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ABSTRACT

With rapid developments of emerging technologies like synthetic biology, the demand for DNA polymerases with
superior activities including higher thermostability and processivity has increased significantly. Thus, rational
optimization of the performance of DNA polymerase is of great interest. Nuclear magnetic resonance
spectroscopy (NMR) is a powerful technique used for studying protein structure and dynamics. It provides the
atomic resolution information of enzymes under its functional solution environment to reveal the active sites (hot
spots) of the enzyme, which could be further used for optimizing the performance of enzymes. Here we applied
NMR spectroscopy to determine hot spots of the Pfu polymerase. Employing these hot spots as probes, two new
co-factors, the heat shock protein TkHSP20 from Thermococcus Kodakaraensis and the chemical chaperone L-
arginine, are identified to interact with Pfu polymerase to boost its performance in amplifying long DNA
fragments by enhancing the thermal stability and the processivity of the Pfu polymerase. This NMR-guided
approach requires no prior assignment information of target enzymes, simplifying the exploration of novel co-
factors for Pfu polymerase. Moreover, our approach is not dependent on structural data or bioinformatics.
Therefore, it has significant potential for application in various enzymes to expedite the progress in enzyme
engineering.
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INTRODUCTION

PCR technology serves as the cornerstone for sequencing, molecular diagnostics, and synthetic biology
(1-4). Despite its apparent simplicity, certain challenges persist, particularly in the context of long-range
PCR. Several approaches have been developed to improve the amplification of lengthy DNA fragments,
encompassing optimized buffer components, primer design, amplification protocols, and fusion domain
engineering (5-8). Of these approaches, the utility of additives directly aiding the DNA polymerase to
facilitate the synthesis of long DNA fragments is critical. One major problem in amplifying long DNA
fragments is the long elongation time required at high temperatures (37), which will diminish the
activity of DNA polymerases (9). DNA polymerases must endure throughout the entire polymerase
chain reaction to enable DNA amplification. Additionally, with the augmentation of DNA length, there
is an increased probability of secondary structure formation and premature amplicon generation,
potentially impeding the PCR process. DNA polymerase with higher processivity is required to address
this issue.

Chaperones are highly conserved molecular machines that play a vital role in maintaining the
functionality of the proteome under both normal and stressful conditions. They participate in various
cellular processes, including the folding of newly synthesized proteins (10), prevention of the
aggregation of misfolded proteins (11,12), and the restoration of denatured proteins (13,14). Chaperones
essentially serve as guides for client proteins, reducing the likelihood of denaturation, thereby,
prolonging the lifetime and activity of client proteins. Additionally, plenty of studies also suggest that
small, low-molecular-weight compounds can be effective in inhibiting protein aggregation or enabling
proteins to restore their functions (15,16). These small molecules are referred to as chemical chaperones,
and they are believed to non-specifically stabilize proteins, facilitating their proper folding. Among
chemical chaperones, L-arginine (Arg) stands out as the most potent additive for suppressing protein
aggregation induced by heat and reduced reagents, as well as aggregation during in vitro folding. Further
to this, Bovine serum albumin (BSA), known for its chaperone-like properties (17,18), is widely
employed in PCR systems (19-22), although its mechanism is not thoroughly clear. Thereby, we are
intrigued by the potential functions of chaperones or other chaperone like additives in improving the
performance of DNA polymerase. However, how to identify and prove the role of additives in aiding
the activities of the DNA polymerase needs a rational detectable approach.

Nuclear magnetic resonance (NMR) spectroscopy is a powerful and versatile tool used for protein
structure and dynamics analysis. It has the capability to decipher intricate structures and interactions of
proteins in real-time, even within its native heterogeneous multiphase working environments, such as
in cells and cell-like environments (23). Thus, NMR holds immense promise in biomolecule research,
offering profound insights into a wide spectrum of enzyme catalytic processes at the molecular level.
This includes the identification of binding sites (hot spots) for specific substrates in the working solution
and the exploration of changes of hot spots on both enzyme and its substrates. Here 'H-"*C HMQC
spectra of Pfu polymerase were measured in the absence and presence of a substrate hairpin DNA to
identify the hot spots, which were further confirmed by applying home screened hot-start nanobodies
(24). By targeting these hotspots, we identified the chemical chaperone, L-arginine, and the heat shock
protein, HSP20 from Thermococcus kodakaraensis engaged with Pfu polymerase to bolster its thermal
resilience, processivity and enhance its activity in amplifying lengthy DNA fragments. This approach
simplifies the exploration of novel additives for Pfu polymerase and demonstrates significant potential
for application in other enzymes, thereby expediting progress in enzyme engineering.
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MATERIAL AND METHODS
Cloning, expression, and purification of proteins

Genes of Pfu DNA polymerase, Pfu-Sso7d polymerase (Pfu-S) were codon-optimized and synthesized
by Sangon Biotech Co., Ltd. and cloned in pET16b vector (Novagen) containing an N-terminal His-tag.
The gene of TkHSP20 was codon-optimized and synthesized by Sangon Biotech Co., Ltd. and cloned
in fusion with the 10xHis-SUMO-tag in a modified pET21a vector using FasHifi Super DNA
polymerase (Affinibody Lifescience Co., Ltd.). The genes of NB2 and NB4 were cloned in a modified
pET22b vector containing N-terminal His-tag. The respective plasmid was transformed into BL21 (DE3)
competent cells (Novagen), grown in LB broth or M9 medium supplemented with 100 mg/ml ampicillin
and induced for expression with a final concentration of 0.5 mM isopropyl-D-1-thiogalactopyranoside
at an optical density (600 nm) of 0.6 for 6 hr at 37 °C. Uniformly ['*C]-labeled protein was prepared by
growing cells in M9 medium containing [U-*C] glucose (3 g/liter) (41). Cells were harvested by
centrifugation at 5000g for 25 min at 4 °C.

For Pfu or Pfu-S, the pellet was resuspended in 50 ml of Lysis Buffer A (pH 9.0, 50 mM Tris-HCI, 500
mM KCI, 0.1 mM PMSF and 0.01 mg/ml DNase I). For SUMO-TkHSP20, the pellet was resuspended
in 50 ml of Lysis Buffer B (pH 9.0, 50 mM Tris-HCl, 300 mM NaCl, 0.1 mM PMSF and 0.01 mg/ml
DNase I). For NB2 or NB4, the pellet was resuspended in 50 ml of Lysis Buffer C (pH 7.4, 20 mM
NaP, 150 mM NaCl, 0.1 mM DTT, 0.1 mM PMSF and 0.01 mg/ml DNase I). Afterwards, cells were
lysed by a high-pressure homogenizer and the pellet was separated by centrifugation at 27,000xg for
30 min at 4 °C. For the purification of Pfu or Pfu-S, the collected supernatant was incubated for 30
minutes at 70 °C to precipitate cellular proteins of E. coli, followed by one more round of centrifugation
at 27,000xg for 30 min. The supernatant containing each target protein was loaded onto a Ni-NTA
(nitrilotriacetic acid) column (Qiagen) which was pre-equilibrated with the corresponding Lysis Buffer.
The column was washed with 100 ml of Wash Buffer (each respective Lysis Buffer with 30 mM
imidazole). Pfu or Pfu-S was eluted with 25 ml Elution Buffer A (pH 8.0, 50 mM Tris-HCI, 50 mM
KCI, 300 mM imidazole). SUMO-TkKkHSP20 was eluted with 25 ml Elution Buffer B (pH 9.0, 50 mM
Tris-HCI, 300 mM NacCl, 300 mM imidazole). NB2 or NB4 was eluted with 25 ml Elution Buffer C
(pH 7.4, 20 mM NaP, 150 mM NacCl, 0.1 mM DTT, 300 mM imidazole). For Pfu or Pfu-S, the eluted
fraction was then loaded onto a 5 ml HiTrap Heparin column (GE Bioscience) that was pre-equilibrated
with Heparin Buffer (pH 8.0, 50 mM Tris-HCI, 50 mM KCI). Pfu or Pfu-S was eluted with a 0-500
mM KCI gradient (pH 8.0, 50 mM Tris-HCI). The eluted protein was immediately buffer exchanged
via a PD-10 column (GE Bioscience) to the Storage Buffer (pH 7.4, 25mM Tris-HCI, 50 mM KClI, 0.1
mM EDTA, 1 mM DTT, 50% glycerol) and stored at -20 °C. For SUMO-TKHSP20, the eluted fraction
was then dialyzed against SEC Buffer A (pH 9.0, 50 mM Tris-HCI, 300 mM NaCl) containing 1 mM
DTT. SUMO-TKHSP20 was digested with SUMO protease overnight at 4 °C to get rid of the SUMO-
tag. Afterwards, a reverse Ni-NTA column was applied for TkHSP20. The flow-through fractions,
which contained the untagged TkHSP20, were collected and fractionated on a size exclusion Superdex-
200 column (GE Bioscience) equilibrated in SEC Buffer A. For NB2 or NB4, the eluted fraction was
then fractionated on a size exclusion Superdex-75 column (GE Bioscience) equilibrated in SEC Buffer
B (pH 7.4, 20 mM NaP, 150 mM NaCl, 0.1 mM DTT, 0.1 mM EDTA) to further purify the proteins.
The proteins (TkHSP20, NB2 and NB4) were concentrated and store at -80 °C for further usage.

NMR Titration Experiments

All NMR experiments of the Pfu polymerase were performed in the NMR buffer (20 mM NaP, 35 mM
NaCl, 0.02% NaN3s, 8% D,O, pH 7.4). If not specified, all spectra were collected at 298K on Bruker
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Avance 600 MHz NMR spectrometer equipped with the cryogenically cooled probe. 2D ['*C,'H]-
HMQC spectra of 50 uM '*C labeled Pfu polymerase were recorded in the absence and presence of 50
UM hairpin DNA or 75 uM NB2 or 75 uM NB4 to monitor the chemical shift change for identifying
the binding sites (hot spots). Furthermore, 2D [**C,'H]-HMQC spectra of 50 pM '3C labeled Pfu
polymerase in the presence of 20 mM L-arginine or 1 M betaine or 0.05% Tween-20 were recorded to
measure whether and where these additives interacted with the Pfu polymerase. Arginine was prepared
in the phosphate buffer at pH 7.4 to avoid introducing additional salt ions. For all NMR spectra, 1024
complex points were recorded in the direct dimension and 154 complex points were recorded in the
indirect dimension. Shifted sine bell and Polynomial baseline correction were applied in all dimensions.
NMR data were processed and analyzed in CCPNMR Analysis (42). The combined chemical shift (Scomb)
difference was calculated for each residue using the formula:

Dbcomp = VW (88y)? + w (A8c)?
Where, Ady and Adc are chemical shift changes (in ppm) in 'H and '3C dimensions, respectively, and
wu and wc are normalization factors (wu = 1.00, wc = 0.34 for aliphatic or 0.07 for aromatic). The
binding affinity of the Pfu polymerase with TkHSP20 was measured via the NMR titration. NMR
spectra of 50 uM *C labeled Pfu with a serial of different concentrations of TkKHSP20 (0, 25, 50, 100
and 200 uM) were collected at 298K and 313K respectively. The magnitude of normalized CSP for
residues aro3 of 50 uM °C labeled Pfu was plotted as a function of the concentration of TKHSP20 to
obtain the Ky (dissociation constant) by fitting the curve according to the published protocol (43).

Fluorescence-based thermal shift assay

The thermal shift experiments were measured via QuantStudio 3 Real-Time PCR instrument from
Thermo Fisher Scientific. The melting temperature was programmed from 25 °C to 98 °C with a 0.15 °C
temperature increment. Each reaction was performed in a final volume of 20 ul containing 50 mM Tris-
HCI pH 8.8, 10 mM KCI, 10x SYPRO Orange (Sigma) and 10 uM of every individual protein. The
signal was collected per second. To measure whether L-arginine and TkHSP20 affect the stability of
Pfu, we used the following procedure: Incubation the samples at 95 °C for 120 min. Meanwhile, the
fluorescence signals were collected and plotted against the time. The first derivative of the fluorescence
signal curve was calculated using GraphPad Prism 8.

Endpoint PCR

20 pl reactions were prepared by mixing 2x buffer (1x Pfu DNA polymerase reaction buffer: pH 8.8,
50 mM Tris-HCI, 10 mM KCI, 6 mM ammonium sulfate, 2 mM MgCl,, 0.05% Triton X-100, 0.001%
BSA; 1xPfu-S DNA polymerase reaction buffer: pH 8.8, 50 mM Tris-HCI, 100 mM KCI, 2 mM MgCl.,
0.05% Triton X-100, 0.001% BSA) with 50 nM Pfu or Pfu-S, 4 ng (plasmid DNA) or 50 ng (Alpaca
c¢DNA) or 100 ng (Mouse tail gDNA) or 30 ng (A DNA) templates, 2 uM of each primer (see Table S1),
0.2 mM dNTP and varying amounts of additives (see figure legends). Amplification reactions were
performed using a thermos cycler (C1000 Touch, Bio-rad): First, incubation at 95 °C for 3 min; For Pfu,
followed by 33 thermal cycles of 95 °C for 30 s, 55 °C for 30 s, and 72°C for 45 sec to 10 min depending
on the target DNA length(1 kb/min); For Pfu-S, followed by 33 thermal cycles of 95 °C for 15 s, 60 °C
for 15 s, and 72 °C for 20 sec to 5 min depending on the target DNA length (2 kb/min). Afterwards, 4
ul of the PCR product was mixed with the loading dye and applied onto a 1% or 0.6% agarose-TAE gel
containing 1x GenRed nucleic acid gel stain (Genview). After electrophoresis, the gel was
photographed under ultraviolet light. The gels were analyzed by ImageJ to qualify the intensity of PCR
product bands. Plots of the gel band intensity were generated with the software GraphPad Prism 8.

Thermal stability PCR assay
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Apo-enzyme (50 nM Pfu) and holo-enzyme (50 nM Pfu supplemented with 100 pg/ul TkHSP20) were
incubated at 72 °C for varied periods of time in the presence of the 2x Pfu DNA polymerase reaction
buffer (pH 8.8, 100 mM Tris-HCI, 20 mM KClI, 12 mM ammonium sulfate, 4 mM MgCl). At each
time point, 25 pl of the sample was mixed with 10 ng plasmid DNA templates (with target length 10
kb), primers (0.2 uM each), dNTPs (0.2 mM), and finally diluted into 50 pl reactions with ddH-»O.
Amplification reactions, electrophoresis and analysis were set up as described above. The gels were
analyzed by ImageJ to qualify the intensity of PCR product bands. Plots of the gel band intensity were
generated with the software GraphPad Prism 8 to estimate the half-life time of the Pfu polymerase in
the absence and presence of 100 pg/ul TkHSP20.

Steady-state kinetic analyses

Steady-state kinetic data were collected and analyzed using the EvaGreen-based fluorometric
polymerase activity assay (38). A hairpin DNA (sequence in Table S1, 100 uM in water) was prepared
in advance by heating at 98°C for 5 min and annealing on the ice for 30 min. Different amounts of
hairpin DNA from 0.1-2 uM were then used as the template to mixed with dNTPs and 2 nM Pfu DNA
polymerase in the presence and absence of 250 pg/ul TkHSP20 respectively. MgCl, was added to
initiate the DNA synthesis at 72°C. The reaction buffer contained 25 mM Tris-HCI pH 8.8, 10 mM KCl,
2.5 mM MgCl,, 200 pM dNTPs, and 0.05% Triton X-100. The fluorescence curve was plotted against
the time, where the value of the fluorescence was derived by subtracting the background of each reaction
from the fluorescence value. The initial rate of each reaction with different amounts of template was
obtained by calculating the first derivative of the fluorescence curve. The kinetics parameters of k... and
Kn were generated by fitting the Michaelis-Menten kinetic equation with the GraphPad Prism 8.0
software. The reported values are the average of a biological duplicate each with three technical
replicates.

RESULTS
Determination of ‘hot spots’ of the Pfu polymerase

To identify the active sites (hot spots) of the Pfu polymerase, 2D ['*C,'H]- heteronuclear multi-quantum
coherence (HMQC) spectra of [*C]-labeled Pfu protein was recorded in the absence and presence of a
hairpin DNA template (See Table S1). Substantial chemical shift perturbations (CSPs) were observed
for six aliphatic and aromatic residues (Fig. 1 and Fig. S1), named ‘alil’, ali2, ‘arol’, ‘aro2’, ‘aro3’,
and ‘aro4’ (Fig. 1B, Fig. S1A), which were defined as potential DNA binding sites. As the chemical
shift perturbation may arise from the binding site and the allosteric conformational changed region, we
then employed two home-screened hot-start nanobodies (NB2 and NB4) (24) to further confirm the
binding hot spots of the hairpin DNA on the Pfu polymerase. Adding unlabeled NB2 or NB4 nanobodies
into the *C labeled Pfu polymerase resulted in substantial CSPs of NMR resonance of a set of peaks
(Fig. S1B and C). The presence of NB2 induced significant chemical shift perturbations of the peaks
alil, arol, aro3, and aro4 (Fig. 1C), while the presence of NB4 caused pronounced chemical shift
perturbations of the peaks alil, aro2, aro3, and aro4 (Fig. 1D). Therefore, we identified the five residue

alil, arol, aro2, aro3, and aro4 as hotspots serving as probes to mark the active sites of Pfu polymerase
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for subsequent experiments, whereas the chemical shift perturbation of ali2 might arise from the

conformation changes of the Pfu polymerase upon synthesizing DNA after adding the hairpin DNA.
Betaine and Tween-20 interact with hot spots of the Pfu polymerase to improve its performance.

In the next step, we wanted to know if these identified hot spots could be applied as probes to guide the
screening and identification of co-factors or additives for Pfu polymerase to improve its PCR
performance. Two well-known PCR additives, Tween-20 and betaine, were investigated if they acted
on hot spots of Pfu polymerase. The addition of 0.01-0.1% Tween-20 (Fig. 2C) or 0.5-2.5 M Betaine
(N,N,N-trimethylglycine, Fig. 2A) into the Pfu polymerase reaction system could enhance its
performance in amplifying different templates with varied length (Fig.S2A and B). Meanwhile, NMR
data in Fig. 2 revealed the addition of 0.5% Tween-20 into the Pfu polymerase resulted in CSPs of the
residues alil, arol, aro3, and aro4 (Fig. 2D and Fig. S3B) and modest perturbations of non-hot-spot
residues aro5, aro6 and aro7. Similarly, significant chemical shift perturbations of Pfu polymerase were
mainly observed on the hot spot residues arol, aro2, aro3, and aro4 upon the addition of 1 M betaine,
while slight perturbations of residues aro5 and aro6 (Fig. 2B and Fig. S3A) were detected. These results
showed both Tween-20 and betaine interacted with Pfu polymerase on the hot spots, strengthening the

applicability of these hot spots as probes for identifying co-factors in boosting the Pfu DNA polymerase.
L-arginine enhances the performance of Pfu in long-range PCR

We then continued our study to identify new additives for the Pfu polymerase. L-arginine is a chemical
chaperone commonly used as an additive for protein stabilization and refolding (25,26). In our
preliminary tests, we found the addition of L-arginine (Fig. 3A) in the concentration range of 1-14 mM
had little effect on the amplification of DNA fragments (Fig. S5A), and there was neither previous
report on PCR enhancing effect by arginine to the best of our knowledge. Nevertheless, the observation
of significant CSPs induced by L-arginine at the hotspots of alil, arol, aro2, and aro4 encouraged us
for further investigation (Fig. 3B and Fig. S4A). More challenging amplification of lengthy templates
(10 kb) was carried out in the presence and absence of L-arginine. The endpoint PCR revealed the
presence of L-arginine can significantly improve the yield of the Pfu polymerase in amplifying long
fragments in a concentration-dependent way, where ~30% more final PCR products were produced at

the concentration of 2 mM L-arginine (Fig. 3C and D).
TKHSP20 boosts Pfu polymerase in amplifying lengthy templates

To further explore the application of chaperones in PCR assays, we cloned and expressed small heat
shock protein HSP20 from Thermococcus kodakaraensis species (TKHSP20) to study its interaction
with the Pfu polymerase, as small heat shock proteins are conserved across species and function in an

ATP-independent manner (27-30). The chemical shift perturbations revealed the interaction surface of
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TkHSP20 on the Pfu polymerase including residues aro2, aro3 and aro4, covering 3 out 5 of the active
sites of the Pfu polymerase. Moreover, the intensity of the residue alil decreased significantly upon
adding TkHSP20, implying this residue was involved in the interaction with TkHSP20 with an
intermediate exchange rate (Fig. 4B). Notably, 1 non-hot spot residue aro5 of the Pfu polymerase was
perturbated by adding TkHSP20. The different non-hot spots perturbated by TkHSP20 with betaine and
L-arginine suggested they interacted with Pfu polymerase on the same region but not identical sites (Fig.
S3-4). PCR assays were then performed to evaluate the effects of TkHSP20. Similar to the L-arginine,
the amplification performance of short DNA fragments by Pfu polymerase was not improved
significantly by adding TkHSP20. However, TkHSP20 showed significant enhancement of the
performance of Pfu polymerase in amplify long DNA fragments. Within the range of concentrations
from 0.1 pg/ul to 250 pg/pl, TkHSP20 significantly boosted the amplification of long DNA fragments
by the Pfu polymerase (Fig. 4C and D) in a dose dependent manner. The best performance of PCR was
achieved at the concentration of 10 pg/ul TkHSP20, where the yield of the final 10 kb PCR products
was increased up to ~4 folds. The overall of performance of Pfu polymerase upon adding TkHSP20 is
better than that of L-arginine (Fig. S6). Moreover, the addition of TkHSP20 and L-arginine together in
the Pfu polymerase PCR systems showed synergistic effects (Fig. S6A and B) and enabled the
amplification of 40 kb or longer fragments (Fig. S6C), indicating TkHSP20 and L-arginine improve the

performance of Pfu polymerase through a cooperative way.

Both L-arginine and TKHSP20 prevent the heat-induced deactivation of the Pfu polymerase in
lengthy fragment PCR

To further investigate the mechanism of TkHSP20 applied in ameliorating Pfu polymerase in long
fragment PCR. We first quantified the affinity of TkHSP20 and Pfu polymerase at different temperature.
NMR titrations of 5 different concentrations of TkHSP20 (0 uM, 25 uM, 50 uM, 100 uM and 200puM)
into 50 uM Pfu polymerase were carried out on a 600 MHz spectrometer at 298K and 313K respectively.
The CSPs of residues aro3 were used for global fitting to determine the apparent dissociation constant
(Kq). The higher affinity (Kq= 18.6 = 6.0 uM) of the interaction between TkHSP20 and Pfu polymerase
at 313K compared to the binding affinity value measured at 298K (K4=36.7 + 4.8 uM), revealed
TkHSP20 interacted tighter with Pfu polymerase at a higher temperature. We assumed this tighter
binding of TkHSP20 with the Pfu polymerase at higher temperatures served as preventing the heat-
induced denaturation of Pfu polymerase (Fig. SA and Fig. S7). To confirm this, a protein thermal shift
(PTS) assay of Pfu polymerase was performed by continuous heating of Pfu polymerase at 98°C with
SYPRO Orange dye in the presence and absence of TkHSP20, where protein denaturation is monitored
via an increase in fluorescence of SYPRO Orange dye due to its binding with the heat induced exposure
of hydrophobic residues. Pfu polymerase in the presence of TkHSP20 showed an excellent tolerance of

heating for 120 mins, with almost no increasement of the SYPRO Orange fluorescence intensity, while
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Pfu alone showed a substantial denaturation with ~2 times increased SYPRO Orange fluorescence
intensity (Fig. 5D). The plot of the first derivative of the protein thermos shift data clearly showed
TkHSP20 delayed the rate of the denaturation of Pfu polymerase (Fig. 5D and 5E). Data of the thermal
shift assay for Pfu mixed with L-arginine also revealed that L-arginine protected Pfu polymerase from
heat-induced denaturation as well (Fig. S8). Furthermore, in the accelerated ageing test of Pfu
polymerase at 72°C, the addition of TkHSP20 extended the half-life of Pfu polymerase activity in
amplifying a 10 kb fragment from 1.4 hour to 2.8 hour (Fig. 5C).

TKkHSP20 enhances the processivity of the Pfu polymerase

The processivity of a DNA polymerase is commonly indicative of its synthesis speed, rate, and its
affinity for substrates. It refers to the quantity of nucleotides processed during a singular binding event.
Thus, it could be indirectly measured by recording the amount of newly synthesized double-strand DNA
in a given time (40). Here, we used the EvaGreen fluorescence to indicate the amount of the newly
incorporated nucleotides in the hairpin DNA template during the whole PCR reaction (Fig. 5F). The
final products were loaded on an agarose gel. A clear single target band excluded the contribution of
the EvaGreen fluorescence signals from unspecific double-strand DNA by-products (Fig. SOF). The
faster increasement of the EvaGreen fluorescence in a given initial reaction time (4 min) in Fig. 6B and
Fig. SO for the PCR with Pfu polymerase in the presence of 250 pg/ul TkHSP20, compared to the control
group with buffer, revealed that TkHSP20 enhanced the processivity of the Pfu polymerase. The fit of
the enzyme kinetic data with the Michaelis-Menten equation also showed a significantly reduced Kn
value 0.26 =0.05 uM for the group with 250 pg/ul TkHSP20 compared to the K value (0.45+0.07
uM) of the group with buffer. This result further implied the presence of chaperone TkHSP20 not only
stabilized the Pfu polymerase but also improved its affinity with the substrate and enhanced the
processivity of the Pfu polymerase (Fig. 6C-D). DNA polymerases with high processivity prove
advantageous in amplifying lengthy templates, sequences featuring secondary structures and high GC
content, and under conditions containing PCR inhibitors. Therefore, our previously observed PCR
enhancing effects by TkHSP20 could also be stemmed from the improved processivity of the Pfu

polymerase.

DISCUSSION

Although plenty of PCR-derived techniques have been devised and widely adopted across various
domains of molecular biology and biotechnology. The limitations related to long-range amplification
inherent in current PCR methodologies impede a broader utilization of these related techniques. The
challenges in amplifying lengthy DNA fragments involve several factors, which may intensify with

more complex templates (31). Firstly, prolonged heating during PCR can compromise the activity of
10
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DNA polymerases, which must remain catalytically active throughout the PCR process to support DNA
amplification. Secondly, high temperatures can also lead to the degradation of DNA or newly
synthesized amplicons to the point where templates become severely fragmented for amplification (32).
Thirdly, as the length of DNA increases, the likelihood of forming secondary structures and premature
amplicon increases which may further hinder PCR (33). Finally, long-range PCR is sensitive to even
minor variations in reaction conditions, which may not always be obvious and, thus, are challenging to
detect. Developing a long PCR-based assay can be a burdensome and unrewarding endeavour (34).
Here, we employed NMR spectroscopy to identify both TkHSP20 and L-arginine could improve the
activity of the Pfu polymerase in amplifying long DNA fragments. Especially, TkHSP20 almost
completely prevents the denaturation of the Pfu polymerase at 98 °C for 2 hours, significantly enhancing
Pfu's thermostability and its processivity. The chemical L-arginine, which can not only stabilize protein,
but also nucleic acid (35). Thus, the combined usage of TkHSP20 and L-arginine showed a more
significant enhancement in amplifying the long DNA fragments (Fig. S6A and B). To overcome the
problem of unwanted secondary structure formation and premature amplicon, a recent suppression
thermo-interlaced (STI) PCR method was developed to repress the amplification of smaller non-specific
products (36). Using the STI-PCR method, we observed clear amplified PCR bands of 40 kb DNA
fragments with the presence of TkHSP20 and L-arginine, while the control group failed by using solely
Pfu polymerase (Fig. S6C). Additionally, the increased stability of the DNA polymerase by TkHSP20
also showed an obvious potential in the application for storage and handling of DNA polymerase, which

may also be extended to use as an additive for preserving and transporting other heat-sensitive enzymes.

The NMR-based approach for discovering new additives or co-factors for DNA polymerase in our work
is innovative in its clarity and generalizability. This versatile method can be extended to optimize other
enzymes, including co-factor identification and buffer optimization. It doesn't rely on the pre-
determined assignment information. Measurements of 'H-'>C moieties extended the size of proteins
suitable for NMR spectroscopy up to Mega-Dalton (44), enabling the identification of active sites of
high-molecular-weight enzymes. CSPs of NMR peaks of the target enzyme upon adding its
corresponding substrate or the activity blocking antibody aid the determination of hot spots of the
enzyme. This NMR guided approach provides the experimentally determined hots spot and it is not
dependent on the structural data or bioinformatics, comparing to the current computational methods for
predicting hot spots. Furthermore, these determined hot spots could not only be used as probes for
rational optimization of the target enzyme involved reactions, but also enable the full potential of
directed enzyme evolution with the assignment information (45). Last but not the least, the newly
identified TkHSP20 and L-arginine in our work facilitate the application of Pfu polymerase in the
lengthy DNA fragment PCR, benefiting various cloning, functional analysis, and nanopore based long
fragment sequencing and representing a significant technological advancement that promises to

accelerate the fields of synthetic biology, molecular biology, and biotechnology.
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Figure 1. Determination of active ‘hot spots’ of Pfu by NMR titration. (A) Two-dimensional ['*C,'H]-

HMQC spectra of 50 uM [3C]-labeled Pfu polymerase acquired on the 600 MHz spectrometer at 298

K, where the active hot spots involved in interactions with the hairpin DNA are labeled in red (alil,
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Figure 2. Both betaine and Tween20 interact with active sites of the Pfu polymerase. (A) Chemical
structures of betaine. (B) Plots of chemical shift perturbations of ‘hot spots’ of 50 uM [!*C]-labeled Pfu
upon adding 1M betaine. (C) Chemical structures of Tween-20. (D) Plots of chemical shift perturbations
of ‘hot spots’ of 50 uM ['*C]-labeled Pfu upon adding 0.05% Tween-20.
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Figure 3. L-arginine enhances the performance of Pfu polymerase in the long-range PCR. (A) Chemical
structures of L-arginine. (B) Plots of chemical shift perturbations of ‘hot spots” of 50 uM ['*C]-labeled
Pfu upon adding 20 mM L-arginine. (C) PCR amplification of 10 kb plasmid DNA by the Pfu
polymerase in the presence of different concentrations of L-arginine from 1 mM to 4 mM. PCR assays
were performed as described in the method, with the following L-arginine concentrations: 0, 1, 2, 3 and
4 mM (lane 1-4) (D) Intensities of gel bands were quantified and plotted against the concentration of
L-arginine. Results expressed as mean = SD of 3 independent biological replicates. Data were analyzed

using unpaired Student’s test, **P < 0.01.
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Figure 4. TkHSP20 improves the performance of Pfu polymerase in long-range PCR. (A) Cartoon
representation of TkKHSP20 generated by AlphaFold2 (39). (B) Plots of chemical shift perturbations of
‘hot spots’ of 50 uM [*C]-labeled Pfu upon adding 50 uM TkHSP20. (C) PCR amplification of 10 kb
plasmid DNA by the Pfu polymerase in the presence of different concentrations of TkHSP20 from 0.1
pg/ul to 250 pg/ul. The PCR assays were performed as described in the methods, with the following
TkHSP20 concentrations: 0, 0.1, 0.3, 1, 3, 10, 20, 50, 75, 100, and 250 pg/ul (lane 1-11) (D) Intensities
of gel bands were quantified and plotted against the concentration of TkHSP20. Results expressed as
mean + SD of 3 independent biological replicates. Data were analyzed using unpaired Student’s test,

*#P <0.01.

18


https://doi.org/10.1101/2023.11.17.567503
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.17.567503; this version posted November 17, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

A B
Heat Ctl | 1hr | 3hr | 6hr | 10hr
0.064 & 298K TKHSP20 ,|+ ,|+ ,|+ g|+ ~|+
_ © 313K T o 10k—| e & oo 88 o 0
& it | Cas,
a sE T ° ° Apo
y " : g 1.004:\ Fpoes
O 002 o .4 _ . o750
Ky = 18.6uM % 6.0uM ] "
[ Ky =36.7uM+4.8uM | Z0-5077
0.004 ; 2 ‘
"o 1 2 3 P s e
Molar ratio [TkHSP20:Pfu] 0.00 B '?"- g L
0 1428 5 10
D E Heating time(h)
300000
4000
= —=Fm — Pfu
22500009 __ 1ysp20
< 3000 — Holo
2200000 — Holo
= 52000
2150000+ T
e -]
£ 100000+ 1000-
=
i 50000 D-\
G 1 T T 1 1 '1000 T T
20 40 60 80 100 120 20 % b
Time(min) Time(min)

Figure 5. TkHSP20 improves the thermostability of the Pfu polymerase. (A) The magnitude of
normalized CSP at 298K (orange) and 313K (blue) for the residue aro3 of 50 uM Pfu was plotted as a
function of the molar concentration ratio of TkHSP20 and Pfu polymerase. Binding K4 was fitted for
aro3. Mean Kg + S.D. was 36.7 £ 4.8 uM (298K) or 18.6 = 6.0 uM (313K). (B) PCR amplification of
10 kb DNA fragment, by using the Pfu polymerase after heating at 72 °C for 0, 1, 3, 6 and 10 hours
(lane 1-2, lane 3-4, lane 5-6, lane 7-8, lane 9-10) in the presence and absence of 100 pg/ul TkHSP20
respectively. (C) Intensities of gel bands were quantified with Image J and plotted against the time of
Pfu polymerase heated at 72 °C. The lifetime of Pfu polymerase is represented by its activity in
amplifying 10 kb DNA fragments. Results expressed as mean + SD of 3 independent biological
replicates. (D and E) Protein thermal shift (PTS) assay of Pfu polymerase in the presence (red) and
absence (blank) of 30uM TkHSP20. The commercial dye SYPRO Orange was used to monitor the
thermodynamic stability of the Pfu polymerase during the continuous heating at 98 °C for 120 mins.
The first derivative of the SYPRO Orange fluorescence is plotted in panel (E).
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Figure 6. TkHSP20 enhances the processivity of the Pfu polymerase (A) Schematic overview of the
EvaGreen-Based fluorometric polymerase activity assay. (B) Relative fluorescence values of EvaGreen
plotted versus the reaction time in the absence (apo, black) and presence (holo, red) of 250 pg/ul
TkHSP20. Assays contained 2 nM of Pfu and a concentration of 0.2 uM hairpin DNA template. (C and
D) Initial reaction rates (Vo) of the Pfu polymerase were plotted versus different concentrations of the
hairpin DNA substrate in the absence (C) and presence (D) of 250 pg/ul TkHSP20. Assays contained 2
nM of Pfu and different concentrations (0.1, 0.2, 0.5, 1 and 2 uM) of hairpin DNA templates
respectively. The error bars represent the standard error of the mean from two biological replicates with
three technical replicates for each biological replicate. The data was fitted to the Michaelis—Menten

kinetics model.
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