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Contextual constraints in the choice of synonymous codons*
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From EMBL Nucleotide Sequence Database, protein coding sequences of all E. coli and its DNA
phages, were extracted using our computer programme. Same programme has been used to form a
database of sequence of oligonucleotides of length 18 nucleotides on both sides of each of the 61
codons. From analysis of this database and study of variations in twist [parameter (Tw) values, as an
indicator of sequence dependent variations in B-DNA helix, a method is developed to fix the codon
among the set of synonymous codons. The accuracy of the method was checked on enlarged data
set by adding data from more prokaryotes. Our method &ssign the codon 85-90% times correctly if
the selection has to be made between codons having different sequence in terms of R and Y. The
accuracy of the method is somewhat lower when choice of the codon has to be made between cod-
ons having same codes in terms of R and Y. This study points-out that the major factors which de-
cide the choice of a codon from a set of synonymous codons are contextual constraints arising from

flanking regions.

Size of the DNA sequence data is- increasing very
fast. One of the main reason for such increase in
data is the impetus to genome projects and adv-
ancements in DNA sequencing techniques. Care-
ful analysis of such data can provide insight into
biological problems!~%. Various data analysis
techniques and tools are being used to obtain- use-
ful information. and patterns of sequences which
are involved in biological functions. These ap-
proaches include analysis of data using simple sta-
tistical methods to more complex ‘techniques
based on artificial intelligence, neural nets, gram-
mars of sublanguages etc.’~8. More often a ‘null
hypothesis’ is made and data analysis is carried
out to check its validity. DNA sequence data an-
alysis has been used to develop methods to pre-
dict protein coding sequences®'’, intron exon
boundaries!! ~ 16, transcription/translation initiation
" regions®!’, promoter sequences!®!? etc., which can
be used to study certain specific biological func-
tions or evolution of organisms. One of the prob-
lems which requires an indepth analysis is to find
the rationale for the choice of a codon among ‘a
set of synonymous codons as more than one cod-
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on usually codes for a single amino acid and in a
given cDNA or mRNA only particular codon is
used for coding the amino acid. Further, various
studies have pointed out that the occurrence of
synonymous codons in protein coding regions is
non-random. The non-random occurrence of a:
codon is suggested to be directly proportional to
the percentage of tRNA contents in the organ-
ism?’, Evolutionary drift has also been suggested
as one of the factors for the non-random occur-
rences of codons?!. DNA sequence data analysis
has shown variations in codon usage from species
to species??. However, implications of structure or
neighbouring nucleotides on the choice of synony-
mous codons is not investigated to the best of our
knowledge. The effect of the neighbouring nucleo-
tides on the three dimensional structure of DNA
is being understood only recently?*=26, In other”
words the dependence of three dunensmnal struc-
tures on the sequence of nucleic acids has not
been used to gain an insight into the problem of
choice of synonymous codons. It was shown by
Calladine and Dickerson®’?® that the variation in
DNA structure are directly related to purine (R)
and pyrimidine (Y) sequences in nucleic acids. Si-
milar rules at the individual nucleotide (A, T, G
and C) level are not derived as few crystal struc-
tures of oligonucleotides, particularly AT contain-
ing sequences are available. Therefore, errors in
calculated helix base pair parameter values for in-
dividual nucleotides are large. In this study we
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have used carefully chosen cDNA sequence data
from certain prokaryotes and Calladine and Dick-
erson type approach is applied to study sequence
dependent variations in B-DNA double helix. The
results presented here point out that DNA sequ-
ence around the codon under study is such that
the helical base pair structural parameter values
are different, in several cases, even for codons
having same code in terms of R and Y but differ-
ent code at nucleotide level. The accuracy of the
method, developed and described below, to fix
codon in a set of synonymous codons, having dif-
ferent codes in terms of R and Y is as high as 85-
90%. These results suggest that contextual con-
straints play an important role in the choice of a
codon among a set of synonymous codons.

Method

To pick up protein coding regions of prokary-
otes automatically, from the EMBL nucleic “acid
sequence data, a program was written in C-lan-
guage. The EMBL data bank was searched for
the word ‘Prokaryote’ in the organism field and
the ‘CDS’ in the feature table. Using information
in CDS field, DNA sequence regions were extract-
ed and checks were carried out to confirm the ex-
act position of initiator (ATG, GTG) and termina-
tor (TAA, TAG, TGA) codons. In addition, the
non existence of terminators in the reading frame
were also checked. Those protein coding cDNA
sequences that passed the above “mentioned
checks were used to prepare 61 files, one file
each for one type of codon. In each of these files
sequence data of 18 nucleotides flanking a codon at
(0,0, 0) was extracted. Such sequences were translat-
ed into R and Y for analysis. Further studies
were carried out only on data from E. coli and
its DNA phages. No other prokaryotic DNA se-
quence data were used to prepare the weight ma-
trix.

Preparation of weight matrix

The Callidine and Dickerson rules quantitate
the changes in base pair parameters needed to re-
lieve constraints in the major and minor groove of
the ideal B-DNA helix arosing as a function of
DNA sequence in terms of R and Y. We are
aware that these are rough rules. Among these
rules the twist angle parameter (Tw) values have
the least errors according to these authors. There-
fore, the change in the twist parameter values, us-
ing a hexanucleotide as the building block, were
studied. The choice of hexanucleotide is based on
trial and error and also because most of the
known DNA helices do not contain more than
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twelve nucleotides per turn. It would have been
ideal to consider a building block of ten nucleo-
tides, which form one turn of the B-helix, but the
possible number of twist parameter values being
large, the statistical evaluation of variation in
these values will become difficult at the present
size of data set. Three overlapping tetranucleo-
tides were assumed to form hexanucleotide and
used to calculate Tw parameter values as shown
in Table 1b. Twist angle parameter values suggest-
ed by Dickerson (Table 1a) were assigned to each
of the three base pair doublets in a tetranucleo-
tide. Tw values for each base were added to ob-
tain sum as shown in Table 1b. Values of twist
parameter for such overlapping hexanucleotide
were calculated for every oligonucleotide in the
data file having —18 to +18 region. Table 1c
shows an example of actual calculations. Numeri-
cal values obtained in this fashion around each
codon may contain errors and therefore only the
signs (+, — and 0) associated with each of these
numbers were extracted. These signs indicate
whether the twist will be +ve, —ve, or there will
be no change in the twist angle compared to
the twist per nucleotide in the B-DNA structure.
The patterns of three consecutive signs indicate
local perturbations in the B-DNA helix per hex-
anucleotide unit. Therefore, at every position i,
from —17 to —1 and +1 to + 17 the occurrence
of k patterns + + +, ++ —, ++0, etc. k=1,
27) were counted and normalized to obtain what
is called the structural frequency js,

. JE
Su

Jss JF;

where jg, is the frequency of pattern k at position
i for synonymous codon j

and jg, is the frequency and pattern k at position i

for the remaining codons in the set of syn-

onymous codons for that Amino acid.

k varies from 1 to 27 over different sign
combinations and i. varies from —17 to
—1land +1to +17.

In order to further reduce errors due to statistical
variations, the weight values jw, shown below
were assigned to normalized frequency values IS,
the indicator of change in B-DNA helix. These
ranges of js, and corresponding jw, are given be-
low:

jsild> 175=>]W:k =5
1.50<js, <1.75%jy, =4
1.25<js, <1.50 >, =3
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0.80 <js, <1.25=jy, =2
0.64 <js, <0.80=jy, =1

from the present study.

0.50 <js, <0.64=jy, =0

jsik < 0.50=>j\v‘k =—-1

Thus for each codon, one weight matrix of the or-
der (37 x27) was prepared. Such 59 weight ma-

ons

Table 1

1a: Twist pardmeter values as assigned by Dickerson (1983).

1b: calculation of change in Twist angle parameter value using Dickerson (1983) rules
for hexanucleotide as building block.

A===G-—=T-==A-=-T---T

X-=-R-==Y==-R---Y-=-X

FRAME 1 1
FRAME 2
FRAME 3

SUM +1
SIGN

0
-2 1
'

0

2 -4 2
1 -2

0 -2 0
0 - 0

ic: Calculation of change in twist angle parameter value for a subsequence of 18
nucleotides by using overlapping hexanucleotides as building blocks. Only 5’ -
flanking region of the codon is shown.

FRAME NO.

Tw in FRAME 1
Tw in FRAME 2
Tw in FRAME 3
SUM

SIGN

-18 -17 -16 =15 -14 =13 =12 -11 -10 -9 -8 -7 -6 -5 -4 -3 -2 -1
X~==G===T===A===T===T===G==~G-~~A-——C--=G~--C~-~T---A---T---C-~~C-——A---G
1 2 3 1 2 3 1 2 3 1 2 3 1t 2 3 1 2 3

] t [} [}
X---R---Y---R-—--Y-—-Y-=~R---R---R---Y~—-R-—-¥Y-—=Y¥——-R-==¥-~=Y~——Y-—-R---R

[} ] 1 ] ] ' [} ] ] ] 1 1 ]

'
] ' ] [} (] [} ] (] [} ] ] 4 (]

] ' 1
) ] ] )
i1 -2 1.0 0 0 O 0 0 1 -2 1 1 -2 1 2 -4 2
2 -4 2 2 -4 2 1-2 t+ 0 0 O O O0 0 o0 O

o *+ -2 1 0 0 O 2 -4 2 2 -4 2 0 0 0 1
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trices were obtained. Single codons code for Trp
and Met and thus these codons were excluded

Fixing of the codon in a set of synonymous cod-

The codon being fixed is assumed to be at (0, 0,
0) position. The nucleotide sequence of 18 re-
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sidues on both sides of the codon is extracted and
translated to R and Y. Using a hexanucleotide as
the building block and the procedure described
above, the signs associated with twist parameter
values were obtained for every bond —17 to —1
and +1 to +17. A pattern of (+, — and 0) for
every overlapping hexanucleotlde was obtained.
By takmg into consideration the hexanucleotide
position i and the pattern k weight values were
obtained from each of the j type of synonymous
codon weight matrix to- calculate, _]w , the alge-
braic sum of welghts,

w,= Z jw, Z w,

i=-17 i=1
Thus the code for codon at (0, .0, 0) was assumed
X-X-X. Among jyw,, the one which has maximum
value was picked up and corresponding jth codon
was assigned at center.

Results and Discussion

As described in the method, 59 weight matrices
were prepared for twist parameter values for each
type of codon. It should be noted here that during
generation of the weight matrix the central codon
sequence (0, 0, 0), in terms of R and Y was con-
sidered, as these weight matrices are derived from
experimental protein coding cDNA sequence data.
Weight values at a specific position in a set of
synonymous codons is directly related to local se-
quence of the hexanucleotide in terms of purine
(R) and pyrimidine-(Y). Table 2 shows weight va-

lues . for four synonymous codons GGA, GGG,

GGC, GGT respectively for amino acid Glycine.
Table 2 points out that though codons such as
GGA and GGG are indistinguishable when trans-
lated to R and Y, weight values jy, are different
for patterns such as —0+, —+ +, + +0 etc. at
certain positions i. It is also clear from this table
that weight matrices are quite different for RRY
and RRR in a set of synonymous ¢odons. A study
of the variations in the occurrence of oligonucleo-
tide patterns in these flanking sequences and mea-
sured by x? values also point out that positions
where jy, values are different the variability in
terms of sequence is also high. However, yx? va-
lues. can not provide information regarding pat-
terns of nucleotides or structures being preferred
around a particular codon. On the other hand,
Tw, a twist angle variation parameter, being di-
rectly dependent on the local base pair sequence
of oligonucleotide, provides a good measure to
study the sequence dependent structural change
that may occur around a central codon, in a set of
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synonymous codons. Though several studies are
carried out on sequence dependent DNA struc-
ture in recent years which are very useful and im-
portant in understanding the flexibility in DNA
structure, the attempt made here points out that
even the weight matrices generated using rough
parameters such as those of Calladine and Dicker-
son, provide resolving power to assign a codon
among a set of synonymous codon given flanking
nucleotide sequence. This study also points out an
urgent need to develop more accurate sequence
dependent structural parameters which can be
used to analyse large DNA sequence data to gain
an insight in biological problems. Patterns — — —
--0,--+,-0-,-00,0—-—-,00—, +——,
aind ++ + will not occur in any ﬂanking sequ-
ence at any position, as can be seen from rules
given in Table 1 and its use in Table 2. To check
the usefulness of the weight matrices to assign a
codon from a set of synonymous codons, for giv-
en flanking sequence, we applied these- weight
matrices to a large data set. The data set included
not only those sequences used to derive the
weight matrices, but also, sequences from other
prokaryotes such as Anabaena, Aerogenes, Typhi-
murium etc. It must be mentioned here that, to fix
the codon X-X-X is-assumed at (0, 0, 0) position,
as its sequence is unknown. Results obtained on
this enlarged data set are given in Table 3. The
reference codons in the table are along horizontal
direction, while the codons fixed using our meth-
od are given column wise. For example, in the da-
ta set considered, Gln amino acid occurs 4707
times. In this data set CAA and CAG occurs
1667 and 3040 times respectively. The algorithm
described above could fix CAA correctly 1177
times and assigned CAG 490 times in place of
CAA. Similarly, 1824 times CAG was correctly
fixed but 1216 times CAA was assigned in place
of CAG (see Table3). Please note that CAA
and CAG have the same sequence YRR and still
we could resolve CAA with 70% accuracy and
CAG with 60% accuracy. These results point out
that patterns of R and Y, in flanking region as
studied through twist parameter are different for
the codons CAA and CAG at critical places. In
fact the data given in Table 3 on the fixing of the
codons of Gly, Ala, Val, Pro, Thr, which have
four synonymous codons point out clearly that
the matrices derived have the ability to fix the
codon, from a set of synonymous codons, with
high accuracy provided the codon sequence in
terms of R and Y is different. Results are very si-
milar when there are six synonymous codons for
amino acids such as Leu, Ser, Arg or amino acid

2
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th the weight mat

for all 59 codons. Because of this normalization
comparison wi

procedure, the weight values are consistent only
within that set. In other words weight matrices of

GGA, GGG, GGC, GGT codons for an
acid Gly, can be compared with each other but its

for the particular set and are comparable only

amino acid, is

g region and thus its struc-

ture. It may be further mentioned that the structu-
ral. frequency (js,), values are normalized only for

.

+
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: weight Matrices of Glycine codons GGA, GGG, GGC, GGT respectively
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1

TABLE 2
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a particular set of synonymous codons and not

Tle having three synonymous codons. Such high
accuracy indicates that the major factor in the

choice of a codon, of a particular
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Table 3: Fixing of codon in a set of synonymous codon using derived weight matrices t flanking regions.
Note :Migh accuracy in fixing codons having diffarent codes in teras of R and Y.

AN hse oS aw N HIS T
REF- AAC  AAT ém- GAC  GAT Ensr- T6C 16T §REF- GAA  GAG EREF- CAA  CAG ;éfF- CAC  CAT gm- AT TAC
MC 1082 884 gsnc 157 1169 EIGC W §w 283 151 icu 171218 gcAc 81 39 §m 1396 579
MT T4 1433 iw 1321 2344 Em 228 4 gm 1999 1574 écas 490 1824 §ch us 8 guc 615 937
T0T 2638 2187 iror 18 3513 gm 811 5T imr 4362 2330 ém 1667 36;6-§roy 1095 1270 imr 2001 1516
PHE 'Ius :us ' L ' A '
REF- TIT TIC iner- AMA  AAG §m- ATA AT ATC ém- G6A GGG GG 66T §m- 6o 66 6CC 6T
TIT 1819 705 im 488 818 §m 828 2% 318 issA 728 401 33 368 iecA BN M 19 4
TC 841 1394 MG 1513 9N ém 68 218 798 ises 88 32 35 gscs 166 258 %10
gnc “ 18 1582 iesc 8 -5 173 1B gscc @3 18 08
. : ‘ §ser 3051 848 1260 EGCT 188 858 1419
T0T 2380 2099 im 3981 1792 gmr 142 3200 2878 §m 142 1122 3225 3188 irm 2153 3101 2461 403
AL ' 'Imo ' S i
REF- GIA  GI6  6IC G gntr- A €8 CCC CCTE REF- TCT  TCC TCE TCA  AGT AGC
GTA 181 1081 3 9§ ECCA 518 155 30 asg T 133 307 39 5 42 48
616 588 1M 58 1M gccs 125 W ss§ T W OS2 o1 s
§1C 15 33 956 891 gccc B9 35 m§ A &1 80 250 617 718 135
6T 2 31 51 1m §cc1 5T 132 13 ss1§ 06 132 72 505 210 43 48
§ § ST 53 59 41 4T 458 510
f LA S8 4 30 S8 231 T4
0T 1393 285 1865 2285 (0T 1031 2230 S 895 ) TOT 1440 1080 887 1031 915 1568
LEU | ' ™ ) MG |
REF- CTA CT6 CIC  CT6 TIA 116 E REF- ACA AGG  ACC ACT E REF- AGA AGG C6T CSC CG6  CBA
A 72 868 16 53 561 :mgm oM 8 8 im 5 M 130 122 ¥4
14 T T R VR [ B TV R T g'Acs 255 989 10 M3 inss 0 121§ %/ 48 25
T 5 50 3 60 8 n%acc 2135 1200 448 Ecsr ¢05 ne T W
CC 11 105 538 335 3B 28 E AT 2 3 W icsc 04 T3 W M-
CTA 208 9% 70 132 224 185 é §cse 55 45 40 3 8
6 184 23 85 152 418 3o4§ 'icsA' T2 318 38 140 269
0T S SU2 1T I8 WIS 1312 T0T 1048 1381 2004 (AAGLTOT 411 208 2188 2142 122 4S8
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for amino acid Ser—TCT, TCC, TCA, TCG,
AGT, AGC, will not be proper. Therefore this ap-
proach will not be useful to fix a codon among 61
possible codons which code for proteinous amino
acids. This is mentioned here to avoid any confu-
sion regarding suitability and applicability of our
method to choose any codon. Thus factors such
as tRNA contents, and evolutionary drifts will
play a role in the selection of the amino acid, but
the contextual constraints are probably the single
most important factor, which decides the choice
of the codon in a set of synonymous codons.
Context dependent synonymous codon choice
particularly in highly expressed genes is suggested
in other studies also?®3°, The method described
here may find its use in carrying out back transla-
tion without taking into consideration the codon
usage Table of a particular organism. This method
will be particularly useful to design oligonucleo-
tide probes for hybridization and other studies,
when only the amino acid sequence is known and
very little of the genome sequence of the organ-
ism is studied.

The analysis carried out and results presented,
thus point out a rationale for the choice of a cod-
on from a synonymous codons set. The rationale
is ‘contextual constraints arising out of sequence
dependent structure of DNA. The study can be
extended for Eukaryotes by preparing similar
weight matrices. The matrices can be refined as
and when more data from single crystal structures
of oligonucleotides become available. Studies to
prepare helical base pair parameters at individual
nucleotide level which can be used in above men-
tioned studies are in progress. Thus if DNA sequ-
ence is metaphorically considered as a language
of cell then this study points out the importance
of semantics in this DNA language.
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