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Summary. We have calculated the average effect 
of  changing a codon by a single base for all possible 
single-base changes in the genetic code and for 
changes in the first, second, and third codon posi- 
tions separately. Such values were calculated for an 
amino acid's polar requirement, hydropathy, mo- 
lecular volume, and isoelectric point. For each at- 
tribute the average effect of  single-base changes was 
also calculated for a large number of  randomly gen- 
erated codes that retained the same level of redun- 
dancy as the natural code. Amino acids whose co- 
dons differed by a single base in the first and third 
codon positions were very similar with respect to 
polar requirement and hydropathy. The major dif- 
ferences between amino acids were specified by the 
second codon position. Codons with U in the second 
position are hydrophobic, whereas most codons with 
A in the second position are hydrophilic. This ac- 
counts for the observation of  complementary hy- 
dropathy. Single-base changes in the natural code 
had a smaller average effect on polar requirement 
than all but 0.02% of random codes. This result is 
most easily explained by selection to minimize del- 
eterious effects of  translation errors during the early 
evolution of  the code. 

Key words: Genetic code -- Complementary hy- 
dropathy -- Translation 

Introduction 

As the genetic code was being deciphered in the 
1960s, molecular biologists recognized that similar 
codons often specify similar amino acids. That is, 
the code is organized such that codons that differ 
by a single base specify amino acids that are more 

similar than would be expected if codons had been 
assigned to amino acids at random. Such a property 
of  the code might have evolved because it reduced 
the average phenotypic effects of  single-base sub- 
stitutions or of  base-pairing errors during transcrip- 
tion and translation (e.g., Sonneborn 1965; Epstein 
1966; Goldberg and Wittes 1966; Alff-Steinberger 
1969). In this view, the universal code was selected 
from among a range of  variant codes because it was 
relatively insensitive to the effects of mutational and/ 
or translational errors. At some stage, adaptive evo- 
lution of  the code ceased because organisms became 
sufficiently complex that further changes to the code 
would have been incompatible with survival (Crick 
1968). 

There have been many models for the evolution 
of  the genetic code, and we will not review them 
here. Rather, we will briefly discuss two models 
(Crick 1968; Woese 1973) to illustrate different pos- 
sible explanations of a tendency for similar codons 
to specify similar amino acids. Crick (1968) pro- 
posed that early versions of  the code would have 
specified many fewer amino acids than the modern 
code, but that most codons would have specified an 
amino acid. "In subsequent steps additional amino 
acids were substituted when they were able to confer 
a selective advantage, until eventually the code be- 
came frozen in its present form.'" Similar amino 
acids tended to have similar codons because (1) this 
diminished the deleterious effects of  the initial sub- 
stitution, and (2) the new tRNA and aminoacyl- 
tRNA synthetase might have been duplications or 
modifications of  the old tRNA and synthetase, in 
which case the new amino acid would be likely to 
be structurally similar to the old amino acid. 

Woese and coworkers (Woese 1965, 1973; Woese 
et al. 1966) argued that similar codons correspond 
to similar amino acids because the earliest forms of 



Table 1. Values for the polar requirement (Woese et al. 1966), 
hydropathy (Kyte and Doolinle 1982), molecular volume (Grant- 
ham 1974), and isoelectric point (Alff-Steinberger 1969) used in 
this paper 

Polar Iso- 
require- Molecular electric 
ment Hydropathy volume point 

Ala 7.0 1.8 31 6.00 
Arg 9.1 -4.5 124 10.76 
Asp 13.0 -3.5 54 2.77 
Asn 10.0 - 3.5 56 5.41 
Cys 4.8 2.5 55 5.07 
Glu 12.5 -3.5 83 3.22 
Gin 8.6 -3.5 85 5.65 
Gly 7.9 -0.4 3 5.97 
His 8.4 -3.2 96 7.59 
Ile 4.9 4.5 111 6.02 
Leu 4.9 3.8 111 5.98 
Lys 10.1 -3.9 119 9.74 
Met 5.3 1.9 105 5.74 
Phe 5.0 2.8 132 5.48 
Pro 6.6 - 1.6 32.5 6.30 
Ser 7.5 -0.8 32 5.68 
Thr 6.6 -0.7 61 6.16 
Trp 5.2 -0.9 170 5.89 
Tyr 5.4 - 1.3 136 5.66 
Val 5.6 4.2 84 5.96 

t ranslat ion were imprecise ,  and  the dis tant  ancestors  
o f  t R N A s  were only able to recognize classes o f  
s imilar  codons  (an ex t reme  fo rm o f  wobble)  and  
classes o f  s imi la r  a m i n o  acids. In this view, the m o d -  
e m  vers ion  o f  the code  evo lved  through a gradual  
increase in the d iscr iminat ion  o f t R N A s  for specific 
a m i n o  acids and  specific codons  within these an-  
cestral sets. Adap t ive  evolu t ion  proceeded through 
the e l imina t ion  o f  less precise vers ions  o f  the code 
by  their  m o r e  precise descendants .  Woese  coupled 
these ideas wi th  the addi t ional  hypothesis  that  ste- 
reochemica l  associat ions existed between bases and  
a m i n o  acids such that  codon  ass ignments  were to 
some degree prede te rmined .  

D i s t a n c e  M i n i m i z a t i o n  

A m i n o  acids differ f rom each other  in m a n y  char-  
acters, but  the posi t ion o f  an amino  acid within the 
code is m o s t  obvious ly  correlated with its hydro-  
phobic i ty  (Epstein 1966; Goldberg  and  Wittes 1966; 
Woese  et at. 1966). In  general, codons  with U in the 
second posi t ion  specify hydrophob ic  a m i n o  acids, 
and codons  with  A in the second posi t ion specify 
hydrophil ic  amino  acids. Mult ivariate  analyses have  
emphas ized  the impor t ance  o f  this associa t ion be- 
tween codon  ass ignments  and  var ious  measures  o f  
polar i ty  or  hydrophob ic i ty  o f  an a m i n o  acid (SjS- 
str/Sm and  Wold  1985; Di  Giul io  1989a). Polar i ty  
and hydrophob ic i ty  will be  t reated as rough syn- 
o n y m s  in this article. 
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N o n e  o f  these studies have  satisfactorily quan-  
tified the strength o f  associat ion between posi t ion 
and  any  a m i n o  acid attr ibute.  Some  authors  (Sa- 
l e m m e  et al. 1977; Wong  1980) have  quest ioned 
whether  m o s t  (nonsynonymous)  single-base changes 
do, in fact, subst i tute s imilar  a m i n o  acids. Wong  
(1980) es t imated  tha t  the code has ach ieved  only 
45% o f  the possible dis tance min imiza t i on  for an  
index o f  s imilar i ty  that  incorpora tes  measures  o f  
size, a tomic  composi t ion,  and  hydrophobiei ty .  Wong 
calculated the average distance between neighboring 
a m i n o  acids in the best  possible  code by  min imiz ing  
distances for  each amino  acid separately and  then 
averaging the m i n i m u m  distances for the 20 a m i n o  
acids. I t  is unclear  whether  such a code can be con- 
strueted. 

Di  Giul io  (198 9b) es t imated  tha t  the natural  code 
has ach ieved  68% min imiza t i on  o f  polar i ty  dis- 
tances. DiGiu l io  constructed his best  code by  allow- 
ing the polari t ies o f  a m i n o  acids to vary.  Dis tances  
between neighboring a m i n o  acids were reduced in 
his code pr imar i ly  because the code conta ined  fewer 
strongly hydrophob ic  and  hydrophi l ic  amino  acids 
than  occur  in the natural  code. 

In  this paper ,  we adop t  a different approach .  We 
do not  a t t emp t  to der ive  a best possible code, ra ther  
we calculate t h e  average  squared change in hydro-  
phobici ty ,  molecu la r  vo lume,  and  isoelectric poin t  
for all possible single-base changes in the natural  
code and  c o m p a r e  these values  to the dis t r ibut ion 
o f  s imi lar  values  calculated for a large n u m b e r  o f  
r a n d o m l y  genera ted codes. We es t imate  the effi- 
ciency o f  the natural  code  by  the p ropor t ion  (P) o f  
r a n d o m  codes that  have  a smal ler  average squared 
difference for single-base changes. The  smal ler  is the 
value o f  P, the m o r e  efficient is the natural  code in 
min imiz ing  distances be tween neighboring a m i n o  
acids. 

M e t h o d s  

We studied four attributes of amino acids: two measures of po- 
larity, a measure of size, and a measure ofcharga (Table 1). Woese 
et al.'s (1966) polar requirement is the slope of the line that results 
when log(1 - R F ) / R  F for free amino acids is plotted against the 
log mole fraction of water in pyridine solvent. This measure has 
been used in several analyses of the structure of the genetic code 
(Alff-Steinberger 1969; Wong 1980; Di Giulio 1989b) and is one 
of the metrics best correlated with codon position (Sjrstrrm and 
Wold 1985; Di Giulio 1989a). Kyte and Doolittle's (1982) hy- 
dropathy is based on water-vapor transfer free energies, the in- 
terior-exterior distribution of amino acid side-chains, and the 
subjective judgment of the authors. This scale has been used in 
discussions of complementary hydropathy (see below). Gran- 
tham's (1974) molecular volume of side chains is the residue 
volume minus a constant peptide volume. The values of iso- 
electric points were taken from Alff-Steinberger (1969). 

The mean squared chang~in an attribute's value was calcu- 
lated for all single-base substitutions in the first, second, and third 
codon positions of the natural code (MS~, MS2, and MS3, re- 
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Fig. 1. Randomly generated codes that are more conservative than the natural code (MSo = 5.194) with respect to changes in polar 
requirement, a MS0 = 5.167; b MSo = 5.189. 

Table 2. Mean and standard deviation of MS1, MS2, MS3, and MSo for 10,000 randomly generated codes 

MSt MS2 MS3 MSo 

Polar requirement 12~5 + 2.77 12.62 _+ 2.60 3.58 + 1.51 9.41 + 1.51 
Hydropathy 17.02 + 3.43 17.85 - 3.07 5.05 + 1.99 13.29 _ 1.70 
Molecular volume 3522 _ 765 3690 +- 704 1046 +_ 428 2750 + 399 
Isoelectric point 5.956 --- 1.705 6.244 _ 1.657 1.768 +__ 0.821 4.651 +__ 0.994 

spectively), as was the mean squared change for all codon posi- 
tions combined (MS0). The change in value was undefined for 
mutations to and from stop codons, and such mutations were 
not included in the calculations. Same-sense mutations between 
synonymous codons were included. The values of mean squared 
change did not take account ofcodon usage. Thus, all single-base 
substitutions within the code were given equal weighting. 

For each attribute, MS values were calculated for 10,000 ran- 
domly generated codes. The 64 codons of the genetic code were 
divided into 21 synonymous codon sets. Each set consisted of 
all the codons specifying the same amino acid in the natural code, 
plus one set for the three stop codons. In the randomly generated 
codes, the position of the stop eodons remained constant, but 
the amino acids were assigned at random to the remaining 20 
codon sets. There are thus 20! (>2 x 10 tS) possible codes under 
our null model. As an illustration, the variant codes with the 
lowest MSo for polar requirement are given in Fig. 1. One code 
will be described as more conservative than another if it has 
lower MSo. Po is defined as the proportion of random codes that 
are more conservative than the natural code. P1, P2, and P3 are 
similarly defined with reference to MS, MS2, and MS3. 

Our method of generating variant codes does not mimic the 
evolutionary process. Rather, we use randomly generated codes 
to derive a probability distribution of MS0, and use this distri- 
bution as a formal device (a null model) to test whether neigh- 
boring amino acids in the natural code are more similar with 
respect to an attribute than would be expected by chance alone. 
Our null model places strong constraints on the structure of vari- 
ant codes. All codes have the same level of degeneracy and the 
same probability of synonymous substitutions as the natural code. 
Therefore, our results detect error-minimizing features of the 
code that are additional to third (and second) base redundancy. 

Properties  o f  Random Codes  

T a b l e  2 p resen t s  s u m m a r y  s tat is t ics  for  the  m e a n  
s q u a r e d  change  in  the  four  a t t r i bu t e s  for  10,000 r an -  
d o m l y  gene ra t ed  codes.  T h i s  sec t ion  uses these  da t a  

to d iscuss  s o m e  genera l  p roper t i es  o f  r a n d o m  codes  
tha t  are a c o n s e q u e n c e  o f  how  the  code  is d i v i d e d  
i n t o  s y n o n y m o u s  c o d o n  sets. 

Al l  poss ib le  changes  f r o m  one  a m i n o  ac id  to an -  
o the r  will  occur  equa l ly  of ten,  w h e n  averaged  ove r  
a ve ry  large n u m b e r  o f  r a n d o m  codes.  T h i s  is t rue  

for changes  in  all  three  base  pos i t ions .  Therefore ,  
differences in  the  average  va lues  o f  MS~, MS2, a n d  

MS3 reflect the  re la t ive  n u m b e r  o f  s y n o n y m o u s  m u -  
t a t i ons  in  the  th ree  pos i t ions .  The r e  are 4 s y n o n y -  

m o u s  s u b s t i t u t i o n s  in  the  first pos i t ion ,  n o n e  in  the 
second  pos i t ion ,  a n d  126 in  the th i rd  p o s i t i o n  (stop 

- .  s top  n o t  inc luded) .  Thus ,  o n  average,  MS2 > MS~ 

>> M S  3. 
MS~ is the  m o s t  va r i ab l e  a m o n g  codes,  MS2 

sl ight ly less va r i ab le ,  a n d  MS 3 the  least  var iab le .  
T h e  low v a r i a n c e  in  the  t h i r d  p o s i t i o n  is easi ly ex- 
p la ined .  MS3 is the average  o f  126 zeroes ( same-  
sense m u t a t i o n s )  a n d  50 pos i t ive  va lues  (missense  
m u t a t i o n s )  tha t  va ry  a m o n g  codes.  T h e  h igher  va r i -  
ance  o f  MS,  re la t ive  to MS2 arises because  chance  
j u x t a p o s i t i o n s  o f  ve ry  s i m i l a r  or  ve ry  d i s s imi l a r  
a m i n o  acids  can  h a v e  a greater  effect on  MS~ t h a n  

MS2. T h e r e  are 166 m i s s e n s e  m u t a t i o n s  at  the first 
p o s i t i o n  (no t  i n v o l v i n g  s top codons )  tha t  i n v o l v e  
62 di f ferent  s u b s t i t u t i o n s  o f  one  a m i n o  ac id  for  an -  
o t he r  ( c oun t i ng  a -~ b a n d  b -~ a as di f ferent  sub-  

s t i tu t ions) .  O f  these  62 subs t i t u t ions ,  4 occur  six 
t imes ,  14 occur  four  t imes ,  2 occur  three  t imes ,  38 
occur  twice, a n d  4 occur  once.  O n  the  o ther  ha nd ,  

all  176 s ingle-base  changes  at  the  s econd  pos i t i on  
(no t  i n v o l v i n g  s top codons )  are m i s s e n s e  m u t a t i o n s  
a n d  these  i n v o l v e  82 di f ferent  s u b s t i t u t i o n s  o f  one  



Table 3. MSt, MS:, MS3, and MS0 for the natural code 

MS~ MS2 MS3 MS0 

Polar requirement 4.88 10.56 0.14 5.19 
Hydropathy 5.18 21.78 1.17 9.39 
Molecular volume 3272 3458 841 2521 
Isoelectric point 9.958 7.352 1.394 6.220 
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Table 4. The proportion, P, of randomly generated codes (from 
a sample of 10,000) in which single-base substitutions have a 
smaller average effect than in the natural code 

PJ P2 P~ Po 

Polar requirement 0.0037 0.2214 0.0002 0.0002 
Hydropathy 0.0003 0.9100 0.0142 0.0089 
Molecular volume 0.3812 0.3763 0.3503 0.3003 
Isoelectric point 0.9828 0.7487 0.3452 0.9281 

amino acid for another. Of these substitutions, 12 
occur four times, 2 occur three times, 54 occur twice, 
and 14 occur once. 

MS~ and MS2 are positively correlated for each 
of the four attributes, and both are negatively, but 
more weakly, correlated with MS3. These correla- 
tions arise because MSI and MS2 tend to be large 
when extreme amino acids are assigned to the six- 
and four-eodon sets, whereas MS3 lends to be large 
when extreme amino acids are not assigned to four- 
codon sets. 

Polarity 

The natural code is very effective in limiting the 
average change in polarity caused by single-base 
substitutions (Tables 3 and 4). Only 2 out of  10,000 
random codes were more conservative than the nat- 
ural code with respect to changes in polar require- 
ment. These two codes are shown in Fig. 1. Simi- 
larly, only 89 random codes were more conservative 
with respect to hydropathy than the natural code. 
Wong's (1980) improved Code II is actually less 
conservative than the natural code onbo th  scales. 

If  the average effect of  substitutions is considered 
for each of  the three codon positions, the natural 
code is very conservative for changes in the first and 
third position, but less conservative for changes in 
the second position (Table 4). On the hydropathy 
scale, more than 90% of randomly generated codes 
were more conservative than the natural code for 
second base substitutions, though the equivalent fig- 
ure was only 22% for polar requirement. 

This difference between the polarity scales ap- 
pears to be a consequence of  tyrosine being rela- 
tively hydrophobic when judged by polar require- 

ment, but being relatively hydrophilic in terms of  
the hydropathy scale. In fact, Kyte and Doolittle 
(198 2) subjectively raised the hydrophobicity of  ty- 
rosine on their scale because they found it hard to 
accept that tyrosine was hydrophilic. I f  this adjust- 
ment had not been made, the contrast between the 
scales would probably have been greater. In terms 
of  polar requirement, tyrosine is the only hydro- 
phobic amino acid among the otherwise hydrophilic 
amino acids with A in the second position. This 
reduces P2 relative to the hydropathy scale because 
the second position no longer distinguishes so 
strongly between hydrophobic and hydrophilic ami- 
no acids. 

The natural code is very conservative with re- 
spect to polar requirement (P0 = 0.0002). The strik- 
ing correspondence between codon assignments and 
such a simple measure deserveg further study. 

Complementary Hydropathy 

When complementary strands of  DNA are read from 
5' to 3' in the same reading frame, codons for hy- 
drophobic amino acids are generally complemented 
by codons for hydrophilic amino acids (Blalock and 
Smith 1984). Brentani (1988, 1990) has proposed 
that both DNA strands may have had coding ca- 
pacity during the early evolution of  the genetic code. 
In his view, hydrophobic peptides coded by one 
strand would have interacted functionally with hy- 
drophilic peptides coded by the complementary 
strand. 

Blalock and Smith (1984) and Brentani (1988, 
1990) used Kyte and Doolittle's hydropathy scale. 
As we have shown, the second codon position dis- 
criminates strongly between hydrophobic and hy- 
drophilic amino acids on this scale. Specifically, most 
strongly hydrophobic amino acids have codons with 
U in the second position, and most strongly hydro- 
philic amino acids have codons with A in the second 
position. As a result, hydrophobic xUy codons are 
complemented by hydrophilic y'Ax' codons (where 
bases x', y' are complementary to x, y). This pattern 
accounts for the observation of  complementary hy- 
dropathy, and complementary hydropathy is a nec- 
essary corollary of any fiypothesis that predicts this 
pattern. 
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Molecular Volume and Isoelectrie Point 

The natural code is less conservative with respect 
to size and charge than it is with respect to polarity. 
About 30% of random codes are more conservative 
than the natural code with respect to molecular vol- 
ume, and over 90% of random codes are more con- 
servative with respect to isoelectric point. On the 
latter scale, the natural code is particularly noncon- 
servative in the first position (P~ = 0.98). This is 
partly a corollary of  the fact that most strongly hy- 
drophilic amino acids share A in the second posi- 
tion. Thus, a first-base change substitutes glutamic 
acid for lysine. A second factor is that arginine, which 
has an extreme value for isoelectric point, is assigned 
a six-codon set in the natural code. 

General Discussion 

Our results confirm that single-base substitutions 
are strongly conservative with respect to changes in 
polar requirement and hydropathy in the first and 
third codon positions, but much less so in the second 
codon position. This pattern is more easily accom- 
modated by theories in which the primary selective 
force is to minimize the effects of  codon-anticodon 
mismatch during translation (or its precursor), rath- 
er than to minimize the effects of  replication errors. 
That is, there are many reasons why translation might 
be initially more error-prone in one position than 
another, but it is difficult to see why one position 
should mutate more frequently than another. 

Among modern organisms, codon-ant icodon 
mispairing occurs most frequently at those base po- 
sitions at which pairing errors have least effect 
(Woese 1965; Goldberg and Wittes 1966; Lagerkvist 
1980). Thus, pairing at the third codon position is 
most error-prone and pairing at the second codon 
position the least error-prone (Woese 1965). Simi- 
larly, abnormal wobble-pairings in the third posi- 
tion are more common when such errors result in 
synonymous substitutions (Lagerkvist 1980). Such 
patterns have been used to support the hypothesis 
that codon assignments evolved to minimize the 
effects of  translational errors. However, the evi- 
dence of  modern error rates should be treated with 
caution, unless convincing physico-chemical rea- 
sons can be given why certain codon-anticodon pairs 
are intrinsically less error-prone. This is because 
natural selection will favor increases in the accuracy 
of translation, until the costs of  further improve- 
ments outweigh the benefits. Therefore, the trans- 
lational apparatus would be expected to evolve an 
inverse relationship between the frequency and se- 

verity of  an error, even if  such a relatiqnship did 
not exist in the first place (Kurland 1987; Bulmer 
1988). 

Our results also suggest that, during the early evo- 
lution of the code, the deleterious effects of  substi- 
tuting hydrophilic for hydrophobic amino acids were 
more severe than the effects of  substituting large for 
small, or acidic for basic, amino acids. Hydrophobic 
amino acids tend to occupy interior positions within 
proteins, whereas hydrophilic amino acids tend to 
occupy exterior posit ions (e.g., Epstein 1966). 
Therefore, nonconservative changes in the polarity 
of  an amino acid may have had major effects on the 
conformation of  a protein. It is also possible that 
the code acquired its major features before the evo- 
lution of  proteins. 

The earliest associations between amino acids and 
adaptor RNAs probably preceded protein synthesis, 
and we do not know at what stage in the evolution 
of  the code were amino acids first linked together 
to form peptides. Adaptors may initially have been 
used to align substrates (including amino acids) for 
early metabolic syntheses (Gibson and Lamond 
1990), or adaptor-linked amino acids may have had 
a role in maintaining the correct conformation of 
catalytic RNAs. For example, hydrophobic amino 
acids could have been used to anchor ribozymes in 
membranes. In this latter case, the substitution of 
one hydrophobic amino acid for another might have 
little effect, whereas the substitution ofa hydrophilic 
amino acid could be disastrous. 

Was the assignment ofhydrophobic amino acids 
to anticodons with A in the second position, and of 
hydrophilic amino acids to anticodons with U in 
the second position, completely arbitrary? In a sa- 
line solvent system, A nucleotides are the most hy- 
drophobic and U nucleotides the least hydrophobic 
(Weber and Lacey 1978; data from Garel et al. 1973). 
Perhaps, chemical affinities between nucleotides and 
amino acids did contribute to codon assignments 
(as proposed by Woese et al. 1966). However, a 
chance correspondence between the hydrophobici- 
ties of  amino acids and the central base of  their 
anticodon cannot be rejected, given the small num- 
ber of possible nucleotide pairs. Moreover, given 
these assignments, the fact that A is complementary 
to U can account for Blalock and Smith's (1984) 
observation that complementary strands would en- 
code peptides of opposite hydrophobicity if  both 
strands were translated. 
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