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In a recent study, immunoglobulin G in human plasma was identified as a major inhibitor of diagnostic PCR
(W. Abu Al-Soud, L. J. Jonsson, and P. Radstrom. J. Clin. Microbiol. 38:345-350, 2000). In this study, two
major PCR inhibitors in human blood cells were purified using size exclusion and anion-exchange chromato-
graphic procedures. Based on N-terminal amino acid sequencing and electrophoretic analysis of the purified
polypeptides, hemoglobin and lactoferrin were identified as PCR-inhibitor components in erythrocytes and
leukocytes, respectively. When different concentrations of hemoglobin or lactoferrin were added to PCR
mixtures of 25 pl containing 10 different thermostable DNA polymerases and 1 ng of Listeria monocytogenes
DNA as template DNA, Ampli7aq Gold, Pwo, and Ultma were inhibited in the presence of =1.3 pg of
hemoglobin and =25 ng of lactoferrin, while r7th and Tli were found to resist inhibition of at least 100 pg of
hemoglobin. In addition, the quantitative effects of seven low-molecular-mass inhibitors, present in blood
samples or degradation products of hemoglobin, on real-time DNA synthesis of rTth using the LightCycler
Instrument were investigated. A reaction system based on a single-stranded poly(dA) template with an
oligo(dT) primer annealed to the 3’ end was used. It was found that the addition of 0.25 to 0.1 mg of bile per
ml, 2.5 mM CaCl,, 0.25 mM EDTA, 5 pM FeCl;, and 0.01 IU of heparin per ml reduced the fluorescence to
approximately 76, 70, 46, 17, and 51%, respectively. Finally, the effects of nine amplification facilitators were
studied in the presence of hemoglobin and lactoferrin. Bovine serum albumin (BSA) was the most efficient
amplification facilitator, so that the addition of 0.4% (wt/vol) BSA allowed AmpliZag Gold to amplify DNA in
the presence of 20 instead of 1 g of hemoglobin and 500 instead of 5 ng of lactoferrin. Including 0.02% (wt/vol)
gp32, a single-stranded-DNA binding protein, in the reaction mixture of AmpliZaq Gold was also found to

reduce the inhibitory effects of hemoglobin and lactoferrin.

Blood samples are extensively used for the PCR-based di-
agnosis of microbial infections and genetic diseases, as well as
for forensic analysis and blood banking (14, 35, 40, 42, 50).
However, when applying nucleic acid amplification techniques
to blood samples, the amplification capacity can be dramati-
cally reduced or blocked by the presence of PCR-inhibitory
substances. Inhibitors in blood which have been identified are
either natural components of blood, mainly heme (4) and leu-
kocyte DNA (34), or added anticoagulants such as EDTA (51)
and heparin (47). Recently, immunoglobulin G present in hu-
man plasma was identified as a major inhibitor of diagnostic
PCR in blood (1). Therefore, different methods of sample
preparation have been developed to remove the inhibitory
effect of blood (2, 10, 26, 50, 56). Despite the various advan-
tages of these methods, generally they (i) are time-consuming,
(ii) are labor-intensive, (iii) have potential of losing target
microorganism or nucleic acids during processing, (iv) are sam-
ple specific, and (v) are not suitable for automation. Thus,
more understanding of the nature of PCR inhibitors present in
blood and the mechanism of inhibition will be helpful for the
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development of more general pre-PCR treatments of blood
samples.

The presence of PCR-inhibitory substances can be studied
by monitoring the presence or absence of the PCR product(s)
at the end of thermal cycling by gel electophoresis, dot blots,
high-pressure liquid chromatography or microtiter, plate-
based, calorimetric assay (25, 33, 44, 45). The quantitative
effect of inhibitors on DNA synthesis can also be studied by
measuring the efficiency of incorporation of radiolabeled nu-
cleotides. Recently, thermal cyclers with real-time detection of
PCR product accumulation were introduced, offering a new
possibility to study amplification efficiency and/or DNA syn-
thesis efficiency. These instruments monitor the increase in
fluorescence signal using different fluorescence techniques,
such as double-stranded-DNA (dsDNA) binding dyes or hy-
bridization probes.

The aim of the present study was to identify and characterize
the major inhibitors of diagnostic PCR in human blood cells
using a standardized PCR assay containing the thermostable
DNA polymerase AmpliTag Gold. The effects of the major
PCR inhibitors in human blood cells on 10 commercial ther-
mostable DNA polymerases were also investigated. The quan-
titative effects of low-molecular-mass PCR-inhibitory compo-
nents present in blood samples or degradation products of
hemoglobin on real-time DNA synthesis using the LightCycler
Instrument were also investigated. Finally, the ability of nine
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TABLE 1. Reaction buffers for the DNA polymerases

DNA polymerase
AmpliTaq Gold

Reaction buffer components

10 mM Tris-HCI (pH 8.3), 50 mM KCl, 2.5 mM MgCl,, and 0.75 U AmpliTag Gold DNA polymerase
(Perkin-Elmer Cetus)

DyNAzyme IL......cccccoviivvininininnne 10 mM Tris-HCl (pH 8.8; 25°C), 1.5 mM MgCl,, 50 mM KCI, 0.1% TritonX-100, and 1 U of DyNAzyme II
DNA polymerase (FINNZYMES OY, Riihitontuntie, Espoo, Finland)

DyNAzyme EXL .......ccccoocoviveininunnne 50 mM Tris-HCI (pH 9.0; 25°C), 2.5 mM MgCl,, 15 mM (NH,),SO,, 0.1% Triton X-100, and 1 U of
DyNAzyme EXT DNA polymerase (FINNZYMES OY)

HOtTUD ... 50 mM Tris-HCI (pH 9.0), 20 mM (NH,),SO,, 2.5 mM MgCl,, and 0.75 U of Hot7Tub DNA polymerase
(Amersham Pharmacia Biotech)

PWO .o 10 mM Tris-HCI (pH 8.85; 20°C), 25 mM KCl, 5 mM (NH,),SO,, 1.5 mM MgCl,, and 1.25 U of Pwo DNA
polymerase (Roche Molecular Biochemicals)

FTtH oo, 10 mM Tris-HCI (pH 8.3), 5% (vol/vol) glycerol, 0.1 M KCl, 0.05% (wt/vol) Tween 20, 0.75 mM EGTA, 2.5
mM MgCl,, and 1.25 U of rTth DNA polymerase (Perkin-Elmer Cetus)

TAG oo 10 mM Tris-HCI, 1.5 mM MgCl,, 50 mM KCI (pH 8.3; 20°C), and 0.75 U of Tag DNA polymerase (Roche
Molecular Biochemicals)

T oo 20 mM Tris-acetate (pH 9.0), 10 mM (NH,),SO,, 75 mM K-acetate, 0.05% Tween 20, 2.5 mM MgSO,, and

0.5 U of Tfl DNA polymerase (Promega Corporation, Madison, Wis.)

Tli .. 10 mM Tris-HCl (pH 9.0; 25°C), 0.1% Triton X-100, 50 mM KCl, 2.5 mM MgCl,, and 0.3 U of 7/i DNA
polymerase (Promega Corporation)
UG .o 10 mM Tris-HCI (pH 8.8; room temperature), 10 mM KCI, 0.002% (vol/vol) Tween 20, 2.5 mM MgCl,, and

0.75 U of Ultma DNA polymerase (Perkin-Elmer Cetus)

amplification facilitators to relieve the PCR inhibition by he-
moglobin and lactoferrin was also studied.

MATERIALS AND METHODS

Template DNA. DNA of Listeria monocytogenes 167 vet, which was obtained
from Swedish Meats R&D, Kavlinge, Sweden, was used as target DNA in this
study. Extraction of DNA was performed in accordance with a standard tech-
nique described by Sambrook et al. (45), modified by the addition of 30 U of
mutanolysin (Sigma Chemical Co., St. Louis, Mo.) per ml to the lysis solution.
The concentration of DNA was determined spectrophotometrically (45).

PCR assay and incubation conditions. The total volume of the PCR mixture
was 25 pl. All of the PCR mixtures contained 0.5 pM (each) primers rU8 and
LM2 (31, 39) and 0.2 mM (each) deoxyribonucleoside triphosphates. Reaction
buffers for the DNA polymerases were as specified by the manufacturers (Table
1). The reaction mixtures were subjected to 30 cycles consisting of heat dena-
turation at 94°C for 40 s, primer annealing at 53°C for 40 s, and DNA extension
at 72°C for 40 s. Finally, the samples were maintained at 72°C for 7 min for the
final extension of DNA. These incubation conditions were the same for all
amplification reactions except those containing Ampli7ag Gold, since this poly-
merase requires a hot start (95°C for 10 min). Incubation was carried out in a
GeneAmp 9700 (Perkin-Elmer Cetus, Norwalk, Conn). The 0.55-kb PCR prod-
uct was visualized by 1.3% agarose gel electrophoresis with ethidium bromide
(45). The gel was analyzed by the gel documentation system (Bio-Rad Labora-
tories). The results were recorded as follows: +, PCR product of high yield, *,
PCR product of low yield; or —, no PCR product.

Preparation of blood sample. The blood sample used was drawn from a
healthy person in a quadruple blood bag (CPD; Baxter S.A., Maurpas, France).
The bag was centrifuged in a cold centrifuge (Hettich, Tottlingen, Germany) at
2,800 X g for 9 min. Plasma and platelets were extracted in one bag and buffy
coat and a portion of erythrocytes were extracted in another bag, using an
Optipress plasma extractor (Baxter). Adsol was added to the erythrocytes. The
plasma bag was recentrifuged at 1,200 X g for 7 min, plasma was extracted into
an empty bag, and the concentrated platelets were suspended in 60 ml of plasma.
Each blood fraction was poured into a sterile 1.5-ml Eppendorf tube, flash frozen
in liquid nitrogen, and stored at —80°C. The frozen samples were thawed at room
temperature before use.

Purification of PCR inhibitors in human erythrocytes by FPLC. The ability of
different fractions of blood cells to inhibit PCR was evaluated by the addition of
5 ul of the different fractions to PCR mixtures of Ampli7ag Gold containing 1
ng of L. monocytogenes DNA. The PCR inhibitors were purified by a chromato-
graphic procedure using a fast protein liquid chromatography (FPLC) system
(Amersham Pharmacia Biotech, Uppsala, Sweden) containing two model P-500
high-precision pumps, a model LCC-501 Plus liquid chromatography controller,
three motor valves (MV-7 and MV-8), and a model REC 102 recorder. The
elution was monitored with a UV-M II control unit (at 280 nm), and fractions
were collected with a model FRAC-200 fraction collector. All of the buffers and

solutions were filtered through 0.2-pm-pore-size AcroCap membrane filters
(Gelman Sciences, Ann Arbor, Mich.) and degassed before use. Erythrocytes in
Adsol were thawed at room temperature and diluted once with deionized water.
A volume of 5.5 ml of diluted erythrocytes was mixed with approximately 3.7 ml
of glass beads and vortexed at maximum speed for 5 min. The lysate of the
erythrocytes was diluted twice with deionized water and centrifuged at 16,000 X
g for 5 min. A 2.0-ml sample of erythrocyte lysate was injected into a Hiload 16/60
Superdex 200 prepacked gel filtration column (Amersham Pharmacia Biotech),
which was equilibrated with a buffer consisting of 20 mM Tris-HCI and 100 mM
NaCl (pH 7.2). Different fractions of the erythrocyte components were eluted
with a buffer consisting of 20 mM Tris-HCI and 100 mM NaCl (pH 7.2) at a flow
rate of 1.0 ml/min. Six fractions were collected, dialyzed overnight against 20 mM
Tris-HCI (pH 8.6) by using dialysis tubing with a cutoff of 12 to 14 kDa (Spectra/
Por, Houston, Tex.), and tested for their ability to inhibit the amplification
capacity of AmpliTag Gold. Only one fraction (18 ml) was found to be inhibitory
to AmpliTag Gold. This fraction was filtered through a 0.2-pm-pore-size Mini-
sart membrane filter, injected into a Mono Q HR 5/5 anion-exchange column
(Amersham Pharmacia Biotech), and eluted with 20 mM Tris-HCI (pH 8.6) and
a sodium chloride gradient (0 to 0.5 M) for 30 min at a flow rate of 1 ml/min.
Three fractions were collected; two of them were eluted by the NaCl gradient,
while the third was collected in the flowthrough. These fractions were dialyzed
overnight against 20 mM Tris-HCI (pH 8.6), and tested for their ability to inhibit
the amplification capacity of AmpliTag Gold. Only one of the two fractions
eluted by the salt gradient, red in color, was highly inhibitory to AmpliTag Gold
and required 100 times dilution to remove the inhibition, while the other two
fractions were not inhibitory. The concentration of hemoglobin was determined
with a Sysmex K-1000 automated hematology analyzer (Sysmex Corporation of
America, Long Grove, IlL.).

Purification of PCR inhibitors in human leukocytes by FPLC. The buffy coat
was thawed at room temperature. The leukocytes were isolated by a modification
of a method described by Polacek et al. (37). Forty milliliters of buffy coat was
drawn into 10 50-ml sterile plastic tubes containing 8 ml of 6% dextran (60 to 90
kDa) (Sigma Chemical). The contents of the tubes were mixed gently by inver-
sion and left to stand for 1 h at 22°C. The leukocyte-rich top layer was aspirated
into 50-ml sterile tubes. The cells were centrifuged at 400 X g for 10 min at 22°C,
the supernatant was poured off, and each cell pellet was resuspended in 10 ml of
0.87% ammonium chloride, after which an additional 30 ml of ammonium
chloride solution was added to each tube. The contents of the tubes were mixed
gently and left to stand for 2 min for hypotonic lysis of the residual erythrocytes.
The cells were centrifuged at 150 X g for 10 min at 22°C. The leukocytes were
washed three times with 25 mM HEPES buffer-0.85% NaCl (pH 7.2) and
suspended in 3 ml of the washing buffer. The leukocytes were lysed with an
X-press apparatus. The leukocyte lysate was centrifuged in Eppendorf tubes at
16,000 X g for 5 min at 4°C. A 2-ml sample of cell extract was injected into a
Hiload 16/60 Superdex 200 column (Amersham Pharmacia Biotech) as described
above. Four fractions, of 12, 12, 9, and 15 ml, were collected and dialyzed
overnight against 20 mM Tris-HCI (pH 8.6). Only one fraction of 12 ml was
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inhibitory, and its inhibitory effect was removed after reducing its concentration
to 2% (vol/vol). This fraction was filtered and injected into a Mono Q HR 5/5
column (Amersham Pharmacia Biotech) as described above. Three fractions
were collected; two of these fractions were eluted by the NaCl gradient, while the
third fraction was eluted from the column after injection of 2 ml of NaCl (2 M).
The three fractions were dialyzed overnight against 20 mM Tris-HCI (pH 8.6)
and tested for their ability to inhibit the amplification capacity of AmpliTaq
Gold. Only one of the two fractions eluted by the salt gradient was highly
inhibitory to Ampli7ag Gold and required a dilution of >20-fold to remove the
inhibition, while the other two fractions were not inhibitory.

PCR inhibitors in human thrombocytes. Seventeen milliliters of thrombocyte-
rich plasma was thawed at room temperature and centrifuged at 4,500 X g for 10
min. The thrombocytes were washed three times with 25 mM HEPES buffer—
0.85% NaCl (pH 7.2) and suspended in 3 ml of the washing buffer. The throm-
bocytes were lysed with the X-press and centrifuged at 16,000 X g for 5 min. Two
milliliters of the lysate of the thrombocytes was injected into a Hiload 16/60
Superdex 200 column (Amersham Pharmacia Biotech) as described above. Six
fractions, of 7.5, 8, 12, 15, 13, and 18 ml, were collected and dialyzed overnight
against 20 mM Tris-HCI (pH 8.6). Only one thrombocyte fraction of 7.5 ml was
inhibitory to the amplification capacity of Ampli7ag Gold. This fraction was
filtered and injected into a Mono Q HR 5/5 column (Amersham Pharmacia
Biotech) as described above. Ten fractions were collected, dialyzed overnight
against 20 mM Tris-HCI (pH 8.6), and tested for their ability to inhibit the
amplification capacity of AmpliZag Gold.

SDS-PAGE and N-terminal amino acid sequencing of the major plasma PCR
inhibitor. All the chemicals used for sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) were obtained from Bio-Rad Laboratories. The
low-molecular-mass standard containing phosphorylase b (94.0 kDa), bovine
serum albumin (BSA) (67.0 kDa), ovalbumin (43.0 kDa), carbonic anhydrase
(30.0 kDa), trypsin inhibitor (20.1 kDa), and a-lactalbumin (14.4 kDa) was
supplied by Amersham Pharmacia Biotech. The erythrocyte and leukocyte PCR
inhibitors were analyzed by discontinuous SDS-12% PAGE, as described by
Laemmli (29), using a Mini-gel apparatus (Bio-Rad Laboratories). The protein
bands were visualized with Coomassie brilliant blue R-250 or were subjected to
electroblotting to polyvinylidene difluoride membranes for N-terminal sequenc-
ing, as described in the Bio-Rad Laboratories Trans-Blot SD Semi-Dry Electro-
phoretic Transfer Cell instruction manual (catalog number 170-3940). The mem-
brane was stained with Coomassie brilliant blue, and the bands with approximate
molecular masses of 16 and 60 kDa, purified from erythrocytes, and of 80 kDa,
purified from leukocytes, were excised and subjected to N-terminal sequencing.
Edman degradation was performed by the Department of Plant Biology at the
Swedish University of Agricultural Sciences (Uppsala, Sweden).

Reaction conditions in the LightCycler Instrument. The volume of the Light-
Cycler Instrument (Roche Molecular Biochemicals) mixture was 25 pl. All the
mixtures contained 0.2 mM dTTP, a 1:10,000-diluted stock solution of SYBR
Green I (Roche Molecular Biochemicals), 4 mM MgCl,, and poly(dA)-oligo
(dT),5_15 (Amersham Pharmacia Biotech). The reaction mixtures for AmpliTaq
Gold contained 1 X Gold buffer and 0.75 U of AmpliTag Gold, while the
reaction mixtures for #7th DNA polymerase contained 1 X chelating buffer and
1.25 U of rTth (Table 1). AmpliTag Gold was activated by incubating the reaction
mixtures of Ampli7ag Gold, without single-stranded DNA template and inhib-
itors, at 90°C for 40 min as recommended by the manufacturer for this type of
application. The reaction mixtures were maintained at 65°C for 30 min. Ninety
fluorescence measurements were taken, at 20-s intervals. The LightCycler In-
strument monitored the fluorescence signal of samples online. The mean value
of the fluorescence signals of three independent experiments was calculated.

Effects of PCR inhibitors on real-time DNA synthesis. Two strategies were
used to study the effects of bile salts, bilirubin, CaCl,, EDTA, FeCls, hemin, and
heparin on the synthesis of DNA by Ampli7aq Gold and rTth. The first strategy
was the addition of 1 mg of bile salts per ml, 2 pg of bilirubin per ml, 10 mM
CaCl,, 5 mM EDTA, 15 pM FeCls, 0.1 pM hemin, and 0.2 IU of heparin per ml
to reaction mixtures of rTth containing 3, 4, 5, 6, 7, 8, or 9 ng of poly(dA)-
oligo(dT),,_,5 per reaction tube. The linearity of the relationship (?) between
poly(dA)-oligo(dT) concentration and fluorescence level in the presence and
absence of PCR-inhibitory substances was then calculated (+* equals 0 when the
values of the independent variable do not allow any prediction of the dependent
variables, and * equals 1 when the values of the independent variable can
perfectly predict the dependent variables). The second strategy was the addition
of different concentrations of bile salts, CaCl,, EDTA, FeCls, hemin, and hep-
arin (namely, 0.025, 0.05, 0.1, 0.25, and 0.5 mg of bile salts per ml, 2.5, 5, 10, 15,
30, and 20 mM CacCl,; 0.25, 0.5, 1, 2.5, and 5 mM EDTA; 5, 10, 25, 50, and 100
uM FeCl;; 0.025, 0.05, 0.1, 0.25, and 0.5 pM hemin; and 0.01, 0.025, 0.05, 0.01,
and 0.25 TU of heparin per ml) to the rTth and AmpliTag Gold reaction mixtures

PCR INHIBITORS IN BLOOD 487

TABLE 2. Effects of different concentrations of erythrocyte,
leukocyte, and thrombocyte cell extracts and cell debrises on PCR

PCR results”

Concn Erythrocytes Leukocytes Thrombocytes
(%, volvol)*
Cell Cell Cell Cell Cell Cell
extract debris extract debris extract debris
20 - * - + - -
4 - + - + - -
2 - + + + - -
0.8 - + + + - +
0.4 - + + + + +
0.2 + + + + + +

“ Percentage of different blood fractions in the PCR mixtures containing 1 ng
of L. monocytogenes DNA and AmpliTag Gold.

b+, PCR product of high yield; =, PCR product of low yield; —, no PCR
product.

containing 10 ng of poly(dA)-oligo(dT) per reaction tube. The results were then
recorded as percent fluorescence [(fluorescence signal in the presence of inhib-
itor/fluorescence signal without inhibitor) x100].

RESULTS

Purification of blood cell PCR inhibitors. Cell lysates of
erythrocytes, leukocytes, and thrombocytes were prepared and
centrifuged to remove the cell debris from the cell extracts.
The cell debris were resuspended in deionized water to have
the same concentration as in the total cell lysates. Different
concentrations of cell debris and cell extracts (20, 4, 2, 0.8, 0.4
and 0.2% [vol/vol]) were added to standardized reaction mix-
tures of 25 pl containing Ampli7ag Gold and 1 ng of L.
monocytogenes DNA (Table 2). The water-soluble superna-
tants of the blood cell lysates were used for chromatographic
purification of the PCR inhibitors, and the inhibitory effects of
the different fractions after each purification step were tested.
The cell extract of thrombocytes was divided into six main
fractions using size exclusion chromatography. Only one frac-
tion was inhibitory. This fraction was further purified using
anion-exchange chromatography and collected as 10 fractions,
one of which was slightly PCR inhibitory. The inhibitory effect
was removed after the concentration was reduced to 4% (vol/
vol). This fraction was not used for further purification of
PCR-inhibitory components.

The cell extracts of erythrocytes and leukocytes were frac-
tionated by size exclusion and anion-exchange chromatogra-
phy. Only one erythrocyte fraction, red in color, was found to
be highly inhibitory to Ampli7ag Gold, and its concentration
had to be reduced to 0.2% (vol/vol) in the PCR mixture.
SDS-PAGE analysis of this fraction showed three protein
bands with approximate molecular masses of 16, 30, and 60
kDa (Fig. 1). The 30-kDa-molecular-mass polypeptide was sus-
pected to be carbonic anhydrase, based on the similarity of its
electrophoretic pattern to that of carbonic anhydrase. A sim-
ilar band was also observed in a commercial preparation of
human hemoglobin from Sigma Chemical. Furthermore, the
addition of 52 pg of carbonic anhydrase was not inhibitory to
AmpliTaqg Gold, which excluded carbonic anhydrase as being
the PCR inhibitor. The N-terminal sequence of the 60-kDa
band (-DAHKSEVAHREF-) showed 100% identity with the
N-terminal sequence of human albumin, which is a known
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FIG. 1. SDS-PAGE of purified hemoglobin and lactoferrin in com-
parison with BSA, hemoglobin, and human milk lactoferrin. Electro-
phoretic separation was carried out by using SDS-12% PAGE. Pro-
teins were detected with Coomassie brilliant blue. The polypeptides
marked by rectangles were subjected to N-terminal sequencing. Lanes:
1, low-molecular-weight protein standards (Amersham Pharmacia Bio-
tech); 2, BSA (Sigma Chemical); 3, human hemoglobin (Sigma Chem-
ical); 4, purified hemoglobin; 5, human milk lactoferrin (Sigma Chem-
ical); 6, purified lactoferrin.

amplification facilitator (27), whereas the N-terminal sequence
of the 16 kDa band [-(V(LH)(LS)(PT)(PA)(DE) (KE)(KT)
(NS)(VA)-] was shown to be a mixture of two polypeptides
corresponding to the N-terminal sequences of human hemo-
globin alpha- and beta-polypeptides. SDS-PAGE analysis of
the leukocyte fraction inhibitory to Ampli7aq Gold showed
one protein band with an approximate molecular mass of 80
kDa (Fig. 1). The N-terminal sequencing of this band (-G
RRRRSVQW-AVSQP-) showed 100% identity with the N-
terminal sequence of human lactoferrin for the residues deter-
mined (the 10th amino acid position was not determined).
The inhibitory effects of hemoglobin and lactoferrin on the
ability of Ampli7aq Gold or rTth to amplify different concen-
trations of L. monocytogenes DNA (1 pg to 1 pg) were evalu-
ated (Table 3). The detection limit for L. monocytogenes DNA
in pure water was 10 pg of DNA for both polymerases. When
25 pg of hemoglobin was added to the PCR mixtures, the
detection sensitivity of Ampli7ag Gold was reduced by more
than 6 log units, while the detection sensitivity of rTth was
reduced by 2 log units. Addition of 25 ng of lactoferrin reduced
the detection sensitivities of both polymerases by 3 log units.
Effect of hemoglobin and lactoferrin on the amplification
capacities of 10 DNA polymerases. The capacities of 10 DNA
polymerases to amplify 1 ng of L. monocytogenes DNA in pure
water and in the presence of different concentrations of hemo-
globin and lactoferrin were studied (Table 4). It was found that
AmpliTaq Gold, Pwo, and Ultma were completely inhibited in
the presence of 1.3 pg of hemoglobin in the PCR mixture,
while DyNAzyme EXL, rTth, Tfl, and Tli DNA polymerases
could amplify the specific PCR product in the presence of all
concentrations of hemoglobin tested in both replicates. The
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TABLE 3. AmpliTaqg Gold and rTth detection sensitivities in water
in the presence of hemoglobin or lactoferrin®

PCR result”

L. monocytogenes
concn

Water Hemoglobin Lactoferrin

AmpliTaq rTth AmpliTaq rTth AmpliTag rTth

- = +

s

I+ + + + + +

> >

+
— +,
+

5

I+ + + +

I+ +++ + +

> >

I+ + +
I+ + +

5

> s

+
-+
+

s

I+ + ++ ++

H
o
&

I+ +++++

5

>
>
>
>
> P > 5
> 5 s 5
1012 — — — — —
5 > P > 5

“ Ability of AmpliTag Gold and rTth DNA polymerases to amplify different
concentrations of L. monocytogenes DNA in water, in the presence of 25 pg of
hemoglobin (Sigma Chemical) or 25 ng of lactoferrin (Sigma Chemical).

® Results of two independent PCRs. +, PCR product of high yield; —, no PCR
product.

polymerases DyNAzyme II, Hot7ub, and Taq amplified the
specific product in one of two replicates in the presence of 100
pg of purified human hemoglobin. Ultma was also the DNA
polymerase most sensitive to lactoferrin, amplifying the spe-
cific product in one of two replicates in the presence of 2.5 and
1 ng of human milk lactoferrin, while r7th and Tfl were the
most resistant and amplified the specific product in one of two
replicates in the presence of 25 ng of human milk lactoferrin.

Quantitative inhibitory effect of ions and low-molecular
weight solutes on real-time DNA synthesis. The aim of this
study was to evaluate the inhibitory effects of seven low-mo-
lecular-mass solutes, present in blood samples or degradation
products of hemoglobin, on real-time DNA synthesis using the
LightCycler Instrument. The DNA synthesis was measured by
monitoring the increase in the fluorescence signal. The in-
crease in fluorescence signals of AmpliTag Gold and rTth were
compared in the presence of different concentrations of poly
(dA)-oligo(dT) (data not shown). The increase in the fluores-
cence signal of the reaction mixtures of r7th was ~15 times
higher than that of Ampli7aq Gold. To check whether this
difference was due to differences in the buffers of the two
polymerases, the efficiency of Tag DNA polymerase, which has
a buffer content similar to that of Ampli7aq Gold, was com-
pared with those of the other two polymerases. It was found
that the real-time DNA synthesis of Tag DNA polymerase was
as efficient as that of r7Tth (data not shown).

A linear relationship (* = 0.99) was found between the
increase in concentration of template DNA in water and the
increase in fluorescence (Fig. 2). When the effect of PCR
inhibitors on the real-time DNA synthesis of rTth was also
studied, a linear relationship were noted for bilirubin (* =
0.97), hemin (+* = 0.93), and heparin (* = 0.94), whereas the
linearity was less in the presence of bile (* = 0.86), CaCl,
(* = 0.87), FeCl; (r* = 0.86), and EDTA (* = 0.34).

When the effects of different concentrations of bile salts,
CaCl,, EDTA, FeCl,, hemin, and heparin on real-time DNA
synthesis were studied, the mean of three independent fluo-
rescence signals decreased with increasing concentrations of
inhibitory substances (Fig. 3). The standard deviations were
found to increase as the concentration of inhibitors decreased,
except when bile and hemin were added to the reaction mix-
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TABLE 4. Inhibitory effects of different concentrations of hemoglobin and lactoferrin on the amplification capacities of 10 thermostable
DNA polymerases

PCR result with the indicated concn of”:

DNA polymerase Hemoglobin (pg/reaction tube)

Lactoferrin (ng/reaction tube)

0 1 13 0.4 2 4 10 100 0 0.5 1 25 5 25
AmpliTag Gold +, + e S o S S
DyNAzyme 11 +, + ++ o+ 4+ o+ H+ o+ -+ R+ A+ R+ A+ o -
DyNAzyme EXL  +, + i S e e e e e S R S
HotTub +, + ++ o+ +H+ o+ H+ o+ -+ R+ A+ A+ - -
Pwo I e o o el s o <Nt S
rTth +, + ++ o+ +H+ o+ H+ o+ R+ A+ R+ A+ R+ A+ -
Taq +, + i S e i c e o S
Tl +, + ++ + 4+ o+ H+ O+ A+ R+ A+ R+ A+ -
Tli +, + ++ +  +H+ o+ H+ o+ A+t R+t o, -
Ultma +, e e T S e T

¢ Results of two independent PCRs. +, PCR product of high yield; =, PCR product of low yield; —, no PCR product. Purified hemoglobin conc. and human milk
lactoferrin. (Sigma Chemical) were added to the PCR mixtures of the 10 DNA polymerases containing 1 ng of L. monocytogenes DNA.

® Pwo had many nonspecific products.

tures. Addition of 0.25 to 0.1 mg of bile per ml, 2.5 mM CaCl,,
0.25 mM EDTA, 5 pM FeCl;, 0.1 uM hemin, and 0.01 TU of
heparin per ml reduced the fluorescence to approximately 76,
70, 46, 17, 54, and 51%, respectively. However, addition of 0.25
to 0.05 g of hemin per ml was found to slightly enhance the
fluorescence (to 101 to 102%).

The relieving effects of nine amplification facilitators on
PCR inhibition by hemoglobin and lactoferrin. The effects of
nine PCR facilitators on the amplification capacity of Ampli-
Taq Gold in the presence of different concentrations of hemo-
globin and lactoferrin were studied (Table 5). Betaine, BSA,
and gp32 were able to reduce the inhibitory effect of hemoglo-
bin. The addition of 0.4% (wt/vol) BSA reduced the inhibitory
effect of hemoglobin and allowed DNA amplification in the
presence of 20 wg of hemoglobin in one of two independent
replicates. Betaine (11.7% [wt/vol]) and gp32 (0.01% [wt/vol])

allowed the amplification of the specific PCR product in the
presence of 10 pg of hemoglobin. The inhibitory effect of
hemoglobin was not affected by the addition of the other PCR
facilitators tested. Addition of 0.4% (wt/vol) BSA had the
highest relieving effect on Ampli7aqg Gold inhibition by lacto-
ferrin and was found to allow DNA amplification in the pres-
ence of all amounts of lactoferrin tested (5 to 500 ng). The
inhibitory effect of lactoferrin was also reduced by the addition
of 0.01% (wt/vol) gp32. The relieving effect of the other am-
plification facilitators was slight or not observed.

DISCUSSION

Several compounds in blood have been suggested to be PCR
inhibitory, namely, heme (4), leukocyte DNA (34), and anti-
coagulants (47, 51). In a previous study, we identified immu-

Fluorescence

Water

Bile (1 mg/ml)
Bilirubin (2 pg/ml)
CaCl, (10 mM)
EDTA (5 mM)
FeCl, (15 pM)
Hemin (0.1 pM)
Heparin (0.2 IU/ml)

OC¢ O mq4 40C8e@

T T T T

2 3 4 5 6

T 1

7 8 g

10

Poly(dA)oligo(dT) conc (ng)

FIG. 2. Effects of seven PCR inhibitors on the real-time synthesis of r7th.
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FIG. 3. Effects of different concentrations of bile salts, bilirubin, CaCl,, EDTA, FeCl;, hemin, and heparin on real-time DNA synthesis of rTth.

noglobulin G as a major PCR inhibitor in human plasma (1).
Hemoglobin and lactoferrin were found to be major PCR
inhibitors in erythrocytes and leukocytes, respectively. Despite
the fact that albumin and carbonic anhydrase were copurified
with hemoglobin in the inhibitory fraction of erythrocytes, nei-
ther 30 pg of BSA nor 52 pg of carbonic anhydrase was
inhibitory to Ampli7aq Gold (data not shown). Both hemoglo-
bin and lactoferrin contain iron. Therefore, the inhibitory ef-
fects of both proteins may be related, in part, to their ability to
release iron ions. When the inhibitory effect of iron was inves-
tigated, it was found that the addition of =25 pM FeCl; re-
duced the DNA synthesis activity of r7th to <10% (Fig. 3D).
PCR inhibition by hemin, a hemoglobin derivative, and its
breakdown products bilirubin and bile salts were also found to
be PCR inhibitory (Fig. 2 and 3A and E) (4, 5, 52). It has been
suggested that heme regulates DNA polymerase activity and

coordinates the synthesis of components in hemoglobin in ery-
throid cells by feedback inhibition (9). Hemin has been found
to be inhibitory to thermolabile polymerases such as DNA
polymerase from human neuroblasoma cells (7), cytoplasmic
DNA polymerase from erythroid hyperplastic bone marrow
cells (9) and Rauscher murine leukemia virus reverse tran-
scriptase (49). Hemin inhibition has been found to be revers-
ible and appears to be directed against the enzyme rather than
the template (9, 49); hemin has been found to be competitive
with respect to the template and a noncompetitive inhibitor
with respect to nucleotides (9). Human lactoferrin is a single-
polypeptide glycoprotein which binds two Fe?** ions together
with two CO;?~ ions (6). Lactoferrin is present in several
biological fluids and has several biological functions, such as
protection against infections, regulation of myelopoiesis, pro-
motion of cellular growth, and immunostimulatory activity (21,
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TABLE 5. Effects of nine amplification facilitators on the inhibitory effects of hemoglobin and lactoferrin on the amplification capacity of
AmpliTaqg Gold*

PCR result” with the indicated concn of:

Facilitator (%, wt/vol)

Hemoglobin (pg/reaction tube)

Lactoferrin (ng/reaction tube)

0 1 1.3 2 4 10 20 100 0 5 25 50 125 250 500
Water (0) +,+ EE - = == == == = = == 4+ 4+ o+t == == == = = = =
Betaine (11.7) T S S e S e i I e S S S T
BSA (0.4) +,+ +H+ +H+ +H+ H+ - - - 4+ A+ 4+ +
Dextran 50 (1) +,+ - - = - = == - = - = - = ++ +,+ - = == == = = = =
Dimethyl sulfoxide (1) 4+ - == == == == == == 4+ A+ - == == == = =
Glycerol (5) +,+ - - = - = == - = - = - = ++ ++ - = == == = = — -
gp32 (0.01) R S T I o S S R O S e e T T U S O = R T
Nonidet NP-40 (0.1) T S T S e i S
Polyethylene glycol 400 (1) +,+ =+ — — — — — — — — — — — — — + 4+ ++ —— — — — — — — — —
Tween 80 (0.1) +,+ HE E - - = - - - - — = — = 4+ + ++ — = == == = = — =

“ Amplification facilitators were added to reaction mixtures of Ampli7ag Gold containing 1 ng of L. monocytogenes DNA and different concentrations of purified

hemoglobin and human milk lactoferrin.

b Results of two independent PCRs. +, PCR product of high yield; =, PCR product of low yield; —, no PCR product.

28, 32). Lactoferrin has been found to interact with nucleic
acids (15, 19), which is another possible mechanism of PCR
inhibition in addition to its ability to release iron ions. When
the inhibitory effects of hemoglobin and lactoferrin on 10 ther-
mostable DNA polymerases were investigated, Ampli7aq
Gold, Pwo, and Ultma were inhibited in the presence of 1.3 pg
of hemoglobin, while DyNAzyme EXL, rTth, Tfl, and Tli DNA
polymerases could amplify the specific PCR product in the
presence of all hemoglobin concentrations. In a previous study
(3), we found that Ampli7aqg Gold was highly sensitive to
blood, and the addition of 0.004% (vol/vol) blood was totally
inhibitory, whereas HotTub, Pwo, rTth, Tfl, and Tli DNA poly-
merases were found to resist 20% (vol/vol) blood. In this study,
Tag DNA polymerase was found to be more resistant and Pwo
was found to be more sensitive to blood. Batch-to-batch vari-
ability in the performance of Tag DNA polymerase was ob-
served when the detection limit in the presence of blood was
determined for different commercial batches (data not shown).
Also, other reports have shown differences in the sensitivities
of various thermostable DNA polymerases to PCR-inhibitory
samples such as blood (3, 36), aqueous and vitreous fluids of
the eye (53), feces (3), and phenol (24).

Addition of BSA to reaction mixtures in the LightCycler
Instrument is recommended, because it coats the capillary wall
and reduces the binding of SYBR Green I, DNA, oligonucle-
otides, and the polymerase (41, 55). On the other hand, addi-
tion of BSA can also relieve inhibition of DNA amplification
(4, 27, 38). Therefore, it was necessary to exclude BSA from
the reaction mixtures in order to study the effect of inhibitors
on real-time DNA synthesis by Ampli7aq Gold and rTth. How-
ever, the real-time DNA synthesis by r7th was more efficient
than that by AmpliZag Gold (data not shown), a result which
could be related to the molecular modification of AmpliZTag
Gold, which increased its adsorption to the glass capillaries.
This was supported by the ability of PCR inhibitors as well as
facilitators to enhance the fluorescence signal of Ampli7ag
Gold reaction mixtures through a possible coating of the cap-
illary wall, so that the polymerase was available for DNA
synthesis (data not shown). The rTth results were reproducible,
and a linear relationship was obtained between the fluores-

cence signal and the template concentration (Fig. 2). However,
the reproducibility was reduced when the inhibitors were
added, which may be related to (i) the ability of the capillaries
to bind different components of the reaction mixture, including
inhibitors, or (ii) the binding of inhibitors to dye and/or
dsDNA, reducing the number of dye molecules, which can bind
to the dsDNA formed. The high linearity in the presence of
bilirubin, hemin, and heparin (** > 0.93) indicates that they
interfere with the real-time DNA synthesis by competing with
the template. In a study by Byrnes et al. (9), heme was found
to be a competitive inhibitor with respect to the template and
a noncompetitive inhibitor with respect to nucleotides. The
inhibitory effect of heparin has been suggested on the basis of
an interaction between heparin and DNA, which could be
mediated by Mg®" (47). In a study by Ishii et al. (22), it was
suggested that heparin inhibition of topoisomerase might be
attributed to the highly sulfated, polyanionic nature of the
molecules rather than a specific oligosaccharide sequence
within it, and this inhibition was overcome by increasing either
the substrate DNA or the enzyme concentration. Heparin was
also found to copurify with DNA in traditional phenol-chloro-
form extraction, and the inhibition is not reversed by repeated
ethanol precipitation, boiling, or pH shifts followed by gel
filtration (23), which suggests a similarity between heparin and
DNA. Therefore, heparin inhibition could be related to its
ability to compete with target nucleic acid. Despite the fact that
increasing the concentration of template reduced the inhibi-
tion by bile salts, CaCl,, and FeCl;, the reduction in linearity
(r* ~ 0.86) indicates that their mechanisms of inhibition are
different from those of bilirubin, hemin, and heparin. Increas-
ing the negatively charged template reduced inhibition by
Ca®?" and Fe*" by binding them and preventing them from
competing with Mg>". Bile salts are polar derivatives of cho-
lesterol and contain both polar and nonpolar regions. Bile salts
have been found to be inhibitory for the amplification capacity
of Tag DNA polymerase (30). In a previous study (3), the
amplification capacities of nine thermostable DNA poly-
merases were compared in the presence of various PCR-inhib-
itory samples, and it was observed that Pwo and rTth were the
DNA polymerases most resistant to fecal samples, which sug-
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gests that the inhibitory components in feces, such as bile salts,
have a direct effect on the DNA polymerase. Magnesium ions
act as cofactors of the polymerase, and their concentration
affects primer annealing, the DNA melting temperature, and
the polymerase activity (17). Calcium ions at a concentration of
3 mM have been found to inhibit PCR when detecting L.
monocytogenes in the presence of 1.5 mM magnesium ions (8).
Those authors have suggested that calcium ions inhibit PCR by
competing with the magnesium ions as a cofactor for the DNA
polymerase, since higher tolerance to calcium ions was ob-
served in the presence of higher magnesium ion concentra-
tions. The inhibition by EDTA may be related to its ability to
inhibit DNA synthesis by chelating the Mg>" necessary for the
activity of DNA polymerase (43). Therefore, use of an in-
creased magnesium ion concentration has been employed to
maintain PCR activity in the presence of chelating agents.
PCR facilitators are added to relieve PCR inhibition. In this
study, 0.4% BSA and 0.01% gp32 were efficient in reducing the
inhibition of AmpliTag Gold by hemoglobin and lactoferrin.
However, the relieving efficiency of BSA was much more pro-
nounced than that of gp32. The binding efficiency of albumin
may explain its ability to reduce the amplification inhibition of
hemoglobin and lactoferrin (13). Other studies have noted a
similar relieving effect of BSA when it was added to PCR
mixtures (4, 20, 27, 38, 49). The gp32 protein is a single-
stranded-DNA (ssDNA) binding protein that is encoded by
gene 32 of bacteriophage T4 (12). This protein has been shown
to be involved in T4 DNA replication, repair, and recombina-
tion (54); to improve the accuracy of DNA replication in vitro
(18, 48); and to relieve nucleic acid amplification inhibition
(11, 27, 36). Betaine was efficient in reducing the inhibition
only by hemoglobin. Betaine has been suggested to increase
PCR specificity and product yield (16) and to increase the
thermal stability of proteins (46). In conclusion, the use of
DNA polymerases resistant to PCR-inhibitory components, in
combination with the use of appropriate amplification facilita-
tors, can, to some extent, eliminate the need for extensive
processing of blood samples prior to diagnostic PCR.
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