Annu. Rev. Biophys. 2010.39:407-427. Downloaded from www.annualreviews.org

by RIJKSUNIVERSITEIT GENT on 03/16/11. For personal use only.

ANNUAL

Aens Further
Click here for quick links to
Annual Reviews content online,
including:

« Other articles in this volume

- Top cited articles

- Top downloaded articles

- Our comprehensive search

Annu. Rev. Biophys. 2010. 39:407-27

First published online as a Review in Advance on
February 16, 2010

The Annual Review of Biophysics is online at
biophys.annualreviews.org

This article’s doi:
10.1146/annurev.biophys.093008.131234

Copyright © 2010 by Annual Reviews.
All rights reserved

1936-122X/10/0609-0407$20.00

The Distribution

and Function of
Phosphatidylserine

in Cellular Membranes

Peter A. Leventis and Sergio Grinstein

Program in Cell Biology, Hospital for Sick Children, Toronto, Ontario M5G 1X8, Canada;
email: peter.leventis@utoronto.ca, sergio.grinstein@sickkids.ca

Key Words

lipid asymmetry, flippase, scramblase, surface charge, C2 domain;
apoptosis

Abstract

Phosphatidylserine (PS) is the most abundant negatively charged phos-
pholipid in eukaryotic membranes. PS directs the binding of proteins
that bear C2 or gamma-carboxyglutamic domains and contributes to
the electrostatic association of polycationic ligands with cellular mem-
branes. Rather than being evenly distributed, PS is found preferentially
in the inner leaflet of the plasma membrane and in endocytic mem-
branes. The loss of PS asymmetry is an early indicator of apoptosis and
serves as a signal to initiate blood clotting. This review discusses the
determinants and functional implications of the subcellular distribution
and membrane topology of PS.

407



Annu. Rev. Biophys. 2010.39:407-427. Downloaded from www.annualreviews.org

by RIJKSUNIVERSITEIT GENT on 03/16/11. For personal use only.

PC:

phosphatidylcholine

PE: phosphatidyl-
ethanolamine

PS:
phosphatidylserine

408

Contents
INTRODUCTION .................. 408
PHOSPHATIDYLSERINE:
ANOVERVIEW.................. 409
Structure, Biosynthesis,
and Degradation................ 409
Function ............... ... ..., 411
THE DETECTION AND
SUBCELLULAR
LOCALIZATION OF
PHOSPHATIDYLSERINE ....... 413
Fractionation...................... 413
In situ Detection................... 413
Subcellular Distribution of PS
and its Determinants............ 414
TRANSBILAYER ASYMMETRY
OF PSS, 416
Flippases ..........ooooviiiii... 417
Floppases..............oooooiiiin. 418
Scramblases ............ ... ... 418
TRANSBILAYER ASYMMETRY
AND THE SUBCELLULAR
DISTRIBUTION OFPS.......... 418
ESTABLISHMENT OF THE
SUBCELLULAR
DISTRIBUTION OF PS: A
SPECULATIVE MODEL......... 419
INTRODUCTION

Lipid bilayers form the core structure of the
membranes that envelop eukaryotic cells and
subdivide them into compartments with dis-
tinct structural and functional identities. Lipids
not only confer unique dielectric and perme-
ability properties to the bilayer but also dic-
tate the partitioning and folding of intrinsic
proteins. Glycerophospholipids account for ap-
proximately 70% of the total lipid content
of mammalian cells; the other 30% consists
of cholesterol, sphingomyelin, and glycosph-
ingolipids. Among the phospholipids, phos-
phatidylcholine (PC) is the most prevalent
and accounts for 40%-50% of the total (90).
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Phosphatidylethanolamine (PE), which ranges
from 20% to 45% of the total phospholipids,
depending on the tissue, is the next most abun-
dant (56, 57, 90). Phosphatidylinositol (PI),
phosphatidylserine (PS), and phosphatidic acid
(PA) are present in lesser amounts.

The lipid composition of the membranes of
different organelles can vary widely: Cardio-
lipin is a major constituent of mitochondria
but is virtually absent from other organelles
(91), whereas bis(monoacylglycero)phosphate,
more commonly known as lysobisphosphatidic
acid, is largely confined to late endosomes and
lysosomes (38, 53). Even the content of conven-
tional phospholipids varies among organelles
(Table 1). In some instances, sharp differences
in lipid composition exist also between the
subdomains of a single organelle (e.g., the
internal vesicles versus the lining membrane
of multivesicular bodies). The distinct lipid
composition confers characteristic thickness,
permeability, and fluidity properties onto the
membranes of individual organelles and sub-
domains (91). Because lipids and their metabo-
lites are effective second messengers, the
ability to transduce signals also varies markedly
between organelles. In addition, lipid compo-
sition can differ drastically between the two
monolayers that constitute a defined membrane
bilayer, e.g., the cytosolic versus extracellular
leaflets of the plasmalemma (Figure 1). The
resulting asymmetry can induce membrane
curvature and can impose a transmembrane
electrostatic potential difference.

On a molar basis, PS is a relatively minor
constituent of most biological membranes.
However, the low abundance of PS is out-
weighed by its physiological importance,
which is attributable to its unique physical and
biochemical properties. PS is key to the recruit-
ment and activation of numerous enzymes and
structural components, and it signals important
events such as the clearance of apoptotic cells
and the internalization of viruses by host cells
(12). Similar to other lipids, and perhaps more
so, PS is distributed unevenly in the cell. In
view of its varied and critical functional roles,
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Table 1 Phospholipid content and cholesterol/PS molar ratio of different organelles

PC PE | PI PS

Membrane (%)? Chol/PS References
Endoplasmic reticulum 55 30 15 3-5 3 46
Golgi complex 50 15 10 5 4 46
Early endosome 47 23 8 8.5 - 33
Late endosome 48-49 18.5-20 4-7 2.5-3.9 - 33,34
Mitochondria 40-46 30-35 5-10 1 10 17, 46, 104
Plasma membrane 42 25 3 12 8 46

*Each phospholipid species is expressed as a percentage of total phospholipids.
Abbreviations: PC, phosphatidylcholine; PE, phosphatidylethanolamine; P1, phosphatidylinositol; PS, phosphatidylserine; Chol, cholesterol.

the task of defining the distribution of PS in
cells acquires an important dimension. The
objective of this review is to briefly summarize
our knowledge of the subcellular distribution
of PS and its determinants, while recognizing
that the field is still in its infancy.

PHOSPHATIDYLSERINE:
AN OVERVIEW

Structure, Biosynthesis,
and Degradation

Phosphatidylserine species were first identi-
fied in whole brain lipid extracts by Folch
and coworkers in the 1940s (21-23). Similar
to other phospholipids, PS contains two acyl
chains at the sn-1 and sn-2 positions of the glyc-
erol moiety, with the polar headgroup attached
to position sz-3. Although the acyl chains in PS
vary among cell types and organelles, saturated
fatty acids of 16 or more carbons are generally
attached to the sn-1 position, whereas unsatu-
rated fatty acids are generally found at the sn-2
position. Although the presence of an unsatu-
rated acyl chain is not conducive to partition-
ing in sphingolipid- and cholesterol-enriched
microdomains, there are reports that PS is en-
riched in putative rafts in the plasma membrane
(63). This may reflect a higher degree of satu-
ration of the plasmalemmal PS.

The most distinctive feature of PS, however,
is the linkage of serine at position sz-3. Unlike

choline or ethanolamine, which are cationic,
serine is neutral. Thus, whereas PC and PE
are zwitterionic, PS is anionic. When present
in substantive amounts, PS endows membranes
with a sizable electrostatic potential that con-
centrates soluble cations in the electrical dou-
ble layer, in proportion to their charge. Poly-
cations and proteins with cationic clusters bind
avidly to electronegative surfaces, a major mode
of protein recruitment to membranes that is of-
ten overlooked.

In yeast, PS is synthesized by the con-
jugation of serine to CDP-diacylglycerol
(Figure 2), a pathway reminiscent of that
described in prokaryotes (90). The phos-
phatidylserine synthase (PSS) that catalyzes this
reaction is encoded by CHOI, and the dele-
tion of this gene precludes the formation of
PS (44, 59). However precariously, CHOI-
deficient yeast survive provided the growth
medium is supplemented with ethanolamine
(59). In mammalian cells, two separate path-
ways can accomplish PS biosynthesis. Rather
than using CDP-diacylglycerol, mammalian
cells produce PS by exchanging the headgroup
of PC or PE for serine. PSS1 mediates the re-
lease of choline from PC, whereas PSS2 releases
ethanolamine from PE, with the concomitant
insertion of serine and generation of PS in both
instances (90). These pathways are at least par-
tially redundant, which was demonstrated by
the development of PSS-deficient cells (40, 41,
95) and by gene knockout experiments (4, 6).
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Phosphatidylserine topology, synthesis, and transport across bilayers in mammalian membranes. The topology of phosphatidylserine
(PS; red headgroup) is illustrated where known. PS is produced in the mitochondrial-associated membranes (MAMs) of the endoplasmic
reticulum (ER) from phosphatidylethanolamine (PE; light brown headgroup) or phosphatidylcholine (PC; blue headgroup) by PS
synthases. PS is decarboxylated to PE by PS decarboxylase on the outer leaflet of the mitochondrial inner membrane. Phospholipids
(PLs) are translocated to the inner (luminal) leaflet of the ER by a nonspecific equilibrator mechanism, similar to a scramblase. P4-type
ATPases in the late Golgi complex/trans-Golgi network (TGN) and plasma membrane actively transport PS to the cytoplasmic leaflet
to create or maintain PS asymmetry. The topology of cholesterol (dark brown oblong) and sphingolipids (dark green headgroup) at the
plasma membrane is also shown. Unspecified lipids are represented by a gray headgroup.
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Mice that lack either PSS1 or PSS2 are viable
and fertile (although male Pss2~/~ mice have
reduced fertility; see Reference 6). In contrast,
the elimination of both genes is lethal (4).

PS degradation occurs primarily by decar-
boxylation, yielding PE. Yeast have two PS
decarboxylases (PSDs), encoded by PSD1I and
PSD2 genes. The products of these genes,
Psdlp and Psd2p, are localized in mito-
chondrial and in the Golgi complex/vacuole
membranes, respectively (85-87). The single
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mammalian PSD, like Psdlp, is found in
the outer aspect of the inner mitochondrial
membrane. PS can also be hydrolyzed by phos-
pholipases that are located in the plasmalemma.
Mammalian PS-specific phospholipase Al
(which also acts on I-acyl-2-lyso-PS) hy-
drolyzes the sn-1 acyl chain of PS, which
generates -lyso-2-acyl-PS. The latter com-
pound can signal platelet degranulation, mast
cell activation, and T-cell growth suppression
(3, 32). Phospholipase A2 hydrolyzes the sn-2
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Figure 2

Interrelationship of PS, PE, and PC metabolism in yeast and mammalian cells. In yeast, PS is produced by the conjugation of serine to

CDP-diacylglycerol (CDP-DG) by phosphatidylserine synthase (PSS), encoded by CHOI. PS is converted to

phosphatidylethanolamine (PE) by PS decarboxylase 1 (PSD1) in mitochondria and by PSD2 in Golgi complex/vacuole membranes. In
mammalian cells, two PSS enzymes catalyze the synthesis of PS from either PE or phosphatidylcholine (PC). A single mitochondrial
PSD decarboxylates PS to form PE. For simplicity, enzymes other than PSS and PSD have been omitted. The synthesis of PE from
lyso-PE and CDP-ethanolamine and the synthesis of PC from CDP-choline are similar in yeast and mammalian cells.

acyl of PS to form I-acyl-2-lyso-PS, which is
implicated in mast cell activation and neuronal
differentiation (32).

Function

As discussed in more detail below, PS is largely
secluded inside the cells and is exposed to
the extracellular milieu in exceptional circum-
stances only. Nevertheless, PS plays important
functional roles inside and outside the cells and,
ironically, its extracellular functions have been
studied more extensively and are better under-
stood. The prototypical example is hemostasis,
in which PS is a key signal in the coagulation
cascade (7, 99). When activated, blood platelets
expose PS on their outer surface; scramblases,
the enzymes that promote the translocation of
PS to the outer leaflet of the plasmalemma, are
discussed in more detail below. The exposure
of extracellular PS triggers the attachment and

activation of several clotting factors, notably
factors V, VIII, X, and prothrombin (48, 80,
108). The recruitment of these proteins to the
surface of platelets is mediated by specialized
recognition modules, such as discoidin-type
C2 or gamma-carboxyglutamic acid domains
(Table 2) that bind PS with a high degree
of selectivity and stereospecificity. The tenase
and prothrombinase complexes that promote
coagulation become fully active only after bind-
ing PS on the surface of activated platelets
(7, 108).

Extracellularly exposed PS is also an es-
sential factor in the recognition and clearance
of apoptotic cells. When cells undergo pro-
grammed cell death, PS appears on their outer
surface. Indeed, the extracellular exposure of
PS is used by many laboratories as one of the
earliest indicators of apoptosis (19, 39, 52). PS
externalization is a result of scramblase activa-
tion likely coupled with flippase inactivation (5).
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Table 2 Characteristics of the major phosphatidylserine-binding domains

Ca’t Structural
Class dependency Specificity Examples Function features References
C2 domain® Yes Electrostatic, Annexin V PS masking in Four domains 83
limited placenta to prevent of five o
specificity for coagulation helices
PS, but often coordinate
nonspecific Ca’* and PS
PKCux Protein Two loops 82,93
PKCp phosphorylation coordinate
Ca’* and PS
C2 domain, No L-serine Coagulation Blood coagulation B barrel with 46
discoidin-like stereospecific factor V two loops that
binding Lactadherin Stabilizes associate with 10, 28, 29,
phospholipid lining PS-containing 45,74
of milk droplets; membrane
integrin bridging
during apoptotic cell
clearance by
macrophages
Gamma- Yes Specific serine | Prothrombin Blood coagulation Hydrophobic 34
carboxyglutamic headgroup patch
acid (Gla) coordination, coordinates PS
nonspecific and Ca’*
electrostatic

2The two types of C2 domains are unrelated and are so named by coincidence (43).

Abbreviations: PKC, protein kinase C; PS, phosphatidylserine.
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However, recent work by Mirnikjoo et al. sug-
gests that PS is also delivered to the surface
by lysosomes that fuse with the plasma mem-
brane during apoptosis (54). Unlike necrosis,
programmed cell death enables the organism
to undergo renewal without the disintegration
of cells that would release potentially harm-
ful intracellular enzymes and antigens. The
completion of the process, however, requires
the rapid and effective clearance of apoptotic
bodies by phagocytes. Remarkably, the appear-
ance of PS on the surface of apoptotic cells
identifies them as targets for engulfment by
phagocytic cells (19, 55, 62). PS is also ex-
posed extracellularly during the course of his-
tamine secretion in mast cells (26, 32). Whether
this is a necessary component of the secre-
tory process, or a consequence thereof, remains
unclear.
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Unlike the sporadic signaling role it plays
upon extracellular exposure, intracellular PS
likely functions continuously in various capac-
ities. Its negatively charged headgroup, unique
structural features, and comparative abundance
make PS the preferred target of an assort-
ment of proteins with specialized motifs and do-
mains (43). Some of these are not very selective
and interact promiscuously with anionic phos-
pholipids in general. Proteins endowed with a
hydrophobic side chain, such as a farnesyl or
fatty acyl moiety, in the immediate vicinity of
a polycationic stretch display such behavior.
Ras and Rho-family GTPases and the tyro-
sine kinase Src belong to this category (20, 79,
101). Other proteins are slightly more selec-
tive towards PS and interact via conventional
C2 domains (Table 2). Although not entirely
PS-specific, C2 domain-bearing proteins such
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as synaptotagmin and several protein kinase C
isoforms bind PS, often in a calcium-dependent
manner, which results in an alteration of their
structure and catalytic activity.

THE DETECTION AND
SUBCELLULAR LOCALIZATION
OF PHOSPHATIDYLSERINE

Like other lipids, PS is not uniformly dis-
tributed in the cell. Because its activity depends
critically on location, determining the subcel-
lular distribution of PS is important. Notably,
however, although a variety of approaches have
been implemented to define the distribution of
PS within the cell, our current knowledge is
incomplete and imperfect. The techniques ap-
plied to this problem and the resulting conclu-
sions are summarized briefly below.

Fractionation

Most of the available information regarding the
subcellular distribution of PS was derived from
subcellular fractionation studies. The separa-
tion of organelles by differential and/or density
gradient sedimentation, followed by an analysis
of lipid content by chromatographic, isotopic,
or spectroscopic methods, has been the proce-
dure of choice. A compilation of the lipid distri-
bution deduced from such studies is presented
in Table 1, in which only representative ref-
erences and reviews are cited for the sake of
brevity.

Although extremely useful and informa-
tive, such studies have limitations. First, the
purification of fractions is never perfect,
and cross-contamination is widely acknowl-
edged. Second, chemical modification and
the redistribution of lipids occur during the
often time-consuming fractionation protocols.
Third, not all subcellular compartments can
be isolated in sufficient quantity and with ade-
quate purity for chemical analysis. Last, global
analysis of the lipids disregards asymmetry
between monolayers of the membrane, a topic
discussed extensively below.

In situ Detection

In principle, the detection of PS in intact
cells, in combination with powerful micro-
scopic techniques, should obviate the prob-
lems associated with cellular homogenization
and fractionation. However, this approach has
been hampered by the paucity of suitable probes
to detect PS in situ (Table 3). 7-Nitro-2-1,3-
benzoxadiazol-4-yl-tagged PS (NBD-PS) has
been used most extensively, but the results ob-
tained with this analog are perplexing. Specif-
ically, when NBD-PS is added extracellularly,
the fluorescence at steady state is weak at the
plasma membrane and bright in reticular en-
domembrane structures, observations that are
not easily reconciled with the fractionation
studies listed above. Plausible explanations in-
clude that the insertion of the NBD moiety
distorts the structure (13, 35) and therefore
the targeting of the phospholipid and that the
lipid may undergo a rapid conversion to other
species, especially when structurally altered by
the fluorophore.

Rather than labeling the lipid covalently and
altering its behavior in the process, researchers
have attempted to devise probes to detect
endogenous PS. To this end, PS-reactive
antibodies have been developed (49, 50), which
make immunolocalization possible in fixed
cells. Gaining access to the largely intracel-
lular PS, however, requires permeabilization,
which is usually effected using detergents that
themselves disrupt lipid architecture. A better
strategy is therefore to deliver PS-binding
probes to the cell interior without disrupting
the membrane in the process. Microinjection
is a possible approach, but it is technically
demanding and limits the number of cells that
can be studied. An elegant alternative is the use
of molecular biology to genetically encode the
PS-binding probes to be expressed within the
cells of interest. Although cloning PS-specific
antibodies is a formidable task, simpler options
exist. Specifically, cells can be transfected with
proteins or protein domains that have demon-
strated affinity and selectivity for PS. Annexin
V has been used extensively to probe for
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Table 3 Characteristics of phosphatidylserine probes

Probe Type Advantages Disadvantages K4? References
Annexin V C2 domain protein Well characterized Binds PE, other 0.5-1nM | 8,83,84
Commercially available phospholipids
Easily tagged (e.g., GFP, Requires Ca’* for binding
fluorescent dyes) Intracellular PS detection
Genetic expression requires Ca’+ manipulation
Lactadherin | C2 domain protein Ca’*-independent binding Not readily available 3.3nM 76
(discoidin-like) Specific Comparatively large
Easily tagged (e.g., GFP)
Genetic expression
Antibodies | Monoclonal IgG Specific (although not Fixation and 0.6-1nM | 49,50
perfectly) permeabilization required
Commercially available to label endomembranes
Not amenable to genetic
expression
TNBS Reactive with Chromatographic Unsuitable for in situ - 25,78
primary amines quantification detection
Reproducible Alters PS irreversibly
Cell-impermeant
NBD-PS PS analog; Cells easily loaded NBD distorts acyl chain - 51
fluorescent NBD Commercially available structure
on sn-2 6:0 or 12:0 Subject to conversion to
chain (sn-1 usually other species
16:0 or 18:1) Fluorescence rapidly
bleached

*Dissociation constant for phosphatidylserine binding.
Abbreviations: PE, phosphatidylethanolamine; PS, phosphatidylserine; GFP, green fluorescent protein; NBD-PS, 7-nitro-2-1,3-benzoxadiazol-4-yl-

tagged phosphatidylserine; TNBS, trinitrobenzene sulfonate.
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extracellular PS and was recently tested also as
an intracellular probe, through the generation
of a plasmid that encodes a GFP-tagged
chimeric construct (11). Of note, the binding
of the C2 domain of annexin V to PS requires
supraphysiological calcium concentrations,
and ionophores or other means are required to
artificially elevate the cytosolic concentration
of the cation (8, 11, 84). The consequences of
these manipulations, together with the fact that
annexin V is not entirely selective toward PS,
severely limit its usefulness as an intracellular
probe.

The discoidin-type C2 domains provide
a means to circumvent this problem. Unlike
the conventional C2 domain of annexin, dis-
coidin C2 domains such as that of lactad-
herin, a milk glycoprotein, recognize PS with
high affinity and specificity in the nominal

Leventis  Grinstein

absence of calcium and can therefore be used
to probe the distribution of the phospholipids
in transfected but otherwise unmodified cells
(Figure 3) (100). One caveat of this approach is
that, unless additional targeting determinants
are provided, the constructs are expressed in
the cytosol and therefore probe only the as-
pect of the bilayer that faces this compartment.
Compartment-specific, luminally targeted con-
structs can be devised, but assessing their
interaction with the membrane poses additional

difficulties.

Subcellular Distribution of PS
and its Determinants

When the information obtained by all the avail-
able methods is combined, a reasonable con-
sensus pattern of the intracellular distribution
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of PS begins to emerge. First, it is clear that
not all organelles have an identical content of
PS because they differ by more than one or-
der of magnitude in some instances (Table 1;
Figure 3). Second, there is general agreement
that the plasma membrane is most enriched
in PS, followed by early endosomes. At the
other extreme of the spectrum are mitochon-
dria, which contain the lowest mole fraction of
PS.

How is the inhomogeneous distribution of
PS generated? The enzymes that synthesize PS
are located in the ER, where they concentrate in
mitochondrial-associated membranes known
as MAMs (69, 81). These are highly specialized
contact zones that mediate communication and
functional interactions between mitochondria
and the ER. As such, one would anticipate the
ER and possibly the mitochondria to be richly
endowed with PS, but this is clearly not the
case. There is evidence that some of the PS gen-
erated at the MAMs is transported directly to
the mitochondria where it is rapidly decarboxy-
lated by PSD to form PE (89, 94), which may
account for the low amount of PS seen in this
organelle. The newly synthesized PS that ini-
tially remains in the ER presumably transits to
the endoplasmic reticulum to Golgi intermedi-
ate compartment (ERGIC) and Golgi cisternae
via the secretory pathway. Upon reaching
the #rans-Golgi network (TGN), PS can
potentially undergo two fates: proceed along
the secretory pathway to the plasma membrane
or be diverted to the prelysosomal endocytic
compartment. Although the PS content of late
endosomes and prelysosomes is a subject of de-
bate, the early endosomal compartment (which
includes the recycling endosomes) and particu-
larly the surface membrane are enriched in PS
compared to other organelles, which include
the ER where it is synthesized. Where and
how the concentrative step occurs is unknown.

Because its generation appears to be re-
stricted to the ER, mechanisms that do not
involve biosynthesis must be invoked to ac-
count for PS accumulation in the plasma mem-
brane and endosomes. Two general models can
be contemplated: () PS may be preferentially

Figure 3

In vivo detection of cytoplasmic leaflet PS using a GFP-tagged discoidin-type
C2 domain. (7) RAW 264.7 macrophage that expresses a GFP-tagged
lactadherin-C2 domain. PS is on the plasma membrane and on
endomembranes identified as components of the endocytic pathway (88). Image
courtesy of Dr. T. Yeung. (b)) Wild-type S. cerevisiae that express GFP-tagged
lactadherin-C2 domain. PS is visible mainly on the plasma membrane. Image
courtesy of Dr. G. Fairn. Both images are representative confocal slices.

concentrated in secretory vesicles that deliver
lipids to the plasma membrane. Such a concen-
trative event could take place at the TGN or
in recycling endosomes, inasmuch as at least a
fraction of the TGN-derived vesicles traverse
the recycling endosomal compartment en route
to the plasmalemma; and (b)) PS enrichment
may result from the selective abstraction of
lipids other than PS at the plasma membrane or
in the recycling compartment. For instance, the
formation and internalization of lipid subdo-
mains that exclude PS would promote its pref-
erential retention in the membrane.

We have preliminary evidence suggesting
that PS concentrates in secretory vesicles: In
yeast that harbor mutant alleles of SECI or
SECG6, in which secretory carriers generated
from the Golgi complex are unable to fuse with
the surface membrane, vesicles densely labeled
by the C2 domain of lactadherin accumulate (G.
Fairn and S. Grinstein, unpublished observa-
tions). This is accompanied by the diminution
of plasmalemmal staining, which indicates the
partial depletion of PS. These observations are
consistent with the secretory enrichment model
discussed initially. However, they appear super-
ficially inconsistent with the recent report by
Klemm etal. (37), in which light secretory vesi-
cles isolated from similar yeast mutants showed
no accumulation of PS. Their findings and ours
could be reconciled by considering that two dis-
tinct types of secretory vesicles emerge from
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the Golgi complex: the light kind studied by
Klemm and colleagues, and a heavy type thatis
coated by clathrin and was not studied by these
authors. PS enrichment may occur exclusively
in clathrin-coated vesicles. Indeed, as we spec-
ulate below, the enrichment may be coupled to
the clathrin-assembly process.

Although consistent with the enrichment
of PS in secretory vesicles, our observations do
not rule out the occurrence of an abstraction
mechanism. Unlike the light secretory vesicles
studied by Klemm et al., which follow a direct
path from the Golgi complex to the membrane,
heavy secretory vesicles intersect the recycling
compartment. PS accumulation may result
in this compartment from the sorting of
PS-enriched membranes for delivery to the
surface, away from other PS-depleted regions
that are targeted elsewhere, either retrogradely
to the Golgi complex or to deeper endosomal
compartments.

Clearly, much remains to be learned about
how PS is selectively targeted to certain mem-
branes while being excluded from others.
Although the mechanism remains far from
clear, we suspect that lipid asymmetry between
monolayers of individual organelles plays a role
in the process. A description of such asymme-
try, the underlying mechanisms, and the ratio-
nale for our hypothesis that it plays a role in
organellar redistribution are the subjects of the
following sections.

TRANSBILAYER ASYMMETRY
OF PS

Lipid distribution differs not only among or-
ganelles but frequently also between the two
leaflets of the membrane. Although several lipid
species are distributed differentially in the two
monolayers of several biological membranes,
we restrict our discussion to the transmembrane
disposition of PS. Several methods have been
used to quantify the exposure of PS on a given
surface by measuring the extent of labeling with
impermeant reagents (78), the fraction suscep-
tible to degradation by lipases (110), or the ac-
cessibility to probes such as annexin V or lac-
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tadherin (39, 75-77). Even bioassays that mea-
sure the ability of PS to trigger clotting have
been employed on occasion to assess PS sided-
ness (16). Of note, all these procedures hinge
on the physical separation of the exposed and
contralateral (Iatent) sides of the membrane and
therefore entail the analysis of sealed structures
that preserve a permeability barrier. The frac-
tion of contralateral PS is then calculated by
subtracting the exposed fraction from the total
PS.

Transbilayer asymmetry was demonstrated
initially at the plasma membrane. Human ery-
throcytes, which are plentiful and have a single
membrane, were the first system to be analyzed
in detail. Labeling with the impermeant amino-
group reagent trinitrobenzene sulfonate and
subsequent thin-layer chromatographic analy-
sis showed that PS is virtually inaccessible to
the probe in intact cells (25). PS was labeled
only when the membrane was disrupted, which
implies that PS is confined to the cytosolic
monolayer. Accordingly, inside-out erythrocyte
membranes—but not intact red cells—initiated
clotting, a PS-stimulated cascade (109). These
and other studies estimated that >96% of the
PS resides in the inner leaflet of the erythro-
cyte membrane (102). Subsequent reports es-
tablished that a similar extreme asymmetry in
the distribution of PS exists across the surface
membrane of platelets (71) and in a variety
of nucleated cell types (31, 92). NBD-tagged
analogs have been used to verify the distribu-
tion of PS and to monitor the development
of the asymmetry. When added to the exter-
nal surface of intact cells, NBD-PS is rapidly
translocated to the inner leaflet, a process that
can be monitored using impermeant fluores-
cence quenchers or a back-washing procedure
that selectively removes exofacial NBD-PS
(42, 51).

The study of lipid asymmetry in internal
membranes has proven far more complicated.
To our knowledge, no in situ determinations
of the transmembrane distribution of PS in
organelles have been reported, owing to the
paucity of probes and the difficulties inherent
in targeting and quantifying their association
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with defined membranes in intact cells. Instead,
research in this area has relied on a combina-
tion of subcellular fractionation and the type of
PS exposure determinations described above. It
is important to note that, however gentle, the
homogenization procedures required for frac-
tionation can disrupt the permeability bar-
rier of the organellar membrane, which al-
lows access to otherwise latent PS and leads
to an overestimation of the exposed (cytosolic
leaflet) fraction. In extreme cases, homoge-
nization can alter the sidedness of the re-
sulting membranes, particularly when large
membrane sheets fragment and reseal with an
inverted orientation. Therefore, results ob-
tained with fractionated cells must be inter-
preted with caution.

Because they can be isolated intact and
in fairly large numbers, chromaffin granules
have provided reliable determinations of the
transmembrane distribution of PS. Using spin-
labeled probes, Zachowski et al. estimated that
approximately 85% of PS is found on the cy-
tosolic face of these organelles (103). The ER,
which is also abundant, has similarly been stud-
ied by several groups. In this case, however, the
sealed structures required for sidedness deter-
minations ostensibly form by the fragmentation
of an intricate network of tubules. Whether
the resulting vesicles retain their original ori-
entation and seal homogeneously is a matter
of conjecture. Nevertheless, the available re-
sults consistently show a marked asymmetry in
the distribution of PS. Both in the ER and in
its muscle cell counterpart—the sarcoplasmic
reticulum—PS is predominantly found in the
internal (luminal) monolayer (9, 88). The en-
richment varies in different reports, with the
luminal fraction ranging from approximately
70% of the total to over 90% (9, 30, 88). The
scarcity of PS in the cytosolic face of the ER
is consistent with the failure of annexin V and
of the C2 domain of lactadherin to bind to
this membrane (11, 100). Remarkably little is
known about the lipid composition of the indi-
vidual leaflets of other organelles.

How is lipid asymmetry established? Three
types of lipid transporters may dictate the

transbilayer distribution of phospholipids: flip-
pases, floppases, and scramblases.

Flippases

Flippases are aminophospholipid translocases
that transport specific phospholipids, includ-
ing PS, from the extracellular or topologically
equivalent luminal leaflet of an organelle to the
cytosolic side. Flippase activity was found to
require ATP (72) and therefore suspected to
involve a phospholipid-translocating ATPase.
However, the paucity of the enzyme, together
with the lack of specific pharmacological antag-
onists, hampered the molecular identification
of the responsible enzyme for over a decade.
Eventually, painstaking biochemical analysis of
chromaffin granules and parallel studies of yeast
genetics converged to demonstrate that flippase
activity is, in all likelihood, mediated by P4 sub-
type P-type AT Pases similar to those engaged
in ion transport.

S. cerevisine have five genes that encode
P-type ATPases (DRS2, DNF1, DNF2, DNF3,
and NEOI), and at least 14 human homologs
have been identified by bioinformatics (27).
Immunofluorescence and cell fractionation
studies detected Drs2p and Dnf3p in the
late Golgi complex (14, 33), whereas Dnflp,
Dnf2p, and Neolp are found in the plasma
membrane and endomembranes (33, 98).
The P-ATPases located in the Golgi complex
generate phospholipid asymmetry prior to
the arrival of secretory membranes to the cell
surface. This is supported by the observation
that NBD-PS is translocated across isolated
TGN membranes or post-Golgi secretory
vesicles in an ATP-dependent manner and that
this activity requires Drs2p and Dnf3p (2, 58).
Unlike wild-type yeast, strains that lack Drs2p
display PS on their outer surface (15), and
a further increase in PS exposure was noted
when Dnflp and Dnf2p were also eliminated
(65). These observations suggest that PS is
flipped across internal membranes as well as
the surface membrane and that these activities
cooperate to minimize PS exposure to the
extracellular milieu. Caution must be exercised
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in interpreting these deletion studies, however,
because the observed effects may be secondary
to the disruption of vesicular trafficking.

Floppases

Floppases transport lipids in the opposite direc-
tion, i.e., from the cytosolic to the extracellular
or luminal leaflet. This activity has been
attributed to members of the ATP-binding
cassette (ABC) transporter superfamily. ABC
transporters are a large and rather diverse
collection of transmembrane proteins that
participate in the ATP-dependent export of
amphipathic compounds, notably xenobiotic
drugs, from the cell (64). Some members of
the family, which include ABCA1, ABCBI,
ABCB4, and ABCCI, seem to specialize in
the translocation of lipids across membranes.
Unlike the drug-exporting members of the
family, which are rather promiscuous in their
selection of ligands, ABCA1, ABCB1, ABCB4,
and ABCCI1 are more selective. Neither
ABCB1, ABCB4, nor ABCCI can transport
significant amounts of PS. In contrast, ABCA1
has been linked to PS transport, even though
the export of cholesterol appears to be its main
function (61). Whether the transport of these
two lipids is somehow linked is still unclear.

Scramblases

Unlike flippases and floppases, which transport
lipids unidirectionally in an ATP-dependent
manner, scramblases (recently reviewed in
Reference 70) are bidirectional and function
to randomize or at least reduce the asymme-
try of phospholipids in membranes in an ATP-
independent manner (36). In the ER, scram-
blases act constitutively and translocate lipids
synthesized on the cytosolic side to the internal
leaflet. In this manner, newly formed PS can
reach the lumen of the secretory compartment.

A second type of scramblase is quiescent
in cells at rest but becomes activated when
cytosolic calcium is elevated. These enzymes
are located on the plasma membrane and are
at least partly responsible for exofacial PS
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exposure when platelets, mast cells, and phago-
cytes are activated, and also during apopto-
sis (19). A protein identified with this activity,
termed PLSCRI, has been cloned and charac-
terized (105). Because the deletion of the Plscrl
gene in mice did not measurably affect lipid
transport, however, the role of this protein as
a scramblase has been questioned (106). The
existence of redundant genes could account for
the apparent discrepancy, although other iden-
tified members of the PLSCR family reside in
mitochondria and in the nucleus (106). Puta-
tive scramblase genes have also been identified
in Drosophila (e.g., Scramb1 and Scramb2), and in
C. elegans (SCRM-1), although functional stud-
ies have yielded confounding results (1, 97).

TRANSBILAYER ASYMMETRY
AND THE SUBCELLULAR
DISTRIBUTION OF PS

We have reason to believe that the transbi-
layer disposition of PS is a key determinant of
its unique organellar distribution. As discussed
briefly above, PS enrichment or depletion could
in principle be caused by localized synthesis or
degradation, respectively. Thus, decarboxyla-
tion to PE may contribute to the paucity of PS
in mitochondria. However, the PS enrichment
observed in the surface and endocytic mem-
branes cannot be attributed to excessive synthe-
sis because both PSS isoforms reside in the ER.
Alternatively, the enrichment of defined mem-
brane components, such as PS, can be gener-
ated by their segregation and directed targeting
in the course of membrane trafficking. Proteins
and lipids can be selectively delivered to their
cellular destination by preferential sequestra-
tion into transport vesicles that are guided by
vectorial transport mechanisms. In this manner,
transferrin receptors are routed through the re-
cycling compartment, avoiding degradation in
lysosomes, and glycosphingolipids are prefer-
entially delivered to the apical membrane of
epithelial cells. Importantly, the molecules that
induce the fission of transport vesicles, their
translocation to their destination, and fusion
with the target membrane are all exposed to
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the cytosolic environment. We therefore as-
sume that the selective targeting of PS to the
plasma membrane and endosomes requires it to
be exposed to the cytosol. Two mechanisms can
be proposed, based on earlier observations and
hypotheses. First, because flippases translocate
lipids unidirectionally, their continued activ-
ity creates a structural imbalance between the
donor and acceptor leaflets of the membrane.
The bilayer bulges in the direction of the ac-
ceptor leaflet, and, if flippase activity is high
and/or localized, the resulting curvature could
promote vesicular fission (18). The generation
at the TGN of PS-enriched secretory vesicles
may be formed by active aminophospholipid-
translocating flippases such as Drs2p or its
mammalian homologs. Second, a more con-
ventional means of selectively targeting PS-
enriched vesicles to the plasma membrane
would entail the preferential association of PS
with proteins involved in membrane fission or
fusion. PS may promote the association of coat
proteins required for membrane budding or
scission or, conversely, coat proteins recruited
by protein cargo may attract and stabilize PS
in the region where vesicles are generated. The
result, in both instances, would be the forma-
tion of vesicles with an elevated PS content.
The interaction of coat and severing proteins
such as clathrin and dynamin with anionic phos-
pholipids in general and with PS in particu-
lar has been documented (47, 66, 73), and a
genetic linkage has been established between
Drs2p and the generation of clathrin-coated
vesicles (15, 24). Selective PS delivery to the
membrane could also result from its associa-
tion to vesicular SNARE proteins targeted to
the plasmalemma. Accordingly, some syntaxins
are associated tightly with PS (68, 96). Yet, this
option seems less appealing because it would
require PS to be the predominant species in a
sizable lipid annulus that surrounds SNARESs.
Regardless of the specific mechanism(s) in-
volved, the exposure of PS on the cytosolic as-
pect of secretory membranes is likely to partic-
ipate in their generation and trafficking, which
provides an attractive model to account for en-
richment of the phospholipid in the surface

and early endocytic membranes. In this context,
anionic phospholipid flippases may be critical
not only to the maintenance of transbilayer PS
asymmetry but also to the differential distribu-
tion of PS in cellular organelles.

ESTABLISHMENT OF THE
SUBCELLULAR DISTRIBUTION
OF PS: A SPECULATIVE MODEL

Why is the concentration of PS highest in the
plasma membrane and lowest in mitochondria?
Why are flippases needed to deliver PS to the
cytosolic side of membranes when PS is gener-
ated on this side of the membrane in the first
place? How the steady state distribution of PS
is established in the cell may be best understood
by following the journey of the phospholipid in
the cell (Figure 4).

There is little doubt that, in animal cells,
PS is generated by PSS at the ER, specifically
at the MAMs. A fraction of the newly formed
PS reaches mitochondria, in which much of it
is decarboxylated to PE, which accounts for
the scarcity of PS in this organelle. How the
inner mitochondrial membrane acquires PS—
and maintains levels higher than those found in
the outer membrane (107)—remains a mystery.
The remainder of the PS is redistributed across
the ER membrane by a scramblase-like activ-
ity. There is, however, a glaring inconsistency
between the expected randomizing effect of a
scramblase and the experimental finding that
PS is largely secluded in the luminal monolayer
of the ER (9, 30, 88). If the sidedness determi-
nations are correct, other transport or seques-
tration processes must be at work.

The PS in the ER seemingly travels to the
ERGIC and Golgi compartments, possibly by
bulk flow, although specific delivery systems
cannot be ruled out. What fraction of the PS
is in the lumen of the Golgi complex is, to our
knowledge, not yet known. To the extent that
cytosolic C2 domain probes failed to attach vis-
ibly to the Golgi membranes, we surmise that
little PS is present on the cytosolic surface of
the cisternae. Regardless of what fraction of
the PS reaches the lumen of the TGN, current
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Speculative model of PS traffic and enrichment mechanisms. (Step 1) PS (so/id or dashed blue lines) is synthesized on the cytoplasmic
leaflet of the ER/MAM. Some PS is transported to the mitochondrion where it is rapidly decarboxylated to PE at the inner membrane;
PS is also spontaneously translocated to the luminal leaflet of the ER. Current evidence indicates that PS is enriched in the luminal
leaflet. (Step 2) PS moves to the ERGIC/Golgi complex via vesicular trafficking. (Step 3) In the TGN, PS is enriched in budding
secretory vesicles where it may help recruit proteins necessary for clathrin coat formation; PS may be excluded from vesicles directed to
the LE/lysosome (3'). Flippases in the TGN and secretory vesicles translocate PS to the cytoplasmic face. (Step 4) PS continues to be
flipped in secretory vesicles en route to the plasmalemma. (Step 5) Plasma membrane flippases maintain PS almost exclusively on the
cytosolic leaflet. (Step 6) PS is delivered to sorting endosomes by endocytosis. (Step 7) At the early/recycling endosome, PS-containing/
enriched vesicles are recycled to the plasma membrane via vesicular traffic. (Step 8) PS-depleted vesicles generated by sorting
endosomes go to late endosomes and/or recycle to the TGN. (Step 9) PS may be excluded from some endocytic events at the plasma
membrane. Relative quantities of PS in membrane leaflets are indicated by solid or dashed blue lines. Small curved arrows indicate
translocation of PS across the bilayer. Abbreviations: ER, endoplasmic reticulum; ERGIC, endoplasmic reticulum to Golgi
intermediate compartment; MAM, mitochondrial-associated membrane; PS, phosphatidylserine; TGN, trans-Golgi network.
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evidence suggests that flippases can then trans-
port at least a fraction to the cytosolic leaflet.
As described earlier, we speculate that the flip-
pase activity contributes to vesicular budding
by inducing curvature and/or by promoting the
recruitment of coat proteins. This event may be
critical in the establishment of the subcellular
pattern of PS. Because the TGN is an important
traffic sorting station, PS-enriched vesicles may
be delivered preferentially to the plasma mem-
brane, whereas other, PS-depleted domains of
the TGN membrane are routed retrogradely or
to the prelysosomal compartment (Figure 4).
The preceding scenario could account for at
least part of the accumulation of PS in the mem-
brane, where the asymmetry would be main-
tained by plasmalemmal flippases (Step 5 in
Figure 4). Further enrichment may occur at
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the plasma membrane itself by selective abstrac-
tion of other lipids (Step 9 in Figure 4). This
could be accomplished by the endocytosis of
vesicles from membrane domains that exclude
PS. However, much of the surface PS must
also be continuously internalized because the
entire membrane turns over rapidly. This no-
tion is consistent with the observation that PS
is also present and rather abundant in early en-
dosomes.

What becomes of the early endosomal PS?
Early endosomes are a critical sorting station
in cellular traffic. In animal cells, membrane
components that are internalized can return to
the plasmalemma via rapid and slow recycling
pathways or be destined for degradation in
late endosomes and lysosomes. In addition,
a fraction of the early endosomal material is
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delivered retrogradely to the TGN and can
thereby reach the rest of the secretory pathway.
If, as found in fractionation studies, PS is
comparatively depleted in the late endosomes
and lysosomes of mammalian cells and in the
yeast vacuole, a mechanism must exist for
the removal of PS from these compartments,
which continuously receive input from earlier
endosomal compartments. Two possibilities
exist. First, PS may be degraded by lipases,
such as those found in the lumen of lysosomes.
For this to account for selective PS depletion,
however, requires two conditions: (#) PS must
be preferentially hydrolyzed by the lipases, and
(b) it must be delivered to the internal vesicles of
multivesicular bodies. The latter requirement
stems from the fact that hydrolysis of PS in the
membrane lining the endosome or lysosome
would surely produce organellar leakiness and
lysis. The second, and in our minds more
attractive, option is that PS-enriched domains
of the early endosomal membrane may be

SUMMARY POINTS

preferentially sorted for recycling back to
the surface membrane, whereas PS-depleted
domains are directed retrogradely and/or to
late endosomes and lysosomes (Steps 7 and
8, respectively, in Figure 4). The molecular
machinery that would accomplish this segre-
gation is presumably similar to that described
for the TGN: a combination of flippases and
PS-interacting coat proteins. In this regard, the
Neolp flippase is found in the endocytic path-
way and is essential for yeast survival (33, 67).
Moreover, clathrin, sorting nexins, and other
coat-forming and fission-inducing proteins are
present and active in early endosomes. Sorting
and recycling endosomes may be the main
sites where PS enrichment occurs and may
potentially surpass the TGN in importance.

Admittedly, the model presented above is a
combination of facts and (wild) assumptions,
and the latter must be tested experimentally be-
fore they can be validated or discarded in favor
of more compelling ideas.

1. PS is not uniformly distributed in the membranes of eukaryotic cells.

2. PS is produced at sites where the endoplasmic reticulum approaches mitochondria and

moves to other membranes via vesicular trafficking.

3. PS is most enriched in the inner leaflet of the plasma membrane.

4. The transbilayer asymmetry of PS in the t7ans-Golgi network (TGN)), secretory vesicles,
and plasma membrane is likely generated and maintained by flippases.

5. The exposure of PS on the outer leaflet of the plasma membrane signals the onset of
apoptosis and triggers phagocytosis and blood clotting.

6. The enrichment of PS at the plasma membrane and in endosomes is likely generated by

the segregation of PS-rich and PS-poor vesicles at sorting stations such as the TGN and

recycling endosome.

FUTURE ISSUES

1. New approaches must be developed to analyze the sidedness of PS in organellar mem-

branes in situ.

2. The mechanism(s) whereby PS is enriched in some membranes and depleted in others

remains to be resolved.
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2. Demonstrates that
the TGN-localized

P-ATPases Drs2p and
Dnf3p function in the

generation of
phospholipid
asymmetry in yeast
secretory vesicles.
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3. The functional implications of the differential PS content of various organelles are un-

clear and should be addressed.

4. Better probes must be developed to monitor intraorganellar PS.

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

We apologize to those authors whose research was not cited directly for space reasons. We wish

to thank Dr. Jean Vance for critical reading of the manuscript. Thanks to Drs. Tony Yeung and

Gregory Fairn for advice and for providing the images used in Figure 3. Original work in the
authors’ laboratory is supported by the Heart and Stroke Foundation of Ontario and by the
Canadian Institutes for Health Research grants MT4665 and M'T7075. Sergio Grinstein holds
the Pitblado Chair in Cell Biology.

LITERATURE CITED

1.

2.

10.

11.

Acharya U, Edwards MB, Jorquera RA, Silva H, Nagashima K, et al. 2006. Drosophila melanogaster
scramblases modulate synaptic transmission. 7. Cell Biol. 173:69-82

Alder-Baerens N, Lisman Q, Luong L, Pomorski T, Holthuis JCM. 2006. Loss of P4 ATPases
Drs2p and Dnf3p disrupts aminophospholipid transport and asymmetry in yeast post-Golgi se-
cretory vesicles. Mol. Biol. Cell 17:1632-42

. AokiJ, NagaiY, Hosono H, Inoue K, Arai H. 2002. Structure and function of phosphatidylserine-specific

phospholipase Al. Biochim. Biophys. Acta 1582:26-32

. Arikketh D, Nelson R, Vance JE. 2008. Defining the importance of phosphatidylserine synthase-1 (PSS1):

unexpected viability of PSS1-deficient mice. 7. Biol. Chem. 283:12888-97

. Balasubramanian K, Mirnikjoo B, Schroit AJ. 2007. Regulated externalization of phosphatidylserine at

the cell surface: implications for apoptosis. 7. Biol. Chem. 282:18357-64

. Bergo MO, Gavino B]J, Steenbergen R, Sturbois B, Parlow AF, et al. 2002. Defining the importance of

phosphatidylserine synthase 2 in mice. 7. Biol. Chem. 277:47701-8

. Bevers EM, Comfurius P, van Rijn JL, Hemker HC, Zwaal RF. 1982. Generation of prothrombin-

converting activity and the exposure of phosphatidylserine at the outer surface of platelets. Eur: 7. Biochem.
122:429-36

. Blackwood RA, Ernst JD. 1990. Characterization of Ca’*-dependent phospholipid binding, vesicle

aggregation and membrane fusion by annexins. Biochem. 7. 266:195-200

. Bollen IC, Higgins JA. 1980. Phospholipid asymmetry in rough- and smooth-endoplasmic-reticulum

membranes of untreated and phenobarbital-treated rat liver. Biochem. 7. 189:475-80

Butler JE, Pringnitz DJ, Martens CL, Crouch N. 1980. Bovine-associated mucoprotein: I. Distribution
among adult and fetal bovine tissues and body fluids. Differentiation 17:31-40

Calderon F, Kim H. 2008. Detection of intracellular phosphatidylserine in living cells. 7. Neurochem.
104:1271-79

. Callahan MK, Popernack PM, Tsutsui S, Truong L, Schlegel RA, Henderson AJ. 2003. Phosphatidylser-

ine on HIV envelope is a cofactor for infection of monocytic cells. 7. Immunol. 170:4840-45

. Chattopadhyay A, London E. 1987. Parallax method for direct measurement of membrane penetration

depth utilizing fluorescence quenching by spin-labeled phospholipids. Biochemistry 26:39-45

Leventis  Grinstein



Annu. Rev. Biophys. 2010.39:407-427. Downloaded from www.annualreviews.org

by RIJKSUNIVERSITEIT GENT on 03/16/11. For personal use only.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Chen CY, Ingram MF, Rosal PH, Graham TR. 1999. Role for Drs2p, a P-type ATPase and potential
aminophospholipid translocase, in yeast late Golgi function. 7. Cell Biol. 147:1223-36

Chen S, Wang J, Muthusamy B, Liu K, Zare S, et al. 2006. Roles for the Drs2p-Cdc50p complex in
protein transport and phosphatidylserine asymmetry of the yeast plasma membrane. Traffic 7:1503-17
Connor J, Bucana C, Fidler IJ, Schroit AJ. 1989. Differentiation-dependent expression of phos-
phatidylserine in mammalian plasma membranes: quantitative assessment of outer-leaflet lipid by pro-
thrombinase complex formation. Proc. Natl. Acad. Sci. USA 86:3184-88

Daum G. 1985. Lipids of mitochondria. Biochim. Biophys. Acta 822:1-42

Devaux PF, Herrmann A, Ohlwein N, Kozlov MM. 2008. How lipid flippases can modulate membrane
structure. Biochim. Biophys. Acta 1778:1591-600

Fadok VA, Voelker DR, Campbell PA, Cohen JJ, Bratton DL, Henson PM. 1992. Exposure of
phosphatidylserine on the surface of apoptotic lymphocytes triggers specific recognition and
removal by macrophages. 7. Immunol. 148:2207-16

Finkielstein CV, Overduin M, Capelluto DGS. 2006. Cell migration and signaling specificity is deter-
mined by the phosphatidylserine recognition motif of Racl. 7. Biol. Chem. 281:27317-26

Folch J. 1942. Brain cephalin, a mixture of phosphatides. Separation from it of phosphatidyl serine,
phosphatidyl ethanolamine and a fraction containing an inositol phosphatide. 7. Biol. Chem. 146:35-44
Folch J. 1948. The chemical structure of phospatidyl serine. 7. Biol. Chem. 174:439-50

Folch J, Schneider HA. 1941. An amino acid constituent of ox brain cephalin. 7. Biol. Chem. 137:51-62
Gall WE, Geething NC, Hua Z, Ingram MF, Liu K, et al. 2002. Drs2p-dependent formation of exocytic
clathrin-coated vesicles in vivo. Curr: Biol. 12:1623-27

Gordesky SE, Marinetti GV. 1973. The asymmetric arrangement of phospholipids in the human
erythrocyte membrane. Biochem. Biophys. Res. Commun. 50:1027-31

Goth A, Adams HR, Knoohuizen M. 1971. Phosphatidylserine: selective enhancer of histamine release.
Science 173:1034-35

Graham TR. 2004. Flippases and vesicle-mediated protein transport. Trends Cell Biol. 14:670-77
Hanayama R, Nagata S. 2005. Impaired involution of mammary glands in the absence of milk fat globule
EGF factor 8. Proc. Natl. Acad. Sci. USA 102:16886-91

Hanayama R, Tanaka M, Miyasaka K, Aozasa K, Koike M, et al. 2004. Autoimmune disease and impaired
uptake of apoptotic cells in MFG-E8-deficient mice. Science 304:1147-50

Higgins JA, Dawson RM. 1977. Asymmetry of the phospholipid bilayer of rat liver endoplasmic reticu-
lum. Biochim. Biophys. Acta 470:342-56

Higgins JA, Evans WH. 1978. Transverse organization of phospholipids across the bilayer of plasma-
membrane subfractions of rat hepatocytes. Biochem. 7. 174:563-67

Hosono H, Aoki J, Nagai Y, Bandoh K, Ishida M, et al. 2001. Phosphatidylserine-specific phospho-
lipase Al stimulates histamine release from rat peritoneal mast cells through production of 2-acyl-1-
lysophosphatidylserine. 7. Biol. Chem. 276:29664-70

Hua Z, Fatheddin P, Graham TR. 2002. An essential subfamily of Drs2p-related P-type ATPases is
required for protein trafficking between Golgi complex and endosomal/vacuolar system. Mol. Biol. Cell
13:3162-77

Huang M, Rigby AC, Morelli X, Grant MA, Huang G, etal. 2003. Structural basis of membrane binding
by Gla domains of vitamin K-dependent proteins. Nat. Struct. Biol. 10:751-56

Huster D, Miiller P, Arnold K, Herrmann A. 2003. Dynamics of lipid chain attached fluorophore
7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD) in negatively charged membranes determined by NMR spec-
troscopy. Eur. Biophys. 7. 32:47-54

Kato N, Nakanishi M, Hirashima N. 2002. Transbilayer asymmetry of phospholipids in the plasma
membrane regulates exocytotic release in mast cells. Biochemistry 41:8068-74

Klemm RW, Ejsing CS, Surma MA, Kaiser H, Gerl M], et al. 2009. Segregation of sphingolipids and
sterols during formation of secretory vesicles at the trans-Golgi network. 7. Cell Biol. 185:601-12
Kobayashi T, Beuchat M, Chevallier J, Makino A, Mayran N, etal. 2002. Separation and characterization
of late endosomal membrane domains. 7. Biol. Chem. 277:32157-64

www.annualreviews.org o Phosphatidylserine in Membranes

19. First demonstration
that PS externalization
by apoptotic cells acts as
a cue for clearance by
macrophages.

25. Original
demonstration of
asymmetric PS
distribution in the

plasma membrane.

423



Annu. Rev. Biophys. 2010.39:407-427. Downloaded from www.annualreviews.org

by RIJKSUNIVERSITEIT GENT on 03/16/11. For personal use only.

51. Showed that
phospholipid flipping at
the plasma membrane is
stereospecific and
ATP-dependent.

54. Recent provocative
paper suggesting that
PS externalization in
apoptotic cells may
depend on lysosome
fusion with the plasma
membrane.

424

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

Koopman G, Reutelingsperger CP, Kuijten GA, Keehnen RM, Pals ST, van Oers MH. 1994. Annexin
V for flow cytometric detection of phosphatidylserine expression on B cells undergoing apoptosis. Blood
84:1415-20

Kuge O, Nishijima M, Akamatsu Y. 1991. A Chinese hamster cDNA encoding a protein essential for
phosphatidylserine synthase I activity. 7. Biol. Chem. 266:24184-89

Kuge O, Nishijima M, Akamatsu Y. 1986. Phosphatidylserine biosynthesis in cultured Chinese hamster
ovary cells. II. Isolation and characterization of phosphatidylserine auxotrophs. 7. Biol. Chem. 261:5790—
94

Lee DS, Anzai K, Hirashima N, Kirino Y. 1998. Phospholipid translocation from the outer to the inner
leaflet of synaptic vesicle membranes isolated from the electric organ of Japanese electric ray Narke
Japonica. J. Biochem. 124:798-803

Lemmon MA. 2008. Membrane recognition by phospholipid-binding domains. Nat. Rev. Mol. Cell Biol.
9:99-111

Letts VA, Klig LS, Bae-Lee M, Carman GM, Henry SA. 1983. Isolation of the yeast structural gene for
the membrane-associated enzyme phosphatidylserine synthase. Proc. Natl. Acad. Sci. USA 80:7279-83
Lin L, Huai Q, Huang M, Furie B, Furie BC. 2007. Crystal structure of the bovine lactadherin C2
domain, a membrane binding motif, shows similarity to the C2 domains of factor V and factor VIIIL.
7. Mol. Biol. 371:717-24

Macedo-Ribeiro S, Bode W, Huber R, Quinn-Allen MA, Kim SW, et al. 1999. Crystal structures of the
membrane-binding C2 domain of human coagulation factor V. Nature 402:434-39

Maezawa S, Yoshimura T, Hong K, Diizgiines N, Papahadjopoulos D. 1989. Mechanism of protein-
induced membrane fusion: fusion of phospholipid vesicles by clathrin associated with its membrane
binding and conformational change. Biochemistry 28:1422-28

Majumder R, Quinn-Allen MA, Kane WH, Lentz BR. 2008. A phosphatidylserine binding site in factor
Va C1 domain regulates both assembly and activity of the prothrombinase complex. Blood 112:2795-802
Maneta-Peyret L, Bessoule JJ, Geffard M, Cassagne C. 1988. Demonstration of high specificity anti-
bodies against phosphatidylserine. 7. Immunol. Methods 108:123-27

Maneta-Peyret L, Freyburger G, Bessoule JJ, Cassagne C. 1989. Specific immunocytochemical visual-
ization of phosphatidylserine. 7. Immunol. Methods 122:155-59

Martin OC, Pagano RE. 1987. Transbilayer movement of fluorescent analogs of phosphatidylser-
ine and phosphatidylethanolamine at the plasma membrane of cultured cells. Evidence for a
protein-mediated and ATP-dependent process(es). 7. Biol. Chem. 262:5890-98

Martin SJ, Reutelingsperger CP, McGahon AJ, Rader JA, van Schie RC, etal. 1995. Early redistribution
of plasma membrane phosphatidylserine is a general feature of apoptosis regardless of the initiating
stimulus: inhibition by overexpression of Bcl-2 and Abl. 7. Exp. Med. 182:1545-56

Matsuo H, Chevallier J, Mayran N, Le Blanc I, Ferguson C, et al. 2004. Role of LBPA and Alix in
multivesicular liposome formation and endosome organization. Science 303:531-34

Mirnikjoo B, Balasubramanian K, Schroit AJ. 2009. Suicidal membrane repair regulates phos-
phatidylserine externalization during apoptosis. . Biol. Chem. 284:22512-16

Miyanishi M, Tada K, Koike M, Uchiyama Y, Kitamura T, Nagata S. 2007. Identification of Tim4 as a
phosphatidylserine receptor. Nature 450:435-39

Murphy EJ, Anderson DK, Horrocks LA. 1993. Phospholipid and phospholipid fatty acid composition
of mixed murine spinal cord neuronal cultures. 7. Neurosci. Res. 34:472-77

Murphy EJ, Schapiro MB, Rapoport SI, Shetty HU. 2000. Phospholipid composition and levels are
altered in Down syndrome brain. Brain Res. 867:9-18

Natarajan P, Wang J, Hua Z, Graham TR. 2004. Drs2p-coupled aminophospholipid translocase activity
in yeast Golgi membranes and relationship to in vivo function. Proc. Natl. Acad. Sci. USA 101:10614-19
Nikawa JI, Yamashita S. 1981. Characterization of phosphatidylserine synthase from Saccharomyces cere-
visine and a mutant defective in the enzyme. Biochim. Biophys. Acta 665:420-26

Deleted in proof

Oram JF, Vaughan AM. 2000. ABCAl-mediated transport of cellular cholesterol and phospholipids to
HDL apolipoproteins. Curr: Opin. Lipidol. 11:253-60

Leventis  Grinstein



Annu. Rev. Biophys. 2010.39:407-427. Downloaded from www.annualreviews.org

by RIJKSUNIVERSITEIT GENT on 03/16/11. For personal use only.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Park D, Hochreiter-Hufford A, Ravichandran KS. 2009. The phosphatidylserine receptor TIM-4 does
not mediate direct signaling. Curv: Biol. 19:346-51

Pike L], Han X, Chung K, Gross RW. 2002. Lipid rafts are enriched in arachidonic acid and plas-
menylethanolamine and their composition is independent of caveolin-1 expression: a quantitative elec-
trospray ionization/mass spectrometric analysis. Biochemistry 41:2075-88

Pohl A, Devaux PF, Herrmann A. 2005. Function of prokaryotic and eukaryotic ABC proteins in lipid
transport. Biochim. Biophys. Acta 1733:29-52

Pomorski T, Lombardi R, Riezman H, Devaux PF, van Meer G, Holthuis JCM. 2003. Drs2p-related
P-type ATPases Dnflp and Dnf2p are required for phospholipid translocation across the yeast plasma
membrane and serve a role in endocytosis. Mol. Biol. Cell 14:1240-54

Powell KA, Valova VA, Malladi CS, Jensen ON, Larsen MR, Robinson PJ. 2000. Phosphorylation of
dynamin I on Ser-795 by protein kinase C blocks its association with phospholipids. 7. Biol. Chem.
275:11610-17

Prezant TR, Chaltraw WE, Fischel-Ghodsian N. 1996. Identification of an overexpressed yeast gene
which prevents aminoglycoside toxicity. Microbiology 142(Pt. 12):3407-14

Quetglas S, Leveque C, Miquelis R, Sato K, Seagar M. 2000. Ca’*-dependent regulation of synap-
tic SNARE complex assembly via a calmodulin- and phospholipid-binding domain of synaptobrevin.
Proc. Natl. Acad. Sci. USA 97:9695-700

Rusifniol AE, Cui Z, Chen MH, Vance JE. 1994. A unique mitochondria-associated membrane
fraction from rat liver has a high capacity for lipid synthesis and contains pre-Golgi secretory
proteins including nascent lipoproteins. 7. Biol. Chem. 269:27494-502

Sahu SK, Gummadi SN, Manoj N, Aradhyam GK. 2007. Phospholipid scramblases: an overview. Arch.
Biochem. Biophys. 462:103-14

Schick PK, Kurica KB, Chacko GK. 1976. Location of phosphatidylethanolamine and phosphatidylserine
in the human platelet plasma membrane. 7. Clin. Invest. 57:1221-26

Seigneuret M, Devaux PF. 1984. ATP-dependent asymmetric distribution of spin-labeled phospholipids
in the erythrocyte membrane: relation to shape changes. Proc. Natl. Acad. Sci. USA 81:3751-55

Seppen J, Ramalho-Santos ], de Carvalho AP, ter Beest M, Kok JW, et al. 1992. Interaction of clathrin
with large unilamellar phospholipid vesicles at neutral pH. Lipid dependence and protein penetration.
Biochim. Biophys. Acta 1106:209-15

Shao C, Novakovic VA, Head JF, Seaton BA, Gilbert GE. 2008. Crystal structure of lactadherin C2
domain at 1.7A resolution with mutational and computational analyses of its membrane-binding motif.
7. Biol. Chem. 283:7230-41

Shi J, Gilbert GE. 2003. Lactadherin inhibits enzyme complexes of blood coagulation by competing for
phospholipid-binding sites. Blood 101:2628-36

Shi J, Heegaard CW, Rasmussen JT, Gilbert GE. 2004. Lactadherin binds selectively to membranes
containing phosphatidyl-L-serine and increased curvature. Biochim. Biophys. Acta 1667:82-90

Shi J, Shi Y, Wachrens LN, Rasmussen JT, Heegaard CW, Gilbert GE. 2006. Lactadherin detects
early phosphatidylserine exposure on immortalized leukemia cells undergoing programmed cell death.
Cytometry A 69:1193-201

Siakotos AN. 1967. Rapid determination of lipids containing free amino groups with trinitrobenzene
sulfonic acid reagent. Lipids 2:87-88

Sigal CT, Zhou W, Buser CA, McLaughlin S, Resh MD. 1994. Amino-terminal basic residues of Src
mediate membrane binding through electrostatic interaction with acidic phospholipids. Proc. Natl. Acad.
Sci. USA 91:12253-57

Stace CL, Ktistakis N'T. 2006. Phosphatidic acid- and phosphatidylserine-binding proteins. Biochim.
Biophys. Acta 1761:913-26

Stone SJ, Vance JE. 2000. Phosphatidylserine synthase-1 and -2 are localized to mitochondria-associated
membranes. 7. Biol. Chem. 275:34534-40

Sutton RB, Sprang SR. 1998. Structure of the protein kinase Cbeta phospholipid-binding C2 domain
complexed with Ca’*. Structure 6:1395-405

www.annualreviews.org o Phosphatidylserine in Membranes

69. Identification of
MAMs as the site of
production of many
lipids, including PS, in
the ER.

425



Annu. Rev. Biophys. 2010.39:407-427. Downloaded from www.annualreviews.org

by RIJKSUNIVERSITEIT GENT on 03/16/11. For personal use only.

100. First use of
genetically encoded
lactadherin C2

domain-GFP as a probe

for PS in vivo.

426

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Swairjo MA, Concha NO, Kaetzel MA, Dedman JR, Seaton BA. 1995. Ca”—bridging mechanism and
phospholipid head group recognition in the membrane-binding protein annexin V. Nat. Struct. Biol.
2:968-74

Tait JF, Gibson D. 1992. Phospholipid binding of annexin V: effects of calcium and membrane phos-
phatidylserine content. Arch. Biochem. Biophys. 298:187-91

Trotter PJ, Pedretti J, Voelker DR. 1993. Phosphatidylserine decarboxylase from Saccharomyces cerevisiae.
Isolation of mutants, cloning of the gene, and creation of a null allele. 7. Biol. Chem. 268:21416-24
Trotter PJ, Pedretti ], Yates R, Voelker DR. 1995. Phosphatidylserine decarboxylase 2 of Saccharomyces
cerevisine. Cloning and mapping of the gene, heterologous expression, and creation of the null allele.
F- Biol. Chem. 270:6071-80

Trotter PJ, Voelker DR. 1995. Identification of a nonmitochondrial phosphatidylserine decarboxylase
activity (PSD2) in the yeast Saccharomyces cerevisiae. J. Biol. Chem. 270:6062-70

Vale MG. 1977. Localization of the amino phospholipids in sarcoplasmic reticulum membranes revealed
by trinitrobenzenesulfonate and fluorodinitrobenzene. Biochim. Biophys. Acta 471:39-48

Vance JE. 1990. Phospholipid synthesis in a membrane fraction associated with mitochondria. 7. Biol.
Chem. 265:7248-56

Vance JE. 2008. Phosphatidylserine and phosphatidylethanolamine in mammalian cells: two metaboli-
cally related aminophospholipids. 7. Lipid Res. 49:1377-87

van Meer G, Voelker DR, Feigenson GW. 2008. Membrane lipids: where they are and how they behave.
Nat. Rev. Mol. Cell Biol. 9:112-24

Vénien C, Le Grimellec C. 1988. The involvement of cytoskeletal proteins in the maintenance of
phospholipid topology in renal brush-border membranes. Biochim. Biophys. Acta 946:307-14

Verdaguer N, Corbalan-Garcia S, Ochoa WF, Fita I, Gémez-Ferndndez JC. 1999. Ca’>* bridges the C2
membrane-binding domain of protein kinase Calpha directly to phosphatidylserine. EMBO 7. 18:6329—
38

Voelker DR. 1989. Phosphatidylserine translocation to the mitochondrion is an ATP-dependent process
in permeabilized animal cells. Proc. Natl. Acad. Sci. USA 86:9921-25

Voelker DR, Frazier JL. 1986. Isolation and characterization of a Chinese hamster ovary cell line requiring
ethanolamine or phosphatidylserine for growth and exhibiting defective phosphatidylserine synthase
activity. 7. Biol. Chem. 261:1002-8

Wagner ML, Tamm LK. 2001. Reconstituted syntaxinla/SNAP25 interacts with negatively charged
lipids as measured by lateral diffusion in planar supported bilayers. Biophys. 7. 81:266-75

Wang X, Wang J, Gengyo-Ando K, Gu L, Sun C, et al. 2007. C. elegans mitochondrial factor WAH-1
promotes phosphatidylserine externalization in apoptotic cells through phospholipid scramblase SCRM-
1. Nat. Cell Biol. 9:541-49

Wicky S, Schwarz H, Singer-Kriiger B. 2004. Molecular interactions of yeast Neolp, an essential member
of the Drs2 family of aminophospholipid translocases, and its role in membrane trafficking within the
endomembrane system. Mol. Cell. Biol. 24:7402-18

Williamson P, Bevers EM, Smeets EF, Comfurius P, Schlegel RA, Zwaal RF. 1995. Continuous analysis
of the mechanism of activated transbilayer lipid movement in platelets. Biochemistry 34:10448-55
Yeung T, Gilbert GE, ShiJ, Silvius J, Kapus A, Grinstein S. 2008. Membrane phosphatidylserine
regulates surface charge and protein localization. Science 319:210-13

Yeung T, Heit B, Dubuisson J, Fairn GD, Chiu B, et al. 2009. Contribution of phosphatidylserine to
membrane surface charge and protein targeting during phagosome maturation. 7. Cell Biol. 185:917-28
Zachowski A. 1993. Phospholipids in animal eukaryotic membranes: transverse asymmetry and move-
ment. Biochem. 7. 294(Pt. 1):1-14

Zachowski A, Henry JP, Devaux PF. 1989. Control of transmembrane lipid asymmetry in chromaffin
granules by an ATP-dependent protein. Nature 340:75-76

Zambrano F, Fleischer S, Fleischer B. 1975. Lipid composition of the Golgi apparatus of rat kidney and
liver in comparison with other subcellular organelles. Biochim. Biophys. Acta 380:357-69

Zhou Q, Zhao ], Stout JG, Luhm RA, Wiedmer T, Sims PJ. 1997. Molecular cloning of human plasma
membrane phospholipid scramblase. A protein mediating transbilayer movement of plasma membrane
phospholipids. 7. Biol. Chem. 272:18240-44

Leventis  Grinstein



Annu. Rev. Biophys. 2010.39:407-427. Downloaded from www.annualreviews.org

by RIJKSUNIVERSITEIT GENT on 03/16/11. For personal use only.

106.

107.

108.

109.

110.

Zhou Q, Zhao J, Wiedmer T, Sims PJ. 2002. Normal hemostasis but defective hematopoietic response
to growth factors in mice deficient in phospholipid scramblase 1. Blood 99:4030-38

Zinser E, Sperka-Gottlieb CD, Fasch EV, Kohlwein SD, Paltauf F, Daum G. 1991. Phospholipid synthe-
sis and lipid composition of subcellular membranes in the unicellular eukaryote Saccharomyces cerevisiae.
7. Bacteriol. 173:2026-34

Zwaal RF, Comfurius P, Bevers EM. 1998. Lipid-protein interactions in blood coagulation. Biochim.
Biophys. Acta 1376:433-53

Zwaal RF, Comfurius P, van Deenen LL. 1977. Membrane asymmetry and blood coagulation. Nature
268:358-60

Zwaal RF, Roelofsen B, Comfurius P, van Deenen LL. 1975. Organization of phospholipids in human
red cell membranes as detected by the action of various purified phospholipases. Biochin. Biophys. Acta
406:83-96

www.annualreviews.org o Phosphatidylserine in Membranes

427



Annu. Rev. Biophys. 2010.39:407-427. Downloaded from www.annualreviews.org

by RIJKSUNIVERSITEIT GENT on 03/16/11. For personal use only.

Contents

Adventures in Physical Chemistry
Harden McConmell .......... ... .. .. ... 1

Global Dynamics of Proteins: Bridging Between Structure
and Function

Tvet Babar, Timothy R. Lezon, Lee-Wei Yang, and Eran Eyal ............................. 23
Simplified Models of Biological Networks

Kim Sneppen, Sandeep Krishna, and Szabolcs Semsey ...............................o... 43
Compact Intermediates in RNA Folding

Sarabh A. Woodson ... 61
Nanopore Analysis of Nucleic Acids Bound to Exonucleases

and Polymerases

David Deamer ............. ... 79

Actin Dynamics: From Nanoscale to Microscale
Anders E. Carlsson ...............ccc i 91

Eukaryotic Mechanosensitive Channels
Jobanna Arnadottiv and Martin Chalfie ....................................cccccccccco.... 111

Protein Crystallization Using Microfluidic Technologies Based on
Valves, Droplets, and SlipChip
Liang Li and Rustem F. Ismagilov ........................c..ccciiiiiiiii, 139

Theoretical Perspectives on Protein Folding
D. Thirumalai, Edward P. O’Brien, Greg Morrison, and Changbong Hyeon . .......... 159

Bacterial Microcompartment Organelles: Protein Shell Structure
and Evolution
Todd O. Yeates, Christopher S. Crowley, and Shibo Tanaka .............................. 185

Phase Separation in Biological Membranes: Integration of Theory
and Experiment
Elliot L. Elson, Eliot Fried, fobn E. Dolbow, and Guy M. Genin ........................ 207

R
Annual Review of

Biophysics
Volume 39, 2010



Annu. Rev. Biophys. 2010.39:407-427. Downloaded from www.annual reviews.org

by RIJKSUNIVERSITEIT GENT on 03/16/11. For personal use only.

vi

Ribosome Structure and Dynamics During Translocation
and Termination
Fack A. Dunkle and Jamie HD. Cate ...................c.ccciiiiiiiiiiiiiiii, 227

Expanding Roles for Diverse Physical Phenomena During the Origin
of Life
Itay Budin and Fack W Szostak ........ ... 245

Eukaryotic Chemotaxis: A Network of Signaling Pathways Controls
Motility, Directional Sensing, and Polarity

Kristen F. Swaney, Chuan-Hsiang Huang, and Peter N. Devreotes ..................... 265
Protein Quantitation Using Isotope-Assisted Mass Spectrometry

Kelli G. Kline and Michael R. Sussman ..........................cccciiiiiii, 291
Structure and Activation of the Visual Pigment Rhodopsin

Steven O. STHItD ... 309
Optical Control of Neuronal Activity

Stephanie Szobota and Ebud Y. Isacoff .................... 329
Biophysics of Knotting

Dario Meluzzi, Douglas E. Smith, and Gawrav Arya ..........................cco. 349

Lessons Learned from UvrD Helicase: Mechanism for
Directional Movement
Wei YAng ..o 367

Protein NMR Using Paramagnetic Ions
Gottfried OFting ........ ... ..o 387

The Distribution and Function of Phosphatidylserine
in Cellular Membranes
Peter A. Leventis and Sergio Grinstein .......................ccccciiiiiiiiiiiiiiiin, 407

Single-Molecule Studies of the Replisome
Antoine M. van Oijen and Foseph J. Loparo ....................ccccciiiiiiiiiiiiinn. 429

Control of Actin Filament Treadmilling in Cell Motility
Bedta Bugyi and Marie-France Carlier ........................iciiiiiiiiiii, 449

Chromatin Dynamics
Michael R. Hiibner and David L. Spector ..........................c.cciiiiiiiii. 471

Single Ribosome Dynamics and the Mechanism of Translation
Colin Echeverria Aitken, Alexey Petrov, and Foseph D. Puglisi .......................... 491

Rewiring Cells: Synthetic Biology as a Tool to Interrogate the
Organizational Principles of Living Systems
Caleb 7. Bashor, Andrew A. Horwitz, Sergio G. Peisajovich, and Wendell A. Lim ..... 515

Contents



Annu. Rev. Biophys. 2010.39:407-427. Downloaded from www.annual reviews.org

by RIJKSUNIVERSITEIT GENT on 03/16/11. For personal use only.

Structural and Functional Insights into the Myosin Motor Mechanism
H. Lee Sweeney and Anne Houdusse ......................cccoiiiiiiiiiiiiiiiiiiiiin. 539

Lipids and Cholesterol as Regulators of Traffic in the
Endomembrane System

Jennifer Lippincott-Schwartz and Robert D. Phair ....................................... 559
Index
Cumulative Index of Contributing Authors, Volumes 35-39 ........................... 579
Errata

An online log of corrections to Annual Review of Biophysics articles may be found at
http://biophys.annualreviews.org/errata.shtml

Contents

vii



	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Biophysics Online
	Most Downloaded Biophysics Reviews
	Most Cited Biophysics Reviews
	Annual Review of Biophysics Errata
	View Current Editorial Committee

	All Reviews in the Annual Review of Biophysics, Vol. 39

	Adventures in Physical Chemistry
	Global Dynamics of Proteins: Bridging Between Structure and Function
	Simplified Models of Biological Networks
	Compact Intermediates in RNA Folding
	Nanopore Analysis of Nucleic Acids Bound to Exonucleases and Polymerases
	Actin Dynamics: From Nanoscale to Microscale
	Eukaryotic Mechanosensitive Channels
	Protein Crystallization Using Microfluidic Technologies Based on Valves, Droplets, and SlipChip
	Theoretical Perspectives on Protein Folding
	Bacterial Microcompartment Organelles: Protein Shell Structure and Evolution
	Phase Separation in Biological Membranes: Integration of Theory and Experiment
	Ribosome Structure and Dynamics During Translocation and Termination
	Expanding Roles for Diverse Physical Phenomena During the Origin of Life
	Eukaryotic Chemotaxis: A Network of Signaling Pathways Controls Motility, Directional Sensing, and Polarity
	Protein Quantitation Using Isotope-Assisted Mass Spectrometry
	Structure and Activation of the Visual Pigment Rhodopsin
	Optical Control of Neuronal Activity
	Biophysics of Knotting
	Lessons Learned from UvrD Helicase: Mechanism for Directional Movement
	Protein NMR Using Paramagnetic Ions
	The Distribution and Function of Phosphatidylserinein Cellular Membranes
	Single-Molecule Studies of the Replisome
	Control of Actin Filament Treadmilling in Cell Motility
	Chromatin Dynamics
	Single Ribosome Dynamics and the Mechanism of Translation
	Rewiring Cells: Synthetic Biology as a Tool to Interrogate the Organizational Principles of Living Systems
	Structural and Functional Insights into the Myosin Motor Mechanism
	Lipids and Cholesterol as Regulators of Traffic in the Endomembrane System




