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M AT E R I A L S  S C I E N C E

Electron videography of a lipid–protein tango
John W. Smith1, Lauren N. Carnevale2, Aditi Das3*, Qian Chen1,4,5,6*

Biological phenomena, from enzymatic catalysis to synaptic transmission, originate in the structural transforma-
tions of biomolecules and biomolecular assemblies in liquid water. However, directly imaging these nanoscopic 
dynamics without probes or labels has been a fundamental methodological challenge. Here, we developed an 
approach for “electron videography”—combining liquid phase electron microscopy with molecular modeling—
with which we filmed the nanoscale structural fluctuations of individual, suspended, and unlabeled membrane 
protein nanodiscs in liquid. Systematic comparisons with biochemical data and simulation indicate the graphene 
encapsulation involved can afford sufficiently reduced effects of the illuminating electron beam for these obser-
vations to yield quantitative fingerprints of nanoscale lipid–protein interactions. Our results suggest that lipid–
protein interactions delineate dynamically modified membrane domains across unexpectedly long ranges. 
Moreover, they contribute to the molecular mechanics of the nanodisc as a whole in a manner specific to the 
protein within. Overall, this work illustrates an experimental approach to film, quantify, and understand biomo-
lecular dynamics at the nanometer scale.

INTRODUCTION
In a Noh drama, a flamenco dance, or one of the great silent films, 
form, gestures, and motion tell the story, revealing the traits and rela-
tionships of the characters. Although occurring on a smaller stage, the 
motions of biomolecules do the same. As they transform from one 
configuration to another, in native or perturbed states, proteins, lipids, 
and nucleic acids recount the “tales” of enzymatic catalysis, synaptic 
transmission, DNA replication, etc. Biological processes are built upon 
these dances (1), with structural and dynamical elements both defined 
by liquid water (2). Not only does water define the hydrophobic 
collapse and smooth energy barriers en route to protein folding, but it 
also facilitates communication between molecules or subunits and 
may enhance or suppress flexibility, in which cases its own dynamical 
properties enter into biomolecular function (2, 3). In short, fully un-
derstanding biomolecular processes and interactions in context calls 
for interrogation of both structure and structural dynamics, at the in-
dividual level, and in liquid, but meeting all these criteria is technically 
challenging. While spectroscopy-  or scattering- based approaches can 
reveal structural and dynamical traits simultaneously and with high 
spatiotemporal resolution (4–6), their level of insight is limited to in-
formation that can survive ensemble averaging. Work in microscopy, 
on the other hand, strives to film individuals (7–10), but optical 
methods (10, 11), even super- resolution methods with labels, still find 
it challenging to reveal submolecular structural details. Approaches 
based on electron microscopy, meanwhile, have the requisite nanome-
ter (or better) spatial resolution (12, 13), but in electron microscopy, 
the crux of challenges has been an incompatibility with liquid, limiting 
its scope to the study of fixed or frozen (i.e., immobilized) specimens. 
Single- particle analysis methods used in cryo- electron microscopy can 

sometimes be used to infer dynamical information indirectly, but flex-
ible motifs are generally lost to averaging. These approaches also de-
mand high uniformity—and therefore laborious purification of just a 
few structural states—which may come at the cost of meaningful mo-
lecular individuality.

Here, we present electron videography of suspended biomolecu-
lar assemblies in liquid, harnessing liquid phase transmission elec-
tron microscopy (TEM), molecular modeling, and biophysical 
theory (Fig. 1, A to E, and fig. S1). Liquid phase TEM implements 
vacuum- tight, electron transparent chambers to preserve fully 
solvated specimens in the vacuum of an electron microscope. The 
technique itself has been growing steadily in the materials science 
community (14–17), but efforts to film biomolecules have been 
confounded by their low stability and visibility. Previous work has 
achieved snapshots of viruses (18), structural proteins (19, 20), and 
cells (21) and in the process identified some protocols for sample 
preparation and imaging that help mitigate electron beam damage 
(20, 22), but continuous protein dynamics have not yet been ob-
served. With careful adaptations of encapsulation methods, elec-
tron dose rates, and total doses (texts S1 to S3), here we achieved 
real- time imaging for highly extended periods, with morphology 
sampling sufficient to pair our observations with molecular dy-
namics (MD) simulations (23) and biophysical models (24), and 
capture rare events. Unexpectedly, our systematic comparisons 
with available biochemical and biophysical data described below 
suggest that the specimen sustains a sufficiently reduced amount 
of damage from imaging electrons—likely due to graphene encap-
sulation (see text S1 and later discussion)—to yield meaningful insight. 
Through synergy of several possible mechanisms (text S1), gra-
phene encapsulation appears to reduce or at least postpone radioly-
sis to an extent that makes it possible to capture dynamics that are 
shown to be consistent with both theory and simulation. Although 
the spatial resolution is not yet at the level of cryo- TEM (where 
many thousands of individual images are combined) and function-
al groups may not be completely preserved, the obtained molecular 
movies reveal the liquid phase structure of these assemblies indi-
vidually and in submolecular detail without averaging (Fig. 1, F to 
K) and make it possible to quantify roles of intermolecular interac-
tions in their dynamics.
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In this work, we show how this unique imaging tool can provide 
insight into biological membrane systems and nanoscale lipid–
protein interactions. In particular, we study membrane protein nano-
discs, membrane proteins in a dispersed, “single particle” form now 
commonly used for investigations of membrane protein structure 
(25), and an ideal model system for studying lipid–protein interac-
tions (26). As membrane proteins participate in a wide variety of bio-
logical processes—signal transduction, ion transport, membrane 
metabolism, etc.—their interactions with lipids fine- tune their func-
tionality, with lipids dictating the phase behavior, curvature, and 
other physicochemical properties of the membrane environment 

across a range of length and time scales (27, 28). For example, previ-
ous work on nanodiscs using spectroscopy (29, 30) and cryo- TEM 
(26) has shown how proteins are sensitive to local membrane fluidity, 
or how a few specific, tightly bound lipids can stabilize a protein’s 
functional state(s). However, investigating longer length and time 
scales of lipid–protein interactions (31)—which might be found in 
whole- nanodisc behavior—has remained a challenge. Indeed, nano-
discs constitute an advantageous test bed for electron videography, as 
these important thermal fluctuations match the current resolution of 
the technique. Some understanding has come from MD simulations 
(26, 32), but these efforts are generally limited to microsecond- scale 

Fig. 1. Single- nanodisc imaging with liquid- phase TEM. (A and B) cYP2J2 (represented in green) was combined with lipids (represented with head groups in red and 
tail groups in gray) and MSPs (represented in blue) to form nanodiscs, with subsequent purification by size exclusion chromatography [fractions at the arrow (B) were 
collected for analysis]. (C) negative stain micrographs—where nanodiscs appear bright against the high- atomic number stain background—showing representative el-
liptical and circular projections. (D) Suspended nanodiscs were then encapsulated in graphene chambers to image continuous morphology fluctuations using liquid 
phase teM (E). (F) contrast variations, highlighted with a representative intensity profile, I(x, y), reveal the shape, position, and orientation of cYP2J2[(e), green lines] in the 
plane of the membrane, within the overall nanodisc contour [(e), white lines]. (G to J) experimental snapshots were compared with images simulated based on Md- 
generated coordinates (examples shown in i). contrast variations in simulated images (J) matched well with experimental results (F). (K) the ratios of intensity between 
the background, lipid- only, and cYP2J2- containing areas [gray, red, and green, respectively, in (h), and right to left in (K)] show agreement between simulation and ex-
periment (values in regular case are from experimental data, and values in italics are from simulation). Scale bars, 20 nm (c) and 10 nm [(e), (F), (h), and (J)].
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phenomena. Here, we image nanodisc structural fluctuations for 
minutes. We achieve high spatiotemporal resolution (nanometer, 
subsecond) while preserving complexities that are challenging to 
model computationally, lending quantitative insight into the funda-
mental molecular motions, mechanics, and lipid–protein interac-
tions that govern nanodisc—and therefore membrane/membrane 
protein—structural dynamics at the nanometer scale.

RESULTS
We first investigated nanodiscs containing cytochrome P450 2J2 
(CYP2J2) and stabilized with a long scaffold protein [membrane scaf-
fold protein (MSP) 2N2; Fig. 1, A to C, and figs. S2 and S3] (33, 34). 
CYP2J2 is a cardiac cytochrome P450 involved in arachidonic acid 
metabolism and a representative peripheral membrane protein whose 
assembly into nanodiscs is well established (34), whereas the long 
MSP imparts nanodiscs with a relatively large diameter that facilitates 
visibility. In graphene- based liquid chambers (Fig. 1D and figs. S1 and 
S4 to S8), the nanodiscs fluctuate and diffuse (fig. S9) for up to a few 
minutes before exhibiting obvious damage from the electron beam 
(fig. S6), so we monitored their projections over time (Fig. 1E, movie 
S1, and tables S1 and S2).

Moderate interactions with the substrate (text S2) serve to slow 
nanodiscs’ translational, rotational, and internal motion enough to 
make both their position and structural features visible in individual 
exposures without (as is discussed in more detail below) overtly dis-
rupting their fluctuations. More specifically, in free Brownian motion, 
nanodiscs would have Stokes–Einstein diffusion coefficients on the 
order of ~107 nm2 s−1 in water, whereas diffusion coefficients calcu-
lated from experimental data were, on average, 1.2 nm2 s−1. Similarly, 
an autocorrelation analysis of the nanodisc radius of gyration from 
our MD simulations (Materials and Methods) suggests a structural 
relaxation time of 89.5 ± 3.5 ns, which is again much faster than ex-
perimentally observable time scales, yet the resolved structures still 
exhibit time- varying features down to the nanometer level (Fig. 1E). 
Previous works, using both liquid phase TEM (35, 36) and high- speed 
atomic force microscopy (9, 37), have also noted slowed molecular 
motion near interfaces. The behavior in our own experiments may be 
comparable to dynamics in supported lipid bilayers, in which lipid 
diffusion is known to be “biologically meaningful” but substantially 
slower than in unsupported membranes such as giant unilamellar 
vesicles (38–41). Thus, the shape fluctuations of the nanodisc as a 
whole are similarly slowed, which facilitates observation.

In cases with minor out- of- plane motion (text S4 and fig. S10), 
the shape, position, and orientation of CYP2J2 itself—as it diffuses 
and rotates within the nanodisc—can be directly discerned from 
intensity variations. (CYP2J2 is free to explore the interior of the 
nanodisc and veer “off center” in both experiment and simulation 
(figs. S10 to 16) because the membrane is fluid at room tempera-
ture and large compared to the protein. Similar behavior has been 
proposed based on results from small- angle scattering and cryo- TEM 
(42, 43). In particular, we provide support that the roughly tri-
angular features discernible in many frames (Fig.  1, E and F) 
have the form and contrast expected of CYP2J2 by comparing ex-
perimental TEM images to “synthetic” images simulated based on 
MD- generated coordinates (Fig. 1, G to I; table S3; and movie S2). 
Simulated images show qualitatively and quantitatively similar 
contrast variation to experimental video frames, with distinct in-
tensities corresponding to the background, the membrane- only 

portion of the nanodisc, and the darkest region with the mem-
brane protein (Fig. 1, F, J, and K).

This ability to localize and orient proteins in individual lipid–
protein assemblies constitutes a major improvement over current 
experimental tools. Previous work required nanoparticle labels to 
monitor protein motion at high resolution (21, 44)—an approach 
that cannot be used to reveal substructural detail and potentially in-
duces abiological fluctuations—or only revealed topographical infor-
mation (37). Our approach may therefore offer exciting opportunities 
to study positional and orientational dynamics during protein–
protein interactions in a membrane environment, such as in docking 
or oligomer formation.

By revealing not only the shape of a nanodisc but also the extent of 
its fluctuations, electron videography can identify variations in nano-
disc structure without averaging, even in the cases where out- of- plane 
rotation is present (Fig. 2, A to C). For example, if projections are fit to 
an ellipse (Fig. 2, A and B, and figs. S10 and S17), rotation and shape 
fluctuation manifest in variations of the minor and major axis, respec-
tively (text S4). Nanodiscs with the long MSP display major axes in 
the range of 18 to 22 nm over time, in agreement with the MSP length 
(45) and negative stain TEM characterization (Fig. 1C and fig. S2). 
Nanodiscs prepared with a shorter MSP, however, MSP 1E3D1, are 
readily distinguishable, with major axes of 13 to 15 nm (Fig.  2D, 
fig. S2, and table S1). Meanwhile, empty nanodiscs—prepared with 
long MSPs but no CYP2J2—displayed major axes similar to filled 
ones (~20 nm) but of a broader statistical distribution (Fig. 2E and 
table S1). We attribute this broadening to the greater tendency of a 
nanodisc to fluctuate when hydrophobic or electrostatic interactions 
between the membrane and a protein are not present (Fig. 2C). Nota-
bly, this also suggests that lipid–membrane protein interactions influ-
ence fluctuations all the way up to the nanodisc boundary—a range of 
at least several nanometers—which is consistent with our MD simula-
tions (figs.  S11 to S15 and tables  S1 and S2). Overall, these initial, 
comparative experiments highlight the ability to differentiate nano-
discs structurally, dynamically, and in a robust and quantitative way, 
with minimized apparent artifacts from the electron beam or sub-
strate (texts S1 to S3). We therefore delved deeper to understand 
nanodisc properties observed in experiments.

The evolution of the nanodisc shape over time can also offer 
deeper and more quantitative biophysical insight (Fig. 3 and movie 
S1). When rotation is negligible, these undulatory motions involve 
(i) thermal fluctuations of the α- helical MSPs against constraints 
imposed by hydrogen bonding, (ii) the fluid- like motion of interior 
lipids (Fig.  3, C to E), and (iii) as suggested by the results above 
(Fig. 2E), a “dampening” effect from lipid–protein interactions. Phe-
nomenologically, undulations decompose into contributions from a 
range of angular frequencies (Fig. 3C and fig. S18). A more physical 
interpretation of these contributions can be made by analyzing the 
Fourier square amplitude 〈∣u(q)∣2〉 across a range of wavevectors q 
(Fig. 3F and fig. S19) (24). In doing so, we find that nanodisc con-
tour undulations can be described by two effective mechanical 
properties: a bending rigidity, κ, and a tension, σ, with experimental 
data following ⟨ ∣u(q) ∣2 ⟩ =

kBT

κq4 +σq2 (kBT denotes the thermal energy), 
such that 〈∣u(q)∣2〉~q−2 in the low q regime (with corresponding 
fitted σ = 4.6 × 10−4 kBT nm−1) and 〈∣u(q)∣2〉~q−4 in the high q re-
gime (with corresponding fitted κ = 2.1 kBT nm). The same regimes 
appear in equilibrium MD simulations, particularly in the high-  q 
regime (Fig. 3F and fig. S19).
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We note that these parameters are apparently not perturbed by the 
graphene substrate, with experimental data closely matching “control” 
simulations where graphene (and beam effects) are not considered 
(text S3 and figs. S20 and S21). In addition, a comparable bending 
rigidity has been measured for high density lipoprotein particles—
structurally similar assemblies—using nanoindentation (46), al-
though a tension has not been previously described. We anticipate 
that these measures are sensitive to protein content and to the lipids’ 
phase behavior, fluidity, or curvature and offer a metric for future 
comparative studies. Our simulations show that subtle differences can 

be detected even for two very closely related peripheral membrane 
proteins, CYP2J2 and its relative CYP3A4 (Fig. 3F). In other words, 
nanodisc undulations are a fingerprint of specific lipid–protein inter-
actions, which may be related to domain behavior in full biological 
membranes. In this system, the interfacial mechanics generally “pe-
nalize” deformation, restricting nanodiscs to a round shape. Contours 
are well described by a single circular domain, and local frame- to- 
frame “flow” (Fig. 3, D and E) is small and symmetric, with the area 
changing <4%. These mesoscale flows can be directly related to the 
diffusion of single lipid molecules in simulations (Fig. 3E).

Fig. 2. Experimentally resolved fluctuations from a range of nanodiscs are consistent with MD simulations. (A) Rotationally diffusing nanodiscs present ap-
proximately elliptical projections which may be fit with a major and minor axis (dmaj, dmin). the major axis is sensitive predominantly to the overall shape fluctuations 
of the nanodisc, while the minor axis is mainly dependent on rotational diffusion (text S4). (B) the fact that both change over time suggests that nanodiscs exhibit 
both behaviors. (C) the behavior of dmaj over time is also affected by noncovalent (electrostatic and hydrophobic) interactions between cYP2J2 and the membrane; 
when present, they dampen the overall nanodisc fluctuations and therefore reduce the variability of dmaj. views in (c) depict the specific distribution of charged and 
hydrophobic residues across cYP2J2 that may interact with the membrane. (D) nanodiscs prepared with different MSPs are readily distinguished based on the mag-
nitude of dmaj. “Small” here refers to nanodiscs prepared with MSP 1e3d1, while “large” refers to nanodiscs prepared with MSP 2n2. the relatively wider distributions 
observed in experiments (d), top] may be attributed to minor motion blur. (E) nanodiscs prepared with and without a membrane protein (“filled” versus “unfilled,” 
respectively), on the other hand, can be distinguished based on the variance of dmaj. the higher variance in the protein- free case may be attributed to the lack of 
dampening lipid–protein interactions.
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Over the seconds to minute timeframe of our observations, we 
occasionally captured an unexpected and more extensive form of 
fluctuation (Fig.  4, A and B, and movie S3), in which nanodiscs 
would “stretch” or “finger” to form distinct domains interdigitated 
with concave regions (Fig. 4, A to D, and figs. S22 and 23). These 
extended deformations were not observed in MD simulations, 
from the perspective of which they are rare events, but appeared in 
approximately a third of the high- quality movies (movies lacking 
obvious electron beam effects) of large nanodiscs and lasted a few 
tens of seconds. We differentiate fingering from normal undula-
tions based on the contour circularity, a measure of “convexness” 

(circularities <0.8 were associated with fingering; fig. S22). Finger-
ing also converts a nanodisc described by a single, large domain 
into one composed of multiple zones approaching 4 to 5 nm. Unex-
pectedly, filled nanodiscs that experienced fingering fluctuations 
eventually regained their overall round shape (fig. S23 and movie 
S3). When this occurred, the projected area and perimeter of the 
nanodisc before and after fingering were within ~8% of each other 
(fig. S23, A and B), suggesting minimal damage or mass loss. Fin-
gering nanodiscs also retained a major domain (described by the 
maximum inscribed circle, with size dinsc) of at least ~12 nm (Fig. 4, 
C and D) despite their large overall distortion. In contrast, when 

Fig. 3. Nanodisc fluctuations as “fingerprints” of molecular phenomena. (A) nanodisc undulations (highlighted with overlaid contours from different time points) 
involve two components: (B) fluctuations of the MSPs, based on a balance between thermal energy and molecular mechanics, and fluid- like diffusion of interior lipids. 
(C) A normal mode analysis of the Md simulations shows that undulations decompose into principally elliptical deformations (56%), with gradually lesser contributions 
from third- order (22%), fourth- order (6%), and higher- order radial modes (collectively, 16%). these mechanics are coupled to motion of lipids in the nanodisc interior, 
which can be measured (D) on a “continuum” level, as an overall deformation vector field from the experimental data or (E) on the molecular level, following displacements 
of individual lipid molecules, from Md simulations. individual panels are examples of this “flow” between experimental (d) and simulation (e) frames. Between experiment 
and simulation, these measurements span from nanometers and milliseconds to angstroms and nanoseconds. (F) Fourier analysis of nanodisc fluctuations suggests that 
tension dominates at relatively large scales (δstretch), whereas bending rigidity dominates at smaller scales (δbend). the simulation data in solid circles corresponds to results 
from nanodiscs containing cYP2J2, and the data in open circles corresponds to nanodiscs with cYP3A4. Scale bar, 10 nm.
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empty nanodiscs experienced fingering fluctuations, domains 
decreased to ~5 nm before complete disintegration (fig. S23C and 
movie S3). Together, (i) filled nanodiscs but not empty ones can 
recover from fingering fluctuations and (ii) recovery may be facili-
tated by a central core.

Recovered nanodiscs regain not only their size and shape but 
also their interfacial mechanics, suggesting that fingering is related to 
a reversible molecular phenomenon. Specifically, while 〈∣u(q)∣2〉 
increases by ~20% during fingering fluctuations (Fig. 4E, regime II), 
tension-  and rigidity- dominated regimes are preserved. After finger-
ing, the mechanics of the nanodisc contour are, within experimental 
error, restored (Fig. 4E, regime I versus regime III, and table S4), sug-
gesting their structural integrity. Fingering fluctuations may therefore 

depend on a process such as bending at the prolines that punctuate 
MSP helices. Note that prolines also explain why the nanodisc inter-
face appears much more flexible than a contiguous α helix (47). On 
~101- s scales, prolines can reversibly isomerize (48), which would 
change local bending angles in the MSP (movie S3), and the morphol-
ogy of fingering nanodiscs is consistent with the “geometry” of the 
proline distribution (fig. S24). Such a process is thought to occur in 
structural transitions of lipoprotein particles (49), from which MSPs 
are derived, but has not been reported in nanodiscs, although an (un-
known) extended conformational transition occurring over seconds 
has been suggested (50). The large energetic barrier (~20 kcal/mol) 
and corresponding time scales associated with this process may ex-
plain why fingering was not observed in MD simulations, without 

Fig. 4. Fingering fluctuations and the role of lipid–protein interactions. (A) Representative experimental snapshots of nanodiscs contorted into complex shapes, in-
volving more drastic mass transport (B) and the formation of extended concave regions. the reduced visibility of cYP2J2 in these snapshots may in part be attributed to 
greater motion blur during vigorous fingering fluctuations. (C and D) Fingering converts the nanodisc from a shape that can be mostly described by a single, large domain 
into one that requires several zones (fig. S25; different colors denote different zones) approaching 4 to 5 nm in diameter. however, the largest domain consistently exceeds 
12 nm in diameter. (E) tension- dominated and bending- dominated fluctuation regimes are present before (i), during (ii), and after (iii) fingering, and the mechanics of the 
contour appear qualitatively recovered in (iii). (F) Recovery processes may be facilitated by lipid–protein interactions, which lead to altered packing (area- per- lipid, Al) in 
the vicinity of the membrane protein, as revealed by Md simulations. (G) this altered packing defines a zone of the nanodisc (marked by the green arrow) that may be 
preserved even during extensive perturbations. Scale bars, 20 nm (A) and 15 nm (c).
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introducing forces to bias the system (51). At the same time, this un-
derscores a complementary nature of liquid phase TEM: to detect 
phenomena that, to MD simulations, are rare events but still at “single- 
particle” resolution.

The fact that empty nanodiscs do not recover from fingering 
highlights the impact of a membrane protein not only on overall nano-
disc shape fluctuations (Fig. 2E and fig. S15) but also on nanodisc stabil-
ity, as a consequence of lipid–protein interactions (Fig. 2D). Even when 
filled nanodiscs finger, the preserved ~12- nm domain is large enough 
to harbor CYP2J2 and 2 to 3 nm of intervening lipids (Fig. 4, F and G). 
In addition, recovery generally occurs around this region (Fig. 4C). 
MD simulations indicate that the lipids near the protein are packed 
more densely (Fig. 4F and fig. S26), a trait that spans to the bottom 
leaflet of the nanodisc that is not in contact with a membrane protein. 
The membrane near the protein is also compacted in the z direction 
(fig. S26). Together, these observations suggest that the influence of 
lipid–membrane protein interactions reaches not just across the few 
innermost annular lipid shells from where the protein is inserted but 
3 to 4 nm from the periphery of the protein (Fig. 4G). The structur-
ally and dynamically modified zone delineated by these interactions 
may protect against extensive perturbations. Because empty nano-
discs lack this region, such a relatively stable domain may not exist 
and, given the liquid- like nature of the lipids used here, extensive fluc-
tuations are irrevocable (movie S4 and fig. S23). While 101-  to 102- nm 
membrane islands are believed to be present in biological membranes 
(27), experimental characterization of their dynamics on such a 
length scale, and particularly their role in structural stability, has been 
challenging. We are hopeful that present and future insight from mo-
lecular videography will help understand these and related biophysi-
cal phenomena even in macroscopic biological membranes.

DISCUSSION
Our results show how biophysical insight can be obtained through 
direct, experimental observation of biomolecular dynamics in liquid 
at the nanometer scale. Nanodisc dynamics in particular reveal 
“fingerprints” of lipid–protein interactions, inviting future studies aimed 
at understanding the roles of lipid composition and phase behavior, 
and their interplay with membrane protein structure. Of particular 
interest will be studies controlling the liquid chamber environment 
in  situ, with temperature, electric fields, etc. In addition, extending 
our use of molecular modeling and simulation to infer submolecular- 
scale information from single snapshots could push the effective reso-
lution of electron videography even further in the future. More 
generally, we expect the technical and analytical approaches described 
here can be extended to study not only a wide range of nanodiscs—
with variable lipid and protein composition—but also to a broad spec-
trum of (bio)molecular assemblies.

The combination of low dose- rate imaging and graphene encap-
sulation appears to be critical to the success of these studies. Here, we 
have provided evidence that encapsulated biomolecules can remain 
sufficiently intact at least so as to present the expected shape, size, 
contrast, and certain fluctuations for extended periods. At the resolu-
tion obtained so far, intramolecular dynamics before the onset of vis-
ible damage quantitatively match those observed in MD simulations 
where the electron beam and substrate effects are not present (text 
S3). We hope these promising, initial results encourage the sub-
stantial future work necessary to pinpoint specific mechanisms, 
whereby, for example, graphene or other “scavengers” could elicit 

these protective effects (text S1). These questions present a tremen-
dous challenge but are rooted in important areas of basic science. 
Other enduring challenges are associated with our relatively low 
temporal resolution (millisecond to second) compared to many bio-
molecular phenomena and information lost to diffusive and intra-
molecular motion. Even with the advent of faster and faster electron 
detectors, one must begin to consider the balance between dose per 
frame and dose per second in terms of sample stability; although the 
stability limit may be defined by the dose over time, the ultimate in-
terpretability limit may be defined by dose per frame. In general, the 
final spatial resolution here and in the future can be expected to be 
a mixture of both “optical” and “dynamic” effects, with the fastest 
processes corresponding to the smallest length scales more likely to 
be smoothed out over a given exposure. Here, we expect that the ex-
perimentally measured resolution comprises both these effects and 
any contribution from the image processing pipeline (text S8). 
Nevertheless, with parallel technical improvements in sample prepa-
ration and video analysis that integrate machine intelligence (52), for 
example, we hope to push closer to the direct observation of proteins 
and other biomolecules “in action” when performing functional 
physical or chemical tasks and establish a sister to cryogenic TEM in 
the study of molecular biophysics.

MATERIALS AND METHODS
Materials
Ammonium persulfate [(NH4)2S2O8, >98.0%], ammonium molyb-
date [(NH4)2MoO4, 99.98%, trace metals basis], ᴅ- (+)- trehalose di-
hydrate (C12H22O11·2H2O, ≥99.0%), Amberlite beads (product XAD- 2), 
β- mercaptoethanol (HOCH2CH2SH, for molecular biology, 99%), so-
dium chloride (NaCl, anhydrous, ACS reagent, ≥99%), and potassium 
chloride (KCl, BioReagent, ≥99.0%) were purchased from Sigma- 
Aldrich. Potassium phosphate dibasic (HK2PO4, ≥98%), potassium 
phosphate monobasic (H2KPO4, ≥99.0%), imidazole (for molecular 
biology, BP305- 50), glycerol (for molecular biology), and materials for 
Luria Bertani (LB) medium and Terrific Broth [Bacto peptone 
(211677), tryptone (BP1421- 500), Bacto yeast extract (212720), and 
Bacto agar (214010)] were purchased from Thermo Fisher Scientific. 
Magnesium chloride (MgCl, product 0288) was purchased from 
VWR. Adenosine- 5′- triphosphate disodium salt trihydrate (ATP, 
≥98%) was purchased from Chem Impex International Inc. Triton X- 
100 {2- [4- (2,4,4- trimethylpentan- 2- yl)phenoxy]ethanol, product 
BP151- 500} was purchased from Fisher BioReagents. DNase I (from 
bovine pancreas, D- 300- 500), chloramphenicol (USP grade, C- 
105- 100), ampicillin (USP grade, A- 301- 100), kanamycin monosulfate 
(USP grade, K- 120- 25), ʟ- arabinose (A- 300- 1), isopropyl- β- ᴅ- 
thiogalactopyranoside (I2481C- 25), and phenylmethylsulfonyl fluo-
ride (P- 470- 25) were purchased from GoldBio. δ- aminolevulinic acid 
(5- amino- 4- oxopentanoic acid, A167) was purchased from Frontier 
Scientific. POPC (1- palmitoyl- 2- oleoyl- sn- glycero- 3- phosphocholine) 
in chloroform was purchased from Avanti Polar Lipids. Electron mi-
croscopy grids with either a uniform carbon film and 400- mesh cop-
per support (CF400- Cu) or a Quantifoil carbon film and 300- mesh 
gold support (Q325AR- 14 or Q3100AR1.3) were obtained from Elec-
tron Microscopy Sciences. Few- layer graphene (three to five layers) 
prepared by chemical vapor deposition (CVD) on copper foil (product 
CVCU3042) was obtained from ACS Material. All experiments used 
ultrapure water (18.2 megohm·cm at 25°C) from a Milli- Q Advantage 
A10 system.
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Nanodisc preparation
CYP2J2 and MSPs were expressed and purified following proto-
cols described in (34). Recombinant human Δ34- CYP2J2 was ex-
pressed in DH5α Escherichia coli cells, which were grown in Terrific 
Broth to an optical density of 1.0 before inducing CYP2J2 expression. 
Membrane fractions were then harvested by centrifugation, and pro-
tein content was extracted by adding cholate, followed by additional 
centrifugation. CYP2J2 was then isolated on a nickel–nitrilotriacetic 
acid (Ni- NTA) affinity column before being eluted at a concentration 
of ~150 nM using imidazole. MSPs were also expressed in E. coli, 
grown in Luria Bertrani medium containing kanamycin. Following 
expression, cells were resuspended in potassium phosphate buffer 
containing Triton X- 100 before sonication and centrifugation. The 
supernatant was also passed through a Ni–NTA column, and MSPs 
were eluted using imidazole, which was removed by dialysis.

Nanodiscs were assembled as described in our previous work 
(34). POPC stocks in chloroform were dried under a stream of N2 gas 
before being reconstituted in potassium phosphate buffer (0.1 M, pH 
7.4). For large nanodiscs, purified MSP 2N2 was added in a lipid- to- 
MSP molar ratio of 239:1, followed by purified CYP2J2 in a CYP2J2- 
to- MSP molar ratio of 2:1. Small nanodiscs were prepared by adding 
MSP 1E3D1 in a lipid- to- MSP ratio of 130:1 and CYP2J2 in a 
CYP2J2- to- MSP ratio of 1:10. Nanodisc assembly was induced by 
gradual extraction of cholate, through incubation with Amberlite 
beads. Filled or empty nanodiscs were then purified by size exclusion 
chromatography, with filled nanodiscs being identified on the basis 
of absorbance at 417 nm (characteristic of the heme in CYP2J2). For 
additional details on preparation and purification of nanodiscs, see 
text S5.

Electron microscopy
Micrographs of negatively stained nanodiscs were collected on a 
JEOL 2100 TEM operating at 80 kV using ammonium molybdate as 
the contrast- enhancing agent. Liquid phase TEM was performed us-
ing graphene liquid chambers in the “channel” configuration, made 
via a wet- transfer, polymer- free method. Gold mesh Quantifoil grids 
with a holey carbon film were adhered to CVD graphene on copper 
foil by adding a small amount of isopropanol to the surface of the 
graphene, allowing the solvent to diffuse beneath the grids and then 
dry in air. The copper film bearing the graphene was then etched 
away on the surface of an ammonium persulfate solution. Interven-
ing graphene was removed, and the grids were rinsed on three large 
water baths and laid to dry on a clean fiber cloth. In parallel, the cop-
per from another sheet of CVD graphene without adhered grids was 
etched on an ammonium persulfate solution before serial dilution of 
the solution to remove etching by- products. A ~0.1- μL droplet of the 
nanodisc suspension was then dispensed onto a graphene- coated 
grid, which was inverted over the freely floating graphene and gently 
rested on top. After leaving the grid and graphene for a few minutes 
to form a seal, the whole assembly was gently scooped from the water 
surface, allowed to dry briefly in air, and inserted into the micro-
scope for imaging. Movies were collected on a JEOL 2100 TEM with 
an accelerating voltage of 200 kV and low dose rates (generally less 
than 10 e− Å−2 s−1), measured based on blank- image intensity cali-
bration with a custom- designed, Faraday cup holder. Frames with an 
exposure time of 0.3 s were collected every 1 s with a total dose, de-
pending on the duration of the movie, of ~103 e− Å−2. For additional 
details on electron microscopy sample preparation and experiments, 
please see text S6. Movie and image processing methods are described 

in detail in text S7. Aspects of imaging resolution are discussed 
in text S8.

MD and image simulations
Coarse- grained models of large and small, filled and unfilled nano-
discs were assembled using the CHARMM- GUI interface and pa-
rameterized using MARTINI 2.2 (for amino acid beads) or 
MARTINI 2.0 (for lipid beads). All MD simulations—including 
minimization and equilibration—were performed in GROMACS 
5.0. Production runs were performed for 100,000,000 steps (2 μs) in 
increments of 20 fs. For image simulations, select frames from the 
coarse- grained simulation were back- mapped to atomistic repre-
sentations using the MARTINI all- atom converter. Image simula-
tions were then conducted using the resulting atomic coordinates 
and on the basis of contrast transfer theory using functions from the 
SPIDER software package. For additional details on model building, 
simulation protocols, and the analysis of simulation trajectories, 
please see texts S9 and S10.

Supplementary Materials
This PDF file includes:
text S1 to S10
Figs. S1 to S26
tables S1 to S4
legends for movies S1 to S4
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