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Summary. In at least two instances involving serine 
proteinase inhibitors it has been shown that func- 
tionally important sites evolve faster and exhibit 
more interspecific variability than functionally neu- 
tral sites. Because these phenomena are difficult to 
reconcile with the neutral theory of  molecular evo- 
lution, it has been suggested that the accelerated rate 
of  amino acid substitution at the reactive sites is 
brought about by positive Darwinian selection. We 
show that differences in the amino acid composition 
in the different regions of  proteinase inhibitors can 
account for the differences in the rates of  amino acid 
substitution. By using an index of  protein mutability 
[D. Graur (1985) J Mol Evol 22:53-62], we show 
that the amino acid composition of  the reactive cen- 
ter in the ovomucoids and Sp i -2  gene products is 
such that, regardless of  function, they are expected 
to evolve more rapidly than any other polypeptide 
for which the rate of  substitution is known. In ad- 
dition, the reactive region in the Spi -2  proteins is 
shown to be free of  compositional constraint. Pos- 
itive Darwinian selection need not be invoked at 
the present time in these cases. 
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Introduction 

The neutral theory of  molecular evolution (Kimura 
1968, 1983) asserts that the majority of  molecular 
changes in evolution are selectively neutral. Purl- 
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lying selection weeds out deleterious mutations, and 
those few mutations that eventually become fixed 
in a population are selectively neutral or nearly so. 
To date, positive Darwinian selection has been im- 
plicated only in rare cases at the molecular level 
(Schreier et al. 1981; Shepard and Gutman 1981; 
Klein and Figueroa 1986). One major corollary de- 
rived from the neutral theory is that functionally 
less important proteins or parts of proteins evolve 
faster than the more important ones. Clearly, then, 
we expect that in orthologous proteins, residues at 
functionally important positions should be less var- 
ied than those at other positions. Recently, however, 
two, or possibly three exceptions to these rules have 
been observed, all in serine proteinase inhibitors (for 
a recent review ofproteinase inhibitors, see Barrett 
and Salvesen 1986). 

Hill and Hastie (1987) determined the nucleotide 
sequences of  two serpins in rat and compared one 
of  the sequences (1.8 kb, Spi-2 .1)  with its orthologs 
in mouse and human. They divided each sequence 
into three homologous regions: regions 1 and 3, 
flanking the reactive center in region 2, on the 5' 
and the 3' sides, respectively. They found out that 
the segment containing the reactive center evolved 
faster relative to the other two regions. The segment 
containing the reactive center may, in fact, be evolv- 
ing at a rate higher than pseudogenes. This cannot 
be stated categorically, however, because region 2 
is very short, which means that the rate estimate 
has a large standard error. 

Laskowski et al. (1987a,b) sequenced the third 
domain ofovomucoids  (Kazal-type inhibitors) from 
112 avian species. They found out that the sites that 
are in contact with the the enzyme (the presumed 
active sites) show a greater interspecific, and some- 
times intraspecific, heterogeneity than the other sites. 
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From their compilation we can see that there are, 
on average, 5.72 alternative amino acids occupying 
a contact site, as opposed to an average of  2.21 
alternative amino acids at a site that is not in contact 
with the target molecule. In a sense, Laskowski et 
al.'s (1987a) findings are more troubling for the neu- 
tral theory of  molecular evolution than those of Hill 
and Hastie (1987), because unlike the situation in 
the Spi-2 gene products, there is no doubt about the 
functional specificity of the highly variable positions 
in the ovomucoids. Their function as sites of contact 
between the enzyme and the inhibitor had been 
studied directly by means of  x-ray crystallography 
(Read and James 1986). 

A third case of accelerated evolution at a func- 
tional site may be represented by the bovine pan- 
creatic trypsin inhibitor (BPTI) and its close homo- 
log, spleen inhibitor II (SI), both Kunitz-type 
inhibitors. These two proteinase inhibitors differ at 
7 of their 58 amino acid residues, 3 of which are 
among the 12 residues in the enzyme-inhibitor con- 
tact site as determined by x-ray crystallography 
(Fioretti et al. 1985; Creighton and Charles 1987). 
BPTI and SI will not be dealt with here, because 
these two inhibitors are clearly paralogous and gene 
conversion may have been involved in their evo- 
lution. 

The spatial distribution and the rate of amino 
acid substitution in these families of  proteinase in- 
hibitors do not seem to fit the paradigm of the neu- 

�9 tral theory of molecular evolution. Hence, in each 
case positive Darwinian selection has been invoked 
(Laskowski et al. 1987b). In the following, we would 
like to suggest an alternative explanation that is con- 
sistent with the neutral theory. 

D a t a  

Amino acid data for the avian ovomucoids were 
taken from Laskowski et at. (1987a) and Kato et al. 
(1987). Nucleotide sequence data for the rat serpins, 
the mouse contrapsins, and the human al-antichy- 
motrypsin were taken from Chandra et al. (1983), 
Hill et al. (1984), and Hill and Hastie (1987). De- 
spite the fact that these genes are most probably 
orthologous, the human and mouse proteins have 
different proteinase specificities (contrapsins are in- 
hibitors of  trypsin proteinases and cq-antichymo- 
trypsin inhibits chymotrypsins). Hence, they will be 
referred to in the following by their locus designa- 
tion, Spi-2. The specificity of  the Spi-2.1 gene prod- 
uct is not known. 

D a t a  Analys i s  

Graur (1985a) suggested that the propensity of an 
amino acid to remain conserved in the course of 
evolution depends not so much on its being featured 

in active sites, but on an intrinsic stability index, 
defined as the mean chemical distance (Grantham 
1974) between the amino acid and its mutational 
derivatives produced by a single nucleotide substi- 
tution. The stability index of amino acid i, Si, is 
calculated as X pijdij, where Pij is the probability of  
amino acid i being substituted by amino acidj when 
a single nucleotide substitution occurs at random, 
and dij is Grantham's chemical distance between 
amino acids i and j. For example, methionine (Met) 
changes to arginine (Arg), isoleucine (Ile), leucine 
(Leu), lysine (Lys), threonine (Thr), and valine (Vat) 
with relative probabilities of  1/9, 3/9, 2/9, 1/9, 
1/9, and 1/9, respectively (Nei 1975). Grantham's 
chemical distances between Met, on the one hand, 
and Arg, Ile, Leu, etc., on the other, are 91, 10, 15, 
etc., respectively. Therefore, SMut is 38.67. By using, 
in addition to Grantham's distances, other measures 
of chemical similarity (e.g., Miyata et al. 1979), it 
has been concluded that four amino acids (i.e., cys- 
teine, tryptophan, tyrosine, and glycine) are intrin- 
sically highly immutable during evolution, i.e., their 
stability indices are more than 2 standard deviations 
above the mean for the entire group of 20 amino 
acids. These four amino acids plus serine constitute 
the conservative group. Seven other amino acids 
(i.e., leucine, methionine, phenylalanine, glutamine, 
isoleucine, histidine, and threonine) are expected to 
be substituted frequently. Consequently, the amino 
acid composition of  a protein could be used in an 
objective fashion to predict its rate of substitution. 

By using the frequencies of amino acids in 60 
mammalian genes, Graur (1985a) fitted in a step- 
wise fashion a multiple regression equation that 
maximized the correlation between the observed 
rate of substitution and the predicted rate from data 
on amino acid composition. Graur used a forward 
inclusion process (Nieet al. 1975, pp. 321-342) with 
increasing numbers of amino acids, starting with the 
amino acid that explained the largest amount of  
correlation, namely glycine. These multiple linear 
regression equations, called the empirical indices of  
mutability, were denoted as Im, where m is the num- 
ber of  amino acids used in the multiple regression 
equation. Obviously, by increasing the number of  
amino acids, the fraction of the total variation in 
rates of amino acid substitution also increased. 
However, with the increase in the ability to explain 
the variation, the statistical confidence in the results 
decreased rapidly. Graur (1985a) showed that to 
obtain reliable predictions, m should not exceed 7. 
The empirical index of  mutability for seven amino 
acids was found to be: 

I v = 0 .841  - 5.096fGly + 24.145fA~, 
-- 26.807fTy~ -- 7.398fwl + 18.219fph~ 

-- 8.263fAsp + 7.960fn~. 



Ten empirical indices of  mutability, with which one 
can predict the rate of  amino acid substitution from 
the amino acid makeup of  a protein, are listed in 
the Appendix of  Graur (1985a). 

Amino acid composition, it was claimed, may be 
more important than functional constraints in de- 
termining rates of  evolution of  proteins or parts of  
proteins (Graur 1985a). It is the aim of  this paper 
to test whether differences in amino acid composi- 
tion could account for the differences in the rates at 
which the different domains within proteinase in- 
hibitors evolve. 

The Spi-2 Gene Products 

We shall first examine the Spi-2 gene products. Re- 
gion 1, the slowest evolving segment, contains more 
conservative amino acids and less highly mutable 
amino acids than region 2, the fastest evolving part. 
The differences are small, but, at least qualitatively, 
region 2 has the potential to evolve faster than re- 
gion 1 due to compositional constraints. To quantify 
the effect of  the amino acid composition, we cal- 
culated a mutability index, 17, for region 1, and re- 
gions 2 and 3 pooled together. The reason for pool- 
ing regions 2 and 3 is that both regions are too short 
to provide reliable information on their own. (There 
are only 13 and 27 aligned amino acids in the three 
species for regions 2 and 3, respectively.) Because 
region 3 also evolves much faster than region 1, the 
two rapidly evolving regions were pooled together. 
It must be pointed out, however, that even by using 
the two pooled regions together we still overstreteh 
the applicability of  the method somewhat, which 
was originally intended to predict the rate of  sub- 
stitution of  much larger polypeptides. Preliminary 
results (Graur and Ticher, unpublished) show that 
I7 rapidly looses its predictive validity on polypep- 
tides shorter than 60 amino acids long. Neverthe- 
less, the calculations for segments 2 and 3, sepa- 
rately, yield essentially the same results as for the 
pooled date and do not alter the conclusions. 

I7 for region 1 is 0.3346, a value comparable to 
what has been obtained for many proteins (e.g., 
hemoglobin, insulin). 17 for regions 2 and 3, on the 
other hand, is 3.7558. This result far exceeds the 17 
values that have been previously calculated for any 
other functional protein. Because the 17 value is lin- 
early correlated with the rate of  amino acid substi- 
tution, it follows that, regardless of  function, regions 
2 and 3, which include the reactive center of  the 
proteinase inhibitor, are by virtue of  their primary 
structure alone expected to evolve about 11 times 
faster than region 1. Hill and Hastie's (1987) cal- 
culations of  nonsynonymous substitution rates by 
using the method ofLi  et al. (1985) show that region 
2 evolves about 3-10 times faster than region 1. 
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Because I~, the number of  nonsynonymous substi- 
tutions per site, could not always be determined for 
region 2, the above estimates are minimal values. 
Thus, the predictions derived from the amino acid 
composition agree with the empirical observations. 
In absolute terms, the rate of  substitution in regions 
2 and 3 is expected to exceed that of  even the fastest 
evolving proteins, such as interferon 3' and the fi- 
brinopeptides. By using an alternative alignment 
(Yoon et al. 1987), the value of  IT in region 1 comes 
out as 1.261, a little less than that for relaxin, one 
of  the fastest evolving proteins. The alignment does 
not seem to make much difference in the results. 

We were also concerned with the pattern of  amino 
acid variability in the three regions of the Spi-2 gene 
products, and whether or not any form of compo- 
sitional constraint is evident in region 2. The test is 
based on the well-established fact that chemically 
similar amino acids are more interchangeable with 
each other than dissimilar ones (Clarke 1970; Jukes 
and King 1971; Goj obori et al. 1982; Graur 1985a,b). 
Following Dickerson and Geis (1983) we classify 
the 20 amino acids into five categories: acidic (as- 
partic acid and glutamic acid), basic (lysine, argi- 
nine, histamine), external-neutral (aspargine, glu- 
tamine), ambivalent (proline, threonine, serine, 
cysteine, alanine, glycine, tyrosine, tryptophan), and 
hydrophobic or internal-neutral (phenylalanine, 
leucine, isoleucine, methionine, valine). We, then, 
distinguish within each of  the three regions between 
invariable sites, i.e., sites that are occupied by the 
same amino acid in the four proteins, and variable 
sites. I f  a variable site contains only amino acids 
from one of  the categories defined above, we call 
this site a conservative site. Conservative sites in- 
dicate that a compositional requirement does exist, 
but that it is not very specific. For instance, a hy- 
drophobic amino acid may be required at a partic- 
ular site, but it does not matter which of  the five 
hydrophobic acids is used. The pattern of  amino 
acid variability in Spi-2 proteins (Table 1) is quite 
illuminating. We see that all the sites in region 2 are 
variable, and none is constrained by composition. 
In contrast, both regions 1 and 3 show that even 
variable sites are in many instances constrained in 
amino acid composition. Interestingly, regions 1 and 
3 differ from each other in the proportion of  variable 
sites, but among the variable sites an equal per- 
centage is constrained in composition. 

The test for compositional constraint requires a 
valid alignment. In working with serpins it is gen- 
erally easy to align regions 1 and 3, but very hard 
to align region 2 (M. Laskowski, personal commu- 
nication). The Hill and Hastie (1987) alignment has 
not yet been tested, and it is possible that some or 
all of  the postulated gaps in the alignment are in- 
correct. Nevertheless, by using an alternative align- 
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Table 1. Pattern of amino acid variability in regions 1, 2, and 
3 of Spi-2 proteins 

Table 2. Mean stability indices calculated as in Graur (1985a) 
for four categories of sites in avian ovomucoid third domains 

Region 

No. of No. of No. of 
aligned variable conservative 
positions positions positions 

Num- Mean Expected 
ber of stability range of 

Type of site sites index SE indices 

1 174 81 06.6%) 30 (37.0%) 
2 13 13 (100%) 0 (0%) 
3 27 21 (77.8%) 7 (33.3%) 

Invariable 14 122.40 11.80 38.67-168.14 
Slightly variable 13 84.57 2.73 45.19-159.36 
Variable 13 72.68 3.53 49.60-147.68 
Hypervariable 11 72.67 3.38 53.70-129.69 

ment (Yoon et al. 1987), the results come out the 
same. 

Avian Ovomucoids 

In respect to the third domain of  avian ovomucoids 
it is not possible to perform the same comparison 
as in the case of  the Spi-2 proteins, because only 16 
positions are identified as being in contact with at 
least one proteinase (Laskowski et at. 1987b). The 
interspecific data are so monumentally massive, 
however, that we can still check the importance of  
compositional versus functional constraints in de- 
termining the extent of  amino acid variability at a 
site. We divided the 51 aligned sites within the third 
domain of  avian ovomucoids into invariable (only 
1 amino acid at a site), slightly variable (2 alternative 
amino acids), variable (3-4 alternatives), and hy- 
pervariable sites (5-9 alternatives). This division 
was decided upon so as not to have less than 10 
sites in each category. For each of  the categories the 
mean stability index (Table 2 of  Graur 1985a) of  
the amino acids that occupy the site was computed. 
The results are presented in Table 2. Clearly, in- 
variable sites are mostly occupied by highly con- 
servative amino acids, whereas variable sites are 
not. The argument by Laskowski et al. (1987a), that 
the unvaried sites are structurally important but not 
functionally, is in agreement with the contention by 
Graur (1985a) that the mutability of  an amino acid 
is determined not so much by its position, but by 
the consequences of  its being replaced on the overall 
chemical and spatial structure of  the protein. 

Were the amino acids distributed at random with 
respect to the degree of  variability at a site, the mean 
stability index would have been 83.48 for all four 
categories in Table 2. We see that the invariable 
sites show an index that is significantly higher than 
the expectation. A statistically significant deviation 
in the opposite direction is seen in the variable and 
hypervariable categories. 

D i s c u s s i o n  

There are two possible scenarios that can account 
for the evolution of  inhibitors of  proteinases. The 

one advanced by Hill and Hastie (1987) and by 
Laskowski et at. (1987a,b) envisions a substantial 
number of  advantageous mutations occurring in the 
reactive centers of  the inhibitors. These mutations 
had been frequently selected for by natural selection. 
Because the rate of  substitution for advantageous 
mutations is expected to be much higher than that 
for neutral mutations, the problem seems solved, 
although the selective agent remains unknown 
(Brown 1987). Positive Darwinian selection, how- 
ever, has an additional consequence, and that is a 
low degree of  polymorphism within populations. 
The reason is that advantageous mutations tend to 
be fixed very rapidly within populations, so that they 
do not generate extensive transient polymorphism 
(Nei and Graur 1984). This prediction is probably 
not met in the present case. At least in the avian 
ovomucoid third domains, intraspecific polymor- 
phism seems to be quite common (Laskowski et al. 
1987b). Regrettably, at the present time, there are 
no systematic studies into the question ofintrapopu- 
lational polymorphism in these genes. 

We propose a different explanation for the phe- 
nomena. The data analysis indicates that the differ- 
ences in the rates of amino acid substitution and 
consequently in the degree of  interspecific variabil- 
ity are to a certain extent attributable to differences 
in the amino acid composition. We see that the 
amino acid composition in region 2 of  the Spi-2 
gene product is extraordinary in the sense that most 
mutations are not expected to cause major distur- 
bances in polarity, molecular volume, and electric 
charge. Consequently, region 2 is expected to mutate 
relatively free of constraints. The amino acid com- 
position in region 1, on the other hand, resembles 
that of  many ordinary proteins, and its rate of  sub- 
stitution is expected to be average. In ovomucoids 
we see the same picture. Highly variable positions 
are occupied by highly mutable amino acids, where- 
as 10 out of  the 14 invariable sites are occupied by 
highly immutable amino acids. This proportion is 
typical of  many proteins. For example, in a com- 
parison between 13 cysteine proteinases belonging 
to the papain superfamily (data from Barrett et at. 
1984), we find out that 21 out of  the 33 invariable 
sites are occupied by highly immutable amino acids. 
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N o  s ignif icant  difference in  a m i n o  acid c o m p o s i t i o n  
has  b e e n  f o u n d  be tween  h ighly  va r i ab l e  pos i t i ons  at 
con tac t  sites a n d  h ighly  va r i ab l e  pos i t i ons  else- 
where.  Th i s  m e a n s  tha t  the  rate  o f  a m i n o  acid  sub-  
s t i t u t ion  at  a g iven  site is i n d e p e n d e n t  o f  its be ing  
a func t i ona l  site or n o t  not .  

Because no  c o m p o s i t i o n a l  cons t r a in t s  are e v i d e n t  

at  the  e n z y m e - i n h i b i t o r  con tac t  reg ion  in  i n h i b i t o r s  
o f s e r i n e  pro te inases ,  we p ropose  tha t  m o s t  o b s e r v e d  

subs t i t u t i ons  are  se lect ively  n e u t r a l  T h e  difference 
in  the  rates  o f  s u b s t i t u t i o n  b e t w e e n  the  v a r i o u s  re- 
g ions  o f  the  p ro t e in  resul ts  f r o m  the pa r t i cu la r  a m i -  

n o  acid c o m p o s i t i o n  in  these  areas.  Th i s  c o n c l u s i o n  
agrees wi th  f indings  in  o the r  p ro t e in s  ( G r a u r  a n d  

Ticher ,  unpub l i shed ) .  The re  m a y  i n d e e d  have  b e e n  

several  a d v a n t a g e o u s  m u t a t i o n s  in  the  s egmen t  con-  
t a i n i n g  the reac t ive  pa r t  o f  the  inh ib i to r s ,  a n d  these  
w o u l d  fur ther  increase  the  rate o f  s u b s t i t u t i o n  in  
this  region.  Never the less ,  e v e n  w i t h o u t  a d v a n t a -  
geous  m u t a t i o n s  the rate o f  s u b s t i t u t i o n  is expected  
to be qu i t e  high. W e  will h a v e  to i n v o k e  pos i t ive  
D a r w i n i a n  se lec t ion on ly  i f  the  rate  o f  s u b s t i t u t i o n  
in  reg ion  2 o f  the  Spi-2 gene p r o d u c t  is i n d e e d  larger 
t h a n  tha t  i n  pseudogenes ,  a n d  tha t  has  n o t  b e e n  
es t ab l i shed  wi th  m u c h  conf idence  yet. 

O u r  scenar io  has a n  a d d i t i o n a l  corol lary ,  wh ich  
is tha t  m a n y  o f  the ser ine pro te inase  i nh ib i to r s  e i ther  
do  n o t  h a v e  i n h i b i t i o n  as the i r  f u n c t i o n  (M. Las-  
kowski ,  pe r sona l  c o m m u n i c a t i o n ) ,  or  tha t  i n h i b i -  
t i o n  does  n o t  d e p e n d  o n  the  c o m p o s i t i o n  o f  the sites 
tha t  are i n  con tac t  wi th  the pro te inase .  
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