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ABSTRACT

SAMPLE PREPARATION AND 2D SOLID STATE NUCLEAR MAGNHC RESONANCE
STUDIES OF THE FP—HAIRPIN CONSTRUCT OF THE HIV GPRROTEIN

By
Matthew J. Nethercott

The Human Immunodeficiency Virus (HIV) is an enyed retrovirus responsible for
causing the Acquired Immunodeficiency Syndrome (BJ0On humans. The virus vesicle's
membrane contains the gpl20/gp41 protein expressethe outside of the virus, which is
responsible for recognizing and fusing the virusisle with the target cell, creating a fusion
pore leading to infection of the target cell. Cuathg there are no high resolution structures for
the gp41 protein's fusion peptide (FP) during tifedtion process. Solid state nuclear magnetic
resonance (SSNMR) spectroscopy provides the ahidityobtain high resolution structural
information for proteins in their native environnien

This dissertation project required the developmehta practical methodology for

creating isotopically labeled FP—Hairpin where ldigels are located in the FP region of a gp41
. : . S .13 . 15

protein construct. Synthetically made FP23(linkeontaining isotopic C, ~ N labels and

recombinantly expressed Hairpin B. coli bacteria were ligated together using the native

chemical ligation (NCL) reaction to produce the 1@8idue FP—Hairpin construct in ~20% vyield

and 2 weeks time. FP—Hairpin allows for the studythe FP domain of gp4l in a lipid



membrane environment in the post fusion, low enargyhelix bundle (SHB) formation. Using
2D SSNMR experiments with selectively placed isatdpbels in the FP region provided the
ability to probe secondary and tertiary structuréhe protein in a membrane environment.

Major results of this project are (1) the develeptof methodology to produce the 115
residue FP-Hairpin with isotopic labels using th€Nreaction and (2) SSNMR studies of the
FP-Hairpin in lipid membrane environments. FP-Hairgample preparation time was reduced
from 2 months to 2 weeks and NCL efficiency wasrowed from ~4% to ~20% yields. SSNMR

was used to probe the secondary and tertiary steicdf the FP-Hairpin protein in lipid

membrane environments by using %]?E-BC experiments at magnetic fields of 9.4 T and 21.1

T. Results from the SSNMR experiments showed tlidit the 21.1 T instrument and the E—free

probe,13C peak signal to noise per scan was 5—fold highdrliaewidths 2—fold narrower than

that which was obtained at the 9.4 T instrument i@l E-free probe. Time savings of at least
50% were obtained at 21.1 T compared to the 9.4sfrument. Prior to this work, the 21.1 T
magnet had not been utilized to any great exterih®yVeliky group.

Thus this project can be summed up as a proof otemt project which highlights
sample preparation and SSNMR work that previouslg hot been attempted. By utilizing the
SSNMR experiments it was determined that the FPplifaconstruct can have both the helical
and [3-strand secondary structure in the FP region inpresence of cholesterol containing
membranes. Th@-strand conformation agrees with the previous wWorlkEP peptides. However,
the tertiary structure was not the same, as Alatinend Glycine—10 were observed to have
cross peaks in the FP23 peptide at long mixing gjmrehich were absent in the FP—Hairpin

construct, suggesting that the registry of the ¢anstructs FP23 and FP—Hairpin are different.
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Figure 1-2: HIV fusion model. (A>B) After binding of HIV's gp120 protein to targetlc
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structure. (D) Full amino acid sequence for the 2X@»41 construct. The regions are color
coded to match the model presented in (B) andR€produced with permission from Vogel
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Figure 1-4: (A) MAS picture depicting the principal axes systeobtained from reference
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¢ andu are the angles between the external magneticdiettthe principal axis in spherical
coordinates. (B) Schematic view of the rotor plagethe stator with the Z axis parallel to
the external magnetic field B The rotor is placed &), = 54.7 with respect to the

magnetic field. Rotation of the sample in the rasoabout the magic angle in relation to the
static magnetic field shown by the blue arrow amehd of the rotor cylinder...................... 23
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Figure 1-5: (a) Powder pattern of a glycine sample, no spiopnfh) Sample spun at 2 kHz,
(c) Sample spun at 4 kHz and (d) sample spun &Z7all about the magic angle. Spinning
the sample averages out the CSA of the sampléeltingsin the observation of the isotropic

chemical shift and the spinning sidebands in trexpm. Adapted from reference [70]so
will not change with spinning frequency. Tagg 13CO anddiso 13CO( are marked in (b). ........ 28

Figure 2—1: DNA sequence and protein sequence for the 92uegjd41 construct "Hairpin®
expressed itkE. coli cells. The DNA codons encoding for the proteinédve amino acid
underneath it. The surrounding DNA is in italicSI@ (in red) is the start codon, TGC is the
first residue corresponding to the N-terminal aysteesidue, and the two stop codons (in
red) are TGA TAG segment at the end of the norieisgquence. ............cccooeeeevvvviiien s D 1

Figure 2-2: A typical HPLC purification of Hairpin. The abs@nce at. = 280 nm was
observed. Hairpin elutes between 18 — 30 minuted dotted box) on the C18 preparative

Figure 2-3: SDS-PAGE gel showing Hairpin, FP—Hairpin and broadlecular weight
standards (Lanes 1 — 3 respectively). A clearsb#t is observed between Hairpin and FP—
Hairpin confirming that a new construct has beemttsgsized. 1g of sample were loaded
in each lane. Hairpin = 10.7 kDa; FP—Hairpin = ID8..............cooooiiiiiiiiiiiiieeeeeeee 60

Figure 2—4: Native chemical ligation scheme. Hairpin is the r@8idue fragment from
recombinantE. coli expression, FP23 is the fragment made via t—Bothodelogy solid
phase peptide synthesis. FP23 and Haigpan ligated together to create the final product,
e £= L1111 TR 62

Figure 2-5: (A) Schematic diagram of the domains of the gpéhstruct showing the
different functional domains with colors correspmgdto the structures and amino acid
residues below for each construct. (B) Represemtati the structure of the FP23 in free
solution, (C) Representation of six helix bundleusture of FP—Hairpin which is formed
after the native chemical ligation (NCL) of FP23dalHairpin, and (D) Representation of
Hairpin structure with the associated amino acguseace. (E) Amino acid sequence that is
color coded to match up with the domains (A).[228)..........ccooevviiiiiiiiiiiiiiiiiiiiieeeeeee e 70

Figure 2—6: A typical HPLC purification of FP—Hairpin UA6/UG 18y observing th&= 280

nm wavelength. Clear resolution is observed beatwede peaks. The FP23 has nogd
absorbance, and therefore is not seen here, hoviteipredominant in the dashed box
region for the catalyst and continues to co—ellit¢ha way through the FP—Hairpin peak.
FP23 that co—eluted with FP—Hairpin is removed iayydis. The dashed line represents the
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region where the catalyst and FP23 elute, the $iokdrepresents where Hairpin elutes, and
the dash dot line represents the region where tReHRirpin elutes. MALDI mass
spectrometry was used to determing aSSIGNMENTS. cu . covveiiiiiieiee e 73

Figure 2—7: (A) Far-UV CD spectra of Hairpin and FP—Hairpin2@ mM sodium formate
buffer, pH 3 with 20QuM TCEP. For Hairpin, the pre—melt spectrum (bluedl @ost—-melt
spectrum (red) overlay each other with minimal déen between 220-240 nm. For FP—
Hairpin the pre—melt spectrum (black) and the postt spectrum (light blue) are overlay
nearly exact with no significant deviation be;)twetba two spectra. This highlights that the

proteins are not affected by heating up to @QB) Thermal melts of Hairpin and FP—
Hairpin in the sodium formate buffer while obserithe = 222 nm wavelength. The
concentration of Hairpin was 2pM and FP—Hairpin was 2GM for both A and B. No

thermal transition up to 100 was observed. (C) Thermal melks{222 nm) of Hairpin in 6
M and 8 M GdCI. The 6 M GdClI solution shows thetstd a thermal transition around @5
where as the 8 M GdCI solution shows a thermalsttiom around 8%C. Neither construct

melts below 10QC in non—denaturing buffer solution. ConcentratdrHairpin was 22u/M
in the 6 M GdCI and 26M in the 8 M GdCl solutions, both solutions wereght 7 with 100
mM phosphate buffer and 20®1 reducing agent was TCEP.............cccoieeccceiiiiis 76

Figure 2—-8: Pulse sequence for tﬁgc cross polarization experiments performed at @9 4
MHz NMR and (B) 700 and 900 MHz instruments. Trarse magnetization is prepared on

thelH nuclei with ar/2 pulse, then transferred Jf(ro)’C nuclei via cross polarization followed
by acquisition on théSC channel while decoupling the protons. ........cce.vvviiiiiiiiiiiiiiiinnn, 85

Figure 2-9: Pulse sequence for tﬁgN cross polarization experiments performed with the
T 1 .
21.1 T spectrometer. Transverse magnetizationeisgoed on theH nuclei with an/2 pulse,

15 o L . 15
then transferred t0 N nuclei via cross polarization followed by acqtisi on the™ N
channel while decoupling the ProtONS........c s 87

Figure 2-10: (A) Pulse sequence for the one dimensional doatdss polarization (DCP)
experiment. Transverse magnetization is prepareﬁe)%H channel, then transferred to the
15N nuclei via cross polarization. The magnetizatiorthen selectively transferred to the
nearby13C nuclei via the second cross polarization stepthadignal is detected on t%?é:
channel. For théH915N913Ca experiment, thelSC transmitter is set to ~50 ppm. For the
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XXii



correlation experiment, this delay correspondinghe § value and will be incremented

. o 15 13
between slices. (B) lllustrated tangent ramp fayssr polarization between theN-""C

[ 10 Tod <] PR 91

Figure 2-11: lllustration of the13C scale, and affect at 900 MHz for the NCA / NCO
experiments. The transmitter location for the NGAl &NCO experiment are marked by the
red and blue spike at 50 and 165 ppm respectiVélg.pulse in both experiments generates a
30 kHz frequency range, which is centered on eiB@&mppm (NCA) or 165 ppm (NCO)
experiment. The pulse centered will excite equatlyboth sides of the transmitter location
15 kHz. For the NCA experiment at 900 MHz, the cloaishift range will be from ~116
ppm to —16 ppm. For the NCO experiment, the chdnsitift range will be from ~231 ppm

to 99 ppm. The totangC frequency range (0 to 200 ppm) is 45 kHz. Adimven above, there

is minor overlap at the edge of the NCA / NCO ekpent, however that overlap region
does not contain signals of interest to these @xygaits. The total separation between the 50
ppm and the 165 ppm transmitter iS ~26 KHZ. ceeeeeeeeneee e 92

Figure 2-12:(A) Graphical representation of spin diffusionthe two state system, the spin
up and spin down will change to the spin down gpid sip configuration at the same time
resulting the conservation of the total net magagiton. In the second example with four
spins, after the first step the spin diffusion tvas options of which way to continue with the

spin diffusion process. (B) Explanation of the 2Dss peaks, listed in the convention f (f

f1). Red circles are the diagonal cross peaks, wdriehmerely the spin interacting with itself.
The valuable information is obtained from the atigbnal cross peaks which are different
spins exchanging their magnetization with each rotresulting in the off diagonal cross
peaks. For example, (2,3) results in the magneatizanitially residing on nucleus 3 prior to
the mixing time period. During the mixing time, spdiffusion occurs, resulting in the
exchange of magnetization with the nearby nuclespaf 2, and establishing the (2,3) cross
peak. The magnetization is exchanged via dipolapliegs.[45].........iiiiieeeeeee 97

Figure 2—-13: Pulse sequence for the 2&2 —13C experiments. (A) 2D proton driven spin
diffusion (PDSD) experiment and (B) the dipolar istesl rotation resonance (DARR)

experiment. Transverse magnetization is preparether11H nuclei and rotated with &/2
pulse from the Z—axis to the X-Y plane, then transid tol3C nuclei via cross polarization.
Thel3C 7/2 pulse rotates the magnetization from the X-Yhelto the —Z axis, followed by

a mixing period of either 50 or 500 ms. After théximg period the13C magnetization is
rotated back to the X-Y plane byl%C n/2 pulse followed by acquisition on tl%gC channel
while high power decoupling is applied on flrhdachannel. ................................................. 100

XXili



Figure %?—)14iglustration of the exchange of magnetization dgrihe mixing time period for
the 2D~ C- C exchange experiments. (A) Spins 1 and 2 are ageguhby a frequency of

(0 — wq) at the start of the rotor period. (B) During tléation of the rotor period, the spins
are closer in frequency, resulting in the overlaghe two spins as highlighted by the red
triangle. (C) Both spins are in resonance with eattier, resulting in maximum overlap of
their resonance frequencies and ensuring maximwhasge of the magnetization. (D) As
the rotor period continues, the spins now starimimve off resonance with each other,
diminishing the overlap between them until fingl) the two spins are back to their starting
point condition. Broad lines ensure maximum ovebapveen the two spins whereas narrow
lines will result in less time for the two spins lte in resonance, reducing the transfer of
magnetization between the Spin SYSteM. ... 101

Figure 3-1:2D PDSD13C—13C spectra at 9.4 T of FP23 with uniforlr?c, 15N labeling at
Ala—6 and Gly-10 in the FP region inserted intohalesterol containing lipid membrane
environment. (A) The 10 ms mixing time spectrumvgb@nly the intra—residue cross peaks
while in (B) the 1000 ms mixing time spectrum shdtss intra—residue assignments in black

and the Ala—6/Gly-10 inter—residue cross peakséeryfor the peptide. (C) is thg dlices
corresponding to the AI%SCB B—strand conformation fromy f= 23.5 ppm marked by red
arrows in (A) and (D) is theyfslices corresponding to the AjfgCB B—strand conformation

from f; = 23.5 ppm marked by red arrows in (B). The 10@0mixing time in (B) shows a
cross—peak for A6 / G10, which is observable indliee below in (D). The total number of

acquisitions were (A) 102,400 and (B) 204,800. gssients are listed as assignmenbin-f

assignment in4f 100 Hz of Gaussian line broadening was appliedaith dimension. Data
was adapted from refereNCe.[7] .. ..o e e e e aesseeeennees 117

Figure 3-2: 2D DARR 13C—lSC spectra at 9.4 T of FP—Hairpin with uniforlrrSIC, 15N

labeling at Ala—6 and Gly-10 in the FP region irD&PC/DTPG/Chol lipid membrane
environment at ~40:1 lipid to protein ratio. (A) @B0 ms mixing time spectrum shows only

the intra—residue cross peaks. (B) Thesfice corresponding to the AI%\3CB B—strand
conformation from f = 23.5 ppm is marked by the red arrow in (A). Eherere 3181t
points and 512 scans summed pepdint in a total time of ~45 hrs. Assignments listed

as assignment irp~ assignment infconvention. 200 Hz of Gaussian line broadening was
applied to €ach dIMENSION. ........ooi i 120

Figure 3-3: 2D DARR 13C—lSC spectra at 9.4 T of FP—Hairpin with uniforlrrSIC, 15N
labeling at Ala—6 and Gly-10 in the FP region irD&PC/DTPG/Chol lipid membrane
environment at ~40:1 lipid to protein ratio. TheDOOMs mixing time spectrum shows only
two cross peaks above the noise level corresportditige Gly—10 residue with the helical
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andp-strand chemical shifts. There were 3p@aints and 512 scans summed pgydint in

a total time of ~85 hrs. Assignments are listedaasignment in Jf — assignment in4f
convention. 200 Hz of Gaussian line broadening agdied to each dimension. No other
cross peaks were observed if the contours wererémlvé.owering of the contours swamped
the spectra with noise, resulting in the inabitiydistinguish the cross peaks from the noise
PEAKS. <. e 121

Figure 3—4: 2D DARR 13C—l?’C spectra at 9.4 T of FP—Hairpin with unlformC N

labeling at Ala—6 and Gly-10 in the FP region irP@PC/POPG/Chol lipid membrane
environment at ~25:1 lipid to protein ratio. (A) @B0 ms mixing time spectrum shows only

the intra—residue cross peaks. (B) Thesfice corresponding to the AI%\3CB B—strand
conformation from f = 23.5 ppm is marked by the red arrow in (A). Eharere 300 1t
points and 768 scans summed pepdint in a total time of ~68 hrs. Assignments lksted

as assignment inpf~ assignment in1f 200 Hz of Gaussian line broadening was applied to
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Figure 3-5: 2D DARR 13C—lSC spectra at 9.4 T of FP—Hairpin with uniforlrrSIC, 15N
labeling at Ala—6 and Gly-10 in the FP region irP@PC/POPG/Chol lipid membrane
environment at ~25:1 lipid to protein ratio. (A)@B00 ms mixing time spectrum shows the
intra—residue cross peaks, however no inter—resithes peaks were observed in this sample

between A6-G10. (B) The fslice corresponding to the Alla13CB f—strand conformation
from f; = 23.5 ppm is marked by the red arrow in (A). Bherere 3004t points and 1536
scans summed pey point in a total time of ~192 hrs. Assignments lgstd as assignment
in fo — assignment imf 200 Hz of Gaussian line broadening was appliezhtth dimension. .126

Figure 3—-6: 2D DARR 13C—lSC spectra at 9.4 T of FP—Hairpin with uniforlrrSIC, 15N
labeling at Ala—6 and Gly-10 in the FP region inDAPC/DTPG lipid membrane
environment at ~40:1 lipid to protein ratio. (A) @B0 ms mixing time spectrum shows only

the intra—residue cross peaks. (B) Thesfice corresponding to the AI%13CB helical
conformation from f = 18.6 ppm is marked by the red arrow in (A). Eharere 300 1t
points and 512 scans summed pepdint in a total time of ~45 hrs. Assignments listed

as assignment inp - assignment in1f 200 Hz of Gaussian line broadening was applied to
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Figure 3—-7: 2D DARR 13C—lSC spectra at 9.4 T of FP—Hairpin with unlformC N

labeling at Ala—6 and Gly-10 in the FP region inP®PC/POPG lipid membrane

XXV



environment at ~25:1 lipid to protein ratio. (A) @B0 ms mixing time spectrum shows only
the intra—residue cross peaks. (B) Thesfice corresponding to the AI%13CB —strand
conformation from f = 23.5 ppm is marked by the red arrow in (A). Eharere 300 1t
points and 768 scans summed pepdint in a total time of ~68 hrs. Assignments listed

as assignment inp - assignment inif 200 Hz of Gaussian line broadening was applied to
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Figure 3-8: 2D DARR 13C—l?’C spectra at 9.4 T of FP—Hairpin with uniforlrﬁC, 15N
labeling at Ala—6 and Gly-10 in the FP region inP®PC/POPG lipid membrane
environment at ~25:1 lipid to protein ratio. (A)@B00 ms mixing time spectrum shows the
intra—residue cross peaks, however no inter—resithes peaks were observed in this sample

between A6-G10. (B) Theyfslice corresponding to the Alla13CB —strand conformation
from f; = 23.5 ppm is marked by the red arrow in (A). Eherere 3001t points and 1024
scans summed pey point in a total time of ~128 hrs. Assignments les&d as assignment
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Figure 3—-9: Comparison between POPC/POPG and POPC/POPG/Cimblntipmbranes.
FP—Hairpin UA6/UG10 in (A) cholesterol depleted nwames and (B) cholesterol

containing membranes. The loading was ~25:1 lipigrbtein ratio for both samples. From

the 2D DARRlSC—l?’C 50 ms mixing time experiment it is evident thathese loadings,

there is no dependence on cholesterol affectingnslzsy structure of the fusion peptide

portion of the FP—Hairpin construct. There were 80points and 768 scans summed per t
point using a 9.4 T magnet. 200 Hz of line broadgmwas applied to each dimension. The

percentage of each population was determined frioenaiverage of thé3Ca/13CB and

Figure 3-10: 2D PDSD13C—13C spectra at 9.4 T of FP—Hairpin with uniforlr?C, 15N

labeling at Ala—6 and Gly-10 in the FP region irP@PC/POPG/Chol lipid membrane
environment at ~15:1 lipid to protein ratio. (A) @B0 ms mixing time spectrum shows the

intra—residue cross peaks. (B) The dlice corresponding to the AI%13CB B—strand
conformation from f = 23.5 ppm is marked by the red arrow in (A). Eharere 300 1t
points and 256 scans summed pepdint in a total time of ~23 hrs. Assignments lksted

as assignment inp - assignment inif 100 Hz of Gaussian line broadening was applied to
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Figure 3-11: 2D PDSDlSC—13C spectra at 9.4 T of FP—Hairpin with uniforlrrSC, 15N
labeling at Ala—6 and Gly-10 in the FP region irP@PC/POPG/Chol lipid membrane
environment at ~15:1 lipid to protein ratio. (A)@B00 ms mixing time spectrum shows the
intra—residue cross peaks, however no inter—resithes peaks were observed in this sample
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from fy = 23.5 ppm is marked by the red arrow in (A). Eherere 3004t points and 512
scans summed per point in a total time of ~64 hrs. Assignments lgstd as assignment in
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environment at ~15:1 lipid to protein ratio. (A) @B0 ms mixing time spectrum shows the

intra—residue cross peaks. (B) Thg dlice corresponding to the AI%13CB B—strand
conformation from f = 23.5 ppm is marked by the red arrow in (A). Eharere 300 1t
points and 256 scans summed pepdint in a total time of ~23 hrs. Assignments listed

as assignment inpf~ assignment inif 100 Hz of Gaussian line broadening was applied to
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Figure 3-13: 2D DARR 13C—13C spectra at 9.4 T of FP—Hairpin with uniforlr%C, 15N
labeling at Ala—6 and Gly-10 in the FP region irP@PC/POPG/Chol lipid membrane
environment at ~15:1 lipid to protein ratio. (A)@B00 ms mixing time spectrum shows the
intra—residue cross peaks, however no inter—resithes peaks were observed in this sample

between A6-G10. (B) Theyfslice corresponding to the Alla13CB B—strand conformation
from f; = 23.5 ppm is marked by the red arrow in (A). Eherere 3004t points and 1024
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total time of ~128 hrs for each spectrum. Spinrsitgebands are labeled as SSB. 200 Hz of
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Figure 3-15: 2D DARR 13C—13C spectra at 9.4 T of FP—Hairpin with unlforrrC N
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conformation from f = 23.5 ppm is marked by the red arrow in (A). Eharere 300 1t
points and 512 scans summed pepdint in a total time of ~45 hrs. Assignments listed

as assignment inpf~ assignment inif 100 Hz of Gaussian line broadening was applied to
each dimension. The MAS frequency was 10 kHz an&RRArequency was 12 kHz. ............. 155

Figure 3-16: 2D DARR 13C—13C spectra at 9.4 T of FP—Hairpin with uniforlrﬁc, 15N
labeling at Ala—6 and Gly-10 in the FP region irP@PC/POPG/Chol lipid membrane
environment at ~15:1 lipid to protein ratio. (A)@B00 ms mixing time spectrum shows the
intra—residue cross peaks, however no inter—resithes peaks were observed in this sample

between A6-G10. (B) The fslice corresponding to the Alla13CB B—strand conformation
from f; = 23.5 ppm is marked by the red arrow in (A). Eherere 3004t points and 768
scans summed pey point in a total time of ~96 hrs. Assignments legse=d as assignment in

fo — assignment inqf 100 Hz of Gaussian line broadening was appliedatth dimension.
The MAS frequency was 10 kHz and DARR frequency QA&HZ. ...............oevvvvvevivivinininnnnns 156

Figure 4-1: 2D DARR 13C—lSC spectra at 21.1 T of FP—Hairpin with unlforrrC N

labeling at Ala—6 and Gly—10 in the FP region inrBa2Zt5 mole ratio of POPC/POPG/Chol in
a lipid membrane environment at ~15:1 lipid to pmotratio. (A) The 50 ms mixing time

spectrum shows the intra—residue cross peaks.{B)Islice corresponding to the AJFaSCB
B—strand conformation fromy f= 23.5 ppm is marked by the red arrow in (A). Eherere

256 f points and 128 scans summed pepdint in a total time of ~16 hrs. Assignments are
listed as assignment irp £ assignment inqf 100 Hz of Gaussian line broadening was
applied to each dimension. A spinning sidebandHer13CO peak is labeled as SSB.............. 169

Figure 4-2: 2D DARR 13C —13C spectra at 21.1 T of FP—Hairpin with uniforlr?r’C, 15N
labeling at Ala—6 and Gly-10 in the FP region in8a2t5 mole ratio of POPC/POPG/Chol in
a lipid membrane environment at ~15:1 lipid to pmotratio. (A) The 500 ms mixing time
spectrum shows the intra—residue cross peaks, leywey inter-residue cross peaks were

observed in this sample between A6 / G10. (B) Bhai€e corresponding to the A}QCB B—
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strand conformation frony f= 23.5 ppm is marked by the red arrow in (A). Ehesere 256

t1 points and 384 scans summed pgrdint in a total time of ~55 hrs. Assignments lested

as assignment ipf~ assignment in1f 200 Hz of Gaussian line broadening was applied to
each dimension. A spinning sideband from]t?@O peak is labeled as SSB..................... 170

Figure 4-3: (A) The situation where antiparall@strands are present for the FP region
(thick blue lines) with the L7/F8 overlap. This nebds based off of the previous work for
FP23 and also the L7/F8 contact for FP—Hairpin, lanll of A6 / G10 cross peaks. (B) The
second scenario where there is an L7/F8 overlaptHauFP strands (blue and orange for
visual distinction) overlap only at L7/F8 and sptaytward into the lipid membrane. The red
cylinder is the NHR, the green cylinder is the CKRjch for FP—Hairpin are connected by a
six residue minimal linker. The HR-strands are either (A) blue or (B) blue and oraagel
are representative of residues 1-16. The blackclommecting the NHR and the FP domain is
consistent with residues 17 — 23 of the FP redgioen NHR are residues 24 — 70, followed by
residues 71-76 for the loop, and residues 77 —ftd%he CHR domain of FP—Hairpin
L0701 1 11 [o{ FR PP 172

Figure 4-4: 2D PDSD13C —13C spectra at 16.5 T of FP—Hairpin with uniforlr?C, 15N
labeling at Ala—6 and Gly-10 in the FP region in82:5 molar ratio of POPC/POPG/Chol
in a lipid membrane environment at ~15:1 lipid totpin ratio. (A) The 50 ms mixin% time

spectrum shows the intra—residue cross peaks.{B)Islice corresponding to the AjraCB
B—strand conformation fromy f= 23.5 ppm is marked by the red arrow in (A). Eherere
256 f points and 128 scans summed pepdint in a total time of ~16 hrs. Assignments are

listed as assignment ia ¥ assignment imqf 100 Hz of Gaussian line broaden was applied to
(<= Lo T [ 1T 0 ] o] o USRS 177

Figure 4-5: Comparison of the FP—Hairpin UA6/UG10 with a 18pld to protein sample
loading in an 8:2:5 molar ratio of POPC/POPG/Chak ilipid membrane environment at (A)
94T, (B)16.5T, and (C) 21.1 T. The spectra vamguired using %13C CP experiment. The
conditions between the three spectrometers werehedtas close as possible for the
experiments listed in Table 4-3. Spectra are tlseltreof 512 acquisitions and 50 Hz of
Gaussian line broadening each. Samples were caoflditrogen gas which had a nominal
temperature of (A) -5 or (B, C) —23C as measured at the thermocouple. Sample rotation
was 12 kHz for all samples. Table 4—4 presentsrtegrated area of the peaks. The spectra
are scaled to the same horizontal axis insppm uaitd the same vertical peak to peak noise
levels as well. The integrated area of %h@ peaks are discussed below and presented in
TADIE A—d. oo e e e e e e e e 185
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Figure 4—6: Comparison of the FP—Hairpin UA6/UG10 with a 18pld to protein sample
loading in an 8:2:5 mole ratio of POPC/POPG/Chad ilipid membrane environment at (A)
94T, (B)16.5T, and (C) 21.1 T under the samalitmns as presented in Figure 4-5. The
red dashed lines correspond to the carbonyl regiloich was cut out and weighted on an

analytical balance to determine the integrated areshe 13C peaks. The +1 spinning
sidebands of the carbonyl region were also includetthe integrated area for the carbonyl
peak for the 16.5 T and 21.1 T spectra. The blush dbot dash lines correspond to the
aliphatic region which was cut out and weightedaaranalytical balance. The results of the
integrated signal for the peaks are presented bleT4-4. Discussion of the method for
determining the integrated area is alSO preserglI.............c.ovviiiiieeereieeiiii e e e eeeees 189

Figure 4—7: Comparison of linewidth at 400 (9.4 T), 700 (1%)5and 900 MHz (21.1 T) for

the FP—Hairpin uniforn-C, 1N labeled Ala—6 and Gly—10 sample in a POPC/POP@I/Ch
lipid membrane environment with +2noles of protein at ~15:1 lipid to protein loadin@)

A fo slice from the 2D DARIR;BC—13C spectrum for 50 ms mixing time at 400 MHz without
an E-free probe setup corresponding to the 1&@16 B—strand conformation af &= 23.5
ppm. (B) A b slice from the 2D PDSSSC—lsc spectrum for 50 ms mixing time at 700
MHz with an E—free probe setup corresponding toAtIzve13C B p—strand conformation aj f

= 23.5 ppm. (C) A4 slice from the 2D DARR13C—13C spectrum for 50 ms mixing time at
900 MHz with an E-free probe setup correspondinmeoAIaBCB B—strand conformation

at f; = 23.5 ppm. The slices are representative of tbeiarsedlgc peak signal to noise ratio
per scan, narrower linewidths, and decreased sigmafaging time achieved at higher
magnetic fields. No line broadening was appliedirdurprocessing of the spectra. The

intrinsic linewidths are presented in Table 4-5) TAere were 300;tpoints and 256 scans
summed perqtpoint in ~23 hrs, (B) there were 256gdoints and 128 scans summed per t
point in ~16 hrs, and (C) there were 256obints and 64 scans summed pepodint in ~7
hrs. Spectra in (A) were acquired at a nominaltgagerature of°—5°02 while the spectra in

(B, C) were acquired at a nominal gas temperature-28 C as measured at the
thermocouple. The same sample was used for a#t gXperiments. ............ccooeeeeeeeeeeeeeeeeeee 197

Figure 4-8: Coil designs for the solid state NMR probes ugad.Solenoid coil used at 9.4
T for all nuclei and (B) the E—free probe's coisigg with a loop gap resonator %GF;?S used

at 16.5 T and 21.1 T.[8, 15] The magnetic fieldstlmelH LGR coil and the C/ N
solenoid are orthogonal in the E—free probe de§l‘@|e.1H field is produced along the Y-
direction and thé3C/15N fields are produced along the X—direction. ...........ccceeeeee.....200
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Figure 4-9: 13C CP ramp experiment at 21.1 T for FP—Hairpin With6/UG10 labeling in
the FP region in a POPC/POPG/Chol lipid membraner@mment. Approximately Jumole

of protein was added to lipid vesicles at pH 3. $phectrum is the result of 4096 acquisitions
and 100 Hz of 9aussian line broadening. The spmctwas acquired at a nominal
temperature of —2& as measured at the thermocouple, and 12 kHz iegirfrequency.
Spinning sidebands are marked by (*). The (x) i9at131.9 ppm corresponding to the
aromatic region of thél3C spectrum. This signal at 131.9 ppm is not obskimehe pH 7
samples, so it is likely that it arises from a prated side chain / aromatic residue of the
protein or is due to cholesterol. One possibilitypbserving the signal at 21.1 T and not 9.4
T is due to the increasélgc peak signal to noise per scan at the higher.fighis signal is

also observed1 C CP ramp experiment using dynamic nuclear polaozawhich is
presented in Appendix Il. DNP has also provided—<8/@ peak signal to noise per scan
enhancement with microwave irradiation of the sagampared no microwave irradiation,

which is why the 131.9 ppm chemical shift is obsérin the DNI5L3C CP experiment. ......... 205

Figure 4-10: 2D DARR 13C—13C spectra at 21.1 T of FP—Hairpin with uniforlr%:, 15N

labeling at Ala—6 and Gly—10 in the FP region in8a2:5 molar ratio of POPC/POPG/Chol
in a lipid membrane environment at ~33:1 lipid totpin ratio. The protein and lipid vesicles
were prepared as described in Chapter 2's "Memlirige Preparation, Method B" section.

(A) The 50 ms mixing time spectrum shows the inteaidue cross peaks. (B) Thedlice
corresponding to the AI%lSCB B—strand conformation from; = 23.5 ppm is marked by the
red arrow in (A). There were 256 points and 128 scans summed pepdint in a total time

of ~14 hrs. Assignments are listed as assignmemt-tassignment imf 100 Hz of Gaussian
line broadening was applied to each diMENSION. ....cc....uuiuiiiiiii e 207

Figure 4-11: 2D DARR 13C—13C spectra at 21.1 T of FP—Hairpin with unifo%r:r)’c, 15N

labeling at Ala—6 and Gly-10 in the FP region in8a2:5 molar ratio of POPC/POPG/Chol
in a lipid membrane environment at ~33:1 lipid totpin ratio. The protein and lipid vesicles
were prepared as described in Chapter 2's "Memlirige Preparation, Method B" section.

(A) The 500 ms mixing time spectrum shows the iategidue cross peaks, however no
inter—residue cross peaks were observed in thiplsapetween A6 / G10 consistent with the

other FP—Hairpin work presented in Chapters 3 ar{@¥The b slice corresponding to the
Ala 13CB B—strand conformation fromy f= 23.5 ppm is marked by the red arrow in (A).
There were 2561tpoints and 320 scans summed pepoint in a total time of ~46 hrs.

Assignments are listed as assignmentajin-fassignment inqf 200 Hz of Gaussian line
broadening was applied to each diMENSION. .......uuuviiiiiiiiiiiiii e e e e 208
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Figure 4—12:13C CP ramp experiment at 21.1 T for FP—Hairpin Wi#h6/UG10 labeling in
the FP region in an 8:2:5 molar ratio of POPC/PAR®I in a lipid membrane environment.
Approximately 1umole of protein was added to lipid vesicles at pHfer unpacking the
rotor, the protein—lipid pellet was pH swapped i p buffer, vortexed, and centrifuged

again. It is possible that some protein loss oetutyy comparison of th1e3C CP of Figure

4-9 and the pH 7 samp}e3C CP experiment presented here. The spectrum isethdt of
4096 acquisitionso and 100 Hz of Gaussian line broed). Data was acquired at a nominal

temperature of —2& as measured at the thermocouple and 12 kHz sigfirequency. ......... 210

Figure 4-13: 2D DARR 13C—13C spectra at 21.1 T of FP—Hairpin with unlforrrC N

labeling at Ala—6 and Gly-10 in the FP region in8a2:5 molar ratio of POPC/POPG/Chol
in a lipid membrane environment at ~33:1 lipid totpin ratio. The protein and lipid vesicles
were prepared as described in Chapter 2's "Memligie Preparation, Method B" section
at pH 3 and then pH swapped to pH 7. (A) The 50mxéng time spectrum shows the intra—

residue cross peaks. (B) Thedlice corresponding to the AiLa3CB B—strand conformation
from f; = 23.5 ppm is marked by the red arrow in (A). Eherere 2561t points and 128
scans summed per point in a total time of ~14 hrs. Assignments lgstd as assignment in
fo — assignment imf 100 Hz of Gaussian line broadening was applieshtth dimension. .....212

Figure 4-14:2D DARR 13C—13C spectra at 21.1 T of FP—Hairpin with unlfornC N

labeling at Ala—6 and Gly-10 in the FP region in8a2:5 molar ratio of POPC/POPG/Chol
in a lipid membrane environment at ~33:1 lipid totpin ratio. The protein and lipid vesicles
were prepared as described in Chapter 2's "Memlirigniek Preparation, Method B" section
at pH 3 and then pH swapped to pH 7. (A) The 500nm&ng time spectrum shows the
intra—residue cross peaks, however no inter—resithes peaks were observed in this sample

between A6 / G10. (B) The fslice corresponding to the Aﬁ'fCB B—strand conformation
from f; = 23.5 ppm is marked by the red arrow in (A). Eherere 2561t points and 320
scans summed per point in a total time of ~46 hrs and assignmengsligted as assignment

in fo — assignment imf 200 Hz of Gaussian line broadening was appliezhtth dimension. .214

Figure 4-15: Comparison of the of slices corresponding to the AI%\SCB B—strand

conformation from f = 23.5 ppm from the 50 ms ZBC—BC spectra at either (A) pH 3 or
(B) pH 7 samples. These slices are from FiguresO4aiid 4-13 respectively without

application of line broadening. For the 2D spectriuhere were 2561tpoints and 128

summed acquisitions pef point. The spectra are scaled to a common noisa. IBlo line
broadening was applied to the spectra, and the FWirkWidths are presented in Table 4—6.

. 1 . . . . .
Comparison of thé C peak signal to noise ratios from the slices sstggthat there is an
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~50% reduction in peak signal to noise after penfog the pH swap to the FP—Hairpin
UAB/UGLO SAIMPIE. .. mmmmmm e e e e bee bbb sbs e ssnsnsnnnes 216

Figure 4-16:2D DARR 13C 13C spectra at 21.1 T of FP23 with unlfornC N labeling

at Ala—6 and Gly-10 in the FP region inserted iateholesterol containing LM3 lipid
membrane environment. (A) The 50 ms mixing timecpen shows the intra—residue cross

peaks. (B) Thefslice corresponding to the A}a3CB B—strand conformation from = 23.5
ppm is marked by the red arrow in (A). There wesé g points and 128 scans summed per
t1 point in a total time of ~14 hrs. Assignments ls&sted as assignment ia £ assignment in
f1. 100 Hz of Gaussian line broadening was applieghtth dimension................cccceveiii 226

Figure 4-17:2D DARR 13C 13C spectra at 21.1 T of FP23 with unlfornC N labeling

at Ala—6 and Gly-10 in the FP region inserted iateholesterol containing LM3 lipid
membrane environment. (A) The 500 ms mixing timecsum shows the intra—residue cross

peaks in black and the unique Ala—6 / Gly-10 intesidue cross peaks in green. (B) Thpe f
slice corresponding to the Aila3CB f—strand conformation from = 23.5 ppm is marked by
the red arrow numbered (1) in (A). There were 25fdints and 960 scans summed per t
point in a total time of ~137 hrs. Assignments lgstd as assignment ia £ assignment in
f1. 200 Hz of Gaussian line broadening was appliedaith dimension. Spinning sidebands
are labeled as SSB. The numbergdlices corresponding to (1) £ 23.5 ppm, (2)4 = 45.2

ppm, and (3) f = 171.5 ppm show the inter—residue A6 / G10 cpessks and are presented
T o LU 227

Figure 4—18: Additional slices from Figure 4-17 of FP23 UA6/UGd@h a 500 ms mixing
time at 21.1 T. The slices were marked by the nuetharrows in Figure 4-17A. (A,D) The

fo slice corresponding to the A}a3CB B—strand conformation from = 23.5 ppm is marked
by the red arrow numbered (1) in Figure 4-17A. |Blke b slice corresponding to the Gly
13CO( B—strand conformation from = 45.2 ppm is marked by the red arrow numberedn(2)
Figure 4-17A. (C,F) Thexfslice corresponding to the ijy?fCO B—strand conformation from
f1 = 171.5 ppm is marked by the red arrow numbergdh(Bigure 4-17A. All slices have an

Ala—6 / Gly-10 inter—residue connection as can d@nsby both alanine and glyci%gc
peaks in the slices. Slices shown in (D—F) arebtben up views of slices from (A-C). For

ease of viewing the peaks corresponding tolﬁﬁm and 13CO were truncated to facilitate
viewing of the inter—residue A6 / G10 cross peaKse unique peaks for each slice are
highlighted in green. All parameters are the sam¢hase listed in Figure 4-17. Spinning

sidebands for th%SCO are labeled as SSB in the SPECLra. ......cuummmmmeeeererreererririiiiiniireiiinen 228
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Figure 4-19: 15N cross polarization experiments at 21.1 T usingeafree probe for FP—
Hairpin with uniformly labeled Ala—6 and Gly-10tine FP region in an 8:2:5 molar ratio of
POPC/POPG/Chol in a lipid membrane environment. TA¢ 15:1 lipid to protein loading
sample was prepared by Method A and is at pH 7.T{ ~33:1 lipid to protein loading
sample was prepared by Method B and is at pH 3.p&apreparation was described in
Chapter 2 in the sections "Membrane Lipid Prepandtiand "Solid State NMR Sample
Preparation”. The number of acquisitions were (83 and (B) 4096. 100 Hz of Gaussian
line broadening was applied to each spectrum. Textm were acquired at a nominal
temperature of —2& as measured at the thermocouple, with 12 kHmspinfrequency and
a recycle delay of 3 seconds. The spectra wereerttl referenced from properly referenced
13C spectra as described in the Chapter 2's secHold'State Nuclear Magnetic Resonance
Experiments and Experimental Details” and in Appendl's section "Referencing the
Spectrum”. ~1.7 and ~3.5 hrs of signal averagingewequired for (Af and (B) respectively.
Table 4-9 lists the chemical shifts and FWHM of geaks for the 5N CP experiments.
Peak assignments are likely: (A) Peaks 1-3: (1}8\[&-strand, (2) Ala—6 helical, (3) Gly—
10B-strand. (B) Peaks 4-6: (4) AlaBéstrand, (5) Ala—6 helical, (6) Gly—I3-strand based

on thelSN chemical shifts of the RefDB paper.[1] ..o, 234

Figure 4-20: (A) Molecular structure of the uniformly labeled —&tetyl leucine
(U-NAL) sample that was used for optimizing the loleucross polarization experiments at
21.1 T. (B) Filtered spectrum from the 1D doublessr polarization NCO experiment, (C)

13C CP experiment of U-NAL, and (D) filtered spectrdnam the 1D double cross
polarization NCA experiment. Each spectrum is #msult of 256 acquisitions and 50 Hz of
Gaussian line broadening. The insert in Figure 8-0an expanded view of the 170 — 190

ppm range to better illustrate the L%z3ui:0 and acety}gco signals. Data was acquired at a

nominal temperature of —23 as measured at the thermocouple and 12 kHz sginni
frequency using the 4 mm MAS E—free probe. Tabl&Mksts the chemical shifts for the
13C peaks in Figure 4-20 (B-D). Spinning sidebandsshown as (*) in the spectra (B) for
the acetyI13CO, (C) for the Leu1 3CO and acetyPCO, and (D) the Le&3C0(. ...................... 240

Figure 4-21:Comparison 0}3C CP experiment and the 1D NCA double cross patda
experiment for FP—Hairpin with uniform Ala—6 andy&10 labeling in the FP region in an

8:2:5 molar ratio of POPC/POPG/Chol in a lipid meante environment. (A])3C CP of FP-
Hairpin at ~33:1 loading sample using the pH 3.h@a preparation method. (B) The
corresponding 1D NCA double cross polarization expent. Comparison of the 1D NCA

experiments highlights the filtering by selectivelsansferring magnetization fror%H

915N913Ca. Each spectrum is the result of 4096 acquisitiang application of 100 Hz
Gaussian line broadening. (C) Graphical representatf the NCA experiment as applied to
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the FP backbone region. Magnetization is preparedhelH nucleus and then transferred
from the 1H to thelsN nuclei in the first cross polarization step. Nekie transfer of the
magnetization from théSN to 13C nuclei is performed with a cross polarizatiorpsté ~51
kHz Rabi frequency and a tangent ramp. The frequenmatched specifically for th1e5N to
13Ca transfer eliminating transfer to th1e3CO and contributions from natural abundance

13Ca nuclei. The chemical shift & = 131 ppm (x) was previously discussed in Figus8.4
Spinning sidebands are marked DY (F).........uuuuuuiiimiimiiii e 245

Figure Al-1: 2D DARR 13C—13C spectra at 9.4 T of FP—Hairpin with uniforlrﬁc, 15N

labeling at Ala—6 and Gly—10 in the FP region irP@PC/POPG/Chol lipid membrane
environment at ~25:1 lipid to protein ratio. Samplas re—hydrated with 10 mM CuEDTA
solution and the recycle delay was reduced fromtd 8.5 s. (A) The 50 ms mixing time

spectrum shows the intra—residue cross peaks.{B)Islice corresponding to the AJFaCB
B—strand conformation fromy f= 23.5 ppm is marked by the red arrow in (A). Eherere
300 ¢ points with 768 scans summed pgpbint in a total time of ~35 hrs. Assignments are

listed as assignment ip £ assignment inqf 100 Hz of Gaussian line broadening was
applied to each dimension. The MAS frequency wa&H® and DARR frequency was 12
[ 2RSS 287

Figure Al-2: 2D DARR 13C—13C spectra at 9.4 T of FP—Hairpin with uniforlr?c, 15N
labeling at Ala—6 and Gly-10 in the FP region irP@PC/POPG/Chol lipid membrane
environment at ~25:1 lipid to protein ratio. Samplas re—hydrated with 10 mM CuEDTA
solution and the recycle delay was reduced fromtd &5 s. (A) The 500 ms mixing time
spectrum shows the intra—residue cross peaks, levwey inter—residue cross peaks were

observed in this sample between A6—G10. (B) Phaite corresponding to the A}aSCB B—
strand conformation fromyf= 23.5 ppm is marked by the red arrow in (A). Eherere 300
t1 points with 1280 scans summed pgpoint in a total time of ~107 hrs. Assignments are

listed as assignment ip £ assignment inqf 200 Hz of Gaussian line broadening was

applied to each dimension. Only tRestrand conformation is observed for the intra-ehesi
CTOSS PEAKS. ...utttititititiiititittiatieee s mmmmnnnseseeebeees et e sse s ss s asmaas s e s s £t et e e et st st nnnrnnnnnrnnnes 290

Figure Al-3: 2D DARR 13C—13C spectra at 9.4 T of FP—Hairpin with uniforlrﬁc, 15N

labeling at Ala—6 and Gly-10 in the FP region irP@PC/POPG/Chol lipid membrane
environment at ~25:1 lipid to protein ratio. Samplas re—hydrated with 10 mM CuEDTA
solution and the recycle delay was reduced fromtd 825 s. (A) The 50 ms mixing time

spectrum shows the intra—residue cross peaks.{B)Islice corresponding to the A}aCB
B—strand conformation fromy f= 23.5 ppm is marked by the red arrow in (A). Eherere
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300 § points with 768 scans summed pgpbint in a total time of ~19.2 hrs. Assignments

are listed as assignment imn+ assignment inif 200 Hz of Gaussian line broadening was
applied to each dimension. The MAS frequency wagH® and the DARR frequency was
022 T RPN 292

Figure Al-4: 2D DARR 13C 13C spectra at 9.4 T of FP—Hairpin with unlforrrC N

labeling at Ala—6 and Gly-10 in the FP region irP@PC/POPG/Chol lipid membrane
environment at ~25:1 lipid to protein ratio. Samplas re—hydrated with 10 mM CuEDTA
solution and the recycle delay was reduced fromd &25 s. (A) The 500 ms mixing time
spectrum doesn't show cross peaks which are grémterthe noise levels. (B) The dlice

corresponding to the AI%13CB B—strand conformation fromy = 23.5 ppm is marked by the

red arrow in (A). There were 309 points with 1280 scans summed pgpbint in a total
time of ~80 hrs. 200 Hz of Gaussian line broademiag applied to each dimension. .............. 294

Figure Al-5: 2D DARR 13C—13C spectra at 9.4 T of FP—Hairpin with unlforrrC N

labeling at Ala—6 and Gly-10 in the FP region irP@PC/POPG/Chol lipid membrane
environment at ~22:1 lipid to protein ratio. Thiesh sample was prepared and then hydrated
with 10 mM CuEDTA solution and packed into a 4 nwotor. The recycle delay was 0.25 s.
(A) The 50 ms mixing time spectrum shows the inteaidue cross peaks. (B) Thedlice
corresponding to the AI%13CB B—strand conformation from; = 23.5 ppm is marked by the
red arrow in (A). There were 309 points with 768 scans summed pgpboint in a total time

of ~19 hrs. Assignments are listed as assignmemt-tassignment imf 100 Hz of Gaussian
line broadening was applied to each dimension. MIA&S frequency was 10 kHz and the
DARR frequency was 12 kHz. The cross peaks predamly correspond to thp—strand

(ol0] 1 (0] 1 4 F= 1[0 o A TP PPPPP RPN 298

Figure Al-6: 2D DARR 13C—13C spectra at 9.4 T of FP—Hairpin with unlforrrC N

labeling at Ala—6 and Gly-10 in the FP region irP@PC/POPG/Chol lipid membrane
environment at ~22:1 lipid to protein ratio. Thiesh sample was prepared and then hydrated
with 10 mM CuEDTA solution and packed into a 4 notor. The recycle delay was 0.25 s.
(A) The 500 ms mixing time spectrum shows the iateaidue cross peaks, however no

inter—residue cross peaks were observed in thiplsabetween A6-G10. (B) The Elice
corresponding to the AI%lSCB B—strand conformation from; = 23.5 ppm is marked by the
red arrow in (A). There were 309 points with 1152 scans summed pgpoint in a total

time of ~72 hrs. Assignments are listed as assighmmefy, — assignment inyf 200 Hz of
Gaussian line broadening was applied to each dimen$ntra—residue cross peaks are
predominantly th@—strand conformation. ...........cooooor oo 300
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Figure Al-7: 2D PDSDlSC—1 C spectra at 9.4 T of FP—Hairpin with unlformC N

labeling at Ala—6 and Gly-10 in the FP region irP@PC/POPG/Chol lipid membrane
environment at ~22:1 lipid to protein ratio. Thiangple was unpacked from the rotor,
rehydrated with the 10 mM CuEDTA solution and theacked into a 4 mm rotor. The
recycle delay was 0.25 s. (A) The 50 ms mixing tspectrum shows the intra—residue cross

peaks. (B) Thefslice corresponding to the A}a3CB B—strand conformation from = 23.5
ppm is marked by the red arrow in (A). There wed8 § points with 768 scans summed per
t1 point in a total time of ~19 hrs. Assignments ls&sted as assignment ia £ assignment in

f1. 100 Hz of Gaussian line broadening was appliegbtth dimension. The MAS frequency

was 10 kHz. The chemical shifts of the intra—residwoss peaks correspond to frestand
(o0 01 (0] 42 =10 o APPSR 302

Figure Al-8: 2D PDSD13C—13C spectra at 9.4 T of FP—Hairpin with umformC N

labeling at Ala—6 and Gly-10 in the FP region irP@PC/POPG/Chol lipid membrane
environment at ~22:1 lipid to protein ratio. Thiangple was unpacked from the rotor,
rehydrated with the 10 mM CuEDTA solution and theacked into a 4 mm rotor. The
recycle delay was 0.25 s. (A) The 500 ms mixingetiapectrum shows the intra—residue
cross peaks, however no inter-residue cross peatesabserved in this sample between A6—

G10. (B) The % slice corresponding to the Aila:\BCB B—strand conformation from f= 23.5
ppm is marked by the red arrow in (A). There wed® § points with 1152 scans summed
per § point in a total time of ~72 hrs. Assignments &sted as assignment irp

assignment in1f 200 Hz of Gaussian line broadening was applieccdoh dimension.
Chemical shifts of the intra—residue cross peaksespond to th@—strand conformation....... 304

Figure AI-9: The 15N CP for U-NAL properly referenced as describecCimapter 2 and

Appendix Ill. The chemical shift for the referenclesm amide isd = 127.4 ppm. ThéL5N CP
is the result of 256 acquisitions with a 3 secaaycle delay and no line broadening applied. 313

Figure Al-10: The 2D DARR13C 13C spectra at 21.1 T of FP—Hairpin with unlfornC

15N labeling at Ala—6 and Gly-10 in the FP region am 8:2:5 mole ratio of
POPC/POPG/Chol in a lipid membrane environmentl&t1-lipid to protein ratio. (A) The

10 ms mixing time spectrum shows the intra—residoess peaks. (B) Thejfslice
corresponding to the AI%SCB B—strand conformation fromy = 23.5 ppm is marked by the
red arrow in (A). There were 256 points and 128 scans summed pepdint in a total time
of ~16 hrs. Assignments are listed as assignmemt-tassignment imf 100 Hz of Gaussian

line broadening was applied to each dimension. iAngpg sideband for thelz3CO peak is
[ADEIEA @S SSB.....oiiiiiiii i e ——————— et e aa— e aaaaaana 314
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Figure Al-11 The 2D DARR13C—13C spectra at 21.1 T of FP—Hairpin with uniforlr?C,

15N labeling at Ala—6 and Gly-10 in the FP region am 8:2:5 mole ratio of
POPC/POPG/Chol in a lipid membrane environmentl&ttlipid to protein ratio. (A) The

50 ms mixing time spectrum shows the intra—residuess peaks. (B) Thesfslice
corresponding to the AI%lSCB B—strand conformation from; = 23.5 ppm is marked by the
red arrow in (A). There were 256 points and 128 scans summed pepdint in a total time
of ~16 hrs. Assignments are listed as assignmemt-tassignment imf 100 Hz of Gaussian

line broadening was applied to each dimension. iAngpg sideband for thelz3CO peak is
labeled as SSB. The slice (B) is scaled to the swise level as the slice in Figure Al-10B...315

Figure Al-12 The 2D DARR13C—13C spectra at 21.1 T of FP—Hairpin with uniforlr?C,

15N labeling at Ala—6 and Gly-10 in the FP region am 8:2:5 mole ratio of
POPC/POPG/Chol in a lipid membrane environmentl&tt-lipid to protein ratio. (A) The

100 ms mixing time spectrum shows the intra—residuess peaks. (B) They fslice
corresponding to the AI%lSCB B—strand conformation from; = 23.5 ppm is marked by the
red arrow in (A). There were 256 points and 128 scans summed pepdint in a total time

of ~16 hrs. Assignments are listed as assignmemt-tassignment imf 100 Hz of Gaussian
line broadening was applied to each dimension. dJilee (B) is scaled to the same noise
level as the slice in FIGUre AlI=L10B. .........coumeueuiiieiiiiiiiiiiiieiireieieeererreeeerrereee e 316

Figure Al-13: The 2D DARR13C—13C spectra at 21.1 T of FP—Hairpin with unifo%r?(),

15N labeling at Ala—6 and Gly-10 in the FP region am 8:2:5 mole ratio of
POPC/POPG/Chol in a lipid membrane environmentl&ttlipid to protein ratio. (A) The

1000 ms mixing time spectrum shows the intra—residoss peaks. (B, C) The §lice

corresponding to the AI%FCB B—strand conformation from; = 23.5 ppm is marked by the
red arrow in (A). The slice in (B) is fivefold (xBhe size of the slice in (C). The slice in (C)

is scaled to the same noise level as Figure Al-T0®Rre were 256;tpoints and 128 scans
summed perqtpoint in a total time of ~16 hrs. Assignments lis&d as assignment in £
assignment inqf 100 Hz of Gaussian line broadening was appliegatth dimension.............. 317

Figure Al-14: The 2D DARR13C—13C spectra at 21.1 T of FP—Hairpin with unifo%r?(),

15N labeling at Ala—6 and Gly-10 in the FP region am 8:2:5 mole ratio of
POPC/POPG/Chol in a lipid membrane environmentl&t1lipid to protein ratio. (A) The

50 ms mixing time spectrum shows the intra—residuess peaks. (B) Thesfslice
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corresponding to the AI%SCB B—strand conformation fromy = 23.5 ppm is marked by the
red arrow in (A). There were 256 points and 64 scans summed pepaint in a total time

of ~16 hrs. Assignments are listed as assignmefit thassignment imf No Gaussian line
broadening was applied. This data was acquired7irhrs, but probably could have been

acquired in half that time by reducing the numbfesaans perqtpoint by half as determined
by the signal intensity of the slice presentedigufe Al-14B. A spinning sideband for the

13CO peak is [abeled as SSB. ..........ciii ettt s e rrn—— e aaaaan 319

, 13 . ,
Figure Al-15: Pulse sequence for the Z]E?N— C heteronuclear correlation experiments

performed at 21.1 T. The magnetization is firsipared by aiLH 102 pulse which rotates the
magnetization from the Z—axis to the transversaal& cross polarization step transfers the
magnetization from théH%lsN nuclei. Next, the magnetization is selectivelgnsferred
from 15N%lSC via a second cross polarization step under htghele continuous wave
(CW) decoupling. The:,'L 3C transverse magnetization is rotated to the Z-ama exchange
occurs during the second mixing time) (tA secondlSC 172 pulse rotates the magnetization
back to the transverse plane for detection. Depgnoin the13C transmitter location depends
on the correlation that will be observed. The 2DNExperiment has th1e3C transmitter at

~165 ppm, and the 2D NCA experiment has ]tﬁ@ transmitter at ~50 ppm. The PDSD
version of the experiment is shown here, with thiy difference for the DARR experiment

being the addition of rf being applied duringon thelH channel which is equal to the MAS
FTEOUEINICY . .. oo e e e e e e e e e e 321

Figure Al-16: 2D NCA experiment for U-NAL. (A) Thé “CO region of the 2D NCA
experiment. ThéLSN - Leu13CO correlation can be observed. (B) The alipha&gan of the
13C spectrum, showing th}asN - 13C correlation for all Leu &, CB, Cy, and & carbons
along with the acetyl Cglgroup. The acetyJISCO was not observed in (A). Ringing in the
15N dimension resulted in the vertical peaks in lwith the Leu13Ca peak. (C, D) The 1D
slice corresponding to thlgN shift of 127.5 ppm and is marked by the red ario\{B). The
slice bisects all théSC peaks in (A) and (B). The portion of the slicewh in (C) is blown

up by 20—fold compared to (D) to better illustréte Leu13CO peak. The 2D results are
consistent with the 1D NCA results for Figure 4-2@i%h the exception being that the Leu

13CO is not observed for the 1D experiment. The chehshifts are presented in Table Al-
5. 25 Hz of Gaussian line broadening was appliezghtdh dimension...........ccccoeeeereiee e v 324
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Figure Al-17: 2D NCO experiment for U-NAL. gA) The carbonyl regi of the 2D
experlment where the predominate peak is the Iace@O for U-NAL. A slight peak for
the Leu CO is also seen. (B) The aliphatic region of the @bt where the Leu Ca

carbon is observed. No othle%C peaks are observed in the 2D plot. The slicesepted in
(C) and (D) correspond to the red arrows in thepRidin (A) and (B). The slice was taken at

the 15N chemical shift of 128.0 ppm. The Lelaco peak is hardly observable in (C). The
2D results are consistent with the 1D NCO resultsFigure 4—-20B. The chemical shifts are
presented in Table Al-6. 25 Hz of Gaussian lineteming was applied to each dimension...325

Figure Al-18: The 2D NCA experiment for FP—Hairpin UA6/UG10 paegd at pH 3 with
~1 pmole of protein in a lipid membrane consisting af &:2:5 molar ratio of
POPC/POPG/Chol. 300 Hz of Gaussian line broadewmsyapplied to each dimension. (A)

The 2D NCA plot, where the AIa—]65N/13C0( and the GIy—lO1 3C(X/15N cross peaks are
observed. (B) The slice corresponding to the A|<‘:'!i§|ﬁ chemical shift of 125 ppm. The

chemical shifts of the cross peaks are presentefabie Al-5. The Ala—61 3C[3 peak is
observed in the slice (B), however it is not seerhie 2D plot due to the chosen contour
levels. Lowering the contour levels of the 2D plaiuld result in the spectrum being filled

with noise. The 2D plot is the result of 128 scpes i point, with 128 { points and a 2 s
recycle delay. The raw and processed data arél list€able AlV—6. Parameters for the 2D
experiment are presented in Table Al=5. ... 326

Figure Al-19: Pulse sequence for the Bruker 3D NCACX experim@en®l1.1 T. The
magnetization is initially prepared byré&2 pulse oan, after a delay ) the magnetization

is selectively cross polarized from thldﬁ%lSN nuclei. After a second delay,)t the
magnetization is selectively cross polarized frdmm]tsN%BCa nuclei with a tangent ramp
for the 13C nuclei (see Figure 2-10 for more information)eThansverse magnetization is
then rotated to the Z axis by 1a3C W2 pulse where a third delaysftexchanges the
magnetization among the nearjb%C nuclei. Following thegt mixing, the13C magnetization

is rotated back to the transverse plane tﬁcarvz pulse and then detection occurs on the
13C channel. This variant of the pulse sequence aseBSD mixing for thestperiod. A
DARR t3 period can also be used by apply&hj; rf during the 4 mixing time if desired,
much like the 2D13 —13C experiment (FIgure 2—13B)........cccccoiiiiiiiieen e 329

Figure Al-20: Visual presentation of the 3D box. For the expents discussed here, the F1
dimension is théLSN chemical shift, the F2 dimension is t:h%: chemical shift, and the F3

dimension is the13C chemical shift. The 2D planes obtained from tii® ékperiments
corresponding to the F1-F2 or the F2—F3 can belysseen in the cube. The F1-F2 plane

Xl



corresponds to théSN—BC correlation, the F2—F3 plane corresponds to ]t?(é—lsc

correlation, and the F3-F1 plane corresponds tol%ﬁel‘r’N correlation. Only the F1-F2
and the F2—F3 planes will be presented DEIOW...........cooooii 331

Figure Al-21: 3D data presentation for U-NAL with O Hz of lineohdening applied to the
three dimensions. The F1 dimension is Jt?id chemical shift, the F2 and F3 dimensions are

the 13C chemical shifts. The spots in the box correspmnthe 3D location of the specific
peaks from the experiment, and will be illustratedrigures Al-22 and Al-23 with the 2D

planes from the 3D box. Referencing of the thremeglisions were done in the 2D planes,

referencing the F1-F3 plane]‘gl\lll?’Ca cross peak to 127.5 ppm / 56.0 ppm. The F2-F3

plane was referenced using trlu‘sz(x/BCa cross peak at 56.0 ppm / 56.0 ppm. The
referencing values were obtained from the 2D NCpeexnent presented in Table Al-6 for

U-NAL. There were 14 scans pgrgoint, and there were 32 points, and a total of 64 2D
planes were acquired using a 1.5 s recycle delag.€ekperimental time was determined by:

(t1 points)*(ns/{)*(to points)*(recycle delay) divided by 3600 s to yield2 hrs for data
= Todo [ Y1 (o] o TR PP TPT RPN 333

Figure Al-22: A 2D 15N—13C plane representative of the F1-F2 dimension ef3 plot
presented above for U-NAL. The blue cross peaksshosvn. The red dashed lines are a

visual guide to highlight thelsN/13C cross peaks. Extra cross peaks are observed (not
marked by the intersection vertical and horizofiteds) which correspond to the ringing in

the spectrum'%sN dimension. Similar results were seen in the 2DANRperiments for U-
NAL presented in Figure Al-16. The same processing acquisition parameters as those
listed in Figure Al-21 were used in Figure Al=22.............ccccoiiiieeeee e 334

Figure Al-23: A 2D 13C—13C plane representative of the F2-F3 plane from 3Be

experiment presented in Figure Al-21 for U—NAI_1.3TEHBe cross peaks are shown. The red
dashed lines are a visual guide to highlight ]ﬂ%@/ C cross peaks. Extra cross peaks are

observed (not marked by the intersection vertical horizontal lines) which correspond to
the ringing in the spectrum. The same processinlgaaquisition parameters as those listed
in Figure Al-21 were used in Figure Al-23. The mixiof the13C magnetization between
the different spin systems is observed by]t?(éO/1 3CO( cross peak and th1e3Ca/13CB and
13CG/13CV cross peaks. The mixing of tﬁgc magnetization with the same nuclei such as

13CG/13CG, 13CB/13C[3, and13C,\//13Cy are also observed. TﬁgC—BC mixing time was 4
D1 . ettt ettt ettt ettt ———— 1111 44 o o444 et 1t 11 o e oo oo et tennant e £ o e e e et e et et ha e e e e e e eeenrnnann 335
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Figure Al-24: 3D data presentation for FP—Hairpin UA6/UG10 predaat pH 3. No line
broadening applied to the three dimensions. Thdifiknsion is thelSN chemical shift, the
F2 and F3 dimensions are tjh%c chemical shifts. The spots in the box corresporttie 3D
location of the specific peaks from the experimami will be illustrated in Figures Al-25
and Al-26 with the 2D planes from the 3D box. Theere 14 scans pef point, and there
were 32 { points, and a total of 64 2D planes were acquigdg a 1.5 s recycle delay. The

experimental time was determined by: fbints)*(ns/{)*(to points)*(recycle delay) divided
by 3600 s to yield ~12 hrs for data aCqUISItION. ....ceevvreiee e eeeeveeea e 337

Figure Al-25: A 2D 15N—13C plane representative of the F1-F2 dimension ef3 plot

presented above for FP—Haiigin.l'Sl'he blue crossgaekshown. The red dashed lines are a

visual guide to highlight thé "'N/" C cross peaks. The same processing and acquisition
parameters as those listed in Figure Al-24 werd us€igure Al-25. As previously seen for

the 2D NCA experiment of FP—Hairpin UA6/UG10 in Giig Al-18 and thd "N CP of FP—
hairpin, thelSN chemical shift for the protein was ~20 ppm widdjch is why the spots in

the 2D plot are broad as well. The sample whenegatdiy 2D13C—13C experiments (Figure

4-10) was found to be predominanflystrand, which these shifts would correspond with
[T g0 (o] 0 411 =T o1 £8PPSO 338

Figure Al-26: A 2D 13C—13C plane representative of the F2-F3 plane from 3Be
experiment presented in Figure Al-24 for FP—Hailgi6/UG10. The blue cross peaks are

shown. The red dashed lines are a visual guidagidight the 13C/13C cross peaks. The
same processing and acquisition parameters as listsg in Figure Al-24 were used in

Figure Al-26. The mixing of thelz3C magnetization between the different spin systems
observed by the AI%13C0(/13C0( and G|y13Ca/13Ca cross peaks. The lack of signal is due to

i . o 13 13 . .
only 14 acquisitions pen tresulted in the inability to observe otheiC/ C interactions,

such as the AI%13C0(/13CB CrOSS PEAK. .o it 339

Figure Al-27: Comparison of the CP-Ramps at 9.4 T for the FPpHaiUAG6/UG10
sample at 15:1 lipid to protein loading in a 8:&6lar ratio of POPC/POPG/Chol. The MAS
spinning frequency was 10 kHz, and 512 acquisitwaee acquired for each spectrum. The
pulse delay was either ls (B, D, F) or2s (AEQ:,TheonominaI temperature as measured at
the thermocouple was —50 (A, B), —23C (C, D) or —10C (E, F). All spectra are scaled to a
common noise level for clear visual comparison loa affect of the pulse delay. The 2 s
pulse delay spectra show higher signal to noise thiathe 1 s pulse delay. All spectra were
processed with 50 Hz of Gaussian line broadenirge ihtegrated areas are presented in
Table Al=9 fOr the SIX SPECLIA.........cii i e 343
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Figure Al-28: Pulse sequence for the rotational echo double semen (REDOR)

experiment for either th%aH/lSC/wN or thelH/13C/31P, where the "Y" channel is either the

15N or theglP nucleus. ThélH/13C/15N REDOR experiment that was used had a 2 ms

dephasing time (16 rotor periods at 8 kHz MAS) avab used for observation of directly
bonded13C—15N nuclei. The pulse sequence in (A) is theeQperiment where all th%asc
nuclei in the sample will be observed. (B) is theeSperiment where only th1e3C nuclei
which will be observed are those which are direbtinded to thelSN. Modification of the

pulse sequence for thlde1/13C/31P experiment required that the dephasing time (rurob
rotor periods) be varied from 2 ms to 48 ms (20180 rotor periods at 10 kHz MAS) to
establish the REDOR dephasing curve. An attempstioly the FP—Hairpin UA6/UG10

sample witth/13C/31P REDOR only probed two dephasing periods, 2 mszdndhs. Due
to spectrometer related issues and demand forrepestier time, the project was tabled. The
spectrometer issue was that the proton amplifieuldvaandomly turn off during data
acquisition. The Varian pulse sequence and the é8rpkilse sequence are similar with the

following differences. (1) The Varian CP ramp is tbre13C channel and the Bruker CP
ramp is on théLH channel. (2) The Varian pulse sequence has beelified so that the §

and § spectra are acquired alternating, and then dyshoegessing the two data sets are
separated by running the "Jun_REDOR_sub" macr@insght. The Bruker pulse sequence

is not interwoven at this time (Feb. 2012), reaqugrinstead that the user acquire blocks®f S
aNd G SPECEIA SEPATALEIY. ..ceeeiiiiiiiiiiiiie ettt e e e e e e e e e e e e e e e e e aaaaaeaaas 347

Figure Al-29: “H/*°c/™N REDOR filtered spectra at 9.4 T for (A) FP34 IB/GB) FP34
A14/15, (C) FP—Hairpin L7/F8 where the first lalblesidue is thelSCO and the second
labeled residue is th1e5N amide. 100 Hz of Gaussian line broadening wadieppo each
spectrum. The difference signal is the result of 78,016; (B) 81,600; and (C) 101,21 S

and § acquisitions. The peak chemical shifts for (A) B7rgpm, (B) 174.5 ppm, (C) 173.4

ppm all correspond to th@-strand chemical shift. The 178.2 ppm chemicalt shiif(C)
corresponds to the helical chemical Shift. ... 349

Figure Al-30: REDOR spectra at 21.1 T for Scott Schmick's HFFE \$2mple with the
13CO isotopic label at F8 and tﬁgN isotopic label at G13. (A)Sspectra (nolSN pulses
applied) with a dephasing time of 8.7 ms, and 488guisitions. (B) $ spectra ](SN pulse
applied) and 4096 acquisitions. (G §pectra (n015N pulses applied) with a dephasing time

of 40.7 ms, and summation of 28672 acquisitiong. $Pspectra ](5N pulse applied) and
28672 acquisitions. All spectra had 100 Hz of Geumsdine broadening applied during
processing. The red dotted line is for visual congoa of the aliphatic region, and the green
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dashed line is for visual comparison of the carlbboegion. The spectra in A and B are scaled
to the same noise level. The spectra in C and Bealked to the same noise level............ 356..

Figure Al-31: Compounds characterized in shipment 1 and 2 wivete synthesized by

Paolo Grenga.[30] Samples were packed in a 4 mm M&S8r and a13C CP Ramp
experiment was used to analyze the samples at.9.4. M., 365

Figure Al-32: Compounds characterized in shipment 3 which wgn¢hesized by Paolo

Grenga.[30] Samples were packed in a 4 mm MAS ratwr a13C CP Ramp experiment
was used to analyze the samples at 9.4 T ... 366

Figure All-1: Molecular structure of the biradical TOTAPOL, MW389.58 g/mol.[2] ........ 374

Figure All-2: Dynamic nuclear polarization (DNP) pulse sequefarethe (A) 13C CP

Ramp and (B) 2D13C—13C DARR experiments. As seen in reference[2] theromiaves

(MW) are on the whole time, and usually have aduplperiod prior to théH /2 pulse........ 375

Figure All-3: Comparison of FP—Hairpin UA6/UG10 (A) with microves on and (B) with

microwaves off in a POPC/POPG/Chol lipid environtné&domparing the13C CP of (A)
microwaves on and (B) microwaves off (red, x1 spew) shows that a ~39—fold
enhancement is achieved when comparing the inesyratea of the peaks. The red (x1)
spectrum in (B) is scaled to the same noise lesetha spectrum in (A). The blue (x10)
spectrum in (B) is scaled 10x greater than theorezlin (B) to better highlight the observed
peaks for the microwave off spectrum. 100 Hz of €&3&an line broadening was applied to
both spectra. The non—flat baseline of the blue s{d€ctrum in (B) is not observed for the
other spectra, suggesting that it is an artifamnfthe scaling up of the spectrum............... 376

Figure All-4: 2D 13C—lSC spectra at 9.4 T of FP—Hairpin with unifo%r?c, 15N labeling at

Ala—6 and Gly-10 in the FP region in a POPC/POP@GI@pid membrane environment. (A)
The 15 ms showing the cross peaks are starting tobserved even at short mixing times

and arising from intra—residue connections. (B) Thslice corresponding to the Aila3CB
B—strand conformation from £ 23.5 ppm is marked by the red arrow in (A) shgywvhere
the Ala6/Gly10 cross peaks would be expected agdomixing times. There were 209 t
points and 32 scans summed pepaint in a total time of ~6.3 hrs. Assignments legted as

assignment in 4 — assignment in41f convention. No line broadening was applied to the
K] 01011 - VRS U PP PUPTRTTR PP 378

xliv



Figure All-5: 2D 13C—lSC spectra at 9.4 T of FP—Hairpin with unifo%r%C, 15N labeling at
Ala—6 and Gly-10 in the FP region in a POPC/POP@GI@pid membrane environment. (A)

The 50 ms showing the cross peaks arising frona-inéisidue connections. (B) Thedlice
corresponding to the AI%13CB B—strand conformation fromy = 23.5 ppm is marked by the
red arrow in (A) showing where the Ala6/Gly10 crgs=aks would be expected at longer
mixing times. There were 20 points and 32 scans summed pepadint in a total time of

~6.3 hrs. Assignments are listed as assignment +nassignment iifconvention. No line
broadening was applied t0 the SPECIIA. .......ueuueeiii e 379

Figure All-6: 2D 13C—l?’C spectra at 9.4 T of FP—Hairpin with unifo%r%(:, 15N labeling at
Ala—6 and Gly-10 in the FP region in a POPC/POP@GIGpid membrane environment. (A)
The 500 ms spectra for inter—residue assignmenpeotaing the through space connectivity.
(B) The % slice corresponding to the A}a3CB B—strand conformation from = 23.5 ppm is
marked by the red arrow in (A) showing where the@6Glyl0 cross peaks would be

expected. There were 20pgdoints and 32 scans summed pepaint in a total time of ~7.1

hrs. Assignments are listed as assignmentyir- fassignment in4f convention. No line
broadening was applied to the spectra. No Ala6/Glgtbss peaks are observed, consistent
with work presented in Chapters 3 and 4 for FP—laiwith the UA6/UG10 labeling
1ol 0= 0 0T ST PP PPPPPPPPPPPRPPPPIR 380
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1D

13
Clab

13
CNA

15
Niab

15
NNA

2D

3D

ACN
AIDS
AMS

BCA
BFy

BMWS

BP

LIST OF ABBREVIATIONS AND SYMBOLS

one dimensional

13¢ label
13

C natural abundance
15\ label

15
N natural abundance

two dimensional

three dimensional

absorbance

amino acid

Acetonitrile

acquired immunodeficiency syndrome
ammonium sulfate

bicinchoninic acid

base frequency of nucleus "x"

broad molecular weight standards

static external magnetic field

bearing pressure
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Buffer A 100 % DDW /0.1 % TFA, for RP—HPLC

Buffer B 90 % ACN /10 % DDW /0.1 % TFA; for RP—HE

Ca alpha carbon

Cp beta carbon

CD circular dichroism

Chol cholesterol

CHR C—terminal heptad repeat

CcoO carbonyl

CP cross polarization

CS chemical shift

CSA chemical shift anisotropy

Cw continuous wave

d delay (Bruker software variable)
Da Dalton

DARR dipolar assisted rotational resonance
dB decibel

DC dipolar coupling

DCM dicholormethane

DCP double cross—polarization
DDW degassed deionized water
DEPBT 3—(Diethoxyphosphoryloxy)-1,2,3—benzotriazi(8H)—one
DIEA N,N-diisopropylethylamine

DMF N,N-dimethylformamide
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DNP dynamic nuclear polarization

DP drive pressure

DSC differential scanning calorimetry

DTPC 1,2—di—O—-tetradecydn-glycero—3—phosphocholine
DTPG 1,2—di—O—tetradecyn-glycero—3—phosphoac—(1—glycerol) sodium salt
DTT dithiothreitol

E efficiency

Ec conservative electric field

E. coli Escherichia coli

E—free electric field free probe design

EM electron microscopy

ENV envelope

EPL expressed protein ligation

ESI electrospray ionization

FID free induction decay

FP fusion peptide

FP23/FP34  first 23 or first 34 residues of N—termhiiusion peptide

FPH / FP-HP FP-Hairpin construct

FT Fourier transform

FWHM full width at half maximum
GdCl guanidinium chloride

GM Gaussian multiplication
ap glycoprotein
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gp4l HIV fusion protein

HEPES N—(2—hydroxyethyl)piperazine—N'—2—ethanesutlf acid
HF hydrofluoric acid

HFP HIV fusion peptide

HIV human immunodeficiency virus

HP expressed gp41l NHR + minimal loop + CHR

HPLC high performance liquid chromatography

HP-MPER  expressed gp41 HP + MPER domain

Hz hertz

IPTG isopropyl$—D-1-thiogalactopyranoside
IR infrared

KBr potassium bromide

kDa kilodalton

LB line broadening

LBm Luria Bertani broth media

LGR loop gap resonator

LSNMR liquid state NMR

LUV large unilamellar vesicles

MALDI matrix assisted laser desorption ionization
MAS magic angle spinning

MES 2—(-morpholino)ethanesulfonic acid
MESNA 2—mercaptoethanesulfonic acid

MHz megahertz
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mM millimolar

MPAA 4—mercaptophenylacetic acid

MPER membrane proximal external region
MW microwaves

MWCO molecular weight cutoff

N70 gp4l FP + NHR

NCA 'H>1N>"ca DeP

NCL native chemical ligation

NCO H>1N>%co pep

NHR N-terminal heptad repeat

NMR nuclear magnetic resonance

N—PHI N-terminal pre—hairpin intermediate
ord order for baseline correction

P pulse (Bruker software variable)

PO zero order phase correction (nmrDraw)
P1 first order phase correction (hmrDraw)
PCR polymerase chain reaction

PDB protein data bank

PDSD proton driven spin diffusion

PHI pre—hairpin intermediate

Pl Phosphatidylinositol

PL power level (Bruker software variable)

Pop population



poly polynomial baseline correction

POPC 1-palmitoyl-2—oleoyn-glycero—3—phosphocholine

POPE 1-palmitoyl-2—oleoyn-glycero—3—phosphoethanolamine
POPG 1-palmitoyl-2—oleoyén-glycero—3—[phosphaac—(1-glycerol)]
POPS 1-palmitoyl-2—oleoydr-glycero—3—[phospho—-L—serine]
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Chapter 1:

Introduction

What is HIV?

The Human Immunodeficiency Virus (HIV) [1] is a m@tirus responsible for the
acquired immunodeficiency syndrome (AIDS) diseasénumans. As of 2007, approximately
33.2 million people worldwide were infected with\Hland 2.1 million deaths had occurred in
2007 from HIV.[1] The virus is surrounded by a mearte that contains glycoprotein spikes of
gpl60 which are proteolytically cleaved into twonroovalently associated glycoproteins,
gpl20 and gp4l.[2] Gpl20 shrouds the gp4l proteam fthe outside environment and is
responsible for recognizing and binding to the Ci2éeptors and chemokine coreceptors
CXCR4 or CCR5.[2] Binding of these receptors resiritcausing conformational changes which
expose the gp41 protein which allow it to insetbithe host cell membrane.

Figure 1-1 [3] highlights the infection process sisdied using electron microscopy
(EM). First, the virus comes into close proximitiytbe host cell where gp120 is recognized by
the surface receptor CD4. A conformational changeurs exposing the gp4l fusion protein
which inserts into the host cell's membrane andvslrtne two membranes close together. As
fusion progresses a fusion pore is created whiplards allowing for the transfer of the contents
from the virus to host cell. As the fusion pore axgs the gp41 folds back into the six helix
bundle (SHB) to support the pore and stabilizeatrf collapsing.[4] At the end of the fusion

process, the fusion pore is opened up and stathibyehe gp41 SHB formation.



Figure 1-1: The time line for fusion of the viral vesicle teethost cell membrane. (a) The viral
vesicle’'s gp120 subunit binds to the host cell’'s4AaBceptor. (b) After conformation changes to
gpl120, gp41l is exposed and is inserted into thé deks lipid membrane to begin the fusion
process. (c) The fusion pore has been createdgpdt has folded back into the SHB formation
to support the fusion pore, allowing it to expaadd the viral RNA (black triangle) can pass
through the pore and enter the host cell. (d) idawmf the host cell is completed.[3]



Membrane Fusion

Gp41l is implicated in the membrane fusion proceassing the merging of the virus and
host cell membranes. The HIV fusion protein gp4ZXklassified as a Class | fusion protein,
meaning that the protein is a trimer, and has a&iihal fusion peptide.[5] For the viral vesicle
of HIV to infect a host cell, the membranes of Huest cell and viral membrane must first fuse
and create a fusion pore. This process is catalgydtie gp41 protein located on the surface of
the virus vesicle which is shrouded by the gpl2figin.[5] After binding of gp120 to multiple
receptors a conformational change occurs exposiagp4l protein with its N—terminal fusion
peptide.[5] Figure 1-2A shows the initial gp120/gpgbmplex consisting of three subunits of
each protein. Gp41's fusion peptide sequence yshyairophobic and will insert in the host cell's
lipid membrane creating the pre—hairpin intermedi@H]I), as seen in Figure 1-2B. The FP
domain of gp41 corresponding to the first 16 anmaeda residues will form an antiparallg-
sheet structure while the rest of the ectodomaimarnes outside of the lipid membrane.[6-9] The
FP domain creates a fusion pore which expands mfp¥or the passage of the viral material
from the virus to the host cell. The extended PHIl ave the CHR domain fold back and pack
antiparallel to the NHR domain forming the SHB aathaining on the exterior of the membrane
surface as seen in Figure 1-2. Folding of the gpetitein into the SHB formation drives the
expansion of the fusion pore, which then will sliabi and support the pore from collapse.[4]
The FP domain will remain in the membrane intersaparate from the folded SHB which will
be located on the membrane exterior. The SHB isposed of the antiparallel NHR and CHR
domains stabilizes the fusion pore created by tRedémain. The SHB will arrest membrane
fusion and stabilize the fusion pore as seen inréid-2C. The full length HXB2 strand of HIV's

protein sequence is presented in Figure 1-2D arablr coded to match with the structures



drawn in Figures 1-2B and 1-2C. Studies have shihnahthe PHI conformation lasts up to 15
minutes, making it one area of drug research fogetang the NHR or CHR domains which
would prevent successful formation of gp4l's SHRI ameventing the fusion pore from

enlarging.[10]

(a) (B) (C)

gp4l pre-hairpin gp4l hairpin

Envelope protein Intermediate in a SHB

initial state

(D)

AVGIGALFLG FLGAAGSTMG AASMTLTVQA RQLLSGIVQQ QNNLLRAIEA 50
QOHLLQLTVW GIKQLQARIL AVERYLKDQQ LLGIWGCSGK LICTTAVPWN 100
ASWSNKSLEQ IWNHTTWMEW DREINNYTSL IHSLIEESQN QQEKNEQELL 150
ELDKWASLWN WENITNWLWY IKLFIMIVGG LVGLRIVFAV LSIV 194

Figure 1-2: HIV fusion model. (A>B) After binding of HIV's gp120 protein to targe¢lc
receptor proteins, gp4l is activated and bindst#inget cell membrane in the Pre—Hairpin
structure. The final state (C) is fused membrangk & fusion pore and gp41 in the Hairpin
structure. (D) Full amino acid sequence for the RX@41 construct. The regions are color
coded to match the model presented in (B) andR€produced with permission from Vogel et
al.[11] The different membrane structures presemtece will be related to the EM pictures
presented in Figure 1-1 below. For interpretatibmhe references to color in this and all other
figures, the reader is referred to the electroeision of this dissertation.



The different structures presented in Figure 1-&etate with the electron microscopy
images of Figure 1-1 in the following way: Firstigére 1-2A correlates with Figure 1-1a where
the virus vesicle is approaching the host cell stredreceptor and co-receptors on the host cell
will recognize the gp120 protein resulting in afmymational change exposing the gp41 protein.
Proceeding from Figure 1-2A4 1-2B, the gp120 protein has undergone a confoomatihange
exposing the gp41 protein, which then inserts enhbst cell's membrane. This is observed in the
EM image of Figure 1-1b. The EM image in Figurelldlso illustrates that the initial lipid
mixing of the viral and host cell membranes is odog called hemifusion, which is not shown
in Figure 1-2B. Figure 1-2B> 1-2C provides structures which correspond to tbst flipid
mixing of the viral and host cell membranes, crgtienlargement, and stabilization of the
fusion pore, and folding of the gp41l intermediat®ithe final SHB formation while the FP
domain is still inserted into the lipid membran€bhese steps are illustrated by Figure 1=ic
1-1d where the images show the fusion pore formadi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>