Dmitrij Frishman
Editor

Structural
Bioinformatics
of Membrane
Proteins

@ SpringerWien NewYork



@ SpringerWien NewYork



Dmitrij Frishman
Editor

Structural Bioinformatics
of Membrane Proteins

SpringerWienNewYork



Prof. Dmitrij Frishman
TU Miinchen, Wissenschaftszentrum Weihenstephan, Freising, Germany

This work is subject to copyright.

All rights are reserved, whether the whole or part of the material is concerned,
specifically those of translation, reprinting, re-use of illustrations, broadcasting,
reproduction by photocopying machines or similar means, and storage in data
banks.

Product Liability: The publisher can give no guarantee for all the information
contained in this book. This does also refer to information about drug dosage
and application thereof. In every individual case the respective user must check
its accuracy by consulting other pharmaceutical literature. The use of registered
names, trademarks, etc. in this publication does not imply, even in the absence
of a specific statement, that such names are exempt from the relevant protec-
tive laws and regulations and therefore free for general use.

© 2010 Springer-Verlag/Wien
Printed in Austria
SpringerWienNewYork is part of

Springer Science + Business Media
springer.at

Typesetting: Thomson Press (India) Ltd., Chennai

Printing: Holzhausen Druck und Neue Medien GmbH, 1140 Wien, Austria
Printed on acid-free and chlorine-free bleached paper

SPIN: 127 63 863

With 63 (partly coloured) Figures

Library of Congress Control Number: 2010929320

ISBN 978-3-7091-0044-8 SpringerWienNewYork



CONTENTS

Evolutionary origins of membrane proteins (Armen Y. Mulkidjanian,
Michael Y. Galperin) 1

1 Introduction 1

2 Comparative analysis of F/V-type ATPases: example of function cooption? 3

3 Emergence of integral membrane proteins 9

4 Emergence of lipid membranes 10

S Scenario for the origin and evolution of membranes and membrane proteins 17

Molecular archeological studies of transmembrane transport systems
(Milton H. Saier Jr, Bin Wang, Eric I. Sun, Madeleine Matias, Ming Ren Yen) 29

Introduction 29

Molecular transport 30

Techniques to establish homology or the lack of homology 30

Transport protein diversity 31

The ABC superfamily 32

Independent origins for ABC porters 33

The phosphoenolpyruvate-dependent sugar transporting phosphotransferase
system (PTS) 35

8 Independent origins for PTS permeases 37

9 Reverse (retro)-evolution 38

NN AW

10 Conclusions and perspectives 40

Resource for structure related information on transmembrane proteins
(Gdbor E. Tusnddy, Istvdn Simon) 45

1 Introduction 45
2 3D structure resources 46
2.1 Protein Data Bank 46
2.2 Manually curated structure resources of TMPs 47
2.3 TMDET algorithm 48
2.4 PDBTM database Sl



Contents

2.5 OPM database 52
2.6 Modeling protein-lipid assembly 52
3 2D structure resources 53
3.1 TOPDB database 54
3.2 TOPDOM database 55
3.3 Prediction methods incorporating experimental results 56

Topology prediction of membrane proteins: how distantly related
homologs come into play (Rita Casadio, Pier Luigi Martelli, Lisa Bartoli,
Piero Fariselli) 61

1 Introduction 61
2 From membrane protein sequence to topologic models 62
2.1 Datasets of membrane proteins 63
2.2 Scoring the accuracy of different methods 64
2.3 Propensity scales versus machine learning-based methods 65
2.4 Methods for optimizing topologic models 66
2.5 Single sequence versus multiple sequence profile 68
2.6 Prediction of signal peptides and GPI-anchors 69
2.7 More methods are better than one: CINTHIA 69
2.8 Alarge-scale annotator of the human proteome: the PONGO system 71
3 From membrane protein sequence to function and structure 73
3.1 Membrane proteins: how many with known functions and folds? 74
3.1.1 All-alpha membrane proteins 74
3.1.2 All-beta membrane proteins 75
3.2 What do BAR clusters contain? 76
3.2.1 The cluster of glyceroporins 76
3.2.2 The cluster of multidrug transporter proteins (EmrE proteins) 78
3.3.3 The cluster of P-glycoproteins 80

Transmembrane beta-barrel protein structure prediction (Arlo Randall,
Pierre Baldi) 83

1 Introduction 83

1.1 1D feature prediction 84

1.2 B-Contact and tertiary structure prediction 84
2 Data 8§

2.1 Benchmarksets 85

2.2 Cross-validation 87

2.3 Template construction 87
3 Methods 87

3.1 Secondary structure prediction 87



Contents

3.1.1 Neural network implementation 87
3.1.2 Two-class prediction (B, -) 88
3.1.3 Three-class prediction (M, C,-) 89
3.2 PB-Contact prediction 90
3.3 Tertiary structure prediction 90
3.3.1 Searchenergy 90
3.3.2 Template usage 91
3.3.3 Move types 92
3.3.4 Conformational search 93
4 Results 93
4.1 Secondary structure prediction results 93
4.1.1 Secondary structure evaluation metrics 93
4.1.2 Results using SetTransfold 94
4.1.3 Results using SetPRED-TMBB 95
4.2 B-Contact prediction results 95
4.2.1 B-Contact evaluation metrics 95
4.2.2 Results using SetTransfold 96
4.2.3 Results using SetPRED-TMBB 96
4.3 Tertiary structure prediction results 96
4.3.1 Tertiary structure evaluation metrics 97
4.3.2 Prediction results 98
4.3.3 Self-consistency results 98
S Discussion 99

Multiple alignment of transmembrane protein sequences (Walter Pirovano,
Sanne Abeln, K. Anton Feenstra, Jaap Heringa) 103

1 Introduction 103
2 Factors influencing the alignment of transmembrane proteins 105
2.1 Transmembrane substitution rates 105
2.2 Transmembrane alignment gaps 107
3 Overview of TM MSA methods 107
3.1 TM-aware multiple sequence alignment by the Praline method 108
3.1.1 Profile pre-processing 108
3.1.2 Bipartite alignment scheme 109
3.1.3 Tree-based consistency iteration 110
3.2 Bipartite MSA compared to standard MSA 111
3.3 Comparing PRALINE-TM with non-TM MSA methods 112
4 Benchmarking transmembrane alignments 114
4.1 Defining TMregions 115
S Applications for TM multiple alignments 116
5.1 Homology searches of TM proteins 117

VII



Contents

6 Current bottlenecks 117
7 Avenues for improvement 118
8 Conclusions 119

Prediction of re-entrant regions and other structural features beyond

traditional topology models (Erik Granseth) 123

1 Introduction 123
2 Background 125
2.1 The Z-coordinate as a measure of distance to the membrane 125
3 Interface helices 125
3.1 Prediction of interface helices 127
3.2 Prediction of amphipathic membrane anchors 128
4 Helical kinks in transmembrane helices 128
4.1 Prediction of helixkinks 129
S Re-entrant regions 129
S.1 Prediction of re-entrant regions 130
S5.1.1 TOP-MOD 130
5.1.2 TMloop 131
5.1.3 OCTOPUS 131
5.1.4 MEMSAT-SVM 131
Prediction of the Z-coordinate 132
Free energy of membrane insertion AG 133
The frequency of re-entrant regions and interface helices 134

O 00 1 O\

Summary 135

Dual-topology: one sequence, two topologies (Erik Granseth) 137

1 Introduction 137
2 Background 139
2.1 Abriefhistory of dual-topology research 139
2.2 The difference between dual- and multiple-topology 139
2.3 Topology mapping 139
2.4 Arginines and lysines are important for the topology 140

2.5 Internal structural repeats — evidence of former gene duplication events

3 Prediction of dual-topology 142
3.1 The small multidrug resistance family: one family, different topologies
3.2 The DUF606 family contains fused genes 143
4 Examples of membrane proteins with dual- or multiple-topology 144
4.1 MRAP 144
4.2 Ductin 144
4.3 Hepatitis Bvirus L protein 145

VIII

140

142



Contents

4.4 Hepatitis C virus protein NS4B 146
4.5 TatA 146
4.6 PrP 147

5 Using topology inversion for function 147
5.1 SecG 147

6 Using dual-topology as a targeting system 148
6.1 Cytochrome p450-2E1 148
6.2 Epoxide hydrolase 148

Predicting the burial/exposure status of transmembrane residues
in helical membrane proteins (Volkhard Helms, Sikander Hayat,
Jennifer Metzger) 151

1 Introduction 151

2 Hydrophobicity analysis 154

3 Amino acid propensity scales 155

4 Methods using sequence conservation 158
S Applications of burial prediction 162

Helix-helix interaction patterns in membrane proteins (Dieter Langosch,
Jana R. Herrmann, Stephanie Unterreitmeier, Angelika Fuchs) 165

1 Introduction 165
2 Technical approaches to identify transmembrane helix-helix interfaces 167
3 Structure of transmembrane helix-helix interfaces 170
3.1 Amino acid side-chain packing 170
3.2 GxxxG motifs 171
3.3 Hydrogenbonding 173
3.4 Charge—charge interactions 174
3.5 Aromatic interactions 176
4 Dynamic TMD-TMD interactions 177

Predicting residue and helix contacts in membrane proteins
(Angelika Fuchs, Andreas Kirschner, Dmitrij Frishman) 187

1 Introduction 187
2 Biological background 188

2.1 Diversity of helix-helix contacts in membrane proteins 189

2.2 Frequency of residue contacts in membrane and soluble proteins 190
3 Prediction of lipid accessibility 191

3.1 Hydrophobicity-based predictions 191

IX



Contents

3.2 Amino acid propensity scales derived from membrane protein sequences
and structures 192
3.3 Sequence conservation of exposed and buried transmembrane residues 193
3.4 Best performing methods in the field of lipid accessibility 193
4 Prediction of helix-helix contacts 194
4.1 Co-evolving residues in membrane proteins 194
4.2 Prediction of helix-helix contacts with machine-learning techniques 195
S Prediction of helix interactions 197
6 Modeling of membrane proteins with predicted contact information 199

Natural constraints, folding, motion, and structural stability
in transmembrane helical proteins (Susan E. Harrington, Nir Ben-Tal) 205

1 Folding background 205
1.1 Two-stage hypothesis 205
1.2 Translocon-aided folding 206
2 Overview of non-interhelical stabilizing forces and natural constraints 206
2.1 Membrane constraints and interactions 206
2.1.1 Hydrophobic mismatch 207
2.1.2 Specific flanking and anchoring interactions with polar
headgroups 207
2.1.3 Positive-inside rule 207
2.2 Loop constraints 207
3 Interhelical interactions and constraints 208
3.1 Helix-helix packing 208
3.2 Motifs and stabilizing specific interactions 208
3.2.1 Packing motifs 209
3.2.2 Hydrogenbonds 209
3.2.3 Aromatic interactions 209
3.2.4 Saltbridges 209
3.3 The five types of specific stabilizing interhelical interactions considered 209
3.4 Structural hot spots 210
3.5 Experimental data on residue contributions to stabilization 211
3.6 Particularly stabilizing interactions as geometric constraints 212
3.7 Helix pairs revisited 214
3.8 Constraint perspective and underlying rigid-body geometry 214
3.9 Iterative reassembly of full TM helix bundles using interactions
of the five types 216
3.10 The sets of the five types of particularly favorable interactions determine
the packing of helices in the native structures of a diverse testset 217
3.11 Distribution of particularly stabilizing residues, folding funnels,
and the construction of low-energy minima 218



Contents

3.12 Cooperativity with packing 219

3.13 Static structures versus ensembles 219
4 Conservation and diversity of determining sets of stabilizing interactions 219

4.1 Conservation and diversity of the determining sets of interactions of bR 221
5 Determining sets, multiple states, and motion 221

5.1 Multiple states and motion in the ErbB family 222
6 Conclusion 225

Prediction of three-dimensional transmembrane helical protein
structures (Patrick Barth) 231

1 Introduction 231
2 Goal of the chapter 232
3 Methods 232
3.1 De novo membrane protein structure prediction 232
3.1.1 MP topology predictions 234
3.1.2 The first MP structure prediction methods developed during the past
decade 234
3.1.3 Solutions to the conformational search problem: folding with
predicted constraints and contact predictors 237
3.1.3.1 Folding with predicted constraints 237
3.1.3.2 Contact predictors 239
3.1.4 MP-specific energy functions for decoy discrimination 240
3.2 Sequence-based modeling with experimental constraints 241
3.3 Comparative modeling of MP structures 244
4 Conclusions and future directions 245

GPCRs: past, present, and future (Bas Vroling, Robert P. Bywater,
Laerte Oliveira, Gert Vriend) 251

1 Introduction 251
2 Ashorthistory 252
3 GPCRstructures 259
3.1 Rhodopsin 259
3.2 Ligand-mediated GPCRs 261
4 From sequence to structure 266
4.1 The conserved cysteine bridge in the extracellular domain 266
4.2 Loop IV-V, cysteine bridges, and ligand binding 266
S The future 270

List of Contributors 279

XI



Evolutionary origins of membrane proteins
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Abstract

Although the genes that encode membrane proteins make about 30% of the sequenced ge-
nomes, the evolution of membrane proteins and their origins are still poorly understood.
Here we address this topic by taking a closer look at those membrane proteins the ances-
tors of which were present in the Last Universal Common Ancestor, and in particular, the
F/V-type rotating ATPases. Reconstruction of their evolutionary history provides hints
for understanding not only the origin of membrane proteins, but also of membranes them-
selves. We argue that the evolution of biological membranes could occur as a process of co-
evolution of lipid bilayers and membrane proteins, where the increase in the ion-tightness
of the membrane bilayer may have been accompanied by a transition from amphiphilic,
pore-forming membrane proteins to highly hydrophobic integral membrane complexes.

1 Introduction

The origins of membrane proteins are inextricably coupled with the origin of lipid
membranes. Indeed, membrane proteins, which contain hydrophobic stretches and
are generally insoluble in water, could not have evolved in the absence of functional
membranes, while purely lipid membranes would be impenetrable and hence use-
less without membrane proteins. The origins of biological membranes — as complex
cellular devices that control the energetics of the cell and its interactions with the
surrounding world (Gennis 1989) — remain obscure (Deamer 1997; Pereto et al.
2004).

Corresponding author: Armen Y. Mulkidjanian, School of Physics, University of Osnabriick,
49069 Osnabriick, Germany (E-mail: amulkid@uos.de)



Evolutionary origins of membrane proteins

The traditional approach that is employed to reconstruct the early evolution of
a particular cellular system is to compare the complements of its components in
bacteria and archaea, the two domains of prokaryotic life (Koonin 2003). The con-
servation of a set of essential genes between archaea and bacteria leaves no reason-
able doubt in the existence of some version of Last Universal Common Ancestor
(LUCA) of all cellular organisms (Koonin 2003; Glansdorff et al. 2008; Mushegian
2008). The comparison of particular cellular systems in bacteria and archaea yield-
ed informative results, especially, in the case of the translation and the core tran-
scription systems (Harris et al. 2003; Koonin 2003). However, the comparison of
bacteria and archaea does not shed light on the origin of biological membranes be-
cause they fundamentally differ in these two domains of prokaryotic life
(Wichtershiuser 2003; Boucher et al. 2004; Pereto et al. 2004; Koonin and Martin
2005; Koga and Morii 2007; Thomas and Rana 2007). The dichotomy of the mem-
branes led to the proposal that the LUCA lacked a membrane organization (Martin
and Russell 2003; Koonin and Martin 2005 ). However, the nearly universal conser-
vation of the key subunits of complex membrane-anchored molecular machines,
such as general protein secretory pathway (Sec) system (Cao and Saier 2003) and
the F/V-type ATP synthase (Gogarten et al. 1989; Nelson 1989), indicates that
LUCA did possess some kind of membrane (Koonin and Martin 2005; Jekely
2006).

The universal conservation of the key subunits of the F/V-type ATPases/syn-
thases (F/V-ATPases) — elaborate, rotating molecular machines that couple trans-
membrane ion transfer with the synthesis or hydrolysis of ATP (see Boyer 1997;
Walker 1998; Perzov et al. 2001; Miiller and Gruber 2003; Weber and Senior 2003;
Yokoyama and Imamura 2005; Beyenbach and Wieczorek 2006; Dimroth et al.
2006; Forgac 2007; Mulkidjanian et al. 2009, for reviews) — is particularly challeng-
ing, since this enzyme complex is apparently built of several modules (Walker 1998)
and therefore is anything but primitive. Therefore F/V-type ATPases, together with
the related bacterial flagella, make one of the main exhibits of today’s proponents of
“Intelligent Design”. The F-type and V-type ATPases are also remarkable as being
one of the few cases, outside the translation and core transcription systems, where
the classic, “Woesian” phylogeny (Woese 1987) is clearly seen, with the primary
split separating bacteria from the archaeo-eukaryotic branch that splits next
(Gogarten et al. 1989; Nelson 1989). F/V-type ATPases are more “demanding”
than the Sec system — they require perfect, ion-tight membranes for proper func-
tioning. Hence understanding the evolution of the F/V-type ATPases might shed
light on the evolution of not only membrane proteins but also membranes proper.

Recently, by combining structural and bioinformatics analyses, we addressed the
evolution of the F/V-type ATPases by comparing the structures and sequences of
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archaeal and bacterial members of this class of enzyme (Mulkidjanian et al. 2007,
2008a,b, 2009). Here we survey these findings and explore their implications for the
origin and the earliest evolution of membranes. We argue that the history of mem-
brane enzymes was essentially shaped by the evolution of membranes themselves. In
addition, we discuss the mechanisms of an evolutionary transition between the
primitive replicating entities and the first membrane-encased life forms, as well as
the role of mineral compartments of hydrothermal origin in this transition.

2 Comparative analysis of F/V-type ATPases: example of function
cooption?

Together with two evolutionarily unrelated families, the P-type ATPases and ABC
transporters, the F/V-type ATPases belong to a heterogeneous group of enzymes
that use the energy of ATP hydrolysis to translocate ions across membranes
(Skulachev 1988; Gennis 1989; Cramer and Knaff 1990; Saier 2000). The F/V-type
ATPases, however, are unique functionally, because they can efficiently operate as
ATP synthases, and mechanistically, in that their reaction cycle is accompanied by
rotation of one enzyme part relative to the other (Noji et al. 1997; Imamura et al.
2005). Biochemically, F/V-ATPases are composed of membrane-bound parts (F
and V, respectively) and catalytic protruding segments (F, and V,), which can be
washed off the membrane, e.g., by Mg**-free solution (see Fig. 1a). The headpiece of
the better studied F-type AT Pases is a hexamer of three o.- and three B-subunits with
each of the latter carrying an ATP/ADP-binding catalytic site (Stock et al. 2000).
The hexamer, together with the peripheral stalk and the membrane anchor, makes
the “stator” of this enzyme complex. The “rotor” consists of the elongated y-subunit
that, via the globular &-subunit, is connected to a ring-like oligomer of 10-15 small
c-subunits (see Fig. 1 and Deckers-Hebestreit et al. 2000; Gibbons et al. 2000; Stock
etal. 2000; Capaldi and Aggeler 2002; Angevine et al. 2003; Pogoryelov et al. 2005).
The sequential hydrolysis of ATP molecules by the a3, catalytic hexamer rotates the
central stalk together with the ring of c-subunits relative to the stator, so that the ring
slides along the membrane subunits of the stator (Boyer 1997; Noji et al. 1997;
Panke et al. 2000; Itoh et al. 2004). This sliding movement is coupled to the trans-
membrane ion transfer and generation of membrane potential (Cherepanov et al.
1999; Mulkidjanian 2006). The enzyme also functions in the opposite direction, i.e.,
as an ATP synthase. In this mode, the ion current rotates the c-ring, and the ATP
synthesis is mediated by sequential interaction of the rotating y-subunit with the
three catalytic B-subunits (Cherepanov et al. 1999; Capaldi and Aggeler 2002;
Weber and Senior 2003). The V-type ATPases share a common overall scaffold with
the F-ATPases but differ from them in many structural and functional features (for
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F-ATPase V/A-ATPase

c/K-oligomer

c-oligomer
N

b-dimer

ADP+P ADP+P

llyobacter tartaricus Enterococcus hirae

Fig.1. Structure and evolutionary relationships of F-type and A/V-type ATPases. (a) Modern F-type
and V-type ATPases; the minimal, prokaryotic sets of subunits are depicted; orthologous subunits are shown by the same colors and
shapes, and non-homologous but functionally analogous subunits of the central stalk are shown by different colors. The a-subunits
that show structural similarity but might not be homologous (Mulkidjanian et al. 2007) are shown by distinct but similar colors; in
the case of those V-ATPase subunits that are differently denoted in prokaryotes and eukaryotes, double notation is used: eukaryotic/
prokaryotic. The composition of peripheral stalk(s) and their number in V-ATPases remains ambiguous, with values of up to 3 being
reported (Esteban et al. 2008; Kitagawa et al. 2008). For further details, see refs. (Mulkidjanian et al. 2007, 2009). (b) Membrane
rotor subunits of the Na*-translocating ATP synthases; left, undecamer of c-subunits of the Na*-translocating F-type ATP synthase of
llyobacter tartaricus (PDB entry 1YCE; Meier et al. 2005); right, decamer of K subunits of the Na*-translocating V-type ATP synthase
of Enterococcus hirae (PDB entry 2BL2; Murata et al. 2005); both rings are tilted to expose the internal pore; in /. tartaricus, Na* ions
(purple) crosslink the neighboring subunits, whereas in E. hirea the Na* ions are bound by four-helical bundles that evolved via a
subunit duplication (see also Mulkidjanian et al. 2008, 2009).
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details see Fig. 1a and Miiller and Gruber 2003; Imamura et al. 2005; Yokoyama and
Imamura 200S; Drory and Nelson 2006; Mulkidjanian et al. 2007; Mulkidjanian
etal. 2009).

F-type ATPases are found in bacteria and in eukaryotic mitochondria and chlo-
roplasts, whereas the V-type ATPases are found in archaea, some bacteria, and in
membranes of eukaryotic cells (Gogarten et al. 1989; Perzov et al. 2001;
Nakanishi-Matsui and Futai 2006; Mulkidjanian et al. 2008b). In particular, vacu-
oles contain V-type ATPases that use the energy of ATP hydrolysis to acidify cel-
lular compartments (Nelson 1989; Perzov et al. 2001; Beyenbach and Wieczorek
2006; Forgac 2007). Some authors classify the simpler, prokaryotic V-type ATPas-
es into a separate subgroup of A-type (from archaeal) ATPases/ATP synthases
(Hilario and Gogarten 1998; Miiller and Gruber 2003). Others, however, prefer to
speak about bacterial and eukaryotic V-type ATPases (Perzov et al. 2001; Drory
and Nelson 2006; Nakanishi-Matsui and Futai 2006). In phylogenetic trees, the
A-type ATPases invariably cluster together with the eukaryotic V-ATPases and
separately from the F-type ATPases (Gogarten et al. 1989; Hilario and Gogarten
1993,1998).

Among the F-type ATPases and the V-type ATPases, both proton translocating
and Na'-translocating forms are found. The ion specificity of the sodium-dependent
F/V-type ATPases is, in fact, limited to the ion-binding sites of their membrane-em-
bedded parts F_and V_, respectively (see Fig. 1 and von Ballmoos et al. 2008). In the
absence of sodium, Na*-ATPases have the capacity to translocate protons (Dimroth
1997; von Ballmoos and Dimroth 2007). In contrast, H*- ATPases are apparently
incapable of translocating Na* ions (Zhang and Fillingame 1995). This asymmetry is
most likely due to the higher coordination number of Na*, which requires six ligands
(Frausto da Silva and Williams 1991), while proton, in principle, can be translocated
by a single ionizable group. Comparative analyses of the subunits ¢ of Na*-translocat-
ing and H'-translocating AT Pases identified several residues that are involved in Na*-
binding and are the principal determinants of the coupling ion specificity (Zhang
and Fillingame 1995; Rahlfs and Miiller 1997; Dzioba et al. 2003). However, the
exact modes of Na* binding in F- and V-ATPases remained obscure until the struc-
tures of the membrane-spanning, rotating c-oligomers of the Na*-translocating ATP
synthases of the F-type and V-type have been resolved (see Fig. 1b and Meier et al.
2005, 2009; Murata et al. 2005). Strikingly, the superposition of these structures re-
veals nearly identical sets of amino acids involved in Na* binding which almost per-
fectly superimpose in space (Mulkidjanian et al. 2008b). When pitted against the
topology of the phylogenetic tree of F/V-type ATPases, the similarity of the Na*-
binding sites in the two prokaryotic domains led to the conclusion that the last
common ancestor of the extant F-type and V-type ATPase, most likely, possessed a
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Na*-binding site (Mulkidjanian et al. 2008b). Indeed, sodium-dependent ATPases
are scattered among proton-dependent ATPases in both the F-branches and the V-
branches of the phylogenetic tree (Mulkidjanian et al. 2008b). Barring the extremely
unlikely convergent emergence of the same set of Na* ligands in several lineages,
these findings suggest that the common ancestor of F-type and V-type ATPases con-
tained a Na*-binding site.

The ion specificity of the F/V-type ATPases, however, is decisive for the nature
of the bioenergetic cycle in any organism. Although proton-motive force (PMF)
and/or sodium-motive force (SMF) can be generated by a plethora of primary so-
dium or proton pumps, F/V-type AT Pases are unique in their ability to utilize PMF
and/or SMF to produce ATP (Cramer and Knaff 1990). Owing to its nearly ubiqui-
tous presence, the proton-based energetics has been generally viewed as the primary
form of biological energy transduction (Deamer 1997; von Ballmoos and Dimroth
2007). By contrast, the ability of some prokaryotes to utilize sodium gradient for
ATP synthesis has been usually construed as a later adaptation to survival in extreme
environments (Konings 2006; von Ballmoos and Dimroth 2007). The results of our
analysis indicated that the sodium-based mechanisms of energy conversion preced-
ed the proton-based bioenergetics.

However unexpected it might be (see Skulachev 1988; Dibrov 1991; Hise et al.
2001), the evolutionary primacy of sodium bioenergetics seems to find independent
support in membrane biochemistry. As argued in more detail elsewhere
(Mulkidjanian et al. 2008b, 2009), creating a non-leaky membrane that can main-
tain a PMF sufficient to drive ATP synthesis is a harder task than making a sodium-
tight membrane. The conductivity of lipid bilayers for protons is by 6-9 orders of
magnitude higher than the conductivity for Na* and other small cations
(Deamer 1987; Haines 2001; Konings 2006). This difference is based on the unique
mechanism of transmembrane proton translocation: whereas the conductivity for
other cations depends on how fast they can cross the membrane/water interface
(Deamer 1987; Nagle 1987; Tepper and Voth 2006), the rate of proton transfer
across the membrane is limited not by the proton transfer across the interface, but by
the “hopping” of protons across the highly hydrophobic midplane of the lipid bi-
layer (Deamer 1987; Haines 2001). Hence, proton leakage can be suppressed by
decreasing the lipid mobility in the midplane of the bilayer and/or increasing the
hydrocarbon density in this region. Accordingly, proton tightness can be achieved,
for example, by branching the ends of the lipid tails and/or incorporating hydrocar-
bons with a selective affinity to the cleavage plane of the bilayer (Haines 2001).

In agreement with the hypothesis on independent emergence of proton-based
energetics in different lineages, representatives of the three domains of life employ
distinct solutions to make their membranes tighter to protons, namely, the mobility
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of side chains is restricted in distinct ways and different hydrocarbons are packed in
the midplane of the H*-tight membranes (see Haines 2001; Konings et al. 2002;
Konings 2006; Mulkidjanian et al. 2008b, for details). This fact supports the sugges-
tion on the independent transition from the sodium to proton bioenergetics in dif-
ferent lineages.

Where did the first, apparently, sodium-translocating F/V-type ATPases come
from? The comparison of the F-type and V-type ATPases shows that they are built of
both homologous and unrelated subunits (see Fig. 1 and Mulkidjanian et al. 2007).
The subunits of the catalytic hexamer and the membrane c-ring are highly conserved
(Gogarten et al. 1989, 1992; Nelson 1989; Lapierre et al. 2006). The subunits that
are thought to form the hydrophilic parts of the peripheral stalk(s), also appear to be
homologous, despite low sequence similarity (Supekova et al. 1995; Pallen et al.
2006). The membrane parts of the peripheral stalks show structural and functional
similarity as well (Kawasaki-Nishi et al. 2001; Kawano et al. 2002), although it re-
mains unclear whether or not they are homologous. By contrast, the subunits of the
rotating central shafts, which couple the catalytic hexamers with the c-ring (shown
by dissimilar colors in Fig. 1), are not homologous (Nelson 1989) as substantiated
by the presence of dissimilar structural folds (Mulkidjanian et al. 2007).

Building on this conservation pattern, we suggested that the common ancestor of
the F-type and V-type ATP was not an ion-translocating ATPase but rather an ATP-
dependent protein translocase in which the translocated protein itself occupied the
place of the central stalk (Mulkidjanian et al. 2007). Indeed, the catalytic hexamers
of F-type and V-type ATPases are homologous to hexameric helicases, specifically,
the bacterial RNA helicase Rho, a transcription termination factor (Patel and Picha
2000). This relationship led to the earlier hypothesis that the ancestral membrane
ATPase evolved as a combination of a hexameric helicase and a membrane ion chan-
nel (Walker 1998). However, the structures of the membrane segments of the F/V-
ATPases (F_ and V_, respectively, see Fig. 1) have little in common with membrane
channels or transporters, which are usually formed by bundles of a-helices (von
Heijne 2006). As shown in Fig. 1b, the c-oligomers are wide, lipid-plumbed mem-
brane pores with internal diameters of ~3 and ~2nm for V and F , respectively
(Meier et al. 2005; Murata et al. 2005). Conceivably, such a pore (without lipid
plumbing) was large enough to allow passive import and export of biopolymers in
primordial cells. When combined with an ATP-driven RNA helicase, this type of
membrane pore could yield an active RNA translocase that subsequently would give
rise to an ATP-driven protein translocase, as depicted in Fig. 2. Then it is not surpris-
ing that a direct homologous relationship exists between the F/V-ATPases and those
subunits of the bacterial flagellar motors and Type III secretion system (T3SS) that
are responsible for the ATP-driven export of flagellin or secreted proteins by these
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Fig.2. The proposed scenario of evolution from separate RNA helicases and primitive mem-
brane pores, via membrane RNA and protein translocases, to the ion-translocating membrane
ATPases. The color code is as in Fig. 1; ancient/uncharacterized protein subunits are not colored. The striped shapes denote the
translocated, partially unfolded proteins. The presence of two peripheral stalks in the primordial protein translocase and the flagel-
1ar/T3SS systems is purely hypothetical and based on the consideration that a system with one peripheral stalk would be unstable in
the absence of the translocated substrate. The involvement of two FliH subunits in each peripheral stalk is based on the ability of FliH
dimers to form a complex with one Flil subunit (Minamino and Namba 2004; Imada et al. 2007).

machines. This relationship can be traced through the catalytic subunits (Vogler
etal. 1991) and the subunits of the peripheral stalk of the F/V-ATPases (Pallen et al.
2006).

As discussed in more detail elsewhere (Mulkidjanian et al. 2007), there is a
plausible path for the transition from a protein translocase to an ion-translocating
machine. The key to the transition is decrease of the pore conductivity, possibly, as a
result of several amino acid replacements in the c-subunit, which would cause trans-
located proteins to get stuck in the translocase. Then, the torque from ATP hydroly-
sis, transmitted by the stuck substrate polypeptide, would cause rotation of the c-ring
relative to the ex-centric membrane stator. This rotation could eventually be coupled
with transmembrane ion translocation along the contact interface, via membrane-



A.Y. Mulkidjanian and M. Y. Galperin

embedded, charged amino acid side chains that, otherwise, keep together the mem-
brane subunits. Given that the structural requirements for a central stalk are likely to
be minimal (Mnatsakanyan et al. 2009), this scenario naturally incorporates inde-
pendent recruitment of unrelated and even structurally dissimilar proteins as central
stalks in ancestral archaea and bacteria. The transition from a protein translocase to
an ATP-driven ion translocase would be complete with the recruitment of the central
stalk subunits, i.e., inclusion of their genes in the operons of the F-type and V-type
ATPases, respectively (Mulkidjanian et al. 2007).

3 Emergence of integral membrane proteins

In the previous section, we have noted that the common ancestor of the c-oligomers
in the F-ATPases and V-ATPases could initially function as a membrane pore. As
argued by several authors (Frausto da Silva and Williams 1991; Szathmary 2007),
such pores could be needed to enable exchange of small molecules and even poly-
mers between proto-cells and their environment. At the same time, they could
represent a transition state towards the first integral membrane proteins. Integral
membrane proteins contain long stretches of hydrophobic amino acid residues. By
contrast, in water-soluble globular proteins, the distribution of polar and non-polar
amino acids in the polypeptide chain is quasi-random (Finkelstein and Ptitsyn
2002). Assuming that the quasi-random distribution pattern is an ancestral trait, a
gradual, multi-step transition from soluble proteins to membrane proteins with long
hydrophobic stretches has to be envisaged. Furthermore, modern membrane pro-
teins are co-translationally inserted into the membrane by the translocon machinery
that ensures proper protein folding in the membrane (White and von Heijne 2008).
The translocon itself is a membrane-bound protein complex that could not have
existed before the membrane proteins evolved. In the absence of the translocon, a
hydrophobic protein, if even occasionally synthesized, would remain stuck to a pri-
meval ribosome. Therefore, a scenario of the membrane evolution must enclose an
evolutionary scenario for the emergence of integral membrane proteins.

The global evolutionary analysis of integral membrane proteins by Saier et al. led
to the conclusion that the evolution went from non-specific oligomeric channels,
which were built of peptides with only a few transmembrane segments, towards
larger, specific membrane translocators that emerged by gene duplication (Saier
2003), see also the chapter by Saier et al. in this volume. Still, the widespread notion
that a stand-alone hydrophobic a-helix could, via multiple gene duplication, yield
increasingly complex membrane proteins (see e.g., Popot and Engelman 2000) does
not appear plausible: a solo, water-insoluble oi-helix could hardly leave the ribosome
in the absence of a translocon complex.
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Physically more plausible are the scenarios that start from amphiphilic a-helices
(Pohorille et al. 2003; Mulkidjanian et al. 2009). The simplest o.-helical protein fold
is an o-helical hairpin (long alpha-hairpin according to the SCOP classification
(Andreeva et al. 2008). These hairpins are stabilized via hydrophobic interaction of
the two a.-helices. Since such stabilization is unlikely to be particularly strong, a hair-
pin, upon an eventual interaction with a membrane, might spread on its surface and
then reassemble within the membrane in such a way that the non-polar side chains
would interact with the hydrophobic lipid phase. The hairpins, then, should tend to
aggregate, leading to the formation of water-filled pores, inside which the polar sur-
faces of ai-helices would be stabilized. This arrangement seems to be partially re-
tained by the c-ring of the F-ATPase that is built up of o-helical hairpins (see Fig. 1b)
and is sealed by lipid only from the periplasmic side of the membrane. From the cy-
toplasmic site, the cavity is lined by polar residues and is apparently filled with
segment(s) of the y-subunit and water (Pogoryelov et al. 2008). The described
mechanism of spontaneous protein insertion into the membrane, which does not
require translocon machinery, is still used by certain bacterial toxins and related pro-
teins. Those proteins are monomeric in their water-soluble state, but oligomerize in
the membrane with the formation of pores (see Parker and Feil 2005; Anderluh and
Lakey 2008, and references therein).

Membrane pores could be formed, in principle, not only by many small hair-
pins — which themselves could result from multiple duplication events, as inferred
for the c-subunit of the F/V-type ATPase (Davis 2002) -but also by larger am-
phiphilic proteins that, after binding to membranes, might undergo “inside-out”
rearrangements (see also Engelman and Zaccai 1980) with the formation of a water-
filled pore in the middle of a helical bundle. This kind of protein architecture is
exemplified by SecY (Van den Berg et al. 2004), another ubiquitous membrane pro-
tein besides the c-subunit of the F/V-ATP synthase. Starting from the pores that
were built up of amphiphilic stretches of amino acids, integral membrane proteins
could then evolve via the combined effect of (i) multiple replacements of polar ami-
no acids by non-polar ones, and (ii) gene duplications, ultimately yielding multi-
helix hydrophobic bundles (Saier 2000, 2003). Concomitantly, some membrane
proteins would form the first translocons, enabling controlled insertion of these
hydrophobic bundles into the membrane (White and von Heijne 2008).

4 Emergence of lipid membranes

The first membrane proteins required lipid membranes. What were their origins?
The comparison of bacteria and archaea can hardly help to clarify the origins of lipid
membranes because, as already noted, they are fundamentally different in these two
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domains (see Boucher et al. 2004; Pereto et al. 2004; Thomas and Rana 2007, for
reviews). In both prokaryotic domains, phospholipids are built of glycerol phos-
phate (GP) moieties to which two hydrophobic hydrocarbon chains are attached.
The GP moieties, however, are different: while bacteria use sn-glycerol-1-phosphate
(G1P), archaea utilize its optical isomer sn-glycerol-3-phosphate (G3P). The hydro-
phobic chains, with a few exceptions, differ as well, based on fatty acids in bacteria
and on isoprenoids in archaea. In bacterial lipids, the hydrophobic tails are linked to
the glycerol moiety by ester bonds whereas archaeal lipids contain ether bonds. The
difference extends beyond the chemical structures of the phospholipids, to the evo-
lutionary provenance of the enzymes involved in the synthesis of phospholip-
ids —they are either non-homologous or distantly related but not orthologous in
bacteria and archaea (Boucher et al. 2004; Pereto et al. 2004; Koonin and Martin
2005; Koga and Morii 2007).

The evolutionary stage when the first lipid membranes could emerge is also un-
certain. The “lipids early” models suggest that the first life forms, presumably RNA-
based, were enclosed in lipid vesicles from the very beginning (see e.g., Segre et al.
2001; Deamer 2008), whereas the “lipids late” models suggest that lipid membranes
could be preceded by the emergence and evolution of simple, virus-like, RNA/pro-
tein life forms (see e.g., Martin and Russell 2003; Koonin and Martin 2005; Koonin
2006).

Several lines of evidence support the “lipids late” schemes.

(a) The “lipids early” schemes imply that the first lipids were recruited from the
available abiogenically synthesized compounds. Although amphiphilic molecules
such as fatty acids are found in meteorites (Deamer and Pashley 1989) and could be
present on the primeval Earth, it is unlikely that they all had uniformly long hydro-
phobic tails, which is a pre-condition for the formation of a stable bilayer. By con-
trast, the enzyme-synthesized amphiphilic molecules can be expected to be more
homogenous.

(b) It is generally accepted that a pure lipid bilayer is not a practical solution for a
primeval organism because it would prevent any exchange between the interior and
the environment. Therefore, the “lipids early” models suggest that the first mem-
branes were leaky, enabling the exchange of low-molecular compartments with the
surrounding mileau (Deamer 2008). The existence of the first life forms should,
however, also depend on their ability to exchange genes and to share enzymes
(Koonin and Martin 2005; Szathmdary 2007). The known machines for the translo-
cation of biological polymers across the membrane are made of proteins, which im-
plies a co-evolution of membrane proteins and lipids.
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(c) Table 1 contains the list of ubiquitous genes that are likely to be present in the
LUCA. Only 2 of these ca. 60 entries, namely the above discussed c-subunit of the F/V-
ATPases and the SecY pore subunit, belong to membrane proteins. This under-repre-
sentation of membrane proteins suggests that the emergence of membrane proteins
(and membranes) may have followed the emergence of RNA/protein organisms.

(d) The existence of a pre-cellular RNA/protein world is supported by the finding of
viral hallmark genes shared by many groups of RNA and DNA viruses—but missing
in cellular life forms. The inhabitants of this world might have been virus-like parti-
cles enclosed in protein envelopes (Koonin 2006; Koonin et al. 2006).

A really strong argument in favor of the “lipids early” models is that the lipid
vesicles, by separating the first replicating entities, may have enabled their Darwinian
selection (see e.g., Monnard and Deamer 2001). The primeval compartmentaliza-
tion, however, could have been achieved even without lipid vesicles. Russell et al.
have hypothesized that the early stages of evolution may have taken place inside
iron—sulfide bubbles that formed at warm, alkaline hydrothermal vents (Russell and
Hall 1997, 2006; Martin and Russell 2003). It has been suggested that iron-sulfide
“bubbles” could encase LUCA consortia of small, virus-like replicating entities
(Koonin and Martin 2005; Koonin et al. 2006 ). Such entities could share a common
pool of metabolites and genes, so that each interacting consortium, e.g,, inhabitants
of one inorganic “bubble” at a hydrothermal vent, would comprise a distinct evolu-
tionary unit. Such a scheme, with an extensive (gene) exchange between the mem-
bers of one consortium but not between different, mechanistically separated
consortia solves a major conundrum between the notion of extensive gene mixing
that is considered a major feature of early evolution (Woese 1998) and the require-
ment of separately evolving units as subjects of Darwinian selection (Koonin and
Martin 2005; Mulkidjanian et al. 2009).

This “inorganic” solution of the compartmentalization problem is further ex-
ploited in the recent “Zinc world” scenario according to which the life on Earth
emerged, powered by solar radiation, within photosynthetically active precipitates
of zinc sulfide (ZnS; Mulkidjanian 2009; Mulkidjanian and Galperin 2009).
Honeycomb-like ZnS precipitates are widespread at the sites of deep sea hydrother-
mal activity (Takai et al. 2001; Hauss et al. 2005; Kormas et al. 2006; Tivey 2007).
Here, the extremely hot hydrothermal fluids leach metal ions from the crust and
bring them to the surface (Kelley et al. 2002; Tivey 2007). Since hydrothermal fluids
are rich in H,S, their interaction with cold ocean water leads to the precipitation of
metal sulfide particles that form “smoke” over the “chimneys” of hydrothermal vents
(Kelley et al. 2002; Tivey 2007). These particles eventually aggregate, settle down,
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Table1.  Products of ubiquitous genes and their association with essential divalent metals (the table is taken from Mulkidjanian
and Galperin 2009)

Protein function ECnumber Functional Metals in at least
(if available) dependence  some structures
on metals

Products of ubiquitous genes, according to Koonin (2003)

Translation and ribosomal biogenesis

Ribosomal proteins (33 in total) Mg Mg, Zn

Seryl-tRNA synthetase 6.1.1.11 Mg, Zn Mn, Zn

Methionyl tRNA synthetase 6.1.1.10 Mg, Zn In

Histidyl tRNA synthetase 6.1.1.21 Mg No metals seen

Tryptophanyl-tRNA synthetase 6.1.1.2 Mg, Zn Mg

Tyrosyl-tRNA synthetase 6.1.1.1 Mg No metals seen

Phenylalanyl-tRNA synthetase 6.1.1.20 Mg, Zn Mg

Aspartyl-tRNA synthetase 6.1.1.12 Mg Mg, Mn

Valyl-tRNA synthetase 6.1.1.9 Mg In

Isoleucyl-tRNA synthetase 6.1.1.5 Mg, Zn In

Leucyl-tRNA synthetase 6.1.14 Mg In

Threonyl-tRNA synthetase 6.1.1.2 Mg, Zn In

Arginyl-tRNA synthetase 6.1.1.19 Mg No metals seen

Prolyl-tRNA synthetase 6.1.1.15 Mg, Zn Mg, Zn, Mn

Alanyl-tRNA synthetase 6.1.1.7 Mg, Zn Mg, Zn

Translation elongation factor G 3.6.5.3 Mg Mg

Translation elongation factor In

P/ translation initiation factor elF5-a

Translation initiation factor 2 In

Translation initiation factor IF-1 No divalent metals

Pseudouridylate synthase 5.4.99.12 Mg, Zn No metals seen

Methionine aminopeptidase 3.411.18 Mn, Zn, or Co Mn or Zn or Co
Transcription

Transcription antiterminator NusG - - No metals seen

DNA-directed RNA polymerase, subunits a, B, B’ 2.7.1.6 Mg Mg, Mn, Zn
Replication

DNA polymerase Ill, subunit 27177 Mg Mg

Clamp loader ATPase (DNA polymerase Ill, subunitsyandt) ~ 2.7.7.7 Mg Mg, Zn

Topoisomerase I1A 5.99.1.2 Mg No metals seen

Repair and recombination

5'—-3"exonuclease (including N-terminal domain of Poll) 301 Mg Mg
RecA/RadA recombinase - - Mg
Continued on next page
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Table 1.  (Continued

Protein function EC number Functional Metals in at least
(if available) dependence  some structures
on metals
Chaperone function
Chaperonin GroEL 3.6.4.9 Mg Mg
0-sialoglycoprotease/ apurinic endonuclease 3.4.24.57 In Mg, Fe

Nucleotide and amino acid metabolism metabolism

Thymidylate kinase 2749 Mg Mg

Thioredoxin reductase 18.1.9 - No metals seen

Thioredoxin - In

CDP-diglyceride-synthase 27741 Mg No entries
Energy conversion

Phosphomannomutase 54.2.8 Mg Mg, Zn

Catalytic subunit of the membrane ATP synthase 3.6.1.34 Mg Mg

Proteolipid subunits of the membrane ATP synthase 3.6.1.34 - No metals seen

Triosephosphate isomerase 53.1.1 - No metals seen
Coenzymes

Glycine hydroxymethyltransferase 2121 Mg No metals seen
Secretion

Preprotein translocase subunit SecY - - In

Signal recognition particle GTPase FtsY - - Mg
Miscellaneous

Predicted GTPase - - No metal ligands

in the structures

Additional ubiquitous gene products from Charlebois and Doolittle (2004)
DNA primase (dnaG) 2177 - In

S-adenosylmethionine-6-N;N"-adenosyl (rRNA) 2.1.1.48 Mg No metals seen
dimethyltransferase (KsgA)

Transcription pausing, L factor (NusA) - - No metals seen

The lists of ubiquitous genes were extracted from refs. Koonin (2003) and Charlebois and Doolittle (2004). The data on the de-
pendence of functional activity on particular metals were taken from the BRENDA Database (Chang et al. 2009). According to the
BRENDA database, the enzymatic activity of most Mg-dependent enzymes could be routinely restored by Mn. As concentration
of Mg?* ions in the cell is ca. 102 M, whereas that of Mn?* ions is ca. 10~ M, the data on the functional importance of Mn were
not included in the table. The presence of metals in protein structures was as listed in the Protein Data Bank (Henrick et al. 2008)
entries. See Mulkidjanian and Galperin (2009) for further details and references.

and, ultimately, form sponge-like structures around the vent orifices. The sulfides of
iron and copper precipitate promptly (Seewald and Seyfried 1990), their deposition
starts already inside the orifices of hydrothermal vents (Kormas et al. 2006). The
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sulfides of zinc and manganese precipitate slower (Seewald and Seyfried 1990) and
can spread over, forming halos around the iron-sulfur apexes of hydrothermal vents
(see Tivey 2007, for a recent review). The Zn world model suggests that under the
high pressure of the primeval, CO,-dominated atmosphere, very hot, Zn-enriched
hydrothermal fluids could reach even the sub-aerial, illuminated environments, so
that ZnS could precipitate within reach of UV-rich solar beams (nowadays such hot
fluids can discharge to the continental surface only as steam geysers). ZnS is a very
powerful photocatalyst; it can reduce CO, to formate with a quantum yield of up to
80% (Henglein 1984; Henglein et al. 1984; Kanemoto et al. 1992; Eggins et al.
1993), can produce diverse other organic compounds from CO, (Fox and Dulay
1993; Eggins et al. 1998), including the intermediates of the Krebs cycle (Zhang
et al. 2007; Guzman and Martin 2009), and can drive various transformations of
carbon-and nitrogen-containing substrates (Yanagida etal. 1985; Kisch and Kiinneth
1991; Kisch and Lindner 2001; Marinkovic and Hoffmann 2001; Ohtani et al.
2003). In the illuminated environments, the UV light, serving as a selective factor,
may have favored the accumulation of RNA-like polymers as particular photostable
(Mulkidjanian et al. 2003; Sobolewski and Domcke 2006). A direct contact of the
first RNA-based life forms with the surfaces of porous ZnS compartments should be
of key importance: these surfaces, besides catalyzing abiogenic photosynthesis of
useful metabolites and serving as templates for the synthesis of longer biopolymers
from simpler building blocks, could prevent the first biopolymers from photo-disso-
ciation by absorbing from them the excess radiation (Mulkidjanian 2009). The idea
that the first RNA molecules may have been shaped by ZnS surfaces is supported by
an almost perfect match of the distances that separate the positively charged Zn**
ions at the ZnS surface (Dinsmore et al. 2000) with the distances between the phos-
phate groups in the RNA backbone (0.58-0.59 nm; Saenger 1984). In addition,
Zn** ions showed an exclusive ability to catalyze the formation of naturally occur-
ring 3'-5’ linkages upon abiogenic polymerization of nucleotides (Bridson and
Orgel 1980; Van Roode and Orgel 1980).

As the ZnS-mediated photosynthesis is accompanied by the release of Zn** ions
(Henglein 1984; Kisch and Kiinneth 1991), it should yield a steadily Zn-enriched
milieu within ZnS compartments. A Zn-rich milieu is geologically unusual; the
equilibrium concentration of Zn in the anoxic primeval waters was estimated as
10715-10"2M (Zerkle et al. 200S; Dupont et al. 2006; Williams and Frausto da Silva
2006). If the LUCA consortia indeed dwelled within photosynthesizing ZnS com-
partments, then Zn** ions could be preferably recruited as metal cofactors by the
proteins and RNA molecules of the LUCA. This prediction is easily testable. Table 1
exemplifies that the ubiquitous proteins — which are likely to be present in the
LUCA - show notable preference for Zn as compared to other transition metals
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(see refs. Mulkidjanian 2009; Mulkidjanian and Galperin 2009, for further details
on the Zn world scenario).

The photosynthesizing Zn world, however, could exist only as long as the pres-
sure of the CO, dominated atmosphere was high enough to enable delivery of very
hot, Zn-enriched hydrothermal fluids at illuminated settings. When the atmospheric
pressure dropped below ca. 10 bar, the continental hydrothermal fluids should cool
down and become gradually depleted of Zn ions, so that fresh ZnS surfaces could no
longer form in sub-aerial settings, but only deeply at the sea floor. The organisms
would have found alternative ways to reduce CO, and should have learned to deal
with Fe*', the dominating transition metal ion in primordial sea (with an estimated
content of 10~°-10-°M; Zerkle et al. 2005; Dupont et al. 2006; Williams and Frausto
da Silva 2006). Iron, unlike zinc, can generate harmful hydroxyl radicals and is there-
fore detrimental for RNA (Meares et al. 2003; Cohn et al. 2004, 2006; Luther and
Rickard 2005). Lipids can prevent the damaging action of iron-containing minerals
on RNA (Cohn et al. 2004), so that the need to protect biopolymers from iron-
containing surfaces could have prompted the transition from surface-confined repli-
cators to lipid-encased life forms.

Why then are the lipid membranes of modern archaea and bacteria so different?
Several hypotheses were suggested to explain the aforementioned usage of different
GP enantiomers by archaea and bacteria. Koga has suggested that the first GP moi-
eties were racemic because of their abiogenic origin; only later the enzymes for the
synthesis of G1P and G3P separately evolved in archaea and bacteria, respectively
(Koga et al. 1998; Koga and Morii 2007). Wichershiuser has suggested that mem-
branes of pre-cells were built of lipids that contained racemic GPs units that were
synthesized by a primitive non-stereospecific enzyme. The further segregation of the
G1P- and G3P-containg lipids was suggested to be physico-chemical, so that lipids
that carried the same GP enantiomers clustered together and eventually yielded
subpopulations of organisms enriched in either enantiomeric phospholipid. It was
suggested further that the higher stability of “homochiral” over “heterochiral” mem-
branes could favor the emergence of different enzymes for stereospecific synthesis of
different GP enantiomers in archaea and bacteria, respectively (Wichtershiuser
2003). Pereto et al. (2004) have hypothesized that G1P and G3P were initially syn-
thesized in a non-specific way, as byproducts of two different dehydrogenases al-
ready present in the cenancestor, and that specific enzymes for the synthesis of G1P
and G3P separately evolved from these two dehydrogenases in archaeal and bacte-
rial lineages, respectively.

All these hypotheses are based on the assumption that the phospholipids of the
LUCA (or pre-cells, or cenancestor) contained GP moieties that, as in modern mem-
branes, linked two lipid “tails” together. In fact, there is no evidence that the very first
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membranes were built in this way. Even the modern membranes contain, besides
GP-containing two-tailed phospholipids, also single-tailed fatty acids and four-tailed
cardiolipin molecules. The concept of gradual, multistep membrane evolution, as
outlined in previous sections, is better compatible with a scenario where the first
lipids could be simple and single-tailed. As argued above, the function of first, sup-
posedly porous, membranes was limited to occluding biological polymers while
enabling the exchange of small molecules and ions. The experiments with simple
amphiphilic compounds have shown that vesicles made either of fatty acids (Deamer
and Dworkin 2005; Deamer 2008) or of phosphorylated isoprenoids (Nomura et al.
2002; Gotoh et al. 2006; Streiff et al. 2007) can entrap polynucleotides and proteins.
Isoprenoids were likely to be present at the stage of LUCA: their enzymatic synthesis
is simple, and they are found in all domains of life, unlike fatty acids that, most likely,
have emerged in the bacterial lineage (Smit and Mushegian 2000). Hence, one can
speculate that the leaky membranes of LUCA were simple, being built of e.g., phos-
phorylated isoprenoids. To attain ion-tight membranes, the first cells, however, had
to stabilize the membrane/water interface and increase the thickness of the mem-
brane, since the permeability of lipid bilayer to small ions (with exception of protons,
see above) is limited by ion penetration across the membrane/water interface and
depends on the membrane thickness (Deamer 1987; Nagle 1987; Tepper and Voth
2006). A pair-wise linking of hydrophobic tails by GP moieties seems to be the
chemically simplest way to solve both tasks: the membrane interface becomes less
leaky to ions and the thickness of the bilayer increases by ca. 0.6 nm. In addition, the
phosphate moiety of GP ensures the amphiphilicity of the bilayer and an eventual
binding of a head group. Bacteria and archaea may have found this simple solution
independently, by using different GP enantiomers and unrelated enzymes. In Bacte-
ria this transition may have been accompanied by the recruitment of fatty acids; the
isoprenoid derivatives, however, were retained by bacterial membranes, in particular,
as hopanoids and single-tailed quinones (Haines 2001; Hauss et al. 2005).

5 Scenario for the origin and evolution of membranes
and membrane proteins

Apparently, the central theme in the early cellular evolution was the increasing tight-
ness of cell envelopes. Indeed, the emergence of such a complex device, that is the
modern biological membrane, could proceed only via many intermediate stages.
Szathmdry et al. have recently developed and modeled a set of evolutionary scenari-
os that exemplified the crucial importance of the interaction and exchange between
the primeval replicating entities for the stability of their populations (Szathméry
2006, 2007; Konnyii et al. 2008; Branciamore et al. 2009). According to Szathmary
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Fig.3. The proposed scenario for the evolution of membranes and membrane enzymes. The
scheme suggests the emergence of first replicating entities within honeycomb-like ZnS precipitates of hydrothermal origin. Note
that FeS and ZnS particles (black and gray dots, respectively) precipitate at different distances from the hot spring (the picture is
based on data from Seewald and Seyfried 1990; Takai et al. 2001; Kelley et al. 2002; Kormas et al. 2006; Russell 2006). The evolution
of membranes is shown as a transition from primitive, porous membranes that were leaky both to Na* and H* (dotted lines), via
membranes that were Na*-tight but H*-leaky (dashed lines) to the modern-type membranes that are impermeable to both H* and
Na* (solid lines). As the common ancestor of the F- and V-ATPases possessed a Na*-binding site (Mulkidjanian et al. 2008b, 2009),
the LUCA (regardless of whether it was a modern-type cell or a consortium that included replicating, membrane-surrounded enti-
ties) either had porous membranes so that the common ancestor of the F- and A/V-ATPases operated as a polymer translocase, with
Na* ions performing a structural role, or had membranes that were tight to sodium ions but permeable to protons; in this case the
LUCA could possess sodium energetic (see main text, and Mulkidjanian et al. 2008b, 2009; Mulkidjanian 2009; Mulkidjanian and
Galperin 2009, for details).

18



