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Invertebrate vitellogenin is homologous to
human von Willebrand factor

Vitellogenins are ancient proteins, found in egg yolk,
and used by oviparious invertebrates and vertebrates to
feed the developing embryo [1-3]. Vitellogenin from the
nematode [4] and sea urchin [5] is synthesized in the
intestine and secreted into the body fluid and transported
to oocytes. Vertebrates synthesize vitellogenin in the
liver, from which it is secreted into the blood and
transported to oocytes, where it is selectively taken up by
receptor-mediated endocytosis [6]. Aside from being a
food for the developing embryo, vitellogenin has no
other known biological function.

Serum proteins involved in blood clotting appeared
450 million years ago in primitive vertebrates [7,8].
Analysis of their amino acid sequences reveals that many
of these proteins evolved by a combination of exon
shuffling and gene duplication to form mosaic proteins
with diverse functions [8,9]. Events in the evolution of
serum proteins prior to 450 million years are are still
unknown. Here we present evidence that von Willebrand
factor, a M, ~ 250000 protein that participates in the
blood clotting process in vertebrates by mediating platelet

binding to vascular walls [10,11], is homologous to
vitellogenin found in the invertebrate Caenorhabditis
elegans. In addition to providing a link to invertebrates
for a protein involved in blood clotting, this finding
suggests new functions for vitellogenin other than as a
food for the developing embryo.

The sequence of von Willebrand factor contains
multiple copies of four distinct domains, A through D,
clearly indicating that it formed by exon shuffling and
gene duplication [12-16]. It contains three copies of the
~ 200 residue A domain, which is homologous to part of
complement factor B; three copies of a ~ 30 residue B
domain; two copies of a ~ 120 residue C domain, which
is homologous to part of thrombospondin; four complete
copies of a ~ 360 residue D domain, and a ~ 100 residue
fragment of the D domain. As described below, it is the
D domain that we find is similar to a part of v1tellogenm
found in the nematode C. elegans, chicken, and frog.

Our interest in the origin of serum proteins involved in
blood clotting and steroid binding [17-19] led us to
search the protein database with the Lipman—Pearson
FASTP program [20] to see if the amino acid sequence of
von Willebrand factor was similar to that of other
proteins. Unexpectedly, we found that a ~ 1225 residue
segment at the N-terminus of pro-von Willebrand factor

von Willebrand factor 36 C L VT GQ S HF KS FDNRYFTFS - GI CQYLTLATRD
C. elegans vitellogenin 138 C KV - DQ S EVS TFHNVI YRAPLTTC CYSLYAEKD
von Willebrand factor CQDHS- FSI VI vV Q D DR RS VT
C. elegans vitellogenin CSEQPRFAVLAKEKINEK EELL VRREEE
von Willebrand factor VRLPGLHNS L K A MDG Q QLPL
C. elegans vitellogenin I VVKKSDDEKTFL v v T E E Y NI E I
von Willebrand factor LKGDLRI QHTVTASYV L S EDL Q W D G
C. elegans vitellogenin LGDNLTI V - 1 RL P E VRFD

von Willebrand factor RLLVEKLSTPVYA G L G N Q D FL
C. elegans vitellogenin . VKTNMPSVASQNQLCGLC ERDNETFM
von Willebrand factor TPSGLAEPRVEDTFGNAWEKL.- HGDTC Q 538

C. elegans vitellogenin TADNYETEDVEETFHRST YLLEKNEETCE U5

Fig. 1. Comparison of human von Willebrand factor with C. elegans vitellogenin

(:) shows identities; (.) shows conservative replacements. Out of 161 possible matches there are 40 identities (25 %) and 34
conservative replacements (21 %). An ALIGN analysis of these segments yielded a score that was 9.9 standard deviations higher
than that obtained with 1000 comparisons of randomized sequences of these proteins. The probability of getting such a score

by chance is 1072,
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Chicken vitellogenin

Fig. 2. Comparison of chicken vitellogenin with human von
Willebrand factor

The Diagon analysis was used with a segment of 25
residues. Segments with scores above 285 are represented
by a dot at the midpoint of the segment. Vitellogenin
shows similarity to four homologous D domains and a 100
residue segment of a D domain. Ordinate: residues 1-2500
of human pro-von Willebrand factor; abscissa: residues
1650-1830 of chicken vitellogenin.

was similar to a 250 residue segment at the C-terminus of
C. elegans vitellogenin. This part of human von
Willebrand factor consists of domains D1, D2, the 100
residue D fragment, and D3. To quantify the similarity
between vitellogenin and von Willebrand factor, we used
the RELATE computer program [21], with a segment
length of 40 to compare residues 1-1250 of von
Willebrand factor with residues 1250-1600 of C. elegans
vitellogenin. The comparison score was 12 standard
deviations higher than that of 100 comparisons of
randomized sequences of these segments. The probability
of getting this score by chance is 1.7 x 1073, A score of
this magnitude is usually interpreted as indicating that
the segments are homologous, that is they are derived
from a common ancestor. The alignment of part of D2,
residues 366—538 of von Willebrand factor, with residues
13081475 of C. elegans vitellogenin is shown in Fig. 1.
This invertebrate vitellogenin is homologous to chicken
and frog vitellogenin [22], and the part that is similar to
von Willebrand factor corresponds to vitellin II in
chicken [23] and frog [24] vitellogenin, which comes after
the phosvitin segment [25].

We examined both vertebrate vitellogenins for
similarity to von Willebrand factor and found that both
vitellogenins contain a ~ 250 residue segment at the C-
terminus that is similar to residues 1-1225 of pro-von
Willebrand factor. The RELATE comparison scores for
chicken and frog vitellogenin with human von Willebrand
factor are 14.5 and 11 standard deviations, respectively.
Fig. 2 is a graphical representation of the similarity
between chicken vitellogenin and human pre-von
Willebrand factor. It shows that the similarity occurs at
the parts of pro-von Willebrand factor that correspond
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to the four copies of the ~ 360 residue D domain and
a ~ 100 residue fragment of the D domain [12,15]. DI
and D2 constitute most of the propeptide (also called
von Willebrand antigen II), which circulates in plasma
[26]. The ~ 100 residue segment and D3 are at the N-
terminus of processed von Willebrand factor. A fourth D
domain is between residues 1925 and 2275. Together the
D domains constitute about 1550 residues, more than
50% of pro-von Willebrand factor. Thus a substantial
part of von Willebrand factor is homologous to part of
invertebrate, amphibian and avian vitellogenin.

The biological properties of von Willebrand factor
may provide clues for the evolution of haemostasis, and
for other biological functions for vitellogenin [5,27]. von
Willebrand factor has adhesive properties, which include
binding to platelets, collagen, and other proteins; it acts
in haemostasis by promoting the adherence of platelets
at sites where there is injury to the epithelium, and it
binds factor VIII [11,28]. This binding site has been
localized to the D domain [28], which we find is
homologous to vitellogenin. The homology between
vitellogenin and von Willebrand factor suggests that the
C-terminal part of vitellogenin was used in the evolution
of the intrinsic pathway for coagulation [29].

Amphibians and birds contain the proteins required
for blood coagulation, which makes the conservation of
the von Willebrand factor-like domain in vertebrate
vitellogenin intriguing. An interesting possible function
for this part of vitellogenin, based on von Willebrand
factor’s adhesive properties, is a role in binding the
oocyte membrane receptor for vitellogenin [6], which
leads to its uptake into the oocyte.
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Sequence similarity between cyclophilin and
elongation factor 2

Cyclophilin is a specific, high-affinity binding protein
for the immunosuppressant cyclosporin A (Handschu-
macher et al., 1984). When the amino acid sequence of
bovine cyclophilin was published (Harding et al., 1986),
no similarity with sequences of other proteins was
reported. Even a very recent paper on the complete
nucleotide sequence of a cDNA encoding rat cyclophilin
did not mention any similarity with other genes
(Danielson et al., 1988).

In 1986, the amino acid sequence of the eukaryotic
elongation factor 2 (eEF-2) of protein biosynthesis was

eEF-2 1 FDQIR
cyclophilin 1 [VNIPITVIFFDI
312 eEF-2

Fig. 1. Similarity between cyclophilin and eEF-2

TAK|LI Kl LD s ED[KID[KE G]K p.L.LKm[:I[L.F'AGDALLoMITI
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published (Kohno et al., 1986). When we compared the
amino acid sequences of cyclophilin and eEF-2, we
found striking similarities (Fig. 1). A domain of 10
amino acids at the N-terminus shows 50 9, similarity and
another domain, from amino acid 115 to 157 in cyclo-
philin and from 312 to 356 in eEF-2, shows 389
similarity. As indicated in Fig. 1, some of the differences
in this region are non-conservative ones. It should be
noted that this domain of cyclophilin contains the
putative binding site for cyclosporin A (Dalgarno et al.,
1986). Furthermore, both proteins contain the sequence
Glx-Xaa-Gly-Xaa-Xaa-Gly, which is characteristic for
nucleotide binding proteins (Wierenga & Hol, 1983). The
elongation factor eEF-2 is known to be a guanine
nucleotide binding protein (Henriksen et al., 1975).

These sequence similarities indicate that cyclophilin
might be a nucleotide binding protein and that it possibly
might play a role in protein biosynthesis. In this context
it is intriguing that cyclosporin A is an effective inhibitor
of phorbol ester-induced protein synthesis (Gschwendt et
al., 1988).
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Gaps in the alignment are indicated as dashes. Non-conservative differences according to the Dayhoff conservative categories

(Dayhoff, 1978) are indicated by dashed boxes.
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