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Summary The main features of the B family of chorion
proteins in saturniid moths were examined by partial se-
quencing of representative B proteins, seven from 4nthe-
raea polyphemus and two from A. pernyi. Comparisons
were made to sequences derived from seven recombi-
nant DNA clones representing three types of B family
proteins of A. polyphemus. The central regions of the se-
quences are conservative, both within and between moth
species, and differ largely by a few amino acid replace-
ments, rather than deletions or insertions. By contrast,
the amino-terminal third varies more substantially, in a
manner which defines two protein subfamilies: within
each subfamily sequences are similar, but the subfamilies
differ by at least two multiresidue deletions as well as
by amino acid replacements. These properties are ana-
logous to features of the A family of chorion proteins.
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Introduction

It is now clear from sequencing studies that silkmoth
chorion proteins are encoded by families of evolutionari-
ly related genes, i.e. multigene families (Regier et al.
1978a; Rodakis et al. 1982; Jones and Kafatos 1982).
Two-dimensional electropherograms of pure chorion
from Antheraea polyphemus have revealed a large num-
ber of polypeptide spots, of which 26 have been as-
signed to the A family, 42 to the B family, and 41 to
the C family (Regier et al. 1980). The A and B families
are quantitatively major, together accounting for 88%
of the protein mass (Kafatos et al. 1977). Analysis of
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cloned chorion ¢cDNAs and genes has indicated that the
families may be even more complex than is apparent 2
the protein level. For example (Jones and Kafatos
1980a), approximately 15 ‘“‘copies” per genome exist
for each of two gene “‘types”’, named 401 (B family) and
18 (A family). These multiple “copies” are highly similar
although not identical (less than 5% mismatched; Joné®
and Kafatos, 1980b); many of them undoubtedly corre®
pond to the same protein spot resolved in two dimensio’
nal gels, although some, like different gene types, might
encode different protein spots. '

The characteristic features of the A protein family
have been established by both DNA and protein 5
quencing (Regier et al. 1978a; Tsitilou et al. 1980;
Rodakis et al. 1982: Jones and Kafatos 1982). BY
contrast, the only B family sequences published includ®
one partial protein sequence (Jones et al. 1979) a"
complete sequences of three types of genes (a total of
copies; Jones and Kafatos 1980b, 1982). Since the
family encodes 42 electrophoretically distinguishable
components (Regier et al. 1980), it would be des.iral‘J
to have sequence information for a more representat“'e
group of B proteins. Here we report proteins of the
family in A. polyphemus, representative of the range ©
molecular weights and isoelectric points encountered_ n
the family. We also present corresponding informaffon
on two components from A. pernyi, permitting preli®”
inary interspecies comparisons. Part of this work .Wa
presented earlier in Greek as doctoral dissertation®
(Rodakis 1978; Moschonas 1980).

Materials and Methods
Materials and Buffers

Two buffers were used in protein isolation and characterization'
G-buffer (6 M guanidine-HCI, 0.36 M Tris-HCl pH 8.4, 1 ™



}ja2EDTA) and lbuffer (8 M urea, 0.05 M Tris-HC! pH 9,
W{tsh mM NaZEDTA and 1.5 mM lysine). Use of dialysis tubing
trie small pores (3500 dalton cutoff, Spectrum Medical Indus-
tio §) was found to be important for retaining the smaller cho-
N proteins. Pyroglutamate aminopeptidase was obtained from
Ochringer Mannheim. Chemicals for amino acid analysis and
Protein sequencing were obtained from Beckman and Pierce
hemical Co,
o Pupae of 4. polyphemus and A. pernyi were obtained from
Mmercial U.S. growers. 4. polyphemus is a semi-wild popu-
Ation with considerable polymorphism (Regier et al. 1978b).
mpe’"yi is a moderately inbred population originally obtained
M the Japanese sericulture industry, and shows limited poly-
Morphism: in an isoelectric focusing study of chorion proteins
oM 100 moths only three distinct patterns were observed
o Oschonas 1980). Pupae were allowed to undergo adult devel-
Opment upon removal from 4°C and chorions were purified from
Vulated follicles as previously described (Paul et al. 1972).

Protein Isolation

:s d.etailecl below, chorion proteins were pre-fractionated by
in"all'lety of procedures and finally isolated by isoelectric focus-
eg In gels. Their purity was assayed by SDS-polyacrylamide gel
Quctmphoresis (Efstratiadis and Kafatos 1976). According to
iq r S.tflndard convention (Regier et al. 1978b), proteins are
®ntified by a compound code of letters and numbers separated
4 thO dashes, e.g. B6--f1: the first half of the code corresponds
9 size fractionation (B being the family and 1 to 6 subgroups
oM lower to higher molecular weight), and the second half of
ue ¢ode corresponds to isoelectric focusing (a to j being charge
. 8roups and 1 to 11 indivudual components in each subgroup,
r°m basic to acidic, respectively). Routinely, the sulfhydryl
an?}lps were blocked and1 4the proteins labelled by S-carbox-
S%‘domlethylation with [*%C] iodoacetamide (for conditions,
Regier et al. 1978b and Rodakis 1978).

f;g;s 0 (Butanol Fractionation). A. polyphemus chorions
bug mg) were dissolved at a.concgntration of 3 mg/ml in G-
fust er contamu.\g 0.58 AM d%thnothre:tol (DTT). The pH was ad-
Wased to 6.5 with acetic acid and an equal volume of n-butanol
added at 5 to 7°C. The mixture was vortexed, allowed to
ta;::g Overnight at room temperature, and the phases were sepa-
by centrifugation. The organic phase was discarded, and
atet}:‘ql}eous phase was separated from the protein precipitate
¢ interphase. The aqueous phase contained 25% {(by mass)

the protein and was highly enriched in A’s, most of the C’s,
fome Jow molecular weight B's; the interphase contained

© temaining 75% and was enriched in most B’s and a few C's.

¢ interphase was redissolved in I-buffer containing DTT and

% carboxamidomethylated.

. The CAM-proteins were fractionated on a preparative isoelec-
On;;()clfsing gel (16 x 27 x 0.15 cm), containing 5% acrylamide,
a;n 4 N., N’-methyenebisacrylamide, 6 M urea and 1.5 to 2%
mafhohne carrier ampholytes (LKB, pH range 4 to 6). Approxi-
st ely 3 mg of protein in I-buffer was applied to a 1 x 15 cm
io P of Whatman 3 MM paper positioned across the short dimen-
tron of the gel 1 to 2 cm from the negative electrode strip. Elec-

mp}}oresis was at 25 mA until the voltage reached 750 V (ap-

Ximately 1 hr), was continued at constant 750 V for 16 hr
Was terminated after 1 hr at 1,000 V. Protein bands were
alized with oblique transillumination after brief immersion
tng 0% saturated ammonium sulfate, a concentration high
X e“gh to precipitate chorion proteins but low enough to keep
ackground clear and prevent gel shrinkage. Selected bands
s;; excised with a razor blade. At room temperature, the ex-
band was extensively washed with 40% saturated ammo-
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njum sulfate to remove ampholytes, rinsed with distilled water,
homogenized, mixed with an equal volume of G-buffer, vortexed
for 10 min and centrifuged at 27,000 g. The supernatant was col-
lected and the gel particles re-extracted at least 3 times. Pilot
experiments with radioactive protein showed over 90% recovery
under these conditions (Rodakis 1978). The proteins were pre-
cipitated from the combined supernatants with 90% saturated
ammonium sulfate and pelleted at 7,700 g, presumably leaving
gel contaminants in suspension. The pellet was dissolved in G-
buffer, extensively dialyzed against distilled water, and lyophi-
lized. No significant contaminants were detected by subsequent
amino acid analysis or sequence determination.

Series Il (Fractionation by Dialysis at Low lonic Strength).
Chorions were prepared from 10 4. polyhemus moths selected
according to chorion protein electropherograms so as to mini-
mize polymorphism in the bands of interest (Regier et al. 1978b).
Chorions totaling 1 g were dissolved, carboxamidomethylated,
dialyzed against water, lyophilized and redissolved to 3.33 mg/ml
in G-buffer. This sample was then redialyzed against water,
and the precipitate (P, 75% of the protein) was separated from
the supernatant by centrifugation. The protein and solute
concentrations during dialysis were found to be crucial for
repeatable precipitation results, thus necessitating the second
dialysis step. The supernatant (S§) was lyophilized, redissolved in
G-buffer at 15 mg/ml, and refractionated by adding ammonium
sulfate to 10% of saturation at room temperature; the new
precipitate (S/P) contained 11% and the new supernatant (8/S)
14% of the original protein. All three samples were subjected to
fractionation on preparative isoelectric focusing gels, and selec-
ted bands were excised and processed as described above.

Series 1V (Fractionation on a BioGel Column). Chorions were
prepared from unselected A. polyphemus individuals, washed
thoroughly with 4 M guanidine-HCI, 50 to 100 mM Tris-HCl
(pH 7.5) buffer, dissolved and carboxamidomethylated. The
sample (0.7 g CAM-protein) was fractionated on a Pharmacia
5 x 90 cm column packed with BioGel-P150 (100—-200 mesh,
Bio-Rad Laboratories) for 4 to 6 days under 25 to 30 cm hydro-
static pressure using 7 M guanidine-HCl, 50 mM Tris-HCI (pH 9.0)
as running buffer. Selected fractions were combined, dialyzed
against water, lyophilized, fractionated and recovered from pre-
parative isoelectric focusing gels as above.

Proteins from A. pernyi. Chorions from individuals with the pre-
dominant protein pattern were combined, dissolved and carbox-
amidomethylated. Two size fractionation experiments similar
to series IV were performed; details have been reported pre-
viously (Rodakis et al. 1982). A third fractionation experiment,
analogous to series II, used a chorion protein concentration of
3 mg/ml, and yielded the following fractions: P, 86%; S, 14%.

Amino Acid Analysis and Protein Sequencing

Amino acid and sequence analyses were generally performed as
previously described (Regier et al. 1978b; Jones et al. 1979; Ro-
dakis et al. 1982). Lyophilized, approximately Snmole protein
examples were hydrolyzed under vacuum in 5.7 N HCI contain-
ing 0.2% mercaptoacetic acid, for 24 hr at 110°C. For estima-
tions of tryptophan and CAM-cysteine, hydrolysis was in the
presence of 4 M mercaptoethanesulphonic acid and 0.2% trypta-
mine. Compositions were determined in a Beckman 121 M amij-
no acid analyzer, using 2 hr dual column programs and/or 3 hr
single column programs, according to the Spinco D8-475 manual.
Values after 24 hr methanesulfonic acid hydrolyses were correc-
ted for destruction of Trp, Thr and Ser (3%, 2% and 5% respec-
tively), and for incomplete hydrolysis of Ile and Val (5% each).
Values presented are averages of at least two runs.
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Sequences were determined with a Beckman 890 B sequencer,
using 100—-400 nmole protein samples and the modified 0.1 M
Quadrol program as described by Terhorst et al. (1976). Resi-
dues were identified as previously described, after conversion,
thin layer chromatography, gas chromatography, and high
pressure liquid chromatography. For selected samples, back
hydrolysis, spot tests for arginine and histidine, and measure-
ments of radioactivity (for 1 C-CAM-cysteine) were used. Prior
to sequencing, B proteins were digested with cyanogen bromide
(Gross 1967; Witkop 1968; Spandle et al. 1970).

Additional sequencing runs of B6-f1 (series 1 and III) have
been published previously (Jones et al. 1979), as has the series
II sequence of B6-fl which is reported here with corrections
at positions 74 and 100.

Peptide Analysis

Cyanogen bromide fragments or tryptic peptides were analyzed
by electrophoresis on 10% polyacrylamide, 1% N, N-methyl-
enebisacrylamide slab gels (I mm thick), containing 0.1% SDS,
8 M urea and 0.1 M Tris-phosphate buffer pH 6.6, according to
Swank and Munkres (1971). The same gels were used for analysis
of Tryptic peptides, prepared by digesting chorion proteins with
trypsin (Worthington Biochemicals, TRTPCK grade) in a 100:1
molar ratio, 80 ug/ml, for 16 hr at 25°C, in 6 M urea, 0.1 M Tris-
HCI pH 8.5. For preparative isolation of cyanogen bromide frag-
ments, to be used in testing for the presence of a free amino ter-
minus, similar gels of 5 mm thickness were used. Cyanogen bro-
mide fragments of sperm whale myogiobin were used as molecu-
lar weight standards.

Results
Protein Fractionation in A. polyphemus

We chose to characterize highly enriched rather than
homogeneous protein fractions-a strategy consistent
with our goals and imposed by the large number of cho-
rion components and their similarities in size and charge.
Fractions were obtained by an initial coarse fractiona-
tion step followed by high resolution isoelectric focusing
on preparative polyacrylamide gels. Most of the proteins
were sequenced twice, and to reduce the effects of con-
taminants, different coarse fractionation procedures
were used for each repeat. After extensive pilot experi-
ments (Rodakis 1978), three such procedures were
chosen: differential precipitation by butanol, differential
precipitation by dialysis to low ionic strength and by
addition of ammonium sulfate, and size fractionation on
a BioGel-P150 column.

Figure 1 presents a typical coarse fractionation by
dialysis and ammonium sulfate precipitation. Each of
the three fractions obtained by this procedure is distinct
from each other and simpler than total chorion in terms
of iscelectric focusing (Fig. 1a) and SDS-elctrophoresis
(Fig. 1b), improving the purity of the bands ultimately
excised from each fraction. Excised components belong-
ing to the B family are indicated in Figure 1a and charac-
terised, by SDS-polyacrylamide gel electrophoresis, in
Fig. 1c. Seven B-family components were deemed suffi-

ciently pure to be subjected to amino acid and/or 5
quence analysis, although some contaminants wer® eV
dent in most cases (especially B2-- gl, B3-el, B4-¢7
and B6--f1). Comparable degrees of purity were attained.
for various A and C family components (data not showh
Rodakis 1978).

Figure 2 presents typical results of coarse fractiol_la'
tion by BioGel-P150 column chromatography. Agai®
three of the fractions obtained (II, III and IV; Fig. 2)
were quite distinct by isoelectric focusing (Fig. 2c) @0
corresponded largely to the C, B and A families, respe®
tively (Fig. 2b). Individual components (identit“lefl.ln
Fig. 2c) were recovered by isoelectric focusing at a purity
comparable to that of Figure 1c (Rodakis 1978).

Figure 3a tentatively identifies on a two dimensioﬂ”]
gel nine A. polyphemus family components which W‘?fe
studied further. Although the identification is tentatiV®
(since it is not based on co-electrophoresis of pufiﬁe
components with the total sample, but rather on deduc
tions from separate isoelectric focusing and SDS-electr”
phoretic analyses), it is sufficiently precise to indicaté
the range of sizes and isoelectric points covered by the
components analyzed. Clearly, our sample of nin¢
proteins is reasonably representative of at least the majo!
components of the family.

Amino Acid Analyses

The purified B proteins were subjected to amino acid
analyses {two or more samples from independent prep?
rations in each case). Results are tabulated in Table >
All nine are quite similar in amino acid content, sugges,t‘
ing substantial sequence homologies. They are rich 1f
glycine and alanine and total non-polar amino acids, #
well as relatively rich in cysteine. Some minor diffé
ences are apparent, nevertheless: for example, the B2-14
B2-gl and B4-e7 proteins lack methionine, and ar
slightly richer in alanine than most of the rest. Great?!
differences are apparent in inter-family comparisons (Re
gier et al. 1978b). Furthermore, the amino acid compos”
tions within the B family tend to be more uniform th
those within either the A or the C family (Regier €t "
1978b, 1983). This is consistent with the greater clusté”
ing of the B proteins on two- dimensional gels (Fig- 3,3 ’
and may suggest that B proteins are more conservatl¥
than the rest.

Sequence Analysis: Central Region of the B Family
Since B proteins have blocked amino termini, consistiné
of pyrrolidonecarboxylate (Regier and Kafatos 1981j
sequencing was performed from a single internal mef‘

jonine present in many members of this family- FIv
methionine-positive components which were avaﬂa‘?le
in subtstantial amounts (1.8 to 61 mg) were cleaved wi

cyanogen bromide and then subjected to sequern
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inl& 1. Chorion protein isolation after coarse fractionation by dialysis at low ionic strength (Series II). a (left) shows isoclectric focus-
Di% ?)f total chorion protein, the precipitate of exhaustive dialysis against water (P), and the supernatant after removal of proteins preci-
Able

i 'by ammonium sulfate at 10% saturation (S/S). Components identified include two major A family components which were en-
Ched jn fraction (S/S), and the seven B family components which were isolated from fraction (P). Lane (T) is from an analytical gel,
) ® (P) and (S/S) from higher resolution preparative gels. To increase resolution of certain bands, the conditions for (P) were non-
o dard (1.5% ampholytes, 12 h at 1,200 V). b (upper right) shows SDS-electropherograms in cylindrical gels (Paul et al. 1972) of

| chorion (T), precipitate (P) and supernatant after further fractionation into fractions precipitable (S/P) and soluble (S/S) in 10%

ram‘)nium suifate. The major classes of chorion proteins, A, B and C, are identified. ¢ (lower right) shows SDS-slab gel electrophero-

OTis of total chorion and bands isolated from fraction (P) in Fig. la. The size subclasses of B protein are identified in the total
0n profile

3alysis without further purification. Despite a higher = phemus is highly conserved in this region: of the 36
AN usual background, the sequences were unambiguous residues included in Fig. 4, 20 (possibly 21) are invariant
Xeept as discussed below. in the sequences shown. Nearly all differences between
th igure 4 summarizes these sequences, and compares sequences are amino acid replacements; a one-residue
M to the corresponding region of proteins encoded gap only exists at position 93 of BS--e4.
Iy ecombinant chorion DNA clones (Jones and Kafatos In three cases, different residues were identified at
- From the clones we know that this region is the same position in different samples of the same pro-
EPTOXimately in the center of the molecules: the tein (position73 of B5--e4 and B2--e2, and position
Quences are numbered in Fig. 4 according to the ma- 90 of B3--el). These samples were obtained from
'Q::' Protein encoded by clone pc401, in which meth-  different batches of animals of a semi-wild population,
1ne is residue 69 out of 153 (Jones et al. 1979; Regier in different years. We interpret these differences as
74 Kafatos 1981). Clearly, the B family of 4. poly- indicative of polymorphism, which is also suggested
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Table 1. Amino acid composition of B proteins (mol %)

Fig. 2. Chorion protein fraction?
tion on a BioGel-P150 colum?
(series IV). a (upper left) sho¥’
the elution profile and the cof
bined fractions collected. b (v0F
tom left) shows characterizatio”
of these fractions and of tof
chorion (T) by SDS-slab 8%
electrophoresis. Note -that f18%
tion III contains the bulk of the
proteins, with only minor €0
taminants from classes C and '
¢ (right) shows characterization ©
the same samples by isoelectti’
focusing. The components is0la"
ed from fraction III are indicate’
by dots and identified; thell
purity was comparable to tha
shown in Fig. 1¢

Amino acid A. polyphemus A. pernyi
B1-d7 B3-el B2-e2 B5-e4 B4-e7 B6-fl B2-f2 B2—gl B2-g2 | Bl-cl Bl-c4 BI’ClZ

CAM-Cysteine 7.1 6.6 6.2 6.3 5.5 6.2 5.1 5.0 5.0 6.3 7.6 6.5
Aspartate (+ Asparagine) 39 31 3.2 3.0 3.9 2.9 4.4 5.0 5.2 3.0 2.9 2.5
Threonine 2.0 2.0 2.2 2.3 2.3 2.2 2.5 2.6 2.3 1.5 1.2 1.8
Serine 3.7 3.0 3.2 29 2.8 - 3.2 3.3 3.2 3.2 34 3.2 2.9
Glutamate (+Glutamine) 4.3 5.3 5.0 4.9 4.8 5.2 4.9 4.4 5.2 4.5 4.0 4.3
Proline 3.6 34 3.1 34 3.2 3.1 3.6 3.4 33 3.0 2.0 2.9
Glycine 34.1 36.5 36.6 342 345 37.7 331 320 311 36.4 37.6 327
Alanine 9.3 8.3 9.9 89 11.0 84 123 129 12.7 9.6 9.1 10.5
Valine 7.9 6.5 6.8 7.3 7.9 7.0 5.8 6.8 6.7 7.1 8.1 8.2
Methionine 0.6 0.6 0.5 0.8 0.0 0.6 0.0 0.0 0.4 0.7 0.1 0.7
Isoleucine 3.6 34 32 31 2.9 2.8 4.2 4.1 4.6 3.6 34 3.4
Leucine 8.3 8.3 84 109 8.9 8.8 8.5 8.1 8.0 8.2 8.1 8.8
Tyrosine 7.1 7.1 7.0 6.8 7.1 7.1 6.5 6.7 6.8 7.5 6.6 9.9
Phenylalanine 0.8 1.5 1.1 1.4 1.6 1.3 1.3 1.7 1.7 1.5 1.4 1.4
Histidine 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.0
Lysine 0.6 0.6 0.2 0.0 0.0 0.0 0.7 0.6 0.5 0.0 0.8 0.1
Tryptophan 0.0 0.7 0.8 1.2 0.8 1.1 1.2 1.0 0.5 0.0 0.0 0.0
Arginine 3.1 31 26 26 2.8 24 26 25 26 36 38 34
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by sequence differences between cloned copies of
Chorion DNA (e.g. Fig. 4 shows that residue 91 varies
Stween copies of gene type 401; Jones and Kafatos
982). Indeed, many of the B components studied here
ppear to be polymorphic in total chorion protein
Dr_oﬁ]es (Regier et al. 1978b). Since some chorion pro-
°Ins are encoded by multiple gene copies, this “poly-
?Ofphism” may refer to allelic sequences found at equi-
dent locations of homologous chromosomes, or to
Pseudoallelic gene copies from either identical or
Omologous chromosomes.

. In a total of five positions (71, 73, 80, 83, 87), a
®cond residue was detected simultaneously, clearly

b

Fig. 3. Identification of the B proteins
studied in this report on two-dimensional
gel electropherograms. a (top) shows an
autoradiogram of total chorion proteins
of A. polyphemus from the aeropyle
crown region (Regier et al. 1980). Size
and charge classes are indicated in the two
axes. The B family components are sur-
rounded by a dashed line, and those
studied in this report are indicated by
white dots. The magnified inset is a
shorter exposure of the autoradiogram
in the B family region, and the com-
ponents studied are identified by their
code. b (bottom) shows an autoradio-
gram of total chorion proteins of A.
pernyi, with the major classes delineated
and the two sequenced B proteins identi-
| a fied

above background, in sequencing runs of proteins
B3--el and Bl--d7; in five additional positions (74,
76, 77, 98, 99), second or third residues were detected
simultaneously but barely above background in se-
quencing runs of B6--f1 which were reported elsewhere
(Jones et al. 1979). Such multiple residues might also be
due to allelic or pseudoallelic polymorphisms, or may be
caused by-contaminating proteins (see Fig. 1 and 2).

Sequence Analysis: Amino-Terminal Region

The enzyme, pyroglutamate aminopeptidase (EC
3.4.11.8), cleaves off cyclized NH2-termina1 glutamine
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Fig. 4. Summary of sequences from the central region of B proteins, obtained after cleavage at the internal methionine with cyaﬂogen

bromide. For comparison, sequences deduced from B family recombinant clones (gene types 401, 10 and 408) are also shown (Jone$
et al. 1979; Jones and Kafatos 1982). Sequences are presented in the one-letter code. White background and black letters represet
residues identical with pc401 and 401a, black background and white letters indicate amino acid replacements or deletions (daSheS)'
Sequences are numbered from the mature protein amino terminus of pc401 (Regier and Kafatos 1981). Each type of protein or gf”“e
is separated from the rest by a thin line, and A. polyphemus and A. pernyi sequences are separated by a wider gap; non-identi

sequences of gene copies (pc401, 401a vs. 401b) and of independent protein samples are presented separately (the latter identified 4%
cording to the isolation series, as in Materials and Methods). Double residues identified at individual positions of a single run are stacke®
vertically within the corresponding entry, while uncertainties of leucine or isoleucine are indicated as I/L. Unidentified residues aré
indicated as X. Dots symbolize sequences not determined (or not shown in the case of DNA-derived sequences). For Bl—cl2, twelve
residues following the methionine were determined from sample II, and 29 and 38 residues were determined from two series IV sam”

ples, respectively

(pyrrolidonecarboxylic acid; Doolittle 1970; Podell and
Abraham 1978). The sequence of the unblocked protein
can then be determined, beginning with the second
residue (see also Regier and Kafatos 1981).

Figure 5 shows the results of pyroglutamate amino-
peptidase action on protein B6--f1 (preparation IV).
Several minor bands evident in the control (time zero)
sample may be contaminants or artifacts of tight am-
pholyte binding (Rodakis 1978). Both the single major
and the minor bands are shifted upon digestion to
slightly more basic isoelectric point (as expected for
unmasking of a new, unblocked amino terminus). The
profile is the same for samples digested with tenfold
different amounts of enzyme, indicating that digestion
is complete, and no side-reactions occur.

Three proteins (from preparation IV) were sequenced
by this procedure, including two that lack methionine.
These three components are major and span most of the
molecular weight range of the B family: B2--f2, B4--e7,
and B6--f1. In this case the background was low, and
each sequence was completely unambiguous from a
single run. Figure 6 compares these sequences to each
other and to similar sequences determined from recom-
binant chorion DNA clones (Jones and Kafatos 1982).
The variability seen is greater than in the central region
(Fig. 4) and, interestingly, it defines two subfamilies
of B sequences. In the region defined by residues 4
through 42 of gene type 401, major differences exist

between subfamilies, including three multiresidu®
deletions (2, 3 and 7 residues long); by contrast, in the
same region the differences within each subfamily ar
limited. The subfamilies are not evident in compzlriSOrls
of the corresponding central regions (Fig. 4).

B Family Proteins in A. pernyi

The series IV fractionation of A. pernyi proteins used
chromatography on a BioGel-P150 column. Details ©
the experiment and characterization of the fractions by
isoelectric focusing have been published previOuSly
(see Fig. 2 in Rodakis et al. 1982). The B and A PI”
teins were effectively separated into different fractions
(Fig. 7a), and- a number of components were subse:
quently isolated by high resolution preparative gel
isoelectric focusing. The series 1 fractionation was base

on dialysis at low ionic strength, as in 4. polypkemf‘s‘
Three B proteins were isolated in sufficient purl_ty
(Fig. 7b) and quantity for further study. Table 1
cludes their amino acid compositions. Their almflo
termini were. blocked, as were the termini of B protei®®
in A. polyphemus. Two of the A. pernyi proteins ¢O™"
tained a single methionine residue each, and wer®
sequenced in duplicate, after cleavage with cyaﬂog"rl
bromide. Fig. 3b identifies these proteins on a 2dimet
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Fig. 5. Isoelectric focusing profiles of the B6—f1 com-
Ponent (from isolation series IV; repurified by a second
ele of jsoelectric focusing), before (-) and after (+)
'8estion with pyroglutamate aminopeptidase. Minor bands
;nay be contaminants or artifacts of tight ampholyte bind-
"g during refocusing (Rodakis 1978). Enzymatic digestion
Moves the major B6—f1 band (dot) and the contaminants
rg‘l;’a!d the basic end, as expected for removal of pyr-
donecarboxylate and unmasking of a free amino ter-
Minus, The residual material at the original position of
,G‘fl is of unknown nature; it does not disappear after
plgesfion with excess enzyme (lane 3). Arrow indicates a
fotein band due to the enzyme preparation (cf. lane 4, E).
dit: Upper half of the gel was blank and is not shown. Con-
N ons were: 100 pg of B6—f1 digested with 1.5 X 104
Mts (lane 2) or 1.5 X 10°3 units (lane 3) of enzyme for
h at 30°C in 50 mM Tris-HC! pH 7.2, 1 mM Naj EDTA,
MM mercaptoethanol

210“31 gel, and Fig. 4 shows the corresponding sequences,
“Mparing them to those of A. polyphemus.

pc401
401a,401b
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Table 1 shows that the amino acid compositions of
the A. pernyi B proteins are highly similar to each other,
and resemble those of 4. polyphemus. Indeed, Fig. 4
reveals that the similarities extend to the level of pri-
mary sequence: the A. pernyi sequences following the
internal methionine are approximately as homologous
to various A. polyphemus sequences as the latter are to
each other. For example, the 37 residues determined
from the A. pernyi protein, Bl—cl2, differ from the
corresponding 35 residues of the A. polyphemus sequen-
ces, pc401 and B6—f1, by only 4 or 5 replacements and
2 single-residue deletions (approximately 82% homo-
logy).

The A. pernyi and A. polyphemus B proteins also
appear to have similarly localized methionines and basic
residues, suggesting that the regions for which sequence
comparisons are not yet available may also be homo-
logous. The location of the single methionine of the
A. pernyi protein, Bl—cl, measured from the blocked
amino terminus, was estimated as approximately 43
+5% of the total sequence length by cyanogen bromide
digestion followed by electrophoretic analysis of the
resulting two peptide fragments on SDS-urea poly-
acrylamide gels according to Swank and Munkres(1971):
the amino-blocked peptide had an apparent mole-
cular weight of 4,900 £300, while the peptide with
a free amino terminus had an apparent molecular
weight of 6,500 *500 and yielded the sequence
Tyr-Cys—Gly-Ala-Val, as expected (Fig. 4). By com-
parison, the complete sequences of two disparate B
proteins of A. polyphemus (401a and 10a, Jones and
Kafatos, 1982) show the methionine location at 45%
and 43% of the mature protein length from the blocked
amino terminus, respectively. Similarly, the complete
sequences of 401a and 10a show the basic residues to
be located near the amino and carboxy termini, predic-
ting the existence of an internal tryptic peptide equal
to 82% or 62% of the total length, respectively. Limit
tryptic digestion of the A. pernyi protein, Bl—cl, fol-
lowed by analysis of the products on a Swank and
Munkres (1971)-type SDS-urea polyacrylamide gel,
revealed the presence of a tryptic peptide with an
apparent molecular weight of 9,000 £500, or approxi-
mately 75 5% of the total protein length.

B6--11

B4--e7

B2--f2

YOWAN .-
10a YD[g a""'eccﬁ~— - ﬂapaaea LGV 8
10b Y DA GCEICH-E - - -APAAENA

pc408

l'oﬁd

yElARNEENGCElCE- M- - -srarcl A -

Fj . .
. 6. Summary of sequences from the amino terminal region (“arm™) of B proteins, beginning with the cyclized glutamine (pyr-
Onecarboxylate) which is removed by pyroglutamate aminopeptidase (see Fig. ). Conventions as in Fig. 4. Sequences of the two

Subfamities (developmentally “‘late” and *“‘middle’”) are shown separately
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cas B1--C1

B1--c1

R B E N

— *= Bl1--c4
e C
e B1--cC
3 12 C[‘.
- = Bl &
L A A B
A

B1--c4
Bi--c12

Fig. 7. Characterization of coarse fractions and isolated B family components of 4, pernyi. The fractions were obtained by BioGe!
P150 column chromatography and were characterized by isoelectric focusing, as shown in Fig, 2a and 2b of Rodakis et al. 19? '
a (left) shows the SDS-electropherograms of the column fractions, of which Il is essentially pure B proteins; the isoelectric focusmg_
profile of 1l is also shown, with dots indicating the components excised. b (right) shows characterization of these components by sD

electrophoresis

Discussion

The partial sequences of nine B proteins presented in
this report, in combination with the known sequences
of three types of B genes (Jones and Kafatos 1982),
give a reasonably representative picture of the B family.
The seven partially sequenced B proteins of A. poly-
phemus can be considered representative, since they
are mostly major components, are synthesized at various
developmental stages of choriogenesis (see below), and
are diverse in size. A limitation is the absence of se-
quences from many minor components, including those
that belong to the early developmental class and those
which are relatively acidic (isoelectric focusing bands
gl through il; see Fig. 3a); such components may well
deviate from the norm more than the components
examined to date. A second limitation is the absence
of protein sequences for certain regions known only
from DNA clones: between the amino-terminal and
central regions (residues 52—68 in pc401), and near the
carboxy terminus (residues 105—153 in pc401). On the
other hand, characterization of the family is extended
by sequences from another moth species, 4. pernyi,
and by analyses of composition and peptide structure
which suggest that, for the components examined,
differences may not be much greater than what the
currently available sequences indicate.

On the basis of DNA sequences from three types of
genes, we had previously suggested the existence of a
conservative central region or polypeptide domain in
the B proteins of A. polyphemus, and more variable

amino-terminal and carboxy-terminal polypeptide “‘arm$
(Hamodrakas et al. 1982). This suggestion is bome 0¥
by the diverse sequences presented in this report. Tl'fe
central region is seen not only to be conservative n
sequence, but also rarely subject to deletions or insé’’
tions: only a single oneresidue deletion was detect®
among the 4. polyphemus components examined, a0
only two deletions between A. polyphemus and A
pernyi. By contrast, the amino-terminal arm defines two
protein subfamilies, which differ from each other sub-
stantially, by both replacements and deletions/ins®"
tions, although the members of each subfamily cO%
sidered separately appear conservative.

The limited sequence data from A. pernyi, togt%'fher
with compositional analyses and comparisons of cyanog®
bromide and tryptic peptides (see Results), cleany
indicate that the B family exists in A. pernyi, and
properties similar to those in A. polyphemus. The ext®®
sive interspecies homology in the central domain (Fig-
is greater than the homology seen between B and
proteins in 4. polyphemus (Regier et al. 1983), Furthe”
more, the compositions of both individual and tot2)
proteins in 4. polyphemus and A. pernyi are very si s
(Tables 1 and 2), whereas the most numerous subgrouP
of C proteins in A. polyphemus have significan
different compositions (Regier et al. 1983). HoWef’,er’
we do not know directly whether the two B subfami®™”
of A. polyphemus, or different subfamilies, are repl'esen
ted in A. pernyi. et

Comparisons with the A protein family (Rodakis
al. 1982; Jones and Kafatos 1982) are instructive. The
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Table 2. Amino acid composition of two chorion protein families (mol%)

A Family B Family
A. polyphemus A. pernyi A. polyphemus A. pernyi

CAM-Cysteine 8.4 9.6 > 5.6 6.3
Aspartate (+ Asparagine) 2.5 2.6 < 40 4.1
hreonine 3.4 2.4 3.0 3.3
Serine 3.0 2.4 < 38 3.7
g'lut'amate (+ Glutamine) 4.2 4.2 4.7 4.3
Toline 4.0 3.1 4.5 3.9
Glycine 32.7 31.7 32.2 28.8
Alanine 13.7 12.9 11.4 14.2
Valine 7.2 7.2 > 6.1 6.6
Methionine 0.1 0.2 < 05 1.1
Soleucine 3.8 4.5 3.6 4.0
Leucine 6.4 6.6 < 19 8.4
Tyrosine 6.3 9.0 6.9 5.9
Phenylalanine 1.0 : 1.1 < 16 1.7
Histidine 0.0 0.0 0.0 0.0
Lysine 1.0 0.6 0.4 0.7
Aryptophan 0.5 . 0.3 < 12 0.7
& 1.8 1.6 < 24 2.4

4 Pernyi compositions were obtained from fractions Il and III of Fig. 7a. A. polyphemus compositions
:Vere from fraction p/p and the weighted average of fractions s/s and p/s in Regier et al. 1978b. Note
hat nine types of residues show small but consistent differences between the A and B families in both

species

Proteins also show a conserved central domain, which is
nvariant in length, and variable amino-terminal arms
that have extensive deletions/insertions and permit
Classification of the known protein sequences into sub-
families, The A protein family is shared between saturniid
“. polyphemus and A. pernyi) and bombycid (Bombyx
Mori) moths, i.e. is thought to be as old as these moth
farnilies, probably at least 50,000,000 years old (Rodakis
® al. 1982). The A subfamilies are shared between A.
Polyphemus and A. pernyi, and at the DNA level their
Sequence diversification is so extensive as to suggest that

€Y may also have been seperate since saturniids and
bombycids diverged (Rodakis et al. 1982); a single
own A protein sequence from B. mori belongs to a
different subfamily. By analogy, it is likely that the B
AMmily and subfamilies defined in this report are compa-
Tably ancient, although additional studies are necessary
10 test this possibility rigorously.

The presence of comparable A and B proteins in A4.
Polyphemus and A. pernyi is further supported by
®ompositional comparisons of individual (Table 1) and
tota] (Table 2) A and B protein fractions. Although A
I d B proteins are similar in composition (and show
'Mited sequence similarities; Tsitilou et al. 1980),
Significant compositional differences between these two
AMilies do exist, and tend to be maintained in the two
sp?CiES (Table 2). Interspecies homologies are also
z‘gdent by cross-hybridization, between A. polyphemus

NA clones and 4. pernyi mRNA (Moschonas 1980).

Of special interest is the observation that the A.
Polyphemus B subfamilies defined by the amino-terminal
m Sequences may be developmentally specific (Sim et

al. 1979; Regier and Kafatos, unpublished). One sub-
family includes B4—e7 and B6—f1 plus the related genes
of the 401 type, all of which are expressed chiefly in the
late period of development. The second subfamily
includes B2—f2 and gene types 10 and 408, all of which
are expressed chiefly during the middle period of deve-
lopment. Accordingly, the two subfamilies are provisio-
nally designated “late” and ‘“middle”, respectively. 4.
pernyi mRNA sequences which cross-hybridize with
middle or late A. polyphemus cDNA clones are also
developmentally middle or late, respectively (Moschonas
1980). If future data reinforce this observation, it would
appear that the B subfamilies were formed a long time
ago and have maintained their respective developmental
controls ever since. It would be interesting to determine
amino-terminal sequences of B proteins with different
developmental specificities, i.e. early proteins, or late
components such as the centrally-sequenced B1-d7,
(which is an aeropyle-specific very late protein; Regier
et al. 1980). Such components may also prove to belong
to the same two subfamilies characterized in the present
report, or they may define additional subfamilies,
perhaps also developmentally specific.
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