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Abstract

A number of recent advances in the field of magic-angle-spinning (MAS) solid-state NMR have
enabled its application to a range of biological systems of ever increasing complexity. To retain
biological relevance, these samples are increasingly studied in a hydrated state. At the same time,
experimental feasibility requires the sample preparation process to attain a high sample
concentration within the final MAS rotor. We discuss these considerations, and how they have led
to a number of different approaches to MAS NMR sample preparation. We describe our
experience of how custom-made (or commercially available) ultracentrifugal devices can facilitate
a simple, fast and reliable sample preparation process. A number of groups have since adopted
such tools, in some cases to prepare samples for sedimentation-style MAS NMR experiments.
Here we argue for a more widespread adoption of their use for routine MAS NMR sample
preparation.
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Introduction

Biological solid-state NMR (ssNMR) has undergone tremendous development in recent
years, providing new insights into the structure and dynamics of membrane proteins, protein
aggregates, and a variety of other biologically interesting samples (Goldbourt 2013; Knight
et al. 2013; Loquet et al. 2013; Porcelli et al. 2013; Weingarth and Baldus 2013; Wang and
Ladizhansky 2014; Andreas et al. 2015; Quinn et al. 2015; Ravera et al. 2015). Most of these
results stem from the use of magic angle spinning (MAS) ssNMR. The burgeoning
application of MAS ssNMR for biological samples has been enabled by technological
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improvements in the equipment available for ssSNMR. This includes higher magnetic fields,
faster MAS, and improved probe designs (Dillmann et al. 2007; McNeill et al. 2009; Demers
et al. 2011; Lamley et al. 2014; Wickramasinghe et al. 2015; Andreas et al. 2016; Poppler et
al. 2016). An equally important contribution comes from improvements in sample
preparation, including an increasing use of selective and extensive isotopic labeling
strategies (Straus 2004; Higman et al. 2009; Loquet et al. 2010; Demers et al. 2014; Mehler
et al. 2015; Schubeis et al. 2017; Zhang et al. 2016). Together, these factors have improved
the sensitivity and resolution that can be obtained by MAS ssNMR.

The improved performance of ssNMR enables the study of a variety of biological systems,
whether aggregated proteins, membrane-bound proteins or membranes themselves. A key
factor in the application of sSSNMR over other structural techniques continues to be the
ability to probe proteins (or other biomolecules) in an appropriate biological context. Proper
sample hydration is often critical in this respect (Igumenova et al. 2004; Ball 2008; Linden
et al. 2011; Siemer et al. 2012; Fragai et al. 2013). For example, enzymatic protein activity is
reliant on hydration (Khodadadi et al. 2010; Schird et al. 2015). Additionally, the proper
folding and function of membrane proteins requires not only a lipid bilayer environment, but
also a certain degree of hydration (Zhang et al. 2014). Dehydration can have adverse impacts
on membranes, as it can cause lateral separation of membrane proteins from lipid-rich
domains, formation of non-bilayer lipid phases and an increased propensity for gel phase
formation (Wolfe and Bryant 1999; Bryant et al. 2001; Mandal and Van der Wel 2016).
Some of these dehydration-induced changes can be directly observed via ssNMR (Ulrich
and Watts 1994; Gawrisch et al. 2007; Zhang et al. 2014). In many cases, a lack of proper
hydration results in reduced spectral quality, for instance due to the entrapment of multiple
structural conformations that manifests itself as increased NMR line widths (Tang et al.
1999; Martin and Zilm 2003; Comellas et al. 2011; Bertini et al. 2013). Thus proper sample
hydration is critical in the design and execution of modern biomolecular sSNMR, and needs
to be considered during the process of packing or preparing the actual samples.

The rotor packing process should achieve multiple goals: maximize signal/noise, ensure
biological relevance, and be robust, reproducible and easy. In order to maximize the NMR
signal, one aims to pack the maximum amount of the studied biomacromolecules into the
uL-sized volumes of typical MAS rotors. This usually occurs at the expense of excess buffer.
Traditional MAS NMR packing methods have taken different approaches. One approach has
been to pack and study samples that were completely dry, which maximizes the amount of
(labeled) protein or peptide, but also sacrifices biological relevance in the pursuit of
maximum signal (Antzutkin et al. 2000; Petkova et al. 2002; Verel et al. 2008). As noted
above, this approach often suffers from line broadening and reduced spectral quality. To
circumvent this concern, some studies have employed a protocol in which the rotor is packed
with dry material, followed by a controlled rehydration of the latter inside the rotor
(Kloepper et al. 2007). However, it is currently most common that samples are packed into
the rotor in an already hydrated state. In some cases this involves the controlled de- and re-
hydration of the sample, which is however completed before, instead of after, packing the
sample into the rotor (Sharpe et al. 2006; Vilar et al. 2008). This kind of approach for
studying re-hydrated samples has been used in biomolecular solid-state NMR studies of a
variety of samples (Kennedy and Bryant 1990; Gregory et al. 1993; Jakeman et al. 1998;
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Pauli et al. 2000; Seidel et al. 2005; Krushelnitsky et al. 2006; Luchinat et al. 2013; Ravera
2015; Ravera et al. 2016). In other cases, dehydration of the hydrated samples is avoided
once the protein (complex) of interest is successfully reconstituted or assembled. In such
cases, centrifugation is typically employed to concentrate the biological solids to fit them
into the MAS rotor volume. The hydrated sample is then centrifuged into a dense pellet, and
then the latter is transferred into the rotor. The transfer can be done by carefully scooping to
sample with micro-spatulas (Zhang et al. 2014), but this is time-consuming, and risks both
sample losses and partial or local dehydration. An improved approach centrifuges these pre-
condensed pellets into the rotor using funnel-shaped devices that fit in a tabletop
(micro)centrifuge (Das et al. 2013; Hisao et al. 2016). This sometimes involves a fixed-angle
tabletop centrifuge that could lead to an uneven packing of the sample material, which can
compromise stable spinning during MAS. It is worth including a warning that use of fixed-
angle ultracentrifuges can be even more detrimental, as it may result in physical damage to
the MAS rotor that could manifest itself in rotors shattering during packing or during
subsequent MAS.

Here we describe the approach that our lab has been using to pack all types of hydrated
biological samples for MAS NMR. This approach combines the pelleting of the sample and
the packing into the rotor into a single process, enabled by the use of swinging-bucket
ultracentrifugal packing tools. It is designed to balance the need to maximize the signal/
noise, maintain biological relevance and achieve easy reproducibility. We note that such
devices are successfully used by ourselves (Van der Wel et al. 2007; Li et al. 2011; Hoop et
al. 2012; Hoop et al. 2014; Mandal et al. 2015; Mandal and Van der Wel 2016) and various
other groups (Béckmann et al. 2009; Gardiennet et al. 2012; Bertini et al. 2013; Kunert et al.
2014; Wiegand et al. 2015; Wiegand et al. 2016b), but that there are many others that have
not adopted this approach.

To the best of our knowledge, the earliest such application was described in the literature in
2009, when it was used for the packing of crystalline protein samples (Béckmann et al.
2009). In subsequent years this methodology was also applied to the packing of amyloid
fibrils (Li et al. 2011; Van Melckebeke et al. 2011). Around the same time the high
centrifugal forces during MAS were used to sediment large soluble proteins, in methods
known as sedimentation NMR and FROSTY MAS NMR (Mainz et al. 2009; Bertini et al.
2011). The latter abbreviation (FROSTY) stands for freezing rotational diffusion of protein
solutions at low temperature and high viscosity, since the detection of CP-based signals was
initially attributed to protein immobilization due to these parameters rather than the MAS-
induced sedimentation that was later identified (Sarkar et al. 2016). This led to the use of
ultracentrifugal packing devices to directly sediment soluble proteins into MAS rotors,
during the packing process (Bertini et al. 2012; Gardiennet et al. 2012; Ferella et al. 2013;
Fragai et al. 2013). In this work, we argue that these devices serve as ideal packing tools for
the routine preparation of all types of (hydrated) biological samples. Design considerations
as well as applications are discussed, showing our everyday use of this approach as a
standard practice when packing MAS NMR samples.
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Methods

Construction of sample packing tool

The ultracentrifugal packing devices were constructed in the Department of Cell Biology
machine shop at the University of Pittsburgh, based on designs made by the authors. The
packing device was converted from concept to 3D solid model using SolidWorks software
package (Waltham, MA). Prior to fabrication, the 3D solid model was programmed for
machining using Mastercam (Tolland, CT). Finally, individual parts were machined out of
unfilled polyether ether ketone (PEEK) obtained from McMaster Carr (EImhurst, IL) using a
Hardinge GS-150 CNC (computer numerical controlled) lathe (Elmira, NY). As described,
the tools are explicitly designed for use with Bruker-style MAS rotors, and for use in a
swinging-bucket SW 32 Ti ultracentrifuge rotor from Beckman Coulter (Indianapolis, IN).

Sample packing protocol

An empty MAS NMR rotor, with the rotor drive cap removed, is placed into the open
packing tool base. After manual assembly of the packing tool, the aqueous sample
suspension is pipetted into the device’s funnel. Depending on preference, the device may be
inserted into an empty centrifuge tube, in order to catch inadvertent sample leakage. The
tube pictured in Fig. 1a below is a Beckman Coulter (Indianapolis, IN) Ultra-Clear™
centrifuge tube, part number 344058. The filled device is carefully inserted into one of the
buckets of the swinging bucket rotor (Beckman Coulter SW 32 Ti). A second, counter-
balance bucket is balanced carefully, by filling it with a second packing tool (see Results)
and water. The packing process is then performed by ultracentrifugation for the specified
times in a Beckman Coulter Optima L-100 XP ultracentrifuge at up to 32,000 RPM
(~175,000 x g).

Preparation of the reference samples

The cytochrome-c containing sample was prepared as previously described (Mandal et al.
2015). Briefly, tetra-oleoyl-cardiolipin (TOCL) and di-oleoylphosphatidylcholine (DOPC),
obtained in chloroform solution from Avanti Polar Lipids (Alabaster, AL), were mixed at a
molar ratio of 1:4, dried under N, gas, further dried under vacuum and resuspended in
20mM HEPES (pH 7.4). The resuspended liposomes were subjected to freeze thawing and
extrusion through 200 nm polycarbonate membranes to generate 200-nm diameter large
unilamellar vesicles (LUVs), confirmed by dynamic light scattering (DLS) (Mandal et al.
2015). Pre-dissolved uniformly 13C and 15N (U-13C,1°N) labeled horse heart cytochrome c,
obtained by expression in Escherichia coli, was added to the LUVs. The vesicle-bound
proteins were then packed into a MAS rotor using the described ultracentrifugal packing
device, either by centrifugation at 143,000 x g for 3 hours and 175,000 x g for 4.5 hours, or
by centrifuging at 143,000 x g for 5 hours. For more details see ref. (Mandal et al. 2015).

Mutant huntingtin (htt) exon 1 samples were prepared as described (Hoop et al. 2016).
U-15N-labeled and U-13C-labeled fusion proteins were expressed in Escherichia coli and
purified. The purified proteins were mixed together after which aggregation was initiated
upon cleavage of the fusion protein by factor Xa protease (Promega Corporation, Madison,
WI1). The resulting amyloid-like fibrils were washed with buffer, and then packed into MAS
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rotors using the described ultracentrifugal packing device. Packing was done by first
centrifuging the sample at 154,000 x g for one hour. Subsequently, 1 mL of buffer was used
to rinse the original sample tube in order to recover residual sample that may have been left
behind. The sample was then centrifuged a second time under identical conditions as the
first round. A second rinse and a third centrifugation cycle was performed before the rotor
was sealed for study by MAS NMR.

Nanofibers assembled by the acylated peptide amphiphiles were prepared as described
(Merg et al. 2016), starting with site-specifically labeled peptides obtained by solid-phase
peptide synthesis. The divalent peptide conjugate molecule featured a C1g organic tail
attached to two identical gold-binding peptide sequences. The peptide sequence in the
molecule was AYSSGAPPMPPF. In the construct studied, the methionine was oxidized
prior to assembly of the entire molecule. The construct, named C1g-(PEP,M-9¥)2, featured
U-13C,15N-labeling in residues A1 and P10. The mature assembled fibrils were packed into
MAS rotors using the ultracentrifugal packing device, in a single step process involving
ultracentrifugation for 1 h at 175,000 x g.

MAS ssNMR experiments

The huntingtin exon 1 fibril measurements were performed on an 800 MHz (18.8 T)
spectrometer (Bruker Biospin, Billerica, MA), with a 3.2 mm HCN Bruker MAS ssNMR
probe (Hoop et al. 2016). Experiments were performed at a spinning rate of 13 kHz, with a
set temperature of 275 K. Based on systematic temperature calibration experiments with
external samples (Mandal and Van der Wel 2016), we estimate this to reflect a similar
sample temperature (within several degrees). The 2D spectrum was acquired with 50 ms of
proton-driven spin diffusion recoupling, a 1.5 ms CP contact time, a recycle delay (RD) of 3
s and an applied TPPM decoupling on *H at 83 KHz. All other experiments were performed
on a wide-bore 600 MHz (14.1T) spectrometer (Bruker Biospin, Billerica, MA) using a
3.2mm HCN Bruker MAS ssNMR probe outfitted with an “EFree” coil. MAS NMR on the
cytochrome ¢ sample was performed at a sample temperature of 233 K while spinning at
8.33 KHz (Mandal et al. 2015). Using a CP contact time of 1 ms, 256 scans were collected
with a RD of 3.2 s and an applied TPPM decoupling on 1H at 83 KHz. The NMR
experiments on the Cqg-dipeptide nanoparticles were performed at a set temperature of 277
K while spinning at 10 KHz (Merg et al. 2016). We estimate this to imply al sample
temperature of ~272+3 K. Using a CP contact time of 1 ms, 1000 scans were obtained with a
RD of 3's and an applied TPPM decoupling on 1H at 83 KHz.

Electron Microscopy and Atomic Force Microscopy

Transmission electron microscopy (TEM) and atomic force microscopy (AFM)
measurements on htt exon 1 fibrils and Cqg-dipeptide nanoparticles were performed as
previously reported (Hoop et al. 2016; Merg et al. 2016). The previously unpublished TEM
data in Fig. 4a were obtained as follows. Unlabeled cyt-c obtained from Sigma Aldrich (St.
Louis, MO) was added to liposomes at a lipid to protein molar ratio of 40:1. The liposomes
were prepared as described above using a mixture of TOCL, DOPC and cholesterol at a
molar ratio of (0.15:0.75:0.10) obtained from Avanti Polar Lipids. The sample was diluted in
half with ddH,O and absorbed on to a freshly glow discharged carbon coated copper EM
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grid for more than one minute. Excess sample was wicked away with a filter paper. The grid
was stained with 1% (wt/vol) uranyl acetate. The grid was allowed to fully air dry before
images were acquired. The TEM measurements were performed on a Tecnai T12 Spirit
transmission electron microscope (FEI, Hillsboro, OR) operating at 120 kV and equipped
with an UltraScan 1000 CCD camera (Gatan, Pleasanton, CA).

MAS NMR sample packing design considerations

The process of MAS NMR sample packing essentially constitutes the concentrating of
hydrated ‘solid” samples of interest, ideally while avoiding dehydration of the sample. The
most common and convenient way of achieving this is by pelleting the solid (or soluble)
macromolecules from their initial aqueous suspension or solution by centrifugation. To
avoid dehydration and ensure time efficiency, this ideally is done in a one-step fashion
directly into the rotor. Finally, the resulting pellet should not only be compact, but also
evenly distributed in the MAS rotor to avoid compromising rotor stability during the MAS.
The latter argues against use of fixed-angle centrifuge rotor systems.

All these requirements are conveniently and perfectly met with the use of funnel-shaped
packing devices designed for use in swinging bucket rotors. For the most general
applicability, the device should permit pelleting of all kinds of (hydrated) sSNMR samples.
The time and speed of centrifugation required for pelleting the sample depends on the nature
of the sample. Protein crystals and aggregates often have densities that are significantly
larger than that of water (1.24 to 1.54 g/mL (Bell et al. 1982; White et al. 2007)), which
facilitates pelleting at relatively moderate g-forces, even in small table top centrifuges
(Schmidt et al. 2010). Samples featuring lipid LUVs require the use of ultracentrifugation,
due to the small density differences (~1.03 g/mL) with the aqueous buffer (see also below).
Ultracentrifugation can also be used to sediment soluble protein complexes out of solution,
for study by ssNMR (Bertini et al. 2011; Gardiennet et al. 2012).

Thus, in 2009 we set out to design our own ultracentrifugal packing device, with similar
features as those used (and described) by others in the SSNMR community (Béckmann et al.
2009; Bertini et al. 2012; Gardiennet et al. 2012; Gelis et al. 2013). Primary goals were to
obtain a robust and long-lived tool (i.e. a simple design), limit sample losses during tool
usage, assure ease of use, and speed up the sample preparation process. The guiding
principle was to start with a typical Eppendorf-style microcentrifuge-tube-sized sample (~1
mL) of a suspension or solution and pellet the “solid” fraction into the puL-sized MAS rotor
in a single step.

Packing device design

To allow for the pelleting of a broad range of samples, we designed a tool that can withstand
and achieve high g-forces: i.e. it is suitable for use in an ultracentrifuge. As noted above,
symmetric and even rotor packing requires the use of swinging bucket ultracentrifuge rotors
(UCR), such as the ones listed in Table 1. We reiterate here the comment that use of fixed-
ang/e ultracentrifuges also could cause physical damage to the MAS rotor with associated
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risks in terms of rotors shattering before or during MAS. The design discussed here fits the
38.5 mL tubes of an SW 32 Ti UCR capable of achieving g-forces up to 175,000 x g on the
tool itself. Greater g-forces can be achieved by the use of other UCR types, requiring the
design of more compact tools that fit the smaller tube sizes (Table 1). Note that the
placement of the MAS rotor within the device determines the g-forces that the sample itself
will experience. For example, our packing tool can be spun at a maximum rate of 32,000
RPM corresponding to 175,000 x g forces felt by the device itself. However, the actual MAS
rotor within our packing device experiences a maximum g-force of up to 162,000 x g. As
discussed in more detail below, it is important to note that these g-forces are significantly
less than the typical g-forces experienced by the sample while under MAS (Table 2).

We designed two devices that fit the SW 32 Ti UCR buckets: one for 3.2 mm and one for 4
mm OD Bruker MAS rotors. The former device is shown in Fig. 1 and Fig. S1 (in the
Supporting Information), while the latter is shown only in Fig. S1. Figures S2 and S3 show
technical drawings of both devices. The design features three discrete pieces, each of which
is machined from unfilled PEEK, in order to withstand the repeated and extensive exposure
to high g forces. The total weight of these PEEK-based packing tool components is
approximately 36 gram, with the 3.2-mm- and 4-mm-rotor devices having very similar
masses within ~0.5 gram. The specifications of the Beckman Coulter SW 32 Ti swinging
bucket rotor indicate that it can be operated at maximum speed up to a maximum sample
density of 1.2 mg/mL. This reflects a maximum recommended sample weight of 46.2 gram
for each 38.5 mL tube. Thus, even with the MAS rotor and up to 1-1.5 mL of sample
volume, we stay well below this weight limit. The bottom piece (part | in Fig. 1) holds the
3.2 mm (or 4 mm) flat-bottomed Bruker rotors without the drive cap in place. Piece | is
machined for a tight fit around the MAS rotor, in order to avoid excessive local stresses and
forces during the packing process. The middle piece screws on to the bottom piece to seal
the rotor in place, while also featuring a funnel designed to hold the initial sample
suspension (Fig. 1c—d). The funnel is designed to hold a sample up to ~1 mL. Importantly,
an O-ring is placed around the rotor to seal the parts and avoid sample losses (Fig. S1). A
proper seal is assured by the usage of an O-ring slightly thicker (1.5 mm) than the vertical
gap separating the parts I and 1l (Fig. 1d). The outer dimensions of the assembled device are
such that it fits inside a clear centrifuge tube (Fig. 1a; middle), in case there is a concern of
accidental spillage or leakage. In the current design, the top piece (part 111 in Fig. 1b—c) is
not threaded or otherwise attached in any specific way to funnel part IlI. In this
implementation, the only function was to prevent possible collapse of the surrounding
centrifuge tube if one uses the device within such a tube (the thin-walled tubes are prone to
collapse when used partly empty). In principle, one can outfit parts Il and I11 with threading
to extend the volume of the funnel, such that even larger initial sample volumes can be
conveniently packed in a single run (Bertini et al. 2012; Ferella et al. 2013; Fragai et al.
2013). In this initial design we aimed for maximum simplicity and robustness and decided
against a potentially more leak-prone threaded design. We chose to design part 1l as a
somewhat shallow and short funnel (at the expense of maximizing volume) to ensure the
most convenient inspection (and handling) of the pelleted sample after the sample packing
process.
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The external centrifuge tube acts as a backup in case of spills, which might occur if there is a
failure of the O-ring or the bottom parts are not assembled properly. This fail-safe has rarely
been necessary over the lifetime (~7 years) of our devices.

Usage of the ultracentrifuge packing device

The protocol for packing MAS samples with these ultracentrifugal devices is illustrated in
Fig. 2. Since the sample will be centrifuged into the rotor, one end of the rotor is fully pre-
assembled with any bottom spacers or bottom caps needed to seal it. For many Bruker-made
rotors one end is closed anyway, so this may require no assembly. The empty rotor (lacking
the drive cap) is inserting into the device’s bottom part (Fig. 1d). The dimensions are such
that the rotor sticks out slightly, such that it will insert into the O-ring (shown red in Fig. 1d).
After verifying the positioning and presence of said O-ring, the funnel (part 1l in Fig. 1b—d)
is screwed on tightly by hand. This compresses the O-ring to seal the device against leakage.
The device is now ready for administering the sample.

The sample of interest is prepared as a hydrated suspension or solution. Up to 1 mL of the
aqueous sample is transferred into the funnel (Fig. 2a-b), after which the filled device is
encapsulated in the appropriate swinging-bucket tube holder (e.g. Fig. 1a). To avoid drying
out of the sample in the evacuated ultracentrifuge, it is critical that the bucket holder itself is
carefully sealed. A secondary tube containing either dense solution or a second packing tool
is then carefully weight-balanced, and used as a counter balance during centrifugation.
During centrifugation (Fig. 2c—d) the sample will be pelleted into an evenly distributed
pellet at the bottom of the rotor. While the funnel can hold more than 1 mL, we typically
limit the capacity to accommodate potential motion of the liquid sample during the
centrifugation process (Fig. 2c). When feasible, samples to be used for packing are designed
to have a volume of no more than ~1 mL (i.e. roughly the size of a typical microcentrifuge
tube), to facilitate a single-step packing process. Alternatively, one can pack a larger volume
by repeating the ultracentrifuge step multiple times (see also below).

The desired end result of a the packing process is to have the “biosolid” forming an even
pellet or sediment in the rotor, with a clear supernatant filling the funnel and top of the rotor
(Fig. 2e). The packing efficiency is evaluated by visual inspection and through the use of
UV-Vis absorbance measurements on small samples taken from the supernatant. Next, the
clear supernatant is carefully extracted from the funnel, such that an amount of supernatant
remains atop the sample within the rotor (Fig. 2f). Note that, if used, the external clear
centrifuge tube is typically deformed to the point where it has to be irreversibly removed by
carefully cutting. The packing tool is then carefully disassembled, to avoid accidental
spillage of the supernatant remaining in the rotor and to ensure that the pellet is not
disturbed. Despite extensive use under high g-forces, our devices show no sign of significant
deformation and are quite easily assembled and disassembled by hand. Once the MAS rotor
has been extricated, additional supernatant can be carefully removed using a pipette such
that there is only a small layer of supernatant on top of the pellet. This supernatant ensures
excess hydration, but should be small enough that a gap remains between it and the spacer
(or drive cap) used to seal the rotor (Fig. 2g). Performing this step after the disassembly of
the tool allows for easier and careful judgment of the depths at which the pellet and
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supernatant lie in the rotor so as not to disturb the pellet. The supernatant removed in this
final step can be added to the pool of supernatant that was removed in prior steps, which can
then be analyzed by UV absorbance (or otherwise) to estimate how much protein was
packed into the rotor. The gap above the sample is crucial for allowing thermal expansion,
which can occur due to frictional heating during the MAS spinning and/or due to heating
from radio frequency (RF) pulses (in particular 1H decoupling). A failure to leave room for
sample expansion risks the drive cap being dislodged during NMR experiments, which
would in turn cause rotor crashes.

Troubleshooting and optimization

Although the described procedures are suitable for a wide variety of samples (see below),
the employed sample volume, centrifugation rate and centrifugation times may require some
trial-and-error optimization. When packing a new kind of sample one may start at lower g-
forces (~100,000 x g) for shorter periods of time (30 minutes to 1 hour), and evaluate the
pelleting efficiency. The latter can be done by taking a small aliquot of the supernatant at the
end of a run and submitting it to UV-Vis analysis. If there is sample still present in the
supernatant, another round of UC either at higher speeds or for longer duration is performed
as needed. If subsequent rounds of UC still fail to completely pack the entire sample, some
troubleshooting is required. First, for certain samples the braking at the end of the runs may
result in a disruption of the pelleted material. Using low or no braking during UC can rectify
this problem, at the expense of some of the time efficiency of the packing protocol. Second,
there may simply be more sample than can physically fit in the rotor. This may be fairly
predictable for nanocrystalline proteins or peptides, but can be harder to predict for samples
such as hydrated proteoliposomes. It is also possible that the sample needs to be subjected to
higher g-force ultracentrifugation for extended durations. Conversely, if evidence of sample
degradation due to very high g-forces is observed, then efficient packing can often be
achieved at lower centrifugation speeds. A somewhat cautious approach may also be
warranted when using newly designed or commercially obtained packing devices, at least
during initial usage, to check for centrifugal-force-induced damage to the device or rotors.

Applications

Centrifugal packing tools have already been used by ourselves and others for preparing a
wide variety of MAS NMR samples like protein micro- or nanocrystals (Béckmann et al.
2009), sedimented soluble proteins (Bertini et al. 2012; Gardiennet et al. 2012), protein
complexes (Wiegand et al. 2016a; Wiegand et al. 2016b), fibrillar aggregates (Hoop et al.
2014; Hoop et al. 2016), and membrane-based samples (Das et al. 2013; Kunert et al. 2014;
Mandal et al. 2015; Hisao et al. 2016). As we discuss below, this approach is particularly
beneficial for those samples were ultracentrifugation is critical to achieve efficient pelleting
or sedimentation.

Case Study 1 — Membrane-associated proteins

We first examine the application of this approach to the sSNMR study of lipid vesicles, or
vesicle-bound proteins, using our recent work as an example (Mandal et al. 2015; Mandal
and Van der Wel 2016). Unilamellar lipid vesicles of varying sizes are frequently used to
mimic biological membranes in studies of protein-lipid or peptide-lipid interactions (Scalise
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et al. 2013; Mandal et al. 2015; Stepanyants et al. 2015; LeBarron and London 2016;
Veshaguri et al. 2016). Unilamellar vesicles expose a maximum amount of membrane
surface for binding by peripherally binding membrane proteins (Mandal et al. 2015) or
antimicrobial peptides (Porcelli et al. 2013). Given their common use in vesicle leakage or
vesicle fusion assays, sSSNMR studies of LUV-based samples also allow a correlation to the
results of such functional assays. As illustrated in Fig. 3a, LUVs feature a single spherical
lipid bilayer filled with aqueous solution (Fig. 3a), with diameters ranging from 100 nm to
~500 nm (New 1994; Sharma and Sharma 1997). For most common applicable sizes, the
water-filled LUVs have densities in the range of 1.02 — 1.08 g/mL (Fig. 3b) compared to
protein aggregates or protein crystals with densities ~1.3 g/mL or higher (Bell et al. 1982;
White et al. 2007). Note that, as indicated in Fig. 3a, the lipid bilayer itself has a notably
higher density, but only makes up a very small fraction of the entire LUV (Mandal and Van
der Wel 2016). The low LUV density means that they are not easy to pellet unless one
employs ultracentrifugation (Tortorella et al. 1993). This is different for multilamellar
vesicles (MLVs), which are more readily pelleted, as they can be 10-100x heavier than
typical LUVs (Fig. 3). LUVs, and in particular, LUVs sized less than 200 nm, increasingly
require high g-forces that can only be achieved by ultracentrifugation. This has led prior
studies to increase their effective density by the inclusion of halogenated (Tortorella and
London 1994) or biotinylated lipids (Tortorella et al. 1993). Others achieve a similar effect
by loading them with sucrose (Zschornig et al. 2005; Abe et al. 2011). However, this is not
always practical, for instance if the vesicles are made porous by the addition of pre-amyloid
oligomers or membrane-active peptides or proteins.

The use of ultracentrifugal sample packing was especially advantageous in our recent studies
of the peripheral membrane protein cytochrome c (Fig. 4a—b) (Mandal et al. 2015). For both
functional assays and for MAS ssNMR, the protein was bound to the membrane surface of
200-nm-sized LUVs. To achieve sample pelleting for ssSNMR, the packing device containing
the protein/LUV mixture was initially spun at 143,000 x g for 3 hours. Since UV
measurements on the supernatant indicated that there was still LUV-bound protein left in the
supernatant, a second UC step was performed at 175,000 x g for 4.5 hours. The final UV
measurements confirmed that the 1.7 mg of (labeled) membrane-bound cytochrome ¢ had
completely pelleted in the rotor. A second, smaller sample featuring 0.75mg of protein was
fully packed after 143,000 x g for 5 hours. The resultant samples were studies by 1D, 2D
and 3D MAS ssNMR, with an example spectrum shown in Fig. 4b (Mandal et al. 2015). As
described elsewhere, these NMR studies provided new insights into the membrane-induced
structural changes in cytochrome c, as well as the dynamics and phase behavior of the lipids
themselves (Mandal et al. 2015; Mandal and Van der Wel 2016).

Case Study 2 — Fibrillar samples

Another application of the packing tool is in the study of fibrillar protein and peptide
aggregates, whether in a biological context or for materials-science applications. These can
present a challenge for packing due to their elongated and sometimes quite rigid fibrillar
structure, which turns the samples into hydrogels. Such hydrogels can resist compaction
unless they are subjected to high g-forces. Depending on the sample, pre-treatments
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involving sonication or ultracentrifugation may be beneficial prior to the actual packing
process.

We have successfully used the ultracentrifuge-packing tool to prepare a variety of peptide
and protein fibrils (Li et al. 2011; Sivanandam et al. 2011; Hoop et al. 2014; Hoop et al.
2016). Our most recent studies on huntingtin exonl (Fig. 4c—d) (Hoop et al. 2014; Hoop et
al. 2016) involved the packing of htt exonl fibrils into 3.2 mm MAS rotors. The packing
protocol used here was slightly modified, based on the fact that here the sample size was
limited by the amount of available protein fibrils rather than the size of the MAS rotor. After
the first round of centrifugation at 154,000 x g for one hour, the supernatant was removed.
At that time, 1 mL of buffer was used to rinse the original sample tube in order to recover
residual sample that may have been left behind. This second batch was then added to the
funnel and submitted to another round of centrifugation. A second rinse and centrifugation
cycle was performed before the rotor was sealed for study by MAS NMR. At each stage, the
supernatant collected was checked by UV-Vis absorbance spectrometry to determine the
final amount of sample packed in the rotor. Fig. 4d shows an example spectrum obtained on
such a sample, with more data shown in our published work on huntingtin exon 1 fibrils and
other polyQ aggregates (Sivanandam et al. 2011; Hoop et al. 2014; Hoop et al. 2016).

Case Study 3 — Nanocrystals and other nanoassemblies

Some samples, especially protein nano-crystals and non-fibrillar aggregates do not
necessarily require ultracentrifugation for efficient pelleting. Nonetheless, we find the
described approach equally useful for these samples as it renders the process convenient, fast
and reproducible. In addition, packing by ultracentrifugation results in a higher packing
density that translates into an improved signal-to-noise ratio that is beneficial even for
crystalline samples. Thus, we have similarly used this approach for peptide- or protein-based
nanocrystals (Van der Wel et al. 2010; Li and van der Wel 2013). Fig. 4e—f illustrates a more
recent application to acylated divalent peptide-derived nanoparticles (C1g-(PEP o™ %),
where PEP denotes the sequence AYSSGAPPMPPF) that are designed to induce formation
of chiroptical gold particle assemblies (Fig. 4e—f) (Merg et al. 2016). The packing protocol
used here was very simple. After applying the nanoparticle suspension to the packing tool, it
was subjected to ultracentrifugation for 1 hour at 175,000 x gat 4 °C. UV measurements on
the supernatant collected at the end of the centrifugation run confirmed that 1.92 mg of
particles were packed into the rotor. Various MAS NMR spectra (e.g. Fig. 4f) were then used
to probe the structural and motional features of the nanoparticle assemblies.

Discussion

Potential concerns and caveats

We have delineated how ultracentrifugal packing tools facilitate a generally applicable,
convenient and effective way to pack hydrated samples for MAS ssNMR. The resulting
samples retain their fully hydrated state, which is valuable to assure biological relevance, but
also can be beneficial for spectral quality (Tang et al. 1999; Martin and Zilm 2003;
Igumenova et al. 2004; Linden et al. 2011; Siemer et al. 2012; Bertini et al. 2013; Fragai et
al. 2013; Bockmann and Meier 2014; Hisao et al. 2016). At the same time, one can
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minimize excess buffer, which not only maximizes the ssSNMR signal but also may improve
the RF distribution in the sample (Béckmann et al. 2009). In this section, we discuss and
address a number of potential concerns with this approach.

Perhaps most importantly, one may express concern about the consequences of submitting
potentially sensitive (biological) samples to ultracentrifugation during the packing process.
The g-forces associated with the advocated sample packing approach can exceed 100,000 x
g (Table 1), which may indeed lead to irrevocable changes in certain samples (Han et al.
2010; Renault et al. 2013; Cai et al. 2014). Whilst this is not an unreasonable concern, it is
important to realize that this may be a moot point when samples are used for MAS ssNMR.
Table 2 lists maximum (and typical) spin rates for different types of MAS rotors along with
the corresponding g-forces that will be exerted on the sample. Comparing Tables 1 and 2, it
is clear that that most MAS experiments are done at conditions that result in larger g-forces
on the sample than exerted by an ultracentrifugal packing device. In addition, UC packing
can often be quite effectively performed at reduced UC spinning rates that stay below the g-
forces that cause damage or are achieved during MAS. Thus, it seems unnecessary to avoid
ultracentrifugal packing due to concerns of sample damage.

Another concern affecting the design and use of these devices is whether the g-forces
involved would (over time) cause damage and deformations in either the packing device or
the MAS rotors. The two ultracentrifugal packing devices described in this paper were
purposely designed to be simple, solid and robust. Since their construction in January 2010,
they have been subjected to hundreds of hours of centrifugation. A few cosmetic scratches
notwithstanding the tools continue to function as designed without leakage. Given that the g-
forces associated with MAS exceed those of the packing process, one may think that there is
no need to worry about rotor damage. However, the direction of the forces during packing
will be along the length of the rotor. Depending on the design and execution of the packing
device, one may also end up with particularly high forces being applied to specific points on
the rotor. However, after almost seven years of usage, we have not observed any evidence or
indication of negative consequences for the MAS rotors.

The described designs are based on Bruker design MAS rotors, and in particular their 3.2
and 4 mm rotors. Devices suitable for packing other rotor sizes or rotor designs will require
design changes. For instance, some rotors have two open ends. Although one could insert an
end-cap before packing the sample, it is likely that these caps may not withstand the forces
involved in the packing process. Thus, one may need to replace the end cap after sample
packing, or adapt the design of the packing device. For other rotor sizes, and in particular the
advent of increasingly small rotors, it is likely that design changes will be needed beyond a
mere “scaling down” of the described devices. That said, it may also be that this approach is
particularly beneficial for the tinier rotor sizes (more on this below).

Finally, although we focused on the study of hydrated samples, there are certainly scenarios
where packing tools are not needed for the sSNMR study of entirely dry samples (Bajaj et al.
2009). When investigating transient or unstable intermediates (Chimon and Ishii 2005;
Chimon et al. 2007), one may need to trap and stabilize such states by freezing and
lyophilizing the samples. In addition, it is also true that complete dehydration, followed by
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controlled re-hydration, is likely to remain the best way of retaining complete control of the
sample hydration. This is important when low levels of sample hydration are necessary or
desired, or for systematic studies of the impact of hydration on protein structure, dynamics
and ssNMR spectral quality. Indeed, there is a long-standing body of work describing
ssNMR on samples submitted to controlled re-hydration following lyophilization (Kennedy
and Bryant 1990; Gregory et al. 1993; Jakeman et al. 1998; Pauli et al. 2000; Seidel et al.
2005; Krushelnitsky et al. 2006; Comellas et al. 2011; Luchinat et al. 2013; Ravera et al.
2016; Tuttle et al. 2016). As such, there are clearly scenarios where ultracentrifugal packing
methods may not be necessary or practical.

Alternative designs and commercial availability

As noted above, similar devices have been used in a variety of SSNMR labs and have been
described in the literature. Typically these have been custom-built devices that each feature
different design choices and priorities. One of the differences in the various designs in the
literature so far is the materials used for construction of the packing tool components. It is
important to use a material that can be milled to high precision, is strong, durable and
protective of the rotor during centrifugation. In our case these considerations and the
expertise and tools available to us dictated our choice to use unfilled PEEK to construct all
components of our packing tool. Other packing tools have been constructed usually using
different materials like polyoxymethylene (POM), PEEK with 30% glass, delrin®, vespel®,
aluminum and epoxide glass for the various components (Bockmann et al. 2009; Bertini et
al. 2012; Gelis et al. 2013). It is worth noting that the choice of material (and design) should
consider the UCR weight limits, as discussed above. There are examples of centrifugal tools
designed for packing samples for ultrafast MAS NMR in the literature, for instance those
used for packing amyloid fibril samples into 1.3 mm sized rotors (Hoop et al. 2016). Some
of these devices are also commercially available. For instance, Giotto Biotech (Sesto
Fiorentino, Italy) sells such devices for various types of MAS rotors, including 1.3mm
diameter ones. Finally, there are scenarios where one may need to reach higher g-forces than
possible in the devices described here. This includes samples containing small LUVs and
SUVs, or sedimentation NMR applied to smaller proteins. Such cases require packing tools
designed for used in a swinging-bucket UCR that achieves even higher g-forces (Table 1).
For instance, a prior report described an ultracentrifugal packing device for use with a SW
60 Ti UCR allowing a maximum g-force up to 485,000 x g (Gardiennet et al. 2012). Given
that this still stays well below the g-forces associated with commonly used MAS NMR rates
(Table 2), it seems likely that this may be the optimal approach going forward, assuming that
these centrifugal forces are found to not affect the structural integrity of the MAS rotors
themselves.

Conclusions

In this report we discuss and advocate the more general use of ultracentrifugal packing
devices for routine preparation of samples for modern MAS NMR. This approach maintains
hydration throughout the packing process while at the same time making the entire process
simpler and faster than more manual sample transfer methods. As discussed, these devices
have a proven track record in applications to a wide array of sample types, but still are
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underused in the ssNMR community. We expect that a wider adoption of this methodology
will help make ssNMR sample preparation faster, more routine, and more reproducible.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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34.7 mm

Fig. 1.
Schematics of the ultracentrifugal device for packing 3.2mm MAS rotors. (a) (L — R) Photo

showing a 3.2mm Bruker MAS rotor with a cap (red rectangle), packing tool, an empty
centrifuge tube and bucket holder for the SW 32 Ti UCR. (b) Exploded view of the packing
tool with outer dimensions of the three components. This design drawing does not show the
threading of part | (see panel a). (c) X-ray view showing the internal design. The bottom
piece (1) holds the rotor, the middle piece (I1) is the funnel in which the sample suspension is
applied and the top piece (111) stabilizes the ultracentrifuge tube and packing device in the
UCR bucket. Pieces | and Il thread together for a tight seal (unsealed state shown in panel a).
(d) Sliced-through view of parts I-11 showing the relative dimensions and locations of the
funnel, 3.2 mm Bruker rotor (grey rectangle), and O-ring (red). The parts are shown partly
unscrewed for clarity.
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.
aqueous
suspension
of sample

e

\
supernatant pellet

Fig.

2.

Packing process. (a) The sample suspension is placed in the funnel, up to a 1 mL volume. (b)
The packed tool is inserted in its swinging bucket and sealed. (c, d) During UC the bucket
achieves a horizontal orientation that ensures even pelleting of the sample within the rotor.
(e) After completion of the UC, excess supernatant is removed. (f) A small amount of
supernatant is left to maintain excess hydration. (g) After disassembly of the packing tool
the rotor is capped. Note that it is important to leave a small gap between the liquid and the
spacer or cap (see text). In this figure part I11 is not shown to scale to best display the sample
handling.
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a b Density Molecular Wt.
0 100 nm LUV 1.08 g/ml 340 MDa
O 200 nm LUV 1.04 g/ml 2,600 MDa
Density of
H,O =1 g/ml O 500 nm LUV 1.02 g/ml 40,000 MDa
Density of
LUVs ~ 1 g/ml

1000 nm MLV 1.24 g/ml 390,000 MDa

1200 nm p-crystal 1.24-1.54 g/ml 675,000 -
840,000 MDa

Fig. 3.
Dimensions and densities of lipid vesicles. (a) Schematic LUV shown approximately to

scale. The (local) density of the lipid bilayer is higher than that of the water phase, but the
overall density of the whole LUV is quite similar to that of water. (b) Typical size, density
and molecular weight of differently sized LUVs, MLVs and protein microcrystals.
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Fig. 4.

E)?amples of samples packed with ultracentrifugal devices. (a) TEM of TOCL/DOPC/
cholesterol (0.15:0.75:0.10 molar ratio) vesicles with bound cytochrome c. (b) 13C-13C CP
DARR spectrum of 1.7 mg of U-13C,15N cytochrome ¢ bound to TOCL/DOPC (1:4 molar
ratio) vesicles measured at a sample temperature of 233 K. (Adapted from (Mandal et al.
2015), Copyright 2015, with permission from Elsevier.) (c) TEM on [U-13C-15N]-labeled
huntingtin exon 1 fibrils prepared for ssSNMR. (d) 13C-13C CP DARR spectrum of 4.4 mg of
htt exon1 fibrils measured at 275 K and 13 kHz MAS. Panels (c—d) are adapted from (Hoop
et al. 2016). (e) AFM on Cyg-(PEP A M-2%), fibers. (f) 13C-13C CP DARR spectrum of 1.9
mg of Cyg -(PEP M), peptide nanofibrils measured at 277 K. Panels (e—f) are adapted
with permission from (Merg et al. 2016). Copyright 2016 American Chemical Society. The
NMR measurements were performed on a 600 and 800 MHz (1H) spectrometer using 3.2
mm MAS rotors.
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Table 1

Properties of swinging-bucket rotors available for Beckman Coulter ultracentrifuges.

Ultracentrifuge rotor (UCR)

Max spinning rate (RPM)

G-force on sample

Maximum swinging bucket volume (ml)

SW32Ti 32,000 175,000 38.5
SW 40 Ti 40,000 285,000 14
SW 60 Ti 60,000 485,000 4
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Table 2

Characteristics of Bruker MAS rotors.

Bruker MAS rotor

Max. MAS rate P)

G-force on sample

Sample volume & (ul)

(kHz) | (RPM)
0.7 mm 111 | 6,660,000 | 11,180,000 05
1.3mm 67 | 4,020,000 | 8,140,000 25-3
1.9 mm 42 | 2520,000 | 5,330,000 10-14
2.5 mm (regular) 35 | 2,100,000 | 3,700,000 12-16
25mm (thinwall) [ 35 | 2,200,000 | 4,200,000 12-20
3.2 mm (regular) 24 1,440,000 | 2,550,000 30 - 40
3.2 mm (thinwall) &) | 5 300,000 | 130,000 42-50

83 | 500000 | 360,000

12 | 720000 | 750,000

24 1,440,000 | 3,020,000
4mm 15 | 900,000 | 1,360,000 89 -92

a)

The sample volume estimate for 0.7mm rotor was obtained from Bruker Biospin.

b)
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Additional lower MAS rates are reported for the 3.2mm MAS rotors.
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Sample volume estimates for all rotors (except 0.7mm) were obtained, and calculated from dimensions published by Cortecnet (Brooklyn, NY).



	Abstract
	Introduction
	Methods
	Construction of sample packing tool
	Sample packing protocol
	Preparation of the reference samples
	MAS ssNMR experiments
	Electron Microscopy and Atomic Force Microscopy

	Results
	MAS NMR sample packing design considerations
	Packing device design
	Usage of the ultracentrifuge packing device
	Troubleshooting and optimization
	Applications
	Case Study 1 – Membrane-associated proteins
	Case Study 2 – Fibrillar samples
	Case Study 3 – Nanocrystals and other nanoassemblies

	Discussion
	Potential concerns and caveats
	Alternative designs and commercial availability

	Conclusions
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Table 1
	Table 2

