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Abstract. New experimental techniques reveal the plasma membrane to be 
heterogeneous and "scale-rich," from nanometers to microns, and from 
microseconds to seconds. This is critical information, as heterogeneous, scale-
dependent transport governs the molecular encounters that underlie cellular 
signaling. The data are rich, and reaffirm the importance of the cortical cytoskeleton, 
protein aggregates, and lipidomic complexity to the statistics of molecular 
encounters. Moreover, the data demand simulation approaches with a particular set 
of features, hence the “manifesto”. Together with the experimental data, simulations 
which satisfy these requirements hold the promise of a deeper understanding of 
membrane spatiotemporal organization. Several experimental breakthroughs are 
reviewed, the constraints that they place on simulations are discussed, and the 
status of simulation approaches which aim to meet them are detailed. 
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Introduction. The organization of the plasma membrane, and functional 
consequences thereof have been discussed since at least the 1970s. Motivated by 
the phase behavior of cholesterol/phospholipid mixtures,(1) Jain and White 
suggested the possibility of “lipid islands” — solid landmasses anchored in a sea of 
lipids.(2) This was a strictly structural model, no functional role was attributed to 
these islands. Twenty years later, Simons and Ikonen introduced “lipid rafts”: 
protein was added to lipid islands, the assembly was set adrift, and functional 
consequences were attributed, by virtue of the raft’s ability to regulate 
spatiotemporal encounters.(3) Then followed substantial effort to biophysically 
characterize ternary (and sometimes more elaborate) lipid mixtures.(4) During this 
period, the equilibrium phases that are observed in such mixtures were 
hypothesized to provide a thermodynamic basis for rafts in live cells. 
 The raft concept has evolved into a much more nuanced view,(5, 6) but is not 
universally accepted, for at least two reasons. First, because direct imaging of 
potential rafts in living systems with nanometer spatial resolution is challenging, a 
truly decisive experiment (for or against rafts) has not yet been demonstrated. 
Second, the raft idea has spawned very few precise, quantitative predictions for 
functional consequences that are amenable to experimental test. We view the latter 
point not as a failure of the raft model, but a failure of modeling, or more precisely, a 
failure of modeling to intersect usefully with experimental measurement. 
 This Perspective therefore addresses the intersection of modeling and 
experimental measurement in the context of plasma membrane organization. Our 
aim is not to review all work on membrane heterogeneity, and we will consequently 
only cite exemplary work (and apologize to those many others that we fail to 
mention). Still, this review is occasioned by significant advances in experimental 
measurement, which in turn place particular demands on modeling approaches, and 
offer a new opportunity for a dialogue between modeling and experiment. Recent, 
transformative experimental advances for studying cellular membrane organization 
and dynamics include: 

(i) Single particle tracking (SPT) especially with increased sensitivity due to 
combination with photoswitching (7) or contrast enhancement using 
scattering(8) or coherent illumination and interference (such as 
interferometric scattering (iSCAT) (9-11) and coherent brightfield (COBRI) 
imaging microscopy(12) to image lipid and protein dynamics within and 
between membrane compartments.  

(ii) Fluorescence correlation spectroscopy(13) (FCS) for molecular dynamics 
studies, especially when combined with spot-variation,(14) camera-based 
detection,(15) image correlation approaches (16), near-field 
microscopy(17) or super-resolution STED microscopy (STED-FCS) (18). 

(iii) Super-resolved imaging based on electron(19), fluorescence (such as STED  
or (f)PALM/(d)STORM microscopy)(5) or near-field microscopy(20) to 
map molecular membrane organization in living and fixed cells with 
improved spatial resolution. 

(iv) Environment-sensitive fluorescent dyes (such as C-Laurdan), reporting for 
example on the membrane polarity or lipid packing (e.g. (21)). 
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(vi) Model membrane systems such as supported and black-lipid bilayers or 
giant-unilamellar vesicles (GUVs), whose composition can be specifically 
tuned, as well as cell-derived giant-plasma-membrane vesicles (GPMVs), 
which contain the lipid and protein diversity of the original cell. Especially 
valuable are phase-separated forms thereof, which enable indicating 
influences of lipid membrane order on membrane organization(22) . 

(viii) Improvements in general structural and biochemical analysis tools, e.g. 
based on mass spectroscopy/lipidomics, NMR or related techniques(6).   

 
We begin from an agnostic view, and list a few observations about plasma 

membrane organization that are not likely to be controversial. This will set the stage 
to explain the significance of the aforementioned experimental developments, which 
will in turn identify features with which a modeling approach must contend.  

The lipid fraction of the plasma membrane is a diverse mixture of hundreds of 
different lipids. Measurement of the chemical composition of lipid samples is now 
possible with exquisite sensitivity, achieved by electrospray ionization and tandem 
mass spectrometry.(23-25) These measurements reveal a typical plasma membrane 
to be comprised of hundreds of distinct lipid species, differing in every aspect of 
their chemistry. Without ascribing any functional significance, such a mixture is 
expected to be heterogeneous in composition — it is extremely unlikely that a 
mixture of 100 different components will constitute an ideal mixture.  

In animal cell membranes, 20-40% by mol of the total lipid is cholesterol. In 
lipid mixtures much simpler than the plasma membrane, cholesterol tends to order 
hydrocarbon chains and increase area density of lipid, while also fluidizing already 
highly ordered saturated-lipid environments. At fixed composition, a miscibility 
transition is observed; and at temperatures typically below physiological 
temperature, coexisting liquid-ordered (Lo) and liquid-disordered (Ld) phases are 
observed. These statements are true of mixtures derived from plasma membrane as 
well (such as in GPMVs), although the ordering/packing effect of cholesterol seems 
to be weaker, the two phases are more similar to one another than in ternary 
mixtures, and the miscibility temperature varies over tens of degrees.(26) 

Between 15 and 30 % of the cross sectional area of the plasma membrane 
consists of integral membrane proteins. The precise estimate varies depending on the 
methodology, but it is clear that a significant fraction of the membrane is occupied 
by protein. Furthermore, the distribution of membrane protein is not uniform, with 
many types of membrane protein observed to form clusters and aggregates. (5, 
6)The mobility of membrane proteins is also not uniform, as indicated by 
fluorescence based SPT.(8, 27) 

The cortical cytoskeleton partitions the membrane. The SPT measurements of 
Kusumi and coworkers showed that in live cells cortical actin acts as a partial 
barrier to membrane protein diffusion on length-scales of tens to hundreds of nm. 
(8, 28) This “picket fence” model is confirmed by more recent STED-FCS 
measurements(29) and correlative SPT and (super-resolved) imaging 
experiments(30). In model membranes, modeling studies and comparison to 
imaging experiments such as with STED microscopy revealed coupling between 
lipid phases and reconstituted cortical actin networks.(31-33) Though much of the 
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literature focuses on cortical actin, other structural proteins may have a role in 
membrane partitioning, such as spectrin and septins. 

It is clear from the above discussion that the membrane is “scale-rich,” and 
heterogeneous over a wide range of length and timescales, due to very different 
mechanisms — lipid mixing at short length-scales, protein aggregation at 
intermediate length-scales, and the picket fence mechanism at longer length-scales. 
Measurements of lipid and protein motion in membranes are therefore length-scale 
and timescale dependent — the motion observed on 20 nm length-scales need not be 
the same as that observed on 100 nm length-scales. This is why the experimental 
techniques mentioned above represent critical advances, demanding a new look at 
modeling approaches. In the remainder, we discuss in more detail some selected 
recent experimental measurements, mainly those based on SPT, STED-FCS and 
iSCAT/COBRI, and then turn attention to modeling approaches. 
 
Brief review of experimental techniques 

 
High speed single particle tracking. SPT has yielded tremendous insights into 

membrane organization by allowing the direct observation of hindrances in 
molecular diffusion maps. As highlighted before, the Kusumi lab used video 
microscopy of membrane components with nm spatial resolution at 40,000 Hz to 
show that the membrane is compartmentalized by the cortical actin cytoskeleton. 
This transformational advance showed unequivocally that the membrane is 
partitioned into compartments with a lengthscale on the order of tens to hundreds 
of nm, as revealed by the hop diffusion of individual lipids tagged by 40 nm gold 
nanoparticles, with the size of compartments varying across different cell types.(8) 
Apart from fundamental insight into the organization of the plasma membrane, 
these measurements demonstrated the need for modeling alongside measurement, 
in order to distinguish compartmentalization from statistical fluctuations intrinsic 
to stochastic trajectories. 

FCS measurements of lipid diffusion in membranes. By determining average 
transit times of molecules through the microscope’s observation spot, FCS allows 
the determination of molecular mobility in model and cell membranes(13). 
Recording FCS curves at different spot sizes (so-called spot-variation (sv) FCS) 
allows different diffusion modes to be distinguished, such as free diffusion, trapped 
diffusion due to transient halts at molecular complexes or domains, and hop 
diffusion(14). Yet, due to the limited spatial resolution of confocal microscopy, 
conventional svFCS recordings can only interpret the diffusion characteristics at the 
relevant molecular scales by extrapolation of the acquired results to the 
nanoscale(14). A remedy is to use optical microscopy approaches with enhanced 
spatial resolution or reduced observation spot sizes. Subdiffraction excitation 
volumes can be realized by near-field approaches, where the sample (such as a cell) 
is placed very close (within nanometer distance) to nanometer large, excitation-
light guiding apertures. Near-field FCS data has confirmed and further detailed 
diffusion modes in model and cellular membranes as discovered by the 
aforementioned svFCS experiments(17, 34, 35), yet the close proximity of 
microscope equipment may bias molecular diffusion characteristics, prevent 
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measurements inside cells or further away (e.g. apical) membranes, and makes 
spot-variation measurements more tedious, since it requires separate experiments 
with different apertures. A remedy are super-resolution optical microscopy 
approaches such as STED microscopy. As in conventional microscopes, STED 
microscopy employs lenses for the focusing of the fluorescence excitation laser light, 
and the sample can be placed micrometers away from any optical element (into the 
optical far-field). Modulation of the fluorescence emission in the focused laser spot 
now allows creating efficient fluorescence observation spots of sub-diffraction 
(<<200 nm) sizes. Consequently, FCS can now be employed with observation spots 
that may in principle be reduced without limit (practically, due to signal-to-noise 
issues, down to around 30 nm in diameter). In addition, the observation spot can 
straightforwardly be tuned through changing laser power levels, allowing access to 
sub-diffraction svFCS experiments(18, 36, 37), even within a single measurement 
when using gated detection approaches(38). Using this STED-FCS approach, 
diffusion modes of various fluorescent lipid analogs and proteins in model 
membranes and the plasma membrane of living cells were observed with 
unprecedented spatiotemporal resolution(14,53,54). For example, it was shown 
that the diffusion of sphingolipids was hindered through transient halts (trapped 
diffusion) from interactions with immobilized or less mobile membrane entities, 
while such hindrance was not observed for glycero-phospholipids (14,53). 
Simultaneous acquisition of STED-FCS data at different spatial positions by 
repetitively scanning a circle or line (scanning STED-FCS, sSTED-FCS) highlighted a 
non-continuous distribution of such interaction sites; these hot spots were located 
at distinct locations, on average 150-200 nm apart, <80 nm in size, and transient on 
the second time scale(39).   

What may be the nature of the inhomogeneities observed by STED-FCS in 
cells? Detailed STED-FCS studies using drug treatments or on GPMVs disclosed a 
dependency of the trapped diffusion on cholesterol and the cortical actin 
cytoskeleton, indicating that the (more immobile) binding partners are linked to the 
actin cortex and the interactions are mediated by cholesterol(40, 41). Interestingly, 
the trapped diffusion of ganglioside, in contrast to that of sphingolipids, was much 
less, if at all dependent on cholesterol and the actin cytoskeleton, probably due to 
their large polar head-groups(40, 41). Experiments on model systems may provide 
further clues. For example, STED-FCS data in phase-separated ternary membrane 
bilayers has indicated an absence of hindered diffusion, both in the Lo and Ld phases, 
at least down to the probed 40-nm length scales.(42) Coupling of the model 
membranes to a cortical actin cytoskeleton, however, introduced hindrances in 
diffusion, mainly due to the aforementioned coupling between lipid phases and the 
reconstituted cortical actin networks(32, 33). In contrast, no correlation has been 
observed between Lo-partitioning characteristics of lipid analogs and their diffusion 
modes in living cells, questioning the viability of the direct transfer of results 
obtained on model membranes to the live-cell case(39).   
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 iSCAT and COBRI based measurements of spatiotemporal dynamics. iSCAT 
enables detection of weakly contrasting objects by interfering a coherent reference 
beam with the weak signal of interest.(43, 44) de Wit, et al. have reported label-free, 
direct imaging of freely diffusing solid-ordered domains at a droplet interface 
bilayer.(11) This is a type of supported bilayer geometry, in which a bilayer is 
formed at the interface of two monolayers, one of which sits on a hydrogel atop a 
support. Using this setup, de Wit, et al. could directly detect 200 nm large 
nanodomains and track their motion with a localization precision of 10 nm. The 
motion of smaller domains is also observable as variation in contrast. Notably, their 
size is estimated based on a calibration obtained for larger domains and 
extrapolated based on a model for the size dependence of domain diffusion. (This is 
revisited below.) 

 
Figure 1. Length-scale-dependent diffusion characteristics of fluorescent lipid analogs 
observed by STED-FCS in sub-diffraction sized observation spots.  (A) STED-FCS exploits 
the phenomenon that the size of the observation spot (diameter d) can be tuned at sub-
diffraction scales by the power of an additional STED laser (adapted from ref (37). Super-
resolution optical microscopy of lipid plasma membrane dynamics. Essays Biochemistry. 
57:69–80). (B) Dependence of the apparent diffusion coefficient D as determined by STED-FCS 
on the observation spot sizes (diameter d squared) for a fluorescent phospholipid (PE, blue) 
and sphingomyelin (SM, red) analog in the plasma membrane of live PtK2 cells, indicating close 
to free diffusion (dashed line) for PE and hindered trapped diffusion for SM. (C) sSTED-FCS data 
of the same measurements on PE and SM: Correlation carpets of PE (left two panels) and SM 
(right two panels) diffusion of confocal and STED recordings (as labeled) for 10-s measurement 
time: Total intensity (respective upper panels, normalized), correlation carpets (respective 
middle panels) and fitted transit times tD (respective lower panels) over space, i.e. for the pixel 
positions of the scanned line (x-axis). The correlation carpets show the normalized temporal 
correlation curves corresponding to the correlation amplitude G(tc) depicted by the color code, 
while the correlation time tc is encoded in the y-axis. The respective transit times tD for every 
pixel on the scan trajectory can be estimated from the color decay (yellow regions). Large 
fluctuations in transit times (tD) indicating positions of hindered diffusion are only revealed for 
SM in the STED recordings. The sites of hindered diffusion were smaller than 80 nm and 
transient, i.e. they changed over consecutive time windows. (Adapted from ref 39). 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 31, 2018. ; https://doi.org/10.1101/292383doi: bioRxiv preprint 

https://doi.org/10.1101/292383
http://creativecommons.org/licenses/by-nc-nd/4.0/


 iSCAT also offers a unique approach to label-based SPT of individual lipids 
and proteins. At a laser intensity of 100 μW/μm2, the location of a lipid chemically 
linked to a small (20 nm dia.) gold nanoparticle may be detected with a spatial 
resolution of 3 nm and a time resolution of 20 μsec (Fig. 2A).(9, 10) Since there is no 
photobleaching, very long trajectories of individual particles may be observed — 
tens of thousands of steps, with total durations of a few seconds. One of us (CLH) has 

recently demonstrated that an individual lipid (biotin-cap-DPPE  labeled by 20 nm 
gold nanoparticle) switches from normal diffusion to subdiffusion when crossing a 
boundary from an Ld phase to an Lo phase, using a 40:40:20 mixture of  
DPPC/diPhy/Chol on a mica support (Fig. 2A).(9) Trajectories in the Lo phase show 
subdiffusion up to approximately one msec, after which the diffusion becomes 
Fickian. Statistical analysis of particle trajectories suggests transient confinement, 
perhaps in nanoscopic substructures previously observed in molecular dynamics 
simulations in similar lipid mixtures.(45, 46) Very recently, similar nanoscopic 
substructures in Lo phase and its influence to lipid diffusion were also detected 
experimentally by FCS with specially designed planar plasmonic antennas.(35)  

 
Figure 2. iSCAT and COBRI microscopy enable high speed imaging with nm spatial 
localization precision. (A) In iSCAT, coherent illumination and detection from below the 
sample observes a lipid tagged with a 20 nm gold particle with nm spatial localization precision 
and 20 μsec time resolution. The lipid switches from normal diffusion in the liquid-disordered 
phase (red portion of trajectory) to subdiffusion in the liquid-ordered phase (blue trajectory).  
(B) COBRI is the transmission counterpart of iSCAT, which typically operates at much lower 
light intensity at the price of reduced sensitivity. The trajectory (bottom right) shows a virus 
particle diffusing on the surface of a HeLa cell with a 100,000 Hz frame rate, revealing very fast 
surface diffusion and transient localizations immediately after landing. Adapted with 
permission from (9) and (12). 
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 Recently, Hsieh and coworkers demonstrated “COBRI” microscopy, the 
transmission counterpart of iSCAT (Fig. 2B).(12) Both iSCAT and COBRI detect 
linear scattering light (backward scattering in iSCAT and forward scattering in 
COBRI) from nano-sized objects via interference. The signal-to-noise ratio (SNR) of 
iSCAT and COBRI is determined by the number of detected signal photons, 
independent of the electronic noise, giving optimal sensitivity in high speed 
measurements.(47) Using COBRI and proper image processing, single 40 nm gold 
nanoparticle were tracked with 3-5 nm precision at high speed.(48) The 
transmission geometry of COBRI makes it less sensitive to membrane fluctuation 
and thus easier to observe small particles in living cells. Using COBRI, Hsieh and 
coworkers reported  high speed tracking (100,000/sec frame rate) and 3D 
localization (1.7 – 2.3 nm precision) of individual vaccinia virus particles as they 
land and then diffuse laterally on the surface of a live cell, with total acquisition 
times of seconds (Fig. 2)(12). The measurements clearly show very heterogeneous 
diffusion, with virus particles sampling zones of transient confinement on 
submillisecond timescales, eventually (within seconds after landing) becoming 
strongly confined. By obtaining trajectories tens of thousands of steps long, the 
coherent illumination detection methods alleviate some of the statistical limitations 
inherent to SPT approaches, enabling measurements uniquely suited to the scale-
rich environment of cell membranes. 
 Challenges. For both iSCAT/COBRI and STED-FCS, it is necessary to 
specifically label molecules of interest, which is laborious and may influence the 
motion of interest, especially when using large gold-nanoparticle tags as in most 
iSCAT/COBRI experiments.(49) Recent development of sensitivity enhancement in 
iSCAT demonstrates the capability of seeing single biological macromolecules 
directly in aqueous environment without any labels, which shows the promise of 
revealing single membrane protein dynamics in their most native form(50, 51). The 
STED-FCS approach admits the use of much smaller labels, and is ideally suited to 
lengthscale-dependent measurements of diffusion, but being a rather local 
measurement (even for the lines in the sSTED-FCS recordings), does not easily 
provide information on heterogeneity across the cell surface. However, 
improvements in image-based correlation approaches may provide a remedy.(16, 
52) In addition to the possible effects of labeling, for both iSCAT/COBRI and STED-
FCS additional laser illumination and/or stronger laser light levels are usually 
implemented for measurements at higher spatiotemporal resolutions (high laser 
intensities inherently required due to limited optical cross-sections of the available 
labels, such as scattering probes in iSCAT/COBRI, and fluorescent labels in STED-
FCS). Unfortunately, intense illumination may potentially induce photo-toxic effects 
(such as cell death), which bias the observations and need to be carefully considered. 
Therefore, control experiments are required, e.g. making use of different 
observation techniques with different label types and illumination levels, or of 
complementary samples such as model membrane systems. As different techniques 
have their advantages and limitations, it is always valuable to probe the same 
phenomena with multiple techniques. Nevertheless, recent advances in recording 
schemes (such as for STED microscopy imaging)(53) are guiding ways for reducing 
phototoxic effects. 
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Modeling Requirements: A Manifesto 
 
Most of the measurements described above observe the motion of a protein or lipid, 
and then infer underlying membrane structure and interactions from changes or 
differences in mobility. Conversely, if a simulation approach is to obtain predictive 
validity regarding the encounter of membrane proteins and/or lipids, it must 
correctly model mobilities, and how they depend on the complications — such as a 
heterogeneous distribution of protein and lipid, coupling to the cytoskeleton — 
described in the introduction. It is therefore essential that a modeling approach 
reproduce quantitatively the mobility of lipids and membrane proteins across a 
variety of experimental systems, from simple to complex.  
 Even in a simple membrane — fluid and homogeneous, infinite in extent, and 
bounded above and below by an infinite bulk of solvent — the mobility of a 
membrane protein is nontrivial. Treating the membrane as an incompressible, low 
Reynolds number fluid bounded by bulk solvent of significantly lower viscosity, 
Saffman and Delbruck (SD) derived an expression for the mobility of a cylindrical 
membrane inclusion.(54) In the SD model, the ratio of the viscosity of the 
membrane to that of the surrounding fluid introduces a new lengthscale (referred to 
in the following as LSD(54)), which marks a crossover in the hydrodynamics, from 
2D behavior governed by the membrane viscosity to 3D  behavior governed by the 
viscosity of the bounding solvent. For homogeneous fluid phase membranes, LSD 
ranges from 100 to 1000 nm.  Comparison to experimental measurements shows 
that the SD model accurately captures the dynamics of membrane proteins.(55) 
 For the quasi-2D diffusion that is characteristic of proteins in membranes, 
qualitatively different results are obtained for “free-standing” membranes — that is, 
bounded above and below by an infinite extent of solvent — and other boundary 
conditions. Motivated by experiments by Falke and coworkers,(56) Camley and 
Brown showed that the logarithmic dependence of mobility on protein or domain 
radius that is predicted by SD is lost for membranes on a solid support, with 
mobility instead depending linearly on radius for oligomeric protein 
assemblies.(57) This result reflects the loss of symmetry across the membrane 
midplane — momentum is dissipated by the support , while on the other side it is 
free to propagate into the solvent. It is therefore a mistake to use SD theory (or any 
other theory or simulation based on a free-standing membrane) to interpret 
experimental results obtained for a supported bilayer — any agreement is 
fortuitous, and any contradiction is irrelevant. In this light, recent iSCAT 
measurements of domain diffusion(11) bear reconsideration, using the approach of 
Camley and Brown.(57) Observed protein mobility also depends strongly on the 
presence of an immobile fraction of lipids or proteins, which may result from 
interactions with the cortical cytoskeleton. Oppenheimer and Diamant have shown 
that these may be very significant effects even at very low area fraction for a 
random configuration of immobile species (Fig. 3B), with strikingly counterintuitive 
results, such as mobilities that are either enhanced or reduced depending on the 
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direction of the motion  relative to the immobile species.(58, 59) The immobile 

fraction in a plasma membrane may not satisfy either requirement. 
 More recently, Camley et al. have obtained a generalization of the SD result 
for systems with periodic boundary conditions as commonly employed in molecular 
dynamics simulations (in the following called periodic Saffman-Delbruck or “PSD”), 
and verified the PSD theory by molecular simulations.(60) Because the dimensions 
typical of molecular dynamics simulations are of the same order as LSD, observed 
mobilities are contaminated by a significant finite size effect, resulting in simulated 

 
Figure 3. Membrane hydrodynamics are long-ranged, and often 
counterintuitive. (A) Extension of the SDHPW theory to systems with periodic 
boundary conditions reveal significant finite size artifacts for molecular 
dynamics simulations. The diffusion constant of an integral membrane protein 
in a simulation (DPBC) may be larger or smaller than that of the same protein in 
an infinite system (D∞) , depending on the size of the system in the directions 
normal to the membrane (H) and in the plane (L).  Adapted with permission 
from (59). (B) Even at very low area fraction ϕ, a randomly arranged set of 
immobile proteins strongly impacts the diffusion D of mobile proteins, relative 
to diffusion in the absence of an immobile fraction (Dfree), depending on the 
radius a of the mobile proteins. Shown are the dependence for a/LSD = 10-3 
(solid), 10-2 (dashed), and 10-1 (dotted). Reprinted with permission from (57). 
(C) The mobility of a mobile protein (pink cylinder) in a simulation or 
experimental measurement depends on a nonrandom assortment of immobile 
proteins (blue) that are bound to the cytoskeleton, as well as other 
complications such as local variations in membrane viscosity ηm. 
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diffusion coefficients that may be larger or smaller than their infinite system 
counterparts by 100% or more (Fig 3A). This result has already been extensively 
confirmed by additional molecular dynamics simulation.(61, 62) If the goal of a 
simulation is to quantitatively reproduce the measured diffusion of a protein, the 
simulated result may be corrected using the PSD expression, provided the viscosity 
of the membrane and the solvent have been determined independently. (Similarly, 
asking whether lipids may be described by SD-like continuum diffusion requires a 
periodic correction based on cylinders which span only one leaflet.)  

However, a more challenging situation arises if one seeks to compare a 
simulation result to a more complex experimental system — a phase separated 
membrane, with regions of different viscosity, or a membrane anchored to a 
cytoskeleton, or a membrane dense with membrane protein. Here, one requires a 
simulation approach that  

 
(i)  is of sufficient scale to encompass the phenomena of interest and so that 

finite size effects are minimized. 
(ii) incorporates sufficient chemical accuracy to faithfully represent lipid and 

protein interactions  
(iii) includes momentum transport in both membrane and bulk solvent  

 
Item (i) is satisfied by the continuum methods developed by Brown and coworkers 
discussed above,(57, 63) and other continuum approaches developed to study the 
dynamics of lipid domains(64) or nonequilibrium dynamics imposed by cortical 
actin.(65) 

Item (ii) is satisfied by use of an all-atom model like Charmm36,(66) which 
has recently been shown to reproduce 2H NMR quadrupolar spectra for cholesterol 
rich ternary mixtures.(45) The coarse-grained Martini model, though not quite as 
accurate at the level of molecular interactions, does reproduce key aspects of lipid 
phase diagrams.(67) With an explicit representation of the solvent, both methods 
address item (ii) as well. However, achieving the lengthscales (ca. 100 nm) required 
to address item (iii) with these models seems intractable for the near future. Such a 
simulation would contain roughly 100 million particles rendered in all-atom detail, 
or about 10 million with the coarse-grained Martini model. Note that several 
authors have reported Martini simulations of protein-dense(68, 69) and actin 
coupled(70) membranes on ca. 100 nm lengthscales, but in every case these 
simulations reduce the solvent to a depth of 20 or so nm, and therefore the role of 
the finite size artifacts discussed above should be carefully considered.(60-62)  

Chemical detail in the membrane may be retained at a greatly reduced 
computational cost with an implicit solvent membrane model like Dry Martini.(71) 
This fails on item (iii) however, as there is no longer any bulk solvent. To address 
this, Zgorski and Lyman have recently implemented a fast “Multiparticle Collision” 
type method for solvent hydrodynamics with Dry Martini, and shown that the 
approach agrees with the PSD theory of Camley and Brown.(72) The method, 
“Stochastic Thermostatted Rotation Dynamics (STRD) Martini” uses the Stochastic 
Rotation Dynamics formulation of MPC to resolve hydrodynamic flows with a 
resolution of 1-2 nm, but without computation of interparticle distances in the 
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solvent. A STRD Martini simulation of a 100 x 100 nm membrane patch entails 
molecular dynamics simulation of ca. 400,000 particles, and is therefore readily 
tractable on modest resources. 

In retaining a molecularly resolved membrane, the STRD Martini approach 
complements methods that treat the membrane as a continuous object. The method 
of Brown (already mentioned above) tracks a two dimensional representation of the 
membrane in real space, and propagates hydrodynamic interactions in the Fourier 
domain, exploiting the simple structure of the quasi2D, Oseen-like tensor. The 
dynamics of membrane embedded rigid objects are modeled as discrete points. 
Rather than directly addressing the difficult fluid/object boundary condition, the 
mobility of the object is obtained numerically from the Green’s functions for fluid 
flow in the membrane plane, one for each point which resolve the object.(57) As 
described above, this method has been used to obtain diffusion in solid supported 
membranes, and in the periodic geometries used in molecular simulation. It is 
applicable to more complex situations, including bilayer structure and other 
boundary conditions.(60, 63) The key advantage over particle-based approaches is 
that much larger membrane areas and timescales are tractable; the main 
disadvantages are the loss of chemical detail and the need for a Green’s function for 
the problem of interest, which may be difficult to obtain for more complex 
membranes. 
 

Summary  
 
With spatial resolution from 1 to 40 nm and temporal resolution from 1 to 10 

microseconds, new experimental techniques are revealing the heterogeneous 
nature of the plasma membrane on spatiotemporal scales relevant to the dynamics 
of protein clusters, lipid nanodomains, and within individual actin compartments. At 
this scale, individual molecular encounters are observed, and it becomes possible to 
test hypotheses regarding the role of interactions among lipids and proteins in 
governing membrane organization.  However, the observed mobility of membrane 
proteins depends in complicated and often counterintuitive ways on features such 
as immobile membrane proteins and regions of differing viscosity. Interpretation of 
experimental measurements therefore demands modeling approaches which 
resolve the chemical specificity of membrane interactions, yet remain faithful to the 
dynamics of lateral diffusion and transport in membranes.  

In this effort, the development of model systems intermediate in complexity 
between cell membranes and simple model systems is essential. Recapitulation of 
different complicating factors — the actin cytoskeleton, lipidomic complexity, 
crowding by membrane proteins — in a controlled environment should lead to a 
more complete understanding of how these features enter the spatiotemporal 
organization of cell membranes. Comparison of experimental measurements for 
such systems to simulations designed to incorporate these same features will help 
to rationalize the measurements, and perhaps support the development of theory 
which is better suited to the complex environment of the plasma membrane.  
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