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Abstract Recent studies have discovered strong differences between the dynamics of nu-
cleic acids (RNA and DNA) and proteins, especially at low hydration and low temperatures.
This difference is caused primarily by dynamics of methyl groups that are abundant in
proteins, but are absent or very rare in RNA and DNA. In this paper, we present a hypothesis
regarding the role of methyl groups as intrinsic plasticizers in proteins and their evolutionary
selection to facilitate protein dynamics and activity. We demonstrate the profound effect
methyl groups have on protein dynamics relative to nucleic acid dynamics, and note the
apparent correlation of methyl group content in protein classes and their need for molecular
flexibility. Moreover, we note the fastest methyl groups of some enzymes appear around
dynamical centers such as hinges or active sites. Methyl groups are also of tremendous
importance from a hydrophobicity/folding/entropy perspective. These significant roles,
however, complement our hypothesis rather than preclude the recognition of methyl groups
in the dynamics and evolution of biomolecules.
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1 Introduction

It is recognized that atomic and molecular motions (dynamics) are crucial to the function of
biological macromolecules [1-5]. Yet our understanding of microscopic details of molecular
motions, their relationship to chemical structure, and how they translate into the function of
biomolecules remain very limited. Earlier analysis revealed that the dynamics of proteins
at ambient conditions are faster than dynamics of RNA and DNA. Moreover, dynamics
of RNA and DNA slow down with cooling much more rapidly than the dynamics of
proteins [6]. This difference appears especially strong at lower hydration levels [6, 7].
Detailed experimental and computational studies ascribed this difference to dynamics of
methyl groups, which are abundant in proteins and essentially are absent in tRNA [6, 8—11].
Methyl groups have relatively low energy barriers for rotation and, as a result, methyl group
dynamics in proteins remain active, even at low hydration levels or low temperatures. This
facilitates dynamics within the entire protein and allows the molecules to access a more
diverse set of configurations and to sample various conformational states, thus increasing
the conformational entropy.

The unexpected observation that methyl groups indeed facilitate the dynamics of
proteins, calls our attention to the importance methyl groups might play in facilitating
the associated biological functions. In this paper, we formulate a hypothesis (sketched
in Fig. 1) based on the implications of these recent studies. We postulate that solvent-
independent methyl dynamics were advantageous in the evolution of biomolecules from
an RNA-dominated world, lacking methyl dynamics, to the protein/RNA/DNA life we see
today. We present experimental evidence showing the difference in dynamics of RNA and

RNA World

- Catalysis and heredity
based on RNA.

- No methyl groups in
primary structure.

- Minimal solvent
exclusion and solvent-

l independent dynamics.
]

Protein/DNA World

- Catalysis occurs primarily via
proteins, heredity based on DNA.

- Methyl groups are prevalent in
proteins, plasticizing dynamics,
lowering activation energy.

- Solvent-independent dynamics in
proteins. Dynamics still strongly
coordinated to solvent.

Fig. 1 Summary of the hypothesis highlighting the evolutionary trend from RNA-based life, low in methyl

content and lacking methyl plasticized dynamics, to protein and DNA-based life that has numerous methyl
groups and solvent-independent methyl dynamics
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proteins, an analysis of methyl group content in biological macromolecules from various
classes of proteins and nucleic acids, and analyze positions of the fastest methyl groups
in several proteins with respect to the active site. The results of the presented analysis are
consistent with the formulated hypothesis. Thus, if true, the hypothesis creates a new way
to look at the role of individual structural units (e.g., side groups) in dynamics, activity, and
evolution of biological macromolecules.

2 Materials and methods

Neutron scattering data discussed for lysozyme and tRNA were measured with the High-
Flux Back-Scattering instrument at the National Institute of Standards and Technology
and previously published [7]. Similarly, for DNA measurements, we used the previously-
published data obtained using the back-scattering spectrometer at the Research Center
Julich in Germany [12]. Details of the measurement and sample preparation can be found
in these references. Details of molecular dynamics simulations of lysozyme are presented
in Roh et al. [13].

Analysis of methyl content in various classes of biomolecules is based on the number
of methyl groups in each molecule, divided by the molecular weight. The content for RNA
and DNA was calculated using the average value for each of the primary four nucleotides,
whereas the content for protein was calculated as an average of the 78 proteins listed in the
database contained in the Supplementary Information. The comparative analysis of methyl
content in various classes of proteins was expressed as a ratio of methyl group content to
total number of residues. Twenty-three ribosomal proteins, 43 enzymes, and 12 extracellular
matrix proteins were analyzed. The exact proteins used are listed in the Supplementary
Information.

3 Results and discussion

The mean-squared atomic displacements (<r’>) on the ~1 ns time scale, measured
with neutron scattering, demonstrate that <r>> at biological temperatures (~300 K) are
approximately three times larger in dehydrated proteins than in dehydrated tRNA (Fig. 2).
The relaxation dynamics of these biomolecules, seen in Fig. 3, appear in scattering
measurements as a quasielastic intensity, or a broadening of the central peak. The direct
comparison of the neutron scattering spectra of proteins, RNA and DNA shows significant
differences at low hydration levels and low temperatures. While protein spectra exhibit
significant quasielastic intensity, the spectra of RNA and DNA under the same conditions
present just the resolution function. The latter means that the dynamics of RNA and DNA
on the ns time scale appear essentially frozen at these conditions [6, 7, 9]. These data show
the presence of low activation-energy dynamic processes in the protein molecules, and not
in the nucleic acids.

These processes are the rotation and fluctuations of methyl groups, the lowest activation-
energy dynamic processes in biological macromolecules. Our observation on methyl group
dynamics suggests another evolutionary advantage of proteins—their greater diversity of
dynamical processes and the lower energies required for conformational changes. Our initial
investigation of this hypothesis is based on the direct comparison of the number of methyl
groups in different classes of biomolecules. We will not consider here post-transcriptional
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Fig. 2 Differences in the dynamics of RNA and proteins. Mean squared atomic displacements on a ~1 ns
time scale. Comparing hydrated and dry lysozyme (filled and open triangles, respectively) to hydrated
and dry tRNA (filled and open circles). Hydration levels, h, are in g of water per 1 g of biomolecules.
The solvent-independent, methyl-group dynamic onset in protein appears at ~100 K and the subsequent
hydration-dependent onset at ~200 K in both RNA and proteins (data from [7])

Fig. 3 Quasielastic neutron
scattering spectra of lysozyme,
tRNA and DNA (symbols); lines
show the resolution function of
spectrometers. Data for lysozyme
and tRNA are from [7], for DNA
from [20]. Lysozyme spectra
exhibit relaxation contribution
even in the dry state and at T =
200 K, while no quasielastic
scattering is observed for dry
tRNA and DNA, or for hydrated
tRNA and DNA below 210 K
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methylations of RNA and DNA, although it is conceivable that methylations of nucleic
acids such as the cap of mRNA will also have important functions in solvent-excluded
regions (such as within the ribosome). There are no methyl groups in the primary structure
of RNA while one of DNA’s four nucleic acids contains a single methyl group. Six of the
20 standard amino-acids found in proteins, however, contain methyl groups. Clearly, the
number of methyl groups in proteins is significantly higher than in DNA or RNA (Fig. 4).
It is interesting therefore to consider that the amount of methyl groups in biological
macromolecules might reflect the evolutionary process. The RNA world hypothesis [14]
proposes that RNA preceded proteins and DNA as the molecule of life. This was spawned
by the discovery of enzymatic RNAs in the 1980s [15], leading to Gilbert’s theory [14].
RNA-based organisms would have fulfilled the fundamental requirements for life by being
both self-replicating and metabolically/catalytically active. The prevailing thought is that
the hereditary fidelity of DNA was superior to RNA and proteins are better catalytic agents
than ribozymes, and recent work supports this assertion [16]. Why then did RNA also lose
its role as primary catalytic agent? The diversity of chemical groups is one of the obvious
benefits of proteins over RNA as catalysts. Chemically and structurally, the ‘repertoire’
of biomolecules was expanded from four bases, and a backbone, with functional groups
highly interactive with the solvent and each other, to 20 distinct side chains which contain
a far wider array of functionality and interaction with each other, potential ligands, and the
aqueous environment. However, this also introduced large regions of solvent exclusion and
the molecular motions contained within these regions should not be ignored. Such solvent-
independent dynamics are typified by methyl group dynamics, which we again point out, are
absent in RNA. One can envision how such flexibility (or lack thereof) could translate into
the energy barrier involved in enzymatic action. In material terms, we suggest that methyl
groups are plasticizing agents in proteins, facilitating dynamics and, subsequently, activity.
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Fig. 4 Methyl content in different classes of biomolecules, presented in number of methyl groups per
molecular weight. Post-translational and post-transcriptional modifications have been disregarded
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Consideration of this hypothesis suggests that we should look at the role of methyl
dynamics in various proteins. For example, traditional model enzymes such as lysozyme and
ribonuclease A, and transport proteins such as myoglobin and hemoglobin, have significant
numbers of methyl groups in their primary structure, ~0.6 methyl groups per residue, while
the structural proteins such as collagen have as few as ~0.3 methyl groups per residue
(Fig. 5). This suggests a connection between the required functional flexibility or dynamic
activity and the amount of methyl groups in the protein. To investigate this hypothesis
further, we have averaged the quantity of methyl groups in a sample of ribosomal,
enzymatic, and extracellular proteins (Fig. 5; a detailed list of proteins is presented in
the Supplementary Information). Indeed, proteins involved in extracellular matrix roles
(collagen, laminin, etc.) have as many as 25% fewer methyl groups per residue. This result
is potentially significant: If methyl groups are acting to plasticize proteins and to lower
energy barriers for catalytic activity, then it is logical to expect that proteins which function
enzymatically would be enriched in plasticizers (methyl groups), and proteins functioning
structurally would be depleted in methyl groups.

More detailed analysis focuses on the fact that not all methyl groups are equal in terms of
dynamics. Molecular dynamics simulations and NMR data reveal [11, 17-19] that among
the methyl groups the methionine methyl is the most dynamic (i.e., has the lowest energy
barrier for rotation), followed by leucine and then the delta methyl group on isoleucine. Of
course, their individual energy barriers depend on the position of the residue in the protein
3-D structure. Nevertheless, on average, they remain the fastest, and we will refer to them
as ‘highly mobile methyl” groups. Analysis of the content of highly mobile methyl groups
(Fig. 5) reveals that the extracellular matrix proteins have on average ~32% less highly
mobile methyl groups than enzymes.
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Fig. 5 Number of methyl groups and highly mobile (Ile §, Leu, Met) methyl groups per residue for selected
protein classes. Error bars depict the standard deviation. Representative data points have been included;
(a) 40S ribosomal protein S11, (b) 40S ribosomal protein S17, (¢) 60S ribosomal protein L30, (d) glucose
oxidase, (e) calmodulin, (f) adenylate cyclase, (g) dihydrofolate reductase, (h) lysozyme, (i) laminin a-chain,
(j) collagen, and (k) plasminogen
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Detailed analysis of distribution of methyl groups in a 3-D structure of biomolecules has
only been done for a few proteins. It has been noted that the highly mobile methyl groups
in lysozyme are buried near the active site of the enzyme, thus facilitating dynamics in the
most functionally important part of the molecule [20]. We illustrate this point in Fig. 6,
which shows the spatial distribution of methyl groups in lysozyme. We have superimposed
the methyl carbons (red spheres) over the translations associated with binding the substrate
(red lines). We can see the abundance of methyl groups in the area centered on this hinge
motion (lower right quadrant). Krishnan et al. also analyzed the dynamics of myoglobin
using computer simulations [8] and found that the fastest methyl groups are placed in the
vicinity of the xenon cavities in the protein. Xenon cavities in myoglobin are crucial for
substrate migration to and from the active site. These correlations suggest that the fastest
methyl groups might be directly involved in, if not critical to, the function of this protein.
Experimental studies of the influence of methyl group deleting mutations on the activity of
calmodulin [13] present even more direct evidence of the role of methyl-containing residues
in the protein’s function. It was observed that removal of the methyl groups found in the
latch region of calmodulin resulted in a significant reduction of activity [20], independent of
substrate binding. This observation too is consistent with our hypothesis that methyl groups,
and their associated dynamics are critical to protein activity.

The plasticization of proteins by the presence of methyl groups may also affect the
existence of stable tertiary structures in proteins compared to those observed in RNA.
Dynamically, methyl protons are the largest contributor to the observed amplitude of motion
in proteins. One can speculate that methyl groups influence both the folding process through
solvent exclusion and the attainment of well-defined, thermodynamically stable structures.
The motion of methyl groups in proteins contributes a significant amount of entropy that
stabilizes the structure of proteins beyond that which is achievable in RNA. Thus methyl
groups provide both the well-recognized hydrophobic contribution to protein folding and an
additional entropic contribution to the Gibbs free energy. From an evolutionary perspective,
the inclusion of methyl groups may give proteins the dual advantage over RNA of both

Fig. 6 Distribution of the most dynamically active methyl groups in lysozyme (red spheres), based on
simulation and defined as the methyl groups with the lowest activation barrier to rotation. The protein is
presented along the hinge axis and rotated 90 degrees. The blue residues are the critical active residues (E35
and D52). We direct the reader’s attention to the proximity of these most dynamic methyl groups and the axis
of the hinge bending
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facilitating dynamically required motions and providing the thermodynamically favorable
species to expedite protein folding and/or stabilize the uniquely defined equilibrium
structures. We note that stabilization of RNA structure is quite different from that of proteins
due to the significant role of charge interactions in RNA.

It is also known that modern nucleic acid biomolecules are often post-transcriptionally
methylated. We have no way of knowing if ancient RNA-based life was capable of utilizing
methylation, but it does exist in modern organisms. DNA methylation is a common
mechanism of gene deactivation in higher animals, and is one of the most common
post-transcriptional modifications of RNA products. Methylations have been reported in
rRNA, tRNA, and in the 3’ cap of mRNA. The dynamics of these molecules have not been
investigated as closely as proteins to this point but we hypothesize that methyl groups act as
intrinsic plasticizers in these systems as well. The role of post-transcriptional methylation
is an interesting topic; however, it is beyond the scope of the current paper, and is a subject
for future work.

4 Conclusions

We have presented a hypothesis that early life based on RNA for both catalysis and
gene storage lacked methyl groups, and subsequently, lacked access to the low-energy
dynamic processes provided by methyl groups. These processes plasticize the dynamics of
proteins due to their low activation energies and remain active even at low hydrations and
temperatures, particularly important for extreme conditions. This is a new perspective with
which to consider the progression of biomolecule evolution: A lowering of activation energy
required to initiate dynamic processes associated with catalysis provided an advantage to
organisms functioning with early proteins. We suggest that this be added to the list of the
driving forces of evolution from RNA, for both storage of genetic material and metabolic
catalysis, to DNA for storage and proteins for the vast majority of catalysis. Finally, we
suggest a comparative study of ribozyme and enzyme dynamics. We hypothesize that the
dynamical differences will be strongly connected with the energetic efficiency of their
catalytic activity, illustrating what we interpret as an evolutionary advantage.
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