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Abstract. Space-filling molecular models have been used to examine structural analogies between amino 
acids and nucleic acids. The three-dimensional structures of amino acid R groups appear to be stereochemi- 
cally related to cavities formed by removal of single bases in double helical nucleic acids. The common L 
amino acids may thus be complementary to their codons. 

1. Introduction 

Knowledge of modern chemistry provides relatively few constraints on our ability to 
conceive of and to chemically synthesize an almost infinite number of molecules with 
diverse structural frameworks. In contrast, the variety of molecules synthesized in vivo 

by the myriads of different organisms is severely limited. Moreover, the same discreet 
set of biochemicals can be found in many different phyla. While similarities in genetic 
origin must be responsible for similar constraints on biosynthesis, the question of why 
this is so has not been answered. The idea that nucleic acids (DNA and RNA) are the 
exclusive biochemicals in all species which serve as the genetic templates for the 
synthesis of enzyme proteins which in turn stereochemically limit the synthesis of 
other biologically active molecules is generally accepted. The concept that the 
sequence of bases in nucleic acids dictates the amino acid sequence of proteins 
through a phylogenetically common triplet code is also no longer questioned. 

A missing piece in this biochemical puzzle is the nature of the constraints imposed 
by the nucleic acids which result in the incorporation of only twenty structural units, 
i.e., the common L-amino acids, during protein synthesis. We presume these con- 
traints to be stereochemical. Many investigators have considered, and some have 
sought to establish, physicochemical and stereochemical bases for the genetic code 
since Gamov's (1954) first attempts*. Some of the hypotheses have been criticized for 
errors in the construction of molecular models and for lack of chemical detail. Their 
apparent lack of success can be epitomized by the idea advanced by Crick (1968) that 
the genetic code could be a 'frozen accident' and hence unrelated to any stereoche- 

* Their publications are indicated by an asterisk in the references at the end of this paper. 
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mical relationship between nucleic acids and amino acids. We have been encouraged 
to take up this implicit challenge by the pioneering efforts of Woese (1961, 1965a, b, 
1967, 1968, 1970) and by several recent findings of Weber and Lacey (1978) and 
Jungck (1978) who have reported experimental data that support a physiochemical 
hypothesis for the origin of the genetic code. 

In several publications (Hendry et al., 1977; Witham et al., 1978; Hendry and 
Witham, 1979) we have repotted on evidence that some biologically active small mole- 
cules - products of enzymatic biosynthesis such as steroids and phytohormones - 
reflect the structure of DNA or RNA in size, shape, and absolute chirality. In this 
paper, the first of several we intend to publish on the subject, we have directly com- 
pared the structures of amino acids to the structure of DNA, taking an approach 
which has to our knowledge not been used by any of our predecessors. Namely, 
amino acids were substituted for bases in right handed double helical DNA. We 
intend to show that there are structural similarities of amino acid R groups to purine 
and pyrimidine bases and that by means of stereochemical ~ and measurements 
with Corey Pauling-Koltun (CPK) models we can make assignments of amino acids 
to DNA bases which are consistent with the genetic code. 

2. Similarities of  the Structures of  Amino Acids and Nucleic Acid Bases 

2.1. COMPARISON OF AMINO ACID R GROUPS WITH NUCLEIC ACID BASE PROFILES 

We have already proposed stereochemical relationships between amino acids and 
nucleic acids after finding with CPK space-filling models that the R groups of some 
amino acids could be aligned with the functional groups of nucleic acid bases by 
intercalation (Hendry and Witham, 1979). The interactions of amino acids with RNA 
base cavities described in our previous study can also be applied to DNA base ca- 
vities. It has since occurred to us that there may be more direct stereochemical re- 
lationships between amino acid R groups and the purines and pyrimidines of DNA. 
We have therefore compared different conformations of CPK models of the common 
L-amino acids to the profiles of thymine (T), cystosine (C), adenine (A) and guanine (G). 
The c~-amino nitrogen of each amino acid was fixed in a position corresponding to the 

Diagram I. General structure of an amino acid compared to DNA bases cytosine (C), thymine (T), ade- 
nine (A), and guanine (G). 
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9-nitrogen ofpurines and 1-nitrogen ofpyrimidines as shown in the diagram above. The 
a-CH moiety was also placed in a position approximating that of the 6-CH ofpyrimi- 
dines and the 8-CH ofpurines. Amino acids R groups were then placed in conforma- 
tions which would overlap the remainder of the profile of each base as in Diagram I. 

Several of the conformations of the amino acids possessed profiles which were 
similar to those of one or more of the bases (Figures 1 and 2). For example, L- 
histidine could assume a conformation similar to the profile of A_ (Figure l I) so that 
the proton acceptor a t N-3 of the imidazole ring was aligned with the proton acceptor 
of A at N-1. While the profile of histidine was also similar to the profile of G in the 
conformation shown (Figure 1L), the N-3 of the imidazole was aligned with the 
proton donor at N-1 of G. When the same conformation of histidine was compared 
to the profile of T or C, it was evident that the amino acid R group was larger than 
either of the bases (Figure 1J, K). Although we compared other conformations of 
the histidine R group to the bases in this fashion, we were unable to find any other 
profiles of the amino acid which were similar to T, C or G. L-arginine could assume a 
conformation in which each nitrogen of the guanido group was aligned with the N-3, 
N-1 and the NH a groups of G so that the hydrogen bonding donor surface of arginine 
was congruent with that of the bases (Figure 2A). L-tryptophan and L-glutamic acid 
could be placed in conformations which were similar to the profi!es and the hydrogen 
bonding character of G and A respectively (Figure 2B and 2C). In the case of amino 
acids which did not possess potential hydrogen bonding R groups, conformations 
could be constructed which were similar in size to a given base profile, e.g. T for iso- 
leucine, and C for proline (Figure 2D and 2E). 

2.2.  COMPARISON OF AMINO ACID R GROUPS TO CAVITIES FORMED BY REMOVAL OF BASES 

FROM DNA 

Our initial observations suggested that an amino acid might not only be similar in 
profile to a given nucleic acid base or bases, but that many also possessed stereoche- 
mical topologies which could 'fit' the adjacent complementary nucleic acid bases(s) 
e.g. the potential alignment of hydrogen bonding surfaces of some amino acid con- 
formations with those of the adjacent base (Figure 1, 2A-C). To investigate this 
possibility further, we substituted amino acids for bases in models of double stranded 
nucleic acids. Four double stranded DNA models were constructed in an appro- 
ximate right handed helical conformation and then a single base (T, C, A or G) was 
removed. While being careful to maintain the approximate stereochemistry of the 
original DNA models, we placed different conformations of each amino acid in the 
cavities so that each a-amino nitrogen was covalently bound to C-1 of deoxyribose. 
The a-carboxy group of the amino acid was allowed to extend into the minor groove 
in the 5' direction. Several L-amino acids could be easily accomodated in this fashion 
without any obvious strain on the model of the double helix, particularly if the amino 
acid was placed in a conformation similar to the profile of a given base. For example, 
glutamine could be substituted for A, histidine for A, arginine and tryptophan for G, 
isoleucine for T and proline for C (Figure 3). In some cases, the size of a given cavity 
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TABLE I 

Proposed structural similarities between L-amino acids and nucleic acids. The size of each amino acid is 
compared to the size of the cacity formed after removal of a base (T, C, A or G) in right handed double 
helical DNA. > indicates the amino acid R group is larger than the cavity; < indicates the R group is 
smaller than the cavity. If an amino acid 'fits' into the cavity, complementarity to the adjacent base is 
indicated by =. Hydrogen bonding sites on adjacent bases are indicated by letters and numbers which refer 

to the positions of atoms and functional groups on the nucleic acid structures 

L-amino acid Size compared Complementarity Positions of Tentative 
to DNA base to adjacent hydrogen bonding base 
cavity base on adjacent bases substitution 

C T A G C T A G 

Alanine < < < 
Arginine > > = 
Aspartic acid 
Asparagine 

Cysteine > = 
Glutamic acid > > 
Glutamine > > = 

Histidine > > 
Isoleucine > < < 
Leucine > < < 
Lysine > > = 

Methionine > 
Phenylalanine > > 
Proline < < 
Serine < < 
Threonine < < 
Tryptophan > > = 
Tyrosine > > = 

Valine > < < 

= C 
N-3, 0-2 G 
NH-3 A 
N-l, NH2-6 T 

= NH-1, O-6 C 
NH-3 A 
N-3 "~ G 
NH-3 A 
N-3, NH2-4 G 
NH-3, O-4 A 
NH-3 A 

T 
T 

O-2 G 
0-2 or O-4 A 

T 
+ 

= C 
= NH-I C 
= NH-1 C 

N-3 G 
0-2 G 
0--2, 0-4 A 

T 

* Direction of hydrogen bonding groups is complementary to adjacent base but distance is longer than 
normal hydrogen bond. 

PhenyI~/lanine did not possess features which were clearly complementary to the adjacent base. 

d i d  n o t  fit a n y  c o n f o r m a t i o n  o f  a g i v e n  a m i n o  a c i d ;  in  o t h e r  cases  h y d r o g e n  b o n d i n g  

g r o u p s  w e r e  n o t  c o m p l e m e n t a r y  to  t he  b a s e  a d j a c e n t  to  t he  cav i ty .  

O u r  o b s e r v a t i o n s  o f  t h e  s imi l a r i t i e s  o f  t h e  a m i n o  ac ids  to  b a s e  cav i t i e s  h a v e  b e e n  

s u m m a r i z e d  in  T a b l e  I b y  l i s t ing  t w o  f ac to r s ,  size a n d  c o m p l e m e n t a r i t y .  F i r s t ,  we 

d e t e r m i n e d  w h e t h e r  a g i v e n  a m i n o  ac id  w a s  r o u g h l y  t o o  l a rge  o r  t o o  sma l l  fo r  a g i v e n  

cav i ty .  A n  a m i n o  ac id  w as  t o o  l a rge  i f  i t  c o u l d  n o t  fit i n t o  t h e  c a v i t y  w i t h o u t  o b -  

v ious ly  d i s t o r t i n g  t h e  n u c l e i c  ac id  c o m p o n e n t s  a n d  t o o  s m a t t  i f  i t  c o u l d  n o t  c o m e  i n t o  

p r o x i m i t y  w i t h  t h e  a d j a c e n t  base .  I f  a n  R g r o u p  was  n e i t h e r  t o o  l a r g e r  o r  t o o  s m a l l  f o r  

a g i v e n  cav i ty ,  we t h e n  c o n s i d e r e d  w h e t h e r  o r  n o t  t he  a m i n o  ac id  p o s s e s s e d  f e a t u r e s  

w h i c h  we re  c o m p l e m e n t a r y  to  t h e  a d j a c e n t  base .  W h e n  a m i n o  ac ids  c o n t a i n e d  h y d r o -  
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gen bonding moieties, attempts wer~ made _to align the hydrogen bonding surface of 
the R group with complementary groups of the adjacent base. The specific hydrogen 
bonding groups of the adjacent base(s) which were complementary to a given amino 
acid are also listed in Table I. These relationships should theoretically reflect C-G and 
A-T base pairing. When amino acids could be accomodated to a given cavity but 
lacked hydrogen bonding moieties, R groups were considered complementary when a 
given conformation 'fitted' the surfaces of the adjacent base. Of the twenty common 
amino acids, fourteen could be considered analagous in structure to a single base. 
Three amino acids were considered related to two bases and one could be related to 
three bases. 

Figure 4 contains some examples of amino acid conformations which could be 
accommodated to the size of a given base cavity and also possessed complementary 
features. Glycine is omitted from Table I; it was not compared to any base since it 
lacks an R group. 

Some of the amino acids did not have a clear structural similarity to any of the 
bases. Although the R group of phenylalanine was similar in size to A ro G, it did not 
appear to be complementary to any adjacent base. Cysteine was closer in size to T 
than to G or A; G is listed in Table I because the R group could adopt a conformation 
in which the proton of the SH group of the amino acid could be directed toward the 
proton acceptor at N-3 of the adjacent base C. Such a hydrogen bond, however, 
would be longer than the normal hydrogen bond distance. As indicated by just these 
two examples, it should be obvious that we present the relationships listed in Table I 
as initial approximations which will require further modifications. Leucine, isoleucine 
and valine might be related to pyrimidines in general rather than just to T because of 
their approximate similarities in size to both T and C. It is difficult at this point to 
decide how much significance to attach to the surface complementarity of an amino 
acid and the adjacent base in the cavity, but such a consideration would favor listing 
T because leucine (Figure 4K), isoleucine (Figure 4J), and valine 'fit neatly' on the 
surface of A presented to the cavity. 

Our choice of stereochemical constraints no have been somewhat arbitrary, inasmuch 
as little consideration has been given to: (1) the relative stability of various amino acid 
conformations; (2) variations of the conformations of the deoxyribose moieties; (3) 
the possibility that modifications in nucleic acid structure might occur as a result of 
the insertion of amino acids into the DNA double helix; (4) the relationships of the 
putative amino acid complexes to neighboring bases; (5) the absolute chirality of the 
amino acids; (6) hydrophobic interactions of the amino acids in the complexes; (7) the 
directionality and strength of hydrogen bonds and (8) the relative energetics of the 
complexes. Also there are other ways of positioning amino acid R groups so that the 
amino acids resemble purines and pyrimidines. For example, we have employed a 
similar approach with the carboxyl group of amino acids attached via an ester linkage 
to a 2' OH of the neighboring 5' ribose in the base cavity (a bond which is known to 
occur in t-RNA) rather than linking the e-amino groups to the C-1 of ribose. The 
relationships of amino acids to base cavities were similar. 



212 L. B. HENDRY ET AL. 

3. Assignments of Amino Acids To Nucleic Acid Bases 

3.1. P R E L I M I N A R Y  MEASUREMENTS OF AMINO A C I D - N U C L E I C  ACID RELATIONSHIPS 

In order to assess the structural similarities proposed in Table I, we have attempted 
to make semiquantitative measurements of  these relationships using size and com- 
plementarity as parameters. With regard to size, we measured the minimum area of:  
each amino acid which in any R group conformation would extend beyond the hy- 
drogen bonding surface of  an adjacent base when the amino acid was placed in a cavity 
in DNA. For  complementarity of  the R groups to the adjacent base, two factors were 
considered: the ability of the R group to form appropriate hydrogen bonds to the 
adjacent base and how well it would 'fit' neatly with the surfaces of the adjacent base. 
While neither feature easily lends itself to direct quantitation, we have assumed that: 
if an amino acid R group was not too large for given cavity, we would utilize the area 
of the R group surface which was within a given distance of  the adjacent base as a 
measure of the extent of  the potentially complementary surfaces of  an amino acid and 
the adjacent base. 

It was necessary to choose fixed conformations of the cavities formed by removal 
of a base from CPK models of DNA to perform these measurements: When simulat- 
ing the removal of a base and the replacement with an amino acid, the absolute 
conformation of deoxyribose was maintained and the width of  all R group conform- 
ations was limited to the approximate width of  the D N A  cavity. Specific measure- 
ments were then made using the following protocol. 

(1) Each amino acid was attached covalently via the s-amino group to deoxyribose 
at C-1. The deoxyribose was kept in the C(3')-exo conformation such that the po- 
sitions of the sugar and the attached amino acid approximated that of a base in the B 
conformation of DNA i.e. the c~-CH of each R group and the s-amino group were 
positioned approximately at the 6-CH and 1-N of pyrimidines or the 8-CH and 9-N 
of  purines, respectively. 

(2) The R group was then fitted to the surface of the profile of  each base as before so 
that (1) it did not extend above the surface of a purine or pyrimidine; (2) it was in a 
plane at an ~ 156 ~ angle (X') to the deoxyribose ring corresponding to that of a base 
attached to deoxyribose and did not exceed ---2.25 A on either side of the plane. 

(3) The minimum area which extended beyond the hydrogen bonding surface of the 
adjacent base (A), and the maximum area of  the amino acid R group which was 
contained within approximately 1.3 A of the surface of  the adjacent base (B) was 
determined for each amino acid. These measurements, made from photographs of 
profiles of  CPK models of  amino acid conformations, are listed in Table II in square 
Angstroms. The distances (1.3 A and 2.25 A) which we have chosen seem to be reason- 
able approximations for the potential interactions of an amino acid R group with the 
surface of an adjacent base, as well as for the maximum width of  any R group which 
could fit into the cavity. 
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TABLE II 

Preliminary assignments of amino acid R groups to cavities in nucleic acids formed by removal of bases 
(see text) 

When an amino acid replaces a base, (A) denotes the area of an R group that extends beyond the surface of 
the adjacent base; (B) denotes the area of an R group for which A = 0 that is within 1.3 A of the adjacent 
base. The areas given are approximations in square angstroms based upon measurements of photographs 
of amino acid conformations compared to photographs of the base pairs. Complementary hydrogen 

bonding R groups are indicated by *. Preliminary assignments are in italics. See text for discussion. 

Base removed in double stranded right handed helical DNA 

Amino acid Cytosine Thymine Adenine Guanine 

Alanine A 0.0 0.0 0.0 0.0 
B 0.2  0.0 0.0 0 .0  

Arginine A 12.0 7.8 0.0 0.0 
B - -  - -  5 . 0  6 . 8 *  

Aspartic acid A 0.0 0.0 0,0 0,0 
B 3.8 5.3 1.2" 1.6 

Asparagine A 0.0 0.0 0.0 0.0 
B 4.5* 5.6* 1.8" 1.1 

Cysteine A 0.9 0.0 0.0 0.0 
B - -  2.5 0.9 0.4* 

Glutamic acid A 2.3 3.1 0.0 0.0 
B - -  - -  3 . 7 *  5.3 

Gtutamine A 2.7 4.0 0.0 0.0 
B - -  - -  6 .2* 4.9* 

Histidine A 14.0 8.5 0.0 0 .0  

B - -  - -  5 .8* 6.4 
Isoleucine A 1,4 0.0 0.0 0,0 

B - -  9 .4  0.1 0.1 
Leucine A 2.4 0.0 0.0 0.0 

B - -  14.0 2.2 2.3 
Lysine A 5,7 3.8 0.0 0.0 

B - -  - -  5 .5* 4.5* 

Methionine A 3,3 0.0 0.0 0.0 
B - -  6.5 4.7 5.0 

Phenylatanine A 9.5 5.4 0.0 0.0 
B - -  - -  5.0 4.5 

Proline A 02 0.0 0.0 0.0 
B 2.9  1.5 0 .0  0 .0  

Serine A 0.0 0.0 0.0 0.0 
B 1.7" 1.1 0.0 0.3 

Threonine A 02 0.0 0.0 0.0 
B 1.6" 1.4 0.0 0.0 

Tryptophan A 16.3 9.7 0.0 0.0 
B - -  - -  4.9 6.7* 

Tyrosine A 14.0 8,5 0.0 0.0 
B - -  m 5.8* 6.4* 

Valine A 0.3 0.0 0.0 0.0 
B - -  2.4 0.0 0.0 
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TABLE III 

Compar ison of  amino acid R groups to nucleic acid bases. Results f rom scheme below. Compar ison of  
amino acids to bases replaced (A) cytosine; (B) thymine;  (C) adenine; (D) guanine. 

Question 1 - Does the amino acid R group not  extend beyond the surface of the adjacent base? 
Question 2 - If 1 is yes, is the amino acid within 1.3 angstroms of  the adjacent base? 
Question 3 - If 2 is yes, does the amino acid possess hydrogen bonding functional groups? 
Question 4 - If  3 is yes, can complementary hydrogen bonds form between the amino acid R group and 

the adjacent base? 
Question 5 - If 3 is no, is the surface area of the R group which is 1.3 angstroms from the adjacent base 

greater than  the surface area of  the R group for other adjacent bases? (Amino acids whose 
R groups extend beyond the adjacent base are excluded). 

The amino acids which are in boxes were assigned to those bases 

A. CYTOSINE 

yes ~ n o  
H 

ALA ASN 
ALA ASP 
THR 
PRO 

y e s ~ ' ~ n o  
III 

SER ALA 
THR PRO 
ASN 
ASP 

ASP . 

yes ~ n o  B. THYMINE s / / ~  n ye o 
I 

ALA MET LYS ALA MET TRP GLU 
SER ILE HIS SER ILE ARG PHE 
T HR  LEU TYR THR LEU LYS TYR 
PRO VAL AR G PRO CYS HIS 
ASN PHE TRP ASN VAL GLN 
ASP GLN CYS ASP 

GLU 
yes ~ n o  

H 

SER MET ALA 
THR ILE 
PRO LEU 
ASN CYS 
ASP VAL 

SER PRO 
T HR  MET 
ASN ILE 
ASP LEU 
CYS VAL 

yes ~ no 

�9 . s ~  

ASP 
CYS 

0 
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C. ADENINE 

yes / / / ~ o  
ALA ASP 
SER GLU 
THR GLN 
PRO" LYS 
VAL HIS 
ILE TYR 
LEU ARG 
MET TRP 
PHE CYS 
ASN 

yes / / /~no 
LEU GLU" ALA 
ILE LYS SER 
MET HIS PRO 
PHE TYR VAL 
ASN ARG THR 
ASP TRP 
GLU LYS 

yes ~ n o  
LYS MET 

ASN HIS LEU 
ASP TYR ILE 
GLN ARG PHE 
GLU TRP 

CYS 

ASN GLU CYS 
LYS ARG 

ASP HIS TRP 
GLN TYR 

~ 

ILE 

D. GUANINE 

yes ~ 
ALA ASP 
SER GLU 
THR GLN 
PRO LYS 
VAL HIS 
LEU TYR 
ILE ARG 
MET TRP 
PHE CYS 
ASN 

yes ////~no 
LEU GLU ALA 
ILE LYS SER 
MET HYS THR 
PHE TYR PRO 
ASN ARG VAL 
ASP TRP 
GLN CYS 

yes ~ n o  
LYS MET 

ASN HIS LEU 
ASP TYR ILE 
GLN ARG PHE 
GLU TRP 

CYS 

~ !  y e ~  no 
P MET 
U LEU 
N ILE 

IS PHE 
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3.2. ASSIGNMENTS OF AMINO ACIDS TO DNA BASES 

Before making the assignments in Table II, we excluded from consideration any 
amino acids which had R groups that either extended beyond the hydrogen bonding 
surface of the adjacent base in the cavity, (A > O) or had R groups which were not 
within approximately 1.3 A of the surface of the adjacent base (B = O). The results 
are consistent with the similarities in structure listed in Table I. In the case of amino 
acids possessing hydrogen bonding functional groups, those bases for which the 
surface complementarity parameter B was greater than zero (B > O) but which were 
not complementary to the adjacent base were not assigned. For example~ when L- 
histidine was compared to the cavity formed by removal of either A or G, B was 
greater than zero. Histidine was then assigned to A since the proton acceptor at N-3 
of the imidazole ring could be hydrogen bonded to the adjacent base T at N-1. G was 
not assigned because the proton acceptor at N-1 of C prohibited such a hydrogen 
bond. Amino acids which do not possess hydrogen bonding functional groups were 
assigned to that base which had the largest value for surface complementarity (B) and 
hence would have the greatest potential contact with the adjacent base. A scheme is 
presented in Table III which describes how the arnino acids were assigned to each 
base using these criteria. 

4. Relationships of Amino Acids to the Genetic Code 

4.1. COMPARISON OF AMINO ACID ASSIGNMENTS TO BASES IN THEIR CODONS 

During protein synthesis amino acids are coded for by triplets of nucleic acid bases 
known as codons. Consequently, it seemed reasonable to compare those codon as- 
signments which comprise the genetic code to our assignments of amino acids to 
nucleic acid bases. There is a good correlation between our assignments and the 
second base in the codons of many amino acids. They are underlined in Table IV. Of 
the fifteen amino acids which we could assign to a single base, the base assigned is the 
second base in forty-five of the fifty-one codons attributed to those amino acids. The 
three aminff acids for which two bases were chosen, and asparagine for which three 
bases were Chosen, have been assigned bases which were consistent with the second 
base of their codons. The assignments of the amino acids which were inconsistent 
with the second base of their codons were phenylatanine and serine. Serine (assigned 
to C) has two different bases (C and G), which occur at the second position in its 
codons. Phenylalanine has U as its second codon base whereas A was assigned. 

4.2. CORRELATION WITH PREVIOUS ASSIGNMENTS OF AMINO ACIDS TO THEIR CODONS 

That some amino acids can be correlated in structure to the second base in their 
codons is interesting in light of our previous suggestion (Hendry and Witham, 1979) 
that amino acids could be recognized stereochemically by certain bases of their 
codons and anticodons. When the a-amino groups of L-amino acids were attached to 
the phosphate oxygens of CPK models of double stranded RNA and the R groups 
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were allowed to intercalate between two consecutive bases, certain conformations of 
several amino acids 'fit' into cavities formed between the bases and were able to form 
complementary complexes with the surfaces of both the 3' and 5' adjacent bases of the 
opposite strand. Amino acids were assigned bases based upon their ability to 'fit' 
between bases of one strand and form complementary complexes to both the 3' and 5' 
bases of the opposite strand. These assignments given in Table IV correlate well with 
the intercalation of the amino acids between the first two bases of their codons in the 
5' to 3' direction and complementary pairing of the amino acid R groups with the 
adjacent 3' and 5' bases of their anticodons. If our current assignments by base 
substitution of amino acids to nucleic acid bases is considered as indicative of the 
second base of a triplet code, and thus is used to refine our previous intercalation 
assignments, we end up with a list of combined assignments (Table IV) which is very 
similar to a list of the first two bases of the genetic code. 

5. Conclusions 

Although any stereochemical model of the relationships of amino acids and nucleic 
acids may be biased by the fact that the genetic code is already known, our findings 
suggest that structural relationships between nucleic acid bases and the common L- 
amino acids may exist. Moreover, the similarities in size and topology of various R 
groups and DNA bases, in particular those features Of some R groups which form 
analogous complementary pairs with certain bases, raises the possibility that some 
amino acid R groups could be stereochemically recognized by nucleic acids and vice 
versa. In this regard, we would agree with Woese (1967) who contended '...in my 
opinion, it is difficult not to conclude that codon-amino acid pairing played a major 
role in the shaping of the genetic code'. It seems reasonable therefore to revive the 
hypothesis that the synthesis of biologically essential polymers e.g. enzymes, recep- 
tors and immunoglobulins, principally from only twenty structures out of an almost 
infinite number of possible structural units is a result of unique structural relation- 
ships between amino acids and nucleic acids. 

It has not been our intention in this paper to postulate the exact stereochemistry of 
amino acid-nucleic acid interactions. Not only has our construction of CPK models 
failed to consider all possible configurations of the two ligands, but there must have 
been many errors inherent in our constructing three dimensional models and in our 
two dimensional measurements of area. Our assignments moreover are not yet fully 
compatible with the triplet code for amino acids which was deduced from peptide 
synJ~(hesis in vitro with synthetic oligonucleotides used as templates. Some of our 
selections are not consistent with the second base of known codons (Table IV). For 
example, asparagine can replace C and T in addition to A, the second base of its 
codon. Replacement ofT or C could even be considered better assignments since they 
can form two hydrogen bonds whereas when replacing A only one hydrogen bond 
can be formed. Serine has two second bases in its codons, C and G; we assigned only 
C. Serine is inappropriate in size for replacing G (B = O) even though a hydrogen 
bond could be envisioned between the hydroxyl and N-3 of C, the adjacent base. 
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Phenylalanine does not adequately replace any base, although it was assigned A 
based upon size alone. We cannot explain this glaring exception. 

Clearly, the ability of amino acids and nucleic acids to form complementary sur- 
faces is not described adequately by our preliminary measurements made from CPK 
models. Experimental approaches which are successful in quantitating complemen- 
tarity would be helpful and might satisfy the requirement of the 'knobby hydrophobic 
surfaces' (Melcher, 1974) which Crick (1968) has deemed important for the develop- 
ment of a stereochemical rationale for the genetic code. Consideration should be 
given to surface complementarity of amino acid R groups to adjacent bases in DNA 
cavities without the dimensions fixed. The effect of alternative types of base pairing 
(e.g. Hogstein) as well as potential interactions of R groups with tautomeric forms of 
the bases or with rare bases such as occur in t-RNA will also need to be appraised. In 
this regard, Seeman et al. (1976) in postulating a mechanism for sequence-specific 
recognition of double helical nucleic acids by proteins used a different approach form 
ours but reached similar conclusions, i.e., that amino acid side chain-nucleic acid 
pairing is an important factor in the recognition process. 

Our observations are consistent with primacy of the second base of the genetic code 
(codon or anticodon) for which there is some evidence. Atff-Steinberger (1969) con- 
cfuded that 'the second base position in the codon plays the largest role in determin- 
ing the properties of the amino acids' after considering a computer generated code 
which appraised molecular weight, polar requirement, number of dissociating groups, 
pK1, isoelectric points, and the e-helix forming ability of amino acids. Woese (1967) 
had stated a similar view based on among other things error rates in translation as 
being 100:10:1 when considering the III:I:II base positions in the codon. Similar 
conclusions were reached by Volkenstein (1966) and Dickerson (1970) based upon 
studies of protein structure and by Zhdanov (1974) who correlated oxidation state of 
the amino-acid R groups with the second codon base. Nagvary and Fendler (1974) 
and Weber and Lacey (1978) correlated amino acid properties and in particular 
polarity of the second base in the anticodon with the relative polarity of the amino 
acids. Recently, Jungck (1978) also showed that the polarity and bulkiness of the 
amino acid can be correlated to anticodon bases. While it is not possible to discuss 
and fully review previous work on the genetic code in this communication, much of 
the published data when considered in view of our models appears to be in agreement 
with our findings. For example, we would predict from our model complexes that the 
polarity of the second base of the anticodon may be an important factor in the 
complementarity to an amino acid. 

We are currently attempting to provide better descriptions of the DNA - amino 
acid complexes using a combination of techniques including computer manipulation 
of available X-ray structures coupled with an examination of CPK and the more 
accurate Kendrew framework models. In this regard, we maintain the view that the 
principle of chemical complementarity which arose from the classical experiments of 
Chargaff (1950) with nucleic acid bases, may have analogies in the evolution of 
structural constraints on amino acids coded for in the construction of protein. 
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