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domains because they are sufficient to affect actomyosin interactions in vitro.
However, because the C’-terminal domains are required to anchor cMyBP-C
to the thick filament, a limitation of such studies is that the precise spatial dis-
tribution of the N’-terminal domains is lost. To overcome this limitation we
devised a novel protein engineering approach to remove and replace N’-termi-
nal domains of cMyBP-C at their exact positions in situ. The approach uses car-
diomyocytes from gene-edited ‘‘Spy-C’’ mice that express a modified cMyBP-
C containing an internal TEV protease site followed by a short ‘‘SpyTag’’
sequence. Removal of N’-terminal domains is accomplished by incubating per-
meabilized Spy-C myocytes with TEV protease to cut cMyBP-C and expose
the SpyTag on the remaining C’-terminal domains of cMyBP-C. New recom-
binant N’-terminal domains are then ligated via a covalent bond formed be-
tween SpyTag and its partner protein, SpyCatcher, which is encoded at the
ends of the new recombinant N’-terminal domains (Zakeri et al., PNAS,
109:E690–7, 2012). Here we show proof-of-principle for the Spy-C method
by demonstrating TEV cleavage of cMyBP-C and using immunofluorescence
to show that added N’-terminal domains localize properly in sarcomeres
from Spy-C mice. Force measurements in permeabilized myocytes further
confirm the feasibility of using the Spy-C method to measure function of
exchanged cMyBP-C N’-terminal domains in situ. The Spy-C method thus of-
fers a new approach for introducing nearly any desired modification into the
N’-terminal domains of cMyBP-C (e.g., mutations, PTMs, FRET sensors) to
study their structure and function in situ. [NIH HL080367, AHA
17IRG33411051, and a UA Precision Mouse Modeling Program Award)].
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Arrhythmogenic cardiomyopathy (AC) is a disease characterized by electrical
abnormalities and fibro-fatty infiltration of the myocardium. It is often linked
to mutations in desmosomal genes, but molecular mechanisms whereby desmo-
somal mutations give rise to end-stage AC remain to be fully established. In or-
der to probe phenotypic consequences of an AC-linked desmosomal mutation,
we identified a candidate family with a history of sudden cardiac death and a
variant of unknown significance (R451G) in the gene encoding desmoplakin
(DSP). After establishing statistically significant linkage between the R451G
variant and symptomatic family members (LOD score = 3.4), a heart autopsy
specimen was obtained from a deceased DSP R451G-positive family member
who had been diagnosed with AC according to the ARVC 2010 task force
criteria. Immunofluorescence microscopy of this tissue showed significant
reduction of desmoplakin and connexin 43 at the intercalated disks. We hypoth-
esized that mutant desmoplakin is avidly degraded by the cell, resulting in hap-
loinsufficiency, poor intercalated disk organization, and reduced electrical
conduction velocity of the myocardium. In order to test these hypotheses, we
created engineered heart tissues (EHTs) from an induced pluripotent stem cell
line generated from a symptomatic, R451G-positive family member. EHTs
were grown under electrical stimulus and isometric conditions for 2 weeks
before contraction force and electrical conduction velocity through the tissues
were measured. Surprisingly, we found that conduction velocities were un-
changed between EHTs expressingmutant versus wild type desmoplakin.While
there was no statistical difference in the peak contraction force, mutant tissues
had a significantly slower rate of contraction: time from stimulus to peak twitch
force was 17.6% longer in mutant EHTs. This early biomechanical deficiency in
DSP R451G cells may indicate poor coupling between the sarcomere lattice and
the intercalated disk as a fundamental disease mechanism in AC.
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Cardiac muscle cells are reported to contain a cell wide mitochondrial reticu-
lum where mitochondria are interconnected in networks though intermitochon-
drial junctions. We have also observed that mitochondria form heterogeneous
clusters within localised regions of the cell. Recent studies suggest that conduc-
tion of membrane potential through the mitochondrial networks can act as one
of the dominant mechanisms to distribute energy across the cell. There are
several other myofibril based metabolite diffusion systems present in cardio-
myocytes which can also contribute to intracellular energy transport. What is
the interplay between these different mechanisms and the heterogeneous distri-
bution of mitochondria?
We are developing detailed finite element models of cardiac ultrastructure to
investigate the role that mitochondrial membrane potential, oxygen and the
creatine-kinase shuttle have in homogenizing ATP supply and demand within
a heterogeneous cellular architecture. Our results show that diffusion of O2 is
insufficient to reach interior of a cardiomyocyte in a high workload - leading
to a regional hypoxia at the core of the cell. Our simulations also indicate that
rapid diffusion of creatine and phosphocreatinemay be still be required to ensure
that metabolites like ATP and ADP are uniformly distributed in the midst of a
heterogeneous distributionofmitochondria thatwe observe in the cell.However,
our current model simulations suggest that conduction of membrane potential
from themitochondria at the cell periphery can provide sufficient protonomotive
force to the mitochondria at the cell core to sustain a uniform distribution of me-
tabolites and force dynamics across the cell cross section.
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Gram-negative bacteria have a cell envelope consisting of a peptidoglycan
layer located between an inner cytoplasmic cell membrane and an outer-
membrane (OM). The OM is an asymmetric bilayer consisting of an inner
leaflet of phospholipid and an extra-cellular facing outer leaflet composed
of lipopolysaccharide (LPS), in which outer membrane proteins (OMPs)
are embedded. The mechanism whereby OMPs and LPS turnover during
cell growth is not well understood. There is recent evidence that OMPs
are not inserted uniformly across the cell surface, but at discrete spots.
Once inserted, OMPs are not observed to diffuse far from these insertion
sites, leading to patches termed OMP ‘islands’. Whether LPS is also inserted
in discrete locations is unknown. The interactions between LPS and OMPs
are important for OM function and integrity. However, the extent to which
LPS contributes to the confinement of OMPs is not well understood. Here,
we have studied the spatio-temporal dynamics of LPS using metabolic incor-
poration of a sugar analogue and site-specific bio-orthogonal chemical label-
ing with a fluorescent dye. Using confocal FRAP and single-molecule
fluorescence microscopy techniques, we observed that LPS does not diffuse
freely in the OM and is inserted at discrete locations during cell growth.
These characteristics were independent of LPS structural complexity (i.e.
deep rough, rough and O-antigen restored strains). The results are discussed
in the context of OM turnover during bacterial growth and adaptation to an
environmental niche.
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Compositional asymmetry between the two leaflets of a membrane bilayer is a
fundamental feature of eukaryotic plasma membranes. Maintaining lipid asym-
metry is energetically demanding, requiring active transport of phospholipids
from one leaflet to the other. Phospholipid asymmetry has been described
largely in the context of apoptosis, where translocation of the anionic lipid
phosphatidylserine from the inner to the outer leaflet of the plasma membrane
is a marker for macrophage engulfment. However, it has recently become
evident that lipid asymmetry can also be reversible, and regulates many phys-
iological processes, including immune cell signalling and cell-cell fusion.
Owing to their distinct compositions, the two leaflets of the plasma membrane
are believed to have distinct physical properties. Besides the commonly noted
surface charge, the hypothesized differences in sphingolipid content and acyl
chain composition suggest that other physical properties (lipid packing, lateral
diffusion, permeability) would also be distinct between the two leaflets. Here,
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we test this hypothesis directly by using a combination of fluorescence lifetime
imaging of order sensitive probes with microinjection and selective quenching.
Our results show that in live cell plasma membranes, inner leaflet order is
slightly, but significantly, lower compared to the outer leaflet. The magnitude
of the difference is smaller than expected from compositional asymmetry, sug-
gesting that strong coupling between leaflets in asymmetric membranes pre-
vents high lipid order differentials. We also find that a loss of membrane
asymmetry during phospholipid scrambling or apoptosis drastically reduces
the order of the plasma membrane and eliminates the order differences between
leaflets. Finally, we observe that these biophysical differences are important for
cell physiology, as inhibition of lipid scrambling suppresses the functional acti-
vation of immune cells. These findings document the biophysical asymmetry of
the plasma membrane and suggest an important role for this asymmetry in cell
function.
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In their fluid state, lipid membranes are able to execute a variety of shape trans-
formations. One intriguing example is provided by vesicle budding, i.e., by the
expulsion of a small, spherical bud connected to the mother vesicle by a narrow
membrane neck. The formation of such necks provides an essential step of
many biological processes (cellular uptake, secretion as well as cell division
or cytokinesis). In the framework of curvature elasticity, formation and stability
of such a narrow neck are determined by local stability conditions, which
depend both on the local mean curvature and on the spontaneous
curvature of the membrane. However, these conditions ignore the molecular
structure of the membrane, which may affect the shape of the neck. Further-
more, because of their locality, the stability conditions cannot describe the
overall response of a neck to mechanical perturbations. In order to address these
questions, we use molecular simulations to study the neck formation. Budding
and neck formation are induced by small solutes such as monosaccharides that
adsorb onto the bilayer membranes. If the two leaflets of a membrane are
exposed to different solute concentrations, the membrane becomes asymmetric
and acquires a certain spontaneous curvature. We start from a spherical vesicle
that is exposed to a certain solute concentration in the exterior solution. When
we reduce the volume of this vesicle, we observe formation of narrow mem-
brane necks provided the concentration exceeds a certain threshold value.
We induce mechanical perturbation using a geometry that resembles micropi-
pette aspiration on the micrometer scale to observe neck opening for which we
calculate the associated free energy landscape.
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Cell membranes are complex structures that act as hosts for membrane-
associated proteins to form dynamical complexes with lipids and other proteins.
The process driving the formationof functional protein-lipid complexes is lateral
diffusionwhere lipids and proteinsmigrate in themembrane plane in a stochastic
but concerted fashion [1,2]. In protein-poor membranes the diffusion of lipids
and proteins is fairly well understood. Experimental studies have provided evi-
dence that for (trans)membrane proteins of radiusR, their diffusion coefficientD
scales logarithmically asD� log(1/R). Thewell-knownSaffman-Delbr€uck (SD)
theory [3] is in line with this picture. However, the challenge is to understand the
diffusion of proteins and lipids in membranes of living cells that are extremely
rich in proteins. Based on extensive computer simulations we here discuss
how crowding with proteins affects lateral diffusion [4-6]. We show that protein
crowding leads to deviations from the SD relation and to the emergence of a
stronger Stokes-like dependenceD� 1/R, highlighting that the lateral dynamics
in crowded membranes is significantly different from protein-poor conditions.
We also demonstrate how protein crowding gives rise to dynamical correlations
observed as anomalous diffusion. Finally,we discuss biological consequences of
protein crowding and anomalous diffusion in, e.g., formation of functionalmulti-
protein complexes. [1] Falck E, et al. J Am Chem Soc 130, 44 (2008). [2]
Niemela PS, et al. J Am Chem Soc 132, 7574 (2010). [3] Saffman P, Delbr€uck,
M. Proc Natl Acad Sci 72, 3111 (1975). [4] Jeon, JH et al. Phys Rev X 6, 021006
(2016). [5] JavanainenM, et al. FaradayDiscuss 161, 397 (2013). [6] Javanainen
M, et al. J Phys Chem Lett 8, 4308 (2017).
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Many important biological phenomena are mediated by cell membranes and the
shapes accommodated by these membranes. For example, endocytosis involves
bending to form a bud or a tube from a flat shaped membrane under the action
of proteins such as clathrin or BAR and their coupling to actin pulling forces.
Various morphological shapes of membranes are governed by thermodynamic
parameters such as osmotic pressure drop across the membrane or membrane
tension. Most theoretical studies focusing on understanding membrane bending
involve either small deformations about a given configuration or axi-symmetric
shape transitions. In this talk, using the recent advancements in theoretical and
computational modeling of membranes, we show that axi-symmetric or small
deformations are inadequate to understanding the morphological phase-
diagrams of membranes governed by protein induced spontaneous curvature
and membrane tension. In particular, we discuss how axi-symmetric analysis
of membranes misguide our understanding and demonstrate that non-
axisymmetric shape transitions are almost always energetically favorable to
axi-symmetric ones. We apply these methods to understand the classical endo-
cytosis phenomena in mammalian and yeast cells. With the newly found non-
axisymmetric shapes, we discuss the physical principles governing endocytosis
at varying levels of membrane tension.
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Eukaryotic cells are organized into spatially and functionally distinct
membrane-bound organelles, whose functions are defined by their composition.
Accurate sorting of membrane components between these compartments is
necessary for maintaining organelle identity. For most membrane proteins,
the determinants of their steady-state subcellular localization remain unknown.
Lateral membrane domains (lipid rafts) provide an ideal platform for mem-
brane sorting processes. However, the structural determinants of protein asso-
ciation with such domains are almost entirely unknown. We developed and
characterized a robust experimental system for quantitative measurements of
raft affinity in intact plasma membranes and used it to explore the determinants
of transmembrane protein recruitment into raft domains. We identified several
structural features associated with raft affinity, and established a quantitative
and functional relationship between raft association and subcellular protein
localization. Specifically, we observed that raft association is fully sufficient
for PM recycling of certain proteins, and that abrogation of raft partitioning
for these proteins led to their degradation in the lysosomes. These findings sup-
port the conclusion that ordered membrane domains mediate recycling of spe-
cific membrane components from the endosomal compartments to the PM. We
have proceeded to define the molecular machinery that mediates raft lipid and
protein sorting and recycling to the PM. Using a set of orthogonal transmem-
brane proteins as probes of raft and non-raft domains, we developed a high
throughput siRNA screen to dissect the molecular machinery and dynamics
for raft-mediated sorting. We identified a number of validated hits including
known players of the early endocytic traffic (Rab5 and EEA1), but also novel
players that appear to define a distinct class of trafficking mediators specific for
raft-associated proteins. This pathway is not dependent on the classical recy-
cling pathways defined by Rab4 and Rab11, rather defining a novel route for
PM recycling of raft-preferring cargo.
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Lateral organization and phase separation of lipids in natural membranes play
key roles in regulating cellular processes. First-order phase transitions in model
membranes consisting of few lipid components are well understood and readily
detectable via calorimetry, densitometry, and fluorescence. However, far less is
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