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Abstract

In HIV-infected human cells, the viral protein Vpu of HIV-1 directly interacts with the
human T-cell surface glycoprotein CD4 and subsequently induces the degradation of this
protein in the endoplasmic reticulum. However, the exact mechanism of the interaction is
still under debate, and the binding interface between CD4 and Vpu has not yet been
determined precisely. In this work, solid-state NMR spectroscopy with magic angle
spinning (MAS) was employed to study the behavior of HIV-1 Vpu and human CD4(372-
433) in POPC lipid bilayers.

The uniformly labeled "*C, "N integral membrane proteins, full-length Vpu and
CD4(372-433) were reconstituted in POPC bilayers. The resulting proteoliposomes were
then lyophilized, packed into sample containers (the rotors), and rehydrated for MAS
solid-state NMR measurements. The resonance assignment was performed on data which
were acquired using 2D solid-state NMR spectroscopy. Site specific resonance
assignments were obtained for 13 residues in CD4, while for Vpu only type-specific
assignments could be obtained. The secondary chemical shifts of the identified amino
acids report that the transmembrane part of CD4(372-433) in POPC bilayers has an alpha
helical structure. The shifts of the amino acids belonging to transmembrane part of full-
length Vpu in the POPC bilayers are also indicative of an alpha helical secondary
structure, whereas the cytoplasmic part of this protein indicates a conformational disorder.

The mobility of CD4(372-433) and Vpu in POPC bilayers was investigated with the
aid of homonuclear 2D solid state NMR techniques at above and below the freezing
temperature. Magnetization transfer from mobile protons to the protein utilizing a 3D
experiment which is a combination of 7} filter, 'H spin diffusion, cross polarization, and
proton driven spin diffusion was employed to probe the topology of the membrane
proteins in POPC bilayers. Our results are in agreement with a pore-like structure with
water accessibility for Vpu. For both proteins Vpu and CD4(372-433), the transmembrane
parts were observed in the vicinity of the lipid side-chains. This indicates that the proteins
were reconstituted correctly.

Isotope-labeled Vpu was also reconstituted into POPC bilayers in presence of
unlabeled CD4(372-433) and investigated using 2D homonuclear C-C correlation

spectroscopy. While different mobilities for certain residues of the cytoplasmic domain of



Vpu could be observed, it is not clear whether these effects arise from the interaction or

are due to the different hydration levels of these samples.
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Zusammenfassung

Bei der HIV-Infektion interagiert das virale HIV-1-Protein VpU mit dem humanen T-
Zell-Rezeptorprotein  CD4, und induziert dadurch den Abbau dieses Proteins im
endoplasmatischen Retikulum. Uber den genauen Mechanismus dieser Wechselwirkung
wird allerdings noch diskutiert, und die exakten Bindestellen zwischen den Proteinen sind
nicht bekannt. Im Rahmen dieser Arbeit haben wir Festkorper-NMR-Spektroskopie unter
MAS (,,Magic-Angle Spinning*, Rotation um den magischen Winkel) angewendet, um
die in POPC-Lipiddoppelschichten rekonstituierten Proteine HIV-1 VpU und CD4(372-
433) zu untersuchen.

Die vollstindig C, "N isotopenmarkierten integralen Membranproteine wurden
rekombinant in E.coli exprimiert und in POPC Lipiddoppelschichten rekonstituiert. Die
Proteoliposomen wurden lyophilisiert, und fiir MAS-Festkorper-NMR-Spektroskopie in
die Probenrohrchen (Rotoren) gepackt und rehydratisiert.

Die Resonanzen wurden anhand zweidimensionaler NMR-Spektren zugeordnet.
Sequenzspezifische Zuordnungen wurden fiir 13 Aminosduren in CD4 erhalten, wéhrend
fiir VpU nur aminosdurespezifische Zuordnungen erhalten wurden.

Die sekundédren chemischen Verschiebungen der zugeordneten Aminosduren zeigen,
dass der Transmembranteil von CD4(372-433) in POPC Lipiddoppelschichten —helikale
Sekundérstruktur hat. Die Verschiebungen der Aminoséduren, die dem Transmembranteil
von VpU zugeordnet werden konnten, deuten ebenfalls auf alpha-helikale
Sekundérstruktur  hin, wéhrend die zytoplasmatische Doméne dieses Proteins
konformationell ungeordnet zu sein scheint.

Die Mobilitdt von CD4(372-433) und VpU in POPC Doppelschichten wurde mit
homonuklearen 2D-Festkorper-NMR-Methoden ober- und unterhalb des Gefrierpunktes
untersucht. Magnetisierungstransfer von mobile Protonen auf das Protein wurde der
Topologie mit Hilfe einer 3D-Pulssequenz, die sich aus 7)-Filter, 'H Spindiffusion,
Kreuzpolarisation und protonengetriebener Spindiffusion zusammensetzt, zur
Untersuchung der Topologie der Membranproteine herangezogen. Unsere Ergebnisse
stiitzen die Annahme, dass VpU in Lipiddoppelschichten wasserdurchlidssige Poren
ausbildet. Fiir beide Proteine VpU und CD4(372-433) konnte die korrekte Rekonstitution
der Transmembrandomédnen in die Lipiddoppelschichten durch die rdumliche

Nachbarschaft zu den Lipidseitenketten bestitigt werden.
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Isotopenmarkiertes VpU wurde auch gemeinsam mit unmarkiertem CD4(372-433) in
Lipiddoppelschichten co-rekonstituiert und mit Hilfe von homonuklearer 2D C/C-
Korrelations- NMR-Spektroskopie untersucht. Mobilitatsunterschiede, die fiir bestimmte
Aminosaurereste der zytoplasmatischen Doméne von VpU beobachtet werden konnte,
konnte potenziell auf die Wechselwirkung zwischen den Proteinen, oder auf den

unterschiedlichen Wassergehalt der Proben zuriickzufiihren sein.
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Chapter 1. Introduction

Magic angle spinning (MAS) solid-state nuclear magnetic resonance (NMR)
spectroscopy has been demonstrated as a powerful tool for obtaining structure,
dynamics, and topology of amyloid, prion and membrane proteins''® for more than a
decade. Solid-state NMR spectroscopy has been using to study especially the features

of integral membrane proteins in lipid models'™?!

that are not accessible by other
methods such as liquid state NMR spectroscopy and diffraction techniques.

Integral membrane proteins are characterized by hydrophobic segments spanning
the lipid bilayer, and the structure of these proteins also depends on the hydrophobic
thickness of the lipid bilayer. For example, the appearance of a helical kink at Gly34
of the transmembrane domain of influenza A M2 protein (M2TM) is dependent on the
thickness of lipid bilayers. The helical kink was found in the drug-bound state of the
M2TM but not in the drug-free state of the M2TM when both of the M2TM were
reconstituted in DMPC/DMPG bilayers*>>. However, the helical kink also appears in
the drug-free state of the M2TM when this protein is reconstituted into lipid bilayers
that have larger thickness®*. A similar phenomenon was also observed for HIV-1 Vpu
protein®. A distinctive kink in the middle of the transmembrane helix of VpU protein
was observed in thicker lipid bilayers (18:1-O-PC/DOPG (9:1)) whereas the kink
disappears in thinner bilayers such as 14:0-O-PC/DMPG (9:1), 12:0-O-PC/DLPG
(9:1), 10:0 PC/10:0 PG (9:1). In addition, a tilt angle of the VpU transmembrane helix
is 18° in the thicker lipid bilayers whereas this tilt angle increases to 27°, 35° and 51°
in the thinner bilayers, 14:0-O-PC/DMPG (9:1), 12:0-O-PC/DLPG (9:1), 10:0 PC/10:0
PG (9:1), respectively. There, apparently, exists a relationship between the structure of
membrane protein and the lipid models, which was taken into account in this study of
the membrane proteins.

It has been well known that HIV-1 Vpu directly binds to the human T-cell surface
glycoprotein CD4 in the membrane of the endoplasmic reticulum (ER)***’. This

causes the degradation of newly synthesized CD4 protein™*

. However, binding
interfaces (or structural determinants) involved in the interaction have not yet been

determined precisely. In case of the Vpu protein, many studies demonstrated that



26,27,30
, Whereas

structural determinants are located somewhere in the cytoplasmic part
other suggested the transmembrane section as the location®'. The reasons for such
contradictions might be associated with differences in Vpu segments, lipid models and
methods used during the reported investigations.

To come closer to an agreement on the structural determinants involved in the
CD4-Vpu interaction, it is necessary to have Vpu and CD4 reconstituted into lipid
bilayers environment which ensures adequate hydrophobic thickness, and the
characteristics of these two proteins in the native-like environment concerning
topology, mobility and conformation need to be well understood. The interaction
between Vpu and CD4 takes place in the ER’s membrane whose main lipid component
is phosphatidylcholine (PC)**. For this reason, it is necessary that 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC- Fig. B3) is chosen as the lipid model
(i.e., phosphatidylcholine with long fatty acid side-chains) in order to ensure the right
hydrophobic thickness is achievable. MAS solid-state NMR spectroscopy is then
needed to investigate the membrane proteins reconstituted into synthetic lipid bilayers.

In the present thesis, thus, the study employed the full-length sequence of Vpu
protein, CD4(372-433) peptide, POPC lipid bilayers as a lipid model and MAS solid-
state NMR spectroscopy to explore mobility, topology and structures of the CD4(372-
433) peptide and the Vpu protein separately reconstituted into the POPC lipid bilayers
as well as to monitor the dynamics of the full-length Vpu reconstituted into the POPC
bilayer in presence of CD4(372-433) peptide. To the best of the author’s
understanding this is the first time the characteristics of the full-length Vpu, the
CD4(372-433) peptide and their interaction in the POPC lipid bilayer are reported
using MAS solid-state NMR spectroscopy.

1.1. Biological functions and structures of Vpu and CD4 proteins
1.1.1. Biological functions and structure of CD4

The human T-cell surface glycoprotein CD4 is an integral membrane protein which
is expressed on the surface of T helper cells, B cells, granulocytes and macrophages. It
is also expressed in specific regions of the brain. The mature human CD4 protein (T-
cell surface glycoprotein CD4 isoform 1) consists of 433 amino acids that are divided

33,34

into three segments (Fig. 1.1.C). The extracellular segment includes a leading

2



sequence followed by four domains with total 371 amino acid residues. The second
segment, which spans the membrane lipid bilayer, contains 24 amino acid residues.
The C-terminal segment, with 38 amino acid residues, resides in the cytosol. Recent
studies on the structure of the transmembrane and cytoplasmic segments of CD4(372-
433) have indicated the existence of an alpha helical fragment in the transmembrane
part (residues 372-395) and a shorter alpha helix in the cytoplasmic region (residue
404-413)*>"" as shown in Fig. 1.1.B and C.

A) B) Nter

371aa

Extracellular area
Cytosol

24 aa
Helper T cell //_\
Membrane
38aa
Cytosol
Cter - 1433
Q) 204 413

372 395

(-8) (-1)
T™- H Ho. i 2
| I o \ | I

GPLVPRGS MALIVLGGVA GLLLFIGLGI FFSVRSRHRR RQAERMSQIK RLLSEKKTSQ SPHRFQKTHS PI

Fig. 1.1. CD4 receptor. A) CD4 receptor with 3 segments. B) Secondary structure of CD4(372-433);
TM: transmembrane domain. Ha: alpha helix. C) Primary structure of CD4(372-433) in which (-8) to
(-1) are the remaining residues after purification of CD4(372-433) peptide..

CD4 plays an important role in the T-cell receptor signaling pathway and it is also
required for the entry of human immunodeficiency virus type 1 (HIV-1). In the
signaling pathway, CD4 recognition results in the secretion of cytokines from the T
helper cell: (i) CD4 specifically interacts with non-polymorphic regions of the major

histocompatibility complex class II (MHC 11)***

expressed in the antigen-presenting
cells; (ii) the interaction leads to activation of a tyrosine kinase*’ which in turn triggers
cytokine secretion by the helper T cell. In HIV-1 infection, CD4 acts as a co-receptor
that opens the door for HIV-1 entry into the host cell*"**. Paradoxically, after infection

HIV-1 strongly down-regulates the expression of the CD4 receptor, which is attributed



to at least two distinct mechanisms: (i) the degradation of newly synthesized CD4
molecules in the endoplasmic reticulum mediated by the HIV-1 Vpu protein®®; and (i)
the degradation of the mature CD4 molecules at the cell surface mediated by HIV-1

Nef protein®.
1.1.2. Biological functions and structures of Vpu

HIV-1 Vpu protein is a 16 kDa integral membrane protein with 81 amino acids™"

*® In the virus replication cycle, the Vpu protein has two major biological

. 282949-51
functions™™"

which mediate the degradation of the newly synthesized human CD4
receptor in the endoplasmic reticulum and the enhancement of viral release from
infected cells. These two biological activities operate via two distinct structural
domains of the Vpu’*: the transmembrane domain plays a critical role in regulating
virus release from infected cells while the cytoplasmic domain severs as a mediator of
the CD4 degradation.

Vpu exists in a variety of polymorphic forms on different HIV strains, two of

43 In the first form, the

which are commonly utilized for structural studies
phosphorylation sites reside at S53 and S57% (Fig. 1.2.A) whereas in the second form
the phosphorylation sites localize at S52 and S56> (Fig. 1.2.B). In both forms, the
conserved motifs that are responsible for the phosphorylation function and ion channel

activities of Vpu protein are the same.

P P
\ \
(-8) (1) 1 21 a 53 57 7 81
A LT | 1 | ! !
GPLVPRGS MQPLQILAIV ALVVAAIIAI VVWTIVYIEY RKILRQRKID RLIDRITERA EDSGNESEGD QEELSALVER GHLAPWDVDD L
P P
1 21 a 52 56 71 81
B | 1 | Lo 1 I
) MOQPIQIAIVA LVVAIIIAIV VWSIVIIEYR KILRQRKIDR LIDRLIERAE DSGNESEGEI SALAEMGVEM GHHAPWDVDD L

Fig. 1.2. Primary structure of Vpu. A) The phosphorylation sites reside at S53 and S57 in the form
used in the current work. This sequence contains a tag at the N-terminus (G(-8) to S(-1)) which is the
remaining residues after the purification (Section 2.1). B) The phosphorylation sites reside at S52 and

S56. The underlined residues are conserved amino acids.

The structure of the transmembrane (TM) domain of Vpu was determined as alpha

helical conformation using both liquid state and solid state NMR spectroscopic

54-56

methods™ . The structure was investigated in different lipid models such as micelles
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(DHPC) and lipid bilayer (made of DMPC and DOPC). It was shown that the alpha
helical segment spans from residues 8 to 25 of a 36 residue peptide that contains
residues 2-30 of Vpu . Recently, another study on a 40 residue segment of Vpu
(Vpu(1-40)) employing MAS solid-state NMR spectroscopy reported that the
transmembrane alpha helical segment extends beyond the hydrophobic core of the
lipid bilayer and that residues 30-40 are part of an amphipathic helix structure®. In
addition, it was demonstrated that the transmembrane domain formed ion channels in

57,58

phospholipid bilayers . The reported ion channels were formed by the
oligomerization of the transmembrane helices and oligomers of various sizes have
been found coexisting in the bilayer. The ion channel was shown to possess an activity
involved in the regulation of the virus releasesg; this channel activity, however, is
insufficient for the complete virus release®.

The structure of the cytoplasmic domain of Vpu was investigated by liquid state
NMR spectroscopy using either non-lipid environment (i.e. Trifluoroethanol
solution®"%*

(20mM), pH 7.0 in H,O/D,O (9:1, by volume) or D,O%) or a lipid model (i.e.

or a mixture of sodium chloride (100mM) and potassium phosphate

dodecylphosphatidylcholine micelles®). Various fragments of Vpu were employed in
order to gain insight into its structure. Investigations performed on three Vpu
polypeptides with different sequence lengths, i.e., Vpu(41-58), Vpu(52-74) and
Vpu(63-81) in TFE/H,O solutions, respectively suggested a helical structure for
residues 42 - 50, 57 - 69 and 74- 77%. Furthermore, investigations conducted on
Vpu(39-81) both in aqueous medium® and in dodecylphosphatidylcholine (DPC)
micelles® indicated the presence of two amphipathic alpha helical segments and a
short alpha-helix. The first segment is a well-defined alpha helix conformation
including residues 39-50. The second segment is a less well-defined alpha helix with
residues 60-70. The last segment is short alpha helix residing at the C-terminus of Vpu
including residues 75-79.

1.1.3. Structural determinants of Vpu in the interaction between Vpu and CD4

As mentioned earlier, the cytoplasmic domain of Vpu induces degradation of CD4.

Before the induction of the CD4 degradation, Vpu first directly interacts with the



cytoplasmic domain of the human CD4 receptor, which then triggers the degradation
of CD4***". In order to obtain insight into the mechanism of interaction between Vpu
and CD4, a number of studies employing different investigation techniques, different
experimental conditions and various Vpu fragments have been conducted”®*”.

The residues of Vpu involved in the interaction were mapped on a Vpu construct

17, This study using multiple deletions, point mutants and

with residues from 28 to 8
the two-hybrid assay method reported residues 28-47 and 76-81 as being required for
the interaction with CD4. Furthermore, the double mutant of the casein kinase II
phosphorylation sites (S52N-S56N) was shown to effectively prevent the Vpu-CD4
interaction while the single mutant (either S52N or S56G) was observed to retain the
capacity of Vpu for binding to the cytoplasmic domain of the CD4 receptor. This
result is in contrast with a previous study”® using the coimmunoprecipitation method,
which indicated that the binding capacity was conserved even for the double mutant
(S52N-S56N). Another study, which employed coimmunoprecipitation, mutational
analysis, and cytoplasmic domain of CD4 and full-length Vpu, showed that Vpu
proteins containing mutations in either or both of the phosphorylation sites (Ser52G
or/and Ser56G) retained the capacity to interact with the cytoplasmic domain of CDA4.
Furthermore, in an effort to delineate the structural determinant involved in the
interaction between Vpu and CD4, the study found that the primary binding site for
CD4 in the cytoplasmic domain of Vpu is the amphipatic alpha helix I (residues 30-
50). Taken together, it is likely that these binding determinants are located in the
cytoplasmic domain of Vpu but have not yet been accurately defined.

It has been postulated from recent investigations on the interaction between Vpu
and CD4 (including both of their TM and cytosolic domains) that the retention of CD4
on the ER membrane in presence of Vpu relies on the interaction between the TM
domains of both peptides but not their cytoplasmic domains®".

Thus, more studies are necessary to fully understand the mechanism by which Vpu

interacts with CD4.
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1.2. Solid state nuclear magnetic resonance spectroscopy

1.2.1. Dipolar-dipolar coupling, chemical shift, and magic angle spinning
Dipolar-dipolar coupling®

The dipolar — dipolar coupling65 is an interaction between nuclear spin magnetic
moments (Fig. 1.4 and Fig. 1.7.B). This interaction is described as homonuclear
dipolar-dipolar coupling when the concerned isotopes are of the same type (e.g. 'H-'H
or C-"C interactions), and as heteronuclear dipolar coupling for different types of
isotopes (e.g. 'H-"N, 'H-"C, or *C-"N interactions). The Hamiltonian operator of

the dipolar-dipolar interactions is given by:

Haa= — ()52 [A+B+C+D+E +F]

(1)

where:

A =1,5,(3cos?0 — 1)

1

B = ~2 [1,S_ +1_5,](3cos? —1)

3 , o
C = 3 [1,S, + 1.S,]sinBcosBe

3 ; +igh
D = 3 [1,S_ + I_S,]sinBcosbOe

3 .
E= 2 [1,S,]sin?0e2%®

3 .
F = 2 [I_S_]sin%@e*?i¢

The angles 0 and ¢ are defined in Fig. 1.7.B. y; and ys are gyromagnetic ratios of
spin / and S. 7 is internuclear distance between I and S. /., S, and /, S are raising and
lowering operators, respectively acting on spins [ and S, in which:

L, =1 +il, _=1, —il,
Sy =8y +iS, S_=5, —1iS,
where 1 is the imaginary unit; L, S., I, S and I, S, are spin operators which

respectively represent the z, x and y-components of the magnetization of spin I and S.



In a coordinate system that rotates about the laboratory z-axis at or near the Larmor
frequency (the rotating frame), only the terms A and B in equation (1) are unaffected
provided the spin system is homonuclear, while only term A is unaffected provided the
spin system is heteronuclear; the terms C-F are canceled out by the rotating frame
transformation.

The term A acts on a spin system in such a way that it shifts the energy of Zeeman
states while term B causes the degenerate Zeeman states in a homonuclear system to
exchange, resulting in zero quantum transitions (flip-flop transitions). Thus, without
the molecular orientation dependence of the transition frequencies, very broad NMR

lines are still observed in the NMR spectrum (Fig. 1.5).

A) 7 B)

—9 —o :

2d x—/

@@

D)

Fig. 1.4. Orientation dependence of the dipolar-dipolar interaction of an isolated spin pair. A) The
position of NMR lines depends on the orientation of inter-nuclear vector between 2 spins with respect
to the By field. B) Dipolar power pattern of the isolated spin pair. C) The inter-nuclear vector is

parallel to the spin axis when 6 = 54.74° and therefore the line gets narrowed in D).

In the rotating frame, if the dipolar-dipolar coupling is heteronuclear, only term A
will affect the spin system. And the Hamiltonian operator (in angular frequency units

of rad s') is represented in equation (2). If the dipolar-dipolar coupling is



homonuclear, both terms A and B will affect the spin system. And the Hamiltonian is
given in equation (3).
Frhetero = —d(3cos?0 — 1)1, S, )

where d is the dipolar coupling constant (in units of rad s') and given by:

d=h (Z—;)T%WS

The Hamiltonian of the homonuclear dipolar-dipolar coupling:
Fehomo = _g -%(360529 —1D[3L,S,—1-S] 3)

where:
[-S=1LS+1L,85,+1,S,

A) B) Degeneracy C) D)

=

Degenerate Zeeman states
Degenerate Zeeman Effectof Term B

states Effect of Term A splitting
E)

Effect of Term B

- S

Fig. 1.5. A) Zeeman states of a homonuclear two spin—% system without effects of the dipolar coupling.

B) Degenerate Zeeman states of multiple homonuclear spin system in absence of dipolar coupling. C)
and D) Effect of dipolar coupling leads to the mixing the degenerate Zeeman states and splitting their
energy. E) Homonuclear dipolar coupling in multispin system causes very broad lines in NMR spectra.
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Chemical shift *%°

When a strong external magnetic field B, is applied, the electrons that circulate
around a particular nucleus induce a local field which “shields” the nucleus with the
effect that the nucleus experiences a sum of both the externally applied and the
induced local fields: this leads to the shift of the nucleus Larmor frequency. The
frequency shift is observed in NMR spectrum and is termed the chemical shift.

For a semi-solid sample lacking the typical molecular tumbling motion, the
chemical shift includes two components — isotropic (orientation-independent) and
anisotropic (orientation-dependent). The sum of isotropic and anisotropic chemical

shifts is presented in equation (4) as the observed chemical shift in a NMR spectrum.

1
Sobs = 51’50 + 5 Z,%=1(3C0529k - 1)-5kk (4)
1
biso = 3 (611 + 622 + 833)

where 9, is the observed chemical shift. d;, is the isotropic chemical shift, and the
second term of the equation (4) is the anisotropic chemical shift. &;;, 8y, 033 are
orientation-dependent chemical shifts which are the three principal values of the
chemical shielding tensor (Fig. 1.7). The principal values specify the size of the tensor.
The orientation of the tensor with respect to the applied field and the size of the tensor
are used to define the size and the direction of the local field at a particular nucleus. In
other words, the tensor is a measure of the electron distribution around the nucleus.
The orientation of the tensor is fixed within the molecule. Thus, the chemical shift

depends on the orientation of the molecule with respect to the external magnetic field.
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Fig. 1.6. Chemical shielding tensor and chemical shift anisotropy A) Asymmetric chemical shielding
tensor. The principal axis frame has 3 axes and the sizes of the axes (the principal values of the
chemical shielding tensor) are 0;;, 0 and &s; (in unit of ppm). B) One orientation in which the
smallest principle axis frame &, is parallel to the z axis of the laboratory frame and the longest
principle axis frame 833 is perpendicular to the By field direction. Thus the chemical shift of the
nuclear has the value 8;;. C) The principle axis 8, is parallel to the z axis of the laboratory frame and
the principle axis 833 is perpendicular to the By field direction, so the chemical shift of the nuclear has
the value of d,,. D) The principle axis ;3 is parallel to the z axis of the laboratory frame or parallel to
the By field direction, the chemical shift of the nuclear gets value of ;3. E) The chemical shift powder

pattern.
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Magic angle spinning

The samples in this work are proteoliposomes that are composed of POPC lipid
bilayers and membrane proteins. The overall tumbling rate of these proteoliposomes is
slow in comparison with the NMR time-scale. Therefore, the anisotropic chemical
shift and the dipolar-dipolar coupling of atoms in the proteoliposomes cannot be
averaged out. This gives rise to the powder patterns, which are observed in a NMR
spectrum (Fig. 1.4.A&C). The powder patterns deriving from multiple unique nuclear
sites that are chemically nonequivalent may overlap. This overlap and the powder
patterns can adversely affect the NMR spectral resolution. Crucial information from
the sample might therefore become obscured. To overcome this problem, magic angle

spinning®”%

(MAS) was applied to our sample. MAS technique removes the
orientation-dependence of the chemical shift and the orientation dependence of nuclear
dipolar couplings (‘H-""C, 'H-"N, “C-"().

The removal is performed by rotating the sample in a cylindrical rotor around a
spinning axis that is orientated at the magic angle of 54.74° with respect to the applied
magnetic field By (Fig. 1.7.D). When setting the magic angle 8 = 54.74°, the term (1-
3cos°6) of the chemical shift anisotropy in the equation (4) and the term (3cos®6 -1) of
dipolar coupling Hamiltonian in the equation (2) and (3) vanish, provided the rate of
spinning is faster than the dipolar-coupling line-width. Narrow lines are thus obtained
(Fig. 1.4 and Fig. 1.7E&F). If the spinning speed is not sufficiently fast in comparison
to the anisotropy of the interaction being spun out, a set of spinning sidebands will
appear next to the line at the isotropic chemical shift. These spinning sidebands appear

at the distance +n-vrot from the isotropic signal (n is an integral number and vrot is

spinning rate in unit Hz).
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Fig. 1.7. The lines in an NMR spectrum get narrowed by MAS. A) Chemical shift anisotropy powder
pattern. &1y, 05, 9833 are the principal values of the shielding tensor. B) Nuclear spin dipolar-dipolar
interaction between 2 spins / and S apart each other by an internuclear distance ». C) Dipolar powder
pattern for 7 spin in heteronuclear two-spin system with dipolar constant d. The horns of the powder
pattern are created by spins in which the /-S internuclear vector is perpendicular to the applied field
By(Fig. 1.5). D) Experimental set-up of MAS technique, the sample is packed into the rotor. E and F)
Sharp line obtained in a NMR spectrum after the CSA and the dipolar coupling are eliminated MAS.

1.2.2. Cross polarization

The membrane proteins used in this work were labeled with >C and "°N spins

which have low gyromagnetic ratios. The low gyromagnetic ratio causes the small
magnetization (Fig. 1.10) as shown here (M, = %hy(na - nﬁ))69, where M, is the

magnetization, y is gyromagnetic ratio, and n, and ng are the populations of the a and 8
energy states. When a pulse rotates this magnetization towards the xy plane, this
transverse (or xy) magnetization starts to precess around the external magnetic field at
or near the Larmor frequency. This precession induces an oscillating electric current in
a wire coil, wound around the sample. The oscillating electric current is then detected
by an r.f detector. This time-dependent current is called free induction decay, FID. The

larger the transverse magnetization, the stronger current or the stronger NMR signal is
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induced. In other words, the lower gyromagnetic ratio gives rise to lower signal to
noise ratio. Moreover, the rather long 7} relaxation times for °C and "N give rise to
long delays between scans. This eventually prolongs time for data collection, provided
several thousand scans are required to enhance the NMR signal to a level of interest.

To overcome these issues, the magnetization from a nearby network of spins with
higher gyromagnetic ratio ('"H) is used to enhance the intensity of the NMR signals
that are given by spins with lower gyromagnetic ratio (°C, "°’N). The time that is
needed for data collection is thereby shortened. This approach is implemented by the
aid of cross polarization technique’®">.

The main task of the technique is to transfer the polarization from the highly
abundant 'H spins in the sample to the low abundance X spins. This work is performed
in a doubly rotating frame ('H rotating frame and X rotating frame) that rotates about
B, with the frequencies of rf irradiations that are applied on 'H and X channels during
the contact pulse (Fig. 1.9). X can be either °C or °N. The magnetization transfer is
mediated via the heteronuclear dipolar coupling between 'H and X spins in presence of
the Hartmann-Hahn matching condition”’.

During the contact pulse, the rf irradiation that is applied on 'H channel is called
B, while the rf irradiation that is applied on X channel is called B,*. These rf fields
are applied on the rf channels in such a way that it leads to Hartmann-Hahn matching
condition (Fig. 1.10):

)
o =y * B =yx * BN =0
where there is no MAS condition and v is the gyromagnetic ratio of the respective

nucleus. o'y is the nutation frequency of 'H spins and o, is the nutation frequency of

X spins.

Under MAS, the Hartmann-Hahn matching condition is given as follows:

wit  of w, (©)

2n  2m 2m

where: 2—7: is the spinning frequency in Hz, n is an integral number, n = 1, 2.
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1.2.3. Heteronuclear spin decoupling

In biological sample such as proteoliposomes, the heteronuclear dipolar couplings
(‘H-""N and 'H -"C) are of the order of 20-50 kHz and cannot be removed completely
by moderate MAS speeds (8 kHz - 25 kHz). To remove the effects of such
heteronulear dipolar couplings, a simple way is to apply radiofrequence (rf) irradiation
on the proton channel during evolution time and acquisition of NMR experiments. The
application of the rf irradiation is conducted in such a way that the 'H spin states are
rapidly altered and therefore the diluted spins ("°C or '°N) experience only the average
spin state of 'H. As a result, the heteronuclear dipolar couplings are eliminated. This
reduces significantly the contribution of the energy transitions to line width of the

NMR signals. The spectral resolution is thereby improved.

0% -y Fig. 1.8. Experimental set-up of cross-polarization (CP).
1H li The black bar indicates the 90° pulse. The transfer of
CP DEC polarization from 'H to X happens during the contact
Contact pulse. The subscript x in “90°,” means the initial pulse
pulse applied on 'H channel has the phase +x. The —y is the

phase of the spin lock field applied on 'H channel during
the contact pulse. DEC means decoupling (see Section

— 12.3).

CP
X nnl\na
kA

1.2.4. Spin recoupling

As mentioned above, MAS is used to obtain the high resolution that separates
NMR signals from different chemical shift sites. However, MAS also removes the
effect of the dipolar coupling from which crucial geometry and structure of the sample
is derived. To recover the information of interest, the dipolar coupling is reintroduced
for selected periods of NMR experiment using specific recoupling pulse sequences.

For the work in this thesis, the dipolar coupling between the spins of interest is
reintroduced by different recoupling mechanisms such as the double quantum SPC-5",

the rotational resonance’*, and the proton driven spin diffusion”"".
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Fig. 1.9. Zeeman splitting and Cross Polarization in presence of Hartmann-Hahn Matching without
MAS. Blue and green arrows represent the magnetizations. Red arrow in B) shows the rf pulses. A)
Under effect of the field B, (red arrow) in the laboratory frame, the energy gap of 'H spin states (f and
0) ('™ is different from the energy gap of °C spin states (wo"°C) due to the fixed strength of the
external field By and the difference of the gyromagnetic ratios (y;u # y13c)- B) Similar to the effect of
the field By which gives rise to the nuclear Zeeman splitting (spin up T (o), spin down { (B)), the 'H
spin lock field in the doubly rotating frame lead to a splitting of 'H spin states in the rotating frame
(spin up T (a*), spin down | (B*) (1). The spin lock fields during the contact pulse (B, and B,"“) are
set in such a way the energy gap of the 'H spin states (') equals the energy gap of "*C spin states
(©'13¢), thus the Hartmann-Hahn matching condition is met (2). In such a situation, the magnetization

can be transferred from a 'H spin to a ">C spin via 'H -"C dipolar-dipolar interaction (3).
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Double quantum SPC-5

Double Quantum SPC5 recoupling” allows recoupling of the “C-"C dipolar
interaction and exciting double quantum coherence between dipolar coupled C spins
by application of rotor-synchronized rf pulses. The recoupling pulse sequence is
applied on the "C spins synchronously with the sample spinning. This removes the
averaging effect of MAS on the °C -"C dipolar interaction. The rf irradiation on the
C is set 5 times higher than MAS frequency for exciting the double quantum state,
whereas the 'H -"C dipolar interaction is suppressed by rf irradiation on 'H spins.
After t; evolution, the double quantum coherence is converted into single quantum
coherence by another SPC-5 block and a 90° pulse and measured during the

acquisition (Fig. A7).
Rotational resonance condition”

At MAS frequencies from 8 kHz to 13 kHz, the C -"C dipolar coupling is
effectively removed. This situation can however be altered if two ">C spins have an

€. @, that equals to MAS frequency,

isotropic chemical shift difference (Aw=0,"
nog = Ao where n = £1, £2. In such a case, the effect of the term B in *C-"*C dipolar
coupling (see Fig. 1.6 and equation (1) for the details of term B) is reintroduced. Thus,
the degenerate Zeeman levels of the spin system are split and therefore the
longitudinal magnetization between the spins is exchanged. Finally, the dipolar-dipolar
coupling between the two *C spin is reintroduced.

: g s 75-77
Proton driven spin diffusion

At moderate spinning frequencies (from 8 kHz to 13 kHz) and external magnetic
fields By with 'H Larmor frequencies from 600 MHz to 800 MHz, 'H —°C dipolar
interactions in the sample cannot be averaged to zero. As mentioned in section 1.2.1,
term A of heteronuclear dipolar coupling shifts Zeemann energy levels. This leads to
different energy transitions and hence different transition frequencies for each
chemically unique 13C spin across the sample. Thus, every chemically unique BC spin
of the sample has a slightly different resonance frequency. This gives rise to broadened
lines. The broadening of C lines in an NMR spectrum leads to spectral overlap.

Within the spectral overlap, ">C spins that have the same energy states (i.e. the flip-
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flop states) spontaneously exchange their energy resulting in the flip-flop transitions.
The C-"C dipolar interactions are therefore reintroduced.

The proton driven spin diffusion (PDSD) is used in this work as presented in the
pulse sequence in Fig. A4. The pulse sequence is implemented at spinning frequency
of 9375 Hz and 12500 Hz under the external magnetic fields of 600 MHz and 800
MHz 'H Larmor frequencies, respectively. These spinning frequencies correspond to
the n = 2 rotational resonance between Co and CO and thus facilitate interresidual
magnetization transfer between neighboring residues.

In the pulse sequence, after CP, during t,, an rf irradiation is applied on 'H spins
(decoupling) to remove the heteronuclear dipolar between 'H and "*C while the °C
isotropic chemical shifts evolve and are recorded. In the end of t;, the transverse
magnetization of °C spins is rotated toward the z-axis. Here, the rf irradiation on 'H
spins is turned off thus leading to the recovery of the 'H —"°C dipolar interactions. The
PDSD is therefore activated by giving rise to recoupling of *C-"C interactions. This
period in the pulse sequence is also called *C mixing time. At the end of the Bc
mixing time, the ?C magnetization along to the z-axis is rotated back to the transverse
plane. The decoupling is turned on again when "*C signals are detected in t,. Fourier
transformation of time domain data collected during t; and t, will give rise to spectra

with cross peaks that provide the information of *C-">C correlations.
1.2.5. The broadening of the line width

The more the NMR lines in a NMR spectrum are clearly separated from one
another, the more information of the sample is obtained. The separation of the NMR
lines or the resolution of a NMR spectrum is determined by the line width of the NMR
line (peak). The line width of a peak is specified by the width measured at half the
peak height®. The size or the broadening of this width is dependent not only on the
relaxation rate of the transverse magnetization but also on the conformational disorder
caused by anisotropic environment of sample (i.e. lipid models in case of membrane
proteins) or the non-homogeneity of the applied magnetic field across the sample.

The bulk magnetization of the sample is created by adding together the magnetic

moments from each spin in presence of an applied magnetic field By (Fig.1.10). At
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equilibrium state, x and y-components of this magnetization (the transverse
magnetization) are equal to zero and the z-component (the longitudinal magnetization)
is given by the Boltzmann distribution. When an rf pulse is applied to the equilibrium
magnetization, the z-magnetization is rotated towards the transverse plane (xy plane)
and thus a transverse magnetization is created. The transverse magnetization then
precesses about the field direction (z axis). This precession is detected in the form of
the FID that is described by the function®
S(#) = Aexp(iQf)exp(-R¥)

where 1 is the imaginary unit, Q is the precession frequency, and R=1/7>, T, is the
decay constant of the transverse magnetization and R is the rate constant the transverse
relaxation.

Fourier transformation of this function gives a line width of R/nm Hz. Thus, the
faster the relaxation goes, the greater R, the broader the NMR line is. The relaxation
rate of the transverse magnetization in the proteoliposome sample of this work can be
slowed down by attenuating the dipolar interactions with the aid of MAS and radio

frequency pulses as shown in Section 1.2.1 and 1.2.3.

Net magnetic

Fig. 1.10. Net magnetic moment — Longitudinal magnetization. A) Nuclear magnetic moments without
the external magnetic field By (red arrow) B) Net magnetic moment (blue arrow) is built up in

presence of the field.

The conformational disorder in the sample gives rise to different Larmor
frequencies for each chemically unique nuclear spin in the same manner that
chemically nonequivalent spins cause different Larmor frequencies. This leads to
different line widths existing for the chemically unique nuclear spin across the sample.

As a result, the sum of these line widths from the whole sample results in a broad line.
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The line broadening caused by an inhomogeneous external field can be eliminated by
well-adjusted shimming when performing NMR experiments. However, line
broadening caused by conformational disorder ’® may still limit the resolution of solid-

state NMR spectra of membrane proteins.
1.2.6. J coupling, T, filter, and insensitive nuclei enhanced by polarization transfer

As mentioned in section 1.2.1, the dipolar coupling between two spins occurs when
the magnetic moment of one spin interacts with the magnetic moment of another spin
through space. Thus, the distance between spins is encoded in their dipolar coupling.
However, if the molecules in the sample rotate significantly faster than the frequency
associated with the coupling (i.e. the molecules are tumbling in solution), the dipolar
interaction would be averaged to zero and no structural information of the sample can
be observed via the dipolar coupling. In such a case, the indirect (J coupling)”
interaction between nuclear magnetic moments which is mediated by the electrons
may be employed. The information on the chemical connectivity between atoms can
therefore be obtained.

In a heteronuclear spin system as 'H-""C, the transverse magnetization of 'H
during a spin echo (delay -180° - delay) will dephase under the effect of strong dipolar
couplings, which are averaged out for mobile regions. This allows for selecting the
mobile '"H magnetizations by adjusting the delay duration without any effect on the
mobile magnetization. This technique is known as 7, filter®® which together with the
'H spin-diffusion® and the CP technique is incorporated into the water-edited solid-
state NMR*™ ! used in the current work to probe the topology of the membrane
proteins in the lipid bilayer (the pulse sequence is presented in Fig. A3). In the pulse
sequence, T filter (t -180°C - 1) is employed to select mobile water and lipid 'H
magnetizations which then evolve and are recorded during time t; In the end of t, after
the '"H magnetizations of water and lipid are rotated towards the z-axis, these 'H
magnetizations spin-diffuses to the rigid protons of the protein during the period of
t(HH). After the magnetizations transfer from 'H spins to "°C spins via CP, °C signals

are detected during time t,,

21



However, the evolution of the transverse magnetization of 'H and "C in the
heteronuclear spin system will be affected by J coupling if the spin echo is applied on
both 'H and "C spins as in case of INEPT**** (Insensitive Nuclei Enhanced by
Polarization Trasnfer, the pulse sequence is shown in Fig. Al and A2). In this
situation, the effect of J coupling on 'H spins makes the in-phase magnetization of 'H
spins evolve into the anti-phase magnetization that is then transferred to °C spins to
enhance the signals observed from "*C spins. After the polarization transfer, under the
effect of J coupling, the anti-phase magnetization of °C spins will evolve into the in-
phase magnetization which is observable magnetization and will be detected during
the acquisition. In current work, the INEPT technique was also used to detect the

mobile part of the sample.
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Chapter 2. Materials and Methods

2.1.  Sample preparation

2.1.1. Protein expression and purification'
Expression of CD4(372-433) peptide and full-length Vpu protein

The plasmids pTKKl9_CD4tmcyt1 and pTKKI19 Vpu were transformed into
Escherichia coli C43(DE3) competent cells to express fusion ubiquitine/CD4 peptide
and ubiquitine/full-length Vpu protein, respectively. The expression was then
conducted either in LB medium or in M9 medium. In M9 medium, which contains 2 g
of ’C-glucose and 1 g of ’N-ammonium chloride per litter, the fusion ubiquitine/CD4
peptide and the ubiquitine/full-length Vpu protein were labeled with isotopes °C and
N, which gives rise to NMR signals. When the absorbance of the cells in the media
reaches around 7 at the wave length of 600 nm, the expression was induced using
IPTG concentration of 1 mM. The expression was performed at 37°C with shaking of
the expression media at the speed of 160 rotations per minute. Five and eight hours
after the IPTG induction, the CD4 and VpU containing cells in the LB culture were
harvested, respectively, whereas 12 hours after the IPTG induction, the cells in the M9
expression culture were harvested. After harvesting, the cell mass was frozen and
stored at -20°C.

Extraction of CD4(372-433) peptide and full-length Vpu protein

The fusion protein/peptide was extracted using sonication and the detergent based
cell lysis. The harvested cells were resuspended in Resuspension buffer (pH 8.0, 50
mM Tris—HCI, 25% (w/v) sucrose, 0.1% (w/v) NaNj3) that was then supplemented with
the protease inhibitor mix Complete (Boehringer Mannheim). The resulting mixture
was subsequently sonicated on ice using a Branson 250 equipped with a microtip for
3 cycles. Each cycle has 30 seconds of sonication and 60 seconds without sonication.
During the period of 60 seconds, the mixture stands inside the ice to avoid heating up
the protein of interest. The duty cycle and the output control parameters were set to
50% and 6, repsepectively. In the following step, the detergent-based cell lysis, a lysis
buffer (pH 8.0, 50 mM Tris—HCI, 1% (v/v) Triton X-100, 1% (w/v) cholic acid, 600
mM NacCl, 0.1% (w/v) NaNs; and 8mM MgCl,) was added to the mixture.
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The mixture was then incubated at 4°C for 14 hours on a roller shaker. The soluble
protein was afterward separated from other parts of the cells by centrifugation at a
48000 g, 10°C for 20 minutes.

Purification of CD4(372-433) peptide and full-length Vpu protein

The purification workflow was summarized in the Fig. 2.1.

Centrifugation

l—b Pellet
Supernatant
Nickel-NTA Affinity Purification

l—“ Unwanted proteins

His-tagged fusion protein

!

Dialysis and Buffer Exchange

l—» Imidazole

PreScission Cleavage
l—b Ubiquitine

TCA precipitation

'

Reversed Phase HPLC Purification

l—b Unwanted proteins
Lyophilization

- CD4(372-433) peptide or
- Vpu protein

Fig. 2.1. Summary of purification strategy for the CD4(372-433) peptide and full-length Vpu

As shown Fig. 2.1, the supernatant that is collected after the centrifugation was
loaded onto a gravity column (bed volume 4 mL) previously packed with nickel-NTA
agarose (Qiagen) and already equilibrated with the binding buffer (pH 8.0, 50 mM
Tris—HCI, 12.5% (w/v) sucrose, 0.5% (v/v) Triton X-100, 0.5% (w/v) cholic acid, 300
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mM NaCl, 0.1% (w/v) NaNj, Protease cocktail tablet inhibitor EDTA free (by
Roche)).

To remove non-specifically bound proteins, the column was washed with the
washing buffer that contains the binding buffer and imidazole at different
concentrations (20 and 50 mM imidazole). Each washing step was performed with 10
bed column volumes. The purified protein was eluted with 5 bed column volumes of
the eluting buffer that contains the binding buffer and imidazole of 300 mM.

In the following step, the dialysis was performed to remove the imidazole from the
purified protein using a dialysis buffer (50 mM Tris—HCI, 150 mM NaCl, 0.5% (v/v)
Triton X-100, 1 mM DTT, pH 7.0). This lasts for 32 - 48 hours. The fusion
protein/peptide was then cleaved by PreScision protease (GE Healthcare) to get the
CDA4(372-433) peptide or the full-length Vpu protein. The reaction was conducted in
the dialysis buffer with 3 mM of DTT for 12 hours at 4°C or room temperature with
gentle agitation.

TCA (10%) precipitation was then conducted at 4°C, 1 hour with gentle agitation
to separate the cleaved protein/peptide of interest from other contaminants. The
precipitate, CD4(372-433) peptide and Vpu protein, were thereafter collected by
centrifugation at 4°C, 15000 rpm, for 20 minutes and washed two times using pure and
cold acetone (minus 20°C). The residual acetone was removed by evaporation on the
lab bench for 10 to 20 minutes. At this step, the precipitates were kept on ice. The
samples were then dissolved in the buffer containing 40% of Acetonitrile and 0.09% of
Trichloroacetic acid and used for the reversed phase chromatography.

Purification of the cleaved proteins using the reversed phase chromatography

The protein solution was loaded onto an equilibrated RESOURCE RPC 3 ml
column (GE Healthcare) mounted on the HPLC system (Agilent). The column was
previously equilibrated using buffer A (0.1% TCA in water). The column was operated
at room temperature at a flow rate of 1 ml/min. The absorbance was monitored at 214
nm and the proteins were eluted using a buffer gradient from 100% buffer A to 100%
buffer B (80% Acetonitrile and 0.08% TCA) as shown Fig. 2.2. All proteins were
eluted between minutes 18 and 27, which corresponds to a concentration of buffer B in

the range from 60% to 80% as presented in Fig. 2.2.
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B=100%,3V=12ml
1V =3min
B=80%, 3V = 9min

4v=12ml

B=60%, 4V =12min

A=100%, 2V = 6min A=100%, 1V=1min

Pt 1

bmin 18min  27min 30min

Flow 1mL/min

Fig. 2.2. The gradient of the protein elution from the reverse phase column.

The protein fractions obtained after the reversed phase chromatography were
subsequently transferred into 2 ml Eppendorf tubes with 750uL soluble protein per
tube. The soluble protein was then lyophilized to dryness. Electrospray ionization
mass spectrometry was performed to confirm the purification and the mass of the
lyophilized sample.

2.1.2. Reconstitution of protein into POPC lipid bilayers

Proteoliposomes were made of the POPC lipid with the uniformly *C and "N
labeled CD4(372-433) peptide or full-length Vpu protein using organic solvent
mediated reconstitution method”. The summary of the protocol is presented in Fig. 2.3.

First, the lyophylized protein was combined with the POPC lipid in an organic
solvent mixture containing 30% methanol and 70% chloroform. The lipid to protein
molar ratio is in the range of 70:1 to 140:1. The organic solvent was later removed by
passing a stream of nitrogen gas leaving a dried lipid film that contains the protein.
Second, the mixture was re-suspended in cyclohexane. Cyclohexane was then
evaporated by a vacuum pump at low temperature for 6-8 hours to overnight to remove

the residual organic solvent.
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4+ Lyophylized protein(s) POPC lipid in methanol/chloroform (7v/3v)

\ Lipid to protein ratio ~ 70:1 — 140:1 /

Mixture of POPC and Protein(s)
J'*'— Nitrogen gas

——— > Methanol and chloroform

1% Process

Dried lipid film included the protein
l ‘ — Cyclohexane

Vacuum pump under the low temperature

}— > Cyclohexane

The mixture of dried lipid — protein

.

Hydration

'

v Freezing and melting with liquid nitrogen and water bath

» / \

Lyophilization of lipid-protein cake Centrifugation
} — Supematant

Rotor Packing Pellet

In-rotor Re-hydration Rotor Packing

/

— ssNMR-CPMAS

2" Process

Freezing and melting by changing
temperature of the probe

A

Fig. 2.3. Summary of the reconstitution procedure of the proteins into the POPC lipid bilayer

In the third step, the proteoliposome was prepared by hydrating the mixture of the
dried lipid -protein in 10 pL phosphate buffer (pH 7.4, 20 mM (Na,HPO, and
NaH,PO,), 70 mM NaCl, 0.02% NaNj3) and 490 pL of H,O. Five freezing and melting
cycles were performed using liquid nitrogen and a water bath with the room
temperature to make the sample to be more homogeneous. Finally, the sample was
treated using two different methods, lyophilization and centrifugation. In the
lyophilization method, the solvents in the hydrated lipid-protein cake were removed
overnight at very low temperature. The proteoliposome was subsequently packed into
a 3.2 mm rotor and rehydrated with pure water. In the centrifugation method, the
solvents were separated from proteoliposome via 1-hour centrifugation at 4°C, 15000

rounds per minute. The collected pellet was then packed into the 3.2 mm rotor.
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Before CP-MAS solid-state NMR measurements, all in-rotor rehydrated samples
went through five cycles of freezing and melting performed inside the probe under
spinning condition in order to get the sample homogeneous.

Three sets of proteoliposomes were prepared and studied in this work: (i) the
uniformly labeled “C-, "N- full-length Vpu protein in POPC lipid bilayers, (ii)
uniformly labeled °C, "N CD4(372-433) in POPC lipid bilayers, (iii) the uniformly
labeled "*C-, "°N- full-length Vpu protein in POPC lipid bilayers in presence of the
unlabeled CD4(372-433) peptide.

2.2.  Solid state NMR spectroscopy
2.2.1. Data collection

All experiments in the present work were carried out on 2 types of Varian narrow
bore spectrometers. The first type of spectrometer operates at a 'H Larmor frequency
of 600 MHz and the second type of spectrometer operates at 'H Larmor frequency of
800 MHz. Triple resonance probes that were tuned to either 'H/"°C or 'H/*C/"°N were
used. Sample temperatures were referenced externally using Nickelocene as
demonstrated®. All experiments utilized CP-MAS*® with SPINAL’ decoupling of the
protons. The decoupling was in range of 80 kHz to 83 kHz during the acquisition and
the evolution periods. Water Edited Solid State NMR Spectroscopylo'u, Insensitive
Nuclei Enhanced by Polarization Transfer (INEPT)"*"> and CPMAS techniques were
employed to get insights into topology and dynamics of the proteins in POPC lipid
bilayers. Proton Driven Spin Diffusion (PDSD)'®!", Double Quantum Filter SPC5"®
(DQ-SPCS) polarization were used to obtain information of spin systems. Sequential
link NCOCX'** and the PDSD in combination with Rotational Resonance (PDSD-
RR)*' techniques were utilized to obtain information of linking spin systems.

2.2.2. Data processing

After the acquisition, the time domain data were processed and converted into
frequency domain with the aid of the NMRPipe* software using either Lorentzian-to-
Gaussian or Sine-bell apodization. *C chemical shifts were referenced externally to
the upfield signal of Adamantane that resonances at 31.4 ppm on the DSS scale. 'H

chemical shifts and "’N chemical shifts were referenced according to the shift of "*C.
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Additional details of experiments and data processing are provided in the figure
captions of Chapter 3.

Lorentzian-to-Gaussian function apodization function

Lorentzian-to-Gaussian apodization function applies a Lorentz-to-Gauss window to
the time domain. The formula of Lorentizian-to-Gauss window is given by:
Wi (t) = exp(mr * 100 * t)exp(—at?)
where:  a = (0.6 * T * 200)? and ¢ is time and . = 1.1 ms

Sine-bell apodization function (SP)

Sine-bell apodization function applies a sine-bell window to the time domain. The
formula of sine -bell window is given by:

(Tt — 1t % off)¢t

2
Ws[t] = sin ( + T * 0ff>

acq

where:

- off: The offset specifies the starting point of the sine-bell in units of =«
radians. In current work the offset value of 0.5 is used to process the direct
dimensions. The offset values of 0.33 and 0.45 are used to process indirect
dimensions.

- taq: the acquisition time.

2.2.3. Assignment strategy

To gain insight into the conformation of the Vpu and CD4, the resonance
assignment was performed for the spectra that are obtained after the data processing
(Section 2.2.2) using Sparky assignment software®. The assignment work comprises
identifying amino acid types and sequential links.

Identifying amino acid types

Amino acid type-assignment was performed using a combination of the random
coil chemical shifts from BMRB, "°C shifts in the >C -">C correlation spectra of the
current work, and the "*C shifts from previous work obtained for CD4(372-433) and
Vpu(39-81) using liquid state NMR spectroscopy”*>°. The random coil chemical shifts
were represented under the form of an intra-molecular correlation map (Fig. 2.4) in

order to simplify the comparison between the random coil chemical shift patterns of
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amino acids and the "°C shifts of this work. This comparison predicts the positions of
intra-residue cross peaks in *C-">C 2D spectra acquired at short mixing times (from 10
ms to 50 ms of homonulear °C-">C PDSD mixing).

The side-chain carbon patterns of amino acid types Val, Ala, Leu, Ile, Thr, Pro
were then identified using the intra-residue cross peaks in the “C-">C 2D PDSD
spectra. The chemical shift patterns of the identified residues were affirmed using "*C-
C 2D double quantum-SPC5 spectra. Glu residues were determined via C§ shifts
with specific value of chemical shift (~ 182 ppm) in the *C-"C 2D PDSD spectra and
the correlation between Co and Cy in the BC-BC 2D double quantum-SPC5 spectrum
acquired above the freezing point. Residue types Ser, Gly, Asp were assigned using
BC-BC 2D double quantum-SPC5 spectra.

The "C shifts are represented in the form of *C -*C 2D DQ-SPC5 spectra as
shown in Fig. 2.5 and Fig. 2.6. These spectra are called the DQ/SQ map. These maps
were utilized to identify the ?C NMR signals that could not be assigned using the
random coils chemical shift patterns due to the lack of specific "°C shifts.

Identifying sequential links

The sequential links were identified using a combination of the pairs of consecutive
amino acids on the primary sequence, inter-residue cross-peaks in the *C-"C 2D
PDSD-RR spectra acquired at long mixing times (from 70 ms to 300 ms) and the °N-
13C 2D spectra (in case of CD4(372-433)). The possible intermolecular correlations of
the consecutive amino acids in the primary sequence were compared with the inter-
residue cross peaks in the >C-""C 2D PDSD-RR spectra and the ’N-"C 2D spectra.
The site-specific assignments are then reported if the pair is unique in the primary
sequence.

Secondary Chemical Shifts’”?*

After the cross peaks are assigned to amino acid types, the secondary chemical
shifts (scs) of identified amino acids were calculated using the following formula:
scs = AdCa - ASCP
where: ASCa is subtraction of the experimental Ca chemical shift random coil Ca
shift from BMRB. ASCP is subtraction of the experimental CB shift random coil CB
shift from BMRB.
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Conformations of amino acids were then determined based on the values of the

secondary shifts. If the secondary chemical shift is greater than +1.5 then the

respective amino acid has o helical structure. If the secondary chemical shift is smaller

than -1.5 then the respective amino acid presents -strand element.
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Fig. 2.4. Map of possible intermolecular correlations. Each rectangle in the map represents an *C-">C

correlation of side-chain carbons in an amino acid. The center of each rectangle represents the average
shifts of the respective '*C atoms from BMRB. For example, a red rectangle named Ala CACB
contains the average chemical shifts of alpha and beta carbons of amino acid alanine (ACa = 53.14

ppm and ACP =19.01 ppm) at the center of the rectangle. The distances from the center to the edges of

each rectangle represent the standard deviations of the chemical shifts.
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Fig. 2.5. The DQ/SQ map of CD4(372-433). The “*C shifts obtained from previous studies**** using
liquid state NMR spectroscopy is represented in the form of DQ-SPCS5 spectrum in which the
horizontal axis represents SQ dimension while the vertical axis represents DQ dimension. The “C
shifts in the SQ dimension are the "°C shifts of the CD4(372-433). A "°C shift in the DQ dimension is
a sum of two "C shifts in the SQ dimension provided the two respective *C atoms has one bond
correlation. An example is given for the case of A404. A404Co and A404CP have one bond
correlation. The DQ shift, A404CaCp (71.6 ppm), is sum of the SQ shifts, A404Ca (53.3 ppm) and
A404CB (18.3 ppm). This DQ/SQ map was build using the excel program. Every plus symbol
represents a cross peak.
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Fig. 2.6. The DQ/SQ map of Vpu(39-81). The “C shifts of Vpu(39-81) obtained from a previous
studies®® using liquid state NMR spectroscopy is represented in the form of DQ-SPC5 spectrum in
which the horizontal axis represents SQ dimension while the vertical axis represents DQ dimension.
The C shifts in the SQ dimension are the "°C shifts of the Vpu(39-81). The "°C shifts of in the DQ is
the sum of two "°C shifts in the SQ dimension provided the two respective '°C atoms has one bond
correlation. This DQ/SQ map was build using the excel program. Every plus symbol represents a cross

peak.
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Chapter 3. Experiments and Results

3.1. Mobility of the reconstituted protein
3.1.1. The changes of protein before and after reconstituted into the POPC bilayers

Before going to probe any characteristics of membrane protein reconstituted into
the POPC lipid bilayers, it is necessary to know if the reconstituted protein adopts a
well-folded conformation. Therefore, the >C and "°N labeled full-length Vpu protein
either reconstituted or not (lyophilized protein) into POPC bilayers was measured
using the PDSD-RR method (pulse sequence scheme is shown in Fig. A4.B). The

results are presented in Fig. 3.1.

As shown in Fig. 3.1, the signals of the lipid-reconstituted Vpu (Fig. 3.1.B and D)
have better resolution and more constructive line-shape than those of the none-
reconstituted Vpu (Fig. 3.1.A). Furthermore, within a spectral area that is limited by
chemical shifts between 50 ppm — 65 ppm and 20 ppm - 45 ppm (the ovals 1 and 2),
multiple NMR signals are only visible in the non-reconstituted Vpu (Fig. 3.1.C). The
similar phenomenon was found within the oval 3 at the carbonyl region. Thus, the

employed native-like lipid environment induces a rearrangement in Vpu’s structure.

When overlaying the signals in the Fig. 3.1.C with the map of inter-residue cross-
peaks (Fig. 2.4.), the missing signals due to the reconstitution were found belonging to
residue types Thr, Ser, Asp, Lys, Glu, and Gln (Fig. 3.2). These residues are the main
types of amino acids that reside at the cytoplasmic domain in the primary structure of

full-length Vpu (Fig. 1.2.A).
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Fig. 3.1. Changes in appearance of NMR signals of uniformly labeled °C, "Nfull-length Vpu protein
due to the reconstitution into POPC lipid bilayers. Spectra in A, B were recorded on a Varian
spectrometer operating at a 'H Larmor frequency of 600 MHz using the PDSD-RR technique with 160
scans and 10 ms of ">C mixing time. A) The Vpu protein in the lyophilized form was acquired with the
evolution period of 3.6ms. B) The Vpu protein reconstituted into POPC lipid bilayers with the
rehydrated level of ~18% was acquired with the evolution period of 6.5ms. C) The overlay of the
spectra at A) and B). D) The Vpu protein reconstituted into POPC lipid bilayers without the in-rotor
rehydration was acquired on a Varian spectrometer operating at a 'H Larmor frequency of 800 MHz
with 160 scans and the evolution period is 3.6ms. The temperature of the samples in all experiments
was around 0°C. Data were processed using Lorentzian-to-Gaussian apodization function with 100 Hz

of Lorentzian line sharpening, 200 Hz of Gaussian line broadening prior to Fourier transform.

3.1.2. Effects of different reconstitution methods on NMR detection

NMR lines of the reconstituted Vpu (Fig. 3.1.B and C) have an average line width
in the order of 0.8 ppm to 3 ppm and this large line width was also observed for the
reconstituted CD4. This might obscure the site-specific assignment that is necessary
for determination of the protein structure. Therefore, another reconstitution method,
the centrifugation, was tested as described in Fig. 2.3 (the second process) to see if the
line width is improved. Thus, instead of using the lyophilization method in which the

proteoliposome was lyophilized and then rehydrated inside the rotor, the centrifugation
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was applied to remove excess solvents from the proteoliposome before packing it into

a rotor. The samples resulting from both reconstitution methods were measured by

using the same technique and the results are shown in Fig. 3.3.
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Fig. 3.2. Overlay between the intra-molecular correlation map and the signals in Fig. 3.1.C.

In Fig. 3.3,

the blue spectrum was obtained from the CD4(372-433)

proteoliposome that was prepared using the lyophilization method, while the red

spectrum was from another CD4(372-433) proteoliposome that was prepared using

the centrifugation method. Observation of the red cross-peaks indicates that there is no

significant improvement in the line widths of the peaks. Moreover, in the red

spectrum, many signals that are visible in the blue spectrum are missing. These

45



missing signals may be due to an increased mobility of the protein at the interface

between the hydrophobic and hydrophilic regions of in the lipid bilayers

Naturally, the lipid bilayers prepared using the centrifugation method have a higher
amount of residual water in the interface of the hydrophobic and hydrophilic regions
than the lipid bilayers prepared using the lyophilization method. The higher amount of
the residual water might lead to an increase of mobility of the reconstituted protein at
the interface of the lipid bilayers and therefore causes the missing of signals in the red
spectrum. The missing signals indicate that the residual water in the interface of the
lipid bilayers exists with large amount that could not be frozen completely even when

the sample temperature was reduced to -20°C.

Thus, if using the centrifugation method to prepare the proteoliposomes, not only
the line width will not be improved but also the major information of the reconstituted
proteins is missing. The lyophilization method was thereby used for preparing the

proteoliposomes in the current work.
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Fig. 3.3. Effect of various reconstitution methods on the detection of the NMR signals. The sample
utilized in the NMR experiment is the uniformly labeled *C, "N CD4(372-433) peptide in POPC
bilayers. The spectra were acquired on a Varian spectrometer operating at a 'H Larmor frequency of
600 MHz with an MAS speed of 9375 Hz using the PDSD-RR method with a carbon — carbon mixing
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time of 70 ms. The blue spectrum (64 scans, 3 mg of protein) was collected from the proteoliposome
prepared by lyophilization followed by rehydration. The temperature of the sample during data
collection was around 0°C. The red spectrum (224 scans, 1.3 mg of protein) was collected from the
proteoliposome prepared using the centrifugation method. The temperature of the sample during data
collection was around around -20°C. Data were processed using Lorentzian-to-Gaussian apodization
function with 100 Hz of Lorentzian line sharpening, 200 Hz of Gaussian line broadening prior to

Fourier transform.

3.1.3. Effects of mobility and temperature on detection of the reconstituted proteins

The results in Fig. 3.1 and 3.3 were collected using the CP technique' that allows
the detection of the immobile part of the sample. The missing Vpu and CD4 signals
resulting from either the reconstitution into the lipid bilayers (Fig. 3.1.C) or the
different ways of the reconstitution (Fig. 3.3) are indicative of the presence of mobile
parts in addition to the immobile parts of the reconstituted proteins. To obtain further
insight into the dynamic properties, the INEPT technique™ that allows the detection of

mobile regions in samples was employed.

The results from INEPT and CP experiments (Fig. 3.4) were collected from
uniformly labeled °C-, °N-full-length Vpu protein in POPC bilayers. At 14 °C, the
1D- CP "C spectrum (blue) shows the protein signals deriving from the rigid part of
the reconstituted Vpu, whereas the 1D- INEPT "C spectrum (red) only shows lipid
signals. The absence of NMR signals deriving from the protein indicates that the
protein was not mobile enough at 14 °C to yield signals in an INEPT "°C spectrum.
The intensity of the NMR signals of the Vpu sample is significantly increased with a
14 °C-decrease in temperature (Fig. 3.6). Similar experiments were performed on the
CD4(372-433) in POPC bilayers at 0 °C (Fig. 3.5). The increase of the protein signals

indicates that at 0 °C the proteins were sufficiently immobile to yield CP "°C spectra.

It is likely that the mobile part of the proteins appears in the NMR spectra at
temperatures either higher than 14 °C if using the INEPT technique or lower 0 °C if
using the CP technique. Increasing the sample temperature used in the MAS solid state
NMR carbon-detected experiments above 14°C can potentially render the sample
unstable during spectroscopy over the long measurement period (7-10 days). In
addition, given the typically low expression and purification yield of labeled

recombinant membrane proteins, the preparation of the Vpu and CD4(372-433)
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proteoliposomes is a costly and time consuming process in order to have sufficient
amount of sample required for suitable intensity of NMR signals. In the further studies
of both Vpu and CD4(372-433) in POPC bilayers, the temperature of the experiments

in the current work was therefore reduced to about 0°C and below the freezing point.
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Fig. 3.4. The NMR signals of uniformly labeled °C, N full-length Vpu protein in POPC bilayers
under various polarization transfer mechanisms, INEPT (red carbon spectrum) and CP (blue carbon
spectrum). The spectra were collected at 14°C and at 'H Larmor frequencies of 600 MHz with 128

scans for each spectrum. Both spectra were processed with exponential function apodization of 20 Hz.
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Fig. 3.5. The NMR signals of uniformly labeled “C, "N CD4(372-433) in POPC bilayers under
different polarization transfer mechanisms. A) INEPT carbon spectrum was acquired at 14 °C. -
(CH,)=(CHy)- re-presents the carbon of POPC at the unsaturated bond located in side-chain (see Fig.
B2A for POPC structure).—-N—(CH,); shows shifts of carbon atoms in the methyl group at the head of
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POPC. —(CH,)n— presents shifts of carbons which reside in the side-chain of POPC.—(CH,); shows the
peak of methyl carbon in the end of POPC side-chain. B) CP carbon spectrum was recorded at 0°C.
CO indicates the carbonyl groups of amino acids. CA indicates the alpha carbons of amino acids. The
spectra were acquired at '"H Larmor frequency of 600 MHz with 128 scans for each spectrum. Both
spectra were processed with an exponential line broadening of 20 Hz.

190 180 170 160 150 140 130 120 110 100 9 80 70 60 S50 40 30 20 10 [}
13C(ppm)

Fig. 3.6. A comparison of 1D- CP "°C spectra of uniformly labeled *C, '°N full-length Vpu protein in
POPC bilayers at various temperatures. The red spectrum was obtained at the sample temperature of ~
0°C. The blue spectrum was obtained at a sample temperature of 14°C. The data were acquired on a
Varian spectrometer operating at a 'H Larmor frequency of 600 MHz with the same acquisition
parameters: the spinning frequency (9375Hz), the CP condition, the number of scans (128 scans) and
the power of proton decoupling for each spectrum. Both spectra were processed with exponential line
broadening of 20 Hz and the intensities of the peaks were normalized by largest peak in each

spectrum.
3.2. Topology of Vpu and CD4(372-433) in POPC lipid bilayers

In order to probe the topology of the membrane protein in POPC lipid bilayers, the
water-edited solid state NMR method was utilized. The method includes the 7 filter,
the 'H spin-diffusion, and CP techniques as introduced in section 1.2.6. The pulse
sequence of the technique is presented in Fig. A3 while the results are shown in Fig.
3.7 —-Fig 3.10.

3.2.1. Topology of Vpu in POPC lipid bilayers

Fig. 3.7 shows an overlay of two 2D 'H — "°C correlation spectra recorded from the
lipid-reconstituted Vpu (blue) and the unlabeled POPC lipid (red). The majority of °C
signals on the blue spectrum were not superimposed with the "°C signals in the red
spectrum. This indicates that these blue “C signals stem from the Vpu protein.

Through the chemical shifts of °C and 'H in the blue spectrum, it becomes clear that
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the protein °C spins receive the 'H magnetization from various proton sources: (i)
POPC lipid acyl-chains; (i1) the methyl group of the lipid head, -N(CHs;);; and (iii)
water, H,O. The protein °C shifts were assigned to amino acid types Val, Leu, Ileu,
Arg and Ala. This assignment is based on the assignment strategy in section 2.2.3 and
the assignment of the Vpu in section 3.3.1. The signals deriving from V1Ca were
found to receive 'H magnetization from more than one proton source (i.e. from the
lipid head and water proton sources). This raises a question on whether these signals
arise from the same valine in the protein or from different valines located in different
parts of the protein. Similar phenomenon was found for L1Ca, A1Ca, I1CR 11C8, and
[1Cy2. To overcome this issue, a three-dimensional (3D) version of the water-edited
solid state NMR spectrum (the pulse sequence in Fig. A3.B) was employed. The 'H
dimension was retained and an indirect °C dimension was added. The results are

presented in Fig. 3.8.
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@ - g Acyl
g 2 E[lCu Al Co chains
s . o e\ga N(CHy),
4 RCC ! @% L1Cu
@ “T w a = e D Y ) i € - s Hzo
6 T1Cy2
180 170 160 150 140 130 70 60 50 40 30 20 10
'%C (ppm)

Fig. 3.7. Overlay of 2D C - '"H correlation spectra of the uniformly labeled "°C, '°N full-length Vpu
protein in POPC bilayers (blue) and the unlabeled POPC lipid (red). The blue spectrum was recorded
using the water edited solid state NMR method with 128 scans (pulse sequence in Fig. A3.A). 240 ps
of the 7> filter time and 3ms of proton spin diffusion were used. The red spectrum was recorded using
the INEPT technique with 10ms mixing time for proton spin diffusion and 128 scans (pulse sequence
in Fig. A2). The experiments were conducted around 0°C (the sample temperature), at a 'H Larmor
frequency of 600 MHz with a spinning speed of 9375 Hz. Data were processed using a sine-bell
apodization function prior to the Fourier transform. Signals aligned with —-N(CHj3;);, POPC acyl chains,
and H,O lines are derived from the head of POPC lipid, side-chains of POPC lipid and water,
respectively.

Fig. 3.8 shows "°C - '°C planes of the 3D 'H- *C- "*C spectrum at the chemical
shifts of water protons (‘H of 5.0 ppm), the methyl protons of the lipid head group (‘H
of 3.2 ppm), the methyl protons of the lipid side-chain ('H of 0.88 ppm), and the lipid
side-chain protons (‘H of 1.15 ppm).
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While no intra-residue cross-peak of the Vpu protein was found in the lipid head
plane (Fig. 3.9.B), multiple intra-residue cross-peaks were found in the water plane
(Fig. 3.8.A) as well as in the lipid chain planes (Fig. 3.8.C&D). The intra-residue
cross-peaks of the amino acids Val, Ile and Ala appear both in the lipid chain planes
(i.e. VCa-CB,VCa-Cyl, VCa-Cy2, VCB-Cyl, VCB-Cy2, ICa-Cy2, ICB-Cyl, ICB-Cy2,
ICB-Cd, ICy1-Cd, ICyl- Cy2, ACa-CP) and in the water plane (i.e. VCa-Cy2, ICa-
Cy2, ACB-Ca). This suggests two possibilities. The first one is that Val, Ile, and Ala
residues are located both in the protein part in proximity to the water and in the part
near the lipid side-chain. However, the BC chemical shifts of these Val, Ile, and Ala
residues in the lipid planes are not significantly different from those in the water plane.
Therefore, another possibility would be that Val, Ile, and Ala residues are located in
the same part of the protein in which some side-chain carbons in these Val, Ile, and
Ala residues face to lipid bilayers and the other side-chain carbons face to the water
interface. This may indicate the formation of a channel that has a pore-like structure

where water is accessible™.

Furthermore, the number of intra-residue cross-peaks of Val and Ile was found to
be greater in the lipid chain planes ( i.e 7 peaks for Val, 12 peaks for Ileu; this counts
both symmetric cross-peaks) than in the water plane (i.e. 1 peak for Val, 1 peak for
Ile). This indicates that the magnetization transfer between °C spins in the protein part
close to the lipid side-chain is more effective than that in the protein part close to the

water interface.

In addition, results from amino acid-type assignment (see section 2.2.3 for the
assignment strategy and section 3.3.2 for more details of the assignment of Vpu.)
suggest that the signals within the oval regions which are visible in the water plane but
invisible in the lipid planes belong to the amino acid types of Glu, Gln, Lys, Val, Leu
where the shift of LCa is characteristics of the alpha helical structure. The finding of
Glu, GlIn, Lys, Val, Leu residues in the water planes is consistent with the hypothesis
premised on the fact that the number of Leu residues is larger in the cytoplasmic
domain (6/10) than in the transmembrane domain (2/10) of the Vpu primary structure’
in this work (Fig.1.2.A). And there are no Glu, Gln and Lys residues in the

transmembrane part of the Vpu primary structure.
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Fig. 3.8. 2D "C-"C planes of 3D 'H - °C - "°C spectrum of uniformly labeled °C, "N full-length Vpu
protein in POPC bilayers. T filter time is 240 ps, the 'H spin diffusion is 1.5 ms, the >C mixing time
is 50 ms. The experiment was conducted around 0°C (the sample temperature). The spectrum was
acquired at a 'H Larmor frequency of 600 MHz with a spinning speed of 9375 Hz and 128scans. The
evolution times of 'H and "C are 1.7 ms and 3.2 ms, respectively. The data were processed with
forward linear prediction (only for 'H dimension) and sine-bell apodization function prior to the
Fourier transform. A) C-"C plane at chemical shift of water proton. B) *C-">C plane at chemical
shift of methyl proton of the lipid head. C) *C-"C plane at chemical shifts of lipid side-chain proton.
D) *C-"C plane at chemical shift of methyl proton of lipid side-chain.

3.2.2. Topology of CD4(372-433) in POPC lipid bilayers

Similarly, the topology of CD4(372-433) in POPC bilayers was monitored using
the water-edited solid state NMR and the results are shown in Fig. 3.9. The spectral
overlay demonstrates the existence of CD4(372-433) signals in the blue spectrum. The
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protein signals appear in three different areas of the spectrum along the 'H chemical
shift scale. This implies that the “C spins of CD4(372-433) also received 'H
magnetization from three various sources i.e. POPC lipid acyl-chains, the methyl
proton of the lipid head (-N(CH3), and water (H,0). Of the "°C signals of CD4(372-
433), GCa receives 'H magnetization only from the methyl proton of the lipid head
while Ca of amino acids Val, Ile and Leu get the 'H magnetization from all three
sources. To separate the water and lipid signals, 3D version of the water edited
experiment was performed on the reconstituted CD4(372-433) and results are shown

in Fig. 3.10.

0 10¢ 1100 L1Ca gypg L1CP I1CB Vicyl Q POPC
@ 0 8 @ ‘@ @ ‘b IAcyI
—~2 chains
§ - d
= 09" d oy N(CH),
T 4 Ecd
S 4 o D o
6 <D 90
]
180 170 160 150 140 130 70 60 50 40 30 20 10

°C (ppm)

Fig. 3.9. Overlay of 2D "°C - 'H correlation spectra of the uniformly labeled >C, ’N CD4(372-433) in
POPC bilayers (blue) and of the unlabeled POPC lipid (red). The blue spectrum was recorded using
the water edited solid state NMR method with 512 scans. 100 ps of the 7, filter time and 2 ms of the
proton spin diffusion were used. The red spectrum was recorded using the INEPT technique with
10ms of proton spin diffusion and 128 scans. The experiments were conducted around 0°C (the sample
temperature) at a 'H Larmor frequency of 600 MHz with a spinning speed of 9375 Hz. Data were
processed using sine-bell apodization function prior to Fourier transform. Signals aligned with —
N(CHz;);, POPC acyl chains, and H,O lines are derived from the head of POPC lipid, side-chains of
POPC lipid and water, respectively.

Fig. 3.10 presents 2D "°C - C planes of 3D 'H- *C- "*C spectrum at the different
chemical shifts of 'H: water proton ('H of 5.0 ppm) in Fig. 3.8.A, the methyl proton of
the lipid head group (‘H of 3.2 ppm) in Fig. 3.9.B, the methyl proton of the lipid side-
chain ("H of 0.88 ppm) in Fig. 3.8.C and the lipid side-chain proton ('H of 1.15 ppm)
in Fig. 3.8.D.

In case of CD4(372-433), the cross-peaks between >C spins were found in all the
planes. These cross-peaks were also assigned according to the assignment strategy in
section 2.2.1 (see section 3.3.2 for more details of CD4(372-433) assignment). Among

assigned peaks, the peaks from Val and Ile residues were found only in the lipid chain
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planes (3/4 valines and 3/5 isoleucines are located in the transmembrane domain of the
primary sequence of CD4(372-433) (Fig. 1.1.C)). The number of peaks from Leu
residue is fewer in either the water (i.e. LCy-CB, LCy-Ca) or the lipid head planes (i.e.
LCa-Cy, LCy-CB) in comparison to that in each of the lipid chain planes (LCa-Cy,
LCB —Cy, LCy-CB, LCy-Ca). This observation is consistent with the fact that the
number of Leu residues (6/9, where 9 is total number of Leu residues) in the
transmembrane part of the primary sequence of CD4(372-433) is greater than that in
the cytoplasmic part (2/9). In addition, the intensity of GCa in the lipid chain planes
(signal to noise equals 11 and 14) is more pronounced than either of the one in the
water plane or in the lipid head plane (signal to noise equals 9 or 7). Taken together,
the appearance of the cross-peaks suggests that the magnetization transfer between *C
spins in the protein segment close to the lipid side chain is more effective than that in

the protein segment in the proximity of either the lipid head or the water regions.

The chemical shifts (of the same kind of *C atoms) of the Leu residues found in
either the water plane or the lipid head plane are not significantly different from those
found in the lipid chain planes and indicate alpha helical structure. This result agrees
with the previous studies of CD4(372-433) in aqueous solution and micelles™’
reported that two Leu residues in the cytoplasmic part have the similar alpha helical

structure to the Leu residues in the transmembrane part.
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Fig. 3.10. 2D "C-"C planes of 3D 'H - °C - "°C spectrum of uniformly labeled °C, "N CD4(372-433)
in POPC bilayers. T, filter time is 100us, the 'H spin diffusion is 1.5 ms, *C mixing time is 30 ms.
The experiment was conducted around -3°C (the sample temperature). The spectrum was acquired at a
'H Larmor frequency of 600 MHz with a spinning speed of 9375 Hz and 122 scans. The evolution
times of '"H and "°C are 1.28 ms and 3.1 ms, respectively. The data were processed with forward linear
prediction (only for 'H dimension) and sine-bell apodization function prior to the Fourier transform.
A) PC-"C plane at chemical shift of water proton. B) ?C-">C plane at chemical shift of methyl proton
of the lipid head. C) "*C-">C plane at chemical shifts of lipid side-chain proton. D) *C-">C plane at
chemical shift of methyl proton of lipid side-chain. The assignment was based on the assignment in
Section 3.3.2.

3.3. Resonance assignments of the reconstituted proteins
In order to gain insight into the conformation of the rigid parts discovered in the

previous sections and to look for the missing mobile part, the resonance assignment
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was performed for the lipid-reconstituted proteins at different temperatures using the
assignment software Sparky and the assignment strategy as described in Section 2.2.3.

The results are presented in the following part.
3.3.1. Resonance assignments of Vpu in POPC lipid bilayers

Figures from Fig. 3.11 to 3.15 present the representatives of the assignment of the
reconstituted Vpu. The spectra in Fig. 3.11 and 3.12 present the PDSD-RR spectra and
the spectrum in Fig. 3.13 to 3.15 displays the aliphatic region of 2D *C-"*C correlation
DQ/SQ-SPCS5 spectrum.

At short mixing times for proton-driven spin diffusion in the range of 10 ms -70
ms, intra-residue cross peaks deriving from amino acid types Ala, Val, Ile, Leu, Pro,
Glu, and Arg were found as shown Fig. 3.11. Of the identified spin systems, the amino
acid types Ala, Val, and Ile provide the most dominant signals in the spectra. The line
width of the peaks is in the order of 1 ppm -3 ppm and there is a limited chemical shift
dispersion. This gives rise to poor resolution of "*C shifts, which leads to the
identification of one Val, one Ile, one Leu, and two Ala residues. Another Ala residue
was found in DQ/SQ spectrum (Fig. 3.13 and 3.16). Other amino acid types such as
Pro, Glu, Ser, and Arg were confirmed at longer the B mixing times. Two Pro
residues, five Glu residues, one Ser residue, and two Arg residues were detected in the
spectrum recorded with a spin diffusion mixing time of 300 ms (Fig. 3.12).
Furthermore, an additional Ser residue and other residues as one Thr (via correlation of
TCB and TCy), one Gly (via correlation of GCa and GC’), and there Asp (via
correlation of DCP and DCy) are affirmed in DQ/SQ-SPCS5 spectra (Fig. 3.13-3.14).
The resonance list of the detected residues and their °C chemical shifts are shown in

Table 1 and their secondary chemical shifts are presented in Fig. 3.15.

Among the identified residues, Ala3 is indicative of slightly beta strand structure
whereas Prol, Asp2, Asp3, Glu2, Glu4, Glyl, Pro2 and Ser2 possess random coil
conformation and the remainder present alpha helical conformation. Thus, amino acid
types Asp, Glu, Ser, Arg, which represent the majority of the residues in the
cytoplasmic part of the Vpu, have larger chemical shift dispersion. This indicates

different secondary structure elements within the cytoplasmic domain.
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Table 1. Resonance list of the identified amino acids of Vpu in POPC bilayers

Number of Shift i Standard
Resonance Group Atom Nucleus (ppm) Assignments Deviation
1 Al Ca 13C 55.795 154 0.174
2 Al Cp 13C 18.186 96 0.166
3 Al c’ 13C 178.014 35 0.38
4 D1 Ca 13C 56.018 32 0.256
5 D1 Cp 13C 37.387 33 0.316
6 D1 Cy 13C 177.625 1 0
7 El Ca 13C 55.271 1 0
8 El CB 13C 28.941 3 0.076
9 El Co 13C 182.709 5 0.204
10 El Cy 13C 34.929 2 0.008
11 Gl Ca 13C 44 .804 10 0.208
12 Gl c’ 13C 173.476 8 0.273
13 I1 Co 13C 65.886 183 0.239
14 I1 Cp 13C 37.779 172 0.123
15 I1 Co 13C 14.109 149 0.176
16 I1 Cyl 13C 29.516 129 0.125
17 I1 Cy2 13C 17.561 116 0.132
18 I1 c’ 13C 177.562 38 0.338
19 L1 Ca 13C 58.232 162 0.173
20 Ll Cp 13C 41.657 126 0.258
21 Ll Col2 13C 23.467 43 0.0313
22 L1 Cy 13C 26.858 100 0.405
23 Ll c’ 13C 177.86 19 0.443
24 P1 Ca 13C 62.309 18 0.297
25 P1 Cp 13C 32.223 44 0.308
26 P1 Co 13C 50.231 38 0.267
27 P1 Cy 13C 27.573 53 0.203
28 R1 Ca 13C 59.874 15 0.459
29 R1 Cp 13C 29.506 20 0.29
30 R1 Co 13C 42 .543 15 0.415
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31 R1 Cy 13C 26.713 1 0
32 R1 c’ 13C 178.327 1 0
33 R1 CC 13C 159.98 8 0.226
34 S1 Ca 13C 69.911 9 0.075
35 S1 CB 13C 62.432 9 0.089
36 V1 Ca 13C 67.317 175 0.169
37 V1 CB 13C 31.287 126 0.136
38 V1 Cyl 13C 23.619 126 0.13
39 V1 Cy2 13C 21.949 135 0.176
40 V1 (o} 13C 177.536 39 0.302
41 Y1 Ca 13C 62.579 15 0.236
42 Y1 CB 13C 38.333 26 0.236
43 Y1 Co 13C 133.25 4 0.216
44 Y1 Ce 13C 117.939 6 0.396
45 Y1 Cy 13C 130.022 6 0.243
46 A2 Ca 13C 53.827 78 0.180
47 A2 CB 13C 18.238 37 0.173
48 A2 (o} 13C 179.644 6 0.854
49 D2 Ca 13C 52.328 2 0
50 D2 CB 13C 39.386 7 0.285
51 D2 Cy 13C 179.201 3 0.135
52 E2 Ca 13C 56.691 2 0.148
53 E2 CB 13C 26 .96 3 0.057
54 E2 Co 13C 182.345 6 0.21
55 E2 Cy 13C 34.214 4 0.228
56 b2 Ca 13C 64.298 1 0
57 P2 CB 13C 32.588 1 0
58 b2 Co 13C 50.615 6 0.285
59 P2 Cy 13C 27.346 7 0.14
60 R2 Ca 13C 59.511 9 0.336
61 R2 CB 13C 29.467 20 0.363
62 R2 Co 13C 43.136 14 0.196
63 R2 Cy 13C 27.546 1 0
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64 R2 CC 13C 159.474 6 0.069
65 S2 Ca 13C 58.409 7 0.265
66 S2 Ccp 13C 63.969 7 0.622
67 T2 Ca 13C 62.47 3 0.149
68 T2 CB 13C 67.473 16 0.33
69 T2 Cy 13C 22.244 9 0.169
70 A3 Ca 13C 50.048 4 0.453
71 A3 Cp 13C 18.305 5 0.203
72 D3 Ca 13C 52.49 2 0.073
73 D3 CB 13C 37.789 4 0.453
74 D3 Cy 13C 179.114 2 0
75 E3 Ca 13C 57.178 2 0.296
76 E3 CB 13C 29.109 1 0
77 E3 Co 13C 181.739 5 0.358
78 E3 Cy 13C 34.476 4 0.289
79 E4 Ca 13C 58.727 4 0.127
80 E4 CB 13C 26.888 1 0
81 E4 Co 13C 182.408 5 0.1l64
82 I28 Ca 13C 65.494 2 0.053
83 I28 Cp 13C 37.751 2 0.141
84 I28 Cy2 13C 17.297 2 0.159
85 E29 Ca 13C 59.45 8 0.366
86 E29 CB 13C 28.44 17 0.181
87 E29 Co 13C 182.293 9 0.326
88 E29 Cy 13C 34.666 11 0.287

The inter-residue cross peaks between residue pairs Ala-Val and Leu-lle are

already detected in spectra recorded with a mixing time of 70 ms. These cross peaks

are reproduced at longer mixing times up to 300 ms (Fig. 3.12). Furthermore,

additional inter-residue cross peaks deriving from residue pairs as Ala-Ala, Ala-Ile,

Leu-Val, Ile-Leu, and Ile-Val were found at the long mixing time of 300 ms. Such

inter-residue cross peaks are predominantly visible at the 300 ms mixing time, whereas
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no inter-residue cross peak deriving from other detected amino acid types as Ser, Pro,

and Asp was found. For amino acid type Glu, only one pair of inter-residue cross

peaks was found as shown in Table 3.
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Fig. 3.11. A representative 2D "°C -"°C correlation PDSD-RR spectrum of the uniformly labeled "°C,
N full-length Vpu protein in POPC bilayers. The spectrum was acquired at 600 MHz 'H frequency

with a spinning speed of 9375 Hz,128 scans, 70 ms "*C mixing time, 6.5 ms evolution

time of *C. The

experiment was conducted around 0°C (the sample temperature). Data were processed using

Lorentzian-to-Gaussian apodization function with 100 Hz of Lorentzian line sharpening, 200 Hz of

Gaussian line broadening prior to Fourier transform. For carbonyl region, see Fig. B3.
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Fig. 3.12. A representative 2D "*C -"*C correlation PDSD-RR spectrum of the uniformly labeled "C,
"N full-length Vpu protein in POPC bilayers. The spectrum was acquired at 800 MHz 'H frequency
with a spinning speed of 12500 Hz, 160 scans. The "*C mixing time is 300 ms. The evolution time of
PC equals 4.5 ms. The experiment was conducted around 0°C (the sample temperature). Data were
processed using Lorentzian-to-Gaussian apodization function with 100 Hz of Lorentzian line
sharpening, 200 Hz of Gaussian line broadening prior to Fourier transform. For carbonyl region, see
Fig. 3.25B.
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Table 2. List of inter-residue cross peaks. The first row shows the residue pairs and the occurance of

the pairs in the primary structure of Vpu.

A-A (1) A-L (4) A-1(4) A-V (2) L-V(3) I-L 3) -V (3)
AlCa-A2Ca AlCa-LICa  AlCa-I1Ca AlCa-VICa LICa-VICa  I1Co-LICa  11Ca-VICyl
AlCa-A2Ca AICa-LICB  AICa-I1CS AICB-VICB LICo-VICG2  1Co-LICB  11Ca-VICy2
A2Ca-AlCa AICB-LICa  A2Ca-I1Ca  AICB-VICyl LICB-VICa  I11Ca-LICy  11CB-VICa
A2Co-AlCa  AICB-LICB  A2Ca-llCa  A2CA-VICa LICB-VICGI  1ICB-LICa  I1ICB-VICP
A2Co-L1Ca  11Ca-AlCa  A2Ca-VICyl LICB-VICG2  1ICB-LICB  IICB-VICyl
LICo-AlCa  11Ca-AlCa  A2Co-VICy2 LICy-VICa  1ICs-LICa  IICB-VICy2
LICa-AICB  I1ICB-AlCa A2CB-VICa LICy-VICB  IICyl-LICp  11C3-VICa
L1Co-A2Ca 11CB-AlCa VICu-AlCa VICo-L1Ca  11Cy2-L1ICy  1ICy-VICB
LICB-AICa  I1ICB-A2Ca V1Ca-A2Ca VICa-LICB  12C3I-LICy  11Co-VICyl
LICy-AlCa  11CB-A2Ca VICa-A2CP VICB-LICa  LICa-IICa  11C3-VICy2
11C3-A1Cq VICB-AlCa VICyI-LICB  LICa-1IC6  11CyI-VICa
11C3-Al1Cq VICB-A2Ca VICy2-LICa  LICB-IICa  11Cyl-VICyl
1ICyl-AlCa. VICB-A2CB LICB-IICR  11Cy1-VICy2
IICyl-AlCa  VICyl-AlCa LICB-IICS  11Cy2-VICy2

LICP-
VI1Cyl-A2Ca 11CG1 V1Ca-11CB
VICyI-A2CB LICy-11Ca  VICa-11Cs
VICy2-AlCa LICy-11Cy2  VICPIICa
VICy2-A2CB LICy11C5  VICB-IICP
VICyI-1ICa
VICyI-TICB
VICyI-11Cs
VICy2-11Ca
VICy2-11CB
VICy2-11Cs

Table 3. Inter-residue cross peaks between the pair [1e28-Glu29 at long mixing time of the PDSD-RR
experiment performed on Vpu in POPC bilayers (Fig. 3.2)

Inter-residue
I28Cu-E29Ca E29Ca - I28Ca I28CB-E29Ca I28Cy2-E29Can
cross peaks

The carbon atoms of the side-chains of amino acid types Ala, Val, Leu, Ile, Thr,
and Pro were found again in the DQ/SQ-SPCS5 spectrum (Fig. 3.13) that was recorded
using a the double quantum SPC5 technique (section 1.2.4). This technique allows
detecting one bond correlation between *C atoms and therefore it helps to confirm the

presence of the amino acid residues in the reconstituted Vpu.
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There are also unassigned signals due to the lack of specific chemical shifts (Fig.
3.13). However, when the "°C shifts of the unassigned signals (ellipsoids 3 and 4) were
compared with the "°C shifts of Vpu(39-81) in micelles' (Fig. 2.6 —the DQ/SQ map),
it indicates that the unassigned "*C shifts of the current work are overlapped with the
alpha and beta carbons of the residues Arg4l, Glu48, Arg49, GIn61, Glu62, Glu63,
Glu69, Arg70, His72, and Trp76 (Fig. B6.) These residues belong to the cytoplasmic
part in the primary structure of the Vpu (Fig. 1.2.A).

When the temperature of the sample was reduced far below the freezing point
(around -20°C), the signals within and nearby the ellipsoids 3 and 4 are increased
significantly (Fig. 3.16). A similar phenomenon was observed for the signals in the
spectral area between 60 ppm -80 ppm (along the ®; dimension) and 20 ppm -40 ppm
(along the ®, dimension). Furthermore, the signals deriving from amino acid types Ser,
Gly, and Asp but not Glu (Fig. 3.14) were also found to significantly increase when
reducing the sample temperature. It is likely that the water surrounding or inside the
part of the Vpu containing residues Ser, Gly, Asp, Arg4l, Glu48, Arg49, GIn6l,
Glu62, Glu63, Glu69, Arg70, His72, Trp76 is frozen below the freezing temperature.
The motion of this protein fragment is thereby inhibited leading to the significantly
increase of the NMR signals.

In contrast, no pronounced change was observed for the cross peaks deriving from
Alal, Vall, Ilel, Leul residues when changing the temperature of the sample, except
for cross peaks arising from the methyl carbons of the residues Leu, Ile, and Ala (i.e.

(LCa1, LCo2, ICa1, ICy2, ACP) in which the position of peaks is slightly shifted.

The signals within the ovals 1 and 2 (Fig. 3.13) are also cross peaks that might be
assigned as Ala or Thr. Further studies employing other polarization transfer schemes

rather than the PDSD-RR and the DQ-SPCS5 are needed to clarify this assignment.
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Fig. 3.13. Aliphatic region of the 2D "C -"*C correlation DQ/SQ-SPC5 spectrum of the uniformly
labeled °C, N full-length Vpu protein in POPC bilayers. The spectrum was acquired at 600 MHz 'H
frequency with a spinning speed of 8000Hz, 256 scans with the pulse sequence in Fig AS5. The
experiments were conducted around 0°C (the temperature of the sample). The data were processed

using sine-bell apodization function prior to Fourier transform.
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Fig. 3.14. Serine and Aspartic acid regions of 2D "C -"C correlation DQ/SQ-SPC5 spectra of the
uniformly labeled *C, "N full-length Vpu protein in POPC bilayers at different temperatures. The
blue spectrum was collected far below the freezing point, the red spectrum was collected above the
freezing point. The spectra were acquired at 600 MHz 'H frequency with a spinning speed of 8000 Hz,
256 scans. The peaks next to asterisk symbol (*) are spinning sidebands or noise. Numbers 1, 2 after
one letter code of amino acid show the number of the detected residues. The data were processed using

sine-bell apodization function prior to Fourier transform.
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Fig. 3.15. Chemical shift index of the identified amino acid type of the uniformly labeled "°C, "°N full-
length Vpu protein in POPC bilayers. The positive indices (greater than +1.5) indicate o helical
structure while the negative indices (smaller than -1.5) present B-strand elements. The numbers in E29,
128 show the positions of these residues in the Vpu primary structure. Other number such as 1, 2, 3

and 4 present the number of same amino acid types which were identified in this work.
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Fig. 3.16. Aliphatic region of 2D "*C-"C correlation DQ/SQ-SPCS5 spectra of the uniformly labeled
BC, PN full-length Vpu protein in POPC bilayers at different temperatures. The blue spectrum was
recorded far below the freezing point; the red spectrum was collected above the freezing point. The
spectra were acquired at 600 MHz 'H frequency with a spinning speed of 8000 Hz, 256 scans. The
peaks next to asterisk symbol (*) are spinning sidebands or noise. The data were processed using sine-

bell apodization function prior to Fourier transform.
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3.3.2. Resonance assignments of CD4(372-433) peptide in POPC bilayers

Similar to the Vpu in POPC bilayers, the assignment strategy (section 2.2.3) and
2D C-BC correlation set as PDSD-RR and DQ/SQ of spectra were utilized to assign
the resonances of the CD4(372-433) peptide in POPC bilayers. The results are
presented in Fig. 3.17-3.19. In addition to the PDSD-RR technique, the NCOCX

11,12

technique (the pulse sequence in Fig. A6) was also used to determine sequential

links. The result is presented in Fig. 3.20.

Fig. 3.17 displays a 2D C-">C spin diffusion spectrum recorded with a mixing
time of 50 ms. In this spectrum, both intra-residue cross peaks and inter-residue cross
peaks of amino acids were observed. The intra-residue cross peaks were assigned to 8
amino acid types i.e. Ala, Val, Ile, Leu, Pro, Phe, Gly, and Ser, whereas the inter-
residue cross peaks were found among 7/8 identified amino acid types (Table 4)
including the following residue pairs: Ile-Phe, Leu-Val, Ile-Gly, Gly-Leu, Ala373-
Leu374, Leu374-11e375, Gly379-Val380, and Leu385-Phe386. With a longer mixing
time of 200ms, the number of inter-reside cross peaks in each pair is increased,
particularly in unique pairs as Leu374-Ile375 and Gly379-Val380. Furthermore, two
additional pairs Val380-Ala381 and Ala381-Gly382 were detected at the longer
mixing time of the PDSD-RR experiment (Fig. 3.18 and Table 4).
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Table 4. List of inter-residue cross peaks. The first row in A) shows the residue pairs and the number

of the repetitive pairs in the primary structure of Vpu. The first row in B) shows the unique pairs in the

primary structure. The highlighted cross-peaks with the italic and bold format were found at both

short (50 ms, Fig. 3.17) and long (200 ms, Fig. 3.18) mixing times. The non-highlighted peaks are

found only at the longer mixing time.

A) Non site-specific inter—residue cross peaks

I-F (2) L-V(2) -G (2) G-L(4)
ICa-FCa LCa-VCa GCa-ICa GCa-LCa
FCa-ICa LCo-VCa I1CB-GCa GCa-LCp
LCB-VCB GCo-ICB GCa-LCy
LCa-GCa
LCB-GCa
LCy-GCa
LC82-GCa
GCo-LCd2
B) Site-specific inter—residue cross peaks
A373-L374 L374-1375 G379-V380 V380-A381 A381-G382 L385-F386
ACa-LCa ICa-LCa GCoa-VCa ACB-VCB ACo-GCa FCa-LCa
LCa-ACa ICo-LCB GCo-VCa ACo-VCa ACB-GCua FCp-LCa
ACp-LCa ICa-LCd GCa-VCa ACB-VCd2 GCo-ACB LCo-FCa
ACB-LCB ICB-LCa VCa-GCa VCa-ACa LCo-FCp
ACB-LCy ICB-LCB VCo-GC’ VCB-ACa LCB-FCB
LCa-ACp ICS-LCy VCB-GCa
LC42-ACB ICy2-LC32 VCB-GCa
ICy2-LCo VCB-GCa
LCa-ICa
LCa-ICp
LCB-ICy2
LCy-1Cs
LCy-ICy2
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Fig. 3.17. A 2D "C -"*C correlation PDSD-RR spectrum of the uniformly labeled *C, "N CD4(372-
433) peptide in POPC bilayers. The spectrum was acquired using the PDSD-RR technique at 600 MHz

'H frequency with a spinning speed of 9375 Hz, 160 scans. The

BC mixing time is 50 ms. (For

carbonyl and aromatic carbon region, see Fig. B4). The experiment was conducted around 0°C (the

temperature of the sample). The data were processed using Lorentzian-to-Gaussian apodization

function with 100 Hz of Lorentzian line sharpening, 200 Hz of Gaussian line broadening prior to

Fourier transform.
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Fig. 3.18. A 2D "*C -"*C correlation PDSD-RR spectrum of the uniformly labeled *C, "N CD4(372-
433) peptide in POPC bilayers. The spectrum was acquired at 800 MHz 'H frequency with a spinning
speed of 12500 Hz, 288 scans. The "°C mixing time is 200ms. The experiment was conducted around
0°C (the temperature of the sample). The data were processed using Lorentzian-to-Gaussian
apodization function with 100 Hz of Lorentzian line sharpening, 200 Hz of Gaussian line broadening

prior to Fourier transform. (For carbonyl and aromatic carbon regions see Fig. BS).

As mentioned earlier, in addition to the PDSD-RR, the sequential links were also
determined with the aid of the NCOCX pulse sequence and the result is presented in
Fig. 3.19. Linking between Ala381 and Gly382 residues is reproducible and additional
sequential links were assigned specifically such as Gly378-Gly379, 11e387-Gly388 and
Leu377-Gly378 (or Leu389-Gly390). However, the poor dispersion of °N shift does
not help to distinguish between the pairs Leu377-Gly378 and Leu389-Gly390.
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Fig. 3.19. A 2D NCOCX - "N-"C correlation spectrum of the uniformly labeled *C, "N CD4(372-
433) peptide in POPC bilayers. The spectrum had been acquired for 7 days, at MAS speed of 11000
Hz on a Varian spectrometer operating at a 'H Larmor frequency of 600 MHz.

Taken together, the specific spin systems identified from the uniformly labeled
CD4(372-433) in POPC bilayers are Ala373, Leu374, Ile375, Gly378, Gly379,
Val380, Ala381, Gly382, Leu385, Phe386, 11e387, Gly388 and either Leu377 or
Leu389, and Gly390. These residues all belong to the transmembrane part of CD4 and
are underlined in Fig. 3.20. Among the identified residues, the secondary chemical
shifts of Ala373, Leu374, lle375, Gly378, Gly379, Val380, Ala381, Gly382, Leu385,
and Phe386 are indicative of alpha helical structure as shown in Fig. 3.23. There is no
significant difference between the secondary chemical shifts of these residues and
those obtained from CD4(372-433) in micelles using liquid state NMR spectroscopy™’
(Fig. 3.23).

404 413

372 395
8) H)l ‘ 422 432
| | -0 : - | |

GPLVPRGS MALIVLGGVA GL LI FIGLGI FFSYRSRHRR RQAERMSQIK RLLSEKKTSQ SPHRFQKTHS PI

Fig. 3.20. The primary structure of the CD4(372-433) peptide. The information of the secondary
structure is summary from the previous studies®'”. The underline amino acid residues are identied in

this work. The residues from (-8) to (-1) are the left of PreScission cleavege (Section 2.1.1)

Similar to the case of the reconstituted Vpu, the majority of the identified amino
acid types of the CD4(372-433) by means of the PDSD-RR technique belong to the
transmembrane part, whereas other amino acid types that belong to the cytoplasmic
part were found with the aid of DQ/SQ-SPCS5 spectrum. Fig. 3.21 shows a 2D DQ/SQ-
SPCS5 spectrum collected from the reconstituted CD4(372-433) with a poor dispersion
of °C shifts. The side-chain atoms of amino acid types Ala, Val, Ile, Leu, and Phe are
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reproducible and additional signal deriving from Ser residue without specific shifts
was detected. Furthermore, when the temperature of the sample was reduced below the
freezing point, the signals within the ellipsoid regions are significantly enhanced (Fig.
3.22). This observation is different from what was observed for the signals outside the
ellipsoids in which the slight changes of the signals in the blue spectrum is due to the
number of scans. When unassigned signals within the ellipsoids in Fig. 3.22 were
compared with the "°C shifts obtained from the CD4(372-433) in micelles’ (Fig. 2.5),
the unassigned °C shifts in the current work were found to overlap with the "°C shifts
of the cytoplasmic residues as Arg396, Arg398, His399, Arg412, Lys411, Lys417,
GIn409 (Fig. B7).

The residue types Ala, Val, Ile, Leu, Phe, Gly, and Arg, which were tentatively
assigned basing on the PDSD-RR and the DQ/SQ spectra, are indicative of alpha
helical structure while Pro residue has the random coil shift. The data are shown in

Fig. 3.24.
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Fig. 3.21. Aliphatic region of a 2D "C-"C correlation DQ-SPC5 spectrum of the uniformly labeled

¢, PN CD4(372-433) peptide in POPC bilayers. The spectrum was acquired using double quantum

filter SPC-5 at 600 MHz 'H frequency with spinning speed of 8000 Hz and 192 scans. The data were

processed using sine-bell apodization function prior to Fourier transform. The peaks next to asterisk

symbol (*) are spinning sidebands or the noises.
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Fig. 3.22. Aliphatic region of a 2D "*C -"°C correlation DQ/SQ-SPC5 spectra of the uniformly labeled
BC, "N CD4(372-433) peptide reconstituted in POPC lipid bilayers at different sample temperatures.
The blue spectrum was collected far below the freezing point with 480 scans; the red spectrum was
collected around the freezing point with 192 scans. The spectra were acquired at 600 MHz 'H
frequency with a spinning speed of 8000 Hz. The data were processed using sine-bell apodization

function prior to Fourier transform. The peaks next to asterisk symbol (*) are spinning sidebands or

the noises. The blue line is the spectral diagonal line.
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Fig. 3.23. Chemical shift index of the identified amino acids of the uniformly labeled “C, "N
CD4(372-433) peptide. AAS means secondary chemical shift as described in section 2.2.3. The red
columns show the secondary chemical shifts obtained from CD4(372-433) reconstituted in POPC
lipid bilayers of the current work. Positive indices (greater than +1.5) indicate o helical structure. The
numbers in Ala381, Phe386, Gly378, Gly379, Gly382, Ile375, Leu374, Leu385, Val380 show the
positions of these residues in the CD4(372-433) primary structure. The black columns show the
secondary chemical shifts obtained from CD4(372-433) reconstituted in micelles of the previous

work®’,
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Fig. 3.24. Chemical shift index of the identified amino acid type of the uniformly labeled °C, °N
CD4(372-433) peptide reconstituted into POPC lipid bilayers of the current work. AAS means
secondary chemical shift as described in section 2.2.3. Positive indices (greater than +1.5) indicate o
helical structure while negative indices (smaller than -1.5) present B-strand elements. The number such

as 1, 2 present the number of same amino acid types which were assigned tentatively in this work.
All assigned signals of the reconstituted CD4(372-433) collected from PDSD-RR,
NCOCX and DQ/SQ-SPCS5 spectra are listed in Table 5.
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Table 5. Resonance list of the identified amino acids of CD4(372-433) in POPC bilayers

Number of Shift Standard
Group Atom Nucleus Assighnments
Resonance (ppm) Deviation
1 Al Ca 13C 55.871 16 0.24
2 Al Cp 13C 18.238 14 0.151
3 Fl Ca 13C 62.191 42 0.206
4 Fl Cp 13C 38.838 29 0.366
5 Fl Co 13C 132.45 4 0.317
6 F1 Ce 13C 130.978 9 0.3
7 F1l ok 13C 177.188 6 0.289
8 F1l cC 13C 129.383 7 0.418
9 Gl Ca 13C 47.809 75 0.165
10 Gl ok 13C 175.475 18 0.299
11 I1 Ca 13C 65.946 77 0.264
12 I1 Cp 13C 38.159 77 0.254
13 I1 Co 13C 14.291 60 0.19
14 I1 Cyl 13C 29.521 74 0.188
15 I1 Cy2 13C 17.696 54 0.174
16 I1 ok 13C 177.824 5 0.203
17 L1 Ca 13C 58.364 86 0.162
18 L1 Cp 13C 41.876 86 0.246
19 L1 Ccol,2 13C 23.435 51 0.236
20 L1 Cy 13C 26.967 88 0.233
21 L1 ok 13C 178.364 24 0.137
22 Pl Ca 13C 62.624 20 0.269
23 Pl Cp 13C 32.099 17 0.41
24 Pl Co 13C 50.645 11 0.293
25 Pl Cy 13C 27.441 22 0.302
26 R1 Ca 13C 59.88 5 0.273
27 R1 Cp 13C 28.956 2 0.785
28 R1 Co 13C 43.402 6 0.511
29 R1 cC 13C 159.753 3 0.034
30 S1 Ca 13C 62.346 2 0.281
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31 S1 CpB 13C 62.816 2 0.315
32 V1 Co 13C 67.132 79 0.171
33 V1 Cp 13C 31.523 66 0.163
34 V1 Cyl 13C 23.536 48 0.346
35 V1 Cy2 13C 22.07 48 0.154
36 V1 c’ 13C 177.865 13 0.294
37 A2 Ca 13C 54.389 2 0.349
38 A2 CB 13C 18.127 2 0.234
39 R2 Co 13C 58.926 1 0
40 R2 CB 13C 29.099 1 0
41 R2 Co 13C 43.596 1 0
42 R2 cq 13C 159.164 3 0.037
43 A373 | Ca 13C 55.874 2 0.1
44 A373 |[Cp 13C 18.015 10 0.144
45 L374 | Cx 13C 58.233 16 0.189
46 L374 |CR 13C 41.535 4 0.423
47 L374 | Co 13C 23.551 2 0.01
48 L374 |Cy 13C 27.051 6 0.16
49 I375 | Ca 13C 65.55 4 0.207
50 I375 | CP 13C 38.132 5 0.359
51 I375 | Cd 13C 13.98 3 0.018
52 I375 |Cy2 13C 17.67 4 0.147
53 G378 | Cu 13C 47.112 1 0
54 G378 | C’ 13C 174 .684 1 0
55 G379 | Cu 13C 47.733 9 0.207
56 G379 | C 13C 175.299 1 0
57 G379 |N 15N 109.193 2 0.207
58 V380 | Ca 13C 67.095 15 0.144
59 V380 |CP 13C 31.404 5 0.287
60 V380 | Cyl 13C 23.744 1 0
61 V380 | Cy2 13C 22.116 3 0.202
62 A381 | Co 13C 56.05 23 0.296
63 A381 |[Cp 13C 18.105 15 0.209
64 V381 | Cyl 13C 23.744 1 0
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65 G382 | Cu 13C 47.575 12 0.133
66 G382 |N 15N 105.349 1 0
67 L385 | Cu 13C 58.337 13 0.28
68 L385 [ CR 13C 42.114 1 0
69 F386 | Co 13C 62.335 4 0.163
70 F386 |[CR 13C 38.36 10 0.208
71 I387 | C 13C 177.462 1 0
72 G388 |N 15N 107.616 2 0.147
73 L389 | Cu 13C 57.533 1 0

3.4. Interaction of CD4(372-433) and Vpu in POPC bilayers

After the topologies of CD4(372-433) and Vpu in POPC bilayers were tested
separately, unlabeled CD4(372-433) peptide and "’C-, °N- labeled full-length Vpu
protein were co-reconstituted into POPC bilayers using the same lyophilization
method as described in section 2.1.2. The NMR signals deriving from the
reconstituted Vpu in absence (Fig. 3.25A) and presence (Fig. 3.25.B) of CD4(372-433)
were analyzed to see if there are spectral peaks that indicate interaction between
CD4(372-433) and full-length Vpu in phospholipid bilayers. However, due to the "°C,
>N uniformly labeled scheme that gives rise to crowded peaks in the PDSD-RR
spectra of Vpu samples and the dominant NMR signals of the transmembrane part of
Vpu, no significant difference was observed in the aliphatic carbon regions of the

PDSD-RR spectra (Fig. 3.25).

There are significant differences in the carbonyl regions of Fig. 3.25, which is the
appearance of the delta carbons from glutamic amino acids (Fig. 3.25.B, rectangle 1).
However, the data from current work is not statistically enough to claim whether the
delta carbon (GluCd) signals are involved in the interaction between Vpu and
CD4(372-433) in POPC bilayers. Besides, the rehydration level that was used in the
lyophilization method to prepare proteoliposome as presented in section 2.1.2 might
also effect to the mobility of the cytoplasmic part and therefore to the appearance of
GluC9 signals. The GluCod signals appear at the rehydration level of 18% (Fig.3.25.B,
rectangle 1) but disappear at the rehydration level of 0% (Fig. 3.26, rectangle 1). It
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seems there is a correlation between the appearance of GluCd signals and the
rehydration level. However, the correlation between the appearance of GluCd signals
and the rehydration level of 18% was tested once in this work. The data is not
statistically enough to confirm if the appearance of GluC9d signals only depends on the
rehydration level. Furthermore, the interaction between the Vpu cytoplasmic part and

POPC bilayers was not yet tested in this work.

Taken together, effects of rehydration levels and interaction of Vpu cytoplasmic
part to POPC bilayers on the Vpu cytoplasmic part also need to be taken into account

together in studies of interaction between CD4 and Vpu.
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Fig. 3.25. 2D "C -"C correlation PDSD-RR spectra of the uniformly labeled *C, "N full-length Vpu
protein in POPC lipid bilayers. A) The Vpu sample was reconstituted into the bilayers in presence of
CD4(372-433) with the rehydration degree of 10%. B) The Vpu sample was reconstituted into the
bilayers in absence of CD4(372-433) with the rehydration degree of 18%. Each spectrum with 3 mg
of the Vpu protein was acquired at 800 MHz 'H Larmor frequency with a spinning speed of 12500 Hz,
160 scans and 300 ms of mixing time. The experiment was conducted around 0°C (the temperature of
the sample). The data were processed using Lorentzian-to-Gaussian apodization function with 100 Hz

of Lorentzian line sharpening, 200 Hz of Gaussian line broadening prior to Fourier transform.

81



1

20+ .20

301¢ .30
€ €
Q. Q.
2 40l 40 &

501 450

60 : .60

70 70

190

3C (ppm)
Vpu in POPC bilayers in absence of CD4 (372-433) - 0% Rehydration

Fig. 3.26. 2D "C -"C correlation PDSD-RR spectra of the uniformly labeled °C, "N full-length Vpu
protein in POPC bilayers with 3 mg of the Vpu protein. The spectrum was acquired at 800 MHz 'H
Larmor frequency with a spinning speed of 12500 Hz, 160 scans and 300 ms of mixing time. The
experiment was conducted around 0°C (the temperature of the sample). The data were processed using
Lorentzian-to-Gaussian apodization function with 100 Hz of Lorentzian line sharpening, 200 Hz of

Gaussian line broadening prior to Fourier transform.
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Chapter 4. Discussion and Conclusions

The mobility, topology and conformation of full-length Vpu and CD4(372-433) in
POPC lipid bilayers were explored with the aid of solid-state NMR spectroscopy. The
findings suggest that: (i) the cytoplasmic parts of Vpu and CD4(372-433) in POPC
lipid bilayers are mobile and the Vpu cytoplasmic part is located in the proximity of
the water region; (ii) the transmembrane parts of the reconstituted proteins are inserted
in POPC lipid bilayers in which the reconstituted Vpu forms a pore-like structure with
water accessibility; (ii1) Vpu and CD4(372-433) in POPC bilayers adopt a well-folded
conformation in which the transmembrane part of the CD4(372-433) and the identified
amino acids Val, Ala, Ile which are major component of the transmembrane part of
Vpu have an alpha helical structure; (iv) the cytoplasmic part of Vpu is indicative of
conformational disorder.

4.1. Mobility of the reconstituted proteins and the effects of
reconstitution methods

The missing signals deriving from the amino acids Thr, Ser, Asp, Lys, Gln, and
Glu (Fig. 3.1.C and Fig. 3.2) are indicative of mobility in the cytoplasmic part of the
reconstituted Vpu. This mobility was observed again via the enhancement of the NMR
signals deriving from GCa, DCy, SCa, SCP (Fig.3.14) and the amorphous regions (the
ovals 3 and 4 in Fig. 3.16) when cooling the sample below the freezing point. The
mobility was also seen via the enhancement of the non- specific °C shifts deriving
from the cytoplasmic part of CD4(372-433) in POPC bilayers when cooling the
sample in the DQ/SQ experiment (Fig. 3.22).

The finding of the mobility on the atomic level in the cytoplasmic part of Vpu in
POPC bilayers contributes additional information to the understanding of the dynamics
of this protein in the lipid environment. There is evidence of a modification of the
activity of proteins'~ in the bilayers and the dynamics complex assembly* by the lipid
environment. Thus, understanding the mobility of Vpu in POPC bilayers in the
current work is very useful for future studies, specifically the studies of interaction

between Vpu and its partners.

84



In addition to the observation of mobility, the appearance of NMR signals in
spectra was shown to be strongly affected by the preparation of the reconstituted
proteins. In one preparation of CD4(372-433) that was prepared by centrifugation
instead of lyophilization followed by rehydration, many protein signals are missing
(Fig. 3.3, red). This finding may be caused by a loss of sample or an increased
mobility due to a higher hydration level of the sample, which may lead to an increased

mobility of the protein.

Thus, these results are the helpful guidance for future investigations when choosing
the pulse schemes and preparing lipid models using POPC lipids to study CD4, Vpu,

and other integral membrane proteins.

4.2. Vpu in POPC bilayers with and without presence of CD4(372-433)

The analysis of NMR signals deriving from Vpu in POPC bilayers with and
without presence of CD4(372-433) were performed to get insight into the binding
interface of Vpu-CD4(372-433) interaction on Vpu amino acid sequence. However,
NMR peaks in the *C-">C correlation spectra recorded from the Vpu proteoliposomes
were overlapped and most of the peaks in the spectra recorded above the freezing point
can be assigned to the transmembrane domain of Vpu. This obscures the search for
NMR signals involved in Vpu-CD4(372-433) interaction. No significant difference
was found in the aliphatic carbon regions of Vpu samples with and without presence of
CD4(372-433) (Fig. 3.25).

The crowded spectra with the dominant signals deriving from the Vpu
transmembrane domain would be reduced by replacing the labeling scheme for Vpu
and CD4(372-433). For example, instead of using uniformly °C, °N glucose as in this
work, 1-C glucose and 2-"°C glucose may be used to label Vpu and CD4(372-433),
respectively. This labeling scheme may help not only to reduce the overlapping signals
from the Vpu TM domain but also to increase the ability to identify binding interfaces
of Vpu-CD4(372-433) interaction in both Vpu and CD4(372-433) amino acid

sequences.

The significant difference found between spectra of Vpu reconstituted in presence

of CD4(372-433) and the Vpu reconstituted in absence of CD4(372-433) is the
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missing of GluCd in the reconstituted Vpu in presence of CD4(372-433). However,
this observation may attributed to a difference in the hydration levels of the samples or

the interaction of the Vpu cytoplasmic domain with POPC lipid.

As mentioned before, full-length Vpu(1-81) is known to have two amphipathic
alpha helical fragments in the cytoplasmic domain®°. The first amphipathic alpha
helical fragment includes residues from 39 to 50, whereas the second consists of
residues from 60 to 70 (Fig. 1.2.A). Except for Glu29, other Glu residues are mainly
located in the loop that contains the phosphorylation sites (Ser53 and Ser57) and in the
second amphipathic alpha helical fragment such as Glu48, Glu51, Glu56, Glu58,
Glu62, Glu63 and Glu69. Thus, the changes of GluCd observed in this work suggest
some structural changes of the cytoplasmic part of Vpu in POPC bilayers. The changes
might be caused by the binding between Vpu and CD4(372-433) as mentioned in
previous studies. It was indicated that the folding of the cytoplasmic part of Vpu
depends on the membrane-like environment'®'' and that the folding of Vpu
cytoplasmic part might be important for interaction between Vpu and CD4’. A
synthetic Vpu peptide comprising the cytoplasmic domain from residues 32 to 81°
forms an alpha helical structure in the aqueous solution only when trifluorethanol that
mimics a membrane-like environment is present®’. This synthetic peptide was not
found to bind to CD4 in an in vitro assay, while other Vpu cytoplasmic domain

(Vpuye) that forms amphipathic alpha-helical structure could still bind to CD4’.

Together with these previous findings, the above questions rising from the findings
of the GIuC3d signals in this work recommends further experiments which focus on the
structural changes of the Vpu cytoplasmic domain in POPC bilayers and the ability of
Vpu to bind to CD4.

4.3. Topology of Vpu and CD4(372-433) in POPC lipid bilayers

The topology of the reconstituted Vpu and CD4(372-433) were determined and
analyzed as shown in Section 3.2.1 and Section 3.2.2, respectively. In both cases,
residues Val and Ile, which are mainly located in the transmembrane domains of Vpu
and CD4, were found predominantly in the lipid side-chain planes of the 3D data set.

Furthermore, the °C signals from Gly residues, which are located mainly in the CD4
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transmembrane part (Fig.1.1.C), were found primarily receiving the 'H magnetization
from the lipid side-chain source (Fig. 3.9). Taken together, the transmembrane parts of

the reconstituted proteins Vpu and CD4 are inserted into the lipid side-chain region.

The residues Glu and Lys, which are located only in the cytoplasmic part of the
Vpu primary structure (Fig.1.2.A), were found in the water plane but not in the lipid
side-chain plane (Fig. 3.8). This suggests that the cytoplasmic part of the reconstituted

Vpu is in close contact with the water interface.

The comparison of the number of the ">C cross-peaks in the lipid side-chain planes
(Fig.3.8.C&D) with the number of the peaks in the water interface (Fig.3.8.A) reveals
that the Vpu protein part that is inserted in the lipid bilayers has a higher degree of
rigidity than the Vpu protein part in the proximity of the water interface. In addition,
the observation of the very similar configuration of residue type Val in both of the
water and lipid planes (Fig. 3.8.A,C,&D) indicates that these signals may originate
from the identical set of amino acids. Similar phenomena were found for amino acid
types Ala and Ile. Because most of the residues Val, Ala, Ile are belong to the
transmembrane part in the Vpu primary structure, it is likely that these Val, Ala, and

Ile reside in the Vpu TM part of the reconstituted Vpu.

If the TM helices of a membrane-reconstituted protein are in close proximity to the
inner part of the lipid as well as to the water, this finding can best be explained by a

formation of a water-permeable pore of VpU.

Taken together, these findings of the Vpu TM part in POPC bilayers suggest the

existence of a pore-like structure which is water permeable.

As introduced in section 1.1.2, the transmembrane part of Vpu is responsible for
the budding of new virions from infected cells. When analyzing this biological
function of Vpu, several previous studies and reviews postulated that Vpu could
function as an ion channel'®'?. This postulate was then demonstrated by experimental
evidences and the conclusion is that Vpu forms an ion channel in lipid bilayers13 A415,16
The formation of the ion channel is attributed by association of alpha helical
transmembrane segments into homo-oligomeric bundles in which ions pass through

the central pore of the helix bundle®'"'*".
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Thus, the finding of the pore-like structure with the water accessibility in the
current work provides additionally experimental evidence for the existence of the

channel in transmembrane part of Vpu in the lipid bilayers.

In case of CD4, the surrounding of the cytoplasmic part by water is not as clear as
in the case of the Vpu even certain Leu signals were found in the water plane. It is
possible that the mobility of the cytoplasmic part (Fig. 3.22 and Fig. B7) results in the
missing of this part in the 3D water-edited experiment (Fig. 3.10.A).

The Leu residues of the reconstituted CD4 were also found to have similar
conformation in both of the lipid side-chain and the water planes. However, there is no
pore-like structure formed in this case because the signals from residue types Val and
Ile, which are main component of the transmembrane part of CD4 primary structure,
were not found above the noise level in the water plane. This evidence also supports

the finding of the pore-like structure in the reconstituted Vpu.

4.4. Resonance assignments of the reconstituted proteins

In both cases of the reconstituted Vpu and CD4(372-433), prominent intra-residue
and inter-residue cross-peaks were found and assigned to the amino acids in the
transmembrane domains of the primary structures. The analysis of secondary chemical
shift shows that the detected residues indicate alpha helical structure (Fig. 3.15, 3.23,
3.24). In the case of CD4(372-433), the amino acid site-specific assignment was
achievable for most of the residues in the transembrane part, whereas the assignment
of the reconstituted Vpu is only amino acid type-specific. This finding thus shows the
well-folded conformation in both of the reconstituted Vpu and CD4(372-433). The
well-folded conformation is also accountable for the higher degree of rigidity in the
Vpu transmembrane part compared with its cytoplasmic part in the results of the

water-edited experiments (section 3.2.1).

The finding of the alpha helical structure in the identified amino acids deriving
from the transmembrane part of the reconstituted Vpu is consistent with previous
studies on Vpu(1-40)*° and Vpu(2-30+)*'. These previous studies confirms that the

transmembrane part of Vpu possess alpha-helical structure. Similar agreement was
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also found for the CD4(372-433): the alpha helical structure was reported for a

CD4(372-433) in aqueous solution®* and micelles™.

The cytoplasmic part of Vpu contains the identified amino acids with different
secondary structures (Fig. 3.15). This shows a conformational disorder in the
cytoplasmic part of the reconstituted Vpu. In contrast, the identified amino acids of the
cytoplasmic part of CD4 only show alpha helical structures for residues Arg and Ser
(Fig 3.24). This information is insufficient to claim that the cytoplasmic part CD4 is
completely disordered. In addition, the major parts of the cytoplasmic parts in both
reconstituted proteins were not able to be assigned due to the missing signals that were

caused by the mobility in these parts.

The assignment in the current work was performed on the uniformly labeled "°C,
>N proteins. The results clearly show that with this labeling scheme, it is impossible to
get NMR constraints for determining 3D structures. It is possible that the strong
mobility in the cytoplasmic parts and the oligomerization of Vpu in the transmembrane
part cause the difficulties in the assignment. For the future work, other pulse schemes
rather than the PDSD-RR and the DQ-SPC5 (for example PARIS-xy**, DARR® with
higher spinning speeds- more than 20kHz), lower temperature (-40°, -50°C) and
different composition of lipid environment (rather than using only POPC) should be
used to handle the mobility and obtain additional information of the structure of the

cytoplasmic parts.
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Appendix A

Pulse Sequences
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Fig. Al. Pulse sequence of INEPT experiment without proton spin diffusion block. The filled and
empty rectangular boxes present 90° and 180° pulses, respectively. During the delays tl1, the anti-
phase magnetization is generated under the effect of J coupling. In the end of this duration, the anti-
phase magnetization from proton was transferred carbon via two 90° pulses. During the delays 12 the
anti-phase magnetization of °C spins evolves into an in-phase state that is observable and detected on
the carbon channel. DEC is the decoupling which is used to remove the heteronuclear dipolar-dipolar
coupling between proton and carbon. t; is the evolution time and t, is acquisition time.
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Fig. A2. Pulse sequence of INEPT experiment with proton spin diffusion block t(HH). The filled and
empty rectangular boxes present 90°, 180° pulses, respectively. During the delays 11, the anti-phase
magnetization is generated under the effect of J coupling. In the end of this duration, the anti-phase
magnetization from proton was transferred carbon via two 90° pulses. During the delays 12, the anti-
phase magnetization of *C spins evolves into an in-phase state which is observable and detected on
the carbon channel. DEC is the decoupling which is used to remove the heteronuclear dipolar-dipolar
coupling between proton and carbon. t; is the evolution time and t, is acquisition time.
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Fig. A3. The pulse schemes of water-edited solid-state NMR spectroscopy. The filled and empty
rectangular boxes present 90°, 180° pulses, respectively. 11 is the delay. t(HH) is proton spin diffusion
period. CP is the cross polarization technique (section 1.2.2). A) Pulse sequence is used to record 2D
'H -C correlation spectra. t; and t, show evolution and acquisition times. B) Pulse sequence is used to
record 3D 'H -BC -"*C spectra. t(CC) is the carbon-carbon mixing period. t; and t, show evolution
times of 'H and °C, respectively. t; show the acquisition time.
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Fig. A4. A) The magnetization transfer pathway at short carbon-carbon mixing times (t(CC) in range
of 10 ms -50 ms), which gives rise to intra-residue cross peaks in MAS solid-state NMR spectra. B)
Pulse sequence of PDSD-RR technique. CP means cross polarization (section 1.2.2). The black bars
indicate the 90° pulses. DEC is SPINAL decoupling technique (as introduced in section 1.2.3 and
section 2.2.1). t(CC) is the carbon-carbon mixing time. C) Pathway 1: polarization transfer among C’-
Ca of the same amino acid. Pathway 2: the weak inter-residue coupling mediates the polarization
transfer between C’-Ca of consecutive amino acids. Pathway 3 happens at long mixing time (in range
of 50 ms -300 ms or more) and gives rise to the inter-residue cross peaks in NMR spectra. The
magnetization transfer pathways were depicted in absence of 'H spins.
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Fig. AS5. Pulse sequence of double quantum SPCS5 experiment. The black bars indicate the 90° pulses.
SPC-5 means the double quantum filter SPC5 technique. t; and t, shows the evolution and acquisition
times, respectively. After Fouriour transformation, data collected during tl are presented in DQ
dimension of DQ/SQ spectrum.

A)

|
NP

fe/\

cp

cp

|
\ /CG\E
NCC
] 0

13C

|I_CP DEC DEC
[p]  |cr |
t
t
[cr ] |“CC’ IM

Fig. A6. Pulse sequence of sequential link NCOCX experiment. A) Polarization transfer pathway with
CC mixing time t(CC) in the pulse scheme (B) shorter than 70ms. The black bars indicate the 90°
pulses. CP means the cross-polarization technique. DEC means the decoupling. t;, t, and t; show
evolution and acquisition times. t2 = 0 in a 2 dimensional experiment.
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Appendix B

Additional figures from the experimental results
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Fig. B1. Lipid signals at above (A) and below (B) the gel to liquid phase transition. (at the temperatures from -3°C to -15°C).—N—(CH,); shows shifts of 'H atoms in the
methyl group at the head of POPC. (CH,)n— presents shifts of '"H which reside in the side-chain of POPC.

95



8
N"/— 8
\8
1
B)
6H-C osH_C _
E 11H-C TH- ) Si=G rO0
a8 12H-C , N i2
e i
- 14H-Ckink B8y ¢ @{ L4
13H-C\_ ? I
& X 8H-C
9H-C -6
T = T T ©\ T T T T T T T T T T T T T T T T T T T
140 120 100 80 60 40 20

w, - C (ppm)
Fig. B2. Structure of POPC lipid from Atvanti Polar Lipids, Inc (A) and and INEPT 2D 1H-13C correlation spectrum of the POPC lipid. The spectrum was acquired at

600 MHz 'H frequency with spinning speed of 9375 Hz, 128 scans. The experiment was conducted above the gel to liquid phase transition temperature of the POPC
lipid. The pulse scheme is presented in Fig. A4.

Table B1: Chemical shifts of POPC lipid (POPC structure in Fig. B3)

Assignment 1H-C 2H-C 3H-C 4H-C 5H-C 6H-C 7H-C 8H-C 9H-C 11H-C 12H-H 13H-C 14H-C
'H (ppm) 0.79 1.21 1.46 1.92 1.21 1.18 2.23 3.14 4.20 4.05 3.62 5.20 5.23
BC (ppm) 16.65 2539 27.60 29.93 32.49 34.68 36.51 56.39 61.93 65.84 68.38 72.75 131.63
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Fig. B3. Carbonyl region of 2D "C -"*C correlation PDSD-RR
spectrum of the uniformly labeled C, "N full-length Vpu
protein in POPC bilayers. The spectrum was acquired at 800
MHz 'H frequency with a spinning speed of 12500 Hz, 160
scans. The *C mixing time is 300 ms. The evolution time of *C
equals 4.5 ms. The experiment was conducted around 0°C (the
sample temperature). Data were processed using Lorentzian-to-
Gaussian apodization function with 100 Hz of Lorentzian line
sharpening, 200 Hz of Gaussian line broadening prior to Fourier
transform.
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Fig. B6. A comparison of the carbon shifts of Vpu in POPC bilayers with carbon shifts of Vpu (39-81)
in micelle. The back contour signals are from DQ/SQ spectrum shown in Fig. 3.13). The plus symbols
are the carbon shifts deriving from the liquid state NMR experiments using Vpu (39-81) peptide
sample reconstituted into DPC as described in Fig. 2.6
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Fig. B7. A comparison of the carbon chemical shifts of CD4 (372-433) into POPC bilayers with CD4
(372-433) into micelle. The back contour line signals are signals from the DQ/SQ-SPC5 spectrum as
previously shown in Fig. 3.22. The plus symbols are the carbon shifts deriving from the liquid state
NMR experiments with the CD4 (372-433) peptite reconstituted into DPC micelles as described in

Fig. 2.5.
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