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Abstract The influenza virus fusion peptide is the N-

terminal *20 residues of the HA2 subunit of the hemag-

glutinin protein and this peptide plays a key role in the fusion

of the viral and endosomal membranes during initial infec-

tion of a cell. The fusion peptide adopts N-helix/turn/C-helix

structure in both detergent and membranes with reports of

both open and closed interhelical topologies. In the present

study, backbone 13CO-15N REDOR solid-state NMR was

applied to the membrane-associated fusion peptide to detect

the distribution of interhelical distances. The data clearly

showed a large fraction of closed and semi-closed topologies

and were best-fitted to a mixture of two structures that do not

exchange. One of the earlier open structural models may

have incorrect G13 dihedral angles derived from TALOS

analysis of experimentally correct 13C shifts.
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The influenza virus fusion peptide is the *20 N-terminal

residues of the HA2 subunit of the hemagglutinin fusion

protein which is a single-pass integral membrane protein of

the viral membrane that assembles as molecular trimers

(White et al. 2008). The virus is first endocytosed into host

respiratory epithelial cells and the subsequent lowering of

the pH of the endosome to the 5–6 range leads to a large

change in the HA2 structure and binding of the fusion

peptide to the endosomal membrane (Durrer et al. 1996,

Durell et al. 1997). The subsequent fusion of the viral and

endosomal membranes allows the virus nucleocapsid to

enter the cytoplasm and this entry is a requirement for

infection of the cell. Peptides with the fusion peptide

sequence but lacking the rest of hemagglutinin have been

studied to better understand the role of the fusion peptide in

membrane fusion (Epand 2003). In this paper, we also refer

to these peptides as ‘‘fusion peptides’’ which is consistent

with the nomenclature of earlier papers. Many of these

fusion peptides induce fusion of membrane vesicles and

there is more rapid and extensive vesicle fusion at pH 5.0

than at pH 7.4 (Han and Tamm 2000; Korte et al. 2001).

These pHs respectively correspond to the lowest endo-

somal pH and to typical physiological pH.

The present study aims to understand significant dif-

ferences between the structure of the fusion peptide in

membranes derived from an earlier solid-state NMR study

and various structures in detergent derived from several

earlier liquid-state NMR studies. To our knowledge, the

fusion peptide does not induce fusion between detergent

micelles although it does induce fusion between membrane

vesicles. Most of the high-resolution fusion peptide struc-

tural models are in detergent and it is therefore important to

understand the similarities and differences between the

detergent and membrane structures.

Human cell membranes typically contain *0.3 mol

fraction cholesterol although this fraction may be lower in

the endosomal membrane (Worman et al. 1986). For

membranes containing *0.3 mol fraction cholesterol and

for fusion peptide:lipid mole ratio &0.01, the fusion peptide

forms dominant b sheet structure that is likely oligomeric

(Wasniewski et al. 2004). For membranes that lack choles-

terol, the dominant structure is a helical and likely mono-

meric (Bodner et al. 2004, 2008; Sun and Weliky 2009).
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The fusion peptide induces fusion both between vesicles

whose membranes contain cholesterol and between

vesicles that lack cholesterol (Han and Tamm 2000; Korte

et al. 2001). The present study only considers membranes

that lack cholesterol for which a helical structure is

dominant.

There are several differences among the fusion peptide

sequences used in the detergent and membrane studies and

we provide a list of these sequences and nomenclatures: H1_23;

GLFGAIAGFIEGGWTGMIDGWYG; H1_23_G8A, GLF

GAIAAFIEGGWTGMIDGWYG; H1_20; GLFGAIAGFIE

GGWTGMIDG; and H3_20, GLFGAIAGFIENGWEGM

IDG. The ‘‘H1’’ and ‘‘H3’’ refer to the different viral ser-

otypes for which sequence differences are G12 and T15 for

the H1 serotype versus N12 and E15 for the H3 serotype.

The ‘‘23’’ and ‘‘20’’ refer to the number of fusion peptide

residues. Residues 21–23, i.e. WYG, are conserved for

both the H1 and H3 serotypes (Curtis-Fisk et al. 2007;

Lorieau et al. 2010). For most studies, the fusion peptide

sequence also had a non-native C-terminal tag to increase

aqueous solubility, e.g. GGKKKKG.

The first liquid-state NMR studies were done on a

H3_20 fusion peptide in detergent at pH 5.0 and supported

a *10-residue N-terminal helix/2-residue defined turn/

* 5-residue C-terminal helix structure (Dubovskii et al.

2000; Han et al. 2001). The structure was ‘‘open’’, i.e. the

two helices had a relatively oblique topology. One metric

of interhelical topology is: (1) representing each helix axis

as a vector from the N-terminal to the C-terminal helix

residue; and (2) calculating the interhelical angle using the

scalar product between the two helices (Lee et al. 2007).

For this H3_20 open structure in detergent at pH 5.0, the

interhelical angle is 103� by this calculation method. There

was also a liquid-state NMR study of this H3_20 fusion

peptide in detergent at pH 7.4 that was consistent with a

different structure composed of a N-helix/turn/extended

C-terminal structure (Han et al. 2001). Accompanying EPR

studies for spin-labeled H3_20 fusion peptides in mem-

branes were interpreted to mean that at pH 5.0, the N-helix

axis makes a 52� angle with respect to the bilayer normal

whereas at pH 7.4, this angle is 67�, i.e. the insertion is less

oblique at pH 5.0. In addition, at pH 5.0, the spin label of

the most deeply inserted F3 residue was *4 Å from the

bilayer center whereas at pH 7.4, this label was *10 Å

from the bilayer center, i.e. the fusion peptide was more

deeply inserted at the lower pH. These findings were

integrated into a model that explained the higher vesicle

fusion at pH 5.0 with coupled: (1) helical rather than

extended structure in the C-terminal region of the fusion

peptide; (2) change in N-helix orientation relative to the

bilayer normal with consequent deeper insertion of the

N-helix; and (3) greater perturbation of the lipids particu-

larly those close to the hydrophobic pocket on the interior

of the ‘‘boomerang’’ structure. The importance of the open

structure was further supported by subsequent liquid-state

NMR in detergent and EPR in membranes of mutants of

the H3_20 peptide (Lai et al. 2006). These studies corre-

lated disruption of the open structure with slower mem-

brane fusion.

More recently, liquid-state NMR was applied to the

H1_23 fusion peptide in detergent at pH 7.4 and showed a

‘‘closed’’ N-helix/turn/C-helix structure, i.e. tightly packed

antiparallel N- and C-helices with interhelical angle of

158� (Lorieau et al. 2010). Additional liquid-state NMR

studies were carried out on the H1_23_G8A peptide mutant

in detergent at pH 7 and were interpreted in terms of a

N-helix/turn/C-helix structure in which there was rapid

exchange between different turn conformations and con-

sequent exchange between closed structures with typical

interhelical angle of *159� and very open structures with

typical angle of *73� (Lorieau et al. 2012). Relaxation

data for wild-type H1_23 peptide in detergent at pH 7.4

were consistent with only closed structure. By contrast,

relaxation data at pH 4 for H1_23 were interpreted in terms

of two rapidly exchanging peptide populations. There was

*0.8 fraction with closed structure and *0.2 fraction with

open structures similar to those of the H1_23_G8A mutant.

For vesicles with *0.3 fraction cholesterol at pH 7.2, there

was greater fusion induced by wild-type H1_23 peptide

than the H1_23_G8A mutant. This observation coupled

with the structures were interpreted to signify the impor-

tance of the closed structure in lipid mixing which is an

early step of membrane fusion. The open structures were

thought to be important in the later step of fusion pore

formation (Durrer et al. 1996).

Additional studies compared the 1H-15N HSQC spectrum

of the H1_20 peptide to the spectrum of the H3_20 peptide

where both peptides were in detergent at pH 7.3 (Lorieau

et al. 2013). The peak positions were generally very similar

between the two peptides although there were additional

peaks for H3_20 that were attributed to deamidation of N12.

Such peaks had not been reported in the earlier liquid-state

NMR studies of H3_20 in detergent (Han et al. 2001; Lai

et al. 2006). Liquid-state NMR studies of H1_20 peptide in

detergent at pH 7.3 were interpreted as two rapidly inter-

changing populations of N-helix/turn/C-helix structures.

The minor population with *0.11 fraction was the closed

structure and the major population with *0.89 fraction was

a distribution of open structures.

These detergent results provide some context for a

previous solid-state NMR study of the H3_20 fusion pep-

tide in membranes without cholesterol with samples pre-

pared at both pH 5.0 and pH 7.4 (Sun and Weliky 2009).

The experimental data were unambiguously assigned 13C

chemical shifts in the N-helix and turn regions as well as

rotational-echo double-resonance (REDOR) measurements
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on samples that were 13CO labeled at residue i and 15N

labeled at residue i ? 4 (Gullion and Schaefer 1989; Zheng

et al. 2006). The REDOR-derived A5 13CO-F9 15N dis-

tance was 4.0 Å for both pH 5.0 and pH 7.4 samples, the

F9 13CO-G13 15N distance was 3.6 Å at pH 5.0 and 3.7 Å

at pH 7.4 and the G13 13CO-M17 15N distance was 4.5 Å at

pH 5.0 and 4.6 Å at pH 7.4. The typical uncertainty in each

distance was ± 0.1 Å. These distances and the 13C sec-

ondary shifts were consistent with N-helix/turn/C-helix

structure at both pH 5.0 and pH 7.4.

There was a single set of 13C shifts for all residues at pH

7.4 and these shifts were also observed typically observed

at pH 5.0. We denote these shifts to be associated with

‘‘structure A’’. There was an additional set of 13C shifts

only for residue E11 and only at pH 5.0. There was *0.8

fraction of the H3_20 peptides with structure A E11 13C

shifts and a *0.2 fraction with ‘‘structure B’’ E11 shifts

that differed by *4 ppm from the structure A shifts. These

structure B E11 shifts were observed in both fluid-phase

and gel-phase membranes. The two structures did not

appear to be exchanging on the NMR timescale.

The TALOS program analysis of the major population
13C shifts yielded an open N-helix/turn/C-helix structure A

with an interhelical angle of 94�, cf. Fig. 1a (Cornilescu

et al. 1999). Structure A was consistent with the REDOR-

determined residue i to i ? 4 distances. TALOS provides a

distribution of values for each / or w angle and the typical

standard deviation of a distribution was 10� (Sun and

Weliky 2009). TALOS analysis using the minor popula-

tion B shifts also yielded a N-helix/turn/C-helix structure

and the major difference between the A and B structures

was the turn conformation. There were no interhelical

distance constraints in the development of these structural

models.

Structure A for membrane-associated H3_20 fusion

peptide at pH 7.4 and 5.0 is similar to the open N-helix/

turn/C-helix structure of H3_20 peptide in detergent at pH

5.0 (Han et al. 2001). Structure A is different from the

H3_20 peptide structure in detergent at pH 7.4 which has

extended rather than helical C-terminal structure. However,

there is similarity to the open N-helix/turn/C-helix struc-

tures of the H1_20 peptide in detergent at pH 7.3 (Lorieau

et al. 2013). Structure A was also compared to the closed

N-helix/turn/C-helix structure of the H1_23 peptide in

detergent at either pH 7.4 or pH 4.0 (Lorieau et al. 2010).

The REDOR-derived F9 13CO-G13 15N distance of 3.6 Å

agrees quantitatively with the distance of the closed

structure and less well with the distance distribution of the

open structure of the H3_20 peptide in detergent at pH 5.0.

There is also a potential correlation between the *0.2

fraction of structure B for membrane-associated H3_20

peptide at pH 5.0 and the *0.2 fraction of open structures

for detergent-associated H1_23 peptide at pH 4.0.

The key difference between the open and closed peptide

structures lies in the G13 (/, w) angles. For the open solid-

state NMR structure in membranes, the average values of

these angles are (87�, 10�) whereas for the closed structure

in detergent, they are (45�, -146�). This effect is clearly

seen in Fig. 1 where Fig. 1a has solid-state NMR-derived

(/, w) for all residues whereas Fig. 1b has G13 closed

structure (/, w) while retaining the solid-state NMR (/, w)

Fig. 1 Heavy-atom backbone structural models of residues L2 to

G20 of membrane-associated H3_20 fusion peptide based on solid-

state NMR data. Carbon atoms are represented by green vertices,

nitrogen atoms are represented by blue vertices, and oxygen atoms are

represented by red segments. The (/, w) dihedral angles were the

same for the panel a and b structures except that in the a structure, the

G13 (/, w) = (87o, 10o) were TALOS-derived and based on solid-

state NMR 13C shifts and in the b structure, the G13 (/, w) = (45o,

-146o) were those of the closed structure in detergent. The structures

were aligned to have the same N-helix orientation. The panel a

structure has open interhelical topology and the dashed-line G16 CO-

F9 N internuclear distance is 10.5 Å. The panel b structure has semi-

closed topology, and the internuclear distance is 5.2 Å. For reference,

the G16 CO-F9 N distance is 3.7 Å for the closed structure in

detergent
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for the other residues. The interhelical angle for the ‘‘semi-

closed’’ Fig. 1b structure is 136� and contrasts with the 94�
angle in Fig. 1a. The solid-state NMR-derived (/, w) for

G13 were based on TALOS analysis of the 13CO and 13Ca
shifts for G13 and the 13CO, 13Ca, and 13Cb shifts for N12.

The solid-state NMR G13 13CO and 13Ca shifts of 174.5

and 45.8 ppm were similar to the respective shifts of 174.1

and 45.3 ppm for the closed structure in detergent (Lorieau

et al. 2010). These similar shifts suggested that the solid-

state NMR derived G13 angles that lead to open structure

may have been incorrect. In addition, the G13 13C shifts do

not appear to be strongly dependent on conformation. For

example, the open H1_20 peptide in detergent at pH 7.3

has respective G13 13CO and 13Ca shifts of 174.2 ppm and

45.7 ppm and the open H1_23_G8A peptide has a G13
13Ca shift of 45.6 ppm (Lorieau et al. 2012, 2013).

In order to design experiments to distinguish between the

models in Fig. 1, we looked for specific interhelical inter-

nuclear distances that differed greatly between them. For

example, in the Fig. 1a structural model, the G16

CO—F9 N distance (r) was 10.5 Å whereas in Fig. 1b, the dis-

tance was 5.2 Å. The H3_20 peptide sequence GLFGAIA

GFIENGWEGMIDGGGKKKKG was then chemically

synthesized with a specific 13CO label at G16 and a specific
15N label at F9. The G16 CO-F9 N distance was probed

using the REDOR experiment (Gullion and Schaefer 1989;

Gullion 1998). This H3_20 sequence had been used to obtain

the solid-state NMR-derived structure in membranes, cf.

Figure 1a, and we decided it was the best sequence to begin

study of the relative populations of open versus closed fusion

peptide structures in membranes. Future studies might

examine the H1_23 sequence that was used to obtain the

closed structure in detergent. We also chose to consider the

structure near the endosomal pH of 5. Future studies might

examine the pH dependence of closed versus open peptide

populations and the possible relationship between this

dependence and increased vesicle fusion at lower pH.

Sample preparation included: (1)*30 mL of pH 5.1 buffer

containing 2.0 lmol of peptide; (2) *2 mL of pH 5.1 buffer

containing extruded *100 nm diameter vesicles made from

40 lmol of 1,2-di-O-tetradecyl-sn-glycero-3-phosphocholine

(DTPC) and 10 lmol 1,2-di-O-tetradecyl-sn-glycero-3-

[phospho-(10-rac-glycerol)] (DTPG); (3) overnight mixing of

solutions 1 and 2 followed by centrifugation at *100,000g to

pellet the proteoliposome complexes; (4) lyophilization of the

pellet, packing in a 4 mm diameter magic angle spinning

(MAS) rotor, and hydration of the pellet with 20 lL of pH 5.1

buffer. The DTPC:DTPG (4:1) composition reflects aspects of

the composition of the membranes of host respiratory

epithelial cells including the significant fraction of phospha-

tidylcholine (Worman et al. 1986). Ether- rather than ester-

linked lipids were used to reduce the natural abundance 13CO

signal in the solid-state NMR spectra. Previous studies have

compared the spectra of the H3_20 peptide with DTPC:DTPG

(4:1) lipids to the spectrum of the peptide with the ester-linked

lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

(POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-

(10-rac-glycerol)] (POPG) in 4:1 mol ratio. There was little

variation in 13C shifts and presumably peptide structure

between samples containing either lipid type and also little

variation between DTPC:DTPG and POPC:POPG samples at

*–30 �C with lipids in the gel-phase and the POPC:POPG

sample at ?10 �C with lipids in the fluid-phase (Sun and

Weliky 2009). The solid-state NMR measurements were

carried out using a 9.4 T spectrometer and triple resonance

magic angle spinning (MAS) probe and further experimental

details are given in Fig. 2 caption.

In the REDOR experiment, two 13CO spectra are

obtained that are denoted by S0 and S1. Spectra are acquired

for a series of dephasing times (s) and are specifically sen-

sitive to the 13CO-15N dipolar coupling parameter (d) where

for d in Hz and interspin distance (r) in Å, d = 3066/r 3. The

value of d is reflected in reduced 13CO signal intensity in the

S1 spectrum relative to the S0 spectrum and in the buildup of

this intensity reduction with increased s. The reduction is

quantified as dephasing : DS/S0 = (S0-S1)/S0 where S0

and S1 are the 13CO intensities of the respective spectra. For

semi-quantitative analysis of REDOR data, a useful model is

based on the approximations: (1) the 13CO signal is only due

to the labeled G16 13CO nuclei; (2) there is a single peptide

structure; and (3) each G16 13CO nucleus is only strongly

coupled to the F9 15N nucleus in the same peptide molecule.

Because of approximations (1–3), there are only isolated

intramolecular 13CO-15N spin pairs and all pairs in the

sample have a single value of r and therefore single value of

d. For this model, each s has a corresponding unitless

k = d s and there is a single universal function for DS/S0 (k)

that has approximately sigmoidal shape (Gullion 1998). For

k & 0.2, DS/S0 & 0.05 and for k& 0.7, DS/S0 & 0.5 while

for k & 1.5, DS/S0 reaches its asymptotic value of * 1.

The value of d can be estimated using d & 0.7/s1/2 where s1/2

is the s value for which DS/S0 has half its maximal value.

We first consider this model for a single peptide struc-

ture with a single r and corresponding single d. For the

Fig. 1a open structure, the r = 10.5 Å with corresponding

d = 3 Hz and for the Fig. 1b semi-closed structure, the

r = 5.2 Å and d = 22 Hz. For the closed structure in

detergent, the r = 3.7 Å and d = 61 Hz. The experimental

s vary between 2 and 48 ms so for the open structure with

d = 3 Hz, the maximum kmax B 0.2 and the expected

(DS/S0)max B 0.05. For the Fig. 1b semi-closed structure,

there would be substantial buildup of DS/S0 with s and

s1/2 & 32 ms. For the closed structure, there would be the

most rapid buildup of DS/S0 with s and s1/2 & 12 ms.

Figure 2a displays the experimental (DS/S0)exp versus s
and the S0, S1, and DS spectra for s = 32 ms are displayed
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in the inset. The DS/S0 increase rapidly with s with

(DS/S0)max & 0.6 for s = 48 ms. One potential reason

why (DS/S0)max \ 1 is that the 13CO signal is a sum of the

labeled (lab) signal from the labeled G16 site and the

natural abundance (na) signals from the unlabeled 13CO

sites. The distances between some of these natural abun-

dance sites and the F9 15N are likely larger than the dis-

tance for the G16 13CO nucleus. Relative to the earlier

model where all 13CO-15N pairs have the same d, this

heterogeneity could lead to reduced (DS/S0)exp. Spin

counting supports a *0.75 fractional contribution to the
13CO intensity from G16. However, the G16 contribution

to the (DS/S0) in Fig. 2a is likely larger because the

intensities are integrated in a 3.0 ppm interval centered at

the S0 peak shift. More detailed consideration of the peak

shift and the labeled versus natural abundance contribu-

tions are presented later in this paper. At this point, we

consider an approximate model where the data represent

a *0.6 fractional population of the peptide with a

single r and d and this population completely dephases, i.e.

(DS/S0) & 1 for s = 48 ms. For this population, the

(DS/S0)max & 0.6 with consequent s1/2 & 20 ms and cor-

responding d & 35 Hz which is intermediate between the

calculated d values of the closed and semi-closed

structures. This qualitative analysis does support a large

population of some type of closed structure.

For Fig. 2a inset, the respective peak S0 and DS shifts of

177.1 and 177.2 ppm support a dominant contribution to

each spectrum of labeled G16 13CO in helical conforma-

tion. These shifts are similar to the G16 13CO shift of

177.0 ppm for closed H1_23 peptide in detergent with G16

in helical conformation in this closed structure (Lorieau

et al. 2010). The 177.1 ppm shift also matches much better

database shifts of Gly 13CO nuclei in helical conformation

than in b strand conformation (Zhang et al. 2003). Relative

to the S0 spectrum, the narrower linewidth of the DS spec-

trum correlates with a larger contribution to DS from G16
13CO nuclei and a smaller contribution from natural

abundance 13CO nuclei. This is consistent with the prox-

imity of G16 13CO and F9 15N in a closed or semi-closed

structure.

The quantitative analysis of the REDOR data started

with SIMPSON program calculation of (DS/S0) versus s for

Fig. 2 Plots of (a) experimental (DS/S0)exp versus s and (b) labeled

G16 13CO (DS/S0)lab and best-fit-simulated (DS/S0)sim versus s. The

sample was the membrane-associated H3_20 fusion peptide at pH 5.1.

Panel a inset displays the 13CO regions of the S0 (black), S1 (red), and

DS : S0-S1 (green) spectra for s = 32 ms. Each spectrum was

processed with 20 Hz exponential line broadening and baseline

correction. The (DS/S0)exp were calculated from the S0 and S1
13CO

intensities integrated in 3.0 ppm windows centered at the peak 13CO

shift = 177.1 ppm. The displayed ± r uncertainties in DS/S0 were

calculated using the amplitudes of the spectral noise (Zheng et al.

2006). The REDOR experiment consisted of cross-polarization (CP)

to generate 13C magnetization followed by the dephasing period of

duration s and then 13C acquisition. During the dephasing period of

the S0 acquisition, 13C p pulses were applied at the end of every rotor

cycle except the last one. During the dephasing period of the S1

acquisition, there were additional 15N p pulses at the center of each

rotor cycle. XY-8 phase cycling was applied to the 13C p pulses and

was also applied to the 15N p pulses (Gullion et al. 1990). The NMR

experimental conditions included 10.0 kHz MAS frequency, sample

cooling gas temperature of –50 �C with sample temperature of

approximately -30 �C, 50 kHz 1H p/2 and CP fields, 80 kHz 1H

decoupling field applied during the dephasing and acquisition periods,

61–65 kHz ramped 13C CP field, 8.0 ls 13C p pulses, and 10.0 ls 15N

p pulses. The pulses were calibrated using a lyophilized helical

peptide as described previously (Zheng et al. 2006). For each s, the

numbers of S0 and S1 acquisitions were equal. The specific number of

acquisitions was s-dependent, varied between *3000 and *55000,

and was set so that the uncertainty in (DS/S0)exp was about ± 0.01.

Panel b displays (DS/S0)lab (black squares) calculated after removal of

the natural abundance contributions from (DS/S0)exp. The (DS/S0)lab

were largely due to the labeled G16 13CO-F9 15N dipolar coupling.

The red squares are the simulated (DS/S0)sim calculated using the

closed/semi-closed model and the best-fit parameters fc = 0.41,

dc = 65.4 Hz, fs = 0.59, and ds = 21.2 Hz

c
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each natural abundance 13CO site (Bak et al. 2000).

Because the qualitative analysis of (DS/S0)exp versus s
supported a large fraction of peptide in some type of closed

structure, the input d of the calculation for a particular

natural abundance site was based on the r between this

natural abundance CO nucleus and the F9 N nucleus in the

closed structure in detergent (Lorieau et al. 2010). For each

s, these individual site (DS/S0) were then averaged to yield

(DS/S0)na. Figure 2b displays the labeled (DS/S0)lab calcu-

lated from (DS/S0)exp = f lab(DS/S0)lab ? f na(DS/S0)na

where f lab = 0.78 and f na = 0.22 were estimated from

spin counting. Because the effects of natural abundance
13CO nuclei were removed to obtain (DS/S0)lab, these

(DS/S0)lab could then be analyzed considering only the G16
13CO-F9 15N spin pairs in the sample. As expected from

the dominant contribution of the labeled G16 to the

experimental spectra, the (DS/S0)lab and (DS/S0)exp for a

given s typically differed by less than 15 %.

The asymptotic value of (DS/S0)lab at large s is *0.7

and is not consistent with a single d for all G16 13CO-F9
15N spin pairs. A ‘‘closed/open’’ model was therefore

considered with a fc fraction of peptides with closed

structure and a fo fraction of peptides with open structure.

The fc ? fo = 1 and the closed and open structures were

non-exchanging. The approximation do = 0 was made with

consequent (DS/S0)o = 0. SIMPSON calculations of (DS/

S0)c(dc,s) were then done for a range of dc values. For each

pair of fc and dc values, the v2(fc,dc) was then computed

using [(DS/S0)lab(s)-fc 9 (DS/S0)c(dc,s)]2/r(s)2 with sum-

ming over the seven s values and the r(s) calculated from

the spectral noise amplitudes (Zheng et al. 2006). For a grid

of fc and dc values, the smallest v2(fc,dc) yielded best-fit

fc = 0.64 and dc = 51 Hz which corresponded to

rc = 3.9 Å. However, the best-fit v 2 = 33 for the closed/

open model is significantly larger than the number of

degrees of fitting (m) = 5. The poor fitting with this model

is specific to these data. For 13CO-15N REDOR of other

membrane-associated fusion peptides, statistically reason-

able v2 were obtained from analysis of (DS/S0)lab with a

model with a single d (Zheng et al. 2006).

A more general ‘‘closed/semi-closed’’ model was then

considered in which there were peptide populations with

either closed or semi-closed structure and the closed and

semi-closed structures were non-exchanging. The respective

fractional populations were fc and fs with fc ? fs = 1 and the

dipolar couplings were dc and ds. The fc, dc, and ds were fitted

by a procedure analogous to that previously described for the

closed/open model. The best-fit values for the closed struc-

ture were fc = 0.41 and dc = 65 Hz (rc = 3.6 Å) and those

for the semi-closed structure were fs = 0.59 and ds = 21 Hz

(rs = 5.2 Å). The best-fit v2 = 5.7 is similar to m = 4 of the

closed/semi-closed model and supports the validity of this

model. The (DS/S0) from these best-fit values are plotted as

red squares in Fig. 2b. One estimate of uncertainty in a best-

fit value is the deviation that leads to a ?1 increase in v2. For

this approach, the other parameters are kept at their best-fit

values. Application of this method yielded fc = 0.41 ±

0.01, dc = 65.4 ± 1.7 Hz with corresponding rc = 3.61 ±

0.03 Å, and ds = 21.2 ± 0.5 Hz with rs = 5.25 ± 0.04 Å.

Sample-to-sample uncertainties were estimated by prepar-

ing a second sample, acquiring new REDOR data, and fitting

these new data. For this second sample, the best-fit

v2 = 0.83 and the best-fit parameter values were fc = 0.38,

dc = 63.2 Hz with rc = 3.65 Å, and ds = 19.0 Hz with

rs = 5.44 Å.

These results support the dominance of closed and semi-

closed structures for membrane-associated H3_20 peptide at

pH 5.1. The best-fit rc = 3.61 Å is very close to the 3.67 Å

G16 CO-F9 N distance of the closed structure in detergent

while the best-fit rs = 5.2 Å matches the 5.2 Å G16 CO-

F9 N distance of the Fig. 1b semi-closed structural model.

We note that the interhelical geometry of the Fig. 1b model

is based on the turn dihedral angles derived primarily from
13C shifts. Additional interhelical distances will help to

validate/refine this semi-closed structural model.

There are several lines of evidence that support

assignment to intra- rather than inter-molecular distances.

First, when fitting the data with two distances, * 0.4

fraction of the molecules in membranes have a distance

that is the same as that of the closed structure in detergent.

Second, the earlier solid-state NMR study supported the

helix-turn-helix structure and large dephasing through

intermolecular contacts of this structure would probably

require a large aggregate of molecules (Sun and Weliky

2009). Earlier solid-state NMR studies are consistent with

significant motion of the molecules near ambient temper-

ature and are inconsistent with an aggregate (Bodner et al.

2004). Third, although fully antiparallel homodimers could

be consistent with our data, there is strong evidence for a

turn, as noted earlier. In addition, this model has been

experimentally ruled out for the H1_23 peptide in detergent

(Lorieau et al. 2010). Fourth, earlier EPR studies were

carried out on a construct that consisted of residues 1–127

of the HA2 subunit of hemagglutinin (Macosko et al.

1997). This construct forms molecular trimers like HA2

and was spin-labeled in the N-terminal fusion peptide

region. The EPR spectra of the membrane-bound construct

were consistent with three non-interacting fusion peptides

that splayed apart from one another.

We note that there are other reports of multiple structures

for a fusion peptide including: (1) the H1_23 peptide in

detergent at pH 4.0 which has * 0.8 fraction closed

structure and *0.2 fraction open structures in fast exchange

(Lorieau et al. 2012); (2) two different continuous heli-

cal structures for the HIV fusion peptide in detergent, per-

haps with different curvatures (Gabrys and Weliky 2007);
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(3) helical and b sheet structure for both the membrane-

associated influenza fusion peptide and the membrane-

associated HIV fusion peptide, with b structure favored in

membranes containing cholesterol (Wasniewski et al. 2004;

Qiang and Weliky 2009); and (4) multiple antiparallel

registries of the b sheet membrane-associated HIV fusion

peptide (Schmick and Weliky 2010). In our view, it is not

yet clear whether/how this structural plasticity is important

in fusion catalysis.

The (DS/S0)lab could be well-fitted by a model without

any population of open structure. Open structure was pre-

dominant in detergent with the H3_20 sequence also used

for the present study in membranes (Han et al. 2001).

These results therefore suggest that the fractional popula-

tion of open structure is very different in detergent versus

membranes. Other differences between the detergent and

membrane-associated H3_20 peptide have been previously

reported including respective loss and retention of the

C-helix at pH 7.4 (Sun and Weliky 2009). In our view, the

present data do not rule out a relatively small (fo \ 0.3)

open population characterized by do \ 4 Hz and (DS/

S0)o \ 0.05 for s B 48 ms. Future studies could probe for

open structure and would likely require extending the s
range to s & 100 ms so that ko & 0.4 with corresponding

(DS/S0)o & 0.2.

The earlier solid-state NMR study also showed the

minor ‘‘B structure’’ population of membrane-associated

H3_20 peptide with very different E11 13C shifts. The

TALOS-derived minor peptide structure has a turn that

extended over E11, N12, and G13 and differed from the

shorter N12 and G13 turn of the major structure. This

minor structure is open with r & 13 Å and d & 1 Hz and

consequent (DS/S0) & 0. An alternate minor structure

was also considered, analogous to Fig. 1b, in which the

TALOS-derived (/, w) of G13 = (87o, 10o) were replaced

by the closed structure (/, w) = (45o, -146o). This

structure is also open with r & 8 Å and d & 6 Hz and

consequent (DS/S0) & 0.1 for s = 48 ms. As noted above,

detection of a small population of such open structures will

likely require measurement of (DS/S0) at larger s.

The present study illustrates how solid-state NMR

experiments can distinguish between structural models of

membrane-associated peptides and can quantitatively

determine the distribution of structures including fractional

populations. Detection of closed and semi-closed structures

supports earlier incorrect determination of the G13 (/, w)

based on accurate and correct 13C shifts. The interhelical

topology was consequently incorrect. Relative to the

open structure of detergent-associated H3_20 peptide,

the closed/semi-closed structures of membrane-associated

H3_20 peptide may reflect a real difference between

fusion peptide/detergent and fusion peptide/membrane

interactions.

Distinguishing between the open and closed structures is

important because each structure leads to a different model

for membrane interaction and for consequent catalysis of

the lipid mixing step of membrane fusion. For the fixed-

angle open ‘‘boomerang’’ structure, the hydrophobic side-

chains are predominantly on the interior of the inserted

boomerang and this hydrophobic pocket is hypothesized to

perturb the surrounding membrane (Han et al. 2001). By

contrast in the closed structure, these hydrophobic side-

chains are predominantly on one outside face of the

structure and this face likely contacts the membrane

(Lorieau et al. 2010).

In addition to these experimental studies, several dif-

ferent groups have done molecular dynamics simulations

for the fusion peptide with varied results about the extents

of helicity and ranges of interhelical angles (Vaccaro et al.

2005; Jang et al. 2008; Panahi and Feig 2010; Legare and

Lague 2012). There was one study which showed pre-

dominant closed structure for the H3_20 peptide in implicit

membranes (Panahi and Feig 2010).
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