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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

13C 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 B-

sheet HFPs.

A systematic study of the membrane location of specifically-labeled

residues in HFPmn_mut, HFPmn and HFPtr was conducted using 13C-31P and

13C-‘S’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-cholesteroI-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 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
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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 (WV), 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
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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). .................................................................. 24

Figure 5. Synthesis schemes for (a) HFPdm and (b) HFPdm(Cys). The black
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Figure 8 (a) The HPLC chromatograms for the purification of HFPtr. (b) The

MALDl-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

MALDl-TOF MS spectrum for the identification of HFPte. The HPLC fraction

marked with asterisk in (a) was analyzed and the corresponding mass was
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Figure 10 1D 13C-15N REDOR pulse sequence. The open columns represent the
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magnetization is dephased (i.e., reduced) by 13C-‘5N dipolar coupling mediated
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short delay 1' between the first and second CP process. TPPM decoupling was

applied during the r, CP2 and acquisition periods. ......................................45

Figure 12 (AS/So)” (error bars) and best-fit (AS/So)” (lines with or without

diamonds) vs dephasing time (2) for (a) the 13C-3‘P setup and (b) the 13C-‘QF

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). .................................................................49

Figure 13 (a) 13CO region of D-‘3CO-NAL spectrum acquired using the CP pulse

sequence. (b) 13CO region of D-‘3CO-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 15N CP2 amplitude (of. Fig. 11). The

number of scans used in (a), (b) and (c) was 32. Panel (d) displays the

optimization of 15N CP2 amplitude as given in Fig.11. The 5N 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 1“5N 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 ZD 13C-13C 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 C6/Ca(|3) represent the cross peak between

CB(f1 dimension) and Ca(f2 dimension) for Ala-6 in B-strand conformation. The

spectra (9) through (I) 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 f1 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 f2

dimension which corresponds to the CB of Ala-6 in ct-helical conformation. ......61

Figure 15 13CO 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. 13co 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 13C-31P 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 B—strand 13CO. .................72

Figure 16 (a) 1D slices along the chemical shift of Cy of 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,

Cor/Cy and CB/Cy cross peaks in helical conformation respectively, and 4-6 are

00/07, Cor/Cy and CB/Cy cross peaks in strand conformation respectively. (b)

13C-3‘P REDOR So spectra for Ala6 and Ala15 samples. In each spectrum, the

left peak corresponds to tat-helical structure and the right peak corresponds to I}

strand structure. ..................................................................................73

Figure 17 Flow chart of derivation of (AS/So)” for REDOR of HFP-B. The four
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Figure 18 REDOR So and $1 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
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Figure 19 Plots of (AS/So)” vs dephasing time for membrane-associated HFP

samples prepared with [HFP]inmar of (a) 400 pM or (b) 25 uM. The symbol legend
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Figure 20 (a) Two antiparallel registries of residues 1-16 of HFP that were
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used to calculate (AS/So)” and spin geometries specific for the HFP-C sample.

Each model includes nuclei from three adjacent strands with the Ala-14 13CO

always in the middle strand and 15N 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 13CO-‘5N distance was large in the

HFP-H, HFP-l, HFP-J, or HFP-K samples so that d z 0. The Ala-14 13CO is

hydrogen bonded to an amide proton in the top strand. Relevant labeled 13C-15N

distances and ‘5N-13C-‘5N angles are: r1 = 4.063 A; ,1. = 5.890 A; r2 = 5.455 A; r2'

= 6.431 A; 671 = 161.1’; 02 = 131.9°; 03= 130.2'; and 04= 1170’. Each

xii



parameter value was the average of 10 specific values taken from the crystal

structure of outer membrane protein G. ....................................................92

Figure 21 Contour plots of 1’ vs strand fitting parameters for (a) unconstrained;

(b) partially constrained; and (0) fully constrained fittings. The a, b, 32, and b2

parameters refer to probabilities for different adjacent strand arrangements. In

plot a, the black, green, blue, red, and white regions respectively correspond to

f<19,19<,;2<21,21 <12<23,23<f<25,andf>25.lnplotb,the

regions respectively correspond to 22< 18, 18 < f < 20, 20 < f < 22, 22 < f <

24, and f > 24, and in plot c, the regions respectively correspond to f< 15, 15

< f < 17, 17 < 12 < 19, 19 < f < 21, and 12 > 21. Best-fit parameters were: plot

a, a = 0.22, b = 0.31, f = 16.5; plot b, a = 0.31, b = 0.42, f = 15.1; and plot 0,

a2 = 0.26, b2 = 0.33, f = 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 0,

the a2 and b2 parameters are the fractional probabilities of domains of A or B

registries, respectively. .........................................................................97
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Figure 24 (a) Plot of (AS/So)” vs mol fraction of 5-19F-DPPC at 1' = 16 ms. All

samples contained HFPmn-L9. (b) static 31P spectra for PC:PG and

PC:PG:CHOL bilayer with and without 9 mol fraction 19F-DPPC. Each spectrum

was acquired with 1024 scans and processed with 300 Hz Gaussian line
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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
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G16 residues in strand conformation and the black lines represent the $17 to

823 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 c 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 $17 to $23. Relative to FMI model (b),

the FMI [3 barrel variant (c) could have reduced energy because all of the

residues in the membrane interior have backbone hydrogen bonds. ............. 134
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the legend of panel b. For 2 ms dephasing time, the typical uncertainty in
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were shown in the stack form with So spectra on the left side and 81 spectra on

the right side. The dash lines reflect the intensities of the So spectra. ............ 147
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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
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All spectra were processed with 200 Hz Gaussian line broadening and baseline

correction. The 13C--3“P spectra were acquired for ~ 30000 scans and the ”C-31P

spectra were acquired for ~ 20000 scans. ............................................... 166

Figure 39 Plots of (AS/Sg)°"" vs. dephasing time for the (a) ”C-31P, (b) ”C-”F(C5)
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symbols. The (AS/So)” values were determined by integrating over a 1 ppm
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CHAPTER I

INTRODUCTION

BACKGROUND

Membrane fusion is an important step in viral infection for widespread

and serious diseases such as influenza and acquired immune deficiency

syndrome (AlDS).(1-2) 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.(1) 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.(9-12) However, these potential sites have been thought to be a

requirement for the fusion activity of gp41 .(13) 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)



Figure

ftom F

99720.

”W984

ITaDSm

With (1";

(iii) 9;)-

REIGIer



T-cell . .. _ .

- ‘ ' ' ' ;_ t

i ”in.” MMA".

II’M ‘

 

 
Figure 2 (a) Model of HIV infection. The time sequence 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” 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. (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.(14,15) As shown in

Figure 2, a proposed HIV/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.(16,17) 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.(14,15) 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-termlnal 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-VaI—Gly-lle-Gly-Ala-Leu-Phe-Leu-GIy-Phe-Leu-Gly-Ala-Ala-Gly-

Ser-Thr-Met-Gly—AIa-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-ll 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 Ile4 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,(33,41-43) but a

significant B—strand character in 1:30 peptide:lipid ratio,(41) 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 B 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.(41,43-45) There

differences in structure may have to do with differences in peptide sequence,

lipid compositions, sample preparation, or hydration Ievel.(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 I4 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-stearoyI-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 8 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 0t 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.(51) 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 II 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 III will

introduce the solid-state NMR methods used to study the membrane-associated

HFP system, including ”C-31P and 1E’C-‘S’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 [3-

sheet for a membrane-associated HFPmn construct and two preferred registries

with the overlapping of most N-terminal hydrophobic residues. Finally, chapter Vl

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 II

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.(1) An alternative approach was initial formation of

a peptide scaffold with three lysines and amide bonds between the E-NHz of the

first lysine and the COOH of the second lysine and between the e-NHz 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-NHzfi 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 0t-NH2 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, Ile, Leu, Val, Phe, Ser(tBu), Thr(tBu), Met, Cys(Trt), Arg(be),

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

l7
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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 8

 

HFPmn AVGIGALFLGFLGAAGSTMGARSWKKKKKKAl3

HFPmn(Cys) AVGIGALFLGFLGAAGSTMGARSWKKKKKCA”

HFPmn(Cys/Gly) AVGIGALFLGFLGAAGSTMGARSWKKKKKCG

AVGIGALFLGFLGAAGSTMGARSWKKKKKKA’3

HFPdm(Cys)

AVGIGALFLGFLGAAGSTMGARSWKKKKKC

AVGlGALFLGFLGAAGSTMGARSWKKKKKCA’

HFPdm

AVGIGALFLGFLGAAGSTMGARSWKKKKKCA"

AVGIGALFLGFLGAAGSTMGARSWKKKKKKA”

HFP" AVGIGALFLGFLGAAGSTMGARSWKKKKK

AVGIGALFLGFLGAAGSTMGARSWKKKKKCG

AVGIGALFLGFLGAAGSTMGARSWKKKKKKA”

AVGIGALFLGFLGAAGSTMGARSWKKKKKC

HFPte

AVGIGALFLGFLGAAGSTMGARSWKKKKKC

AVGIGALFLGFLGAAGSTMGARSWKKKKKKA’

 

a'A line between K and C denotes a peptide bond between the Cys CO

and the Lys s-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

18
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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-terrninal 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-HNz 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(tBu), Arg(be), 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 :t 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 Leu,

1.720 Phe, 1.880 Ser, 1.080 Met, 1.003 Trp, 1.298 Arg, 1.115 Thr, 0.700 Val and

0.795 Ile, which were consistent with the sequence of HFPmn given in Table 1.

The difficulties for the coupling of Ser(tBu), Arg(be) 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 :l: 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 MALDl-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 6c 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 :l: 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 s-NHz; and (2)

subsequent coupling of the next amino acid with both the e- and the ot-NH2 of the

scaffold Iysine.(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 fand 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
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a 10:15 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 :1:

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 m/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 HFPte 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 straightfonlvard 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(be), 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 8-NH2 and the subsequent coupling to Cys.

This modification reduced undesired deprotection of the Fmoc group of the Lys

a-NHz by the e-NHz.
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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 e-NHz side chain protection group and the coupling

of the following residue to the unprotected S-NHz in order to eliminate the

producing of by products with extra Lysines and (3) the Cys cross-linking strategy

provides straightfonlvard 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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Figure 3 Synthesis scheme for HFPmn and FF 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/ethanedithioI/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. (0) 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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a.
(a) Fmoc—AIa—. ——> HZN Cys—Ala—.

Trt

b c
—> ——-> HzN—FPWKs—Cys—Ala

I
SH

HzN—FPWKg—Cys—Ala HzN-FPWKg—Cys—Ala

 

 

I + I
SH SH

HzN-FPWKg—Cys—Ala

e ‘

HzN-FPWK5—Cys—Ala

,f

(b) Fmoc—AIa—C a > Fmoc—Tys—Ala—O

Mtt

9 d, a
 

 

> Fmoc--Lys-AIa—. =

NH2

8 c '

HzN—Lys—Ala—. —> ——> HZN FPWK5 Lys—Ala

H2N—FPWK5—Cys

l
SH

HzN—Cys

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(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(tBu), and Arg(be) residues;

double couplings with 4-hours per coupling for the 1300 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 8: Cross-linking in 5 mM DMAP, pH = 8.4, open to

the air. 1 umol HFPmn(Cys) in 400 tiL 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 (0) were analyzed and the

corresponding peaks were labeled using asterisk in (b) and (d) respectively. The
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mass spectra were discussed in the main text.
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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 8: Cross-linking in 5 mM DMAP,

pH = 8.4, open to the air. 1 (mol HFPmn(Cys) and 1.5 pmol HFPdm(Cys) in 400

piL 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 MALDl-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 III

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.(1-3) 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

13C and a 15N, 31P or 19F 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 If pulses should be zero;

(3) The cycle time of n‘ 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

-__1_ C .‘int
H-1ngrH (t) (1)

to represents the cycle time of rf pulses and Him is the interaction Hamiltonian in

the toggling frame (or rf frame).

19"“(0-U;‘(t)-H‘"‘(t)-U,ftr) (2)
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For all the discussions below, l-l‘"‘(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.

U,r(t) is a unitary operator defined by the rf pulses.

U’f(t) = fexpr—i (3 dt '- 11"!” (r )1 (3)

The operator fis 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 (r) at 73, (r) -[1x 005 W) + Iy sin ¢(t)] = a), (r) - [1, cos (00) + Iy sin ¢(t)] (4)

co,(t) is usually named Rabi frequency and Ix and ly are spin operators. ¢(t) is the

phase of a if 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 him which is time-independent,

and then to convert into the rotating frame. l-lim has the following form for both CS

and D

. . I . .
Hlflt = Cult .; z (_l)m _ R1113," . I)"; (5)

m=—l ’ i

0"“ contains constants which are different for CS or D. The “R” and “7" 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. I = 0, 1 or 2

and m values are integers from —I to l.

Ci'“ 5 y‘(int a CS) and Cint a —27"yfh(int a D) (6)

In the PAS, the “R’ terms have their simplest form and the non-zero “R” terms for

CS and D are

R57 = 7%of (7..)

R63” =%'(§Il +622 +533)

R2?” = (IV—21633 -%-(5n +522 +533)] (7b)

R2282, =%'(522 -5”)

The rij in Eq. 7a represents the internuclear distance between two spins iand j. In

Eq. 7b, 611, 622 and (2,3 are three principal values of spin iwith the sequence (in <

(22 < (2,3. 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.

Riff”, (rotating _ frame) = ZDing,” (a ")2 Din-,m.(Q )RjgxPAS) (8)

m' m'

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

angles Q's(a',,6',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".-:(O,,B”,th) under the condition of fast MAS, where ,B"=54.7° or

36



“magic angle” and wR 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 “7" terms expressed in the rotating

frame are truncated by the Zeeman Hamiltonian which help to simplify the form

of the total Hamiltonian.

Tmt(rotatmg frame): U2'3"" (lab__ frame)UZ (9)

=exp[iwt1 ]T,mt (lab frame)exp[—ia)tlz ]

w is the Larmor frequency and the non-zero “7" terms in the rotating frame are:

To?" =1§B0 and ngt" = yrg’ao (10a)

—. - ~

T013” =1'-11andT2{’0‘f =(i/f)[31;1;’ —i"-if] (100)

72,00” =1’S-z" and T2135” = yrgsg' (10c)

Eqs. 10a-c give the operators of chemical shift, homonuclear dipolar coupling

and heteronuclear dipolar coupling respectively. One typically incorporates Eqs.

6-8 and 10 into Eq. 2 which will further bring time dependence into both “R” and

“7” 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 ”C-”N REDOR pulse sequence. The open columns represent the

m’2 and ”pulses. CP transfers 1H transverse magnetization to ”C. ”C

magnetization is dephased (i.e., reduced) by ”C-‘5N dipolar coupling mediated

by one 15N 7r pulse per rotor period. The ”C It 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.(9-14)

REDOR has found application in detection of formation of chemical bonds and in

resonance assignment of small peptides.(15-17) 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) 1H to ”C cross polarization (CP), (2) a dephasing

period (1') during which a series of ”C and 15N 7: pulses and 1H decoupling field

were applied and (3) ”C acquisition. For each 1, two separate spectra are

collected. The spectrum named “80” is It pulses applied only on the ”C channel

but not on the ”N channel. The spectrum called “81” 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

HW’ = HCS + ch + H€N (11)

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 1H can be removed by 1H

decoupling and will not be included in the further discussion. The goal of this

sequence is to selectively detect the ”C and ”N dipolar coupling as well as the

”C isotropic chemical shift, while averaging all the other interactions. The non-

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

H5? = [A - ez’wk’ + B . e’a’R’ + C - (“”11" + D - e‘Z’wR‘ 1 . 1:5; (12a)
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HUI? =[A-e2‘0’R‘ +3.60” +C-e"“’R’ +D.e‘2’“’R’]-[31;1g —i" if] (120)

Eqs. 12a and b are for heteronuclear and homonuclear dipolar coupling

respectively. The time-independent A, B, C and D are functions of Cint in Eq. 5,

the Euler angle set Q'E(a',,6',y') defined by corresponding Wigner rotation

matrix elements and the internuclear distance r;,-. The non-zero term for chemical

shift was

11,-CS = [at-so + (A - e210”?! + B - eia’R' + C - e—in' + D ~19—21w”) Jam-so]- 1:80 (13)

in which the terms A, B, C and D are functions of 0"“ in Eq. 5 and the Euler angle

set Q'a(a',,6',y'). 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 If pulses, The time integral of H5.) in Eq.12a over the first half of

one rotor cycle is

fd(th) - Hymn

0c {A[e2”‘ - I]+ late"r — 1] — C(e‘”r - I]— D[e_2i" — 1]} - 11's,! = (—B+ C) - Igsj

(14a)

while over the second half of the cycle is

E” d(er).H,j?(mRr)

x{A[e4ifl' _82ifl]+B[82ifl _eifi]_C[e-Zilr _e-ifl]_D[e—4III_e-21'7!]}.I:Szj =(B-C)'I;Sé’

(14b)

For similar reasons, the homonuclear dipolaricoupling 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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(SO 2

_ _i C/Z . total C . total j

H_TC(£ dt H (r)+fC/2dt H (t))0CO'- 130 (15)

However, the ”C-”N heteronuclear dipolar coupling which includes the distance

information has to be recovered with the It pulses applied on ”C and/or ”N

channels. The Hamiltonian expressed in Eqs. 12-13 can be generally written as

HDJrelero = (1(0'1252 (163)

Halo... = din-131:1." ..rr 7’] (16b)

HCS,anl'so =d(t)'lz (16C)

According to Eq. 14, the sign of the integral of d(t) will be flipped during the first

and second halves of a rotor cycle. In addition, the sign of the spin operators l2

and 82 will be flipped by the It pulses applied on the corresponding channels.

Table 2 summarizes the sign of Ho and Hogan-so in So and S1 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 So and 81 spectra

 

 

half rotor

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

cycle

HD,hetero + - - + + - - + + - - + + - - +

$0 HD,homo + - + - + - + - + - + - + - + -

HCS,aniso + - - + + - - + + - — + + - - +

HD,hetero++++++++++++++++

31HD,homo+'+'+'+'+'+'+'+-

Hcs'am-so + - - + + - - + + - - + + - - +

 

41



con

Tat

cou

ave

3V8

The

It is

corr

the

peri

p10

Whe

Usin

f0r tl

in Er



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 Ho can be expressed by the zero-order time

averaging of heteronuclear dipolar coupling over 16 rotor periods.

H0 = (HD,hetero>0 = d'IzSz (17)

The term dis 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) oc Ix. The time evolution of the magnetization can be calculated as

. . 2 . 3

It (12.122.
p(t)=p(0)-l-!-rt+ 2, 2 3! + ------ (18)

where

"i =IH0aP(0)]

’2 =[Hotri]=IHo,IH0,P(0)I] (19)

"3 =IH0J2]=IH0aIHotiH09P(0)]]I

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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rl acid-IySz

r2 ocdz-Ix (20)

exmtgg

Thus, the time evolution of spin operator for REDOR can be obtained from the

combination of Eqs. 18 and 20.

- - -2. 2 .3, 3

p(t)oc1 -MJ 57+“.1 _M.1 S.+ ......
x 1' y ~ 2' X 3' y z

. . . (21)

(dt)3(c102 -
+ ------]+IySz -[(dt)—T+ ------]=Ix cos(dt)+IySZ srn(dt)

2!

 =]x.[]_

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 l-S spin pair, the density

matrix of IX and lySz can be written as

F0010‘ loo—10'

0001 000i

Ioc andISoc 22

"1000 yzi000()

_0100_ _O—i00d    

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

the matrix form

I+oc (23)

C
O
C
O

C
O
C
O

C
O
O
-
—

O
O
—
‘
C

  

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

23.
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"0000‘ F0000“

0000 0000

Ix-IToc andISz-IToc . (24)

0010 y 0010

_0001_ Looo—r‘    

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 l-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 1H —> ”N -> ”C, and the 15N —i ”C

transfer can be selective for 13C0 and ”Cat by setting the spectrometer

transmitter close to the 13C0 and ”Cot frequencies.(18) 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 -» ”C transfer step is

Htotal = HCS,z'so + HCS,am’so + HD (25)

The terms on the right side of Eq.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 Eqs. 12-13 in a

rotating frame and could be expressed as

HCSJSO = nIIz +9552 (263)
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HCS’am-so = a, (t)!z +O'S(t)Sz (26b)

HD = d(t)]zSz (26c)

The l 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 (01, it will be more convenient to apply the AHT

in a tilted togging frame by considering both Q and our Firstly we can transfer the

H0 in Eq. 260 into a tilted rotating frame defined by a and (01. The z axis in the

tilted rotating frame is along the direction of the vector sum of Q and (01. The

Euler angle set between the rotating frame and the tilted rotating frame is (0, 6, 0)

where 656, =arctan(0% ) or (9565 =arctan(0% ) for I or S and a)” and ans

1] IS

are Rabi frequencies applied on I and 8 channels respectively. The dipolar

coupling Hamiltonian in Eq. 26c will consequently be expressed in the tilted

rotating frame as

HShed = exp[—i6,1y]exp[-i05Sy]HD exp[il93Sy ]exp[i6,ly] =

d(t)cosl9, cosfis -212Sz +d(t)sin (9, sin 63 -(I+S_ +I_S+) / 2+d(t) 00563 sin 05 -SZ(I+ +I_)

+d(t)cos€s sin 9, -IZ(S+ +S_)+d(t)sin 6, sin 63 -(I+S+ +I_S_)/2

(27)

The five terms on the right side of Eq. 27 indicate the Z component, zero-

quantum (ZQ), single-quantum in l spin space (SQI), single-quantum in 8 spin

space (808) and double-quantum (DQ) transfer respectively. The time-

dependent term d(t) 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 = exp[—i(wll,efllz + wlS,eflSz )1] (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 TOIIOWSlafiflfl =(IQZ +042 . Based on Eq. 2, the H0 in the
 

toggling frame can be evaluated by

Higggle = UHg/redU—l (29)

Each of the five terms in the right side of Eq.27 can be calculated separately.

flg’fg’e oc 1,3, (30a)

firDongée at (A{Alwyn-wispy] Haiti 11 + Be-l'llwli,efl-wis,eyf>-wrill +Ce-iltwl1,e/f-wis,e17 twirl!

+De"T(a’Il,efl’-a’IS,efl”)+20’R]‘ )1 S + (A(Biliary-wisgflflwklt + Beiltwir,eyf-wis,eyf)+wrilt (30b)
+ _

+Ceil(wir,ejj-wis,eyf )‘a’RI’ + Deiltwlr,eyf-ans.ejf Ham It )1.5+

~ . _2 I _. 2 I . _ . _.

HIDogSgéel «{[Aewwll’efl (DR) +Ae “ml/£174" (DR) ]+[Be’(a’”.ejf 02R)! +83 ‘(a’Il,efl+wR)’]

+[Cei(a’”,efl+wk )t + Ce—i(mll,efl-wR)l ] + [Dei(a’|1,efl+20’R)t + De-“mllflfl'zwl? )l]}Isz

(30c)

+{[Ae'(0’ll,efl"20’R )I _ Ae-rtwir.ejf+20R )1 ] + [Bgimme/ram )1 _ Be“(a7ll,eff+a’R It]

+[Cei(a’u,efi+wrt)t _ Ce-i(wir,efl-wii )1] +[Deitwl1,ejf+2wii )1 _ De‘i(wll,ejf‘2wR >11}1y52

173%? 0c {[Aei(aqs,q01—2wk )r + Ae-"(“’IS.e/f+2“’R )t ] + [Bei(ms’€fl—wR )r + Be-i(a’ls’efl+wml]

+[Ceims’eflmk )t + Ce-iwls’e/f—QR” 1+ [Dei(0IS,ejf+za’R)’ + De—“mls'efl—MR )t ] }Isz (30d)

+{[Aei(a’IS,ej]'-20R )1 _ Ae—i(wIS,efl+2wR )t]+[Bei(a’IS,efl-0R)t _ BeTKa’ISflfl'Ta’R )t]

+[Ceiwl5’e/fwk )t _ Ce-i(a)|g’efl-¢DR )l ] + [Dei(a"s'efl+2wk )t - De—r-(MS,efl—2wk )t ”125),

46
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+De‘iIIOJII,efl+¢’IS,ejf 820R IIM5+ + (AeiIIG’llxfl’t'a’lSpjf Maui I! + Beiliwir,e/f+wis,efl Harri II (309)

+Ceil(wir,eyy+wls,efl)-wiilt + Deiltwir,e)f+wis,efl)-2wri It )1.S_

 

 

 

 

 
 

air/2
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1H H CP1 I TPPM decoupling
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: [ CP2

15N

 

 
CP1 7 T [—— cpz

 

Figure 11 Double Cross Polarization (DCP) pulse sequence. CP1 and CP2

indicate the 1H—»”N and ”N—s”C cross polarization respectively. There is a

short delay 1' between the first and second CP process. TPPM decoupling was

applied during the r, CP2 and acquisition periods.
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The Eqs. 30 suggests the 20, SQI, SDS and DO components can be selectively

recovered when the conditions ain’efl-wlsfifl =nruR, aim,” =an, 0,3,8], =an

and 021 Lejf +w15£fl =an (n = 1 or 2) are satisfied respectively. In practice, the

conditions aim/f =an and wise/7 =an are always avoided because the CSA

interaction will also contribute to the zero-order average Hamiltonian under these

RF rotational resonance conditions.(19,20) Consequently, the general forms of

zero-order average Hamiltonian are

<fi3881€>0 0C (1+S_ +I_S+) for (omefl- -sz,eff = an (313)

(@8800 ac (1,5+ +1_s_ ) for am], mm]? = an (310)

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)oc Sx. The initial

condition is different from the REDOR sequence because in DCP the 1H

magnetization is firstly transferred to ”N instead of ”C. Vtfith the averaged

Hamiltonian in Eq. 31a, the zero-order averaged Hamiltonian in DCP can be

written as

H0 at: a -IZSZ + b-(I+S_ +I__S+) (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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7'0me

r, = [H0, p0] = [a1,s, + bI,S, + b1,S,,S,] .-.- a[1,S,, S,]+b{1ySy, 5,] = in . 1,5,, 451,5,

r2 = [110,4] = [a1,S, + 51,5, + nySyJa-IzSy -ib-IyS,] = tra1,S, +b1ys,,a1,sy —nyS,]

= t[(a2 + b2)(S,Sy — 5,5,)+ ab(IyI, - 1,1,)] = (02 + b2)S, - abr,

(33)

It can be seen from Eq. 33 that the term r2 includes the spin operator Ix, 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.

”C—3’P REDOR experiment. ”C-31P REDOR experiments are going to be

used to measure the distances between ”CO-labeled HFP backbone and the

lipid phosphate 31Ps. The sample used for setup contains 0.8 umol HFPmn and

20 umol [1-”C]-1,2-dipalmitoyl-sn-glycero-3-phosphocholine (1-”C-DPPC). The

sample preparation started with dissolution in chloroform of 20 umol 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 ~1500009 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 31P channel. As described in the previous section, the

dephasing period during the “S1” acquisition contained a ”C n pulse at the end

of each rotor cycle except for the last cycle and a 31P 17 pulse in the middle of

each cycle. In principle, the difference spectrum will contain information about the

13C-3‘P dipolar coupling (d). In practice, the experimental REDOR dephasing

(AS/So)°"” was defined as (So-Si)ng where So and 81 represent the intensities of

the interested ”CO resonance in the So and 8; spectra, respectively.

Determination of d was based on fitting (AS/Sg)°"” to (AS/So)”:

[35.] = l— [Job/221)? + {2Z”4771)]—————} (34)

SO k=l 16kkz—l

where A. = dr and Jr, is the kth order Bessel function of the first kind.(21)

During the setup process, the 1H and ”C If 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 31P 11 pulse length was set by minimization of the 81 signal in this sample for

r = 8 ms and the 1H TPPM pulse length was set to give the maximum Sg signal.

Figure 12a displays the plot of (AS/So)MD and (AS/So)“ vs. 1' for HFPmn/1-”C-

DPPC sample. The best-fit d = 68 Hz according to Eq.34 which corresponded to

a 5.6 A ”C-3‘P distance (r) based on the relation d (Hz) = 12250 / P(A). The
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Figure 12 (AS/Sg)"‘” (error bars) and best-fit (AS/Sg)"’" (lines with or without

diamonds) vs dephasing time (1') for (a) the ”C-31P 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-dipalmitoyI-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/So)MD and

(AS/So)“ are likely due to: (1) contributions to (AS/So)” from intra- and

intermolecular 31P with comparable values of r which contrasts with the single

”CO-MP spin pair model used to calculate (AS/So)“; (2) two structurally distinct

”C05 in each headgroup with different intra- and intermolecular rvalues; 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.

”C-”F REDOR experiment. ”C-”F experiments can provide

complementary distance information for ”C-3‘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 7: 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 “”F-”C-”F” 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 19Fs. 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

—» ”C transfer during the DCP will be described in this section. According to the

previous discussion about the theory, both the Z0 and DO parts of the dipolar

coupling Hamiltonian can contribute to the transfer under different conditions.

Here the 20 transfer condition with n = 1 as described in the previous section

was chosen and the key parameters such as (1)13, am and .05 (I E ”C and S .=. ”N)

were optimized. The ”C transmitter was always set close to the resonance of

interest so that {11 ~ 0 and the MAS frequency was fixed at 8 kHz. A double ”CD-

Iabeled N-acetyI-Leucine (D-”CO-NAL) was used as the setup compound.

Figure 138 showed a regular 1H-”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 15N.

Fig. 130 showed that ”C signal came from the ”N—»”C transfer instead of

1H—>”C transfer by removing the CP2 on ”N channel in Figure 11. The ”C

transmitter was set to 160.0 ppm. The optimization of ans is shown in Figure 13d

and the ”N—+”C 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—>”C transfer step was 24.0 kHz

so that the condition of 20 n = 1 transfer was satisfied. In addition, ~ 10 % ”C

ramp and ~ 8 ms contact time was required for a efficient ”N—+”C transfer and

the optimized transfer efficiency was 40-50 % compared with direct 1H-”C CP

experiment.
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Figure 13 (a) 13C0 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 (of. 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 Iiposome fusion and viral/host cell fusion.(1-4) 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 ot-helical

conformation from 14 to M19,(15) while another study showed a helix from l4 to

A14 followed by a Bturn.(11) 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

cholesterolzphospholipid molar ratios are ~0.5 and 0.8 for HIV host cell and HIV

membranes, respectively.(i 7) 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.(18,19) 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 1H, ”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 (it and I]!

dihedral angles. A residue was defined as helix if -120 < ¢ < -34 and -80 < r/I< 6.

A residue was defined as beta strand if -180 < d < -40 or 160 < (i < 180 and 70 <

W< 180 or -180 < l,u< -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,

60



HFI

will

MA

1.2

the

The

phi

ell

Sig

ten

“Pt

Th.

the

Chi

Spl

an

Ter

lip)



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-glyceroI-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-glyceroI-3-

phosphocholine (POPC) and 1,2-dimyristoyI-sn-gcherol-3-[phosphor-rac-(1-

glycerol)] (POPG) were not chosen their large natural abundance lipid ”CO

signals would overlap with the peptide ”CO 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 8:225 DTPC:DTPGzcholesterol ratio.

These ratios reflect the approximate fraction of phospholipids and cholesterol in

the HIV-infected host cell.(17) The typical peptide strand1lipid 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 umol 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 tit-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 ~1500009 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.(21,22)

Solid-state NMR Experiments. All HFPmn_muts were singly-”CO labeled

and the HFPmn, HFPdm and HFPtr were uniformly-”C-Iabeled 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-

Iabeled HFPmn_mut were determined from the ”C-a‘P REDOR So 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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63



Fig



 

   

  

  

 

 

  

 
 

 

   

   

 

 
  

(c) m A6 cit/com) '

o o//Ac CWCaIBlg . ,

first ? - f;
c Q '

6E? ‘ - ' ~ ° 6

'1 o 5.3

° L12 cplcylc) 3.
/ . i'36 g

9 L12 08/0703) 0 9

‘Q P 5‘
'0

L12 corc .

a A“? 3L12 CaIC or 0

¢>

° ”I
T r 6"

60 36 13

13C Chemical Shift (ppm)

((1) '—V 13

or A6 cplcc(p)

, /

/ 8

L12 CyICB(B) V :L is?

ucwcyorcsas 36:33:

\ ‘2.

0 ¢ '4

6 a

S
U

@ ‘3'
l4 Catle or CNBK

o n ‘9
7 j 60

60 36 13

130 Chemical Shift (ppm)

Figure 14 PDSD spectra for (c) HFPtr in PC:PG and (d) HFPmn in PC:PG:CHOL.

64



 

(e)

(
w
d
d
l
s
l
u
r
s
I
B
G
I
W
G
t
I
O
a
c
t

  
 

 

(f)

l
w
d
d
)
r
i
m
s
r
e
a
l
w
e
q
o
a
c
t

 
0 l4 06.le or 68(13)\  I

60 36

I 60

. 13

130 Chemical Shift (ppm)

Figure 14 PDSD spectra for (e) HFPdm in PC:PG:CHOL and (f) HFPtr in

PC:PG:CHOL.

65



  

 

 
 

O
-

2'00

130 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

CB/Cor(8) represent the cross peak between CB(f1 dimension) and 00162

dimension) for Ala-6 in B-strand conformation. The spectra (9) through (I) 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 f1

dimension which corresponds to the 08 of Ala-6 in B-strand conformation. For

the spectrum (b), the 1D slice is along ~18 ppm in the f2 dimension which

corresponds to the C8 of Ala-6 in tit-helical conformation.
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Figure 10 with 31P as the third channel instead of ”N. The experimental

parameters for ”C-3‘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 ”C CP n‘ field; 62.5 kHz 1H CP rf field; 2 ms CP contact time;

50 kHz 13c ”/2 pulse rffield; 25 us t1 dwell time; 200 it values; 20 ps t2 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 ”C 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, Ala6 and Leu12.

For PC:PG spectra, the assignments were achieved for Ala6 and Leu12, but the

Ile4 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 cit—helical and B-

strand structures in PC:PG and adopt only B—strand conformation in

PC:PG:CHOL. (2) There are not obvious chemical shift differences for residue

Ala6 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 ot-helix and B-

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 Cot CB Cy CO

51.0 23.3 175.3

Nae (55.8)” (18.1) (180.3)

Leu12 52.8 46.6 26.1 173.7

(57.7) (42.4) (25.9) (178.8)
 

a'All chemical shifts are in unit of ppm.

b The chemical shifts shown in parentheses indicate ot-helical conformation.

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

 

 

Residues Cot CB OJ CO

50.5 23.7 175.1

“a” (55.8) (18.3) (180.2)

Leu12 53.4 46.0 26.2 173.2

(57.8) Lil-7) (26.0) (179.1)
 

Table 30. Assignments of residues in HFPtr with PC:PG

 

 

Residues Cot C8 Cy CO

51.1 23.3 1754

Na” (55.8) (17.8) (180.3)

Leu12 53.5 45.8 27.0 173.6

(57.8) (41.9y (26.9) (179.2)
 

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

 

 

Residues Ca Cfi Cy CO

lle4 59.2 41.8 27.2 174.2

Ala6 50.6 22.8 175.3

Leu12 53.5 46.5 27.0 173.7
 

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

 

 

Residues Cot CB 0‘! CO

lle4 58.9 42.0 27.5 173.9

Ala6 50.3 22.7 175.5

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 Ca CB Cy CO

lle4 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 39. 13co chemical shift of residues in HFPmn_mut with PC:PG

 

 

Residues Ala1 lle4 Ala6 Leu9 Leu12 Ala14

13

CO
. 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. 13CO chemical shift of residues in HFPmn_mut with PC:PG:CHOL

 

 

Residues Ala1 lle4 Ala6 Leu9 Leu12 Ala14

13

co
. 176.1 175.8 175.8

sfi'i‘g'zggfg) "5'5 "4'9 (179.8) (179.2) (179.0) "6'9

 

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 B—strand conformation in PC:PG:CHOL. in

another set of experiments shown in Figure 159-i, the 13CO 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

13CO 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 [3-

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. Ala6 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 d—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.(11, 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 B—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 [3 sheet aggregates for the B—strand

HFPs.(31) Relative to the [3 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 Cor/CB cross peaks for
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Ala6 in a-helical and B-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

f1 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 1:"C-3‘P REDOR experiments for Ala6 and Ala15.(26) As shown in

Figure 16b, the 13CO intensity for a-helical conformation is greater than that for B-

strand conformation in HFPdm, but not in HFPmn or HFPtr. In addition, the 13CO

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,

6.9., from HFPmn to HFPdm, there is an increase in the relative population of 01-
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helix, while from HFPdm to HFPtr, there is an increase in the relative population

of B—strand. This further means (1) both the helical and the 8 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)

73



(a) Ala-1 (b) Ila-4

% % g
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(9) (h) \M‘

   

  
    
130 Chemical Shift (ppm)

Figure 15 13CO spectra of (a) Ala1, (b) Ile4, (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. 13CO 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 13C-3‘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 B-strand 13CO.
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Figure 16 (a) 10 slices along the chemical shift of Cy of 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,

001le and CB/Cy cross peaks in helical conformation respectively, and 4-6 are

CO/Cy, Col/Cy and Cp/Cy cross peaks in strand conformation respectively. (b)

13C-31P REDOR So spectra for AlaG and Ala15 samples. In each spectrum, the

left peak corresponds to iii-helical structure and the right peak corresponds to 6-

strand structure.
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CONCLUSION

The secondary structure studies on a variety of HFP constructs

concluded: (1) ln PC:PG:CHOL, there is a predominant B—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 B—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 (3

strand HFP conformation through inter-peptide hydrogen bonding.(1) Solid-state

NMR REDOR experiments were performed on HFPmn associated with

cholesterol-containing membranes samples in which half of the peptides

contained specific 13C carbonyl backbone labels and the other half of the

peptides contained specific 15N backbone labels. Strong evidence for oligomeric

8 structures was provided by observation of a significant reduction of the ‘30

signals by the 15N 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 6 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 8 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 study 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 (3 strand HFP. The specific

aims include: (1) is there a predominant parallel or anti-parallel [3-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 existence 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, 10) 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 13CO and 15N labeled residues. Although there was a

cysteine in the C-terminus, the peptides were predominantly non-cross-Iinked as

judged by monomeric molecular weight in AUC data. (3,11) 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 II for HFPmn and in appendix 3 with FMOC chemistry.(12) HPLC and

MALDI-TOF-MS were used to purify and identify the peptides.

Table 4 peptide sequences and labeling schemes.a

 

 

Name Sequence

HFP-A AVGIGALFLGFLGAAGSTMGARSWKKKKKKAB

HFP-B AVGIGALFLGFLGAAGSTMGARSWKKKKKKAB

HFP-C AVGIGALFLGFLGAAGSTMGARSWKKKKKKA”

HFP-D AVGIGALFLGFLGAAGSTMGARSWKKKKKKAB

HFP-E AVGlGALFLGFLGAAGSTMGARSWKKKKKKAB

 

' The red symbol indicates the 15N-labeled amino acids and

the blue color indicates the 13CO-labeled 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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’30-’5N REDOR Experiments and Simulations. The triple resonance MAS

probe was used and tuned to ”C, 1H, and 15N frequencies of 100.8 MHz, 400.8

MHz, and 40.6 MHz, respectively and the 130 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 1H 17/2 pulse; (2) 2.2 ms cross-

polarization with 63 kHz 1H field and 76-84 kHz ramped 13c field; and (3) a

dephasing period of duration 1 for which the “So” and “Si” acquisitions contained

62 kHz ‘30 TI' pulses at the end of each rotor cycle except the last cycle and for

which theSi acquisition contained 27 kHz 15N 17 pulses in the middle of rotor

cycles; and (4) 13C detection.(2,13-16) XY-8 phase cycling was applied to the 13C

and 15N pulses during the dephasing period, TPPM 1H decoupling of ~95 kHz

was applied during the dephasing and detection periods, the recycle delay was 1

s, and the MAS frequency was 8000 :I: 2 Hz. REDOR experiments were

calibrated using a Iyophilized “l4” peptide with sequence

AcAEAAAKEAAAKEAAAKA-NHz and a 13co label at Ala-9 and a 15N label at

Ala-13. For the predominant 01 helical conformation of l4, the labeled 13CO-‘5N

distance is ~4.1 A.(13,17)

The So REDOR spectrum contained all ‘30 signals while the Si spectrum

had reduced signals from 130 with proximal 15N and therefore appreciable 13C-

15N dipolar coupling (d). The equation (1 = 3100/r3 expresses the relation between

din Hz and 13C-“"N distance (r) in A. The data analysis focused on integrated So

and 81 intensities in the labeled 13CO region that were denoted as “So” and “81”,

respectively, and an experimental fractional dephasing (AS/So)” = (80’1” -
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81"”)/So°"" was calculated for each 1'. The (AS/So)” provided the experimental

basis for determination of d and r. The 0- °""’ uncertainty in (AS/So)” was

calculated by

 

“502 x 0512) + (S12 x as:

I
SO, (35)exp
 

0'

where ”so and 031 are the experimental root-mean-squared noise of the So and

81 spectra, respectively.(18)

Calculations of (AS/So) 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 13CO in

a central (3 strand and the other one or two spins were labeled 15N on adjacent

strands. In order to make meaningful comparison between the (AS/So)“ which

were based only on labeled nuclei and (AS/So)” which included contributions

from both labeled and natural abundance nuclei, (AS/So)°°’ were calculated from

the (AS/So)°"” and reflected removal of the natural abundance contribution.

The following parameters/approximations are used:

A1. There is 99% labeling of the Ala-14 13CO and Val-2, Gly-3, Ile-4 or

Gly-5 15N sites. 31 = so for a labeled Ala-9 13co in a molecule with a Val-2, Gly-3,

lie-4 or Gly-5 1“N.

A2. Effects of natural abundance 15N on 13CO 81 signals are evaluated

using the following criteria: (1) 81 = 0 for a labeled Ala-14 13CO separated by one

or two bonds from a natural abundance 15N at Ala-15 and Ala-14. Ala-14 81 is not
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affected by other natural abundance 15N. (2) 81 = 0 for natural abundance

backbone 13COs at Ala-1 and Val-2, Val-2 and Gly-3, Gly-3 and lie-4, or IIe-4 and

Gly-5 which are separated by one or two bonds from the labeled Val-2, Gly-3, lle-

4 or Gly-5 ‘5N, respectively. 81 = So for other natural abundance backbone 13CO

sites. Criteria (1) and (2) are based on the close distance (5 2.5 A) and

consequent strong (2 200 Hz) dipolar coupling of 13CO and 15N nuclei separated

by one or two bonds.

Figure 17 displays a flow chart for the determination of (AS/So)” for HFP-

B with 13co labeled Ala-14 and 15N labeled Val-2. (AS/So)°°’ for the other HFP

samples were derived based on the same flow chart but only with different 15N

labeling.

A complete derivation of (AS/So)” follows:

exp exp_ exp

[AS] = SO__;SJ__ (35)

30— S3”

55"” is expressed as the sum of contributions from labeled 13CO nuclei (SC’,“”) and

from natural abundance 13CO nuclei (S;“"):

53"!” = 53"” + 55*“- = I - UC + 71 AC (37)

where 1 — Uc is the fractional Ala-14 13CO labeling, Ac is the fractional 13C

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

sites in an HFP molecule. Sf” is also expressed as the sum of contributions from

labeled 13CO nuclei (Sl’ab) and from natural abundance 13CO nuclei (S{"“' ):

S,” = S,” + s,”- (38)
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Figure 17 Flow chart of derivation of (AS/So)” for REDOR of HFP-B. The four

rows in each box are in sequence: the site description, its relative population, and

its contributions to So and Sr.
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with:

S1!“ =(1— UC— UN)(I — 2AN)f + UN (39)

and:

S,“- = (n—2)AC (40)

where 1 — UN is the fractional 15N labeling of the Val-2, Gly-3, lle-4 or Gly-5

residue for HFP-H, HFP-I, HFP-J and HFP-K respectively, AN is the fractional

15N natural abundance and the parameter 1‘.

cor cor_ car car

f=l =l——9———1——=I—-A—S (41)
3601' 5607‘ S0

 

Incorporate Eq. 41 into Eq. 39:

SlIab =(l—UC-UN)(l—2AN)[l—[%S—] ]+UN

0

(42)

= (l - uc- U~)(1-2A~)-(I- uc- UN)(1 -2.,)[§S_)“"+ UN

UC, UN, and ZAN are much less than 1 so that:

(1- UC- UN)(I — 2AN)51- UC— UN - MN (43)

and:

Sllab E l—UC—ZAN— (I—UC—UN—ZAN)(;'£] (44)

0

Incorporate Eqs. 40 and 44 in Eq. 38:

AS cor

SlexP= ]_UC—2AN_(l—UC-UN_2AN)(S—] + ("—2)AC (45)

0

Combine Eqs. 37, 38, 39, and 45:
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53W —SlexP =[1—UC+nAC]— l—UC "ZAN — (l—UC —UN —2AN)[%S'] '1' ("—2)AC]

0

(46)

and simplify:

ex ex AS COI'

0

Combine Eqs. 37 and 47:

24¢ + 2.4,, + (I — UC — UN — 2A,.)(i‘EJ

(48)Aim- 50

SO l-UC+nAC

and rewrite:

 

g 6“: l-UC+nAC g ”_ 2AC+2AN (49)

S0 (l-UC-UN-ZAN) S0 (l-UC—UN-ZAN)

Expressions in Eq. 49 were numerically evaluated using Ac = 0.011, AN = 0.0037,

n = 29, and Up = UN = 0.01 which were based on 0.99 fractional labeling of the

Ala-14 13‘CO sites and 0.99 fractional labeling of the Val-2, Gly-3, lie-4 or Gly-5

15N sites:

cor exp

[E] = 1.360(3‘5] - 0.030 (50)

Eq. 50 resulted in:

060’ = 1.360 cap (51)

Input parameters to the SIMPSON program included the 13CO-"SN dipolar

couplings, the Ala-14 13CO chemical shift and CSA principal values, and sets of
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Euler angles which reflected the orientations of 13CO-‘5N dipolar coupling and

13CO CSA PASs in the fixed crystal frame. The 13CO 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 2|WW).(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 13CO coordinates

were obtained from a specific residue in OMPG, 15N 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 (or, (3, 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, 0.0) where 9 was the angle between two 13CO-“"N

vectors. The Euler angles for the 13CO CSA PAS were calculated using the

known orientation of the PAS relative to the 13CO 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. 13C-‘5N REDOR experiments

were first carried out for HFP-A in Table 4 which contained 13CO labeling at

Ala14, Ala15 and Gly16 and 15N 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 Lou-9, the 13CO-labeled residues on one strand would be hydrogen

bonded to the 15N labeled residues on an adjacent strand with concomitant 13C-

15N dipolar couplings of ~ 45 Hz; and (2) intramolecular 13CO-‘E’N couplings are

negligible. Representative spectra are displayed in Fig. 18a, b and the respective

(AS/So)”p were ~ 0.41 and ~ 0.50 for REDOR dephasing time 1: = 24 and 32 ms.

These values suggested that there was a large population of HFP with the

putative anti-parallel strand registry.(10) Unambiguous analysis of these data

was challenging because there were contributions of three distinct 1300s 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 13CO and a single 15N label. Four HFPs were prepared and all had a 13CO

label at Ala-14. This residue had been 13’00 labeled in HFP-A and had been

previously observed to give a fairly sharp signal.(24) The 15N label was at Val-2

(HFP-B), Gly-3 (HFP-C), Ile-4 (HFP-D), or Gly-5 (HFP-E). The variation of the

REDOR data among the different HFPs was striking (of. Figure 186-j and Figure

19a). For r= 32 ms, the (AS/So)” 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 lie-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 So and Sr 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, iwere

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 So or 81 spectrum was the sum of (a)

41328, (b) 56448, (c) 45920, (d) 81460, (e) 55936, (f) 79744, (9) 30898, (h)

81856, (i) 45920 or G) 71040 scans.
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Figure 19 Plots of (AS/So)” vs dephasing time for membrane-associated HFP

samples prepared with [HFPlinitial of (a) 400 (M or (b) 25 pM. The symbol legend

is: diamonds, HFP-B; triangles, HFP-C; circles, HFP-D; and squares, HFP-E.

The a°°'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 13CO labeled Ala-14 residue is highlighted in blue. (b) Models

used to calculate (AS/So)” and spin geometries specific for the HFP-C sample.

Each model includes nuclei from three adjacent strands with the Ala-14 13CO

always in the middle strand and 15N 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 13CO-‘5N distance was large in the

HFP-H, HFP-l, HFP-J, or HFP-K samples so that d as 0. The Ala-14 13CO is

hydrogen bonded to an amide proton in the top strand. Relevant labeled 13C-‘E’N

distances and 15N-‘3C-‘5N angles are: r1 = 4.063 A; N = 5.890 A; r2 = 5.455 A; ['2'

= 6.431 A; 611 = 161.1’; 02 = 131.9'; i93= 130.2°; and HF 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 193 were made with

[HFPmnlinitial e 400 uM. 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 [HFPmnlinitiai z 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/So)” were obtained for both values

of [HFPmnjrnmar 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 1- = 24 ms for HFP-A to a previous set of triply-labeled

HFP monomer samples where 50 % triply 1"’CO-Iabeled peptide and 50 % triply

15N-Iabeled peptide had been used. In those cases the combination HFPmn-

(A14A15G16)c/HFPmn-(A14A15616)N provided ~ 4 °/o dephasing and the

combination HFPmn-(A14A15G16)c/HFPmn-(GSA6L7)N gave ~ 16 % dephasing

at 24 ms, while Figure 183 showed the HFP-A sample gave ~ 55 % dephasing at

the same dephasing period.(2) Although the probability for a 13C-Iabeled HFP

aligned with a 1‘r’N-Iabeled 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 B-sheet arrangement.
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Quantitative Anti-parallel ,B-sheet Registry Models. More quantitative

analysis of the (AS/So)” 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 13CO 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 Ile4 in the adjacent strand (of. Figure

20a). Registry X was defined as any registry for which the inter-peptide 13CO-‘5N

distance was large in the HFP-B, HFP-C, HFP-D, and HFP-E samples so that d is

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 )0( had (AS/So)“ = 0 for all dephasing times while models AX, XA,

BX, and X8 resulted in two-spin systems for which (AS/SOP“ were primarily

dependent on the 13CO-“"N distance. Models AA, BA, AB, and BB were three-

spin systems for which (AS/So)” depended both on the two 13CO-‘5N distances

and on the angle between the two 13CO-"5N 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/So)” for

these samples were appreciably positive. Fitting was accomplished with the

equafions:

 

{11%.if: 13%.):12

‘ 6'0"

(“1'1 1

12=Z

j=l k

(52)M
o
.

ll
~

calc 9 sim

(1%.)... = 2;, 1 . (1%.)... 1531

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

was the index of the model, and fr was the fractional population of model I.

Three types of fitting were done and differed in the choice of which 1', were

fitted and which were set to zero. For all fittings, 2 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 fAA = 32,

97



f3A= ab, fA3= ab, f33= b2, fAX= a(1-a—b),fx,q = a(1—a-b),fax= b(1—a—b),

fxa = b(1 - a - b), and fxx = (1 — a - b)2. “Partially constrained” fitting was done

based on the idea that there were domains of antiparallel strand registry and

domains ofX registry so that no. = a2, rs. = ab, rag = ab, r35 = 52, fax = 0, 5.. = 0,

fax = 0, fxa = 0, and fxx = 1 — (a + b)2. 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)2/[(1 -(a + b)]2 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 [3 strand domains

would form with only A or only B or only X registries so that fat = 62, fBA = 0, fag =

0, 1135 = b2, rAx = 0, 1).. = 0, fax = 0, 5.3 = 0, and rxx s 1 — a2 - b2. In this fitting, the

fractional populations of the A, B, and X strand arrangements were 82, b2, and

1 - a2 - b2, respectively.

The results of unconstrained fitting are displayed in Figure 21a as a 20

contour plot of )1 vs a and b. The best-fit a = 0.22 and b = 0.31 with {mm = 16.5

and good-fit a and b represented in the black region.(18, 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/Sn)°‘"‘ and either a or b for both the

HFP-l and HFP-J samples. The (AS/Soft"c were also computed for the HFP-H

and HFP-K samples using the best-fit a and b. At 1= 32 ms, maximum (AS/So)”c

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/So)” = 0.05 d: 0.04 for these samples.

98



Figure 21 b displays the ZD contour plot of partially constrained fitting with best-fit

a = 0.31 and b = 0.42 with [min = 15.1. At r= 32 ms, these a and b values led to

(AS/So)“’° = 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 32

= 0.26 and b2 = 0.33 with 22min = 12.7 and (AS/So)“’° = 0.09 and 0.12 at r= 32

ms for the HFP-H and HFP-K samples, respectively. For all three fittings, the

23mm 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 f 2-3 units higher than 33mm.

The best-fit f of the three fittings were used to calculate PA, P3, and PX

which were fractional populations of the A, B, and X registries, respectively: PA =

fAA "‘ (113.4 + 018 1' fo '1' fXA)/2 ; P8 = fee ‘1 (fBA 1' 1'48 + fax '1' fXB)/2 : and Px = f)o< 1' (fo

+ fxa + fax + fx3)/2 with PA + P3 + Px = 1 . The resulting fractional populations

were: (1) unconstrained fitting, PA = 0.22, P5 = 0.31, and Px = 0.47; (2) partially

constrained fitting, PA = 0.23, P3 = 0.31, and Px = 0.46; and (3) fully constrained

fitting, PA = 0.26, P3 = 0.33, and Px = 0.41 . An overall result of the three fittings

was therefore PA is 0.25, Pa z 0.30, and PX z 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 PA + P3 was 0.5-0.6 and the corresponding

range of PX was 04-05.
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Figure 21 Contour plots of ,1? vs

strand fitting parameters for (a)

unconstrained; (b) partially

constrained; and (6) fully

constrained fittings. The a, b, a,

and b2 parameters refer to

probabilities for different adjacent

strand arrangements. In plot a, the

black, green, blue, red, and white

regions respectively correspond to

f<19,19<f<21,21<f<23,

23 < f < 25, and f > 25. In plot b,

the regions respectively correspond

tof<18,18<12<20,20<f<22,

22 < f < 24, and f > 24, and in

plot c, the regions respectively

correspond to f< 15, 15 < 2’2 <17,

17<f<19,19<j<21,andf>

21. Best-fit parameters were: plot a,

a = 0.22, b = 0.31, f = 16.5; plot b,

a = 0.31, b = 0.42, = 15.1; and

plot c, a2 = 0.26, b = 0.33, ,y’ =

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 c, the a2 and b2 parameters

are the fractional probabilities of

domains of A or B registries,

respectively.



Previous studies in our group using ZD PDSD methods detected inter-

peptide or inter-residue crosspeaks with long mixing times between Ala6 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 complete (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 p-strand structures is also consistent with a recent 13C and 15N

assignment of a membrane-associated HFP with SUL at Ph68, Leu9 and Gly10.

(28) There were two crosspeaks with comparable intensity for the Leu9

13CO/Gly10 15N correlation and two crosspeaks with comparable intensity for the

Gly10 13CO/Gly10 15N correlation. For a given pair, the two 13C shifts differed by

~0.5 ppm and were both consistent with B—strand conformation whereas the

Gly10 15N shifts were 107 and 111 ppm. The two crosspeaks may correlate with

the multiple [El-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 13CO labels and a

HFP with three sequential 15N labels were used.(2) Data were only acquired for a

single dephasing time (1' = 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 13CO and 15N labels. Because of the single site 13CO and

15N 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-terrninal 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 Cr, 02 and C3 and D1, Dz and 03. A

010302020301 anti-parallel B-sheet structure could be formed with the Cr, C2 and

Ca strands parallel to one another, and the Dr, D; and 03 strand parallel to one

another, and the C and D strands anti-parallel to one another with 03 hydrogen

bonded to C1 and 02, C2 hydrogen bonded with 03 and D2, 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 ‘30-‘30 and 13C-“"N distances determined for this membrane-

associated trimer were consistent with the A anti-parallel registry deduced from

the present study.(13) 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

Iinewidths which were broader than those of residues in the central region of

HFP.(29) Although the ionization state(s) of membrane-associated B—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.(1,31,32) 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

Iocations.(32)

Finally, the data in our study restrict the X registry to structures other than

the Ala14NaI2, Gly3, Ile4 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 oculd have inter-peptide hydrogen bonds and this region

could be located in the membrane interior. Previous solid-state NMR 13C-‘E’N

distance measurements were consistent with some population of in-register

parallel strand structure over residues Gly5 to Gly13 in addition to anti-parallel

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 ‘30, labeled relative to natural abundance peptides.

CONCLUSION

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

REDOR 13CO-‘f’N distance measurements on a few selectively labeled samples.
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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-terrninal 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 (3-

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.(1,2) 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-F8W had predominant [3 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.(11) 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.(12)

The present work has been focused on the study of membrane location of the

HFP in a host-celI-Iike environment. The goal of the research was to build up a

high resolution insertion model which would correlate with l-IFP 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.(13-15) 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 AVGlGALFLGFLGAAGSTMGARSWKKKKKKA

HFPmn_mut AEGIGALFLGFLGAAGSTMGARSWKKKKKKA

AVGIGALFLGFLGAAGSTMGARSWKKKKKIFA

HFPtr AVGlGALFLGFLGAAGSTMGARSWKKKKKCIZ

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.(16) The putative functional significance of trimers is supported by the

15-40 fold higher vesicle fusion rates of the chemically cross-linked HFPtr

relative to HFPmn.(14) 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 13C-31P and 13C-‘S’F

REDOR experiments which were used to probe the membrane location of

different HFP residues will be described, initially with triply 13CO-Iabeled HFPmn

to get a qualitative sense,(17) and finally with singly 13CO-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-BFLG, HFPmn-5GAL, etc, and the singly-labeled peptides followed the

nomenclature of HFPmn_mut-1A, HFPtr-1A, etc. In general, terms before the

dash express HFP sequences with specific C-terminal tags and terms after the

dash indicate the 13CO labeling positions. All peptides were synthesized using
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the strategies described in chapter II 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-terrninal Lys(Boc), Trp(Boc) and Cys(Trt)

were introduced to increase the solubility, add an A230 chromophore and achieve

the synthesis of higher order HFP oligomer with cross-linking,

respectively.(14,15,21) 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-

benzoxadiazoI-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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unlabeledzlabeled 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 (M in HEPES buffer. A second syringe

contained labeled and unlabeled LUVs at 300 pM 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 AFrumn,

the net change in fluorescence after the fusogen is added to the vesicles.

AFmWn is typically compared to Ademm, 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, AFdetemm is the maximum observable fluorescence change. The
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“percent lipid mixing” is typically defined as AFrusogen/Ademm 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, Fraw(t) were converted to

F(t) = {[Fraw(t)-Eniria%Fmax} X 100 (54)

Fm” was a typical value of fluorescence at t = 0 and 13qu was chosen to

normalized F(t):

provide semi-quantitative comparison between F(t) and earlier studies of percent

lipid mixing induced by HFPs.(21) A single value of Frnma, 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 HFPmn-

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:

F(t)=F0 +F,(l-e"‘1‘)+F2(l-e"‘2’) (55)

where F0, k1, F1, k2, and F2 were fitting parameters. The best-fit value of F0 was

close to 0 because of the way F(t) was calculated in Eq. 54. A convention was

chosen that k1 > k2 so that k1 and F1 were respectively the rate constant and

overall fluorescence change of the faster lipid mixing process and k2 and F2 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 k1 was fitted to the Arrhenius Equation In

k1 = In A - Ea/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 5-19F-DPPC. In general, the experiments

described in this chapter measured the internuclear distances between the

selectively labeled 13CO in the HFP strands and the 31P or 19F in the lipid bilayer.

Besides the 31P nucleus in the phosphate group, two types of fluorinated lipids

were used in order to cover the entire depth of lipid bilayer. The 1-palmitoyl-2-

(16-fluoropalmitoyl)-sn-glycero-3-phosphocholine (16-‘9F-DPPC) was purchased

from the Avanti Polar Lipids and the precursor of 1-palmitoyI-2-(5-

fluoropalmitoyl)-sn—gchero-3-phosphocholine (5-‘9F-DPPC), named 5-F-palmitic

acid, was synthesized in our lab. The 19F nuclei were located 8.5 A and 20.7 A

away from the layer of 3‘P for the 5-‘9F-DPPC and 16-‘9F-DPPC, respectively.(25)

The synthetic scheme for 5-F-palmitic acid is described in Figure 23. The overall

yield of 5-‘9F-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 5-19F-DPPC was synthesized by Avanti Polar Lipids using

the 5-F-palmitic 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 9

Mg in 100 mL dry diethyl ether. Reflux at 34 °C for 2 hours. (b) The diethyl ether

was removed and 28.0 9 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 CdCI2 in 350 mL dry benzene. Reflux at 78 °C for 1 hour. (c) NaBH4,

NaH2P04 and 5-keto-methyl palmitate 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 palmitate and 0.5 M tosyl chloride

(Sigma-Aldrich, St. Louis, MO) each at 0.5 M concentration were dissolved in dry

CH2CI2 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 palmitate 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-“CO-labeled HFPs and
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Figure 24 (a) Plot of (AS/So)” vs mol fraction of 5-19F-DPPC at r = 16 ms. All

samples contained HFPmn-L9. (b) Static 3‘12 s ectra for PC:PG and

PC:PG:CHOL bilayer with and without 9 mol fraction 1 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:DTPGz‘9F-DPPC in molar ratio 8:211 for singly-”CO-labeled samples.

“PC:PG:CHOL” denotes a lipid bilayer with DTPC:DTPGzcholesterol in 8:225

molar ratio for triply-‘3CO-labeled samples and DTPC:DTPGzcholesteroI:19F-y

DPPC in molar ratio 8:2:5:1 for singly-‘3CO-Iabeled 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% 19F-DPPC form

non-bilayer structures.(31) In order to maintain bilayer structure in the NMR

samples, 0.09 lipid mol fraction of 19F—DPPC was initially determined with

measurements on a series of samples which differed in their mol fraction of 5-

‘gF-DPPC, cf. Figure 24a. The choice of 0.09 mol fraction ‘9F-DPPC for

subsequent samples was based on: (1) maximum (AS/So)”; and (2) relatively

constant (AS/So)” over the 0.07-0.14 mol fraction range. Static 31P NMR spectra

were consistent with overall bilayer structure in samples containing 0.09 mol 19F-

DPPC (of. Figure 24b).

The 13C-31P REDOR experiments were conducted on a triple-resonance

MAS probe and the 13C-‘S’F REDOR experiments were conducted on a

quadruple-resonance MAS probe. The 1H, 13C and 31P channels were tuned at

400.8 MHz, 100.8 MHz and 162.2 MHz respectively for 13C-3‘P experiments and

the 1H, 13C and 19F channels were tuned to 398.7 MHz, 100.2 MHz and 375.1

MHz respectively for 13C-‘9F experiments. The following parameters were used in

both 1:‘C-3‘P and 13C-‘QF experiments: 50 kHz 1H 1t/2 pulse, 1 ms CP between 1H

and 13C channels, 50 kHz constant 1H field and 55-66 kHz ramped 130 field

during CP and 50 kHz 13C 1: pulse in the REDOR dephasing period. A 95 kHz ‘H
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decoupling field during dephasing and acquisition periods was used for 13C-3’1P

experiments and a 75 kHz 1H decoupling field was used for 13C-‘QF experiments.

The 1: pulses alternatively applied either on the 31P (50 kHz) or 19F (33 kHz)

channel were calibrated by maximizing (AS/SOY” in standard samples as

described in the experimental setup in chapter Ill.

Natural Abundance Correction for (AS/So)”. 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 So and 81 came from the labeled 13CO and the natural abundance of

unlabeled residues.

  

[Ejerp= Saab+ Sga_ Sllab_ Slrra = 1 _ Sllab — Slna (56)

SO Séab+ Sgt! S60b+ Sga 60b+ S60

lab

A few algebraic manipulations led to the relation between (AS/So) , which was

the contribution to REDOR dephasing from the labeled 13co, and (AS/So)”.

lab exp na

.49: _ 56'“ E _ 56'" 95

111 101111901 I 114-HS.) l
The term S5“/S,§“” was related to the number of unlabeled residues vs. labeled

  

residues in the sequence. The term (AS/So)“ considered the contribution to

REDOR dephasing from all the unlabeled residues and was approximately

calculated as the average of all available (AS/So)”. Although the latter
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calculation is an approximation, uncertainties in (AS/So)" have a relatively small

impact on the value of (AS/SOY”. For example, consider the spectra for the

HFPZ-“AAG in PC:PG samples at 2' = 24 ms. The values of (Sam/80"”),

(AS/So)”, and (AS/So)" are 0.084, 0.419 t 0.014, and 0.134, respectively, and

result in (AS/so)“ = 0.443 :I: 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/soy“.

For the singly-labeled samples, 0.09 mol fraction 19F-DPPC with natural

abundance 13006 were incorporated into the lipid bilayer. The comparable

formulas to Eq. 56 and Eq. 57 were

(58)
 

( AS )“P __ 53"” + 5510mm) + 55‘“ (DPPC) — SF” — 51"“ (HFP) — 51"“ (DPPC)

S 56"” +561“ (HFP)+S6’“ (DPPC)

and

 

lab na na exp
(as) =(1+S0 (HFP)+S0 (DPPC)).[:A§J

S0 Séab So (59)

_w.(é§.] (HFP)—m-(i‘é) (DPPC)
Stllab SO Séab SO

The terms (AS/SOY”, (AS/So)" (HFP) and (AS/So)” (DPPC) represented the

contribution to REDOR dephasing from the labeled 13CO, the natural abundance

of unlabeled residues and the natural abundance 13CO from 16F-DPPC,

respectively. The So terms in Eq. 59 had the numerical values

53"” =1

sg“(HFP) = 29x 0.011 = 0.319 (60)

S3“(DPPC) = 2.5x 2x 0.011 = 0.055
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The values of (AS/Soy“a (HFP) were calculated from the experimentally available

(AS/So)” for a specific HFP construct and the values (AS/So)"a (DPPC) were

Table 5a. The (AS/So) "° (HFP)

 

 

 

”CO-3113 a 13CO-(16-19F) a b 13CO-(5-19F) a b

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 -- --

 

aThe 13CO-31P values were based on the (S1/So)°Xp of samples labeled at Ala1, Ile4, Ala6,

Leu9, Leu12, or Ala14, and for HFPmn_mut and HFPmn, Ala21. The ”co-”How; values

were based on samples labeled at Ala1, Ile4, Ala6, Leu9, Leu12, or Ala14 and the 1 CO-

19F(C5) values were based on samples labeled at Ala1, AlaG, or Leu9.

The maximum rfor 13CO-19F experiments was 24 ms.
 

Table 5b. The (AS/So) "° (DPPC)

 

 

1300-31 P 13CO-(16-19F) a 1300-(5-19F) a

2 0.025 0.000 0.011

8 0.318 0.000 0.118

r(ms) 16 0.695 0.000 0.567

24 0.811 0.000 0.896

32 0.907 .— ...-
 

aThe maximum rfor1300-19F experiments was 24 ms.
 

calculated using a 13C-3‘P or 13C-‘QF 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 pM and the HFPmn,

HFPdm, HFPtr, and HFPte concentrations were 1.50, 0.75, 0.50, and 0.37 11M,

respectively, so that peptide strandzlipid = 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 :t 3, 26 i 1, and 20 :I:

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 256 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 is 0.1 k1 and F1 e: F2. In addition, kit’lkrd’" at 2.5 and kr'elkr" z 1.3.

Figure 25b displays Arrhenius plots for the k1 rate constants and the best-fit Eas

and In As are listed in Table 6. The values of E, and InA for HFPdm and HFPtr

are comparable to those reported in a previous study.(14) The data show that

Ead’" > E.” > E,“ and In Adm > In At, > In A)... An increased number of strands in

the oligomer is therefore correlated with decreased InA and E2, with concomitant

opposite effects on k1. The activation entropies were calculated using the

transition state theory equation AS‘ = R x [In(Ah/kgT) - 2] where R is the ideal

gas constant, h is Planck’s constant, k3 is Boltzmann’s constant, and T is the
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absolute temperature.(14) The resultant AS‘ were all negative with A§dm > ASE,

> ASE. 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 eneI‘QY; and (2) the increase in Iipid-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 I 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 3'”

 

 

to re F0 F1 F: s,‘ As”
9011511” (1635-1) (1033") (a.u.) (a.u.) (a.u.) (kJ/mol) I" A (J/moI-K)

54.9 4.9 0.5 19.6 19.8 40.6 13.2

HFPdm (0.3) (0.2) (0.1) (0.3) (0.1) (3.4) (1.2) '152

139 17.3 0.9 50.1 50.0 25.8 8.0

HFP" (3) (0.3) (0.2) (0.2) (0.2) (1.2) (0.8) '195

185 20.7 0.9 49.8 50.1 20.1 6.2

”me (7) (0.3) (0.3) (0.3) (0.2) (0.7) (0.5) '210

 

' 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 k1, k2, F0, F1 and F2 were obtained using Eq. 2 in the main text.

c Ea and In A were calculated using In k1 = InA — Ea/RTand k1 values from temperatures

between 25 and 40 °C.

d As’ was calculated using A31 = R x [In (Ah/kBT ) — 2).

Membrane Insertion of triply-labeled HFPs detected by 13C-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 [3 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 13CO sites had 13CO-31P

distances beyond the REDOR detection limit. In addition, HFP 13C Iinewidths are

fairly broad which leads to overlap of 13CO resonances from different residues

and the need for specific 13CO 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 13'CO labels at

three sequential residues between G5 and G16. The G5-G16 region was

therefore rapidly scanned for 13CO-3‘P proximity. Although the (AS/So)” data for

each of the samples had contributions from three distinct 1300 sites, the

individual (AS/So) would only be appreciably greater than zero for 13CO-3‘P

distances 5 8 A. The regions of HFP proximate to 31P were defined from the

REDOR data on the triply labeled samples and these regions provided a basis

for choosing sites for single 13CO 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 13CO labelings,

nonetheless, the local peptide conformation was examined by analysis of the

13CO chemical shift distributions in So spectra of HFPs obtained with r= 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 GS

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
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Figure 26 So spectra for membrane-associated HFP with peptide:lipid ~0.04. The

dotted lines are at 175 ppm. All spectra were obtained with r = 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-5GAL; b, f, HFPmn-SFLG; c, 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.
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known correlation between larger 13CO chemical shifts and local helical

conformation and smaller 1300 chemical shifts and local 8 strand conformation.

(33) For example, average database values in ppm units of 13CO 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 5GAL, 8FLG, "FLG, and “AAG

samples, the peak chemical shifts were ~175, 174, 175, and 176 ppm,

respectively, and correlated with B strand conformation for the Ala, Leu, and Phe

residues. For the 8FLG and 14AAG 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/So)” were extracted from integrating the 13CO signals

of the corresponding 80 and 81 spectra. The experimental values were used to

obtain (AS/So)” and the corrected dephasing was fit to (AS/So)” from Eq. 34 to

achieve the minimum root-mean-squared deviation (RMSD).

AS lab AS sim

{1.1—1 ‘113‘111. 12
H (01.1). (61)

The fitting parameter (1 represented the dipolar coupling frequency which could

be converted into the internuclear distance r and f was the fraction of 1300 that

was close enough to the lipid 31P to provide non-zero dephasing. This fraction
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lab

parameter was considered because at large rvalues, (AS/So) reached plateau

values of ~1. The corrected uncertainty 0"" = (1 + Sam/80"") x a' ”P while the

experimental uncertainty was calculated using Eq. 35.(42)

Figure 27 displays the z' = 16 and 24 ms REDOR spectra of triply-labeled

membrane-associated HFP samples and Figure 28a,b displays comparative

plots of (AS/So)” for the different samples. The data demonstrated that samples

containing HFPmn-“AAG have qualitatively larger (AS/So)” than do samples

containing HFP labeled at other residues. Using the conformational results from

Figure 26, it appears: (1) a significant fraction of [3 strand HFP are in close

contact with membranes; and (2) the 14AAG (A14 to G16) region is closer to the

lipid 3‘12 than is the 5GALFLGFLG (G5 to G13) region. Figure 28c,d displays plots

of (AS/so)“ and best-fit (AS/so)” for HFPmn-“AAG in PC:PG and

PC:PG:CHOL. The best-fit rwas ~5.2 A in both membrane compositions and the

best-fit f in PC:PG and PC:PG:CHOL were 0.45 and 0.32, respectively. It was not

possible to fit the HFPmn-“AAG data well without inclusion of the f parameter.

Although the (AS/So)” had contributions from three 13CO sites which would each

have a distinct r, the number of data points and signal-to-noise dictated fitting to

a single r value. The best-fit r should therefore be considered as both

approximate and as likely representing the population of 13CO sites with greatest

d and smallest r. Fitting was not done for data from the other samples because of

the small (AS/So)” and because the (AS/So)” do not always reach asymptotic

values at large 1'.
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As a control experiment, spectra were also obtained for samples made

with HFPmn labeled at 8FLG that did not contain C-terrninal lysines (named

HFPmnl-BFLG). For r= 2, 8, 16, and 24 ms, (AS/So)°"” = -0.02, 0.06, 0.11, and

0.08 for the HFPmn1-8FLGIPC:PG sample and 0.01, 0.03, 0.01, and —0.01 for

the HFPmn1-8FLG/PC:PG:CHOL sample. These values correlated with the

(AS/so)” of the respective HFPmn-BFLG/PCzPG and HFPmn-

8FLG/PC:PG:CHOL samples (circles in Figure 28) and suggested that the

additional C-terminal lysines do not greatly affect the REDOR results.

The position of the HFP in the membrane has been postulated to be a

significant structural factor in its fusion activity and to our knowledge; this study is

the first example of direct distance measurements between the HFP and the lipid

headgroups. Values of r ~ 5-6 A were detected between the 1300s of residues

from A14 to G16 and the lipid 31Ps. These r values support intimate association

of the HFP and membranes containing either only phospholipids or phospholipids

and cholesterol. The average r for 5GALFLGFLG 13COs was likely greater than 8

A (d s 25 Hz) as evidenced by the significantly smaller (AS/So)”, of. Figure 28.

Thus, relative to the 5GALFLGFLG residues, the 14AAG residues are much closer

to the lipid 3‘P. The G5 to G16 13co chemical shift distributions of this study were

consistent with a major population of HFP with B strand conformation for these

residues. This result correlated with previous studies which supported the

following structural features: (1) B strand HFP was fully extended between A1

and G16;(35,43) (2) B strand HFP formed hydrogen bonded oligomers or

aggregates;(39,44) and (3) a
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Figure 27 13CO-3‘P REDOR spectra of membrane-associated HFP with

peptide:lipid ~0.04. Each letter corresponds to a single sample which contained

(a-d) PC:PG or (e-h) PC:PG:CHOL and (a, e) HFPmn-5GAL, (b, t) HFPmn-BFLG,

(c, g) HFPmn-"FLG, or (d, h) HFPmn-“AAG. For each letter/sample, so (left), 31

(right), r= 16 ms (top), and 1' = 24 ms (bottom) spectra are displayed. The dotted

lines are drawn for visual comparison of So and 81 peak intensities. Each

spectrum was processed with 300 Hz Gaussian line broadening and baseline

correction. The numbers of So or 81 scans summed to obtain the top and bottom

spectra were respectively: a, 30000, 56000; D, 27509, 29463; c, 20000, 40000; CI,

44129, 48296; e, 8448, 52384; f, 5488, 21664; 9, 28032, 52384; and h, 22576,

50240.
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Figure 28 (AS/So) vs dephasing time for membrane-associated HFP in (a,c)

PC:PG or (b,d) PC:PG:CHOL. For panels a and b, the points correspond to

(AS/So)” and the symbol legend is: squares, HFP2-5GAL; circles, HFP3-8FLG;

triangles, HFP2-"FLG; and diamonds, HFP2-“AAG. The vertical dimensions of

each symbol approximately correspond to the :l:1 0' uncertainty limits. Lines are

drawn between (AS/SOY” values with adjacent values of 2'. Each (AS/So)” value

was determined by integration of 10 ppm regions of the So and Sr spectra.

Panels c and d respectively correspond to the HFPmn-“AAGIPC:PG and the

HFPmn-“AAG/PC:PG:CHOL samples and the points correspond to (AS/SOY”

(vertical lines with error bars) and best-fit (AS/So)” (diamonds). Lines are drawn

between points with adjacent rvalues. For plot c, the best-fit d = 91 :I: 8 Hz with

corresponding r = 5.12 :I: 0.16 A, f = 0.45 i 0.02, and 23m = 5.0. For plot d, the

best-fit d = 85 :t 6 Hz with corresponding r = 5.24 :I: 0.13 A, f = 0.32 i 0.02, and

12min = 3..8
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significant fraction of the oligomers have an antiparallel arrangement with

adjacent strand crossing between F8 and L9.(9,36,45,46) Some of these studies

also supported conformational disorder at A21.(34,35) Although there are some

data supporting a population of parallel strand arrangement,(47) “partial

membrane insertion (PMI)” and “full membrane insertion (FMI)” models are only

presented for the antiparallel arrangement, cf. Figure 29. There have been high-

resolution structures for the ~130-residue “soluble ectodomain” region of gp41

which begins about ten residues C-terminal of the HFP and ends about twenty

residues N-terminal of the gp41 transmembrane domain.(2,16,48-50) These

structures showed trimeric gp41 with the residues closest to the HFPs in a

parallel in-register coiled-coil. Antiparallel HFP strand arrangement in the context

of gp41 would then require at least two gp41 trimers. As demonstrated in chapter

V, Strands from trimer C (Cr, C2, 03) would be parallel to one another and

strands from trimer D (D1, D2, 03) would be parallel to one another and an

antiparallel interleaved strand arrangement could be formed as Cngc2D2chi.

There is solid-state NMR evidence for the antiparallel arrangement of membrane-

associated HFPs which were cross-linked at their C-termini. (36)

For antiparallel strands between A1 and G16, the 14AAG residues in both

the PMI and FMI models are at the ends of the hydrogen-bonded oligomer and

are closer to the lipid headgroups than residues 5GALFLGFLG. The F8 and L9

residues are at the center of the hydrogen-bonded oligomer and are most deeply

membrane-inserted in all models. This result is consistent with the smallest

(AS/So)” values observed for the 8FLG samples and with the large number of
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Figure 29 (a) Partial membrane insertion (PMI) and (b, c) full membrane insertion

(FMI) models for antiparallel B strand HFP. The red arrows represent the A1 to

G16 residues in strand conformation and the black lines represent the S17 to

823 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 c 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 $23. Relative to FMI model (b),

the FMI [3 barrel variant (c) could have reduced energy because all of the

residues in the membrane interior have backbone hydrogen bonds.
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apolar sidechains in the central 7LFLGFL (L7 to L12) region. Relative to the “FLG

samples, the models also predict smaller r and larger (AS/So)” for the 5GAL and

11FLG samples which generally correlates with the experimental data, of. Figure

28a-b. The models suggest small r and significant (AS/So)°"” for HFPs labeled at

the N-terminal residues and future studies could examine samples labeled in this

manner.

The PMI model in Figure 29a would likely perturb the membrane and has

some similarity with: (1) the PMI of extended conformation internal fusion

peptides postulated from structures of dengue, Semliki forest, herpes, and

vesicular stomatitis viral fusion proteins; (2) the PMI of helical influenza fusion

peptide determined from electron spin resonance experiments; and (3) a PMI

model based on the HFP-F8W fluorescence measurements.(9,51-56) However,

the locations of lipids in the perturbed leaflet in the PMI model are not clear. For

the FMI model of Figure 29b, the positions of the lipids are clearer but there are

non-hydrogen bonded CO and NH groups at the sheet edges with large Born

energies. These energies would be reduced for a FMI (3 barrel structure, Figure

29c. There is correlation between the FMI model and the deep insertion of the

Trp sidechain suggested from fluorescence studies of the HFP-F8W mutant.(8, 9)

In the context of gp41, individual HFP trimers would be on the same side of the

membrane in the PMI model but would be on different sides of the membrane in

the FMI model. It is not clear how this FMI trimer topology would relate to the

positions of the viral membrane-anchored gp41 trimers and the host cell

membranes. The free energy difference between the A1 to G16 FMI state and a
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non-inserted state is ~3.9 kJ/mol as calculated from the sum of individual residue

free energy values derived from transmembrane helices.(57) The calculated

difference for the I4 to G13 sequence is —2.3 kJ/mol and leads to the general

conclusion that the free energy calculations do not strongly distinguish between

the PMI and FMI models. Future studies could discriminate between the PMI and

FMI models using REDOR distance measurements between peptide nuclei and

lipid acyl chain nuclei.(58)

There are similarities between these PMI and FMI models of oligomeric (3

strand HFP and PMI and FMI models which have been developed for a single

HFP in a helical confonnation.(11, 12,59) Much of the experimental data for

helical HFP insertion has been based on detergent rather than membrane

samples and there has been support for both surface location and micelle

traversal by HFP.(3-5,60,61) Our results on oligomeric B strand HFP were

consistent with the previous observations that the A15 and G16 residues of

monomeric helical HFP were close to the water-micelle interface and that the F8

to G10 were furthest from this interface. Thus, there may be common features

shared by helical and fl strand HFP micelle and membrane location.

In summary, 13CO-31P distance measurements suggested that the 1‘AAG

residues have close proximity to the lipid 31P while the 5GALFLGFLG residues

are relatively farther away from the phosphate groups. The ZD 13C chemical

shifts measurements described in chapter IV supported the conclusion that there

may not be a particular secondary structure required for HFP inducing the fusion.

Given the residue-dependence of the proximity to membrane headgroups, it is
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possible that the membrane location of HFP affects the fusion activities of

different HFP constructs. In the following sections, the membrane location of

HFPs with tit-helical and B-strand secondary structures will be discussed with

singly-labeled HFP samples. The single 13CO labeling was used to avoid the

signal overlapping and to achieve an analysis of the individual conformations.

The selection of secondary structures was also helped by using PC:PG:CHOL or

PC:PG lipid bilayers. Most of the hydrophobic residues in HFPs adopted B-strand

conformation in PC:PG:CHOL while some N-terrninal residues adopted a mixture

of tat-helical and B-strand conformations in PC:PG.

Membrane Insertion of ,B-strand HFPs. In this part of the membrane

insertion studies, a systematic investigation on the membrane location of (3-

strand HFPmn_mut, HFPmn and HFPtr using 13c5113 and ‘3C-19F REDOR

experiments will be reported. For all the samples described in this section,

PC:PG:CHOL membranes were used to make most of the N-terminal residues in

B conformation. The reasons to study the B-strand HFPs are: (1) The previous

triply-labeled HFP studies demonstrated that B-strand HFP is in intimate contact

with membranes and merits serious consideration as a fusogenic

confonnation;(17) (2) The membranes of host cells of HIV have a cholesterolzlipid

ratio of ~0.45, and the membranes of HIV have a cholesterolzlipid ratio of

~0.8.(23) The chemical shifts derived from previous triply-labeled experiments

suggested a predominant population of HFP with B—strand conformation which

further indicated that B-strand could potentially be a biological relevant structure.

In addition, the current membrane location study was also trying to buildup a
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correlation between the membrane position of HFP and the fusion activities of

different HFP constructs. Thus HFPmn_mut, HFPmn and HFPtr were chosen as

model constructs because of the very different fusion activities of these

constructs. In order to achieve a systematic membrane location study which

could cover the entire range of lipid bilayer, two types of 19F-DPPCs, 16-19F-

DPPC and 5-‘9F-DPPC, were used and the REDOR experiments were denoted

as ”co-“P, 13co-191=(C16) and 13co-‘9F(cs).

Initially, the 1300-311:1 and 13co-19F(c16) REDOR reveal different

membrane locations for different HFP constructs. HFP samples were prepared

with single 13CO labels at Ala1, lle4, Ala6, Leu9, Leu12, Ala14, or Ala21. The

labeled constructs are referred to as HFPmn_mut-1A, HFPmn-1A, HFPtr-1A, etc

in order to be consistent with the nomenclature used in this chapter. Residues 1-

16 are in the apolar region of the HFP sequence while AI321 is in the more polar

c-terminal region. Figure 30 displays ‘36-3‘P and 13C-‘9F(C16) REDOR spectra

for samples containing 9 mol% fraction 16-‘9F-DPPC lipid. The rvalue was 32 or

24 ms for the 13C-3‘P or ‘30-‘9F spectra, respectively. Table 7 summarizes the

peak chemical 13CO chemical shift for each sample as well as characteristic 1"’CO

shifts for helical or (3 strand conformation.(33) All of the peak shifts agree better

with (3 strand than with helical conformation. There may be a ~30% population of

helical HFPmn_mut as evidenced by a shoulder at ~180 ppm for samples labeled

at Ala6, Leu9, or Leu12. The typical linewidth for samples labeled between Ala1

and Ala14 was 3-5 ppm while the linewidth for samples labeled at Ala21 was ~ 8

ppm (not shown in Figure 30). The chemical shift and linewidth data support
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predominant B strand conformation for the N-tenninal apolar regions of all three

constructs and more disordered structure in the C-terminal polar regions. The

chemical shifts were consistent with previous triply-labeled HFP experiments as

well as the 20 uniforrnIy-Iabeled PDSD results in Chapter IV.

Table 7. 1300 chemical shifts in PC:PG:CHOL membrane a

 

 

Ala1 Ile4 Ala6 Leu9 Leu12 Ala14

HFPmn_mut 176.5 175.2 175.3 172.7 174.3 176.3

HFPmn 174.3 174.5 175.3 173.0 173.7 176.5

HFPtr 174.7 174.6 175.2 173.5 174.2 176.5

o-helix b 179.4 177.7 179.4 178.5 178.5 179.4

p-strand " 176.1 174.9 176.1 175.6 175.6 176.1
 

1' All chemical shifts are given in unit of ppm.

b The typical error for a standard conformation is 1 1.53m.

For each So and 81 spectrum, a 1 ppm interval around the peak was

integrated to calculate the (AS/So)”. For each pair of So and Sr spectra shown in

Figure 30, and (AS/So)” is graphically displayed in Figure 31. Subsequent

sections of this section describe quantitative distance and population analysis of

the (AS/So)°"" vs 1 data of all of the constructs while in this paragraph, a

qualitative analysis is provided based on Figure 31. For example, all constructs

labeled at Ala1 have 13CO-3‘P (AS/80f” as 0.8 which is interpreted to mean that a

major fraction of Ala1 13COs are 5 — 6 A from a 31F. In some contrast, the

HFPmn-9L and HFPtr-9L samples displayed 13CO-3‘P (AS/So)°"" s 0 which is

interpreted to mean that most of these Leu9 13COs are >8 A from a 31P.

Membrane location analysis based on this general approach assumes that all of

the constructs have the known HFPmn structure in which the Ala1 to Gly16

region is fully extended and HFPs assemble into an antiparallel 8 sheet structure
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with adjacent strand crossing near Phe8 and Leu9, and this anti-parallel structure

was supported by 13C-‘E’N REDOR experiments described in Chapter V.(43)
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Figure 30 REDOR 13C So and Sr NMR spectra for different labeled residues and

different HFP constructs. The dephasing time for each 13CO-31P spectrum was

32 ms and for each 13CO-‘S’F spectrum was 24 ms. The membranes contained 9

mol% 16-F-DPPC lipid. Each spectrum was processed with 200 Hz Gaussian

line broadening and polynomial baseline correction and was the sum of ~30000

scans for 13CO-3’1P experiments and ~20000 scans for 13CO-‘QF experiments.
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Figure 31 Summary of experimental REDOR dephasing 0813/30)” for the spectra

displayed in Fig. 31. The top box in each panel is the3300-1P data and the

bottom box is the 1300-19F(C16) data. The (AS/So)” values are shown as bars

for different labeled samples and a typical uncertainty is :l:0.04.
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The results of the analysis analysis include: (1) All HFPmn_mut samples

have 1300-3‘P (AS/So)” > 0.3 and 13co-‘91=(c16) (AS/Sg)”‘" e 0 which indicates

that HFPmn_mut lies on the membrane surface near the phosphate headgroups

and is far from the bilayer center. (2) The HFPmn and HFPtr samples with Ala1

or Ala14 labeling show ”CO-“P (AS/So)” > 0.5 and ‘3CO-‘9F(C16) (AS/sole” e

0. These residues are near the ends of the [3 sheet structure which must

therefore be close to the phosphate headgroups. (3) The HFPtr-A6 and HFPtr-L9

samples have “CO-31P (AS/So)°"” e o and 1300-‘9F(C16) (AS/So)” significantly

greater than 0. This suggests that the interior residues of the HFPtr B sheet are

close to the bilayer center; i.e. a significant fraction of HFPtr is deeply inserted in

the membrane. (4) HFPmn samples labeled at Ile4, Ala-6, or Leu-9 have 1300-

% (AS/so)” and ‘3CO—‘9F(C16) (AS/so)” s 0 which suggests that these

interior [3 sheet residues are neither close to the headgroups or the bilayer center

and are instead located midway between these two regions.

Figure 32 displays plots of (AS/So)” vs 1 for samples labeled at Ala1,

Ala6 or Ala14. These residues were selected to represent the N-terminal, middle

and C-terminal parts of the apolar region of the HFP sequence. These data

support the qualitative discussion of membrane location of the previous

paragraph. The samples labeled at Ala1, of. Figure 32a, (1, have 13CO-31P

(AS/So)” that increase rapidly with twhile the 13CO-"’F(C16) (AS/So)” z 0 for

all 2'. After removal of natural abundance 13C contributions from the 13CO-31P

(AS/So)” based on the procedure described in the “materials and methods”

section, the remaining (AS/SOY” reach ~1 at large 1. The (AS/SOY“ represent
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only the Ala1 13CO signals and the value of ~1 indicates that the N-termini of all

constructs are close to the phosphate headgroups. These N-termini are likely

positively charged and are therefore attracted to the negatively charged

phosphates. Samples labeled at Ala14, cf. Figure 32c, f, show similar large 13CO-

3‘P (AS/So)” and ”CO-19F(C16) (AS/So)” e 0 indicating proximity to the

phosphate headgroups. However, at large 1, (AS/SOY“ s: 0.65 which might be

explained by two populations of Ala14 1300s in a HFP [3 sheet structure: (1)

13005 in strands near the edge of the sheet with close contact to lipid 31Ps; and

(2) 13005 in interior strands which are far from any lipid molecule. REDOR

(AS/So)” for samples labeled at Ala6, of, Figure 32b, e, depends on HFP

construct. HFPmn_mut was the only construct with 13C-3‘P (AS/So)” significantly

greater than zero and HFPtr was the only one with 13C-"’F(C16) REDOR

(AS/So)” significantly greater than zero. These results revealed that the middle

regions of different HFP constructs had different membrane locations. HFPtr had

the deepest insertion and induced the most rapid vesicle fusion while

HFPmn_mut was located on the membrane surface and was the least fusogenic

construct.

The previous 13C-31P and 13C-19F(C16) results suggested that the interior

[3 sheet region of HFPmn was located midway between the headgroups and the

bilayer center and more direct evidence was provided by experiments on

samples containing 9 mol fraction 5-‘9F DPPC lipid. The position of the CS

carbon along the bilayer longitude of gel phase DPPC bilayers is ~10 A from 31P

and ~12 A from the bilayer center.(25) Although the cholesterol-rich membranes
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Table 8. Best-fit distance and population parameters for samples in PC:PG:CHOL.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

abc

7 13CO-31P

Ala1 lle4 Leu12 Ala14

r(A) 5.2 (2) 5.5 (2) 5.7 (2) 6.3 (3)

HFPmn_mut

f 0.86 (4) 0.45 (3) 039(2) 0.75 (3)

r A 4.8 2 8.6 2 5.7 2

HFPmn ( ) ( ) n.d. ( ) ( )

f 0.87 (3) 0.70 (3) 0.77 (3)

r A 5.1 2 7.9 2 9.4 1 5.9 2HFP" ( ) ( ) ( ) ( ) ( )

f 0.83 (3) 0.66 (3) 0.63 (3) 0.72 (3)

13cones-‘91:)

_ Ala1 lle4 Leu12 Ala14

r(A)

HFPmn_mut f n.d. n.d. n.d. n.d.

r(A)
HFPmn f n.d. n.d. n.d. n.d.

HA)
HFPtr f n.d. n.d. n.d.

Ala1 lle4 Leu12 Ala14

rtA)
HFPmn_mut f n.d. -- -- ---

r(A)
HFPmn f n.d. -- -- —-

r(A)
HFPtr f n.d. --- -—- -—-

¥

 °The best-fit rand f are given with uncertainties in parentheses. The typical 2min < 5 and the

uncertainties of d and fwere determined from the region encompassed by x =12mm + 1.

b n.d. means “not determined". Fitting was not done for samples with (AS/80f” < 0.1 at t= 32

ms (1300-31P) or at r= 24 ms (13CO-19F), or for samples with no clear buildup curve.

°A dashed line means the experiment was not done.
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Figure 32 13CO-3‘P and 13CO-‘9F REDOR dephasing curves for different HFP

samples labeled at (a, d) Ala1, (b, e) Ala6 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/So)” is 10.02 and for the other dephasing times, the typical uncertainty is

:l:0.04.
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Figure 33 13C So and S1 NMR spectra from 13CO-19F REDOR experiments of

samples made with 9 mol% 5-F-DPPC lipid. For panels a, b, c, d, and e the

samples respectively contained HFPmn-A1, HFPmn-A6, HFPmn_mut—A6, HFPtr-

A6, and HFPmn-L9.
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Figure 33 130 So and S1 NMR spectra from 13CO-19F REDOR experiments of

samples made with 9 mol% 5-F-DPPC lipid. For panels a, b, c, 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 80 and S1 spectrum was

the sum of~ 20000 scans. 13CO-19F(C5) REDOR dephasing curves for different

HFPs are plottedin panel fand the constructs are coded as shown in the legend.

For 2 ms dephasing time, the typical uncertainty'in (AS/So)°"" is $0.02 and for the

otherdephasing times, the typical uncertainty is +0.04. In panel 9 the 13C-19F(C5)

and1C-19F(C16) spectra of HFPmn and HFPtr at 16 or 24 ms dephasing time

were shown in the stack form with So spectra on the left side and S1 spectra on

the right side. The dash lines reflect the intensities of the So spectra.
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Increasing Fusogenicity ——————-—

(a) (b) (e)

Ala1 Gly16

    
HFPmn_mut

Figure 34 Insertion models of [3 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 Bsheet structure with adjacent strand crossing

near PheS 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

the HFP.
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of the present study form a liquid-ordered rather a gel phase bilayer, the acyl

chain conformation is ordered in both phases with the C5 carbon approximately

midway between the 31P and the bilayer center.(62) Figure 33 shows the REDOR

spectra at z- = 24 ms for samples labeled at Ala1 and Ala6 as well as plots of

(AS/So)” vs rfor Ala6 samples. As a negative control, HFPmn-1A, cf. Figure 33a,

had (AS/So)” z 0 which was consistent with the proximity of Ala1 and the lipid

phosphate groups deduced from the 13CO-31P REDOR data. Figure 33f shows

that among constructs labeled at Ala6, HFPmn-6A was the only one with non-

zero (AS/So)°"”. Similar results were obtained for HFPmn-9L as shown in Figure

33e for the r = 24 ms spectra and in Figure 33f for the dephasing curve. These

data along with (AS/So)” e o for the 13CO-3‘P and 13CO-‘9F(C16) experiments

support a membrane location for the HFPmn interior which is midway between

the phosphate headgroups, and the bilayer center, i.e. intermediate between

HFPmn_mut and HFPtr. This location correlates with the intermediate fusion rate

of HFPmn. The more clearly supplementary experiments shown in Figure 339

proved that the HFPmn-6A and HFPmn-9L have dephasing in the ‘30-‘9F(cs)

REDOR, but not in the 13c-‘9l=(c1ts) REDOR, while the HFPtr-6A and HFPtr-9L

have dephasing in the 13C-19F(016) but not the ‘30-‘9F(C5) REDOR.

Figure 34 shows experimentally-based membrane insertion models for

HFPmn_mut, HFPmn and HFPtr in antiparallel [3 sheet structure. The B strand

conformation was supported by the 13CO peak chemical shifts for the labeled

residues, cf. Table 7, and the antiparallel [3 sheet structures for HFPmn and

HFPtr were based on previous experiments. (36,43) The depths of insertion
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follow the trend that HFPmn_mut < HFPmn < HFPtr. Quantitative analysis of the

REDOR data was done by first removing the natural abundance 13CD

"b which represent the signalscontributions and then fitting the remaining (AS/So)

of only the labeled 1300s. The fitting model was two populations of spin pairs (eg.

two 13CO-3‘P or two 13CO-‘QF pairs) with one pair having fractional population f

and magnitude of dipolar coupling d > 0 and the other pair having fractional

population 1 - f and d = 0. For a single spin pair, d is quantitatively related to the

internuclear distance r by a r‘3 dependence. The existence of the 1 - f, d = 0

population was ascribed to 1""CO nuclei in the [3 sheet interior that were far from

any region of the membrane and for the 13CO-19F data, the dilute 19F spin density

because of the 0.09 mol fraction of fluorinated lipid. Because each data set only

contained 4 or 5 points, it was not reasonable to fit the data to more sophisticated

structural models, eg. multiple 31P nuclei. The two spin pair model was at least

reasonable as evidenced by typical best-fit 12 < 5.

Table 8 summarizes the spin pair populations and best-fit internuclear

distances for the f fractional populations. A summary of the quantitative data

analysis includes: (1) For all HFPmn_mut samples, the best-fit 13CO-3‘P

distances are in the 5.0 — 6.3 A range. These data and reasonable values of van

der Waals radii are consistent with close contact of the [3 sheet region of

HFPmn_mut with the phosphate headgroups. (2) For HFPmn and HFPtr samples

labeled at Ala1 or Ala14, the best-fit 1r’CO-:”1P distances are in the 4.8 — 5.9 A

range with best-fit f > 0.7. For more interior [3 sheet residues, the (AS/SOY” are

small, eg. Ala6 or Leu9, and could not be reliably fitted or the fitted distances are

153



in the 8 - 10 A range, eg. lle4 or Leu12. These data suggest membrane insertion

of the lle4 to Leu12 region of HFPmn and HFPtr with the termini of the B sheet,

eg. Ala1 and Ala14, in contact with the lipid headgroups, of. Figure 34. (3) For all

HFPmn_mut samples and most HFPmn and HFPtr samples, the 13CO-‘9F

(AS/SOY“ are small and could not be reliably fitted. The exceptions are the

samples containing 5-‘9F lipid and HFPmn labeled at AlaG or Leu9 and the

samples containing 16-‘9F lipid and HFPtr labeled at AlaG or Leu9. The best-fit

13CO-‘S’F distances in these samples are in the 7 - 8 A range and the best-fit f

are in the 0.34 - 0.39 range. These analyses are consistent with partial

membrane insertion of the interior B sheet residues of HFPmn and deeper

insertion of HFPtr.

The membrane location of the HFP provides useful information to

understand the perturbation of membranes and the catalysis of membrane fusion.

The present study provides residue-specific membrane locations based on solid-

state NMR experiments for three different HFP constructs with very different

fusogenicities. Insertion models for different B strand HFPs will be discussed in

the context of previous and present work. The previous study on triply-labeled

HFPmn showed that relative to the Gly5 to Gly13 13(305, the Ala1 to Gly3 and

Ala14 to Gly16 13COs were closer to the lipid 3‘Ps.(15,17) Two insertion models

were proposed with either insertion into a single leaflet or membrane traversal of

both leaflets. Another study focused on the secondary and tertiary structure of

HFPmn in membranes with physiologically relevant cholesterol content and

supported the formation of small oligomers in an antiparallel B sheet structure
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with adjacent strand crossing near Phe8 and Leu9.(36) Therefore, Ala1 to Gly3

and Ala14 to Gly16 were close to one another in adjacent strands of the sheet

and were at the termini of the sheet. It was therefore reasonable that both

regions could be close to the phosphate groups. All of these results are

consistent with the results of the present study and with the HFPmn insertion

model present in Figure 34. Furthermore, the proximity of interior B sheet

residues to 5-‘9F but not 16-‘9F lipid nuclei supports membrane insertion into a

single leaflet rather than membrane traversal by HFPmn. This partial insertion

model is also consistent with an earlier fluorescence study showing proximity of

residue 8 of HFPmn to the middle region of a single leaflet.(8,9)

In Figure 34, HFPmn_mut and HFPtr are also represented by antiparallel

B sheet structure. Evidence for this structure includes: (1) earlier 13CO-‘5N

REDOR measurements on HFPtr; and (2) peak 13CO chemical shifts in

HFPmn_mut and HFPtr which are typically within 0.5 ppm of the corresponding

shift of HFPmn, of. Table 7; and (3) the trend of best-fit 1"co-313 Is for

HFPmn_mut are consistent with a B sheet structure where relative to the interior

residues, eg. Ala6. A greater fraction of the terminal residues, eg. Ala1, have

contact with the lipid molecules. The surface location of B sheet HFPmn_mut is

also strongly supported by small 13CO-‘QF (AS/So)” in all HFPmn_mut samples.

It is very interesting that the charged Glu2 residue near the terminus of the B

sheet appears to induce a significant change in HFP membrane location. The

HFPtr antiparallel B sheet is most reasonably described with a minimal unit of two

HFPtr molecules “C” and “D” and adjacent antiparallel B strands arranged in an
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CDCDCD structure. Because of the close contact of HFPtr Ala6 and Leu9 1300s

with the 16-‘9F lipid nuclei, it is not possible to discount membrane traversal by

HFPtr, ie. molecules C and D on opposite sides of the membrane. However, the

displayed model in Figure 34c is more consistent with viral fusion in which

multiple gp41 trimers would initially bind to the same outer leaflet of the target

cell membrane. The Figure 34c model also correlates with the definitive

membrane locations of HFPmn and HFPmn_mut. It is also definitive that relative

to HFPmn, HFPtr is more deeply inserted in the membrane. The present study

does not provide data to explain the reason for this deeper insertion but it may be

related to formation of larger and more hydrophobic oligomers by HFPtr relative

to HFPmn.

The present study focuses on membranes with biologically relevant

cholesterol content in which all of the constructs have predominant B strand

conformation. For HFPmn and HFPtr associated with membranes without

cholesterol, significant populations of molecules with helical conformation are

detected.(15) Helical conformation is also observed for HFPmn in detergent

micelles at low HFP:detergent where each micelle contains at most one

HFPmn.(3, 4, 6) There is reasonable correlation between the membrane locations

of B sheet HFPs and the current data on the micelle and membrane locations of

helical HFPs. One point of agreement between all of the data is that in either

helical or B strand conformations, Ala14 and Ala15 residues are near the

membrane or micelle surface. These residues are on the border between the

apolar and polar regions of the HFP sequence which approximately matches the
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polarity change at the membrane or micelle surface. The location of these

residues appears to be an intrinsic property of the HFP sequence that is

independent of conformation. For one model of helical HFPmn in a micelle, the

lle4 to Ala15 region traverses the micelle interior.(3) This correlates with the

similar membrane location of this region in B sheet HFPmn in the present study,

of. Figure 34b. Molecular dynamics simulations on a single molecule of

HFPmn_mut or HFPmn in a membrane show a surface location or shallow

insertion, respectively, which correlates with the B sheet HFPs of the present

study, of. Figure 34a, b.(11)

It has been proposed that two requirements of virus-cell fusion are

assembly of multiple fusion peptides and destabilization of the target cell

membrane.(63) The present study provides insight into these requirements

including a possible link between them. There is a clear positive correlation

between the depth of HFP membrane insertion and fusogenicity. The correlation

can be understood by a second correlation between depth of membrane insertion

and membrane destabilization. For insertion into a single leaflet, there will be

perturbation in the packing of lipids near HFP which will likely destabilize this

region of the leaflet and reduce the activation energy needed to form membrane

fusion intermediate states such as stalks and fusion pores.(64) It is reasonable

that deeper insertion into a single leaflet will cause greater destabilization and

therefore faster fusion rate which correlates with experimental observations for

HFPmn_mut, HFPmn, and HFPtr.
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For these three constructs, there may also be a positive correlation

between number of molecules in the B sheet assembly and depth of membrane

insertion. A larger assembly would likely be more hydrophobic and therefore

more stable in the membrane interior. Evidence to support this hypothesis

includes: (1) HFPtr has the deepest insertion and is pre-organized into trimers; (2)

HFPmn_mut has the shallowest insertion and relative to HFPmn and HFPtr,

HFPmn_mut has the greatest helical population which is likely helical monomers.

Inhibition of HFP oligomeric assembly in HFPmn_mut is reasonable because of

charge repulsion between Glu2 sidechains from different molecules. The HFP

assembly/fusion correlation is also supported by virus-cell and cell-cell fusion

studies with the gp41 V2E mutant. Viruses or cells expressing 91% wild-type

gp41 and 9% gp41 V2E mutant had only ~40% of the fusion activity of the

corresponding system expressing 100% wild-type gp41.(65) Assembly of multiple

HFPs for efficient fusion has been inferred from this “trans-dominant” effect.

In this section, the membrane locations have been determined for three

different HFP constructs in membranes with biologically relevant cholesterol

content. All three constructs adopt predominant B strand conformation for the N-

terminal region and are less structured in the C-terminal region. HFPmn_mut is

the least fusogenic construct and is located on the membrane surface. HFPmn

has intermediate fusion rate and its lle4 to Leu12 region is inserted into one

leaflet of the bilayer. HFPtr has the putative trimeric HFP state of gp41 and is the

most fusogenic construct with the deepest membrane insertion that extends to

the bilayer center. This study therefore correlates membrane insertion depth into
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a single leaflet and fusion rate and this correlation is reasonably understood in

terms of destabilization of the lipid packing. In addition, the present work

including use of 5-‘9F-DPPC lipid describes a general approach to study the

membrane locations of specifically labeled peptides and proteins, and may also

be applicable to more uniformly labeled systems with appropriately modified

REDOR pulse sequences.(66)

Membrane Insertion of a-he/ical HFPs. In this section, we will report the

studies on the membrane location of HFP which was associated with PC:PG, in

particular the membrane location of the residues in HFP which formed a—helical

conformation. The motivations to study the helical HFPs include: (1) There is not

yet a consensus that B-strand is the only secondary structure which has fusion

activity even though it has been shown that HFP adopted a predominant B-strand

conformation in a biologically relevant cholesterol-containing

membrane.(6, 14,67, 68) In fact, a previous lipid-mixing assay suggested that the

a-helical and B-strand HFPs may have comparable fusion activities.(14) (2) The

helical conformation may also be a biologically relevant structure for HFP present

in the entire gp41. There has been experimental evidence which supported the

formation of partial a-helical structure for HFP in PC:PG:CHOL membranes when

the HFP was combined with the NHR and CHR parts of gp41 .(69) (3) The results

of membrane location of helical HFPs can be directly compared with the HFP

location in micelles studied by solution NMR, and also with the simulation studies

in which only ct-helix structure was considered. (4) It will be interesting to

compare the membrane location results from the helical HFPs with those
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obtained for the B-strand HFPs, and to learn whether the membrane location of

HFPs could be correlated to the fusion activity of different HFP constructs in a

conformation-independent manner.

There have been residue-specific conformation studies for the HFP

associated with micelles where the HFP adopted helical conformation. It has

been generally accepted that the helical conformation extends from Ile4 to Leu12,

however, one study reported that the helix extended to Met19 while another

study claimed that there was a turn at Ala15 and Gly16.(3,4,6, 7) The residue-

specific secondary structure of HFPs associated with PC:PG membranes have

been studied using solid-state NMR. Previously we showed that Ala6 and Ala15

of HFP in PC:PG membranes can adopt both a-helical and B—strand

conformations.(15) In the present set of experiments, we put a single 1"CO-label

on either Ala1, lle4, Ala6, Leu9, Leu12 or Ala14 which covers the entire helical

region. The HFPmn_mut, HFPmn and HFPtr were chosen as the model

constructs to study the membrane insertion/fusion activity correlation as was

done for the cholesterol-containing membranes.

Table 9 summarizes the 13CO chemical shifts for the labeled residues in

different HFP constructs. The information was extracted from the corresponding

“co-“P REDOR so spectra with r = 2 ms as shown in Figure 35a. The

difference in chemical shifts between different 2' and different REDOR

experiments for a singly labeled residue was always less than 0.3 ppm. The 13CO

chemical shift is correlated to the local conformations of proteins. The empirical

correlation database RefDB has been established by liquid-state NMR
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assignment of proteins. The 13CO chemical shift ranges for Ala, lie and Len to be

considered in tat-helical conformation are 1781-1807, 1784-1790 and 177.2-

179.8 ppm and the range for these residues to be B-strand are 174.5-177.5,

173.4-176.1 and 174.2-177.0 ppm respectively.(33)

Table 9. 1300 chemical shifts in PC:PG membranes 8

 

 

Ala1 lle4 Ala6 Leu9 Leu12 Ala14

HFPmn_mut 175.6 176.5 177.8" 180.0 179.9 180.3

175.8 175.8 176.9

HFPmn 174.4 178.8 179.8 180.0 179.8 179.8

174.8 175.5 175.7 176.0

HFPtr 175.4 178.3 179.8 180.1 180.0 180.0

174.8 175.3 175.6 178.1
 

’ All chemical shifts are given in unit of ppm.

b The AlaG 13CO peak for HFPmn_mut is broad and is not correlated with a single secondary

structure (of. Fig. 35)

The following conclusions can be obtained by comparing the

experimental results with the database values: (1) Ala1 is not helical for any of

the three constructs. (2) For all three constructs, there is always some fraction of

HFPs which adopt helical conformation. (3) Table 9 showed that the variation in

the chemical shifts for lle4 between different constructs in or-helical conformation

is larger than those for Ala6, Leu9 and Leu12. Figure 35a showed that lle4 has

broad single peaks in all three constructs while Ala6, Leu9 and Leu12 have either

a predominantly single peak or two separated peaks. These results suggested

that lle4 has a more flexible secondary structure compared with Ala6, Leu9 and

Leu12, which probably mean that lle4 is the N-terminus of a helix.(6)
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Figure 35 (a) ‘30-3‘P REDOR so spectra with 2 ms dephasing time. (o) REDOR

So and S1 spectra for HFPmn_mut with long dephasing time (t = 32 ms for 13C-

31P experiments and r = 24 ms for 13C-‘9F experiments). The left, middle and

right columns in (b) are ‘30-3‘P, ‘30-‘9F(C5) and 13c-191=(c18) experiments

respectively. All spectra were processed with 200 Hz Gaussian line broadening

and baseline correction. In panel (b) each of the 13C-31P spectra was acquired for

30000 scans and each of the ‘30- 9F spectra was acquired for ~ 20000 scans.
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Figure 36 Plots of (AS/180)” for HFPmn_mut 13c31F experiments at 32 ms

dephasing time and :1-109F experiments at 24 ms. The experimental dephasing

was obtained by integrating over a 1 ppm interval around the300 peaks in the

corresponding So and $1 spectra shown in Fig. 35. For Leu12, the black bar

represents the (AS/So)” for a-helical conformation and the red bar represents

the (AS/So)” for B-strand conformation. The typical uncertainty is :I: 0.02.
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Figure 35b displays the long time REDOR So and 81 spectra (1 = 32 ms

for 13C-31P REDOR and 1' = 24 ms for 13C-19F REDOR) for HFPmn_mut and

figure 36 summarizes the corresponding experimental dephasing. In figure 36,

the residue Leu12 has two (AS/80V” in each plot which correspond to a-helical

and B—strand conformations. The values were obtained by integrating over a 1

ppm interval around the corresponding peaks in Figure 35b. For the other

residues, only one experimental dephasing was shown either because there is

only one major secondary structure (Ala1 and LeuQ, of. Figure 35b), or because

the peaks corresponding to distinct conformations are not clearly separated (lle4,

Ala6 and Ala14, of. Figure 35b). The general conclusion for HFPmn_mut is that

there are large experimental dephasings for all the residues in 13C-31P REDOR,

e.g. (AS/So)” > 0.2, and there is almost zero dephasing in both 13C-19F(C5) and

13C-11'1F(C16) experiments. The results indicate the peptide backbone of

HFPmn_mut from Ala1 to Ala14 of HFPmn_mut has close contact with the lipid

phosphate groups and little contact with the lipid alkyl chains. Figure 37a shows

the experimental 13C-31P REDOR dephasing curves, and the dephasing curves

for the 130-19F experiments are basically flat lines with (AS/So)” < 0.1 for the

longest dephasing time. A more quantitative analysis can be completed by first

calculating the (AS/So)” from the (AS/So)” using Eq. 59, and then fitting the

dipolar coupling frequency (d) and a fraction parameter (A) of (AS/So)“ by

comparison with the (AS/So)“ which were calculated using Eq. 34. The best-fit

130-31P dipolar coupling frequency can be correlated to the 1300-31P internuclear

distance through r = (12250/d)"3 with r in units of A and d in units of Hz. The
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population parameter A indicates the fraction of 13C0s that are close to a 31F and

provide non-zero (AS/So)”. The data fitting for the 130-31P experiments are

(a)
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Figure 37 (a) Plots of 130-31P (AS/SOY” vs. dephasing time for HFPmn_mut with

different labeled positions. The symbols are open diamonds for A1, open squares

for l4, open triangles for A6, crosses for L9, stars for the a-helical L12 and open

circles for A14.
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Figure 37 (b) Plots of 130-31P (AS/SOY” (open squares) and (AS/So)” vs.

dephasing time for different residues (as labeled in the figures) of HFPmn_mut.

The typical experimental uncertainties are 1:0.02-003 and the typical corrected

uncertainties are :l:0.03-0.04.
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provided in Figure 37b. Data fitting was not carried out for the 130-19F

experiments because the build-up of REDOR dephasings was not observed

experimentally. Table 10 provides the best-fit distances for all the labeled

residues. The labeled 13005 are 6.6-10.1 A away from the 31Ps in the lipid

phosphate groups. Under the experimental conditions, the temperature is below

the transition temperature of the phospholipids of the lipid bilayer which means

the membranes are in the gel phase. The typical membrane longitudinal distance

between 31P and 19F(C5) is 10 A in the gel phase lipid bilayer according to a

simulated gel-phase DPPC bilayer.(25) This suggests the HFPmn__mut backbone

is located higher than the longitude of the phosphate groups, since there is no

contact between the backbone 1300s and 19F(CS). The simulated gel phase

DPPC membrane bilayer structure indicated that there is a ~ 10 A water layer

above the bilayer surface.(25) Our results suggest that the HFPmn_mut may

bind to the lipid bilayer surface through hydrogen bonds with the water molecules.

Figure 35a showed that the 1300 peaks for Ala1, lle4 and Ala6 in the

HFPmn_mut were broad. This suggested that these residues may not have a

well-defined secondary structure and the carbonyl oxygens and the amide

protons of these residues may not form intra-peptide hydrogen bonds. Thus there

may be hydrogen bonds formed between the peptide backbone of these residues

and the water molecules, or between the backbone of these residues and the

lipid headgroups. All distances provided in Table 10 are greater than 6 A, which

approximately equals the sum of the length of a P=O bond (~1.8 A), a C=O bond

(~1.2 A) and two van der Waals radius of the oxygen nuclei (~3.0 A). This
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reflects the 1300-31P distance when the lipid phosphate group is in close

proximity to ct-helix backbone. The fitting parameters A in Table 10 are close to 1,

which suggested that the residues Ala1 through Ala14 in almost

(a)
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(b)
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Figure 38 REDOR So and 81 spectra for (a) HFPmn and (b) HFPtr at long

dephasing time (1- = 32 ms for 13C-31P experiments and r = 24 ms for l3C-111F

experiments). The So and 81 spectra were shown in black and red respectively.

All spectra are processed with 200 Hz Gaussian line broadening and baseline

correction. The

spectra were acquired for ~ 20000 scans.
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Figure 39 Plots of (AS/So)” vs. dephasing time for the 13C-31P experiments.
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Figure 39 Plots of (AS/So)” vs. dephasing time for the (a) 130-31P, (b) 13C-111F(C5)

and (c) 13C-19F(C16) experiments for HFPmn and HFPtr in the a-helical and p

strand conformations. The residues Ala6, Leu9 and Leu12 are represented with

the open squares, open circles and open triangles respectively. The uncertainties

of (AS/So)” are typically 10.02 ~ 0.03 and are approximately the size of the

symbols. The (AS/So)11x11 values were determined by integrating over a 1 ppm

interval around the tit-helical or B-strand 13CO peaks in the corresponding So and

So spectra.

172



all HFPmn_mut have close contact with the 31Ps. Together with the fact that

there is no contact with the 19Fs, it suggests that the residues Ala1 through Ala14

in almost all the HFPmn_mut adopted the surface location. Furthermore, the

membrane location of the tit-helical HFPmn_mut in PC:PG is consistent with the

observation of the surface membrane location of the B-strand HFPmn_mut in

PC:PG:CHOL, which may indicate the surface location of HFPmn_mut is an

intrinsic property of the peptide sequence and is independent of the membrane

composition and peptide conformation.(18) A consequence of the surface

location of HFPmn_mut is that the peptide does not penetrate the polar

phospholipid headgroups and disrupt the membrane interior.

Table 10. 13CO-31P internuclear distances and populations for HFPmn_mut

 

 

Ala1 Ile4 Ala6 Leu9 Leu12 " Ala14

1300-31,: 6.9 (2) D 8.7 (2) 6.6 (1) 10.1 (3) 8.4 (2) 7.6 (2)

distance (A) 7.8 (2)

. 0.94 (3)
Population A 0.98 (2) 0.93 (3) 0.88 (1) 0.90 (3) 0 97 (2) 0.95 (3)

2 2.0
x 5.1 1.7 9.7 1.3 1.8 1.4

 

1' For Leutz, the first value corresponds to helical conformation and the second value

corresponds to strand conformation.

1’ The uncertainties are shown in the parentheses and were determined by the x2 = x2m1n+1

criterion.

Figure 38 displays the long time REDOR spectra for the residues Ala6,

Leu9 and Leu12 for HFPmn and HFPtr. These residues were selected because

(1) there is obvious non-zero 13C-19F dephasing in some spectra for these

residues which is qualitatively different from HFPmn_mut; and (2) the or-helical

and B-strand peaks are in general well-separated which facilitates quantitative

analysis of the data as a function of conformation. The information obtained for
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the residues Ala1, lle4 and Ala14 will be discussed later in this section. Figure

39a and 6 plots the 13C-31P and 1110-19F(C16) experimental dephasing curves

respectively for the a-helical and B-strand conformations for HFPmn and HFPtr. It

can be qualitatively concluded that the HFPmn and HFPtr are deeply inserted

into the region of phospholipid alkyl chains because both constructs show some

non-zero 13C-19F dephasings.

A quantitative analysis was done for Ala6, Leu9 and Leu12 in the a-

helical HFPmn, the or-helical HFPtr, the B-strand HFPmn and the B-strand HFPtr.

The resultant membrane locations may be correlated with the different fusion

activities of HFPmn and HFPtr in PC:PG bilayer. The data fitting was based on

the following considerations:

(1) For each HFP in each conformation, there are two populations which differ in

their membrane location. The population which is closer to the membrane

surface is named “surface-located population” and the population closer to the

membrane interior is named “deeply-inserted population”.

(2) The typical uncertainty for the 130-31P and 13C-19F REDOR (AS/So)” is :I:

002003. Only the 1300s with (AS/So)” > 0.1 at large dephasing times (2' = 32

ms for 13C-31P and r = 24 ms for 13C-19F) are considered to have fittable

dephasing relative to the uncertainties. According to the REDOR universal

dephasing curve,(32) AS/So = 0.1 corresponds to ~ 11 A 13C-31P distance at 32

ms and ~ 14 A 13C-111F distance at 24 ms. Thus, we consider that the

measurement limits for 13C-31P and 13'C-19F REDOR experiments are 11 and 14 A,

respectively. The distance between the 31P and the 19F(C16) in a gel phase
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Figure 40 (a) Geometry Model for the consideration of 13C-31P and 13C-11’F

measurement limit. The two circles with 11 A and 14 A radii indicate the

measurement limits of 13C-31P and 13C-11’F(C16) REDOR respectively. The yellow

triangle shows the geometry of the case where a 13CO has the maximum vertical

distance (3.5 A) relative to the lipid alkyl chain. (b) and (c) Longitudinal positions

of 31P, 19F(cs) and 1°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 13COs of Ala6 and

Leu12 in the B-strand HFPmn as described in the main text. In panel (c), the

longitudinal distance between 31P and 19F(C5) is 10 A and the distance between

19F(cs) and 19mom is 12 A.
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DPPC molecule is ~ 24 A.(25) The overlapped region of the two circles in Figure

40a indicates the region where a 1300 nucleus in the peptide backbone can have

detectable 13C-31P and 13C-19F(C16) REDOR dephasings simultaneously. Using

the geometrical parameters in Figure 40a, it can be obtained that the maximum

vertical distance from the points in the overlapped region to the lipid alkyl chain is

3.5 A. This means a 13CO nucleus has to be located within 3.5 A away from a

lipid alkyl carbon nucleus to have detectable 13C-31P and 130-19F(C16)

dephasings simultaneously. However, the shortest distance from a peptide

backbone 13CO to a lipid alkyl carbon nucleus in the lipid alkyl chain is

approximately 5.3 A which is the sum of the bond length of a C-H (1.4 A), the

bond length of a C=O (1.2 A), the van der Waals radius of a hydrogen atom (1.2

A) and the van der Waals radius of an oxygen atom (1.5 A). Consequently, in the

following quantitative analysis we consider that a specific 13CO will not have

detectable 13C-31P and 13C-19F(C16) dephasings at the same time.

(3) A 13co in the surface-located peptide does not contact 13C-19F(C16), and this

does not mean that such a 13CO nucleus must contact 31P. A 1300 in the deeply-

inserted peptide does not contact 130-31P, and this does not mean that such a

1300 nucleus must contact with 19F(C16).

The 130-31P and 13C-111F(C16) (AS/So)” were first corrected using Eq. 59

to obtain (AS/So)”, and then the (AS/So)“ were fitted to the simulated dephasing

(AS/So)” of either a 130-X two-spin system or a X-130-X three-spin system

where X E 31P or 19F(C16). The three-spin fitting was only applied to these

samples with visibly large difference between their (AS/SOY” and the (AS/So)”m of
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Table 11 The best-fit A and 8 population parameters for HFPmn and HFPtr in PC:PG.

 

 

 

Parameter A Parameter B

Ala-6 Leu-9 Leu-12 Average Ala-6 Lou-9 Leu-12 average

HFPmn(helical) 0.62 0.62 0.65 063(2)" 0.27 —-. 0.31 029(2)

HFPtr(heIical) m a 0.29 0.20 024(4) 0.28 0.37 0.33 033(4)

HFPmn(strand) --- 0.61 0.66 064(2) _- 030 .... 0.30 c

HFPtr(strand) —- 0.41 0.44 042(2) 0.32 0.32 -- 0.32 c

 

1’ The dashed lines indicate that these data have (AS/So)” < 0.1 at 32 ms dephasing time for 13C-

31P data and (AS/So)” < 0.1 at 24 ms dephasing time for 13C-11’F(C16) data.

b The uncertainties are shown in parentheses. The uncertainties in A were determined from the

difference between A for each residue and the average A. The uncertainties in B were similarly

calculated.

1’ The uncertainties were not determined either because there is only one A or 8 value or

because the two values are the same.

Table 12 Summary of the fitting for 13C-31P and 13C-19F(C16) experiments.“

 

 

 

 

 

 

 

 

Surface-located Populatiorzl Deeply-inserted Populatiog

r (A) 0(°) x r (A) 96’) in

A6 4.8(3) 10(2) 0.9 10.4(3) 98(3) 0.4

HFPmn

, L9 6.3(2) 5.1 11 .8(3) 21(2) 1.5

(helical)

L12 5.2(2) 9.2 7.2(3) 24(2) 1.5

A6 >11 7.4(2) 0.9

HFPtr

. L9 6.6(3) 2.1 8.1(3) 3.6

(helical)

L12 4.6(2) 2.3 6.1(1) 9.0

A6 >11 >14

HFPmn

L9 7.9(2) 0.6 8.4(3) 0.4

(strand)

L12 6.2(2) 6.9 >14

A6 >11 6.9(2) 21(2) 1.0

HFPtr

L9 6.7(2) 6.2 6.8(2) 0.1

(strand)

L12 6.7(1) 14.8 >14

 

1' The uncertainties are provided in the parentheses and were determined by the X2 = xzmin+1

criterion. If the 6values were provided, the fitted values are from X-1 C-X simulations.
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the two-spin system. The two-spin-system fitting has two variable parameters: (1)

the 13C-X dipolar coupling frequency d which depends on the 13C-X internuclear

distance r as r'3; and (2) a parameter denoted A or B which respectively reflects

the maximal fractional 13C-31P or 13C-19F(C16) dephasing. The logical basis of the

A or B parameters includes: (1) two HFP populations; (2) some 13C0s may be

shielded from any region of the membrane by other peptides. This is most clear

for B-strand HFPs in the interior of a B-sheet; and (3) the 13C-19F dephasing may

not reach 1 because of the 0.09 mol fraction of fluorinated lipids. The three-spin-

system fitting has three variable parameters: (1) the ”ox dipolar coupling

frequency d; (2) the angle 19 between two 13C-X vectors; and (3) the population

parameters A or B as in the 13C-X fittings. The fitting was done for every

individual samples with non-zero 13C-31P or 13C-19F(C16) dephasing curves to

obtain the best-fit population parameters A or B. Table 11 summarizes the best-

fit A and B parameters for Ala-6, Leu-9 and Leu-12. The averaged A or B

parameters were calculated for each construct and each conformation because

the individual values for these residues are close to each other. This probably

indicates that the fraction parameter is independent of the residues that were

labeled in the region of HFP from Ala-6 to Lou-12.

The following changes can be observed by comparing the averaged A

and B parameters: (1) The sum of A and B was close to 1 for HFPmn but less

than 1 for HFPtr, regardless of the secondary structures. This suggests that all

13COs in HFPmn are close to some regions of the membrane, but this may not
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be true for HFPtr. For the helical HFPtr, the three helices may be close together
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Figure 41 (a) Fitting curves for the helical HFPmn in PC:PG.
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and B-strand conformations. The data with (AS/So)” < 0.1 at 32 ms for 13C-31P

and at 24 ms for 13C-19F(016) were not fit and were labeled “N/A”. (e) Plots of

(AS/So)” (open squares) and (AS/So)” (solid lines) vs. the dephasing time for

3C-19F(CS) experiments. (f) Contour plots for the data fittings shown in (e). The

regions with x2 values xzm +1, Xme +2 and xzmm +3 were shown in red, blue and

green respectively, where xzmio is the best-fit root-mean-squared deviation as

given in Table 13 of the main text.
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and form a bundle. The 13003 locate at the inner side of the bundle will be far

away from any part of the membrane. For the strand HFPs, the HFPtr may form

larger B-sheet oligomers in which more 1300s are located in the inner strand and

far away from the membrane. (2) The A parameters decrease from HFPmn to

HFPtr independent of the secondary structures, while the 8 parameters remain

the same. According to the logical basis to introduce the A and 8 parameters, the

parameter A will be affected by (1) the change in surface-located and deeply-

inserted population, and (2) the change in shielding effect. The parameter 8 will

be affected by (1) the change in two populations, (2) the change in shielding

effect, and (3) the dilution effect due to the utilization of 9 mol fraction of 19F-

DPPC. The decrease in A parameter indicates an increase in the deeply-inserted

population, or an increase in shielding effect or both. However, since the B

parameter remains the same, there must be an increase in the deeply-inserted

population. The increase of shielding will lead to the decrease in B parameters,

independent of the dilution effect. In other words, if there is no population change,

we would expect to see a decrease in 8 parameters from HFPmn to HFPtr,

which is not consistent with the data in Table 11.

The averaged fraction parameters A and B are used to refine the 13C-3‘P

and 13C-"’F(C16) distances using either a two-spin or a three-spin system as

described previously. Table 12 summarizes the internuclear distances (r), the

inter-vector angles (9) and the best-fit K values. The 6 values are in general

equal or less than 90° rather than close to 180°, which means these residues are

not located in the same longitudinal position as 19F(C16). Figure 41a-d showed
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all the fitting for the data with (AS/So)” > 0.1 at long dephasing time for the

residues Ala6, Leu9 and Leu12.

The (AS/So)” for the 13C-‘9F(C5) REDOR experiments are provided in

Figure 39b. There are four samples which have (AS/So)” > 0.1 for the 13C-

19F(CS), a-helical HFPmn-L12, ot-helical HFPtr-L9, B-strand HFPmn-A6 and B-

strand HFPmn-L12. These data were fitted to 13C-‘S’F two-spin systems using Eq.

59. There were two fitting parameters: the 13C-19F dipolar coupling frequency (d)

which depends on the 13C-‘S’F distance (r) and the fraction parameter (F) as

explained previously. Table 13 summarizes these best-fit parameters and Figure

41a shows the (AS/So)“ data and fitting curves. Figure 41f shows the contour

plots which reflect the best-fit regions for the four samples. For the ot-helical

HFPmn-L12 and tat-helical HFPtr-L9 samples, the best-fit regions were restricted

to one single area. The best-fit F for a-helical HFPmn-L12 was 0.16 and it was

roughly half of the parameter B for the ol-helical HFPmn (of. Table 11). The

relation FIB - 0.5 may be explained by the model that the peptide inserts deeply

into one leaflet of the membrane bilayer so that a 13CO is in close proximity with

19F(C16) in both leaflets but with ‘9F(05) only in a single leaflet. This model will

be discussed later in the section with the data of lle4 and Ala14. The best-fit F for

a-helical HFPtr-L9 was 0.24 which was close to both A and B parameters for the

a-helical HFPtr (cf. Table 11). Figure 41f indicated that there were multiple best-

fit regions for the Ala6 and Ala12 in B-strand HFPmn. Thus it will be difficult to

determine whether the dephasings for these residues were contributed by

surface-located or deeply-inserted population. However, the best-fit d values for

186



respectively. All spectra were P
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Figure 42 REDOR So and S1 spectra for Ala1, lle4 and Ala14 in HFPmn and

HFPtr at long dephasing time (r= 32 ms for 13C—3‘P experiments and t = 24 ms

for l3‘C-19F experiments). The So and 81 spectra are shown in black and red

rocessed with 200 Hz Gaussian line broadening

and baseline correction. The 30-3‘P spectra were acquired for ~ 30000 scans

and the 13C-3‘P spectra were acquired for ~ 20000 scans. The arrows indicate

‘30-‘9l=(cs) dephasing for lle4 and Ala14.
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Figure 43 Plots of (AS/So)” vs. dephasing time for Ala1(open squares), lle4

(open circles) and Ala14 (open triangles) labeled samples. The dephasing was

calculated by integrating over the entire CO peaks in the corresponding 80 and

S1 spectra.
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these two residues were 20-50 Hz which corresponded to 8.5-11.2 A 13C-‘QF

distances. Together with the results that the 13C-19F(C16) distances for these two

residues were greater than 14 A (of. Table 12), it appears that they are located

along the longitude between the 3‘P and 19F(CS) positions in the bilayer (cf.

 

 

Figure 40b).

Table 13 Fitting results for the 13C-19F(C5) experiments.

d (Hz) F r(A) x2

ct-helical HFPmn-L12 202(16) 8 016(1) 5.2(2) 1.5

ct-helical HFPtr-L9 125(8) 024(2) 6.1 (1 ) 1.4

B-strand HFPmn-A6 31(2) 027(2) 9.7(2) 0.9

B-strand HFPmn-L12 39(2) 022(2) 9.0(2) 1.1

 

a The uncertainties are shown in parentheses and were determined by the x2 = xzmin'” criterion.

 

The quantitative distance fitting suggested that (1) for both HFPmn and

HFPtr in both secondary structures, there is some deeply-inserted population and

(2) for the deeply-inserted population, the HFPtr inserts into the region of

phospholipid alkyl chains more deeply compared with the HFPmn. For the ot-

helical conformation, the HFPtr has a closer contact with 19F(C16) compared with

the HFPmn (7.4 A vs. 10.4 A for A6, 8.1 A vs. 11.8 A for L9 and 6.1 A vs. 7.2 A

for L12). For the B-strand conformation, the 13CO-‘9F(C16) distance for Ala6 in

HFPmn is greater than 14 A, while in HFPtr it is 6.9 A. For Leu9 the 13CO-

1"F(C16) distance is 8.4 A for HFPmn vs. 6.8 A for HFPtr.

Figure 42 displays the spectra at long dephasing time for Ala1, lle4 and

Ala14 of HFPmn and HFPtr, and Figure 43 displays the plots of (AS/So)” for

these residues by integrating over the entire 13CO peaks. The a-helical and B-
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ot-hellcal HFPmn_mut a-holical HFPmn

 
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 terminus.
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strand 13CO peaks were not well-separated in the spectra for lle4 and Ala14, thus

we roughly consider that the 13C-31P and 13C-‘9F(C5) dephasings shown in

Figure 43 for these two residues came from both conformations. The

experimental build up curves provide qualitative information about whether or not

there is close contact between these residues and 3‘Ps or 19Fs. In general, Ala1

has close contact with 31F and has no contact with either 19F(Cb) or 19F(Cte) in

both constructs, which means the N-terminus of the HFPs is always located

close to the phosphate groups. There may be electrostatic attraction between the

positively charged peptide N-terminus and the negatively charged lipid

phosphate groups, which facilitates this close proximity. For lle4 and Ala14, there

seems to be some contact with 31P and 19F(C5), but not with 19F(C16). These

results suggest that both lle4 and Ala14 in some HFPs are located along the

membrane longitudes between positions of 31P and 19F(CS). This will support the

model that the peptide backbone in ol-helical structure is inserted into the outer

leaflet rather than both leaflets. The length of a a-helix from lle4 to Ala14 is about

16 A. The longitudinal distance between 31F and ‘9F(C16) is ~ 22 A, while the

distance between ”F(CS) and ‘9F(C16) is ~ 13 A (of. Fig. 40c). Thus if the helix

inserted into both leaflets and the 13CD of lle4 is between 31P and 19F(CS) of the

outer leaflet, the 1"’00 of Ala14 will be close to the 19F(C16), which is inconsistent

with the data in Figures 42 and 43.

Figure 44 provides semi-quantitative insertion models for the PC:PG

associated HFPmn_mut, HFPmn and HFPtr in the ol-helical and B—strand

conformations. Comparing with the HFPmn_mut which is non-fusogenic, both the
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HFPmn and HFPtr have some population of insertion into the membrane interior,

and the membrane insertion is observed in both helical and strand structures.

This suggests a positive between the membrane insertion and the fusion activity.

The membrane insertion may be correlated with the disruption of the membrane

bilayers. Our models suggested that in the hydrophobic region of HFP from Ala1

to Gly16, the N-terminal residue Ala1 and the C-terminal residue Ala14 are closer

to the phosphate groups, while the residues in between such as Ala6, Leu9 and

Leu12 are closer to the phospholipid alkyl chains. It is reasonable to think that

such a “V-type” insertion (cf. Figure 44) will induce disruption to the membrane

outer leaflet. Comparing with the HFPmn, the HFPtr has a closer contact with the

19F(C16), and may also have a larger deeply-inserted population. Since the

HFPtr was known to have a higher fusion activity than the HFPmn,(14,15) our

results suggest that there is a positive correlation between the fusion activity and

the insertion depths as well as the population of deeply inserted peptide. In the

previous section focused on the PC:PG:CHOL bound HFPmn_mut, HFPmn and

HFPtr, we have proposed that there was a positive correlation between the

fusion activity and the membrane insertion depths for the B—strand HFPs. Thus,

the fusion activity/membrane insertion depth and population correlation is

independent of the membrane composition.

It is interesting to compare the present insertion models for the ot—helical

HFPs in PC:PG with the previous simulation works with a-helical HFPs in a

similar membrane environment. In one simulation which focused on the 16-N-

terminal-residue model HFP and its V2E’ mutant, the wild-type HFP was found to
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insert obliquely into the bilayer while the mutant was located on the surface.

According to their models, the residues from Ala6 to Leu12 in the wild-type HFP

were located 0 - 5 A below the longitude of the phosphate groups, while for the

V2E mutant, these residues were located around the same position as the

longitude of the phosphate groups.(11) We generally agree with the statement

that the wild-type monomer inserts into the bilayer while the mutant is located on

the surface. However, the best-fit distances for Ala6, Leu9 and Leu12 suggested

that the HFPmn_mut is located 6 -10 A above the phospholipid groups. The

residues Ala6, Leu9 and Leu12 in the surface-located HFPmn are not likely to be

below the phosphate layer because all of the three residues are > 14 A away

from the 19F(CS). For the deeply-inserted population, the residues from Ala6 to

Leu12 seem to be in a longitudinal position between 19F(C5) and 19F(C16)

instead of between 31P and 19F(C5) because Ala6 and Leu9 have contact with

1°F(C16) and Leu12 has contact with both 19F(05) and 19Holes). In another

simulation with the 23-residue HFPmn and its V2E mutant, it has been proposed

that the wild-type HFP adopted a predominant fully inserted configuration with

the residues Ala6 through Leu12 locating 10-20 A deeper along the membrane

longitude relative to the phosphate group, and the mutant had a predominant

transmembrane configuration with Ala6 and Leu12 located 20-30 A deeper

longitude relative to the phosphate group.(12) Our results do not support the

transmembrane configuration for the HFPmn_mut. A fraction of the HFPmn has a

deep insertion into the region of membrane alkyl chains. However, our results

seem to agree more with the insertion into the outer leaflet where the peptide
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only contacts the alkyl chains in one leaflet, rather than a fully inserted model

where the peptide has contact with the alkyl chains in both leaflets.

CONCLUSION

In this chapter, we described the studies of the membrane insertion of

three different HFP constructs in two different biologically relevant membranes,

PC:PG which reflects the relative ratio between the phospholipids with neutral

and negatively charged headgroups in the host cells and PC:PG:CHOL which

reflects the ratio of phospholipidszcholesterol in HIV-infected host cells. The

membrane location of these constructs is correlated with their different abilities to

induce vesicle fusion. These studies provide experimentally-based semi-

quantitative models for the membrane locations of the HFPmn_mut, HFPmn and

HFPtr in both ot-helical and B-strand conformations. These models suggested

that the residues from Ala6 to Leu12 had the greatest tendency to insert into the

bilayer interior, regardless of the secondary structure. For the V2E-mutated

HFPmn, the residues from Ala1 to Ala14 are located 6-10 A higher relative to the

longitude of the phosphate groups. Together with the stopped-flow fluorescence

studies, we propose that there is a positive correlation between the fusion activity

and the membrane insertion tendency and depth for the HFPs, i.e. membrane

insertion is a requirement for a HFP construct to become fusogenic and a HFP

construct with greater fusion activity will have greater inserted population with

greater insertion depth. It is reasonable to correlate the population of insertion

and the insertion depth to the membrane disruption induced by the HFP. Thus,
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our results may further suggest a positive correlation between the fusion activity

of HFPs and their abilities to disrupt the membrane bilayer.
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CHAPTER VII

SUMMARY AND FUTURE WORK

The overall goal of this project is to understand the HIV-induced

membrane fusion mechanism from the atomic-resolution structural point of view.

The HIV fusion peptide was used as a model peptide for the entire fusion protein

gp41 to provide insights into structure and membrane insertion. My specific goals

included the measurements of structure for the membrane associated HIV fusion

peptides and the detection of the HFP-membrane interaction. A summary of the

conclusions for my studies: (1) The HFP trimer has been considered as a

biologically relevant construct for HFPs based on the structure of the soluble part

of gp41, and my study provided a feasible approach to chemically synthesize the

HFPtr. This improved synthetic scheme utilized the cross-linking of C-terminal

_ lysines and cysteines to buildup a trimeric scaffold. With the optimized

experimental conditions described in Chapter II, the overall yield has been

increased by at least a factor of three and the purity has also been greatly

improved.(1,2) In addition, the method to buildup the trimeric scaffold should be

applicable to the synthesis of other hetero- or homo-trimers. (2) The structures of

membrane-associated HFPs have been studied using solid-state NMR methods,

in particular, the secondary structures of HFPmn, HFPdm and HFPtr in both

cholesterol-containing and non-cholesterol-containing membranes, and the

tertiary structure of HFPmn in cholesterol-containing membrane. The population

of B-strand conformations is correlated with the membrane cholesterol. There

203



was not an obvious dependence of secondary structure on cross—linking. Since

there had been shown a positive correlation between the extent of cross-linking

and the fusion activity of different HFP constructs,( 1) it did not seem that the

fusion activity can be correlated with the secondary structure. The tertiary

structure of HFPmn in cholesterol-containing membrane has been studied using

13C-15N REDOR experiments, and the results supported two specific anti-parallel

B-sheet registries. (3) The membrane location of HFPs has also been studied

mainly with 13C-3‘P and 13C-‘S’F REDOR methods. A systematic distance

measurement method has been developed to detect the distances between the

backbones of a series of singly-”CO labeled peptides and different positions in

lipid bilayers such as 31P and 19F in the fluorinated phospholipids 5-‘9F-DPPC

and 16—19F-DPPC. The studies concluded that HFPs with both ol-helical and B-

strand conformations can insert into the membrane bilayer interior. The N-

terminus was always located close to the lipid phosphate groups while the

hydrophobic middle regions of HFP, e.g. Ala6 to Leu12 are more likely to be

located close to the phospholipid alkyl chains in a single leaflet. The cross-linked

HFPs such as HFPtr inserted more deeply and may have larger deeply-inserted

population compared with the HFPmn.

It is important to have local membrane disruption to induce membrane

fusion.(3) Our model proposed in chapter Vl suggested that the membrane

disruption can be caused by the insertion of HFPs into the phospholipid alkyl

chains of the membrane outer leaflet. There is a positive correlation between the

membrane insertion depth and population and the ability to fuse the vesicles for
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different HFP constructs, and the correlation is independent of the secondary

structure of HFPs. From the methodology point of view, the systematic

measurement of membrane location of the peptide backbone 13003 provides

atomic resolution information about membrane insertion of the HIV fusion

peptides. The method should be in principle applicable to other membrane

associated peptides where commonly used structural characterization methods

such as solution NMR and X-ray crystallography are not applicable. However,

this method may be better applied to a small B—sheet oligomeric peptide/protein

system than to a larger B-sheet oligomeric peptide/protein system because in the

latter case most of the labeled 13Cs will be located in the center of the B—sheet

and will be far away from any region of the membrane.

The experimental results provide insights for understanding the HIV-

induced membrane fusion mechanism. It has been proposed previously that both

the assembly of HFPs and the membrane disruption caused by HFPs could be

pre-requisites for membrane fusion.(3) Overall, my research contributes to the

fusion mechanism by studying whether the structure and membrane insertion

could potentially be important to affect the fusion activity of the HFP.

First of all, the secondary structure does not seem to be a crucial factor to

affect the fusion activity because there is not an obvious correlation between the

secondary structures and the fusion activities for HFPs with different extents of

cross-linking.

Second, it had been proposed that the V2E mutant was non-fusogenic

because the substitution of Val2 to Glu2 prevented the formation of fusion active
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assembly of HFPs.(4) My work for the first time demonstrated that HFPmn in

host-cell like membrane environments will adopt anti-parallel B—sheet structure

with at least two registries. In addition, the work provided a general approach to

detect the registries for B—sheet structures. The tertiary structure may be

important for HFP to induce fusion. It will be interesting to investigate whether

there are certain registries associated with the non-fusogenic HFPmn_mut and

whether there are some other assembly patterns associated with the highly-

fusogenic HFPtr.

Third, the membrane insertion studies clearly showed that there is a

positive correlation between the membrane insertion depths of different HFP

constructs and the fusion activities of these HFPs. There may also be a positive

correlation between the deeply-inserted population and the fusion activity of

these HFPs. VWth the reasonable hypothesis that the insertion would induce

membrane disruption, our results may suggest that there is a positive correlation

between the ability to disrupt the membrane and the ability of fuse the

membranes for different HFP constructs. The distance measurements also

demonstrated that the most hydrophobic region of HFPs insert into the

membrane, i.e. starting from around Ala6 and ending at around Leu12.

The ultimate goal of the project is to understand the fusion mechanism

induced by the gp41 from the structural point of view. Large proteins can be

expressed with amino acid-type 13co and 15N labelings.(5) This will bring up a

problem if one would like to apply the 13c-“”l=> or 13c-‘9l= REDOR distance

measurements to the membrane-associated protein systems. Since the isotope
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labels are on all residues of a particular amino acid type rather than on a singly

labeled residue, the ‘30 signals from all labeled residues will be generated during

the cross polarization (CP) period. In order to solve the problem, the regular CP

has to be replaced by a double cross polarization (DCP) sequence where the 13C

magnetization is generated through the route 1H —r 15N —> 13C.(6) Consequently,

the only observable ‘30 label at the end of DCP period will be the one with an

adjacent 15N label. This modification will help to filter out the natural abundance

13C and the other isotopically labeled residues. The DCP building block can then

be incorporated into other distance measurement pulse sequences such as 13C-

31P REDOR and the modified pulse sequence can be used for the protein

samples.

Another interesting future direction will be to apply the 13C-15N REDOR

methods to other HFP constructs such as HFPtr or HFPmn_mut to study the

possible tertiary structures such as anti-parallel (Bi-sheet registries or parallel 6-

sheet registries. The predominant tertiary structure for these constructs can then

be compared with the predominant 16 or 17-residue-overlapped anti-parallel [3-

sheet for HFPmn, and the results may provide insight on whether there is a

correlation between the tertiary structure and the fusion activity for different HFP

constructs.
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APPENDIX 1. NMR FILES CHECKLIST

Figure 14 2D PDSD experiments @ ..lhome/wei4bldata/2D-PDSD/

HFPmn in PC:PG (HFPmn-PCPG-50ms)

HFPdm in PC:PG (HFPdm-PCPG-50ms)

HFPtr in PC:PG (HFPtr-PCPG-50ms)

HFPmn in PC:PG:CHOL (HFPmn-PCPGCHOL-50ms)

HFPdm in PC:PG:CHOL (HFPdm-PCPGCHOL-SOms)

HFPtr in PC:PG:CHOL (HFPtr-PCPGCHOL-SOms)

Figure 18 10 ‘30-‘5N REDOR experiments @../homelwei4b/data/13C-15N-

REDOR

A14(‘3C)-V2(15N) HFPmn in PC:PG:CHOL (130-15N-A14-V2)

A14(130)-G3(15N) HFPmn in PC:PG:CHOL (13C-15N-A14-G3-new)

A14(13C)-l4(15N) HFPmn in PC:PG:CHOL (13C-15N-A14-I4)

A14(‘3C)-G5(‘5N) HFPmn in PC:PG:CHOL (13C-15N-A14-G5-new)

10 ‘30-3‘P REDOR experiments @../home/wei4bldata/1SC-31 P

Figure 18 A1V2G3(‘3C) HFPmn in PC:PG (FPmnK3-A1VZG3)

A1VZG3(1SC) HFPmn in PC:PG:CHOL (FPmnK3-A1V2G3-CHOL)

Figures 26 and 27 GSA6L7(‘3C) HFPmn in PC:PG (FPmnK3-G5A6L7-PCPG)

' G5A6L7(130) HFPmn in PC:PG:CHOL (FPmnK3-G5A6L7-chol)

F8L9G10(130) HFPmn in PC:PG (FPmn-F8LQG10-PCPG)

F8L9G10(‘3C) HFPmn in PC:PG:CHOL (FPmn-F8L9G10-chol)
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F11L12G13(13C) HFPmn in PC:PG (FPmnK3-F11L12G13-PCPG)

F11L12613(‘3C) HFPmn in PC:PG:CHOL (FPmnK3-F11L12G13-chol)

A14A15G16(‘3C) HFPmn in PC:PG (FPmnK3-A14A15G16-PCPG)

A14A15G16(‘3C) HFPmn in PC:PG:CHOL (FPmnK3-A14A15G16-chol)

The following spectra were displayed in Figures 30, 33, 35, 38 and 41 with

detailed

names described in the corresponding figure captions.

A1(”C) HFPmn in PC:PG (HFPmn-A1-PCPG)

A1(‘3C) HFPmn in PC:PG:CHOL (HFPmn-A1-chol)

14(130) HFPmn in PC:PG (HFPmn-I4-PCPG)

l4(‘3C) HFPmn in PC:PG:CHOL (HFPmn-I4-chol)

A6(‘3C) HFPmn in PC:PG (HFPmn-A6-PCPG)

A6(130)HFPmn in PC:PG:CHOL (HFPmn-A6-chol)

L9(13C) HFPmn in PC:PG (HFPmn-L9-PCPG)

L9(‘3C) HFPmn in PC:PG:CHOL (HFPmn-L9-chol)

1.12030) HFPmn in PC:PG (HFPmn-L12-PCPG)

L12(13C) HFPmn in PC:PG:CHOL (HFPmn-L12-chol)

A14(‘3C) HFPmn in PC:PG (HFPmn-A14-PCPG)

A14(13C) HFPmn in PC:PG:CHOL (HFPmn-A14-chol)

A15(13C) HFPmn in PC:PG (HFPmn-A15—PCPG)

A15(13C) HFPmn in PC:PG:CHOL (HFPmn-A15-chol)

A1(13C) HFPmn_mut in PC:PG (HFPmnmut-A1-PCPG)

A1(‘3C) HFPmn_mut in PC:PG:CHOL (HFPmnmut—A1-chol)
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l4(13C) HFPmn_mut in PC:PG (HFPmnmut-l4-PCPG)

l4(‘30) HFPmn_mut in PC:PG:CHOL (HFPmnmut-l4-chol)

A6(13C) HFPmn_mut in PC:PG (HFPmnmut-A6-PCPG)

A6(‘3C) HFPmn_mut in PC:PG:CHOL (HFPmnmut-A6-chol)

L9(‘3C) HFPmn_mut in PC:PG (HFPmnmut-L9-PCPG)

L9(1aC) HFPmn_mut in PC:PG:CHOL (HFPmnmut-L9-chol)

L12(13C) HFPmn_mut in PC:PG (HFPmnmut-L12-PCPG)

L12(13C) HFPmn_mut in PC:PG:CHOL (HFPmnmut-L12-chol)

A14(13C) HFPmn_mut in PC:PG (HFPmnmut—A14-PCPG)

A14(13C) HFPmn_mut in PC:PG:CHOL (HFPmnmut-A14-chol)

A1(13C) HFPtr in PC:PG (HFPtr-A1-PCPG)

A1(13C) HFPtr in PC:PG:CHOL (HFPtr-A1-chol)

14(130) HFPtr in PC:PG (HFPtr-l4-PCPG)

14(130) HFPtr in PC:PG:CHOL (HFPtr-l4-chol)

A6(130) HFPtr in PC:PG (HFPtr-A6-PCPG)

A6(13C) HFPtr in PC:PG:CHOL (HFPtr-A6-chol)

L9(‘3C) HFPtr in PC:PG (HFPtr-L9-PCPG)

L9(‘3C) HFPtr in PC:PG:CHOL (HFPtr-L9-chol)

L12(‘3C) HFPtr in PC:PG (HFPtr-L12-PCPG)

L12(13C) HFPtr in PC:PG:CHOL (HFPtr-L12-chol)

A14(13C) HFPtr in PC:PG (HFPtr-A14-PCPG)

A14(‘3C) HFPtr in PC:PG:CHOL (HFPtr-A14-chol)
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1D ‘3C-19F(C16) REDOR experiments @../home/wei4b/data/13C-19F(C16)

A1(‘3C) HFPmn in PC:PG (HFPmn-A1-PCPG)

A1(‘3C) HFPmn in PC:PG:CHOL (HFPmn-A1-chol)

l4(‘30) HFPmn in PC:PG (HFPmn-l4-PCPG)

l4(‘3C) HFPmn in PC:PG:CHOL (HFPmn-l4-chol)

A6(13C) HFPmn in PC:PG (HFPmn-A6-PCPG)

A6(‘3C) HFPmn in PC:PG:CHOL (HFPmn-A6-chol)

L9(‘3C) HFPmn in PC:PG (HFPmn-L9-PCPG)

L9(‘3C) HFPmn in PC:PG:CHOL (HFPmn-L9-chol)

L12(‘3C) HFPmn in PC:PG (HFPmn-L12-PCPG)

L12(‘3C) HFPmn in PC:PG:CHOL (HFPmn-L12-chol)

A14(13C) HFPmn in PC:PG (HFPmn-A14-PCPG)

A14(‘3C) HFPmn in PC:PG:CHOL (HFPmn-A14-chol)

A1030) HFPmn_mut in PC:PG (HFPmnmut-A1-PCPG)

A1(‘3C) HFPmn_mut in PC:PG:CHOL (HFPmnmut-A1-chol)

14(13C) HFPmn_mut in PC:PG (HFPmnmut-l4-PCPG)

I4(‘3C) HFPmn_mut in PC:PG:CHOL (HFPmnmut—l4-chol)

A6(‘3C) HFPmn_mut in PC:PG (HFPmnmut—A6-PCPG)

A6(13C) HFPmn_mut in PC:PG:CHOL (HFPmnmut-A6-chol)

L9(‘3C) HFPmn_mut in PC:PG (HFPmnmut—L9-PCPG)

L9(‘3C) HFPmn_mut in PC:PG:CHOL (HFPmnmut—L9-chol)

1.12030) HFPmn_mut in PC:PG (HFPmnmut-L12-PCPG)

L12(‘3C) HFPmn_mut in PC:PG:CHOL (HFPmnmut—L12-chol)
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A14(‘3C) HFPmn_mut in PC:PG (HFPmnmut—A14-PCPG)

A14(‘3C) HFPmn_mut in PC:PG:CHOL (HFPmnmut—A14-chol)

A1(‘3C) HFPtr in PC:PG (HFPtr-A1-PCPG)

A1('3C) HFPtr in PC:PG:CHOL (HFPtr-A1-chol)

l4(‘3C) HFPtr in PC:PG (HFPtr-l4-PCPG)

I4(13C) HFPtr in PC:PG:CHOL (HFPtr-l4-chol)

A6(‘3C) HFPtr in PC:PG (HFPtr-A6-PCPG)

A6030) HFPtr in PC:PG:CHOL (HFPtr-A6-chol)

1.9630) HFPtr in PC:PG (HFPtr-L9-PCPG)

L9(‘3C) HFPtr in PC:PG:CHOL (HFPtr-L9-chol)

L12(‘3C) HFPtr in PC:PG (HFPtr-L12-PCPG)

L12(‘3C) HFPtr in PC:PG:CHOL (HFPtr-L12-chol)

A14(‘3C) HFPtr in PC:PG (HFPtr-A14-PCPG)

A14(‘3C) HFPtr in PC:PG:CHOL (HFPtr-A14-chol)

10 ‘30-‘9F(CS) REDOR experiments @../home/wei4b/data/13c-19F(cs)

A1(‘3C) HFPmn in PC:PG:CHOL (HFPmn-A1-chol)

A6(13C) HFPmn in PC:PG:CHOL (HFPmn-A6-chol)

L9(‘3C) HFPmn in PC:PG:CHOL (HFPmn-L9-chol)

A6(13C) HFPmn_mut in PC:PG:CHOL (HFPmnmut-A6-chol)

L9(‘3C) HFPmn_mut in PC:PG:CHOL (HFPmnmut-L9-chol)

A6(‘3C) HFPtr in PC:PG:CHOL (HFPtr-A6-chol)

L9(‘3C) HFPtr in PC:PG:CHOL (HFPtr-L9-chol)
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A1030) HFPmn in PC:PG (HFPmn-A1-PCPG)

l4(‘3C) HFPmn in PC:PG (HFPmn-l4-PCPG)

A6(‘3C) HFPmn in PC:PG (HFPmn-A6-PCPG)

L9(‘3C) HFPmn in PC:PG (HFPmn-L9-PCPG)

L12(13C) HFPmn in PC:PG (HFPmn-L12-PCPG)

A14(13C) HFPmn in PC:PG (HFPmn-A14-PCPG)

l4(13C) HFPmn_mut in PC:PG (HFPmnmut-l4-PCPG)

A6(13C) HFPmn_mut in PC:PG (HFPmnmut—AG-PCPG)

L9(‘3C) HFPmn_mut in PC:PG (HFPmnmut-L9-PCPG)

L12(‘3C) HFPmn_mut in PC:PG (HFPmnmut-L12-PCPG)

A14(‘3C) HFPmn_mut in PC:PG (HFPmnmut-A14-PCPG)

I4(‘3C) HFPtr in PC:PG:CHOL (HFPtr-l4-PCPG)

A6(‘3C) HFPtr in PC:PG:CHOL (HFPtr-A6-PCPG)

L9(13C) HFPtr in PC:PG:CHOL (HFPtr-L9-PCPG)

1.12030) HFPtr in PC:PG:CHOL (HFPtr-L12-PCPG)

A14(‘3C) HFPtr in PC:PG:CHOL (HFPtr-A14-PCPG)

Figure 13 1D DCP setup experiments @..Ihome/wei4b/datalDCP

Double 130 labeled NAL DCP spectra (dcp-double13CNAL)
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APPENDIX 2. TROUBLE SHOOTING FOR MAS PROBES

1. Sample spinning problems

(1) The sample is not spinning at all.

a. The alignment for the pieces in spinning module is not good enough if you can

feel some difficulty when inserting the rotor;

b. The drive and bearing gas have been reversed when installing the spinning

module with the end piece that is connected to the magic angle spinning

adjustment, the groove on the and piece has to be placed on the drive gas side.

(2) The rotor is spinning, but the MAS controller is not reading.

a. Restart the MAS controller;

b. Cut the tip of the optical fiber;

0. The optical fiber is broken if you can see red laser all over the probe instead of

just the spinning module region;

d. The two pinholes on the spinning module front panel are too far from each

other. This is always because you are using a 6 mm spinning module front panel

intead of a 4 mm one.

(3) The rotor is not spinning stably.

a. Remark the rotor;

b. Repack the rotor tightly;

c. Reset the bearing gas parameters in ACC panel. The typical values for a 4 mm

MAS probe are: adjust 2 psi, span 100 Hz and maximum 35 psi.

2. Probe Tuning problems

215



When you change the configuration of a probe, follow the suggested capacitors

on the manual. Check the low power tuning before inserting the probe into the

magnet.

(1) There is no resonance. There is always some contacting problem. Check the

connection of every capacitor and coil, especially the weak soldering spots. The

following figure is for the HFXY probe. The four spots that typically have contact

problems are pointed outwith red arrows.

“

@ Splnnlng Module

 

  

 

CHY CHX CHH CHF

Figure A1 Schematic pictures for a quadruple HFXY 4mm MAS probe.

(2) There is resonance, but the position is not moving at all when you move the

tuning rods. This is special for the 1H and 19F channels of the HFXY probe, and

the problem is the screws on the 1H and 19F tuning rods are off. As shown in the

pictures below, these tuning rods use the plastic screws to connect the

adjustable knob outside the rod and the copper piece inside the rod. The screw

will be off if it has been over adjusted.
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Figure A2 Schematic pictures for a 1H or 19F tunning rode on a quadruple HFXY

4mm MAS probe.

(3) There is resonance in the low power tuning, but it’s not at the correct

frequency, and you cannot get the right frequency by adjusting the tune and

match knobs in the probe. In this case you may want to try different sets of

capacitors. The one suggested on the manual is NOT always perfect. For the

HFXY probe, the current configuration is HFPC (X E 3‘P and Y E 13C), and it is

good for routine experiments such as 130-31P REDOR, 13C-‘E’F REDOR and 13C-

13C 20 correlation. If you find the tuning for this probe is not satisfying and want

to change the pieces, here are some suggestions:

2Q
— SplnnlnoM

om
)

 
 

  

 

M

=_.- 4 4T

CI-lfl CHF

Figure A3 Schematic pictures for a quadruple HFXY 4mm MAS probe.
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a. For CH X and CH Y, you can always change the capacitors 1 and 2, and you

can adjust the length of the coil bridged over capacitor 2 gently.

b. For CH H and CH F, the current fonrvard/reflection voltage ratio is 8:1 and 9:1

respectively and it works well for REDOR and PDSD experiments. It is NOT

recommended to adjust any pieces connecting these two channels because they

are very sensitive and the connection soldering points are weak. However, the

coil in the red circle above is adjustable and is the ONLY adjustable part for the

two channels. If you do readjust the coil, double check all the soldering points

before assembling the probe.
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APPENDIX 3 FMOC MANUAL PEPTIDE SYNTHESIS

The following solutions are commonly used in the FMOC peptide synthesis, and

one can always make them before the synthesis:

Deprotection Solution: piperidine/DMF solution with 1:3 volume ratio.

Capping Solution: acetic anhydride/pyridine/DMF solution with 2:1 :3 volume ratio.

Coupling Solution: 0.45M HBTU and 0.45M HOBt in DMF.

These solutions should be placed in brown bottles, sealed with parafilms, and

stored in the fume hood.

The Cleavage Solution should be fresh and should be prepared right before

utilization.

Cleavage Solution: TFA/thioanisoIe/EDT/anisole solution with 90:5:3:2 volume

ratio.

Procedures for regular peptide synthesis. (The procedures were applicable for

the synthesis of HFPmn, HFPmn(Cys), HFPmn_mut and HFPdm(Cys) used in

this thesis):

1. We generally use the Ala or Gly-preloaded Wang Resin for the manual

synthesis. A typical scale of synthesis was 0.1 mmol. For the synthesis of HIV

fusion peptide monomer, we use the preloaded Wang Resins with substitution

of 0.6 mmoI/g, and for the synthesis of Cys-containing dimer as described in

chapter II, we use preloaded Wang resins with substitution of 0.2 mmng. The

synthesis starts from weighing the appropriate amount of Wang Resin and

placing the resin into a 5 mL polypropylene column from Pierce (Rockford, IL).
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. Wash the resin with DCM, drain the DCM, and repeat these for two or three

times.

. Soak the resin in DCM for 2 hours, and then drain the DCM.

. Wash the resin with DMF, and drain the DMF.

. Soak the resin with 3 mL Deprotection solution, place the column on a

rotation stage and mix for 5 minutes, and then drain the deprotection solution.

. Soak the resin with 3 mL Deprotection solution, mix on a rotation stage for 20

minutes, and drain the deprotection solution.

. At the same time with step 6, dissolve the Fmoc-protected amino acid into the

coupling solution. The amino acid: resin ratio used in our lab is 5:1 for the

unlabeled residues and 3:1 for the ‘30 or 15N labeled residues. The amino

acid:HBTU:HOBt molar ratio should be 9:9:10. (For example, for an unlabeled

residue, the amount of amino acid is 0.5 mmol if 0.1mmol resin was used,

and the amino acid was dissolved into 1mL 0.45M Coupling Solution.)

. Wash the resin with DMF, drain the DMF, and repeat these for 6 - 8 times in

order to totally remove the piperidine.

. Add DIPEA into the amino acid solution. The DIPEAzamino acid molar ratio is

2:1.

10.Add DMF into the amino acid solution until the total volume reaches ~ 4 mL,

and transfer the solution into the column.

11.Place the column onto the rotating stage, and mix for 2 hours. (The coupling

time may vary for different amino acids and peptide sequences as described
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in chapter ll, cf. the figure captions of Figures 3 and 5) One can check the

completeness of the coupling step using the Ninhydrin test.*

12.After the coupling step, drain the coupling solution.

13. Repeat the steps 4 through 12 for the following residues.

14.After the coupling step for the last residue, repeat steps 4 though 6 to

deprotect the last Fmoc group.

15.Wash the resin 3 ~ 5 times with DMF and drain, and then 2 ~ 3 times with

DCM and drain.

16. Place the column into a dessicator with high vacuum pump for at least 6

hours to remove the residual DCM.

17.Soak the dry resin with 3 mL fresh cleavage solution, seal the column with

parafilm, and mix it for 2 hours. (The Arg(be) requires more cleavage time,

and add 0.5 hour for every extra Arg(be) residue.)

18.After the cleavage, remove the parafilm, then remove the cap of the column,

and then collect the solution part with a 50 mL centrifuge tube and discard the

residual resin.‘""Ir

19.Remove the TFA from the solution using N2 gas flow in the fume hood, and

add cold methyl t-butyl ether drop wise into the residual solution (~ 1 mL).

One should usually see white cotton-like precipitate while adding the ether.

20.Place the centrifuge tube into the freezer for overnight, and separate the

supernatant and precipitate through centrifugation. Collect the precipitate and

discard the supernatant.
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21.Remove the residual ether in the precipitate using N2 gas flow, dissolve the

peptide into 5 mL DI. water, and lyophilize to get crude product.

22.HPLC purification with a H2O/Acetonitrile gradient and MS identification as

described in chapter ll.

*Ninhydrin Test:

Solution A: 5% Ninhydrin in ethanol (w/v); Solution B: 80% Phenol in ethanol

(w/v); Solution C: KCN in pyridine (2 mL 0.001M KCN in 98 mL pyridine)

Sample a few resin beads and wash with DMF and DCM several times. Transfer

the resin to a small glass tube and add 2 drops of the above solutions. Mix well

and heat to 100 °C for 5 minutes. The presence of resin-bound free amine is

indicated by blue resin beads.

"Cleavage

The reagents thioanisole, EDT and TFA have pungent odor. There will be

pressure during cleavage, thus please remove the parafilm and cap very

carefully before collecting the cleavage solution.

Procedures for the Cys crosslinking between HFPmn(Cys) to form HFPdm.

1. Dissolve the purified HFPmn(Cys) into D.I. H2O in a 1.5 mL eppendorf tube to

reach the peptide concentration ~ 5 mM.

2. Add DMAP powder into the peptide solution to reach the concentration of 10

mM. and adjust the pH of the solution to ~ 8 using 1M NaOH.
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3. Gently vortex the eppendorf tube for 2 hours with the solution exposed to the

air.

4. Dilute the peptide solution with 10-time volume of D.l.water, freeze the diluted

solution and lyophilize it for overnight to obtain the crude product.

5. HPLC purification with a H2O/Acetonitrile gradient as described in chapter ll.

Procedures for the Cys crosslinking between HFPmn(Cys) and HFPdm(Cys) to

form HFPtr.

1. Dissolve the purified HFPmn(Cys) and HFPdm(Cys) into D.l. H2O in an 1.5 mL

eppendorf tube to reach the concentrations of 5 mM and 7.5 mM respectively.

2. Add DMAP powder into the peptide solution to reach the concentration of 10

mM, and adjust the pH of the solution to ~ 8 using 1M NaOH.

3. Gently vortex the eppendorf tube for 2.5 hours with the solution exposed to

the air.

4. Dilute the peptide solution with 10-time volume of D.l.water, freeze the diluted

solution and lyophilize it for overnight to obtain the crude product.

5. HPLC purification with a H2O/Acetonitrile gradient as described in chapter Il.

Procedures for the Cys crosslinking between HFPmn(Cys) to form HFPte

1. Dissolve the purified HFPdm(Cys) into D.I. H2O in an 1.5 mL eppendorf tube to

reach the concentration of 5 mM.

2. Add DMAP powder into the peptide solution to reach the concentration of 10

mM, and adjust the pH of the solution to ~ 8 using 1M NaOH.
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3. Gently vortex the eppendorf tube overnight with the solution exposed to the

air.

4. Dilute the peptide solution with 10-time volume of D.l.water, freeze the diluted

solution and Iyophilize it for overnight to obtain the crude product.

5. HPLC purification with a H2O/Acetonitrile gradient as described in chapter II.
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APPENDIX 4 INTRODUCTION TO NMR

This appendix helps to explain the description of Average Hamiltonian Theory in

chapter lll.

Spin Behavior in a magnetic field. Nuclei with spin of 1/2 such as 1H, 13C, 15N, 31P

and 19F have two possible spin states with magnetic quantum number m = 1/2 or

-1/2. If the nucleus is placed in a magnetic field, there will be an interaction

between the nuclear magnetic moment Z and the external magnetic field

—B_0°=Boé . The energy associated with It in E; is given by

E = "2'30 = #1230 = “thBo (A1)

A

m =-1/2

  

  

AE = E-1/2- E1/2

E
n
e
r
g
y

 

m = +1/2

’ 
 

Magnetic Field

Figure A4 Energy Splitting for a spin 1/2 nucleus in the external magnetic field.

In Eq. A1 the term #2 represents the 2 component of the nuclear magnetic

moment because the external magnetic field is always defined as being along the

z direction in the laboratory frame. 7 is the gyromagnetic ratio and his Planck’s
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constant divided by 21:. Thus, the splitting between the two energy levels with m

= 1/2 and -1/2 is shown in Figure A4 for a nucleus with spin 1/2, and the energy

difference between the two levels are

AE=yhB0 :I:-co (A2)

where Va is also known as the Larmor frequency.

Magnetization and time evolution of magnetization. The concept of magnetization

in the field of NMR was defined as the vector sum of individual magnetic

moments fl. It is usually convenient to describe the system using magnetization

because it provides a macroscopic picture for the spin system.

A7! = 2;: (A3)

The direction of the magnetization for an equilibrium spin system is along the z

axis because the Boltzmann population of individual ii that are aligned along the

z axis is larger than the Boltzmann population of the it aligned along the -z axis.

To understand the time evolution of magnetization, it will be helpful to first

consider the time evolution of an individual magnetic moment. An individual

magnetic moment [1 in a field B is subject to a torque A7 , which is defined as

A7 = [ME (A4)

Analogous to the Newton’s Law where force is the time derivative of momentum,

in the rotational motion, torque is the time derivative of angular momentum Z.

|
a
.

117: Z (A5)

a
.

t
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In the quantum mechanics, the angular momentum and magnetic moment are

correlated through the constant of gyromagnetic ratio.

[7 =75 (A6)

The combination of Eqs. A4, A5 and A6 gives the time evolution of an individual

magnetic moment.

d- _. .. .. ..

EP=YPX3=PXYB (A7)

The discussion for an individual magnetic moment can be extended to the

macroscopic magnetization, thus

d - .. s

—M=M B A8dt X7 ( )

Time evolution of the spin system. In quantum mechanics, a spin system can be

expressed as the linear combination of time-independent eigenfunctions and

their corresponding time-dependent coefficients.

‘1’ =Zcml/Im =26": Im) (A9)

The ensemble average of these coefficients forms a matrix which is generally

named density matrix. The density matrix is the matrix representation of an

operator known as density operatora.

E=(n|o|m)=a,,m (A10)

The system can be represented as the density matrix and density operator. The

time evolution of the density operator reflects the time evolution of a spin system.
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According to the Eq. A9, the time—dependent Schrodinger Equation can be

written as

idzd—f-L—(’)| n): 2c, (t)H| n)(A11)

n

Usmg the orthogonal condition between different eigenfunctions and some

algebra, the time evolution of the coefficient ck(t) is

rick—(€Z=ZC,(1)(/.|H|n) (A12)
dt n

Thus the time evolution of an arbitrary element in the density matrix under the

Hamiltonian is given by

 

d kam d ,2 d; d . —_e(LII >= 0;; “Wei—U-—c—"c;, =iZc—_kc;(nnjylm)_l§c,c,,(k|y|n)(A13)

=i21kI0I'IIX'1IHI m")“iZXkIHI ")1" IUI"'I=(kIIG-HII'")

In the operator form, or for the entire density matrix, the time evolution can be

expressed as

d0") = -i[H,a'(t)] (A14a)
dt

This differential equation has a solution when the Hamiltonlan is time-

 

independent

d(t) = cxp[-r'Ht] - 0(0) - exp[th] (A14b)

Sprn interaction Hamiltonians. In quantum mechanics, the Hamiltonian operator

is associated with the total energy of the system. In NMR, the nuclear spin

Hamiltonians are associated with the energies of different types of coupllngs
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between the nuclear spins with different types of magnetic fields. For example,

the Zeeman Hamiltonian (H2) corresponds to the coupling of nuclear spins with

the external static magnetic field. The chemical shift Hamiltonian (HCS)

corresponds to the coupling with the induced magnetic fields originating from

orbital motions of electrons. The dipolar coupling Hamiltonian (HD) corresponds

to the coupling with the magnetic field from the magnetic dipole moment of

another spin. The expression for H2 can be derived from Eq. A1 and the relation

Zi=yh7,where751x2+1yy+122.

Elma, = 42 - 30 => HZ = —yn‘i . 30 (A15)

In the lab frame where the z-axis is set along the direction of the external

magnetic field, we have 30 = BO}.

”2 = —yhBOIZ (A16)

For HCS and HD, it is always convenient to first express the Hamiltonian in the

principal axis system, and then to transform them into the lab frame through

Vlfigner Rotation introduced in Chapter III of the main text.

For HCS , we could write an analogous expression as Eq. A15.

ECS = —;-§s => HCS = —yri‘I'-'és = (—7h)'i.§.iéo (A17)

In Eq. A17, the term BS represents the induced magnetic field due to the motion

of electrons and the term 3‘: is a tensor which reflects the shielding effect. As

shown in Fig. A5, the fact that E is a tensor rather than a numerical value
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indicates that the induced field and the original field can be along different

directions, and the effective field is the vector sum of Bo and BS.

30 r

8s

Beff

 
Figure A5. The vector representation of the fact that the induced shielding field is

not necessarily parallel to the original field.

To evaluate HCS in the principal axis system, one always expresses the

Hamiltonian as the product of the elements of two second-rank Cartesian

tensors or spherical tensors.

i-EEFZEQoeiyj (A18)

w

In Eq. 18, the term 50 817 is a dyadic product of vectorsfio and 7 which forms a

tensor.

For HD, the field produced by a magnetic dipole 7r; at the origin of the

coordinate system can be expressed as

79', = [30" "Zr-”1] (A19a)
r

in which F:wand r = (Ixz + y2 + 22 (A19b)
r
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The vector F is the internuclear vector between the two coupled dipoles. The

expression of the dipole-dipole interaction and the associated Hamiltonian thus

can be written analogous to Eqs. A15 and A17 as

- - 13F fix" -?)—" 7’]ED=-#s'31=- #1 #53 #1 .Us

2 r (A20)

=>H —-——h7’75 [3(I.F)(S-?)—1.S]
D— 3

r

In most cases, the magnitude of Zeeman Hamiltonian is much larger than the

magnitude of chemical shift and dipolar coupling Hamiltonians. Therefore, there

is always a truncation effect for the HC5 and HD, and the terms containing spin

operators which do not commute with Hz (or 12 according to Eq. A16) will be

averaged to zero. Thus, the truncated HCS is proportional to 12, the truncated

heteronuclear HD is proportional to IZSZ, and the truncated homonuclear HD is

proportional to IZSZ +i-(I+S_ + I_S+) where 1:, = I,r :t i]y and Si = S, i iSy.

Rotating frame. Another type of important nuclear spin interaction is the

interaction between spins and the external rf magnetic field because the If pulses

are widely utilized in NMR. In the case of magic angle spinning probes with

solenoid coils, the If field is oscillating with the carrier frequency a)” along the

MAS rotor axis which is tilted by 9 relative to the external magnetic field. Thus,

the rf field can be decomposed into two parts that are either parallel or

perpendicular to the external magnetic field.

if = 8, cos 6004th + a]; + Bl sin 000%th + 0)]; (A21)
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In Eq. A21, B, and (care the amplitude and phase of the rf field, and can be time-

dependent

The 2 component in Eq. A21 is an oscillating field with frequency w,f. However,

this field can be neglected because the time scale of the oscillation (nanosec) is

much shorter than the experimental time scales such as dwell time and If pulses

(microsec), and the time average of the oscillations field is zero.

The x component in Eq. A21 can be decomposed as two rotating fields with

angular frequencies ”If and —w,, since

cos[a),ft + p] = écxp[i(a),ft + 02)] + %exp[—i(ro,ft + (0)] (A22)

With the condition warmth, the rotating field with frequency —ro,f can be

neglected. In a classical picture, the nucleus spin [1 is rotating around the z-axis

in the lab frame under the effect of Bo with angular frequency wL. The rotating

field with frequency a),f zwL will provide efficient torque to the nucleus spin

which will induce the transition of magnetization over time.

—- d —~ _. ~ . .. -
N = a}: = 7px B,f,x = ”13,.” sm < ,u,B,f,x > (A23)

As shown in Eq. A23, an efficienct torque requires an approximately time-

independent angle < AB,” > which can be satisfied by the rotating field with

frequency dog. The field with frequency —w,., will have a time-dependent angle

< .173ng > and the interaction according to Eq. A23 will be reduced over time.
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It is usually more convenient to make the rf field appear static by transforming the

system to a rotating frame with angular frequency (0,1. In the rotating frame, for

the simplest case that 0),f = 0L, the field acting on the magnetization is just the

static 81 field along the x axis. If the initial magnetization is along the z axis, e.g.

equilibrium state, the effect of applying a If field is to tilt the magnetization into

the xy plane (also known as the transverse plane) according to Eq. A8.

Magic Angle Spinning (MAS) and spinning sidebands. Manipulation of the spin

interaction such as chemical shift and dipolar coupling can be achieved by

rotating the sample about an axis which is tilted by an angle 6 with respect to the

external magnetic field Bo. The angle 6, known as magic angle, satisfies the

condition 300s2 6—1 = 0 and I95 54.7°. Here we will analyze the effect of the MAS

on the chemical shift Hamiltonian.

According to Eq. 5 in chapter III, a general expression to the chemical shift is

1

Hrs = CCS Z. 21(‘1)m'R1C:m']I.C:l (A24)

where the values of I are 0, 1 or 2. In the condition of high field where Hz >> H”,

the non-secular terms (I = 1 and 2) in Eq. A24 will become time-dependent due to

the manipulation of Zeeman Hamiltonian, and their time averages will be zero.

Thus, eq. A24 can be simplified as

Hes = cs (1?me +111on +R20T20) (A25)

On the right side of Eq. A25, the middle term represents the anti-symmetric part

of the Hamiltonians. This part is not detectable for chemical shift and therefore
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can be neglected. The last term on the right side of Eq. A25 represents the

anisotropic part of the chemical shift Hamiltonian (or Hm) in the principal axis

system. When transforming into the lab frame, this term will the periodic with the

period —l-where wk is the sample spinning frequency. The rotational angular

0R

frequency of the transverse magnetization under the periodical Hm will also be

periodical and will have the form

a)(t) = A+B§(t) (A26)

The terms A and B are time-independent and are related to the Euler angle set

(0t, 0, y) which correlates the principal axis system and the rotor frame, and the

magic angle 0. The term §(t) is periodic and related to the sample spinning

frequency. The FID due to this precession can be expressed as

S(t) cc exp[r'a)(t)] = exp(iAt)exp[iB £§(t')dr'] (A27)

The second term on the right side of Eq. 27 will be unity for multiples of the

sample spinning period. The FID will consequently contain a sequence of echoes

separated by lle. Fourier Tansformation of the FID with echoes provides

spinning sidebands at multiples of wk away from the isotropic chemical shift in

the frequency domain.

Evolution of transverse magnetization and its Fourier relationship to the NMR

spectrum. Consider a simple NMR experiments where a 90° pulse was applied

followed by detection. Initially the magnetization is along 2 axis and the 90° pulse

234



will flip the magnetization to the xy plane. Consider the situation that at the

beginning of the acquisition period, the magnetization is along the x axis. During

the acquisition period, the spin system is subject to only the Zeeman Hamiltonian.

The time evolution of the magnetization is controlled by Eq. A14a with the density

operator 0(0) cc 1, and H2 ac (001,, where IX and Iz are the x and 2 components of

the spin operator and 00 = yBo . Since the Zeeman Hamiltonian is time-

independent, according to Eq. A14b, the density operator at time t is

a(t) cc cxp[—iroolzt]1x cxp[ia)01zt] = Ix cos(a)ot) + [y sin((oot) (A28)

This means the magnetization will rotate in the transverse plane. The detected

time-domain signal is the transverse magnetization. It is convenient to write the

transverse magnetization in Its complex form ,u+ = ,er +ipy oc I+ . Wlthout

considering relaxation, the expectation value will be

5(1) “=- (r‘) at: Tr{a'(t)1+} -_- Tr{ [1,, cos(w0t)+1y sin(m0r)]-[1, +i1y]} (A29)

It is easier to evaluate the time-domain signal in the matrix form where

l 0 l 1 O —i

I =—- and I — A30

" 2Il o] y 2L 0I( )

Using Eq. A30, one can evaluate the time-domain signal in Eq. A29 as

S(t) at exp[iar0t] (A31)

Eq. A31 indicates an oscillation in the time-domain signal, and after the Fourier

transformation the frequency—domain spectrum showed a single resonance line

at frequency 020 . Considering relaxation which makes the tranverse
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magnetization return to its thermoequilibrium state, eg. zero, there will be a

exponential decay term adding to the time-domain signal expressed in Eq. A31.

S(t)ocexp[iroot—AJ] (A32)

The parameter Ais the decay constant. The Fourier transformation of Eq. 32

results in a Lorentzian Iineshape in the frequency domain, and Iinewidth is

proportional to the decay constant ,1.

Effect of the powder average on evolution of the transverse magnetization. This

part provides a qualitative picture about how the recovered heteronuclear dipolar

coupling affects the 13C signal in the REDOR 81 spectrum. Considering that the

zero-order average heteronuclear dipolar coupling Hamiltonian under Magic

Angle Spinning is the only interaction in the 81 spectrum.

< Hmm,” >Ooc 0,5 sin(2,6’) sin y-IZSZ (A33)

In Eq. 33 the (0,5 represents the magnitude of the dipolar coupling frequency

which is related to the gyromagnetic ratios and the internuclear distance. The

angles ,6 and 7 are Euler angles between the principal axis system of the

dipolar coupling frame and the lab frame at a single time in the rotor cycle. For an

individual l-S internuclear vector, the value of these angles is related to the

orientation of the l-S vector relative to external magnetic field. The time evolution

of initial density operator, which is proportional to I)( can be expressed as

d(t) = Ix cos(é'rt) + 21ySz sin(a")t) and c?) at 0,3 sin(2,B) sin 7 (A34)
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The term with the spin operator IySz is undetectable based on Eq. 22 in the main

text. Thus, the detected time-domain signal is

S(t) cc Tr{a(t)I+} = Tr{IJr cos((2'rt)-(Ix + in)} oc cos(a31)[1+iTr{Iny}] (A35)

With the matrix form of the spin operators IX and IV

“0010“ Too-i0“

0 0 O l O 0 0 —'

Ixoc and Iyoc . l , one can obtain from Eq. A35 that

1 0 0 0 r 0 0 0

_0 1 O 0‘ _0 i O 0_    

Tr{Ix1y} = 0 and

S(t)occos(a")t) (A36)

Eq. A36 indicates that the time-domain signal of spin l due to the I-S dipolar

coupling with a particular orientation relative to the magnetic field is a cosine

oscillation with its own frequency a”). In a powder sample where an individual I-S

spin pair can adopt any orientation relative to the external field, the net

transverse magnetization will decay since it will be the sum of the time-domain

signals of individual spin pairs with same initial phase but different oscillation

frequencies (Figure A6). Thus, it can be qualitatively understood. that in the

REDOR Si spectrum there is an attenuation in the detected signal relative to the

So spectrum. In REDOR experiments, one acquires Si spectra with different

dephasing times, which correspond to different evolution times of the transverse

magnetization under the heteronuclear dipolar coupling. Thus, it is

understandable that there will be a buildup curve because the transverse

magnetization is not entirely reduced at short dephasing times.
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Figure A6 Decay of the transverse magnetization due to the powder averaging.
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