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Sequence-Specific Conformational Flexibility of SNARE Transmembrane
Helices Probed by Hydrogen/Deuterium Exchange
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ABSTRACT SNARE proteins mediate fusion of intracellular eukaryotic membranes and their a-helical transmembrane
domains are known to contribute to lipid bilayer mixing. Synthetic transmembrane domain peptides were previously shown to
mimic the function of SNARE proteins in that they trigger liposome fusion in a sequence-specific fashion. Here, we performed a
detailed investigation of the conformational dynamics of the transmembrane helices of the presynaptic SNAREs synaptobrevin
Il and syntaxin 1a. To this end, we recorded deuterium/hydrogen-exchange kinetics in isotropic solution as well as in the
membrane-embedded state. In solution, the exchange kinetics of each peptide can be described by three different classes of
amide deuteriums that exchange with different rate constants. These are likely to originate from exchange at different domains
of the helices. Interestingly, the rate constants of each class vary with the TMD sequence. Thus, the exchange rate is position-
specific and sequence-specific. Further, the rate constants correlate with the previously determined membrane fusogenicities.
In membranes, exchange is retarded and a significant proportion of amide hydrogens are protected from exchange. We
conclude that the conformational dynamics of SNARE TMD helices is mechanistically linked to their ability to drive lipid mixing.

INTRODUCTION

It is becoming increasingly apparent that integral membrane
proteins exhibit considerable conformational dynamics. For
example, a-helical transmembrane domains (TMDs) may
change their relative orientation with respect to each other,
depending on the functional state of the respective protein.
Thus, helix-helix packing angles may change or helices may
rotate relative to each other (1-4). In addition to these rigid-
body motions, transmembrane helices are dynamic entities by
themselves in that they exhibit functionally relevant bending
motions at hinge regions (5). At an even more subtle level, the
helix backbones themselves exhibit small-scale vibrational
dynamics on a picosecond timescale (6). Conformational
flexibility of transmembrane helices can even lead to irre-
versible refolding to insoluble amyloid that is associated with
severe pathological phenotypes as exemplified by the A342
peptide involved in Alzheimer’s disease and other TMDs
(7,8). Little is currently known about the potential biological
significance of these vibrational TMD motions. It seems clear,
however, that a functional role of helix dynamics is subject to
evolutionary fine-tuning if it depends on primary structure.
The single C-terminal transmembrane domain (TMD) of
soluble n-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE) proteins has previously been implied to
play a role in membrane fusion. SNARE:s drive the fusion of
most intracellular eukaryotic membranes, exemplified by
fusion of synaptic vesicles with the presynaptic plasma
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membrane (9). SNARE-mediated membrane fusion is pre-
ceded by formation of stable complexes by their soluble
coiled-coil domains, which is thought to mediate docking of
cognate membranes (10). Docking is, however, insufficient
for fusion as complete bilayer mixing depends on the presence
of TMDs (11,12). These TMDs form a-helices in the mem-
brane (13-15) that are capable of self-interaction (15-20).
Recent evidence suggests that SNARE TMDs support outer
leaflet mixing, i.e., initiation of fusion, as well as progression
from a hemifused to a fully fused state (9,14,16,21).

That SNARE TMDs contribute to lipid mixing is supported
by the finding that synthetic peptides harboring their hydro-
phobic cores drive liposome-liposome fusion in vitro (21,22).
Since these TMD-peptides are devoid of soluble domains that
could mediate membrane apposition, it appears that isolated
TMDs increase the likelihood by which randomly colliding
liposomes enter fusion. The fusogenicity of these TMD
mimics has been related to their ability to adopt different
secondary structures. Circular dichroism (CD) spectroscopy
indicated that they formed mixtures of a-helical and B-sheet
structures in inverse micelles; further, mutations that de-
creased fusogenicity were found to increase a-helicity (22).

Here, we extend these previous studies by examining the
sequence-specific conformational dynamics of SNARE
TMD helices in terms of local and transient unfolding of their
backbones. We determined the kinetics of hydrogen/deute-
rium exchange (H/D-exchange) reactions where amide hy-
drogens that are transiently not engaged in hydrogen bonding
due to local unfolding successively exchange for solvent
deuterium (23-25). Exchange was monitored in isotropic
solution and in the membrane-embedded state and the
obtained kinetics are related to the previously determined
fusogenicities of these TMDs.

doi: 10.1529/biophysj.108.132928
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EXPERIMENTAL PROCEDURES
Peptide synthesis

Peptides were synthesized by Boc chemistry (PSL, Heidelberg, Germany)
and were >90% pure as judged by mass spectrometry. Concentrations were
determined via UV spectroscopy using extinction coefficients of 5600 M~
em™! for syb-L8, L16, and syx; and 6800 M~ cm ™! for syb-wt and syb-
multA, respectively.

Preparation of liposomes

Liposomes (final lipid concentration 3 mM) were made by lyophilizing
mixtures of dimyristoyl phosphatidylcholine (DMPC) and peptides in
2-methyl-2-propanol, followed by hydration by shaking at 37°C for 1 hin 10
mM NH,Ac, pH 7.4 for mass spectrometry or in 10 mM Tris/HCL, pH 7.4,
10 mM NaCl for CD spectroscopy. The hydrated mixtures were subjected to
10 freeze/thaw cycles in liquid nitrogen and extruded through a polycarbonate
membrane (50 nm pore size, 20 passages at 50°C) with a Mini-Extruder
(Avanti, Greensboro, NC). Nominal peptide/lipid (P/L)-ratios were 0.01
(mol/mol). For CD spectroscopy, peptide concentrations were determined
experimentally from Trp-fluorescence of the peptides as described (26). The
fraction of liposome-bound peptides was determined by floating liposomes on
sucrose gradients as described (27). Briefly, 300 ul of the liposome prepa-
rations were mixed with 700 wl 60% (v/v) sucrose and overlaid with 2.5 ml
of 30% (v/v) sucrose and 0.5 ml 20 mM Tris/HCI, pH 7.4, 150 mM NacCl,
0.1 mM Na-EDTA. Upon centrifugation (320,000 X g, 20 h, 20°C) in an
Optima LE-80K ultracentrifuge (Beckman Coulter, Fullerton, CA), the lipo-
somes migrate to the interface between 30% sucrose and the Tris buffer while
free peptides remain in the bottom fraction (27). Here, all of our peptides
quantitatively comigrated with the lipid fraction which ascertains complete
association with the liposomes.

Circular dichroism (CD) spectroscopy

For CD spectroscopy in TFE/buffer mixtures, peptides originally dissolved
in 100% 2,2,2-trifluoroethanol (TFE) were brought to the respective buffer/
TFE ratios by adding 20 mM NH4Ac, pH 7.4 while maintaining a peptide
concentration of 50 uM. For CD spectroscopy of liposomes, peptide con-
centrations were determined as described above. CD spectra were obtained
using a model No. J-710 CD spectrometer (JASCO, Oklahoma City, OK)
from 190 nm to 260 nm in a 1.0 (solution) or 0.5 mm (liposomes) cuvette at
20°C using a response of 2 s, a scan speed of 100 nm/min, and a sensitivity of
100 mdeg/cm. Spectra were the signal-averaged accumulation of 10-16
scans with the baselines (corresponding to buffer in case of peptides in
isotropic solution or corresponding to liposomes without peptide, respec-
tively) subtracted. Mean molar ellipticities were calculated and secondary
structure contents estimated by deconvoluting the spectra using the program
CDNN (28). The experiments were carried out in triplicate.

Recording of hydrogen/deuterium (H/D)- or
deuterium/hydrogen (D/H)-exchange kinetics

Before D/H-exchange analysis in TFE/buffer solution, peptides were fully
deuterated by incubation in 20% (v/v) dTFE, 10 mM ND4Ac, pD 7.4 at 95°C
for 20 min before lyophilization and resolubilization in dTFE. To monitor
D/H-exchange kinetics, the deuterated peptides (100 uM in 60% (v/v) dTFE,
10 mM ND4Ac, pD 7.4) were diluted 1:20 into 60% (v/v) TFE, 10 mM
NH4Ac, pD 7.4 and incubated at the indicated temperature. After the indi-
cated time periods, the exchange reactions were stopped 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 sample were diluted
directly into 60% (v/v) TFE, 10 mM NH4Ac, pH 2.5 on ice. Under the latter
condition, mainly deuteriums bound to N- and C-termini and to polar side-
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chain exchange. H/D-exchange reactions of peptides in liposomal mem-
branes were started by diluting the liposome suspension 1:10 into 10 mM
ND4Ac in D,O, pD 7.4 and stopped by addition of 50% (v/v) HCOOD to
bring the pD to a value of 2.5 and placing the samples on ice.

Electrospray ionization mass
spectrometry (ESI-MS)

ESI-MS was done by injecting 50 ul of the peptides in isotropic solution or
embedded in liposomal membranes within ~2 min of reaction stop into the
micro electrospray ionization source of a model No. Q-Tof Ultima mass
spectrometer (Waters, Milford, MA). Spectra were acquired in positive-ion
mode (capillary voltage 2-3 kV; cone voltage 60 V) by accumulating 1-s
scans over several minutes. Spectra were smoothed with the Savitzky-Golay
algorithm over 80% of the peak areas (50 channels, five iterations) and
centered (100 channels) and peak centers were taken for computation of mass
differences. Data analysis was performed using MassLynx 4.0 Software
(Waters). Only the spectra of the triply-charged peptide ions were evaluated.
Peak-width analysis was done by determining peak width at 50% of maximal
peak height (29).

Evaluation of exchange kinetics and curve fitting

For D/H-exchange done in TFE/buffer solution, the molecular masses of the
triply charged ions were determined as described above and subjected to
various corrections to account for ionization state, the mass of charge car-
riers, and dilution factors as follows. The number of deuteriums D on the
exhaustively deuterated samples were determined according to D = 3(mp —
my) — 3, where mp and my are the masses of the centered envelopes of the
deuterated species and of nondeuterated reference samples, respectively. The
number of deuteriums D as a function of time (D(¢)) upon back-exchange in
solution was determined by D(f) = 3(mp — myy) — 0.05 X Dax, Where Dy, 18
the calculated number of labile deuteriums on the respective peptide. The
number of D upon forward exchange in liposomes was calculated by D(f) =
3(mp — my) X 1.11 — 3. The forward (hydrogen/deuterium) exchange ki-
netics were converted to back (deuterium/hydrogen)-exchange kinetics by
H(t) = Diax — D(2).

To evaluate D/H-exchange kinetics of peptides in TFE/buffer solution,
the data points corresponding to the corrected masses were approximated
with the function D(r) = A X e ¥4 + B X ¢ 7¥B" + C X ¢! where A, B,
and C represent the numbers of amide deuteriums that exchange with the
time constants k4, kg, and k¢, respectively, and # is time (25,30). Since we are
interested in the exchange kinetics of potentially hydrogen-bonded amide
deuteriums, their theoretical number (19 D = D 22 N-D — 3 nonbonded N-D
of an idealized a-helix of 23 residues) was taken as the initial data point
(t = 0) for curve fitting. This appears to be the most accurate way to fit the
kinetics since the numbers of deuteriums that exchanged under stop condi-
tions (pH 2.5, on ice), corresponded to or even exceeded the calculated
numbers of deuteriums bound to electronegative atoms. We thus deem it safe
to assume that exclusively amide deuteriums remain at the first time point
under exchange conditions (pH 7.4, 20°C or 37°C). For H/D-exchange of
peptides in liposomal membranes, the data points were fit with D(f) =
A-e ¥ + B.e7*B' + (. Fitting was done with Origin 7.5 software
(OriginLab, Northampton, MA).

RESULTS

The objective of this study was to perform a detailed analysis
of the conformational flexibility of the membrane-fusogenic
TMDs from the synaptic SNARE proteins syntaxin 1A (syx)
and synaptobrevin II (syb) by CD spectroscopy by recording
H/D-exchange kinetics. In case of the syb TMD, we com-
pared the wild-type TMD (syb-wt) to two mutant sequences.
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In syb-multA, three residues of the TMD-TMD interface are
mutated for Ala (18) while syb-L8 has eight residues outside
this interface exchanged for Leu. Both mutant TMDs have
previously shown to be less fusogenic than syb-wt (22). For
comparison, we analyzed an oligo-Leu (L.16) sequence that
functions as an artificial TMD (31) that is virtually non-
fusogenic (22,26) (Fig. 1). In all peptides, the hydrophobic
cores are flanked by Lys triplets and a Trp residue is incor-
porated for quantification.

Secondary structure of TMD-peptides in solution
and in a lipid membrane

SNARE TMDs form membrane-spanning a-helices (13—-15).
Here, we first determined the dependence of TMD secondary
structure on solvent composition by CD spectroscopy to as-
sess global helix stability and to establish solution conditions
for subsequent D/H-exchange experiments. CD spectra were
recorded in various mixtures of aqueous buffer and 2,2,2-
trifluoroethanol (TFE). TFE is thought to stabilize helical
structures indirectly by partial desolvation, i.e., destabiliza-
tion, of the unfolded state (32), which is similar to the situ-
ation in the apolar region of a membrane. Starting from
peptides in pure TFE, we gradually added aqueous buffer to
obtain TFE/buffer mixtures ranging from 20% to 80% (v/v)
TFE that contained the peptides at identical concentrations
(50 uM). At 40-100% TFE, the spectra exhibit the charac-
teristic line shapes diagnostic of a-helices with minima at
208 nm and 222 nm (Fig. 2 A) and their quantitative evalu-
ation indicates a-helix contents from ~65% to ~85% (Fig.
2 B). L16 generally tends to be somewhat more helical than
the SNARE TMDs. Interestingly, a-helicities of syb-wt, syx,
and syb-multA, but not of syb-L8 and L16, decrease mark-
edly when TFE concentration is reduced to 20%. Thus, syb-
wt, syb-multA, and syx helices appear to be less stable than
syb-L8 and L16 helices. Second, CD spectra were recorded
from peptides that were integrated into the membranes of
small unilamellar liposomes that were prepared from pep-
tides and dimyristoyl phosphatidylcholine (DMPC). Flotation
of the liposomes in sucrose gradients confirmed quantita-
tive association of peptides with lipid (results not shown). CD
spectra recorded from these proteoliposomes again indicate
a-helical structures (Fig. 2 C). Deconvolution of the spectra
suggests ~90% a-helicity in each case (Fig. 2 D).

syb-wt KKKW ILGVICAIILIIIIVY KKK
syb-multA KKKW IAGVIAAITILIIIAVY KKK
syb-L8 KKKW ILLLICLLILLLIILL KKK
SyX KKKW IMIIICCVILGIIIAS KKK
L16 KKKW LLLLLLLLLLLLLLLL KKK
FIGURE 1 Peptide sequences. The mutated positions in syb-multA and

syb-L8 are highlighted by bold-face type. L16 corresponds to a virtually
nonfusogenic reference peptide. The hydrophobic residues are flanked by
Lys triplets and a Trp residue was included for quantification.
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Conformational flexibility from deuterium/
hydrogen exchange kinetics in isotropic solution

One can roughly distinguish between two types of labile, i.e.,
exchangeable, hydrogens bound to a peptide. Hydrogens
bound to electronegative amino-acid side-chain atoms ex-
change very rapidly. Exchange of amide hydrogens is slower
and blocked if they are hydrogen-bonded within secondary
structures elements. Transient unfolding of secondary struc-
ture allows for a gradual exchange of amide hydrogens for
deuterium or vice versa. Exchange rates thus provide a
measure of conformational flexibility (24,33,34).

Here, exchange kinetics was recorded at 60% TFE where
all TMD peptides are largely helical to mimic the situation in
a membrane. The advantage of working in isotropic solution
is that all amide hydrogens are expected to be equally ac-
cessible to solvent. Exchange rates are therefore not influ-
enced by shielding in a membrane (see also below).

First, the peptides were exhaustively deuterated, which
resulted in >95% exchange of the labile hydrogens of all
peptides (Dgps in Table 1).

Second, aliquots of the fully deuterated peptides were in-
cubated for 2 min under stop conditions (pH 2.5, samples on
ice) at a final concentration of 5 uM. Under stop conditions,
exchange rates are minimal and only deuteriums bound to
N- and C-termini and to polar amino-acid side chains are
expected to back-exchange for hydrogen (35,36). Exchange
was monitored by determining the molecular masses of the
triply charged peptide ions using ESI-MS. The triply-charged
ions were consistently the most abundant species in our mass
spectra and therefore evaluated for all subsequent analyses.
An exemplary mass spectrum of the syb-wt TMD (Fig. 3 A)
reveals that the isotopic envelope of the triply charged ion
shifts from m/z 914.1 to m/z 905.6 under stop conditions to
yield a peptide with 14.2 remaining deuteriums (mean = 15.5
D, see Dy in Table 1). Similar results were seen with all other
peptides under stop conditions (~16—17 D remaining, Table
1). The numbers of remaining deuteriums are invariably
below the calculated number of potentially hydrogen-bonded
amide deuteriums in an idealized 23-residue a-helix (= 19,
see Experimental Procedures for explanation).

Third, D/H-exchange kinetics of amide deuteriums were
determined under exchange conditions (pH 7.4, 20°C) for up
to 24 h. As exemplified by the syb-wt spectra, the envelopes
gradually shift with incubation time toward lower m/z values
(Fig. 3 A). After 24 h incubation, back-exchange was virtually
complete with all peptides (<2 Da mass difference from un-
deuterated species; Dy, in Table 1). Fig. 3 B compares the
exchange kinetics of all peptides recorded for 180 min. At a
qualitative level, the numbers of amide deuteriums decrease
nonlinearly with time. Interestingly, the kinetics depend on
peptide sequence and exhibit the rank-order syx > syb-wt ~
syb-multA > syb-L8 ~ L16. For quantitative evaluation,
the kinetics were fit with a triple exponential function
(see Experimental Procedures). This fitting procedure subdi-
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FIGURE 2 Secondary structure of TMD-pep-

tides determined by CD spectroscopy. (A) Spectra
recorded in 60% (v/v) TFE, 20 mM NH4Ac, pH 7.4
at 50 uM peptide. (B) Dependence of a-helicity on
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vides each peptide’s amide deuteriums into three classes (A,
B, and C) that exchange with markedly different rate con-
stants (ka, kg, kc).

The results show that syx, syb-wt, and syb-multA tend to
contain more rapidly exchanging class A deuteriums (means:
~ 4-7) and less slowly exchanging class C deuteriums
(means: ~4-8) than syb-L8 or L16 while similar numbers of
class B deuteriums (means: ~3-6) were detected with all
peptides (Supplementary Material, Table S1). Exchange rate
constants of class A deuteriums (Table S1) are similar, with
the possible exception of syx, whose initial time-course could
not be fit satisfactorily. Class B and C deuteriums exchange at
rates that tend to follow the general rank-order syx > syb-wt ~

(D) a-Helix contents of membrane-embedded pep-
tides. All spectra were corrected for the background
signals seen with pure TFE/buffer (A and B) or pure
liposomes (C and D). All values represent means of
three independent measurements = SD. Secondary
structure contents were stable for several days.

syb-multA > syb-L8 > L.16. To probe the effect of elevated
temperature, we also recorded kinetics at 37°C where ex-
change was accelerated as expected. On average, we noted an
approximately twofold increase of the numbers of class A
deuteriums at the expense of class C deuteriums, an ap-
proximately twofold increase of k,, and a ~5-14-fold in-
creases of k. The rank-orders of the rate constants were
similar at 37°C and 20°C.

For a better comparison of the different exchange kinetics
recorded at 20°C, we averaged the numbers of amide deu-
teriums within each class over all peptides, which resulted in
A =9,B =4, and C = 6 deuteriums. Using these fixed class
sizes, we then recalculated the rate constants (Table 1) that

TABLE 1 D/H-exchange kinetics in isotropic solution

Peptide D™ Doys' Dot Dot ka [min~']7 kg [min~"]! ke [min~ ']
Syx 41 388 = 1.8 159 + 0.3 NDFt i 0.688 = 0.483 0.0306 = 0.0028
syb-wt 40 39.0 = 0.3 155 + 1.1 02+ 04 126 + 6.9 0.365 = 0.114 0.0109 * 0.0008
syb-multA 39 384 + 0.1 159 + 07 02+ 0.1 9.0 + 42 0.556 + 0.213 0.0104 * 0.0032
syb-L8 39 384 * 0.2 17.0 = 0.6 0.5+ 0.5 1.8 = 0.35 0.033 * 0.004 0.0019 * 0.0006
L16 38 369 + 0.5 16.5 = 0.1 1.6 + 1.6 1.6 + 0.11 0.015 + 0.001 0.0011 * 0.0005

*Dmax 18 the calculated number of labile hydrogens/deuteriums.

tDgps is the number of deuteriums on the peptides upon exhaustive deuteration as determined from the mass increases of the triply charged ions.
Dy is the number of deuteriums that do not exchange under stop conditions (pH 2.5, on ice).

D, is the number of deuteriums that remain after 24 h incubation under exchange conditions (2 min at pH 7.4, 20°C).

Vka is the exchange rate constant of deuterium population A (= 9) exchanging with fast kinetics.

Ik is the exchange rate constant of deuterium population B (= 4) exchanging with intermediate kinetics.

**kc is the exchange rate constant of deuterium population C (= 6) exchanging with slow kinetics.

t*ND is Not Determined.

**The k4 value of syx is at least as high as that of syb, but could not be precisely calculated due to improper curve fitting at the earliest time points.

Biophysical Journal 95(3) 1326-1335
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FIGURE 3 D/H-exchange kinetics in isotropic solution. Exhaustively deuterated peptides were assayed for back-exchange. (A) Exemplary mass spectra of
the triply-charged syb-wt ion at different time points. The spectrum at = 0 min was recorded after exchange under stop conditions (3 min incubation on ice at
pH 2.5) where only very labile deuteriums exchange (see text for details). Low intensity isotopic envelopes at calculated masses ~22 Da above the dominant
envelopes likely originate from Na™-adducts. (B) A comparison of the exchange kinetics exhibited by syx, syb-wt, syb-multA, syb-L8, and L16. The data
points at # = O correspond to the numbers of amide deuteriums seen after exchange under stop conditions. The data were fit with a three-term exponential
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now fully reflect the kinetics. Depending on the TMD, ka
ranges from 1.6 min~' to 12.6 min~' (corresponding to half-
times ¢, = 0.054 min to 0.43 min), kg ranges from 0.015
min~"' to 0.688 min~" (t1o =1.89 min to 46.0 min), and k¢
ranges from 0.0011 min~! to 0.0306 min ! (t;p = 63.3 min
to 628 min). Importantly, all rate constants follow the rank-
order syx > syb-wt > syb-multA > syb-L8 > L16.

Next, we assessed whether transient TMD unfolding
monitored by D/H-exchange is of a global or of a local nature
by distinguishing between EX1 and EX2 kinetics. EX1 ki-
netics is seen if predominantly global unfolding results in
simultaneous exposure of multiple amide groups and if the
refolding rate is slower than the intrinsic rate of the exchange
reaction. In this case, deuteriums exchange in a correlated
fashion. If all amides exchange simultaneously, this results in
a bimodal distribution of isotopic envelopes corresponding to
completely exchanged and unexchanged species, respec-
tively. The reverse holds true for ideal EX2 kinetics where
uncorrelated exchange of individual deuteriums upon local
unfolding yields gradually shifting envelopes. These may also
broaden slightly due to the presence of intermittent mixtures
of species containing slightly different numbers of hydrogen
and deuterium atoms. If EX1 and EX2 kinetics are mixed,
multiple isotopic envelopes that evolve in parallel may merge
to significantly broadened peaks (34,37) at intermediate ex-
change periods and narrow down once exchange reaches
completion. Slight or absent peak broadening is thus indica-
tive of EX2 kinetics (29). Here, the gradual shifts of the en-
velopes observed for syb-wt (Fig. 3 A) and the other peptides
(results not shown) suggest uncorrelated exchange (EX2 ki-
netics). To substantiate this point, we determined peak widths
at different time points. The results show that the envelopes of
syb-wt, syb-multA, syb-L8, and L16 remain at constant
widths throughout the reaction supporting EX2 kinetics. The
envelopes of syx are consistently somewhat broader and
display slight intermediate broadening <2 Da (Fig. 4).

In sum, we draw the following conclusions:

1. The amide deuteriums of all TMD-peptides can be
grouped into three major classes with markedly different
exchange rate constants.

2. Comparing the different TMDs reveals that the deuteriums
of all classes exchange with sequence-specific rates.

3. The kinetics suggest cumulative uncorrelated exchange
reactions at locally unfolded helices.

Thus, our TMD-helices exhibit sequence-specific confor-
mational flexibilities.
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H/D-exchange kinetics in membranes

We also recorded H/D-exchange kinetics of our TMDs upon
reconstitution in DMPC liposomes at a P/L-ratio of ~0.01.
Liposomes were directly introduced into the ion source of the
mass spectrometer after reaction stop at the indicated incu-
bation periods (38,39).

First, after recording H/D-exchange for 3 min under stop
conditions ~21-23 hydrogens remained unexchanged. In
other words, ~16—-17 H exchanged under these conditions,
which matches the numbers of hydrogens bound to electro-
negative atoms (calculated: 16-18 H, depending on the
respective peptide). Apparently, therefore, very labile hy-
drogens exchange rapidly from membrane-embedded pep-
tides, which is similar to the situation in solution. It is
possible, however, that the hydrogens bound to the Trp, Cys,
and/or Tyr side chains are protected from exchange by the
membrane and that some exchanging hydrogens thus corre-
spond to intrinsically non-hydrogen-bonded amides at the
N-terminus.

Second, H/D-exchange kinetics were recorded under ex-
change conditions (37°C, pD 7.4) where amide hydrogens
exchange. Similar to the situation in solution, we observed a
gradual shift of the isotopic envelopes with incubation time.
Further, peak width analysis does not indicate significant
peak broadening and thus suggests uncorrelated exchange
according to the EX2 mechanism (data not shown). Fig. 5
shows the kinetics in reverse to facilitate comparison to so-
lution D/H-exchange kinetics (compare Fig. 3 B). It is evident
that exchange is rapid within the first minutes.

Thereafter, exchange slows down rapidly and levels off
after 1-3 h. Curve fitting again subdivides each peptide’s
amide hydrogens into three classes. Class A hydrogens
(means: ~7-10) exchange with very similar rate constants
(mean ks ~2 min~", typ ~0.35 min~') while class B hy-
drogens (means: ~3-6) display rate constants within a nar-
row range (mean kg ~0.01 min~' to ~0.05 min "', typ ~14
min~! to ~70 min_l). Class C (means: ~8-11) reflects a
virtually nonexchanging hydrogen population; even incuba-
tion for up to 24 h did not lead to further significant exchange
(data not shown). It is of note that class B hydrogens of syb-
multA appear to exchange significantly faster than those of
the other TMDs (Fig. 5). When peptides were incorporated in
liposomes made of palmitoyl-oleoyl-phosphatidylcholine,
di-oleoyl-phosphatidylethanolamine;  di-oleoyl-phosphati-
dylserine (3:1:1 molar ratio) similar results were obtained,
except that, on average, approximately three fewer hydro-
gens exchanged upon 24 h. This is ascribed to the longer acyl

FIGURE 3 (Continued).

function assuming D = 19 at ¢t = 0 min (continuous lines; see Experimental Procedures for details). (C) Comparison of exchange rate constants that were
calculated for deuterium classes whose size was equivalent for each peptide. No k5 value syx is given for syx, whose k4 is at least as high as that of syb but
could not be precisely calculated due to improper curve fitting at the earliest time points. All values represent means * SD of at least three independent

measurements.
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FIGURE 4 Peak-width analysis. Peak widths at 50% of maximal peak
height were determined from the deconvoluted mass spectra obtained in
60% (v/v) TFE, 10 mM NH4Ac, pH 7.4 at 20°C and plotted as a function of
reaction time from ¢# = 0.5 min to # = 3 h. Representative spectra were used
in all cases except for syx, where lower signal/noise ratios resulted in a
greater apparent variability of peak widths; syx peak widths were thus
averaged from three independent spectra.

chains of these lipids that are likely to shield larger parts of
the TMDs (data not shown).
We conclude:

1. That the amide hydrogens of membrane-embedded
TMDs can be grouped into two classes of exchangeable
hydrogens with different exchange rate constants and one
virtually nonexchangeable class that is apparently pro-
tected by the hydrophobic region of the membrane; and

2. That the exchangeable amide hydrogens of most TMDs
exhibit similar exchange rate constants except syb-
multA, for possible reasons discussed below.

25
1 ¢ syb-wt
® syb-multA
20 4 syb-L8
4 v SyX
= |16

remaining hydrogens

0 T T 7 17T 717 717 71T 71
0 30 60 90 120 150 180
time [min]

FIGURE 5 H/D-exchange kinetics in liposomal membranes. Peptides
were reconstituted into liposomal membranes made of DMPC at P/L =
0.01 and assayed for their exchange kinetics. The data points at + = 0
correspond to the numbers of amide deuteriums seen after exchange for 3
min under stop conditions. The data were fit with a three-term exponential
function (continuous lines; see Experimental Procedures for details). All
values represent means = SD of at least three independent measurements.

Biophysical Journal 95(3) 1326—1335

Stelzer et al.

DISCUSSION

Sequence- and position-specific conformational
flexibility of SNARE TMD helices

We compared the D/H-exchange kinetics of different SNARE
TMD helices in isotropic solution, where all amide deute-
riums are equally exposed to solvent, and in membranes. The
amide deuteriums of each TMD could be grouped into three
classes (A, B, and C) that exchange with different kinetics.
Which parts of the helices do the different classes correspond
to? Since helices are thought to be more unstable at the termini
(i.e., helix fraying) (40), it is likely that exchange of amide
deuteriums is most rapid at the termini and slows down toward
more central regions. Accordingly, we tentatively assign class
A deuteriums to amide groups around the terminal Lys triplets
and classes B and C to more central domains. Unfortunately,
our attempts to directly map the different classes of deuterium
by collision-induced dissociation of partially exchanged
peptides using tandem mass spectrometry did not yield a
consistent picture. This is likely due to strong deuterium
scrambling, which was previously shown to blur the proton/
deuterium distribution of Lys-tagged peptides (41).

Importantly, each class of amide deuteriums exhibits
TMD-specific exchange kinetics. In particular, syx, syb-wt,
and syb-multA TMDs exhibit significantly higher exchange
rate constants than syb-L8 and L16. In other words, the ki-
netics of exchange does not only depend on the location of
the amide within the helix but also on the respective primary
structure. The differences are most pronounced between kg
and k¢ values. It follows that conformational flexibility may
show the largest TMD-specific variation for ~10 central
residues, which is equivalent to approximately three helical
turns. Do the exchange kinetics originate from transient
populations of fully unfolded helices or from local unfolding
reactions?

Several observations argue in favor of local unfolding.
First, exchange from a fully unfolded state is not expected to
result in the observed classes of kinetically distinct amide
deuteriums. Second, all TMDs investigated here exhibit
similar helicities at 60% TFE where D/H-exchange was
monitored. Third, ongoing D/H-exchange resulted in gradual
shifts of the isotopic envelopes without significant peak
broadening, which indicates uncorrelated exchange. We
therefore deem it likely that exchange reflects vibrational
motions of the helix backbone. These vibrations may proceed
at picosecond timescales as suggested by molecular dy-
namics simulations of other TMD helices (6). When com-
paring D/H-exchange kinetics with the helix contents as
measured by CD spectroscopy, only those TMDs with the
faster exchange kinetics (syx, syb-wt, and syb-multA) exhibit
significant global unfolding at 20% TFE. Thus, local helix
unfolding at 60% TFE appears to be connected to global
instability at 20% TFE.

In the membrane, all TMDs were helical as ascertained by
CD-spectroscopy, thus corroborating an earlier secondary
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structure analysis of the synaptobrevin II TMD done by
Fourier transform infrared spectroscopy (13) and extending
this result to the syntaxin 1A TMD. Examining H/D-ex-
change in membranes at 37°C gave a picture that is somewhat
different from the one seen with dissolved TMDs, yet largely
consistent with it. In the membrane, we can distinguish two
classes of hydrogens (A, B) that exchange with different rate
constants and one class (C) that is virtually unexchangeable.
Compared to the rate constants obtained in solution at 37°C,
ka and kg values of membrane-embedded TMDs drop on
average ~3-fold and ~10-fold, respectively. Class A con-
tains ~7-10 hydrogens that are likely to correspond to am-
ides around the terminal Lys-triplets located within the
membrane headgroup region. Class B contains ~3—-6 hy-
drogens that may be located within that part of the mem-
brane’s acyl-chain region that is adjacent to the headgroups.
This part is hydrophobic, yet partially permeated by water
(42,43). The slow-down of class B kinetics upon membrane
incorporation may have different reasons. First, the cata-
Iytically active hydroxyl ions are probably scarce; i.e., am-
ides are partially shielded by the membrane. This may level
the significantly different exchange kinetics of class B hy-
drogens that were seen in solution. Second, exchange rate
constants may be affected by TMD-TMD interactions in the
membrane. Indeed, membrane-embedding favors these in-
teractions by high local peptide concentration, preorientation,
and crowding effects (44). Accordingly, amide hydrogens
that are hidden within helix-helix interfaces are likely to be
protected from exchange. It is interesting in this context that
membrane-spanning syb-multA class B hydrogens exchange
more rapidly than those of the other TMDs, which is in line
with the previous observation that syb-mult A self-interacts
with lower affinity than syb or syx (17,18). We cannot ex-
clude, however, that faster exchange of syb-multA class
B hydrogens is also related to enhanced accessibility of
those amides where bulky Leu and Ile residues of syb-wt
were mutated to Ala. Approximately 8—11 virtually non-
exchangeable hydrogens constitute class C; i.e., approximate
three central turns of the helices appear to be completely
shielded by the central part of the acyl-chain region.

The inability to achieve complete exchange with membrane-
spanning helices is reminiscent of previous observations made
with other TMDs. For example, recording H/D-exchange ki-
netics of TMD-peptides whose hydrophobic cores consist
of Leu/Ala repeats and that are anchored by terminal Trp res-
idues in DMPC membranes uncovered a fast population (t;, =
3 min) of approximately six hydrogens that was assigned to the
termini as well as to Trp side-chains, an intermediate popula-
tion of ~5-6 hydrogens (¢, = ~10' to ~10° min) that was
ascribed to amides close to the helix termini, and a virtually
nonexchangeable population of ~10 hydrogens (f;, > 10*
min) within their central parts. Collision-induced dissociation
studies supported these assignments in revealing decreasing
exchange rates toward the helix centers (39). Various studies
done with natural membrane proteins or isolated TMDs also
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report only limited exchange in lipid bilayers. For example,
only ~24% of the HIV-1 virus Vpu protein TMD hydrogens
exchanged in lipid bilayers (45), the fd coat protein TMD was
protected from exchange in detergent micelles (46), only
~24% of a peptide corresponding to the phospholemman
TMD exchanged in lipid bilayers (47), the EmrE multidrug
transporter amides proved mostly resistant to exchange (48),
and only 45% of the full-length SliK potassium channel amides
were prone to exchange (49). Notably, however, ~90% of the
lactose permease amides exchanged within 3 h (49) which is in
line with the pronounced conformational flexibility of this
polytopic transporter that may affect membrane structure to
increase solvent accessibility (50).

TMD helix flexibility and membrane fusion

Do flexible TMD helices contribute to SNARE function?
Previously, it was found that the ability of our TMD peptides
to drive liposome-liposome fusion increases in the rank-order
L16 < syb-L8 < syb-multA < syb-wt ~ syx (22). Indeed,
the different fusogenicities of syx, syb, syb-L8, and L16
TMDs are correlated to their respective conformational
flexibilities seen here in solution. It is presently not clear how
this apparent connection between flexibility and fusogenicity
can be explained at a mechanistic level. We speculate that
vibrational motions of the helix backbone may affect the
conformation of the surrounding lipids and thus facilitate
outer leaflet mixing of randomly colliding liposomes.

Why does the conformational flexibility of a helix depend
on TMD primary structure? The 8-branched amino acids Val
and Ile are overrepresented in SNARESs as they collectively
account for ~50% of SNARE TMD sequences but only for
~25% of unrelated TMDs (22). Ile and Val are known
to destabilize helices. This destabilizing effect is ascribed
to an increased entropy loss upon helix formation, since
B-branched side chains exhibit a smaller number of side-
chain conformations in helices versus random coils (51),
which is due to steric clashes between their side chains and
neighboring atoms of the helix (52,53). When applied to the
TMD helices investigated in this study, it is not surprising
that syb-L8 with its increased content of Leu as well as L16
exhibit decreased conformational flexibilities relative to syb-
wt and syx. Consequently, fusogenicity would depend on the
content in B-branched amino acids. Recent electron-spin
resonance spectroscopy data support the idea of flexible
SNARE TMDs. These experiments demonstrated significant
motional dynamics of the oligo-Val stretch that constitutes
the C-terminal half of the yeast SNARE Ssolp TMD that was
embedded in a bilayer (15).

With syb-multA, only one Ile residue is mutated. Strong
effects on flexibility are thus not to be expected in this case.
Rather, the previously-noted (22) lower fusogenicity of syb-
multA relative to syb-wt (22) may be due to a partial arrest at
the hemifusion intermediate. In hemifusion, outer leaflets
have mixed while inner leaflets stay separate (54,55). An

Biophysical Journal 95(3) 1326-1335
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impaired hemifusion-to-fusion transition has previously been
related to reduced self-interaction of the vacuolar yeast
SNARE Vam3p TMD (20,21). Indeed, our preliminary re-
sults suggest that liposome fusion by syb-multA results in
partial arrest at hemifusion (W. Stelzer and D. Langosch,
unpublished results).

SUPPLEMENTARY MATERIAL
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