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Introduction

The concept that continuity of organisms resides with a discrete genetic
‘mechanism is now probably irrefutable. The genetic material is . characterized
by its duplexity,' eicpressivity, mutability, multiplicity, species specificity, helicity,
stability, and universality. While the neoclassic concept of one-gene-one-enzyme
of Beadle and Tatum (1941) correlates biochemically and physiologically to the
Mendelian gene as Morgan defined it (Morgan, 1928) and the biological functions,‘
evidence that DNA (deoxyribonucleic acid). is: thé major genetic material has =
been overwhelming as for example the -results - from transformation (see ’
Hotchkiss, 1957) and transduction (see Hartman, 1957).- Then Wilkin, Watson:

“and Crick (see Watson and Crick, 1953) have provided a physical-chemical basis
of the DNA molecile.  Equally important are the findings of Pauling et al. (see
Ingram, 1957 ) that several forms of abnormal human hemoglobin differ from

~ normal only by a single amino acid replacement and each of these changes could
be attributed to a single gene defect. Such findings open up the possibility of
understanding the relations between chemical structures of DNA and proteins;
and most enthusiastically the possible correspondence between the base sequence
of DNA (and. RNA) and the arrangement of amino acids of the protein (and
enzyme). Today, the physical structure of a gene can be resolved to the nucleo-
tide level. - A gene can also be viewed as cistron (functional unit), recon {recom-
binational unit), or muton (mutational unit) (see Benzer, 1957) and recognized
at the regulatory, operational as well as structural levél (Jacob and Monod,‘

“1961). The amino acid sequence is now known in many proteins (see e.g. Eck, -
1962). ' " ‘ v

B The role of RNA (ribonucleic acid) in the transfer of genetic information
is getting to be understood. It is now believed that three types of RNAs are
involved.  One type, called messeﬁger RNA (mRNA), is formed on DNA using
the latter as a template and reflects the specificity of DNA in terms of its
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: cbmplementary base sequences (Volkin and Astrachan, 1956; Bonner et al., 1961;
Spiegelman, 1961; Hurwitz ef al, 1962; Chamberlin and Berg, 1962). This
mRNA has been shown to reflect the genetic code by aligning specific amino
‘acids of polypeptides in a sequenced order at the second type of RNA, ribosomal
RNA (Brenner, 1961). The third type, termed transfer RNA (tRNA) functions
as an adaptor for specific amino acids during the code sequence recognition
process. The exact mechanism involved in this process is yet to be clarified,
but it has been shown recently that this tRNA is complementary to mRNA in
base composition (Weisbleum ef al., 1962).

It has also been shown that while a native DNA molecule except a few
such as the coliphage ¢X174 (Sinsheimer, 1959) is double stranded, only one of
them is used in priming for the mRNA (Champe and Benzer, 1962). The ability
to promote incorporation of amino acids into  polypeptides is similar to both
native and synthetic polyribonucleotides (Wood and Berg, 1962). In wvitro, as
long as mRNA is -abundant and active, a controlled synthesis of a specific
protein can be observed regardless of the origin of ribosomal RNA. However,
for the messenger to be continually synthesized in vivo, the integral presence
of genetically active DNA is required.

It should be pointed-out that there are certdin cellular phenomena; such as
i catabolite repression (glucose effect), feedback control, allosteric' repression,
enzyme induction, that may only be explained in part by direct correlation
with the primary nucleotide sequence of either DNA or RNA (see Cold Spring
Harbor Symp. Quant. Biol., 1961). The DNA-dependent RNA synthesis, for
instance, may be inhibited by histone, suggesting- that  histohe may dct as a
suppressor of genetic activity (Huang and Bonner, 1962). Also proteins such
as antibiotics may be formed through a simple repeating mechanism which
requires no direct control by a génic code (Ito and Strominger, 1960). DNA
probably does however exert an ultimate and indirect control over all these
other processes and phenomena..  The specificity and regulation of gene expres-
sion have been extensively reviewed (see e.g. Riley and Pardee, 1962) and shall
not be discussed here. ‘

With all these reservétiohs, the current belief is then that the genetic. in-
formation is stored in and transmitted by DNA, but is transcribed into,i and
expressed by the language of RNA for the synthesis of functional proteins.
Thus, one of the most interesting problems of molecular biology today is to
understand the relationships among DNA, RNA, and proteins; or in other words
the genetic material, the messenger for the genes, and the functional expression
of the genes.. This paper will consider some recent advances .in this area, par;
ticularly those related to the problem of encoding and decoding of the genetic
information.
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Theorles and Methodology in the Formulation of Codmg Models -

The so called coding model. calls for a correlation between the composmon'
of the nuclglc acids and protems. Particularly concerned are the four mnucleo-
tidé bases ‘adenine (A), guanine (G), cytosin’ek(C), and thymine (T) in DNA or
A, G, C, and uracil (U) in"RNA ‘and the 20 most commonly found “amino amds'
as abbrev1ated below: ‘ '

ala’ ‘alanine T lys lysine -

arg  arginine- i “leu leucine ‘
“asp  aspartic acid met methionine

asn  asparagine ' phe phenylalanine

cys - cystine, cysteine pro - proline :

glu ' glutamic acid : thr  threonine.

gln  glutamine try- tryptophane

gly » gly¢ine = tyr ~tyrosine

his - histidine : val  valine

ilu °©  isoleucine = ~User’  serine

“The majority of ‘the direct approaches to the problem of encoding and de-
coding- of - genetic information “have "appeared only rather recently.* These
include approaches from theoretical, biometrical, biochemical and biological
points of view. These attempts have been ingenious: although many have
been shown to be erroneous..” One may refer to Gamov et al. (1956) Ycas (1962)
and Crick (1962) for general background of the codmg hypothesis.

a: - Theoretical approach : ;

' Historically.  Dounce. (1952) should be given credit for orlgmatmg the coding
idea.  He suggested that there should be a dictionary for encoding and decodmg
all the genetic 1nformat10n. Gamov (1954) (see Gamov et al,, 1956) however, :
was the first to present.a detailed, fundamental consideration -of the  problem.
Their main: assurmption ‘was that a correlation exists‘ between the "amino .acid -
sequence of proteins and the pre-existing unique sequence of the nucleotide
bases in DNA. This school of thought has dominated all the subsequent theses
on the subject and has received ‘the most experimental support.

Two different theoretical considorations of the problem have been presented
by Rosen (1960, 1961a, 1961b) and Pattee (1961). Rosen (loc. cit.) suggested that
correlations between amino acid compositions of polypeptides’ and nucleotide
compositions of DNA ‘may be unsuccessful due to the existence- of anomalous
codes. An anomalous code is not completely determined by any definite setof
initial conditions.  Based on' the Hilbert space operation; he assumed that the"
genetic information is carried by a family of numerical observables of a seciﬁc

* = The sutvey of the literature pertaining to thxs topnc was concluded -on December 31
1962; PR :
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miéfophysical system; ‘each: of which is  sufficient to carry the information.
The quantum-theoretic notion of such a microphysical system embodies the idea
that what one actually observes in nature is not the system itself but a state
in which the observables comprising the system assume more or less definite
numerical values. There are many states of - the genetic observables which
cannot be decoded by the biological system concerned. In this case, there
cannot exist a coding model for the transmission of genetic information. An
interesting corollary of this theory is that the genetic observables possessing
degenerate eigenvalues may be the reason for both multiple allelism and
pseudoallelism. The eigenvalues of their states may lie so close’ together that
the probability of them being separated by an observing apparatus with limited

resolution power, e.g. recombination and complementation tests, is significantly"

less than unity. ,

Josse, Kaiser, and Kornberg (1961) reported that DNA dinucleotide frequency
in various organisms deviate only little, although systemically, from the fre-
quency expected from a random sequence of the bases, Pattee (1961) proposed
that simple computation with feedback mechanism ¢an dssemble, elaborate, and
repeat. any ‘ordered sequence without requiring the pre-existing ones. The
genetic mechanism today is thus the result of the evolution of naturally occur-
ring ordered macromolecular sequences as Freese (1962) predicted on a pure
mathematical ground but not of a chance origin. - Pattee noticed that -there is

~‘a'long and short range intramolecular Operiodicity in TMV and fibrous proteins.
He argued that any regularities or periodicities in sequénces represent redundant

information and need not be determined individually by genetic information, - The
fact that the addition of amino ‘acids in a growing sequence of protein " is ‘not
positionally random but steadily ‘sequential ‘from one terminal end indicated
to him that at least some transfer of information from the growing sequence
is: necessary. He pointed out that all amino acids must be present for both
RNA and protein synthesis; therefore there must exist an interdependent RNA:

protein sequential growth process. But we know now that not all amino acids

are required to be present for -the  synthesis of RNA -i# vitro.  Refuting this
basis of reasoning, however, does not imply invalidity of all of his speculations.
The distribution of amino acids in some proteins does suggest some degree of
sequential computation starting from the N terminal end of the protein. chain:
“Eck:(1962) argued  that the “amino acid distribution in a protein is probably
nonrandom, but subject to systematic constraints. ‘For instance; if’ cysteine is
replaced by another amino acid the newly formed sulfur cross linkage, if any,
may be so changed that it is ‘lethal’ to the molecule. ‘Thus in proteins, a high
ordér of limited variation of amino acid is permitted in the sequence structure.
Earlier, Ledley (1955) proposed a code on the basis of symbolic logic, by directly

P
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assigning the amino acids to the nucleotide bases and computing the frequency

of likelihood. “However, the final construction of such a code is possible only:

"if electronic computers can be efficiently used.

Most of the research on coding, however, is based on the presumption’ that
genetic information is encoded by a simple dictionary in a pre-existing linear
order of the consecutive nucleotide bases of DNA, thus of RNA, and ‘decoaed
in the form of a linear sequence of amino acids in the functional proteins:
Most of: the coding models proposed by this school of thought are characterized
by their linearity, time-independency, freedom from -intersymbol restrictions and
from the growing configuration of the molecule, and by :their freedom from
an information feedback mechanism. Crick (1962) termed each code word a

“codon.”
Table 1. Gamov’s code—1954

1. AAA 11. GGA, GAG, AGG-

2. °CCC 12. GGC; GCG, CGG

3. GGG - 13. GGT, GTG, TGG..

4 TTT 14. TTA, TAT,ATT

5. AAC,ACA,CAA 15, TTC, TCT,CTT
6. AAG, AGA, GAA 16. TTG,TGT,GTT

7. AAT,ATA, TAA 17. ACG, AGC, CAG, CGA, GAC, GCA
8. CCA,CAC; ACC i 18. ACT,ATC,CAT,CTA, TAC, TCA
9. CCG, CGC, GCC: ! 19. AGT, ATG,GAT,GTA, TAG, TGA
10. CCT, CTC, TCC 20. CGT, CTG, GCT, GTC, TCG, TGC

Uniform “triplets, overlapping, all meaningful.”

The first’ code proposed by Gamov ef al..consists of exactly 20 sets of triplets.
There are 4 kinds of ‘bases and 20 or so kinds of amino acids. Taking 3 bases
(triplet) at a time; gives 64 combinations. If the order of the bases in a triplet
can be considered irrelevant to its meaning, there are exactly 20 sets of triplets;
each seemingly corresponding to one amino acid. ‘This code is degenerate, i.e.
having more than 1 code word standing for the same amino acid and totally
decipherable (see Table 1).  Theoretically, a totally decipherable code is one in
which every sequence of symbols has an interpretable message, i.e. there is no
nonsense in the text. -In nature, it is known that there are regions of the
genetic map which are apparently nonsense, sﬁggesting that such a property
may not be valid. ‘Another argument against such a code is that if enough
restrictions are applied to a set of functions, one is always able to group them
into any number of subsets.  The fact that Gemov's  triplets numbered: 20 is
fortuitous. Another difficulty. with this code is that the coding sequence is
ovgrlappirhg, Thus a sequence of ..ATTUGA.. could be broken down into




~
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..A, .AT, ATT, TTU, TUG, UGA, GA., and A.. This would imply a strong
constraint on the type of transition which can occur from one ‘amino- acid to
the next in a sequence. Brenner (1957) later showed that too many - different
transitions -occur in nature and therefore this type of: overlapping code -cannot
be involved. ' s ; ,
Crick et al. in 1957 proposed a triplet coding system different from that of
Gamov et al. (loc. cit.)'suggesting that the code is not degenerate, not overlap-
‘ping, but is commafree and contains nonsense. Commafree means an imagina-
tive comma is placed between the adjacent code letters breaking the sequence
- into independent code words. Thus if AGA and CGC were two code words
‘situated next to each other in a sequence the overlapping combinations such as
GAC and ACG would not be meaningful. Ironically, out of the 64 possible
combinations of triplets only 20 can be chosen to form such a unique set (see
Table 2). This code, unique as it is, excludes code WOrds, such as UUU .and
'f'CCC, which have been showil to have a specific priming function on amino
‘“acid incorporation (see later). Hersch (1962), studying mutants of TMYV sugges-
ted that the code is commaless.

Table 2. Crick’s code—1956

CGA 11. ATG ‘ 16. CTT

1. ACA 6.

2. ACC 7. CGC : 12.. ATT 17. GTA
3. AGA 8. CGG 13. CTA 18. GTC
4. AGC 9. ATA 14. CTC 19. GTG
5.

AGG 10...ATC : 15.. CTG 20. . GTT

Uniform triplets, commafrée, non-degenerate, some nonsense.

Frendenthal was alsoin favor of the -triplet coding system. He showed
©(1958) that 5 and only 5 basic types of codes (Table 3) could be constructed
which would sati‘sfy. the commaless condition and contain 20" unique- combina-
tions.: In‘each group with a given ‘middle letter, all recombinations of the lis'Eed
first and third letters are sense words. - It is hard to conceive -a priori that
these' five unspeciﬁed groups should ever be classified as such, although it may
be mathematically feasible. ' There have been suggestions concerning  the  fixa-
~tion of certain letter(s) in a code. Petruska (1962) for example has tried to
specify -two of the three positions in a triplet, varying the other ‘one to fit the
-~ thén published amino acid replacement - data. “For instance, if-a code 'is to
begin with, UG, it may end with either U, C or ‘A, G. Tn other words, in the
third position, the two pyrimidine are essentially equivalent and so arethe two
purines(see Table 6).  Their assignment was very similar to the doublét code
of Roberts (1962a, b) and both are in fair agreemenf:‘With those independently




0

July. 1963 : “Huangs—Genetic Information / 17

Table 3. Frendenthal’s code (1958) as arranged by Levinthal (1959): i
Five possible types of -commaless codes using 4 different letters.
taken 3 at a time A

I R S I | i Ly
A A A A A A A A A A
B D B D B B D B B D B
D c c c c c c c D
B D D
C
c
D
A A A A A A A A A A
¢ B C B c B C B B C B
B B c B .C D c D c
c
A A A B B A A A B A A B A
B B B ,
B A A B A A
B c B '

In each group with a given middle letter, all combinations of the listed
first and third letters are sense words.
suggested by experimentalists. Smith (1962) also’ suggests that U occupies the
same, but unknown, position in a triplet code for 16 aminé acids but varies in
position forfour other amino acids. :
~Golomb (1962) extended his earlier work with Delbriick and Welch (1958)

and éuggested a sextuplet code, with 24 unique combinations (Table 4); It has

a special feature of error detecting and corrécting as it requires:two -simul- "

Table 4. Golomb’s code—1960

TTTTTG 7. 'GTGGCC . 13. AAAAAC 19. CACCGG

1.

2 GCACTA 8. “TTCAGC 14. CGTGAT 20. AAGTCG
3. GGATGT 9. TGGCAA - 15. CCTACA 21. ACCGTT
4. TACTCC - 10. TCAGAG 16. ATGAGG 22 AGTCTC
5. GATGGA . - 11. GGCAGG 17. CTACCT 23. CCGTGC
6. GCTCAT 12, TAGATT 18. CGAGTA 24. ATCTAA

L '_Uniform,sextuplet,f commafree, non-dégenerate, some norisense:
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taneous mutations to effect a change in the coding. The code is nondegenerate
and is commaless. = The assignments, however, have not received experimental
support. - The code seems to be redundant and inefficient. Later (1962) he
returned to favor triplets and proposed 2 sets of codes, thesis and antithesis, as-
- shown in Table 5 (personal communication). The thesis code is based on the
assumption that among the double strands of DNA, only one encodes informa-
tion which is to be transcribed and the other is redundant and probably is in-

volved in the replication of DNA itself. Therefore, for a particular base pair,

Table 5. ‘Golomb’s thesis and antithesis codes (1961)

Thesis Antithesis Thesis Antithesis
uuyu AAA | AAA GGU, UGG ACC,CCA | UCC, CUuC, CcCu
UUA, AUU UAA,AAU| CCC GUG CAC| UUC, UCU, CUU
UAU AUA | GGG ACG,GCA CGU,UGC| UGG, GUG, GGU
CCC GGG | UUU CAG,GAC CUG, GUC| UUG,UGU,GUU
CCG,GCC ~ CGG,GGC| AAU,AUA,UAA AGC,CGA  GCU,UCG| ACG,CGA,GAC
CGC GCG | AUU,UAU, UUA CAU,UAC AUG, GUA | AGC,GCA, CAG
UUC, CUU GAA, AAG | CCG, GCC, CGC CAU, UCA 'AGU, UGA | ACU, CUA, UAC
UCuU AGA | CGG, GCG, GGC CUA, AUC UAG,GAU | AUC,UCA,CAU
CCU,UCC  AGG,GGA | AAC,ACA,CAA AGU, GUA, UAG
CcuC . GAG | ACC,CAC,CCA AUG,UGA, GAU
UUG, GUU * CAA, AAC | AAG, AGA,GAA CGU,GUC, UCG

-UGU ACA | AGG; GAG, GGA CUG, UGC, GCU

See text for explanation

say G-C, if G is meaningful C- must be nonsensical. - The advantages of elimina-
ting the complementary triplets may lie in freeing the RNA from being ‘in-
The weak
point of the thesis code is apparently its stringent restriction and inefﬁciency.

terferred in its function by intra- and intermolecular hydrogen bonds.

Here half of the possiblé code words are nonsense, and no experimental results
have supported: this view. It may allow code ‘assignments for the presence - of
the less frequent amino acids such as hydroxyproline and hydroxylysine. How-
ever, the antithesis code With’24 sets of code words has the advantage of being
flexible. - It allows both the requirements for nonsensé and degeneracy. . The
antithesis code is constructed on the basis that all permutations of - the letters
amino acid. For instance AAC, ACA, and
Golomb speéiﬁes, however, that this antithesis

within a word specify the same
CAA -would carry the same code.
code does not imply overlapping as the relationship of the permutating com-
binations seemingly suggest. Both sets of codes can be subject to tests. Exactly

the same type of code is proposed by Ageno (1962) very recently but indepen-




July, 1963 = "Huangs—Genetic Information 119

dently. ~ Neither Golomb nor ‘Ageno was at the time of preparing of their theses
aware of the fact that the same consideration had previously been considered
and treated mathematically by Chavcharidze in 1958. Chavcharidze Calculated
further that the entropy of various codes is different. While he was uncertain .

" about the coding ratio, he postulated that either a triplet such as m or'a

duplex-triplet such as %8— (a triplet together with its counterparts)  could be

meaningful. - Indeed, even with the recent knowledge on the priming ability of
DNA, these alternatives are still hard to be distinguished.

A different idea concerning the coding ratio was presented by -Sinsheimer
(1959)." He suggested that each code consists of only two bases according to
the presence of a 6 amino or a6 keto group on the nucieotides.,, Such a hypo-
thesis was made to explain the near equivalence of 6 amino and 6 keto nucles.
tides in the total RNA of various organisms. On  the basis that while the
purine and pyrimidine ratios of RNA vary little from organism to organism
(A+U/G+C=1.03 to 1.45), G/A hence C/T of DNA varies greatly (0.45 to 2.7),
he reasoned that either there is a 2-letter code or there is not a universal code
relating DNA to RNA or DNA to protein. The second argument is probably
invalid because the kinds of amino acids constituting proteins in all terrestrial
organisms have been confined to about 20. Since this i;ime, it has’ become
known that only some RNAs which code for amino acids have a homology
in base equivalerce to DNA. However, the idea that a ‘dinucleotide may be
sufficient as an encoding unit has been upheld by Roberts (1962a, b).

Knowing ‘the cbmposition of amino acid composition of E. ¢coli protein ‘and
assuming the codes assigned earlier by Nirenberg and Ochoa (see later) Roberts
was able to calculate the nucleotide composition of a hypothetical mRNA fdf
E. coli. ‘This mRNA had an extremely high U content (45%) compared to na:
tural RNA. - When U, which is common to all triplet codes suggested, ‘s dis-
carded in the calculation, the composition of the hypothetical messenger: RNA

. is' comparable ‘to that of the 50s ribosomal RNA when allowing for the priming
efficiency of the messenger RNA. Robert’s doublet -assignments - are shown in
Table 6. This code médely contains no nonsense, all 42 combinations are used.
He later (1962b) showed that the frequency of purine-purine, G-C ‘and amino-
keto -pairings are higher in nature. It should be noted that our supposition has
been that the template for protein synthesis lies with the DNA:complementing
mRNA. If Roberts’ correlation were valid, it would suggest that the ribosomal
RNA could also serve as a template. Roberts pointed out the life time of
the ribosomal RNA 'is long enough to allow it to serve as template for 20-40
polypeptide ‘strand and  there 'is so far no kinetic evidence against ‘this pos-
sibility.
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b. = Biometric approaches e

There are two types of studies mvolvmg analysis of pubhshed results Wlth
biometric techniques.” ‘One correlates amino -acid differences bétween related
proteins of different species. The other correlates amino acid changes in ‘a
speciflc: protein ‘resulting from single induced mutational event.

Ycas (1960, 1961) from correlation studies between viral protein and nucleic
acids and from amino acid replacement analyses of various proteins - suggested
a coding ratio of 1. He advocated that one nucleotide is sufficient to determine
one amino acid. Amino acids can be assigned to nucleotides in such a manner
that the mole fraction of each group of amino acids in a protein is equal to
the mole fraction. of the corresponding nucleotlde in ' RNA. Thus:

A-—glu, gln, gly, leu, phe, try

U-—asp; asn, ilu, his, ser

Gr=arg, ala, tyr, val

‘C—cys, lys, met, pro, thr
.He argued against the supposition that neighboring nucleotldes provide addltlonal
information. He implied that viral RNA possesses only part of the information
required to specify a protein. Each nucleotide would limit, but not determine,
the choice of a residue at any given position. Additional information is con-
tributed by some other structure in the host. - He suggested that TMV. 'RNA -
functions analogously to RNA of the uninfected cell in respect to the protein
specifying mechanism. “He proposed that there are actually two components
of a-double structure complex that specify the amino acid sequence in proteins,
Thus in-the “recently” divergent proteins, namely: ‘mammalian, most of the
replacements in amino acids are not random (X=12.3')' due to a result of muta-
‘tion in one of the components. On the other hand, random (X =1.4) distribution
of amino acids in the “anciently” divergent proteins such as insulin, haenioglobin,
and the cytochrome Cs is a result of mutations in both components. e

It ‘'should be noted that Ycas' dssignment of amino acids to a particular
nucleotide: is based on the correlation between the sum ‘of the mole fraction
of the amino acids within each group to that of the corresponding nucleotide,
‘within the significance limit of the Bravais-Pearson coefficient (c=0.92, N=24):
A serious objection is obviously that the amino acids ‘may be so: chosen and
assigned to give a good correlation. The results of Yamazaki and Kaesberg
(1961} on wild cucumber virus, for - instance,” have contradicted  Ycas’ proposal
of coding ratio of DNA. '

Sueoka (1961a, b) proposed a code of quadruplets ot sextuplets, -on- the basis
of GC content of DNA and its correlation with various amino acids. Assute
AT and TA to be @ and GC and CG to be 7, the quadruplets can be classified into
three classes: exclusive (a,; and 7,) asymmetric (a7 and &), and symmetric
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{asT5).  The frequency of each type of quadruplet will vary with the GC content:
The same cofrelation is expected between amino acids in protein corresponding
to each quadruplet and the GC. content of DNA. The symmetric class will
show no correlation when a linear regression is. estimated. ‘Based on the ‘ex-
pected correlations within. the GC range of analysis (25 to 7523) the best fit is
‘given by ‘assignments in Table 6. Sueoka’s model supports the universality of
the code among bacteria‘and probably protozoa ‘also. - He ‘suggested that-the
~wide variation of DNA base composition is due to the presence of ‘a large
‘amourit of nonsense DNA. - He concluded that if the code unit is universal and
relatively ‘small-(e.g. 3, 4, 5, 6, etc.) it would be even numbers of bases, namely
4 or 6, rather than odd numbers. This hypothesis ‘may  be subject to ‘experi-
mental test in time. : ‘

Woese (1962) constructed his code (see Table 6) by a éorrelational study on
proteins from six different, but closely related, virﬁ'ses. The code is characterized
by being commafree. He noted (1961) that the replacements in the amino acids
of these related viral proteins are not random.  Woese  further suggested “that
stereochemically related amino  acids - correspond - to closely related nucleotide

“:code triplets. - Smith (1962:b) also suggested that the structure of an amino acid
“should -determine the type of replacement possible.  Thus the ones with hydro-
phobic side chains are replaceable ‘only by -another of the same configuration.
However, the assumption of Smith that all ‘codes should contain’ U has ‘no
‘theoretic ground and has been refuted by recent biochemical results.

Jukes (1962 a,b) argued that it is not necessary to expect a stereochemical
réiationship between the coding ‘triplet and the amino acid.  Transfer RNA
‘molecules’ may originally “have. been: a random’ series ‘containing all possible
coding triplets in combination with all- possible. amino acid' recognition ' sites.
Those that did not-provide the correct combinations would have been discarded
during the process of evolution.  Julkes’ model ‘of code assignment' is ordered
and consistent only with Ochoa’s earlierassignment. ‘The data of ‘amino acid
replacement in beta-lactoglobulin which “heé based: his' ¢alculationis upon - were
shown ‘afterwards to be incorrect (Jukes; 1962 b).

“Zubay and Quastler (1962) based on 126 transition replacements of amino
acids, proposed a nondegenerate triplet code without specifying the order. They
suggested that U is likely to be at one end of each code word This implies
that early in the evolutionary process- a -dinucleotide code was sufficient, the
third nucleotide in -a triplet code was added when variation later became
.desirable. “However, their assumption that glu and gin as well as asp and asn

: are"acoéled by the same triplet may be wrong. If nondegeneracy were the case,
the code would have to be highly precise and would be inefficient. The im-
- plication that a dinucleotidé code was: sufficient has also. been considered by
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Sinsheimer (1959), Roberts (1962) and Petruska (1962) as has been discussed
~ previously, B e T :
-Hendler (1962) cautioned that a good correlation between the replacement
data and a specific code does not necessarily imply a universality nor-a complete
degeneracy of the code under investigation. This is certainly true.-: Definite
correlation’ always requires an exhaustive set of data. '
c.. ‘Experimental approaches ,
There are three main schools of experimentation, all of which have been
véry important to the coding problem. These are: :
1.. Chemical approach—feeding a protein:synthesizing system, a known form
of ‘synthetic polyribonucleotide, thus mimicing the messenger RNA, and analyzing
the polypeptide made. b
2. .- Mutational replacement~—invoking specific- mutation, by altering a specific
form of base pairing, and:detecting the amino acid replacements in‘ a - specific
protein. :
3. Genteic approach——analyzing mutations- induced at the nucleotide level::
1. - The most significant breakthrough in the chemical approach to- coding
is ‘the studies of Nirenberg and Ochoa and their associates.. Ochoa and his
colleagues characterized an enzyme, ribonucleotide polymerase, which catalyzes
the formation of specific polyribonucleotides. . Nirenberg ef al. (see Martin ef al,,
1962; Matthaei et al., 1962; Nirenbérg et-al.; 1962) then synthesized a polyuri-
dylic acid ‘and found that it directed the synthesis of ~polyphenylalanine in &
- protein: synthesizing system of E. coli. Such a finding was almost simultaneously
made also by Ochoa ef al. (1961-1962). Both groups conclude that syhthetic
homq or “heteropolynucleotides are active as messenger- in stimalating the: in-
corporation of specific amino acids into polypeptides. This is done by in-
troducing into a protein synthesizing system a mixture of all ‘20 amino aéids’
with one -of them-labeled ‘with C* -The system is treated with DNAase to in-
activate  the DNA; thus inhibiting  the 'formation of ‘new messenger RNA.
Various: synthetic polynucleotides are introduced in place of the messenger RNA.
After a period of incubation, trichloroacetic acid: (or tungstic acid) precipitable
fractions are collected and the radioactivity measured. . In the presence of a
polyuridylic acid (poly U; UUUUUUUUUUUU....), for instance, most of the
activity can be accounted for only due to the incorporation of C1 phenylalanine
into a polypeptide in the form of Phe-phe:phe-.... They found that thé.re is
a- positive . correlation between the length of the: polynucleotide molecule,
molecular weight, and the amount of incorporation. Heteropdlynucleotides\
made from various combinations of random mixtures were ‘used and different
amino acids were incorporated. ~Addition of a third -base may cause ‘the in-
corporation of additional amino acids. ' Recently, Jones and Martin. (1962): and
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Bretscher and Gruﬁberg-Manago (1962) found that poly ‘CA would also stimulate
incorporation of pro-and some thr and his. - Ochoa et al. (1962, VIII)alsos‘h(iy)wed
" that the cdmposition of the functional synthetic polynucleotides  does not neces-
: sarily contain U as Zubay and Quastler (1962) and others previously speculated.
The codes proposed by the schools of Ochoa‘and Nirenberg are in part degéne-
rate, in part nonsénsical, and has a coding ratio of at least three. The assign-
rhent is based on comparison of ratio of the incorporation of phenylalanine to
other amino acids in relation to the theoretical proportion of various forms of
- polynucleotide triplets possible. For instance, if the proportion of U to C to
G in a heteropoly UCG: is 6:1:1, the proportion of UUU to UCG is expected to
be 36, assuming the distribution of various nucleotides in'a polymer is random.
Now among other incorporations, the activity of phe to ala is 31 In'this par:
ticular: case, 31 is the closest value to 36 and ala is assumed ‘to beincorporated
due to UCG (sequence not specified).” -Such an approximation 'is very: close :to
the theoretical ones in many cases. They noted that the incorporation of 1 mu
mole-of phe into protein requires 1 mu mole -of U in a poly U, stiggesting that
the function of these polyaucleotides is stoichiometric - rather than catalytic.
The dichotomy of U being excessive in the code but very-little-in TMV is due
to the selective techniques used {see Ochoa et al., VIII). ' In their work, as dis-
cussed above, all assignment is based upon the function of UUU or the incorpor-
ation of phe.. 'We know that ‘a linkage of only 4 to 5 molecules of phe is
sufficient ‘to- form  a ‘TCA 'precipitable fraction: Other amino acid polymers
require ‘a longer chain to stay stable in the form of‘a precipitable polypeptide,
and smaller polymersare probably soluble and lost during the washing procedure,
Experiments of this type are highly exciting, although there are other pitfalls:

a. The polypeptides so: syntheswed are not functlonally active, this probably
- -do not-exist in nature.-
: b. The assumption that-the distribution of basssin a hetero'polynucleotide
is at random may-be erroneous. “DNA ‘tends to consist of blocks of pyrimidihes
followed by ‘blocks of purines. The deviation of their assignment from theore-
tical prediction should also indicate this discrepancy.

¢. " Thus far, only 58 tripleis out of a possible 64 were tested and’ only 41
of them cou’ld. be ‘assigned ‘with coded information, and “only 23 code words are
a‘greeéble among these two schools. . The sensitivity of detection for certain
polypeptides formed has not been totally- satisfactory. - The conclusions drawn -
from this technique dre thus incomplete. An up-to-date ~assignment of these
'groups is included in Table 6.

Even with these apparent shortcommgs, the studles of Nirenberg and Ochoa
et al.; should be considered as the most elegant indirect approach to the coding
‘problem. Some day the correct combination of code may be found by using a
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similar technique to this to construct a ‘polynucleotide that would direct the
synthesis of a specific protein (e.g., collagen, hemoglobin).

2. Another important experimental approach to the coding problem is that
of Tsugita and Fraenkel-Conrat (Tsugita, 1962) and Wittman (1961). Their
study is based on the knowledge that the mutagenic action of nitrous acid is
through breaking the cross linkage of the helical nucleotides, deaminating . the
~ nucleotide bases, and subsequent alteration in base pairing. Thus, ' '

(A) adenine — hypoxanthine (Hx) —> guanine (G),

(C) cytosine —> uracil (U)
It is assumed that most of the mutations occur by a one hit mechanism, each
hit causing a change of only one amino acid in the protein involved. In
" studying such changes from various nitrous acid induced TMV mutatioﬁ,
Wittman observed that in a number of mutational transitions, the amino acid
composition of the mutant protein could be assigned to changes in the basés
of the DNA nucleotides. Such an assignment fits well with the octad'arrange-
ment of the 64 triplets proposed earlier by Gierer (1961). Thus: k

[C— U] [C —> U] [A —>G]

(UCC) (CUC) (ccu) (CUA) (CCG) (UAC) (CAUY -
pro ® 1 ger

3\g >< j asp / thr \ﬂu ;zin4 f\ — / gin

(UUC) (UCUy HUUA)Y (UCG) (CUG) (UGC) (UAL)
leu 1\‘ sir — ilu \ glu met ala gly —
5 |
(UUU) S UG :
phe , val : —

(The numbers along the arrow indicate the frequency of occurrence.)

Only a part of the 6500 nucleotides, probably 500 of one end, is actually
involved in the coding of the specific coat protein of TMV investigated. This
protein consists of approximately 160 amino acids. The results agree perfectly
with the triplet code hypothesis. In fact, as the code is degenerate and non-
overlapping, it is compatible with the suggestion of Ochoa ef al. and Nirenberg
et al. (loc. cit.). There is also an indication in Wittman’s experiment that the
decoding process starts from a fixed point. k '

The study of the A protein of tryptophan synthetase of E. coli (Yanofsky
et al., 1961; Helinski and Yanofsky, 1962; Henning and Yanofsky, 1962) is also
very interesting. Genetic studies showed that two UV induced mutants, each
altered in one amino acid, are very closely linked. One has its gly replaced
by arg and the other by glu. Applying the code agreed upon by Ochoa and
Nirenberg’s groups, the replacements ‘can be shown as:



126 Botanical Bulletin of Academia Sinica Vol. 4

..GUG...—>...GUC...

(gly) (arg)
..GUG...—>...GAG...
(glu)

thus a recombination between GUC and GAG at the position between UC or
AG would yield a wild type GUG, with GAC (either ser or asp) as the simulta-
neous product. This result may well serve as a good illustration of recombina-
tion at the molecular level. When an exhaustive set of such controlled muta-
tions is available, we may be able to see more clearly the coding system in-
volved. At least it should show whether a congruency exists between the
nucleotide bases (gene) and the amino acid sequence in that protein produced.
A more complete replacement data including N-bromosuccinimide and dime-
thylsulphate induced TMV mutants of Tsugita and hemoglobin mutations of
Smith and Perutz have been summarized by Crick (1962).

3. The genetic experiments of Crick ef al. (1961) are highly significant to
the coding problem. It is known that proflavin acridine causes mutation either
by addition or deletion of a single nucleotide base in DNA through inserting

itself between two adjacent nucleotide pairs and increasing their distance to

=)
:)
)
)
)
)
)
)

ABCABCAB
[ TR T B!

-0

ABCABbABg%$
11 S A |

normal function

TN TN TN N
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[ R I T A S R S S S S

Taddition of first mutant—mutation

TN TN TN TN TN TN TN TN
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Taddition of second mutant—mutation
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T

addition of third mutant—normal function restored

-0

A, B, and C each represent a different base of the nucleic acid. The
sequence is such that it is read in sets of 3 starting on the left. ABC
is a meaningful code word, CAB, BCA, AAB/and others are not.

- -—————————->+

TN TN TN TN TN TN TN TN

f}]?(?AB(E]?(]JABCABCABCAA]IB('IABC
[ [ [

deletion addition
te————
AN TN TN TN TN TN
ABCABCABCCA CABCABAI?CABC
1 ot i LI 1t L L I |

1 Ll i

addition deletion

Figure 1
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6.8 A instead of 3.4 A. In coliphage a marker gene rII is known to have a
definite phenotype.  Thus by inducing mutations -in- coliphage specifically 'in -
the rII region, Crick ef al. were able to construct triple mutants having 2 forms;
involving either 3 additions or 3 deletions. Taking a triple set of mutants,
either of the addition or deletion type, they found that either mutating singly
or in pairs resulted in an absence of function in the gene. However, ~when
the three mutants were combined in the same genome, the function of ril was
restored or  partly restored. Combination of a single deletion and. a 'single
addition also restores the function (see Figure 1). Thus they suggest that  the
coding ratio is 3 or a module of 3. They also suggest that decoding synchro-
nization is achieved by starting at one end of the ‘message and reading off 3
bases at a time without overlapping. - They infer that the code is degenerate
or generally more than one triplet code for each amino acid. k

Generalities of a Plausible Code

‘ In the review miade above, the following generalities of a. code have been
stressed: the length of a code and its uniformity, the arrangement of the codes,

overlapping versus nonoverlapping; the nature of the codes, degenerate, am-

biguous or nonsensical; synchronization of.- the decoding process; - and the

universality of the code.. One may now proceed to discuss the findings collec-

tively under these ‘headings.

A. ~Code length ‘

As there are 4 types of bases and 20 or so amino acids, only 4 major models
of correspondencé have been constructed, namely: :

a. Each base codes for a certain group of amino acids——coding ratio of 1
(Ycas). ' A '

b. A combination of two bases corresponds to a certain amino acid~——duplet
code (Sinsheimer, Roberts). :

c. Three bases, same or different, arranged in a linear array and coding
a8 an entity, for one amino acid——triplet code (Crick, Wittman, Woese, Ochoa,
Nirenberg).

d. More than 3 bases are involved in each coding unit, however, opérating
in ‘a similar fashion as triplets (Sueoka, Golomb). ' '

‘While a ‘coding ratio of 3 is the most favored model today, the actual unit
length of ‘a code'is yet to be determined. - Rough estimates of ‘the-amount of
DNA. necessary to code for a single amino acid have been  done by Levinthal
£1959) and Garen {(1960). ~The result is consistent with a coding -ratio of 3 to
10-as obtained independendently by Fuerst; Wollman and Jacob (1959) based on
fecombination length of DNA and genetic and chemical studies with alkaline
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'pho‘sphataée ~ Ofengand and Haselkorn (1961) also conclude that the coding' ’
,ratlo is lower than 9 but hlgher than 3 from their work Wlth viral” RNA '
dependent incorporation of amino acids. , ,
Also, ‘most-of ‘the ¢coding models agree upon 'a umiform length.  But; thls
xs “bassd purely on: mathematlcal convenience. " Blumenthal' (1962), for 1nstance, ,
“reasoned that a triplét code does not’ contain: enough - information. " Levinthal
(1959) suggested that other models of code may exist.” For ‘example it may be
‘:,t'hatf every 10th nucleotide (one complete turn of a helical DNA molecule)
specifies the specific amino acid. Roberts (1962a) did indicate in passing that
,cod’es of unequal-length miay exist and function Simultane'ously A complex,
. coding system of this: type would require a much more precise and comphcated
' system of programming. Nevertheless, there -is no evidence so - far against this
possibility. Crick (1962) considered it a possibity to have triplets code for the
common amino acids and doublets for the rarer ones. He even suggested that
the length of a code does not need to be an mterger
B. Nonoverlappmg vs. overlappmg
Fall (1962) advocates that the genetic code is overlapplng instead -of non-
overlappmg as popularly believed. Indeed, the results of Crick ef al. (1961), for
“'1nstance, can be explained equally well by this overlapping scheme. This
‘scheme is characterlzed by a code length not exceedmg 5 and a coding ratio
of: elther 3 or 4. ‘Wall reasoned that there -are probably two types of mutation,
~ missense and nonsenss. Nonsense mutation results in either lethal or undetec-
\ tahle changes. Missense mutation leads to replacements of “amino acids ‘in
certam protelns The site of a mutatlon may or may not lie in the overlapping
region. Therefore this model is compatible with Crick’s supposition of deletion

- or addltlon of nucleotides in proflavin- induced mutants Wall pointed out that

certain combinations of amino acid sequence (altogether there are -20° possable_
nearest neighbor combmatlons 20% for a series of three..) are not found because
of a non-ergodic characteristic of the amino acid sequential process.  Wall's
“non-ergodic hypothesis seems to be a special case of the work of Rosen (loc.
cit.) as previously discussed. RoSen -suggested. that the 'DNA protein- coding
processes in-nature are actually quasi-ergodic, under which a - finite number of
- DNA-protein codes are possible.  Biochemical experiments alone are: insufficient .
" to resolve this aspect of  problem, although ‘Goldstein (1962) based on results
Arom  protein ' synthesis ‘suggested that a’ stepwise assemblage process could
,reclude errors in decoding and allow the existence of an overlapping code.
o Degeneracy, ambiguity and wnonsense .
‘I'f'kt-he code is indeed triplet in nature, it is easier to visualize that some -
codes are -'degenerate, others ambiguous, and still 6thers nonsensical: - Ambiguity
of a code means one code word for more than 1 amino acid. “Matthaei et al
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(1962) and Bretscher ahd Grunberg-Manago (1962) both observed that poly U -
could code for leucine as well as: phenylalanine iz vitro. Pleitropism of a gene,

for example, could be an analogy at a higher level. The fact that a certain -

genetic region is profound in-function or-is.a mutational cold spot may be an
indication -that nonsense exists. There is also the recent direct evidence of
Crick et al: (1961) to support this. '
The hypothesis that degeneracy, at'least partially, does exist has receiﬁred
support from the mutational replacement results of Wittman (1961), ‘correlation
studies of Reichmann et al. (1962), and the chemical experiments of Nirenberg
et al. and Ochoa et al. Reichmann et al. (1962) found that the distribution of
C/U:in the end fractions (13.22 molar of: the total digest) in the tobaceo ne-
crosis virus is inadequate to account for the information required to code for
the proteinous satellite components.  They assimed  that for 240 amino’ acid
residues, the estimated protein composition of the “satellite; 720" nucleotides or
609 of the total RNA would be required on a triplet code basis and that there
are:about 387 triplets: for the total length of this viral RNA. Percent distribution
of U:C:A:G for this RNA is respectively 24:9:22.1:28.0:25.0. Weisblum ‘et al.
(1962) too have provided physical bases for such a property, at least with leucine.
The incorporation of leucine can be stimulated" equally. well by poly UC:and
poly UG. Moreover, it is likely that the priming ability of different code words:
is different. It would be interesting to know; for example, what is the maximal-

degree of degeneracy possible, whether chemlcally similar amino acids have the

same- degree of “ degeneracy, and: whether certam types of ‘triplets are more
vulnerable to ambiguity .or nonsensé than others.  That: at least 23 code as:
signments have been agreed upon from biochemical evidence leaves little doubt
that some codes are highly. degenerate. It is interesting to note: that the
degeneracy is not at random (Table 6).
D. Orientation of the decoding process

~So:far the only direct experimental suggestion for an - orientation during
the decoding process comes from:-studies of Crick ef al.:(1961), Wittman: (1961)’.
They suggest thaf the sequence of code is decipheréd in one: direction along the
strand starting at a fixed point. There is biochemical evidence for the oriented
replication of: DNA on a pre-existing DNA (Yoshikawa and Sueoka, 1962), butit
is uhknow‘n how the messenger RNA is assembled on the priming DNA. Dintzis
(1961), Goldstein (1962) and others have shown that some proteinis are assembled

gtarting at the N:terminal end; the decoding process from messenger RNA may

also be oriented and synchronized. ' They have evidence. that there'is only one
correct polarity for the peptide-bond formation. Recognition may be achieved
by having an alpharamino ‘acid to match the-possibly phosphorylatedB’ and 5'
hydroxyl group at the terminal end of the messenger RNA. A variety of RNA
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specifying various amino acids may be involved in the recognition process.
However, once a unique ‘terminal group was established on the template, the
condition would be sufficient to initiate ‘and to program the growth of a protein
chain.  This idea is parallel to the consideration: of Pattee (loc. cit)) as disciissed
: earlier; , ‘ :
'More recent experiments of Ochoa’s group (1962, VII) using synthetic poly-
‘mer AUUUUU....U, noted that tyr (coded by UUA) was present not at. the N
terminal (3 hydroxyl), but the C terminal (carboxyl) end of the polypeptide
formed. ‘Similar results were obtained with. GUUUUU....T, providing a very
strong supportive evidence for a ‘directional decoding proéess. :
" The suggestion that a full stop at the end of a coding sequerce for a cistron
may have ‘been provided by the discovery of rare and mnovel bases in the DNA
nucleotide.” Dunn and Smith (1958) for example have found that there exists
one residue of 6-methylaminopurine in every 250 nuclectides in E. coli, and one’
in every 800:in"T2 éoliphage DNA. - This . 6~methylaminopurine  may  be non-
sensical and either stop or ‘break a sequential reading process: - Crick (1962)
hinted that two letters in a code word need not be situated adjacently.
E.' Universality ;
In all the organisms studied, evidence has been found for a stepwise control
mechanism for the synthesis of DNA-RNA-protein. However, uncertainty
- remains as to the universality of a general coding'systerh. Crick (1962), Champe
and Benzer (1962), and Yanofsky et al. (1961) believe that there "are  discrete
differences in the method of coding in different organisms ‘due to  variations in
the spéciﬁcity of the activating enzymes.. Ochoa ¢f al. (1962) ‘believe - that the
cdde is universal.- Brenner {1961) also suggests that the coding mechanism: is
uﬁitary in nature. Rolfe and Meselson (1959) suggested that individual amino
acid coding sequence may be species-specific. © The: genetic “factors  controlling
the synthesis of g-galactosiddase and alkaline phiosphatase have -alsd been found
. to: be active in both E. coli and Serratia in’cerchangeably (Singer et al., - 1961).
Ehrenstein and Lipmann (1961) reported the synthesis of hemoglobin very similar -
~to that of ‘rabbits using rabbit ribosome and mRNA and tRNA from. -either E.
“¢oli, “yeast, or. Micrococcus: lysodeikticns. - Similar observations “have - also been
reported by Niu ef al. (1962). Controlied synthesis of polypeptidéshas also been
demonstrated by Arnstein -ef “al. (1962) and Bretscher and Grunberg-Manago
(1962) in cell-free systems other than the ones used by the schools of Nirenberg
and Ochoa.  Tsugita, Fraenkel-Conrat, Nirenberg and Matthaei (1962) have shown
recently that a protein similar to tobacco mosaic viral protein can be synthe-
sized in a cell:free protein synthesizing  system of E.- coli when the infective
tobacco mosaic virus RNA is introduced. It may be safe to conclude that cer-
tain codes may be equally functional in different: organisms: :
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Summary

To recapxtulate, the basic concepts mvolved today in‘encoding and decoding
genetlc information are as follows: ,
a. "DNA is the primary vehicle of inheritance and contains the coding in- '
formation. Some of the genetic mformatlon, if not all, is to specify the s'=quence
of amino acids in proteins. ;
b. Messenger RNA, synthesized on, and having a homologous bass sgquence
to DNA, transcribes the genetic information. ' '
¢ The decoding ‘of genetic irnformation involves the assemblage‘ of a
specific sequence of amino acids into a protein molecule mediated by a proteih :
synthesizing system.
d. The sequence of nucleotide bases on the messenger RNA reflects that
of DNA and corresponds to the amino acid sequence of the protein produced.
e Coding is an inferential design for the understanding of basic corre-
lations between the chemical structures of genetic material and its produéts.
Although there are a few generalities that can be drawn from the recent
experimental appfoaches, the problem of coding. is ‘still open ‘to a -series of
questions: '
~ Is the uniform code length valid?
- Ts degeneracy of the codes an exception or the rule?
- Is the degeneracy distributed at random among various code words?
- Is the ‘messenger read sequentially from a fixed point?
~ Ts the message polarized? ' '
- Is the code indeed nonoverlapping and commafree?
~Ts there one and only one coding ‘system in each organism?
= Ts the coding system universal?
— Is the decoding process in nature falhble? 11 so, what type of mechamsm
is prov1ded for correction? ‘
~"Is it possible to have a sequential code built upon information feedback?
- TIs there a secondary control mechanism, supplementing or 1nteract1ng ~
with the genetic code? : :
In time, some of these questions will be answered while others may‘ remain
obscure, Tt would be informative to know the activity of other synthetic poly-
mers ‘such as’ GUUUUU. ... U and "AUUUUU.... U as tested ‘'by Ochoa et al.
recently.. Copolymers with one or two -or three base nucleotides at: one end
differing from the rest of the polymer should further reveal the property of .a
code regarding- its  orientation, efficient “length, 0ver1apping, synchronization,
and possibly degeneracy. This may require a small size of polyribonucleotide
with the total number of bases being a multiple of three. On the other hand,
fractionation of functional DNA could also be very useful in understanding the
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coding nature. Progress has been made; for example, with the isolation of the
pyrimidine segment of a single stranded DNA from a. coliplage ¢X 174, The
iongest' fraction so far isolated contained 11 pyrimidine base COnsecutively
Also two chains of 10 and four of 9 have also been fractionated (Hall 1962).
The detezmmatlon of the exact composition as well as the blologlcal function
of these chains is still in progress. Jones and Nirenberg (1962) reported, however,
that longer chains {(>100 units) of synthetlc polymers are more actlve than the
shorter ones. L ’

Similarly, the use of polynucleotides substituted with base analogs in cel‘l
free studies may also augment our uderstanding of the codes, = Poly UG after
nitrous acid treatment would be changed to UX (xanthin) and i is greatly mactl-
vated (Jones and Nirenberg, 1962). Basilio ef. al. (see Ochoa et al 1962 -VILI)
showed that UH (hypoxanthm) acts sm’nlarly to UG in vitro. These results are
compatible with DNA synthetase and RNA polymerase behaviors. Also poly
UI (inosine) is as effective as poly UG, but poly UX is not poly CU is similar
to CG in mcorporatmn activity.- It is unclear as to why 5FU (ﬂuorouracﬂ) and
N-methyl uracil (MeU) homopolymers are inactive. 5FU when copolymered
with U is active, but not MeU with U. Haschefneyer and Rich (1962) also
reported that poly T (thymldyhc acid) is 1nact1ve for the mcorporatlon of phe;
probably due to-the competltwe occupancy of the  active sites. These studies
are essential to the understandmg of mutagemc as -well ‘as the encoding me-
chanisms, They have suggested at least that under certaln conditions, some
codes could eas1ly become nonsense, if they were not nonsense if . they were
not nonsensical to begin with. :

Sueoka ‘and Cheng (1962) have 1soldted a naturally ex1st1ng deoxypoly A:-T
in a marine crab (Cancer borealis), indicating that heteropolynucleotldes of thlS
‘type may in fact exist in nature and function as the synthetic ones.

From another point of view, genetic regions known to control the synthesxs
of a specific proteln may eventually be isolated, and the nucleotlde base sequence
fef the genetic region and the ‘aminoacid ‘sequence of ‘the protein involved,
compared.  The isolation -of a particular genetic segment,. the: rIl region of
: _coliphage T4, of known function has been accomphshed by Hall and Sp1ege1man

(1962), Bautz and Hall (1962). - ~ e

“Newer techniqués have also been ‘developed recently to determine ,thebase
sequences ‘of various nuclectides. Beer and Mondrianakia (1962) took the
advantage of gréater electron density of 8-amino-1, 3, 6~naphthalene-trisulfonic
- acid to locate: various bases in-a DNA molecule using the electron  microscope.
Wilska (1962) is constructlng an electron microscope having a resolving power
of 2to 3 A, Champe and Benzer (1962) studied the base sequence of messenger
RNA with 5-fluorouracil (5FU). 5—FU occasionally pairs as C and will substitute
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for U in a messenger RNA. Thus if a mutation exists such that a C-G pair -
in DNA is changed to T-A, the corresponding messenger RNA would be changed
from C to U and would pair in the complementary tRNA with A instead of
G. “When 5-FU replaces U the phenotype will be restored. Knowing  the
mutational sites involved by recombination" test, Champe and Benzer {lo-. cit))
have been able to construct a map of messenger RNA for the rII region of
the coliphage T4 in terms of nucleotides for the standard type. As5-FU invol-
ves the detection of only G and C, the positions of the other bases will be
determined upon the development of analogues of C or G that function similariv
to 5-FU in replacing U. Unfortunately, the specific enzyme or enzymes involved
in the function of rII are still unknown. Tt probably involves a protein not
contained in the phage itself, but is required in the infective cell for the forrr;a-
tion of new phage. In time, it is hoped that some ingenious techiques #ill be
developed in systems with defined gene products such as tyrosinase (Horowitz
et-al., 1961) and the hypothesis of correspondence between the base sequence
and amino acid sequence examined.

. Clearly, the sub]ect of coding is being advanced very rapidly especially m
the past year. More experimental results, both genetical and biochemical, are
" to.come. It is not only an opportune time to reappraise and re-evaluate ‘cri-
tically the theoretical foundations as well as the experimental results; but also
a high time to be optimistic about the understanding that we shall be led +to.
It is hoped that this paper serves to provide the view of a general, and most
-likely correct, trend of approaches to the understanding of the problem on
-encoding and decoding of genetic information. - A true and plausible genetic
code may well be a modified form limited by the generalities outlined above.

Before concluding, it should be pointed out that the present thesis of
coding is based on DNA being the sole vehicle of inheritance. Such a basis
~is subject to a few but obstinate and unreconcﬂable exceptions. Lindegren
(1961) suggested that the role of DNA is merely for the assurance of synapsis
during meiosis and of proper configuration of the genetic material. This is
based on his observation that the most of DNA .is not located on “genes.”
The ‘acceptance of his suggestion certainly depends upon the concept of “genes”
-—a term which is being constantly reappraised. ' .

’ Also, the cytoplasm of a cell has been shown to be decisive and intriguing
in determining gene functions, even though the nature of its role is still unclear.
Furthermore, there may exist chromosomal and cytoplasmic elements like
episomes (Jacob and Wollman, 1961) ‘which may - possess a maneuverable rather
than steady coding system. ~ Still others, McCully and Cantoni (1962) lately
hypothesized that RNA is synthesized by a template  mechanism  independent
- of DNA, calling for the broadening of our concept that genetic information is =~
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. transmitted only from DNA (see also Chapevielle et al., 1962).: Sager (1959)
postulated-that there is an autonomous genetic RNA and that DNA contributes
only a small although critical part of the total information. :Experiments ’of
Shen et al. (1961) on RNA being a transforming principle in Bacillus subtilis
“ 'seems to provide a supporting evidence to her hypothesis. Nonetheless, we
believe- that the correct trend of approaches to the problem have been outlined
in this paper and that all functions of an organism rhay be ‘expected to con-
verge on a master control in DNA by way of the process of encoding and
‘decoding.
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