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ABSTRACT: Primases are crucial enzymes for DNA replication, as they synthesize
a short primer required for initiating DNA replication. We herein present time-
resolved nuclear magnetic resonance (NMR) spectroscopy in solution and in the
solid state to study the initial dinucleotide formation reaction of archaeal pRN1
primase. Our findings show that the helix-bundle domain (HBD) of pRN1 primase
prepares the two substrates and then hands them over to the catalytic domain to
initiate the reaction. By using nucleotide triphosphate analogues, the reaction is
substantially slowed down, allowing us to study the initial dinucleotide formation in
real time. We show that the sedimented protein—DNA complex remains active in
the solid-state NMR rotor and that time-resolved *'P-detected cross-polarization
experiments allow monitoring the kinetics of dinucleotide formation. The kinetics in the sedimented protein sample are comparable
to those determined by solution-state NMR. Protein conformational changes during primer synthesis are observed in time-resolved
'"H-detected experiments at fast magic-angle spinning frequencies (100 kHz). A significant number of spectral changes cluster in the
HBD pointing to the importance of the HBD for positioning the nucleotides and the dinucleotide.

Real-time
NMR spectroscopy

B INTRODUCTION Archaea have homologues of eukaryotic PriS and PriL, but
do not require subunits of polymerase a for primase activity.”
Another difference of archaea compared to eukaryotes is that
DNA primases not only exist as a heterodimer but also can

DNA primases are essential enzymes in DNA replication that
synthesize short RNA primers, which are about 4-15
nucleotides in length, and are used by DNA polymerases to

begin replication.' The primases synthesize a single RNA occasionally be found as a trimer or as a single protein
primer on the leading strand and repeatedly on the lagging containing two separate domains. For example, PriS and PriL
strand to facilitate the synthesis of Okazaki fragments.”” in Saccharolobus solfataricus form a complex with a third small
Subsequently, during Okazaki fragment maturation, the RNA subunit, PriX.*” In contrast, the plasmid pRN1 primase in
primer is removed, the resulting gap is filled by DNA Sulfolobus islandicus and the primase from Nanoarchaeum
polymerase I, and DNA ligase seals the nick to create a equitans'” are monomeric primases encompassing the domains
continuous DNA strand.” Replicative cellular DNA primases homologous to PriS and PriL. PriX in Saccharolobus solfataricus
belong to two distinct classes: The DnaG and the archaeo- and the C-terminal domain of pRN1 primase in Sulfolobus
eukaryotic primases (AEP)." Despite their functional similarity, islandicus as well as the C-terminal domain of the Nano-
they differ in structure and evolved independently. DnaG archaeum equitans primase fold into a helix-bundle domain
primases, primarily found in bacteria and bacteriophages, are (HBD), which is a structural orthologue of the C-terminal
associated with replicative DNA helicases and consist of three domain of the eukaryotic PriL.'"'> The HBD of all these

functional domains: An N-terminal zinc-binding domain
involved in recognizing sequence-specific DNA, a middle
RNA polymerase domain, and a C-terminal domain that either
acts as a DNA helicase or interacts with a DNA helicase.” The

proteins have been suggested to be the binding site for the
initiating nucleotides during primer synthesis, and deletion of
these domains abrogates primase initiation but not elonga-

. . . . tion.®'>'* However, the exact mechanism by which DNA
archaeo-eukaryotic primases are predominantly found in
archaea and eukaryotes. They typically form a heterodimeric
complex containing two subunits of approximately 49 and Received:  October 24, 2023
59 kDa,’ with the smaller subunit (PriS) containing the active Revised:  March 17, 2024

Accepted: March 18, 2024

site and requiring the assistance of the large subunit (PriL) to
Published: March 27, 2024

synthesize a primer. In eukaryotes, this heterodimer forms a
complex with the DNA polymerase & subunits (p180 and p70)
that together initiate DNA replication.’
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primases transfer these initiating nucleotides from the HBD to
the active site, which is located in PriS, is still unknown.

Primases, such as the DnaG primase from E. coli, synthesize
RNA primers at a rate of one primer per second.'> For
archaeo-eukaryotic primases like pRN1, the rate is similar (10
primers per min).'® The primer synthesis consists of three
distinct steps: Initiation, elongation, and termination. The
initiation, which is the formation of the first dinucleotide,
involves the binding of the first two nucleotide triphosphates
(NTPs) and is often the rate limiting step.'” Although the PriS
subunit of the human primase in isolation appears capable of
initiating primer synthesis, it is much less eflicient and highly
unstable compared to the PriS-Pril. complex.'®'® Therefore,
PriL should play an important role in the substrate preparation
for dinucleotide formation, which involves the binding of the
first two cognate NTPs and subsequently facilitates their base
pairing with the single-stranded DNA template. However, the
reaction mechanism is largely unclear.

NMR spectroscopy is an ideal tool for studying chemical and
biochemical reactions in real time benefiting from the ease to
distinguish different entities based on the NMR chemical-shift
values, as well as from the intrinsically quantitative nature of
NMR. This allows measurement of reaction kinetics by both,
solution- and solid-state NMR.** Chemical reactions occurring
in the magic-angle spinning (MAS) NMR rotor and followed
by real-time NMR have been reported, for instance for battery
materials (for a review see ref 21), or for mechanochemical
transformations (for selected examples see refs 22—26).
Biochemical reactions have also been studied in real time in
the MAS rotor, such as for instance amyloid-f self-assembly
processes,”*® the enzymatic degradation of polyethylene
terephthalate,” drug binding,” cellular processes’' or
structural transitions of silk proteins.”” Solid-state NMR on
proteins is nowadays often performed on sedimented protein
samples or complexes thereof, which are typically prepared by
directly sedimenting the protein in the MAS rotor in an
external ultracentrifuge.33_36 Under these conditions, around
50% of the NMR rotor is filled with protein, whereas the rest
contains buffer solution (the “supernatant”).3'5’36 This has
enabled the investiéation of ATP hydrolysis in real-time inside
the NMR rotor.””** For instance, the hydrolysis of ATP in the
ATP-fueled ABC transporter MsbA was followed by real-time
3'P experiments detecting the nucleotides in the supernatant of
the NMR rotor.”” A similar approach was applied for studying
ATP hydrolysis and diacylglycerol phosphorylation in the
membrane protein diacylglycerol kinase.”™ Quite recently, also
light-induced biological reactions were studied by real-time
NMR in the solid-state NMR rotor employing the uncaging of
photolabile protecting groups.*!

We previously combined solution- and solid-state NMR to
determine the structure of a quaternary complex of the HBD
domain of Sulfolobus islandicus pRN1 primase bound to its
DNA template and two ATP molecules.”> The structure
revealed that the binding of the two ATP molecules to the
HBD allowed the sequence-specific recognition of the DNA
template at a GTG triplet. This quaternary complex structure
also suggested that the two NTPs bound to the HBD may
serve as substrates for the initial dinucleotide synthesis, but this
could not be experimentally proven since the NTPs employed
(ATP in this case) were not base-pairing to the DNA template
used."”

We herein investigate the initial dinucleotide-formation
process in the primase part of the multifunctional replication
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protein from the archaeal plasmid pRN1'®**"** by real-time
NMR spectroscopy in solution as well as in the solid state, with
the latter employing a sedimented protein sample.””** We
show evidence that the two NTPs bound by the HBD are
indeed used as substrates for dinucleotide formation catalyzed
by archaeal primase. Use of NTP-analogues*** was critical to
prove this, since the reaction could be slowed down sufficiently
to observe it in real time by NMR in solution and in the solid
state. >'P cross-polarization (CP) experiments allow the direct
detection of immobilized (protein bound) NTP species’’ and
indeed reveal the formation of a dinucleotide and allow
measurement of the catalytic rate. The protein concentration
in such sediments is of similar magnitude to the one in cells.*®
Conformational changes in the protein upon dinucleotide
formation were quantified in real-time by 'H MAS experiments
at 100 kHz MAS (for biomolecular fast MAS see exemplary
refs 49—58 and for very comprehensive review articles 59 and
60) and reveal conformational changes occurring in the HBD.

B RESULTS

Cognate NTPs can bind the DNA template and the
HBD by displacing noncognate ATPs. In order to
investigate dinucleotide formation, we utilized protein
constructs from Sulfolobus islandicus pRN1 containing the
active primase domain (amino acids 40—370), the catalytic
domain only (amino acids 40—248), or the HBD only (amino
acids 256—370), which were subsequently examined using
NMR spectroscopy (Scheme 1a). To study whether the two

Scheme 1. (a) Schematic Representation of the Different
Domains Used in the Primase Construct; Residues 40-248
Constitute the Catalytic Domain and Residues 261-370 the
Helix Bundle Domain; (b) Schematic Representation of the
Base Pairing of ATP and dGTP with the DNA Template
Containing the GTG Motif; (c) Schematic Drawing of the
Dinucleotide Formation Catalyzed by the pRN1 Primase
with NTP Analogues; the first base of the dinucleotide is
exclusively a ribonucleotide, and the second one is
exclusively deoxyribonucleotide
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NTPs bound by the HBD may be used as a substrate for
dinucleotide formation, we first investigated if the two cognate
NTPs (ATP and dGTP) may bind the HBD-DNA®" complex.
The choice of ATP and dGTP (or their corresponding
analogues) aligns with the nature of the DNA template 5'-
CTGTGCTCA-3' used in our work. In this context, the first
cognate tNTP (ATP) is expected to base pair with the first
nucleotide upstream of the GTG motif, and the second
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Figure 1. Binding of two cognate NTPs to HBD. (a) Overlay of the "H—"N HSQC spectra of HBD-DNA"-2ATP (shown in blue) and HBD-
DNAC“T-ATP-dGTP (shown in red). (b) Close-up view of CSP of L263 upon the addition to HBD-DNA®T of varying ratios of ATP and dGTP.
The panels from top to bottom illustrate the complex of HBD-DNA®" under different conditions: without NTP, with two ATP molecules, with two
ATP molecules and one dGTP molecule, and with one ATP molecule and one dGTP molecule, respectively. The data reveal that HBD binds one
ATP and one dGTP, as evidenced by the shift of residue L263.
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Figure 2. Facilitation of dinucleotide formation by NTP analogues. (a) CSP of residue N348 in complexes of HBD-DNA®T with various NTP
analogues. From top to bottom, the complexes are HBD-DNAT-2ATP, HBD-DNA“T-ATP-dGTP, HBD-DNA“T-ATP-GTP, HBD-DNA“T-ATP-
GTPY, and HBD-DNACT-ATP-GTPC. (b) NMR structure of HBD-DNA®T-2ATP (PDB accession code 6GVT) showing the positions of residues
W347 and N348. (c) Crystal structure of the catalytic domain (PDB accession code 1RO2) showing the positions of V148 and S150. (d)
Chemical-shift changes of residues V148 and S150 in complexes of the catalytic domain with various NTP analogues. From top to bottom, the
complexes are the apo catalytic domain, catalytic domain-dATP, catalytic domain-dATPS, and catalytic domain-dATPN. (e) Overlay of 2D 'H-'N
HSQC spectra of HBD-DNA®" and (f) primase-DNA®T in the absence (blue) or presence (red) of two NTP analogues (ATP and dGTP®). (g)
W347 'H*' BN correlations in 2D "H—"*N HSQC spectra of HBD-DNA“T-ATP-dGTP (purple, mimicking the state before the reaction occurs,
298 K), primase-DNACT-ATP-AGTP (red, representing a state after the reaction, 313 K), primase-DNA“"-ATP®-dGTP® shortly after incubation
(blue, mimicking the state at the beginning of the reaction, 313 K) and primase-DNAT-ATP-dGTP 3 h after incubation (green, mimicking a
state after the reaction, 313 K). For comparison, also the W347 "H*.1>N¢! correlation peak for a state without any NTPs bound is indicated. (h)
W347 'H'~'N?! correlation peaks in 2D 'H—'*N HSQC spectra of primase-DNAT-ATPC-dGTP® recorded at different time points after
incubation, revealing spectral changes associated with dinucleotide formation.
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cognate dNTP (dGTP) should base pair with the second
nucleotide upstream of the GTG motif (Scheme 1b). The
'"H-""N HSQC NMR spectrum of this quaternary complex
showed clear spectral differences when compared with the
spectrum of HBD-DNA“T-2ATP (Figure la). Moreover,
titration of dGTP in a solution of HBD-DNA“"-2ATP led to
the substitution of one ATP molecule by dGTP (Figure 1b).
However, addition of the other three dNTPs (dATP, dCTP or
dTTP) to the same complex does not induce chemical-shift
perturbations (CSPs, Figure S1). These results suggest that
dGTP binding is specific and leads to base pairing with the
DNA template. Although these initial data indicate that
cognate NTPs bind better to HBD-DNA®, they do not
prove that these NTPs are used as substrates for initial primer
synthesis. Next, we therefore followed dinucleotide formation
using time-resolved solution-state NMR of the active primase
bound to DNA®" and the cognate NTPs (ATP and dGTP).
The reaction was very fast as dinucleotide formation with the
cognate NTPs was terminated within several minutes. We
therefore decided to use NTP analogues to slow down the
catalytic activity of the enzyme in order to follow the catalytic
reaction by real-time NMR spectroscopy.

Search for NTP Analogues That Still Allow Dinucleo-
tide Formation. We screened various NTP analogues by
titrating them into the HBD-DNA“T-2ATP complex (Figures
2a and S2). While GTP is not a substrate for primase activity,
we found that it could bind to the HBD domain in the same
manner as for the dGTP substrate. NMR titration results
revealed that only GTP analogues with an oxygen atom
substitution between the P and Py of GTP were able to bind
the HBD domain (namely GppCH,p and GppNHp, referred
to subsequently as GTP® and GTPY, respectively), whereas
GTP analogues with substitutions at other positions could not
replace ATP (namely GTPaS, GpCpp, and GTPyS). Binding
of the GTP analogues containing a CH, or a NH substitution
for an oxygen between Pf and Py resulted in similar spectra to
binding of GTP or the active dGTP as exemplified by the peak
position of N348 (Figure 2a). N348 is located in loop K340—
N348 that weakly binds the second NTP and is absent in the
NMR spectra of HBD-DNA®" bound to ATP due to
conformational exchange (Figure 2b). The N348 resonance
is visible in the spectra of HBD-DNA®! bound to dGTP, GTP,
GTP® and GTPN due to increased binding affinity and
rigidification of loop K340—N348.

We also titrated two different dATP analogues into the free
catalytic domain to study whether the catalytic domain could
also bind to dNTP analogues. The resonances of V148 and
S150, which are located in close proximity to the active site,
were examined (Figure 2c). Our findings indicate that the
addition of dATP to the catalytic domain resulted in visible
CSPs of V148 and S150. The amide protons of V148 and S150
experience proton chemical-shift changes between 0.0S and 0.1
ppm upon dATP binding. In contrast, JATP® and dATPN
failed to induce any changes (Figure 2d). Therefore, it appears
that in contrast to the HBD, the catalytic domain is apparently
unable to bind any of the tested dATP analogues.

Next, it was probed whether the construct containing the
active primase (containing the HBD and the catalytic domain)
would bind and possibly react with such NTP analogues. To
investigate this, both ATP® and dGTP® were rapidly added to
the HBD-DNA®T complex (Figure 2e) or the primase-DNA®T
complex (Figure 2f), and then 2D 'H—"N HSQC spectra
were immediately collected. We found that initially only
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residues in the HBD domain showed chemical-shift changes,
while the catalytic domain did not. These results indicate that
at the beginning of this experiment, the two NTP analogues
bind to the HBD domain but not to the catalytic domain. After
monitoring the reaction with ATPN-dGTP® or ATPC-dGTP
for a few hours, we could observe evidence of dinucleotide
formation at a very slow rate (Figure 2g). Indeed, in Figure 2g
when focusing on the W347 'H*'—*N*! correlation upon NTP
binding (which serves as a sensitive probe to follow both
conformational changes in the HBD and dinucleotide
formation), we see initially large CSPs indicating binding to
the HBD and after 3 h a shift indicative of dinucleotide
formation, as the spectrum is almost identical to the one
obtained after the reaction with unmodified NTPs.

Taking together, these results provide evidence that during
the dinucleotide formation, the HBD domain itself prepares
both substrates, which are the first two cognate NTPs, while
the catalytic domain does not participate in this process. Once
the HBD domain has prepared both substrates, it can interact
with the catalytic domain, delivering them into the active site
of the catalytic domain to initiate the reaction. A slow
exchange time course of the reaction can be followed when
using the NTP analogues (Figure 2h).

Initial Time-Resolved 'H-'>N HSQC NMR Studies of
Dinucleotide Formation Using NTP Analogues. We next
investigated using real-time solution- and solid-state NMR
spectroscopy the dinucleotide formation reaction in the
primase (residues 40—370), which comprises the HBD and
catalytic domain with the nucleotide analogues. After binding
of ATPN (or ATP®) and dGTPS, the enzyme catalyzes the
formation of a dinucleotide (referred to as pNHppApG or
pCppApG dinucleotide, respectively) as the initial primer for
DNA replication, during which a bisphosphonate (PCP) is
released (Scheme 1c). To investigate this process, primase
pRNI is incubated with single-stranded DNA" and cognate
nucleotides ATPN and dGTP® to initiate the reaction.
Dinucleotide formation can be nearly entirely suppressed by
using the catalytically inactive mutant H145A that serves as a
control in our studies.’!

Initial time-resolved 'H—'"N HSQC spectra of primase-
DNACT-ATP®-dGTPC allowed us to monitor the dinucleotide
formation reaction in real-time within the NMR tube (Figure
2h). The possible origin for the much slower reaction kinetics
might be that the NTP analogues are not easily handed over to
the catalytic domain, as this domain in isolation cannot bind
these modified NTPs (Figure 2d).

31p Resonance Assignment of Unbound and Bound
Nucleotides. After establishing that NTP analogues bind to
the protein and slow down the dinucleotide formation reaction
substantially, we employed NMR spectroscopy in solution as
well as in the solid state to explore whether real-time
phosphorus-31 NMR can be used in both aggregate states to
follow the reaction and to obtain kinetic information. We
showed previously that pRN1 is highly suitable for solid-state
NMR studies, since it forms a highly concentrated sediment in
the MAS NMR rotor."” Sedimented pRN1 protein sam-
ples” ™ were obtained after ultracentrifugation overnight in
the presence of leq DNAT and 2eq ATP as well as 2eq
dGTPC. It is important to note that the ultracentrifugation
time obviously remains a blind spot for our real-time approach.

Figure S3 shows the "H—*'P solid-state CP MAS spectrum
of primase-DNA“T-ATP-dGTP in which only the immobi-
lized (protein-bound) nucleotides and nucleic acids are visible.
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Figure 3. *'P solid-state NMR spectrum and solution-state NMR spectra of free nucleotides allow for resonance assignment of bound nucleotides.
(a) 3'P solution-state NMR spectra of DNA and ATP, ATPY, dGTPS, the wild-type pppApG dinucleotide similar to the one formed by the
primase-catalyzed reaction and the *'P CP-MAS spectrum of primase-DNAT-ATPN-dGTPC (recorded at 11.7 T and an MAS frequency of 17
kHz) at 281 K. In all cases, the same Mg®* concentrations and buffer as for the samples with protein have been used. (b) *'P solution state NMR
spectra of the complex primase-DNA“T-ATPN-dGTP® with a ratio of 1:1.1:50:50 recorded 1 and 6 h after complex formation at 323 K. The zoom
highlights the phosphodiester *'P resonance at —1.0 ppm (referred to as the 4th P) of the formed pNHppApG dinucleotide. Notably, the P signal
of free ATPN experiences a chemical-shift change from —1.4 to —1.6 ppm upon dinucleotide formation. (c) 2D *'P—3'P solid-state NMR 150 ms
DARR spectra of primase-DNA®T-ATPN-dGTP® and (d) primase-H145A-DNAT-ATPN-dGTPC. Both spectra were recorded on samples obtained
16 h after the rotor filling in the ultracentrifuge. The 1D spectra with the corresponding resonance assignments are shown on top of the 2D spectra.

The spectra were recorded at 11.7 T and 17 kHz MAS.

The *'P resonance assignment is deduced from the cross-peak
pattern in a 2D *'P—*'P Dipolar Assisted Rotational
Resonance (DARR)®>®® spectrum (Figure S4) indeed showing
the bound dGTP® and ATPC as well as the DNA. This is
further confirmed by the *'P solution-state NMR spectra
recorded on control solutions of NTPs, NTP analogues and
DNA only (Figure 3a). The fact that most of the *'P solid-state
NMR resonances of dGTP® and ATPC overlap (except for Par
for which two separate resonances are observed) would
severely complicate the kinetic studies if performed with this
sample.

We thus replaced ATPC by ATPN allowing a clear distinction
of the 3'P resonances of ATPN from those of dGTP® (Figure
3a). We performed *'P solution-state NMR experiments with a
large excess of NTPs (both ATPN and dGTP®) with respect to
the DNA template (S0 times the molar ratio) at 323 K to
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directly observe the dinucleotide signal. These spectra allow an
unambiguous identification of the phosphodiester *'P reso-
nance of the formed dinucleotide in solution at around
—1 ppm which builds up over time (Figures 3b and SS5).
Additionally, at this increased temperature, we successfully
achieved separation between the triphosphate signals of ATPN
and the dinucleotide. To obtain kinetic information, we then
adjusted the NTPs/DNA ratio from 50 to 2 and lowered the
temperature from 323 to 281 K. Figure 3c shows the *P—'P
DARR solid-state NMR spectrum recorded on primase-
DNACT-ATPN-dGTP® 16 h after rotor filling enabling the
resonance assignment, again complemented by the solution-
state NMR spectra of the free nucleotides (Figure 3a). Figure
3d displays the *'P—3'P DARR spectrum of the catalytically
inactive mutant H14SA. Interestingly, in both spectra (Figure
3c-d) four sharp resonances at *'P chemical-shift values of
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Figure 4. Time-resolved *'P NMR spectra enable to follow the pRN1 primase-catalyzed dinucleotide formation occurring in the solid state and in
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17.7, 18.5, 20.8, and 21.5 ppm appear, which are more intense
in the spectrum of the wild-type (wt) protein. These
resonances were assigned based on the 2D DARR spectrum
to the bisphosphonate species (PCP) that is the second
product of dinucleotide formation (Scheme 1c) and possibly
precipitates as Mg*":PCP with two crystallographically distinct
PCP molecules in the asymmetric unit, as for instance
observed in crystalline zoledronate (see also Figures S6—
58) ®* The ability of precipitation has also been observed for
Mg** :pyrophosphate formed in the context of nucleic acid
amplification.®*%

Dinucleotide Formation Followed by Real-Time 3'P
NMR. We next turned to time-dependent *'P NMR experi-
ments in solution and in the solid state. Figure 4 shows the
time-dependent '"H—*'P solid-state CP-MAS spectra of wt
primase and the mutant H145A bound to DNA®?, ATPN and
dGTPC. The spectra recorded 3.5 h after spinning-up the rotor
are highly similar for both cases and reveal *'P resonances of
bound DNA (colored in brown in Figure 4) and three
resonances for each triphosphate (ATPY colored in blue and
dGTP in cyan). Over time, the dGTP® resonances decrease
and the PCP resonances increase for the wt protein. The
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constant *'P resonances of ATPY (with a small initial build-up
of the Py resonance overlapping with the DNA resonances,
vide infra) point to dinucleotide formation and subsequent
binding of it. The phosphodiester group of the bound
dinucleotide thus resonates at a comparable *'P chemical-
shift value to the ATPN Py resonance (at around —3 ppm) as
also confirmed by solution-state NMR in which the free
dinucleotide is detected at around —1 ppm (Figure 3a). The
dinucleotide still comprises the intact triphosphate unit of
ATPN (see Scheme 1), which remains bound to the protein.
Altogether, our observations imply that we can indeed use in-
situ solid-state NMR to follow the dinucleotide formation by
the pRN1 primase. As a control, Figure 4b shows the time-
dependent *'P CP-MAS spectra of the mutant H14SA. And
indeed, the dGTP® resonances remain constant and only a
slight decrease of the ATPN resonances is observed, possibly
indicating autohydrolysis of ATPN. Yet, a much weaker build-
up of PCP resonances is observed as well, pointing to still a
small amount of primase activity. Note, that in the wt protein
also the DNA resonances decrease over time. Our NMR data
together with the NMR structure of HBD-DNA-2ATP show
that at the beginning of the reaction DNA and the two NTPs
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DNACT-ATPN-dGTP€ (b) and from solution-state 3'P spectra of primase-DNA®T-ATPN-dGTP€ (c). For further panels, see Figure S11.

are initially bound by the HBD and subsequently handed over
to the catalytic domain. This process implies that DNA
undergoes conformational as well as dynamic changes during
the reaction, resulting in different chemical shifts as well as
changes in peak intensities, as experimentally observed.

Our findings are further supported by real-time *'P solution-
state NMR experiments (see Figure 4c). Note that the protein
concentrations differ significantly between the solid-state and
solution-state NMR samples (around 450 mg/mL in the
sedimented protein67 and 20 mg/mL in solution). Another
difference between solution-state and solid-state NMR is that
in the former, there is still 1 equiv of free ATPYN and free
dGTPC present in the NMR tube, whereas in the latter, there is
much less free NTP in the rotor after the sedimentation. In
contrast to the solid-state NMR CP spectra, the solution-state
spectra are dominated by the unbound nucleotides which
appear as sharp resonances, whereas resonances of bound
nucleotides are significantly broadened. The dGTP® reso-
nances decrease over time, whereas the PCP resonances
initially increase (in contrast to the solid-state NMR spectra,
only a single resonance at 16.5 ppm is detected, pointing to
chemical equivalence of the two phosphorus nuclei in
solution). However, after several hours the PCP resonance in
solution decreases as well, in agreement with a solid precipitate
formed in the NMR tube (vide infra).

These *'P solid-state and solution-state time-resolved
experiments further confirm that the two modified NTPs
that are initially bound to the HBD are used as substrates for
dinucleotide formation. It remains an important question to
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unravel how the NTPs can be brought from the HBD to the
catalytic domain of the primase.

Kinetic Analysis of Dinucleotide Formation in a
Sedimented Sample and in Solution. We next tried to
access the kinetics of the dinucleotide formation occurring in a
solid-state reaction in a sedimented primase sample as well as
in the NMR tube in solution. Figure 5a and b thus summarize
the intensity changes determined for the wt protein and the
HI14S5A mutant in the solid-state NMR spectra. It is important
to note that this analysis neglects the initial 16 h of
ultracentrifugation, in which the sedimentation in the NMR
rotor takes place. Furthermore, all data points have been
normalized with their most intense signal to one, for instance,
assuming that only negligible dinucleotide formation occurred
during rotor filling and that a complete conversion has
occurred in the time frame studied (~400 h). While the first
approximation seems to be decently justified, since no PCP
resonances are observed in the first *'P CP-MAS spectrum
after rotor filling (Figure 4a), the latter approximation is very
crude, since no full turnover is achieved (vide infra). The rate
constant was determined by a linear fit to the first three data
points of the spectrally isolated dGTPC Py resonance (initial
reaction rate constant, red line in Figure S), since the detailed
kinetic model of the reaction is unknown. Similarly, the *'P
solution-state NMR spectra have been quantified. An
important difference in this analysis is that in the solid-state
NMR spectra the decrease of the bound dGTPC is quantified,
whereas in solution the decrease of the free (the excess) of
dGTPC is followed over time. The solid-state NMR analysis
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thus enables a more direct observation of the enzymatic
reaction. The isolated resonances of bound dGTPC decrease in
the solid state with an initial rate constant of 0.23 + 0.03 d™*
(determined for the spectrally isolated P’ resonance)
compared to 0.51 + 0.10 d! in solution (Figure Sc). We
have also analyzed the build-up of the PCP resonances in the
solid-state NMR spectra over time taking the incomplete
conversion in the time frame studied into account. A similar
rate constant for the decrease of the dGTP® resonance (0.28 +
0.09 d7!) has been found (for an extended discussion see
Figure S9). Note that the PCP resonances can be observed in
the solid-state NMR spectra due to a precipitation process,
which follows the release of PCP during the dinucleotide
formation. This precipitation process also leads to the
multiphasic shape of the PCP intensity changes over time in
the solution-state NMR spectra. The amount of detected PCP
increases initially due to dinucleotide formation, but it
decreases again due to the precipitation process. Of particular
interest is the behavior of the ATPN P” resonance that initially
increases in the solid-state spectra, before it starts to decrease
as well (Figure 4a). We attribute this initial increase to
dinucleotide formation and subsequent binding to pRN1
primase. The phosphodiester group of the dinucleotide is
expected to resonate at a similar chemical-shift value to that of
the DNA phosphate groups. This is confirmed in the *'P
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solution-state NMR spectra of the unbound dinucleotide (see
Figure 3b, in which the *'P resonance of the phosphodiester
group is detected at around —1 ppm). The decrease of the
—3.3 ppm resonance (assigned to bound DNA) in the solid-
state NMR spectra over longer reaction times is explained by
conformational and dynamic changes of bound DNA (the
intensity of bound DNA decreases over time; see Figure S10).
Figure 5b also shows the analysis for mutant H14SA revealing
nearly constant triphosphate peak intensities, despite a minor
decrease of the ATPN resonances possibly due to autohy-
drolysis.

Following Protein Conformational Changes during
Dinucleotide Formation by Proton-Detected Solid-
State NMR. Up to here, dinucleotide formation in the
sedimented protein sample was investigated by detecting
spectral changes of the nucleotides. However, monitoring the
reaction by detecting real-time protein conformational changes
would be of particular interest, as well. We have thus recorded
'"H-""N hNH CP-based spectra at 100 kHz MAS. The
acquisition of such spectra is possible in relatively short time
(~6 h for a reasonable signal-to-noise-ratio). Figure 6 shows
two hNH spectra of primase-DNA“T-ATPN-dGTP¢ (a
deuterated and 100% back-exchanged sample was used)
recorded 6 h (blue spectrum) and 84 h (red spectrum) after
filling the NMR rotor. As a negative control, the hNH
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spectrum of mutant HI145A is shown as well (gray). The
spectra of the mutant mimicking the starting point of the
dinucleotide formation as well as the spectrum of the wt
protein shortly after sedimentation are highly similar (see also
spectral zooms in Figure 6, right column). The spectrum at
84 h however reveals some spectral differences, as particularly
visible for the spectrally isolated resonances R311, W314 and
E34S located in the HBD (see Figure 6). For R311 and E34S,
at shorter reaction times, two resonances are observed in the
hNH spectra, pointing to two populations of the initial ATPN/
dGTPC bound state and the final dinucleotide bound state (see
Figure 6). The observation of two distinct peaks indicates a
slow chemical exchange between the educt and product of the
enzyme-catalyzed dinucleotide formation reaction, leading to
the new appearing peaks with increasing intensity over time,
whereas the signal intensities decrease over time for the
resonances assigned to the protein before the reaction (vide

infra).
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Figure 7 shows a quantification of the intensity changes in
the hNH spectra, which in fact were only determined for
isolated peaks in the 2D spectra. While some peaks remain
constant in intensity (e.g, W49, A243, T301 and W361, see
Figure 7), some systematically change in intensity over the
course of the reaction (e.g, $310, R311 and N348). The latter
thus experience conformational and eventually also dynamic
changes during the dinucleotide formation reaction. A
significant number of spectral changes cluster in the HBD
thus underscoring the importance of the HBD for positioning
the nucleotides and the dinucleotide. Note that the kinetics
observed in the fast MAS experiments differ from the ones
reported using *'P-detection due to a higher temperature in
the MAS rotor at 100 kHz MAS.

Figure 8 and Table S1 show the CSPs between the initial
state, probed by primase-H145A-DNAT-ATPN-dGTP®, and
the final state of the dinucleotide reaction, the latter probed by
primase-DNA“T-ATPN-dGTP several days after rotor filling.
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Also here, significant CSPs are observed for residues within or
close to the two nucleotide binding sites identified
previously."> However, several CSPs are also observed within
the catalytic domain. It remains to be further investigated
whether these changes are related to conformational changes
in the catalytic domain during dinucleotide formation or to the
changes caused by the HI45A point mutation.

B DISCUSSION

The present study focuses on the molecular mechanism and
kinetics of primer synthesis catalyzed by a DNA primase; an
essential enzyme in DNA replication that initiates the process
by synthesizing short RNA primers. The rate-limiting step of
primer synthesis is considered to be the dinucleotide
formation. However, until now, little is known about how
DNA primase prepares substrates necessary for dinucleotide
formation at the molecular level. Two different mechanisms are
discussed in the literature. The first one states that the catalytic
domain alone is sufficient for synthesizing the dinucleotide.
This mechanism is supported by a previous study demonstrat-
ing the synthesis of de novo primers in the presence of S mM
manganese using only the human PriS subunit, representing
the catalytic domain of the human primase. This suggests a less
prominent role for the HBD in the dinucleotide formation.'®
In contrast, the second mechanism implicates the HBD and
the related accessory domains of DNA primases, as seen in
studies such as the pRN1 primase™ and human primase,"*
have a crucial function in the formation of the dinucleotide.
However, the specific role of the HBD within this process has
remained unclear.

In our previous NMR study,'” we showed that the HBD of
pRN1 primase specifically recognized the “GTG” motif of the
DNA template (5-CTGTGCTCT-3’) in the presence of two
ATP molecules. In the NMR structure of HBD-DNA®'-
2ATP," it is noteworthy that, despite the spatial proximity of
the two nucleotides and DNA arrangement, there is no
evidence that the two ATP molecules can base pair with the
DNA template. In addition, the binding of a sole triphosphate
induces the same chemical-shift changes as those for ATP.
These results indicate that the interactions of the two ATP
molecules are not nucleotide specific. Consequently, it was
only speculated, but not experimentally proven, that these two
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ATP molecules could represent the actual substrates for
dinucleotide formation. One could not exclude that the two
cognate NTPs may be bound by the catalytic domain
simultaneously, which can be supported by the NTP binding
capability of the free catalytic domain as shown in Figure 2d.

We herein showed that dGTP can specifically bind to the
HBD-DNA“T-2ATP complex, providing evidence that HBD
can bind the first two cognate NTPs simultaneously. We
further demonstrated that these cognate NTPs are sub-
sequently transferred to the catalytic domain, where the
dinucleotide formation takes place. Our work, therefore,
elucidates the critical role of the HBD in substrate preparation
for dinucleotide formation that the substrates initially bound
by the HBD are subsequently handed over to the catalytic
domain for initiation of the dinucleotide formation reaction.

Our findings are consistent with previous work showing that
the point mutations in the HBD of pRN1 primase abolish
dinucleotide synthesis, but do not affect the elongation of a
primer bound to DNA template.*> Thus HBD and the related
accessory domains of other primases have a crucial function in
the first step of primer synthesis, which is dinucleotide
formation. For example, the crystal structure of PriL-HBD of
the human primase showed that it can form a stable complex
with the ssDNA template and a primer using its 5'-
triphosphate for binding.'* The crystal structure of PriX of
Saccharolobus solfataricus, which is also an HBD, also showed
that it can bind the initiating NTP by binding to its
triphosphate.” As the HBD is conserved in most archaeo-
eukaryotic primases, PriL of human primase and PriX of
Saccharolobus solfataricus, which is similar to the HBD of pRN1
studied here, may also have the ability to prepare both
substrates for dinucleotide formation. Although, recent results
suggest that the PriS of human primase is alone capable of
synthesizing primers in the presence of S mM manganese(II),
it is much less efficient than when combined with PriL."® It is
worth noting that PriS alone only exhibits primase activity
when the concentration of manganese(II) is higher than
100 uM, whereas the concentration of manganese(II) in cells is
typically between 2 and 30 #M.%® Therefore, it is likely that for
the human primase, the two cognate NTPs for dinucleotide
formation may be handed to PriS by the PriL-HBD in human
cells.
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Time-resolved solid-state NMR spectra enable the inves-
tigation of the initial formation of a primer catalyzed by the
archaeal primase from the plasmid pRN1, focusing either on
the detection of the nucleotides by *'P-detected NMR or on
protein conformational changes in 'H-detected NMR spectra
at fast MAS. This is achieved by slowing down the reaction
substantially using NTP-analogues. Sedimented protein
samples benefit from the ease in sample preparation, since
the protein is mixed with nucleotides (here two cognate NTP
analogues and single-stranded DNA) prior to the ultra-
centrifugation process.”>*”*” Such sediments still remain
active for enzymatic reactions (see for instance also reference’®
for the example of the ATPase p97).

The *'P CP-MAS spectra reveal that dGTP hydrolyzes over
time and the corresponding formation of a
Mg**:bisphosphonate precipitate is detected in the NMR
spectra. This observation is in agreement with *'P solution-
state. NMR spectra, which show a decrease of the formed
bisphosphonate resonances on a similar time scale. In contrast,
the ATPN resonances remain constant in intensity in the CP
spectra, indicating that the triphosphate of the dinucleotide
remains bound to the HBD. The phosphodiester resonance of
the dinucleotide overlaps with bound DNA peaks. A gradual
decrease in this region over time is attributed to conforma-
tional changes in the bound DNA upon primer synthesis.
Despite the significant differences of protein concentration in
the sediment and in the NMR tube, the kinetics for the initial
primer formation are rather similar. Neither in the sedimented
primase, nor in solution, is a complete conversion of the educts
observed.

Proton-detected solid-state NMR has allowed us to monitor
the primer synthesis in a sedimented protein sample by
detecting protein conformational changes. In contrast to "*C-
detected experiments in MAS rotors with a larger diameter
(e.g, 3.2 mm rotors requiring ~25 mg of protein sample), the
experiments in the 0.7 mm probe benefit from (i) requiring
much less sample (~0.5 mg) and (ii) short acquisition time
allowing to record 2D spectra in reasonable time to monitor
biochemical reactions. This allows protein conformational
changes to be monitored which occur in the HBD based on
changes in signals of residues involved in binding the first two
cognate nucleotides required for dinucleotide formation.
Resonance changes are detected for amino acids located in
the ATP-binding sites previously reported in the ATP-bound
state, ' namely ATP1 (R309, S310, R311 and H31S) and
ATP2 (N348 and E345).

B CONCLUSIONS

The combination of phosphorus-31 detected solid- and
solution-state: NMR experiments allowed us to monitor in
real time the formation of the initial dinucleotide in the
archaeal primase from the plasmid pRN1. NTP-analogues have
been used to slow the reaction for such purposes. Primer
synthesis also occurs in a sedimented protein sample (~450
mg/mL protein concentration), and the kinetics are com-
parable to those determined by solution-state NMR. Our data
reveal that the HBD domain of the primase binds both
substrates necessary for dinucleotide formation before handing
them to the catalytic domain. Protein conformational changes
during this reaction were investigated by solid-state NMR
experiments at fast MAS. Such solid-state NMR studies are of
particular interest for oligomeric proteins and their complexes
or large proteins in general, whose NMR spectra in solution are
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significantly influenced by lifetime broadening effects that in
contrast do not affect the spectra in the solid state.

B EXPERIMENTAL SECTION

Protein Expression and Purification. The helix-bundle domain
(HBD, residues 256—370), the catalytic domain (residues 40—248)
and the functional pRN1 primase (residues 40—370) were expressed
and purified using the same method as descripted before.'® Briefly, E.
coli BL21 (DE3) Codon+ carrying the primase plasmid were
transformed and grown at 37 °C until an ODgy, of 0.6—0.7 was
reached and then induced with 1 mM IPTG at 30 °C. For the
production of unlabeled protein, cells were grown in LB medium. To
produce uniformly labeled pRN1 primase, cells were grown in M9
minimal medium containing 1 g/L "NH,CI and further supple-
mented with 4 g/L glucose (or 2 g/L of “*C-glucose for double-
labeled pRN1 primase). For *H-labeled protein, the M9 minimal
medium was prepared in D,0. The cells were harvested and lysed by
cell cracker in S0 mM Tris, pH 8.0, 1 M NaCl and 0.1%(v/v) Triton
X-100. After centrifugation (34000g, 40 min), the extracts were
loaded onto a HiTrap IMAC FF column charged with Ni**. The
column was equilibrated with S0 mM Tris, pH 8.0, 1 M NaCl and
10 mM imidazole. The protein was eluted with a linear imidazole
gradient at about 120 mM imidazole. The imidazole was removed by
dialysis, and the protein was further purified by gel filtration. Peak
fractions were pooled and concentrated between 0.5 and 4.6 mM. The
proteins were stored in SO mM MOPS, pH 7.0, SO mM NaCl.

Solid-State NMR Sample Formation. For the primase-DNA®’-
ATPN-dGTPC complex formation, we first mixed primase, DNA®T
and ATPY in 50 mM MOPS pH 7.0, 50 mM NaCl, and 10 mM
MgCl, with a 1:1.1:2 molar ratio for [primase]:[DNA“T]:[ATPN].
The complex of primase-DNAT-ATPY was incubated on ice for 30
min, and then the dGTP® was added to form the primase-DNA®-
ATPN-dGTPC complex with a molar ratio of 1:1.1:2:2. The primase-
DNAT-ATP“-dGTP® and primase-H145A- DNAT-ATPN-dGTP®
complexes were prepared in the same way. All samples for the
solid-state NMR were prepared in 50 mM MOPS pH 7.0, 50 mM
NaCl and 10 mM MgCl,. All protein solutions were sedi-
mented®**%” in the MAS NMR rotor (16 h at 4 °C at
210,000 X g) using home-built rotor-filling tools.”®

1P Solution-State NMR. 3'P solution-state NMR experiments
were performed using a 0.5 mM sample of unlabeled primase-DNA"-
ATPN-dGTPC in NMR buffer (50 mM MOPS, pH 7.0, 50 mM NaCl,
10 mM MgCl, and 10% D,0) at 281 K in a 3 mm diameter NMR
tube. The molar ratio of [primase]:[DNA®T]:[ATPN]:[dGTP®] was
1:1:2:2. The primase-DNA®T-ATPN complex was first prepared and
used to set up the NMR parameters. To initiate the reaction, dGTP®
was added directly to the sample tube from concentrated stock
solutions, and the time-resolved *P NMR spectra were recorded
immediately. The spectra were acquired on a 500 MHz Avance NEO
spectrometer equipped with a CP-QCI 'H/"F-"C/“N/¥P-’H
ZGrad probe (Bruker) using the software package Topspin (versions
4.0.7). The spectra consisted of 2048 complex points with a spectral
width of 49 ppm. The scan number was 20480, and each 1D *'P
spectrum took about 6.5 h.

NTP-Analogues Binding to pRN1 Primase Studied by
Solution-State NMR. To examine how the HBD binds NTP and
its analogues, each time dGTP, GTP or a GTP analogue was added to
the complex of HBD-DNACT-ATP with 0.1 mM "*N-labeled HBD at
298 K, with a molar ratio of [HBD]:[DNACT]:[ATP]:[GTP
analogues] at 1:1.1:4:4. The NMR buffer used was 25 mM
NaH,P04/Na,HPO,, pH 7.0, 7S mM NaCl, and 10 mM MgCl,.

To investigate how the catalytic domain binds NTP and its
analogues, NMR titrations were performed by adding dATP, dATP¢
or dATPN to '*N-labeled protein at 298 K and monitored using
'"H-'SN HSQC. The NMR buffer utilized was 25 mM NaH,PO4/
Na,HPO,, pH 7.0, 50 mM NaCl, 10 mM MgCl,.

Solid-State NMR. 'H- and *'P-detected solid-state NMR spectra
were acquired at 11.7 and 20.0 T static magnetic-field strength using
0.7, 1.3, and 3.2 mm Bruker Biospin probes. The MAS frequency was
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set to 17, 20, and 100 kHz, respectively. The sample temperature was
set between 278 and 309 K using the water line as an internal
reference.”” The spectra were processed with the software TOPSPIN
(version 3.5, Bruker Biospin) with a shifted (2.5 to 3.0) squared
cosine apodization function and automated baseline correction in the
indirect and direct dimension. An overview of the experimental
parameters for all NMR spectra is given in Table S2. Spectra were
analyzed with the software CcpNmr''~”> (version 2.4.2) and
referenced to 3-(trimethylsilyl)propane-1-sulfonate (DSS).
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