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ABSTRACT

POLYMERASE RESISTANCE TO PCR INHIBITORS IN BONE

By

Kenneth Daniel Eilert

The molecularly based forensic identification of aged and degraded human

skeletal remains requires optimization of the polymerase chain reaction (PCR). Several

substances have been reported to disrupt the PCR process, leading to a decrease in

amplification efficiency. PCR inhibitors are often encountered during the analysis of

skeletal remains; however, methods conventionally employed to separate inhibitors from

DNA may be less than ideal, as purification techniques tend to reduce the amount of

sample DNA. Forensic analyses of skeletal material are most commonly conducted with

variants of Taq DNA polymerase such as AmpliTaqTM Gold, which are derived from the

thermophilic bacterium Thermus aquaticus. While Taq is suitable for routine PCR, it is

susceptible to PCR inhibitors that can co-extract with skeletal DNA. Researchers have

demonstrated that DNA polymerases derived from other thermophilic species may

exhibit improved resistance to particular PCR inhibitors, though skeletally-derived

inhibitors have not been investigated. In this study, ten polymerases were analyzed for

inhibitor resistance to ancient skeletal DNA extracts, type I collagen, calcium ions, and

humic acid. Replicates were performed with and without the addition of bovine serum

albumin (BSA) to characterize mechanisms of relief with each inhibitor source. Ex

TaqTM HS and Tth DNA polymerases were identified as superior to AmpliTaqTM Gold for

tolerating bone-derived inhibitors, and the addition ofBSA was shown to alleviate

skeletally-derived PCR inhibition for many assayed polymerases.
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INTRODUCTION

The amplification of nucleic acid through the polymerase chain reaction (PCR)

has become a powerful tool and staple technique in forensic science. The ability to

amplify DNA from trace biological material allows for genetic identification when other

forms of identification are impossible. PCR is very sensitive, capable of reliably

generating sufficient copies of targeted genetic material for downstream analysis from

only a few intact cells. As such, the technique is employed in several applications that

require analysis from a limiting amount of DNA, including forensic identification,

phylogenetic reconstruction, and pathogen detection in medicine and food science.

It is possible to amplify DNA from post-mortem samples if it is sufficiently intact.

Over time, DNA degrades via hydrolytic deamination, or by single-stranded breaks in its

phosphate backbone as a result of hydrolysis or base loss (reviewed by Mitchell et al.

2005), with the rate of degradation being influenced by environmental factors such as

temperature, humidity, pH, and enzymatic attack (Lindahl 1993, Burger et al. 1999,

Smith et al. 2003). Generally, the efficiency of PCR depends on the quantity and quality

ofDNA added to the reaction, with DNA degradation reducing that efficiency. Modern

forensic analyses amplify short tandem repeats (STR)——stretches of nuclear DNA that are

100—500 nucleotides in length (Wallin et a1. 1998, Cotton et al. 2000, Krenke et al. 2002).

If the targeted DNA is extensively degraded, STR analysis will fail (Whitaker et al. 1995,

Chung et al. 2004). Mitochondrial DNA analysis often proves more successful than STR

analysis when DNA samples are heavily degraded, which may be due to a number of

reasons, including higher copy number per cell (Robin and Wong 1988) and superior

preservation due to cellular location (Foran 2006).



The Polymerase Chain Reaction

The PCR amplification process is facilitated by a polymerase, an enzyme that

catalyzes template-directed synthesis of nucleic acids from nucleoside triphosphates. The

DNA polymerase synthesizes a new DNA strand (amplicon) from a targeted template,

under conditions favorable for enzymatic activity in vitro, including optimized pH and

levels of PCR components. Template DNA is targeted with the inclusion of short,

complementary stretches ofDNA known as primers or oligonucleotides, which anneal to

single-stranded DNA. The polymerase binds to the template-primer complex and

provides a catalytic center for the incorporation of deoxynucleoside triphosphates.

Traditional PCR is conducted by manipulating the temperature of the reaction in a

cyclical fashion; each cycle includes a denaturation stage, an annealing stage, and an

extension stage. DNA is first made single-stranded by heating the reaction to near-

boiling (92—94°C), exposing annealing sites on the template for complementary primers.

The temperature is then lowered for primer annealing. The temperature and duration of

this stage, generally 45°—68°C for 30—60 seconds, are optimized around the primers to

promote annealing specificity, and are dependent on the primer length and base

composition. Finally, the temperature is raised to an optimal level for DNA extension,

which is dependent on the polymerase, PCR buffer, and nature of the template (Innis et

al. 1995, Su et al. 1996), but is typically set to 68—72°C. The length of the extension

stage must be sufficient to allow complete replication ofthe targeted amplicon, and

depends on polymerase extension rate and processivity (the number of nucleotides added

per association/disassociation with template DNA).



The DNA Polymerase

Organisms from all Kingdoms utilize some type of polymerase for DNA (or

RNA) synthesis (Ishino et al. 1998, Bell and Dutta 2002, Lehman 2003) and most employ

several DNA polymerases for efficient and accurate replication of their genome. For

example, a typical eukaryotic cell contains at least 15 types ofDNA polymerases, which

are distinguished by structure, enzymatic function, and abundance (Hubscher et al. 2002).

All DNA polymerases discovered to date can be classified into six families: A, B, C, D,

X, and Y (reviewed by Filée et al. 2002), and contain a shared architecture, presumably

owing to the conserved nature of DNA. Three major subunits exist, which structurally

resemble a clenching right hand (Figure 1) and are traditionally identified as “palm”,

“finger” and “thumb” domains (Kohlstaedt et al. 1992). The palm domain interacts with

two divalent metal cations (MgH) to serve as the catalytic center for phosphoryl transfer,

while the finger domain stabilizes interactions between incoming nucleotides and the

template. The thumb domain functions as an additional stabilizing and processivity

factor (reviewed by Steitz 1998). The catalytic (palm) domain ofDNA polymerases is

most highly conserved through polymerase families; however, the thumb and finger

domains differ structurally among families and appear to contribute to the enzymes’

variable properties (Steitz 1999).



Figure 1: Structure of DNA Polymerase

Finger Thumb

    Finger

Polymerases for which crystal structures have been developed share a common

phenotype resembling a right hand that includes “palm” (red), “finger” (purple) and

“thumb” (khaki) domains. Examples include Taq (left), an A family polymerase, and Tok

(right), an archaeal B family polymerase. Image from Pavlov et a1. (2004).

PCR-Utilized Polymerases

The most extensively utilized replicative enzyme in PCR is Taq DNA

polymerase, derived from the thermophilic bacterium Thermus aquaticus, which was

isolated from the hot springs of Yellowstone National Park. Kary Mullis is credited with

proposing the use of Taq in a PCR setting (Saiki et al. 1988), though the ability to

synthesize nucleic acids in vitro with replicative enzymes and temperature manipulation

was described prior to Mullis’ proposal (e.g., Kleppe et al. 1971). Before the isolation of

Taq, the primary polymerase utilized for DNA amplification was the Klenow fragment of

E. coli Pol I (reviewed by Uhlmann et al. 1998). The Klenow fragment is denatured at

high temperatures however, requiring the repeated addition of polymerase with every



amplification cycle. Taq is inherently heat-resistant and requires addition to PCR only

once, making DNA amplification more cost-effective while allowing for the automation

of PCR.

Taq belongs to polymerase family A, the same family that includes prokaryotic

Pol I enzymes (Braithwaite and Ito, 1993). Taq ’s thermostability is measured as a

function of activity half-life at sustained temperature, and is reported to be 120 minutes at

925°C, 40 minutes at 95°C, and 9 minutes at 975°C (Blanchard et al. 1993). Native Taq

synthesizes DNA at a maximal rate of 75 nucleotides per second at 70°C (Innis et al.

1988, Abramson et al. 1990) and incorporates approximately 60 nucleotides per binding

event (Abramson et al. 1990, King et al. 1993, Takagi et al. 1997). Fidelity

measurements vary among authors (Tindall and Kunkel 1988, Keohavang and Thilly

1989, Tse and Forget 1990, Ling et al. 1991, Lundberg et al. 1991, Cariello et al. 1991,

Tindall and Kunkel 1992, Brail et al. 1993, Lawyer et al. 1993, Cline et al. 1996, Takagi

et al. 1997, Patel et al. 2001) but is estimated to be 2.1 x 10-4—82 x 10.6 errors per

nucleotide polymerized. The enzyme exhibits an inherent 5’—3’ exonuclease activity

(Longley et al. 1990) but no “proofreading” 3 ’—5’ exonuclease activity (Tindal and

Kunkel 1988), meaning that it can degrade DNA in a forward direction during

replication, but cannot correct its own base pair misinsertions. Taq also exhibits marginal

reverse transcriptase activity (the ability to produce DNA from an RNA template; Jones

1989); however, the enzyme is not utilized in vitro for this purpose.

Several modifications have been applied to Taq in attempts to increase one or

more aspects of enzyme performance. One of the earlier variants of Taq was the Stoffel

fragment, an N-terminal deletion derivative that lacks the 5’—3’ exonuclease domain.



The Stoffel fragment was reported to be more thermostable than the full enzyme and to

exhibit optimal polymerase activity under a larger range of Mg++ concentrations (Lawyer

et al. 1993). This derivative was traditionally preferred over Taq for amplification of

GC-rich templates where a higher denaturation temperature was required (Newton 1994).

KlenTaq (or Taq large fragment) is a similar N-terminal deletion mutant lacking the 5’—

3’ exonuclease domain that reportedly exhibits a two-fold higher fidelity rate than the

whole enzyme (Barnes 1992).

Many variants of Taq have been modified for “hot-start” functionality in order to

increase specificity to template DNA. In hot-start PCR, the polymerase is rendered inert

at low temperatures where non-specific annealing of primers to template may occur. As

the temperature is increased, primer annealing becomes more specific, and at the same

time the polymerase is activated. This is accomplished via a number of methods,

including paraffin-imbedded reagents that are released when heated (Herbert et al. 1993)

or polymerase-binding ligands that sterically hinder protein-DNA interactions until

released by heat (Birch et al. 1996). AmpliTaqTM Gold (Applied Biosystems) is simply

Taq bound to an inhibitory chemical ligand, which requires several minutes of high PCR

temperatures before the molecule is dissociated and the enzyme is activated. Ex TaqTM

HS (Takara) is another Taq variant that utilizes a polymerase-specific antibody to block

DNA interactions until sufficiently heated. HotMasterTM Taq utilizes a proprietary

chemical ligand that competitively binds the polymerase at low temperatures and is

released at high temperatures with each cycle of PCR, thereby increasing template

specificity (Eppendorf commercial literature).



Though Taq has proven a reliable enzyme for mainstream DNA amplification, it

has its limitations and may not necessarily be optimal for situation-specific PCR. Many

thermostable polymerases have been isolated and found suitable for PCR, which are

derived from myriad thermophilic bacteria and archaea and made commercially available

in natural or recombinant forms. A list of enzymatic properties for several thermostable

polymerases is provided in Table 1. Most of these belong to families A (prokaryotic

repair polymerases) or B (archaeal and eukaryotic replicative polymerases) (Pavlov et al.

2004), though recently there has been considerable effort to isolate thermostable Y-

family polymerases for specialized PCR applications, namely the improved synthesis of

UV-damaged DNA (McDonald et al. 2006). The enzymatic properties of polymerases

(e.g., nuclease activity, fidelity, processivity, or extension rates) vary among families and

species of origin, and commercial products are touted according to one or more intrinsic

properties that surpass Taq’s capabilities. For example, Pfu DNA polymerase, which is

derived from the hyperthennophilic archaebacterium Pyrococcusfusorious, reportedly

exhibits a 12-fold higher fidelity rate than Taq (Lundberg et al. 1991). Tth DNA

polymerase from Thermus thermophilus functions as both a polymerase and as a reverse

transcriptase (Myers and Gelfand 1991), and may be utilized for one-tube reverse

transcriptase-PCR (RT-PCR).

One ofthe most notable variations among polymerases is an increased fidelity due

to 3’—5’ exonuclease activity (i.e., proofreading). B family polymerases exhibit

proofreading activity and tend to exhibit higher fidelity rates than other polymerases

(Cline et al. 1996). However, in practice this advantage comes at a cost, as proofreading

enzymes can degrade primers and template when not actively participating in extension



(Haff and Smirnov 1997), resulting in reduced DNA yield. This is particularly

problematic for forensic or anthropological samples that are already low in template copy

number. Template and primer degradation can be minimized by conducting PCR with

nucleotide concentrations of 2004100 uM for each dNTP. Lower concentrations may

result in depletion of the dNTP pool during DNA synthesis, which promotes

exonucleolytic activity as the dominant function of the enzyme (Roche commercial

literature, New England Biolabs commercial literature). Additionally, it is advised to add

the polymerase immediately prior to PCR cycling, so as to minimize potential template

degradation (reviewed by Rolfs et al. 1992). Primers can also be made nuclease-resistant

with the use of phosphorothioate-modified nucleotides during synthesis, which is

recommended when using proofreading polymerases (reviewed by Liao et al. 2005).



Table 1: Properties of Various PCR-Suitable DNA Polymerases

 

DNA

Polymerase (errors/base

Stoffel

Fragment

Tth HB8

Tfi

Tli

(Vent)

Tfl

(Replinase)

Pfu

Fidelity Processivity Ext.

/diyglex)

.4

2.1x10 —

-6

8.2x10

ND

-5

3.0x10

ND

-5

1.6x10 -—

-6

2.8x10

4.0xio'

(2.5—3.7)

-5

x10

(nt)

42

20—40

ND

ND

30-40

2. I-20

Rate Activity Activity Properties

(Ht/SEQ 5'—3' 3'—5'

60—150 yes

>50

25

ND

17

33-67

25

no

yes

yes

no

no

110

Exonuclease

no

no

no

no

yes

no

yes

RT

yes‘l‘

no

yes

no

yes‘l'

yesI

no

Special

Broad

RangeI

RT-PCR

References

Tindall and Kunkel

1988, Keohavang and

Thilly 1989, Tse and

Forget 1990, Ling et

al. 199], Lundberg et

al. 1991, Cariello et

al. 1991, Tindall and

Kunkel I992, Brail et

al. 1993, Lawyer et

al. 1993, Cline et a].

1996, Takagi et al.

1997, Patel et al.

2001

Rolfs et al. 1992,

Pavlov et al. 2002

Carballeira et al.

1990, Sellmann et al.

1992, Frey and

Suppmann I995

Shandilya et al. 2004

Brail et al. 1993,

Kong et al. 1993,

Cline et al. 1996

Mattila et al. 1991,

Rolfs et al. I992,

Brail et al. 1993,

Pavlov et al. 2004

Epicentre commercial

literature

Brail et al. 1993,

Cariello and Skopek

I993, Takagi et al.

1997, Pavlov et al.

2002



Table 1: Properties of Various PCR-Suitable DNA Polymerases (cont’d.)

 

 

DNA Fidelity Processivity Ext. Exonuclease RT Special References

Polymerase (errors/base (nt) Rate Activity Activity Properties

/duplex) git/sec) 5'—3' 3'—5'

-7 Roche commercial
Tgo 4.9x 1 0 ND ND no yes no literature

KODI (Pfx) ND >300 l06-l38 no yes no Takagi et al. 1997

GB-D -6 <20 23 no es no Cline et al. 1996,

(DeepVent) 27X”) y Takagi et a]. 1997

_6 Frey and Suppman

Pwo 3.2x10 20-30 ND no yes no 1995, Roche

Diagnostics I999

 

Thermostable polymerases listed by name, as well as enzyme characteristics including

fidelity, processivity, extension rate, and presence or absence of 5’—3’ exonuclease

activity, 3'—5' exonuclease activity, or reverse-transcriptase (RT) activity. Other notable

enzyme properties are also listed if applicable.

RT-PCR: reverse-transcriptase-PCR

Ext.: extension

'I Exhibits negligible but detectable RT activity.

I Exhibits optimal activity in the presence of 2—10 mM Mg”.
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In an effort to overcome the limitations of individual polymerases, multiple

enzymes can be simultaneously employed in one PCR reaction (Barnes 1994).

Polymerase blends are typically comprised of a primary enzyme (for DNA amplification)

mixed with a secondary polymerase, in order to improve some aspect of amplification

efficiency (e.g., inclusion of proofreading to reduce nucleotide misincorporation). A list

of commercially available polymerase blends is found in Table 2.

Table 2: Commercial DNA Polymerase Blends.

 

 

Polymerase Supplier Major Supporting

Blends Polymerase Polymerase

®

Advantage -HF Clontech/Takara KlenTaq Proprietary Proofreader

®

EXL DNA Polymerase Stratagene Pfil Taq

ExpandTM High Fidelity PCR System Roche Taq Tgo

LA TaqTM Polymerase Takara Taq DeepVent

. ® . . .
Platinum Taq High Fidelity lnvitrogen Taq DeepVent

®

Taquus Precision PCR System Stratagene Taq Pfi;

 

The manufacturer of available commercial polymerase blends as well as the primary and

supporting enzymes utilized.

A large body of research has focused on reengineering thermostable polymerases

to enhance fidelity and processivity or to confer additional functionality to the native

enzyme. These modifications either take the form of point mutations or genetic

recombination. Random mutagenesis screens of Taq have resulted in mutant cold-

sensitive variants for hot-start PCR applications (e.g., Kennekchiev et al. 2003), while

site-directed mutagenesis has been utilized to create variants with lowered fidelity for

11



mutagenic PCR (e.g., Patel et al. 2001) as well as mutants that more effectively

incorporate ddNTPs for sequencing applications (Tabor and Richardson 1995, Li et al.

1999)

Several DNA polymerase chimeras have also been developed (e.g., Villbrandt et

al. 2000, Pavlov et al. 2002, Davidson et al. 2003, McDonald et al. 2006), which are

genetically engineered enzymes that incorporate functional domains and structural motifs

from native polymerases and other proteins into a “best of all worlds” construct. This is

made possible because of the modular and independently-folding nature of polymerase

domains, which allows for cooperative domain behavior despite different species origins

(Pavlov et al. 2004). Most attempts to engineer chimeras have focused on improving

commonly utilized PCR polymerases in order to enhance their natural capabilities. For

instance, Taq was modified for increased processivity and fidelity through its fusion with

the thioredoxin binding domain from T3 bacteriophage DNA polymerase (Davidson et al.

2003). The processivity of both Taq and Pfu were greatly enhanced with the fusion of

the double-stranded DNA binding protein Sso7d from the hyperthermophilic

archaeabacteria Sulfolobus solfataricus (Wang et al. 2004). Similarly, polymerase

processivity, thermostability, and resistance to salt inhibition were increased with the

fusion of sequence-nonspecific DNA binding helix-hairpin-helix motifs to Taq and Pfu

(Pavlov et al. 2002). This technique has also been applied to the Stoffel fragment and is

commercially marketed as TopoTaqTM (Figure 2). A list of commercially available

chimeric polymerases can be found in Table 3.

12



Figure 2: Taq and TopoTaqTM Domain Organization

 

  

1" Stoffel Fragment B

/

‘, I 4 Stoffel Fragment

a , / \

 

  

HhH ""'I_ 4— TopoTaq

/

I“ ‘— Taq

 

5‘ 7 3‘ exonuclease domain

(A) Schematic representation of Taq DNA Polymerase, highlighting the Stoffel fragment

of Taq (gray), 5'—3’ exonuclease domain (green), and single helix-hairpin-helix (HhH)

motif in the 5’—3’ exonuclease domain (yellow). (B) Cartoon of TopoTaqTMand Taq

domain organization. The domains of the TopoTaqTM chimera are modeled to resemble

native Taq, where DNA-binding HhH repeats (yellow) are positioned N-terminal to the

Stoffel fragment. TopoTaqTM combines multiple HhH repeats fi'om DNA Topoisomerase

V with the Stoffel fragment to create an enzyme with increased processivity over Taq.

Image from Pavlov et al. (2002).



Table 3: Commercial DNA Polymerase Chimeras

 

 

Polymerase Chimeric

Chimeras Supplier Structural Composition Advantage

TopoTaqTM Fidelity Systems Taq DNA polymerase + Topo V HhH motifs Increased

processivity,

thermostability,

and salt

resistance

Pfx50TM lnvitrogen Thermococcus zilligi DNA polymerase + ssDNA- Increased

binding domain processivity

PfilU/traTM 11 Stratagene Pfu + dsDNA-binding domain Increased

Fusion HS processivity

Herculase® ll Stratagene Pfu + dsDNA-binding domain Increased

Fusion processivity

PhusionTM Finnzymes / GB-D DNA polymerase + dsDNA-binding domain Increased

New England processivity

Biolabs

 

Name and manufacturer of commercially available polymerase chimeras. Original

polymerases are listed along with domain modifications, as well as conferred advantage

relative to the original enzyme.

PCR Inhibition

PCR is very sensitive when conducted under conditions that allow for optimal

protein-nucleic acid interactions. Suboptimal reaction conditions include improper

parameters for reagents (e.g., incorrect annealing temperature for primer pairs) or an

inefficient ratio ofPCR components leading to reduced amplification (e.g., insufficient

Mg++ or dNTPs). Further, several substances have been reported to inhibit PCR. The

degree of inhibition can be partial or whole, resulting in less efficient amplification,

which reduces detection sensitivity, or a complete disruption of amplification.

14



The major mechanisms of PCR inhibition can be classified into three categories

(Wilson 1997). The first class of inhibition involves a failure of cell lysis, leaving target

DNA physically isolated from the PCR components. The second category includes

materials that directly degrade or capture template DNA or primers, including competing

DNA-DNA interactions. For example, primers and intact template DNA may anneal to

sheared DNA fragments, creating multiple substrates for polymerase binding and

resulting in excessive non-targeted amplification (Lienert and Fowler 1992). The third

category of inhibition involves molecules that interact with the polymerase directly,

leading to reduced or failed amplification. The specific mechanisms of this interaction

vary widely among inhibitors. Some molecules bind the polymerase directly and prevent

DNA interactions, such as heme, a component of blood (Akane et al. 1994), and humic

substances from soil (Tsai and Olsen 1992). Other molecules (e.g., phenol, detergents)

can denature the enzyme (Rossen et al. 1992, Katcher and Schwartz 1994), and yet others

can enzymatically degrade the enzyme, such as proteinases present in food samples

(Powell et al. 1994).

Polymerases can also be inhibited indirectly if required cofactors are unavailable.

Divalent cations such as Mn++ and Ca++ are thought to competitively bind the enzyme’s

active site where Mg“ is required for catalytic activity (Bickley et al. 1996). Further,

metal chelators like EDTA inhibit PCR by sequestering MgH in solution (Rolfs et al.

1992)

15



PCR Inhibitors Encountered in the Forensic Analyses ofBiological Samples

PCR inhibition is regularly observed in forensic evidence submitted for DNA

analysis. Blood contains multiple PCR inhibitors, including heparin (Beutler et al. 1990),

heme (Akane et al. 1994), and immunoglobulin G (Abu Al-Soud et al. 2000). Other

common sources ofPCR inhibition in forensic samples include melanin in skin and hair

(Eckhart et al. 2000), urea from urine (Mahoney et al. 1998), bacteria from vaginal

secretions (Lienert and Fowler 1992), and bile acids, bilirubin and polysaccharides in

feces (Olive 1989, Monteiro et al. 1997, Lantz et al. 1997). Other inhibitors are derived

from secondary sources rather than the biological material itself. Serological fluids must

sometimes be extracted from unorthodox substrates (e.g., carpet material, flooring,

fabric) that prove difficult to extract biological evidence from or contain substances that

co-extract with DNA and inhibit PCR. For example, DNA extracted from leather can be

inhibited in PCR due to co-extracted tanning agents (Bright and Petricevic 2004).

Another common example is indigo, a dye that imparts pigmentation to denim and other

fabrics, which strongly inhibits PCR (Shutler et al. 1999).

Combating PCR Inhibition

Several techniques have been developed to overcome the effects of inhibitors

present in DNA extractions. The most straightforward method is simple dilution of the

extract. IfDNA quantities are high enough, they can be diluted to a point where

inhibitory effects are relieved, permitting amplification. However, the success of this

16



method is ultimately sample-dependent, as excessive dilution of template DNA can

reduce amplification efficiency. Some traditional DNA purification methods allow for

the co-isolation of PCR-inhibitory substances. For example, phenol-chlorofonn

extractions may fail to remove water-soluble inhibitors like urea or humic acid (Moreira

1998), Fe++ (Kreader 1996), and components of feces (Wilde et al. 1990), while ChelexTM

chelating resin has proven ineffective at removing inhibitors from blood samples (Jung et

al. 1991, Greenspoon et al. 1998). As such, alternative DNA purification methods have

been utilized to increase DNA yield or overcome inhibition from biological mixtures.

For example, Rossen et al. (1992) developed a hot-NaOH DNA extraction method for use

on dairy-related food samples to alleviate inhibitory effects encountered during pathogen

detection assays. Likewise, an alkaline lysis procedure for use with hair shafts was

developed by Graffy and Foran (2005) that reduced PCR inhibition compared to

conventional grinding methods, and was particularly effective at improving amplification

success from chemically treated hair.

Additionally, extracted DNA may be re-purified prior to PCR. Methods include

selective precipitation (e.g., Wallace 1987), silica membrane spin column filtration (e.g.,

Greenspan et al. 1998), Microcon® filtration (e.g., Makristathis et al. 1998), gel filtration

(e.g., Gur'ev et al. 1998), DNA-binding silica beads (e.g., Zink et al. 2005), and

immunomagnetic DNA separation (e.g., Ye et al. 2004). All can be effective at

separating PCR inhibitors from the DNA; however, purification usually results in a loss

of sample DNA (reviewed by Miller et al. 1999), so caution is advised with low DNA

copy number samples.
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The addition of chemical adjuvants to PCR can also lead to improved

amplification, either by optimizing PCR component interactions or combating inhibitors

directly. Dimethyl sulfoxide (DMSO) has been shown to improve PCR and reverse

transcriptase-PCR yield, presumably by stabilizing nucleic acid complexes and

improving primer annealing efficiency (Shen and Hohn 1992, Sidhu et al. 1996).

Kreader (1996) demonstrated that the addition of bovine serum albumin (BSA) or T4

gene 32 protein could relieve PCR inhibition in the presence of 10—1000 times higher

Fe“, hemin, and humic substance levels than without, although neither improved

inhibition from bilirubin, EDTA, NaCl, bile salts, or detergents.

Special Considerationsfor DNA Extraction and PCRflom Skeletal Material

DNA may be recovered from skeletal material if soft tissue or serological fluid is

not analyzable. Postmortem, bone tends to degrade more slowly than softer tissue—a

property that proves useful in anthropological and forensic DNA analyses. The recovery

ofDNA from skeletal material is traditionally accomplished by drilling or pulverizing

bone into powder to maximize surface area (e.g., Hess and Paabo 1993, Edson et al.

2004), followed by cell lysis and DNA extraction. Several extraction methods have been

described in the literature (e.g., Meijer et a1. 1992, Hess and Péiiibo 1993, Baron et al.

1996, Yang et al. 1998), but the standard strategies involve sample digestion with an

EDTA/detergent buffer (to dissolve the inorganic components of bone and lyse cells)

followed with either phenol-chloroform or silica-based techniques to selectively extract
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DNA from cellular debris (reviewed by Hummel et al. 2003, Rohland and Hofreiter

2007)

The amplification ofDNA from aged or damaged skeletal samples can be

especially challenging due to the combination of degraded template and co-extracted

PCR inhibitors. Inhibition has been reported with bones exposed to soil (e.g., Hagelberg

et al. 1991, Yang et al. 1998, Sutlovic et al. 2005) and water (e.g., Kalmar et al. 2000,

Sorensen et al. 2003). The major inhibitors cited in these scenarios are humic substances

(e.g., humic and fulvic acids), which are polyphenolic compounds originating from

decomposed plant and animal matter and characterized by their structural heterogeneity

(Li et al. 2003). Humic substances can accumulate in skeletal samples via prolonged

exposure to water or soil (Tsai and Olsen 1992), and are thought to disrupt PCR by

denaturing or covalently binding to the polymerase, preventing DNA replication (Tebbe

and Vahjen 1993, Young et al. 1993).

Bone is composed of approximately 70% hydroxyapatite [Ca5(PO4)3(OH)], which

forms the calcium phosphate lattice that imparts rigidity to it. Standard DNA extraction

methods first utilize EDTA to decalcify skeletal hydroxyapatite by binding Ca”. It is not

known how much Ca++ persists through skeletal DNA extraction and purification

procedures; however, Ca” has been shown to inhibit DNA amplification in non-skeletal

studies. For instance, Abu Al-Soud and Radstrom (1998) demonstrated that

concentrations of 1 mM Ca++ inhibited PCR when using Taq and AmpliTaqTM Gold DNA

polymerases, presumably due to Mg"L+/Ca++ competitive binding at the polymerase active

site.
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The remaining 30% of bone is organic material, with approximately 27% being

collagen (Scholz et al. 1998), which is also a proven PCR inhibitor (Kim et al. 2000).

Collagen is an extracellular protein found in various forms of connective tissue, and is

classified into several distinct types based on amino acid sequence. Mature collagens

exist as right-handed triple helixes composed of three polyproline Il-like a-chains

(Brodsky and Ramshaw 1997). The primary constituent ofbone is type I collagen, a

heterotrimer 300 nm in length consisting oftwo (11(1) and one (12(1) chains (Dalgleish

1997, Von Der Mark 1999). Intact type I collagen is insoluble in water and should be

removed from skeletal digests following organic extraction (reviewed by Hummel et al.

2003); however, Scholz et al. (1998) identified degraded type I collagen (using UV-Vis

spectrophometry, SDS-PAGE, and collagenase treatments) as a potent PCR inhibitor in

ancient skeletal DNA samples that had undergone phenol-chloroform extraction. While

both intact and degraded type I collagen are inhibitory (Scholz et al. 1998, Kim et al.

2000), the mechanism by which either affects PCR is not clear. Kim et al. (2000) found

that inhibition by type I collagen could be partially reversed with the addition of extra

Mg”, suggesting that collagen may sequester available Mg++ in PCR.

Diflerential Polymerase Resistance to PCR Inhibitors

Multiple researchers have observed that polymerases derived from different

thermophilic species exhibit varying degrees of resistance to particular inhibitors. Abu

Al-Soud and Radstrom (1998) contrasted the ability of nine DNA polymerases to amplify

bacterial DNA in the presence of complex biological mixtures, including blood, meat,
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cheese, and feces. Additionally, polymerases were spiked with high levels of Mg”, Ca”,

K+, and Na+ to simulate ionic concentrations that might be present in food samples and

inhibit PCR pathogen detection assays. The authors demonstrated that AmpliTaqTM Gold

and Taq (Boehringer Mannheim) were more sensitive to Ca” and inhibitors from blood

than were Pwo, Tub, Tfl, and Tli. Few studies exist that include such a comprehensive

variety of polymerases; however, other researchers have reported differential inhibitor

resistance among a small number of enzymes. For instance, Tth was found to retain

polymerase activity in 5% phenol, whereas Taq was inhibited by a trace amount (Katcher

and Schwartz 1994). Tth and Tfl have been shown to be more resistant to inhibition than

Taq in the presence of vitreous eye fluid (Wiedbrauk et al. 1995). In a food pathogen

detection assay, Pwo was more sensitive to inhibition than Taq in the presence of

collagen (Kim et al. 2000). The apparent relative inhibitor resistance of some

polymerases suggests that the selection ofpolymerase may be a useful tool in

overcoming PCR inhibition encountered with skeletal DNA amplification.

Goals ofThis Project

Many forensic DNA laboratories utilize only one polymerase for the analysis of

biological samples, based on their existing standard operating procedures. A prime

example is the Armed Forces DNA Identification Laboratory (AFDIL), which is one of

the leading laboratories in the world for the processing of degraded skeletal remains.

AFDIL utilizes AmpliTaqTM Gold as the exclusive enzyme for all skeletal DNA

amplification (Edson et al. 2004). Further, the enzyme is integrated into several
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commercial kits extensively utilized by the forensic community (e.g., Applied

Biosystems AmpFlSTR® Identifiler PCR Amplification Kit, Applied Biosystems

AmpFlSTR® Yfiler PCR Amplification Kit, and Promega PowerPlex® 16 System).

However, AmpliTaqTM Gold has been shown in previous studies (see above) to more be

sensitive to PCR inhibitors compared to some other enzymes.

The purpose of this study was to investigate polymerase inhibitor resistance as a

means towards improving the amplification ofDNA from skeletal material. To the

author’s knowledge, an assay of polymerase-specific resistance to skeletally-derived

inhibitors has never been conducted. It was hypothesized that commercially available

DNA polymerases isolated from various thermophilic species would behave differently in

the presence of PCR—inhibitory substances derived from bone, and some polymerases

might exhibit an increased inhibitor resistance relative to conventionally utilized

standards such as AmpliTan Gold.

Towards this goal, a series of assays was designed to analyze ten commercially

available thermostable polymerases for resistance to skeletally-derived PCR inhibitors.

Five Taq enzymes or variants (including AmpliTaqT” Gold), and five polymerases

derived from thennophiles other than T. aquaticus, were evaluated for sensitivity to

inhibitors from skeletal DNA extracts as well as type I collagen, calcium ions, and humic

acid. PCR reactions were conducted with and without the addition ofBSA in order to

examine the adjuvant’s alleviating effects on PCR inhibition. The overall goal of the

study was to identify inhibitor-resistant polymerases that would most effectively facilitate

the genetic identification of aged and degraded skeletal remains, as well as to better

characterize PCR inhibition mechanisms encountered with the analysis of bone.

22



MATERIALS AND METHODS

Human Bones Selected as Sources ofPCR Inhibition

Ancient human bone was chosen to serve as a genuine source of skeletally-

derived inhibitors for the polymerase-specific resistance assay. Michigan State

University graduate students collected sets of skeletal samples from burial sites in Butrint

and Diaporit, Albania. Sample sets included whole or fragmented remains of skulls, long

bones, vertebrae, ribs, pelvic bones, metacarpals, and metatarsals (Murray 2006). Bone

fragments from burials designated 501 O and 213 exhibited high incidences of PCR

inhibition during previous genetic analyses (M. Mutolo, personal communication), thus

one bone was chosen from both sets. Burial 5010 is an adult female, excavated fi'om

Butrint and dated to the 5th—7‘h Century A.D. Burial 213 is an adult male, excavated from

Diaporit and dated to the 5th—7th Century A.D. A tibia fragment was selected from burial

5010, and a thoracic vertebra fragment was selected from burial 213. Positive control

DNA was isolated from a fresh porcine ox coxae fragment (pork loin chop).

Persistence ofColor-Causing Substances in Bone Extractions

Mutolo (2006) reported unusual coloring of bone powder and subsequent DNA

extractions generated from Albanian excavation skeletal samples during previous

analyses. The discoloration varied widely among skeletal sets, ranging from yellow to

dark brown. The author noted that the color could not be eradicated with Microcon®
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purification. Discoloration of skeletal extractions has traditionally been attributed to soil-

derived humic substances or Fe++ that persist through various purification techniques and

co-exlract with DNA (Hagelberg and Clegg 1991, Cooper 1992, Tuross 1994).

The two fragments selected from burials 5010 and 213 are depicted in Figure 3 to

show native bone discoloration. The tibia fragment fiom 5010 was brown in color, while

vertebra fragment 213 was red in color. During phenol-chloroform extraction, the

aqueous layer from 5010 retained a light brown discoloration, while the extract from 213

had a red discoloration consistent with the original bone. Discoloration was retained

following Microcon® purification. With subsequent dilution, the coloring disappeared,

and no discoloration was visible in the 1:10 and 1:20 dilutions of either extract.

Figure 3: Tibia Fragment 5010 and Thoracic Vertebra Fragment 213

 

Discoloration of skeletal samples 5010 (lefi) and 213 (right) prior to powder collection.

Tibia fragment 5010 is a yellowish-brown color, while vertebra fragment 213 is a dull red

color. Color-attributing substances persisted through DNA phenol-chloroform extraction

and Microcon® purification.
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Reagent and Tool Preparationfor DNA Extraction

Personal protective equipment, including latex gloves, surgical mask, and long-

sleeve laboratory coat, was utilized to minimize DNA contamination at all points of

preparation, extraction, and DNA amplification of skeletal samples. Handling of skeletal

material and DNA extraction were performed in a Labconco Purifier PCR Enclosure,

which was cleaned with 10% bleach and 70% ethanol prior to use. A “bone wash”

reduced-EDTA digestion buffer (10 mM EDTA, 0.5% SDS, 20 mM Tris pH 8.0) was

prepared according to Mutolo (2006). Bone wash, standard digestion buffer (50 mM

EDTA, 0.5% SDS, 20 mM Tris pH 8.0) and water were purified with a .22-micron filter.

A Dremel tool was cleaned with 10% bleach and 70% ethanol. Dremel collets, rings, and

1/16th inch drill bits were soaked in bleach for 15 minutes, rinsed with sterile water and

allowed to air dry. Bone wash, digestion buffer, water, Dremel tool, drill bits, pipettes,

pipette tips, PCR tubes, weigh boats, weigh paper, 1.5 mL microcentrifuge tubes, cotton

swabs and forceps were UV-irradiated for 10 minutes and then placed in a Cleanspot

UV/PCR Workstation (cleaned with 10% bleach and 70% ethanol), and UV-irradiated

until utilized.

Skeletal Material Processing

Skeletal samples were placed into weigh boats. The Dremel tool was fitted with a

1/16th inch drill bit, cleaned again with 70% ethanol, and utilized to remove a small

portion of bone surface material approximately 1 mm deep. The bone fragment was
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transferred to a piece of weigh paper, and the surface powder was discarded. The

exposed bone surface was swabbed with bone wash twice and allowed to air dry. The

Dremel tool was disassembled, fitted with a new drill bit, and cleaned with 70% ethanol.

A hole was drilled into the exposed surface of bone to generate powder. One hundred

milligrams of powder was collected into two 1.5 mL microcentrifuge tubes for each

ancient human bone fragment, and 50 mg ofpowder was collected into two tubes for the

porcine bone. Three hundred microliters of digestion buffer and 5 uL of 20 mg/mL

proteinase K were added to each tube. A reagent blank containing 300 uL digestion

buffer and 5 iiL of proteinase K was also prepared. Samples and reagent blanks were

vortexed for 15 seconds and incubated at 55°C for 48 hours.

Skeletal DNA Extraction

DNA was extracted using a phenol-chloroform method. Three hundred

microliters of phenol was added to each sample tube, then vortexed for 30 seconds and

centrifuged at 14,000 rpm for 5 minutes. The aqueous layer was transferred to a new

tube. Three hundred microliters of chloroform was added to each tube, then vortexed for

30 seconds and centrifuged at 14,000 rpm for 5 minutes. The aqueous layer was

transferred to a Microcon® YM-lOO centrifugal filter device and centrifuged at 500 x g

for 12 minutes. Three hundred microliters of water was added to each tube, then

centrifuged at 500 x g for 15 minutes. DNA from human extractions was eluted in 50 iiL

of sterile water, and porcine DNA was eluted in 100 uL of sterile water. Human and

porcine samples were mixed with respective duplicate extractions to ensure consistent
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concentrations ofDNA and inhibitory elements. To prevent DNA degradation as a result

of multiple freeze-thaw cycles, the porcine DNA extraction was aliquoted into 10

volumes of 20 uL. A portion of the DNA extraction from samples 5010 and 213 was

aliquoted and diluted with sterile water at 1:5, 1:10, and l :20 of the original

concentration. All extractions were stored at -20°C.

Thermostable Polymerases Selectedfor Assays

Five Taq polymerases from different commercial sources, as well as five non-Taq

polymerases, were selected for the inhibitor resistance assays. The polymerase names,

bacteria of origin, and commercial suppliers are listed in Table 4. Tfl, Tfi, and Tth belong

to the A family of polymerases that includes Taq, while Tgo and Pfx50TM are archaeal B

family polymerases that exhibit proofreading ability.
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Table 4: Assayed Polymerases

 

 

Name Therrnophile Supplier

Taq Thermus aquaticus New England Biolabs

Taq Thermus aquaticus Promega

AmpliTaqTM Gold Thermus aquaticus Applied Biosystems

HotMasterTM Taq Thermus aquaticus Eppendorf

Ex Taq1"” HS Thermus aquaticus Takara

Tfl Thermusflavus Promega

Tfi Thermusfiliformis Invitrogen

Tgo Thermococcus gorgonarius Roche

Tth Thermus thermophilus Roche

Pfx50TM Thermococcus zilligii lnvitrogen

 

The different assayed polymerase products listed by name, thermophilic bacterium of

origin, and commercial supplier.

Composition ofPCR Buffers

Commercial polymerase products come supplied with a PCR buffer solution

optimized for enzymatic efficiency. PCR buffer composition varies among commercial

sources and the formula is often proprietary. Buffers contain a pre-optimized

concentration of Mg”, or alternatively, an external Mg++ source is provided for manual

optimization. The buffer compositions of the polymerases in this study are listed in

Table 5.
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Table 5: PCR Buffer Composition

 

Polymerase Buffer Composition

Taq (New England Biolabs) 10X ThermoPol Reaction Buffer:

200 mM Tris-HCI, 100 mM (NH4)2$O4, 100 mM KC],

20 mM MgSO4, 1% Triton X-100 (pH 8.8 @ 25°C)

Taq (Promega) 10X Reaction Buffer:

100 mM Tris-HCI, 500 mM KC], 1% Triton X-100 (pH 9.0 @ 25°C)

Separate vial of 25 mM MgClz

TM

AmpliTaq Gold 10X GeneAmp PCR Buffer ll:

(Applied Biosystems) 100 mM Tris-HCI, 500 mM KCI, (pH 8.3 @ room temperature)

Separate vial of 25 mM MgClz

TM

HotMaster Taq (Eppendorf) Proprietary (10X buffer contains 25 mM MgC12)

TM

Ex Taq HS (Takara) Proprietary (10X buffer contains 20 mM MgC12)

7]] (Promega) 10X Reaction Buffer:

200 mM Tris-acetate, 100 mM (NH4)2804 (pH 8.9 @ 25°C)

Separate vial of 25 mM MgC12

Tfi (lnvitrogen) 5X Reaction Buffer:

250 mM Tris-HCI, 75 mM (NH4)2$O4, 25 mM KC], ] mM DTT,

proprietary stabilizers (pH 8.4)

Separate vial of 50 mM MgCl2

Tth (Roche) 10X Reaction Buffer:

100 mM Tris-HCl, 15 mM MgClz, I M KC], 500 ug/mL BSA,

0.5% Tween 20 (v/v) (pH 8.9 @ 25°C)

Tgo (Roche) 5X Reaction Buffer:

50 mM Tris-HCI, 87.5 mM (NH4)2804, 6.25 mM MgClz,

2.5% Tween 20 (v/v), 7.5% DMSO (v/v) (pH 8.5 @ 25°C)

TM Proprietary (10X buffer contains ]2 mM MgSO4, undisclosed
PfXSO I In"( "VI ogen) concentration of BSA)

 

Lists the PCR buffers for each polymerase product. Prepackaged buffers are optimized

for standard PCR. Note that suppliers often provide several buffer solutions for use; the

listed buffer is the variant utilized in inhibitor assays.
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PCR Conditionsfor Bone Inhibition Assay

Primer sequences and PCR cycling parameters are outlined in Table 6. A master

mix was prepared for 10 uL PCR reactions and included the following: 1X PCR reaction

buffer, 1 uL of 20 iiM forward primer Pig-F, 1 uL of 20 uM reverse primer Pig—R, 1 uL

of deoxynucleoside 5’—triphosphates (200 uM each dNTP), 1 U of polymerase, I iiL of

60 ng/uL porcine DNA, 1 uL ofhuman bone DNA extraction (at varied concentrations;

see below) and water to a final volume of 10 uL. If required, Mg++ was added to the

master mix at a reaction concentration of 2.5 mM. PCR reactions were spiked with DNA

extractions from bone samples 5010 and 213 using 1 uL of the original extraction or 1 pL

of a 1:5, 1:10, or 1:20 dilution of the extraction. Primers Pig-F or Pig-R were designed

according to Lahiff et al. (2000) and are specific for a 212 bp porcine mtDNA amplicon.

Positive and negative controls were conducted with every reaction set, and all reactions

were performed in duplicate. A single replicate including nonacetylated bovine serum

albumin (FisherBiotech) was also conducted for the 213 extraction, which substituted 1

uL of4 ug/uL BSA for 1 uL of water in each reaction. After cycling, 5 uL of each PCR

product was loaded onto a 2% agarose gel and electrophoresed. PCR products were

visualized with ethidium bromide staining and UV illumination, and analyzed for

successful target amplification.
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Table 6: Primer Sequences and PCR Parameters

Bone Extraction Assays

 

 

 

Target Primer Sequence (5'-3') Amplicon PCR Parameters

Name Size

ATPase subunit 8 Pig-F gcctaaatctcccctcaatggta 212 94°C 2 min

(porcine mtDNA) Pig-R atgaaagaggcaaatagattttcg 94°C 30 sec

35 cycles 53°C 1 min

72°C 30 sec

72°C 7 min

Individual Inhibitor Assays

 

 

 

Target Primer Sequence (5'-3') Amplicon PCR Parameters

Name Size

HV] F15989 cccaaagctaagattctaat 421 94°C 2 min

(human mtDNA) R16410 gaggatggtggtcaagggac 94°C 30 sec

35 cycles 55°C 1min

72°C 1min

72°C 7 min

 

Includes primer sequences and PCR cycling parameters for the bone inhibition assay and

individual inhibitor assays. Porcine primers were developed by Lahiff et al. (2000).

Hypervariable Region I (HVI) primers are utilized by the Armed Forces DNA

Identification Laboratory (AFDIL) for human identification (Edson et al. 2004).

PCR Conditionsfor Individual Inhibitor Assays

Assayed polymerases were also analyzed for their ability to amplify DNA in the

presence of inhibitors thought to co-extract with DNA during skeletal sample extraction,

including collagen, Ca“, and humic acid. PCR reactions were prepared in 10 uL

volumes using the parameters described above with the following substitutions: 1 uL of
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20 uM forward primer 15989F, 1 pL of 20 uM reverse primer 16410R, 1 uL of 2 ng/uL

human genomic DNA, 1 uL of 4 ug/uL BSA, 1 uL of inhibitor (see below), and water to

a final reaction volume of 10 uL. The concentrations of inhibitors added to PCR

reactions are summarized in Table 7. PCR reactions were cycled according to parameters

listed in Table 6 and visualized as previously described. All reaction sets were performed

in duplicate. PCR reactions were conducted with and without BSA. Type I collagen

from calf skin (Sigma-Aldrich, product number C9791) was dissolved in a NaH2P04

buffer (adjusted to pH = 3) to remove protein crosslinks, and neutralized with 5 N NaOH

to pH 7.0. Collagen was diluted with water into the following stock concentrations: 1

pg/uL, 5 ug/uL, 10 ug/uL, 15 ug/uL, and 20 ug/uL. A blank of neutralized NaHzPO4

buffer was prepared for inclusion in positive controls to demonstrate that any material

included in the PCR reactions due to the necessary acidification/neutralization step did

not inhibit DNA amplification. This solution was substituted for 1 uL of water in the

positive controls for each collagen-spiked PCR reaction set. Granular calcium chloride

dihydrate (J. T. Baker) was dissolved in water to the following stock concentrations: 10

mM, 25 mM, 50 mM, 75 mM, and 100 mM. Powdered humic acid (Alfa Aesar) was

dissolved in water to the following stock concentrations: 1 ng/uL, 10 ng/uL, 50 ng/uL,

100 ng/uL, and 1000 ng/uL.
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Table 7: Concentrations of Inhibitors

 

Inhibitor Source Supplier Fina] Concentration in PCR

1 2 3 4 5
 

Collagen (Type I, calfskin) Sigma 0.] ug/uL 0.5 ug/iiL l ug/uL 1.5 pg/iiL 2 ug/uL

Calcium (c302 . 2 H20) J. T. Baker 1 mM 2.5 mM 5 mM 7.5 mM 10 mM

Humic Acid Alfa Aesar 0.1 ng/iiL l ng/iiL 5 ng/iiL 10 ng/iiL 100 ng/pL

 

Source and final concentration of collagen, calcium, and humic acid added to PCR

reactions. Reactions were performed in duplicate, both with and without BSA.

Optimizing Polymerasesfor Bone Inhibition and Individual Inhibitor Assays

When possible, polymerases were assayed using manufacturer’s recommended

protocols, except that all PCR reactions were scaled to 10 uL volumes. All assayed

polymerases except Tfl were able to amplify the 212 bp porcine amplicon. When

attempting to amplify the 421 bp amplicon, Tgo and Pfx50TM required further

optimization to generate a target band in positive controls. Pfx50TM activity was restored

when dNTP concentrations were increased to 400 uM. Attempts to vary dNTPs, Mg”,

or polymerase concentrations in Tgo reactions did not yield positive amplification, nor

did adding template DNA. Tgo activity was restored in reactions that contained 20 ng

DNA, 300 M dNTPs, 3.75 mM Mg“, and 0.1 units polymerase, therefore these

parameters were adopted for subsequent PCR.
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RESULTS

Polymerase-Specific Inhibitor Resistance Assays—Ancient Bone Extractions

Polymerase amplification failure correlated with an increase in inhibitor

concentration in reactions that were spiked with ancient bone extracts. Because PCR

reactions were conducted using constant PCR cycling parameters and reagent

concentrations (with exceptions; see Materials and Methods), some additional qualitative

discrimination could be made between PCR products of differing intensities when

visualized with ethidium bromide/UV illumination. Inhibition was witnessed as a

gradual decline in band intensity or the absence of a band as the concentration of

inhibitor source increased (Figure 4).
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Figure 4: Relief of Inhibition with Dilution of Skeletal Inhibitory Elements
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Typical results for PCR reactions when spiked with skeletal DNA extracts. (A)

represents dilutions of extract 5010 amplified using AmpliTaqT“ Gold. (B) represents

dilutions of extract 213 amplified using HotMasterTM Taq. Lane “L” contains 1 pL of a

New England Biolabs Low Molecular Weight Marker. Target amplicon is 212 bp. Lane

“U” contains 5 pL of reactions spiked with undiluted bone extract, and lanes “1 :5”,

“l :10”, and “l :20” contain 5 iiL of reactions that were spiked with respective extract

dilutions. Lanes “+” an “-” contain 5 uL of positive and negative controls. Note the

gradual decrease in band intensity as inhibitor concentration increased.

DNA Amplification in the Presence ofTibia Fragment 5010

The results of the polymerase-specific inhibitor resistance assay utilizing the 5010

extract are displayed in Table 8. The two unmodified Taq variants exhibited different

levels of inhibition susceptibility, as the Promega-supplied product amplified DNA in the

presence of a 1:5 inhibitor dilution, while the New England Biolabs Taq failed to amplify

DNA even in the 1:20 dilution. The three hot-start Taq variants consistently amplified

DNA in all dilutions, but not at full strength. Tgo polymerase was inhibited at the l :10

dilution, while Tth and Pfx50TM amplified DNA in the undiluted extraction. Polymerases

Tfl and Tfi failed to amplify in the presence of any dilution of the 5010 extract, and

surprisingly also failed when no inhibitor was added to the porcine bone DNA. Positive
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control PCR was conducted substituting human non-skeletal DNA for the porcine bone-

derived DNA (with human HVI primers; see Table 6), whereupon successful

amplification was observed for both enzymes.

Table 8: DNA Amplification Results with Tibia Fragment 5010

 

PCR reactions containing

1 [LL of skeletal inhibitors:
 

 

DNA Polymerase Undiluted 1:5 Dil. 1:10 Dil. 1:20 Dil.

Taq (New England Biolabs) -/— -/— —/— -—/—

Taq (Promega) —/— —/+ +/+ +/+

AmpliTaqTM Gold (AB1) —/— +/+ +/+ +/+

HotMasterTM Taq (Eppendorf) —/— +/+ +/+ +/+

Ex TaqTM HS (Takara) —/— +/+ +/+ +/+

Tflt (Promega) —/— —/— —/— —/—

Tfit (lnvitrogen) —/— —/— —/— —/—

Tth (Roche) +/+ +/+ +/+ +/+

Tgo (Roche) —/— —/— —/— +/+

Pfx50TM (lnvitrogen) +/+ +/+ +/+ +/+
 

Inhibitory effects of tibia fragment 5010 on the DNA amplification efficiency of assayed

polymerases. PCR reactions were spiked with 1 uL of undiluted 5010 extract or a 1:5,

1:10, or 1:20 dilution of the extract. “+” denotes visible targeted amplification after 35

cycles, while “—” denotes no visible targeted amplification after 35 cycles. All results are

from two independent PCR reactions.

'1' Enzyme failed to amplify skeletally-derived DNA when no inhibitor was added, but

amplified human, non-skeletal DNA when no inhibitor was added.

DNA Amplification in the Presence of Vertebra Fragment 213

Results of the polymerase-specific inhibitor resistance assay utilizing the 213

extract are displayed in Table 9. The extract appeared to be more inhibitory than the
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5010 extract, requiring additional dilution before polymerase activity was restored. All

enzymes except Tth were inhibited in the presence of the undiluted extraction, and all

except Tth and Ex TaqTM HS were inhibited in the presence of the 1:5 dilution.

AmpliTaqTM Gold and HotMasterTM Taq amplified DNA in the presence of the 1:10

dilution, while Tgo and Tfi were inhibited at the 1:10 dilution. Unmodified Taq variants

and Pfx50TM were inhibited in all concentrations of the 213 extract. Tfl was unable to

amplify skeletally-derived DNA in the presence or absence of the exogenous inhibitor.

Table 9: DNA Amplification Results with Vertebra Fragment 213

 

PCR reactions containing

1 pL of skeletal inhibitors:
 

 

DNA Polymerase Undiluted 1:5 Dil. 1:10 Dil. 1:20 Dil.

Taq (New England Biolabs) —/— —/— —/+ —/—

Taq (Promega) —/- —/— —/— —/—

AmpliTaqTM Gold (AB1) —/— —/— +/+ +/+

HotMasterTM Taq (Eppendorf) —/— —/— —/+ +/+

Ex TaqTM HS (Takara) —/— +/+ +/+ +/+

Tflt (Promega) —/— —/— —/— —/—

Tfi (lnvitrogen) —/— —/— —/— +/+

Tth (Roche) —/+ +/+ +/+ +/+

Tgo (Roche) —/— —/— —/— -/+

Pfx50TM (lnvitrogen) _/_ _/_ _/_ _/_
 

Inhibitory effects of vertebra fragment 213 on the DNA amplification efficiency of

assayed polymerases. PCR reactions were spiked with 1 uL of undiluted 213 extract or a

1:5, 1:10, or 1:20 dilution of 231 extract. “+” denotes visible targeted amplification afier

35 cycles, while “—” denotes no visible targeted amplification after 35 cycles. All results

are from two independent PCR reactions.

‘1’ Enzyme failed to amplify skeletally-derived DNA when no inhibitor was added, but

amplified human, non-skeletal DNA when no inhibitor was added.
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DNA Amplification in the Presence of Vertebra Fragment 213—BSA Included

When BSA was added to PCR reactions, most polymerases exhibited an improved

amplification ability in the presence of higher inhibitor concentrations from the 213

extract (Table 10). All enzymes except Taq (New England Biolabs), Tfl, and Pfx50TM

generated a visible target amplicon in the presence of undiluted 213 extract. BSA did not

restore Tfl amplification in the presence or absence ofthe 213 extract.

Table 10: DNA Amplification Results with Vertebra Fragment 213—BSA Included

 

PCR reactions containing

1 pL of skeletal inhibitors:
 

 

DNA Polymerase Undiluted 1:5 Dil. 1:10 Dil. 1:20 Dil.

Taq (New England Biolabs) _ + + +

Taq (Promega) + + + +

AmpliTaqTM Gold (AB1) + + + +

HotMasterTM Taq (Eppendorf) + + + +

Ex TaqTM HS (Takara) + + + +

Tflt (Promega) — _ _ _

Tfi (lnvitrogen) + + + +

Tth (Roche) + + + +

Tgo (Roche) + + + +

Pfx50TM (lnvitrogen) — + + +

 

Inhibitory effects of vertebra fragment 213 on the DNA amplification efficiency of

assayed polymerases when 4 pg of BSA was added to each 10 uL reaction. PCR

reactions were spiked with l uL of undiluted 213 extract or a 1:5, 1:10, or 1:20 dilution

of 213 extract. “+” denotes visible targeted amplification after 35 cycles, while “—”

denotes no visible targeted amplification after 35 cycles.

“I Enzyme failed to amplify skeletally-derived DNA when no inhibitor was added, but

amplified human, non-skeletal DNA when no inhibitor was added.
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Polymerase Resistance to Collagen

The results of the inhibitor resistance assay that utilized type I collagen as an

agent ofPCR inhibition are displayed in Table 11. All polymerases successfully

amplified DNA in the presence of 1 and 5 pg collagen in a 10 pL PCR volume. Taq

(New England Biolabs) failed to amplify DNA in the presence of 10 pg collagen, while

Taq (Promega), AmpliTaqTM Gold, Tfl, and Tfi were inhibited at 10 pg collagen in one

replicate. Tth and Tfl were inhibited in one replicate in the presence of 15 pg collagen,

and HotMasterTM Taq consistently amplified DNA at 15 pg collagen. All polymerases

except Tgo were completely inhibited in the presence of 20 pg collagen. Tgo did not

amplify 2 ng DNA, even when no inhibitor was added. When 20 ng DNA was added to

PCR, Tgo amplified DNA in the presence of 20 pg collagen. The base-neutralized

phosphate buffer used to solubilize collagen was incorporated into positive controls and

did not inhibit any of the assayed polymerases.
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Table 11: DNA Amplification Results with Type I Collagen

 

PCR reactions containing collagen at:
 

 

DNA Polymerase 1 pg 5 pg 10 pg 15 pg 20 pg__

Taq (New England Biolabs) +/+ +/+ —/— —/— —/—

Taq (Promega) +/+ +/+ +/— —/— —/—

AmpliTaqTM Gold (AB1) +/+ +/+ +/— —/— —/—

HotMasterTM Taq (Eppendorf) +/+ +/+ +/+ +/+ —/—

Ex TaqTM HS (Takara) +/+ +/+ +/+ —/— —/-

Tfl (Promega) +/+ +/+ +/— +/— —/—

Tfi (lnvitrogen) +/+ +/+ +/— —/— —/—

Tth (Roche) +/+ +/+ +/+ +/— —/—

Tgot (Roche) +/+ +/+ +/+ +/+ +/+

Pfx50TM (lnvitrogen) +/— +/+ +/+ —/- —/—
 

Inhibitory effects of type I collagen on the DNA amplification efficiency of assayed

polymerases. PCR reactions of 10 pL volumes were spiked with 1, 5, 10, 15, or 20 pg

669

collagen. “+” denotes visible targeted amplification after 35 cycles, while — ’ denotes no

visible targeted amplification after 35 cycles. All results are from two independent PCR

reactions.

I PCR reactions contained 20 ng DNA instead of 2 ng DNA.

Polymerase Resistance to Collagen—BSA Included

The results of the BSA-facilitated inhibitor resistance assay that utilized type I

collagen as an agent ofPCR inhibition are displayed in Table 12. When BSA was added,

polymerases consistently amplified in the same or higher concentrations of collagen

versus respective reactions that lacked the adjuvant. All assayed polymerases

successfully amplified in the presence of l and 5 pg collagen. Taq (New England

Biolabs) was inhibited with 10 pg collagen. Taq (Promega) and AmpliTaqTM Gold were

inhibited with 15 pg collagen. HotMasterTM Taq, Ex TaqTM HS, Tth, and Pfx50TM were
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inhibited with 20 pg collagen. Tfl and Tfi successfully amplified DNA in the presence of

20 pg collagen. Tgo did not amplify 2 ng DNA, even when no inhibitor was added.

When 20 ng DNA was added to PCR, Tgo amplified DNA in the presence of 20 pg

collagen.

Table 12: DNA Amplification Results with Type I Collagen—BSA Included

 

PCR reactions containing collagen at:
 

 

DNA Polymerase 1 pg 5 pg 10 lg 15 g 20 pg_

Taq (New England Biolabs) +/+ +/+ —/— —/— —/—

Taq (Promega) +/+ +/+ +/— —/— —/—

AmpliTaqTM Gold (AB1) +/+ +/+ +/— —/— -/—

HotMasterTM Taq (Eppendorf) +/+ +/+ +/+ +/+ —/—

Ex TaqTM HS (Takara) +/+ +/+ +/+ +/+ —/—

Tfl (Promega) +/+ +/+ +/+ +/— +/—

Tfi (lnvitrogen) +/+ +/+ +/+ +/+ +/—

Tth (Roche) +/+ +/+ +/+ +/+ —/—

Tgot (Roche) +/— +/— +/+ +/+ +/—

Pfx50TM (lnvitrogen) +/— +/+ +/+ +/— —/—
 

Inhibitory effects oftype I collagen on the DNA amplification efficiency of assayed

polymerases when 4 pg ofBSA was added. PCR reactions of 10 pL volumes were

spiked with l, 5, 10, 15, or 20 pg collagen. “+” denotes visible targeted amplification

afier 35 cycles, while “—” denotes no visible targeted amplification after 35 cycles. All

results are from two independent PCR reactions.

‘1' PCR reactions contained 20 ng DNA instead of 2 ng DNA.

Polymerase Resistance to Calcium

The results of the inhibitor resistance assay that utilized calcium as an agent of

PCR inhibition are listed in Table 13. Tth was inhibited at 2.5 mM Ca”, while Taq (New
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England Biolabs and Promega), AmpliTaqTM Gold, 771, Tfl, and Pfx50TM were inhibited

at 5 mM Ca“. HotMasterTM Taq and Ex TaqTM HS were inhibited at 7.5 mM Ca”. Tgo

did not amplify 2 ng DNA, even when no inhibitor was added. When 20 ng DNA was

added to PCR, Tgo amplified DNA in 7.5 mM Ca”. All assayed polymerases were

completely inhibited in 10 mM Ca”.

Table 13: DNA Amplification Results with Calcium

 

PCR reactions containing CaH at a

reaction concentration of:
 

 

DNA Polymerase 1 mM 2.5 mM 5 mM 7.5 mM 10 mM

Taq (New England Biolabs) +/+ +/+ —/— —/— —/—

Taq (Promega) +/+ +/+ —/— —/— —/—

AmpliTaqTM Gold (AB1) +/+ +/+ —/— —/—— —/—

HotMasterTM Taq (Eppendorf) +/+ +/+ +/+ —/— —/—

Ex TaqTM HS (Takara) +/+ +/+ +/— —/- —/—

Tfl (Promega) +/+ +/+ —/— —/— —/—

Tfi (lnvitrogen) +/+ +/+ —/— —/— —/—

Tth (Roche) +/+ —/— —/— —/— —/—

Tgo’r (Roche) +/+ +/+ +/+ +/+ —/-

Pfx50TM (lnvitrogen) +/+ +/— —/— —/— —/—
 

Inhibitory effects of calcium on the DNA amplification efficiency of assayed

polymerases. PCR reactions of 10 pL volumes were spiked with 1 pL of a 10, 25, 50, 75,

or 100 mM Ca++ solution. “+” denotes visible targeted amplification after 35 cycles,

while “—” denotes no visible targeted amplification after 35 cycles. All results are from

two independent PCR reactions.

'1' PCR reactions contained 20 ng DNA instead of 2 ng DNA.
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Polymerase Resistance to Calcium—BSA Included

The results of the BSA-facilitated inhibitor resistance assay that utilized calcium

as an agent ofPCR inhibition are listed in Table 14. When BSA was added, some

polymerases amplified in higher concentrations of calcium versus respective reactions

that lacked the adjuvant. HotMasterTM Taq showed the greatest improvement and

generated a visible amplicon in 10 mM Ca”. BSA also improved DNA amplification

with Tfl, Tfi, and Tth, as the enzymes amplified DNA in 5 mM, 7.5 mM, and 2.5 mM

Ca”, respectively. Taq variants other than HotMasterTM Taq, as well as Tgo and

Pfx50TM, did not exhibit improved amplification when BSA was added.
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Table 14: DNA Amplification Results with Calcium—BSA Included

 

PCR reactions containing Ca” at a

reaction concentration of:
 

 

DNA Polymerase 1 mM 2.5 mM 5 mM 7.5 mM 10 mM

Taq (New England Biolabs) +/+ +/+ —/— -/— —/—

Taq (Promega) +/+ +/+ —/— —/— —/—

AmpliTaqTM Gold (ABI) +/+ +/— —/— —/— —/—

HotMasterTM Taq (Eppendorf) +/+ +/+ +/+ +/+ +/—

Ex TaqTM HS (Takara) +/+ +/+ —/— —/-— —/—

Tfl (Promega) +/+ +/+ +/- —/— —/—

Hi (lnvitrogen) +/+ +/+ +/+ +/— —/—

Tth (Roche) +/+ +/— —/— —/— —/—

Tgot (Roche) +/— +/+ +/+ +/— —/—

Pfx50TM (lnvitrogen) +/— +/— —/— —/— —/—
 

Inhibitory effects of calcium on the DNA amplification efficiency of assayed

polymerases when 4 pg of BSA was added. PCR reactions of 10 pL volumes were

spiked with 1 pL of a 10, 25, 50, 75, or 100 mM Cad“+ solution. “+” denotes visible

targeted amplification after 35 cycles, while “—” denotes no visible targeted amplification

after 35 cycles. All results are from two independent PCR reactions.

‘1’ PCR reactions contained 20 ng DNA instead of 2 ng DNA.

Polymerase Resistance to Humic Acid

The results of the inhibitor resistance assay that utilized humic acid as an agent of

PCR inhibition are listed in Table 15. All assayed polymerases amplified DNA in the

presence of 1 ng humic acid in a 10 pL PCR volume. Taq (Promega), HotMasterTM Taq,

and Tfl and were inhibited at 10 ng humic acid. Taq (New England Biolabs),

AmpliTaqTM Gold, Ex TaqTM HS, and Tfi were inhibited at 50 ng humic acid. Tth

became inhibited at 100 ng humic acid, and Pfx50TM became inhibited at 1000 ng humic
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acid. Tgo did not amplify 2 ng DNA, even when no inhibitor was added. When 20 ng

DNA was added to PCR, Tgo was inhibited at 50 ng humic acid.

Table 15: DNA Amplification Results with Humic Acid

 

PCR reactions containing humic acid at:
 

 

DNA Polymerase 1 ng 10 ng 50 “L 100% 1000 ng_

Taq (New England Biolabs) +/+ +/— —/— —/— —/—

Taq (Promega) +/+ —/— —/— —/— —/—

AmpliTaqTM Gold (ABI) +/+ +/— —/— —/— —/—

HotMasterTM Taq (Eppendorf) +/+ —/— —/— —-/— —/—

Ex TaqTM HS (Takara) +/+ +/+ —/— —/— —/-—

Tfl (Promega) +/+ —/— —/- —/-— —/—

Tfi (lnvitrogen) +/+ +/+ —/— —/— —/—

Tth (Roche) +/+ +/+ +/+ -—/— —/-

Tgot (Roche) +/+ +/+ —/— —/— —-/—

Pfx50TM (lnvitrogen) +/+ +/+ +/+ +/+ —/—
 

Inhibitory effects of humic acid on the DNA amplification efficiency of assayed

polymerases. PCR reactions of 10 pL volumes were spiked with 1, 10, 50, 100, or 1000

ng humic acid. “+” denotes visible targeted amplification after 35 cycles, while

“—”denotes no visible targeted amplification after 35 cycles. All results are from two

independent PCR reactions.

'1’ PCR reactions contained 20 ng DNA instead of 2 ng DNA.

Polymerase Resistance to Humic Acid—BSA Included

The results of the BSA-facilitated inhibitor resistance assay that utilized humic

acid as an agent of PCR inhibition are listed in Table 16. Inhibition was consistently

relieved with the addition of BSA. All polymerases amplified DNA in the presence of

100 ng humic acid, though Tgo required 20 ng DNA before amplification was observed.
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All polymerases were inhibited in the presence of 1000 ng humic acid. For most of the

polymerases tested, the addition of BSA permitted successful amplification in 10 to 100-

fold more humic acid than without.

Table 16: DNA Amplification Results with Humic Acid—BSA Included

 

PCR reactions containing humic acid at:

 

DNA Polymerase 1 ng 10 ng 50 pg 100 “L 1000 ng_

Taq (New England Biolabs) +/+ +/+ +/+ +/+ —/—

Taq (Promega) +/+ +/+ +/+ +/— —/—

AmpliTaqTM Gold (ABI) +/+ +/+ +/+ +/+ —/—

HotMasterTM Taq (Eppendorf) +/+ +/+ +/+ +/+ —/—

Ex TaqTM HS (Takara) +/+ +/+ +/+ +/+ —/—

Tfl (Promega) +/+ +/+ +/+ +/+ —/—

Tfi (lnvitrogen) +/+ +/+ +/+ +/+ —/—

Tth (Roche) +/+ +/+ +/+ +/+ —/—

Tgot (Roche) +/+ +/+ +/+ +/+ —/—

Pfx50TM (lnvitrogen) +/+ +/+ +/+ +/+ —/—
 

Inhibitory effects of humic acid on the DNA amplification efficiency of assayed

polymerases when 4 pg of BSA was added. PCR reactions of 10 pL volumes were

spiked with 1, 10, 50, 100, or 1000 ng humic acid. A “+” denotes visible targeted

amplification after 35 cycles, while “—” denotes no visible targeted amplification after 35

cycles. All results are from two independent PCR reactions.

‘1' PCR reactions contained 20 ng DNA instead of 2 ng DNA.
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DISCUSSION

Variable Polymerase Resistance to Inhibitors in Bone Extracts

The purpose of this study was to investigate thermostable DNA polymerases for

their ability to amplify DNA from skeletal remains. An ideal polymerase should generate

high DNA yields from low copy number samples while exhibiting superior resistance to

inhibitors likely to be present in skeletal DNA extracts. The most direct way to examine

resistance among polymerases was to subject each to skeletal samples that have

previously proven inhibitory to PCR. Human tibia fragment 5010 and vertebra fragment

213 represented some of the most challenging ancient skeletal samples to which our

laboratory had access, as previous attempts to amplify DNA from them were

unsuccessful due to apparent PCR inhibition, even after extensive organic extraction and

Microcon® filtration (Mutolo 2006). These bones provided an excellent opportunity to

examine the inhibitor sensitivity of assayed polymerases.

The assays that utilized bone as an inhibitor source were designed such that

polymerase-specific inhibition (reviewed by Wilson 1997) would be the only explanation

for failed DNA amplification. To accomplish this, it was necessary to rule out PCR

failure simply resulting from a lack of template DNA; thus the inhibited human skeletal

material was not used as the DNA source. Instead, template DNA was obtained from

fresh porcine bone, and all PCR reactions contained the same quantity of target material,

estimated at 60 ng by UV spectrophotometry. The use of porcine-specific PCR primers
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meant that human DNA, either from the bones or from the investigator, would not be a

source of contamination.

DNA amplification success among polymerases varied widely in the presence of

bone extracts (before BSA was added), though there were some general trends in

polymerase performance between both bones. Hot-start Taq variants and Tth fared better

in high concentrations of the 5010 and 213 inhibitors (Tables 8 and 9), while Taq and

Tgo had activity only at more dilute concentrations. Among the hot-start polymerases,

Ex TaqTM HS was the least susceptible to the 213 extract, followed by AmpliTaqTMGold

and HotMasterTM Taq, respectively. Tfl and Tfi performed relatively poorly, amplifying

DNA only in dilute concentrations of the 213 extract, and both enzymes failed to amplify

DNA with any added 5010 extract. Additionally, Tfl and Tfi failed to amplify skeletally-

derived porcine DNA, even in the absence of exogenous inhibitors. The reason for the

latter finding is unclear; however, amplification failure might be due to the enzymes’

susceptibility to even the small amount of (apparent) skeletal inhibitors present in the

porcine extract. Tfi did amplify DNA in the presence of the most dilute 213 extract, but

band intensity was extremely weak (data not shown), even in positive (porcine) controls,

suggesting that inhibition was still occurring as a result of the porcine extract.

Interestingly, BSA relieved inhibition due to the 213 extract for Tfi but not Tfl. When

PCR assays were conducted using non-skeletal DNA as template, amplification was

successful with both enzymes. Additionally, neither enzyme exhibited substantial

susceptibility relative to the other polymerases in collagen, Ca”, or humic acid-spiked

reactions, and BSA relieved inhibition for both in the presence of individual inhibitor

sources (discussed in detail below), indicating that collagen and Ca++ were not present in
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the porcine extract in sufficient quantities for inhibition. Further, it is extremely unlikely

that humic acid was present in the extract, as the porcine bone was not in contact with

soil. Therefore, the specific inhibitor that led to DNA amplification failure with Tfl and

Tfi remains unidentified. Nonetheless, the results are grounds to omit either enzyme from

PCR reactions that would benefit from low susceptibility to skeletally-derived inhibitors.

Most ofthe assayed enzymes exhibited a decrease in amplification efficiency in

the presence of the 213 extract relative to the 5010 extract. The cause of this variation is

unknown; however, the two skeletal fragments are from different excavations and

displayed different discoloration, so it is possible that they contained different inhibitors

(or proportions of specific inhibitors) from the bone and/or soil. The brown discoloration

of tibia fragment 5010 and its corresponding DNA extract is indicative of soil-derived

humic acids (Stevenson 1982), which are thought to bind the polymerase directly

(discussed in detail below). Vertebra fragment 213 and its extract had a reddish tint. The

distinctive color of red soil is characteristic of iron content, primarily in the form of

hematite (Fe203), magnetite (Fe3O4), or goethite (FeOOH) (Wang et al. 1993, Pai et a1.

2003). Iron concentrations of 10 mM and higher have been shown to inhibit Taq

(Kreader 1996, Abu Al-Soud and Radstrtim 2000), presumably by interfering with

polymerase-Mg” interactions. If humic substances and iron were both present in the 213

extract, then it could have inhibited PCR by multiple mechanisms, helping to explain the

high inhibition observed with assayed polymerases. BSA relieves the effects of both

inhibitors (Kreader 1996), which probably accounts for the low inhibitor susceptibility

observed with extract-spiked Tth reactions (whose buffer contained BSA) versus

polymerases that did not benefit from the adjuvant. The high inhibitor susceptibility of
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Pfx50TM (which also had BSA in its buffer) to the 213 extract is puzzling, especially

considering that no inhibition was observed with the 5010 extract, though this

phenomenon further implies that inhibitors were affecting polymerase activity by

multiple mechanisms.

PCR reactions with Pfx50TM differed from the other reactions in two major

respects: amplification was conducted with the lowest amount ofMg“ relative to other

polymerases (1.2 mM in the 1X commercial buffer), and Pfx50TM, unlike the other

assayed enzymes, is a chimeric construct. Low Mg“ may have contributed to the

inhibition observed with the 213 extract (especially if some component were binding

Mg“ or competing for the polymerase active site), a possibility that could be addressed in

future studies by manipulating Mg“ levels. However, lack of available Mg“ did not

appear to be the primary cause of inhibition, as PCR reactions utilizing Tth contained

only 1.5 mM Mg“, yet the enzyme was highly resistant to inhibitors in the 213 extract.

It is also possible that the structural nature ofthe chimera contributed to inhibitor

susceptibility. US. patent records indicate that Pfx50TM consists of T. zilligi DNA

polymerase fused to a single-stranded DNA binding protein derived from S. solfataricus,

though details such as domain organization remain proprietary (Lee et al. 2007). Enzyme

processivity data for Pfx50TM are not available; however, archaeal family B polymerases

are characteristically nonprocessive (reviewed by Perler et a1. 1996). If an inhibitor

inactivated the accessory protein, the enzyme would likely experience a decrease in

processivity (and DNA amplification efficiency). This may explain why Pfx50TM

suffered additional inhibition not experienced by polymerases that did not require the
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support of a non-polymerase domain to amplify DNA at efficiencies necessary for typical

PCR.

Variable Polymerase Resistance to Collagen, Calcium, and Humic Acid

To the author’s knowledge, only one study (Scholz et al. 1998) has been

published on the identification and quantification of collagenous material from skeletal

DNA extractions, yet many cite the study as authoritative evidence that collagen is a

primary PCR inhibitor in bone (e.g., Kalmar et al. 2000, Chelomina 2004, Chung et a1.

2004, Kemp et a1. 2006). In the study, 21 ancient (400—700 AD.) skeletal samples were

digested and extracted using the phenol-chloroform method. Eighteen ofthe twenty-one

extractions contained a negatively-charged substance that fluoresced blue under UV

illumination following agarose gel electrophoresis. Further, this fluorescence persisted

after spin column filtration (30 kDa cutoff). DNA amplification failed for all samples

containing the fluorescent substance, and PCR using contemporary DNA failed when

spiked with the ancient DNA extracts. Amplification was restored for 15 of 21 samples

when collagenase (a protease specific for collagen, see below) was substituted for

proteinase K in the bone digestion step prior to DNA extraction. The fluorescent

substance disappeared after 30 hours of collagenase treatment. The authors demonstrated

that contemporary type I collagen also fluoresced blue under UV light, and inhibited

PCR. Because of this, they surmised that degraded collagen was co-extracting with the

skeletal DNA and inhibiting PCR.
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The effects of collagenase observed by Scholz et al. (1998) raise some questions

regarding the possible mechanisms of collagen inhibition in skeletal remains.

Collagenase is a highly specific protease that cleaves at a single bond on each peptide

chain ofthe collagen triple helix to initiate protein degradation in vivo (reviewed by

Chung et al. 2004). The apparent relief from collagen inhibition with collagenase

(Scholz et al. 1998) initially suggests that the inhibitory effects of collagen are reduced

by cleaving the triple helix (or denatured peptide chains) into large pieces.

Unfortunately, the authors failed to mention the commercial source of collagenase used

in the study, which makes interpretation of the results difficult, as many “crude”

collagenase products are actually mixtures of several proteases that work together to

degrade collagen into small peptides (Sigma-Aldrich commercial material). Collagen

may have been degraded sufficiently to be removed by spin column filtration, but this

was not investigated. Further, the authors did not attempt to relieve PCR inhibition by

applying collagenase to the ancient DNA extracts themselves, so it is not certain that

collagen remnants were in fact co-extracting with DNA. However, the DNA extracts

contained inhibitors that were only neutralized when the bone samples were treated with

collagenase, so it is possible that collagen is capable of persisting through phenol-

chloroform DNA extractions.

The inhibitory potential of skeletally-derived collagen may depend on its state of

degradation. Each peptide chain of the type I collagen triple helix consists primarily of

non-polar amino acids that follow a regular Gly-X-Y tripeptide pattern, with X and Y

often occurring as proline and hydroxyproline, respectively (Dalgleish 1997). Intact type

I collagen is water-insoluble and should be removed during phenol-chloroform
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extraction. However, less frequent, highly polar tripeptide sequences also exist in type I

collagen, (e.g., Gly-Glu—Hyp, Gly-Ala-Arg; D612 and Heidemann 1986), which could be

sufficiently soluble in the aqueous phase of phenol-chloroform extractions to co-extract

with DNA if collagen in skeletal material were degraded to smaller units. In this case,

collagen fragments might bind polymerases at key amino acid residues, preventing the

molecular interactions required for DNA synthesis.

Peptide binding need not take place within the polymerase active site to inhibit

PCR, but could occur at finger or thumb domains, leading to decreased processivity as

template-polymerase contacts are disrupted. Melanin, a recognized PCR inhibitor,

appears to interfere with DNA amplification via a similar mechanism. Eckhart et al.

(2000) demonstrated that PCR reactions of larger amplicons were more susceptible than

smaller amplicons to inhibition by melanin, given identical PCR parameters, suggesting

that the inhibitor reduced enzyme extension rate or processivity. Further, the addition of

BSA to melanin-spiked samples restored DNA amplification, indicating that the adjuvant

was providing an alternative binding substrate and relieving polymerase-specific

inhibition. As polymerase species vary in regards to domain structure, some enzymes

might be more vulnerable to inhibition by highly charged peptides. It would be

interesting to test this idea by spiking PCR with short, synthesized peptides that resemble

the collagen sequence. If variable inhibitor resistances were observed among

polymerases, the experiment would help to identify those best suited for amplifying DNA

from aged skeletal samples where collagen degradation is more likely.

In the current study, Taq variants exhibited different susceptibilities to type I

collagen, but all amplified DNA in at least five times the previously reported minimum
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inhibitory concentration for Taq (0.08 pg/pL collagen; Kim et a1. 2000). Taq from New

England Biolabs was the most susceptible to inhibition (Table 11), as no amplification

was observed in the presence of 1 pg/pL collagen, while Taq (Promega), AmpliTaqTM

Gold, and Ex TaqTM HS became inhibited at 1.5 pg/pL collagen. HotMasterTM Taq

exhibited the lowest collagen inhibition susceptibility of the Taq variants, not being seen

at concentrations less than 2 pg/pL. HotMasterTM Taq might owe its comparatively

higher resistance to structural modifications engineered into the enzyme; it is advertised

as an altered form of native Taq (Eppendorf commercial literature). Unfortunately, any

details of these modifications are proprietary. Attempts to contact the manufacturer

yielded no additional information; the product rights were sold from Eppendorf to 5Prime

in April of 2007, and technical documentation is not yet available for existing technical

staff (D. Reed, 5Prime technical support, personal communication). It is noteworthy that

HotMasterTM Taq was inhibited by whole bone extracts (Tables 8 and 9), indicating that

collagen was not a major source of inhibition in those samples.

Most non-Taq polymerases exhibited collagen susceptibility similar to hot-start

Taq variants. Tgo was an exception, and was not inhibited at the most concentrated level

of collagen (2 pg/pL) when attempting to amplify 20 ng of template DNA (Table 11).

However, the enzyme failed to amplify 2 ng ofDNA (the assay standard) in all instances,

including positive controls. To investigate whether increased template DNA resulted in

Tgo’s low inhibitor susceptibility, a collagen-stressed PCR replicate was conducted with

Ex TaqTM HS using 20 ng DNA instead of 2 ng. Interestingly, no additional inhibition

relief was observed (data not shown), suggesting that Tgo is indeed resistant to the effects

of collagen, given that sufficient template is available for amplification. This is likely
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due, at least in part, to the high concentration of Mg“ in Tgo reactions that resulted from

PCR optimization (3.75 mM versus 2.5 mM for most polymerases; see Materials and

Methods). Kim et al. (2000) observed that PCR inhibition by collagen could be partially

reversed with the addition of Mg“. Taken together, these observations suggest that

collagen molecules sequester Mg“ or inhibit the polymerase by some other mechanism

that can be reversed by increasing enzyme access to Mg“. Given this, it is possible that

other polymerases would have amplified DNA in higher collagen concentrations with the

addition ofmore Mg“, though this was not explored in the current research. Increasing

Mg“ in PCR might help to offset the effects of an inhibitory substance, but it is not itself

an ideal solution to overcoming PCR inhibition, as excessive Mg“ can reduce PCR

sensitivity, resulting in non-specific amplification (e.g., Kim et al. 2000), inhibiting the

reaction at sufficiently high concentrations (>5 mM, depending on polymerase; Abu al-

Soud and Radstrbm 1998).

The next substance examined, Ca“, has been reported in food science research

(e.g., Bickley et al. 1996, Abu al-Soud and Radstrom 1998) and clinical studies (e.g.,

Thomas et al. 1999) as a PCR inhibitor. While calcium has not been definitively reported

as a PCR inhibitor in skeletal DNA extractions, it is a major component of

hydroxyapatite, and Opel (2006) speculated that it could persist through DNA extraction

and inhibit PCR. DNA has been shown to bind Ca“ in vitro at an average of 1 ion for

every 40 nucleotides (Dobi and Agoston 1998), providing a theoretical mechanism for

Ca“ presence in skeletal DNA extractions, even following spin column filtration. Dobi

and Agoston (1998) reported that EDTA washings only partially disrupted these

interactions, supporting the possibility of Ca“ remaining in skeletal DNA extractions.
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Bickley et al. (1996) demonstrated that PCR reactions utilizing Taq and 1.5 mM

Mg“ were inhibited when detecting L. monocytogenes in the presence of 3 mM Ca“, and

suggested that the different ions were competitively binding the polymerase active site.

Their theory is consistent with the results in the current study, as the range of [Mg“] in

Ca“-stressed PCR reactions was 1.25—3.75 mM, and most instances of PCR inhibition

were observed with Ca“ concentrations higher than 2.5 mM (Table 13). Tgo amplified

DNA at higher Ca“ concentrations than did other polymerases, possibly because at least

50% more Mg“ was present as a result ofPCR optimization. Tth and Pfx50TM PCR

buffers contained relatively low concentrations of Mg“ (1.5 and 1.2 mM, respectively),

and both proved to be the most susceptible to Ca“ inhibition. The mechanism ofCa“

inhibition proposed by Bickley et a1. (1996), as well as the data presented here, indicate

that DNA amplification is largely influenced by the Mg“/Ca“ ratio in solution. Other

factors that contribute to low inhibitor susceptibility might include polymerase affinity

for Mg“ versus Ca“, as well as PCR buffer components that are capable of absorbing

Ca“. The latter could explain why HotMasterTM Taq was less susceptible than other Taq

variants to Ca“ (despite equivalent amounts of Mg“), as the HotMasterTM buffer

contains a proprietary molecule that acts as a weak chelator for excess Mg“, purportedly

“self-adjusting” Mg“ concentrations (Halley and Prezioso 2007). The molecule may

bind Ca“ as well, which would account for low susceptibility to Ca“ inhibition,

especially if the chelator exhibited a preferential affinity for Ca“. When BSA was

added, Ca“ inhibition was further relieved, which is consistent with the chelator theory,

as additional Ca“ neutralizers in solution would assist in restoring DNA amplification.

Tfi’s notable improvement with BSA may be due to a similar additive, as the buffer
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includes “proprietary stabilizers”. It would be interesting to apply the HotMasterTM and

Tfi buffers to Ca“-inhibited PCR using Taq from a relatively inhibitor-susceptible

commercial source. If the alleviatory effects were buffer-related, one would expect the

new polymerase to become more inhibitor-resistant. Identified buffers could then be

used whenever Ca“ inhibition was suspected.

PCR inhibition by phenolic compounds such as humic acid is well documented

(e.g., Tsai 1992, Tebbe and Vahjen 1993, Tuross 1994, Kreader 1996, Cipollaro et al.

1999, Kohnan and Tuross 2000). Humic substances denature biological molecules by

bonding to N-substituted amides, and oxidized humic acids form quinones that covalently

bond to enzymes (Young et al. 1993). It is thought that humic acids from soil (Tuross

1994, Cipollaro et al.1999) or water (Kreader 1996) persist through DNA extraction and

purification, resulting in PCR inhibition. The molecular structures of hurnic substances

have proven difficult to characterize, but are understood to be 600—10,000 Da

heterogeneous molecules that associate via weak dispersive forces (Yamada et al. 2000,

Piccolo and Spiteller 2003) to form macromolecular complexes 100 kDa and larger

(Yamada et al. 2000). This means that individual humic molecules are small enough to

pass through standard Microcon® filters (30 or 100 kDa); therefore, they either remain

associated in large complexes or bind to DNA itself in order to persist through sample

purification via spin coliunn filtration. Hmnic substances can present in skeletal DNA

extracts as a result of soil that adheres to the surface of bones after excavation, which

must be removed before DNA isolation. Bone also appears to absorb humic substances

(or other soil-derived inhibitors), as PCR inhibition can occur even if the outer bone

surface is discarded and only underlying material is used for DNA extraction (e.g.,
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Mutolo 2006). It is unclear to what degree humic substances accumulate in bone over

time, but given their ubiquity in soil, they remain the most likely candidates for PCR

inhibitors in ancient skeletal samples.

PCR was highly inhibited by humic acid in all reactions without BSA, indicating

that humic acid affects all polymerases by some general mechanism. Tth and Pfx50TM

include BSA in their commercial buffers, and exhibited the lowest susceptibilities to

humic acid (Table 15). When BSA was included in reactions with the other polymerases,

humic acid inhibition was similarly relieved (Table 16). The pattern of polymerase

behavior in the presence ofhumic acids is quite similar to that observed with the 213

skeletal extraction (Tables 9 and 10), in that inhibition occurred with most polymerases

(the exceptions being Tth and Pfx50TM), and BSA was nearly always effective at

neutralizing the inhibitors. This suggests that the primary inhibitors in the bone

fragments were indeed humic substances. Soil-derived phenolic compounds other than

humic acid, such as fulvic and tannic acids, were not investigated in this study; however,

it is likely that they inhibit PCR by similar mechanisms (i.e., covalently bonding the

polymerase), as the inclusion ofBSA allows at least 100-fold more humic, fulvic, or

tannic acids to be accommodated in. PCR (Kreader 1996).

Possible Mechanisms ofInhibition Reliefwith BSA

When BSA was added to PCR reactions containing the inhibitors from the 213

extract, DNA amplification improved for most polymerases (Table 10); all enzymes

except Taq (New England Biolabs), Tfl, and Pfx50TM amplified DNA in the presence of
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the original, undiluted extract. BSA has long been utilized as a PCR adjuvant (e.g., Hbss

et a1. 1992), enhancing DNA amplification by relieving inhibitory effects of various

substrates, and appears quite effective against certain skeletally-derived PCR inhibitors

(particularly humic substances). However, BSA’s mechanisms for attenuating the effects

of various inhibitors are poorly understood (discussed in detail below).

Replicate amplification reactions were performed with and without BSA in an

attempt to elucidate mechanisms of inhibition by skeletally-derived substances. BSA

markedly improved DNA amplification for all polymerases in humic acid-spiked PCR;

however, in collagen or Ca“-spiked reactions, BSA only improved DNA amplification

with certain polymerases (see below). Kim et a1. (2000) reported that BSA did not

relieve collagen inhibition when using Taq. This is consistent with the results of the

current study, as BSA did not improve DNA amplification in collagen-spiked reactions

for either of the unmodified Taqs, nor did it assist two of the three hot-start variants

(Tables 11 and 12). Ex TaqTM HS, Tfl, Ifi, and Pfx50TM were less inhibited by collagen

when BSA was added, while HotMasterTM Taq, Tfl, Tfi, and Tth were less inhibited by

Ca“ when BSA was present (Tables 13 and 14). Initial inhibitor susceptibility might be

attributed to some critical buffer component that was compromised with the addition of

collagen or Ca“ and only relieved when BSA was added. As an example, Ex TaqTM HS

and HotMasterTM Taq were the only Taq variants wherein amplification improved with

the addition ofBSA when in the presence of collagen and Ca“, respectively. PCR buffer

formulations suspected of contributing to inhibitor susceptibility could be confirmed (and

subsequently avoided) by conducting similar experiments utilizing the buffer(s) in

question and Taq from another, relatively inhibitor-resistant product.
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It is probable that enzyme variability contributed to the differential relief observed

after BSA was added. For example, Taq differs from Tfl, Tth, and Pfx50TM in that it is

faster at synthesizing DNA, extending at a rate of up to 150 nucleotides per second, while

Tfl, Tth, and Pfx50TM extend DNA at maximal rates of 25, 67, and 67 nucleotides per

second, respectively (Table 1, lnvitrogen commercial literature). If collagen or Ca“

disrupt PCR component interactions (making successful interactions less frequent), and

PCR parameters are kept constant (e.g., a 45 second extension step), then “slow”

polymerases are less likely than “fast” polymerases (in this case, Taq) to achieve

complete synthesis of a target amplicon. Adding BSA would relieve inhibition,

promoting full amplicon extension with the slower polymerases. Indeed, Tfl, Tth, and

Pfx50TM were less inhibited by collagen or Ca“ after BSA was added, while DNA

amplification with the faster Taq variants generally did not improve.

Extension rate variability alone does not explain why BSA failed to improve

DNA amplification with Taq at high inhibitor concentrations. However, multiple

performance characteristics (e.g., processivity, inhibitor affinity) likely contributed to the

variable improvement among polymerases. The roles of extension rate and processivity

on enzyme inhibitor susceptibility could be explored with a PCR inhibitor assay that

includes PCR stage duration as a variable. If the rate ofDNA synthesis influences the

degree of inhibition, one would expect DNA amplification to be restored with a longer

extension step. It also follows that a polymerase with high extension rate and

processivity, such as KODl (Table 1), would be especially inhibitor-resistant. If KODl

was equally or more inhibitor-susceptible than slower polymerases, then low extension

rate and processivity could be excluded as primary contributors of inhibition.
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To the author’s knowledge, there has been no evidence presented to suggest that

BSA interacts with polymerases directly, so the adjuvant most likely interacts with

inhibitors, promotes PCR component interactions (e.g., via macromolecular crowding,

discussed below), or both. Therefore, it is logical that BSA should confer its alleviatory

effects on inhibited PCR independent of the polymerase species. In the current study,

there was only a single instance (Ex TaqTM HS, Ca“; Table 14) where a PCR band was

generated at a higher inhibitor concentration when BSA was omitted than when it was

present. Considering this, it is likely that BSA was conferring its effects with all

polymerases, as was apparent with humic acid-spiked reactions (Tables 15 and 16).

While improvements in PCR success were not obvious with all collagen and Ca“-

inhibited reactions, it is possible that BSA was less effective at relieving inhibition

caused by the substances (relative to humic acid) and the assay design was insufficiently

sensitive to demonstrate subtle improvements. If BSA improved DNA amplification only

slightly, then the effect would not be observed unless a particular polymerase was already

nearly capable of generating a visible target band (under UV illumination) at a particular

inhibitor concentration. To confirm whether BSA was improving DNA amplification

with all polymerases, a similar PCR inhibition assay could be designed using quantitative

PCR, which estimates DNA copy number with much higher resolution than simple PCR

band intensity measurements.

Considering that BSA alleviates inhibition caused by many different substances

(e.g., ions, proteins, dyes, polymeric acids), it seems apparent that the adjuvant enhances

PCR via multiple mechanisms. Kreader (1996) first suggested that BSA provides an

alternative binding substrate for polymerase-targeting inhibitors. This would explain the
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DNA amplification improvement observed in reactions spiked with humic acid, as BSA

provided new binding sites for the inhibitor, decreasing the occurrence of polymerase-

inhibitor interactions. In vivo, the major fimction of serum albumin is to bind and

transport fatty acids in plasma circulation (Spector 1975, Carter and Ho 1994, Peters

1995); however, it has the capacity to bind some ions as well. For example, BSA can

bind free Ca“ in vitro at a maximum of eight ions per albumin molecule at pH 7.4 (Carr

1953). PCR inhibition by Fe“ is alleviated with the addition ofBSA (Kreader 1996),

presumably via a similar mechanism. It is interesting that the addition of the adjuvant

does not appear to bind Mg“ at levels that result in the loss of polymerase activity.

Human serum albumin shares approximately 76% sequence identity with BSA (Carter

and Ho 1994) and has been shown to exhibit a stronger affinity for Ca“ than Mg“ at pH

8.0 (Irons and Perkins 1962); therefore, BSA may be preferentially binding Ca“ in

spiked PCR reactions.

It is also possible that BSA increases PCR success indirectly via macromolecular

crowding. Zimmerman and Harrison (1987) demonstrated that saturation of PCR

reactions with large, relatively inert molecules such as polyethylene glycols increased the

amplification efficiency ofE. coli Po] 1 and T7 DNA polymerase in the presence of

inhibitory K+ concentrations. This was attributed to increased DNA-polymerase

interactions, which in turn increased the rate ofDNA polymerization. In vitro

macromolecular crowding conditions also enhance ligase activity (e.g., Zimmerman and

Pheiffer 1983). BSA has been utilized as a crowding agent to study protein folding and

molecular interactions in an environment that approaches in vivo conditions (reviewed by

Chebotareva et al. 2004). BSA may then improve inhibited PCR reactions (where some
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required component of PCR is sequestered or inactivated) by reducing the free space in

the reaction, raising the effective concentration of various PCR components.

Improvements in DNA amplification among polymerases would vary based on an

enzyme’s capability to synthesize DNA at the adjusted component concentrations.

Kreader (1996) found that the effects of BSA on inhibited PCR were

concentration-limited. In her study, 400 ng/pL was determined to be the optimal

concentration of BSA to relieve PCR inhibition from humic acid, as more BSA did not

additively relieve inhibition with increased inhibitor. Experiments to vary BSA

concentration were not conducted in the current study, but 400 ng/pL consistently

improved DNA amplification in the presence of inhibitory bone extracts as well as humic

acid. The possibility of excessive BSA inhibiting PCR has not been investigated, though

Kreader (1996) reported no PCR inhibition by BSA using concentrations as high as 3

pg/pL. Two ofthe PCR buffers used in the current study contained BSA; however, the

concentration ofBSA in the 1X Tth buffer was only 50 ng/pL (the BSA concentration for

Pfx50TM being proprietary), while PCR amplification efficiency was consistently

improved for both enzymes when extra BSA was added. It is probable that BSA was

originally included in these buffers for the purpose of relieving PCR inhibition; however,

the concentration could be raised considerably for maximum effectiveness.

Special Properties ofPolymerases and Their Relationship to Overcoming PCR Inhibition

Polymerase inhibitor susceptibility may be intrinsically tied to variability in the

different enzymes’ amino acid sequence. While domain structure is highly conserved
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among polymerase families (Filée et al. 2002), single amino acid residues can play large

roles in catalytic activity and substrate specificity (Loh and Loeb 2005). Researchers

have altered key residues within Taq to develop mutants for specific applications (e.g.,

sequencing or high-mutation PCR; reviewed by Loh and Loeb 2005). For example,

Tabor and Richardson (1995) found that mutating a single amino acid residue in Taq

resulted in a variant that incorporated ddNTPs up to 8000 times more efficiently than

native Taq, and the substitution is now included in polymerases designed for sequencing

applications, such as Thermo SequenaseTM from USB and AmpliTaqTM F8 from Applied

Biosystems (Parker et al. 1996, Vander Horn et al. 1997). Attempts to engineer

inhibition resistance into thermostable polymerases via point mutations or other

modifications that alter substrate specificity have not been conducted; however, it is an

enticing concept that could be revisited as our understanding ofpolymerase-specific

inhibition mechanisms grows, and the notion of inhibitor-resistant “designer”

polymerases seems feasible. Existing polymerases could be mutated to minimize or

eliminate inhibitor susceptibility, and modification strategies would depend on the

mechanism of inhibitor attack. For example, if an inhibitor interacted with charged

amino acids, then the course of action might be to introduce neutral amino acid

substitutions. If the inhibitor target was specific and critical for fimction, (e.g., the active

site), it would be desirable to increase the stringency of the target for appropriate PCR

interactions, possibly through targeted point mutations or domain swapping (see

Introduction). One might expect a trade-off between replicative efficiency and any

inhibitor resistance gained by mutation, although a less efficient, highly inhibitor-
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resistant polymerase would still be preferable to an efficient, inhibitor-susceptible version

when amplifying DNA from challenging skeletal samples.

The results of this study suggest that the various polymerases were primarily

responsible for differential resistances to skeletally-derived inhibitors, much like Tth’s

resistance to phenol (Katcher and Schwartz 1994). However, is also apparent that PCR

buffers can play as great a role (or greater) in PCR inhibitor resistance. In a recent study

(Rohland and Hofreiter 2007), eleven commercially available polymerase products

(containing either Taq or Taq plus a proofreading enzyme) were compared for relative

PCR success when attempting to amplify DNA from an ancient cave bear, which was

diluted to the point that permitted AmpliTaqTM Gold to amplify DNA in approximately

50% of the attempts. PCR success ranged from 0—72% among polymerases, even though

the enzymes all originated from T. aquaticus. AmpliTaqTM Gold and HotMasterTM Taq

were enzymes common to that study and the current research. In that study, HotMasterTM

Taq performed poorly compared to AmpliTaqTM Gold (28% versus 67% success rate,

respectively), whereas in the current study, both enzymes were similarly inhibited by the

213 and 5010 skeletal extracts and humic acid, while HotMasterTM Taq was less

susceptible to collagen and Ca“ inhibition. It is unclear why the relative inhibition

susceptibilities of the two polymerases appear inconsistent between studies, though the

inhibitory nature of the samples may have been quite different, given their environmental

histories. Continued testing of different commercial polymerase products on challenging

skeletal samples, as carried out by Rohland and Hofreiter (2007) and in this study, may

prove to be the most practical method of identifying which mixtures reliably overcome

PCR inhibition.
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Future Research in Characterizing and Overcoming PCR Inhibition

The most common methods to overcome PCR inhibition involve the removal of

inhibitors from target DNA. Sample purification is effective when DNA copy number is

sufficiently high, but the loss of target DNA that can occur with each cleanup step poses

a fundamental problem with low copy samples. Utilizing polymerases that are resistant

to PCR inhibitors is a promising alternative to sample purification that does not involve

the sacrifice ofDNA, but will require a more detailed analysis ofPCR inhibitor

mechanisms. To investigate these, it would be helpful to determine which molecules are

the most prevalent (or potent) inhibitors. Chemical analysis of skeletal DNA extracts

(such as mass spectrometry or elemental analysis) would help explain the variable

inhibition observed with skeletal samples of differing age, states of degradation, and

taphonomic histories. For example, PCR inhibition has been reported with buried (e.g.,

Tuross 1994), non-buried (e.g., Scholz et al. 1998), and sea-soaked bones (e.g., Sorensen

et al. 2003 ), yet it is not certain what substances were responsible for failed DNA

amplification. Their identification might prove useful in future analyses that examine

polymerases for their capacity to amplify DNA from inhibitor-rich samples.

It is likely that differences in soil type influence the degree ofPCR inhibition.

The amount and composition of humic substances in soil differ geographically as a result

of native fauna and flora (Kononova 1966, Schnitzer 1982, Stevenson 1982, Swift 1996),

suggesting that some soils are more inhibitory than others. Further, it is doubtful that

humic substances are the only soil-derived molecules affecting PCR success. Chemical
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analysis could be used to identify other soil-derived inhibitors. Such research would also

show which DNA extraction methods most effectively remove inhibitors from DNA.

It would be interesting to investigate the degree to which PCR inhibition affects

the analysis ofDNA from different bone types. The current perception of skeletal DNA

degradation is that highly compact bones (e.g., femora) are more reliable sources ofDNA

than spongy bones (e.g., ribs and vertebrae), presumably because DNA in compact bone

is better protected from environmental weathering. This is particularly evident when

contrasting PCR success among different bone types from individual burials (e.g., Misner

2004, Mutolo 2006), wherein femora were better sources ofDNA than corresponding

ribs, pelves, or crania. However, the range ofPCR failure observed among different bone

types may be a function of variable inhibitor accumulation (likewise due to bone density)

rather than insufficient template. This indicates that DNA analysis is less successful with

spongy bone relative to compact bone because Taq is more susceptible to the

accumulated inhibitors. If this is the case, amplification should be possible with the

spongy bone DNA extracts after inhibitors are removed. However, one might expect

purification methods (which also remove DNA) to be ineffective at restoring

amplification for the inhibitor-rich samples if they are already low in DNA copy number

(a likely scenario for aged skeletal remains), and the application of an inhibitor-resistant

polymerase may be a better way to neutralize the effects of PCR inhibitors in such

instances.
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CONCLUSIONS

Thermostable polymerases selected for DNA amplification should be chosen on

the basis of enzyme characteristics that best suit the desired application. PCR inhibitor

resistance is an important property of polymerases, as successful DNA amplification

from biological samples (particularly forensic) is often impossible without minimizing

the effects ofPCR inhibitors (Akane et al. 1994, Kontanis and Reed 2006). High PCR.

inhibitor resistance is especially desirable when amplifying DNA from degraded samples

where DNA copy number is too low for extensive sample purification.

The results of this study indicate that BSA should be included in all PCR

amplifications of skeletally derived-DNA. Polymerase products that are prepackaged

with BSA in the PCR buffers are more suitable for overcoming skeletally-derived

inhibitors relative to products that lack the adjuvant. However, further addition ofBSA

(at least 400 ng/pL) should be considered for optimal relief from inhibitors.

To minimize PCR inhibition due to components from skeletal extracts, the use of an

especially inhibitor-resistant polymerase is advised. Tfl, Tfi, Tgo, and Pfx50TM were

found to be susceptible to skeletal inhibitors and are not good candidates for skeletal

DNA analyses. Hot-start Taq variants are recommended over unmodified Taq, and the

results of this study indicate that Ex TaqTM HS exhibits higher inhibitor resistance than

AmpliTaqT” Gold and HotMasterTM Taq. Tth consistently outperformed all other

polymerases in high concentrations of PCR inhibitors from skeletal extracts. Therefore,

of the enzymes considered, Ex TaqTM HS and Tth are recommended for the amplification

ofDNA from skeletal material, especially if PCR inhibitors are likely to be present.

68



BIBLIOGRAPHY

Abu Al-Soud, W., and Radstrdm, P. 1998. Capacity of nine thermostable DNA

polymerases to mediate DNA amplification in the presence of PCR-inhibiting

samples. Appl Environ Microbiol. 64(10):3748—3753.

Abu Al-Soud, W., ansson, L. J., Radstrbm, P. 2000. Identification and characterization

of Immunoglobulin G in blood as a major inhibitor of diagnostic PCR. J Clin

Micriobiol. 38(1):345—350.

Abramson, R. D., Stoffel, S., Gelfand, D. H. 1990. Extension rate and processivity of

Thermus aquaticus DNA polymerase. FASEB J. 4:A2293.

Akane, A., Matsubara, K., Nakarnura, H., Takahashi, S., Kimura, K. 1994. Identification

of the heme compound copurified with deoxyribonucleic acid (DNA) from blood

strains, a major inhibitor of polymerase chain reaction (PCR) amplification. J

Forensic Sci. 39:362—372.

Barnes, W. M. 1992. The fidelity of Taq polymerase catalyzing PCR is improved by an

N-terminal deletion. Gene. 1 12(1):29—35.

Barnes, W. M. 1994. PCR amplification of up to 35-kb DNA with high fidelity and high

yield from lambda bacteriophage templates. Proc Natl Acad Sci U. S. A.

91 :2216—2220.

Baron, H., Hummel, S., Herrmann, B. 1996. Mycobacterium tuberculosis complex DNA

in ancient human bones. J Archaeol Sci. 23:667—671.

Bel], S. P., and Dutta, A. 2002. DNA replication in eukaryotic cells. Annu Rev Biochem.

71 :333—374.

Beutler, E., Gelbart, T., Kuhl, W. 1990. Interference of heparin with the polymerase

chain reaction. Biotechniques. 9(2): 1 66.

Bickley, J., Short, J. K., McDowell, D. G., Parkes, H. C. 1996. Polymerase chain reaction

(PCR) detection of Listeria monocytogenes in diluted milk and reversal ofPCR

inhibition caused by calcium ions. Lett Appl Microbiol. 22:153-158.

Birch, D. E., Kolmodin, L., Wong, J., Zangenberg, G. A., Zoccoli, M. A., McKinney, N.,

Young, K. 1996. Simplified hot start PCR. Nature. 381 :445—446.

Blanchard, M. M., Tailon-Miller, P., Nowotny, P., Nowotny, V. 1993. PCR buffer

optimization with a uniform temperature regimen to facilitate automation. PCR

Methods Applic. 2:234—240.

69



Brail, L., Fan, E., Levin D. B., Logan, D. M. 1993. Improved polymerase fidelity in PCR-

SSCPA. Mutat Res. 303:171—175.

Braithwaite, D., and Ito, J. 1993. Compilation, alignment, and phylogenetic relationships

ofDNA polymerases. Nucleic Acids Res. 21 :787—802.

Bright, J. A., and Petricevic, S. F. 2004. Recovery of trace DNA and its application to

DNA profiling of shoe insoles. Forensic Sci Int. 145(1):7—12.

Brodsky, B., and Ramshaw, J. A. 1997. The collagen triple-helix structure. Matrix Biol.

15:545—554.

Burger, J ., Hummel, S., Hermann, B., Henke, W. 1999. DNA preservation: a

microsatellite-DNA study on ancient skeletal remains. Electrophoresis.

20(8): 1 722—1 728.

Carballeira, N., Nazabal, M., Brito, J., Garcia, 0. 1990. Purification of a thermostable

DNA polymerase from Thermus thermophilus HB8, useful in the polymerase

chain reaction. Biotechniques. 9:276—28].

Cariello, N. F., Swenberg, J. A., Skopek, T. R. 1991. Fidelity of Thermococcus litoralis

DNA polymerase (Vent) in PCR determined by denaturing gradient gel

electrophoresis. Nucleic Acids Res. 19:4193—4198.

Cariello, N. F., and Skopek, T. R. 1993. Mutational analysis using denaturing gradient

gel electrophoresis and PCR. Mutat Res. 288: 1 03-1 12.

Carr, C. W. 1953. Studies on the binding of small ions in protein solutions with the use of

membrane electrodes 11. The binding of calcium ions in solutions of bovine serum

albumin. Arch Biochem Biophys. 43(1): 147—156.

Carter, C. D., and J. X. Ho. 1994. Structure of serum albumin. In: Advances in protein

chemistry. Academic Press, New York. 153—203.

Chebotareva, N. A., Kurganov, B. I., Livanova, N. B. 2004. Biochemical effects of

molecular crowding. Biokhimiya. 69:1522—1536.

Chelomina, G. N. 2006. Ancient DNA. Russian Journal of Genetics. 42(3):293—309.

Chung, D. T., Drabek, J., Opel, K. L., Butler, J. M., McCord, BR. 2004. A study on the

effects of degradation and template concentration on the efficiency of the STR

miniplex primer sets. J. Forensic Sci. 49(4):733—740.

Cipollaro, M., Di Bemado, G., Forte, A., Galano, G., De Masi, L., Galderisi, U., Guarino,

F. M., Angelini, F., Cascino, A. 1999. Histological analysis and ancient DNA

70



amplification ofhuman bone remains found in caius iulius polybius house in

pompeii. Croat Med J. 40(3):392—7.

Cline, J., Braman, J., Hogrefe, H. 1996. PCR fidelity of Pfu DNA polymerase and other

thermostable DNA polymerases. Nucleic Acids Res. 24:3546—355 1.

Cooper, A. 1992. Removal of colourings, inhibitors of PCR, and the carrier effect ofPCR

contamination from ancient DNA samples. Anc DNA Newslett. 1:31—32.

Cotton, E. A., Allsop, R. F., Guest, J. L., Frazier, R. R. E., Koumi, P., Callow, I. P.,

Seager, A., Sparkes, R. L. 2000. Validation of the AMPFISTR SGM Plus system

for use in forensic casework. Forensic Sci Int. 112: 1 5 1—161.

Dalgleish, R. 1997. The human type I collagen mutation database. Nucleic Acids Res.

25(1):]81—187.

Davidson, J. F., Fox, R., Harris, D. D., Lyons-Abbott, S., Loeb, L. A. 2003. Insertion of

the T3 DNA polymerase thioredoxin binding domain enhances the processivity

and fidelity of Taq DNA polymerase. Nucleic Acids Res. 31(16):4702—4709.

Dobi, A., and Agoston, D. 1998. Submillimolar levels of calcium regulates DNA

structure at the dinucleotide repeat (TG/AC)n. Proc Natl Acad Sci U. S. A.

95(11):5981—5986.

D612, R. and Heidemann, E. 1986. Influence of different tripeptides on the stability ofthe

collagen triple helix. 1. Analysis of the collagen sequence and identification of

typical tripeptides. Biopolymers. 25(6): 1069—1080.

Eckhart, L., Bach, J., Ban, J., Tschachler, E. 2000. Melanin binds reversibly to

thermostable DNA polymerase and inhibits its activity. Biochemical and

Biophysical Research Communications. 271:726—730.

Edson, S. M., Ross, J. P., Coble, M. D., Parsons, T. J ., Barritt, S. M. 2004. Naming the

dead—confronting the realities of rapid identification of degraded skeletal remains.

Forensic Sci Rev. 16:63—90.

Epicentre Biotechnologies commercial literature. http://www.epibio.com/pdfiechlit/

092p1036.pdf. Accessed June 12, 2007.

Eppendorf commercial literature. http://www.eppendorfna.com/faqs/PCR.asp. Accessed

April 1, 2007.

Filée, J., Forterre, P., Sen-Lin, T., Laurent, J. 2002. Evolution ofDNA polymerase

families: evidences for multiple gene exchange between cellular and viral

proteins. Journal of Molecular Evolution. 54(6):6763—6773.

71



Foran, D. R. 2006. Relative degradation of nuclear and mitochondrial DNA: an

experimental approach. J Forensic Sci. 51(4):766—770.

Frey, B., and Suppmann, B. 1995. Demonstration of the ExpandTM PCR system's greater

fidelity and higher yields with a lacI-based PCR fidelity assay. Biochemica. 2:8—

9.

Graffy, E. A., and Foran, D. R. 2005. A simplified method for mitochondrial DNA

extraction from head hair shafts. J Forensic Sci. 50(5):]119—1122.

Greenspoon, S. A., Scarpetta, M. A., Drayton, M. L., Turek, S. A. 1998. QIAamp spin

columns as a method ofDNA isolation for forensic casework. J Forensic Sci.

43:1024—1030.

Gur'ev, S. 0., Fedchenko, V. 1., Zhdanov, R. I. 1999. New method of PCR amplification

of two human minisatellite loci and reliable method ofDNA isolation. Bulletin of

Experimental Biology and Medicine. 127(3):324—327.

Haff, L., and Smirnov, I. P. 1997. Single-nucleotide polymorphism identification assays

using a thermostable DNA polymerase and delayed extraction MALDI-TOF

mass spectrometry. Genome Research. 7(4):378—388.

Hagelberg, E., Bell, L. S., Allen, T., Boyde, A., Jones, S. J., Clegg, J. B. 1991. Analysis

of ancient bone DNA: techniques and applications. Philos Trans R Soc Lond B

Biol Sci. 333(1268):399—407.

Hagelberg, E. and Clegg, J. B. 1991. Isolation and characterization of DNA from

archaeological bone. Proceedings of the Royal Society of London. 244:45—50.

Halley, G., and Prezioso, V. Eppendorftechnical article. http://www.biocompare.com/

technicalarticle/637/HotMaster%E2%80%94An-Innovative-Hot-StartCold-Stop-

Technology-For—Better—PCR*-Results-from-Eppendorf-North-America.html.

Accessed May 1, 2007.

Hoss, M., Paabo, S. 1993. DNA extraction from Pleistocene bones by a silica-based

purification method. Nucleic Acids Res. 21(16):3913—3914.

Hubscher, U., Maga, G., Spadari, S. 2002. Eukaryotic DNA polymerases. Annual Review

of Biochemistry. 71 :133—163.

Hummel, S. 2003. Ancient DNA typing. Methods, Strategies, and Applications. Springer-

Verlag.

Innis, M. A., Myarnbo, K. B., Gelfand, D. H., Brow, M. A. 1988. DNA sequencing with

Thermus aquaticus DNA polymerase and direct sequencing of polymerase chain

reaction-amplified DNA. Proc Natl Acad Sci USA. 85:9436—9440.

72



Innis, M. A., Gelfand, D. H., Sninsky, J. J. 1995. PCR strategies. Academic Press, San

Diego.

lnvitrogen commercial literature. Pfx50TM DNA Polymerase. http://www.invitrogen.

com/content/sfs/manuals/pfx50_man.pdf. Accessed May 1, 2007.

Irons, L. 1., and Perkins, D. J. 1962. Studies on the interaction of magnesium, calcium

and strontium ions with native and chemically modified human serum albumin.

Biochem J. 84(1):]52—156.

Ishino, Y., Komori, K., Cann, 1., Koga, Y. 1998. A novel DNA polymerase family found

in archaea. J Bacteriol. 180(8):2232—2236.

Jones, M. D., Foulkes, N. S. 1989. Reverse transcription ofmRNA by Thermus aquaticus

DNA polymerase. Nucleic Acids Res. 17(20):8387—8388.

Jung, J. M., Comey, C. T., Baer, D. B., Budowle, B. 1991. Extraction strategy for

obtaining DNA from bloodstains for PCR amplification and typing of the HLA-

DQ-alpha-gene. Int J Legal Med. 104:145-148.

Kalmar, T., Bachrati, C., Marcsik, A., Rasko, I. 2000. A simple and efficient method for

PCR amplifiable DNA extraction from ancient bones. Nucleic Acids Res. 28(12):

e67.

Katcher, H. L., and Schwartz, 1. 1994. A distinctive property of Tth DNA polymerase:

enzymatic amplification in the presence ofphenol. Biotechniques. 16:84—92.

Kemp B. M., and Smith, D. G. 2005. Use of bleach to eliminate contaminating DNA

from the surface of bones and teeth. Forensic Science International. 154(1):53-61.

Keohavong, P. and Thilly, W. G. 1989. Fidelity ofDNA polymerases in DNA

amplification. Proc Natl Acad Sci U. S. A. 86:9253—9257.

Kermekchiev, M. B., Tzekov, A., Barnes, W. M. 2003. Cold-sensitive mutants of Taq

DNA polymerase provide a hot start for PCR. Nucleic Acids Res. 31(21):6139—

6147.

Kim, S., Labbe , R. G., Ryu, S. 2000. Inhibitory effects of collagen on the PCR for

detection of Clostridium perfiingens. Appl Environ Microbiol. 66(3):]213—1215.

Kleppe, K., Ohtsuka, E., Kleppe, R., Molineux, 1., Khorana, H. G. 1971. Studies on

polynucleotides. XCVI. Repair replications of short synthetic DNA's as catalyzed

by DNA polymerases. J Mol Biol. 56:341—361.

Kononova, M. M. 1966. Soil Organic Matter. Pergarnon, Oxford.

73



Kong, H., Kucera, R. B., Jack, W. E. 1993. Characterization of a DNA polymerase from

the hyperthermophile archaea Thermococcus litoralis. Vent DNA polymerase,

steady state kinetics, thermal stability, processivity, strand displacement, and

exonuclease activities. J Biol Chem. 268:1965—1975.

Kohlstaedt, L. A., Wang, J., Friedman, J. M., Rice, P. A., Steitz, T. A. 1992. Crystal

structure at 3.5 A of HIV-1 reverse transcriptase complexed with an inhibitor.

Science. 256: 1 781—1 790.

Kolman, C. J ., and Tuross, N. 2000. Ancient DNA analysis ofhuman populations.

American Journal of Physical Anthropology. 111(1):5—23.

Kontanis, E. J., and Reed, F. A. 2006. Evaluation of real-time PCR amplification

efficiencies to detect PCR inhibitors. J Forensic Sci. 51(4):795-804.

Kreader, C. A. 1996. Relief of amplification inhibition in PCR with bovine serum

albumin or T4 gene 32 protein. Appl Environ Microbiol. 62(3):]102—1106.

Krenke, B. E., Tereba, A., Anderson, S. J., Buel, E., Culhane, S., Finis, C. J., Tomsey, C.

S., Zachetti, J. M., Masibay, A., Rabbach, D. R., Amiott, E. A., Sprecher, C. J.

2002. Validation of a l6-locus fluorescent multiplex system. J Forensic Sci.

47(4):773—785.

Lahiff, S., Glennon, M., O’Brien, L., Lyng, J. Smith, T., Maher, M., Shilton, N. 2001.

Species-specific PCR for the identification of ovine, porcine and chicken species

in meta and bone meal (MBM). Mol Cell Probes. 15(1):27-35.

Lantz, P-G., Matsson, M., Wadstrom, T., Radstrom, P. 1997. Removal ofPCR inhibitors

from human faecal samples through the use of an aqueous two-phase system for

sample preparation prior to PCR. J Microbiol Methods. 28: 159—167.

Lawyer, F. C., Stoffel, S., Saiki, R. K., Chang, S. Y., Landre, P. A., Abramson, R. D.,

Gelfand, D. H. 1993. High-level expression, purification, and enzymatic

characterization of full-length Thermus aquaticus DNA polymerase and a

truncated form deficient in 5' to 3' exonuclease activity. PCR Methods App].

2:275—287.

Lehman, R. 2003. Discovery ofDNA polymerase. J Biol Chem. 278(37):34733—34738.

Lee, J. E., Potter, R. J., Mandelman, D. 2007. SSB-DNA polymerase fusion proteins.

US. Patent No. 20070059713. Washington, DC: US. Patent and Trademark

Office. http://www.freepatentsonlinecom/20070059713.html. Accessed May 20,

2007.

74



Lienert, K., and Fowler, J. C. 1992. Analysis of mixed human/microbial DNA samples: a

validation study of two PCR AMP-FLP typing methods. Biotechniques. 13:276—

28].

Li, Y., Mitaxov, V., Waksman, G. 1999. Structure-based design of Taq DNA

polymerases with improved properties of dideoxynucleotide incorporation. Proc

Natl Acad Sci U. S. A. 96:9491—9496.

Li, L., Huang, W., Peng, P., Sheng, G., Fu, J. 2003. Chemical and molecular

heterogeneity ofhumic acids repetitively extracted from a peat. Soil Science

Society of America Journal 67:740—746.

Liao, D., Chen, L., Peng, C., Zhang, J., Li, K. 2005. Exo + proofreading polymerases

mediate genetic analysis and its application in biomedical studies. Acta

Pharmacologica Sinica. (3):302—306.

Lindahl, T. 1993. Instability and decay of the primary structure ofDNA. Nature.

362:709—715.

Ling, L. L., Keohavong, P., Dias, C., Thilly, W. G. 1991. Optimization of the polymerase

chain reaction with regard to fidelity: Modified T7, Taq, and Vent DNA

polymerases. PCR Methods Applic. 1:63—69.

Loh, E., and Loeb, L. A. 2005. Mutability ofDNA polymerase I: implications for the

creation ofmutant DNA polymerases. DNA Repair (Amst). 4: 1390—1398.

Longley, M. J., Bennett, S. E., Mosbaugh, D. W. 1990. Characterization of the 5' to 3'

exonuclease associated with Thermus aquaticus DNA polymerase. Nucl Acids

Res. 18:7317—7322.

Lundberg, K. S., Shoemaker, D. D., Adams, M. W., Short, J. M., Sorge, J. A., Mathur, E.

J. 1991. High-fidelity amplification using a thermostable DNA polymerase

isolated from Pyrococeus fiuiosus. Gene. 108:1—6

Mahoney, J. B., Chong, S., Jang, D., Luinstra, K., Faught, M., Dalby, D., Sellors, J .,

Chemesky, M. A. 1998. Urine specimens from pregnant and non-pregnant women

inhibitory to amplification of Chlamydia trachomatis nucleic acid by PCR, ligase

chain reaction, and transcription-mediated amplification: identification of urinary

substances associated with inhibition and removal of inhibitory activity. J. Clin

Microbiol. 36:3122—3126.

Makristathis, A., Pasching, E., Schiitze, K., Wimmer, M., Rotter, M. L., Hirsch], A. M.

1998. Detection of Helicobacter pylori in stool specimens by PCR and antigen

enzyme immunoassay. J Clin Microbiol. 36(9):2772—2774.

75



Mattila, P., Korpela, J., Tenkanen, T., Pitkanen, K. 1991. Fidelity ofDNA synthesis by

the Thermococcus litoralis DNA polymerase—an extremely heat stable enzyme

with proofreading activity. Nucleic Acids Res. 19:4967—4973.

McDonald, J., Hall, A., Gasparutto, D., Cadet, J., Ballantyne, J ., Woodgate, R. 2006.

Novel thermostable Y-family polymerases: applications for the PCR amplification

ofdamaged or ancient DNAs. Nucleic Acids Res. 34(4):]102—1 111.

Meijer, H., Perizonius, W. R., Geraedts, J. P. 1992. Recovery and identification ofDNA

sequences harboured in preserved ancient human bones. Biochem Biophys Res

Commun. 183(2):367-74.

Miller, D. N., Bryant, J. E., Madsen, E. L., Ghiorse, W. C. 1999. Evaluation and

optimization ofDNA extraction and purification procedures for soil and sediment

samples. Appl Environ Microbiol. 65(1 1):4715—4724.

Misner, L. 2004. Predicting mtDNA quality based on bone weathering and type. Thesis

for the Degree of MS. School of Criminal Justice. Michigan State University.

Mitchell, D., Willerslev, E., Hansen, A. 2005. Damage and repair of ancient DNA. Mutat

Res. 571(1-2):265—276.

Monteiro, L., Bonnemaison, D., Vekris, A., Petry, K. G., Bonnet, J., Vidal, R., Cabrita, J .,

Megraud, F. 1997. Complex polysaccharides as PCR inhibitors in feces:

Helicobacter pylori model. J Clin Microbiol. 35(4):995—998.

Moreira, D. 1998. Efficient removal ofPCR inhibitors using agarose-embedded DNA

preparations. Nucleic Acids Research. 26(13):3309—33 10

Murray, L. 2006. Genetic analysis of the Great Circle from the tumulus at Karnenica,

Albania. Thesis for the Degree of MS. School of Criminal Justice. Michigan

State University.

Mutolo, M. Email and personal communication. 6/1/06.

Mutolo, M. 2006. Molecular identification of pathogens in ancient skeletal remains from

Butrint and Diaporit Albania. Thesis for the Degree ofMS. School of Criminal

Justice. Michigan State University.

Myers, T. W., and Gelfand. D. H. 1991. Reverse transcription and DNA amplification by

a Thermus thermophilus DNA polymerase. Biochemistry. 30(31):7661—7666.

Newton, C. R., and Graham, A. 1994. PCR. Alden Press Lt., Oxford.

76



New England Biolabs commercial literature. Thermophilic DNA polymerases.

http://www.neb.com/nebecomm/tech_reference/polymerases/thermophilic_dna_p

olymerase.asp. Accessed May 1, 2007.

Olive, D. M. 1989. Detection of enterotoxigenic Escherichia coli after polymerase chain

reaction amplification with a thermostable DNA polymerase. J Clin Microbiol.

27:261-265.

Opel, K. 2006. The effect of PCR inhibitors on the amplification of low concentrations of

template DNA using reduced-size STR primer sets. Recent Advances in Forensic

Sciences 11 Symposium. Federation of Analytical Chemistry and Spectroscopy

Societies; Sept 26; Lake Buena Vista, (FL).

Pai, C. W., Wang, M. K., Chiang, H. C., King, H. B., Hwong, J. L. 2003.

Characterization of iron nodules in ultisol of central Taiwan. Aust J Soil Res.

41 :33-46.

Parker, L. T., Zakeri, H., Deng, Q., Spurgeon, S., Kwok, P. Y., Nickerson, D. A. 1996.

AmpliTaq DNA polymerase, FS dye-terminator sequencing: analysis of peak

height patterns. Biotechniques. 21(4):694—699.

Patel, P. H., Kawate, H., Adman, E., Ashbach, M., Loeb, L. A. 2001. A single highly

mutable catalytic site amino acid is critical for DNA polymerase fidelity. J Biol

Chem. 276(7):5044—505 l .

Pavlov, A., Pavlova, N., Kozyavkin, S., Slesarev, A. 2004. Recent developments in the

optimization of thermostable DNA polymerases for efficient applications. Trends

Biotechnol. 22(5):253—260.

Pavlov, A. R., Belova, G. I., Kozyavkin, S. A., Slesarev, A. I. 2002. Helix-hairpin-helix

motifs confer salt resistance and processivity on chimeric DNA polymerases. Proc

Natl Acad Sci U. S. A. 99(21):]3510—13515.

Peters, T. 1995. All About Albumin: Biochemistry, Genetics, and Medical Applications.

Academic Press, San Diego.

Perler, F. B., Kumar, S., Kong, H. 1996. Thermostable DNA polymerases. Adv Protein

Chem. 48:377—435.

Piccolo, A. and Spiteller, M. 2003. Electrospray ionization mass spectrometry of

terrestrial humic substances and their size fractions. Anal Bioanal Chem.

377:1047—1059.

Powell, H. A., Gooding, C. M., Garrett, S. D., Lund, B. M., McKee, R. A. 1994.

Proteinase inhibition of the detection of Listeria monocytogenes in milk using the

polymerase chain reaction. Lett Appl Microbiol. 18:59—61.

77



Reed, D. 5Prime Technical Support. Personal Communication. 5/6/07.

Roche Diagnostics. 1999. Roche Applied Science PCR application manual. GmbH,

Mannheim.

Roche commercial literature. Tgo DNA polymerase. https://www.roche-applied-

science.com/pack-insert/3186172a.pdf. Accessed May 1, 2007.

Robin, E., and Wong, R. 1988. Mitochondrial DNA molecules and virtual number of

mitochondria per cell in mammalian cells. J Cell Physiol. 136:507—513.

Rohland, N., and Hofreiter, M. 2007. Comparison and optimization of ancient DNA

extraction. Biotechniques. 42:343—352.

Rolfs, A., Schuller, 1., Finckh, U., Weber-Rolfs, I. 1992. PCR: Clinical diagnostics and

research. Springer-Verlag Berlin Heidelberg. 8—13.

Rosenberg, A. M., and Prokopchuk, P. A. 1986. The binding ofdsDNA and ssDNA to

human types I, II and IV collagens. J Rheumatol. 13(3):512—516.

Rossen, L., Norskov, P., Holmstromet, K., Rasmussen O. F. 1992. Inhibition ofPCR by

components of food samples, microbial diagnostic assays and DNA-extraction

solutions. Int J Food Microbiol. 17:37—45.

Schnitzer, M. 1982. Organic matter characterization. In: Page, A. L., Miller, R. H.,

Keeney, D. R. (eds). Methods of soil analysis, part 2: chemical and

microbiological properties. American Society of Agronomy, Inc. and Soil Science

Society of America, Inc. Madison, WI.

Scholz, M., Giddings, I., Pusch, C. M. 1998. A polymerase chain reaction inhibitor of

ancient hard and soft tissue DNA extracts is determined as human collagen type I .

Anal Biochem. 259(2):283—286.

Sellmann, E., Schroder, K. L., Knoblich, I. M., Westerrnann, P. 1992. Purification and

characterization ofDNA polymerases from Bacillus species. J Bacteriol.

174:4350—4355.

Shandilya, H., Griffiths, K., Flynn, E. K., Astatke, M., Shih, P. J., Lee, J. E., Gerard, G.

F., Gibbs, M. D., Bergquist, P. L. 2004. Thermophilic bacterial DNA polymerases

with reverse-transcriptase activity. Extremophiles. 8:243-251.

Sheri, W. H., and Hohn, B. 1992. DMSO improves PCR amplification ofDNA with

complex secondary structure. Trends Genet. 8:227.

78



Shutler, G., Gagnon, P., Verret, G., Kalyn, H., Korkosh, S., Johnston, E., Halverson, J.

1999. Removal of a PCR inhibitor and resolution ofDNA STR types in mixed

human-canine stains from a five year old case. J Forensic Sci. 44(3):623—626.

Sidhu, M. K., Liao, M. J., Rashidbaigi, A. 1996. Dimethyl sulfoxide improves RNA

amplification. Biotechniques. 21(1):44—47.

Sigma-Aldrich commercial literature. Collagenase guide. http://www.sigmaaldrich.com/

area_of_interest/biochemicals/enzyme__exp1orer/key_resources/collagenase_guide

.htrnl. Accessed May 1, 2007.

Smith, C. 1., Chamberlain, A. T., Riley, M. S., Stringer, C., Collins, M. J. 2003. The

thermal history ofhuman fossils and the likelihood of successful DNA

amplification. J Hum Evol. 45:203—217.

Sorensen, E., Hansen, S. H., Eriksen, B., Morling, N. 2003. Application ofthiopropyl

sepharose 6B for removal ofPCR inhibitors from DNA extracts of a thigh bone

recovered from the sea. 117(4):O937—9827.

Spector, A. A. 1975. Fatty acid binding to plasma albumin. J Lipid Res. 16: 165-179.

Steitz, T. A. 1998. A mechanism for all polymerases. Nature. 391 :231—232.

Steitz, T. A. 1999. DNA polymerases: structural diversity and common mechanisms. J

Biol Chem. 274: 1 7395—1 7398.

Stevenson, F .J. 1982. Humus chemistry. Genesis, composition, reactions. John Wiley

and Sons.

Su, X., Wu, Y., Sifri, C. D., Wellems, T. E. 1996. Reduced extension temperatures

required for PCR amplification of extremely A+T-rich DNA. Oxford University

Press. 24(8): 1 574—1 575.

Sutlovic, D., Definis, M. G., Andelinovic, S., Gugic, D., Primorac, D. 2005. Taq

polymerase reverses inhibition of quantitative real time polymerase chain reaction

by humic acid. Croat Med J. 46(4):556—562.

Swift, R. S. 1996. Organic matter characterization. In: Sparks, D. L. (ed.). Methods of

soil analysis, part 3: chemical methods. American Society of Agronomy, Inc. and

Soil Science Society of America, Inc. Madison, WI.

Tabor, S., and Richardson, C. C. 1995. A single residue in DNA polymerases of the

Escherichia coli DNA polymerase 1 family is critical for distinguishing between

deoxy- and dideoxyribonucleotides. Proc Natl Acad Sci U. S. A. 92:6339—6343.

79



Takagi, M., Nishioka, M., Kakihara, H., Kitabayashi, M., lnoue, H., Kawakarni, B., Oka,

M., Imanaka, T. 1997. Characterization ofDNA polymerase from Pyrococcus sp.

strain KODl and its application to PCR. Appl Environ Microbiol. 63:4504—4510.

Tebbe, C. C., and Vahjen, W. 1993. Interference of humic acids and DNA extracted

directly from soil in detection and transformation of recombinant DNA from

bacteria and a yeast. Appl Environ Microbiol. 59:2657—2665.

Thomas, M., Wong, Y., Thomas, D., Ajaz, M., Tsang, V., Gallagher, P. J ., Ward, M. E.

1999. Relation between direct detection of Chlamydia pneumoniae DNA in

human coronary arteries at postmortem examination and histological severity

(stary grading) of associated atherosclerotic plaque. Circulation. 99:2733—2736.

Tindall, K.R. and Kunkel, TA. 1988. Fidelity ofDNA synthesis by the Thermus

aquaticus DNA polymerase. Biochemistry. 27:6008—6013.

Tse, W. T., and Forget, B. G. 1990. Reverse transcription and direct amplification of

cellular RNA transcripts by Taq polymerase. Gene. 88(2):293—296.

Tsai, Y. L., and Olson, B.H. 1992. Rapid method for separation of bacterial DNA from

humic substances in sediments for polymerase chain reaction. Appl Environ

Microbiol. 58:2292—2295.

Tuross, N. 1994. The biochemistry of ancient DNA in bone. Experientia. 50(6):530—535.

Uhlmann, V. Silva, 1., Luttich, K., Picton, S., O’Leary, J. J. 1998. In cell amplification. J

Clin Pathol: Mol Pathol. 51:119—130.

Vander Horn, P. B., Davis, M. C., Cunniff, J. J., Ruan, C. McArdle, B. F., Samols, S. B.,

Szasz, J., Hu, 6., Hujer, K. M., Domke, S. T., Brummet, S. R., Moffett, R. B.,

Fuller, C. W. 1997. Thermo Sequenase DNA polymerase and T. acidophilum

pyrophosphatase: new thermostable enzymes for DNA sequencing.

Biotechniques. 22(4):758—62, 764-5.

Villbrandt, B., Sobek, H., Frey, B., Schomburg, D. 2000. Domain exchange: chimeras of

Thermus aquaticus DNA polymerase, Escherichia coli DNA polymerase I and

Therrnotoga neapolitana DNA polymerase. Protein Engineering. 13(9):645—654.

Von Der Mark, K. 1999. Structure, biosynthesis, and gene regulation of collagens in

cartilage and bone. In: Dynamics ofbone and cartilage metabolism. Academic

Press. 3-28.

Wallace, D. M. 1987. Precipitation ofNucleic Acids. Methods in Enzymology. 152:4]-

48.

80



Wallin, J. M., Buoncristiani, M. R., Lazaruk, K. D., Fildes, N., Holt, C. L., Walsh, P. S.

1998. TWGDAM validation of the AmpFISTR Blue PCR amplification kit for

forensic casework analysis. J Forensic Sci. 43(4):854—870.

Wang, M. K., Chang, T.W., Huang, M. Y. 1993. Iron oxides distribution in red soils of

Taiwan. J Chin Agric Chem Soc. 31:229-246.

Wang, Y., Prosen, D. E., Mei, L., Sullivan, J. C., Finney, M., Vander Horn, P. B. 2004. A

novel strategy to engineer DNA polymerases for enhanced processivity and

improved performance in vitro. Nucleic Acids Res. 32(3):] 197—1207.

Whitaker, J. P., Clayton, T. M., Urquhart, A. J. Millican, E. S., Downes, T. J., Kimpton,

C. P., Gill, P. 1995. Short tandem repeat typing of bodies from a mass disaster:

high success rate and characteristic amplification patterns in highly degraded

samples. Biotechniques. 18:670—677.

Wiedbrauk, D. L., Werner, J. C., Drevon, A. M. 1995. Inhibition of PCR by aqueous and

vitreous fluids.J Clin Microbiol. 10:2643—2646.

Wilde, J., Eiden, J., Yolken, R. 1990. Removal of inhibitory substances from human fecal

specimens for detection of group A rotaviruses by reverse transcriptase and

polymerase chain reactions. J Clin Microbiol. 28:]300—1307.

Wilson, I. G. 1997. Inhibition and facilitation of nucleic acid amplification. Appl Environ

Microbiol. 63(10):374l-3751.

Yamada, E., Doi, K., Okano, K., Fuse, Y. 2000. Simultaneous determinations of the

concentration and molecular weight ofhumic substances in environmental water

by gel chromatography with a fluorescence detector. Analytical Sciences.

16:125—129.

Yang, D., Eng, B., Waye, J. S., Dudar, J. C., Saunders, S. R. 1998. Improved DNA

extraction from ancient bones using silica based spin columns. Am J Phys Anth.

105:539—543.

Ye, J., Ji, A., Parra, E. J., Zheng, X., Jiang, C., Zhao, X., Hu, L., Tu, Z. 2004. A simple

and efficient method for extracting DNA from old and burned bone. J Forensic

Sci. 49:754—759.

Young, C. C., Burgho, R. L., Keim, L. G., Minak-Bemero, M., Lute, J. R., Hinton, S. M.

1993. Polyvinylpyrrolidone-agarose gel electrophoresis purification of

polymerase chain reaction-amplifiable DNA from soils. Appl Environ Microbiol.

59:]972—1974.

8]



Zimmerman, S. B., and Pheiffer, B. H. 1983. Macromolecular crowding allows blunt-end

ligation by DNA ligases from rat liver or Escherichia coli. Proc Natl Acad Sci. U.

S. A. 80:5852—5856.

Zimmerman, S. B., and Harrison, B. 1987. Macromolecular crowding increases binding

ofDNA polymerase to DNA: an adaptive effect. Proc Natl Acad Sci U. S. A.

84(7):]871—1875.

Zink, A. R., Grabner, W., Nerlich, A. G. 2005. Molecular identification ofhuman

tuberculosis in recent and historic bone tissue samples: the role of molecular

techniques for the study of historic tuberculosis. Am J Phys Anthropol.

126(1):32—47.

82



    

   

 

  

 

  

  

  

  

        

  

 

swung-must? 5.4- :‘i-‘it-nm: "(auteur-nu .
L L

L . HICr'u‘I-fih SHAH, umwméfli .ihHr ‘12;

. _ I1I1,>‘I1iII “,1“1.1‘i

;~ -
1 1*] .111 . H11

.- 1111111I 11 11 ‘

,_ ~- 3 1293 02956 1812

r - .

. , . f‘ 1'

. .r' '

‘ ' .‘

iI .

i

, . I

  


