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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 Anthe- 
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 ofA. 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 at 
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) aod 
18 (A family). These multiple "copies" are highly similar 
although not identical 0ess than 5% mismatched; Jones 
and Kafatos, 1980b); many of  them undoubtedly correS" 
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 se- 
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 include 
one partial protein sequence (Jones et al. 1979) ~d  
complete sequences of three types of genes (a total of 7 
copies; Jones and Kafatos 1980b, 1982). Since the 13 
family encodes 42 electrophoretically distinguishable 
components (Regier et al. 1980), it would be desirable 
to have sequence information for a more representative 
group of B proteins. Here we report proteins of the 13 
family in A. polyphemus, representative of tile range of 
molecular weights and isoelectric points encountered i~a 
the family. We also present corresponding informatiO~ 
on two components from A. pernyi, permitting preliOa" 
inary interspecies comparisons. Part of this work was 
presented earlier in Greek as doctoral dissertatio0S 
(Rodakis 1978; Moschonas 1980). 

Materials and Methods 

Materials and Buffers 

Two buffers were used in protein isolation and characterizati~ 
G-buffer (6 M guanidine-HCl, 0.36 M Tris-HCl pH 8.4, 1 fo 
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hla2EDTA) and l-buffer (8 M urea, 0.05 M Tris-HCI pH 9, 
1.5 mM Na2EDTA and 1.5 mM iysine). Use of  dialysis tubing 

With small pores (3500 dalton cutoff, Spectrum Medical Indus- 
tries) was found to be important for retaining the smaller cho- 
ri0a proteins. Pyroglutamate aminopeptidase was obtained from 
l~Oehringer Mannheim. Chemicals for amino acid analysis and 
Protein sequencing were obtained from Beckman and Pierce 
Chemical Co. 

PUpae of A. polyphemus and A. pernyi were obtained from 
cOnamercial U.S. growers. A. polyphemus is a semi-wild popu- 
lation with considerable polymorphism (Regier et al. 1978b). 

~r pernyi is a moderately inbred population originally obtained 
om the Japanese sericulture industry, and shows limited poly- 

r~~ in an isoelectric focusing study of chorion proteins 
frora 100 moths only three distinct patterns were observed 
(/~IOsehonas 1980). Pupae were allowed to undergo adult devel- 
~ upon removal from 4~ and chorions were purified from 
OVUlated follicles as previously described (Paul et al. 1972). 

t%te& Isolation 

As detailed below, chorion proteins were pre-fractionated by 
.a variety of procedures and finally isolated by isoelectric focus- 
lag in gels. Their purity was assayed by SDS-polyacrylamide gel 
electrophoresis (Efstratiadis and Kafatos 1976). According to 
Our standard convention (Regier et al. 1978b), proteins are 
identified by a compound code of letters and numbers separated 
by two dashes, e.g. B6- f l :  the first half of the code corresponds 
to size fractionation (B being the family and 1 to 6 subgroups 
frona lower to higher molecular weight), and the second half of 
the Code corresponds to isoelectrie focusing (a to j being charge 
SUbgroups and 1 to 11 indivudual components in each subgroup, 
from basic to acidic, respectively). Routinely, the sulfhydryl 
grOUps were blocked and the proteins labelled by S-carbox- 
anlidomethylation with [14C1 iodoaeetamide (for conditions, 
See Regier et al. 1978b and Rodakis 1978). 

Series 0 (Butanol Fractionation). A. polyphemus chorions 
3 rag) were dissolved at a concentration of 3 mg/ml in G- 

�9 Uffcr containing 0.58 M dithiothreitol (DTT). The pH was ad- 
JUsted to 6.5 with acetic acid and an equal volume of n-butanol 
Was added at 5 to 7~ The mixture was vortexed, allowed to 
Stand overnight at room temperature, and the phases were sepa- 
rated by centrifugation. The organic phase was discarded, and 
the aqueous phase was separated from the protein precipitate 
at the interphase. The aqueous phase contained 25% (by mass) 
of the protein and was highly enriched in A's, most of the C's, 
and Some low molecular weight B's; the interphase contained 
~h e remaining 75% and was enriched in most B's alld a few C's. 

e interphase was redissolved in I-buffer containing DTT and 
Was carboxamidomethylated. 

The CAM-proteins were fractionated on a preparative isoelec- 
t0fie focusing gel (16 x 27 x 0.15 cm), containing 5% acrylamide, 

'J% N', N'-methyenebisacrylamide, 6 M urea and 1.5 to 2% 
a~Pholine carrier ampholytes (LKB, pH range 4 to 6). Approxi- 
zllately 3 mg of protein in I-buffer was applied to a 1 x 15 cm 
s!rip of Whatman 3 MM paper ~ositioned across the short dimen- 
sion o - - - �9 �9 f the gel 1 to 2 cm from the negatwe electrode stnp. Elec- 
tr~ was at 25 mA until the voltage reached 750 V (ap- 
l~rOXimately 1 hr), was continued at constant 750 V for 16 hr 
antl Was terminated after 1 hr at 1,000 V. Protein bands were 
Visualized with oblique transillumination after brief immersion 
t~l 40% saturated ammonium sulfate, a concentration high 
elloll . . . .  
t t  gh to preclpttate chorlon proteins but low enough to keep 
ae background clear and prevent gel shrinkage. Selected bands 

~Vere excised with a razor blade. At room temperature, the ex- 
Cised band was extensively washed with 40% saturated amino- 

nium sulfate to remove ampholytes, rinsed with distilled water, 
homogenized, mixed with an equal volume of G-buffer, vortexed 
for 10 rain and centrifuged at 27,000 g. The supernatant was coI- 
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 11 (Fractionation by Dialysis at Low Ionic StrengthJ. 
Chorions were prepared from 10 A. 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 (S/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 IV (Fractionation on a BioGel Column}. Chorions were 
prepared from unselected A. polyphemus individuals, washed 
thoroughly with 4 M guanidine-HCl, 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-HCl (pH 9.0) 
as running buffer. Selected fractions were combined, dialyzed 
against water, lyophilized, fractionated and recovered from pre- 
parative isoeleetric 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 5nmole protein 
examples were hydrolyzed under vacuum in 5.7 N HCI contain- 
ing 0.2% mercaptoacetic acid, for 24 hr at l l0~ 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 ami- 
no acid analyzer, using 2 hr dual column programs and/or 3 hr 
single column programs, according to the Spinco DS-475 manual. 
Values after 24 hr methanesulfonie acid hydrolyses were correc- 
ted for destruction of Trp, Thr and Ser (3%, 2% and 5% respec- 
tively), and for incomplete hydrolysis of lie 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 l~c-CAM-eysteine) 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-fl (series I 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- 
enebisaerylamide slab gels (I mm thick), containing 0.1% SDS, 
8 M urea and 0.I 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 Bioehemieals, TRTPCK grade) in a 100:1 
molar ratio, 80 ~tg/ml, for 16 hr at 25~ 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 myoglobin 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 isoelectric focusing (Fig. la) and SDS-elctrophoresis 
(Fig. l b), improving the purity of the bands ultimately 
excised from each fraction. Excised components belong- 
ing to the B family are indicated in Figure la and charac- 
terised, by SDS-polyacrylamide gel electrophoresis, in 
Fig. lc. Seven B-family components were deemed suffi- 

ciently pure to be subjected to amino acid and/or se- 
quence analysis, although some contaminants were evi- 
dent in most cases (especially B2-- gl,  B3--el, B4--e7 
and B6--fl). Comparable degrees of purity were attained 
for various A and C family components (data not shown; 
Rodakis 1978). 

Figure 2 presents typical results of coarse fractiona" 
tion by BioGel-P150 column chromatography. Again, 
three of the fractions obtained (II, III and IV; Fig. 2a) 
were quite distinct by isoelectric focusing (Fig. 2c) and 
corresponded largely to the C, B and A families, respeC" 
tively (Fig. 2b). Individual components (identified iN 
Fig. 2c) were recovered by isoelectric focusing at a purity 
comparable to that of Figure lc (Rodakis 1978). 

Figure 3a tentatively identifies on a two dimensional 
gel nine A. polyphemus family components which were 
studied further. Although the identification is tentative 
(since it is not based on co-electrophoresis of purified 
components with the total sample, but rather on deduC" 
tions from separate isoelectric focusing and SDS-electr~ 
phoretic analyses), it is sufficiently precise to indicate 
the range of sizes and isoelectric points covered by the 
components analyzed. Clearly, our sample of  nine 13 
proteins is reasonably representative of at least the mai ~ 
components of  the family. 

Amino Acid Analyses 

The purified B proteins were subjected to amino acid 
analyses (two or more samples from independent prepa" 
rations in each case). Results are tabulated in Table I. 
All nine are quite similar in amino acid content, sugg est. 
ing substantial sequence homologies. They are rich ia 
glycine and alanine and total non-polar amino acids, as 
well as relatively rich in cysteine. Some minor differ 
ences are apparent, nevertheless: for example, the B2.-f2, 
B2--gl and B4--e7 proteins lack methionine, and are 
slightly richer in alanine than most of the rest. Greater 
differences are apparent in inter-family comparisons (Re" 
gier et al. 1978b). Furthermore, the amino acid comP ~ 
tions within the B family tend to be more uniform th~ 
those within either the A or the C family (Regier et al. 
1978b, 1983). This is consistent with the greater cluster" 
ing of the B proteins on two- dimensional gels (Fig. 3a)., 
and may suggest that B proteins are more conservatiW 
than the rest. 

Sequence Analysis: Central Region of  the B Family 

Since B proteins have blocked amino termini, consisting 
of pyrrolidonecarboxylate (Regier and Kafatos 19gl)' 
sequencing was performed from a single internal rnetla" 
ionine present in many members of this family. Five 
methionine-positive components which were available 
in subtstantial amounts (1.8 to 61 mg) were cleaved vcitla 
cyanogen bromide and then subjected to sequeaCe 
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l~ig, 1, Chorion protein isolation after coarse fraetionation by dialysis at low ionic strength (Series II). a (left) shows isoelectric focus- 
i~g of total chofion protein, the precipitate of  exhaustive dialysis against water (P), and the supernatant after removal of  proteins preci- 
Pitable by ammonium sulfate at 10% saturation (S/S). Components identified include two major A family components which were en- 
riched in fraction (S/S), and the seven B family components which were isolated from fraction (P). Lane (T) is from an analytical gel, 
lanes (P) and (S/S) from higher resolution preparative gels. To increase resolution of  certain bands, the conditions for (P) were non- 
standard (1.5% ampholytes, 12 h at 1,200 V). b (upper tigh0 shows SDS-electropherograms in cylindrical gels (Paul et al. 1972) of 
total chofion (T), precipitate (P) and supernatant after further fractionation into fractions precipitable (S/P) and soluble (S/S) in 10% 
anlnlonium sulfate. The major classes of  ehorion proteins, A, B and C, are identified, c (lower fight) shows SDS-slab gel electrophero- 
granas of total ehorion and bands isolated from fraction (P) in Fig. la. The size subclasses of B protein are identified in the total 
ehorion profile 

analysis without  further purification. Despite a higher 
than Usual background, the sequences were unambiguous 
eXCept as discussed below. 
t" Figure 4 summarizes these sequences, and compares 
llena to the corresponding region o f  proteins encoded 

bl y recombinant chorion DNA clones (Jones and Kafatos 
982). From the clones we know that this region is 

aPProximately in the center o f  the molecules: the 
Sequences are numbered in Fig. 4 according to the ma- 
!Ure protein encoded by clone pc401,  in which meth- 
10nine is residue 69 out o f  153 (Jones et al. 1979; Regier 
and Kafatos 1981). Clearly, the B family o f  A. poly- 

phemus is highly conserved in this region: o f  the 36 
residues included in Fig. 4, 20 (possibly 21) are invariant 
in the sequences shown.  Nearly all differences between 
sequences are amino acid replacements; a one-residue 
gap only exists at posit ion 93 o f  B5--e4. 

In three cases, different residues were identified at 
the same posit ion in different samples o f  the same pro- 
tein (posit ion73 o f  B5--e4 and B2--e2, and posit ion 
90 of  B3- -e l ) .  These samples were obtained from 
different batches o f  animals o f  a semi-wild population, 
in different years. We interpret these differences as 
indicative o f  polymorphism,  which is also suggested 
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Fig. 2. Chorion protein fractiona" 
tion on a BioGel-P150 colu~an 
(series IV). a (upper left) sho~'S 
the elution profile and the corn- 
bined fractions collected, b (hot" 
tom left) shows characterization 
of these fractions and of total 
chorion (T) by SDS-slab gel 
electrophoresis. Note t h a t  fraC" 
tion III contains the bulk of the B 
proteins, with only minor co~" 
taminants from classes C and D- 
e (right) shows characterization of 
the same samples by isoelectrir 
focusing. The components isolat" 
ed from fraction III are indicated 
by dots and identified; their 
purity was comparable to that 
shown in Fig. 1 c 

Table 1. Amino acid composition of B proteins (tool %) 
J 

Amino acid A. polyphemus 

B l - d 7  B 3 - e l  B2-e2  B5-e4  B4-e7  B 6 - f l  B2- f2  B 2 - g l  B2-g2 

CAM~ysteine 7.1 6.6 6.2 6.3 5.5 6.2 5.1 5.0 5.0 
Aspartate(+Aspar~ine)  3.9 3.1 3.2 3.0 3.9 2.9 4.4 5.0 5.2 
Threonine 2.0 2.0 2.2 2.3 2.3 2.2 2.5 2.6 2.3 
Serine 3.7 3.0 3.2 2.9 2.8 . 3 . 2  3.3 3.2 3.2 
Glutam~e(+Glutamine)  4.3 5.3 5.0 4.9 4.8 5.2 4.9 4.4 5.2 
Proline 3.6 3.4 3.1 3.4 3.2 3.1 3.6 3.4 3.3 
Glycine 34.1 36.5 36.6 34.2 34.5 37.7 33.1 32.0 31.1 
Alanine 9.3 8.3 9.9 8.9 11.0 8.4 12.3 12.9 12.7 
Valine 7.9 6.5 6.8 7.3 7.9 7.0 5.8 6.8 6.7 
Methionine 0.6 0.6 0.5 0.8 0.0 0.6 0.0 0.0 0.4 
lsoleucine 3.6 3.4 3.2 3.1 2.9 2.8 4.2 4.1 4.6 
Leucine 8.3 8.3 8.4 10.9 8.9 8.8 8.5 8.1 8.0 
Tyrosine 7.1 7.1 7.0 6.8 7.1 7.1 6.5 6.7 6.8 
Phenylalanine 0.8 1.5 1.1 1.4 1.6 1.3 1.3 1.7 1.7 
Histidine 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Lysine 0.6 0.6 0.2 0.0 0.0 0.0 0.7 0.6 0.5 
Tryptophan 0.0 0.7 0.8 1.2 0.8 1.1 1.2 1.0 0.5 
A~inine 3.1 3.1 2.6 2.6 2.8 2.4 2.6 2.5 2.6 

A. pernyi 

B l - c l  B l - c 4  B1~C12 

6.3 7.6 6.5 
3.0 2.9 2.5 
1.5 1.2 1.8 
3.4 3.2 2.9 
4.5 4.0 4.3 
3.0 2.0 2.9 

36.4 37.6 32.7 
9.6 9.1 I0.5 
7.1 8.1 8.2 
0.7 0.1 0.7 
3.6 3.4 3.4 
8.2 8.1 8.8 
7.5 6.6 9.9 
1.5 1.4 1.4 
0.1 0.1 0.0 
0.0 0.8 0.1 
0.0 0.0 0.0 
3.6 3.8 3.4 
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Fig. 3. Identification of the B proteins 
studied in this report on two-dimensional 
gel electropherograms, a (top) shows an 
autoradiogram of total ehorion 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- 
fied 

by sequence differences between cloned copies of 
ehorion DNA (e.g. Fig. 4 shows that residue 91 varies 
between copies of gene type 401; Jones and Kafatos 
1982). Indeed, many of the B components studied here 
appear to be polymorphic in total chorion protein 
Prortles (Regier et al. 1978b). Since some chorion pro- 
teins are encoded by multiple gene copies, this "poly- 
rnorphism,, may refer to allelic sequences found at equi- 
Valent locations of  homologous chromosomes, or to 
PseUdoallelic gene copies from either identical or 
homologous chromosomes. 

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

above background, in sequencing runs of  proteins 
B3--el and B1--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--fl 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-terminal 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 cyanoge~ 
bromide. For comparison, sequences deduced from B family recombinant clones (gene types 401, 10 and 408) are also shown (jones 
et al. 1979; Jones and Kafatos 1982). Sequences are presented in the one-letter code. White background and black letters represent 
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 getae 
is separated from the rest by a thin line, and A. polyphemus and A. pernyi sequences are separated by a wider gap; non.identicaJ 
sequences of gene copies (pc401, 401a vs. 401b) and of independent protein samples are presented separately (the latter identified ac" 
cording to the isolation series, as in Materials and Methods). Double residues identified at individual positions of a single run are stacked 
vertically within the corresponding entry, while uncertainties of leueine or isoleucine are indicated as I/L. Unidentified residues are 
indicated as X. Dots symbolize sequences not determined (or not shown in the case of DNA-derived sequences). For BI-cI2 ,  twelve 
residues following the methionine were determined from sample II, and 29 and 38 residues were determined from two series IV sa~" 
pies, 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--fl  (preparation IV). 
Several minor bands evident in the control (time zero) 
sample may be contaminants or artifacts o f  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 
prof'de 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-- f l .  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 multiresidue 
deletions (2, 3 and 7 residues long); by contrast,  in the 
same region the differences within each subfamily are 
limited. The subfamilies are not evident in comparisons 
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 of 
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 prO- 
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 II fractionation was based 
on dialysis at low ionic strength, as in A. polyphernUS" 
Three B proteins were isolated in sufficient purity 
(Fig. 7b) and quantity for further study. Table 1 in" 
cludes their amino acid compositions. Their amino 
termini were. blocked, as were the termini o f  B proteins 
in A. polyphemus. Two of  the A. pernyi proteins cola" 
tained a single methionine residue each, and were 
sequenced in duplicate, after cleavage with cyanogen 
bromide. Fig. 3b identifies these proteins on a 2.dinaea" 
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I~ig. 5. Isoelectric focusing profiles of the B6-fl  com- 
Poaent (from isolation series IV; repurified by a second 
CYcle of isoeleetrie focusing), before (-)  and after (+) 
diges.tion with pyroglutamate aminopeptidase. Minor bands 
�9 ay be contaminants or artifacts of tight ampholyte bind- 
ing during refocusing (Rodakis 1978). Enzymatic digestion 
r, aOVes the major B6-fl  band (dot) and the contaminants 
toward the basic end, as expected for removal of pyr- 
r~ and unmasking of a free amino ter- 
minus. The residual material at the original position of 
l~6-fl is of unknown nature; it does not disappear after 
digestion with excess enzyme (lane 3). Arrow indicates a 
Protein band due to the enzyme preparation (cf. lane 4, E). 
The upper half of the gel was blank and is not shown. Con- 
ditions were: 100 ug of B6-fl  digested with 1.5 X 10 -4 

(lane 2) or 1.5 X 10 -3 units (lane 3) of enzyme for 
"oith at 30oc in 50 mM Tris-HCl pn 7.2, 1 mM Na2 EDTA, 
15 mM mereaptoethanol 

sional gel, and Fig. 4 shows the corresponding sequences, 
COmparing them to those ofA.  polyphemus. 
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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  A. polyphemus. Indeed, Fig. 4 
reveals that the similarities extend to the level o f  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, B I - c l 2 ,  differ from the 
corresponding 35 residues of  the A. polyphemus sequen- 
ces, pc401 and B 6 - f l ,  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 o f  the single methionine o f  the 
A. pernyi protein, B l - c l ,  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 o f  6,500 +500 and yielded the sequence 
Tyr-Cys-Gly-Ala-Val, as expected (Fig. 4). By com- 
parison, the complete sequences o f  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 o f  401a and 10a show the basic residues to 
be located near the amino and carboxy termini, predic- 
ting the existence o f  an internal tryptic peptide equal 
to 82% or 62% of  the total length, respectively. Limit 
tryptic digestion of  the A. pernyi protein, B l - c l ,  fol- 
lowed by analysis o f  the products on a Swank and 
Munkres (1971)-type SDS-urea polyacrylamide gel, 
revealed the presence o f  a tryptic peptide with an 
apparent molecular weight o f  9,000 +500, or approxi- 
mately 75 +5% of  the total protein length. 

i.g.. 6. Summary of sequences from the amino terminal region ("arm") of B proteins, beginning with the cyclized glutamine (pyr- 
tidonec e ved b re lutamate amino e tldase 1~ arboxylate) which is r me y py g ' p p ' (see Fig. 5). Conventions as in Fig. 4. Sequences of the two 
SUbfamilies (developmentally "late" and "middle") are shown separately 
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Fig. 7. Characterization of coarse fractions and isolated B family components of A. pernyi. The fractions were obtained by Bi oGr176 
P150 column chromatography and were characterized by isoelectrie focusing, as shown in Fig. 2a and 2b of Rodakis et al. 1982' 
a (left) shows the SDS-electropherograms of the column fractions, of which II is essentially pure B proteins; the isoelectric focusing 
profile of II is also shown, with dots indicating the components excised, b (right) shows characterization of these components by SOS" 
eleetrophoresis 

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, A. 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 ,,arnas" 
(Hamodrakas et al. 1982). This suggestion is borne out 
by the diverse sequences presented in this report. The 
central region is seen not only to be conservative ~ 
sequence, but also rarely subject to deletions or inset" 
tions: only a single one-residue deletion was detectr 
among the A. polyphemus components examined, an 
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" 
stantiaUy, by both replacements and deletions/incr" 
tions, although the members of each subfamily cola" 
sidered separately appear conservative. 

The limited sequence data from A. pernyi, together 
with compositional analyses and comparisons of cyanoge~ 
bromide and tryptic peptides (see Results), clearly 
indicate that the B family exists in A. pernyi, and has 
properties similar to those in A. polyphemus. The extem 

�9 ~) 
sire interspecies homology in the central domain (Fig r 
is greater than the homology seen between B and 
proteins in A. polyphemus (Regier et al. 1983). Further" 
more, the compositions of both individual and total 13 
proteins in A. polyphemus and A. pernyi are very silrfil~ff 
(Tables 1 and 2), whereas the most numerous subgr oups 
of C proteins in A. polyphemus have significantly 
different compositions (Regier et al. 1983). HoweVer, 
we do not know directly whether the two B subfarrglieS 
of A. polyphemus, or different subfamilies, are repreSerV 
ted in A. pernyi. 

Comparisons with the A protein family (RodaldS et 
al. 1982; Jones and Kafatos 1982) are instructive. The p' 



T~able 2. Amino acid composition of two chorion protein families (mol%) 
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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 < 4.0 4.1 
Threonine 3.4 2.4 3.0 3.3 
$erine 3.0 2.4 < 3.8 3.7 
Glutamate (+ Glutamine) 4.2 4.2 4.7 4.3 
Pro line 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 
blethionine 0.1 0.2 < 0.5 1.1 
Isoleucine 3.8 4.5 3.6 4.0 
Leueine 6.4 6.6 < 7.9 8.4 
Tyrosine 6.3 9.0 6.9 5.9 
Phenylalanine 1.0 1.1 < 1.6 1.7 
l'listidine 0.0 0.0 0.0 0.0 
Lysine 1.0 0.6 0.4 0.7 
Tryptophan 0.5 0.3 < 1.2 0.7 
Arginine 1.8 1.6 < 2.4 2.4 

A. Pernyi compositions were obtained from fractions II and IIl of Fig. 7a. A. polyphemus compositions 
Were from fraction p/p and the weighted average of fractions s/s and p/s in Regier et al. 1978b. Note 
that 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 
invariant 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 
(,4. polyphemus and A. pernyi) and bombycid (Bombyx 
tnori) moths, i.e. is thought to be as old as these moth 
families, probably at least 50,000,000 years old (Rodakis 
et 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 
they may also have been seperate since saturniids and 
bornbycids diverged (Rodakis et al. 1982); a single 
known A protein sequence from B. mori belongs to a 
different subfamily. By analogy, it is likely that the B 
family and subfamilies defined in this report are compa- 
rably ancient, although additional studies are necessary 
to test this possibility rigorously. 

The presence of comparable A and B proteins in A. 
P~ and A. pernyi is further supported by 
COmpositional comparisons of  individual (Table 1) and 
total (Table 2) A and B protein fractions. Although A 
and B proteins are similar in composition (and show 
limited sequence similarities; Tsitilou et al. 1980), 
Significant compositional differences between these two 
families do exist, and tend to be maintained in the two 
Species (Table 2). Interspecies homologies are also 
eVident by cross-hybridization, between A. polyphemus 
CI)NA clones and A. pernyi mRNA (Moschonas 1980). 

Of special interest is the observation that the A. 
P~ B subfamilies defined by the amino-terminal 
arm sequences may be developmentally specific (Sim et 

al. 1979; Regier and Kafatos, unpublished). One sub- 
family includes B4-e7 and B 6 - f l  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. A. 
pernyi mRNA sequences which cross-hybridize with 
middle or late A. polyphemus cDNA clones are also 
developmentally middle or late, respectively (Moschonas 
1980). I f  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 B l - d 7 ,  
(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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