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Choice of Base at Silent Codon Site 3 is not Selectively Neutral
in Eucaryotic Structural Genes: It Maintains Excess Short Runs
of Weak and Strong Hydrogen Bonding Bases
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Summary. On the average in the coding sequences of
30 eucaryotic structural genes the weak hydrogen
bonding, W, (A or T) or strong hydrogen bonding,
S, (C or G) base in codon site 3 was chosen to be un-
like its neighbors on both sides up to two sites away.
This preference produced the nonrandom excess of
runs W and S of length one and two and the defict
of long runs observed earlier (Blaisdell 1982). The
neighbors in the different codon, 3’ to codon site 3,
were as important in determining the choice as were the
neighbors 5’ in the same codon. Every amino acid except
methionine and tryptophan, of least frequent occur-
rence, permits choice of W or S. The persistence of this
preference could explain the observation that the rate of
substitution of codon site 3 in fuctional genes is consi-
derably less than in synonymous pseudo genes.
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Introduction

Recent observation (Blaisdell 1982) has found in a
collection of about 30 eucaryotic nuclear DNA se-
quences that the coding and noncoding subsets are
both nonrandom, but in different ways. Coding se-
quences exhibit an excess of runs or length 1 and 2 and
a deficit of long runs of the base classes weak hydrogen
bonding, W, (A or T) and strong hydrogen bonding,
S, (C or G). Noncoding sequences exhibit a deficit
of runs of length 1 and 2 and an excess of long runs of
the base classes purine, R, (A or G) and pyrimidine,
Y, (C or T). These respective kinds of nonrandom-

ness were found in DNA sequences whose coding P‘{rt
coded for proteins of widely different function. fﬂ
widely different eucaryotic species for the same 191'0telrl
and, in the same species, for related sequences
diverged a long time ago and that now show a1
differences in base and, if coding, amino acid sequeﬂf’e’
Table 1. This paper studies the mechanisms by whic
the W,S nonrandomness is produced in coding sequé””
ces. The earlier paper noted that every amino &
(except methionine and tryptophan which are spe‘"
fied by a single codon and are of least frequent occu!
rence in proteins (Dayhoff 1978) may be specifie
by a codon having either W or S in site 3. Thus suitab’®
choice of the base at site 3 in the codons might produc®
the excess runs of length 1 or 2 of W and S and the
deficit of long runs of them. In tum the deficit ©
long runs of S might prevent the formation of excessiV®’
ly stable hairpin loops in the secondary structur® 0
mRNA and the deficit of long runs of W might insu®®
that the secondary structure be sufficiently stable.
advantage of a mRNA secondary structure of moders®
stability, neither too high nor too low, was postulat"«d'lrl
the earlier paper (Blaisdell 1982). Too high stability
would impede the dissolution of the secondary struCt“re‘
during decoding on the ribosome, too low would PO
uce a mRNA structure open and straggly which m! )
impede diffusion through or along the nuclear mef®
brane and through the cytoplasm to the ribosome.
survival value of a moderation of stability of the secol”
dary structure of mRNA and its insurance by SUimble_
choice of the base in codon site 3 might explain the ob
servation that evolutionary base substitution in €O 0
site 3 is more rapid in pseudogenes than in similar func”
tional genes (Li et al. 1981). Also suitable choice of thf
amino acids coded for, either singly or by their Succes_
sion could contribute to the nonrandomness. The ¢O
tion of DNA sequences studied here is the same a8 tha
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20 Rat "
Hl«lman
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Yeast

Yeast

Mouse

Yeast

28 Sea urchin

29 €a urchin
Chick

French bean

Alpha 2 globin
Beta globin

A gamma globin
Delta globin
Epsilon globin
Alpha globin
Beta globin major
Beta globin minor
Beta globin

Beta globin
Immunoglobulin
Kappa constant
Immunoglobulin
Kappa constant
Immunoglobulin
Gamma | constant

Immunoglobulin kappa

Variable
Immunoglobulin
Gamma 2 variable
Preproinsulin
Preproinsulin
Preproinsulin
Cortico-lipotropin
Prolactin
Interferon alpha 2
Interferon beta
Glyceraldehyde-3-
Phosphate
Dehydrogenase

N-(§ 'phosphoribosyl)

-Anthranilate
Isomerase
Alpha amylase
Actin

Histone H2B
Histone H3
Ovalbumin
(Fragment)
Phaseolin
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Sudied in the earlier paper, Table 1, except that the

Ot immunoglobulin joining sequences are omitted

tan chick beta globin has been added to provide a wider
8¢ of species for the beta globins.

presents the results of analysis of variance of
*Ived counts minus expected counts for the 23 = 8
“ible contiguous W, S triplets in each of the three
S8ible Phases, codon sites (1,2,3), (3,1,2) and (2,3,1).
:S_e (!,2,3) means the triplet evaluated occurs in suc-
Slon in sites 1, 2, 3 of the same codon, phase (3,1,2)

e . . Lo
:fns the triplet evaluated occurs in succession in site
4 codon and in sites 1 and 2 of the codon 3’ to it,

SUCC

phflSe (2,3,1) means the triplet evaluated occurs in
©ssion in sites 2 and 3 of a codon and in site 1 of the

\ 1 3’ to it. The expected counts are calculated using
Observed fractions, for each gene, of W or S in the

separate codon sites, 1, 2 and 3 of the complete coding
sequence. For sites 1, 2, 3 respectively the fractions of
W range from 31-60, 49--70, 1065 and medians are
44.5, 59, 35. For each phase separately and for each
subsetting of the triplets the average values (observed
counts — expected counts) for the 30 genes in the collec-
tion are sorted in increasing order. Negative values
show a dificit of observed counts with respect to expect-
ed, positive values an excess. In coding the triplets W
represents a weak hydrogen bonding base (A or T), S a
strong hydrogen bonding base, X represents Wor S, Y
represents W or S but not the same as X, O represents
both W and S. The F statistic (Miller 1981) is a test of
the hypothesis that there are some differences between
the averages of the subsets which are large compared
with the differences between the members within the
several subsets; it increases with increasing differences
between the averages. For example, for phase (1,2,3)
column 2, the value -log p = 13 means that the probabi-
lity, if there were no differences between the averages of
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the 8 possible W, S triplets that F be 12.61 or larger is
about 10(-13) where the number in parenthesis is the
exponent of the preceding number, a highly significant
result. The mean square error (ms error in the table) is
a measure of how well the individual values for each of
the 30 sequences center about the average value of each
triplet in the analysis. The layouts of Tables 2, 3 and 5
are similar.

The following features can be observed in Table 2.
First consider phase (1,2,3). In columns 2 and 3 it is
obvious that the 8 triplets have an understandable

ordering by complementary pairs. The first pair (SS5,
WWW) = XXX where all three codon sites are OCCtJI’i""d
by a base of the same W, S class has the greatest deficit
of observed counts. The second pair (SWW, WSS) = YXX
where site 3 is the same as site 2 but different from site
1 has a lesser deficit. The third pair (WSW, SWS) = XYX
where site 3 is different from site 2 but the same as sit¢
1 has an excess. And the fourth pair (WWS,SSW) = YYX
where site 3 is different from both sites 1 and 2, whiC

are of course the same, has the greatest excess. Applica”
tion of the multiple range test (Duncan 1955) gives 3!

Table 2. Analysis of variance of W,$ triples: Ordered average values of counts (observed —

expected)a

Codon sites (1,2,3)

Triple, value  SSS -6.66 XXX -5.82 OXX -3.95
WWW 498
Sww 291 YXX -2.07
WSS -1.24
WSwW 222 XYX  3.06 0YX 3.95
SWS 3.89
A AVE 4.00 YYX 4.84
SSW 5.67
deg. frecdom 7,232 3,236 1,238
F 12,61 28.39 72.30
-logp 13 16 15
ms error 50.09 49.95 51.70
Codon sites (3,1,2)
Triple, value  SSS 4.88 XXX -4.61 XX0 -3.21
WWW  4.35
wWwWSs -2.07 XXY -1.80
SSW  -1.53
WSW  2.69 XYX 2.95 XYO 3.21
SWS 3.21
Sww 3.20 XYY 3.46
WSS 3.72
deg. freedom 7,232 3,236 1,238
F 28.71 67.36 172.09
-logp 27 33 27
ms error 13.57 1341 14.33
Codon sites (2,3,1)
Triple, value SSS -7.85 XXX -7.19 XX0 -3.93 OXX -3.20
WWW 654
WWS  -131 XXY 0.66 OXY 3.20
SSw 0.01
Sww  0.13 YXX 079 XYO 393
WSS 1.44
WSW 6.41 YXY 7.06
SWS 7.72
deg. freedom 7.232 3,236 1,238 1,238
F 33.73 77.46 101.02 58.79
-logp 31 36 19 12
ms error 2652 26.50 36.62 41.83

a In phase (1,2,3) the W,S occupant of codon site 3 is chosen preferentially to be unlike
the base next preceding it in the same codon and to a lesser degree to be unlike the base
next but onc preceding it in the same codon. Phase (3,1,2) shows the same preference
with respect to the bases succeeding site 3 in the succeeding codon and phase (2,3,1)
shows an even stronger preference with respect to the immediate neighbors on both sides

simultancously



the 5% leve] the multiple comparison graph (Lehmann
975,p.239)
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:}:; the 8 triplets columns 2 and 3. Here the 8 digits 1
umiugh 8 designate by their ranks the 8 triplets in col-
SWWz, that is, 1 means SSS, 2 means WWW, 3 means
i) etc. A line is drawn under those (ordered) sets of
. axf ®ts whose range does not exceed the maximum
agefe €xpected for a random sample of the triplet aver-
tatio(the Duncan test statistic). In this case the interpre-
less ?hOf thf? comparison graph is: triplet 1, SSS, is not
tript an triplet 2, WWW, but is less than the other 6
h ets', 3 through 8. In tumn, triplet 2, WWW, is not less
an triplet 3, SWW, but is less than the other 5 triplets,
tripléi)ugh 8. Further, triplet 3, SWW, is not less than
4, WSS, but is less than the other 4 triplets, 5
th:t)UEh 8. The common line under S through 8 means
absg 10 one of these is less than any of the others. The
Nice of a line under both 4 and 5 means that each of
is Zh'?Ugh 4 is less than each of 5 through 8; that is there
eachclfar% separation between those triplets 1 through 4
ey aving the W, S occupant of site 3 the same as the
mpant of the preceding site 2 and those triplets 5
the :Bh 8 having the occupant of site 3 different from
CCupant of the preceding site 2.
ai;‘:"al}’Sis of variance for the above 4 complementary
Signi%%lumns 4 and 5 shows a thousand fold increased
erel?ance over columns 2 and 3,-logp 16 > 13. Also
o 15 2 small improvement in the mean square error
eng that it is quite acceptable to pool the counts for
Su]t:Omplementary_ pairs. Columns 6 and 7 show the re-
ame of further pooling into subsets where site 3 is the
W an ;S or different from site 2 but the values for both
1d S in site 1 are combined. The result is still highly
g::ﬁCant but less so than for columns 4 and 5 and the
0nsn Square error is considerably larger. These compari-
ensijhOW that the pooling has now been too compre-
ocey €and th.at site 1 has an inﬂuenc.e on the choice of
The Pant for site 3, as is also apparent in columns 2 to §.
the 4multlple comparison of the multiple range test for
Complementary pairs in columns 4 and 5 is

§

§

1234,
leSsI"ufolumns 2 and 3 SSS is less than WWW and WWS is
Cang an SSW and both of these differences are signifi-
" at the 1% level by the rank sum analog of the
Nan multiple comparison test (Miller 1981, p. 157).
tfts'e Sigr}iﬁcant differences suggest, in codons, that the
ntfnllatfon of the string of SS is more avoided than the
6 ‘Nuation of the string WW and that the cessation of
StrmStnng 8§ is more sought than the cessation of the
Choif W‘_’V, and all of these effects are stronger than the
¢ with respect to a single preceding base class in site

Co
Co;
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2. This bias toward the occupant of site 3 being different
from site 2 and even site 1 obviously promotes the pre-
viously observed excess of short runs W, S nonrandom-
ness (Blaisdell 1982).

In Table 2 phase (3,1,2) the triplets are formed from
site 3 of each codon and-sites 1 and 2 of the succeeding
codon instead of sites 1 and 2 of the same codon. The
tabulated results are similar to those for phase (1,2,3)
for each classification. The ordering of the 8 W, S
triplets is the same bearing in mind that codon site 3 is
now first in the triplet instead of last. The following dif-
ferences can be noted: for each classification, for the
present phase (3,1,2) compared with phase (1,2,3), the
significance levels are higher (eg -log p 33 > 16) and the
mean square errors are smaller (1341 < 49.95), both in
column 5. Both of these differences indicate that the oc-
cupant of codon site 3 is more influenced by the two
bases which succeed it in the next codon than by the
two bases that precede it in the same codon. The de-
crease in mean square error shows that the variation
within the given sets is more influenced by neglecting
the effect of the succeeding bases than by neglecting the
effect of the preceding bases. The untabulated results
are also similar. The multiple comparison of the multiple
range test for the 8 triplets in columns 2 and 3 is

12345678

like that for phase (1,2,3) except that there is also a
clear separation between triplets 1 and 2 each having site
3 the same as both succeeding sites 1 and 2 and triplets 3
and 4 each having site 3 the same as only the immediate-
ly succeeding site 1. The multiple comparison of the
multiple range test for the 4 complementary pairs of tri-
plets in columns 5 and 6 is

123
And again in columns 2 and 3 SSS is less than WWW and
SWW is less than WSS but neither difference is signifi-
cant at the 5% level by the same test as before. This bias
toward site 3 being different from following site 1 and
even site 2 also promotes the excess of short runs W, S
nonrandomness. This is a broadening to the W, S context
of the earlier finding (Bullock and Elton 1972) that the
frequency of codons with C in site 3 preceding codons
with G in site 1 is less than expected.

In Table 2 phase (2,3,1) the triplets are formed from
site 3 of each codon, the preceding site 2 of the same
codon and the succeeding site 1 of the succeeding co-
don. The results are now somewhat different from those
for phases (1,2,3) and (3,1,2). For the 8 individual tri-
plets in columns 2 and 3 and for the 4 sets of comple-
mentary pairs in columns 4 and 5 the significance levels
are in both cases higher than for either of phases (1,2,3)
or (3,1,2), -log p 36 > 33 > 16, showing that the selec-
tion of the occupant of site 3 is more determined by
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both its nearest neighbors than by either one alone. The
mean square error in these columns is less than for phase
(1,2,3) but greater than for phase (3,1,2) indicating that
the neglect of the influence of second nearest neighbors
has substantial effects. In columns 6 through 9 the signi-
ficance levels are much lower than in columns 2 through
5 and the mean square errors are much larger. Both these
differences indicate that combining the values for both
W and S in either immediate neighboring site has large
effects, again evidence that the neighbors on both sides
of site 3 determine the choice of its occupant. The un-
tabulated results are also different. The 8 triplets again
have an understandable ordering but one whose interpre-
tation is different. The multiple comparison of the mul-
tiple range test is now

12345678

showing a clean separation between triplets 1 and 2 each
having site 3 the same as the immediate neighbors on
both sides and triplets 3 through 6 having site 3 the same
as the immediate neighbor on only one side (and of
course also having site 3 different from the immediate

neighbor on only one side) and there is also a clean ¢
paration between the latter set of 4 triplets and triplets
7 and 8 having site 3 different from the immediate
neighbor on both sides. The multiple comparison of the
multiple range test for complementary pairs in column
4 and 5 is now

1 23 4.
And again in columns 2 and 3 SSS is less than wwwin
the most avoided complementary pair 1 and WSW is 1€$5
than SWS in the most sought complementary pair 4 but
neither difference is quite significant at the 5% level.
This bias toward site 3 being simultaneously different
from site 2 preceding and site 1 succeeding also Pf%’
motes the excess of short runs W, S nonrandomness.

Table 3 presents the results of analyses of variance ©
the pooled phases (1,2,3), (3,1,2), (2.3,1) coded 1,3, %
respectively appended to the W, S codes. In column$
and 3 it is obvious that the 24 triplets have an unde’”
standable ordering by complementary pairs as listed 1t
column 4. Since comparison is now being made betwee?
distinct phases the definition of complementary 8
extended from complementary bases alone to comple”

Table 3. Analysis of variance of pooled WS triples, codon sites (1,2,3), (3,1,2), and

(2,1,3): Ordered average values of counts (observed — expected)a

Triple and
Row Phase Value Rows Value Rows Value
1 S882 -7.85 1,3 -7.19 16 -5.87
2 S8S1 -6.66 2,4 -5.82 7-14 -0.94
3 wWww2 6.54 5,6 4.61 15-22 3.58
4 wwwl 4.98 7.8 -2.49 23-24 7.06
N S$883 4.88 9,11 -1.38
6 wWww3 4.35 10,12 0.66
7 Swwil -2.91 13,14 0.79
8 WWS3 -2.07 15,16 2.45
9 SSwW3 -1.53 17,19 346
10 WWwSs2 -1.31 18,20 3.55
11 WwSSs1 -1.24 21,22 4.834
12 Ssw2 0.01 23,24 7.06
13 Sww2 0.13
14 WSS2 1.44
15 WSWi 222
16 WSW3 2.69
17 SWwW3 3.20
18 SWS3 3.21
19 WSS3 3.2
20 SWS1 3.89
21 WWS1 4.00
22 SSwi 5.67
23 WSw2 6.41
24 SWS2 7.2
deg. freedom 23,696 11,708 3,716
F 19.40 40.07 136.34
-log p 60 67 ~15
ms error 30.06 29.89 30.52

a The pattern of preference for the occupant of side 3 found for each of the phases
separately in Table 2 has a simple understandable relation to the pattern found

when they are analyzed jointly in Table 3



Mentary bases in complementary phases. For example,

ssnvf W1 and WWS3, rows 7 and 8 are complementary
¢ both show W in site 3, preceded or succeeded, res-
:eCtWe]y by W in the nearest neighbor site and S in the
€cond nearest neighbor site. Analysis of variance for
€se 12 complementary pairs shows a large increase in
ulimﬁcance, ~log p 67 > 60 for columns 4 and 5 vs col-
in t‘}]ls 2 and 3, respectively. As before, the slight decrease
o € mean square error shows that it is quite acceptable
cat};ool the counts for these complementary pairs. Appli-
ave On of an hierarchical clustering algorithm using the
Chrage measure of distance between sets (Becker and
ambers 1981) to the 24 values in column 3 produced
13‘“— Wellseparated clusters, rows 1 through 6,7 through
of 14 through 21, and 22 through 24. Adjustments
these clusters gives the understandable subsets {1

; Ough 6}, {7 through 14}, {15 through 22}, and
. B, 24} corresponding respectively to (a) site 3 the
S'flme as both other sites in all three phases, (b) site 3 the
dme a5 only one of its adjacent neighbors in phase (2,3,
% Or the same as only its nearest neighbor (and not its
Ond nearest neighbor in phases (1,2,3) and (3,2,1)),
©) site 3 different from its nearest neighbor in phases
123) and (3,1 2) and (d) site 3 different from both of

8i
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its adjacent neighbors in phase (2,3,1). Analysis of vari-
ance for these 4 subsets shows a further large increase in
significance -log p 75 > 67 > 60 at the expense of a
very small increase in mean square error. The multiple
comparison of the multiple range test for the 24 triplets
in columns 2 and 3 shows no readily understandable
structure (data not shown). Even the multiple compari-
son of the multiple range test for the 12 complementary
pairs does not have a simple structure

1234567891011 12

through there is a clean separation between subsets {1
through 3} and {4 through 12}, between {4 through
11} and {12} and a suggestion of a separation between
{4 through 7} and {8 through 11}, all in agreement
with columns 6 and 7. However, the multiple compari-
son of rank sum tests for neighboring pairs (Lehmann
1975, pp. 241 and 242) gives the more comprehensible
structure

12345678910 11 12

T. .
ble 4, Natural logs of binomial probability (too many minus too few counts) for individual genes®

™31y 3 4 s 6 7 8 9 1011
thl
; 6 2 1 2 2 1 2 06 2 -3 0
;y % 3 5 0 55 S 3 0 1
s 5 4 5 3 2 3 1 1 0 0 0
5 8 3 4 a1 2 4 4 3 2 2 -2
p 64 2 3 a1 3 1 4 3 0 -1 3
s 22 2 2 5 5 0 2 1 0 1
8 4 2 4 a2 -3 4 3 2 1 -1 -1
g S 2 3 0 3 3 3 2 0 2 22
w 7 3 5 05 3 4 7 0 -1 -1
1 1 a1 3 a1 3 0 0 2 0 2 O
b 15 4 2 3 4 2 2 1 0 1
3 204 7 2 812 1 -1 3 2 0
w ¥ 7 6 2 79 4 2 1 2 0
s ¥ 4 4 105 3 5 11 4 2
K 2 7 2 2 2 1 3 4 1 3 0
1 3 2 4 2 2 0 2 2 0 -1 0
g 302 5 3 03 2 2 2 -1
y © 4 3 2 2 4 3 1 02 0
2 0 1+ 4 2 2 2 2 0 3 2 3
y Y 2 3 a1 3 4 1 01 2 1
» ¥ 6 5 3 4 3 2 1 1 -1 -
3 7T 6 4 2 5 2 -1 2 0 1 1
% 1220 -15 28 1 0 1 -1 2 3 4
s 1 2 o0 0 -2 0 -1 2 0 -1 0
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3 T2 523 0 1 3 2 1 3 4
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The Patterns abserved for the averages of 30 genes are generally possessed by the 30 genes severally
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in full agreement with columns 6 and 7. Neither of these
tests can be used for columns 6 and 7 because inter-
pretive tables are available only for subsets of equal car-
dinality. However, a multiple F test (Duncan 1955;
Miller 1981, p. 97) shows that each of the 4 subsets in
columns 6 and 7 differs from each of the others at a
highly significant level, p < 0.0005 (data not shown).

Table 4 shows that the patterns found for the aver-
ages of 30 DNA sequences in Tables 2 and 3 are exhibit-
ed by each severally. The columns of Table 4 are desig-
nated by the row numbers in Table 3 of the respective
triplets and phases, the rows by the row numbers in
Table 1 of the respective DNA sequences. The entries in
the table are - 1n(1-B) + 1nB where B is the binomial
distribution B(k;n,p) = sum m = 0 to k (b(m;n,p)), the
binomial probability of observing k or fewer occurrences
of a given triplet in a given phase in n codons when the
probability of occurrences of the triplet is p = product
j =1 to 3 (f(i,j)) where {(i,j) is the observed fraction of
base i, iin {W,S}, in codon site j,jin {1,2,3}. Then
1-B is the probability of observing more than k occur-
rences of the given triplet in the given phase. Positive
entries show more occurrences than expected, negative
entries fewer. Columns 1-6 corresponding to all three
W, S bases the same in the triplet are generally negative
and columns 23 and 24 corresponding to the W, S base
in site 3 being different from both the nearest neighbors
on its two sides are generally positive. An absolute value
of the rounded natural logarithm equal to 2 corresponds
to a significance level between 0.08 and 0.22. Note that
the outlying values in rows 23 and 26 (both for yeast),
columns 1, 2, 3, 4, 21 and 22 probably contribute in
large part to the less significant values for -log p and
mean square error for phase (1,2,3) compared with
phase (3,1,2) in Table 2, and to the contrary ranking of
the corresponding triplets in columns 2 and 3, rows 2, 4,
5,6,17,19,21,22 in Table 3.

A verification that the results in Tables 2 and 3 are
not produced by the large number of globins in the sam-
ple was obtained by repeating the calculations for phase
(2,3,1) on the same subsample as used before (Blaisdell
1982). This sample of 13 coding sequences consists of 1
of 10 globins (rabbit beta), 1 of 5 immunoglobulins
(mouse kappa constant), 1 of 3 insulins (human), 1 of 2
interferons (human beta), 1 of 2 histones (sea urchin
H3), and all of the other coding DNA sequences. Pooling
the triplets XXY and YXX which do not differ signifi-
cantly the averages are -8.10, 0.65, 6.79, F = 34.00,
~log p = 11. these values may be compared with the val-
ues from the total sample, -7.19,0.13,7.06, F = 11434,
-logp=35.

Since Tables 2 and 3 indicated that second nearest
neighbors influenced the choice of W, S occupant of site
3, table 5 presents a more direct examination of this in-
fluence by analysis of variance of S-tuples, phase (1,2,3,
1,2). The F test for the 32 S-tuples is highly significant,
-log p = 30, the mean square error is only 7.51, consi-

derably less than any of the values found in Tables 2 and
3 for triplets, a clear demonstration that second nearest
neighbors have an influence. It is easily observable that
the 32 S-triplets have an understandable ordering by
complementary pairs, Table 5, columns 4 and 5. Analy”
sis of variance of these 16 complementary pairs shows
significance considerably increased from columns 2 27

3 -log p 37 > 30 even though the members of the com
plementary pairs (7,10) through (27,32) have consider®
ble differences in their ranks in the set of 32. Noneth®”
less, the small decrease in the mean square error show’
that it is quite acceptable to pool the counts for thes?
complementary pairs nonadjacent in the ordering. The
nonadjacency of the complementary pairs is appareﬂﬂy
a consequence of the conflicting ranks of the phases ©
the component triplets. For example, in the pairs (8’13)
and (9,12) the rank in phase (1,2,3) of the compone?’
WSW corresponding to 8 is 5 and of SSS correspondifé
to 9 is 1, but the rank in phase (3,1,2) of c::ompoﬂ"’“t
WWW corresponding to 8 is 2 and of SWS correspondité
to 9is 5. It is not surprising that the values for all 4 rows
8,9, 12, 13 are about the same and that the pair (9’12

can occur between the elements of the pairs (8,13)
In fact, in rows 8, 9, 1124 where site 3 has different
neighbors on its 2 sides, there is a strong negative 12"

correlation (Spearman statistic = 1184, p = 0.0016

(Lehmann 1975, p. 301) between the ranks of phas®
(1.23) and (3,1,2) as found in Table 2. This observatio”
shows that the extreme ranks for one of these phases 3%°
associated with the opposite extreme rank of the oth¢f
phase which results in relatively small changes in the
values in Columns 3 over these 16 rows. The multiP
comparisons of the multiple range test of the 32 5-’£UP¥GS
or of the 16 complementary pairs show no readly
understandable structure (data not shown).

Application of the hierarchical clustering algOrithm
with the complete measure of distance between seétS 0
the 32 values in column 3 produces the well separate
clusters rows 1-3,4—-6,7-8,9-19, 20-25, 26-30, 20
31-32. Adjustments to these clusters gives the 7 unde”
standable subsets shown in column 6 corresponding rer
spectively to (a) all 5 sites being the same, (b) 4 sites the
same and one different (including sites 2, 3, 4 of cours®”
(c) sites 2, 3, 4 the same but different from sites 1 and >
(d) 3 contiguous sites the same (including site 3,0
course) and exactly one of sites 2 and 4 different {1
3, () no 3 contiguous sites the same and exactly 0® °
site 2 and 4 different from 3, (f) both of sites 2 af
different from 3 with 3 or 4 of the sites occupied by .
and (g) both of sites 2 and 4 different from 3 with 30
4 of the sites occupied by S. Analysis of varianc® 'o-
these 7 subsets, columns 6 and 7 shows a further 7
crease in significance compared with columns 4 an¢
40 > 37, and no change in mean square error Show‘ng’
acceptable pooling. The multiple comparison of the o
tiple F test for these 7 subsets is at the 5% level
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T .
able §, Analysis of variance of W, S S-tuples, codon sites (1, 2, 3, 1, 2): Ordered average values of counts (ab-

Served — expected)

Row

S-tuple Value Rows Value Rows Value Rows Value
! WWWWW  -2.61 1,2 -2.60 1,2 -2.60 1-7 -1.79
10
2 SSSSS -2.58 3,5 -2.04 3-6 -1.80 8,9, -0.39
11-13,
15,16
3 22
SSSSw -2.46 4,6 -1.57 7,10 -0.96 14, 0.43
17-21,
4 23,24
SWWWwW -1.62 7,10 -0.96 8,9, -0.39 25-32 1.75
11-13,
15,16
5 22
WWWWS -1.61 8,13 -0.81 14, 0.43
17-21,
6 23,24,
7 WSSSS -1.52 9,12 -0.72 25-28 1.46
8 WSSSwW -1.13 11,15 -0.43 29-32 2.03
9 WSWww -1.08 14,20 0.08
10 SSSWS -0.82 16,22 0.39
11 SWWWS -0.79 17,21 0.42
0 SSSww -0.73 18,23 0.50
13 WWWSW -0.62 15,24 0.73
14 SWSSS -0.53 25,31 1.64
15 SWWSW -0.46 26,30 1.70
1§ WWWSS -0.12 27,32 1.73
17 WWSSS -0.06 28,29 1.92
13 SWWSS -0.01
19 WSWWS 0.04
20 SSWWS 0.29
%1 WSSWS 0.63
2 WSSww 0.84
23 SSwww 0.85
2 SWSSw 0.96
25 WWSSW 1.17
2% WWSww 1.22
27 WSWSwW 1.48
28 WWSWS 1.51
2 SWSWw 1.64
30 WSWSS 1.76
3 SWSws 1.80
1 SSWSS 2.23
deg, ¢ SSWSwW 2.33
E Teedom 31,928 15,944 6,953 3,956
log p 7.97 15.45 37.43 69.67
s ey 30 37 40 43
or 7.51 7.50 7.49 7.57

aT
he Pattern of preference for the occupant of codon site 3 found for the phases (1, 2, 3), (3, 1, 2) and (2, 3, 1)

14

1234567
Whi
sh}::Ch Suggests the coarser equal cardinality subsetting

0;’:“ in (_:olumns 8 and 9. These sub§ets are (a) 3 or
b 3 Cont{guous sites the same including sites (2,3,4),
23 400nt1guous sites the same but not incl}lding sites
an’d ,d‘) so that site 3 is the same as one of sites 2 or 4
the ifferent from the other, (c) no 3 contiguous sites

Same and site 3 is the same as one of sites 2 or 4 and

Plar;tely in Tables 2 and 3 are maintained when these phases are part of the more comprehensive phase (1, 2,

different from the other, and (d) site 3 different from
both sites 2 and 4. Analysis of variance of these 4 sub-
sets, columns 8 and 9 shows a further increase in signifi-
cance compared with columns 6 and 7, -log p 43 > 40,
but a small increase in the mean square error indicating
that pooling has now been too comprehensive. The mul-
tiple comparison of the multiple range test shows that
each of these subsets is different from each of the others
at the 1% level. The ranking of the 7 subsets in columns
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6 and 7 and the very low mean square error compared
with Table 3 give very clear evidence that second nearest
neighbors on both sides have a substantial influence on
the choice of the occupant of site 3 of a codon. The
ranks in rows 8, 9, 11—24 of the triplets in sites 1,3, 5
as found in Table 5, column 2 are highly correlated with
their ranks in Table 2 column 2 phase (2,3,1) (Spearman
statistic 224, p = 0.0049). The bias observed in Table 5
toward the occupant of site 3 being different from its
neighbors twice removed also promotes the excess of
short runs W, S nonrandomness.

As mentioned at the beginning, the earlier paper
(Blaisdell 1982) suggested that the choice of the amino
acids coded for, either singly or by their succession
could contribute to the observed short W and S run non-
randomness. Analysis of variance of the pairs XX and
XY only in codon sites 1 and 2 showed a weak signifi-
cance of the difference for the values of counts observed
minus counts expected, F(3,116) = 2.30, -log p = 2.
This result shows some preference for amino acids with
different W, S bases in codon sites 1 and 2 and obvious-
ly contributes to the excess short run W and S nonran-
domness. The effect is not nearly as strong as those in-
fluencing the choice of occupant of codon site 3, -log p
2 < 16,33 or 36 from columns 4 and 5 of Table 2. Anal-
ysis of variance of the pairs XNX and XNY (where N
means that the occupant of the site is ignored) in phase
(2,3,1) found the respective average values of observed
minus expected to be -0.71 and -0.42, showing a slight
preference for a W, S difference, but not at a significant
level, p = 0.68. Similarly analysis of variance for the 16
pairs of W, S pairs in sites 1 and 2 in successive codons
found no significant differences, p = 0.79. In this analy-
sis expected values were calculated from the observed
fraction of W, S pairs in codon sites 1 and 2 and not
from the fractions of the separate bases W and S in the
respective codon sites. Thus it appears that in the whole
set of 30 DNA coding sequences there is no evidence
that the choice of amino acid sequence contributes
to the excess W, S short run nonrandomness. However,
inspection of the raw data seemed to show similar and
significant differences for the 10 globins and analysis of
variance for the 16 pairs confirmed this impression,
F(15,146) = 3.78, -log p = 5. Similarly, for the 5 im-
munoglobulins F(15,16) = 3.21, -log p = 3. But in nei-
ther of these cases was a readily discernable W, S pair
pattern observed. Furthermore, correlation of the values
of observed minus expected for these two sets was
-0.54, p = 0.016 showing that successive W, S pairs
giving high values in one set tended to give low values
for the other set. The observed significant differences
probably reflect the constraints of producing a function-
ing protein and considerable sequence homology within
the sets rather than the constraints of maintaining excess
W, S short run nonrandomness. It is concluded that
choice of the succession of amino acids does not contri-

bute materially to the observed excess of short runs W, S5
nonrandomness.

In conclusion, it has been found that on the averagé
in the coding sequences of 30 eucaryotic structural genes
the weak hydrogen bonding, W, or strong hydroge?
bonding, S, base in codon site 3 is chosen to be uﬂ]i]"e
its neighbors on both sides up to two sites away. This
preference obviously promotes the nonrandom excess O'f
runs of W and $ of length one and two and the deﬁ‘?‘t
of long runs observed earlier in coding sequences (Blass-
dell 1982). The neighbors in the different codon 3’ 1©
codon site 3 are as effective or more so in determining
the choice than are the neighbors 5° in the same codo?:
This observation supports the suggestion (Blaisdell 1982)
that the conservation of the cited properties of codiné
sequences throughout evolution is due to the desirability
of having the numerous hairpin loops (Heindel et al.
1978) in mRNA bound with moderate strength, neiﬂ}er
too weak nor too strong, ot to the desirability of aVO}d'
ing long W (A or T) runs capable of being confused W1
the A, T rich signal (Pribnow box) for the initiation of
transcription of the A, T rich signal for the attachment
of the poly A tail to the transcript, or to the desirability
of avoiding long S (C or G) runs capable of forming left-
handed Z conformation DNA double helices. The rest!t®
in this paper support these suggestions rather than ﬂ‘?
suggestion of the desirability of having the codon-antl”
codon binding of moderate strength (Grantham et &
1981). Whatever its function the observed bias in the
choice of the occupant of site 3 in codons makes unliké’
ly the supposition that mutations in site 3 are selectively
neutral (King and Jukes 1969; Perler et al. 1980) and of
fers an explanation of the observation (Li et al. 1981
that the rate of mutation of nonfunctional (pse‘tld0
genes at all sites is about twice that of site 3 (generﬂlly
silent) in the codons of functional genes.
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