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Summary. Seven complete and four partial se- 
quences of Escherichia coli L7/L12-type ribosomal 
"A"  proteins obtained from various bacteria (E. 
coli, Bacillus subtilis, Micrococcus lysodeikticus, 
Rhodopseudomonas spheroides, Desulfovibrio vul- 
garis, Streptomyces griseus, Bacillus stearothermo- 
philus, Clostridium pasteurianum, Arthrobacter gla- 
cialis, and Vibrio costicola) and spinach chloroplast 
have been reexamined using a computer program 
that searches for homologous tertiary structures. 
Comparison matrices for the sequences show that 
they match the sequence of E. coli L7 (EL7) if  one 
assumes the insertion or deletion of  certain residues 
at sites corresponding to residues 1, 38, 49, and 92 
of EL7. That two additional insertion points are 
found only in the spinach chloroplast protein sug- 
gests that the chloroplast protein probably diverged 
from the bacterial forms. Further phylogenetic re- 
lat ionships among these 1 1 prokaryote-type "A"  
proteins are discussed with respect to average cor- 
relation coefficients computed, taking into account 
the existence of the gaps. 
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Introduction 

According to Doolittle (1981) the ultimate goal of 
the study of protein evolution is the reconstruction 
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of the past events that gave rise to the vast inventory 
of proteins in existence today. If  this goal is to be 
reached, a large number of amino acid sequences 
are needed. Fortunately, a substantial amount of  
sequence data on ribosomal proteins has been ac- 
cumulated in the past three decades (see, e.g., Day- 
hoff 1972, 1973; Lin et al. 1982; Itoh and Otaka 
1984). Ribosomal proteins are very attractive sub- 
jects for the study of  protein evolution, since these 
proteins are essential for all organisms. The ribo- 
somes, organelles for protein synthesis, contain 50 
(in prokaryotes) to 70 (in eukaryotes) protein species. 
Eukaryotes also contain prokaryote-type ribosomes, 
in their mitochondria and chloroplasts. 

However, when sequences ofEscherichia coti L7/ 
L12-type ribosomal proteins from prokaryotes and 
eukaryotes were examined by the usual method, i.e., 
by counting the number of  identical residues, sig- 
nificant sequence homology was not found (Itoh 
1980; Lin et al. 1982). Lin et al. (1982, 1983) there- 
fore inspected their evolutionary relationships by 
means of  a computer program that computed the 
identical-residue ratio (Barker et al. 1978; Jue et al. 
1980). They discovered that one major event in the 
evolution of  such proteins had been a transposition. 

We have now used a computer program based 
on a quite different premise (Kubota et al. 1981, 
1982), namely, that selection may work to conserve 
structural properties rather than to conserve iden- 
tical residues in sequences. Therefore, the computer 
searches for homologous tertiary structures. The 
method has the merit of constructing a comparison 
frame by introducing the proper gaps. Among com- 
parable sequences, the comparison frames deduced 
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here show greater than or equal identical-residue 
ratio for the gap-times, compared  to those reported 
so far. Accordingly, this me thod  can resolve evo- 
lutionary relationships even along complex path- 
ways. For  such pathways,  the average correlation 
coefficient discussed here should supersede the iden- 
tical-residue ratio as a criterion o f  sequence simi- 
larity, because it is difficult to detect identical res- 
idues in distantly related proteins. 

We reexamine in this paper 1 1 sequences o f  E. 
coli L7/L  12-type r ibosomal  " A "  proteins from pro- 
karyotic organisms and a chloroplast, and discuss 
the structural and evolut ionary divergence o f  pro- 
karyote-type " A "  proteins. In a subsequent paper 
we will analyze more " A "  proteins in order to de- 
termine the ancestral relationship between prokar- 
yore- and eukaryote-type as well as among  eukary- 
ore-type " A "  proteins. 

Materials and Methods 

The amino acid sequences used were as follows: E. coli EL7 
(Terhost et al. 1973); Bacillus subtilis BL9 (Itoh and Wittmann- 
Liebold 1978); Micrococcus lysodeikticusMA1 (Itoh 1981); Rho- 
dopseudomonas spheroides RsA (Itoh and Higo 1983); Desulfo- 
vibrio vulgaris DvA (Itoh and Otaka 1984); Streptomyces griseus 
SA 1 (Itoh et al. 1982); Clostridium pasteurianum CpA, Bacillus 
stearothermophilus BsA, Arthrobacter glacialis AgA, and Vibrio 
costicola VcA (Visentin et al. 1979); and spinach chloroplast 
SpCA (Bartsch et al. 1982). 

Briefly, the method used to search for sequence homology was 
as follows: Two protein sequences X and Y were compared by 
computing correlation coefficients between the i-th residues of X 
(X(i)) and j-th residues of Y (Y(j)); the results are expressed as a 
comparison matrix (Kubota et al. 1981). To compute the cor- 
relation coefficient, sequences expressed as arrangements of ami- 
no acids were replaced by a series of values for physicochemical 
properties (e.g., hydrophobicity) corresponding to each amino 
acid. With the sequences now represented as numbers, we can 
compute a correlation coefficient for a property k between a pair 
at X(i) and Y(j), Ck(i , j), according to the equation 

Ck(i, j) 

~ (Xk(i + m) - (Xd)(Yk(j + m) - (Yk)) 

(Xk(i + m) -- (Xk)) 2 (Yk(J + m) -- (Yk)) 2 
a a 

(I) 

where Xk(i) and Yk0) are the values of property k for the amino 
acids at positions X(i) and Y0), and Xk and Yk are average values 
for property k. The length of regions centered around the i-th 
andj-th residues. 2a + 1, was taken as 11 unless otherwise noted. 

The sequence homology shows good correspondence to the 
homology of tertiary structures when the following six properties 
arc used: propensity to form turns, polarity, partial specific vol- 
ume, pK value of alpha-amino group, pK value ofalpha-carboxyl 
group, and mutability. Thus, the correlation coefficient over all 
these properties, C(i, j), is obtained as an arithmetic average: 

C(i, j) = g Ck(i, j) (2) 
k-1 

All computations were performed on a Facom 180AD com- 
puter at the Computer Center of the Institute for Chemical Re- 
search of Kyoto University. 

Results and Discussion 

Sequence Comparisons with E L 7  

Bacillus subtilis (BL9). Figure 1 a shows a compar-  
ison matrix for the sequences of  BL9 and EL7 in 
which are plotted C(i, j) values greater than 0.4. The 
heavier dots, which represent values greater than 
0.7, cluster near the diagonal, indicating the exis- 
tence of  three sequential well-matching segments 
covering almost  the entirety o f  the sequences. Figure 
2 shows the al ignment derived f rom this matrix, 
along with the individual correlation coefficients 
(multiplied by 10) computed  from Eqs. (1) and (2) 
for each pair. The first segment with values greater 
than 0.4 consists o f  residues 1-44 of  BL9, corre- 
sponding to the same residues o f  EL7, and the sec- 
ond such segment consists o f  residues 50-92 of  BL9 
matched with the EL7 residues o f  the same number.  
We thus obtain a cont inuous alignment of  the seg- 
ments (i.e., one without  gaps) for residues 1-92. It 
is more  natural than other alignments, despite cor- 
relations less than 0.4 for residues 45-49.  The third 
segment, a match between residues 94-122  of  BL9 
and residues 92-120  of  EL7, is connected with the 
second as marked with circles in Fig. 2 by following 
the fall in the value. It is clear that there was either 
an insertion of  residues 93 and 94 in BL9 or a dele- 
tion o f  two residues between residues 92 and 93 in 
EL7. This contrasts with the compar ison frame of  
I toh and Wit tmann-Liebold  (1978), and matched 
residues 1-92 and 95-122  of  BL9 with residues 1-  
120 of  EL7. 

Micrococcus lysodeikticus (MA 1). A similar com-  
parison matrix for MA1 and EL7 shows two long 
matching segments lying nearly on the diagonal. At  
the connecting point  there is a deletion o f  at least 
one residue corresponding to residue 38 of  EL7; in 
total, the MA 1 sequence is two residues shorter than 
that o f  EL7, since there is also a deletion o f  one 
residue corresponding to residue 1 o f  EL7 (Fig. 2). 
The resultant compar ison frame is not  much  dif- 
ferent f rom that of  I toh (1981). 

Rhodopseudomonas spheroides (RsA). Three long 
and one short (11 residues) segment are found nearly 
on the diagonal of  the compar ison matrix for RsA 
and EL7. The alignment o f  the first long segment 
reveals a deletion corresponding to residue 1 of  EL7 
(Fig. 2). At  the three points connecting the four seg- 
ments  are found an insertion o f  one residue, an in- 
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Fig .  1 ~  b.  C o m p a r i s o n  m a t r i c e s  o b t a i n e d  u s i n g  a c o m p u t e r  p r o g r a m  t h a t  s ea rches  for  h o m o l o g y  b e t w e e n  t e r t i a r y  s t r u c t u r e s  ( K u b o t a  
et  al.  1981,  1982). a C o m p a r i s o n  b e t w e e n  p r o t e i n s  EL7  (E. coli L 7 / L 1 2 )  a n d  BL9  (B. subtilis A pro te in ) ,  b C o m p a r i s o n  b e t w e e n  
P r o t e i n s  E L 7  a n d  S p C A  ( s p i n a c h  c h l o r o p l a s t  A p r o t e i n )  

sertion o f  five residues, and a deletion o f  one residue, 
respectively, in RsA as compared  with EL7. In total, 
the RsA sequence is four residues longer than that 
of  EL7. 

Desulfovibrio vulgaris (DvA). Two long matching 
segments are located nearly on the diagonal o f  the 
compar ison  matr ix  for DvA and EL7, with a short  
matching segment overlapping the two long ones as 
shown in Fig. 2. At the two connecting points with 
the short segment, two residues and three residues, 
respectively, are inserted in DvA as compared  with 
EL7. These insertions, together with that o f  the first 
residue o f  DvA,  yield a sequence longer by six res- 
idues than that o f  EL7. 

Streptomyces griseus (SAI). As shown in Fig. 2, 
the compar i son  frame deduced for SA 1 and EL7 has 
a short matching segment similar to that for  DvA, 
and a segment o f  relatively low correlat ion in the 
latter part o f  the sequence�9 SA 1, as compared  with 
EL7, has an insertion o f  the first residue, and a 
deletion o f  one residue and an insertion o f  five res- 
idues at the two connecting points.  This  gives a total 
sequence five residues longer than that o f  EL7. 

Clostridium pasteurianum (CpA), Bacillus stear- 
othermophilus (BsA), Arthrobacter glacialis (AgA), 
and Vibrio costicola (VcA). Correlations o f  partial 
sequences o f  CpA, BsA, AgA, and VcA with that  o f  
EL7 are also shown in Fig. 2. CpA and BsA each 
have a delet ion o f  one residue, and AgA has an 

insert ion o f  one  residue, at their  respective N-ter-  
mini. 

Spinach chloroplast (SpCA). Figure lb  shows the 
compar ison  matr ix  for SpCA and EL7, containing 
some clusters o f  thick dots located near  the diagonal. 
The most  reasonable al ignment  is that shown in Fig. 
2, according to which SpCA has insertions o f  four 
residues f rom SpCA posit ions 10 to 13, five residues 
f rom posit ions 42 to 46, and one residue a round  
posi t ion 74 compared  with EL7. In total, SpCA is 
10 residues longer than EL7. This  compar i son  f rame 
differs considerably from that ofBar tsch et al. (1982). 

Drastic Events During Protein Evolution 

Overall  in Fig. 2, it is found that  such drastic events 
as deletions and insertions (gaps) have occurred in 
very  l imited regions a round the sites corresponding 
to residues 1, 9, 38, 49, 64 (or so), and 92 of  EL7. 
These points are marked  with arrows in Fig. 2, and 
are designated A, B, C, D, E, and F, respectively, 
in Fig. 3, which summarizes  schematically the cor- 
relations o f  the 10 " A "  proteins with EL7 shown in 
Fig. 2. It is suggestive that the region o f  weak cor- 
relat ion in BL9 is located at site D. Presumably,  the 
fact that  the insertions at sites B and E are seen only 
in SpCA reflects the phylogenetic branching o f  the 
chloroplast  f rom the bacteria treated here. 

Since we now see that the gaps were in t roduced  
systematically, the gap must  be recognized anew as 
a drastic substi tut ion during the evolut ionary  his- 
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Fig. 2. Correlation of  sequences of  ten prokaryote-type A proteins with that of  EL7 (underlined). See Materials and Methods for 
sources o f  A proteins sequences. The correlation coefficient (multiplied by 10) for each residue pair is shown above the letter symbol 
for the residue from the aligned sequence. Residue numbers are placed above coefficients o f  the first and the last residues o f  well- 
matching sequences (i.e., stretches with correlation values greater than 0.4). Continuous strings of  residue numbers indicate stretches 
with correlation values below 0.4. See text for further details 

tory of  "A" proteins. The resultant fixed gaps rep- 
resent the so-called neutral mutat ion sites that have 
been contrastingly described as frequent occur- 
rences by O hno  (1970) and as very rare mutat ions  
by S impson (1964).  After due consideration o f  cases 
that were not  neutral and not  fixed, we conclude 
that such events have occurred very frequently. A1- 

though we emphasize  the evolut ionary importance 
o f  such gaps, we unfortunately do not  know h o w  to 
interpret gaps numerically from a phylogenetic  
standpoint.  

Since the parameters for computat ion  o f  corre- 
lation coefficients are selected so as to reveal ho-  
mology among tertiary structures, the c o m m o n  re- 
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gions separated by sites A - F  in Fig. 3 must represent 
important units for the architecture of"A" proteins. 
The report following this one will show that these 
units exist in eukaryote-type "A" protein sequences 
as well. It is worth mentioning that the consensus 
residues conserved in all the species treated here are 
located in three places: residues 54-56 (54 and 55 
only for BL9) of  EL7, in the D-E region; and resi- 
dues 68-70  and 78-84,  in the E-F region. Two mod- 
ified (methylated) lysines in D v A  are included in 
the consensus residues. These facts suggest the im- 
portant role of  these regions for structure. 

Average Correlation Coefftcient 

The comparison matrices were constructed accord- 
ing to correlation coefficients computed using Eq. 
(1), in which segments of  11 residues (including the 
five residues before and after the i-th residue of  one 
sequence and the j-th residue of  the other) are con- 
sidered. This expression is convenient for locating 
homologous regions in sequences. Once a compar- 
ison frame is constructed, however, an average cor- 
relation coefficient over all the entire sequence, or 
a particular region, yields a quantitative estimate of  
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Fig. 3. Schematized correlation 
of ten prokaryote-type A pro- 
teins with EL7. Thick lines rep- 
resent well-matching stretches 
indicated in Fig. 2. Letters A-F 
on the EL7 line correspond to 
the residue numbers shown. On 
other sequence lines the letters 
are accompanied by the number 
of residues deleted (d) or inserted 
(i) before and/or after these sites. 
For example, "B4i" on the 
SpCA line indicates an insertion 
of four residues after site B of 
SpCA, corresponding to residue 
9 of EL7. Similarly, "5iC" on 
the SpCA line indicates an inser- 
tion of five residues before site C 
in SpCA, corresponding to resi- 
due 38 of EL7. A superscript 
"'d'" indicates deletion of the cor- 
responding residue only; thus 
"A d'' indicates deletion of site A 
(residue 1 of EL7). Numbers in 
parentheses next to sequence 
names indicate total lengths of 
sequences shown 

Table 1. Average correlation coefficients between A-C regions (see Fig. 3) of prokaryote-type "A" proteins 

"A" protein EL7 VcA DvA MA I CpA BsA SA 1 BL9 AgA RsA 

VcA ( Vibrio costicola) O. 82 
DvA (Desulfovibrio vulgaris) 0.67 0.66 
MAI (Micrococcus lysodeikticus) 0.69 0.58 0.74 
CpA (Clostridium pasteurianum) 0.61 0.54 0.74 0.91 
BsA (Bacillus stearothermophilus) 0.60 0.59 0.82 0.91 0.91 
SA1 (Streptornyces griseus) 0.63 0.60 0.63 0.65 0.61 
BL9 (Bacillus subtilis) 0.55 0.48 0.67 0.87 0.83 
AgA (Arthrobacterglacialis) 0.52 0.52 0.66 0.70 0.71 
RsA (Rhodopseudomonas spheroides) 0.52 0.40 0.48 0.53 0.53 
SpCA (spinach chloroplast) 0.47 0.42 0.41 0.41 0.46 

0.64 
0.86 0.63 
0.66 0.78 0.69 
0.49 0.43 0.54 0.48 
0.42 0.45 0.46 0.46 0.43 

sequence  h o m o l o g y .  T h i s  p r o v i d e s  a n  a l t e r n a t i v e  to  
the  usua l  m e t h o d  o f  c o m p a r i s o n ,  i.e.,  the  i d e n t i c a l -  
r e s idue  ra t io .  T a b l e s  1 a n d  2 g ive  e x a m p l e s  o f  such  
a ve r age  c o r r e l a t i o n  coeff ic ients .  S ince  the  A - C  re-  
g ion  is k n o w n  for  al l  11 p ro t e in s ,  the  v a l u e s  o f  al l  
s equence  p a i r s  were  c o m p u t e d  for  th i s  r eg ion  ( T a b l e  
1). T h e  r e l a t i ve ly  l ow v a l u e s  for  c o m p a r i s o n s  wi th  
S p C A  i m p l y  t ha t  t he  e v o l u t i o n a r y  d i s t a n c e s  f r o m  
the  e u b a c t e r i a  to  s p i n a c h  a re  a l m o s t  equa l ,  sup-  
p o r t i n g  a f ind ing  in  the  p r e c e d i n g  sec t ion  (see a lso  
Fig.  3). EL7  a n d  V c A  are  b o t h  f r o m  G r a m - n e g a t i v e  
bac t e r i a ,  a n d  n a t u r a l l y  s h o w  g o o d  h o m o l o g y .  A l -  
t h o u g h  Desulfovibrio vulgaris, a G r a m - p o s i t i v e  bac -  
t e r i u m ,  is  c o n s i d e r e d  a m e m b e r  o f  the  o lde s t  g r o u p  
o f  eubac t e r i a ,  i t s  " A "  p r o t e i n  is  s h o w n  he re  to  be  
ve ry  s i m i l a r  even  to  EL7 and  VcA.  H o w e v e r ,  in-  
s e r t i o n / d e l e t i o n  e v e n t s  h a v e  o c c u r r e d  at  leas t  t h r ee  
t i m e s  as  i t  a n d  EL7 h a v e  d i v e r g e d .  

H i g h e r  v a l u e s  for  t he  D - F  reg ion  t h a n  for  the  A -  

C reg ion  a re  f o u n d  for  t he  p r o t e i n s  w h o s e  w h o l e  
s equences  a re  k n o w n  (Tab l e  2), sugges t ing  t ha t  th is  
r eg ion  is the  m o s t  c h a r a c t e r i s t i c  for  " A "  p ro t e in s ,  
as  m e n t i o n e d  a b o v e .  Even  S p C A  s h o w s  a h igh  cor -  
r e l a t i o n  w i th  EL7 in  th i s  r eg ion .  T h e  e v o l u t i o n a r y  
d i s t a n c e s  sugges ted  by  the  ave rage  c o r r e l a t i o n  coef-  
f ic ients  for  the  c o m p l e t e  s equences  (Tab l e  2) a re  n o t  
q u i t e  c o m p a t i b l e  w i th  t h o s e  e s t i m a t e d  f rom the  A -  
C reg ion  a lone .  W h i l e  D v A  a n d  M A 1  a re  c lose  to  
EL7,  o t h e r s  i n d i c a t e  s i m i l a r  d i s t a n c e s  to  EL7.  S ince  
the  ex t en t  o f  m e a s u r e d  s e q u e n c e  c o n s e r v a t i o n  va r i e s  
wi th  the  s equence  r eg ion  c o n s i d e r e d ,  c o m p l e t e  se- 
q u e n c i n g  o f  p r o t e i n s  is a p r e r e q u i s i t e  for  e x a m i n a -  
t i ons  o f  p r o t e i n  e v o l u t i o n .  F u r t h e r  c o m p a r i s o n  
s h o u l d  be  d o n e  a f te r  e l u c i d a t i o n  o f  t he  gaps .  P re -  
s u m a b l y ,  i t  s ignif ies  a sho r t age  o f  t he  g a p - f a c t o r  in 
t he  v a l u e s  t ha t  t he  c o r r e l a t i o n  coeff ic ient  v a l u e s  in 
T a b l e s  1 a n d  2 d o  n o t  a lways  suggest  p h y l o g e n e t i c  
r e l a t i o n s  i d e n t i c a l  to  t h o s e  d e d u c e d  f r o m  R N A  se- 



Table 2. Average correlation coefficients between prokaryote- 
type A proteins and E. coil protein L7 

"A" protein A-C 

Sequence region" 

Whole 
D- se- 

D-F end quence 

DvA (Desulfovibrio 0.67 0.86 0.83 0.79 
vulgaris) 

MA1 (Micrococcus 0.69 0.85 0.84 0.75 
&sodeikticus) 

SA1 (Streptomyces griseus) 0.63 0.72 0.65 0.60 
BL9 (Bacillus subtilis) 0.55 0.78 0.78 0.66 
RsA (Rhodopseudomonas 0.52 0.74 0.73 0.66 

spheroides) 
SpCA (spinach chloroplast) 0.47 0.78 0.68 0.62 

a See Fig. 3 

q u e n c e  s tud ies  ( H o r i  a n d  O s a w a  1979; H o r i  e t  al. 

1982). 
A l t h o u g h  the  c o r r e l a t i o n  coeff ic ients  d e t e r m i n e d  

here  are  c o m p a t i b l e  w i th  the  i d e n t i c a l - r e s i d u e  ra-  

t ios,  we expec t  tha t  use o f  the  f o r m e r  will  supe r sede  

use o f  the  la t te r  in c o m p a r i s o n s  a m o n g  m o r e  dis-  

t an t ly  r e l a t ed  p ro t e in s  (e.g., c o m p a r i s o n s  b e t w e e n  

p r o k a r y o t i c  a n d  e u k a r y o t i c  prote ins) .  

W e  b e l i e v e  tha t  these  c o m p u t e d  da ta  will  p r o v i d e  

a n e w  p e r s p e c t i v e  on  p r o t e i n  e v o l u t i o n .  
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