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Abstract Brownian computations were directed at Ribo-
nuclease A (RNase A) and variants in folded states so as to
quantify information of the statistical type at the atom/cova-
lent bond level. This advanced the research reported in this
journal last year on the information properties of enzyme
primary structure. Brownian computation data are illustrated
for a sixteen-member library. The results identify signature
traits that distinguish the folded wild type (WT) molecule
from variants. The distinctions are explainable in terms of
correlated information and dispersion energy. The Brown-
ian tools used for this study can be directed at other protein
families (e.g., kinases, isomerases, etc.) in rapid screening,
QSAR, and design applications.
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Introduction

The 124-residue amino acid sequence for bovine wild type
Ribonuclease A (WT RNase A) can be represented most suc-
cinctly as [1]:

KETAAAKFERQHMDSSTSAASSSNYCNQMMKSRNL
TKDRCKPVNTFVHESLADVQAVCSQKNVACKNGQT
NCYQSYSTMSITDCRETGSSKYPNCAYKTTQANKHII
VACEGNPYVPVHFDASV

Like all proteins, the molecule offers a large number of
substitution possibilities. Each member of the sequence per-
mits 19 alternates given the standard 20 amino acids. Thus
the number of possible single-site variants �1 is:

�1 = 19 · 124 = 2356 (1)

Regarding double-site variations, the N-terminal moiety
K (lysine) permits 19 alternates; the 123 sites to its right
(ETAAA…) each allow 19. The second-from-left site E (glu-
tamic acid) permits 19 substitutions and the same is true for
the next 122, and so on. Such considerations point to �2, the
number of possible double-site variants:

�2 = (19 · 19 · 123) + (19 · 19 · 122) + (19 · 19 · 121)

+ · · · + (19 · 19 · 3) + (19 · 19 · 2) + (19 · 19 · 1)

= 19 · 19 · (123 + 122 + 121 + · · · + 3 + 2 + 1)

≈ 2.75 × 106 (2)

As for triple-site variations, the number possible must be
a multiple of 193. The ideas underpinning Eqs. 1 and 2 can
be combined to yield �3:

�3 = 19 · 19 · 19 · [(122 + 121 + 120 + · · · + 2 + 1)

+ (121 + 120 + · · · + 2 + 1)
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+ (120 + 119 + · · · + 2 + 1) + · · · ]
≈ 2.13 × 109 (3)

Clearly, the number of variations in the protein formula
increases exponentially with amino acid substitutions.
Whether WT or variant, the sequence dictates the three-
dimensional (3D) folded structure along with the chemical
function.

Now regarding the folded structure, Fig. 1 illustrates the
backbone of WT RNase A and one example each of a
mono-, di-, and tri-substituted variant: H12A, C40A/C95A,
and K7A/R10A/K66A [2–5]. Open circles mark the substi-
tution regions while Eqs. 1–3 quantify all the variant pos-
sibilities. If the folded structures of all possible mono-, di-,
and tri-substituted variants were available, one would have
to reckon with over two billion panels of the Fig. 1 genre.
However rich, protein data banks (PDBs) archive informa-
tion for only a small fraction of possibilities, now and in the
foreseeable future.

The similarities of the Fig. 1 samples are striking and
yet typical. The structure differences are subtle and fleshed
out only by point-by-point comparisons of the amino acid

side-chain orientations and packing distributions. Clearly, the
variants demonstrate substantive conservation of the WT fea-
tures, in particular the carbon and amide backbone. It is rea-
sonable to expect that thousands or more variants, if prepared
and probed by X-ray diffraction, would demonstrate closely
aligned configurations.

What is special about the WT besides that it is the one
selected by nature? There are well-established answers, of
course, both chemical and physical. The WT and variants
share the capacity for folding as in Fig. 1 and catalyzing
RNA hydrolysis. The WT is distinctive, however, for its sta-
bility, hydrolytic site specificity, and level of activity [6].
Variants, especially those with amino acid substitutions at
binding and active sites, demonstrate lesser ability on one to
several accounts. Using bench methods—activity measure-
ments, mass spectrometry, sequencing procedures, etc.—a
chemist would be well empowered to distinguish a WT sam-
ple from a collection of variants. Yet because of the backbone
conservation and other 3D similarities, predictions based on
casual structure inspections alone are far less clear. One
would be hard-pressed, for instance, to pick out the WT
molecule juxtaposed with variants. For example, only with

Fig. 1 Backbone structures of
WT RNase A (PBD 1FS3),
K7A/R10A/K66A (PDB 3RSK),
C40A/C95A (PDB 1A5P) and
H12A (PDB 1C9V). Open
circles mark the main-chain
atoms of substituted residues.
The backbone structure of the
WT is conserved to significant
degree upon substitution
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Fig. 2 Backbone structures of WT and variant RNase A. Which is
which? The answer appears in the text

PDB-access and alignment software could a chemist ascer-
tain which of the Fig. 2 panels corresponds to the WT and
which to a variant. As it turns out, the lower panel illustrates
one of the 2356 possible single-site variants, namely T45G;
this molecule demonstrates significantly less hydrolytic site
discrimination compared with the companion molecule [7].
Given the alignment similarities, what characteristics make
the upper panel compound so special?

Questions of similarity and singularity are frequently
addressed in chemistry [8]. To cite examples, Bajorath et al.
[9–11] have investigated the characteristics that distinguish
naturally occurring from synthetic compounds. The research
has been motivated to great extent by therapeutic applica-
tions; it is important to know how to design molecules so
that they mimic more closely the ones prepared by nature.
Likewise, Sadowski, Kubinyl and Ajay et al. [12,13] have

explored the signature traits of drugs versus non-drugs. A
better understanding in this area offers strategies for max-
imizing drug potency and minimizing side-effects. Differ-
ent proteins have dedicated catalytic functions: hydroly-
sis, oxidation/reduction, etc. González-Díaz et al. [14] have
established the Markov and entropic characteristics of the
substantive family of kinases. More pertinent to this study,
González-Díaz et al. have quantified the molecular diversity,
alignment, and mass fingerprint characteristics of the ribo-
nuclease family [15,16]. Along related lines, McGaughey
et al. [17] have investigated the means for ranking—quantify-
ing the specialness—of kinase inhibitors. Since a substantial
number of kinases are involved in diseases, understanding
their chemical function reveals both drug targets and struc-
ture leads for control ligands. The specialness of molecules
impacts two ways—beneficial and harmful. In the latter case,
researchers have quantified the electronic aspects of hydro-
carbons and nitrosamines that underpin carcinogenicity and
toxicity [18–20].

In the cited efforts and more, the overriding themes are
similarity combined with specialness. Why is nature attuned
to certain compounds, when the variant possibilities are large
in number with subtle structural differences?

In a previous study, the authors inquired about the special-
ness of the primary structure of active proteins, using RNase
A as a test case [21]. The signature traits were less than clear-
cut given that the building blocks (amino acid units) allow
many sequence variations, all with the same mass, charge,
and functional group diversity. It was demonstrated that the
native sequence is distinguished, although not uniquely, by
an economy of information. The choice of amino acid resi-
dues by nature was skewed toward the ones expressing low
information of the statistical type in the atom/covalent bond
networks. The native sequence further displayed a linear
scaling of the cumulative information. This meant that the
amino acid order of internal fragments of RNase A such
as …SRNLTKDRCK… is strongly correlated with the order
of fragments throughout the system. Nature’s choice of the
cysteine locations and disulfide bonds only reinforces these
correlations. This linear scaling and the bias toward low infor-
mation residues were shown to be salient traits of bioactive
proteins in general, not just RNase A.

This article delves more deeply into information of the
statistical type for active proteins, and looks again to RNase
A for lessons. This was feasible given PDB archives and the
adaptability of Brownian computations to folded systems.
The findings are noteworthy because they show that the infor-
mation effects of amino acid substitutions to be not localized
but rather dispersed across a folded protein. Further, the WT
molecule is distinctive both for its enhanced mutual infor-
mation (MI) and low dispersion of covalent bond enthalpy
relative to variants. The explanations are straightforward and
identify new strategies for tuning the chemical diversity and
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activity of an enzyme. The Brownian tools used for this study
can be directed at other protein families (e.g., kinases, isome-
rases, etc.) in rapid screening, QSAR, and design applica-
tions. These complement the entropic descriptor approaches
established for enzymes which include RNase A by previous
researchers [14–16].

Enzymes and Brownian computations

Enzymes were the first molecules examined as Brownian
computers. Bennett [22] discussed how polymerases exer-
cise nearest-neighbor random walks that are forced along
one direction of DNA. The actions include the trapping of
electronic information at individual base sites and the synthe-
sis of complementary strands. Bennett used the term Brown-
ian because the information processing transpires erratically
and haphazardly via thermal collisions. Importantly, Brown-
ian computation is not confined to polymerases and DNA.
Information is that which can alter a probability distribution
[23]. Every compound, enzyme and otherwise, carries infor-
mation in an atom/covalent bond network and communicates
by electronic contacts made in solution.

Molecules are electric charge assemblies that admit cod-
ing by formula diagrams. The constituents of the diagrams
are familiar atom-bond-atom (ABA) units: C–C, C=C, C–O,
C=O, …. These form an alphabet or digital code for commu-
nicating chemical functions, QSARs, and reactions. Using
this alphabet to encode thermal collision sequences has been
the focus of several studies from this lab [21,23–26]. The
sequences allowed by a molecule have the form of electronic
record tapes, e.g.,

…(C−H)(C−H)(C−C)(C−C)(C−H)(C−C)(C−H)(C−C)
(C−H)(C−H)(C−C)(C = C)(C−H)(C−C)(C−H)(C−H)
(C−C)(C = C)(C−C)(C = O)(C−C)(C = C)(C−H)(C = C)
(C−H)(C = C)(C−C)(C−H)(C−C)(C−H)(C−C)(C−H)
(C−C)(C−H)(C−H)(C−H)(C−H)(C−H)(C−C)(C−C)
(C−H)(C = C)(C−C)(C−H)(C−H)(C−C)(C = C)(C−C)
(C = C)(C−C)(C−C)(C−C)(C−C)(C−H)(C−C)(C−C)…

The electrical nature of a molecule is captured by its ABA
diagram. The electrical messages, in turn, are embodied by
the possible ABA sequences accessed by collisions. When
it comes to proteins, all systems pose facts-and-data infor-
mation at the various structure levels; this is the substance
of PDBs. Quantifying information of the statistical type for
folded systems was the principal objective of this project.
Our foundation study distinguished important differences
between the primary structure of WT RNase A and sequence
isomers [21]; this study considers the more complex folded
states of the protein and variants.

The authors focused on the sixteen molecules listed in
Table 1. All constitute RNase A with complete structures
solved by X-ray diffraction at comparable resolution. Fig-

Table 1 Library of RNase A molecules investigated by Brownian com-
putations

RNase A (PDB ID) References

Wild type (1FS3) [2]

F120A (1EIC) [2]

F120G (1EID) [2]

F120W (1EIE) [2]

H12A (1C9V) [3]

H119A (1C9X) [3]

C40A, C95A (1A5P) [4]

P93A (1A5Q) [4]

K7A/R10A/K66A (3RSK) [5]

T45G (1C8W) [7]

P93G (3RSP) [28]

D121N (3RSD) [29]

D121A (4RSD) [29]

F46L (1IZP) [27]

F46V (1IZQ) [27]

F46A (1IZR) [27]

ures 1 and 2 portrayed four of the sixteen. If the remaining
twelve were included, the viewer, lacking a scorecard, would
find it difficult to match the graphics correctly with Table 1
entries. All sixteen proteins exhibit substantial backbone
alignment with disparities due largely to the amino acid side-
chain orientations and packing distributions. Fifteen variants
are far fewer than allowed by Eqs. 1–3. Even so, they cover a
wide range of chemical effects. C[40, 95]A derives from S–S
excision and twin A-substitutions which have modest effect
on the enzyme activity [4]. By contrast, H12A and H119A
demonstrate > 104 activity diminution because of changes
at the active site [3]. T45G (cf. Fig. 2) demonstrates a marked
decrease in substrate site-specificity and enhanced catalytic
activity as a result [7]. Substitutions at Phe46 and Phe120
confer significant activity changes, whereas the sensitivity at
Pro93, Lys7, Arg10, and Lys66 is less acute [2,4,5,27,28].
Asp121 is classified as an active-site residue. D121A demon-
strates sparse activity reduction, however, compared with the
WT [29]. The point is that a spectrum of bio-catalytic effects
is represented in Table 1. The reader is directed to the cited
literature for detailed accounts.

The PDB archives enabled encoding of the RNase A struc-
ture diagrams in 3D virtual formats. Our small-molecule
studies had used adjacency matrices for encoding [24–26].
For proteins, however, compressed formats are necessary
using integer arrays of dimension 6A : A equals the number
of the atoms excluding hydrogen [21]. For this project, the
row entries specified the sites in each structure diagram along
with the atom and residue identities, plus all the covalent link-
ages. Computational programs written by the authors inter-
faced with the PDB files and logged the atomic coordinates
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Fig. 3 Algorithm for compiling electronic message tapes. For a
folded protein, a Brownian walk is a succession of nearest-neigh-
bor ABA jumps by an atom such as helium (open circle); the jumps
are both covalent link and through-space in nature. The upper two
diagrams represent an example of a nearest-neighbor covalent-link
jump: (C − N)Lys31 → (C − C)Lys31. The middle and lower-most dia-
grams show an example of a nearest-neighbor through-space jump:
(C − C)Lys31 → (N − H)Ser32. The identity of the ABA unit is regis-
tered and recorded with each jump. The spatial coordinates are provided
by X-ray structure data

in floating point arrays. The positions of the hydrogen atoms
were inferred based on C, N, O, and S valence rules, pH,
and excluded volume properties. The methods were largely
equivalent to the ones used in our investigation of enzyme
primary structure [21]. The key difference was that X-ray
data governed the placement of the atoms. The enzymes were
investigated for their intrinsic information properties, that is,
independent of substrate, inhibitor, and solvent molecules.

Enzymes are diverse macromolecules. Even so, their
structure diagrams can be encoded using a minimalist pal-
ette: C–C, C=C, C–O, C=O, C–N, C=N, C–S, C–H, N–H,
O–H, and S–S. When compiling the Brownian record tapes,
the random walk sequences of these units were established.
To conserve computer memory, the ABA-units were abbre-
viated by single letters A, B, …, K. The algorithm used for
assembling the tapes is summarized in Fig. 3.

The figure illustrates that if a diffusing atom, say, helium
indicated by the open circle, were to collide with (C–N)

of Lys31 of RNase A, a succeeding collision may involve
(C–C) of the same residue and covalent link. The single step
portrayed by the upper two diagrams is accordingly:

(C − N )Lys31 → (C − C)Lys31

Yet the translational accessibility of ABA units in the
neighborhood of the walker must be taken into account,
e.g., (C=O), (C–N), etc. of Ser32. These units are situated
at coulombic, hydrogen bond, and van der Waals distances
over a 3–5 Å range. Thus the middle and lower-most dia-
grams of Fig. 3 illustrate an example of a through-space
jump:

(C − C)Lys31 → (N − H)Ser32
In a folded protein, a random walk is a succession of near-

est-neighbor jumps, both covalent link and through-space:
. . .(C − N)Lys31 → (C − C)Lys31 → (N − H)Ser32
→ (N − C)Ser32. . .

Each step registers an ABA site, as with a collision in a
thermal environment. The coordinates of the impact site are
the ones located by X-ray diffraction. In Brownian compu-
tations, following a random walk step, a subroutine scans
the structure file so as to identify the jump-accessible sites.
A structure file based on diffraction data does not quantify
electronic interactions per se. As a consequence, the Brown-
ian algorithm treats all collision-eligible sites as equally so. If
ten sites are accessible to the walker, the probability of each
is taken as 0.100. One of the ten is then selected at random.
The critical feature is that the possible steps and sequences
are governed from beginning to end by the folded protein
structure.

When written in abbreviated formats, a message tape for
WT RNase A looks like:

…ADDDDEDEEEDDAHDDEDDAAAHADEEADADDD
ADEEIEEDEDDCHADEEDHHADAAEDIHDADEIEDA
DHAAAEHIEACEDDJDEDEADAHEDDDDAIDDEIADI
HAEDDAAEEDEDADDDAEDHAAIDADDIHEDDDAEI
EAAACHDEADIAEIAEDDEJHDEIDADAEEDDDEAA
DEDEEAEDAHDAAEHEDIEDHAEAADEAEDHAAEAJ
AEEEHAHEIDDADEDEEHAAHIDCDADEHEDHHDD
DIAEDDDEHDDDEDHDAADEEIEEDHAHEADAAED
DAEDAADEEDDEHADDEDEDEEEDEDEHIEAIAHAE
HDEAADDEAADHDEDDDDDDDDDIIIAIEAADDEDD
EIDEDHAAADADDDDDEIDADEADEHEIAHDDEIDE
EEJEEDEAHEDDEACAEAIAAAEAAADEHEDAEIHD
DDEADDAIDHEADDADDADAEDHIEAADEDJDEADI
DAEIEADEADEAAHEEDEAHHDDHDDEHDCDIAEA
DEDECDEDEIDCAADEEJDEDEAEDEDEAHACEEAD
DEDEDDAEDADEEEADDIAEAEEDCAEDEEDIDAEE
IDA…

However nonsensical, the tape details the electronic
sequences accessed during a random walk; in other words, the
electronic messages available from the protein in a thermal
environment. Records of seven million units were compiled
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for each system of Table 1. This ensured walker step/ABA
ratios of approximately 3600:1 and strict convergence of the
record tape energy and information properties. All the colli-
sion sites were thoroughly sampled in the computations. No
new information was realized using larger walker step/ABA
ratios.

The record tapes were parsed for their nth-order states
represented by the code strings:

A, B, C, . . . n = 1
AA, AB, AC, . . . n = 2
AAA, AAB, AAC, . . . n = 3

.

.

The occurrence frequencies f (n)
i were subsequently quan-

tified along with enthalpy values E (n)
i . For example, the third-

order state AAC ↔ (C − C) (C − C)(C − O) was paired
with

E (n=3) = 348 + 348 + 355 kJ/mol (4)

The energy terms were supplied by standard look-up
tables [30]. The record tapes were assessed for the enthalpy
moments

〈
E (n)

〉
and σ 2

E(n). The square root of the latter is the
standard deviation and measure of enthalpy dispersion.

A molecule’s 3D structure—the ordered configuration of
atoms and chemical bonds—determines the chemical func-
tion. Thus, the project concentrated on the correlated or MI
contained in the record tapes. If nature assembled proteins
and other molecules without structure rules, their message
tapes would express zero MI. Fortunately this is not the case.

At each nth order of analysis, the message correlations
were quantified via the formulae:

MI(n=2) =
∑

i, j

fi j log2

(
fi j

fi · f j

)
(5)

MI(n=3) =
∑

i, j,k

fi jk log2

(
fi jk

fi · f j · fk

)
(6)

·
·
·

up to the eighth order. Note that MI is enhanced by mes-
sage tape fragments such as

…ABABCABABC…
…CBAACBAACB…
…DEAGAGDEAG…

This is because the repeating patterns offer information
about the collision sites logged down-stream on the record
tape. These patterns reflect the structure constraints and local
symmetry within the molecule. By contrast, MI is diminished
by fragments such as

…ACDGIJCFAH…
…CCKHEDGMAB…
…ALBHEDAGCD…

Because of their disorder, fragments of this sort offer little
information about downstream messages. What units (colli-
sion sites of the molecule) follow H, B, and D in the above?
The answers are less than obvious and reflect the asymmet-
rical spatial attributes of a protein.

The enthalpy dispersion σE is enhanced by message tape
fragments (written using non-abbreviated symbols) such as

…(C–C)(C=C)(C–S)(O–H)(C=N)(C–S)(C=N)(S–S)…

The ABA enthalpies span a range of 250–614 kJ/mol. By
contrast, σE is narrowed by fragments such as

…(C–C)(C–O)(C–C)(C–N)(C–S)(S–S)(S–H)(C–S)…

where the range is 259–355 kJ/mol. As the project found,
the WT and variants diverge on both MI and σE accounts.
In particular, nature prefers an enzyme with enhanced cor-
relations of electronic messages, and lower σE relative to
variants.

This investigation detailed how MI and σE were distrib-
uted spatially in RNase A, following the procedure of the
previous research [21]. Briefly, a spherical barrier was pro-
grammed at each residue site indexed by integer λ. RNase A
contains 124 residues, so λ runs from 1 to 124. A record tape
was compiled for the atom and covalent bond configuration
within each barrier. Naturally, several residues contributed

Fig. 4 Information distribution in a folded protein. A spherical barrier
of radius 5 Å was programmed at each neighborhood indexed by inte-
ger λ. The large circles portray mark barriers at λ = 25 and 38 where
the α-carbons of Tyr25 and Asp38 lie at the centers. The Brownian com-
putations establish the electronic messages of the configurations within
each barrier
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to each configuration. Figure 4 illustrates two examples: the
large circles mark virtual barriers at λ = 25 and 38 whereby
the α-carbons of Tyr25 and Asp38 lie at the centers (small
open circles). The configuration of ABAs within the barriers
is dictated entirely by the primary, secondary, and tertiary
structure of the protein.

124 barriers were programmed for each Table 1 system.
Brownian record tapes, and MI, σE analyses were compiled
at length. For conciseness, the data shown here are confined to
computations based on equal-sized barrier-regions of radius
5 Å . The use of much larger radii blurred the information
effects, while smaller ones inadvertently excluded ABA sites.

Results

What proved most significant were the regio-distributions of
MI and σE . Figure 5 shows the results for WT RNase A:
the peaks and valleys of MI and σE proved not concentrated
in any one region—the active, binding, and recognition sites
are neither more nor less endowed with message correlations.
What was striking were the fluctuations: MI varies up to 50%
across the protein while σE fluctuates 20–25%. The infor-
mation and enthalpy fluctuations significantly exceeded the
errors imposed by the random walk algorithm. These errors
have been indicated in Fig. 5 by the vertical bars.

A protein’s structure correlations and energy are altered
by amino acid substitutions. Figure 6 shows the distribution
differences between K7A/R10A/K66A and WT RNase A:

�MIλ = MI(K 7A/R10A/K 66A)
λ − MI(WT)

λ (7)

�σE(λ) = σ
(K 7A/R10A/K 66A)

E(λ) − σ
(WT)
E(λ) (8)

As before, error bars mark the averages ± one standard
deviation. The differences in MI andσE occur in both positive
and negative directions. At the same time, the error bars attest
that not all the changes are significant. This means that the
amino acid substitutions modify the protein information in a
selective and dispersed way. In the case of Fig. 6, the most
substantial changes are apparent near Lys7 while comparable
changes manifest at sites spatially well removed.

Statistical significance was assigned to the differences that
exceeded three standard deviations. Applying this standard
led to plots such as Fig. 7. Here the WT molecule has been
illustrated again. Open circles mark the regions where statis-
tically significant (≥ 99% confidence level) changes in MI
were effected by substitution. Figures 6 and 7 follow spe-
cifically from comparing WT and K7A/R10A/K66A. Infor-
mation-wise, the substitutions impact the neighborhoods
surrounding 27 residues, i.e., 24 more than the number of sub-
stitution sites. This shows the degree to which the information
effects are dispersed, not localized, in the protein. The same
type of plot can be constructed to illustrate the changes in σE .

Fig. 5 Distribution of information and enthalpy dispersion. Upper and
lower panels respectively show MI and σE for WT RNase A as a func-
tion of region index λ. The error bars mark the average ± one standard
deviation

An enzyme’s 3D structure can be viewed from innumerable
perspectives simply by rotating the image. Fifteen variants
were examined for the project. Each offers definitive point-
by-point contrasts with the WT and with one another. Quanti-
fying the information for a modest-size enzyme library yields
an abundance of data.

To condense and simplify matters, the significant MI and
σE differences were summed for each variant. The results
then identified the location of a state point for each sys-
tem. The state space can be represented in a plane defined
by the differences with respect to the WT. The ordinate
and abscissa of the plane correspond to

∑
λ �MIλ and∑

λ �σE(λ), respectively. The result is Fig. 8 whereby the
open square marks the WT point at 0.00 bits, 0.00 kJ/mol.
The points for the variants appear in reference to the origin
while the error bars mark the average ± one standard devi-
ation. If the effects of amino acid substitutions were insig-
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Fig. 6 Differences between native protein and variant. Plotted are
�MIλ and �σE(λ) of Eqs. 5 and 6 as a function of region index λ. The
variant corresponds to K7A/R10A/K66A. Error bars mark the averages
± one standard deviation

nificant, all the state points would be clustered at the origin.
This is not the case.

The points for variants are found at negative
∑

λ �MIλ.
Evidently the electronic message correlations for the WT
exceed those of variants. Concomitantly, the variants dem-
onstrate positive

∑
λ �σE(λ) with one exception, C[40,95]A.

This means that, by and large, the WT bond enthalpies
manifest a narrower distribution compared with variants.

It is instructive to examine the likelihood of observing such
results, assuming pure chance. Amino acid substitutions in a
protein either enhance or diminish MI; likewise for σE . For
a variant population of size N , the probability of observing
N+ number of positive effects (enhancements) is

prob(N+) =
N !

N+!(N−N+) !
215

(9)

Fig. 7 Statistically-significant effects. Open circles mark the neigh-
borhoods where significant (≥ 99% confidence level) MI-changes
derived from substitution at Lys7, Arg10, and Lys66. The same type
of plot can illustrate the changes in σE

Fig. 8 Folded proteins and state points. The open square marks the WT
system at 0.00 bits, 0.00 kJ/mol. The points for variants are located in
reference to the origin. The error bars mark the average ± one standard
deviation. Each point derives from summing statistically significant
differences between WT RNase A and variant molecules

Equation (9) is a straightforward application of the bino-
mial distribution [31]. Accordingly, the probability of obtain-
ing the σE results by chance alone is prob(N+)= 15 / 215 ≈
4.58 × 10−4, or in other terms, about 1 in 2200. The
analogous calculation applied to the MI results leads to
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prob(N−) ≈ 3.05 × 10−5, or about 1 chance in 33,000.
The probability of observing, by chance, state points con-
fined to one quadrant of the Fig. 8 plane is (4.58 × 10−4) ×(
3.05 × 10−5

) ≈ 1.40 × 10−8. The authors did not interpret
the results to be a mere fluke.

Discussion

This article opened with the condensed primary structure of
RNase A. Such a letter sequence is valuable not in itself,
but rather its potential. A protein so constructed has the
capacity for folding into the conformation shown in Fig. 1.
Along the way, the molecule acquires a catalytic function
specific to RNA. The importance of the chemistry—and thus
the sequence, folding, and variation possibilities—cannot
be overstated. Catalyzing RNA hydrolysis is the means for
an organism to deactivate genetic material when and where
needed [6,15,16,32].

The folding and chemical function are absolutely criti-
cal. At the same time, thousands or more variants would be
expected to be capable on both accounts. Nature opts for one
molecule in an organism by way of the WT. It is important
to characterize its signature traits regarding information.

The traits lie in the electronic message sequences …
(C–C)(C–H)(N–H)… that can be registered in thermal envi-
ronments. The WT proves richer in correlations than vari-
ants. The wealth has nothing to do with the preponderance
of alanine (A) substitutions in the Table 1 library. Trypto-
phan (W) expresses the greatest correlated information of
all the amino acids, non-standard ones included [24]. Yet
F120W displays a deficit of correlations, and accordingly
MI, compared with the WT. In a similar vein, the WT dem-
onstrates lower enthalpy dispersion. This shows that sub-
stitutions mimic the effects of crystal impurities [33]. That
is to say, substitutions in a native protein and in a crystal
reduce the spatial correlations and broaden the energy distri-
bution. While we have found this behavior to be especially
pronounced for RNase A, it is not confined to this enzyme.
The authors have directed the same analysis to lysozyme mol-
ecules, 3D structures of which have also been established
experimentally [34]. For a 21-member library, 13 demon-
strated significantly lower MI compared with the WT while
σE was enhanced for 19 of the systems. The probability of
observing such MI-results by chance is

prob(N−) =
N !

N−!(N−N−) !
2N

=
21!

13!(21−13) !
221 ≈ 0.0970 (10)

For the σE -results, the probability is:

prob(N+)=
N !

N+!(N−N+) !
2N

=
21!

19!(21−19) !
221 ≈1.00 × 10−4 (11)

While the MI results for lysozyme are not as dramatic as
for RNase A, the σE -data are equally compelling. As best
we can tell at this writing, lysozyme presents a more com-
plicated system than RNase A, one that warrants additional
study. Among other things, the lysozyme backbone is not
conserved to the same degree as in RNase A upon amino
acid substitution. Alterations of the backbone may provide
mechanisms for lysozyme to recover some of the message
correlations lost by substitution.

The lessons from ribonuclease can best be explained by
viewing the protein primary structure as an encrypted mes-
sage. While opaque in meaning, the primary structure is the
one-dimensional (1D) program that directs 3D folding [35].
The reading and execution of the program obtain from nature
expending free energy—that lost by solvent exclusion and
the formation of hydrogen, Coulombic, and van der Wa-
als bonds. The 1D program appears to be without rationale.
The 3D output makes sense of it, however, by materializing
the binding, recognition, and active sites. By transforming
the encrypted message, nature purchases a compact, stable
molecule with a definitive set of chemical functions.

Encrypted messages are legion in programming and com-
munication. For example, the first paragraph of the second
section, in an encrypted form, appears as follows.

Eel r isIdBurnzcdelnecfyneiyms n oarrvetees htimriaaten we
tesitutaerrrsho ineeaee spdr nfim ptth-itasor lhnne ege tmahc
ifigotoatitlefhrsb rl onwimeot rl sh iiiBe morcrocn hnotal-
enrws anc.nodcuoni a anIaimlewcnm toap as libolm/tren-
kexsfctecoraao amtrun vaatsmhinaael lepyttted ihBrnto-
reoa arn obboawi es annbndiiftfBro oal ninrbrowcam tet-
ycasenideto wodmi anasopirksunil cot tt arapenomgsrtind-
bio puoacou ctnennteeds iomois rsdtisnmu nhi.Bregn[ni2o
seencytt3ca] rntneitac.teEonhottnesnvs efps doiiirbyynrsfis
ee ecdsoDcuNf olemte Ass cropcto ro[ed2mapuronotp2
h]lildnieyce.ow mamnc zele pTnlrycomaytholea sent ear
ymaynsaacnad certs ndts dhtiasora o mtDpanessnhNhadeA-
adi ensz.re w a.cx

The above registers zero response in systems such as
the reader because the correlations—pair, triplet, and higher
order—are absent in the code units.

Rearranging the letters spatially fixes matters. If the order
of units is transformed from

1 2 3 4 5 6 7 8 9 10 11 12. . .

E e l −− r −− i s I d B u. . .

to
1 101 201 301 401 501 601 602 502 402 302 202. . .

E n z y m e s −− w e r e. . .

the message acquires a bona fide function. The impact on
the reader is generated at the same time as the spatial corre-
lations are born. Note that the transformation involves pair-
ing code units that are spatially removed from one another
in the source. The correlations render the message not only
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operational but robust. A reader need not scrutinize every let-
ter to comprehend the message. This is because code units,
placed in non-encrypted formats, carry information about
their neighbors. This feature—MI—lowers the work required
of the message recipient for interpretation.

Now suppose that one or a few units in the encrypted
source were altered by arbitrary substitution, e.g.,

Eel r isIdBurnzcdelnecfyneiyms → Eel r isIdBurkzcdelnec

fyneiyms

n oarrvetees htimriaaten → n oarrvetegs htimriaaten

tesitutaerrrsho ineeaee → tesitutatrrrsho ineeaee

The results do not affect the inscrutability of the encrypted
source message one way or the other. Yet the substitutions do
impact the correlations post transformation. The above have
the following effects in the translated version:

Eel r isIdBurkzcdelnecfyneiyms →→→ Eknzymes were. . .

n oarrvetegs htimriaaten →→→ Enzymgs were. . .

tesitutatrrrsho ineeaee →→→ Enzymes wtre. . .

Correlations arise by judicious spatial transformation of
the code units. Arbitrary replacements tend to eradicate one
to several correlations in the end product. Usually the effects
are modest, whereby the receiver of the information can still
infer the sense of the post-transformation message. Some
replacements wield high impact, however. In language, this
would be the case if the verb or subject of a sentence were
lost.

The results of the project become significant for two rea-
sons. First is that the information of electronic messages
offers another structure-based means for contrasting WT and
variants. As mentioned, WT RNase A is readily distinguished
from variants by bench chemistry. Yet the procedures are
lengthy and tedious by and large. Further, enzyme kinetic
measurements require precise foreknowledge of the sub-
strate—RNA as opposed to carbohydrates, phospholipids,
or other compounds. Brownian computations can be applied
to the X-ray or NMR structure data for a protein, whether
or not the substrate or chemical function are known. The
importance should not be understated. For a folded protein,
it is difficult to anticipate the catalytic functionality (hydro-
lase, oxidoreductase, etc.) and substrate identity on the basis
of structure alone. For example, only with PDB access could
a chemist pinpoint the correct substrate for the structures of
Figs. 1 and 2.

Proteins are not static. They evolve over time in conjunc-
tion with the host organism [36,37]. WT RNase A is criti-
cal to its host given its activity and specificity toward RNA.
Yet there appears little reason why both attributes cannot
be enhanced, or that additional chemical functions cannot
be incorporated. In other words, the molecule with N- to

C-terminal formula

KETAAAKFERQHMDSSTSAASSSNYCNQMMKSRNL
TKDRCKPVNTFVHESLADVQAVCSQKNVACKNGQT
NCYQSYSTMSITDCRETGSSKYPNCAYKTTQANKHI
IVACEGNPYVPVHFDASV

is not necessarily the best nature can or intends to do.
This leads us to the second reason the results of the project

are significant. The WT protein is notable for its correlated
information and enthalpy dispersion properties. It would be
exceedingly valuable to identify the amino acid substitutions
which enhance the ABA correlations and narrow the disper-
sion even further. The molecules designed from these substi-
tutions could be without peer in degrading genetic material in
therapy applications, in addition to providing ancillary chem-
ical functions. Brownian computations are high-throughput
because of the simplicity of random walks and record tapes—
there are no differentials or integrals to compute in estab-
lishing the message correlations. Identifying lead variants
by computation appears easier than preparing and evaluating
proteins by bench chemistry.

Summary and closing

Proteins present enormous variant possibilities, each repre-
senting a modification of Angstrom-scale information. The
study for this article focused on the electronic message con-
trasts of WT RNase A and variants in thermal environments.
The native molecule demonstrates greater correlated infor-
mation and lower enthalpy dispersion in its message space.
The results offer another means of discriminating WT and
variants based on 3D structure data such as X-ray. Also affor-
ded is a strategy for enhancing the enzyme activity and incor-
porating new chemical functions by substitutions. At pres-
ent the authors are quantifying the information properties of
inhibitor-bound proteins. RNase A is generous with lessons
here as well.
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