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ABSTRACT

SOLID-STATE NUCLEAR MAGNETIC RESONANCE STUDIES OF THE
STRUCTURE AND MEMBRANE INSERTION OF HIV FUSION PEPTIDES

By
Wei Qiang

Fusion between the viral and target cell membranes plays an important
role in the infection of human immunodeficiency virus (HIV). The ~20-residue
hydrophobic N-terminal HIV fusion peptide (HFP) catalyzes the membrane fusion
by interacting with the cell membranes. In the present studies, a series of the
variant peptides of HFP were synthesized. The first part of the results describes
an efficient synthetic scheme for HFP oligomers, in particular for HFP trimers
(HFPtr). Compared with previous schemes, the present method shows at least
three-fold increase in the overall yield as well as a great enhancement in purity.

Solid-state nuclear magnetic resonance (NMR) was applied to the
membrane-associated HFP systems because such systems were neither soluble ’
nor crystalline. The residue-specific secondary structure was obtained through
3C chemical shift measurements. For HFP monomer (HFPmn), dimer (HFPdm)
and HFPtr, both a-helical and B-strand conformations were observed in the
membrane without cholesterol while only B-strand conformation was detected in
the membrane with cholesterol. For the V2E mutated HFP monomer
(HFPmn_mut), a mixture of a-helix and B-strand were observed in both

membranes. These observations indicated the conformation of HFP was
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dependent on the membrane composition and in particular the existence of
cholesterol, however, there was not an obvious correlation between the
secondary structure and the fusion activity of HFPs.

The tertiary structure of HFPmn associated with cholesterol-containing
membrane was studied using rotational-echo double resonance (REDOR)
method. Two specific anti-parallel B-sheet registries were identified for HFPmn
with overlapping of the N-terminal 16 or 17 residues. 50 -60 % of the membrane-
associated HFPmn adopted these two registries. The study provided an
applicable approach to quantify the registries for the membrane-associated (-
sheet HFPs.

A systematic study of the membrane location of specifically-labeled
residues in HFPmn_mut, HFPmn and HFPtr was conducted using *C-*'P and
3C.F REDOR approaches in both cholesterol-containing and non-cholesterol
membranes. It was observed that in the cholesterol-containing membranes, the
membrane insertion depth followed the trend HFPmn_mut < HFPmn < HFPtr. In
the non-cholesterol-containing membranes where the peptides adopted both a-
helical and B-strand conformations, both the membrane insertion depth and the
deeply-inserted population followed the same trend as in cholesterol-containing
membranes regardless of the secondary structures. These results suggested that
there is a positive correlation between the fusion activity of a HFP construct and
the insertion depth and deeply-inserted population of the construct, which may be

independent on the secondary structure of the HFPs.
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Figure 1. Model (left) and Electron Microscopy (right) of the HIV virus (a) binding
to host cell (b) fusion of viral and host cell membranes (c, d) formation of large
pore and infection of host cell. The triangle represents the viral RNA that enters
the hOSE CeIIS. ..o e e e 2

Figure 2. (a) Model of HIV infection. “F” indicates the HIV fusion peptide and the
time sequence is left to right. (b) Model for HIV/host cell fusion. In the left-most
figure, a gp120/gp41 trimer is displayed with the balls representing gp120 and
rods representing gp41. “F” represents the fusion peptide and “A” represents the
transmembrane anchorage of gp41. Fusion proceeds temporally from left to right
with (i) initial state, (ii) receptor binding and fusion peptide membrane insertion,
(iii) gp41 conformational change, and (iv) membrane fusion. .......................... 3

Figure 3. Synthesis scheme for HFPmn and FP represents the sequence
AVGIGALFLGFLGAAGSTMGARS. A black circle represents a resin bead, lines
are drawn to clarify chemical functionalities, an arrow signifies a chemical
reaction, and two arrows signify multiple sequential chemical reactions. All
reactions were carried out at ambient temperature. Reaction a: Fmoc
deprotection in 3 mL of 20% piperidine/DMF (v/v), 15 minutes/cycle, 2 cycles.
Reaction b: Peptide synthesis with Fmoc chemistry. 2-hour single couplings were
used for each amino acid with the following exceptions: 4-hour single couplings
for Trp, Ser and Arg residues; 6-hour single couplings for the Leu-12 to Leu-7
residues. Reaction ¢: Cleavage from the resin using a 4 mL solution containing
TFA/thioanisole/ethanedithiol/anisole in 90:5:3:2 volume ratio. After 2.5 hours
reaction time, TFA was removed with nitrogen gas and peptide was precipitated
with cold methyl t-butyl ether. ... 23

Figure 4. (a) The HPLC chromatograms for the purification of HFPmn. (b) The
MALDI-TOF MS spectrum for the identification of HFPmn. The HPLC fraction
marked with asterisk in (a) was analyzed and the corresponding mass was
labeled using asterisk in (b). .........cooviiiiiiiiir e 24

Figure 5. Synthesis schemes for (a) HFPdm and (b) HFPdm(Cys). The black
circles, lines and arrows had the same meaning as in Fig. 3. The reactions a and
c were the same as in Fig. 3. In reaction b, the synthesis of HFPmn with Cys in
(a) followed the coupling time in Fig. 3. For the HFPdm(Cys) synthesis in (b), 4-
hour single couplings were used for each amino acid with the following
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exceptions: 8-hour single couplings for Trp, Ser, and Arg residues; double
couplings with 4-hours per coupling for the '*CO labeled residue and for the Leu-
12 to Leu-7 residues. Reaction d: Coupling using PyAOP and DIPEA (1:2 molar
ratio) in 4 mL DMF with 6 hour reaction times for Cys and 2 hour reaction time for
Lys. Reaction e: Cross-linking in 5 mM DMAP, pH = 8.4, open to the air. 1 pmol
HFPmn(Cys) in 400 pL solution overnight. Reaction f: Selective deprotection of
Mtt in 3 mL of 1% TFA/DCM (v/v), 6 minutes/cycle, 6 cycles. ........................ 25

Figure 6. (a) and (c) The HPLC chromatograms for the purification of HFPdm and
HFPdm(Cys). (b) and (d) The MALDI-TOF MS spectrum for the identification of
HFPdm and HFPdm(Cys). The HPLC fraction marked with asterisk in (a) and (c)
were analyzed and the corresponding peaks were labeled using asterisk in (b)
and (d) respectively. The mass spectra were discussed in the main text. ......... 26

Figure 7. Synthesis schemes for HFPtr. The black circles, lines and arrows had
the same meaning as in Fig. 3. All reaction conditions were the same as shown
in Fig. 3 and Fig. 5 except for reaction e: Cross-linking in 5 mM DMAP, pH = 8.4,
open to the air. 1 umol HFPmn(Cys) and 1.5 umol HFPdm(Cys) in 400 uL
SOIUtION fOr 2.5 hOUFS. ... 27

Figure 8 (a) The HPLC chromatograms for the purification of HFPtr. (b) The
MALDI-TOF MS spectrum for the identification of HFPtr. The top, middle, and
bottom chromatograms in panel a are for syntheses with HFPtr cross-linking
times of 0.5, 1.5, and 2.5 hours, respectively. The HPLC fraction marked with
asterisk in (a) was analyzed and the corresponding peaks were labeled using
asterisk in (b). The mass spectra were discussed in the main text. ................. 28

Figure 9 (a) The HPLC chromatograms for the purification of HFPte. (b) The
MALDI-TOF MS spectrum for the identification of HFPte. The HPLC fraction
marked with asterisk in (a) was analyzed and the corresponding mass was
labeled using asterisk in (D). ........cooiiii i, 29

Figure 10 1D '3C-'SN REDOR pulse sequence. The open columns represent the
2 and zpuises. CP transfers 'H transverse magnetization to '*C. °C
magnetization is dephased (i.e., reduced) by *C-'°N dipolar coupling mediated
by one N 7 pulse per rotor period. The *C x pulses refocus the '*C chemical
=3 3111 OO PN 36

Figure 11 Double Cross Polarization (DCP) pulse sequence. CP1 and CP2
indicate the 'H—'*N and "®N—'3C cross polarization respectively. There is a
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short delay 7 between the first and second CP process. TPPM decoupling was
applied during the 7, CP2 and acquisition periods. ................ccoveiiiiiiiiinennn. 45

Figure 12 (AS/Sy)®® (error bars) and best-fit (AS/Sp)*" (lines with or without
diamonds) vs dephasing time (7) for (a) the '*C-*'P setup and (b) the *C-'°F
setup. In panel (a) the experimental data was fit to a two-spin system. In panel
(b), the experimental data was fit to either a two-spin system (dash line) or a
three-spin system (solid line). ..o 49

Figure 13 (a) '3CO region of D-">CO-NAL spectrum acquired using the CP pulse
sequence. (b) *CO region of D-">*CO-NAL spectrum acquired using the DCP
pulse sequence. The vertical scales in (a) and (b) are the same so that the
relative intensity reflects the DCP transfer efficiency. Both spectra were
processed with 100Hz Gaussian line broadening and baseline correction. (c) A
negative control experiments without "N CP2 amplitude (c.f. Fig. 11). The
number of scans used in (a), (b) and (c) was 32. Panel gd) displays the
optimization of '*’N CP2 amplitude as given in Fig.11. The '°N rf field was
scanned from 11.8 kHz to 17.8 kHz with the increment of 0.16 kHz. Panel (e)
displays the optimization of '*N CP2 offset frequency. The offset was scanned
from -10 kHz to 10 kHz with the increment of 0.5 kHz. ................................. 53

Figure 14 The aliphatic region of the 2D 'C-'*C correlation spectra for (a)
HFPmn in PC.PG, (b) HFPdm in PC:PG, (c) HFPtr in PC:PG, (d) HFPmn in
PC:PG:CHOL, (e) HFPdm in PC:PG:CHOL and (f) HFPtr in PC:PG:CHOL. All
spectra were processed with 100 Hz Gaussian line broadening in both

dimensions. The individual peaks were assigned and given in the spectra. For
example, the peak assigned to A6 Cp/Ca(B) represent the cross peak between
CB(f1 dimension) and Ca(f, dimension) for Ala-6 in pB-strand conformation. The
spectra (g) through (l) display the representative 1D slice of the PDSD spectra (a)
through (f) respectively. For the spectra (a), (c), (d), (e) and (f), the 1D slice is
along ~23 ppm in the f; dimension which corresponds to the CB of Ala-6 in B-
strand conformation. For the spectrum (b), the 1D slice is along ~18 ppm in the f;
dimension which corresponds to the Cp of Ala-6 in a-helical conformation. ......61

Figure 15 *CO spectra of (a) Ala1, (b) lle4, (c) Ala6, (d) Leu9, (e) Leu12 and (f)
Ala14 in HFPmn_mut associated with PC:PG and PC:PG:CHOL. For each
labeled residue, the spectrum with PC:PG is shown in the left and the spectrum
with PC:PG:CHOL is shown in the right. *CO peaks of Ala15 in (g) HFPmn, (h)
HFPdm and (i) HFPtr associated with PC:PG in the top row and PC:PG:CHOL in
the bottom row. All spectra are obtained with the '*C-*'P REDOR pulse
sequence with 2 ms dephasing time, and processed with 200 Hz Gaussian line
broadening and baseline correction. All PC:PG spectra are acquired with 3000
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scans and all PC:PG:CHOL spectra are acquired with 1500 scans. The vertical
dashed lines in (g)-(i) indicate the chemical shift of p-strand "*CO. ................. 72

Figure 16 (a) 1D slices along the chemical shift of Cyof Leu12 for HFPmn,
HFPdm and HFPtr in the top, middle and bottom spectrum respectively. The
vertical dashed lines labeled 1-3 are assigned to the chemical shifts for CO/Cy,
Ca/Cy and CB/Cy cross peaks in helical conformation respectively, and 4-6 are
CO/Cy, Ca/Cy and CP/Cy cross peaks in strand conformation respectively. (b)
3c-3'P REDOR S, spectra for Ala6 and Ala15 samples. In each spectrum, the
left peak corresponds to a-helical structure and the right peak corresponds to p-
Strand StrUCIUIE. ... ... e e e 73

Figure 17 Flow chart of derivation of (AS/Sy)* for REDOR of HFP-B. The four
rows in each box are in sequence: the site description, its relative population, and
its contributions t0 Sp @nd S1. ..o.oviiniiii 84
Figure 18 REDOR Sy and S, spectra for membrane-associated (a, b) HFP-A, (c,
d) HFP-B, (e, f) HFP-C, (g, h) HFP-D and (i, j) HFP-E. Spectra a, c, e, g, i were
obtained with 24 ms dephasing time and spectra b, d, f, h, j were obtained with
32 ms dephasing time. Each spectrum was processed with 200 Hz Gaussian line
broadening and baseline correction. Each Sy or Sy spectrum was the sum of (a)
41328, (b) 56448, (c) 45920, (d) 81460, (e) 55936, (f) 79744, (g) 30898, (h)
81856, (i) 45920 or (j) 71040 SCANS. ......ociiiiieiiiie it ee e e ee e 90

Figure 19 Plots of (AS/Sp)° vs dephasing time for membrane-associated HFP
samples prepared with [HFP]initial of (2) 400 uM or (b) 25 uM. The symbol legend
is: diamonds, HFP-B; triangles, HFP-C; circles, HFP-D; and squares, HFP-E.
The 0 Were ~0.04. ..........ouoiinii i e e e 91

Figure 20 (a) Two antiparallel registries of residues 1-16 of HFP that were
consistent with the REDOR data shown in Fig. 20. The registries are denoted A
and B and the *CO labeled Ala-14 residue is highlighted in blue. (b) Models
used to calculate (AS/Sy)*™ and spin geometries specific for the HFP-C sample.
Each model includes nuclei from three adjacent strands with the Ala-14 *CO
always in the middle strand and '*N in the top and/or bottom strands. The first
letter in the labeling of each model refers to the middle strand/top strand registry
and the second letter refers to the middle strand/bottom strand registry. Registry
X is any registry for which the interpeptide *CO-'°N distance was large in the
HFP-H, HFP-I, HFP-J, or HFP-K samples so that d ~ 0. The Ala-14 *CO is
hydrogen bonded to an amide proton in the top strand. Relevant labeled '*C-"°N
distances and '®N-3C-"°N angles are: r; = 4.063 A; r;' =5.890 A; r, = 5.455 A; r’
= 6431 A; 01 = 161.1°; 6, = 131.9°; 3= 130.2°; and 0= 117.0°. Each
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parameter value was the average of 10 specific values taken from the crystal
structure of outer membrane protein G. ..............cccoiiiiiiiii s 92

Figure 21 Contour plots of #* vs strand fitting parameters for (a) unconstrarned
(b) partially constrained; and (c) fully constrained fittings. The a, b, a, and b*
parameters refer to probabilities for different adjacent strand arrangements In
plot a, the black, green, blue, red, and white regions respectively correspond to
<19, 19 < < 21,21 < y» < 23,23 < # < 25, and * > 25. In plot b, the
regions respectively correspond to °< 18, 18 < 2 < 20,20 < < 22,22 < y# <
24, and #* > 24, and in plot c, the regions respectively correspond to < 15, 15
< <17,17 < <19, 19 < 2 < 21, and 22 > 21. Best-fit parameters were: plot
a, a=0.22, b=0.31, =16.5 plot b, a=0.31, b= 0.42, 2 = 15.1; and plot c,

= 0.26, b® = 0.33, f =12.7. In plot a, the a and b parameters are the fractional
probabrhtles of adjacent strands having A or B registries, respectively. In plot c,
the a? and b? parameters are the fractional probabilities of domains of A or B
registries, respectively. ....... ... 97

Figure 22 Peptide sequences of the basic constructs of HFPmn_mut, HFPmn
and HFPtr. The specific labeling sites were described in the main text. ......... 110

Figure 23 Synthetic scheme of 5-F-palmitic acid. ...........................c.oni 115

Figure 24 (a) Plot of (AS/Sp)®* vs mol fraction of 5-'°F-DPPC at = 16 ms. All
samples contained HFPmn-L9. (b) static 3'P spectra for PC:PG and
PC:PG:CHOL bilayer with and without 9 mol fraction *F-DPPC. Each spectrum
was acquired with 1024 scans and processed with 300 Hz Gaussian line
broadening. The spectra were acquired at 35°C. ...............ccooiviiiiiinnnnn 118

Figure 25 Panel a displays stopped-flow monitored changes in lipid fluorescence
induced by addition of different HFP constructs to an aqueous solution containing
membrane vesicles. Increased fluorescence is a result of mixing of lipids
between different vesicles and this mixing is one consequence of vesicle fusion.
The lines are color coded: HFPmn (black); HFPdm (red); HFPtr (blue); and
HFPte (green). The total lipid concentration was 150 pM and the HFPmn,
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xiii



HFPtr (open circle); and HFPte (open triangle). The best-fit lines are also
displayed and result in the respective activation energies 41 + 3,26 + 1, and 20 +
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HFPmn-"*AAG/PC:PG:CHOL samples and the points correspond to (AS/Sp)*
(vertical lines with error bars) and best-fit (AS/So)*™ (diamonds). Lines are drawn
between points with adjacent z values. For plot c, the best-fit d = 91 + 8 Hz with
corresponding r = 5.12+ 0.16 A, f= 0.45 + 0.02, and fm,-,, = 5.0. For plot d, the
best-fit d = 85 + 6 Hz with corresponding r = 5.24 + 0.13 A, f= 0.32 + 0.02, and
Pomin = 38 oo, 132

Figure 29 (a) Partial membrane insertion (PMI) and (b, ¢) full membrane insertion
(FMI) models for antiparallel p strand HFP. The red arrows represent the A1 to

Xiv
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G16 residues in strand conformation and the black lines represent the S17 to
S23 residues in random coil conformations. For clarity, black lines are not
displayed in c. Lipids are represented in blue and grey and cholesterol is not
displayed. Three antiparallel strands are displayed in a, b and twelve strands are
displayed in ¢ but the actual number of strands in the oligomer/aggregate is not
known. The curvature and angle of the strands with respect to the bilayer normal
are not known but the models consider that A1-G16 has ~55 A length and that
the transbilayer distance is ~48 A. The experiments do not provide information
about the membrane locations of residues S17 to S23. Relative to FMI model (b),
the FMI B barrel variant (c) could have reduced energy because all of the
residues in the membrane interior have backbone hydrogen bonds. ............. 134

Figure 30 REDOR *C S; and Sy NMR spectra for different labeled residues and
different HFP constructs. The dephasing time for each *CO-*'P spectrum was
32 ms and for each *CO-'°F spectrum was 24 ms. The membranes contained 9
mol% 16-F-DPPC lipid. Each spectrum was processed with 200 Hz Gaussian
line broadening3 and polynomial baseline correction and was the sum of ~30000
scans for '°CO-*'P experiments and ~20000 scans for '3CO-'"°F
(=) (o 1= 10 1= o) - 139

Figure 31 Summary of experimental REDOR dephasing (AS/Sy)®® for the spectra
displayed in Fig. 31. The top box in each panel is the *CO-*'P data and the
bottom box is the *CO-'*F(C16) data. The (AS/So)®*” values are shown as bars
for different labeled samples and a typical uncertainty is £0.04. ................... 141

Figure 32 *CO-*'P and *CO-'""F REDOR dephasing curves for different HFP
samples labeled at (a, d) Ala1, (b, e) Ala6é or (c, f) Ala14. The membranes
contained 9 mol% 16-F-DPPC lipid. The color coding of the constructs is given in
the legend of panel b. For 2 ms dephasing time, the typical uncertainty in
(AS/Sp)®® is £0.02 and for the other dephasing times, the typical uncertainty is
0.0, o e ea e 146

Figure 33 3C S, and S; NMR spectra from *CO-'°F REDOR experiments of
samples made with 9 mol% 5-F-DPPC lipid. For panels a, b, ¢, d, and e the
samples respectively contained HFPmn-A1, HFPmn-A6, HFPmn_mut-A6, HFPtr-
A6, and HFPmn-L9. Each spectrum was processed with 200 Hz Gaussian line
broadening and polynomial baseline correction. Each Sp and Sy spectrum was
the sum of ~ 20000 scans. *CO-'*F(C5) REDOR dephasing curves for different
HFPs are plotted in panel f and the constructs are coded as shown in the legend.
For 2 ms dephasing time, the typical uncertainty in (AS/Sp)®® is £0.02 and for the
other dephasing times, the typical uncertainty is +0.04. In panel g the *C-'"°F(C5)
and '*C-'*F(C16) spectra of HFPmn and HFPtr at 16 or 24 ms dephasing time
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were shown in the stack form with Sy spectra on the left side and S; spectra on
the right side. The dash lines reflect the intensities of the Sy spectra. ............ 147

Figure 34 Insertion models of 8 sheet (a) HFPmn_mut, (b) HFPmn, and (c) HFPtr.
Lipid headgroups are drawn as blue balls, lipid alkyl chains are drawn in grey,
and peptides are drawn in red. In all models, peptides are represented as
oligomers with either six (HFPmn and HFPmn_mut) or two (HFPtr) molecules.
The strands are in antiparallel g sheet structure with adjacent strand crossing
near Phe8 and Leu9. This is the known structure for a large fraction of HFPmn
peptides. The number of strands in a sheet is not known but is likely a small
number. The lines at the C-terminus of HFPtr represent the chemical cross-
linking of the HFPtr construct. For clarity, not all lipid molecules are shown near
BN HE P o e e e e e 149

Figure 35 (a) '*C-*'P REDOR S, spectra with 2 ms dephasing time. (b)) REDOR
So and S; spectra for HFPmn_mut with long dephasing time (z = 32 ms for '*C-
3P experiments and 7 = 24 ms for *C-'°F experiments). The left, middle and
right columns in (b) are C-3'P, 3C-'F(C5) and '*C-'°F(C16) experiments
respectively. All spectra were processed with 200 Hz Gaussian line broadening
and baseline correction. In panel (b) each of the "*C-*'P spectra was acquired for
30000 scans and each of the "°C-"F spectra was acquired for ~ 20000
=707 | 3 PN 159

Figure 36 Plots of gAS/so)e"P for HFPmn_mut ®*C-*'P experiments at 32 ms
dephasing time and '>C-'°F experiments at 24 ms. The experimental dephasing
was obtained by integrating over a 1 ppm interval around the *CO peaks in the
corresponding Sp and S; spectra shown in Fig. 35. For Leu12, the black bar
represents the (AS/Sg)®® for a-helical conformation and the red bar represents
the (AS/Sp)®* for B-strand conformation. The typical uncertainty is + 0.02. .....160

Figure 37 (a) Plots of 3C-*'P (AS/Sp)®*” vs. dephasing time for HFPmn_mut with
different labeled positions. The symbols are open diamonds for A1, open squares
for 14, open triangles for A6, crosses for L9, stars for the a-helical L12 and open
circles for A14. (b) Plots of *C-*'P (AS/Sp)®® (open squares) and (AS/So)*™ vs.
dephasing time for different residues (as labeled in the figures) of HFPmn_mut.
The typical experimental uncertainties are $+0.02-0.03 and the typical corrected
uncertainties are £0.03-0.04. ......... ..o 163

Figure 38 REDOR Sy and S; spectra for (a) HFPmn and (b) HFPtr at long
dephasing time (r = 32 ms for °C-*'P experiments and 7 = 24 ms for >C-"°F
experiments). The Sy and Sy spectra were shown in black and red respectively.
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All spectra were processed with 200 Hz Gaussian line broadening and baseline
correction. The *C-3'P spectra were acquired for ~ 30000 scans and the *C-3'P
spectra were acquired for ~ 20000 SCaNS. ...........cccceviiiiiiniiieniiiirreneneen 166

Figure 39 Plots of (AS/Sp)®*” vs. dephasing time for the (a) *C-3'P, (b) *C-"°F(C5)
and (c) **C-"®F(C16) experiments for HFPmn and HFPtr in the a-helical and -
strand conformations. The residues Ala6, Leu9 and Leu12 are represented with
the open squares, open circles and open triangles respectively. The uncertainties
of (AS/Sp)®* are typically +0.02 ~ 0.03 and are approximately the size of the
symbols. The (AS/S;)®® values were determined by integrating over a 1 ppm
interval around the a-helical or B-strand '3CO peaks in the corresponding Sp and
RIE] oI (- T 168

Figure 40 (a) Geometry Model for the consideration of '*C-3'P and '3C-'°F
measurement limit. The two circles with 11 A and 14 A radii indicate the
measurement limits of >C-3'P and *C-'*F(C16) REDOR respectively. The yellow
triangle shows the geometry of the case where a >*CO has the maximum vertical
distance (3.5 A) relative to the lipid alkyl chain. (b) and (c) Longitudinal positions
of 3'P, "®F(C5) and '°F(C16) in the membrane bilayer. In panel (b), the dotted
circle has the radius of ~ 10 A and the solid circle has the radius of ~ 14 A. The
region marked in red indicates the possible location of the *COs of Ala6é and
Leu12 in the B-strand HFPmn as described in the main text. In panel (c), the
longitudinal distance between *'P and '°F(C5) is 10 A and the distance between
BE(CE) and SF(C16) iS 12 A. ...ooveiiiieeeieeeee e 173

Figure 41 (a)-(d) Plot of (AS/So)™ (open squares) and (AS/Sp)*™ (solid lines) vs.
the dephasing time for Ala6, Leu9 and Leu12 in HFPmn and HFPtr with a-helical
and B-strand conformations. The data with (AS/So)®® < 0.1 at 32 ms for '3C-3'P
and at 24 ms for °C-""F(C16) were not fit and were labeled “N/A". (e) Plots of
gAS/So)’a" (open squares) and (AS/Sy)*™ (solid lines) vs. the dephasing time for
3C-'°F(C5) experiments. (f) Contour plots for the data fittings shown in (e). The
regions with %2 values x%min +1, %min +2 and 3’min +3 were shown in red, blue and
green respectively, where x’min is the best-fit root-mean-squared deviation as
given in Table 13 of the maintext. ..., 177

Figure 42 REDOR Sy and S; spectra for Ala1, lle4 and Ala14 in HFPmn and
HFPtr at long dephasing time (z = 32 ms for '*C-*'P experiments and 7= 24 ms
for '*C-'°F experiments). The Sy and S; spectra are shown in black and red
respectively. All spectra were Processed with 200 Hz Gaussian line broadening
and baseline correction. The *C-3'P spectra were acquired for ~ 30000 scans
and the *C-*'P spectra were acquired for ~ 20000 scans. The arrows indicate
13C-1F(C5) dephasing for lled and Ala14. ...............cccoeevvivieneeeiiineieeannnn, 185
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Figure 43 Plots of (AS/So)®” vs. dephasing time for Ala1(open squares), lle4
(open circles) and Ala14 (open trianglesg labeled samples. The dephasing was
calculated by integrating over the entire *CO peaks in the corresponding Sy and
- o =T o - TP 186

Figure 44 Insertion models for HFPmn_mut, HFPmn and HFPtr and different
secondary structures. The lipid headgroups were shown in blue and the alkyl
chains were displayed in gray. For the peptides, the residues from Ala6 to Leu12
were shown in red with definitive secondary structures and the other residues
were displayed in black. The arrows indicated the direction from N to C
(111917 T PN 188

Xviii



A+

Al

Ch
CH
cp
€S
0|

0.1

Dip
oM
o
0Py
13
O1F
OTp
ESR
Py



LIST OF SYMBOLS AND ABBREVIATIONS

AHT: Average Hamiltonian Theory

AIDS: Acquired Immune Deficiency Syndrome

AUC: Analytical Ultracentrifugation

CD: Circular Dichroism

CHOL: cholesterol

CHR: C-terminal heptad repeat

CP: Cross Polarization

CS: Chemical Shift

D: Dipolar Coupling

d: Dipolar coupling frequency

DCP: Double Cross Polarization

DIPEA: N, N-diisopropylethylamine

DMAP: dimethylaminopyridine

DMPC: 1, 2-dimyristoyl-sn-glycerol-3-phosphocholine

DPC: dodecylphosphocholine

1-3C-DPPC: [1-3C}-1, 2-dipalmitoyl-sn-glycero-3-phosphocholine
DTPC: 1, 2-di-O-tetradecyl-sn-glycerol-3-phosphocholine

DTPG: 1, 2-di-O-tetradecyl-sn-glycerol-3-[phosphor-rac-(1-glycerol)]
ESR: Electron Spin Resonance

FMI: Full Membrane Insertion

Fmoc: 9-fluorenylmethoxycarbonyl

XIX



HBTU: O
HEPES:
HFP. HIV
HFPdm: |
HFPmn:
HFPmn 1
HFPte: Hi
HFPtr HF
HIV: Hum,
H3Bt 1-h
HPLC: Hig
R Infrare
Wys: Lar
MALDI .
Mg Mag
0 Molec
VA Mg
M8D.p
VR N,
NitR. Nugy
102 Mgy
MRh.pE \

OMPG ouf



HBTU: O-benzotriazole-N,N,N’,N’-tetramethyl-uronium-hexafluoro-phosphate
HEPES: N-(2-hydroxyethyl)piperazine-N'-2-ethanesulfonic acid

HFP: HIV Fusion Peptide

HFPdm: HFP dimer

HFPmn: HFP monomer

HFPmn_mut: HFP monomer with V2E mutation

HFPte: HFP tetramer

HFPtr: HFP trimer

HIV: Human Immunodeficiency Virus

HOBt: 1-hydroxybenzotriazole

HPLC: High-performance liquid cheomotography

IR: Infrared

LUVs: Large Unilamellar Vesicles

MALDI: Matrix-assisted laser desorption/ionization

MAS: Magic Angle Spinning

MD: Molecular Dynamics

NAL: N-acetyl-Leucine

N-NBD-PE: N-(7-nitro-2,1,3-benzoxadiazol-4-yl)-phosphatiylethanolamine
NHR: N-terminal heptad repeat

NMR: Nuclear Magnetic Resonance

NOE: Nuclear Overhauser Effect

N-Rh-PE: N-(lissamine Rhodamine B sulfonyl)-phosphatiylethanolamine

OMPG: outer membrane protein G

XX



PA
PC
PC
PC
RE
R
ri
1

80

TF,
T0

TPs



PAS: Principle Axis System
PDB: Protein Data Bank

PyAOP: 7-azabenzotriazol-1-yloxy-tris-(pyrrolidino)-phosphonium
Hexafluorophosphate

PMI: partial membrane insertion

PDSD: Proton-driven Spin Diffusion

POPC: 1, 2-dimyristoyl-sn-glycerol-3-phosphocholine
POPG: 1, 2-dimyristoyl-sn-glycerol-3-[phosphor-rac-(1-glycerol)]
REDOR: Rotational-echo Double Resonance

RMSD: root-mean-asquared deviation

r. internuclear distance

rf. radiofrequency

SDS: sodium dodecyl sulfate

SUL: “scatter-uniform” labeling

TFA: trifluoroacetic acid

TOF: time-of-flight

TPPM: Two-pulse phase modulation

XX1




ar

5
ke

fol

ho

hi;
th
!
ifi
Cls
it

feq



CHAPTERI
INTRODUCTION

BACKGROUND

Membrane fusion is an important step in viral infection for widespread
and serious diseases such as influenza and acquired immune deficiency
syndrome (AIDS).(7-2) Understanding of viral fusion is thus important both as a
key step in the viral life cycle and as a target for anti-viral therapeutics.(3-5)
Fusion between two membrane-bound bodies such as cells, viruses or vesicles
is a protein-mediated process and is generally separated into three sequential
steps: (1) binding of the two bodies; (2) mixing of their membrane lipids; (3)
formation of a large fusion pore through which the contents of virus and cell can
mix.(6) Figure 1 illustrates a series of freeze-fracture electron micrographs that
follows the time evolution of human immunodeficiency virus (HIV) infection of a
host cell.(7)

In AIDS, fusion and infection are initialized by strong interactions of two
highly glycosylated viral envelope proteins gp120 and gp41 with the CD4 and
chemokine (e.g. CXCR4) receptors of human T and macrophage cells.(7) The
glycosylation of gp120 is extensive with glycans representing 50% of the
molecular mass of the mature protein.(8) The glycosylation of gp41 is less
abundant relative to gp120, and there are only four or five potential glycosylation
sites.(9-72) However, these potential sites have been thought to be a

requirement for the fusion activity of gp41.(73) The proteins gp120 and gp41 are
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Figure 1 Model (left) and Electron Microscopy (right) of the HIV virus (a) binding
to host cell (b) fusion of viral and host cell membranes (c, d) formation of large
pore and infection of host cell. The triangle represents the viral RNA that enters
the host cells. (Adapted from Reference 7)
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Figure 2 (a) Model of HIV infection. The time seq is left to right. (Adapted
from Reference 16) (b) Model for HIV/host cell fusion. in the left-most figure, a
gp120/gp41 trimer is displayed with the balls representing gp120 and rods
representing gp41. “F” rep ts the fusion peptide and “A” rep the
transmembrane anchorage of gp41. Fusion proceeds tempora!ly from left to right
with (i) initial state, (i) receptor binding and fusion peptide membrane insertion,
(i) gp41 conformational change, and (iv) membrane fusion. (Adapted from
Reference 17)
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non-covalently bound to form a complex and the complex is attached to the HIV
through a transmembrane C-terminal segment in gp41.(74,75) As shown in
Figure 2, a proposed HIiV/cell membrane fusion mechanism includes the
following steps: (1) binding of the conserved region in gp120 to CD4 and CXCR4;
(2) conformational changes which finally lead to the exposure of a conserved
segment of about twenty amino acids fusion peptide at the N-terminus of gp41;
(3) interaction between the fusion peptide and target cell membranes which
anchors gp41 in the cell membrane; (4) conformational change of the ecto-
domain of gp41 which locates outside of the viral and cell membranes helps to
bring the HIV and cell membranes close together; (5) mixing of lipids and
formation of large fusion pores.(76,77) There were various experimental
evidences which supported the different steps of the mechanism proposed above.
First of all, it was known that conserved regions in the gp120 subunit are
responsible for the binding of the virus to the CD4 and CXCR4.(74,715) Second,
although the conformational change of gp120 after binding to the receptor was
not well understood, the extended conformation of gp41 after the releasing of
gp120 was characterized and there have been antibodies which can bond to the
extended and exposed N-terminal heptad repeat (NHR) and C-terminal heptad
repeat (CHR) segments.(2,18-23) In addition, the conformational change from
the extended gp41 was supported by the fact that gp41 folded back on itself and
associated as very stable six-helical-bundle structure, which was observed at the
fusion sites.(24-26) However, the interaction between the N-terminal fusion

peptide and the cell membranes was not clear at this point.
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In our studies, the HIV Fusion peptide (HFP) sequence contains 23 native
amino acids: Ala-Val-Gly-lle-Gly-Ala-Leu-Phe-Leu-Gly-Phe-Leu-Gly-Ala-Ala-Gly-
Ser-Thr-Met-Gly-Ala-Arg-Ser. These residues are located at the N-terminus of
the HIV gp41. The hydrophobic amino acids such as Val, Phe and Leu are in
great abundance in the HFP sequence and are also highly conserved in the
analogs of HFP such as the fusion peptides of the glycoproteins in HIV-Il and
SIV.(27, 28) In the following chapters, HFP and its derivatives will serve as model
peptides of the gp41 in the investigation of structure and membrane insertion.
The HFPs are reasonable substitution for gp41 because (1) in the absence of the
rest part of gp41, the HFP itself can cause rapid fusion and/or leakage of lipid
vesicles or erythrocytes, and (2) several mutational studies have shown strong
correlations between FP-induced fusion and viral/host cell fusion.(29-32)

The secondary structure of the micelle-associated HFP has been probed
using solution Nuclear Magnetic Resonance (NMR) in both sodium dodecyl
sulfate (SDS) or dodecylphosphocholine (DPC) micelles.(33-38) The secondary
and tertiary structures are obtained from chemical shifts and nuclear Overhauser
effect (NOE) crosspeaks.(39,40) For HFP:detergent ~0.01, solution NMR results
suggested the presence of helical structure from lle4 to Leu12 in negatively
charged SDS or neutral DPC micelles.(33,36-38) However, different solution
NMR studies suggested there may be additional helical, B-turn or more
disordered and dynamic structures in the C-terminus of HFP.(33-38) Structure of
HFP associated with membranes has been studied using circular dichroism (CD)

or infrared (IR) spectroscopy. A previous CD measurement showed that the HFP
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adopted a significant helical character in SDS detergent or in an environment of
negatively charged vesicles with a 1:200 peptide:lipid molar ratio,(33,47-43) but a
significant B-strand character in 1:30 peptide:lipid ratio.(47) With neutral lipid
vesicles at peptide:lipid molar ratios of ~ 1:200, there are two infrared reports of
predominantly helical structure,(43,44) three reports of predominantly B
structure,(41,45,46) and one report of mixed helical and B structure.(47) Two
investigators report that the peptide conformation changes from helical to 8 as
the peptide:lipid ratio is increased from 1:200 to 1:30 while two others report that
the B conformation does not change with these ratios.(47,43-45) There
differences in structure may have to do with differences in peptide sequence,
lipid compositions, sample preparation, or hydration level.(48)

The membrane location of HFP has been suggested as an important
factor to understand the peptide/membrane interaction. Previous studies about
the location of HFP in micelles and/or membranes have been performed using
solution NMR, fluorescence spectroscopy, electron spin resonance (ESR) and
simulation. Unfortunately, there is not yet a consensus for the micelle location of
HFP based on the solution NMR results. There are distinct models which
supported either predominant micelle surface location or micelle traversal by
HFP.(33, 37) In one solution NMR study, residues 14 to A15 were found to be
fully shielded from solvent and residues G3 and G16 were at the micelle/solvent
interface.(37) HFP location in membranes has been primarily probed using a
HFP-F8W mutant and by variation of the tryptophan fluorescence of this mutant

with changes in environment.(49,50) Key results have included: (1) fluorescence
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was higher for membrane-associated HFP-F8W than for HFP-F8W in buffered
saline solution; (2) greater fluorescence quenching by acrylamide was observed
for a soluble tryptophan analog than for membrane-associated HFP-F8W, and (3)
similar fluorescence quenching of membrane-associated HFP-F8W was
observed in samples containing either 1-palmitoyl-2-stearoyl-phosphocholine
brominated at the 6, 7 carbons of the stearoyl chain or the corresponding lipid
brominated at the 11, 12 carbons of the chain. The first two results indicated that
solvent exposure of the HFP-F8W tryptophan is reduced with membrane
association and the third result indicated that the membrane location of the
tryptophan indole group is centered near the carbon 9 position of the brominated
lipid stearoyl chain; i.e. ~8.5 A from the bilayer center and ~11 A from the lipid
phosphorus. In a different set of experiments, ESR spectra showed that a M19
location close to the aqueous interface of the membrane and an A1 location
away from this interface.(43) Models for HFP location in membranes have also
been developed from simulations of a single HFP molecule in membranes and
have shown either partial insertion or traversal of the membrane. The HFP
always adopted predominant o helical conformation and in one simulation was
generally near the membrane surface with the F8 backbone and sidechain nuclei
respectively 4 A and 6 A deeper than the phosphorus longitude.(57) For a
different simulation, HFP traversed the membrane and the backbone and
sidechain F8 nuclei were at the bilayer center, i.e. ~19 A from the phosphorus

longitude.(52)
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The current studies mainly utilized solid-state NMR to investigate the
structures as well as the membrane location of HFPs. Without the need for
crystallization or solvation, solid-state NMR is a useful method to probe
membrane associated peptide/protein systems. Measurements of chemical shifts
and internuclear dipolar couplings provide information about the secondary
structure, tertiary structure, insertion depths and insertion angles of HFPs
associated with membranes. Some of the important results obtained previously in
our group include: (1) Helical, B strand and random coil structure were observed
at specific residues in HFP and the distribution of the conformations at specific
residues was shown to depend on the lipid headgroup and cholesterol
composition of the membrane.(53-57) HFP was also shown to fuse vesicles with
different compositions, which suggests that more than one conformation is
fusogenic.(58) (2) Measurements of dipolar couplings between different HFPs
showed that the B strand structure is oligomeric and contains interpeptide
hydrogen bonding. There may be approximately equal populations of parallel and
antiparallel strand alignment. The adjacent strand in the parallel alignment may
be two residues out-of-registry and the adjacent strands in the antiparallel
alignment are crossing between F8 and L9.(59,60)

The present work will mainly focus on the solid-state NMR studies of the
structure and insertion depth of membrane-associated HFP oligomers, which will
contribute to understand the question about which characters of HFP may be
closely associated with fusion activities. In Chapter Il the synthesis of biological

relevant HIV fusion peptide constructs will be described. In particular, the
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experimental conditions for the synthesis of HFP trimer (HFPtr), which has been
proposed as a HFP construct at the fusion site, will be discussed. Chapter Ill will
introduce the solid-state NMR methods used to study the membrane-associated
HFP system, including *C-3'P and C-'°F rotational-echo double resonance
(REDOR), proton-driven spin diffusion (PDSD), and double cross polarization
(DCP) experiments. The theoretical approach named Average Hamiltonian
Theory (AHT) for understanding these pulse sequences will be briefly introduced
and the setup procedure will be described in details. Chapter IV will focus on the
studies of the secondary structure of membrane-associated HFP constructs;
especially the dependence on lipid compositions and HFP constructs. Chapter V
will report the tertiary structure of HFP monomer (HFPmn) in a host-cell-like
membrane. The results in this chapter revealed the existence of anti-parallel -
sheet for a membrane-associated HFPmn construct and two preferred registries
with the overlapping of most N-terminal hydrophobic residues. Finally, chapter VI
will describe the studies about the membrane insertion of three different HFP
constructs: V2E mutated HFPmn (HFPmn_mut), HFPmn and HFPtr in
membranes both with and without cholesterol. It has been concluded that both
disruption of membrane caused by HFP insertion and fusion activities of these
HFP constructs followed the trend HFPmn_mut < HFPmn < HFPtr, and the

conclusion is independent on the secondary structure of the peptide.
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CHAPTER Il
OPTIMIZATION OF THE SYNTHESIS OF FUSION PEPTIDE OLIGOMERS

BACKGROUND

Chemically synthesized HFP has been considered to be a useful model
to study the fusion peptide/membrane interaction. However, a practical challenge
was the synthesizing of large quantities of pure peptides, especially biological-
relevant HFP oligomers such as HFPtr. One synthetic route of HFPtr was the
cross-linking between HFPmn with one non-native C-terminal cysteine and
HFPmn with two non-native C-terminal cysteines. However, the major product
has been proved to be HFP dimer (HFPdm) formed from cross-linking between
the HFPmn with one cysteine.(7) An alternative approach was initial formation of
a peptide scaffold with three lysines and amide bonds between the e-NH; of the
first lysine and the COOH of the second lysine and between the e-NH; of the
second lysine and the COOH of the third lysine. HFPtr was then synthesized
using standard 9-fluorenylmethoxycarbonyl (Fmoc) chemistry and synchronous
growth of the peptide chains from the three main chain a-NH;. This approach
was therefore direct synthesis of a ~90-mer and the consequent yield was at best
5%.(2) In addition, the final product contained significant impurity HFPtr which
was non-separable and which contained one additional lysine in one of the
chains.(2) This impurity was a consequence of undesired intramolecular removal
of the Fmoc protecting group on a Lys a-NH; by a free e-NH2.(3) In this chapter,

the optimization of HFP oligomer synthesis will be described. Firstly, the
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monitoring of coupling time for individual residues in HFP sequence will be
discussed, and then, the efficient synthetic schemes for HFPdm and HFPtr will

be provided.(4)

MATERIALS

The Gly or Ala-preloaded Wang Resins and N-Fmoc-protected amino
acids Gly, Ala, lle, Leu, Val, Phe, Ser(tBu), Thr(fBu), Met, Cys(Trt), Arg(Pbf),
Trp(Boc), Trp(Mtt) and Lys(Boc) were purchased from Peptides International
(Louisville, KY). The coupling reagents O-benzotriazole-N,N,N',N'-tetramethyl-
uronium-hexafluoro-phosphate (HBTU) and 1-hydroxybenzotriazole (HOBT)
were purchased from Novabiochem (San Diego, CA). N,N-diisopropylethylamine
(DIPEA) and 7-azabenzotriazol-1-yloxy-tris-(pyrrolidino)phosphonium
hexafluorophosphate (PyAOP) were obtained from Sigma-Aldrich (St. Louis, MO).
Some of the synthesis was done manually in 5 mL polypropylene columns from
Pierce (Rockford, IL) and mixing was accomplished with a rotation stage, and
some of the synthesis was done on an automated peptide synthesizer (ABI 431A,
Foster City, CA). The detailed procedures for the manual peptide synthesis were
provided in appendix 3. All peptides were purified using high-performance liquid
chromatography (HPLC) (Dionex, Sunnyvale, CA) equipped with a 10 mm * 250
mm C18 column (Vydac, Hesperia, CA). “Buffer A" was water with 0.1%
trifluoroacetic acid (TFA), “buffer B” was 90% acetonitrile, 10% water, and 0.1%

TFA, and the gradient was 40% to 80% buffer B over 30 minutes. Peptide
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masses were measured with matrix-assisted laser desorption/ionization-time of

flight (MALDI-TOF) mass spectrometry using a Voyager-DE STR

Table 1. Names and sequences of the HIV fusion peptides

Name Sequence a

HFPmn AVGIGALFLGFLGAAGSTMGARSWKKKKKKA?

HFPmn(Cys) AVGIGALFLGFLGAAGSTMGARSWKKKKKCA®?

HFPmn(Cys/Gly)  AVGIGALFLGFLGAAGSTMGARSWKKKKKCG

AVGIGALFLGFLGAAGSTMGARSWKKKKKKA?®

HFPdm(Cys)
AVGIGALFLGFLGAAGSTMGARSWKKKKKC
AVGIGALFLGFLGAAGSTMGARSWKKKKKCA®
HFPdm
AVGIGALFLGFLGAAGSTMGARSWKKKKKCA®?
AVGIGALFLGFLGAAGSTMGARSWKKKKKKAP
HFPtr AVGIGALFLGFLGAAGSTMGARSWKKKKK
AVGIGALFLGFLGAAGSTMGARSWKKKKKCG
AVGIGALFLGFLGAAGSTMGARSWKKKKKKA®
AVGIGALFLGFLGAAGSTMGARSWKKKKKC
HFPte

AVGIGALFLGFLGAAGSTMGARSWKKKKKC

AVGIGALFLGFLGAAGSTMGARSWKKKKKKA?

@A line between K and C denotes a peptide bond between the Cys CO
and the Lys e-NH and a line between two Cs denotes a disulfide bond.

biospectrometry workstation (Applied Biosystems, Foster City, CA) and a-cyano-
4-hydroxy cinnamic acid matrix. Peptide synthetic yields were quantified using

280 nm absorbance and the extinction coefficients were 5700, 11600 and 17300
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cm M for HFPmn, HFPdm and HFPtr respectively. The sequences of HFP
monomers, dimers, trimer and HFP tetramer (HFPte) described in this chapter
were summarized in Table 1. The N-terminal 23 residues come from the
sequence of gp41. The C-terminal tags contain Lys, Cys and Trp for the reasons
that (1) Lys increases the solubility of HFPs, (2) Cys enables the cross-linking

reactions and (3) Trp helps to quantify the synthesis.

RESULTS AND DISCUSSION

Optimization of coupling time. A manual synthesis was carried out on
HFPmn according to the scheme provided in Figure 3. The detailed procedures
for the manual synthesis of HFPmn are provided in the appendix 3. The coupling
of each residue was optimized by ninhydrin monitoring every two hours to detect
free a-HN2 groups.(5) This information provided the basis for longer coupling
times and double couplings at particular residues. It was observed that two-hour
single coupling was sufficient for the residues along the sequence except for
Ser(fBu), Arg(Pbf), and Trp(Boc) residues as well as the residues between Leu-
12 and Leu-7. A complete coupling for these residues were detected for a
coupling time 4~6 hours which means either longer coupling times or double
coupling should be used. Figure 4 shows the HPLC and mass spectrum for the
purified HFPmn using the optimized coupling time. The mass spectrum of the
dominant fraction had an intense peak with m/z = 3149 which was within the
instrumental accuracy of + 0.1% relative to the expected m/z = 3151. The product

of synthesis was also subjected to the amino acid analysis by the
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Macromolecular Structure Facility of Michigan State University (Department of
Biochemistry and Molecular Biology, Michigan State University). The results
showed that the sequence contained 6 Gly, 5.922 Ala, 6.257 Lys, 2.711 Leuy,
1.720 Phe, 1.880 Ser, 1.080 Met, 1.003 Trp, 1.298 Arg, 1.115 Thr, 0.700 Val and
0.795 lle, which were consistent with the sequence of HFPmn given in Table 1.
The difficulties for the coupling of Ser(tBu), Arg(Pbf) and Trp(Boc) may be due to
the great size of side chains or side chain protection groups which cause steric
problem and block the active amino group from the newly added amino acid. The
difficulties for the coupling of the residues from Leu7 to Leu12 may come from
the continuous increase of hydrophobicity during the coupling of these apolar
residues, which will further cause the aggregation of peptide chains and prevent
the further coupling.(6)

Synthesis of HFPdm. Figure 5 shows the synthetic schemes of two types
of HFP dimers: HFPdm and HFPdm(Cys). HFPdm was synthesized using the
Cys cross-linking reaction of Cys contained HFPmn (named HFPmn(Cys)) and
HFPdm(Cys) was synthesized using the dimeric scaffold with 9-
fluorenylmethoxycarbonyl (Fmoc) chemistry.(7) HFPdm(Cys) will serve as one of
the building blocks in the synthesis of HFPtr which will be described in the next
session. Figure 6 displays the HPLC and mass spectra for the purification and
identification of HFPdm and HFPdm(Cys). The HPLC retention time of HFPdm
was very well-separated from that of unreacted HFPmn(Cys). The HFPdm
fraction had a mass spectral peak with m/z = 6248 which was within the

instrumental accuracy of + 0.1% relative to the expected m/z = 6253, cf. Figure
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6b. There was also a peak at m/z = 3124 which corresponded to either the
HFPmn(Cys) fragment formed from cleavage of the disulfide bond in the mass
spectrometer or to doubly charged HFPdm.(8) It has been demonstrated
previously that there was prompt fragmentation where the single intermolecularly
disulfide-bound peptides can be specifically fragmented at the S-S bond by
increasing the laser fluence in MALDI-MS.(8) Since we always used high laser
fluence in the identification of the HFP oligomers to obtain reasonable signal
intensities, it was possible that the interstrand S-S bond was fragmented due to
the over-threshold laser fluence. The peak at m/z = 5733 corresponded to the
internal standard of insulin from bovine pancreas (purchased from Sigma-Aldrich,
St. Louis, MO). Figure 6¢ displays the chromatogram of the synthesis and the
retention time of HFPdm(Cys) was very close to that of HFPdm. The mass
spectrum of the HFPdm(Cys) fraction had an intense peak with m/z = 6190 which
was within the £ 0.1% uncertainty relative to the expected m/z = 6188, cf. Fig. 6d.
A previously published synthesis showed significant higher molecular weight
impurities which was the result of. (1) premature removal of the scaffold lysine
Fmoc group by nucleophilic attack of the scaffold lysine &-NHz; and (2)
subsequent coupling of the next émino acid with both the €- and the a-NH; of the
scaffold lysine.(2) The mass spectrum of HFPdm(Cys) did not show the impurity
corresponding to a peptide with an extra Cys. Minimization of the time between
steps f and d in Figure 5 was critical to eliminating this impurity.

Synthesis of HFPtr. The synthesis scheme for HFPtr was displayed in

Figure 7. HFPtr was formed from cross-linking HFPmn(Cys) and HFPdm(Cys) in

21



a0l
amount
The no!
showed
rapid th
8a shov
chromat
e th
HFPdm/
thromat
fespectiy
HFPmn(
Spectru
0.1% up,
peak at
6194 we
deavage
5733 Cor
be Hrp,
088 iny
para;
Moweg I



a 1.0:1.5 mol ratio. The cross-linking reaction was done at pH = 8.4 with trace
amount of 4-dimethylaminopyridine (DMAP) and with the system open to the air.
The non-stoichiometric ratio was based on initial small-scale syntheses which
showed that cross-linking of HFPmn(Cys) with itself to form HFPdm was more
rapid than cross-linking of HFPmn(Cys) with HFPdm(Cys) to form HFPtr. Figure
8a showed the monitoring of the cross-linking reaction using HPLC. The top
chromatogram in Figure 8a was obtained after 0.5 hour cross-linking time and
the three prominent peaks from left-to-right were HFPmn(Cys),
HFPdm/HFPdm(Cys), and HFPtr, respectively. The middle and bottom
chromatograms were obtained with cross-linking times of 1.5 and 2.5 hours,
respectively, and showed a relative increase in HFPtr and relative decreases in
HFPmn(Cys) and HFPdm(Cys) with longer cross-linking time. The mass
spectrum of the HFPtr fraction had a peak with m/z = 9307 which was within ¢
0.1% uncertainty relative to the expected HFPtr m/z = 9312, cf. Figure 8b. The
peak at 4653 was assigned to doubly charged HFPtr and the peaks at 3112 and
6194 were assigned to HFPmn(Cys) and HFPdm(Cys) fragments formed from
cleavage of the disulfide bond in the mass spectrometer.(8) The peak at m/z =
5733 corresponded to the internal standard of bovine insulin. One side product in
the HFPtr synthesis was the HFP tetramer (HFPte) which was formed by the
cross-linking between two HFPdm(Cys) molecules. Figure 9a displayed the
separation of HFPte from HFPtr at the retention time ~ 22 minutes and Figure 9b
showed the mass spectrum of HFPte. There were broad signals peaked at m/z =

12461 and 6235 which were respectively comparable to the expected HFPte m/z
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= 12374 and the mi/z of the doubly charged species or the HFPdm(Cys) fragment
formed from cleavage of the disulfide bond in the mass spectrometer.(8) Relative
to the HFPmn, HFPdm, and HFPtr spectra, there were greater uncertainties of
the experimental m/z in the HF Pte spectra because of both broader signals and a
lower signal-to-noise ratio.

The overall yield for the HFPtr synthesis was about 15 % which indicated
a 3-fold increase compared with the previous coupling scheme from the trimeric
scaffold.(2) In addition, the side product with an extra Lys in the C-terminus has
been removed. The present study increased the HFPtr yield and purity using the
following modifications: (1) HFPtr was formed from a cysteine cross-linking
reaction between HFPmn(Cys) and HFPdm(Cys). Because HFPdm(Cys) was
synthesized using a dimeric scaffold, a successful synthesis required 1/3 fewer
reactions than the earlier HFPtr synthesis. In addition, the purification of the
cross-linking reaction was fairly straightforward because of the separation of the
HPLC peaks corresponding to HFPmn(Cys), HFPdm and HFPdm(Cys), HFPtr,
and HFPte, cf. Figure 8. (2) The monitoring of coupling times in the manual
syntheses of HFPmn showed that longer coupling times were required for the
Trp(Boc), Ser(tBu), Arg(Pbf), and Leu-7 to Leu-12 residues. The new synthetic
protocol used longer coupling times or double coupling at these residues. (3) The
HFPdm(Cys) synthetic protocol was modified to minimize the time between the
cleavage of the Mtt group of the Lys e-NH, and the subsequent coupling to Cys.
This modification reduced undesired deprotection of the Fmoc group of the Lys

a-NH; by the e-NH,.
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CONCLUSION

This chapter reported efforts on the optimization of the conditions of
peptide synthesis, especially HFPtr. It can be concluded that (1) the
hydrophobicity of HFP sequence increases the challenge of the synthesis and
using either longer coupling times or double coupling for the hydrophobic
residues helps to improve the synthesis, (2) it is important to shorten the time
between the cleavage of Lys €-NH; side chain protection group and the coupling
of the following residue to the unprotected e-NH. in order to eliminate the
producing of by products with extra Lysines and (3) the Cys cross-linking strategy
provides straightforward HPLC purification for the hydrophobic HFP oligomers
and reasonable yield, and should be applicable to the synthesis of other homo

and hetero trimeric peptides.
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Aa—@ 2B — S = FPWK, Ala

Fmoc
—

Figure 3 Synthesis scheme for HFPmn and FP represents the sequence
AVGIGALFLGFLGAAGSTMGARS. A black circle represents a resin bead, lines
are drawn to clarify chemical functionalities, an arrow signifies a chemical
reaction, and two arrows signify multiple sequential chemical reactions. All
reactions were carried out at ambient temperature. Reaction a: Fmoc
deprotection in 3 mL of 20% piperidine/DMF (v/v), 15 minutes/cycle, 2 cycles.
Reaction b: Peptide synthesis with Fmoc chemistry. 2-hour single couplings were
used for each amino acid with the following exceptions: 4-hour single couplings
for Trp, Ser and Arg residues; 6-hour single couplings for the Leu-12 to Leu-7
residues. Reaction c: Cleavage from the resin using a 4 mL solution containing
TFA/thioanisole/ethanedithiol/anisole in 90:5:3:2 volume ratio.(6) After 2.5 hours
reaction time, TFA was removed with nitrogen gas and peptide was precipitated
with cold methyl t-butyl ether.
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Figure 4 (a) The HPLC chromatograms for the purification of HFPmn. The
horizontal axis was the elution time in unit of minute and the vertical axis was the
absorption at 214 nm with arbitrary unit. (b) The MALDI-TOF MS spectrum for
the identification of HFPmn. The HPLC fraction marked with asterisk in (a) was
analyzed and the corresponding mass was labeled using asterisk in (b).
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d,a

(@) Fmoc—Ala—@ —=22 & N

Cys—Ala—@
Trt

P ¢ & HN—FPWK—Cys—AIa
—

SH

H,N—FPWKs;——Cys—Ala H,N—FPWKs;——Cys—Ala

I + I
SH SH
H,N—FPWK;——Cys—Ala
e .
H,N—FPWK;——Cys—Ala
(b) Fmoc—Ala—@ af > Fmoc——ll.ys—Ala—.
Mtt
d, a
g > Fmoc Lys—Ala—@ >
NH,

e c :
HN—Lys—Ala—@ — —— H,;N—FPWK; Lys—Ala

H,N—Cys HZN—FPWK5——-(|:ys

SH

Figure 5 Synthesis schemes for (a) HFPdm and (b) HFPdm(Cys). The black
circles, lines and arrows had the same meaning as in Fig. 3. The reactions a and
¢ were the same as in Fig. 3. In reaction b, the synthesis of HFPmn with Cys(Trt)
in (a) followed the coupling time in Fig. 3. For the HFPdm(Cys) synthesis in (b),
4-hour single couplings were used for each amino acid with the following
exceptions: 8-hour single couplings for Trp(Boc), Ser(fBu), and Arg(Pbf) residues;
double couplings with 4-hours per coupling for the '*CO labeled residue and for
the Leu-12 to Leu-7 residues. Reaction d: Coupling using PyAOP and DIPEA
(1:2 molar ratio) in 4 mL DMF with 6 hour reaction times for Cys and 2 hour
reaction time for Lys. Reaction e: Cross-linking in 5 mM DMAP, pH = 8.4, open to
the air. 1 umol HFPmn(Cys) in 400 uL solution overnight. Reaction f: Selective
deprotection of Mtt in 3 mL of 1% TFA/DCM (v/v), 6 minutes/cycle, 6 cycles.
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Figure 6 (a) and (c) The HPLC chromatograms for the purification of HFPdm and
HFPdm(Cys). The horizontal axes were elution time in unit of minute and the
vertical axis were absorption at 214 nm with arbitrary unit. (b) and (d) The
MALDI-TOF MS spectrum for the identification of HFPdm and HFPdm(Cys). The
HPLC fraction marked with asterisk in (a) and (c) were analyzed and the
corresponding peaks were labeled using asterisk in (b) and (d) respectively. The
mass spectra were discussed in the main text.
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Fmoc Ala—@ af » Fmoc Lys—Ala—@ — 9 .
Mtt
Fmoc——Lys— Ala—@ da > H,N——Lys—Ala—@
NH, H,N (I:ys
L
e c HzN—-FPWKs-——I'.ys—AIa
- H,N—FPWKs;——Cys
SH

HN—FPWKs;—Lys—Ala
| + HN—FPWKs—Cys—Ala
H,N—FPWKs;——Cys
SH
SH

H,N—FPWKs —Lys——Ala

|
HQN—'FPWKs—cyS

Ho;N—FPWK;——Cys—Ala

Figure 7 Synthesis schemes for HFPtr. The black circles, lines and arrows had
the same meaning as in Fig. 3 and Fig. 5. All reaction conditions were the same
as shown in Fig. 3 and Fig. 5 except for reaction e: Cross-linking in 5§ mM DMAP,
pH = 8.4, open to the air. 1 umol HFPmn(Cys) and 1.5 pmol HFPdm(Cys) in 400
pL solution for 2.5 hours.
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Figure 8 (a) The HPLC chromatograms for the purification of HFPtr. The
horizontal axes were elution time in units of minutes and the vertical axes were
absorption at 214 nm with arbitrary units. (b) The MALDI-TOF MS spectrum for
the identification of HFPtr. The top, middle, and bottom chromatograms in panel
a are for syntheses with HFPtr cross-linking times of 0.5, 1.5, and 2.5 hours,
respectively. In each chromatogram, the positions of the vertical dotted lines
indicated the elution times of monomer, dimer and trimer for the left, middle and
right respectively. The HPLC fraction marked with asterisk in (a) was analyzed
and the corresponding peaks were labeled using asterisk in (b). The mass
spectra were discussed in the main text.
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Figure 9 (a) The HPLC chromatograms for the purification of HFPte. The
horizontal axis was the elution time and the vertical axis represented the 214 nm
absorption in arbitrary unit. (b) The MALDI-TOF MS spectrum for the
identification of HFPte. The HPLC fraction marked with asterisk in (a) was
analyzed and the corresponding mass was labeled using asterisk in (b).
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CHAPTER IlI
OPTIMIZATION OF SOLID-STATE NMR EXPERIMENTS

THERORETICAL BACKGROUND

Solid-state NMR is a useful tool to provide high-resolution structural
information for the membrane-associated peptides.(7-3) For example, for the
REDOR pulse sequence which will be used in the following chapters, the
chemical shift of one specifically-labeled *C or the dipolar coupling between a
3C and a ™N, 3P or '"F provide valuable structural properties such as
secondary structure, tertiary structure and internuclear distances.(4-7) One
characteristics of the solid samples is the absence of free molecular tumbling and
thus the co-existence of multiple orientations of chemical shielding tensor relative
to the static external magnetic field for a single spin such as a '*C. This will
consequently cause the broadening of the resonance and complicate the
spectrum. In addition, one always wants to extract a specific intra-system
interaction such as isotropic chemical shift or heteronuclear dipolar coupling from
the many other intra-system interactions. In this first part of this chapter, a theory
which has been widely used to analyze solid-state NMR pulse sequences will be
introduced and the analysis of some pulse sequences will be given as examples.

Average Hamiltonian Theory (AHT). Many pulsed NMR techniques,
including the methods used in the following work, apply some combination of the
cyclic radiofrequency (rf) irradiation (also known as pulses) and the cyclic

mechanical manipulation to the nuclear spin systems. This will consequently
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make the intra-system interaction Hamiltonians time-dependent, and make the
time averaging of such Hamiltonians important to the final spectrum. The
Average Hamiltonian Theory (AHT) is helpful to understand the performance of
the spin system under such time-dependent interactions. It states that when a
system is subjected to a cyclic external force, and the inspection is restricted to
multiple integers of the cycle time, it looks like the system is subjected to a
constant Hamiltonian.(8) Three conditions should be satisfied before the AHT
can be applied to analyze a pulse sequence:
(1) The cycle time of rf pulses should be a multiple of the cycle time of
mechanical manipulation;
(2) The net rotation after the block of rf pulses should be zero;
(3) The cycle time of rf pulses should be small so that the internal Hamiltonian
will not cause significant changes to the spin system during one cycle.
These conditions can be satisfied by carefully choose experimental parameters
such as magic angle spinning (MAS) frequency, rf pulse length, time interval
between pulses and phase cycling strategy.

The lowest-order approximation of the constant Hamiltonian in AHT can

be expressed by Eq. 1

‘__]_ C gy . [yint
H-rc_[)tdtH @ (1)

7 represents the cycle time of rf pulses and A int js the interaction Hamiltonian in

the toggling frame (or rf frame).

H™©=U_0)-H"):U () ()
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For all the discussions below, H™(t) has always been expressed in the rotating
frame under the condition of MAS and after the truncation of the Zeeman
Hamiltonian. The time-dependence of H™(t) is generally introduced through MAS.

Un(t) is a unitary operator defined by the rf pulses.

U, (0)=Texpl-i j;dt "H7 (1] (3)

The operator Tis the Dyson time operator which specifies the time ordering of
the pulse sequence. H"(t) is also expressed in the rotating frame and with the

truncation of Zeeman Hamiltonian, and has the general form
H'f(t) < yB,(t):[I; cosp(t) + 1, sin ()] = &, (t) [ cos p(t) + I, sinp(1)] (4)
w,(¢) is usually named Rabi frequency and /x and /y are spin operators. ¢(z)is the

phase of a rf pulse and generally 0°, 90°, 180° and 270" for x, y, -x, -y pulses
respectively.

The expression of H™(t) is dependent on the specific internal interaction.
The expressions for chemical shift (CS) and dipolar coupling (D), which will be
used in the following chapters, will be introduced here. A general procedure to
obtain the expression for any internal Hamiltonian is to initially write the
Hamiltonian in the principal axis system (PAS) as H™ which is time-independent,
and then to convert into the rotating frame. H™ has the following form for both CS

and D

. . / . .
H=CM S S (R, T )

m=—|
C™ contains constants which are different for CS or D. The “R” and “T” terms are

generally expressed as the second-rank tensor in spherical coordinates, and
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represent the spatial and spin parts of the Hamiltonian respectively. / =0, 1 or 2
and m values are integers from -/ to /.

C™ =4(int=CS) and C'™ =-2y'y’/A(int=D) (6)
In the PAS, the “R” terms have their simplest form and the non-zero “R” terms for

CS and D are

R =% a)

Rso" =%'(5n +0y; +633)

RSS! = [ 165 - V-G + 85+ 8] (7h)

R =%‘(522 -4
The rj in Eq. 7a represents the internuclear distance between two spins j and j. In
Eq. 7b, &1, &2 and &3 are three principal values of spin i with the sequence &1 <
52 < &s. In most solid-state NMR techniques with MAS, the Hamiltonians are
always expressed in the rotating frame. The “R” terms can be converted into the
rotating frame from the PAS with the Euler transformation and two sets of Euler

angles.

R™ ,(rotating _ frame)=Y" Dl (Q"Y. Dy, (QIR/™-(PAS) (8)
m' m"

The “D” terms are elements in the Wigner rotation matrix. The first set of Euler

angles Q'=(a',',y") makes a connection between the PAS and some crystal

frame axes system and for powder samples; these angles will finally be

integrated over a spherical surface. The second set of Euler angle always has

the value Q"=(0,8", wg?) under the condition of fast MAS, where B"=54.7" or
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“magic angle” and ar is the spinning frequency. The second Euler transformation
introduces the time dependence to the “R’ terms which is related to the MAS

rotor cycles.

A full expression of “R” terms in the rotating frame will contain 25 terms
due to the Wigner expansion. However, the “T" terms expressed in the rotating
frame are truncated by the Zeeman Hamiltonian which help to simplify the form

of the total Hamiltonian.

7}'",,,‘ (rotating _ frame)=U 5‘7}'",,,' (lab _ frame)U, ©)
=expliotl,]T;™ (lab_ frame)exp[—iaxl,)

m

wis the Larmor frequency and the non-zero “T" terms in the rotating frame are:
Tos' =IiBy and T3 = [2£1B, (10a)
T =TT/ and 1% = (1/\6)[31:1 =T*-17] (10b)

15 =115} and T3 = [31is] (100)
Egs. 10a—c give the operators of chemical shift, homonuclear dipolar coupling
and heteronuclear dipolar coupling respectively. One typically incorporates Eqgs.
6-8 and 10 into Eq. 2 which will further bring time dependence into both “R" and
“T" terms. Many solid-state NMR pulse sequences make use of the combination
of these two time dependences to achieve selective averaging when applying Eq.

1. Two pulse sequences used in the following chapters are analyzed with AHT.
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Figure 10 1D 3C-'®*N REDOR pulse sequence. The open columns represent the
@2 and rpulses. CP transfers 'H transverse magnetization to *C. *C
magnetization is dephased (i.e., reduced) by "3C-'°N dipolar coupling mediated
by one "®N # pulse per rotor period. The '3C # pulses refocus the *C chemical
shift.
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Theory of REDOR experiments. REDOR is one of the most widely used
MAS NMR techniques for analysis of molecular structure in the solid-state.(9-74)
REDOR has found application in detection of formation of chemical bonds and in
resonance assignment of small peptides.(715-17) The wide use of REDOR is
primarily due to the relative simplicity and robustness of its pulse sequence and
data analysis. An example of a *C-'>’N REDOR pulse sequence is sketched in
Figure 10. It contains: (1) 'H to "*C cross polarization (CP), (2) a dephasing
period () during which a series of *C and *N 7z pulses and 'H decoupling field
were applied and (3) *C acquisition. For each 7, two separate spectra are
collected. The spectrum named “Sy” is 7 pulses applied only on the *C channel
but not on the '®N channel. The spectrum called “S;" is the pulses applied on
both channels. For a sample with a single *CO label on one residue and a single
>N label on another residue, the major interaction Hamiltonians in the rotating
frame for the labeled '*C are

H*" =HS +HE+HE, (1)

The terms on the right side of Eq. 11 indicate '*C chemical shift, homonuclear
dipolar coupling between *Cs and heteronuclear coupling between '*C and N.
The heteronuclear dipolar coupling between *C and 'H can be removed by 'H
decoupling and will not be included in the further discussion. The goal of this
sequence is to selectively detect the '3C and '*N dipolar coupling as well as the
3C isotropic chemical shift, while averaging all the other interactions. The non-

zero term in the general expression of the dipolar coupling Hamiltonian was

HP =[4-¢"°R + B-K' +C-e™™®R' + D¢ 2®K'). IS/ (12a)
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Hp =[A4-€"°R' + B-K' +C-e™™K' + D¢ 2 ®R').[31,1] - I -T/] (12b)

Egs. 12a and b are for heteronuclear and homonuclear dipolar coupling
respectively. The time-independent A, B, C and D are functions of C™ in Eq. 5,

the Euler angle set Q'=(a',f',7") defined by corresponding Wigner rotation
matrix elements and the internuclear distance r;. The non-zero term for chemical

shift was

HE =[o,, +(4-¢"®R' 1+ B.¢R' + C.e7®R' + D.¢2@R").5, . 1.I'B, (13)
in which the terms A, B, C and D are functions of C™ in Eq. 5 and the Euler angle
set Q'=(a', B, 7). Eq. 13 indicates time-independence for the isotropic chemical
shift and time-dependence for the anisotropic chemical shift. Under the condition

of MAS and no rf pulses, The time integral of H,/[.’ in Eq.12a over the first half of

one rotor cycle is

[ d(@pt)- H (@)
o« {A[e¥™ —1]+ B¢’ —1]-Cle"™ -1]- D[e”*" -11}- IS} = (-B+C)-I'S]

(14a)

while over the second half of the cycle is

[ d(wgt) HP (@41)

o {A[e4iﬂ' _e2i8]+B[e2iﬂ _eiﬂ]_C[e—ZiX —e-i”]—D[e_‘“”—e—zi’r]}'I;Séi =(B—C)'1;Szj
(14b)

For similar reasons, the homonuclear dipolar‘coupling Hamiltonian in Eq.12b and
the anisotropic part of chemical shift Hamiltonian in Eq.13 will be reversed for the
first and second half of one rotor period. According to Eq.1, the spin system is

then subjected to a lowest-order averaged Hamiltonian
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7 1 c/? total C _ gytotal i
=t [ anm @+ [0 - H @) < 0,118y (15)

However, the *C-'°N heteronuclear dipolar coupling which includes the distance
information has to be recovered with the z pulses applied on *C and/or **N
channels. The Hamiltonian expressed in Eqs. 12-13 can be generally written as
Hp perero =d(t)-1,S, (16a)
Hp homo =d(t)-BI1{ ~T'-1'] (16b)
H s aniso =d (1)1, (16¢)
According to Eq. 14, the sign of the integral of d(f) will be flipped during the first
and second halves of a rotor cycle. In addition, the sign of the spin operators /;
and S; will be flipped by the = pulses applied on the corresponding channels.
Table 2 summarizes the sign of Hp and Hcs,aniso in So and Sy spectra over eight
rotor cycles based on the phase cycling scheme. It is clear that the heteronuclear

dipolar coupling has a non-zero time averaging over the entire period, thus the

difference spectrum will only reflect the heteronuclear dipolar coupling.

Table 2. Hamiltonians in REDOR S; and S; spectra

half rotor
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

cycle
Hphetero *+ - - + + - - 4+ + - - 4+ + - - 4+
So Hpmome + - + - + - + - + - + - 4 -+ -
Hesaniso + - = + + - - 4+ + - -+ 4 - - 4

Hpheteo + + + + + + + + + + + + + + + +
Si Hpopome + - + - + - + - + - + - + - + -

Hcsaniso + - - + + - - 4+ + - - + + - - +
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A more detailed analysis of the evolution of initial density operator can be
completed using the averaged Hamiltonian over the entire phase cycling period.
Table 2 indicates that all the interactions except for the heteronuclear dipolar
coupling have been averaged to zero over 16 rotor periods. Thus, the time
averaging of the total Hamiltonian Hy can be expressed by the zero-order time

averaging of heteronuclear dipolar coupling over 16 rotor periods.
HO = (HD,helero >0 =d- IzSz (1 7)

The term d is a function of B and C according to Eq. 14 and is time-independent.
It is related to the heteronuclear dipolar coupling frequency and can be further
correlated with the internuclear distance between two spins. According to Fig. 10,
the initial direction of the spin operator will be in the transverse plane after the CP
period. Assume the initial magnetization is along x axis in the rotating frame, i.e.

p(0)x I . The time evolution of the magnetization can be calculated as

, 2 .3
p0)=pO-Tn+ Dy - Crp (18)

where

n =[Hy, p(0)]
r, =[Hy,n1=[Hy,[Hy, p(0)]] (19)
ry=[Hy,n]1=[Hy,[Hy,[Hy, p(0)]]]

Using the expression in Eq. 17 for the averaged Hamiltonian and the assumption
for the initial density operator, it can be derived straightforwardly that the r terms

in Eq. 19 for REDOR pulse sequence are
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rocid-1 ySz
ned?. I,  (20)
recid’-1,S,
Thus, the time evolution of spin operator for REDOR can be obtained from the

combination of Eqgs. 18 and 20.

N2 12 N
p(t)oc I _if_"{.l S,.,,M.] _M.I S geeeees
S L ! 3! a 21)
2 3
<0G 5, @)=L b= L cos(d) + 1,8, sl

The first term in the right-most expression of Eq. 21 is detectable while the
second term is undetectable. This can be understood with the density matrix form
of these spin operators. In two-spin systems such as an I-S spin pair, the density

matrix of /x and yS; can be written as

0 01 0 [OO—iO
000 1 00 0 i
I « and /.S 22
**I1 00 0 S0 0 o P
0100 'LO—iOO

The detection operator for a two-spin system can be expressed by /', and has

the matrix form

(23)

S © © ©
o O © O
S O O -
S © = O

The FID is proportional to the trace of the product of the matrices in Egs. 22 and

23.
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From Eq. 24 one can see that the trace of first product is non-zero while the trace
of second product is zero. Consequently, Eq. 21 represents that the detectable
signal after the REDOR pulse sequence is related to the I-S dipolar coupling
frequency as well as the evolution time.

Double CP (DCP) experiments. In the DCP experiments (cf. Figure 11),
the polarization transfer follows the route 'H — >N — °C, and the *N — *C
transfer can be selective for *CO and Ca by setting the spectrometer
transmitter close to the *CO and '*Ca frequencies.(78) The DCP scheme can
serve as building blocks to polarize the labeled '*Cs. The spectra selectivity
transfer is achieved by rendering the conventional Hartmann-Hahn cross
polarization technique frequency dependent. Typically, the rf field applied on the
N channel is comparable to the >N spectrometer frequency offset so that the
intra-system Hamiltonians can be analyzed in a tilted rotating frame. The major
Hamiltonians during the *N — '3C transfer step is

Hlotal = HCS,iso + HCS,aniso + HD (25)

The terms on the right side of EQq.25 represent the isotropic chemical shift, the
anisotropic chemical shift and the '*C-'®N heteronuclear dipolar coupling
respectively. These terms have the similar form as shown in Egs. 12-13 in a
rotating frame and could be expressed as

HCS,iso = QIIz +QSSz (263)
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Heg aniso =01 (1), +05(1)S,  (26D)
Hp=d@)1,S, (26¢c)
The / and S spins represented °C and ®N. Here we use a similar strategy to
calculate the zero-order average Hamiltonian during the '°N->C CP step as used
previously in the REDOR example. However, since the frequency offset Q is
comparable to the Rabi frequency w4, it will be more convenient to apply the AHT
in a tilted togging frame by considering both Q and w1 Firstly we can transfer the
Hp in Eq. 26¢ into a tilted rotating frame defined by Q and w1. The z axis in the
tited rotating frame is along the direction of the vector sum of Q and w¢. The

Euler angle set between the rotating frame and the tilted rotating frame is (0, 6, 0)
-0 — Q - Q
where 6 =6, = arctan( %)‘ ) or 8 =6 =arctan( % ) for /or S and @, and as
1 1S

are Rabi frequencies applied on / and S channels respectively. The dipolar
coupling Hamiltonian in Eq. 26c will consequently be expressed in the tilted

rotating frame as

H ‘,5"‘“‘ = exp[-if;1, ]exp[-ibsS, 1H p exp[ifsS ), Jexpli€; 1, 1=
d(t)cosf, cosbs -21,S, +d(t)sin;sinbs-(I,S_+1_S,)/2+d(t)cosbsinbs-S,(I, +1_)
+d(t)cosbgsin, - 1,(S, +S_)+d(t)sin@;sinbg - (1S, +1_S_)/2

(27)
The five terms on the right side of Eq. 27 indicate the Z component, zero-
quantum (ZQ), single-quantum in / spin space (SQIl), single-quantum in S spin
space (SQS) and double-quantum (DQ) transfer respectively. The time-

dependent term d(f) has the same representation as in Eq. 16a. In the tilted
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rotating frame, the effect of rf and chemical shift can be written as a new
propagator which is along the z axis.

U =expl-i(an; op1; + @5 oS. )] (28)
The effective Rabi frequency equals the vector sum of chemical shift offset and

rotating frame Rabi frequency for individual spins, and the magnitude of the

effective Rabi frequency follows|a . = +a? . Based on Eq. 2, the Hp in the

toggling frame can be evaluated by

I:Ig;gg/e - Uthed U (29)
Each of the five terms in the right side of Eq.27 can be calculated separately.
AREe < 1.8, (30a)

ﬁlggzgée « (A o Ut off ~ons ef 2Rl + Be-i[(ﬂn/,eﬁ-dns,eﬁ')-ﬂmll +Ce-il(w|1,qy-w|s,w)+wklf
+De @1 eff -5 ey ¥ 20R N ),S_ +(4 @ e -As.ep H2aRl | p @] gr-ais.er)+@RY  (30b)
+Ceil(am,e/f—o)|s,e/f)—wklt + Deﬂ(om,e/f-wns,qf)-wnlr )L_S,

~ ' -2 —i 2 ' - i
Hg).gs‘géel x{[Ae’(w”,eﬂ O)R)l +Ae ’(0’ll.ej)”+ wR)l]'f'[Be‘(w”‘eﬂ‘ ‘DR)’ +Be l(d)ll‘eﬁ""'wk)l]

+[Ce‘(“’ll,eﬁ'+¢’k)' +Ce"(‘”ll,ejf“”R)’] +] Dei(an/,e/fﬂam)l + De-i(am,e/f-Zwmr]} LS,

(30c)
+{[Ae'(mll,eﬁ—za)k)‘ _ Ae"(a’”,eﬂ""zmk)']+[Be‘(ql,eﬂ-mR n _ Be_‘(all,eﬂ'"'wR )’]
+H[C o (DL eff @R _ =] off ~OR) 1+[D e"(”’ll,eﬂ'*Z“’R ¥ _ pe (@l ~20R)! 11,8,
I'-Itpo'gféfg - {[Aei(a’ls,qﬂ"zwk)' + Ae"'(qsyeﬂ'*sz )t]+[Bei(a)|s’eff—wR n + Be’“"’lS,ejf“”R )t]
+[Cei(0|s,e/f+wk ¥ Ce (DS @R 1+(D e (DS, *2OR) | e-i(mls,eﬁ"'z‘”R " 11,8, (30d)

+ [Aei(“’ls,qﬂ"za’k » Ae'i(a’ls‘eﬂ*’za’k )i 1+ [Bei(MS‘eﬁ-wR n _ Be—i(aqs&gwam n ]

+[Cei(0’ls,ej]'+¢’R)’ _ Ce—i(a’ls.eﬂ'_wk )’]+[Dei("ls,ej]'+2“’R 4 - De‘i(a’lS,ej]"Z"’R n ]}IzSy
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+D e-«‘[(mu,eﬂwls,e/f H2op ll) 1S, +(4 ei[(a’ll,ej]'+‘”ls,ej]' H2op ) +B ei((an/,eﬁwns,ejf HoRl (30e)

+C eil(a’ll,ejf"'“’ls,eﬁ)‘a)kl’ +D e‘I(“’II,eﬂ'*“’lS,eﬂ)‘z‘”R]’) IS

=2
1H Cp1 TPPM decoupling
. : . Acquisition
¢ 1 CP2
15N .
CP1 L cP2

Figure 11 Double Cross Polarization (DCP) pulse sequence. CP1 and CP2
indicate the 'H—'""N and '"N—'3C cross polarization respectively. There is a

short delay r between the first and second CP process. TPPM decoupling was
applied during the 7, CP2 and acquisition periods.
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The Egs. 30 suggests the ZQ, SQI, SQS and DQ components can be selectively

recovered when the conditions @y .y — @5 .5 =nwg , Wy =nWg, W55 =nwp
and ay; 5 + @5 .7 =nwg (N = 1 or 2) are satisfied respectively. In practice, the
conditions @y, ,; =nwy and oy ., = nwy are always avoided because the CSA

interaction will also contribute to the zero-order average Hamiltonian under thése
RF rotational resonance conditions.(79,20) Consequently, the general forms of

zero-order average Hamiltonian are

(ﬁg’gg’e)o o< (I,S_+1_S,) for @y 7 —yg ; =nap (31a)

(ABPEe) o (S, +1.5.) for @y o + 15 47 =y (31D)

All the time-oscillated terms will be averaged to zero after one rotor period. A
similar derivation of the time evolution of the initial magnetization can be obtained

using Eq. 18 with the assumption that the initial condition p(0)« S, . The initial

condition is different from the REDOR sequence because in DCP the 'H
magnetization is firstly transferred to *N instead of '>C. With the averaged
Hamiltonian in Eq. 31a, the zero-order averaged Hamiltonian in DCP can be
written as

Hyxa-1,S,+b-(I,S_+1.5,) (32)
The parameters a and b can be derived from Eqs. 30 and are generally not the
same. Based on the zero-order Hamiltonian in Eq. 32, the evolution of initial

density matrix should be
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ro oC SX
i =[Hy, po]=[al,S, +bL,S, +b1,S,,S,1=alL,S,, S, 1+ b1,S,,S, = ia-1,S, -ib-1,S,
ry =[Hy, 5] =[al,S, +BL,S, +bL,S,ia-1,S, —ib-1,S,1=1al,S, +b1,S,,al,S, ~bLS, ]

=i{(a® +b*XS,S, - S,S,) +ab(I I, - II,)] = (a’ +b°)S, —abl,
(33)

It can be seen from Eq. 33 that the term r: includes the spin operator /x, which
means the '®C magnetization can be generated from the coupled '°N

magnetization.

EXPERIMENTAL OPTIMIZATION

In the following chapters, multiple solid-state NMR methods will be used
to achieve measurements of different characters for the HFP/membrane system.
I will give an introduction to the experimental setup in this section and will focus
on the results and interpretations of these experiments in the following chapters.

3¢-3'P REDOR experiment. *C-3'P REDOR experiments are going to be
used to measure the distances between '*CO-labeled HFP backbone and the
lipid phosphate *'Ps. The sample used for setup contains 0.8 pmol HFPmn and
20 pmol [1-'3C]-1,2-dipalmitoyl-sn-glycero-3-phosphocholine (1-'*C-DPPC). The
sample preparation started with dissolution in chloroform of 20 pmol 1-'*C-DPPC.
The chloroform was removed under a stream of nitrogen followed by overnight
vacuum pumping. The lipid film was suspended in 2 mL buffer and homogenized
with ten freeze-thaw cycles. Large unilamellar vesicles were formed by extrusion
through a 100 nm diameter polycarbonate filter (Avestin, Ottawa, ON). HFPmn
was dissolved in 2 mL buffer and the HFPmn and vesicle solutions were then

gently vortexed together. The mixture was refrigerated overnight and
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ultracentrifuged at ~150000g for five hours. The membrane pellet with associated
bound HFPmn was transferred to a 4 mm diameter MAS NMR rotor.(4)

The REDOR pulse sequence is the same as sketched in Figure 10 by
replacing *’N with 3'P channel. As described in the previous section, the
dephasing period during the “S;” acquisition contained a *C m pulse at the end
of each rotor cycle except for the last cycle and a *'P m pulse in the middle of
each cycle. In principle, the difference spectrum will contain information about the
3¢c-3'p dipolar coupling (d). In practice, the experimental REDOR dephasing
(AS/S0)** was defined as (Sp-S1)/So where Sp and Sy represent the intensities of
the interested '3CO resonance in the S, and S; spectra, respectively.
Determination of d was based on fitting (AS/Sq)®* to (AS/Sg)*™:

(ﬁ) = 1- [J,(2)1 + {2 Z[J"(‘/_'m } (34)
So 16k -1

where 4 = dr and J is the kth order Bessel function of the first kind.(217)

During the setup process, the 'H and '*C rf fields were initially calibrated
with adamantane and the "*C cross-polarization field was then adjusted to give
the maximum 'CO signal of the sample containing HFPmn and 1-'*C-DPPC.
The 3'P m pulse length was set by minimization of the S; signal in this sample for
7= 8 ms and the 'H TPPM pulse length was set to give the maximum S signal.
Figure 12a displays the plot of (AS/Sp)®® and (AS/So)*™ vs. 7 for HFPmn/1-'3C-
DPPC sample. The best-fit d = 68 Hz according to Eq.34 which corresponded to
a 5.6 A 3C-3'P distance () based on the relation d (Hz) = 12250 / A(A). The
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Figure 12 (AS/Sp)*® (error bars) and best-fit (AS/So)™™ (lines with or without
diamonds) vs dephasing time (1) for (a) the *C-*'P setup and (b) the *C-'°F
setup. In panel (a) the experimental data was fit to a two-spin system. In panel
(b), the experimental data was fit to either a two-spin system (dash line) or a
three-spin system (solid line).
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best-fit NMR value of r is comparable to the 5-6 A values of r observed in the
crystal structures of the related lipids, 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) and 1,2-dipalmitoyl-sn-glycero-[phospho-rac-(1-
glycerol)] (DPPC) (which had both been dehydrated) and in molecular dynamics
simulations of gel-phase DPPC.(22-24) The differences between (AS/Sy)**” and
(AS/Sp)*™ are likely due to: (1) contributions to (AS/Sp)®® from intra- and
intermolecular *'P with comparable values of r which contrasts with the single
3CO-3'P spin pair model used to calculate (AS/Sg)*™; (2) two structurally distinct
3COs in each headgroup with different intra- and intermolecular r values; and (3)
structural disorder within the headgroups.(25) Overall, the 1-'*C-DPPC fitting
yielded good agreement between the NMR r value and the expected range of r
values in the lipid.

5C.F REDOR experiment. '3C-'®F experiments can provide
complementary distance information for *C-*'P experiments in the membrane
insertion studies.(26) These measurements used the same pulse sequence but
with '°F as the third channel. The *F compound to setup the '°F 7z pulses was a
modified helical peptide F (EQLLKALEFLLKELLEKL) with Phe9 substituted by 2-
amino-3-(4-fluorophenyl) propanoic acid (Sigma-Aldrich, St. Louis, MO) and the
adjacent Leu10 labeled with *CO. Figure 12b showed the experimental and
simulated dephasing curves for the fluorinated peptide F. It was observed that
the experimental data fit better to a “‘9F-'3C-‘9F" three-spin system than a “'*C-
®F" two spin system, which may indicate that the helical peptide F could form

oligomers and the labeled '*CO could locate close to more than one 'Fs. The
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REDOR-determined '*CO-'°F distances for the three spin system were 7.6 A and
6.8 A with 162° between the two '*CO-'°F vectors. The distances were
comparable with the ~ 7.1 A distance measured in the crystal structure of the
non-fluorinated compound.(27)

DCP experiments. The DCP building block is expected to be incorporated
with other pulse sequences and served to polarize '*C nucleus that are directly
bonded to "°N nucleus and not natural abundance '*Cs. The optimization for **N
— 3C transfer during the DCP will be described in this section. According to the
previous discussion about the theory, both the ZQ and DQ parts of the dipolar
coupling Hamiltonian can contribute to the transfer under different conditions.
Here the ZQ transfer condition with n = 1 as described in the previous section
was chosen and the key parameters such as ans, @y and ¢& (I = '°C and S = "®N)
were optimized. The '3C transmitter was always set close to the resonance of
interest so that £ = 0 and the MAS frequency was fixed at 8 kHz. A double *CO-
labeled N-acetyl-Leucine (D-'*CO-NAL) was used as the setup compound.
Figure 13a showed a regular 'H-"°C CP spectrum of D-">CO-NAL in which the
177.2 and 175.4 ppm can be assigned to the carboxyl and the acetyl *COs
respectively.(28) In Figure 13b where the DCP pulse sequence was applied, only
the ®CO peak at 175.4 ppm was observed because it was directly bonded to '°N.
Fig. 13c showed that "*C signal came from the *"N—'3C transfer instead of
'H—"3C transfer by removing the CP2 on '*N channel in Figure 11. The *C
transmitter was set to 160.0 ppm. The optimization of a4s is shown in Figure 13d

and the "*N—'3C transfer efficiency was greatly affected by the '°N rf field. Figure
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13e shows the arrayed spectra for calibrating the N frequency offset. The
optimized '*N rf field was 14.8 kHz and the '°N frequency offset was 5.5 kHz.
The center frequency of *C ramp during the ®N—"3C transfer step was 24.0 kHz
so that the condition of ZQ n = 1 transfer was satisfied. In addition, ~ 10 % '*C
ramp and ~ 8 ms contact time was required for a efficient *N—'3C transfer and
the optimized transfer efficiency was 40-50 % compared with direct 'H-'*C CP

experiment.
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Figure 13 (a) ™*CO region of D-"*CO-NAL spectrum acquired using the CP pulse
sequence. (b) ®CO region of D-"*CO-NAL spectrum acquired using the DCP
pulse sequence. The vertical scales in (a) and (b) are the same so that the
relative intensity reflects the DCP transfer efficiency. Both spectra were
processed with 100Hz Gaussian line broadening and baseline correction. (c) A
negative control experiments without ®N CP2 amplitude (cf. Figure 11). The
number of scans used in (a), (b) and (c) was 32. Panel (d) displays the
optimization of N CP2 amplitude as given in Fig.11. The *N rf field was
scanned from 11.8 kHz to 17.8 kHz with the increment of 0.16 kHz. Panel (e)
displays the optimization of >N CP2 offset frequency. The offset was scanned
from -10 kHz to 10 kHz with the increment of 0.5 kHz.
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CHAPTER IV

SECONDARY STRUCTURES OF MEMBRANE-ASSOCIATED HIV FUSION
PEPTIDE OLIGOMERS

BACKGROUND

The ~ 20-residue HIV fusion peptide (HFP) (with the sequence
AVGIGALFLGFLGAAGSTMGARS) has been considered to be a good model
peptide to study the properties of HIV gp41 induced membrane fusion process, at
least to the lipid mixing stage. The free HFP causes fusion of liposomes and
erythrocytes, and numerous mutational studies have shown strong correlations
between fusion peptide-induced liposome fusion and viral/host cell fusion.(7-4) A
variety of experimental methods have shown that the HFP can assume helical or
non-helical structures when associated with micelles or membranes with different
components or with different peptide to phospholipids molar ratios.(5-16) For
HFP associated with negatively charged sodium dodecyl sulfate (SDS) micelles,
one liquid-state NMR study showed that there was uninterrupted a-helical
conformation from 14 to M19,(75) while another study showed a helix from 14 to
A14 foliowed by a pturn(71) For HFP associated with neutral
dodecylphosphocholine (DPC) micelles, helical structure was detected from 14 to
L12.(16, 35) Cholesterol is an important membrane component because the
cholesterol:phospholipid molar ratios are ~0.5 and 0.8 for HIV host cell and HIV
membranes, respectively.(17) Solid-state NMR provided residue-specific
conformational information about HFP associated with membranes whose lipid

headgroup and cholesterol composition were comparable to that of host cells of
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the virus. A B strand conformation was observed for residues A1-G16, while A21
appears to be unstructured.(78,79) In addition, recent solid-state NMR studies
showed that the secondary structure of the membrane-associated HFP can be
affected by the existence of pre-HFP domains, i.e. the hairpin formed by CHR
and NHR domains. It has been observed that in the cholesterol-containing
membranes with comparable peptide to lipid molar ratio, more fraction of a-helix
was presented for the HFP samples with the pre-HFP domain than those without
the pre-HFP domain.(20)

This chapter will summarize the residue specific chemical shifts obtained
with 2D solid-state NMR and compare the experimental '*C chemical shifts with
the RefDB database to determine the secondary structures of the labeled
residues.(23) This database correlates the 'H, *C and N chemical shifts of
previously assigned proteins and the secondary structures determined from X-
ray coordinate data of these proteins. In the database, the secondary structures
of residues were classified as helix, beta strand and coil based on the ¢ and y
dihedral angles. A residue was defined as helix if -120 < ¢ <-34 and -80 < < 6.
A residue was defined as beta strand if -180 < ¢ < -40 or 160 < ¢ < 180 and 70 <
v < 180 or -180 < y < -170. A residue with dihedral angles in other regions was
defined as coil.(23) With the information of secondary structure, we will discuss
(1) the effect of the existence of cholesterol on the secondary structure, and (2)
the effect of HFP constructs on the secondary structure. For the third part, the

chemical shift information from four different HFP constructs, HFPmn, HFPdm,
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HFPtr and HFPmn_mut, will be summarized and the similaritiesy and differences

will be discussed.

MATERIALS AND METHODS

NMR Sample Preparation. Solid-state NMR samples were made with
ether-linked lipids 1,2-di-O-tetradecyl-sn-glycerol-3-phosphocholine (DTPC) and
1,2-di-O-tetradecyl-sn-glycerol-3-[phosphor-rac-(1-glycerol)] (DTPG) because
these are commercially available lipids which do not contain carbonyl groups.
The typical ester-linked phospholipids such as 1,2-dimyristoyl-sn-glycerol-3-
phosphocholine (POPC) and 1,2-dimyristoyl-sn-glycerol-3-[phosphor-rac-(1-
glycerol)] (POPG) were not chosen their large natural abundance lipid *CO
signals would overlap with the peptide '3CO signals. For the current chapter, the
term “PC:PG” denotes the membrane with 4:1 DTPC:DTPG ratio and the term
“PC:PG:CHOL" denotes the membrane with 8:2:5 DTPC:DTPG:cholesterol ratio.
These ratios reflect the approximate fraction of phospholipids and cholesterol in
the HiIV-infected host cell.(77) The typical peptide strand:lipid molar ratios are
1:50 for PC:PG and 1:25 for PC:PG:CHOL, and the total amount of lipid and
cholesterol are 20 pumol for PC:PG and 30 umol for PC:PG:CHOL unless
specifically mentioned.

Each sample preparation began with dissolution in chloroform of the total
amount of lipid and/or cholesterol as described above. The chloroform was
removed under a stream of nitrogen followed by overnight vacuum pumping. The

lipid film was suspended in 2 mL of buffer and homogenized with 10 freeze-thaw
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cycles. Large unilamellar vesicles were formed by extrusion through a 100 nm
diameter polycarbonate filter. For PC:PG samples, the corresponding amount of
HFPs were dissolved in 30 mL of N-(2-hydroxyethyl)piperazine-N*-2-
ethanesulfonic acid (HEPES) buffer, and the peptide solution was added drop
wise into the vesicle solution with gentle vortex to prevent the aggregation of the
peptides and to increase the population of a-helical conformation. For
PC:PG:CHOL samples, the HFPs were dissolved in 2 mL HEPES buffer and the
vesicle and HFP solutions were mixed together. Both mixtures with PC:PG and
PC:PG:CHOL were vortexed at ambient temperature for overnight and
ultracentrifuged at ~150000g for 5 hours. The membrane pellet with associated
bound HFP was transferred to a 4 mm diameter MAS NMR rotor. The majority of
the HFP binds to membranes under these conditions.(27,22)

Solid-state NMR Experiments. All HFPmn_muts were singly-'*CO labeled
and the HFPmn, HFPdm and HFPtr were uniformly-'C-labeled at lle4, Ala6 and
Leu12. All solid-state NMR experiments were conducted on a 9.4T spectrometer
(Varian Infinity Plus, Palo Alto, CA). The *CO chemical shifts for different '*CO-
labeled HFPmn_mut were determined from the '°C-*'P REDOR S, spectra with 2
ms dephasing time and the secondary structures were obtained by comparing
the experimental '*CO chemical shifts to the RefDB databases.(23) A more
detailed assignment was done for HFPmn. HFPdm and HFPtr with uniformly *C
labeled residues using Proton-driven Spin-diffusion (PDSD) methods. All *C
shifts were externally referenced to the methylene resonance of adamantane at

40.5 ppm. The REDOR pulse sequences is similar to the sequence sketched in
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200

13C chemical Shift (ppm)

Figure 14 (f) HFPtr in PC:PG:CHOL. All spectra were processed with 100 Hz
Gaussian line broadening in both dimensions. The individual peaks were
assigned and given in the spectra. For example, the peak assigned to A6
Cp/Ca(p) represent the cross peak between Cp(fi dimension) and Ca(f2
dimension) for Ala-6 in B-strand conformation. The spectra (g) through (l) display
the representative 1D slice of the PDSD spectra (a) through (f) respectively. For
the spectra (a), (c), (d), (e) and (f), the 1D slice is along ~23 ppm in the f,
dimension which corresponds to the Cp of Ala-6 in B-strand conformation. For
the spectrum (b), the 1D slice is along ~18 ppm in the f, dimension which
corresponds to the Cp of Ala-6 in a-helical conformation.
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Figure 10 with 3'P as the third channel instead of '°N. The experimental
parameters for '*C-'"P REDOR will be discussed in chapter VI. The parameters
used in PDSD experiments (cf. Figure 14a) are: 10 kHz MAS frequency; 44-64
kHz ramp on the '3C CP rf field; 62.5 kHz 'H CP rf field; 2 ms CP contact time;
50 kHz '3C /2 pulse rf field; 25 ps t; dwell time; 200 t; values; 20 ps t; dwell time;
and 1 s recycle delay. The parameters were optimized using uniformly labeled
NAL (cf. Figure 14b). Both REDOR and PDSD experiments were done at -50 °C

to enhance the '3C signal.

RESULTS AND DISCUSSION

Residue Specific Chemical Shifts. Figure 14 displays the PDSD spectra
for HFPmn, HFPdm and HFPtr in PC:PG and PC:PG:CHOL.(24) For
PC:PG:CHOL spectra, the assignments were achieved for lle4, Ala6é and Leu12.
For PC:PG spectra, the assignments were achieved for Alaé and Leu12, but the
lle4 cross peaks were not clearly identified. Figure 15a-f shows the '*CO peaks
for HFPmn_mut in PC:PG and PC:PG:CHOL. The "*C chemical shifts of these
residues were summarized in the Table 3a through Table 3h. The following
conclusions can be obtained by directly comparing the chemical shifts for these
samples: (1) The HFPmn, HFPdm and HFPtr can adopt both a-helical and -
strand structures in PC:PG and adopt only pB-strand conformation in
PC:PG:CHOL. (2) There are not obvious chemical shift differences for residue
Alaé and Leu12 between the three oligomers in either PC.PG or PC:PG:CHOL,

which probably means the oligomerization will not affect the secondary structure
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of the region around Ala6 and Leu12. (3) There is a mixture of a-helix and (-
strand conformations for the residues Ala6, Leu9 and Leu12 of HFPmn_mut in
both PC:PG and PC:PG:CHOL. The fraction of a-helix is higher in PC:PG
compared with in PC:PG:CHOL.

Table 3a. Assignments of residues in HFPmn with PC:PG®

Residues Ca Cp Cy CO
51.0 23.3 1753
Alag (55.8)° (18.1) (180.3)
52.8 466 26.1 173.7
Leu12 (577) (42.4) (25.9) (178.8)

4 All chemical shifts are in unit of ppm.
5 The chemical shifts shown in parentheses indicate a-helical conformation.

Table 3b. Assignments of residues in HFPdm with PC:PG

Residues Ca CB Cy CO
505 23.7 175.1
Ala6 (55.8) (18.3) (180.2)
Lout2 53.4 46.0 26.2 173.2
(57.8) 41.7) (26.0) (179.1)

Table 3c. Assignments of residues in HFPtr with PC:PG

Residues Ca Cp Cy co
51.1 23.3 1754
Ala6 (55.8) (17.8) (180.3)
Lout2 53.5 458 27.0 1736
(57.8) 41.9) (26.9) (179.2)

Table 3d. Assignments of residues in HFPmn with PC:PG:CHOL

Residues Ca CB Cy co
lled4 59.2 41.8 27.2 174.2
Alaé 50.6 228 175.3
Leu12 53.5 46.5 27.0 173.7

Table 3e. Assignments of residues in HFPdm with PC:PG:CHOL

Residues Ca Cp Cy co
lled 58.9 42.0 27.5 173.9
Ala6 50.3 227 175.5
Leu12 53.3 45.8 26.5 173.5
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Table 3f. Assignments of residues in HFPtr with PC:PG:CHOL

Residues Co Cp Cy CcO
lled 58.2 41.2 27.4 174.2
Ala6 50.4 23.3 175.1
Leu12 52.9 46.3 26.5 174.1

Table 3g. *CO chemical shift of residues in HFPmn_mut with PC:PG

Residues Ala1 lie4 Alaé Leu9 Leui2 Ala14
13
coO
: 175.8 175.5 175.4 176.8
chemical 175.6 176.5
shift (ppm) (180.3) (179.3) (178.9) (179.3)

Table 3h. ®CO chemical shift of residues in HFPmn_mut with PC:PG:CHOL

Residues Ala1 lle4 Alab Leu9 Leui2 Ala14
13CO
chemical 1755 174.9 176.1 175.8 1758 176.9

shift (ppm) (179.8) (179.2) (179.0)

The results shown above suggested the dependence of global secondary
structure of HFP constructs on the lipid membrane composition, especially the
presence of cholesterol. These data also indicated there was not obvious HFP
constructs-secondary structure correlation for HFPmn_mut, HFPmn, HFPdm and
HFPtr, which might suggested that the secondary structure of HFP was not a
crucial factor to affect the HFP fusion activities because these HFP constructs
were known to have very different fusogenities.(25-27) In the following two
sections, the effect of cholesterol and constructs on the HFP conformation will be
discussed.

Cholesterol-dependence of the HFP Conformation. The presence of
cholesterol in membranes is known to increase the lateral molecular packing

density and membrane tensile strength, decrease the permeability of water
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through the membrane, and promote formation of the “liquid-ordered phase”.(28-
33) This phase is characterized by a rapid lateral molecular translational diffusion
coefficient similar to that of the “liquid-disordered” phase at high temperature
without cholesterol and high configurational order of the lipid acyl chains similar
to that of the “solid-ordered” phase at low temperature without cholesterol.(33,34)
The chemical shifts in Table 3a through 3f suggested that Ala6 and Leu12 in
HFPmn, HFPdm and HFPtr will adopt a mixture of a-helical and B-strand
conformation in PC:PG and only pB-strand conformation in PC:PG:CHOL. In
another set of experiments shown in Figure 15g-i, the '*CO chemical shift of
Ala15 in HFPmn, HFPdm and HFPtr were measured when the peptides were
associated with PC:PG or PC:PG:CHOL. It was observed that the predominant
3CO chemical shift in PC:PG was ~178 ppm with a shoulder at ~176 ppm, while
in PC:PG:CHOL there were single peaks at ~176 ppm. The 178 ppm signal was
assigned to helical conformation and the 176 ppm signal was assigned to B-
stand conformation for Ala15.(26) The combination of these two pieces of
information suggested there was partial a-helical conformation formed in PC:PG
for the hydrophobic region of HFP constructs, i.e. Alaé through Ala15. The helical
conformation of the residues Ala6 through Ala15 detected in membranes is in
general agreement with the observed conformation for this region in micelles in
previous solution NMR experiments. There was a general agreement about the
formation of an a-helix from residues lle4 to Leu12 in both SDS and DPC
micelles, while some experiments supported the fact that the helix can be

extended to Met19.(71,15) A recent solution NMR structure for the N-terminal 23
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residue HFP also indicated the formation of an a-helix from lle4 to Ala14 in
micelles.(35) In addition, a similar correlation between the presence of
membrane cholesterol and the preference of p-strand conformation has been
observed for the influenza virus fusion peptide so that the correlation may be a
general property of fusion peptides.(36,37) Although the reasons for the
structural effect of membrane cholesterol are poorly understood, it is useful to
consider the increased lateral molecular packing density in cholesterol-containing
membranes and the possibility to form large p sheet aggregates for the p-strand
HFPs.(31) Relative to the B aggregates, the small monomeric a-helix might
experience a more positive increase in free energy of membrane insertion with
higher packing density.

Construct-dependence of the HFP Conformation. Different HFP
constructs were known to induce lipid mixing and vesicle fusion with different
rates. One previous study concluded that the lipid mixing rate induced by HFPtr
was at least 15 times faster compared with that induced by HFPmn, and HFPdm
has a fusion activity between HFPmn and HFPtr.(25) In addition, there have
been studies both in vivo and in vitro which showed that the V2E mutation has a
transdominant effect on the fusion activity of HFP.(27) One possible explanation
is that there is a required secondary structure for HFP to induced vesicle fusion
and different HFP constructs would adopt different fractions of such fusion active
conformation. In that case one would expect to observe a continuous increase of
a certain secondary structure following the trend HFPmn_mut < HFPmn <

HFPdm < HFPtr. In figure 14a-c, the relative intensities of Ca/Cp cross peaks for
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Ala6é in a-helical and pB-strand conformations are different for different HFP
constructs. For HFPmn and HFPtr, the cross peaks for B-strand conformation is
more intense compared with the peaks for a-helix. For HFPdm, on the other
hand, the cross peak for helical structure is more intense compared with that for
strand structure. Figure 16a displays the 1D slice along the chemical shift of Cy in
f; dimension for HFPmn, HFPdm and HFPtr. This position was chosen because
the chemical shifts of Cy of Leu12 in helical and strand conformations were very
close according to the Table 3a-c, which would make it convenient to compare
the relative intensity of cross peaks for the two conformations directly. Figure 16a
indicates that for Leu12, there is more B-strand than a-helix in HFPmn and HFPtr,
and more helix than strand in HFPdm. The trend that the relative helical fraction
in HFPdm is larger compared with that in HFPmn and HFPtr was also observed
in other sets of *C-3'P REDOR experiments for Alaé and Ala15.(26) As shown in
Figure 16b, the *CO intensity for a-helical conformation is greater than that for p-
strand conformation in HFPdm, but not in HFPmn or HFPtr. In addition, the '*CO
chemical shifts for HFPmn_mut summarized in Table 3h reveals that for a non-
fusogenic HFP construct, the residues Ala6, Leu9, Leu12 and Ala14 can adopt
both helical and strand structures. The combination of these information
suggested (1) the loss of fusion activity does not associate with the
disappearance of a particular secondary structure because there are mixed
helical and strand conformations in HFPmn_mut, and (2) the increase of fusion
activity does not associate with the increase of a particular secondary structure,

e.g., from HFPmn to HFPdm, there is an increase in the relative population of a-
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helix, while from HFPdm to HFPtr, there is an increase in the relative population
of p-strand. This further means (1) both the helical and the B strand
conformations are fusion active; or (2) fusion is induced by unstructured HFP.
This transient HFP state would not be apparent in the NMR samples which
reflect the long-time end-state HFP structure.(38,39) Experimental support for the
first interpretation is an HFPmn study which showed that the rates of membrane
binding and secondary structure formation were faster than the rate of lipid

mixing.(40)
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Figure 15 "*CO spectra of (a) Ala1, (b) lle4, (c) Ala6, (d) Leu9, (e) Leu12 and (f)
Ala14 in HFPmn_mut associated with PC:PG and PC:PG:CHOL. For each
labeled residue, the spectrum with PC: PG is shown in the left and the spectrum
with PC:PG:CHOL is shown in the right. '
HFPdm and (i) HFPtr associated with PC:PG in the top row and PC:PG:CHOL in
the bottom row. All spectra are obtained with the *C-*'P REDOR pulse
sequence with 2 ms dephasing time, and processed with 200 Hz Gaussian line
broadening and baseline correction. All PC:PG spectra are acquired with 3000
scans and all PC:PG:CHOL spectra are acquired with 1500 scans. The vertical

dashed lines in (g)-(i) indicate the chemical shift of p-strand 3CO.
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Figure 16 (a) 1D slices along the chemical shift of Cyof Leu12 for HFPmn,
HFPdm and HFPtr in the top, middle and bottom spectrum respectively. The
vertical dashed lines labeled 1-3 are assigned to the chemical shifts for CO/Cy,
Ca/Cy and CP/Cy cross peaks in helical conformation respectively, and 4-6 are
CO/Cy, Ca/Cy and CP/Cy cross peaks in strand conformation respectively. (b)
3c-3'P REDOR S spectra for Ala6 and Ala15 samples. In each spectrum, the
left peak corresponds to a-helical structure and the right peak corresponds to -
strand structure.
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CONCLUSION

The secondary structure studies on a variety of HFP constructs
concluded: (1) In PC:PG:CHOL, there is a predominant p-strand conformation for
HFPmn, HFPdm and HFPtr, while HFPmn_mut can adopt partial helical
conformation; (2) In membranes without cholesterol, there is a mixture of a-helix
and pB-strand secondary structures, and the a-helix is located from Ala6 to Ala15;
(3) There is not an obvious correlation between the secondary structure and
fusion activities for different HFP constructs, which suggested both a-helical and

B-strand conformations can be fusion active.
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CHAPTER V

TERTIARY STRUCTURES OF MEMBRANE-ASSOCIATED HIV FUSION
PEPTIDE

BACKGROUND

Previous studies on V2E HIV mutants suggest that HFP oligomerization
is a structural requirement for fusion. Such oligomers could be formed in the
strand HFP conformation through inter-peptide hydrogen bonding.(7) Solid-state
NMR REDOR experiments were performed on HFPmn associated with
cholesterol-containing membranes samples in which half of the peptides
contained specific 'C carbonyl backbone labels and the other half of the
peptides contained specific °N backbone labels. Strong evidence for oligomeric
B structures was provided by observation of a significant reduction of the '*C
signals by the °N nuclei.(2) Previous analytical ultracentrifugation (AUC) studies
concluded that HFPmn, which contained a number of non-nature charged
residues in the C-terminus, was monomeric in solution and was converted to
oligomers as a result of membrane association.(3) In addition, samples prepared
by different methods had very similar NMR spectra, which indicated that the
oligomeric B structure was an equilibrium rather than a kinetically trapped
structure.(4) Since both the host cell and virus membranes contain a large
fraction of | cholesterol,(5) the formation of oligomeric B structures may be
biologically relevant when the HIV fusion peptide interacts with the membranes.

The possible biological significance of fusion peptide oligomerization is

also suggested by the following evidence: (1) The atomic-resolution structures of
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the soluble ectodomain of gp41 showed stable gp41 trimers.(6) These structures
ended ~ 10 residues C-terminal of the fusion peptide domain, and their three N-
termini were close together at the ends of an in-register helical coiled-coil.(7)
Thus, it appears that at least three fusion peptides are in close proximity when
they interact with the target membrane. (2) Experiments and modeling studies
further suggested that the fusion site contained multiple envelope protein
trimers.(8,9) (3) The functionally disruptive Val-2 to Glu-2 mutation in the gp41
fusion peptide is trans-dominant, i.e., cells expressing 10% mutant proteins and
90% wild-type protein exhibit only 40% of the fusion activity of cells with 100%
wild-type protein. One interpretation of the mutation stu_dy was that the mutant
peptide disrupts the correction assembly of a functionally important fusion
peptide oligomer.(1)

The combination of previous works suggested the importance to study
the tertiary structure of the membrane-associated g strand HFP. The specific
aims include: (1) is there a predominant parallel or anti-parallel B-sheet structure;
and (2) is there a preferred or several preferred registries for the B-sheet
arrangement? In the results and discussion part of this chapter, the evidence for
the exiétence of anti-parallel B-sheet structure will be provided, and the indirect
evidence will be described for the predominance of anti-parallel structure versus
parallel structure by comparing the present result with previous studies.(2,70) In
addition, two anti-parallel B-sheet registries have been observed with the overlap
of the N-terminal 16 or 17 residues. Finally, a procedure to quantify the

percentage of certain anti-parallel B-sheet registries will be provided, and the
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results showed that ~ 25 % of HFPmn has a 16-residue overlap and ~ 30 % of

HFPmn has a 17-residue overlap.(10)

MATERIALS AND METHODS

Peptide. All peptides used in this chapter were summarized in Table 4
with their sequences and ®CO and "N labeled residues. Although there was a
cysteine in the C-terminus, the peptides were predominantly non-cross-linked as
judged by monomeric molecular weight in AUC data. (3,71) The synthesis of
HFP monomers was completed using a 15 mL manual reaction vessel (Peptides
International, Louisville, KY) and followed the same procedure as described in
chapter Il for HFPmn and in appendix 3 with FMOC chemistry.(72) HPLC and
MALDI-TOF-MS were used to purify and identify the peptides.

Table 4 peptide sequences and labeling schemes.?

Name Sequence

HFP-A  AVGIGALFLGFLGAAGSTMGARSWKKKKKKA®
HFP-B  AVGIGALFLGFLGAAGSTMGARSWKKKKKKAP
HFP-C  AVGIGALFLGFLGAAGSTMGARSWKKKKKKAP
HFP-D  AVGIGALFLGFLGAAGSTMGARSWKKKKKKAP

HFP-E  AVGIGALFLGFLGAAGSTMGARSWKKKKKKAP

? The red symbol indicates the ' N-labeled amino acids and
the blue color indicates the 1:"CO-Iabeled amino acids.

NMR Sample Preparation. The sample preparation followed the
procedure provided in chapter IV and all peptides described in Table 4 were

associated with PC:PG:CHOL.
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3C-'SN REDOR Experiments and Simulations. The triple resonance MAS
probe was used and tuned to *C, 'H, and *N frequencies of 100.8 MHz, 400.8
MHz, and 40.6 MHz, respectively and the '>C transmitter was at 152.4 ppm. The
REDOR sequence was shown in Fig. 10 and the following parameters were used
in the present set of experiments: (1) a 44 kHz 'H /2 pulse; (2) 2.2 ms cross-
polarization with 63 kHz 'H field and 76-84 kHz ramped 'C field; and (3) a
dephasing period of duration 1 for which the “Sy” and “S;” acquisitions contained
62 kHz *C w pulses at the end of each rotor cycle except the last cycle and for
which the'S1 acquisition contained 27 kHz '°*N 1 pulses in the middle of rotor
cycles; and (4) '*C detection. (2, 13-16) XY-8 phase cycling was applied to the *C
and "N pulses during the dephasing period, TPPM 'H decoupling of ~95 kHz
was applied during the dephasing and detection periods, the recycle delay was 1
s, and the MAS frequency was 8000+2 Hz. REDOR experiments were
calibrated using a lyophilized “l4” peptide with sequence
AcAEAAAKEAAAKEAAAKA-NH; and a '>CO label at Ala-9 and a *N label at
Ala-13. For the predominant o helical conformation of 14, the labeled *CO-'°N
distance is ~4.1 A.(13,17)

The So REDOR spectrum contained all *C signals while the S; spectrum
had reduced signals from *C with proximal ®N and therefore appreciable '3C-
>N dipolar coupling (d). The equation d = 3100/ expresses the relation between
d in Hz and 3C-"®N distance (r) in A. The data analysis focused on integrated So
and S intensities in the labeled >)CO region that were denoted as “Sy” and “Sy”,

respectively, and an experimental fractional dephasing (AS/Sp)®® = (So™* -
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S1%%P)1S,™® was calculated for each 7. The (AS/Sy)*® provided the experimental
basis for determination of d and r. The o ®” uncertainty in (AS/So)** was

calculated by

J(SO2 X aslz) Z (SI2 X O'S:) (35)
SO

exp

o

where os, and os, are the experimental root-mean-squared noise of the Sy and
0 1 P

S1 spectra, respectively.(18)

Calculations of (AS/Sp) as a function of spin geometry were denoted
(AS/So)*™ and were made using the SIMPSON program.(19) The calculations
were based on two or three spins where one of the spins was the Ala-14 *CO in
a central B strand and the other one or two spins were labeled '*N on adjacent
strands. In order to make meaningful comparison between the (AS/Sg)*™ which
were based only on labeled nuclei and (AS/Sp)®*® which included contributions
from both labeled and natural abundance nuclei, (AS/Sp)°® were calculated from
the (AS/Sy)®® and reflected removal of the natural abundance contribution.

The following parameters/approximations are used:

A1. There is 99% labeling of the Ala-14 '3CO and Val-2, Gly-3, lle-4 or
Gly-5 N sites. Sy = Sofor a labeled Ala-9 *CO in a molecule with a Val-2, Gly-3,
lle-4 or Gly-5 "N.

A2. Effects of natural abundance '°N on '*CO S; signals are evaluated
using the following criteria: (1) Sy = 0 for a labeled Ala-14 '*CO separated by one

or two bonds from a natural abundance '°N at Ala-15 and Ala-14. Ala-14 S; is not
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affected by other natural abundance ™N. (2) S; = 0 for natural abundance
backbone '*COs at Ala-1 and Val-2, Val-2 and Gly-3, Gly-3 and lle-4, or lle-4 and
Gly-5 which are separated by one or two bonds from the labeled Val-2, Gly-3, lle-
4 or Gly-5 N, respectively. Sy= Sy for other natural abundance backbone '3CO
sites. Criteria (1) and (2) are based on the close distance (<2.5A) and
consequent strong (> 200 Hz) dipolar coupling of '*CO and '*N nuclei separated
by one or two bonds.

Figure 17 displays a flow chart for the determination of (A S/S)* for HFP-
B with '3CO labeled Ala-14 and '*N labeled Val-2. (AS/So)°™ for the other HFP
samples were derived based on the same flow chart but only with different °N
labeling.

A complete derivation of (AS/S)*" follows:

exp exp _ qexp
(AS) S-S (36)

S0 S
S¢¥ is expressed as the sum of contributions from labeled *CO nuclei (5’) and
from natural abundance "*CO nuclei (S5):
S§P =S¢+ 8§ =1-Uc+n4c (37)

where 1 — Uc is the fractional Ala-14 '*CO labeling, Ac is the fractional '*C

natural abundance, and n is the total number of unlabeled peptide backbone CO

sites in an HFP molecule. 57 is also expressed as the sum of contributions from
labeled *CO nuclei (S5{“°) and from natural abundance '3CO nuclei (5 ):

SEP = S{% + S+ (38)
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Figure 17 Flow chart of derivation of (AS/Sp)* for REDOR of HFP-B. The four
rows in each box are in sequence: the site description, its relative population, and
its contributions to Sp and S;.
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with:
S =(1- Uc~ Up)(1 - 24y)f + Uy (39)
and:
SMe = (n-2)4c (40)
where 1 — Uy is the fractional °N labeling of the Val-2, Gly-3, lle-4 or Gly-5

residue for HFP-H, HFP-l, HFP-J and HFP-K respectively, Ay is the fractional

N natural abundance and the parameter f

cor cor _ qcor cor
f=%=]_L$'l—=l'['A_SJ (41)
So So

Incorporate Eq. 41 into Eq. 39:

AS

S =(1-Uc-Uy)(1- 2AN)[1 - (Ts‘o—]er +Uy

(42)

- (1= Ue-Up)1-24)- (- Ve-v)i-2)( 2] "+ v,

Uc, Uy, and 24, are much less than 1 so that:
(I_UC_UN)(I-ZAN)EI-UC—UN-zAN (43)

and:

AS cor
S{® = 1-Upq-24y- (1-Uc-Uy - 2AN)(S—] (44)
0

Incorporate Eqgs. 40 and 44 in Eq. 38:
AS cor
SlexP= I—UC-ZAN—(I—UC‘UN—ZAN)(S_) + (n—Z)AC (45)
0
Combine Egs. 37, 38, 39, and 45:
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cor
ngp —-SlexP = []—UC +”Acl— I—Uc-zAN - (I—UC —UN —2AN)(S§) + (n—Z)AcJ
0
(46)
and simplify:
AS cor
ngp—slexp=2AC+2AN+(l"UC—UN—ZAN)(S—) (47)
0
Combine Eqgs. 37 and 47:

AS cor
AS exp ZAC + 2AN + (l - UC_ UN - 2AN)(§;J
Al 48
(So) 1 —Uc"' nAC ( )

and rewrite:

MY 1 -Uc+nde  (ASYT 240+ 24y 49)
So (1-Uc-Uy-24y) So (1-Uc-Uy-24y)

Expressions in Eq. 49 were numerically evaluated using Ac = 0.011, Ay = 0.0037,
n =29, and Uc = Uy = 0.01 which were based on 0.99 fractional labeling of the
Ala-14 *CO sites and 0.99 fractional labeling of the Val-2, Gly-3, lle-4 or Gly-5

5N sites:
cor exp
(éﬁ] = 1.360(AS—J - 0.030 (50)

Eq. 50 resulted in:
o’ = 136007 (51)

Input parameters to the SIMPSON program included the *CO-"°N dipolar

couplings, the Ala-14 3CO chemical shift and CSA principal values, and sets of
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Euler angles which reflected the orientations of *CO-'°N dipolar coupling and
3CO CSA PASs in the fixed crystal frame. The 3CO chemical shift was 175 ppm
and CSA principal values were set to 241, 179, and 93 ppm, respectively.(20)
Determination of Euler angles was based on atomic coordinates of the labeled
nuclei and these coordinates were taken from crystal structure coordinates of
outer membrane protein G (OMPG) (PDB file 2IWW).(21,22) OMPG was chosen
because the REDOR experiments probed anti-parallel B strand structure in HFP \
and this was the predominant OMPG structural motif. After the '>*CO coordinates
were obtained from a specific residue in OMPG, '*N coordinates were obtained
from nearby residues in the two adjacent strands. The Results section includes
more detail about the specific choices of these nearby residues. For the two-spin
simulations, the (a, B, y) Euler angles of the dipolar coupling PAS were (0, 0, 0)
and for the three-spin simulations, the angles for one dipolar PAS was (0, 0, 0)
and for the other PAS were (0, 6,0) where 6 was the angle between two *CO-'°N
vectors. The Euler angles for the '>*CO CSA PAS were calculated using the
known orientation of the PAS relative to the *CO chemical bonds and the
OMPG-derived orientation of these chemical bonds relative to the crystal

frame.(23)

RESULTS AND DISCUSSION
Anti-parallel B-sheet Registries for HFPmn. *C-'>N REDOR experiments
were first carried out for HFP-A in Table 4 which contained *CO labeling at

Ala14, Ala15 and Gly16 and °N labeling at Ala1, Val2 and Gly3. This labeling
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scheme was chosen because: (1) if there were adjacent strand crossing between
Phe-8 and Leu-9, the '*CO-labeled residues on one strand would be hydrogen
bonded to the '°N labeled residues on an adjacent strand with concomitant °C-
N dipolar couplings of ~ 45 Hz; and (2) intramolecular *CO-"°N couplings are
negligible. Representative spectra are displayed in Fig. 18a, b and the respective
(AS/Sg)*® were ~ 0.41 and ~ 0.50 for REDOR dephasing time t = 24 and 32 ms.
These values suggested that there was a large population of HFP with the
putative anti-parallel strand registry.(70) Unambiguous analysis of these data
was challenging because there were contributions of three distinct *COs and
because different combinations of anti-parallel strand registries could fit the data.

Ambiguity was reduced by studying samples for which HFPmn had only a
single '3CO and a single "N label. Four HFPs were prepared and all had a *CO
label at Ala-14. This residue had been *CO labeled in HFP-A and had been
previously observed to give a fairly sharp signal.(24) The '°N label was at Val-2
(HFP-B), Gly-3 (HFP-C), lle-4 (HFP-D), or Gly-5 (HFP-E). The variation of the
REDOR data among the different HFPs was striking (cf. Figure 18c-j and Figure
19a). For 7= 32 ms, the (AS/Sy)*® were ~0.3 for the HFP-C and HFP-D samples
and ~0 for the HFP-B and HFP-E samples. These data suggested that there
were two anti-parallel registries which could be classified: (1) Ala-14 on one
strand opposite Gly-3 on the adjacent strand; and (2) Ala-14 on one strand
opposite lle-4 on the adjacent strand. These two registries were denoted A and B

and are displayed in Fig. 20a.
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Figure 18 REDOR Sp and S, spectra for membrane-associated (a, b) HFP-A, (c,
d) HFP-B, (e, f) HFP-C, (g, h) HFP-D and (i, j) HFP-E. Spectra a, ¢, e, g, i were
obtained with 24 ms dephasing time and spectra b, d, f, h, j were obtained with
32 ms dephasing time. Each spectrum was processed with 200 Hz Gaussian line
broadening and baseline correction. Each Sy or S spectrum was the sum of (a)
41328, (b) 56448, (c) 45920, (d) 81460, (e) 55936, (f) 79744, (g) 30898, (h)
81856, (i) 45920 or (j) 71040 scans.
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Figure 19 Plots of (AS/Sp)* vs dephasing time for membrane-associated HFP
samples prepared with [HFP)inta Of (a) 400 uM or (b) 25 uM. The symbol legend

is: diamonds, HFP-B; triangles, HFP-C; circles, HFP-D; and squares, HFP-E.
The o ° were ~0.04.
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Figure 20 (a) Two antiparallel registries of residues 1-16 of HFP that were
consistent with the REDOR data shown in Fig. 20. The registries are denoted A
and B and the *CO labeled Ala-14 residue is highlighted in blue. (b) Models
used to calculate (AS/So)*™ and spin geometries specific for the HFP-C samaple.
Each model includes nuclei from three adjacent strands with the Ala-14 '*CO
always in the middle strand and "°N in the top and/or bottom strands. The first
letter in the labeling of each model refers to the middle strand/top strand registry
and the second letter refers to the middle strand/bottom strand registry. Registry
X is any registry for which the interpeptide *CO-'°N distance was large in the
HFP-H, HFP-I, HFP-J, or HFP-K samples so that d = 0. The Ala-14 *CO is
hydrogen bonded to an amide proton in the top strand. Relevant labeled '3C-'5N
distances and '°N-"3C-"*N angles are: r; = 4.063 A; ry’ = 5.890 A; r, = 5.455 A r,’
= 6431 A, 64 = 161.1°; 9, = 131.9°; §3= 130.2°; and 8= 117.0°. Each
parameter value was the average of 10 specific values taken from the crystal
structure of outer membrane protein G.
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The samples used to obtain data for Figures 18 and 19a were made with
[HFPmMN)intia = 400 puM. In order to check for possible effects of HFP self-
association in aqueous solution prior to membrane binding, two additional HFP-C
and HFP-E samples were made with [HFPmMN)intia = 25 pM which is a
concentration for which HFP is known to be monomeric in the HEPES buffer.(4)
Figures 19a,b illustrates that very similar (AS/Sy)* were obtained for both values
of [HFPmn)intiaa and the apparent strand registries appear to be due to
membrane-association.

The registries proposed in Figure 20a were consistent with a previous set
of PDSD experiments in which “scatter-uniform” labeled (SUL) HFPmn were
studied and crosspeaks were observed between Ala6 and Gly10 and between
lle4 and Ala13.(25) In addition, it was worthwhile comparing the REDOR
dephasing obtained at r = 24 ms for HFP-A to a previous set of triply-labeled
HFP monomer samples where 50 % triply *CO-labeled peptide and 50 % triply
'*N-labeled peptide had been used. In those cases the combination HFPmn-
(A14A15G16)c/HFPmMn-(A14A15G16)y provided ~ 4 % dephasing and the
combination HFPmn-(A14A15G16)c/HFPmn-(G5A6L7)y gave ~ 16 % dephasing
at 24 ms, while Figure 18a showed the HFP-A sample gave ~ 55 % dephasing at
the same dephasing period.(2) Although the probability for a '*C-labeled HFP
aligned with a "®N-labeled HFP was only half of this probability in the present
study, there was still a clear trend that the dephasing will increase when the

labeling pattern satisfy an anti-parallel instead of a parallel g-sheet arrangement.
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Quantitative Anti-parallel p-sheet Registry Models. More quantitative
analysis of the (AS/Sp)* of the samples was done using calculations of
(AS/So)™™ based on different models for registries of three adjacent strands with
the overall goal of quantization of the populations of the different registries. The
strands were denoted, “top”, “middle”, and “bottom”. Figure 20b displays the
models as well as spin geometries specific to the HFP-C sample. The models
were focused on registries at the middle strand Ala14 whose '*CO group was
hydrogen bonded to an amide proton in the top strand. Each model was labeled
by two letters which were either A, B, or X. The first letter described the registry
relating the middle strand and the top strand and the second letter described the
registry relating the middle strand and the bottom strand. For registry A, Ala14 in
the middle strand was across from Gly3 in the adjacent strand and for registry B,
Ala14 in the middle strand was across from lle4 in the adjacent strand (cf. Figure
20a). Registry X was defined as any registry for which the inter-peptide *CO-"°N
distance was large in the HFP-B, HFP-C, HFP-D, and HFP-E éamples so that d =
0. Registry X could include the in-register parallel strand arrangement. Such
registry has been proposed for membrane-associated gp41 constructs which
contain the HFP.(26)

Model XX had (AS/So)*™ = 0 for all dephasing times while models AX, XA,
BX, and XB resulted in two-spin systems for which (AS/Sp)*™" were primarily
dependent on the *CO-'°N distance. Models AA, BA, AB, and BB were three-
spin systems for which (AS/So)*™ depended both on the two *CO-"*N distances

and on the angle between the two *CO-'°N vectors.(27) For all samples and all
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models, (AS/So)*™ were calculated for each of the five experimental dephasing

times.

The fractional populations of each of the models were calculated with
fitting of the (AS/So)*™ and the (AS/So)°. The fitting was primarily based on the
data from the HFP-C and HFP-D samples because many of the (AS/Sy)* for
these samples were appreciably positive. Fitting was accomplished with the

equations:

[CANCN]

cor
(a,,k )
calc

(54, =24~ (%), @

for which j was the index of the sample, k was the index of the dephasing time, /

12=_22:ZS',

J=lk=

(52)

was the index of the model, and f; was the fractional population of model /.

Three types of fitting were done and differed in the choice of which f; were
fitted and which were set to zero. For all fittings, ¥ f; = 1. For “unconstrained”
fitting, there was no correlation between the registry of the middle and top
strands and the registry of the middle and bottom strands. All f were therefore
fitted and each f was a function of “a” and “b” which were defined as the
fractional probabilities of two adjacent strands having A or B registries,
respectively. The fractional probability of the X registries was then 1 — a - b.
Each f was the product of the fractional probabilities of the middle strand/top

strand registries and middle strand/bottom strand registries with resulting fas = a,
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faa = ab, fag = ab, fag = b?, fax = a(1 — a—b), fxa = a(1 —a—-b), fax=b(1 - a-b),
fxe=b(1-a->b),and ix=(1-a- b)?. “Partially constrained” fitting was done
based on the idea that there were domains of antiparallel strand registry and
domains of X registry so that fas = @, fza = ab, fag = ab, feg = b?, fax = 0, fxa = 0,
fax = 0, fixs = 0, and fix = 1 — (@ + b)?. For partially constrained fitting, physically
meaningful expressions of a and b included: (1) a/b which was the ratio of
probability that two adjacent strands had A registry to the probability that they
had B registry; and (2) (a + b)¥[(1 - (a + b)]* which was the ratio of the total
population of the A and B antiparallel structures to the population of the X
structures. For “fully constrained” fitting, it was assumed that g strand domains
would form with only A or only B or only X registries so that fas = a2, faa = 0, fag =
0, fas = b2, fax = 0, fxa = 0, fax = 0, fxa = 0, and fyx = 1 — &% - b2, In this fitting, the
fractional populations of the A, B, and X strand arrangements were a°, b, and
1 - & - b?, respectively.

The results of unconstrained fitting are displayed in Figure 21a as a 2D
contour plot of 7 vs a and b. The best-fit a = 0.22 and b = 0.31 with *mi, = 16.5
and good-fit a and b represented in the black region.(78,20) The good-fit regions
of the plot showed negative correlation between a and b as might be expected
from the positive correlation between (AS/Sp)°®® and either a or b for both the
HFP-1 and HFP-J samples. The (AS/Sy)°®* were also computed for the HFP-H
and HFP-K samples using the best-fit a and b. At 7= 32 ms, maximum (AS/Sg)***
of 0.08 and 0.09 were obtained for the HFP-H and HFP-K samples, respectively,

and can be compared to the maximum (AS/Sy)® = 0.05 + 0.04 for these samples.
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Figure 21b displays the 2D contour plot of partially constrained fitting with best-fit
a=0.31 and b = 0.42 with ’mn = 15.1. At = 32 ms, these a and b values led to
(AS/S0)°®™ = 0.11 and 0.13 for the HFP-H and HFP-K samples, respectively.
Figure 21c displays the 2D contour plot of fully constrained fitting with best-fit a>
= 0.26 and b? = 0.33 with #’min = 12.7 and (AS/Sp)®* = 0.09 and 0.12 at 7 = 32
ms for the HFP-H and HFP-K samples, respectively. For all three fittings, the
2’ min are reasonable, as evidenced by being within a factor of 2 of 8, the number
of degree of freedom of the fitting. This suggests that each model is plausible.
The limits of the good-fit black regions have been generously set and include all
parameter space with 7* 2-3 units higher than *min.

The best-fit f of the three fittings were used to calculate P4, Pg, and Px
which were fractional populations of the A, B, and X registries, respectively: P4 =
fan + (faa + fag + fax + fxa)/2 ; Pg = fgg + (faa + fa + fax + fxs)/2 ; and Px = fix + (fax
+ fxa + fax + fxg)/2 with P4 + Pg + Px = 1 . The resulting fractional populations
were: (1) unconstrained fitting, Pa = 0.22, Pg = 0.31, and Px = 0.47; (2) partially
constrained fitting, Pa = 0.23, Pg = 0.31, and Px = 0.46; and (3) fully constrained
fitting, Pa = 0.26, Pg = 0.33, and Px = 0.41 . An overall result of the three fittings
was therefore P, = 0.25, Pg ~ 0.30, and Px = 0.45. In addition, examination of the
values in the black regions of the three plots showed that the approximate range
of reasonable values for the sum P, + Pg was 0.5-0.6 and the corresponding

range of Px was 0.4-0.5.
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Figure 21 Contour plots of 7 vs
strand fitting parameters for (a)
unconstrained, (b) partially
constrained; and (c) fully
constrained fittings. The a, b, a“
and b? parameters refer to
probabilities for different adjacent
strand arrangements. In plot a, the
black, green, blue, red, and white
regions respectively correspond to
<19,19< #<21,21 < <23,
23 < 2 < 25, and 7* > 25. In plot b,
the regions respectively correspond
to /< 18,18 < 2 < 20,20 < # < 22,
22 < 2 < 24, and »* > 24, and in
plot c, the regions respectively
correspond to 7#< 15, 15 < 2 < 17,
17 < <19,19< 2 <21, and 2>
21. Best-fit parameters were: plot a,
a=0.22, b=0.31, # = 16.5; plot b,
a=031,b=042 ¥ =151; and
plot ¢, a® = 0.26, b° = 0.33, /* =
12.7. In plot a, the a and b
parameters are the fractional
probabilities of adjacent strands
having A or B registries, respectively.
In plot ¢, the a® and b* parameters
are the fractional probabilities of
domains of A or B registries,
respectively.



Previous studies in our group using 2D PDSD methods detected inter-
peptide or inter-residue crosspeaks with long mixing times between Ala6é and
Gly10, and between lle4 and Gly13.(25) These observations were consistent with
the A and B registries. Compared with the previous SUL samples, the REDOR
data were more quantitatively analyzed and also significant based on our
knowledge because it provided the first residue-specific structural model for the
B-strand HFPs. There would be complete (registry A) or nearly cohplete (registry
B) inter-peptide hydrogen bonding for residues Ala1 to Gly16 which form the
apolar region of the HFP. These hydrogen bonding patterns would be favored if
this region were predominantly located in the membrane interior. The existence
of multiple B-strand structures is also consistent with a recent *C and "N
assignment of a membrane-associated HFP with SUL at Phe8, LeuS and Gly10.
(28) There were two crosspeaks with comparable intensity for the Leu9
3CO/Gly10 '°N correlation and two crosspeaks with comparable intensity for the
Gly10 *CO/Gly10 *N correlation. For a given pair, the two '*C shifts differed by
~0.5 ppm and were both consistent with B-strand conformation whereas the
Gly10 '*N shifts were 107 and 111 ppm. The two crosspeaks may correlate with
the multiple B-strand structures inferred from analysis of the REDOR data in the
present study. It was also interesting to compare the current REDOR work with
one anti-parallel registry suggested by a previous REDOR work where samples
contained an equimolar mixture of a HFP with three sequential *CO labels and a
HFP with three sequential '°N labels were used.(2) Data were only acquired for a

single dephasing time (r = 24 ms) and the best-guess anti-parallel registry had
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Ala14 hydrogen bonded with Leu7 which is different than the registries A and B
in the present study. The Ala14/Leu7 could be one of the X registries but it is
noted that there was significant uncertainty in the determination of this registry
because of the multiple *CO and '*N labels. Because of the single site '*CO and
'*N labeling in the present study, there was definitive determination of the A and
B registries and these registries are biologically reasonable.

The model peptide-membrane system was used to mimic the environment
of membrane-associated gp41 protein so it would be worthwhile considering the
registries A and B in the context of the full gp41 proteins. The gp41 ectodomain
structures to-date show a symmetric trimer with an in-register parallel coiled-coil
extending over residues 30-80.(7) The residues N-terminal of Ala30 are
disordered and the soluble ectodomain construct also lacked the N-terminal HFP.
Although there is no evidence that the oligomeric state of the membrane-
associated HFP of the present study is a trimer, it is interesting to consider the
anti-parallel B-sheet structure in the context of a putative trimeric state of intact
gp41. It is difficult to understand this structure in the context of a single gp41
trimer, but this structure could be understood considering two trimers denoted “C”
and “D” with respective HFP strands C4, C; and C3 and Dy, D2 and D3. A
C1D3C,D.C3D; anti-parallel B-sheet structure could be formed with the C4, C2 and
C; strands parallel to one another, and the D4, D, and D3 strand paraliel to one
another, and the C and D strands anti-parallel to one another with D3 hydrogen
bonded to C4 and C,, C; hydrogen bonded with D3 and D, etc. There is some

support for this model from internuclear distance measurements on a HFP trimer
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construct composed of three HFP strands chemically cross-linked at their C-
termini. The C-"°C and '*C-'*N distances determined for this membrane-
associated trimer were consistent with the A anti-parallel registry deduced from
the present study.(73) The existence of multiple registries for a membrane-
associated HFP could be biological relevant. One factor favoring the formation of
A registry is inter-peptide hydrogen bonding for all the residues between Ala1
and Gly16. This hydrogen bonding would reduce the unfavorable Born energy of
CO and NH dipoles in the low electric environment of the membrane interior. For
the B registry, Ala1 is not part of the hydrogen bonding B-sheet registry and if the
HFP N-terminus is charged, better charge solvation might be achieved relative to
the A registry. Ala1 could adopt a broader range of conformation in the B registry
which might facilitate the location of the charged N-terminus in a solvated
environment. A greater distribution of the conformations for Ala1 is supported by
linewidths which were broader than those of residues in the central region of
HFP.(29) Although the ionization state(s) of membrane-associated p-strand HFP
have not yet been experimentally determined, there is evidence for a charged
amino terminus in the related influenza fusion peptide in its helical
conformation.(30) The B-sheet registries may also relate to the fusion activities of
membrane-associated HFPs. Either HIV or HFP with the Val2 — Glu2 point
mutation is known to be nonfusogenic.(7,31,32) In the context of our results, this
lack of fusion activity may be related to a change in the strand registries arising
from the charged Glu2 side chain. The V2E mutation is trans-dominant, that is,

mixtures of wild-type and mutant proteins correlated with fusion activities which
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were reduced by much more than would be expected from the fraction of mutant
proteins. This effect could be explained by registry changes for several strands
near the mutant HFP which might affect HFP oligomerization and/or membrane
locations.(32)

Finally, the data in our study restrict the X registry to structures other than
the Ala14/Val2, Gly3, lle4 or Gly5 anti-parallel registries. There are therefore
many possibilities for the X structures and one of these possibilities, Ala14/Leu7
anti-parallel registry, has been discussed previously. Another reasonable
possibility is parallel B-strand structure either in-register or close to in-register.
This structural model is appealing because therefore most of the residues in the
Ala1 to Gly16 region could have inter-peptide hydrogen bonds and this region
could be located in the membrane interior. Previous solid-state NMR '3C-'*N
distance measurements were consistent with some population of in-register
parallel strand structure over residues Gly5 to Gly13 in addition to anti-paraliel
population over residue Gly5 to Gly16.(2,33) In addition, infrared studies on
constructs containing the first 34 or first 70 residues of gp41 were consistent with
predominant in-register parallel B-sheet structure from residue Ala1 to Gly16.(26)
The interpretation of the infrared data was based on shifts in peak wavenumbers

of 1°C labeled relative to natural abundance peptides.

CONCLUSION
In the present work, different B-sheet registry models were tested with

REDOR '3CO-"*N distance measurements on a few selectively labeled samples.

104



Twc
regi
hyd
bon
loc:
dev
bec
wh
act

str



Two of the registries were shown to have significant population and both
registries were consistent with complete or nearly complete inter-peptide
hydrogen bonding for the apolar N-terminal domain of the HFP. This hydrogen
bonding scheme would be favored if a significant part of this domain were
located in the membrane interior where there is low water content. The
development of a detailed structural model for B-strand HFP is significant
because this is the observed conformation in cholesterol-containing membranes
which reflect the composition of membranes of the host cells of HIV. HFP fusion
activity is also observed for vesicles with this membrane composition and the -

strand conformation may therefore be a physiologically relevant HFP structure.
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CHAPTER VI
MEMBRANE INSERTION OF HIV FUSION PEPTIDES

BACKGROUND

Current models of HIV/host cell infection include interaction of the fusion
peptide with the host cell membrane.(7,2) The membrane location of HFP has
been hypothesized to be significant structural factors for understanding the
catalysis of fusion by HFP. Previous studies about the micelle location of HFP
mainly utilized solution NMR methods where high resolution results had been
achieved.(3-7) However, there is not yet a consensus and there were distinct
models of both micelle surface location and micelle traversal.

HFP location in membranes has been primarily probed with tryptophan
fluorescence of a HFP-F8W mutant.(8-9) Key results have included: (1)
fluorescence was higher for membrane-associated HFP-F8W than for HFP-F8W
in buffered saline solution; (2) greater fluorescence quenching by acrylamide was
observed for a soluble tryptophan analog than: for membrane-associated HFP-
F8W:; and (3) similar fluorescence quenching of membrane-associated HFP-F8W
was observed in samples containing either 1-palmitoyl-2-stearoyl-
phosphocholine brominated at the 6, 7 carbons of the stearoyl chain or the
corresponding lipid brominated at the 11, 12 carbons of the chain. The first two
results indicated that solvent exposure of the HFP-F8W tryptophan is reduced
with membrane association and the third result indicated that the membrane
location of the tryptophan indole group is centered near the carbon 9 position of

the brominated lipid stearoyl chain; i.e. ~8.5 A from the bilayer center and ~10 A
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from the lipid phosphorus. Infrared and solid-state NMR spectra of membrane-
associated HFP suggested that the HFP-F8BW had predominant B strand
conformation under the conditions of the fluorescence experiments. In a different
set of experiments, electron spin resonance spectra showed that chromium
oxalate in the aqueous phase quenched the signal of membrane-associated HFP
which was spin-labeled at M19 but did not quench HFP spin-labeled at A1.(10)
These data indicated a M19 location close to the aqueous interface of the
membrane and an A1 location away from this interface. Models for the
membrane location of helical HFPs have also been developed by simulations
and there have been distinct models supporting either partial insertion or
traversal of the membrane. In one simulation the peptide was generally near the
membrane surface with the F8 backbone and sidechain nuclei respectively 4 A
and 6 A deeper than the phosphorus longitude.(77) In a different simulation, HFP
traversed the membrane and the backbone and sidechain F8 nuclei were at the
bilayer center, i.e. ~19 A from the phosphorus longitude.(72)

The present work has been focused on the study of membrane location of the
HFP in a host-cell-like environment. The goal of the research was to build up a
high resolution insertion model which would correlate with HFP membrane fusion
activities. To achieve the goal, different HFP constructs with very different fusion
activities were considered as model peptides based on the previous and present
studies using fluorescence spectroscopy.(73-15) The HFPmn induces fusion with
moderate rate whereas very little fusion is observed for HFPmn_mut. The high-

resolution structures of the soluble ectodomain of gp41 which lack the HFP are
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HFPmn AVGIGALFLGFLGAAGSTMGARSWKKKKKKA
HFPmn_mut AEGIGALFLGFLGAAGSTMGARSWKKKKKKA

AVGIGALFLGFLGAAGSTMGARSWKKKKKIl(A
HFPtr AVGIGALFLGFLGAAGSTMGARSWKKKKK(I:
AVGIGALFLGFLGAAGSTMGARSWKKKKKCA

Figure 22 Peptide sequences of the basic constructs of HFPmn_mut, HFPmn
and HFPtr. The specific labeling sites were described in the main text.
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trimeric and suggest that HFP may interact with the target cell membrane in a
trimer unit.(76) The putative functional significance of trimers is supported by the
156-40 fold higher vesicle fusion rates of the chemically cross-linked HFPtr
relative to HFPmn.(74) Thus, the fusion rates are ordered HFPmn_mut < HFPmn
< HFPtr and the present study examines the structures and membrane locations
of these constructs with correlation to their very different fusion activities. Solid-
state NMR is suitable and more advantageous compared with other biophysical
methods because with an appropriate isotope labeling scheme, it can provide
residue-specific membrane insertion depth information with minimum
perturbation to the membrane system. In this chapter, the '*C-3'P and '*C-'°F
REDOR experiments which were used to probe the membrane location of
different HFP residues will be described, initially with triply '*CO-labeled HFPmn
to get a qualitative sense,(77) and finally with singly *CO-labeled HFPmn_mut,
HFPmn, and HFPtr to achieve systematic, semi-quantitative insertion

models.(18,19)

MATERIALS AND METHODS

Peptides. The sequences of HFPmn_mut, HFPmn and HFPtr were
summarized in Figure 22. The triply-labeled peptides followed the nomenclature
of HFPmn-8FLG, HFPmn-°GAL, etc, and the singly-labeled peptides followed the
nomenclature of HFPmn_mut-'A, HFPtr-'A, etc. In general, terms before the
dash express HFP sequences with specific C-terminal tags and terms after the

dash indicate the *CO labeling positions. All peptides were synthesized using
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the strategies described in chapter |l for HFPmn and HFPtr and all syntheses
were completed either automatically on peptide synthesizer (Applied Biosystems
431A, Foster City, CA) or manually with a 15mL reaction vessel (Peptides
International, Louisville, KY).(20) The C-terminal Lys(Boc), Trp(Boc) and Cys(Trt)
were introduced to increase the solubility, add an Azg, chromophore and achieve
the synthesis of higher order HFP oligorﬁer with  cross-linking,
respectively.(74,15,21) All peptides were purified using HPLC with a water-
acetonitrile gradient, and identified using MALDI-TOF mass spectrometer.

Lipid mixing induced by HFPs. Mixing of lipids between membrane
vesicles was monitored by a fluorescence assay to show that different HFP
oligomers have very different lipid-mixing activities.(22) Together with the
previous results which indicated the non-fusogenicity of HFPmn_mut, this work
provide the rationale of choosing HFPmn_mut, HFPmn and HFPtr as model
peptides to study the membrane location-fusion activity correlation.(13) Two
types of large unilamellar vesicles (LUVs) were prepared. The “unlabeled LUVs”
contained POPC and POPG in a 4:1 mol ratio. This composition approximately
reflected the ratio of neutral to negatively charged lipids in membranes of host
cells of HIV and correlated with the lipid composition used in previous structural
studies of viral fusion peptides.(23,24) The “labeled LUVs" contained 77 mol%
POPC, 19 mol% POPG, 2 mol% of the fluorescent lipid N-(7-nitro-2,1,3-
benzoxadiazol-4-yl)-phosphatiylethanolamine (N-NBD-PE), and 2 mol% of the
quenching lipid N-(lissamine Rhodamine B sulfonyl)-phosphatidylethanolamine

(N-Rh-PE). HFP-induced fusion was examined in a solution with an
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unlabeled:labeled vesicle ratio of 1:9 so that a labeled vesicle would likely fuse
with an unlabeled vesicle. The resultant lipid mixing would yield a larger average
distance between fluorescent and quenching lipids and increased fluorescence.

LUV preparation began with dissolution of lipid in chloroform followed by
removal of the chloroform with nitrogen gas and overnight vacuum pumping. The
lipid film was suspended in 5§ mM HEPES buffer and the lipid dispersion was
homogenized with ten freeze-thaw cycles. LUVs were formed by extrusion
through a filter with 100 nm diameter pores (Avestin, Ottawa, ON).

Fluorescence was recorded on a stopped-flow fluorimeter (Applied
Photophysics SX.18MV-R, Surrey, UK) using excitation and emission
wavelengths of 465 and 530 nm, respectively. For a single run, one syringe in the
fluorimeter contained HFPmn, HFPdm, HFPtr, or HFPte dissolved at a
concentration of 3.00, 1.50, 1.00, or 0.75 uM in HEPES buffer. A second syringe
contained labeled and unlabeled LUVs at 300 uM total lipid concentration. At
time zero, equal volumes of the two solutions were mixed and fluorescence was
recorded every second for 200 s. The HFP concentrations were chosen so that
the HFP strand:lipid ratio was always 0.010.

Most reports of fluorescence based lipid mixing have focused on AFysogen,
the net change in fluorescence after the fusogen is added to the vesicles.
AFusogen is typically compared to AFgetergent, the change caused by addition of a
detergent which completely solubilizes the vesicles. Because of the very large
average distance between fluorescent and quenching lipids in the solubilized

vesicles, AFgeergent iS the maximum observable fluorescence change. The
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“percent lipid mixing” is typically defined as AFpsogen/AFgetergent X 100. In order to
provide some comparison between our stopped-flow fluorescence data and the

lipid mixing literature, the raw data at each time point, F.(f) were converted to

F@t) = {[Fraw(t)-ﬂnitial%Fmax} x 100 (54)

Finitier Was a typical value of fluorescence at t = 0 and AFpnex was chosen to

normalized F(f):

provide semi-quantitative comparison between F(f) and earlier studies of percent
lipid mixing induced by HFPs.(27) A single value of Fi.isr and a single value of
AFmax were used for all of the data.

At the end of the 200 s collection time, the fluorescence from HFPmﬁ-
induced lipid mixing was still appreciably increasing and it was therefore difficult
to fit these data to a buildup function. The fluorescence of the HFPdm, HFPtr,
and HFPte constructs had leveled off and these data fitted much better to the
sum of two exponential buildup functions than to a single buildup function:

FO)=Fy+F(1-e"Y+ F(1-e*2") (55)
where Fy, k1, F1, k2, and F, were fitting parameters. The best-fit value of F, was
close to 0 because of the way F(f) was calculated in Eq. 54. A convention was
chosen that ki > k2 so that k4 and Fy were respectively the rate constant and
overall fluorescence change of the faster lipid mixing process and k; and F, were
the rate constant and overall fluorescence change of the slow process.
Data were collected for each construct at 25, 30, 35 and 40 °C and each HFPdm,

HFPtr, and HFPte data set was fitted with Eq. 55. For each construct,
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Figure 23 Synthetic scheme of 5-F-palmitic acid.
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the temperature dependence of ky was fitted to the Arrhenius Equation /n
ki = In A - EJ/RT where R was the ideal gas constant, T was the absolute
temperature, and A and E, were the pre-exponential factor and activation energy,
respectively. Three independent runs were done for each construct and
temperature.

Synthesis of the precursor of 5-°F-DPPC. In general, the experiments
described in this chapter measured the internuclear distances between the
selectively labeled '*CO in the HFP strands and the *'P or '°F in the lipid bilayer.
Besides the 3'P nucleus in the phosphate group, two types of fluorinated lipids
were used in order to cover the entire depth of lipid bilayer. The 1-paimitoyl-2-
(16-fluoropalmitoyl)-sn-glycero-3-phosphocholine (16-'°F-DPPC) was purchased
from the Avanti Polar Lipids and the precursor of 1-palmitoyl-2-(5-
fluoropalmitoyl)-sn-glycero-3-phosphocholine (5-'°F-DPPC), named 5-F-palmitic
acid, was synthesized in our lab. The "°F nuclei were located 8.5 A and 20.7 A
away from the layer of 3'P for the 5-'°F-DPPC and 16-'°F-DPPC, respectively.(25)
The synthetic scheme for 5-F-palmitic acid is described in Figure 23. The overall
yield of 5-'°F-palmitic acid was ~40% and each step was monitored using thin
layer chromatography with iodine and phosphomolybdic acid as visualization
reagents. The intermediate products were purified using silica gel column
chromatography with a mixture of pentane and ethyl acetate as developing
solutions.(26-30) The 5-'°F-DPPC was synthesized by Avanti Polar Lipids using

the 5-F-paimitic acid as a precursor.
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Reaction conditions in Figure 23 included: (a) 68.2 g undecyl bromide
(Sigma-Aldrich, St. Louis, MO) in 350 mL dry diethyl ether was added to 6.94 g
Mg in 100 mL dry diethyl ether. Reflux at 34 °C for 2 hours. (b) The diethyl ether
was removed and 28.0 g methyl 4-(chloro-formyl) butyrate (Sigma-Aldrich, St.
Louis, MO) in 100 mL dry benzene was added to the Grignard solution from step
a and 27.5 g CdCl; in 350 mL dry benzene. Reflux at 78 °C for 1 hour. (c) NaBHy,
NaH2PO,4 and 5-keto-methyl paimitate each at 1 M concentration were dissolved
in dry methanol. The mixture was stirred at 0 °C for 15 minutes and at ambient
temperature for 1 hour. (d) 5-hydroxy-methyl paimitate and 0.5 M tosyl chloride
(Sigma-Aldrich, St. Louis, MO) each at 0.5 M concentration were dissolved in dry
CH2Cl; with 0.025 M 4-(dimethylamino)pyridine. The mixture was cooled and
held at 0 °C, dry pyridine was added dropwise over 40 minutes to reach a final
concentration 0.5 M, and then the mixture was stirred at 0 °C for 2 hours. (e) 0.05
M 5-O-tosyl-methyl palmitate and 0.1 M tetrabutylammonium fluoride (Sigma-
Aldrich, St. Louis, MO) in dry CH3CN were stirred at ambient temperature for 96
hours. (f) 5-F-methyl paimitate and KOH powder were each added into dry
methanol at 0 °C to reach a final concentration of 0.1 M of each reagent. The
mixture was stirred at 0 °C for 2 hours.

Solid-state NMR Sample Preparation and Experiments. The lipid bilayer
samples were prepared using the same procedure as in chapter IV, however,
with different lipid compositions. “PC:PG” in this chapter denotes a lipid bilayer

with DTPC:DTPG in 4:1 molar ratio for triply-'3*CO-labeled HFPs and
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Figure 24 (a) Plot of (AS/Sp)*® vs mol fraction of 5-'°F-DPPC at 7= 16 ms. All
samples contained HFPmn-L9. (b) Static *'P spectra for PC:PG and
PC:PG:CHOL bilayer with and without 9 mol fraction *F-DPPC. Each spectrum
was acquired with 1024 scans and processed with 300 Hz Gaussian line
broadening. The spectra were acquired at 35 °C.
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DTPC:DTPG:'"®F-DPPC in molar ratio 8:2:1 for singly-'>*CO-labeled samples.
“PC:PG:CHOL" denotes a lipid bilayer with DTPC:DTPG:cholesterol in 8:2:5
molar ratio for triply-'>CO-labeled samples and DTPC:DTPG:cholesterol:'°F-
DPPC in molar ratio 8:2:5:1 for singly-'>*CO-labeled samples. The molar ratio for
peptide strand to DTPC+DTPG was 1:50 for PC:PG samples and 1:25 for
PC:PG:CHOL samples, respectively. Samples containing 100% '°F-DPPC form
non-bilayer structures.(37) In order to maintain bilayer structure in the NMR
samples, 0.09 lipid mol fraction of '*F-DPPC was initially determined with
measurements on a series of samples which differed in their mol fraction of 5-
“F.DPPC, cf. Figure 24a. The choice of 0.09 mol fraction '*F-DPPC for
subsequent samples was based on: (1) maximum (AS/Sy)*®; and (2) relatively
constant (AS/So)* over the 0.07-0.14 mol fraction range. Static 3'P NMR spectra
were consistent with overall bilayer structure in samples containing 0.09 mol '°F-
DPPC (cf. Figure 24b).

The *C-*'P REDOR experiments were conducted on a triple-resonance
MAS probe and the '*C-'F REDOR experiments were conducted on a
quadruple-resonance MAS probe. The 'H, '*C and 3'P channels were tuned at
400.8 MHz, 100.8 MHz and 162.2 MHz respectively for '*C-*'P experiments and
the 'H, °C and "°F channels were tuned to 398.7 MHz, 100.2 MHz and 375.1
MHz respectively for 3C-'9F experiments. The following parameters were used in
both *C-*'P and '*C-"9F experiments: 50 kHz 'H /2 pulse, 1 ms CP between 'H
and 3C channels, 50 kHz constant 'H field and 55-66 kHz ramped '*C field

during CP and 50 kHz **C = pulse in the REDOR dephasing period. A 95 kHz 'H
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decoupling field during dephasing and acquisition periods was used for *C-'P
experiments and a 75 kHz 'H decoupling field was used for '*C-'°F experiments.
The = pulses alternatively applied either on the *'P (50 kHz) or '°F (33 kHz)
channel were calibrated by maximizing (AS/Sp)®® in standard samples as
described in the experimental setup in chapter lll.

Natural Abundance Correction for (4S/Sy)®. The natural abundance
correction was required for quantitatively analyzing the REDOR experimental
data. The triply and singly-labeled samples followed different natural abundance
correction procedures.

For the triply-labeled samples which were associated with ether-linked
phospholipids, the natural abundance correction started from considering that
both Sy and Sy came from the labeled *CO and the natural abundance of

unlabeled residues.

£]e-’-'P= S(I)ab+ S(;Ia_ Sllab_ S]na _ S]Iab _ Slna (56)
SO S(I)ab+ S(r)m S(I)ab+ S(r)xa (I)ab+ S(r)m

A few algebraic manipulations led to the relation between (45/S0)®®, which was

the contribution to REDOR dephasing from the labeled *CO, and (45/Sy)**.

&[] -

The term S;° /S'* was related to the number of unlabeled residues vs. labeled

residues in the sequence. The term (4S/Sy)™ considered the contribution to
REDOR dephasing from all the unlabeled residues and was approximately

calculated as the average of all available (4S/Sy)**. Although the latter
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calculation is an approximation, uncertainties in (AS/Sy)™ have a relatively small
impact on the value of (AS/Sp)®. For example, consider the spectra for the
HFP2-AAG in PC:PG samples at 7 = 24 ms. The values of (So™/Sy™),
(AS/Sp)®®, and (AS/S;)™ are 0.084, 0.419 + 0.014, and 0.134, respectively, and
result in (AS/Sp)"®® = 0.443 + 0.015. If (AS/So)™ were 0.0 or 0.25, (AS/So)"®® would
be 0.454 or 0.433, and are within the experimental uncertainty of the reported
(AS/So)*®.

For the singly-labeled samples, 0.09 mol fraction '°F-DPPC with natural
abundance *COs were incorporated into the lipid bilayer. The comparable

formulas to Eq. 56 and Eq. 57 were

( AS )e"P _ S{8® + 5§ (HFP)+ S§°(DPPC) - §{*° - S{° (HFP) - S{** (DPPC) (58)

S Slab 4 B4 (HFP) + S§°(DPPC)

and

lab na na exp
[AS) _ (14 SECHFP)+ SF (DPPC)).(Q)

% 5" % (59)

_Sge(HFP) (ASY”
So

S§°(DPPC) ( AS
lab (HFP)-=2 lab )
So So So

——] (DPPC)

The terms (AS/So)®®, (AS/Sp)™ (HFP) and (AS/Sp)™ (DPPC) representéd the
contribution to REDOR dephasing from the labeled '*CO, the natural abundance
of unlabeled residues and the natural abundance '*CO from 'F-DPPC,
respectively. The Sy terms in Eq. 59 had the numerical values

Se =1

So” (HFP)=29%0.011=0.319 (60)
So°(DPPC)=2.5%x2x0.011=0.055
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The values of (AS/Sp)™ (HFP) were calculated from the experimentally available
(AS/Sp)®® for a specific HFP construct and the values (AS/Sy)™ (DPPC) were

Table 5a. The (45/So) ™ (HFP)

135031p8 1300_(1&19F)eb 1300_(5_19F)ab
Peptide HFPmn_mut HFPmn HFPtr HFPtr HFPmn
0.007 0.023 0.010 0.018 0.002
0.118 0.133 0.099 0.004 0.016
r(ms) 16 0.319 0.260 0.188 0.028 0.032
24 0.465 0.353 0.294 0.135 0.158
32 0.444 0.380 0.308 — —

2The 3cO->"P values were based on the (S1/Sp)®*® of samples labeled at Ala1, lie4, Ala6,
Leu9, Leu12, or Ala14, and for HFPmn_mut and HFPmn, Ala21. The ‘3co-‘9l=(c1eg values
were based on samples labeled at Ala1, lled4, Ala6, Leu9, Leu12, or Ala14 and the Sco
19F(CS) values were based on samples labeled at Ala1, Ala6, or LeuS.

The maximum rfor °CO-'°F experiments was 24 ms.

Table 5b. The (45/So) ™ (DPPC)

Bco3p BC0-(16-°F) ° 13605 %F) ®
2 0.025 0.000 0.011
8 0.318 0.000 0.118
t(ms) 16 0.695 0.000 0.567
24 0.811 0.000 0.896
32 0.907 — —

® The maximum zfor '°CO-'°F experiments was 24 ms.

calculated using a "*C-*'P or '3C-'°F two-spin system with internuclear distance

of the setup model compound. Table 5 provides the numerical values.

RESULTS AND DISCUSSION
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Figure 25 Panel a displays stopped-flow monitored changes in lipid fluorescence
induced by addition of different HFP constructs to an aqueous solution containing
membrane vesicles. Increased fluorescence is a result of mixing of lipids
between different vesicles and this mixing is one consequence of vesicle fusion.
The lines are color coded: HFPmn (black); HFPdm (red); HFPtr (blue); and
HFPte (green). The total lipid concentration was 150 uM and the HFPmn,
HFPdm, HFPtr, and HFPte concentrations were 1.50, 0.75, 0.50, and 0.37 uM,
respectively, so that peptide strand:lipid = 0.01. The data were collected at 25 °C,
the vesicle composition was 4:1 POPC:POPG, and the initial vesicle diameter
was ~100 nm. Additional data (not shown) were obtained for HFPdm, HFPtr, and
HFPte at 30, 35, and 40 °C. Each data set for each construct was analyzed as
the sum of two exponential buildup functions. Panel b displays Arrhenius plots for
the rate constants of the fast buildup function with legend: HFPdm (open square);
HFPtr (open circle); and HFPte (open triangle). The best-fit lines are also
displayed and result in the respective activation energies 41 £ 3,26+ 1, and 20 £
1 kJ/mol.
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Fusion Activities of Different HFP Constructs. The lipid-mixing assay
provided the rationale for choosing different HFP constructs to study the
membrane location-fusion activity correlation. Previous study in our group
suggested the fusion activities for HFPmn, HFPdm and HFPtr followed the trend
HFPmn < HFPdm < HFPtr. The present study introduces a higher order HFPte
and suggests that HFPtr may have the highest catalytic efficiency among all the
four HFP constructs. Figure 25a shows stopped-flow fluorescence data which
track lipid mixing induced by HFPs and suggests that the long-time lipid mixing
rates are ordered HFPmn < HFPdm < HFPtr = HFPte. Both HFPtr and HFPte
induced similar rapid lipid mixing while HFPdm induced slower mixing and
HFPmn induced little mixing. For each construct, data were acquired at 25, 30,
35, and 40 °C and the HFPdm, HFPtr, and HFPte data could be fit well to a
biexponential buildup function, cf. Eq. 55. The best-fit parameters of the 35 °C
data are listed in Table 6 as an example of data fitting. For each of the three
constructs, k2 = 0.1 ky and F; = F,. In addition, k"/k%™ ~ 2.5 and ki"®/ki" =~ 1.3.
Figure 25b displays Arrhenius plots for the ky rate constants and the best-fit Eqss
and /In As are listed in Table 6. The values of E; and /n A for HFPdm and HFPtr
are comparable to those reported in a previous study.(74) The data show that
EJ2™ > E," > E® and In Agm > In Ay > In Ase. An increased number of strands in
the oligomer is therefore correlated with decreased /n A and E, with concomitant
opposite effects on ki. The activation entropies were calculated using the
transition state theory equation AS* = R x [In(Ah/ksT ) — 2] where R is the ideal

gas constant, h is Planck’s constant, kg is Boltzmann's constant, and T is the
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absolute temperature.(74) The resultant AS* were all negative with AS*ym > AS%»
> AS*s but we do not understand the sign or trends of the AS* values. These
data indicate: (1) cross-linking increases the rate and extent of HFP-induced lipid
mixing and decreases activation energy; and (2) the increase in lipid-mixing-per-
strand and decrease in activation energy with cross-linking levels off at HFPtr. It
might be expected that oligomer folding would be more difficult with an increasing
number of monomer units so the putative trimeric oligomerization state of gp41
and other class | viral fusion proteins may be the optimal balance between higher

catalytic efficiency and more difficult folding.

Table 6. Fitting parameters for the lipid mixing kinetics at 35°C 8.

Ky ky Fo Fy F, E,° AS*?
Constuct (109"  (10%s") (@uw) (au) (@u) (mo) "4 (UmokK)

54.9 49 05 196 198 406 132

HFPdm 53 02 (©1) (03 (0.1) (34 (12 192
139 173 09 501 500 258 80

HFPtr 3) ©03) (02) (02 (02 (12) (0.8 195
185 207 09 498 501 201 62

HFPte ) ©03) (0.3 (03) (02 (07 (05 210

e Fitting uncertainties are given in parentheses. The variation of a parameter value from fitting
data of different runs was less than the fitting uncertainty of a single run.

b The k4, k2, Fo, F1 and F2 were obtained using Eq. 2 in the main text.

€ Ea and In A were calculated using Inky = InA — Eg/RT and k¢ values from temperatures
between 25 and 40 °C.

9 AS* was calculated using AS* = R x [In (Ah/kgT ) - 2).

Membrane Insertion of triply-labeled HFPs detected by *C-3'P REDOR
methods. The long-term goal of the membrane insertion study is a detailed

structure of the membrane location of the HFP in helical and B strand
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conformations. There was relatively little information about the membrane
location of HFP. It was also likely that a large number of **CO sites had *CO-*'P
distances beyond the REDOR detection limit. In addition, HFP '*C linewidths are
fairly broad which leads to overlap of > CO resonances from different residues
and the need for specific *CO labeling. In an effort to reduce the numbers of
specifically labeled peptides needed to develop a membrane location model,
samples were first made with four peptides each of which had *CO labels at
three sequential residues between G5 and G16. The G5-G16 region was
therefore rapidly scanned for '*CO-3'P proximity. Although the (AS/So)®* data for
each of the samples had contributions from three distinct *CO sites, the
individual (AS/So) would only be appreciably greater than zero for *CO-3'P
distances < 8 A. The regions of HFP proximate to 3'P were defined from the
REDOR data on the triply labeled samples and these regions provided a basis
for choosing sites for single *CO labeled peptides which will be described later in
this chapter. |

The secondary structure information that can be obtained with the triply-
labeled samples was limited by the overlapping of multiple *CO labelings,
nonetheless, the local peptide conformation was examined by analysis of the
3CO chemical shift distributions in Sp spectra of HFPs obtained with 7= 2 ms, cf.
Figure 26. The data supported the following models: (1) the major fraction of
peptides in PC:PG and PC:PG:CHOL adopted a B strand conformation from G5

to G16; and (2) there is a minor fraction of peptides in PC:PG with helical
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conformation. The detailed experimental support for the models is based on the

1 1 L
170 190 170

13C Chemical Shift (ppm)

T
190

Figure 26 Sy spectra for membrane-associated HFP with peptide:lipid ~0.04. The
dotted lines are at 175 ppm. All spectra were obtained with = 2 ms and were
processed with 200 Hz Gaussian line broadening and baseline correction. The
membrane composition for samples a-d was PC:PG and the membrane
composition for samples e-h was PC:PG:CHOL. The peptides were: a, e,
HFPmn-*GAL; b, f, HFPmn-®FLG; ¢, g, HFPmn-''FLG; and d, h HFPmn-"“AAG.
The numbers of scans summed to obtain spectra a-h were 4823, 3867, 4823,
8500, 3259, 1001, 4320 and 6992, respectively.

129



known correlation between larger *CO chemical shifts and local helical
conformation and smaller *CO chemical shifts and local B strand conformation.
(33) For example, average database values in ppm units of '*CO chemical shifts
of helix (strand) conformations are: Gly, 175.5 (172.6); Ala, 179.4 (176.1); Leu,
178.5 (175.7); and Phe, 177.1 (174.2). For the °GAL, °FLG, "'FLG, and “AAG
samples, the peak chemical shifts were ~175, 174, 175, and 176 ppm,
respectively, and correlated with g strand conformation for the Ala, Leu, and Phe
residues. For the 8FLG and "“AAG samples associated with PC:PG, there were
shoulders at ~178 and 179 ppm, respectively, which correlated with helical
conformation of Ala, Leu, and Phe residues. These results were consistent with
previous studies of the conformation of membrane-associated HFP with
peptide:lipid ~ 0.04 and with previous observations of greater preference for B
strand conformation in cholesterol-containing membranes.(34-41)

The values of (AS/Sy)® were extracted from integrating the *CO signals
of the corresponding Sy and S; spectra. The experimental values were used to
obtain (AS/Sy) and the corrected dephasing was fit to (AS/So)*™ from Eq. 34 to
achieve the minimum root-mean-squared deviation (RMSD).

lab sim
R GRROL
rid)=), :

= CASk

' (61)

The fitting parameter d represented the dipolar coupling frequency which could
be converted into the internuclear distance r and f was the fraction of *CO that
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