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Abstract: The transmembrane domains of membrane fusogenic proteins are known to contribute
to lipid bilayer mixing as indicated by mutational studies and functional reconstitution of peptide

mimics. Here, we demonstrate that mutations of a GxxxG motif or of Ile residues, that were

previously shown to compromise the fusogenicity of the Vesicular Stomatitis virus G-protein
transmembrane helix, reduce its backbone dynamics as determined by deuterium/hydrogen-

exchange kinetics. Thus, the backbone dynamics of these helices may be linked to their

fusogenicity which is consistent with the known over-representation of Gly and Ile in viral fusogen
transmembrane helices. The transmembrane domains of membrane fusogenic proteins are known

to contribute to lipid bilayer mixing. Our present results demonstrate that mutations of certain

residues, that were previously shown to compromise the fusogenicity of the Vesicular Stomatitis
virus G-protein transmembrane helix, reduce its backbone dynamics. Thus, the data suggest a

relationship between sequence, backbone dynamics, and fusogenicity of transmembrane

segments of viral fusogenic proteins.
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Introduction

The fusion of lipid bilayers, which is at the heart of

cellular secretion and infection by enveloped viruses,

is driven by dedicated fusogenic single-span mem-

brane proteins. While extracellular domains of these

proteins mediate apposition of cognate membranes,

their transmembrane domains (TMDs) are thought to

support actual lipid mixing.1 A recent comprehensive

database analysis showed characteristic features of

fusion protein TMDs. The TMDs of soluble NSF (N-

ethylmaleimide-sensitive factor) attachment protein

receptor) (SNARE) proteins are enriched in the b-
branched amino acids Ile and Val. High Ile and Val

contents have previously been shown to enhance the

fusogenicity of synthetic SNARE TMDs2 and of model

TMDs that were designed to contain Val and Leu at

different ratios.3 Higher membrane fusogenicity corre-

lates with enhanced backbones dynamics, that is with

the extent of local and transient helix unfolding,4,5

which is in accord with the known helix-destabilizing

role of b-branched residues.6,7
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Viral fusogen TMDs exhibit an overabundance

of Ile and Gly; Gly frequently occurs at positions

four residues apart, thus forming a GxxxG pair.8

Mutating such GxxxG pairs has previously been

shown to diminish the fusogenicity of certain viral

envelope proteins, including the HIV gp41 protein,9

the Japanese encephalitis virus prM protein,10 and

the Vesicular Stomatitis virus (VSV) G-protein.11 In

support of the notion that TMDs contribute to fuso-

genicy, a synthetic version of the VSV G-protein

TMD drives liposome fusion and mutating its Gly or

Ile residues reduced its fusogenicity.12,13 Similar to

Ile, Gly is known to be helix-destabilizing.14–16

Here, we examined a synthetic VSV G-protein

TMD for its sequence-specific backbone dynamics.

The wild-type (wt) TMD was compared to mutants

where either residues G473 and G477 (mutant L2)

or I471, I472, I475, I476, and F479 were exchanged

for the helix-stabilizing Leu (mutant L5) [Fig. 1(A)].

Results and Discussion

The TMD peptides contain the major part of the pre-

dicted G-protein TMD whose hydrophobic residues

are flanked by Lys-triplets to enhance solubility and

a Trp for quantification [Fig. 1(A)]. All experiments

were done in 60% (v/v) 2,2,2-trifluoroethanol (TFE).

The advantage of recording DHX kinetics in iso-

tropic solution is that all amide hydrogen atoms are

accessible to solvent while a membrane shields part

of a transmembrane peptide from exchange.4,5

Circular dichroism (CD) spectroscopy revealed

the characteristic line shapes diagnostic of a-helices
with minima at 208 and 222 nm. Quantitative evalu-

ation of the spectra indicates a-helix contents �70%

[Fig. 1(B)]. The backbone dynamics of the helices

was investigated by recording deuterium/hydrogen-

exchange (DHX) kinetics. Since transient helix

unfolding allows for a gradual exchange of amide

hydrogen atoms for deuterium atoms or vice versa,

exchange rates provide a measure of backbone dy-

namics.17–19 DHX was determined of exhaustively

(>95%) deuterated peptides. In a control experi-

ment, aliquots of the deuterated peptides were

diluted under ‘‘quench conditions’’ (pH 2.5, samples

on ice) at a final concentration of 5 lM where they

are thought to exist in a monomeric state. Under

quench conditions, exchange rates are minimal and

only deuterium atoms bound to N- and C-termini

and to polar amino acid side-chains are expected to

back-exchange for hydrogen atoms.20,21 Exchange

was monitored by determining the molecular masses

of the triply charged peptide ions using electrospray

ionization mass spectrometry (ESI-MS). An exem-

plary mass spectrum of the VSV-wt TMD [Fig. 2(A),

t ¼ 0 min] reveals that the isotopic envelope of the

triply charged ion shifts from m/z 907.2 to m/z 900.8

under quench conditions to yield a peptide with �17

remaining deuterium atoms. A number of 17 deute-

rium atoms is below the calculated number of poten-

tially hydrogen-bonded amide deuterium atoms in

an idealized 22-residue a-helix (¼18). Therefore,

non-H-bonded deuterium atoms are expected to

exchange within seconds at pH 4.5 indicating that

DHX kinetics recorded at pH 4.5 exclusively reflect

exchange of amide deuterium atoms. As exemplified

by the VSV-wt spectra, the envelopes gradually shift

with incubation time towards lower m/z values [Fig.

2(A), t ¼ 1 min or 90 min] which suggests uncorre-

lated exchange of individual deuterium atoms upon

local helix unfolding reactions.22,23 In contrast to

that, correlated exchange of amides from globally

unfolded helices would produce a bimodal distribu-

tion of isotopic envelopes corresponding to com-

pletely exchanged and unexchanged species, respec-

tively; this is clearly not observed here. Figure 2(B)

shows that the velocity of DHX follows the rank

order wt > L5 >> L2. For quantitative evaluation,

the kinetics were fit with a triple term exponential

function which subdivides each peptide’s amide deu-

terium atoms into three classes (A, B, C) that

exchange with different mean rate constants (kA, kB,

kC). The results show that the three populations con-

tain similar numbers of deuterium atoms for each

TMD and that most (¼10–11) deuterium atoms are

contained in the slow population C compared with

Figure 1. Secondary structure of VSV TMD peptides. A:

Primary structures of peptides. Hydrophobic residues of the

VSV G-protein (strain San Juan) TMD are flanked by

Lys-triplets to enhance solubility and a Trp is added for

quantification. Dots correspond to wild-type residues.

B: CD spectra and calculated percentages of helix structure

(inset); residual secondary structure is accounted for by

b-sheet (5–6%), b-turn (�12%), and random coil (8–9%).

All values represent means of three independent

measurements þ SD.
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the intermediate population B (2.5–3.5 deuterium

atoms) and the fast population A (4.5–5.5 deuterium

atoms) [Fig. 2(C)]. The TMD-specific differences in

the velocity of DHX are reflected by the mean

exchange rate constants within populations B and

C. Relative to wt, kB values of the mutant peptides

L5 and L2 are decreased by 12 and 25%, respec-

tively, while kC values are decreased by even 25 and

80% [Fig. 2(D)]. kA Values are not shown here since

the exchange kinetics of population A could not be

fit with satisfactory precision which is due to the

fact that they are only covered by 2 data points

recorded within the first minute and thus inherently

imprecise.

Our results are consistent with a model where

the amide deuterium atoms of the most quickly

exchanging population A are located at the invariant

Lys-tags at the helix termini, population B corre-

sponds to regions between the termini and the cen-

ter, and population C represents the center itself.

This is suggested by a generally observed decrease

of helix backbone dynamics from the termini

towards the center.24,25 The strong reduction of the

exchange rate constants kB, and in particular kC,

upon mutating the GxxxG motif agrees with the

known TMD helix-destabilizing effect of Gly.15,16

The finding that kB and kC values of mutant L5 are

closer to the respective values of wt than to L2 indi-

cates that the exchange of Ile/Phe!Leu is less helix-

stabilizing than the exchange Gly!Leu. DHX was

also performed at pH 7.0 where the concentration of

the catalytic hydroxyl ions is higher and exchange is

therefore much faster. At pH 7.0, kB and kC values

of the L2 mutant were also below the respective val-

ues for the wild-type TMD while the L5 mutant

could not be distinguished from wild-type due to the

overall faster exchange reaction (results not shown).

What is the mechanism by which these muta-

tions rigidify the VSV TMD? A previous molecular

dynamics study of model TMDs has compared the

role of some amino acid types in helix dynamics. In

general, the rigidity of the helix backbone is mainly

Figure 2. DHX kinetics. A: Exemplary mass spectra of the triply-charged VSV wt ion after different DHX reaction periods. The

spectrum at t ¼ 0 min was recorded after exchange under quench conditions (�2 min on ice at pH 2.5). Low intensity

isotopic envelopes at calculated masses of �22 Da and �38 Da above the dominant envelopes likely originate from Naþ- and

Kþ-adducts, respectively. The fully protonated TMD is shown for comparison. B: Exchange kinetics. The data points at t ¼ 0

correspond to the numbers of amide deuterons seen after exchange under quench conditions. The data were fit with a

three-term exponential function assuming the presence of 18 deuterium atoms at t ¼ 0 min (continuous lines). Data points

(>0 min) are means 6 SD, n ¼ 3. C: The sizes of the deuteron populations as taken from the fit. D: Mean exchange rate constants

as taken from the fits. Error bars in C and D signify the deviation of the fit functions from the experimental data points.
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determined by side-chain/side-chain interactions

between a residue at position i with its spatial

neighbors at i 6 3 and i 6 4 positions.25 Thus, the

destabilizing effect of Gly is attributed to its missing

side chain and substituting Gly for the large Leu

can stabilize the helix backbone. Likewisely, the

destabilizing effect of b-branched residues, like Val

and Ile, likely originates from weaker side chain

packing. The position of the Val c-methyl group is

sterically restricted by the helix backbone thus limit-

ing interactions of the Val side chain with side

chains at i 6 3,4 positions. In contrast to that, the c-
branched Leu side chain can rapidly interconvert

between different rotameric states such that both of

its d-methyls can explore a larger volume. Conse-

quently, Leu rigidifies the helix backbone by inter-

acting more efficiently with its intrahelical neigh-

bors than Val, and by implication, Ile.25 Although

the helix-destabilizing effects of Gly and Ile are

likely to be less pronounced in the nonpolar environ-

ment of a membrane than in organic solvent,26 the

same principles are likely to hold true in a lipid

bilayer.

What are the functional implications of our

results? The mutations studied here had previously

been shown to reduce the fusogenicity of the VSV G-

protein TMD peptide.12,13 Enhanced backbone dy-

namics of a fusogen TMD helix might strengthen

the binding to lipids which could induce lipid splay

where one acyl tail remains aligned with the mem-

brane normal while the other tail can transiently

protrude to the surface of the bilayer. If located at a

site where membranes contact each other, splayed

lipid tails could initiate bilayer mixing as suggested

by a number of recent molecular dynamics simula-

tions.27–33 Simulations have also suggested that lipid

splay is facilitated by SNARE TMDs34 and a similar

function is conceivable of a highly dynamic VSV

G-protein TMD. In addition, the GxxxG motif of the

G-protein TMD is known to support its homotypic

interaction.35 Since the contribution of SNARE

TMDs to membrane fusion has also been related to

TMD-TMD interaction,30,36 the GxxxG motif of the

G-protein TMD could also facilitate fusion by

strengthening self-interaction. Recently, homotypic

interaction of the HIV gp41 TMD has also been

shown to depend on a GxxxG motif.37 Taken to-

gether, the known functional relevance of the GxxxG

motif in different fusion protein TMDs9–11,38 could

relate to the backbone dynamics and/or to self-inter-

action of the TMD helices at different stages of

membrane fusion.

Experimental Procedures

Peptide synthesis
Peptides were synthesized by Fmoc chemistry (PSL,

Heidelberg, Germany) and were >90% pure as

judged by mass spectrometry. Concentrations were

determined via UV spectroscopy using an extinction

coefficient at 280 nm of 5500 M�1 cm�1.

Circular dichroism spectroscopy
For CD spectroscopy, peptides were dissolved at 50

lM in 60% (v/v) TFE, 4 mM ammonium acetate, pH

7.4. CD spectra were obtained using a Jasco J-710

CD spectrometer from 190 nm to 260 nm in a 1.0

mm quartz cuvette at 20�C using a response of 1 s, a

scan speed of 100 nm min�1 and a sensitivity of 100

mdeg cm�1. Spectra were the signal-averaged accu-

mulation of 10 scans with the baselines (correspond-

ing to solvent) subtracted. Mean molar ellipticities

were calculated and secondary structure contents

estimated by deconvoluting the spectra using

CDNN.39

Recording of DHX kinetics and ESI-MS

Prior to DHX analysis in TFE/buffer solution, pep-

tides were fully deuterated by incubation in 40% (v/

v) dTFE, 6 mM ND4Ac, pD 7.4 at 95�C for 20 min

prior to lyophilization and re-solubilization in dTFE.

To monitor DHX kinetics, the deuterated peptides

(100 lM in 60% (v/v) dTFE, 4 mM ND4Ac, pD 4.5,

were diluted 1:20 into 60% (v/v) TFE, 4 mM NH4Ac,

pH 4.5, and incubated at 20�C. After the indicated

time periods, the exchange reactions were quenched

by placing samples on ice and adding formic acid to

a final concentration of 0.5% (v/v) which results in

pH 2.5. In parallel, aliquots of each deuterated sam-

ple were diluted directly into 60% (v/v) TFE, 4 mM

NH4Ac, pH 2.5 on ice and incubated for � 2 min to

determine the number of deuterium atoms exchang-

ing under these ‘‘quench conditions’’. ESI-MS was

done by injecting 50 lL of the samples within about

2 min of reaction quench into the micro electrospray

ionization source of a Waters Q-Tof Ultima mass

spectrometer. Spectra were acquired in positive-ion

mode (capillary voltage 2–3 kV; cone voltage 35 V,

source temperature 80�C, desolvation temperature

150�C, desolvation gas 250 L/h) by accumulating ten

1-s scans. Spectra were smoothed with the Savitzky-

Golay algorithm (50 channels, 5 iterations) and

centered over 80% of the peak areas (100 channels)

and peak centers were taken for computation of

mass differences. Data analysis was performed using

MassLynx 4.0 Software (Waters, Milford, MA).

Evaluation of exchange kinetics and
curve fitting

The molecular masses of the triply charged ions

were determined as described.4 To evaluate DHX

kinetics, the data points corresponding to the cor-

rected masses were approximated with the function

D(t) ¼ A�e�kA�t þ B�e�kB�t þ C�e�kC�t where A, B, and

C represent the numbers of amide deuterium atoms

(D) that exchange with the time constants kA, kB,
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and kC, respectively, and t is time. Since we are inter-

ested in the exchange kinetics of potentially hydro-

gen-bonded amide deuterium atoms, their theoretical

number (18 D ¼ 21 N-D – 3 nonbonded N-D of an

idealized a-helix of 22 residues) was taken as the ini-

tial data point (t ¼ 0) for curve fitting with OriginTM

7.5 software (OriginLab, Northhampton, MA).
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