
D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/11/6/921/1066821 by guest on 23 April 2024



D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/11/6/921/1066821 by guest on 23 April 2024



D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/11/6/921/1066821 by guest on 23 April 2024



D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/11/6/921/1066821 by guest on 23 April 2024



D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/11/6/921/1066821 by guest on 23 April 2024



9x1 Kornegay et al. 

Table 3 
Pairwise Amino Acid Sequence Differences among Vertebrate Lysozymes 

Lysozymes Compared 2 4 5 6 

1. Hoatzin . . 
2. Pigeon . . 
3. Horse . . . 
4. cow . . . 
5. Langur 
6. Human . . . . 
7. Chicken . . . . . . 

38 
79 66 . . . 
60 64 71 . . . 
61 61 65 32 . . . 
66 60 64 41 18 . . . 
76 68 67 59 54 52 . . . 

NOTE.-A deletion addition position was counted amino acid difference. 

amples (Joll2s et al. 1989, 1990). At position 50 in the 
alignment (fig. 3) there is a gap in the hoatzin lysozyme 
rather than the glutamic acid found in other stomach 
lysozymes. The four remaining convergent replacements 
are included among the five adaptive residues summa- 
rized in table 2. Two of these replacements, aspartic acid 
75 and asparagine 87, occur in the hoatzin as well as in 
the mammals. We can include the predicted replace- 
ments at positions 14 and 2 1 and add one at position 
126 by making the assertion that glutamic acid at each 
of those three positions is as adaptive for stomach func- 
tion as is lysine. Position 14 is, in fact, occupied by glu- 
tamic acid in most ruminant stomach lysozymes other 
than those of the cow (Irwin and Wilson 1990; Joll& et 
al. 1990). The residue at position 126 is a glutamic acid 
in nearly all ruminant stomach lysozymes and the hoat- 
zin and is a lysine in the langur. 

The previous comparisons of the langur and cow 
enzymes identified lysine residues as the primary adap- 
tive alternative to arginine at specific sites (Stewart et al. 
1987; Stewart and Wilson 1987); hence, an adaptive role 
for glutamic acid was not recognized. According to 
structural models based on chicken lysozyme, residues 
at these three positions ( 14,2 1, and 126) are located on 
the surface of the enzyme and would therefore be ex- 
posed to the acidic, aqueous environment of the stom- 
ach. These positions are often occupied by arginine in 
nonstomach lysozymes, which would render the enzyme 
susceptible to inactivation due to covalent modification 
by digestive products such as diacetyl. The less basic 
nature and lower pH profile of stomach lysozymes sug- 
gest that fewer basic residues are required for optimal 
function. Because the glutamic acid residues are hydro- 
philic and will be in a neutral, protonated state, it is 
likely that they function at least as well as lysines at these 
three positions. In other words, the two adaptive re- 
quirements exhibited at those three sites, hydrophilicity 
and nonarginine, can be met by either glutamic acid or 
by lysine. An equivalent acceptability of glutamic acid 
and lysine is exhibited at additional positions of lysozyme 

as well. Examples can be observed at positions 1,4 1, 83, 
and 117 in the alignment presented in figure 3. 

In contrast to the hoatzin, pigeon lysozyme, which 
is phylogenetically closest to hoatzin lysozyme (fig. 4), 
lacks all of the adaptive residues and has 10 arginines 
and a computed isoelectric point nearly as high as that 
of the chicken enzyme. The hoatzin lineage has accu- 
mulated eight more replacement changes than the pigeon 
lineage, suggestive of accelerated evolution that can fa- 
cilitate a biochemical recruitment event. Such an ac- 
celeration has been observed previously in the mam- 
malian stomach lysozymes. Although not reflected in 
our representative phylogenetic analysis in figure 4, pre- 
vious analyses that included clusters of more closely re- 
lated lysozyme sequences showed that the langur stom- 
ach lysozyme lineage has accumulated twice as many 
replacement changes as lineages leading to non-leaf-eat- 
ing monkeys (Stewart et al. 1987; Stewart and Wilson 
1987; JollGs et al. 1990; Swanson et al. 199 1; E. M. Pra- 
ger, personal communication). Similar analyses dem- 
onstrated that the ruminant stomach enzymes under- 
went a period of accelerated evolution followed by a 
pronounced slowing down (Joll& et al. 1989, 1990; Irwin 
et al. 1992). Testing the possibility of an acceleration 
along the lineage leading to hoatzin stomach lysozyme 
thus must await the availability of lysozyme sequences 
from birds more closely related to the hoatzin. It is pos- 
sible that other replacements on the hoatzin lineage may 
be identified as adaptive once additional avian calcium- 
binding lysozymes with nondigestive functions have 
been examined. 

Conventional lysozymes have been thoroughly 
studied, while relatively little is known about the cal- 
cium-binding ones, of which pigeon egg-white lysozyme 
is the only completely characterized avian example 
(Rodriguez et al. 1985, 1987; Nitta et al. 1988). It is 
imaginable that calcium binding provided additional 
structural stability to lysozyme along the lineage leading 
to the hoatzin, which facilitated its recruitment as a 
digestive enzyme. The small amount of purified hoatzin 
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lysozyme available after amino acid sequencing proce- 
dures precluded direct assessment of calcium binding; 
however, a contemporary functional role for calcium is 
questionable because the hoatzin enzyme lacks an as- 
partic acid at position 86 (fig. 3) a key ligand in the 
putative calcium-binding loop (Stuart et al. 1986), and 
the pH measured in the hoatzin proventriculus is 2.1 
(Grajal et al. 1989), considerably lower than the pre- 
sumed pKs of the three aspartic acid residues that would 
bind calcium only when in a deprotonated state. 

Given lysozyme’s small size, the identification of a 
combination of five amino acid replacements unique to 
the evolution of stomach lysozymes from completely 
different genetic origins is significant. Comparative bio- 
chemistry has demonstrated that sequence evolution is 
predominantly divergent, even in cases of functional 
convergence. Stewart et al. (1987) discussed the a priori 
likelihood that sequence convergence in the mammalian 
stomach lysozymes would accompany the structural and 
regulatory convergent evolution, and they suggested that 
there may be a limited number of ways to convert a 
conventional mammalian lysozyme to a stomach lyso- 
zyme. It appears that there is indeed a set of specific 
structural changes that are necessary and sufficient to 
convert a lysozyme for stomach function even when dif- 
ferent genes have been separated by more than 300 mil- 
lion years of independent evolution. Just as this inde- 
pendently derived adaptation in the hoatzin has provided 
a fruitful comparison with the mammalian data, ex- 
amples from a broad phylogenetic base will continue to 
refine our understanding of the adaptive evolution of 
biochemical systems. 
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