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ABSTRACT: Biliverdin is required forXenopus lagis embryo dorsal axis formation. When the tetrapyrrole

is inactivated by phototransforming it with ultraviolet light prior to the first division, the embryo fails to
synthesize dorsal MRNASs, suchgmosecoidr chordin yet forms increased amounts of ventral transcripts,
such as/entl, and, consequently, develops ventralized morphology. Here we describe the metabolism of
biliverdin during oogenesis and early embryogenesis. Estrogen induces frog hepatocytes to synthesize
biliverdin and vitelogenin. The two molecules form a complex that is secreted into and transported in the
plasma to be taken up by the oocyte as it matures through its six stages of oogenesis. In the oocyte, the
biliverdin—vitellogenin complex is processed and stored in the yolk platelets. In these organelles, biliverdin
is associated entirely with the lipovitellin domain of the processed vitellogenin. Once the egg is fertilized,
its biliverdin content decreases over-ath period to participate in the chemical machinery required for
dorsal axis formation. This participation must be initiated during the period encompassing the first
embryonic mitosis. The results describe the pathway that generates, transports, and stores biliverdin as
part of oogenesis, define the time course for its utilization after fertilization, and link biliverdin to the
metabolism of the phosphoglycolipometalloprotein, vitellogenin.

Embryo morphogenesis requires establishment of both (DAI) from a normal of 5 to less than 2, with many having
molecular and structural asymmetries between the dorsal anccomplete absence of any dorsal axis scored with a DAI of
ventral zones within the first few cell divisions after 0. Remarkably, if the irradiated embryos are incubated with
fertilization (1). The dorsal zone then generates mRNAs intact biliverdin after termination of UV-irradiation, the
responsible for head structures, spinal cord, and other dorsabmbryos recover their capacity to develop a dorsal axis; over
organs. Failure to form these transcripts leads to predomi-60—70% are fully rescued and generate embryos with a
nance of the ventral zone mMRNAs that result in embryo normal DAI of 4-5 (2).
ventralization characterized by the absence of these dorsal The identification of this mandatory function for biliverdin
organs 2, 4). The entire process is mediated largely by in dorsal axis formation calls for examination of its metabo-
diverse chemical signal8,(4). We reported that one of those lism in both maternal and embryo tissues, the structural
signals is the tetrapyrrole biliverdin. It plays a hitherto requirements for its function, and definition of any molecular
unrecognized and essential role in the earliest stages ofpartners with which may it interact. A starting conceptual
embryogenesis to mandate dorsal axis formation (2). This point for this undertaking derives from the understanding
essentiality of biliverdin has been ascertained by virtue of that other molecules required for developmental and dif-
its sensitivity to in vivo UV light irradiation of the vegetal ferentiation processesnetals, retinoids, prostaglandinare
hemisphere of the embryo and the consequences that followtransported from, into, and within cells through binding to
that exposure. Thus, when the stage 1 embryo is exposed tane or more proteins to exert their biological actiofs).
either short (254 nm) or long (366 nm) UV light prior to the Here we demonstrate that biliverdin metabolism is linked to
first cleavage, its biliverdin is phototransformed. The result and depends on a major protein that both transports it into
is that downstream dorsal mMRNA markers, egposecoid and stores it in the oocyte. We also identify the timing of its
and chordin are not expressed while that of the ventral release from the storage site and utilization following
MRNA marker, Vent 1, is up-regulated,®). The irradiated, fertilization. The stage is set to identify yet additional protein
biliverdin-depleted embryos develop significant axis defi- partners essential for subsequent development.
ciency, quantified by a reduction in the dorsal anterior index
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female frogs. Stages HVI oocytes were obtained by Vitellogenin was purified from the serum of adult female
dissection of adult 67 cm frog ovaries as previously X. laevis frogs according to previously reported methati®) (
described 9). Both pigmented and albino aduenopus The animals were injected in the dorsal lymph sac with 2
laevis female frogs (6-7 cm) were used to obtain spawned mg of estradiol valerate (Bristol-Myers-Squibb Co., NJ).
eggs. The presence of biliverdin and its distribution within Twenty-one days later, the frogs were anesthetized, and their
the egg intracellular compartment was determined using 200blood was extracted by direct heart puncture. The serum was
freshly spawned dejellied eggs from both types of frogs. The diluted 1:1 with Tris 20 mM, pH 7.5. One milliliter of the
eggs were manually homogenized in 5 volumes of 0.25 M sample was chromatographed in an HR 5/5 column packed
sucrose, 20 mM Tris, 50M leupeptin, pH 7.5, 2C (buffer with 1 cn? of Source 15Q resin (Amersham-Pharmacia
A). One milliliter of the homogenate was loaded onto a 5 Biotech, NJ) using an FPLC system (Pharmacia) at a flow
mL stepwise sucrose gradient and spun in an SW40 rotorrate of 2 mL/min. Initial buffer was Tris 20 mM, pH 7.5,
(Beckman) at 25000 rpm, OC, for 22 h as described and final buffer was NaCl 1 M, Tris 20 mM, pH 7.5. The
previously 8, 9. Five egg fractions were separated by the gradient design was -60% final buffer with a linear
following density step-gradient (in g/mL)<1.07, 1.08, 1.15,  increment from 5 to 20 min. The eluate was recorded at 284
1.16, 1.20, 1.21, 1.26, 1.27, and 1.30. One volume of the nm. The absorption at 375 nm was determined in the
sample was mixed with 2 volumes of organic extraction collected fractions with a Varian-Cary 50 Bio UWis
solvent (8 parts ethyl acetate, 1 part methyl acetate, and 50spectrophotometer. The fractions with absorbance at 375 nm
ug/mL butylated hydroxytoluene®) to extract the biliverdin higher than twice the background signal were extracted with
from each gradient fraction. The fraction of the biphasic organic solvents using a ternary system consisting of 1 part
immiscible mix that retained the green color characteristic of chloroform and 2 parts of methanol added to 0.8 part of
of biliverdin was recovered and dried. either the serum or the selected fractioh8)( This solvent
The dried nonvolatile residuals obtained from each extract mixture differs from the one used with the oocyte constituents
were dissolved in 10% acetonitrile, 10 mM ammonium (see above) because the latter was ineffective in extracting
acetate, pH 6.5. Aliquots of 250L were loaded onto a  the blue-green pigment from serum fractions.
Jupiter 54Cyg 300 A 250x 4.6 mm column (Phenomenex)  The yolk platelet proteins were purified from solubilized
connected to a Waters 510 HPLC pump and a Watersorganelles 12, 14. Yolk platelets were dissolved in 2
Automated Gradient Controller and eluted with a binary volumes of NaCl 1.5 M, Tris 30 mM, pH 7.5, T (buffer
solvent system. The initial solvent was ammonium acetate B). The solubilized proteins from the yolk platelets were
10 mM, pH 6.5, and the final buffer was 100% acetonitrile. separated by selective precipitation with ammonium sulfate
The gradient design was:-100% ending solvent with a  to a final concentration of 66% of the saturated concentration.
linear increment from 5 to 45 min, then 100% ending solvent The resultant ammonium sulfate suspension was spun at
from 45 to 60 min. The eluate was monitored at 340 nm 30 000 rpm in a Beckman Ti80 rotor for 60 min at°C.
with a Waters 440 Absorbance Detector, and the data wereThe supernatant contains phosvitin while the pellet is
recorded with a Hewlett-Packard 3390 Integrator. The composed principally of lipovitellin. The latter was redis-
retention times for the known chemicals biliverdindXall- solved in buffer B and reprecipitated with ammonium sulfate
transretinoic acid, Seis-retinoic acid, andx-carotene were  as described above. Finally, lipovitellin was dissolved in 2
determined with commercially available compounds (Sigma, volumes of buffer B. One milliliter of the lipovitellin solution
St. Louis, MO). Each sample was treated similarly with was loaded onto a 12& 1 cm glass column (Bio-Rad)
organic solvents, chromatographed under the same condipacked with Sephacryl S-300 resin (Pharmacia), previously
tions. The results were used to study the presence and conteréquilibrated wih 1 M NaCl, 30 mM Tris, pH 7.5 (buffer
of these molecules in the different fractions prepared for C), at room temperature. The flow rate was 4.5 mL/h, and
analysis. A wavelength absorbance scan was performed orfractions of 2 mL each were collected. Fractions were
selected fractions with a Varian-Cary 50 Bio BVis individually read for their absorption at 280 and 375 nm with
spectrophotometer. Selected HPLC samples were dissolved Varian-Cary 50 Bio UV-Vis spectrophotometer. Standard
in equal volumes with methanol and submitted to mass SDS—-polyacrylamide gel electrophoresis and amino acid
spectrometric analysis with a Finnigan LCQ ion trap mass analyses were performed as describ&®).(

spectrometer. o The fractions with high absorbance at 375 nm were
Spawned eggs were fertilized in vitro, and the embryos exiracted with the same ethyl acetate/methyl acetate mixture
were staged according to the stand3dlaevis develop- a5 used with the oocyte and embryo homogenates. The

mental table 10, 11). The time frame following fertilization  resultant extracts were chromatographed by reversed phase
during which biliverdin must be inactivated by UV light to  HpC as described?}. The HPLC fractions eluting at 23.3
prevent dorsal axis formation has been reporgyd@ocytes  min from either the lipovitellin or the vitellogenin extracts
and embryos selected at targeted stages of development wergere analyzed by mass and YVis spectrometry and
homogenized in 1 volume of ice-cold stabilizing buffer compared with the spectrum of a commercial biliverdin
composed of EDTA30 mM, ascorbic acid 30 mM, Tris 20 standard sample that was treated previously in a similar way,

mM, pH 7.4. Oocyte and embryo homogenates were by organic solvents and HPLC separation.
extracted, and their biliverdin content was analyzed as

described above. RESULTS

! Abbreviations: EDTA, ethylenediaminetetraacetic acid; VG, vi- The methyl acetate/ethyl acetate solvent mixture extracts

tellogenin; LV1, lipovitellin 1; LV2, lipovitellin 2; PV, phosvitinTim, the blue-green pigment biliverdin from all frog eggg)(
time from fertilization in hours. In addition, a number of other compounds are also extracted.
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Ficure 1: Changes in biliverdin content during oogenesis and early embryogenesis. (a) Normalized values for oocyte volume and their
biliverdin and zinc contents at different stages of maturation. The ratios represent the value of the measured variable at any giyen stage (
divided by the value at stage Vh(). Zinc and volume values for each oocyte maturation stage were adapted from previous publications
(1, 9. The content of biliverdin was performed in duplicate batches of-8I eggs or embryos. The biliverdin content increases progressively
during oogenesis®). Its incremental accumulation correlates with that of ziog and volume ¥). (b) In the embryo, the biliverdin

content @) decreases steadily after fertilization. At stage 8, it has decreased to less than half of the original amount in the egg.

All of them have distinct hydrophobic properties that define Table 1: Distribution of Biliverdin in Subcellular Fractions of
different elution times from a C18 HPLC column. Biliverdin ~ Xenopus laeis Eggs

is one of the least hydrophobic constituents and elutes at fractiono typical peak area

23.3 min with 44% acetonitrile. Other more hydrophobic (g/mL) components peak area (% of total)

compounds elute with higher amounts of acetonitrile. Two <1.07 lipids 0 0

of these compounds elute with retention times that are 1.08-1.15  cytosol 0 0
identical to theall-trans-retinoic acid andx-carotene stan- 1.16-1.20  mitochandria 0 0

dards. These differences in elution times allowed us to 1.2171.26 ~ yolk platelets i 3087 38
ardas. 1.27-1.30 peroxisomes, nuclei 9.66 26.2

X . B

Zetpara'Fe ﬂt]hesf. compounds% tﬂu.antltate thle'tf pr_esence, and aPeak area of the biliverdin fraction present in the HPLC chro-
etermine the time course of their accumulation in 0ocytes. 1, a10gram recorded at 340 nm.

For exampleg-carotene is already present in stage | oocytes,

and its peak area varies minimally during oogenesis (not

shown). In contrast, the peak corresponding to biliverdin is X Ay
barely detectable in stage-Il oocytes, but its peak area of egg homogenates separates cytosol, mitochondria, light

increases significantly and progressively in stages Vil and dense yolk platelets, nuclei, and peroxisomt. (

(Figure 1), known as the vitellogenic phase. The increase inAnalysis of the biliverdin content in these egg constituents
biliverdin content is concurrent with major morphological démonstrates that the tetrapyrrole is found predominantly in
changes of the oocyte. The color of oocytes from pigmented fractions with densities between 1.21 and 1.23 g/mL, layers

frogs is altered as they progress through oogenesis. Theyiat concentrate and separate yolk platelets (Table 1).
are white in stage |, pale brown in stage II, and progressively Therefore, the majority of egg biliverdin is localized to yolk

greener as they develop from stage |1l to stage IV. platelets. A smaller amount of biliverdin appears in the
The relative changes in egg biliverdin content during the healvlgrbfrtactlonslthat tyf'_caltlg cr?nta!n t)ero(;q;omes tanollk
vitellogenic phase are identical to those observed for zinc NU¢'€!, but may also contain the heaviest and densest yo

(9, 12, 14 and volume increasd (15, 16. Thus, the curves platelets or represent a carry-over phenc.).menc.)n.of yolk
de,scri,bing the incremental accum,ulation of, sinc and the Platelets as the fractions are collected. No biliverdin is found

increase in volume during oogenesis correlate closely with in any other layer.

that of biliverdin (Figure 1). We had previously demonstrated  Its presence in yolk platelets is explained by the observa-
that zinc incorporation by the oocyte depends on the import tion that biliverdin is an intrinsic component of vitellogenin.
of zinc-vitellogenin and subsequent processing into the yolk After estrogen administration, vitellogenin synthesis is
platelet proteins zinc-lipovitellin and phosvitin. Thus, vitel- induced in the frog’s liver and secreted into the bloodstream.
|Ogenin contains 1 mol of zinc per monomd_rZI, and this The norma”y ye”OW plasma acquires an intense green color.
zinc in vitellogenin accounts for well over 95% of the zinc  This change in color is due entirely to the presence of
in the oocyte {4). Hence, any increase in zinc corresponds biliverdin. The organic solvent extract of the btugreen

to an increase in vitellogenin. As greater quantities of Serum chromatographed on gs€olumn demonstrates that
vitellogenin are taken in and processed within yolk platelets, the blue-green fraction elutes with a retention time of 23.3
these organelles increase both in size and in density, leadingnin (Figure 2a). This peak fraction exhibits a characteristic
to an increase in oocyte volumé@). Therefore, since the UV —Vis absorption profile with two distinctive peaks at 375
time course of biliverdin accumulation during oogenesis and 665 nm (Figure 2b). Its mass i8X) 583.25m/z (Figure
correlates to these other two variables, it is consistent with 2C). These physical chemical characteristics identify the
the conclusion that the tetrapyrrole is a yolk platelet blue—green fraction as biliverdin2j.

constituent and that its accumulation in the oocyte also is  The biliverdin in serum is bound to vitellogenin. Protein
governed by the processes associated with yolk formation.components of the bluegreen serum are chromatographed

This premise is now confirmed. Isopycnic fractionation



10118 Biochemistry, Vol. 41, No. 31, 2002 Montorzi et al.

20
0.6
2 2 Vitellogenin
£ 15
g 03
3 10 +
< 0 b 1 1 1 1 1 o\o
0 20 40 60 2 st
Minutes 2
£
0-2 B b °\° 100 L 583.25 c '5 0 JE 1 L1 1 1 1 1 1 1 L 1 fl 1 L
> @ (+1) E 20
< 0.1 § S Lipovitellin
i I 50 3
< g 5 15}
0.0} 2 o
T T T 0 "LLTJ‘H e SR 10
400 800 300 600
nm m/z
Ficure 2: Physicat-chemical properties of the bltgreen pigment Sr
from serum of estrogen-stimulated frogs. (a) Rechromatography
of an HPLC-purified blue-green fraction from serum yields a sharp ol e
peak that elutes at 23.3 min. (b) UWis spectrometric analysis DESGHRTAPYVMILFK

of this fraction reveals characteristic absorption peaks at 375 and
665 nm. (c) Mass spectrometric analysis of this fraction indicates
that it has a mass identical to that of a biliverdin standard.

Ficure 4: Amino acid analysis. The abundance of each amino acid
analyzed was calculated and plotted in percent of the total moles
measured. The present values (heavy lines) were compared to
reference ones (light lines) of either vitellogenin or lipovitellin (12).
(@) Comparison of fraction 17 (see Figure 3) with vitellogenin
280 nm reference. (b) Comparison of fraction 15 (see Figure 5) with
lipovitellin reference.

1.5

Biliverdin is associated with lipovitellin in the yolk
platelets. The yolk platelet proteins are solubilized with NaCl.
Lipovitellin can be separated from phosvitin by treatment
with ammonium sulfate because the former is selectively
precipitated while the latter remains in the supernatant after
ultracentrifugation. The pellet containing lipovitellin is blue
375 nm green and exhibits absorption peaks at 375 and 665 nm
characteristic of biliverdin. The phosvitin-containing am-
monium sulfate supernatant is not biugreen and, therefore,
01t does not absorb at the higher wavelength. Size exclusion
chromatography on a Sephacryl S-300 column further
purifies lipovitellin by separating smaller peptide fragments
from the LV1-LV2 complex (Figure 5). Fractions 1418
0 "'—'—‘—'j_‘—mr"r‘_‘l— ] collected from the size exclusion chromatography experiment
5 10 15 A 20 absorb both at 280 and at 375 nm. Peak fraction 15 resolves

Fraction, number into three bands on SDS gel electrophoresis (Figure 5 inset).
Ficure 3: Vitellogenin purification from frog serum by Fast Protein ~ The bands are identified with Coomassie blue staining. The
Liquid Chromatography. A source 15Q resin was used for the |arger one displays an electrophoretic migration close to the
chromatography of the serum. () The serum contains a number ofy 15 kDa marker, and the two smaller ones migrate close to

proteins that are resolved into distinctive peaks monitored at 280 : . . .
nm. (b) Only one fraction (arrowhead) retains the bigesen color the 34.8 kDa marker. These values, in conjunction with the

of the serum. The chromophore is identified as biliverdin by the Morphology of the bands, are consistent with the reported
identical criteria shown in Figure 1. molecular masses of lipovitellin 24115 kDa), lipovitellin

20 (~35 kDa), and lipovitellin  (~32 kDa) (2, 17, 18.
with a Source 15Q resin. Many of the eluting fractions absorb The amino acid composition of fraction 15 confirms the
at 280 nm, but only fractions 17 and 18 also absorb assignment of the identity of the protein as lipovitellin and
significantly at 375 nm (Figure 3). Furthermore, these certifies the peak as pure (Figure 4). The amino acid content
fractions are the only ones that retain the btgeeen color (mole percent) is comparable to the reference amino acid
of the serum loaded onto the column. The amino acid composition of lipovitellin {2). Therefore, the peaks re-
composition of peak fraction 17 (Figure 4) is comparable to corded at 280 and 375 nm coelute in the same fractions and
literature values for vitellogenin1l@) and confirms that  contain lipovitellin 1 and lipovitellin 2 in complex form.
fractions 17 and 18 contain pure vitellogenin. The blue The blue-green chromophore of lipovitellin was extracted
green chromophore, extracted separately with organic sol-with organic solvents, and the extracted material was resolved
vents from purified vitellogenin, has a retention time and by HPLC on a G column. The HPLC elution profile of the
spectral characteristics identical to those of biliverdin lipovitellin extract recorded at 340 nm reveals one main peak
extracted directly from serum (Figure 2). Therefore, the with a retention time of 23.3 min, identical to the retention
presence of a biliverdinvitellogenin complex in the serum  time of the extracts from vitellogenin, the oocytes and eggs
of estrogen-stimulated frogs determines its green color.  (Figure 2a). The UW-Vis absorption spectrum (Figure 2b)
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Ficure5: Size exclusion Sephacryl S-300 column chromatography
of lipovitellin. A single predominant peak (fractions-148) absorbs
significantly at (a) 280 and (b) 375 nm entirely due to the presence
of biliverdin. Inset: SDS-polyacrylamide gel electrophoresis of
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genesis. We find that the elements of that metabolism are
intimately linked to that of the major egg protein vitellogenin,
its processed product lipovitellin, and its storage organelle.
Those aspects of biliverdin metabolism that pertain to the
period of oogenesis include hormonal regulation of its
synthesis, association with vitellogenin as a carrier protein
synthesized in the liver, secretion into plasma, and trans-
portation into and storage in the oocyte (Figures1Table

1). Those that relate to the post-fertilization period depict
biliverdin release from storage following fertilization during
the early stages of embryogenesis (Figure 1).

Thus, biliverdin 1Xo. has been shown to be an intrinsic
constituent of vitellogenin (Figures 3 and 4). This 220 kDa
protein is already known to be of major importance to
embryo development since it serves as the carrier of several
elements essential for embryogenesis including phosphate,
carbohydrate, lipid, zinc, and calcium. The association of
yet another essential molecule with vitellogenin, therefore,
is consistent with this function. Biliverdin, like all of the
other intrinsic constituents of vitellogenin, must be incor-
porated during its estrogen-activated synthesis in the hepa-
tocyte since the protein contains all of these molecules that
it transports by the time it is secreted into the plasit, (

fraction 15 (peak). Three separate bands are resolved, consisteni9—21). This requires that sufficient amounts of biliverdin

with LV1, LV2a, and LVZ3. The marks next to the gel correspond
to the relative mobilities of the molecular weight standards.

and molecular mass (Figure 2c) of this fraction are charac-
teristic of biliverdin. Both results also are identical to the

characteristics of purified commercial biliverdin used as
standard (2). Jointly, these results indicate that biliverdin is
bound to lipovitellin in the yolk platelets.

Whereas biliverdin increases progressively during the year-
long process of oogenesis (Figure 1), once the egg is
fertilized, its content in the embryo decreases within hours.
By the time the embryo reaches stage 2 (four cells), it has
fallen by 20%, and it falls further to 50% during the next
5—7 h, the period required to reach stage 8 of development
(Figure 1).

DISCUSSION

We recently reported that biliverdin Xis a normal
constituent ofXenopus lagis oocytes and eggs and has a
role in the establishment of the dorsal axis and generation
of corresponding organs in embryd®).(The biliverdin in
the mature, fertilized egg can be phototransformed when
ultraviolet light is applied to the vegetal surface of the
embryo prior to the first division. The developmental

be available to associate with nascent vitellogenin and leads
to the conclusion that estrogen administration, either directly
or indirectly, must up-regulate the formation of the tetrapy-
rrole itself. A point of departure to begin to understand how
the tetrapyrrole might be formed and how its metabolism
might be linked to that of vitellogenin is to review the
available information on biliverdin biochemistry in juxta-
position with vitellogenin synthesis in the liver and its
processing in the oocyte (Figure 6). Biliverdin is formed by
the action of the microsomal enzyme heme-oxygenase (HO-
1) that catalyzes the oxidation of hemeotdOH-hemin with

a ferric (FE") cation @2, 23. Then, in a subsequent
nonenzymatic step, biliverdin is generated after the release
of Fe*t and a molecule of carbon monoxid®4]. While the
above biochemical scheme relates to heme breakdown,
analogous enzymatic machinery may also be operative in
the frog. In this case, however, the enzymatic activity needs
to be understood as part of a primary synthetic rather than a
degradation process.

Once the biliverdir-vitellogenin complex is formed, the
protein acts as the vehicle to transport biliverdin in the plasma
from its hepatic site of origin to its storage site in the oocyte.
Normally, the frog’s plasma is yellow, but following a high-
dose estrogen administration, it becomes bigeeen owing

outcomes of the phototransformation are ventralized embryosto the high amount of biliverdinvitellogenin product

that fail to form dorsal organs such as brain, eyes, spinalinduced by the hormonal stimulation and secretion into the
cord, etc. Replenishing biliverdin prior to the end of the bloodstream (Figure 2). The estrogen effects on biliverdin/
second division reestablishes the lost capability to form dorsal vitellogenin synthesis in female frogs have been reproduced
organs. These novel findings shift our understanding of the in male frogs whose plasma normally does not contain
biological significance of this tetrapyrrole from that of a vitellogenin (2).

breakdown product of heme without a functional purpose to  Biliverdin is brought into the oocyte when the biliveretin
that of a molecule essential for embryogenesis. It calls for vitellogenin complex in the plasma is internalized after
placing it as a component of the current framework of binding to oocyte membrane receptors on coated g&s (
signaling molecules and their activators, inhibitors, and/or Once in the oocyte, the biliverditvitellogenin complex is
regulators of posttranslational metabolism involved with processed within endocytosed vesicles that fuse with mul-
formation of dorsal organs. These conclusions compelled ustivesicular bodies and then to yolk platelets. In these
to extend our studies with this tetrapyrrole and delineate its organelles, vitellogenin is hydrolyzed into various fragments
metabolism duringX. laevis oogenesis and early embryo- that comprise lipovitellin 1 (LV1~115 kDa), lipovitellin 2
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Ficure 6: Proposed model of the metabolic pathwayofaevis biliverdin. (a) Estrogen (E) induces hepatocytes to synthesize vitellogenin

and biliverdin @). The biliverdin-vitellogenin complex is excreted into and transported in the frog plasma and binds to oocyte receptors,
and it is internalized. The complex is processed into lipovitellin/phosvitin domains. Lipovitellin contains the biliverdin. (b) After fierilizat
biliverdin is proposed to be released to interact with a cortical factor(s) as a mandatory step to switch ON and establish the dorsalizing
centers, the Nieuwkoop center (NC), and the Spema&nangold organizer (Org). (c) Time line for biliverdin production, storage, and
activity.

(LV2a, ~35 kDa; LV25, ~32 kDa) and phosvitin (PV+-39 tetrapyrrole concentrates in the vegetal hemisphere as the
kDa). The resulting protein fragments (LV1, LV2, and PV) majority of the yolk platelets settle into that pole of the
remain together in the form of a complex that polymerizes embryo (). The significance to the embryo is that during

in a quite characteristic microcrystalline array that has beenthese first hours the content of biliverdin decreases by 50%
resolved by electron microscopy (287). The biliverdin is in the region that contains the determinants of future dorsal
located in the vitellogenin domain that is processed into organs (Figure 1b)rhe identities and functions of many of
lipovitellin in the yolk platelet (Figures 4 and 5, Table 1). the molecules that comprise the cortical determinant(s) and
The lipovitellin—tetrapyrrole complexes are stored in these participate in this complex embryological process have been
organelles for several years, the period of time that it takes studied and organized into two signaling pathways: the

for an oocyte to develop from stage | to stage ¥] 28). canonical Wn{# catenin and nonclassical one consisting of,
These findings provide unambiguous proof of a previously e.g., TGEB-like factors that enhance the dorsalizing capabili-
proposed association of biliverdin with lipovitelli2g, 30. ties of the classical pathwag+<{5, 31-33).

Treatment with ethyl acetate/methyl acetate easily extracts We proposed that biliverdin is released during the narrow
the biliverdin from lipovitellin whether as found within  window of time before the first mitosis to bind one or more
oocytes, within yolk platelets, or as the purified protein, cortical determinants to participate in the series of events
suggesting biliverdin binding is likely noncovalent. In that result in the formation of the dorsal axis in the embryo
contrast, different conditions are required to extract the and induce dorsal structure®)( It is now necessary to
tetrapyrrole from vitellogenin. Thus, the organic solvent examine how, where, and with what components of the
extraction protocol used to extract biliverdin from lipovitellin  ¢lassical system does biliverdin interact and how it fits in
fails to extract the pigment from the parent vitellogenin. An the framework of these signaling pathwayscatenin is a
alternative ternary system (chloroform, methanol, and the central participant of both pathways. It is present in the cortex
aqueous sample) was required to extract biliverdin from of both animal and vegetal poles of the e@4,(39 and is
vitellogenin either as the pure molecule or as found in serum. redistributed to the dorsal zone after fertilization within one
The basis for this difference in extractability needs to be to two cell divisions. There it is relocated from the cortex to
evaluated. It indicates the presence of distinct chemical the cytoplasm. Once in the cytoplasm, it binds to a group of
environments in the parent and its processed product thatproteins that lead either to its stabilization and translocation
may impact on the exposure of the biliverdin-carrying site into the nucleus or to its degradation by ubiquitin-dependent
to the surrounding solvent. proteolysis. The selection of the fate depends, in part, on

Once the egg is fertilized, the biliverdin must be asym- the amounts and functionalities of a complex of proteins
metrically distributed since during this early period the associated directly or indirectly with catenin 82). When
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the predominant complex is with the phosphorylating enzyme REFERENCES

glycogen synthase 3 (GSKB CKla, APC, axin, and others,
theng catenin is phosphorylated and subsequently degraded.

When the predominant complex is with the products of 2.

activation initiated by Wnt ligand-binding to Frizzled recep-
tors, including Disheveled; catenin is stabilized3@, 33,

36). Stable cytoplasmi@ catenin is translocated to the nuclei 3
of cells in the dorso-vegetal zone. The nuclear localization
is associated with binding to HMG box transcription factor
Tcf and activation of transcription of siamois followed by a 5
host of other target gene81—39).

There are tantalizing results that point to the participation
of biliverdin in this classical system. Thus, biliverdin acts
early in embryogenesis since its must be inactivated prior 7
to the first cell division in order to result in failure to establish
dorsal structures. Moreover, recovery of the lost capability
of UV-irradiated embryos is only possible if biliverdin is 8
replenished no later than the period between the end of the
first and the beginning of the second divisid?).(This is
the same time frame when the canonical signaling system
initiates its actions to produce dorsal axis, specifically
activation of Wnt signals, translation, and redistribution of
/3 catenin to the dorsoequatorial region. It is also the period
when UV irradiation both transforms biliverdir2)( and
concurrently increases the content in the dorsal zone of
GSK33, the protein that phosphorylatgsatenin and results
in its degradation 40). Similarly, UV irradiation both
transforms biliverdin and causes failure to form dorsal
mRNA markers mediated b§ catenin gene activatior®).
Thus, biliverdin could affect the quantity, stability, and/or
activity of 5 catenin, GSKB, or any other of the molecules
involved in the signaling pathway. Studies are in progress
to examine these molecules in embryos with intact biliverdin,
biliverdin depleted (UV irradiated), and biliverdin repleted
(UV irradiated incubated with biliverdin).

The findings that biliverdin binds normally to the highly
conserved vitellogenin and lipovitellin, proteins of recognized
importance to development, together with the prolonged
effort expended by the frog to accumulate and store the
tetrapyrrole in yolk platelets and the effects of ultraviolet
light on development provide further support for the view
that the molecule has a significant function in biology.
Similar conclusions can be made for both vitellogenin and
lipovitellin, long considered to constitute a maternabcyte
nutrient transport and storage system for metals, amino acids,
hydrocarbons, phosphates, and lipids that supply the devel- ;4
oping embryo with these essential compount, (L7, 18,

417). In the context of the essential role of biliverdin in frog

embryogenesis, its addition to the molecules associated with 20.

vitellogenin and lipovitellin broadens the importance of these
proteins. Vitellogenin now must be recognized to function

as a major transport, protective shield, delivery, and storage 21-

system for biliverdin. It is now necessary to define the
molecular partners that interact with biliverdin following its
proposed release from the yolk platelet during the first cell

divisions of the embryo and affect downstream transcription 23.

of both dorsal and ventral mMRNAs (Figure 6).
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