 GB of RAM. The GROMOS96 43a1 force field (van Gunsteren et al.,
1996) was used throughout simulations. When the ligand UDP-Gal was included in
calculation, its topology was created with the aid of the server PRODRG 2.5Beta
(Schuttelkopf and van Aalten, 2004), but charges were assigned on the basis of charges of
ribose, uridylyl and galactose moieties available in the database of the force field.

Each dimeric protein was simulated in a rhombic dodecahedric box, setting a distance of
1.5nm between the solute (the protein) and the box walls, so that the dimensions of the box
are set to the diameter of the protein plus twice the specified distance. The protein was
centered in the box. Approximately 25,600 water molecules (spc model) (Berendsen et al.,
1984) were added to each system, and either six or ten Na+ ions were used respectively to
neutralize the net negative charge, in the absence or presence of the ligand into the protein.
Periodic boundary conditions were used to exclude surface effects.

For each selected variant, a preliminary energy minimization step with a gradient limit of
500 kJ/mol/nm was run with the Steepest Descent method, constraining all bonds with the P-
LINCS method (Hess, 2008). Then, a 20ps-long MD simulation with position restraints
using the NVT ensemble, followed by 100ps-long simulation with position restraints using
NPT ensemble was applied to each system to soak the solvent into the macromolecule. A
time step of 2fs was used in all cases. Each system was coupled to a temperature bath at
37°C using a velocity rescaling thermostat with a stochastic term (Bussi et al., 2007) and, in
the case of the NPT ensemble, to a barostat at a pressure of 1atm using Berendsen’s method
(Berendsen et al., 1984). Long-range electrostatics were handled using the PME method
(Essmann et al., 1995). Cut-offs were set at 1.0nm for Coulombic interactions and at 1.4nm
for van der Waals interactions. Finally, 30ns-full MD simulations were carried out with the
same settings adopted for the short NPT simulation, but without any position restraints. To
check for the quality of simulations, the energy components were analyzed to verify the
stabilization of the systems, and the root mean square deviation (RMSD) of the structures in
the trajectory with respect to the starting structure and to the average structure of the
simulation was evaluated to check the convergence of the simulations towards an
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equilibrium state. The convergence of all the holo enzymes (i.e., with bound UDP-Gal)
towards an equilibrium state was achieved after 5ns of simulation. 10ns of simulations for
apo (i.e., without UDP-Gal in the active site) enzymes but variant Q188R were necessary to
reach an equilibrium state. The equilibrium state of the apo form of Q188R was reached
after 20ns of simulation. Therefore, this last simulation was prolonged to 40ns, in order to
obtain 20ns of stable simulation for the analysis, in analogy to all other variants. In addition,
for each simulation, minimum distance between periodic images was evaluated and found to
be always not less than 2.0nm (a distance higher than the cut-off used to evaluate
electrostatic and van der Waals interactions). This ensured that no non-physical self-
interactions took place between periodic images of the protein during simulations.

Analyses of MD simulations were conducted using programs built within the GROMACS
package. Results were visualized and elaborated with the aid of the freeware program Grace
(http://plasma-gate.weizmann.ac.il/Grace). The cluster analysis was made using the
clustering method of Daura (Daura et al., 1999), with the default cut-off of 0.25nm. RMSD
calculation and least square fitting were performed on the protein without hydrogens.
Starting from this cluster analysis, a representative structure was calculated for each
simulation.

Results
Clinical laboratory findings of patient GALT gene variations and enzyme activity

In this study, we chose 14 variations published at the ARUP GALT gene variation database
for further characterization (Supp. Table S1), as none of the 14 variations have been
previously characterized in any depth at protein level. All variations are single nucleotide
substitutions and only I170T (509T>C) is close to a splicing site (one nucleotide away from
the splicing site between Intron 5 and Exon VI). Only one variation (V168L) was found to
be homozygous in a patient and it resulted in zero enzyme activity. Four variations (I170T,
R223S, E291V, L327P) were found to be in compound heterozygosity with the common
Q188R variation, but only two of them (I170T and L327P) resulted in zero enzyme activity,
while the other two (R223S and E291V) had some residual activity. One variation, R259Q,
was found to be in compound heterozygosity with the S135L variation in a patient, and the
patient had no detectable enzyme activity in the red blood cells. Three variations (H132Q,
L227P and Y34N) were found to be in compound heterozygosity with the Duarte 2
haplotype, and the patients’ enzyme activities were consistent with Duarte/Classical
Galactosemia compound heterozygote (D/G). Another three variations (E220K, I278N and
L289F) were found in heterozygous state with enzyme activity around 10μmol/h/gHb. One
patient was found to be compound heterozygous for the P185H and R201C variations,
which resulted in minute enzyme activity.

Based on the information above, we can safely conclude that variations V168L, I170T,
R259Q and L327P result in no enzyme activity, and R223S, E291V variations result in
reduced enzyme activity. As for variations Y34N, H132Q and L227P, since they were found
to be in compound heterozygosity with the Duarte 2 haplotype and the patients’ enzyme
activities were consistent with the D/G biochemical phenotype, it is highly likely these
variations render no enzyme activity in the red blood cells.

Heterologous expression of variant GALT proteins
In order to understand how they affect the patient red cell GALT enzyme activities at the
mechanistic level, we expressed all of the 14 variant GALT proteins in a bacterial
expression system. As shown in Fig. 1a, except for the Y34N- and H132Q-GALT variants,
the protein level of all the variants and wild-type in the whole cell lysates were comparable.

Tang et al. Page 5

Hum Mutat. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://plasma-gate.weizmann.ac.il/Grace


However, when we separated the insoluble cell debris from the whole cell lysates and
purified the variant GALT proteins from the soluble (cytoplasmic) fractions, we detected,
except for the E291V variant, significantly less amount of all variant GALT proteins (Fig.
1b). Two variants, L227P and L327P, resulted in no detectable protein in the soluble
fraction. Since all the variant and wild-type GALT enzymes were expressed, purified and
analyzed under identical experimental conditions, one can propose that except for the
Y34N-, H132Q- and E291V-GALT variants, all the variations studied resulted in decreased
solubility of the GALT enzymes. For the Y34N and H132Q variants, it appears that these
two variations might have adverse effects on protein translation and/or protein stability,
especially in the case of Y34N.

Kinetic analysis of purified variant GALT enzymes
Assay for activities of the 14 variant GALT enzymes revealed that only six of them (R201C,
E220K, R223S, I278N, L289F, E291V) have GALT activity close to 5% or above of the
control value (Fig. 2). Among the six “active” variants, except for the I278N-GALT, the
GALT activity detected in all others was substantial (>30% of control) (Fig. 2).

A detailed analysis of kinetic parameters of these variants showed that the major cause of
their reduced activities was a compromised Vmax (Table 1). All six active variants had their
Vmax decreased more than two-fold. The KM for UDP-Glu of these variants didn’t change
significantly, only those of I278N and E291V increased more than two-fold. As for the KM
for gal-1P, three variants, E220K, L289F and E291V, with their KM increased more than 1.7
fold as compared with that of the control. Among all six active variants, I278N was the most
affected; its Vmax decreased about 20-fold and KM for both substrates increased
significantly.

Analysis on static variant GALT structures
In order to explain the reduced activity of the variant GALT enzymes at the structural level,
we constructed and analyzed the models of the variant GALT enzymes for potential
perturbations on protein structure and enzymatic function, as we did previously for other
GALT variations (Facchiano and Marabotti, 2010). In Fig. 3, we show the modeled structure
of wild-type GALT enzyme highlighting the amino acid residues that were changed in the
variants.

The results of our investigations on the static protein structure are summarized in Table 2.
From the conservation score attributed to each residue, only L327P variation affected a
highly conserved residue, not only in the eukaryotic organisms, but also in the prokaryotic
species. The other variant residues in general were conserved in eukaryotic organisms only.

In general agreement with experimental results, the two Web servers used to predict changes
of GALT stability concur to indicate most variations as able to destabilize the enzyme. No
variation reside into the GALT active site (as defined in (Facchiano and Marabotti, 2010)),
although two variations (H132Q and P185H) are predicted to perturb the active site because
both His132 and Pro185 interact with residues of the wild-type enzyme active site. His132

forms an H-bond with His184, which is spatially close to the catalytic residue His186 in
human GALT. His184 is also part of the signature HhHhHhh motif (where H represents
histidine and h represents hydrophobic amino acid) (Brenner, 2002) that characterizes the
histidine triad superfamily members. Variation H132Q causes the loss of the H-bond
between His132 and His184, which in turn could alter the active site. The P185H variation
affects another residue of the signature motif, which is also covalently linked to the catalytic
residue His186. Moreover, this variation was predicted to perturb the secondary structure of
the segment in which the residue resides.
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Variation I170T affects a residue in the β-strand adjacent to the one that includes His186 and
Gln188. Residue 170 is not interacting with them, but the variation causes the formation of
new H-bonds with Gln169. Due to its spatial proximity, this alteration of the H-bond network
may also affect, indirectly, the catalytic active site.

Two variations, namely Y34N and R201C, affected residues that are involved in
intersubunit interactions. Tyr34 forms H-bonds with Gln118 of the other subunit, and Arg201

is involved in an intersubunit network of salt bridges and H-bonds with Glu40, as discussed
previously (Facchiano and Marabotti, 2010). Interestingly, based on the experimental data
shown in Fig. 2, disrupting the interaction between Tyr34 and Gln118 might be more severe
as Y34N resulted in no enzyme activity at all.

Variations E220K, R223S, L227P, R259Q, E291V and L327P were predicted to affect the
H-bond and/or the salt bridge networks in which the wild-type residues are involved. Glu220

and Arg223 are part of a network of H-bonds and salt bridges that allow the interaction
between the two biggest helices of the enzyme. In addition, the replacement of a negative
charge with a positive one in E220K might have additional negative impact on protein
structure. In fact, in addition to Arg223, the nearest residue to Glu220 is His213 and therefore,
variation E220K could cause an accumulation of positive charged residues, with
electrostatic repulsive effect. Leu227 is at the end of a helix and its backbone nitrogen
interacts with the carbonyl oxygen of Arg223 with the typical helix-stabilizing H-bond. The
replacement of Leu227 with Pro, the typical “helix-breaking” residue, could potentially
produce negative effects on the local secondary structure, as well as on the overall stability
of GALT. The salt bridge between Arg259 and Glu271 allows the interaction between one
strand belonging to the central β-sheet and helix 8, and this interaction is lost in variant
R259Q. Glu291 interacts with Asn288 through an H-bond involving the atoms of the main
chain; and the replacement with Val could have altered this interaction, particularly since the
new residue could potentially interact with Asp287. Finally, L327P showed limited effects on
H-bond network and on solvent accessibility.

For three variations (V168L, I278N and L289F), no structural effects were predicted from
the static models. The L289F variant, however, retains substantial residual activity (Fig. 2)
and therefore it can be inferred that variation does not dramatically affect its structural
features. On the contrary, variants V168L and I278N showed minimal to no enzymatic
activity (Fig. 2). Val168 resided on the same β-strand as Ile170, spatially close to His186 and
Gln188, but not interacting with them. Ile278 is far from the active site. In these last two
cases, static models alone appear to be insufficient to predict the perturbations caused to the
structural features of the protein.

Molecular dynamics (MD) simulations
In order to obtain more information on those variations that apparently did not cause any
structural effect on GALT enzyme in static molecular modeling, we conducted MD
simulations on the two variants V168L and I278N. Moreover, we performed MD simulation
on variants H132Q and P185H that affect indirectly the active site of the enzyme, in order to
gain more information about the effects of these alterations. All simulations were done both
in absence and presence of the ligand UDP-Gal, and results were compared with those
obtained on the wild-type protein and on the most known variant of GALT enzyme, i.e.
Q188R, in the same conditions. The simulations were conducted at 37°C in order to mimic
the human body temperature and for a timescale sufficient to infer the perturbation of short-
term interactions.

A preliminary observation on the MD simulations can be made by evaluating the rate of
convergence of the systems towards an equilibrium state (see Materials and Methods). The
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longer time of equilibration needed for the apo form of variant Q188R is in agreement with
the known strong deleterious effects of this variation on protein structure (Marabotti and
Facchiano, 2005).

The results of the analyses made on MD simulations are summarized in Table 3. Parameters
related to the global fold, shape and conformation of the protein, and parameters related to
structural effects, such as perturbations of secondary structures and H-bonds, were taken
into account. Finally, analyses were made on the interactions of the ligand into the active
site. A brief explanation of each analysis is reported below.

The cluster analysis gives information about the range of conformations accessible to the
protein. The analysis revealed the presence of a single cluster of conformations for each
simulation made. However, the analysis of RMS distributions of the clusters suggests the
presence of sub-populations of conformations with a different distribution between wild-
type and variant enzymes, in both apo and holo forms (Supp. Figure S1). In particular,
looking at the apo forms (Supp. Figure S1, panel A), the shape of RMS distribution for wild-
type protein and for I278N is quasi-Gaussian, with only minor shoulders detectable, whereas
for P185H, H132Q and Q188R it is possible to see the presence of distinct peaks. Apo
V168L shows a distribution with a very large plateau formed probably by multiple
equivalent underlying conformations. Also in holo systems (Supp. Figure S1, panel B),
P185H and I278N, and to a minor extent H132Q, V168L and Q188R, show the presence of
sub-populations of conformations in their RMS distribution.

The radius of gyration (Rg) is a parameter related to the global shape and volume of the
protein. The analysis of Rg along the different trajectories revealed that the wild-type
enzyme in apo form (Supp. Figure S2, panel A, black line) has Rg value higher than in the
holo form (Supp. Figure S2, panel B, black line), and therefore is slightly more “relaxed”.
All the apo form of variants show Rg values lower than that of wild-type enzyme (Supp.
Figure S2, panel A). In the holo forms, the Rg values of V168L and Q188R are higher than
that of the wild-type enzyme, whereas the other variants have Rg values more similar to the
wild-type enzyme (Supp. Figure S2, panel B).

In order to detect if variations are able to affect secondary structures of GALT enzyme, we
analyzed the representative structures, obtained by cluster analysis, with the program DSSP
(Kabsch and Sander, 1983). Results are shown in Supp. Table S2. Differences are relatively
slight, but it is possible to note that in general the variations analyzed consistently decreased
the percentage of residues included in more organized secondary structures such as helices
or strands, and increased the percentage of residues included in less organized secondary
structures or in random coils. The most affected secondary structures are the strands forming
the central β-sheet of the protein. We would like to point out that the timescale of
simulations we made is not sufficient to show the complete unfolding of secondary
structures; however these variations are good indicators of perturbations exerted by
variations on the secondary structure of the enzyme (see for example Marabotti et al., 2008;
Sciré et al., 2009, 2010).

We also performed an analysis on the variation of H-bonds calculated along the trajectory
(Supp. Table S3), taking into account H-bonds internal to the protein (for both apo and holo
systems), between the two subunits (for both apo and holo systems) and between protein and
ligand (for holo systems only). The average number of H-bonds into the protein is generally
reduced in all variants but I278N. V168L in both apo and holo forms is the variant with the
largest decrease of this parameter. An increase in the average number of intersubunit H-
bonds per timeframe is present in the apo forms of the variants P185H, H132Q and I278N,
and a decrease is evident mainly for variants V168L, P185H and Q188R in holo forms.
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Finally, the average number of H-bonds per timeframe between the protein and the ligand
increases in all variants but Q188R (the only one with a variation into the active site of the
enzyme), with respect to the wild-type enzyme.

Finally, we monitored the distances between Gln188 and UDP-Gal atoms O2A and O1B in
the variants (with the exception of Q188R, which lacks Gln188), and compared the results
with those of wild-type enzyme. Results are shown in Supp. Figure S3. In the wild-type
enzyme, these interactions between Gln188 and the substrate (which are involved in the
stabilization of the reaction intermediate) are conserved during the simulations, whereas in
the variant enzymes, especially P185H and H132Q, these interactions are more unstable or
even completely lost during simulations.

Discussion
Although there have been numerous mutational analyses performed on the human GALT
gene, few studies combined the techniques of in vitro expression analysis and in-depth
molecular modeling, not to mention any attempt to correlate among these analyses and the
clinical data. Therefore, our efforts to study the 14 uncharacterized variations presented here
are both unique and novel.

In the heterologous expression analysis, not only did we confirm the deleterious nature of
the amino acid changes in all 14 variations, but also offered novel insights into the effects of
the variations on the stability and solubility of the GALT protein. For instance, in the cases
of Y34N and H132Q, we showed that these variant proteins were present in significantly
lower abundance in the whole cell lysates (Fig. 1a). When we tested the purified variant
proteins for specific activity, it appeared that these two variants have less than 1% of control
activity well (Fig. 2). Except for R201C, E220K, R223S, I278N, L289F and E291V, the rest
of the variations did not exhibit any significant residual activity in their pure forms (Fig. 2).
Further, many of them, including the six above-mentioned variations demonstrated reduced
solubility in the bacterial lysate (Fig. 1b). Overall, the results from the in vitro expression
analysis correlate well with the clinical laboratory measurements of the patients’ red blood
cell GALT activity (Supp. Table S1). In fact, the in vitro separate assays of P185H and
R201C variant proteins allowed us to conclude that residual GALT activity of the patient,
who is compound heterozygous for both of these variations (Supp. Table S1), is likely
contributed by the residual activity of R201C-GALT enzyme. Yet, based on the decreased
solubility of this variant enzyme as shown in the bacterial expression system (Fig. 1b), it
was highly possible that this variant also had solubility issue in the patient and therefore,
significantly compromised the total enzymatic activity. The same issue of reduced solubility
could also explain why the patient, who is compound heterozygous for the R223S and
Q188R variations, displays only minute GALT activity, despite the fact that the R223S-
GALT manifested close to 37% of control activity (Fig. 2, Table 1). Lastly, it should be
noted that not all variations are as deleterious as Y34N. The E291V variation, which appears
to have the least impact on solubility among the 14 variations, also retains nearly 50% of
control activity (Fig. 2, Table 1). Consequently, this explains very well why the patient’s
biochemical phenotype was ascertained as D/G (Supp. Table S1).

To have a better understanding how these variations affected the protein from a structural
point of view, we applied the technique of static molecular modeling for further analysis.
Nine of the 14 variations were predicted to have stability problem (Table 2). The data
correlated well with the fact that decreasing solubility was common among these variations
(Fig. 1b). Also, the studies gave more hints how some of the variations inactivated the
enzyme in addition to the solubility issue mentioned above. For instance, variation H132Q
and P185H were shown indirectly disrupting the active site of the enzyme (Table 2),
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resulting in inactive enzyme (Fig. 2). Y34N and R201C interfered with the intersubunit
interactions (Table 2), which is crucial for the formation of the active center of the enzyme.
Yet, the R201C change was more tolerable than Y34N (Fig. 2), suggesting Tyr34 plays a
more important role than Arg201. Also, L227P introduced a “helix-breaking” residue to the
end of the helix, disrupting a helix-stabilizing H-bond which resulted in inactive enzyme.

For the variations which retain substantial residual activities, such as E220K, R223S and
E291V, our studies showed that they affected networks of H-bond and salt bridges (Table
2). Since this resulted in local structural alterations, it appears in agreement with the
experimental evidence that they still had some residual activity (Fig. 2).

Static structure modeling alone, however, was not sufficient to explain the deleterious
effects of two variations: V168L and I278N. Therefore, in these cases, we decided to
perform MD simulations to observe phenomena that can be appreciated only following the
evolution of structural features during the time. In addition, we performed MD simulations
also to H132Q and P185H, in order to gain more information about the effects of these
variations. From the analysis of MD simulations, it appears that even those variations with
no apparent effects on the static model could have caused perturbations in the protein’s
structure and dynamics.

The cluster analyses highlighted a different distribution of conformations between wild-type
enzyme and these variants, with the presence of distinct sub-populations of conformations
(Supp. Figure S1). In the past, the presence of different clusters of conformations was
correlated to experimentally detected partially unfolded/molten globule states (Scirè et al.,
2009). In this study, the presence of these unfolded states cannot be inferred directly, since
only one cluster is identified for each trajectory, but this analysis can indicate higher
conformational variability of the variants with respect to the wild-type enzyme. This
phenomenon, in association with the decrease of highly organized secondary structure
elements and of the internal H-bonds, with respect to the wild-type protein (Supp. Table S2
and S3), can be, ultimately, at the basis of the decreased stability and solubility of variants
detected in the in vitro expression analysis. In fact, aggregation and precipitation tend to
occur more frequently when the proteins show kinetic instability and/or the lack of ordered
structures.

In wild-type enzyme, the apo form has a higher Rg and a lower number of interchain H-
bonds with respect to the holo form (Supp. Figure S2 and Supp. Table S3). This suggests
that the enzyme in the apo form is an “open” structure which favors the accessibility of the
active sites, located at the interface between the two subunits. The binding of the ligand
promotes the “closure” of the enzyme to reach a more compact conformation, stabilized by
more intersubunit interactions. This condition is probably necessary for the enzymatic
reaction to occur. In variant V168L, similar to variant Q188R, the comparison of Rg and
intersubunit H-bond pattern between the apo and holo forms shows that the binding of
ligand does not promote either the increase of compactness in the protein or the increase in
the number of intersubunit H-bonds (Supp. Figure S2 and Supp. Table S2). Therefore, one
might deduce that these two variants cannot promote the further phases of the enzymatic
reaction. This is in agreement with the full inactivation of the enzyme carrying this mutation
(Fig. 3). For the other variants simulated, the apo forms are more compact than that of the
wild-type, because they show lower Rg values and higher number of intersubunit H-bonds
(Supp. Figure S2 and Supp. Table S3). This suggests that their apo forms are not fully open,
hindering the access of ligand to the active site.

It is interesting to note that the number of average H-bonds per timeframe between protein
and UDP-Gal is higher in all the variants than in wild-type (Supp. Table S3). The increased
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strength of enzyme-substrate interactions could prevent the release of the product, thus
inactivating the enzyme. Moreover, the simulations show in most cases, especially in
variants P185H and H132Q, a perturbation of the interactions between UDP-Gal and Gln188

that stabilize the intermediate of reaction. Therefore, confirming deductions from static
models, these variations can deeply alter the active site of the enzyme, impairing its activity.

In conclusion, combined use of the techniques of in vitro expression analysis and molecular
modeling offers novel and important insights into mutational analysis of the human GALT
gene. The computational costs of MD simulations and analyses are still high and do not
allow a routinely application of these procedures, but these procedures can be used as a
further source of information in those cases in which the static model is not sufficient to
reveal the impact of mutations on protein structure and functions. Results of these studies
appear to correlate well with clinical data and tender useful explanations for the observed
activities measured in patient samples.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Expression and purification of GALT wild-type and variant proteins
(a) Whole cell lysates containing corresponding GALT proteins (wild-type and variants)
from same amount of cell culture were separated by SDS-PAGE and detected by anti-His6
tag antibody. * Wild-type, non-induced. ** Wild-type, induced. M, molecular weight
marker.
(b) GALT proteins (wild-type and variants) purified from same amount of cell culture were
separated and detected as in (a).
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Fig. 2. Enzymatic activity measurement of purified wild-type and variant GALT proteins
0.1μg of purified protein was tested in a total volume of 100μl glycine buffer. The activity
values were generated from averaging three experimental results, error bars indicated
standard deviations calculated from the triplicates.

Tang et al. Page 16

Hum Mutat. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3. Schematic view of the modeled 3D structure of wild-type GALT enzyme
The backbone of the protein is shown as a ribbon. UDP-Gal is shown in CPK mode and
residues that undergo the variations are represented in ball & stick mode and labeled.
Hydrogen atoms are not represented for sake of clarity. (In the color version online, the two
subunits forming the dimer are colored in yellow and cyan for monomer A and B,
respectively. Color codes for atom types are: carbon: green, oxygen: red, nitrogen: blue,
phosphorus: magenta).
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Table 1

Enzymatic parameters of six active variants

KM gal-1-p (mM) KM UDP-Glu (mM) Vmax (nmol/mg/sec)

WT 1.25±0.36 0.43±0.09 804±65

R201C 1.89±0.62 0.58±0.13 396±59

E220K 2.34±0.42 0.69±0.16 253±53

R223S 1.12±0.31 0.76±0.09 297±25

I278N 1.98±0.35 1.23±0.28 45±3

L289F 2.14±0.21 0.48±0.13 306±23

E291V 2.68±0.16 0.95±0.43 385±18

Mean values and standard deviations presented here were calculated from three separate experiments.
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