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1. Introduction

Site-directed mutagenesis (SDM) is undoubtedly one of the most powerful techniques in
molecular biology. In this chapter, we will describe the use of SDM in the study of the
human inherited metabolic disorder, Galactosemia (Type I, II, and III) and the development
of novel therapies for the disease. This powerful technique not only helped confirm
suspected GAL gene mutations in Galactosemia, but also played a significant role in
unraveling the catalytic mechanisms of the GAL enzymes in the conserved Leloir pathway
of galactose metabolism. To date, more than thirty disease-causing mutations in the human
GAL genes have been characterized in great detail; and these findings have paved the way
for innovative, state-of-the-art therapies, such as chaperone therapy. Recently, in order to
optimize small molecule GALK inhibitors for the treatment of Type I Galactosemia, we have
employed SDM to identify amino acids of the GALK enzyme that interact with its selective
inhibitors. These studies exemplified the expanding roles of SDM in innovative drug design
and in kinase inhibitor selectivity.

2. Background
2.1 What is galactosemia?

Galactose is a hexose that differs from glucose only by the configuration of the hydroxyl
group at the carbon-4 position. Often present as an anomeric mixture of a-D-galactose and
B-D-galactose, this monosaccharide exists abundantly in milk, dairy products and many
other food types such as fruits and vegetables (Acosta and Gross, 1995; Berry et al., 1993).
However, galactose can also be produced endogenously in human cells, mainly as products
of glycoprotein and glycolipid turnover.(Berry et al., 1995, 2004). Once freely present inside
the cells, p-D-galactose is epimerized to a-D-galactose through the action of a mutarotase
(Beebe and Frey, 1998; Thoden and Holden, 2002a). a-D-galactose is then metabolized by the
Leloir pathway (Leloir 1951), an evolutionarily conserved biochemical pathway which
begins with the phosphorylation of galactose by the enzyme galactokinase (GALK) to form
galactose-1 phosphate (gal-1P) (Cardini and Leloir, 1953). Gal-1P is subsequently, together
with the substrate UDP-glucose, converted by galactose-1-phosphate uridylyltransferase
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(GALT) to form UDP-galactose and glucose-1 phosphate (glu-1P) (Kalckar et al., 1953). The
Leloir pathway is completed by reversibly forming UDP-glucose from UDP-galactose via
UDP-galactose-4-epimerase (GALE) (Leloir 1953; Darrow and Rodstorm, 1968). Inherited
deficiencies of GALK, GALT, and GALE activities in humans have all been observed,
studied, and reviewed extensively (Bosch et al., 2002; Elsas 1993; Fridovich-Keil et al.,
1993a). The clinical manifestations of each enzyme deficiency, however, differ markedly
(Berry et al., 1995; Berry and Elsas, 2011; Fridovich-Keil et al., 1993a; Lai et al., 2009;). For
instance, patients with GALK deficiency (MIM 230200) (Type II Galactosemia) have the
mildest clinical consequences, as they may present only with cataracts (Bosch et al., 2002).
On the other hand, GALT-deficiency (MIM 230400) (Type I or Classic Galactosemia) is
potentially lethal in infancy, if undiagnosed and untreated, and is also associated with long-
term, organ-specific complications (Berry et al., 1995). GALE-deficiency (MIM 230350) (Type
III Galactosemia) has been somewhat controversial with regards to clinical manifestations,
as this disorder is rare; and information is mostly derived from case reports (Fridovich-Keil
et al., 1993a). Until newborn screening for GALE deficiency is available, the natural history
will likely remain unknown. The differences in clinical outcome between GALT and GALK
deficiencies reflect the differences in tissue response to the characteristic changes in the
levels of galactose metabolites as a result of the respective enzyme deficiencies.

2.2 How are the different types of galactosemia detected and diagnosed?

Newborn screening programs worldwide have greatly facilitated the early detection of
Galactosemia (Kaye et al., 2006; Levy 2010). The screening tests often involve the
detection of elevated level of blood galactose and/or specific GAL enzyme in the dried
blood spots on filter paper. Elevated galactose will detect GALK deficiency and GALT
deficiency, but it may not detect GALE deficiency. Other states screen for GALT
activity, and may therefore diagnose Type I Galactosemia. However, this screen will
miss GALK and GALE deficiency. The final diagnosis is secured once the specific
enzyme deficiency is confirmed by enzymatic assays or by DNA genotyping; these tests
are available commercially in the USA (http://www.ncbi.nlm.nih.gov/sites/
GeneTests/, Tests #3437, #2229 and #53782).

2.3 What are the current treatments for galactosemia, and what is the outlook for
patients?

The main aspect of management for all forms of Galactosemia is withdrawal of
lactose/ galactose from the diet as soon as the diagnosis is made, or even considered (Segal
1995). In infants, this means the replacement of breast/cow milk with soy-based formula.
However, it has become clear that, despite early detection and (early) dietary intervention,
there still is a significant burden of the disease, particularly for Classic Galactosemia where
chronic problems persist through adulthood. The most common medical complications of
Type I Galactosemia are speech dyspraxia, ataxia, premature ovarian insufficiency, and
intellectual deficits, which are rarely seen in other forms of galactosemia (Waggoner et al.,
1990; Waisbren et al., 2011). GALK deficiency (Type II Galactosemia) is managed also with
lactose/ galactose restriction, though the complications are mainly confined to the eye
(cataracts) (Bosch et al., 2002). GALE deficiency is treated similarly, though complications of
this deficiency may not be preventable with such restriction, as is GALT deficiency
(Fridovich-Keil et al., 1993a).



Use of Site-Directed Mutagenesis in the Diagnosis, Prognosis and Treatment of Galactosemia 235

3. Use of SDM to confirm disease-causing mutations in human GALT, GALK,
and GALE genes identified clinically

3.1 The issues

Advances in federal and state newborn screening programs worldwide have resulted in the
inclusion of the potentially lethal disorder, Galactosemia, in the list of diseases for which
newborns are screened. Very often, once an affected newborn is identified by the
biochemical assays, it is helpful to know the genotype of GAL gene involved because there
appears to be a genotype-phenotype correlation for a few selected GAL gene mutations. The
confirmation of the GAL genotypes in the affected patients will provide better prognosis.
Additionally, a few well-characterized GAL enzyme variants have been shown to retain
significant residual enzyme activities. Consequently, patients with selected mutations might
benefit from novel therapies, such as chaperone therapies.

Unfortunately many patients with Galactosemia identified to-date have novel (private)
nucleotide changes in their GAL genes. For instance, the GALT gene database set up by the
ARUP Laboratories (Salt Lake City, USA) has recorded over 200 nucleotide changes of the
GALT gene identified in patients with Type I Galactosemia (www.arup.utah.edu/database/
GALT/GALT _welcome.php). Without clinical correlation, it is impossible to tell if any of these
novel changes actually results in impaired GALT enzyme activities seen in the patients.
Moreover, many patients are compound heterozygous for the GAL gene mutations. In other
words, a single patient may have a unique nucleotide change in each of the two GAL alleles;
and it is difficult to conclude which one is responsible for the reduction in total enzyme
activity. Thus there is a real need to perform in vitro expression studies of the identified
“variant” GAL genes.

3.2 Research design

Our laboratory and others have largely used similar strategies in confirming the suspected
human GAL gene mutations in patients with Galactosemia (Fridovich-Keil et al., 1995a; Lai
et al., 1999; Reichardt et al.,, 1992;). In almost all cases, we sub-cloned the cDNA of the
respective GAL gene into expression plasmid vectors, before we performed SDM of the sub-
cloned fragments to obtain “mutant” cDNAs with the same sequence changes observed in
patients. We then expressed the wild-type and mutated cDNAs in heterologous expression
systems, such as Escherichia coli, Saccharomyces cerevisize or even mammalian expression
systems. Subsequently, we tested for differences in kinetic parameters of the GAL enzymes,
such as Ky and Vma, and the expression efficiencies, such as protein and/or mRNA
abundances, between mutant and control cDNAs.

3.3 The results

The primary goal for expression analysis of the suspected disease-causing mutations in the
GAL genes is to show that the nucleotide changes observed are causing impaired GAL
enzyme activities and could therefore be the causes for the diseases. In addition, in the
course of the analysis, kinetic parameters of the variant enzymes are often determined,
which are expected to help advance the structural knowledge of the GAL enzymes.
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3.3.1 Type | (GALT-deficiency) galactosemia

As mentioned above, more than 200 nucleotide changes in the GALT gene have been
identified so far, mostly single nucleotide substitutions. The most common human GALT
mutation, QI188R, is detected in over 70% of galactosemic patients in Europe and North
America. The QI188R mutation is associated with a poor clinical outcome, even with a
galactose-restricted diet (Guerrero et al., 2000; Murphy et al., 1999; Webb et al., 2003). K285N
is the second most common mutation found in patients in Europe, especially in the countries
of central and Eastern Europe, where it can account for up to 34% of GALT alleles (Greber-
Platzer et al., 1997; Kozak et al., 2000). In the African-American population, the S135L
mutation is predominant. The corresponding enzyme leads to a relatively benign outcome,
if the mutation is identified and the patient is treated with a galactose-restricted diet in the
newborn period (Lai et al., 1996, 2001; Landt et al., 1997). A more common mutation, N314D,
occurs in all populations mentioned above and can lead to two different phenotypes,
depending on the presence or absence of a 4-bp deletion in the coding region for the
carbohydrate response element. When N314D is associated with a four-nucleotide deletion
in the promoter region (the Duarte type 2), homozygosity for N314D and this altered
promoter region causes a 50% decrease of GALT activity, with a mild or even undetected
phenotype (Elsas et al., 1994). In the absence of this deletion in the promoter, homozygosity
for the N314D missense mutation (the Los Angeles variant) results in normal GALT in
erythrocytes (Shin et al., 1998). A 5-kb deletion is found so far exclusively in Ashkenazi
Jewish patients (Coffee et al., 2006).

Due to its frequency among GALT-deficiency galactosemic patients and its association with
a poor clinical outcome, the Q188R mutation has been extensively studied. The initial study
using the COS cell expression system surprisingly showed that this mutation had about 10%
of normal enzymatic activity (Reichardt et al., 1991). This result was not consistent with the
clinical finding that patients homozygous for Q188R have no detectable enzyme activity in
their red blood cells. Another study, carried out in a yeast model that was completely
devoid of GALT activity, used a PCR-mediated SDM technique and clarified that the Q188R
mutation did cause loss of function of both human and yeast GALT (Fridovich-Keil et
al.,1993b). Interestingly, this study also showed that the mutant yeast, with its loss of GALT
activity, could not survive in galactose media if the Q188R missense mutation was
introduced, while reconstitution of wild-type GALT resulted in normal growth (Fridovich-
Keil and Jinks-Roberson, 1993b). The confounding result of the first study is likely to be
explained by the presence of endogenous GALT activity in the COS cells, highlighting the
importance of studying mutations in a null background system, such as the gal7-deleted
yeast model used in the second study. Alternatively, one should use purified mutant
proteins in the analysis of the enzymatic activities. Subsequent studies further confirmed
that the Q188R mutation not only totally abolishes GALT enzyme activity, but also acts as a
partial dominant-negative mutation, as the heterodimer of Q188R/wild type has only 15%
of wild-type activity (Fridovich-Keil et al., 1995a; Elsevier and Fridovich-Keil,1996). Kinetic
analysis showed this mutation mainly causes impaired specific activity of the heterodimer
without altering the Ky for both substrates. In order to further understand how mutation at
this site could affect the enzyme, Lai and coworkers mutated glutamine-188 (GInl#) to
arginine and asparagine, respectively, through SDM (Lai et al., 1999). More detailed kinetic
measurement showed that mutating glutamine to arginine or asparagine did not affect the
first step of the double-displacement action (UDP-Glu to glu-1p). In fact, Q188R-GALT even
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had a better Viax as compared with the wild-type GALT. However, the Q188R mutation
severely impaired the second step of the reaction. The crystal structures of E. coli GALT
revealed that GIn!68 (equivalent to GIn!8 in human GALT) could stabilize the GALT-UMP
intermediate through two hydrogen bonds formed between the amide side chain of GIn188
and the phosphoryl oxygen of the UMP moiety (Wedekind et al., 1996). Through molecular
modeling studies (or “virtual SDM”), Lai and coworkers changed glutamine to arginine and
asparagine, respectively, and found that the number of hydrogen bonds formed between
new amino acid residues and UMP moiety decreased to one, which could have destabilized
the GALT-UMP intermediate required for the second displacement reaction (Lai et al., 1999).
This destabilization was well manifested in the increased Vmax in the Q188R mutant in the
first displacement reaction, as the destabilization speeded up the recycling of the enzyme for
the first reaction (Lai et al., 1999). To complete the double-displacement reaction, a stable
GALT-UMP intermediate was required to bind gal-1P, which was better accomplished by
the two hydrogen bonds from glutamine than by the single hydrogen bond from arginine or
asparagine.

The S135L mutation was identified initially as a polymorphism with near normal enzymatic
activity in the COS cell expression system (Reichardt et al., 1992). However, subsequent
SDM studies in the yeast-expression system, defined this as a missense mutation that
significantly impaired enzyme activity; but, unlike the Q188R mutation, it still had minor
residual activity (Fridovich-Keil et al., 1995a). Later on, more detailed SDM and expression
studies in yeast and E. coli heterologous expression systems revealed this mutation
decreased the abundance of mutant protein about 2-fold compared with the wild type, as
well as caused 10-fold decrease of specific activity with less than 2-fold of differences of Ky
values for both substrates (Lai and Elsas, 2001; Wells and Fridovich-Keil, 1997). There was
no apparent difference in releasing glu-1P between the wild type and this mutant (Lai and
Elsas, 2001). Mutating this serine to alanine, cysteine, histidine, threonine or tyrosine by
SDM confirmed that a hydroxyl group is required on the side chain of amino acid 135, since
only the threonine substitution resulted in active enzyme (Lai and Elsas, 2001).

The K285N mutation compromises the activity of the enzyme, as well as its abundance, in
the yeast expression system (Riehman et al., 2001). As for the N314D mutation, it was
regarded as the reason of reduced enzymatic activity in Duarte 2 patients; but detailed
enzymatic studies facilitated by SDM revealed that the mutation itself only causes isoelectric
point shifting, without affecting protein abundance, subunit dimerization or activity
(Fridovich-Keil et al., 1995b). The decrease in GALT activity observed in the Duarte type 2
patients is likely caused by the 4-bp deletion at the promoter region associated with the
N314D mutation, which abolishes the binding sites of two transcription factors to the GALT
gene promoter (Carney, et al., 2009). The fact that the Los Angeles variant has normal
activity in the erythrocytes supports this conclusion (Carney et al., 2009).

3.3.2 Type Il (GALK-deficiency) galactosemia

More than 20 mutations associated with GALK deficiency have been reported to date.
Through SDM studies, the majority of the mutations have been characterized. By expressing
10 variant GALK enzymes in GALK-less E. coli, Timson and Reece showed that five of
mutant GALK enzymes (P28T, V32M, G36R, T288M and A384P), which are associated with
more severe clinical phenotypes and near-zero blood galactokinase levels, are insoluble
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(Timson and Reece, 2003). Further studies showed that these mutations disrupted the
secondary structure of the enzymes, which could result in misfolding of the protein (Thoden
et al.,, 2005). Four of the five soluble mutants (H44Y, R68C, G346S, and G349S, but not
A198V) have impaired enzymatic properties, such as increased Ky for one or both substrates
and decreased ke All five are associated with low blood enzyme levels and milder
symptoms. From the crystal structure of human GALK, it is clear that His#, Gly34¢ and
Gly3% are close to the active site. Additionally, these residues reside in the signature motif
I of the GHMP kinase superfamily (Bork et al., 1993; Thoden et al., 2005). Therefore, it is
not surprising that any changes in these resides would alter the kinetic parameters of the
enzyme. As for A198YV, its kinetic parameters are essentially indistinguishable from the
wild-type enzyme. Compared to other mutations, from which patients will develop
cataracts with high incidence within the first few years (without treatment), the A198V
enzyme causes only a moderate incidence of cataracts in later life.

Similarly, Park and colleagues characterized another four missense mutations and one
insertion (G137R, R256W, R277Q, V281M and 850_851insG) by expressing the corresponding
mutated genes in COS7 cells (Park et al., 2007). The steady-state expression level of R256W
was lower than that of wild type. The stability of the mutant enzyme was significantly
reduced, and it had no detectable activity. No protein was detected for the insertion variant.
The other three mutations manifested enzymes with similar expression levels in the soluble
fraction, as compared to the wild-type level. However, the G137R and R277Q enzymes had
approximately 10%-15% of wild-type activity, and no activity was detected for the V281M
enzyme.

3.3.3 Type lll (GALE-deficiency) galactosemia

GALE deficiency exists in a continuum, from generalized to peripheral via intermediate
(Openo et al., 2006). If GALE is deficient in all tissues, it is classified as generalized; and, if it is
only deficient in red and white cells but normal in other tissues, it is known as peripheral
deficiency. It is possible that the presence of bi-allelic amorphic mutations is incompatible with
life (Sanders et al., 2010). Infants with generalized deficiency develop disease on a lactose-
containing milk diet, while infants with peripheral disease remain well, at least in the newborn
period. GALE deficiency has been extensively reviewed by Fridovich-Keil and coworkers
(Fridovich-Keil et al., 1993a). Genomic GALE is about 5 kb in length, with multiple
alternatively spliced transcripts. Some of the reported mutations are deposited in the HGMD
database (http://www.hgmd.org/). Few case series have been reported, including a Korean
study, reporting 37 patients with reduced GALE activity (Park et al., 2005), and two US-based
studies, with one reporting 35 patients (Maceratesi et al., 1998) and the other, 10 patients
(Openo et al.,2006). Others have reported a few cases (Alano et al., 1998; Wohlers et al., 1999).
The V94M mutation has been reported in the homozygous state as being associated with
generalized disease (Wohlers et al., 1999). In-depth studies of the V94M mutation through
SDM in the yeast system showed that this mutation severely damages the specific activity of
the enzyme predominantly at the level of Vs without affecting its abundance and thermal
stability (Wohlers et al., 1999; Wohlers and Fridovich-Keil, 2000). In the same study, the GIOE
mutation was shown to have zero enzymatic activity, rendering the mutant enzyme to high
temperature and protease (Wohlers et al., 1999). A more recent study further confirmed the
impact of V94M and G90E on V) (Timson 2005). Other missense mutations have not (yet) been



Use of Site-Directed Mutagenesis in the Diagnosis, Prognosis and Treatment of Galactosemia 239

reported in patients, but they have been studied in vitro or in model systems. They are
associated with severe enzyme deficiency; these include G90E and L183P (Quimby et al., 1997;
Timson, 2005; Wohlers et al., 1999). Missense mutations associated with peripheral disease
include R169W, R239W and G302A and have been described by Park and coworkers in
individuals with peripheral GALE deficiency (Park et al., 2005). The K257R and G319E
mutations have been described in African-Americans with peripheral deficiency (Alano et al.,
1998). The L183P mutation encodes an enzyme that experiences severe proteolytic degradation
during expression and purification. Also the authors showed that enzymes resulting from the
N34S, GIOE and D103G mutations exhibited increased susceptibility to digestion in limited
proteolysis experiments (Timson 2005). An earlier study on L183P and N34S using SDM in a
yeast model revealed that the L183P-hGALE mutant demonstrated 4% wild-type activity and
6% wild-type abundance, while N34S-hGALE demonstrated approximately 70% wild-type
activity and normal abundance. However, yeast cells co-expressing both L183P-hGALE and
N34S-hGALE exhibited only approximately 7% wild-type levels of activity, thereby
confirming the functional impact of having both substitutions and raising the intriguing
possibility that some form of dominant-negative interaction may exist between the mutant
enzymes found in this patient (Quimby et al., 1997). Two other mutations, D130G and L313M,
which are associated with intermediate epimerase deficiency, manifested enzymes with near
normal GALE activity, but with compromised thermal stability and protease-sensitivity
(Wohlers et al., 1999). Three other mutations associated with intermediate forms (S81R, T150M
and P293L) were analyzed for their kinetic and structural properties in vitro and their effects on
galactose-sensitivity of S. cerevisiae cells in the absence of Gall0p. All three mutations result in
impairment of the kinetic parameters, principally the turnover number, k., compared to the
wild-type enzyme. However, the degree of impairment was mild compared with that seen
with the mutation V94M (Chhay et al., 2008). Studies are limited by the fact the many patients
are compound heterozygotes and by the observation that dominant-negative interactions may
be involved in some of these cases.

4. Use of SDM in the understanding of catalytic mechanisms of the human
GAL enzymes

4.1 The issue

Although the Leloir pathway is evolutionarily conserved and is indispensable for productive
galactose metabolism, the catalytic mechanisms of the GAL enzymes are largely unknown.

4.2 Research design

Several groups have attempted to combine the techniques of SDM, analytical biochemistry
and X-ray crystallography to advance the understanding of the catalytic mechanisms of the
different GAL enzymes.

4.3 The results
4.3.1 GALK

GALK converts galactose to gal-1P by transferring y-phosphate group of ATP to the O1
position of galactose. It belongs to a unique kinase superfamily - the GHMP kinase family,
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which is named after four characteristic family members: galactokinase (GALK), homoserine
kinase (HSK), mevalonate kinase (MVK) and phosphomevalonate kinase (PMVK) (Bork et
al., 1993). This family of proteins was first identified by three highly conserved motifs
among the four kinases mentioned above by sequence alignment and analysis. Motifs I and
III are located at the N-terminal and C-terminal ends; and motif II, the most conserved, is
located in the middle of the protein, with the consensus sequence of GLGSS(G/A/S)
(Holden et al., 2004).

Interestingly, two different catalytic mechanisms have been proposed for this family. A
common catalytic strategy to achieve nucleophilic attack is to use a negative charged
residue, such as aspartate or glutamate, to act as a Brensted base. This catalytic base can
then abstract a proton from the hydroxyl group of the substrate converting the weakly
nucleophilic hydroxyl group into the more strongly nucleophilic alkoxide ion, which then
attacks the electron-deficient phosphorus atom in ATP (Fig. 1A). In such systems, it is
common to find positively-charged lysine or arginine residues close to the catalytic site to
help stabilize the negative charges on the enzyme and the substrates. Studies on MVK
suggest this enzyme follows this mechanism. The crystal structure of MVK reveals an
aspartate (residue 204 in the rat enzyme) positioned to act as an active site base. There is also
a lysine (residue 13 in rat MVK), which is close to both the putative catalytic aspartate
residue and the hydroxyl group of the substrate (Fu et al.,, 2002; Yang et al., 2002).
Replacement of the lysine residue with a methionine by SDM resulted in a reduced, but
non-zero, rate (Vmax was reduced approximately 60-fold) (Potter et al., 1997). Similar results
were observed when the equivalent lysine (residue 18) was changed to methionine in yeast
mevalonate diphosphate decarboxylase (Krepkiy and Miziorko, 2004). These results are
consistent with this positively-charged residue playing an assisting, but non-vital, role in
catalysis. Crystal structures of GALK put it into this mechanism by revealing there are
aspartate and arginine residues in the active center close to the galactose C1 hydroxyl group
(Asp!8 and Arg?” in the human structure, Asp18 and Arg? in Lactococcus lactis) (Thoden and
Holden, 2003; Thoden et al., 2005). Similarly, changing Arg?” of human GALT to alanine
resulted in a nearly inactive enzyme; and lysine resulted in compromised ket and Ky for
galactose (Tang, et al., 2010).

In contrast, phosphoryl transfer in HSK has been suggested to occur by direct nucleophilic
attack on the y-phosphate group of ATP by the 6-hydroxyl of homoserine (Fig. 1B)
(Krishna et al., 2001). In this mechanism, the latter is stabilized by the formation of a
hydrogen bond to a neighboring asparagine residue (Asn!4!), which is not conserved in the
superfamily. Catalysis is proposed to be assisted through activation of the y-phosphate of
ATP by the magnesium ion, which is coordinated by a conserved glutamate residue
(Glu'®) with the deprotonation of the &-hydroxyl possibly involving the y-phosphate
(Krishna et al., 2001).

4.3.2 GALT

GALT catalyzes the transfer of the uridine monophosphate group (UMP) from uridine
diphosphate-glucose (UDP-Glu) to gal-1p to form uridine diphosphate-galactose (UDP-Gal)
and glucose-1-phosphate (glu-1P) (Kalckar et al., 1953). The reaction follows the double
displacement mechanism as shown in Fig. 2 (Arabshahi et al., 1986). The most characteristic
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Fig. 1. Catalytic mechanisms proposed for GHMP kinase. A. The enzyme catalyzes the
reaction through an active base residue Ry, which attracts a proton from the substrate Rs,
converting the weakly nucleophilic hydroxyl to an alkoxide ion, which attacks the y-
phosphate of ATP. A positively charged residue Ry, sits close to the catalytic residue and
stabilizes the alkoxide ion. B. There is no active base residue in the active center, the
substrate directly attacks the y-phosphate of ATP.

feature of the reaction is forming a covalent UMP-enzyme intermediate (Arabshahi et al.,
1986). The intermediate was isolated by gel permeation chromatography in reaction
mixtures containing the enzyme and radiolabeled UDP-Glu, and the radiolabeled
intermediate could react with gal-1P or glu-1P to form the corresponding radiolabeled UDP
sugar (Wong, et al., 1977a). This intermediate is very fragile in slightly acidic solutions but
quite stable in strong basic solutions (Wong et al., 1977a; Yang and Frey, 1979), which
indicates the intermediate is phosphoramides. Further degradation study of this
intermediate confirmed that the nucleophile in GALT, to which the uridylyl group is
bonded in the uridylyl-enzyme intermediate, is imidazole N3 of a histidine residue (Yang
and Frey, 1979).
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GALT-UDP-Glucose
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UDP-Glucose Glucose-1-phosphate

UDP-Galactose Galactose-1-phosphate
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GALT-UDP-Galactose

Fig. 2. Double displacement reactions of GALT. GALT binds to UDP-Glu to form a GALT-
UDP-Glu intermediate. Glu-1-P is subsequently released, whereas the enzyme remains
bound to UMP. Gal-1-P then reacts with the enzyme-UMP intermediate to form UDP-Gal,
freeing the GALT enzyme for continued catalysis. k, and k-, denote rate constants of the
forward and reverse reactions.

Substituting each of the 15 histidine residues in E. coli GALT with asparagines by SDM,
proved that His!¢4 and His!6¢ were the only essential histidine residues in the enzyme (Field
et al., 1989). In order to identify which of these two residues is the catalytic residue, two
more specific mutations were introduced by SDM, H164G and H166G, which resulted in loss
of function of the enzyme because of the missing imidazole ring of histidine, which might be
filled and salvaged by adding exogenous imidazole ring. The experimental results showed
that the activity of the H166G mutant could be recovered by adding exogenous imidazole
ring, while mutant H164G could not. Therefore, His!¢¢ provides the catalytic nucleophilic
imidazole ring in the reaction (Kim et al., 1990).

Also, as mentioned earlier, by mutating GIn'88 of human GALT (equivalent to GIn'68 in E. coli
GALT), the most common mutation found in Type I Galactosemia, to arginine and asparagine,
respectively, we were able to determine that glutamine at position 188 stabilizes the UMP-
GALT intermediate through hydrogen bonding and enables the double displacement of both
glucose-1-phosphate (glu-1P) and UDP-galactose. The substitution of arginine or asparagine at
position 188 reduces hydrogen bonding and destabilizes UMP-GALT. The unstable UMP-
GALT allows single displacement of glu-1P with release of free GALT but impairs the
subsequent binding of gal-1P and displacement of UDP-Gal (Lai, et al., 1999).

4.3.3 GALE

GALE catalyzes the inter-conversion of UDP-Glu and UDP-Gal to finish the Leloir pathway
of galactose metabolism. There are four key steps for the reaction of GALE as shown in Fig.
3: (1) abstraction of the 4’-hydroxyl hydrogen of the sugar by an enzymatic base, (2) transfer
of a hydride from C4 of the sugar to the C4 of NAD* leading to a 4’-ketopyranose
intermediate and NADH, (3) rotation of the resulting 4’-ketopyranose intermediate in the
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active site, and (4) return of the hydride from NADH to the opposite face of the sugar
(Maitra and Ankel, 1971). When purified, this enzyme contains tightly bound NAD+, which
functions as an essential coenzyme to catalyze the reaction (Darrow and Rodstorm, 1968).
The binding of the UDP group is strong, while binding with the galactosyl, glucosyl and 4-
ketohexopyranosyl moieties is weak (Kang et al., 1975; Wong and Frey, 1977b). Early study
on the catalytic mechanism of GALE focused on Lys!53, since it is close to the NAD*, and the
positively-charged ammonium group of Lys!3 may perturb the electron distribution in the
nicotinamide ring of NAD+ through charge repulsion upon substrate binding (Swanson and
Frey, 1993). Replacing this residue with alanine or methionine renders the inability of the
mutant proteins to be reduced by the sugar in the presence or absence of UMP. As a result,
the catalytic activities of the mutants decreased by a factor over 1000. Also the purified
mutant contained much less NADH as compared with wild type (Swanson and Frey, 1993).
These results indicate that Lys!5 plays an important role in the UMP-dependent reduction
of GALE-NAD*. Further studies identified two more important residues, Tyr4® and Ser!2,
which are involved in glucose moiety binding (Thoden et al., 1996). SDM studies on the
latter two residues revealed that that Tyr!49 provides the driving force for general acid-base
catalysis, while Ser!2* plays an important role in mediating proton transfer (Liu et al., 1997).
The crystal structure of human GALE confirmed that Tyr!4° (Tyr!57 for human GALE) sits at
the proper position to interact directly with the 4’-hydroxyl group of the sugar and attracts
the proton from the hydoxy group and transfers it to NAD* (Thoden et al., 2000).

Unlike what was observed for the E. coli enzyme, the human enzyme can also convert UDP-
N-acetylglucosamine (UDP-GIcNAc) to UDP-N-acetylgalactosamine (UDP-GalNACc)
(Kingsley et al., 1986; Piller et al, 1983). Through structure analysis and alignment,
investigators found that, when the human enzyme equivalent of Tyr2® in the E. coli protein
is replaced with a cysteine residue (Cys3"), the active site volume for the human protein is
calculated to be approximately 15% larger than that observed for the bacterial epimerase
(Thoden 2001). Substituting Tyr2* of E. coli GALE with a cysteine residue by SDM confers
UDP-GalNAc/UDP-GIcNAc converting activity to the bacterial enzyme with minimal
changes in its three-dimensional structure. Specifically, although the Y299C mutation in the
bacterial enzyme resulted in a loss of epimerase activity with regard to UDP-Gal by almost
5-fold, it resulted in a gain of activity against UDP-GalNAc by more than 230-fold (Thoden
et al., 2002b).

5. Use of SDM in the development of novel treatment of Type | (classic or
GALT-deficiency) galactosemia

5.1 The issues

Unlike Type II or the peripheral Type III Galactosemia, patients with Type I (GALT-
deficiency) Galactosemia, also the most common type of Galactosemia, suffer a range of
debilitating long-term complications, which include premature ovarian insufficiency,
learning deficits, ataxia and speech dyspraxia (Lai et al., 2009; Berry and Elsas, 2011). The
current galactose-restricted diet fails to prevent these complications, and the medical/
patient communities are yearning for a more effective therapy. The causes of these organ-
specific complications remain unknown, but there is a strong association with the
intracellular accumulation of gal-1P. But what is the source of gal-1P in these patients with
Classic Galactosemia if they limit their galactose intake? Recent studies have shown that the
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patients on a galactose-restricted diet are never really “galactose-free. A significant amount
of galactose is found in non-dairy foodstuffs, such as vegetables and fruits (Berry et al., 1993;
Acosta and Gross, 1995). More importantly, galactose is produced endogenously from the
natural turnover of glycolipids and glycoproteins (Berry et al., 1995). Using isotopic labeling,
Berry and coworkers demonstrated that a 50kg adult male could produce up to 2 grams of
galactose per day (Berry et al., 1995, 2004). Once galactose is formed intracellularly, it is
converted to gal-1P by GALK and in GALT-deficient patient cells. As a result, gal-1P is
concentrated more than one order of magnitude above normal, even with strict adherence to
a galactose-restricted diet. Accumulation of gal-1P is regarded as a major, if not sole, factor
for the chronic complications seen in patients with Classic Galactosemia, as suggested by
both clinical observation and experimental results from yeast models. Patients with
inherited deficiency of GALK, who do not accumulate gal-1P, do not experience the brain
and ovary complications seen in GALT-deficient patients (Gitzelmann et al., 1974;
Gitzelmann 1975; Stambolian et al., 1986). While gal7 (i.e, GALT-deficient) mutant yeast
stops growing upon galactose challenge, a ga17 gall double mutant strain (i.e, GALT- and
GALK-deficient) is no longer sensitive to galactose (Douglas and Hawthorne, 1964, 1966).
Based on these observations, in conjunction with dietary therapy, inhibiting GALK activity
with a safe small-molecule inhibitor might prevent the squeals of chronic gal-1P exposure in
patients with Classic Galactosemia.
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Fig. 3. Catalytic mechanism of GALE.

5.2 Research design

For the past few years, our group has conducted high-throughput screening (HTS) of small
molecule compounds, which could inhibit human GALK enzyme in vitro (Tang et al., 2010;
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Wierenga et al.,, 2008). To date, we have screened over 300,000 compounds of diverse
chemical structures and identified a few promising hit compounds for further
characterization. One of the characterization steps involved the use of SDM to change the
respective amino acids of the GALK active site in order to confirm the predicted molecular
interactions between the selected inhibitors and it target, GALK, through high-precision
docking programs such as GLIDE (Schrddinger). Another characterization step that is
noteworthy to mention is the assay for the kinase selectivity of the selected GALK inhibitors.
As alluded above, GALK belongs to a unique small molecule kinase family, the GHMP
kinase family (Bork et al., 1993). While the substrates of the GHMP kinases differ widely, the
ATP-binding sites of the enzymes share a significant degree of structural homology (Tang et
al., 2010). It is, therefore, important to ensure our selected GALK inhibitors did not cross-
inhibit other GHMP kinases or other kinases in general.

5.3 The results

Selectivity is always one of the most important properties for developing therapeutic kinase
inhibitors because of potential side-effects from unwanted inhibition of other kinases.
During the characterization phase of our hit compounds, we found six compounds that
selectively inhibit GALK but not any of the other GHMP kinases. These included MVK,
which shares a high degree of structural similarity with GALK (Tang et al., 2010). In order to
understand what structural elements conferred the specificity of these compounds, we
aligned the crystal structure of human GALK and human MVK and focused on the ATP-
binding site. Eight amino acid residues and the L1 loop were found to be different in these
two kinases. SDM was employed to mutate each residue individually or the L1 loop, and the
effects of the changes on the inhibitory capabilities of the compounds were tested. Two
compounds were found to be affected by the mutation S140G (Table 1) (Tang et al., 2010).
Ser140 of GALK resides in the signature motif of the GHMP kinase family, Motif II; but this
amino acid is not conserved among the GHMP kinases. GALK is the only member that has a
serine at this site. This could explain the selectivity of these two compounds. Furthermore,
computational molecular docking confirmed that these two compounds interacted with
Serl40 through hydrogen bonds; substituting serine with glycine abolished the hydrogen
bonds and totally compromised the binding of the compounds to the enzymes.

Our use of SDM in the characterization of promising GALK inhibitors not only helped
identify and confirm the amino acids of GALK with which these small molecules interact,
but also exemplified a more rapid and cost-effective way to study the structural interactions
between small molecule modifiers and their targets. This novel approach is particularly
useful when large-scale co-crystallization projects are not feasible. These studies paved the
way for more in-depth investigations to identify the structural determinants required for the
inhibitor selectivity of GALK and GHMP kinases.

6. Concluding remarks

Using the disease Galactosemia as an example, we showed that site-directed mutagenesis
(SDM) plays a vital role in biomedical research. As in the case of Galactosemia, in which
the diagnosis begins at the bedside of the affected newborns, SDM can be employed in
every step of basic and translational research in an attempt to improve the prognosis and
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treatment of the patients. Further, not only did we show that SDM can be applied in
traditional applications, such as expression analysis, we have also expanded its use in

innovative drug design and the basic understanding of kinase inhibitor selectivity.

Km
. Keat K of Effects on ICso | Effects on ICso Effects on ICso
Mutations of ATP of compound
(R Galactose | of compound 1 | of compound 4
(uM) 24
(M)
T77L 41 218.4 1305.2 None None None
S79N 4.8 303.4 1227.3 None None None
L145Y 11.6 259.7 222.7 None None None
L145A 6.4 379.9 356.8 None None None
WI106A No prot'em ) ) i ) )
expression
W106T No prot.em ) ) i ) )
expression
Y109L 43.2 70.2 963.2 None None None
Y109A 8.7 579.3 268.7 None None None
GALK Loop
to MVK Loop 0.1 6954 1857.3 None None None
$140G 21 8.2 141.9 None Increased 10- Increased 20-
fold fold
L135P 13.3 51.1 5449 None None None
R37K 04 6.4 623.8 None None None
R37A No activity - - - - -
WT 17.5 20.9 319 - - -

Table 1. Effect of amino acid changes in human GALK on their enzymatic properties and the
ICs of selected inhibitors

7. Acknowledgement

We acknowledge that we could not have completed this manuscript without the
outstanding contributions made by our scientific and clinical colleagues, as well as patient
volunteers. Research grant support to Kent Lai includes NIH grants 5R01 HD054744-04 and
3R01 HD054744-0451.

8. References

Acosta, P. B. and Gross, K. C., 1995. Hidden sources of galactose in the environment. Eur. J.
Pediatr. 154(7 Suppl 2): S87-92.

Alano, A., Almashanu, S., Chinsky, J. M., Costeas, P., Blitzer, M. G., Wulfsberg, E. A., and
Cowan, T.M., 1998. Molecular characterization of a unique patient with epimerase-
deficiency galactosaemia. J. Inherit. Metab. Dis. 21(4): 341-350.

Alano A, Almashanu, S., Maceratesi, P., Reichardt, J., Panny, S., and Cowan T.M., 1997.
UDP-galactose-4-epimerase deficiency among African-Americans: evidence for
multiple alleles. J. Invest. Med. 45: :191A.



Use of Site-Directed Mutagenesis in the Diagnosis, Prognosis and Treatment of Galactosemia 247

Arabshahi, A., Brody, R. S., Smallwood, A., Tsai, T.C., and Frey, P.A., 1986. Galactose-1-
phosphate uridylyltransferase. Purification of the enzyme and stereochemical
course of each step of the double-displacement mechanism. Biochemistry. 25(19):
5583-5589.

Beebe, J. A. and Frey, P. A., 1998. Galactose mutarotase: purification, characterization, and
investigations of two important histidine residues. Biochemistry. 37(42): 14989-
14997.

Berry, G. T., Palmieri, M., Gross, K. C., Acosta, P. B., Henstenburg, J. A, Mazur, A.,
Reynolds, R., and Segal, S., 1993. The effect of dietary fruits and vegetables on
urinary galactitol excretion in galactose-1-phosphate uridyltransferase deficiency. J.
Inherit. Metab. Dis. 16(1): 91-100.

Berry, G. T., Nissim, I, Lin, Z., Mazur, A. T., Gibson, J. B., and Segal, S., 1995. Endogenous
synthesis of galactose in normal men and patients with hereditary galactosaemia.
Lancet. 346(8982): 1073-1074.

Berry, G. T., Moate, P. J., Reynolds, R.A., Yager, C. T., Ning, C., Boston, R. C., and Segal, S.,
2004. The rate of de novo galactose synthesis in patients with galactose-1-
phosphate uridyltransferase deficiency. Mol. Genet. Metab. 81(1): 22-30.

Berry, G. T. and Elsas, L. J., 2011. Introduction to the Maastricht workshop: lessons from the
past and new directions in galactosemia. J. Inherit. Metab. Dis. 34(2): 249-255.

Bork, P., Sander, C., and Valencia, A., 1993. Convergent evolution of similar enzymatic
function on different protein folds: the hexokinase, ribokinase, and galactokinase
families of sugar kinases. Protein. Sci. 2(1): 31-40.

Bosch, A. M., Bakker, H. D., van Gennip, A. H., van Kempen, ]J. V., Wanders, R. J., and
Wijburg, F. A., 2002. Clinical features of galactokinase deficiency: a review of the
literature. J. Inherit. Metab. Dis. 25(8): 629-634.

Cardini, C. E. and Leloir, L. F., 1953. Enzymic phosphorylation of galactosamine and
galactose. Arch. Biochem. Biophys. 45(1): 55-64.

Carney, A. E,, Sanders, R. D.,, Garza, K. R., McGaha, L. A., Bean, L. J., Coffee, B. W., Thomas,
J. W., Cutler, D. J.,, Kurtkaya, N. L., and Fridovich-Keil, J. L., 2009. Origins,
distribution and expression of the Duarte-2 (D2) allele of galactose-1-phosphate
uridylyltransferase. Hum. Mol. Genet. 18(9): 1624-1632.

Chhay, J. S., Vargas, C. A.,, McCorvie, T. J., Fridovich-Keil, and Timson, D. J., 2008. Analysis
of UDP-galactose 4'-epimerase mutations associated with the intermediate form of
type III galactosaemia. J. Inherit. Metab. Dis. 31(1): 108-116.

Coffee, B., Hjelm, L. N., DeLorenzo, A., Courtney, E. M., Yu, C., and Muralidharan, K., 2006.
Characterization of an unusual deletion of the galactose-1-phosphate uridyl
transferase (GALT) gene. Genet. Med. 8(10): 635-640.

Darrow, R. A. and Rodstrom, R., 1968. Purification and properties of uridine diphosphate
galactose 4-epimerase from yeast. Biochemistry. 7(5): 1645-1654.

Douglas, H. C. and Hawthorne, D. C., 1964. Enzymatic Expression And Genetic Linkage Of
Genes Controlling Galactose Utilization In Saccharomyces. Genetics 49: 837-844.

Douglas, H. C. and Hawthorne, D. C., 1966. Regulation of genes controlling synthesis of the
galactose pathway enzymes in yeast. Genetics 54(3): 911-916.

Elsas, L. J., 1993. Galactosemia. (http:/ /www.ncbi.nlm.nih.gov/books/NBK1518/)



248 Genetic Manipulation of DNA and Protein — Examples from Current Research

Elsas, L. J., Dembure, P. P., Langley, S., Paulk, E. M., Hjelm, L. N., and Fridovich-Keil, J.,
1994. A common mutation associated with the Duarte galactosemia allele. Am. J.
Hum. Genet. 54(6): 1030-1036.

Elsevier, J. P. and Fridovich-Keil, J. L., 1996. The Q188R mutation in human galactose-1-
phosphate uridylyltransferase acts as a partial dominant negative. J. Biol. Chem.
271(50): 32002-32007.

Field, T. L. Reznikoff, W. S, and Frey, P. A., 1989. Galactose-1-phosphate
uridylyltransferase: identification of histidine-164 and histidine-166 as critical
residues by site-directed mutagenesis. Biochemistry 28(5): 2094-2099.

Fridovich-Keil, ]J.,, Bean, L., He, M., and Schroer, R., 1993a. Epimerase Deficiency
Galactosemia. (http:/ /www.ncbi.nlm.nih.gov/books/NBK51671/)

Fridovich-Keil, J. L. and Jinks-Robertson, S., 1993b. A yeast expression system for human
galactose-1-phosphate uridylyltransferase. Proc. Natl. Acad. Sci. U. S. A. 90(2): 398-
402.

Fridovich-Keil, J. L., Langley, S. D., Mazur, L. A., and Elsevier, ]. P., 1995a. Identification and
functional analysis of three distinct mutations in the human galactose-1-phosphate
uridyltransferase gene associated with galactosemia in a single family. Am. J. Hum.
Genet. 56(3): 640-646.

Fridovich-Keil, J. L., Quimby, B. B., Wells, L., Mazur, L. A., and Elsevier, J. P., 1995b.
Characterization of the N314D allele of human galactose-1-phosphate
uridylyltransferase using a yeast expression system. Biochem. Mol. Med. 56(2): 121-
130.

Fu, Z., Wang, M., Potter, D., Miziorko, H. M., and Kim, J. J., 2002. The structure of a binary
complex between a mammalian mevalonate kinase and ATP: insights into the
reaction mechanism and human inherited disease. ]J. Biol. Chem. 277(20): 18134-
18142.

Gitzelmann, R., Wells, H. J., and Segal, S., 1974. Galactose metabolism in a patient with
hereditary galactokinase deficiency. Eur. ]J. Clin. Invest. 4(2): 79-84.

Gitzelmann, R., 1975. Letter: Additional findings in galactokinase deficiency. J. Pediatr. 87(6
Pt 1): 1007-1008.

Greber-Platzer, S., Guldberg, P., Scheibenreiter, S., Item., C., Schuller, E., Patel, N., and
Strobl, W., 1997. Molecular heterogeneity of classical and Duarte galactosemia:
mutation analysis by denaturing gradient gel electrophoresis. Hum. Mutat. 10(1):
49-57.

Guerrero, N. V., Singh, R. H., Manatunga, A., Berry, G. T., Steiner, R. D, Elsas, L. J., 2nd,
2000. Risk factors for premature ovarian failure in females with galactosemia. J.
Pediatr. 137(6): 833-841.

Holden, H. M., Thoden, J. B., Timson, D. J., and Reece, R. J., 2004. Galactokinase: structure,
function and role in type II galactosemia. Cell. Mol. Life. Sci. 61(19-20): 2471-2484.

Kalckar, H. M., Braganca, B., Munch-Petersen, H. M., 1953. Uridyl transferases and the
formation of uridine diphosphogalactose. Nature. 172(4388): 1038.

Kang, U. G,, Nolan, L. D., and Frey, P.A., 1975. Uridine diphosphate galactose-4-epimerase.
Uridine monophosphate-dependent reduction by alpha- and beta-D-glucose. J.
Biol. Chem. 250(18): 7099-7105.

Kaye, C. 1., Accurso, F., La Franchi, S., Lane, P. A., Hope, N., Sonya, P., S, G. B., and Michele,
A. L., 2006. Newborn screening fact sheets. Pediatrics. 118(3): €934-963.



Use of Site-Directed Mutagenesis in the Diagnosis, Prognosis and Treatment of Galactosemia 249

Kim, J., Ruzicka, F., and Frey, P.A., 1990. Remodeling hexose-1-phosphate
uridylyltransferase: mechanism-inspired mutation into a new enzyme, UDP-hexose
synthase. Biochemistry. 29(47): 10590-10593.

Kingsley, D. M., Kozarsky, K. F., Hobbie, L., and Krieger, M., 1986. Reversible defects in O-
linked glycosylation and LDL receptor expression in a UDP-Gal/UDP-GalNAc 4-
epimerase deficient mutant. Cell. 44(5): 749-759.

Kozak, L., Francova, H., Fajkusova, L., Pijackova, A., Macku, J., Stastna, S., Peskovova, K.,
Martincova, O., Krijt, J., and Bzduch, V., 2000. Mutation analysis of the GALT gene
in Czech and Slovak galactosemia populations: identification of six novel
mutations, including a stop codon mutation (X380R). Hum. Mutat. 15(2): 206.

Krepkiy, D. and Miziorko, H. M., 2004. Identification of active site residues in mevalonate
diphosphate decarboxylase: implications for a family of phosphotransferases.
Protein Sci. 13(7): 1875-1881.

Krishna, S. S., Zhou, T., Daugherty, M., Osterman, A., and Zhang, H., 2001. Structural basis
for the catalysis and substrate specificity of homoserine kinase. Biochemistry.
40(36): 10810-10818.

Lai, K., Langley, S. D, Singh, R. H., Dembure, P. P., Hjelm, L. N., and Elsas, L. J., 2nd, 1996.
A prevalent mutation for galactosemia among black Americans. J. Pediatr. 128(1):
89-95.

Lai, K., Willis, A. C., and Elsas, L. J., 1999. The biochemical role of glutamine 188 in human
galactose-1-phosphate uridyltransferase. J. Biol. Chem. 274(10): 6559-6566.

Lai, K. and Elsas, L. J., 2001. Structure-function analyses of a common mutation in blacks
with transferase-deficiency galactosemia. Mol. Genet. Metab. 74(1-2): 264-272.

Lai, K., Elsas, L. J., and Wierenga, K. J., 2009. Galactose toxicity in animals. IUBMB Life.
61(11): 1063-1074.

Landt, M., Ritter, D., Lai, K., Benke, P. J., Elsas, L. J., and Steiner, R. D., 1997. Black children
deficient in galactose 1-phosphate uridyltransferase: correlation of activity and
immunoreactive protein in erythrocytes and leukocytes. J. Pediatr. 130(6): 972-980.

Leloir, L. F., 1951. The enzymatic transformation of uridine diphosphate glucose into a
galactose derivative. Arch. Biochem. Biophys. 33(2): 186-190.

Leloir, L. F., 1953. Enzymic isomerization and related processes. Adv. Enzymol. Relat. Sub;.
Biochem. 14: 193-218.

Levy, H. L., 2010. Newborn screening conditions: What we know, what we do not know,
and how we will know it. Genet. Med. 12(12 Suppl): S213-214.

Liu, Y., Thoden, J. B, Kim, J., Berger, E., Gulick, A. M., Ruzicka, F. J., Holden, H. M., and
Frey, P. A,, et al., 1997. Mechanistic roles of tyrosine 149 and serine 124 in UDP-
galactose 4-epimerase from Escherichia coli. Biochemistry. 36(35): 10675-10684.

Maceratesi, P., Daude, N., Dallapiccola, B., Novelli, G., Allen, R., Okano, Y., and Reichardt,
J., 1998. Human UDP-galactose 4' epimerase (GALE) gene and identification of five
missense mutations in patients with epimerase-deficiency galactosemia. Mol.
Genet. Metab. 63(1): 26-30.

Maitra, U. S. and Ankel, H., 1971. Uridine diphosphate-4-keto-glucose, an intermediate in
the uridine diphosphate-galactose-4-epimerase reaction. Proc. Natl. Acad. Sci. U. S.
A. 68(11): 2660-2663.



250 Genetic Manipulation of DNA and Protein — Examples from Current Research

Murphy, M., McHugh, B., Tighe, O., Mayne, P., O'Neill, C., Naughten, E., Croke, D. T., 1999.
Genetic basis of transferase-deficient galactosaemia in Ireland and the population
history of the Irish Travellers. Eur. J. Hum. Genet. 7(5): 549-554.

Openo, K. K., Schulz, J. M., Vargas, C. A,, Orton, C. S., Epstein, M. P., Schnur, R. E., Scaglia,
F., Berry, G. T., Gottesman, G. S., Ficicioglu, C., Slonim AE, Schroer R], Yu C,
Rangel VE, Keenan J, Lamance K, and Fridovich-Keil, J., 2006. Epimerase-deficiency
galactosemia is not a binary condition. Am. J. Hum. Genet. 78(1): 89-102.

Park, H. D., Park, K. U., Kim, J. Q., Shin C. H,, Yang, S. W,, Lee, D. H., Song, Y. H., and Song,
J , 2005. The molecular basis of UDP-galactose-4-epimerase (GALE) deficiency
galactosemia in Korean patients. Genet. Med. 7(9): 646-649.

Park, H. D., Bang, Y. L., Park, K. U., Kim, J. Q., Jeong, B. H., Kim, Y.S., Song, Y. H., and Song,
J., 2007. Molecular and biochemical characterization of the GALK1 gene in Korean
patients with galactokinase deficiency. Mol. Genet. Metab. 91(3): 234-238.

Piller, F., Hanlon, M. H., and Hill, R. L., 1983. Co-purification and characterization of UDP-
glucose 4-epimerase and UDP-N-acetylglucosamine 4-epimerase from porcine
submaxillary glands. J. Biol. Chem. 258(17): 10774-10778.

Potter, D., Wojnar, J. M., Narasimhan, C., and Miziorko, H. M., 1997. Identification and
functional characterization of an active-site lysine in mevalonate kinase. J. Biol.
Chem. 272(9): 5741-5746.

Quimby, B. B, Alano, A., Almashanu S., DeSandro, A. M., Cowan, T. M., and Fridovich-keil,
J. L., 1997. Characterization of two mutations associated with epimerase-deficiency
galactosemia, by use of a yeast expression system for human UDP-galactose-4-
epimerase. Am. J. Hum. Genet. 61(3): 590-598.

Reichardt, J. K., Packman, S., and Woo, S. L., 1991. Molecular characterization of two
galactosemia mutations: correlation of mutations with highly conserved domains in
galactose-1-phosphate uridyl transferase. Am. J. Hum. Genet. 49(4): 860-867.

Reichardt, J. K., Levy, H. L., and Woo, S. L., 1992. Molecular characterization of two
galactosemia mutations and one polymorphism: implications for structure-function
analysis of human galactose-1-phosphate uridyltransferase. Biochemistry. 31(24):
5430-5433.

Riehman, K., Crews, C., and Fridovich-Keil, J. L., 2001. Relationship between genotype,
activity, and galactose sensitivity in yeast expressing patient alleles of human
galactose-1-phosphate uridylyltransferase. J. Biol. Chem. 276(14): 10634-10640.

Sanders, R. D., Sefton, J. M., Moberg, K. H., and Fridovich-Keil, J. L., 2010. UDP-galactose 4'
epimerase (GALE) is essential for development of Drosophila melanogaster. Dis.
Model. Mech. 3(9-10): 628-638.

Segal, S., Berry, GT., 1995. Disorders of galactose metabolism. The Metabolic Basis of
Inherited Diseases. B. A. Scriver D, Sly W, Valle D. New York, McGraw-Hill. I: 967-
1000.

Shin, Y. S., Koch, H. G., Kohler, M., Hoffmann, G., Patsoura, A., Podskarbi, T., 1998. Duarte-
1 (Los Angeles) and Duarte-2 (Duarte) variants in Germany: two new mutations in
the GALT gene which cause a GALT activity decrease by 40-50% of normal in red
cells. J. Inherit. Metab. Dis. 21(3): 232-235.

Stambolian, D., Scarpino-Myers, V., Eagle, R. C, Jr.,, Hodes, B., and Harris, H., 1986.
Cataracts in patients heterozygous for galactokinase deficiency. Invest.
Ophthalmol. Vis. Sci. 27(3): 429-433.



Use of Site-Directed Mutagenesis in the Diagnosis, Prognosis and Treatment of Galactosemia 251

Swanson, B. A. and Frey, P. A., 1993. Identification of lysine 153 as a functionally important
residue in UDP-galactose 4-epimerase from Escherichia coli. Biochemistry. 32(48):
13231-13236.

Tang, M., Wierenga, K., Elsas, L. J.,, and Lai, K., 2010. Molecular and biochemical
characterization of human galactokinase and its small molecule inhibitors. Chem.
Biol. Interact. 188(3): 376-385.

Thoden, J. B., Frey, P. A., and Holden, H. M., 1996. Molecular structure of the NADH/UDP-
glucose abortive complex of UDP-galactose 4-epimerase from Escherichia coli:
implications for the catalytic mechanism. Biochemistry. 35(16): 5137-5144.

Thoden, J. B.,, Wohlers, T. M., Fridovich-Keil, J. L., and Holden H. M., 2000. Crystallographic
evidence for Tyr 157 functioning as the active site base in human UDP-galactose 4-
epimerase. Biochemistry. 39(19): 5691-5701.

Thoden, J.B., Wholers. T., Fridovich-Keil, ].L., Holden, H.M., 2001. Human UDP-galactose 4-
epimerase. Accommodation of UDP-N-acetylglucosamine within the active site. J.
Biol. Chem. 4;276(18):: 15131-15136.

Thoden, J. B. and Holden, H. M., 2002a. High resolution X-ray structure of galactose
mutarotase from Lactococcus lactis. J. Biol. Chem. 277(23): 20854-20861.

Thoden, J. B., Henderson, J. M., Fridovich-Keil, J. L., and Holden, H. M., 2002b. Structural
analysis of the Y299C mutant of Escherichia coli UDP-galactose 4-epimerase.
Teaching an old dog new tricks. J. Biol. Chem. 277(30): 27528-27534.

Thoden, J. B. and Holden, H. M., 2003. Molecular structure of galactokinase. J. Biol. Chem.
278(35): 33305-33311.

Thoden, J. B., Timson, D. J., Reece, R. J., and Holden, H. M., 2005. Molecular structure of
human galactokinase: implications for type II galactosemia. J. Biol. Chem. 280(10):
9662-9670.

Timson, D. J. and Reece, R. J., 2003. Functional analysis of disease-causing mutations in
human galactokinase. Eur. J. Biochem. 270(8): 1767-1774.

Timson, D. J., 2005. Functional analysis of disease-causing mutations in human UDP-
galactose 4-epimerase. FEBS ] 272(23): 6170-6177.

Waggoner, D. D., Buist, N. R, and Donnell, G. N., 1990. Long-term prognosis in
galactosaemia: results of a survey of 350 cases."]. Inherit. Metab. Dis. 13(6): 802-818.

Waisbren, S. E., Potter, N. L., Gordon C. M., Green, R. C., Greenstein, P., Gubbels, C. S.,
Rubio-Gozalbo, E., Schomer, D., Welt, C., Anastasoaie, V., D'Anna, K, Gentile, J.,
Guo, C.Y., Hecht, L., Jackson, R., Jansma, B. M., Li, Y., Lip, V., Miller, D. T., Murray,
M., Power, L., Quinn, N., Rohr, F., Shen, Y., Skinder-Meredith, A., Timmers, I,
Tunick, R., Wessel, A., Wu, B. L, Levy, H., Berry, G. T., 2011. The adult galactosemic
phenotype. J. Inherit. Metab. Dis.

Webb, A. L., Singh, R. H., Kennedy, M. J., and Elsas, L. J., 2003. Verbal dyspraxia and
galactosemia. Pediatr. Res. 53(3): 396-402.

Wedekind, ]. E., Frey, P. A.,, and Raymond, I, 1996. The structure of nucleotidylated
histidine-166 of galactose-1-phosphate uridylyltransferase provides insight into
phosphoryl group transfer. Biochemistry. 35(36): 11560-11569.

Wells, L. and Fridovich-Keil, J. L., 1997. Biochemical characterization of the S135L allele of
galactose-1-phosphate uridylyltransferase associated with galactosaemia. J. Inherit.
Metab. Dis. 20(5): 633-642.



252 Genetic Manipulation of DNA and Protein — Examples from Current Research

Wierenga, K. J., Lai, K., Buchwald, P. and Tang, M., 2008. High-throughput screening for
human galactokinase inhibitors. J. Biomol. Screen. 13(5): 415-423.

Wohlers, T. M., Christacos, N. C., Harreman, M. T., and Fridovich-Keil, J. L., 1999.
Identification and characterization of a mutation, in the human UDP-galactose-4-
epimerase gene, associated with generalized epimerase-deficiency galactosemia.
Am. J. Hum. Genet. 64(2): 462-470.

Wohlers, T. M. and Fridovich-Keil, J. L. 2000. Studies of the V94M-substituted human
UDPgalactose-4-epimerase enzyme associated with generalized epimerase-
deficiency galactosaemia. J. Inherit. Metab. Dis. 23(7): 713-729.

Wong, L. ], Sheu, K. F.,, Lee, S. I. and Frey, P. A., 1977a. Galactose-1-phosphate
uridylyltransferase: isolation and properties of a uridylyl-enzyme intermediate.
Biochemistry. 16(5): 1010-1016.

Wong, S. S. and Frey, P. A., 1977b. Fluorescence and nucleotide binding properties of
Escherichia coli uridine diphosphate galactose 4-epimerase: support for a model for
nonstereospedific action. Biochemistry. 16(2): 298-305.

Yang, D., Shipman, L. W., Roessner, C. A., Scott, A. I, Sacchettini, J. C., 2002. Structure of the
Methanococcus jannaschii mevalonate kinase, a member of the GHMP kinase
superfamily. J. Biol. Chem. 277(11): 9462-9467.

Yang, S. L. and Frey, P. A., 1979. Nucleophile in the active site of Escherichia coli galactose-
1-phosphate uridylyltransferase: degradation of the uridylyl-enzyme intermediate
to N3-phosphohistidine. Biochemistry. 18(14): 2980-2984.



