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Abstract

The cDNA encoding human DNA polymerase 1 (POL/) was cloned in 1999. At that time, it was
believed that the POL/gene encoded a protein of 715 amino acids. Advances in DNA sequencing
technologies led to the realization that there is an upstream, in-frame initiation codon that would
encode a DNA polymerase 1 (polv) protein of 740 amino acids. The extra 25 amino acid region is
rich in acidic residues (11/25) and is reasonably conserved in eukaryotes ranging from fish to
humans. As a consequence, the curated Reference Sequence (RefSeq) database identified polv as a
740 amino acid protein. However, the existence of the 740 amino acid polv has never been shown
experimentally. Using highly specific antibodies to the 25 N-terminal amino acids of pol+, we
were unable to detect the longer 740 amino acid (v-long) isoform in western blots. However, trace
amounts of the 1-long isoform were detected after enrichment by immunoprecipitation. One might
argue that the longer isoform may have a distinct biological function, if it exhibits significant
differences in its enzymatic properties from the shorter, well-characterized 715 amino acid pol.
We therefore purified and characterized recombinant full-length (740 amino acid) polv-long and
compared it to full-length (715 amino acid) polv-short /n vitro. The metal ion requirements for
optimal catalytic activity differ slightly between +-long and +-short, but under optimal conditions,
both isoforms exhibit indistinguishable enzymatic properties /n vitro. We also report that like v-
short, the 1-long isoform can be monoubiquitinated and polyubiuquitinated /7 vivo, as well as
form damage induced foci /n vivo. We conclude that the predominant isoform of DNA polv in
human cells is the shorter 715 amino acid protein and that if, or when, expressed, the longer 740
amino acid isoform has identical properties to the considerably more abundant shorter isoform.
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1. Introduction

The gene encoding human DNA polymerase v (POL/) was originally annotated as encoding
a 715 amino acid protein [1] (See GenBank Accession number: AF140501.1, along with
independent submissions AF245438.1 and BC032662.1). However, with advances in DNA
sequencing techniques and the abundance of whole genome analyses, it was realized that
there is an in-frame upstream initiation codon in the genomic DNA that is missing in the
originally identified cDNA sequence. Initiation from the upstream codon would produce a
polv protein of 740 amino acids instead of 715 amino acids. As a consequence, the curated
Reference Sequence (RefSeq) for human POL/(NCBI Reference Sequence: NM_007195.2)
was modified to reflect that the POL/gene encodes as a 740 amino acid protein (NCBI
Reference Sequence: NP_009126.2). However, as far as we are aware, there has never been
any experimental evidence reported in the literature to indicate that the longer 740 amino
acid polu actually exists in a living cell. We address that issue here by cloning and
expressing both isoforms in human cells and comparing the size of the recombinant protein
to that of the native, chromosomally expressed, polv from three different human cell lines.
By using antibodies specific to both isoforms, we have been able to determine the relative
abundance of each isoform expressed endogenously from the human genome. We have also
purified and characterized the longer isoform and compared it to the well-characterized
shorter, 715 amino acid isoform in vitro. Finally, we have also determined whether the
longer 740 amino acid isoform can be ubiquitinated in response to DNA damage, as well as
form damage-induced replication foci /n vive.

2. Materials and methods

3. Results

A detailed description of all Materials and Methods used in this manuscript can be found in
supplementary material, S1_materials and methods.

3.1. Phylogenetic analysis of polw from mammals

When the cDNA of human POL/was first subcloned, it was believed to encode a pol
protein of 715 amino acids (polv-short) [1] (See GenBank Accession number: AF140501.1).
This assumption was primarily based upon the fact that immediately upstream of the
presumed methionine initiation codon are appropriately located sequences
(GCCTGGGCCatgG) with a good match to the consensus “Kozak” ribosome binding site
found in eukaryotes [2]. However, with the advent of better whole genome sequencing
techniques, another potential in-frame Methionine initiation codon was identified that is 75
base-pairs upstream of the original initiation codon. It too, has appropriately spaced
sequences (AGCGGCGGGatgG) with a satisfactory match to the Kozak ribosome-binding
site, although the ideal cytosines at positions —2 and —1 are missing. This polvi-long protein
is predicted to encode a protein of 740 amino acids. The idea that the upstream initiation
methionine codon may reflect the “full-length” polv protein is supported by the fact that
similar upstream sequences are found in many eukaryotes ranging from fish to humans. An
alignment of the N-terminus of the longer isoform of polw found in 24 mammals reveals that
the region is reasonably well conserved (Supplementary Fig. 1A). An unrooted phylogenetic
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tree (Supplementary Fig. 1B) of the proteins also indicates evolutionary conservation of
these sequences. Of particular note, is the fact that the extra N-terminal amino-acids of the
longer mammalian isoform are rich in acidic residues. Indeed, 11 of the extra N-terminal 25
amino acids (44%) in the longer human polx isoform are either Asp or Glu (Supplemental
Fig. 1B) and these acidic residues could be potentially important for its regulation and/or
function /n vivo.

3.2. Detection of recombinant polir and comparison to endogenous polu

While the presence of v-long has been annotated for some time in the RefSeq database, as
far as we know, there has been no experimental evidence reported in the literature to support
its existence. To address this question, we raised polyclonal antibodies to a KHL-conjugated
peptide corresponding to the N-terminal 25 amino acids found in 1-long, but which are
absent in 1-short. As seen in Fig. 1A, these antibodies are highly specific and only recognize
recombinant v-long overexpressed in the MRCS fibroblast cell line and do not recognize the
similarly overexpressed v-short in the same cell line. In contrast, polyclonal antibodies
raised to a KHL-conjugated peptide corresponding to the C-terminal 15 amino acids found
in both v-short and 1-long recognize both v-long and v-short proteins (Fig. 1B).
Interestingly, when whole cell extracts of MRC5 cells that had not been transfected with
either overproducing plasmid (i.e., expressing only endogenous polv), were probed with the
same antibodies, the C-terminal specific antibodies were able to recognize a protein with the
same electrophoretic mobility as v-short, and no detectable signal was observed with the N-
terminal antibodies. We conclude that in the commonly used MRCS5 cell line, the major
isoform of pol is, therefore, v-short.

To determine if this conclusion might be extended to other human cell lines, we made
extracts from three different POL/*'* or™'~ cell lines (MRC5, HEK293T and BL2
derivatives) (Fig. 1C). Extracts were probed with the polyclonal C-terminal polv antibodies
that recognize both 1-long and v-short isoforms. As expected, no signal was observed in any
of the POL I~ cell lines. Although expressed at lower levels than in MRC5 cell line, the
endogenous polu detected in whole cell extracts from the HEK293T and BL2 cell lines
exhibited an electrophoretic mobility consistent with the size of v-short, rather than +-long.

To increase the sensitivity of our detection methods, we immunoprecipitated endogenous
polv from the MRC5 extract with the monoclonal antibody (Abnova) raised to the C-
terminal 100 amino acids found in both v1-short and v-long, or with polyclonal antibodies
raised to the twenty-five N-terminal amino acids found exclusively in v-long. The eluate
from the immunoprecipitate was then probed with polyclonal antibodies raised to the C-
terminal fifteen amino acids of polv. As seen in Fig. 1D, the major isoform detected after
immunoprecipitation is v-short. However, after an extended exposure of the blot, a faint
band corresponding to 1-long was also detected (Fig. 1D).

3.3. Comparison of the in vitro properties of 1-long versus 1-short

The western blots indicate that the major isoform of polx in three different human cell lines
is the originally identified and well-characterized 715 amino acid polv-short protein.
However, it is possible that even the trace amounts of v-long that we detected after
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immunoprecipitation might be of biological significance, especially if the protein has very
different biochemical properties from v-short. Indeed, Kim et al., compared the biochemical
properties of the catalytic domains of v1-long and v-short in vitroin the presence of
manganese (0.15 mM), or magnesium (5 mM) and found v-short to be 10-fold more
catalytically active than v-long on an undamaged template in the presence of magnesium
(but not in the presence of manganese) and v-short bound to DNA 20-29-fold better than -
long [3]. However, we believe that such observations may possibly be influenced by the /n
vitro characterization of the catalytic domain of the polv protein compared to the full-length
protein. For example, while the pl of 1-long increases from 6.78 in the full-length protein to
7.56 in the truncated protein, the effects are even greater with 1-short, where the pl of the
full-length protein increases from 8.11 to 9.06 in the truncated version and this may facilitate
better binding to DNA and concomitantly stimulate the catalytic activity of 1-short
compared to 1-long [3].

We therefore characterized the /n vitro properties of highly purified full-length 1-long to that
of full-length v-short. We have previously shown that the catalytic activity of polv-short is
significantly influenced by the presence of low levels of manganese or magnesium ions [4].
We therefore first determined the optimal metal ion concentration for v-long in the presence
of manganese or magnesium (Fig. 2A). Our previous studies with v-short revealed that it is
most active in very low levels of manganese (50-150 uM), or low levels of magnesium
(~250 uM) [4]. Analysis of v-long revealed a similar, but slightly different metal ion
requirement. Full-length polv-long is very active in the presence of 50-500 pM manganese,
where it fully extends the primer, as well as exhibits template independent terminal
transferase activity. The catalytic activity of the enzyme begins to drop significantly at
concentrations of manganese > 1 mM and exhibits extremely poor activity at > 2 mM
manganese. Polv-long dependent primer extension reactions in the presence of magnesium
also displayed a different profile compared to v-short. The greatest activity of 1-long was
observed at 1 mM magnesium, with activity dropping significantly with either lower (< 200
UM), or higher concentrations (> 2 mM) of magnesium (Fig. 2A).

Given that 1-long and +-short exhibit slightly different requirements for optimal activity in
vitro, we decided to compare the activity of each protein under optimal conditions for both
enzymes. In the case of v1-short, it was in the presence of 200 uM manganese or magnesium.
For v-long, we used 500 pM manganese and 1 mM magnesium. We first chose to compare
their activity on the “T10AGC” template. This template was initially chosen as 1-short has
greatest catalytic activity when incorporating T opposite template A [5]. As seen in Fig. 2B
and C, both v-long and -short exhibit considerable terminal transferase activity on the
template in the presence of manganese and, in the presence of magnesium, both enzymes
can extend to the end of the template in the presence of all four dNTPs or just T. Overall,
while there are obvious differences in primer extension when comparing manganese to
magnesium, there was little difference observed between v1-long and v-short under optimal
conditions /n vitro.

Next, we compared the ability of v-long and v-short to extend a primer annealed to the
“TTA” template. This template was chosen because of polv-short’s propensity to
misincorporate dG opposite template T [5], and since extension from the mispair is

DNA Repair (Amst). Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Frank et al.

Page 5

catalytically inefficient compared to a correct base pair [6], this leads to limited primer
extension. These observations were recapitulated with both v1-long and v-short in the
presence of magnesium (Fig. 2B & C). As expected, manganese promoted relaxed fidelity
and elongated replication products, but as observed previously with the 10TAGC template,
1-long and v-short are largely indistinguishable under optimal primer extension conditions /n
vitro.

3.4. Ubiquitination of polv in undamaged and plumbagin-treated cells

One could argue that the conditions utilized /n vitro are not physiological. This may be the
case with manganese, where cellular concentrations of the ion are likely to be in the low
micromolar range (and certainly not 200 uM and higher). However, the /in vitro reactions
with magnesium were performed at the appropriate physiological concentration of free
magnesium in a human cell (0.25-1 mM) [7]. Consequently, we wanted to compare the
phenotypes of cells expressing 1-long to 1-short /7 vivo. Polv has been shown to be
monoubiquitinated /n vivo [8] and we have recently shown that the protein is
polyubiquitinated after cells are exposed to naphthoquinones, especially plumbagin [9]. We
introduced constructs expressing FLAG-tagged 1-long and 1-short into HEK293T cells and
determined the extent of monoubiquitination and polyubiquitination in the absence and
presence of plumbagin (Fig. 3A). We found that both 1-long and v-short are
monoubiquitinated in the absence of DNA damage and both exhibit a concentration
dependent increase of polyubiquitination upon exposure to plumbagin. We conclude that the
extra 25 amino acids encoded by 1-long do not affect the ability of polv to undergo either
mono- or polyubiquitination.

3.5. Ability of 1+-long to form UV-induced foci in vivo

Another property of poli-short, is its ability to re-localize into discrete replication foci after
DNA damage [10]. To determine if polv-long exhibits the same traits, we generated an
eGFP-polv-long construct and introduced the vector into MRC5 fibroblasts and assayed the
ability of the eGFP-polv-long protein to form damage-induced foci (Fig. 3B). Similar to
eGFP-polv-short, eGFP-polvi-long was localized to the cell nucleus and formed foci in
undamaged cells, with the extent of foci formation increasing after DNA damage. We
conclude that the extra 25 amino acids encoded by v-long do not affect the ability of polw to
form replication foci in an undamaged cell and respond to the cellular signal that increases
foci formation after DNA damage.

4. Discussion

The extended N-terminus of polx that is annotated in the RefSeq database is reasonably well
conserved in higher eukaryotes suggesting that it may be physiologically important.
However, comparison of recombinant forms of polv corresponding to v-long (740 amino
acids) and v-short (715 amino acids) to endogenous levels of polw found in three human cell
lines suggests that the predominant form of polv in these cells is v-short (Fig. 1A-C), with
only trace amounts of poli-long detected after immunoprecipitation and prolonged image
exposure (Fig. 1D).
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polv is a catalytic enzyme, meaning that trace amounts of the protein may nevertheless be
biologically significant, especially if the extended N-terminus of poli changes the
biochemical properties of the enzyme. However, in vitro primer extension reactions under
optimal conditions for the respective full-length proteins failed to reveal any significant
differences between 1-long and v-short. Furthermore, similar to 1-short, 1-long is mono-
ubiquitinated in HEK293T cells; is polyubiquitinated in response to exposure to the
naphthoquinone, plumbagin; and forms UV-induced foci after UV-irradiation.

While we cannot formally exclude the possibility that under some conditions (such as after
the exposure of human cells to certain types of DNA damage, or during different phases of
the cell-cycle), the 740 amino acid isoform of poli might exhibit physical and functional
properties different from the 715 amino acid polu protein, the evidence presented here,
suggests that there are minimal differences between the two isoforms /n vitroand in vivo.

Given its cellular abundance over the 740 amino acid isoform, it has been agreed upon with
the curators of the RefSeq database, that the 715 amino acid polw protein be referred to as
the predominant isoform found in human cells, as originally annotated in Genbank [1]. See:
NM_001351632.1. During our discussions with the RefSeq curators, we realized that several
other minor isoforms of poli may exist and these have also been given unique RefSeq
identifiers (see Supplemental Table 1). At present, it is unknown if any of these additional
protein isoforms physically exist, or have any functional relevance in vivo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Western blot analysis of poli-long and pola-short expressed in human cell extracts
A. MRCS5 extracts probed with poli-long N-terminus antibodies that only detect polv-long.

B. MRCS5 extracts probed with poli C-terminus antibodies that detect both polvi-long and
polv-short isoforms. C. Western blot analysis using polv C-terminus antibodies to detect
poli-long and polv-short expression in six POL '+ or™~ human cell lines cell extracts and,
as a controls, in MRC5 polv™~ cells expressing recombinant poli-short or polv-long. The
lower part of the same gel was probed with B—Actin antibodies. D. Western blot of MRC5
poli™/~ cells expressing recombinant polv-short (1-S), poli-long (1-L), MRC5 poli*/* and
MRCS5 polv™~ cell extracts after proteins were immunoprecipitated by pol. C-terminal
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monoclonal mouse antibodies (Abnova), or polyclonal antibodies raised to the N-terminus of
polv-long. Immunoprecipitated polv was detected using polyclonal antibodies raised to the
C-terminus of polx, but only after prolonged exposure of the blot.

DNA Repair (Amst). Author manuscript; available in PMC 2018 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Frank et al. Page 10

A. Metal ion dependence
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Fig. 2. In vitro analysis of polv
A. The ability of poli-long (expressed and purified from £. coli) to extend a radiolabeled

primer annealed to the “T10AGC” template depends on the concentration of Mn2* or Mg?2*
ions. /n vitro comparison of primer extension activity of polv-short (B), or poli-long (C), on
two DNA templates. Replication reactions were performed in the presence of all four dNTPs
(4) or individual dNTPs (G, A, T, C) on templates “T10AGC” or “TTA”, under optimal
concentrations of Mn2* or Mg2*. Under these conditions, the in vitro primer extension
properties of poli-short and polv-long are largely indistinguishable.
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A. Comparison of the effect of plumbagin treatment on polv-short and polv-long
ubiquitination in HEK293T cells. Cells transfected with either FLAG-tagged polv-short or
FLAG-tagged polv-long were treated with the indicated amount of plumbagin for 1 h prior
to harvesting. Both isoforms of polv were visualized in Western blots using monoclonal
antibodies to the N-terminal FLAG epitope. In an undamaged cell, poli-short and poli-long
exist as unmodified and mono-ubiquitinated forms. After plumbagin treatment, both
isoforms are polyubiquitinated in a dose response manner. B. pol 1-short and pol v-long
form foci in undamaged and UV-irradiated cells. Though pol v-short exhibits a slightly
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better ability to form foci in undamaged and UV-treated cells, both isoforms of polv exhibit
a similar ~2-fold increase in the number of foci in response to UV-irradiation.
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