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Abstract

We report dynamic nuclear polarization (DNP) enhanced magic angle spinning (MAS) NMR
spectroscopy in viral capsids from HIV-1 and bacteriophage AP205. Viruses regulate their
lifecycles and infectivity through modulation of their structures and dynamics. While static
structures of capsids from several viruses are now accessible with near-atomic level resolution,
atomic-level understanding of functionally important motions in assembled capsids is lacking. We
observed up to 64-fold signal enhancements by DNP, which permitted in-depth analysis of these
assemblies. For the HIV-1 CA assemblies, remarkably high spectral resolution in the 3D and 2D
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heteronuclear datasets permitted the assignments of a significant fraction of backbone and side
chain resonances. Using an integrated DNP MAS NMR and molecular dynamics simulations
approach, the conformational space sampled by the assembled CA at cryogenic temperatures was
mapped. Qualitatively, remarkable agreement was observed for the experimental 13C/15N chemical
shift distributions and those calculated from substructures along the MD trajectory. Residues that
are mobile at physiological temperatures are frozen out in multiple conformers at cryogenic
conditions, resulting in broad experimental and calculated chemical shift distributions. Overall,
our results suggest that DNP MAS NMR measurements in combination with MD simulations
facilitate a thorough understanding of the dynamic signatures of viral capsids.
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INTRODUCTION

Biological function is invariably connected to and depends on structure and dynamics of
biological macromolecules and their complexes. Nuclear magnetic resonance (NMR) is one
of the most powerful techniques to elucidate the intricate relationship between
conformational flexibility and function, as, in contrast to X-ray diffraction and cryo-EM, it
yields atomic-level information on both well-structured and dynamically disordered regions
of individual biomolecules and assemblies. NMR experiments provide direct access to a
number of site-specific experimental parameters (chemical shifts, residual anisotropic
interactions, relaxation rates) that report directly on both structure and dynamics. These
studies can be performed in solution on relatively small or flexible components, or on

microcrystalline or sedimented assemblies under magic angle spinning (MAS) conditions.
1-13

Typically, NMR experiments conducted at non-cryogenic temperatures provide dynamics
information from averaged observables, reflecting the state of an ensemble of conformers,
all of which contribute to the observable in a weighted manner. Solution NMR methods for
studying dynamics are advanced, and ensemble analyses have been developed to describe
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the conformational space and the timescale of the interconversions.14-17 Extensive site-
specific studies of dynamics in proteins and protein assemblies by solid-state NMR still
remain relatively rare and challenging, often suffering from low sensitivity. The most
commonly used approaches rely on the measurement of the various relaxation rates and their
temperature dependencies,18-20 relaxation dispersion curves,21-22 dipolar and/or chemical
shift anisotropy tensors,2 8:13 and a combination of these methods.23 These techniques yield
information on motional rates and/or amplitudes and symmetries, over a broad range of
timescales (see a recent review?4)

One example where mations are important in the regulation of biological function are virus
capsids,2°> where dynamic regulation emerges as a key feature of assembly and disassembly,
and of genome encapsidation. Local dynamics have been observed in large ordered
assemblies and some viral capsids contain both ordered and disordered structural elements.
1326 Numerous recent solution NMR studies have described conformational disorder in viral
proteins alone or in complex, such as paramyxoviral phosphoproteins, nucleoproteins, as
well as HIV-1 Gag protein.2’=30 |n a notable example, we probed dynamics of HIV-1 virus
capsid assemblies and their interactions with the host factor Cyclophilin A (CypA)!2 by
MAS NMR at temperatures close to physiological, where dynamically averaged

experimental parameters were interpreted in light of those calculated from MD trajectories.
8,13

Here we explore an alternative approach based on dynamic nuclear polarization (DNP)
enhanced MAS NMR spectroscopy at cryogenic temperatures and high magnetic fields to
probe the conformational properties of large viral assemblies at atomic resolution and with
high sensitivity. We examine two viral capsids: the human immunodeficiency 1 virus
(HIV-1) capsid and the bacteriophage AP205 virus-like particles (VLPs). Viral capsids are
unique compared to other classes of biomolecules, previously studied by DNP, such as
amyloids or microcrystalline proteins studied by others previously,31-32 because they are
generally multicomponent assemblies that possess high curvature, often high symmetry and
exhibit varying degrees of order and conformational flexibility.

In an earlier, pioneering study, Havlin and Tycko showed that ensembles of unfolded and
partially-folded proteins could be trapped in glassy frozen solutions, and realized that 2D
solid-state NMR lineshapes inform on the conformational distributions.33 This approach
suggested that MAS NMR spectra of frozen solutions might provide immediate access to the
signatures of each individual conformer, and could be exploited in the context of dynamics
studies to translate the dynamically averaged NMR parameters at room temperature into
distributions of values.

Tycko’s study was conducted at 9.4 T, a field where cross-peak lineshapes can be analyzed
in terms of large conformational changes, as those induced by rapid chemical denaturation.
However, conformational averaging in folded assemblies leads to subtler chemical shift
distributions, which are masked by homogeneous broadening invariably accompanying
MAS NMR spectra of biomolecules at cryogenic temperatures.3* Here we show that this
problem can be addressed by studying samples with DNP at high magnetic fields, leveraging
a new generation of instruments operating at 14.1 T and above. On the one hand, DNP
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drastically enhances the NMR signal, allowing the acquisition of 2D correlations in a matter
of hours to days on few mgs of sample.35-38 On the other hand, the combination of
cryogenic temperatures and high magnetic fields yields 2D lineshapes that are dominated by
inhomogeneous contributions.37-40 facilitating their analysis in terms of rapid fluctuations
within a conformational distribution using MD simulations.#! This approach is well suited to
probe the degree of dynamical disorder in these viral assemblies, and the associated motions
can be quantified through an integrated DNP MAS NMR/MD simulations approach.

The level of detail elucidated in this study has been inaccessible even only a few years ago,
and is now possible using high-field DNP and state-of-the-art MD simulations. We envision
that the integrated approach described here will be particularly useful for characterizing
minor species and mobile sites in viral assemblies as well as in other biological systems of
comparable complexity.

MATERIALS AND METHODS

Sample Preparation.

Expression and purification of U-13C, 15N CA (HXB?2 strain) was performed as reported
previously.®: 42 Tubular assemblies of CA were prepared from 32 mg/mL protein solutions in
25 mM phosphate buffer (pH 5.5) containing 2.4 M NaCl. The solutions were incubated at
37° C for 1 h and stored at 4° C for subsequent experiments. The samples for DNP enhanced
measurements of CA tubular assemblies containing 8 mM AMUPol (15- {[(7-oxyl-3, 11-
dioxa-7-azadispiro [5.1.5.3] hexadec- 15-yl) carbamoyl] [2-(2,5,8,11-tetraoxatridecan-13-
ylamino)} - [3,11-dioxa-7-azadispiro [5.1.5.3] hexadec-7-yl]) oxidanyl)*3 were prepared as
reported previously.** U-13C, 15N labeled MeV nucleocapsid was expressed and purified as
reported elsewhere.#5-46 Samples for DNP-assisted measurements of MeV were prepared
with 15 mM TOTAPOL ([1-(TEMPO-4-oxy)-3-(TEMPO-4-amino)propan-2-ol, where
TEMPO = 2,2,6,6-tetramethylpiperidin-1-oxyl]).#’ To remove the C-terminal disordered tail
and obtain cleaved MeV, intact MeV nucleocapsids were treated with trypsin (1 mg for 200
mg capsids, 45 min at room temperature)*8 and repurified by centrifugation through a 30%
(v/v) glycerol cushion for 16 h at 77,000 g and 4 °C and subsequent dialysis against 50 mM
potassium phosphate, 50 mM NaCl, pH 7.0. Samples for DNP-assisted measurements of
cleaved MeV were prepared by suspending the pellet in 30 pl 15 mM TOTAPOL ([1-
(TEMPO-4-0xy)-3-(TEMPO-4-amino)propan-2-ol, where TEMPO = 2,2,6,6-
tetramethylpiperidin-1-oxyl]) dissolved in DNP juice (dg-glycerol/D,0/H»0 60/30/10 v/viv)
and centrifuging into a 1.3 mm NMR rotor.4” U-13C, 15N labeled microcrystalline AP205
nucleocapsid was prepared as described previously.*® For DNP measurements, the crystals
were soaked in 10 mM AMUPaol solution in the crystallization mother liquor (0.1 M HEPES
at pH 7.5, 0.1 M NaCl and 16% w/v deuterated PEG 4600) and then centrifuged into a 1.3
mm NMR rotor.

Transmission Electron Microscopy.

The sample morphologies were characterized by TEM analysis, performed in a Zeiss CEM
902 transmission electron microscope operating at 80 kV. Samples were stained with
ammonium molybdate (5% w/v), deposited onto 400 mesh, formval/carbon-coated copper
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grids, and dried for 40 min. Some of the assemblies were analyzed using a Zeiss Libra 120
transmission electron microscope operating at 120 kV. Samples were stained with uranyl
acetate (5% wi/v), deposited onto 400 mesh, formval/carbon-coated copper grids, and dried
for 40 min in the air. The copper grids were pretreated with Pelco easiGlow Discharge Unit
to deposit a charge, so that the assemblies were uniformly spread on the grid surface and
adhered to it.

MAS NMR Spectroscopy.

19.96 T MAS NMR spectra of tubular assemblies of CA were acquired on a Bruker AVIII
spectrometer equipped with a 3.2 mm E™ CPMAS HCN probe. The Larmor frequencies
were 850.400 MHz (*H) and 213.855 MHz (13C). The spectra were collected at the MAS
frequency of 14 kHz, and the temperature was maintained at 277 K. The typical pulse
lengths were 2.9 ps for 1H, 4.2 ps for 13C. 1H-13C cross-polarization (CP) was performed
with a linear amplitude ramp (80-100%); the CP contact time was 2 ms. The 13C-13C
correlation spectrum was acquired using a COmbined R2,,Y- Driven (CORD)3? experiment
with a mixing time of 50 ms.

DNP-enhanced MAS NMR spectra of CA tubular assemblies were acquired in the Bruker
Billerica laboratories on an Avance Il SSNMR spectrometer equipped with a 3.2-mm triple-
resonance low temperature MAS probe. At 14.1 T, the Larmor frequencies were 600.080
MHz (*H), 150.905 MHz (}3C) and 60.813 MHz (1°N). The microwave (MW) frequency
was 395.18 GHz and the MW irradiation generated by a second-harmonic gyrotron, which
delivered 12 W of power at the sample. The measurements were performed at 109 K, and
the sample temperature was calibrated using KBr.>! The typical pulse lengths were 2.5 ps
(*H), 4 ps (13C) and the TH-13C contact time was 2 ms. All spectra were acquired at the
MAS frequency of 12.5 kHz, controlled by a Bruker MAS controller. For 2D and 3D
NCACX correlation experiments, band selective magnetization transfer from 15N to 13Ca
was performed using a spectrally induced filtering in combination with cross polarization
(SPECIFIC-CP)®2 contact time of 6.5 ms followed by a dipolar-assisted rotational resonance
(DARR)>3-54 mixing time of 40 ms. For DNP-enhanced MAS NMR measurements at 18.8
T, the Larmor frequencies were 799.723 MHz (*H) and 201.107 MHz (13C), and the
microwave frequency was 527 GHz. Data were recorded at a temperature of 110 K. The
sample temperature was calibrated using KBr. The typical pulse lengths were 2.5 us (*H),
4.75 ps (13C), and the 1H-13C CP contact time was 2 ms. The MAS frequency was 10 kHz,
and the proton-driven spin diffusion (PDSD)%® mixing time was 60 ms.

The DNP-assisted measurements on AP205 nucleocapsids were performed on a Bruker
spectrometer equipped with a 1.3-mm triple resonance low temperature DNP probe at 18.8 T
(Larmor frequencies: 13C = 201.107 MHz, 1H = 799.720 MHz). The CORD mixing time
was 100 ms, the MAS frequency was 40 kHz and the temperature was 115 K.

Processing and Analysis of MAS NMR spectra.

The 2D NCACX and 13C-13C correlation spectra were processed in TopSpin using Gaussian
and sine bell squared apodization applied to the direct and indirect dimension, respectively.
The 3D NCACX spectrum was processed in NMRPipe®8 using 60° shifted sine bell
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apodization, followed by a Lorentzian-to-Gaussian transformation in all dimensions. All
data sets were analyzed in Sparky.>’

Molecular Dynamics Simulations and Chemical Shift Predictions.

MD simulations for 100 ns were performed on CA monomer (HXB?2 strain) as reported
previously.13 MD simulations of AP205 were performed on the dimeric subunit of the
assembled capsid structure.®® Bulk waters and sodium/chloride ions were added using
VMD,? by setting the total concentration of NaCl to 0.15 M. The system was then
equilibrated using ACEMD®? for 2.1 ns at 300 K and the simulation was run for 100 ns. The

chemical shifts for individual substructures of the trajectory were predicted using SHIFTX.
61

RESULTS AND DISCUSSION
DNP MAS NMR Spectra of HIV-1 Capsids and AP205 VLPs: Disorder vs. Order

Mature HIV-1 capsids are cone-shape assemblies of ~1,500 copies of the 231-residue capsid
(CA) protein (Fig. S1a, Supporting Information), a proteolytic cleavage product of Gag
polyprotein. HIV-1 capsids hold the viral genome and the proteins necessary for viral
replication.52-63 The capsid cones are assembled from ~216 hexameric and 12 pentameric
units of CA.84-65 CA tubes, which have been studied extensively by cryo-EM84-68 and
MAS NMR spectroscopy,3-4 8-10. 13 capture the predominant symmetry element of the
cones: a hexagonal lattice with six-fold symmetry, assembled from CA monomers (Fig. S1b,
Supporting Information). In both conical and tubular assemblies, the N-terminal domains
(NTDs) of CA (residues 1-149) form the outer surface of the tubular assemblies while the
inner surface is lined by C-terminal domains (CTDs) (residues 150-231).

For HIV CA, it has been established by us and by others that conformational plasticity of
CA, directly linked to its internal dynamics, is critical for capsid assembly,8: 10.29.65,69-72
virus maturation,® and interactions with cellular host factors, such as CypAl3 and TRIM5a.
73 Atomic-level insights into the dynamics of the CA assemblies and its complexes with
CypA and TRIM5a CC-SPRY domain were obtained by monitoring molecular motions on
the nano- to millisecond timescales, using MAS NMR in combination with MD simulations.
8-9,13, 73 These studies revealed that the functionally important CypA loop region is highly
flexible.® 10. 13 These dynamics were found to be a determining factor in HIV-1’s escape
from CypA dependence. We also recently reported that broad signals from dynamically
disordered regions of HIV-1 capsid protein assemblies,*4 74 which are invisible at ambient
temperatures, can be observed in frozen samples.% 13

AP205 bacteriophages are small RNA viruses with an icosahedral capsid shell that is made
up of 178 copies of the coat protein*® 7> and a single copy of the maturation protein. In
absence of the maturation protein, ninety dimers of the AP205 coat protein assemble into
stable VLPs. Recently, a complete model of the AP205 VLP has been derived from a crystal
structure of an unassembled coat protein dimer together with solid-state NMR and cryo-
electron microscopy data (Fig 1e). This model revealed a circular permutation of the coat
protein which allows both of its termini to be surface exposed in assembled VLPs tolerating
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insertions at the N- or C- termini.>8 Despite the high level of characterization already
available, the mechanism of assembly and genome encapsidation is not completely
understood, and there is currently no information about the level of local dynamics that can
be accommodated within icosahedral viral capsid assemblies. An atomic-level
characterization of the structure and dynamics of viral particles is essential for
understanding virus assembly, virus evolution, virus-host interactions and RNA genome
recognition.

A comparison of 13C-13C correlation spectra of the two capsid assemblies acquired at
ambient temperature (800 and 850 MHz) and under DNP conditions at 600 MHz (for HIV-1
CA) and 800 MHz (for AP205) field is shown in Fig. 1c,d and 1g,h. The 13C resolution of
the DNP-enhanced spectra acquired at around 109 K, while lower than that of the ambient
temperature non-DNP data, is of the order of 1-1.8 ppm (as estimated from the resolved
peaks in NCACX spectrum shown in Fig. 2b), which is considerably narrower than the DNP
spectra of many proteins reported in the literature. Line broadening in DNP spectra can be
caused by homogeneous and inhomogeneous contributions. The effects of homogeneous
contributions to the line widths can be alleviated by increasing the strength of the static
magnetic field, while the inhomogeneous contributions remain unaffected. As is evident in
Fig. 1d and 1h, there are a number of resolved peaks corresponding to individual amino
acids. Interestingly, the linewidths show variations from site to site. We hypothesized that
the broader lines may be associated with the presence of motions and multiple conformers.
We decided to explore this possibility further.

Heteronuclear DNP-Enhanced MAS NMR Spectra for HIV-1 CA Assemblies

The possible implications of dynamics observable in the DNP-enhanced MAS NMR spectra
were first analyzed for HIV-1 CA assemblies. DNP-enhanced 2D MAS NMR spectra of
tubular assemblies of HIV-1 CA and the Gag maturation intermediate containing CA and the
14-residue spacer peptide 1 (SP1), CA-SP1 were evaluated and 64 or 20-fold sensitivity
enhancements at 109 K were obtained for CA and CA-SP1, respectively. This enabled time
efficient acquisition of 2D homonuclear data sets and permitted detection of resonances for
the flexible SP1 peptide region and determination of its secondary structure.* The
resolution of these DNP-enhanced 2D homonuclear spectra was such that we could assign
several sidechain and backbone resonances.*4 However, these data sets alone were
insufficient for complete site-specific resonance assignments.

Therefore, 2D and 3D DNP-enhanced heteronuclear NCACX correlation spectra were
recorded, which exhibit remarkably high resolution (Fig. 2). Furthermore, the acquisition
time was only 0.6 and 17 hours for the 2D and 3D spectrum, respectively. Based on the 3D
NCACX data set (Fig. 2a) and available chemical shifts from solution and MAS NMR
studies,*"® backbone and the side chain resonances for 44 residues were obtained. The 2D
NCACX spectrum of tubular CA assemblies and at 109 K (14.1 T) is displayed in Fig. 2b.
Several well-resolved isolated resonances, particularly associated with the dynamic CypA-
binding loop, were detected, similar to the 3D data set. In addition, resonances from several
aromatic side chain atoms are seen in the spectra and were readily assigned. Resonances of
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aromatic side chains generally exhibit low intensities in the ambient-temperature spectra,
and their facile detection through DNP-based measurements is highly advantageous.

Spectral intensity is present for many amino acid residues of CA, as illustrated by the
superposition of the NCACX spectra acquired under DNP and non-DNP conditions (Fig.
2c). Interestingly, resonances for several proline residues, which were not observed at
ambient temperature, exhibited high intensities, and the chemical shifts indicate that both
cis- and trans- conformers are present (Fig. S2, Supporting Information). The fact that we
observed spectral intensity for most of the amino acids in both the NTD and CTD suggests
that either the DNP biradical diffused into the tubes or that efficient spin diffusion from the
exterior tube surface, lined by NTDs, to the interior lining of the tube, comprising CTDs, is
present.

Overall, assignments were obtained for about 20 % of the total number of amino acids in the
CA sequence (Fig. 2e). Residues with assigned resonances are highlighted on the structure
of a single CA chain (Fig. 2f). Resonances for 10 residues in the CypA loop, which is
located on the surface of the assemblies (Figure S1, Supporting Information) were assigned.
The CypA loop residues are highly mobile at ambient temperatures, and we have
characterized their dynamics extensively.13 Therefore, the presence of the corresponding
resonances in the DNP-enhanced spectra allows us to benchmark the approach for
conformational space sampling using cryogenic temperature DNP data.

The temperature dependencies of the chemical shifts could be estimated from the DNP-
enhanced spectra. Notably, chemical shift differences compared to ambient temperature
spectra are observed (Fig. S3, Supporting Information), with larger than average differences
(>1 ppm) occurring for resonances associated with mobile loops, compared to rigid regions.
These large differences correlate with the reduced *H-15N dipolar order parameters (Fig.
S4-S5, Supporting Information), previously calculated on the basis of the MD trajectories.13
Given that 1H-15N dipolar order parameters are sensitive to motions on the nano- to
microsecond timescales, it appears that such motions can be indirectly inferred by
examining the chemical shift differences at cryogenic conditions. This possibility is further
explored below.

Residue-specific Conformational Space Mapping by Combining DNP MAS NMR and MD

Simulations

The possibility of exploiting spectral broadening introduced by conformational
heterogeneity in DNP-enhanced spectra as a possible probe of dynamics was first explored
for CA assemblies. The resolution of the DNP MAS NMR spectra of CA tubular assemblies
is relatively high, compared to DNP spectra for the majority of other biological systems to
date.** Nevertheless, as mentioned previously, with typical carbon-13 peak widths of 1.0
ppm up to 1.8 ppm, resolution is still considerably lower than in the ambient-temperature
spectra.13: 44 Two factors have been shown previously to contribute to signal broadening and
attenuation of intensities in DNP-enhanced measurements: conformational

heterogeneity34 41 77-78 and paramagnetic relaxation enhancements (PRES) due to the
presence of biradical 3% 41 79 The latter has been observed at ambient temperature for
solvent exposed regions of K* channel integrated into membranes.! In our current study on
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tubular CA assemblies, relatively small increases in line widths were detected in 13C-13C
homonuclear experiments at ambient temperatures,** therefore, although the DNP spectra
are recorded at a different temperature, PREs are not expected to be a significant source of
signal broadening in the current DNP studies.

Conformational heterogeneity is characterized by the presence of distinct conformers that
are in dynamic exchange at ambient temperatures but are individually observable at
cryogenic temperatures due to reduced molecular motions. As a result, line broadening in
DNP-assisted spectra is expected to be residue-specific and difficult to predict without prior
knowledge of the implicated motions. In general, the set of conformers that can contribute to
each observable signal depends on multiple factors, such as the conformational space
sampled by the individual residues, the interaction of side chains with solvent molecules in
the frozen matrix, and the individual rates of the associated exchange/maotional processes.
Solvent molecules in the frozen, glassy state will interact with amino acid side chains
differently than in ambient temperature solution. In a typical DNP experiment, the sample is
slowly frozen to the desired cryogenic temperature with cooling rates as low as 1°/min34 or
as high as 10°/s.” An earlier study by Tycko and coworkers reported that while these slow
freezing conditions trap equilibrium conformations, if a system is frozen quickly (e.g.,
freeze-quenching by spraying a solution of a protein under investigation into cold
isopenthane) non-equilibrium states are additionally trapped, and mixtures of unfolded and
fully folded molecules were found to be present.89 Therefore, the subset of conformers
present in the DNP NMR experiments here is anticipated to reflect equilibrium distribution
of conformers.

MD simulations could potentially provide valuable information about the accessible
conformational space and, within the practically reachable simulation timescales, should
inform on the equilibrium conformations trapped under the slow-freezing conditions
employed in this work. Indeed, the chemical shift distributions derived on the basis of the
MD trajectory show good agreement with experimental DNP MAS NMR results. The
Baldus group has previously used MD trajectories to estimate 1D 13C lineshapes from DNP-
based experiments.#! Here, we calculated chemical shifts from individual frames of the MD
trajectories to obtain the distribution of conformers compatible with the observed shifts in
2D DNP MAS NMR experiments. To this end, 5000 frames were extracted from a 100 ns
MD trajectory for CA tubular assemblies.

The effect of conformational heterogeneity in 2D heteronuclear DNP spectra of CA tubular
assemblies is examined in Fig. 3a, which depicts 13C® and 1°NH chemical shift distributions
for the sets of conformers observed for eight representative residues whose cross peaks are
sufficiently resolved for the analysis, extracted from the MD conformer ensemble. The
distribution of chemical shift values over the course of the MD trajectory is displayed in Fig.
3a. Not surprisingly, residues that reside in the flexible CypA loop (e.g., A88 and G89)
exhibit broader chemical shift distributions than those in more rigid regions, such as G116.
This is qualitatively borne out by our data: the degree of molecular motion (as determined by
the extent of the attenuation of dipolar order parameters with respect to the rigid limit
values) correlates with the chemical shift distribution width, see Fig. S4 of the Supporting
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Information. Dynamic residues, such as A88 and G89, exhibit broader chemical shift
distributions compared to rigid residues, such as A105, S109 and G116.

Furthermore, the variability in 2°NH chemical shifts is larger than in 13C2 shifts, both based
on the MD simulations (Fig. 3a), as well as experimentally (Fig. 2d), suggesting that
conformational heterogeneity will result in more extensive broadening in the 1N dimension
than in the 13C dimension. In contrast, the line widths (in ppm) in the non-DNP spectra
acquired at ambient conditions are very similar in the 1°N and 13C dimensions. Therefore,
the overall non-uniform increase in signal widths under DNP conditions is a strong
indication that the predominant underlying cause for broadening is conformational
heterogeneity, directly related to the relative flexibility of individual residues. Consequently,
without the knowledge of the conformational space that is sampled by an individual residue,
the extent of spectral broadening is difficult to predict. However, it becomes accessible
through MD simulations.

To test the above assertion further, experimental 2D DNP lineshapes were compared with
those simulated on the basis of the individual conformers in the MD trajectory for several
representative residues. The simulated chemical shift distributions for every pair of 13C® and
15NH chemical shifts based on 5000 snapshots of a 100 ns MD trajectory are weighted with
respect to abundance: the higher the frequency of a particular chemical shift pair, the
brighter the spot (Fig. 3b). The agreement between the simulated and the experimental
contour maps is generally very good and is applicable to both rigid residues (G101, 1104,
A105, G106, S109, and G116) and dynamic residue, G89. A superposition of the chemical
shift distribution map generated for all amino acids and the experimental DNP-enhanced
NCACX spectrum is provided in Fig. S6, Supporting Information. The agreement of the
experimental shifts with the MD-derived chemical shift maps suggests that the conformers
captured by MD are representative of the accessible conformational space, despite the fact
that the sample freezing rates were slow in the current study. Indirectly, this assertion is
supported by the fact that the use of shorter MD trajectories (up to 10 ns) does not reproduce
the breadth of the observed chemical shift distributions for dynamic residues, as illustrated
in Fig. S7, Supporting Information.

Not for all residues is a quantitative agreement observed. For example, for the dynamic A88
residue the experimental and calculated shifts are different. This discrepancy cannot be
explained by a PRE effect, since no line broadening is observed, and the experimental peaks
are narrower than the calculated distributions. One possibility may be that not all conformers
can be frozen out during the slow cooling, although this hypothesis remains to be tested.
Interestingly, the experimental H-1°N dipolar order parameters for A88 at 4°C also
indicated that this residue is less dynamic than predicted by MD simulations (S#P = 0.39 vs
SMD = (.11 for the H-1°N bond).13 Furthermore, PRE-induced spectral broadening is
expected to be relatively homogeneous, which is not borne out in the comparison of the
simulated and experimental lineshapes (Fig. 3), and the presence or absence of the PRE
effect may depend on the morphology of the sample, the nature and the concentration of the
biradical 41.79.81
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The different extents to which 13C®and15NH chemical shifts are affected by dynamics, as
observed experimentally and through MD simulations, demonstrates that both of these
nuclei should be taken into consideration when analyzing the conformational space from
experiments conducted at cryogenic temperatures, where molecular motions are restricted.
Such an analysis will potentially allow for estimating the entire conformational space and
dynamics in HIV-1 protein and other viral assemblies and will be pursed in conjunction with
detailed studies aimed at estimating the relative contributions of PRE-induced or
conformational heterogeneity-associated spectral broadening in the future.

Intact Viral Assemblies: Bacteriophage AP205

Intrigued by the findings on the HIV-1 CA assemblies, we examined the 13C chemical shift
distributions in the VVLPs of the bacteriophage AP205 coat protein, on the basis of 1000
frames extracted from a 100 ns MD trajectory. Resonance assignments derived from the 2D
DNP-enhanced spectra were validated by the comparison with the assignments reported by
us previously on the basis of the 2D and 3D spectra acquired at 275 K,58 with minor
temperature-induced chemical shift changes. A superposition of the experimental 2D
13¢-13C correlation spectra with the simulated chemical shift distribution maps is provided
in Fig. 4. Qualitatively, the simulated chemical shift distributions for AP205 exhibit
reasonable agreement with the experimental spectra, suggesting that conformers in the MD
trajectories, which would be averaged at ambient temperatures, are trapped and become
detectable at cryogenic temperatures in the DNP experiments. It is worth noting that for
AP205 the analysis was performed for C*-CP correlations, while for the HIV-1 CA — for the
NH-C correlations between the backbone atoms. This may explain why the agreement is
slightly less convincing than for the lineshapes presented in Fig. 3

The approach presented here is in its early stages of development and has inherent
limitations, such as i) the lack of clear procedure, at the current time, to assure that the states
trapped at cryogenic temperatures represent all of the equilibrium conformers; and ii) MD
simulations sample the entire equilibrium conformational space. To gain systematic
understanding into these issues and to overcome these, further investigations are needed
spanning multiple systems and multiple conditions.

CONCLUSIONS

We applied an integrated DNP MAS NMR/MD approach for analyzing structure and
dynamics in HIV-1 capsid assemblies and bacteriophage AP205 VLPs. The study was
enabled by DNP-enhanced MAS NMR spectroscopy that yielded considerable sensitivity
gains. It was then possible to record 2D and 3D heteronuclear correlation spectra in a
fraction of time, compared to the acquisition of conventional data sets. We show that at low
temperatures individual conformers, which are in dynamic exchange at ambient
temperatures, are frozen out such that they exhibit separate lines in 13C and 15N NMR
spectra. The detected, distinct 13C/13N chemical shift distributions are in accord with the
extent of dynamics and the accessible conformational space in HIV-1 CA and AP205
assemblies displayed by the chemical shift distributions, calculated from MD trajectories.
Remarkable qualitative agreement between the 15N and 13C 2D lineshapes and calculated
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chemical shift distributions is observed. Our results suggest that DNP-based experiments
combined with MD simulations can be used to probe both structure and conformational
dynamics. Furthermore, the integrated methodology described here is a powerful means to
study functionally relevant dynamics in complex biological systems, including but not
limited to viruses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIV-1 (top), and bacteriophage AP205 (bottom) viruses investigated by DNP-enhanced
MAS NMR spectroscopy. a) an all-atom model of mature HIV-1 capsid (PDB ID: 3J3Y),%5
e) cryo-EM reconstruction of AP205.58 b,f) transmission electron microscopy (TEM)

images. c,d) expansions of 13C-13C correlation spectra of CA tubular assemblies and g,h)

AP205 VLPs. Conditions were ¢) 19.96 T, 277 K; d) 14.1 T, 110 K, DNP-enhanced; g) 23.4
T, 275 k; h) 18.8 T, 109 K, DNP-enhanced. For detailed experimental conditions, see

Materials and Methods.
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Figure 2.

DNP-enhanced 2D- and 3D NCACX correlation spectra of U-13C, 15N HIV-1 CA tubular
assemblies acquired at 14.1 T and 109 K. (a) Selected 2D strips of the 3D NCACX spectrum
showing well-resolved resonances and their assignments. (b) 2D NCACX spectrum. The
MAS frequency was 12.5 KHz, SPECIFIC-CP time for the NCA transfer was 6.5 ms and the
DARR mixing time was 40 ms. (c) Overlay of 2D NCACX spectra acquired under cryogenic
temperatures with DNP (14.1 T, gray) and under ambient-temperature conditions without
DNP (21.1 T, magenta). (d) An expansion of (c) showing three representative, well-resolved
resonances. (€) The primary amino acid sequence of CA with the secondary structure shown.
(f) The position of amino acid residues observed and assigned by DNP-enhanced MAS
NMR spectroscopy shown in the crystal structure of unassembled full-length CA (PDB:
3NTE). In e)-f), assigned residues are colored cyan and residues for which chemical shift
distributions were analyzed are colored magenta.
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Figure 3.
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a) The probability distributions of 3C® and 15NH chemical shifts, calculated from 5000
substructures of the 100-ns MD trajectory for representative amino acids of HIV-1 CA. The
range was set to +8 ppm of the isotropic chemical shift to demonstrate the relative spread in
chemical shift values. The isotropic chemical shifts were calculated using SHIFTX.61, b)
Overlay of experimental contour plots (light pink) for well-resolved signals in the DNP-
enhanced 15N-13C 2D NCACX correlation spectrum and chemical shift distribution maps
for the corresponding residues (grey) of of U-13C, 15N HIV-1 CA tubular assembly,
calculated from 5000 substructures of 100 ns MD trajectories. Experimental conditions are
the same as in Fig. 2.
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Figure4.

An overlay of two-dimensional chemical shift maps calculated from MD trajectories and
13C-13C correlations in a DNP-enhanced MAS NMR CORD spectrum of AP205 VLPs.
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