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ABSTRACT

This dissertation concerns with computational aspects of protein structure
determination from experimental magic angle spinning nuclear magnetic resonance
(MAS NMR) data and by integrating MAS NMR experimental restraints with
information obtained by other structural biology techniques, such as cryogenic electron
microscopy (cryo-EM) and X-ray crystallography.

In Chapter 1, protein structure calculation approaches are introduced.

Although the framework for NMR protein structure determination has existed
for quite some time, the general requirements for obtaining accurate and precise
structures, particularly in the solid state, have not been established until recently.
Therefore, we have performed a systematic model study to quantify accuracy and
precision with varying numbers of distance restraints. The results of this work are
discussed in Chapter 2.

Chapter 3 focuses on structure calculations of two crystalline systems: (1) the
N-terminal domain (NTD) of SARS-CoV-2 nucleocapsid protein, and (2) the crystalline
array of HIV-1 CActp-SP1 protein bound with assembly co-factor IP6 and a maturation
inhibitor Bevirimat (BVM).

Chapters 4 and 5 concern with an integrated approach to determine atomic-
resolution structures of large biological assemblies, whereas MAS NMR restraints are
combined with information from other experimental and computational methods. In

Chapter 4, the structure of tubular assemblies of HIV-1 CA capsid protein is presented,

xXii



determined by integrating MAS NMR restraints with cryo-EM density in data-driven
molecular dynamics (MD) simulations. In Chapter 5, this general approach is expanded
and adapted to determine the structure of a motor domain of conventional kinesin-1,
KIF5B, bound to polymerized microtubules. The studies presented in these two chapters
establish the integrative structural biology framework for determination of structures of

large biological systems inaccessible by any single technique in isolation.
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Chapter 1

INTRODUCTION

1.1 Methods for protein structure determination

There are multiple biophysical techniques for protein structure determination,
each of which has its merits and shortcomings.
X-ray crystallography

The first protein structure determined was crystalline myoglobin by X-ray
diffraction in 1958.% At the time of this dissertation, X-ray diffraction has produced the
most depositions in the protein data bank (PDB) totaling 171,900 (retrieved December
30 2022). The main caveat of X-ray crystallography is the requirement of single crystals,
which are often not easily obtained or possible, depending on the system.
Cryo-electron microscopy

Another technique, cryogenic electron microscopy (cryo-EM), has significantly
contributed to protein structure determination, particularly in recent years with the
development/implementation of direct electron detectors in 2012 resulting in numerous
structures at resolution higher than 5 A. As the name suggests, the technique is
performed at cryogenic temperatures. Additionally, in many studies, high-resolution is
unachievable, with only mid-to-low-resolution (~7-12 A) density maps only revealing

an overall envelope/architecture of the system.
1



NMR spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is another widely used
technique for atomic-resolution protein structure determination. NMR experiments can
be performed both on soluble samples (solution NMR) or on insoluble proteins and
protein assemblies that are prepared either as microcrystals or sedimented or lyophilized
samples (solid-state NMR). This dissertation concerns with protein structures
determined from experimental solid-state NMR data, using magic angle spinning
(MAS) NMR experiments.

Experimental MAS NMR restraints necessary for structure determination
include chemical shifts, torsion angle restraints, and distance restraints. The latter are
determined from dipolar-based correlation experiments, most commonly involving 3C-
13C correlations. These 3C-13C correlations correspond to interatomic distances of up
to 7 A. Collectively, with enough distance restraints, the fold and tertiary protein
structure is obtainable.

Although not specifically required, secondary structure information in the form
of dihedral (p/y) restraints aids this process considerably.? One such prediction program
to obtain this information from experimental NMR chemical shift assignments is
TALOS-N3, with, additional programs, such as CSI 3.0* and DANGLE® gaining in
popularity. Collectively, distance restraints that connect different parts of the protein,

along with the secondary structure predicted from the chemical shifts in the form of



dihedral (@/y) restraints, summarized and illustrated in Figure 1.1, yield an atomic scale

protein structure with a structure calculation.

Figure 1.1: Summary and illustration of various restraints on a generic polypeptide
that go into a structure calculation to yield an atomic resolution

structure by NMR spectroscopy. Reprinted with permission from 2.
Solution NMR, although quite powerful, is limited to relatively small systems
and requires samples to be fully soluble. On the other hand, solid-state NMR does not
have any limitations with respect to long-range order, solubility, or the molecular weight

of the system.® Static solid-state NMR experiments generate a broad pattern and to
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achieve resolution approaching that of solution NMR, magic angle spinning (MAS)
NMR can be employed. Under MAS conditions a solid sample is spun at an angle of
54.7° relative to the magnetic field. Consequently, the dipolar and chemical shift
anisotropy interactions are averaged out over the rotor period but can be recoupled

through judiciously designed pulse sequences.’

1.2 Protein structure determination by NMR

The most efficient and one of the most common approaches to NMR protein
structure calculations to date is molecular-based simulating annealing (MDSA)
calculations, which are often referred to as simulated annealing.® The strategy for such
calculations is, while sampling conformers, to compute the potential energy of the
protein structure using potential energy terms (or colloquially ‘potentials’) where the
lowest energy structure equates to the highest probable conformation.® The calculation
begins by initiating a high temperature bath where the conformational landscape can be
carefully explored. The temperature is then slowly reduced to converge towards an
overall local minimum which corresponds to the most probable conformer. As with the
vast majority of protein computational approaches, the heat is simply a level of disorder
applied to the system and a source of energy, as applying heat is simulated.®

An important consideration for practically any protein structure calculation is
temperature. Broadly speaking, temperature is defined most relevantly from the zeroth

law of thermodynamics.'%-*2 Considering three bodies, if one said body (A) is in thermal
4



equilibrium with the remaining two bodies (B,C), then the remaining two bodies (B,C)
are in thermal equilibrium with each other. Moreover, if two bodies (B,C) are said to be
in thermal equilibrium with each other, they are said to have the same “temperature”.*®

In the context of MDSA calculations, the temperature at each timestep is set to
a constant value by scaling the velocities of the canonical system (constant temperature,
pressure, and amount of particles).® The temperature, on a molecular level, is directly

related to the average kinetic energy of the system where the velocities is correlated to

temperature by the Maxwell-Boltzmann distribution.1%1!
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Figure 1.2: Visual representation of the energy landscapes explored during

molecular-based simulating annealing (MDSA) calculations.



1.2.1 Potential energy of a protein described with potential energy terms
The potential energy of a protein can be expressed with empirical force fields
with potential energy terms. The potential energy terms can be expressed as
Urorar = Usys + Ugxp + Uknow Eq. 1.5
where Ugys describes the energy of the molecular system, Ugyp contains the
experimental restraining energy terms derived from the NMR data, and Ugyow
comprises restraining terms that utilize protein knowledge to improve the accuracy and

enhance the protein structure quality. Each of the three terms can be further expanded

Usys = Uponas + Uangle + Uimpr + Urepel Eqg. 1.6
Uexp = Uaist + Uginea Eq. 1.7
Uknow = Utorsionos + Unppot + Ugyr Eq.1.8

where Uponas, Uangie» Uimpr describe the bond length, bond angles, and improper
angles of the protein respectively. Uy, is a “van der Waals-like” electrostatics term.
Ugise and Ugineq cOntain the experimental restraints from NMR for distance and
dihedral restraints, respectively. The Uiorsionpss Ungpot, and Ug,, terms are added for

the torsion angles, hydrogen bonds, and the radius of gyration for the overall size of the

folded protein, respectively. 141



1.2.2 Incorporation of NMR distance restraints
Confidently assigned distance restraints are incorporated in the structure
calculation through a potential energy term, U,;;, as a hard well, as illustrated in Figure

1.3 and expressed as

(T‘ —-d+ dminus)2 ifl’ <d- dminus Eq. 1.9

(r—d —dps)’ ifr>d+ dyps
Ugise(r) =
0 in between

where dy,;,,s and d i, are user-provided, to set the distance restraint bounds of the

potential well; r is given by

-1/6

r= Zlqi —q° Eq. 1.10
ij

where q; and q; are the positions of atoms i and j, the ij sum is over all atom pairs

associated with the given cross-peak.?®
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Figure 1.3: Visual depiction of a hard well potential for incorporating

experimental MAS NMR cross-peaks as distance restraints as a

function of Udist(r). The term d is the target distance; dminus and dpius are

user defined by the user as input where the lower bound is the

difference of d and dminus and the upper bound is the sum of d and dplus.

The distance restraint bounds are set by the user prior to the dynamics and ought

to be set by the type of experiment performed. In the context of ¥*C-13C MAS NMR

experiments, the distance dependence of the dipolar coupling, which gives rise to the

MAS NMR signal, is given by
2
wp = ——2 Eq. 1.11

where r is the distance between the two nuclei, y is the gyromagnetic ratio of the 13C
nuclei, # is the reduced Planck constant, and p,is the permeability of the free vacuum.

Unlike the nuclear Overhauser effect (NOE) in solution NMR that scales as 1/r®, signal



intensity scales with 1/r® in the dipolar-based MAS NMR, resulting in a less steep fall-

off for longer distances.? This can be seen in Figure 1.4,
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Figure 1.4: Distance dependence of the *H-*H NOE and *3C-'3C dipolar coupling

for solution and MAS NMR, respectively. The NOE curve was
calculated for tc = 7.1 ns, corresponding to a spherical protein of 14.6
kDa molecular mass at T = 37 °C. Reprinted with permission from 2.

1.2.3 Incorporation of NMR dihedral restraints

The assigned chemical shifts from experimental MAS NMR spectra can be used

to accurately predict the secondary structure of a protein using an empirical database

approach. Two such examples commonly employed are CSI 3.0* and TALOS-N? from

the Wishart and Bax groups, respectively. In the context of structure determination, the
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secondary structure prediction can be incorporated into structure calculations as ¢ and
v backbone dihedral restraints where the bounds are set based on the generated
confidence of the prediction. Dihedral restraints are also incorporated as a hard well
potential

(c(oij — 4%')2 , if ¢y > df;

Udinea(¢) = 0 , if ol < ¢y < ¢ Eq. 1.12
kc((pij - ¢llj)2 ,if ¢y < b

where ¢;; , ¢;j , and ¢fj is the calculated value, upper threshold, and lower threshold

respectively.t6

1.2.4 Structure elucidation with structure enhancing potential energy terms

Force fields for all atom molecular dynamics (MD) generally do not require
additional terms to capture all the features of a protein because they utilize Lennard—
Jones and Coulombic energy terms, which capture such interactions. However, starting
coordinates are customary for such runs. In pursuit of protein coordinates the standard
approach is to use an empirical force field because it is far less time-consuming and
computationally demanding. This, however, does require supplementation with three
additional empirical terms for hydrogen bonding, torsion angle bias, and overall
ellipsoidal bias of the protein shape.

The first of such terms is the hydrogen bond potential which improves the

backbone and sidechain hydrogen bond geometry by opportunistically forming them in

10



situations of unknown hydrogen bonding.!” Without such inclusion the prospect of
hydrogen bonds would be missed. This is incorporated mathematically by the utilization
of three-dimensional potentials of mean force (P) created from the identity of the
prospect proton donors and acceptors
Udgpor (1,0, ¢) = —InP(r,0, p) Eg. 1.13
where the potential is expressed in spherical coordinates (r, 8, ¢) and the potential of
mean force was created with the adaptive kernel density estimation.1’:18
The quality and accuracy of the protein structures is also enhanced by the
addition of a statistical empirical potential energy term of probability densities of torsion
angles. This term encompasses a database of torsion angle distributions to reproduce
physically representative conformational features. This protocol was inspired by the X-
ray crystallization protocol of the utilization of rotamer libraries for sidechain fitting in
a poor resolution crevasse. Here, in the context of NMR, the potential energy term can
be encompassed with the database by
Utorsionps (X) = —f In P(x|a) Eq.1.14
where x is one or more torsion angles, S is the corresponding constant, and P(x|a) is
the probability density of x given a which is a variable associated from the amino acid
type.19
The final knowledge-based potential energy term used to improve structure

quality is the gyration pseudopotential. The inclusion of this term results in improved

11



protein packing by enforcing an overall ellipsoidal shape/boundary. Mathematically the

potential energy term scales directly with the gyration volume V,

Ugyr < Vg Eqg. 1.15
which is given by
4 1 o
Vy=sm N-Z‘ Ag; ® Aq; Eq. 1.16
1=

where N is the number if atoms and Ag; is the difference between the position of atom

i and the corresponding centroid position. The ® indicates an outer product.?°

1.2.5 Incorporation of cryo-EM density: batch docking

As demonstrated in the following chapters, due to the inherently local nature of
NMR distance restraints, it is often necessary to incorporate cryo-EM density for the
overall envelope information when there is an insufficient amount of distance restraints.
To do so, the first step is to dock a folded structure calculated by NMR alone. The
docking is an exhaustive exploration of the structure within the density space via
translations and rotations, to identify the best fits. The quality of such fits is expressed
by cross-correlation scores, which are derived from the least squares function (LSF) to

identify how identical two functions are

LSFgy = Z(pf —Spi)? Eq. 1.17
i

12



where T is the target map from coordinates, P is the probe map that is searched, i is the
position on the map, S is the scaling factor, and p is the voxel density. Assuming the
sums of the square densities are constant they can be ignored, and the cross-correlation

function (CCF) can be expressed as the negative of the approximated LSF.?*

CCFpy = Z pip Eq.1.18

1.2.6 Incorporation of cryo-EM density: structure calculations

The second component of cryo-EM map incorporation is during the calculation
itself. A cryo-EM density map can be incorporated in structure calculations with an
additional potential energy term ( Ucposscorr )- This allows for simultaneous
consideration of distance restraints, dihedral restraints, and cryo-EM density. The cryo-
EM potential energy term (Ucrosscorr) @55€SSeS the cross-correlation between the input

map and the atomic probability calculated from the protein coordinates

obs _ ___obs calc _ . calc
z(m —me)0mi T MR 19

Ucrosscorr = 5-0bs rcalc

where m?PS is the value of the input map, m¢f® is the corresponding calculated value,
mobs is the average of the input map, o°%S is the standard deviation of the input map,

meale js the average of the back-calculated map, and o¢%¢ is the standard deviation of

the back-calculated map.?

13



If there are sufficient NMR distance restraints (~9-15 restraints/residue), the
inclusion of a cryo-EM density map is not necessary and would not noticeably impact
the structure quality.? However, when there are an insufficient number of distance
restraints, the inclusion of a cryo-EM density map in the calculation improves the
structure quality.'® To demonstrate this, control structure calculations were performed

for the model system of Oscillatoria agardhii (OAA), Figure 1.5.

14



(A) Sufficent restraint set
(~ 14 restraints/residue)

(B) Insufficent restraint set (C) Insufficent restraint set
(~ 3 restraints/residue) (~ 3 restraints/residue)
+ 5 A density map

Figure 1.5: Structure calculations of Oscillatoria agardhii (OAA) using: (A) a
sufficient distance restraint set, (B) and incomplete distance restraint
set, and (C) an incomplete distance restraint set with a cryo-EM density
map (5 A resolution). The density map was prepared in UCSF
Chimera?® and calculations carried out in Xplor-NIH?2,
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Chapter 2
SYSTEMATIC ASSESMENT OF THE ACCURACY AND PRECISION OF

PROTEIN STRUCTRUES DETERMINED BY MAS NMR SPECTROSCOY

This chapter is a verbatim reprint of the following with permission: Russell, R.
W.; Fritz, M. P.; Kraus, J.; Quinn, C. M.; Polenova, T.; Gronenborn, A. M. (2019)
Accuracy and Precision of Protein Structures Determined by Magic Angle Spinning
NMR Spectroscopy: For Some ‘with a Little Help from a Friend.” J Biomol NMR 73(6-
7):333-346. DOI: 10.1007/s10858-019-00233-9.
Author contributions are as follows: T.P. and A.M.G. conceived the study and
directed the work. R.W.R wrote all scripts, performed calculations, and made figures.
M.P.F., J.K., and C.M.Q. performed MAS NMR experiments on OAA and galectin-3C,
analyzed experimental data assigned chemical shifts. T.P., A.M.G, and R.W.R took the
lead in writing the manuscript. All authors discussed the results and contributed to

manuscript preparation.

2.1 Introduction

The determination of three-dimensional structures of biological macromolecules
by NMR relies primarily on distance restraints extracted from transfer of nuclear
polarization via dipolar couplings between spin pairs. In solution, the principal

experimental parameters are NOE-derived interproton distance (r) restraints, which
20



scale with 1/r5, supplemented by torsion angle restraints extracted from J-couplings?,
13C and 'H shifts®4, residual dipolar couplings®*® as well as the use of conformational
database  potentials'®!, paramagnetic relaxation enhancements (PRE)'*!4,
pseudocontact shifts (PCS)® and other complementary data. Protein structure
determination by magic angle spinning solid-state NMR (MAS NMR) exploits dipolar
couplings between heteronuclear spin pairs and involves the use of distance restraints,
extracted from carbon-carbon or carbon-nitrogen dipolar-based correlation experiments
and their proton-mediated versions, such as proton-driven spin diffusion PDSD6:7,
dipolar-assisted rotary resonance DARR20 combined RN-symmetry driven spin
diffusion CORD?, CHHC and NHHC?, as well as proton-assisted recoupling
approaches for homo- and heteronuclear correlation spectroscopy, like PAR?® and
insensitive nuclei cross polarization PAIN-CP?*, Most commonly, the experimental
signal intensities of the correlation cross-peaks are measured as a function of mixing
time and converted to distance ranges on the basis of peak intensities?>2, similar to the
protocols employed for NOE cross-peak intensity-derived distance restraints in solution
NMR. In addition, accurate 3C-®N or !3C-13C distances can be extracted from
REDOR?"?, TEDOR?*3!, and RFDR®33 experiments, by measuring the dipolar
dephasing or recoupling buildup curves as a function of dephasing/mixing times, and
comparison with numerically simulated curves or from universal curves®*. Unlike for
NOEs, signal intensity scales with 1/r, resulting in a less steep fall-off for longer

distances (Figure 2.1). Similar to solution NMR structure determinations, the distance
21



restraints are frequently supplemented by backbone ¢ and y torsion angle restraints from
databases of chemical shifts using TALOS10:2526:35,

The strictly local nature of distance and angular restraints can limit the accuracy
of NMR-derived structures, especially for non-globular architectures where the
cumulative error may become significant or in cases where only a few contacts are
available between structural elements, such as in multi-domain proteins and protein
assemblies. In addition, in assemblies (and lattices like crystals), inter-molecular
interactions may complicate assignments of cross peaks, although isotopic dilution and
differential labeling strategies have proven effective in this regard (reviewed in%).
Therefore, for systems of that nature, additional long-range restraints, potentially
available from fluorine-fluorine distances®”-3°, and/or orthogonal information on the
overall shape of the molecule, as provided by SAXS experiments for solution studies**
43 or cryo-EM for both solution and solid state investigations*-*6, have to be
incorporated.

Here, we performed a systematic investigation of the accuracy and precision
attainable in protein structures determined from MAS NMR-derived carbon-carbon
distances. To this end, we carried out model calculations for four proteins depicted in
Figure 2.1, (i) the CAP-Gly domain of dynactin, an 89-residue protein whose structures,
free and bound to several target proteins, have been determined by X-ray
crystallography*”5!, by solution NMR®°5%, and by MAS NMR52%3; ii) the 133 residue

agglutinin from Oscillatoria agardhii (OAA), whose structure and carbohydrate
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interactions were studied by solution NMR and crystallography®*, and for which both
solution and MAS NMR resonance assignments are available®>>%; iii) the carbohydrate
binding domain of galectin-3C (Galectin CBD), which comprises 138 amino acids and
for which extensive structural information is available including solution and MAS
NMR chemical shifts®” and 48 X-ray crystal structures of various resolutions in the apo
and ligand-bound states®®-%%; and iv) a tubular assembly of the 231 amino acid HIV-1
capsid protein (CA), which has been studied extensively in our laboratories by solution
and MAS NMR3%66-72 For all four proteins, high resolution atomic structures are
available: CAP-Gly domain (high-resolution MAS NMR structure; PDB: 2MPX5?),
OAA (1.2 A resolution; PDB: 30BL5%), Galectin CBD (0.86 A resolution; PDB:
3ZSJ6%), CA (2.43 A resolution; PDB: 4XFX™).

Our results establish the criteria for determining accurate protein structures on
the basis of the distance restraints that are typically recorded in MAS NMR experiments
for 13C labeled proteins, following a common protocol for the preparation of isotopically
labeled samples using either 1,6-13C-glucose or 2-C-glucose as the carbon source. For
compact, single domain proteins, at least 3-5 C-C restraints per residue are required to
derive the global fold of the molecule, based on distances up to 7 A, and 15 random
restraints per residue are required for attaining maximum accuracy. For multi-domain
proteins and protein assemblies, NMR-derived distance restraints have to be combined
with additional information on the relative domain orientation, quaternary structure

and/or the arrangement of the individual chains in the overall architectures. This can be
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accomplished using integrated approaches*4, such as combining MAS NMR with cryo-

EM as shown here for the HIV capsid.
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Figure 2.1: (A) Generic polypeptide chain, illustrating select backbone dihedral
angles and *H-'H and *3C-13C distances. (B) Distance dependence of
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the 'H-'H NOE and *3C-3C dipolar coupling. The NOE curve was
calculated for t.=7.1 ns, corresponding to a spherical protein of 14.6
kDa molecular mass at T = 37 °C. (C) Ribbon representations of
dynactin’s CAP-Gly domain (PDBID: 2MPX), Oscilatoria aghardii
agglutinin, OAA (PDBID: 30B2), the carbohydrate binding domain
(CBD) of galectin-3C (PDBID: 3ZSJ), and full-length chain of HIV-1
capsid protein (CA) in the assembled state (PDBID: 4XFX).

2.2 Model calculations with synthetic distance restraints
2.2.1 Structure generation

Complete sets of C-C distances of up to 7 A between unique carbon pairs were
generated from the X-ray or NMR structures of the CAP-Gly domain (PDB: 2MPX),
OAA (PDB: 30BL), Galectin CBD (PDB: 3ZSJ), and CA (PDB: 4XFX). Distance sets
were generated using scripts in Python 2.7. PDB parsing and iterative distance
calculations were performed using Bio-Python’* and Bio-PDB"> modules.

To generate sets at different degrees of completeness (1%, 3%, 5%, 7%, 10%,
20%, 40%, 60%, 80%), distance entries were randomly removed from each of the above
complete sets by shuffling all distances using an arbitrarily chosen 3421 random seed
in all calculations, followed by retaining the desired percentage of distances. All
distance entries were converted to XPLOR bounds as follows: 1.5-6.5 A (4.0+2.5 A)

and 2.0-7.2 A (4.6+2.6 A) for intra- and inter-residue restraints, respectively.
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Figure 2.2: Flow diagram of computational strategy for protein structure

calculations on the basis of synthetic C-C distance restraints.

Table 2.1: Number of C-C distances for the different proteins under study

A. C-C distances up to 7 A for isotopic labeling using 1,6-1*C-glucose or 2-3C-glucose (total for both
labeling schemes combined)

Restraints C'éTy OAA Gal(e:%t)llg CA C'(L\ll\lllg (ﬁsg?)
Intraresidue (Ji-j|=0) 309 523 683 1030 693 322
Sequential (Ji-j|=1) 505 849 1219 1935 1290 593
Medium-Range (1<|i-j|<4) 476 626 1124 3222 2166 1066
Long-Range (Ji-j|>4) 1096 2722 3264 2795 2021 579
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Total Restraints 2386 4720 6290 8982 6170 2560

B. C-C distances up to 5.5 A for isotopic labeling using 1,6-3C-glucose or 2-*C-glucose (total for
both labeling schemes combined)

Restraints Cgﬁ’y' oan GHE ca Cﬁ_’ﬂg (fggf)
Intraresidue (|i-j|=0) 303 529 674 1015 681 319
Sequential (Ji-j|=1) 272 485 684 1114 741 347
Medium-Range (1<[i-j|<4) 133 168 338 1122 794 357
Long-Range (|i-j|>4) 410 1076 1248 1101 812 222
Total Restraints 1118 2258 2944 4352 3028 1245
C. C-Cdistances up to 7 A for uniform 13C isotopic labeling

Restraints C’gFI)y OAA Galé(gllg CA C'SNIIS 5:“82;3
Intraresidue (|i-j|=0) 775 1368 1653 2395 1616 747
Sequential (Ji-j|=1) 1242 2053 2635 3992 2666 1235
Medium-Range (1<[i-j|<4) 1111 1700 2392 6738 4572 2178
Long-Range (i-j|>4) 2533 6079 7082 5591 3906 1212
Total Restraints 5661 11200 13762 18716 12760 5372
D. C-C distances up to 5.5 A for uniform *C isotopic labeling

Restraints C'é'?y OAA Galégg CA C(A1.'\1|153 (ffscz:-srf)
Intraresidue (|i-j|=0) 757 1368 1617 2340 1573 733
Sequential (Ji-j|=1) 800 2053 1689 2555 1717 776
Medium-Range (1<[i-j|<4) 350 1700 786 2800 1919 906
Long-Range (Ji-j|>4) 899 6079 2723 2107 1496 454
Total Restraints 2806 11200 6815 9802 6705 2869

Structure calculations were performed in XPLOR-NIH version 2.4576-78,
Standard XPLOR-NIH terms for bond lengths, bond angles, and improper angles were
used to enforce correct covalent geometry. The gyration constraint term’®, an empirical
hydrogen-bond database term® and a statistical torsion-angle potential®® were

employed. In calculations that included backbone dihedral restraints, ¢/y angles were
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predicted using TALOS-N* from the experimental solid-state *C and >N chemical
shifts.

Calculations were seeded from extended strands, and 100 structures were
generated by torsion angle dynamics with two successive annealing schedules and a
final gradient minimization in Cartesian space. The initial annealing calculation was
started at 3500 K with a high temperature dynamics run for 800 ps or 8000 steps,
whichever was completed first. The starting time step was 0.001 ps and was self-
adjusted in subsequent steps based on conservation of energy. This initial calculation
was followed by gradually reducing the temperature to 100 K in steps of 25 K. At each
temperature, dynamics was run for 0.4 ps or 200 steps, whichever was completed first,
with an initial time step of 0.002 ps. After the initial structure calculation phase, the 10
lowest energy structures were further subjected to a second phase of simulated annealing
from 3000 K to 25 K in 12.5 K steps. Force constants for distance restraints were ramped
from 10 to 50 kcal/mol/A? in the initial simulated annealing and from 2 to 30
kcal/mol/AZ in the second phase. In the first annealing run, the dihedral restraint force
constants were off during the high temperature dynamics at 3500 K and set to 200
kcal/mol/rad? during cooling. In the second dynamics run, the dihedral restraint force
constants were set to 10 kcal/mol/rad? for high temperature dynamics at 3000 K and 200
kcal/mol/rad? during cooling. The gyration volume force constant was scaled from
0.002 to 1 in both runs. The annealed structures were minimized using a 500 step Powell

energy minimization and these structures were used in the analysis.
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2.2.2 Cryo-EM and MAS NMR distance-derived HIV capsid model

The lowest energy structure of the single CA chain calculated at 40% of C-C
distance restraint completeness, including backbone dihedral restraints, was used to
select individual NTD (residues 1-145) and CTD (residues 148-231) domain structures
as inputs for rigid docking into the cryo-EM density. Six NTD and six CTD units were
docked into the 8 A cryo-EM map of a CA hexamer unit from a tubular assembly, using
the “phenix.dock_in_map” program in PHENIX 1.14%2, This resulting structural model
was subjected to real-space refinement in PHENIX 1.14, using the built-in
“phenix.real_space_refine” routine. The refinement included a local grid search,
morphing, global minimization, and simulated annealing. Annealing was started at 5000
K and run at this temperature for 0.0025 ps. This initial calculation was followed by
gradually reducing the temperature to 300 K in steps of 100 K. At each temperature,

dynamics was run for 50 steps, with a time step of 0.0005 ps.

2.2.3 Structure analysis and visualization

The 10 lowest energy structures were best-fit and RMSD values for backbone
atoms (N, Ca, C) of each ensemble member with respect to the target structure (the
atomic model from which synthetic distance restraints were generated) as well as
pairwise RMSD values between the ten models were calculated using routines in

XPLOR-NIH 2.45 distribution.
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Depiction of the structural ensembles, restraint networks, and structural model
of HIV-1 CA hexamer were batch rendered in PyMol® using automated in-house shell

scripts. Secondary structure elements were defined using STRIDE®.

2.3 The effects of C-C distances on the accuracy and precision of protein
structures

In order to evaluate the effects of the number of C-C distance restraints on the
accuracy and precision of the resulting simulated annealing ensembles, complete sets of
distances between unique carbon pairs were generated from the X-ray or NMR models.
The initial restraint set was restricted to those carbon sites that would be *3C labeled
using either 1,6-13C or 2-13C glucose, since these two labeling schemes® are commonly
employed in structure determinations by MAS NMR5286, For the CAP-Gly domain, the
Galectin CBD, and OAA, this resulted in a total of 2386, 4720 and 6290 restraints,
respectively, from both labeling schemes combined, using lower bounds of 1.5 A and 2
A and upper bounds of 6.5 and 7.2 A for intra-residue and inter-residue distances,
respectively (Table 2.1A and Figure 2.2). For the CA NTD and CTD (monomer unit),
the total number of restraints was 6170 and 2560, respectively. Interestingly, there is a
significant difference in the number of total distance restraints for OAA, the Galectin
CBD and the CA NTD, despite the fact that all three proteins are of similar size (133
aa, 138 aa, and 145 aa). Indeed, for CA NTD the number of medium-range restraints

(2166) is approximately the same as the number of long-range restraints (2021). In
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contrast, for OAA and the Galectin CBD the number of medium-range restraints (626
and 1124, respectively) is only a fraction of the number of long-range restraints (3264
and 2722, respectively). This is a consequence of the difference in overall secondary
structure content and packing density for these three proteins, with OAA and the
Galectin CBD exhibiting a tightly packed f-sheet structure (54.5% and 53.6% of all
residues are in B-strands in OAA and the Galectin CBD, respectively), while the CA
NTD exhibits a predominantly helical architecture with 53.1% of all residues in the a-
helical ¢,y space. Lowering the upper bounds to 5.5 A reduces the overall numbers of
restraints to approximately half (Table 2B). In addition, we also prepared sets of
distances between all possible carbon atoms. Such sets would be potentially available
using uniform 13C labeling of the proteins. Naturally these sets are significantly larger,
approximately doubling the numbers (increase by a factor of 2 to 2.4; Table 2C and 2D).
In reality, however, medium- and long-range distance restraints cannot be efficiently
extracted for uniformly-3C labeled samples because of dipolar truncation®” as well as
spectral overlap and ambiguities in assignments.

Calculations were carried out for 10 randomly shuffled sets of distance restraints
at differing degrees of completeness (1, 3, 5, 7, 10, 20, 40, 60, 80, 100%) in XPLOR-
NIH. The procedure employed is outlined in the flow diagram provided in Figure 2.2.
Using structural models for the different proteins, determined by either crystallography
or MAS NMR, C-C distances up to 7 A were extracted, using home-written scripts in

Python. The lower and upper distance bounds were setto 1.5 A t0 6.5 A and 2 A to 7.2
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A for intra-residue and inter-residue distances, respectively. 100 structures were
calculated with these restraint sets, with and without TALOS-N. Of these 100 structures,
the 10 lowest energy structures were further subjected to an additional simulated
annealing step down to a lower temperature of 25 K and Powell energy minimization.

The final ensembles of 10 structures for all the different sets were used in the analysis.

2.3.1 Dynactin’s CAP-Gly domain

For the CAP-Gly domain, the accuracy (Figure 2.3A), measured by the average
atomic RMSD for members of the ensemble with respect to the starting/target structure,
increases asymptotically for increasing numbers of restraints or restraint completeness,
reaching final values of 0.82+0.12 A and 0.68+0.05 A without and with TALOS,
respectively. For low restraint completeness, the inclusion of TALOS increases the
accuracy somewhat, whereas for restraint completeness of 40% and above, no
significant differences are seen for the structures calculated with or without TALOS. In
general, it appears that inclusion of TALOS helps with convergence, since the average
atomic RMSD for low restraint completeness is approx¥ately 1/2 of the one without
TALOS. This difference, however, disappears at restraint completeness above 40%. The
precision (Figure 2.3B), i.e. the average pairwise atomic RMSD for the members in the

ensemble, also increases asymptotically for increasing numbers of restraints or restraint
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completeness, reaching final values of 0.96+0.14 A and 0.48+0.10 A without and with
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Figure 2.3: Structure calculation for dynactin’s CAP-Gly domain. (A) Accuracy
as defined by atomic backbone RMSD with respect to the target (input)
structure and (B) Precision as defined by pairwise atomic backbone
RMSD for ensemble members plotted vs. restraint completeness and
number of restraints per residue. Data without (black symbols) or with
(green symbols) backbone torsion angle restraints from TALOS-N
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using 200 experimental $3C and 71 N chemical shifts (BMRB 25005).
The RMSD values for calculations using experimental C-C distance
restraints are shown with open symbols. The horizontal dashed lines
are the average values of those at 60, 80, and 100% restraint
completeness. (C) Experimental *C and '*N chemical shifts used in
the structure calculation listed along the amino acid sequence.
Secondary structure elements are depicted below the sequence. (D)
Superposition C-C distances at 20% restraint completeness onto the
CAP-Gly structure. (E) Top: Superposition of the experimental set of
C-C distances onto the CAP-Gly structure. Bottom: Best-fit
superpositions of the ten lowest energy structures calculated on the
basis of the experimental distance restraints without (left) and with
(right) TALOS-N derived backbone torsion angle restraints. (F,G)
Best-fit superpositions of the ten lowest energy structures calculated
for different degrees of restraint completeness without (F) and with (G)
TALOS-N derived backbone torsion angle restraints.

TALOS, respectively. In order to pictorially illustrate the increased structural
precision with increasing number of restraints, the 10-member ensembles are depicted
in Figures 2.3E and 2.3F. As can be appreciated, the inclusion of TALOS results in a
tighter ensemble throughout all ranges of restraint completeness, possibly artificially
restraining the ensemble beyond what is warranted from the paralleling accuracy. In
order to illustrate the density of the distance network at the 20% completeness level, the
corresponding distances were placed on the ribbon model of the CAP-Gly domain. The
density of this network is lower than the one that was used in the experimental MAS
NMR structure determination of dynactin’s CAP-Gly domain bound to microtubules
(Figure 2.3D)*%. The MAS NMR structure was calculated using 1183 C-C distances
below 7 A (53% completeness; 13.4 restraints per residue), and 11 C-N distances

between 4.2 — 7.1 A. This resulted in a structural ensemble with a precision of 0.36 A
34



defined by the average RMSD of the 10-member ensemble with respect to the mean
structure, using the nine-step calculation protocol detailed in the manuscript®2. In order
to alleviate any differences that may have arisen because of the different calculation
protocols, we re-calculated the CAP-Gly structure using the experimental C-C restraints
with the current, above described, two-step protocol, using the same distance bound
values as in the original study (Figure 2.3A and 2.3B). The precision of the ensemble
measured by pairwise backbone atomic RMSD is 2.10+0.24 A and 0.96+0.22 A without
and with TALOS, respectively. These values are higher than those obtained in the model
calculations based on random synthetic restraints, and the tighter experimental bundle
may possibly be influenced by the non-random nature of the experimental restraints or
overtightening of restraints in the previously used calculation strategy. Indeed, it is
gratifying to observe that an equivalent lateral shift of the calculated values for the
previously determined experimental CAP-Gly structure occurs on both the accuracy and
precision plots (open symbols; Figure 2.3A and B). This shift positions the experimental
structure at 3.4 restraints per residue or 10% restraint completeness value for the random
sets. Therefore, the experimental set of restraints (18 per residue) is equivalent to ~4
truly random restraints per residue, highlighting the fact that the experimental distance
restraints are non-random. As a result, the quality of the experimental structure is lower
than expected for 18 random restraints per residue. Taken together, these results

illustrate the consistency of our current analysis.
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2.3.2 Oscilatoria aghardii agglutinin (OAA) and carbohydrate binding domain of
galectin-3C

Similar qualitative behaviors are seen for OAA (Figure 2.4) and the Galectin
CBD (Figure 2.5). The accuracy for OAA (Figure 4A) reaches final atomic RMSD
values of 1.10+0.10 A for both TALOS off and on at 14 restraints per residue (40%
restraint completeness) with a final precision (Figure 2.4B) plateauing at 1.20+0.10 A
and 0.95+0.11 A without and with TALOS, respectively. For the Galectin CBD the
equivalent values for accuracy are 0.95+0.07 A (TALOS off) and 0.88+0.03 A (TALOS
on) and for precision 0.89+0.06 A and 0.46+0.06 A without and with TALOS,
respectively. Inclusion of sidechains results in only slightly lower accuracy and

precision.
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Figure 2.4:

Structure calculation for Oscilatoria aghardii agglutinin, OAA. (A)

T T =
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Accuracy as defined by atomic backbone RMSD with respect to the
target (input) structure and (B) Precision as defined by pairwise atomic

backbone RMSD for ensemble members plotted vs.

restraint

completeness and number of restraints per residue. Data without (black
symbols) or with (green symbols) backbone torsion angle restraints
from TALOS-N using 235 experimental *C and 92 >N chemical
shifts®. The dashed lines are the average values of those at 60, 80, and
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100% restraint completeness. (C) Experimental 3C and *°*N chemical
shifts used in the structure calculation listed along the amino acid
sequence. Secondary structure elements are depicted below the
sequence. (D) Superposition of C-C distances at 20% restraint
completeness onto the OAA structure. (E,F) Best-fit superpositions of
the ten lowest energy structures calculated for different degrees of
restraint completeness without (E) and with (F) TALOS-N derived
backbone torsion angle restraints.
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Structure calculation for the Galectin CBD. (A) Accuracy as defined
by atomic backbone RMSD with respect to the target (input) structure

Figure 2.5:

and (B) Precision as defined by pairwise atomic backbone RMSD for

ensemble members plotted vs. restraint completeness and number of
restraints per residue. Data without (black symbols) or with (green

symbols) backbone torsion angle restraints from TALOS-N using 385
experimental *C and 132 >N chemical shifts. The dashed lines are the
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average values of those at 60, 80, and 100% restraint completeness. (C)
Experimental 3C and '°N chemical shifts used in the structure
calculation listed along the amino acid sequence. Secondary structure
elements are depicted below the sequence. (D) Superposition of C-C
distances at 20% restraint completeness onto the galectin’s CBD
structure. (E,F) Best-fit superpositions of the ten lowest energy
structures calculated for different degrees of restraint completeness
without (E) and with (F) TALOS-N derived backbone torsion angle
restraints.

As can be easily appreciated, it is possible to derive the global fold for all three proteins
with as few as 3-5 restraints per residue or 10% restraint completeness, although the
average backbone atomic RMSD values of ensemble members versus the target
structure are only ca. 2-4 A. In practice however, at least 9-15 restraints per residue or
30% completeness should be strived for to result in a reliable model structure. In all
cases, the maximum accuracy and precision is reached above 15 restraints per residue

or 40% restraint completeness.

2.3.3 HIV-1 capsid protein

We also carried out equivalent calculations for the HIV-1 capsid protein. This is
an all-helical protein. Initially, the full-length protein was found to crystallize in a head-
to-tail dimer arrangement®88° while it assembles into tubes in solution. Recently, an X-
ray structure of a native wild-type hexamer unit has been solved’, and here we treated

the full-length protein as a single chain extracted from this hexamer.
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Figure 2.6: Structure calculation for the HIV-1 CA capsid protein (CA). (A)
Accuracy as defined by atomic backbone RMSD with respect to the
target (input) structure and (B) Precision as defined by pairwise atomic
backbone RMSD for ensemble members plotted vs. restraint
completeness and number of restraints per residue. Data without (black
symbols) or with (green symbols) backbone torsion angle restraints
from TALOS-N using 618 experimental *C and 205 '*N chemical
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shifts. The dashed lines are the average values of those at 60, 80, and
100% restraint completeness. (C) Experimental *C and *°N chemical
shifts used in the structure calculation listed along the amino acid
sequence. Secondary structure elements are depicted below the
sequence. (D) Superposition of the C-C distances at 20% restraint
completeness onto the CA structure. (E,F) Best-fit superpositions of
the ten lowest energy structures calculated for different degrees of
restraint completeness without (E) and with (F) TALOS-N derived
backbone torsion angle restraints.

For the entire polypeptide chain of CA, accuracy and precision are much worse
than for the other three systems (Figure 2.6). Final atomic RMSD values with respect to
the target structure are 5.90+0.80 A (TALOS off) and 5.10+1.50 A (TALOS on) at 39
restraints per residue (100% restraint completeness) and a final precision plateauing at
5.20+1.50 A and 2.70+0.90 A without and with TALOS, respectively. Such low
accuracy reflects the two-domain nature of CA, for which very few (61) long-range
inter-domain C-C distances <7 A were available in the synthetic data set. Indeed, as
shown in Figure 2.7, the accuracy calculated with respect to the individual domains,
NTD (residues 1-145) and CTD (residues 148-231), is comparable and only slightly
worse than for CAP-Gly, OAA and Galectin CBD. For the NTD, the RMSD values are
2.10£0.30 A and 1.80+0.30 A without and with TALOS, respectively. The
corresponding values for the CTD are 1.80+0.30 A and 1.2+0.30 A. A striking
difference for the calculations with and without TALOS is noted, with the inclusion of
TALOS driving both accuracy and precision up when fewer than 20 restraints per

residue or restraint completeness values below 60% are present.
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Figure 2.7: Atomic model of a hexamer unit of HIV-1 CA in tubular assemblies
generated by combining MAS NMR-derived distances and cryo-EM
density. The NTD (residues 1-145) and CTD (residues 148-231)
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models were taken from the lowest energy structure of a single chain
CA calculated at 40% restraint completeness (see Figure 2.6). (A) NTD
and CTD domains were fit into the cryo-EM map of CA hexamer by
automated rigid-body docking. (B) The position of one CTD domain
was manually adjusted to improve the fit. (C) CA hexamer after real-
space refinement. NTDs and CTDs are shown in purple and cyan,
respectively; the B-hairpin is colored yellow.

Since only 61 NTD-CTD inter-domain restraints were available, precluding the
determination of the relative domain orientation for CA based on C-C distances up to 7
A, we used the individual NTD and CTD domain structures that were obtained at 40%
restraint completeness and docked these into the 8 A cryo-EM map of a CA hexamer
unit. As illustrated in Figure 2.7A, the initial automated global search procedure with 6
NTD and 6 CTD units reliably positioned all 12 domains into the map. The position of
one CTD unit was manually adjusted to improve the fit (Figure 2.7B). The final hybrid
NMR/cryo-EM atomic model of the CA hexamer is depicted in Figure 2.7C. The
average backbone RMSD of the six CA molecules with respect to the target structure is
1.78 A. This value is consistent with the differences between the two structures: the
target structure corresponds to a flat hexamer, as present in the crystal, while the cryo-
EM map is derived from tubular assemblies with a pseudo-hexagonal lattice that

possesses curvature.
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Figure 2.8: Domain Accuracy and Precision for CA. (A) Accuracy as defined by
atomic backbone RMSD with respect to the target (input) structure and
(C) Precision as defined by pairwise atomic backbone RMSD for
ensemble members plotted vs. restraint completeness and number of
restraints per residue, calculated for the NTD (residues 1-145). (B)
Accuracy and (D) Precision for the CTD (residues 148-231). Data
without (black symbols) or with (green symbols) backbone torsion
angle restraints from TALOS-N based on experimental *C and '°N
chemical shifts. The dashed lines are the average values for 60, 80, and
100% restraint completeness. (E-H) Best-fit superpositions of the ten
lowest energy structures calculated for different degrees of restraint
completeness for the NTD without (E) or with (F) TALOS-N derived
backbone torsion angle restraints. Equivalent data for the for the CTD
without (G) or with (H) TALOS-N derived backbone torsion angle
restraints.

2.4 Limitations of the assessment and the outlook of multi-domain proteins

The results presented here provide a benchmark for assessing the limits of
accuracy and precision in protein structures determined on the basis of random sets of
carbon-carbon distances extracted from commonly used solid state MAS experiments.
The current work is the first systematic examination for a number of proteins of varied
secondary structure topology. Provided a sufficient number of distance restraints are
available, a well-defined polypeptide fold is obtained, irrespective of whether backbone
torsion angle restraints derived by TALOS from the experimental 3C and **N chemical
shifts are used. The model calculations for the three single domain proteins, the CAP-
Gly domain, the Galectin CBD and OAA all paint a uniform picture: 15-20 distances
<7 A vyield accurate structures (RMSD values with respect to the target structure of ~1

A) with pairwise backbone atomic RMSD values of ~1 A as well. Like for solution
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NMR structures, the most critical parameter is the number of interatomic distance
restraints (Table 2.1, Figures 2.3-2.9). It appears that fewer restraints are needed to
derive similar quality structures in the case of B-sheet proteins, such as the Galectin
CBD and OAA, compared to a-helical proteins, such as CA. Inclusion of backbone
torsion angle restraints does not improve the accuracy when sufficient distance restraints
are present, but increases the precision of the ensembles. The results reported here
represent an ideal-case scenario in which a sufficient number of distances <7 A are
available (corresponding to unambiguous assignments of correlations), and distance
restraints are fully random. As shown for CAP-Gly here, the non-randomness of
distance restraints renders both the accuracy and the precision of the calculated
structures lower for the same nominal number of restraints. Furthermore, as known from
the solution NMR literature, ambiguity or mistakes in resonance assignments or
inclusion of incorrect distances also result in lower-quality structures®°2,

The systematic analysis conducted in the present work was performed for
sparsely 13C labeled proteins using either 1,6-13C-glucose or 2-13C-glucose as the carbon
source. This is a common isotopic labeling strategy to overcome dipolar truncation
associated with experiments in uniformly labeled samples and to attain high spectral
resolution®. As we and others have shown, using U-13C, >N-labeled proteins and third-
spin assisted recoupling experiments®>% additional distance restraints can be extracted.
However, these are few in number and the restraint patterns are often difficult to predict.

Finally, 'H-based distance restraints can also be supplemented in protein structure
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determination, although these require extensive sample deuteration® and/or MAS
frequencies above 60 kHz®*.

While the results on the single domain proteins are conclusive, multi-domain
proteins, such as HIV-1 CA present a challenge. For such cases, additional information
is needed, such as low-resolution information on the overall shape of the molecule,
accessible by cryo-EM*4. This requirement becomes even more acute for structure
determination of supramolecular assemblies, requiring the knowledge of intermolecular
distance restraints, which potentially can be obtained using differentially labeled or
isotopically diluted samples (reviewed in3¢) as well as extensive modeling and/or cryo-
EM information. The latter has been recently employed in structural studies on several
systems*, For the CA capsid assembly, the integration of cryo-EM data with the solid-

state NMR distance restraints is clearly needed for a successful structure determination.
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Chapter 3
PROTEIN STRUCTURE DETERMINATION OF MICROCRYSTALLINE

SYSTEMS BY MAS NMR

3.1 SARS-COV-2 nucleocapsid N-terminal domain (NNTP)

Content (i.e. certain figures and technical language) in § 3.1 is reprinted with
permission from the published article:! Sucharita Sarkar, Brent Runge, Ryan W.
Russell, Kumar Tekwani Movellan, Daniel Calero, Somayeh Zeinalilathori, Caitlin M.
Quinn, Manman Lu, Guillermo Calero, Angela M. Gronenborn, Tatyana Polenova
(2022) Atomic-Resolution Structure of SARS-CoV-2 Nucleocapsid Protein N-Terminal
Domain. J. Am. Chem. Soc. 144 (23), 10543-10555. DOI: 10.1021/jacs.2c03320
Author contributions are as follows: T.P. and A.M.G. conceived the project and
directed the work. S.Z. designed the plasmid. B.R. prepared the protein samples for
MAS NMR and X-ray diffraction. T.P. and C.M.Q. designed the MAS NMR
experiments. S.S. and B.R. recorded NMR experiments and analyzed the NMR data.
K.T.M. performed 'H-detected experiments at the MAS frequency of 100 kHz. R.W.R.
wrote scripts for structure calculations, analysis of calculation results, and structure
visualizations, and with S.S. carried out structure calculations. M.L., G.C., and D.C.
performed the X-ray data acquisition, analysis, and refinement of the crystal structure.
All authors discussed the results. S.S, B.R., T.P., and A.M.G. took the lead in writing

the manuscript.
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3.1.1 Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) arose in
late 2019 and is the cause of ‘coronavirus disease 2019’ (COVID-19). SARS-CoV-2 is
a highly transmissible pathogen and has been responsible for many deaths across the
globe. Although tremendous progress has been made regarding vaccine and treatment,
an “ever-adapting” virus must be comprehensively studied to develop therapies,
including vaccines and anti-virals, as well as a cure.

In comparison with other viruses, the overall viral architecture and lifecycle of
SARS-CoV-2 is intensely studied, but atomic-resolution understanding of genome
packing mechanisms are lacking. The inherent viral genome contains four structural
proteins: spike (S) glycoprotein, envelope (E) protein, membrane (M) protein, and
nucleocapsid (N) protein®# as seen in Figure 3.1A. To date, there is no atomic resolution
structure of the infectious full-length N protein, which would reveal crucial genomic
organization and ribonucleoprotein formation. Such information would open the door
to the development of therapies and treatment of SARS-Cov-2 infection, namely in the
form of small-molecule inhibitors that could potentially suppress or disrupt viral
operations.

The infectious N protein is comprised of two independently folded domains
connected by a ~70 amino acid linker with intrinsically disordered regions at the N- and
C-termini, shown in Figure 3.1B.5% The N-terminal (NNTP) and C-terminal (N°TP)

domains are both intricately involved with RNA genome interactions.* 13 Herein the
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atomic-resolution structure of crystalline NN™® was determined by combining X-ray

crystallography and solid-state magic angle spinning (MAS) NMR spectroscopy.

Spike (S)
Nucleocapsid (N)
Membrane (M)
Envelope (E)

RNA

RNA-binding dimerization
domain domain
Figure 3.1: SARS-Cov-2 virus. (A) Schematic of the virus with the structural

proteins and RNA labelled. (B) General organization of the
nucleocapsid protein, comprising the N-terminal and C-terminal
domains, the flexible linker, and the intrinsically disordered tails of the
N- and C-termini.
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3.1.2 Chemical shift assignments and distance restraints of SARS-CovV-2 N-
terminal domain (NNTP)

Using only a single, fully protonated crystalline sample of NNTP, the chemical
shifts and the distance restraints for the structure calculation were obtained from the
following experiments: 2D CORD*4, NCACX, NCOCX at 25 ms mixing time, as well
as 'H-detected 2D (H)NH HETCOR, 3D (H)CANH, and (H)CONH spectra. The
chemical shifts were assigned for the vast majority of the residues (128 of 136). Of the
seven residues missing assignments, five were partially assigned, and two were
completely unassigned, likely from disorder.

In total, the structure of the single chain of NNTP was calculated form 2,968 non-
redundant distance restraints and 101 ¢/y torsion angle restraints from TALOS-N®.
More specifically, there were 2,197 unambiguous *3C-13C, 763 '*N-13C, and 4 'H-'°N

distance restraints. Of these there were 968 long-range (|i-j|>5) restraints (Table 3.1).

Table 3.1: Summary of MAS NMR restraints of SARS-CoV-2 NNTP

MAS NMR distance restraints 13c-13C BN-BC  H-®N

Unambiguous 2197 763 4
Intra-residue 807 505 0
Sequential (Ji-j|=1) 119 258 4
Medium range (1<|i-j|<5) 303 0 0
Long range (|i-j|=5) 968 0 0

Ambiguous 4

Total number of restraints assigned 2968 (21.8 restraints per residue)

MAS NMR dihedral angle restraints

() 101

b 101
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3.1.3 Atomic resolution MAS NMR structure of a single NNTP chain

With ~22 restraints per residue, maximum accuracy and precision was obtained
for the MAS NMR structure of NNTP, The average pairwise RMSD was 0.7 +0.2 A and
1.2 + 0.1 A for the backbone atoms and all heavy atoms of the protein, respectively, for
the ten lowest energy structures. This remarkable accuracy and precision are amongst
the highest to date, as just one of two MAS NMR investigations to obtain more than 20
restraints per residue and whose single chain is greater that 100 amino acids long.*6

Our MAS NMR structure exhibits the overall shape of a right hand (comprised
of four-stranded B-sheet) consistent with other published coronavirus NNTP structures
(Figure 3.2). In the center of the structure a long B-hairpin that extends and protrudes
outwards from the palm. Overall, the structure is well defined except for the except for
the first eight amino acids (R2-N9) and the last residue (E136), which are likely
dynamic. The B-hairpin loop (156-K64) is also presumably dynamic from the absence

of long-range restraints observed in the experimental spectra.
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Figure 3.2: MAS NMR structure of SARS-CoV-2 NNTP (A) Best-fit superposition
of the ten lowest energy conformers (gray) in the MAS NMR ensemble
and average structure (blue) of a single chain of SARS-CoV-2 NNTP,
(B) Average of ten lowest energy MAS NMR conformers (blue).
Energy minimization was carried out for the average structure in
Cartesian space.

Table 3.2: NMR structure statistics of SARS-CoV-2 NNTD

Structure statistics from ten lowest energy subunits
Violations (mean £ s.d.)

Distance restraints > 7.2 A (A) 0.144 £ 0.001

Dihedral angle restraints > 5° (°) 1.528 +£0.137

Max. distance restraint violation (A) 1.254

Max. dihedral angle restraint violation (°) 17.267
Deviations from idealized geometry

Bond lengths (A) 0.008 + 0.000

Bond angles (°) 0.774 £ 0.012

Improper angles (°) 0.516 +£ 0.016
Average pairwise RMSD (A)*

Backbone (N, C*, C”) 0.7+£0.2

Heavy 1.2+0.1

* Disordered N-terminus (residues 1-9) excluded.
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3.1.4 Comparison of the MAS NMR structure and the X-ray crystal structure of
NNTD

As part of this study, an X-ray structure of the same sample of NNTP was
determined to provide complementary and validatory information. The protein
crystallized in the P212121 orthorhombic space group with four monomers (chains A-D)
in the asymmetric unit. The average pairwise RMSD amongst the four chains is 0.5 =
0.1 A for the backbone atoms (excluding missing residues R2-N9, Q20-D25, R57-P68,
and P124-E136). The X-ray structure revealed unique contacts about intra-tetramer
interfaces, which were not available by NMR. Overall, using both techniques in concert
revealed information of the packing interfaces as well as disordered regions of the RNA
binding and B-hairpin.

From a validation standpoint, the MAS NMR and the X-ray structures agree
well. The backbone RMSD between the X-ray structure (averaged over the four chains
in the asymmetric unit) and the MAS NMR structure (averaged over the ensemble of
the ten lowest energy structures) is 1.1 A. Excluding chain D, which possesses the
highest degree of disorder in the X-ray structure, the backbone RMSD becomes 0.7 A.

Extensive details regarding the X-ray structure determination will not be
discussed here as it is outside of the scope of this dissertation. However, it is worth
underscoring how multiple structure determination techniques can be used

synergistically.
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3.1.5 Protocol for MAS NMR structure calculation of microcrystalline NNTP

The MAS NMR structure of a single NNTP chain was calculated in Xplor-NIH
version 2.5317-19 using C-13C, >N-13C, and *H-°N distance restraints, extracted from
2D CORD (100ms, 250 ms, and 500 ms mixing times), NCACX, NCOCX, and (H)NH
HETCOR spectra and backbone dihedral angles predicted by TALOS-N*® from the
experimental *H, 3C, and N chemical shifts. The bounds for the distance restraints
were set to 1.5-6.5 A (4.0 £ 2.5 A) and 2.0-7.2 A (4.6 £ 2.6 A) for intra- and inter-
residue restraints, consistent with our previous studies®2°.

Calculations were seeded using the primary sequence as extended strands. 1,000
structures were generated with molecular dynamics simulated annealing in the torsion
angle space with two successive annealing schedules and a final gradient minimization
in Cartesian space, essentially as described previously®2° and detailed below.

Two successive annealing schedules were used, the first in a vacuum with the
REPEL module and the second with an implicit solvent refinement using the EEFx
module?l. The ten lowest energy structures were selected and served as input for the
second schedule, and the ten lowest energy structures of this as input for the final
ensemble (PDB: 7SD4). Standard terms for bond lengths, bond angles, and improper
angles were applied to enforce correct covalent geometry.

The first annealing calculation was essentially identical to that reported
previously'®20, with initial random velocities at a 3,500 K constant temperature

molecular dynamics run for the shorter of 800 ps or 8,000 steps, with the time step size
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allowed to float to maintain constant energy. Subsequently, simulated annealing
calculations at reduced temperatures in steps of 25 K to 100 K were carried out for the
shorter of 0.4 ps or 200 steps. Force constants for distance restraints were ramped up
from 10 to 50 kcal/mol+A2. Dihedral angle restraints were disabled for high-temperature
dynamics at 3,500 K and subsequently applied with a force constant of 200
kcal/molerad?. The force constant for the radius of gyration was geometrically scaled
from 0.002 to 1, and a hydrogen bond term, HBPot, was used to improve hydrogen bond
geometries??. After simulated annealing, structures were minimized using a Powell
energy minimization scheme.

For the second schedule performed in the implicit solvent, all parameters were
set in accordance with the EEFx example packaged with Xplor-NIH. Annealing was
performed at 3,500 K for 15 ps or 15,000 steps, whichever was completed first. The
starting time step was 1 fs and was self-adjusted in subsequent steps to ensure
conservation of energy. Random initial velocities were assigned about a Maxwell
distribution at the starting temperature of 3,500 K. Subsequently the temperatures were
reduced to 25 K in steps of 12.5 K. At each temperature, 0.4 ps dynamics were run with
an initial time step of 1 fs. Force constants for distance restraints were ramped up from
2 to 30 kcal/molsAZ2. The dihedral restraint force constants were set to 10 kcal/molsrad?
for high-temperature dynamics at 3,000 K and 200 kcal/molerad? during cooling. After
the EEFx module, structures were minimized using a Powell energy minimization

scheme.
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Atomic RMSD values were calculated using routines in Xplor-NIH (version
2.53)17-19, The visualization of structural ensembles was rendered in PyMOL?3, using
in-house shell/bash scripts. Secondary structure elements were classified according to

STRIDE?* and manual inspection.

3.1.6 Conclusions and outlook

The structure presented here can provide guidance for therapeutics of SARS-
CoV-2 by displaying features not previously available. In addition, the methodological
protocol underscores how X-ray crystallography and MAS NMR can be used in concert
to reveal functionally important regions not accessible from an individual technique

alone.
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3.2 MAS NMR structure of HIVV-1 CActp-SP1 and maturation inhibitors

Content (i.e. certain figures and technical language) in 8 3.2 is reprinted with
permission from the published article: Sucharita Sarkar, Kaneil K. Zadrozny, Roman
Zadorozhnyi, Ryan W. Russell, Caitlin M. Quinn, Alex Kleinpeter, Sherimay Ablan,
Hamed Meshkin, Juan R. Perilla, Eric O. Freed, Barbie K. Ganser-Pornillos, Owen
Pornillos, Angela M. Gronenborn, Tatyana Polenova (2022) Structural Basis of HIV-1
Maturation Inhibitor Binding and Activity. Nat. Comms., DOI: TBD

Author contributions are as follows: T. P., A. M. G., B. K. G.-P., and O. P. conceived
the project and guided the work. S. S. and R. Z. performed NMR experiments and
analyzed the experimental data. K. K. Z. prepared the samples. R. W. R. and S. S.
performed the structure calculations. J. R. P. designed and guided the MD simulations.
H. M. and J. R. P. parameterized the force fields for BVM. S.S.,,R.W.R.,R. Z.,, H. M.,
and K. K. Z. prepared figures for the manuscript. R. W. R. wrote scripts for structure
calculations, analysis of calculation results and structure visualizations. C. M. Q. took
part in the design or analysis of NMR experiments. E. O. F. provided A1V and V7A
viral sequence polymorphs and critical feedback on data analysis. A. K. and S. A.
performed infectivity and BVM binding studies of BVM-resistant variants. T. P., A. M.
G., B. K. G.-P., and O. P. took the lead in writing the manuscript. All authors discussed

the results and contributed to the manuscript preparation.
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3.2.1 HIV-1 maturation and maturation inhibitors

The maturation of the HIV-1 virus is a critical process in its lifecycle necessary
for the formation of infectious virions. Despite extensive efforts, many key mechanistic
aspects of maturation remain poorly understood.?®

Maturation occurs through a proteolytic cleavage cascade of the Gag polyprotein
by the viral protease and results in Gag lattice remodeling (Figure 3.3). Gag is comprised
of matrix (MA), capsid (CA), nucleocapsid (NC), and p6 domains as well as spacer
peptides 1 and 2 (SP1 and SP2). The final maturation step is the cleavage of a 14-residue
SP1, leading to the formation of a conical capsid that harbors the NC-stabilized virial
RNA.26-2% The conical capsids are pleomorphic with varied shapes and stoichiometries:
the typical stoichiometry is 216 hexamers and 12 pentamers formed by the 231-residue
CA capsid protein.®

Understanding maturation is of great interest because it is an attractive target for
anti-HIV therapies using small-molecule inhibitors. For example, infectivity is inhibited
by the small molecule bevirimat (BVM) that prevents the final catalytic cleavage of
SP1, by presumably binding directly to the SP1 domain.3! Yet, direct atomic-level

evidence was lacking, prior to this investigation.
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Figure 3.3: (A) Schematic representation of the proteolytic cleavage of Gag during
maturation. (B) Illustration of the Gag lattice remodeling during
maturation of HIV-1. Drawn using Adobe Illustrator.

The slowest step of maturation is the final cleavage of SP1 and CA as an
outcome of the proteolysis site.32-3 Within the immature HIV-1 Gag lattice (Figure
3.3A) the CA-SP1 self-associates in a six-helix bundle for stabilization of the Gag

hexamer.3>¢ Moreover, for protease access of the site, there must be partial unfolding,

primarily carried out by the junction of CA and SP1. It is thought that maturation
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inhibitors (Mis)’ 3°0-(3',3'-dimethylsuccinyl)-betulinic acid (bevirimat or BVM), 1-[2-

(4-tert-butylphenyl)-2-(2,3-dihydro-1H-inden-2-ylamino)ethyl]-3-

(trifluoromethyl)pyridin-2-one (PF-46396) and their analogs for example, do not

interfere with substrate binding but rather disrupt/prevent unfolding of the six-helix

bundle.37-42

In addition, the six-helix bundle is stabilized by Inositol hexakisphosphate (I1P6)

a capsid assembly cofactor. IP6 is found abundantly in cellular environments and

spontaneously binds/stabilizes the six-helix bundle. Unlike BVM, which binds in the

center of the pore of the six-helix bundle, as reported in previous studies, IP6 binds just

above the six-helix bundle and forms slat bridges with two lysine side chains.36:3843

Figure 3.4:

-
,,\2\\ PF-46396

Binding molecules of the CA-SP1 six-helix bundle: (A) maturation
inhibitor bevirimat, (B) maturation inhibitor PF-46396, (C) IP6
assembly co-factor.
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To probe the mechanism of action of Mls at the CA-SP1 site, we determined the
magic angle spinning (MAS) NMR atomic resolution structures of microcrystalline
complexes of a HIV-1 Gag fragment. We solved the structure of the C-terminal domain

(CActp) and SP1 regions (CActp-SP1) bound with BVM and/or IP6.

3.2.2 Calculation input: chemical shift assignments, dihedral restraints, and
distance restraints

High-resolution MAS NMR spectra was recorded. In total, 96 % of all backbone
atoms were assigned from the spectra and 8377 cross-peaks were assigned amongst
various experiments. Furthermore, 3,071 non-redundant, unambiguous protein-protein
distance restraints (*3C-13C, ®N-13C, '3C-'H, and >N-'H) were obtained. These
comprised 641 medium-range (1<|i-j|<4), 610 long-range (Ji-j|>5), 32 long-range inter-
chain, and 20 long-range inter-hexamer restraints (Table 3.3). This equates to nearly 30
non-redundant unambiguous distance restraints per residue, which is greater than any

protein MAS NMR investigation to date.
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Table 3.3: Summary of MAS NMR restraints and structure statistics of CActp-
SP1/BVM/IP6

BVM-Protein restraints H(BVM)-C(protein)

Unambiguous 7

IP6-Protein  restraints (For CActo- ‘H(IP6)- 31P(1P6)-

SP1/BVMI/IP6) 13C(protein) 'H(protein)

Unambiguous 3 3

IP6-Protein  restraints (For CActo- H(IP6)- 31p(1P6)-

SP1/BVM/IP6) 13C(protein) 'H(protein)

Unambiguous 6 0

Protein distance restraints BCB¥c  BN-BC  BN-'H  BC-H

Unambiguous 2125 537 91 295
intra-residue 595 358 82 259
Sequential (Ji-j| = 1) 227 132 7 26
Medium range (1<|i-j|<4) 641 29 1 3
Long range (Ji-j[>5) 610 11 0 6
Long range (|i-j>5) (inter-chain) 32 7 0 0
Long range (]i-j}>5) (inter-hexamer) 20 0 1 1

Ambiguous 117 4 6 2
Intra-residue 22 1 6 2
Sequential (Ji-j| = 1) 13 1 0 0
Medium range (1<|i-j|<4) 34 2 0 0
Long range (Ji-j>5) 48 0 0 0

Total number of unambiguous restraints 3071

Restraints/residue 30

Percent completeness 52% (C-C only)

Dihedral angle restraints

) 90

] 90
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3.2.3 Structure of a single CActp-SP1 chain

The single-chain structure of CActp-SP1 was calculated using MAS NMR
distance and dihedral restraints using Xplor-NIH version 2.531-1%, Folding calculations
were seeded from primary sequence extended strands. One thousand structures were
calculated using molecular dynamics simulated annealing in the torsion angle space
with two successive annealing schedules and a final gradient minimization in the
Cartesian space. The structure calculation began with a 3500 K constant-temperature
molecular dynamics run for the shorter of 800 ps or 8,000 steps with the time step size
allowed to float to maintain constant energy, within a tolerance. The initial velocities
were randomized about a Maxwell distribution using a starting temperature of 3,500 K.
Following this initial molecular dynamics calculation, a simulated annealing calculation
was performed where the temperature was reduced to 100 K in steps of 25 K. At each
temperature, dynamics were run for the shorter of 0.4 ps or 200 steps. Force constants
for distance restraints were ramped up from 10 to 50 kcal mol™ A2, The dihedral angle
restraints were disabled for high-temperature dynamics at 3500 K but enabled during
simulated annealing with a force constant of 200 kcal mol™* rad 2. The gyration volume
force constant* was geometrically scaled from 0.002 to 1. The torsion angle database*
and HBPot?? were also used. After simulated annealing, the structures were minimized
using a Powell energy minimization scheme.

Subsequently, the ten lowest energy structures were selected for further

refinement where 1,000 structures were refined in total. Annealing was performed at
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3,000 K for 10 ps or 5,000 steps, whichever was completed first. The starting time step
was 1 fs and was self-adjusted in subsequent steps to ensure conservation of energy. The
initial velocities were randomized about a Maxwell distribution using the starting
temperature of 3,000 K. The temperature was subsequently reduced to 25 K in steps of
12.5 K. At each temperature, the initial default time step was 1 fs, and a 0.2-ps dynamics
run was performed. Force constants for distance restraints were ramped from 2 to 30
kcal mol™t A~2. The dihedral restraint force constants were set to 10 kcal mol ™ rad2 for
high-temperature dynamics at 3,000 K and 200 kcal mol* rad? during cooling. The
gyration volume force constant was scaled from 0.002 to 1. The torsion angle database
and HBPot were also used. The annealed structures were minimized using a Powell

energy minimization scheme.

Figure 3.5: Lowest-energy structure of the single-chain calculation of CActp-SP1
used for subsequent docking in § 3.2.4.
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3.2.4 Docking of the single chain in X-ray density

The lowest energy single-chain structure calculated as described above was
subjected to rigid-body docking into the envelope of the hexamer-of-hexamers (§ 1.2.5).
The docking was performed using an in-house UCSF Chimera“® script (Listing 3.1).
Specifically, the 42 best positions (from 7 hexamer units) for docking of single-chain
structures, were identified on the map, on the basis of lowest cross-correlation values
and brief visual inspection. Prior to docking, the density was prepared using the

“molmap” routine in UCSF Chimera.

Figure 3.6: Batch docking of the experimental X-ray density map*’ of the lowest
energy structure for the single-chain calculation. Shown here are the
42 positions identified on the basis of lowest cross-correlation values
and brief visual inspection.
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from chimera import runCommand as run, openModels
import re
import sys
import os

# Example of how to run this script:
# /Applications/Chimera.app/Contents/MacO0S/chimera --nogui --script
dock_chimera.py

# Load in pdb and density for docking

# Must have _ after number for strucIDs, otherwise just name it manually
in_pdb = "refinel_853.pdb"

stuciDs = re.search("\\d+_", in_pdb, re.m).group(0)

run('open ./54IT_noBVM_HOH_molmap_8A_residl48to238.mrc')
run(str("open ") + str(in_pdb))

# Set step level and make density a surface

run('volume #0 step 1')

run('volume #0 Tevel 0.0063 style surface')

# Set this number high so no slots/fits missed

strucs_in_tube = "350"

# Set indices and prepare for docking

mapl_id = 1

map2_id = 0

# Set number of translations and rotations cross-correlation values
(optional)

search = 250000

# Provide resolution. Script will run fine if this is approximate, the cross-
correlation

# va1u§s will be off but the values still will reveal the fits.

res =

# Execute the docking
from chimera import openModels as om, selection
ml = om.list(id = mapl_id)[0]
m2 = om.Tist(id = map2_id) [0]
= selection.ItemizedSelection([ml])
from FitMap.fitcmd import fitmap
fi%_1;st = fitmap(sl, m2, search = search, resolution = res, TistFits =
False

# Access cross-correlation value for each docked structure
print '%d fits' % len(fit_1ist)
import Matrix
corrs =
for index, fit in enumerate(fit_list):
if int(index) <= int(strucs_in_tube):
print 'correlation =', fit.correlation()
corrs.append(fit.correlation())
if int(index) <= int(strucs_in_tube):
fit.place_copies()
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# Save pdb coordinates of fit with cross-correlation in the file-name
if not os.path.exists("Docked"):
os.makedirs("Docked")
for index, fit in enumerate(fit_list):
if int(index) <= int(strucs_in_tube):
struc_ind = float(index) + 2
print int(index), struc_ind
outname = "Docked/docked_StrucNum_" + str(int(struc_ind))
+ "_Corr_" + str(round(fit.correlation(), 4)) + ".pdb"
print outname
run(str("write ") + str(struc_ind) + str(

) + outname)

Listing 3.1: UCSF Chimera script for batch docking into cryo-EM density.

3.2.5 Refinement of the seven hexamer units with BVM/IP6

After docking, a calculation was performed to identify the precise location of
the IP6 and BVM ligands as well as to incorporate additional distance restraints between
chains and hexamer units. The calculation was seeded from single-chain CActp-SP1
coordinates calculated from the experimental MAS NMR restraints (see above),
together with the coordinates of BVM and/or 1P6 generated as described above. The
placement of the molecules inside a single hexamer was estimated by visual inspection
to allow the protein-ligand distance restraints to be applied properly. The coordinates
were expanded from a single hexamer to a hexamer of hexamers unit containing seven
hexamers (42 chains) using the “symexp” command in PyMol?3,

100 structures underwent torsion angle dynamics with an annealing schedule
and a final gradient minimization in Cartesian space. The force field parameterization
of the IP6 and BVM molecules were incorporated into the run via topology and

parameter files, prepared specifically for Xplor-NIH. The BVM and IP6 molecules were
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free to move as rigid bodies during dynamics and final minimization. Two identical runs
of simulated annealing starting at 3,000 K were performed for 10 ps, with a time step of
1 fs. The initial velocities were randomized to achieve a Maxwell distribution at a
starting temperature of 3,000 K. The temperature was subsequently reduced to 25 K in
steps of 25 K. At each temperature step, dynamics were run for 400 fs with an initial
time step of 1 fs.

Standard terms for bond lengths, bond angles, and improper angles were used to
enforce proper covalent geometry. Standard potentials were used to incorporate distance
and dihedral restraints.

A cross-correlation probability distribution potential often utilized for
experimental cryo-EM density?°*8 enforced/conceded the overall shape and boundary
of the hexamer of hexamers with the 8-A density map (§ 1.2.6). The potential was
restricted to backbone atoms (N, C, CA, and O) to ensure the density boundary would
not influence sidechain conformations.

A statistical torsion-angle potential*®> was employed, and the gyration volume
term was not included to avoid conflict with the cross-correlation density potential. A
hydrogen-bond database term, HBPot, was used to improve hydrogen-bond
geometries??. Approximate non-crystallographic symmetry was imposed using Xplor-
NIH’s PosDiffPot term, allowing the subunits of the hexamer to differ by up to 1 A.

Force constants for distance restraints were ramped from 2 to 30 kcal/mol*AZ2.

The dihedral restraint force constants were set to 10 kcal/molerad? for high-temperature
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dynamics at 3,000 K and 200 kcal/molerad? during cooling. The force constants of the
cross-correlation probability distribution potential were set to 50 kcal/mol during high
temperature dynamics and cooling.

After the high-temperature dynamics and cooling in dihedral space, the annealed
structures were minimized using a Powell energy minimization scheme in Cartesian
space. The final MAS NMR bundle comprised the five lowest energy structures of the
100 calculated ones.

RMSD values were calculated using routines in the Xplor-NIH (version 2.51).
The visualizations of structural elements were batch rendered in PyMOL using in-house
shell/bash scripts. Secondary structure elements were classified according to TALOS-

N.15

3.2.6 Structure of CActp-SP1 with IP6 and/or BVM

The structure of the CActp-SP1 hexamer determined here takes the shape of a
goblet, as reported previously*”4%-51 where the CActp domain is the cup and the six-
helix bundle of the CA-SP1 junction is the stem. Within the structure of CActp-SP1,
the SP1 domain is well defined (except M14) despite the conformational disorder.*”50:51
The calculated structures exhibit excellent precision corroborated by the low RMSDs
and structure statistics of the five lowest energy structures. (Table 3.4., Figure 3.7).
Undoubtedly, this is a direct outcome of the very large number of restraints (Table 3.3),

consistent with the results demonstrated in Chapter 2.
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Figure 3.7:
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1

MAS NMR structure of CActp-SP1 crystalline array. (A) Side view of
hexamer of hexamers of BVM- and IP6-bound CActp-SP1 arrays. (B)
Superposition of 5 lowest energy structures of central hexamer of
CActp-SP1/BVM/IP6 crystalline arrays. (C) Expansion of inter-
hexamer (top panel) and inter-chain (bottom panel) regions showing
distance restraints obtained from MAS NMR correlation experiments.
(D) MAS NMR structure of a single hexamer of BVM and I1P6-bound
CActp-SP1 crystalline array. The residues detected by MAS NMR and
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not modeled in the X-ray and cryo-EM structures*%2 are shown in
darker cyan.

Table 3.4: Structure statistics for CActp-SP1/BVM/IP6 and CActo-SP1/BVM

Structure statistics

CAcTp-SP1/BVM/IP6

Violations (mean % s.d.)
Distance restraints > 7.2 A (A) 0.153 + 0.002
Dihedral angle restraints > 5° (°) 2.579 £ 0.088
Max. protein-protein distance restraint violation* (&)  1.892
Max. protein-ligand distance restraint violation* (A) 2.787

Max. dihedral angle restraint violation* (°) 14.295
Deviations from idealized geometry

Bond lengths (A) 0.012 +0.000

Bond angles (°) 0.999 £ 0.014

Improper angles (°) 0.964 + 0.016
Average pairwise RMSD (A)

Heavy 1.1+01

Backbone (N, Ca, C) 09+0.1

CAcTp-SP1/1P6

Violations (mean + s.d.)
Distance restraints > 7.2 A (A) 0.140 = 0.001
Dihedral angle restraints > 5° (°) 2.646 + 0.095
Max. protein-protein distance restraint violation* ()  2.444
Max. protein-ligand distance restraint violation* (A) no violations

Max. dihedral angle restraint violation* (°) 16.020
Deviations from idealized geometry

Bond lengths (A) 0.010 + 0.000

Bond angles (°) 0.970 £ 0.006

Improper angles (°) 0.969 £ 0.019
Average pairwise RMSD (A)

Heavy 1.3+£0.2

Backbone (N, Ca, C) 1.1+£0.2

*Pairwise RMSD was calculated among 5 lowest energy central hexamers

The calculated structures revealed the important mechanisms of BVM binding
as well as atomic-scale structure details including side-chain conformations. Not to

exceed the scope of this dissertation, centered upon the methods of the structure
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calculations, select findings will only be introduced briefly to showcase the knowledge
from structure calculations.

Comparing the central hexamers of the lowest energy structure from CActo-
SP1/1IP6/BVM and CActp-SP1/IP6 reveals simultaneous binding of BVM and IP6 in
the pore of the CActp-SP1. Clearly from Figure 3.7-3.8, the orientation and precise
location of BVM was determined unambiguously. Comparison of the two structures
also reveals that in the presence of BVM, CActp-SP1 undergoes pore tightening (Figure

3.8) and side-chain reorientation (Figure 3.9).

Figure 3.8: MAS NMR structure of BVM- and IP6-bound CActp-SP1 (A) Top
panel: IP6 binding mode in the hexamer of CActp-SP1/IP6 assemblies
(PDB 7R7Q, this work). Bottom panel: IP6 and BVM binding modes
in the hexamer of CActp-SP1/BVM/IP6 assemblies (PDB 7R7P, this
work). Residues interacting with IP6 or BVM are shown as sticks. (B)
Superposition of MAS NMR structure of CActo-SP1/BVM/IP6 and
CActp-SP1/IP6 shown from side view (top) and top view (bottom).
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BVM binding induces major structural rearrangements of the SP1
helices, resulting in the tightening of the pore and quenching the
motions of the simultaneously bound IP6. Residues colored in magenta
give rise to high-intensity peaks corresponding to intra- and inter-
residue correlations upon BVM binding.
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Figure 3.9: Reorientation of side chains in CActp-SP1 crystalline arrays induced

by BVM binding.

3.2.7 Conclusions and outlook

In conclusion, the structures of CActp-SP1/IP6/BVM and CActp-SP1/IP6
assemblies were determined from MAS NMR. The structures revealed the binding
position of BVM and many other important features that were not established in prior

studies. Our results illustrate how MAS NMR experiments can produce critical
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information not available from X-ray crystallography, such as binding positions and
local details, including sidechain conformational changes and the precise location of

bound ligands, underscoring the power of MAS NMR structure determination.
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Chapter 4
ATOMIC RESOLUTION HIV-1 CAPSID TUBULAR ASSEMBLIES BY MAS
NMR

Content (i.e. certain figures and technical language) in this chapter is reprinted
with permission from the published article': Manman Lu, Ryan W. Russell, Alex Bryer,
Caitlin M. Quinn, Guangjin Hou, Huilan Zhang, Charles D. Schwieters, Juan R. Perilla,
Angela M. Gronenborn, Tatyana Polenova (2020) Atomic-resolution structure of HIV-
1 capsid tubes by magic-angle spinning NMR. Nat. Mol. Struct. Biol. 27, 863-869. DOI:
10.1038/541594-020-0489-2
Author contributions are as follows: T. P. and A. M. G. conceived the project and
guided the work. J. R. P. designed and guided the MD simulations and structure
calculations of the CA tube. M. L. prepared the samples, performed NMR experiments
and analyzed the experimental data. R. W. R. and M. L. performed the structure
calculations of CA hexamer unit. C. M Q. assisted in the structure calculations of the
hexamer unit. A. B. conducted the MD simulations and structure calculation of the CA
tube. M. L., R. W. R. and A. B. prepared figures for the manuscript. R. W. R. and A. B.
wrote scripts for analysis of calculation results and visualization of the hexamer unit
and tube, respectively. C. D. S. provided critical input in the NIH-Xplor based structure
calculations. C. M. Q., G. H. and H. Z. took part in the design or analysis of NMR
experiments. T. P. and A. M. G. took the lead in writing the manuscript. All authors

discussed the results and contributed to the manuscript preparation.
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4.1 Introduction

Acquired Immunodeficiency Syndrome (AIDS) is a worldwide ailment and is
caused by the Human Immunodeficiency Virus (HIV). Approximately 37.7 million
people [30.2 - 45.1 million] are living with HIVV worldwide, with approximately 1.5
million [1.0 — 2.0 million] new cases recorded in 2020 alone, according to the UNAIDS
epidemiological estimates.? Current treatment regimens for HIV-1 patients include
antiretroviral therapy, where the patient is prescribed multiple medicines with different
mechanisms of action, to prevent/suppress HIV-1 reproduction. With the usage of
antiretroviral therapy, patients can live long lives. However, the current treatments are
expensive, associated with numerous side effects, require to be administered for the
entire life, and no cure is available to date.®

HIV endlessly adapts to resist new therapies and, therefore, considerable effort
is being put in to trying to understand the virus on the molecular level. The genetic
information of the virus, necessary for reproduction, is embedded in single-stranded
RNA dimer and harbored/protected by the HIV-1 capsid (CA) protein. CA exhibits
several distinct functionally important regions, such as the cyclophilin A (CypA)-
binding loop and the B-hairpin. CA exhibits inherent plasticity which is a feature that is
connected to numerous viral functions throughout replication. Specifically, CA is
involved in uncoating®, microtubule transport/hijacking®®, host-factor recruitment’-,
genome integration®!, and ultimately nuclear import*?3, This, collectively, makes CA

an exceptional target for therapeutic intervention.'4%>
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Structurally, CA is complex. A single chain of CA comprises the N-terminal
domain (NTD) and the C-terminal domain (CTD) connected by a short flexible linker.
The RNA-harboring capsid is a hexagonal surface lattice that is closed with 12 CA
pentamers.'® Indeed this totals ~1,000-1,500 copies of the capsid protein (CA), and is
conical in architecture. In addition to conical assemblies, CA readily assembles into
tubes in vitro; CA tubes recapitulate numerous structural parameters of cones and has

inspired many laboratories to pursue their study.'’-%°

Figure 4.1: HIV-1 capsid overview. (A) Cartoon/ribbon illustration of HIV-1
virion with CA (blue/violet) harboring RNA (red). (B) Single chain of
HIV-1 CA with a N-terminal domain (top) and C-terminal domain
(bottom). (C) (top) All-atom model of the mature HIV-1 capsid core
comprised of pentamers and hexamers, determined by an integrated
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cryo-EM, cryo-ET, solution NMR, and MD approach.*® (bottom) HIV-
1 tubular assembly comprising only CA hexamers.?°
4.2 Experimental distance and dihedral restraints by MAS NMR
High-resolution MAS NMR spectra of CA tubular assemblies were recorded.
From these spectra, near-complete chemical shift assignments were performed. Using
chemical shifts, cross-peaks in the through-space R2}-driven (CORD) spectra of [1,6-
13C-glucose, U-1®NJ-CA and [2-'3C-glucose, U-1°N]-CA, recorded with different
mixing times, were converted to distance restraints. In total 1,311 distance restraints
were identified, including 210 long-range (|i —j| > 5) correlations (Table 4.1). Using the
experimental *C and >N chemical shift assignments, 390 backbone dihedral (¢/y)
restraints were accurately derived/predicted with TALOS-N.?!

Table 4.1: Summary of MAS NMR distance and dihedral restraints used for
structure calculations of HIV-1 CA

Distance constraints CAFL CANTD CACTD
Unambiguous
Intra-residue 491 374 114
Inter-residue 820 620 197
Sequential ( |i-j|=1) 221 161 58
Medium range (1 <|[i-j| <5) 204 166 38
Long range ( [i-J| > 5 ) (sidechain- 210 166 (85) 43 (16)
sidechain) (101)
Ambiguous 185 127 58
Total 3C-13C restraints 1311 994 311
Restraints/Residue 5.7 6.9 3.7
Dihedral Restraints CAFL CANTD CACTD
) 195 126 68
v 195 126 68
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4.3 Structure of a single CA chain

The initial fold calculation for the CA single chain was seeded from an extended
chain from the primary structure, distance restraints, and 390 dihedral restraints (Table
4.1). The bounds of the distance restraints were set to 1.5-6.5 A (4.0+2.5 A) and 2.0—
7.2 A (4.6+2.6 A) for intra- and inter-residue restraints, respectively, consistent with
the bounds established in Chapter 2. Ambiguous restraints exceeding five-fold
ambiguity were not included in the calculations.

Structure calculations were performed in Xplor-NIH version 2.51.22-2* Standard
terms for bond lengths, bond angles and improper angles were used to enforce correct
covalent geometry. A statistical torsion angle potential?® and the gyration volume term
were employed?®. Separate gyration volume terms were applied to the NTD (residues
1-145) and CTD (residues 148-231), excluding the flexible linker. A hydrogen bond
database term, HBPot, was used to improve hydrogen bond geometries?’.

In the run, 3,000 structures were calculated using molecular dynamics simulated
annealing in torsion angle space with two successive annealing schedules and a final
gradient minimization in Cartesian space. The structure calculation began with a 3,500
K constant-temperature molecular dynamics run for the shorter of 800 ps or 8,000 steps
with the time step size allowed to float to maintain constant energy, within a tolerance.
The initial velocities were randomized about a Maxwell distribution using a starting
temperature of 3,500 K. Following this initial dynamics calculation, a simulated

annealing calculation was performed where the temperature was reduced to 100 K in
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steps of 25 K. At each temperature, dynamics were run for the shorter of 0.4 ps or 200
steps. Force constants for distance restraints were ramped up from 10 to
50 kcal mol™' A=2. The dihedral angle restraints were disabled for high-temperature
dynamics at 3,500 K but enabled during simulated annealing with a force constant of
200 kcal mol ! rad 2. The gyration volume force constant was geometrically scaled from
0.002 to 1. After simulated annealing, the structures were minimized using a Powell
energy minimization scheme.

At the completion of the run, the lowest energy structures were identified and,
as anticipated from the systematic model in Chapter 2, the orientation of the NTD and
CTD relative to each other could not be correctly identified from NMR alone (Figure
4.2). This could not be identified because there were very few NTD-CTD correlations
present in the MAS NMR spectra because the distances between the atoms of the NTD
and CTD exceed the observable distance C-C correlations (~7 A) in MAS NMR

experiments (Figure 1.4).
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Figure 4.2: Best-fit superpositions for the NTD (A) and CTD (B), respectively, are
shown. NTD helices are colored purple, the B-hairpin yellow, loops
gray, and the CTD helices cyan.

Despite insufficient restraints between the two domains, the accuracy of the
individual domains was adequate. This was corroborated both by visual inspection
(Figure 4.2) and the tallies of the restraints: 6.9 restraints per residue (17%
completeness) for the NTD (residues 1-145) and 3.7 restraints per residue (10%
completeness) for the CTD (residues 148-231). The precision of the NTD and CTD
ensembles measured by pairwise atomic backbone RMSDs are 2.2+0.4A and
1.8+0.5 A, respectively, (Table 4.2) and falls within the expected values of our
systematic model study (Chapter 2) of ~1-3 A. At the completion of this stage, we then

proceeded with separate treatment of the NTD and CTD in the subsequent section.
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Table 4.2: Structural precision (pairwise atomic backbone RMSD) of the
individual domains (NTD, CTD) of HIV-1 CA

Initial single-chain ensemble  CA NTD (1-145) CA CTD (148-231)
Backbone (N, Ca, C) 22+04A 1.8+05A
Heavy atoms (All N, C) 28+04A 27+04A

4.4 Structure of the individual NTD and CTD domains of CA

The 300 lowest energy structures from the full-length CA single-chain run were
selected and the coordinates of the NTD and CTD were refined in separate calculations.
In the separate calculations 3,000 structures for both the NTD and CTD were refined.
Simulated annealing at 3,000 K was performed for 10 ps or 5,000 steps, whichever was
completed first. The starting time step was 1 fs and was self-adjusted in subsequent steps
to ensure conservation of energy. The initial velocities were randomized about a
Maxwell distribution using the starting temperature of 3,000 K. The temperature was
subsequently reduced to 25 K in steps of 12.5 K. At each temperature, the initial default
time step was 1fs, and a 0.2-ps dynamics run was performed. Force constants for
distance restraints were ramped up from 2 to 30 kcal mol™' A2, The dihedral restraint
force constants were set to 10 kcal mol™' rad™ for high-temperature dynamics at
3,000 K and 200 kcal mol ™! rad ™2 during cooling. The gyration volume force constant
was scaled from 0.002 to 1. The annealed structures were minimized using a Powell
energy minimization scheme. The 50 lowest energy structures from each run were
selected for the next step and the ten lowest are shown visually in Figure 4.3.
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(b)

Figure 4.3: Ensemble of the ten lowest energy structures for the single-chain
calculation and refinement of the NTD (A) and CTD (B) separately.
The NTD helices are colored purple, the B-hairpin yellow, loops gray,
and the CTD helices cyan.

4.5 Docking of the individual domains into the cryo-EM density

To incorporate the overall envelope information, and thus the orientations of the
NTD and CTD relative to each other, the experimental cryo-EM density of EMD-8595
(PDB 5UPW)?° was introduced. The first step involving the density was to dock the
NTD and CTD into the cryo-EM density and to prepare the density by post-processing

and down sampling to 8-A resolution using the phenix.auto_sharpen routine in PHENIX
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1.14%8, The docking was carried out with an in-house UCSF Chimera?® python script

(Listing 4.1).

# Fit an atomic model in a map and save new coordinates and map to files.
from chimera import runCommand as run, openModels

import re

import sys

import os

in_pdb = "INPUT_PDB_FILE"

stuciDs = re.search("\\d+", in_pdb, re.m).group(0)

run('open ./3sympostprocess_cut_trim4_sharp_8A.mrc')

run(str("open ") + str(in_pdb))

mapl_id = 1
map2_id = 0
search = 5000
res = 8

from chimera import openModels as om, selection
= om.1ist(id = mapl_id)[0]
m2 = om.list(id = map2_id) [0]
= selection.ItemizedSelection([ml])
from FitMap.fitcmd import fitmap
fi%_];st = fitmap(sl, m2, search = search, resolution = res, TistFits =
False
print '%d fits' % len(fit_Tist)
import Matrix
corrs = []
for index, fit in enumerate(fit_list):
if int(index) <= int(10):
print 'correlation =', fit.correlation()
# if int(index) == int(0):
corrs.append(fit.correlation())
if int(index) <= int(5):
fit.place_copies()
if not os.path.exists("DockedNTDsCorrs"):
os.makedirs("DockedNTDsCorrs")
with open(str("DockedNTDsCorrs/" + stucIDs + "_Corrs.txt"), 'w') as outfile:
for x in corrs:
outfile.write("%s\n" % x)

TargestCorr = round(corrs[0], 4)
print largestCorr
if not os.path.exists("DockedNTDs"):
os.makedirs("DockedNTDs")
outname = "DockedNTDs/dockedNTDs_" + str(stucIDs) + "_Corr_" +
str(largestCorr) + ".pdb"
print outname
run('combine #2#3#A4#5#6#7"')
run(str("write #8 ") + outname)

Listing 4.1: In-house UCSF Chimera python script for batch docking of protein
subunits into cryo-EM density by the means of exhaustive translations
and rotations corroborated by the basis of cross-correlation.
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Here, the 50 lowest energy structures for both the NTD and CTD from the
previous step served as input for batch docking and were subjected to the global search
of 5,000 random different translations and rotations. On the basis of the lowest cross-
correlation values (§ 1.2.5) and visual inspection, 14 NTDs and 14 CTDs were identified

(Figure 4.4).

(b)

Figure 4.4: Batch docking of NTD (A) and CTD (B) domains separately into low-
resolution cryo-EM map of EMD-8595 (PDB 5UPW)?° of a hexamer
unit of tubular assemblies. Shown are 14 NTDs and 14 CTDs with the
lowest cross-correlation (and checked with visual inspection). The
NTD helices are colored purple, the B-hairpin yellow, loops gray, and
the CTD helices cyan.
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4.6 Joint refinement of the CA hexamer with NMR restraints and cryo-EM
density

Joint refinement calculations of NMR and cryo-EM (introduced in 88 1.2.5-
1.2.6) were performed in Xplor-NIH, using NMR distance restraints, NMR-derived
dihedral restraints, and the 8-A cryo-EM density map of the hexamer unit. Separate
calculations were performed for the NTD and CTD in the hexamer (Figure 4.5).
Calculations were seeded from the bundle of 14 NTD or CTD starting structures, and
100 structures for each were generated by torsion angle dynamics with an annealing
schedule and a final gradient minimization in Cartesian space.

Two identical runs of simulated annealing starting at 250 K were performed for
10 ps, with a time step of 1 fs. The initial velocities were randomized to achieve a
Maxwell distribution at a starting temperature of 250 K. The temperature was
subsequently reduced to 25 K in steps of 25 K. At each temperature, dynamics were run
for 0.4 ps with an initial time step of 1 fs.

The cryo-EM potential® was restricted to N, C’, Ca, O and CP atoms to preserve
the side chain orientations defined by NMR distance and dihedral restraints.
Approximate non-crystallographic symmetry was imposed using Xplor-NIH’s
PosDiffPot term, allowing the subunits of the hexamer to differ by up to 1 A, and force
constants for distance restraints were ramped from 2 to 30 kcal mol™' A2, The dihedral
restraint force constants were set to 10 kcal mol™! rad~? for high-temperature dynamics

at 3,000 K and 200 kcal mol~! rad ™2 during cooling. The EM density map was used to
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generate a cross-correlation probability distribution potential, and the force constants of
the cross-correlation probability distribution potential, initiated from the cryo-EM
density map, was set to 50 kcal mol™! during high-temperature dynamics and cooling.
The gyration volume potential was turned off to avoid conflicts with the cryo-EM
density map. The annealed structures were minimized using a Powell energy

minimization scheme.

Figure 4.5: Ensemble of the ten lowest energy structures for the hexamer
refinement of the NTD (A) and CTD (B) domains separately. The
refinement incorporated NMR distance/dihedral restraints and the
cryo-EM density simultaneously. The NTD helices are colored purple,
the B-hairpin yellow, loops gray, and the CTD helices cyan.

After separate refinement of the NTD and CTD hexamer units (Figure 4.5), the
ten lowest energy structures from each bundle were combined into a ten-member
ensemble containing both NTD and CTD hexamer units. The protein structure file (PSF)

of the hexamer was generated by loading the sequence file of the single CA chain of the
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hexamer. The PSF was expanded to six chains using the Xplor-NIH function
psfGen.duplicateSegment. For each structure, the starting coordinates of the NTD and
CTD regions were set from the input files, while the linker region connecting the NTD
and CTD was built by the protocol.addUnknownAtoms routine. Three iterations of the
hexamer refinement calculation were performed. After each iteration, the ten lowest
energy structures were selected and used as input for the next iteration. The final MAS-
NMR bundle comprised the ten lowest energy structures from the final refinement

calculation (Figure 4.6).
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Figure 4.6:

Structure of the hexameric unit in CA tubular assemblies. (A) Side and
top views of the final ensemble of the ten lowest energy structures of
the CA hexamer unit in the tubular CA assembly. (B) Side and top
views of the superposition of the lowest energy structure of the NMR-
derived CA hexamer unit and the 8-A resolution cryo-EM density map.
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4.7. Final NMR ensemble of the hexameric unit in CA tubular assemblies

Our five-step procedure is summarized in Figure 4.7. Upon completion of this
procedure, we obtained a well-defined ensemble of the ten lowest energy hexamer
structures. (Figure 4.6) The pairwise atomic RMSDs for the ensemble is 0.5+ 0.1 A and
1.2+0.1 A for backbone and heavy atoms, respectively. (All structural statistics are
provided in Table 4.3). These values are remarkably low, indicating a high level of

precision on the atomic scale, revealing precise sidechain details.

Table 4.3: Structure statistics of final NMR ensemble of capsid protein

Violations (mean +s.d.)

Distance constraints (A) 0.049 +£0.002
Dihedral angle constraints (°) 1.076 £0.101
Max. distance constraint violation (A) 0.773
Max. dihedral angle violation (°) 12.364
Deviations from idealized geometry
Bond lengths (A) 0.005 + 0.000
Bond angles (°) 0.680 +0.006
Improper angles (°) 0.575+0.007
Average pairwise RMSD* (A)
Heavy 1.2+0.1
Backbone 0.5+0.1

* Pairwise RMSD was calculated among 10 refined structures.

116
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Figure 4.7:

4 (5) Entire hexamer refinement: NTD and
CTD combined, linker built-in and refined
(3 iterations)

® Distance restraints

e Dihedral (/i) restraints from TALOS-N
® 100 structures calculated

® 10 lowest energy structures selected from
each run/iteration

%

( (4a) NTD hexamer refine (3 iterations)

® Distance restraints

® Dihedral (/i) restraints
from TALOS-N

® 100 structures calculated

® 10 lowest energy structures

r L selected from each run/iteration

(i (4b) CTD hexamer refine (3 iterations)
® Distance restraints

® Dihedral (/) restraints
from TALOS-N

® 100 structures calculated
® 10 lowest energy structures

r L selected from each run/iteration

Summary of the novel five-step NMR/cryo-EM joint procedure.
Ensembles of the ten lowest energy structures at each step are depicted
in ribbon representation, with NTD helices colored purple, the B-

hairpin yellow, loops gray, and CTD helices cyan.
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4.8 Novel structural details of functionally important regions

Our integrated MAS-NMR/cryo-EM structure reveals several unigque structural
details previously inaccessible from other studies, such as conformations of the -
hairpin and the CypA binding loop, which is known to be dynamic'’. These
conformations are afforded from the extensive experimental MAS NMR distance
restraints (Figure 4.8A/B). The B-hairpin is unambiguously defined and in an open
conformation as indicated by restraints within the residues of the loop (P1,H12) and
with other NTD residues (A47, T48, D51, L111), as shown in Figure 4.8B. That the
conformation of the dynamic CypA loop could be determined is thanks to the fact that
the motions of the loop residues occurring on nano- to microsecond timescales do not
interfere with the signals in correlation spectra. Moreover, at cryogenic temperatures
individual conformers are frozen out, and this is likely the cause for the poorly defined

density of these residues in the cryo-EM density.3!
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F161 T210

Figure 4.8: Structural details of the hexameric unit in CA tubular assemblies. (A,
B) Details of the MAS-NMR-derived distance restraint network for the
CypA loop and the B-hairpin, respelvely. (C) Selected side chain
conformations in the final ten-conformer ensemble.

As expected, there are several key differences between the MAS NMR structure
and the structure of hydrated crystals determined by X-ray diffraction (PDB 4XFX),
In particular, CA crystallizes in flat hexamers and hence the structure has strict six-fold
symmetry. Our MAS NMR structure, on the other hand, exhibits no six-fold symmetry

as the tubes are not flat, and hence more similar to the in virio conical capsids'® thus

underscoring the biological relevance of the study.
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4.9 Conclusions and future outlook

Our joint NMR/cryo-EM structure is not only biologically relevant but is
computationally also the first-of-its-kind that incorporates NMR-level detail and low-
resolution cryo-EM density for a large assembly where protein folding was performed
solely from experimental MAS NMR distance and dihedral restraints. The motivation
for this approach was the lack of distance restraints between the individual CA domains.
This protocol devised in our study ensures that no symmetry was imposed and that the
critical atomic-scale NMR details are retained including, but not limited to, side chain
conformations and restraints.

More broadly, integration of results obtained by two experimental techniques is
a powerful approach to overcome single method-inherent limitations. As illustrated in
our study, determination of the atomic-resolution structure of a single CA chain, based
on MAS-NMR restraints combined with a low-resolution cryo-EM map for defining the
overall shape of a hexameric unit, provided the means for computationally deriving an
integrated all-atom structure of the hexamer building block as well as the in-vitro-
assembled tube. An even more effective result can be obtained when combined with
large-scale all-atom data-guided MD simulations, as performed for the CA tubular
assembly by the Perilla group using the coordinates from the structural ensemble of the

CA hexamer determined in our study.
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Chapter 5
MAS NMR STRUCTURE OF THE KINESIN-1 MOTOR DOMAIN BOUND

TO POLYMERIZED MICROTUBULES

Content (i.e. certain figures and technical language) in this section is reprinted
with permission from the published article:* Chunting Zhang, Changmiao Guo, Ryan
W. Russell, Caitlin M. Quinn, Mingyue Li, John C. Williams, Angela M. Gronenborn,
and Tatyana Polenova (2022) Magic-Angle-Spinning NMR Structure of the Kinesin-1
Motor Domain Assembled with Microtubules Reveals the Elusive Neck Linker
Orientation. Nat. Comms. DOI: 10.1038/s41467-022-34026-w
Author contributions are as follows: T.P. designed the experiments and directed the
project. C.Z. and C.G. prepared the fully protonated KIF5B/MT samples and performed
MAS NMR experiments. T.P., C.M.Q., and A.M.G. acquired MAS NMR spectra with
the CPMAS CryoProbe. C.Z. performed data analysis. R.W.R. and C.Z. performed the
structure calculation and refinements and prepared figures and tables. M.L. prepared the
sample of deuterated KIF5B/MT samples and performed the proton-detected MAS
NMR experiments. J.C.W. designed the KIF5B constructs and provided sample
preparation protocol. All authors discussed the results. C.Z., C.G., T.P., A. M. G., and

R.W.R. took the lead in writing the manuscript.
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5.1 Introduction

Microtubules (MTs) are cytoskeleton filaments built of o/f tubulin
heterodimers. Eukaryotic MTs play critical biological roles, including intracellular
transport of cargos and organelles as well as cellular mitigation and migration.:?2 MTs
are also responsible for cell structure/shape and have diameters of up to 23-27 nm and
lengths of up to 50 um.? Kinesins are protein motors that move along microtubules to
transport various cargos (Figure 5.1). Kinesin-1 (also referred to as conventional
kinesin) is the founding member of the kinesin superfamily. Kinesin-1 is critically
involved during cell mitigation and migration, notably in the formation of mitotic
spindles.*> Mutations of kinesins are responsible for numerous diseases.®

Herein the structure of the ubiquitously expressed kinesin-1 isoform KIF5B,
bound with polymerized MTs, was determined, by integrating MAS NMR restraints
with medium-resolution cryo-EM density. To date, there have been several models of
KIF5B published in different states such as free KIF5B’, KIF5B bound with a tubulin
dimer®, and KIF5B bound with polymerized MTs.% 1?2 However, a structure of KIF5B
with a well-defined neck linker in complex with polymerized MTs had not been
determined prior to this study. The structure reveals the position and orientation of the
functionally important neck linker and how ADP induces structural and dynamic
changes that ensue in the neck linker. These results demonstrate that the neck linker is

in the undocked conformation and oriented in the direction opposite to the KIF5B
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movement. Chemical shift perturbations and intensity changes indicate that a significant
portion of ADP-KIF5B is in the neck linker docked state. This study also highlights the
unique capability of MAS NMR to provide atomic-level information on dynamic

regions of biological assemblies.

Anterograde
Cargo

Retrograde

L
rEvE e
Microtubule
Figure 5.1: Schematic diagram of the microtubule motor proteins cytoplasmic

dynein and kinesin. Cytoplasmic dynein transports cargo in the
retrograde direction toward the minus ends of microtubules whereas
kinesin transports cargo in the anterograde direction toward the plus
ends. This figure was originally published in refrence!®. Permission
for reuse in this dissertation granted by the Creative Commons
Attribution License (Appendix A).
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5.2 Experimental distance and dihedral restraints by MAS NMR

Utilizing experimental chemical shift assignments determined from multiple
MAS NMR datasets acquired by our team,'* signals in R2%-driven (CORD) spectra of
[1,6-13C-glucose, U-'*N]- KIF5B/MT and [2-'3C-glucose, U-'°*N]- KIF5B/MT were
identified as distance restraints. In total, there are 1,339 non-redundant distance
restraints as summarized in Table 5.1. Ambiguous restraints exceeding five-fold
ambiguity were not considered. The bounds of the distance restraints were set to 1.5—
6.5 A (4.0+25A)and 2.0-7.2 A (4.6 + 2.6 A) for intra- and inter-residue restraints,
respectively, consistent with our previous study®. The chemical shifts were used to
accurately predict the secondary structure elements as well as 494 dihedral (¢/y)
restraints with the TALOS-N program.*6

Table 5.1: Summary of MAS NMR distance and dihedral restraints used for
structure calculations of KIF5B bound with polymerized MTs.

Distance constraints

Unambiguous 1146
Intra-residue 937
Inter-residue 209

Sequential ( |i-j| =1) 55
Medium range (1 <|i-j| <5) 43
Long range ( |i-j| > 5 ) (sidechain-sidechain) 111 (56)
Ambiguous 193
Total 13C-13C restraints 1339
Restraints/Residue 3.85
Summary of dihedral angle restraints
0 247
\ 247
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5.3 Structure of a single subunit of KIF5B bound to MTs

Using the distance and dihedral restraints reported in 8 5.2, structure calculations
for the single unit were seeded from the coordinates of the cryo-EM structure (PDB
3J8X)!! and 100 structures were annealed using Xplor-NIH 2.531"-1°, Missing residues
were built with the protocol.addUnknownAtoms routine. Two rounds of annealing were
performed in the run at 3,000 K for 10 ps or 10,000 steps, whichever was completed
first. The starting time step was 1 fs and was self-adjusted in subsequent steps to ensure
conservation of energy. The initial velocities were randomized about a Maxwell
distribution using the starting temperature of 3,000 K. Subsequently the temperatures
were reduced to 25 K in steps of 25 K. At each temperature, the initial time step was set
to the default value of 1 fs, and a 0.4-ps dynamics run was performed. Force constants
for distance restraints were ramped up from 2 to 30 kcal mol™' A2 The dihedral
restraint force constants were set to 10 kcal mol~! rad~? for high-temperature dynamics
at 3,000 K and 200 kcal mol~! rad~2 during cooling.

A global envelope in the form of synthetic density with an 8 A resolution was
prepared with UCSF Chimera? to preserve the overall shape of the system using the
coordinates of the cryo-EM structure (PDB 3J8X). The resulting map was
implemented into the Xplor-NIH run with the cryo-EM potential to generate a cross-
correlation probability distribution potential?l. The potential was restricted to backbone

(N, C', Ca, O) atoms so as not to distribute the sidechain orientations defined by NMR
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distance and dihedral restraints. The cryo-EM potential was only applied to residues that
are present in this work and the cryo-EM structure (PDB 3J8X)*! (residues 3-6, 8-167,
169-173, 175-320) and not those that are sequence mismatches from the starting
coordinates. The force constant of the cross-correlation probability distribution potential
was set to 50 kcal mol™! during high-temperature dynamics and cooling. The gyration
volume force constant was turned off to avoid conflicts with the cross-correlation
potential. The annealed structures were minimized using a Powell energy minimization
scheme in Cartesian space. Standard terms for bond lengths, bond angles and improper
angles were used to enforce correct covalent geometry. A statistical torsion angle
potential?? and the gyration volume term were employed?3. A hydrogen bond database
term, HBPot, was used to improve hydrogen bond geometries?®. The lowest energy

structure (Figure 5.2) from the run was selected for the next step.
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Figure 5.2: Lowest energy structure for the single-chain calculation of
KIF5B/MT.

5.4 Docking into cryo-EM density

The lowest energy structure from the run described in the last subsection (Figure
5.2) was subjected to rigid-body docking about the experimental cryo-EM density map
(EMD-6187, PDB 3J8X, 6 A resolution)! using an in-house UCSF Chimera?® Python
script (Listing 5.1). The protocol bears similarities to previous work from our
laboratory®® with an important adaptation: instead of employing docking to identify the
best fitting structure amongst many candidates in the cryo-EM density, the script
identifies the best docking positions of a single structure. Here, 22 positions were
identified throughout the map on the basis of lowest cross-correlation values and brief

visual inspection.
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Figure 5.3:

Batch docking of the lowest energy structure for the single-chain
calculation about the experimental cryo-EM density map*? (EMD-
6187, PDB 3J8X, 6 A resolution). Shown here are the 22 positions
identified on the basis of lowest cross-correlation values and brief
visual inspection.
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from chimera import runCommand as run, openModels
import re
import sys
import os

# Example of how to run this script:
# /Applications/Chimera.app/Contents/MacO0S/chimera --nogui --script
dock_chimera.py

# Load in pdb and density for docking

# Must have _ after number for strucIDs, otherwise just name it manually
in_pdb = "refinel_853.pdb"

stuciDs = re.search("\\d+_", in_pdb, re.m).group(0)

run('open ./54IT_noBVM_HOH_molmap_8A_residl48to238.mrc')
run(str("open ") + str(in_pdb))

# Set step level and make density a surface

run('volume #0 step 1')

run('volume #0 Tevel 0.0063 style surface')

# Set this number high so no slots/fits missed

strucs_in_tube = "350"

# Set indices and prepare for docking

mapl_id = 1

map2_id = 0

# Set number of translations and rotations cross-correlation values
(optional)

search = 250000

# Provide resolution. Script will run fine if this is approximate, the cross-
correlation

# va1ugs will be off but the values still will reveal the fits.

res =

# Execute the docking
from chimera import openModels as om, selection
ml = om.list(id = mapl_id)[0]
m2 = om.list(id = map2_id) [0]
= selection.ItemizedSelection([ml])
from FitMap.fitcmd import fitmap
fi%_1;st = fitmap(sl, m2, search = search, resolution = res, TistFits =
False

# Access cross-corrleation value for each docked structure
print '%d fits' % len(fit_Tist)
import Matrix
corrs = []
for index, fit in enumerate(fit_list):
if int(index) <= int(strucs_in_tube):
print 'correlation =', fit.correlation()
corrs.append(fit.correlation())
if int(index) <= int(strucs_in_tube):
fit.place_copies()

# Save pdb coordinates of fit with cross-correlation in the file-name

if not os.path.exists("Docked"):
os.makedirs("Docked")
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for index, fit in enumerate(fit_list):
if int(index) <= int(strucs_in_tube):
struc_ind = float(index) + 2
print int(index), struc_ind
outname = "Docked/docked_StrucNum_" + str(int(struc_ind)) +
"_corr_" + str(round(fit.correlation(), 4)) + ".pdb"
print outname
run(str("write ") + str(struc_ind) + str(" ") + outname)

Listing 5.1:  UCSF Chimera script for batch docking.

5.5 Joint refinement with cryo-EM density

After the docking a joint refinement was performed in Xplor-NIH using the 22
molecules and the experimental cryo-EM density (EMD-6187, PDB 3J8X, 6 A
resolution) following the same protocol, parameters, and force constants as in the earlier
step (8 5.3). Each of the 22 molecules was assigned to a unique segment identifier (A-
V). The protein structure file (PSF) of a single unit was loaded from the sequence file
and expanded to all the 22 subunits with the psfGen.duplicateSegment function in
Xplor-NIH. Coordinates were loaded from 22 files with the initCoords protocol in
Xplor-NIH. The experimental distance and dihedral restraints from the first Xplor-NIH
structure calculation were applied to the 22 subunits with a loop in the Python
infrastructure of Xplor-NIH.

Approximate non-crystallographic symmetry was imposed using the PosDiffPot
term in Xplor-NIH, allowing the 22 subunits to differ by up to 1 A. The experimental
cryo-EM map (EMD-6187, PDB 3J8X, 6 A resolution) was incorporated into the Xplor-

NIH run with the cryo-EM potential to generate a cross-correlation probability
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distribution potential?l. The calculation force constants were set to the same values as §
5.3. As with § 5.3, while the annealed structures were minimized using a Powell energy
minimization scheme in Cartesian space. The lowest energy structure comprising 22

subunits from the run was selected for the next step.

Figure 5.4: Resulting assembly of a simultaneous joint refinement of NMR
distance/dihedral restraints and the cryo-EM density.
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5.6 Neck-linker refinement

A final iteration of the Xplor-NIH structure calculation was performed to
incorporate 17 additional restraints for the neck-linker region. For each of the 22
subunits we performed an individual run where 1,000 structures were calculated. We
followed the identical protocol, parameters, and force constants as in 8 5.3, except for
one modification: to preserve the joint refinement with cryo-EM density only neck-
linker and terminal residues (321-349) were permitted to move freely during dynamics,
the remaining residues (1-320) were set to a rigid body. As with 8§ 5.3,5.5, the annealed
structures underwent a Powell energy minimization in Cartesian space. The lowest
energy structure from each of the runs, corresponding to each of the 22 subunits, was
selected for the final ensemble. Lastly, each member of the final ensemble was returned
to their initial fitting in the density after joint refinement by aligning those residues that
were not in the neck-linker or terminus (1-320) followed by a local density fitting in

UCSF Chimera?°,
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neck-linker
In yellow is the average starting structure for this step

Figure 5.5: Resulting and final assembly from the neck-linker refinement of
KIF5B/MT. (A) Ensemble of 22 units aligned to starting structure for
the step. (B) Ensemble of the 22 units about the cryo-EM density.

5.7 Final Ensemble of KIF5B bound to polymerized MTs

The protocol for the structure determination of KIF5B bound to MTs is
summarized as a flowchart, Figure 5.6. Upon completion of this procedure, we obtained

a well-defined ensemble of 22 structures on the basis of lowest energy. The pairwise

atomic RMSDs for the ensemble are 0.89 +0.09 A and 1.24 +0.09 A for backbone and
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heavy atoms, respectively. (All structural statistics are provided in Table 5.2). These
values are very low, especially considering the very large size of the complex (349 aa,

39.3 kDa) and the 22-member ensemble.

Table 5.2: Summary of MAS NMR distance and dihedral restraints used for
structure calculations of KIF5B bound with polymerized MTs

Structure statistics from 22 lowest energy subunits
Violations (mean £ s.d.)

Distance restraints > 7.2 A (A) 0.168 + 0.001

Dihedral angle restraints > 5° (°) 1.421 +0.077

Max. distance restraint violation* (A) 0.855

Max. dihedral angle restraint violation (°) 13.230
Deviations from idealized geometry

Bond lengths (A) 0.005 + 0.010

Bond angles (°) 0.667 £ 0.388

Improper angles (°) 0.756 + 1.152
Average pairwise RMSD* (A)

Heavy 1.24 £ 0.09

Backbone (N, Ca, C) 0.89 £ 0.09

* Pairwise RMSD was calculated among 22-member ensemble.
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(" (1) Single-chain “fold” N\ ((@8atch docking into low-resolution cryoEM A
® Distance restraints map of KIF5B bound to microtubule

® Dihedral (¢/) restraints from TALOS-N ® 22 dockings selected by cross-correlation

® Inital coordinates (PDB 3J8X) values and visual inspection

® 100 structures calculated >
® [owest energy structure selected from run

7

(3) Joint refinement of assembly comprised
of 22 units

e Distance restraints

® Dihedral (/i) restraints from TALOS-N

® CryoEM density map (EMD-6187)

® 100 structures (2,200 subunits) calculated

® [owest energy structure (22 subunits) selected

from run

-

/ (4) Neck-linker refinement and minimization
® Distance restraints
® Addition of 17 restraints involving neck-linker
® Dihedral (¢/y) restraints from TALOS-N
® Individual run performed for each subunit
® [owest energy structure of 1000 idenfied from
run to comprise 22 member ensemble

neck-linker
\ In yellow is the average starting structure for this step EMD-6187; 5 A resolution /
Figure 5.6: Flowchart of the structure determination protocol for KIF5B bound to
MTs.
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5.8 Discussion

MTs and their biological roles are vast, and only briefly discussed in § 5.1 to not
exceed the scope of the dissertation. Herein we have determined the structure of a
kinesin motor protein (KIF5B) bound to polymerized MTs using MAS NMR. Indeed
cryo-EM structures were published prior to this work but were lacking many structural
features due to insufficient resolution and disorder.*'? The structure presented herein
revealed the previously uncharacterized functionally critical regions, including the
orientation of neck-linker (Figure 5.7A), presumably unresolved in cryo-EM due to its
unstructured nature. This “undocked” neck-linker conformation, evident in all 22
subunits and corroborated by experimental NMR distance restraints (Figure 5.7B),
agrees with the hypothesized conformation in low-resolution FRET and MD simulation

studies.25:26
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Figure 5.7: Neck-linker conformation (A) revealed by the MAS NMR calculation
corroborated by long-range correlations (B) of KIF5B bound to MTs.

In addition, the tubulin dimer interface with heightened details (Figure 5.8A) is
revealed, including sidechain conformations. Another important region of interest is the

nucleotide-binding region, which was revealed to be in an “open” state (Figure 5.8B).
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Figure 5.8:
(B) of KIF5B bound to MTs.

5.9 Conclusions
Overall, the structure of nucleotide-free KIF5B bound to MTs represents an

important advance, enabled by exciting recent developments in MAS NMR technology

and progress in integrated methodological approaches combining experimental data
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from several techniques and computation. Specifically, by integrating MAS NMR
restraints and the cryo-EM density map, several critical structural features were revealed
for understanding the molecular mechanism of KIF5B’s processivity on MTs. Looking
forward, emerging MAS NMR technologies, such as ultrahigh magnetic fields (28.2 T)
and ultrafast MAS probes capable of spinning frequencies of 100-150 kHz, delivering
dramatic sensitivity and resolution enhancements?’-%°, will open doors for structural and
dynamics studies of very large microtubule-based protein assemblies, with atomic level

detail.
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