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ABSTRACT
STRUCTURE AND FUNCTION STUDY OF HIV AND INFLUENZA FUSION PROTEINS
By
Shuang Liang

Human immunodeficiency virus (HIV) and influenza virus are membrane-enveloped
viruses causing acquired immunodeficiency syndrome (AIDS) and flu. The initial step of HIV and
influenza virus infection is fusion between viral and host cell membrane catalyzed by the viral
fusion protein gp41 and hemagglutinin (HA) respectively. However, the structure of gp41 and HA
as well as the infection mechanism are still not fully understood. This work addresses (1) full
length gp41 ectodomain and TM domain structure and function and (2) IFP membrane location
and IFP-membrane interaction. My studies of gp4l protein and IFP can provide better
understanding of the membrane fusion mechanism and may aid development of anti-viral
therapeutics and vaccine.

The full length ectodomain and transmembrane domain of gp41 and shorter constructs
were expressed, purified and solubilized at physiology conditions. The constructs adopt overall o
helical structure in SDS and DPC detergents, and showed hyperthermostability with T, > 90 °C.
The oligomeric states of these proteins vary in different detergent buffer: predominant trimer for
all constructs and some hexamer fraction for HM and HM_TM protein in SDS at pH 7.4; and
mixtures of monomer, trimer, and higher-order oligomer protein in DPC at pH 4.0 and 7.4.
Substantial protein-induced vesicle fusion was observed, including fusion of neutral vesicles at
neutral pH, which are the conditions similar HIV/cell fusion. Vesicle fusion by a gp41 ectodomain

construct has rarely been observed under these conditions, and is aided by inclusion of both the FP



and TM, and by protein which is predominantly trimer rather than monomer. Current data was
integrated with existing data, and a structural model was proposed.

Secondary structure and conformation of IFP is a helix-turn-helix structure in membrane.
However, there has been arguments about the IFP membrane location. *3C-2H REDOR solid-state
NMR is used to solve this problem. The IFP adopts major o helical, minor 3 strand secondary
structure in PC/PG membrane. The o helical IFP’s with respectively 1*CO labeled Leu-2, Ala-7
and Gly-16 all show close contacts with the lipid acyl chain tail, suggesting IFP has strong
interaction with the membrane. By screening the current IFP topology models, it either has a
membrane-spanning confirmation, or it promotes lipid trail protrusion.

IFP bounded lipid membrane structure was studied by paramagnetic relaxation
enhancement (PRE) solid-state NMR to provide more information about the detailed IFP
membrane location model. The T» relaxation time and rate were measured for membrane with or
without IFP and with or without Mn?*. Based on the results, it is concluded that IFP does not
promote lipid protrusion at both gel phase and liquid phase, which is evidenced by that the R>
difference with and without Mn?* is smaller for IFP free membrane than IFP bounded membrane,
meaning IFP does not induce a smaller average distance between lipid acyl chain and aqueous
layer. By integrating these results, a IFP membrane spanning model was proposed, in which IFP

N-terminal helix adopts a 45° angle with respect to membrane normal.
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Chapter 1
Introduction to HIV gp41 and influenza hemagglutinin

fusion proteins



1.1 Introduction to HIV gp41 fusion protein
1.1.1 HIV virus structure and its infection pathway

The Acquired Immunodeficiency Syndrome (AIDS) is a disease that causes human
immune system failure and it is caused by the Human Immunodeficiency Virus (HIV). HIV/AIDS
is one of the most significant infectious disease challenges in the world. According to World Health
Organization (WHO), there were approximately 36.7 million people living with HIV and 1.1
million people died from HIV related diseases in 2015. There is no cure or vaccine for HIV. The
HIV antiretroviral drugs can suppress the viral replication in human and allow human immune
system to recover its capability to defend infection. However, only 46% of AIDS patients are using
these antiretroviral drugs and the cost of the drug is around $20,000 per year.

HIV virus has two types: HIV-1 and HIV-2, and the current studies mainly focus on the
HIV type 1 virus. In the following contents in this dissertation, HIV refers to HIV type 1 virus.
HIV virus has a diameter about 100-120 nm and its structure is shown in Figure 1.1.2 HIV is in the
genus Lentivirus, which is part of the family Retroviridae. HIV virus is an enveloped virus,
meaning the virion is wrapped by lipid membrane. There are ~72 “knob” on the viral membrane,
which are the viral glycoprotein trimers.® These proteins are cleaved inside the host cell from a
precursor called gpl60 into two noncovalently bonded glycoproteins: external surface protein
gpl120 and transmembrane protein gp4l which are responsible for virus binding to host cell
membrane and promoting viral and host cell membrane fusion, respectivley.* The matrix proteins
forms a sphere underneath membrane to ensure the viral structure and integrity of the virion. There
are two identical positive single-stranded RNAs enclosed by a conical shaped capsid. The reverse

transcriptase and nucleocapsid proteins are also closely associated to the RNA.> 5 ©
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Figure 1.1 Cutaway schematic of the structure of an HIV virion.



Figure 1.2 (A)Stages of the HIV-1 life cycle. The yellow boxes in the diagram show the possible
antiretroviral therapy mechanism.” (B) Schematic infection model of HIV. The spikes on virion
are gpl120/gp41 complex. (a) Binding of HIV on host cell, (b) Hemifusion of viral and host cell
membrane, (c) Pore formation, and (d) complete fusion and entry of viral genetic material into the
host cell. (C) Electron microscopy pictures of HIV infection process correspond to panel B. & (D)
Schematic infection model of an alternative HIV entry pathway via clathrin-mediated

endocytosis.®



The infection cycle of HIV is shown in Figure 1.2 panel A. This process is initiated by the
binding of gp120 onto the host cell. HIV infects vital cells in the human immune system such as
CD4" T cells and macrophages.® 1% ! The gp120 typically binds to the CD4 molecules on the host
cell where gp120 and CD4 forms a cavity-laden interface and this binding can cause structural
changes in gp120. This conformation change facilitates the coreceptor, such as CXCR4 and CCR5,
which are in the chemokine receptor family, to bind to a conserved binding site on gp120.1> 3
After the binding, gp120 is displaced and results in the exposure of gp41.The function of gp41 is
to catalysis the fusion between viral and host cell membrane and during the fusion process a large
conformational change happens.'* ® At the end of the fusion, a fusion pore is formed and the
nucleoprotein complexes can get into the host cell. Figure 1.2 panel B and C are the schematic
diagram and electron microscopy pictures of the fusion process.2 On the other hand, endocytosis
is another alternative entry pathway for HIV. Electron microscopy results showed that HIV can
be endocytosed via clathrin-coated pits (Figure 1.2 D).% ® After fusion, the RNA is reverse
transcribed into DNA catalyzed by reverse transcriptase and then the DNA can get into the host
cell nucleus and be integrated into the host cell genome. Then the viral proteins can be expressed
and finally new viruses bud from the host cell membrane and start the new infection cycle.*® The
antiretroviral drugs are designed based on the virus replication process. To prevent the drug
resistance, antiretroviral drugs are usually administered in combination and help the patient to live

a near-normal life span.’

1.1.2 Structure of gp41
The HIV envelop glycoproteins forms a “knob” shape complex on the viral membrane in

a noncovalent manner where three molecules of gp120 form the “cap” and three molecules of gp41



form the “stem” (as shown in Figure 1.2 on the virus surface).” ** The function of gp120 includes
the target cell binding while gp41 fuses the viral and host cell membrane to release the RNA into
host cell. The gp120 and gp41 are the product from a precursor gp160 which is expressed from the
viral gene and be cleaved in the host cell .2 Since gp41 plays a key role in membrane fusion, it has
been a target protein in HIV vaccine and antiretroviral drug development. Gp4l is a
transmembrane protein with 345 amino acids. The schematic diagrams of full-length HIV gp41
and the corresponding amino acid sequence are shown in Figure 1.3. Numerous of previous work
illustrates that the gp41 undergoes a huge conformational change before and after fusion. X-ray
crystallography and cryo-electron microscopy are used to study the structure of gp4l and big
progresses has been made for reveal the structure and its possible fusion mechanism. 15 7-19
Chan and his coworkers* found out the high resolution X-ray crystallographic structure
using a protein-dissection approach by which they were able to obtain a water soluble, highly
stable complex consists of two peptide fragments denoted N36 and C34. The N36 peptide
corresponds to residue 546 — 581, which is in the NHR region, while C34 peptide are residue 628
—661 and it is in the CHR region. The complex is a six-helical bundle (SHB) whose center consists
of a parallel trimeric coiled-coil of three N36 helices and three C34 helices wrap antiparallel
outside of the center trimer (Figure 1.4). This complex has a ~35 A diameter and ~55 A height.
The N36 coiled-coil adopts the “knobs-into-holes” packing, which allows f-branched residues in
the complex center to pack into the cavities in the nearby helices. The three C34 helices pack into
the highly conserved and hydrophobic grooves on the N36 trimer surface. The analog single chain
protein N34(L6)C28 (residue 546 — 579 in NHR, six residue linker SGGRGG and residue 628 —
655 in CHR) also has confirmed the formation of a-helix trimer and showed high termostability.?°

This SHB structure is believed to be the structure of gp41 at post-fusion state.?!: 2
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Figure 1.3 (A) Schematic diagrams of full-length HIV gp41 and corresponding colors: FP = fusion

peptide, red; NHR = N-helix region, blue; Loop, grey; CHR = C-helix region, green; MPER

membrane-proximal external-region, pink; TM = transmembrane domain, orange; and endo

endodomain, white. (B) Amino acid sequences with colors matching segments in panel A except
for the endo domain in black. The sequence is from the HXB2 laboratory strain of HIV and have

the gp160 precursor residue numbering, 1-511 for gp120 and 512-856 for gp41.
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Figure 1.4 (A)Sequence of the N36/C34 complex. (B) The end-on view of the N36/C34 complex
looking down the three-fold axis of the trimer. The N36 residues are in blue and the C34 residues
are in red. (C)The side view of the N36/C34 complex. The amino termini of the N36 helices point

toward the top of the page, while those of the C34 helices point toward the bottom.*



Other researchers'> 1% 22 studied the structure of soluble, cleaved HIV envelope
glycoprotein trimer by X-ray crystallography and cryo-electron microscopy with ~ 5 A resolution.
In these studies, the gp120/gp41l complex were obtained from HIV virion and stabilized by
antibodies, and the structure was at a prefusion state of gp41. The schematic diagram and the
structure for the complex is shown in Figure 1.5. In this study*®, gp41 NHR formed a ~50 A helix
trimer bundle and an additional short helix extended but was kinked away from the trimer axis.
CHR had a ~60° angle relative to NHR and it wrapped around central trimer bottom (Figure 1.5 B
and C). This NHR/CHR interaction in pre-fusion state was completely different compare to the
post fusion state, where NHR and CHR formed closely packed SHB.* Similar structures were
observed from cryo-electron microscopy results.!® 22 The difference of the NHR coiled-coil
structure in pre- and post- fusion stated is shown Figure 1.6.%> There was a 15° angle change in
each N-terminal helices from the pre-fusion state (Figure 1.6 A) to the post-fusion state (Figure
1.6 B). In addition, in the post-fusion state, the N-terminal helices became more compactly packed
and the NHR/CHR SHB was formed.

Although the X-ray crystallography and cryo-electron microscopy results illustrated a lot
details about the core domain of gp41 before and after fusion, the membrane-associate MPER and

TM domain were truncated in gp140 proteins, and the FP structure was missing.
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Figure 1.5 (A) Schematic of the HIV gp140 construct studied®® in comparison to full-length gp160.
N-linked glycans are shown and numbered on their respective Asn residues. The FP, NHR, CHR,
MPER, transmembrane (TM), and endodomain elements in gp41 are indicated. The mutations are
shown in red, as well as the added N332 glycan site. The color coding is preserved in (B) and (C).
(B) Side view of the gp140 trimer. The main domains are labeled correspond to panel A and
glycans are shown as spheres. (C) gp41 in gp140 complex. Secondary structure determination was

ambiguous at the dashed line areas.
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facing cell membrane

facing viral membrane

Figure 1.6 Compare of NHR coiled-coil trimer at pre- and post-fusion states. (A) Top view of the
locations of the three N-terminal helices at pre-fusion state derived from cryo-electron microscopy.
(B) Top view of the locations of the same helices in the post-fusion state derived by X-ray
crystallography. (C) Superposition of the arrangement of the three N-terminal helices in pre-(cyan)

and the post-fusion (magenta) conformation.
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The fusion peptide (FP) is first 23 amino acid in the N-terminus of gp41 with sequence:
AVGIGALFLGFLGAAGSTMGARS. FP is a key domain for fusion, and the FP alone can
promote lipid vesicle fusion.?® Even the structure of FP was not clear in gp41 crystal or cryo-
electron microscopy results, there were a lot of NMR research on the peptide alone in both
detergent micelles and lipid membrane. The FP formed a-helical structure in the SDS or DPC
detergent micelles®* 25, however, other studies showed that FP formed antiparallel p-sheet structure
in physiologically relevant membrane environment.?’-3® In membrane containing ~30 mol %
cholesterol, the first 16 residues of FP had 0.30 fraction of antiparallel B sheet secondary structure
with residue 16—1/1—16 and 17—1/1—17 registries for adjacent strands (Figure 1.7 A) and
parallel B sheet with up to 0.15 fraction. The antiparallel conformation was also confirmed in a
larger gp41 construct. 2" 3% FP had two membrane locations: major deeply-inserted and minor
shallowly-inserted (Figure 1.7 B). ?° By studying the membrane location and fusogenicity of FP
wild type and V2E mutation, a positive correlation between the insertion depths and the fusion
activities was observed.?

Membrane proximal external region (MPER) is the ectodomain region that is closest to the
viral membrane. The MPER is 22 amino acid tryptophan-rich domain and the sequence is
ELDKWASLWNWFNITNWLWY IK. Liquid state NMR was used to study the MPER peptide in

DPC micelle and the result demonstrated a well-defined a-helical peptide (Figure 1.8 A).

12
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Figure 1.7 Models of FP in membrane. (A) Antiparallel 3 sheet FP with residue 16—1/1—16 or
17—1/1—17 registries for adjacent strands binding to membrane.?” The FP is shown as red lines
and the lipids are the blue sphere with gray lines.(B) Two membrane locations of FP studied by
13C-2H REDOR: majorly deep and minorly shallow insertion. The FP is 2*CO labeled on Gly 5,
Leu 12 and Gly 16 residues. The labels on both side of the diagram are the approximate
membrane locations of the ?H’s and 3'P’s where P = phosphorous in lipid; Chol_d6, Chol_d7,

PC_d4, PC_d8 and PC_d10 are deuterium in cholesterol or phosphocholine lipids. 2°
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Figure 1.8 Models of MPER and TM. (A) MPERees-633 in DPC micelle at pH 3.5 showing a
straight a-helix;*! (B) MPERGes2-6s3 in DPC micelles at pH 6.6 showing a L-shape kink between
two a-helices;*? (C) Crystallography result of NHRs47-575-CHRGg30-662-MPERGgs3-675 monomer=3,
The CHR and MPER forms a continuous helix and the MPER in this structure ends at 1675. (D)
Molecular dynamics (MD) simulation result of TMeg1-707 in membrane with Arg694 snorkeling
toward the membrane surface. TM peptide is shown in grey, Arg residues in blue, lipid molecules
in yellow and water molecules in red.3* (E) Liquid-state NMR result of MPERGg75-683-TMesa-704

peptide. The MPER and TM form a continuous o-helix with a turn at s90GGL Vo3 residues.®
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Additionally, the MPER peptide showed an amphipathic structure where the aromatic
residues were positioned on one side of the helix while the polar residues were on the other side,
suggesting the MPER was attached to the viral membrane.3! A newer study using liquid-state NMR,
electron paramagnetic resonance (EPR), and surface plasmon resonance (SPR) techniques
revealed that MPER had two discrete helical segments with a central hinge, forming an L-shape
(Figure 1.8 B).3? A crystal structure of gp41 containing NHR, CHR and MPER region revealed a
trimeric, coiled-coil SHB and the MPER extended from CHR in continuation of a slightly bent
long helix (Figure 1.8 C).*3

The transmembrane (TM) domain is a 22-residue domain that anchors the gp41 in the viral
membrane. Based on computer simulations data, it acquired a tilted a-helical conformation in
membrane and had tendency to form a trimer (Figure 1.8 D).3* ¢ Liquid state NMR also revealed
that MPER and TM forms an uninterrupted long o-helix (Figure 1.8 E).3® Even there were some
differences in the experimental conditions such as pH and the construct length, the MPER and TM
domains all showed high helicity. Although there is no high-resolution structure for the whole
gp4l protein, these isolated ectodomain or membrane segments structures provide a lot of

information and help further studies.

1.1.3 Possible membrane fusion mechanism

As concluded in the previous sections, after the gp120 binds to CD4 and coreceptor, gp4l
is exposed and the fusion process starts. The gp41 undergoes a large conformational change: from
a NHR/60°-turn/CHR structure to become a NHR/180°-turn/CHR SHB structure. Like gp41,
distinct change also happens in membrane structures during fusion (Figure 1.9).3” The fusion starts

with the lipid contact between viral and host cell membranes outer leaflet followed by stalk
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formation where the outer leaflets fuse while the inner leaflets stay unfused. Hemifusion
intermediate characterized by intermembrane lipid mixing and no contents mixing. This is
followed by breaking the hemifusion barrier and formation of a fusion pore.

There are several models being proposed to explain the mechanism of gp41l catalyzed
fusion.

Model 1'8: (1) gp120 binding and gp41 exposure; (2) formation of an “prehairpin
intermediate” (PHI) state followed by FP insertion into host cell membrane. The PHI is
hypothetically a NHR/0°-turn/CHR SHB structure and the NHR and CHR regions stay as trimer
bundle; (3) NHR and CHR in PHI state fold into SHB which consequently brings the two
membranes closer; (4) viral and host cell membrane hemifusion; (5) initial fusion pore formation;
and (6) fusion pore expansion (Figure 1.10). It was also proposed that the free energy released by
PHI folding to SHB is used to overcome the energy barrier during fusion process. However, there
are some evidence that is contradictory to this hypothesis. Either NHR, CHR, CHR+MPER or
NHR+loop+CHR peptides can inhibit fusion since these peptides were presumed to bind to the
PHI and stop the formation of SHB.?% 3 3% These functional studies showed that these peptides
stopped the fusion pore expansion which demonstrated that the pore formation happened before
PHI — SHB folding. There were also evidence supporting that the hemifusion happens before

SHB forms.*° Thus Model 2 was proposed:
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Figure 1.9 Stages of membrane fusion.

Cellular membrane

c

Figure 1.10 Schematic diagram of Model 1.18 (a) Trimer gp120 and gp41 at pre-fusion state; (b)
displacement of gp120 and PHI formation; (c) SHB formation; (d) gp41 at the SHB post-fusion

state. ‘A’ represents the transmembrane domain and ‘F’ represent the FP domain.
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Model 2%: (1) gp120 binding and gp41 exposure; (2) formation of PHI followed by FP
insertion into host cell membrane; (3) Viral and host cell membrane hemifusion; (4) initial fusion
pore formation; (5) PHI — SHB trimer folding; and (6) fusion pore expansion (shown in Figure
1.11). However, the oligomeric state studies at low pH or neutral pH with 6M GuHCI showed that
gp4l ectodomain formed stable hairpin monomers as well as stable hexamers, which is

contradictory with the trimeric PHI and SHB state in Model 2.4

(a) | ENVINITIAL STATE (b) | gp41 Pre-Hairpin
CELL MEMBRANE

gpl20 P
( f

<—CHR

= < 4— MPER
VIRAL MEMBRANE Pre-Fusion
(c) | gp41 Pre -Hairpin I

(d)

Post -Fusion

Hemi-Fusion

Figure 1.11 Schematic diagram of Model 2.%° (a) Trimer gp120 and gp41 at pre-fusion state; (b)
PHI formation and IFP inserted in host cell membrane; (c) Viral and host cell membrane
hemifusion; (D)gp41 at the SHB post-fusion state. FP is shown in red, NHR in blue, CHR in green

and MPER in white.
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Model 3*: (1) gp120 binding and gp41 exposure; (2) dissociation of gp41 ectodomain into
monomers and formation of extended PHI followed by FP insertion into host cell membrane; (3)
PHI — hairpin monomer folding that brings the two membranes close together; (4) hemifusion;
(5) initial pore formation; (6) hairpin monomer — SHB trimer — hexamer ectodomain assembly;

and (7) fusion pore expansion (shown in Figure 1.12)

Monomer Pre-Hairpiln Intermediate (PHI)

~_Host Cell Membrane [ |

gp120

Binding to host
receptors

Viral Membrane

| 1. Initial gp160 trimer |

Hexamer

7. Pore Expansion

2a. Exposure of FP after
the dissociation of gp120

6. Hairpin monomer

SHB trimer

Hexamer Assembly

A

2b. Insertion of FP into
the host membrane

1

Monomer Hairpin

3-5. Asynchronous PHI —>Hairpin
folding and subsequent hemifusion
and fusion pore formation

Figure 1.12 Membrane fusion Model 3 of gp41 ectodomain monomer and hexamer. The different

domains of gp41l are color coded the same as Figure 1.3 and the TM and endodomain are not
shown. One of the monomers is not displayed in steps 3—5. The initial gp41 structure of step 1 and

the final SHB structure of step 7 are based on high-resolution structures.'# 154
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As shown in Model 3, the PHI — SHB transition initializes the following hemifusion and
fusion pore formation. The PHI — SHB monomer folding was also supported by hyper-

thermostable ectodomain monomer. Besides, the stable hexamer is consistent with the requirement

of multiple gp160 trimers for membrane fusion and HIV infection. %42
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1.2 Introduction to influenza hemagglutinin fusion peptide
1.2.1 Influenza virus structure and its infection pathway

Influenza virus causes contagious respiratory illness that infects the nose, throat, bronchi
and lungs. Not only for human, influenza viruses also infect other mammals and birds.** According
to the World Health Organization’s report in 2009, even though influenza vaccine is the most
effective way to avoid infection and severe consequences, influenza virus still resulted in about 3-
5 million cases of severe illness, and about 250,000 to 500,000 deaths worldwide. There were three
other major influenza pandemics the past 100 years: 1918, 1957 and 1968, and each pandemic
causes over one million of deaths. For example, in the 1918 Spanish flu, 500 million people were
infected and 50 million of deaths across the world. Flu vaccines are widely used in the United
States. However, people need to get vaccinated each year because of the influenza virus mutates
rapidly. This variability results from different mechanisms including point mutations (antigenic
drift) and gene reassortment (gene shift).** Therefore, even with having a flu vaccine, influenza
viruses continue to pose a significant health risk to public worldwide.

Influenza virus has four types: A, B, C and D. Human influenza A virus is the most
widespread type and it is the cause influenza pandemics.*® According to Centers of Disease Control
and Prevention (CDC), Influenza A and B viruses cause seasonal epidemics, and influenza C only
causes a mild respiratory illness and are not thought to cause epidemics, while influenza D viruses
primarily affect cattle and are not known to infect or cause illness in people. The following
discussion in this dissertation will be focused on influenzas type A virus and will be abbreviated
as “influenza virus”.

Influenza virus is a member of orthomyxovirus family and it is an enveloped virus. The

viral membrane comes from the budding when the virion leaves the host cell. There are three
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membrane proteins on the viral membrane: hemagglutinin (HA), neuraminidase (NA), and M2 ion
channel. HA is an integral membrane protein and there are ~ 400 copies of HA trimers per virion.
46,47 HA is responsible for binding of virus to host cell and is involved in membrane fusion. HA is
first expressed in the host cell as a precursor called HAO. The HAO is cleaved into two subunits,
HA1 and HA2 by a protease on a single Arginine residue. They are linked by a disulfide bond.
HA1 has ~328 residues, including a receptor-binding site which can bind to sialic acids on
carbohydrate side chains of cell-surface glycoproteins and glycolipids. HA2 has ~211 residues and
the first ~20 residues at the N-terminus of HA2 is the influenza fusion peptide (IFP) and its function
is essential for the membrane fusion.*®->° NA is also an integral membrane glycoprotein with ~ 100
copies of tetramer per virion. The function of NA is to cleave terminal sialic acid from
glycoproteins or glycolipids and free the virion form host cell receptors then the virus can spread
and infect other cells.** HA and NA are highly mutable proteins and influenza A type virus is
divided into strains based on the subtype of these two proteins. There are 18 different HA subtypes
(H1 to H18) and 11 different NA (N1 to N11) subtypes and the strain of influenza is defined by
the combinations of HA and NA, for example: HIN1, H3N1 etc.”® M2 is a tetramer integral
membrane protein act as proton ion channel. It lowers the pH to uncoat the virus.>* The M1 protein
is the most abundant protein in virion and it forms a shell surrounding the virion nucleocapsids
inside of the envelope. The influenza viruses have eight unique segments of single-stranded RNA
and the RNAs are loosely encapsidated by NP, which is the second most abundant protein. Viral
polymerase proteins (PA, PB1 and PB2) are attached at the end of the genomic segments and
provides RNA-dependent RNA polymerase activity. The complex of viral RNA, NP and
polymerase proteins are called viral ribonucleoproteins (VRNP). The NS1(host antiviral response

antagonist) and NS2 (nuclear export protein) are not incorporated into progeny virions, but they
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present in infected cell nucleus (NS1) and cytoplasm (NS2). NS2 is responsible to export viral
RNAs from the nucleus into the cytoplasm and pack viral RNAs into newly formed viruses.** 52
53 Figure 1.13 demonstrates the structure of a virion.

The expression and replication of influenza viruses is a multi-step process, shown in Figure
1.14. Aninfluenza virion with cleavage-activated HA recognizes and binds to the host cell through
the binding of subunit on HA1 onto the terminal sialic acid of the host cell surface glycoproteins
and glycolipids. Then the virion is endocytosed by the host cell. Subsequent lowering of pH to 5-
6 in the endosome causes conformational changes of HA and the fusion peptide is exposed to
trigger the fusion between viral membrane and endosomal membrane.>*® The pH in virion is
lowered by M2 ion channel, removing the M1 proteins from VRNPSs, which is also called uncoating.
The genome of the virus is released into the cytoplasm and then imported into the nucleus for viral
gene transcription and replication.”” RNAs are transcribed into mRNA and the translation happens
in the host cell cytosol. Newly synthesized viral proteins are assembled into RNPs in the nucleus
and transported to the host cell membrane, while synthesized membrane proteins are integrated
into the membrane. Finally, budding of new virus happens where host cell plasma membrane

becomes the viral envelope.** 3
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Lipid envelope derived from host cell

Polymerase
complex

Figure 1.13 Schematic representation of the structure of influenza virus.>® Viral envelope is shown
as gray sphere and the membrane proteins (HA, NA and M2) are shown as spikes on the membrane.
Inside the membrane is M1 that surrounds the viral ribonucleoproteins (VRNP). There are eight

single-stranded, negative-sense RNA segments and each encoded one or two proteins.
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Figure 1.14 Influenza viral life cycle.>®
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1.2.2 Structure of HA2

HA is synthesized as a single polypeptide chain called HAO and cleaved to HA1 and HA2
two subunits, which are linked by a disulfide bond. There are six glycosylation sites on HA1 and
one on HA2 with ~13,000 MW.%® The HA1 has ~328 residues and HA2 has ~211 residues, and
the glycosylated site on HA2 is Asn154.%® HA1L has a sialic acid bind site while HA2 is a
transmembrane protein and it is responsible for catalyzing membrane fusion.®” The structure of
HA2 and its fusion mechanism is not fully understood. By studying HA2 may provide more
information for vaccine and drug development to combat the virus.

As discussed in section 1.2.1, the infection process of influenza virus undergoes an
endocytosis pathway. The pH of the endosome decreases from pH 7.4 to 5 or 6 and triggers the
conformation change of HA2. Extensive studies have been made to elucidate the structure of HA
at these two pHs, or in other words, the pre- and post-fusion state (Figure 1.15). At pre-fusion state,
the oligomeric state of HA is trimer. The crystal structure of HA2 ectodomain containing residue
38 — 170 is shown in Figure 1.15 panel A. The N-terminal o-helix (29 A) extended away from the
membrane and connected by an extended chain to a very long a-helix (76 A) that stretched back
towards the membrane. In the trimer, the long helix formed the coiled-coil core with two identical
helices from other subunits.*” At post-fusion state, HA2 also formed three-stranded a-helix coiled-
coil, approximately. The monomer HA2 from residue 38 - 175 was shown in Figure 1.15 panel B.
The center helix including residue 40 — 105 followed by a 180° turn and helix including residue
113 - 129 packed antiparallelly outside.*®*® There was a big conformational change between these
two conformations (Figure 1.15 C). From pre- to post-fusion state, helix A was relocated on top
of the triple-stranded a-helix coiled-coil. Loop B adopted an a-helix conformation and region A

— C formed a ~100 A long helix. A portion of helix CD (residue 106 - 112) refolded to form a loop
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and region D was antiparallel to the center bundle. Thus, region E, F and G were packed in an
inverted orientation.> The region E and F were no longer antiparallel B-strands in the post fusion
state.*® Details about the fusion mechanism will be discussed in section 1.2.3.

The polypeptide chain of ~ 25 N-terminal residues of HA2 is called influenza fusion
peptide (IFP). The sequence of IFP is highly conserved and hydrophobic.*® IFP plays a vital role
in fusion activity. Even a single site mutation may eliminate the fusion activity.®® However, in
these crystal structures, the IFP was not shown. Isolated IFP has been widely studied to understand
its structure and function in fusion process. Liquid-state NMR, solid-state NMR as well as electron
spin resonance (EPR) have been used to illustrate IFP structure in detergent micelle or lipid
membrane at both physiology pH and low pH.5%° These studies showed that IFP adopted a helix-
turn-helix structure in micelle or membranes without cholesterol. Two IFP subtypes have been
extensively studied and their sequence are shown as below:

H1: GLFGAIAGFIEGGWTGMIDGWYG

Ha3: GLFGAIAGFIENGWEGMIDGWYG
The difference in these two sequences are residue 12 and 15 (Labeled as bold). In H3 subtype, the
residue 12 is Asparagine instead of Glycine, and the residue 15 is Glutamic acid instead of

Threonine compared to H1 subtype.
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Figure 1.15 (A) Pre-fusion structures of HA2 ectodomain (Protein Data bank entries 1RD8). This
structure includes residues 38 - 170 of HA2 at pH 7.5;%" % (B) Post-fusion structures of HA2
(Protein Data bank entries 1QU1). This structure includes residues 38 - 175 of HA2 at pH 5.%° (C)
The structure of pre-fusion (left) and post-fusion (right). The HA2 is divided into A — H regions
and the residue numbering is labeled. The pB-strand of HA1 is also shown as “1”” and the disulfide

bond between 14; and 137, is indicated.>®
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Tamm’s group studied the structure of the first 20 residues of H3 (denoted as H3 20 IFP)
in DPC micelle using liquid-state NMR.%* At pH 5 (Figure 1.16 A) IFP adopted a N-terminal helix
(residues Leu-2 to lle-10) / turn (residue Glu-11 to Gly-13)/C-terminal helix structure (residues
Trp-14 to lle-18) and this structure was referred as “open structure” with an interhelical angle ~
100°. At pH 7.4, it formed a N-terminal helix (residues Leu-2 to lle-10) / turn (residue Glu-11 to
Gly-13)/C-terminal extended structure (residues Trp-14 to Gly-20) (Figure 1.16 B). The membrane
location of H3 20 IFP was also studied by EPR. The 20 residues were replaced by Cystine
individually and labeled with nitroxide groups. The result showed that H3 20 IFP was immerged
in an inverted V-shaped manner into lipid hydrophobic core, where the N- and C-terminus deeply
inserted while the turn is close to the aqueous surface. At pH 7.4, the N-terminal was ~ 5 A from
the lipid phosphate group, and C-terminal was ~ 2 A. When at pH 5, the N-terminal has ~ 11 A
distance from the lipid phosphate group, while C-terminal ~ 10 A. Additionally, H3_20 IFP is
inserted deeper at pH 5 compare to at pH 7.4. The result also suggests that a greater perturbation
of lipid bilayer at pH 5 and facilitate the fusion.

Another very different structure was proposed by Bax’s group when they studied the
H1_ 23 IFP in DPC micelle by liquid-state NMR.%! H1_23 IFP had a tightly packed anti-parallel
N-helix/turn/C-helix structure with a 158° interhelical angle at both pH 7.0 and pH 4 (Figure 1.16
C and D) and this structure was referred to “closed structure”. The closed structure also showed
an amphipathic property: the hydrophobic side chains were interacting with the hydrophobic core
of the micelle and the hydrophilic side was exposed to the solvent (Figure 1.16 D). The such

significant difference may result from the three additional C-terminal residues: Trp, Tyr and Gly.
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Figure 1.16 NMR structures of IFP. (A) (B) H3_20 in DPC micelle at pH5 and pH 7.4 respectively.
Amino acids are labeled in the diagram. Backbone of the peptide is shown as ribbon
representations and side chains shown as stick models.®* (C) (D) Longitudinal view and lateral
view of H1_ 23 in DPC micelle at pH 7 and pH 4, with the hydrophobic side chains in yellow,
polar side chains in green, acidic side chains in red, and Gly residues shown in white van der Waals
representation;®! (E) (F) H1_23 and H3_20 in lipid membrane at pH 5 or pH 7. Carbon, nitrogen

and oxygen atoms in green, blue and red vertices. The dashed lines are between FO N and G16 CO

with distances 3.9 A and 5.5 A respectively.52 &
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Due to the high curvature of detergent micelle, the IFP structures determined in DPC are
less physiologically relevant. Solid-state NMR techniques has been used to determine the IFP
structure in physiologically relevant lipid membrane. Sun from Weliky’s group studied the
structure of H3_20 IFP in lipid membrane and the result illustrated that at pH5.0, membrane-
associate IFP adopted two distinct helix/turn/helix structure.®® Ghosh from Weliky’s group studied
the distance between H3_20 IFP Phel19N and Gly16CO at pH 5. There was ~ 0.6 mole fraction of
“semi-close” structure with 5.2 A distance and ~ 0.4 mole fraction of “close” structure with 3.6 A
distance.®? Further the interhelical geometry study of both H1_23 and H3_20 in lipid membrane
at pH 5 or pH 7 showed a mixture of “closed” and “semi-closed” structures (Figure 1.16 E and F).
Both structures showed N-helix/ turn/C-helix with different interhelical angel and they were also
amphipathic. It was proposed that IFP interacted with the membrane hydrophobic core with its
hydrophobic face while the hydrophilic face interacted with water. Semi-close structure had a
bigger hydrophobic area than close structure and larger population of semi-close structure presents
at pH 5 compared to pH 7. This is consistent with higher fusion activity at pH 5. H1 23 also
showed a higher fusion activity compared to H3 20. The reason was because that H1 23 had
additional WY G residues at C-terminal, and these hydrophobic residues increased the hydrophobic

surface area of H1_23 and lead to greater membrane perturbation and membrane fusion.5
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1.2.3 Proposed membrane fusion mechanism

Figure 1.17 shows the sequence of events in membrane fusion promoted by HA2.57-% The
crystal structure of HA1 and HAZ2 in a prefusion conformation was determined by Wiley, Wilson
and Skehel in 1981(Figure 1.15 A).#" % This crystal structure of HA at pH 7.5 showed that HA is
a trimer. Three HA2 subunits anchored on the viral membrane and forms the coiled-coil trimer
while three HAL subunits binds outside the HA2 core. After the HA1 sialic acid binding site binds
to the glycolipids or glycoprotein on host cell membrane, the virion is endocytosed and the pH
drops to ~5 in the endosome. The low pH triggers a large-scale conformational rearrangement,
resulting in HAL separates from HA2 and HA2 is exposed to the target endosomal membrane. It
is proposed that during the conformation change, HA2 forms an extended intermediate and the IFP
on the N-terminus of HA2 interacts with endosomal.®® ° Then the intermediate starts to collapse
and energy is released during the refolding process causing the membrane to contact each other.
The formation of the hemifusion stalk happens afterwards and finally the protein refolds to form
the stable post-fusion conformation. The post-fusion conformation was visualized in 1999 (Figure
1.15 B).*> % There is no crystal structures for stage B to D, neither experimental evidence for
energy releasing due to the protein refolding process. But some biochemical studies support many
of the proposed steps. Oligomeric state studies of HA2 ectodomain or full length HA2 showed
predominant trimer.”> > When destabilized with either heat or urea at neutral pH, HA2 had a
conformational change which showed strong fusion activity and was believed to be the evidence
of the extended intermediate state.”® HA2 without transmembrane domain caused lipid mixing but
no contents mixing, which meant the fusion stopped at hemifusion stalk and transmembrane

domain is crucial for the formation of fusion pore.”
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(HA1 not shown) intermediate (postfusion)

Figure 1.17 Mechanism of membrane fusion promoted by HA2.5"- %8 Host cell membrane is the
blue bilayer on top in each diagram and viral membrane on bottom. The IFP is in green and N-
terminal part of ectodomain of HAZ2 is in red while the C-terminal domains are in navy. The HA1
is not shown in this figure. (A) In the prefusion state, the protein is anchored to the viral membrane
by a C-terminal transmembrane domain. (B) pH decreasing to pH 5 in endosome triggers a
conformational change resulting in an extended intermediate and exposing IFP to the target
membrane. (C) The intermediate collapses. (D) Hemifusion stalk. (E) Fusion pore formation. As
the hemifused bilayers open into a fusion pore, the final zipping up of the C-terminal ectodomain
segments snaps the refolded trimer into its post-fusion conformation, preventing the pore from

resealing.
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1.3 Introduction solid-state NMR techniques for membrane proteins

Membrane proteins are the proteins that interact with biological membrane and they have
crucial functions such as membrane receptors and enzymes. However, due to the difficulty of
growing protein crystals, only a small fraction of protein structure is solved.

Solid-state nuclear magnetic resonance (NMR) is a powerful technique to determine high
resolution structure and function of large biomolecules. Comparing to widely used X-ray
crystallography and liquid-state NMR, solid-state NMR is specifically suitable for membrane
proteins, large proteins, protein aggregates and nucleic acids that cannot be crystallized or that are

too large for solution NMR spectroscopy.’ 7

1.3.1 Magic-Angle Spinning (MAS)

In solution-state NMR spectra, anisotropic effects are rarely observed because of the rapid
tumbling of the molecules in solution. Thus, the orientation of the molecules with respect to the
external magnetic field Bo is rapidly averaged out and results in sharp peaks.? For solid samples or
macro biomolecules, the tumbling is much slower which results in broad lines in NMR spectra
since all the orientations in the sample contribute to different spectral frequencies.”” ® Magic-
angle spinning (MAS) is a routinely used techniques to achieve high resolution spectra. It can
remove the effects of chemical shift anisotropy and to assist in the removal of heteronuclear
dipolar-coupling effects. It is also used to narrow lines from quadrupolar nuclei and removing the

effects of homonuclear dipolar coupling.”

2 In this dissertation, letters or symbols representing vectors are displayed in bold, and letters or

symbols representing quantum mechanical operators have a """ above them.
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- Spinning axis

13C

Figure 1.18 Geometry of the geometry of the **C — ?H vector in solid state NMR sample under
MAS. The sample is spun rapidly in a cylindrical rotor about a spinning axis oriented at the magic

angle (o = 54.7°) with respect to external magnetic field Bo.

Figure 1.18 shows the geometry of the MAS. In solid-state NMR MAS experiments,
samples are packed in a cylindrical rotor and spun at high speed by an angle o with respect to Bo.
This angle is also called the magic angle and it equals to 54.7°. Angle 0 is the angle between the
13C — 2H internuclear vector and Bo, and B is the angle between the 3C — 2H internuclear vector
and the spinning axis. When the sample is spin at o = 54.7°, then 6 varies with time as the molecule

rotates with the sample. The average of (3cos?0 -1) over each rotor period is:

(3cos?6 — 1) = %(36‘0526{ —1)(Bcos?f —1) 1.1
In equation 1.1, B is fixed for a given nucleus in a rigid solid, and 6 can be all possible values in a
powder sample. The a is fixed and set to 54.7°, so over each rotor period:

(3cos?60—-1)=0 1.2
The secular Hamiltonian for *3C-2H dipolar coupling can be expressed as:

Hhetero = B0 (300520 — 1)(2C,D,) 13

16m2r3
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Where C represents *C spin and D represents 2H spin,

o = permeability of the free space,

C,and D, = the z component of spin operator € and D in a direction parallel to Bo,
0 is the angle between the spin vector and Bo,

r is the distance between spin C and D,

vy is gyromagnetic ratio.

Therefore, the 3C-2H dipolar coupling is averaged out by MAS.

1.3.2 3C-?H Rotational-Echo Double-Resonance NMR (REDOR)

REDOR was developed by Gullion and Schafer and it is widely used MAS NMR
techniques for studying molecular structure in solid-state.?® °8 As discussed previously, MAS
can average out the heteronuclear dipolar interactions. However, in REDOR experiments, by using
simple rotor-synchronized = pulses, the heteronuclear dipolar interactions can be recovered. Since
the dipolar interaction is inversely proportional to the cube of the internuclear distance, the
distances information can be easily obtained. Another advantage of REDOR is the simplicity of
its pulse sequence and data analysis.”

13C-2H REDOE pulse sequence is shown in Figure 1.19. 3C-2H REDOE is a three channel
experiments. At the beginning of the sequence, a n/2 pulse is applied to rotate the *H magnetization
from the Bo direction to the transverse plane. Then a *H-13C cross polarization (CP) pulse sequence
is applied to transfers H transverse magnetization to *3C nucleus and to enhance the *3C signal.
Due to the various orientation of molecules, chemical bonds, internuclear vectors with respect to
Bo, the nuclei in a powder sample have a distribution of Larmor frequencies and the resonance

offset field. Thus, a ramp CP is used to increase the efficiency of the magnetization transfer.
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Figure 1.19 13C-2H REDOR NMR pulse sequence. The columns represent the ni/2 or & pulses. CP
= cross polarization that transfers *H transverse magnetization to *C and can enhance the **C
signal. The CP is followed by a **C-?H dipolar evolution for a period of time which is called
dephasing time (t). Adjacent *C & pulses are separated by one rotor period as are adjacent ?H =

pulses. 3C is the detecting channel.”

After the *H-13C CP, followed by a dephasing period (t) during which a series of *C and
2H 7 pulses and *H decoupling field were applied. For each t, two separate spectra are collected
and they are denoted as Sp and S1. In the So experiment, only *C n pulses are applied at the end
of each rotor period except at the end of . In the S; experiment, *3C & pulses are applied at the end
of each rotor period while ?H & pulses are applied in the middle of each rotor period. Then followed
by the 13C signal acquisition.

The *C-?H dipolar coupling and chemical shift anisotropy are averaged out by MAS. In
REDOR experiments, the function of the *3C and ?H = pulses are to flip the spin by 180°. The

secular *C-2H dipolar coupling is discussed in equation 1.3:
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(3cos?6 — 1)(2(,D,)

Thus, the 3C and 2H = pulses change the sign of dipolar coupling. In Sp experiment, the rotor
synchronized *°C = pulses are applied at the end of each rotor period and it flips the sign of C,.
Their effect on the 3C-2H dipolar coupling is shown in Figure 1.20. Additionally, 3C = pulses
refocus the 13C isotropic chemical shift. In S; experiment, ?H = pulses are applied at the middle of

each rotor period and the 3C-2H dipolar coupling is recoupled. For an isolated 3C-2H spin pair,

the signal of Sp and S: follow the relationship as:

§_1 =cos¢ 14
0
¢ = %ﬁsin 2b sina 15

Where N¢ is number of rotor period, Ty is sample rotation period, D is dipolar coupling, and a and
b are the azimuthal and polar angles of the internuclear vector with respect to the spinning axis.
For a powder sample, all internuclear orientations need to be considered, and all values of a and b
must be summed over. Thus, Sy is always smaller than So.

The dephasing of REDOR is:

AS _ Sp—S;

1.6
So So

In this equation, So and Si are the respective signal intensity of Sp and S; experiments. The

dephasing is a function of dephasing time t and the dephasing buildup curve is plotting AS/So vs
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Rotor Period
Figure 1.20 Evolution of dipolar coupling as a function of rotor period in REDOR experiments.
The dipolar coupling is averaged out over each rotor period by MAS. In So experiment, rotor
synchronized *C & pulses do not interfere with the MAS averaging of the heteronuclear dipolar
interaction. In S; experiment, rotor-synchronized *3C and 2H = pulses re-introduce the *C-2H

dipolar interaction.
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Figure 1.21 3C-2H REDOR spectra with a 40 ms dephasing time for the 14 peptide as well as
AS/So vs 1. Black squares are the experimental dephasing of 14 peptide. Blue triangles are the best-
fit calculated by the SIMPSON program (without ?H relaxation) with a 22 Hz *C-?H dipolar

coupling. The red line is the best-fit exponential buildup.®
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The buildup can be fitted with SIMPSON simulation.> Exponential fitting can also be used
for 13C-2H REDOR.?*:8 The exponential fitting function is A(1 — e, in which A and y are fitting
parameters. The buildup rate y has a relationship with dipolar coupling D. The buildup extent A is
correlated to the fraction of 3C nuclei with this coupling. The corresponding value of 1 — A is
correlated to the fraction of lab 3C nuclei with D = 0.

Figure 1.21 shows the comparison between these two methods. 14 peptide is used as a
standard sample. It has a sequence AEAAAKEAAAKEAAAKAW and it has a has a regular o
helical structure. 14 peptide is 3CO label at A9 and 2H.. label at A8. The isolated 3CO-2H spin
pairs all have the same internuclear separation r of 5.0 A and with a corresponding dipolar coupling
D of 37 Hz.8 The exponential fitting result (red line) has a much smaller deviation from
experimental dephasing (black square) compared to sigmoidal shape SIMPSON simulation (blue
triangle). Additionally, the maximal values of ~ (2/3) in SIMPSON differs from ~1 in exponential
fitting. The best-fit dipolar coupling D of 22 Hz is smaller than the expected d of 37 Hz.

The reason for all these differences are that the nonradiative transitions between the m =
+1 states and the m = 0 states of individual H nuclei during the dephasing period that are not
considered in the SIMPSON calculations. The ?H T; relaxation times is = 50 ms, which is
comparable to t in REDOR experiments. Thus, there are m = 0 & m = %1 2H transitions during
the dephasing time. For each ?H nucleus, it approximately spends two-thirds of the dephasing
period at m = £1 states and approximately one-third at m = O state. Since there is not buildup when
13CO is at m = 0 state, so that the observed buildup rate y = 2D/3.

The exponential fitting A x (1 — ) for the experimental data results inr =5 A and y = 24

Hz = (2/3) (37 Hz) and 37 Hz is the dipolar coupling of 14 peptide. This shows that exponential
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fitting is an excellent and simple fitting method for *3CO-2H REDOR. D, in units of Hz is given

by: D = % = 4?4 Hz. Thus, the internuclear distance r was calculated as * % A
2
1.3.3 Paramagnetic Relaxation Enhancement NMR (PRE)

Paramagnetic Relaxation Enhancement NMR (PRE) is first developed by Solomon in the
1955.86 Over the past decades, PRE has become a powerful method to provide long-range distance
information. In PRE experiments, paramagnetic species such as Mn?*, Gd?*, and nitroxide spin
labels have been used in solid-state NMR for studying protein membrane location.8”*° The PRE
arises from dipolar interactions between a nucleus of interest and the unpaired electrons of the
paramagnetic center which result in an increase in nuclear relaxation rates. Since the gyromagnetic
ratio of electron is three magnitudes greater than most nuclei, this method can be used to get
distance information in a range up to 35 A, which is especially useful for biomacromolecules and
biosystems.®” The first applications of the PRE is to study spin-labeled lysozyme and bovine
pancreatic trypsin inhibitor in 1984, and the PRE effects were converted to approximate distance
restraints.®! In addition, PRE is also used to accelerate data acquisition for systems such as
biomolecules and human tissue, since PRE increases longitudinal relaxation Ty rates.%%

Other techniques can also be used to study the protein topology in membrane, but they
have some limitations. The Nuclear Overhauser Effect (NOE) is widely used for protein structure
determination. However, NOE is based on short-range local interactions, which limits to ~6 A
interproton distance.®® % *H spin diffusion NMR technique can be used to probe membrane protein
topology in membrane.®”*° This technique detects the rate of *H magnetization transfer from

mobile lipids to the rigid proteins, but not suitable for mobile peptides. Beyond NMR, EPR

spectroscopy is also well established for investigating membrane location of peptides.® 1%
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However, these approaches require the use of bulky spin probes, which may affect the insertion
depth or orientation of the peptide in membrane.

To study the membrane protein structure and topology in membrane, the paramagnetic
metal ions were added to protein-membrane complex and these ions bind at the membrane surface.
The unpaired electron in paramagnetic species enhance the relaxation of the nuclear spins. Let’s
take Mn?* as an example. The paramagnetic Mn?* contributes to faster dipolar transverse relaxation,
Ta, is proposed by Solomon® and Bloembergen®®:

1_ Wlis(ﬂ)z VikerrB? (4Ts n 31'; " 13125 2) 17

T, 4 r6 1+wit;  1+wsTs

Where W is the local concentration of the Mn?* ions, o is the vacuum permeability, y; is the
gyromagnetic ratio of nucleus spin |, pes is the effective magnetic moment of Mn?* ions, B is the
Bohr magneton, r is the average electron-nucleus distance, o and e are the nucleus and election
Larmor frequencies. The correlation time ts is the inverse sum of the electronic spin-lattice
relaxation time Tte; the rotational correlation time of the molecule tr; and the residence time of the

Mn?* near the nuclear spin tm:

e R 1.8

s Tie Tr Tm
Based on equation 1.5, T2 o 1%, thus the closer distance between the paramagnetic center and the
nucleus of interest, the shorter the T2, resulting in line broadening and peak suppression. By
measuring T2 of the nucleus, the distance information can be obtained.

The quadrupolar echo (quecho) solid-state NMR experiment is one of the most widely used
experiments for studying quadrupolar nuclei in solid samples.%? 1% This technique can be used to
measure the T, relaxation time and to minimize effects from probe ring-down.!® The pulse

sequence is shown in Figure 1.22. At the beginning of the sequence, a ©/2 pulse with phase x is
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applied. After a duration of time t1, the second =/2 pulse with phase y or -y is applied to refocus
the magnetization. The echo maximum appears at 12 after the second pulse. In actual experiments,
the 12 is set shorter than the t1 to obtain the maximum intensity. To determine the T> relaxation
time, the decay of the acquired signal was measured as a function of synchronous incrementation
of t, and t = [t1 + 12 + time being shifted]. By plotting the signal intensity I in FID vs t, the T»

relaxation time can be calculated by:

I(t) = 1(0)xexp (Ti) 1.9

(n/2),  (m/2),

T1 Ty

Figure 1.22 Quadrupolar echo (quecho) pulse sequence.
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2.1 Materials

The DNA plasmids containing HM, HM_TM and FP_HM and FP_HM_TM genes were
ordered from GenScript (Piscataway, NJ). The protein expression cell Escherichia coli BL21(DE3)
strain was purchased from Novagen (Gibbstown, NJ). Luria-Bertani broth (LB) medium was
purchased from Dot Scientific (Burton, MI); isopropyl p-D-thiogalactopyranoside (IPTG) from
Goldbio (St. Louis, MO); Cobalt affinity resin from Thermo Scientific (Waltham, MA). Wang
resins, Fmoc protected amino acids and t-Boc protected amino acids were purchased from Peptides
International (Louisville, KY), Dupont (Wilmington, Delaware) and Sigma Aldrich (St. Louis,
MO). 1-13C Gly and 1-3C Ala were purchased from Cambridge Isotope Laboratories (Andover,
MA) and were N-Fmoc or N-t-Boc protected in our laboratory following literature procedures.
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-
[phospho-rac-(1-glycerol)] (sodium salt) (POPG), 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine
(DPPG) and cholesterol were purchased from Avanti Polar Lipids (Alabaster, AL). Deuterium
labeled fatty acids Hexadecanoic-2,2-d2 Acid; Hexadecanoic-7,7,8,8-d4 Acid and Hexadecanoic-
15,15,16,16,16-d5 Acid were purchased from CDN Isotopes (Quebec, Canada) and shipped to
Avanti Polar Lipids (Alabaster, AL) to synthesize DPPC-D4, DPPC-D8 and DPPC-D10 lipids
(Structure shown in Figure 2.1). Other materials were obtained from Sigma-Aldrich (St. Louis,

MO).
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Figure 2.1 (A) Structure of DPPC-D4, DPPC-D8 and DPPC-D10. (B) Approximate membrane
locations of the 2H’s in the membrane bilayer without protein. The lipid H are for the membrane

gel-phase.*

2.2 Gp41 constructs expression and purification

Figure 2.2 shows the schematic diagram and amino acid sequence of the four gp4l
constructs purified in this study. Amino acid sequences of gp41 constructs are for the HXB2
laboratory strain of HIV and use gp160 numbering with color coding of different regions. HM
includes residues 535(M535C) — 581 + residue 628 — 683. FP_HM includes residue 512 — 581 +
residue 628 - 683. HM_TM includes residue 535(M535C) — 581+ residue 628 — 705. FP_HM_TM
includes residue 512 — 581 + residue 628 — 705. All constructs include a non-native sequence
SGGRGG in place of residue 582 — 627 and a non-native Hs affinity tag at their C-terminus that
is preceded by a GeLE or GsLE spacer. The spacer is needed for exposure of the affinity tag during
purification. The M535C mutation in HM and HM_TM is needed for native chemical ligation with

FP.
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Figure 2.2 (A) Schematic diagrams of full-length HIV gp41 and the four gp41 constructs being

studied in this work with domains and corresponding colors: FP = fusion peptide, red; N-helix,

blue; Loop, grey; C-helix, green; MPER =

membrane-proximal external-region, pink; TM =

transmembrane domain, orange; and endo = endodomain, white. The four constructs have non-

native SGGRGG replacing native residues 582-627. (B) Amino acid sequences with the same color

coding as panel A and the non-native C-terminal GegHs or GgHe in black. The He is for Co?*-affinity

chromatography and the Ge/Gg are necessary spacers for exposure of the He tag.
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DNA sequences of these four gp41 constructs are shown in Figure 2.3. All DNA inserts
were subcloned into pET-24a(+) vector that contains Lac operon and kanamycin resistance. The
plasmid was transformed into E. coli BL21(DES3) strain and then grew in 50 mL LB broth at 37 °C
overnight. The culture was mixed with 50% glycerol with 1:1 volume ratio and stored at -80 °C as
glycerol stock. The protein expression started with adding 50 uL of the bacteria glycerol stock into
50 mL LB medium with Kanamycin 50 mg/L concentration. The 50 mg/L Kanamycin was used
to select for bacterial cells that contains the plasmid. After growth at 37 °C and 180 rpm shaking
overnight, the 50 mL culture was added to 1 L LB medium and kept growing for ~ 2 hr at the same
condition. When the ODegoo of the culture increased to ~0.8, 2 mM Isopropyl B-D-1-
thiogalactopyranoside (IPTG) was added to start the induction. After 5 hr of induction, the cell
suspension was centrifuged at 9000 g, 4 °C for 10 min and the cell pellet was kept in -20 °C freezer.

5 g of wet cell was lysed by tip sonication in 40 mL phosphate-buffered saline (PBS) at pH
7.4. The insoluble fragments were pelleted down by centrifugation (48000 g, 4 °C for 20 min).
The pellet contains the desired recombinant protein (RP) since the RP is not soluble in PBS. The
PBS wash process was repeated two more times to remove the soluble proteins, molecules and
suspended membrane fragments which are only effectively pelleted by >100000 g. The RP pellet
was tip sonicated in 40 mL of PBS at pH 7.4 that also contained 8 M Urea, 0.5% sodium dodecyl
sulfate (SDS) and 0.8% Sodium lauroyl sarcosinate (Sarkosyl) until fully dissolved. 1 mL of Co?*
affinity resin was added to the solution and agitated for 2 hours at room temperature. After 2 hr
binding, the unbound proteins were removed by gravity filtration of the suspension. The following

steps were different to solubilize gp41 constructs in SDS or dodecylphosphocholine (DPC).
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HM

TGTACGCTGACGGTCCAAGCACGTCAGCTGCTGAGCGGCATTGTGCAGCAACAGAACAATCTGCTGCGCGCGATC
GAAGCCCAACAGCATCTGCTGCAGCTGACCGTTTGGGGTATTAAACAACTGCAGGCTCGTATCCTGAGCGGCGGT
CGCGGCGGTTGGATGGAATGGGATCGTGAAATTAACAATTATACGAGCCTGATTCACTCTCTGATCGAAGAAAGT
CAAAACCAACAGGAGAAAAACGAACAGGAACTGCTGGAACTGGACAAATGGGCCTCCCTGTGGAACTGGTTTAAC
ATTACGAACTGGCTGTGGTACATCAAAGGCGGCGGTGGCGGTGGT

HM_TM

TGTACCCTGACGGTCCAAGCTCGCCAACTGCTGAGTGGTATCGTTCAACAACAAAACAATCTGCTGCGTGCTATC
GAAGCCCAACAACATCTGCTGCAGCTGACCGTGTGGGGCATTAAACAGCTGCAGGCCCGTATCCTGAGCGGCGGT
CGCGGCGGTTGGATGGAATGGGATCGTGAAATTAACAATTATACGAGCCTGATTCACTCTCTGATCGAAGAAAGT
CAGAATCAGCAAGAGAAAAACGAACAAGAACTGCTGGAACTGGACAAATGGGCCTCCCTGTGGAACTGGTTTAAT
ATTACCAACTGGCTGTGGTACATCAAACTGTTCATTATGATCGTTGGCGGTCTGGTCGGTCTGCGTATTGTGTTT
GCTGTCCTGAGTATTGTCGGTGGCGGTGGCGGCGGT

FP_HM

GCCGTGGGTATCGGTGCTCTGTTCCTGGGTTTCCTGGGTGCTGCTGGTTCGACGATGGGTGCCCGCTCAATGACG
CTGACGGTCCAAGCACGTCAGCTGCTGAGCGGCATTGTGCAGCAACAGAACAATCTGCTGCGCGCGATCGAAGCC
CAACAGCATCTGCTGCAGCTGACCGTTTGGGGTATTAAACAACTGCAGGCTCGTATCCTGAGCGGCGGTCGCGGC
GGTTGGATGGAATGGGATCGTGAAATTAACAATTATACGAGCCTGATTCACTCTCTGATCGAAGAAAGTCAAAAC
CAACAGGAGAAAAACGAACAGGAACTGCTGGAACTGGACAAATGGGCCTCCCTGTGGAACTGGTTTAACATTACG
AACTGGCTGTGGTACATCAAAGGCGGCGGTGGCGGTGGT

FP_HM_TM

GCGGTTGGCATTGGTGCGCTGTTCCTGGGCTTTCTGGGTGCGGCGGGTAGCACTATGGGTGCGCGTAGCATGACC
CTGACCGTTCAAGCGCGTCAACTGCTGAGCGGTATCGTGCAGCAACAGAACAACCTGCTGCGTGCGATTGAGGCG
CAACAGCACCTGCTGCAGCTGACCGTTTGGGGCATCAAGCAACTGCAGGCGCGTATTCTGAGCGGTGGCCGTGGT
GGCTGGATGGAGTGGGACCGTGAAATCAACAACTACACCAGCCTGATCCACAGCCTGATTGAGGAAAGCCAAAAC
CAACAGGAGAAGAACGAGCAGGAACTGCTGGAACTGGATAAATGGGCGAGCCTGTGGAACTGGTTCAACATCACC
AACTGGCTGTGGTACATCAAACTGTTCATCATGATCGTGGGTGGCCTGGTTGGTCTGCGTATCGTGTTTGCGGTT
CTGAGCATTGTTGGCGGTGGTGGTGGCGGTGGTGGT

Figure 2.3 DNA sequences of gp41 inserts. Each line is 75 nucleotides.
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To solubilized proteins in SDS detergent, the Co?* resin was washed with 3x1 mL aliquots
of the PBS/urea/SDS/Sarkosyl solution and subsequent gravity filtration to remove unbound
protein.> Bound protein was eluted from the resin by 4x0.5 mL aliquots of the
PBS/urea/SDS/Sarkosyl solution with 250 mM imidazole, and gravity filtration. The eluent
fractions were pooled and then mixed with an equal volume of buffer that contained 10 mM Tris-
HCI at pH 8.0, 0.17% n-Decyl- p-D-Maltoside (DM), 2 mM EDTA, and 1 M L-arginine, with
subsequent agitation overnight at 4 °C. Arginine, urea, and detergents were removed by dialysis
against 10 mM Tris at pH 7.4 with 0.2% SDS. If the intermediate mixing step with the arginine
solution was skipped, RP precipitated during dialysis, which suggests that RP aggregates are
broken up by the arginine solution.

To solubilize proteins in DPC detergent, proteins need to be refolded on column to prevent
aggregation. After RP binds on Co?* resin, column was washed by 3x1 mL of 20 mM sodium
phosphate at pH 7.4 with 0.25% DPC, with subsequent gravity filtration. RP was then eluted in
the pH 7.4 phosphate buffer with 0.25% DPC and 250 mM imidazole. The eluent fractions were
pooled and imidazole removed by dialysis against pH 7.4 phosphate buffer with 0.25% DPC, or
by dialysis against 20 mM sodium acetate buffer at pH 3.2 with 0.25% DPC. Purified RP

concentrations were determined using A280.

2.3 Circular Dichroism (CD)

Spectra were obtained with a Chirascan instrument (Applied Photophysics) at ambient
temperature. Proteins with 10-15 uM concentration were added to a 1 mm path length quartz
cuvette. 190 nm — 260 nm spectral range was scanned with 0.5 nm steps and 1.5 s per step

averaging time. For each protein samples, spectra were averaged and the final spectra were the
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(protein + buffer) — (buffer) difference. Thermal stability of folded protein was probed by CD in
5 °C increments over a 25-90 °C range using a J-810 instrument (Jasco) with a water circulation

bath. No visible precipitation was observed at any temperature or after cooling down.

2.4 Size-Exclusion Chromatography (SEC)

The chromatography was done using a DuoFlow Pathfinder 20 instrument (Bio-Rad) with
a Tricorn Superdex 200 Increase 10/300 GL column (GE Technologies). Flow rate was set to 0.3
mL/min and the detector was set to A280. Proteins were dialyzed against the running buffer,
concentrated to ~ 1 mg/mL and centrifuged to remove any precipitate before injected to the
instrument. There was no visible precipitate for samples in SDS and a very small precipitate for

samples in DPC. A ~100 pL aliquot was injected for each run.

2.5 Protein induced vesicle fusion

The fusion activities of gp4l constructs were assessed by their ability to induce fusion
between unilamellar lipid vesicles.® Two vesicle compositions were used in this assay: (1) 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine  (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho-(1'-rac-glycerol) (POPG) and Cholesterol (Chol) with 8:2:5 mole ratio; and (2)
POPC:Chol with 2:1mole ratio. The Chol mole fraction in both compositions is close to that of the
plasma membrane of host cells of HIV. The lipid vesicles with these two compositions are
negatively charged and neutral, respectively, so comparison between them allows assessment of
the impact of protein/vesicle electrostatics on fusion. To prepare unilamellar lipid vesicles, 1.6
umol of POPC, 0.4 umol of POPG and 1 umol of Chol or 2 umol of POPC and 1 umol of Chol

were dissolved in 1 mL chloroform and then the solvent was evaporated by dry nitrogen gas and
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keep vacuum dry overnight. The dry lipids films were suspended in 2 mL of aqueous buffers (10
mM HEPES, 5 mM MES at pH 7.4 or 10 mM sodium formate at pH 3.2) and a homogeneous
suspension was created by 10 freeze/thaw cycles. Unilamellar vesicles were obtained by extrusion
of the suspension through a polycarbonate membrane with 100 nm diameter pores for 10 times.
For each composition, a set of companions “labeled” vesicles were also prepared that contained
additional 2 mol % of the fluorescent lipid NDB-PE and 2 mol % of the quenching lipid Rh-PE.
Labeled vesicles were mixed with unlabeled vesicles in 1:9 ratio. Considering a 30% lipid loss
during the extrusion, the final concentration of [POPC+POPG] lipids is ~150 uM and chol is ~75
uM. The solution was transferred to a quartz cuvette in a fluorimeter and subjected to constant
stirring at 37 °C. Fluorescence was monitored using 467 nm excitation, 530 nm detection, and 1 s
time increment. After measurement of the baseline fluorescence Fo, a protein aliquot was added
and marked time t = 0. The stock solution contained [protein] ~ 40 uM in 10 mM Tris buffer at
pH 7.4 with 150 mM NaCl and 0.2% SDS. The time-dependent fluorescence increase AF(t) = F(t)
- Fo is resulted from protein-mediated fusion between a labeled and unlabeled vesicle and causing
a longer average distance between fluorophore-quencher lipids. The dead-time in the assay was
~10 s and final asymptotic fluorescence was usually reached by ~600 s. The maximum
fluorescence change (AFmax) was detected after addition of 12 uL 10% Triton X-100 which
solubilized the vesicles. The percent fusion was calculated as [AF(t)/AFmax] x 100. No fusion was

detected after the addition of the detergent solution without protein.

2.6 Solid phase peptide synthesis, purification and characterization

The IFP sequence used in this research is: GLFGAIAGFIENGWEGMIDGGGKKKKG.

The underlined residues are the first 20 residues of the N-terminal of HA2 subunit, and the
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sequence is the H3 subtype of hemagglutinin.” The IFP has a non-native C-terminal tag. The four
Lysine residues were designed to increase the peptide solubility in water, which makes the
purification and NMR sample preparation easier to perform. Four IFP samples were synthesized
with different isotopically labeling scheme. They are Leucine 2, Alanine 7 and Glycine 16 residues
carbonyl carbon *3C labeled and denoted as IFP_L2C, IFP_A7C and IFP_G16C, respectively.

IFP was manually synthesized by Fmoc solid phase peptide synthesis. The Fmoc peptide
synthesis started with Wang resin (polymer-bounded 4-Benzyloxybenzyl alcohol), which has one
Fmoc protected Glycine attached to it. The following steps added one amino acid to the resin, and
the peptide can be synthesized by repeating these steps:

1. Deprotection: 20% piperidine in DMF was added to the resin to remove the Fmoc group
from the existing peptide N-terminal.

2. Amino acid coupling: amino acid with HOBt, HBTU and DIEA in DMF can couple the
amino acid to unprotected peptide N-terminal.

3. Capping: 5% acetic anhydride, 2% DIEA and 0.2% HOBt in DMF was used to esterify
the N-terminus of the peptide and stop the following side reaction from the unreacted peptide.

Before doing the next step, the solution from the previous step was drained by filtration
and the resin was washed by DMF. After the desired sequence is synthesized, the peptide was
cleaved from the resin by using 5% water, 2% Tri-isopropyl silane, 2% thioanisole and 2%1, 2-
ethane-dithiol in TFA solution and precipitated in cold ether. The peptide was purified using
reversed phase HPLC equipped with a semi-preparative C18 column using water - acetonitrile
containing 0.1% TFA as mobile phase. TFA helps to maintain the acidic pH (water with 0.1% TFA
has a pH ~ 2) and neutralizes the carboxylate group present in the peptide. The purity of the peptide

was checked by mass spectrometry and resulted in > 95% peptide purity.
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2.7 solid state NMR sample preparation

The lipid composition was DPPC and DPPG with 4:1 ratio. This composition was chosen
because: (1) the PC lipids are the major fraction in influenza virus host cell, and (2) the host cell
membrane is negatively charged.® 50 pmol lipids were dissolved in 2 mL chloroform and methanol
solution with a 9:1 volume ratio, and the solvent was removed by dry nitrogen gas flow and
vacuum pumping overnight. 3 mL of 10 mM HEPES and 5mM MES buffer at pH 5.0 was used
to hydrate the lipid film and followed by 10 times freeze-thaw cycles to make a homogeneous
suspension. The lipid-buffer suspension was extruded through a polycarbonate membrane with
100 nm pore size to get large unilamellar vesicles. 1 umol IFP was dissolved in 10 mL of the
HEPES/MES buffer and was added to lipid vesicles drop by drop, then agitate overnight. The
peptide-lipid complex was pelleted down by ultra-centrifugation at 100000g for 5 hours. The
proteo-liposome complex pellet was lyophilized overnight. Lyophilization helps to reduce sample
lost when pack the sample into NMR rotor. The sample was packed in NMR rotor and rehydrate
with 10 pL of the HEPES/MES buffer overnight at room temperature.

In PRE experiments, MnCl> was added in membrane samples as paramagnetic species. The
Mn?* was added at the rehydration step followed by 5 freeze-thaw cycles to ensure the accurate
amount of Mn?* was added and the Mn?* ions were evenly distributed on both side of the

membrane.®

2.8 solid state NMR
Rotational Echo Double Resonance (REDOR) solid state NMR and Paramagnetic
Relaxation Enhancement (PRE) solid state NMR were used in this study.'® ' Spectra were

obtained from a 9.4 T Agilent Infinity Plus spectrometer and triple - resonance MAS probe tuned
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to *H, 13C, and 2H frequencies. Figure 2.4A shows the pulse sequence of REDOR and quadrupolar
echo (quecho) pulse sequence in PRE experiment.

In REDOR experiment, the rotor was span at 10 kHz and -50 °C, cooling by nitrogen gas
flow and the expected sample temperature is ~ -30 °C. The REDOR experiments collects two sets
of data: So and Sa. In both experiments: (1) *H 7/2 pulse; (2) tH to *3C cross-polarization (CP); (3)
'H decoupling; (4) 3C & pulses at the end of each rotor period; and (5) *C detection. 2H = pulses
are applied in the middle of each rotor period in Sy experiment but absent in Sp experiment. The
spectra were processed with 100 Hz Gaussian line broadening and referenced to adamantane
methylene chemical shift, which is 40.5 ppm. The Sp and S; intensities were calculated with a 3-
ppm width of the *CO peak. The uncertainties were the RMSD’s of 6 spectral noise regions with
3-ppm widths. The REDOR dephasing is defined as:

AS/Sy = (S — S1)/So 2.1
The dephasing is a function of dephasing time t, whose duration is the after *H to **C CP and
before 13C acquisition. The dephasing is plotted vs T and the dipolar coupling (D) and internuclear

distance (r) between 3C and 2H can be calculated:

_ MoViscYamh _ 464243571
DHz) == 55— =—13 55
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Figure 2.4 (A) 3C - 2H REDOR pulse sequence and (B) quecho pulse sequence.

The PRE experiments were designed for measuring the IFP-bounded membrane lipid acyl
chain location by using quadrupolar echo solid-state NMR experiments and the pulsed sequence
is shown in Figure 2.4 panel B. ?H spectra were acquired with different 1 and 12 and a fixed (t -
11) value. Typically, the pulse length was set around 1.5 ps; t1, T2 were set between 10 and 1000
us; the recycle delay was set to 1 s. Samples are detected at 25 °C (gel phase lipids) and 50 °C
(fluid phase lipids). In data processing, the FID needs to be shifted to make the maximum echo
signal at t = 0 and the total relaxation time is denoted as t and t = [t1 + 12 + time being shifted].
Data processing was done by 1000 Hz exponential line broadening, baseline correction and data
shift. 2H T relaxation time is determined by the decay of acquired signal as a function of t. By

plotting the signal intensity (I) in FID vs t, the T relaxation time can be calculated by:
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t
I1(t) = 1(0)xexp (T—) 2.3
The T2 relaxation rate R2 can be calculated as:

R, =~ 2.4

Thus, the internuclear distance information between 2H in deuterated lipid acyl chain and the

paramagnetic species Mn?* on membrane surface can be obtained.*?
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Chapter 3
Expression, purification and functional characterization of

HIV gp41 ectodomain and transmembrane domain
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3.1 Introduction

Human Immunodeficiency Virus (HIV) leads to the Acquired Immunodeficiency
Syndrome (AIDS), which is a disease that causes human immune system failure.! HIV virus is
enveloped by lipid membrane obtained during viral budding from an infected host cell.? On HIV
envelop, glycoprotein gp120 and gp4l form a “knob” shape complex in a noncovalent manner
where three molecules of gp120 forms the “cap” and three molecules of gp41 forms the “stem”.
The first step of HIV infection cycle is the binding of gp120 onto the host cell CD4 and
coreceptors, and this binding can cause conformational change and lead to gp120 displacement.*
® gp41 is then exposed and it catalyzes the fusion between viral and host cell membrane. At the
end of the fusion, a fusion pore is formed and the viral nucleocapsid is released into the host cell
cytoplasm.® The RNA is reverse transcribed into DNA catalyzed by reverse transcriptase and then
the viral proteins are expressed. Finally new viruses bud from the host cell membrane and start the
new infection cycle.” This process is detailed discussed in chapter 1 and is also shown in Figure
1.2.8

gp4l is the only fusion protein in HIV and it plays a vital role in membrane fusion.
Numerous of previous studies illustrate that the gp41 undergoes a huge conformational change
before and after fusion. X-ray crystallography and cryo-electron microscopy are used to study the
structure of gp41 and big progresses has been made to reveal the structure and its possible fusion
mechanism.5 %11

Crystal and cryo-electron microscopy structure of gp41 at its pre-fusion state included a 50
A long parallel bundle of three NHR helices in the center, and three CHR 40 A long helix forming
a tripod (Figure 1.5). The monomer structure was NHR-helix/60°-turn/CHR-helix.% 12 X-ray

crystallography result of gp41 at post-fusion state was a six-helical bundle (SHB) state, in which
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three NHR helices formed a parallel trimeric coiled-coil in the center and three CHR helices
wrapped antiparallel outside. The monomer structure changed to NHR-helix/180°-turn/CHR-helix
(Figure 1.4).613

The FP, MPER and TM are the domains that interacting with either host cell or viral
membrane and they all play key roles during membrane fusion. However, the structures of these
domains were ether truncated or missing in crystallography and cryo-electron microscopy results.
The FP alone adopted antiparallel B-sheet structure in physiologically relevant membrane
environment.** The functional study of FP also suggested its importance in membrane fusion.®
MPER is the ectodomain region that is closest to the viral membrane with two discrete o helical
segments with a central hinge structure.!® " TM is the domain that anchors the gp41 in the viral
membrane with a continuous long a-helix with MPER. The structural study results of FP, MPER
and TM were shown in Figure 1.7 and 1.8.

The previous functional studies of gp41 also provide information regarding its structure.
FP induced vesicle fusion was ~10 times less when Val_2 was mutated to Glu_2, which was
consistent with much higher fusion and infection of HIV with wild-type compared to HIV with
the V2E mutation. This result supported the catalytic significance of the FP domain in gp41.18 19
Solid-phase synthesized FP was monomeric in solution. To obtain FP-dimer or FP-trimer, a tag
containing cysteine and lysine at the peptide C-terminal was added. FP-dimer was obtained by
cysteine cross-linking between monomers and FP-trimer by synthesizing a peptide bond between
the peptide C-terminal carbonyl group in a dimer and a lysine e-NH> group in monomer. Lipid
mixing percentage of FP-trimer was 3 folds greater than FP-dimer and 10 folds greater than FP-
monomer, which suggested that higher oligomeric constructs induce more vesicle fusion.?® Vesicle

fusion experiments for large gp4l constructs containing N47(L6)C39 (match the SHB crystal
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structure in Figure 1.4) and N70(L6)C39 (with appending of FP domain) showed significant lipid
mixing for vesicle composition POPC:POPG:Chol (8:2:5) at pH 3.5, but a rapid loss in fusion
activity was observed as pH increase, and completely no fusion at pH 5.5. This suggested a strong
depend on electrostatic interactions between proteins and vesicles. At low pH, the positively
charged protein had electrostatic attraction with negatively charged lipids. As pH increased, the
protein charge changed from positive to negative and resulted in repulsion between protein and
vesicles, and lead to poor protein binding on vesicles and no fusion.?! By varying the fraction of
negatively charged PG in vesicles, the fusogenicity was also affected. With higher PG fraction, the
electrostatic repulsion between vesicles was greater and resulting in lower fusion.??

This study is aimed to have an insight of the gp41 structure and function correlation. In this
study, | have synthesized the gp4l protein that includes the gp41 construct of residue 512-
581+SGGRGG+628-705, and characterized its overall structure, oligomeric state as well as its
fusion function. The overall goal is to get a better understanding of the structure and fusion

mechanism of gp41 and may help the further vaccine and antiretroviral drug development.

3.2 Result and discussion
3.2.1 Protein solubilization and purification

The constructs and amino acid sequences of full-length HIV gp4l and the four gp41l
constructs being studied in this work are shown in Figure 3.1. The constructs had a non-native 6-
residue sequence that replaced the SE loop and adjoining terminal regions of the SE N- and C-
helices. This modified SE was chosen because of better solubility properties. It also showed that
is can retain hyperthermostable helical structure with Tm > 90 °C in HM.2® The protein expression
procedure is discussed in Chapter 2. After expression, the first step in recombinant protein (RP)

purification was cell lysis in PBS. The four gp41 constructs are insoluble in PBS, since SDS-PAGE
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of the soluble lysate did not show any bands at corresponding molecular weight, as would be
expected for membrane proteins. Thus, after centrifugation at 48000 g, 4 °C for 20 min, the RP’s
were in the pellet. The pellet was resuspended in PBS and centrifugated (2x) to remove non-RP
material and this is consistent with visibly decrease in pellet size.

RP expression levels were assessed by static solid-state NMR. The cells were grown in LB
broth and then transferred to minimal medium, followed by IPTG induction and adding 1-'C Gly.
The procedure was developed from our group’s previous work.? 50 mL of LB with 0.5 mL of
glycerol stock of E. coli cells that contained a specific plasmid was incubated at 37 °C and 180
rpm shaking overnight. The cells were harvested by centrifugation at 10,0009 at 4°C for 10 minutes
and then resuspended into a 250 mL baffled flask containing 50 mL of M9 minimal medium, 100
uL of 1.0 M MgSOs, and 250 uL of 50% glycerol at 180 rpm and 37 °C. 2.0 mM IPTG was added
after 1 hr. A dry mixture contained 10 mg of $3CO labeled glycine and 10 mg of each of the other
19 common amino acids were added at the same time. An equivalent mixture was added after one
hour of induction. After three hours of expression, the cells were harvested by centrifugation at
10,000 g and 4°C for 10 minutes. The wet cells were resuspended in PBS by tip sonication. The
pellet of the lysate after centrifugation was packed into NMR rotor and *C NMR spectra were
obtained (Figure 3.2). The chemical shifts of the peaks in spectra were ~ 175 ppm. By comparing
to 13C static NMR of proteins samples, these peaks were assigned to *C0.2>2" The similar pellet
sizes and the comparable *CO signal intensities evidenced similar quantities of expressed RP for

each construct.

76



gp4l

HM_TM

FP_

FP_HM_TM

HM

HM_TM

FP_HM

FP_HM_TM

512

HM

HM

GIKQLQARIL
WENITNWLWY

GIKQLQARIL
WFNITNWLWY

AVGIGALFLG
GIKQLQARIL
WFENITNWLWY

AVGIGALFLG
GIKQLQARIL
WENITNWLWY

NHR

535

SGGRGGWMEW
IKGGGGGGLE

SGGRGGWMEW
IK

FLGAAGSTMG
SGGRGGWMEW
TKGGGGGGLE

FLGAAGSTMG
SGGRGGWMEW
IK

581

CHR

596 615

628
SGGRGG

SGGRGG

SGGRGG

SGGRGG

CTLTVQA
DREINNYTSL
HHHHHH

CTLTVQA
DREINNYTSL

ARSMTLTVQA
DREINNYTSL
HHHHHH

ARSMTLTVQA
DREINNYTSL

MPER Endo

662 683 856

tag

tag

tag

tag

RQLLSGIVQQ QNNLLRAIEA
THSLIEESQN QQEKNEQELL

RQLLSGIVQQ QNNLLRATIEA
THSLIEESQN QQEKNEQELL
GGGGGGLE  HHHHHH

RQLLSGIVQQ QNNLLRAIEA
IHSLIEESQN QQEKNEQELL

RQLLSGIVQQ QNNLLRAIEA
IHSLIEESQN QQEKNEQELL
GGGGGG GGLEHHHHHH

QQHLLQLTVW
ELDKWASLWN

QQHLLQLTVW
ELDKWASLWN

QQHLLQLTVW
ELDKWASLWN

QQHLLQLTVW
ELDKWASLWN

Figure 3.1 (A) Full-length HIV gp41 and the four gp41 constructs. (B) Amino acid sequences with

the same color coding as panel A and the non-native C-terminal GeHs or GgHs in black.
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Figure 3.2 Static 3C NMR spectra of lysate pellets labeled with 1-13C Gly. Each spectrum was

the sum of 1000 scans.

To find conditions that completely solubilized the RP-rich pellet, four different conditions
that contained PBS at pH 7.4 and either: (1) 8M Urea; (2) 6M GuHCI; (3) 8M Urea and 0.8%
Sarkosyl; or (4) 8M Urea, 0.5% SDS, and 0.8% Sarkosyl; were tested. The pellets were visually
soluble in these buffers after sonication, and the pellet size after centrifugation was similar. Each
solution was then subjected to Co?*-affinity chromatography, followed by SDS-PAGE (Figure 3.3
and Figure 3.4). The highest purity and yield were obtained for mixture (4) which was then used
for all subsequent protein purification.

All constructs have a non-native C-terminal He affinity tag preceded by either a G¢LE or
GsLE spacer, where the spacer is required for RP binding to the Co?* resin. According to previous
crystallography result, the soluble ectodomain (SE, which includes CHR, loop and NHR) by itself
likely still adopts helical hairpin structure,?® 28 so we expect that the spacer provides greater solvent
exposure of the He tag.

The longer GsLE spacer was required for FP_HM_TM binding to the resin. The affinity
purification eluent of FP_HM_TM with GeLE spacer showed no product in SDS-PAGE. The

reason might be the He tag buried in protein hydrophobic core, leading to poor affinity column
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binding. After adding two other glycine residues to create a GgLE spacer, a band corresponds to
the MW of FP_HM_TM showed on SDS-PAGE, which evidences that a longer spacer increases
the exposure of He tag.

To find conditions without urea and Sarkosyl for which solubility was retained for all
purified RP’s, dialysis was done against a variety of buffers, and soluble RP’s were obtained for
10 mM Tris at pH 7.4 and 0.2% SDS. On the other hand, since PC lipids is a significant component
of HIV host cell membranes and the DPC has a similar phosphatidylcholine headgroup, the RP’s
were also dialyzed against buffers with DPC detergent. The RP’s precipitated quickly if dialyzed
directly against low- or neutral- pH buffers containing 0.25% DPC, which is not consistent with
other groups’ results.?> % One previous study suggested to refold RP on affinity column.®! In our
observation, all RP’s were soluble if the initial exchange into buffer with 0.25% DPC was done
with RP bound to Co?*-resin, followed by elution using buffer with DPC and 250 mM imidazole,
and then dialysis to remove the imidazole. The final solutions contained 0.25% DPC and either 20
mM sodium acetate buffer at pH 3.2 or 20 mM sodium phosphate buffer at pH 7.4. RP solubility
when initial exchange was done with resin-bound RP vs. RP precipitation when initial exchange
was done by dialysis of a RP solution suggests that RP aggregates can form quickly, but are not
the lowest free-energy state in 0.25% DPC.

Figure 3.4 displays SDS-PAGE of the four RP’s after dialysis into 10 mM Tris at pH 7.4
with 0.2% SDS. Bands corresponding to FP_HM, HM_TM, and FP_HM_TM were cut from a gel
and subjected to trypsin digestion and mass spectrometry. Peptides were identified from each of
the three bands that provided 80, 55, and 75% sequence coverage, respectively (Figure 3.5). In

Figure 3.5, the highlighted yellow residues were in a peptide that identified by mass spectrometry.
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The highlighted green Met residues had masses consistent with oxidation and the highlighted green
Asn and GIn residues had masses consistent with deamination.

Typical purified yields of HM, FP_HM, HM_TM, and FP_HM_TM were respectively ~10,
0.5, 0.5, and 0.3 mg/L bacterial culture. Such significant difference in yields was due to the
differences in their binding to the Co?*-resin, since each construct had similar expressed RP
quantities. FP_HM_TM required a longer glycine spacer than the other constructs to bind to Co?*-
resin. This suggests occlusion of the Hs tag by FP and TM segments, which is sterically plausible

because of SE helical hairpin folding even in the mixtures with denaturant at high concentration.?®
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Figure 3.3 SDS-PAGE after Co?*-affinity chromatography of the solubilized pellet enriched in
inclusion body protein. The protein is FP_HM and different solubilization conditions for the pellet

are noted. Only the MW marker lane and relevant elution lane(s) are displayed.
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Figure 3.4 SDS-PAGE of the purified HM (MW = 13.7 kDa), HM_TM (MW = 16.7 kDa), FP_HM
(MW =16.5 kDa), and FP_HM_TM (MW = 18.9 kDa) using solubilization condition: PBS at pH

7.4 with 8M Urea, 0.5% SDS, and 0.8% Sarkosyl.
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FPHM (100%), 16,503.9 Da
sequence | Weliky FPHM
3 exclusive unique peptides, 8 exclusive unique spectra, 52 total spectra, 117/146 amino acids (80% coverage)

AVGIGALFLG FLGAAGSTMG ARSMTLTVQA RQLLSGIVaAaaQ QNNLLRAIEA QQHLLQLTVW
GIKQLQARI L SGGRGGWMEW DREINNYTSL IHSLIEESQN QQEKNEQELL ELDKWASLWN
WFNITNWLWY | KGGGGGGLE HHHHHH

HMTM (100%), 16,681.3 Da

sequence | Weliky HMTM

1 exclusive unique peptides, 1 exclusive unique spectra, 10 total spectra, 80/145 amino acids (55% coverage)

CTLTVQARQL LSGIVQQQNN LLRAIEAQQH LLQLTVWGIK QLQARILSGG RGGWMEWDRE
INNYTSLIHS LIEESQNQQE KNEQELLELD KWASLWNWFN | TNWLWYIKL FIMIVGGLVG
LRIVFAVLSI VGGGGGGLEH HHHHH

FPHMTM (100%), 18,930.1 Da

sequence | Weliky FPHMTM

8 exclusive unique peptides, 14 exclusive unique spectra, 38 total spectra, 128/170 amino acids (75% coverage)

AVGIGALFLG FLGAAGSTMG ARSMTLTVQA RQLLSGIVQQ @NNLLRAIEA QQHLLQLTVW
GIKQLQARIL SGGRGGWMEW DREINNYTSL I|HSLIEESQN QQEKNEQELL ELDKWASLWN
WENITTNWLWY | KLFIMIVGG LVGLRIVFAY LSIVGGGGGG GGLEHHHHHH

Figure 3.5 Sequence coverage of FP_HM, HM_TM, and FP_HM_TM after trypsin digestion.

3.2.2 Influence of FP and TM on hyperthermal a helical hairpin structure

Figure 3.6 shows the CD spectra at ambient temperature of the four gp41 constructs in: (A)
0.2% SDS at pH 7.4; (C) 0.25% DPC at pH 7.4; and (D) 0.25% DPC at pH 4.0. The protein
concentration and all spectra for a single buffer were acquired during the same day to obtain the
most quantitative comparison between constructs. Panel B displays 0222 vs. temperature plots
derived from CD spectra in panel A (0.2% SDS at pH 7.4). Spectra at 25, 60, and 90 °C are
presented in Figure 3.7. The temperature-series of spectra for a single construct were all obtained
during the same day. The panel A vs. B differences between the ambient-temperature 622> values
for the same construct are in part due to use of different CD instruments. There is the same ordering
of 0222 values with construct in both panels.

There are several trends among the ambient-temperature CD spectra in Figure 3.6 panel A,
C and D. All spectra have the characteristic shape of o helical secondary structure with minima

near 208 and 222 nm. This helicity is consistent with the helical hairpin structure of gp41 SE. The
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| 6 | values for a single construct in DPC are similar at low and neutral pH, which supports a pH-
independent hairpin structure. The | 6 orc|/| 6 sps| = 3/2, with some variation both among constructs
and with wavelength. This ratio suggests higher helicity in DPC vs. SDS.

The HM_TM construct has the largest | 6 | values in all three buffer conditions, with 6227
~ 28,000 (degrees-cm?/dmole-residue) in DPC that correlates with 85% average helicity. This is
equal to the average helicity calculated using a model of 100% helicity of 123/125 of the native
residues and 0% helicity for 2 native residues as well as 20 non-native residues, i.e. SGGRGG
loop and C-terminal GesLEHe (Table 3.1). Nearly complete native helicity is consistent with a fully-
folded protein containing SE helical hairpin and TM helix structural elements. Similar analysis of
|0222| of HM yields ~76% experimental helicity and ~10 non-helical native residues. These residues
are most likely at the N- and C-termini of the hairpin, based on reasoning that the TM domain

stabilizes hairpin helical structure.
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Figure 3.6 Circular dichroism spectra of samples containing ~10 pM protein concentration in

different buffer + detergent solutions: (A) 10 mM Tris at pH 7.4 and 0.2% SDS; (C) 20 mM

phosphate at pH 7.4 and 0.25% DPC; and (D) 20 mM acetate at pH 4.0 and 0.25% DPC. The

spectra in panels A, C, and D spectra were obtained at ambient temperature. (B) the 622, values

derived from spectra in 0.2% SDS at pH 7.4 and temperatures between 25 and 90 °C. The panel A

vs. B differences between the ambient-temperature 6222 values of the same construct may reflect

measurement uncertainties in protein concentrations and use of different CD instruments.
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Figure 3.7 Circular dichroism spectra of four gp41 constructs with ~10 uM protein concentration
in 10 mM Tris at pH 7.4 and 0.2% SDS at 25, 60 and 90 °C. The panels are noted corresponds to

each construct.
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Table 3.1 Analysis of CD spectra in 0.25% DPC at pH 4

Construct Average fractional helicity ? Number non-helical residues®
HM 0.76 10
HM_TM 0.85 2
FP_HM 0.73 20
FP_HM_TM 0.73 24

& Calculated using 100% helicity as | 0222 | = 33000 degrees-cm?/dmole-residue

b Calculated using Nnon-hetical = Ntot — Nnon-native — fhelix/Niot

The CD result showed a general trend that addition of the FP segment decreases average
helicity in both SDS and DPC, and this correlates with similar loss of helicity deduced from
comparative CD spectra of the shorter “HP” and “FP_HP” constructs.?® HP and HM have identical
N-terminal sequences including SGGRGG non-native loop, but HP lacks the 17 native C-terminal
residues of HM, as well as the non-native C-terminal GeLEHs. The average helicity of FP_HM
and FP_HM_TM in DPC at pH 4 is ~73%, which corresponds to non-helical structure for ~20
(FP_HM) and ~24 (FP_HM_TM) native residues. Most of these residues are likely within the FP,
based on ~15-25 non-helical residues when the 23-residue N-terminal FP segment is appended to
either HP, HM, or HM_TM. Even the [ strand FP is consistent with previous CD result, it is not

consistent with earlier NMR chemical shifts.'® 282 We don’t understand the discrepancy between
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the CD and NMR data, but note that in membrane, the FP often adopts intermolecular antiparallel
B sheet structure.*

Figure 3.6 panel B shows only moderate decreases in |0222| with temperature in the 25-90
°C range, which supports Tm > 90 °C for the four constructs. HM and FP_HM exhibit similar
A(|0222]) = 4000 degrees-cm?/dmole-residue over the 25-90 °C range, which is consistent with
assignment of the helical structure to the HM region. In some contrast, HM_TM exhibits A(|6222])
~ 5000, and FP_HM_TM exhibits A(|0222]) =~ 3000 degrees-cm?/dmole-residue, so adding both the
FP and TM domains stabilizes the helical hairpin structure of HM. Close FP/TM contact has not
been detected by NMR, so increased thermostability may be due to location of the FP and TM
segments in the same micelle, so opening of the hairpin requires micelle deformation to maintain
detergent contact with both FP and TM.3% 3233 There isn’t this penalty if the construct contains
only the FP or the TM. Common features of most studies are the very high helicity of the SE and
Tm > 100 °C, particularly if the construct contains longer N- and C- helix segments with
complementarity between their hydrophobic surfaces. These features are exhibited with or without
the native loop, for solutions without detergent at low pH, and for solutions with detergent at low
and neutral pH.2* 343 Similar result from our group showing moderate CD changes of the shorter
HP and FP_HP constructs, and the combined data with current result support hyperthermostable
hairpin SE structure for all constructs.?® By combining all data, the results support greater
thermostability of FP_HM_TM vs. more truncated constructs. The same thermostability
correlation was also observed for the influenza virus HA2 construct, whose sequence is non-

homologous with gp41, but performs a similar fusion function.3®
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3.2.3 Oligomeric states vary in different detergent

Figure 3.8 displays SEC of the gp41 constructs in: (A) SDS at pH 7.4; (B) DPC at pH 7.4;
and (C) DPC at pH 4.0. These detergents were chosen in part because all proteins are thermostable,
as assessed by their CD spectra. The running [protein] =~ 10 uM is comparable to the CD
experiments. All buffers also contained 150 mM NacCl to inhibit protein binding on column. The
0.2% SDS is ~5xCMC and the 0.25% DPC is ~8xCMC.3° There is <10% statistical probability
of protein occupation of a micelle, so oligomerization is likely due to protein/protein interaction
rather than crowding. The protein and detergent form complex and they migrate together on
column. The MW determined in SEC is for the complexes of protein + detergent (MW prot+Det).

Table 3.2 shows the MW of SEC peaks and their peak assignment. SEC in 0.2% SDS at

pH 7.4 (Figure 3.8 A) mainly has two oligomeric species with MWohrot+pet ~ 80 - 115 and 190

kDa. A dominant peak is observed for FP_HM at 82 kDa and for FP_HM_TM at 115 kDa. The 78
kDa peak is also observed for HM and the 115 kDa peak for HM_TM, and are accompanied by a
peak of approximately equal intensity at 190 kDa for both constructs. Assignments include: 80 and
115 kDa peaks — protein trimers, and 190 kDa peak — protein hexamers. These peak assignments
are made based on the known trimer hairpin structure of the SE domain at mM protein
concentration, and also considered earlier SEC that supported predominant hexamer species in 6M

GuHCI without detergent.®
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Figure 3.8 SEC of gp41 constructs under the following conditions: (A) 10 mM Tris at pH 7.4, 150
mM NaCl, 0.2% SDS, and ambient temperature; (B) 20 mM phosphate at pH 7.4, 150 mM NacCl,
and 0.25% DPC at 4 °C; and (C) 20 mM acetate at pH 4.0, 150 mM NaCl, and 0.25% DPC at 4
°C. SEC was obtained with a Superdex 200-increase column, 1 mg/mL protein loading with ~10-
fold dilution in the column, and A280 detection. The arrows in the plots are at the elution volumes
of the MW standards, and some of the peaks are identified with dashed lines and with MW’s

calculated from interpolation between MW standards.
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Table 3.2 Analysis of SEC traces?

Condition Construct MW (kDa) | Oligomer | Protein (kDa) | Detergent (kDa)
HM 78 41 37
FP_HMP® 82 49 33
trimer
HM_TM 115 50 65
SDSatpH7.4 | FP_HM _TMP 115 57 58
HM 186 82 104
hexamer
HM_TM 197 100 97
HM 300 dodecamer 164 136
HM 36 14 22
FP_HM 31 17 14
monomer
HM_TM 27 17 10
DPCatpH 7.4 | FP_HM_TM?® 21 19 3
HMP® 85 41 44
FP_HM 100 trimer 49 51
HM_TM 125 50 75
DPCatpH 4.0 | HM 36 monomer 14 22




Table 3.2 (cont’d)

FP_HM 33 17 16
HM_TM 34 17 17
FP_HM_TM 20 19 1
FP_HM_TM 36 19 17
FP_HMP 88 49 39
HM_TM 90 trimer 50 40
FP_HM_TM 90 57 33
HM_TM 180 hexamer 100 80

2The MW of HM, FP_HM, HM_TM and FP_HM_TM are 13.7, 16.5, 16.7 and 18.9 kDa,
respectively

b Dominant peak

The assignments are also based on reasonable calculated protein and SDS contributions to
the SEC peak masses. The 78 kDa peak is proposed to include HM trimer (41 kDa) and SDS (37
kDa), and the 82 kDa peak includes FP_HM trimer (49 kDa) and SDS (33 kDa). A SDS micelle
without protein has a MW of 23 kDa, and additional detergent mass is reasonably needed to solvate
protein.*® The 115 kDa peak includes either HM_TM (50 kDa) or FP_HM_TM (57 kDa) trimer,

and SDS (= 60 kDa). Relative to the 80 kDa peaks, the additional ~25 kDa SDS mass in the 115
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kDa peaks is consistent with solvation of the TM segment by SDS. There is also correlation with
the SDS-PAGE in Figure 3.4. The gel shows ~5 kDa increase in monomer MW with inclusion of
TM vs. much smaller MW change for inclusion of FP. Hexamer assignment of the 190 kDa peak
correlates with HM (82 kDa) or HM_TM (100 kDa), and SDS (= 100 kDa), and dodecamer
assignment of the 300 kDa peak correlates with HM (164 kDa) and SDS (136 kDa).

SEC traces in DPC (Figure 3.8 B and C) exhibit some peaks with MW’s comparable to
those in SDS, and assignment is done by similar reasoning. For SEC in 0.25% DPC at pH 7.4,
HM, FP_HM and HM_TM peaks at 85 ~ 125 kDa assigned to trimers: HM (41 kDa) + DPC (44
kDa); FP_HM (49 kDa) + DPC (51 kDa); and HM_TM (50 kDa) + DPC (75 kDa). The DPC
micelle without protein is 25 kDa.*! The trimer assignment is supported by previous sedimentation
velocity analysis of the related gp41s12.711 construct in DPC at pH 7.0. This construct includes the
full ectodomain and TM. The major species was a trimer (65 kDa) + DPC (62 kDa).*! For SEC in
0.25% DPC at pH 4.0, the major peaks of FP_HM, HM_TM, and FP_HM_TM are at 90 kDa and
assigned as trimer, with = 50 kDa protein and =~ 40 kDa DPC.

All DPC traces have peaks at lower MW’s that are assigned to monomer species. There is
often a defined peak at 35 kDa with calculated monomer protein (15 kDa) + DPC (20 kDa)
contributions, and sometimes a broader peak at lower MW’s. The monomer peaks are dominant
for FP_HM and FP_HM _TM at pH 7.4. The SEC monomer assignment is supported by earlier
sedimentation velocity data in DPC at pH 7 for several constructs like gp41s29-656 and gp41sas-683
that lack the FP and TM domains. Sedimentation coefficients evidenced monomer protein (10
kDa) + DPC (15 kDa).*°

For DPC, there are high-MW peaks at pH 7.4 that are weak and broad, while there are

defined peaks at pH 4.0 including 55 kDa for HM, 130 kDa for HM and HM_TM, and 180 kDa

92



for HM_TM. The latter peak is assigned to HM_TM hexamers (100 kDa) and DPC (80 kDa), like
the corresponding 190 kDa peak of HM_TM in SDS at pH 7.4. | don’t have assignments for the
55 kDa and 130 kDa peaks.

Additional SEC traces are provided in Figure 3.9. Panel A displays traces that support
reproducibility for replicate samples in 0.2% SDS at pH 7.4. Panel B displays FP_HM and
HM_TM traces reproducibility in 0.25% DPC at pH 7.4. The dash lines in these two panels show
the alignment of the peaks and support high reproducibility of SEC experiments. Panel C is SEC
traces of HM in 0.25% DPC at pH 7.4 with the presents and absent of DTT reducing agent in the
injection sample and running buffer. These traces support the lack of cysteine cross-linking in

these proteins and little dependence on reducing agent.
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Figure 3.9 SEC traces of replicate samples in: (A) 10 mM Tris buffer at pH 7.4 with 0.2% SDS
and 150 mM NaCl; and (B, C) 20 mM phosphate buffer at pH 7.4 with 0.25% DPC and 150 mM
NaCl. The (C) replicates differ in the presence vs. absence of 2 mM DTT reducing agent.
Constructs and their replicate traces are labeled and dashed lines were used to show peak

alignment.
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3.2.4 Comparison of gp41 oligomeric states in SEC and AUC

SEC peaks of the present study support the gp41 SE with either monomer, trimer, hexamer,
or larger oligomeric states. The current result is compared to SEC data from earlier studies as well
as equilibrium and sedimentation velocity analytical ultracentrifugation (AUC) data.?® 2% 3142 |n
these studies, the constructs all have Tm > 100 °C, which matches the stability of full-length SE.
The typical [total protein] =~ 5 mM for all these SEC and AUC studies, which makes it more
reasonable to compare oligomeric interpretations.

Current SEC data supports predominant trimer fraction for all four constructs in SDS at
neutral pH, with some hexamer fraction for HM and HM_TM, and no monomer fraction for any
construct. There is a significant monomer fraction for all constructs in DPC at both low and neutral
pH, as well as trimer and larger oligomer fractions. These data suggest that monomer charges are
stabilized by the zwitterionic charges of DPC but not by anionic SDS. The shorter construct HP
showed predominant monomer faction at low pH without detergent, whereas large aggregates are
predominant at neutral pH.2 These different oligomeric states correlate with different magnitudes
of calculated protein charge, ~ +10e at low pH vs. —1e at neutral pH, with corresponding significant
difference in inter-monomer electrostatic repulsion. We don’t observe greater monomer fraction
in DPC at low vs. neutral pH which supports the significance of electrostatic interactions between
the protein and the DPC headgroups with pH-independent zwitterionic charges.

An earlier study used SEC and AUC techniques to study the gp41 512-705 construct in
DPC at low pH.29 The SEC exhibited monomer:trimer ratio = 3:1, and the sedimentation
equilibrium AUC data were interpreted to support monomer < trimer Kz = 10* M2 which would
correspond to a monomer:trimer ratio = 1:4. This contradictory was not explained in this literation.

Our SEC of the closely-related FP_HM_TM in DPC at low pH exhibits monomer:trimer ratio ~
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1:1 which is intermediate between the two previous results. For the 538-705 SE+MPER+TM
construct, and the 538-665 SE-only construct, sedimentation equilibrium data in DPC at low pH
are interpreted to support Ka ~ 10° M~2.3® Combined consideration of all Ka’s suggests that FP
and TM segments stabilize the trimer vs. monomer, even though they don’t directly interact. There
is some similarity with our observation that FP_HM_TM is the most thermostable of the four fully-
trimeric constructs in SDS at neutral pH. For 538-665 at low pH without detergent, sedimentation
equilibrium Kg’s of 5x10'* M2 and 7x10' M~ have been independently reported, and likely
reflect the magnitude of uncertainty for this technique.3® “® The general consensus from the
literature is that monomer is stabilized by low pH and also stabilized by DPC detergent. Monomer
units may also be stabilized by membrane containing phosphatidylcholine lipids.

Sedimentation velocity AUC has been applied to a construct very similar to FP_HM_TM
in DPC.3 Although Kj’s are not derived from sedimentation velocity, the data exhibited a
sedimentation coefficient that increased abruptly at pH 5, and was interpreted to support monomer
below pH 5 and trimer above pH 5. We did not observe this behavior in SEC and do not understand
the discrepancy between methods. The AUC result correlates with the reduction in calculated
protein charge from +9e to +3e between pH 4 and 5.

The constructs of the present study were designed based on SE structures to have N- and
C-helix segment lengths that yielded Tm > 100 °C, like the full-length protein. There are earlier
studies on constructs with similar or shorter helix lengths, with some surprising and sometimes
conflicting results about monomer vs. trimer fractions in DPC. For example, the longer 528-
579/SGGRGG/628-683 construct at 400 uM concentration and low pH exhibits a tumbling time
derived from NMR that is consistent with predominant monomer.*® This corresponds to Ka < 10°

M~2 which is >100x smaller than the Ka determined by sedimentation equilibrium for the shorter
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538-579/SGGRGG/628-665 construct.®® 4 At neutral pH, a dramatically larger Ka > 4x10%° M~
has been reported for the longer construct based on sedimentation velocity data, whereas much
smaller Ka < 2x10%8 M= were reported for either 546-579/SGGRGG/628-683 or 528-

579/SGGRGG/628-655, which are constructs with respectively a shorter N- or C-helix.3! 4

3.2.5 Hairpin protein-induced vesicle fusion at both physiologic and low pH

Figure 3.10 shows the time-courses of vesicle fusion induced by the four different gp41
proteins for vesicles composed of either POPC:POPG:Chol (8:2:5) or POPC:Chol (2:1), at either
pH 3.2 or pH 7.4. The data were all acquired on the same day with the same protein stocks. There
is 2% typical variation in long-time fusion extent for replicate assays. POPC and Chol are
included to represent some of the physicochemical characteristics of the host cell membrane. For
this membrane, PC is a common lipid headgroup, and Chol is ~0.3 mole fraction of total lipid.
POPG has a calculated charge of —1 at both pH’s, and is included to represent the ~0.15 mole
fraction of anionic lipids that are primarily located in the inner leaflet of the host membrane.* %
Neutral POPC:Chol (2:1) may be more representative of the outer leaflet initially encountered by
gp41 during HIV/cell fusion.

Vesicle fusion was probed by inter-vesicle lipid mixing detected after addition of 40 uM
protein solubilized in 10 mM Tris buffer at pH 7.4, with 0.2% SDS and 150 mM NacCl. This buffer
was also used for SEC in Figure 3.8 A, and these SEC data support initial protein trimers for all
constructs, and additional hexamer populations for HM and HM_TM. No fusion is observed for

buffer without protein, so fusion is due to protein/vesicle rather than SDS/vesicle interaction.
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Figure 3.10 Vesicle fusion assays of gp41 proteins. Fusion was initiated by addition of an aliquot
of protein stock solution at 0 s, and subsequent fusion was monitored by increased fluorescence
associated with inter-vesicle lipid mixing. The stock contained 40 uM protein in buffer at pH 7.4
with 0.2% SDS, and the protein + vesicle mixture contained [protein] = 0.5 uM, [POPC+POPG]
= 150 uM, and vesicle molar compositions and pH’s: (A) POPC:Chol = 2:1 at pH 3.2; (B)
POPC:POPG:Chol = 8:2:5 at pH 3.2; (C) POPC:Chol = 2:1 at pH 7.4; and (D) POPC:POPG:Chol
= 8:2:5 at pH 7.4. Fusion wasn’t observed for any vesicle composition after addition of an aliquot

of buffer + 0.2% SDS without protein. The assay dead time is ~5 s.
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Figure 3.10 panel C and D showed the gp41-induced vesicle fusion at pH 7.4, and the
fusion of neutral vesicles at neutral pH is the condition similar HIV/cell fusion. There was a study
from Chang’s group showing the gp41s12-665, Which is similar to FP-HM, had a fusion activity that
was comparable to our data with neutral vesicles and at neutral pH.* However, there were two
unusual result in that work: (1) the fusion activity of gp41s12.6e5 did not increase as the protein
concentration increased; (2) the solubility was very high as ~1 mM in water.*” From our groups
previous experiments, the fusion activity always increases as the concentration of protein
increases, and the solubility of gp41 constructs in water is < 1 M. For most of the previous studies,
fusion required negatively-charged vesicles.?! 2 These previous results were interpreted to support
attractive electrostatics as a requirement for protein/vesicle binding. For the present study, HM
didn’t induce fusion at neutral pH, which is consistent with these previous results, but larger
constructs induced appreciable fusion.? FP_HM_TM exhibited the greatest fusion extent, while
FP_HM and HM_TM had smaller extents that were similar to one another. These data support a
positive correlation between protein hydrophobicity and vesicle fusion. Fusion was moderately-
higher for anionic vs. neutral vesicles, which evidences that electrostatic repulsion between anionic
vesicles does not affect fusion, and is also consistent with little bulk electrostatic interaction
between a vesicle and the nearly neutral protein, whose calculated charge is ~ -1 at pH 7.4.

The pH 3.2 data provides a comparison with earlier studies on shorter gp41 constructs at
low pH. One common feature of all four conditions of Figure 3.10 is highest fusion extent for
FP_HM_TM, which supports the hydrophobicity/fusion correlation. Fusion extent at low pH was
generally comparable or greater than at neutral pH. This correlates with different magnitudes of

protein charge at low vs. neutral pH, +12 vs. —1. Interestingly, the greater extent at low pH is likely
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not due to direct protein/vesicle attraction, because extent was also greater for neutral vs. anionic

vesicles. This result contrasts with the reverse trend at neutral pH.

3.2.6 FP_HM_TM structural model

Figure 3.11 displays a medium-resolution structural model for FP_HM_TM which
incorporates the Table 3.1 analysis of the circular dichroism spectra as well as previous results.®
13,48 This model likely reflects the final gp41 state during fusion, based on Tm > 90 °C (Figure 3.6
B). A monomer is displayed for clarity but the model should also be valid for a trimer bundle or a
hexamer (dimer of trimer bundles). The HM region is primarily hairpin structure that contains
helices over residues 536-581 and 628-675. This structure is supported by very high helicity of
HM and HM_TM, and by a previous crystal structure.® ** The C-terminal MPER and TM regions
are also highly helical, based on the HM_TM CD spectrum, and on structures in detergent of
peptides corresponding to MPER and/or TM sequences.®® These structures are typically
continuous helices, but there are likely breaks in helical structure for the larger protein because of
the topological constraints of membrane interface and traversal locations for the MPER and TM
domains, respectively.

The FP region is represented as extended and [ strand structure, based both on reduced
average helicity for constructs that include the FP, and on earlier NMR and infrared data that
evidence FP antiparallel B sheet structure in membrane.'* 41 Such structure is reasonable for a
hexamer for which the strands from the two trimers are interleaved. NMR data also support a
distribution of N-terminal antiparallel B sheet registries, with significant populations of registries

like 512—527/527—512 for adjacent strands.** FP insertion in a single leaflet is evidenced by
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NMR contacts between multiple FP residues and lipid tails.*® There isn’t close contact between

the FP and the MPER or between the FP and the TM, as evidenced by previous NMR studies.* 32

628

512

™

Figure 3.11 Structural model of FP_HM_TM based on circular dichroism spectra of the four

constructs as well as other data.® 143048 A monomer is shown for clarity but the model should be

valid for trimers and hexamers. Approximate residue numbers are displayed.
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3.2.7 Relationship between vesicle fusion and HIV/cell fusion

The vesicle fusion data of the present study provides information about the relative
membrane perturbations by different constructs in defined oligomeric states. This may describe
potential contributions of these states to viral gp41-induced fusion. In the pre-fusion complex of
gp4l with gp120, electron densities are interpreted to support an interior bundle of trimeric N-
helices, and C-helices separated from the bundle.® The trimer of hairpins structure has been
observed for gp41 without gp120, and large ectodomain constructs exhibit a hyperthermostable
monomer at ~5 uM concentration with helices indistinguishable from the monomer units of the
trimer. This underlies the hairpin monomer and trimer structures in Figure 3.11 and 3.12.

For the present study, stock protein was principally hyperthermostable trimers and the
protein:(PC+PG+Chol) ratio was ~1:450. Each vesicle has a diameter d of 100 nm, and the
membrane thickness b is ~ 5 nm. Thus, the surface area including the vesicle outer and inner leaflet

can be calculated as:
a=an|(9) + (4= b)’| = 56834 nm? 3.1

=4n|(5) +(5-b) | = mm -
The surface area of PC or PG head group is ~ 0.7 nm?2 and Chol is ~ 0.4 nm?2.52 The PC+PG:Chol
ratio is 2:1. The average surface area a of each lipid molecule is:
a= §><0.7 nm? +§><0.4 nm? = 0.6 nm? 3.2
The number of lipid molecules in each vesicle is:

A

NtOt = ; =~ 95,000 33

This implies ~210 protein molecules or ~70 protein trimers per vesicle when there is quantitative

protein binding, and smaller copy number with reduced binding. This is comparable to the ~15
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trimers/virion, with significant microscopy and functional evidence that trimers are spatially
clustered during fusion.® 53

Earlier studies of vesicle fusion induced by constructs like HM, and FP_HM often showed
strong dependences on pH and membrane charge that were interpreted as supporting a large
contribution to fusion from protein/vesicle electrostatic attraction. There was similarly much
greater leakage of anionic vesicles at low vs. neutral pH.?*?® For the present study, electrostatic
effects were much less pronounced, as evidenced by much smaller dependence of fusion extents
on low vs. neutral pH and anionic vs. neutral vesicles (Figure 3.10). Larger constructs induced
significant fusion at neutral pH of both neutral and anionic vesicles, which reflects expected
physiologic conditions of HIV/host cell fusion. Fusion under physiologic conditions for the present
but not earlier studies may be due to inclusion of more hydrophobic segments in the present study,
and also stock solutions with predominant trimer in the present study vs. monomer in previous
studies.>* Hydrophobic perturbation of the membrane is increased by both effects, and is magnified
in the fusion rate via the Arrhenius Law, assuming that perturbations reduce activation energy by
making membranes more like the fusion transition state. The contribution of the hydrophobic
effect is evidenced by highest fusion for FP_HM_TM. In addition, the HIV TM sequence is fairly
conserved,® including the central R696 snorkeling towards membrane surface, which likely
contributes membrane perturbation.®

Apposition of HIV and host cell membranes is likely aided by conversion from orthogonal
N-helix/C-helix geometry in the pre-fusion state to antiparallel geometry in the hairpin state. It is
also known that peptides corresponding to N- or C-helix regions inhibit fusion up to the final pore
expansion step, which is after inter-membrane lipid mixing and pore formation (Figure 3.12 B).*®

53,57 The present study shows that the trimer of hairpins is effective at inducing vesicle fusion
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under physiologic conditions, particularly when both the TM and FP segments are included in the
construct. The fusion efficiency of the trimer is based on increased local concentration of TM and
FP, and correlates with much higher vesicle fusion induced by FP’s that are cross-linked at their
C-termini, with topology similar to that in the hairpin trimer.?° The inhibitory peptides would likely
not bind to the trimer of hairpins and we propose that they instead bind to monomer hairpins
formed after dissociation (Figure 3.12). Such dissociation has been known for twenty years, with
additional recent data from our and other groups, and could plausibly occur during the ~1-3 minute
HIV/cell fusion time.® 23 3032 The bound peptides prevent re-association of the fusion-efficient
trimer. For constructs like FP_HM_TM in DPC detergent at low pH, the 3 monomer < trimer K,
~ 102 M2, s0 that masSmonomer = Masswimer When [total protein] = 1 pM. The membrane K, hasn’t
been measured, but there are comparable statistical-average inter-protein molecular separations of
~100 nm for [bulk protein] = 1 uM, and ~50 nm for ~15 protein trimers in a 100 nm diameter
virion. Previous work from our and other groups supports the monomer as the hyperthermostable
helical folding unit and it is therefore reasonable that the hairpin is the lowest-free-energy
structure.? 3 Asynchronous folding of monomer protein into hairpin brings the two membranes
into apposition and is likely topologically easier than concerted folding of a trimer into a six-helix
bundle. This may therefore be evolutionary advantage of retaining some hairpin monomer stability

relative to trimer.
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A Trimers without inhibitor

Hemi-fused
membrane

B Monomers with inhibitor

Hemi-fused
membrane

Figure 3.12 Schematic illustrating (A) trimer and (B) monomer respectively favored in the
absence and presence of peptide inhibitor. Panel B displays “C34” inhibitor which contains C-
helix residues 628-661. The sequence color coding matches Figure 3.1 and 3.11, and loops
between structured regions are not displayed for clarity. The FP’s from different trimers or
monomers adopt antiparallel B sheet structure. Fusion is enhanced in panel A vs. B because of
greater clustering of membrane-perturbing protein regions in the trimer vs. monomer. This
enhancement exists for the displayed hemifusion state as well as membrane states that precede

hemifusion.
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3.3 Conclusion

The construct of HIV gp41 membrane fusion protein including the whole ectodomain and
transmembrane domain, and shorter constructs have been expressed, purified and stabilized in
physiology buffers. The constructs adopt o helical SE and TM, and non-helical FP in SDS and
DPC detergents, and they are all hyperthermostable with T, > 90 °C. The oligomeric states of
these proteins vary in different detergent buffer: predominant trimer for all constructs and some
hexamer fraction for HM and HM_TM protein in SDS at pH 7.4; and mixtures of monomer, trimer,
and higher-order oligomer protein in DPC at pH 4.0 and 7.4. Substantial protein-induced vesicle
fusion was observed, including fusion of neutral vesicles at neutral pH, which are the conditions
similar HIV/cell fusion. Vesicle fusion by a gp41 ectodomain construct has rarely been observed
under these conditions, and is aided by inclusion of both the FP and TM, and by protein which is
predominantly trimer rather than monomer. Current data was integrated with existing data, and a
structural model and some new interpretations of these data were proposed: (1) gp4l has a
monomer « trimer thermodynamic equilibrium; (2) monomer hairpins are formed from trimer
dissociation. Asynchronous folding of monomer gp41 into hairpin is likely topologically easier
than concerted folding of a trimer into a six-helix bundle; (3) trimer has higher fusion efficiency

since higher local concentration of TM and FP and greater membrane perturbation.
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Chapter 4

IFP membrane location studied by *C-°H REDOR NMR
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4.1 Introduction

Influenza virus infects respiratory epithelial cells and causes contagious respiratory illness.
Influenza virus is an enveloped virus which means the virion is covered by lipid bilayer. HA is a
viral integral membrane protein and has two disulfide bounded subunits: HA1 and HA2.*?
Influenza virus infection is a multi-step process and starts with HA1 binds to the sialic acid on host
cell membrane. Virion is then endocytosed. The low pH in the endosome triggers the
conformational change of HA and HAZ2 catalyzes the fusion between viral membrane and
endosomal membrane, allowing the viral genetic material to get into the host cell.* > The ~20 N-
terminus residues of HA2 is called fusion peptide (IFP) and it is highly conserved.® Functional
studies of IFP shows that it plays a vital role in membrane fusion, even a single mutation can
eliminates its fusion activity.”® IFP is also believed to be the only segment in HA that binds to the
endosomal membrane.’® However, there is no crystal structure of IFP domain in HA, neither
evidence of its fusion mechanism. Polypeptide IFP has been extensively studied as fusion model,
and the previous research revealed the structure of IFP in detergent micelles and lipid vesicles.**
16 |ipid membrane is more physiology relevant environment compared to detergent micelles, thus
this study is focusing on the IFP-membrane interaction. Ghosh from Weliky’s group found out
that IFP always adopts two different N-helix/turn/C-helix structures in membrane, denoted as
“semi-closed” and “closed” structures.'® The details have been discussed in chapter 1.

Several models have been proposed either by experiment results or molecular dynamics
(MD) simulations to settle the question of IFP membrane location. EPR experiments were done
by Tamm’s group. The result showed that H3 20 IFP is immerged in membrane as an inverted V-
shaped, where the N- and C-terminus deeply inserted into hydrophobic core while the turn was

close to the aqueous surface. H3_20 IFP was inserted deeper at pH 5 compare to at pH 7.4 (Figure
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4.1 A). The result also suggests that a greater perturbation of lipid bilayer at pH 5 and facilitate the
fusion.!! H1 and H3 membrane associated IFP structure was studied by solid-state NMR,
exhibiting amphipathic property: one side of IFP is hydrophobic and the other side is hydrophilic
(Figure 4.2 B). It was proposed that IFP hydrophobic sidechains inserted into lipid hydrophobic
core and the hydrophilic side facing aqueous layer.'* 1

Molecular dynamic simulations are used to understand the details in fusion for both peptide
and lipid membrane. In 2013, Kasson’s group performed MD simulations of IFP in lipid bilayers.
They observed a strong relationship between lipid tail protrusion and the ability of fusion activity,
and the tail protrusion is important to the transition state for fusion. It was also predicted the
kinked helix structure is more fusogenic than straight or hairpin-like structures (Figure 4.1 C).Y’
This is consistent with the solid-state NMR results from Weliky’s group, which show a higher
fusion activity at low pH when the semi-closed structure population is higher compared to closed
structure (Figure 4.2).2° People also suggested that the lipid head group intrusion contributes to the
perturbation of membrane and lipid mixing.®

Lazaridis’s gourp performed MD simulations of the “closed” H1 23 IFP in lipid membrane
and they found out that the IFP deeply inserted in one membrane leaflet (Figure 4.1 D). Even N-
terminal helix is buried more deeply into the hydrophobic membrane interior than the C-terminal
helix, the N-terminus is solvent accessible. Several water molecules penetrate the membrane
interface and interact with it. The pH also influences the orientation of the IFP. On average, the
IFP plane is more tilted in the membrane at neutral pH than lower pH, because of the protonation
of acidic residues E11 and D19 at low pH allows the C-terminal helix to insert deeper, lowering

the rotation angle.®
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Figure 4.1 (A) The 20 lowest energy conformers of the H3_20 IFP in lipid bilayers by the EPR
data at pH 5 (red) and 7.4 (yellow). A phospholipid is shown for reference and nitrogen, oxygen
and phosphorus atoms are colored in yellow, red and green, respectively. The white line represents
the level of the lipid phosphate groups. The hydrophobic hydrocarbon is in dark gray and interface
is in light gray.!! (B) Membrane locations of closed structure H1_23 IFP. Dashed lines are the
hydrocarbon core.?® (C) Lipid tail protrusion induced by IFP. IFP, lipid tails and phosphates are in
green, gray and orange, respectively. A thin gray plane shows the average phosphorus position in
the upper leaflet. One lipid is shown in sticks, with an acyl tail protruding into the polar layer.!’
(D) IFP deeply inserted in one membrane leaflet at low pH. Hydrophobic residues are highlighted
in yellow and hydrophilic residues in red. Phosphorus and nitrogen atoms are in tan and blue,
respectively.!® (E) Membrane-spanning conformation model of IFP in membrane at low pH. IFP,
phosphate group, amine group and acyl chain are in purple, orange, blue and green, respectively.?°

(F) IFP binds on membrane surface at neutral pH. N-terminal helix, C-terminal helix and

hydrophobic side chains are in red, blue and white, respectively.?
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Victor et al. discovered a different model in their MD simulation of IFP in membrane.
These simulations revealed that the peptide became deeply inserted into the membrane and adopted
a perpendicular or tilted orientation relative to the membrane plane, extending from one leaflet to
the other and contacting the lipid headgroups on both sides of the membrane. This model is also
called membrane-spanning conformation, which had not been predicted by previous MD
simulation studies. The peptide insertion had a strong effect on the membrane, lowering the bilayer
thickness, disordering nearby lipids, and promoting lipid tail protrusion (Figure 4.1 E).%

Another model of membrane surface was proposed recently by Tajkhorshid’s group. The
MD simulation result showed that hydrophobic residues Leu-2, Phe-3, lle-6, Phe-9, and lle-10 in
N-terminal helix are buried in membrane hydrophobic core, while in C-terminal helix, amphipathic
side chain Trp-14 and Met-17 are buried, whereas Trp-21 is mostly located at the headgroup region.
N-terminal helix inserts much deeper into the membrane than C-terminal helix, suggesting that the
N-terminal helix was responsible for hydrophobic anchoring of the peptide into the membrane. C-
terminal helix, in contrast, is found to establish major amphipathic interactions at the interfacial
region thereby contributing to binding strength of IFP (Figure 4.1 F).%

This chapter presents an investigation of the IFP membrane location studied by **C-?H
REDOR solid-state NMR. It is vital to detailed characterize the IFP topology in membrane since
IFP is the only segment in HA that interact with target membrane and it is high relevance to the
mechanism of viral entry into the host cell. The overall goal is to get a better understanding of how
IFP promotes membrane fusion and provide more information for understanding fusion
mechanism.

To measure the IFP membrane location, distance was measured between carbonyl carbons

in peptide backbone and lipid acyl chain using *C-2H REDOR. H3_20 IFP was synthesized
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manually by Fmoc solid-phase peptide synthesis as described in chapter 2. The IFP constructs
were 13C site-specifically labeled at either Leu_2, Ala_7 or Gly_16 residues. The lipid membrane
used in this study had a composition of DPPC:DPPG 4:1 ratio as a mimic of host cell membrane.
The DPPC lipid was 2H labeled at different acyl chain positions and denoted as DPPC_D4,
DPPC_D8 and DPPC_D10 (structure in Figure 2.1). This labeling scheme was chosen based on

previous peptide membrane location studies.?

4.2 Result and discussion
4.2.1 3CO-’H REDOR spectra, buildups, and fittings

The H3 20 IFP amino acid sequence is GLFGAIAGFIENGWEGMIDGGGKKKKG

where the underlined part is the original sequence and the C-terminal tag is added intended to
increase the solubility of IFP. The labeled amino acids are shown in Figure 4.2 and the deuterium

atoms in lipid membrane are shown in Figure 2.1.

GLFGAIAGFIENGWEGMIDG

Closed Semi-closed

Figure 4.2 H2_20 IFP sequence, closed structure model and semi-closed model. Labeled amino

acids are in red in sequence and orange in the cartoon model.
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Figure 4.3 ®*CO-?H REDOR data of samples that contain either IFP_L2c in membrane with
DPPC:DPPG 4:1 ratio. Samples were prepared with DPPC_D4, DPPC_D8 and DPPC_D10, and
the corresponding data are displayed in purple, green and red, respectively. (A) So (black) and Sz
(colored) REDOR spectra for T = 40 ms. (B) and (C) Plots of (AS/So) vs t are displayed for the o
helical and 3 strand peaks. The solid lines are best-fits to A(1 — e") and the fitting parameters are

in Table 4.1.
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A IFP_A7c (t=40 ps)

DPPC_D4 DPPC-D8 B DPPC-D10

- - T T T T T T T T
19 180 170 160 19 180 170 160 190 180 170 160

BC chemical shift (ppm)

B Dephasing of o peak C Dephasing of B peak
10— 10

0.8 0.8+
0-6_' / Ols__
0.4- / . -
0.2-_ z /2//1/«/% 0.2-

] . ; ] "

0.0 4 0.0 4

0.4 4

Dephasing
Dephasing

o 10 20 3 4 s o 10 20 30 40 50
Dephasing time (us) Dephasing time (us)

Figure 4.4 CO-?H REDOR data of samples that contain either IFP_A7c in membrane with
DPPC:DPPG 4:1 ratio. Samples were prepared with DPPC_D4, DPPC_D8 and DPPC_D10, and
the corresponding data are displayed in purple, green and red, respectively. (A) So (black) and S1
(colored) REDOR spectra for t = 40 ms. (B) and (C) Plots of (AS/So) vs t are displayed for the o
helical and B3 strand peaks. The solid lines are best-fits to A(1 — e") and the fitting parameters are

in Table 4.1.
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Figure 4.5 *CO-?H REDOR data of samples that contain either IFP_G16c in membrane with
DPPC:DPPG 4:1 ratio. Samples were prepared with DPPC_D4, DPPC_D8 and DPPC_D10, and
the corresponding data are displayed in purple, green and red, respectively. (A) So (black) and S1

(colored) REDOR spectra for t = 40 ms. (B) Plot of (AS/So) vs t are displayed for the o helical

peak. The solid lines are best-fits to A(1 — e™") and the fitting parameters are in Table 4.1.
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Table 4.1 Best-fit exponential buildup parameters for 3CO—?H REDOR of IFP in DPPC and

DPPG 2P
Peptide Peak Membrane A v (H2) r (A)
L2c o DPPC_D4 0.36 (15) 34 (24) 4(2)
L2c® o DPPC_D10 1.00 (15) 38 (10) 4.3 (5)
L2c B DPPC_D8 0.72 (10) 14 (3) 6.0 (5)
L2c® B DPPC_D10 0.55 (23) 27 (18) 5(2)
ATc o DPPC_D8 0.34 (10) 21 (9) 5 (1)
AT7c® a DPPC_D10 0.99 (10) 30 (5) 4.7 (3)
ATc B DPPC_D8 0.47 (6) 25 (5) 5.0 (4)
ATc B DPPC_D10 0.90 (19) 23 (7) 5.1 (7)
Gl6c o DPPC_D8 1.00 (27) 12 (4) 6.4 (9)
Gléc® o DPPC_D10 1.00 (28) 22 (8) 5.2 (8)

& Samples are prepared by aqueous binding method with 1 umol IFP, 40 umol deuterated DPPC
and 10 umol DPPG

b Data that with big error and unreasonable fitting is not shown

¢ Samples with substantial dephasing

The spectra of the IFP L2c, A7c and G16¢ and their fitting are shown in Table 4.1, Figure
4.3, Figure 4.4 and Figure 4.5 respectively. The spectra were obtained at ~-30 °C and the AS/So
dephasing buildup was fitted to A(1 —e™"), in which A and vy are fitting parameters. A represents

the fraction of protein with dipolar coupling D =~ 3y/2 which is based on equal time spent in the
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three 2H m states during t because of Ty relaxation. (1 - A) is the fraction protein with D = 0. D,

4642
r3

_“0’””30’”3’3, Thus, the **C —2H dipolar coupling in Hz is D =
16m°r

in units of Hz is given by: D = Hz.

- - 4642 H . .
The internuclear distance r was calculated as * TZ A. The 13CO chemical shifts are correlated

2

to the peptide backbone secondary structures and thus the secondary structure can be determined
by comparing the chemical shifts in spectra to literature.? 24

A9 _BCO, A8 _2H. labeled 14 peptide was used as a standard compound, the IFP-membrane
interaction has some differences. (1) The membrane environment is locally non-crystalline so that
the distance between the **CO in IFP and a particular ?H in membrane may vary among peptide
molecules even if all the IFP have the same membrane location. (2) Each IFP is surrounded by
several lipid molecules, which means the AS/So is a sum of multi-spin geometry. Since D o 1 for
each spin pair, the AS/So buildup is dominated by the D associated with the closest 2H. Overall,
these considerations for peptide 3CO-lipid °H REDOR imply that fitting parameters will be semi-
quantitatively rather than quantitatively related to membrane location.?? 25

The L2c and A7c have two peaks in DPPC-D4, DPPC-D8 and DPPC-D10 membrane,
however, G16c only exhibits one peak. The L2c, A7c and G16c¢ spectra have peaks with respective
177, 178 and 175 ppm chemical shifts and are assigned to a helical structure of L2, A7 and G16
residues. The peaks at 174 and 175 ppm in L2c and A7c spectra are assigned to B sheet structure.?*
Although all samples were prepared using the same protocol, there was some variation in the o3
population ratio. L2 o helical peak population in three lipids are D10 > D8 > D4. A7 a helical
peak population are D8 > D10 > DA4.

As for G16, there is only one broader peak at 175 ppm and this peak is assigned to o

structure based on two reasons: (1) The chemical shift of B sheet Gly should have a chemical shift
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of ~170 ppm?® and there is no peak or shoulder correspond to this region, and (2) the chemical
shifts of lipid carbonyl carbon natural abundance is also at ~ 175 ppm, and the broader peak may
resulted from the overlapping of **CO in IFP and natural abundance in lipids. 1,2-di-O-tetradecyl-
sn-glycero-3-phosphocholine  (DTPC) and 1,2-di-O-tetradecyl-sn-glycero-3-phospho-(1'-rac-
glycerol) (DTPG) are lipids that do not have carbonyl group. By comparing the full width at half
maximum (FWHM) of G16¢ So in DPPC:DPPG membrane to DTPC:DTPG membrane, the natural
abundance contribution can be obtained (shown in Table 4.2). IFP in DTPC:DTPG has 4.6 ppm
FWHM at 2 ms and 4.3 ppm FWHM at 40 ms. Even though IFP in DPPC:DPPG has an average
4.9 ppm FWHM at both dephasing time, which indicates that lipid carbonyl carbon natural
abundance indeed contributes to broader lines, the L2 and A7 still showed a much narrower
FWHM of ~ 2 ppm. Thus, lipid natural abundance is not the main reason of broad G16 peak. The
reason might be because the Gly has less steric restriction than other residues.

Previous studies of IFP in detergent micelle and lipid membrane both showed that the IFP
adopts a N-helix (residues 1-11)/turn/C-helix (residues 13-19) structure. The two helices are in
close contact and this structure is denoted as “closed” structure. In lipid membrane, IFP also adopts
a “semi-closed” structure, which is also a helix/turn/helix structure but with a wider interhelical

angle.’®*® There is not much information about the B structure. It might be an B sheet structure at

residue 1 — 11 region and o helix at residue 13 — 19.
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Table 4.2 FWHM of membrane associated IFP 2

Labeling 2ms 40 ms
Gl6c - D4 5.5 5.2
Gléc - D8 5.2 5.2
Glec - D10 4.2 4.2
G16c—F9n® 4.6 4.3

& IFP with DPPC:DPPG 4:1 at pH 5. So spectra of 2 ms or 40 ms dephasing time were processed
with 20 Hz line broadening, baseline DC offset correction and baseline polynomial correction of
the order 5. The FWHM values are in unit ppm.

b JFP with DTPC:DTPG 4:1 at pH 5. The data is obtained from Ujjayini Ghosh’s dissertation.

The o peak dephasing buildups for L2c, A7c and G16¢ in membrane containing
DPPC_D10 is comparable large and buildups in DPPC_D8 or DPPC_D4 are smaller. As shown
in Table 4.1, the best-fit A = 1 for all three residues with the DPPC_D10 lipid supports a single
membrane location of IFP. Considering the IFP structure, L2 **CO is on the hydrophobic face and
A7, G16 3CO nuclei are on the hydrophilic faces of the IFP. However, they all showed a similar
4 — 5 A internuclear distance with the D10 deuterium, which is consistent with van der Waals
contact.

For membrane that contains DPPC_D10, there are smaller 3 than o buildups for L2c and
ATc. This suggests there are smaller B than o buildups, which supports an overall shallower
location for B IFP. Additionally, the fitting results of A7c in D10 and D8 show rpio = rpg and Apuo

~ 2Aps. This supports two different membrane locations for IFP with a major population with deep

125



insertion in contact with D10 ?H’s and a minor population with shallower insertion in contact with

D8 2H’s.?®

4.2.2 Effects of sample preparation method and lipid charge

The result discussed in 4.2.1 was IFP in negatively charge DPPC and DPPG lipid
membrane prepared by aqueous binding (AB) and the protocol is described in Chapter 2. This
method was designed as incorporation during viral fusion. Organic co-solubilization (OC) sample
preparation method was also used for IFP in neutral DPPC membrane. Table 4.3 and Figure 4.5
displays the T = 40 ms *C-?’H REDOR spectra and fittings of IFP L2c in 100 % DPPC-D10 and
DPPC-D8 lipids. This method is to achieve thermodynamic equilibrium integration of the two
components. The details process is as below.

50 umole of DPPC-D10 or DPPC-D8 lipids was dissolved in chloroform and then solvent
was removed by dry nitrogen gas flow and vacuum pumping overnight. 1 umol dry IFP_L2c was
added to lipid film and then dissolved in a solvent mixture containing 2,2,2-trifluoroethanol,
1,1,1,3,3,3-hexafluoroisopropanol, and chloroform with 2:2:3 volume ratio followed by
subsequent solvent removal via nitrogen gas and vacuum pumping. 3 mL of 10 mM HEPES and
5mM MES buffer at pH 5.0 was used to hydrate the film and followed by 10 times freeze-thaw
cycles to make a homogeneous suspension. Another 20 mL buffer was added followed by ultra-
centrifugation at 100000g for 5 hours at 4 °C to pellet the peptide-lipid complex.

As shown in Figure 4.6 panel A, the chemical shifts of L2c in DPPC-D8 and DPPC-D10
are 174 ppm which is correspond to the 3 strand structure only. This result is different from the
situation where L2c binds to negatively charged membrane (DPPC:DPPG 4:1 ratio) in aqueous

phase and the peptide adopts both o helix and 3 strands structure.
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Figure 4.6 *CO-2H REDOR data of samples that contain either IFP_L2¢ in membrane with DPPC
prepared by organic co-solubilization method. Samples were prepared with DPPC_D8 and
DPPC_D10, and the corresponding data are displayed in green and red, respectively. (A) So (black)
and S: (colored) REDOR spectra for t = 40 ms. (B) Plot of (AS/So) vs t are displayed for the 8

strand peak. The solid lines are best-fits to A(1 — e™") and the fitting parameters are in Table 4.3.
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Table 4.3 Best-fit exponential buildup parameters for 3CO-?H REDOR of IFP in DPPC 2

Peptide Peak Membrane A v (H2) r (A)
L2¢cP B DPPC_D8 1.00 (29) 26 (11) 5(1)
L2c B DPPC_D10 0.22 (7) 22 (10) 5()

& Samples are prepared by organic co-solubilization method with 1 umol IFP and 50 pumol
deuterated DPPC.

b Samples with substantial dephasing

The difference in signal to noise ratio of D8 and D10 spectra (Figure 4.6 A right panel) is
due to the amount of IFP that bound to the membrane. The D8 sample contained 0.65 umol peptide,
while the D10 sample contained 1.08 umol peptide. The signal to noise of D8 and D10 samples at
2 us dephasing time are the same, while the acquisition number of D8 is three times greater than
D10. Thus the signal of D10 is 1.7 times greater than D8, which is consistent with the 1.08:0.65
mole ratio.

L2c has a much higher buildup rate in DPPC_D8 lipids than in DPPC_C10 lipids (Figure
4.6 B). The ¥CO-?H distances of L2¢ with D10 and D8 are both ~ 5 A, and Apio ~ 1 is much
greater than Apg =~ 0.22 (Table 4.3). This suggest that when IFP and neutral lipid were prepared by
organic co-solubilization method, the L2 3CO is predominantly contacting D8 2H’s. However,
when the sample is prepared by aqueous binding method and with negatively charged lipids, rpio
~ 5 A is closer than rpg ~ 6 A, and Ap1o > Aps. Besides, comparing the dephasing of D8, (AS/So)as
= 0.3 is smaller than (AS/So)oc = 0.7 at large t. All the information showed that the IFP L2c has
close contact with D8 ?H’s in neutral membrane, while close contact with D10 2H’s in negatively

charged membrane.
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The sample preparation methods and the charge of the lipids can be the reasons that cause
such significant difference. Aqueous binding process is a mimic of actual infection, while organic
co-solubilization is to achieve thermodynamic equilibrium integration of the two components.
Previous study of HIV gp4l fusion peptide (FP) in lipid membrane containing
DPPC:DPPG:Cholesterol with 8:2:5 ratio composition using aqueous binding and organic co-
solubilization sample preparation methods obtained both B sheet structure spectra and similar
extent of buildups.?® As for the charge effect, in that paper, organic co-solubilization prepared FP
with neutral PC only membrane and negative PC:PG membrane were also compared. The two
spectra both showed [ sheet structure spectra and qualitatively similar buildups. Thus, from the
results, the sample preparation and lipid composition did not affect the peptide secondary structure
and membrane location of HIV fusion peptide.

However, when IFP was prepared by different sample preparation methods and with
different lipid composition, both secondary structure and membrane location were change. When
prepared by aqueous binding with negatively charged membrane, IFP adopts both o strand and 3
sheet structures. The a. IFP showed fast dephasing buildup with D10, on the other hand,  IFP has
small buildups with all D4, D8 and D10. When prepared by organic co-solubilization with neutral
membrane, IFP only adopts 3 sheet structure and showed high buildup with D8. The reason for
different secondary structures and different § structure membrane locations maybe due to the
sample preparation methods. The organic co-solubilization method achieves the thermodynamic
favorable integration of the IFP and membrane, while the aqueous binding method leads to kinetic
favorable conformation.

The electrostatic interaction between positively charged IFP and negatively charged DPPG

lipid at pH 5.0 also affects the binding percentage. As mentioned in Chapter 2, the NMR sample
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was the centrifugation pellet containing membrane + bound peptide and the unbound IFP exists in
the supernatant. After ultra-centrifugation, the supernatant A280 absorbance was measured to
quantify the amount of unbounded IFP. For samples prepared by aqueous binding method, no IFP
exist in supernatant (A280 = 0), which means 100% binding. But for organic co- solubilization,
only 60% to 80% binding percentage was observed.

The DPPC:DPPG 4:1 composition and aqueous binding was chosen for most of the
samples based on two reasons: (1) PC:PG 4:1 combination is a better mimic of host cell membrane
since the human cell membrane has similar fraction of negatively charged lipids;?® (2) aqueous
binding is similar to the viral infection process, in which the IFP is exposed during conformational

change of HA and then binds to the host cell membrane.

4.2.3 Close contact of a helical IFP and 2H in DPPC_D10

IFP with N-helix/turn/C-helix structure appears to have a single membrane location as
evidenced by rapid L2c, A7c and G16c buildups in membrane with DPPC_D10 and correlate best-
fit A = 1 (Figure 4.3 and Table 4.1). Much smaller buildups were observed in membrane with
DPPC_D4 and DPPC_D8. There are close contacts between the lipid acyl chain tail and o helical
IFP in both N-helix and C-helix region. This may be relevant for fusion catalysis because of local
perturbation of the membrane bilayer with consequent reduced activation energy to the highly
perturbed fusion transition state.

By comparing the REDOR result to the current MD simulations (Figure 4.1 C - F), close
contacts of all the L2, A7 and G16 residues with lipid acyl chain tail is inconsistent with N-helix
deeply inserted while C-helix at membrane surface (Figure 4.1 D) and inconsistent with interfacial

location of a IFP (Figure 4.1 F).1% 2! However, based on the current REDOR results, it is hard to
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distinguish whether IFP adopts a membrane-spanning conformation or IFP promotes lipid acyl
chain protrusion. The possible IFP membrane location models are shown in Figure 4.7.

Both models may facilitate membrane fusion by perturbing local membrane structure. In
membrane spanning model, the IFP inserts deeply in membrane hydrophobic center and break the
continuous membrane structure (Figure 4.7 A), and in lipid protrusion model, the lipid acyl chain
is induced to protrude and contact with water (Figure 4.7 B). When IFP bonds to host cell
membrane, this perturbation may facilitate the lipid acyl chain to interact with viral outer leaflet

and thus induce hemifusion.

A
G16
7

A .@l
G16
8
L2 ﬂ

2%
dedanss

Figure 4.7 Possible models for IFP topology in membrane. The lipid molecules are shown in blue,
D10 2H atoms in lipid acyl chain shown as red dots, IFP in green and labeled residues in orange.

(A) Membrane spanning model and (B) lipid tail protrusion model.
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4.3 Conclusion

13C-2H REDOR solid-state NMR is used to study the IFP membrane location. In this work,
H3_20 IFP was synthesized manually by Fmoc solid-phase peptide synthesis, and **CO labeled at
either Leu_2, Ala_7 or Gly_16 residues. IFP was bonded to acyl chain deuterated lipid vesicle
with a composition of DPPC:DPPG 4:1 ratio as a mimic of host cell membrane. The *CO-?H
dipolar coupling was fitted based on REDOR dephasing and internuclear distances were calculated.

The IFP adopts major o helical, minor 3 strand secondary structure in PC/PG membrane.
The o helical IFP’s with respectively 2*CO labeled Leu-2, Ala-7 and Gly-16 all show close contacts
with the lipid acyl chain tail, suggesting IFP has strong interaction with the membrane: it either
has a membrane-spanning confirmation, or it promotes lipid trail protrusion. IFP bounded lipid
membrane structure studied by paramagnetic relaxation enhancement (PRE) solid-state NMR will
be discussed in Chapter 5 and provides more information about the detailed IFP membrane

location model.
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Chapter 5
IFP effects on membrane studied by °H paramagnetic

relaxation enhancement (PRE) solid-state NMR
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5.1 Introduction

In Chapter 4, REDOR NMR results showed that the Leu2, Ala7 and Gly16 residues in IFP
have close contact with lipid acyl chain tail. According to the current models, the REDOR data is
consistent with two of them: membrane-spanning model and lipid acyl chain protrusion model,
and the possible IFP membrane location models are shown in Figure 4.7. To further study the
membrane structure perturbed by IFP, Paramagnetic Relaxation Enhancement (PRE) solid-state
NMR is used. The information about IFP-membrane interaction may help us to understand the
fusion process and mechanism.

Solomon developed the PRE in 1955.1 PRE experiments utilizes the high gyromagnetic
ratio of unpaired electron in paramagnetic species to enhance dipolar interactions between the
nuclear of interest and the electron and can be used to get distance information in a range up to 35
A. Thus, it is a very powerful tool for long-range distance determination, and for data acquisition
acceleration, especially suitable for biomolecules and human tissue.? 3

Previous studies used paramagnetic species such as Mn?*, Gd?*, and nitroxide spin in solid
state NMR for studying protein membrane location. For example, to study the Protegrin-1 peptide
membrane location, °C site-specifically labeled the peptide was bonded to membrane and the
signal attenuation caused by Mn?* was measured. Paramagnetic Mn?* induces distance-dependent
line broadening and signal attenuation of the nuclear spin signals by enhancing the spin-spin
relaxation rate (1/T2). The Mn?* location in a lipid vesicle system is well defined: it only attaches
to membrane surface and does not penetrate the membrane. By comparing the signal decrease in
peptide to the signal decrease in lipid carbons, the relative depth of the peptide with respect to the
lipid can be extracted.* This method can also be used to study the asymmetric insertion of

membrane proteins in membrane by only applying Mn?* ions on the outer but not the inner leaflet
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of lipid bilayers.> Another example is the location of cholesterol in membrane determined by
comparing the *3C spin-lattice relaxation rates of phospholipid and cholesterol in the presence of
paramagnetic Gd®*.®

In this study, PRE was used to illustrate the effect of IFP on membrane structure and also
to solve the model of IFP insertion in membrane.

PRE was chosen based on its long distance detection range. Besides, compare to other
techniques such as NOE, *H spin diffusion or EPR, PRE has less limitations. The NOE detection
range is ~ 5 A, which is too short compared to the 34 A membrane hydrophobic core thickness.
To study the peptide insertion in membrane, *H spin diffusion NMR is another approach. The
magnetization transfer rate from lipid methyl protons in the center of the bilayer to the target
peptide is measured in this experiment, and this transfer is facilitated by *H-'H dipolar coupling.
There is a significant difference in the magnetization transfer rates between a rigid peptide and the
mobile lipids at ambient temperature. The spin diffusion from the lipid methyl protons to a rigid
peptide close to the center of the bilayer is rapid. In contrast, for a peptide that bind on membrane
surface, the methyl *H magnetization must first diffuse through the lipid acyl chains before
reaching the protein. Since spin diffusion in the lipids is extremely slow because of motion-
averaged *H-'H dipolar couplings, the surface-bound protein receives little *H magnetization from
the methyl protons and showed low transfer rate. If the peptide does not have enough rigidity, the
spin diffusion from methyl proton to peptide is also slow, then it is hard to distinguish the diffusion
to peptide or lipid since they have closer rate. Thus, to distinguish the peptide location on
membrane surface or membrane hydrophobic core, a rigid the peptide is required.” EPR
experiments required to introduce of bulky spin probes, which may perturb the membrane packing

and complicate the data interpretation.®

139



In the experiment, lipid membrane with composition of DPPC:DPPG 4:1 ratio was used,
and this fraction of negatively charged lipid was chosen as a mimic the HIV host cell membrane.®
To study the membrane structure, DPPC-D8 and DPPC-D10 lipids were chosen, as they are
deuterated on lipid acyl chain as shown in Figure 2.1. Deuterium atoms in DPPC-D8 and
DPPC_D10 are at center of membrane leaflet and center of membrane hydrophobic core, thus their
positions in membrane can provide information of the lipid acyl chain conformation. Paramagnetic
species, Mn?*, was added to vesicles. Labeling scheme shown in Figure 5.1.

The PRE arises from dipolar interactions between the H in lipid acyl chain and the

unpaired electrons in Mn?* and contributes to faster T relaxation which can be described as:

1_ R, = Wi(ﬂ)zw(z}% + 3 ~+ 1325 2) 51

T, 15 \41 6 1+wdt?  1+wit?

Where R is the T, relaxation rate; W is the local concentration of the Mn?* ions; po is the vacuum
permeability; yo is the gyromagnetic ratio of 2H; pers is the effective magnetic moment of Mn?*
ions; B is the Bohr magneton; r is the average electron-nucleus distance; wp and we are the 2H and
election Larmor frequencies. The correlation time 7 is the inverse sum of the electronic spin-lattice
relaxation time Tte; the rotational correlation time of the molecule tr; and the residence time of the

MnZ* near 2H tm:

e R 5.2

s Tie T Tm
Since Mn?* only binds on membrane surface, it can represent the aqueous layer. By measuring 2H
Mn?* induced R: increase, the distance of ?H to membrane surface can be obtained.

Deuterium T relaxation rate was determined by quadrupolar echo (quecho) NMR

experiment (pulse sequence shown in Figure 5.2). The details have been discussed in chapter 1
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and chapter 2. The signal intensity (1) in FID was plotted vs t, and t = [t1 + 12 + time being shifted].

The T» relaxation time can be fitted by:
t
I1(t) = I(0)xexp (T—z) 5.3

Where 1(0) and T» are fitting parameters. I(t) is the FID intensity at t = [t1 + 12 + time being

shifted]; 1(0) is the FID intensity at t=0; and T is the transverse relaxation time or spin-spin

relaxation time. The Rz is calculated by:

R, == 54
Rz of (1) pure lipid; (2) pure lipid with Mn?*; (3) peptide-bounded lipid; and (4) peptide-

bounded lipid with Mn?* were measured. If smaller R, difference is observed between (1) and (2)

than (3) and (4), the 2H atoms in IFP-bounded membrane have a closer distance to membrane

surface. If the R difference between (1) (2) and (3) (4) is similar, no lipid protrusion is promoted

by IFP. Thus, the distance information between ?H and membrane surface can be obtained.
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34A H‘ |H HH| D10 34A H‘ |H H‘ |HD1°
Mn2+ Mn2+ Mn2+ Mn2+ Mn2+ Mn2+

Figure 5.1 Labeling scheme of PRE experiments. Paramagnetic species are Mn?* ions, and they
bind to the surface of lipid membrane. Lipid composition used was DPPC:DPPG 4:1 mole ratio.
DPPC-D8 and DPPC-D10 were used. The hydrophobic core is 34 A, which is a comparable length
with the PRE detection range. The Mn?* ions are labeled in red, lipid molecules in blue and
deuterium atoms shown as red dots. (A) Lipid acyl chain without protrusion. (B) Lipid acyl chain

protrudes towards aqueous surface.

(nf2),  (nf2),

I
’H n ” | acq
I

Ty Ty

Figure 5.2 Quecho pulse sequence. 2H spectra were acquired with different 11 and 12 and a fixed
(t1 -12) value. Typically, the pulse length was set ~1.5 us; 11, T2 were set between 10 and 1000
us; the recycle delay was set to 1 s. Samples are detected at 25 °C (gel phase lipids) and 50 °C

(fluid phase lipids).
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5.2 Result and discussion
5.2.1 Sample preparation methods

The lipid vesicle preparation and peptide aqueous binding methods are discussed in chapter
2. The relaxation rate in PRE experiments depends on the concentration of Mn?* ions. Thus, the
quantity of Mn?* that binds on membrane surface is crucial. Two sample preparation methods were
tested:

Method 1. According to literature, Mn?* ions all binds to the lipid membrane surface if the
mole percentage of Mn?* is smaller than 50%.* To prepare lipid vesicle with 20 mole % Mn?*,
lipid film containing 20 umol of DPPC (D8 or D10 deuterated) and 5 umol DPPG was hydrated
with 2 mL 10 mM HEPES and 5mM MES buffer at pH 5.0 containing 5 pmole of Mn?*, followed
by 10 freeze-thaw cycle and extrusion. 1 umol IFP in the same buffer was added to vesicles, then
ultracentrifugation at 100000g for 5 hours. Presumably all Mn?* ions should bind to the membrane
surface and no Mn?* left in supernatant. The pellet was lyophilized, packed into NMR rotor and
rehydrate with 5 uL pH 5 buffer.

Method 2. Lipid film containing 20 umol of DPPC (D8 or D10 deuterated) and 5 pumol
DPPG lipid was hydrated with 2 mL 10 mM HEPES and 5mM MES buffer at pH 5.0, followed
by 10 freeze-thaw cycle and extrusion. 1 umol IFP in the same buffer was added to vesicles, then
ultracentrifugation at 100000g for 5 hours. The pellet was lyophilized, packed into NMR rotor and
rehydrate with 5 uL 10 mM HEPES and 5mM MES buffer that contains 5 pmole of Mn?*. Five
freeze-thaw cycles were done to evenly distribute the Mn?* on both side of the membrane.

The key difference in these two methods are when to introduce Mn?* ions. In Method 1,

Mn?* was added to rehydrate the lipid film, thus, Mn?" binds to membrane surface during
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preparation of unilamellar vesicles, while in Method 2 Mn?* was added at when pack the sample
into NMR rotor.

The binding result in Method 1 was tested. Mn?* in solution can be oxidized by NalOa,
following this equation:

2Mn?* + 5105 + 3H,0 - 2MnO; + 5105 + 6H*

The product permanganate ion has an intense purple color and can be determined by A525. The
supernatant after ultracentrifugation was mixed with access amount of NalO4 and boiled, then the
absorbance at 525 nm was measured. By comparing the Mn?* quantity in supernatant to the control
experiment (1.25 pmole Mn?* dissolved in the same volume as the supernatant), the mole of Mn?*
that binds to membrane can be calculated. Five conditions for DPPC-D8 or DPPC-D10, and with
or without IFP were tested. The results showed Mn?* mole percentage to lipid molecules are
respectively 16%, 15%, 9%, 12% and 3%, not as expected 20%. The uncertainty of Mn?* binding
causes unpredictable change in T2 relaxation time measurements.

Mn?* was added at the last step in Method 2, thus the Mn?* quantity is consistent from
sample to sample. In Method 2, IFP solution was added to unilamellar vesicles with 100 nm
diameter. IFP bond to vesicles and due to the fusion activity of IFP, the vesicles may have various
diameter. Five cycles of freeze-thaw were applied to reach Mn?* distributions equilibrium on both
side of the membrane.’® ! It was also reported that repeating freeze-thaw cycles can form
unilamellar vesicles with diameter <200 nm.* Thus, the freeze-thaw effect on membrane structure

should be neglectable.
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5.2.2 ?H FID, spectra and T relaxation time of pure lipid membrane

To obtain molecular level view of how IFP modulates lipid organization, the pure lipid
structure and T relaxation rate was studied. Solid-state 2H NMR FID and spectra of DPPC-
D10:DPPG or DPPC-D8:DPPG (D10 and D8 as abbreviation respectively) with 4:1 ratio at 25 or
50 °C were obtained and analyzed. Figure 5.3 — Figure 5.6 show the FID, stacked FID and stacked
spectra with synchronize increasing t1 and 12 values. As shown in these figures, both the FID
intensity and spectra integration decrease as t1 and tz increase, and the decrease in signal follows
exponential decay.

The ?H NMR spectra D10 or D8 at 25 or 50 °C are shown in Figure 5.7. The peak splitting
analysis is in Table 5.1. The 2H spectra at 50 °C in Figure 5.7 showed the sharp cut off signal
indicate that the sample is in the liquid phase, which is consistent with the 41 °C theoretical phase
transition temperature of pure DPPC and DPPG lipids. The big differences in spectra line shape at
25 and 50 °C also illustrate a membrane phase change.

The spectrum of D10 at 50 °C had the smallest peak splitting of 2.6 kHz, which is from the
terminal methyl group of the lipid acyl chain. The broader 9.9 kHz splitting came from the
methylene groups. The 25.9 kHz splitting in D8 was greater than the 9.9 kHz in D10, since when
the methylene groups that are further from acyl chain terminal, a larger splitting occurs. At lower
temperature, both D10 and D8 are in gel phase and had larger peak splitting compare to liquid

phase. The methylene peak -CD: is not resolved at 25 °C (Table 5.1).
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Figure 5.3 D10 at 25 °C. Top: FID. Middle: FID stacked plots with increasing t1 and t2. Bottom:
spectra stacked plots. All spectra were acquired with 5000 scans, processed with 300 Hz

exponential line broadening, data shift = -11, and baseline correction.
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Figure 5.4 D10 at 50 °C. Top: FID. Middle: FID stacked plots with increasing t1 and 1. Bottom:
spectra stacked plots. All spectra were acquired with 5000 scans, processed with 300 Hz

exponential line broadening, data shift = -11, and baseline correction.
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Figure 5.5 D8 at 25 °C. Top: FID. Middle: FID stacked plots with increasing 1 and t2. Bottom:
spectra stacked plots. All spectra were acquired with 5000 scans, processed with 1000 Hz

exponential line broadening, data shift = -11, and baseline correction.
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Figure 5.6 D8 at 50 °C. Top: FID. Middle: FID stacked plots with increasing 11 and t2. Bottom:

spectra stacked plots. All spectra were acquired with 5000 scans, processed with 1000 Hz

exponential line broadening, data shift = -11, and baseline correction.
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25°C 50 °C

D10
| | | | | | | | |
100 0 -100 50 0 -50
kHz kHz
D8
| | | | 11 | | | |
100 0 -100 100 0 -100
kHz kHz

Figure 5.7 ?H NMR spectra D10 or D8 at 25 or 50 °C. Spectra were acquired with 5000 scans,
data shift =-11, and baseline correction. D10 spectra were processed with 300 Hz exponential line

broadening, and D8 with 1000 Hz exponential line broadening.
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Table 5.1 °H NMR spectra peak splitting (kHz)

25°C

50 °C

D10?

11.8

2.6/9.9

D8

50.6

25.9

& Methylene peak -CD> of D10 at 25 °C was not determined because of the lack of the well resolved

-CD2 peaks.
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Figure 5.8 Quecho experimental (black squares) and best fit (red lines) plots of D10 and D8 at 25

and 50 °C.
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Table 5.2 Best-fit °H T (us) of D10 and D8 lipids measured by quecho experiment 2

25°C 50 °C
D10 516 (14) 1937 (36)
D8 310 (2) 688 (21)

8The T relaxation time values are in unit us. The uncertainties are shown in parenthesis

The T» relaxation rate was fitted by equation 5.3.
I(t) = I(0)xexp (T—Z) 53
Where 1(0) and T are fitting parameters. I(t) is the FID intensity at t = [t1 + 12 + time being
shifted]; time being shifted =~ 22 us in these experiments; 1(0) is the FID intensity at t=0; and T>
is the transverse relaxation time or spin-spin relaxation time.*3

Figure 5.8 is shown as the FID intensity decay and their best fitting. The T» values from
exponential fitting are shown in Table 5.2. From 25 to 50 °C, the T relaxation time of D10
increased from 516 to 1937 us, which is almost four folds longer. As for D8, the T> relaxation time
increased by two folds, from 310 to 688 us. Even the increase differs in these two samples, but it
can be concluded that the T, has a positive as correlation with temperature. Additionally, D8 had
a T, of 310 us at 25 °C, which is shorter compare to the 516 us T» of D10 at the same temperature.

The trend is also true at 50 °C, T of D8 was 688 s, shorter than D10’s 1937 ps.
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5.2.3 The effect of Mn?* concentration on lipid T2

As discussed in equation 5.1:

1_ R,=W 1 (ﬂ)ZM(4TS + 3 ~ + 1325 2) 5.1

Ty 15 \4m roé 1+wht?  1+wit?

The concentration of Mn?* (W) affects the T2 and R2. High concentration of Mn?* may also affect
the membrane structure. Therefore, in this section, the concentration effect is discussed. The
stacked D10 2H spectra with different concentration of Mn?* were shown in Figure 5.9. The left
panel shows the spectra at 25 °C and the right panel shows the spectra at 50 °C. From top to bottom
are D10 with 20%, 5%, 1%, 0.2% and pure lipids. The peak splitting in each spectrum was shown
in Table 5.3.

At 25 °C, the peak splitting of the methyl groups fell in 11.8 — 12 kHz range, not effected
by the increasing concentration of Mn?*. By looking at the spectra, the line shapes of various
concentration of Mn?* were overall the same. However, at 50 °C, when lipid in fluid phase, the
line shape was greatly influenced by Mn?*. The linewidths were narrower with smaller Mn?*
concentration and spectrum was better resolved. This is also evidenced by a decreasing peak
splitting of both methyl and methylene groups. When Mn?* concentration decrease from 5% to
0%, the peak splitting of methyl group slightly decreased from 2.9 to 2.5 kHz, and 11 to 10 kHz
for methylene group. However, with 20% Mn?*, the shape as well as peak width did not follow the
trend. The peak was much broader but the peak splitting was smaller. The reason for contradictory
result may due to the high concentration of Mn?* on membrane surface changed the membrane

structure.
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Figure 5.9 2H NMR spectra of D10 with different mole percentage of Mn?*.
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Table 5.3 D10 2H NMR spectra peak splitting affected by Mn?* concentration 2

25°C 50 °C
Methyl -CD3 | Methylene -CD2° | Methyl -CD3 Methylene -CD>
D10_20% Mn?* 11.9 - 2.1 9.2
D10_5% Mn?* 12.0 - 2.8 11.0
D10_1% Mn?* 11.8 - 2.9 11.3
D10_0.2% Mn?* 11.9 394 2.5 9.5
D10 11.8 - 2.6 9.8

&The numbers represents the peak splitting in unit kHz.

b Some methylene peak splitting at 25 °C was not determined because of the lack of the well

resolved -CD. peaks.

Table 5.4 Best-fit 2H T, (us) of D10 with various Mn?* concentration 2

25°C 50 °C

D10_20% 477 (10) 245 (5)
D10 5% 471 (2) 593 (18)
D10_1% 458 (9) 1035 (13)
D10_0.2% 520 (10) 1018 (9)
D10 516 (14) 1937 (36)

8The T relaxation time values are in unit us. The uncertainties are shown in parenthesis.
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Figure 5.10 Quecho experimental (black squares) and best fit (red lines) plots of D10 with various

concentration of Mn?* at 25 °C.
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Figure 5.11 Quecho experimental (black squares) and best fit (red lines) plots of D10 with various

concentration of Mn?* at 50 °C.
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The fitting of T relaxation time of D10 lipid with various Mn?* concentration is shown in
Figure 5.10, 5.11 and Table 5.4. With 0 — 20% Mn?*, the T relaxation time at gel phase was in
470 — 520 ps range, which is consistent with the line shape and peak splitting similarities at 25 °C.
At fluid phase, D10 with 20% Mn?* had the shortest T, = 245 ps. With decrease in Mn?*
concentration from 5%, 1%, 0.2% to 0%, the T values increased to 593, 1035, 1018 and 1937 pus
respectively. This is due to with higher concentration Mn?*, the average distance between unpaired
electron in Mn?* and 2H is shorter.

IFP bounded membrane samples were prepared with 20% and 5% Mn2* and will be shown
in the following sections. However, from the previous data, the big differences in line shape and
peak splitting of D10 with 20% Mn?* illustrate that high concentration of Mn?* may affect the
overall membrane structure. Therefore, the R> difference between IFP bounded membrane with
and without 20% Mn?* may not only due to the addition of IFP, since Mn?" also changes the
membrane. The 1% and 0.2% Mn?* D10 samples were prepared most recently and the IFP bounded

membrane samples correspond to these two Mn?* concentration were not prepared.

5.2.4 FID, spectra and T2 of IFP-bounded membrane with 5% Mn?*

Figure 5.12 and 5.13 are shown as examples of the FID, stacked FID and stacked spectra
of IFP-bounded membrane at gel of liquid phase. The spectra of pure D10, D10 with 5% Mn?*,
IFP-bounded D10, and IFP-bounded D10 Mn?" (denoted as D10, D10_Mn, IFP_D10, and
FIP_D10_Mn) and pure D8, D8 with 5% Mn?*, IFP-bounded D8, and IFP-bounded D8 Mn?*
(denoted as D8, D8 Mn, IFP_D8, and FIP_D8_Mn) at 25 or 50 °C are shown in Figure 5.14 and
5.15. The lipid composition were DPPC:DPPG with 4:1 mol ratio. All the samples were prepared

using buffer containing 10 mM HEPES and 5mM MES at pH 5.0. The IFP-bounded lipid samples
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contained 20 umol DPPC-D10 or DPPC-D8, 5 umol DPPG and 1 umol IFP and were prepared by
aqueous binding method (As discussed in Chapter 2). The Mn?* containing samples are prepared
separately from Mn?* free samples. The sample preparation method is the same for samples with
or without Mn?*. The difference is the rehydration step. For example, D10 is rehydrated with pH
5 buffer and D10_Mn is rehydrated with pH 5 buffer and additional 5% mol Mn?*,

Figure 5.12 and 5.13 show the IFP_D10 sample at 25 and 50 °C. The top panels in these
two figures are the FID at gel and fluid phase, which showed high similarity to the FID of pure
D10 at these temperatures (Figure 5.3 and 5.4). The middle and bottom panels show the stacked
FID intensity as well as stack spectra, and they both decrease as t1and tz increase, and the decrease
in signal follows exponential decay. The FID, stacked FID and stacked spectra of D10_Mn,
IFP_D10_Mn, D8_Mn, IFP_D8, and IFP_D8_Mn all showed similar decay in signal (not shown
in this dissertation).

The spectra of all samples at both 25 and 50 °C are shown in Figure 5.14 and 5.15. The
peak splitting and fitted T, are shown in Table 5.5 — 5.8. For D10 at gel phase and for D8 at liquid
phase, adding IFP or Mn?* or both does not change the line shape in the spectra. However, for D10
at liquid phase, adding both IFP and Mn?* lead to a less resolved spectrum and the methylene peak
splitting cannot be obtained. As for D8 at 25 °C, addition of IFP or Mn?* or both result in narrower
lines. Besides, with same quantity of lipid, same number of scans and same date processing, IFP
and Mn?* cause the D8 spectra signal to noise decrease. Even there were slightly differences in
these 2H NMR spectra, we still can conclude that addition of IFP or Mn?* to DPPC+DPPG lipid

does not change the lamellar membrane phase.
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Figure 5.12 IFP_D10 at 25 °C. Top: FID. Middle: FID stacked plots with increasing t1 and .

Bottom: spectra stacked plots. All spectra were acquired with 5000 scans, processed with 300 Hz

-

-

exponential line broadening, data shift = -11, and baseline correction.

160



A JJJJJJ

Figure 5.13 IFP_D10 at 50 °C. Top: FID. Middle: FID stacked plots with increasing t1 and .

Bottom: spectra stacked plots. All spectra were acquired with 5000 scans, processed with 300 Hz

exponential line broadening, data shift = -11, and baseline correction.
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Figure 5.14 2H NMR spectra of D10 samples at 25 and 50 °C with 5% Mn?*.
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Figure 5.15 2H NMR spectra of D8 samples at 25 and 50 °C with 5%
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Table 5.5 IFP-bounded D10 membrane ?H NMR spectra peak splitting with 5% Mn?*?

25°C 50 °C
Methyl -CD3 Methyl -CD3 Methylene -CD>
D10 11.8 2.6 9.8
D10_Mn 12.0 2.8 11.0
IFP_D10 111 2.7 10.4
IFP_D10_MnP" 10.8 2.6 -

8The numbers represents the peak splitting in unit kHz.

b The methylene peak splitting was not determined because of the lack of the well resolved -CD,

peaks.

Table 5.6 IFP-bounded D8 membrane ?H NMR spectra peak splitting with 5% Mn?*2

25°C

50 °C

Methylene -CD>

Methylene -CD>

D8 48.1 26.1
D8_Mn 36.3 24.6
IFP_D8 40.4 24.2

IFP_D8_Mn 353 255

2The numbers represents the peak splitting in unit kHz.
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Figure 5.16 Quecho experimental (black squares) and best fit (red lines) plots of D10, D10_Mn,

IFP_D10 and IFP_D10_Mn with 5% Mn?2* at 25 °C.
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Figure 5.17 Quecho experimental (black squares) and best fit (red lines) plots of D10, D10_Mn,

IFP_D10 and IFP_D10_Mn with 5% Mn?* at 50 °C.
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Figure 5.18 Quecho experimental (black squares) and best fit (red lines) plots of D8, D8_Mn,

IFP_D8 and IFP_D8_Mn with 5% Mn?* at 25 °C.
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Figure 5.19 Quecho experimental (black squares) and best fit (red lines) plots of D8, D8 Mn,

IFP_D8 and IFP_D8_Mn with 5% Mn2* at 50 °C.
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Table 5.7 Best-fit °H T (us) of IFP-bounded membrane with 5% Mn?*

25°C 50 °C
D10 516 (14) 1937 (36)
D10_Mn 471 (2) 593 (18)
IFP_D10 385 (7) 1116 (42)
IFP_D10_Mn 408 (6) 578 (17)
D8 310 (2) 688 (21)
D8_Mn 243 (4) 259 (9)
IFP_D8 169 (3) 278 (6)
IFP_D8_Mn 163 (3) 244 (5)

Table 5.8 Best-fit °H T- relaxation rate (R», kHz) of IFP-bounded membrane with 5% Mn?*

25°C 50 °C

D10 1.94 (5) 0.52 (1)
D10_Mn 2.12 (1) 1.69 (5)
IFP_D10 2.60 (5) 0.90 (4)
IFP_D10_Mn 2.45 (4) 1.73 (5)
D8 3.23 (2) 1.45 (5)
D8_Mn 412 (7) 3.86 (14)
IFP_D8 5.92 (11) 3.60 (8)
IFP_D8_Mn 6.13 (12) 4.10 (9)
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The D10 peak splitting were presented in Table 5.5. At 25 °C, the peak splitting of pure
D10 was 11.8 kHz, which is close to the 12.0 kHz peak splitting of D10_Mn. As discussed in
section 5.2.3, concentration of Mn?* did not affect the D10 peak splitting at gel phase. However,
IFP D10 had a 11.1 kHz peak splitting, which is = 1 kHz narrower than D10. The IFP_D10 Mn
also showed this narrowing. As for 50 °C, there were slightly changings in methyl peak splitting,
but Mn?* and IFP increased the methylene peak splitting of D10_Mn and IFP_D10 by 1.2 and 0.6
kHz, respectively. The trend of IFP_D10_Mn was not clear due to the methylene peak was not
well resolved.

Mn?* jons and IFP decreased the peak splitting of D8 both 25 and 50 °C (Table 5.6). The
addition of Mn?* to D8 membrane decrease the peak splitting from 48.1 to 36.3 kHz at 25 °C, and
from 26.1 to 24.6 at 50 °C. The IFP also reduced the splitting by 7.7 and 1.9 kHz at 25 and 50 °C
respectively. It can be concluded that IFP changes the order of the lipid acyl chain.

Figure 5.16 — 5.19 and Table 5.7 — 5.8 showed the best-fit plots, T, and R values for the
eight samples at different temperature. For pure D10 lipid at 25 °C, it had a T relaxation rate (R2)
of 1.94 kHz, which is close to the R, of D10_Mn. This suggests that the addition of Mn?* does not
affect the D10 2H’s T relaxation rate. As for IFP bounded membrane, the IFP_D10 and
IFP_D10_Mn also showed close Rz values. Therefore, both IFP and Mn?* does not change the D10
2H’s membrane location. The D8 had a Rz of ~ 3.2 kHz and D8_Mn had a Rz of ~ 4.1 kHz, which
shows that the addition of Mn?* leads to a 0.7 kHz R; increase. This increase is due to the spin-
nuclear coupling between paramagnetic election in Mn?* and the D8 2H’s. IFP D8 and
IFP_D8_Mn both had a R2 of ~ 6 kHz. By comparing the D8 data, IFP induced less R> increase,

which indicates the average distance between IFP bounded D8 ?H’s and Mn?* is longer compare
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to IFP free D8. Thus, the results at gel phase showed IFP does not decrease the average distance
between D10 and D8 2H’s and aqueous layer and are inconsistent with lipid protrusion model.

At fluid phase, the effect of Mn?* on D8 and D10 also has similar trends. D10 has a R2 of
0.52 kHz and the addition of Mn?* increase the R by 1.2 kHz. Since at liquid phase, the lipid acyl
chain is not packed as ordered at gel phase and has more motion, there is a greater fraction of D10
?H’s locate closer the membrane surface compare to gel phase. Thus, the Rz increases when Mn?*
is introduced, while D10 and D10_Mn have similar Rz value at gel phase. IFP bounded membrane
with Mn?* showed a 0.8 kHz increase in R, compare to IFP_D10, and this increase is smaller than
the 1.2 kHz of D10 and D10_Mn. On the other hand, Mn?* increase the Rz of pure D8 lipid by 2.4
kHz, from 2.1 to 5.6 kHz, and 0.5 kHz for IFP-bounded D8. The D8 also showed a smaller increase
of IFP_DB8 than D8. Since the IFP-bounded D10 and D8 did not have a greater Rz increase with
and without Mn?* compared to pure membrane, the IFP does not decrease the average distance
between D10 or D8 deuterium atoms and the aqueous layer. Thus, it can be concluded that the IFP
does not induce lipid tail protrusion at both gel phase and liquid phase.

As for the reproducibility, the pure D8 membrane at 25 °C T, was measured with different
11 and 12 values, and the fitting was shown in Figure 5.20. The result R, were 3.23 and 3.53 kHz,

respectively, with a ~ 0.3 kHz difference.
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Figure 5.20 Reproducibility of D8 at 25°C. The quecho experimental (black squares) and best fit

(red lines) plots as well as the fitted T> and R> values are shown.

5.2.5 T2 of IFP-bounded membrane with 20% Mn?*

The spectra of pure D10, D10 with 20% Mn?*, IFP-bounded D10, and IFP-bounded D10
Mn?* (denoted as D10, D10 Mn’, IFP_D10, and FIP_ D10 Mn’) at 25 or 50 °C are shown in
Figure 5.21, and the fitting of D10_Mn’ and FIP_ D10 _Mn’ at both temperatures are shown in
Figure 5.22. The peak splitting, fitted T and Rz are shown in Table 5.9 — 5.11.

At gel phase, the addition 20% Mn?* did not change the line shape or peak splitting of the
spectra, which is consistent with the 5% Mn?* results. However, at liquid phase, the 20% Mn?*
greatly affected the spectra with a smaller peak splitting of both methyl and methylene groups.
With both 20% Mn?* and IFP, the doublet was even not well resolved.

The D10 at 25 °C showed a Rz of D10 = Rz of D10_Mn’ and R; of IFP_D10 = R of
IFP D10 Mn’. At 50 °C the addition of Mn?* increase the R, by ~3.6 kHz in D10 and ~2.6 kHz
in IFP bounded D10. This trend is consistent with the 5% Mn?* data and both show no IFP induced

lipid tail protrusion at gel phase or liquid phase.
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Figure 5.21 2H NMR spectra of D10 samples at 25 and 50 °C with 20% Mn?*,
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Figure 5.22 Quecho experimental (black squares) and best fit (red lines) plots of D10_Mn’ and

IFP_D10_Mn’ with 20% Mn?* at 25 °C and 50 °C.
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Table 5.9 IFP-bounded D10 membrane ?H NMR spectra peak splitting (kHz) with 20% Mn?*

25°C 50 °C
Methyl -CD3 Methyl -CD3 Methylene -CD>
D10 11.8 2.6 9.8
D10 Mn’ 11.9 2.1 9.2
IFP_D10 11.1 2.7 10.4
IFP D10 Mn’ 11.0 - -
Table 5.10 Best-fit °H T» (us) of IFP-bounded membrane with 20% Mn?*
25°C 50 °C
D10 516 (14) 1937 (36)
D10 Mn’ 477 (10) 245 (5)
IFP_D10 385 (7) 1116 (42)
IFP D10 Mn’ 355 (11) 283 (7)

Table 5.11 Best-fit 2H T- relaxation rate (R, in unit kHz) of IFP-bounded membrane with 20%

Mn?
25°C 50 °C
D10 1.94 (5) 0.52 (1)
D10 Mn’ 2.10 (4) 4.08 (9)
IFP_D10 2.60 (5) 0.90 (4)
IFP D10 Mn’ 2.82 (9) 3.53 (9)

175




5.2.6 IFP bounded membrane structure

The T2 relaxation rate of the D10 and D8 samples at both gel phase and liquid phase showed
that IFP does not promote lipid protrusion. This is concluded from the evidence that the Mn?*
induced R increase is the same for IFP free D10 and IFP bounded D10, and the Mn?* induced R:
increase is the smaller for IFP bounded D8 than IFP free D8 at gel phase. At liquid phase, both
IFP bounded D8 or D10 showed smaller Mn?* induced R; increase than membrane only.

In Chapter 4, the IFP topology in membrane at gel phase was studied by REDOR solid-
state NMR and the result showed close contacts between the lipid acyl chain terminus with Gly_2,
Ala_7 and Gly_16 residues at gel phase, which is consistent with either the membrane spanning
model or the lipid protrusion model (Figure 4.1). The membrane structure studied by PRE solid-
state NMR experiments showed the IFP does not promote lipid protrusion at both gel phase and
liquid phase. Thus, the only possible model of IFP is the membrane spanning conformation. A
model of IFP topology in membrane is proposed by integrating the REDOR and PRE results, and
is shown in Figure 5.23. The red dots on the lipid acyl chain represents the positions of D10 and
D8 ?H’s.

To my knowledge, the IFP membrane spanning conformation is only proposed by two
other groups and evidenced by simulation results done by Victor et al. and Worch et al.}*° In
Victor and Worch’s simulation, the membrane and IFP were randomly distributed in a box of water
and allowed to spontaneously assemble. Even though this simulation process was not a mimic of
the actual infection, it was an efficient and unbiased way of determining the insertion mode of
membrane-interacting IFP. The results showed that the dominant IPF conformation is a deeply
buried helical hairpin, and it is the most probable and maybe the lowest free energy configuration.

There is one discrepancy in these two studies of the orientation of IFP. Victor et al. showed a 47°
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angle between peptide N-terminal helix axis and the membrane plane normal, while Worch et al.
observed a parallel orientation.* 1°

There have been several studies for the IFP orientation in membrane from both our group
as well as other groups. Wasniewski from our group used solid-state NMR to study the *°N labeled
Ala7 and Phe3 IFP in oriented membrane. The NMR °N peak was sharp when the membrane
normal is parallel to the external magnetic field, and poor signal was obtained when the membrane
normal is perpendicular to the external magnetic field. His results suggested that the IFP adopts an
orientation approximately perpendicular to membrane normal.® In Yan Sun’s dissertation, she
also presented the study of the IFP N-terminal helix orientation in bicelle with
DTPC:DMPC:DHPC 48:1:15 ratio by solid-state NMR. She observed that the IFP N-helix has a
~45° relative to membrane bicelle normal and this angle is independent of sample pH. This result
is consistent with the ATR-FTIR experimental data showing this angle to be 45° and 41° from
Luneberg et al. and Wu et al., respectively.t”- 18 Thus, in Figure 5.23, the IFP is shown with a ~45°

tilt angle with respect to membrane normal, and this conformation is based on the MD simulation,

solid-state NMR and ATR-FTIR results discussed above.'* 1718
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Figure 5.23 Model for IFP-bounded membrane. The lipid molecules are shown as blue sphere
with two lines, 2H atoms in lipid acyl chain shown as red dots, IFP in green, labeled amino acids

in orange and Mn?* binds on membrane surface.
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5.3 Conclusion

Secondary structure and conformation of IFP have been intensively studied in both DPC
micelle and lipid membrane.® 122 It has come to an agreement that IFP adopts a helix-turn-helix
structure in membrane. In the recent study from our group, the IFP structure is independent of pH,
HA subtype and sequence length, and there are always two distinct conformation: closed and semi-
closed.

However, there has been arguments about the IFP membrane location. In some of the
previous studies, the IFP is reported to be parallel to the membrane plane, and located near the
lipid-water interface.?% In this study, the REDOR and PRE solid-state NMR experiments were
designed to testify this hypothesis. The REDOR experiments discussed in Chapter 4 showed close
contacts between the lipid acyl chain tail with Gly 2, Ala_7 and Gly_16 residues. In this chapter,
PRE solid-state NMR was used to study the IFP bounded membrane structure.

Sample preparation methods, effect of Mn?* concentration on T2 relaxation time and Mn?*
induced R2 of IFP bounded membrane were studied and discussed. Based on both 5% and 20%
Mn?* PRE results, it can be concluded that IFP does not promote lipid protrusion at both gel phase
and liquid phase, which is evidenced by that the R difference with and without Mn?* is smaller
for IFP free membrane than IFP bounded membrane, meaning IFP does not induced smaller the
average distance between lipid acyl chain and aqueous layer. By integrating these results, a IFP-
membrane interaction model is proposed, in which the IFP deeply inserted in membrane

hydrophobic core and the N-terminal helix has a ~45° with respect to membrane normal.
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Chapter 6

Summary and future directions
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My research during the past five years has been focused on HIV gp4l and influenza
hemagglutinin (HA). These two proteins are responsible for the initial step of virus infection by
catalyzing the fusion between viral and host cell membrane. HIV infection happens on the surface
of immune cells. After the HIV glycoprotein gp120 binds to the host cell, gp41 is exposed and
fusion between host cell membrane and viral membrane starts. The fusion peptide (FP) and
transmembrane (TM) domains are the segments that binds to membrane and are critical for fusion.*
As for influenza virus, the virion is endocytosed by host cell and the pH drop inside endosome
triggers a conformational change in HA. The ~25 N-terminal residues of HA subunit 2 is fusion
peptide domain (IFP). IFP binds to endosomal membrane and is necessary for fusion.? However,
the structure of gp41 and HA as well as the infection mechanism are still not fully understood. The
overall goal is to understand the gp41 and IFP structure and their interaction with membrane

Chapter 3 mainly discussed the structure and function of HIV gp41 fusion protein. A gp41
construct including the whole ectodomain and transmembrane domain, and three other shorter
constructs were expressed, purified and stabilized in physiology buffers containing SDS or DPC
detergents at neutral or low pH’s. The constructs adopt o helical SE and TM, and non-helical FP
in both detergents, and they are all hyperthermostable with T > 90 °C. The oligomeric states of
these proteins vary in different detergent buffer: predominant trimer for all constructs and some
hexamer fraction for HM and HM_TM protein in SDS at pH 7.4; and mixtures of monomer, trimer,
and higher-order oligomer protein in DPC at pH 4.0 and 7.4. Substantial protein-induced vesicle
fusion was observed, including fusion at the condition similar to HIV/cell fusion. The fusion
activity is aided by the membrane associate FP and TM domains, and by protein which is

predominantly trimer rather than monomer.
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We proposed that there is no contact between FP and TM domains in detergent solutions
according to current CD data. This can be testified by further hydrogen-deuterium exchange
experiments. To perform the experiment, the gp41 proteins is mixed with D,O and incubate for a
certain time, then the H-D exchange is quenched by lowering the pH to ~2 and decrease
temperature to 0 °C. The deuterated protein is digested by pepsin and the digested peptides are
injected into mass spectrometry. The molecular weight of the peptides can be analyzed. If the FP
and TM formed a complex in the final SHB structure, the exchange rate of deuterons present in
the FP region of FP_HM_TM can be different from the exchange rate of deuterons present in the
FP region of FP_HM.

The FP and TM interaction in membrane also helps to understand the conformation of gp41
at the post-fusion state. Future studied can be done to determine the proximity of FP_HM_TM
incorporated in membrane using *3C->*N REDOR solid-state NMR. The FP_HM_TM can be
obtained by native chemical ligation of **C labeled FP peptide and *°N labeled HM_TM. The FP
peptide can be synthesized by solid-phase peptide synthesis with site-specific labeling, while the
HM_TM can be labeled with N Phe residue by bacterial expression.* There are three Phe in
HM_TM: one of them in MPER and two in TM. The Phe in MPER could be mutated to other
residues to avoid the FP and MPER interaction being observed. The result of a big dephasing
buildup of the **C->N REDOR indicates close contact between FP and TM, and small dephasing
buildup indicates no contact. The possible problem lies in the expression of °N Phe labeled
HM_TM and other residues might also get labeled due to E.coli scrambling. It is possible that
except for Phe, other residues are also labeled. If the yield of ligation experiment is high, it is worth

trying to ligate FP and TM to HM.
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Previous studies of IFP were done in both detergent and membrane, and it has come to an
agreement that IFP adopts a helix-turn-helix structure in membrane.> ® The studies shown in
Chapter 4 and 5 are trying to illustrate the IFP membrane location. The **C-?H REDOR solid-state
NMR results showed that the IFP adopts major o helical, minor 3 strand secondary structure in
PC/PG membrane. The Leu-2, Ala-7 and Gly-16 in o helical IFP all show close contacts with the
lipid acyl chain tail, suggesting IFP has strong interaction with the membrane. The PRE solid-state
NMR is used to study the IFP bounded lipid membrane structure. The T relaxation time and rate
were measured for membrane with or without IFP and with or without Mn?*. The results showed
not IFP induced lipid acyl chain protrusion at both gel phase and liquid phase, which is evidenced
by that the Mn?* induced R; increase is smaller or equal for IFP bounded membrane than IFP free
membrane. This suggest that the IFP does not induce a smaller the average distance between lipid
acyl chain and aqueous layer. By comparing the REDOR and PRE results to the existing IFP
topology models, a IFP membrane spanning model was proposed, in which IFP N-terminal helix
adopts a 45° angle with respect to membrane normal.

It will be interesting to study the IFP mutant membrane location. The IFP is highly
conserved and even a single site mutation might affect the IFP fusion activity. For example,
mutation of Gly 1 to Val, Glu, GIn or Lys completely eliminates the fusion.” The secondary
structure, membrane location and peptide-membrane interaction might be different from the wild
type and can provides more information about the possible fusion process. The experiment can be
done by the 13C-2H REDOR experiment of site specifically labeled IFP mutant and deuterated lipid
membrane. The membrane structure perturbed by the IFP mutant can be studied by PRE with

deuterated lipids and Mn?* ions.
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It will also be meaningful to study the IFP in a larger construct and how the IFP interacts
with membrane. The large construct such as FHA2, which includes the soluble ectodomain SHA2
and fusion peptide, can be obtained by ligate C labeled FP peptide and unlabeled SHA2. The IFP
interaction with the soluble ectodomain is also very interesting. The *C labeled FP peptide can be

ligated with deuterated SHA2. Compared to isolated IFP, these experiments are better mimic of

the actual infection.
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APPENDIX A

Location of NMR data

Figure 4.3
(a) /home/khare0/mb4b/data/Shuang/13C2H/IFP/L2C/031214 (L2c-D4)

(b) /home/khare0/mb4b/data/Shuang/13C2H/IFP/L2C/031814 (L2c-D8)

(c) /home/khare0/mb4b/data/Shuang/13C2H/IFP/L2C/032714 (L2c-D10)
Figure 4.4

(@) /home/khare0/mb4b/data/Shuang/13C2H/IFP/A7C/041614 (A7c-D4)

(b) /nome/khare0/mb4b/data/Shuang/13C2H/IFP/A7C/050614 (A7c-D8)

(c) /home/khare0O/mb4b/data/Shuang/13C2H/IFP/A7C/052114 (A7c-D10)
Figure 4.5

(@) /home/khare0/mb4b/data/Shuang/13C2H/IFP/G16C/111314 (G16¢-D10)

(b) /nome/khare0/mb4b/data/Shuang/13C2H/IFP/G16C/112414 (G16¢-D8)

(c) /nhome/khare0/mb4b/data/Shuang/13C2H/IFP/G16C/120214 (G16¢-D4)
Figure 4.6

(@) /home/hapi0/mb4b/data/Shuang/13C2H/IFP/IFP_040213 (L2c-D10)

(b) /home/hapi0/mb4b/data/Shuang/13C2H/IFP/IFP_091113 (L2c-D8)

Figure 5.3
/home/khare0/mb4b/data/Shuang/quecho/repeat_100316/D10/100316 25 T2

Figure 5.4
/home/khare0/mb4b/data/Shuang/quecho/repeat_100316/D10/101116 50 T2

Figure 5.5
/home/khare0/mb4b/data/Shuang/quecho/repeat_100316/D8/121216 25 T2
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Figure 5.6
/home/khare0/mb4b/data/Shuang/quecho/repeat_100316/D8/120316_50 T2

Figure 5.8
(@) /home/khare0/mb4b/data/Shuang/quecho/repeat _100316/D10/100316_25 T2 (D10 25°C)

(b) /nhome/khare0/mb4b/data/Shuang/quecho/repeat_100316/D10/101116 50 T2 (D10 50°C)
(c) /nome/khare0/mb4b/data/Shuang/quecho/repeat_100316/D8/121216 25 T2 (D8 25°C)
(d) /nome/khare0/mb4b/data/Shuang/quecho/repeat_100316/D8/120316_50 T2 (D8 50°C)

Figure 5.10
(@) /home/khare0/mb4b/data/Shuang/quecho/repeat_100316/D10_Mn/101216 25 T2 (20%

Mn2* 25°C)

(b) /home/khare0/mb4b/data/Shuang/quecho/repeat_100316/D10_Mn/103116 25 T2 5%
(5% Mn?* 25°C)

(c) /home/khare0/mb4b/data/Shuang/quecho/repeat_100316/D10_Mn/020117 25 T2 1%
(1% Mn?* 25°C)

(d) /home/khare0/mb4b/data/Shuang/quecho/repeat_100316/D10_Mn/032417 25 T2 0.2%

(0.2% Mn?* 25°C)
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Figure 5.11
(@) /home/khare0/mb4b/data/Shuang/quecho/repeat_100316/D10_Mn/102216 50 T2 (20%

Mn?2* 50°C)

(b) /nome/khare0/mb4b/data/Shuang/quecho/repeat_100316/D10_Mn/110116 50 T2 5%
(5% Mn?* 50°C)

(c) /nhome/khare0/mb4b/data/Shuang/quecho/repeat_100316/D10_Mn/020217_50 T2 1%
(1% Mn?* 50°C)

(d) /nhome/khare0/mb4b/data/Shuang/quecho/repeat_100316/D10_Mn/031417_50 T2 0.2%
(0.2% Mn?2* 50°C)

Figure 5.12
/home/khare0/mb4b/data/Shuang/quecho/repeat_100316/IFP_D10/100616 25 T2

Figure 5.13
/home/khare0/mb4b/data/Shuang/quecho/repeat_101016/1IFP_D10/100616 50 T2

Figure 5.16
(@) /home/khare0/mb4b/data/Shuang/quecho/repeat_100316/D10/100316_25 T2 (D10 25°C)

(b) /nome/khare0/mb4b/data/Shuang/quecho/repeat_100316/D10_Mn/103116 25 T2
(D10_Mn 25°C)

(c) /home/khare0/mb4b/data/Shuang/quecho/repeat_100316/IFP_D10_Mn/100616 25 T2
(IFP_D10 25°C)

(d) /nome/khare0/mb4b/data/Shuang/quecho/repeat_100316/IFP_D10_Mn/112916 25 T2

(IFP_D10_Mn 25°C)
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Figure 5.17
(@) /home/khare0/mb4b/data/Shuang/quecho/repeat_100316/D10/101116 50 T2 (D10 50°C)

(b) /nome/khare0/mb4b/data/Shuang/quecho/repeat_100316/D10_Mn/110116 50 T2
(D10_Mn 50°C)

(c) /nhome/khare0/mb4b/data/Shuang/quecho/repeat_100316/IFP_D10_Mn/101016_50 T2
(IFP_D10 50°C)

(d) /home/khare0/mb4b/data/Shuang/quecho/repeat_100316/IFP_D10_Mn/120116 50 T2
(IFP_D10_Mn 50°C)

Figure 5.18
(@) /home/khare0/mb4b/data/Shuang/quecho/repeat_100316/D8/121216 25 T2 (D8 25°C)

(b) /nome/khare0/mb4b/data/Shuang/quecho/repeat_100316/D8_Mn/020717_25 T2
(D8_Mn 25°C)

(c) /nome/khare0/mb4b/data/Shuang/quecho/repeat_100316/IFP_D8 Mn/112416 25 T2
(IFP_D8 25°C)

(d) /nome/khare0/mb4b/data/Shuang/quecho/repeat_100316/IFP_D8 Mn/121616 25 T2
(IFP_D8_Mn 25°C)

Figure 5.19
(@) /home/khare0/mb4b/data/Shuang/quecho/repeat_100316/D8/120316 50 T2 (D8 50°C)

(b) /home/khare0/mb4b/data/Shuang/quecho/repeat_100316/D8_Mn/020816 50 T2
(D8_Mn 50°C)

(c) /home/khare0/mb4b/data/Shuang/quecho/repeat_100316/IFP_D8 Mn/112616 50 T2
(IFP_D8 50°C)

(d) /home/khare0/mb4b/data/Shuang/quecho/repeat_100316/IFP_D8 Mn/120416 50 T2

(IFP_D8_Mn 50°C)
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Figure 5.20
(@) /nhome/khare0/mb4b/data/Shuang/quecho/repeat_100316/D8/121216 25 T2 (D8 25°C)

(b) /nhome/khare0/mb4b/data/Shuang/quecho/repeat_100316/D8/111716 25 T2 (D8 25°C
replica)

Figure 5.22
(@) /home/khare0/mb4b/data/Shuang/quecho/repeat_100316/D10_Mn/101216_25 T2

(D10_Mn’ 25°C)

(b) /nome/khare0/mb4b/data/Shuang/quecho/repeat_100316/D10_Mn/102216 50 T2
(D10_Mn’ 50°C)

(c) /nome/khare0/mb4b/data/Shuang/quecho/repeat_100316/IFP_D10_Mn/101716_25 T2
(IFP_D10_Mn’ 25°C)

(d) /nhome/khare0/mb4b/data/Shuang/quecho/repeat_100316/1IFP_D10_Mn/102016 50 T2

(IFP_D10 Mn’ 50°C)
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APPENDIX B

Solid-state NMR raw data

Table B1 IFP L7c in DPPC-D4 studied by REDRO raw data (Figure 4.3)

Dephasing Error of Error of
So S1 error of Sy AS/ So
time (us) So AS/ So
a
2 9.1931 0.344 8.5472 0.211 0.07026 0.04168
8 15.7928 0.337 15.0415 0.331 0.04757 0.02919
16 17.1303 0.441 14.6836 0.438 0.14283 0.03377
24 6.4586 0.419 49174 0.429 0.23863 0.08278
32 15.4763 0.666 11.2919 0.582 0.27037 0.04899
40 7.0760 0.521 5.7963 0.407 0.18085 0.08334
48 12.7943 0.757 9.7390 0.680 0.23880 0.06966
p
2 16.07 0.344 14.6996 0.211 0.085276914 0.02358
8 39.8608 0.337 32.8811 0.331 0.175101854 0.01084
16 45.6214 0.441 37.2641 0.438 0.183188153 0.01243
24 15.8156 0.419 12.4953 0.429 0.209938289 0.03426
32 37.3028 0.666 28.8126 0.582 0.227602218 0.02082
40 19.622 0.521 14.6103 0.407 0.255412292 0.02865
48 35.483 0.757 27.5546 0.68 0.223442212 0.02533
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Table B2 IFP L7c in DPPC-DS8 studied by REDRO raw data (Figure 4.3)

Dephasing Error of
So Error of So Si error of Sy AS/ So
time (us) AS/ So
o
2 16.1121 0.374 16.0004 0.288 0.0069 0.0292
8 12.4556 0.396 12.1574 0.273 0.0239 0.0380
16 15.8868 0.426 14.5082 0.304 0.0868 0.0311
24 14.1491 0.552 12.2086 0.445 0.1371 0.0461
32 22.4405 0.848 16.6942 0.722 0.2561 0.0427
40 14.8187 0.794 10.4636 0.448 0.2939 0.0484
48 16.2268 0.811 10.4543 0.444 0.3557 0.0423
p
2 21.078 0.374 20.7092 0.288 0.0175 0.0221
8 17.9311 0.396 16.7442 0.273 0.0662 0.0256
16 25.1182 0.426 21.3658 0.304 0.1494 0.0188
24 24.7114 0.552 19.5980 0.445 0.2069 0.0253
32 34.3695 0.848 24.8544 0.722 0.2768 0.0276
40 26.5748 0.794 18.3733 0.448 0.3086 0.0267
48 27.5736 0.811 17.7389 0.444 0.3567 0.0248
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Table B3 IFP L7c in DPPC-D10 studied by REDRO raw data (Figure 4.3)

Dephasing Error of
So Error of So Si error of Sy AS/ So
time (us) AS/ So
o
2 65.2858 0.695 63.6866 0.775 0.0245 0.0158
8 35.2148 0.439 26.6633 0.630 0.2428 0.0202
16 21.8837 0.507 11.6344 0.598 0.4684 0.0300
24 33.8663 0.849 14.1174 0.704 0.5831 0.0233
32 30.6851 0.934 8.0556 0.616 0.7375 0.0216
40 28.1228 0.836 4.9677 0.975 0.8234 0.0351
48 14.1873 0.679 2.9976 0.907 0.7887 0.0647
p
2 41.0415 0.695 40.4178 0.775 0.0152 0.0252
8 24.2896 0.439 21.1622 0.630 0.1288 0.0303
16 13.6729 0.507 11.0643 0.598 0.1908 0.0530
24 21.7212 0.849 17.0868 0.704 0.2134 0.0447
32 19.8017 0.934 12.6815 0.616 0.3596 0.0434
40 16.9414 0.836 12.0296 0.975 0.2899 0.0674
48 10.7682 0.679 5.8910 0.907 0.4529 0.0910
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Table B4 IFP A7c in DPPC-D4 studied by REDRO raw data (Figure 4.4)

Dephasing Error of Error of
So S1 error of Sy AS/ So
time (us) So AS/ So
o
2 32.4448 1.220 31.9501 1.224 0.01525 0.05286
8 20.7829 0.381 18.8372 0.500 0.09362 0.02924
16 30.6827 0.891 28.0396 1.076 0.08614 0.04398
24 29.6244 0.754 26.2857 0.635 0.11270 0.03114
32 33.4121 0.911 30.8848 1.256 0.07564 0.04526
40 20.4066 0.566 18.7614 0.566 0.08062 0.03768
48 21.8580 0.739 18.5341 0.622 0.15207 0.04039
p
2 106.8569 1.220 97.4845 1.224 0.087709825 0.01548
8 73.9308 0.381 62.6787 0.500 0.152197731 | 0.00805
16 98.2642 0.891 84.3455 1.076 0.141645686 0.01343
24 110.911 0.754 94.9251 0.635 0.144132683 0.00816
32 108.6387 0.911 91.2165 1.256 0.160368267 | 0.01354
40 79.2688 0.566 67.6721 0.566 0.146295894 | 0.00939
48 96.2936 0.739 84.2791 0.622 0.124769455 0.00932
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Table B5 IFP A7c in DPPC-DS8 studied by REDRO raw data (Figure 4.4)

Dephasing Error of Error of
So Si error of Sy AS/ So

time (us) So AS/ So
o

2 49.7243 0.676 48.7030 0.449 0.02054 0.01609

8 83.8645 0.762 79.6153 0.593 0.05067 0.01115

16 87.1904 0.894 79.4545 0.580 0.08872 0.01147

24 36.4263 0.573 31.0494 0.436 0.14761 0.01797

32 41.2316 0.323 34.0730 0.432 0.17362 0.01232

40 33.4359 0.521 26.2444 0.450 0.21508 0.01819

48 37.6289 0.855 30.4702 0.430 0.19024 0.02166
p

2 55.9898 0.676 54.2555 0.449 0.030975285 0.01418

8 83.9161 0.762 75.6585 0.593 0.098403048 0.01081

16 82.008 0.894 69.3302 0.580 0.154592235 0.01162

24 30.8507 0.573 24.5143 0.436 0.205389181 0.02043

32 35.8539 0.323 26.9150 0.432 0.249314579 0.01382

40 28.0622 0.521 19.5341 0.450 0.303899908 0.02060

48 31.482 0.855 20.5213 0.430 0.348157677 0.02236
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Table B6 IFP A7c in DPPC-D10 studied by REDRO raw data (Figure 4.4)

Dephasing Error of Error of
So Si error of Sy AS/ So
time (us) So AS/ So
o
2 26.6149 0.494 26.9447 0.394 -0.01239 0.02392
8 35.6549 0.405 28.3532 0.515 0.20479 0.01704
16 36.4014 0.444 22.7760 0.447 0.37431 0.01446
24 38.2096 0.591 18.1990 0.440 0.52371 0.01367
32 31.6442 0.700 11.8022 0.786 0.62703 0.02617
40 29.5316 0.930 9.2844 0.536 0.68561 0.02067
48 28.7216 0.585 7.1254 0.597 0.75191 0.02139
p
2 38.4733 0.494 38.3586 0.394 0.002981288 0.01639
8 46.8079 0.405 38.6348 0.515 0.174609414 0.01312
16 44.6926 0.444 31.9632 0.447 0.284821201 0.01227
24 45.2512 0.591 27.5809 0.440 0.390493512 0.01257
32 37.1126 0.700 20.7705 0.786 0.440338322 0.02366
40 33.4251 0.930 16.8915 0.536 0.494646239 0.02133
48 32.1653 0.585 11.2943 0.597 0.648866947 0.01963
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Table B7 IFP G16¢ in DPPC-D4, DPPC-D8 and DPPC-D10 studied by REDRO raw data

(Figure 4.5)
Dephasing Error of Error of
So Si error of Sy AS/ So

time (us) So AS/ So
D4

2 56.0648 0.745 49.3945 0.509 0.1190 0.015

8 98.5737 1.214 77.5882 0.843 0.2129 0.013

16 122.5577 1.676 92.4948 1.358 0.2453 0.015

24 99.5157 1.134 70.2728 1.115 0.2939 0.014

32 71.7066 0.751 48.0781 0.847 0.3295 0.014

40 81.6746 1.721 52.4972 1411 0.3572 0.022

48 72.1971 2.262 44.8710 1.380 0.3785 0.027
D8

2 112.9807 1.277 111.6880 1.554 0.0114 1.554

8 78.7638 1.295 72.4339 1.110 0.0804 1.110

16 134.6262 1.054 110.6980 1.673 0.1777 1.673

24 82.9444 1.573 62.2264 0.835 0.2498 0.835

32 73.8451 1.162 49.5225 0.932 0.3294 0.932

40 78.8261 1.347 46.5444 1.210 0.4095 1.210

48 54.4701 1.357 29.4906 2.056 0.4586 2.056
D10

2 67.3786 0.544 67.0672 0.768 0.0046 | 0.0139
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Table B7 (cont’d)

8 200.2962 1.524 172.6975 1.769 0.1378 0.0110
16 154.4760 1.964 111.3407 1.682 0.2792 0.0142
24 73.3691 1.227 44.2168 1.721 0.3973 0.0255
32 79.8731 1.820 38.4816 1.493 0.5182 0.0217
40 81.1137 1.483 29.2690 2.181 0.6392 0.0277
48 45.4283 1.254 14.3887 1.796 0.6833 0.0405
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Table B8 IFP L2c in pure DPPC-D8 and DPPC-D10 studied by REDRO raw data (Figure 4.6)

Dephasing Error of Error of
So Si error of Sy AS/ So
time (us) So AS/ So
D8
2 55.3897 0.483 53.8299 0.546 0.02816 | 0.01300
8 57.2080 0.647 46.9816 0.565 0.17876 | 0.01356
16 34.3314 0.719 21.0580 0.510 0.38663 | 0.01964
24 30.6357 0.757 14.8135 0.809 0.51646 | 0.02898
32 20.1005 1.000 6.6848 0.958 0.66743 | 0.05045
40 18.1662 0.840 5.3939 0.574 0.70308 | 0.03445
48 12.0504 1.040 2.5912 0.866 0.78497 | 0.07422
D10
2 37.1279 0.360 37.0288 0.264 0.00267 | 0.01200
8 57.5783 0.598 55.1622 0.438 0.04196 | 0.01252
16 39.0030 0.364 36.3823 0.331 0.06719 | 0.01216
24 39.2912 0.522 35.8535 0.442 0.08749 | 0.01654
32 43.3655 0.779 38.0072 0.653 0.12356 | 0.02179
40 56.7507 0.812 50.0904 0.756 0.11736 | 0.01836
48 47.8901 0.821 39.9486 1.178 0.16583 | 0.02845
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Table B9 D10 with various concentration of Mn?* at 25 °C studied by PRE (Figure 5.10)

FID FID

tl 12 t ' _ Tl 12 t _ _

Intensity Intensity

20% 5%
30 11 73 16741177 30 11 73 25351580
80 61 173 13945282 80 61 173 22215764
130 111 273 10734524 130 111 273 18618496
180 161 373 8184182 180 161 373 15270932
230 211 473 6424096 230 211 473 12326184
280 261 573 5254574 280 261 573 9971276
330 311 673 4295137 330 311 673 7971368
380 361 773 3641079 380 361 773 6485960
430 411 873 2973930 430 411 873 5196364
480 461 973 2472762 480 461 973 4233112
530 511 1073 1995562 530 511 1073 3442028
580 561 1173 1728693 580 561 1173 2793020
630 611 1273 1317678 630 611 1273 2176876
680 661 1373 1163524 680 661 1373 1782552
1% 0.2%

30 11 73 15349736 30 11 73 2698428
80 61 173 13316156 80 61 173 2380908
130 111 273 11215504 130 111 273 2131156
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Table B9 (cont’d)

180 161 373 9158632 180 161 373 1798660
230 211 473 7401352 230 211 473 1507128
280 261 573 5819964 280 261 573 1268288
330 311 673 4591952 330 311 673 1032948
380 361 773 3657716 380 361 773 834864
430 411 873 2909052 430 411 873 632496
480 461 973 2238292 480 461 973 542252
530 511 1073 1720156 530 511 1073 458456
580 561 1173 1337784 580 561 1173 369484
630 611 1273 1045780 630 611 1273 328884
680 661 1373 926568 680 661 1373 241948
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Table B10 D10 with various concentration of Mn?* at 50 °C studied by PRE (Figure 5.11)

FID FID
tl 12 t _ ' Tl 12 t ' .
intensity Intensity
20% 5%
30 11 73 14691436 30 11 71 20660388
60 41 133 13212680 80 61 171 17831868
90 71 193 10819840 130 111 271 14636092
120 101 253 8627060 180 161 371 11931888
150 131 313 6565180 230 211 471 9883984
180 161 373 4996032 280 261 571 8210824
210 191 433 3810804 330 311 671 6839976
240 221 493 2813868 380 361 771 5855812
270 251 553 2169360 430 411 871 4972756
300 281 613 1846720 480 461 971 4448160
330 311 673 1494368 530 511 1071 3905876
360 341 733 1236584 580 561 1171 3421528
390 371 793 1138232 630 611 1271 2957996
420 401 853 891008 680 661 1371 2635640
1% 0.2%
30 11 73 16205600 30 11 73 2698428
80 61 173 14598764 80 61 173 2380908
130 111 273 13389080 130 111 273 2131156
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Table B10 (cont’d)

180 161 373 11880292 180 161 373 1798660
230 211 473 10761116 230 211 473 1507128
280 261 573 9770600 280 261 573 1268288
330 311 673 9035032 330 311 673 1032948
380 361 773 8015876 380 361 773 834864
430 411 873 7253204 430 411 873 632496
480 461 973 6605856 480 461 973 542252
530 511 1073 6191140 530 511 1073 458456
580 561 1173 5625868 580 561 1173 369484
630 611 1273 5300064 630 611 1273 328884
680 661 1373 4779708 680 661 1373 241948
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Table B11 D10 at 25 °C studied by PRE (Figure 5.16)

FID FID

tl 12 t _ ' Tl 12 t _ _

Intensity Intensity

D10 D10_Mn
30 11 73 22939148 30 11 73 25351580
80 61 173 21274456 80 61 173 22215764
130 111 273 18905892 130 111 273 18618496
180 161 373 16142057 180 161 373 15270932
230 211 473 13634104 230 211 473 12326184
280 261 573 11328846 280 261 573 9971276
330 311 673 9301617 330 311 673 7971368
380 361 773 7763542 380 361 773 6485960
430 411 873 6041013 430 411 873 5196364
480 461 973 4843347 480 461 973 4233112
530 511 1073 3912750 530 511 1073 3442028
580 561 1173 2934186 580 561 1173 2793020
630 611 1273 2366845 630 611 1273 2176876
680 661 1373 1896893 680 661 1373 1782552
IFP_D10 IFP_D10_Mn

30 11 73 23445574 30 11 73 23175468
80 61 173 19328814 80 61 173 19028900
130 111 273 15634267 130 111 273 14593728
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Table B11 (cont’d)

180 161 373 12078985 180 161 373 11093240
230 211 473 9278228 230 211 473 8564448
280 261 573 7090318 280 261 573 6690932
330 311 673 5377061 330 311 673 5133752
380 361 773 3980167 380 361 773 4107736
430 411 873 3159236 430 411 873 3417952
480 461 973 2316542 480 461 973 2700456
530 511 1073 1747176 530 511 1073 2219808
580 561 1173 1311151 580 561 1173 1763332
630 611 1273 878248 630 611 1273 1515724
680 661 1373 716006 680 661 1373 1178916
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Table B12 D10 at 50 °C studied by PRE (Figure 5.17)

FID FID

tl 12 t _ _ Tl 12 t _ _

Intensity Intensity

D10 D10_Mn
30 11 73 20429904 30 11 71 20660388
180 161 373 13719244 80 61 171 17831868
330 311 673 10529842 130 111 271 14636092
480 461 973 8826575 180 161 371 11931888
630 611 1273 7400605 230 211 471 9883984
780 761 1573 6286838 280 261 571 8210824
930 911 1873 5476900 330 311 671 6839976
1080 1061 2173 4598277 380 361 771 5855812
1230 1211 2473 4091422 430 411 871 4972756
1380 1361 2773 3490750 480 461 971 4448160
1530 1511 3073 3099347 530 511 1071 3905876
1680 1661 3373 2597324 580 561 1171 3421528
1830 1811 3673 2302469 630 611 1271 2957996
1980 1961 3973 2087342 680 661 1371 2635640
IFP_D10 IFP_D10_Mn

30 11 71 23213666 30 11 73 23224660
180 161 371 17338260 80 61 173 19154584
330 311 671 12472822 130 111 273 15390656
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Table B12 (cont’d)

480 461 971 9379849 180 161 373 12821624
630 611 1271 7100031 230 211 473 10820300
780 761 1571 5680466 280 261 573 9088668
930 911 1871 4467065 330 311 673 7790152
1080 1061 2171 3699964 380 361 773 6816512
1230 1211 2471 3080141 430 411 873 6083032
1380 1361 2771 2630065 480 461 973 5225736
1530 1511 3071 2197503 530 511 1073 4604304
1680 1661 3371 1979658 580 561 1173 3897424
1830 1811 3671 1723330 630 611 1273 3619868
1980 1961 3971 1508588 680 661 1373 3472196
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Table B13 D8 at 25 °C studied by PRE (Figure 5.18)

FID FID

tl 12 t _ _ Tl 12 t _ _

Intensity Intensity

D8 D8_Mn
30 11 73 18979972 30 11 73 11574004
70 51 153 16777240 50 31 113 10196976
110 91 233 13911604 70 51 153 8835052
150 131 313 10937824 90 71 193 7362160
190 171 393 8483648 110 91 233 6240424
230 211 473 6575180 130 111 273 5226200
270 251 553 4970600 150 131 313 4401616
310 291 633 3794728 170 151 353 3733872
350 331 713 2939836 190 171 393 3079276
390 371 793 2267060 210 191 433 2653260
430 411 873 1710868 230 211 473 2231720
470 451 953 1355856 250 231 513 1849952
510 491 1033 1055080 270 251 553 1571860
550 531 1113 763484 290 271 593 1325920
IFP_D8 IFP_D8 Mn

30 11 73 12914244 30 11 73 6839532
50 31 113 10577272 40 21 93 5753080
70 51 153 8350124 50 31 113 5323424
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Table B13 (cont’d)

90 71 193 6890136 60 41 133 4575368
110 91 233 5205524 70 o1 153 4000256
130 111 273 4006824 80 61 173 3575728
150 131 313 3083364 90 71 193 3069020
170 151 353 2477144 100 81 213 2829832
190 171 393 1932796 110 91 233 2362168
210 191 433 1444700 120 101 253 2328236
230 211 473 1081860 130 111 273 1952584
250 231 513 828176 140 121 293 1810428
270 251 553 646252 150 131 313 1692552
290 271 593 547804 160 141 333 1401204
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Table B14 D8 at 50 °C studied by PRE (Figure 5.19)

FID FID

tl 12 t _ _ Tl 12 t _ _

Intensity Intensity

D8 D8_Mn
30 11 73 18297716 30 11 73 11284620
80 61 173 15195036 50 31 113 9828736
130 111 273 11656272 70 51 153 8352444
180 161 373 9759664 90 71 193 6843708
230 211 473 8197936 110 91 233 5652852
280 261 573 6931136 130 111 273 4777816
330 311 673 5993344 150 131 313 4096996
380 361 773 5302892 170 151 353 3857288
430 411 873 4594732 190 171 393 3393380
480 461 973 4150888 210 191 433 3050220
530 511 1073 3699508 230 211 473 2728400
580 561 1173 3100776 250 231 513 2376980
630 611 1273 2909236 270 251 553 2285012
680 661 1373 2614820 290 271 593 2203524
IFP_D8 IFP_D8 Mn

30 11 73 11008496 30 11 73 14011488
60 41 133 8294992 50 31 113 11421860
90 71 193 6992826 70 51 153 10259204
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Table B14 (cont’d)

120 101 253 5824356 90 71 193 8121512
150 131 313 4443080 110 91 233 7090256
180 161 373 3288032 130 111 273 5868476
210 191 433 2868336 150 131 313 5026988
240 221 493 2434644 170 151 353 4249668
270 251 553 1960872 190 171 393 3619308
300 281 613 1614376 210 191 433 3141236
330 311 673 1341708 230 211 473 2861672
360 341 733 1080152 250 231 513 2471484
390 371 793 978816 270 251 553 2148172
420 401 853 831404 290 271 593 1961748
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Table B15 D8 reproducibility at 25 °C studied by PRE (Figure 5.20)

FID FID
7l T2 t _ _ tl T2 t _ _
Intensity Intensity
D8 D8 _replicate
30 11 73 18297716 30 11 73 14017444
80 61 173 15195036 80 61 173 11658036
130 111 273 11656272 130 111 273 8644612
180 161 373 9759664 180 161 373 6239496
230 211 473 8197936 230 211 473 4303348
280 261 573 6931136 280 261 573 3077584
330 311 673 5993344 330 311 673 2068132
380 361 773 5302892 380 361 773 1385992
430 411 873 4594732 430 411 873 1012780
480 461 973 4150888 480 461 973 709404
530 511 1073 3699508 530 511 1073 493972
580 561 1173 3100776 580 561 1173 446048
630 611 1273 2909236 630 611 1273 315104
680 661 1373 2614820 680 661 1373 215124
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Table B16 D10 with 20% Mn?* studied by PRE (Figure 5.22)

FID FID

tl 12 t _ _ Tl 12 t _ _

Intensity Intensity

D10 Mn’ at 25 °C I[FP_ D10 Mn’ at 25 °C
30 11 73 16741177 30 11 73 20422396
80 61 173 13945282 80 61 173 15695484
130 111 273 10734524 130 111 273 11204164
180 161 373 8184182 180 161 373 8035720
230 211 473 6424096 230 211 473 5927740
280 261 573 5254574 280 261 573 4633164
330 311 673 4295137 330 311 673 3916324
380 361 773 3641079 380 361 773 3123200
430 411 873 2973930 430 411 873 2584748
480 461 973 2472762 480 461 973 2130140
530 511 1073 1995562 530 511 1073 1679304
580 561 1173 1728693 580 561 1173 1335496
630 611 1273 1317678 630 611 1273 1149484
680 661 1373 1163524 680 661 1373 896388
D10 Mn’ at 50 °C [FP_D10 Mn’ at 50 °C

30 11 73 14691436 30 11 73 18792088
60 41 133 13212680 60 41 133 16079740
90 71 193 10819840 90 71 193 13179672
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Table B16 (cont’d)

120 101 253 8627060 120 101 253 10427644
150 131 313 6565180 150 131 313 8130728
180 161 373 4996032 180 161 373 6341088
210 191 433 3810804 210 191 433 5036468
240 221 493 2813868 240 221 493 4125032
270 251 553 2169360 270 251 553 3381408
300 281 613 1846720 300 281 613 2802932
330 311 673 1494368 330 311 673 2594356
360 341 733 1236584 360 341 733 2240276
390 371 793 1138232 390 371 793 2142636
420 401 853 891008 420 401 853 1885260

218




APPENDIX C

Additional PRE data

In this section, the PRE data of samples prepared by Method 1 as described in Chapter 5

and with 20% Mn?* are shown. Since the amount of Mn?* that binds to membrane surface is

unknown, the data is not reliable. Besides, the 2H chanel is not on resonance, the data also showed

fluctuation in echo intensity. All the samples contains 20 umole DPPC-D10 or DPPC-D8, 5 umole

DPPG. The IFP bounded membrane samples contains 1 umole IFP. The 20% Mn?* are introduced

before extrusion.

Table C1 D10 samples at 25 °C

FID FID
tl 12 t _ _ tl 12 t _ _
Intensity Intensity
D10 D10_Mn
100 50 212 2427552 100 50 212 1194804
120 70 252 2012156 120 70 252 979348
140 90 292 1854984 140 90 292 915672
160 110 332 1593588 160 110 332 962132
180 130 372 1370424 180 130 372 901556
200 150 412 1259636 200 150 412 714420
220 170 452 1112872 220 170 452 691116
240 190 492 951628 240 190 492 588460
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Table C1 (cont’d)

260 210 532 905464 260 210 532 585264
280 230 572 797932 280 230 572 483384
IFP_D10 IFP_D10_Mn
100 50 212 580796 100 50 212 | 1588944
120 70 252 333272 120 70 252 | 1158172
140 90 292 208024 140 90 292 844656
160 110 332 119904 160 110 332 846028
180 130 372 76492 180 130 372 947076
200 150 412 13092 200 150 412 921324
220 170 452 16912 220 170 452 | 1008936
240 190 492 1580 240 190 492 | 1061484
260 210 532 -8500 260 210 532 | 1054540
280 230 572 -14516 280 230 572 | 1016268

File locations of data shown in this table are:

(d) /nhome/khare0/mb4b/data/Shuang/quecho/D10/121514 array 25 (D10)

(e) /home/khare0/mb4b/data/Shuang/quecho/D10_Mn/122214 array 25 (D10_Mn)

(F) /home/khare0/mb4b/data/Shuang/quecho/IFP_D10/123014 array 25 (IFP_D10)

(9) /home/khare0/mb4b/data/Shuang/quecho/IFP_D10_Mn/010615_array 25

(IFP_D10_Mn)
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Table C2 D10 samples at 50 °C

FID FID
tl 12 t _ _ Tl 12 t _ _
Intensity Intensity
D10 D10_Mn
100 50 212 1638944 100 50 212 842488
120 70 252 1265572 120 70 252 1043264
140 90 292 977224 140 90 292 970648
160 110 332 787708 160 110 332 879260
180 130 372 661260 180 130 372 892140
200 150 412 527400 200 150 412 747548
220 170 452 415532 220 170 452 639164
240 190 492 369428 240 190 492 590300
260 210 532 338308 260 210 532 445184
280 230 572 235244 280 230 572 424200
IFP_D10 IFP_D10_Mn

100 50 212 451708 100 50 204 1845600
120 70 252 876512 120 70 244 1590460
140 90 292 898724 140 90 284 1433212
160 110 332 777956 160 110 324 1016560
180 130 372 651280 180 130 364 835572
200 150 412 628744 200 150 404 840264
220 170 452 605104 220 170 444 862324
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Table C2 (cont’d)

240 190 492 398048 240 190 484 885156
260 210 532 240316 260 210 524 941796
280 230 572 117136 280 230 564 955076

File locations of data shown in this table are:

(@) /home/khare0/mb4b/data/Shuang/quecho/D10/121614 array 50 (D10)

(b) /home/khare0/mb4b/data/Shuang/quecho/D10_Mn/122714 array 50 (D10_Mn)

(c) /home/khare0/mb4b/data/Shuang/quecho/IFP_D10/123114 array 50 (IFP_D10)

(d) /home/khare0/mb4b/data/Shuang/quecho/IFP_D10_Mn/010715_array 50

(IFP_D10_Mn)
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Table C3 D8 samples at 25 °C

FID FID

tl 12 t _ _ Tl 12 t _ _

Intensity Intensity

D8 D8_Mn
100 50 212 3327919 100 50 212 2228917
120 70 252 2961711 120 70 252 1806647
140 90 292 2621768 140 90 292 1458881
160 110 332 2257266 160 110 332 1258533
180 130 372 1924261 180 130 372 992903
200 150 412 1731391 200 150 412 871658
220 170 452 1573543 220 170 452 788846
240 190 492 1312340 240 190 492 699777
260 210 532 1100150 260 210 532 528551
280 230 572 968456 280 230 572 488626
IFP_D8 IFP_D8_Mn

100 50 212 5243646 100 50 212 3119518
120 70 252 4598274 120 70 252 2432473
140 90 292 4009754 140 90 292 1999605
160 110 332 3486237 160 110 332 1608763
180 130 372 2977790 180 130 372 1350645
200 150 412 2560767 200 150 412 1172473
220 170 452 2196623 220 170 452 1001531
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Table C3 (cont’d)

240 190 492 1879294 240 190 492 871345
260 210 532 1582613 260 210 532 683008
280 230 572 1370021 280 230 572 579342
300 250 612 519509
320 270 652 448488
340 290 692 390976

File locations of data shown in this table are:

(@) /home/hapi0/mb4c/data/Shuang/quecho/D8/012015 array 25 (D8)
(b) /home/hapi0/mb4c/data/Shuang/quecho/D8_Mn/012215 array 25 (D8 _Mn)

(c) /home/hapi0/mb4c/data/Shuang/quecho/IFP_D8/012515 array 25 (IFP_D8)

(d) /home/hapi0/mb4c/data/Shuang/quecho/IFP_D8 Mn/013015 array 25 (IFP_D8_Mn)
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Table C4 D8 samples at 50 °C

FID FID
tl 12 t _ _ Tl 12 t _ _
Intensity Intensity
D8 D8_Mn
100 50 212 1891933 100 50 212 2591942
120 70 252 1305385 120 70 252 1684197
140 90 292 889396 140 90 292 1121416
160 110 332 644175 160 110 332 729318
180 130 372 502305 180 130 372 577378
200 150 412 349133 200 150 412 421690
220 170 452 274068 220 170 452 268906
240 190 492 257280 240 190 492 285795
260 210 532 147527 260 210 532 265650
280 230 572 175812 280 230 572 201262
IFP_D8 IFP_D8_Mn

100 50 212 2496467 100 50 212 2600675
120 70 252 1992008 120 70 252 1581667
140 90 292 1563270 140 90 292 1063378
160 110 332 1295604 160 110 332 681049
180 130 372 1080933 180 130 372 491643
200 150 412 927278 200 150 412 347409
220 170 452 792277 220 170 452 250122
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Table C4 (cont’d)

240 190 492 652293 240 190 492 243333
260 210 532 573384 260 210 532 238036
280 230 572 504266 280 230 572 153824

File locations of data shown in this table are:

(@) /home/hapi0/mb4c/data/Shuang/quecho/D8/012115 array 50 (D8)
(b) /home/hapi0/mb4c/data/Shuang/quecho/D8_Mn/012315 array 50 (D8 _Mn)

(c) /home/hapi0/mb4c/data/Shuang/quecho/IFP_D8/012615 array 50 (IFP_D8)

(d) /home/hapi0/mb4c/data/Shuang/quecho/IFP_D8 Mn/012815 array 50 (IFP_D8 Mn)
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