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membrane. Once attached, the HIV-1 virus fuses with the host cell. At
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infectious HIV-1 virion. This figure was originally published in
reference [31]. Permission for reuse in this dissertation is granted by
Nature Publishing Group., Nature Reviews Microbiology, copyright
2005, et 5

Structure of the mature HIV-1 capsid protein. Left: Tertiary structure of
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originally published in reference [39]. Permission for reuse in this
dissertation is granted by Elsevier Ltd., Current Opinion in Structural
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Gag cleavage cascade (a) and the TEM images of viral particles (b). (a)
Gag processing cascade, illustrating the order in which the Gag precursor
is cleaved by the viral protease. Each cleavage site is indicated by an
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dephasing pulses, respectively. AS =S, - S. (B) In the REDOR
dephasing curves, the experimental REDOR fraction AS/S, (blue dots) is
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TEM images of CA conical assemblies. The assemblies were prepared
by lyophilization and subsequent addition of 17.5% w/v PEG 20,000
solution. The resulting sample was stained with 5% ammonium
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The cryo-SEM images of CA protein conical assemblies. The size
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ABSTRACT

There are around 34 million people in the world living with HIV-1, which is a
causative agent of acquired immunodeficiency syndrome (AIDS). AIDS has become
the ninth leading cause for death of people ages 25-34 in the US. Even though highly
active antiretroviral therapy (HAART) showed effectiveness in suppressing the virus
replication and significantly prolonged the patients lives, AIDS still remains an
uncured disease. To develop new therapies, atomic-level understanding of the
mechanism of HIV-1 lifecycle, including the structures of the various protein
assemblies, is needed.

The Gag polyprotein and its component capsid (CA) protein are essential
constituents of the HIV-1 life cycle, and have recently attracted attention as targets for
drug development. However, the atomic resolution structure and the dynamics of Gag
and CA protein assemblies and their complexes with small-molecule inhibitors are not
available because these assemblies are not amenable for characterization by traditional
structural biology methods, X-ray diffraction and solution NMR spectroscopy. Solid-
state NMR spectroscopy has the unique capability of providing atomic-level structural
and dynamics information in large protein assemblies. The focus of this dissertation is
establishing solid-state NMR spectroscopy as an atomic-level probe of structure and

dynamics in HIV-1 protein assemblies. This effort required first establishing sample
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conditions for formation of HIV-1 protein assemblies that give rise to high-resolution
solid-state NMR spectra for subsequent structural studies. In my Ph.D. work, I have
optimized protocols to prepare homogeneous HIV-1 CA protein assemblies in vitro,
developed confocal imaging method to characterize the morphologies of the resulting
assemblies. With the suitable samples in hand, I have acquired solid-state NMR
spectra on assemblies of CA protein and the maturation intermediate, CA-SP1, for
structural analysis. Using these solid-state NMR data, I and my colleagues have
obtained novel insights into the following aspects of HIV-1 structural biology: 1)
conformation of CA protein in conical assemblies; ii) the role of conformational
dynamics of the hinge region in the structural polymorphism of CA in conical
assemblies; 1i1) conformation of spacer peptide SP1 in tubular CA-SP1 assemblies; iv)
conformation and dynamics of CA in tubular assemblies. In this thesis, I will first
discuss the preparation and characterization of HIV-1 CA and CA-SP1 protein
assemblies (Chapter 2 and 3). I will then describe the resonance assignments and
secondary structure analysis of conical assemblies of HIV-1 CA protein (Chapter 4).
Next, in Chapter 5, I will present the dynamics studies of conical assemblies of HIV-1
CA protein assemblies. In Chapter 6, I will discuss the resonance assignments and
conformational analysis of tubular assemblies of HIV-1 CA and CA-SP1 proteins.

The long-term goal of this research is developing comprehensive
understanding of the mechanism of capsid assembly and disassembly, HIV-1
maturation, through the structural and dynamics analysis of the CA and Gag

assemblies. The work discussed here represents the first step toward this goal and lays
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out the methodological and intellectual foundations enabling the solid-state NMR

analysis of HIV-1 protein assemblies.
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Chapter 1

INTRODUCTION

1.1 HIV-1 viral lifecycle

According to the United Nations report, there are around 34 million people in
the world living with HIV-1, which causes acquired immunodeficiency syndrome
(AIDS) [1]. And AIDS has become the ninth leading cause of people ages 25-34 in
the US [2]. Although highly active antiretroviral therapy (HAART) showed
effectiveness in suppressing the virus replication and significantly prolonged the
patients’ lives, AIDS remains uncured disease till today [3.,4].

HIV-1 virus is an important virus, not only because it is the causative agent of
AIDS, but also because the study of AIDS leads to the discoveries of cellular
mechanisms and drugs that apply to many kinds of retroviruses and the diseases
caused by them.

The life cycle of HIV virus, which consists of early and late stages, lasts
approximately one day under normal conditions. At the beginning of the early stage, a
mature virus particle in the blood, lymph or lymphatic tissues, attaches itself to a host
cell through glycoproteins targeting receptors on the host cell plasma membrane. The

host cells are either resting or activated CD4+ T lymphocytes and macrophages, which



are non-dividing immune cells that also express CD4. The non-dividing cells are
important targets for viral replication during the initial stages of infection because the
infection of these cell populations is crucial for subsequent virus spread to lymphoid
organs and T-helper lymphocytes by contributing to the establishment of virus
reservoirs [5]. Once attached, the HIV-1 virus fuses with the host cell. This process is
gp41-mediated, pH independent, and triggered by the interaction between gp120 and
its CD4 receptor and either the CXCR4 or CCRS co-receptor [6].

At some point between the fusion and integration steps the conical capsid core
(see Section 1.2 and Figure 1.1) disassembles (the disassembly process is commonly
termed uncoating) to release viral proteins and RNA into the cytosol, where RNA is
reverse transcribed into full-length double-strand DNA through the enzyme reverse
transcriptase [7,8]. This process begins with the elongation of a cellular tRNA, ,
which serves as a primer, and involves the degradation of the viral RNA template by
the RT RNase H activity. The reverse transcription of the viral RNA takes place in the
cytoplasm within a large nucleoprotein complex termed the reverse transcription
complex (RTC) containing the two copies of viral RNA and the viral proteins: RT, IN,
NCp7, Vpr and some matrix molecules [9-13]. It is generally believed that the reverse
transcription process is initiated in virus particles and is then completed, after virus
entry, in the cystosol of the target cell [14,15].

The structural end product of the reverse transcription process, called the
“preintegration complex” (PIC) is transported to the cell nucleus where it is integrated

into the host cell genome with the help from the enzyme integrase [16-18]. This



enzymatic integration reaction is well understood and can be recapitulated in vitro
with purified integrase [19]. However, the processes between the PIC nuclear entry
and the integration in the nucleus, especially in the context of higher order chromatin
are still a matter of debate. Chromatin-remodeling factors might play a role during
these steps [20,21], and might be responsible for the HIV-1 preferential integration in
active transcriptional units in human cells [22]. One of the prominent differences
between oncoretroviruses and the lentiviruses is that the lentivurses such as HIV and
SIV are able to import their genome through the envelope of the nucleus 4-6 h after
infection without nuclear envelope disintegration during host cell mitosis [23].

At this point, the late stages of the viral replication begin and extend until
virion release and maturation. The stably integrated 10 kb-long DNA molecule
termed HIV-1 provirus serves as a template for the transcription of RNA by the
cellular Pol IT polymerase [24], which is released to the cytosol and then translated
into viral proteins. The viral transactivator protein Tat binds to the stem-loop trans-
acting response element (TAR) and promotes the transcriptional processivity for the
synthesis of full-length HIV-1 transcripts. The viral Rev protein binds both to the
cellular export factor Crml and to the viral RNA RRE (Rev response element) to
allow the unspliced and partially spliced mRNA to exit the nucleus, which is normally
forbidden [25]. The RNA released in the cytoplasm drives the expression of the viral
proteins such as Env, Gag and Gag-Pol.

Viral proteins are then transported to the plasma membrane through various

means where they bind viral RNA and are released from the host by a budding



mechanism [26]. During this process, the NC domain of Gag binds with the two
copies of the genomic RNA through the zinc fingers, which are also involved in the
tight assembly of Gag [24]. Around 1500-2000 copies of Gag are radially arranged,
and the lattice formed is curved into a spherical morphology. This membrane-coated
spherical particle has been proposed to be still linked to the host cell by a stem-like
structure [10]. The p6 domain of Gag mediates the final steps of the HIV-1 virion
release, which is a component of the cellular vesicular sorting pathway (VPS) [27].
Sometime during or shortly after budding, the Gag polyprotein, which makes
up the major structural proteins of HIV-1, is cleaved into its constituent domains in a
process termed maturation, which can be viewed as a condensation of an electron-
dense conical capsid. This maturation process results in an infectious HIV-1 virion

containing the characteristic conical inner cores [28-30].
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Figure 1.1 A general view of HIV-1 viral life cycle. In the early stage of the
replication (upper portion), a mature virus particle attaches itself to a host cell through
glycoproteins targeting receptors on the host cells plasma membrane. Once attached,
the HIV-1 virus fuses with the host cell. At some point between the fusion and
integration steps the conical capsid core uncoats to release viral proteins and RNA into
the cytosol where RNA is transcribed into DNA through the enzyme reverse
transcriptase. This DNA is transported to the cells nucleus where it is integrated into
the host cells genome with help from the enzyme integrase. Then the late stage of the
replication starts (lower portion). The cellular genome expresses viral RNA, which is
released to the cytosol and then translated into viral proteins. These proteins are then
transported to the plasma membrane through various means, where they bind viral
RNA and are released from the host cell by a budding mechanism. Sometime during
or shortly after budding, the Gag polyprotein, which makes up the major structural
proteins of HIV-1 is cleaved into its constituent domains in a process termed
maturation which can be viewed by a condensation of an electron dense conical
capsid. This maturation process results in an infectious HIV-1 virion. This figure was
originally published in reference [31]. Permission for reuse in this dissertation is
granted by Nature Publishing Group., Nature Reviews Microbiology, copyright 2005.



1.2 HIV-1 capsid (CA): structural organization

HIV-1 CA protein is a 26.6 kDa, 231 amino acid protein [32,33]. Around
1500 copies of CA protein comprise the conical core of the mature HIV-1 virion, to
protect the genetic material of the virus. During the maturation process, CA protein
forms fullerene-type lattice, which is comprised of ca. 250 hexameric units as well as
exactly 12 pentamers to close the cone, distinct from the unclosed Gag hexamer lattice
[28,29,34-38]. The lattice spacing of mature CA is around 8 nm, whereas that for Gag
assemblies is ca. 9.6 nm, according to the cryoEM studies [30,39-41]. In solution, CA
protein forms predominantly oligomers with the monomer concentration being below
the detectable limit [42,43]. At high salt concentration (at or higher than 1 M NaCl),
HIV-1 CA protein assembles into tubes with the diameter of around 50 nm [44].
Spherical assemblies can also form and this process is pH dependent, according to
Ehrlich et al [45]. The HIV-1 maturation intermediate, CA-NC protein, was also
found to assemble into cones, spheres and tubes with the diameter of ca. 50 nm, in the
presence of E. coli RNA [28 ,46].

The structure and function of CA protein have been extensively investigated
using conventional methods, i.e. X-ray diffraction, solution NMR, cryoEM, as well as
many other biochemical and cell-biology techniques. CA protein is composed of two
distinct domains separated by a linker region: the N-terminal domain that contains
seven a helices (NTD) and one amino-terminal [3-hairpin, and the C-terminal domain
(CTD) that contains four short a helices and one single-turn 3,,-helix [34,43,47-56]

(Figure 1.2). The flexible hinge region linking the two domains has been proposed to



contribute to the polymorphism of the CA assembly [57]. In order for the CA protein
to form the capsid lattice, three essential protein-protein interfaces between NTD and
CTD are required: the NTD-NTD interface that forms inner rings of the hexamers; the
CTD-CTD interface that connects two adjacent hexamers; and the NTD-CTD
interface that is formed by insertion of Helix 4 into a groove of CTD [58]. CypA loop
that spans residues V83-R100 is a functionally important region in the CA protein. It
binds the cellular protein Cyclophilin A during the virus replication and the mutations
in the loop result in defective virus particles [59-61]. Importantly, a mutagenesis
study found that the stability of the capsid core has been optimized for proper viral
maturation and disassembly [62]. This is critical for the viral infectivity because the
CA protein needs to assemble into condensed and well-ordered structures, while upon
entering the host cell, the same CA protein assemblies needs to perform opposing
functions of uncoating and disassembly.

Recently it has been discovered that Rhesus Monkey is immune to AIDS, and
the immunity is conferred by a restriction factor protein TRIMS5a, which targets the
CA uncoating process causing rapid and premature disassembly of CA [63,64].
Through this premature capsid uncoating mechanism, the HIV-1 virus replication is
blocked, rendering the virus non-infectious [65-68]. In order to gain insight into the
molecular mechanism of the TRIMSa and capsid interactions for further
developments of anti-AIDS treatments, a myriad of investigations have been carried
out. A cryoEM study showed that TrimSa binds to the CA assembly to damage the

CA monomer structures thereby causing accelerated uncoating [69].



Despite these exciting findings and insights into the various aspects of CA
organization, it has been challenging to explain how the different seemingly disparate
functions are performed by the same protein. The CA assembly and uncoating
processes of CA are poorly understood at atomic level due to the limitation of the
conventional methods, drawing our attention and interest to this system, as will be

elaborated upon in this dissertation.

1.3 Gag polyprotein intermediates

Gag polyprotein and its proteolytic cleavage products comprise the major
structural elements of the virus. The polyprotein was named Gag because the gene
that codes this protein is group-specific antigen (Gag). During the extracellular
maturation process, Gag is proteolytically cleaved into several components: matrix
protein (MA, p17), capsid protein (CA, p24), spacer peptide 1 (SP1, p2), nucleocapsid
protein (NC, p7), spacer peptide 2 (SP2, pl), and p6 [70]. The Gag polyprotein
cleavage process is sequentially regulated by the differential kinetics at the five
cleavage sites (Figure 1.3 (a)). The first cleavage divides the Gag polyprotein into the
MA-CA-SP1 (N-terminal) part and the NC-SP1-p6 (C-terminal) part. Then during the
second step, MA protein is separated from the CA-SPI1 part, and NC protein is
separated from the SP2-p6 part. The last step of the cleavage is to liberate the SP1
peptide from the CA-SP1 part, and SP2 from the SP2-p6 part [70]. After the cleavage,
the MA assemblies that are associated with viral membrane substitute the spherical

Gag lattice. At this stage, the CA protein condenses into a conical capsid core to



protect the RNA/NC complex and other essential viral proteins. The immature and
mature viral particles are observable by electron microscopy with distinct images of

Gag and capsid core (Figure 1.3 (b)).

\~7
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CTD
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Figure 1.2 Structure of the mature HIV-1 capsid protein. Left: Tertiary structure of
CA monomer, with the N-terminal domain (NTD) shown in dark green and C-terminal
domain (CTD) colored in blue-green. The beginning of CA protein is the f-hairpin
and is colored yellow. The final 11 residues are typically disordered in crystal
structures an represented as dash line. Right: Fullerene model for the conical capsid.
CA hexamers are colored green and pentameric declinations are colored red. This
figure was originally published in reference [39]. Permission for reuse in this
dissertation is granted by Elsevier Ltd., Current Opinion in Structural Biology,
copyright 2008.
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Figure 1.3 Gag cleavage cascade (a) and the TEM images of viral particles (b). (a)
Gag processing cascade, illustrating the order in which the Gag precursor is cleaved
by the viral protease. Each cleavage site is indicated by an arrow, the red arrow
depicts the cleavage blocked by BVM. (b) Virion morphology visualized by
transmission electron microscopy. Immature particles are shown in (i) and mature
particles in (ii). An aberrant viron particle produced in the presence of BVM was
shown in (ii1). This figure was originally published in reference [71]. Permission for
reuse in this dissertation is granted by Elsevier Ltd., Drug Discovery Today, Copyright
2008.
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1.4 Maturation inhibitors

For the treatment of AIDS, HAART (highly active antiretroviral therapy)
regimens have been developed and clinically proved efficient. The drugs used in
HAART contain over 20 retroviral drugs, which inhibit the various viral enzymes:
reverse transcriptase (RT), protease (PR), and integrase (IN) [72-75]. With the current
therapies, it is not possible to completely cure AIDS due to the drug resistance, and
scientists are constantly working on identification of new drug targets and on
elucidation of their mechanisms [76].

The newly discovered drug Bevirimat (BVM) (3-O-(3, 3'-dimethylsuccinyl)
betulinic acid), which was originally isolated from the leaves of the Chinese herb,
Syzygium claviflorum (Figure 1.4). It has demonstrated potent in vitro and in vivo
activities, with an in vitro 90% inhibitory concentration of 22.1 ng/ml (37.8 nM), and
is shown to retain activity against viruses that are resistant to other classes of
antiretrovirals (Figure 1.3 (a)).

Bevirimat targets a late step in the Gag processing cascade, namely, the release
of the capsid protein (CA/p24) from the capsid precursor (CA-SP1/p25). This
disruption to the Gag polyprotein processing results in defective core condensation
and the release of noninfectious virus particles, blocking the spread of the infection to
new cells (Figure 1.3 (b)). Therefore, BVM was termed maturation inhibitor, which is
a novel class among the current drugs. The molecular mechanism of BVM interaction

with CA-SP1 is not well understood due to the lack of atomic-level structural

11



information on the assembled CA-SP1, and in particular because the conformation of

SP1 is unknown.

Figure 1.4 The chemical structure of Bevirimat, an inhibitor of HIV-1 Gag processing
[77].
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Chapter 2

SOLID-STATE NMR SPECTROSCOPY FOR STRUCTURAL AND

DYNAMICS CHARACTERIZATION OF PROTEIN ASSEMBLIES

2.1 Introduction

Protein functions are closely related with protein structures and dynamics.
Solid-state NMR is able to probe protein structures at atomic level and dynamics from
picoseconds to seconds and longer. This chapter will mainly discuss the solid-state
NMR principles and methods that were applied or developed during the investigation
of structure and dynamics of HIV-1 CA and CA-SP1 assemblies. In principle, solid-
state NMR techniques detect various interactions between nuclei with different radio
frequency waves and generate corresponding spectra. From the spectra acquired,

structural and dynamics information can be extracted and analyzed.

2.2 Essential spin interactions

In the static magnetic fields (B,), the nuclear magnetic moments are aligned
preferentially with the applied field and net magnetization arises from the nuclei in a
sample. This is the Zeeman interaction, which is represented by the following

Hamiltonian

> |, (2.1)
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where [ is the nuclear magnetic moment operator and B, is the external static

magnetic field applied. For the nucleus of spin 1,
fi=yhzl (2.2)
where v is the magnetogyric ratio and 7% is the reduced Planck constant.
Therefore, the Hamiltonian for the Zeeman interaction becomes
H, = —yhl,B,. (2.3)
When a radio frequency (rf) wave, which is perpendicular to the B, field, is
applied to the sample, it interacts with the nuclear spin, and the precession of the

magnetization vector will be significantly affected. The rf interaction Hamiltonian is

noted as H #r- The operator to describe the interaction of the applied B, field and the
nucleus of spin 1 is,

Hy =-it-B =—yl - B,. (2.4)
In addition to the external applied magnetic fields, there are internal sources of

magnetic field that may affect the nuclear spin systems. For the nucleus of spin 1,the

most important interactions include chemical shielding H cs(?), dipole coupling H p(1)

, J-coupling H , and quadrupole coupling I:IQ. The total Hamiltonian acting on a

nuclear spin in the presence of the above interaction can be represented as:

A A

H(=H, +Hy +Hy(0+H(0+H, +H, (2.5)
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In solid-state NMR, the through-space dipolar coupling has a profound effect

on the NMR spectra. The Hamiltonian representing the dipolar interaction is:
H,=-21-D-8§, (2.6)
where 7 and S are the two spin operators of the spin pair involved in the
dipolar interactions, D is the dipolar-coupling tensor which describes the strength and
the orientation of the dipolar interaction that spin S imposes on spin /. The value of

D relates to several factors: the gyromagnetic ratios of the interacting nuclei, the cube
of the internuclear distance 7, and the orientational term (3cos”6 —1),

2
Dam“%?e D 2.7)

r

Therefore, for nuclei possessing high gyromagnetic ratio such as protons, the
dipolar coupling will be significant. And because of the r° dependence, dipolar
coupling is difficult to observe at large internuclear distances. For example, for "°C,
dipolar couplings corresponding to distances over 7 A are too small to be measured.

To obtain high-resolution solid-state NMR spectra, orientational dependence
of the nuclear frequencies has to be eliminated, and in one approach (the so-called
magic angle spinning) samples are typically spun at the angle of 54.74°, so that the
orientational dependence of the nuclear spin interactions is averaged to zero over the
full rotation cycle.

The magnetic shielding term H cs(#) 1s another important local interaction. In
the external field B,, the electrons that are close to the nucleus produce induced

currents, which create distinct local environment at the nucleus, which is the source of
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the chemical shift. The chemical shift is the key NMR observable. The interaction

Hamiltonian is expressed as

A

H. =yl*o*B,, (2.8)
where ¢ is the shielding tensor that describes the extent and direction of the
shielding effect. The symmetric part of the shielding tensor can be broken down into

isotropic and anisotropic terms as follows:

o= O'iso + Oam'sa ’ (29)
and the anisotropic portion has the following orientational dependence:
o,., *3cos’ 6 -1, (2.10)

6 is the angle between the external field and the orientation of the ellipsoid
axes.
The chemical shift is defined as the difference in resonance frequencies

between the nucleus of interest and a reference nucleus:

6 oref' -0 6
5 =10 T —=10%0,, -0), 2.11)
ref

In solution NMR and magic angle spinning (MAS) solid-state NMR

experiments, because the dipolar interaction and the o, terms are averaged out by

niso

the motion,

5=5 (2.12)

iso?

The J-coupling H , 1s the scalar interaction between two chemically bonded

nuclear spins [1], and it therefore provides information on the connectivity of
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molecules. The Hamiltonian of the J-coupling interaction between spins / and S (the
corresponding atoms typically belong to the same molecule) is:
H, =27l -J 8§, (2.13)

where J, is the J-coupling tensor. In solid-state NMR, the magnitude of this
interaction is small compared to other terms and J-coupling usually results in
additional line broadening. With the advent of high-field instruments and fast-MAS
probes, the spectral resolution in solids is becoming higher and higher, and techniques
have been developed to detect and resolve the J-coupling signals in isotopically

labeled protein samples [2-4].

The quadrupole coupling H,, is another internal spin interaction. It exists in

1
the nuclei that are not spin 5 and will not be further discussed in this work.

2.3 General protocol for structural characterization of proteins by SSNMR
SSNMR is an emerging method in the field of protein structure

characterization, especially well suited for studies of insoluble, non-crystalline or

microcrystalline samples [5-7]. Below, a brief overview is presented of the main steps

for protein structure determination using MAS NMR approaches.

2.3.1 Site-specific resonance assignments: experiments and strategies
The starting step of structure elucidation with SSNMR methods is the site-

specific resonance assignments that serve to attribute the observed NMR signals to the
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specific atoms belonging to a given residue in the protein [8-10]. The chemical shifts
themselves are a rich source of information, even in the absence of a 3D structure.
From the assigned chemical shift, information such as the protein secondary structure,
local electrostatic environment (e. g., hydrogen bonding interactions), can be
extracted. Furthermore, with the resonance assignments in hand, one can carry out
residue-specific dynamics studies [11,12].  Therefore, even though resonance
assignments are always time-consuming and have to be accomplished manually at the
present time, they are the first and fundamental step that cannot be bypassed.

To perform resonance assignments, a series of multi-dimensional SSNMR
spectra first need to be acquired, such as NCACX, NCOCX, NCACB, DARR and
NCA. Even though these are the most commonly used spectra, the methods in
SSNMR never stopped evolving, and many additional experiments are currently
available or under development by us and by others that facilitate this procedure
[13,14]. Some of the spectra, such as NCACX, correlate the resonances of the amide
nitrogen, alpha carbon, beta carbon and other carbon atoms within one amino acid in
the protein sequence. Other spectra, such as NCOCX, correlate the amide nitrogen
and the carbonyl carbon of the previous residue, followed by correlations to other
carbon atoms that are close to the carbonyl carbon in space. All of the experiments
mentioned above are based on the dipolar interactions between the nuclei, and because
dipolar interaction is strongly dependent on distances, the experimental conditions can
be easily tuned to give rise to exclusively one-bond correlations (Figure 2.1). Some of

the highest-quality 2D spectra yielded nearly full assignment in several proteins [15-
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19], including three examples from our laboratory on intact and reassembled
thioredoxin [19-21]. For large protein systems, the cross peaks in SSNMR spectra
generally highly overlap precluding complete resonance assignments from 2D spectra
alone [22,23]. Multi-dimensional spectra resolve the cross peaks in more dimensions,

and usually 3D spectra are required for characterization of large proteins [24].

| | T |
—C—H H—C—H —C—H H—C—H
_T_T_ﬁ | || TTTT T
H H H H O H H O
NCA NCO

H H H O o H o
NCACX NCOCX
R R
| |
—Cc— H H—C—H H H
| |
—N—C—cC c— —N—C—C—
- || .
H H O H o H H O
NCACB DARR

Figure 2.1 The magnetization transfer pathways of the dipolar-based SSNMR
experiments used for resonance assignments: NCA, NCO, NCACX, NCOCX,
NCACB, and DARR. The colored atoms are involved in the dipolar-based
magnetization transfer.

After a series of spectra for resonance assignments are acquired and processed,

the data are subjected to further analysis. For 2D spectra, different types of amino



acids give rise to characteristic sets of carbon and nitrogen chemical shifts. Biological
Magnetic Resonance Bank (BMRB) contains a compilation of chemical shifts for a
large number of assigned proteins, and the analysis of these shifts may facilitate the
initial step of resonance assignments of an unknown protein [25]. For example,
glycine typically has C- shift at around 45 ppm, and threonine has C+ and C* shifts
around 70 ppm. These shifts have pronounced dependence on the secondary structure.
On the basis of the connectivities between the cross peaks and their chemical shifts,
groups of cross peaks are attributed to certain amino acid types. Usually, one can
obtain an amino acid count on the basis of several 2D data sets [26].

As mentioned above, 3D experiments are required for assigning larger and
more challenging proteins. On the basis of 3D experiments, several protein systems
have been completely (or almost completely) assigned by us and by others, including
DLCS8 [27], CAP-Gly [28], 1 immunoglobulin binding domain of protein G (GB1)
[29] and HET-s prion protein [30]. A common way to visualize 3D spectra is strips.
With the same nitrogen chemical shift, the signals are resolved in two carbon
directions, resulting in a small number of peaks in one strip plot. For analysis, strips
with the same nitrogen (or carbon) shifts are aligned. The amino acid type can be
readily inferred from the chemical shifts of the alpha and beta carbon atoms. Some
amino acid types, such as Ala, Thr and Gly are easy to identify. Once amino acid
types have been identified, sequence-specific assignments are made. In Figure 2.2, the

approach for resonance assignments from the 3D data is illustrated.
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2.3.2 Secondary structure analysis

CSI (Chemical Shift Index) was originally developed for 'H: chemical shifts
[31]. In 1994, Sykes et al. extended CSI to include “C:, ®C* and carbonyl “C
chemical shifts, which enables the secondary structure analysis on the basis of the
solid-state NMR chemical shifts [32,33]. Although CSI is an empirical method to
determine the protein secondary structure, the accuracy of prediction can reach as high
as 92% with consensus results of C<, Ct and C’. In 2001, CSI was improved by
introducing sequence-dependent correction factors [34]. The random coil and

unfolded protein secondary structures are further improved with the amendment.

2.3.3 Experiments for gaining distance restraints

NMR protein structures are calculated on the basis of numerous internuclear
distance restraints that define the overall fold and the detailed architectures. The
quality of the structure depends critically on the availability of a sufficient number of
long-range distance restraints defining spatial proximities between residues, which are
distant in the primary sequence. There is a wide range of homonuclear and
heteronuclear experiments in MAS NMR spectroscopy that are utilized to gain
distance information. For uniformly labeled protein samples, the conventional spin

diffusion experiments (such as DARR [35] and PDSD [36]), and the newly developed
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Figure 2.2 Resonance assignments from 3D backbone walks. (A) 3D data sets are
represented as cubes. The signals are resolved in three dimensions. NCACX and
NCOCX data sets are shown in purple and blue, respectively. The extracted strips are
aligned in an alternating order by same nitrogen chemical shifts for easy comparison.
(B) A representation of the aligned strips for a string of residues.
chemical shifts connect the subsequent residues in the string, and the C- and C
chemical shifts clearly indicate the residue type. Once the residue types have been
identified, they can be matched to the protein sequence to obtain sequence-specific

resonance assignments.
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rotor-synchronized R2! symmetry sequences (RDSD) have proven useful for
long-range distance measurement [37]. For the selectively labeled samples, the
individual *C-">C and "N-">C distances can be measured using rotational resonance
(R?) [38] or its variants [39]. Recently, the development of paramagnetic relaxation
enhancement (PRE’s) [40,41] and paramagnetic pseudocontact shift (PCS’s) [42]

techniques enabled measurements of long-range distance up to 20-30 A.

2.4 Characterization of protein dynamics by SSNMR
Dynamics plays an important role in biological functions of proteins and other
macromolecules. SSNMR is a powerful method to investigate protein dynamics over

a wide range of time scales from picoseconds to seconds and longer.

24.1 Motional timescales and their relationship to protein function

Protein functions, such as protein folding, target recognition, protein-protein
interaction and complex formation rely on molecular dynamics. The motional
timescales span a wide range. For example, in the time scale of picoseconds to
nanoseconds, methyl group rotation, local flexibility and bond vibrations occur. On
the time scales of nano- to microseconds, H-transfer and Brownian tumbling take
place. In the regime spanning micro- to milliseconds, domain motions in proteins
occur, some of which are directly related to catalysis and/or binding of substrates and
inhibitors. Slower motions spanning milliseconds to seconds and slower may be

associated with global conformational rearrangements important in protein folding as
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well as with catalytically relevant motions. The timescale of protein motions and the
corresponding NMR techniques are shown in Figure 2.3.
H-Transfer

Protein Folding Bond Vibrations

[ |
Local Flexibility
Domains Motions 1

Brownian Methyl Group
Tumbling Rotation

| | | l

1 I 1 1
s ms HS ns ps

Enzyme Catalysis

Spin-Lattice Relaxation

Line shape Analysis

Exchange NMR

Figure 2.3 Timescale of dynamic processes in proteins (top) and the corresponding
NMR techniques to probe (bottom). Figure redrawn from [43].

2.4.2 Spin interactions and relaxation rates as a probe of protein motions

Most relaxation methods for probing dynamics have essentially the same
origin: molecular motion renders internuclear magnetic interaction time-dependent.
At the time scale of picoseconds to microseconds, spin-lattice relaxation (T),)

measurements are useful means to probe the molecular dynamics. The molecular

30



motions modulate the internuclear dipolar coupling during spin-lattice relaxation time,
T, [44].

On the time scales of nanoseconds to microseconds, line shapes ("H-""N/'H-">C
dipolar [45] and chemical shift anisotropy [46]) are sensitive to motions, and can be
utilized to probe the motions occurring on these time scales. In MAS NMR, pulse
sequences are designed to recouple the dipolar and chemical shift interactions, which
are otherwise averaged out by the rotation, to record the corresponding line shapes in a
residue-specific manner. In the presence of motions occurring on the timescales of the
same order as dipolar and CSA interactions, both types of line shapes experience
narrowing, from the extent of which one can determine the amplitude and the
symmetry of the motion.

On slower time scales, i.e. seconds to milliseconds, measurements of smaller-
magnitude interactions (such as “C-"’N dipolar) and exchange NMR methods [47] are
employed to probe slow conformational changes, such as ligand binding and release,
topological interconversion of secondary structure and cis-trans isomerization.

One of the most prominent advantages of NMR spectroscopy is that it is able
to detect chemical exchange even when the system is at equilibrium - the
magnetization is perturbed in only one nuclear spin state to study rates without

perturbing the chemical system at large.
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24.3 Experiments to probe nano- to micro-second timescale motions
Measurement of heteronuclear (‘H-"C and 'H-"N) dipolar couplings and CSA
provide information both about the structure and mobility of the proteins on nano- to

microsecond time scales.

2.4.3.1 "C-'H and “N-'H dipolar lineshapes

For the heteronuclear recoupling of the dipolar lineshapes, various sequences
have been designed to work for different interactions. One class of such sequences is
R-type sequences, which are utilized for recoupling the heteronuclear spin-spin
interactions, while at the same time suppressing the effect of homonuclear
interactions. The R-type sequences are usually denoted as RN, in which R means
the basic construction block of rotor-synchronized pulses; N is an even number and
the duration of R is equal to

7, =nt, /N, [2.14]

where 7 is the rotational period; the phase alternation of RN is in the form of

RN, =(R),(R")_,(R),(R')_,-** (R")_,, [2.15]

where
s 2.16
- N ’ [ . ]

and R'is identical to R except that the phase of the 7 pulses are reversed; the

n is the number of rotor periods in a complete RN sequence [45,48].
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For example, at the MAS frequency of 10 kHz, the R18/ block works
efficiently for recoupling the dipolar lineshapes, where 9 repetitions of the pulse pairs
occupy exactly one rotational period and require an rf field corresponding to a nutation
frequency of nine times the spinning frequency. A 2D RI18/-based experiment for

recording the "H-"N/'H-"C dipolar lineshapes is shown in Figure 2 4.
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Figure 2.4 The two-dimensional R18/ experiment for the recoupling of dipolar line
shapes. In this experiment, C-H or N-H dipolar couplings are recorded site-
specifically, separated by the "°C or '°N chemical shifts, respectively.

2.4.3.2 "N CSA lineshapes

ROCSA (recoupling of chemical shift anisotropy) is a well-established
approach to recouple the CSA interaction under MAS spinning frequencies up to 20
kHz. In the ROCSA pulse sequence, the CN; symmetry blocks are incorporated in
the "N CSA recoupling experiments during the t, period for "N CSA evolution. In
the CN, symmetry pulse sequences established by Levitt and coworkers, each C
element spans a total of n rotor periods 7,. The basic C-type building blocks are 25

pulses [48]. ROCSA experiment utilizes the simplest symmetry Cn', in which C is
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an rf sequence of span 7. = nt,/N with phase O or m that produces a net rotation that
is an integer multiple of 2m. The rf phase shift 2ngv/N is applied to the gth

repetition of C, where ¢ is an integer running from O to N —1 [49].

n/2

" [ cP cw TPPM

n/2 /2

t,=k(nT) ‘ t,
seroy S| (o,

Figure 2.5 A two-dimensional ROCSA pulse sequence for the recoupling of “C/°N
CSA line shapes.

The advantages of this method include: (i) the effect of homonuclear dipole-
dipole interactions are considerably suppressed, (ii) the line shape acquired from this
method is identical to the corresponding static powder pattern, (iii) the required rf field
power level is around four times the spinning frequency and accessible to common
hardware, provided spinning frequencies not exceeding 20 kHz [49]. The
disadvantages are quite severe and include: (i) extreme sensitivity to experimental
settings; (i1) limited recoupling bandwidth and inability to recouple broad powder
patterns, such as those corresponding to carbonyl and aromatic sidechain carbons; (ii1)
high demands on rf power making it impossible to utilize ROCSA at MAS frequencies

higher than 20 kHz.
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To overcome the above limitations of the ROCSA sequence, our laboratory has
recently developed the RN, based experiments for recoupling of the heteronuclear

(nuclei other than 'H) and 'H CSA tensors [50,51].

2.44 Experiments to probe millisecond timescale motions

The presence of millisecond time scale motions can be inferred from "“C-"N
dipolar coupling, which is averaged partially or completely in the presence of such
motions. As the result, millisecond time scale motions result in peak broadening or
disappearance in the NCA and CAN spectra, which serve as the diagnostic signature
of the presence of such motions. Explicit measurements of *C-"’N dipolar couplings
is also a useful approach to probe the presence and the amplitude of these motions,

and these can be performed using a REDOR experiment, as discussed below.

2.4.4.1 "C-"N REDOR dipolar dephasing curves

“C-PN rotational echo double resonance (REDOR) spectroscopy is an
experiment that was established by Gullion and Schaefer in the late 1980’s to
characterize heteronuclear dipolar interactions in isolated pairs of nuclei [52]. This
method allows the recoupling of dipolar interactions between different nuclei (e.g. "N
and “C) by periodically inverting the sign of the dipolar interaction with pulse
sequences. In the presence of motions occurring on the timescale of the same order as

the magnitude of the “C-"°’N dipolar interaction (milliseconds), the dipolar coupling is
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attenuated or averaged out completely, and therefore, the extent of dipolar dephasing

is a sensitive reporter of the millisecond timescale motions.

NTE

CcP Decoupling

nnom 1
< LI
Figure 2.6 REDOR pulse sequence [52]. Fbllowing ramped 'H-"N cross polarization
[53], the "°N signal is observed as a spin-echo. The intensity of the echo is modulated
due to the “C-"N dipole interactions, recoupled by applying rotor-synchronized

pulses to "°C spins. Reference (S,) experiments were performed in the absence of °C
pulses.

In the REDOR spectra, S, and S are the peak intensities in the absence and
presence of the dephasing m pulses, respectively. AS= S;- S is the intensity difference.
In the analysis of the REDOR dephasing curves, the REDOR fraction AS over S, is
plotted against the mixing time. Numerical simulations of REDOR dephasing curves
using the actual experimental conditions yield the value of the dipolar coupling
constant. In the presence of motion, the resulting value is attenuated compared to the

rigid-limit dipolar coupling.
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Figure 2.7 The procedure to extract results from *C-"N REDOR experiments. (A) S,
and S are the peak intensities in the absence and presence of REDOR dephasing
pulses, respectively. AS = S, - S. (B) In the REDOR dephasing curves, the
experimental REDOR fraction AS/S, (blue dots) is plotted against the dephasing time.
The best-fit simulated curve (black line) yields the value of the "“C-"N dipolar
coupling constant.
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Chapter 3

PREPARATION AND CHARACTERIZATION OF HIV-1 CA AND CA-SP1

PROTEIN ASSEMBLIES

3.1 Introduction

HIV-1 CA protein assemblies exhibit structural polymorphism. While in vivo
the mature virions contain capsids of predominantly conical morphology, the
immature viral particles contain spherical Gag assemblies, which are the precursors of
the conical capsid in the mature virions [1,2]. [In vitro, depending on the assembly
conditions, CA assemblies can adopt conical, spherical, donut-like, or tubular
morphologies [3-6]. The characterizations of those morphologies are important not
only because those morphologies are closely related to different stages of the viral life
cycles, but also because that morphologically homogeneous samples are essential for
the quality of solid-state NMR spectra.

TEM as a conventional method has provided high-resolution images of HIV-1
CA protein assemblies of various morphologies. The tubular and conical assemblies
of CA protein have been successfully characterized by this technique, either with

heavy metal solution staining or by cryoEM.
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Laser scanning confocal microscopy is able to detect protein assemblies in
solution with the typical resolution of optical microscopes. By using various
fluorescence staining techniques, protein assemblies are distinguished from the solvent
as they emit fluorescence signals. In 2009, Barklis and coworkers devised an FM-
based assay and characterized the formation of HIV-1 CA tubular assemblies [7].
They utilized a primary antibody to recognize the protein assemblies and a
fluorophore-conjugated secondary antibody used for the fluorescence emission. In
this approach, the fluorescence light explicitly images the protein assemblies. Because
confocal microscopy is based on optical light, the resolution could not exceed 0.2 wm,
which is around the size of HIV-1 CA conical assemblies.

Cryo-SEM is a complementary method to characterize the HIV-1 CA
assemblies. In cryo-SEM experiments, the sample is frozen in a gold cup at high
pressure and low temperature, to best preserve the original protein assemblies’
structures [8]. Then the cover of the gold cup is fractured with a precooled knife, after
which the fractured surface of the sample reveals the details of the assembly structure
as in solution. The sample preparation procedures are strongly dependent on humidity
and environment temperatures, which makes it difficult to prevent formation of ice
crystals without disturbing the protein assembly structures. The resolution of cryo-
SEM is lower than that of TEM but higher than of optical microscopes. One
advantage of cryo-SEM method for observing the HIV-1 CA protein spherical

assemblies is that those the spheres do not get flattened while imaging. Furthermore,
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it is possible to perform a dissection through a sphere with the special knife. In this

way, inner structures can be observed inside the section of the sphere.

3.2 Preparation of CA assemblies of conical morphology
HIV-1 CA forms conical cores in vivo after the maturation process, and the
conical assemblies have been successfully assembled in vitro. CA can be assembled

into conical morphologies using PEG solutions, as detailed below.

3.2.1 Protein purification

Expression and purification of the HIV-1 capsid protein were performed by Dr.
Jinwoo Ahn and his lab members (University of Pittsburgh) and have been reported
previously [9].

The cDNA encoding Gag polyprotein, pr35%¢, was obtained from the NIH
AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH,
[10] and the sequence coding for CA was amplified and subcloned into pET21 (EMD
chemicals, Inc. San Diego, CA) using Ndel and Xhol sites. U-"C,"”N isotopically
enriched proteins were expressed in Escherichia coli, Rosetta 2 (DE3), cultured in
modified minimal medium using “NH,CIl and U-">C,-glucose as sole nitrogen and
carbon sources, after induction with 0.4 mM IPTG at 23 °C for 16 h. Four additional
HIV-1 CA samples were prepared containing isotopic labels in a single amino acid
residue type: U-"C,°N-Ala, U-"C,”N-His, U-"C,°N-Thr, and U-"C,°N-Tyr.

Proteins were expressed in modified minimal media adding each specific U-""C,"”N-
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amino acid and purified via ionic exchange and gel filtration column chromatography

to greater than 99% homogeneity.

3.2.2 Assembly

To prepare the CA assemblies of conical morphology, the sample was dialyzed
first to reduce the salt content. The dialysis buffer contains 25 mM sodium phosphate,
I mM DTT and 0.02% NaN, (pH 5.5). The Amicon cell was used to perform the
dialysis and to concentrate the protein solution to the final volume of 1 ml (the final
concentration of the protein is typically 400-600 uM). Dialysis and buffer exchange is
performed three times to reduce the salt concentration to the final value of 25 mM.

Next, the protein solution prepared from the above dialysis/concentration step
is lyophilized. If lyophilization is not desired, protein solution is concentrated to 32
mg/ml or higher. Then 17.5% w/v PEG-20,000 solution or 30% w/v PEG-4000
solution is added to the lyophilized or concentrated protein solutions at a volume ratio
of 1:1. The slurry is then incubated at 37 °C for one hour and subjected to
centrifugation to remove the supernatant at 14,000 g at 4 °C. The resulting pellet is
used in the various imaging experiments, to corroborate the conical morphology of the

CA sample.

3.2.3 Microscopy
To characterize the morphology of the CA assemblies, TEM, confocal, and

cryo-SEM methods were utilized, as detailed below.
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3.2.3.1 Transmission Electron Microscopy (TEM)

CA assemblies were analyzed using a Zeiss CEM 902 transmission electron
microscope operating at 80 kV. Samples were deposited onto 400 mesh, Formval/
carbon-coated copper grids, washed with two drops of water, then stained with
ammonium molybdate (5% w/v) to enhance contrast, and dried for 40 min to prevent

moisture from entering the vacuum system.

Figure 3.1 TEM images of CA conical assemblies. The assemblies were prepared by
lyophilization and subsequent addition of 17.5% w/v PEG 20,000 solution. The
resulting sample was stained with 5% ammonium molybdate solution on the coper
grid. (A) The TEM image of CA protein conical assemblies taken at magnification of
50,000x; (B) The TEM image CA protein conical assemblies taken at magnification of
12,500x.

3.23.2 Cryo Scanning Electron Microscopy (Cryo-SEM)
Slurries containing conical assemblies (~1 mm’) were applied to gold carrier

plates and frozen in a Leica EM PACT high-pressure freezer. The cooling rate should
be no less than 6000 K/s to ensure the complete immobilization of the sample fine

structures. Subsequently, the samples were fractured with a precooled knife and the
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fractured surface was coated with 10 nm of gold. The frozen samples were then
transferred to the cryostage and warmed to -90 °C for 5-7 min to remove surface
water. The images were taken on a Hitachi S-4700 FESEM (Tokyo, Japan) at -125 °C

and 1.0 kV with a working distance of approximately 4-5 mm.

Figure 3.2 The cryo-SEM images of CA protein conical assemblies. The size
distribution in the cryo-SEM data is much wider than in the images observed by TEM,
i.e. from less than 1 micron to several microns. The shapes of assemblies observed are
multi-hedral, and are not as homogeneous as observed with TEM images. (A) The
cryo-SEM image of CA protein conical assemblies taken at the magnification of
5000x; (B) The cryo-SEM image of CA protein assemblies taken at the magnification
of 3000x.

The shapes observed in the cryo-SEM images are irregular multi-hedral
objects. The size distribution is from less than one micron to several microns.
Because of the inherently limited resolution of SEM method, smaller objects that
showed up in TEM images were not observed with cryo-SEM. However, it is clear
that the protein slurry under investigation contains assemblies that are neither spheres

nor tubes in shape. This method corroborated that when incubated with the PEG-

20,000 solution, the CA protein formed conical assemblies at larger length scales. We
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also note that the sample preparation process involves the warming step at -90 °C,
which may have removed the surface water as well as the fine structures of the protein

assemblies.

3.2.3.3 Confocal Laser Scanning Microscopy

Confocal images were acquired on a Zeiss LSM 510 NLO laser scanning
microscope (Carl Zeiss, Germany) using a Zeiss 40x (NA 1.3) oil immersion objective
lens. All data were collected using the 584 nm laser line of a 25 mW argon laser
(LASOS, Germany), and 633 nm laser line of a 35 mW HeNe laser (LASOS,
Germany) with a rhodamine reflector and the transmitted-light channel when
appropriate. Protein solutions were stained with the Nile Blue A dye (10 ppm)
according to the standard protocol, and all images were acquired in fluorescence,
transmittance, and reflection modes.

The confocal microscope resolution is limited to 200 nm because of the
diffraction limit of visible light. The size of the CA conical assemblies is smaller than
200 nm according to the TEM results. Therefore, it is not possible to observe the
specific shapes of the CA conical assemblies with confocal microscope. The Nile
Blue A dye emits fluorescence in the hydrophobic environment such as CA protein
assemblies. The fluorescent dots appeared in the confocal microscope images are the
protein assemblies distinguished from the hydrophilic PEG 20,000 and the water
solvent. The comparison of the confocal images of CA samples before and after
magic angle spinning showed essentially the same result, telling us we can study the

intact CA conical assemblies under solid-state NMR experimental conditions.
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Figure 3.3 The confocal images of CA conical assemblies stained with Nile Blue A
dye (fluorescence mode). Since the resolution of the confocal microscope is limited in
200 nm, it is not possible to observe the shapes of the conical assemblies with
confocal method. (A) The confocal image of CA protein conical assemblies; (B) The
confocal image of CA protein conical assemblies after magic angle spinning.

3.3 Spherical morphologies

Prior to the maturation process, HIV-1 CA protein, which exists as part of the
Gag poly protein, is densely packed into spherical assemblies in vivo. The large
spherical assemblies get flattened on the TEM grids and form finely ordered 2D
crystals that are ideal subject for cryo-EM studies [11]. In this way, the overall image
of CA protein spherical assemblies can be indirectly deduced as the upper and lower
layer of the 2D crystals possess mirror symmetry. According to the cryo EM models,
the large spherical assemblies of CA are composed of hexamers and evenly distributed
pentamers. Using cryo-SEM and confocal microscopy, we directly visualized those

large spherical assemblies for the first time.

50



3.3.1 Protein purification

This part of the work was carried out in the laboratory of our collaborator, Dr.
Jinwoo Ahn (University of Pittsburgh). Expression and purification of the HIV-1
capsid protein solution was performed by Dr. Jinwoo Ahn and his lab members,

according to the same protocols described for CA conical assemblies.

3.3.2 Assembly

For preparation of the CA assemblies, the protein was first dialyzed against 25
mM sodium phosphate buffer, containing 1 mM DTT, and 0.02% NaN3 (pH 5.5).

CA assemblies of spherical morphology were prepared by mixing the 32
mg/mL CA solution with 7.5% w/v PEG-20 000 (1:1 volume ratio). The resulting
mixture was incubated on ice for 30 min and then diluted 4-fold. To concentrate the
protein assemblies for solid-state NMR experiments, the solution containing the

spherical assemblies was dried with N, gas to remove any excess water.

3.3.3 Microscopy

To characterize the morphology of the conical assemblies, we had to develop a
new protocol as there were no prior studies. We established novel confocal and cryo-
SEM methods to characterize the shape of the CA spherical assemblies. The results
from both microscopy methods are consistent. Confocal microscopy showed that the
spheres were preserved upon being air-dried, making our solid-state NMR studies of

this assembly morphology feasible.

51



3.3.3.1 Cryo Scanning Electron Microscopy (Cryo-SEM)

The procedure to acquire cryo-SEM images of CA protein spherical assemblies
is the same as described for the CA conical assemblies.

According to the cryo-SEM images, the CA spherical assemblies vary a lot in
sizes, from less than one micron to tens of microns. The spherical shapes were well
preserved with the high pressure freezing steps during sample preparation. We
attempted to observe the hexameric and pentameric units that comprise the spheres.
However, the fine structures could not be resolved in the cryo-SEM images. We
speculate that this is due to the limited resolution of the SEM and/or due to the

warming steps for surface water removal.

|
$4700 1.0kV 4.8mm x1.00k SE(U) 3/12/09

Figure 3 4 The cryo SEM 1mages of CA protein spherical assemblies. The sizes of the
spheres vary from less than one micron to tens of microns. The spherical shapes are
well defined and preserved. (A) The cryo-SEM image of CA protein spherical
assemblies acquired at the magnification of 13,000x; (B) The cryo-SEM image of CA
protein assemblies acquired at the manification of 1,000x.
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3.3.3.2 Confocal Laser Scanning Microscopy

Confocal images were acquired on a Zeiss LSM 510 NLO laser scanning
microscope (Carl Zeiss, Germany) using a Zeiss 40x (NA 1.3) oil immersion objective
lens. All data were collected using the 584 nm laser line of a 25 mW argon laser
(LASOS, Germany) with a rhodamine reflector and the transmitted-light channel when
appropriate. Protein solutions were stained with the Nile Blue A dye (10 ppm)
according to the standard protocol, and all images were acquired in fluorescence,
transmittance, and reflection modes.

To prepare the spherical assemblies for the solid-state NMR experiments, we
need to concentrate the protein to accommodate as much material as possible into the
rotors, which are around 10 ul in volume. We have spent considerable efforts to
establish the conditions for concentrating the samples, such as ultracentrifugation at
40,000 g for more than one hour and super filtration. However, the spherical
assemblies could not be pelleted using these methods. Fortunately and accidentally,
we discovered during the confocal imaging experiment that the sample slurry got air-
dried, and the PEG 20,000 reagent formed a substrate to preserve the protein
assemblies inside. The fluorescence signals clearly delineated the intact spherical
shapes inside the PEG 20,000 solid. Later on, we tested the stability of these CA
spherical assemblies against magic angle spinning in the solid-state NMR instruments.
The confocal image of the sample containing spherical assemblies subjected to magic
angle spinning shows that the spherical shapes are retained, even though the size

distribution is less homogeneous than prior to the magic angle spinning. Therefore,
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we proceeded with this method for the solid-state NMR sample preparation of

spherical CA assemblies.

Figure 3.5 The confocal images of CA spherical assemblies reveal formation of
homogeneous spherical assemblies with diameter of around 2 micron. (A) The
confocal image of CA spherical assemblies in solution; (B) The confocal image of CA
protein spherical assemblies after being dried under N, gas flow. (C) The confocal
image of CA protein spherical assemblies after magic angle spinning. The image is an
overlay of the fluorescence and transmission light signals. The fluorescence channel
visualizes the protein assemblies, while the transmission light channel visualizes the
dried PEG 20,000 that preserves the protein.

3.4 Tubular morphologies

HIV-1 CA tubular assemblies are the most investigated morphology. CA
readily assembles into tubes under high salt concentration (above 500 mM). The TEM
results show that the CA tubular assemblies are built of homogeneous hexameric

lattice, which resembles the hexamers in mature virion capsid core.

34.1 Protein purification
This part of the work was carried out in the laboratory of our collaborator, Dr.

Jinwoo Ahn (University of Pittsburgh). Expression and purification of the HIV-1
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capsid protein solution was performed by Dr. Jinwoo Ahn and his lab members,

following the same procedures as described for CA conical assemblies.

342 Assembly

CA assemblies of tubular morphology were prepared as follows. The CA
protein solution was first concentrated to 32 mg/ml; during this process, the buffer was
changed to 25 mM NaPi, pH 5.5; then aqueous solution of 1 M NaCl was added to the
protein solution. In the last step, the protein solution was incubated at 37 °C for 1 h,
and stored at 4 °C. It is important to note that tubular assemblies should never be

frozen as this results in their irreversible decomposition.

3.4.3 Microscopy
To characterize the morphology of the tubular assemblies, TEM and confocal

microscopies were utilized. The results from different microscopies are consistent.

3.4.3.1 Transmission Electron Microscopy (TEM)

Some of the CA tubular assemblies were analyzed using a Zeiss CEM 902
transmission electron microscope operating at 80 kV. Samples were stained with
ammonium molybdate (5% w/v), deposited onto 400 mesh, formval/ carbon-coated
copper grids, and dried for 40 min.

Some of the CA tubular assemblies were analyzed using a Zeiss Libra 120

transmission electron microscope operating at 120 kV. Samples were stained with
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uranyl acetate (5% w/v), deposited onto 400 mesh, formval/carbon-coated copper
grids, and dried for 40 min in the air. The copper grid was pretreated with Pelco
easiGlow Discharge Unit to deposit a charge, so that the tubular assemblies are

uniformly spread on the grid surface and adhere to it.

Figure 3.6 The TEM images of CA protein tubular assemblies reveal tubes that are
around 50 nm in diameter. The sample was prepared as described in the Assembly
section. (A) The TEM image of CA protein tubular assemblies acquired at the Zeiss
CEM 902 transmission electron microscope; (B) The TEM image of CA protein
tubular assemblies acquired at the Zeiss Libra 120 transmission electron microscope.

3.43.2 Confocal Laser Scanning Microscopy

Confocal images were acquired on a Zeiss LSM 510 NLO laser scanning
microscope (Carl Zeiss, Germany) using a Zeiss 40x (NA 1.3) oil immersion objective
lens. All data were collected using the 584 nm laser line of a 25 mW argon laser
(LASOS, Germany), and 633 nm laser line of a 35 mW HeNe laser (LASOS,
Germany) with a rhodamine reflector and the transmitted-light channel when
appropriate. Protein solutions were stained with the Nile Blue A dye (10 ppm)

solution after been applied on the sample stage with 1:1 volume ratio. We note that
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the dye could not be incorporated directly into the sample solutions because of the
high salt concentration, making Nile Blue A precipitate out of solution.

According to the results, the CA protein forms homogeneous tubes. The
lengths of the tubes observed by confocal microscopy are generally more than 20
micron for the CA WT sample. The tubes remain intact upon air-drying on the

confocal sample stage. These results are illustrated in Figure 3.7.

(A) (B)

Figure 3.7 The confocal images of CA tubular assemblies. The CA tubes are clearly
visualized in the fluorescence images when stained with Nile Blue A. (A) The CA
protein tubular assemblies in solution; (B) The CA protein tubular assemblies after
been air dried.

Each solid-state NMR experiment in HIV-1 CA assemblies usually lasts for 3-
10 days, and multiple data sets are acquired for their structural and dynamics
characterization. It is therefore necessary to test the sample stability under the various
experimental conditions, including during the freeze-thaw cycles. These tests revealed
that the CA protein tubular assemblies decompose irreversibly upon freezing and

subsequent thawing, necessitating their storage at 4 °C and the experiment

temperatures to be at or above 4 °C. Figure 3.8 (B) illustrates the decomposed CA
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tubes after a single freeze-thaw cycle in comparison with the control sample (A).
Importantly, the CA tubular assemblies are intact upon magic angle spinning as shown

in Figure 3.8 (C).

Figure 3.8 Confocal images of (A) the CA protein tubular assemblies prepared as
described in the Assembly section; (B) the same sample that was flash frozen in liquid
nitrogen and then thawed at room temperature; and (C) the CA protein tubular
assemblies after magic angle spinning.
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Chapter 4

RESONANCE ASSIGNMENTS AND SECONDARY STRUCTURE ANALYSIS

OF CONICAL ASSEMBLIES OF HIV-1 CA PROTEIN

4.1 Introduction

HIV-1 capsid (CA) has been recognized as a crucial protein, since it is the target
of Rhesus Monkey TRIMSa to render this species immune to AIDS [1]. The vaccine and
drug development against AIDS have been impeded by lack of atomic resolution
structure of HIV-1 CA protein in the assembled state. X-ray provided detailed and
accurate information on cross-linked CA mutant crystals, but is not able to directly work
on the non-crystalline CA assemblies [2]. Solution NMR was used to study the separate
domains of CA protein, but with the intrinsic limit on the protein sizes, the signals from
full-length CA solutions were not resolved [3]. Cryo EM techniques are fast developing
and able to reach molecular resolution. However, atomic resolution is big challenge that
has not been overcome yet for CA assemblies [4]. Solid-state NMR is able to provide
atomic level structural information on the CA protein in assembled state.

In this chapter, we present a solid-state NMR study of conical and spherical HIV-
1 CA protein assemblies. We report partial site-specific resonance assignments of CA
conical assemblies by a combination of two- and three-dimensional correlation
experiments, as our first step to detailed structural and dynamics analysis of CA

assemblies. Chemical shift analyses indicate that no major differences in the secondary

60



structure of the individual CA proteins in the spherical and conical assemblies exist and
that the structural polymorphism most likely is due to the differences in the
intermolecular packing. Most importantly, our results illustrate that the CA protein

assemblies are amenable to structural analyses by MAS NMR spectroscopy.

4.2 Experiments and methods

4.2.1 Materials

All chemicals were purchased from Fisher Scientific or Sigma Aldrich and were
used without further purification. 400 mesh copper grids coated with Formval and
stabilized with evaporated carbon films were purchased from Electron Microscopy

Sciences (Hatfield, PA).

4.2.2 Preparation of HIV-1 CA protein assemblies

The expression, purification and assembly of U-"C,"”N isotopically enriched CA
protein assemblies for high-resolution structural analysis by MAS NMR follow the
protocols described in the previous chapter. Differentially mixed labeled CA samples
were prepared using 17.5% w/v solutions of PEG-20,000 in 90% D,0/10% H,O
containing 10 mM Cu-EDTA.

For the CA conical assemblies, fifteen milligrams of the protein slurry were
packed into a 3.2 mm Varian rotor and sealed using an upper spacer and a top spinner.

For the CA spherical assemblies, twelve milligrams of the N,-dried sample were

packed into a 3.2 mm Varian rotor and sealed using an upper spacer and a top spinner.
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For CA tubular assemblies, eighteen milligrams of the CA precipitate were
packed into three 3.2 mm Bruker rotors, sealed using an upper spacer and a top spinner,

and used in subsequent solid-state NMR experiments.

4.2.3 SSNMR Spectroscopy

Solid-state NMR spectra were acquired at 14.1 T (600 MHz) on a narrow bore
Varian InfinityPlus instrument outfitted with a 3.2 mm triple resonance T3 probe; Larmor
frequencies are 599.5 MHz for 'H, 150.7 MHz for “C, and 60.7 MHz for “"N. Dipolar-
based two- and three-dimensional DARR, NCA, NCO, NCACB, NCACX, and NCOCX
spectra were collected at the MAS frequency of 10.000+0.001 kHz regulated by a Varian
MAS controller. The dipolar NCOCX and NCACX experiments utilized the SPECIFIC-
CP heteronuclear mixing [5] followed by the DARR mixing sequence [6]; in the NCACB
sequence, homonuclear DREAM mixing [7] with a linear ramp was used. The
temperature was calibrated at different MAS frequencies using a PbNOs temperature
sensor [8], and the actual temperature at the sample was maintained to within £0.5 °C
throughout the experiments using the Varian temperature controller. The DARR spectra
were acquired at temperatures of -5.0 °C, 5.0 °C for spherical and conical assemblies
respectively. The heteronuclear 2D and 3D spectra were acquired at 5 °C. 'H, °C and "N
chemical shifts were referenced with respect to DSS, adamantane and ammonium
chloride as external referencing standards [9]. The typical pulse lengths in the double
resonance mode were 2.6 us ('H), and 3.1 us ("°C), and in the triple resonance mode 2.6
us (‘H), 5 us (°C), and 5 us (“N). 'H- "C("N) cross polarization was achieved with a
linear amplitude ramp; the 'H radio frequency field was 50 kHz with the center of the

ramp Hartmann-Hahn matched to the first spinning sideband. The 'H-"’C and 'H-"N
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contact times were 900 us and 1.1 ms for conical and spherical assemblies respectively.
In the dipolar-based experiments, the DARR mixing time was 10 ms, the SPECIFIC-CP
mixing time was 6.2 ms, and the DREAM mixing time was 3.0 ms. TPPM decoupling
[10] was used, with the decoupling field strengths ranging between 80 and 100 kHz in the
different experiments. Recycle delays in all experiments were 2 s. Time-proportional
phase incrementation (TPPI) [11] was used for frequency discrimination in the indirect
dimensions.

DARR spectra of the conical assemblies were also acquired on a Varian Inova
21.1 T spectrometer outfitted with a 3.2 mm BioMAS HXY probe. The Larmor
frequencies were 900.575 MHz and 226.47 MHz for 'H for "°C, respectively. Spectra
were collected at a MAS frequency of 14.000+0.001 kHz regulated by a Varian MAS
controller, and the temperature was maintained at 15+0.5 °C throughout the experiments
using a Varian temperature controller. The pulse lengths in the DARR experiments were
3.7 us (‘H), and 6.3 us (°C), and "H-"C cross polarization was performed with a tangent
amplitude ramp (80-100%), having the 'H radio frequency field of 68 kHz matched to the
second spinning sideband. The 'H-"C contact time was 1 ms. TPPM decoupling (71
kHz) was applied during the evolution and acquisition periods. The 'H field strength
during DARR was 14 kHz, and the DARR mixing time was 50 ms. Under these
conditions predominantly one-bond correlations are observed in the spectra.

Additional acquisition and processing parameters for data sets collected at 14.1

and 21.1 T are provided in the figure captions and in Table A.3 of the Appendix.
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424 NMR data processing and analysis

All spectra were processed with NMRpipe [12] and analyzed using Sparky [13].
For 2D data sets, 90°, 60°, or 30° shifted sine bell apodization followed by a Lorentzian-
to-Gaussian transformation was applied in both dimensions. Forward linear prediction to
twice the number of the original data points was used in the indirect dimension in some
data sets followed by zero filling to twice the total number of points. The 3D data sets
were processed by using 30° or 60° shifted sine bells in all dimensions followed by a
Lorentzian-to-Gaussian transformation (for resolution enhancement) and by using 90°
degree shifted sinebells in all dimensions followed by a Lorentzian-to-Gaussian
transformation (for sensitivity enhancement). Detailed information about processing

parameters is provided in Table A.3 of the Appendix.

4.3 The effect of morphology on solid-state NMR spectra

The 2D "C-"C DARR spectrum of CA conical assemblies recorded at 21.1 T is
shown in Figure 4.1. The spectrum has remarkably high quality, and attested to the
feasibility of detailed structural characterization of CA protein assemblies of conical
morphology. From this spectrum, a number of important conclusions can be extracted
even without the complete residue-specific resonance assignments. First, the linewidths
of individual cross peaks lie in the range of 0.25-0.5 ppm, indicating that the sample is
conformationally homogeneous. Second, despite the size of the protein, numerous well-
resolved peaks are present. The overall number of the cross peaks indicates that most
correlations are present in the spectrum. From this spectrum alone extracted the amino
acid spin topology and counted most of the amino acids expected to be present in the

resolved region of the spectrum: Ala (12/20), Gly (9/17), lle (12/15), Pro (9/18), Thr
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(13/16), Ser (7/9), Val (9/15). Qualitative analysis of the C and C* chemical shifts of the

Ala and Thr residues additionally reveals that the conformation of the protein is
predominantly a-helical, consistent with the prior solution NMR, X-ray diffraction, and
cryo-EM studies [14-16].

Figure 4.2 shows the superposition of the 21.1 T DARR spectra of spherical and
conical CA assemblies. The spectral resolution is inferior for the spherical particles, and
the linewidths are in the range of 0.4-0.8 ppm. Interestingly, the sensitivity appeared to
be considerably lower than in the conical assemblies, with the signal-to-noise ratio in the
one-dimensional CPMAS spectra only ca. 55% that of the conical samples. This
noticeable deterioration in spectral quality may be due to dehydration of the spherical
assemblies, which is necessary to prevent their conversion to the amorphous precipitate
while keep high concentration of the materials.

As can be appreciated from the data presented in Figure 4.2, no significant
differences in "“C chemical shifts can be detected for the spherical and the conical
assemblies, suggesting that the secondary and tertiary structure elements in the CA

assemblies are the same, irrespective of their microscopic morphology.
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Figure 4.1 21.1 T DARR spectrum of U-""C,"””"N HIV-1 CA conical assemblies: aliphatic
region (right) and carbonyl region (left). The 1D projections in the w, and w, dimensions
corresponding to the resolved cross-peaks for Thr residues are shown and illustrate the
remarkable spectral sensitivity and resolution. The spectrum was acquired as (3072 x
216) (complex x real) matrices with 220 scans; the recycle delay was 2 s. The spectral
widths were 100 kHz and 50 kHz in the w, and w, dimensions, respectively, and the
DARR mixing time was 50 ms. Cross-peaks corresponding to the different amino acid
types appear in distinct, resolved regions of the spectrum and are color coded as follows:
Ala, red (C~-Cr and C-C’ correlations); Gly, orange (C:-C’ correlations); Ile, yellow (C:-
C», C-C», Cr-C», and C-C* correlations); Leu, grey (C-C: correlations); Pro, purple (C--C:
correlations); Ser, light green (C-C¢ correlations); Thr, blue (C-C* and C-C
correlations); Val, bright green (C+-C' correlations).

Figure 4.2 shows the superposition of the 21.1 T DARR spectra of tubular and
conical CA assemblies. The spectral resolution is superior for the tubular assemblies, and
the linewidths are less than 0.3 ppm. In the Thr region, 9 out of 16 Thr peaks were
resolved in the CA conical assemblies. While in the tubular assemblies, 14 out of 16

peaks were resolved.
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Figure 4.2 Superposition of DARR spectra recorded on tubular (red) and conical (black)
assemblies of U-""C,”N CA at 21.1 T. The expansion of the Ser and Thr region shows
more clearly about the enhanced resolution. The spectra of the tubular assemblies were
acquired as (6250 x 480) (complex x real) matrices using 128 scans and a recycle delay
of 2 s, a spectral width of 78 kHz in both dimensions and the DARR mixing time of 50
ms. The acquisition parameters for the spectra of the conical assemblies are given in the
caption to Figure 4.1.

The spectra reveal that the C chemical shifts for the tubular and the conical
assemblies are consistent, suggesting that the secondary and tertiary elements in the CA
assemblies are the same. It is not surprising that tubular CA assemblies exhibit higher
spectral resolution: they are comprised of hexameric lattice while in conical assemblies,

pentameric declinations are also present, causing conformational heterogeneity and line

broadening.

4.4 Resonance assignments of conical CA assemblies
For resonance assignments of conical CA assemblies, we have recorded the
following three-dimensional homo- and heteronuclear correlation MAS NMR spectra at

14.1 T: NCACB, NCACX, NCOCX and CCC (DARR-DARR). The pulse sequences for
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these experiments are illustrated in Figure 4.3. Combining these three-dimensional data
sets with the DARR spectra acquired at 21.1 T, we have confidently assigned 147
residues, about 63% of the entire protein, with an additional 21 residues tentatively
assigned.

As illustrated in Figure 4.1, intra-residue side chain correlations were established
for seven amino acid residue types (Ala, Gly, Ile, Pro, Ser, Thr, Val), since these appear
in the unique regions of the spectra [17-20]. In addition, due to the unique position of
Leu C-C cross peaks in the spectrum, 12 of the expected 18 correlations corresponding
to the Leu residues were identified. The two differentially mixed labeled samples, U-
“C,”N-Ala/U-"C,"N-Thr and U-"C,°N-His/U-"C,”N-Tyr, were employed for
unambiguous identification of the Ala and Thr (Figure 4.4b), and the His and Tyr (Figure
4 4c) cross peaks in the DARR spectra. For example, the DARR spectrum of the U-
C,”N-His/U-"C,”N-Tyr sample allowed the identification of the aliphatic and carbonyl
cross peaks corresponding to 4 out of 6 His residues, and 3 out of 4 Tyr residues. In total,
the 2D DARR spectrum yielded identification for the following amino acids: Ala (12/20),

Gly (9/17), 1le (12/15), Pro (9/18), Thr (13/16), Ser (7/9), Val (9/15).
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Figure 4.3 Pulse sequences for 2D and 3D experiments employed for resonance
assignments of conical CA assemblies by MAS NMR spectroscopy: a) DARR [21] b)
NCA/NCA; ¢) NCACX/NCOCX; d) NCACB. Empty vertical bars indicate mt/2 and filled

vertical bars indicate it pulses.
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Figure 4.4 14.1 T DARR spectra of conical CA assemblies acquired on a set of uniformly
and specifically labeled CA: (a) U-"C,”N; (b) U-"°C,"”"N-Ala/U-"C,"”N-Thr, and (c) U-
“C,”N-His/U-"C,”N-Tyr. In c), expansions of the aliphatic (right) and carbonyl (left)
regions illustrate the one-bond correlations for His and Tyr residues. The spectra in (a)
were collected as (2000 x 400) (complex x real) matrices with 200 scans, a recycle delay
of 2 s, and a spectral width of 50 kHz in both dimensions. The spectra in (b) were
obtained as (2000 x 512) (complex x real) matrices with 256 scans, a recycle delay of 1 s,
and spectral widths of 50 kHz and 25 kHz in the w, and w, dimensions, respectively. The
spectra in (c) were acquired as (1000 x 128) (complex x real) matrices with 640 scans,
and a recycle delay of 1.5 s and spectral widths of 50 kHz and 33.3 kHz in the w, and w,
dimensions, respectively. The DARR mixing time was 10 ms for all data sets.
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The above spin system assignments were confirmed in NCACX and NCACB 3D
experiments, which remove the chemical shift degeneracy in the C dimensions for a
number of the above amino acid types. As illustrated in Figure 4.5, many of the 2D “N
planes in the 3D NCACX spectrum exhibit excellent resolution, permitting multiple
amino acid residue types to be assigned. In addition to the above listed spin systems,
cross peaks corresponding to Cys (2/2), and to Asp (7/7) residues were identified in
distinct, well-resolved regions of the spectra.

In total, using a combination of 2D DARR, 3D NCACX, and 3D NCACB
experiments, we have identified 100 spin systems for 12 residue types. The chemical
shifts of the assignments were shown in Table 4.1. And the differences between the
solid-state and solution NMR chemical shifts were summarized in Table A.1.

Sequence-specific resonance assignments were afforded by the addition of 3D
NCOCX spectra in the data analysis, given the excellent resolution shown in the 2D
separated by "N chemical shifts (Figure 4.5). Based on the 3D solid-state NMR spectra
alone, we have established sequence-specific assignments for 61 residues. Two
representative backbone walks illustrating the assignments for the sequence stretch A105-
L111 and L43-A47 is provided in Figure 4.6.

A number of residue types (Arg, Asn, Gln, Glu, Lys, Met, Phe, and Trp) present a
major challenge with regard to assignment based on correlations in the 14.1 T solid-state
2D and 3D spectra alone: their C-Cr cross peaks do not appear in isolated regions and
generally exhibit substantial spectral overlap. We therefore compared the 3D NCACB
and NCACX solid-state data with the solution NMR chemical shifts of the individual N-

and C- terminal CA domains. This is a reasonable approach since it has been
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demonstrated by us and others for a number of proteins that solution and solid-state
chemical shifts generally agree well, provided that the secondary structure (backbone
torsion angles) for a given amino acid residue is the same in solution and in the solid [18-
20,22-25].

Comparison of the firmly assigned solid-state and solution *C and "N chemical
shifts by residue type (Ala, Asp, Cys, Gly, His, Ile, Leu, Pro, Ser, Thr, Tyr, and Val)
revealed excellent agreement within 0.1, 0.4, and 0.3 ppm for NH, C¢, and C,
respectively (Table A.1 in the Appendix). Based on this comparison, we derived
tentative sequence-specific assignments for additional residues yielding the following
degree of overall assignment: Arg (10/11), Asn (9/11), Gln (13/15), Glu (9/17), Lys
(6/11), Met (5/11), Phe (4/4), Trp (5/5). Correlations for the remaining residues were
either missing or resided in spectral regions too crowded for unambiguous identification.
Based on the comparison between solution and solid-state chemical shifts, an additional
86 residues have been assigned, and tentative intra-residue assignments for 21 more

amino acids are available. A summary of all chemical shifts is provided in Table 4.1.
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Table 4.1 “C and "N Chemical Shift Assignments for the CA Protein in Conical

Assemblies.
Residue N C c c C
P1
12 1213+ 1 59.6+0.0 37.8+£0.1 178.7 £ 0.2%
V3
Q4 1224 £ 1 54.6+0.2 29.6+0.0
N5 125.1 £ 1 535+03 303+04
16
Q7
G8 107.8 £ 1 449 +0.2
Q9 1205 £ 1 543+0.2 298+0.0 180.1 £ 0.0
M10
V11 1202 £ 1 58.9+0.1 35.8+0.1
H12 56.5+0.0 333+0.2 1749 £ 0.2%
Q13 1253+ 1 54.0=+0.1 328+0.2 176.1 £0.3
Al4 1253+ 1 51.7+0.1 189+0.0 1789 £ 0.2*
115 1216 £ 1 61.5+0.7 38402
S16 1234 £ 1 55700 635+0.0
P17
R18 1163+ 1 59.2+0.1 299 +0.1 179.8 £0.1
T19 119.8 £ 1 66.3+0.7 68.0+0.1
L20 121.1 £ 1 57.8+0.0 412 +0.1 179.6 £ 0.2%
N21 116.1 £ 1 56.1+0.0 382+0.1
A22 1224 £ 1 55.1+0.1 19300 1763 +04
w23 1202 £ 1 584+0.0 30.2+0.1 1784 £ 0.8
V24 1180+ 1 662+04 31.6 0.0
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K25
V26
V27
E28
E29
K30
A31
F32
33
P34
E35
V36
137
P38
M39
F40
S41
A42
L43
S44
E45
G46
A47
T48
P49
Q50
D51
L52
N53

T54

117.8+ 1

1194 + 1

1202 + 1

1159+ 1

1134+ 1

1159+ 1

1170+ 1

1192+ 1

1162+ 1

120.7 + 1

1227+ 1

1163+ 1

109.6 + 1

1253+ 1

1156+ 1

1197+ 1

108.6 + 1

116.1 + 1

1204 + 1

1199+ 1

118.1+1

1198+ 1

594 +0.1

66.1 £0.1

65.7+0.1

58.1+0.0

569+0.1

66.7 £0.2%

595+02

65.6+0.1

67.7+0.0

59.1+04

61.6+0.1

544 +£0.7

563 +0.1

570+0.1

58.1+03

46.1 +0.1

53.0+05

59.6+0.0

59803

58.0+0.2%

578+0.1

563 +0.0

670+04

324+0.2
314+£0.1

316 £0.1

310+ 0.1

376 £0.0

32.66 +0.2%
294+0.6
319+00

349 +£0.2%

323+0.1

385+0.2

182+02
424 +0.1
63.6+03

29.1+02

205+03

69.1+0.1

29.7+0.1
414+02
414+04
37.3+0.2

68.1+0.1

74

1794 +0.2%

1834+0.3

176.5 +0.2%

179.5 +0.2%

1779 +0.1

1790+0.2

179.2+0.1

176.5 +0.2%

176.2+0.2

1783 +0.2

1746 +0.2

178.8+0.0

174.8+0.0

1799 +0.2%*

178.8+0.0

179.7 £ 0.2%

223 +0.2%



M55
L56
N57
T58
V59
G60
G61
H62
Q63
A64
A65
M66
Q67
M68
L69
K70
E71
T72
173
N74
E75
E76
A77
A78
E79
W80
D81
RS2
V83

H84

1162+ 1

111.3+1

1138+ 1

1089 = 1

1196 + 1

121.8+ 1

1229 + 1

1192+ 1

1220+ 1

1209 + 1

1248 + 1

1197+ 1

1210+ 1

1194 + 1

120.8 + 1

1170+ 1

56.0+02

639+0.5

454+0.1

453+02

562 +0.1

59.8 £0.2%

546+02

582+0.1

60.0+0.1

66.4+03

57.8 £0.2%

55004

542 +0.1

61.0+0.2%

57.0+0.2%

593 +£0.2%

535+04

383+0.2 176.7+0.0
689+03 1769 +0.1
285+0.0

283 £0.2%

183+02 181.7 +0.2%
413+0.1 178.8 +0.2%
326+03

378 +0.1

26.8+0.5

178 +0.2 179.0 £ 0.2%
18003 180.1 + 1.8
275+0.1

39.7+0.1

293 +£0.2% 178.7 +0.2%
26.7+02 171.3+0.1

75



P85
V86
H87
A88
G8&9
P90
191
A92
P93
G9%4
Q95
M96
R97
E98
P99
R100
G101
S102
D103
1104
A105
G106
T107
T108
S109
T110
L111
Q112
E113

Q114

1254+ 1

1220+ 1

1314+ 1

1122+ 1

1196 + 1

1222+ 1

1235+ 1

1235+ 1

1219+ 1

1170+ 1

1230+ 1

1260 + 1

1120+ 1

102.1 + 1

113.1+1

106.7 + 1

1120+ 1

1124 + 1

122.1 + 1

1157+ 1

1180+ 1

554+03

59.7+03

502 £0.2%

61.8+02

454+0.1

54102

548 +0.0

548 +0.1

548 +0.1

546+0.6

48.8+04

57.1+02

655+0.0

502+0.6

45.7+03

640+04

60.8+0.2

543+05

599+04

580+02

594+02

59.1+04

300+£03

37.9+05

327+09

298+04
344+0.1
29.7 £ 0.2%

29.7 £ 0.2%

30.7+0.1

413+02
36604

18605

68.6+0.3
694+02
66.7+0.2
71304
413+03

27802

27702

76

178.8+0.0

1720 +0.1

1792 +0.2%

1764+0.0

180.1+0.0

1780 +0.1

173.8+0.0

1774+00

1732+0.2

174.8+0.0

176.0+0.3

19.8 £ 0.2%*

225+02



I115

G116

W117

M118

T119

N120

NI121

P122

P123

1124

P125

V126

G127

E128

1129

Y130

K131

R132

W133

1134

1135

L136

G137

L138

N139

K140

1141

V142

R143

M144

118.1+1

1114 +1

1217+ 1

1162+ 1

1044 + 1

1234+ 1

1229 + 1

1158+ 1

106.3 + 1

1214+ 1

1170+0.6

1179+ 1

122.1 + 1

1192+ 1

1213+ 1

1226 + 1

108.1 + 1

1229 + 1

117.7+1

1194 + 1

1203 + 1

1186 + 1

1179+ 1

65.7+0.1

474+02

613+0.8

595+04

60.5+0.1

584+02

592+0.0

62.6 £0.2%

663 0.5

474+03

64.7+0.0

56.0+02

60.1+£0.0

58.6 £0.2%

65.6+03

66.4 +0.2%

579 +0.2%

474+02

579 +0.2%

57.1£0.2%

59.6 £0.2%

652+02

66.1 £0.2%

588+0.0

383+03

27.7+0.1
352+03
69.8+£0.0

29.0+0.0

38.0+0.1
28.33 +0.2%

301+£0.1

383+03

371+£03

292+0.1
29.1+0.1
382+00
37.9+03

416+0.1

423+00
389+0.2
32701
381+0.2
314+£0.1

298+0.0

77

180.2+0.1

1754+04

1775+00

1779+0.2

173.3 +0.2%

179.5 +0.2%

1772 +0.2%

1752+0.2

1789 +0.2

178.5 +0.2%

179.0 £ 0.2%

181.1 +0.2%

175.5+0.2%

179.5 +0.2%

178.6 + 0.2%*

179.1 +0.2%

1796 +04

272+00



Y 145%*
S146
P147
T148
S149
1150
L151
D152
1153
R154
Q155
G156
P157
K158
E159
P160
F161
R162
D163
Y164
V165
D166
R167
F168
Y169
K170
T171
L172
R173

Al74

1151+0.5

1212+ 1

1260 + 1

1189+ 1

1144 + 1

1220+ 1

1253+ 1

127.8 + 1

1169 + 1

1305+ 1

1149 + 1

1257 = 1

128.1 + 1

1157+ 1

1183+ 1

1246 +0.6

1202 + 1

1183+ 1

119.1 + 1

1242 + 1

1172+ 1

120.7 + 1

11751

1241+ 1

1163+ 1

1186 + 1

592+0.1

55.8+0.1

62.1+03

56.6+0.1

546+0.6

609+03

542+03

555+0.1

45.1+0.1

65.8 £0.2%

53.7+02

53.6+02

62.7+0.1

594 +0.1

56.8 £0.2%

594+02

66.6+0.2

575 +0.2%

593 +£0.2%

62.1+03

633+0.8

60303

66.7+0.2

585+02

60.3 £0.2%

520+03

63.7+0.1

39.0+0.0
39.7+0.1
416+00
325+0.2
33.0+£03

266+0.6

32.7+0.2%
326+0.2

31.8+0.6

392+0.2
29.7+02
395+0.1

38.1+0.1

296+02
388+0.2
38103
324+0.2
68.3+0.1

414+02

193 +0.1

78

1789+0.3

177.8 +£0.2%

1759 +0.1

1733+0.2

1774 +0.2%

175.8 +0.2%

1772+0.2

179.3 +0.2%

176.1 £0.2

1780+0.2

178.7 +0.2%

179.3+0.1

1770+0.1

1783+0.5

176.2

329+0.2*

278 £0.2%

22.1+£0.2%

289 +£0.2%



E175
Q176
Al177
S178
Q179
E180
V181
K182
N183
w184
M185
T186
E187
T188
L189
L190
V191
Q192
N193
A194
N195
P196
D197
C198
K199
T200
1201
L202
K203

A204

1239+ 1

126.6 + 1

1175+ 1

1213+ 1

1212+ 1

119.1 + 1

1229 + 1

1123+ 1

1187+ 1

111.8+1

1210+ 1

1158+ 1

1167+ 1

1148 + 1

1246 + 1

1192+ 1

1154+ 1

116.1 + 1

121.8+ 1

113.1+1

122.8 + 1

1189+ 1

543+04

514+0.1

576+0.6

585+03

66.4+03

558+02

613+0.1

66303

58.5+0.2%

64.0+0.1

578+0.1

66.0+0.5

59.1+£0.7

52802

520+02

514+02

669 +0.3

56.8+02

63.8+0.1

60004

66.8 +£0.3

65.0+0.1

575+03

275+02
213+03
65.1+0.5

284+0.0

310+ 0.1

37.2+00

275+0.7

688+04
302 +£0.2%
68.7+0.2

414+02

319+0.2
27.7+0.0
382+03
19002
351+0.2
326+03
406+0.3
28.1+03
323+05
689+02
38.1+0.1

41.1+03

79

176.3+0.3

1753 +0.2%

176.5 +0.2%*

1772+0.5

1757 £ 0.2%

176.3+0.3

179.7+0.3

1772+0.1

178.6 +0.1

176.8 +0.8

1794 +0.2%

219 +0.2%*

283 £0.2%

22.1+0.1



L205 1183+ 1 564+05 426+00 179.3 +0.2% 26.6 £0.2%

G206 1043+ 1 445+0.6 172.6 +0.1
P207

A208 1215+ 1 525+0.1 200+£02 178.1+0.1
A209 122.8 + 1 52.7+03 203+02 178.7+0.1
T210 1132+ 1 596+04 71103 1757+04 223 +0.2%
L211 1226 + 1 58.1+0.0 413+0.1 179.7+0.2
E212

E213

M214 1200+ 1 60.1+£0.1 327+00

M215 1169 + 1 592+02 324+00

T216 1170+ 1 66.5+0.3 682+02 1769 +0.5 219+0.1
A217 122.8 + 1 528+04 177.8 +0.1
C218 1102+ 1 59.8+0.1 286+03 175.6 +0.2%
Q219 1224 + 1 59.1+£0.8 283 +0.1

G220 1099 + 1 453+03

V221

G222

G223 108.1 + 1 443 +0.2

P224

G225 109.1 + 1 472+00 1750+0.1
H226

K227

A228 1254+ 1 528+0.6 198+02

R229

V230 1229 + 1 61.0+02 325+0.2

L231

* For these residues, chemical shifts were extracted from a single data set, and the errors
reflect average errors across all residues for a given atom type.
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#* For Y145, C and "N chemical shifts exhibit substantial temperature dependences.
The chemical shifts reported here were extracted from a 2D NCA spectrum of U-"C,"N-

Tyr-labeled CA (conical assembly) acquired at -15 °C.
The errors in the ’N dimension are determined by the digital resolution of the 3D data

sets.
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Figure 4.5 Selected 2D planes of the 3D NCACX spectrum of U-"C,”N CA conical
assemblies acquired at 14.1 T. Spectral resolution in these planes is high enough to allow
assignment of spin systems. The spectrum was acquired as (1000 x 40 x 32) (complex x
real x real) matrices with 256 scans and a recycle delay of 2 s. The spectral widths were
50 kHz, 4.167 kHz, and 8.333 kHz in the w;, w, and w, dimensions, respectively.
SPECIFIC-CP (t,;,, = 6.2 ms) was employed for the first NCA transfer followed by the
DARR mixing (t,;, = 20 ms) resulting in predominantly one- and two- bond correlations.

mix
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Figure 4.6a Sequential backbone connectivity for the sequence stretch A105-L111 in
conical assemblies based on 3D NCOCX, NCACX, and NCACB experiments acquired at
14.1 T. The residue names are shown on top of the spectra at their "N chemical shift
plane. Negative cross-peaks resulting from two-bond N-C' correlations in the NCACB
spectra are displayed in red. The NCOCX spectrum was acquired as (1000 x 36 x 40)
(complex x real x real) matrices with 280 scans and a recycle delay of 2 s. The spectral
widths were 50 kHz, 4.167 kHz, and 6.250 kHz in the w;, w,, and w, dimensions,
respectively. SPECIFIC-CP (t,;, = 6.2 ms) was employed for the first NCO transfer
followed by the DARR mixing (t,;, = 15 ms) resulting in predominantly one- and two-
bond correlations. The NCACB spectrum was acquired as (1000 x 32 x 32) (complex x
real x real) matrices with 400 scans and a recycle delay of 2 s. The spectral widths were
50 kHz, 4.167 kHz, and 8.333 kHz in the w;, w,, and w, dimensions, respectively.
SPECIFIC-CP (t,;,, = 6.2 ms) was employed for the first NCA transfer followed by the
DREAM mixing (t,;, = 3 ms) to establish the C:-C correlations.
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Figure 4.6b Sequential backbone connectivity for the sequence stretch L43-A47 (b) in
conical assemblies based on 3D NCOCX, NCACX, and NCACB experiments acquired at
14.1 T. The residue names are shown on top of the spectra at their "N chemical shift
plane. Negative cross-peaks resulting from two-bond N-C' correlations in the NCACB
spectra are displayed in red. The NCOCX spectrum was acquired as (1000 x 36 x 40)
(complex x real x real) matrices with 280 scans and a recycle delay of 2 s. The spectral
widths were 50 kHz, 4.167 kHz, and 6.250 kHz in the w;, w,, and w, dimensions,
respectively. SPECIFIC-CP (t,;, = 6.2 ms) was employed for the first NCO transfer
followed by the DARR mixing (t,;, = 15 ms) resulting in predominantly one- and two-
bond correlations. The NCACB spectrum was acquired as (1000 x 32 x 32) (complex x
real x real) matrices with 400 scans and a recycle delay of 2 s. The spectral widths were
50 kHz, 4.167 kHz, and 8.333 kHz in the w;, w,, and w, dimensions, respectively.
SPECIFIC-CP (t,;,, = 6.2 ms) was employed for the first NCA transfer followed by the
DREAM mixing (t,;, = 3 ms) to establish the C:-C correlations.

mix

To complete the assignments of conical assemblies, we need to acquire additional
data sets, at magnetic fields higher than 14.1 T. This work is ongoing in our laboratory,
using improved sample preparation protocols permitting assembly in the absence of PEG.
In parallel, we focused our efforts on investigation of tubular assemblies, which give

much higher resolution spectra. These studies are discussed in Chapter 6.
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Figure 4.7 Summary of the resonance assignments of CA conical assemblies. The
assigned residues are shown in red; the tentatively assigned residues are shown in blue;
and the unassigned residues are shown in black.

4.5 Secondary structure analysis (CSI)

For the assigned regions of CA, secondary structure analysis was carried out
using the Chemical Shift Index (CSI) based on C- chemical shifts [26,27], using
sequence-corrected random coil values for all amino acids [28]. The CSI-derived
secondary structural elements for CA were compared between the solid- and solution
states (Figure 4.8). The data clearly indicate that the secondary structures derived from
solid-state and solution NMR CSI analysis are consistent with the location of helices in

the known 3D structure of the individual N- and C-terminal domains [29-32].
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Figure 4.8 Comparison between solid-state and solution secondary chemical shifts for CA
conical assemblies. C- shifts that reside in a-helical regions of the protein exhibit positive
secondary shifts, while those located in the b-strands and other secondary structure
elements are negative.

In addition to C¢ chemical shifts, the CSI method provides C’ chemical shifts as
another predictor of the protein secondary structures. For the CA conical assemblies, the
results from C’ chemical shift analysis as shown in Figure 4.9; these are consistent with

the structure derived from other methods and the C+ CSI analysis.
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Chapter 5

DYNAMICS STUDIES OF CONICAL ASSEMBLIES OF U-"C, "N-TYR-

LABELED HIV-1 CA

5.1 Introduction

Capsid proteins (CA) of the human immunodeficiency virus 1 (HIV-1) form
conical assemblies to protect the viral RNA genome and other complement proteins in
the mature virions [1-6]. According to numerous electron microscopy studies on the
mature HIV-1 particles, the CA conical assemblies are composed of approximately 250
fullerene hexamers and exactly 12 pentamers [7-9]. Protein backbone dynamics may have
defined the conformational space for CA protein to form different lattice units and
morphologies with different conformations, especially for the functionally critical
residues.

High-resolution structures of the individual N- and C-terminal domains of HIV-1
CA have been determined by solution NMR [10] and X-ray crystallogrphy [11,12], and
aided in generating a model of the CA assemblies by cryo-EM [13]. According to those
studies, one molecule of CA protein can be divided into two independently folded
domains: N-terminal domain (NTD, ~145 aa) and C-terminal domain (CTD, ~90 aa). In
solution, the full-length CA forms oligomers, which renders severely line-broadened
solution NMR spectra, while NTD exists as a monomer and CTD exists as a dimer. On

the basis of those studies, a hypothesis has been put forth that the polymorphism of CA
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assemblies is due to the inherent flexibility of the hinge region between the NTD and
CTD, allowing for slightly different local arrangement of the two rigid-body domains and
leading to formation of different oligomeric structures [14,15]. X-ray and cryo-EM
studies to date have predominantly illuminated the structure of 3D and 2D crystalline
arrays of CA protein molecules, but were not able to investigate the backbone dynamics
behaviors of individual amino acid [10,16-20]. Therefore, we conducted a solid-state
NMR study of conformational mobility of CA to investigate the molecular mechanisms
giving rise to the conformational heterogeneity of the intermolecular interfaces that may
result in the polymorphism of CA assemblies.

At the time we initiated this study, we were unable to work with tubular CA
assemblies because they require high salt concentration, and focused our attention on the
conical structures. Furthermore, we decided to address the mobility of the hinge region,
and specifically of the Tyr-145 residue that occupies a pivotal position in the hinge
between the NTD and CTD. According to the functional studies, the hinge region has
been demonstrated to be a critical determinant of proper core assembly and stability, and
Tyr-145 is a critical residue in this regard [20]. In addition to Tyr-145, there are three
other Tyr residues in CA: one (Y130) resides in the Helix 7 of NTD, and the other two
(Y164 and Y169) are in Helix 8 of CTD [21]. Therefore, investigating the backbone
atoms of those tyrosine residues would permit assessment of the dynamic behavior of
each domain and of the critical hinge region. We prepared conical assemblies of CA
containing U-""C,"”N-labeled Tyr residues.

As discussed in Chapter 2, information about dynamics on the nano- to

millisecond time scales is obtained in MAS NMR from backbone 'H-"N, 'H-"C, and
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PC“~"N dipolar coupling constants, and "N chemical shift anisotropies [22-25]. The
solid-state NMR data presented in this chapter indicate that Y145 undergoes motions on
the timescale of milliseconds and is rigid on faster timescales, while all other tyrosine
residues are devoid of motions in this time regime. This millisecond time scale motion of
the hinge permits the exploitation of multiple conformations in the assembly of the

capsids of varied morphologies.

5.2 Materials and methods

5.2.1 Expression and purification of U-"C,”N-Tyr labeled CA

Expression and purification of the U-"C, "N-Tyr labeled CA protein and CTD
control samples were performed by Dr. Jinwoo Ahn and his lab members (University of
Pittsburgh).

A cDNA for the Gag polyprotein, pr55%¢, was obtained from the NIH AIDS
Research and Reference Reagent Program, Division of AIDS, NIAID, NIH [26].
Regions encoding Prol-Leu231 (full-length CA), Metl44-Leu231 (CTD (144-231)),
Ile150-Leu231 (CTD (150-231), Gly137-Leu231 (CTD (137-231)) and Vall42-Leu231
(CTD (142-231)) were amplified and subcloned into pET21 (EMD chemicals, Inc. San
Diego, CA) using Ndel and Xhol sites. Proteins were expressed in E. coli Rosetta 2
(DE3), cultured in Luria-Bertani or modified minimal media, after induction with 0.4
mM IPTG at 23 °C for 16 h. All proteins were purified over 5 mL Hi-Trap QP columns
(GE Healthcare, Piscataway, NJ) in 25 mM sodium phosphate (pH 7.0), 1 mM DTT, 0.02
% sodium azide, and 5 mL Hi-Trap SP columns (GE Healthcare, Piscataway, NJ), using a

0-1 M NaCl gradient in 25 mM sodium phosphate (pH 5.8), I mM DTT, 0.02 % sodium
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azide. The final purification step comprised gel-filtration over a Hi-Load Superdex 200
16/60 column (GE Healthcare) in 25 mM sodium phosphate (pH 6.5), 100 mM NacCl, 1
mM DTT, 0.02 % sodium azide. Proteins were concentrated to 10 mg/mL using Amicon
concentrators (Millipore, Billerica, MA), flash-frozen in liquid N, and stored at -80 °C.
Molecular masses of purified CA proteins were confirmed by LC-TOF mass
spectrometry (Bruker Daltonics, Billerica, MA). Uniform ""N- and “C-labeling of the
proteins was carried out by growth in modified minimal medium using "NH,CI and "“C;-
glucose as the sole nitrogen and carbon sources, respectively. Uniform *H-, “"N- and "C-
labeling of the proteins was achieved using *H,O, "NH,Cl and "C,H,-glucose as
deuterium, nitrogen and carbon sources. For solid-state NMR experiments, full-length
CA and two CTD constructs, CTD (137-231) and CTD (142-231), were labeled with
“C/®N tyrosine by adding U-"C/“N-tyrosine prior to IPTG induction in modified

minimal medium containing "NH,CI and "°C,-glucose, as reported previously [27].

5.2.2 Preparation of U->C, *N-Tyr labeled protein samples for SSNMR

CA samples for solid-state NMR experiments were prepared in 25 mM sodium
phosphate buffer pH 5.5, containing 1 mM DTT and 0.02% NaN,. Conical assemblies
were prepared by adding a 20 % w/v solution of PEG-20,000 to 32 mg/ml U-"C/”N-Tyr
CA protein in a 1:1 ratio, followed by incubation at 37 °C for 1 hr, as reported previously
[28]. The morphology was evaluated by negatively stained TEM and confocal
microscopy as described in Chapter 3. CTD (137-231) and CTD (142-231) samples were
prepared by controlled precipitation with PEG 3,350, by adding a 60% w/v solution of
PEG 3,350 to 32 mg/ml protein in a 1:1 ratio. Samples were pelleted by centrifugation at

6,000 G for 15 minutes, the supernatant was removed, and 15 mg (0.59 mmoles) of full-
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length conical CA assemblies were packed into a 3.2 mm MAS rotor. 17 mg (1.61
mmoles) of CTD (137-231) and 18.5 mg (1.83 mmoles) of CTD (142-231) were packed
into two 1.8 mm rotors. The rotors were sealed using an upper spacer and a top spinner

for subsequent MAS NMR experiments.

5.2.3 SSNMR spectroscopy

All solid-state NMR experiments were carried out on a 14.1 T narrow bore Varian
InfinityPlus solid-state NMR spectrometer operating at Larmor frequencies of 599.8,
150.8 and 60.8 MHz for 'H, "°C and "N, respectively. All solid-state NMR spectra of U-
PC/"N-Tyr labeled capsid assemblies were obtained with a 3.2 mm Varian triple-
resonance T3 probe, and spectra of the CTD samples were acquired with a 1.8 mm MAS
triple-resonance probe developed in the Samoson laboratory. The MAS frequency was
set at 10 kHz for all NMR experiments, and was controlled to within + 2 Hz by a Varian
MAS controller. PbNO, was used as temperature sensor to calibrate the sample
temperature in both MAS NMR probes [29]. The actual temperature of the sample was
maintained to within + 0.1 °C using the Varian temperature controller, and was set to the
desired value over the range of 238 K to 288 K. All CP, 'H-"N dipolar, "N CSA, and
"N{"”C} REDOR spectra were collected at 258 K. "C and "N chemical shifts were
referenced with respect to the external standards adamantane and ammonium chloride,
respectively [30].

Intra-residue assignments of tyrosine resonances were obtained using 1D "N and
BC CP/MAS as well as 2D homonuclear *C-"C DARR and R2] experiments [31,32],

and heteronuclear "C-""N NCA experiment. For H-X (X = "°C or “N) cross polarization
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(CP), a linearly ramped rf field and a constant-amplitude rf field were applied on the X
nucleus and on 'H, respectively. For the NCA experiments, SPECIFIC-CP [33] with a
tangent amplitude ramp was used for band selective magnetization transfer from "N to
“C. All CP and SPECIFIC-CP conditions were optimized experimentally to attain the
first-order Hartmann-Hahn matching condition.

In the 2D DIPSHIFT [34] and "N chemical shift anisotropy (CSA) recoupling
experiments, rotor-synchronized Rl 817 symmetry [35] and ROCSA [36] blocks were
incorporated during the ¢, period for 'H-"N dipolar and "N CSA evolution, respectively.
The radio frequency field strength applied on the 'H channel during the R18/ period was
90 kHz, and that applied on the "N channel during the ROCSA period was 42.8 kHz. A
“N{"”C} [37] rotational echo double resonance (REDOR) experiment [38] was
conducted to assess the *C--"N dipolar coupling constants for each tyrosine residue in
the three protein samples. A series of REDOR spectra were recorded with mixing times
of 1.0 ms, 1.6 ms and 2.0 ms. A 1D CA-N experiment was performed on the full-length
conical CA assemblies, whereas SPECIFIC-CP with a tangent amplitude ramp was used
to achieve the band selective magnetization transfer from "C: to “"N. All solid-state
NMR data were processed with NMRPipe [39] and analyzed with SPARKY3 (version

3.115) [40].

5.2.4 Analysis and simulations of solid-state NMR spectra
This part of work was carried out by Dr. Guangjin Hou in the Polenova group.
Numerical simulations of 'H-"N dipolar and "N CSA spectra as well as of

“N{"C} REDOR dipolar dephasing curves were performed with the SIMPSON software
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package [41]. 986 pairs of {a, 3} angles generated according to the ZCW algorithm [42]
and 64 y angles (resulting in a total of 63104 angle triplets) were used to generate a
powder average for all simulations. For extracting the best-fit dipolar (w,) and CSA
parameters (d,, m,), all the experimental and processing parameters (i.e., Larmor
frequency, MAS frequency, RF field strength, number of t, points, finite pulse lengths,
zero-filling, line broadening, etc.) were taken into account in the simulations for each

experiment.

5.2.5 CSA tensor convention

We use the Haeberlen convention in which the CSA tensor is characterized by
three parameters, isotropic chemical shift (9,,), reduced anisotropy (d,), and asymmetry
parameter (v),) [43]. These parameters are defined in terms of the principal components
of the CSA tensor, with the isotropic chemical shift as d,, =(J,, +9,, +05;)/3. The
reduced anisotropy (d,) and the asymmetry parameter (1,) are defined as §, =9, -

iso

and 1, =(8,, -8,)/8, if [6,-0

2[0,, -0

2(0,, -0

o o | (positive anisotropy), or

6(1 = (533 - 51’30 iso iso (negatlve

and 1, =(6,,-9,)/3, if [6,-0

= |611 - 61'50

2(0,, -

anisotropy). The asymmetry parameter ranges from O to 1.

5.3 Resonance assignments of Tyr residues

To assign the Tyr resonances, we have examined the solution NMR assignments
of the U-"C/"N labeled NTD and CTD samples performed by our collaborators, Dr.
Angela Gronenborn’s group at the University of Pittsburgh [44,45]. As discussed in

Chapter 4, the variations between solid-state and solution chemical shifts are small for the
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majority of the CA residues. Therefore, we decided that it is reasonable to assign the four
Tyr residues using solution NMR chemical shifts as a reference [44,46]. We acquired the
1D "C and "N CPMAS spectra of U-"C,”N-Tyr labeled CA conical assemblies and of
the two CTD(137-231) and CTD(142-231) nanocrystal control samples; the results are
shown Figure 5.1.

o Y145 . ~Y145,Y164:
Y164 151, Y130, Y169: Y169: 59.0
1

1244 . 1171 62.9
N ' -

(A)

Y130:
56.0

Full-length CA Ay
conical assemblies /| |

CTD (142-231)

CTD (137-231)

I T T ' II: T T 1 I T I |I I T T 1
180 160 140 120 100 80 60 100 80 60 40 20 0
15N Chemical Shift (ppm) 13C Chemical Shift (ppm)

Figure 5.1 (A) "N CPMAS spectra of full-length CA conical assemblies (top), CTD
(142-231) (middle), and CTD (137-231) (bottom). (B) “C CPMAS spectra of full-length
conical CA assemblies (top), CTD (142-231) (middle), and CTD (137-231) (bottom).
Resonance assignments are shown and were confirmed in 2D "“C-"C and "N-"C
correlation spectra. The solid-state NMR chemical shifts agree well with solution NMR
shifts.

As illustrated in Figure 5.1, the chemical shifts of the tyrosine residues are
resolved in "N and "“C: CPMAS spectra. For "N CP spectra shown in Figure 5.1 (A),
three distinct peaks appear: at 124.4 ppm (corresponding to Y164), at 121.1 ppm

(corresponding to Y145), and at 117.1 ppm (corresponding to Y130 and Y169, who
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exhibiti the same "N chemical shift). Interestingly, the peak for Y145 peak is well
resolved in the full-length CA conical assemblies sample, while it is broadened in the
spectra of two CTD samples, especially for the shorter construct (CTD (142-231)),
indicating the presence of either conformational heterogeneity or internal backbone
motion on the time scale of cross-polarization, or both. In the "C CPMAS spectra shown
in Figure 5.1 (B), there are three resolved peaks: at 62.9 ppm (for Y169), at 56.0 ppm (for
Y130), and at 59.0 ppm (the signal for Y145 and Y164 who have identical chemical
shifts). No significant differences between the spectra of the full-length CA conical
sample and the CTD control samples are observed, except for the expected disappearance
of the signal of the NTD residue Y130. To resolve the chemical shift degeneracy of the

Y130/Y169 “N and Y145/Y164 “C:, two-dimensional spectra were needed as discussed

below.

Figure 5.2 shows the "*C-""C homonuclear correlation spectra acquired with R2;
pulse sequence [31] of CA CTD (142-231) (Figure 5.2 A)) and full-length CA conical
assemblies (Figure 5.2 B)). In both spectra, Y164 and Y169 showed strong aliphatic-to-
aliphatic and carbonyl-to-aliphatic correlations. Y130 in the full-length CA sample
showed the same behavior as well. On the other hand, Y145 did not appear in the full-
length CA spectrum and showed very weak and split peaks in the CTD (142-231)
spectrum, suggesting that multiple conformers exist for Y145 in the CTD sample. The
1D slices extracted from the 2D C-C correlation spectra of the CTD sample indicate that
the signals of the Y145 are clearly above the noise level and are real peaks. The most

likely reason that Y145 signals are not observed in the full-length CA is that motions
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interfere with their detection. As discussed below, presence of such motions is evident in

the "N-"°C data sets.
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Figure 5.2 °C-""C R2| correlation spectra of CTD (142-231) (A) and full-length conical
CA assemblies (B) for the aliphatic and carbonyl regions. 1D traces extracted along the
®, and o, frequency dimensions are shown to illustrate that weak cross peaks
corresponding to the different Y145 conformers are clearly above the noise level in the
CTD (142-231) spectra. No Y145 resonances were detected for full-length CA
assemblies.
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5.4 Nano- to microsecond timescale dynamics in U-"C, “N-Tyr CA

Motions on nano- to microsecond timescales are ubiquitous in proteins, especially
for residues in the functional hinge regions [47,48]. We hypothesized that such motions
may occur in the hinge region between CTD and NTD of CA, and conducted MAS NMR

experiments to test the presence of such motions.

54.1 'H-"N dipolar lineshapes

As discussed in Chapter 2, 'H-"N dipolar couplings are sensitive to motions
occurring on nano-to microsecond time scales. We have employed a 2D R18), pulse
sequence shown in Figure 2.4 to acquire the 'H-"N line shapes of the full-length U-
PC,”N-Tyr CA conical assemblies and the two CTD (CTD (137-231) and CTD (144-
231)) control samples. By numerical simulations, we were able to extract the specific
values of the dipolar coupling constant, w,. The results are illustrated in Figure 5.3 and
reveal that the "H-"N dipolar lineshapes are strikingly similar for all tyrosine residues in
the three samples. The rigid limit value for wy is 11.34 kHz, and the dipolar order
parameters of the Y145 range from 0.84 to 0.91 while those for other tyrosine residues
range from 0.88 to 0.93, indicating that the H-N bond in all the tyrosine residues is nearly
rigid on the time scales faster than ca. 80 us. This conclusion is supported by the fact

that the dipolar line shapes are consistent with an axial dipolar tensor.
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Figure 5.3 'H-"N dipolar lineshapes for tyrosine residues in (A) full-length CA conical
assemblies, (B) CTD (142-231), and (C) CTD (137-231). For full-length assembled CA,
the 2D 'H-"N DIPSHIFT spectrum is shown to illustrate the high quality of the data.
Experimental dipolar lineshapes and the best-fit lineshapes are shown in solid lines and
dashed lines, respectively. The experimental lineshapes for Y145 are highlighted in red.
For each residue, the 'H-""N dipolar coupling constant, wy, extracted by numerical
simulations, is listed. Note that all tyrosine residues exhibit essentially rigid-limit
behavior on the timescale of the DIPSHIFT experiment.

5.4.2 "N CSA lineshapes

2D "N-detected ROCSA experiment has been utilized to probe the "N chemical
shift anisotropies of all the tyrosine residues. The principles were discussed in Chapter 2,
and the pulse sequence was shown in Figure 2.5. The rigid limit of the "N reduced
chemical shift anisotropy value is 110 ppm (165 ppm for full CSA interaction strength, or
10.0 kHz at 14.1 T). This value is very close to the rigid-limit value of the 'H-"N dipolar
coupling constant (11.34 kHz). Therefore, both experiments are sensitive to the motions
occurring on the time scales of micro- to nanoseconds.

The "N CSA tensor parameters, d, and 7, are strikingly similar for all tyrosine

residues in all samples and reveal rigid limit values, as shown in Figure 5.4. Taken
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together, the 'H-"N dipolar and the "N CSA experiments indicate that all tyrosine
residues, including Y145, in all the samples are rigid or mostly rigid on the microsecond

or faster time scales.
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Figure 5.4 "N CSA line shapes for tyrosine residues in (A) full-length CA conical
assemblies, (B) CTD (142-231), and (C) CTD (137-231). For full-length CA, the 2D "N
ROCSA spectrum is shown to illustrate the high quality of the data. Experimental and
best-fit CSA lineshapes are shown in solid and dashed lines, respectively. The
experimental lineshapes for Y145 are highlighted in red. For each residue, the "N CSA

tensor parameters, d, and m, extracted from numerical simulations, are listed. Note that
all tyrosines residues exhibit essentially rigid-limit parameters on the timescale of the
ROCSA experiment.

5.5 Millisecond timescale dynamics in CA

The absence of internal mobility on nano- to microsecond timescales in the hinge
region of assembled CA prompted us to examine the motions occurring on slower,
millisecond times scales. For this, we have turned our attention to the analysis of *C-""N

dipolar couplings, qualitatively (through temperature-dependent NCA and CAN
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spectroscopy) and quantitatively (through the explicit measurement of the dipolar

coupling constants in a REDOR experiment).

5.5.1 Temperature dependence of heteronuclear 2D NCA spectra

The rigid-limit ’N-"C- dipolar coupling constant value is 0,=984 Hz. Figure 5.5

depicts the 2D NCA spectra acquired on full-length CA conical assemblies and on CA
CTD (142-231) used as a control. In the 2D NCA spectra, Y130, Y164 and Y169 in the
full-length CA sample showed strong signals. The experiment temperature was varied
from +5 °C to -35 °C, with 5-degree increments. No variations of the chemical shifts
were observed for those residues at these different temperatures. At -35 °C, the Y169
peak disappeared, suggesting that under these conditions, motions may be occurring on
appropriate time scale and interfere with the signal detection. We also note that at -35
°C, the peak intensities for all tyrosine residues decreased.

Interestingly, Y145 signal did not show up in these 2D NCA spectra at any
temperature. It is likely that motional averaging of the Y145 N-C dipolar coupling

causes the loss of the Y145 cross peak in the NCA spectra.
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Figure 5.5 Temperature dependence of the solid-state NCA spectra of (A) full-length CA
conical assemblies and (B) CTD (142-231). The spectra were acquired at 14.1 T, and the
MAS frequency was 10 kHz. The temperature at which every spectrum was collected is
indicated next to the corresponding data set. Note that Y145 cross peak is not present at
any temperature.

5.5.2 CA-N spectra

Since the Y145 N-C- signal was missing in the NCA 2D spectra, we decided to
turn our attention to a similar experiment conducted in a one-dimensional format and
called CA-N. The information content of the CA-N spectrum is similar to that of the
NCA except that the magnetization is transferred from the C- carbon to the N, and since
the "N peak for Y145 is resolved in the 1D "N CPMAS spectrum, the CA-N experiment
does not require the second indirect dimension and can be conducted as a one-
dimensional measurement. The advantage of this approach is that the indirect dimension
period is eliminated, therefore preventing any potential loss of magnetization that may be

associated with short T,* rather than the motional averaging of the "“C-"N dipolar
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interaction for Y145. Therefore, the CA-N experiment is a complementary and more
direct reporter on the possible motional averaging of the *C-"N dipolar interaction in

Y 145.
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Figure 5.6 (A) Two-dimensional NCA spectra of full-length conical CA assemblies (top),
CTD (142-231) (middle), and CTD (137-231) (bottom) at 258 K. On the right, the
corresponding 1D "N CPMAS spectra are displayed. Note that the Y145 peak is present
in all "N CPMAS spectra, while the corresponding Y145 cross peaks are missing in the
2D NCA spectra, suggesting that the "N-"C dipolar couplings are motionally averaged.
(B) CA-N (bottom) and "N CPMAS (top) spectra of full-length CA conical assemblies,
illustrating that the Y145 peak intensity is severely attenuated in the CA-N data, most
likely due to motional averaging of the corresponding °N-"C dipolar coupling.

As shown in Figure 5.6 (B), the Y145 signal that is well resolved and strong in the
"N CPMAS spectrum (top) , is got severely attenuated in the corresponding CA-N
spectrum (bottom), indicating that motional averaging of the corresponding dipolar

interaction is taking place.
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5.5.3 "“C-"N REDOR dipolar dephasing curves

The experimental evidence from NCA and CA-N spectra presented above
suggests that the *C-"’N dipolar coupling is motionally averaged for Y145. To probe the
extent of the motional averaging, we have acquired the "N{”C} REDOR dephasing
curves. As illustrated in Figure 5.7, the dephasing profiles for Y130, Y164 and Y169 in
the full-length CA conical assemblies (and for Y164 and Y169 in the two CTD control
samples) are indistinguishable within the experimental error and the corresponding '*N-

C- dipolar couplings extracted from the curves are 500+200 Hz, slightly lower than the

rigid limit value of 984 Hz (the deviations from the strict rigid-limit value are likely due
to the experimental imperfections for the 180-degree dephasing pulses, which are

invevitable with our current hardware). In contrast, the Y145 ""N-"°C= dipolar coupling is

completely averaged out to zero and undetectable within the experimental error (no
dipolar dephasing is observed, Figure 5.7), indicating the presence of motions on a
timescale of 10 ms or faster.

Taken together, the "N-""C REDOR, 'H-"N dipolar and "N CSA MAS NMR
data discussed in this chapter clearly indicate motions in the millisecond regime for Y145
in both the conical CA assemblies and the control CTD CA samples. These millisecond
time scale motions in the hinge region detected by MAS solid-state NMR open up the
conformational space in principle accessible to CA for the assembly into capsids of
different morphologies. The solution NMR work of our collaborators, Drs. In-Ja Byeon
and Angela Gronenborn of the University of Pittsburgh, further revealed that there is a
precise molecular switch mechanism that controls the number of conformers (two) and

their populations and through which CA may assemble into distinct oligomeric structures
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(pentamers and hexamers) that form the closed conical capsids. The results of our joint

hybrid solid-state/solution NMR study have been recently reported in the Journal of the

American Chemical Society [49].
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Figure 5.7 "N-"C REDOR spectra (top) and dephasing curves (bottom) of (A) full-length
CA conical assemblies, (B) CTD (142-231), and (C) CTD (137-231). In the REDOR
spectra, S, and S are the peak intensities in the absence and presence of REDOR
dephasing pulses, respectively. DS = S,-S is the intensity difference. In the REDOR
dephasing curves, the REDOR fraction, DS/S,, is plotted against the mixing time. Note
that for all three proteins, Y145 does not exhibit REDOR dephasing caused by motional
averaging of the "N-"C dipolar coupling on the timescale of the REDOR experiment

(~10 ms).
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Chapter 6

RESONANCE ASSIGNMENTS AND CONFORMATIONAL ANALYSIS OF

TUBULAR ASSEMBLIES OF HIV-1 CA AND CA-SP1 PROTEINS

6.1 Introduction

Being a potential drug target for maturation inhibitors, the SP1 peptide in HIV-1
Gag and in intermediate Gag cleavage products has received recent attention [1,2]. The
mechanism of how the inhibitors such as the clinically effective Bevirimat (BVM) block
the virus replication remains unknown, largely due to lack of conformation information
of assembled CA-SP1, especially the SP1 region.

Secondary structure predictions have suggested that the SP1 peptide may adopt an
a-helical conformation [3,4]. An X-ray analysis of CA(CTD)-SP1 revealed a disordered
region encompassing the final 12 residues in the crystal structure [3,4]. Solution NMR
investigations have demonstrated that in pure H,O, SP1 peptide has only a slight
propensity for the formation of an a-helix in the region comprised of SP1, the last 13
residues of CA, and the first 13 residues of NC [5]. Recent solution NMR studies on two
synthetic peptides encompassing the SP1 region of Gag have suggested that the SP1
region adopts an o-helical conformation when examined in solutions containing 30%
trifluoroethanol (TFE). TFE is known to promote the formation of o-helices in regions
that have a high propensity toward a-helix formation. In this same investigation, one of

the two synthetic peptides showed little propensity for a-helix formation in pure H,O and
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the other peptide did not provide analyzable data due to the formation of a gel [5]. Up till
now, no reports have appeared on the SP1 structure in full-length assembled CA-SP1,
and the hypothesis that SP1 may act as a molecular switch by adopting an o-helical
conformation upon assembly remains largely unsubstantiated.

As discussed throughout this thesis, the challenges in structural investigations of
HIV capsid protein assemblies at atomic-level resolution have been largely due to the
inherent limitations of the mainstream structural biology techniques: the requirement for
solubility (solution NMR) or for diffraction-quality crystals (X-ray crystallography) or
the intrinsic lack of atomic-level structural details (cryoEM). Solid-state NMR
spectroscopy is void of these limitations and can yield atomic-level detail in insoluble
non-crystalline and large systems, and in the recent years, significant progress has been
made in using magic angle spinning (MAS) NMR to characterize large protein
assemblies [6-10]. Our laboratory has demonstrated that HIV-1 CA protein assemblies of
conical morphologies are amenable to detailed characterization by MAS NMR
spectroscopy [11]. Around the same time, Tycko and colleagues reported solid-state
NMR investigation of CA assemblies of tubular morphologies [9]. While this pioneering
study established the feasibility of characterization of the tubular assemblies of CA, the
resolution and sensitivity of these original data sets were limited, and even with sparse
labeling of the protein, the spectra were highly congested with broad unresolved peaks.
With the advent of Low-E [12], Scroll Coil [7,13], and the most recent Enhanced-Design-
Low-E probes it became possible to perform MAS NMR experiments on CA tubular

assemblies.
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In this chapter, we investigated the structure and dynamics of CA and CA-SP1
assemblies of tubular morphologies, and in particular we examined the conformation of
the spacer peptide SP1. At 21.1 T, these tubular CA and CA-SP1 assemblies give rise to
unprecedented-quality homo- and heteronuclear correlation spectra, from which site-
specific assignments of key residues can be readily obtained. According to the chemical
shifts assigned for SP1 peptide residues and the lack of signals in the through-space
experiments, it is clear that the spacer peptide is in random coil conformation in the
assembled CA-SP1. Our findings do not support the prior hypothesis on the role of SP1
as a molecular switch that triggers the assembly process by adopting o-helical
conformation. The outstanding sensitivity and resolution of these ultrahigh field NMR
spectra will enable further atomic-resolution structural and dynamics investigations of

HIV-1 protein assemblies.

6.2 Experiments and Methods

6.2.1 Sample preparation

Two series of tubular assemblies of HIV-1 CA and CA-SP1 protein constructs
were prepared and analyzed: an HXB2 variant [14] (which will be referred to as “WT”)
and the A92E mutant of the NL4-3 variant [15] (which will be referred to as “A92E”).
The primary sequence for these two variants is discussed below. The detailed procedure
for expression and purification were described in detail in Chapter 3 and in [10,16-18].

The assembly procedures were described in Chapter 3.

For SSNMR experiments, eighteen milligrams of the CA A92E and twenty-eight

milligrams of CA-SP1 A92E tubular assemblies were packed into 3.2 mm Bruker rotors,
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and sealed using a top spinner. Twelve milligrams of the CA WT and eleven milligrams
of CA-SP1 WT tubular assemblies were packed into 3.2 mm Agilent rotors, sealed using

an upper spacer and a top spinner, and used in subsequent solid-state NMR experiments.

6.2.2 Transmission electron microscopy and confocal laser scanning microscopy
The detailed procedure for TEM and confocal laser scanning microscopy
characterization of CA assemblies was reported by us previously [10,17] and described in

Chapter 3.

6.2.3 NMR spectroscopy

The SSNMR spectra of CA WT and CA-SP1 WT series of constructs were
acquired at the National High Magnetic Field Laboratory (NHMFL) at 21.1 T (900 MHz)
on a ultrawide bore instrument outfitted with a 3.2 mm 'H/X/Y Enhanced-Design Low-E
MAS Probe designed and built at NHMFL. Larmor frequencies were 899.1 MHz for 'H,
226.1 MHz for “C, and 91.1 MHz for "N. The temperature was 4.0 °C and was
maintained to within +1 °C throughout the experiments by Bruker temperature controller.
Spectra were collected at the MAS frequency of 14.000+0.001 kHz regulated by a Bruker
MAS controller. “C and "N chemical shifts were referenced with respect to DSS and
adamantane used as external referencing standards [19]. The typical pulse lengths were
2.5 us ("H), 3 us (°C), and 5 us ("N). 'H- "C("*N) cross polarization employed a linear
amplitude ramp; the 'H radio frequency (rf) field was 62 kHz with the center of the ramp
Hartmann-Hahn matched to the first spinning sideband. The 'H-"C and 'H-"N contact
times were 1 ms. The “N-"C DCP contact time was 5.0 ms. The 'H field strength

during DARR was 14 kHz, and the DARR mixing time was 50 ms. Small phase
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incremental alternation (SPINAL-64) 'H decoupling with a rf field strength of 100 kHz
was used during both the direct and indirect acquisition periods [20]. Recycle delays in
all experiments were 2 s. Time-proportional phase incrementation (TPPI) [21] was used
for phase-sensitive detection in the indirect dimensions.

The SSNMR spectra of CA A92E and CA-SP1 A92E constructs were acquired at
the University of Delaware on a Bruker 19.9 T spectrometer outfitted with a 3.2 mm
BioMAS HXY probe. Larmor frequencies were 850.400 MHz for 'H, 213.855 MHz for
“C, and 86.181 MHz for “"N. Spectra were collected at the MAS frequency of
13.000+£0.001 kHz regulated by a Bruker MAS controller, and the temperature was
maintained at 4+0.5 °C throughout the experiments using a Bruker temperature
controller. The typical pulse lengths were 3.3 us (‘"H), 3.8 us (°C), and 4.2 us (°N), and
'H-"C cross polarization was performed with a linear amplitude ramp (80-100%), having
the '"H radio frequency field of 80 kHz matched to the second spinning sideband. The 'H-
“C and 'H-"N contact times were 1 and 1.5 ms, respectively. SPINEL-64 decoupling
(80 kHz) was applied during the evolution and acquisition periods [20]. The 'H field
strength during DARR was 13 kHz, and the DARR mixing time was 50 ms. Under these
conditions predominantly one-bond correlations are observed in the spectra. States-TPPI
protocol [22] was used for frequency discrimination in the indirect dimension.

Other relevant experimental conditions are indicated in the figure captions and in

the Appendix.

6.24 NMR data processing and analysis
All spectra were processed with NMRpipe [23] and analyzed using Sparky [24].

For 2D data sets, 60° or 30° shifted sine bell apodization followed by a Lorentzian-to-
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Gaussian transformation was applied in both dimensions. Forward linear prediction to
twice the number of the original data points was used in the indirect dimension in some
data sets followed by zero filling to twice the total number of points. Detailed

information about processing parameters is provided in the Appendix Table B.1.

6.3 Characterization of CA and CA-SP1 tubular assemblies

The conditions for preparation of tubular CA WT assemblies suitable for solid-
state NMR studies were established by us previously, and we have shown that these
assemblies are stable upon magic angle spinning [11]. The conditions for generating CA
A92E and CA-SP1 A92E assemblies of tubular morphology are exactly the same, and
high-quality tubes form in the presence of 0.5 M NaCl (concentration in the sample), as
illustrated in Figure 6.1. The dimensions of CA and CA-SP1 tubes are similar. One
should pay special attention to the temperature to preserve the samples because tubes
decompose after being frozen and thawed (as discussed in Chapter 3).

The CA WT protein forms both single-walled and multi-walled tubular
assemblies, and tends to form tube bundles in solution. CA-SP1 WT sample forms not
only single and multi-walled tubular assemblies, but also some cone shapes according to
the TEM images. In the confocal images, both regular tubes and small fluorescent dots
were observed, indicating morphologies other than tubes. Despite the small variations in
morphologies, assemblies of all the four protein samples yield outstanding-quality MAS

NMR spectra as discussed below.
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CA A92E CA-SP1 A92E CAWT CA-SP1WT

%

TEM

Confocal

Figure 6.1 From left to right: TEM (top) and confocal (bottom) images of CA A92E, CA-
SP1 A92E, CA WT and CA-SP1 WT tubular assemblies. For the CA-SP1 WT sample,
conical assemblies were observed in addition to tubes by both TEM and confocal
methods (not shown).

As discussed above, the WT and A92E CA/CA-SP1 protein constructs are from
two functionally different strains of HIV-1 virus: NL4-3 and HXB2. In Figure 6.2, the
primary sequences are for these two constructs under investigation. NL4-3 strain
encodes all known HIV-1 proteins, whereas HXB-2 strain is defective for three auxiliary
genes: vpr, vpu, and nef [21,25]. The protein sequence differs by 4 residues: I/L6,
V/L83, N/H120 and A/G208. Residue A92 in the NL4-3 strain was mutated to glutamic
acid as this mutation was found to give rise to more homogenous assemblies according to

the cryo-EM results [26]. The SP1 peptide is a 14-residue peptide located at the C-

terminus of CA (see Figure 6.2).
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HXB2 1 PIVQONIQGQOM VHQAISPRTL NAWVKVVEEK AFSPEVIPMF

NL4-3 PIVONLQGOM VHQAISPRTL NAWVKVVEEK AFSPEVIPMF
> > I W
s1 S2 H1 H2

41 SALSEGATPQ DLNTMLNTVG GHQAAMQMLK ETINEEAAEW
SALSEGATPQ DLNTMLNTVG GHQAAMQOMLK ETINEEAAEW

H3 H4

81 DRVHPVHAGP IAPGQMREPR GSDIAGTTST LQEQIGWMTN

DRLHPVHAGP IEPGQMREPR GSDIAGTTST LQEQIGWMTH

L G .|
CypA loop H5 H6

121 NPPIPVGEIY KRWIILGLNK IVRMYSPTSI LDIRQGPKEP

NPPIPVGEIY KRWIILGLNK IVRMYSPTSI LDIRQGPKEP

H7 310H

161 FRDYVDRFYK TLRAEQASQE VKNWMTETLL VQNANPDCKT
FRDYVDRFYK TLRAEQASQE VKNWMTETLL VQNANPDCKT

H8 H9 H10

201 ILKALAPAAT LEEMMTACQG VGGPGHKARV LAEAMSQVTN PATIM
201 ILKALGPAAT LEEMMTACQG VGGPGHKARV LAEAMSQVTN PATIM

H11 SP1

Figure 6.2 Primary sequences of the HXB2 and NL4-3 (A92E mutant) strains used in our
investigations of CA and CA-SP1 assemblies of the tubular morphology [27]. The
variations between the amino acid residues in HXB2 and NL4-3 strains are shown in red,
and the final fourteen amino acids of the construct belong to the SP1 spacer peptide tail,
shown in blue.

6.4 Tubular assemblies yield ultrahigh resolution spectra

The DARR and NCA spectra (Figure 6.3 and 6.4) reveal surprisingly high
resolution and sensitivity, with quality superior to that observed by us in conical
assemblies and by others in a prior report on tubular assemblies [9,11].

Figure 6.3 depicts the heteronuclear correlation (NCA) spectra obtained in A92E
CA and CA-SP1 tubular assemblies acquired at 21.1 T. From the NCA data sets, 146
resolved peaks were counted in CA spectrum (of a total of 231 expected peaks), and 172

peaks were counted in CA-SP1 spectrum (of a total of 245 expected peaks). The 1D



traces extracted from the 2D spectra at 112.4 ppm are shown and reveal that the line-

widths of the resolved peaks are between 0.2 to 0.5 ppm.
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Figure 6.3 The 21.1 T 2D NCA spectra of U-"C,”N HIV-1 CA (left) and CA-SP1 (right).
The 1D traces in the w, dimension corresponding to the resolved cross-peaks at "N shift
1124 ppm are shown and illustrate the remarkable spectral sensitivity and resolution.
The acquisition parameters for the spectra of U-">C,””"N HIV-1 CA and CA-SP1 tubular
assemblies are given in Table B.1 in the Appendix.

6.5 Resonance Assignments
Because the CA and CA-SP1 tubular assemblies yielded remarkably ultra-high
resolution spectra, it was possible to perform resonance assignments on the basis of the

2D and 3D data sets.

6.5.1 2D spectra assignments

Figure 6.4 is an example of the sequential assignments of tubular assemblies of
CA-SP1 A92E (NL4-3 strain) completed with 2D data sets (NCACX, NCOCX, and
DARR). The 1D trace along the "N dimension extracted at 112.4 ppm is shown as well.
From the trace, it is clear that this sample exhibited narrow line widths. This ultra-high

resolution facilitates greatly the resonance assignments.
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The resonance assignments followed the general procedures outlined in Chapter
4. We used the resolved peaks in the Ser-Thr region as the starting point. Using the
known assignments from solution NMR studies of the NTD [11,28], the chemical shift of
the backbone nitrogen of T110 was tentatively assigned to be 112.4 ppm, and the
corresponding C:, Ct and C’ cross peaks at this nitrogen shift were identified in the
NCACX spectrum at 59.4,71.2 and 175.8 ppm respectively. Meanwhile, the cross peaks
corresponding to C« and Cr, C- and C’ in the DARR spectrum were found at both sides of
the diagonal, confirming that those chemical shifts are from the same spin system. For
the sequential assignments, the NCOCX 2D spectrum was used, and "“C peaks
corresponding to the "N shift of 112.4 ppm (T110) were found at 54.0, 66.8 and 174.1
ppm, which are the typical shifts for serine residues. The obtained chemical shifts
indicate the Ser-Thr amino acid pair in the protein. There is only one Ser-Thr pair in the
protein sequence: S109-T110. Therefore, the previous assumption that those signals are
from T110 is proved correct, and consistent with the solution NMR results [10,29].
Taking T110 assignment as an anchor point, we have assigned the stretch of residues
R100-T110 using the 2D data sets, as shown in the Figure 6.4. Benefiting from the
extraordinarily high quality of the spectrum, we identified not only the distinct C and C
shifts of those residues, but also the C’ and some of the side chain signals, providing
more reliable CSI analysis for the secondary structure determination. More assignments

obtained with this procedure and these are summarized in Table 6.1.
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Figure 6.4 Backbone walk for the stretch of residues R100-T110 of U-"C."N tubular
assemblies of HIV-1 CA-SP1 A92E (NL4-3 strain) acquired at 19.9 T and 4 °C. The 1D
trace at 112.4 ppm along the "N dimension of the NCACX spectrum is shown on top.
The following 2D data sets were used to establish this backbone walk: NCACX (top),
NCOCX (middle right and bottom), and DARR (middle left and middle center). The
DARR mixing time was 50 ms. The acquisition parameters for the spectra of U-""C,”N
HIV-1 CA-SP1 tubular assemblies are given in Table B.1 in the Appendix.

6.5.2 3D backbone walks

Despite the outstanding quality of the 2D spectra acquired at 19.9 T, the 2D data

sets alone were not sufficient for us to be able to complete the resonance assignments.
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Additional 3D spectra have proven to be necessary. These were acquired in tubular
assemblies of CA WT (HXB2 strain) protein. A combination of 3D and 2D spectra was
subsequently employed for the resonance assignments: 3D NCACX, 3D NCOCX, 2D
NCA, and 2D DARR (with the mixing times of 20 ms, 50 ms and 250 ms). With these
data sets in hand, we have performed resonance assignments following the protocols
outlined in Chapter 2.2.1. Figure 6.5 is a representative backbone walks of the residue
span R100-G116. The chemical shifts of those residues are identical with the values
obtained from the 2D data sets. The chemical shifts for the assigned residues are
summarized in Table 6.1.

To date, we have completed assignments of the CTD domain and partially
assigned the chemical shifts of the NTD domain of CA in the tubular assemblies. The
summary of chemical shifts is presented in Table 6.1.

The secondary structure was predicted by the consensus chemical shift indices of
C:, Cr and C’ and is in agreement with the prior solution and solid-state reports for the

unassembled CA and the conical CA assemblies [10,30].
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Figure 6.5 Backbone walk of the stretch of residues R100-T108 (top) and S109-G116
(buttom) of tubular assemblies of U-">C,”"N HIV-1 CA WT (HXB2 strain). The NCACX
and NCOCX spectra are shown in red and black, respectively.
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Table 6.1 “C and "N chemical shift assignments (ppm) for the CA protein in tubular
assemblies. The CSI column is the secondary structure predicted by CSI method: H-a
helix, B-p sheet, C-unstructured coil.

Residue N Ce C c C CSI
P1

12

V3

Q4 176.8 C
N5 550 379 178.2 H
16 1240 63.6 383 177.0 C
Q7 116.7 56.5 320 179.2 C
G8 106.9 47.1 H
Q9

M10

Vi1 121.6 59.0 36.0 180.1 219 B
HI12 121.6 56.2 344 177.3 C
QI3 1255 542 330 176.1 B
Al4 522 19.0 175.7 C
I15 121.1 61.7 38.1 177.0 C
S16 123.8 56.3 63.4 C
P17

R18

T19 116.0 66.5 68.9 21.7 H
L20

N21
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A22
W23
V24
K25
V26
V27
E28
E29
K30
A31
F32
S33
P34
E35
V36
137
P38
M39
F40
S41
A42
L43
S44
E45
G46
A47
T48

114.7
116.5

1153
1230
1123
121.9
116.6
1100
1253
116.1
1200
108.7

62.4
57.1

58.2
61.0
60.8
54.2
55.8
574
583
454
532
60.2

38.3
64.6

32.7
42.7
63.7
19.1
420
63.7
27.2

204
69.7

127

177.7
176.6

178.0
178.2
174.8
180.8
176.2
174.8
1790
174.6
179.1

T O a £ O O =m & T T



P49
Q50
D51
L52
NS53
T54
M55
L56
N57
T58
V59
G60
Go61
H62
Q63
A64
A65
M66
Q67
M68
L69
K70
E71
T72
173
N74
E75

116.9
119.8

116.8
112.6
1210
117.6
106.9

117.6
122.6
116.7

56.3
674

58.0
559
63.5
64.4
453
47.5
56.2

674
66.0
555

37.2
68.3

41.1
373
69.5
325

28.6

68.4
38.1
38.0

128

178.3

178.2
176 4
174.5
176.8
1770

176 4
177.1

s

A ©T O QO O =@ =T



E76
ATT
A78
E79
W80
D81
R82
V&3
H84
P85
V86
H87
A88
G89
P90
191
A92
P93
G9%
Q95
M96
R97
E98
P99
R100
G101
S102

121.6
120.2
120.2
1125
118.7

121.5
1253
127.8
109.6

121.5
131.8

1124
119.5
120.5
122.9
1239

121.3
117.1
114.8

62.2
57.3
595
62.4
532

62.5
55.7
52.1
44.5

60.1
50.7

453
544
550
553
545

523
48.4
60.8

284
40.0
309
323
270

33.0
294
19.0

38.5
17.7

30.0
348
29.6
29.7

314

62.4

129

180.2
178.3
178.8
1754

176.5
175.3
178.6

176.0

174.6
1752
1770
1749
178.8

178.8
176.7
175.3

21.0

17.8

O o - & T

O O a 0

O O O o O

@)



D103
1104
A105
G106
T107
T108
S109
T110
L111
Q112
E113
Q114
1115
G116
W117
M118
T119
N120
N121
P122
P123
1124
P125
V126
G127
E128
1129

118.8
1259
1120
102.0
1125
106.0
1123
1124
122.8
116.0
1220
117.9
1180
111.5
121.7
116.0
104.7
122.7
116.7

57.0
65.8
50.3
453
63.8
61.1
54.0
594
579
59.6
59.0
60.0
65.6
47.1

59.7
60.8
533
49.7

412
36.7
18.7

69.0
69.3
66.8
71.2
41.1
279
29.1
28.0
38.3

349
70.2
394
40.1

130

177.7
172.8
177.8
174.0
177.7
173.5
174.1
175.8
178.1
180.1
1779
178.0
179.6
1752

177.8
173.7
173.2

180.9

223

21.8

T - - - - =— O 0 a0 a0 a0 o @ T

w O w =



Y130
K131
R132
W133
1134
1135
L136
G137
L138
N139
K140
1141
V142
R143
M144
Y145
S146
P147
T148
S149
1150
L151
D152
1153
R154
Q155
G156

117.1

117.6
1099
128.7
1189
114.8
121.9
125.7
128.2
117.5

542

60.2
56.6
60.6
56.9
542
60.1
543
55.9
44.9

37.0

67.3
634
394
41.5
420
38.3
32.7
27.2

131

178.2
177.6
175.5
177.8
1759
1754
1759

A W B O T W O 0O



P157

K158
E159
P160
F161

R162
D163
Y164
V165
D166
R167
F168

Y169
K170
T171

L172
R173
Al174
E175
Q176
Al177
S178

Q179
E180
V181
K182
N183

1153
126.1

128.2
1152

123.7
121.5

121.7
123.8
116.8
121.7
117.9

1174
1193
121.6
121.6
121.9
116.8
121.8
117.8
121.6
119.6
120.2

543
53.7

62.6

584
66.8
58.2
60.9
62.4
62.4
60.1
65.9
58.2
60.3
545
58.6
58.2
54.2
57.5
59.0
60.2
65.6
60.1
57.2

325
322

393

38.2
324
422
32.6
384
374
420
67.6
425
29.7
17.8
29.2
29.1
19.0
64.9
28.3
29.7
31.1
32.1
37.6

132

176.1

1774

178.3

176.0
177.3
177.1
1759
179.3

178.6
1789
181.7
180.1
180.2
180.9
177.8
179.8
180.1
178.0
178.7
175.7

T T T T T W X X X X &m & &©m & &©T T T O O 0O



w184
M185
T186
E187
T188
L189
L190
V191
Q192
N193
A194
N195
P196
D197
C198
K199
T200
1201
L202
K203
A204
L205
G206
P207
A208
A209
T210

1230
120.2
1123
117.5
112.1
119.2
121.6
123.6
121.5
1144
1200
119.6

121.6
118.2
122.2
1195
1193
1220
117.7
104.2

1253
1233
1143

62.0
594
66.8
593
64.7
58.8
58.9
64.8
58.5
52.8
52.8
51.7

58.5
63.0
62.5
67.1
654
58.6
584
54.2
56.5
44.5

515
525
60.2

28.3
309
69.1
28.0
69.2
41.7
41.8
29.6
28.6
38.3
18.6
355

40.3
26.6
325
68.1
38.1
419
30.1
18.1
42.8

18.6
20.0
70.6

133

180.6
178.8
179.1
178.1

178.3
176.1
174.8
177.1
175.3
175.1

1774
175.5
1759
178.6
178.8
178.1
176.7
1790

1750
178.5

18.4

QO 0O QO &- =&-m O @m QO @m o &m &= T

O T T E T T T OO T O

@)



L211
E212
E213
M214
M215
T216
A217
C218
Q219
G220
V221
G222
G223
P224
G225
H226
K227
A228
R229
V230
L231

121.6
118.2
119.7
118.9
1159
116.0
123.7

122.7
106.9
121.7
116.1
102.3

98.7

58.7
60.0
60.2
60.3
59.1
66.4
56.2
60.3
59.0
472
62.5
452
452
59.0
443

41.6
29.6
29.7
32.8
32.7
68.8
18.8
28.6
273

329

176.3
179.1
178.6
176.9
1770
176 4

1799
181.7
176.2
1794
1772

178.7

o o o o o & &m & O & T X T T O

134



6.6 SP1 is unstructured in assembled CA-SP1

As discussed above, SP1 is a biologically important 14-residue spacer peptide that
is cleaved off at the final stage of the HIV-1 virus maturation. To study the structure of
SP1 in the CA-SP1 assembled state, we acquired through-space and through-bond
SSNMR spectra of CA and CA-SP1. Analysis of the extra peaks and chemical shift

perturbations in these spectra yields information regarding the SP1 conformation.

6.6.1 SP1 signals in the through-space correlation SSNMR spectra

Our initial expectation was that any new peaks emerging in CA-SP1 spectra as
compared to those of CA should be arising from the SP1 peptide. We have acquired
through-space correlation spectra that are based on direct dipolar polarization transfers,
spin diffusion, and Nuclear Overhauser Effect (NOE) cross-relaxation transfers. The

results of these experiments are presented below.

6.6.1.1 Direct dipolar-based polarization transfer and spin diffusion experiments
The pulse sequences used for dipolar- and spin-diffusion based experiments,
NCA,NCACX,NCO, NCOCX, and DARR, are presented in Figure 4.4. To our surprise,
the NCA and DARR spectra of CA A92E and CA-SP1 A92E tubular assemblies are
identical as shown in Figure 6.6. No new peaks were observed, indicating that the SP1
tail is either unstructured or mobile, the latter resulting in dynamic averaging of the NMR

signals.
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On the other hand, comparison of the NCA spectra WT CA and CA-SP1 tubular
assemblies reveals that a number of signals are shifted and spectral congestion is present

in the CA-SP1 data set; at the same time, no distinct new peaks appear. In the DARR
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Figure 6.6 The superposition of the a) NCA and b) C:-C’ region, c) aliphatic region of
DARR spectra of tubular assemblies acquired at 19.9 T and 4 °C. CA A92E is in blue
and CA-SP1 A92E is in black. The DARR mixing time was 50ms. The acquisition
parameters for the spectra of U-"C,”N HIV-1 CA-SP1 tubular assemblies are given in
Table B.1 in the Appendix.

spectrum, two new strong peaks are present: one is in the alanine C:-C* cross peak region
and the other is in the threonine C'-C: cross peak region. According to the SP1 sequence

(see Figure 6.2), there are two Ala and two Thr residues in the peptide. Therefore, it is
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possible that these new peaks belong to the SP1 residues. With assistance of other types
of spectra, these peaks were indeed assigned to the residues in the SP1 peptide, as

discussed below.
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Figure 6.7 The superposition comparison of the a) NCA and b) C:-C’ region, c¢) aliphatic
region of DARR spectra acquired at 21.1 T and 4 °C. CA WT is in blue and CA-SP1 WT
is in black. The DARR mixing time was 50ms. The acquisition parameters for the
spectra of U-""C,”"N HIV-1 CA-SPI1 tubular assemblies are given in Table B.1 in the
Appendix.
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As discussed above, a number of chemical shifts are different in the NCA spectra
of the WT CA and CA-SP1. We have assigned most of the shifted peaks to the residues
residing in the CypA loop region, such as R97 and E98. Interestingly, there are
substantial variations in the peak intensities between the CA and CA-SP1 spectra, with
the number of residues exhibiting strong peaks in the CA spectrum and the corresponding
peaks severely attenuated or completely missing in the CA-SP1 data set, notably
corresponding to the residues comprising the CypA loop- G89, A92, and G94. The A92
signals of the CA-SP1 assembly are also missing in the DARR spectrum.

The above observation of the peak intensity variations for the CypA loop residues
is intriguing. As discussed earlier, CypA is a functionally important region of CA. It
binds the cellular protein Cyclophilin A during the virus replication, and the mutations in
the loop result in defective virus particles [31-33]. Our findings suggest that SP1 tail may
make the CypA loop region more flexible in the CA-SP1 WT tubular assemblies
compared to the corresponding CA assemblies. It is surprising that the SP1 tail has such
significant effects on the residues that are 150 amino acids away in the primary sequence
and structurally belonging to the two different domains. Even more surprising is the fact
that for the CA A92E construct, no such destabilization of the CypA loop by the SP1 tail
was observed. One possible reason for this is that the A92E mutation in the CypA loop
stabilizes the loop so that the SP1 tail no longer influences its dynamics. This hypothesis
is corroborated by the recent findings in our laboratory that the CypA loop dynamics is
profoundly different in the various CA and CA-SP1 constructs, with the A92E mutant
showing greatly attenuated mobility on the nano to microsecond timescales (to be

reported elsewhere).
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6.6.1.2 Nuclear Overhauser cross relaxation based experiments

The primary polarization transfer mechanism in the Nuclear Overhauser Effect
Spectroscopy (NOESY) [34] is cross relaxation. NOESY-based transfer can be used in
the cases where motional averaging is suspected to result in signal disappearance, such as
in our studies of the CA-SP1 assemblies, where the SP1 tail may be dynamically
disordered. We have therefore pursued the NOESY-DARR experiments in our attempt to
detect the SP1 signals. The NOESY-DARR pulse sequence adapted to the MAS NMR

conditions is shown Figure 6.8.

" SPINAL | DARR | SPINAL

w2 /2 /2

Figure 6.8 A scheme of NOESY-DARR pulse sequence. The carbon nuclei are first
excited with a 90-degree pulse and the correlations were established through DARR
irradiation during the mixing time [35].

As illustrated in Figure 6.9 showing the superposition of the NOESY-DARR
spectra of CA and CA-SP1 A92E tubular assemblies, several new peaks emerge in the
spectra of CA-SP1. All of these peaks correspond to the residue types that exist in the
SP1 peptide, and the total count of new peaks reveals: 2 Thr (of 2 present in SP1), 1 Ala
(of 2 present in SP1), 1 Ser (of 1 present in SP1), and 1 Asn (of 1 present in SP1). These

new peaks are strong and appear on both sides of the diagonal. Besides these new peaks,

no other differences in the spectra could be identified, corroborating the conclusion that
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the CA protein exhibits the same or very similar structure in the tubular assemblies of

A92E CA and CA-SP1.
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Figure 6.9 The superposition of the NOESY-DARR spectra of the tubular assemblies of
CA A92E (blue) and CA-SP1 A92E (black) acquired at 19.9 T and 4 °C. a) The C-C’
region of the spectra; b) the aliphatic region of the spectra; c) expansion of the aliphatic
region of Thr-Ser residue types. The DARR mixing time was 50 ms. The acquisition
parameters for the spectra are given in Table B.1 in the Appendix.
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Figure 6.10 The superposition of the DARR (blue) and NOESY-DARR (black) spectra of
CA-SP1 A92E acquired at 19.9 T and 4 °C. a) The C--C’ region of the spectra; b) the
aliphatic region of the spectra; c) expansion of the aliphatic region of Thr-Ser residue
types. The DARR mixing times were 50 ms. The acquisition parameters for the spectra
are given in Table B.1 in the Appendix.
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We note that the new peaks belonging to SP1 identified in the NOESY-DARR
spectra did not appear in the conventional CP-based DARR spectrum of CA-SP1 A92E,
as shown in Figure 6.10. Even though most of the signals superimpose well, the
NOESY-DARR spectrum exhibits more cross peaks in the C+C’ region than the DARR
spectrum, especially in the C--C* region of Ala. The removal of the cross polarization
step in the pulse sequence makes it possible to detect these residues from the SP1 tail,
indicating that they are intrinsically mobile. To corroborate this finding, we have next

turned our attention to the scalar- (J-) based correlation experiments.

6.6.2 J-based correlation SSNMR spectra of HIV-1 CA and CA-SP1 assemblies

In scalar (J-coupling) based experiments, polarization is transferred through
covalent bonds rather than through space. This transfer mechanism is much less sensitive
to the presence of motions, and has been employed by us and by others [36-39] in the
recent years to acquire MAS NMR homo- and heteronuclear correlation in a variety of
systems. In our study of HIV-1 capsid protein assemblies, we employ a particular J-

based experiment dubbed INADEQUATE to elucidate conformation of the SP1 peptide.

6.6.2.1 INADEQUATE and CP-INADEQUATE spectra of CA and CA-SP1 A92E
tubular assemblies
INADEQUATE (Incredible Natural Abundance Double-Quantum Transfer
Experiment) is one of the commonly used homonuclear pulse sequences in solution NMR
to recouple the J-coupling between covalently bonded "*C nuclei [40-42]. More recently,
INADEQUATE was explored for solid-state NMR studies of organic and biological

systems [43]. The INADEQUATE pulse sequence adapted for MAS NMR experiments

142



is shown in Figure 6.11. In the INADEQUATE spectra, each bonded pair of nuclei
yields a pair of peaks, which have the vertical coordinate being the sum of the chemical
shifts of the two nuclei (because of the double-quantum polarization transfer), and have

horizontal coordinates being the respective chemical shifts of each nucleus.

H SPINAL
w2 w mn2 w2 w
13c
€T» T~ «T>» «T5

Figure 6.11 The INADEQUATE pulse sequence [43]. The carbon nuclei are first excited
with a 90-degree pulse and double quantum coherences are then established through a
composite of  and /2 pulses.

The INADEQUATE spectra of CA and CA-SP1 A92E tubular assemblies were
acquired with the same parameters (see Table B.1 in the Appendix). The superposition of
the spectra is shown in Figure 6.12. Signals from the SP1 peptide emerged from the CA-
SP1 spectrum as new peaks. The peaks corresponding to Ala, Asn, Ser, and Thr of the
SP1 tail have identical chemical shifts to those in the NOESY-DARR spectra. In the
INADEQUATE spectra, we have assigned all the new peaks to SP1 residues. The
corresponding chemical shifts are summarized in Table 6.2. The secondary structure
analysis according to the CSI method reveals that these chemical shifts correspond to
unstructured random coil. Other residues in the SP1 tail, such as Gln, Glu, and Met,
could not be assigned site-specifically on the basis of the INADEQUATE spectra because

their chemical shifts are similar. However, there are four new peaks in this region of the

spectrum, which is exactly the number of residues in the SP1 peptide sequence: one Glu,
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one Gln, and two Met. Therefore, we attribute these four new peaks to the corresponding
amino acids in the SP1 tail as well. Furthermore, the CSI analysis of these peaks
indicates that their consensus CSI values correspond to unstructured random coil,
consistent with what we found for Ala, Asn, Ser, and Thr. Other new peaks in the
INADEQUATE spectrum of CA-SP1 are unambiguously assigned to S236, V238 and
1244 in the SP1 tail, on the basis of their unique chemical shifts.

Despite the fact that there are 3 Ala residues in the SP1 tail, only one new peak in
the corresponding region of the INADEQUATE spectra was observed. This new peak
corresponds very well with the new peak in the NOESY-DARR spectrum. The absence
of peaks corresponding to the other two Ala residues suggests that extensive local
motions may have averaged the signals out. To search for these peaks, the spectra would
need to be collected in a broad range of temperatures. However, as discussed in the
previous chapters, tubular assemblies are stable only in a narrow temperature range above
0 °C, precluding further investigations of the temperature dependence of the spectra.

Another interesting observation was made from the INADEQUATE spectra. For
N240, the INADEQUATE spectra reveal two signals separated by 0.3 ppm, while single
peaks appear in the NOESY-DARR spectra at the same position. Since the signals are
strong and distinct and there is only one Asn residue in the sequence, those peaks are
assigned to two N240 conformers.

Additional information can be obtained about the chemical exchange rates
between the two conformers and the time scale of motions. The “C-"C J-coupling is
around 35 Hz [44], and the cross polarization rf field required to yield signals in the

DARR spectra is around 30 kHz [45,46]. N240 appears as a broadened pair of peaks in
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the INADEQUATE spectra, as a single peak in the NOESY-DARR spectra (Figure 6.12),
and is completely missing in the DARR spectra (Figure 6.10). The difference in the
resonance frequencies of the two conformers is ca. 60 Hz.  Therefore, the
INADEQUATE spectra detected the exchange between the two conformers, whereas the
NOESY-DARR spectra detected the weighted average signal of the two conformers. For
the absence of signals in the DARR spectra, it is possible that there are motions at the
time scale of tens of microsecond that averaged out the 'H-"C dipolar couplings in the
protein backbone. As discussed later, this motion is also confirmed by the lack of signals
in the CP-INADEQUATE spectra, which include the cross polarization step in the
sequence.

In the case of Thr, there are three resolved new peaks in the Thr C- region of the
CA-SP1 INADEQUATE spectra, two of which are double peaks separated by 0.5 ppm
(~100 Hz). In comparison, a single peak appears in the corresponding region of the
NOESY-DARR spectra, indicating chemical exchange between two conformers, which is
similar to the finding for N240 discussed above. Those peaks are completely missing in
the DARR spectra just like N240 signals are. Since T239 is residue that precedes N240
and the double peaks exhibited same behavior in the different spectra, we tentatively
assigned the double peaks to the two conformers of T239 instead of T243.
Correspondingly, the pair of peaks at 63.0 ppm and 71.0 ppm was assigned to the C-and
Cr of T243.

For other residues in the SP1 tail, most of the C«C' coherence signals were
observed as new peaks in the INADEQUATE spectra of CA-SP1. One exception is

P241, whose C:-C: coherence was observed. Since P241 is the residue that follows
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residue N240, we speculate that motions of the backbone atoms of this residue may have
averaged the C--Cr signals out.

Interestingly, the INADEQUATE spectra of CA and CA-SP1 A92E shown in
Figure 6.12 reveal that distinct peaks are present in the CA spectrum that do not appear in
the CA-SP1 data set. Assigning those peaks is challenging on the basis of the 2D data
sets alone. However, analysis of the chemical shifts with respect to the amino acid
topologies indicates that these new peaks are from the stretch of residues H226-1.231.
This finding suggests that not only is the SP1 tail dynamic itself but it also modulates the

dynamics of the nearby residues.
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Figure 6.12 The superposition of the INADEQUATE and NOESY-DARR spectra of CA
A92E (blue) and CA-SP1 A92E (black) acquired at 19.9 T and 4 °C. a) the aliphatic
region; b) and c¢) the C-C: region of His residues; d) and e) the C-C’ region; f) and g) the
expansion of Thr, Ser regions; h) and 1) the superposition of NOESY-DARR spectra that
correspond well with those in the INADEQUATE spectra; j) the expansion in the Thr,
Ser region of NOESY-DARR spectra. The delay T in the INADEQUATE pulse sequence
was optimized before each experiment was set up and the experiment time was kept the
same for both samples. The acquisition parameters for the spectra are given in Table B.1
in the Appendix.
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Table 6.2 Chemical shift assignments of the SP1 tail and nearby residues of CA and CA-
SP1 A92E tubular assemblies. The CSI column is the secondary structure predicted by
CSI method: H-a helix, B-f sheet, C-unstructured coil.

Residue C- (64 C C C CsI
G225
H226 55.6 29.8 131.6 C
K227 56.5 333 22.0 C
A228 52.9 17.3 173.4 C
R229 56.3 30.9 27.4 C
V230 63.6 334 20.0 181.2 C
L231 56.7 43.4 182.4 H
A232 53.2 19.0 C
E233 57.2 33.5 C
56.9 324
56.8 27.9
56.1 29.7
A234 53.2 19.0 C
M235 57.2 33.5 C
56.9 324
56.8 27.9
56.1 29.7
S236 58.8 63.7 C
Q237 57.2 33.5 C
56.9 324
56.8 27.9
56.1 29.7
V238 63.6 37.9 179.8 179.8 C
T239 61.8 70.3 174.3 C
62.3 69.6 173.8
N240 51.2 38.9 177.2 173.2 C
51.5 39.0
P241 27.6 51.9
A242 53.2 19.0 C
T243 69.4 70.5 19.3 C
1244 61.1 38.6 14.1 C
M245 57.2 33.5 C
56.9 324
56.8 27.9
56.1 29.7
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In light of the observations discussed above, namely that we could detect the
peaks corresponding to the SP1 tail and that the tail appears to be dynamic, we have
decided to perform an additional CP-INADEQUATE experiment. In this experiment, a
cross polarization period is incorporated prior to the INADEQUATE step [47]. For rigid
residues, this additional 'H-""C CP period results in sensitivity enhancement. On the
other hand, if residues are mobile on the time scale of 'H-"C dipolar interactions (~30

kHz), i.e. tens of microseconds, the CP does not work, and no signal can be detected.

w2

H [ CP SPINAL

Figure 6.13 A scheme of CP-INADEQUATE pulse sequence. The carbon nuclei are first
polarized by cross polarization, and the double quantum coherences are established
through the INADEQUATE step.

Figure 6.14 shows the overlay of the CP-INADEQUATE and INADEQUATE
spectra of the CA A92E tubular assemblies. The stretch of residues H226-L.231 present
in the INADEQUATE spectrum is missing in the CP-INADEQUATE data set. This
finding, together with the lack of these signals in the DARR spectra corroborates our
hypothesis that these residues are mobile on the timescales of the '"H-"C dipolar
couplings, i.e. tens of microseconds. Furthermore, as discussed above and shown in

Figure 6.12, the signals from the H226-L231 stretch of residues do not appear in the

INADEQUATE spectra of CA-SP1 A92E either. It therefore appears that the attachment
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of SP1 tail introduced slow motions to H226-L.231, which occur at the time scale of J-
coupling experiments, i.e. tens of milliseconds. It is not surprising because slow
millisecond timescale motions were also observed in the SP1 residues, such as T239,
N240 etc.

In summary, 12 out of 14 residues in the SP1 peptide have appeared in the
INADEQUATE spectra of the tubular assemblies of CA-SP1 A92E. The secondary
structure determined using the CSI method is random coil. The SP1 tail in the CA-SP1
A92E is mobile on the timescale of tens of microseconds. Some of the residues in the
SP1 tail, such as T239 and N240, are mobile on the timescale of tens of milliseconds.
Furthermore, the SP1 tail also affects the mobility of the nearby residues: residues H226-
L231 in the CA-SP1 are mobile on both microsecond and millisecond timescales, while
the same residues are mobile only on microsecond timescales in CA.

The CP-INADEQUATE spectra of the CA and CA-SP1 A92E samples did not
show any differences (Figure 6.15), similar to the DARR spectra. Neither the signals
from SPI1 tail nor the signals from the H226-L231 stretch appeared in the CP-
INADEQUATE spectra, confirming the mobility of those residues on the timescale of

tens of microseconds.
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Figure 6.14 The superposition of the CP-INADEQUATE (blue) and INADEQUATE
spectra (black) of CA A92E tubular assemblies acquired at 19.9 T and 4 °C. a) and b)
The expansion of the region that extra peaks arise; c) the aliphatic region; d) and e) the
C-C: region of His residues; f) and g) the C-C’ region. The delay t in the CP-
INADEQUATE pulse sequence was optimized in each experiment, and the experiment
time was kept the same for both samples. The acquisition parameters for the spectra are
given in Table B.1 in the Appendix.
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Figure 6.15 The superposition of the CP-INADEQUATE spectra of CA A92E (blue) and
CA-SP1 A92E (black) acquired at 19.9 T and 4 °C. a) The aliphatic region; b) and c) the
C--C’ region. The signal-to-noise ratios of the spectra are the same in both samples. The
acquisition parameters are given in Table B.1 in the Appendix.
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6.6.2.2 INADEQUATE and CP-INADEQUATE spectra of CA WT and CA-SP1
WT tubular assemblies

As discussed earlier in this chapter and shown in Figure 6.7, signals from the SP1
peptide emerged in the through-bond correlation spectra of the CA-SP1 WT assemblies.
To get additional information on the conformation of the SP1 tail, we have acquired
INADEQUATE and CP-INADEQUATE spectra (see Figures 6.11 and 6.13 for the
corresponding pulse sequences).

The INADEQUATE spectra of CA and CA-SP1 tubular assemblies superimpose
very well (Figure 6.16), indicating that the overall structure is very similar. Unlike the
CA-SP1 A92E tubular assemblies, only a few signals from SP1 residues appear in the
CA-SP1 WT sample. The resonance assignments are summarized in Table 6.3. One set
of new peaks appearing at the chemical shifts of (C- 57.2 ppm, C* 33.6 ppm, C: 33.7 ppm,
C 1774 ppm) corresponds to E233 or Q237 in the SP1 tail. Another set of Thr peaks
appears at the same position as T239 in the CA-SP1 A92E protein assemblies, and this
set arises from two conformers of T239. The signals from other residues in the SP1 tail
may have been averaged out by the motions or shifted to the congested areas in the
spectra. According to the CSI method, the chemical shifts of the assigned residues in the
SP1 tail correspond to the unstructured random coil conformation, which is consistent
with our findings for the CA-SP1 A92E tubular assemblies (Table 6.3).

The signals of H226, K227, R229 and L231 appeared in the CA (but not CA-SP1)
WT spectra at exactly the same positions as those in the CA A92E spectra, and we
assigned these peaks using assignments for the CA A92E sample (Table 6.3). In the

stretch of residues H226-L.231 in the CA protein sequence, the signals of A228 and V230
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did not appear at the expected positions, which indicate that these signals may have been
averaged out by motions. According to the assignments, the conformation of SP1 tail and
nearby residues is the same as in the A92E sample but the dynamics is different and
warrants further exploration in the future.

Similar to the A92E samples, we have acquired and compared the CP-
INADEQUATE spectra of CA and CA-SP1 WT tubular assemblies. As illustrated in
Figure 6.17, the spectra agree with each other well for the majority of the peaks,
especially in the Thr and Ser regions. However, some differences could be seen in
certain regions of the two data sets (see Figure 6.17), suggesting variations in the
structure and dynamics of the two protein constructs. It is not possible to specifically
analyze those fine structure variations with current data sets, and additional
measurements will be performed in the future.

As shown in Figure 6.18, the peaks of R229, K227 and L231 appear exclusively
in the INADEQUATE (but not CP-INADEQUATE) spectra of CA, similar to our
findings for the CA A92E sample. As discussed above, this observation indicates that
these residues are mobile on the time scale of tens of microseconds. Interestingly, the
peak corresponding to H226 appeared in both CP-INADEQUATE and INADEQUATE
spectra of the CA WT sample, in contrast to CA A92E. Moreover, the A228 and V230
CP-INADEQUATE signals of CA WT sample did not appear at the same positions as in
the CA A92E spectra. Therefore, the A92E mutation and sequence variability (HXB2 vs.

NL4-3) have pronounced effects on the structure and dynamics of those residues.
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Figure 6.16 The comparison of the INADEQUATE spectra of CA WT (blue) and CA-
SP1 WT (black) acquired at 21.1 T and 4 °C. a) The aliphatic region; b) the C-C' region
of His residues; c¢) the C-C’ region. The delay in the INADEQUATE pulse sequence
was optimized before each experiment was set up and the experiment time was kept the
same for both samples. The acquisition parameters for the spectra are given in Table B.1
in the Appendix.
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Table 6.3 Chemical shifts of the SP1 tail and nearby residues of CA-SP1 WT tubular
assemblies. The CSI column is the secondary structure predicted by CSI method: H-a
helix, B-p sheet, C-unstructured coil.

Residue Ce (o4 C c C CSI

G225

H226 553 29.4 131.5 C

K227 56.5 333 C

A228

R229 56.3 30.9 C

V230

L231 56.7 43.4 C
56.2 42.5

A232 55.6 19.0 C

E233 57.2 33.6 33.7 177.4 C

A234 48.4 16.8

M235

S236

Q237 57.2 33.6 33.7 177.4 C

V238

T239 61.8 70.3 174.3 C
62.3 69.6 174.3

N240

P241

A242 55.6 19.0 C

T243

1244

M245
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Figure 6.17 The superposition of the CP-INADEQUATE spectra of CA WT (blue) and
CA-SP1 WT (black) acquired at 21.1 T and 4 °C. a) and b) The expansion of the region
that extra peaks arise; c¢) the aliphatic region; d) and e) the C:-C’ region. The delay in the
CP-INADEQUATE pulse sequence was optimized in each experiment, and the
experiment time was the same for both samples. The acquisition parameters for the
spectra are given in Table B.1 in the Appendix.
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Figure 6.18 The superposition of the CP-INADEQUATE (blue) and INADEQUATE
(black) spectra of CA WT tubular assemblies acquired at 21.1 T and 4 °C. a) and b) The
expansion of the region that extra peaks arise; c) the aliphatic region; d) the C'-C: region
of His residues. The signal-to-noise ratios of the spectra are the same for both samples.
The acquisition parameters for the spectra are given in Table B.1 in the Appendix.
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6.7 The effect of mutation and variability in the protein sequence on the chemical
shifts

As discussed in the previous chapters and shown in Figure 6.2, the protein
constructs from HXB2 and NL4-3 strains of HIV-1 are different by four residues (I/L6,
V/L83, N/H120, and A/G208), and additionally A92E mutation is introduced into the
NLA4-3 strain. The logical question is whether this makes any difference to the structure
and dynamics of the corresponding proteins. To address this question, we compared the
spectra of the CA WT (HXB2 strain) and CA A92E (NL4-3 strain) tubular assemblies.
In the NCA and NCACX spectra of the two CA samples, the signals corresponding to
A92 (HXB2 strain) and E92 (NL4-3 strain) appear as well-resolved strong peaks, as
illustrated in Figure 6.19. Similarly, the signals corresponding to the variable residues
are distinct and well resolved in the respective spectra, except for the signal of A208 that
is missing. We have carried out the resonance assignments with sequential backbone
walks, and the chemical shifts agree well with the solution NMR assignments of the
separate domains of the corresponding constructs. It is interesting that in addition to the
mutated and variation sites, other shifted peaks are also observed. According to the
results of the sequential assignments, these shifted peaks correspond to the residues in the
CypA loop belonging to the NTD and the loop preceding Helix 8 in the CTD. With
respect to the CypA loop residues, since A92E and V/L83 both reside in this region, it is
not surprising that the chemical environment has changed due to the mutation and
sequence variability. On the other hand, the observation of chemical shift perturbations
for the residues located in the loop region preceding Helix 8 is quite surprising as the

nearest variation residues are N/H120 and A/G208, which are ca. 50 residues away in the
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primary sequence. At the same time, it is clear from the 3D structure model shown in

Figure 6.19 that the variation site A/G208 is close in space to this loop region preceding

Helix 8.

Therefore, the substitution of Ala to Gly in residue 208 modulates the

conformation of this loop by changing the local environment in the vicinity of the loop.
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Figure 6.19 The superposition of the NCA (A) and NCACX (B) spectra of CA NL4-3
A92E (blue) and CA HXB-2 (black). The green and red labels represent signals from the
distinct residues in the NL4-3 A92E and HXB-2 variants, respectively. (C) A view of the
3D structure of CA (HXB2 variant, PDB file 3NTE). Colored magenta are the residues
that vary between the two constructs; in orange shown are the residues that are identical
in the two variants but whose chemical shifts are perturbed.
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6.8 Conclusions

Tubular assemblies of HIV-1 capsid (CA) and capsid-spacer peptide 1 (CA-SP1)
proteins yielded unprecedented high-quality homo- and heteronuclear MAS NMR
correlation spectra at ultrahigh magnetic fields, enabling their structural and dynamics
investigations at atomic resolution. The analysis of the through-space and through-bond
correlation spectra unequivocally indicates that the fourteen residues comprising the SP1
tail of CA-SP1 A92E and CA-SP1 WT tubular assemblies are unstructured in the
assembled state, and that the SP1 tail as well as the nearby residues are mobile. The
analysis of °C and "°N chemical shifts indicates that the variation in the protein sequence
has significant effect on the CA conformation. These findings warrant further
comprehensive investigations into the conformation and dynamics (rates and amplitudes

of motions) on multiple time scales of CA and CA-SP1 assemblies.
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Chapter 7

CONCLUSIONS AND FUTURE OUTLOOK

The global pandemic of AIDS pushes the scientific community to develop drugs
and vaccines against this currently incurable disease. It has now been well recognized
that HIV-1 virus is the causative reagent of AIDS. Recently, it was discovered that the
Rhesus Monkey TRIMSa rendered this species immune to AIDS [1]. Another recent
finding demonstrates that a clinically effective drug Bevirimat (BVM) blocks the virus
replication by preventing the late step in Gag cleavage cascade, i.e. the cleavage of CA-
SP1 precursor to CA [2]. These discoveries suggest novel approaches to AIDS therapies.
To develop these new therapies, it is necessary to gain atomic-resolution structural
information on the target proteins of the HIV virus, such as Gag and capsid (CA), in their
biologically relevant assembled states. As demonstrated in this thesis, solid-state NMR
techniques are very well suited to probe atomic-level structural and dynamics information
in HIV-1 protein assemblies.

The work detailed in this thesis makes several significant contributions in the field
of HIV-1 structural biology. First, we have established conditions for preparing the CA
assemblies of spherical, conical and tubular morphologies that are amenable for high-
resolution solid-state NMR characterization. In the process of sample preparation, I have
developed a novel confocal method to visualize the CA protein assemblies, which has

proven particularly useful samples of spherical and tubular morphologies. Second, we
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have investigated the structures of CA conical assemblies by solid-state NMR, and
discovered that the overall conformation is consistent with the results derived from
solution NMR and X-ray crystallography using unassembled CA. Third, we have
characterized the conformational dynamics of the hinge region connecting the CTD and
NTD and demonstrated the relationship between structural polymorphism in CA
assemblies and millisecond timescale motions present in the hinge region. Fourth, we
have elucidated the conformation of SP1 peptide, the target of a maturation inhibitor
BVM, in the CA-SP1 tubular assemblies. We have discovered that SP1 is dynamically
flexible random coil. We have also discovered that the mutation and variations in the CA
protein primary sequence affect the local and long-range structure of CA in the
assembled state.

An important technical accomplishment is the resonance assignments of an
extensive portion of CA in conical and tubular assemblies, which have been made on the
basis of multiple 2D and 3D experiments. These assignments will be essential for the
next immediate step of this work: gaining long-range restraints to derive the atomic-level
structure of CA and CA-SP1 assemblies. Looking into the future, it will be important to
investigate the interactions between CA and cellular host factors, such as TRIMS5a, as
well as the binding modes of various small-molecule inhibitors, such as BVM and its
derivatives. There is likely still a long road ahead before complete cure of AIDS can be
established, and the work presented in this thesis paves the way for future comprehensive
structural analysis of HIV-1 protein assemblies alone and in the context of the host cell

factors, by solid-state NMR.
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Appendix A

Table A.1: Chemical shift differences between solid-state and solution for the assigned
residues in the conical assemblies of HIV-1 CA.

Residue N C- Cr C

P1

12 0.0 -09 -0.1
V3

Q4 0.1 -0.6 -1.1
N5 0.1 25

16

Q7

G8 -0.1 -0.7

Q9 0.3 0.0 0.1
M10

Vi1 0.1 -0.8 0.1
HI12 -0.7 0.8
Q13 -04 0.1 0.3
Al4 -0.2 -0.5 -0.1
115 -0.1 -0.5 -0.2
S16 -0.3 -0.7 -0.1
P17

R18 0.1 -0.2 -0.1
T19 00 00 00
L20 0.0 -0.7 -0.2
N21 00 00 00
A22 -0.1 -0.1 1.2
W23 -0.1 0.1 -0.1
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V24
K25
V26
V27
E28
E29
K30
A31
F32
S33
P34
E35
V36
137
P38
M39
F40
S41
A42
L43
S44
E45
G46
A47
T48
P49

-0.4
0.0
0.0

0.0

-0.1
0.0
0.0

0.1
-0.1

0.5
-0.2
0.2
-0.1
-0.1
-0.2
-0.5

-0.3
0.5
0.0
-0.3

-1.3

0.5
0.8
0.7
-0.1

0.8
-0.2

-0.5
0.2

-0.5
-0.3
0.1

-0.3
-0.4

170

-0.1
0.3
-0.9
0.7

0.3

0.0

0.9
-0.4
0.0
-0.2

0.3
0.2

-0.1
0.1
0.3
0.0

0.2
-0.3



Q50
D51
L52
N353
T54
M55
L56
N57
T58
V59
G60
G61
H62
Q63
A64
A65
M66
Q67
M68
L69
K70
E71
T72
173
N74

E75

0.0
-0.1
-0.2
0.1
-0.1

0.0

0.0

0.0

0.1

0.1
0.0

0.0
-0.1

0.0

-0.5
0.1
-0.3
-0.2
0.0

0.8
0.0

0.0
-0.1
0.5
-0.8
-0.7

-0.8
03

03
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0.7
0.1
0.9
-0.1
0.1

0.1
-0.7

-0.3
0.0
0.6

-0.5
0.9



E76
ATT
A78
E79
W80
D81
R82
V83
H84
P85
V86
H87
A88
G89
P90
91
A92
P93
G9%
Q95
M96
R97
E98
P99
R100
G101

0.2
0.6
0.3

0.0
-0.3
-0.1

0.0

0.0

-0.1
0.5

0.0
0.0
1.1
-0.1
0.3

0.0
0.0

-0.4
0.1
-0.7

-0.8
-0.5
0.2

0.5

-0.4
-0.5
-2.0
-0.1
-0.6
-0.2
-0.6
0.3

14
0.2

172

-0.5
0.1
0.3

-0.5
0.0
-1.6

0.2

1.1

-0.1
-0.2
-0.3
-0.2



S102
D103
1104
A105
G106
T107
T108
S109
T110
L111
Q112
El113
Q114
1115
G116
w117
M118
T119
N120
N121
P122
P123
1124
P125
V126
G127

0.0
0.1

0.4
0.1
0.1
0.6
02
03

0.0
0.0
0.3
0.0
-0.1
-0.1
0.0

0.1

0.0
0.0

0.2
-0.2
-0.5
0.1
0.1
-0.1
0.2
04

-0.9
0.2
-0.1
-0.7
-0.3
-0.6
1.3

0.1
-0.2
04
0.0

173

0.0
-0.2
0.0

0.0
0.2
0.1
0.0

0.1

-0.2
-0.1

0.1
04
-0.1
0.3

-0.2
-0.5
-0.7



E128
1129
Y130
K131
R132
W133
1134
1135
L136
G137
L138
N139
K140
1141
V142
R143
M144
Y145
S146
p147
T148
S149
1150
L151
D152
1153

0.1
0.1

0.0
0.1
0.1
0.0
-0.1
0.0
0.0
0.0
-0.1
0.0
0.0
0.1

0.0

0.0
0.0
0.0
-0.1

-0.5
-0.5

0.0
0.3

0.2
03

-0.8
-0.2
-0.2
0.1

-0.4
0.0
04
0.2

1.8
0.6

1.3
-0.1
04

1.6

174

0.2
0.5

-0.2
-0.2

-0.2
0.2

0.2
-0.2
0.1
-0.4
-0.3
-0.4

-1.5
-0.2

-0.7
-1.2
-0.4
-14



R154
Q155
G156
P157
K158
E159
P160
F161
R162
D163
Y164
V165
D166
R167
F168
Y169
K170
T171
L172
R173
Al174
E175
Q176
A177
S178
Q179

0.1
0.3
0.1

0.0
0.1

-0.2
0.0

04
0.0
0.0
0.0
0.0
-0.9
0.0
0.0
-0.1

0.0
2.1
14
0.0

0.2
-0.3
03
0.1
-0.3
-0.3

-0.6
-0.5
-0.3
-0.6
-0.1
-0.4
-0.8
-0.4
-0.4
0.1

-0.2
0.7

-0.7
03
0.2
-0.5

175

0.1
-0.5

0.8
0.3
-0.1

-0.2
-0.1
-0.3
0.0

-1.0
-0.2
0.7
0.3
0.1

-1.1

0.1

0.0
0.6
0.5
04

04

0.3

2.7



E180
V18l
K182
N183
w184
M185
T186
E187
T188
L189
L190
V191
Q192
N193
A194
N195
P196
D197
C198
K199
T200
1201
1202
K203
A204

L205

0.1

-0.1
0.0

-0.1
0.0
0.0
0.0

-0.1
0.0
-0.1
-0.1
-0.1

-0.1
-0.5
0.0
0.1
04
0.0

0.2

-0.1
-0.9

-0.1
0.2
-0.5
0.1

0.3
03
0.1
0.2
0.0
0.2
-0.4
0.1
-1.5
0.2
0.6
-0.1

03
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0.3

-0.2
-0.9

0.1

-0.1
-0.7
-0.2

0.2
-0.3
0.0
0.5
-0.1
0.6
-0.3
0.5
0.2
0.0
-0.1
-0.8

0.1

0.5



G206
P207
A208
A209
T210
L211

E212
E213

M214
M215
T216
A217
C218
Q219
G220
V221
G222
G223
pP224
G225
H226
K227
A228
R229
V230
L231

0.0
-0.1
-0.2
0.0

-0.2
-0.1
0.1

0.0

-0.7
-0.1
-0.1

0.0

0.2

1.1
0.0
-0.6
-0.2

-0.1
-0.2
0.0
-2.0
-0.5
0.7
0.0

20

04

14

1.7
04
-0.3
0.3

-0.3
-0.2
-0.3

0.5
0.0

0.7

0.0
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Table A.2: Summary of the resonance assignments for CA conical assemblies. Primary
sequence and secondary structure are indicated (H: a-helix, S: b-sheet, 31¢: 310-helix).
Residues for which intra-residue and sequential assignments are available are represented
by green boxes; residues for which intra-residue resonance assignments were derived
based on solution chemical shifts for N- terminal and C-terminal domains (NTD and
CTD, respectively) are represented by blue boxes. For Y145, the assignments of N and
C* atoms were derived based on the 2D NCA spectrum of the U-"C,"°N-Tyr labeled CA
acquired at -15 °C, and these atoms are represented in orange. Residues for which only
tentative assignments are available are represented by grey boxes. For the remaining
residues, assignments could not be derived from the 14.1 T data sets due to extensive

spectral overlap.
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V26
V27
E28
E29
K30
A3l
F32
S$33

P34
E35
V36
137

P38
M39
F40
S41

A42
L43
S44
E45
G46
A47
T48
P49
Q50
D51
L52
N53
T54
M55
L56
N57
T58
V59
G60
G61
H62

H1
H1
H1
H1
H1

H2
H2
H2
H2
H2
H2
H2
H2
H2

H3
H3
H3
H3
H3
H3
H3
H3
H3
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Q63
A64
A65
M66
Q67
M68
L69
K70
E71
T72
173
N74
E75
E76
ATT
A78
E79
W80
D81
R82
V83
H84
P85
V86
H87
A88
G89
P90
191
A92
P93
G9%4
Q95
MO96
R97
E98
P99

H4
H4
H4
H4
H4
H4
H4
H4
H4
H4
H4
H4
H4
H4
H4
H4
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R100
G101
S102
D103
1104
A105
G106
T107
T108
S109
T110
L111
Q112
E113
Ql14
1115
Gl16
w117
M118
T119
N120
N121
P122
P123
1124
P125
V126
G127
E128
1129
Y130
K131
R132
W133
1134
1135
L136

H5
H5
H5
H5
H5

H6
H6
H6
H6
H6
H6
H6
H6
H6

H7
H7
H7
H7
H7
H7
H7
H7
H7
H7
H7
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G137
L138
N139
K140
1141
V142
R143
M144
Y145
S146
P147
T148
S149
1150
L151
D152
1153
R154
Q155
G156
P157
K158
E159
P160
F161
R162
D163
Y164
V165
D166
R167
F168
Y169
K170
T171
L172
R173

H7
H7
H7
H7
H7
H7

3,,H
3,,H
3,,H
3,,H

HS8
HS8
HS8
HS8
HS8
HS8
HS8
HS8
HS8
HS8
HS8
HS8
HS8
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Al74
E175
Q176
A177
S178
Q179
E180
V181
K182
N183
w184
M185
T186
E187
T188
L189
L190
V191
Q192
N193
A194
N195
P196
D197
C198
K199
T200
1201
L1202
K203
A204
L205
G206
P207
A208
A209
T210

HS8

H9
H9
H9
H9
H9
H9
H9
H9
H9
H9
H9
H9
H9
H9
H9

H10
H10
H10
H10
H10
H10
H10
H10
H10
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L211
E212
E213
M214
M215
T216
A217
C218
Q219
G220
V221
G222
G223
P224
G225
H226
K227
A228
R229
V230
L231

HI11
HI11
HI11
HI11
HI11
HI11

184




Table A.3: Acquisition and processing parameters for the solid-state NMR experiments probing CA conical assemblies.

. Acquisition Processing
Experiment
w3 w2 wl w3 w2 wl
141T
Uniformly labeled conical assemblies
forward linear
prediction of
30-degree 512 points;
DARR 1000 complex; sinebell; bomts;
400 real, . 30-degree
(T=10 SW =50 kHz, Lorentzian-to- .
SW =50 kHz . sinebell;
ms) 200 scans Gaussian .
. Lorentzian-to-
transformation .
Gaussian
transformation
30-degree
1000 complex; . 48 real, sinebell;
NC(’?)CX SW = 50 kHz 45;@31_’5(31131) (TPPI) Lorentzian-to- 6gife]frﬁe 6gife]frﬁe
128 scans - z SW=15 kHz Gaussian cbe cbe
transformation
60-degree
1000 complex; . 48 real, sinebell;
NCS)C X W =50kHz 488‘r;a1_’5(gm) (TPPI) Lorentzian-to- 6gife]frﬁe 6gife]frﬁe
128 scans - z SW=15 kHz Gaussian ebe ebe
transformation
90-degree
1000 complex; . 48 real, sinebell;
NC(I;)C X W =50kHz 488‘r;a£’5(glpl) (TPPI) Lorentzian-to- 6gife]frﬁe 6gife]frﬁe
128 scans - z SW=15 kHz Gaussian ebe ebe
transformation

185



NCACX
“)

NCACB
(M

NCACB
2

NCACB
3)

1000 complex;
SW =50 kHz
128 scans

1000 complex;
SW =50 kHz;
400 scans

1000 complex;
SW =50 kHz
400 scans

1000 complex;
SW =50 kHz
400 scans

48 real; (TPPI)
SW =5 kHz

32 real; (TPPI)
SW =4.17 kHz

32 real; (TPPI)
SW =4.17 kHz

32 real; (TPPI)
SW=4.17 kHz

48 real,
(TPPI)
SW = 15kHz

36 real;
(TPPI)
SW =8.33
kHz

36 real;
(TPPI)
SW =8.33
kHz

36 real;
(TPPI)
SW =8.33
kHz

186

90-degree
sinebell;
Lorentzian-to-
Gaussian
transformation

30-degree
sinebell;
Lorentzian-to-
Gaussian
transformation

60-degree
sinebell;
Lorentzian-to-
Gaussian
transformation

60-degree
sinebell;
Lorentzian-to-
Gaussian
transformation

90-degree
sinebell

30-degree
sinebell;
Lorentzian-to-
Gaussian
transformation

60-degree
sinebell;
Lorentzian-to-
Gaussian
transformation

forward linear
prediction of
64 points;
60-degree
sinebell;
Lorentzian-to-
Gaussian
transformation

90-degree
sinebell

30-degree
sinebell;
Lorentzian-to-
Gaussian
transformation

60-degree
sinebell;
Lorentzian-to-
Gaussian
transformation

forward linear
prediction of
72 points;
60-degree
sinebell;
Lorentzian-to-
Gaussian
transformation



NCACB
“)

NCACB
o)

NCOCX
6]

1000 complex;
SW =50 kHz
400 scans

1000 complex;
SW =50 kHz
400 scans

1000 complex;
SW =50 kHz
280 scans

32 real; (TPPI)
SW =4.17 kHz

32 real; (TPPI)
SW =4.17 kHz

36 real; (TPPI)
SW =4.17 kHz

36 real;
(TPPI)
SW =8.33
kHz

36 real;
(TPPI)
SW =8.33
kHz

36 real;
(TPPI)
SW =6.25
kHz

187

90-degree
sinebell;
Lorentzian-to-
Gaussian
transformation

90-degree
sinebell;
Lorentzian-to-
Gaussian
transformation

30-degree
sinebell;
Lorentzian-to-
Gaussian
transformation

60-degree
sinebell;
Lorentzian-to-
Gaussian
transformation

forward linear
prediction of
64 points;
90-degree
sinebell;
Lorentzian-to-
Gaussian
transformation

30-degree
sinebell;
Lorentzian-to-
Gaussian
transformation

60-degree
sinebell;
Lorentzian-to-
Gaussian
transformation

forward linear
prediction of
72 points;
90-degree
sinebell;
Lorentzian-to-
Gaussian
transformation

30-degree
sinebell;
Lorentzian-to-
Gaussian
transformation



NCOCX
2

NCOCX
3)

NCOCX
“)

1000 complex;
SW =50 kHz
280 scans

1000 complex;
SW =50 kHz
280 scans

1000 complex;
SW=50 kHz
280 scans

36 real (TPPI)
SW =4.17 kHz

36 real (TPPI)

SW =4.17 kHz
36 real (TPPI)
SW =4.17 kHz

36 real
(TPPI)
SW =6.25
kHz

36 real
(TPPI)
SW =6.25
kHz

36 real
(TPPI)
SW =6.25
kHz

188

30-degree
sinebell;
Lorentzian-to-
Gaussian
transformation

60-degree
sinebell;
Lorentzian-to-
Gaussian
transformation

60-degree
sinebell;
Lorentzian-to-
Gaussian
transformation

60-degree
sinebell;
Lorentzian-to-
Gaussian
transformation

60-degree
sinebell;
Lorentzian-to-
Gaussian
transformation

forward linear
prediction of
72 points;
60-degree
sinebell;
Lorentzian-to-
Gaussian
transformation

forward linear
prediction of
64 points;
60-degree
sinebell;
Lorentzian-to-
Gaussian
transformation

60-degree
sinebell;
Lorentzian-to-
Gaussian
transformation

forward linear
prediction of
72 points;
60-degree
sinebell;
Lorentzian-to-
Gaussian
transformation



90-degree 60-degree 60-degree
1000 complex; 36 real sinebell; sinebell; sinebell;
NCOCX piex; 36 real (TPPI) (TPPI) . . .
SW=50 kHz Lorentzian-to- Lorentzian-to- Lorentzian-to-
®)) SW =4.17 kHz SW =6.25 . . .
280 scans KH Gaussian Gaussian Gaussian
z transformation transformation transformation
forward linear  forward linear
90-degree predlcn.on of predlcn.on of
1000 complex: 36 real sinebell: 72 points; 72 points;
NCOCX SW=50 EHZ ’ 36 real (TPPI) (TPPI) Lorentzianito- 90-degree 90-degree
(6) " SW =4.17 kHz SW=6.25 . sinebell,; sinebell,;
280 scans Gaussian . .
kHz . Lorentzian-to- Lorentzian-to-
transformation . .
Gaussian Gaussian
transformation transformation
Ala/Thr labeled CA conical assemblies
forward linear
prediction of
90-degree 512 points:
DARR 1000 complex; 256 real sinebell; 90_500 . ’
(1,1, =500 SW = 50 kHz, (TPPI) Lorentzian-to- Sineige 1?6
ms) 384 scans SW =20 kHz Gaussian .
. Lorentzian-to-
transformation .
Gaussian
transformation

His/Tyr labeled CA conical assemblies
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90-degree

forward linear
prediction of

DARR 1000 complex; 128 real sinebell; 256 points;
(TPPI) . 90-degree
(T=10 SW =50 kHz, Lorentzian-to- .
SW =333 . sinebell;
ms) 640 scans Gaussian .
kHz . Lorentzian-to-
transformation .
Gaussian
transformation
Uniformly labeled spherical assemblies
forward linear
prediction of
30-degree 1024 points;
DARR 1000 complex; 512 real sinebell; 30- dioree ’
(To=10 SW =5 OkHz, (TPPI) Lorentzian-to- ~ ~ "8
ms) 256 scans SW =50 kHz Gaussian ebells
. Lorentzian-to-
transformation .
Gaussian
transformation
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Appendix B

Table B.1: Acquisition and processing parameters for the solid-state NMR experiments probing CA tubular assemblies.

Acquisition Processing
Experiment
w2 wl w2 wl
199 T
Uniformly labeled CAA92E tubular assemblies
forward linear
30-dearee prediction of
1024 Sinebi L 512 points; 30-
DARR (t.,;,=50 complex; SW 512 real, SW Lorentzian: to- degree
ms) =64 kHz, =45 kHz . sinebell;
Gaussian .
128 scans . Lorentzian-to-
transformation .
Gaussian
transformation
forward linear
30-deoree prediction of
1024 des 512 points; 30-
NOESY- sinebell;
DARR(t,.. =50 complex; 400 real, SW Lorentzian.to- degree
mi= SW =64 kHz,  =45kHz orentzian-to sinebell;
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