
Lipid Membranes: the Third Fundamental Component of Cells

• Ensure individuality, a critical requirement for heritable evolutionary processes.

• Provide a barrier to the external environment, and in eukaryotes provide the basis for intracellular substructure.

• Provide platforms for the residence of key proteins with diverse functions, e.g., signal-transduction systems (for 
communication), channels (for import/export), electron transfer chains and ATP synthases (for energy production),
nuclear-pore complexes for the guided exit of mRNAs and entry of nuclear proteins (transcription factors, histones).

• Considerable energetic costs of producing lipids.
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• How did phospholipids come to be 
deployed in membranes, and does this 
tell us anything about the origin of life? 



The Most Thermodynamically Stable State: Fluid Bilayers of Amphipathic Lipids 

• Average diffusion rate is 3.5 microns/second, so individual molecules can traverse the length of a eukaryotic cell in minute or so.  
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• Nature of the head groups:

• Most common in glycerophospholipids: choline, ethanolamine, serine, glycerol, inositol, and phosphatidyl glycerol.

• Number of carbon atoms in the fatty-acid chain: typically 14 to 22 carbons.

• Number of double C=C bonds in the fatty-acid chain (inserted between two -CH groups, which are referred to as 
unsaturated): typically 0 to 5. 

Enormous Combinatorial  Structural Diversity of Lipid Families



Today’s Membranes Have Many Embellishments

• Phospholipids are the bilayer formers in Bacteria and Eukaryotes, but the Archaea employ ether-lipid based membranes. 





• Eukaryotes and bacteria share most classes of lipids.

• Most membranes consist of a mixture of types.  





• Mitochondria and plastids are exogenous in origin. 

Eukaryotic Organelles: membrane-bound intracellular inclusions.

• All others, e.g., the endoplasmic reticulum (ER), the Golgi, peroxisomes, and vesicle sorting systems, 
appear to have originated endogenously, by “descent with modification,” and to have been present in LECA. 

• A wide range of features of organelle systems appear to have evolved by repeated rounds of duplication and 
divergence. 

• Approximately 10% of the genes in a eukaryotic genome are devoted to membrane / vesicle trafficking. 

• Subcellular architecture can be viewed as having some advantages, but there are also costs to building and 
maintaining such structures. 

• Why haven’t many prokaryotes gone down this route, and did the structure of the eukaryotic cell emerge as an adaptation or 
as a simple consequence of drift-like processes?



The Protocoatamer Hypothesis for the Evolution of Internal Membranes in Eukaryotes

= “proto-clathrin”?

Devos et al. (2004, PLoS Biology)

1) Early acquisition of a membrane-curving protein resulted 
in the molding of the plasma membrane into internal
compartments such as the ER and golgi.

2) Juxtaposition of two complexes led to a proto-nuclear pore.

3) Plasma-membrane invaginations eventually became sealed off.

4) Accrual of specialized proteins lead to a gated nuclear pore.



• Ribosomes in the cytosol bind to the rough ER when translating a protein that is destined to be secreted into the ER; 
such peptides have a short leading sequence that is cleaved upon entry to the ER, releasing the ribosome.

• Site of protein folding by chaperones.

• Site of lipid synthesis.

• Continuous with the nuclear envelope.

• All known eukaryotes have an ER, so LECA almost certainly did too.

Endoplasmic Reticulum (ER)



• Central headquarters for the membrane-trafficking system.

• Receives newly synthesized proteins and lipids from the ER by vesicle transport, and 
modifies and distributes them through the vesicle system to their cellular destinations. 

• Site of post-translational modification of proteins, e.g., glycosylation (sugar-group addition).

• Some eukaryotes lack stacked Golgi, but all appear to be 
examples of loss, as the genes encoding for coat proteins 
employed in Golgi-associated vesicles are still present. 

• Lineages with no identifiable Golgi may harbor Golgi-like 
organelles or functions.

• Conclusion: LECA very likely had stacked Golgi.

Stacked Golgi



Vesicle Construction and Delivery

• Cargo capture: external molecules (red) are initially bound by specific cargo-
transport proteins (blue). 

• Vesicle budding and coating: specific adaptor proteins (light green) bind to 
the cargo receptors, and in turn recruit vesicle coating proteins (dark green), 
inducing membrane curvature (dark gray). 

• Vesicle scission: coat proteins continue to be recruited, and the stem is 
eventually squeezed off with a concatamer of dynamin molecules (yellow). 

• Vesicle uncoating: vesicle is free to bind to a recipient membrane. 

• Tethering: a specific RAB protein (blue) provides 
recognition between the vesicle and a tethering
effector molecule (green), and vesicle and target
SNARE proteins (orange and lavender) join to seal
the final connection. 

• Fusion: after docking with the recipient membrane, 
the cargo is unloaded.



Clathrin: cell membrane to endosomes.

COPI (coat protein complex I): between compartments of the Golgi.

COPII: export of newly synthesized proteins from the ER.

Edeling et al. (2006); Harrison and Kirchhausen (2010)

• Subunits of clathrin and COPI coats are homotrimeric, 
whereas those for COPII vesicles are heterodimeric. 

• Subunits organize into lattices with distinct geometric shapes, 
the dimensions of which are defined by the lengths of the 
monomeric-subunit domains. 

• It remains to be seen whether such structures vary in any 
meaningful way phylogenetically.

The Higher-Order Structure of the Protein Coats of Eukaryotic Lipid Vesicles 

A monomeric subunit of clathrin. Each linear domain of 
the arm consists of a long series of alpha helices, the numbers 
of which define the overall dimensions of the lattice. 



• Adaptor proteins are specialized to bind to specific cargo receptors.

• Five adaptor proteins appear to have been present in LECA.

Deciphering the Order of Evolutionary Events From a pre-LECA Gene Genealogy

Evolution of the 
trans-Golgi Network

Evolution of the and Secretory Network

COPI AP-3 AP-5   AP-4 AP-1 AP-2

Endosome              TGN Plasma
Membrane

Hirst et al., 2011, PLoS Biology

Edeling et al., 2006, Nature Rev. Mol. Cell Biol.



RAB GTPase Cycle: control where vesicles go.

• GEF = guanine nucleotide exchange factor
• GAP = GTPase-activating protein

• Membrane-bound in the GTP state, and soluble in the cytosol in the GDP state.

• Prenylation (post-translational addition of lipid groups to C terminus) assists in binding to
membranes.

• Similar numbers of RABs, GEFs, and GAPs within genomes suggests coevolution. 

Number of RABs per genome:

Yeasts ~10
Arabidopsis 57
Caenorhabditis 29
Homo 60
Entamoeba ~90
Tetrahymena 88
Paramecium 229
Plasmodium 11
Toxoplasma ~20

• RAB proteins are found in large gene families, formed by duplication and diversification in 
sequence and function.



The RAB family had as many as 23 specificity subfamilies in LECA, with distinct lineages then experiencing various loss events 
(Elias et al. 2012, J. Cell Science)



Does the Broader Phylogeny of RAB-related Proteins Reflect the Timing of Origin of Eukaryotic Endomembranes?

Jekely, 2003, BioEssays

Prokaryotes – myxobacteria

Sar1 - regulates COPII assembly and cargo selection

ARF - regulates COPI coat assembly and transport through Golgi

SRβ - ribosomal docking to the ER

Rho - regulation of actin cytoskeleton

Ran - nuclear function and transport across nuclear envelope

Ras – transmission of extracellular signals = “rat sarcoma”

Rab – vesicular identity and regulation of vesicular transport = “RAS-associated binding proteins” 

Association with
secretory membranes

FECA?       LECA?



Vesicle production:

1)  Cargo receptor proteins – recognize cargo.

2)  Adaptor proteins – interface between cargo receptor proteins and coat proteins.

Vesicle delivery:

1) RAB proteins – surface markers on vesicles (and/or target membranes) identify their origin and type of cargo; 

2)  RAB effector proteins – recognize active RAB-GTPs and help tether the vesicle to the membrane.

Vesicle fusion:

SNARES (soluble NSF attachment protein receptor) proteins  – v (vesicle) and t (target) pairs dock vesicle and catalyze fusion.

Membrane Trafficking: a multi-layered intracellular communication system.

At least five specificity
languages involving
signalers and receptors.



The Organelle Paralogy Hypothesis (Dacks and Field 2007; Mast et al. 2014).



Single-gene Duplication:

Gene-pair Duplication:

Ratio of Mutation Rates (s/n)
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• What universal eukaryotic features were present in FECA?

• Which features arose in the direct line of descent between FECA and LECA?

• What was the order of events? 

Some Unanswered Questions Regarding Vesicle Transport

• Coevolution of regulatory languages?

• How do RABs (specifiers of localization addresses) coevolve with their regulatory proteins (GEFs and GAPs)?

• How do adaptor proteins coevolve with vesicle-type determinants? 

• How do vesicle SNARES coevolve with tethering SNARES?

• Did whole-genome duplication allow unfettered subfunctionalization / neofunctionalization of the full repertoire 
of the membrane-trafficking system?





Alber et al. (2007, Nature)

The Nuclear Pore Complex (NPC): the largest protein complex in eukaryotic cells. 

Evolutionary Roots:

• Relationship to membrane trafficking system.

• Duplication and divergence of parts.

• ~30 distinct proteins contribute to an overall structure of ~456 individual molecules. 



A Hierarchical Structure Involving Repetition of Structural Modules, Arising by Duplication and Divergence

• Origin of the 16-column structure via an 
ancient duplication event.

• Symmetrical features of the inner and 
outer rings suggest another duplication.



LECA likely had a conventional Nuclear Pore Complex (NPC), although 
lineage-specific differences appear to exist. 

(Neumann et al. 2010; Field et al. 2013, ) 

• One protein component of the outer ring, Sec13, is a 
component of both the NPC and the COPII vesicle coat.

• Consistent with the protocoatamer hypothesis.
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Pore Number Scales with ~(Nuclear Volume)0.78; and So Nearly Proportional to Nuclear Envelope Surface Area, ~(SA)0.11



• Martin and Koonin (2006) proposed that 
the origin of introns created problems that
forced the origin of the nuclear envelope.

Why Did the Nuclear Envelope Evolve?

• A more plausible hypothesis is that the prior
origin of the nucleus provide a permissive 
environment for the colonization of introns and
transposable elements. 



• Energy for import / export is provided by Ran GTPase, which cycles between GTP- and 
GDP-bound states. 

• Imported proteins have nuclear localization signals recognized by a family of karyopherins
(importin-α). Importin-β docks the complex to the NPC.

• Cargo is released in the interior upon RanGTP binding to the karyopherin-cargo complex. 

• There is also a family of exportins, which recognize cargos having appropriate nuclear 
export signals – exportins bind with RanGTP prior to export.

Nuclear Transport: evolutionary consequences of the nuclear-pore complex.



Alternative Models for Transport of Molecules Through the Maze of Nups (Grunwald et al. 2011, Nature)



FG Nups evolve at unusually rapid rates: relaxed selection or diversifying selection resulting from coevolutionary arms races? 

Denning and Rexach (2007, Mol. Cell. Proteomics)



Exploitation by viruses and mobile elements

• The LTR retrotransposon Tf1 in the yeast S. pombe has a requirement for the FXFG nuclear pore factor, Nup124. Three nuclear localization signals 
in the Gag protein of this mobile element are responsible for this interaction (Dang and Levin 2000; Kim et al. 2005). 

• This same Nup is exploited by HIV (Varadarajan et al. 2005; Woodward et al. 2009; Lee et al. 2010); whereas it prevents entry of hepatitis B virus, 
specifically via the FXFG repeats, apparently by binding with the capsids (Schmitz et al. 2010). 

• Many other examples exist for virus/mobile-element exploitation of Nup proteins in various ways: 

1) FIV (Lee et al. 2010); 

2) mengovirus enters mammalian cells by hyperphosphorylation of Nup62 (Bardina et al. 2009), and interactions with this same Nup are essential
for mobility of some cardioviruses (Porter and Palmenberg 2009) and pos viruses (Sivan et al. 2013); 

3) poliovirus and rhinovirus employ protease-dependent cleavage of several Nups.  



A link between Nup protein evolution and speciation?

• Nup160 and Nup96, have diverged between sister species Drosophila melanogaster and D. simulans by positive selection, and 
serve as incompatibility factors.  

• Possible mechanisms driving divergence: 

1) genetic conflict between hosts and pathogens; 

2) genetic conflict over centromeric drive (after nuclear disassembly, some Nup proteins localize to kinetochores during cell division).

Tang and Presgraves (2007, Science)
Presgraves and Stephan (2007, Mol. Biol. Evol.)



Ciliates have dual nuclei: the germline micronucleus and the somatic macronucleus, with distinct Nup features.

• In Tetrahymena, the two nuclei share 12 of the identified Nups.  However, for one group 
that occupies the central channel (98a and b), the mac- proteins contain conventional 
GLFG repeats, while the mic-proteins contain NIFN repeats. 

• Swapping of the repeat domains abrogates pore function, suggesting that these Nups
serve to prevent misdirection of nucleus-specific protein transport.  

Iwamoto et al. (2009, Current Biol.)
Malone et al. (2008, Eukaryotic Cell)
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