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Ovomucoids consist of a single polypeptide chain which is composed of three tandem Kazal

domains. Each Kazal domain is an actual or putative protein inhibitor of serine proteinases.
Ovomucoid third domains were already isolated and sequenced from 126 species of birds
(Laskowski et al., 1987, 1990). This paper adds 27 new species. A number of generalizations
are made on the basis of sequences from 153 species. The residues that are in contact with the
enzyme in enzyme-inhibitor complexes are strikingly hypervariable. While the primary speci-
ficity residue, Py, is the most variable; substitutions occur predominantly among aliphatic,
hydrophobic residues. Consensus sequences for an avian ovomucoid third domain, for a b-
type Kazal domain (i.e., a COOH terminal domain of multidomain inhibitors) and for a gen-
eral Kazal domain are given. Finally, the individual new sequences are briefly discussed.

1. INTRODUCTION

Ovomucoids are abundant glycoproteins in
avian eggwhites. Their polypeptide chains consist of
three tandem homologous domains (Fig.1) (Kato et
al., 1976, 1987). Each of the three domains is a mem-
ber of the Kazal inhibitor family of serine proteinase
inhibitors (for definition of inhibitor families, see
Laskowski and Kato, 1980). While easy to isolate,
entire ovomucoids are cumbersome to study. In
favorable cases, they can be cleaved into their three
component domains without any intradomain nick-
ing (Kato et al., 1987, also see Fig. 1). This can be
achieved either by limited proteolysis or by CNBr
cleavage or by a combination of both. The produc-
tion of third domains by limited proteolysis proved
most efficacious. We have isolated third domains
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from 126 species of birds and determined their
amino acid sequences (Kato et al., 1987; Laskowski
et al., 1987, 1990). This paper adds the sequences of
ovomucoid third domains from 27 more species, thus
raising the number of species with known third
domain sequences to 153.

Many investigators show only limited interest in
large sets of sequences of homologous proteins from
closely related species. This is because they expect,
and generally find, that the structurally and function-
ally important residues in such sets are unvaried or
strongly conserved. The variation is expected to occur
in unimportant positions and is a reflection of genetic
drift (Kimura, 1983).

Protein proteinase inhibitors of serine protei-
nases in general (Laskowski and Kato, 1980;
Creighton and Darby 1990), and ovomucoids
(Rhodes et al., 1960), and ovomucoid third domains
in particular (Laskowski et al., 1987, 1988, 1990) are
conspicuous exceptions to these expectations. In
these inhibitors, the positions which are involved in
enzyme-inhibitor contact (see Table IV in the Results
and Discussion section) fix mutations far more
rapidly than the remaining positions. This rapid

0277-8033/93/0800-0419$07.00/0 © 1993 Plenum Publishing Corporation




420

80

2nd Domain
OMTKY2

3rd Domain
OMTKY3

1st Domain
OMTKY1

Fig. 1. Amino acid sequence of turkey (Meleagris gallopavo)
ovomucoid. The © indicates a deletion in the turkey ovomucoid
first domain; == mark the disultide bridges;—the reactive site
peptide bonds of the three domains, A\ the glycosylation
positions. In the third domainAAN emphasizes that the glycolyla-
tion is partial. The--- indicates the position of limited
proteolysis site by Staphyloccocal proteinase V8 (endoproteinase
Glu-C) often used in the generation of ovomucoid third domains
(see Table 1).

change in the enzyme-inhibitor contact regions is
accompanied by huge changes in the inhibitory spe-
cificity and in the strength of enzyme—inhibitor inter-
action. This unusual evolution is one important
reason for study of comparative sequences of pro-
teinase inhibitors.

Adherence to neutral theory of evolution makes
homologous proteins from closely related species vir-
tually useless for structure to function studies. On the
other hand, ovomucoid third domain sequences
proved quite useful. We have now measured the
enzyme—inhibitor association equilibrium constants
K, for most of the 92 unique sequence ovomucoid
third domains we have isolated (Empie and Las-
kowski, 1982; Laskowski et al., 1981, 1983, 1989;
Komiyama et al, 1991; Bigler et al., 1993; Park,
1985; Wynn, 1990) with numerous serine protei-
nases. For many of these systems, we also measured
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the rate of constants for enzyme—inhibitor associa-
tion (Forwith, 1992) and two important properties
of the inhibitor alone: the melting temperature, T,
(Otlewski, Qasim and Laskowski, manuscripts in pre-
paration) and Kj,, the equilibrium constant for
hydrolysis of the reactive site peptide bond (Ardelt
and Laskowski, 1991).

As this work progressed, it became clear that
while a valuable database was generated, further
interpretation could be aided far more efficiently by
designed variants obtained by semisynthesis (Sealock
and Laskowski, 1969; Wieczorek and Laskowski,
1982; Wieczorek et al., 1987; Bigler, 1991; Bigler et
al., 1993), site—specific mutagenesis (Lu et al., 1992),
or by total synthesis (Warne, 1990; Green and Las-
kowski, in preparation). Therefore, this paper is
probably the last third domain sequencing effort
from our laboratory for some time. As the sequence
to reactivity algorithms becomes better developed, we
plan to return to natural sequences with the hope of
understanding the reasons for the various specific
changes that occurred in the evolution of closely
related ovomucoids.

In reading this paper, the reader will be greatly
aided by having Laskowski et al. (1987, 1990) at their
side, as this paper is a simple extension of the older
ones.

2. MATERIAL AND METHODS
2.1. Nomenclature and Acquisition of Eggwhites

Table 1 (analogous to Table 1 of Laskowski et
al., 1987, 1990) contains the three—letter abbrevia-
tions we have coined for the species of birds, their
English names and their Latin names. The names
and their order (roughly corresponding to the classi-
cal phylogenetic classification) are from Gruson
(1976), which is generally in good agreement with
the latest Sibley and Monroe (1990) and Sibley and
Ahlquist (1990) bird classification. The next entry
lists the suppliers to whom we are indebted for the
eggs or eggwhite. In the case of WPA, where we
obtained material from two suppliers, both are
reported even though the material from only one
supplier has been used since frequently it is difficult
to obtain additional material from the original supplier.

The next three columns list the yield obtained
from the isolation of entire ovomucoid, the enzyme
used for partial digestion to cut the third domain
from entire ovomucoid, and the third domain yield.
These figures, especially the last, should not be taken
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very seriously as they are mostly the results of
unreplicated experiments. There is also considerable
variation in the quality and quantity of the starting
sample which effects yields.

The last column indicates by (+) cases where we
isolated a glycosylated (on Asn® ) third domain and
by (—) cases where nonglycosylated third domain
could be obtained. In one case, OMBTP, both glyco-
sylated and nonglycosylated forms of third domain
were obtained. In all cases, we preferred to work with
nonglycosylated domains as they are easier to
characterize.

2.2. Preparation of Avian Ovomucoids

This procedure was slightly modified from the
one given in Kato et al. (1987) and described later
by Laskowski et al. (1990). Egg-whites were placed
in a Waring blender. Two volumes of freshly pre-
pared, cold precipitating solution (1 vol of acetone
and 2vol of 0.13M trichloroacetic acid) were
added, and the mixture was homogenized for 3—
Smin. The resulting suspension was gently mixed
overnight at 4°C in a rotary shaker and then centri-
fuged at 3000 g for 25min. Ovomucoid, which is in
the supernatant, was precipitated by adding 2-2.5 vol

overnight. The precipitate was recovered by cen-

trifugation and decantation and then dissolved in
deionized water and freeze-dried.

2.3. Preparation of Ovomucoid Third Domains

This was carried out as described in detail in the
preceding paper by Laskowski et al. (1987). Third
domains were isolated from the digest by size-
exclusion chromatography (Bio-gel P-10) and were
further purified by ion-exchange chromatography.
Nonglycosylated domains were purified on Q-
Sepharose in 50mM Tris buffer pH 9.0 and eluted
by 0-0.2M NaClI gradient. Glycosylated domains
were purified on S-Sepharose in 50mM acetate buf-
fer pH 3.6 and eluted by 0—-0.5M NaCl gradient.

2.4. Amino Acid Analysis

Twenty to fiftyug of newly prepared third
domains were hydrolyzed in 6 N HCI at 110°C for
20 hr. Most recently, the temperature was raised to
165°C and the time shortened to 2 hr in the Savant
Automatic Hydrolyzer AP 100. Dithiodipropionic
acid was added to all hydrolyses in order to improve

of cold acetone. The suspension was kept at 4°C .
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cystine quantitation (Barkhold and Jensen, 1989).
The hydrolysates were analyzed on a Beckman 7300
amino acid analyzer. Color factor for Cys-X (mixed
disulfide of cysteine and thiopropionic acid) was
determined as 0.950 of the color factor of cystine
(CFcysx = 0.950 x CF¢y2). The results were fitted
to the number of residues per molecule by an integer
fit program utilizing Hoy et al. (1974) and Scott ez al.
(1975) fitting functions.

2.5. Sequencing

Most sequencing was carried out on the modified
Beckman 890C as described previously (Laskowski et
al., 1990). However, as gas-phase sequencers require
far less material and chemicals and are much less
cumbersome to use, we also used a Porton 2020
gas-phase sequencer equipped with a homemade
automatic sample injector and Waters isocratic
HPLC system operating with a DuPont Zorbax
PTH column. The system was controlled by Spectra
Physics ChromlJet Integrator which was also used to
log and quantitate the data acquired by Bioanalytical
Systems BAS UV-108 programmable detector which
was operated at 269nm. The Porton was easier,
faster, and cheaper to use, but a complete third
domain sequence (typically 56 residues) could not
be reliably completed. Reliable sequences tended to
terminate at 46—50 residues. However, most ovomu-
coid third domains (see Tables II and IV below) have
either Asp® or Glu®. After the long run which deter-
mined which residue was present at position 43, the
reduced, carboxymethylated ovomucoid third domain
was extensively digested either with Staphyloccocal
proteinase V8 (Endoproteinase Glu-C) or with Endo-
proteinase Asp-N as appropriate. The peptides were
separated on a Poros R/H reversed-phase column
and the COOH terminal peptide 44-56 or 43-56,
respectively, was isolated and sequenced.

3. RESULTS AND DISCUSSION

Table II is a list of the 28 sequences of ovomu-
coid third domains determined in this work. The
reason for 28 sequences from 27 species is that in
Chilean tinamou, NTI, the third domain is
dimorphic with both Ala*? and Pro*?. In the com-
plete data set (a composite of Kato et al., 1987;
Laskowski et al., 1987, 1990, and this paper) there
are sequences from 153 species, six of which are
dimorphic. Thus, 159 ovomucoid third domain
sequences have now been reported.
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Table IL. Amino Acid Sequences of 28 Ovomucoid Third Domains (27 Species Plus One Polymorphism)
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9 For abbreviation of bird name, see Table I.

thus, except for tinamou sequences, they contain 51 residues. Positions 1-5A are formally in the second domain. They are part

b The third domains proper start at position 6 and continue to position 56;

of interdomain connecting peptide (see Fig. 1). For a discussion, see Laskowski et al. (1987).
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Table II1. Species Having Identical Ovomucoid Third Domain Amino Acid Sequences”

REA = LER - Ratitae
DWC = ASC Ratitae
APE = KNC = ADR Sphenisciformes/Pelecaniformes
NOS = SOS Anseriformes
WTD = HTD = BTD = FTD Anseriformes
SWN = MSN = RUD = LKD Anseriformes
GOO = BHG Anseriformes
EMG = CNG Anseriformes
UPG = BWG = ORG = EGG = WSD = CRD = CAW = DUK

= MND = WOD = KBG = KDM Anseriformes
RED = RPO Anseriformes
TTE®? = HDV = CPV = AHH = WTE Accipitridae
GUA = RGN = PGN?® Cracidae
TTR = GPC = SGG = BTP = CTP = STP = TTP = HMP = BEP = WEP = BRP + EDP

= SVP = SWP = KOP = CHP = ELP = HUP = CPP Phasianoidae
CAQ =GMQ Phasianoidae
CHU = RPA Phasianoidae
BTF = ERF¢ Phasianoidae
SFP = CFP Phasianoidae
CHI = CJF = GJF(A)* Phasianoidae
RNP = VCP Phasianoidae
LAP = GLP Phasianoidae
IPF = GPF¢ Phasianoidae
GUI =VGU Phasianoidae
TKY = OTK Phasianoidae
WTC = JPC = WNC = DEC = COoC® Gruiformes
GRM = COO Gruiformes
SPL = GGL = BGL Charadriiformes

¢ Underlined species are those provided by this paper in addition to those provided by Laskowski et al. (1987, 1990).

b Connecting peptide fragments are different.

¢ Connecting peptides differ in length; different enzymes were used in cutting.
4 GJF ovomucoid third domain is polymorphic. One of the two forms is identical to those of CHI and CJF.

Of the 28 sequences in Table II, 12 duplicate
previously published sequences. These 12 are under-
lined in the cumulative table of duplicate sequences
(Table IIT). Additionally underlined in this table is a
new pair of duplicate sequences, OMRED3
=OMRPO3 found in this paper. Thus, we have 15
new unique sequences and 13 duplicate ones. In the
whole set, there are now 92 unique and 67 duplicate
sequences (listed in Table IIT).

3.1. Ornithology Texts

In Tables I, II, and III, the species are listed in an
“ornithological” order based on the book of Gruson
(1976). We adopted this book in Laskowski et al. (1987)
and continued its use in Laskowski ez al. (1990) both for
naming the various species and for placing them in
order. At that time it was clearly the best choice.
Recently, a more complete and more authoritative list
of avian species was published by Sibley and Monroe
(1990). Although it now would be best to order all of our
sequences on the basis of that text, the current paper is

incremental not total, and we have opted for consistency
with earlier work to retain Gruson (1976). Note that this
does not simply affect the order, but also the definition
of species. Within the genus Phasianus, Gruson (1976)
recognizes two species Phasianus colchicus, ringneck
pheasant, RNP, and Phasianus versicolor, green phea-
sant, VCP. We sequenced (Laskowski et al., 1987) the
third domains from both and found them identical
(RNP = VCP in Table III); Sibley and Monroe
(1990), on the other hand, recognize only one species
of Phasianus (i.e., Phasianus colchicus). Following
them would eliminate the RNP = VCP equality from
Table III and the OMVCP3 sequence from Laskowski
et al. (1987), thus reducing the total number of species,
whose third domains were sequenced from 153 to 152.

Within the genus Crossoptilon, Gruson (1976)
recognized only three species: Crossoptilon cros-
soptilon, white-eared pheasant, WEP; Crossoptilon
mantchuricum, brown-eared pheasant, BRP; and
Crossoptilon auritum, blue-eared pheasant, BEP.
This paper completes the sequencing of all three
and thus completes the genus. Sibley and Monroe
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(1990) divide Crossoptilon crossoptilon into two
possible species Crossoptilon [crossoptilon] cros-
soptilon, white-eared pheasant, and Crossoptilon
[crossoptilon] hormani, Tibetan-cared pheasant. Of
this pair, we have sequenced only the first so that
the genus is not completed. On the whole, there are
relatively few differences between Gruson (1976) and
Sibley and Monroe (1990) that affect this work, but
readers with ornithological interests should consult
both texts.

3.2. Consensus Sequences and Variability of Sequence
Positions

Table IV lists vertically the turkey ovomucoid
third domain sequence (OMTKY?3). Horizontally it
lists the various amino acid residues found at corre-
sponding positions in the sequences from 153 species
of birds. The subscripts denote the number of species
in which given residues are found. The six dimorph-
isms are dealt with by assigning a weight of 0.5 to
each dimorphic form. Therefore, the sum of the sub-
scripts in each horizontal line is 153.

In a previous version of this table (Laskowski et
al., 1990), the residue with the largest subscript in
each horizontal line was the residue present in turkey
ovomucoid third domain. Now this is true only for 49
of the 51 positions. At position 21 Met is more com-
mon than Arg which is present in turkey. At position
43 Asp is slightly more common than Glu which is
present in turkey. None of the thus far determined
natural sequences correspond to the “most probable”
sequence. Since having a “wild type” is very con-
venient in inhibitor design and structure to function
studies, we continue to use turkey ovomucoid third
domain as our wild type (Komiyama et al., 1991; Lu
et al., 1992; Bigler et al., 1993).

Also listed in Table IV are the residues of
OMTKY3 making contact with human leukocyte
elastase (Bode et al, 1986; and Bode, personal com-
munication), SGPB (Read et al., 1983), and bovine
chymotrypsin Aa (Fujinaga et al., 1987) in their
enzyme-inhibitor complexes. On the basis of this
data and of detailed molecular modeling, we chose
the set of residues 13, 14, 15, 16, 17, 18, 19, 20, 21,
32, 33, 36 as consensus contact residue set. These are
boxed in Table IV. We expect most of these residues
to be in contact in complexes of any avian ovomucoid
third domain with any serine proteinase. We expect
that contact involving other residues will be moder-
ately rare, for any avian ovomucoid third domain
interacting with any serine proteinase.
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Inspection of Table IV (including the subscripts)
shows that 40 of the 51 residues are strongly con-
served. This is defined here as greater than 85% or
130/153 conservation. These 40 residues, with X’s
denoting the remaining positions, are said to be the
consensus sequence of avian ovomucoid third
domains and listed as OM (Avi)3 in Table V.

The remaining 11 residues: 10, 15, 17, 18, 20,
21, 28, 32, 36, 43, and 55 are moderately to
strongly variable. The underlined 7 of these residues
are among the 12 consensus contact residues
discussed above and shown in Table IV. Further-
more, these seven residues are exceptionally highly
variable (more variable than the remaining four).
The very large coincidence between the most
variable positions and the contact positions is the
basis of hypervariability of contact residues in
protein proteinase inhibitors in general (Laskowski
and Kato, 1980) and in avian ovomucoid third
domains in particular (Laskowski et al., 1987). This
hypervariability coupled with the finding that ovo-
mucoid third domains from closely related species
have strikingly different inhibitory specificities
(Empie and Laskowski, 1982; Park, 1985; Wynn,
1990) has been tentatively interpreted as evidence
for positive Darwinian selection in proteinase inhibi-
tor evolution (Laskowski et al., 1988).

The P, residue (residue 18) is the most important
in determining enzyme-inhibitor specificity of inter-
action with most enzymes. This residue is also clearly
the most variable in the set. This variation is not
unlimited. Thus far, as only 11 out of the possible
20 residues were found here. No new ones are added
in this paper. None of the P, residues are aromatic
and only two are charged (both of these are Lys). The
uncharged polar residues are much less common than
the hydrophobic aliphatic Leu and Met.

Now let us turn to the conserved residues. These
are the residues of the OM(Avi)3 line in Table V.
These residues seem to be conserved because they
are structurally important. Some possible explana-
tions of this structural importance were already
given in Laskowski er al. (1987). However, another
question can also be addressed that was not
addressed before — which of these residues are
important to the structure of all Kazal family inhibi-
tor domains and which are important only to the
structure of avian third domains? Furthermore, is
there some intermediate group encompassing the
third domains, but smaller than the entire set of
Kazal domains, for which a consensus sequence can
usefully be written?
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Table IV. Composite Amino Acid Sequence of Ovomucoid Third Domains from 153 Species of Birds”

HLE CHY SGPB
6 Valy Ile,
7 ASp150 ASl’l3
8 Cysiss
9 Ser153
10 Glugs Aspsgs Glyy
11 Tyrys  Hisg

12 Pro 153

13 Ly5]42 Gin6 Arg2 MCtl Thl'z [ ] A [ ]
14  Prois His, Ser; [ ] A ®
15 Alayy;  Valy Aspg  Gluy, Gly,; Thr, Ser; [ ] A [ ]
16 Cys 153 ] A [ ]
17 Thry;  Sery Leus Proy Met; Ala; Arg [ ] A ]
18 Leu65. 5 Met(,o Ala“ Gins Val4' 5 Thl'3 P 103 Ly32 Ser1 5 Glyl 1161 | | A [ J
19  Gluye  Aspygs Leu, [ | A ]
20 Tyrps  Aspg Ging His, Glu, Arg, Ser, Leu, Phe Asn, [ ] A [ ]
21 Argg; Met;, Lys; Phes Valy Leu; Thr [ ] A [
22 Pr0153

23 L€u130 Valg Pheg 1166

24 Cysis

25 Glys

26 Serl 53

27 Aspl 51 ASII2

28 ASn[ 19 Ser34

29  Lysis; Giny, Tie, Thr, Glu, n

30 Thrysp  Ser, Ile, [ ]

31 Tyns

32 Gl)’7g_5 SC]’46.5 Asp.; Ala5A5 Asng Vall His, Arg; Progs | | o
33 ASI’I[SLS ASpl SCTOAS || A

34  Lys;5; Arg Gly,

35  Cysss

36  Asnjg Aspgg Serg Alay Gly, Tyr; Thr, lle [m A o |
37  Phes;

38 Cysis

39 ASII]S] SCI'2 A

40  Alas,

41 Va1149 Ala3 Phel

42 Valm Ala 10 Metl Leu 1

43 Gl\l71 ASp74 LySS Ginz HiSl

44  Seris Lys, Arg;

45  Asnys;  Ser;

46 Glym} Vals

47 Thr1 48 del 5

48 LCU.]M 1164 del 5

49 Th!‘Hg ASn; Serz Ilel

50 LCU] 50 Va12 PhC]

51 Serm Asny, Arg;, G])’4

52 HiSM(, Al‘g5 Tyri ASU]

53 PhCHg LCU3 Il€| PTO]

54 Glyl 50 GIU3

55 Lysm Gll.lzo Ginz Al’gz Val, Thl’l A

56  Cysis

¢ Residues are numbered according to a notation introduced by Weber et al. (1981). The third domain proper starts at residue 6 (see Table IT
and Laskowski ef al., 1987). Given vertically is the sequence of turkey ovomucoid third domain. Given horizontally are all the kinds of
residues found at a given position in 153 species (Kato et al., 1987; Laskowski et al., 1987, 1990; and the present paper). The subscripts
indicate the number of species in which the particular residue was found. In cases of dimorphism, an arbitrary weight of 0.5 is given to
each dimorphic form. On the left the residues which are in contact between turkey ovomucoid third domain in its complexes with human
leukocyte elastase (HLE) (Bode et al., 1986; and Bode, personal communication), bovine chymotrypsin Ae, CHY (Fujinaga et al., 1987) and
Streptomyces griseus proteinase B, SGPB (Read et al., 1983) are indicated by M, A,®, respectively. On the basis of this data and of extensive
modeling of the OMTKY?3 complexes in which the various residues of the inhibitor were substituted, a consensus set of contact residues
between OM(Avi)3 and serine proteinases was constructed. The contact symbols for these positions are boxed.
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To address the first question, we construct a
consensus sequence of “all” Kazal inhibitory
domains based upon approximately 400 sequences
of such domains available in the Purdue database.
In constructing this consensus sequence, we have
excluded all invertebrate sequences as well as the
sequences of the Kazal domain in osteonectin
(Bolander et al., 1988) and of multiple Kazal
domains in agrin (Rupp et al., 1991). The reason
for the exclusion is that within the remaining sub-
set, all six Cys residues can be readily aligned in all
of the approximately 400 domains. This is no longer
the case for the invertebrate Kazal inhibitors and for
the vertebrate osteonectin and agrin domains.
Another, even more relaxed consensus Kazal
sequence will be needed to embrace all of these
domains.

Even with restrictions stated about the “all
Kazal domain” consensus sequence is considerably
more subjective than OM(Avi)3 because not all
sequences were given the same weight in its construc-
tion. We have only one ovoinhibitor sequence —
chicken (Scott ef al., 1987). Yet we have good reason
to believe that ovoinhibitors are expressed in all the
bird species. In contast, we have ovomucoid first
(unpublished) and third domain sequences from
over 150 bird species. Clearly, the weight assigned
to each of the ovoinhibitor domains should be higher
than assigned to each of the known ovomucoid
domains, but the exact weighting factor is in doubt.
The sequence marked ‘“Kazal domain” is a result of
this subjective assignment. Note that only 14 posi-
tions are strongly conserved in contrast to the 40 in
OM(Avi)3.

However, the switch from OM(Avi)3 to “Kazal
domain” need not be so abrupt. There is another
larger subset of domains, the b-domains, that encom-
pass the third domains.

Inspection of Fig. 1 shows that the avian ovo-
mucoid first and second domains are much more
closely related to one another than to the third
domain. This phenomenon for ovomucoid was
realized as soon as the first ovomucoid sequence
was determined (Kato er al., 1976). Strikingly, it is
also true that in the four domain alligator ovomucoid
(March, 1980) the three NH,-terminal domains are
more closely related to one another than to the fourth
COOH-terminal domain. This is true also in seven
domain ovoinhibitors (Scott et al., 1987), where the
six NHj-terminal domains are related while the
COOH-terminal seventh domain is distinct. In all
these cases, the COOH-terminal domains (avian
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ovomucoid third, alligator ovomucoid fourth, and
ovoinhibitor seventh) are very closely related to one
another. The submandibular inhibitor in mammas
(Reisinger et al., 1987) consists of two domains.
Again, the COOH-terminal domain is more closely
related to the other COOH-terminal domains and
the NH,-terminal domain to the other NH, terminal
domain. These facts led to the division of domains in
canonical (e.g., agrin domains excluded, see discus-
sion above) multidomain Kazal inhibitors into a-type
— the NHj-terminal domain set and b-type — the
COOH-terminal domains. For further discussion and
for evolutionary implication of this division, see
Laskowski et al. (1980) and Scott et al. (1987).

Table V shows the consensus sequence of avian
ovomucoid third domains based on Table IV. The
variable positions are shown in X’s. This is aligned
with all the other known b-type domain sequences.
On this basis, a subjective (see above) b-type domain
consensus sequence is constructed. The last line is the
subjective all-Kazal domain consensus sequence. It is
very clear that the avian ovomucoid third domains
share many characteristics of the b-type domain that
are not shared by all the Kazal inhibitors. Particu-
larly striking is the stretch near the COOH-terminus
of the domain,

K- ¥ X% _FY ¥ N A% _ y4!
VR X8 _gM x4 _ G _ ¥ _

where the b-type domain consensus residues, which
are not a part of the overall Kazal consensus are
underlined. This analysis will become even more
interesting when other consensus sequences (e.g.,
those of a-domains and of pancreatic secretory tryp-
sin inhibitors) will be added in the future.

3.3. Individual Species

Let us now turn to the individual sequences and
to consider them in the order listed in Tables I and II.

The sequence of dwarf cassowary third domain
turned out to be identical to that of Australian cas-
sowary that was previously determined (Laskowski ef
al., 1987). Thus, a new entry DWC = ASC in Table
II1. This finding is rather interesting. Only three avian
third domain sequences have a prolyl residue at P,
position (Table IV). In spite of some effort to do so,
we have not yet found an enzyme for which domains
with PiPro are efficient inhibitors. Therefore, we are
somewhat surprised to learn that the presence of
P,Pro survived the Australian/dwarf cassowary
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speciation. All other ratite birds third domains
(ostrich, greater and lesser rhea and emu) whose
sequences are known have P;Leu. PiLeu is quite
common (Table IV), and inhibitors with P,;Leu are
very efficient inhibitors of many enzymes.

The next three entries in Table I (four entries in
Table II because of a dismorphism) deal with tina-
mous. The sequences of two other tinamous were
already known (Laskowski et al., 1987). Tinamous
are the only birds whose third domains have an inter-
nal deletion in the third domains. This deletion, com-
mon to all five tinamou species studied, involves two
residues following the Asn*’ residue, which serves as
a glycosylation site. In almost all nontiamou birds®
the sequence there is ... Asn“SGly‘“SThr47 ....Inall
tinamous, the sequence is ... Asn®Val®Thr® ... .
We have previously suggested that not only the dele-
tion of two residues but the mutation of Gly* to
Val*® can be a result of the same event — deletion
of six nucleotides (Laskowski et al., 1987). The per-
sistence of Val® in all tinamous lends some addi-
tional credance to this suggestion.

In addition, all five tinamou species have Gly"
(however, so do many other species of birds, Table
V), Phe?! (which is thus far limited to tinamous), and
Gin® (a few other species have this also). Tinamou
third domains ace the only third domains sequenced
thus far that lack Ser*. Instead, four species have
Lys44 and one (RTI) has Arg*, which may be an
evolutionary intermediate in Ser* — Arg“ — Lys*
conversion. Four of the five tinamous lack the highly
conserved (but not unvaried in other birds) Phe™.
However, OMGTI3 contains Phe3. It is possible
that the Phe® — Leu® and/or Phe®® — 11> fixa-
tions in tinamous followed the common deletion
event that set the tinamou third domains apart.
On the basis of just two first (unpublished) and
third domain sequences of tinamous, Laskowski
and Fitch (1989) concluded that tinamou ovomucoid
sequences are the most distant from the sequences
of all other birds. This conclusion was strongly
reinforced by the four new sequences reported here.

Since tinamou sequences are so different from
other bird ovomucoid sequences, it was interesting
to ask whether this set of sequences also shows the
contact residue hypervariability characteristic of
avian ovomucoids in general. We note changes at
four contact residues: Ala'® — Asp15] in OMRTI3,
Leu'® — Ala'® in OMGTI3, Thr” — Phe”® in

SOstrich is the only exception, it sequence is ... Ser®*Gly*
The'....
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OMCTI3, Ser*? - Thr*? in OMNTI3. The dimorph-
ism at position 32 in OMNTI3 is one of the six
dimorphisms found in the third domains from 153
species. Of the six, five (including OMNTI3) occur
in contact positions (see Table IV), in striking sup-
port of the hypervariability conclusion. It seems clear
that the contact positions in tinamou third domains
are as hypervariable as in third domains of other
birds.

The screamers are a small group of three species
in two genera, generally classified as one of the two
superfamilies of Anserifomes. The only known ovo-
mucoid sequences of screamers were those of the first
(unpublished) and third (Laskowski et al., 1990)
domains of northern screamer, NOS, Chauna
chavaria. These sequences caused difficulties in phylo-
genetic tree construction (Laskowski and Fitch,
1989). While quite different from them, OMNOSI
and OMNOS3 showed some similarities to the two
then available tinamou sequences, OMBTI and
OMCTI, and in most construction NOS was the
nearest neighbor of the two tinamous. Part of the
reason for this may have been accidental; and such
accidental congruences are much more likely when
distant sets each composed of only one (e.g.,
northern screamer) or two (the two tinamous) taxa
are examined. The gift of the Sibley collection
allowed us to add several more tinamou sequences
as well as the southern screamer, SOS, Chauna
torquata. However, disappointingly the sequence of
OMSOS3 turned out to be identical to the already
known OMNOS3 (Table III).

We have previously sequenced two third
domains from the goose genus Anser-OMGOO3
from Anser anser — graylag goose — and
OMBHG?3 from Anser indicus — bar-headed goose.
Both gave identical sequences (GOO = BHG in
Table II). On the other hand, the only sequence we
have from the genus Branta, that of the Canada
goose — Branta candensis, OMCNG3 — differs
from the two above by having an Asp32 — Gly32
replacement. It is surprising that emperor goose,
Anser canigulus, third domain OMEMGS3 is iden-
tical to OMCNG3 and not to the two Anser
sequences.

The Egyptian goose, EGG, Alpochen aegyptiaca,
is a goose in name only. It belongs to the tribe
Tadornini, of sheldducks and sheldgeese (Johnsgard,
1978). Other members of this tribe have third
domains sequences characteristic of the large group
of ducks (see UPG = ... in Table III), and so rather
expectedly does OMEGG3.
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One might have expected identity of all duck-
related third domains. This is not the case. The next
two sequences — OMREDS3, redhead, Anthaya
americana and OMRPO3, red-crested pochard Netta
rufina — represent the two extant genera of the tribe
Aynithini or pochards. Their sequences differ from
most duck sequences (see OMEGG?3) by having an
Asp’ — Asn’ replacement. As is seen in Table IV and
V, Asp’ is very strongly conserved. The reason for
this conservation is not hard to find as all available
three-dimensional structures of avian ovomucoid
third domains show a hydrogen bond between
unvaried Ser’ and the strongly conserved Asp’. As
expected, we have shown that OMRED3 has a lower
melting temperature, T,,, than OMDUK3. Again, as
expected, this difference disappears at low pH (Lu
and Giletto, unpublished).

There are some interesting variations among the
third domain sequences of birds of prey belonging to
the group Accipitridae. This was not the case for
hooded vulture, HDV, whose sequence joins the iden-
tity cluster TTE = HDV = ... (Table III).

As the megapodes are phylogenetically interest-
ing, we were quite anxious to enlarge our sequence set
from two to three members. Wattled brush turkey,
WBT, third domain sequence differs from the pre-
viously determined (Laskowski et al.,, 1987) Malee
fowl by three replacements, while it differs from the
common scrub hen by 12.

Sequences of three grouse third domain species
are already known. Two of them are not only iden-
tical (sage grouse, SGG, and greater prairie chicken,
GPC), but belong to the large identity cluster (start-
ing with TTR in Table III) of third domains of many,
but not all pheasants and especially (see below) of all
tragopans. The third ruffed grouse, RFG, differs
from these are two positions. Therefore, it was inter-
esting to sequence another grouse third domain from
white-tailed ptarmigan, TTR. As already pointed out
it turned out to be a member of the identity cluster.

The crested wood partridge sequence,
OMWPA3, was a large technical effort, as it was
difficult to obtain the third domain. Once obtained,
the sequence proved very surprising. While on the
basis of this sequence, there are no grounds for ques-
tioning the standard assignment of WPA as a phasia-
noid bird, several changes observed in this sequence
are unusual. There are nine differences in sequences
between OMWPA3 and a “typical” phasianoid
belonging to the phasianoid identity cluster starting
with OMTTR3 (Table III). These are: Ser’ — Asn°,
Glu!® - Glylo, Tyr20 — Ser?, Leu® — Ile?,

Apostol et al.

Lys® - Thr®, Gly*? - Ser’?,  His>> — Tyr>,
Phe*® — Pro®, Lys® — Val®®. Thus far, all phasia-
noids had Ser® and only cracids had Asn’. Gly'® is
extremely rare among phasianoids, only OMBPA3
has it. Ser® never occurs in other phasianoids. In
the total sequence set, it occurs only twice (Table
IV). Its other occurrance is in red winged tinamou
ovomucoid third domain (OMRTI3) discussed
above. Ile? is rare in the total sequence set (Table
IV) and Thr? is even less common. In addition to
OMWPA3, it was only found in two of the four
Passeriformes sequences discussed below.
Gly*? - Ser®? is a very common change in the total
sequence set, although rare among phasianoids. Tyr*?
is unique in the total sequence set, and His>> — which
it replaces — is rather strongly conserved. Pro> is
also unique. It replaces Phe®, which is completely
conserved in all birds other than tinamous (see
above). Surprisingly, the Phe*® — Pro> requires at
least two nucleotide changes. This is very uncommon
for changes observed at virtually unvaried positions
in ovomucoids. It may be worth remarking that the
Ramachandran angles of Phe® in OMSVP3 (Bode et
al., 1985) would allow for a Phe® — Pro> replace-
ment without main chain distortion. Val*® is unique;
most residues at this position are either Lys> or
Glu®. The overall impression is OMWPA3 was
freed from many constraints that applied in the evo-
lution of other third domains in general and of pha-
sianoid third domains in particular.

The BTP and CTP sequences are two more
sequences in the genus Tragopan. Two more were
determined in the past, STP and TTP. All four fall
into the identity cluster starting with TTR in Table III.
In part on the basis of the identity of most grouse third
domain sequences with the then two known tragopan
third domain sequences. Laskowski and Fitch (1989)
suggested that grouse, tragopans, and Himalayan
monal pheasant (HMP) are especially closely related.
The present results (i.e., BTP = CTP = STP = TTP =
HMP = TTR = GPC = SGQG) are consistent with this
conclusion. It should be noted that the conclusion is
principally based on first rather than third domain
sequences.

The sequence of white-eared pheasant ovo-
mucoid third domain, OMWEP3 provides the
sequence of the third and last species (Gruson,
1976) in the genus Crossoptilon. They are all identi-
cal. All belong to the cluster starting with TTR (i.e.,
BEP = WEP = BRP).

In contrast to the genus Crossoptilon, where all
the extant species have the same third domain
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sequence, there is considerable variation within the
pheasant genus Lophura, where many species are
present. Sequences of third domains of seven
Lophura species are now known. Of these, three
belong to the large pheasant identity cluster starting
with TTR (i.e., Edwards’ pheasant, EDP; silver
pheasant, SVP; and Swinhoe’s pheasant, SWP). On
the other hand, Bulwer’s pheasant, BLP, differs from
these by a single Ala"® — Thr'® substitution. Kalij
pheasant differs from the sequences in the large iden-
tity cluster by two changes Met'® — Ile® and
Gly*? - Asp32. The newly sequenced Siamese fire-
back pheasant, SFP, third domain is identical to
that of crested fireback pheasant, CFP (e,
SFP = CFP in Table III). They differ from the clus-
ter sequences by Thr®® — Ser*® and Gly32 — Asp32.
Thus, they differ from OMKAP3 and by two replace-
ments Ile'® — Met'® and Thr® — Ser®. Note that
not only (Table IV) is Thr® very strongly conserved
in avian third domains, it is strongly conserved in all
Kazal type domains. Replacement of Thr leads to a
drop in T,, (Otlewski and Laskowski, unpublished),
but has no effect upon the equilibrium constants, K,
for association with various enzymes (Park, 1985). It
is closely analogous to the Asp’ — Asn’ replacement
discussed in the case of OMRED3 = OMRPO3
above.

Among the previously known sequences, only
one avian third domain sequence is missing the
Asp27...Tyr31 side chain ... side chain hydrogen
bond. This is grey peacock pheasant, Polypecftron
bicalcaratum, third domain OMGPP3. The
Asp? ... Tyr*! hydrogen bond is strongly con-
served, not only in avian ovomucoid third domains,
but in all Kazal domains. As the genus, Polypectron,
contains several species, it was of interest to obtain
other sequences.Unfortunately, aside from the diffi-
culty of obtaining various Polypectron eggwhites,
once the ovomucoids are isolated third domains are
difficult to obtain. We succeeded here with Palawan
peacock pheasant, OMPPP3. Its sequence is quite
similar to the earlier reported OMGPP3, but differs
from it as four positions. Both share Asn? and Tyr!
and thus both are missing the Asp?’ .. .Tyr’! inter-
action. It seems likely that the third domains of ovo-
mucoids from all or most species of Polypectron are
missing the Asp? ... Tyr' hydrogen bond. The
resultant low stability of these domains may be an
explanation for the difficulty in their isolation.

Hoatzin, HTZ, is the only bird where extensive
bacterial fermentation of plant food in the foregut is
a part of the digestive process. The “flying cow” has
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long been a phylogenetic puzzle (Sibley and Ahlquist,
1990). The most often suggested affinities are to
cracid birds and among them specifically to chacha-
laca and to cuckoos and among these specifically to
guira cuckoo. The sequence of four cracid third
domains, among them chachalaca are known. Prior
to this work, so were the sequences of two cuckoos,
but this work extends it to four and includes guira
cuckoo (see below). Therefore, obtaining the
OMHTZ3 sequence appeared exciting. As might
have been anticipated, OMHTZ3 appears quite
distant from both cuckoos and cracids, and more
detailed analysis will be required. It is unlikely that
the ovomucoid third domain and first domain
sequences can resolve the question in a decisive fash-
ion. The curious characteristics of the OMHTZ3
sequence Leu'” at P, position and Ser?® correspond
to residues in cracid third domains.

The two cranes, Grus japonica, OMJPC3 and
Balearica pavonina, OMCOCS3, proved disappoint-
ing as their third domain sequences are identical
and add to the large crane identity cluster starting
with WTC in Table III. Note that a residue in the
connecting peptide, not in the third domain proper of
OMCOCS3 differs by Thr® — Met® substitution. This
is the first finding of Met in any position in the con-
necting peptide between second and third domains.
As OMCOCS3 contains an additional internal Met?',
Met® is not useful preparatively to obtain intact
OMCOCS3 by CNBr cleavage.

Two cuckoo ovomucoid third domain sequences
were already reported: roadrunner, OMRDR3, and
coral-billed ground cuckoo, OMCGC3. The two
sequences differ at nine positions, but even more
strikingly contain within them several residues that
are unique or very rare in the entire avian third
domain set. These are in OMRDR3 Ash’ (this
occurs only in three cases, the other two OMRED?3
and OMRPO3 were discussed previously) and Leu"
(the P} position) — this is unique, furthermore all
other P| residues are either Glu or Asp. In
OMCGC3, the unusual residues are the unique
His*?, Tyr36, and Phe®. It was of interest to add
some cuckoo sequences to see whether these rare
residues might occur in them. An additional motiva-
tion was than some cuckoos are parasitic. We were
contemplating a study of possible adaptation of a
particular cuckoo ovomucoid third domain sequence
to that of the host. Finally, more cuckoo sequences
were needed for comparison to the hoatzin sequence,
especially that of guira cuckoos, that one is men-
tioned by Sibley and Ahlquist (1990) as particularly
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similar to hoatzin. We report here two new cuckoo
sequences OMCBC3 and OMGGC3. OMGGC3,
guira cuckoo third domain is quite similar to
OMRDR3. 1t differs from it only at two positions
the Asp7 — Asn’ replacement and the Glu' —
Leu'. The OMCBC3 is more distant from both
OMRDR3 and OMCGC3, but it does not share
any of the rare (unique) residues nor does it intro-
duce any of its own. The one closest to hoatzin is
guira cuckoo.

Sibley and Monroe (1990) recognize 9672 species
of birds.Of these, 5712 are passerine (i.., belong to
the single order Passeriformes). The remaining 3960,
called nonpasserine, make up the 21 remaining
orders. Thus far, ovomucoid third domain sequences
were reported only from the nonpasserine birds. To
redress the balance, the last four species in Tables I
and II are all passerine. The four sequences are not
strikingly unusual, they are rather typical avian ovo-
mucoid third domains. However, all four share a
unique substitution. Leu®® (which is unvaried in all
nonpasserines except the tinamous where it is deleted)
is replaced by Ile®®. In addition, all four passerine
sequences have Asp]9 a moderately rare residue, but
present in several other orders.

The first two sequences are from birds belonging
to the Parvorder Passerida. In addition to the general
passerine characteristics, they also share the very rare
Lys® — Thr® replacement (the only other sequence
with this replacement is OMWPA3 described above).
The house finch third domain shows a unique Ile*°.
The next two sequences are from crows, both belong-
ing to the genus Corvus. The sequences differ from
one another by the single replacement Lys'* — Argh
In OMCPC3. Both crow sequences share thus far
undescribed Lys> — Arg® replacement.

It is clear that the set from 153 species of birds is
far from saturating all that we would like to know
about bird ovomucoid third domains.
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