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Abstract

The wild-type (wt) N-terminal 23-residue fusion peptide (FP) of the human immunodeficiency virus (HIV) fusion protein gp41 and its

V2E mutant have been studied by nuclear magnetic resonance (NMR) spectroscopy in dodecylphosphocholine (DPC) micelles as membrane

mimics. A number of NMR techniques have been used. Pulsed field-gradient diffusion measurements in DPC and in 4:1 DPC/sodium

dodecylsulfate mixed micelles showed that there is no major difference between the partition coefficients of the fusogenic wt peptide and the

V2E mutant in these micelles, indicating that there is no correlation between the activity of the fusion peptides and their membrane affinities.

The nuclear Overhauser enhancement (NOE) patterns and the chemical shift index for these two peptides indicated that both FP are in an a

helical conformation between the Ile4 to Leu12 or to Ala15 region. Simulated annealing showed that the helical region extends from Ile4 to

Met19. The two FPs share similar conformational characteristics, indicating that the conformation of the FP is not an important factor

determining its activity. The spin-label studies, utilizing spin labels 5- and 16-doxystearic acids in the DPC micelles, provided clear indication

that the wt FP inserts its N-terminus into the micelles while the V2E mutant does not insert into the micelles. The conclusion from the spin-

label results is corroborated by deuterium amide proton exchange experiments. The correlation between the oblique insertion of the FP and its

fusogenic activity is in excellent agreement with results from our molecular dynamics simulation and from other previous studies.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Enveloped viruses such as human immunodeficiency

virus (HIV) and influenza virus infect their target cells by

cell-specific binding to the cell membrane followed by the

fusion of the viral enveloped membrane with the mem-

branes of the target cells [1]. Usually only one viral protein

is responsible for the actual membrane fusion step. For

many viruses, a segment usually located at the N-terminus

of the fusion protein is responsible for the initial stage in the

membrane fusion process [2]. This segment is generally

referred to as the fusion domain or fusion peptide (FP). The

interaction of the FP with membranes has many membrane
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perturbing properties [3] and accelerates the rate of lip-

osome fusion in model membrane systems. The HIV-1

fusion protein, glycoprotein gp160, contains two non-

covalently associated subunits, gp120 and gp41 [1]. The

subunit gp120 is responsible for viral binding to CD4 [4]

and chemokine receptors [5–7] on the membrane surface of

the target cells, while the transmembrane subunit, gp41, is

responsible for the initiation of the membrane fusion process

[8]. The N-terminal 16 residues of the gp41 fusion domain

(AVGIGALFLGFLGAAG) are mostly hydrophobic, while

the extended domain consisting of 23 or 33 residues

contains more polar residues. The FP is highly homologous

with corresponding domains of other enveloped viruses [9].

An absolutely conserved five-residue FLGFL sequence at

positions 8–12 is a prominent motif among the HIV family,

and was proposed to be essential in fusogenic activities [10].
cta 1667 (2004) 67–81
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Mutagenesis studies of intact enveloped proteins as well

as the synthetic FP’s strongly implicated the role of the FP

domain in mediating membrane fusion [11–13]. Mutations

with a polar residue in this domain either in intact gp41

fusion protein or in synthetic peptides, such as V2E and

L9R, reduce the fusogenic activities drastically [12–16]. The

fusion domains of HIV-1 and many other enveloped viruses

such as HIV-2, SIV and influenza contain an unusually large

number of glycine residues. When the glycines at position

10 and 13 in the absolutely conserved FLGFLG motif are

mutated, the activity was found to be completely eliminated.

Mutations of the glycines at position 3 and 5 reduce but do

not eliminate the activity of the fusion peptide [13].

Polarized attenuated total reflection infrared spectro-

scopy (ATR-IR) has been used to determine the orientation

of fusion peptides with respect to the membrane surface

[17,18]. It was suggested that, based on the correlation of

the tilt angle of the inserted FP with respect to the

membrane interface and the fusogenic activity of the FP,

the oblique insertion of the viral FP is required for fusogenic

activities. Inactive FP mutants orient parallel or more

parallel (than the wt FP) to the membrane surface instead.

Results from nuclear magnetic resonance (NMR) [19] and

ESR power saturation techniques [20,21] for the influenza

hemagglutinin HA2 FP also reached such a conclusion.

To date, only a few modeling/simulation studies on the

interaction of viral fusion peptides with membrane have

been carried out. Hydrophobic moments and hydrophobic

index have been used to estimate the interaction of the HIV

and other FP’s with membrane [22,23]. Recently, we

reported the first all-atom MD simulation study of the

HIV-1 FP in an explicit palmitoyloleoyl-phosphatidyletha-

nolamine (POPE) lipid bilayer, in which the wild-type FP,

its V2E and L9R mutants and a shortened peptide consisting

of the 5–16 segment were studied. The results showed that

the active wt peptide is inserted obliquely into the bilayer

(44F68 with respect to the bilayer normal), while the

inactive mutants and fragment bind to the surface of the

bilayer and lie parallel to the bilayer surface (908) [24].

Furthermore, the inserted wt FP perturbed the bilayer by

increasing the length of the interfacial area, while the

surface-bound mutants do not. Thus, it demonstrated that

MD in explicit membrane model can produce results that are

consistent with experiments and provide molecular inter-

pretation of processes that may be inaccessible experimen-

tally. The MD results are in excellent agreement with the

hypothesis that in order for the FP to be active, it must be

inserted into the bilayer in an oblique angle [18,25].

Subsequently, Maddox and Longo [26], using Monte-Carlo

simulation and simplified models for the FP and the lipid

bilayer, studied the binding of the gp41 FP and several of its

mutants and concluded that the diminished activity of the

mutants is due to btheir partitioning into unfavorable

(surface-adsorbed) conformationsQ. Another all-atom MD

study from this laboratory examined the role of the abundant

and conserved glycine residues in the fusion domain [27]
and found that conformational flexibility at the glycine sites

(G5, G10 and G13) is correlated with fusogenic activity.

Active FPs exhibit conformational flexibility at one of the

glycine sites while inactive FPs do not such possess

conformational flexibilities.

In this work, the active wild-type (wt) (AVGI-

GALFLGFLGAAGSTMGARS.NH2) and an V2E mutant

(AEGIGALFLGFLGAAGSTMGARS.NH2) of the 23-resi-

due fusion peptide of the HIV-1 gp41 protein) were studied

by NMR spectroscopy in dodecylphosphocholine (DPC)

micelles. The wt FP is identical to the N-terminal sequence

of the LAV1a strain [28]. The goals of this work are to

address the questions of how the conformation of the FPs,

their membrane affinity and their mode of binding to the

membrane are correlated with their fusogenic activities, and

to compare with the MD simulation of these two, and other,

FPs in lipid bilayers [24]. Previous NMR studies of the wt

FP have been made in SDS micelles [29,30] and in

phosphatidylcholine vesicles [31]. The F8Y mutant was

also studied in the SDS micelles by Chang et al. [29].

Several solid state NMR studies of the FP [32,33] and its

cross-linked form [34] in lipid bilayers have also been made.
2. Experimental procedures

2.1. Samples

The wt and V2E fusion peptides were synthesized in the

Peptide Synthesis Facility at the Department of Chemistry

of the University of Missouri. All peptides were purified by

HPLC and were of N95% purity. The identity of the peptides

was checked by mass spectrometry. Perdeuterated lipids

DPC-d38 and SDS-d23 were purchased from Cambridge

Isotopes (Andover, MA). The aqueous samples for diffusion

measurements contained 0.5 mM of peptides in 90% H2O/

10% D2O. A typical micellar sample was made of 2 mg of

peptide in 0.5 ml of ~90 mM DPC-d38 in 90% H2O/10%

D2O in a 5-mm NMR tube, corresponding to ~2 mM in

peptide concentration. The pH of all samples was adjusted

to ~7 by adding small amounts of HCl or NaOH.

In some samples 20 mol% (of total lipid) of SDS-d23 was

added to DPC to make zwitterionic/anionic mixed micelles

(see discussion in Results). The total concentration of the

lipids in these sample was ~110 mM.

2.2. Spin label studies

For experiments using spin-labels (SL), two spin labels,

5-doxystearic acid (5-DS) and 16-doxystearic acid (16-DS),

obtained from Aldrich, were used. Stock solutions of 5-DS

and 16-DS of ca. 0.1 mM were made by dissolving 5.2 mg

of 5-DS and 4.9 mg of 16-DS in 1 mL of methanol-d4,

respectively. Seventy microliters of the stock solution of

each SL sample was taken from the stock solution and was

allowed to evaporate to dryness in a vial. Then ~0.6 mL of
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FP/DPC sample was then added to the vial to redissolve the

SL. In both cases, the SL was added in a mole ratio of ~1:65

SL:DPC. That is less than one SL per micelle (the

aggregation number for DPC micelles is ~56) [35].

2.3. NMR spectroscopy

All NMR experiments were performed on a Bruker

DRX-500 MHz or a Varian Inova 600 MHz spectrometer.

For most of the samples, the following experiments were

done: one-dimensional 1H spectra, TOCSY spectra [36,37]

and NOESY spectra [38,39]. The typical experimental

conditions for all two-dimensional NMR experiments were

as follows. DRX-500: the 1H 908 pulse was about 8 As. All
experiments were obtained in the phase-sensitive mode by

using the TPPI method [40]. Typically, 16–32 scans per t1
was acquired in 512�2K data sets which were then zero-

filled to 1K�2K after Fourier transform in both dimensions.

p/3 shifted sine-bell squared apodization was used in both

dimensions. Water suppression was achieved by using

WATERGATE [41] in all 2D experiments. In 1D experi-

ments, either WATERGATE or low-power presaturation was

used. The TOCSY mixing time is 80 ms.

For the Varian Inova 600-MHz spectrometer, the pulse

width was ~7 As and the spectral width 8000 Hz. The States-
TPPI method was used for all 2D experiments. 512�4K

data sets were acquired and zero-filled to 1K�2K. The data

sets were then converted and processed by the Bruker

Xwinnmr software as described earlier.

Experiments were performed at two temperatures, 298

and 310 K. The temperature was controlled by passing

dried-air to the probe through a Haake constant-temperature

bath. The stability of the temperature control was ~0.1 K.

The pulsed-field-gradient (PFG) LED pulse sequence

[42] was used for diffusion experiments. Low-power

presaturation was used preceding the pulse sequence to

suppress the water signal. The diffusion time, D, was 56 ms,

the gradient duration, d, 5 ms and the relaxation delay 10 s.

16–32 scans were obtained for each spectrum. PFG was

applied in both the x and y directions for micellar samples

and only in the x direction for aqueous samples. The

gradient strength in a series of experiments was typically

incremented from 0.5 to ~50 G/cm in 10–13 steps. All

diffusion experiments were performed on the Bruker DRX-

500 spectrometer equipped with a three-axis Accustar

gradient driver. The detailed procedure for the determination

of the diffusion coefficients and the partition coefficients of

peptides in micelles by NMR PFG diffusion techniques was

described in two previous papers [43,44]. Briefly, the bound

fraction of the peptide, fb, is determined from

fb ¼ Df � DobsÞ= Df � DbÞðð

where Df and Db denote the diffusion coefficients of the

peptide in the free and bound states, respectively; Dobs is the

experimentally observed diffusion coefficient of the peptide

in the presence of the micelles. Because the root mean
square displacement of the peptide during the diffusion time

allowed in the experiment (typically ~50 ms) is much larger

than the dimension of the micelles, Db can be taken as equal

to the diffusion coefficient of the micelles, Dmicl. The

partition coefficient is then calculated according to the

definition of Tamm [45].

In deuterium exchange experiments, the FP/DPC sam-

ples were lyophilized several times in H2O, and then D2O

was added to the freeze-dried sample. The 1D experiments

were conducted at 293 K immediately after the dissolution

of the sample in D2O. The earliest time a spectrum was

taken is about 5 min after the sample was prepared.

2.4. ESR spectroscopy

The ESR experiments were done on a Bruker ESP300

spectrometer at ~298 K with the following parameters:

microwave power: 10 mW; center field: 3360 G; sweep

width: 100 G; sweep time: 168 s; time constant: 328 ms;

modulation amplitude: 5 G; and modulation frequency: 100

KHz. The samples for the ESR experiment were similar to

those for the NMR experiments in the SL and DPC

concentrations. Three levels of FP amounts were used for

each case, no FP, 0.5 mg FP (~1.2 mM) and 1.0 mg FP (~2.4

mM), respectively.

2.5. Structural calculations

Structures were calculated using a simulated annealing

protocol with the Discover [46] software, version 2.9.8

(Accelrys, San Diego, CA). The Consistent Valence Force

Field (CVFF) was used. The nonbond cutoff was 12.0 2,
and the dielectric constant was 1. The van der Waals

interactions were smoothly switched from 9.5 to 11.0 2.
Nuclear Overhauser enhancement (NOE) correlations

observed in the NOESY spectra with 200 ms mixing time

were used as distance constraints. According to the

procedure of Wuthrich [47], distance constraints derived

from sequential NOEs between backbone atoms (NH and

aH) were classified into 2.7, 3.3, and 4.0 2 for strong,

medium and weak NOEs, respectively. All other NOE

distance constraints between residues more than one

sequence position apart (medium range) were assigned to

4.0 2 if they involved exclusively backbone NH and aH, or

to 5.0 2 if they involved side chain protons. The pseudo-

atom correction was applied to NOE constraints involving

equivalent or non-stereo-assigned protons [47]. A total of 90

(39 sequential and 51 medium range) and 94 (40 sequential

and 54 medium range) distance constraints were used for the

wt and V2E peptides, respectively.

The simulated annealing (SA) protocol used was similar

to that reported by Nilges et al. [48]. A force constant of 30

kcal mol�1 2�2 was used for NOE-derived distance

constraints. The structure calculations were started with

randomized atomic coordinates. An initial energy minimi-

zation with 500 steps of steepest descents was performed



Table 1

Chemical shifts (in ppm from TSP) of the gp41 wt FP and its V2E mutant in

90 mM DPC micelles at 298 K

Residue N-H aH hH Others

a. wt

Ala1 4.21 1.60

Val2 8.81 4.29 2.21 gCH3, 1.06

Gly3 8.60 4.13

Ile4 8.86 3.96 2.01 gCH2, 1.69,

gCH3, 1.03

Gly5 9.19 3.99, 3.80

Ala6 8.21 4.18 1.54

Leu7 8.11 4.18 1.95 gH, 1.70; yCH3, 0.98

Phe8 8.51 4.40 3.32

Leu9 8.60 4.09 1.97 gH, 1.65; yCH3, 1.02

Gly10 8.30 3.98

Phe11 8.16 4.49 3.32

Leu12 8.24 3.95 1.79 gH, 1.57; yCH3, 0.87

Gly13 8.17 3.94

Ala14 8.00 4.37 1.53

Ala15 8.35 4.17 1.37

Gly16 8.45 3.99, 3.66
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with force constants of the covalent terms, quartic nonbound

terms, and NOE terms reduced to 0.001 in their appropriate

units. The minimized structure was heated to 1000 K in 0.5

ps. The NOE terms were gradually scaled to their full values

during 16 ps dynamics at 1000 K. The covalent terms were

scaled up more slowly during this period and reached their

full values in another 4 ps of dynamics. The nonbound terms

were kept at their initial low value during the first 16 ps of

dynamics, and then gradually increased to their full values,

which occurred after a total of 25 ps dynamics at 1000 K.

The temperature was then cooled down to 300 K in the next

30 ps of dynamics. Finally, after the quartic nonbound terms

were replaced by the Lennard–Jones form, the refined

structure was minimized by 500 steps of steepest descents

followed by conjugate gradients until a predefined con-

vergence limit (b0.001 kcal 2�1) was reached. During the

entire simulation, a force of 50 kcal mol�1 rad�2 was used

to force the x angles to trans to prevent it from flipping to

cis at high temperature.

Ser17 8.13 4.49 4.02

Thr18 8.16 4.35 * gCH3, 1.32

Met19 8.20 4.47 2.18 gCH2, 2.64, qCH3,

2.13

Gly20 8.34 4.01

Ala21 8.12 4.39 1.49

Arg22 8.35 4.43 1.89, 1.77 gCH2, 2.02; yCH3,

3.29

Ser23 8.25 4.45 3.95

b. V2E

Ala1 4.19 1.69

Glu2 8.87 4.45 2.16, 2.04 gCH2, 2.43

Gly3 8.62 4.19

Ile4 9.02 3.94 1.99 gCH2, 1.68; gCH3,

0.97

Gly5 9.18 3.96, 3.77

Ala6 8.11 4.29 1.51

Leu7 8.09 4.14 1.94 gH, 1.71; yCH3, 0.95

Phe8 8.53 4.37 3.30

Leu9 8.61 4.02 1.95 gH, 1.63; yCH3, 0.99

Gly10 8.32 3.96

Phe11 8.18 4.45 3.30

Leu12 8.19 3.91 1.85 gH, 1.60; yCH3, 0.85

Gly13 8.28 3.98

Ala14 7.96 4.34 1.51

Ala15 8.37 4.10 1.33

Gly16 8.48 3.95, 3.88

Ser17 8.11 4.50 4.01

Thr18 8.16 4.32 * gCH3, 1.30

Met19 8.14 4.43 2.16 gCH2, 2.62, 2.68,

qCH3, 2.12

Gly20 8.40 3.96

Ala21 8.08 4.46 1.46

Arg22 8.30 4.39 1.87, 1.76 gCH2, 2.00; yCH3,

3.27

Ser23 8.21 4.42 3.92

* probably overlaps with the aH.
3. Results and discussions

3.1. The secondary structure of the FPs in DPC micelles

Previous structural studies of the gp41 fusion peptide

by NMR, IR, and CD techniques have yielded contra-

dictory results. For example, CD measurements showed

that the FPs have significant helical structure at low

peptide/lipid (P/L) ratio (1:200) in SDS micelles [49,50]

and in POPG vesicles [51]. NMR in SDS micelles and

FTIR also indicate a helical structure in a significant

region of the FP [29,52]. In contrast, at higher peptide/lipid

ratio (1:10 in SDS micelles and 1:30 in POPG vesicles),

there is significant h-strand character [50,51]. The h-strand
structure was also confirmed by solid state NMR studies

[32,33]. A study of the FP in phosphatidylcholine vesicles

found that the a-helical content decreases with increasing

P/L ratio, but still significant at a P/L ratio of 1:25 [31].

The present work provides information on the conforma-

tion of the FP and its V2E mutant in the environment of a

neutral membrane mimic.

3.2. The wt-FP

Spectral and sequential assignments were carried out

using the standard procedure of Wuthrich [47]. Spin systems

were first identified from the TOCSY spectra and sequential

assignments were then made from the NOESY connectiv-

ities. The chemical shifts of the wt-FP in DPC micelles at

298 K are given in Table 1a.

From the intramolecular NOE data derived from the

NOESY cross-peaks, it can be shown that helical

conformation prevails over the region from Val2 to

Ala21. daN and dah of the (i, i+2), (i, i+3) and (i, i+4)

types were observed in this region (Fig. 1). Contiguous
dNN(i, i+1) were also present in this region, except for a

couple with chemical shifts too close together for the cross

peaks to be observed. A few dNN(i, i+2) and one dNN(i,

i+3) were also present. However, the main a-helical



Fig. 1. The summary of NOE connectivity patterns for (a) wt FP and (b) the V2E mutant in DPC micelles obtained from combined results at 298 and 310 K.

The thickness of the lines is approximately proportional to the intensity of the NOE cross-peaks. Broken lines represent ambiguous NOE correlations due to

signal overlap. The asterisks in dNN represent unobserved correlations due to the closeness of the NH chemical shifts involved.
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region was found to lie between Val2 and Leu12, as daN(i,

i+4) and dah(i, i+4) were observed only in this region.

The i, i+2 connectivities in the 14–21 region may indicate

a significant population of the nascent [53] or 310 helices.

The chemical shift index (CSI) or secondary chemical

shifts [54] plots for the aH and hH (Fig. 2) also yield the

same conclusion on the conformation of the peptides as

reached from NOE. The aH shifts are consistently

downfield from the respective random coil values in the

Ile4–Ala15 region (broken at Gly10 and Gly13), while those
of the hH are upfield from the random coil value,

indicating helical structure in this region. The main region

of significant downfield shifts for the aH occurs in the

Ile4–Leu12 or from the Ile4–Ala15 region, indicating the

a-helical structure in this segment, in agreement with the

NOE data which showed that (i, i+3) and (i, i+4) NOE

correlations are primarily present in the Ile4–Leu12 region.

The type I turn structure in the Thr18 to Gly20 segment as

suggested by Chang et al. [29] in SDS micelles is not

evident from the observed NOEs in the present data.



Fig. 2. The CSI for aH (o) and hH (n) for (a) wt FP and (b) the V2E mutant in DPC micelles at 298 K. Negative values represent upfield shifts. The data

suggest that the main helical region for both peptides ranges from Ile4 to Ala15. The data at 310 K yields similar patterns for both peptides.
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3.3. The V2E mutant

The chemical shifts of the V2E mutant in DPC micelles,

assigned in the same fashion as in the wt FP, are given in

Table 1b. The intramolecular NOE patterns are similar to

that of the wt FP, signifying that there is very little

difference in the conformation between the wt FP and the

V2E mutant. This is consistent with the MD study of these

two FPs as well as other mutants in POPE bilayers

conducted in our laboratory [24] which showed that there

is little difference in their conformations.

The CSI plots for the V2E FP are also similar to those

of the wt FP (Fig. 2), yet another indication that the two

FPs share the same conformational characteristics, i.e., an

a-helical region spanning from Ile4 to Leu12 or from Ile4

to Ala15. In addition, the CSI pattern for both the wt and

V2E FPs is very similar to that of Chang et al. for the wt

FP in SDS micelles [29]. Thus, the wt FP maintains the
same secondary structure in anionic as well as in

zwitterionic membrane mimics. The helical region deter-

mined in this work is also in agreement with that

determined from 13C-enhanced FTIR [52].

The TOCSY spectra of both wt and V2E revealed

differences in the conformational flexibilities between the

helical (~4–14) segment and the C-terminus. The TOCSY

spectra showed strong propagation of the TOCSY correla-

tions for residues in the C-terminal region, e.g., Arg22 and

Met19 because of the longer T2 (due to the higher flexibility)

in this region. In contrast, for residues in the a-helical region

such as Ile4, Leu9 and Leu12, the correlations are much

weaker, especially for those longer-range correlations such

as NH-hH and NH-gH, because of the shorter T2 in this

region. The difference in the flexibility between these two

regions arises from two factors. The a-helical region is more

conformationally rigid and the motions of this segment are

further restricted from the interactions with the micelle. In
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contrast, the C-terminal segment is more conformationally

flexibility and does not interact with the micelle to a

significant extent (see also Spin label studies). The differ-

ence in motional flexibility as revealed by TOCSY spectra

has been discussed previously [43] for other peptide–micelle

systems.

3.4. Diffusion studies of the binding of the FP to the DPC

micelles

The diffusion coefficients of the wt and V2E peptides in

water, in DPC micelles and in 4:1 DPC/SDS mixed micelles

and the partition coefficients [45] for the peptides in DPC

and in mixed micelles are given in Table 2. The diffusion

measurements of the pure DPC and the 4:1 DPC/SDS

micelles showed that the size of the mixed micelles are only

slightly larger than the DPC micelles and that DPC and SDS

are homogeneously mixed in the resulting micelles. Thus,

the DPC/SDS micelles represent a good mimic for

membranes containing both zwitterionic and (~20%)

anionic lipids. The partition coefficients for the two peptides

in DPC micelles are practically the same within exper-

imental errors. Upon the addition of 20% of the negatively

charged SDS surfactants, the partition coefficients for both

peptides were found to increase. The increase is ~6-fold for

the V2E mutant and ~4-fold for the wt FP. However, the

uncertainty for the partition coefficient for V2E in the DPC/

SDS mixed micelles is unusually high because the bound

fraction of the peptide, fb, is too close to 1. This is an

inherent problem of methods utilizing the ratio of fb/(1�fb)

to determine the partition coefficient [44,55]. Thus, in both

the zwitterionic DPC micelles, and in the anionic/zwitter-

ionic mixed micelles, the difference in the partition

coefficient of these two peptides does not correlate with

their fusogenic activities, demonstrating that the loss of

activity due to the V2E mutation is not due to a decrease in

the membrane affinity. Whatever difference in the partition

coefficients observed here is actually in the opposite

direction of their activities. That is, the partition coefficient

of the V2E mutant is actually slightly higher than that of the

wt FP in both mimics. This is consistent with observations

that different FPs showed similar membrane affinity and yet

vastly different activity [10,49]. This means that it is the

mode of membrane interaction of the respective FP
Table 2

The diffusion coefficients (in 10�11 m2 s�1)a and the partition coefficients, Kp, o

System Dobs Db

wt FP in DPC 7.0F0.1 5.7F0.1

wt FP in DPC/SDS 5.6F0.1 5.3F0.1

V2E in DPC 8.2F0.2 7.5F0.2

V2E in DPC/SDS 6.2F0.1 6.1F0.1

a Diffusion coefficients were determined from the averages of several peaks

measurements of the same samples.

* The large uncertainty is due to the high fb value. This problem has been d
(discussed in the next section), rather than its membrane

affinity, that determines its fusogenic activity.

The significant increases in the partition coefficients of

both FPs when anionic lipids are incorporated into the

micelles indicate that there must be significant electrostatic

interactions of the FP with the negatively charged SDS

head groups. The MD simulation of the hydrophobic 16-

residue FPs in the zwitterionic POPE bilayer showed that

there is virtually no hydrogen-bonding or electrostatic

interactions between either the backbone or the side chains

of the FP with the micellar surface [24]. The interaction of

the FP with the bilayer is primarily via hydrophobic

interactions. The situation may be quite different when

anionic lipids are present. Previous studies indicated that

FP-induced membrane fusion does not occur in zwitter-

ionic phosphatidylcholine (PC) bilayers, and will occur

only if negatively charged lipids are present [51]. The

substantially increased interactions between the FPs and

the lipids in the anionic/zwitterionic micelles observed in

this work are the likely cause for the difference in the

effects of the FPs in inducing fusion in these two types of

bilayers.

3.5. Structures of the FPs from simulated annealing

Fifty structures were generated using the SA protocol for

each peptide. For the wt peptide, 15 structures that have the

lowest total energy and NOE violation energy converged

with a similar global fold. The average total, nonbound, and

NOE violation energies of these structures were 315.1F3.6,

140.6F2.2, and 26.0F1.1 kcal mol�1, respectively. No

NOE violation greater than 0.2 2 was found in any of these

structures. Superimposing the backbone atoms of the

segment 3–20 gave a backbone RMSD of 0.23 2 for this

region, while the mean global backbone RMSD was

0.33F0.10 2. The average dihedral angles for the 15

structures are shown in Table 3a. For the V2E peptide, 20

structures that have the lowest total energy and NOE

violation energy converged with a similar global fold. The

average total, nonbound, and NOE violation energies of

these structures were 289.8F6.6, 137.5F2.7, and 29.1F1.8

kcal mol�1, respectively. No NOE violation greater than 0.2

2 was found in any of these structures. Superimposing the

backbone atoms of the segment 3–19 gave a backbone
f the wt FP and the V2E mutant in DPC and in 4:1 DPC/SDS micelles

Dfree fb Kp (M
�1)

18.0F0.1 0.89F0.01 7.2F0.7�103

18.0F0.1 0.98F0.01 2.9F0.9�104

17.7F0.1 0.93F0.03 1.1F0.4�104

17.7F0.1 0.99F0.01 6.7F2.9�104*

in the spectrum, and, with the exception of V2E in DPC, from duplicate

iscussed by Thorgeirsson, et al. [55] and by Wong and Gao [44].



Table 3a

Average dihedral angles for the wt FP

Residue / w

Ala1 36.1F79.9

Val2 �63.5F34.6 91.0F54.5

Gly3 166.7F72.7 �58.0F10.8

Ile4 �69.0F3.8 �48.6F4.1

Gly5 �70.6F4.1 1.5F8.8

Ala6 �101.1F8.8 �51.7F1.4

Leu7 �60.8F4.1 �43.2F4.1

Phe8 �63.1F3.1 �35.3F2.1

Leu9 �64.9F4.1 �34.5F4.1

Gly10 �71.9F4.1 �47.7F2.1

Phe11 �62.8F3.9 �52.6F4.1

Leu12 �66.8F4.1 �28.1F4.1

Gly13 �64.3F4.1 �39.6F0.9

Ala14 �70.3F4.1 �46.0F4.1

Ala15 �61.9F4.1 �34.8F4.1

Gly16 �69.2F2.7 �33.8F3.1

Ser17 �74.2F4.1 �36.7F4.2

Thr18 �69.0F4.1 �42.6F4.6

Met19 �66.2F4.1 �36.6F4.1

Gly20 �138.2F5.2 64.2F8.2

Ala21 �74.3F7.0 68.2F40.7

Arg22 �95.8F23.4 108.0F51.5

Ser23 �73.5F38.8 65.0F49.5

Table 3b

Average dihedral angles for the V2E mutant

Residue / w

Ala1 40.6F61.8

Glu2 �36.2F78.0 �5.2F40.0

Gly3 �160.4F11.6 �49.5F36.4

Ile4 �52.7F42.8 �38.5F5.9

Gly5 �60.0F3.0 �37.1F2.6

Ala6 �70.8F3.0 �44.2F3.0

Leu7 �64.4F1.9 �42.7F1.6

Phe8 �69.2F1.6 �30.8F3.0

Leu9 �69.6F3.0 �38.8F3.0

Gly10 �64.8F3.0 �34.5F1.4

Phe11 �70.1F3.5 �56.8F2.2

Leu12 �63.7F2.1 �39.8F2.9

Gly13 �62.3F2.0 �36.5F1.7

Ala14 �75.4F1.5 �45.9F3.1

Ala15 �60.2F2.3 �36.9F3.1

Gly16 �68.9F3.1 �32.0F4.1

Ser17 �74.4F5.4 �14.6F30.5

Thr18 �97.0F38.1 �56.5F3.2

Met19 �72.3F9.4 36.6F52.1

Gly20 �167.2F13.5 �31.8F20.0

Ala21 �41.2F61.8 �21.2F29.8

Arg22 �80.3F56.2 �14.0F46.2

Ser23 �104.0F32.6 59.8F51.8
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RMSD of 0.28 2 for this region, while the mean global

backbone RMSD was 0.41F0.13 2. The average dihedral

angles for the 20 structures are shown in Table 3b.

From the SA simulation results, wt peptide adopts a well-

defined a helical conformation from Ile4 to Met19. As

shown in Table 3a, the dihedral angles in this region are

close to the ideal a-helical values of �578 and �478 for /
and w, respectively. The N-terminal segment Ala1–Val2–

Gly3 and the C-terminal residue Ser23 remain flexible. The

segment Gly20–Ala21–Arg22, though also quite flexible,

exhibits a sheet-like extended structure, which bends (at

Gly20 ) away from the helix axis with an angle of 60–908.
V2E peptide also adopts an a helical conformation from

Ile4 to Met19. A well-defined a helix was formed in the

region from Ile4 to Gly16 in all the 20 structures being

analyzed. The dihedral angle / and w for these residues are

close to the ideal a-helical values. The a helical conforma-

tion in the region from Ser17 to Met19 is less well defined, as

most (11 out of 20) of the analyzed structures exhibits an a

helical conformation from Ile4 to Met19 or farther (Gly20 or

Ala21) while the rest of the structures exhibits either a 310
helix or a twist turn in the region Ser17–Met19. The N-

terminus Ala1–Val2–Gly3 remains flexible. The C-terminal

Gly20–Ser23 is also flexible, however, there is a tendency for

this region to maintain a helical feature.

The conformations determined by SA simulation for

the wt and V2E peptides are very similar. Both peptides

adopt an a helical conformation in the region from Ile4 to

Met19. There is a difference in the C-terminus. The C-

terminus of wt has an extended conformation and bends

away from the helix axis of the peptide, while the C-

terminus of V2E has a tendency to maintain a helical
conformation along the helix axis of the peptide. How-

ever, this difference may become less important due to the

flexibility of the C-terminus.

There is a trend revealed in Tables 3a and 3b for the a

helical residues of both peptides: more negative / values

than ideal and less negative w than ideal were found for

most of the a helical residues. This is often observed in

helical regions in proteins, as carbonyl oxygen atoms of the

helical residues are in a position that allows them to be

hydrogen bonded to the corresponding amide hydrogen

atom in the helix as well as to be able to form hydrogen

bonds with solvent water molecules [56].

3.6. Spin label studies

3.6.1. The wt FP

The effects of the spin labels (SL) 5-DS and 16-DS on

the peptides were mainly examined from the TOCSY

spectra of the FPs, although the NOESY spectra were also

examined in most cases to provide corroborative informa-

tion. In Fig. 3, the NH-side chain proton region of the

TOCSY spectra of the wt FP in DPC micelles in the

absence and in the presence of SL 5-DS and 16-DS,

respectively, is shown. The unpaired electron in the spin

labels induces paramagnetic relaxation and selectively

broadens the NH resonances of the residues in close

spatial proximity to the spin label, reducing the intensities

of the affected resonance, and, in some cases, practically

eliminating the TOCSY signals arising from that affected

residue. The distribution of the nitroxide radical of 5-DS is

from the lipid head groups to approximately the C3



Fig. 3. The effects of SL 5-DS and 16-DS on the TOCSY spectra of the wt FP and the V2E mutant in DPC micelles at 310 K. (a) wt FP without SL; (b) wt FP in the presence of 5-DS. Note the disappearance of the

NH signals of Val2, Ile4, Gly5 and Phe8; (c) wt FP in the presence of 16-DS; (d) V2E mutant in the presence of 16-DS. It is evident that 16-DS has virtually no effect on any of the NH signals of V2E with the

exception of a minor attenuation of the Phe8 signals.
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Table 4

The degree of attenuation of the NH signals in the TOCSY spectra of the wt

23-mer FP in 90 mM DPC micelles by spin-labels 5-DS and 16-DS

Residue wt+5-DS wt+16-DS V2E+5-DS V2E+16-DS

Val2/Glu2 vl vl vl no

Gly3 l s s no

Ile4 vl m vl no

Gly5 vl vl vl no

Ala6 l s s no

Leu7 m m s no

Phe8 vl m l s

Leu9 m s l no

Gly10 m m m no

Phe11 m s s no

Leu12 s s m no

Gly13 s s m no

Ala14 s s s no

Ala15 m s m no

Gly16 s s m no

Ser17 s no no no

Thr18 no no no no

Met19 no no no no

Gly20 no no no no

Ala21 no no no no

Arg22 no no no no

Ser23 no no no no

vl, l, m, s and no denote very large (N80%); large (50–80%); medium (20–

50%); small (b20%); and no (no detectable effects), respectively.

Fig. 4. ESR spectra of the SL 5-DS in DPC micelles in the absence and

presence of different concentrations of the wt and V2E FPs. The spectra,

taken at room temperature, showed no line-broadening upon the addition of

the FP. Nor was there any broad component in the difference spectra. (a) no

wt FP; (b) 0.5 mg wt FP; (c) 1.0 mg wt FP; (d) b–a; (e) c–a; (f) no V2E; (g)

0.5 mg V2E; (h) 1.0 mg V2E; (i) g–f; (j) h–f.
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position in the lipid chain [29], and the location in 16-DS

is near the end of the alkyl chain and close to the center of

the micelles, as shown by 13C line-broadening of the

micellar lipid hydrocarbon chains in Refs [57,58], and in

this work (data not shown). Combining the application of

these two spin-labels can facilitate locating the residue

with respect to the membrane/water interface [57–60]. For

the wt type FP, by comparing the TOCSY spectra in the

absence (Fig. 3a) and presence of SL 5-DS (Fig. 3b), it is

immediately evident that the effects of the SL on the NH

signals are the strongest at the N-terminal and diminish

gradually going towards the C-terminus. For example, in

Fig. 3b, the NH signals of Val2, Ile4 and Gly5 practically

disappeared. On the other hand, the NH signals of residues

from Thr18 to Ser23 were hardly attenuated. The attenu-

ation of the signals corresponding to residues from Leu9 to

Ser17 falls in between these two extremes. The only

exception to this monotonic trend is the large attenuation

of the Phe8 signal, which also essentially disappeared (Fig.

3b). The lack of effects of 5-DS, which has its unpaired

electron close to the surface of the micelles, on the signals

of residues 18–23 indicates that these C-terminal residues

are not associated with the micellar surface, but are

protruding into the aqueous phase. This situation is quite

similar to the results of our study on ACTH (1–24) in DPC

micelles, where the polar C-terminal segment was found to

be primarily in the aqueous solution with very little

association with the micelles [43]. The degree of attenu-

ation for the signals from various residues is summarized

in Table 4.
Qualitatively, the pattern of attenuation in the 16-DS

(Fig. 3c) is similar to that as in 5-DS, i.e., the degree of

attenuation is the strongest at the N-terminal region and

gradually diminishes moving towards the C-terminus.

Quantitatively, the attenuation is uniformly lower than in

the 5-DS sample. However, even in the 16-DS sample, the

signals arising from Val2 and Gly5 were found to have

virtually disappeared, and the attenuation is significant for

Ile4 and Phe8. Since the distribution of the nitroxide radical

of 5-DS is near the lipid head groups, and the location in 16-

DS is near the end of the alkyl chain at the center of the

micelles, the effects of 16-DS must imply that part of the N-

terminus is inside of the head group region in the micellar

interior. Thus, the combined results of the 5-DS and 16-DS

clearly showed that the N-terminus of the wt FP inserts

partially into the interior of the micelles.

The spin label results for the wt FP in the present study

are consistent with the N-terminal insertion model

[17,18,24,25], but in contrast with the results of Chang

et al. [29] for the wt FP in SDS micelles which appeared

to show that the Leu7-Phe8 segment is inserted deeply into

the micellar core while both the N- and C-termini reside

on the surface of the micelles. Our results showed that

Phe8 is much more attenuated by 5-DS than by 16-DS



K.F. Morris et al. / Biochimica et Biophysica Acta 1667 (2004) 67–81 77
(Fig. 3b and c), and the signal of Leu7 is only modestly

attenuated in both cases, discounting the model of deep

immersion of the Leu7-Phe8 segment in the DPC micelles.

According to our MD simulations [24], there is a slight

bent of the N-terminal segment (approximately Ala1–Val2)

towards the interface of the membrane to enable the

protonated amino N-terminus to be close to the interface

and to interact with the head groups resulting in a

stabilization of this configuration [19,20]. However, no

large-scale bend, or the immersion of the Leu7-Phe8
Fig. 5. (a) The 1D spectra of the amide proton region of the wt (top) and V2E (bot

four-scans were taken for each of these spectra. (b) The 1D spectra of the amide p

after 5 min of exchange with D2O. Note the rapid disappearance of the signals of th

of these spectra.
segment into the micellar interior as suggested by Chang

et al. [29], was indicated in the present data.

3.6.2. The V2E Mutant

For the V2E mutant, the effects of the addition of 5-DS to

the DPC sample are similar to, but less in magnitude than, the

wt case. The NH signals of Ile4 and Gly5 in the TOCSY

spectra were found to be highly, but not completely,

attenuated. In addition, the signals of Phe8 were also

significantly attenuated (figure not shown). The signals of
tom) samples in DPC (at 293 K) after N30 min of exchange with D2O. Sixty

roton region of the wt (top) and V2E (bottom) samples in DPC (at 293 K)

e protons at Val2 (in wt) and Glu2 (in V2E). Four scans were taken for each



K.F. Morris et al. / Biochimica et Biophysica Acta 1667 (2004) 67–8178
Ala6 and Leu7 were too overlapped to make a clear judgment

on the attenuation of the individual signals. The degree of

attenuation decreases towards the C-terminus as in the wt

case. Again, as in the wt case, the signals of Thr18-Ser23 are

not attenuated by 5-DS, indicating that this C-terminal

segment is not in association with the micellar surface. The

most contrasting results for V2E from those of thewt FP came

from the 16-DS sample. No noticeable attenuation of any NH

signals was observed throughout the peptide (Fig. 3d) upon

the addition of 16-DS, with the exception of a small

attenuation of the signal of Phe8. Since the nitroxide free

radical in 16-DS locates in the interior of and close to the

center of the DPCmicelles, the complete lack of its effects on

the signals of any residue in V2E and the difference from the

wt case offer strong indications that V2E binds to the DPC

micelles on the micellar surface, and does not insert into the

micellar interior, different from that of the wt FP. This result is

in excellent correspondence with the results of the MD

simulation study from this laboratory, which showed that wt

inserts into the POPE bilayer obliquely at ~44F68while V2E
binds on the surface of the bilayer [24].

3.7. ESR of spin-labels

There was a report in the literature that the spin-labels DS

may form complexes with the FP in zwitterionic vesicles

[31], thus rendering the spin-label results ambiguous. To

determine whether FP–SL complex formation takes place in

our samples, ESR spectra were taken of the SL in DPC

micelles in concentrations similar to those in NMR experi-

ments. Three samples of each FP (wt or V2E) were thus

tested: no FP, 0.5 mg FP (~1.2 mM) and 1 mg FP (~2.4

mM), respectively. The FP concentrations are also similar to

those used in the NMR experiments. In each case, there was

no detectable change in the ESR spectra when FP was

introduced into the sample (Fig. 4). Subtraction of the

spectrum from the sample without FP from spectra

containing FP revealed no broad spectral component, or

bmotionally-restricted componentQ as suggested by Curtain

et al. [31]. Thus, we can conclude that at the concentrations

of FP and SL pertinent to the NMR studies, there was no

FP–SL complex formation and the SL results can reliably be

used to provide locational information of the peptide with

respect to the micelles.

3.8. Deuterium amide–proton exchange

Amide proton–deuterium exchange results showed con-

siderable difference between the wt and the V2E samples.

After about ~15 min of exchange, the NH signals of the

V2E sample practically disappeared (Fig. 5a). Only very

weak signals remained for the most hydrophobic residues

F8, L9 and F11. In contrast, substantially larger residual

signals from residues G5–G13 were observed for the wt FP.

This observed difference is consistent with the model from

the MD studies [24] and from the spin-label results in this
work. That is, the wt FP inserts its N-terminus into the

membrane interior while the V2E mutant lies on the surface

of the membrane. The first two residues near the protonated

N-terminus in the wt FP are actually turned towards and in

close proximity to the water–membrane interface, as the

early spectra (taken in the first 5–10 min) in the deuterium

exchange showed that the amide protons of V2 in the wt FP

and E2 in V2E were the first to be exchanged away (Fig.

5b). This is in agreement with the conclusion of our MD

work [24] and some previous work on influenza HA-2 FP as

well [19,20], and consistent with the expectation that the

protonated N-terminus does not prefer to be in contact with

the hydrophobic interior of the membrane. This is one of the

major reasons for the oblique (rather than perpendicular)

insertion of the active FPs.

The Monte-Carlo simulation of Maddox and Longo of

the wt and V2E FPs in a bilayer [26] showed that, while the

wt FP is primarily in the inserted form, the lowest energy

conformation for the V2E mutant is the trans-membrane

form. Our present results from the spin-labeled and

deuterium amide exchange experiments are not in agree-

ment with their results, but are, on the other hand, perfectly

consistent with the MD simulation results obtained from our

laboratory [24].
4. Conclusions

In this work, a number of NMR techniques were used to

determine the structure, the membrane affinity and the mode

of binding to membrane mimics for two fusion peptides of

the HIV fusion protein gp41, the active wt 23-residue FP

and the V2E mutant. The main conclusions reached from

this study are summarized as follows.

(1) The activities of the FP are not correlated with the

membrane affinities of these peptides based on the PFG

diffusion data in DPC and in 4:1 DPC/SDS mixed micelles.

The V2E was actually found to have marginally higher

affinity for the membrane mimicking micelles than the

active wt FP, opposite in direction of their respective

activities. When combined with Conclusion 3 (below), it

is clear that it is the mode of binding of the FP to the

membrane that is critical to the fusogenic activity of the FP,

rather than its membrane affinity.

(2) The secondary structures of these two FPs are

practically identical. Based on the NOE and secondary

chemical shifts, the structures of both FPs are characterized

by an a-helical segment spanning the region from Ile4 to

Leu12 or to Ala15. The C-terminal segment consists of

mixtures of 310 and/or nascent helices. Simulated annealing

showed that the helical region extends from Ile4 to Met19.

The similarity in the secondary structures of wt and V2E

despite their vastly different activities suggests that the

conformation of the FP is not a major parameter in

determining the activity of the FP. Conformational flexi-

bility, however, has been shown in an MD simulation in our
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laboratory [27] to be a significant factor that differentiates

active and inactive FPs. Conformational flexibility of these

two FPs has not been closed examined in the present study.

(3) The spin-label and deuterium amide exchange studies

provided convincing evidence that showed significant

differences between the modes of binding of these two

peptides with the DPC micelles. The results for the wt FP

from the spin-labels 5-DS and 16-DS suggest a N-terminal

insertion model. However, for the V2E mutant, the NMR

signals are completely unaffected by the SL 16-DS which

has its unpaired electron located in the interior of the

micelle, indicating that the peptide is not inserted into the

micelle at all. This conclusion is in excellent agreement with

our MD simulation studies of these two FPs in a POPE

bilayer [24], and with the hypothesis that the activity of the

gp41 FP is predicated on an oblique insertion of the FP into

the membrane based on several previous experimental

studies [17,18,25].

Furthermore, the results of this work are in excellent

agreement with those of our MD simulation of these two,

and other, FPs in membrane mimics [24]. The agreement is

particularly encouraging in demonstrating that simulation

and experimental approaches can be applied synergistically

to obtain more definite and detailed structural and dynam-

ical properties of these systems and to provide interpreta-

tions of molecular events that may not be clear based on

experiment or simulations alone. Although micelles were

used in this work as the membrane mimic while the MD and

other previous studies were carried out in bilayers, our MD

work on other peptides in DPC micelles and bilayers [61]

and the work of Han et al. [21] on the influenza

hemagglutinin HA2 FP showed that the results in DPC

micelles and in bilayers are consistent with each other and

can thus be directly compared.
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