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Abstract

Single particle cryoEM has emerged as a powerful method for structure determination of proteins
and complexes, complementing X-ray crystallography and NMR spectroscopy. Yet, for many
systems, the resolution of cryoEM density map has been limited to 4-6 A, which only allows for
resolving bulky amino acids side chains, thus hindering accurate model building from the density
map. On the other hand, experimental chemical shifts (CS) from solution and solid state MAS
NMR spectra provide atomic level data for each amino acid within a molecule or a complex;
however, structure determination of large complexes and assemblies based on NMR data alone
remains challenging. Here we present a novel integrated strategy to combine the highly
complementary experimental data from cryoEM and NMR computationally by molecular
dynamics simulations to derive an atomistic model, which is not attainable by either approach
alone. We use the HIV-1 capsid protein (CA) C-terminal domain as well as the large capsid
assembly to demonstrate the feasibility of this approach, termed NMR CS-biased cryoEM
structure refinement.
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Introduction

Remarkable advances in cryo-electron microscopes, direct electron detection devices and
image data analysis software within the last few years have advanced cryoEM methodolgy
to a stage where for many large proteins, macromolecular complexes and assemblies 1 2 it
has become the method of choice for structure determination, complementing NMR
spectroscopy and X-ray crystallography 3: 4. While some spectacular examples of cryoEM
structures at atomic resolutions have been reported °, for many systems it remains a
challenge to reach atomic details, especially for every part of the molecule and certainly for
flexible regions 6-8. It is anticipated that a large number of cryoEM density maps will be
reconstructed at 4-6 A resolution level. At this level of resolution, the overall architecture of
the system, secondary structures, as well as large side chains or bases will be clearly
resolved, but it will remain challenging to refine every part of the structure. A number of
methods have recently put forth to aid cryoEM structure refinement, such as those inspired
by X-ray crystallographic refinement programs, Phenix ® 10 and RefMac 11, or molecular
dynamics simulations flexible fitting 12 13 or a combination of molecular dynamics with
Rosetta refinement 14 15, However, without real experimental data at the atomic level, the
models derived from these refinement procedures fall short on accuracy and may contain
ambiguities.

On the other hand, experimental chemical shift measurements from solution and solid state
NMR spectra provide atomic level details for each amino acid within a molecule. Yet, for
many large molecules, complexes and assemblies, it is necessary not only to obtain complete
or almost complete resonance assignments but also a large number of distance and angular
restraints. However, distance and angular restraint measurements and data analysis remain
laborious both for solution and particularly for solid-state NMR. While great strides have
been made to develop 3- and 4-dimensional experiments for resolution enhancements of
magic angle spinning (MAS) NMR spectra 16-18 and ultrafast MAS in conjunction with 1H
detection has further enabled structure determination by solid state NMR 19 20, experiments
and data interpretation still take many months. Nonetheless, given that the data from
cryoEM density maps and NMR chemical shifts are highly complementary, integrating the
structural information from both methods, combined with all-atom molecular dynamics
simulations, provides a powerful means to solving structures of systems that are otherwise
not tractable using any single structural biology technique. Indeed, recent reports
demonstrated successful incorporation of cryoEM data as constrains into the refinement of
solution and solid state NMR structure using Xplor-NIH 2122 or Rosetta modelling 23: 24,

State of the art computational methodologies have reached the level where they can be used
as powerful tools for the structural refinement of large macromolecular complexes and
cellular systems 12: 13, For example, computational techniques can be used to predict protein
structure from sequence, e.g., using Rosetta 25 or MU-Fold 28; refine structures by
incorporating experimental data using molecular dynamics flexible fitting (MDFF) 12.13 and
study dynamic properties of proteins using molecular dynamics (MD) 2729, MD-based
techniques can incorporate multiple experimental observables as external forces during the
simulation thus obtaining atomistic details of protein structure and dynamics. Notable
examples of large complexes that were determined by computer-guided methods and
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experimental measurements include structures of the ribosome, the proteasome, virus
capsids, the cytoplasm and the chemosensory array 30-35,

HIV-1 capsid is the protein shell that encloses the viral genome and plays critical roles in
many steps of viral life cycle, including assembly, maturation, uncoating, reverse
transcription, and trafficking to the cell nucleus. Capsid therefore represents an attractive
target for anti-HIV drug development. A number of atomic structures for the HIV-1 capsid
protein (CA) monomer, hexamer and pentamer have been determined 4 36-39, but not in the
assembled state. We previously determined a cryoEM structure of the HIV-1 capsid (CA)
tubular assembly at 8 A resolution 34. Combining this structure with cryo-electron
tomography of a native core and all-atom molecular dynamics simulations, we derived a
computational model for the entire viral capsid 34. We now report a high-resolution (5 A)
cryoEM density map of a tubular capsid assembly. The map shows densities for many bulky
amino acid side chains, permitting the identification of intermolecular interactions in this
assembly. In addition, well dispersed MAS NMR spectra recorded for the same assembly 4°,
permitted assignments of 96% of the backbone and side chain resonances. Since cryoEM
density maps and NMR chemical shifts represent orthogonal structural data, a novel
approach was developed, which combines the strengths of both methodologies, i.e., using
the chemical shifts from MAS NMR spectra to guide the cryoEM structure model
refinement. This was done in an exemplary fashion for a tubular capsid assembly. Since the
capsid assembly is very large and computationally expensive, we first developed and
validated our integrated method on the CA C-terminal domain (CA-CTD), for proof-of-
principle. We further used the approach to refine the cryoEM structure of the CA hexamer in
the tubular assembly, the main basic assembly unit for the viral capsid. We are confident that
the NMR chemical shift-guided approach for cryoEM refinement will have broad impact to
both cryoEM and NMR based structural analysis of large protein assemblies, extending
beyond HIV-1 research.

Protein expression and purification

The NL4-3 A92E HIV-1 capsid protein (CA) was expressed in £. coli Rosetta 2 (DE3) cells,
purified by ion exchange chromatography, as described previously, with a minor
modification 1. Briefly, cell lysate was loaded onto a 5 mL Hi-Trap SP column (GE
Healthcare) equilibrated with a buffer containing 25 mM sodium phosphate, pH 5.8, 0.02%
sodium azide and 1 mM DTT. The protein was eluted with a linear gradient of 0-1 M NaCl
at a flow rate of 2 mL/min. The fractions containing CA protein were pooled and loaded
onto a Hi-Load Superdex75 26/60 column (GE Healthcare) equilibrated with a buffer
containing 25 mM sodium phosphate, pH 7.5, 0.02% sodium azide and 1 mM DTT at a flow
rate of 2 mL/min. The protein was concentrated to 12 mg/ml using Amicon concentrators
(Millipore) and stored at —80°C until used.

CryoEM specimen preparation and data collection

CA A92E protein (12 mg/ml) stock was diluted to 2 mg/ml in high salt buffer (1M NacCl,
50mM Tris pH 8.0) and incubated at 37°C for 1 hr for tubular assembly. The assembled
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sample (2.5 ul) was applied to the carbon side of a glow discharged perforated Quantifoil
grid (Quantifoil Micro Tools, Jena, Germany), followed by application of 3 pl of low salt
buffer (100 mM NaCl, 50mM Tris pH 8.0) on the back side of the grid, and blotting, from
the back side, with a filter paper, before plunge-freezing in liquid ethane, using a manual
gravity plunger. Low dose projection micrographs of tubes embedded in a thin layer of
vitreous ice were collected on a Tecnai Polara microscope (FEI Corp., OR.), operated at 300
kV at liquid nitrogen temperature. Images were recorded on a Gatan K2 summit direct
electron detector camera at a nominal magnification of 31,000 x, using super-resolution
counting mode. The images were binned by 2 (bin 2) during image processing. The pixel
size of bin 2 image is 1.22 A. The dose rate was set to ~8 electrons per physical pixel per
second. The total accumulative electron dose is ~41 electrons/AZ fractioned over 30
subframes with a total exposure time 6 seconds. The defocus values were from 0.7 to 2.2
um.

Image processing and 3D reconstruction

Each tube was boxed out from the bin 2, and the whole micrograph was motion corrected
using e2helixboxer program in EMAN2 42, All the tubes were sorted into different groups
based on their diameters. Only the most abundant group was further analyzed, which mainly
encompasses the (—12,11) helical symmetry group. These tubes were then boxed out from
the unbinned 30 subframes movie with a fixed width of 1600 pixels to minimize
interpolation. A total of 523 tubes with (=12, 11) symmetry were selected. An in-house
script was used to generate the coordinate file for particles of 456 x 456 pixels with 95
percent overlap from the bin 2 movie. Each particle contained 6 asymmetric subunits. A
total 40528 movies of individual particles were extracted from the bin 2 movies, using
IMOD, motion corrected and exposure filtered using unblur, and normalized using RELION
1.4 43. All particles were subject to two rounds of reference-free 2D classification (with 80
classes) and bad classes containing ice contamination were discarded. Total 39712 particles
were selected for auto-3D refinement using Relion 1.4 43. The reference density map was
generated using frealign 44 and filtered to 15A resolution. An asymmetric density map at ~6
A resolution was reconstructed by 3D auto-refine. This density map was filtered to 15A and
used as a reference for 3D classification (with 4 classes), using only local angle searches
with an angular step of 0.5° and angular range of 5°. The 3D classification generated three
good classes with 42%, 28% particles and one bad class with 26% particles. The three good
classes were individually refined using 3D auto-refine. Helical symmetry was imposed in
real space by rotating and translating the map by A® and Az and averaged with itself. Two-
fold symmetry was applied by rotating a hexamer by 180 degrees and averaged with itself.
The final density map was reconstructed post processing by merging the two half maps in
Relion, followed by sharpening and filtering. The final resolution was 5 A, based on the
Fourier Shell Correlation (FSC) value of 0.143.

MAS NMR sample preparation and data collection

Tubular assemblies of CA A92E were prepared by adding NaCl solution to 32 mg/ml
protein solution to a final salt concentration of 1 M, followed by one-hour incubation at
37 °C. Tubular assemblies were collected by centrifugation at 10,000 g, and the pellet was
packed into a Bruker 3.2 mm thin-wall rotor.
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MAS NMR experiments were acquired on a Bruker 19.9 T narrow bore AVI1II spectrometer
outfitted with a 3.2 mm BioMAS HXY probe. Larmor frequencies were 850.400 MHz

for 1H, 213.855 MHz for 13C, and 86.181 MHz for 1°N. The MAS frequency was
maintained at 13.000 £ 0.001 kHz by a Bruker MAS controller. The sample temperature was
calibrated using KBr as a temperature sensor, and was controlled at 4 £ 0.1 °C throughout
the experiments by a Bruker temperature controller.

Typical 90° pulse lengths were 3.3 us for 1H and 3.8 ys for 13C. 1H-13C cross-polarization
was performed with contact time of 1 ms, and a linear amplitude ramp of 80-100% on H,
with the 1H rf field of 80 kHz matched to the second spinning sideband. Small phase
incremental alternation (SPINAL-64) 1H decoupling (80 kHz) 4° was applied during the
evolution and acquisition periods. The 1H field strength during DARR was 13 kHz, with a
DARR mixing time of 50 ms. States-TPPI 46 was used for frequency discrimination in the
indirect dimension.

MDFF of CA hexamers

The hexameric structure of CA (PDB: 4XFX) was docked into the cryoEM density using
Chimera. Crystallographic waters were kept for MDFF. Protonation states of titratable
groups and the coordinates of hydrogens belonging to the CA hexamer and crystallographic
waters were calculated and added using PDB2PQR #7. Subsequently, using CIONIZE 48 in
VMD 49, neutralizing ions were added to the CA hexamer and the crystallographic waters.
The simulation system was then fully solvated in a water box of dimensions 126 x 133 x
133 A. In addition, bulk ions were added to a concentration of 1M NaCl. Molecular
dynamics flexible fitting (MDFF) simulations were carried out using the r-RESPA integrator
available in NAMD2.10 9. Long-range electrostatic force calculations employed the PME
(particle-mesh Ewald) method, with a grid spacing of 1.0 A and 4th order interpolation and a
1.2 nm cutoff. Simulations used the CHARMM36 force field 1 with the TIP3P water
model %2, using a time-step of 2 fs, with non-bonded interactions evaluated every 2 fs and
electrostatics updated every 4fs. All hydrogen bonds were constrained with the SHAKE
algorithm. Secondary structure and chiral restraints were applied with a force constant of 1
kcal/A. MDFF was performed in two steps: 1) the backbone atoms were coupled to the
density with a coupling constant ramping from 0.05 to 1.0 over 5ns. 2) bulky residues, in
particular phenylalanine, tryptophan isoleucine, leucine, tyrosine, arginine as well as the
backbone of the protein were coupled to the density with a coupling constant ramping from
0.05 to 1.0 over 5 ns. A second model was produced by optimizing the MDFF-derived
structure using FastRelax in Rosetta. The FastRelax algorithm optimizes the model by
applying a gradient minimization to all torsional degrees of freedom (¢, v, w, and x)
followed by a simulated annealing rotamer search.

SHIFTX2 and model prediction

SHIFTX2 53 was employed to predict the backbone and side chain 13C chemical shifts using
two MDFF-derived models of hexameric CA. The SHIFTX2 calculation was carried out in
the multi-chain mode, in which the hexameric CA was treated as a single long chain. The
temperature was set to 277 K, and the pH was set to 6.0.
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Density map-based, CS-biased MD model refinement

All NMR chemical-shift biased MD (CSMD) simulations were performed using NAMD 2.9,
with an integration timestep of 1 fs, bonded interactions computed for every timestep, and
electrostatics updated every 4 fs. Particle-mesh-Ewald was used for long-range electrostatics
with a grid size of 1 A. In addition, the CHARMM22 force-field 54 with CMAP

correction °° and the generalized Born implicit solvent model as implemented in NAMD
were used for all CSMD simulations 6. One of the monomers in the crystal structure of the
C-terminal domain of CA (PDB code: 1A43) was used as the starting structure. Chemical
shifts corresponding to the dimeric form of the C-terminal domain of CA in solution were
used in the following manner: At every MD time-step, chemical shifts were calculated for
the current structure using the program Almost (CS2BACKBONE and CH3SHIFTS) 7.
Subsequently, the difference between the predicted and measured CSs was incorporated as a
linear potential centered around 0.0 and a slope of 12.0 using the software PLUMED 58 and
NAMD, over 1 ns 0. Backbone heavy atoms (Ca, CB, C and N), as well as backbone
hydrogens (Ca-H and N-H) for residues 1, 3, 4, 6, 18, 24, 25, 27, 30, 34, 39, 41, 42, 43, 44,
47,53, 54, 55, 57, 58, 62, 63, 64, 69 and 70, were employed for the CS-biasing of the CTD.

The MDFF-derived model of hexameric CA was used subjected to CS-biased refinement. In
particular, MAS chemical shifts for assembled tubes of CA were used as a bias for the
backbone heavy atoms (Ca., CB, C and N). Therefore, chemical shifts were calculated for
each time-step using the program Almost (CS2BACKBONE). The difference between the
predicted and measured CSs was incorporated as a linear potential centered around 0.0 and
with a slope of 1.0 using the software PLUMED and NAMD, over 1 ns.

Results and Discussion

Overview of CS biasing strategy

CryoEM densities and NMR chemical-shifts can be readily used in molecular-dynamics
simulations for refinement of protein structure. Typically, these measurements are integrated
as an external potential during the simulation. For instance, cryoEM densities are
incorporated as a grid-based biasing-potential in MDFF 13, NMR chemical-shifts, on the
other hand, can be included in the form of a knowledge-based potential 59; from such
potential, forces are calculated based on the deviations in chemical shifts between the atomic
coordinates and the NMR measurements >/-59, Remarkably, successful in-silico folding of
proteins, based solely on CS, has been reported in the literature 60, albeit this approach so far
is limited to small, globular proteins. Here we propose and present an approach that
combines data from complementary experiments in order to obtain a holistic picture of
molecular structure.

In our approach, an experimentally or computationally derived structure is refined by
incorporating cryoEM and NMR restraints in an integrative fashion using a molecular
dynamics force-field (Figure 1). Since a complete structure is required as a starting point,
missing loops and medium-sized structural motifs need to be generated de novo and added
to the structure by using specialized software (e.g., Modeler, MU-fold, and Rosetta) 2°: 26,
Subsequently, using 4-6 A resolution cryoEM density maps, all backbone and side chains
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atoms that are clearly defined in the density are fitted into the map using the MDFF

protocol 1213, In order to allow for variation in secondary structure (e.g., helix bending or
helix kinks), the MDFF-refined model is further refined adding NMR chemical shift derived
backbone restraints. These NMR restraints are incorporated during each time-step of the
simulation. For subsequent cross-validation of the final model, a subset of chemical shifts is
omitted from the biasing step. The resulting model can be used as the new starting model for
further iterative refinement, including fitting to the experimental density map and
optimization of side-chain rotamers using knowledge-based potentials 31.

CS-biased model refinement of HIV-1 CA-CTD

We tested the workflow and algorithms using a small model system with a known NMR
structure, since such a model system permits testing the approach and validating the derived
structural model by comparing it to the “‘ground truth’, the solution NMR structure. HIV-1
CA-CTD, was selected as the model system since its NMR solution structure was previously
solved by us (PDB code: 2KOD) (Figure 2A, orange) and its relevance to our target, the full-
length CA assembly 4. A simulated density map was generated at 5 A resolution in order to
mimic the cryoEM density map (Figure 2B). A different CA-CTD model determined by X-
ray crystallography (PDB code: 1A34) (Figure 2C grey) 61, exhibiting a heavy atoms
backbone RMSD of 1.5 A to the NMR solution structure (Figure 2C orange), was used for
MDFF fitting into the simulated density map. Using this starting MDFF model, we applied
chemical shifts from the solution NMR spectrum (methyl-containing residues) to C and H
atoms as a biasing potential during MDFF model refinement. The resulting refined model,
shown in blue in Figure 2D, clearly deviates from the initial X-ray structure (Figure 2D
grey), and more closely resembles the ‘ground truth’ solution NMR structure (Figure 2D
orange), with heavy atoms backbone RMSDs of 1.4 A and 0.9 A, respectively. The CS-
biased model refinement converges rapidly from an heavy atoms backbone RMSD of 1.5 A
to less than 1.0 A in less than 0.5 ns (Figure 2E). Note, that due to limitations in Almost
(CH3SHIFTS) 7 only a subset of chemical shifts corresponding to residue types which
contain methyl-groups, namely Ala, lle, Leu, Met, Thr, and Val (listed in the methods
section, Figure 2F with “*), were included in the CS-biased simulation. To measure the
performance of this approach, we further calculated predicted chemical shifts from the
resulting model using SHIFTX2 3, and compared these to the experimental NMR chemical
shifts for every residue in the CA-CTD molecule (Figure 2F). The overall chemical shift
deviations are 0.1 ppm for Ca-H, 0.4 ppm for Ca, and 0.3 ppm for Cp, respectively.

CryoEM structure of the CA tubular assembly

Previously we investigated the NL4-3 CA A92E tubular assembly and obtained a 3D density
map at 8 A resolution, using image data collected on photographic film 34. Taking advantage
of the K2 summit direct electron detecting device, which allows for drift-correction using
the movie mode capturing and electron counting in super-resolution mode, we recorded a
large number of high-resolution movie stacks on the Polara electron microscope. A total of
523 tubes of a single helical family (-12,11), based on their Fourier transforms (for helical
symmetry see reference 52) were selected and boxed out into small segments that were
treated as single particles for structural analysis. Using an iterative real-space helical 3D
reconstruction method 53, about 40,000 helical segments were processed to derive the final
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density map at ~5 A resolution (Figure 3), with a Fourier shell correction of 0.143,
calculated between two independent half maps. The resulting map at this resolution clearly
resolves all secondary structures, in this case a helices. Each turn of the a helices is clearly
visible in the density map (Figure 3C) and densities for some large amino acid side chains
are also observed (Figure 3C). However, even at this resolution, it is still very challenging to
derive an atomic structure, since density for all the residues is not resolved.

The CA tubular assembly is composed of CA hexamers arranged in a hexagonal lattice on a
curved cylindrical surface (Figure 3A). Interestingly, the CA hexamer itself in this
arrangement is also curved, and does not exhibit perfect six-fold symmetry, in contrast to the
planar structure of the crystallographic wild type CA hexamer (PDB code 4XFX) 36, As a
result, rigid body docking of the crystal structure does not yield a satisfactory fit to the
cryoEM density. MDFF was employed, using the density as a guide during the molecular
dynamics simulation, resulting in a final density map with a cross-correlation of 0.8 (Figure
3B&C). Gratifyingly, MDFF places the large amino-acid side chains into the corresponding
densities in the cryoEM map (Figure 3D). Note that the fit is still relatively poor in the
CypA-binding loop region, since only weak density was observed given the intrinsic
flexibility of this loop 4. The above described MDFF-derived model was used as the
starting model for the NMR CS-biased structure refinement, as detailed below.

MAS NMR of CA- assembly

We previously reported that the NL4-3 CA A92E tubular assembly yields MAS NMR
spectra of remarkable resolution 4%, which permitted the de novo assignments of backbone
and side chain carbon and nitrogen atoms for 96% of residues (Table S1 of the Supporting
Information). As illustrated in Figure 4, the spectral resolution for the WT NL4-3 CA
tubular assembly is excellent, on par with that of the A92E mutant. Interestingly, we see a
number of 13C chemical shift and intensity differences between the spectra of the two
variants (Figure 4A—F). Most of these changes are confined to the CypA loop region in
which the amino acid change resides; however, several are detected outside the loop, also
within the CTD. While these changes are small and do not exceed 1 ppm for 13C nuclei and
hence do not signalize a change in secondary structure, they do indicate distinct changes in
the local structure, comparing wild type and the A92E mutant assemblies. This finding
represents a further example for the presence of remarkable conformational plasticity in CA,
which can adopt numerous slightly different conformations, thereby enabling formation of
the varied curvature in the assembled mature capsids 4 36 38. 40,65 The fact that point
mutations and/or changes in the experimental conditions for /in vitro assembly affect local
structure is not surprising, given the protein’s plasticity. However, overall no changes in
secondary structure are seen for the A92E and wild type tubular assemblies, and the only
notable differences pertain to the CypA loop region.

Comparison of initial modeling with MDFF

To test whether in the assembled CA carbon side chain chemical shifts can be used to
reliably predict local conformation, we examined the agreement between experimental 13C
sidechain shifts for lle residues (reporting the different rotamers) and those calculated from
the MDFF and the rotamer-optimized MDFF model using SHIFTX2. We selected
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isoleucines for this test since a large number is present, fifteen in total, and they are
distributed over the entire CA sequence, residing in rigid and flexible regions of the NTD
and CTD. Shifts were calculated for each molecule in each hexamer, and the results are
summarized in Figure 5. Figure 5A depicts the experimental Cy1, Cy2, and C81 shifts for
each residue, together with the predicted shifts from the MDFF models, color coded
according to the rotameric state, and in Figure 5B the torsion angles dependence for x 1 and
x 2 of the experimental and predicted shifts for each carbon type, Cy1, Cy2, and C81 are
plotted. For the majority of the isoleucines, with the exception of 115, 191, and 1150, MDFF
predicts that one predominant rotamer is present and, if a second rotamer is predicted, this is
only seen in one or two of the twelve chains. Remarkably, for eleven residues (12, 115, 173,
191, 1115, 1124, 1129, 1134, 1135, 1141), experimental shifts for at least two carbons are in
agreement with the predictions for the predominant rotameric state. Interestingly, for the
remaining four residues (137, 1104, 1153, 1201), the experimental shifts for one of the
carbons agree with the prediction for one rotamer, while for the other two atoms the
experimental shifts do not match any of the predicted ones.

These initial results are encouraging in several ways. First, the agreement between the
experimental and predicted shifts for the majority of carbons of eleven of the fifteen residues
demonstrates that experimental 13C shifts could be used potentially be used for refinement,
in particular for selecting rotameric states, as was also demonstrated previously on other
systems 66. More importantly, these findings will guide the next steps for improving our
current work. The current MDFF models span a relatively limited set of torsion angles and,
for a subset of residues, the poor agreement between the experimental and calculated shifts
(outside of the error limit) clearly indicates that the MDFF models do not cover the
experimentally observed rotamers. This needs to be addressed through a systematic analysis
of conformational space, which is beyond the scope of this manuscript and will be pursued
in a further study.

CS-biasing of backbone refinement

The MDFF-derived model of a single CA hexamer was refined using CS by MD
simulations. CS restraints were applied only to the backbone heavy atoms. As expected, the
backbone structure of well-defined helices in the cryoEM density only marginally changed
by the CSMD simulation (< 0.5 A). However, residues in flexible loops, particularly in the
CypA-binding loop and the loop connecting helix 8 and 9 exhibited larger changes (Figure
6A). Importantly, the differences between predicted chemical shifts of the model and the
experimental NMR shifts are relatively small (Figure 6B). In addition, the resulting
trajectory reaches a relatively steady phase after 0.7 ns, indicating convergence of the
simulation (Figure 6C). We should point out, however, that the use of time- and ensemble-
averaged biasing forces should produce more reliable results since more than one conformer
can result in a particular chemical shift 667 This sampling problem, in addition to the lack
of a biasing-force for atoms in the amino acid’s side-chains currently limits our approach
and we will address this limitation in further work.
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Conclusions

We determined a cryoEM density map of a tubular HIV-1 capsid assembly at 5 A resolution
and combined the electron density data with MAS NMR chemical shift data from the same
capsid assembly. The cryoEM density map reveals the overall architecture of the capsid
assembly, the secondary structures and positions of large amino acid side chains, while
NMR chemical shifts are sensitive probes for the chemical environment for each amino acid.
We thus combined the data from both cryoEM and MAS NMR for structure refinement,
using molecular dynamics simulations. The derived models of CA-CTD and the CA
hexameric assembly clearly demonstrate the feasibility and potential of this approach. At the
present time, however, we only used chemical shifts from backbone carbons of the CA
assembly, limiting our conclusions to some degree. Ongoing work will incorporate side
chain chemical shifts as ensemble- and time-averaged restraints in the MD protocols, greatly
improving the resulting structures through joint refinement algorithms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Schematic diagram illustrating NMR CS-biased cryoEM structure refinement. A starting
model is fit into the experimental cryoEM density map (46 A resolution) using molecular
dynamics flexible fitting (MDFF). The predicted chemical shifts (CSs) for the resulting
model are compared with experimental NMR CSs, and the differences between these are
incorporated as a biasing potential in MD, such as NAMD. The biasing forces are calculated
using Almost and send to NAMD using PLUMED. The resulting CS-biased model is then
iteratively refined. In parallel, CSs calculated from the resulting model using SHIFTX2 are
compared to a small subset of experimental NMR CSs that have not been used during the
CS-biased model refinement procedure for model validation.
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Figure2.

CS-biased structure refinement using the CA-CTD as a model system. A) Solution NMR
spectrum (left) of the CA-CTD domain and the solution NMR structure (PDB: 2kod,

right) 4. B) Simulated electron density map at 5 A resolution based on the NMR structure,
overlaid onto the NMR atomic model (PDB: 2kod, orange). C) MDFF fitting of the X-ray
crystal structure of CA-CTD (PDB:1A43) into the simulated density map (grey model),
superimposed onto the NMR structure (orange). D) Superposition of the CS-biased refined
structure (blue), the MDFF model (grey) and the ground truth NMR structure (orange). E)
Ca RMSD between the CS-biased refined model and the ground truth along the simulation
trajectory. F) Differences between the predicted CSs of the refined model and the
experimental solution chemical shifts: Ca; blue, CB; green and H; pink. Residues included
in the biasing calculation are labeled with “*”. (Panel A is from Byeon et al. 4, with
permission).
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Figure 3.
CryoEM density map of the CA tubular assembly at 5 A resolution, reconstructed from CA

tubes with a helical symmetry of (=12, 11). A) Surface rendering of the density map of the
CA tube, countered at 1.50. Three connecting CA hexamers are colored: CA-NTD; blue,
CA-CTD; orange. B) A single CA hexamer is cut out from the lattice array, and MDFF fit
using the crystal structure (PDB: 4XFX). C) Surface rendering of the CA monomer, cut out
from the CA hexamer and countered at 1.2a, displaying the helical turns for the alpha
helices and some densities for the side chains. D) Surface mesh rendering of the CA-CTD,
countered at 1.20, displaying the side chain densities of some bulky residues.
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Figure 4.

A) 2D 13C-13C DARR spectrum of tubular assemblies of U-13C,15N-CA A92E (orange)
superimposed on the 2D 13C-13C CORD spectrum of U-13C,15N-CA WT (gray), acquired at
19.9 T (850 MHz), using a mixing time of 50 ms. B)-F) Expansions of the DARR spectra
for the aliphatic region, comprising Ala, lle, Ser, and Thr resonances. Note, the excellent
spectral resolution: B) C®-CP (left) and CP-C¥2 (right) resonances of Thr residues; C) C*-C5
resonances of Pro residues; D) C*-CP resonances of Ala residues; D) C®-C¥2 (left) and C®-
C?1 (right) resonances of lle residues; E) C*-CP resonances of Ser residues.
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Figure5.

Top: Experimental 13C chemical shifts of sidechain carbons for individual Ile residues in
tubular assemblies of CA A92E: Cy1 (left), Cy2 (middle), and C81 (right) and those
predicted using TALOS-N®8. Bottom panels: 13C chemical shifts for Ile side chain carbon
atoms plotted vs. x 1 and x 2 torsion angles. Shifts predicted by SHIFTX2 for each CA
monomer in the MDFF models are color coded by rotamer type: magenta (g+t), yellow (g—g
=), grey (g-t), and blue (tt). For for the plots of shift vs. x 2, the experimental shifts are

depicted next to each panel.
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Figure 6.
MAS NMR CS-biased (backbone only) model of a CA hexamer in the CA tubular assembly.

A) Root-mean-square fluctuations (RMSFs) resulting from the CS-biased simulation.
Projection of the RMSFs on the structure of CA hexamer, ranging from 0 (dark blue) to
orange (2.0 A). B) Differences between the predicted CSs of the refined model and the
experimental MAS NMR shifts for all CA residues, Ca in red, CB in dark green and C in
blue. C) Time-evolution of the Ca RMSD between the CS-biased refined model and the
starting MDFF model. All 6 CA chains are plotted in color, with the CA hexamer in black.

J Phys Chem B. Author manuscript; available in PMC 2017 June 05.



	Abstract
	Introduction
	Methods
	Protein expression and purification
	CryoEM specimen preparation and data collection
	Image processing and 3D reconstruction
	MAS NMR sample preparation and data collection
	MDFF of CA hexamers
	SHIFTX2 and model prediction
	Density map-based, CS-biased MD model refinement

	Results and Discussion
	Overview of CS biasing strategy
	CS-biased model refinement of HIV-1 CA-CTD
	CryoEM structure of the CA tubular assembly
	MAS NMR of CA- assembly
	Comparison of initial modeling with MDFF
	CS-biasing of backbone refinement

	Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

