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ABSTRACT: Protein−nucleic acid interactions are essential in a
variety of biological events ranging from the replication of genomic
DNA to the synthesis of proteins. Noncovalent interactions guide
such molecular recognition events, and protons are often at the
center of them, particularly due to their capability of forming
hydrogen bonds to the nucleic acid phosphate groups. Fast magic-
angle spinning experiments (100 kHz) reduce the proton NMR
line width in solid-state NMR of fully protonated protein−DNA
complexes to such an extent that resolved proton signals from side-
chains coordinating the DNA can be detected. We describe a set of
NMR experiments focusing on the detection of protein side-chains
from lysine, arginine, and aromatic amino acids and discuss the
conclusions that can be obtained on their role in DNA
coordination. We studied the 39 kDa enzyme of the archaeal pRN1 primase complexed with DNA and characterize protein−
DNA contacts in the presence and absence of bound ATP molecules.

■ INTRODUCTION

Protein−nucleic acid interactions are essential in many
biological processes, such as DNA replication, DNA tran-
scription, and DNA repair. The underlying molecular
recognition processes are directed by noncovalent interactions,
among them hydrogen bonds (including also water-mediated
hydrogen bonds), electrostatic Coulomb interactions, and van-
der-Waals contacts.1−4 Up to now, protein−nucleic acid
contacts have been mainly probed structurally at the atomic
level by X-ray crystallography2,5,6 and cryo-electron microscopy
(cyro-EM).7−10 X-ray crystallography requires suitable single
crystals of the protein−DNA complexes, while for EM, the
protein complexes have to orient randomly on the EM grid.11−13

In cases where crystallization fails or the resolution of the
obtained structures is not sufficient to clearly identify protein−
DNA interactions, NMR in solution14,15 or in the solid
state16−22 is an attractive option. Indeed, the NMR chemical
shift is highly sensitive to protein−DNA interactions. Less
shielded 1H resonances indicate a participation of the proton in a
hydrogen bond.23,24 Changes in dynamics of protein side-chains
(as well as backbone) upon DNA binding25 (e.g., salt-bridge
formation involving lysine side-chains) can be reflected in
intensity changes or by appearing or disappearing peaks in NMR
spectra.26,27

Solution-state NMR has explored intensively noncovalent
protein−nucleic acid interactions14,28 and allows the character-
ization of small to medium size protein−nucleic acid complexes
(∼15 to 60 kDa). In order to obtain high-resolution spectra for
large proteins, TROSY (transverse relaxation-optimized spec-
troscopy) experiments are required29,30 making proteins of
500 kDa to 1 MDa accessible for NMR.31,32 In contrast, solid-
state NMR studies, using the detection of protons as probes for
protein−DNA interactions, are still rare16,24 as technical
challenges limited the detection of high-resolution solid-state
proton spectra. However, MAS experiments at spinning
frequencies above 100 kHz were implemented in previous
years leading to good spectral resolution even for fully
protonated proteins33−44 and nucleic acids.45 Solid-state NMR
benefits from straightforward sample preparation, since the
protein−nucleic acid complexes are sedimented directly in the
MAS rotor46−48 avoiding a crystallization step which often fails
for these assemblies, e.g. due to residual flexibility of bound
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nucleic acids49 or as a consequence of the transient nature of
such interactions.50 In many cases, long-term stable protein
sediments are obtained in which even the hydrolysis of ATP is
significantly reduced.48 For MAS experiments above 100 kHz,
300 μg of sample is required which is typically significantly less
than needed for a solution-state NMR experiment. In solids, no
protein-size dependent line broadening exists and special
isotope labeling schemes30 or segmental labeling ap-
proaches51−53 can be used in order to decongest the spectra
thus resolving assignment ambiguities.30

We describe in this work solid-state NMR experiments which
detect protein−DNA contacts in the archaeal pRN1 primase
from Sulfolobus islandicus54 by detecting protein resonances.
The DNA remains in natural abundance in our studies. Primases
in the context of DNA replication synthesize a short
oligonucleotide (primer) and are crucial to initiate the DNA
polymerization de novo.55 The pRN1 primase (protein with
around 900 residues) is composed of a catalytic N-terminal
Prim_Pol domain (residues 47−247), a helix bundle domain
(HBD, residues 256−370), a helicase domain (residues 408−
827), and a C-terminal winged helix DNA-binding domain
(residues 752−844).56,57 Since the pRN1 primase function is
efficiently and exclusively preserved with the helix bundle and
the Prim_Pol domains,56 we investigate a construct comprising
both of them (residues 40−370, 39 kDa, denoted in the
following as pRN1).56,58 Functionally, the HBD serves as a
platform for binding the crucial GTG motif providing the
template for the polymerization site located in the Prim_Pol
domain.59 The DNA sequence-specificity of the HBD is
significantly enhanced by major conformational changes upon
binding to two ATP nucleotides suggesting that the HBD brings
the substrates together for initiating the primer synthesis.58 In
recent work, we have illustrated that solid-state NMR restraints
added in the solution-state NMR structure calculation of the
HBD complexed with two ATPmolecules and a DNA strand (in
the following denoted as pRN1:ATP:DNA) resolve intermo-
lecular restraint ambiguities and improve the precision of the
structure calculation, especially for the location of the ATP
triphosphate groups.58

Here we report the solid-state NMR experiments probing key
protein−DNA contacts on the fully protonated pRN1 primase.
Figure 1 summarizes the experimental approach and the nuclei
observed. Our protocol is based on (i) detecting bound and thus
immobilized ATP and DNA molecules by 31P-detection, (ii)
probing spatial protein−DNA correlations by 31P-detected
heteronuclear correlation experiments (such as NHHP and
CHHP where the 13C and 15N spins are localized on the
protein;20,24 this type of experiment benefits from easy-to-
optimize 1H,13C/15N, and 1H,31P cross-polarization transfer
steps which are important if the experimental signal-to-noise
ratio is limited), (iii) identifying, in hNH spectra, arginine side-
chain NH proton resonances that coordinate to nucleotides by
the typical deshielding indicating that the proton contributes to
a hydrogen bond, (iv) identifying lysine side-chains forming salt
bridges to the DNA phosphate backbone, and (v) identifying
aromatic side-chains in 1H-detected spectra. In this work, we
show structural insights into DNA binding to the pRN1 enzyme
gained from points (iii)−(v) (31P-detected experiments were
described in a previous work58) paving the way for an atomic
scale model of its conformational activation.

■ RESULTS AND DISCUSSION
Proton-Detected Solid-State NMR: Sequential Reso-

nance Assignment. 31P-detected CHHP and NHHP experi-
ments reveal spatial proximities between the protein and DNA
phosphate groups as discussed previously58 for pRN1. In
contrast, 1H chemical-shift values are very sensitive to
noncovalent interactions and represent powerful probes for
interactions between side-chain protons and nucleotides. Figure
2A shows the solid-state 1H,15N cross-polarization (CP)-based
hNH spectrum of the fully protonated pRN1:ATP:DNA
complex (colored in light green, for an overlay of the spectra
of pRN1:DNA and pRN1:ATP:DNA, see Figure S1) recorded
at 100 kHz MAS. The average 1H line width (full-width at half-
maximum, fwhm) for the 18 isolated peaks marked by crosses in
Figure S1 is determined to be 180 ± 30 Hz which is in the
typical-range for fully protonated proteins at 100 kHz
MAS.24,40,60,61 Those fwhm are still dominated by homoge-
neous line broadening mechanisms which could potentially be
further scaled down by faster MAS experiments.60,62,63

The observed line widths allow for a sequential resonance
assignment using multidimensional NMR experiments,
although most assignments can be transferred from solution to
the solid state in the present case (vide inf ra). Two-dimensional
planes of 3D hCANH and hNCAH spectra for the
pRN1:ATP:DNA complex are reported in Figure 2A. We have
applied an assignment strategy relying on amide 1HN and
aliphatic 1HA protons in four 3D spectra: two intraresidual
spectra (hCANH and hNCAH) are combined with two inter-
residual experiments (hNcoCAH and hCAcoNH).24 Our
assignment was performed using this set of 3D data and cross-
checked by the solution-state chemical shifts for the HBD and
Prim_Pol domain (BMRB accession code 34290). In some
cases, assignments obtained in solution were transferred to the

Figure 1. Solid-state NMR experiments to probe protein−nucleic acid
interactions. Representation of correlations observed in a combination
of solid-state NMR experiments to detect protein−nucleic acid
contacts. Lysine, arginine, and tryptophan side-chains are shown as
illustrative residues coordinating to a DNA strand. In this work,
hnCδ1Hδ1, hNH, hCH, and hNεCε2 were used.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://dx.doi.org/10.1021/acs.jpcb.0c08150
J. Phys. Chem. B 2020, 124, 11089−11097

11090

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c08150/suppl_file/jp0c08150_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c08150/suppl_file/jp0c08150_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c08150?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c08150?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c08150?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c08150?fig=fig1&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c08150?ref=pdf


solid state. The averaged differences between solid- and
solution-state chemical shifts (the latter for the HBD only) are
determined to be 0.2 ppm for 1HN, 0.1 ppm for 1HA, 0.2 ppm for
13CA, and 0.3 ppm for 15N. Representative strip plots are shown
in Figure 2B for the F162 to E164 stretch. Here, 160 out of 330
residues (∼50%) of pRN1 and 45% of the Prim_Pol domain

were assigned (BMRB accession code 50385). The solution-
state NMR assignments used herein for the Prim_Pol domain
will be described in a forthcoming publication.

Arginine and Lysine Side-Chains Detected by 1H-
Detected Spectroscopy at Fast MAS. Arginine and lysine
side-chains are key elements participating in binding to

Figure 2. Protein resonance assignment by 1H-detected solid-state NMR spectroscopy. (A) Representative 2D planes of 3D hCANH spectra (blue)
and hNH spectrum (light green) of pRN1:ATP:DNA recorded at aMAS frequency of 100 kHz. (B) Strip plots illustrating the 3D sequential resonance
assignment with four experiments: hCANH (blue), hNCAH (red), hNcoCAH (green), and hCAcoNH (purple).

Figure 3. Arginine side-chains detected in solid-state NMR hNH spectra. Comparison of hNH spectra showing the arginine side-chain region for the
pRN1:DNA (A Nη−Hη correlations and C Nε−Hε correlations) and pRN1:ATP:DNA complexes (B Nη−Hη correlations and D Nε−Hε
correlations). Upon ATP-binding, R309 and R311 become detectable in the spectra, the first one at high proton chemical-shift values compatible with
hydrogen-bond formation. Structures (E and F) are prepared from the PDB files 6GVU and 6GVT using pymol.64 The carbon atoms of DNA and ATP
are shown in yellow and green, respectively.
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nucleotides, either via hydrogen-bond formation or electrostatic
interactions.2 Figure 3 shows a selected region with arginine
side-chain resonances from the hNH spectra of the samples with
and without ATP. In pRN1:ATP:DNA (Figure 3B and D), two
additional resonances are detected at high 15Nε chemical-shift
values compared to the binary complex (pRN1:DNA, Figure 3A
and C). The proton with the most deshielded 1H resonance
(9.1 ppm) is assigned to R309 anchoring the bound ATP
molecules in agreement with previous NMR studies in solution
and in solid state (see also Figure 3E and F for a structural
visualization).58 The assignment is based on the 15N chemical-
shift value previously identified in NHHP solid-state NMR
spectra.58 The peak at lower 1H chemical shift (8.3 ppm)
corresponds to R311 coordinating the phosphate group of G5.
Hydrogen bonding is encoded in the 1H chemical-shift values:23

R309 bridges two ATP molecules in the NMR-based structure
and could hydrogen bond with one ATP Pγ atom. Solid-state
NMR allows assignment of the Hε protons of the arginine
guanidinium group confirming a similar deshielding effect
observed for R309 in solution.58 R311 Hε, only visible in the
pRN1:ATP:DNA spectra, is not as strongly deshielded (8.3
ppm) but could potentially form a hydrogen-bond contact with
the DNA oxygen-phosphate (G5), similar to the HBD:ATP:D-
NA complex (see also Figure 3F).58 Both resonances are absent
in the CP-based spectra of the binary complex, most likely
because of side-chain flexibility. Previous results58 showed that
R311 does not stabilize the DNA in the binary complex and
changes its conformation upon ATP and magnesium binding.
The resolution of the hNH spectrum is however not sufficient to
assign any arginine Hη1/Hη2 protons from the 2D spectrum,
although their visibility indicates their rigidification upon DNA/
ATP binding (Figure 3A and B).
Lysine side-chains have an important role in protein−DNA

recognition, mainly by forming salt bridges with the negatively
charged oxygen-phosphate groups.3,65 The hNH spectra
showing the lysine side-chain region are compared in Figure 4
for both complexes, pRN1:DNA and pRN1:ATP:DNA. Only
rigidified lysine side-chains can be observed in such cross-
polarization based spectra. While for the binary complex four
resonances are detected (K322, K340, K351, and K359,
Figure 4A), only three isolated resonances are found for
pRN1:ATP:DNA (most likely K322, K340 and K351, Figure
4B). K359 binds to the DNA in pRN1:DNA and might be less

crucial in pRN1:ATP:DNA (Figure 4 C and D). Unlike arginine
side-chains where hydrogen bonding leads to characteristic 1H
chemical-shift values, proton chemical shifts of lysine side-chains
involved in salt bridges are usually between 7 and 8 ppm.26

Aromatic 1H-Resonances Detected with Solid State
NMR. Aromatic residues also significantly contribute to the
stability of nucleic acid−protein complexes. Indeed, tryptophan,
tyrosine, and phenylalanine residues can potentially stabilize
DNA bases through van-der-Waals interactions. Tryptophan
and tyrosine side-chains can also be involved in hydrogen
bonds.2 In Figure 5, we show details of the aromatic region of a
hCH correlation spectra recorded on the two complexes:
pRN1:DNA (Figure 5A) and pRN1:DNA:ATP (Figure 5B).
The assignments were transferred from solution-state NMR.
Chemical shift perturbations (CSPs) upon ATP binding were
detected (Figure 5C).
Figure 5D overlays the tryptophan side-chain region of the

pRN1:DNA and pRN1:ATP:DNA hNH spectra. Characteristic
CSPs upon ATP binding for HεNε resonances of Trp are
labeled. In particular, the side-chain of W347 appears, upon
ATP-binding, at a high 1H chemical-shift value (10.8 ppm). This
result is compatible with the formation of a hydrogen bond
betweenW347 Hε and the oxygen-phosphate group of G3. This
hypothesis is also supported by solution data (downfield shifted
HεNε) and some atomic-scale models of the quaternary HBD
complex (HBD:ATP:ATP:DNA).58 We speculate that this
hydrogen bond is favored in the pRN1 complex as shown by the
solid-state NMR data. The W314 side-chain located in α-helix
10 is shifted upon ATP binding reflecting the stacking of G5
between W314 and T4. This is compatible with a DNA
stabilization58 (Figure 5E and F).
In 13C-detected 15N,13C correlation experiments (MAS

frequency 17 kHz) a selective CP step,66 with the 13C rf-carrier
set to the aromatic region (∼130 ppm), only tryptophan side-
chain resonances are detected (Figure 6A). Most peaks in that
spectrum were assigned thanks to the 15N chemical shifts
obtained from hNH correlation spectra (Figure 6C). Interest-
ingly, W347 involved in DNA binding in pRN1:ATP:DNA
remains rather weak in such a spectrum, in agreement with the
hNH spectrum indicating some residual flexibility. However, no
correlations for W347 were detected in pRN1:DNA underlining
its intrinsic dynamics. Comparing the spectra of pRN1:DNA
and pRN1:ATP:DNA, the tryptophans W72 of the Prim_Pol

Figure 4. Lysine side-chains detected in solid-state NMRhNH spectra. Comparison of hNH spectra (A andB) showing the lysine side-chain region for
the pRN1:DNA (A) and pRN1:ATP:DNA (B). Structures (C andD) are prepared from the PDB files 6GVU and 6GVT using pymol.64 The red circle
highlights a missing lysine correlation for the pRN1:ATP:DNA compared to the pRN1:DNA complex. The carbon atoms of DNA and ATP are shown
in yellow and green, respectively.
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and W361 of the HBD are slightly shifted in the 1H dimension
(Figure 6D). This might reveal the initiation of allosteric
communications or a relative repositioning of the two domains
upon ATP binding and is further supported by a couple of CSPs
assigned to the Prim_Pol domain in the 13C−13C DARR spectra
(see Figure S2). However, more investigations are required to
detail domains rearrangements upon DNA binding with and
without ATP in the interaction buffer.
A similar selective excitation approach for NC spin pairs was

also applied in 1H-detected experiments at 100 kHz MAS by
adding an additional NC CP step within an hCH experiment
(hnCH experiment, e.g., also described in ref 37 for applications
on histidine side-chains; see Figures 1 and 6B and D). These
spectra are rather sparse and allow the identification of Trp side-
chains (Cδ1,Hδ1 or Cζ2,Hζ2 correlations). In the binary
complex (Figure 6B) four resonances can be clearly identified in
the spectrum. Using the assignment from the 15N−1H solution-
state TROSY-HSQC, the solid-state hNH and SPECIFIC

15N−13C spectra, the resonances were assigned to Cδ1,Hδ1
side-chains of W361, W72 and an additional unassigned Trp of
the Prim_Pol domain (W49, W121, W198, or W246). The
W314 Cζ2,Hζ2 side-chain can also be observed with a high
intensity. The comparison with pRN1:DNA shows that, in the
presence of ATP, the spectrum is different (Figure 6D).
Chemical-shift variations are found forW361 (Δ1Hδ = 0.2 ppm)
and W314 (Δ13Cδ = 0.7 ppm), and the intensity of
W314Cζ2,Hζ2 in the presence of ATP is strongly attenuated.
This points to residual flexibility in the pRN1:ATP:DNA
complex suggesting a putative sliding of the primase along the
primer during polymerization.

■ CONCLUSIONS
We herein describe proton-detected solid-state NMR ap-
proaches at fast MAS frequencies to detect protein−DNA
interactions in the 330 residues functional pRN1 primase by
comparing pRN1:DNA complexes without and with ATP in

Figure 5. Aromatic side-chain region detected by 1H fast MAS solid-state NMR. (A) hCH solid-state NMR spectrum of pRN1:DNA and (B)
pRN1:ATP:DNA. (C) Overlay of the assigned spectra. (D) Superimposition of hNH spectra for the Trp side-chain region. The structures in E and F
were drawn from the PDB files 6GVU and 6GVT using pymol.64 Carbon atoms of DNA and ATP are shown in yellow and green, respectively.
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interaction buffer. Solid-state NMR allows probing these
contacts in protein-nucleic acids complexes with multiple
domains limiting the need of time-consuming modular
approaches. The protein−ATP/DNA complexes studied by
solid-state NMR are stable over time (the hydrolysis of ATP is
significantly suppressed) and less than 1 mg of sample is needed
for the experiments. 1H-detected NMR spectra reveal key
interactions mediated by lysine and arginine side-chains
involved in noncovalent contacts with DNA or ATP, such as
hydrogen bonds (manifested in the NMR spectra by high-
frequency shifts) and salt bridges (observed in the spectra due to
their rigidification upon DNA-binding). Aromatic side-chains
are characterized in 13C- and 1H-detected spectra. The spectral
overlap in such experiments is reduced by a selective excitation
of NC spin pairs allowing us to selectively detect tryptophan
side-chains and to identify those located at the protein−DNA
binding interface. The proton assignments presented herein can
be further employed in solid-state NMR studies to probe
contacts between protein proton spins and phosphorus spins of
the ATP or DNA to unravel nucleotide binding modes. Our
strategy could be extended to solid-state and integrated studies

of protein−nucleic acid recognition in many challenging
biological complexes.

■ EXPERIMENTAL SECTION
Protein Expression and Purification. Expression and

purification of the functional pRN1 primase containing the
HBD and the Prim_Pol domain (residues 40−370) were
already described.67 Briefly, transformed E. coli BL21 (DE3)
Codon+ were grown at 30 °C and induced with 1 mM IPTG at
O.D. of 0.6. Cells were harvested and lysed by sonication in 25
mM sodium phosphate pH 7.0 and 0.1% (v/v) Triton X-100.
After centrifugation (34 000g, 45 min) the extracts were loaded
onto a Ni-NTA Agarose gravity column, which was equilibrated
with 25 mM sodium phosphate pH 7.0, 300 mM NaCl, and 6
mM imidazole. The column was washed, and the protein eluted
with 150mM imidazole. The imidazole was removed, and buffer
exchanged by gel-filtration. Peak fractions were pooled and
concentrated between 0.5 and 1 mM.

Protein Complex Formation. The pRN1:DNA complex is
an equimolar mix of 0.8 nM of the functional primase titrated
with the CTGTGCTCA DNA template (Microsynth). For the
pRN1:ATP:DNA complex formation, the ATP was added in

Figure 6. Solid-state NMR spectroscopic approaches to detect tryptophan side-chains. (A) SPECIFIC 15N, 13C spectra recorded at a MAS frequency
of 17 kHz showing Trp side-chains for pRN1:DNA (shown in red) and pRN1:ATP:DNA (shown in green). Assignments are shown on the spectrum.
(B) 13C,1H 2D hnCH spectrum recorded at a MAS frequency of 100 kHz of the binary complex selectively exciting only NC pairs of Trp side-chains
(for the overlay with the hCH spectrum see part C). (D) 13C,1H 2D hnCH spectrum of pRN1:ATP:DNA selectively exciting only N−C pairs of Trp
side-chains (for the overlay with the hCH spectrum see part E).
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excess. We used a 1:1:4 molar ratio for [pRN1]:[DNA]:[ATP].
All samples were prepared in NaH2PO4/Na2HPO4 25 mM pH
7.0, NaCl 50 mM and 10 mM MgCl2.
Solid-State NMR Experiments. pRN1:ATP:DNA and

pRN1:DNA were sedimented at 210 000g during 16 h in 0.7
mm and thin-walled 3.2 mmMASNMR rotors using home-built
filling tools.68 15N−13C and proton-detected experiments were
acquired on a Bruker AVANCE III 850MHz spectrometer using
a 3.2 mm Bruker Biospin “E-free” and a 0.7 mm triple resonance
MAS probe (Bruker Biospin) at MAS frequencies of 17.0 kHz
and 100 kHz. Spectra were referenced to DSS (4,4-dimethyl-4-
silapentane-1-sulfonic acid) as an internal reference. The sample
temperature was set to 278 and 288 K for the experiments in 3.2
and 0.7 mm probes, respectively.53 The 2D spectra were
processed with the software TOPSPIN (version 3.5, Bruker
Biospin) with a sine squared window function, using a sine bell
shift of 3. All spectra were analyzed with CcpNmr.69 For further
experimental details see the Supporting Information.
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(67) Lipps, G.; Röther, S.; Hart, C.; Krauss, G. A novel type of
replicative enzyme harbouring ATPase, primase and DNA polymerase
activity. EMBO J. 2003, 22 (10), 2516−2525.
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