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Bovine Conglutinin Is a Collagen-like Proteint

Alvin E. Davis, IIL,* and Peter J. Lachmann

ABSTRACT: Conglutinin is a bovine plasma protein which is
relatively large and asymmetric with elevated contents of
glycine and, to some extent, proline. Although its physiologic
function is unknown, conglutinin is known to bind, in the
presence of calcium, to yeast cell walls and to the solid-
phase-inactivated third component of complement. On sodium
dodecyl sulfate-polyacrylamide gel electrophoresis under re-
ducing conditions, isolated conglutinin appeared to consist of
a single polypeptide chain (M, 48 000). Unreduced conglutinin
consisted of a single stained band with an apparent molecular
weight of approximately 300000. Cross-linking experiments
with glutaraldehyde and dimethyl suberimidate suggested that
this M, 300000 molecule consists of six of the disulfide-linked
polypeptide chains. Amino acid composition revealed hy-
droxylysine and hydroxyproline together with elevated glycine
and proline contents. Digestion of reduced, alkylated con-

Conglutinin is a bovine plasma protein that binds, in the
presence of calcium, to yeast cell walls (Saccharomyces cer-
evisiae) or zymosan and to surface-bound-inactivated third
component of complement (iC3b) Lachmann, 1967; Lach-
mann & Miiller-Eberhard, 1968). The agglutination by bovine
serum of erythrocytes reacted with antibody and complement
was first observed by Bordet & Gay (1906). This phenomenon
was termed conglutination, and the component in bovine serum
responsible for the effect was called conglutinin (Bordet &
Streng, 1909). Lachmann & Miiller-Eberhard (1968) showed
that conglutinin bound to solid-phase C3 which had reacted
with a component in serum which they termed conglutinogen
activating factor. This factor (subsequently named the C3b
inactivator and now known as factor I) has since been shown
to be a serine protease which, in the presence of its cofactor
(factor H), initially cleaves the o’ chain of C3b at two sites
(Nagasawa & Stroud, 1977, Pangburn et al., 1977; Harrison
& Lachmann, 1980; Davis & Harrison, 1982). These
cleavages release an M, 3000 peptide, leaving an amino-ter-
minal M, 68 000 peptide and a carboxy-terminal M, 43 000
peptide, both of which remain disulfide bonded to the C3 8
chain. This cleavage product, iC3b, is the molecular form of
surface C3 to which conglutinin binds (Lachmann &
Miiller-Eberhard, 1968; Linscott et al., 1978). There is no
binding of conglutinin to C3b prior to these cleavages, and
there also is no binding to fragments resulting from further
degradation of iC3b. Conglutinin, as detected by the agglu-
tination of iC3b-coated sheep erythrocytes, has been demon-
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glutinin with bacterial collagenase resulted in formation of a
precipitate which consisted of an M| 24 000 peptide which was
digested to M, 21000 with large quantities of collagenase.
These peptides contained less glycine, proline, hydroxylysine,
and hydroxyproline than did the intact protein. The super-
natant from this digestion mixture was, however, enriched in
these four amino acids, with glycine making up nearly one-
third of the total. Prolonged digestion with pepsin at 37 °C
resulted in an M, 20000 peptide which was enriched in glycine,
proline, hydroxyproline, and hydroxylysine. Amino-terminal
sequence analysis showed that the glycine-X-Y repeating se-
quence begins at residue 26. The conglutinin subunit poly-
peptide chain, thus, consists of an amino-terminal 25 amino
acid globular protein-like segment followed by a collagen-like
segment (M, ~20000), with an M, 21 000 globular protein-
like domain at the carboxy terminus.

strated only in the sera of Bovidae (Lachmann, 1967). Sera
of numerous other mammals, including mouse, rat, rabbit,
guinea pig, horse, cat, dog, pig, sheep, and human, have all
been tested and found to contain no conglutinin activity. The
possibility that a conglutinin-like molecule which does not bind
to solid-phase iC3b is present in other mammals has not yet
been adequately examined.

The physiochemical characteristics of conglutinin were
examined in some detail during the 1960’s, as were its inter-
actions with both yeast and cell-bound C3 (Lachmann, 1967,
Lachmann & Coombs, 1965). Although conglutinin fre-
quently has been used to identify and quantitate immune
complexes (Eisenberg et al., 1977; Johny et al., 1980; Manca
et al., 1980), there has been virtually no further study of its
structural characteristics. On the basis of hydrodynamic
criteria, Lachmann & Richards (1964) calculated an apparent
M, of 750000; the data also indicated that conglutinin was
an extremely asymmetric molecule. Electron microscopic
examination confirmed this finding and showed elongated rods
of approximately 450 A in length (Lachmann & Coombs,
1965). The amino acid composition of conglutinin revealed
a relatively high content of glycine and, to some extent, proline
(Lachmann & Coombs, 1965).

The above findings, which are extremely unusual for a
plasma protein, prompted us to reinvestigate the properties
of conglutinin, with initial emphasis on some of the features
of its structure and composition. We report herein that con-
glutinin, on the basis of its amino acid composition and initial
amino acid sequence analysis, is, like the complement com-
ponent Clq, a collagen-like protein.

Materials and Methods

Baker’s yeast was obtained from the Distiller Co. Sepharose
CL6B was purchased from Pharmacia. Dithiothreitol was
obtained from Calbiochem and iodoacetamide from Kodak.
All sequencing reagents and solvents were from Beckman.
Methano! and dimethyl suberimidate were from Pierce, and
acetyl chloride was from Sequemat. Sodium dodecyl sulfate
(NaDodSO,),! acrylamide, N,N*-methylenebis(acrylamide),

0006-2960,/84/0423-2139801.50/0 © 1984 American Chemical Society



2140 BIOCHEMISTRY

and N,N,N’,N"tetramethylethylenediamine were from Bio-
Rad. Acetonitrile was from Burdick and Jackson. Glutar-
aldehyde was from British Drug House and was redistilled as
described by Gillett & Gull (1972). Pepsin was from
Worthington, and purified collagenase was from advance
Biofactures. N-Ethylmaleimide and phenylmethanesulfonyl
fluoride were from Sigma.

For reduction and alkylation, lyophilized protein was dis-
solved in 50 mM Tris-HCI containing 6.0 M guanidine, pH
8.0. Dithiothreitol was added to 20 mM; the tube was flushed
with nitrogen, sealed, and incubated at 37 °C for 1 h. Iodo-
acetamide (50 mM) was then added, and the sample was
incubated for 15 min in the dark at room temperature. Al-
kylation was terminated by the addition of excess mercapto-
ethanol, and the reduced and alkylated protein was dialyzed
against water and lyophilized. NaDodSO,~polyacrylamide
gel electrophoresis was performed according to Laemmli
(1970). Samples were incubated in sample buffer in the
presence or absence of 0.1 M 2-mercaptoethanol at 100 °C
for 2 min. Following electrophoresis, gels were stained with
Coomassie brilliant blue R250.

Amino acid compositions were performed with a Beckman
121 MB amino acid analyzer. Samples were hydrolyzed by
incubation of reduced and alkylated protein at 110 °C in 6
NHCI under reduced pressure for 24, 48, and 72 h. Serine
and threonine concentrations were determined by extrapolation
to zero time. Tryptophan was not determined. Automated
Edman degradations were performed with a Beckman 890 C
sequencer modified with a cold trap. A 0.1 M Quadrol pro-
gram was used (Brauer et al., 1975). Conversion was per-
formed with methanolic HCI (1 part acetyl chloride and 7
parts methanol, 65 °C, 10 min). Phenylthiohydantoin de-
rivatives were identified by high-performance liquid chroma-
tography using a Zorbax ODS column (DuPont Instruments)
equilibrated in 0.01 M sodium acetate, pH 5.5, containing 20%
acetonitrile and developed with an acetonitrile gradient (Zalut
et al., 1980).

Digestion with pepsin was performed by incubation of
lyophilized protein with 1.75% pepsin (w/w) in 100 mM so-
dium acetate, pH 4.45. Samples were incubated at 37 °C for
varying periods of time; incubation was terminated by ad-
justment of the pH to 8.0. The major large peptide resulting
from this digestion was separated from other peptides by gel
filtration on Sepharose 6B in 0.05 M Tris—0.2% NaDodSO,,
pH 8.0, followed by high-performance liquid chromatogrphy
on an Altex ultrasphere column in 0.1% trifluoroacetic acid
with an acetonitrile gradient.

Digestion with collagenase was performed by incubation of
reduced and alkylated protein with varying quantities of
collagenase (Advance Biofactures Corp., chromatographically
purified) (Miller & Udenfried, 1970) for 24 h at 37 °C in 25
mM Tris-HCI-10 mM CaCl,, pH 7.4. Some digestions were
done in the presence of N-ethylmaleimide (0.25 mM) and
phenylmethanesulfonyl fluoride (10 uM). These appeared
identical with digests performed in the absence of these
reagents. The quantity of collagenase used varied from 5.6
to 70 units per 200 ug of protein. A unit is the amount
required to solubilize 1 pmol of leucine equivalents (using a
colorimetric ninhydrin method and expressing amino acids
liberated as micromoles of leucine) after 24-h incubation at
37 °C with undenatured collagen. Cyanogen bromide di-
gestion was done by incubation of reduced and alkylated

! Abbreviations: NaDodSO,, sodium dodecyl sulfate; Tris-HCI,
tris(hydroxymethyl)aminomethane hydrochloride.
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FIGURE 1: NaDodSO,~polyacrylamide gel electrophoresis of con-
glutinin. Samples were prepared in the presence of 2-mercaptoethanol
as described under Materials and Methods. A 10% polyacrylamide
gel was used. Track 1, conglutinin; track 2, markers with molecular
weights as indicated.

protein with cyanogen bromide (~ 100-fold molar excess over
total methionine) in 70% formic acid. The digest was chro-
matographed on Sepharose CL6B in 0.05 M Tris-HCI-0.2%
NaDodSQ,, pH 8.0, and on hydroxylapatite equilibrated in
10 mM sodium phosphate—0.1% NaDodSO,, pH 6.4, and
eluted with a phosphate gradient. The amino-terminal amino
acid sequence was determined for one cyanogen bromide
peptide which had an apparent M, of ~20000 on NaDod-
SO,—polyacrylamide gel electrophoresis. On hydroxylapatite,
this peptide eluted very early with the phosphate gradient.

Conglutinin was isolated essentially as described previously
by Lachmann (1962, 1967). Briefly, fresh bovine serum (0.5-3
L) was incubated at 56 °C for 30 min and was then incubated
with isolated yeast cell walls at 4 °C for 2 h with 2 mM CaCl,
added to the serum. The yeast was then washed 3 times with
0.02 M sodium-potassium phosphate and 0.15 M NaCl, pH
7.2, and the conglutinin was eluted from the yeast by incu-
bation with the above buffer containing 10 mM disodium
ethylenediaminetetraacetate for 10 min at room temperature.
The conglutinin was then precipitated as a euglobulin by
dialysis against 10 mM sodium-potassium phosphate, pH 5.4.
The euglobulin precipitate was collected by centrifugation,
washed 3 times with euglobulin precipitation buffer, and
dissolved in 0.02 M sodium—potassium phosphate and 0.15 M
NaCl, pH 7.2. The yeast absorption and euglobulin precip-
itation were then each repeated. The resulting preparation
was then chromatographed on Sepharose CL6B in 0.05 M
Tris-HCI-0.2% NaDodSQ,, pH 8.0. NaDodSO, previously
was shown to have no effect on the detection of conglutinin
activity (Lachmann & Coombs, 1965).

Sheep erythrocytes with iC3b on their surface were prepared
by incubation of 10% sheep erythrocytes sensitized with
anti-Forssman antibody with an equal volume of C6-deficient
rabbit serum for 10 min at 37 °C. Conglutinin activity was
detected during isolation by incubation at 4 °C of 50 gL of
conglutinin-containing sample with 50 uL of 1% sheep
erythrocytes prepared as described above. The conglutinin
titer was the highest dilution showing agglutination.

Results

Subunit Structure of Conglutinin. Conglutinin, isolated as
described under Materials and Methods, showed only a single
minor contaminant (M, ~45000) prior to gel filtration (Figure
1). This protein was readily separated by chromatography
on Sepharose CL6B in the presence of 0.2% NaDodSO,
(Figure 2). Gel filtration, in the absence of NaDodSO,,
resulted in incomplete removal of this contaminant from the
conglutinin preparation. The contaminant was present in
varying quantities, relative to conglutinin, in different prepa-



CONGLUTININ IS COLLAGEN-LIKE

2 3 4 56 7 89101 1213

e e

FIGURE 2: Conglutinin isolation. NaDodSO,-polyacrylamide gel
electrophoresis of fractions from the Sepharose CL6B elution profile.
Samples were prepared in the presence of 2-mercaptoethanol as
described under Materials and Methods. The fractions shown in tracks
3-9 were pooled for the conglutinin preparation.
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FIGURE 3: NaDodSO,—polyacrylamide gel electrophoresis of cross-
linked conglutinin. Track 1, conglutinin polypeptide chains cross-linked
with glutaraldehyde as described under Results and subjected to
electrophoresis in the presence of 2-mercaptoethanol; track 2, con-
glutinin in the presence of 2-mercaptoethanol; track 3, conglutinin
in the absence of 2-mercaptoethanol. Tracks 1 and 2 were from the
same gel with a 5% polyacrylamide concentration; track 3 was from
a gel with a 4% polyacrylamide concentration.

rations. In addition, there was no decrease in conglutinin
specific activity following removal of the contaminant. It is
therefore unlikely that this peptide is a noncovalently associated
portion of the conglutinin molecule. The apparent molecular
weight of conglutinin under reducing conditions on NaDod-
SO —polyacrylamide gel electrophoresis was 48 000 (Figure
1). NaDodSO,—polyacrylamide gel electrophoresis of unre-
duced conglutinin showed a single band with an apparent
molecular weight of approximately 300000 (Figure 3, track
3). This suggested the possibility that conglutinin consisted
of six polypeptide chains of equal size. In order to attempt
to confirm this estimate, conglutinin polypeptide chains were
cross-linked with glutaraldehyde (0.1%, 15 min, 37 °C, pH
7.2) and dimethyl suberimidate (200 ug/mL, 60 min, 37 °C,
pH 9.0). The cross-linked complex was then analyzed by
NaDodSO,~polyacrylamide gel electrophoresis under reducing
conditions (Figure 3). Cross-linked conglutinin showed a
doubling of the more anodal bands, which is probably due to
intramolecular cross-linking (Ji, 1983). A total of six sets of
bands were visible. Identical results were obtained with glu-
taraldehyde and with dimethyl suberimidate, except that the
efficiency of cross-linking was less with dimethylsuberimidate.
The most anodal polypeptide band had the same mobility as
reduced conglutinin, while the most cathodal had the same
mobility as unreduced conglutinin.

Amino Acid Composition. The amino acid composition of
conglutinin is shown in Table I. As is apparent, there are high
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Table I: Amino Acid Compositions?®

collagenase collagenase  pepsin M,
amino acid conglutinin supernatant precipitate 20 000 peptide

SCM-Cys? 2.0 0.9 1.9 0.6
Hyp 3.6 8.4 2.1 8.7
Asp 8.6 4.6 8.5 4.9
Thr 4.3 3.7 4.1 3.5
Ser 6.1 4.3 6.3 5.1
Glu 11.6 7.5 14.3 8.6
Pro 8.8 133 6.0 9.8
Gly 18.6 27.2 13.7 30.7
Ala 8.1 6.3 8.5 6.4
Val 4.2 3.0 5.3 2.2
Met 2.0 2.1 2.1 0.5
Ile 2.3 2.1 3.1 2.1
Leu 4.9 2.5 6.9 2.6
Tyr 1.5 0.1 2.0 0.1
Phe 2.6 1.3 3.7 2.2
His 1.0 0.7 1.0 0.8
Hyl 2.4 6.8 1.5 6.9
Lys 3.4 0.9 4.8 1.5
Arg 4.0 4.3 4.2 2.8

@ Expressed as residues per 100 residues. 2 SCM-Cys is S-
(carboxymethyl)cysteine.
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FIGURE 4: Collagenase digestion of conglutinin. The supernatants
and washed precipitates from the collagenase digests (as described
under Materials and Methods and under Results) were subjected to
NaDodSO,—polyacrylamide gel electrophoresis under reducing con-
ditions. Track 1, conglutinin; tracks 2 and 3, the supernatant and
precipitate, respectively, following digestion with 5.6 units of col-
lagenase; tracks 4 and 5, the supernatant and precipitate, respectively,
following digestion with 28 units of collagenase; tracks 6 and 7, the
supernatant and precipitate, respectively, following digesiton with 70
units of collagenase. A 10% polyacrylamide gel was used.

contents of both glycine and proline. In addition, hydroxy-
proline and hydroxylysine were both detected in significant
quantities.

Digestion with Collagenase. Reduced and alkylated con-
glutinin was digested with collagenase as described under
Materials and Methods. During digestion with collagenase,
a precipitate formed which was separated from the supernatant
by centrifugation and was then washed 3 times with 25 mM
Tris-HCI-10 mM CaCl,, pH 7.4. The precipitate and su-
pernatant from each digestion were then evaluated by Na-
DodSO,—polyacrylamide gel electrophoresis (Figure 4). In
the supernatant (tracks 2, 4, and 6), no stainable protein bands
were visible. The precipitates (tracks 3, 5, and 7), however,
show two major polypeptide bands, with apparent molecular
weights of 24000 and 21000. The M, 24 000 peptide is more
prominent with the lower concentration of collagenase, while
the M, 21000 peptide is more prominent with the higher
concentration. Table I shows the amino acid composition of
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FIGURE 5: NaDodSO,—polyacrylamide gel electrophoresis of con-
glutinin digested with pepsin. Digestion was performed as described
under Materials and Methods, and samples were removed at the
indicated times. Track 1, time zero; track 2, 2 h; track 3, 3 h; track
4,4 h; track 5, 16 h. A 10% polyacrylamide gel was used, and samples
were subjected to electrophoresis under reducing conditions.

the supernatant and precipitate from a collagenase digest
performed with the same quantity of collagenase as in the
digest shown in Figure 4, tracks 6 and 7. On NaDodSO,~
polyacrylamide gel electrophoresis, this digest appeared
identical with that shown in tracks 6 and 7, except that there
was somewhat more undigested conglutinin remaining in the
precipitate (data not shown). As shown in Table I, the su-
pernatant from the digest was enriched in both glycine and
proline, with glycine making up nearly one-third of the amino
acids present. In addition, both hydroxylysine and hydroxy-
proline were enriched as compared with the intact protein. The
composition of the precipitate, on the other hand, showed a
decrease in both glycine and proline, as compared with the
intact protein, and is thus more similar to the composition of
a globular protein. Hydroxylysine and hydroxyproline were
both decreased, but significant quantities of each remained
detectable.

Digestion with Pepsin. Native conglutinin was digested with
1.75% pepsin as described under Materials and Methods.
Figure 5 shows a NaDodSO,—polyacrylamide gel of aliquots
removed from the digest at several time points. At earlier
times, two major peptides were visible, with apparent molecular
weights of 28 000 and 20000. By 18 h, only the M, 20000
peptide remained. Also, at earlier times, several faint smaller
peptides were visible, which do not reproduce well in the figure.
The 18-h digestion mixture was reduced and alkylated, and
the M, 20000 peptide was separated from the smaller con-
taminating peptides by gel filtration and high-performance
liquid chromatography, as described under Materials and
Methods. Its composition is shown in Table I. This peptide
shows enrichment in glycine, proline, hydroxyproline, and
hydroxylysine. It, thus, has a composition very similar to
collagens.

Amino-Terminal Amino Acid Sequence. The amino-ter-
minal amino acid sequence of conglutinin is shown in Figure
6. The sequence was determined with 50 nmol of reduced
and alkylated protein. The repetitive yield was 95%, on the
basis of the alanine residues at positions 1, 12, and 14, the
glutamic acid residues at positions 2 and 24, and the methi-
onine residues at positions 3 and 19. This sequence is of
interest in that a cysteine residue is present at position 6 and
that a repeating glycine-X-Y sequence begins at residue 26.
Unfortunatley, no identifications could be made at positions
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1 Ala-Glu-Met-Thr-Cys-Phe-Ser-GIn-Lys-Ile-
11 Leu-Ala-Asn-Ala-His-Thr-Leu-Val-Met-His-
21 Ser-Pro-Leu-Glu-Ser-Gly-Leu-Hyp-Gly- X -
31 X -Gly

FIGURE 6: Amino-terminal amino acid sequence of conglutinin.
Gly-Pro-Thr-Gly-Thr-Pro-Gly-Pro- X -Gly-Glu-Thr-Gly

FIGURE 7: Amino-terminal amino acid sequence of one conglutinin
cyanogen bromide peptide (CBIB).

30 and 31. However, the presence of glycine at positions 26,
29, and 32, together with a hydroxyproline at position 28,
strongly indicates the beginning of a region of a repeating
triplet sequence. Amino acid sequence analysis of the cyan-
ogen bromide peptides of conglutinin is currently in progress.
The one cyanogen bromide peptide which has thus far been
analyzed confirms that conglutinin contains the glycine-X-Y
repeating sequence (Figure 7). This amino-terminal sequence
was determined with 20 nmol of peptide; the repetitive yield
was 93%.

Discussion

In retrospect, earlier studies suggested very strongly that
bovine conglutinin might be a collagen-like protein. Both the
electron microscopy showing an elongated rodlike molecule
and the previous amino acid composition showing elevated
glycine and proline contents (Lachmann & Coombs, 1965)
were consistent with this possibility. The data presented in
this paper indicate that conglutinin is in fact a collagen-like
protein and that it contains a region or regions of repeating
glycine-X-Y triplet sequence. The amino acid composition,
which agrees fairly closely with that reported by Lachmann
& Coombs (1965), shows an elevated glycine and proline
content together with hydroxyproline and hydroxylysine in
quantities similar to those found in collagens. The results of
the collagenase and pepsin digestions support and extend the
composition data. Nearly all Y-gly peptide bonds in the
Gly-X-Y sequence of collagen are hydrolyzed by collagenase.
The finding that the M, 48000 conglutinin polypeptide is
degraded to an M; 21 000 collagenase-resistant peptide is an
extremely strong indication that conglutinin contains a region
or regions with a total molecular weight of approximately
20000-30000 which consists of the triplet sequence. The
amino acid compositions of the resistant peptide and the small
peptides released by collagenase are in agreement with this
interpretation. There are two likely possible explanations for
the fact that the collagenase-resistant peptide still contained
hydroxyproline and hydroxylysine. One is that the peptide
contains a region of collagenase-resistant collagen-like se-
quence, which is consistent with the finding that a slightly
larger peptide is also seen in the digests, particularly at lower
collagenase concentrations. The second is that some undigested
conglutinin remained with M, 21 000 peptide, which in fact
was also true.

Digestion of conglutinin with pepsin results in a resistant
peptide with a molecular weight of approximately 20000, the
composition of which is collagen-like. It consists of nearly
one-third glycine and is enriched in hydroxylysine, hydroxy-
proline, and proline. These data agree with the previous data
and further indicate that the collagen-like portion of the
molecule is in one region, or at least is primarily in one region.
It is also of interest to note that previous data showed that
conglutinin activity was very resistant to digestion with pepsin
(Lachmann & Coombs, 1965). This may suggest that the
binding of conglutinin to iC3b is via the collagen-like portion
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FIGURE 8: Proposed structure of the conglutinin subunit polypeptide.

of the molecule. Current studies are evaluating this possibility.

The amino-terminal sequence of conglutinin, together with
the above data, indicates that the probable overall structure
of the conglutinin subunit polypeptide chain is as shown in
Figure 8. The finding of a single stainable band on Na-
DodSO,—polyacrylamide gel electrophoresis together with the
finding of a single amino-terminal sequence indicates that the
conglutinin polypeptide chains are identical. There is a 25-
residue (M, ~3400) amino-terminal segment with a globular
protein-like composition. This is followed by a collagen-like
region beginning at residue 26 which has a molecular weight
of ~20000. The true size of this segment in fact is probably
much smaller (M, 12000-15000) since NaDodSO,~poly-
acrylamide gel electrophoresis overestimates the molecular
weight of collagen-like proteins (Furthmayer & Timpl, 1971).
At the carboxy terminus of the polypeptide chain is an M;
21000 segment with a globular protein-like composition.
Although it is possible that a small globular, but pepsin-re-
sistant, region might be contained within the collagen-like
region or that a small collagenase-resistant collagen-like seg-
ment might be contained within the non-collagen-like region,
these both seem unlikely.

Aside from collagens themselves, only two other proteins,
Clq and acetylcholinesterase, contain regions of collagen-like
sequence. Conglutinin has some obvious similarities to Clq,
but also striking differences. The structure of the polypeptide
chain of conglutinin, described above, is very similar to that
of Clq, except that in Clq the amino-terminal non-collagen-
like region is much shorter (Reid, 1974, 1976). The Clq
polypeptide chains themselves are also smaller. The Clq
chains, like conglutinin, have a cysteine residue very near the
amino terminus. In Clgq, this cysteine provides the only in-
terchain disulfide bonds (Reid, 1976). The disulfide bonding
in conglutinin must be more complicated since six identical
chains appear to be disulfide linked (see below). Aside from
the above-mentioned cysteine, there is no sequence homolgy
between the amino-terminal sequence of conglutinin and either
the A, the B, or the C chain of Clq (Reid et al., 1982).
Conglutinin also shares properties with some of the recently
described collagens which contain non-collagen-like regions.
Intima (or type VI) collagen, for example, consists of di-
sulfide-linked subunit polypeptides which are roughly similar
in size to the conglutinin polypeptide chain (M, 40000-70000)
and have similar amino acid compositions (Furuto & Miller,
1980; Odermatt et al., 1983). They are also similar in that
each have amino and carboxy-terminal non-collagen-like do-
mains. These regions, however, and the collagen-like regions
appear to differ in size from the equivalent regions in con-
glutinin. Type M collagen isolated from cartilage is also
somewhat similar to conglutinin in that it consists of relatively
small (M, 33000) disulfide-linked chains (Shinokomaki et al.,
1980). The composition of a collagen-like glycoprotein derived
from bovine aorta and nuchal ligament, and which may be
related to intima collagen, is strikingly similar to, but not
identical with, that of conglutinin (Gibson & Cleary, 1982).
The overall structure of the conglutinin polypeptide chain
shows some similarity to that of the procollagen molecules.
The carboxy-terminal globular portion of conglutinin is similar
in size to the carboxy-terminal a1(I) and a2(I) procollagen
peptides (Fuller & Boedker, 1981; Kiihn, 1982). Similar to

VOL. 23, NO. 10, 1984 2143

the procollagens, most of the cysteine is in the carboxy-terminal
globular portion of the conglutinin molecules; as with the
procollagens, this region of the molecule contains interchain
disulfide bonds (data not shown). However, the overall amino
acid composition of this region, as inferred from the peptide
which precipitates during digestion with collagenase, is not
closely similar to that of the carboxy-terminal procollagen
peptides (Fuller & Boedker, 1981; Bernard et al., 1983). Less
similarity is seen in comparison of the amino-terminal globular
portion of conglutinin with the amino terminus of either the
procollagens or the al(I), a2(I), or al(III) collagen poly-
peptide chains (Hiirlein et al., 1979; Rauterberg et al., 1972;
Fietzek et al., 1974; Glanville & Fietzek, 1976).

The conglutinin molecule, under denaturing conditions,
appears to consist of six identical disulfide-linked polypeptide
chains. NaDodSO,—polyacrylamide gel electrophoresis gives
apparent molecular weights of 48 000 and 300 000 for reduced
and unreduced conglutinin, respectively. This suggested the
possibility that it was made up of six chains, but since a mo-
lecular weight determination as high as 300000 is not very
reliable, it was felt that additional confirmation of this estimate
was desirable. The cross-linking experiments with either
gluaraldehyde or dimethyl suberimidate also indicate that
conglutinin consists of six polypeptide chains. Previous data
indicated that, under nondenaturing conditions, conglutinin
had an apparent molecular weight of 750000 (Lachmann &
Richards, 1964). This estimate was based on diffusion and
ultracentrifugation data. It may be therefore, that native
conglutinin consists of a noncovalently linked dimer or trimer,
with each subunit consisting of the six covalently linked po-
lypeptide chains. It is also likely, on the basis of the amino
acid composition, the sensitivity to collagenase, and the
presence of a pepsin-resistant region, that conglutinin contains
a collagen-like triple-helical region. This, also, is consistent
with the above data. Physical studies, including ultracentri-
fugation, gel filtration, and electron microscopy, are currently
in progress in order to attempt to resolve these questions.
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'H Nuclear Magnetic Resonance Spectroscopic Study of the
Polypeptide Toxin I from Anemonia sulcata’

Paul R. Gooley, Laszlo Beress, and Raymond S. Norton*

ABSTRACT: High-resolution 'H nuclear magnetic resonance
(NMR) spectroscopy at 300 MHz has been used to study the
conformation in aqueous solution of the polypeptide toxin I
(ATX I) from the sea anemone Anemonia sulcata. Reso-
nances from a number of aromatic and methyl groups have
been assigned, in many cases to specific amino acid residues
in the sequence. Unusual splitting patterns due to virtual
coupling are observed for the aromatic protons of one Trp
residue and y-CH, of one Thr residue. ATX I appears to be
a flexible molecule but possesses a stable, nonrandom tertiary
structure. The latter is characterized by a hydrophobic region
encompassing Trp-23 and -31 and several aliphatic residues.

Sea anemones contain a number of polypeptides and proteins
which they use for the capture of prey and for defense. These
molecules display a wide variety of biological activities, ranging
from cardiostimulants, cardiotoxins, and neurotoxins to he-
molysins and protease inhibitors (Beress, 1978, 1982; Norton
et al., 1978; Alsen, 1983).

Of particular interest are a series of homologous poly-
peptides of molecular weight about 5000, isolated from the
anemones Anthopleura xanthogrammica, A. elegantissima,
and Anemonia sulcata. These molecules exert potent effects
on the mammalian heart and on mammalian and crustacean
nerves, apparently by binding to the sodium channels of these
tissues in such a way as to delay the inactivation of this channel
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A limited region of the molecule coexists in two equally
populated structural forms, which are detected by splitting of
the methyl resonances from Met-18 and a Thr residue. The
aromatic rings of Phe-25 and Tyr-42 are not involved in strong
interactions with other residues. The pH and temperature
dependencies of the spectrum have been analyzed. pkK, values
are obtained for Gly-1 (8.3), Lys-7 and -45 (11.2), Glu-35
(4.1), Tyr-42 (10.4), and one of the two remaining carbox-
ylates, tentatively assigned to Asp-9. Protonation of the latter,
at around pH 3, is accompanied by an extensive conforma-
tional change.

and prolong the action potential (Romey et al., 1976; Bergman
et al., 1976; Kodama et al., 1981). This activity has been the
subject of intensive investigation, but our knowledge of the
electrophysiological properties of these molecules is not
matched by an understanding of the structural basis for their
observed activities. One of these polypeptides, anthopleurin-A,
has been studied by laser Raman, circular dichroism, and
fluorescence spectroscopy (Ishizaki et al., 1979), as well as
by natural-abundance 1*C NMR! spectroscopy (Norton &
Norton, 1979; Norton et al., 1982). These studies showed that
anthopleurin-A is a globular protein containing numerous
8-bends and some G-pleated sheet regions and provided limited
information on the environments of several amino acid side
chains. A second member of this series, Anemonia sulcata
toxin IT (ATX II), has been studied by laser Raman spec-

! Abbreviations: ATX 1, Anemonia sulcata toxin I; ATX II, Ane-
monia sulcata toxin II; NMR, nuclear magnetic resonance; DSS, sodium
4,4-dimethyl-4-silapentane-1-sulfonate.
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