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Abstract

2'-deoxynucleoside 5'-triphosphates (dNTPs) are the building blocks of DNA
and are key reagents which are incorporated by polymerase enzymes during
nucleic acid amplification techniques, such as polymerase chain reaction (PCR).
These techniques are of high importance, not only in molecular biology research,
but also in molecular diagnostics. dNTPs are generally produced by a bottom-up
technique which relies on synthesis or isolation of purified small molecules like
deoxynucleosides. However, the disproportionately high cost of dNTPs in low-
and middle-income countries (LMICs) and the requirement for cold chain storage
during international shipping makes an adequate supply of these molecules
challenging. To reduce supply chain dependency and promote domestic
manufacturing in LMICs, a unique top-down biocatalytic synthesis method is
described to produce dNTPs. Readily available bacterial genomic DNA provides a
crude source material to generate dNTPs and is extracted directly from
Escherichia coli (step 1). Nuclease enzymes are then used to digest the genomic
DNA creating monophosphorylated deoxynucleotides (ANMPs) (step 2). Design
and recombinant production and characterization of E. coli nucleotide kinases is
presented to further phosphorylate the monophosphorylated products to
generate dNTPs (step 3). Direct use of the in-house produced dNTPs in nucleic
acid amplification is shown (step 4) and their successful use as reagents in the
application of PCR, thereby providing proof of principle for the future
development of recombinant nucleases and design of a recombinant solid-

state bioreactor for on-demand dNTP production.
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1 | INTRODUCTION

Nucleic acid amplification tests (NAATSs) have enabled a burgeoning
of highly specific and sensitive diagnostics for infectious diseases and
inherited or genetic-linked biomarkers of chronic disease. Importantly
it has become evident that use of NAATSs can have a beneficial clinical
impact on the patients (Reischl et al., 2020; Taegtmeyer et al., 2008;
Wiersinga et al.,, 2009) by guiding treatment earlier than culture-
based methods or by identifying targeted therapies for certain
cancer-related mutations (Rowley et al., 2021; Simarro et al., 2022).
Furthermore, the earlier diagnosis of infectious disease can have a
significant impact on the stewardship of antimicrobial and antifungal
resistance. It is reported, for example, that administration of
unnecessary antifungal drugs could be reduced by >90% through
reliable detection of Candida infections. Studies have also reported
on the improved cost effectiveness of multiplexed PCR in the
detection of infectious diseases, compared with other methods
(Mahony et al., 2009).

Nevertheless, despite evidence of the benefits of early testing
and the role that nucleic acid testing can play, there is a big gap in the
capabilities of low- and middle-income countries (LMICs), driven
mainly by the high cost of NAATs, when they are imported from high-
income countries. Many African countries, for example, are only able
to spend < $150 per capita on health, compared with high-income
countries spending > $4,000, so there is a fiscal as well as a facility
barrier to the use of diagnostics (Africa Renewal, 2020). There is also
widespread concern about the scale of imports and donor depen-
dence across Africa. Growing attention is now being paid to local
production capabilities for health technologies as a vital component
of strengthening the health systems of developing countries. For
example, the production of point-of-care (POC) diagnostics in LMICs
has been proposed as essential for a technology fit for a low-resource
area and sustaining the supply chain (Engel et al., 2016). Numerous
African government reports since 2000 have highlighted the
potential for developmental synergies to be extracted between
expansion of industrial production of medical supplies and improve-
ment of the coverage and quality of health care, especially for their
low-income populations (MacKintosh et al., 2018). In May 2019, six
international organizations with influence on global health (WHO,
UNIDO, UNCTAD, UNAIDS, UNICEF, and The Global Fund) released
a joint statement promoting local production of medicines and health
technologies, laying out the need for “effective multisectoral
collaboration to promote enabling investment, legal and technical
environments” in these countries (World Health Organisation, 2019).

LMIC markets for PCR are expected to grow, but with revenue
continuing to be generated outside the LMICs. However, a shift to
local manufacture within many LMICs still has a cost disadvantage:
their individual markets are comparatively small and most potential
African manufacturers, for example, would have to import all their
active reagents and materials for diagnostics in small quantities and at
higher cost than competing overseas suppliers of the finished
diagnostic; this same issue is also a barrier to local production of

essential pharmaceuticals (Wilson et al., 2012). Thus, synergies

between expansion of a local manufacturing infrastructure and the
goal to achieve socioeconomic long-term independence from
external supply needs to include even the basic active reagents and
materials.

Recently there have been reports of local production of some of
the reagents required for NAATSs. In earlier work, we have reported
the local production of a self-indicating mCherry fused BST ¢ with a
silica binding tag for immobilization, that was produced locally in
Ghana for a loop-mediated isothermal amplification (LAMP) for
malaria diagnosis of clinical samples (Seevaratnam et al., 2022). The
COVID-19 pandemic has also shown that the enzymes for RT-LAMP
can be successfully produced in-house locally without the need for
import of these vital reagents (Matute et al., 2021) and Mote et al.
have produced a PCR master mix with reagents produced in-house
(Mote et al., 2021).

Nevertheless, the building blocks for the synthesis of the
amplified DNA, namely the 2'-deoxynucleoside 5'-triphosphates
(dNTPs) remain the missing piece of the ‘local production' puzzle.
These molecules are usually synthesized chemically (Burgess &
Cook, 2000), which often lacks regioselectivity, thus resulting in the
formation of unwanted products, reducing overall yield. A review
paper published in 2016 included over 40 schemes on different
methods to synthesize nucleotides and their analogs and concludes
that “an ideal synthesis would involve little or no excess reagents and
activators, short reaction times, the absence of protecting groups on
the starting material, simple conditions (i.e.,, nondry solvents and
reagents, open flasks, room temperature, etc.), high yields, and simple
purification procedures” (Roy et al., 2016).

The high regioselectivity of enzyme-catalyzed synthesis can
ensure correct product formation and offer a greener alternative to
harsh chemicals (Ahmad et al., 2009). Recent innovations include the
synthesis of nucleotide analogs from modified nucleosides using a
kinase and ATP regeneration system, and the in-situ synthesis of
dNTPs in recombinant Escherichia coli lysate (Fehlau et al., 2020; Loan
et al, 2019). However, this does not eliminate supply chain
dependency as the deoxynucleosides must still be purchased from
chemical suppliers.

The dNTPs should be provided at concentrations that do not
limit the reaction and, therefore must be employed in excess of other
diagnostic reagents (Gibbs, 1990). A standard polymerase chain
reaction (PCR) requires 20-200 uM dNTPs (Lorenz, 2012), but other
nucleic acid amplification methods, such as loop-mediated isothermal
amplification (LAMP), that produce very long polymer amplicons, can
require concentrations up to 1.5mM. Furthermore, nucleoside
triphosphates are not particularly robust, and their decomposition,
which is believed to be caused by hydrolysis of the phosphate groups,
demands that dNTPs are stored frozen, and thus proper cold chain
storage must be maintained during shipping (Markoulatos et al., 2002).
This presents an additional burden on access to these reagents and a
study on challenges to good lab practices in East Africa found that
many reagents were received with compromised cold chain storage
(Zhang et al., 2016). Improvements have been made to the storage

buffers which aids in long-term stability at -20°C and prevent
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decomposition of dNTPs reported during multiple freeze-thaw cycles
2019).
modified dNTPs (e.g., a thermolabile 3'-tetrahydrofuranyl protecting

(Loan et al., Some manufacturers now offer proprietary

group on the base which is released by heat) that offer greater
2009).
for unmodified dNTPs in standard storage buffers,

stability at room temperature for up to a month (Le et al,
However,
manufacturers generally recommend low-temperature storage. In
general, dNTPs are found to have time-limited stability at ambient
temperature and even at 4°C, whereas at higher temperatures the
degradation rate increases: from other work from our group, this is
significant above 60°C, in which a 10 mM solution of each dNTP
(dATP, dCTP, dGTP, and dTTP) in amplification buffer has shown
2023). Thus, in low-

resource contexts where reliable consistent cold temperature storage

circa 7% per hour degradation (Gao et al,

is not always available, for example, due to power cuts, a method to
Additionally,
prolonged exposure at ambient temperature during delays in shipping

produce dNTPs on-demand can become critical.

and customs could lead to degradation of dNTPs and failed
application in nucleic acid amplification.

Thus, rather than starting from commercially available small
molecules, Haynie and Whitesides produced nucleoside triphosphate
products (NTPs) from RNA by digesting RNA from yeast with
nuclease P1 and incubating the resulting NMP products with a
mixture of nucleoside monophosphokinases and acetate kinase
(Haynie & Whitesides, 1990).

The nuclease P1 belongs to a subfamily of phosphodiesterases
that specifically degrade phosphodiester linkages in the nucleic acid
backbone. Also among this subfamily are DNases, RNases, endonu-
cleases, and exonucleases. The in vivo function of these enzymes is
DNA repair, proofreading, and replication (Lovett, 2011), but they
have also been leveraged commercially for applications such as DNA
sequencing and PCR clean-up. Phosphodiesterases from other
organisms, including snake venom phosphodiesterase (SVP) and
bovine spleen phosphodiesterase, have been used for the stepwise
hydrolysis of DNA to release mononucleotides. 5'-phosphodiesterase

2’-deoxynucleoside

Non-methylated
5’-monophosphates

Bacterial Genomic

A Wiy
BIOENGINEERIN

from malt root, for example, has produced 5'-deoxynucleosides from
denatured DNA (Zou et al., 2008), while SVP has been used in
conjunction with phosphatases to prepare DNA samples for mass
spectrometry analysis (Yin et al., 2018).

In this manuscript, we take the next step and present a novel
enzyme cascade to biocatalytically synthesize dNTPs from a low-cost
regenerable source, namely bacterial genomic DNA (Figure 1), and
then use them in nucleic acid amplification. The bacteria starting
material (E. coli JM110 in this example), provides the genomic DNA,
which is then digested by phosphodiesterases to produce monopho-
sphorylated nucleotide products (ANMPs). These are then rebuilt
with kinases and ATP to produce dNTPs, which can be used directly

in nucleic acid amplification.

2 | MATERIALS AND METHODS

2.1 | Materials

E. coli DH5a (NEB C2987), NEBTurbo (NEB C2984), Klenow (NEB
M0210), BL21(DE3) (Agilent 200131), E. coli JM110 (Yanisch-Perron
et al.,, 1985), Ni-NTA resin (Merck 69670), CentriPure P25 columns
(emp Biotech Cat. No. CP-0108), pyruvate kinase (Sigma P1506),
lactate dehydrogenase (Sigma L2500), dAMP (Sigma D6375), dCMP
(Sigma D7750), dGMP (Sigma D9500), dTMP (Sigma T7004), dADP
(Sigma D600), dCDP (Cayman Chemicals 22982), dGDP (Sigma
D2950), dTDP (Sigma T9375), NADH (Acros Organics 271100010),
PEP (Cayman Chemicals 19192), ATP (Sgima A7699), ADP (Acros
Organics 10143940), dNTP Set (NEB NO0446), Monarch genomic
DNA extraction kit (NEB T3010), 10 kDa MWCO columns (Merck
10125580), (Fisher
10569092), ammonium dihydrogen phosphate (Sigma 101126),
SeeBlue Plus2 pre-stained protein ladder (ThermoFisher LC5925),
NSR pre-stained protein ladder (Newmarket Scientific MG20-10101),
1kb DNA ladder (NEB N3232), 1 kb plus DNA ladder (NEB N3200),

tetrabutylammonium phosphate Scientific

2’-deoxynucleoside
5’-triphosphates

(dNMPs) (dNTPs)
DNA 0 0 0 0
O-P-0 "0-P-0—P-0—P-0
O o o O
—» —
g.ucle:se Nucleic Acid
gDNA  'BEstion e dNMP dNDP Amplification
Extraction Kinases (x4) Kinase

FIGURE 1 A novel method for biocatalytic synthesis of 2'-deoxynucleotide 5'-triphosphate (AINTPs) from bacterial genomic DNA.

Non-methylated genomic DNA (gDNA) is extracted from Escherichia coli JM110 (step 1). The gDNA is digested by nucleases (step 2), resulting
in monophosphorylated nucleotides (2’-deoxynucleotide 5'-monophosphate [dNMPs]). The dNMPs are converted to nucleoside triphosphates
(2'-deoxynucleotide 5'-triphosphate [dNTPs]) using recombinantly produced kinase proteins (step 3). The synthesized dNTPs can then be used

directly in nucleic acid amplification (step 4).
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HindIll-HF (NEB R3104S), Exonuclease Il (NEB M0206), benzonase
(Sigma E1014).

2.2 | Auto-induction media

To prepare 4X YT media, 6 g of Na,HPO,, 3 g of KH,PO,4, 20 g of
tryptone, 5g of yeast extract, and 5g of NaCl were dissolved in
0.5mL of DI water. The media was sterilized by autoclaving. 50%
glycerol (v/v), 10% glucose (w/v), and 5% lactose (w/v) solutions
were prepared separately and autoclaved. To prepare complete auto-
induction media, add 12 mL of 50% glycerol, 5 mL of 10% glucose,
and 40 mL of 5% lactose to the 0.5L of 4X YT media and bring the
volume up to 1L with sterile DI water (OpenWetWare Lidstrom:
Autoinduction Media).

2.3 | Protein expression and purification

Adenylate kinase (adk), cytidylate kinase (cmk), guanylate kinase
(gmk), thymidylate kinase (tmk), and nucleotide disphosphate kinase
(ndk) genes were amplified from the E. coli DH5a genome. Genes
were assembled with a pET24a backbone including a C-terminal 6x
histidine tag and kanamycin resistance using Klenow assembly
(OpenWetWare Klenow Assembly Method: Seamless cloning).
Assembled plasmids were transformed into NEBTurbo for cloning,
followed by transformation into BL21(DE3) for expression. Expres-
sion was performed by inoculating 50 mL of auto-induction media
with 0.5mL of overnight culture and incubation overnight at 37°C
with 225 rpm. Proteins were purified with Ni-NTA resin according to
the manufacturer's protocol, and the concentration was estimated
with NanoDrop. Buffer exchange was performed with CentriPure
P25 columns. Briefly, the column was equilibrated with 25 mL of
50 mM Tris-HCI. Then, the purified protein eluted from the Ni-NTA
column was loaded onto the P25 column, followed by an additional
3.5mL of 50 mM Tris-HCI buffer. The eluate was collected in 0.5 mL
fractions and the protein concentration of each was estimated using a
NanoDrop A280 nm measurement. The fractions containing protein
were combined, and the final purified proteins were stored in 25 mM
Tris-HCI, 50% glycerol at -20°C.

2.4 | Enzyme kinetics
Enzyme kinetics were measured with the pyruvate kinase-lactate

dehydrogenase coupled spectrophotometric assay (Agarwal
et al., 1978). The final reaction buffer consisted of 50 mM potassium
acetate, 20 mM Tris-acetate, 10 mM Magnesium acetate, 100 pg/mL
BSA, 3mM PEP, 2mM ATP, 0.3 mM NADH, 1.25U/mL pyruvate
kinase, 2.25U/mL lactate dehydrogenase, 0.0025 mg/mL protein,
and varied concentration of substrate. Solutions were brought up to
37°C before adding the substrate. Absorbance at 340 nm was read

immediately after addition of substrate and followed for 5-10 min

with Tecan spark plate reader (Infinite M200). dNMP standards and

dNDP standards in varying concentration were used as substrate.

2.5 | Quantification of protein purity

The relative purity of the proteins was quantified by measuring the
specific activity of total protein lysate relative to the specific activity
of pure protein. The activity was measured as described above in the
enzyme kinetics section. For the lysate samples, 0.0025 mg/mL of
total protein (including native proteins and the kinase of interest) was
used, whereas for pure samples, the 0.0025 mg/mL protein was
entirely the protein of interest.

To test if native E. coli proteins interfered with the enzyme kinetics
assay, a set of negative controls was performed using a BL21(DE3)
lysate which did not contain overexpressed proteins. Five mL LB was
inoculated with BL21(DE3) cells, which did not contain any plasmid,
and incubated overnight at 37°C with 225 rpm. A 50mL LB culture
was inoculated with 0.5 mL of overnight culture and incubated for 6 h
at 37°C with 225 rpm. The culture was pelleted to collect the cells, and
the protein lysate was prepared as previously described. Enzyme
kinetics experiments were performed against dAMP, dCMP, dGMP,
dTMP, and dADP substrates using 0.0025 mg/mL BL21(DE3) lysate
(Supporting Information: Figure S10).

2.6 | Genomic DNA extraction and purification

E. coli JM110, which is dam- dcm-, was obtained from AddGene
(Yanisch-Perron et al., 1985). E. coli JM110 was made competent
with CCMB80 buffer (Hanahan et al., 1991; OpenWetWare TOP10
chemically competent cells) and was then transformed with a pET24a
construct with Kanamycin resistance. Kanamycin-resistant JM110
cells were cultured in 200 mL LB for 8 h. Cultures were pelleted in
50mL aliquots by centrifugation at 3275xg for 20 min. The
supernatant was discarded, and the pellet was stored at —20°C until
gDNA extraction. If cold chain is not available, the cells can be
cultured and used immediately. Cell lysis was performed according to
the simplified protocol for genomic DNA extraction from gram-
negative bacteria from NEB. Briefly, pellets were resuspended in
100 uL of PBS. Ten microliters of Proteinase K was added and the
solution was briefly vortexed. Then, 100 uL of Tissue Lysis Buffer
(NEB #T3010 proprietary composition) was added and the solution
was vortexed thoroughly. The solution was incubated for 3-4h in a
shaking incubator at 56°C with 350 rpm. Next, 3 pL of RNase A was
added to the lysate and the solution was incubated for 30 min at
56°C with 350 rpm.

To purify the DNA, 3 volumes of ice-cold 100% EtOH (0.6 mL)
was added to the lysate. The mixture was incubated on ice for
30 min. The lysate was centrifuged for 10 min at 13,000 rpm in a
tabletop centrifuge at 4°C and the supernatant discarded. The pellet
was washed three times with 0.5 mL of 70% EtOH and spun again at
13,000 rpm for 5 min at 4°C. The supernatant was discarded, and the
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pellet was airdried for 10 min. The pellet was resuspended in
nuclease-free water (50 uL), and the concentration was read with
NanoDrop. We recognize that many cell lysate impurities absorb at
260 nm, and thus the NanoDrop reading is likely to overestimate the
gDNA concentration. However, other methods, such as agarose gel
analysis of concentration, are unreliable, so all yields are given from
the measured NanoDrop concentration. If not required immediately,
purified gDNA can be stored at -20°C until use.

2.7 | In-house dNTP synthesis
Concentrated gDNA was diluted in 50 mM potassium acetate, 20 mM
Tris-acetate, 10 mM Magnesium acetate, 100 ug/mL BSA, and
combined with 100 units (U) of Exonuclease Il and either 40 units
restriction enzyme or 3.35 units of benzonase (enzyme units as
recommended by manufacturer protocol). Where specified, 20 U of
Exonuclease | was added to DNA digestion reactions. Water was
added to a final reaction volume of 50 pL. Samples were incubated at
37°C for 16 h, then the nucleases were heat inactivated by incubating
the samples at 80°C for 30 min. Next, in-house produced NMP
kinases were added to a final concentration of 0.004 mg/mL each and
in-house produced NDK was added to a final concentration of
0.008 mg/mL. 5uL of 50mM ATP was added. The solution was
incubated at 37°C for 30min, then used immediately in PCR
reactions or prepared for analysis by HPLC. To prepare samples for
HPLC, they were diluted 1:10 in water, then loaded onto a 10 kDa
MWCO protein concentrator column and spun at 13,000 rpm in a
tabletop centrifuge for 30 min. The filtrate was collected and filtered
through a 0.2 um syringe filter, then stored at -20°C until analysis.
Directly following the heat inactivate and kinase incubation. To
concentrate the in-house produced dNTPs, 5.56 uL of 3 M NaCl was
added to the 50 uL reaction solution. Then, 165 uL of 100% ethanol
was added, and the samples were incubated at -80°C or on ice for
1h. The precipitated dNTPs were collected by centrifugation at
13,000 rpm in a benchtop centrifuge for 20 min. The supernatant was
discarded, and the pellet was airdried for 30 min. The pellet was then
resuspended in 18.75uL of water and immediately used in PCR
reactions (Caton-Williams et al., 2011).

28 | HPLC

Nucleotide products were analyzed by HPLC (Agilent Technologies 1260
Infinity 1) following the method published by Loan et al. Briefly, samples
were eluted from an Altima HP C18 column (5um, 250 x4.6 mm
HICH87680) by gradient elution (87%-70%) of buffer A. Buffer A
consisted of agueous 60 mM ammonium dihydrogen phosphate and
5mM tetrabutylammonium phosphate at pH 5.0. Buffer B consisted of
5mM tetrabutylammonium phosphate in methanol. Nucleotides were
detected by monitoring at 259 nm (Loan et al., 2019). Analysis was
performed over a 60-min run time with 1 mL/min flow rate. The injection

volume was 100 pL. Molecular identity of compounds was determined
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by comparison to the elution times of commercial standards diluted in
5mM potassium acetate, 2 mM Tris-acetate, 1 mM Magnesium acetate,
10 ug/mL BSA. Elution times are as follows: dCMP—4.52 +0.08 min,
dGMP—6.86+020min, dTMP—7.98+0.25min, @ dAMP—-13.14+
0.62min, ADP—18.69 +0.07 min, dCTP—19.44+0.29 min, dGTP—
27.72 £0.26 min, dTTP—30.98 + 0.36 min, ATP—34.56 + 0.60 min, dATP
—38.18 £ 0.60 min. Elution times shown are the average of n=18
replicates for dANMP and dNTP standards and n =3 replicates for ADP
and ATP. The concentration of in-house produced dNMPs and dNTPs
was determined from a calibration curve of integration area versus
concentration for each molecular standard (Supporting Information:
Data S9-512).

29 | PCR

In-house dNTPs were used in PCR reactions to amplify fragments
from the lambda genome. Positive control reaction mix consisted of
1.25puL 10 uM forward primer, 1.25 uL 10 uM reverse primer, 1 pL
50 pg/mL lambda genome DNA as template (NEB N3011), 2.5 uL
10X ThermoPol buffer, 16.75uL water, 1.5uL 100 mM MgSQy,,
0.5puL 10 mM commercial dNTP mix, and 0.25puL of DeepVent
polymerase. Negative controls lacked dNTPs. For PCR reactions
using in-house dNTPs, no commercial dNTPs or supplemental
magnesium were added, and the water was replaced with 18.75 pL
of dNTP solution. gDNA digestion negative control PCRs used
18.75 pL of gDNA digest solution (no kinases added) and did include
1 uL of template DNA (Supporting Information: Table S9). Thermo-
cycling was as follows: 5min of denaturation at 95°C, 31 cycles of
95°C for 30s, 62°C for 30 s, and 72°C for the extension time listed in
Supporting Information: Table S8, and a final extension at 72°C
for 2 min.

In-house dNTPs were in a buffer solution of 50 mM potassium
acetate, 20 mM Tris-acetate, 10 mM Magnesium acetate, 100 pg/mL
BSA. This buffer composition was incompatible with Q5 Polymerase
but did not interfere with DeepVent Polymerase reactions (data not

shown).

3 | RESULTS AND DISCUSSION

3.1 | Genomic DNA extraction and digestion

A supply of genomic DNA was required as the starting material ([1] in
Figure 1), for which bacterial DNA was selected because it is readily
available, especially in any molecular biology lab. Bacterial DNA is
also simple to purify, relative to isolating eukaryotic DNA which is
stored in the nucleus and contains histones. E. coli JM110 was
selected as the source of bacterial DNA because it lacks the
adenosine and cytosine methyl transferases, which enables the
production of nonmethylated dNTP products. Genomic bacterial
DNA extracted with a modified protocol of the Monarch genomic
DNA extraction kit (see previous section) gave the best vyield.



BIRD ET AL.

n IOTECHNOLOGY|
L ev-
However, the silica columns normally used with the extraction kit
give limited DNA binding capacity: yields of 148 and 183 ng/uL were
obtained from two replicates of column purification, compared with
4080.0 ng/uL when the columns were replaced by ethanol precipita-
tion. Agarose gel analysis confirms that both silica column purification
and ethanol precipitation purification produce a high molecular
weight band consistent with the size of the E. coli genome (Figure 2,
lanes 1-4). Subsequent wash steps with 70% ethanol, in which the
sample is subjected to vortexing, lead to shearing of the genomic
DNA (Figure 2, lane 6), which can be minimized by reducing the
amount of agitation. However, as the DNA will later be digested,
DNA shearing is not a concern and seemed to have no effect on
downstream processes.

After incubation of cell lysate with Proteinase K, there was a
significant reduction in the amount of higher molecular weight
protein contaminants, as observed by SDS-PAGE analysis (Figure 2,
lanes 10 and 11). The distinct band in lanes 10 and 11 corresponds to
Proteinase K (28.9kDa) and a fainter band around 13.7kDa is
consistent with RNaseA from bovine pancreas. The latter, together
with other bands below 30 kDa are concentrated when the gDNA is
ethanol precipitated and suspended in a smaller volume (Figure 2,

lanes 9 and 11). Most of the endogenous E. coli proteins above

30kDa (Figure 2, compare lanes 7-9 to lanes 10-11) were
and the

remaining protein is degraded and digested fragments below

successfully removed during the extraction process,

30 kDa, which are expected to have lost native activity, and are not
relevant to the following steps.

3.2 | dNMP synthesis

The precipitated gDNA was used for dNMP synthesis as shown in
step 2, Figure 1. Hindlll, an endonuclease that cuts at A/AGCTT
sites, was used on the gDNA, leaving a 5’ overhang. Exolll
subsequently catalyzed the stepwise removal of dNMPs, initiating
at the Hindlll cut sites. Digestion of gDNA with Hindlll and Exolll
was confirmed by Figure 2, lane 5 and showed successful
production of dNMPs on HPLC (Figure 3a). The total average of
all ANMP concentrations from a 60 ug digest of precipitated gDNA
with Hindlll and Exolll was 268 uM (an average of 67 uM each
dNTP). Assuming the average molecular weight of a basepair to be
660 g/mol, this corresponds 4.4pug of digested DNA and an
apparent 7% yield of dNMPs. The yield was approximately doubled
to 13% by replacing Hindlll with a nonspecific nuclease, Benzonase

(a) DNA Gel (b) Protein Gel
Silica Column 100% EtOH  100%/70% EtOH 100%/70% EtOH
L 1 2 3 L 4 5 L 6 MW 7 8 9 10 11
U kDa |
10.0- — .
6.0 — ' w — 75— -
4.0~ b
3.0- — .
2.0~ e
1.5- -
1.0- W 35— A
05— W
25-
20— S -
FIGURE 2 (a) Agarose gel analysis of extracted DNA confirms the presence of high molecular weight DNA consistent with the size of the

Escherichia coli genome (4500-5500 kb). Subsequent wash steps using 70% EtOH and vigorous mixing lead to shearing of the DNA (lane 6). (1)
gDNA purified by silica column. (2) gDNA purified by silica column and incubated with Hindlll. (3) gDNA purified by silica column and incubated
with Hindlll and Exolll. (4) gDNA purified by EtOH precipitation. (5) gDNA purified by EtOH precipitation and incubated with Hindlll and Exolll.
(6) gDNA purified by 100% EtOH precipitation, followed by three 70% EtOH washes. L: 1 kb ladder. (b) SDS-PAGE analysis showing the
presence of protein contaminates in the purified gDNA. (7) E. coli JM110 cell pellet. Lane 8: E. coli JM110 pellet after incubation with lysis buffer
(no Proteinase K, no RNaseA). Lane 9: gDNA purified from JM110 lysate without Proteinase K and Rnase, 100% EtOH precipitation, and 70%
EtOH washes. Lane 10: E. coli JM110 pellet after incubation with lysis buffer, Proteinase K, and RnaseA. Lane 11: gDNA purified from JM110
lysate incubated with Proteinase K and RnaseA, 100% EtOH precipitation, and 70% EtOH washes. MW: NSR prestained protein molecular
weight marker (mass in kDa).
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(a) Sample high pressure liquid chromatography (HPLC) signal curve for t = 0-15 min of 60 ug gDNA digest by 3.35 U Benz and

100 U Exolll (black) and signal curves of 15 uM 2’'-deoxynucleotide 5'-diphosphate (INMP) standards. Peaks present in the gDNA digest

correspond to the elution times of dNMP standards. After incubating the digestion sample with kinase enzymes (purple) the dNMP peaks are no
longer visible, indicating successful conversion to 2'-deoxynucleotide 5’'-triphosphate (ANTP) products. (line colors also correlate with plot for
t = 15-40 min in Figure 6) (b) Concentration of dNMPs after incubation of gDNA with different digestion enzymes. Where listed: 3.35 U Benz,
40 U Hindlll, 100 U Exolll, or 20 U Exol (c) Effect of gDNA mass on the yield of dNMPs. Varied mass of gDNA incubated with 3.35 U Benz and
100 U Exolll. All samples were incubated with digestion enzymes for 16 h at 37°C. Data presented as the average and standard deviation (n = 3).

(Benz), which digests DNA into 3-5 bp long fragments (Figure 3b).
The nonspecific nuclease also aids RNaseA in the digestion of
contaminating RNAs. Increasing the initial mass of precipitated
gDNA, does not increase the yield of dNMPs (Figure 3c), indicating
that the rate is not diffusion controlled and the nuclease enzymes
are operating above the Ky.

Exonuclease Il is reported to have activity only on dsDNA,
producing ssDNA fragments and dNMPs. To improve vyield, a single-
stranded nuclease, Exonuclease |, was added. This increased the
dNMP yield to 17% (Figure 3b). It should be noted, however, that the

accuracy with which yield is calculated is also influenced by the low
accuracy in quantifying the initial mass of gDNA in the reaction, due
to other contaminants absorbing near 260 nm. HPLC spectra also
confirm that there are impurities absorbing at 259 nm. These could
be small molecules naturally present in the E. coli cytoplasm and
remnants of degraded RNA and proteins from the extraction process.
Despite reducing the accuracy of yield determination (underestimat-
ing yield), the impurities were not shown to interfere with down-
stream applications of the dNTPs, and the dNMP peaks were still well
resolved (Figure 3a).
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Also of note is the variability in yield of different ANMPs (Table 1,
Figure 3b,c). Exonuclease Il is a processive enzyme that degrades
stepwise in the 3'-5' direction. Although the overall GC content of
the E. coli genome is near 50% (Blattner et al., 1997), the amount of
each dNMP that is produced is dependent on the GC content near
the cut site of the Hindlll or Benzonase enzyme. As benzonase is
nonspecific, predicting the sequence of these cut-sites is not
possible. There may also be batch-to-batch variation in the quality
of the extracted gDNA depending on variations in cell growth of the
E. coli samples, which may affect the calculated yield. Although the
cells were cultured under the same conditions for the same length of

TABLE 1 Yield of in-house expressed nucleotide kinase proteins.
Fold difference in specific
Protein Yield (mg/L) activity after purification
adk 249 +44 1.51+0.13
cmk 299 £43 1.91+0.40
gmk 395+153 2.36+0.42
tmk 325+ 60 2.53+0.84
ndk 300+ 197 1.60+0.26

Note: Protein purity measured by fold difference in specific activity
(measured in pmol/min/mg protein) of purified protein relative to
Escherichia coli overexpression lysate. Data presented as the average and
the standard error of the mean (n = 3).

Abbreviations: adk, adenylate kinase; cmk, cytidylate kinase; gmk,
guanylate kinase; ndk, nucleotide disphosphate kinase; tmk, thymidylate
kinase.

V, vs. [dAMP]

time, there is large variation in the measured optical density of the
cells when harvested. Even when normalized to optical density
measurements, there were still large differences in the final biomass
of harvested cells (data not shown).

3.3 | Overexpression of nucleotide kinases

The ability to produce dNTP products from deoxynucleoside or dANMP
starting material with nucleotide kinases has been reported previously
(step 3, Figure 1). Bao et al. demonstrated the use of dNMP kinases
from yeast and pyruvate kinase from rabbit muscle to produce dNTP
products (Bao & Ryu, 2007). Most recently, Loan et al. showed that E.
coli cell-free extract overexpressing recombinant Drosophila melanoga-
ster nucleoside kinase can produce dNTPs at a concentration sufficient
for PCR (Loan et al., 2019). The cell-free extract was supplemented with
commercial deoxynucleosides, and the Drosophila nucleoside kinase
worked in conjunction with endogenous E. coli kinases to synthesize
dNTPs. However, to our knowledge, the pathway to link this with
dNMP production has not been reported with recombinant expression
of the nucleoside kinases in E. coli together with integration of the
enzyme generated dNMPs from gDNA for PCR.

Building on this previous work, overexpression and characteriza-
tion of the kinases from E. coli were targeted: gene sequences from
the E. coli DH5a genome for adk, cmk, gmk, tmk, and ndk
were selected and assembled with a pET24a backbone including a
C-terminal histidine tag using Klenow assembly as described in the
Methods section (Supporting Information: Tables S1 and S2).
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FIGURE 4 SDS-PAGE analysis and Michaelis-Menten plots for (a) adenylate kinase, (b) cytidylate kinase, (c) guanylate kinase, and (d)
thymidylate kinase. SDS-PAGE analysis of molecular weight marker (MW) and BL21(DE3) cells overexpressing kinases before induction (pre),
after induction (ind), and after purification with Ni-NTA resin (pure). Michaelis-Menten plots show three independent replicates of kinetics
performed on the same batch of each purified enzyme. MW: SeeBlue Plus2 prestained ladder.
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The native E. coli proteins were selected because they pose no
problems with cell toxicity, codon optimization, or post-translational
modification, as we are using E. coli as the host cell expression
system. Additionally, these enzymes have been extensively studied
and information on their sequence and structure is widely available.
Assembled plasmids were transformed into BL21(DE3) (an E. coli B
strain) for expression. SDS-PAGE gel analysis of pre-induced and
induced E. coli lysate confirms the overexpression of the desired
proteins (Figures 4 and 5) and the Ni-NTA purification. The purity of
the proteins was assessed by measuring the specific activity in umol/

min/mg of total protein E. coli lysate, which overexpressed the

MW @ «(\b 0@
(@) (kpa) €~ < (b) V, vs [dNDP]
- % 1.00-
& § = 0.754
T
b ; % 0.50-
- =
-— g 0.254 7
‘ N =
‘ > 0.00
17— - T T T 1
4. - 0 200 400 600 800
- [dNDP] (M)
e dADP e dCDP e dGDP dTDP
(c) Vmax (Umole/min/mg protein) Km (uM)
dADP 62.12 +£9.84 1185 + 87
dCDP 38.11 £5.95 543 + 105
dGDP 30.80 £ 0.34 431 + 89
dTDP 121.68 +48.23 2398 + 1036
FIGURE 5 (a) SDS-PAGE of BL21(DE3) cells overexpressing

nucleotide diphosphate kinase before induction (pre), after induction
(ind), and after purification with Ni-NTA resin (pure). (b)
Michaelis-Menten plot of purified NDK enzyme activity toward the
four 2’-deoxynucleotide 5'-diphosphate substrates. (c) Kinetic
parameters of in-house produced nucleotide diphosphate kinase
calculated by nonlinear regression with Michaelis-Menten equation.

TABLE 2
equation.

Reported values

Vimax (Mmole/min/mg Km (1M)

protein)

875 (Saint Girons
et al., 1987)

850 (Saint Girons
et al., 1987)

Adenylate kinase

263 (Bucurenci
et al., 1996)

94 (Bucurenci
et al., 1996)

Cytidylate kinase

Guanylate kinase 187 (Oeschger, 1978) 300 (Oeschger, 1978)

15 (Munier-Lehmann
et al., 2001)

50 (Munier-Lehmann
et al., 2001)

Thymidylate kinase
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kinases and then the specific activity of Ni-NTA purified kinases.
Negative control kinetics were taken from reactions of E. coli lysate
(not overexpressing kinases) targeting dAMP, dCMP, dGMP, and
dTMP which showed negligible activity of native kinases in the lysate
for dCMP, dGMP, and dTMP. The negative control kinetic reaction of
E. coli lysate against dADP did show some nonspecific native kinase
activity. However, the overall purity as measured by the increase in
specific activity following Ni-NTA purification was of the same order
of magnitude as purity determined by SDS-PAGE image analysis
(Supporting Information: Table S7).

Overall, there was a 1.51-2.53 fold improvement in activity of
purified protein compared with protein in lysate. Although this
enhancement is quite small, the protein gels appear to show
impressive improvement in the protein purity from the lysate to
purified sample (see the Coomassie-stained bands, Figure 4). Never-
theless, the reaction velocities were lower than published values for
these enzymes without a His tag which utilized a multi-step
chromatographic protocol to attain high purity (Table 2). This may
contribute to the observed differences in the kinetic parameters,
which were previously measured in a Tris-HCI buffer, with MgCl,
(see Supporting Information: Table S3). In contrast, the anion used in
this study was acetate, which can interfere with the kinase-dNMP
activity. Nevertheless, to link the kinase phosphorylation of dANMP to
the gDNA digestion reaction and complete the pathway from gDNA
to dNTP, the same buffer conditions were assessed here for both
steps.

Magnesium and potassium have also been shown to affect
enzyme activity and affinity (Oeschger, 1978) although for the data
reported here magnesium concentration was above the Ky, (Support-
ing Information: Figure S2), and while higher than in previous reports,
there was no evidence of reduced activity at this concentration
(Supporting Information: Figure S2).

Also, consistent with the different buffer, the apparent Ky, for all
NMP kinases differed relative to published values (Table 2). The Km
of thymidylate kinase is much smaller than for other NMP kinases,
suggesting high affinity of the enzyme for dTMP; this is consistent

Kinetic parameters of purified in-house produced NMP kinases calculated by nonlinear regression with Michaelis-Menten

Single batch in triplicate Batch to batch comparison

N=1 N=3

n=3 n=1

Vinax (Mmole/min/mg Knm (UM) Viax (Umole/min/mg Ky (UM)

protein) protein)

44,14 +4.06 359+40 47.85+10.64 359 +84
31.19+7.18 334+82 69.32+31.80 314+ 154
42.95+11.09 851+270 76.16+23.99 848 +402
16.87 +4.84 64+16 39.41+12.08 150+ 22

Note: Variation shown within and between different batches of protein. Data presented as the average and standard deviation (n = 3).
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with previous findings. Although NMP kinases generally display high
base specificity, adenylate, cytidylate, and guanylate kinase are
reported to display some substrate promiscuity, although the activity
is greatly reduced relative to the enzyme's preferred substrate. Cmk
also phosphorylates UMP, and gmk has been shown to have some
activity on adenine moieties. However, in this work, the activity of
kinase enzymes toward their nonpreferred base was found to be
minimal. This was shown by removal of a single kinase enzyme from
the cascade, which resulted in failure to produce all four dNTPs
(Supporting Information: Figure S17). Adk, cmk, and gmk act on both
the ribose and deoxyribose forms of nucleosides, but generally, the
kinases display higher affinity for the ribonucleotide. However, uracil
monophosphate (UMP) (equivalent to the thymidine in RNA) is not a
substrate of tmk. This explains why, in comparison to other NMP
kinases, thymidylate kinase has the highest affinity for its deoxynu-
cleoside substrate. In bacteria, phosphorylation of uracil is carried out
by distinct UMP kinases, whereas in eukaryotes a single enzyme
phosphorylates UMP and CMP (Bertrand et al., 2002). Additionally,
the Viax of thymidylate kinase is slower than that of other NMP

kinases, although the hypothesized phosphoryl transfer mechanism is

the same (Brundiers et al., 1999). The lower V. is probably the
result of a mechanistical difference, such as slow product release, and
therefore may also be associated with the increased affinity of
thymidylate kinase for dTMP.

As expected, nucleotide diphosphate kinase (NDK) was active
toward all four target dNDPs (Figure 5). The V. values are of the
same order of magnitude as the NMP kinases, but the Kys are much
greater. The decreased affinity of the protein for specific nucleotide
diphosphates is consistent with the promiscuity of this enzyme and

the fact that it accepts all four bases.

3.4 | dNTP synthesis and integration into PCR

The nucleotide kinase enzymes were integrated into the biocatalytic
pathway (step 3, Figure 1) to produce dNTP products. dNTP
molecules were identified on HPLC between t=15-40min, after
incubation of gDNA digestion reactions with the kinases (Figure 6a,
see Figure 3a for t =0-15min). In the sample after incubation with

kinases (purple) the peaks corresponding to dNMPs are no longer

FIGURE 6 (a) Signal curve for high pressure
liquid chromatography (HPLC) (t = 15-40 min) of
60 pg gDNA digest by Benz/Exolll followed by

incubation with kinase enzymes (purple) and
signal curves of 15 uM 2'-deoxynucleotide
5'-triphosphate (ANTP) standards. Comparison of

curve before incubation with kinase enzymes
(black) confirms the presence of new peaks
corresponding to the elution time of dNTP

standards (see Figure 3 for t =0-15 min). The
peak at 38.18 min corresponds to the phosphoryl
donor adenosine 5'-triphosphate (ATP), present
at high concentration to force the reaction in the
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produced after phosphoryl transfer. ADP/dCTP
peaks are not well resolved. (b) Concentration of
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present at earlier elution times (see Figure 3a), and dNTP peaks are
present in Figure 6a, indicating successful conversion of dNMPs to
dNTPs.

A nucleic acid amplification protocol (step 4, Figure 1) using
dNTPs synthesized from 60 ug gDNA digested with Hindlll and Exolll
was capable of amplifying fragments up to 1 kb, but larger fragment
PCRs failed (Figure 7c). When Hindlll was replaced with Benzonase,
samples were able to amplify fragments up to 5kb, but the band
brightness relative to the positive controls was still low (Figure 7d).
PCR using dNTPs synthesized from Benzonase, Exol, and Exolll
digestion, produced the same results as dNTPs synthesized from only
Benzonase and Exolll digestion, so the three-enzyme system offers

no advantage over the two-enzyme system (Figure 7e).
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The average vyield of dNTPs generated from phosphorylation
after digestion with the three-enzyme system was 82 uM of each
dNTP. These experiments reveal the limitation from the concentra-
tion of dNTPs, which is highly dependent on the starting concentra-
tion of dNMP substrate produced by gDNA digestion. Additionally,
while the HPLC spectra demonstrates loss of dNMP peaks, there is
only a 39%-66% conversion of dNMPs to the desired dNTP products
(Table 3). The large ATP peak still present on the HPLC spectra
implies that the concentration of the cosubstrate ATP is not limiting.
However, the kinases are known to catalyze both the forward and
reverse reactions. Within the reaction time, the system will reach an
equilibrium between dNMP, dNDP, and dNTP concentrations, thus

preventing complete substrate conversion.

€
(g0
i

In-House dNTPs from Bacterial gDNA

(a) Positive control lambda genome polymerase chain reaction (PCR) with commercial 2'-deoxynucleotide 5’-triphosphate

(dNTPs). (b) Negative control lambda genome PCR (no dNTPs). (c) Lambda genome PCR with in-house dNTPs from gDNA digest with Hindlll/
Exolll (d) Lambda genome PCR with in-house dNTPs from gDNA digest with Benz/Exolll (e) Lambda genome PCR with in-house dNTPs from
gDNA digest with Benz/Exol/Exolll (f) Lambda genome PCR with in-house dNTPs from gDNA digest with Benzonase/Exolll and EtOH
precipitation (g) Lambda genome PCR negative control with gDNA digest samples (no kinases).
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TABLE 3 Yield of 2’-deoxynucleotide 5'-monophosphate
(dNMP) and 2'-deoxynucleotide 5'-triphosphate (ANTP) products
generated from a 60 pg gDNA digest with 3.35 U Benz, 20 U Exol,

and 100 U Exolll and subsequent phosphorylation with in-house
produced kinases (no EtOH precipitation).

Yield of dNTPs from Yield of dANMPs

Benz/Exol/Exolll digest  from Benz/
and Kinase Exol/Exolll Percent
Incubation (uM) digest (uM) conversion
A 100+ 18 153+8 66
C 84.8+8.6 145+9 58
G 86.5+4.7 184 +10 47
T 57.0+8.9 144 £ 10 39

Note: Percent conversion calculated as the concentration of dNTPs
relative to the concentration of dNMPs. Data presented as the average
and standard deviation (n = 3).

Attempts were made to increase the number of digestion
enzymes; however, this also showed no increase in the yield of
dNTPs (Supporting Information: Figure S21). This implies that
although there is digestion of gDNA to small fragments that are
not visible on agarose gel (Figure 7g), dNMPs are likely not the only
product of the digestion reaction. The digestion reaction may
produce nucleotides in other forms (such as deoxynucleosides) or
leave short undigested fragments which cannot be converted into the
desired dNTP products. To take the final step to achieve the dNTP
concentration necessary for larger fragment PCR, the dNTPs were
precipitated with ethanol and resuspended in a smaller volume to
concentrate them (Supporting Information: Figure $18); The ethanol
precipitation does not selectively precipitate dNTPs, but also likely
precipitates other nucleotides and oligonucleotide fragments and
salts.

The increased concentration of the dNTPs, as measured on
HPLC (Figure 6b) enabled successful PCR amplification up to 7.5 kb
and showed improved band brightness (Figure 7f). Applying ethanol
precipitation increased the dNTP concentration in both the two-
enzyme and three-enzyme system. The more economical two-
enzyme digestion system after phosphorylation gave an average
yield of 150uM for each dNTP. Negative controls were run
supplementing the dNTP reaction solution with digested gDNA to
confirm that the dNTPs were the product of the kinase reaction with
the dNMPs, and not simply by-products of the gDNA extraction and
digestion (Figure 7g).

The yield, as determined by the fluorescence of Pico Green, in
PCR reactions with in-house dNTPs was comparable to a PCR
reaction with 150 uM of commercial dNTPs (Supporting Information:
Figure S19). Additionally, while the in-house dNTPs do show false
positives against the E. coli genome due to the presence of
undigested E. coli genome fragments (Supporting Information:
Figure S20), there appears to be little interference from other
contaminants with the PCR reactions. The nonspecific banding
pattern observed in the in-house dNTP PCR samples is strikingly

similar to the nonspecific banding pattern in the commercial dNTP
samples (Figure 7). The presence of salts from the dNTP reaction
buffer (which may also co-precipitate with dNTPs during EtOH
precipitation), may also affect polymerase activity, especially for
polymerase enzymes which are sensitive to high concentrations of
magnesium. However, the polymerase used in this study (DeepVent)
tolerates the high salt concentration, and is also identical to the open-
access version, OpenVent, which has been successfully produced and
utilized in low-resource contexts (Bhadra et al., 2021). The method
for producing in-house dNTPs presented in this study and the
previously published open-source OpenVent polymerase are com-
patible with one another and together will enhance accessibility to

nucleic acid amplification in frugal labs.

4 | CONCLUSION

A first proof of concept to provide a reagent pathway from genomic
DNA to PCR is reported, whereby dNTPs were synthesized from
bacterial genomic DNA and the endogenous nucleotide kinase
enzymes of E. coli were successfully overexpressed, purified, and
subsequently found to be active toward target substrates. gDNA
extracted from E. coli JM110 produced dNMPs when incubated with
DNA digestion enzymes in ~15% yield. Given that there is an easy
source of E. coli genomic DNA, higher yield is not necessarily required
and with the ethanol precipitation method, a precipitated dNMP
product was shown to be adequate for PCR use. The dNMP products
incubated with kinase enzymes and ATP, followed by EtOH
precipitation, yielded dNTPs at concentrations of 150 uM each
dNTP, sufficient for performing PCR up to 7.5 kb.

As the aim of our work is to promote an integrated route from
gDNA to PCR and reduce supply chain dependency in research
laboratories without access to reagent kits for NAATS, this is the first
step to prove the principle of in-house production of dNTPs. The
results have revealed the importance of identifying an optimized
buffer solution for use across the digestion and phosphorylation
steps to increase dNTP vyields and design of a simple lysis buffer will
also remove reliance on the proprietary solution.

There is also potential for better yield, performance, and
reusability through improved isolation and immobilization techniques,
designed through protein engineering that we have reported
previously (Henderson et al., 2019; Seevaratnam et al., 2022). The
next step is the enzyme engineering and auto immobilization on silica
of the key kinase enzymes, so that the workflow can be designed into
reusable dNTP producing reaction columns.

To further reduce supply chain dependency, this will form a
foundation to add (a) an ATP regeneration system (b) design and
express a DNA digestion enzyme in-house and (c) optimize the gDNA
extraction protocol. ATP regeneration systems have been success-
fully implemented in biocatalytic synthesis by Fehlau et al. (2020) and
Alissandratos et al. (2016), but since digestion enzymes attack host
DNA, leading to cell death recombinant expression of enzymes for

this step requires modified techniques, such as cell-free or
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periplasmic expression. Nevertheless, overall, this synthesis method
shows great potential to be further developed into an accessible

method to produce dNTPs in low-resource settings.
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