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Classic galactosemia is an autosomal recessive inherited
error of galactose metabolism. It is caused by lack of
galactose-1-phosphate uridyl transferase, an enzyme
that is required to metabolize galactose-1-phosphate to
uridine diphosphate galactose. The build up of galac-
tose-1-phosphate is toxic at high levels and can damage
the liver, brain, eyes, and other vital organs. Over 200
mutations have been identified in affected individuals.
We describe an assay to identify nine target mutations
or variants in the galactose-1-phosphate uridyl trans-
ferase gene, namely p.Q188R, p.S135L, p.K285N,
p.L195P, p.T138M, p.Y209C, IVS2-2 A>G, p.L218L, and
P-N314D. A single long-range PCR is followed by a mul-
tiplexed nucleotide extension assay (single nucleotide
extension) and capillary electrophoresis to detect si-
multaneously all nine target mutations/variants. Fifty-
four previously characterized samples (47 clinical sam-
ples and seven controls) gave a 100% concordance.
We also report a nontarget novel mutation, p.L192X,
and its profile using single nucleotide extension.
This assay can complement the enzyme activity assay
and identify familial mutations for testing additional
family members. (J Mol Diagn 2007, 9:618—623; DOI:
10.2353/jmoldx.2007.070027)

Classic galactosemia is an inherited metabolic disorder
caused by a deficiency of galactose-1-phosphate uridyl
transferase (GALT), an enzyme required to convert galac-
tose-1-phosphate to uridine diphosphate galactose.' * The
resulting buildup of galactose-1-phosphate leads to poor
feeding, vomiting, diarrhea, and cataracts, and if left un-
treated, results in physical and mental retardation.®~® Over
200 mutations have been identified in patients affected with
galactosemia (http://arup.utah.edu/database/galactosemia/
GALT_welcome.php). The six common mutations p.Q188R
(c.563A>@), p.S135L (c.404 C>T), p.K285N (c.855G>T),
p.L195P (¢.584T>C), p.T138M (c.413 C>T), and p.Y209C
(c.626 A>G) account for 80% of cases with classic galac-
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tosemia. A seventh mutation, IVS2-2 A>G (c.253-2A>G),
has been described in a Hispanic population.® These mu-
tations are considered severe or classic mutations resulting
in little or no enzyme activity. Two variants, Los Angeles (LA
or Duarte 1) and Duarte, also affect enzyme activity. The LA
variant p.L218L (c.652C>T) in cis with the p.N314D
(c.940A>Q@) increases the enzyme activity to approximately
130%."° The Duarte (D) variant (p.N314D, ¢.940A>@) re-
duces enzyme activity by approximately 25% and is found
in approximately 5% of the general US population.'"'? This
variant is also in cis with the deletion c.-119->-116delGTCA
in the 5’-untranslated region of the GALT gene, thus also
affecting a regulatory region.'®'* The combination of a
classic mutation (G) and the D variant shows a decreased
enzyme activity but does not typically result in symptoms of
classic galactosemia.

Galactosemia screening is widely performed on new-
borns. Blood specimens are collected on Guthrie cards
and assayed for galactose and its metabolite, galactose
1-phosphate, or GALT enzyme levels.®>'>"® Abnormal
screening tests are followed by confirmatory testing us-
ing enzymatic activity.' The GALT enzyme is unstable,
and the assay for enzyme activity is best performed on
fresh heparin anticoagulated blood. DNA analysis for
common mutations can be used in conjunction with en-
zyme activity to confirm familial mutations. Our purpose
was to design a practical method to detect the seven
GALT mutations and the two variants. We chose the mu-
tations and variants based on a Texas newborn popula-
tion study.® The IVS2-2 mutation was included to increase
detection in Hispanic populations. PCR primers were
designed to produce a single amplicon that included all
mutation and variant positions followed by multiplexed
single nucleotide extension (SNE).

Materials and Methods

Samples

As part of the State of Utah newborn galactosemia
screening, newborns with moderate to high elevated lev-
els of galactose, defined as 20 to 30 mg/dL, were sent for
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Figure 1. Schematic of primer locations for the generation of artificial tem-
plate for IVS 2-2 A>G mutation. A: IVS 2-2 forward primer; B: IVS 2-2 reverse
primer; C: artificial oligodeoxyribonucleotides template forward primer; and
D: artificial oligodeoxyribonucleotides template reverse primer. “X” indicates
the position of the mutation.

confirmatory enzyme activity levels and DNA mutation
analysis. DNA was extracted by the MagNaPure instru-
ment (Roche, Indianapolis, IN). DNA from 47 de-identi-
fied clinical samples previously characterized by ARUP
Laboratories (by enzyme activity and/or allele-specific
PCR) was tested following an Institutional Review Board-
approved protocol for test validation. Six additional
blinded DNA samples previously characterized by the
Department of Genetics, Emory University School of
Medicine, and known to contain seven mutations and one
variant were also tested. An artificial template was syn-
thesized for IVS 2-2A>G heterozygous mutation, for a
total of 54 samples.

Artificial Template for IVS2-2 A>G

To generate the artificial template for IVS2-2 A>G muta-
tion'®-2° (Figure 1 and Table 1), two oligodeoxyribo-
nucleotides of 90 and 91 bases that overlapped by 30 bp
were used to introduce the IVS2-2 G mutation. In addi-
tion, two short primers (IVS2-2 forward and IVS2-2 re-
verse) were used in the same reaction. This allowed
generation of the template by overlapping oligodeoxyri-
bonucleotides followed by exponential amplification with
the short primers. A 20-ul PCR was performed with 0.5
wmol/L of each of the four oligodeoxyribonucleotides, 1X
FailSafe Premix D (Epicenter, Madison, WI), and 1.0 unit
of FastStart DNA polymerase (Roche). Amplification was
performed with an initial denaturation at 95°C for 5 min-
utes, followed by five cycles of denaturation at 94°C for
30 seconds, annealing at 65°C for 30 seconds, and ex-
tension at 72°C for 30 seconds to generate the template.
This was followed by 30 cycles of denaturation at 94°C for
30 seconds, annealing at 55°C for 30 seconds, and ex-
tension at 72°C for 30 seconds. Unincorporated primers
and dNTPs were removed by incubating with ExoSAP
(USB Corporation, Cleveland, OH) as described below.

Table 1.
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To mimic a heterozygous sample, the purified artificial
template was mixed with a wild-type genomic DNA.

PCR Amplification

PCR was performed using GeneAmp 9700 thermal reac-
tion cycler (Applied Biosystems, Foster City, CA). A 20-pul
PCR mixture contained 2 ul of extracted DNA (15 to 50
ng/ul), 1.0 umol/L of each forward and reverse primer,
5'-GCCTGTCCAGTCTTTGAAGC-3" and 5'-CATTTCG-
TAGCCAACCATGA-3’ [designed using Primer 32!
(http.//frodo.wi.mit.edu/cgi-bin/primer3/
primer3_www.cgi)], 1X FailSafe Premix D containing PCR
buffer, dNTPs, and MgCl, (Epicenter), and 1.0 unit of
FastStart DNA polymerase (Roche). Amplification was
performed with an initial denaturation at 95°C for 5 min-
utes, followed by 35 cycles of denaturation at 94°C for 1
minute, annealing at 55°C for 1 minute, and extension at
72°C for 3 minutes. Unincorporated primers and dNTPs
were removed by incubating with 2 units of ExoSAP (USB
Corporation) at 37°C for 45 minutes, followed by heat
inactivation of enzyme at 80°C for 15 minutes.

Allele-Specific Oligodeoxyribonucleotide Single
Nucleotide Extension

Nine extension primers (Integrated DNA Technologies,
Inc., Coralville, I1A) specific for each mutation were de-
signed to hybridize to either the sense or antisense
strand (Table 2). The primers were designed with varying
lengths (4 to 5 bp) to adequately separate the multi-
plexed extended products by capillary electrophoresis.
Oligodeoxyribonucleotides longer than 50 bases were
purified by high-pressure liquid chromatography. Con-
centrations were empirically optimized and ranged from
0.1 to 0.4 umol/L. Two microliters of purified PCR prod-
ucts, 2 ul of the nine pooled allele-specific oligodeoxyri-
bonucleotides extension primers, and 2.5 ul of SNaPshot
Multiplex reagent were used to perform a 10-ul SNE
assay according to the manufacturer’s protocol (Applied
Biosystems). The primers were extended by adding a
single fluorescently labeled ddNTP to its 3'-end.?22°
Fluorescent dyes attached to each ddNTP are as follows:
dR6G (green) for A, dTAMRA (yellow, which appears
black on the electropherogram) for C, dR110 (blue) for G,
and dROX (red) for T. The reactions were cycled with the
following conditions: 25 cycles at 96°C for 10 seconds,
50°C for 5 seconds, and 60°C for 30 seconds. Samples
were treated with one unit of shrimp alkaline phosphatase
at 37°C for 45 minutes, followed by heat inactivation of
enzyme at 80°C for 15 minutes.

Oligodeoxyribonucleotide Design for Artificial Template IVS2-2A>G Mutation

Artificial template forward-IVS2-2F (90 bp)

5'-CAGGTAACTGGTGGTATGGGGCAGTGAGTGCTTCTAGCCTATCCTTGTCGGTGGGTGAATCCCCAGTACGATAGCACCTTCCTGTTTGAC-3'

Artificial template reverse-IVS2-2R (91 bp)

5'-AGCTAGTTGGAGCCAGGTTACCTGGACTGGGGGCATCAGGCTGCAGAGCTGGGAAGTCGTTGTCAAACAGGAAGGTGCTATCGTACTGGGG-3'

The mutation is shown in underline bold italic; the overlapping region is in bold; and short primers are underlined.
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Table 2. Extension Primer Sequences and Concentrations

Primer name and variant Concentration

changes Primer sequence (uM)

Splice site mutation 5'-CCTATCCTTGTCGGT-3’ 0.4

c.253-2A>G

IVS 2-2A>G
Exon5 ¢.404C>T p.S135L 5'-AGGTCATGTGCTTCCACCCCTGGT-3’ 0.2
Exon5 ¢.413C>T* p.T138M  5'-GGATCTCAGGGACCGACATGAGTGGCAGC-3’ 0.08
Exon6 ¢.563A>G p.Q188R 5'-ATGATGGGCTGTTCTAACCCCCACCCCCACTGCC-3’ 0.1
Exon7 ¢.584T>C p.L195P 5'-CTGCTTTTGCCCCTTGACAGGTATGGGCCAGCAGTTTCC-3’ 0.36
Exon7 c.626A>G* p.Y209C  5'-GGCGGCTGTACTCCATTAGCAGGGGCTCTCCATGCTGACTCTTA-3' 0.4
Exon7 ¢.652C>T *' p.L218L  5'-TTGGCTCTCTCCCACCTTCCTGAGTAGCTCCTGGCGGCTGTACTCCATTA-3' 0.16
Exon9 ¢.285G>TT p.K285N  5'-GAGTCAGGCTCTGATTCCAGATCTAGCCTCCATCATGAAGAAGCTCTTGACCAA-3' 0.12
Exon10 ¢.940A>G" 5'-CACTGTCTCTCTTCTTTCTGTCAGGGGCTCCCACAGGATCAGAGGCTGGGGCCAACTGG-3' 0.4

p.N314D

Exon number, nucleotide, and amino acid changes are given with primer sequences and concentrations of nine oligodeoxyribonucleotides.

*Primers in italics interrogate the antisense strand.

T Primers that are 50-bp long were purified by high-performance liquid chromatography before use.

Two microliters of the fluorescently labeled fragments,
0.25 pul of GeneScan 120 LIZ internal size standard (Ap-
plied Biosystems), and 8 wl of HiDi formamide (Applied
Biosystems) were resolved by electrophoresis on an au-
tomated ABI Prism 3100 Genetic Analyzer using POP-6
(performance-optimized polymer) on a 50-cm array (Ap-
plied Biosystems). Samples were electrokinetically in-
jected at 15 kV for 10 seconds and electrophoresed at 15
kV for 1960 seconds at 55°C under filter set E5. Raw data
were analyzed with GeneMapper 4.0 (Applied Biosys-
tems) programed for automated calling of both normal
and mutant alleles based on fragment size and fluores-
cence. Allele calls on ABI's GeneMapper software were
automated by calculating the mean and SD of the allele
sizes between runs and setting a minimum and maximum
size range for each marker. A representative sample of
each genotype was confirmed by sequencing (data not
shown). For an abnormal sample that did not size within
the expected range, bidirectional sequencing was
performed.

Results

With SNE detection, all nine variants were detected from
a single amplicon (Figure 2, a—h). The nine single nucle-
otide extension primers were designed to be different
lengths with at least four base differences. The sizes of
the oligodeoxyribonucleotides ranged from 15 to 60
bases and were easily distinguished by size during cap-
illary electrophoresis on the ABI 3100 instruments. Each
of the nine oligodeoxyribonucleotides independently in-
terrogated the mutation either from the forward or reverse
direction depending on the design of the oligodeoxyribo-
nucleotides, incorporating one of the four fluorophore
nucleotides into the next nucleotide position.

We tested 54 previously genotyped samples (includ-
ing the artificial template) with 100% concordance with
genotypes obtained by the Department of Genetics at the
Emory University School of Medicine or ARUP’s allele-
specific amplification assay used in the clinical labora-
tory. The most common mutations were p.Q188R A>G,
p.N314D A>G, and p.S135L C>T, similar to other recent

studies done in the United States,® whereas others oc-
curred at lower frequency. Genotypes from samples pro-
vided by Emory University were p.L195P/p.N314, het-
erozygous p.S135L, p.Q188R/p.Y209C, heterozygous
p.T138M, heterozygous p.K285N, and heterozygous
p.L218L (p.N314D). Genotypes from ARUP clinical sam-
ples are summarized in Table 3.

One sample showed one normal allele and one abnor-
mal allele but outside the range validated for the targeted
p.L218L mutation (c.652 C>T). On sequencing, this sam-
ple was shown to be ¢.652delC, a novel mutation on exon
7, which is predicted to be a truncated mutation p.L218X
(Figure 3).

From our 47 clinical samples with an abnormal new-
born screen, 72% (34 of 47) of the samples had a least
one mutation (Table 3), with heterozygotes mutations
accounting for 38% (18 of 47 samples) and compound
heterozygous mutations for 28% (13 of 47 samples).
Twenty-six percent of the samples were D/G compound
heterozygotes. Three were apparent homozygous
p.N314D mutants, but without testing parents, we cannot
exclude hemizygous p.N314D and a gene deletion. In 13
samples (28%), none of the common mutations was de-
tected. Although enzyme activity levels were not avail-
able for all samples, seven of the 13 samples with no
mutation detected had reduced enzyme activity, sug-
gesting carrier or affected status. These samples would
benefit from sequencing the entire GALT gene.

We compared labor and reagents for the SNE assay
with the current allele-specific assay performed in our
clinical laboratory. By using a long PCR, we reduced the
number of reactions from four to one. Reagent costs were
reduced approximately 10%. Labor was similar between
the two methods because of the amplicon cleanup and
the primer extension of SNE. The number of failed reac-
tions requiring repeat testing was reduced from 15 to 5%.

Discussion

When an abnormal screen is identified in a newborn,
enzymatic activity confirms the diagnosis for galac-
tosemia. Heterozygous unaffected carriers also may
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Figure 2. Multiplex genotyping of nine common mutations/variants from eight galactosemia samples. A normal wild-type DNA and nine mutations/variants
are shown. For each sample, all nine alleles are analyzed and detected as a wild type or a mutant in each size range (bin). Mutations are labeled as “MUT
_”. Vertical scales are peak heights measured in relative fluorescent units, and horizontal scales are ranges of oligodeoxyribonucleotides sizes for normal
and mutant genotypes detected with each allele. a: Wild-type genotype; b: heterozygous IVS2-2, A>G, artificial template; ¢: heterozygous p.S135L, C>T;
d: heterozygous p.T138M (reverse strand genotyped), G>A mutation; e: compound heterozygous p.Q188R, A>G and p.Y209C, T>C (reverse strand
genotyped); f: compound heterozygous p.L195P, T>C and p.N314D, A>G; g: heterozygous p.L218L, G>A (reverse strand genotyped), and p.N314D, A>G;

h: heterozygous p.K285N, G>T.

be identified through newborn screening. Combining a
mutation panel with enzyme activity identified at least
one family-specific mutation or variant in 72% of the
cases. Because galactosemia mutations are ethnic-
specific,?® we chose mutations that would represent a
pan-ethnic population.®?” Two mutations, p.Q188R
and p.K285N, reportedly account for approximately 69
to 88% of galactosemia alleles in Caucasian popula-
tions.?® The p.Q188R mutation is considered severe,
with no GALT activity in human erythrocytes in the
homozygous state.’® p.Q188R also accounts for ap-
proximately 50 to 58% of the mutant alleles in Hispan-
ics of Mexican ancestry.?® The IVS2-2A>G is rare but
has been described in Hispanic populations and is

Table 3. Genotypes of 47 Clinical Samples
Mutation Frequency Percentage
No mutation/variant detected (-/-) 13 27.6
Q188R/N314D 10 21.3
S135L/N314D 2 4.3
Q188R/Y209C 1 2.1
Q188R/- 11 23.4
N314D/- 5 10.6
N314D/N314D (apparent 3 6.4
homozygous)

K285N/- 1 2.1
L218X/- 1 2.1
Total 47 ~100
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Figure 3. a: Sample with nontargeted mutation

at locus p.L218L, showing a C base incorporated

instead of the expected A base and a shift in the

size. b: DNA sequence analysis showing the

variant to be p.L218Q due to ¢.652delC. b

predicted to be a splice-site variant.® The p.K285N
mutation is also severe but has a frequency of approx-
imately 26% in mutant alleles in Eastern Europe-
ans.’©2% The p.S135L is the most common mutation in
African Americans and accounts for 50% of the muta-
tions observed in that population. This mutation is usu-
ally associated with a milder clinical phenotype than
p.Q188R, which is the second most common mutation
in the Black population.?” Other mutations included in
the panel had lower frequencies but still represented
over 1% of the galactosemia alleles. These were
p.L195P (2.6%),2'° 173132 5 Y209C (1.3%),%® and
p.T138M (2%).928:33 The p.T138M has been described
in a galactosemia patient with a milder phenotype.®®

By including the LA (which increases activity) and
Duarte (which mildly reduces activity) variants, this panel
also clarified intermediate activities by detecting a com-
bination of known mutations and genetic variants that
modify enzyme levels. Compound heterozygous individ-
uals for Duarte variant and one classic galactosemia
allele (D/G) will have approximately 25 to 30% of normal
GALT enzyme activity, creating a partial reduction in
GALT enzyme activity. In most D/G individuals, the
condition is benign, but some individuals can have
symptoms resembling classic galactosemia. One pos-
sible explanation for phenotypic variability among D/G
individuals is modification of the Duarte variant by
additional variants, for example, the E203K variant that
may stabilize the protein.3*

Advantages of SNE include straightforward design
and easy optimization. It is also capable of multiplexing
and simultaneously detecting multiple mutations or
variants in a single reaction. We designed a PCR assay
that amplified 2115 bp encompassing all of the seven
mutations and two variants. The SNE assay was then
used to detect all of the variants present within each
sample simultaneously. This SNE assay has the advan-
tage of being simple and accurate in distinguishing
simple and compound heterozygous and homozygous
genotypes. Automatic base calling on GeneMapper
software (Applied Biosystems) based on fragment size

1,0 00 gl

T

A5 WS B

Abnormal allele on L218L bin, due to ¢.652 del C

GG G AGC OCCTGNTANNG AANTICERN)
120

¢.652 del C

and fluorescence on both normal and mutant alleles
further reduces labor. Samples with an abnormal allele
but with a different extended base or outside the de-
fined range should be sequenced to confirm a nontar-
geted mutation. The main advantage of this method is
a reduced failure rate, thus improving patient care by
more rapid turnaround times. This assay with these
combinations should rapidly and economically detect
and specify the mutation involved in over 80% of indi-
viduals with some form of galactosemia. Used as a
confirmatory screening method, it can supplement the
enzymatic assay for classic galactosemia.
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