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IIHFWLYH�FHOO�GLYLVLRQ�UHTXLUHV�DQ�DFFXUDWH�DQG�HIÀFLHQW�
mechanism by which genetic information can be rep-

licated and passed on to progeny cells. Excessive errors in genome 
replication may mutate essential genes and threaten the ability of  
these daughter cells to survive and proliferate. Organisms that 
utilize double-stranded deoxyribonucleic acids (dsDNA) as carri-
ers of  their genetic code have developed a class of  enzymes called 
DNA polymerases to catalyze this DNA replication process. DNA 
polymerases incorporate free deoxyribonucleotide triphosphates 
(dNTPs) into newly synthesized DNA strands in a sequence pri-
marily determined by that of  the template DNA strand through 
Watson-Crick base-pairing rules. However, the wide range of  ac-
curacy levels among the known DNA polymerases in faithfully 
replicating the template strand suggests that simple base-pairing 
IRUFHV�DUH�DQ�LQVXIÀFLHQW�H[SODQDWLRQ�IRU�WKHVH�GLIIHUHQFHV�LQ�ÀGHOLW\��
Indeed, the polymerase is actively involved in the dNTP selection, 
DQG�WKXV�DW�OHDVW�SDUWLDOO\�UHVSRQVLEOH�IRU�UHSOLFDWLRQ�ÀGHOLW\��

The DNA polymerase from the thermophillic arhaeon Pyrococ-
FXV�IXULRVXV�(Pfu Pol) remains one of  the most widely known ther-
PRVWDEOH�KLJK�ÀGHOLW\�'1$�SRO\PHUDVHV��,W�LV�FRPPRQO\�XVHG�DV�
the replicating enzyme for Polymerase Chain Reactions (PCR) in 
many laboratory protocols because of  its high degree of  replica-
tion accuracy and inherent thermal stability. While the presence 
of  a 3’A��·�H[RQXFOHDVH�SURRIUHDGLQJ�GRPDLQ�RQ�3IX�VLJQLÀFDQWO\�
FRQWULEXWHV�WR�LWV�VXSHULRU�ÀGHOLW\�DPRQJ�RIWHQ�XVHG�HQ]\PHV�LQ�
3&5��H[RQXFOHDVH�GHÀFLHQW�3IX�VWLOO�FRQIHUV�DQ�HUURU�UDWH�ZLWKLQ�DQ�
order of  magnitude of  Taq polymerase, the other most commonly 
used PCR enzyme lacking this proofreading nuclease activity. This 
LQKHUHQW�ÀGHOLW\�PDNHV�3IX�SRO\PHUDVH�D�JRRG�PRGHO�IRU�VWXG\-
ing the interaction between active site molecular architecture and 
UHSOLFDWLRQ�ÀGHOLW\��

Pfu polymerase belongs to the _-like family of  DNA poly-
merases, a group of  closely related enzymes sharing a structure 
similar to the eukaryotic DNA polymerase _. The crystal struc-
ture of  another _ family member, the RB69 phage polymerase, 
has been co-crystallized with template-primer and an incoming 
dNTP (known as the ternary complex) at a resolution of  2.8 Å. 
&U\VWDOORJUDSK\�FRQÀUPV�WKDW�WKH�5%���DQG�3IX�SRO\PHUDVHV�DUH�
extremely similar in structure, with highly conserved topologi-

cal features. Several functional domains, separated by clefts, radi-
ate from a central cavity. They have been named the “Thumb,” 
“Fingers,” “Exo,” “Palm,” and “N-terminal” domains, with the 
nomenclature noting its shape’s similarity to that of  a right hand. 
The palm domain, thought to be the most highly conserved of  the 
group, has been implicated in the dNTP-binding and nucleotidyl 
transferase activities central to the accurate polymerization needed 
for DNA replication. Within this region, the leucine residing at the 
409th residue of  Pfu Pol has been shown to be highly conserved 
among _ family polymerases and is represented by Leucine-415 in 
the RB69 polymerase. Conservation of  a similarly located amino 
acid across members of  a family of  enzymes suggests mechanistic 
importance and provides a potential target for investigation. 
+HUH��ZH�KDYH�FUHDWHG�D�PXWDQW�IRUP�RI �H[RQXFOHDVH�GHÀFLHQW�

Pfu polymerase in which Leucine-409 was replaced with a methio-
nine residue. This new enzyme (L409M) was assayed for its enzyme 
ÀGHOLW\�LQ�FRPSDULVRQ�ZLWK�WKH�ZLOG�W\SH�3IX�3RO��2QJRLQJ�ZRUN�LQ�
our laboratory has focused on replacing L409 with bulkier residues, 
including phenylalanine. Preliminary data has shown that the L409F 
PXWDWLRQ�UHQGHUV�WKH�HQ]\PH�XQDEOH�WR�FRPSOHWH�3&5�EDVHG�ÀGHO-
ity assays. However, the leucine to methionine substitution presents 
only approximately four cubic Angstroms in residue volume change 
and little change in side-chain polarity and this mutant is able to 
complete a PCR reaction. Therefore, the L409M Pfu polymerase 
mutant is instructive in determining the role of  the 409th residue 
in maintaining faithful DNA replication in vitro. 

Materials and Methods 
Site-directed mutagenesis was completed via a two-step over-

ODSSLQJ�3RO\PHUDVH�&KDLQ�5HDFWLRQ��3&5��PHWKRG��7KH�ÀUVW�3&5�
step used a forward primer containing a leucine�A methionine 
substitution (5’-TACCTAGATTTTAGAGCCATGTATCCCTC-
GATTATAATTACCCAC-3’) and reverse primer that annealed 
near the C-Terminal domain (5’-GGCTCTAAAATCTAGGTA-3) 
of  the SIX gene. A second PCR reaction used the amplicons cre-
DWHG�LQ�WKH�ÀUVW�VWHS�DV�WHPSODWHV��DQQHDOHG�WR�D�7��IRUZDUG�SULPHU�
(5'-TAA TAC GAC TCA CTA TAG GG-3') and the original Pfu 
reverse primer. This second PCR extended the insert fragment to 
a size of  approximately 2.4 kb, allowing for it to be more easily 
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used in cloning procedures. 
This 2.4 kb amplicon and a pET28a dsDNA plasmid (Novagen, 

WI) were double-digested with NheI and NcoI restriction endo-
nucleases. The vector and the insert (PCR product) were covalently 
joined by T4 DNA ligase (Invitrogen, CA) and transformed via 
electroporation into XL1-Blue E.coli cells (Stratagene, CA). Surviv-
ing colonies were harvested and the SIX clones were isolated from 
the other cellular components by a Miniprep (Promega, WI) puri-
ÀFDWLRQ�SURFHGXUH��&RUUHFW�LQVHUWLRQ�RI �WKH�3&5�DPSOLFRQ�LQVHUW�
LQWR�WKH�S(7��D�EDFNERQH�LQ�WKH�FORQHV�ZDV�YHULÀHG�E\�DQDO\WLFDO�
$SDI digest, with successful clones yielding a single linear 7.0 kb 
band upon agarose electrophoresis. These clones were sequenced, 
and the results were analyzed for similarity to the exo(-) wild type 
SIX gene with the exception of  the LAM mutation at amino acid 
residue 409. 
$�FORQH�FRQÀUPHG�E\�VHTXHQFLQJ��$&*7�,QF���,/��WR�FRQ-

tain L409M SIX was transformed into chemically competent BL-
21 (DE3) pLysS E.coli cells for over-expression and incubated 
in 2X-YT rich media under kanamycin/chloramphenicol selec-
tion pressure. Kanamycin selects for cells containing the L409M 
pfu-pET28a clone and cholamphenicol selects for BL-21 cells 
containing the pLysS plasmid needed for strict transcriptional 
control over the lacUV5 promoter, which controls expression of  
the L409M�SIX gene. Ten milliliters of  100 mM isopropyl `<D-1-
thiogalactopyranoside (IPTG) was added to a liter of  culture upon 
an OD reading of  0.1 to induce expression of  the mutant protein 
and the culture was incubated for approximately three more hours. 
The cells were then pelleted by centrifugation and lysed. Superna-
tant was isolated from the precipitated impurities in the cell lysate 
and centrifuged for twenty minutes at 3600 rpm at 4° C. 

To isolate and purify the mutant Pfu polymerase protein from 
WKH�UHVW�RI �WKH�VXSHUQDWDQW��D�QLFNHO�LRQ�17$�DIÀQLW\�FKURPDWRJ-
raphy method was utilized. This technique involves chelation of  
hexahistidine tags genetically attached to the L409M Pfu mutant 
polymerase by embedded nickel ions in a semisolid resin, immobi-
OL]LQJ�WKH�GHVLUHG�SURWHLQ�ZKLOH�OHWWLQJ�DOO�RWKHUV�ÁRZ�WKURXJK�WKH�
column. Subsequent treatment with imidazole, which has a higher 
DIÀQLW\�IRU�WKH�QLFNHO�LRQV��DOORZV�IRU�HOXWLRQ�DQG�FROOHFWLRQ�RI �WKH�
SXULÀHG�SURWHLQ��IROORZHG�E\�RYHUQLJKW����&�GLDO\VLV�LQ�D�6OLGH�$�
Lyzer cassette against 1X-Dialysis Buffer (50 mM Tris-HCl pH 
��������P0�('7$������JO\FHURO���6'6�3$*(�ZDV�XVHG�WR�FRQÀUP�
VXIÀFLHQW�FRQFHQWUDWLRQ�DQG�SXULW\�RI �3IX�LQ�WKH�HOXWHG�IUDFWLRQV��

In order to accurately compare Pfu polymerization activity be-
WZHHQ�/���0�DQG��SUHYLRXVO\�DQDO\]HG��ZLOG�W\SH��WKH�SXULÀHG�
L409M protein preparation was normalized for concentration and 
activity. Differences in activity among mutants must be based solely 
on the effects of  the introduced substitutions, rather than artifactual 
GLIIHUHQFHV�LQ�WKH�FRQFHQWUDWLRQ�DQG�HIÀFLHQF\�OHYHOV�RI �SURWHLQ�
preparations. To this end, single nucleotide extension assays were 
performed with varying protein concentrations to ascertain the con-
centrations at which L409M polymerase extended approximately 
ÀIW\�SHUFHQW�RI �DQ�ROLJRQXFOHRWLGH�SULPHU��

The L409M Pfu polymerase was used in a primer extension 
reaction with 40 nM 40mer DNA template (5’-AAGCTTGGCT-
GCAGAATATTGCTAGCGGGAATTCGGCGCG-3’) annealed 
to 80 nM 23mer Extend A primer (5’-CGCGCCGAATTCCCGC-
TAGCAAT-3’) 5’-radiolabeled with Phorphorus-32. These reac-
tions also included 200 uM oligo-dT, 2.5 mM dATP, and 10X Pfu 

Buffer (200 mM Tris HCl pH 8.8, 20 mM Mg2SO4, 100 mM KCl, 
100 mM (NH4)2SO4, 1% Triton X-100, and 1 mg/mL BSA) with 
the approximately 40 nM template:primer. The template:primer 
existed in 250-fold excess over Pfu enzyme in the extension reac-
tions. Other dNTPs were excluded from the reaction mixture so 
that only an adenine residue could be added onto the primer. 

At the commencement of  each reaction, the diluted protein 
ZDV�DGGHG�WR�WKH�UHDFWLRQ�PL[WXUH�DQG�LQFXEDWHG�IRU�ÀYH�PLQXWHV�
at 55° C. After this incubation, 2x-TC Stop Dye (containing 40 
P0�('7$��ZDV�DGGHG�DQG�WKH�UHDFWLRQ�ZDV�NHSW�DW�����&�IRU�ÀYH�
minutes. The EDTA chelates the magnesium ion cofactor from 
the polymerase enzyme and halts catalysis. For each reaction, a 4 
µL sample was electrophoresed through a 16% urea denaturing 
polyacrylamide gel and visualized by phosphorimaging analysis. 

Once the appropriate L409M protein amount was found for 
FRPSDULVRQ�WR�ZLOG�W\SH�3IX�DW�ÀIW\�SHUFHQW�SULPHU�H[WHQVLRQ��
this concentration was used in dATP titration reactions in order 
to establish the mutant’s Michaelis Constant (KM), or the enzyme 
concentration at which L409M polymerized at half-maximal veloc-
ity. These reactions were performed under identical conditions as 
those for the Activity Normalization Assays with the exception 
WKDW�SRO\PHUDVH�FRQFHQWUDWLRQ�ZDV�QRZ�À[HG�DW�DSSUR[LPDWHO\�����
pM and dATP concentration differed between reactions, ranging 
IURP�ÀQDO�FRQFHQWUDWLRQV�RI ����0�WR������0��6HH�)LJXUH�����7KH�
results were once again electrophoresed in 16% polyacrylamide. 
Products were then observed via phosphorimaging and quanti-
ÀHG�E\�GHQVLWRPHWU\��7KH�H[WHQW�RI �H[WHQGHG�SULPHU�IRUPDWLRQ�
ZDV�SORWWHG�DJDLQVW�G$73�FRQFHQWUDWLRQ�DQG�ÀW�WR�WKH�0LFKDHOLV�
Menten equation (Vo = VMAX[S] / KM + [S]) to determine the KM 

value for L409M Pfu. This process was completed in duplicate to 
ensure precision. The wild type polymerase KM had been previously 
elucidated by similar means. 

To measure the extent of  mutation conferred by L409M upon 
D�QHZO\�V\QWKHVL]HG�'1$�VWUDQG��DQG�WKXV�LWV�ÀGHOLW\��ZH�SHU-
formed a PCR-based Forward Mutation Assay. This experiment 
involved the L409M (without the 3’-exo domain) and WT (+/- 
3’-exo) Pfu polymerase as the replicating enzymes in PCR reac-
tions upon a template fragment (pUC18 plasmid linearized by 
restriction endonuclease $Á,,,) containing the lacZ_ reporter gene 
fragment. The lacZ gene encodes beta-galactosidase, a hydrolase 
that can cleave the chromogenic reporter X-GAL to yield a blue 
SURGXFW��3ULPHUV�ÁDQNLQJ�WKH�ODF=�UHJLRQ�RQ�WKH�S8&���IUDJ-
ment (5’-AAAAAAAGATCTTCTTTCCTGCGTTATCCCC-3’ 
and 5’-AAAAAAAGATCTGAGCAA AAGGCCAGC-3’) were 
used with 50 uM dNTPs and 10X-Pfu Buffer to complete PCR 
in a BioRad Thermal Cycler. Q-PCR had been previously utilized 
to normalize for template duplications among the mutants in the 
PCR reactions. 
$IWHU�WKLV�3&5�ZDV�FRPSOHWHG�DQG�YHULÀHG�E\�DJDURVH�HOHFWUR-

SKRUHVLV��WKH�DPSOLFRQ�'1$�IUDJPHQW�ZDV�SXULÀHG�ZLWK�D�4LD-
JHQ�3&5�3XULÀFDWLRQ�.LW�DQG�GRXEOH�GLJHVWHG�E\�'SQ, and %JO,,. 
'SQ,�VSHFLÀFDOO\�GHJUDGHV�GDP�PHWK\ODWHG�DGHQLQH�EDVHV�ZLWKLQ�D�
(5’-GAmTC-3’) palindrome, thereby destroying any residual plasmid 
template remaining from the reaction while %JO,, made two cut sites 
within the PCR products, leaving complementary single-stranded 
RYHUKDQJV�DW�HDFK�HQG��7KLV�GLJHVWLRQ�IUDJPHQW�ZDV�SXULÀHG�E\�
phenol-ethanol extraction and then subjected to an intramolecular 
ligation by T4 DNA Ligase (Invitrogen, CA). 
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This newly ligated pUC18 construct was then electroporated 
into XL1-Blue E. coli cells (Stratagene, CA). These were spread 
onto plates under carbenicillin selection pressure with IPTG as 
an expression inducer and X-GAL as the chromogenic substrate 
of  beta-galactosidase action. When cells expressing this lacZ_-
containing pUC18 fragment were plated onto dishes containing 
X-GAL, colonies with fully functional lacZ gene expression were 
blue in color. Mutations introduced by L409M Pfu Polymerase 
during the PCR led to decreased beta-galactosidase activity, 
yielding white bacterial colonies. The number of  blue and white 
colonies for the L409M (exo-), WT (exo-), WT (exo+), and a no-
enzyme control assays were counted and the ratios of  white:blue 
colonies were calculated for each treatment group. Relative differ-
ences in the frequency of  white colonies in a given sample size per 
plate (~300 colonies) speak to the extent of  mutations conferred 
by each Pfu Polymerase onto the lacZ_ gene in the initial PCR 
UHDFWLRQ��DQG�WKHUHIRUH�SURYLGH�D�PHWKRG�E\�ZKLFK�UHODWLYH�ÀGHOLW\�
FDQ�EH�TXDQWLÀHG��7KH�)RUZDUG�0XWDWLRQ�$VVD\�ZDV�SHUIRUPHG�
in triplicate for all treatment groups to ensure precision. 

Results and Discussion 
1RUPDOL]DWLRQ�RI �/���0�DQG�:LOG�7\SH�'1$�SRO\PHUDVH�$FWLYLWLHV�

As described in the Methods section, the single nucleotide 
extension reactions were performed with varying L409M Pfu 
protein dilution factors to normalize for any concentration and 
HIÀFLHQF\�GLIIHUHQFHV�EHWZHHQ�WKH�/���0�DQG�ZLOG�W\SH�SURWHLQV�
brought about by preparation procedures. The goal of  this as-
VD\�ZDV�WR�ÀQG�WKH�FRQFHQWUDWLRQ�RI �SRO\PHUDVH�GLVSOD\LQJ�����

extension of  32P-labeled 23mer at the maximal dATP concentra-
tion used in our single nucleotide extension reactions (250 uM 
ÀQDO���7KLV�SURWHLQ�FRQFHQWUDWLRQ�ZLOO�EH�XVHG�IRU�WKH�IROORZLQJ�
enzyme characterizations in comparison to wild type Pfu. After 
electrophoresis, through 16% urea denaturing polyacrylamide, 
the phosphor-image of  50% extension should show two similarly 
radioactive bands representing the small unextended primer (P) 
and extended primer (E). A scan of  these reactions with increasing 
L409M dilutions from 1:10 to 1:100,000 is depicted in Figure 1. 

While the wild type exo(-) enzyme used for comparison was 
found to reach 50% extension at the 1:180,000 dilution factor mark, 
)LJXUH���GHPRQVWUDWHV�WKDW�WKH�ÀIW\�SHUFHQW�H[WHQVLRQ�SRLQW�IRU�
L409M Pfu lied between 1:25,000 and 1:30,000. This point was later 
IRXQG�WR�UHVLGH�DW����������E\�D�PRUH�UHÀQHG�VHW�RI �SURWHLQ�GLOXWLRQ�
reactions, yielding a concentration of  70 pg/uL. This would be the 
dilution factor used for this mutant in subsequent kinetics assays. 
The multi-nucleotide extension seen in Figure 1 is unexpected as 
the reactions contained only dATP nucleotides for incorporation. 
Also, the template:primer anneals such that the template thymidine 
used to base-pair with incoming dATP is followed by two adenine 
residues to further discourage multi-nucleotide extension. The 
presence of  multiple incorporations in a single nucleotide exten-
sion assay reveals the presence of  nucleotide misincorporation, 
which had been previously seen in assays for wild type (exo-). 

G$73�7LWUDWLRQ�DQG�0LFKDHOLV�0HQWHQ�.LQHWLFV�5HVXOWV�
The dATP Titration Assay was performed with L409M Pfu 

polymerase at a concentration of  800 pM (a dilution of  1:28,000 
from an initial protein concentration of  2 ug/uL) in order to de-
termine how the mutant enzyme incorporated a single nucleotide 
over a range of  dATP concentrations. The resultant 16% poly-

Figure 1. This image is a phosphorimager visualization of  a 16% urea 
denaturing polyacrylamide gel for a L409M Pfu Polymerase dilution 
series. Single nucleotide extension reactions were performed upon 
40 nM 5’-32P-labeled 23mer DNA primer annealed to 80 nM 40mer 
template combined with 2.5 mM dATP, 200 uM oligodT, and 10X Pfu 
Buffer. Unextended primers (23mers) are represented in the row labeled 
with a P while single-nucleotide extended primers (24mers) are labeled 
with an E. The reactions were performed for 5 minutes at 55° C, then 
quenched with 2X-Stop Dye containing 40 mM EDTA. On the left, the 
N.E. lane contains a no-enzyme negative control reaction, predictably 
showing no primer extension. The thirteen subsequent treatment 
groups were treated with a gradually decreasing concentration of  
L409M Pfu polymerase. The dilution factors (from 2ug/uL protein) for 
these lanes were: 1:10, 1:256, 1:2000, 1:4000, 1:15000, 1:20000, 1:25000, 
1:30000, 1:35000, 1:40000, 1:45000, 1:50000, and 1:100000. The goal 
of  this assay was to determine the protein concentration at which 50% 
of  the primers were singly extended to form 24mers. This would allow 
for normalization of  enzyme activity between L409M and wild type 
Pfu proteins. The correct concentration of  L409M needed for 50/50 
was extension was 70 pg/µL or 800 pM, from a 1:28,000 dilution of  
2 µg/µL stock protein. Multinucleotide extension beyond the E row 
illustrates a tendency for L409M Pfu to misincorporate nucleotides 
onto the primer without respect to template.

Figure 2. This image is a phosphorimager visualization of  a 16% urea 
denaturing polyacrylamide gel for a L409M Pfu Polymerase dATP 
Titration Assay. Reactions were completed similarly to those in the 
Protein Dilution Series (Figure 1) except that protein concentration was 
À[HG�DW���SJ��/�DQG�G$73�FRQFHQWUDWLRQ�ZDV�JUDGXDOO\�GHFUHDVHG��
Single nucleotide extension reactions were performed upon 40 nM 
23mer DNA primer annealed to 80 nM 40mer template combined with 
varying dATP concentrations, 200 uM oligodT, and 10X Pfu Buffer. 
Unextended primers (23mers) are represented in the row labeled with 
a P while single-nucleotide extended primers (24mers) are labeled 
with an E. The reactions were performed for 5 minutes at 55° C, then 
quenched with 2X-Stop Dye containing 40 mM EDTA. On the left, the 
N.E. lane contains a no-enzyme negative control reaction, expectedly 
showing no primer extension. The eight subsequent treatment groups 
were treated with a gradually decreasing concentration of  dATP. The 
ÀQDO�G$73�FRQFHQWUDWLRQV�UHSUHVHQWHG�LQ�WKHVH�ODQHV�DUH�������0������
µM, 50 µM, 25 µM, 10 µM, 5 µM, 2.5 µM, and 1.0 µM. The fraction of  
H[WHQGHG�SULPHU�RYHU�WKH�WRWDO�SULPHU�DGGHG�SHU�ODQH�ZDV�TXDQWLÀHG�
E\�GHQVLWRPHWU\�DQG�WKH�REVHUYHG�SURGXFW�FRQFHQWUDWLRQV�ZHUH�ÀW�WR�
Michaelis-Menten kinetics.
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acrylamide gel loaded with these reaction products is depicted 
LQ�)LJXUH����7KH�UDGLRDFWLYLW\� OHYHOV�RI �WKH�TXDQWLÀHG�EDQGV�LQ�
Figure 2 represent the amount of  extended primer in relation to 
unextended, thereby providing data for extended primer product 
formation over a range of  substrate (dATP) concentrations. These 
DUH�WKH�SDUDPHWHUV�QHFHVVDU\�WR�ÀW�WKH�/���0�H[WHQVLRQ�SURÀOH�WR�
fundamental Michaelis-Menten kinetics (Vo = VMAX[S] / KM + [S]). 
Figure 3A graphically displays L409M extended product formation 
as a function of  dATP concentration. 

Fitting L409M extension levels at varying dATP concentrations 
provides a value for the the Michaelis Constant KM, which describes 
D�FRPSRQHQW�RI �FDWDO\WLF�HIÀFLHQF\�DW�VXEVWUDWH�FRQFHQWUDWLRQV�
below the enzyme’s saturation point by revealing the concentration 
of  dATP that must be added to the reaction for the polymerase 
to reach half-maximal velocity (1/2Vmax) in extending upon the 
DNA primer in the steady state. Combining the KM�ÀQGLQJ�GLV-
played in Figure 3A for L409M with the value previously found 
for wild type (exo-) Pfu, Figure 3B shows that the mean KM values 
(reactions duplicated) for these two enzymes differ by less than one 
micromole per liter, being 1.6 uM and 2.5 uM, respectively. All KM 
values found via nonlinear regression analysis of  Michaelis-Menten 
SORWV�ZHUH�FRQÀUPHG�E\�GRXEOH�UHFLSURFDO�/LQHZHDYHU�%XUN�SORW�
analysis (data not shown). 

The difference in KM values suggests that the substitution of  
Leucine-409 with methionine in Pfu polymerase has little effect 
on its relative ability to incorporate incoming dATP nucleotides in 
the steady state, although comprehensive pre-steady state analysis 
LV�QHHGHG�WR�GLUHFWO\�FRPSDUH�G173�ELQGLQJ�DIÀQLW\��$OVR��ZKLOH�
the normalization assays for wild type and L409M ensure equal 

extension ability among the enzyme samples added to the reac-
tions, pre-steady state kinetic analysis would be required to arrive 
DW�D�TXDQWLWDWLYH�SHUFHQW�DFWLYLW\�ÀJXUH�IRU�HDFK�SRO\PHUDVH��7KLV�
will be a topic of  future research on the L409M mutant, as frac-
tional activity data is needed to accurately assess L409M turnover 
number (kcat). However, the present kinetics data shows that any 
REVHUYHG�ÀGHOLW\�GLIIHUHQFHV�EHWZHHQ�/���0�DQG�ZLOG�W\SH�3IX�DUH�
not coupled with drastic difference in KM value. 

)LGHOLW\�$VVD\�5HVXOWV�
A Forward Mutation Assay was performed to measure the muta-

WLRQ�UDWH�RI �/���0��DQG�WKXV�LWV�ÀGHOLW\��ZLWKLQ�D�a����ES�ODF=_ 
JHQH�IUDJPHQW��7KH�ÀUVW�VWHS�RI �WKLV�SURFHGXUH�ZDV�WR�XVH�WKH�
mutant L409M polymerase in a PCR reaction on a pUC18 fragment 
containing the lacZ_ gene. The subsequent steps are detailed in 
the Methods section. Successful completion of  the PCR and cor-
responding Q-PCR experiments (not shown) show that L409M is 
functional enough to extend primers and allows for enough pro-
cessivity to extend them many thousands of  bases. However, this 
result speaks only to the effectiveness of  the enzyme at completing 
the reaction, not the extent to which its products are mutated. 

As described in the Methods section, the PCR product was 
digested and ligated to itself  to form a circular pUC18 fragment 
(containing the lacZ_ gene region) that was transformed via elec-
troporation into XL1-Blue E.coli. These cells were spread on 
plates containing the chromogenic beta-galactosidase substrate 
X-GAL, allowing a blue-white assay to be completed in which 
blue colonies represented functional lacZ_ expression while white 

Figure 3. (A)�$IWHU�TXDQWLÀFDWLRQ�RI �WKH�H[WHQGHG�DQG�XQH[WHQGHG�EDQGV�IURP�WKH�G$73�7LWUDWLRQ�([SHULPHQW�IRU�/���0�3IX�SRO\PHUDVH�
�GXSOLFDWHG���WKH�FRQFHQWUDWLRQ�RI �H[WHQGHG�SURGXFW��RYHU�ÀYH�PLQXWH�UHDFWLRQV��ZDV�JUDSKHG�DV�D�IXQFWLRQ�RI �G$73�FRQFHQWUDWLRQ�DQG�ÀW�WR�WKH�
0LFKDHOLV�0HQWHQ�HTXDWLRQ��7KH�QRQOLQHDU�ÀW�SURYLGHV�WKH�0LFKDHOLV�&RQVWDQW��.M) by calculation of  the dATP concentration needed for half-
PD[LPDO�YHORFLW\��RU�WKDW�QHHGHG�WR�UHDFK�KDOI �RI �WKH�PD[LPDO�SURGXFW�IRUPHG�LQ�WKH�À[HG�ÀYH�PLQXWH�UHDFWLRQV��(B) This chart compiles the mean 
KM value for L409M Pfu calculated from Figure 4A with the previously determined KM for wild type (exo-) Pfu polymerase. At 1.6 µM for L409M 
and 2.5 for wild type (exo-), these two values differ by less than 1 µM. This provides initial data suggesting similar dATP incorporation kinetics 
LQ�WKH�VWHDG\�VWDWH��WR�EH�FRQÀUPHG�E\�SUH�VWHDG\�VWDWH�DQDO\VLV���$OO�.M�YDOXHV�VKRZQ�KDYH�EHHQ�FRQÀUPHG�E\�/LQHZHDYHU�%XUN�OLQHDU�UHJUHVVLRQ�
analysis.
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colonies represented mutation. This conferred to the extent that 
beta-galactosidase was functionally impaired. These procedures 
were completed in triplicate for the WT (exo+), WT (exo-), and 
L409M Pfu proteins, along with a no-enzyme negative control to 
assess background white colony frequency, in order to elucidate 
ÀGHOLW\�FKDQJHV�EURXJKW�DERXW�E\�WKH�/���0�PXWDWLRQ��7KH�UHVXOWV�
of  these blue-white assays are depicted in chart and graph form in 
Figures 4A and 4B, respectively. 

One would expect a wild type Pfu polymerase with proofreading 
ability to effectively replicate the genome of  its host organism with 
a limited amount of  error. This is supported by Figure 4, in which 
wild type exo(+) plates showed only slightly higher mutation rate 
than plates with no enzyme at all. When the proofreading exonucle-
ase function is disabled, mutation rate should increase. Figure 4 
shows that indeed it does, with wild type exo(-) presenting a 3.6-fold 
increase in white colonies per blue colony over wild type exo(+). For 
L409M, the white:blue colony ratio averaged at 1.1. Its white:blue 
ratio lies 1.8-fold above wild type exo(-), 6.6-fold above exo(+), and 
9.6-fold above the no-enzyme control. Therefore, the leucine�A 
PHWKLRQLQH�VXEVWLWXWLRQ�DW�UHVLGXH�����GHFUHDVHV�WKH�ÀGHOLW\�RI �WKH�
polymerase approximately two-fold, as its 1.1 white:blue ratio is 1.9 
times higher than 0.56, the ratio for wild type (exo-). 

The L409M mutation reduces the ability of  Pfu polymerase to 
faithfully replicate the lacZ reporter gene in PCR without damaging 
the function of  the enzyme expressed from it, beta-galactosidase. 
Unpublished work from this laboratory suggests that replacing 
/����ZLWK�LVROHXFLQH�SURGXFHV�VLPLODU�ÀGHOLW\�GHWULPHQWV��7KHVH�
observations suggest that L409 is an important component in 
PDLQWDLQLQJ�WKH�UHSOLFDWLRQ�ÀGHOLW\�RI �3IX�SRO\PHUDVH��DV�HYHQ�

VOLJKW�PRGLÀFDWLRQ�WR�WKLV�UHVLGXH�\LHOGV�VLJQLÀFDQW�ORVV�RI �ÀGHOLW\�
 

Conclusion 
Faithful replication of  DNA requires polymerase enzymes with 

VXIÀFLHQW�ÀGHOLW\�WR�PLQLPL]H�PXWDWLRQV�WKDW�PD\�KLQGHU�WKH�ÀWQHVV�
of  progeny cells. Pfu DNA polymerase ranks among the most ac-
curate enzymes commonly used in PCR reactions and therefore 
represents an appropriate target for investigation into the role of  
WKH�DFWLYH�VLWH�DUFKLWHFWXUH�LQ�GHWHUPLQLQJ�WKLV�ÀGHOLW\��:H�LQWUR-
duced a leucine-to-methionine substitution at residue 409, within 
the highly conserved dNTP-binding motif, to investigate whether 
subtly changing the geometry of  this region would affect the Pfu 
polymerase’s ability to correctly replicate a lacZ_ reporter gene 
in a PCR-based Forward Mutation Assay. The results of  these 
experiments show that the L409M (exo-) mutant presents repli-
FDWLRQ�ÀGHOLW\�QHDUO\�WZR�IROG�EHORZ�H[RQXFOHDVH�GHÀFLHQW�ZLOG�
type Pfu polymerase, as E. coli colonies containing the damaged 
beta-galactosidase are 1.83 times more common in L409M than 
WT (exo-). Furthermore, steady state kinetic analysis of  L409M 
yielded a Michaelis Constant (K

M
) of  1.6 uM versus 2.5 uM for 

wild type (exo -). This means L409M Pfu functions at half-maximal 
catalytic velocity at a comparable, if  not lower, dATP concentra-
WLRQ�WKDQ�WKH�H[RQXFOHDVH�GHÀFLHQW�ZLOG�W\SH�HQ]\PH�ZKLOH�VWLOO�
VHYHUHO\�KLQGHULQJ�WKH�ÀGHOLW\�ZLWK�ZKLFK�WKH�SRO\PHUDVH�SDLUV�WKH�
incoming nucleotide with the correct template base. Future work 
will focus on a mechanistic understanding of  this altered state 
through pre-steady state kinetic analysis and elucidation of  L409M 
Pfu dNTP-binding parameters. In any case, the correlation between 
this subtle change in the Pfu polymerase active site and its drastic 

Figure 4. (A) This is a graphic representation of  differences in the number of  white E. coli colonies per blue colony between forms of  Pfu 
polymerase. The ratio of  white:blue colonies represents the frequency with which lacZ reporter genes are mutated and made defective by mutant 
Pfu polymerase enzymes in the initial Forward Mutation Assay PCR, thereby keeping X-GAL-treated colonies from hosting beta-galactosidase-
mediated production of  a blue dye. (B) This chart details the data presented in Figure 4A from the triplicated Forward Mutation Assay. As 
expected, the No Enzyme control had the lowest appearance of  white colonies, as no Pfu polymerase performed PCR upon these pUC18 
templates. WT+, harboring a 3’A 5’ proofreading ability, had a mutation rate barely above that seen with no enzyme at all. This supports wild type 
3IX·V�UHSXWDWLRQ�DV�D�KLJK�ÀGHOLW\�SRO\PHUDVH��8SRQ�ORVV�RI �WKH�H[RQXFOHDVH�GRPDLQ��KRZHYHU��PXWDWLRQ�UDWH�LQFUHDVHV�����IROG��FRQÀUPLQJ�WKH�
SURRIUHDGLQJ�DFWLYLW\·V�UROH�LQ�PDLQWDLQLQJ�3IX·V�ÀGHOLW\��/DVWO\��IRU�WKH�H[RQXFOHDVH�GHÀFLHQW�/���0�PXWDQW��WKH�PXWDWLRQ�UDWH�ULVHV�����IROG�DERYH�
that for WT-. This supports the hypothesis that even a small change in active site architecture near the dNTP-binding motif  could have notable 
HIIHFWV�RQ�3IX�UHSOLFDWLRQ�ÀGHOLW\��

Volume 7   Issue 2   Spring 2009



19

m
i
c
r
o
b
i
o
l
o
g
y

effects on the mutant’s ability to faithfully replicate DNA speaks 

WR�WKH�UHÀQHG�QDWXUH�RI �WKLV�HQ]\PH�DV�D�SURGXFW�RI �HYROXWLRQ�
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