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The alga 

 

Volvox carteri

 

 is one of the simplest multicellular organisms, yet it has a surprisingly complex extracellular
matrix (ECM), making Volvox suitable as a model system in which to study ECM self-assembly. Here, we analyze the
primary structures and post-translational modifications of two main ECM components synthesized in response to sex-
ual induction as well as wounding. These proteins are members of the pherophorin family with as yet unknown proper-
ties. They contain polyhydroxyproline spacers as long as 500 and 2750 residues. Even the highly purified proteins retain
the capacity to self-assemble and cross-link, producing an insoluble fibrous network in an apparently autocatalytic re-
action. This pherophorin-based network is located within the deep zone of the ECM. A molecular genetic search for ad-
ditional members of the pherophorin family indicates that at least nine different pherophorin species can be expected
to serve as precursors for ECM substructures. Therefore, the highly diversified members of the pherophorin family rep-
resent region-specific morphological building blocks for ECM assembly and cross-linking.

INTRODUCTION

 

The volvocine algae, which range from unicellular 

 

Chlamy-
domonas

 

 

 

reinhardtii

 

 to multicellular organisms in the genus

 

Volvox

 

, offer an attractive model in which to investigate evo-
lutionary aspects of the transition from unicellularity to mul-
ticellularity. Molecular genetic evidence indicates that

 

Volvox carteri

 

 has evolved from a unicellular ancestor similar
to Chlamydomonas

 

 

 

during the past 50 million years (Rausch
et al., 1989). The extracellular matrix (ECM) of a multicellular
organism provides a scaffolding on which to create the
shape of an organism and serves as a conduit for signals
passing between cells within the organism or arriving from
external sources. Therefore, the development of an increas-
ingly organized ECM from a much more simple cell wall in
the unicellular ancestor (Goodenough and Heuser, 1985;
Woessner and Goodenough, 1994) was one of the prerequi-
sites necessary for the transition to multicellularity. The de-
sign of ECM proteins in plants and animals appears to
follow common principles: proteins organized in a striking
modular manner are able to fulfill multiple functions, and ex-
tended and usually cross-linked polypeptides with repeated
sequence motifs provide tensile strength (Doolittle, 1995).

The asexually growing organism Volvox is about as sim-
ple as a multicellular organism can be. It is composed of

only two cell types: 2000 to 4000 biflagellate Chlamydomo-
nas-like somatic cells are arranged in a monolayer at the
surface of a hollow sphere (Starr, 1969, 1970), and 16 much
larger reproductive cells (“gonidia”) lie just below the so-
matic cell sheet. Volvox cells are surrounded and held to-
gether by a glycoprotein-rich ECM (for review, see Kirk et
al., 1986; Sumper and Hallmann, 1998). More than 99% of a
mature Volvox spheroid is ECM that is organized in a sur-
prisingly complex manner (Kirk, 1998). It is assembled en-
tirely from glycoproteins with a high content of Hyp (Hyp-
rich glycoproteins), many of which are sulfated extensively
(reviewed by Sumper and Hallmann, 1998). These Hyp-rich
glycoproteins are organized into a system of highly regular
fibrous layers that divide the ECM into at least three zones
(Figure 1A): a boundary zone that consists of layers that
coat the spheroid; a honeycomb-like array of compartments
denoted the cellular zone that house the somatic cells and
surround a voluminous central region; and the central region
itself (the deep zone), which is filled with a network of fibers
and filaments (Kirk et al., 1986).

A remarkably rapid remodeling of the ECM is observed
under the influence of the sex-inducing pheromone that trig-
gers the initiation of the sexual life cycle of Volvox (Wenzl
and Sumper, 1982, 1986b, 1987; Gilles et al., 1983). This
pheromone is a glycoprotein that triggers the development
of males and females at a concentration 

 

�

 

10

 

�

 

16

 

 M (Starr,
1970; Starr and Jaenicke, 1974; Tschochner et al., 1987;
Mages et al., 1988). In particular, the synthesis of some
members of the pherophorin family of ECM proteins (Wenzl
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and Sumper 1986b, 1987; Sumper et al., 1993; Godl et al.,
1995, 1997) is induced strongly by the pheromone. Phero-
phorins are defined by a modular organization and by the
presence of a C-terminal domain with homology with the
sex-inducing pheromone.

From a subset of pherophorins (pherophorin II class), this
pheromone-like domain becomes liberated proteolytically
from the parent glycoproteins. It has been proposed that
this modification and processing of the ECM is part of the
signal amplification process required to achieve the exquis-
ite sensitivity observed for this sexual induction system
(Sumper et al., 1993). Surprisingly, most of the Volvox ECM
proteins that are under the control of the sex-inducing pher-
omone have been shown to be induced by wounding as well
(Amon et al., 1998; Ender et al., 1999). Therefore, pulse-
labeling experiments performed immediately after wounding
offer an alternative approach to detect ECM constituents.

Pheromone-induced remodeling of the ECM has been
characterized in detail within the cellular zone (Figure 1A) of
the ECM containing pherophorin I, II, and III (Wenzl and
Sumper, 1982, 1986b; Ertl et al., 1989; Sumper et al., 1993;
Godl et al., 1995) and to a lesser extent within the deep zone
(Figure 1A) of the ECM containing pherophorin-S (Godl et
al., 1997; Ender et al., 1999). The deep zone may constitute

 

�

 

95% of the total volume of the organism. An early study
(Gilles et al., 1983) described two extracellular phosphory-
lated proteins (pp120 and pp240) possibly located within
the deep zone that were found to be synthesized in re-
sponse to the sex-inducing pheromone. However, neither
biochemical nor molecular genetic data for these proteins
have been published.

In this article, we analyze the primary structure and the
glycosylation of these ECM proteins and demonstrate that
these proteins are members of the pherophorin family with
as yet unknown properties. Even the highly purified proteins
retain the capacity to self-assemble and to cross-link,
producing a completely insoluble fibrous network in an au-
tocatalytic reaction. This network was visualized using re-
combinant DNA constructs combining one of these
pherophorins with green fluorescent protein (GFP). A poly-
merase chain reaction–based search identified additional
members of the pherophorin family that can be expected to
serve as constituents of the Volvox ECM. Therefore, the
highly diversified members of the pherophorin family repre-
sent the main building blocks for ECM assembly within both
the cellular zone and the deep zone. Because a phero-
phorin-related gene was identified recently in unicellular
Chlamydomonas (Rodriguez et al., 1999), diversification
within this protein family appears to be part of the situation
that allowed the evolution of a complex algal ECM.

 

RESULTS

Identification of the Deep Zone Components DZ1
and DZ2

 

Volvox ECM components secreted into the deep zone in re-
sponse to the sex-inducing pheromone were analyzed by
pulse-labeling experiments with radioactive phosphate.

Figure 1. Identification of ECM Deep Zone Components.

(A) Highly stylized drawing emphasizing the main compartments of the Volvox ECM. BZ, boundary zone; CZ, cellular zone; DZ, deep zone (ac-
cording to the nomenclature of Kirk et al. [1986]); G, gonidium (reproductive cell); S, somatic cells.
(B) Identification of DZ1 and DZ2 as ECM components secreted into the deep zone of the ECM in response to the sex-inducing pheromone. Flu-
orogram of a SDS–polyacrylamide gel loaded with deep zone extracts from sexually induced Volvox spheroids pulse labeled with 33P-phosphate
(15 min). At time 0, sexual induction was initiated by the addition of pheromone (�0.1 pM). A pulse-labeling experiment was initiated after the
times indicated at top (minutes). At the end of the pulse-labeling period, a deep zone extract of the ECM was prepared by carefully disrupting the
spheroids.
(C) In vitro polymerization of components DZ1 and DZ2. The deep zone extract obtained by 33Ppulse-labeling at 60 min after the application of
the sex-inducing pheromone (lane 4 in [B]) was incubated further in vitro at 28�C for the times indicated at top (minutes), and aliquots were ap-
plied again to a SDS–polyacrylamide gel. The fluorogram of the gel is shown.
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Deep zone material is released easily and selectively if a
suspension of Volvox spheroids is forced gently through a
hypodermic needle (Godl et al., 1997; Hallmann et al., 2001).
This mild mechanical stress fragments the spheroids, pro-
ducing hemispheres or smaller fragments of cellular sheets
with the concomitant release of deep zone material. After
low-speed centrifugation, the cell-free supernatant contain-
ing deep zone material was subjected to SDS-PAGE. Only

 

�

 

30 min after the application of the sex-inducing phero-
mone, two 

 

33

 

P-labeled components, with apparent molecu-
lar masses of 240 and 110 kD, become detectable in the
fluorogram of the gel (Figure 1B). The same type of pulse-
labeling experiment using 

 

14

 

C-bicarbonate produced a quite
similar labeling pattern (data not shown), indicating that
these components are the main products secreted into the
deep zone after the application of the pheromone.

A remarkable property of the deep zone components DZ1
and DZ2 is evident during a chase experiment (Figure 1C). If
a deep zone extract prepared from Volvox spheroids imme-
diately after a 

 

33

 

P pulse-labeling period is incubated further
at 28

 

�

 

C, both components disappear and become trans-
formed into a polymer that is no longer able to penetrate the
SDS gel. As shown below in more detail for DZ1, this is an
inherent property of both of these proteins. Even after purifi-
cation to homogeneity, DZ1 retains the capacity to polymer-
ize to a completely insoluble and apparently covalently
cross-linked network.

 

Purification of Component DZ1

 

The sulfhydryl group–modifying Ellman’s reagent (Ellman,
1959), 5,5

 

�

 

-dithio-bis(2-nitrobenzoic acid), was shown re-
cently to inhibit in a highly specific manner the cross-link-
ing of ECM components in Volvox (Sumper et al., 2000).
Indeed, the addition of 1 mM Ellman’s reagent to a growing
Volvox population inhibited the conversion of both DZ1
and DZ2 into a polymeric form, allowing the purification of
these proteins in a soluble state. Thus, a deep zone extract
was prepared from Volvox spheroids induced sexually in
the presence of Ellman’s reagent. This extract was applied
first to an anion-exchange column equilibrated with 250
mM NaCl. Even at this high ionic strength, DZ1 and DZ2
bound to the ion-exchange matrix but eluted at 800 mM
NaCl.

This high-salt eluate was diluted and subjected to fast pro-
tein anion-exchange chromatography. The DZ1 component
eluted at 600 mM NaCl, and DZ2 required an even higher
NaCl concentration (800 mM) for elution. As indicated by
SDS-PAGE and silver staining (Figure 2, lane 1), DZ2 was still
contaminated by a 100-kD component that was identified by
peptide sequencing as pherophorin-S (Godl et al., 1997).
However, DZ2 was well separated to allow the collection of
amino acid sequence data by proteolytic in-gel digestion.

DZ1 could be purified to homogeneity by an additional
round of HPLC on a hydroxyapatite column (Figure 2, lane

2). Unlike typical proteins, which display dark-brown bands
on a silver-stained SDS gel, DZ1 stained only weakly (stain-
ing was five times less strong compared with standard pro-
teins) and produced a pale yellow band. Even on a heavily
loaded gel (Figure 2, lane 4), no contaminating protein was
seen, confirming the homogeneity of the DZ1 preparation.

Surprisingly, the amino acid sequence data obtained from
the peptides isolated (Table 1) clearly indicate that DZ1 and
DZ2 represent novel members of the pherophorin family,
because peptide 2 (derived from DZ1) exhibited 65% iden-
tity to a corresponding sequence found in pherophorin-S
(positions 116 to 135; Godl et al., 1997). In addition, peptide
4, derived from DZ2, displayed 55% identity to amino acid
positions 37 to 47 of pherophorin II (Godl et al., 1995). There-
fore, the names pherophorin-DZ1 and pherophorin-DZ2 were
chosen to indicate their localization within the ECM.

 

Pherophorin-Specific cDNA Library

 

Realizing that members of the pherophorin family apparently
serve as building units to establish the ECM architecture
even in different ECM zones, we initiated an effort to con-
struct a cDNA library expected to be enriched in phero-
phorin sequences. This approach was based on the fact
that highly conserved amino acid sequence motifs are com-
mon to all known pherophorin species. Within their N-termi-
nal domains, two elements, KIEFNV and GCTTLE, found
at positions 97 and 171, respectively, in pherophorin-S
(Godl et al., 1997) appear to be nearly invariant motifs.

Figure 2. Purification of the ECM Components DZ1 and DZ2.

Silver staining (lanes 1, 2, 4, and 5) of SDS–polyacrylamide gels
loaded with different fractions from the purification procedure. Lane
1, DZ2 after anion-exchange chromatography; lane 2, DZ1 (0.5 �g)
after hydroxyapatite HPLC; lane 3, fluorogram of 33P-labeled DZ1
and DZ2 applied as a reference; lane 4, to verify the homogeneity of
DZ1, this gel was loaded heavily with purified DZ1 (20 �g); lane 5,
only sample buffer was applied to detect staining artifacts.
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The sequence information of the latter motif was used to syn-
thesize an antisense oligonucleotide primer to reverse tran-
scribe mRNA isolated from both vegetatively growing and
sexually induced Volvox algae. A sense primer derived
from the motif KIEFNV allowed the amplification of cDNA

populations of 

 

�

 

240 bp. These cDNAs were cloned into
the SmaI site of pUC18 vector by blunt ligation. The inserts
from 25 randomly selected transformants derived from
vegetatively growing Volvox populations confirmed the
nearly exclusive presence of pherophorin sequences in
this library.

The sequences obtained included the known sequences
for pherophorin I (12 hits), pherophorin-S (3 hits), and two
as yet unknown pherophorins (5 and 3 hits). Another 20
transformants were sequenced that were derived from
sexually induced organisms. This produced mainly se-
quences encoding pherophorin II, pherophorin-S, and
three novel pherophorins. The alignment of these deduced
amino acid sequences (Figure 3) confirmed a high degree
of homology among these genes. Remarkably, two of
these novel sequences (denoted 

 

DZ1

 

 and 

 

DZ2

 

) encode
peptides 1 and 2 obtained from DZ1 and peptide 4 de-
rived from DZ2. Both of these cDNA sequences, therefore,
were used to probe a genomic library of Volvox in the re-
placement vector 

 

�

 

EMBL3 (Frischauf et al., 1983) to ob-
tain the complete genes.

 

Table 1.

 

Sequences of Isolated Peptides

Peptides derived from DZ1

AGTAILR
ATINGRPTTVGAAYDRPING
ATPINWSIAQASGAR
LLPPAFDVRPYR
DQTGLLPAFPFR

Peptides derived from DZ2
FGRPV
LNVYPAGGPK
PPAIDVRPYR
QTGFVPNFPYR

Figure 3. Identification and Amino Acid Sequence Alignment of Members of the Pherophorin Family.

cDNA sequences were obtained from a cDNA library enriched for pherophorin (Ph) sequences. In addition to all of the known members of the
family (indicated by boldface species names), five novel pherophorin species (indicated by italic species names) were found. The alignment is
confined to the N-terminal domains of pherophorins preceding their central polyproline spacers. Arrows indicate highly conserved sequences
used to design oligonucleotides for polymerase chain reaction amplification of pherophorin-related cDNAs. Sequences upstream of the sense
primer and downstream of the antisense primer were derived from genomic clones of the corresponding pherophorins. Numbers at left indicate
the amino acid position at which each alignment starts. Horizontal black bars indicate two sequence stretches that are diagnostic for a given
pherophorin species.
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Three positive clones were identified with the 

 

dz1

 

 probe
out of 120,000 phages screened. The 14-kb insert of one of
these clones containing the complete gene was subcloned
and sequenced (Figure 4). We were unable to clone a ge-
nomic DNA covering the complete 

 

dz2

 

 gene. As detected by
protein chemical analysis, pherophorin-DZ2 contains a
unique polyhydroxyproline domain as long as 2750 amino
acid residues (see below). Most likely, the extreme GC con-
tent (CCN is the codon for Pro) of the corresponding DNA
stretch interferes with the efficient cloning of the complete

 

dz2

 

 gene in 

 

Escherichia coli

 

. The GC-rich region of the 

 

dz2

 

clones obtained turned out to be truncated. Partial se-
quencing (

 

�

 

200 nucleotides) confirmed the encoding of a
polyproline stretch.

 

Deduced Amino Acid Sequence

 

A striking feature of the deduced amino acid sequence for
pherophorin-DZ1 is a central domain, 502 amino acid resi-
dues long, that is composed almost exclusively (98.2%) of
Pro residues (Figure 4B). Most likely, the secondary struc-
ture of this domain is a polyproline II helix that separates the
N- and C-terminal domains. As expected, the N-terminal se-
quence (positions 1 to 23) represents a putative signal pep-
tide to guide this polypeptide into the secretory pathway. A
BLASTP search (Altschul et al., 1990) of the SWISSPROT
protein sequence database confirmed significant identities
to the pherophorin family from Volvox. The region of identi-
ties covers nearly the total length of the polypeptide chain.
For instance, the N-terminal part of the polypeptide (amino
acids 24 to 208) shows 58% identity to the N-terminal part
of pherophorin-S (amino acids 17 to 200) (Godl et al., 1997),
and the C-terminal part (amino acids 712 to 1009) exhibits
50% identity to the C-terminal half of pherophorin II (amino
acids 182 to 484) (Sumper et al., 1993).

 

Glycosylation

 

The carbohydrate composition of pherophorin-DZ1 was de-
termined by radio gas chromatography. Pherophorin-DZ1
purified from Volvox spheroids grown in the presence of

 

14

 

C-bicarbonate was hydrolyzed, and the resulting mono-
saccharides were converted to the corresponding alditol ac-
etates. Pherophorin-DZ1 contains the neutral sugars Ara
and Gal in a 1:1 ratio (data not shown).

Pherophorin-DZ1 incorporated 

 

33

 

P-phosphate in pulse-
labeling experiments. The hydrolysis of pherophorin-DZ1 in
0.5 M trifluoroacetic acid at 100

 

�

 

C for 2 hr quantitatively lib-
erated bound phosphate as a low molecular mass deriva-
tives. In earlier studies, the phosphodiester Ara-5-phospho-
5

 

�

 

-Ara was identified as a structural element in both the
ECM glycoprotein SSG 185 from Volvox (Holst et al., 1989)
and in pherophorin-S (Godl et al., 1997). Proof of the exist-

ence of the same structural component in pherophorin-DZ1
was obtained by mass spectrometry as follows. Phero-
phorin-DZ1 (supplemented with trace amounts of 

 

33

 

P-labeled
material) was hydrolyzed and reduced with sodium borohy-
dride. The resulting products were separated by high-per-
formance anion-exchange chromatography.

As expected, three radioactive peaks were obtained that
corresponded to a phosphodiester, a phosphomonoester,

Figure 4. Gene Organization and Deduced Amino Acid Sequence
for Pherophorin-DZ1.

(A) Restriction map and intron/exon organization of the dz1 gene
cloned from a genomic library. Black bars represent exons, and the
gray bar indicates a GC-rich stretch encoding a polyproline se-
quence.
(B) Deduced amino acid sequence of pherophorin-DZ1. The charac-
teristic polyproline stretch is shown on a gray background. Amino
acid sequences confirmed from isolated peptides are underlined.
The arrowhead marks the potential signal peptidase cleavage site.
The broken line marks the C-terminal part of the polypeptide found
to be homologous with the sex-inducing pheromone.
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and traces of free phosphate. The putative phosphodiester
fraction was collected and analyzed by mass spectrometry.
The phosphodiester produced a mass signal at a mass-
to-charge ratio of 365.0. This corresponds exactly to the
calculated mass for the reduced phosphodiester Ara-5-phos-
pho-5

 

�

 

-Ara. The exclusive presence of arabinose in this ma-
terial (obtained from 

 

14

 

C-labeled pherophorin-DZ1) was proven
by radio gas chromatography exactly as described for phero-
phorin-S (Godl et al., 1997).

 

Characterization of the Polyproline Module

 

Because of its polyproline domain, pherophorin-DZ1 is
partly resistant to degradation by proteases such as pro-
nase, proteinase K, and subtilisin. The resistant core exhib-
its an apparent molecular mass of 

 

�

 

60 kD (6% SDS-PAGE)
(Figure 5A). The proteolytic degradation of 

 

33

 

P-labeled
pherophorin-DZ1 resulted in core material that still con-
tained all of the originally incorporated radioactivity, indicat-

Figure 5. Characterization of the Protease-Resistant Fragment Derived from Pherophorin-DZ1 and -DZ2.

(A) Fluorogram of a SDS–polyacrylamide gel loaded with 33P-labeled pherophorin-DZ1 before (lane 1) and after (lane 2) digestion with subtilisin.
(B) Electron microscopic analysis of the resistant fragment derived from pherophorin-DZ1 after rotary shadowing.
(C) Electron microscopic analysis of the resistant fragment derived from pherophorin-DZ2 after rotary shadowing.

Figure 6. Autocatalytic Cross-Linking of Pherophorin-DZ1.

(A) Silver staining of a SDS–polyacrylamide gel loaded with homogenous pherophorin-DZ1 before (lane 2) and after (lane 3) incubation in poly-
merization buffer (containing DTT). Lane 1 was loaded with SDS sample buffer only.
(B) Loading as in (A) but using homogenous 33P-labeled pherophorin-DZ1 and detection of radioactive components by fluorography.
(C) and (D) Electron microscopic images obtained from pherophorin-DZ1 before (C) and after (D) in vitro polymerization. A monomer and a
dimer of pherophorin-DZ1 are marked by arrows in (C). Although the protein concentration in both preparations was the same, clotting of the
cross-linked material produced a highly nonhomogenous distribution of rods in the electron microscopy image (D).



 

Extracellular Matrix Assembly in Volvox 1153

 

ing that the phosphodiester is located within this resistant
core material. To define this core material, homogenous
pherophorin-DZ1 was digested with subtilisin. The 60-kD
core material was purified by anion-exchange chromatogra-
phy and analyzed by electron microscopy after rotary shad-
owing. As shown in Figure 5B, rod-like structures with an
average length of 150 nm were detected. Circular dichroism
spectra obtained from this material (data not shown) con-
firmed the presence of a polyproline II helix conformation.

With a residue height in this helix of 0.3 nm (Bhatnagar
and Gough, 1996), the rods should consist of 

 

�

 

500 amino
acid residues. Complete acid hydrolysis of this core material
followed by amino acid analysis detected the presence of
Hyp only (confirmed by mass spectrometry). Using exactly
the same experimental procedure with pherophorin-DZ2,
rods as long as 825 

 

	

 

 22.5 nm were obtained (a total of 100
rods were measured), corresponding to a polyproline
stretch of 2750 amino acid residues (Figure 5C). The 20-nm
fragments distributed in this electron microscopy image re-
sulted from the polyproline domain of pherophorin-S that
contaminated the DZ2 preparation. The existence of this
polyproline stretch in pherophorin-DZ2 was confirmed by
cloning the truncated genomic clones that encoded
polyproline stretches (see above).

 

Autocatalytic Polymer Formation

 

As shown above, pherophorin-DZ1 and -DZ2 in a deep zone
extract did not remain in a soluble state. Rather, they were
converted to polymeric and insoluble materials upon incu-
bation at 28

 

�

 

C. Treatment with Ellman’s reagent inhibited in
a highly specific manner this assembly and cross-linking.
When highly purified pherophorin-DZ1 (previously inacti-
vated with Ellman’s reagent) was treated with a thiol com-
pound such as DTT to restore thiol groups of the protein that
were converted to a mixed disulfide by Ellman’s reagent, the
protein displayed remarkable behavior. It polymerized and
appeared to become covalently cross-linked in an autocata-
lytic reaction (Figures 6A and 6B). The polymerized product
did not enter the gel and was no longer detectable by silver
staining (Figure 6A, lane 3). Therefore, 

 

33

 

P-labeled DZ1 puri-
fied to homogeneity was used to detect by fluorography the
polymerized material that was trapped in the well (Figure 6B,
lane 3).

Covalent cross-links are postulated because the poly-
meric state of pherophorin-DZ1 cannot be released by any
of the following treatments: 6 M guanidinium hydrochloride,
70% formic acid, and boiling in 1.5% SDS and 2.5% 

 




 

-mer-
captoethanol. Electron microscopy by rotary shadowing of
pherophorin-DZ1 before and after treatment with DTT
revealed additional information. Even Ellman’s reagent–
treated pherophorin-DZ1 assembled to form dimers and oli-
gomeric chains (Figure 6C). However, this self-assembly
occurred via noncovalent linkages, because only the 110-kD
monomers were observed by SDS-PAGE of this material.

Only after the restoration of the modified thiol groups did
these self-assembled structures become cross-linked by
autocatalysis, forming a complex fibrous network (Figure
6D). DZ1 solutions of 

 

�

 

200 

 

�

 

g/mL produced a stiff gel that
clotted into a visible precipitate after vigorous shaking. This
material remained completely insoluble by SDS-PAGE.

To exclude the hypothetical possibility that trace amounts
of a cross-linking enzyme remain tightly bound to DZ1 even
after HPLC purification steps, an additional purification step
in the presence of 6 M guanidinium was included. Any tightly
bound enzyme should dissociate under these conditions and
should be removed by size-exclusion chromatography on
Superose 12 (

 

M

 

r

 

 exclusion limit, 2 

 

�

 

 10

 

6

 

), because DZ1 elutes
with the void volume of this column as a result of its extreme
rod-shaped structure. Even after this extreme treatment, DZ1
recovered its activity to polymerize after dialysis (Figure 7).
Purified pherophorin-DZ2 exhibited the same polymerization
activity demonstrated for pherophorin-DZ1. By analogy, au-
tocatalytic cross-linking appears likely, but the presence of an

Figure 7. Pherophorin-DZ1 Polymerization Assay after Size-Exclu-
sion Chromatography in the Presence of 6 M Guanidinium Hydro-
chloride.

Sixty micrograms of purified 33P-labeled pherophorin-DZ1 was ap-
plied to a Superose 12 column (bed volume, 24 mL; Amersham
Pharmacia Biotech) equilibrated in 6 M guanidinium hydrochloride
and 100 mM sodium phosphate, pH 7.0. Pherophorin-DZ1 eluted
with the void volume (V0) of 7 mL. The peak fraction was dialyzed
against Volvox medium and concentrated fivefold by ultrafiltration.
Twenty-microliter aliquots then were incubated for 6 hr at 28�C in
the presence or absence of 1 mM DTT. Both samples were analyzed
by SDS-PAGE followed by fluorography. The insert shows incuba-
tion in the absence (lane 1) or presence (lane 2) of DTT.
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enzyme remains a possibility because DZ2 could not be puri-
fied to homogeneity (Figure 2, lane 1).

 

In Vivo Localization

 

For in vivo localization of pherophorin-DZ1, a chimeric gene
was constructed that encodes a pherophorin-DZ1 that is
linked at its C-terminal end to GFP (Figure 8A). For this con-
struct, the genomic clone of 

 

pherophorin-dz1

 

 that includes
its own promotor was combined via a short linker region
that encodes a flexible peptide sequence with a 

 

gfp

 

 se-
quence that has been adapted to the preferred codon usage
in Chlamydomonas (Fuhrmann et al., 1999). Corresponding
Volvox transformants expressed this gene product under
the control of the sex-inducing pheromone and displayed
strong fluorescence within the deep zone of the ECM
(Figures 8B to 8E). For a more precise localization, these
transformants were analyzed by confocal fluorescence mi-
croscopy (Figures 8F and 8G). Pherophorin-DZ1 was orga-
nized in a fibrous network within the deep zone and was
excluded from the cellular compartments housing the large
reproductive cells.

 

Response to Wounding

 

Volvox responds to the sex-inducing pheromone and to
wounding (e.g., breaking up the spheroids into hemi-
spheres) in much the same way (Amon et al., 1998; Ender et
al., 1999). Both of these environmental stimuli induce
changes that affect the structure of the ECM. These re-
sponses also include the induction of pherophorin-DZ1 and
-DZ2 synthesis (data not shown). If Volvox spheroids are slit,
the resulting hemispheres display a strong tendency to
close and to restore spheres within several hours. The self-
assembly of ECM components probably is involved in this
healing process. This assumption is supported by the ob-
servation illustrated in Figure 9. If hemispheres are treated
with Ellman’s reagent, which inhibits cross-linking of phero-
phorins, this healing response is suppressed completely
and slit spheroids are no longer able to restore a spherical
structure.

 

Figure 8.

 

Localization within the ECM of Pherophorin-DZ1 Linked
with GFP.

 

(A)

 

 Structure of the chimeric gene used for the transformation of Vol-
vox containing the 

 

pherophorin-dz1

 

 gene linked to the 

 

gfp

 

 gene.

 

(B) 

 

to

 

 (E)

 

 Microscopy of transformants. Volvox spheroids before 

 

(B)

 

and after 

 

(C)

 

 sexual induction for 180 min. Fluorescence of transfor-
mants before 

 

(D)

 

 and after 

 

(E)

 

 sexual induction.

 

(F) 

 

and

 

 (G)

 

 Confocal fluorescence microscopy of a sexually induced
transformant. 

 

(G)

 

 shows the scan of a section (white frame in 

 

[F]

 

) at
a higher magnification.
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each cell to move apart from its neighbors. The organism
then grows in size but not in cell number. Hence, the pro-
duction and deposition of ECM constituents remains a ma-
jor synthetic activity of the enlarging organism. During this
period, all of the ECM structures enlarge proportionally and
maintain their distinctive symmetries.

Understanding how this modeling of ECM structures,
partly positioned at considerable distances from the site of
precursor synthesis (the somatic cells), is accomplished re-
mains a challenging task. A major impediment to the molec-
ular analysis of precursor molecules that create the fibrous
networks within the ECM is the extensive cross-linking that
makes most components completely insoluble in all con-
ventional protein-extraction media. Recently, Ellman’s re-
agent was recognized as an ideal tool to specifically inhibit
the cross-linking of ECM components (Sumper et al., 2000),
and this in turn has enabled the purification and biochemical
characterization of soluble ECM precursors.

This article describes the structures and properties of two
precursors of fibrous ECM structures. These monomers are
novel members of the pherophorin family with striking and
as yet unknown features that appear to be crucial for self-
assembly and cross-linking processes. The scheme shown
in Figure 10 summarizes the modular composition of known
pherophorins. Unexpectedly, even after purification to ho-
mogeneity (as determined by silver staining of SDS gels),
the monomers of pherophorin-DZ1 retain the capability to
create in vitro a complex fibrous network. This polymeric
network remains stable even in the presence of 70% formic
acid or hot SDS/mercaptoethanol, indicating the formation
of covalent cross-links. If this is the case, pherophorin-DZ1
protein must have the enzymatic property for autocatalytic
cross-linking.

In addition, pherophorin-DZ1 and -DZ2 exhibit remark-
able structural features. Their internal Hyp-rich modules (HR
modules) consist of 500 (pherophorin-DZ1) and 2750 (phero-
phorin-DZ2) amino acid residues, producing rod-like spac-
ers as long as 150 and 825 nm that separate the N- and
C-terminal domains, which are completely devoid of Hyp
residues. Most likely, these rod-shaped HR modules have a
mainly structural function and serve as spacers to create
different sets of defined frameworks within the ECM. Where
analyzed in more detail, these HR modules were found to be
targets for extensive post-translational modifications.
Among the modifications found in Volvox are 

 

O

 

-glycosyla-
tions with oligoarabinosides and attachment of saccharides
containing phosphodiester bridges between Ara residues
(Ertl et al., 1989; Holst et al., 1989; Godl et al., 1997). This is
true as well for the HR module present in pherophorin-DZ1.

The construction of a cDNA library enriched for phero-
phorin-related sequences resulted in the identification of an-
other three unknown pherophorin species. Thus, the
pherophorin family consists of at least nine members in Vol-
vox. Pherophorins are found as constituents of all major
ECM compartments (cellular and deep zone) and therefore
are likely to serve as building units for most if not all fibrous

Figure 9. “Wound Healing“ in Volvox.

Spheroids were gently slit into hemispheres by passage through a
hypodermic needle and incubated for another 8 hr in pure Volvox
medium or medium containing 1 mM Ellman’s reagent.
(A) Intact spheroids as a reference.
(B) and (C) Slit spheroids incubated in the presence (B) or absence (C)
of Ellman’s reagent, which inhibits cross-linking of ECM components.

 

DISCUSSION

 

The ECM accounts for 

 

�

 

99% of the volume of a mature Vol-
vox spheroid (Kirk, 1998), and it is the complex architecture
of the ECM that places the cells into a coordinated multicel-
lular organism. At the end of embryogenesis, the somatic
cells of the embryo begin to secrete ECM material, causing
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networks within the ECM. The identification of a phero-
phorin-related gene in the unicellular alga Chlamydomonas
(Rodriguez et al., 1999) suggests that the divergent evolu-
tion of a pherophorin-related ancestor protein enabled the
development of more and more differentiated ECM struc-
tures, because they are found within both the cellular and
deep zones of multicellular algae.

The amino acid sequence alignment of the N-terminal do-
mains reveals a high degree of homology among different
pherophorins. However, there are two particular stretches,
separated by 

 

�

 

50 amino acids (marked in Figure 3), that are
unique to a given pherophorin species. It is tempting to
speculate that these motifs are responsible for self-recogni-
tion during the assembly of a specific pherophorin-based
network. However, the in vitro polymerization experiments
do not exclude the possibility that mixed meshworks may
form in the native situation.

The experiments described here indicate that it is an in-
herent property of pherophorin-DZ1 monomers to create
oligomers that become cross-linked into fibrous networks in
an autocatalytic process. Oligomer formation and cross-
linking are separate processes, as demonstrated by the fact
that treatment with Ellman’s reagent selectively inhibited
cross-linking without affecting the formation of oligomers.
The nature of the covalent cross-links is unknown at
present. The participation of intermolecular disulfide bridges
is highly unlikely, because the polymeric product was com-
pletely resistant to even the harshest treatments known to
cleave disulfide linkages (e.g., performic acid). In contrast,
anhydrous hydrogen fluoride at 0

 

�C completely degraded
pherophorin-DZ1 polymers, resulting in the same (deglyco-
sylated) product that was produced by hydrogen fluoride
treatment of DZ1 monomers (data not shown).

Anhydrous hydrogen fluoride is able to cleave glycosidic
bonds as well as phosphoester bonds but leaves peptide
bonds completely unaffected (Mort and Lamport, 1977).
This finding indicates the participation of saccharides or
phosphodiester bridges in the cross-linking reaction and ex-
cludes other types of cross-links detected in algal ECMs:
products of transglutaminase reactions (Waffenschmidt et
al., 1999) and peroxide-mediated oxidative cross-linking
(Waffenschmidt et al., 1993). Recently, a peptide motif was
identified that mediates the cross-linking of cell wall proteins

from tobacco plants (Domingo et al., 1999). This motif is a
Cys-rich domain. Pherophorin-DZ1 also contains Cys-rich
stretches in both its N- and C-terminal domains, but these
do not match the consensus sequence derived from to-
bacco cell wall proteins. The elucidation of the chemical na-
ture of the cross-links in pherophorin-based networks
should provide important insights into the molecular mecha-
nism of ECM assembly and remodeling.

METHODS

Culture Conditions

The female Volvox carteri f. nagariensis strains HK10 (wild type) and
153-48 (nitA�) were grown as described previously (Godl et al.,1997).

Radioactive Labeling with 33P-Phosphate

In pulse-labeling and pulse-chase-labeling experiments with 33P-
phosphate, �3000 Volvox spheroids were washed and suspended in
1 mL of phosphate-free Volvox medium (Provasoli and Pinter, 1959).
After the addition of 50 �Ci of 33P-phosphate (100 �Ci/nmol), incuba-
tion under standard conditions was continued for 3 hr. Polymeriza-
tion of pherophorin-DZ1 and -DZ2 was inhibited by supplementing
the medium with 1 mM 5,5�-dithio-bis(2-nitrobenzoic acid) (Ellman’s
reagent; Sigma Aldrich) (Sumper et al., 2000).

Purification of Pherophorin-DZ1 and -DZ2

One hundred twenty liters of sexually induced Volvox spheroids (in-
cubated for 3 hr in Volvox medium containing 1 pM pheromone and
1 mM Ellman’s reagent to inhibit the polymerization of pherophorin-
DZ1 and -DZ2) were harvested by filtration on a 100-�m-mesh nylon
screen. The spheroids were broken up by forcing them through a
0.5-mm hypodermic needle. The disrupted spheroids were centri-
fuged at 16,000g for 30 min. To remove any remaining weakly
charged components, the supernatant was adjusted to 20 mM Tris,
pH 8.2, and 250 mM NaCl and applied to a QAE Sephadex A-25 col-
umn (volume, 100 mL) (Amersham Pharmacia Biotech) equilibrated
in the same buffer. After washing the column with equilibration
buffer, bound components were eluted with 20 mM Tris, pH 8.2, and
800 mM NaCl. The eluate, containing pherophorin-DZ1 and -DZ2,
was diluted to 400 mM NaCl in 20 mM Tris, pH 8.2, and applied to a
UNO Q-6 anion-exchange column (Bio-Rad Laboratories).

Pherophorin-DZ1

Pherophorin-DZ1 was eluted from the UNO Q-6 column by a step-
wise increase of the ionic strength to 600 mM NaCl. The desalted
eluate was brought to 10 mM Na-phosphate, pH 6.8, and applied to
a Bio-Scale CHT5 ceramic hydroxyapatite column (Bio-Rad Labora-
tories) equilibrated in the same buffer. After washing the column with
100 mM Na-phosphate buffer, pH 6.8, pherophorin-DZ1 was eluted
by a stepwise increase to 600 mM Na-phosphate buffer, pH 6.8. The
eluate was desalted and concentrated (Centricon 10; Millipore, Bed-
ford, MA). As determined by SDS-PAGE with subsequent silver

Figure 10. Domain Organization of Pherophorins.

Black boxes represent the polyhydroxyproline (Hyp) spacers. Ph,
pherophorin.
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staining, pherophorin-DZ1 was purified to homogeneity. Typically,
the yield was 100 to 150 �g.

Pherophorin-DZ2

For the recovery of pherophorin-DZ2, the UNO Q-6 column was
eluted further with 20 mM Tris, pH 8.2, and 800 mM NaCl. The eluate
was desalted and concentrated (Centricon 30; Millipore). As verified
by SDS-PAGE and subsequent silver staining, pherophorin-DZ2 was
sufficiently pure for the production of peptides. Typically, the yield
was 1 to 2 mg. Glycoprotein concentrations were determined ac-
cording to Dubois et al. (1956).

Proteolytic Digestion and Separation of Peptides

Aliquots of 20 �g of pherophorin-DZ1 and 40 �g of enriched phero-
phorin-DZ2 were applied to 6% SDS-PAGE gels and stained with
Alcian Blue 8GX (Sigma Aldrich). The gel slices containing phero-
phorin-DZ1 and -DZ2 were cut out in small pieces. Further treatment
and digestion with trypsin were performed as described previously
(Selmer et al., 1996). The resulting peptides were eluted from the gel
with 0.2 M NH4HCO3 and 50% acetonitrile. The eluate was passed
through a 0.22-�m filter (Millipore) and dried by lyophilization. The
peptides were dissolved in 6 M guanidinium-HCl and 0.1% trifluoro-
acetic acid and separated by reverse-phase HPLC (SMART system;
Amersham Pharmacia Biotech) on a 3-�m RPC C2/C18 column (Am-
ersham Pharmacia Biotech) by applying a 50-min linear gradient of 5
to 50% acetonitrile in 0.1% trifluoroacetic acid at a flow rate of 200
�L/min. Peptides were sequenced by Edman degradation using an
automated gas-phase peptide sequencer (Applied Biosystems, Fos-
ter City, CA).

Preparation of the Subtilisin Fragments of Pherophorin-DZ1
and -DZ2

Fifty micrograms of pherophorin was digested with 0.5 �g/�L subtilisin
(Carlsberg type VIII; Sigma Aldrich) in 50 mM Tris, pH 8.0, and 0.5%
SDS for 3 hr at 30�C and applied to a QAE Sephadex A-25 column (vol-
ume, 2 mL; Amersham Pharmacia Biotech) equilibrated in 20 mM Tris,
pH 8.2, and 200 mM NaCl. The column was washed with 20 mM Tris,
pH 8.2, and 400 mM NaCl. Elution of the protease-resistant fragment
was performed with 20 mM Tris, pH 8.2, and 800 mM NaCl. After dial-
ysis against water, the eluate was concentrated by lyophilization.

Amino Acid Analysis and Mass Spectrometry

Amino acid analysis was performed as described by Cohen and Stry-
dom (1988). Molecular masses of compounds of interest were deter-
mined by electrospray mass spectrometry using an Esquire-LC
apparatus (Bruker Instruments, Billerica, MA).

Preparation of the Phosphodiester of Ara

Pherophorin-DZ1 was mixed with 33P-labeled pherophorin-DZ1 and
hydrolyzed in 0.5 M trifluoroacetic acid at 100�C for 2 hr. The prepa-
ration of the phosphodiester was performed as described by Godl et
al. (1997).

Carbohydrate Analysis

Volvox spheroids were pulse labeled with 14C-bicarbonate as de-
scribed by Wenzl et al. (1984). The neutral sugar composition of
pherophorin-DZ1 was determined by radio gas chromatography of
the alditol acetates as described by Wenzl and Sumper (1986a). The
carbohydrate analysis of the phosphodiester was performed as de-
scribed by Godl et al. (1997).

Polymerization Assay for Pherophorin-DZ1

Pherophorin-DZ1, purified from sexually induced Volvox cultures
(see above), was obtained in the monomeric state. Purified, desalted,
and concentrated pherophorin-DZ1 (100 to 200 �g/mL) can be
transformed into the polymeric state by incubation in 1 mM DTT at
28�C for 3 hr. The kinetics of polymerization were followed by SDS-
PAGE.

Stability of Polymeric Pherophorin-DZ1 in Denaturing Agents

The polymeric form of pherophorin-DZ1 sedimented quantitatively
by centrifugation at 50,000g for 20 min, whereas the soluble form re-
mained in the supernatant, as shown with 33P-labeled pherophorin-
DZ1. To analyze the stability of the polymeric state, samples were
dissolved in different chaotropic solutions: 6 M guanidinium-HCl,
70% formic acid, and 1.5% SDS with 2.5% 
-mercaptoethanol.
None of these conditions was able to convert polymeric material into
the soluble form, as judged by the sedimentation assay.

Generation of a Pherophorin-Enriched cDNA Library

For reverse transcription of pherophorin mRNAs, the degenerated
oligonucleotide sequence 5�-TCCAGSGTSGTGCAKCC-3� (derived
from the conserved amino acid sequence motif GCTTLE) served as a
primer. This primer was biotinylated and bound to streptavidin-
coated magnetic beads (Dynal Biotech, Oslo, Norway). The degener-
ated sense primer for cDNA amplification of pherophorin-enriched
cDNA populations was 5�-AARATTGAGTTYAAYGT-3�, derived from the
conserved amino acid sequence motif KIEFNV common to all phero-
phorins.

Cloning of the Pherophorin-DZ1 Gene

The amino acid sequence information for the peptides 5�-ATIN-
GRPTTVGAAYDRPING-3� and 5�-AGTAILR-3� identified the correct
cDNA clone in a collection obtained from the pherophorin-enriched
cDNA library. Because of the high degree of homology among the
members of pherophorin gene family, a diagnostic sequence of only
33 nucleotides (5�-CGCCTAGATCTCACACTCGCAACCGCCGCG-
GAC-3�) was used to probe the genomic library. The Volvox genomic
library in �EMBL3 (Frischauf et al., 1983) described by Ertl et al.
(1989) was used to clone the pherophorin-DZ1 gene. The screening
procedure followed standard techniques (Sambrook et al., 1989).

DNA sequencing was performed by the chain-termination method
(Sanger et al., 1977) or by cycle sequencing (Kim and Kim, 1994;
Hengen, 1996). Subclones with stretches of an unusually high (G)C
content and repetitive motifs were digested unidirectionally with exo-
nuclease III to create targeted breakpoints for DNA sequencing
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(Henikoff, 1984). This was done from both sides of the subclones.
The precise length of a given insert was determined by gel electro-
phoresis. Sequencing of (G)C-rich stretches was improved using nu-
cleotide analogs (McConlogue et al., 1988).

To verify the intron/exon boundaries assumed by homology with
other known pherophorin genes, mRNA from sexually induced (1 hr)
Volvox spheroids was reverse transcribed with exon-specific phero-
phorin-DZ1 oligonucleotides and further amplified by polymerase
chain reaction (PCR). The resulting cDNAs were ligated into the SmaI
site of pUC18 and sequenced.

Construction of the Chimeric dz1-gfp Gene

A chimeric gene was constructed consisting of the complete ge-
nomic clone of dz1, which includes 1.4 kb upstream of the start
codon and 2.9 kb downstream of the stop codon, and a gfp se-
quence, which was adapted to the codon usage of Chlamydomonas
reinhardtii (Fuhrmann et al., 1999). The gfp sequence was inserted
immediately in front of the stop codon of the dz1 gene. Additionally,
a sequence coding for a pentaglycine spacer was introduced to sep-
arate the C-terminal amino acid of pherophorin-DZ1 from the N-ter-
minal amino acid of green fluorescent protein. This was achieved by
PCR on exon 8 of dz1 with oligonucleotide 5�-ATGGTTGCAATGATG-
TGGC-3� and the recombinant oligonucleotide 5�-CTTGGCCATGCC-
ACCACCGCCGCCAGCGAAGCCGCTGCCGTA-3�, which bear the
sequence coding for the pentaglycin spacer, and a MscI restriction
site, which was used to fuse the dz1 and gfp sequences. The final
construction was performed by standard techniques (Sambrook et
al., 1989). The construct was confirmed by sequencing.

Stable Nuclear Transformation of Volvox

Volvox strain 153-48 was transformed using a particle gun to bom-
bard cells with DNA-coated gold particles, as described previously
(Schiedlmeier et al., 1994). Plasmids carrying the artificial gene con-
struct were introduced into Volvox nit� strain 153-48 by cotransforma-
tion with plasmid pVcNR1 (Gruber et al., 1992; Schiedlmeier et al., 1994)
containing the Volvox nitA gene. Bombarded cultures were cultivated in
selective Volvox medium containing only nitrate as a nitrogen source.

Genomic PCR

Genomic PCR was used to confirm the stable transformation of Vol-
vox. Fifty spheroids were selected using a dissecting microscope
and transferred into 10 �L of sterile lysis buffer (0.1 M NaOH, 2.0 M
NaCl, and 0.5% SDS). After 5 min at 95�C, 200 �L of 50 mM Tris, pH
7.5, was added. Two microliters of the resulting lysate was used for
PCR (in a total volume of 100 �L). Products of PCR amplification
were cloned into the pUC18 SmaI site and sequenced.

Fluorescence Microscopy

Specimens were examined with a fluorescence imaging system (Till
Photonics, Gräfelfing, Germany). The green fluorescent protein fluo-
rescence was excited with monochromatic light (15-nm half-band-
width) with a center wavelength at 395 nm. Confocal laser scanning
microscopy was performed with a LSM 5 Pascal microscope from
Zeiss (Jena, Germany).

Electron Microscopy

Pherophorin-DZ1 monomers or polymers, as well as the subtilisin-
resistant fragment, were rotary shadowed with platinum and visual-
ized by electron microscopy, as described by Mörglin et al. (1988).

Software

Corel Draw 8.0 (Ottawa, Canada) and Photoshop 5.0 (Adobe Sys-
tems, Mountain View, CA) were used to process digital images.

Accession Number

The accession number for the pherophorin-DZ1 sequence is
AJ429230.
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