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ORIGINAL ARTICLE

Functional analyses of polymorphic variants of human
terminal deoxynucleotidyl transferase

A Troshchynsky1, | Dzneladze'*, L Chen? Y Sheng1, V Saridakis' and GE Wu'?*?

Human terminal deoxynucleotidyl transferase (hTdT) is a DNA polymerase that functions to generate diversity in the adaptive
immune system. Here, we focus on the function of naturally occurring single-nucleotide polymorphisms (SNPs) of hTdT to evaluate
their role in genetic-generated immune variation. The data demonstrate that the genetic variations generated by the hTdT SNPs
will vary the human immune repertoire and thus its responses. Human TdT catalyzes template-independent addition of nucleotides
(N-additions) during coding joint formation in V(D)J recombination. Its activity is crucial to the diversity of the antigen receptors of B
and T lymphocytes. We used in vitro polymerase assays and in vivo human cell V(D)J recombination assays to evaluate the activity
and the N-addition levels of six natural (SNP) variants of hTdT. In vitro, the variants differed from wild-type hTdT in polymerization
ability with four having significantly lower activity. In vivo, the presence of TdT varied both the efficiency of recombination and
N-addition, with two variants generating coding joints with significantly fewer N-additions. Although likely heterozygous,
individuals possessing these genetic changes may have less diverse B- and T-cell receptors that would particularly effect individuals

prone to adaptive immune disorders, including autoimmunity.
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INTRODUCTION

Polymorphisms are responsible for generating much of the
genetic diversity of humans.'? It is of great interest and
importance to understand how polymorphisms translate into
differences in activity and function of our genome. In the immune
system, inherited polymorphisms have been instrumental in
diversifying our major histocompatibility loci that in turn is
reflected in our almost limitless array of cell identity markers.>*
The human adaptive immune system is a particularly useful
system to study the effects of genetic changes on function in part
because of the immune system’s redundancies and its inherent
diversity. Single-nucleotide polymorphism (SNPs) resulting in
single-amino-acid changes can be found in immune-related
enzymes, but the effect of these genetic changes on the immune
system is largely unknown. Here, we investigate one such
diversifying enzyme, human terminal deoxynucleotidyl transferase
(hTdT), to determine whether and how these genetic changes
may affect the T- and B-cell receptor diversity of the immune
system in humans harboring the variants.

The genes encoding the B- and T-cell receptors are generated
by the process of V(D)) recombination.>® This process is
responsible for the primary B- and T-cell repertoire generation
by choosing and joining, in an inaccurate manner, V, D and J gene
segments, that when joined, form the genes encoding the
receptors. V(D)J recombination is a complex process involving a
cascade of enzymes specific to V(D)J recombination and a number
of cellular DNA repair-associated activities.””'® TdT participates at
the coding end processing stage of the gene segments (V, D or J)
being joined. TdT catalyzes the addition of nucleotides, known as
N-addition, in a template-independent manner to the coding

ends.""® Through N-addition, TdT promotes junctional diversity
among V and J, and V, D and J gene segments genetically
diversifying the available antigen receptor pool of B and T cells.

TdT is an X-family DNA polymerase expressed in the primary
lymphoid tissues, thymus and bone marrow. It catalyzes a
nucleotidyl transfer reaction between an incoming deoxynucleo-
tide and the 3’ hydroxyl end of DNA primer strand.'®*® Two
functionally independent TdT regions have been identified: the
breast cancer susceptibility protein BRCA1 C-terminal (BRCT)
domain at the N-terminus and the polymerase (-like domain at
the C-terminus (catalytic domain) (Figure 1a).2" The crystal
structure of the catalytic domain of murine TdT revealed a largely
a helical structure containing a central antiparallel B sheet where
the active site residues reside along with two regions (Loop1 and
2) (Figure 1b).2° The TdT catalytic domain is further subdivided
into four subdomains named: 8 kDa, finger, palm and thumb
domains. The active sites of X-family DNA polymerases are highly
conserved. Three invariant catalytic aspartate residues co-ordinate
two metal ions involved in the nucleotidyl transfer reaction in the
palm subdomain.?*** The finger subdomain aligns the incoming
nucleotide and the DNA primer strand in proper orientation for
the phosphoryl transfer reaction. The role of the thumb
subdomain is to position the DNA primer strand to position after
catalysis. The 8 kDa subdomain contacts the thumb subdomain to
create TdT's ring-like shape that allows the DNA primer strand
and incoming nucleotide to reach the active site.'*'%%023
Three human mRNA TdT splice variants have been identified.
These translate into three mature protein isoforms: short (TdTS)
and two long (TdTL1 and TdTL2). The length of nucleotide
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addition during V(D)J recombination is thought to be regulated
through the combined activity of these isoforms,'#2023-2¢

TdT has been implicated in human diseases. The evidence is
strongest in B- and T-cell leukemias (specifically acute lymphocytic
leukemia and acute myeloid leukemia). Patients with leukemias
that are TdT positive have a poorer prognosis than those whose
leukemias are TdT negative.”’%° A role for TdT in autoimmune
disease has been documented in mouse models but not yet in
humans. TdT-knockout mice lacking N-additions have a significant
loss of B-cell receptor specificity toward peptide antigens
compared with TdT-positive mice. TdT-deficient lupus-prone
MRL-Fas®" mice demonstrated prolonged lifespan and decreased
severity of disease symptoms as compared with the TdT-positive
mice of this strain, suggesting that N-additions resulted in
specificities in their BCRs that rendered them more susceptible
to (early onset) disease3°3* Similarly, TdT-deficient diabetes-
prone non-obese diabetic mice showed a decrease in type |
diabetes incidence when compared with littermates with active
TdT.>> These mouse model data led us to consider that the
functional activity of TdT gene products could affect the onset and
severity of autoimmune diseases in humans.

In this study, we explore the effects of six human TdT genes
harboring SNPs encoding variant amino acids, by evaluating their
polymerase and V(D)J recombination activities. We hypothesize that
the variability in enzymatic activity by the genetic changes will
affect the diversity of antigen receptors, thus potentially impacting
the adaptive immune response in healthy and autoimmune-prone
individuals possessing these genetic variations.
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RESULTS
Selection of hTdT genetic variants

The National Center for Biotechnology Information (NCBI) SNP
database was used to identify potential human TdT short isoform
candidate genes with SNPs within the coding region of the
protein (NCBI reference NP_004079.3). The BRCT domain of the
hTdT protein was not included in the SNP search as it is not
associated with TdT polymerase activity. Human TdT gene SNPs
were classified based on the chemical nature of the amino-acid
change and on the results of the modeling of the relative
proximity of the SNP to the murine TdT active site (PDB ID 1KEJ)
using PyMol software (Schrodinger, NY, USA) (Figures 1b and c).
TdT multi-sequence alignments with other species’ genes were
completed to identify highly conserved residues (Supplementary
Figure 1a, represented as percent similarity in Table 1), as we
considered these residues were likely to be significant for TdT
structure and function. Based on the above analyses, six hTdT
variants with the SNPs D280H, L397S, R431C, A445T, T450S and
R460Q were selected for the study. Among them, D280H was
chosen to be a control because of its location at the periphery of
the protein, away from the active site. The SNP analyses are
detailed in Table 1.

SNPs affect TdT polymerase activity

Polymerase activity. The wild-type hTdTS form (Supplementary
Figure 1b) was cloned from the Jurkat cell line and the six selected
variant SNPs generated using standard mutagenesis. The
expressed hTdT proteins were isolated from bacteria as described
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Figure 1.

Positions of hTdT SNPs. (a) Linear arrangement of TdT domains with the positions of the six hTdT SNP variants (blue). L1 and L2 refer

to loop 1 and loop 2, respectively. The three conserved aspartic acid residues (D343, D345 and D433) of the active site are shown in red. The
incoming dNTP binding site motif is underlined. (b) The crystal structure of murine TdT (PDB ID 1KEJ) used to model the positions of hTdT
SNPs. The three conserved aspartic acid residues are cyan. The incoming nucleotide substrate, ddATP, is yellow. Two cobalt ions are pink. The
relative positions of the six hTdT SNPs are green. (c) Active site of murine TdT showing the relative positions of L397S, R431C, A445T, T450S
and R460Q SNPs within 8 A of incoming nucleotide substrate, ddATP. The SNP amino acids substituted (magenta) are superimposed on the
wild-type amino-acid residues (green). Residue positions numbered according to human TdT sequence. Figure generated using
PyMol software.
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Figure 2. In vitro polymerase time course of purified wild-type and SNP hTdT variants. The samples were resolved on a 10% denaturing TBE-
urea gel (89 mm Tris, 89 mm boric acid, 2 mM EDTA pH 8.0, 7M urea) as described in the Materials and methods section. (a) Polymerase time
course of wild-type, D280H, A445T and T450S hTdT. (b) Polymerase time course of wild-type, L397S, R460Q and R431C hTdT. (c) Relative
migration distance of hTdT products at its maximum (top of the product smear) with respect to time of the in vitro reaction. The distance has
been normalized to the total resolving distance of the 10% TBE-urea gel (89 mm Tris, 89 mm boric acid, 2 mm EDTA pH 8, 7m urea). The assay was
independently repeated three times and the standard error is shown.
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in the Materials and methods section and Supplementary
Figure 2 and optimal conditions for polymerization determined.
Supplementary Figure 3a shows the in vitro oligomer extension
activity assay being used to determine the optimal amount of TdT
to be used in the polymerase assay (3.0 um), Supplementary Figure
3b, the activity of the hTdT's in the absence and presence of
enzyme and dNTPs, and Supplementary Figure 3c, the WT and
variant R431C in the absence and presence of the Cobalt cation.
Figure 2 is an example of polymerase activity of the wild type
and the six hTdT variants under the determined conditions. Four
of the hTdT variants demonstrated marked different polymerase
activities compared with wild-type hTdT. Five out of the six hTdT
genetic variants were functional polymerases (Figures 2a and b).
R431C hTdT was non-functional as a polymerase and unable to
extend the DNA oligomer substrate and thus was termed a ‘dead’
in vitro mutant. Figure 2c shows the maximum migration distance
of hTdT products with respect to time of reaction. D280H and
T450S have profiles of product extension similar to wild-type TdT.
R460Q, A445T and L397S variants have lower polymerase activity
than wild-type. These three variants extend the oligomer substrate
at 83%, 60% and 41%, respectively, compared with the wild-type
hTdT at the 1-min time point (Figure 2). We interpret these results
to indicate that the amino-acid changed in three of the genetic
variants resulted in a change in their polymerase activity.

DNA substrate preference. In V(D)J recombination, the substrate
of hTdT is the opened hairpin of the coding end of the gene
segments being recombined. Thus, we evaluated whether the
single-stranded oligomers influenced the polymerization activity
of hTdT by testing the ability of the hTdT variants to utilize
different types of Cy3-labeled DNA substrates. We compared
single-stranded with double-stranded oligomers with a blunt end
or with a 3’ end overhang (Figure 3). The oligomer substrates
produced polymerized products with the enzymes tested
(excluding the ‘dead’ R431C variant). The variation in polymeriza-
tion ability paralleled that demonstrated with the single-stranded
oligomer (Figure 2). The double-stranded 3’ overhang oligomer
substrate yielded the longest products in all reactions (Figure 3a).
The double-stranded blunt end DNA substrate was the least
preferred in all reactions by all the variant hTdT enzymes
(Figure 3b). Ten percent of initial double-stranded 3’ overhang
substrate remained unused after 3 min of reaction time with each
hTdT variant, compared with approximately 50% of the initial
double-stranded blunt ended substrate (Figure 3c). R431C hTdT,
the ‘dead’ variant, demonstrated no polymerase activity with any
of the DNA substrate oligomers (Figures 3a—c). We conclude from
these results that the genetic variants differ from the wild-type
expressed gene in ways that are unlikely to be related to type of
substrate in the reaction mixture.

Human terminal deoxynucleotidyl transferase
A Troshchynsky et al

Extrachromosomal recombination assay

A445T, L397S and R431C hTdT were chosen from the six hTdT SNP
variants for the in vivo investigation of hTdT activity***” because
they demonstrated marked differences in the in vitro functional
assays compared with the wild-type enzyme.

As described in the Materials and methods section, a human
embryonic kidney cell line, HEK293T, was used in the extra-
chromosomal V(D)J recombination assays. It was examined for
endogenous hTdT using reverse transcriptase PCR and western
blotting. As expected, as it is not a lymphocyte, HEK293T did not
express endogenous TdT (Supplementary Figure 4) therefore any
detected hTdT expression is dependent on ectopic expression of
transfected hTdT variants.

V(D)J recombination frequencies (R-values). The in vivo functional
activity of the hTdT genetic variants was evaluated using the
extrachromosomal recombination assay as described in the
Materials and methods section. HEK293T cells were co-transfected
with plasmids that express RAG1, RAG2 and hTdT genes, required
for V(D)) recombination, and the extrachromosomal substrate
plasmid pGG51 (Figure 4a). The deletion of DNA in pGG51 between
its two RSS regions via V(D)J recombination generates a recombined
plasmid that confers chloramphenicol resistance on bacteria
harboring it (Figures 4b and c). The frequency with which pGG51
was recombined, the R-value, was determined as the percentage of
ampicillin-resistant bacterial colonies that were doubly resistant to
ampicillin and chloramphenicol (Supplementary Table 1). Figure 5a
plots individual R-values and the mean R-value of seven indepen-
dent HEK293T cell transfections. As expected, owing to the nature of
the cell line (@ human embryonic kidney cell line and not an
endogenously recombination competent RAG+ lymphocyte), the
R-values are low; lower than reported in the literature using RAG-
positive lymphocyte lines333°

V(D)J mediated recombination occurred in every experimental
condition that included RAG1 and RAG2. As has been observed by
others,?® the highest R-values occurred in the absence of any hTdT
with the mean R-value being twofold higher than that for the
wild-type hTdT gene transfection (0.0066% versus 0.0032%).
We interpret this result to indicate that either the transfection
efficiency was affected by four (rather than three) plasmids or
hTdT itself may add a complexity to the coding end joining
process that can lower its efficiency.?® The mean R-value for L3975
hTdT is 1.5 fold higher when compared with wild-type hTdT
(0.0050% versus 0.0032%). No statistically significant differences
were observed among A445T, R431C and wild-type hTdT R-values.
We conclude that the absence of hTdT and the presence of L3975
hTdT in the transfection mix have a positive effect on recombina-
tion competence and no variant has a negative effect.

Analysis of V(D)J recombined substrate pGG51 sequences. Extra-
chromosomal substrate plasmid pGG51 DNA was purified from

Table 1. Human TdT SNP information
SNP ID mRNA Base Amino-acid Amino-acid Chemical nature of amino-acid Amino-acid homology across
number position change position change change species®
rs41291616 1008 GtoC 280 Asp to His Negatively to positively charged 100%
rs142078021 1360 TtoC 397 Leu to Ser Non-polar to polar 100%
rs139202533 1461 CtoT 431 Arg to Cys Positively charged to polar 100%
rs149947558 1503 Gto A 445 Ala to Thr Non-polar to polar 100%
rs145011041 1518 AtoT 450 Thr to Ser No change; polar to polar 95%
rs142141382 1549 Gto A 460 Arg to GIn Positively charged to polar 100%
Abbreviations: SNP, single-nucleotide polymorphism; TdT, terminal deoxynucleotidyl transferase. ®Percent amino-acid identity based on amino-acid sequence
multi-alignment across all available TdT protein sequences (NCBI database, Supplementary Figure 1).
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Figure 3. In vitro DNA substrate preference polymerase activity of

purified hTdT wild-type and SNP variants. The polymerase reaction
contained Cy3 oligo: (a) single-stranded Cy3-labeled oligonucleo-
tide; (b) double-stranded Cy3-labeled blunt end oligonucleotide;
(c) double-stranded Cy3-labeled 3’ overhang oligonucleotide.
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bacteria that were both chloramphenicol and ampicillin resistant
and sequenced to reveal the V(D)) recombination generated
coding junctions. Two hundred seventy-six unique recombined
substrate plasmid sequences were obtained from the tested
experimental conditions (Figure 4c and Supplementary Table 2
details all unique sequences). Repeated recombined sequences
from within the same transfection were excluded from the
analyses as they could be the result of replication of pGG51 in
HEK293T cells after V(D)J recombination. The coding end junctions
of the sequences were analyzed with respect to nucleotide
additions, the frequency of N-additions, the distribution of
N-nucleotide additions per recombined joint and the G/C base
content of the additions.

N-additions. The majority of random non-templated nucleotides
(N-addition) at the recombined joints of the antigen receptor
genes are dependent on TdT.? Therefore, the number and type of
N-additions observed at the joints provide a direct measure of the
activity of the polymerases (Table 2). In the absence of any hTdT
(negative control), two single N-additions were present in the 48
recovered sequences. In the presence of wild-type hTdT, the
highest average number of N-additions of all hTdT variants tested
was observed, namely, an average of 2.2 nucleotides per joint
when all sequences were considered and 3.0 nucleotides when
only sequences with N’s were considered. The length of the
N-additions are lower than those reported in the literature with
recombination competent lines*®*' and, similarly to the R-values,
likely reflect the non-endogenous V(D)J recombination ability of
the human embryonic kidney cell line. The average length of the
N-additions generated by the variant hTdT A445T was not
significantly different from wild-type values (1.9 nucleotides per
joint when all sequences were considered and 2.4 nucleotides
when only sequences with N’s were considered). Coding joints
from L397S and R431C hTdT transfections contained significantly
fewer N-additions per sequence when all sequences were
considered (0.47 and 0.32 nucleotides per joint, respectively)
and R431C generated sequences had significantly fewer additions
per joint than wild-type when only sequences with N were
considered (1.4 nucleotides for R431C versus 3.0 for WT).

The proportion of recombined sequences containing N-addi-
tions was analyzed (Table 2). In the negative control transfection,
as expected, only 4.2% of all recombined sequences contained
N-additions, whereas, also as expected, 74% of sequences from
wild-type hTdT transfection contained N-additions (P-value
< 0.0001). A445T hTdT transfections produced similar proportions
of N-containing joints when compared with wild-type hTdT
transfections (78% versus 74%). However, both L397S and R431C
hTdT transfections generated a significantly lower proportion of
N-containing joints as compared with wild-type hTdT gene
transfections (both at 24% versus 74%, P-values < 0.0001). The
hTdT variants, L397S and R431C, have over a threefold difference
in the frequency of N-addition in their recombined sequences
compared with wild-type hTdT.

It is generally accepted that N-additions are most commonly G's
or C's."”® In the joints from wild-type and A445T hTdT transfections,
61% and 72% of the N-nucleotides were G or C (G/C) bases,
respectively. However, in the R431C hTdT transfections, only 27%
were G/C bases (P-value 0.0164 when compared with wild-type
gene transfections). This value is curious and will be
discussed below.

The distribution of N-nucleotide additions per single recom-
bined joint is shown in Figure 5b. The distribution of A445T and
L397S hTdT was similar to wild-type hTdT. A striking difference
was observed in the R431C hTdT transfection sequences in which
75% of all N-containing joints were 1N-nucleotide additions.

Deletions and P-additions. Given what is known about the
mechanism of joining, the number and frequency of deletions

© 2015 Macmillan Publishers Limited
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Figure 4. The in vivo extrachromosomal recombination assay. (@) Overview. (b) Design of the recombination substrate plasmid, pGG51 in the
unrecombined configuration and the recombined configurations of the coding joint and of the signal joint products. (c) Examples of the

recombined substrate plasmid sequences.

and P-additions at the coding ends would not be expected to be
affected by the short form of hTdT (hTdTS). When nucleotide
deletions at the recombined joints were enumerated, the
presence of hTdT in the transfection mixture did not affect
deletions (Table 3). There were no statistically significant
differences between the negative control transfection, lacking
the hTdT gene, and those with the hTdT genes. Similarly, as
detailed in Table 3, the presence of hTdT in the transfections did
not significantly influence P-nucleotide addition.

DISCUSSION

Single-amino-acid changes in genes have long been known to
cause major, as well as subtle changes in the resulting protein’s
structure and function.*>** One would, a priori, expect subtle
changes in function of some of the gene variants of human TdT
assessed here. Nonetheless, it was surprising that the hTdT SNP
gene variants tested had observable, and in two cases major
effects on hTdT function, phenotypes that could modify the
functioning of the immune system. Albeit humans are diploid, a
person harboring these variant hTdT SNPs, particularly the in vitro
‘dead’ variant R431C, will likely have fewer N-additions and hence
a lower level of coding joint diversity than individuals who do not
have these amino-acid changes. The data herein give reason to
speculate that human’s varying responses to pathogens, non-self
and self, so exquisitely encoded in the B- and T-cell receptors of
the adaptive arm of the immune system, are genetically
determined by the SNPs one harbors in genes affecting immune
diversity. TdT is one such gene.

© 2015 Macmillan Publishers Limited

Six non-synonymous hTdT SNPs in proximity to the active site of
hTdT were chosen from the NCBI SNP database as the best
candidates to have altered polymerase activity (Table 1). The
active site of hTdT contains three highly conserved aspartic acid
residues (D343, D345 and D433) and a cation-binding site that
aids in stabilizing the negative charge associated with a tripho-
sphate group of an incoming dNTP (Figures 1b and c). Two gene
variants had SNPs positioned within one of the conservedse-
quence motifs forming the dNTP binding site (consensus
sequence ALLGWTGSR (residues 445 -453) (A and T are two of
the variants studied, namely A445T (small non-polar residue to
polar residue) and T450S (polar residue to polar residue)).?® In
vitro, T450S’s change from wild-type was a decrease in the amount
of product, but it was not a significant change leading us to
conclude that this conservative (polar to polar) change did not
strongly influence polymerase activity (Figure 2). A445T had a
noted decrease in polymerase ability in vitro (Figure 2) but in vivo
A445T hTdT demonstrated N-addition activity comparable to the
wild-type enzyme in terms of the number of N-containing joints,
frequency of N-additions, the N’s per joint and the proportion of
G/C bases (Table 2, Supplementary Table 2). We conclude that a
person carrying the A445T hTdT allele may have a subtle change
but would not be expected to have a strong reduction in B- and
T-cell receptor repertoire diversity.

The L397S SNP is located within Loop1, which is associated with
template-independent polymerase activity (ESTFEQPSRVKDALDH,
residues 382-401) (Figure 1b). Romain et al.** demonstrated that a
13 residue deletion of Loop1, including L397, managed to switch
the template-independent activity of TdT to template-dependent

Genes and Immunity (2015) 388-398
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Figure 5. Analyses of extrachromosomal recombination assays.
(@) Recombination frequencies of the in vivo V(D)J recombination
assay. The individual R-values computed based on seven indepen-
dent HEK293T cell transfections per single experimental condition.
The mean R-values are shown along with the standard error,
represented by error bars. The mean R-values: Control =0.00662 +
0.00169%; Wild-type hTdT=0.00318+0.00106%; A445T hTdT=
0.00357 +0.00094%; L397S hTdT =0.00498 +0.00104%; R431C
hTdT=0.00315 + 0.00054%. (b) Distribution of N-nucleotide addi-
tions per single recombined joint. The frequencies of N-nucleotide
occurrence were computed as a ratio of the number of joints having
a certain number of N-additions to the number of joints containing
N-additions.

activity comparable to polymerase A that lacks a Loop1 region.
Structural studies led to the conclusion that the Loop1 region
likely sterically excludes double-stranded templates. Site-directed
mutagenesis studies of L397 by Gouge et al.??, revealed its role in
base stacking interruption of the incoming DNA strand, thus
participating in the closing of Loop1 onto the substrate DNA
strand. The data presented here also reveal the importance of this
position for TdT activity as the L397S variant has impaired
polymerase activity in vitro and impaired N-additions in the in vivo
V(D)J assay. The SNP mutation may disrupt an essential contact of
Loop1 with substrate DNA, leading to a reduction in catalytic
efficiency of TdT resulting in a lower frequency of N-containing
joints and a lower average number of N-additions compared with
wild-type enzyme (Table 2).

Variant R431C had the most uncharacteristic and impaired TdT
activity. We considered whether its production in bacteria and in
the cell line could hold the reason for its impaired activity. Variant
R431C had the same apparent size and the same purity as the
other recombinants and wild-type hTdT (Supplementary Figure 2).
Moreover, each of the hTdT proteins were isolated from bacteria
at least twice and assayed completely more than five times each.
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In no case did any of the purification procedures change the
characteristics of the wild type or variants in the assays of their
function. However, it remains a possibility that R431C had a post-
translational modification in the bacteria that the other isolates
did not have. The residue R431 forms a salt bridge with the
catalytic D343, which contributes to TdT catalysis and stability of
the active site. The presence of a cysteine instead of an arginine
likely disrupts the essential salt bridge, thus destabilizing the
active site of TdT. The importance of this position for TdT function
was demonstrated by variant R431C’s loss of polymerase activity
(a ‘dead’ mutant) in the in vitro assay, and having the lowest and
uncharacteristic activity in the in vivo V(D)) assay. We also
considered whether variant R431C's in vitro lack of activity actually
was revealing a gained exonuclease ability because of the
disruption of the salt bridge. Its profile in the in vitro polymerase
assays, especially in the absence of the cobalt cation
(Supplementary Figure 3c) revealed what we interpreted as
probable exonuclease activity. Although an appealing hypothesis,
which would explain R431C's in vitro profile, the in vivo V(D)J
recombination assay, revealed no evidence of exonuclease activity
(Table 2). The number of deletions at the ends was not statistically
different from any of the hTdT's assayed in the analyses of all
unique R431C sequences (4.4 nt deleted on average) nor in the
analyses of sequences without any additions (4.8 nt deleted on
average). (We reasoned that perhaps an exonuclease activity
would be revealed in joints without additions). Nevertheless,
R431C’s activity is markedly different from WT. Although WT hTdT
had 23% (13/57) of its joints without N or P-additions, R431C had
62% (21/34). In addition, it proved more difficult to recover
recombinants in the transfections with R431C (34 recombinants
recovered compared with 57, 65, 72 recombinants for the other
hTdTS, and more transformations were needed to obtain the 34)
(Tables 2 and 3, Supplementary Table 2). However, based on
R431C's inability to function in vitro, we were surprised that there
were any joints with N-additions (24%, Table 2). It is has been well
established that polymerases other than TdT can be responsible
for template-independent additions at DNA breaks. Indeed, TdT
knockout mice have template-independent additions at nearly 5%
of their V(D)J junctions generated during normal development in
B and T lineage cells.>'®*'3> Polymerase u possesses both
template dependent and template-independent polymerase
activity and therefore may be responsible for adding these non-
templated bases.**! It remains unknown what polymerases are
present in HEK293T or, what repair polymerases are activated or
induced by the transfection stress, and it is unclear whether the
presence of the TdT enzyme affects other polymerase’s activity on
non-homologous end joining.*'#>46

It is generally accepted that random additions are beneficial
for annealing of the coding ends during non-homologous
end jointing because of 1 or 2 nucleotides of terminal
microhomology.”>'®*! In this study, the 2 out of 48 (4%) joints
that had 'N'-additions under non-TdT conditions may be due to
the microhomologies (both had 1 N-addition per joint). Seventy-
five percent of the joints recovered from the R431C-containing
transfection contained a single N-addition (6/8) (versus 14% (6/42)
for joints from wild-type transfections). The G/C base frequency
was 27% (four A’s, one C, two G’s, four T's, Supplementary Table 2),
compared with WT's hTdT G/C frequency of 61%. Even so, the
finding that 24% of the joints were N-containing joints in the
presence of R431C gene variant indicates that the R431C variant
has some influencing activity in vivo, but R431C’s activity is not
that of a highly diversifying TdT polymerase. In vivo, N-additions
are usually in the range of one to five nucleotides.'® A length limit
is required in order to properly maintain the shape and size of the
encoded antigen receptor. Excess nucleotide additions between V,
D and J gene segments would result in a misfolded and non-
functional receptor. On the other hand, TdT's in vitro polymerase
ability is extensive (a trait used commercially for end labeling, for
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Table 2. Analyses of N-additions in the V(D)J recombination generated coding joints from pGG51
Control (no TdT) W-T hTdT A445T hTdT L397S hTdT R431C hTdT
Number of unique sequences 48 57 65 72 34
Number containing N-additions 2 42 51 17 8
Proportion containing N-additions (%) 4.2 74 78 24 24
P-value < 0.0001 0.6704 < 0.0001 < 0.0001
N-additions
Number of N-additions 2 126 122 34 11
Average N-additions in sequences with N's 1.0 3.0 24 2.0 1.4
P-value 0.0336 0.0335 0.0218 0.0062
Average N-additions in all unique sequences 0.042 22 1.9 0.47 0.32
P-value < 0.0001 0.27 < 0.0001 < 0.0001
Frequency of G/C bases
Number of G/C bases in N-additions (% of total N-additions) 77 88 16 3
% Of N-additions that are G or C 61 72 47 27
P-value 0.0814 0.1691 0.0164

Abbreviation: hTdT, human terminal deoxynucleotidyl transferase. P-values for WT hTdT experimental conditions computed using a comparison with the
control condition. All other P-values computed through a comparison with WT hTdT experimental conditions. Average N-additions in all sequences = total
number of N-additions/total number of unique sequences. Average N-additions in sequences with N =total number of N-additions/number of sequences
containing N-additions. Proportion of sequences is the %. Percentage of AT or GC bases in N-additions (%) = (total number of AT or GC bases/total number of
N-additions) x 100%.

Table 3. Deletions and potential P-additions in V(D)J recombination generated coding joints
Control (no TdT) WT hTdT A445T hTdT L397S hTdT R431C hTdT
Number of unique sequences 48 57 65 72 34
Deletions
Number of nucleotides deleted 230 258 298 372 148
Average deletion 4.8 4.5 4.6 5.2 44
P-value 0.50 0.86 0.072 0.66
P-additions
Number of P-additions 19 18 25 18 12
Number of sequences with P-additions 12 10 16 13 8
Proportion containing P-additions (%) 25 18 25 18 24
P-value 0.30 0.23 0.049 0.20

Abbreviation: hTdT, human terminal deoxynucleotidyl transferase. P-values for WT hTdT experimental conditions computed using a comparison with the
control condition. All other P-values computed through a comparison with WT hTdT experimental conditions. Average number of deletions = total number of
nucleotide deletions/total number of unique sequences. Proportion of sequences containing P-additions is the % of the number with P-additions/number of

unique sequences.

example, BD Biosciences TUNEL assays, Mississauga, ON, Canada).
The associated DNA repair factors, in vivo, may limit TdT's
polymerase activity, and thus the in vitro assays (Figure 2) are
what demonstrate their inherent variant activity. When the variant
enzymes are in the conditions that have the associated V(D))
in vivo constraints and DNA-binding components, gene variant
L3978, as well as the in vitro ‘dead’ variant, R431C, were unable to
effectively add N-nucleotides (nucleotides added per unique joint:
0.47, 0.32 and 0.042 for L397S, R431C and the reaction without
TdT, respectively), compared with 2.2 and 1.9 nucleotides per
unique joint for wild-type and A445T, respectively. It seems likely
that the in vitro assay reveals the polymerase ability of hTdT and
the in vivo assay reveals a modified enzyme function in the
presence of the other components of coding end joining.

The substrate for TdT during the V(D)J recombination is
believed to be variable, as the hairpinned coding end may be
opened in a way that generates a bunt ended double-stranded
DNA or an overhang. All three of the DNA substrates tested in the
in vitro assays were extended by the wild-type and by the variant
hTdT’s (Figure 3) with the blunt ended double-stranded DNA the
least preferred and the double-stranded 3’ overhang DNA
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substrate the most utilized substrate (Figure 3c). Sterically, a
hairpin opening that produces a 3’ overhang would be expected
to be the most effective opening given the DNA polymerization
reaction. The fact none of the variants had a substrate preference
different from the wild-type hTdT indicates that the regions where
the changed amino acids reside are not in the substrate-entering
region but rather in the polymerization region as predicted by the
murine model 223544

The specific role of TdT in autoimmune models remains
controversial. Absence of TdT in inbred mice has been shown to
correlate with decreased severity of autoimmune diseases, such as
lupus and diabetes. 3> TdT deficiency has been linked to a
decreased number of autoantibody-producing cells. This defi-
ciency may provide a protective role against autoimmunity
because of lower polyreactivity toward self-antigens and reduc-
tion in autoantibody affinities. It has been speculated that this
autoimmune protection is the reason for the delayed onset of TdT
activity during fetal development3®*'3>47 Although the effect of
these alleles in the heterozygous state is undetermined,
autoimmune-prone individuals carrying a low activity TdT allele
(L397S and R431C in this study) in the heterozygous state may
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experience a lesser extent of autoreactivity that may then
promote disease control.

TdT overexpression in B- and T-cell acute lymphocytic leukemia
and acute myeloid leukemia generally has a poorer prognosis.
More than 90% of acute lymphocytic leukemia leukemic cells
show high TdT activity, with remission rates of TdT-positive
patients twofold lower as compared with TdT-negative
patients.'>?%2° |ndividuals carrying the low polymerase activity
alleles may be expected to be protected from TdT generated
mutations because of the effect of those alleles although the
influence of the other (probably wild type) allele is not known. As
genetic testing has become commonplace and personalized
medicine a reality, the presence of some TdT alleles could be a
positive marker for people with TdT+ leukemias.

The decreased activity of the tested variants will affect the
junctional diversity at V(D)J junctions of antigen receptors of B and
T cells. As TdT is critically responsible for antigen receptor diversity
allowing recognition of broad pathogens by the adaptive immune
system, diminished activity would be expected to impair the
development of a diverse antigen receptor repertoire needed for
the immune system to promote an adequate response to
pathogens. A hTdT polymorphism on one allele may not have a
profound effect on antibody diversity, although someone with
two such polymorphisms would have such defects. Thus, although
the effect of these alleles in the heterozygous state is
undetermined, heterozygous, healthy individuals carrying hTdT
polymorphisms, particularly, L397S and R431C, may have varia-
tions in their adaptive immune response, adding to the diversity
generated by genetic variation. Humans carry many polymorph-
isms with the obvious resulting diversity of the population.

MATERIALS AND METHODS

Human TdT protein purification for in vitro polymerase activity
assays

The wild-type hTdT short form was isolated from Jurkat cell RNA (Applied
Biosystems, Foster City, CA, USA) using normal complementary DNA
(cDNA) cloning methods (Supplementary Figure 1b). The hTdTS cDNA was
cloned into p15TV-L, a bacterial expression vector (GenBank accession
EF456736) and six single-nucleotide mutations of hTdT gene, correspond-
ing to the six hTdT SNP candidates, were generated using site-directed
mutagenesis (QuickChange Agilent Technologies, Mississauga, ON,
Canada). Correct clones were identified using standard procedures and
the inserts sequenced for verification. The hTdT variants were over-
expressed and purified from E. coli BL21(DE3) cells. Isopropyl B-D-1-
thiogalactopyranoside-induced BL21(DE3) cultures were centrifuged at
1500xg at 4 °C for 30 min. The bacterial pellets were resuspended in lysis
buffer (50 mm Tris pH 7.5, 500 mm NaCl, 5 mm imidazole, 1 mm benzamidine,
0.5 mm phenylmethylsulfonyl fluoride and 1 mm -mercaptoethanol) and
sonicated for 8 min on ice. Cell debris was removed by centrifugation at
40000xg at 4°C for 30 min. The supernatant was incubated with nickel-
nitrilotriacetic acid (Ni-NTA, Qiagen, Toronto, ON, Canada) metal-affinity
chromatography resin for 1 h at 4 °C with rotation. The beads were washed
three times with wash buffer (50 mm Tris pH 7.5, 500 mm NaCl, 20 mm
imidazole, 1 mm benzamidine, 0.5 mm phenylmethylsulfonyl fluoride and
1 mm B-mercaptoethanol). His-tagged hTdT wild-type and variants were
eluted with elution buffer (50 mm Tris pH 7.5, 500 mm NaCl, 500 mm
imidazole, T mm benzamidine, 0.5 mM phenylmethylsulfonyl fluoride and
1 mm B-mercaptoethanol) and dialysed overnight at 4°C in TdT storage
buffer (50 mm K,PO,4), 100 mm NaCl, 143 mm B-mercaptoethanol, 50%
glycerol, 0.1% Triton X-100 pH 7.3 at 25°C), as per storage conditions of
recombinant calf TdT (New England Biolabs, Whitby, ON, Canada). Protein
samples were analyzed by 10% sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (0.375M Tris pH 8.8, 0.1% sodium dodecyl sulfate)
(Supplementary Figure 2) and used for the in vitro polymerase activity
assays. Protein samples from each plasmid were purified separately at least
twice and their characteristics in the assays did not vary.
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In vitro polymerase activity assay

An in vitro polymerase activity assay was used to determine the
optimal amount of TdT by varying its concentration up to 4um
(Supplementary Figure 2a). Its extension ability was also evaluated in the
absence and presence of the enzyme, dNTPs and 0.25mm cobalt
chloride (CoCl,) (Supplementary Figures 2b and c). The reaction conditions
of the in vitro oligomer extension assays were set up according to
a DNA tailing reaction recommended by New England Biolabs.
The standard components of are: 0.3 um single-stranded fluorescently
labeled Cy3 oligomer (5"-Cy3-CTACTGGTACTTCGATCTCTGGGGCCGTGACGC-3')
(Sigma-Aldrich, The Woodlands, TX, USA), 0.15 mm dNTP mix, 0.25 mm CoCl,,
1XTdT reaction buffer (50 mm potassium acetate, 20 mm Tris-acetate, 10 mm
magnesium acetate at pH 7.9 at 25 °C; New England Biolabs), 3.0 um of each
purified hTdT protein for a total reaction volume of 30 ul. The reaction was
incubated at 37 °C for various time points and stopped by the addition of an
equal volume of TdT stopping buffer (95% formamide, 50 mm EDTA, 0.05%
bromophenol blue). The completed hTdT reactions were then boiled for 5 min
to denature any duplexed DNA and immediately placed on ice. The samples
were resolved on a 10% denaturing TBE gel (89 mm Tris, 89 mm Boric Acid,
2mm EDTA pH 8.0, 7M urea) and the Cy3-labeled DNA was visualized by the
Typhoon Trio Biomolecular Imager (GE Healthcare, Baie-d'Urfé, QC, Canada)
(scanning done at an excitation wavelength of 532 nm, and an emission
wavelength of 580nm) using ImageQuant software (Molecular Dynamics, GE
Healthcare).

In vitro DNA substrate preference assay

The DNA substrate was varied under the same reaction conditions as
described above for the in vitro polymerase activity assay. Purified wild-
type and mutant hTdT variants were incubated with either 0.03 nm of
single-stranded Cy3 oligomer (5’-Cy3-CTACTGGTACTTCGATCTCTGGGGCCG
TGACGC-3'), or of a double-stranded Cy3 oligomer having a blunt end (5'-
Cy3-CTACTGGTACTTCGATCTCTGGGGCCGTGACGC-3, 5'-GCGTCACGGCCCC
AGAGATCGAAGTACCAGTAG-3') or of a double-stranded Cy3 oligomer
having a 3’ end overhang of six nucleotides (5'-Cy3-CTACTGGTACTTCGATC
TCTGGGGCCGTGACGC-3, 5 CGGCCCCAGAGATCGAATGACCAGTAG-3)).
The double-stranded Cy3 oligomer substrates were obtained by annealing
the single-stranded Cy3-labeled oligomer to an excess of unlabeled cDNA
oligomer using standard procedures.

Endogenous TdT expression evaluation

Reverse transcriptase PCR procedures. Reverse transcriptase PCR was
performed to test for endogenous TdT production in HEK293T cells. The
cells were passaged for at least a week before to transfection in Dulbecco’s
modified Eagle’s medium/high glucose media (Sigma-Aldrich’s Dulbecco’s
modified Eagle’s medium—high glucose with 4500 mgl™" glucose,
L-glutamine and sodium bicarbonate) supplemented with 10% fetal
bovine serum at 37 °C and 5% CO,. Cells were seeded for transfection in
60 mm tissue culture dishes at ~80-90% confluency in a total volume of
2.5 ml culture media. One hour before transfection, cells were washed with
warm 1xphosphate-buffered saline (137 mm NaCl, 2.7mm KCI, 10 mm
Na,HPO,4, 2 mm KH,PO,4) and fresh culture media was added for a total
volume of 2.5 ml per 60 mm dish. HEK293T cells were transfected (using
Poly-Jet DNA transfection reagent (FroggaBio, North York, ON, Canada))
with either substrate recombination plasmid pGG51, empty pcDNATM4/
myc-His A vector, wild-type hTdTS pcDNATM4/myc-His A expression vector
or co-transfected with pGG51 plasmid, wild-type hTdTS pcDNA, pEBG-
hRAG1 and pEBG-hRAG2 expression vectors.

The reverse transcription reaction used the ThermoScript RT-PCR system
(Invitrogen, Burlington, ON, Canada). First cDNA synthesis reaction
contained 150ng of RNA sample, 50 um oligo (dT),o primer, 1.5 mm dNTP
mix and diethyl dicarbonate-treated water for a total volume of 12 ul. The
reaction was incubated in a thermocycler at 65 °C for 5 min to denature the
sample and then placed on ice. Next, cDNA synthesis mix was added to the
reaction (4 ul of 5xcDNA synthesis buffer, 1l of 0.1M DTT, 40 units of
RNaseOUT, 15 units of ThermoScript RT, diethyl dicarbonate-treated water
up for a total volume of 8ul). The 20 pl cDNA reaction was incubated in a
thermocycler for 50 min at 50°C, followed by reaction termination for
5min at 85°C.

PCR amplification reaction of target cDNA was set up using hTdT gene-
specific primers that were designed to span an intron-exon boundary
(DNTT_F and DNTT_R 5’-CACCAGCTTGTTGTGAGAAGAGAC-3’, 5'-CTCTCTC
AAACTGCCGGGAGCCAGT-3, respectively). Each PCR reaction included 2 pl
cDNA, 1x reaction buffer (10 mm Tris-HCI (pH 9.0), 50 mm KCl, 1% Triton
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X-100, 1.5 mm MgCl2), 50 pmol DNTT_F and DNTT_R primers, 0.2 mm dNTP
mix, 2.5 units EconoTag DNA Polymerase (Lucigen, Mississauga, ON,
Canada) and dH,O to 50 pl. The negative PCR control reaction did not
include cDNA template, the positive PCR control reaction included 0.25 pg
wild-type hTdT pcDNA expression vector as template DNA. Following PCR
amplification, the reaction products were electrophoresed on a 0.7%
agarose gel stained with ethidium bromide and visualized under
ultraviolet light.

Western blot procedures. Endogenous protein hTdT expression was
evaluated by western blot using rabbit polyclonal hTdT-specific antibody
(Novus Biologicals, Burlington, ON, Canada, #NBP1-58254) raised against
N-terminal peptide sequence of hTdT (FQDLVVFILEKKMGTTRRAFLME-
LARRKGFRVENELSDSVTHIVAENNSG). HEK293T cells were transfected (using
Poly-Jet DNA transfection reagent; FroggaBio) with either wild-type hTdT
pcDNATM4/myc-His A expression vector or co-transfected with substrate
recombination pGG51 plasmid, wild-type hTdT pcDNA, pEBG-hRAG1 and
pPEBG-hRAG2 expression vectors. Transfected and non-transfected
HEK293T cells were harvested 48-h post-transfection. The cells were spun
at 1500r.p.m. for 5min at room temperature and the supernatant
removed. The cell pellet was resuspended in 75ul RIPA lysis buffer
(150 mm NaCl, 50 mm Tris pH 8.0, 0.5% NP-40, 1x protease inhibitor). The
samples were incubated for 20 min at 4 °C on a rotator. The cells were then
further lysed by sonication (0.5-s pulse on, 2-s pulse off, at 10% amplitude
for a total pulse time of 3s). The lysed samples were centrifuged at
15000 r.p.m. for 5 min at 4 °C and loaded onto an sodium dodecyl sulfate—
polyacrylamide gel electrophoresis gel. The protein samples were then
transferred onto a membrane and blocked in 1xPBST (137 mm NaCl, 2.7 mm
KCl, 10 mm Na2HPO4, 2 mm KH2PO4, 0.1% Tween-20 pH 7.4) containing 5%
milk (w/v) for 2h, on a rocker, at room temperature. TdT protein was
detected with 1:1000 dilution of rabbit polyclonal TdT antibody (Novus
Biologicals #NBP1-58254); GAPDH was detected with 1:5000 dilution of
mouse monoclonal GAPDH antibody (Santa Cruz Biotech, Dallas, TX, USA,
#SC-47724). The secondary antibodies were anti-rabbit horseradish
peroxidase-conjugated antibody (Promega, Madison, WI, USA, #W4011)
and anti-mouse horseradish peroxidase-conjugated antibody (Promega
#W4021). In the final step, Clarity Western ECL reagent (Bio-Rad,
Mississauga, ON, Canada) was added to the membrane and developed
in the dark.

Extrachromosomal recombination assay

V(D)J recombination assay plasmids. The V(D)J recombination substrate,
pGG51, has been previously described (a generous gift of Dr Michael
Lieber, University of Southern California, Los Angeles).‘w'48 It contains both
eukaryotic SV40 and prokaryotic ColE1 replication origins. Plasmid pGG51
contains a 12-RSS (recombination signal sequence), and 23-RSS separated
by a prokaryotic transcriptional termination sequence (Figures 4b and c).
A chloramphenicol resistance gene is downstream of the prokaryotic
transcription termination sequence; it is only expressed (and bacteria
harboring it are only resistant to chloramphenicol) after deletion of the
transcription termination sequence. A V(D)J recombination process acting
on the RSS of the plasmid results in a product that has deleted the two
RSS’s (and the transcription termination sequence) and retains a coding
joint. The recombined plasmid confers ampicillin and chloramphenicol
resistance onto bacteria harboring it (Figure 4c).

The generated p15TV-L bacterial expression vectors containing wild-
type hTdT and hTdT variants were used in cloning hTdT into the pcDNA
4/myc-His A mammalian expression vector. The hTdT genes were excised
from the bacterial expression vector, using Hindlll and Xhol restriction sites,
and ligated back into the mammalian expression vector using the same
restriction sites. Correct clones were identified using standard procedures
and the inserts sequenced for verification.

The plasmids expressing human RAG1 and RAG2 proteins, pEBG-hRAG1
and pEBG-hRAG2, were a generous gift of Dr Patricia Q Cortes, Mount Sinai
Medical School, New York.*°

Extrachromosomal recombination assay protocol. Analysis of functional
activity of wild-type hTdT and the hTdT variants was carried out in human
embryonic kidney cells HEK293T, which lack endogenous TdT expression.
The cells were originally obtained from ATCC (Manassas, VA, USA) in the
early 2000s, continuously passaged and maintained in liquid nitrogen and
tested for mycoplasma contamination routinely. They were passaged for a
week before transfection in Dulbecco’s modified Eagle’s medium/high
glucose media (Sigma-Aldrich) supplemented with 10% fetal bovine serum
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at 37 °C and 5% CO,. Cells were co-transfected at 80-90% confluency with
substrate plasmid pGG51, one of the hTdT wild-type or variant pcDNA
4/myc-His A expression vectors, and pEBG-hRAG1 and pEBG-hRAG2, the
vectors expressing human RAG1 and RAG2 proteins. Cells were transfected
via Poly-Jet DNA transfection reagent (FroggaBio). In all, 2.5 ug DNA per
60 mm culture dish was transfected at 1:3 DNA: Poly-Jet ratio. The
transfected cells were incubated at 37 °C and 5% CO, for 6 h. Fresh culture
media supplemented with caffeine for a final concentration of 1 mm was
added 6-h post-transfection.’®"

The assay was carried out as previously described (Figure 4a).>**” Briefly,
substrate plasmid DNA was harvested 48-h post-transfection via rapid
alkaline lysis. Plasmid DNA was Dpnl-digested to select for plasmids that
had replicated during the incubation in HEK293T cells. The recovered DNA
was transformed into E. coli ElectroMAX DH10B cells via electroporation.
Bacteria harboring replicated substrate plasmids were recovered from LB
agar plates containing 100 pg ml~' ampicillin, and bacteria with recom-
bined substrate plasmids from LB agar plates containing 33 ugml™
chloramphenicol and 100 ugml™ ampicillin. Recombination frequency
(R-value) was calculated as the ratio of the recombined substrate plasmids
(double-resistant colonies) to the total number of replicated substrate
plasmid (ampicillin-resistant colonies).

Colony PCR was performed on double-resistant colonies (pGG51-For
5'-TTGTCGATGAATTCCCCTGT-3’, pGG51-Rev  5'-ATCGAAGGAATCGAGGA
CTT-3’) and the coding joints of confirmed recombinant plasmids
sequenced using pGG51-Forward primer and analyzed (Supplementary
Table 2).

Coding joint analysis. The following parameters were analyzed: number of
nucleotide deletions and additions (palindromic and N-additions),
frequency of nucleotide additions and G/C addition frequency. Repeated
recombinant pGG51 substrate sequences within the same mammalian
transfection were excluded from the analysis because of the possibility
that they were products of plasmid replication in mammalian cells after
recombination.

Statistical analysis

Statistical analysis was performed using SPSS Statistics (IBM, Armonk, NY,
USA). Chi-square and the Standard T tests were used. A P-value < 0.05 was
considered statistically significant.
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