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Abstract

Myelin basic protein (MBP, 18.5 kDa isoform) is a peripheral membrane protein that is essential
for maintaining the structural integrity of the multilamellar myelin sheath of the central nervous
system. Reconstitution of the most abundant 18.5 kDa MBP isoform with lipid vesicles yields an
aggregated assembly mimicking the protein’s natural environment, but which is not amenable to
standard solution NMR spectroscopy. On the other hand, the mobility of MBP in such a system is
variable, depends on the local strength of the protein—lipid interaction, and in general is of such a
time scale that the dipolar interactions are averaged out. Here, we used a combination of solution
and solid-state NMR (ssNMR) approaches: J-coupling-driven polarization transfers were
combined with magic angle spinning and high-power decoupling to yield high-resolution spectra
of the mobile fragments of 18.5 kDa murine MBP in membrane-associated form. To partially
circumvent the problem of short transverse relaxation, we implemented three-dimensional
constant-time correlation experiments (NCOCX, NCACX, CONCACX, and CAN(CO) CX) that
were able to provide interresidue and intraresidue backbone correlations. These experiments
resulted in partial spectral assignments for mobile fragments of the protein. Additional nuclear
Overhauser effect spectroscopy (NOESY)-based experiments revealed that the mobile fragments
were exposed to solvent and were likely located outside the lipid bilayer, or in its hydrophilic
portion. Chemical shift index analysis showed that the fragments were largely disordered under
these conditions. These combined approaches are applicable to SSNMR investigations of other
peripheral membrane proteins reconstituted with lipids.
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1. Introduction

The “classic” 18.5 kDa isoform of myelin basic protein (MBP) is a peripheral membrane
protein that plays diverse functional roles in maintenance of mature myelin in the central
nervous system [1,2]. The most important function of this protein is to adhere the
cytoplasmic faces of the oligodendrocyte membrane in close apposition to form the
multilamellar myelin sheath. Various biophysical approaches have been applied to study
MBP’s interactions with the myelin membrane [1], including site-directed spin labelling
(SDSL) and electron paramagnetic resonance (EPR) spectroscopy [3-5]. These latter studies
have shown that portions of the protein are relatively deeply embedded in the lipid bilayer,
whereas other segments are exposed to the cytoplasm. Recent solid-state NMR
spectroscopic studies have shown that MBP does not significantly disrupt the integrity of the
lipid bilayer [6].

All known forms of MBP (splice and post-translationally modified variants) are
“intrinsically disordered”, a large class of proteins which are generally extended and
conformationally adaptable, only adopting a definite tertiary fold in the presence of some
interacting partner [1,7]. The most suitable direct structural probe for this class of proteins is
NMR spectroscopy [1,8,9]. Previously, we have described solution NMR studies of 18.5
kDa rmMBP (or rmC1, a completely unmodified form, 176 residues including a C-terminal
LEHg tag) in 30% TFE-d, (deuterated trifluoroethanol), a membrane-mimetic solvent [10].
More recently, these studies have been extended to rmMBP in KCI solution, a more
physiological condition [11]. A peptide fragment encompassing an immunodominant
epitope of MBP has also been characterised by solution NMR spectroscopy in aqueous
buffer, in 30% TFE-d,, and in dodecylphosphocholine micelles [12]. However, solution
NMR methodology is difficult to apply to studies of MBP:lipid complexes formed with the
full-length protein, conditions where MBP is known to have an increased proportion of
ordered secondary structure (reviewed in [1]). Such reconstituted systems can be adapted, in
principle, for solid-state NMR studies.

Solid-state NMR (ssNMR) spectroscopy is proving to be a powerful, emerging technique in
structural biology, in its ability to yield biomolecular information at the atomic level.
Spectral assignments in uniformly 13C,1°N-labelled microcrystalline proteins, and more
recently in amyloid fibrils and membrane proteins, appear with increasing regularity [13—
23]. In particular, several notable studies include the determination of high-resolution
structures of the tripeptide MLF [24], of the alpha-spectrin SH3 domain [17], and of a short
peptide fragment of transthyretin [25]. Recent progress in magic angle spinning (MAS)
sSNMR spectroscopy [26] has also enabled studies of large, macroscopically unoriented
membrane proteins [27-30].
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Peripherally membrane-associated MBP represents a completely different system from most
globular, amyloid-forming and integral membrane proteins. In contrast to other systems
where a significant degree of mobility for relatively small fragments has been reported
[21,23,29,31], much of the MBP is surface-accessible when it interacts with lipids, and is
therefore highly conformationally flexible. These observations stem from pioneering NMR
studies of this protein [32,33], as well as from more recent SDSL-EPR investigations [3].
Fast molecular motions result in averaging of dipolar interactions in the protein, thus
necessitating the development of new NMR spectroscopic strategies. The motions can be
stopped by going to low temperatures, but the resulting sample exhibits a very high degree
of disorder, rendering standard sSNMR approaches inapplicable. At higher temperatures, on
the other hand, the results of previous NMR spectroscopic investigations of bovine 18.5 kDa
MBP [32,33], and our SDSL-EPR studies on 18.5 kDa rmMBP [3], suggest that fragments
of the protein would be sufficiently mobile to remove most of the dipolar interactions and to
facilitate through-bond polarization transfers. Here, we combined solution NMR INEPT
[34] (insensitive nuclear enhancement of polarization transfer)-based methodology with
magic angle spinning and high-power decoupling to study the mobile portion of the
membrane-associated protein.

In order to progress in resonance assignment in such a semi-mobile system, constant-time
NCACX/NCOCX experiments were performed that combined NC INEPT transfer steps and
indirect chemical shift evolutions to minimise the relaxation losses. We have also devised
complementary three-dimensional constant-time experiments, CONCACX and
CAN(CO)CX, to facilitate the sequential assignment process. Using these combined
approaches, we have achieved a partial assignment of the mobile fragments of membrane-
associated 18.5 kDa MBP.

2. Materials and methods

2.1. Materials

Electrophoresis grade chemicals such as acrylamide were purchased from ICN Biomedicals
(Costa Mesa, CA). Most other chemicals were reagent grade and acquired from either Fisher
Scientific (Unionville, ON) or Sigma-Aldrich (Oakville, ON). Electrophoresis grade sodium
dodecyl sulphate (SDS) was obtained from Bio-Rad Laboratories (Mississauga, ON). The
NiZ*-NTA (nitrilotriacetic acid) agarose beads were purchased from Qiagen (Mississauga,
ON). For uniform labelling of protein for NMR spectroscopy, the stable isotopic compounds
15NH,CI, and 13Cg-glucose were obtained from Cambridge Isotope Laboratories (C.1.L.,
Andover, MA). The lipids DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) and
DMPG (1,2-dimyristoyl-sr-glycero-3-[phospho-rac-(1-glycerol)]) were purchased from
Avanti Polar Lipids (Alabaster, AL). The phosphorus assay standard [35,36] and the
Peterson assay kit were purchased from Sigma-Aldrich (Oakville, ON), and the latter assay
was performed according to the manufacturer’s instructions. The Micro Bicinchoninic Acid
assay kit was purchased from Pierce (Rockford, IL), and the assay was performed according
to the manufacturer’s instructions [37].
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2.2. Purification and characterisation of uniformly 13C,15N-labelled rmMBP

The unmodified “classic” 18.5 kDa recombinant murine MBP (rmMBP, or component
rmC1, with a C-terminal LEHg tag) was expressed in Escherichia coli and purified as
previously described by nickel-affinity chromatography [38,39]. An additional step of ion
exchange chromatography served to remove minor contaminating material [40]. Protein
eluate from the column was dialysed (using tubing with A4 cutoff 6000-8000 Da) twice
against 2 L of buffer (50 mM Tris—HCI, pH 7.4, 250 mM NacCl), twice against 2 L of 100
mM NacCl, and finally four times against 2 L ddH,0. Uniformly 13C 15N-labelled protein
was cultured in cells grown in M9 minimal media [10]. Protein concentrations were
determined by measuring the absorbance at 280 nm, using the extinction coefficient
£=12950 M~ cm~1 for rmMBP (as calculated by SwissProt for protein in 6.0 M guanidine
hydrochloride, 0.02 M phosphate buffer, pH 6.5). Purity of the protein preparation was
assayed by SDS-polyacrylamide gel electrophoresis, with results (a major band representing
undegraded, unmodified rmMBP) consistent with our previous investigations [38,39].

2.3. Preparation of large unilamellar lipid vesicles (LUVS)

The only “functional” assay of MBP is its ability to aggregate lipid vesicles [41,42], and it
was decided to use this phenomenon as the basis for preparing reconstituted protein—lipid
samples for sSNMR spectroscopy. To prepare large unilamellar vesicles (LUVS), the DMPC
and DMPG lipids were combined in a 1:1 mass ratio, placed at the bottom of 15-mL glass
tubes, and dissolved in methanol:chloroform:ddH,0=2:1:1. The organic solvent was dried
under a stream of nitrogen gas, followed by vacuum pump drying overnight. The LUVs were
prepared by hydrating the lipids in physiological buffer (2 mM HEPES-NaOH, pH=7.8, 100
mM NaCl, 1 mM EDTA) overnight with intermittent vortexing in the first hour. Water bath
heating was used to hasten the hydration of the lipids. An Avanti mini-extruder was used to
extrude the mixture of lipids through the 100-nm polycarbonate filter 35 times. The
concentration of phospholipids was determined by a standard phosphorus assay [35,36].
Vesicle size distribution was characterised by dynamic light scattering using a Zetasizer
Nano-S model ZEN1600 (633-nm “red” laser —Malvern Instruments) apparatus, which
indicated that the initial (prior to addition of MBP) particle size distribution was unimodal,
with a mean of 100 nm.

2.4. Aggregation of LUVs by rmMBP

The standard assay for the ability of MBP to adhere lipid monolayers together is the
measurement of the optical density (due to scattering) at 450 nm [41]. The aggregation of
DMPC:DMPG LUVs after the addition of our rmMBP preparations was, therefore,
monitored in this way [42]. The LUVs were prepared as described above. The rmMBP
preparation was diluted in the same buffer as the LUVs to a final concentration of 1 mg/mL.
The lipid vesicle aggregation assay was performed by adding the rmMBP to a fixed amount
of LUVs (1 mg lipids in 1 mL buffer) with an initial 1:1 protein-to-lipid mass ratio in 2-mL
microcentrifuge tubes, and mixing by inversion of the tube several times. Samples were
incubated for 2 h at room temperature, and optical density at 450 nm measured in a
spectrophotometer.
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After measurement of the optical density, the sample was spun down at 14,000 rpm for 10
min in a microcentrifuge for measurement of lipid and protein composition. The pellet was
dissolved in 200 pL 1% SDS, and 800 puL MilliQ water was added to make the final volume
1 mL. The amount of lipid present was determined by the standard phosphorus assay
[35,36]. The amount of protein in the reconstituted samples was determined by a Micro
Bicinchoninic Acid assay [37].

2.5. Reconstitution of rmMBP into lipid vesicles for NMR experiments

Reconstituted protein—lipid samples were prepared for NMR spectroscopy by adding 1 mg
rmMBP (at 1 mg/mL) in buffer to 1 mg of lipids (in LUV form, also at 1 mg/mL), mixing by
inversion of the sample tube, and incubating for 2 h at room temperature. In general, ten
vials (a total of ~7-8 mg of uniformly 13C,15N-labelled protein) were prepared in this way,
spun down at 14,000 rpm in a benchtop microcentrifuge, and packed into a 3.2-mm rotor.
We used 31P NMR spectroscopy to confirm that all spectra were recorded in the liquid
crystalline phase [43]. The 13C spectra recorded for different protein:lipid mass ratios up to
0.7 were essentially identical. Carbon and proton linewidths were found to be independent
of the spinning frequency in the range of 6 kHz to 22 kHz.

2.6. Solid-state NMR experiments—instrumentation and processing

One-dimensional, two-dimensional 1H-13C, 1H-15N, and three-dimensional 1H-13C-13C
correlation experiments were performed on a Bruker (Bruker BioSpin GmbH, Rheinstetten,
Germany) Avance |11 spectrometer operating at a proton Larmor frequency of 600.13 MHz.
Triple resonance 1H-15N-13C experiments for spectroscopic assignments were all
performed on a Bruker Avance |1l spectrometer operating at a proton Larmor frequency of
800.13 MHz. In all experiments, we used 3.2-mm triple-channel HCN solid-state NMR
magic angle spinning probes. The external magnetic field stability was controlled using an
external D,O-based lock. One-dimensional control experiments were always collected after
each multidimensional experiment to monitor the stability of the lock. Unless stated
otherwise, the experiments described below were performed at a temperature of 32 °C. In
the course of our studies, we found that the line intensities recorded at high magic angle
spinning frequencies in the range of 15-22 kHz decayed over the course of a few days. This
decay occurred reversibly, i.e., the original intensities could be restored when the spinning
was stopped for a few hours, probably owing to a reversible water:lipid phase separation
occurring in the sample. Thus, the magic angle spinning frequency of 10 kHz was used in all
experiments presented in this work. Further experimental details are discussed in the
following sections.

All spectra were processed with NMRPipe [44]. Additional acquisition and processing
parameters for each spectrum are included in the figure captions. Chemical shifts were
referenced to adamantane, with the downfield 13C resonance assigned to 40.48 ppm (parts
per million) [45]. Spectra were analysed with the programs Sparky, Version 3.1 (T.D.
Goddard and D.G. Kneller, University of California, San Francisco, CA), and CARA
(computer-aided resonance assignment) [46].
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Static 31P NMR spectroscopy was performed on the Bruker Avance 500-MHz spectrometer,
using an echo [47] experiment with 83 kHz two-pulse phase modulation (TPPM) decoupling
[48] during the echo delay and acquisition.

2.7. Multidimensional ssNMR spectroscopy—overview

This work focuses entirely on the identification and characterisation of the solvent-exposed
portions of lipid bilayer-associated MBP. Dipolar interactions are largely averaged out in
these mobile regions of the protein, thus necessitating the use of through-bond coherence
transfers for establishing two-dimensional and three-dimensional correlations. The pulse
sequences used in this study are shown in Fig. 1. In all experiments, heteronuclear transfers
were established through a refocused INEPT [34,49] experiment. We found that rotor-
synchronised TOBSY (total through-bond correlation spectroscopy) [50,51] mixing was the
most efficient way to establish homonuclear 13C-13C connectivities. We used P913 TOBSY
mixing with 60 kHz 13C radio frequency field strength in all experiments.

In the experiment depicted in Fig. 1A, intraresidue HCC correlations are recorded.
Polarization is first transferred from 1H to directly bonded 13C through the HC INEPT step,
and then further to directly bonded carbon spins. Frequency discrimination in the indirect 4
and & dimensions was achieved through time-proportional phase incrementation (TPPI)
[52]. In the following, all experimental parameters, such as INEPT delays, TOBSY mixing
times, etc., were directly optimised to result in maximum signal intensities. The optimal z;
and z, INEPT delay times were 1.4 ms and 0.9 ms, respectively. To remove the effect of
residual 1H-13C interactions during indirect and direct 13C detection, different decoupling
schemes were tested including WALTZ-16 (wideband, alternating phase, low-power
technique for zero-residual splitting) [53,54] and TPPM [48]. We found that TPPM
decoupling generally led to narrower carbon lines, which was especially important in the
triple resonance experiments, as explained below.

An HHCC experiment is shown in Fig. 1B. It is, in general, very similar to HCC correlation
but involves one additional polarization transfer step between protons. In this work, we used
through-space nuclear Overhauser effect (NOE) mixing [55,56].

Sequential backbone assignments of the backbone fragments of the protein were obtained
using three-dimensional chemical shift correlation NCOCX/NCACX and CONCACX/
CAN(CO)CX experiments (Fig. 1C and D). The CONCACX experiment correlates the
indirectly recorded chemical shifts of 13C’[/~1] and 1°N[/] with the directly detected shifts
of C[/CX[/]. The latter CAN(CO)CX experiment is capable of establishing correlations
between C%[/], N[/], and C*[/1]. Because of the restricted and possibly anisotropic
mobility in membrane-associated rmMBBP, the transverse relaxation was about an order of
magnitude shorter than would be the case for isotropically tumbling molecules in solution,
and the NC INEPT polarization transfer steps were associated with significant signal losses.
Additional signal losses occur during indirect £ and & chemical shift evolutions. To reduce
these losses, the three-dimensional NCACX, NCOCX, CONCACX, and CAN(CO)CX
experiments were implemented in a constant-time manner as shown in Fig. 1. In these
experiments, the #/6 15N/13C chemical shift evolutions and J-driven INEPT steps are
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performed simultaneously, thus minimising detrimental effects of the transverse relaxation
[57,58].

2.8. Multidimensional ssNMR spectroscopy—details of constant-time experiments

Here, we briefly describe how the NCOCX experiment works. The other constant-time
experiments (NCACX, CONCACX, and CAN(CO)CX) described in Fig. 1C and D are
based on similar principles. The NCOCX experiment starts with the excitation of 1°N
coherence, which is accomplished by the HN INEPT step. As with HC INEPT excitation,
the optimal z; and =3 INEPT periods were shorter than 1/(4Jyn) and were equal to 1.7 ms.
We will assume that at point “a” in the pulse sequence (Fig. 1C), the density matrix for an
individual nitrogen spin is in the state A,, where N denotes the 15N spin operator. In the
NCOCX experiment, J-coupling results in the formation of N,C, coherence after an overall
period 73 made up of #/2, 71/2, and 73/2 — #/2 periods in Fig. 1C. The 1°N chemical shift
encoding is achieved by the incrementation of #.

For the purpose of the following discussion, it is convenient to break down the 7; time as
follows. First, starting after the pulse with phase ¢, there are two #/2 periods with a phase
¢7 pulse in the middle. During this total # time, the 1N chemical shift and NCO J-coupling
evolve, while unwanted NCA J-interaction is refocused by the selective 180° pulse with
phase ¢, applied to the aliphatic spins. Second, the following two periods are of (71/2 -
4/2) duration each, with a hard 180° pulse with phase ¢g and a selective pulse with phase ¢y
in the middle; these pulses refocus the NCA J-interactions and 1°N chemical shifts, while
the NCO J-coupling evolves. The hard pulse with phase gg refocuses the 15N chemical shift
evolution that occurs during the selective pulse with phase ¢;. The net results are that the
NCO J-coupling evolves for a total time of 73, while the 1°N chemical shift evolves for a
time 4. Likewise, the conversion of the 13C antiphase coherence created by the 90° pulses
with phases ¢ and ¢4, starting at point “b” in Fig. 1C, is accomplished in a very similar
constant-time manner.

An advantage of such an implementation of NCO INEPT transfer is twofold. First, the J-
couplings and 1°N chemical shifts evolve simultaneously, without any additional signal
losses. To further minimise signal losses due to relaxation, a high-power TPPM decoupling
(usually 50 kHz) is applied to protons. Second, because the total # evolution time is kept
constant, the linewidth in the indirect dimension is entirely determined by the
inhomogeneous contribution.

Following the conversion period (point “c” in Fig. 1C), 13C’[/~1] coherences are created,
which indirectly encode the 1°N[/] and 13C’[/~1] chemical shifts. Polarization is further
relayed to other 13CX[/~1] nuclei during the subsequent TOBSY mixing step, where (X=a.,
B, ), resulting in a three-dimensional data set that correlates the 15N[/], 13C’[~1], and
13CX[/~1] spins. Depending on the length of the TOBSY mixing time, 13C” polarization
could be transferred to carbons within the same amino acid up to three bonds away, and this
phenomenon could be used to identify the amino acid type.

The pulse sequence and the basic principles in the NCACX experiment are very similar to
those of the NCOCX experiment, with differences noted in the caption to Fig. 1C. In
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general, the NCOCX and NCACX experiments provide complementary pieces of
information: NCOCX establishes interresidue N[/]-C*[/~1]-CX[/1] correlations, whereas
NCACX is capable of giving both intraresidue N[]-C[/]-C*[/] and interresidue N[]-C*[/
-1]-CX[/~1] correlations. However, there were several factors that complicated the spectral
assignments in MBP. First, the solvent-exposed residues observed in INEPT experiments
were located in disordered segments of the protein. Thus, high spectral degeneracy,
especially in the C® region, resulted in overlap in cross-peaks in the NCACX spectrum.
Second, we often did not see two-bond interresidue transfers in the NCACX experiment. To
circumvent these problems, we have designed two additional experiments, CONCACX and
CAN(CO)CX, that provided connectivity between three backbone atoms: C'[/~1]-N[]-
CA/CX[1] in the former, and C*[/]-N[/]-C’[~1]/CX[/~1] in the latter. The experimental
pulse sequences are shown in Fig. 1D. Both experiments started with selective excitation of
the C’/C® regions. To minimise transverse relaxation losses, the NC J-coupling and C/N
chemical shift evolutions were encoded together in a constant-time fashion, similar to the
NCOCX experiment.

Fig. 2 summarises the information that can be obtained from all four experiments. The
primary task of assigning carbon spin systems and linking them to the nitrogen spin system
of the next residue was done using the NCOCX experiment. Then, the CONCACX and
CAN(CO)CX experiments helped to link the spin systems, and NCACX data were primarily
used to reduce ambiguity by establishing long-range intraresidue nitrogen—sidechain
correlations and identifying spin systems not assigned to a particular residue type. Generally,
correlations up to three bonds were established in 13C-13C mixing in NCOCX and NCACX
experiments. The CONCACX and CAN(CO)CX spectra had lower signal-to-noise ratios
because of the two NC INEPT transfer steps, and only CONCA and CAN(CO)CA
correlations were established.

3. Results and discussion

3.1. Preparation of membrane-associated rmMBP for ssNMR

The 18.5 kDa MBP isoform is peripheral membrane protein located on the cytoplasmic side
of the oligodendrocyte membrane in the spiral-wrapped, multilamellar myelin sheath [1,2],
and thus represents a highly mobile system compared with integral membrane proteins.
Uniformly 13C,15N-labelled rmMBP was prepared with high purity and no or negligible
degradation [10,38,39], and interacted with LUVs in an aggregation assay as previously
described [38,39,41,42]. These aggregates were spun down to yield a semi-solid sample that
could be packed into an MAS rotor for sSNMR. Since the aggregates formed after the
addition of MBP are large and relatively amorphous, the results of dynamic light scattering
studies of these protein—lipid assemblies are more difficult to interpret [59] and were not
necessary for our purposes.

Ideally, the lipid composition of the LUVs would mimic that of central nervous system
myelin and would include zwitterionic lipids such as phosphatidylcholine, negatively
charged lipids such as phosphatidylserine, and a significant amount (>40%) of cholesterol.
However, our primary initial concern was sample stability during spectroscopy, anticipating
that a significant amount of ssNMR methodology development would be required. Natural
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lipids such as phosphatidylcholine, phosphatidylserine, and cholesterol would oxidise over
extended periods of time, such as those required for ssSNMR data collection. Thus, to initiate
this project, we chose to use synthetic DMPC and DMPG lipids, which have no unsaturated
carbons in their acyl chains, and which are also more homogeneous than lipid preparations
derived from natural sources.

We found that a typical protein-to-lipid mass ratio in the pellet was approximately 0.7,
indicating that roughly 70% of the added protein was incorporated into the protein—lipid
assembly. This value is about 10 times greater than that in myelin, and what was used in our
SDSL/EPR studies [3], but it was essential to maximise the amount of protein to achieve
adequate signal-to-noise ratios in the SSNMR experiments.

3.2. One-dimensional ssNMR of rmMBP indicates differential mobility of the protein

One-dimensional ssSNMR spectroscopy was first used to evaluate sample quality. The cross-
polarization [60], magic angle spinning [61] (CPMAS), and INEPT [34,49] experiments
exploit different polarization transfer mechanisms, and can be used to select regions with
different dynamic properties in the protein—relatively immobile vs. mobile fragments,
respectively. The results of CPMAS and INEPT experiments obtained from lipid-
reconstituted rmMBP at 32 °C are shown in Fig. 3. Based on the total number of repetitions
required to obtain comparable signal intensities, INEPT was much more efficient at this
temperature, indicating that much of the protein was sufficiently mobile to yield INEPT 13C
spectra with high sensitivity. Since this mobility resulted in averaging of dipolar interactions,
cross-polarization excitation was rendered inefficient. Nonetheless, the CPMAS experiment
could still give a signal, probably indicating that a small portion of rmMBP strongly
interacted with lipids under these conditions. In addition to the protein signal, sharp lipid
lines were observed in both the CPMAS and INEPT spectra, most notably at ~16-17 ppm.

The CPMAS and INEPT experiments were all repeated over a wide range of temperatures
down to —30 °C. The INEPT efficiency was found to drop as the temperature decreased,
especially around and below 0 °C, while the cross-polarization efficiency increased. A sharp
increase in CPMAS transfer efficiency was observed in the range from -5 °C to —15 °C.
This increase may have been associated with water freezing outside the lipid bilayer and in
its hydrophilic portion, thereby inhibiting the motions of the protein fragments. The CPMAS
13C spectra below —15 °C were inhomogeneously broadened in appearance, reflecting the
presence of multiple protein conformations.

Fig. 4 demonstrates the effect of decoupling on the INEPT 13C spectra. Due to the mobile
nature of the observed residues, relatively high resolution is achieved even at low-power
WALTZ-16 decoupling. The resolution improves even further as the decoupling power
increases, as demonstrated in the inserts in Fig. 4. In addition, new lines appear in the
spectra, most notably the glycine resonances at around 45 ppm. This observation is
consistent with our estimation of 75 relaxation times, which show that the carbon (especially
C2) spins relax more slowly at higher power decoupling.
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3.3. Two- and three-dimensional 1H-13C correlation spectroscopy

Two-dimensional and three-dimensional 1H-13C experiments were performed to identify
spin systems by amino acid type, to characterise the proton and carbon chemical shift
dispersion and secondary structure distribution in the mobile fragments. The *H-13C two-
dimensional HSQC (13C-detected, heteronuclear single quantum coherence) spectrum is
shown in Fig. 5A. One notable feature of this correlation spectrum is that the H* and C*
dimensions are poorly dispersed, which is considered to be a characteristic feature of
unstructured proteins [62,63]. The proton linewidths are of the order of 0.15 ppm to 0.2 ppm
at 600-MHz field strength. Such fairly narrow lines for solid-state NMR spectra are
indicative of high mobility in the observed protein fragments.

To assign spin systems to amino acid types, we performed the three-dimensional HCC
correlation experiment shown in Fig. 1A. In principle, this experiment can distinguish
different residue types, based on distinct correlation patterns between sidechain carbons in
different amino acids. Fig. 5B and C show two two-dimensional planes of the full three-
dimensional HCC spectrum. A number of residues can be identified in these spectra. For
instance, serine C*~CP and proline C*~CP-CY-C? correlation patterns are clearly
distinguishable in Fig. 5B. In general, P93 TOBSY mixing of 10.5 ms was sufficient to
relay polarization over three bonds, as evident from the example of proline in Fig. 5B, and
two more examples of lysyl and arginyl residues shown in Fig. 5C. A total of 30 spin
systems could be assigned to a particular residue type in this HCC experiment.

3.4. Sequential resonance assignments

In order to obtain site-specific assignments, we performed three-dimensional constant-time
NCOCX, NCACX, CONCACX, and CAN(CO)CX experiments. Carbon spin systems were
first identified from NCOCX experiments. The TOBSY mixing of 9.9 ms allowed up to
three bonds transfer, thus establishing intraresidue correlations of C’'—~C®—CP and sometimes
C’—Ce—CP—CY type along the sidechain. Typical two-dimensional planes of three-
dimensional NCOCX and NCACX spectra are shown in Fig. 6. In these particular examples,
polarization can be transferred up to two bonds, allowing one to establish G121-P120
connectivity in the NCOCX experiment (upper panel), and to identify Alal34 in the
NCACX experiment (lower panel). Amino acid types were identified as follows. Spin
systems with C* shifts around 45 ppm, and with N shifts around 110 ppm or less, were
assigned to glycines. Spin systems with C® shifts around 52 ppm, CP shifts around 19 ppm,
and N shifts around 125 ppm were assigned to alanines. Systems with C* shifts around 62
ppm, CP shifts around 69 ppm, and N shifts around 115 ppm were assigned to threonines,
and systems with C® shifts around 58 ppm, CP shifts around 64 ppm, and N shifts around
116 ppm were assigned to serines. A total of 80 spin systems were identified, of which eight
were assigned to Ala, nine to Gly, eight to Ser, four to Thr, three to Asp, and one to Pro.
Many other spin systems could be identified in the spectrum (Table S2 in the Supplementary
data), but could not be assigned unambiguously to a single amino acid type.

As was explained previously, the NCACX experiment often fails to provide interresidue
connectivity. Moreover, it only correlates two backbone atoms and suffers from a higher
degree of degeneracy, compared to the NCOCX experiment. In contrast, the CONCACX
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experiment correlates three backbone atoms, C” [/~1], N[4], and C*[/]. Two of these nuclei
overlap with those correlated in NCOCX. Thus, this experiment was used in conjunction
with NCOCX to link spin systems through establishing connectivity between C*[/] and C*[/
-1] atoms. A total of 62 spin systems could be linked in non-contiguous fragments (Table S2
in the Supplementary data), and 49 of them could be assigned to particular fragments of the
protein. The remaining amino acids could not be assigned to the protein sequence because of
the low signal-to-noise ratio for the side-chain signals, and the lack of information on the
amino acid type. Additional information was derived from the NCACX experiment, where
intraresidue correlations were used to establish amino acid types for the remaining residues.
The CAN(CO)CX experiment did not provide any additional information and could only be
used to verify some of the assignments.

The spectral analysis was performed using the CARA software package [46]. The spin
systems identified from each spectrum were linked to each other based on at least two
matching chemical shifts. The connectivities were established using the Autolink program,
which is built into the CARA software package. One example of strip plots showing
connectivities between spin systems is shown in Fig. 7. The final assignments are given in
Table S1 in the Supplementary data.

To improve sequential assignments, and potentially to collect structural restraints, we
performed a set of NOESY (nuclear Overhauser effect spectroscopy) [55,56] experiments.
The NOE mixing was incorporated into the three-dimensional HHCC experiment, as shown
in Fig. 1B. NOE mixing times of 50 ms to 300 ms were used. Unfortunately, we did not
observe any interresidue correlations. However, a series of cross-peaks were observed in the
spectra, at the proton resonance frequency of H,O (~4.6 ppm) as shown in Fig. 8. These
peaks indicated that the sidechain and backbone protons strongly interacted with water
molecules. Further examination of the two-dimensional 13C-13C plane taken at 4.6 ppm
showed that most of the carbon nuclei show up at that frequency (Figure S1 in the
Supplementary data). This hydration of many amino acids seen in the NMR spectra suggests
that they are either located outside the membrane, or in the hydrophilic region of the
phospholipid headgroups. Similar effects have been observed for unstructured fragments of
globular and membrane proteins [64,65].

3.5. Chemical shift index analysis

The chemical shift values determined for mobile residues (Table S1, Supplementary data)
can be used to analyse the residual secondary structure. We used shifts of C* resonances for
chemical shift index (CSI) analysis [66], using sequence-corrected random coil values for all
amino acids [67]. The CSI analysis shown in Fig. 9A indicates that most residues exhibit
chemical shifts typical of unstructured regions, although some fragments appear to show
some propensity towards a-helicity. For example, residues H21-A22-R23 have C* shifts
slightly above the random coil “threshold” [68]. Residues D143, Q145, L148, and L154
show some propensity towards a-helix, consistent with solution NMR studies of the protein
in 30% TFE-d, [10,11]. The relatively high degree of randomness of the mobile fragments is
consistent with them being exposed to solvent.
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Further information on the type of motion can be derived from the analysis of the linewidths
for observed residues. For this purpose, the three-dimensional NCOCX spectrum, which has
the highest signal-to-noise ratio, was reprocessed with linear prediction and without line
broadening. The 15N linewidth was chosen as the one which was least affected by the spin—
spin interactions. The corresponding plot is shown in Fig. 9B. Most mobile residues
observed in the spectra have linewidths in the range of 0.5 to 0.8 ppm, dominated by
inhomogeneous broadening because of the constant time nature of the experiment.
Contributions associated with instrumental imperfections such as instability of the external
lock were estimated to be small compared to the observed line width. Magnetic
susceptibility effects can also be ruled out. Indeed, the observed proton linewidths, typically
0.15-0.2 ppm (120-160 Hz at 800 MHz), suggest that the susceptibility effects would not
result in 1N linewidths larger than 0.15-0.2 ppm, which is much smaller than the observed
values. Thus, the most likely explanation is conformational heterogeneity. The
heterogeneous linewidths of 0.5 ppm to 0.8 ppm (40-60 Hz at 800 MHz proton Larmor
frequency) suggest that the local conformation-averaging backbone motions are at least
slower than the inverse linewidth, i.e., their time scale is of the order of tens to hundreds of
milliseconds. These slow motions in this experimental system are not sufficiently fast to
average large proton—proton or proton—carbon dipolar interactions. Thus, other motions, fast
and non-local, must be present. The 31P chemical shift anisotropy (CSA) values determined
from static spectra (Figure S2, Supplementary data) indicate that the overall tumbling
motions of the lipid vesicles are not sufficiently fast to eliminate large proton—proton and
proton—carbon dipolar couplings. Thus, the most likely motion responsible for the averaging
of dipolar couplings would be a large amplitude motion of the entire solvent-exposed
fragment. The mobile residues comprise almost contiguous protein fragments: T15-R23,
D46-S67, P120-L148, and L154-S163. Overall undulating motions of these large fragments
can average dipolar interactions, but will not affect local structure, and therefore will not
contribute to the conformational averaging.

4. Conclusions

In this study, we have developed and implemented a set of three-dimensional heteronuclear
ssNMR experiments suitable for resonance assignments in proteins in a semi-solid state with
a significant degree of internal motion. The experiments were implemented in a constant-
time manner, which minimised signal losses due to strong relaxation effects. The type of
excitation used in the experiments filtered out the contributions from the immobilised part of
the molecule, and guaranteed that only mobile fragments of the membrane-associated 18.5
kDa rmMBP were observed. Since the problems of low sensitivity and short transverse
relaxation times would likely arise in sSNMR studies of any peripheral membrane-associated
protein at physiological temperatures, the strategies developed here for 18.5 kDa rmMBP are
of wider applicability.

Using this methodology, we could assign many of the mobile amino acid fragments of 18.5
kDa rmMBP. These fragments interacted strongly with water and were likely located either
outside the lipid bilayer, or associated with its hydrophilic portion. Furthermore, amino acid
type-specific chemical shift indexing indicated that the observed fragments were largely
disordered under these conditions. On the other hand, the protein fragments containing
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highly hydrophobic pairs Phe42/Phe43, Phe86/Phe87 were not seen in our spectra. Other
hydrophobic residues such as Ile and Val were also not seen. Presumably, these residues
were at least partially buried and immobilised in the membrane, as suggested by previously
reported SDSL-EPR measurements [3], and thus could not be observed in the INEPT type of
experiment. Based on the linewidth analysis, the mobile fragments likely undergo large
amplitude undulating motions outside the membrane, which results in averaging of dipolar
interactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CARA computer-aided resonance assignment

CP cross-polarization

CPMAS cross-polarization magic angle spinning

CSA chemical shift anisotropy

Csl chemical shift index

DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine

DMPG 1,2-dimyristoyl- sr-glycero-3-[phospho-rac-(1-glycerol)]

ddH,0 distilled, deionised water

EDTA ethylenediamine tetraacetic acid

EPR electron paramagnetic resonance

FID free induction decay

GARP globally optimised alternating phase rectangular pulses

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HSQC heteronuclear single quantum coherence

INEPT insensitive nuclear enhancement of polarization transfer
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LUV large unilamellar vesicle
MAS magic angle spinning
MBP myelin basic protein
NMR nuclear magnetic resonance
NOE nuclear Overhauser effect
NOESY nuclear Overhauser effect spectroscopy
ppm parts per million
rmMBP recombinant murine MBP
rpm revolutions per minute
SDS sodium dodecy! sulphate
SDSL site-directed spin labelling
sSNMR solid-state NMR
TFE-dy deuterated 2,2,2-trifluoroethanol (CF3-CD»-OH)
TOBSY total through-bond correlation spectroscopy
TPPI time-proportional phase incrementation
TPPM two-pulse phase modulation
Tris-HCI  #ris(hydroxymethyl)aminomethane, pH adjusted with HCI
WALTZ wideband, alternating phase, low-power technique for zero-residual splitting
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Fig. 1.
Experimental pulse sequences. In all pulse sequences, narrow rectangles represent 90°

pulses, while wide rectangles are 180° pulses. (A) The HCC three-dimensional experiment.
Phase cycling in the experiment was as follows: ¢1 = ¢ = g = X, g3 =(V, =), ¢5 = ¢ = V,
#7=(8(%), 8(-X). g5 =(2(%), 20), 2(=2), 2(=Y)). $rec =X, =X, Y. ~V. =X X, =V, Vi =X, X, =¥,
¥, X, =X, ¥, —)). The INEPT periods were as follows: z; =1.4 ms, 7, =0.9 ms. The 13C
carrier frequency was placed at 45 ppm for mixing between aliphatic carbons, and at 75 ppm
for mixing between aliphatic and aromatic carbons. (B) The HHCC NOE experiment used to
probe through-space 1H-1H interactions. Phase cycling was the same as in panel A, with
two additional pulses phase-cycled to eliminate 7; relaxation effects during NOE mixing:
#10 =(=X, X), $11 =(x, —X). (C) Pulse sequence for the three-dimensional constant-time
NCACX/NCOCX experiments. The INEPT periods 73 and 7, were 1.7 ms. Selective pulses
were implemented as a Gaussian cascade [69] of 200 ps for C%, and as a single Gaussian
pulse of 300 ps for carbonyl atoms. The value of £; was equal to the length of the selective
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pulse g7 = ¢17. Time constants 7; and 7, were set to 21 ms and 25 ms, respectively, in the
NCACX experiment, and 24 ms (both) in the NCOCX experiment. Phase cycling in this
experiment was as follows: g1 = ¢, = ¢4 = ¢5= g6 = #7= 5= o = $10= $11 = $12 = $17 =
X $3= (V=W 13 = $18= ¥, $19= R0, 2(=X), 2(=1), 2(0). thec =(X =X V. =V, =X, X, ¥,
). The pulse sequence and the basic principles in the NCACX experiment were very similar
to those of the NCOCX experiment, except that the selective pulses applied to the 13C” and
13Cca spins were switched. In addition, the 13C2 chemical shift evolution dimension was kept

less than 10 ms ( <1/(2Jgg)), to minimise the effect of J-coupling between 13C2 spins and
other aliphatic spins. The selective pulses used on 13C2 and 13C”" were implemented as
Gaussian cascades [69] and Gaussian pulses, respectively. (D) Pulse sequence for the three-
dimensional constant-time CONCACX/CAN(CO)CX experiments. Time constants in
CONCACX were 71 =24 ms, T, =26 ms, 73 =30 ms, z3 =10 ms, and in CAN(CO)CX they
were 71 =20 ms, 7, =24 ms, 73 =26 ms, r3 =15 ms. Here, &; is the length of the selective
pulse with phase ¢»g, while &, is the length of selective pulse with phase ¢;. The phase
cycling in the pulse sequence was as follows: ¢1 = o=@ =Fs =1 =@gg=Pg=d10= 12 =
$17= $23= $28= $20 = X, $3= 18 = ¥, #5 =(X, =X), 11 =(2(x), 20), 2(=X), 2(=))), ¢13
=20, 2(=X), 2(=1), 2(N), $25 = (=X), frec =(X, =X, ¥, =¥, =X X, =Y, ). GARP (globally
optimised alternating phase rectangular pulses) [70] decoupling was used to remove NC J-
couplings.
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Page 21

Schematic representation of the four triple-resonance experiments used to obtain sequential

assignments. Correlated residues are indicated by light gray boxes. Solid arrows show

dominating one-bond polarization transfers, while dashed arrows show two-bond N[/]-C[/

—1] transfers, which could not be observed in our spectra.
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Fig. 3.
The CPMAS carbon spectrum (A) and INEPT carbon spectrum (B) of fully 13C,1°N-labelled

18.5 kDa rmMBP samples reconstituted with lipids. TPPM decoupling of 71.4 kHz was
applied during acquisition. Both spectra were taken at 600 MHz, and at a temperature of

32 °C. The CPMAS spectrum shown in the image was collected with a contact time of 3 ms,
and with 4180 scans, and at a spinning frequency of 20 kHz. Experiments with shorter cross-
polarization mixing times and different cross-polarization power levels resulted in spectra of
similar intensities. The INEPT spectrum was collected at 32 °C with 32 scans, at a spinning
frequency of 10 kHz. The acquisition lengths were 21 ms and 40 ms in the CPMAS and
INEPT experiments, respectively. All spectra were processed with exponential function
apodisation of 10 Hz.
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Fig. 4.
A comparison of the effect of the decoupling on the resolution of 13C INEPT spectra. High

resolution is seen even at low-power WALTZ-16 [53,54] decoupling, indicating the mobile
nature of the residues contributing to the INEPT spectra. Even higher resolution is observed
at moderate- and high-power TPPM decoupling. All experiments were obtained on a 600-
MHz Bruker spectrometer with 10 kHz MAS. The acquisition and spectral processing
parameters are given in the caption to Fig. 1.
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Fig. 5.
(A) The two-dimensional 1H-13C HSQC 13C-detected spectrum, obtained using the pulse

sequence shown in Fig. 1A, with & evolution and TOBSY mixing set to zero. The total 1H
evolution time was 16 ms with 200 points. The spectrum was collected with 16 scans per
point and with the recycling delay of 2 s. The spectrum was processed in NMRPipe [44],
employing exponential function apodisation of 20 Hz in the direct dimension and cosine
square apodisation in the indirect dimension. Data were zero filled up to 4096x2048 points
in the direct and indirect dimensions, respectively. (B, C) Representative two-dimensional
planes of the three-dimensional HCC chemical shift correlation experiment. The total 1H
evolution time was 8.2 ms with 88 points, while the total indirect carbon evolution time was
10 ms with 240 points. The spectrum was collected with 8 scans per point. The recycling
delay was set to 1.7 s. The carrier frequency was set to 45 ppm. Both spectra were processed
in NMRPipe [44], employing exponential function apodisation of 10 Hz in the direct
dimension, and cosine square apodisation in the two indirect dimensions. Data were zero
filled up to 4096x2048x2048 points in the direct and two indirect dimensions, respectively.
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Fig. 6.
The two-dimensional 13C-13C planes of (A) the three-dimensional NCOCX, and (B)

NCACX experiments. In the NCOCX experiment, a total of 120 # points were collected,
with a maximum evolution time of 12.3 ms. A total of 100 points were taken in &, resulting
in the total evolution time of 11 ms. In the NCACX experiment, the £ evolution time was
9.6 ms with 96 points, and the & evolution time was 8.3 ms with 100 points. TOBSY mixing
times of 9.9 ms and 7.5 ms were used in the NCOCX and NCACX experiments,
respectively. The number of scans per free induction decay (FID) was 16 in the NCOCX and
24 in the NCACX experiments. The carrier frequency was set at 175 ppm for carbon in
NCOCX, at 50 ppm for carbon in NCACX, and at 116 ppm for nitrogen. The recycling
delay was set to 2 s. A 50 kHz TPPM decoupling was applied on the H channel during 13C
" 15N/13ce_15N polarization transfers, and during direct and indirect detections.
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Fig. 7.

St?ip plots from the three-dimensional NCOCX, NCACX, and CONCACX experiments,
showing the D143-T147 amino acid stretch. The NCOCX experiment establishes N[/+1]-C’
[1-C[A/CP[ /] correlations shown in green, whereas the CONCACX experiment gives
correlations between C” [/, N[#1], and C[/1] spins, indicated in red. Shared C’[/] and
N[~1] shifts allow one to establish interresidue C*[/]-C%[A+1] correlations, and “walk”
sequentially along the backbone, as shown by the horizontal and vertical dashed lines.
Carbonyl shifts for each strip are shown on the top. The NCACX slice for T147 is shown in
blue. The NCOCX and NCACX spectra were acquired as described in the caption of Fig. 6.
The CONCACX spectrum was acquired with total # and & acquisition lengths of 11.4 ms
and 10 ms, respectively, with 92 and 96 points in the carbonyl and nitrogen indirect
dimensions, respectively. TPPM decoupling of 50 kHz was applied during NC INEPT
transfers and direct acquisition. The number of scans per FID was 16, with a recycling delay
of 2 s. The CAN(CO)CX experiment was collected with similar parameters, except for
TOBSY mixing, which was 6 ms.
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A comparison of the two-dimensional (w;-1H, w3-13C) projections of the (A) HCC, and (B)
HHCC experiments. A series of extra peaks appearing at 4.6 ppm (the 1H frequency of H,0)
is indicated by the arrows in panel B. The NOE mixing time was 50 ms.
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Fig. 9.
(A) Chemical shift index analysis of C* of the backbone assignments. All of the random coil

chemical shifts are sequence-corrected based on [67]. Secondary chemical shifts for
tentatively assigned residues are shown in gray. (B) The 15N linewidths for assigned
residues. Linewidths for tentatively assigned residues are shown in gray.
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