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Abstract. A Z2 analysis was made of previously reported values for the amino acid 
composition of the large and small subunits of ribulose diphosphate carboxylase 
(E.C. 4, 1, 1, 39) isolated from five species of Nicotiana. The distributions of these 
values were then compared with published values for hemoglobin c~ chains and cyto- 
chrome c's of diverse origins. I t  was concluded tha t  evolutionary diversity in the large 
and small subunits of RUDE' carboxylase occurs even within the limited taxonomic 
category of the genus Nicotiana. The large subunit was as stable towards mutat ion 
during evolution as the = chains and cytochromes, whereas the small subunit w a s  

much less stable. The hypothesis is discussed that  the large subunit played a more 
significant role than the small subunit in the enzyme function and/or structural 
integrity of the oligomeric protein. I t  was also speculated that  the addition of small 
subunits to the molecule, which may have been a recent evolutionary event, enables 
the fixation of many evolutionarily favorable mutations. Thus, survival of the en- 
zymatic activity ill changing environments is favored. 

Key words: Statistical Analysis - -  Amino Acid Composition - -  Evolution of 
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Introduction 

Ribulose diphosphate carboxylase (RuDPCase, E.C. 4, 1, t, 39) is the 
enzyme contained within chloroplasts which catalyzes the primary fixation 
of CO 2 during photosynthesis and is probably the most abundant protein 
in the world. It has a molecular weight of about 5.5 × t05 daltons in spinach 
leaves (Kawashima and Wildman, t970) and consists of two distinct kinds 
of subunits (Rutner and Lane, t 967). We assume that a similar organization 
probably prevails for enzyme found in other genera and families of plants. 
Kawashima (1969) noted a marked similarity in the amino acid composition 
of the large subunits of enzyme obtained from Nicotiana tabacum and 
Spinacea oleracea but found pronounced differences in composition of the 
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small subunits signifying a difference in the evolutionary patterns for the 
two subunits. In the case of enzyme from Nicotiana species, it has recently 
been shown that  chloroplast DNA contains the code for the primary struc- 
ture of the large subunit (Chan and Wildman, 1972) whereas nuclear genes 
code for the small subunit (Kawashima and Wildman, 1972). In the present 
study, we have estimated the degree of evolutionary divergence of the two 
kinds of subunits by a statistical analysis of the amino acid compositions of 
enzyme isolated from five species representing a random sample of the 
genus Nicotiana. 

Materials and Methods 

1. Plants 
Five  species of Nicotiana plants  were used:  N. tabacum, var.  Turkish  Samsun;  

N. glutinosa; N.  sylvestris ; N.  glauca and N.  ruslica. The genus Nicoliana is classified 
into 3 subgenera,  viz. Rustica, Tabacum and Petunioides (Goodspeed, 1954). Of the  
5 species used, N. glauca and N. rustica belong to the  subgenus Rustica; N.  glutinosa 
and N. tabacum to Tabacum, while N. sylvestris belongs to Petunioides. Thus these 
5 species const i tu te  a r andom sampling of the  genus Nicotiana. 

2. Statistical Analysis of the Amino Acid Compositions of the Subunits 
In  his analysis of the  =-chains of 11 different  hemoglobins  and 25 cy tochrome c's 

in order to  ascertain the  degree of relatedness be tween the  proteins in evolu t ionary  
terms,  Shapiro (1971) developed a pa rame te r  of relatedness called the  Y value,  which 
is essential ly the  Z ~ va lue  of the  amino acid composit ions of the  two proteins or two 
groups of homologous proteins.  The  Y pa rame te r  was proposed to be more sensit ive 
than  previous methods  (Metzger etal., 1968). Using Shapiro 's  procedure,  the  da ta  
were first  t ransformed into  number  percentage  of amino acid residues, i. e. number  
of an amino acid residue per  t00 to ta l  residues. Cont ingency tables (2 × t6) were 
const ructed for the  amino acid residues in the  large and small  subunits  of any  two of 
the  five species of Nicotiana RuDPCase  compar ing  the  frequencies of 16 different  
amino acids analyzed.  F r o m  these, Z ~ values  were computed .  Fo r  example,  to calculate 
the  Z ~ va lue  for the  homologous subuni ts  f rom 2 species of Nicotiana i and/ ' ,  as com- 
positions of r amino acid residues, A~ . . .  A r . . .  A10, are known,  

~-~ [ (observed  no. of A / r - - e x p e c t e d  no. of Air) 2 
T=IZ'a [ expected  no. of A i r  

+ (observed nO.expectedOf A i r --no.eXpectedof Air  no. o f A j r) ~ -1j " 

The  expected number  of A i ,  can be obta ined  by  dividing the  product  of to ta l  number  
of A v residues in bo th  subunits  and the  to ta l  number  of all amino acid residues in 
subuni t  i by  the  to ta l  number  of all amino  acids in bo th  subunits .  Similar ly Air  can 
be obtained.  

Experimental Results 

1, The Amino Acid Composition of Subunits 

The average result of duplicate amino acid analyses of the large and 
small subunits of RuDPCase derived from 5 species of Nicotiana have been 



Two Kinds of Subunits of Ribulose Diphosphate Carboxylase 105 

Table I. Means and standard deviations of percentage amino acid composition for 
the two subunits of RuDPCase isolated from five species of Nicotiana (numbers 
calculated from original data contained in Tables t and 2 of Kawashima et al., 1971, 

where probable integer values for each amino acid are also found) 

Large subunit  Small subunit  

Amino acid Mean Standard Standard Mean Standard Standard 
deviation deviation deviation deviation 

Mean Mean 

Lysine 4.70 0.31 0.065 7.55 0.92 0.122 
Histidine 2.84 0.11 0.039 0.66 0.23 0.348 
Arginine 6.67 0.32 0.048 4.33 0.79 0.182 
Aspartic acid 8.88 0.46 0.052 7.24 0.41 0.057 
Threonine 5.38 0.37 0.067 4.17 0.43 0.t03 
Serine 3.12 0.1 t 0.035 3.63 0.52 0.143 
Glutamic acid 10.24 0.42 0.041 15.76 0.54 0.034 
Proline 4.15 0.12 0.029 6.82 0.42 0.062 
Glycine t0.28 O.66 O.O64 7.O7 0.77 0.109 
Alanine 8.44 0.41 0.048 5.33 0.30 0.056 
Valine 7.35 0.22 0.003 6.72 0.71 0.106 
Methionine 1.60 0.18 0.115 1-76 0.37 0.210 
Isoleucine 4.37 0.11 0.024 4.46 0.34 0.076 
Leucine 8.95 0.44 0.049 8.11 0.23 0.028 
Tyrosine 3.68 0.19 0.051 7.22 0.64 0.089 
Phenylalanine 4.50 0.t9 0.042 4.38 0.56 0.128 

Table 2. Z 2 values of the amino acid compositions of large and small subunits of 
RuDPCase isolated from five species of Nicotiane 

N. tabacum N. glutinosa N.  rustica N.  sylvestris 

Large subunit  
N. glutinosa 3.84 
N. rustica 3.15 4.37 
N. sylvestris 3.30 7.97 4.90 
N. glauca 7.89 4.13 8.53 

Small subunit  
N. glulinosa t 0.22 
N. rustica t 1 .t 8 t 6.69 
N. sylvestris 8.23 10.81 t 5.29 
N. glauca 23.55 26.12 38.42 

7.61 

38.ot 

p r e s e n t e d  in  Tab le s  1 a n d  2 of a r ecen t  p u b l i c a t i o n  ( K a w a s h i m a  et al., t971) .  

The  p r o b a b l e  n u m b e r s  of each a m i n o  acid  in  the  la rge  a n d  sma l l  s u b u n i t  

pep t i de s  were  also c a l c u l a t e d  a n d  i n c l u d e d  in  t he  tab les .  T h e  m e a n s  a n d  

s t a n d a r d  d e v i a t i o n  of these  d a t a  h a v e  b e e n  c a l c u l a t e d  a n d  are  p r e s e n t e d  

in  T a b l e  I of th is  paper .  A m o n g  t he  d i f fe ren t  e n z y m e s  i so l a t ed  f rom these  

closely r e l a t ed  Nicot iana  p lan t s ,  t i le  large s u b u n i t s  of R u D P C a s e  are  f o u n d  
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hemoglobin a chain vs. oytochrome C 
I- 4 

I 4 hemoglobin a chain 

I 4 cytochrome C 

] I large subonit of RuDPCese 

] I small subunit of RuDPCase 
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Fig. t. Comparison of Z ~ values calculated for the amino acid composition of the large 
and small subunits of RuDPCase isolated from five species of Nicotiana to Z ~ values 

(Shapiro, 1971) for cytochrome c and hemoglobin a chain 

to have very similar overall amino acid compositions, whereas the small 
subunits show more variations. The peptide chain of the small subunit 
of the Nicotiana RuDPCases is about the same size as the 104 residues in 
cytochrome c and 2/3 the size of tile i40 residues in the hemoglobin a chain, 
whereas the peptide chains of the large subunits are about twice as large. 
Since the X 2 (or Y values) computed by Shapiro (t971) for cytochromes and 
hemoglobin a chains appeared to be a measure of the degree of protein 
relatedness, the same kind of computation for the amino acids of the large 
and small subunits of the different RuDPCases was performed to provide 
a basis for estimating the degree of relatedness of the two kinds of subunits. 
As shown in Table 2, the ;~9. values for the amino acids of tile large subunits 
range from 3.t 5 (N. tabacum vs. N.  rustica) to 8.53 (N. glauca vs. N.  rustica). 
For the small subunit, they range from 8.23 (N. tabacum vs. N.  sylvestris) 
to 38.42 (N. glauca vs. N.  rustica). 

Fig. I depicts the distributions of the ;~' values of the amino acids of 
the large and small subunits of the RuDPCases compared to those for 
hemoglobins and cytochromes. I t  is obvious that  tile X 2 values obtained 
for the large subunits span a smaller range than the X ~ values calculated 
for either the hemoglobins or cytochromes. The smaller variation is easily 
understood because the plants tested all belong to a single genus, Nicotiana, 
while the protein standards were derived from different classes (carp hemo- 
globin vs. pig hemoglobin), or even different kingdoms (Rhodospirillum 
rubrum cytochrome vs. horse cytochrome). In striking contrast, the range 
of Z ~ values for the small subunits exceeds those of the two protein standards 
at the upper limits but is still lower than the upper limit of cytochromes 
vs. hemoglobins. Whereas ;~ (or Y) values were used by Shapiro (1971) to 
test the degree of equality of amino acid compositions and hence the related- 
ness of proteins, we have used his concept as an indicator of evolutionary 
divergency and regard the ;~2 values as providing a qualitative or even a 
semi-quantitative measurement of the rate of evolution. I t  should be noted, 
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however, that  our Z ~ values have 15 (16--1) degrees of freedom, while 
Shapiro's Y values have t9 degrees of freedom. Therefore, the comparison 
of our data to those of Shapiro is made only in a qualitative sense, since no 
correction was at tempted concerning the additional 4 amino acids found in 
the proteins analyzed by  Shapiro. Our analysis suggest that  while the large 
subunits may have evolved at a rate no greater and probably slower than 
hemoglobin a chains and cytochrome c's, the small subunits have evolved 
at a rate some order of magnitude higher. 

Discussion 
Differences in the rate of evolution for various proteins have been 

suggested to be the consequence of differences in the constraints of natural 
selection (Dickerson, t971). This argument may  also be applied to the 
difference in rate of evolution of the two subunits of RuDPCase. If the 
two subunits appeared at the same time to build the first enzyme, and, if 
mutation of the genes coding for the subunits is at random, the larger 
subunits should mutate  at a faster rate than the small subunits. In theory, 
only about one-half as many coding triplets are required in the genes coding 
for the small subunit as the number coding for the large subunit. However, 
should the large subunits play a more important role in the enzymatic 
function or structural stability of the enzyme, the enzyme would remain 
functional and the plant itself could survive only when alterations in the 
primary structure of the large subunits were not deleterious. Akazawa (1970) 
has evidence that the large subunits carry the active sites of the enzyme and 
we therefore suspect that  most mutations in the large subunit are lethal 
because carbon dioxide fixation during photosynthesis is prevented and the 
plant containing the faulty enzyme cannot survive. Since the precise 
function of the small subunit is still unknown, we may assume that more 
drastic changes in its primary structure may not greatly affect the enzyme 
activity, and thus the changes can become incorporated into the protein 
structure without greatly reducing the viability of the plants containing 
the mutant.  An analogy is the fibrinopeptides in humans and related 
animals which have been demonstrated to be rapidly evolving peptides 
that  do not have important physiological functions (Doolittle, Wooding, 
Liu and Riley, 197t). Here, the reader is reminded that natural selection is 
acting on the phenotypes of organisms (Mayr, t964). Therefore, natural 
selection may operate to conserve the amino acid sequences of the large 
subunit while permitting wider viability of mutations in the small subunit 
of RuDPCase. Alternatively, it is possible that  the unusually high rate of 
evolution of the small subunit provides an exceptionally favorable survival 
value. The two subunits may have appeared at different times in evolution, 
the large snbunit being the first to appear as a member of the primordial 
photosynthetic system. As the organisms which contained the system 
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evolved and developed into more complicated forms, the intracellular and 

extra-cellular environments  for the enzyme might  also have changed. I t  
was at  this point  in evolution tha t  small subunits  somehow became asso- 
ciated with the primit ive enzyme. Not  being of crucial impor tance  to en- 
zyme act ivi ty,  these small subunits  could undergo muta t ions  which could 
provide for essential changes in protein conformat ion required for survival  

of enzymat ic  ac t iv i ty  in the changing environments.  Therefore the small 
subunits  and their higher rate of evolution in their p r imary  structures m a y  
be an unusual  example of " u s e f u l "  muta t ions  in the game of evolution. 
Fur the r  s tudy  of the p r imary  structures of RuDPCase  enzymes from a wide 
spect rum of photosynthe t ic  organisms could shed more light on this hypo-  
thesis. Of part icular  interest  would be fur ther  informat ion on the non- 
photosynthet ic ,  Hydrogenomas bacter ia  since their RuDPCase  is repor ted 

to be composed of only one kind of subunit  (Kuehn and McFadden,  1969). 
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