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Abstract:



Almost all modern proteins possess well-defined, relatively rigid scaffolds that provide structural preorganization for desired functions. Such scaffolds require the sufficient length of a polypeptide chain and extensive evolutionary optimization. How ancestral proteins attained functionality, even though they were most likely markedly smaller than their contemporary descendants, remains a major, unresolved question in the origin of life. On the basis of evidence from experiments and computer simulations, we argue that at least some of the earliest water-soluble and membrane proteins were markedly more flexible than their modern counterparts. As an example, we consider a small, evolved in vitro ligase, based on a novel architecture that may be the archetype of primordial enzymes. The protein does not contain a hydrophobic core or conventional elements of the secondary structure characteristic of modern water-soluble proteins, but instead is built of a flexible, catalytic loop supported by a small hydrophilic core containing zinc atoms. It appears that disorder in the polypeptide chain imparts robustness to mutations in the protein core. Simple ion channels, likely the earliest membrane protein assemblies, could also be quite flexible, but still retain their functionality, again in contrast to their modern descendants. This is demonstrated in the example of antiamoebin, which can serve as a useful model of small peptides forming ancestral ion channels. Common features of the earliest, functional protein architectures discussed here include not only their flexibility, but also a low level of evolutionary optimization and heterogeneity in amino acid composition and, possibly, the type of peptide bonds in the protein backbone.
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1. Introduction


Proteins mediate most functions of modern cells. A large fraction of cytoplasmic, water-soluble proteins are enzymes that catalyze chemical reactions involved in metabolism and reproduction. Membrane proteins mediate the transport of ions and small molecules across lipid bilayers, as well as essential bioenergetic functions and the transmission of signals from the environment. These proteins are most likely as equally ancient as their cytoplasmic counterparts, and might have evolved separately [1].



Nearly all natural proteins are structurally and functionally complex. The median protein length in eukaryotes has been estimated to be 472 amino acids [2]. Even in simple organisms, proteins are quite large. Their median length in prokaryotes and archaea is approximately 300–320 and 250–280 amino acids, respectively [2,3]. Proteins shorter than 100 amino acids are quite rare. Considering these size distributions, it is highly improbable that functional proteins resembling their modern counterparts in size emerged from an inventory of random polypeptides synthesized genomically or non-genomically at the origin of life. Instead, it is reasonable to assume that contemporary proteins evolved from ancestral forms that were substantially shorter. These ancestors must have been functional; otherwise natural selection would not act in this case. This raises a number of questions. How could small proteins carry out functions of their modern successors, even if less efficiently and selectively? What structural properties characterized ancestral proteins? What were the key evolutionary steps that facilitated their evolution to modern proteins?



Several ideas have been advanced in order to answer these questions [4,5,6,7,8,9]. Although these ideas differ significantly, they share one characteristic—it is postulated that achieving functionality requires a folded, relatively rigid scaffold. At first glance, this assumption is reasonable since evolution has converged on a suite of rigid scaffolds that support a well-defined active site in the case of enzymes and oligomerize to form a stable channel or receptor in the case of membrane proteins [10]. A rigid scaffold pre-organizes the protein and its environment for the desired function. It has been argued that in enzymes this preorganization is largely electrostatic in nature [11]. This type of preorganization is even more evident in ion channels in which the protein is used to create a polar environment for ion transfer through a membrane. To bring about rigid scaffolds, a considerable degree of evolutionary optimization was typically required.



The presence of a well-defined scaffold does not imply that proteins are rigid structures. Some degree of flexibility is required for function. In enzymes, flexibility may support a network of protein conformational motions that increase the rates of enzymatic catalysis [12]. In other instances, flexible loops move to trap the substrate in the active center [13]. In the integral membrane, protein flexibility facilitates transitions between active and inactive states. There are also proteins that are largely intrinsically disordered. In these proteins, conventional elements of a secondary structure often coexist with random coil regions in a loosely packed structure somewhat reminiscent of a molten globule [14,15,16,17,18,19]. They are often involved in translation, transcription, recognition, and cell signaling [20]. Since these functions become more prominent in higher organisms, the fraction of intrinsically disordered proteins increases with organismal complexity [21]. This may indicate that intrinsic disorder is a product of advanced evolution rather than a remnant from ancestral proteins. Occasionally, enzymes can also be intrinsically disordered, although not in parts that contain or support the active center [17].



Here, we argue that at least some of the earliest proteins were considerably more flexible than modern ones and in some instances were built on different principles. Yet, they were functional and the paths to modern, rigid proteins were quite feasible. Dispensing with the requirement for a rigid scaffold markedly increases the suite of potential primordial, functional proteins, because no extensive evolutionary optimization of sequence and structure is required. In support of our argument, we present evidence from experimental studies and our computer simulations that simple, flexible proteins, similar to those that might have existed at the beginnings of life, can efficiently perform functions associated with both water-soluble and membrane proteins.



Here, we focus entirely on the emergence of protein functions and their relation to protein structure. The biochemical aspects of protein synthesis, and in particular the issue of whether the emergence of proteins preceded or followed the emergence of RNA and primitive translational machinery, are not addressed. Additionally, we do not discuss what the primordial inventory of amino acids was and how it evolved. These issues are clearly of fundamental importance to understanding the origins of proteins in general and have a bearing on the origin of protein structure and function, but involve considerations quite different to those addressed here. Readers interested in these subject matters are encouraged to look at excellent reviews and studies of these topics [22,23,24,25,26,27,28,29,30,31,32].




2. Water-Soluble Proteins


Almost all modern, water-soluble enzymes contain a well-packed hydrophobic core, which provides structural stability, a largely hydrophilic exterior to maintain water solubility, and a catalytic site. A large fraction of an enzyme is composed of conventional secondary structure elements, α-helices and β-sheets, connected by turns and loops. Based on the universality of these features in modern enzymes, it is usually assumed that their primordial ancestors had the same architecture, but were smaller in size. This assumption, however, creates an evolutionary puzzle. Estimates of the optimal size of proteins characterized by folds with a hydrophobic core and a hydrophilic surface vary between 150 [33] and 200 [34] residues. As we have already pointed out, these structural requirements of modern enzymes are incompatible with the size limitations of primordial enzymes. Some very small proteins can also have a rudimentary hydrophobic core. The 35 amino acid long C-terminus subdomain of actin-binding protein villin is an example of such a protein. It folds to a stable structure in which three α-helices surround a fully dehydrated core consisting of three phenylalanine residues [35,36]. Such small proteins, however, do not exhibit enzymatic activity.



Once proteins reached a sufficient length, several mechanisms were available for their further evolution toward new functions, and improved efficiency and selectivity. Many contemporary, water-soluble proteins rapidly undergo hydrophobic collapse and form native-like elements of a secondary structure, which leads to a molten globule state. In this state, the core is loosely packed and native tertiary contacts produced by the tight packing of amino acid side chains are largely absent. In most cases, this is followed by a transition to a well-ordered, native state. Even though molten globules are considered quite flexible, they can be catalytically active [19,37,38]. It was proposed that they could have preceded modern enzymes before they underwent sufficient evolutionary optimization to adopt fully ordered structures [19]. Molten globules would form a rich reservoir of promiscuous proteins that eventually evolved to specific structures and functions.



A related, but broader, view holds that poorly packed, disordered early proteins exhibited high evolvability [39,40]. According to this view, the ensemble of conformational states available to these poorly optimized proteins contains a number of structures of similar free energies. Thus, upon mutations, such proteins have the potential for both global refolding to a different structure and undergoing local conformational changes near the active center, and by doing so, acquiring new functions.



Although these and related ideas outline plausible evolutionary paths for the functional diversification of proteins long enough to form hydrophobic cores and a sufficient number of secondary structure elements to support refolding, and recognize the significance of protein flexibility to this process, none of them explain how short polypeptide chains were capable of carrying out a variety of catalytic functions. This problem has been well recognized [40]. To resolve this difficulty, several hypotheses have been put forward. One is that precursors of modern enzymes were small, well folded “baby proteins”. Support for this hypothesis is largely drawn from the studies of Baker et al., who successfully designed a number of compact folds of small proteins [5,6]. Most of these proteins, however, do not appear to have any significant enzymatic activity. Alternatively, folded proteins relevant to the origin of life can be obtained from random-sequence libraries by way of in vitro selection and evolution [41,42,43]. This approach was used to obtain a family of small ATP-binding proteins of which the smallest consisted of 45 amino acids [4].



According to another hypothesis, the earliest enzymes were formed from short peptides that relied on self-assembly to adopt ordered structures folded to privileged scaffolds that were capable of supporting a variety of catalytic functions. Several such scaffolds based on α-helices or β-sheets have been tested. A number of them are coil-coils, a common structural motif in modern proteins. It was shown that the aggregation of small peptides to leucine zippers promoted amide bond formation in the templated ligation of two short peptides [7,8]. Several of these systems exhibited properties highly desirable at the origins of life, such as autocatalysis, cross-catalysis, nearly exponential growth, the potential for network formation [44,45,46,47,48], and even chiral selectivity [49]. Hecht and co-workers investigated a number of catalytic peptides based on a four-helical bundle structure [50,51,52], including directed evolution studies [53] and divergent evolution from a generalist to two different specialists [54]. In their recent study [55], with the aid of circular dichroism size-exclusion chromatography and NMR, they found that some of their active, α-helical proteins formed structures that fluctuated between monomeric and dimeric states. This indicates that a fully ordered structure of simple proteins is not a prerequisite for their function. Another coiled-coil scaffold that supports enzymatic function is a 7-helical bundle arranged in a channel-like structure, which has recently been shown to possess strong hydrolytic activity [56].



A different architecture that also relies on the self-assembly of peptides to larger, functional structures is the hydrogen-bonded β-pleated sheet. Many present-day enzymes from Archaea have intra-molecularly folded β-solenoid conformations very similar to intermolecularly folded β-amyloid peptides [57]. Even very short peptides can aggregate into such amyloid-like structures, which provide sufficient conformational diversity to create opportunities for many different arrangements of catalytic groups. With only very modest design efforts, it was shown that peptides consisting of only seven amino acids self-assembly to form amyloids exhibiting strong esterase activity [58]. Amyloids are endowed with several advantages. The self-association of peptides into highly stable amyloid structures would partially exclude water from the reaction environment, shifting the equilibrium in the direction of polymer formation. Moreover, amyloids tend to form only between identical or highly similar sequences, often discriminating between peptides of a different length or structure. In a primordial mixture, peptides with unique or closely related sequences of high amyloid-forming ability would self-assemble to form extended β-sheets, whereas unlike peptides would not, thus creating self-reproducing systems. These properties make amyloids attractive candidates for enzymes that might have operated even before the emergence of translational machinery [59]. However, the catalytic potential of amyloids has not yet been characterized. Future work that explores promising clues regarding the ability of amyloids assembled from short peptides to catalyze peptide bond formation, phosphorylation, and specific recognition between amyloids and oligonucleotides can greatly advance our understanding of the role that amyloid-forming peptides might have played in the origin of life.



From a very different perspective, primordial proteins did not have to be well folded to acquire catalytic activity. A rigid scaffold, hydrophobic core, or even traditional elements of secondary structures were not necessary. This greatly relaxes the structural requirements imposed on early enzymes, making their emergence more facile. An example of such a protein was recently discovered through in vitro evolution [60]. This protein catalyzes phosphate bond formation between two fragments of RNA. The protein contains 87 residues, but catalytic activity was demonstrated in markedly shorter variants of this protein in which the tails had been truncated. The efficiency of the ligase is 116–107 above background. Although many natural enzymes exhibit a better efficiency, this catalytic rate is sufficient for many biochemical functions, especially in early cells. For example, the efficiency of the ribosome, which is a formidable synthetic machine, is similar.



The structure of the ligase, later solved by solution NMR [61], contains neither well-defined α-helical or β-sheet regions, nor a hydrophobic core. Instead, it consists of a small, rigid, hydrophilic core containing two small, Zn-binding regions, a flexible loop region which contains the catalytic site, and two flexible tails. In essence, the protein is a flexible, catalytic loop that is tethered at each end by Zn-binding regions. This can be seen in Figure 1a, in which several NMR structures are superimposed and the structure of the protein as a schematic is displayed in Figure 1c. In contrast, the core region is well resolved, as it is essentially the same in all structures. A close-up of the core region in one structure is shown in Figure 1b. The presence of water in the core is supported by Figure 2, which shows a representative snapshot from the molecular dynamics simulations performed and described later in this study. The catalytic site is thought to be located on the C-terminal end of the loop region, as mutations to residues in this region (C47S, E48A, H51A, C53S) greatly reduce or abolish ligase activity.


Figure 1. The structure of the ligase discovered through in vitro evolution [61]. (a) Superimposed NMR structures demonstrating the flexibility catalytic loop in orange, the rigid hydrophilic core in gray, and the flexible termini in blue; (b) The zinc-binding residues of the rigid hydrophilic core. Zinc atoms are grey balls. Residues coordinating them are marked; (c) Schematic of the zinc-binding residues. Strands that connect zinc atoms are in blue. The residues considered to be involved in coordinating zinc atoms are represented explicitly. The catalytic loop is in green. The red rectangle indicates the region presumed to contain catalytic residues.
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Figure 2. A representative snapshot of the hydrophilic core of the ligase from Molecular Dynamics simulations. The point of view is that of the flexible termini. Protein residues in the core are colored yellow, zinc ions atoms are grey balls, and water molecules within 5 Å of zinc ions are red.
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The stability of the protein was probed experimentally through mutations to structurally important Zn-binding residues. These include (with relative catalytic activity in parentheses): C20S (<25%), C23S (90%), and D34A (~90%), which ligate the N-terminal Zn2+ (on the left in Figure 1b), and H18A (50%), E28A (100%), D65A (~90%), C57S (<1%), and C60S(~50%), which ligate the C-terminal Zn2+. Additionally, the double mutant E28A/D65A has an activity of ~300% [62]. These results appear to be somewhat counterintuitive. One would expect that mutations to the residues binding zinc should disrupt the structure in the core of the protein and cause the catalytic loop to unravel, which in turn, would abolish catalytic activity. Instead, almost all of the tested mutants were found to retain most, if not full, catalytic activity of the original protein.



To shed some light on the origin of protein robustness with respect to mutations in its core, we carried out molecular dynamics computer simulations of the original ligase and its E28A mutant. The proteins were hydrated with 0.15 M NaCl to match experimental conditions, and production trajectories of 550 ns after equilibration were generated. To assess the flexibility of different parts of the protein, we calculated the root-mean-square deviation (RMSD) of the backbone atoms, which is a measure of how much the structure changes over time relative to the initial structure. We focused, in particular, on residues 18–34 and 57–65, which comprise the two Zn-binding regions, and residues 35–56, which form the loop (see Figure 1a). In accord with the NMR results, we observed that both Zn-binding regions retain their structure, as an RMSD of ~2 Å meant that the core structure remained stable over the course of the simulation (see Figure 3) and did not move away from its initial state to any significant degree. This is in contrast to a rather large RMSD, in the loop region, which indicates that this region undergoes significant structural fluctuations.


Figure 3. Root-mean-square deviation (RMSD) of the backbone atoms of the ligase over 550 ns of the molecular dynamics simulation.
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The mutation E28A, in which the charged glutamate residue ligating the ion in the C-terminal Zn-binding region is mutated to alanine, was expected to cause disruption to the Zn-binding domain. Surprisingly, the catalytic activity of the mutant was unchanged. Computer simulations showed that the Zn-binding regions remained stable, as the RMSD was in the range 2–2.5 Å for the length of the simulation. Although glutamate in position 28 was no longer available to coordinate zinc, the structural core was maintained with the aid of a neighboring aspartate residue, D29, which ligated the Zn2+ ion in place of the mutated E28.



On this basis, one could postulate that a double mutant E28A/D29A should be inactive because it would further disrupt the connection between Zn2+ on the C-terminal side of the protein and the N-terminal region, rendering the core unstable. Computer simulations, however, do not support this hypothesis. During a MD trajectory that extended for 2.5 μs, the core underwent some rearrangements, but retained its integrity (see Figure 4). The distance between the zinc atoms did not change appreciably. This is largely due to the short H18-C20 strand, shown in Figure 1c, which constrains the Zn-Zn distance and prevents zinc atoms from separating. The role of this strand in keeping the hydrophilic core intact is supported by the mutation studies presented above, which indicate that substitutions of H18 and C20 with A and S, respectively, decrease enzyme activity. In addition, rearrangements in the core upon the double mutation led to the formation of salt bridges, which further stabilized its structure (see Figure 4). The double mutant was constructed and tested for activity, which was found to be unchanged compared to the original protein (B. Seelig, private communication), in accord with predictions from MD simulations.


Figure 4. The structure of the double mutant E28A/D29A. Tails (residues 1–17 and 66–87) are gray, loop (residues 35 to 59) is green, residues 18–34 and 60–65 near Zn atoms are blue. White, dashed lines indicate salt bridges Asp55-Lys17 (on the left) and Asp43-Arg61 (on the right).
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The results of the simulations on the E28A and E28A/D29A mutants lead to a suggestion that the robustness of the ligase to mutations arises from small structural rearrangements in the core that are facilitated by the flexibility of the protein. If a residue that binds metal undergoes mutation, this flexibility allows other hydrophilic residues to replace the mutated residue in ligating the ion. Other structural rearrangements provide further stabilization of the core. In this respect, the absence of common elements of a secondary structure is an asset rather than a drawback, as it makes the appropriate rearrangement in the core structure easier to accomplish. The capability to rearrange the core without loss of function increases the number of neutral or near-neutral mutations, which in turn, is beneficial for evolution.



Both experimental and computational results on the ligase illuminate the role of metal ions in supporting the catalytic activity of small proteins. The prebiotic potential of metal ions as catalysts is well established [63,64]. Metal ions also play a structural role in modern proteins, for example, forming the zinc-finger or EF-hand motifs. The occurrence of metal ions in a structural rather than catalytic role has also been observed in a small in vitro evolved protein [4,65]. In the case of the ligase, the organization of the core that prevents the catalytic loop from unraveling is due solely to the ligation of Zn2+ by hydrophilic residues. In several modern enzymes, such as rhinoviral protease 2A [66] or NS3 protease from the hepatitis C virus [67], binding zinc induces transitions from a non-functional, intrinsically disordered state to an ordered, active conformation. This suggests that metal ions could turn an inactive, disordered, possibly evolutionarily poorly optimized protein or protein domain into an enzyme. By doing so, they might have formed an evolutionary bridge between proteins without and with a hydrophobic core. Taken together, these results indicate that substituting a hydrophobic core with a rigid hydrophilic core stabilized by way of metal ions provides a solution to an apparent protein size paradox.



The surprising ability of the ligase to retain its functionality in the face of mutations to structurally important residues leads us to propose that similar, small, flexible proteins might have been the evolutionary “missing link” between weakly active oligopeptides [68,69,70] and well-folded enzymes. This hypothesis, as any other regarding the origin of enzymatic activity, requires delineating a plausible path from primordial to modern enzymes. In other words, there must exist a continuous evolutionary path from enzymes containing a catalytic loop attached to a simple hydrophilic scaffold toward increasing complexity. A number of modern enzymes contain catalytic loops. The most notable examples are enzymes based on the TIM barrel fold, which consists of eight–helices and eight–strands alternating along the backbone. Loops that link the helices and the strands at the C-terminal ends tend to contain catalytic sites. Enzymes based on the TIM-barrel fold catalyze a wide variety of reactions, are found in five of six protein classes, and constitute about 10% of all known enzymes [71]. In agreement with a suggestion that TIM barrels facilitated the early evolution of protein-mediated metabolism [72], we suggest that catalytic loops initially supported by a metal-binding hydrophilic core were functional precursors of the TIM scaffold.




3. Membrane Proteins


Most modern membrane proteins form multimeric aggregates that contain transmembrane and water-soluble segments. Transmembrane domains have only two types of architectures. A large fraction of them are α-helical bundles. The only other structures are β-barrels. These two architectures are sufficient to carry out a host of different functions that often involve complex, sensitive regulation and high selectivity.



Probably, the initial function of membrane proteins was to act as ion channels that regulated cell volume through equilibrating the osmotic pressure between the protocellular interior and the environment [73,74,75]. Otherwise, cells would either swell or shrink, with highly detrimental effects on their integrity. This implies that the earliest channels might not have been endowed with regulation or selectivity filters, but rather they were just bundles of α-helices that became inserted into the membrane, where they associated to form water-filled pores [1,75]. All that was required from them was to efficiently conduct ions along the concentration gradient.



Lipid membranes are very effective barriers to ion transport. Thus, almost any perturbation to their structure increases ion permeation. Even the simplest mechanisms, such as temperature cycling that creates defects during the liquid/gel phase transition in membranes [76,77] or other types of defects [78], might have increased ion transport rates across the earliest phospholipid membranes. Increased ion permeation due to defects was observed not only in lipid bilayers, but also in protenoid membranes assembled of thermal polymers of amino acids, such as aspartic or glutamic acid [79,80]. However, none of these processes are fast and reliable. Small peptides that were too short to span the lipid bilayer and form channels could have acted to increase permeability. Many of them display antimicrobial activity. They bind strongly to the membrane surface and disrupt the membrane, thus causing indiscriminate leakage [81,82]. RNA molecules that increase membrane permeability act similarly [83]. There is also another mechanism mediated by peptides in the transmembrane orientation that is not disruptive. It relies on the intrinsic flexibility of bilayers, which undergo spontaneous fluctuations in local width, known as capillary waves [84]. These fluctuations, which are frequent but short lived in a pure membrane, can be stabilized by the presence of transmembrane, hydrophobic proteins when their width does not match the hydrophobic core of the membrane. This phenomenon is known as “hydrophobic mismatch”. If a protein is shorter than the average width of the membrane, the bilayer will form a thinning defect around the protein, whereby polar lipid head groups and water penetrate the nonpolar membrane interior. An example of a peptide that induces thinning defects and by doing so increases membrane permeability to ions is trichogin GAIV. This peptide is built of only 10 simple amino acids folded into a helix [85]. Its sequence, Aib-Gly-Leu-Aib-Gly-Gly-Leu_Aib-Gly-Leu, where Aib is α-aminoisobutyric acid, is blocked by n-octanoyl and leucinol at the C- and N-terminus, respectively. Since trichogin spans only half of a typical membrane, it creates deep thinning defects. Trichogin-induced membrane permeability is both ion-selective and dependent the on applied voltage [85]. Short, defect-inducing peptides, such as trichogin, and peptides that could act as ion carriers [86] might have been evolutionary ancestors of membrane-spanning, channel-forming peptides.



It is commonly assumed that a prerequisite for a channel to function is the ability to form a structure that fully encloses a water-filled pore. Even though most modern channels are dynamic in order to gate ions, the transmembrane segment which forms the pore is relatively rigid, as a high degree of flexibility implies a poor stability. In α-helical bundles, the structural integrity of the channel is primarily achieved through strong interhelical, knobs-into-holes packing interactions between neighboring monomers [87,88,89]. These interactions are very clear, for example, in the structures of glycophorin A [90] and the acid-sensing ion channel [91]. In their absence, the channel would open up at the side, completely disintegrate, or collapse, thus closing the pore. In either case, it is presumed that the channel would lose its ability to conduct ions.



Knobs-into-holes interactions that confer the stability and rigidity of channels are most likely a result of extensive evolutionary optimization. This raises a question: how did ion channels appear for the first time? Could they emerge by chance? It would appear that only a small number of amino acid sequences, among those sufficiently long to span the membrane, could assemble to stable, pore forming structures. One hypothesis is that some peptides with very simple sequences were endowed with this property and these peptides were at the roots of modern membrane proteins. An example is a peptide composed entirely of leucine and serine arranged in a heptad repeat sequence [92,93]. This synthetic peptide has been shown to form voltage-gated, hexameric channels. Recent computer simulations indicate that these channels form a remarkably stable coil-coiled structure (Wilson and Pohorille, unpublished).



Alternatively, more frequent, but highly flexible structures that did not fully enclose a pore all the time might have been functional and developed into stable structures through familiar evolutionary processes. So far, however, flexible channels have not been characterized, either experimentally or computationally. The closest, known examples are channels such as alamethicin, that undergo the dynamic exchange of helices, as proposed in the “barrel stave” model [94,95]. In addition, alamethicin appears to exhibit considerable structural heterogeneity, as revealed in combined coarse grained and atomistic molecular dynamics simulations of this channel in a lipid bilayer on a time scale of microseconds [96]. A similar behavior was observed in atomistic molecular dynamics simulations (Wei and Pohorille, unpublished) of the tethered alamethicin hexamer [97].



In search of potentially flexible models of ancestral ion channels, we turn to peptaibols, a family of naturally occurring antimicrobial peptides from fungi, and in particular to antiamoebin (AAM) [98,99]. Although peptaibols are not ancient, antiamoebin is a particularly attractive model of the earliest ion channels. It is one of the shortest channel-forming peptides known, consisting of only 16 amino acids, and exists as an α-helix in a nonpolar environment. The sequence of amino acids is Ac-Phe-Aib-Aib-Aib-Iva-Gly-Leu-Aib-Aib-Hyp-Gln-Iva-Hyp-Aib-Hyp-Aib-Pro-Phol, where Aib, Iva, Hyp, and Phol stand for α-aminoisobutyric acid, isovaline, hydroxyproline, and phenylalinol, respectively. None of the residues in AAM are charged. The peptide is believed to also act as an ion carrier [86]. This might point to an ancestral relation between channel-assisted and carrier-assisted ion transport. Non-standard amino acids in AAM, such as α-aminoisobutyric acid and isovaline, prevent bacterial proteases from recognizing and degrading the peptide. Interestingly, the same amino acids have been found in meteorites and are assumed to have been common on the early earth [100]. Since AAM is synthesized non-ribosomally and, therefore, is not genomically coded, it has not been subjected to common, highly effective evolutionary optimization whereby single-point mutation changes the amino acid sequence and modifications that improve fitness are retained in the genome of subsequent generations.



Voltage gated AAM channels were studied electrophysiologically [86]. In most measurements, the channel exhibited a single conductance level, indicating the presence of only one structure. This is in contrast to alamethicin, also a peptaibol, which has multiple conductance levels, presumably associated with multiple structures, each containing a different number of helices [94]. Single channel recordings carried out for AAM yield a conductance of 90 pS at an applied voltage of 75 mV, adjusted to an ionic strength of 1 M KCl [86]. Measurements of macroscopic conductance as a function of peptide concentration led to the conclusion that the number of helices forming the channel is a multiplicity of three or four [86]. Computational studies in which a large number of tetrameric, hexameric, and octameric structures were considered led to the conclusion that the AAM channel is a hexamer [101]. All tetrameric structures were found to be non-conducting, whereas stable octameric models exhibited conductance significantly higher than the experimental value.



Considering that the AAM peptide is quite short, contains almost entirely simple amino acids, and has had only limited opportunities for evolutionary optimization, we hypothesized that the AAM channel might be more flexible than most other ion channels, even though such behavior was not apparent from a previously generated MD trajectory 150 ns in length [101]. To test this hypothesis, we extended simulations of the AAM hexamer in the palmitoyloleoylphosphatidylcholine (POPC) bilayer to microsecond time scales. Three trajectories, abbreviated T1, T2, and T3, were generated. As described in the Methods section, the initial channel structure in each run was different and intermolecular interactions were described by way of different model potentials. The MD trajectories for these three systems exhibited similar features. On a time scale of several microseconds, the channel underwent very large fluctuations. The structures lost their initial symmetry relatively quickly. In a number of instances, one helix appeared to be in the process of dissociating from the bundle, but it always remained attached to the rest of the assembly. Occasionally, the structures opened at the side, allowing for direct interactions between water molecules filling the pore and phospholipids forming the membrane. These openings, however, were subsequently sealed. Sometimes the channel closed almost completely, leaving only a small number of water molecules in the pore, but it opened up again, as the simulations continued. This is shown in Figure 5 and in two movies, SM1 and SM2, in the Supplementary Material. The key to preserving the structural integrity of this largely hydrophobic channel is the formation of intermolecular interactions between glutamines, which are located near the middle of the monomers, a feature shared with alamethicin [102], although interactions between other residues also contribute to the channel stability.


Figure 5. Snapshot from a simulation of the AAM channel after 3.6 μs (trajectory T2). (a) View of the channel from above. Each monomer of the hexametric structure is in a different color; (b) Side view of the channel represented as ribbons and water molecules filling the pore. All other components of the system were removed for clarity.
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In all three simulations, the channel conducted ions at highly non-uniform rates. Periods in which ion currents were large, small, and absent were observed. The currents correlated well with the number of water molecules in the pore. Currents were large when the water-filled pore was also large, and decreased as the number of water molecules in the pore decreased. For T1 and T2, these currents were similar, but followed each other in different orders. This can be seen in Figure 6, in which the total number of K+ and Cl− ions that cross the channel is shown as a function of time. Considering these similarities, one can pool the results from both runs to obtain an estimate of channel conductance. Since periods of high and low conductance are long relative to the total length of the trajectories, this estimate is burdened with substantial uncertainty. In such circumstances, the best approach to estimating the conductance is by way of a bootstrapping method. This yields 90 ± 23 pS at 75 mV, which agrees well with the measured conductance. This value is similar to the conductance of a number of other small channels. For example, the conductance of a presumably hexameric channel formed by a 30 residue long transmembrane fragment of Vpu, a membrane protein encoded by the HIV-1 genome, is equal to 96 pS in the 1,2-Dioleoyl-sn-glycero-3-phosphocholine membrane in the presence of 0.5 M KCl and an applied voltage of 50 mV [103]. In general, biological channels exhibit a very broad range of conductance values. For low conductance channels, such as acid-sensing ion channels, these values are 10–15 pS [104], whereas for high conductance channels, such as MscL and α-hemolysin, they exceed 1 nS [105,106]. The conductance of one of the most extensively studied ion channels, the voltage gated potassium channel KcsA [107], has been measured to be in the range of 80–160 pS at 100 mV, adjusted to 200 mM of KCl [108,109,110].


Figure 6. Cumulative transmembrane ion fluxes in simulations of AAM. The total number of Cl− ions (red) and K+ ions (green) that cross the channel as a function of time for trajectory T1 (A) and T2 (B). The simulations were carried out at an ionic strength of 1 M (see Table 1).



Table 1. Details of the MD simulations presented in this study.







	
Trajectory

	
T1

	
T2

	
T3






	
Simulation time (µs)

	
3.0

	
3.8

	
3.8




	
Box size x, y, z (Å)

	
86.3, 84.1, 93.9

	
82.3, 84.3, 108.2

	
83.66, 83.66, 106.62




	
No. of lipid/water molecules

	
222/13053

	
200/16228

	
198/16228




	
Protein potentials

	
CHARMM22

	
AMBER99

	
CHARMM22




	
Lipid potentials

	
CHARMM27

	
CHARMM36

	
CHARMM36




	
Water potentials

	
TIP3P

	
SPC/E

	
TIP3P




	
Ionic strength

	
1 M

	
1 M

	
1 M




	
Voltage, V (mV)

	
150

	
150

	
150
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The conductance pattern is somewhat different in T3. The water pore was quite large in this case, which resulted in a markedly higher conductance. Nevertheless, even for this trajectory, the channel remained quite flexible and conducting for nearly four microseconds without disintegrating.



One might be concerned about whether the observed high flexibility of the channel could be an artifact of computer simulations due to incomplete equilibration or inaccuracies in potential functions. In other words, a rigid structure of the AAM channel might exist, but was never found in our simulations. Although this possibility cannot be unambiguously excluded, several arguments indicate that this is not the case. First, it might appear that the channel simply undergoes the transition from a low-activity to a high-activity state and then stays there for the remainder of the simulations. This is, however, not the case. Transitions in the opposite direction also occur, as can be seen for T1. Second, different simulations were started from different structures. During the course of the MD trajectories, many structures of the channel were explored, but apparently none of them were very stable. In particular, T2 was initially set as a left-handed coiled-coil, but ended in a distorted, right-handed coil-coil. Many intermediate structures were explored in the process, but all of them were quite flexible. Furthermore, the simulations were carried out using different force fields. Yet, the behavior of the channel was qualitatively similar. The CHARMM force field was recently used to describe another small ion channel—the M2 proton channel of the Influenza A virus—on very similar time scales and yielded perfectly stable structures that fluctuated around their equilibrium positions with only small RMSD [102]. A movie, SM3, with the MD trajectory for this channel, is given in the Supplementary Material for comparison with SM1 and SM2. Taken together, these arguments suggest that the large fluctuations of the AAM channel observed in the MD simulations are not artifacts, but rather are characteristic of the actual behavior of this channel. This view has indirect support from experiments. In comparison to most other channels, measurements of the current through the AAM channel are difficult and conductance depends on sample preparation [86], which suggest that the channel is fragile.



The results of our simulations are consistent with a picture in which the earliest ion channels were loose bundles of α-helices that had to contain at least one polar residue to keep the structure together. The specific identity of amino acids in a helix appears to be less important, a desirable trait in early evolution. The presence of simple, non-standard amino acids that were common in the primordial environment does not prevent the channel from being functional. Moreover, there is no requirement for amino acids that are synthesized in complex biosynthetic pathways and are assumed to emerge late in protobiological evolution [28,29]. Taken together, this means that simple ion channels might have existed even before the precise protein synthesis mechanisms or the full suite of amino acids were present, thus protecting nascent cells from osmotic disequilibria. As a consequence of rather minimal structural requirements, the channels were highly flexible, yet they remained functional. They formed the “feed stock” for the subsequent evolution to modern channels.




4. Methods


4.1. Molecular Dynamics Simulations of Water-Soluble Proteins


The system contained the ligase protein, 87 residues long (1301 atoms), 29,029 water molecules, two Zn2+ ions bound in the core of the protein, 85 Na+ ions, and 80 Cl− ions. This corresponds to a salt concentration of 0.15 M to match the experimental conditions. For the E28A mutant, only 84 Na+ ions were used in the simulation, as a neutral alaninie was substituted for a negatively charged glutamate residue in the original protein. The initial structure of the E28A mutant was obtained by way of homology modeling with respect to the NMR structure of the original protein [111].



The initial system was constructed by placing either the best NMR structure or the E28A mutant in an equilibrated box containing 30,000 water molecules, removing overlapping water molecules, and mutating 165 water molecules at random to Na+ and Cl− ions. Any initial close contacts were removed by minimizing the positions of the water and ions, while keeping the protein rigid. A trajectory of 20 ns was then constructed to relax the water and ions while the protein was held rigid. Then, only the protein backbone was held fixed and an additional 20 ns trajectory was generated. Finally, all restraints were released and an additional trajectory of 50 ns was used to equilibrate the system. Finally, production runs of 550 ns were generated. The average size of the simulation cell was 95.8 Å on a side (the box was only allowed to fluctuate uniformly).



Periodic boundary conditions were applied in all three spatial directions. The equations of motion were integrated using a 2 fs time steps. Particle Mesh Ewald was applied to treat long-ranged electrostatic effects. All simulations were carried out at a constant temperature of 300 K using Berendsen thermostats, and a constant pressure of 1 atm using MTK barostats. The initial setup and equilibration was carried out on the Pleiades supercomputer at NASA Ames. The final 50 ns equilibration and 550 ns production runs were carried out on the Anton supercomputer at the Pittsburgh Supercomputer Center. The protein and ions were modeled using the CHARMM22/CMAP force fields [112,113].




4.2. Molecular Dynamics Simulations of Antiamoebin


The system under study consisted of an AAM ion channel embedded in a POPC bilayer placed between water lamellae. The system was enclosed in a rectangular simulation box with periodic boundary conditions applied in all three spatial directions. The size of the box was chosen such that the calculated surface coverage per phospholipid molecule away from the peptide matched the experimental value [114], and the calculated density of water away from the bilayer was equal to the density of bulk water.



Channel models were built of six monomers and equilibrated in the membrane using the procedures described before [101]. The initial structures for T1 and T2 were the structures studied previously [101] and T3 was a left-handed coiled-coil. MD simulations were carried out in the NVT ensemble. Equations of motion were integrated using a 2 fs time step. Particle Mesh Ewald was applied to treat long-ranged electrostatic effects. The temperature was kept constant with the aid of the Berendsen thermostat. An electric field was applied in the z-direction perpendicular to the interface. The applied voltage was equal to 150 mV, which is twice the value used in most experiments. This was done to improve the statistics for the calculated current and provide a direct comparison with the previous study [101]. All simulations were carried out on the Anton supercomputer. Other information about the simulated system, such as system sizes, force fields used, lengths of MD trajectories, applied voltages, and the number of ion crossing events, is given in Table 1.



The single-channel conductance was calculated as the ratio of the observed current through the channel to the applied voltage. The current was estimated by counting the number of ions that cross the channel during the simulation. More accurate methods for estimating currents are also available [115]. In our previous work on AAM, they were shown to yield the same conductance as direct ion counting to within statistical errors.





5. Summary and Conclusions


It is commonly assumed that primordial proteins had ordered scaffolds that provided preorganization for activity [55]. These scaffolds were built of structural elements that shared a number of properties with modern proteins. This point of view has guided most efforts to construct models of the earliest functional proteins. Several interesting ideas have been put forward to explain how function can be achieved through the self-assembly of small peptides into specific, ordered scaffolds. In variance with these ideas, it was recently shown that structurally dynamic, simple proteins that are compatible with the conditions at the origin of life could be functional in vivo [55]. Here, we significantly extend this notion. We present results from experiments and our computer simulations indicating that a rigid scaffold was not a prerequisite for either primordial water-soluble enzymes or membrane channels. These two types of proteins carried out functions that were ubiquitous for the nascent cellular life. Instead, the earliest functional proteins might have been quite flexible. Such proteins did not require extensive evolutionary optimization of their sequence to achieve activity, a desirable property that might have considerably increased the repertoire of functional polymers at the origins of life. In particular, it has been determined through in vitro evolution experiments that a model of ancestral, water-soluble enzymes has an architecture quite different from what is found in biological systems. Contemporary enzymes form a hydrophobic core, which requires polypeptide chains of a considerable length. The model protein, instead, has a small, rigid, hydrophilic core stabilized with the aid of metal ions that tether the ends of a highly flexible catalytic loop. This markedly reduces the length requirements for enzymatic activity, as it is no longer needed to surround a hydrophobic core with a hydrophilic exterior exposed to water. Common elements of the secondary structure, such as α-helices and β-sheets, are neither required nor found in this novel architecture. This appears to impart considerable robustness to mutations in the core, even if they affect critical interactions with the metal ligands, as the polypeptide chain not engaged in an ordered secondary structure readily undergoes rearrangements to accommodate mutations.



Flexible loops in the active center are common in modern enzymes. We hypothesize that as early enzymes evolved toward longer chains, hydrophilic cores were substituted by hydrophobic cores that were more stable and better pre-organized for catalytic activity. Proteins based on a frequent and ancient TIM barrel architecture might be examples of such enzymes. The transition from a hydrophilic to a hydrophobic core would require the global structural reorganization of a protein. Experimental data and theoretical considerations suggest an evolutionary mechanism that might lead to such reorganization [40,116].



The ancestral membrane proteins also did not have to be rigid to maintain their earliest functions, such as equilibrating the osmotic pressure across protocellular walls. Even very short peptides that could barely span the membrane could act as ion carriers and form ion channels upon aggregation. Very limited evolutionary optimization was required, as could be ascertained from the very simple sequence of AAM. The consequence of this simplicity and poor evolutionary optimization was high flexibility, which implies weak stability, weak ion selectivity, and the absence of gating or regulation. Only later in evolution, the stability of channels increased through optimized, knobs-into-holes interhelical interactions.



Flexible proteins might not have been the only ones that existed at the early stages of protocellular evolution. Catalytic, amyloid-like assemblies and leucine/serine ion channels are promising models of rigid, functional peptide structures. Another example is a small, ATP-binding protein evolved in vitro from a library of random amino acid sequences [4]. This protein exhibits a well-defined, novel fold stabilized by a zinc atom. It is quite possible that both rigid and flexible proteins contributed to the pool of functional proteins at the origin of life.



Differences between primordial and modern proteins can also be viewed from a broader perspective. High flexibility, in some cases based on different structural principles, was only one feature that distinguished ancient proteins from their contemporary descendants. There might have been other differences. Polypeptide chains might have contained amino acids that were synthesized abiotically and existed on the early Earth, but are not in the suite of 20 canonical amino acids. In fact, some of them are still present in simple, non-genomic peptides and have no negative impact on their functions. Even though non-canonical, abiotically synthesized amino acids were not as complex and functionally versatile as the so-called “late”, canonical amino acids, such as histidine or phenylalanine, their presence in early proteins could broaden and improve the activity of these proteins beyond what would be available if only the “early” canonical amino acids were used. Further, it appears that the existence of proteins containing only α peptide bonds, as is the case in modern proteins, is not a requisite for function. Since the formation of polypeptides with all α bonds is often considered unlikely in the absence of ribosomal-like machinery, this requirement has been sometimes taken as evidence for the translational origins of the first proteins [117]. Yet there is no obvious reason to assume that the presence of some β bonds would render enzymes with a hydrophilic core inactive. The same applies to proteins with a hydrophobic core, as it has been long established that many different, water-soluble polymers would tend to collapse to three-dimensional structures similar to that adopted in modern proteins, driven by hydrophobic interactions [9]. Considering similarities in side chains, such structures could have been functional, even if the polypeptide chain did not contain all α bonds.



In summary, it appears that rigid scaffolds, the presence of only canonical amino acids, and the α-polypeptide backbone were not required for function. This means that the earliest proteins might have been considerably more heterogeneous in sequence and structure than frequently assumed. Furthermore, reconstructing the early evolutionary history of functional proteins might be very challenging, as a considerable part of it was erased by modern cellular machinery. For this reason, standard techniques of phylogenetic reconstruction, which have been extremely successful for tracing subsequent protein evolution, are unlikely to be useful. Instead, in order to explore the functional potential of the earliest, heterogeneous proteins, methods of biochemistry and molecular biology, such as in vitro or in vivo evolution, have to be considered.








Supplementary Materials


The following are available online at http://www.mdpi.com/2075-1729/7/2/23/s1, Video SM1: Antiamoebin MD trajectory 1, SM2: Antiamoebin MD trajectory 2, and SM3: M2 channel of influenza virus MD trajectory.





Acknowledgments


This work was supported by the NASA Exobiology Program. All computer simulations were performed at the NASA Advanced Supercomputing (NAS) Division and on the Anton computer at the Pittsburgh Supercomputer Center. G.S. is supported by the NASA Postdoctoral Program at the NASA Ames Research Center, administered by Universities Space Research Association under contract with NASA.




Author Contributions


A.P. and M.A.W. conceived and designed the calculations; M.A.W. performed the simulations; A.P. and M.A.W. analyzed the simulation data; A.P. and G.S. analyzed all data on flexible proteins and wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Pohorille, A.; Schweighofer, K.; Wilson, M.A. The origin and early evolution of membrane channels. Astrobiology 2005, 5, 1–17. [Google Scholar] [CrossRef] [PubMed]

	2. 
Tiessen, A.; Pérez-Rodríguez, P.; Delaye-Arredondo, L.J. Mathematical modeling and comparison of protein size distribution in different plant, animal, fungal and microbial species reveals a negative correlation between protein size and protein number, thus providing insight into the evolution of proteomes. BMC Res. Notes 2012, 5, 85. [Google Scholar] [CrossRef] [PubMed]

	3. 
Brocchieri, L.; Karlin, S. Protein length in eukaryotic and prokaryotic proteomes. Nucleic Acids Res. 2005, 33, 3390–3400. [Google Scholar] [CrossRef] [PubMed]

	4. 
Keefe, A.D.; Szostak, J.W. Functional proteins from a random-sequence library. Nature 2001, 410, 715–718. [Google Scholar] [CrossRef] [PubMed]

	5. 
Bhardwaj, G.; Mulligan, V.K.; Bahl, C.D.; Gilmore, J.M.; Harvey, P.J.; Cheneval, O.; Buchko, G.W.; Pulavarti, S.V.S.R.K.; Kaas, Q.; Eletsky, A.; et al. Accurate de novo design of hyperstable constrained peptides. Nature 2016, 538, 329–335. [Google Scholar] [CrossRef] [PubMed]

	6. 
Kuhlman, B.; Dantas, G.; Ireton, G.C.; Varani, G.; Stoddard, B.L.; Baker, D. Design of a novel globular protein fold with atomic-level accuracy. Science 2003, 302, 1364–1368. [Google Scholar] [CrossRef] [PubMed]

	7. 
Lee, D.H.; Granja, J.R.; Martinez, J.A.; Severin, K.; Ghadiri, M.R. A self-replicating peptide. Nature 1996, 382, 525–528. [Google Scholar] [CrossRef] [PubMed]

	8. 
Severin, K.; Lee, D.H.; Kennan, A.J.; Ghadiri, M.R. A synthetic peptide ligase. Nature 1997, 389, 706–709. [Google Scholar] [PubMed]

	9. 
Chan, H.S.; Dill, K.A. Origins of structure in globular proteins. Proc. Natl. Acad. Sci. USA 1990, 87, 6388–6392. [Google Scholar] [CrossRef] [PubMed]

	10. 
Chothia, C. One thousand families for the molecular biologist. Nature 1992, 357, 543–544. [Google Scholar] [CrossRef] [PubMed]

	11. 
Warshel, A. Electrostatic origin of the catalytic power of enzymes and the role of preorganized active sites. J. Biol. Chem. 1998, 273, 27035–27038. [Google Scholar] [CrossRef] [PubMed]

	12. 
Hammes-Schiffer, S.; Benkovic, S.J. Relating protein motion to catalysis. Annu. Rev. Biochem. 2006, 75, 519–541. [Google Scholar] [CrossRef] [PubMed]

	13. 
Malabanan, M.M.; Amyes, T.L.; Richard, J.P. A role for flexible loops in enzyme catalysis. Curr. Opin. Struct. Biol. 2010, 20, 702–710. [Google Scholar] [CrossRef] [PubMed]

	14. 
He, B.; Wang, K.; Liu, Y.; Xue, B.; Uversky, V.N.; Dunker, A.K. Predicting intrinsic disorder in proteins: An overview. Cell Res. 2009, 19, 929–949. [Google Scholar] [CrossRef] [PubMed]

	15. 
Tompa, P. Intrinsically disordered proteins: A 10-year recap. Trends Biochem. Sci. 2012, 37, 509–516. [Google Scholar] [CrossRef] [PubMed]

	16. 
Dunker, A.K.; Silman, I.; Uversky, V.N.; Sussman, J.L. Function and structure of inherently disordered proteins. Curr. Opin. Struct. Biol. 2008, 18, 756–764. [Google Scholar] [CrossRef] [PubMed]

	17. 
Schulenburg, C.; Hilvert, D. Protein conformational disorder and enzyme catalysis. Top Curr. Chem. 2013, 337, 41–67. [Google Scholar] [PubMed]

	18. 
Oldfield, C.J.; Dunker, A.K. Intrinsically disordered proteins and intrinsically disordered protein regions. Annu. Rev. Biochem. 2014, 83, 553–584. [Google Scholar] [CrossRef] [PubMed]

	19. 
Vamvaca, K.; Vögeli, B.; Kast, P.; Pervushin, K.; Hilvert, D. An enzymatic molten globule: Efficient coupling of folding and catalysis. Proc. Natl. Acad. Sci. USA 2004, 101, 12860–12864. [Google Scholar] [CrossRef] [PubMed]

	20. 
Wright, P.E.; Dyson, H.J. Intrinsically disordered proteins in cellular signalling and regulation. Nat. Rev. Mol. Cell Biol. 2015, 16, 18–29. [Google Scholar] [CrossRef] [PubMed]

	21. 
Tompa, P.; Dosztanyi, Z.; Simon, I. Prevalent structural disorder in E. coli and S. cerevisiae proteomes. J. Proteome Res. 2006, 5, 1996–2000. [Google Scholar] [CrossRef] [PubMed]

	22. 
Higgs, P.G.; Lehman, N. The RNA World: Molecular cooperation at the origins of life. Nat. Rev. Genet. 2015, 16, 7–17. [Google Scholar] [CrossRef] [PubMed]

	23. 
Orgel, L.E. Prebiotic chemistry and the origin of the RNA world. Crit. Rev. Biochem. Mol. Biol. 2004, 39, 99–123. [Google Scholar] [PubMed]

	24. 
Joyce, G.F. RNA evolution and the origins of life. Nature 1989, 338, 217–224. [Google Scholar] [CrossRef] [PubMed]

	25. 
Joyce, G.F. Molecular evolution: Booting up life. Nature 2002, 420, 278–279. [Google Scholar] [CrossRef] [PubMed]

	26. 
Longo, L.M.; Blaber, M. Prebiotic protein design supports a halophile origin of foldable proteins. Front. Microbiol. 2014, 4, 418. [Google Scholar] [CrossRef] [PubMed]

	27. 
Deamer, D.; Weber, A.L. Bioenergetics and Life’s Origins. Cold Spring Harbor Perspect. Biol. 2010, 2, a004929. [Google Scholar] [CrossRef] [PubMed]

	28. 
Brooks, D.J.; Fresco, J.R.; Lesk, A.M.; Singh, M. Evolution of amino acid frequencies in proteins over deep time: Inferred order of introduction of amino acids into the genetic code. Mol. Biol. Evol. 2002, 19, 1645–1655. [Google Scholar] [CrossRef] [PubMed]

	29. 
Trifonov, E.N. The triplet code from first principles. J. Biomol. Struct. Dyn. 2004, 22, 1–11. [Google Scholar] [CrossRef] [PubMed]

	30. 
Leman, L.; Orgel, L.; Ghadiri, M.R. Carbonyl sulfide-mediated prebiotic formation of peptides. Science 2004, 306, 283–286. [Google Scholar] [CrossRef] [PubMed]

	31. 
Rode, B.M. Peptides and the origin of life. Peptides 1999, 20, 773–786. [Google Scholar] [CrossRef]

	32. 
Adamala, K.; Anella, F.; Wieczorek, R.; Stano, P.; Chiarabelli, C.; Luisi, P.L. Open questions in origin of life: Experimental studies on the origin of nucleic acids and proteins with specific and functional sequences by a chemical synthetic biology approach. Comput. Struct. Biotechnol. J. 2014, 9, e201402004. [Google Scholar] [CrossRef] [PubMed]

	33. 
Shen, M.; Davis, F.P.; Sali, A. The optimal size of a globular protein domain: A simple sphere-packing model. Chem. Phys. Lett. 2005, 405, 224–228. [Google Scholar] [CrossRef]

	34. 
Dill, K.A. Theory for the folding and stability of globular proteins. Biochemistry 1985, 24, 1501–1509. [Google Scholar] [CrossRef] [PubMed]

	35. 
Chiu, T.K.; Kubelka, J.; Herbst-Irmer, R.; Eaton, W.A.; Hofrichter, J.; Davies, D.R. High-resolution X-ray crystal structures of the villin headpiece subdomain, an ultrafast folding protein. Proc. Natl. Acad. Sci. USA 2005, 102, 7517–7522. [Google Scholar] [CrossRef] [PubMed]

	36. 
Yoda, T.; Sugita, Y.; Okamoto, Y. Hydrophobic core formation and dehydration in protein folding studied by generalized-ensemble simulations. Biophys. J. 2010, 99, 1637–1644. [Google Scholar] [CrossRef] [PubMed]

	37. 
Pervushin, K.; Vamvaca, K.; Vögeli, B.; Hilvert, D. Structure and dynamics of a molten globular enzyme. Nat. Struct. Mol. Biol. 2007, 14, 1202–1206. [Google Scholar] [CrossRef] [PubMed]

	38. 
Stojanovski, B.M.; Breydo, L.; Hunter, G.A.; Uversky, V.N.; Ferreira, G.C. Catalytically active alkaline molten globular enzyme: Effect of pH and temperature on the structural integrity of 5-aminolevulinate synthase. Biochim. Biophys. Acta 2014, 1844, 2145–2154. [Google Scholar] [CrossRef] [PubMed]

	39. 
James, L.C.; Tawfik, D.S. Conformational diversity and protein evolution—A 60-year-old hypothesis revisited. Trends Biochem. Sci. 2003, 28, 361–368. [Google Scholar] [CrossRef]

	40. 
Tokuriki, N.; Tawfik, D.S. Protein dynamism and evolvability. Science 2009, 324, 203–207. [Google Scholar] [CrossRef] [PubMed]

	41. 
Roberts, R.W.; Szostak, J.W. RNA-peptide fusions for the in vitro selection of peptides and proteins. Proc. Natl. Acad. Sci. USA 1997, 94, 12297–12302. [Google Scholar] [CrossRef] [PubMed]

	42. 
Lane, M.D.; Seelig, B. Advances in the directed evolution of proteins. Curr. Opin. Chem. Biol. 2014, 22, 129–136. [Google Scholar] [CrossRef] [PubMed]

	43. 
Dodevski, I.; Markou, G.C.; Sarkar, C.A. Conceptual and methodological advances in cell-free directed evolution. Curr. Opin. Struct. Biol. 2015, 33, 1–7. [Google Scholar] [CrossRef] [PubMed]

	44. 
Lee, D.H.; Severin, K.; Yokobayashi, Y.; Ghadiri, M.R. Emergence of symbiosis in peptide self-replication through a hypercyclic network. Nature 1997, 390, 591–594. [Google Scholar] [PubMed]

	45. 
Issac, R.; Chmielewski, J. Approaching exponential growth with a self-replicating peptide. J. Am. Chem. Soc. 2002, 124, 6808–6809. [Google Scholar] [CrossRef] [PubMed]

	46. 
Dadon, Z.; Wagner, N.; Ashkenasy, G. The road to non-enzymatic molecular networks. Angew. Chem. Int. Ed. Engl. 2008, 47, 6128–6136. [Google Scholar] [CrossRef] [PubMed]

	47. 
Dadon, Z.; Wagner, N.; Cohen-Luria, R.; Ashkenasy, G. Reaction Networks. In Supramolecular Chemistry; John Wiley & Sons, Ltd.: New York, NY, USA, 2012. [Google Scholar]

	48. 
Li, X.; Chmielewski, J. Peptide self-replication enhanced by a proline kink. J. Am. Chem. Soc. 2003, 125, 11820–11821. [Google Scholar] [CrossRef] [PubMed]

	49. 
Saghatelian, A.; Yokobayashi, Y.; Soltani, K.; Ghadiri, M.R. A chiroselective peptide replicator. Nature 2001, 409, 797–801. [Google Scholar] [CrossRef] [PubMed]

	50. 
Wei, Y.; Kim, S.; Fela, D.; Baum, J.; Hecht, M.H. Solution structure of a de novo protein from a designed combinatorial library. Proc. Natl. Acad. Sci. USA 2003, 100, 13270–13273. [Google Scholar] [CrossRef] [PubMed]

	51. 
Wei, Y.; Hecht, M.H. Enzyme-like proteins from an unselected library of designed amino acid sequences. Protein Eng. Des. Sel. 2004, 17, 67–75. [Google Scholar] [CrossRef] [PubMed]

	52. 
Smith, B.A.; Hecht, M.H. Novel proteins: From fold to function. Curr. Opin. Chem. Biol. 2011, 15, 421–426. [Google Scholar] [CrossRef] [PubMed]

	53. 
Patel, S.C.; Hecht, M.H. Directed evolution of the peroxidase activity of a de novo-designed protein. Protein Eng. Des. Sel. 2012, 25, 445–452. [Google Scholar] [CrossRef] [PubMed]

	54. 
Smith, B.A.; Mularz, A.E.; Hecht, M.H. Divergent evolution of a bifunctional de novo protein. Protein Sci. 2015, 24, 246–252. [Google Scholar] [CrossRef] [PubMed]

	55. 
Murphy, G.S.; Greisman, J.B.; Hecht, M.H. De Novo Proteins with Life-Sustaining Functions Are Structurally Dynamic. J. Mol. Biol. 2016, 428 2 Pt A, 399–411. [Google Scholar] [CrossRef] [PubMed]

	56. 
Burton, A.J.; Thomson, A.R.; Dawson, W.M.; Brady, R.L.; Woolfson, D.N. Installing hydrolytic activity into a completely de novo protein framework. Nat. Chem. 2016, 8, 837–844. [Google Scholar] [CrossRef] [PubMed]

	57. 
Bukhari, S.A.; Caetano-Anollés, G. Origin and evolution of protein fold designs inferred from phylogenomic analysis of CATH domain structures in proteomes. PLoS Comput. Biol. 2013, 9, e1003009. [Google Scholar] [CrossRef] [PubMed]

	58. 
Rufo, C.M.; Moroz, Y.S.; Moroz, O.V.; Stöhr, J.; Smith, T.A.; Hu, X.; Degrado, W.F.; Korendovych, I.V. Short peptides self-assemble to produce catalytic amyloids. Nat. Chem. 2014, 6, 303–309. [Google Scholar] [CrossRef] [PubMed]

	59. 
Greenwald, J.; Riek, R. On the possible amyloid origin of protein folds. J. Mol. Biol. 2012, 421, 417–426. [Google Scholar] [CrossRef] [PubMed]

	60. 
Seelig, B.; Szostak, J.W. Selection and evolution of enzymes from a partially randomized non-catalytic scaffold. Nature 2007, 448, 828–831. [Google Scholar] [CrossRef] [PubMed]

	61. 
Chao, F.A.; Morelli, A.; Haugner, J.C.; Churchfield, L.; Hagmann, L.N.; Shi, L.; Materson, L.R.; Sarangi, R.; Veglia, G.; Seelig, B. Structure and dynamics of a primordial catalytic fold generated by in vitro evolution. Nat. Chem. Biol. 2013, 9, 81–83. [Google Scholar] [CrossRef] [PubMed]

	62. 
Churchfield, L. Probing Structural and Catalytic Features of a Test Tube-Evolved RNA Ligase Enzyme by Site-Directed Mutagenesis; University of Minnesota: Saint Paul, MN, USA, 2011. [Google Scholar]

	63. 
Williams, R.J. 16th Sir Hans Krebs lecture. The symbiosis of metal and protein functions. Eur. J. Biochem. 1985, 150, 231–248. [Google Scholar] [CrossRef] [PubMed]

	64. 
Peters, J.W.; Schut, G.J.; Boyd, E.S.; Mulder, D.W.; Shepard, E.M.; Broderick, J.B.; King, P.W.; Adams, M.W. [FeFe]- and [NiFe]-hydrogenase diversity, mechanism, and maturation. Biochim. Biophys. Acta 2015, 1853, 1350–1369. [Google Scholar] [CrossRef] [PubMed]

	65. 
Lo Surdo, P.; Walsh, M.A.; Sollazzo, M. A novel ADP- and zinc-binding fold from function-directed in vitro evolution. Nat. Struct. Mol. Biol. 2004, 11, 382–383. [Google Scholar] [CrossRef] [PubMed]

	66. 
Voss, T.; Meyer, R.; Sommergruber, W. Spectroscopic characterization of rhinoviral protease 2A: Zn is essential for the structural integrity. Protein. Sci. 1995, 4, 2526–2531. [Google Scholar] [CrossRef] [PubMed]

	67. 
Abian, O.; Vega, S.; Neira, J.L.; Velazquez-Campoy, A. Conformational stability of hepatitis C virus NS3 protease. Biophys. J. 2010, 99, 3811–3820. [Google Scholar] [CrossRef] [PubMed]

	68. 
Adamala, K.; Szostak, J.W. Competition between model protocells driven by an encapsulated catalyst. Nat. Chem. 2013, 5, 495–501. [Google Scholar] [CrossRef] [PubMed]

	69. 
Gorlero, M.; Wieczorek, R.; Adamala, K.; Giorgi, A.; Schininà, M.E.; Stano, P.; Luisi, P.L. Ser-His catalyses the formation of peptides and PNAs. FEBS Lett. 2009, 583, 153–156. [Google Scholar] [CrossRef] [PubMed]

	70. 
Wieczorek, R.; Dörr, M.; Chotera, A.; Luisi, P.L.; Monnard, P.A. Formation of RNA phosphodiester bond by histidine-containing dipeptides. ChemBioChem 2013, 14, 217–223. [Google Scholar] [CrossRef] [PubMed]

	71. 
Nagano, N.; Orengo, C.A.; Thornton, J.M. One fold with many functions: The evolutionary relationships between TIM barrel families based on their sequences, structures and functions. J. Mol. Biol. 2002, 321, 741–765. [Google Scholar] [CrossRef]

	72. 
Goldman, A.D.; Beatty, J.T.; Landweber, L.F. The TIM Barrel Architecture Facilitated the Early Evolution of Protein-Mediated Metabolism. J. Mol. Evol. 2016, 82, 17–26. [Google Scholar] [CrossRef] [PubMed]

	73. 
Wood, J.M. Osmosensing by bacteria: Signals and membrane-based sensors. Microbiol. Mol. Biol. Rev. 1999, 63, 230–262. [Google Scholar] [CrossRef] [PubMed]

	74. 
Chen, I.A.; Roberts, R.W.; Szostak, J.W. The emergence of competition between model protocells. Science 2004, 305, 1474–1476. [Google Scholar] [CrossRef] [PubMed]

	75. 
Pohorille, A.; Deamer, D. Self-assembly and function of primitive cell membranes. Res. Microbiol. 2009, 160, 449–456. [Google Scholar] [CrossRef] [PubMed]

	76. 
Chakrabarti, A.C.; Breaker, R.R.; Joyce, G.F.; Deamer, D.W. Production of RNA by a polymerase protein encapsulated within phospholipid vesicles. J. Mol. Evol. 1994, 39, 555–559. [Google Scholar] [CrossRef] [PubMed]

	77. 
Monnard, P.A.; Luptak, A.; Deamer, D.W. Models of primitive cellular life: Polymerases and templates in liposomes. Philos. Trans. R Soc. Lond B Biol. Sci. 2007, 362, 1741–1750. [Google Scholar] [CrossRef] [PubMed]

	78. 
Gurtovenko, A.A.; Anwar, J.; Vattulainen, I. Defect-mediated trafficking across cell membranes: Insights from in silico modeling. Chem. Rev. 2010, 110, 6077–6103. [Google Scholar] [CrossRef] [PubMed]

	79. 
Przybylski, A.T.; Stratten, W.P.; Syren, R.M.; Fox, S.W. Membrane, action, and oscillatory potentials in simulated protocells. Naturwissenschaften 1982, 69, 561–563. [Google Scholar] [CrossRef] [PubMed]

	80. 
Przybylski, A.T.; Fox, S.W. Excitable artificial cells of proteinoid. Appl. Biochem. Biotechnol. 1984, 10, 301–307. [Google Scholar] [CrossRef] [PubMed]

	81. 
Epand, R.M.; Vogel, H.J. Diversity of antimicrobial peptides and their mechanisms of action. Biochim. Biophys. Acta 1999, 1462, 11–28. [Google Scholar] [CrossRef]

	82. 
Zhang, L.; Rozek, A.; Hancock, R.E. Interaction of cationic antimicrobial peptides with model membranes. J. Biol. Chem. 2001, 276, 35714–35722. [Google Scholar] [CrossRef] [PubMed]

	83. 
Vlassov, A. How was Membrane Permeability Produced in an RNA World? Orig. Life Evolut. Biosph. 2005, 35, 135–149. [Google Scholar] [CrossRef]

	84. 
Hladky, S.B.; Gruen, D.W. Thickness fluctuations in black lipid membranes. Biophys. J. 1982, 38, 251–258. [Google Scholar] [CrossRef]

	85. 
Bobone, S.; Gerelli, Y.; De Zotti, M.; Bocchinfuso, G.; Farrotti, A.; Orioni, B.; Sebastiani, F.; Latter, E.; Penfold, J.; Senesi, R.; et al. Membrane thickness and the mechanism of action of the short peptaibol trichogin GA IV. Biochim. Biophys. Acta 2013, 1828, 1013–1024. [Google Scholar] [CrossRef] [PubMed]

	86. 
Duclohier, H.; Snook, C.F.; Wallace, B.A. Antiamoebin can function as a carrier or as a pore-forming peptaibol. Biochim. Biophys. Acta 1998, 1415, 255–260. [Google Scholar] [CrossRef]

	87. 
Langosch, D.; Heringa, J. Interaction of transmembrane helices by a knobs-into-holes packing characteristic of soluble coiled coils. Proteins 1998, 31, 150–159. [Google Scholar] [CrossRef]

	88. 
Dunker, A.K.; Marvin, D.A. A model for membrane transport through alpha-helical protein pores. J. Theor. Biol. 1978, 72, 9–16. [Google Scholar] [CrossRef]

	89. 
Dunker, A.K.; Jones, T.C. Proposed knobs-into-holes packing for several membrane proteins. Membr. Biochem. 1978, 2, 1–16. [Google Scholar] [CrossRef] [PubMed]

	90. 
MacKenzie, K.R.; Prestegard, J.H.; Engelman, D.M. A transmembrane helix dimer: Structure and implications. Science 1997, 276, 131–133. [Google Scholar] [CrossRef] [PubMed]

	91. 
Jasti, J.; Furukawa, H.; Gonzales, E.B.; Gouaux, E. Structure of acid-sensing ion channel 1 at 1.9 A resolution and low pH. Nature 2007, 449, 316–323. [Google Scholar] [CrossRef] [PubMed]

	92. 
Lear, J.D.; Wasserman, Z.R.; DeGrado, W.F. Synthetic amphiphilic peptide models for protein ion channels. Science 1988, 240, 1177–1181. [Google Scholar] [CrossRef] [PubMed]

	93. 
Lear, J.D.; Schneider, J.P.; Kienker, P.K.; DeGrado, W.F. Electrostatic Effects on Ion Selectivity and Rectification in Designed Ion Channel Peptides. J. Am. Chem. Soc. 1997, 119, 3212–3217. [Google Scholar] [CrossRef]

	94. 
Boheim, G. Statistical analysis of alamethicin channels in black lipid membranes. J. Membr. Biol. 1974, 19, 277–303. [Google Scholar] [CrossRef] [PubMed]

	95. 
Baumann, G.; Mueller, P. A molecular model of membrane excitability. J. Supramol. Struct. 1974, 2, 538–557. [Google Scholar] [CrossRef] [PubMed]

	96. 
Thøgersen, L.; Schiøtt, B.; Vosegaard, T.; Nielsen, N.C.; Tajkhorshid, E. Peptide aggregation and pore formation in a lipid bilayer: A combined coarse-grained and all atom molecular dynamics study. Biophys. J. 2008, 95, 4337–4347. [Google Scholar] [CrossRef] [PubMed]

	97. 
Hjørringgaard, C.U.; Vad, B.S.; Matchkov, V.V.; Nielsen, S.B.; Vosegaard, T.; Nielsen, N.C.; Otzen, D.E.; Skrydstrup, T. Cyclodextrin-scaffolded alamethicin with remarkably efficient membrane permeabilizing properties and membrane current conductance. J. Phys. Chem. B 2012, 116, 7652–7659. [Google Scholar] [CrossRef] [PubMed]

	98. 
Chugh, J.K.; Wallace, B.A. Peptaibols: Models for ion channels. Biochem. Soc. Trans. 2001, 29 Pt 4, 565–570. [Google Scholar] [CrossRef] [PubMed]

	99. 
Brogden, K.A. Antimicrobial peptides: Pore formers or metabolic inhibitors in bacteria? Nat. Rev. Microbiol. 2005, 3, 238–250. [Google Scholar] [CrossRef] [PubMed]

	100. 
Pizzarello, S.; Cooper, G.; Flynn, G.J. The Nature and Distribution of the Organic Material in Carbonaceous Chondrites and Interplanetary Dust Particles. In Meteorites and the Early Solar System II; University of Arizona Press: Tucson, AZ, USA, 2006. [Google Scholar]

	101. 
Wilson, M.A.; Wei, C.; Bjelkmar, P.; Wallace, B.A.; Pohorille, A. Molecular dynamics simulation of the antiamoebin ion channel: Linking structure and conductance. Biophys. J. 2011, 100, 2394–2402. [Google Scholar] [CrossRef] [PubMed]

	102. 
Wei, C.; Pohorille, A. Activation and proton transport mechanism in influenza A M2 channel. Biophys. J. 2013, 105, 2036–2045. [Google Scholar] [CrossRef] [PubMed]

	103. 
Lu, J.X.; Sharpe, S.; Ghirlando, R.; Yau, W.M.; Tycko, R. Oligomerization state and supramolecular structure of the HIV-1 Vpu protein transmembrane segment in phospholipid bilayers. Protein Sci. 2010, 19, 1877–1896. [Google Scholar] [CrossRef] [PubMed]

	104. 
Lingueglia, E. Acid-sensing ion channels in sensory perception. J. Biol. Chem. 2007, 282, 17325–17329. [Google Scholar] [CrossRef] [PubMed]

	105. 
Cruickshank, C.C.; Minchin, R.F.; Le Dain, A.C.; Martinac, B. Estimation of the pore size of the large-conductance mechanosensitive ion channel of Escherichia coli. Biophys. J. 1997, 73, 1925–1931. [Google Scholar] [CrossRef]

	106. 
Meller, A.; Branton, D. Single molecule measurements of DNA transport through a nanopore. Electrophoresis 2002, 23, 2583–2591. [Google Scholar] [CrossRef]

	107. 
Doyle, D.A.; Morais Cabral, J.; Pfuetzner, R.A.; Kuo, A.; Gulbis, J.M.; Cohen, S.L.; Chait, B.T.; Mackinnon, R. The structure of the potassium channel: Molecular basis of K+ conduction and selectivity. Science 1998, 280, 69–77. [Google Scholar] [CrossRef] [PubMed]

	108. 
Cuello, L.G.; Romero, J.G.; Cortes, D.M.; Perozo, E. pH-Dependent Gating in the Streptomyces lividans K+ Channel. Biochemistry 1998, 37, 3229–3236. [Google Scholar] [CrossRef] [PubMed]

	109. 
Meuser, D.; Splitt, H.; Wagner, R.; Schrempf, H. Exploring the open pore of the potassium channel from Streptomyces lividans. FEBS Lett. 1999, 462, 447–452. [Google Scholar] [CrossRef]

	110. 
Heginbotham, L.; LeMasurier, M.; Kolmakova-Partensky, L.; Miller, C. Single streptomyces lividans K(+) channels: Functional asymmetries and sidedness of proton activation. J. Gen. Physiol. 1999, 114, 551–560. [Google Scholar] [CrossRef] [PubMed]

	111. 
Webb, B.; Sali, A. Comparative Protein Structure Modeling Using MODELLER. Curr. Protoc. Bioinform. 2014, 47, 5.6.1–5.6.32. [Google Scholar]

	112. 
MacKerell, A.D.; Bashford, D.; Bellott, M.; Dunbrack, R.L.; Evanseck, J.D.; Field, M.J.; Fischer, S.; Gao, J.; Guo, H.; Ha, S.; et al. All-atom empirical potential for molecular modeling and dynamics studies of proteins. J. Phys. Chem. B 1998, 102, 3586–3616. [Google Scholar] [CrossRef] [PubMed]

	113. 
Mackerell, A.D.; Feig, M.; Brooks, C.L. Extending the treatment of backbone energetics in protein force fields: Limitations of gas-phase quantum mechanics in reproducing protein conformational distributions in molecular dynamics simulations. J. Comput. Chem. 2004, 25, 1400–1415. [Google Scholar] [CrossRef] [PubMed]

	114. 
Kucerka, N.; Tristram-Nagle, S.; Nagle, J.F. Structure of fully hydrated fluid phase lipid bilayers with monounsaturated chains. J. Membr. Biol. 2005, 208, 193–202. [Google Scholar] [CrossRef] [PubMed]

	115. 
Aksimentiev, A.; Schulten, K. Imaging alpha-hemolysin with molecular dynamics: Ionic conductance, osmotic permeability, and the electrostatic potential map. Biophys. J. 2005, 88, 3745–3761. [Google Scholar] [CrossRef] [PubMed]

	116. 
Aharoni, A.; Gaidukov, L.; Khersonsky, O.; McQ Gould, S.; Roodveldt, C.; Tawfik, D.S. The ’evolvability’ of promiscuous protein functions. Nat. Genet. 2005, 37, 73–76. [Google Scholar] [CrossRef] [PubMed]

	117. 
Raggi, L.; Bada, J.L.; Lazcano, A. On the lack of evolutionary continuity between prebiotic peptides and extant enzymes. Phys. Chem. Chem. Phys. 2016, 18, 20028–20032. [Google Scholar] [CrossRef] [PubMed]





















© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license ( http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  life-07-00023


  
    		
      life-07-00023
    


  




  





media/file8.jpg





media/file11.png
Nc

300

200

100

Cl-
K+

200

100

L] CI- L]

K+

t (usec)






media/file6.jpg





media/file1.png





media/file10.jpg
300

200

Ne

100

o
e

200

100

1 (usec)






media/file7.png





media/file9.png





media/file5.png
N iy e W
A e e

Residues 35-56

Residues 18-34

eS|dues 57 64

200 400 600

time (ns)





media/file12.png





media/file3.png





media/file4.jpg
Residues 18-34

Residues 35-56

200 400

time (ns)

600





media/file0.jpg





media/file2.jpg





