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Abstract The icosahedral bacteriophage T7 is a 50 MDa
double-stranded DNA (dsDNA) virus that infects Esche-
richia coli. Although there is substantial information on the
physical and morphological properties of T7, structural
information, based mostly on Raman spectroscopy and
cryo-electron microscopy, is limited. Here, we apply the
magic-angle spinning (MAS) solid-state NMR (SSNMR)
technique to study a uniformly '*C and "°N labeled wild-
type T7 phage. We describe the details of the large-scale
preparation and purification of an isotopically enriched
phage sample under fully hydrated conditions, and show a
complete '>C and a near-complete >N nucleotide-type
specific assignment of the sugar and base moieties in the 40
kbp dsDNA of T7 using two-dimensional '*C-"°C and
SN-13C correlation experiments. The chemical shifts are
interpreted as reporters of a B-form conformation of the
encapsulated dsDNA. While MAS SSNMR was found to
be extremely useful in determining the structures of pro-
teins in native-like environments, its application to nucleic
acids has lagged behind, leaving a missing '°C and "N
chemical shift database. This work therefore expands the
3C and N database of real B-form DNA systems, and
opens routes to characterize more complex nucleic acid
systems by SSNMR.
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Introduction

Bacteriophage T7 is a 50 MDa virus that infects rough F~
Escherichia coli strains. It is composed of a 40 kbp double-
stranded DNA (dsDNA) molecule, which comprises over
half of the total viral mass (26 MDa) with nearly equal
distribution of the four nucleobases adenine (27.2 %),
thymine (24.4 %), guanine (25.8 %) and cytosine (22.6 %).
The dsDNA is wrapped around an internal cylindrical
protein core (Cerritelli et al. 2003), and enclosed in an
icosahedral capsid, which is made of hundreds of repeating
protein subunits (Agirrezabala et al. 2005; Ionel et al. 2011).
A ring-shaped complex, known as the connector, joins the
internal core through one capsid vertex to an external short
tail, which attaches six fiber proteins used during the pro-
cess of infection (Cuervo et al. 2013). This complex viral
assembly is one of the most studied among the dsDNA
viruses both from a biochemical and a biophysical point of
view. The mechanical properties and the morphology of T7
and various other packed viral genomes, have been studied
mostly by cryo-electron microscopy (Cerritelli et al. 1997;
Jiang et al. 2006; Duda et al. 2009), molecular dynamics
simulations (Petrov et al. 2007), and single-molecule tech-
niques (Ben-Shaul 2013). It was found that the genome
packaging mechanism is highly conserved among many
DNA viruses, including tailed dsDNA bacteriophages such
as T7 (Black and Thomas 2012). It was shown that its large
genome is packed into a preformed capsid (procapsid)
within minutes by using an ATP-driven molecular motor
(Daudén et al. 2013). Often, the packaged genome is bent
because of its confinement within a capsid with comparable
dimensions to its persistence length. Moreover, even though
tailed phages have different interior capsid content, and
capsid size and symmetry, their genomes are highly con-
densed to a comparable degree. Thus, in many ways the
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genome of T7 can be used as a paradigm structure for
natural, highly compacted and bent DNA in functional
biological assemblies. In effect, tightly bent DNA is com-
monly found in nature, in viruses and in eukaryotic cells
where it is organized in complex protein-DNA assemblies
(nucleosomes).

Diverse models have been proposed to the conformation
of the packaged DNA in different bacteriophages (Petrov
et al. 2007). It was suggested that in T7, the DNA forms a
set of rings around the protein core, and overall a coaxial
spooling model best describes its conformation inside the
capsid (Cerritelli et al. 1997). Most studies show that a
tightly condensed and bent DNA is predominantly B-form
(Deng et al. 1999). Raman studies of T7 phage report a
B-form of its encapsidated dsDNA, characterized by a C2'-
endo sugar pucker and an anti glycosyl orientation (Tho-
mas and Serwer 1990; Overman et al. 1998). These studies
also report that the packaged DNA has a phosphodiester
geometry of an A-form DNA, specifically the C5'-O-P-O
and O-P-O-C3’ torsion angles, designated o and {,
respectively. However, this is a local geometry of the
phosphodiester groups, and does not contradict the overall
reported secondary structure of the packaged DNA.
Moreover, the origin of this apparent deviation from a
classic B-DNA phosphodiester geometry is probably due to
the coiled nature of the wild-type genome.

The diversity and complexity of large biomolecules that
can be structurally characterized has extended significantly
with the introduction of magic-angle spinning (MAS)
solid-state NMR (SSNMR) into this field of research. A
considerable number of large biomolecular systems, which
are non-crystalline, non-soluble, or have very high
molecular weight, have been characterized by MAS
SSNMR including membrane proteins (de Groot 2000;
Cady et al. 2010; Park et al. 2012; Tang et al. 2013; Wang
et al. 2013), fibrils forming proteins (Petkova et al. 2002,
2006; Jaroniec et al. 2004; Wasmer et al. 2008; Loquet
et al. 2012; Lopez del Amo et al. 2012), and viruses
(Goldbourt et al. 2007; Abramov et al. 2011; Han et al.
2013). Studies of these large systems, very much like
solution NMR studies of proteins, rely partly on an
extensive database of amino acid shifts, which are readily
available in the Biological Magnetic Resonance Data Bank
(BMRB)(Ulrich et al. 2008). Unlike this extensive database
that can be readily associated with protein secondary and
even tertiary structures (Wishart and Sykes 1994; Cor-
nilescu et al. 1999; Berjanskii et al. 2006; Shen et al. 2009),
nucleic acids studies by NMR, particularly in the solid
state, are rather limited. These studies concentrated mostly
on small DNA and RNA molecules, and on synthetic oli-
gonucleotides (up to about one hundred nucleobases
according to the BMRB).
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The limited chemical shift database of nucleotide shifts,
and in particular those of '*C and "°N, is a consequence of
the small spectral dispersion and the small variety of four
nucleic acid types. In addition, many nucleic acids base
carbons (and nitrogens) are quaternary (tertiary), thus many
proton-mediated NMR experiments (mostly in solution)
provide limited structural information on these spin sys-
tems. Nonetheless, over the past years there has been
substantial progress in establishing a chemical shift data-
base of nucleic acids, particularly for RNA in solution
(Wijmenga and van Buuren 1998; Fiirtig et al. 2003;
Barton et al. 2013). These studies focused on finding cor-
relations between chemical shift values and structural
information (Rossi and Harbison 2001; Ohlenschléger et al.
2008; Aeschbacher et al. 2013). Moreover, BC_direct
detected NMR experiments were developed for the
assignment of RNA oligonucleotides, which came from the
realization that proton-deficient carbons in nucleic acids
carry valuable conformational information (Fiirtig et al.
2004; Fiala et al. 2004; Dayie 2005; Fares et al. 2007,
Richter et al. 2010). The application of solution-state NMR
to large DNA and RNA molecules is not straightforward
since spectral resolution is highly dependent on molecular
tumbling and therefore on molecular size. MAS NMR
spectroscopy on the other hand has the potential to probe
large and native systems since molecular weight does not
affect line shape quality. In addition, the assignment of
non-protonated species can benefit from the dipolar trans-
fer mechanisms offered by a variety of SSNMR techniques.

Various recent reports have shown that experimental
schemes routinely applied for SSNMR studies of proteins
can be successfully adapted and optimized for structural
studies of RNA and RNA—protein complexes (Riedel et al.
2004, 2005; Cherepanov et al. 2010). A notable example is
the recent study of a 26mer box C/D RNA in complex with
the L7Ae protein (Marchanka et al. 2013). In this study, a
suite of two- and three-dimensional SSNMR experiments
was developed and combined with nucleotide-selective
labeling schemes to obtain intra-nucleotide resonance
assignments. Other examples are the characterization of
protein-RNA interfaces by 'H-detected correlation experi-
ments on protonated and deuterated samples (Asami et al.
2013) or by using *'P heteronuclear correlations to observe
contacts between the DNA or RNA and the protein moie-
ties (Yu and Schaefer 2008; Jehle et al. 2010; Morag et al.
2014).

Although it was shown that SSNMR can provide
detailed information on the conformation and environment
of large DNA molecules (Sergeyev et al. 2011; Morag et al.
2014), a reliable chemical shift database is missing, which
restrains the study of large natural DNA and RNA systems
by NMR.
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Here, we report our study of the B-form dsDNA of T7
phage using MAS SSNMR. We obtained a complete
nucleotide-type specific '’C and a near complete "N
chemical shift assignment of the 40 kbp native genome by
two sets of two-dimensional (2D) homo- and hetero-
nuclear correlation experiments. Our results, which lay the
basis for the study of large native DNA-containing systems
by NMR, are compared to the chemical shift values
reported for DNA and RNA oligonucleotides and to the
prior assignment of ssDNA in fd filamentous virus (Morag
et al. 2014).

Materials and methods
Preparation of T7 phage

The large-scale production of an isotopically labeled T7
phage was as follows; E. coli BW25113 cells were first
grown in a nutritionally rich LB medium overnight. The
culture was then diluted 1:200 into a minimal medium
(21.1 mM Na,HPO,, 11.0 mM KH,PO,, 4.28 mM NaCl,
2 mM MgS0,4-7H,0, 0.1 mM CaCl,-H,0, 18 uM FeSOy-
7H,0, and 1.48 pM thiamine-HCl), and supplemented
with 5 g/ "*C-glucose and 1 g/L ""NH,CI (Cambridge
Isotope Laboratories). It was then incubated at 37 °C with
vigorous shaking (300 rpm) to a cell density of 10® bac-
teria/ml (corresponding to an optical density of 0.6 at
600 nm) and was then infected with a phage stock solution
at a multiplicity of infection (moi) of 30. Cell lysis
occurred 1-1.2 h from infection and the lysate was cen-
trifuged to discard the cell debris. The phages in the
supernatant were precipitated with 0.5 M NaCl and 10 %
polyethylene glycol (PEG) 8000, and then purified by
CsCl-gradient ultracentrifugation at 37,000 rpm for 48 h.
The phage fraction, located at a buoyant density of
1.6 mg/ml was isolated and precipitated with 10 % PEG
8000 into a MAS NMR rotor. A standard plaque assay
using the soft agar overlay technique (Sambrook et al.
1989) was performed in order to calculate the number of
infectious phage particles, described in plaque-forming
units (pfu)/ml. We obtain a yield of about 6 x 10'? phage
particles per one liter of growth medium. A total of 101
were used for the preparation of the NMR sample corre-
sponding to a total mass of about 5 mg.

NMR spectroscopy

All MAS SSNMR spectra were acquired on a Bruker
Avance III spectrometer operating at a 600 MHz 'H fre-
quency, and equipped with a 3.2 mm triple-resonance (‘H,
13C, 15N) Efree MAS probe. Carbon chemical shift
assignments of the sugar and base atoms in T7 dsDNA

Table 1 Summary of the main MAS SSNMR acquisition parameters
that were used in the 2D *C-'3C (DARR100) and '>N-'3C (TEDOR)
correlation experiments conducted on a uniformly ['3C, I15N-labeled
T7 phage sample

DARR100 TEDOR
Spinning rate 12 kHz 15 kHz
Temperature set 0°C -=5°C
Acquisition points (t;/t;) 800/4,990 256/4,990
Spectral width (t;/t) 40/100 kHz 15/100 kHz
Carrier frequency 13C99.9 ppm 5N 160 ppm

13C 154 ppm

Radiofrequency field 'H 85 kHz 'H 100 kHz

1C 50 kHz "N,"*C 50 kHz
CP contact time 1 ms 2 ms
'H decoupling (SW-TPPM)* 85 kHz/6 ps 90 kHz/6 ps
Scans/recycle delay 128/3 s 440/3 s

t; and t, indicate the indirect and direct acquisition dimensions,
respectively

? Thakur et al. (2006)

were extracted from a two-dimensional (2D) homonuclear
BC-13C correlation experiment using the DARR/RAD
sequence (dipolar-assisted rotational resonance/radio-fre-
quency assisted diffusion) (Takegoshi et al. 2001; Mor-
combe et al. 2004) with a mixing period of 100 ms
(DARR100). Nitrogen shifts of the nucleobases were
assigned in a heteronuclear '’N—">C correlation experiment
that was conducted using a '*C-detect TEDOR (trans-
ferred-echo double resonance) sequence (Hing et al. 1992).
In this version of TEDOR, SN transverse magnetization,
obtained by cross-polarization (CP) from 'H spins (Pines
et al. 1973; Stejskal et al. 1977), was allowed to evolve
during t;. Then, the "*C-'>N dipolar interaction was re-
coupled for a period of eight rotor cycles by the application
of pairs of "N n pulses positioned at the middle and in the
end of every rotor period (a single "N n pulse in the
middle of this period was replaced by a '*C 1 pulse thus
generating a '°N echo). Polarization transfer was obtained
by the application of simultaneous '°N and '*C n/2 pulses,
and was followed by a similar scheme lasting ten rotor
periods. These time periods (8 and 10 rotor cycles corre-
sponding to 533 and 667 ps) were found to be optimal for a
transfer between directly bonded '*C—"°N pairs, based on
simulations using the SPINEVOLUTION program (Vesh-
tort and Griffin 2006) and limited experimental optimiza-
tions. The acquisition parameters of both the DARR and
TEDOR experiments are summarized in Table 1. For
processing, all spectra were zero-filled to 16 k pts. in both
dimensions. Both exponential and Lorentz-to-Gauss apo-
dization functions with different broadening constants were
applied in order to extract the required spectral
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information, as detailed in the captions. Carbon chemical
shift frequencies were referenced to the 40.48 ppm meth-
ylene line of adamantane (Morcombe and Zilm 2003) and
nitrogen shifts were referenced to the signal from solid
15NH4C1 at 39.27 ppm (McDermott and Gu 1996). The
data were processed using the NMRPipe software (Dela-
glio et al. 1995) and analyzed with the Sparky assignment
program (Goddard and Kneller 2008).

Results and discussion
Optimal preparation and characterization of T7 phage

In order to prepare a suitable NMR sample of T7 phage, it
was first necessary to find an optimized preparation pro-
tocol for obtaining pure isotopically labeled particles in
sufficient amounts (approximately 5 mg). Thus, several
growth conditions were tested and the final large-scale
sample preparation protocol is detailed in the “Materials
and methods” section.

The general bacteriological protocols are similar for
different phage systems, and growth of a '*C/"*N labeled
T7 phage follows the principles underlying filamentous
phages (Abramov et al. 2011). Yet, some adjustments are
to be made for the specific phage, since T7 is expressed in a
different E. coli strain and undergoes a different viral
reproduction path. Being a lytic phage, the yield of T7
depends on bacterial concentration because at the end of
the assembly process, the release of the phage particles
from the cell involves its destruction. In the lysogenic cycle
on the other hand (such as in fd filamentous phage), the
cells remain intact after progeny release and are susceptible
to more infecting phage particles. The general growth
protocol of T7 in nutritionally rich medium, which was
obtained from F.W. Studier (personal communication), is a
slight modification of the original preparation protocol
(Studier 1969). In this work, the procedure was modified
and adapted for large-scale growth in minimal media.
Overall, the yield of the uniformly '*>C and '°N enriched T7
sample was ~1 mg per 2 1 of minimal growth medium,
which is similar to the reported yields in nutritionally rich
media.

In order to obtain sufficiently pure particles, CsCl-gra-
dient ultracentrifugation in a SW-41 swinging bucket rotor
was performed for 48 h rather than a simple step gradient.
We found that empty capsids of T7 particles are sponta-
neously formed, and band at a lower density than fully
packed capsids. Therefore, those empty particles could also
be isolated. The banding of different fractions in the Ultra-
Clear™ 13.2 ml tube after centrifugation is shown in the
inset of Fig. 1 as well as the electron microscopic image of
the pure phages. The UV absorption spectra of T7
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Fig. 1 UV absorption spectra of two T7 phage solutions prior (black)
and after (red) density gradient ultracentrifugation. The inset shows a
photo of the tube from the CsCl-gradient ultracentrifugation, where
separated bands of the different fractions are indicated. The phage
band at a CsCl density of 1.6 mg/ml was easily isolated, examined by
UV (red spectrum) and imaged using electron microscopy (inset). The
size and shape of the phage particles are consistent with previous
reports (~60 nm) and show an intact virus. The spectrum of T7
resuspended in a TE buffer (10 mM Tris—HCI, pH 8.0, | mM EDTA)
after the separation from the lysed cells (i.e. prior to ultracentrifu-
gation) shows a minimum absorption at 238 nm and a maximum at
258 nm. The purified T7 particles show a similar maximum
absorption, a larger ratio between the maximum and minimum
values, and its minimum absorbance wavelength is blue-shifted to
232 nm

solutions, acquired on an 8453 UV-Vis Agilent spectro-
photometer prior and after purification, are shown in Fig. 1.
To the best of our knowledge, reports of such spectra are
limited (T6th et al. 1984). Generally, absorption in the near
UV by a bacteriophage depends on the relative contents of
the protein and polynucleic acid chain, DNA or RNA
(Porterfield and Zlotnick 2010). Proteins usually show
absorption maxima between 275 and 280 nm (with mini-
mum at 250 nm), which are caused by the absorbance of
the two aromatic amino acids tryptophan (Trp) and tyrosine
(Tyr) and, to a small extent, by the absorbance of cysteine
disulfide bonds (Goldfarb et al. 1951; Aitken and Lear-
month 1996). DNA molecules have absorption minimum
between 220 and 230 nm, and maximum between 253 nm
(for guanosine) and 271 nm (for cytidine) that originates
from m—n* transitions of the purine and pyrimidine rings
(Schmid 2001). Therefore, they feature a broad peak at
about 260 nm, which can be used for calculating their
absorption coefficient (Henderson et al. 1992; Tataurov
et al. 2008). The UV spectrum of T7 phage is consistent
with typical spectra of pure DNA. This result is not sur-
prising since the dsDNA in T7 constitutes the majority of
the viral mass, and in addition, the extinction coefficients
of nucleic acids are large compared to aromatic amino
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Fig. 2 2D '3C-'3C DARR100 of the uniformly labeled T7 phage.
a The full spectrum showing all carbon resonances originating from
capsid (1075, 170-185 ppm, aromatic residues at 120—160 ppm) and
DNA (boxed region, dTC7 methyl signals at ~ 14.5 ppm and C2’
sugar signals at ~40 ppm) contributions. The acquisition parameters
of the experiment are detailed in Table 1. The spectrum was
processed with a Lorentz-to-Gauss transformation in both dimensions.
b Extracted region from the same experiment (the boxed region from
a processed with an exponential broadening of 200 Hz in both
dimensions) showing the DNA region. Symmetrical regions across
the diagonal are indicated and show a clear difference between

acids, and may be as much as 10 times that of a protein. In
fact, bacteriophages that are composed of over 80 % pro-
tein (such as the filamentous fd virus), have a maximum
plateau at 265-270 nm, rather than at 280 nm (Day et al.
1988; Tomar et al. 2007). Moreover, there are no Trp
residues in the T7 capsid and the Tyr residues constitute
only about 3 % of the total capsid mass, thus, their con-
tribution is small. The UV spectra overlay in Fig. 1, of a
pure sample and a sample prior to ultracentrifugation, show
that the minimum absorbance wavelength is shifted from
238 to 232 nm after purification, the maximum position is
not changed (located at ~258 ppm), and the maximum to
minimum ratio increases from 1.5 to 2.1 upon sample
purification.

Nucleotide-type specific >C and "N assignment
of the B-form dsDNA of T7

Assignment of DNA cross-peaks requires distinction
between nucleotide-base signals and protein signals. The
main similarity is observed for the aromatic signals of

protonated and unprotonated carbons. Some capsid resonances are
colored in grey. ¢ Schematic representation of the assigned cross-
peaks, where each grid describes the resonance pathway of the
different nucleobases; dA, dG, dT and dC. The rows represent spins
excited by the CP process that appear in the indirect dimension and
columns correspond to the directly detected spins after spin polar-
ization was transferred from the excited spins. The correlations within
each DNA base are symbolized according to the attained cross-peaks.
For simplicity, deoxynucleotides in all figures are noted by the single
letter codes A, G, C, T

tyrosine, phenylalanine and histidine as well as the termi-
nal part of the positively charged arginine residue. Yet,
unlike fd, where blanking of these aromatic amino acids
was essential for obtaining satisfactory DNA signals within
the strong capsid signals (Morag et al. 2014), here we could
easily differentiate between the capsid and dominant DNA
resonances through their unique intra-nucleotide correla-
tion patterns. The complete 2D '*C-'3C correlation
experiment (DARR100), given in Fig. 2a, shows contri-
butions from both capsid and DNA resonances, and dis-
tinction between them can be clearly observed in the
additional Figs. 3 and 4.

Assignment of DNA bases

We assigned all carbons and most of the nitrogens in the
DNA bases in a nucleotide-type specific manner using
3C-'*C homonuclear DARR100 and '"N-'C heteronu-
clear TEDOR correlation experiments. A few remaining
tertiary amines were assigned from the one-dimensional
(1D) SN CPMAS spectrum (not shown). Since DARR
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depends on proton-assisted magnetization transfer, and
many DNA base carbons are quaternary, many cross-peaks
between protonated and unprotonated atoms become non-
symmetric across the diagonal, some non-protonated nuclei
have very weak autocorrelation peaks and in some
instances, only a single cross-peak appears in the spectrum.
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Mostly, cross-peaks result from excitation of protonated
carbons or carbons attached to the primary amine groups—
C4 of the cytosine base, C2 of guanine and C6 of adenine.
These trends are emphasized in Fig. 2b and c, where the
DNA region of the DARR100 spectrum, and a graphical
summary of the cross-peak identities, are shown. Similarly,
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in the TEDOR experiment the most intense correlations
were attained between the protonated nitrogens of the bases
and neighboring carbons, although the nitrogen atoms
connecting the base and sugar moieties were readily
observed. The assignment patterns of the DNA bases are
shown in Figs. 3 and 4, corresponding to '*C-"°C and
SN-'3C correlation experiments, respectively.

Thymine bases (dT) were easily assigned through their
unique methyl group (dTC7) correlations with all other
carbons. Other bases depict a relatively small chemical
shift dispersion; however, one distinctive resonance in each
base was sufficient to attain the full cross-peak pattern for
each type of base. For example, the unique chemical shifts
of the aminated C4 and in particular the protonated C5 in
cytosine (dC) facilitated its assignment. Adenine (dA) and
guanine (dG) bases resonate at similar shifts; however, we
specifically assigned them through their different C5 and
C8 resonances, and obtained the full pattern for both
nucleobases.

All the protonated nitrogen atoms were designated
unambiguously to their specific base type in the TEDOR
experiment. In addition, the glycosidic nitrogen atoms were
assigned through their correlations with three adjacent
carbons; two belonging to the base (and confirmed by prior
assignment from the DARR correlation spectrum shown in
Fig. 3) and a third is the C1’ deoxyribose carbon atom. This
assignment also allowed us to obtain nucleotide-type spe-
cific assignment of C1’. Tertiary nitrogen atoms (resonating
at over 200 ppm) could not be detected in the 2D spectrum,
nonetheless they could be resolved and therefore assigned
in a 1D "N CP spectrum (not shown). This particular
assignment assumed a B-DNA form, which could be
deduced directly from other shifts as discussed below.

Assignment of DNA sugars

The deoxyribose ring resonances depend on the nature of
the attached base; pyrimidines (dT and dC) and purines
(dA and dG) have somewhat different effects on the sugar
carbon shifts. The C1’ resonances of dT and dC are shifted
downfield, and the C3/, C4' and C5' carbons are shifted
upfield, compared with dA and dG. We were able to assign
the deoxyribose carbon signals in a nucleotide-type specific
manner. The identification was done through specific
sugar-base correlations, most of which are shown in Fig. 5
below, or through sugar—sugar cross-peaks. Small differ-
ences (in the order of ~ 1 ppm) between dT and dC, or
between dG and dA, were resolved only from sugar-base
correlations. C1’ and C4’ of dT/dC, which have similar
shifts, could not be resolved in the carbon spectrum.
Nevertheless, C1’ shifts of all nucleotides could be
assigned to their particular nucleotides in the TEDOR
spectrum (Fig. 4) through their attached nitrogens.

Experimental chemical shifts of the T7 dsDNA, depos-
ited in the BMRB under accession code 19805, are given in
Table 2, and compared to two data sets; the reported lit-
erature shifts of B-DNA, and those of fd (Morag et al.
2014), recently deposited in the BMRB (accession code
19734). Most resonances detected in our spectrum show
deviations of up to 0.3 ppm and typical linewidths within
2 ppm, indicative of a highly ordered DNA structure.
There are very few exceptions, as shown in the assignment
Table 2, which have shifts with a standard deviation of
0.4 ppm or more. For dTC6 and dCC6, a possible minor
conformation was observed in some cases; for dTC6, an
additional minor conformation appears at a chemical shift,
which is 1.5 ppm upfield from the more intense signals
given in Table 2. This splitting is visible mainly in the
dTC6-C7 cross-peak (Fig. 3) but also in other instances. In
the case of dCC6, a correlation with C5 shows an addi-
tional signal shifted by 4-1.2 ppm. In the following, we will
discuss the similarities and significance of the differences
between the shifts of the nucleotide types in the dSDNA of
T7 phage and those of B-DNA and fd phage.

Chemical shifts of the dsSDNA in T7 are consistent
with a B-form DNA

The conformation of a B-form DNA is characterized by a
C2'-endo sugar ring pucker, an anti orientation of the
glycosidic bond, and by defined dimensions governed by
Watson—Crick (WC) base pairing and stacking interactions.
Carbon NMR is potentially a great reporter of these char-
acteristics and thus the overall DNA conformation can be
determined from 13C, 5N and 'H chemical shift values (see
(Lam and Chi 2010) and references within). For RNA, the
relationship between '*C sugar chemical shifts and the
ribose conformation was further studied by constructing
canonical coordinates, which yielded the most probable
sugar pucker and glycosidic torsion angle conformation
from NMR data (Ebrahimi et al. 2001; Rossi and Harbison
2001). This method was applied for the structural analysis
of several RNA systems (Fiirtig et al. 2004; Ohlenschlédger
et al. 2008; Cherepanov et al. 2010); however, such ana-
lysis is not straightforward for deoxyribose molecules since
the sugar carbons have different average shifts, in partic-
ular C2/, which differs by over 30 ppm on average. Thus,
in the current study, our experimental chemical shifts are
compared to the previous reported values of B-DNA, and
to chemical shift trends reported previously for the various
nucleotide atoms, most of which were measured by solu-
tion NMR studies of short synthesized oligonucleotides.
The deoxyribose ring conformation has a strong corre-
lation with sugar carbons chemical shifts. Previous '*C
SSNMR experiments on a series of crystalline nucleotides
reported that the C3’-endo conformation is characterized by

@ Springer



226

J Biomol NMR (2014) 59:219-230

170 160 150 140 130 120 90 80 70 60
CC2-Ca CC2C2  ,TC2-C2 ~  FCh-ol " C2-C1/4C2-C3' :
B8l g - c2-C5
40] -- == = —— ——f=—— = Jao
i &
AC2-C4 Ac2-c5 Gcz-csl caca' c2-ct' C2cy C2cs
L GC5C4  GC5-C8 [ Cs-ca cs-CT' c5-C3' S
£ - i
§ 70 i e o
9 | cgeoacerc TOEC2  ,nuchp) fos-ca —_—
A
———-;— £ == :
80- #‘\ Py 1 C5-C3' [ 44
GC174-C2_ GC37C4 AC3-C4 AC1-Cs AC1-C5 e P
° H
— ——— - ==
90 ' 1 T C114-C5 g
GO1LG4 GBT-G2 TOIL02 061.cE Teos POFE qoprps]] BT 0408 glyugy OFG
170 160 150 140 130 120 90 80 70 60
3¢ (ppm)

Fig. 5 Extracted regions from DARRI100 showing intra-nucleotide
correlations of the deoxyribose ring (right, 67-87, 40 ppm), and
contacts between sugar and base carbons (leff). The connections
between the dA/dG and dT/dC sugar and base resonances are
indicated in red stripes and in blue lines, respectively. Generally, the
variations between the sugar carbons chemical shifts of the different

significant upfield C3’ and C5' shifts (5-10 ppm) compared
to the C3’-exo and C2'-endo conformations (Santos et al.
1989; Xu et al. 1998). The latter two equilibrium confor-
mations can be distinguished to some extent by smaller
differences in the C2' and C4’ shifts. The experimental
values of the sugar carbons in T7 dsDNA are consistent
with either the C2'-endo or C3’-exo conformations, or a
combination of both. The C3’-endo conformation is safely
excluded since the average C3’ and C5’ have high chemical
shift values.

The glycosidic torsion angle y, which defines the base
orientation (anti or syn relative to the sugar ring), is also an
important factor affecting the '>C and '°N chemical shifts
of specific sugar and base atoms (Ghose et al. 1994; Greene
et al. 1995; Lam and Chi 2010). It was previously observed
(Greene et al. 1995) that for a syn orientation the C1’, C3'
and C4' shift to a lower field (on average 5, 5.6 and
1.5 ppm, respectively), while C2’ resonates at a higher field
(7 ppm). In T7, the C1’ shift of dG and dA are clearly
consistent with an anti conformation, C2’' resonate at
~40-41 ppm, which is similar to average B-DNA values
and somewhat lower than the values reported in Greene
et al. (1995). Overall, C2’ shifts (and C3’ but this resonance
is also affected significantly by the sugar pucker) are also
consistent with an anti conformation, as expected for a
B-form DNA duplex. Base carbons are also affected to
some extent by the glycosidic angle, especially dGC8
which is shifted downfield for a syn orientation compared
to anti in a DNA with a C2’-endo sugar pucker (Fonville
et al. 2012). The dGCS8 resonance was reported to be
shifted +2.4 ppm in syn compared to anti, dGC4 by +0.65
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nucleobases are resolved according to the two systems of dA/dG and
dT/dC in the sugar region. The slight variations within each system
could only be resolved in the sugar-base correlations region, and are
more pronounced within the dT/dC system. The asterisk denotes a
spinning sideband

and dGC5 by +1.15 (Greene et al. 1995). Our experimental
dGC4, dGCS5 and dGC8 are shifted upfield by 2.6, 1.8 and
3.8 ppm, respectively, compared to the average syn values
reported by Greene et al. (1995). Thus, they are consistent
with the anti conformation as well. Also consistent with an
anti conformation are the dGN7 and dGNO9 shifts, since
usually the syn base atoms are shifted upfield (~6 ppm on
average for N7 and ~4 ppm for N9) relative to anti bases.

A double helix B-form DNA is expected to show typical
WC base pairing and in addition to exhibit stacking inter-
actions, which are also responsible for its stabilization.
These interactions affect the observed carbon and nitrogen
shifts (Hu et al. 1998; Fares et al. 2007; Malinakova et al.
2010). It was reported that the dGC2, dGC6 and dTC4 are
deshielded (~ 1 ppm) upon WC pairing in oligodeoxynu-
cleotide duplexes (Borer et al. 1988; LaPlante et al. 1988).
Although these shifts are small, our results are consistent
with the values that were reported for base paired oligo-
nucleotides. It should be pointed out that base stacking
tends to shield base carbons, while hydrogen bond forma-
tion usually causes a deshielding effect. However, the
combination of these two opposite trends yields a net
deshielding effect on carbons that are near the hydrogen
bonding sites.

Limited '’N° NMR assignments of the participating
nitrogens in WC hydrogen bonding in DNA were pub-
lished, mainly of small DNA molecules including short
duplexes and hairpins (Fernandez et al. 1998; Pervushin
et al. 1998; Padrta et al. 2002). It is found that the imino
guanine nitrogen (dGN1) atoms, involved in WC pairing as
H donors, resonate at an average value of 147.4 ppm,
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Table 2 '*C and '°N assignment list of the dsDNA in wild-type T7 Table 2 continued
bacteriophage
Atom Exp. dsDNA in T7 B-form oligomers ssDNA in fd
Atom Exp. dsDNA in T7 B-form oligomers ssDNA in fd
AC8 141.6 140.7 (1.3) 141.2
TCI' 856 84.5 (1.1) 85.7 ANL 2234 22595 _
TC2 393 39.3 (0.6) 39.3 AN3 2145 21645 _
TC3 778 76.7 (1.8) 80.1 ANG6 808 502" _
TC4  Overlap C1' 85.0 (1.5) 86.8 ANT 2341 33,5 _
TCS 676 66.3 (1.6) 68.0 ANO 1702 _ _
TC2 1529 151.6 153.4 - . T ——— - -
(4 experlmenta values (exp.) are given 1n ppm, and are compare to
TC4 169.1 166.8 168.5 two data references; the average shifts of B-form oligomers from
TC5 113.2 112.1 113.6 several sources (Sergeyev et al. 2011), and the recently reported
TC6 139.8% 138.2 (1.4) 139.2 assignment of the sSDNA in the filamentous fd phage. Most experi-
TC7 14.6 13.7 (1.3) 14.4 pler}tal Val.ues are held vyithin Q.3 ppm, apart .frqm few exceptions,
indicated in the table with their standard deviations. The standard
TNI 142.9 - - deviations of B-DNA oligomers are indicated in parenthesis for
TN3 159.2 159.1° - assignments with over 5 entries
ccr’ 86.9 (0.4) 85.6 (1.4) 84.6-88.6 4 The signal of TC6 appears to have an additional minor conforma-
ccy 40.1 40.5 (0.9) 40.3 tion in 138.3. This resonance can be 0bserv§d in Fig. 3(a F:orrelation
ccy 779 748 3.1) 30.3 to TC7)., and in a TEDOR spectrum that is apodized with a large
, Overlan C1' 86.7 (L5) 046884 broadening factor (not shown)
ce4 vertap o o " Average nitrogen shifts from BMRB entries of B-form
CC5’ 67.6° 66.8 (1.6) 68.1 oligonucleotides
cc2 158.8 159.5 159.2 ¢ CC5' overlaps with TC5'; however TC5’ can be separately resolved
cc4 167.8 168.5 168.0 (via TC4 in an exponentially apodized spectrum)
CCs 99.1 98.4 (0.8) 99.2
CC6 142.2 (0.5) 142.9 (0.8) 142.2
CN1 150.7 (0.4) - - consistent with the value observed in T7. Our assignments
CN3 196.3 - - of imino dTN3, and amino dAN6, dCN4 and dGN2 also lay
CN4 98.2 97.1° - within a deviation of ~1 ppm compared to the shifts of
GCl’ 84.5 83.5 (1.4) 85.6 model duplex DNA systems. Generally, the imino and
GC2 40.6 41.3 (0.9) 38.9 amino nitrogen resonances of nucleotides involved in WC
GC3/ 790 77.6 (2.5) 80.6 base pairs are found at a lower field than those originating
GC4' 86.6 86.4 (2.3) 87.4 from non-base paired nucleotides (Dieckmann and Feigon
GC5' 68.3 67.1(1.9) 68.1 1997). For example, in a study of G-tetrad DNA, the
GC2 156.7 156.4 156.5 hydrogen bonding between dGN1 and dGO6 (known as
GC4 153.1 153.6 154.0 Hoogsteen H-bonding) was observed, and the resonances
GC5 117.4 118.6 117.6 of N1 in four dG bases were at 143-145 ppm (Liu et al.
GC6 161.4 161.2 161.0 2000), upfield compared to the shifts obtained in nucleo-
GC8 137.5 (0.4) 138.0 (1.2) 138.6 tides with WC pairing. The unprotonated nitrogens, which
GNI1 1474 147.4° _ act as H-bond acceptors are also important; however,
GN2 76.1 75 1P _ f:hemical shift information qn these is lacki'ng. Generally, it
GN7 2383 236.9° B is suggested tha't they are shifted towards higher fields upqn
GNO 168.5 B 3 H-bond formation (~ 10 ppm), while an average value is
ACI 849 837 (1.2) 856 grmi[r‘l;l 230 ppm (Wlth(l)lut H-blondlir.lfg). Flcl)r example,ﬁdlij\l(l1
ACY 408 405 (0.3) 40.0 n 2 resonate 2.1t 1c emica sdl ts ht at are dup .e ed
ACY 794 78.4 (1.5) 20.0 ;.ft I.me(,jrespe.tctlve yl, cct).r(rilpare hto t ;: Beporte bass(;gne
ACH 86.8 86.6 (1.4) 874 shifts in adenosine nucleotides, w .er.e ydrogen bonds are
ACS 8.4 €82 €82 absent (Cho and Evans 1991). Similar trends were also
ACo 15;‘ 0 15'3 73 15;1 6 observed in a 14-mer DNA duplex where H-bonded dAN1
) o i and dCN3 acceptors are obtained at upfield values of ~222
AC4 150.3 149.7 150.6 . .
ACS 1199 1186 1198 and ~ 196 ppm (Pervushin et al. 1998). Studies on RNA
’ ‘ ‘ molecules, which contain different H-bonds, also help in
AC6 157.4 156.7 157.0

the interpretation of chemical shifts. For example, a study
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on (CUG)y; RNA reported, through MAS SSNMR exper-
iments, a correlation peak between dGN1 and dCN3 (at
~147 and ~196 ppm) suggesting the presence of a
canonical GC Watson—Crick base pairing (Leppert et al.
2004). Our dGNI1 resonance (147.4 ppm) is in agreement
with the reported assignments thus indicating the presence
of WC base pairing.

Overall, the chemical shift values for the encapsulated
T7 dsDNA report on a C2’-endo (or C3’-exo0) sugar con-
formation, an anti orientation for the glycosidic bond, and
indicate the presence of WC base pairing. All of these are
the expected structural characteristic of a B-form DNA, as
was reported from Raman studies. Nevertheless, the data-
base from which this information is obtained is limited,
quaternary carbon shifts are scarce and therefore this study
presents an additional source for comparison and as a basis
to study other large native DNA systems.

Comparison to fd, a ssDNA filamentous bacteriophage

Recently, we reported on the '>C chemical shifts of the
circular ssDNA encapsulated in fd virus using MAS
SSNMR (Morag et al. 2014). In the study of its genome,
which contains slightly over 6,000 bases and therefore is
much smaller than T7, it was found to have an S-type sugar
pucker (C2'-endo or C3’-exo) and a probable anti base
orientation. The reported shifts also indicated the presence
of hydrogen bonding between the bases. Despite the dif-
ferences in size, packing and probably the nature of
H-bonding, the two phages (fd and T7) share surprisingly
similar secondary structure features, as seen from the
similarities of their '°C resonances (see Table 2). The main
differences are observed for the sugar C3’, C4' and C5’
carbons, which take consistently higher values for fd
(except dAC5'), and for both T7 and fd the shifts are in the
high end of B-form shifts, yet within their standard devi-
ation. The base (carbon) shifts for both systems are very
similar and differences in the order of ~1 ppm have been
observed only for dGC4 and dGCS8. These trends cannot be
easily explained so far and it is remained to be examined
on other systems, and by calculations, whether they are
related to the size of the genome, to the strained DNA
forms, or to any other genome packaging properties.

Conclusion

The small number of nucleotides, small chemical shift
variability, and the lack of a dense proton network in
nucleotides, pose limitations on NMR data acquisition and
interpretation of polynucleic acids, both in solid and
solution states. While most DNA and RNA studies were
reported from solution NMR, analysis is restricted to low-
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molecular-weight molecules. In the solid state, where
molecular weight does not limit spectral resolution, site-
specific assignment of over tens of thousands of nucleo-
tides is impractical. Moreover, signal intensities of pro-
tonless heteroatoms (i.e. carbons and nitrogens) are low
compared to the protonated atoms. The outcome of these
limitations is a poor chemical shift NMR knowledge of
large and natural genomes.

In this contribution, we showed that nucleotide-type
specific assignment of a large DNA system, the 40 kbp
dsDNA in T7 phage, can be readily obtained by solid-state
MAS NMR. The complete '>C and near complete '°N
assignment was based on two 2D data sets. Despite mul-
tiple repeats of the deoxyribose nucleotides (about twenty
thousand bases for each of the dA, dG, dT, dC building
blocks), and their high compaction, spectral cross-peaks
were surprisingly narrow and well resolved, indicating a
highly ordered packaged DNA. Normally, a calculation of
the secondary structure can be done with high fidelity if
there is a reliable chemical shift database. However, for
dsDNA systems, in particular of large systems, such studies
are scarce. Our study of the dsDNA in T7 phage serves
therefore as a starting point in constructing a reliable
chemical shift database for large native DNA molecules,
and adds to the group of recently reported studies of the
ssDNA in fd (Morag et al. 2014) and Pf1 (Sergeyev et al.
2011) filamentous phages. We have already observed here
some common effects on the NMR properties of large
DNA systems and we anticipate that these results will
accelerate efforts towards the characterization of more
complex DNA and RNA in the context of real biological
entities by MAS NMR.
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