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Abstract. Three proteins have been identified in the
milk of the common brush tail possum,Trichosurus vul-
peculathat from sequence analysis are members of the
lipocalin family. They includeb-lactoglobulin, which
appears to have two forms; a homologue to the late-
lactation protein found in tammar,Macropus eugenii;
milk; and a novel protein termedtrichosurin. Whereas
b-lactoglobulin and trichosurin are both expressed
throughout lactation, the late-lactation protein is not de-
tected in samples taken before days 100–110 of lactation.
The cDNAs encoding each of these proteins have been
isolated from cDNA libraries prepared using possum
mammary mRNA and sequenced. Phylogenetic analysis
showed that theT. vulpeculab-lactoglobulin, along with
two other macropodb-lactoglobulins, forms a subclass
of b-lactoglobulins distinct from those for eutherian
mammals; both marsupial late-lactation proteins appear
to have similarities to a family of odorant-binding pro-
teins, whereas trichosurin has similarities to the major
urinary proteins of rodents.

Key words: Marsupial — Milk — Lipocalin — b-
lactoglobulin — Late-lactation protein — Trichosurin —
Phylogeny

Introduction

In metatherians (marsupials), much of the reproductive
effort is directed toward lactation rather than gestation.
The marsupial young is born at a very altricial stage and
has to complete its development inside the mother’s
pouch. Lactation has two distinct phases. The initial pe-
riod lasting approximately 120 days inTrichosurus vul-
peculadefines the early phase of lactation (Pilton and
Sharman 1962), which has some characteristics of an
extended eutherian colostral phase and is functionally
equivalent to an external end of gestation. During the
second phase, referred as late lactation, the young gains
weight and switches progressively to a vegetarian diet
and independency. Dramatic quantitative and qualitative
variations of milk composition that occur between the
two phases are well documented inT. vulpecula(Gross
and Bolliger 1959; Cowan 1989; Crisp et al. 1989;
Grigor et al. 1991; Piotte and Grigor 1996). For the most
part the marsupial milk proteins appear to be similar to
those found in eutherian milk although, to date, only a
few marsupial milk genes have been cloned.

We have been involved in a systematic study of the
major milk proteins and their expression inT. vulpecula,
the common Australian brush-tailed possum, with the
goal of identifying proteins expressed specifically in ei-
ther early or late lactation. Recently we reported the
identification, isolation, and cloning of a small glycopro-
tein expressed only in early lactation (Piotte and Grigor
1996). Earlier we had reported that transferrin was ex-
pressed primarily in late lactation (Grigor et al. 1991).
Other proteins, such asa-lactalbumin and lysozyme are
expressed throughout lactation (Piotte et al. 1997) as are
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two caseins, identified by their similarity to the wallaby
proteins, asa- andb-casein. In this paper, we report the
cDNA cloning of three other milk protein genes fromT.
vulpecula.The derived protein sequences indicate that all
three belong to the lipocalin family. Two were identified
asb-lactoglobulin and late-lactation protein (Nicholas et
al. 1987). The third, however, is a novel milk protein,
referred to astrichosurin by ourselves, which is related
to the rodent major urinary proteins. This is the first time
that three lipocalin-like members have been found in the
milk of a single species.

The lipocalin family contains some 40 nonredundant
secretory ligand-binding proteins that, despite having
little sequence homology, have similar three-dimensional
structures consisting of an eight-stranded antiparallelb
barrel (Papiz et al. 1986; Flower 1996). Although it is
known that many may transport small hydrophobic mol-
ecules (Pervaitz and Brew 1985; Flower 1996), in most
cases, their physiological function remains to be estab-
lished.

b-Lactoglobulin is the major whey protein of rumi-

nant milk. It is also found in the milk of nonruminant
eutherians and has been identified in the milk of two
macropod marsupials,Macropus giganteus,the eastern
grey kangaroo (Godovac-Zimmermann and Shaw 1987),
andMacropus eugenii,the tammar wallaby (Collet et al.
1991). b-Lactoglobulin is thought to transport retinol
and/or fatty acids (Godovac-Zimmermann 1988; Flower
1996).

Late-lactation protein has only been detected in mar-
supial milk to date. It is expressed at a high level during
the late-lactation phase byM. eugeniimammary gland,
accounting for 25% of total milk proteins (Nicholas et al.
1987). Very strong linkage disequilibrium has been
shown between alleles ofb-lactoglobulin and late-
lactation protein inM. eugenii(Woodley et al. 1993).

Methods

Tissue Samples.Milk samples were collected as previously described
(Piotte and Grigor 1996) and kept frozen at −70°C until further analy-

Table 1. List of the protein sequences used in this work, their GenBank locus name and accession number, and the code name used in this study

Database name
Accession
number Species Type Name

BTLGB X14712 Bovine BLGa BLG cow
LACB_BUBAR P02755 Buffalo BLG BLG buffalo
LACB_FELCA P33687 Cat BLG I BLG I cat
LACA_FELCA P21664 Cat BLG II BLG II cat
LACC_FELCA P33688 Cat BLG III BLG III cat
LACA_CANFA P33685 Dog BLG BLG dog
LACC_CANFA P33686 Dog BLG III BLG III dog
LACB_EQUAS P13613 Donkey BLG I BLG I donkey
LACA_EQUAS P19647 Donkey BLG II BLG II donkey
CHBETLACA Z19569 Goat BLG BLG goat
LACB_HORSE P02758 Horse BLG I BLG I horse
LACA_HORSE P07380 Horse BLG II BLG II horse
LACB_MACGI P11944 Kangaroo BLG BLG roo
SSBLACMR X54976/S42852 Pig BLG BLG pig
TVU34289 U34289 Possum BLG BLG possum
OALGLBR X04520 Sheep BLG I BLG I sheep
MEBLGL X15212 Wallaby BLG BLG wallaby
MUP1_MOUSE P11588 Mouse MUP MUP 1
MUPM_MOUSE P04939 Mouse MUP MUP M
MUP2_MOUSE P11589 Mouse MUP MUP 2
MUP4_MOUSE P11590 Mouse MUP MUP 4
MUP5_MOUSE P11591 Mouse MUP MUP 5
MUP6_MOUSE P02762 Mouse MUP MUP 6
MUP8_MOUSE P04938 Mouse MUP MUP 8
MUP_RAT P02761 Rat MUP MUP rat
OBP_BOVIN P07435 Bovine OBP OBP cow
RATTY2G12A M76734 Rat OBP OBP rat
TVU34287 U34287 Possum LLP LLP possum
MELLP X15213 Wallaby LLP LLP wallaby
PP14_HUMAN P09466 Human PP14 PP human
VEGP_HUMAN P31025 Human VEGP VEGP human
VEGP_RAT P20289 Rat VEG VEGP rat

U40376 Possum Trichosurin TRICH possum

a Abbreviations: BLG,b-lactoglobulin; LLP, late lactation protein; MUP, major urinary protein; OBP, odorant binding protein; VEGP, von Ebner’s
gland protein
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sis. Mammary tissue samples were collected from captured feralT.
vulpecula,held at AgResearch, Invermay Research Centre, Mosgiel,
New Zealand, and frozen in liquid nitrogen for RNA analysis.

Milk Analysis. Samples of whey were analyzed using two-
dimensional polyacrylamide gel electrophoresis and electroblotted onto
PVDF (Problott) membranes. Individual proteins were subjected to
N-terminal amino acid determination by Edman degradation using an
ABI gas-phase sequencer with on-line PTH analyser (Applied Biosys-
tems). This analysis was performed by the Protein Microchemistry
Facility, Department of Biochemistry, University of Otago, Dunedin,
New Zealand.

RNA Analysis.Total RNA was extracted fromT. vulpeculamam-
mary tissues according to Chomczynski and Sacchi (1987). For North-
ern blot transfer, RNA (∼10 mg) was denatured in 2.2M formaldehyde
and separated by electrophoresis in 1% agarose gels according to Sam-
brook et al. (1992). RNA was electroblotted onto Hybond-N+ mem-
brane (Amersham). Membranes were prehybridized at 65°C in 6 × SSC
(20 × SSC: 3M NaCl, 0.3M sodium citrate, pH 7.0), 6 × Denhardt’s (50
× Denhardt’s: 5% Ficoll, 5% polyvinyl-pyrrolidone, 5% bovine serum
albumin), and 0.5% SDS. Hybridization was carried out in 20 ml of
fresh buffer with [32P]-dCTP-labeled cDNA probe for 16 h. Mem-
branes were washed at 65°C in 2 × SSC, 0.1% SDS, and 1 × SSC, 0.1%
SDS for 2 × 30 mineach. Washed membranes were exposed to Cronex
X-ray films at −80°C with intensifying screen and the film was sub-
sequently developed in an Allpro-100 film developer.

cDNA Libraries and Screening Procedure.Early and late-lactation
polyA+ RNA fractions were purified from total RNA extracted from
early and late-lactationT. vulpeculamammary glands, respectively,
using an Oligotex-dT mRNA Midi Kit (Qiagen). cDNA libraries were
prepared with the Zap-cDNA Synthesis Kit (Stratagene). The screening
was performed according to Sambrook et al. (1992).b-Lactoglobulin
and late-lactation protein clones were isolated using [32P]-dCTP-
labeledM. eugenii b-lactoglobulin and late-lactation protein cDNA
probes (Collet et al., 1989, 1991). Trichosurin clones were isolated by
random selection of phagemid plaques that gave a strong signal when
hybridized witha[32P]-dCTP-labeled totalT. vulpeculacDNA probe
but did not hybridize with other possum milk protein cDNAs.

Sequence Analysis.Severalb-lactoglobulin, late-lactation protein,
and trichosurin cDNA clones containing inserts truncated in the non-
translated 58 region were subjected to DNA sequencing in both direc-

tions using an ABI 373 automated DNA sequencer (Applied Biosys-
tems). Sequences obtained were analyzed using the software package
of Genetics Computer Group, Version 8 (Madison, Wisconsin, USA).

Phylogenetic Analysis.Protein sequences (Table 1) were aligned by
the programs AMPS (Barton and Sternberg 1987) and HOMED (Stock-
well 1988). No manual alignment of the sequences was found to be
necessary. Aligned sequences were analyzed by the programs from the
PHYLIP package of phylogenetic software (Felsenstein 1988). The
program SEQBOOT was used to generate 250 bootstrapped alignments
which were then analyzed by maximum parsimony methods. Maxi-
mum parsimony analyses were done on bootstrapped sequence align-
ments using the program PROTPARS. The program CONSENSE was
used to generate a consensus tree, which was further processed as
previously described (Winefield et al. 1995) by DRAWTREE and
DRAWGRAM to produce the final trees. All phylogenetic reconstruc-
tion methods make assumptions that may not be true of the data set
under consideration. For example, each nucleotide or amino acid of
sequence data is assumed to evolve independently, an assumption that
is almost certainly not true for parts of most sequences. The ability of
different phylogenetic approaches to reconstruct a known phylogeny
has been examined (Hillis et al. 1992, 1994). Their findings suggest
that despite limitations in data sets, maximum parsimony approaches
perform slightly better than distance methods and that both approaches
are capable of acceptable phylogeny reconstruction.

Results

Protein Analysis

Two-dimensional analysis ofT. vulpeculawhey dis-
played several proteins which were subsequently sub-
jected to N-terminal sequence analysis. Two spots la-
beled A and B on Fig. 1 gave the sequence IENIYSK
which enabled their identification asb-lactoglobulin by
comparison with theM. eugeniisequence. A third spot
(C), which was detectable only in late-lactation samples
after silver staining, was not present in sufficient quan-
tities to derive an N-terminal sequence but, based on its
pattern of expression, molecular mass, and isoelectric
point, it was identified as a possum homologue of theM.
eugenii late-lactation protein. All samples analyzed
showed the presence of a diffuse spot corresponding to a
major protein (D). N-terminal sequence analysis of this
protein gave the following sequence—LQPECSR. A
search of the databases showed that this protein was not
similar to any known milk protein. We have termed this
protein trichosurin. In contrast to the late-lactation pro-
tein, both b-lactoglobulin species and the trichosurin
were found in milk samples taken throughout lactation
(data not shown).

Cloning and SequencingT. vulpeculaGenes

Screening a combination of early (70 days) and late (145
days)-lactation cDNA libraries with theM. eugeniib-
lactoglobulin and late-lactation protein cDNAs led to the
isolation of multiple clones for each gene which were
subsequently sequenced to give the entire coding se-

Fig. 1. Two-dimensional electrophoresis ofT. vulpeculawhey. Whey
samples from a possum lactating for 110 days (switch period) were
analyzed by two-dimensional electrophoresis as described in the text
and stained with Coomassie blue(A) and silver(B). The spots labeled
A and B had N-terminal sequences corresponding tob-lactoglobulin,
spot Cwas identified as late lactation protein, andspot Drepresents a
novel protein termedtrichosurin.
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quence. Several trichosurin cDNA clones were obtained
by screening the early lactation library with a cDNA
made from total mammary mRNA and taking strongly
hybridizing clones that did not produce hybridization
signals with a mixture of cDNAs forT. vulpeculaa-
lactalbumin,b-lactoglobulin, early lactation protein, and
a- and b-casein. These clones were subjected to DNA
sequencing and those which gave a sequence that trans-
lated to give the N-terminal sequence for trichosurin de-
tected above were then completely sequenced in both
directions. The DNA sequences and inferred protein se-
quences for the three proteins are shown in Fig. 2.

The three genes,b-lactoglobulin, late-lactation pro-
tein, and trichosurin, had coding sequences of 522, 528,
and 540 bp, respectively, and encoded polypeptides of
176, 176, and 180 residues. Each contained a signal se-
quence 18 residues long forb-lactoglobulin and late-
lactation protein and 15 residues long for trichosurin.
When the derived protein sequences were compared, it
was apparent that there are regions in each protein with
higher levels of similarity with one or the other protein
(Fig. 3A). For example, late-lactation protein and tricho-
surin show considerable similarity between residues 50
and 60 (numbering as in Fig. 3A); late-lactation protein

Fig. 2. DNA sequences for the coding
regions ofT. vulpeculab-lactoglobulin(A),
late lactation protein(B), and trichosurin(C).
Translated sequences are also included and
signal sequences areunderlined.
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and b-lactoglobulin show similarity between residues
155 to 160; and whereas there are conserved cysteines in
all three proteins at residues 88 and 185, late-lactation
protein andb-lactoglobulin but not trichosurin contain a
cysteine at residue 131. The cysteines identified at posi-
tions 88 and 185 (Fig. 3A) correspond to cysteines
known to form disulphide bonding in ruminantb-
lactoglobulin near the base of the putative retinol binding
site (Papiz et al. 1986). Two other cysteines were also
detected in the marsupialb-lactoglobulin sequences at
residues 104 and 116 (Fig. 3B numbering) and these also
correspond to cysteines involved in disulphide bonding
betweenb strands G and H in ruminantb-lactoglobulin
(Papiz et al. 1986). By contrast, the two late-lactation
protein sequences shown both have a pair of cysteines at
residues 85 and 101 (Fig. 3C numbering). Assuming that
the late-lactation protein molecules have a similarb-
barrel structure to that ofb-lactoglobulin, these cysteines
would be sufficiently close to form a disulphide bond
between beta strands F and G. Trichosurin has only a
single pair of cysteines.

Overall the three marsupialb-lactoglobulins were
very similar to theT. vulpeculab-lactoglobulin se-
quence, showing 73 and 74% identity (86 and 87% simi-
larity) to each of the macropodb-lactoglobulins (Fig.
3B). By contrast, when compared with a eutherianb-
lactoglobulin from the cow, there was only 29% identity
(53% similarity). T. vulpeculaand M. eugenii late-
lactation proteins were also very similar, sharing 74%
identical amino acids (82% similarity) (Fig. 3C). The
nearest homologues detected were a bovine odorant
binding protein and the human von Ebner’s gland pro-

tein, where the level of identity with theT. vulpecula
late-lactation protein was 18 and 32%, respectively (41
and 54% similarity). No milk protein homologue for
trichosurin could be detected, and the most similar pro-
tein was a rat major urinary protein where there was 33%
identity (52% similarity) (Fig. 3D).

Phylogenetic analyses of these members of the lipo-
calin family produced a tree similar to that of Sansom et
al. (1994). The branching patterns found in the trees (Fig.
4) are, for the most part, well supported. In addition to a
maximum parsimony analysis, distance trees were also
constructed using the program NEIGHBOR. The results
from this analysis were essentially the same as those
from the maximum parsimony analysis and are not
shown. Three main branches are evident: theb-
lactoglobulin family, a group of lipocalins including
odorant binding proteins, homologues of von Ebner’s
gland protein and the marsupial late-lactation proteins,
and a final group related to the rodent urinary proteins
that includes theT. vulpeculatrichosurin. The marsupial
b-lactoglobulins form a strongly supported group
adjacent to but distinct from other mammalianb-
lactoglobulins. The part of the tree containing the late-
lactation proteins and the odorant binding proteins
showed the least support for the reported branching pat-
tern, reflecting considerable rearrangement of the mem-
bers of this group.

Expression ofT. vulpeculaLipocalins

Northern hybridization of RNA extracted fromT. vul-
peculamammary glands at different stages of lactation

Fig. 2. Continued.
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revealed the presence of unique transcripts for each of
approximately 1.2 kb in size. None of the three lipocalin
probes hybridized with RNA fromT. vulpeculaliver or
rat liver and mammary gland (data not shown). Both
b-lactoglobulin and trichosurin were expressed at high
levels throughout lactation, whereas late-lactation pro-
tein transcripts could only be detected in samples ob-
tained at the switch period between the two phases of
lactation or during the late-phase lactation. (Fig. 5).

Discussion

Our results have shown that theT. vulpeculamilk con-
tains three proteins of similar size which appear to be
members of the lipocalin family. Flower (1996) has sub-
divided the lipocalins into the ‘‘kernal’’ and ‘‘outlier’’
lipocalins based on the presence of three motifs. Motif 1,
which is characteristic of all lipocalins, contains GXWY/

W/F located at the beginning ofb strand A and is found
in T. vulpeculab-lactoglobulin as GPWY, and in late-
lactation protein as GTYY. In trichosurin, however, the
corresponding sequence is RHWH (Fig. 3A). Three
separate trichosurin clones gave the same DNA sequence
coding for arginine (R) in place of the glycine (G) that is
characteristic of motif 1. Motif 2 is found only in the
kernal lipocalins and is detected only inT. vulpecula
b-lactoglobulin as TDYDN. The absence of this motif
from trichosurin contrasts with its presence in the major
urinary proteins (residues 103–106, Fig. 3D). The third
motif, which is also confined to the kernal lipocalins, is
found in bothT. vulpeculab-lactoglobulin and tricho-
surin as YER and FGR, respectively, but not in the late-
lactation protein, confirming the classification of the
late-lactation proteins and the odorant binding proteins
as outlier lipocalins. Despite the observation that tricho-
surin does not have archetypal motifs 1 and 2, several
lines of evidence, including the sequence similarity to the

Fig. 3. Sequence comparisons ofT.
vulpeculalipocalins (A), marsupial
b-lactoglobulins(B), late-lactation proteins
(C), andT. vulpeculatriochosurin with
rodent major urinary proteins(D).
Alignments were performed using the
Pileup program of GCG.
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major urinary proteins, the presence of the cysteine pair
likely to be involved in disulphide bonding, and the ob-
servation that it appears to exist as a dimer (Hunter,
Piotte, and Grigor, unpublished observations), all argue
for its inclusion in the family of lipocalins.

The milk ofT. vulpeculaappears to contain two forms
of b-lactoglobulin, although, to date, the differences be-
tween them have not been established. Only one tran-
script size forb-lactoglobulin could be detected and the
cloned gene encoded a mature peptide with a predicted
molecular mass of 18, 401, which would correspond to
the smaller form ofb-lactoglobulin detected in Fig. 1. It
is possible that the second spot, which gave the same
b-lactoglobulin N-terminal sequence, has been modified
post-translationally although, to date, no post-
translational modifications of anyb-lactoglobulin are

known that cause such a change in relative mass.b-
Lactoglobulin is known to exist as a dimer but the meth-
ods used in our analysis would be expected to dissociate
any multimeric forms of the protein. Both late-lactation
protein and trichosurin, however, migrate with a molecu-
lar mass that is considerably greater than that predicted
for the mature peptides, consistent with some form of
post-translational modifications. Several other lipocalins
are known to be glycosylated (Flower 1996).

The b-lactoglobulins from the marsupials formed a
group distinct from other mammalianb-lactoglobulins,
consistent with the early evolutionary division of these
groups. These data support the idea thatb-lactoglobulin
was an ancestral protein which has retained a similar
function in both marsupials and eutherian mammals.

The two late-lactation proteins from marsupials form

Fig. 3. Continued.
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a related pair of proteins which are in turn related to the
odorant binding proteins and proteins from von Ebner’s
glands (Collet and Joseph 1993). The function of these
proteins is less clear than is the function ofb-
lactoglobulin, but is presumably related to the binding of
small molecules characteristic of many lipocalins. How-
ever, it is notable that whereas late-lactation protein has
been reported to be a major protein in the milk ofM.
eugenii in the late phase of lactation (Nicholas et al.
1987), theT. vulpeculahomologue appears to be ex-
pressed at much lower levels, as it could only be detected
in gels after silver staining. Nevertheless, as inM. euge-
nii, no RNA expression could be detected in samples
taken up to the switch period between the two phases of
lactation. Studies of the promoter regions for the genes

encoding these three proteins are currently under way in
our laboratory.

Our analysis showed that trichosurin fromT. vul-
peculais more closely related to the mouse urinary pro-
teins than to other lipocalins. Although the proteins are
found in somewhat different fluids, it seems possible that
they have a similar function given their phylogenetic
similarity. However, small changes in lipocalin sequence
may result in significant changes in ligand binding
(Flower 1996), and the depth of the branch suggests
some divergence within these proteins which may reflect
a change of ligand.

Several lines of evidence argue that it is probable that
all three genes in the possum have evolved from a single
precursor gene. Published data also supports the close

Fig. 4. Phylogenetic analysis ofT. vulpecula
lipocalins. Translated sequences ofT.
vulpeculab-lactoglobulin, late-lactation
protein, and trichosurin were analyzed
alongside those of other lipocalin molecules
(see Table 1 for coding) by maximum
parsimony as described in the text. The
consensus tree produced by our analysis is
shown as a cladogram.Numbers at each
branch indicate the percentage of times that
particular branching pattern or clade was found
in the bootstrapped trees produced by the
phylogenetic analysis. Relative evolutionary
distances are proportional to distances along
the ‘‘x-axis’’ whereas spacing along the
‘‘y-axis’’ is strictly for clarity of display and
has no evolutionary significance.
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linkage of late-lactation protein andb-lactoglobulin
genes in the tammar (Woodley et al. 1993) whereas re-
cent unpublished results from our laboratory suggest that
parts of the late-lactation protein and trichosurin genes
can be detected on a singlel genomic clone containing
an approximately 20-kb insert (Demmer, Ross and
Grigor, unpublished). While eutherians do not appear to
have either a late-lactation protein or a trichosurin
equivalent in their milk, the presence of related proteins
in other fluids suggests that the gene duplications re-
quired occurred before the marsupial eutherian split. It is
also notable thatb-lactoglobulin is absent from the milks
of several eutherian species, in particular that of primates
and rodents. This implies that during mammalian evolu-
tion, specific, but as yet unknown, factors have been
responsible for the recruitment of particular genes for
mammary function.
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