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We present a fluorescence-based methodology for monitoring the rotational dynamics of Nanodiscs. Nanodiscs
are nano-scale lipid bilayers surrounded by a helical membrane scaffold protein (MSP) that have found con-
siderable use in studying the interactions between membrane proteins and their lipid bilayer environment. Using

a long-lifetime Ruthenium label covalently attached to the Nanodiscs, we find that Nanodiscs of increasing
diameter, made by varying the number of helical repeats in the MSP, display increasing rotational correlation
times. We also model our system using both analytical equations that describe rotating spheroids and numerical
calculations performed on atomic models of Nanodiscs. Using these methods, we observe a linear relationship
between the experimentally determined rotational correlation times and those calculated from both analytical
equations and numerical solutions. This work sets the stage for accurate, label-free quantification of protein-lipid
interactions at the membrane surface.

1. Introduction to Nanodiscs

Modern technology has provided a plethora of methodologies for
investigating the structure and function of proteins and protein as-
semblies. Unfortunately, most of these approaches applied to mem-
brane proteins have significant limitations. Proteins reconstituted using
mild detergents may not structurally resemble their native conforma-
tions (Zhou and Cross, 2013). While sometimes partial activity can be
realized by adding a small amount of lipid or loosening the structure
with detergent, the reality is that the membrane protein does not find
itself in its normal bilayer environment, can be aggregated, and hence
often displays altered or absent function.

There are now several approaches to deal with the challenges in
investigating membrane proteins as has been recently reviewed
(Denisov and Sligar, 2017). Historically, membrane proteins have been
reconstituted into liposomes or studied in micelles, and in some cases
truncated proteins were used to aid reconstitution. Roughly fifteen
years ago a new method was introduced wherein a detergent solubi-
lized membrane protein and phospholipid were mixed with an amphi-
pathic helical protein derived from ApoAl (Bayburt and Sligar, 2003).
When the detergent was removed by dialysis, or treatment with hy-
drophobic beads, self-assembly ensued wherein the target ended up
embedded in a bilayer, in the correct configuration, with the entire
discoidal particle rendered soluble via two encircling wraps of the

amphipathic protein belt. This amphipathic protein was termed a
"membrane scaffold protein", or MSP, and took it sequence from the
well-known literature of human Apo-Al lipoprotein structure (Wald
et al., 1990; Carlson et al., 1997). However, the function of the full-
length Apo-Al is to target a spherical ball of lipid, cholesterol and
cholesterol esters. Genetic engineering of the Apo-Al protein, involving
removing the globular head domain and part of the core protein se-
quence, yielded a membrane scaffold protein (MSP) that is optimized
for forming homogeneous and monodisperse discoidal bilayers
(Denisov et al., 2004). Various tags, including His, FLAG, biotin as well
as engineered labeling sites together with larger discoidal bilayers
generated by adding or subtracting helical segments followed. The re-
sultant structures were termed Nanodiscs, with a capitalized "N" re-
flecting early copyrighting. Since this discovery, alternate protein se-
quences, and even short amphipathic peptide fragments have been used
to render membrane proteins soluble in a bilayer environment (Viegas
et al., 2016; Prade et al., 2018). In many recent publications, the targets
in these structures are also called “nanodiscs”, and hence to be clear, we
have retained the capital "N" in Nanodisc to reflect those true bilayers
that are formed with MSPs. SMALPs and other peptide-based methods
are described in several articles in this special issue. Although a full
review of these kinds of nanodiscs is beyond the scope of this manu-
script, various peptide and polymer-based nanodiscs have also been
described for solubilizing membranes and reconstituting membrane
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proteins (Swainsbury et al., 2017; Laursen et al., 2016; Ravula et al.,
2019; Swainsbury et al., 2014; Salnikov et al., 2018) and are discussed
in further detail elsewhere in this special issue.

While one cannot vary the diameter of Nanodiscs continuously,
Nanodiscs can be made with diameters from 6nm (Hagn et al., 2018) to
17nm (Ritchie et al., 2009a) by using MSPs with different numbers of
helical repeats. Interactions between the target protein and the Nano-
disc (e.g. depth of insertion or distance to the MSP belt) can be assessed
with structural techniques such as SAXS (Baas et al., 2004; Skar-
Gislinge et al., 2015). As the MSP is an engineered amphipathic helical
protein, the pH of the solution must be kept near physiological pH.

When used in concentrations near 1mM, divalent metal ions
(Ca2+, Mg2+) can form a cationic bridge between phospholipid head
groups and a negatively charged surface such as mica, resulting in
Nanodisc adsorption to the surface. This has been used for surface-
based studies such as atomic force microscopy (Bayburt and Sligar,
2002). At high concentrations (> 10 mM), divalent metal ions may also
bridge zwitterionic lipid head groups of different Nanodiscs, resulting
in stacking interactions.

The use of Nanodiscs in the study of membrane proteins has ex-
ploded over the past few years. The MSPs used herein are readily ob-
tainable from commercial suppliers (e.g. Sigma-Aldrich) and the genes
for producing MSPs via simple E. coli fermentation are available from
AddGene (to date over 1500 samples have been shipped to academics
world-wide). Nanodiscs are available with varying sizes, from ~ 6 nm to
" 17 nm in diameter, and any number of native and synthetic phos-
pholipid compositions are possible. Incorporating a membrane protein
target into Nanodiscs is a simple process of self-assembly, as has been
reviewed in detail in many recent articles (Denisov and Sligar, 2017;
Schuler et al., 2013; Ritchie et al., 2009b). Successfully incorporated
targets include monomeric and dimeric GPCRs (Bayburt et al., 2007;
Van Eps et al., 2017; Bayburt et al., 2011), multicomponent transpor-
ters (Alvarez et al., 2010; Orelle et al., 2018), monomeric enzymes
(Denisov and Sligar, 2010) and trans-membrane signaling complexes
(Ye et al., 2010). Importantly, since the membrane protein finds itself in
a native like lipid environment, full functionality is realized as well as
increased stability. The Nanodisc embedded target can be affixed to a
sensor surface or investigated by any of the biochemical and biophy-
sical methods previously reserved for soluble proteins. High resolution
structures of membrane proteins have been obtained by NMR (Hagn
et al.,, 2013) and by cryo-electron microscopy (Gao et al., 2016;
Gatsogiannis et al., 2016; Matthies et al., 2018). Topologies and dy-
namics have been explored by isotope exchange and various finger-
printing methods (Morgan et al., 2011; Nasr et al., 2013; Trahey et al.,
2015; Treuheit et al., 2016; Li et al., 2018). A careful summary of these
success has been extensively reviewed recently (Denisov and Sligar,
2017; Schuler et al., 2013; Ritchie et al., 2009b).

2. Nanodiscs as a sensing platform

An important feature of Nanodisc incorporated membrane proteins
is that they preserve the native structure and activity that is found in
their native bilayer home. A second important advantage is the ro-
bustness of the nanoparticle, allowing the Nanodisc to be sorted via
droplet or microfluidic methods or affixed to a sensor surface. These
methodologies have also been reviewed recently (Rouck et al., 2017),
and we will only describe the already completed work that forms a
background for the new methods presented subsequently.

Many examples exist wherein Nanodiscs and a self-assembled target
have been used to quantitate the binding of small molecules or other
proteins. Important in these experiments has been the ability to affix
the Nanodisc complex to a sensor surface. Multiple approaches have
been used, most commonly using a poly-histidine sequence on the
amino or carboxy terminus of the encircling membrane scaffold protein
(MSP). Other genetically encoded tags such as FLAG, cMyc, RGD etc.
have also been used. An alternative is to utilize a biotin label on the
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MSP, either chemically attached to a unique cysteine residue en-
gineered into the sequence (D73C is commercially available).
Alternatively, the MSP sequence has been extended to add a specific
recognition sequence for the E. coli biotinylation machinery. As there
are two antiparallel MSP belts, these approaches normally put two at-
tachment sites on each Nanodisc, although self-assembly with an un-
modified MSP can result in a singly labeled entity. Other labels can be
attached to the unique cysteine site, including specific DNA sequences.

With poly-histidine and biotin tags, commonly available sensor
platforms for surface plasmon resonance (SPR) are readily available.
Even small molecular weight compound binding to the large Nanodisc-
target complex can be monitored by SPR (Trahey et al., 2015) or larger
macromolecules and antibodies (Wilcox et al., 2015).

An important use of Nanodiscs that is becoming very popular uti-
lizes the discoidal surface to quantitate the binding and assembly of
macromolecular complexes. Nanodiscs can be prepared with defined
lipid composition, varying the head group structure and charge (Shaw
et al., 2007a; McLean et al., 2018). The choice of overall diameter (from
“6nm to ~ 17 nm) provides a surface of 17-170 square nanometers. The
number of lipids packed into the disc depends on head group and chain
length as described (Denisov et al., 2004). With full packing the
membrane surface is essentially flat and discoidal, and hence this
system has yet to provide a means to generate defined bilayer curva-
ture. Extensive molecular dynamics studies (Shih et al., 2005) and ex-
periments (Skar-Gislinge et al., 2010, 2018) have shown the overall
motions of the Nanodisc, including cases where less than optimal lipid
packing can generate ellipsoidal shapes characterized by an increase in
"drum head" oscillatory motions of the bilayer. It is worth noting that
there has not yet been described a means for generating Nanodiscs with
asymmetric leaflet compositions.

A plethora of sensor modalities have successfully utilized Nanodiscs
to stabilize a membrane protein and allow different means for affixing
to the detecting surface. These include monitoring via cantilever de-
tection (Tark et al., 2010), arrays generated on silicon based ring re-
sonators (Sloan et al., 2013; Wade and Bailey, 2016), and many in-
vestigations by surface plasmon resonance (Trahey et al., 2015; Shaw
et al., 2007b). Such surface-based methods, as well as radio labeled
techniques, NMR relaxation, thermophoresis, mass spectrometry,
atomic force microscopy (Bayburt et al., 2002) and differential labeling
were recently reviewed extensively (Denisov and Sligar, 2017; Rouck
et al., 2017).

One of the most powerful methodologies uses the sensitivity and
selectivity of fluorescence-based methods. Resonance energy transfer
(FRET) based approaches use a binding component and a labeled
membrane scaffold protein (MSP) to form a donor-acceptor pair
(Bayburt et al., 2011). An important example was the extensive studies
of talin, an important integrin activator, and its interaction with anionic
lipids, and the role of the phospholipid in the mechanism of auto-
inhibition by the talin rod domain (Ye et al., 2016a, b). Here a donor
was attached to an engineered cysteine residue on the MSP with a dark
quencher on the talin head domain, allowing quick and reliable binding
studies (Bayburt et al., 2011; Ye et al., 2016b). Given the stability of the
Nanodisc in solution, it is natural to ask if the rotational motion of the
entire disk can be monitored by fluorescence polarization methods. This
could allow the target and binding partner to be label-free and yet
provide a sensitive probe of affinity and structure.

Rotational motion of Nanodisc-protein complexes has also been
investigated by NMR. Early attempts at using NMR with Nanodiscs
were hindered by their relatively large size, which caused line broad-
ening and poor signal quality due to the slow overall rotational motion
of the Nanodisc-protein complex. Hagn et al. generated truncated MSPs
by deleting one or more helical repeats, which led to high-resolution
NMR spectra and the structure of outer membrane protein X (OmpX),
the first integral membrane protein (IMP) structure assigned in
Nanodiscs (Hagn et al., 2013). This work was followed by further
structural characterization of various IMPs using a combination of 2D
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Table 1

Rotational correlation times of various Nanodisc-IMP complexes measured by
NMR. All spectra used to obtain this data were taken at 45 °C. Two values were
reported for MSP1D1AHS5-Ail (Adhesion invasion locus); we list the value ob-
tained at [Ail] = 0.66 mM (Dutta et al., 2017).

MSP IMP Correlation Time Reference
(ns)

44-243 apoA-1 Aam-I 40 Shenkarev et al.,

fragment 2009
MSP1D1AH4H5 OmpX 27 Hagn et al., 2013
MSP1D1AH5 OprHAL1AL4 32 Kucharska et al.,

2015

MSP1D1AH5 OmpX 34 Hagn et al., 2013
MSP1D1AH5 Ail (0.66 mM)  35.4 Dutta et al., 2017
MSP1D1AHS5 bR 60 Hagn et al., 2013
MSP1D1 OmpX 48 Hagn et al., 2013
MSP1D1 bR 86 Hagn et al., 2013

NMR and TRACT experiments to measure chemical shifts and rotational
dynamics of Nanodisc-IMP complexes (Kucharska et al., 2015; Dutta
et al., 2017; Susac et al., 2014). Solid-state NMR can also be used to
study larger protein-lipid complexes, and has been used to characterize
discoidal apo-AlI secondary structure (Li et al., 2006).

Measured rotational correlation times vary with the size of the MSP,
IMP, and temperature (Hagn et al., 2013; Kucharska et al., 2015; Dutta
et al., 2017; Shenkarev et al., 2009) (Table 1). Because NMR requires
fast tumbling times, spectra are usually recorded at relatively high
temperatures. A short correlation time of 27 ns corresponds to the
overall rotation of MSP1D1AH4HS5 Nanodiscs loaded with OmpX, while
bacteriorhodopsin (bR) reconstituted in MSP1D1 Nanodiscs measures
86ns (Hagn et al., 2013). Although IMPs may not project as far from the
membrane as peripheral proteins, it is interesting to note that there is
still a measurable difference in the rotational correlation time of Na-
nodiscs made with identical MSPs loaded with different IMPs. Dutta
et al. report apparent changes in rotational correlation time as a func-
tion of disc-protein concentration, presumably due to protein-protein
interactions between different IMP-Nanodisc complexes (Dutta et al.,
2017). These results suggest that the overall rotational dynamics of
Nanodisc-protein complexes are sensitive to changes in the size of the
ensemble.

The remainder of this article provides an extensive description of
the rotational dynamics of Nanodiscs. We will see that even a small
change in the diameter of the Nanodisc can be accurately detected.

3. A new assay tool: free rotational motion of Nanodiscs

We present here a new assay system that makes use of the hydro-
dynamic motion of Nanodiscs to monitor the association of proteins to
the membrane surface, first described in 2017 (Gregory et al., 2017).
The rotational diffusion of small molecules and proteins in solution is
well understood, and multiple analysis methods have been described
(Jonas, 1972; Favro, 1960; Ortega and Garcia de la Torre, 2003). The
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Nanodisc system is well approximated by a solid disk with two x,y
degenerate rotational axis as shown in Fig. 1.

Additionally, at the mass and time scales of interest, all inertial
components of the rotational motion have been damped by solvent
collisions. The total mass of the object is thus of less importance and
one only needs to consider the overall shape of the Nanodisc. The shape
can change dramatically when macromolecule targets bind to the
membrane surface or more subtly as the diameter increases with added
helical repeats of the MSP.

Modeling via oblate spheroid as shown in the figure can simplify the
analysis. The axial ratio of an ellipsoid is related to the anisotropic and
isotropic diffusion coefficients via the well-known equations (Tao,
1969):

3p(0—=5
D” = —MD

2 (02 -1) (@)
D, = 3plCp? = 1S —pl

2 (e* - 1) 2
where
S = (0> — 1y zforp > 1 3)

_1
sS=a- ffﬁz)’%tan‘1 a-pe" 2/ forp <1
P )

with p being the axial ratio and D being the isotropic diffusion constant.

The overall hydrodynamic radii define the isotropic diffusion coef-
ficients according to the Stokes-Einstein relation. Once the anisotropic
diffusion coefficients are in hand, one can directly calculate the rota-
tional correlation times:

o L

6D, ()
oo 1

5D, + D” (6)
oo 1

2D + 4D“ 7)

Interestingly, the two rotational diffusion coefficients for an oblate
spheroid map to three rotational correlation times, but these three
parameters are nearly identical for most axial ratios (Fig. 2). To com-
pare these values to experiment and other modeling techniques, we
have chosen to use the harmonic mean correlation time as a benchmark
of model performance. This both simplifies the comparisons and reflects
the difficulty of resolving closely-spaced rotations in experiments.

An alternative analysis approach is to describe the motion of an
arbitrarily shaped molecule with a diffusion tensor, whose diagonal
entries are the diffusion coefficients about the molecule’s x, y, and z
axes. From these diffusion coefficients one can directly calculate the
expected rotational correlation times, although in practice one cannot
usually distinguish these experimentally. Determining the anisotropic

Fig. 1. Diagram of the principle axes of Nanodiscs (left) and the oblate spheroid approximation (right) with two degenerate axes.
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diffusion tensor of a biomolecule is not trivial but can be accomplished
via programs such as HYDROPRO (Ortega et al., 2011). HYDROPRO
creates a shell or bead-based model from a molecular structure file
(PDB) and then calculates several diffusion and scattering properties.
The shell-based model, which is used to model Nanodiscs in this work,
is built from a shell of non-overlapping beads that covers the outer
surface of the molecule. In our case the structure file used is an all-atom
PDB file of a Nanodisc. Calculations are performed for decreasing bead
radii and the results are extrapolated out to a radius of 0. In this way
one can recover the radius of gyration, full diffusion tensor, and various
rotational relaxation times.

It is also possible to estimate the full diffusion tensor from molecular
dynamics simulations. All atom simulations are preferable, as many
coarse-grained approaches do not parameterize water realistically,
which might adversely affect the simulated rotational behavior at the
solvent interface. This method involves computing rotation matrices
that connect subsequent time frames of the simulation. It is convenient
to describe the resultant motions in the form of quaternions, as they
simplify the mathematical treatment. An account of the theory and
comparisons between this modeling and experimental data has been
given (Chen et al., 2017). This method has been successfully applied to
small soluble proteins such as myoglobin and asymmetric molecules
such as DNA (Linke et al., 2018). Unfortunately, this technique de-
mands long simulations to capture the rotational dynamics of the mo-
lecule of interest. Nanodisc complexes with protein exhibit much larger
correlation times than those of small proteins, which compounds the
problem. The computing power required to perform such simulations
(one to several weeks of supercomputing time) renders this method
unattractive for the routine analysis of macromolecular binding to
Nanodiscs. We thus utilize HYDROPRO to calculate rotational dynamics
for various Nanodiscs and compare this result with values obtained via
ellipsoid modeling.

To show the value of this approach, we demonstrate that fluores-
cence depolarization experiments can provide a sensitive probe of the
rotational dynamics of Nanodiscs of various sizes. We have already
applied this method to study protein binding to Nanodiscs (Gregory
et al., 2017; Ye et al., 2016c); together, these studies highlight the use
of depolarization for probing rotational motion and protein-membrane
interactions with Nanodiscs.

4. Fluorescence methods to monitor dynamic motion of Nanodiscs

Molecular motion quantitated by changes in the polarization of
emitted light from an attached fluorophore has been the basis of nu-
merous biochemical assays for over a century. Much of the pioneering
work was conducted by Weber (Spencer and Weber, 1970) and a con-
cise history provided recently by Jameson (2014). Numerous textbooks
and review articles are available, perhaps one of the most utilized is the
latest version by Lakowicz which discusses all aspects of fluorescence
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methodology (Lakowicz, 2006a). A major advance in the quantitation
of fluorescence polarization and anisotropy decay was realized by
Weber and colleagues (Spencer and Weber, 1970) by moving the
measurement into the frequency domain. Here the incident light, po-
larized vertically, is modulated at a frequency w and the intensity of
horizontally and vertically polarized emission observed at right angles.
The sample emission is delayed due to the length of the excited state
lifetime. This results in a phase shift and demodulation between the
excitation and emission as shown in Fig. 3. The relationships between
the phase shift and modulation of the emitted light and the lifetime are
given by (Lakowicz, 2006b):
tang, = wt

(8

My = (1 + w2?) 2 )
where ¢, is the phase shift measured at frequency w, 7 is the lifetime,
and m,, is the modulation ratio between the emitted and incident light.

Once the lifetimes are known, one can perform a separate experi-
ment to measure rotational motions. Absorption of light ultimately
places a fluorophore in an excited singlet state, and if the incident light
is linearly polarized, photoselects an orientation for the emitting dipole
moment. If emission occurs prior to any rotational motion, the fluor-
escence will favor the incident polarization, assuming excitation and
emission dipoles are collinear. If, however, the molecule undergoes
rotational motion, the emission is depolarized. Clearly there is a re-
lationship between the excited state lifetime and the rotational corre-
lation time (Tao, 1969). For a large object this necessitates a long-
lifetime fluorescence probe. Rotational diffusion can be estimated by
the degree of polarization of the emitted light or followed dynamically
in the time domain. The relationship between the anisotropy and ro-
tational correlation times is given by (Lakowicz, 2006¢)

A phase Demodulation

1(t)

time

Fig. 3. Diagram of the change in phase and modulation of intensity-modulated
light that occur during frequency-domain fluorometry measurements (blue:
incident light, red: emitted light). The original description of phase fluorometry
was given by Weber (Spencer and Weber, 1970).
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Fig. 4. Delta phase component of the anisotropy decay of Nanodiscs made with
MSP1E3D1 (red) along with a fit generated by fixing a single fast rotation to
5ns and floating a slower rotation (blue line, see methods). The weighted
average lifetime used to fit the data was 969 ns. Noise at high modulation
frequencies (> 1 MHz) results from the low modulation of the long-lifetime
RuBPY label at these frequencies.

r(t) = rOZ gjexp(—é)
j i

where 1, is the so-called limiting anisotropy (measured in the absence of
rotational diffusion), g is the fractional amplitude of correlation time 6.

Analysis of samples that display complex rotational motions or
multi-exponential lifetimes requires measurement at more than one
frequency. Given that local motion of the fluorescent probe is always a
factor, frequency domain measurements typically monitor the phase
shifts and modulation amplitudes at many frequencies. Modern in-
strumentation, such as provided by ISS instruments (ISS, Inc.,
Champaign, IL) allow such rapid analysis.

(10)

5. Results

The change in phase of the anisotropy decay of Nanodiscs made
with MSP1E3D1 and labeled with [Ru(2,2’-bipyridine),(5-iodoaceta-
mido-1,10-phenanthroline)](PF¢),, herein referred to as RuBPY, is
shown in Fig. 4. Initially, the lifetime of the sample is determined using
a RuBPY reference (lifetime = 430 ns). The decay of labeled Nanodiscs
fit best to two lifetimes, although all samples measured contain most of
the fractional intensity in one of these decay times. Thus, we use the
weighted average lifetime of each sample to fit anisotropy decays. Since
modulation and phase provide independent measures of the anisotropy,
we have chosen to fit only the phase due to its sensitivity. At high
modulation frequencies (> 1 MHz), most of the long-lifetime fluor-
ophores have not decayed over the course of a single modulation cycle,
leading to a low modulation ratio. This results in noise in the high
frequency regime. Despite this, AD fits are achieved with goodness-of-
fit parameters (?) of less than 2 in all cases using the fitting procedure
described in the methods section.

The anisotropy data are fit by fixing a fast rotation (6; = 5ns) to
account for local motion of the fluorophore and fitting a slower rotation
(6,) to the data. The total anisotropy is fixed to 0.18, the anisotropy of
the dye in the absence of rotational diffusion (Castellano et al., 1998).
The average 6, for Nanodiscs made using D1, E1, E2, and E3 MSP are
63.3 + 3ns, 94.1 = 4ns, 101 + 5ns, and 121 * 9ns. The fitting
shows that fluorescence anisotropy is sensitive to small changes in
overall rotational motion.

We have also plotted the average 6, from these experiments against
the harmonic mean relaxation time 6, derived from both ellipsoid-
based modeling (Fig. 5A) and HYDROPRO calculations of all-atom
Nanodisc PDBs (Fig. 5B). In this context relaxation time and correlation
time are used interchangeably and both refer to the exponential decay
of a signal to Y/, of its initial value. The results show a linear relationship
between the data and calculated values for both models (R? = 0.958
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Fig. 5. Comparison of 0 s calculated using the ellipsoid model (A) and HYDR-
OPRO (B) for Nanodiscs of varying size (MSPs used, in order from left to right:
D1, E1, E2, E3). For the ellipsoid model, 8, was calculated as the harmonic
mean of the three characteristic decay times based on equations given in the
text. HYDROPRO calculations were performed using the shell-based model and
the recommended AER of 2.9 angstroms for atomic-level primary models.

and 0.937 for the ellipsoid model and HYDROPRO), indicating that
theoretically predicted increases in rotational motion are borne out by
experimental data. A comparison between experimental and calculated
6 s obtained for several proteins of various sizes has recently been given
(Zuk et al., 2018). Intriguingly, this work demonstrates that there are
some proteins for which none of the models used accurately predicts the
experimentally determined correlation times. Additionally, these
models were developed to address primarily soluble proteins which
presumably display rigid-body motion over the time scales of interest.
The overall rotation of Nanodiscs may be more significantly affected by
internal mobility than globular proteins, and lipid-protein complexes
have not traditionally been the subject of hydrodynamic analysis. De-
spite these discrepancies, the trend of increasing 6 with Nanodisc size is
preserved.

6. Discussion

We have demonstrated a method to measure and analyze the rota-
tional dynamics of Nanodiscs in solution. The data show that increasing
the diameter of the Nanodisc leads to an increase in the rotational
correlation time, both experimentally and by calculation. Modeling the
overall rotation using HYDROPRO provides a fast and effective way to
computationally investigate these dynamics without time intensive
molecular dynamics simulations.

The various modeling approaches discussed in this work may in-
troduce artifacts that complicate the analysis. The bead radius used
with HYDROPRO (2.9 Angstroms) reflects a globally optimized para-
meter that was fit using a dataset of soluble proteins whose rotational
motions may differ significantly from that of lipid-protein complexes
such as Nanodiscs. We must also consider the possibility that Nanodiscs
do not display rigid body rotations in solution, which might result from
bending or other movements of the MSP and bilayer that are not con-
nected with the overall tumbling of the assembly. Previous simple
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hydrodynamic modeling has also failed to recover the experimentally
measured correlation times for several proteins in solution (Zuk et al.,
2018).

Water models associated with all-atom MD can be corrected to ac-
count for viscosity effects as demonstrated by Linke et al. (Linke et al.,
2018). However, in our experience, even coarse-grained MD simula-
tions of empty Nanodiscs fail to reflect the measured overall rotational
motions even after several microseconds. It would likely require much
longer simulations, possibly on the order of 50-100 microseconds, to
observe the slower rotation of these large complexes. It would take
significantly longer to perform the equivalent all-atom simulations.

Fitting the anisotropy decays to account for complex rotational
motions is highly subjective in the absence of further structural in-
formation. However, Nanodiscs are extremely well characterized and
are known to form monodisperse particles of controlled size (Denisov
et al., 2004; Bayburt et al., 2002). This knowledge allows confident
assignment of a single fast rotation of 5 ns to account for local motion of
the RuBPY fluorophore and a single slower rotation to capture the
motion of the entire complex. While empty Nanodiscs are well ap-
proximated by oblate spheroids, fitting to more correlation times did
not improve the quality of the fit. This is unsurprising given that 1) the
fitting does not consider a priori structural information such as hy-
dration volume and 2) the inherent difficulty in resolving closely spaced
correlation times as demonstrated by Fig. 2.

In contrast to previously reported correlation times in NMR, we
have described rotational motions on the order of 60-120 ns. The most
significant differences likely result from the different sizes of MSP and
different temperatures used. The smallest MSP used here was MSP1D1
(note: 7X-His tags were removed prior to disc assembly in all cases).
The truncated versions of this MSP used for NMR form particles of
lower diameter, which thus reduces the rotational correlation time. The
NMR experiments were also performed at higher temperatures to im-
prove resolution for structural assignment. While all data measured
here were taken at 20 °C, fluorometry could easily be performed at
higher temperatures. However, future studies directed toward in-
vestigating protein association with free Nanodiscs in solution must
consider stability of the various complexes involved.

This assay can be extended to monitor the association of other
proteins with Nanodiscs. As macromolecules bind to the Nanodisc
surface, the rotational correlation time(s) measured experimentally are
expected to increase, corresponding to a change in shape and size of the
rotator. This suggests that a protein that protrudes farther from the
membrane surface should slow the rotation more than a protein that
lies closer to the surface. We have demonstrated the utility of single-
frequency methods for measuring the affinity of Kras4b for Nanodiscs of
varying lipid composition (Gregory et al., 2017). With the ability to
quickly record many frequencies simultaneously using the digital fre-
quency domain system described here, it becomes possible to obtain
highly accurate and precise information on the changing rotational
dynamics of Nanodisc-protein complexes.

In summary, we have presented an analysis of the rotational diffu-
sion of Nanodiscs, and shown that with a suitable long lifetime probe,
typically greater than 400 ns, one can monitor the diffusional motion of
Nanodiscs. The use of modern multi-frequency phase and modulation
methods provide the sensitivity and selectivity to observe differing
rotational motions of Nanodiscs of varying size. Importantly, the label
is attached to the Nanodisc assay platform and not an incorporated
target, alleviating the need to genetically engineer or otherwise modify
the structure of desired target proteins. We anticipate that such an
approach will find great utility in quantitating the association of sig-
naling molecules to a membrane surface as well as determining the
topology of membrane proteins self-assembled into Nanodiscs.
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7. Methods
7.1. Reagents

1-2-sn-glycero-3-dimyristoyl-phosphatidylcholine (DMPC) was pur-
chased from NOF America Corporation in powder form and recon-
stituted in chloroform. Lipid concentration was determined via phos-
phate analysis (Chen et al., 1956).

7.2. MSP synthesis and purification

MSPs were expressed and purified as described (Denisov et al.,
2004). The following buffers were used: Buffer A (20 mM HEPES,
150 mM NacCl), Buffer B (Buffer A with an additional 50 mM Na Cho-
late), Buffer C (Buffer A with an additional 50 mM Imidazole). All
buffers were brought to pH 7.3 before use. 7X-His tags were cleaved
with Tobacco Etch Virus protease and purified via Ni-NTA affinity
chromatography using Buffer C. Imidazole was removed via dialysis
before labeling. MSPs were labeled with [Ru(2,2’-bipyridine),(5-io-
doacetamido-1,10-phenanthroline)](PFg), (referred to as RuBPY) as
previously described (Castellano et al., 1998). Sulfhydryls were reduced
with 4-fold molar excess of tris(2-carboxyethyl)phosphine for at least
10 min while stirring followed by the addition of 10-fold molar excess
RuBPY dissolved in dry dimethyl sulfoxide. This reaction continued for
4h at room temperature and was placed at 4 °C and left stirring over-
night. Labeled protein was purified via gel filtration on a G-25 column
using the Buffer A. Concentrations and labeling efficiencies were cal-
culated via spectrophotometry using a correction factor (Castellano
et al., 1998).

7.3. Nanodisc preparation

Nanodiscs were prepared based on the standard protocol (Denisov
et al., 2004). Lipids were dried first under nitrogen and then under
vacuum for at least 4 h. Lipids were then reconstituted to 10 mM in
Buffer B. MSP and lipids were added to a 1.7 mL tube in the optimal
ratios described (Ritchie et al., 2009b), except for MSP1D1 for which a
ratio of 95:1 lipids:MSP was used. Either equivalent volumes (MSP1D1,
MSP1E2, MSP1E3) or 0.5 g/mL (MSP1E1D1) of Amberlite XAD-2 were
added to the reconstitution mixture. Reactions continued on an orbital
shaker at room temperature for at least 4 h. Nanodiscs were purified
into Buffer A on a Superdex -200 HPLC column. Peak fractions were
kept and used for all fluorometry experiments.

7.4. Fluorometry

The ISS K2 phase fluorometer equipped with a K50 digital frequency
domain system was used for all measurements (ISS, Inc., Champaign,
IL). All fluorescence lifetimes and anisotropies were recorded in Buffer
A at 20 °C. Each experiment involved selecting a fundamental frequency
upon which 30 harmonics were generated. The duty cycle of the laser
was varied to optimize the number of observed photon counts.
Lifetimes were measured using a RuBPY reference dissolved in Buffer A
(lifetime measured independently as 430ns). For lifetime measure-
ments, the fundamental frequency was set to 20 kHz and measured in
the frequency domain with the emission polarizer set to 54.7 ° (magic
angle) at which the signal is proportional to the total intensity.
Anisotropy measurements were recorded in the frequency domain at
two fundamental frequencies (50kHz and 100 kHz) and merged to-
gether resulting in a single AD curve with 45 modulation frequencies
for each replicate. Overlapping data points were averaged.

Data analysis was done using VINCI. Figures in the text were made
with MATLAB. Modulation and phase (or only phase for anisotropy
fitting) were fit to the model by least-squares analysis, and parameters
were varied until the difference between data and model were mini-
mized. Fitting equations are given by Lakowicz (2006c¢). Lifetime
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experiments were fit to two decay times. Since in all cases most of the
fractional intensity was attributed to one component, the weighted
average lifetime was used to fit anisotropy decays. Anisotropies were fit
by fitting two rotations, one of which was fixed at 5ns to account for
local motions of the RuBPY fluorophore. The total anisotropy was fixed
at 0.18, the limiting anisotropy of the dye in the absence of rotational
diffusion (Castellano et al., 1998). Correlation times were determined
by fitting only the phase (this is accomplished by setting the modulation
error to 1 in VINCI).

7.5. Modeling rotational correlation times

All modeling was performed using a temperature of 20°C and
viscosity of water of 1cP. The ellipsoid-based model was based on
equations given in the text. Nanodiscs were approximated as ellipsoids
with diameters given by their Stokes diameters determined via SEC
(Ritchie et al., 2009b) and a height of 5nm based on SAXS (Denisov
et al., 2004). Correlation times were then computed directly from the
equations based on the axial ratios of each Nanodisc. HYDROPRO
calculations were performed on all-atom PDB files generated from
Charmm-GUI (Jo et al., 2008). The shell-based calculation for atomic-
level primary models was used with an AER = 2.9 angstroms following
guidelines presented in the HYDROPRO user guide. The partial specific
volume was set to 0.702cm>/g.
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