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Abstract

Evolution of folded biopolymers requires effective and fast search of both the
conformational space for folding and the sequence space for evolution. Molecular
information theory and energy landscape theory show that the alphabet size of
extant proteins and RNA is just enough to fulfill these requirements, given the
constraints posed by the chemical physics of these polymers. Empirical estimations
of the size of the effective sequence and conformational spaces of natural
biopolymers support the theoretical predictions.
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Introduction

Terrestrial biochemistry is based on the existence of linear polymers of just a handful
of monomers. A fundamental aspect of Biology is that the functional structures of
these molecules can be coded in linear strings of units which, in the appropriate
conditions, spontaneously fold into stable structures (1). In turn, the exploration of
the vast sequence spaces that encodes structures has to be efficient enough such
that evolution can proceed (2). It has long been debated why are current
polypeptides and polynucleotides encoded with just 20 and 4 monomers
respectively, out of the many chemically plausible alternatives (3, 4). Here we show
that the conditions for fast folding and effective evolution strongly constraint the
coding alphabet sizes to just the currently used by proteins and RNA.

A simple theory for biopolymer alphabet size

We have previously integrated molecular information theory with energy landscape
theory to analyze the relationship between configurational entropy, sequence entropy
and alphabet size in biopolymer folding (5, 6). From the viewpoint of molecular
information theory, folding is a self-recognition molecular process where the
information gained by finding the native configuration (R, enma) mMatches the
information gained upon going from a random sequence to an evolved sequence
(Rsequence)- Empirical estimations show that this is indeed the general case for protein
folding, at 2.2 + 0.3 bits/(site-operation) (5). R,..inma Can be related to the effective
number of configurations per site in the unfolded and folded configurations (N,psieq
and N,ae) and Rgequence CanN be related to the size of the monomer alphabet and the
effective number of monomers per site in the evolved sequences (Alphabet size and

N evolved) .

N : : N
Alphabet size Alphabet size unfolded
. — lOg unfolded — R — lOg : — [1]
Levinthal 2 Nnative sequence 2 Nevolved evolved native

The application of energy landscape theory to a random energy model indicates that
it is feasible to find sequences that fold into a given structure as long as the number
of monomers per site of an evolved sequence (N,,.eq) iS larger than the effective
number of configurations per site in the unfolded biopolymer (N, rieq) (5, 7):

Nevolved > Nunfolded [2]

Combining [1] and [2] at the limit of Ny onea=Nunfoiseas it fOllows that

2 Alphabet size - N = (N evolved)z 15l

native

(Nunf olded)
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Extant folded biopolymers can be usually well described using a single reference
structure and small fluctuations around it. In this case, we can approximate N, to
1 and

2 . 2
(Nunfolded) - Alphabet Size = (Nevolved) [4]
Equation [1] constraints the ratio of Alphabet size and N,,,;..s, but not their absolute
values. In contrast, equation [4] fully constraints N,..c and Alphabet size, given a
value of N, e This result should be valid for any evolved and folded biopolymer

(8).
Empirical test of the theory

The theoretical results pose three clear relationships between Alphabet size, N, ii0e0
and Ng,oneq, N@amMely that both N,z 4.0 @nd Ng,o1eq Should be equal to each other and to
the square root of the Alphabet size. As the current Alphabet size is 20 amino acids
in the case of proteins and 4 nucleotides in the case of RNA, equation [4] also
predicts that N, re=Nevore=2 for RNA and N, rie=Nevore~4-47 for proteins (Figure

1).

We previously approximated N,qq Of proteins from six estimations of the
polypeptide backbone configurational entropy, the effective secondary structure
alphabet, structure prediction from residue burial layers and structure prediction from
residue-residue contacts (5), obtaining an average value of 5.38+0.46 conformations
per amino acid. To evaluate N,4q Of RNA we used estimations of the loss in
backbone configurational entropy upon RNA folding. Analysis of the 23S ribosomal
subunit yields a loss in backbone configurational entropy of 1.52 cal/(mol-K) per
nucleotide (9). A similar analysis of several ribozymes and riboswitches yields an
average loss in backbone configurational entropy of 2.20 cal/(mol-K) per nucleotide

(10). Since Nunfolded:

conformations per nucleotide, respectively. We also approached RNA folding as the
finding of one base pair among all possible pairs for each nucleotide of the chain. As
a first approximation, we consider that the searches in the different sites in an RNA
chain are independent. We can calculate the effective size of the base pair structural
alphabet for RNA using the base pair abundances observed in natural RNA
structures. Performing this calculation for the data in Table 3 of (11) yields a value for
N rro0eq OF 2.48 conformations per nucleotide. From our three estimates of N,,r4eq» WE
calculated an average N,.0eq fOr RNA of 2.54+0.25 conformations per nucleotide.
The values of N,queq fOr both proteins and RNA are close to the square root of the
respective Alphabet size, fulfilling the first prediction of the model (Figure 1, blue
circles).

eT, the estimated values for N, e are 2.13 and 3.00
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Figure 1. Relationship between Alphabet size, N, eq @nd Nynwiseq fOr biopolymer
folding and evolution. The black circles indicated the expected value for each
Alphabet size according to equation [4]. The red circles indicate empirical estimates
of N,,.eq for folded RNA and protein molecules. The blue circles indicate empirical
estimates of N,.4eq fOr folded RNA and protein molecules. The error bars indicate
the mean plus/minus 1.96 times the standard error of the mean (95% confidence
interval for estimation of the mean value). Red and blue circles are slightly displaced
along the x-axis for clarity.

We previously estimated the N,,..qs Of proteins from an Alphabet size of 20 and
seven estimations of the sequence entropy of natural proteins obtaining an average
value of 4.82+0.32 amino acids per site (5). Here, we estimate the N,,...s Of Nnaturally
occurring folded RNA molecules which can be calculated from sequence variations
within natural RNA families. We used the methodology in (5) to calculate the average
N,.oneq OVEr all sites with less than 50% gaps in over 1200 RNA alignments from the
Rfam database (12), considering that the sequence restrictions at the different sites
in an RNA chain are independent. The average value of N, .4 Over all alignments is
2.35+0.024 nucleotides per site. The values of N,,...s for both proteins and RNA are
close to the square root of the respective Alphabet size, fulfilling the second
prediction from the model (Figure 1, red circles). Evolved protein and RNA
sequences contain enough information to code for an efficient search of the
conformational space during folding (5, 13). The blue and red circles in Figure 1 also
show that the values of N, .q coincide with those for N,,meq fOr both proteins and
RNA, fulfilling the third and last prediction of equation [4]. This ensures an efficient
search of the sequence space in the evolution of foldable biopolymers (5).
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Discussion

We present a simple theoretical result for the restriction of the Alphabet size of
biopolymers. The potential for folding and evolution is fundamentally constrained by
the physico-chemical degrees of freedom of the soluble polymer that determine
N, .0eq- FOr spontaneous folding, the information contained in evolved sequences
must be enough to code for the structures of the native folded states (Rsequence =
Rievinar)- This is mathematically equivalent to the quantification of their functional
information (14). The minimum mapping between the configurational and the
evolutionary landscapes is thus Ngoves = Nuoges SUCh that one effective digital
character is matched with one effective analog conformation. This directly bounds
the minimum digital Alphabet size. The simplest codable and foldable polymer would
be that one for which N,4q =2, restricting the Alphabet size to 4 digits. Foldable
RNA molecules appear to fall in this category. Detailed computational studies on the
design of foldable RNA sequences coincide to show that an Alphabet size of 4 was
the minimum required (13). For proteins, the polypeptide backbone geometry
dictates that N, mes = 9.38 £ 0.46, and as such Alphabet size must be larger than for
RNA, in the order of 20~39. The fact that the Alphabet size of modern genetically
coded proteins is 20 may reflect constraints on the size of the molecular systems
involved in protein synthesis and that further information besides folding needs to be
coded for function (1). For proteins N, ¢ = 4.82 £ 0.32, which is in line with the
theoretical and experimental findings for the minimal number of amino acids needed
to specify a fold (5, 15). The chemical nature of polynucleotide and polypeptide
chains imply that a minimal non-overlapping genetic code relating them must be one
of degenerate triplets.
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