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Abstract The standard codon table is a primary tool for basiderstanding of
molecular biology. In the minds of many, the tablefderly arrangement of bases
and amino acids is synonymous with the true gersde, i.e., the biological
coding principle itself. However, developments e ffield reveal a much more
complex and interesting picture. In this articles veview the traditional codon
table and its limitations in light of the true colexity of the genetic code. We
suggest the codon table be brought up to dateamd, step, we present a novel
superposition of the BLOSUM62 matrix and an allowsant mutation matrix.
This superposition depicts an important aspedhetitue genetic code—its ability
to tolerate mutations and mistranslations.
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Introduction

What is thegenetic cod@ Metaphors that have been proposed all have &ignif
limitations [46]. Analysis of the relevant hits in the first thrpages that Google
returned for the query “genetic code” (see SupptaaieMaterials) reveals how
the concept is typically understood.



As envisioned by the codon table (19 citations)

Instructions for protein synthesis (3 citations)
The mechanism for storing genetic information (atens)
DNA sequences (2 citations)

Other (1 citation)

Clearly there is a common perception that the stahdodon table (Fig. 1a8])

is synonymous with, and adequately representsgéhetic code. Indeed, it was
discovered early on that a near universal, nedegiecorrelation exists between
nucleic acid triplets (the codons) and amino aand8ving things B2, 36, 37].
This correlation is succinctly embodied in the d&nd codon table. However,
caution is warranted because this table represarisa modest subset of the
complexity of translation implied by an organisnD®NA, and even less when
transcription and other molecular relationships eoasidered. A more richly
explanatory representation would better captureyémetic code concept.

The purpose of this article is threefold. Firstlye intend to communicate
technical details and references, to a proficiewlience, that support a richer and
more sophisticated view of the genetic code thasftemn held by other audiences.
Secondly, we hope to increase awareness in suderseeabout the impoverished,
even distorted, understanding of the crucial geraide concept among many not
at the forefront of the field. Meeting these fitao goals may help the reader to
transmit a deeper appreciation for the genetic cosdken teaching,
communicating with science writers, authoring seapular materials, and
engaging in other outreach activities. The thirdlgs to illustrate the continuing
potential for new and improved representations \aithexample. Meeting this
goal may help inspire others to work toward otlegresentations that capture, as
well as possible, the full beauty and grandeuhefgenetic code.
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Fig. 1 The codon table in its standard form (a), which is considered by many as the
“genetic code.” Ordering is UCAG, top to bottom, left to right [8]. The first codon position



specifies the row, the second specifies the column, and the third specifies the order
within a given row. The color scheme helps guide the eye as columns are stacked and
reshuffled to produce the axes in Figs. 2 and 4 (b). The motivation for reshuffling by
flipping the positions of A and G is to preserve the general trend of decreasing amino
acid hydrophobicity from column U through columns C and G and finally to column A,
whereas the motivation for the standard UCAG ordering is to maximize codon groupings,
(e.g., all the isoleucine codons are grouped together in the standard ordering)

Limitations of the Standard Codon Table

The traditional codon table fails to capture curnemderstanding along a number
of dimensions. As examples, (a) there are manypixges to the standard code,
(b) “synonymous” codons are not always synonymday,there are layers of
information overlapping mere amino acid specifieatiand (d) the codon table is
highly optimized to reduce the consequences of toumtaand mis-translation.
These dimensions are reviewed next.

There are Exceptions to the Standard Code, thus
Ambiguities in the Standard Table

The standard codon table implies that each codsrahangle interpretation. But
this does not always hold. Three types of such mimes are given below, for
which ambiguities are resolved by molecular contextvironmental context, or
cellular context. For those resolved by molecutartext we give three examples.

(1a) Molecular context—selenocysteinehe unusual amino acid selenocysteine,
abbreviated Sec and 4§], is a modification of cysteine in which the sulatom

is replaced by a selenium atom, selenium beingctijrebelow sulfur in the
periodic table. The RNA codon for selenocystein®GA [10]—though in the
standard codon table UGA is a stop codon. In fabgther UGA codes for stop
or selenocysteine is context dependent.

(1b) Molecular context—pyrrolysine The unusual amino acid pyrrolysine
(abbreviated Pyl and O), if present, uses the cddA. Like UGA, UAG is
listed as a termination signal in the standard nadble. To determine whether a
Sec or Pyl amino acid is inserted into a growintypeptide chain, or whether the
chain undergoes termination instead, the translati@achinery uses molecular
context such as structures in theld'R (untranslated region) of the mRNA or
adjacent nucleotides that redefine the stop co@8h Thus, the UGA and UAG
codons, without the appropriate context, are andigu

(1c) Molecular context—methionindé further example, and the most familiar, is
the methionine codon, AUG, which also codes fort stasome situations though
not in others.



These three molecular context examples are detetinn nature (though
ambiguous by themselves, their molecular contetdrdenes their interpretation).
However, for the environmental and cellular conteases described below, the
codon’s surrounding nucleotides do not disambiguate

(2) Environmental contextThe “CUG ambiguity” #1] was discovered in some
species of the yeast gen@andidg an organism known for causing illnesses in
humans and animals. In these organisms, the CUGnceoimetimes translates as
serine and sometimes as leucine. Interestinglyermxgntal evidence shows that
this ambiguity can be functionally useful, leadittgimproved stress response
under certain environmental conditiord2]. Another example of this type of
ambiguity is the inability of animals to distinghidbetween methionine and the
rare amino acid selenomethionine in translatiorthab selenomethionines can be
unpredictably incorporated into proteins where mady methionine would
normally be #4].

(3) Cellular context In a third type of codon ambiguity, a codon megnslate
differently depending on sub-cellular location, lsuas the codon assignment
variation in mitochondria (e.g.50]). The fourth type of codon ambiguity is
perhaps the best known, and occurs when a codoteipreted one way in one
species and another way in a different species.roteble case, the AGG codon,
depending on the species translates to arginin@es®r glycine, is a stop codon,
or is simply unassigned (e.g27) with no tRNA present to decode it4d],
Table 3). This type of ambiguity is becoming engrable ], and intentionally
produced strains of organisms with modified traishal codes are expected to
have significant applications.

Fortunately, the inability of the classical codable to express codon ambiguity
is readily fixed. Entries in the classical form e table can and have been
augmented to contain not just one interpretatiors asually the case, but rather
each of the various amino acid and other codesdfdarbe associated with any
given nucleotide triplet. Annotations abowuthen each interpretation applies
would be simple to add as well, but potentially txemsome depending on the
guantity of annotation information. Yet even thug@ented, the codon table still
has serious additional limitations. As we shall sethe following sections, these
limitations include failures to: (i) identify theurctional differences in
“synonymous” codons, (ii) reveal the layers of mfi@ation in addition to mere
amino acid specification, and (iii) expose the hasg optimized robustness of the
standard codon-to-amino acid mapping function.

“Synonymous” Codons Are Not Necessarily
Equivalent

The codon table lists many cases of different cedbat code for the same amino
acid. In fact, the standard table maps 64 codor&ltmterpretations (20 amino
acids and the stop codon), an average of about ttwdons per interpretation;



only two of the 21 are coded by just one codonsghare methionine and
tryptophan). But the different codons to which ttadble attributes the same
interpretation are not, in fact, equivalent. Thare four main types of non-
equivalence of apparently synonymous codons.

(1) Different species possess synonymous codons @netiiffproportions These
patterns of “codon usage bias” could not arise byely random variation,
implying biological causation of such bias. Theadstof this preference for some
synonymous codons over others has been linked vtariaty of factors—gene
expression level, gene translation initiation slgrmmotein structure, mutation
frequency and patterns, etd].[ Bacterial fitness in particular tends to rely on
efficiency, and having fewer commonly used codomsrdases potential
efficiency of translation by reducing the tRNA centration required for fast
translation. On the other hand, codon synonymity eahance robustness to
mutation by permitting protein sequences to be exesl despite changes in the
DNA.

The degree of codon usage bias can be dramatic. G2 RNA codon for
arginine 33% of the time in fruit fliesDfosophila melanogastgraccording to
figures provided by the Kazusa DNA Research Ingtjtbut only 18% in humans
[35]. On the other hand, AGG was the codon for argri% of the time in
humans, but only 11% of the timen melanogasterand just 7% of the time in
E. coli. These figures can vary considerably dependinthercited source due to
variations in counting technique, but that there amajor differences across
species is well-known (Rob Knight, personal comration, January 5, 2009).

In a classic example of how these biases enterrélaé world of genetic
engineering, the codons for GFP (green fluorespeotein), which is derived
from the Aequorea victoriajellyfish, required adjustment to match the usage
biases of a new host into which the gene was inted before high expression
levels of this important fluorescent marker werkiaeed R1].

(2) Different codons for the same amino acid can reguifferent amounts of
time to be translated into the amino acitlakamura and Sugiura34]
demonstrated this in tobacco chloroplasts and stidwat it is not necessarily
correlated to codon usage. Translation time cafubetionally important because
it affects a protein’s availability in an organisioreover, translational pauses
can affect protein folding, as discussed belowleast one patent application has
been based on the differential translation efficies of synonymous codonZ.

(3) Different codons for the same amino acid can hatferdnt effects on the
folding of anRNA moleculeDifferent RNA foldings can have major functional
implications. For example, whether a UGA tripletdes for STOP or for the
unusual amino acid selenocysteine depends on otlearby cues that affect
folding. Often, only a specific nearby stem—loojusture will lead to the creation
of a selenoprotein 20]. In E. coli a 17-nucleotide sequence, nominally



GGUUGCAGGUCUGCACC 29| but with numerous possible variation40],
beginning 11 nucleotides downstream from the UG@ldt is part of the code for
selenocysteine. According to Sandman et4)], [‘It may be possible to [design]

a SECIS $dlenacysteineinsertionsequence] that allows expression of the native
downstream amino acid sequence of the proteindther words, synonymous
codons could be judiciously chosen so as to mainiae “native downstream
amino acid sequence” while still achieving the mnogtem—loop structure in the
MRNA that triggers selenocysteine inserti@®][ More recently, it was found
that cues in the'3untranslated region of a certain ciliateuplotes crassyscan
cause the UGA (stop) codon to code either for ayster for selenocysteindT].

(4) Different codons for the same amino acid can hafferdnt effects on the
folding of proteinsduring translation In theE. coli example above, a turn which
connects twar-helices in a protein calleEchinococcus granulosusatty Acid
Binding Proteinl (EgFABP1) was tested in vivo totedmine the effect of
mutations substituting synonymous codons for vari@amino acids in the tur]|

It was found that the fold of the resulting protelmanged significantly for one of
the seven sets of synonymous substitutions tesitad. fold difference was
detected by the functional changes it producedhénrésulting protein as well as
by a reporter gene sensitive to the misfold. Défeial folding due to these so-
called silent mutations appears to be connectedhéir differential use of
alternative tRNA molecules to carry the same anaol building block during
protein construction3d9]. Their results bear on the problem of prion pirdethe
misfolding of which causes mad cow disease, scrapsheep, and Creutzfeldt—
Jakob disease in humans.

Mere Amino Acid Specification is Not Enough

Improving the informational richness of the codablé begins by recognizing
that the codon table in its typical forms (Fig. lishs only the names of the amino
acids. This is readily achieved.

Enriching Information Content

Like the periodic table which lists, in addition ¢tement names, many of their
properties, the codon table would be more useful listed the amino acids’

physicochemical properties such as hydrophobielgctric charge, and siz83.

A simple solution sometimes used is to provide l&dal-stick representation of
each side chain adjacent to each amino acid naje [

A less obvious but equally important type of infation that is missing relates to
the mapping of tRNA molecules, which carry aminadado the ribosome for
incorporation into a growing protein. The tRNA mmiées contain anticodon
triplets that bind to complementary triplets in th&@NA, but while the first two
nucleotides pair in the ordinary Watson—Crick widng third pairs using so-called
wobble rules, which are different. This helps ekplauch phenomena as the



redundancies in the triplet codes that make ugdiden table. In addition, tRNAs
with the same anticodons can exist in multiple esmdler forms 19]. Since
translation is mediated by tRNA molecules, whiclprt@mthe mRNA codons they
bind to and to the amino acids they carry to th@mMmgng protein in interesting
ways, it would be useful if wobble rules and tRNpesies were expressed in a
codon table representation.

Finally, other important properties of genetic cafiare also ignored by the
standard codon table. These include that: (i) simdodons tend to code for
physico-chemically similar amino acids, (ii) if pogn 2 of a codon is U, the
codon is for a hydrophobic amino acid, (iii) heavénino acids tend to have
fewer codons, and (iv) frequently appearing amicasa tend to have more
codons R8]. Using the periodic table as a parallel, it woalthance the value of
the codon table if, for example, such similarite®song amino acids could be
presented as groupings within it.

Protein Folding

In discussing additional layers of information, Wave so far focused (like the
codon table itself) on individual amino acids. &tf, the key property of a protein
is very often not its specific amino acids, but gingsical structure of its fold. The
essential building blocks of the fold are the dia¢dangles between pairs of
amino acids 43]. These angles do not exist as properties of siaghino acid
molecules (and therefore of nucleotide tripletsit, tather are a property in large
part of pairs of amino acids (and hence of nudtisosiextuplets). The sequence of
each pair's three backbone dihedral anglgsy( andw) along with each side
chain’'s >5 dihedral anglesy{—ys) uniquely determines the physical shape and
functional abilities of the protein6]. Thus, the genetic code is not just how a
string of DNA letters is converted, via mRNA, indmnino acid letters, but how
the DNA information becomes the three-dimension&rimation of a sequence
of dihedral angles. The codon table is only a pérthis process—a distinction
that should be made explicit in presenting the &jercode.”

Symmetries

Some common mutations in DNA sequences, such agefshifts, complements,
inversions, and combinations thereof, lead to wdalke changes in all of the
codons in transformed sequences. However, all ef dhanged codons are
changed by the same kind of transformation. A deepederstanding of

underlying symmetries in the genetic code woulddptp light the possibility that
the resulting products of translation after suemsformations—typically thought
of as merely randomized—can have higher evolutpnaalue than truly

randomized sequencetq].



The Codon Table Buffers Mutations and
Mistranslations

Soon after the discovery of the coding relationdlepyveen nucleotide bases and
amino acids, the codon table was described by Eabieck [8] as a “frozen
accident.” Yet in recent years this coding relaslup has been shown to be
optimal in many respects (e.g4])) The most undisputed aspect of code
optimality is its robustness with respect to pomitations and mistranslationkg
28], also called the “load minimization” or “error-thering capacity” of the
genetic code. Unfortunately, the standard codonetaimes not reveal this
important aspect of the genetic code.

To see this in slightly more detail, note that soofethe 64 codons can
interconvert by single point mutations. A point \tidn matrix, the axes of which
can be constructed in many different orderly wagsy.( Fig. 1b), indicates
whether a given interconversion is allowed by ajlgirnpoint mutation (Fig. 2).
With single point mutations, only 9 out of 63 oktmterconversions are possible
starting from any given codon. In other words, darocan convert to any of the
63 other codons by 1, 2, or 3 point mutations larn convert to only 9 other
codons by 1 point mutation. For example, AAA camwaat to GAA but not to
GGA (nor GGG) via a single point mutation.

As a consequence of the codon-to-amino acid mappamgiom DNA mutations
are more likely to create some amino acid subgiitatthan others. This implies
that some amino acids are more likely to be telsjenhutation as substitutes than
others (Fig2). However, the situation for amino acid mutatiaesa bit more
flexible than for codon mutations because multipbelons specify most amino
acids. Careful inspection of the listing of codevith their associated amino acids
shows that each amino acid can convert to 6-13btite 19 other amino acids
(>1/3 of the possible interconversions, on average) example in the upper left
corner of Fig2, the phenylalanine (F) to methionine (M) intercersion (colored
white) is not allowed by a single point mutatiort lall other interconversion of
the five amino acids are allowed (colored gray).

Some amino acids substitutions are more likelyadarmless than others due to
similar physicochemical properties (e.g31]). The essence of the mutational
robustness in the codon-to-residue mapping isthieste more harmless mutations
are more likely to result from a single point migator from a more probable
mistranslation. In the same way, mutations thatnaoee likely to be harmful are
less likely to occur from a single point mutationstead requiring two or three
point mutations in the same codon, a much rarearoecce 13, 14, 18]. Which
amino acid pairs are more substitutable is an itapofactor in understanding the
genetic code, so it would significantly increase theaningfulness of the codon
table if some way were found to express it.
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Fig. 2 Point mutation matrix. If a codon from the y-axis (codons are read from this axis as
shown in Fig. 1b intersects with one from the x-axis at a position on the matrix crossed by
a diagonal blue line, this codon to codon change is “allowed” by a single nucleotide point
mutation, i.e., a change in just one of the three codon letters will take the x-axis codon to
the y-axis codon or vice versa. If an amino acid from the y-axis intersects with one from
the x-axis at a gray square, this amino acid to amino acid change is also allowed by a
single nucleotide point mutation. Biologically, this means that a given amino acid cannot
change to any arbitrary amino acid in one generation (multiple mutations in the same
codon are extremely rare). Instead, changes are confined according to this table. For
example the phenylalanine (F) to methionine (M) interconversion (colored white) is not
allowed by a single point mutation—all other interconversions of the five amino acids in



the upper left corner are allowed (colored gray). Note that this upper left corner has
mostly allowable amino acid to amino acid changes whereas the lower right corner has
more of a checkerboard appearance. This is because there are fewer amino acids
specified by codons with U in the second base position (upper left) relative to codons with
A as the second base (lower right). Also note that the diagonal lines form a fractal pattern
with three levels. This is because the ordering of the bases in the three different positions
follows a consistent order that is permuted hierarchically to construct the x- and y-axes.
In this case, the third base position is permuted most frequently, followed by the first base
position and the second base position (though any hierarchy of permutation with a
consistent ordering would produce an identical fractal-like pattern)
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Fig. 3 The BLOSUMG62 matrix [11, 22]. Numbers indicate how likely homologous
positions in different proteins are occupied by the two (or one, for diagonal terms) amino
acids specified by the matrix indices. For example, it is more likely to find F
(phenylalanine) and L (leucine) at homologous positions than F and V (valine), since the
F-L value is 0 while the F-V value is -1 (values are determined using databases of
homologous proteins and are rounded off to the nearest integer). Interestingly, not all
diagonal terms have the same value since some amino acids, e.g., W (tryptophan), are
much more highly conserved thus more likely to be found at homologous positions. Here
we have colored positive values blue and colored the lowest value (-4) red
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Fig. 4 Superimposed BLOSUM 62 and point mutation matrices. The mutational
robustness pattern is evident from the prevalence of values boxed in red (39) relative to
those boxed in green (2), which are exceptions to this pattern. Red boxes surround blue
shaded regions that are off-diagonal positive (favorable) BLOSUMG62 substitution values,
all but two of which are also within allowed portions of the mutation matrix. Red boxes
also surround the most negative BLOSUM 62 values (i.e. —4), all nine of which are also
within not-allowed portions of the mutation matrix




Amino acid substitution matrices such as the wethkn PAM250 and
BLOSUMG62 (Fig. 3) matrices have been developedxfress mutability and are
heavily used in sequence alignment tasks. A syrghlat integrates substitution
matrices and the codon table would be more meaulitigdin either alone. To help
reveal the genetic code’s mutational robustnessamesuperimpose two matrices:
the BLOSUM62 matrix (Fig. 3), and a point mutatiomatrix (Fig. 2). The
resulting superposition is shown in Fig. 4.

As can be seen, the positive numbers (showing isutiadtility, see Fig. 3) are
clustered in regions associated with single numeomutations with only two
exceptions, indicated by green boxes in Fig. 4.s€hexceptions both involve the
relatively uncommon and biosynthetically costly amacid tryptophan, which is
specified by only a single codon. Depending on Wwhsabstitutability matrix is
used for superposition, there will be different exitons to the way in which the
superimposed matrices reveal mutational robustn@® common argument
against code optimization is that matrices usatktermine mutational robustness
are themselves contaminated with the genetic cauteh that amino acids which
can exchange by a single point mutation frequeslystitute for one another and
thus “contaminate” the substitutability matriceso Tavoid this problem,
substitutability matrices that are not based orenkesi substitution frequencies
are possible instead, as we show for two such cestrisee Supplemental
Materials, Fig. S145] and Fig. S2%1)).

In addition to the positive numbers (relatively deable substitutions) clustering
in allowed regions of the point mutation matrixe tleast favorable substitutions
(with a value of —4 in the BLOSUMG62 matrix, see .H{ are exclusively found in

the non-allowed regions. Thus, the two aspects erfetic code mutational

robustness—maximizing allowed point mutations favdrable amino acid

substitutions and minimizing allowed mutations tofavorable substitutions—
are both clearly seen in the superposition of &ig.

Other aspects of genetic code optimization, sudtsability to embed additional
information into coding sequence24], may be more difficult to visualize.
Furthermore, it is clear that there are multiplertapping codes, including a code
for specifying amino acids, a code for specifyirtgraative amino acids, a code
for mRNA folding and processing, and a code fortagling speed of translation
(hence protein folding). For multiple overlappingdes to exist within the same
DNA sequence would seem to require that each codiio inherent redundancy,
otherwise it would be difficult or impossible todqe one code sufficiently stable
while evolving other codes expressed by the sameesee. Thus, the codon
table itself should gracefully express such redanga

The overlapping nature of these codes means teatahous levels of encoding
must be mutually compatible. While the interdependemture of these codes may
be difficult to represent, a number of alternatiaesl other visualizations to the
standard codon table have been propos®] P8, 30, codon wheels like



http://en.wikipedia.org/wiki/File:GeneticCode21-s8gm-2.svg 3, 9, 16, 25]. The
superposition in Figdl—and shown as a 3-D rendering in Fig. S3—hintsra o
new method to depict a broader concept of the geoetle.

Conclusion

The motivation for constructing a broader, moreuaate understanding of the
genetic code has two pragmatic aspects. Firstratmental modelsl]] help
protect their holders from false beliefs. The maoceurate a mental model, the
better it can support clarity in a field when ckaljed by pseudoscience and
erroneous arguments. And second, strategic direciia field can be adversely
affected both directly and indirectly by unnecesgasimplistic and inaccurate
models. Direct effects arise from the biases ofcgitraners within the field.
Indirect effects are imposed by availability of govmental, commercial, and
other resources.

The simple relationship between RNA codons and anaicids will never be
adequate to explain the complex molecular relaliggssthat embody the genetic
code. An ideal representation of the genetic canieicues to elude us today. The
standard codon table, although a brilliant advanog helps obscure this fact. A
unifying map that does justice to the code, inaigdbut not limited to the
incomplete picture provided by the standard codiditet would be a significant
benefit. In this article, we have examined the fatons of the codon table as a
representation of the genetic code. In a subseaqréole we hope to explore an
improved representation with properties not presetiie ordinary codon table.

It has been said, “No mere tool devised by humaas the complexity of
representation found in the genom@].[If the codon table is to truly fulfill its
proper role as the primary expression of the gereetde, it must be improved to
communicate as much as possible about the geretiogprinciples.
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Fig. S1 Superimposed EX75 matrix (Stoltzfus and Yampol2k97) and point
mutation matrix. The mutational robustness of teagjic code is evident in the
prevalence of red boxes relative to green boxdse 31 most positive>{) and
most negative<-11)numbers have been outlined with boxes, redher24 cases
that conform with the mutational robustness pattanda green for the 7 cases that
are exceptions, all but 1 of which are found in @lenine and serine columns and
rows. Interestingly, the EX matrices are constddn large part from alanine
scanning experiments for which alanine is the ‘idasibn” amino acid, and its
alanine data shows a negative correlation with ghbstitutability of alanine
measured by many other matrices (e.g. (Woese, Daigak 1966)). Serine is the
second most common destination amino acid in therakix construction. Blue
shaded squares are in the same location as id fagfacilitate comparison.
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Fig. S2 Superimposed PAM74-100 matrix and point mutatiocgrm (Benner,
Cohen et al. 1994). Again, the mutational robustnef the genetic code is
evident in the prevalence of red boxes relativgreen boxes. Here, value®
and <-5 are boxed, red for the 60 cases that confornh wWhte mutational
robustness pattern, and green for the 9 casearhaixceptions (if only valued
and<-5 were boxed the ratio of red to green boxes wbeld5 to 3, i.e. a ~2-fold
better red-green ratio, but 75% less red boxedle Bhaded squares are in the
same location as in Fig. 4 to facilitate comparison

Berleant et al Revised MS-EM542 Fig. S3

(see next page)



Fig. S3 A 3-D version of Fig. 4, in which height represetite BLOSUMG62
values. As in Fig. 4, the upper left corner istheecond-position corner, which
has all positive numbers (higher heights) withekeeption of mutations to or
from phenylalanine. The two pairs of deep trougipsesent mutations to or from
the stop codons, which have been arbitrarily satBbOSUMG62 value of -5.
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S2. Analysis of common conceptions of the “Genetic Code”

The first three pages of results from a recent Goagb search engine query (search
string: “genetic code”) revealed the following cheterizations of the genetic code
concept. These were placed below into five categdabeled with roman numerals.

I. The genetic code as envisioned by the codon table. Thisisthe most prevalent
characterization.

1. The set of codons and the amino acids they make
(www.abc.net.au/science/slab/genome2001/glossary. ht

2. The base triplets that specify the 20 differentraovacids
(www.kumc.edu/gec/gloss.html).

3. The mapping between the set of 64 possible three-badons and the amino acids or
stop (www.bscs.org/onco/glossary.htm).

4. The code by which a nucleotide sequence is tratsiato an amino acid sequence.
Each three nucleotide triplet constitutes a codlom64 codons correspond to 20
amino acids and to signals for the initiation aginination of transcription
(www.genpromag.com/Glossary~LETTER~G.html).

5. Each amino acid building block of a protein is sped by the order of nucleotides
(A,C,T and G) in the gene for that protein. Thrdmeent nucleotides, called a codon,
are required to specify one amino acid. The gemeiile can be displayed in a table
that translates each of the 64 possible triplebnednto an amino acid. There are 64
possible combinations resulting from having onéaof nucleotides in each of three
possible positions in the codon (4 X 4 X 4 = 64)
(www.cgm.northwestern.edu/glossary.htm)

6. The set of correspondences between nucleotidérjpaats in DNA and amino acids
in protein (depts.washington.edu/~genetics/cougseat372/w2000Terms.html).

7. The base-pair information that specifies the anaicid sequence of a polypeptide
(www.modernhumanorigins.com/g.html).

8. Translation specification, which establishes tHatienship between the nucleotide
sequence in a gene and the amino acid sequengadtedn (www.the-
mwg.com/html/glossary/glossary_overview.shtml).

9. The “language” of the genes, dictating the corrageoce between nucleotide
sequence in DNA and amino acid sequence in protaissries of 64 different three-



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

nucleotide sequences or triplets (each such tiipledlled a codon); except for three
“stop” signals, each codon corresponds to one@®Rthamino acids (www-
hsc.usc.edu/~dconti/notes/genetic_terms.htm).

The set of codons in DNA or mRNA. Each codon is enag of three nucleotides
which call for a unique amino acid. For example, $bt AUG (adenine, uracil,
guanine) calls for the amino acid methionine. Téguence of codons along an
MRNA molecule specifies the sequence of amino anidsparticular protein
(www.food.gov.uk/science/ouradvisors/toxicity/coet&49737/49750/49831).

Used to translate the message coded in the gema priotein. One sequence of 3
nucleotides (codon) corresponds to one amino acithé protein)
(www.genethon.fr/php/layout.php).

The language in which DNA's instructions are wittk consists of triplets of
nucleotides, with each triplet corresponding to anmgno acid in a protein or to a
signal to start or stop protein production
(www.nigms.nih.gov/news/science_ed/genetics/glgsisamnl).

The sequence of nucleotides, coded in tripletsdnspalong the mRNA, that
determines the sequence of amino acids in proyeitingsis. The DNA sequence of a
gene can be used to predict the mRNA sequencehargénetic code can in turn be
used to predict the amino acid sequence
(www.hgsc.bcm.tmc.edu/docs/HGSC_glossary.html).

Description: Information contained in DNA moleculescorded by the sequence of
the four bases (A, T, G and C) that form the "lsttef this alphabet. Source:
Specialized encyclopedia and dictionaries Desonptbequence of nucleotides,
coded in triplets (codons) along the mRNA, detemgrihe sequence of amino acids
in the production of protein. The four letters loé tDNA alphabet (A, C, G, T) form
64 triplets or codons
(europa.eu.int/comm/research/biosociety/libraryggéoylist_en.cfm).

The sequence of nucleotides (building blocks) @BNA molecule of a
chromosome that specifies the amino acid sequenibe isynthesis of proteins. It is
the basis of heredity
(www.internal.schools.net.au/edu/lesson_ideas/dunagglossary.html)

The way in which the information carried by the DR#lecules determines the
arrangement of amino acids in the proteins syrtbédby the cells. Each of the 20
amino acids found in proteins is represented by rhare units of 3 consecutive
nucleotide bases (ie, codons) in the mMRNA andemXNA from which the mRNA is
derived. All living organisms and viruses use tame genetic code
(www.niaaa.nih.gov/publications/arh26-3/165-171 htm

The genetic code is a set of rules, which maps BB@uences to proteins in the
living cell, and is employed in the process of pmotsynthesis. Nearly all living
things use the same genetic code, called the sthgdaetic code, although a few
organisms use minor variations of the standard code
(en.wikipedia.org/wiki/Genetic_code).

The mechanism by which genetic information is stareliving organisms. The code
uses sets of three nucleotide bases (codons) te thakamino acids that, in turn,
constitute proteins (www.kurlama.com/glossary/glintm

The instructions in a gene that tell the cell howntake a specific protein. A, T, G,
and C are the "letters" of the DNA code; they stiEmndhe chemicals adenine,



thymine, guanine, and cytosine, respectively, thaite up the nucleotide bases of
DNA. Each gene's code combines the four cheminalatious ways to spell out 3-
letter "words" that specify which amino acid is dee at every step in making a
protein (genencordev.zoomedia.com/wt/gcor/glossary)

. Thegenetic code asingtructionsfor protein synthesis

The nucleotide sequence of a DNA molecule (orgitain viruses, of an RNA
molecule) in which information for the synthesispobteins is contained
(ppathw3.cals.cornell.edu/glossary/Defs_G.htm).

Information carried by the DNA molecules that desidhe physical traits of an
offspring. The code fixes the pattern of amino ad¢hht build body tissue proteins
within a cell (www.mpssociety.org/lib-glossary.hjml

The set of instructions that determines the grotytbe, shape, and other
characteristics of a living or artificial organism
(www.dakotacom.net/~srooke/glossary.html).

The genetic code as the mechanism for storing genetic information

The way in which genetic information is storediinrlg organisms
(www.perlegen.com/science/dictionary.html).

The ordering of nucleotides in DNA molecules thatries the genetic information in
living cells (wordnet.princeton.edu/perl/webwn).

. The genetic code as nucleotide sequence

The DNA sequence of a gene. The genetic code digiesrthe sequence of amino
acids in a protein or enzyme, and thus the funstafra living organism
(www.biotech.ca/EN/glossary.html).

Exact order (or sequence) of DNA, which makes upege
(research.marshfieldclinic.org/pmrc/pmrc_glossay)a

V. Other characterizations of the genetic code

1. This is carried on chromosomes, which are made iN&\. Humans have 46
chromosomes. Each chromosome contains many genels &code various traits
(www-admin.med.uiuc.edu/hematology/Glossary.htm).
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