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Proper positioning of membrane proteins in the host membrane is often critical to successful protein func-
tion. While hydrophobic considerations play a dominant role in determining the topology of a protein in the
membrane, amphiphilic residues, such as tryptophan, may ‘anchor’ the protein near the water–membrane
interface. The SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptor) family of
membrane proteins mediates intracellular membrane fusion. Correct positioning of the SNAREs is necessary
if fusion is to occur. Synaptobrevins are integral vesicle membrane proteins that are well conserved across
species. Interestingly, mammalian Synaptobrevins typically contain two adjacent tryptophans near the
water-membrane interface whereas the Drosophila, neuronal-Synaptobrevin (n-Syb), contains a single
tryptophan in this same region. To explore the role of these tryptophan residues in membrane positioning,
we prepared a peptide containing residues 75–121 of D. melanogaster n-Syb in DPC micelles, biosynthetically
labeled with 4-fluorophenylalanine and 5-fluorotryptophan for the examination by 19F NMR spectroscopy.
Mutations of this construct containing zero and two tryptophan residues near the water-membrane interface
resulted in changes in the positioning of n-Syb in the micelle. Moreover, the addition of a second tryptophan
appears to slow dynamic motions of n-Syb near the micelle–water interface. These data therefore indicate
that juxtamembrane tryptophan residues are important determinants of the position of Synaptobrevin in
the membrane.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The fusion of cellularmembranes, guided by key proteins thatmedi-
ate membrane disruption and association, presents a fundamental bio-
physical problemwhere the repulsive forces betweenmembranesmust
be overcome [1]. A solution to this problem is achieved with the SNARE
(soluble N-ethylmaleimide-sensitive factor attachment protein recep-
tor) superfamily of membrane proteins [2,3]. These proteins share an
evolutionally conservedmotif of 60–70 amino acids [4], and are located
in both the vesicle and target membranes. During membrane fusion,
SNAREs from both target and vesicle membranes combine to form a
four-helix complex. A well-characterized example of SNARE mediated
fusion is the neuronal exocytosis, where two cellular membrane
Drosophila melanogaster n-
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proteins, syntaxin-1A [5], and SNAP-25 (synaptosomal associated pro-
tein of 25 kD) [6] complex with VAMP-1/-2 (vesicle associated mem-
brane protein, also referred to as Synaptobrevin) [7,8]. It is thought
that the complex remains partially assembled [9], until calcium binding
to syntaptotagmin [10] triggers full assembly. Energy released [4] upon
formation of the ternary stable parallel coiled coil [11] SNARE complex
is believed to provide the energy necessary formembrane fusion [12–14].

Of particular interest is the VAMP subfamily of SNARE proteins,
which have been characterized across awide range of species, including
yeast [15], Drosophila melanogaster [16], rat [17,18], Torpedo californica
[7], and human [19]. VAMPs consist of a variable N-terminal domain, a
conserved SNARE domain, a conserved linker (or juxtamembrane) re-
gion, a conserved transmembrane domain and a variable intravesicular
C-terminal region.Whilemuch attention has been focused on studies of
the SNAREdomain, less has beenpaid to the linker regionwhich contains
highly conserved aromatic and positively charged residues. These resi-
dues have been shown to interact with membrane phospholipids
[20,21] and may be important for membrane fusion. Moreover, it has
been proposed that these interactions play a role in lipid mixing during
SNARE complex formation [4,22]. Additionally, several of these residues
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Fig. 1. NH-HSQC spectra of wt-TM-n-Syb (left), AA-TM-n-Syb (center), and WW-TM-n-Syb (right). Both the “AA” and “WW”mutants exhibit similar HSQC spectra as the wild type,
indicating that the mutations do not grossly alter the structure of n-Syb.
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may interactwith Syntaxin during thefinal stage of SNARE complex for-
mation andmembrane fusion [23]. Thus, aromatic and charged residues
in the linker region may be essential for membrane fusion.

The linker region of mammalian VAMP2 contains two consecutive
tryptophan residues (positions 89 and 90) which have been reported
to localize at the membrane–water interface [22]. Mutation of these
residues to alanine severely inhibits neuronal exocytosis in cultured
mouse hippocampal neurons with complete loss of evoked transmit-
ter release and yet an increase in spontaneous fusion [24]. Other
works assessing fusion with mutations to this region have produced
conflicting results with no effect on fusion of liposomes [25], an in-
crease in fusion of liposomes [26] and decreased exocytosis from
PC12 cells [27]. The mechanisms underlying these divergent results
have yet to be fully described.

Due to the amphipathic nature of the membrane–water interface,
membrane proteins are often anchored to the membrane by distrib-
uting tryptophan and tyrosine residues at the interface [28–30]. In
fact, the position of Trp residues in a membrane protein can have pro-
found effects on immersion depth and protein orientation [31]. Tryp-
tophan residues have been suggested to serve as “anchors” at the
membrane interface [32–34], thus stabilizing transmembrane regions
of the protein. This may allow force, generated during SNARE com-
plex assembly, to be transduced to the membrane [4,35,36]. Indeed,
De Haro et al. found that mutation of tryptophan residues increased
water exposure of this normally buried region of the molecule [37].
In VAMP2, strong anchoring by tryptophan (residue 89), along with
presence of a lysine (residue 94) just inside the membrane, may
force the transmembrane domain to adopt an oblique 36° angle
with respect to the membrane which is thought to promote fusion
[38].

Tryptophan's fundamental role in membrane fusion is exemplified
through work on viral fusion proteins. Mutation of tryptophan and
other aromatic residues in Herpes Simplex Virus fusion proteins reduced
both membrane association and fusogenic activity [39]; similarly, muta-
tion of aromatics inhibited membrane fusion of HIV [40], and influenza
[41]. In addition, tryptophan has been shown to be important in mem-
brane anchoring and maintenance of secondary structure in Ebola fusion
proteins [42]. Interestingly the biophysical challenges that need to be
overcome and mechanisms employed are similar for membrane fusion
by both viruses and cells. This includes strong anchoring of proteins to
membranes that are subsequently forced into close opposition causing
first hemi-fusion and then full fusion (see [43] for a review). Therefore,
studying the role of tryptophan inmembrane anchoring and fusion across
various biological models provides insight fundamental to biology.

The VAMP familymember responsible for neurotransmitter release in
Drosophila melanogaster is known as neuronal-Synaptobrevin (n-Syb)
[44], and it provides a unique tool to study this mechanism because it
possesses only one tryptophan residue (W89) in the linker region [45].
Does the presence of a second tryptophan significantly improve anchor-
ing of the protein in the membrane? Conversely, how does the substitu-
tion of tryptophan with another residue affect n-Syb topology? In this
work we explore the effect of tryptophan residues on the immersion
depth of n-Syb peptides in DPC micelles, using constructs that contain
zero (W89A/L90Amutant), one (wild-type), or two (L90Wmutant) tryp-
tophan residues.

2. Observing n-Syb by 19F NMR

The 1H nuclei naturally present in proteins are readily detected by
NMR, and for small membrane peptides where the 1H spectra are
well-resolved, immersion depth studies require no modification or
isotopic enrichment of the protein [46]. The 1H spectrum of n-Syb,
however, contains significant overlap of peaks and is too complex to
be assigned. In such cases, NMR studies typically rely on one of the
two methods to improve spectral resolution: isotopic enrichment,
or the incorporation of an NMR-active probe moiety. Isotopic enrich-
ment, with 15N and 13C, allows multidimensional NMR experiments
and the concomitant increase in spectral resolution. Alternatively,
the introduction of specific NMR probes, via biosynthetic labeling or
chemical modification, provides a means of studying specific sites
on the protein, reducing extraneous information and obviating the
time-consuming assignment of 15N,13C-labeled proteins. Moreover,
large proteins labeled thusly may be studied via one-dimensional
NMR spectroscopy, requiring less spectrometer time than a multi-
dimensional NMR-based approach.

In this work, 5-fluorotryptophan and 4-fluorophenylalanine are
introduced biosynthetically into n-Syb and its twomutants, providing
two to four 19F reporter groups. This simple substitution, of a 1H atom
for a 19F atom, provides a powerful tool to study n-Syb, owing to the
high gyromagnetic ratio (94% that of 1H), absence of 19F in natural
systems, and the high sensitivity of the 19F chemical shift to changes
in local environment. In particular, F88, which is adjacent to the an-
choring tryptophan residue in n-Syb, reports directly on the immer-
sion depth of residues in this region.

3. Results and discussion

To confirm that our desiredmutations did not alter the overall struc-
ture of the n-Syb, we collectedNH-HSQC spectra of 15N-labeled samples
of each construct. The NH-HSQC is a fast method of ‘fingerprinting’ the
backbone conformation of a sample. If a mutation does not affect the
overall structure, the ‘fingerprint’will be very similar (i.e. only the mu-
tated residues will have large chemical shift changes). On the other
hand, any mutations affecting the overall structure of the peptide (e.g.
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Fig. 3. Cartoon schematic of a 4-fluorophenylalanine residue in an alpha helical protein
embedded in a detergent micelle (similar to the F88 residue of wt-TM-n-Syb). Transla-
tional motion of the 19F atom, as suggested by the double arrow, would give rise to
chemical exchange between water-exposed and micelle-exposed states. Exchange
rates on the order of the difference in chemical shift between the two states result in
an increase of NMR linewidths, as observed for wt-TM-n-Syb.

2996 M.S. Al-Abdul-Wahid et al. / Biochimica et Biophysica Acta 1818 (2012) 2994–2999
the breakage of a disulfide bond) will cause large changes in the chem-
ical shifts of multiple peaks, resulting in a different ‘fingerprint’. The
spectra of the wild-type fragment (wt-TM-n-Syb), theW89A/L90Amu-
tant (AA-TM-n-Syb) and the L90W mutant (WW-TM-n-Syb) are very
similar (Fig. 1), indicating that the mutations do not affect the overall
structure of the protein.

19F spectra of wt-TM-n-Syb (Fig. 2) exhibit three peaks: one from the
5-fluorotryptophan at residue 89 (−124.6 ppm) and two from the
4-fluorophenylalanines at residues 77 (−116.1 ppm) and residue 88
(−115.6 ppm). The two 4-fluorophenylalanine residues were assigned
using an F77A mutant of wt-TM-n-Syb (data not shown).

3.1. Effects of temperature on the immersion depth of F88

19F chemical shifts are highly sensitive to changes in local environ-
ment. For 19F atoms in membrane proteins, an increase in the immer-
sion depth in the micelle/bilayer results in a downfield shift of 19F
resonances, [47] due to an increase in the number of nearby aliphatic
1H atoms. To examine the ability of tryptophan to ‘anchor’ n-Syb in
the micelle, we collected 19F 1D spectra as a function of temperature
(Fig. 2), and consider the temperature dependence of the 19F chemi-
cal shifts. In order to account for the sensitivity of the 19F chemical
shift to temperature (i.e. in the absence of changes in immersion
depth), we also collected 19F spectra of free 4-fluorophenylalanine
in aqueous solution, and observed a small (b0.1 ppm/ 10 °C) temper-
ature dependence on chemical shift (Figure SI-1). In wt-TM-n-Syb,
both F77 and W89 exhibit similar (b0.1 ppm/ 10 °C) small tempera-
ture dependences on their chemical shifts, suggesting no change in
environment (Figures SI-1 and SI-2). Meanwhile, F88 shows a pro-
nounced downfield shift (−0.2 ppm/10 °C) at lower temperatures
(Fig. 2), indicating that F88 is more deeply embedded in the micelle
at lower temperatures. Interestingly, at these colder temperatures,
downfield shifts are accompanied by an increase in peak linewidth
of F88. Such increases are consistent with exchange broadening
resulting from sampling two different chemical environments.

Taking into account the proximity of F88 to themicelle–water inter-
face, the increase in the peak linewidth of F88 at lower temperatures
suggests that the 19F atom ‘criss-crosses’ the micelle–water interface
(e.g. a ‘bobbing’-type motion, Fig. 3). In n-Syb, the amplitude of the
-125-123-121-119-117-115
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Fig. 2. 19F NMR spectra of wt-TM-n-Syb biosynthetically labeled with 5-fluorotryptophan
and 4-fluorophenylalanine at 293 K (a), 310 K (b) and 318 K (c).
motions leading to this exchange must be small, as the adjacent W89
residue is not strongly broadened, nor does W89 exhibit downfield
shifts at lower temperatures, indicating that W89 does not undergo a
change in local environment. Therefore, if the motions giving rise to
the observed F88 dynamics are in fact ‘whole-body’motions, the ampli-
tude must be sufficiently small to keep the chemical environment sur-
rounding W89 unchanged. More likely, the motions are localized to
the F88 sidechain.

To determine the effect of adding or removing tryptophan resi-
dues on the dynamics of n-Syb in the vicinity of F88, we compare
the temperature dependence of the F88 chemical shift in the “AA”
and “WW” mutants to that of the wild-type (Fig. 4). Replacing W89
with an alanine (i.e. AA-TM-n-Syb) does not affect the temperature
dependence of the F88 chemical shift; both the line broadening (not
shown) and downfield shift of F88 are similar to the wild-type con-
struct. The removal of the juxtamembraneous tryptophan does not
appear to significantly alter n-Syb dynamics near the micelle–water
interface.

Adding a second tryptophan near F88 (i.e. WW-TM-n-Syb) changes
the chemical shift profile of F88 (Fig. 4). Here, F88 exhibits only small
upfield shifts at low temperature, consistent with the normal tempera-
ture dependence of 19F-bearing residues not undergoing a change in
local environment. We conclude that the addition of a second trypto-
phan ‘anchors’ the position of F88 in the micelle, reducing the motions
that give rise to chemical exchange.
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Fig. 4. 19F chemical shift of 4-fluorophenylalanine biosynthetically substituted for F88
of wt-TM-n-Syb (blue diamonds), AA-TM-n-Syb (red circles) and WW-TM-n-Syb
(green squares) as a function of sample temperature.



Temperature (K)

S
ol

ve
nt

 In
du

ce
d 

Is
ot

op
e 

S
hi

ft 
(p

pm
)

300 310 320

-0.20

-0.15

-0.10

-0.05

0.00

AA

wt

WW

Fig. 6. 19F solvent induced isotope shifts (SIIS) of 4-fluorophenylalanine biosynthetical-
ly substituted for F88 of wt-TM-n-Syb (blue diamonds), AA-TM-n-Syb (red circles) and
WW-TM-n-Syb (green squares) as a function of sample temperature. SIIS values are
equal to δ(D2O)–δ(H2O); SIIS values of zero indicate no exposure to water, while in-
creasingly negative values suggest greater exposure. Samples contained 1 mM sodium
fluoride, which was used as a chemical shift reference.
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3.2. Oxygen-induced paramagnetic contact shifts of F88

Oxygen is a paramagnetic compound; the unpaired electrons of O2

alter the chemical shifts of nearby 19F nuclei. Themagnitude of this phe-
nomenon, termed the contact shift, scales with local [O2]. Owing to the
polarity gradient across themicelle, local [O2] is a function of immersion
depth in the micelle; at a partial O2 pressure of 20 bar and a tempera-
ture of 45 °C, local [O2] spans a factor of seven, from ~15 mM in the
bulk water to ~105 mM in micelle core. O2 contact shifts (Fig. 5) thus
provide a measure of the relative immersion depth of F88 across the
three proteins, with a larger contact shift indicating greater burial in
the micelle.

Relative to the wild-type construct, the loss of the tryptophan and
introduction of two hydrophobic alanine residues pulls the F88 of
AA-TM-n-Syb deeper into the micelle, as evidenced by the larger con-
tact shift (Fig. 5). Conversely, for the wild-type construct, W89 prefer-
entially resides near the micelle–water interface, relegating F88 to a
more water-exposed region than in AA-TM-n-Syb, where the ob-
served contact shift is smaller. The addition of a second tryptophan
in this region marginally reduces the contact shift of F88, suggesting
that the average immersion depth of F88 is not substantially affected
by the introduction of a second tryptophan, although this does not
preclude the reduction of exchange dynamics by a second tryptophan
anchor.
3.3. Solvent-induced isotope shifts (SIIS) of F88

The sensitivity of 19F chemical shifts to their local environments is
such that the substitution of H2O for D2O in the solubilizing buffer
shifts peaks by as much as 0.25 ppm [48]. The magnitudes of these
solvent-induced isotope shifts (SIIS) scale with local water concentra-
tion and serve as another measure of micelle immersion depth. SIIS
values of zero are expected for nuclei located in the micelle center,
where water is excluded [47,49]. At the micelle/water interface,
where the [H2O] gradient is steep, SIIS values are a function of the im-
mersion depths of 19F nuclei in this region [50]. The measurement of
SIIS for the three n-Syb constructs (shown in Fig. 6) complements the
earlier analysis of O2-contact shifts.

Consistentwith the above analysis of the O2-contact shift data, the de-
gree of water exposure at F88 increases with increasing tryptophan con-
tent. Comparatively low SIIS values for the F88 residue of AA-TM-n-Syb,
are consistent with our assertion that the hydrophobic W89A/L90A sub-
stitutions drag F88 into the micelle. In wt-TM-n-Syb, the anchoring of
W89near themicelle–water interface places F88 in amorewater exposed
region, as evidenced by the greater magnitude of the F88 SIIS in this con-
struct. The addition of a second tryptophan (i.e.WW-TM-n-Syb) serves to
further push F88 away from themicelle. Themagnitudes of the SIIS for all
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Fig. 5. Oxygen-induced contact shifts of 4-fluorophenylalanine biosynthetically
substituted for F88 for all three n-Syb constructs, arising from an O2 partial pressure
of 20 bar, at 45 °C. Contact shift values are equal to δ(O2)–δ(He).
three constructs increase with temperature, indicating a preference for
the micelle-bound state at lower temperatures.
4. Conclusions

A 19F NMR analysis reveals the important role of tryptophan residues
onmembrane anchoring and dynamics of neuronal-Synaptobrevin. Mu-
tation of the interfacial tryptophan residue (W89) in n-Syb allows hydro-
phobic considerations to dictate n-Syb immersion depth, resulting in F88
being pulled deeper into the micelle. The presence of an interfacial tryp-
tophan residue anchors n-Syb such that F88 is raised out of the micelle,
into a water-exposed region.

19F chemical shifts and linewidths suggest that AA-TM-n-Syb and
wt-TM-n-Syb undergo some form of chemical exchange at lower tem-
peratures. We envisage this as a “bobbing” type motion; as F88 is
expected to reside near the micelle/water interface, local motions of
n-Syb may result in F88 bobbing back and forth between two regions
with differing degrees of water exposure. We observed the elimination
of this chemical exchange upon the addition of a second tryptophan res-
idue near F88, which we attribute to the increased anchoring effect of
the two adjacent tryptophan residues.

We know from previous work that proteins of the Synaptobrevin
family are critical for vesicle fusion in general, and neural synaptic
transmission in particular. For example, the loss of Synaptobrevin,
through genetic techniques, or cleavage of the protein by Tetanus
toxin, profoundly impairs synaptic vesicle release [51,52]. Aromatic
and charged residues are highly conserved in the juxtamembrane re-
gion of Synaptobrevins and may play a role in vesicle fusion.

The role of tryptophan as an anchor to precisely position a protein
in a membrane has been demonstrated [20,21]. A functional role for
tryptophan has also been shown since elimination of tryptophan res-
idues from viral fusion proteins inhibits viral fusion [39–41]. In a
physiological study of VAMP2, the mutation of tryptophan in the link-
er region to alanine, has been shown to negatively affect neurotrans-
mitter release in cultured hippocampal cells [24], and exocytosis from
PC12 cells [27]. It has been hypothesized that strong anchoring of the
protein in the membrane by tryptophan is necessary to efficiently
transfer energy during SNARE complex to complete membrane fusion
[12–14]. However, to our knowledge, no atomic level structural stud-
ies of tryptophan to alanine mutations in the Synaptobrevin family
have been performed to support this hypothesis. Thus, our work on
n-Syb clearly demonstrates tryptophan's role in anchoring and posi-
tioning the protein in the membrane and supports the hypothesis
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that the deleterious physiological affects observed in different sys-
tems may result from decreased anchoring.

While highly conserved, the amino acid sequence of the
juxtamembrane region of n-Syb differs from VAMP2 (n-Syb:84-KLKR
KFWLQNLK-94; VAMP2:84-KLKRKYWWKNLK-94). The fact that n-Syb
has only one tryptophan residue presented us with the opportunity to
test the effect of either the addition or removal of one tryptophan on
the native structure. The decision to produce a double alanine mutant
(i.e. AA-TM-n-Syb) rather than a single W89A mutation was made to
allow comparison to previous work on double alanine mutants of
VAMP2 [24,25,27]. Although mutation of L90 for the less hydrophobic
alanine residue may have decreased the immersion depth of F88 in
themicelle, we expect this decrease to beminor,without any significant
impact on the findings of this study. Interestingly, adding one trypto-
phan did increase peptide anchoring to the micelle, which is consistent
with the anchoring hypothesis. At present we cannot answer the ques-
tion of why Drosophila n-Syb has only one tryptophan while mammali-
an VAMP2 has two, because there are other differences between the
two proteins that we have not yet accounted for. Our WW-TM-n-Syb
construct is simply n-Syb with an additional tryptophan and differs
fromVAMP2 in the SNARE, linker and transmembrane domains. An inter-
esting area to explore is the relationship of these VAMP/Synaptobrevin
family members to other species-specific differences in membrane com-
position or accessory protein structure. For example, mammalian mem-
branes are high in phosphatidylcholine with a substantial amount of the
negatively charged phospholipid phosphatidylserine, while dipteran
membranes are predominantly composed of phosphatidylethanolamine
with very little phosphatidylserine [53]. Answering these questions
using different experimental systems, across a variety of model organ-
isms, will help determine the fundamental role that aromatic and
charged residues play in membrane fusion.

Altogether our data support the idea that tryptophan residues
near the membrane–water interface are important determinants of
Synaptobrevin peptide depth within the micelle environment. Our fu-
ture work will address the physiological importance of these results
by introducing these mutants into Drosophila synapses using trans-
genic technology.

5. Materials and methods

The cDNA clone for n-Syb in a pOT2 vector (isoform PE; GH4664;
chloramphenicol resistance) was obtained from the Drosophila Geno-
mics Resource Center. Primers (Sigma-Aldrich) incorporating NdeI
and BamHI restriction sites were used to PCR amplify the coding se-
quence for the 47 residue peptides (Residues 75–121, SQFEQQAGKLK
RKFWLQNLKMMIIMGVIGLVVVGIIANKLGLIGGEQ) encoding a portion
of the SNARE domain, the entire linker and transmembrane domains
and a portion of the intravesicular domain. The PCR product was puri-
fied in 3.5% low melting temperature gel (NuSieve GTG Agarose, Man-
del). pET15b vector (Novagen; ampicillin resistance) was digested
with NdeI and BamHI, CIP treated and gel purified. The vectorwas com-
bined with the PCR product in low temperature gel, ligated at room
temperature overnight and transformed into DH5α competent cells
(New England Biolabs). Site directed mutagenesis was employed to
produce the following clones: L90W (WW-TM-n-Syb), W89A L90A
(AA-TM-n-Syb), and F77A, which were subsequently confirmed by se-
quencing (ACGT Corp, Toronto). Clones were transformed into BL-21
(DE3) competent cells (Novagen) along with a vector (Magic, kanamy-
cin resistance) incorporating coding for rare tRNA (gift from Dr. W.S.
Trimble, University of Toronto). Thefinal 68 residue peptide incorporat-
ed a 6xHis-tag and thrombin cleavage site (MGSSHHHHHHSSGLVPRGS
HMSQFEQQAGKLKRKFWLQNLKMMIIMGVIGLVVVGIIANKLGLIGGEQ).

Protein expression in M9 media and subsequent purification was
performed based on an established method for membrane proteins [54],
and is detailed in the supporting information. 5-fluorotryptophan and
4-fluorophenylalanine-labeled samples were produced by glyphosate-
induced auxotrophy of the production of aromatic amino acids [55]. Brief-
ly, as cell cultures reached an OD of 1.0, glyphosate (1 g/L) was added to
stop the production of Phe, Trp, and Tyr residues by E. coli. Unlabelled ty-
rosine (37.5 mg/L)was also added at this time. Afterwaiting for 1 h to en-
suredepletion of any remaining Trp andPhe residues, 5-fluorotryptophan
(36 mg/L) and 4-fluorophenylalanine (36 mg/L) were added to the cell
culture, and protein expression was immediately induced using IPTG.
After 6 h, cells were collected by centrifugation and stored at −20 °C.
Protein purification (supporting information) was conducted using a de-
naturing protocol based on that described by Sanders and co-workers
[56].

NMR experiments were performed on a 600 MHz Varian Inova spec-
trometer equippedwitha triple resonance coldprobe capableof tuning to
19F (564 MHz), or a triple resonance room temperature probe also capa-
ble of tuning to 19F. Typical HSQC spectrawere acquiredwith 64 scans per
increment and 160 increments, and processed with the NMRPIPE pro-
cessing suite. 19F 1D spectra were typically acquired in 1 h, with 2048
scans and an interscan delay of 1.3 s. 19F spectra were processed using
both VNMRJ (Agilent) and MestReNova (Mestrec). A fifth order polyno-
mial baseline correction was applied to remove 19F signals arising from
the fluorinated materials in the probe assembly.

O2-PRE values were obtained using a 5 mm sapphire NMR tube
(Saphikon, NH), with a home-built Swage-lok fitting. Samples were
pre-equilibrated at an O2 partial pressure of 20 bar for at least two
days prior to measuring relaxation rates to ensure a constant [O2]
during the experiments. Relaxation rates under diamagnetic condi-
tions were acquired on samples pressurized with He gas to a pressure
of 20 bar.

Solvent-induced isotope shifts were obtained as the difference in
chemical shift for samples pure (99%)D2O (Cambridge Isotopes Laborato-
ries, Andover, MA) and samples in 10% D2O/90% H2O (i.e. SIIS=δ100%
D2O−δ10% D2O/90% H2O). Sodium fluoride (1 mM)was added to all samples
as a chemical shift reference. In a separate experiment, the precise chem-
ical shifts of NaF in 100% D2O and in 10% D2O/90% H2O were simulta-
neously measured using a coaxial NMR tube.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbamem.2012.07.018.
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