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The scavenger receptor class B type 1 (SR-BI), a multili-
gand receptor, appears to be a physiologically relevant
HDL receptor in rodents (1, 2). To determine its role in
humans, the human SRB1 gene has been characterized
(3, 4) and its genetic variation investigated in a Caucasian
population (4 ). We have reported three variants, at exons
1 and 8 and intron 5, with allele frequencies .0.1 that
have significant associations with lipid and anthropomet-
ric variables (4 ). The exon 1 variant (G3A) was associ-
ated with a favorable, antiatherogenic lipid profile in men.
Women carriers of the intron 5 variant (C3T) showed a
higher body mass index (P 5 0.031) than those women
homozygous for the common (wild-type) allele. The exon
8 variant (C3T) was associated with lower LDL-choles-
terol concentrations compared with those homozygous
for the common (wild-type) allele. All three variants were
single nucleotide polymorphisms (SNPs), and genotyping
was carried out by restriction digestion with AluI, HaeIII,
and ApaI for exon 1, exon 8, and intron 5, respectively.
Because these are the first published associations indicat-
ing that SR-BI may play a role in lipid metabolism, these
observations need to be examined and confirmed in other
populations.

Traditionally, genotyping for genetic mutations has
been analyzed by restriction endonuclease digestion and
visualized on agarose or polyacrylamide gels. Restriction
digestion is an essential procedure in the detection of
nucleotide mutations. However, its sensitivity depends
on the quality of the amplification of the gene of interest
and the staining intensity of the digested products. Fur-
thermore, if no natural restriction site is created or lost,
then a cut site must be generated by changing the primer
sequence. This can be time-consuming and sometimes
difficult to optimize.

Allelic discrimination using the 59 Nuclease Assay with
fluorogenic probes provides a rapid and sensitive method
for detecting known mutants or polymorphisms (5, 6).
This method combines PCR and mutation detection in a
single step. A hybridization probe is cleaved by the 59
nuclease activity of Taq DNA polymerase only if the
specific sequence is successfully amplified. Two TaqMan
(PE Applied Biosystems) probes are used, one for each
allele. Each probe consists of an oligonucleotide with a 59
reporter dye and a 39 quencher dye. The reporter dyes
used are 6-carboxy-fluorescein (FAM) and VIC®, and
6-carboxy-tetramethylrhodamine (TAMRA) is used as the
quencher dye (7 ). Initially, the proximity of the quencher
suppresses the fluorescent signal given by the reporter
through Förster resonance energy transfer (7 ). The Taq-
Man probe hybridizes to a smaller 20- to 24mer sequence,

which includes the SNP. AmpliTaq Gold (PE Applied
Biosystems) enzyme then cleaves the probe with its 59-39
nuclease activity. Thus, the reporter dye and quencher
dye become separated, causing an increase in the fluores-
cence intensity of the reporter dye. Our laboratory has
reported the implementation of this method using the
Perkin-Elmer/Applied Biosystems 7700 Sequence Detec-
tion Systems (SDS) and TaqMan reagents with a point
mutation in the intestinal fatty acid binding protein (8 ).
We now report the successful implementation of this
method in genotyping the SNPs in the human SRB1 gene
locus. The primer and probe sequences used are given in
Table 1. PCR was performed in a 10-mL final volume for
each individual SNP. The reaction mixture contained 5 mL
of TaqMan 23 Universal PCR Master Mix (AmpliTaq
Gold polymerase, Amperase uracil-N-glycosylase, dUTP,
dGTP, dCTP, dATP, 6-carboxy-x-rhodamine dye, Tris-
HCl, KCl, MgCl2), 200 nmol/L FAM-labeled probe, 150
nmol/L VIC-labeled probe, 900 nmol/L reverse primer,
900 nmol/L forward primer, and 2–20 ng of genomic
DNA. The thermal cycler program includes one cycle at
50 °C for 2 min to activate uracil-N-gylcosylase, which is
added to prevent carryover contamination; one cycle at
95 °C for 10 min to activate the AmpliTaq Gold Polymer-
ase; and then 40 cycles of 95 °C for 15 s for denaturing and
62 °C (for exons 1 and 8) or 69 °C (for intron 5; see Table
1) for 60 s for annealing/extending.

Allelic discrimination was performed on the post-PCR
product. The 7700 SDS collects fluorescence data on the
samples for ;5 s, and SDS software analyzes the fluores-
cence, which can be visualized in graph form (Fig. 1 for
exon 8). Clusters of points, where each point represents a
sample, correspond to a particular genotype or no ampli-
fication. For exon 8 genotyping, if there is fluorescence
from the reporter (VIC) for the wild-type allele, then the
sample is typed as a CC. Fluorescence from only the FAM
reporter represents the homozygosity for the mutant
allele and is genotyped as TT. Intermediate fluorescence

Table 1. Probe and primer sequences and temperatures for
the genotyping of SRB1 SNPs.

Exon 1 (G3A): anneal temperature, 62 °C
Forward primer: 59-GTCCCCGTCTCCTGCCA-39

Reverse primer: 59-CCCAGCACAGCGCACAGTA-39

G-Allele probe: 59-FAM-AGACATGGGCTGCTCCGCCA-TAMRA-39a

A-Allele probe: 59-VIC-CAGACATGAGCTGCTCCGCCA-TAMRA-39

Intron 5 (C3T) complementary strand G-to-A used: anneal
temperature, 69 °C
Forward primer: 59-CAAGTGGAACGGGCTGAGCAAGGT-39

Reverse primer: 59-TCTGGTCCCTGCCACTCCCGA-39

C-Allele probe: 59-FAM-AGCCATGGCCGGGCCCACC-TAMRA-39

T-Allele probe: 59-VIC-AGCCATGGCCAGGCCCACCC-TAMRA-39

Exon 8 (C3T): anneal temperature, 62 °C
Forward primer: 59-CCCCCTTGTTTCTCTCCCAT-39

Reverse primer: 59-AGGCCAGTCACCGCTTCTG-39

C-Allele probe: 59-VIC-CCTCAACGCCGACCCGGTT-TAMRA-39

T-Allele probe: 59-FAM-TTCCTCAACGCTGACCCGGTTC-TAMRA-39
a Bases in bold represent point mutations.
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from both reporters represents the heterozygous popula-
tion (CT). Similar genotyping was performed for the exon
1 and intron 5 SNPs (data not shown), with the only
difference being the reporters used (see Table 1).

We have genotyped 95 samples, using both fluorescent
probes and the traditional enzyme restriction digestion
for all three SNPs, and found no disagreement in the
genotyping. This method allows for rapid screening for
genotyping. Ninety-six samples can be amplified and
genotyped in ,3 h. Although the system is expensive,
long-term savings can be substantial. We have estimated
the cost at $1.00 per sample. In addition, there are no
hazardous reagents such as ethidium bromide, which is
commonly used to visualize restriction digestion prod-
ucts on agarose or acrylamide gels. Moreover, because
this method is sensitive and tolerates a broad range of
DNA concentrations, there is a high rate for successful
genotyping.

This work was supported by Grant HL54776 from the
National Heart, Lung, and Blood Institute, and Coopera-
tive Agreement 58-1950-9-001 from the US Department of
Agriculture Research Service. We would like to thank Dan
Shaffer of Perkin-Elmer for help in designing the primers
and probes.
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Recently, non-gel electrophoresis-requiring, fluorophore
probe-based rapid techniques have been introduced to
detect known single-point mutations using the LightCyc-
lerTM (Roche Molecular Biochemicals) (1–4). This tech-
nique provides very rapid analytical time, real-time de-
tection, and visualized images. Many inherited metabolic
diseases are caused not only by single-point mutations
but also by small deletion mutations. However, no studies
have been reported on the detection of such deletion
mutations using the LightCycler. Using melting curve
analysis with the LightCycler, we have succeeded in
rapidly detecting a 2-bp deletion mutation in genomic
DNA of a patient with Fabry disease and a 9-bp deletion
mutation in cDNA of a patient with carbamoyl-phosphate
synthase I (CPS1; EC 6.3.4.16) deficiency.

Fabry disease is an X-linked recessive disorder caused
by the deficient activity of a-galactosidase (a-Gal; EC
3.2.1.22). A 15-year-old boy with classical Fabry disease
who had suffered from angiokeratoma, acroparesthesias,
and attacks of pain in his legs was referred to us. We
extracted total RNA from his peripheral blood lympho-
cytes and analyzed the a-GAL gene (GLA; GenBank
accession no. X14448) by reverse transcription-PCR (5 ).
We sequenced a 1.3-kb PCR product covering the entire
coding region and found a 2-bp deletion mutation at
nucleotides 11 008–11 009. This change caused a frame-
shift mutation that had been described previously in
another case of the disease (6 ).

With written informed consent, we examined the pa-
tient’s relatives, including his mother, his unaffected
brother, and his maternal grandmother, to determine
whether they carry this mutation. Genomic DNAs were
obtained from their peripheral blood lymphocytes, using
QIAamp Blood Kit® (Qiagen) according to the manufac-
turer’s instructions.

For fluorescence PCR analysis, we prepared two PCR
primers (2Del-S and 2Del-AS) and two fluorescence
probes (2Del-F and 2Del-LC; Table 1). A 25mer oligonu-

Fig. 1. SRB1 exon 8 genotyping.
Plot of fluorescence of VIC (C allele, wild-type) and FAM (T allele, mutant).
Fluorescence was measured at 518 nm (FAM), 548 nm (VIC), and 582 (TAMRA).
To normalize for well-to-well variability in probe concentration, the intensities at
518 and 548 nm were divided by the intensity at 582 nm. TT, homozygous
mutant; CT, heterozygous mutant; CC, homozygous wild type; No Amplification,
no DNA.
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cleotide probe, 2Del-LC, synthesized by standard phos-
phoramidite chemistry, was labeled at the 59 end with LC
Red 640 (Roche Molecular Biochemicals) fluorophore and
modified at the 39 end by phosphorylation to avoid
extension. Another 20mer oligonucleotide probe, 2Del-F,
was synthesized to anneal the region that contained the
2-bp deletion mutation inside, and was labeled at the 39
end with fluorescein. The distance between the two
probes was 1 oligonucleotide. When both the probes
hybridize in close proximity, fluorescence resonance en-
ergy transfer occurs, producing a specific fluorescence
emission of LC-Red at 640 nm (Fig. 1A).

The PCR reaction was performed in a 20-mL mixture
containing 2 mL of LightCycler DNA Master Hybridiza-
tion Probes (Taq DNA polymerase, reaction buffer, dNTP
mixture, and 10 mmol/L MgCl2; Roche Molecular Bio-
chemicals), 2.4 mL of 25 mmol/L MgCl2, 0.2 mmol/L each
of the probes (2Del-F and 2Del-LC), 0.5 mmol/L each of
the primers (2Del-S and 2Del-AS), and 50 ng of DNA. The
amplified products were 186 bp in the wild type and 184
bp in the mutated type.

The thermal cycling was carried out as follows: initial
denaturation at 95 °C for 30 s, followed by 50 cycles of
denaturation at 95 °C for 0 s, annealing at 56 °C for 0 s,
and extension at 72 °C for 4 s. The ramp rate was set at
20 °C/s. After amplification was complete, a melting
curve in which fluorescence (F) was plotted against tem-
perature (T), was obtained by holding at 95 °C for 30 s and
then at 45 °C for 20 s, followed by heating slowly at
0.2 °C/s to 85 °C with continuous collection of fluores-
cence at 640 nm. It took ;30 min for this thermal
cycling. The negative derivative of the fluorescence
with respect to temperature (2dF/dT) was plotted
against temperature.

Derivative melting curves demonstrated a clear differ-
ence between their genotypes (Fig. 1B). The curves of the
unaffected brother and maternal grandmother showed a
wild-type pattern with peaks at 65.5 and 64.7 °C, respec-
tively. On the other hand, because the 2-bp internal
deletion decreased the melting temperature (Tm), the
patient with Fabry disease showed a single peak at
60.3 °C, which is ;5 °C lower than the peaks in the wild
type, demonstrating that he had the hemizygous muta-
tion of the a-GAL gene. His mother showed a heterozy-

gous pattern with two peaks at 59.9 and 65.7 °C, demon-
strating that she was a carrier of the disease.

CPS1 deficiency is an autosomal recessive disorder
caused by the deficient activity of CPS1, affecting the first
enzyme step in the urea cycle. We investigated a boy with
the neonatal type of the disease, who showed a low
activity of CPS1 in the liver and died at age 28 because of
severe hyperammonemia. After extracting total RNA
from the liver at autopsy, we analyzed the CPS1 gene
(GenBank accession no. Y15793) by reverse transcription-
PCR. We synthesized 10 pairs of primer sets to cover the
entire coding region (4.5 kb) and performed heteroduplex
analysis with MDETM gel (FMC). The aberrant bands were
subcloned into pGEM-T easy plasmid (Promega) and
sequenced. Because a 9-bp in-frame deletion from nucle-
otide 832 to nucleotide 840 was identified in the cDNA,
we amplified a genomic DNA fragment and found a
G-to-C transition at nucleotide 840. Thus, we showed that
this splicing abnormality was attributable to a point
mutation located at the end of an exon-intron boundary at
the donor site; the same mutation had been reported
previously (7 ). Because we also detected a novel nucleo-
tide substitution on the other allele (Aoshima et al., in
preparation), he was shown to be a compound heterozy-
gote with two point mutations.

SYBRTM Green I dye is a DNA double-strand-specific
dye, and its fluorescence emission at 530 nm is greatly
enhanced by its binding to double-stranded DNA (Fig.
1C). Using this dye, we tested whether products that
differ in Tm caused by a deletion can be identified. For
fluorescence PCR analysis of the 9-bp deletion, we pre-
pared two PCR primers (9Del-AS and 9Del-AS; Table 1),
and three templates; two were the reverse transcription
products of the total RNA isolated from the liver of a
patient with CPS1 deficiency and a patient with ornithine
transcarbamoylase deficiency (as a control); a plasmid
containing the homozygous 9-bp deletion mutation was
used. The PCR was performed in a 20-mL mixture con-
taining 2 mL of LightCycler DNA Master SYBR Green
(Taq DNA polymerase, reaction buffer, dNTP mixture,
SYBR Green I dye, and 10 mmol/L MgCl2; Roche Molec-
ular Biochemicals), 2.4 mL of 25 mmol/L MgCl2, 0.5
mmol/L each of the primers (9Del-AS and 9Del-AS), and

Table 1. Oligonucleotides as PCR primers and hybridization probes.
Name Role Position Sequence (5* 3 3*) Modification

a-GAL
2Del-S PCR primer 10 928a GGGCCACTTATCACTAGTTGC None
2Del-AS PCR primer 11 114 TGATGAAGCAGGCAGGAT None
2Del-F Probe 10 995 GTGGGAACGACCTCTCTCAG 39-Fluorescein
2Del-LC Probe 11 016 CTTAGCCTGGGCTGTAGCTATGATA 59-LC Red 640

39-Phosphorylation
CPS1

9Del-S PCR primer 811b GCAGAACCACTAATTCAG None
9Del-AS PCR primer 865 GCTCCTTGCGATCACTCT None
a,b Positions of primers and probes at the 59 termini, according to GenBank accession number: a X14448 for a-GAL and b Y15793 for CPS1.
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50 ng of the templates. The amplified products were 55 bp
in the wild type and 46 bp in the mutated type. The
thermal cycling was carried out under the above condi-
tions except that the extension was at 72 °C for 1 s and the
fluorescence was monitored at 530 nm.

Derivative melting curves demonstrated a clear differ-
ence between the genotypes (Fig. 1D). The curve of the
control showed a wild-type pattern with a single peak at
76.6 °C. On the other hand, because the 9-bp internal
deletion decreased its Tm, the plasmid containing the
homozygous mutation showed a single peak at 74.9 °C,
1.8 °C lower than the wild type. The patient with CPS1
deficiency showed a heterozygous pattern with two peaks
at 74.9 and 76.6 °C.

In this study, we first demonstrated that deletions of
small nucleotides can be detected rapidly and easily by
fluorophore techniques. We could distinguish the geno-
types in a family of Fabry disease. The probe, 2Del-F,
which contains the deletion site, hybridized to the muta-
tion template, probably forming a loop with the surplus

nucleotides. Therefore, it melted off from the mutation
template at a lower temperature than from the wild-type
template. This technique can be applied to cases with
deletion mutations of larger numbers of nucleotides. The
Tm of a PCR product depends on the length itself and GC
content. If the difference between the Tms of the PCR
products are large, they can be distinguished from each
other using only SYBR Green I dye, as shown in the
detection of the 9-bp deletion in CPS1 deficiency. This is a
very simple procedure that does not require the designing
of specific hybridization probes. However, the deletion
must be enough large compared with the whole fragment
or contain a high GC content to influence the Tm. For
example, in the case of this 9-bp deletion, if the PCR
products are 100 bp, the difference of Tm between the
mutation and the wild type will be 0.6 °C, which is not
detectable. Although the two mutations in this study are
not common, we believe that this technique can be widely
utilized for rapid and facile screening of the other diseases
that have common deletion mutations.

Fig. 1. Schematic illustration of PCR primers and fluorescence probes for a-GAL (A) and CPS1 (C) and derivative melting curves for genotyping of
a-GAL (B) and CPS1 (D).
(A), fragment of a-GAL amplified by the two primers (2Del-S and 2Del-AS) is 186 bp in the wild type. When the fluorescence probes (2Del-F and 2Del-LC) hybridize in
close proximity, fluorescence resonance energy transfer occurs, producing a specific fluorescence emission at 640 nm. In the mutated type, the two nucleotides of
2Del-F are surplus, forming a loop. I, LC-Red; E, fluorescein. (B), derivative melting curves for genotyping of a-GAL showed a single peak at high Tm in the wild type
and a peak at low Tm in the mutated type. Whereas the curves of the unaffected brother (— — —) and maternal grandmother (- - - - - -) showed a wild-type pattern, the
patient (————-) showed a hemizygous mutation pattern. The patient’s mother (— - — - —) showed a heterozygous pattern with two peaks. (C), fragment of CPS1
amplified by the two primers (9Del-S and 9Del-AS) is 55 bp in the wild type. When SYBR Green I dye binds to double-stranded DNA, it produces the specific fluorescence
emission at 530 nm. L, SYBR Green I dye. (D), derivative melting curves for genotyping of CPS1 showed a single peak at high Tm in the wild type and a peak at low
Tm in the mutated type. The patient with ornithine transcarbamoylase deficiency (— — —) showed a wild-type pattern, the plasmid (————-) showed a homozygous
mutation pattern, and the patient with CPS1 deficiency (— - — - —) showed a heterozygous mutation pattern with two peaks.
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The determination of total homocysteine (tHcy) plays an
important role in diagnosis and therapy of folate and
cobalamin (vitamin B12) deficiencies. In addition, it is now
widely accepted that increased tHcy is an independent
risk factor for thromboembolism and cardiovascular dis-
ease, including coronary occlusive disease (1–3).

Although the causal role of Hcy in the development of
vascular occlusive disease has yet to be determined,
prospective intervention trials that will effectively lower
total plasma Hcy currently are in progress (4 ). As a result,
various analytical methods have been established to mea-
sure tHcy in serum or plasma (5–10). We have established
a more rapid protocol suitable for accurately measuring
tHcy in hemolysates by use of liquid chromatography-
electrospray ionization-tandem mass spectrometry (LC/
MS/MS). The LC/MS/MS method circumvents the dis-
advantages of time-consuming derivatization and allows
the processing of .400 samples per day.

Blood was collected in hemolysate tubes that keep the
tHcy concentration constant for at least 48 h at room
temperature (11 ). For longer time periods, the hemolysate
was stored at 220 °C. Hemolysate (20 mL) was pipetted
onto filter paper (Neonatal Screening Card; Schleicher &
Schuell). For each sample, two spots (equivalent to 4.7 mL)
were punched out and incubated for 15 min at room

temperature with a mixture of 20 mL of reducing agent
(500 mmol/L dithiothreitol in doubly distilled water) and
of 20 mL of internal standard {0.0025 mmol/L d,l-
[3,3,39,39,4,4,49,49-2H8]-homocystine in HCl-acidified wa-
ter (Mr 276.33, isotopic purity .98%; Cambridge Isotopes
Laboratories)}. tHcy was extracted by the addition of 200
mL of acetonitrile containing 1 mL/L formic acid and 0.5
mL/L trifluoroacetic acid and vortex-mixing for 1 min.
Supernatant (4 mL) was loaded onto a SupelcosilTM Cyano
column (30 3 3 mm, 3 mm bead size) and eluted with a
mixture of 700 mL/L acetonitrile-300 mL/L water con-
taining 0.15 mL/L formic acid at a flow rate of 0.4
mL/min. Unattended sample loading was accomplished
using a Perkin-Elmer Series 200 autosampler in combina-
tion with a Perkin-Elmer LC pump.

A Perkin-Elmer Sciex API 365 LC/MS/MS benchtop
triple quadrupole mass spectrometer operating in positive
ion mode was used to analyze the eluate. Ionization was
achieved with a turbo ion spray device with pneumati-
cally assisted evaporation operating at an ion spray volt-
age of 15000 V. The TurboIon gas temperature was set to
350 °C at a flow rate of 8 L/min. The operating conditions
yielded a protonated molecular ion of Hcy (m/z 136.1) in
single MS mode (Fig. 1). In MS/MS mode, Hcy yielded a
prominent fragment at m/z 90 when a collision gas pres-
sure of 1.067 Pa and a collision energy of 15 eV were
applied. Ion transitions monitored in the selected reaction
monitoring mode were as follows: 136390 for Hcy and
140394 for the internal standard.

Mass spectral analysis of Hcy-containing serum pre-
treated with dithiothreitol was performed in the product
ion mode of the LC/MS/MS (Fig. 1A). The most promi-
nent fragment was produced by a neutral loss of formic
acid (loss of 46), giving rise to a product ion of m/z 90. This
m/z 90 ion was further fragmented, with fragmentation
products visible at m/z 73 and m/z 56, which correspond to
a neutral loss of ammonia (NH3, loss of 17) and hydrogen
sulfide (H2S, loss of 34), respectively. This fragmentation
pattern was confirmed by the product ion spectrum of
d,l-[3,3,39,39,4,4,49,49-2H8]-homocystine, which showed
essentially the same fragments with a mass shift of 14
attributable to deuterization of the backbone carbon at-
oms (data not shown).

Potentially interfering substances were removed by
chromatography on a short cyano column before the
electrospray, which produced symmetrical peaks for Hcy
and its internal standard at virtually identical retention
times (Fig. 1B). The signal-to-noise ratio of a serum
containing 5.5 mmol/L tHcy measured by HPLC with
fluorescence detection was calculated as 60. Thus, the
detection limit at a signal-to-noise ratio of 5 was calcu-
lated to be 0.5 mmol/L. Chromatography and mass spec-
trometric detection was performed within 3 min, allowing
the processing of 20 samples per hour.

For calibration, stabilized hemolysates with low endog-
enous tHcy were supplemented with d,l-Hcy (Mr 135.18;
Sigma-Aldrich). The calibration curves for Hcy quantifi-
cation were obtained by plotting the peak area ratio for
the m/z 136390:140394 ion pairs vs the concentration of
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tHcy (in the range 3.5–60 mmol/L). Calibration curves
were analyzed by unweighted least-squares linear regres-
sion analysis and were linear over the range studied (y 5
0.024x 1 0.033; Syux 5 0.039; r 5 0.998; n 5 6). Within-run
precision was determined for a series of 10 spots on paper
prepared from samples with low, intermediate, and high
concentrations of tHcy; the means 6 SD (CV) were 3.5 6
0.37 mmol/L (11%), 8.6 6 0.85 mmol/L (9.9%), and 24.9 6
2.08 mmol/L (8.4%), respectively. Between-run precision
was 10.7 6 1.11 mmol/L (10%). Calibrators, quality-
control samples, and patient samples were all spotted,
eluted, and determined in exactly the same manner.

To determine the accuracy of this method, we analyzed
different hemolysates with endogenous tHcy in the low,
medium, and upper reference range that were supple-
mented with different concentrations of d,l-Hcy. The
recoveries of added d,l-Hcy were 72–129%, with a total
mean 6 SD of 105.5% 6 18.3%.

Further validation of the method was done by compar-

ing the tHcy values of unselected patients determined by
reversed-phase HPLC with fluorometric detection to the
LC/MS/MS method. The reference range of tHcy in
hemolysates determined by HPLC was ,9 mmol/L, well
in accordance with previously published results (11 ).
Comparison of HPLC (x) and LC/MS/MS (y) revealed a
correlation coefficient r 5 0.9296 with a slope of 1.17. The
y-axis intercept was 21.62, and the standard deviation of
residuals (Syux) was 1.67. The mean 6 SD of the HPLC and
LC/MS/MS determinations were 7.01 6 3.58 and 6.60 6
4.51 mmol/L, respectively (n 5 79 samples).

In conclusion, we have developed and validated a fast,
easy, and reliable method to determine tHcy from small
amounts of hemolysate or plasma by stable isotope dilu-
tion-tandem mass spectrometry. The method avoids der-
ivatization of the Hcy; instead, a simple solid-phase
extraction is performed within minutes from filter cards
used for neonatal screening. Except for the deuterated
internal standard, no expensive reagents are necessary.
Cleaning of the sample is achieved by a short in-line
preanalytical chromatography column. The method is
suitable for determination in stabilized hemolysates,
thereby offering the advantage of sample stability for 48 h
at room temperature and preventing the significant in-
crease of tHcy in EDTA plasma if it is not immediately
separated from the erythrocytes. Finally, because the
turnaround time of the method is ,3 min per sample, it is
well suited for clinical trials in which large numbers of
samples must be handled daily.

We gratefully acknowledge Iris Bieger and Elisabeth Jost
for excellent technical assistance.
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The p53 tumor suppressor gene lies on chromosome 17p
and encodes a nuclear phosphoprotein. Wild-type p53
protein can suppress cellular transformation and prolifer-
ation (1, 2). Mutations in the p53 gene are the most
common genetic alteration in human cancers (3 ). More
than one-half of all human cancers show either absence of
the p53 protein function or mutations in the gene. Mutant
and wild-type p53 may oligomerize, thereby disrupting
the function of the tetrameric complex (4 ). Codon 72 of
the p53 gene was found to be a site of frequent polymor-
phism (5 ). The frequencies of allelic variants at this codon
not only differ among different ethnic groups (6, 7), they
are also associated with cancer susceptibility (8–10).

A relationship between viral infection and cancer has
been found. It has been reported that adenovirus E1b
55-kDa protein and human papillomavirus E6 protein can
bind to and inactivate p53 protein (11, 12). Targeting of
p53 by these viruses prevents cell death and induces the
cellular proliferation that is necessary for viral replication.
The development of most cervical carcinomas has been
shown to be associated with human papillomavirus
(HPV) types 16 and 18. The E6 oncoprotein encoded by
HPV types 16 and 18 has been found to promote the
degradation of p53 (13 ). Recently, it was suggested that
the arginine form at codon 72 of p53 was more susceptible
to E6-mediated degradation than the proline form. Indi-
viduals homozygous for the arginine form at codon 72
were approximately sevenfold more susceptible to HPV-
associated tumorigenesis than heterozygotes (14 ).

We established a PCR and microtiter plate-based hy-
bridization assay for the detection of the codon 72 poly-
morphism in p53. The system was evaluated with DNA
from cell lines with known allelic information. We exam-
ined DNA from 105 cervical carcinoma patients and 133
healthy female volunteers, who were representative for
the Austrian population.

EDTA-blood samples from 105 cervical carcinoma pa-
tients and 133 healthy volunteers were collected at the
Department of Obstetrics and Gynecology, University of
Vienna, from 1984 to 1998. The median age of the cervical
carcinoma patients was 49 years (range, 25–92 years),
whereas the median age of the control group was 54 years
(range, 21–77 years). In addition, all patients were
matched for ethnic background and represented the typ-

ical Austrian population. Informed consent was obtained
from all patients, and all procedures were approved by
the institute’s responsible committee.

Breast cancer cell lines T-47D, BT-549, BT-483, CAMA-1,
DU4475, Hs 578.T, SK-BR-3, and MCF-7, and ovarian
cancer cell lines OVCAR-3 and ES-2 were purchased from
American Type Culture Collection. All cell lines were
cultured according to the instructions from American
Type Culture Collection.

DNA was isolated from blood and cell lines by com-
mercially available kits (DNA Extraction Systems I and II;
ViennaLab).

Sense primer 59-ATGGATGATTTGATGCTGTC-39 and
antisense primer 59-AGAAGCCCAGACGGAAAC-39
were used for the amplification of a DNA fragment
containing the polymorphic site at codon 72. The anti-
sense primer was labeled with fluorescein. For PCR, 30 ng
of DNA was used as template in a total volume of 30 mL.
The reaction mixture included 15 pmol of both sense and
antisense primers, 250 mmol/L dNTPs (ViennaLab), 3.0
mL of 103 amplification buffer (10 mmol/L Tris-HCl, pH
9.0, 50 mmol/L KCl, 0.1 g/L gelatin, 1.5 mmol/L MgCl2,
1.0 mL/L Triton X-100; ViennaLab) and 1.0 U of Super
Taq Polymerase (HT Biotechnology). PCR was performed
on a Perkin-Elmer GeneAmp PCR system 9600 with 40
cycles at 94 °C for 30 s, 52 °C for 30 s, and 72 °C for 30 s.
All reactions were preceded by a primary denaturation
step at 94 °C for 1 min. PCR product (5 mL) was then
resolved on 3% agarose gels containing 0.1 mL/L SYBR
Green I (Molecular Probes). Gels were excited with 254
nm transilumination.

Oligonucleotides were designed to specifically hybrid-
ize either with PCR products from the p53 Pro72 isoform
(59-GCTCCCCCCGTGGC-39) or the Arg72 isoform (59-
CTGCTCCCCGCGTG-39). The probes were 59 labeled
with biotin. The detection of the p53 polymorphism was
carried out using the Universal Gene Mutation Detection
Kit (ViennaLab). Briefly, 10 mL of PCR product was
denatured in an alkaline buffer and added to 100 mL of
Tris-based hybridization buffer containing 5 pmol of
specific oligonucleotide in a streptavidin-coated well.
Hybridization was carried out at 37 °C for 30 min. After
two stringent washes in a buffer containing 0.43 standard
saline citrate at 37 °C, an anti-fluorescein horseradish
peroxidase complex was added to the well. Then it was
incubated at room temperature for 15 min. The well was
washed twice with phosphate-buffered saline, and a color
developer containing 3,39,5,59-tetramethylbenzidine was
added to the well. After 15 min of color development, an
acidic buffer was added to stop the reaction, and the color
intensity was measured at 450 nm with 630 nm as
reference.

For system evaluation and to verify the results from
microtiter well-based hybridization, PCR products from
cell lines and from 20 randomly selected samples were
sequenced directly using an ALFexpress DNA sequencer
and the Thermo Sequenase fluorescently labeled primer
cycle sequencing kit (Amersham Pharmacia Biotech).

Differences in the allelic frequencies of p53 at codon 72
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between the cervical carcinomas and the control group as
well as between the Austrian population and other Cau-
casian populations were examined by the x2 test.

DNAs from several breast and ovarian cancer cell lines
were used to evaluate our detection system. Allelic infor-
mation of p53 at codon 72 in these cell lines was obtained
from sequencing. As shown in Fig. 1A, after amplification
of template DNAs by PCR, a 223-bp PCR product was
generated. Hybridization of these PCR products to the
oligonucleotides specific for the p53 Pro72 isoform and the
Arg72 isoform on microtiter plates generated either a
blue-colored positive signal or a colorless negative signal
in the wells. Fig. 1A shows that the cell lines T-47D,
BT-549, and ES-2 are homozygous for p53 Pro72, cell lines
BT-483, CAMA-1, Hs 578.T, SK-BR-3, and OVCAR-3 are
homozygous for Arg72, and the cell line MCF-7 is het-
erozygous for Pro72 and Arg72. This result was in accor-
dance with the results from direct sequencing, confirming
that the detection of p53 polymorphism at codon 72 by
PCR and allele-specific hybridization on microtiter plates
is a reliable method. The blue-colored positive signal
changes to yellow after addition of the acidic buffer.
Positive signals usually have an absorbance reading of
.0.500, and negative signals are below 0.050 at 450 nm.

To test the binding specificity of the allele-specific
oligonucleotides to the PCR products, different amounts
of PCR products from DNAs with different allelic types
were applied to the hybridization system. Fig. 1B shows
that binding of the oligonucleotides to the corresponding
PCR products is specific. As the intensity of the signals
increased with the increasing amounts of PCR products,
the intensities of the unspecific binding were unchanged.

Analysis of the p53 polymorphism at codon 72 showed
that the proportion of individuals homozygous for argi-
nine, homozygous for proline, and heterozygous for argi-
nine and proline were 54.3%, 7.6%, and 38.1% among the
105 cervical carcinoma patients and 62.4%, 8.3%, and
29.3% among the 133 healthy women (Table 1). x2 analysis
revealed no significant differences in these proportions
between the two groups.

Sequencing of the PCR products from 20 randomly
selected samples showed 100% concordance with the
results obtained from PCR and allele-specific oligonucle-
otide hybridization on microtiter plates (data not shown).

In previous studies on the p53 polymorphism at codon
72, tumor samples were used as the source for DNA
(14–16). Although loss of heterozygosity at the p53 locus
is not common in cervical carcinomas, in one study, an
allelic imbalance was observed in 22% of the samples (17 ).
Another study demonstrated a loss of heterozygosity rate
of 15% on chromosome 17p in cervical carcinomas; the
authors suggested that this might be caused by alterations
of the p53 gene (18 ). The use of DNA from tumor samples
for polymorphism analysis may, therefore, lead to inac-
curate results. In this study, we used DNA from periph-
eral blood lymphocytes because they are not affected by
such genetic alterations frequently observed in solid
tumors.

Comparing the frequencies of allelic variants found in

Austrian women with those reported in other Caucasian
women (Table 1) (7, 16), both the control group and the
carcinoma patients showed no significant differences
from the other study groups, indicating that the frequen-

Fig. 1. Evaluation of the detection system with DNA from cell lines with
known allelic information (A) and specific hybridization of various
amounts of PCR products to oligonucleotides specific for the arginine
and proline forms (B).
(A), PCR products on an agarose gel are shown at the top; hybridization results
for the proline-specific oligonucleotide (pro oligo) and arginine-specific oligonu-
cleotide (arg oligo) on a microtiter plate are shown at the bottom. (B), gray and
white columns represent hybridization to proline- and arginine-specific oligonu-
cleotides, respectively. AU, absorbance units.

Clinical Chemistry 46, No. 1, 2000 125



cies of p53 variants at codon 72 are not different in
Caucasian women in Sweden, the United Kingdom, and
Austria.

Our results show that there is no difference in the allelic
frequencies of the p53 gene at codon 72 between cervical
carcinoma patients and the control group. Because we did
not determine HPV status in our study group, we cannot
directly compare our results with the data of Storey et al.
(14 ). Storey et al. reported that individuals homozygous
for the arginine form at codon 72 are approximately
sevenfold more susceptible to HPV-associated cervical
cancer than heterozygotes. However, our data are in
accordance with the results of two other studies (15, 16),
one of which included only cases that were positive for
HPV types 16 and 18. Both studies reported a lack of
correlation between polymorphism at codon 72 of p53 and
risk of cervical cancer. It cannot be ruled out that such a
correlation exists in ethnic groups different from the ones
investigated in these studies and ours because a signifi-
cant difference for the prevalence of arginine homozy-
gotes among various ethnic groups has been reported (6 ).
Therefore, more epidemiological studies that include pa-
tients with different ethnic backgrounds should be under-
taken. Detection of this p53 polymorphism with PCR and
allele-specific hybridization on microtiter plates is amena-
ble to automation and thus can be very useful for this
purpose.

This study was supported by the Anniversary Fund of the
Austrian National Bank for the Promotion of Scientific
Research and Teaching (Project ÖNB 6054). We thank
Andrea Wolf and Sabrina Zeillinger for isolating the DNA
used in this study.
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Recoveries of Phenylalanine from Two Sets of Dried-
Blood-Spot Reference Materials: Prediction from He-
matocrit, Spot Volume, and Paper Matrix, Barbara W.
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Chace,2 J. Gerard Loeber,3 L. H. Elvers,3 and W. Harry
Hannon1 (1 Centers for Disease Control and Prevention,
Newborn Screening Quality Assurance Program, MS-19,
4770 Buford Hwy., Atlanta, GA 30341-3724; 2 NeoGen
Screening, Inc., 110 Roessler Rd., Pittsburgh, PA 15220;
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natal Screening, National Institute of Public Health and
the Environment, P.O. Box 1, 3720 BA Bilthoven, The
Netherlands; * author for correspondence: fax 770-488-
4831, e-mail bwa1@cdc.gov)

Dried blood spots (DBSs) are used to screen newborns for
phenylketonuria and other aminoacidopathies. The cali-
brators for this testing are usually DBSs with values for
Phe. Two DBS reference materials have been prepared,
the European Working Standard for Phe (EWS-Phe-01) (1 )
and the amino acid reference material (AARM) from the
CDC (2 ). The two reference materials are not interchange-
able because they differ in blood hematocrit, blood-spot
size, and filter paper, each of which (3–6) affects ana-
lyte recovery. We measured quantitatively the effects of
these differences on analyte recovery from DBSs and
used results from our measurements to predict expected

Table 1. Distribution of p53 allelic variants at codon 72.
Arg (%) Pro (%) Arg/Pro (%)

Cervical carcinomas,
n 5 105

57 (54.3) 8 (7.6) 40 (38.1)

Control group, n 5 133 83 (62.4) 11 (8.3) 39 (29.3)
Sweden,a n 5 206 110 (53.4) 23 (11.1) 73 (35.4)
United Kingdom,b n 5 246 155 (63.0) 16 (6.5) 75 (30.5)

a From Själander et al. (7 ).
b From Rosenthal et al. (16).
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Phe recoveries from tandem analyses of the two sets of
materials.

In EWS-Phe-01 (1, 7), human blood with a 50.5% he-
matocrit and intact red cells was divided into five por-
tions for enrichment with 0, 20, 40, 80, and 120 mg Phe/L
blood (0, 120, 240, 480, and 720 mmol/L blood). The liquid
added during enrichment (7 ) was sufficient to reduce the
hematocrit to 50.1%. The Phe-enriched blood portions
were dispensed in 35-mL aliquots (7 ) onto Schleicher &
Schuell (S&S) Grade 2992 (lot no. 121576) filter paper (1 ).

The AARM was prepared (2 ) by dividing human blood
with a 57% hematocrit and intact red cells into six
portions for enrichment with pure amino acids to cover
the usual analytic ranges of Phe, Tyr, Leu, Met, and Val.
The Phe enrichments were 0, 40, 80, 120, 160, and 200 mg
Phe/L blood (0, 240, 480, 720, 960, and 1200 mmol/L
blood). The liquid added during enrichment was suffi-
cient to reduce the hematocrit to 53%. The whole-blood
pools were dispensed in 100-mL portions onto S&S Grade
903 (lot no. W941) filter paper with dashed-line 13-mm
printed circles (2 ).

To examine the effect of blood hematocrit on Phe
recovery, we prepared whole-blood portions with 40%,
45%, 50%, 55%, 60%, 65%, and 70% hematocrits from a
single batch of packed erythrocytes and a single batch of
clarified serum. We enriched the hematocrit-adjusted
blood portions with 125I-labeled thyroxine, dispensed 25
100-mL aliquots of each portion onto S&S Grade 903 (lot
no. W961) filter paper, and punched ;3 mm (1/8-inch)
disks from the north, east, south, west, and center of each
dried spot to determine the mean blood absorption vol-
ume per disk (8 ) at each hematocrit. We performed a
simple linear regression analysis of blood volumes per
disk vs hematocrit and used the resulting regression line
slope to predict the blood volume of a ;3-mm disk from
blood with hematocrits of 53% (the calculated hematocrit
of the AARM) and 50.1% (the calculated hematocrit of the
EWS-Phe-01).

The EWS-Phe-01 materials were dispensed in 35-mL
spots (spot size range, 33–40 mL); the AARMs were
dispensed in 100-mL (6 0.24%) spots. To compare Phe
recoveries from spot volumes representative of the two
sets of materials, we used a single batch of whole blood,
adjusted to 55% hematocrit and enriched with 80 mg
Phe/L blood, to dispense 35- and 100-mL blood volumes
onto S&S Grade 903 (lot no. W941) filter paper. We
punched an ;6 mm (1/4-inch) disk from the center of 20
dried spots of each blood volume and measured the Phe
concentrations of all of the punched disks in a single
HPLC run that was performed according to previously
described protocols (2, 9, 10).

To compare the blood absorption characteristics of the
S&S filter papers that were used to prepare the EWS-
Phe-01 and AARM, we dispensed 100-mL spots of 125I-
thyroxine-enriched blood with a 55% hematocrit onto
clean, unprinted areas of 10 cards taken from each set of
materials. We punched ;3-mm disks from the north, east,
south, west, and center of one spot per card for gamma
counting in a single analytic run and used a standardized

method (8 ) to equate g counts to the serum volume
contained in each DBS disk. We used statistical analyses
of the counting data to determine the mean serum-
absorption volume per disk for each paper.

We used analyte recoveries computed from our exam-
inations of hematocrit effects, blood-volume-per-spot ef-
fects, and filter-paper serum-absorption volumes to pre-
dict expected differences between Phe recoveries from the
EWS-Phe-01 and the AARM. To evaluate the reliability of
the Phe concentration values that were predicted from
measurements of matrix variables, we analyzed the EWS-
Phe-01 and the AARM in duplicate in each of five HPLC
runs and compared the mean values of the measured Phe
concentrations with the predicted Phe concentrations. We
also compared regression slopes, derived from measured
vs enriched Phe concentrations of each set of DBS mate-
rials, to show the ratio of their measured Phe recoveries.

Studies of hematocrit effects showed that the blood
volume per ;3-mm disk was positively correlated with
the hematocrit. The slope of the regression line, derived
from measured blood volume per disk vs hematocrit,
predicted that the EWS-Phe-01 materials, with a calcu-
lated hematocrit of 50.1%, should have a blood volume of
3.1 mL per ;3-mm disk, whereas the AARM, with a 53%
calculated hematocrit, should have a blood volume of 3.2
mL per disk.

In studies of the effect of blood volume per spot on
analyte recovery, the total Phe concentration of the blood
used was equal to the endogenous Phe, which was not
measured, plus the Phe enrichment. The mean of recov-
ered Phe concentrations from the 35-mL spots (85.1 6 4.7
mg/L blood) was lower than that from the 100-mL spots
(95.5 6 9.1 mg/L blood; P ,0.01, Student t-test).

The mean serum-absorption volume per ;3-mm disk
punched from the S&S Grade 2992 paper used to prepare
the EWS-Phe-01 was 1.250 6 0.104 mL, whereas that from
the S&S Grade 903 paper used to prepare the AARM was
1.502 6 0.188 mL (P ,0.01).

The controlled comparisons of hematocrits, blood vol-
umes per spot, and filter-paper serum-absorption vol-
umes showed, in all cases, that analyte recovery per DBS
disk was lower for the conditions used in the preparation
of EWS-Phe-01 than from those used in the preparation of
AARM. By summing these observed differences, we pro-
jected (Table 1) that analyte recovery from EWS-Phe-01
and AARM could be expected to differ by 30.8% when the
two sets of materials were analyzed in tandem. By com-
paring the regression slopes derived from HPLC-mea-
sured vs enriched Phe concentrations of each set of DBS
materials, we found that observed Phe recoveries from
EWS-Phe-01 (regression slope, 0.698) were 31.6% lower
than those from AARM (regression slope, 1.020) when the
two sets of reference materials were analyzed in tandem
against the same set of calibrators. Our HPLC calibration
and data-reduction protocol was that provided by the
manufacturer to newborn-screening laboratories in the
United States. This protocol yields ;100% Phe recovery
from 100-mL spots of intact-cell blood dispensed onto S&S
Grade 903 filter paper; therefore, Phe recoveries from the
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AARM were expected to equal the AARM target values
(2 ). Conversely, in an analytic system with calibration and
data-reduction protocols appropriate for European new-
born-screening samples, Phe recoveries from the EWS-
Phe-01 would be expected to equal the EWS-Phe-01 target
values (1 ).

The effects of the differences in the blood hematocrit,
blood volume per spot, and filter-paper sources used to
prepare the EWS-Phe-01 and AARM yielded analytic
recovery differences of 3.1%, 10.9%, and 16.8%, respec-
tively. These relationships between blood-spot prepa-
ration variables and analytic recovery illustrate the
importance of (a) preparing reference materials for
newborn-screening tests from blood with a hematocrit
typical of newborns and in spot sizes similar to those of
the newborn-screening specimens and on the same filter
paper grade and lot number used for collecting the
newborn-screening samples, and (b) considering the
blood-spot preparation variables when comparing differ-
ent sets of blood-spot reference materials.

The EWS-Phe-01 and AARM were prepared from blood
with hematocrits typical of newborns and with filter
papers and blood-spot sizes that reflect newborn-screen-
ing practices in the regions in which they are used.
Because of the observed matrix-related differences in
analyte recoveries, we predicted that Phe recoveries from
tandem analyses of the EWS-Phe-01 and AARM would be
30.8% higher from the AARM. In fact, measured Phe
concentrations from the AARM were 31.6% higher than
those from the EWS-Phe-01 when the materials were
analyzed in tandem. We conclude that controlled mea-
surements of blood-spot preparation variables can be
used to reliably predict analyte recoveries from DBS
materials, and we have shown that the Phe contents of the
EWS-Phe-01 and AARM are concordant when the effects
of their preparation variables are normalized; thus we
verified the suitability of the materials as calibrators for
their respective regions.

The effects of blood-spot preparation variables are not

limited to phenylketonuria tests or to newborn screening.
Investigators who use DBSs must be aware of the vari-
ables that affect blood-spot test results. Knowledge of the
relationship between reference materials and DBS test sam-
ples and awareness of the relationships among different sets
of reference materials are essential for evaluating test results,
comparing data among laboratories, and evaluating labora-
tory performance in different areas of the world.
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Table 1. Differences in analyte recoveries related to the hematocrits, blood volumes per spot, and filter papers used to
prepare EWS-Phe-01 and AARM.

Compared element Analyte recoveries
Ratios of analyte

recoveries
Difference in analyte

recoveries, %

Hematocrit effect on blood volume per
;3-mm disk punched from a 100-
mL dried-blood spot on S&S Grade
903 paper

3.1 mL of blood per ;3-mm disk at hematocrit
(50.1%) used to prepare EWS-Phe-01

3.2 mL of blood per ;3-mm disk at hematocrit
(53%) used to prepare AARM

3.1 mL 5 0.969
3.2 mL

3.1

Blood-spot volume effect on Phe
recovery from an ;6-mm disk
punched from the center of a spot
of blood enriched with 80 mg Phe/L
blood

85.1 mg Phe/L blood recovered from blood spots
of the 35-mL size used to prepare EWS-Phe-01

95.5 mg Phe/L blood recovered from blood spots
of the 100-mL size used to prepare AARM

85.1 mg/L 5 0.891
95.5 mg/L

10.9

Filter paper effect on serum volume
per ;3-mm disk punched from a
100-mL spot of 55% hematocrit
blood

1.250 mL of serum per ;3-mm disk punched from
blood spots on the S&S 2992 paper used to
prepare EWS-Phe-01

1.502 mL of serum per ;3-mm disk punched from
blood spots on the S&S 903 paper used to
prepare AARM

1.250 mL 5 0.832
1.502 mL

16.8

Sum of observed differences 30.8
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Gilbert syndrome (GS) is an inherited form of chronic
mild unconjugated hyperbilirubinemia (1–3), although
many patients do not have a clear family history (4 ).
Hepatic glucuronidation of bilirubin is catalyzed by isoen-
zyme 1A1 of UDP-glucuronosyl transferase (UGT1A1). The
majority of GS subjects were found to be homozygous for
an extra TA in the TATA-box in the promoter region of
UGT1A1 (5–7). Transcription of the (TA)7 allele is re-
duced by at least 70% compared with the wild-type (TA)6
allele. Because bilirubin UGT1A1 is the only enzyme with
substantial bilirubin glucuronidating activity in humans
(8 ), the presence of this extra TA in both alleles can
explain the impaired conjugation of bilirubin found in
Caucasoid GS patients (6 ).

A previous study of a large population found that the
prevalence of the “abnormal” bilirubin UGT1A1 allele
was 35–40% (9 ), leading to an expected frequency of
homozygotes of ;16%; however, only 5% had increased
serum concentrations of unconjugated bilirubin. Thus, a
reduced expression of bilirubin UGT1A1, attributable to
the (TA)7 abnormality in the promoter region, appears to
be necessary, but not sufficient, for GS to be manifested
clinically.

To date, the TA polymorphism has been detected by
PCR amplification of the TATA-box element and high
resolution polyacrylamide gel electrophoresis (9 ) or by
direct sequencing (6 ). Recently, a new technique for
sensitive, relatively inexpensive and automated high-
throughput screening of mutations, denaturing HPLC
(DHPLC), was introduced (10–13). In this report, we
evaluate the feasibility of applying DHPLC for the detec-
tion of TATA-box variants in the promoter region of the
UGT1A1 gene in subjects with GS.

The UGT1A1 promoter was analyzed by both DHPLC
and direct sequencing in 20 unrelated GS patients (16
males and 4 females; age range, 16–40 years) and 20
healthy controls with bilirubin concentrations within the
reference interval (16 males and 4 females; age range,
13–35 years). The diagnosis of GS was based on the
standard criteria of mild chronic, unconjugated hyperbil-
irubinemia in the presence of normal liver function and
the absence of overt signs of hyperhemolysis (erythrocyte

and reticulocyte counts, erythrocyte osmotic fragility, and
immunoelectrophoretic patterns of erythrocyte hemoglo-
bin were all normal) (14 ). None of the subjects had a
history of hepatic or hematological disorders, excessive
alcohol intake, or chronic use of medications or narcotics,
and none received any drug during the 2 weeks before
investigation.

In each subject, after an overnight fast, plasma concen-
trations of total and direct-reacting bilirubin were deter-
mined by a diazo method at least three times within 6
months before the study; indirect bilirubin was calculated
as total minus direct bilirubin. Control subjects were
pair-matched for age and sex. After informed consent,
each patient and control was analyzed by both sequencing
and DHPLC by investigators “blinded” to the plasma
bilirubin concentrations.

DNA was isolated from EDTA-collected peripheral
whole blood, using standard laboratory techniques (15 ).

The PCR reactions were performed in a 50-mL final
volume containing 8 pmol of each primer, as described
(6 ), and 1 U of AmpliTaq GOLD DNA polymerase (PE
Applied Biosystems) in a thermal cycler 2400 (PE Applied
Biosystems). After 35 cycles, PCR products were detected
in a 2% agarose gel.

Heteroduplex molecules originate when a variation at
the heterozygous state is present in a DNA fragment after
denaturing and reannealing of the PCR product. DHPLC
is based on the differential retention of homoduplex and
heteroduplex molecules under the condition of partial
heat denaturation. At low temperatures (50 °C), the two
molecular types usually are coeluted. At increasing tem-
peratures, the DNA starts to melt selectively in the region
of mismatch of the heteroduplexes. Under these condi-
tions, heteroduplex molecules are eluted ahead of homo-
duplexes, producing an additional peak.

To allow heteroduplex formation, PCR products were
denatured for 3 min at 95 °C, followed by a gradual
reannealing as temperature was decreased from 95 °C to
65 °C over 30 min in the thermal cycler. The reannealed
duplexes were detected by scanning on an automated
HPLC (Transgenomics). The stationary phase consisted of
2-mm nonporous alkylated poly(styrene-divinylbenzene)
particles packed into a 50- 3 4.6-mm (i.d.) column.

A 3- to 5-mL aliquot of each PCR product was injected
onto the column and eluted at a flow rate of 0.9 mL/min
with a mobile phase consisting of a mixture of buffers A
and B; buffer A was 0.1 mol/L triethylammonium acetate
(pH 7) and buffer B was 250 mL/L acetonitrile in 0.1
mol/L triethylammonium acetate (pH 7). The optimal
temperature for HPLC was determined experimentally as
56 °C, and the PCR product separation was achieved
through the following gradient: buffer B was increased
from 57% to 62% over 30 s and then from 62% to 70% over
4 min. The eluted DNA fragments were detected at 260 nm.

DNA sequencing was performed on an automated ABI
Prism 310 Genetic Analyzer (PE Applied Biosystems)
with a BigDye Terminator Cycle Sequencing Ready Reac-
tion Kit (PE Applied Biosystems) using forward and
reverse primers (16 ).
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The mean (6 SD) total serum bilirubin concentrations of
GS subjects was 15.5 6 4.0 mg/L, significantly (P ,0.001)
higher than in controls (6.6 6 2.4 mg/L). In both controls
and GS subjects, .80% of bilirubin was indirect reacting.

PCR products of a promoter region (from nucleotide
2227 to nucleotide 132) containing the TATA-box ele-
ment, were analyzed by DHPLC. The presence of two
well-resolved peaks in Fig. 1A reveals the heterozygous
condition (TA)6/(TA)7, as confirmed by direct sequenc-
ing. The presence of one peak is characteristic of the
homozygous condition (Fig. 1, B and C). To distinguish
(TA)6 from (TA)7 homozygotes, each sample showing a
single peak was mixed with (TA)6/(TA)6 control DNA
under conditions allowing heteroduplex formation. The
homozygous condition for (TA)7 was revealed by a dou-
ble peak (Fig. 1D), whereas no change in the chromato-
gram showing a single peak was detected for (TA)6
homozygotes. DHPLC results showed a 100% match with
those obtained by direct sequencing.

The genotype frequencies in both Gilbert patients and
controls are reported in Table 1. This distribution in
healthy controls was significantly different from that

expected by Hardy-Weinberg law (x2 5 4.3; P ,0.05),
mainly because of a higher than expected number of
homozygotes. The (TA)7 allele was significantly more
frequent in GS subjects than in controls (0.9 vs 0.25; x2 5
34.5; P ,0.00001).

Several useful techniques for detecting mutations have
evolved in recent years. The most widely used simple
single-step analytical method, single-strand conforma-
tional polymorphism, has a low sensitivity, whereas the

Table 1. Genotype frequencies of TA repeats in the
promoter region of UGT1A1, as revealed by DHPLC or

direct sequencing, in Gilert patients and healthy controls.

Genotypes

Frequency, %

Gilbert patients
(n 5 20)

Healthy controls
(n 5 20)

(TA)7 80 15a

(TA)6/(TA)7 20 20
(TA)6 0 65a

a P ,0.00001.

Fig. 1. Chromatograms obtained after amplification of the upstream region of the UGT1A1 gene in subjects showing different genotypes according
to the number of (TA) repeats.
(A), DHPLC pattern of a heterozygous (TA)6/(TA)7 individual, showing two well-resolved peaks. (B and C), the homozygous conditions (TA)6/(TA)6 (B) or (TA)7/(TA)7 (C)
cannot be distinguished from one another by observing the peaks. To identify the (TA)7 homozygotes, each sample showing a single peak was mixed with a (TA)6/(TA)6
control DNA, denatured for 3 min at 95 °C, and gradually reannealed from 95 °C to 65 °C to generate heteroduplex molecules. The homozygous condition for (TA)7 was
revealed by a double peak, as shown in panel D, that was identical to that observed in heterozygous individuals.
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more sensitive methods (i.e., direct sequencing and dena-
turing gradient gel electrophoresis) are often expensive
and time-consuming (11 ).

As illustrated in our study, DHPLC technology for
detection of mutants is a powerful and sensitive tool
useful for the rapid, efficient screening of large numbers
of samples. We found 100% concordance with direct
sequencing, and the reagent costs of a DHPLC analysis
(;$3 US per sample, PCR included) are lower than those
of direct sequencing ($15 US). The labor requirements and
operator time are also reduced, further increasing the
cost-effectiveness. After temperature optimization, auto-
mated DHPLC analysis requires only a few seconds to
load the autosampler and ;5 min to run each sample. The
interpretation of the final chromatograms is also rapid. If
a single peak is detected, however, a second run must be
performed, with the PCR product mixed with a known
homozygous control, to differentiate the two homozygous
genotypes.

In the limited numbers of subjects in our study, we
confirmed that the (TA)7 variation was significantly more
frequent in GS subjects than in controls. The absence of
Hardy-Weinberg equilibrium in controls may result from
the small sample of individuals studied or from selection
bias.

In conclusion, DHPLC can be chosen as a large-scale
screening method for detection of the (TA)7 mutation in
the promoter region of the UGT1A1 gene. It may be
helpful in determining whether impaired glucuronidation
contributes to clinical hyperbilirubinemia in subjects with
abnormalities in bilirubin metabolism, as in subjects with
heterozygous b-thalassemia (17 ), glucose-6-phosphate
dehydrogenase deficiency (18 ), neonatal icterus associ-
ated with glucose-6-phosphate dehydrogenase deficiency
(19 ), or hereditary spherocytosis (20 ).
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