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ABSTRACT: The synthesis of accurate, full-length cDNA from low-abundance RNA and the subsequent
PCR amplification under conditions which provide amplicon that contains minimal mutations remain a
difficult molecular biological process. Many of the challenges associated with performing sensitive, long
RT/PCR have been alleviated by using a mixture of DNA polymerases. These mixtures have typically
contained a DNA polymerase devoid of 3′-5′ exonuclease, or “proofreading”, activity blended with a
small amount of anArchaeaDNA polymerase possessing 3′-5′ exonuclease activity, since reverse
transcriptases lack 3′-5′ exonuclease activity and generally have low fidelity. To create a DNA polymerase
with efficient reverse transcriptase and 3′-5′ exonuclease activity, a family of mutant DNA polymerases
with a range of attenuated 3′-5′ exonuclease activities was constructed from a chimeric DNA polymerase
derived fromThermusspecies Z05 andThermotoga maritimaDNA polymerases. These “designer” DNA
polymerases were fashioned using structure-based tools to identify amino acid residues involved in the
substrate-binding site of the exonuclease domain of a thermostable DNA polymerase. Mutation of some
of these residues resulted in proteins in which DNA polymerase activity was unaffected, while proofreading
activity ranged from 60% of the wild-type level to undetectable levels. Kinetic characterization of the
exonuclease activity indicated that the mutations affected catalysis much more than binding. On the basis
of their specificity constants (kcat/KM), the mutant enzymes have a 5-15-fold stronger preference for a
double-stranded mismatched substrate over a single-stranded substrate than the wild-type DNA polymerase,
a desirable attribute for RT/PCR. The utility of these enzymes was evaluated in a RT/PCR assay to generate
a 1.7 kb amplicon from HIV-1 RNA.

The process of polymerase chain reaction (PCR) has
become increasingly important in nucleic acid-based diag-
nostics and molecular biology research in general. However,
performing sensitive, long (more than∼1 kb) PCR has
remained a problematic and time-consuming procedure,
especially in the clinical laboratory setting. One critical issue
in the sensitive synthesis of full-length cDNA and subsequent
PCR amplification is nucleotide misincorporation by the
reverse transcriptase and/or DNA polymerase (DNA pol).1

Such events lead not only to a decrease in fidelity but also
to reduced extension from the 3′ mismatch, and thus reduced
efficiency of cDNA synthesis and DNA amplification (1).
Although nucleotide misincorporation for most reverse
transcriptases and DNA polymerases is generally infrequent
[5 × 10-4 for HIV-1 reverse transcriptase (2) and 1× 10-5

for Thermus aquaticusDNA pol (Taq pol) (3-5)], even
relatively low misincorporation rates could significantly
impair amplification of long targets. The low fidelity of
reverse transcriptases leads to decreased amounts of full-
length cDNA being produced. Thus, the enzymatic removal
of nucleotides misincorporated by the reverse transcriptase
and/or DNA polymerase could significantly improve the
efficiency of the reactions.

The thermostable DNA polymerases most widely used in
PCR to date belong to the pol A family of enzymes, but
they lack proofreading activity. One approach to achieving
sensitive long RT and/or PCR amplification is to use a
mixture of thermostable DNA polymerases in a single-buffer
system (1, 6). These mixtures contain a DNA polymerase
devoid of 3′-5′ exonucleolytic activity blended with a low
level of a DNA polymerase exhibiting proofreading activity.
The proofreading activity is responsible for editing misin-
corporated nucleotides (7) and is typically derived from an
Archaeafamily B DNA polymerase, such as fromThermo-
coccus litoralis[Vent pol (8)], Pyrococcusspecies GB-D
[Deep Vent pol (9)], or Pyrococcus furiosus[Pfu pol (5)].
One problem with this approach is that theArchaeaDNA
polymerases are inhibited by dUMP-containing template,
therefore precluding the utilization of dUTP and subsequent
uracil-N-glycosylase (UNG) treatment for the prevention of
carryover contamination (10-12). While the inclusion of a
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proofreading DNA polymerase may improve the fidelity and
efficiency of reverse transcription and/or PCR amplification
(5, 13), high levels of proofreading activity have detrimental
effects on PCR amplification efficiency (6). In addition, high
levels of proofreading may lead to degradation of the primers
present in the PCR amplification mix. Primer degradation
due to 3′-5′ exonucleolytic activity on the single-stranded
DNA substrate leads to loss of the ability of the primer to
specifically hybridize to its intended target sequence. Ad-
ditionally, excessive proofreading activity can lead to
nonproductive idling reactions and can negatively affect the
integrity of the 3′ terminus of the newly synthesized DNA
following strand separation and preceding primer hybridiza-
tion. To circumvent the problem of primer degradation, two
approaches have been implemented: (1) the use of only low
levels of proofreading activity in the blend of DNA poly-
merases and (2) covalent modifications at or near the 3′
terminus of primers to protect them from nonspecific 3′-5′
exonucleolytic attack (14, 15). Ideally, such modifications
should not impact the ability of the DNA polymerase to
efficiently use the primers for template-directed extension.

An alternative approach to the blending of DNA poly-
merases is the modulation of the 3′-5′ exonucleolytic activity
in a family A enzyme by means of mutagenesis. Family A
DNA polymerases are multidomain, multifunction enzymes.
The N-terminal domain possesses 5′ nuclease activity, and
the C-terminal domain possesses the DNA polymerase
activity. The intervening domain catalyzes 3′-5′ exonucle-
olysis. In some DNA polymerases, for exampleTaq(16, 17),
Thermus thermophilus(Tth) (18), or ThermusspeciesZ05
(19, 20), the activity is effectively absent due to significant
mutations and loop deletions in that domain (21).

Considerable research has been done on theEscherichia
coli DNA polymerase I (E. coli pol I) (22, 23). The Klenow
fragment ofE. coli pol I contains two enzymatic activities,
the DNA polymerase and the 3′-5′ exonuclease. A number
of structures of the Klenow fragment with either the dNMP
product or single-stranded DNA substrate bound to the 3′-
5′ exonuclease active site have been described, and a two-
metal ion catalytic mechanism has been proposed for the
3′-5′ exonuclease (15, 24-28). One metal ion (metal ion
A) positions the substrate and activates the water for
nucleophilic attack. The water or OH- nucleophile is further
oriented in the active site by the side chains of Glu325 and
Tyr464. The trigonal bipyramidal transition state is stabilized
by both metals. The second metal ion (metal ion B) is also
proposed to stabilize the negative charge that builds up on
the leaving 3′ oxygen (29). The DNA substrate observed in
the cocrystal structures is single-stranded. It is proposed that
the single-stranded DNA either binds directly to the 3′-5′
exonuclease active site or is derived from the frayed end of
duplex DNA bound to the DNA polymerase domain and is
shuttled to the 3′-5′ exonuclease active site. However, most
of the structural and functional characterizations of family
A DNA polymerase 3′-5′ exonucleases have been carried
out with enzymes derived fromE. coli and other mesophilic
organisms. To the best of our knowledge, there have been
no reports on the crystal structure of the 3′-5′ exonuclease
domain of thermostable family A DNA polymerases.

To design thermophilic DNA polymerases with modulated
proofreading activity, we took advantage of the extensive
structural knowledge already reported for the Klenow frag-

ment. We used the structure described by Brautigam et al.
[PDB entry 1kfs (15)] in which the Klenow fragment was
cocrystallized with standard phosphodiester single-stranded
DNA as a template to model the unknown structure of the
highly homologousThermotoga maritimaDNA pol (Tma
pol) (30) 3′-5′ exonuclease domain. This high-resolution
(2.1 Å) structure is particularly well suited to serve as a
template for homology modeling, given the fact that it
represents the wild-type form of the enzyme and that both
metals were unambiguously identified. Furthermore, this
cocrystal was apparently freeze-trapped in a precatalytic state.
Similar methods were used by Villbrandt et al. (31) as part
of a study to design chimeras ofThermotoga neopolitana
and Taq DNA pol, but those chimeric proteins were not
thermostable.

In this study, we identified amino acid residues in the 3′-
5′ exonuclease domain of the modeled structure ofTmapol
predicted to be involved in substrate binding or catalysis.
We utilized a chimeric DNA polymerase, termed CS5 pol,
which had been previously constructed fromT. Z05 pol and
Tmapol and contained the 5′-3′ nuclease domain fromT.
Z05 pol (residues 1-291) and the 3′-5′ exonuclease and
polymerase domains fromTmapol (residues 292-893) (32).
This chimera retained thermostable DNA polymerase activ-
ity, as well as proofreading activity. Using the CS5 chimera,
we then made a series of mutant proteins in which the amino
acid side chains were mutated to modulate the 3′-5′
exonuclease activity. These new enzymes were evaluated for
DNA polymerase activity and 3′-5′ exonuclease activity on
a variety of substrates. We also describe here the first
thermoactive and thermostable enzyme with reverse tran-
scriptase and 3′-5′ exonuclease activity, as well as the use
of these thermostable mutant DNA polymerases in RT/PCR.

EXPERIMENTAL PROCEDURES

Oligonucleotides. Oligonucleotides were synthesized and
purified using a 394 DNA/RNA synthesizer (Applied Bio-
systems, Foster City, CA) and conventional solid phase
â-cyanoethyl phosphoramidite chemistry (33). For the direct
5′ end labeling of oligonucleotides with fluorescent dyes,
6-carboxyfluorescein (FAM) phosphoramidites (Biogenix,
San Ramon, CA) were used.

Structure-Based Design of Mutations.For the design of
proofreading mutants, a homology model of the proofreading
domain of theTmapol was created on the basis of the 2.1
Å resolution structure of the Klenow fragment ofE. coli pol
I cocrystallized with single-stranded DNA [PDB entry 1kfs
(15)]. Sequences were aligned with the X-Windows Sequence
Alignment Editor [XSAE (34)]. Model building was per-
formed with Moloc (35) implemented on a Silicon Graphics
Indy workstation. Insertions and deletions were modeled by
a loop of suitable length and subjected to an initial energy
minimization with all other atoms constrained. The final
model was subjected to a restrained energy minimization.

Construction of Mutant DNA Polymerases. Plasmids pCS5
and pCS6, encoding chimeric DNA polymerases, were
utilized in the site-directed mutagenesis. The pCS5 and pCS6
plasmids were constructed fromT. Z05 and Tma and
contained the 5′-3′ nuclease domain fromT. Z05 pol
(residues 1-291) and the 3′-5′ exonuclease and polymerase
domains fromTma pol (residues 292-485 and 486-893,
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respectively). Chimera CS6 is a mutant of CS5 pol in which
amino acids D323 and E325 were replaced with alanines to
completely destroy the 3′-5′ exonuclease activity. The first
set of mutations, round one, targeted residues 323-325
(L324E/D/K/H/N/Q, D323E, E325D, or D323E/E325D).
These mutations were generated by digesting the pCS6
plasmid with the restriction enzymesSpeI andSgfI to remove
the sequence encoding residues 323-325 and replacing them
by ligation with the following oligonucleotide pairs: 5′-
TGACCTGGATA-3′ and 5′-CTAGTATCCAGCTCAAT-3′
for E325D, 5′-TGAGCTTGAGA-3′ and 5′-CTAGTCT-
CAAGCTCAAT-3′ for D323E, and 5′-TGAGCTGGATA-
3′ and 5′-CTAGTATCCAGCTCAAT-3′ for D323E/E325D.
The oligonucleotide pairs, in addition to containing the
modified bases for the amino acid changes, also contained
silent base changes for introduction of new unique restriction
sites. For the L324 amino acid changes, the following
oligonucleotides were used: 5′-CGACGAAGAGA-3′ and
5′-CTAGTCTCTTCGTCGAT-3′ for L324E, 5′-CGACGAT-
GAGA-3′ and 5′-CTAGTCTCATCGTCGAT-3′ for L324D,
5′-TGATAAGGAAA-3 ′ and 5′-CTAGTTTCCTTATCAAT-
3′ for L324K, 5′-TGATCAGGAAA-3′ and 5′-CTAGTTTC-
CTGATCAAT-3′ for L324Q, 5′-CGATAATGAAA-3 ′ and
5′-CTAGTTTCATTATCGAT-3′ for L324N, and 5′-CGAT-
CATGAAA-3′ and 5′-CTAGTTTCATGATCGAT-3′ for
L324H. For this set, the oligonucleotides for L324D and
L324E were pooled. Similarly, the oligonucleotides for
L324Q and L324K or L324N and L324H were pooled, and
after cloning had been carried out, the correct amino acid
changes were identified by the unique restriction sites as well
as by DNA sequencing.

Round two mutants were generated by PCR-mediated site-
directed mutagenesis (36) to create amplicons with the
desired amino acid change and a silent diagnostic restriction
enzyme site incorporated near the change. The amplicon
contained unique restriction sites allowing for insertion of
the new sequence into the pCS5 plasmid, which had been
cut by the same restriction enzymes. For generation of the
L329A mutant, one amplification was required, whereas two
overlapping amplifications were required to generate the
additional mutations. The following primers were utilized:
L329A, forward primer CS20 (5′-GAAACTAGTTCCGCT-
GATCCTTTCGA-3′) and reverse primer CS36 (5′-GAAAA-
GAGAAGGACATGAGCTCTTGGTAA-3′); Y464A, for-
ward primers CS21 (5′-AGAAAAAGCTGCGAAT-
GCATCCTGTGAAGATGCAGA-3′) and CS35 (5′-ACCAA-
GAGCTCATGTCCTTCTCTTTTCCG-3′) and reverse prim-
ers CS22 (5′-CTGCATCTTCACAGGATGCATTCGCAGC-
TTTTTCTA-3′) and CS37 (5′-TTTCCAGATCTGCC-
TCGTGGAGTTTTAA-3′); Q384A, forward primers CS23
(5′-CGTTGGTGCCAATTTGAAATTCGATTACAA-3 ′) and
AW964 (5′-GGAAACTAGTTCCCTCGATCC-3′) and re-
verse primers CS24 (5′-TGTAATCGAATTTCAAATT G-
GCACCAACGA-3′) and CS36; N385A, forward primers
CS25 (5′-CGTTGGTCAGGCCTTGAAATTCGATTACAA-
3′) and AW964 and reverse primers CS26 (5′-TGTAATC-
GAATTTCAAGGCCTGACCAACGA-3′) and CS36; Q384A/
N385A, forward primers CS27 (5′-CGTTGGTGCCGCT-
CTGAAATTCGATTACAA-3 ′) and AW964 and reverse
primers CS28 (5′-TGTAATCGAATTTCAGAGCGGCAC-
CAACGA-3′) and CS36; D389E, forward primers CS29 (5′-
TGAAATTCGAGTACAAGGTGTTGATGGTGAA-3′) and

AW964 and reverse primers CS30 (5′-CAACACCTTG-
TACTCGAATTTCAAA-3′) and CS36. The mutated codons
are italicized. The PCR-amplified fragments were cloned into
the pCS5 vector at theSpeI andSacI sites for L329A, D389E,
Q384A, N385A, and Q384A/N385A and theBglII and SacI
sites for Y464A. Mutations were constructed in a high-level
expression plasmid for protein expression. For each mutant
that was constructed, the mutated amplicon was first screened
by restriction analysis as each new mutation also contained
a new restriction site. The amplicon was ligated into the CS5
plasmid in which the wild-type sequence had been removed
by restriction digestion and gel purification. The new
construct was transformed by electroporation into the host
cells and the sequence of the new DNA polymerase
confirmed by sequencing.

Purification of DNA Polymerases. The pCS5 plasmid and
its derivatives were transformed intoE. coli. The chimeric
DNA polymerases were overexpressed under the control of
the lambda PL promoter. Five hundred milliliters of cells was
grown and heat induced, and proteins were purified to near
homogeneity using previously published procedures (37). The
protein concentrations were determined by quantitation of
the appropriate Coomassie-stained bands following poly-
acrylamide gel electrophoresis.

DNA Polymerase and 3′-5′ Exonuclease Assays.The
DNA polymerase activity was assayed as described previ-
ously (17) under the following conditions at 74°C: 25 mM
TAPS (pH 9.4), 50 mM KCl, 2 mM MgCl2, dGTP, dATP,
and TTP (200µM each), and 100µM [R-33P]dCTP at 190-
240 cpm/pmol. One unit of DNA polymerase activity is
defined as the amount of enzyme that incorporates 10 nmol
of TCA-precipitatable DNA product in 30 min. The 3′-5′
exonuclease activity was determined by measuring the rate
of removal of the 3′ terminal nucleotide from a 5′ fluores-
cently labeled synthetic oligonucleotide substrate. This
substrate oligonucleotide [NJS40 (5′-FAM-GCGCTA-
GGGCGCTGGCAAGTGTAGCGGTCAC-3′)] was a unique,
nonrepeating sequence and was either single-stranded or
annealed to a perfectly matched oligonucleotide template
[NJS43 (5′-CCGCGGCGGGTGTGGTGGTTACGCGCAG-
CGTGACCGCTACACTTGCCAGCGCCCTAGCGAP-
3′)] or to an oligonucleotide providing a mismatch to the 3′
terminus of the primer [NJS44 (5′-CCGCGGCGGGTGTG-
GTGGTTACGCGCAGCTTGACCGCTACACTTGCC-
AGCGCCCTAGCGAP-3′)]. The underlined nucleotides
indicate the template to the 3′ terminal dC of the primer.
The reactions (40µL) were performed at 63°C, and the
mixtures were comprised of 4 pmol of FAM-labeled oligo-
nucleotide in 50 mM Tricine (pH 8.3), 25 mM KOAc, 5%
(w/v) DMSO, and 0.5 mM Mn(OAc)2. To mimic PCR
conditions, the reaction mixtures also contained a 5%
contribution from enzyme storage buffer to give 1 mM Tris
(pH 8.0), 5 mM KCl, 5.0µM EDTA, 0.025% Tween 20,
0.05 mM DTT, and 2.5% (v/v) glycerol. Reactions were
initiated by addition of oligonucleotide substrate and divalent
metal to the enzyme solution and quenched after 15 min by
EDTA (final concentration of 50 mM). The fragments were
separated by capillary electrophoresis (ABI PRISM 3100,
Applied Biosystems). The relative amounts of the full-length
and degraded oligonucleotides were quantitated by GENES-
CAN (Applied Bioystems).
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The quantity of oligonucleotide converted to shorter
oligonucleotide products is equal to

wherePn is the substrate oligonucleotide of initial lengthn
and relativePn is equal to the fluorescence intensity ofPn

divided by the sum of fluorescent intensities of all detected
fragments. One unit of 3′-5′ exonuclease activity is defined
as the amount of enzyme that catalyzes the conversion of
50 pmol of NJS40 oligonucleotide to shorter oligonucleotides
in 15 min. Enzyme concentrations were adjusted to ensure
the linearity of the assay (2.5-50 pM for the wild-type
enzyme). Calculated rates were normalized to an enzyme
concentration of 0.25 nM.

Steady-State Kinetics.A modified version of the assay
employing a 5′-FAM-labeled oligonucleotide substrate with
a 3′ homopolymer tail [NJS98 (5′-FAM-TAACCTCGTCA-
GAGCAGACCAGAGCAAAAAAAAAAAAAAA-3 ′)] was
used to determine the kinetic parameters of 3′-5′ exonucle-
olysis. The oligonucleotide was either single-stranded or
annealed to a complementary template [NJS99B (5′-TC-
CAACCAACUUUUUUUUUUUUUUUGCTCTGGTC-
TGCTCTGACGAGGTTGP-3′)]. The template contained
propynyl-dU, indicated byU, opposite dA to increase the
stability of the duplex (TM ) 73 °C) and ensure complete
hybridization at the assay temperature of 63°C, as indicated
by melting curves (data not shown). Reactions were other-
wise carried out as described above.

The quantity of total degradation product is equal to

wherePn-x is the degradation product of lengthn-x andX
is the number of phosphodiester bonds cleaved to generate
Pn-x. This assay was used to measure the cumulative rate of
phosphodiester bond cleavage, considering shorter oligo-
nucleotides as both product and substrate for subsequent
reactions. The rates were linear for degradation of up to 12
nucleotides. Initial rates were determined by least-squares
analysis, and thekcat andKM values were extrapolated from
a Lineweaver-Burke double-reciprocal plot using Grafit
(Erithacus Software, Ltd., Surrey, U.K.).

RT/PCR Amplification.The enzymes were tested for RT/
PCR activity using a HIV-1 transcript RNA target. The 100
µL PCR mixture contained 50 mM Tricine (pH 8.3), 45 mM
KOAc (pH 7.5), 0.9 mM Mn(OAc)2, 5% (w/v) DMSO,
0.75% PEG 10K, dATP, dGTP, and dCTP (200µM each),
300 µM dUTP, 30µM TTP, 200 nM primers RN326 (5′-
GAGGGGTATTGACAAACTCCCACTCAGGAATCCA-
3′) and RN328 (5′-GGGAATTTTCTTCAGAGCAGACCA-
GAGCCAACA-3′) whereC is 2′-amino-dC, and 1 unit of
UNG. The DNA polymerase used was either a blend of
proofreading-proficient (CS5) and -deficient (CS6) chimeric
parent enzymes or the modulated proofreading DNA poly-
merases. The PCR conditions were as follows: 50°C for 2
min, 60 °C for 60 min, and 95°C for 1 min, followed by
four cycles of 95°C for 20 s, 58°C for 15 s, and 65°C for
105 s, followed by 36 cycles of 90°C for 20 s, 58°C for 15
s, and 65°C for 105 s using an Applied Biosystems 9600
DNA thermal cycler (Applied Biosystems). The RT/PCR

products were analyzed by electrophoresis on an agarose gel
stained with ethidium bromide.

RESULTS

Structure-Based Design of Mutations.In these studies, we
used the chimeric protein, CS5 pol. The CS5 pol is a fusion
of two proteins, the 5′-3′ exonuclease domain fromT. Z05
pol (residues 1-291), and the 3′-5′ exonuclease and pol
domains fromTma pol (residues 292-485 and 486-893,
respectively). Replacement of the complete 5′ nuclease
domain fromTma pol with that from T. Z05 pol led to
improved protein expression (data not shown). The 3′-5′
exonuclease domain fromTma pol is homologous to the
same domain fromE. coli pol I (51.9 and 33.7% similar
and identical in sequence, respectively). Using the cocrystal
structure of the Klenow fragment as a template to construct
a model (38) of the Tma pol proofreading domain in CS5
pol, the putative 3′-5′ exonuclease active site was identified
on the basis of three conserved sequence motifs: Exo I, II,
and III (39). These motifs comprise the critical residues that
define the substrate binding pocket and active site and are
highly conserved betweenE. coli pol I andTmapol. There
are only three insertions or deletions, all fewer than three
amino acids in length, in the alignment betweenE. coli pol
I andTmapol, none of which occur within conserved motifs.
The Klenow fragment thus serves as a very reliable template
for building a model of the unknownTmapol proofreading
domain. The quality of the inferred structural model of the
chimera’s proofreading domain was high as judged by the
3D profile scores (40, 41). Large, positive scores (>20 for
a sliding 21-residue segment) indicate that the amino acid
residues are in their preferred environment in terms of solvent
exposure, secondary structure, and occlusion by polar and
hydrophobic atoms. A 3D profile score below zero would
indicate potential problems in that region of the structural
model. The average 3D profile score for the inferred model
structure of CS5 pol was virtually identical to that of the
Klenow cocrystal structure (40.0 and 40.7, respectively). In
only one region, centered on residues 443-451, did the
sliding average 3D profile score drop below 10 (Figure 1a).
However, none of these loop residues are found near the
active site. This loop in Tma pol is longer by two residues
and contains more hydrophobic amino acids than the
homologous loop inE. coli pol I.

The modeled structure of CS5 pol was used to select
residues for mutation by molecular modeling criteria (Figure
1b,c). These included amino acids with atoms<5 Å from
the DNA substrate or metal and that interact favorably with
the DNA or metal, based on calculated van der Waals and
hydrogen bonding energies. All identified residues were
implicated in the catalysis or substrate binding of the 3′-5′
exonuclease activity. They are shown graphically in Figure
1 and outlined in Table 1. The residues were categorized
using the convention of Derbyshire et al. (42) for theE. coli
Klenow fragment as metal ligators, substrate contacts at the
3′ terminus, or upstream contacts with the substrate sugar-
phosphate backbone.

Construction and Purification of the Mutants of CS5 pol.
Using standard site-directed mutagenesis methods (see
Experimental Procedures), we mutated the sites listed in
Table 1. The amino acid substitutions were designed with

[1-(relatiVe Pn)]/(pmol ofPn at the start of reaction)

(relativePn-x)/X/(pmol ofPn at start of reaction)
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the intention of diminishing but not completely destroying
the activity.

3′-5′ Exonuclease ActiVity of Mutants.All proteins were
assayed in a buffer optimized for RT/PCR with moderate
monovalent salt and low divalent metal ion concentrations
and a temperature of 63°C. Since this assay examines the
rate of removal of only the 3′ terminal nucleotide from a
nonrepeating sequence, it allows the determination of activity
for the same sequence context on both a 3′-matched and
mismatched duplex, as well as on a single-stranded oligo-
nucleotide. Activity was measured at oligonucleotide con-
centrations of 100 nM to approximate the concentration of
primer used in a typical PCR amplification. Under these
conditions, wild-type chimera CS5 pol displayed approxi-
mately the same degradation rates with the single-stranded
and matched duplex substrates (9.9 and 11.3 units/pmol,
respectively) and an almost 2-fold higher degradation rate
(16.6 units/pmol) with the terminally mismatched duplex.

The 3′-5′ exonuclease activity for each mutant enzyme
was observed to be reduced by varying degrees (Table 2).
Mutations to the metal ligating class of residues were
differentially tolerated. Mutations of the carboxylates that
directly chelate metal ion A (D323E or E325D) resulted in
complete elimination of 3′ exonuclease activity, while the
analogous mutation of the metal ion B ligator (D389E) led
to a partial activity reduction.

Mutations to the second class of residues, i.e., those found
near the 3′ terminus of the DNA substrate, also resulted in
quite disparate results. The phenolic OH group of Tyr464
interacts with thepro-Roxygen of the scissile phosphodiester
bond. Replacement of Y464 with alanine eliminated 3′-
exonuclease activity completely. The second residue of this
class that was examined in this study, Leu324, is located
between the essential caboxylates that ligate metal ion A.
Although its backbone atoms are near the active site, its side
chain points away from the active site (Figure 1). We mutated
the small, neutral side chain to a number of charged or polar
residues. Such mutations resulted in a very modest reduction
in 3′-5′ exonuclease activity (27-67% residual activity,
depending upon the nature of the substrate and mutation).
Removal of the small, hydrophobic leucine side chain of
L329 led to greater activity reduction than mutating L324.
The isobutyl group of L329 is observed in the cocrystal
structure to stack between the terminal and penultimate bases
of the DNA.

Mutations targeting the third class of residues, those which
contact the DNA substrate distal to the scissile phosphodi-
ester bond (Q384A and N385A), resulted in attenuation of
activity ranging from 23 to 60% of wild-type levels,
depending on the nature of substrates and mutations. The
level of activity reduction of this class of mutants is generally
lower for the mismatched duplex than for either the single-
stranded or matched duplex forms of the substrate (see Table
2). A double mutant targeting both of these amide residues
has activity 3-fold lower than that predicted by simple
additive effects (8.2% vs 3.3%).

Effects of Metal on 3′-5′ Exonuclease ActiVity. One of
the most important parameters for PCR optimization is the
nature and concentration of the divalent metal ion cofactor.
Both Mn2+ and Mg2+ can be used as divalent metal cations
by DNA pols to catalyze 5′-3′ primer extension (18).
However, the fidelity is lower for Mn2+ activation than for
Mg2+ activation (43). We therefore measured the 3′-5′
exonuclease activity of the CS5 pol wild-type chimera and

FIGURE 1: Modeled structure of the 3′-5′ exonuclease active site
of the CS5 chimeric DNA polymerase highlighting residues
identified for mutagenesis. The protein is displayed as a ribbon
colored by secondary structure (red forR-helix, cyan forâ-sheet,
and white for loop). The two metal ions are shown as yellow space-
filling spheres (metal ion A is a Zn and metal ion B is a Mg). The
three bases of the DNA substrate are shown as ball-and-stick
diagrams colored orange, green, and white. (a) Loop defined by
residues 443-451 inTmapol showing the lowest 3D profile score
and therefore likely greatest differences with respect to the
mesophilic homologue Klenow fragment. (b) Residues 323-325.
D323 and E325 chelate metal ion A, while L324 points away from
the active site. (c) Residues distal from the scissile phosphodiester
bond. For the proposed function of the individual residues, see Table
1.
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several of the mutant enzymes in Mg2+-containing buffer to
augment the studies in the Mn2+-optimized buffer. The
chimera CS5 pol 3′-5′ exonuclease activity was lower in
Mg2+-containing buffer than in Mn2+-containing buffer
[∼10-fold lower for double-stranded DNA and∼15-fold
lower for single-stranded DNA (Table 3)]. Like CS5 pol,
the mutants also had reduced 3′-5′ exonuclease activity in
Mg2+ compared to Mn2+. However, the activity on different
substrates varied for the different mutants. For PCR, it is
preferable to have weak proofreading degradation of single-
stranded DNA relative to double-stranded DNA.

3′-5′ Exonuclease Enzyme Kinetics.To gain a better
understanding of the catalytic mechanism of theTma pol

proofreading domain and how it may differ from its
mesophilic counterpart,E. coli pol I, we determined the
kinetic parameters for the wild-type chimera and the attenu-
ated 3′-5′ exonuclease mutants. Oligonucleotide substrate
NJS98 was used to determine kinetic parameters, either
single-stranded or annealed to NJS99B. The homopolymeric
sequence ensured uniform degradation rates since the
sequence context did not change upon degradation. The fact
that multiple degradative events were considered in which
the product of removal served as a further substrate thus
increased assay linearity and sensitivity. This assay format
thus provided a dynamic range much greater than that
discussed above for relative activity determination but

Table 1: Candidate Residues for Mutation in theTmapol 3′-5′ Exonuclease Domain of CS5 Chimeric DNA Polymerase

class
residue

in Tmapola

residue in
Klenow
fragment motif function mutation

ligands to the metal ions Asp323 Asp355 Exo I chelates metal ion A Glu or Ala
Glu325 Glu357 Exo I chelates metal ion A Asp or Ala
Asp389 Asp424 Exo II indirectly chelates metal ion B Glu

substrate contacts at the 3′ terminus Leu324 Thr356 Exo I no interactions with substrate; located
between essential carboxylates D323 and E325

Gln, His, Glu,
Lys, Asn, or Asp

Tyr464 Tyr497 Exo III H-bond to scissile phosphodiester Ala
Leu329 Leu361 Exo I stacks between Pn and Pn-1 Ala

upstream contacts with the substrate
sugar-phosphate backbone

Gln384 Gln419 Exo II H-bond to phosphodiester
between Pn-1 and Pn-2

Ala

Asn385 Asn420 Exo II H-bond to 4′-O of Pn-1 Ala
a The residues were suggested by molecular modeling to be involved in catalysis and/or substrate binding in the 3′-5′ exonuclease domain.

Table 2: 3′-5′ Exonuclease Activity of Wild-Type and Mutant Derivatives of CS5 pol

single-stranded
double-stranded,

matched
double-stranded,

mismatched

enzyme

specific
activity

(units/pmol) %a

specific
activity

(units/pmol) %a

specific
activity

(units/pmol) %a

CS5 9.9 100.0 11.3 100.0 16.6 100.0
CS6 <0.001 <0.01 <0.001 <0.01 <0.001 <0.01
D323E <0.001 <0.01 <0.001 <0.01 <0.001 <0.01
E325D <0.001 <0.01 <0.001 <0.01 <0.001 <0.01
D323E/E325D <0.001 <0.01 <0.001 <0.01 <0.001 <0.01
D389E 1.6 16.2 1.9 16.5 4.9 29.3
L324Q 2.7 27.2 3.6 32.2 6.9 41.6
L324H 3.4 34.0 3.9 35.1 7.2 43.7
L324E 4.8 48.2 4.1 36.7 7.4 44.9
L324D 6.1 61.3 4.4 39.4 9.5 57.3
L324K 3.4 34.5 5.0 44.9 9.2 55.7
L324N 4.0 40.5 5.3 47.0 11.1 66.8
Y464A 0.031 0.31 0.057 0.50 0.090 0.54
L329A 1.1 10.7 0.9 7.8 3.2 19.3
Q384A 2.3 22.9 2.7 23.7 7.6 45.8
N385A 3.5 35.6 4.3 38.6 10.6 63.8
Q384A/N385A 0.4 3.7 0.5 4.1 1.8 10.9

a Percent relative to that of wild-type CS5 pol (defined as 100%).

Table 3: Comparison of 3′-5′ Exonuclease Activities in Mg2+ and Mn2+

single-stranded double-stranded, matched double-stranded, mismatched

enzyme

specific
activity

(units/pmol)
% activity

[Mg2+/Mn2+]

specific
activity

(units/pmol)
% activity

[Mg2+/Mn2+]

specific
activity

(units/pmol)
% activity

[Mg2+/Mn2+]

CS5 0.67 6.8 1.2 10.2 1.6 9.4
D389E 0.19 11.8 0.15 7.9 0.23 4.7
L329A 0.028 2.5 0.086 9.6 0.17 5.2
Q384A 0.24 10.3 0.19 7.1 0.36 4.8
N385A 0.18 3.8 0.16 5.1 0.41 3.9
Q384A/N385A 0.013 3.3 0.035 9.1 0.077 4.3
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precluded examination of the 3′ terminally mismatched
duplex since the mismatch would define only the first
phosphodiester target.

Because the kinetic behavior of the Klenow fragment has
been extensively studied, we first measured the kinetic
parameters of the Klenow fragment using previously reported
buffer conditions (44) to validate our assay format. Using
our fluorescent, partially homopolymeric substrate (NJS98),
our results were consistent with previously published data
for the Klenow fragment for single-stranded substrate (44)
and for double-stranded substrate (45) (Table 4). Further-
more, our results confirm that the Klenow fragment utilizes
both single-stranded and double-stranded forms of substrate
with equal efficiency due to compensating changes in the
kcat and KM values. Whereas catalysis is faster on single-
stranded DNA as opposed to double-stranded DNA, binding
is weaker for the former.

The kinetics of theTmapol 3′-5′ exonuclease domain in
the CS5 chimera exhibited several differences from those
of the Klenow fragment. TheKM of CS5 pol (Table 4) for
double-stranded DNA is also in the nanomolar range (5.7(
1.9 nM), while theKM for the NJS98 single-stranded DNA
(740 ( 280 nM) is approximately 6-fold higher than that
measured for the Klenow fragment. More dramatically, the
maximal rate of 3′-5′ exonucleolysis was much faster for
CS5 pol and had similarkcat values for single-stranded DNA
and double-stranded DNA (0.95( 0.08 s-1 for double-
stranded DNA and 2.3( 0.1 s-1 for single-stranded DNA).
Compared to that of the Klenow fragment, thekcat of CS5
was∼17-fold higher for single-stranded DNA and 263-fold
higher for double-stranded DNA. The resulting specificity
constant,kcat/KM, indicates a greater than 50-fold preference
for the double-stranded substrate over the single-stranded
substrate rather than equal efficiency on both substrates
observed with the Klenow fragment.

To be able to predict proofreading behavior at any
substrate concentration, as well as to understand if the activity
reduction observed for the various mutants stems from effects
on substrate binding or on catalysis, the kinetic parameters
were determined for representatives from each of the three
classes of mutants (Table 4). The mutations had almost no
effect on the KM value for double-stranded DNA and
increased theKM for single-stranded DNA by a factor of
only 2-3 when compared to that of the parent CS5 pol. The
effect of the mutations on thekcat value for both forms of
the substrate was greater: 2-30-fold decrease for double-
stranded DNA and 6-160-fold decrease for single-stranded
DNA. The resulting specificity constants (kcat/KM) of the
mutants, for double-stranded DNA versus single-stranded
DNA, indicate an increase in the strength of the preference

for the double-stranded form of the DNA substrate compared
to the parent enzyme.

RT/PCR Amplification. The ability of the mutant DNA
polymerases to generate 1.7 kb amplicons from HIV-1 RNA
transcript was evaluated (Figure 2). In this system, essentially
no product was observed when the DNA polymerase had
high levels of proofreading activity, e.g., the CS5 pol parent
enzyme alone. Amplification by an enzyme lacking proof-
reading activity, e.g., CS6 pol alone, yielded a minimal
specific product. The blending of various concentrations of
CS5 pol and CS6 pol yielded small amounts of specific
products. The performance of six of eight of the mutants
was at least equivalent to that of the control chimera CS6 or
any of the enzyme blends, while three performed substan-
tially better (L329A, Q384A, and Q384A/N385A).

DISCUSSION

The goal of this study was to rationally design mutants of
a thermostable chimeric DNA polymerase to reduce, but not
eliminate, the 3′-5′ exonuclease activity. Such mutants, it
was hoped, would function as a single enzyme in RT/PCR
or PCR applications that normally require blending 3′-5′
exonuclease-containing and 3′-5′ exonuclease-deficient
DNA polymerases to achieve low levels of proofreading
activity. The consequence of modifying the previously
produced chimeric construct was to achieve the first DNA
polymerases with efficient reverse transcriptase and 3′-5′
exonuclease (proofreading) activity.

The first category of mutations targeted the metal ligating
residues of the active site. While it had been shown that

Table 4: 3′-5′ Exonuclease Activity Kinetic Parameters for Wild-Type CS5 pol and Selected Mutants

single-stranded double-stranded

enzyme
KM

(µM)
kcat

(s-1)
kcat/KM

(µM-1 s-1)
KM

(nM)
kcat

(s-1)
kcat/KM

(µM-1 s-1) (kcat/KM)double-stranded/(kcat/KM)single-stranded

CS5 0.74 2.34 3.16 5.66 0.95 168.5 53.3
D389E 1.34 0.098 0.07 7.1 0.12 17.5 238.6
L329A 2.3 0.036 0.02 5.45 0.032 5.9 377.4
Q384A 1.94 0.15 0.08 5.93 0.16 26.1 346.1
N385A 1.56 0.36 0.23 5.88 0.45 76.0 326.2
Q384A/N385A 1.54 0.014 0.01 4.23 0.030 7.1 769.7
Klenow fragment 0.12 0.14 1.19 3.2 0.0036 1.10 0.9

FIGURE 2: RT/PCR results. RT/PCR with 104 copies/reaction of
HIV-1 RNA transcript with 50 units of enzyme. The specific
product is 1.7 kb in length: lanes 1 and 13, MassRuler DNA
Ladder, High Range; lanes 2-11, D323E/E325D, D389E, L324Q,
L329A, Y464A, Q384A, N385A, Q384A/N385A, CS6, and CS5,
respectively; lanes 14-19, RT/PCR with 104 copies/reaction of
HIV-1 RNA transcript with either CS5 or CS6 or with a blend of
CS5 and CS6; lane 14, 50 units of CS6; lane 15, 2 units of CS5
and 48 units of CS6; lane 16, 5 units of CS5 and 45 units of CS6;
lane 17, 10 units of CS5 and 40 units of CS6; lane 18, 25 units of
CS5 and 25 units of CS6; and lane 19, 50 units of CS5.
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removal of the carboxylate group from the absolutely
conserved glutamate and aspartate residues in motifs Exo I
and II completely eliminated 3′-5′ exonuclease activity (44,
46), we found that even conservative, length-modifying
mutations to metal ion A ligators D323E or E325D elimi-
nated 3′-5′ exonuclease activity below the detectable levels
of our assay. The equivalent acidic side chain length
mutations have not been described forE. coli pol I. On the
other hand, similar length-modulating changes to metal ion
B ligator D389E resulted in the desired partial activity
reduction. These disparate tolerances for such mutations may
be attributed to differences in the nature of metal ligation
by these residues. The D323 and E325 residues ligate metal
ion A directly, while residue D389 is coordinated via two
water molecules to metal ion B. This indirect ligation could
offer more tolerance to the placement of the carboxylate
group. The homologous mutation to metal ion B ligator
D424E inE. coli pol I had a similar modulating effect (44).

The second category of mutations was directed at three
residues located near the active site but not involved in metal
coordination: Y464, L329, and L324. There are conflicting
data about the role of the Y464 residue (42, 44, 47). Unlike
the analogous mutation in the Klenow fragment which
resulted in an only modest reduction in activity (42), we find
that the Y464A mutation completely eliminates the 3′-5′
exonuclease activity and is consistent with the proposed role
of the phenolic OH hydrogen bonding to the attacking OH-,
as seen in earlier cocrystal structures (25, 48). We cannot
rule out the possibility that this amino acid substitution causes
subtle structural changes which are critical in the 3′-5′
exonuclease active site ofTmapol. The second residue in
this category to be targeted for mutagenesis, L324, is not
conserved among the pol A family polymerases. With the
intention of only slightly perturbing the geometric arrange-
ment of the flanking liganding groups, we mutated the small,
neutral side chain of L324 to a number of charged or polar
residues. Such mutations indeed resulted in a very modest
reduction in 3′-5′ exonuclease activity similar to earlier
reports for theArchaeaDNA polymerase fromThermococ-
cus kodakaraensisKOD1 (49). The side chain of the final
residue mutated in this category, L329, is inserted between
the terminal and penultimate bases. The homologous muta-
tion in E. coli pol I (L361A) led to a similar modest reduction
in activity, it being, however, much stronger for double-
stranded DNA than for single-stranded DNA. In contrast,
this mutation inTmapol shows comparable activity reduction
on double- and single-stranded substrates (42). For the third
category of mutations, the greater than expected activity
reduction for removal of both amide side chains of Q384
and N385 indicates that the substrate interactions contributed
by these two neighboring side chains are cooperative.

The structural studies of the Klenow fragment and other
DNA polymerases have been complemented not only by
extensive site-directed mutagenesis but also by kinetic
characterizations to confirm the role of residues and clarify
the reaction mechanism (22, 42, 45, 50-55). In the course
of our study, we have characterized the steady-state kinetics
of 3′-5′ exonuclease activity of both the wild-type and
mutant enzymes fromTma. Like that of the Klenow
fragment, theKM value ofTmapol for double-stranded DNA
is similar for both the 5′-3′ primer extension and 3′-5′
exonuclease activities, consistent with the model in which

binding of DNA with a recessed 3′ terminus occurs initially
in the DNA polymerase domain. If extension is slow due to
the presence of a mismatch or the lack of the next correct
dNTP, then the primer is shuttled down to the 3′-5′
exonuclease domain where hydrolytic removal of the terminal
nucleoside is catalyzed. This strand transfer is proposed to
be rate-limiting for the Klenow fragment because thekcat

for double-stranded DNA is much slower than for single-
stranded DNA. InTmapol, thekcat value for double-stranded
DNA is almost as fast as for single-stranded DNA, and both
are faster than for the Klenow fragment. Thus,Tma pol
appears to still bind double-stranded DNA in the polymerase
active site but shuttles it much faster than the Klenow
fragment under the assay conditions that were tested. This
faster strand transfer could be due to a faster rate of release
from the DNA pol active site or a faster strand accepting
rate on the part of the proofreading active site. Examination
of the kinetic behavior of the two enzymes on single-stranded
DNA provides a glimpse into the source of this kinetic
acceleration. Thekcat on single-stranded DNA ofTmapol is
roughly ∼17-fold faster than that of the Klenow fragment.
Assuming that this rate increase reflects faster strand
acceptance by the proofreading domain, it implies that the
additional 15-fold rate acceleration for double-stranded DNA
substrate byTmapol overE. coli pol I derives from a 15-
fold faster strand release rate from the DNA polymerase
domain. Perhaps the more hydrophobic nature and increased
length of the loop of residues 443-451 in theTmapol 3′-
5′ exonuclease domain (Figure 1a) account for some of these
differences in kinetic behavior from the Klenow fragment.

Determination of the kinetic parameters for these mutants
reveals a much greater effect onkcat than onKM, implying
that these interactions are more important with the transition
state form of the substrate than the ground state. Perhaps
formation of the interactions and orientation of the DNA
substrate, as observed in the cocrystal structure, reflect the
rate-limiting step in the catalysis of hydrolysis.

Several of the new designer enzymes with modulated
proofreading activity function to replace the conventional
mixture of DNA polymerases in the cDNA synthesis and
amplification of a 1.7 kb RNA target. Following misincor-
poration by a nonproofreading DNA polymerase during
either reverse transcription or PCR amplification, the ter-
minally mismatched primer is either extended slowly, thus
locking in the mistake, or not further extended, thus lowering
cDNA and/or amplification efficiency. A proofreading
proficient DNA polymerase can remove the mismatch, thus
improving fidelity and efficiency. The benefit of proofreading
depends on the rate of misincorporation, the length of the
amplicon, and the relative mismatch extension rate. In the
case of 3′-5′ exonuclease-containing and 3′-5′ exonuclease-
deficient blends of DNA polymerases, a poorly extendable
mismatch must dissociate from the predominant 3′-5′
exonuclease-deficient DNA polymerase and bind to the
minority 3′-5′ exonuclease-containing DNA polymerase
before it can finally be proofread. With a modulated
proofreading thermostable DNA polymerase, the correction
of a 3′ terminal mismatch on a primer following misincor-
poration can occur intramolecularly rather than intermolecu-
larly without the potential detrimental effects of full proof-
reading activity. Indeed, three of the eight mutants with
reduced 3′-5′ exonuclease activity had substantially im-
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proved RT/PCR activity (L329A, Q384A, and Q384A/
N385A). This is the first demonstration of thermoactive and
thermostable pol A DNA polymerases containing 3′-5′
exonucleolytic (proofreading) activity that are capable of
efficient reverse transcription and single-enzyme RT/PCR.

Although we measure an∼50-fold higher catalytic ef-
ficiency on double-stranded DNA than on single-stranded
DNA, which is favorable for PCR, we have found that it
still is beneficial to protect the primers for PCR applications
since there is a huge excess of the single-stranded primer
over the concentration of the primed template. This is
particularly true for RT/PCR applications where there is an
extended incubation time during the reverse transcription
step. We have found that penultimate 2′-amino groups, 2′-
OH groups, or 2′-O-methyl groups afford protection against
3′-5′ exonuclease degradation while allowing efficient
primer extension.

The creation of an accurate homology model of theTma
pol proofreading domain based on the Klenow fragment
structure allowed us to successfully identify modulating
mutations for the 3′-5′ exonuclease activity. Kinetic char-
acterizations of the wild-type chimera as well as some
differences in the effect of mutating certain residues point
to differences in the mechanism ofTma pol versus its
mesophilic counterpart. Additionally, this work demonstrates
the success of a rational design approach to creating
modulated proofreading DNA polymerases which can be
utilized in a highly sensitive long RT/PCR amenable to the
clinical diagnostic setting.
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