
fphys-12-678080 May 13, 2021 Time: 15:56 # 1

SYSTEMATIC REVIEW
published: 20 May 2021

doi: 10.3389/fphys.2021.678080

Edited by:
Diego Sanchez,

University of Valladolid, Spain

Reviewed by:
Geoffrey Jameson,

Massey University, New Zealand
Devasena Ponnalagu,

The Ohio State University,
United States

*Correspondence:
Lindsay Sawyer

l.sawyer@ed.ac.uk

Specialty section:
This article was submitted to

Integrative Physiology,
a section of the journal
Frontiers in Physiology

Received: 08 March 2021
Accepted: 14 April 2021
Published: 20 May 2021

Citation:
Sawyer L (2021) β-Lactoglobulin
and Glycodelin: Two Sides of the

Same Coin?
Front. Physiol. 12:678080.

doi: 10.3389/fphys.2021.678080

β-Lactoglobulin and Glycodelin: Two
Sides of the Same Coin?
Lindsay Sawyer*

School of Biological Sciences, IQB3, The University of Edinburgh, Edinburgh, United Kingdom

The two lipocalins, β-lactoglobulin (βLg) and glycodelin (Gd), are possibly the most
closely related members of the large and widely distributed lipocalin family, yet their
functions appear to be substantially different. Indeed, the function of β-lactoglobulin, a
major component of ruminant milk, is still unclear although neonatal nutrition is clearly
important. On the other hand, glycodelin has several specific functions in reproduction
conferred through distinct, tissue specific glycosylation of the polypeptide backbone. It
is also associated with some cancer outcomes. The glycodelin gene, PAEP, reflecting
one of its names, progestagen-associated endometrial protein, is expressed in many
though not all primates, but the name has now also been adopted for the β-lactoglobulin
gene (HGNC, www.genenames.org). After a general overview of the two proteins in the
context of the lipocalin family, this review considers the properties of each in the light
of their physiological functional significance, supplementing earlier reviews to include
studies from the past decade. While the biological function of glycodelin is reasonably
well defined, that of β-lactoglobulin remains elusive.
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INTRODUCTION

When β-lactoglobulin (βLg) was first isolated by Palmer, 1934 there can be little doubt that nobody
realized that the protein would remain something of a puzzle 85 years later. βLg, a significant
component of cow’s milk, is a member of the ancient and widespread protein family that came to
be named the lipocalins (Pervaiz and Brew, 1985). The protein is abundant and easily prepared so
that it has served as a convenient test-bed for essentially every molecular technique from absorption
spectroscopy (Townend et al., 1960) to X-ray crystallography (Crowfoot and Riley, 1938) and zeta-
potential measurement (Chen and Dickinson, 1995) and pretty much everything else in between.
Its ready availability has also led to redox (Conway et al., 2013; Corrochano et al., 2018), enzymic
(Li et al., 1990; Gowda et al., 2017, 2018) and co-factor (Pérez et al., 1992) properties being ascribed
though that is hardly surprising. What is not always clear, is whether any of these observations have
any direct relevance to the physiological function.

The report by Futterman and Heller (1972) that βLg bound retinol was almost certainly
unexpected as the focus of the paper was retinol binding to retinol-binding protein (RBP) and
a convenient “blank” was required. The correct sequence of βLg was published the same year
(Braunitzer et al., 1972), and the sequence similarity between βLg and α2u-microglobulin was
noted by Unterman et al., 1981. However, it was not until the publication of the sequence (Rask
et al., 1979) and structure (Newcomer et al., 1984) of retinol-binding protein that it became clear
there was a close structural relationship (Godovac-Zimmermann et al., 1985; Sawyer et al., 1985).
Since then all biological kingdoms have been found to contain family members, the lipocalins
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(Pervaiz and Brew, 1985), the functions of the majority being
associated with communication in its broadest sense: transport
(serum retinol binding protein), camouflage (insecticyanin and
crustacyanin), stress response (apolipoprotein D and α1-acid
glycoprotein), marking (mouse urinary protein and darcin),
and some have enzymic activity (prostaglandin-D synthase,
reductase, and plant epoxidase) (Flower, 1996; Åkerström et al.,
2006). To date there are some 1,500 entries under “lipocalin”
in the Protein Data Bank (Berman et al., 2003) and more than
46,000 in the UniProtKB database (The UniProt Consortium,
2019). However, this review will concentrate on a tiny subset
of the family, βLg and glycodelin (Gd, PAEP) described by
Gutierrez et al. (2000) and Sanchez et al. (2006) as Clade IV of
a general lipocalin classification, paying particular attention to
their physiological function (Pérez and Calvo, 1995).

Throughout the 1980s as comparison techniques became
more robust, 3-dimensional molecular structures began to be
used to infer homology as a complement to sequence-based
techniques (Figure 1). This was particularly important when
the pairwise identity of sequences dropped below 25–30%
(Rost, 1999). βLg/RBP and βLg/α2u-microglobulin sequence
comparisons (pairwise sequence identity of approximately 25%)
highlighted their potential evolutionary relationships (Pervaiz
and Brew, 1985). Other proteins, however, show even lower
pairwise sequence identities and yet their membership of the
same homology family became apparent when the folds revealed
by the tertiary structure were found to be similar. The lipocalin
fold is an 8-stranded up-down β-barrel open at one end forming
what has come to be known as the calyx, with a 3-turn α-helix
packing on the outer surface and usually a ninth β-strand located
under the helix also on the barrel surface. As more members of
the family emerged, three structurally conserved regions (SCR,
Figure 1) were identified that served as signatures (formally,
synapomorphies) and which are present in the vast majority of
lipocalins: almost all possess SCR1 and SCR3, and many also
contain SCR2. Intriguingly, all three of the SCRs are found on the
solvent side of the foot of the calyx, implying some similarity of
function (North, 1989). In addition, in many lipocalins including,
Gd and βLg, there are conserved, intramolecular disulphide
bridges. Now that DNA sequencing of whole genomes can be
readily achieved, it is found that within the lipocalin family the
intron/exon boundaries are also well conserved despite poor
sequence identity (Salier, 2000; Sanchez et al., 2006).

Because members of the lipocalin family are found in all
kingdoms, the ancestral lipocalin must have appeared long before
the amniotes emerged around 250 million years ago (Mya) and
it appears likely that there was already a form of animal skin
secretion which was to develop into what is now referred to
as lactation (Oftedal, 2002, 2013; Newman et al., 2018; Sharp
et al., 2020). These skin secretions could provide sustenance
and protection from infection for offspring and this process is
still found in the egg-laying monotremes, animals whose young
are produced in an immature form and require both feeding
and protection. As the offspring matures, the composition
of the secretion changes (Tyndale-Biscoe and Janssens, 1988;
Lefèvre et al., 2010; Kuruppath et al., 2012; Sharp et al., 2020).
The development of secretory cells associated with a specific

organ, the teat, appears to have occurred around 165 Mya
subsequently followed by the development of the true placenta
and the emergence around 148 Mya of the eutheria or placentalia
(Oftedal, 2002, 2013; Lefèvre et al., 2010). Many of the proteins
that are present in the milk of today’s placental species were
present 160 Mya (Oftedal, 2013; Vilotte et al., 2013). The origin
of βLg therefore must have been at least 160 Mya based on
the secretions provided by the ancestral monotremes for their
offspring (Oftedal, 2000; Joss et al., 2009; Lemay et al., 2009;
Skibiel et al., 2013; Sharp et al., 2020). Gd, the other protein in
Clade IV (Salier, 2000; Sanchez et al., 2006) is more recent as
has been pointed out by Oftedal (2013). Figure 2 shows a simple
representation of the closer relationship of the lactoglobulins and
the glycodelins than of the rest of the lipocalins, represented
by RBP. It is the lineage leading to the placentalia upon which
this review focuses.

Speculation that Gd might be the precursor of βLg (Kontopidis
et al., 2004; Cavaggioni et al., 2006; Sawyer, 2013) is wrong, a
mumpsimus, for several reasons. Lactation preceded placentation
and, as βLg is found in monotremes as well as marsupials and
eutheria, it was well-established before the emergence, no longer
than 60 Mya, of the endometrial protein Gd (Oftedal, 2002;
Lefèvre et al., 2010; Schiefner et al., 2015). Gd is glycosylated
(Julkunen et al., 1988; Dell et al., 1995) and most, if not all, of
its distinct functions depend upon this glycosylation (Halttunen
et al., 2000; Seppälä et al., 2007; Lee et al., 2016) so that it is
improbable that a post-translationally modified form could have
arisen before the polypeptide itself! Further, Gd has no (Koistinen
et al., 1999) or at least a significantly lower (Breustedt et al., 2006;
Schiefner et al., 2015) affinity for hydrophobic ligands. Mutations
Asp28Asn and Glu65Ser in βLg which form the glycosylation sites
in Gd could have occurred earlier but there is little evidence,
although glycosylation of βLg has been reported. There appears
to have been a rare genetic mutation discovered only in the
individual analysis of a large number of Droughtmaster animals
(Bell et al., 1970, 1981) or possibly more commonly, in the milk
of the domestic pig, Sus scrofa (Hall, 2010). However, in this
latter case the glycosylation is O-linked through Thr4, unlike
the N-linking in Gd (Dell et al., 1995), and in βLg-Dr (Bell
et al., 1981). Another vertebrate lipocalin, lipocalin-2 (LCN2) or
neutrophil gelatinase-associated lipocalin is N-glycosylated but at
a site on the C strand, distinct from those in Gd (Holmes et al.,
2005; Bandaranayake et al., 2011).

Lactation, a characteristic of mammals, produces a fluid
rich in protein, fat and sugars, the exact proportions of which
vary considerably across species and through lactation (see for
example Table 1 and Jenness and Sloan, 1970; Martin et al.,
2013; Powers and Shulkin, 2016; Goulding et al., 2020). βLg is
widely but not universally distributed – it is absent from the
milk of rodents and lagomorphs (glires), camels, and humans
although a pseudogene, PAEPP1 (Hunt et al., 2018), is present
but not expressed, close to PAEP on human chromosome 9. Some
species, for example horses and cats, express paralogs and cows
and goats have a pseudogene, related to one of these paralogs
(Passey and Mackinlay, 1995; Folch et al., 1996). Most work
on Gd has been on primates, especially humans and Schiefner
et al. (2015) report its presence only in the old and new world
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FIGURE 1 | (A) Alignment of the protein sequence of cow β-lactoglobulin B variant (LG-B) with that of human glycodelin (PAEP, Gd) showing the structurally
conserved regions (SCR) in the lipocalin family boxed in pale green. Every 10th amino acid is colored blue and the secondary structural elements shown as cylinders
for helices and arrows for β-strands, labeled as they are in the crystal structure. Uncolored structural elements appear in only one structure both structures and
disulphide bridges are shown as yellow arrows with the partner residue number. Glycosylation sites in Gd are marked with red triangles, that at 85 being unused,
while the ligand-gating Glu89 in βLg is shown as a blue triangle. The residues lining the central calyx are marked above/below with black dots, from which it will be
seen that the cavity in Gd is very much smaller than that in βLg (Schiefner et al., 2015). (B) A cartoon showing the remarkable similarity of monomers of βLg (PDB:
1gxa, blue-gray) and Gd (PDB: 4r0b, olive). The βLg structure has a molecule of palmitate bound within the central calyx (carbon atoms in green, oxygen in red). The
β-strands are labeled as in (A). The helix is at the rear and the structurally conserved regions (SCR1-3) are indicated by residues Trp19, Asp98 and Arg124 in blue, all
on the outer surface at the foot of the calyx. Glu89 in βLg which is on the EF-loop in the open position is close to the unglycosylated Asn85 in Gd shown in pink. The
other residues in pink, Asn63 and Glu28, show the positions of the glycosylation present in native Gd. The mutation Asn28Glu was necessary to improve the
solubility of the cloned Gd used in the X-ray analysis. Dimerization involves the I-strand in both proteins but there is significantly greater interaction in Gd (1170 Å2

buried surface area) compared to βLg (530 Å2) despite the remarkable overall similarity (the rmsd of the 160 Cα atoms is about 0.65Å). The carbon chain of palmitate
is green. Figure drawn by CCP4mg (McNicholas et al., 2011).

monkeys and the hominids. However, there are isolated reports
of its occurrence elsewhere. For example, in a proteomic study
of dairy herd fertility (Koh et al., 2018), the plasma exosomes of
heifers of low fertility contain the sequence of Uniprot G5E5H7
reported to be that of the gene PAEP, Gd. It is in fact the
sequence of βLg-B. In situ hybridization on rat genital tract
and PCR followed by sequencing has identified 100 bases of
mRNA sharing “100% homology” with human glycodelin (Keil
et al., 1999) and polyclonal antibodies to human Gd cross-react
with rat reproductive and lung tissues (Kunert-Keil et al., 2005,
2009; Erdil et al., 2020). While false positive results arising in
antibody cross reactivity experiments are not uncommon, the
apparent presence of Gd in the rat by mRNA hybridization (Keil
et al., 1999) remains something of a mystery. Putative PAEP
pseudogenes have been identified in the genomes of tarsier, rat,
rabbit and dolphin (Moros-Nicolás et al., 2018). Rodents and
lagomorphs do not express βLg, though dolphin (Pervaiz and
Brew, 1986) and tarsier (Schiefner et al., 2015) do. Lemay et al.
(2009) report that there has been a loss of a section of DNA
coding for amongst others, βLg, in glires since they were unable
to find it and an evolutionary break point exists in the same
region between the rodent and human genomes (Murphy et al.,
2005). This reasoning would explain the absence of the milk
protein in glires.

Since PAEP is now also used to describe the βLg gene, rather
than LGB or BLG (e.g., Elsik et al., 2016; Hunt et al., 2018; HGNC,
2020), it has become difficult to be certain as to which protein is
present without protein analysis. Schiefner et al. (2015) use the
presence of the glycosylation sites at 28 and 63 to distinguish

Gd from βLg which is a convenient method though it does
not necessarily confirm expression. The reports by Azuma and
Yamauchi (1991) and Kunz and Lönnerdal (1994) of a βLg-
like protein with an Mr > 20,000 from the milk of the Rhesus
monkey, Macaca mulatta, predate the comparative proteomic
analysis of Beck et al. (2015) which describes this protein as Gd.
However, the short N-terminal sequence (Azuma and Yamauchi,
1991) matches that of βLg in Schiefner et al. (2015), described
in the UniProt database as, inter alia, ‘Lipocln_cytosolic_FA-
bd_dom domain-containing protein’ and the two functional
glycosylation sites are absent.

In summary, the ancestral βLg appeared sufficiently long ago
(>250 Mya) for its presence to be detectable now in almost
all mammals. Its loss from the glires (rodents and lagomorphs)
occurred when they and primates diverged about 80 Mya and
a similar event may explain its absence in the Camelidae
which diverged from the other artiodactyls (even-toed, hoofed
mammals) about 40 Mya (Price et al., 2005; Wu et al., 2014).
Although there appear to be exceptions as noted above, Gd
appears to be restricted to primates which started diverging 60–70
Mya (Dawkins, 2004; Schiefner et al., 2015).

Having now put the occurrence of βLg and Gd in context, it
is the purpose of this article to review their properties relevant to
their physiological functions.

β-LACTOGLOBULIN

β-lactoglobulin is a major component of bovine whey with
properties that affect processing in the food industry. The
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FIGURE 2 | A cladogram showing the relative amino acid sequence relationship of a selection of β-lactoglobulin (βLg), glycodelin (Gd) and retinol-binding protein
(RBP) sequences, RBP being included as an outgroup to the βLgs and Gds. The inset shows the relationship between domesticated ruminant β-lactoglobulins. Note
the difference in the branch-length scales. The amino acid sequences were aligned by CLUSTAL-� (Sievers et al., 2011) using its default parameters, and the
cladogram was produced by the program PHYLOGENY.fr (Dereeper et al., 2008). The sequences used were UniProtKB (The UniProt Consortium, 2019) unless
otherwise mentioned. Lactoglobulins: Platypus (F6SX48), Wallaby (Q29614), Possum (Q29146), Orangutan (NCBI: XP_002820419), Macaque (NCBI:
XP_005580520), Baboon (O77511), Pig (P04119), Cow B variant (P02754), Beluga (NCBI: XP_022433973.1), Dolphin (A0A6J3RLE3), Cat I (P33687), Donkey I
(P13613), Donkey II (P19647), Cat II (P21664), Cat_III (P33688), Fur Seal (A0A3Q7NUB2-1), Reindeer (Q00P86), Yak (L8J1Z0), Bison (NCBI: XP_010855058), Sheep
B (P02757), Water buffalo (P02755), and Goat (P02756). Glycodelins: Gd_Human (P09466), Gd_Orangutan (NCBI: XP_00377753), Gd_Macaque (Q5BM07),
Pseudogenes: Cow βLg pseudogene (Genbank: Z36937), Goat βLg pseudogene (Genbank: Z47079), Human βLg pseudogene (Ensembl:
hg38_dna.[2298:6285].sp.tr), Retinol Binding Proteins: Toad RBP (P06172), Human RBP (P02753), and Chicken RBP (P41263).

extensive literature describing its behavior under these non-
physiological conditions can be accessed through Boland and
Singh (2020) and references therein. There have also been

thorough reviews of βLg over the years, beginning with Tilley
(1960), covering the properties and structure of βLg, sometimes
alone but also as part of wider reviews on milk proteins, all of
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TABLE 1 | Milk composition for a range of animals1.

Source Fat %2 Protein %2 Whey %2 βLg2 mg/ml PAEP3 References

Bos taurus Cow 3.7 3.6 0.6 3.0 ?

Capra hircus Goat 4.5 2.9 0.4 1.4

Ovis aries Sheep 7.4 5.5 0.9 2.8

Cervus elaphus L. Red deer 19.7 10.6 2.9

Sus scrofa domesticus Pig 6.8 4.8 2.0 0.62

Canis familiaris Dog 12.9 7.9 2.1 10.1

Felis catus Cat 4.8 7.0 3.3

Equus caballus Horse 1.9 2.5 1.3 2.6 Wodas et al. (2020)

Tursiops truncatus Dolphin 33.0 6.8 2.9 16.2

Callorhinus ursinus Fur seal 53.2 9.6 4.9 254 Ashworth et al. (1966); Sharp et al. (2020)

Macropus rufus Red kangaroo 3.4 4.6 2.3

Macropus eugenii Tammar wallaby 3.6 2.6 6.75 Green and Renfree (1982), Lefèvre et al. (2007)

Didelphis marsupialis Opossum 7.0 4.8 2.0

Tachyglossus aculeatus Echidna 9.6 12.5 5.2 156

Papio cynocephalus Yellow baboon 5.0 1.6 0.5 Yes Buss (1978)

Macaca mulatta Rhesus monkey 4.0 1.6 0.5 2.8 Yes Kunz and Lönnerdal (1994)

Homo sapiens Human 3.8 1.0 0.6 ∼07 Yes

Mus musculus Mouse 13.1 9.0 2.0 0.0

Rattus norvegicus Rat 10.3 8.4 2.0 0.0 ?

Oryctolagus cuniculus Rabbit 12.9 12.3 3.7 0.0 Maertens et al. (2006)

1These data are mostly taken from Jenness and Sloan (1970) in which protein, in most cases, is listed as casein and whey protein. Here “protein” is given as the sum of
the two. Figures are indicative as amounts vary within species and throughout lactation. βLg values are mostly from Sawyer (2003) and references therein.
2Protein is expressed as a percentage with no distinction made between g/100 g or g/100 mL, the specific gravity of milk being close to 1 g/mL.
3PAEP refers to whether the presence of glycodelin has been verified. A question mark means that it has been reported. A blank means there is no information.
4The βLg concentration is calculated based upon the percentage of nitrogen, relative to the total nitrogen in Ashworth et al. (1966).
5Estimated from the total protein and the relative abundance of expressed sequence tags.
6Estimated from the relative abundance of the expressed sequence tags and the crude skim milk protein concentration.
7An unexpressed coding sequence for human βLg has been identified (PAEPP1) but reports of its presence in milk are based upon immunological cross reactivity and it
is known that lactoferrin can cross-react and ingested cow’s milk peptides have been found in human milk.

which rather mirror the state of protein chemistry at the time.
Sawyer (2003, 2013) and Edwards and Jameson (2020) are three
of the more recent.

Early work on the nature of βLg showed that it contained
a good distribution of essential, or indispensable, amino acids
(see for example, Forsum and Hambraeus, 1974; Smithers, 2008)
in consequence of which it has a clear nutritional role. This is
hardly surprising as colostrum and milk are the sole food source
in the first few days for the newborn (Levieux and Ollier, 1999;
Levieux et al., 2002; Hambræus and Lönnerdal, 2003) and it
seems reasonable to assume that the composition is optimized for
each species (e.g., Beck et al., 2015). This nutritional role includes
its being a ready source of bioactive peptides (Pihlanto-Leppala,
2000; Korhonen and Pihlanto, 2006; Hernández-Ledesma et al.,
2008; Nielsen et al., 2017) that appear to be important in neonate
development (Park and Nam, 2015; Dave et al., 2016). However,
most of the recent nutritional studies discuss milk proteins in the
context of human nutrition (e.g., Sánchez and Vázquez, 2017)
and studies on milk derived bioactive peptides with reference
to human well-being (e.g., Marcone et al., 2017). Bioactive
peptides with antibacterial (Pellegrini et al., 2001; Pellegrini, 2003;
Chaneton et al., 2011; Sedaghati et al., 2015), opioid (Chiba
and Yoshikawa, 1986; Pihlanto-Leppala, 2000; Teschemacher,
2003) and antihypertensive (Dave et al., 2016) activities may well
have such effects in the neonate animal for which they have

evolved but do not appear to have been reported specifically,
despite the growing interest in their use in animal nutrition (Hou
et al., 2017). Similarly, while studies of satiety are of considerable
interest in maintaining well-being (Kondrashina et al., 2020),
studying such a topic in neonate animals is less straightforward
although there are studies on peptide production from whey and
βLg in pigs (Barbé et al., 2014), rats (Hernández-Ledesma et al.,
2007) and, of course, humans (Boutrou et al., 2015).

On the above theme, are there correlations between βLg and
production traits that are beneficial for the calf? As livestock are
valuable, farmers presumably select for traits that enhance their
profit (more milk; better meat; and healthier offspring). A healthy
immune system and gut microbiome are obvious consequences of
satisfactory colostrum and milk ingestion but so too are normal
behavioral characteristics as has been examined in for example,
cows (Krohn et al., 1999) or piglets (Prunier et al., 2020). The
recent reports of the generation of animals in which the βLg
gene has been switched off or knocked out (Lamas-Toranzo et al.,
2017; Sun et al., 2018; Yuan et al., 2020), should provide clues to
any possible function in the neonate other than nutrition.

Transfer of immunity from mother to offspring is species
dependent (Larson, 1992; Langer, 2009; Pentsuk and van der
Laan, 2009; Hurley and Theil, 2011; Butler et al., 2015). In
some species, like human and rabbit, mothers pass significant
amounts of immunoglobulin, mostly IgG, in utero before birth
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and the colostral antibody is mostly IgA. It has been shown
that vaccinating pregnant women against tetanus, influenza and
whooping cough (Lindsey et al., 2013) is generally beneficial for
the infant but such immunization may interfere with the infant’s
own immune response (Bergin et al., 2018; Orije et al., 2020).
Other animals like horse, pig and cow transfer mostly IgG in
the colostrum after birth and there is a final group that includes
dog, cat and rodents that transfer immunoglobulins both in utero
and via the colostrum (Larson, 1992). The neonate intestine in
those species where transfer occurs after birth, is permeable to
immunoglobulins for periods of a day to a few weeks (Staley and
Bush, 1985; Sangild et al., 1999) to facilitate this uptake. βLg is
resistant to low pH and to pepsin so that it is able to pass through
the stomach more or less intact (Miranda and Pelissier, 1983; Guo
et al., 1995; Almaas et al., 2006; Rahaman et al., 2017). In the
intestinal tract, the pH rises and the protein becomes less stable
and susceptible to enzymic hydrolysis (Guo et al., 1995). That βLg
might in some way be related to antibody transfer was suggested
by Jenness (1979) though without much conviction. There is
little on the topic until Fleming et al. (2016) found a positive
correlation between levels of IgG and βLg in herds of cows
being classified as low, medium or high immune responders but
more convincingly, Crowther et al. (2020) have shown that βLg
associates fairly specifically with the immunoglobulin fraction of
both cow and goat milk, their thesis being that such an association
would protect the immunoglobulins during their passage through
the stomach. However, this novel finding needs to be investigated
further by identifying the exact nature of the interaction in
ruminant and in other species. Such an interaction might be
expected to be with the constant rather than the variable regions
of the immunoglobulins. In this regard, the only structure of a
βLg complex with the Fab fragment of a monoclonal IgE molecule
raised against the milk protein is not relevant (Niemi et al., 2007).

Conversely, there is a large body of evidence that milk allergy,
especially in infants, arises from the presence of βLg (Tsabouri
et al., 2014; Linhart et al., 2019). Indeed, βLg is also known
as Bos d5 allergen (Breiteneder and Chapman, 2014; Pomés
et al., 2018), one of 12 cow allergens of which, Bos d2, is
another lipocalin (Rouvinen et al., 1999). A recent report on
βLg’s ability to promote proliferation of mouse hybridoma cells
thereby enhancing an immune response (Tai et al., 2016), has
not been shown in bovine cells but might be indicative of such
a function in the immature calf intestine. Repeating such a study
in a bovine mammary epithelial cell line (e.g., Huynh et al., 1991;
German and Barash, 2002; Janjanam et al., 2013) would support
this suggestion but the production of animals whose milk is
without βLg (Lamas-Toranzo et al., 2017; Sun et al., 2018; Yuan
et al., 2020) might better reflect the basis of their immunological
well-being. Studies on the various epitopes identified on bovine
βLg involve the use of antibodies raised in other species and
consequently do not necessarily identify sites that are important
in neonatal physiology (Williams et al., 1998; Clement et al., 2002;
Cong and Li, 2012).

Although Davis and Dubos (1947) noted that βLg bound
about half as much oleic acid as serum albumin, it was Groves
et al. (1951) who showed that 2 mol/mol of sodium dodecyl
sulfate not only bound but had a stabilizing effect on thermal

denaturation. Since then, a large number of ligands for βLg has
been identified and that number is still increasing (Sawyer, 2003;
Tromelin and Guichard, 2006; Cherrier et al., 2013; Le Maux
et al., 2014; Loch et al., 2015, 2018). To date, the only definitive
ligand binding site is within the central calyx despite there being
several experimental studies indicating that alternative sites may
exist (Frapin et al., 1993; Dufour et al., 1994; Lange et al., 1998;
Narayan and Berliner, 1998; Lübke et al., 2002; Yang et al., 2008,
2009; Edwards and Jameson, 2020). The crystal structures of
many have been described (Qin et al., 1998; Wu et al., 1999;
Kontopidis et al., 2002, 2004; Yang et al., 2008; Loch et al., 2012,
2013a,b, 2014; Rovoli et al., 2018) and some important NMR
work has added to the description of the ligand binding site
(Collini et al., 2003; Ragona et al., 2003, 2006; Konuma et al.,
2007), in particular its pH dependence (Ragona et al., 2003).
What is clear, however, is that the majority of molecules that
bind are hydrophobic, or at least have significant hydrophobic
moieties (Sawyer, 2013). This together with the similarity to other
lipocalin transporters, most notably retinol-binding protein, has
led to the speculation that βLg’s function is as a transporter (e.g.,
Sawyer, 2013; Edwards and Jameson, 2020). Further weight is
given to this idea by the identification of specific βLg uptake in
part of the intestine of the neonate calf (Papiz et al., 1986), a
process lost in more mature intestine. There is evidence, however,
that not every species has a βLg that can bind a ligand (Pérez
et al., 1993). What might be the natural ligand? Fatty acids
seem unlikely as they are more efficiently carried in fat globules.
Vitamins A and D have been shown to bind and the amounts
required are more in keeping with the 125 µM βLg present in
cow’s milk but here too, hydrophobic vitamins are more likely
found in the fat phase. Analysis of the ligands bound to βLg in
milk showed only fatty acids (Pérez et al., 1989).

If transport is a function, then delivery implies some form of
release mechanism as with RBP, or a receptor. Retinol is delivered
by RBP/transthyretin to a surface receptor which internalizes the
ligand only (Kawaguchi et al., 2007; Redondo et al., 2008). Papiz
et al. (1986) reported the presence of specific βLg receptors in
the neonate calf intestine, prompting speculation of the possible
specific uptake of sparingly soluble ligands while Said et al. (1989)
reported the βLg-enhanced uptake of retinol by suckling rats.
Alternatively, the carrier plus cargo may be endocytosed. Reports
of possible βLg receptors in rabbit ileum cells (Marcon-Genty
et al., 1989), bovine germ cells (Mansouri et al., 1997), a CaCo-
2 cell monolayer (Puyol et al., 1995) and a mouse hybridoma
cell line (Palupi et al., 2000) have been followed by a description
of the specific cellular uptake of βLg by the lipocalin-interacting
membrane receptor (LIMR, Fluckinger et al., 2008). Although the
LIMR used was human, there is a bovine receptor whose sequence
is 59% identical (NCBI Reference Sequence: NP_001069254.2;
Zimin et al., 2009). A more recent study of the human receptor,
however, finds LIMR to be specific for human lipocalin-1 and
nothing else (Hesselink and Findlay, 2013). There are receptors
in the bovine intestine for various bioactive peptides generated
by hydrolysis, but a specific receptor for βLg does not appear to
have been reported since Papiz et al. (1986).

The pH dependent behavior of βLg was noted as early
as by Pedersen, 1936 but it was the work of Tanford and
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coworkers which identified an anomalous carboxylate, known
now to be Glu89, that was revealed by a conformational change
at about pH 7, the “Tanford transition” (Tanford et al., 1959;
Tanford and Taggart, 1961). Crystallographic (Qin et al., 1998;
Vijayalakshmi et al., 2008; Labra-Núñez et al., 2021) and NMR
(Uhrinova et al., 2000; Sakurai and Goto, 2006; Sakurai et al.,
2009) structural work identified the conformational change as
being the EF loop moving away from the entrance to the calyx
thereby facilitating ligand binding (Figure 1B; Ragona et al.,
2003; Konuma et al., 2007). The cow protein now has complete
3-dimensional structural data from pH 2 to 8 (Khan et al., 2018;
Yeates and McPherson, 2019). Interestingly, the transition is
shifted to significantly higher pH in porcine βLg (Ugolini et al.,
2001) while the EF loop is also mobile in the protein structures
available for sheep (Kontopidis et al., 2014; Loch et al., 2014),
goat (Crowther et al., 2014; Loch et al., 2015), reindeer (Oksanen
et al., 2006) and pig (Hoedemaeker et al., 2002). As Glu 89 is
very well conserved among the βLg homologues, it may be that
there is functional significance in this observed gating (Qin et al.,
1998; Ragona et al., 2003; Konuma et al., 2007; Loch et al., 2019),
mimicked by simulation (Bello and García-Hernández, 2014;
Bello, 2020; Fenner et al., 2020; Labra-Núñez et al., 2021), once
again being consistent with a transport function (e.g., Sawyer,
2013; Edwards and Jameson, 2020).

The ruminant βLgs are dimers at around neutral pH but
become monomeric at low pH (Timasheff and Townend, 1961;
Zimmerman et al., 1970; Joss and Ralston, 1996; Mercadante
et al., 2012; Khan et al., 2018). The dimer interface involves
the antiparallel arrangement of β-strand I as well as other
interactions and crystal structures reported over a wide range
of pH show that the interface is flexible (Vijayalakshmi et al.,
2008; Crowther et al., 2016). Porcine βLg on the other hand is
dimeric at low pH and monomeric around neutrality (Ugolini
et al., 2001) with a completely different, domain-swapping
dimerization (Hoedemaeker et al., 2002). The final species for
which there is some structural information is equine βLg which
is monomeric over a wide pH range (Kobayashi et al., 2000).
A chimeric version, Gyuba βLg, with cow core and equine loops
dimerises like the ruminant proteins (Ohtomo et al., 2011).
When the horse I strand and AB loop were replaced by the cow
amino acids, no dimer formed (Kobayashi et al., 2002). While
the calyx opening is away from the dimer interface, structural
and modeling studies of the ligand binding behavior show some
dependency upon the quaternary structure (Bello et al., 2011,
2012; Domínguez-Ramírez et al., 2013; Gutiérrez-Magdaleno
et al., 2013; Labra-Núñez et al., 2021). However, it is not clear
whether the quaternary structure is important for any functional
property of βLg, as it is for Gd.

Finally, is there evidence of the involvement of βLg in the
mammary gland before or during lactation? Reinhardt and
Lippolis (2006) showed that βLg was not present in the milk-
fat globule membrane (MFGM) while Bianchi et al. (2009)
showed its presence in milk-fat globules. A subsequent study of
the MFGM proteins in engineered and cloned animals found
no greater changes in expression levels of βLg between the
engineered animals expressing human proteins than between the
cloned control and normally bred animals (Sui et al., 2014).

These studies, however, have little bearing on whether βLg is
providing any specific function in the mammary gland. Both
Ca2+ and Zn2+ bind to βLg and both ions are important
mediators of metabolic function. Farrell and Thompson (1990)
suggested such a role for calcium ions but the idea does not
appear to have been revisited. The dissociation constant for
Ca2+ is around 5 mM (Jeyarajah and Allen, 1994) which is
tenfold higher than the concentration of βLg in milk. However,
that for Zn2+ is about 5 µM (Tang and Skibsted, 2016) which
makes an intracellular association with βLg possible. It is not
clear that this is physiologically important either in mammary
metabolism or as a means of ensuring the neonate has sufficient
zinc (McCormick et al., 2014). Removal of βLg by genetic
manipulation in cattle does not appear to cause any functional
problem although there is a compensating increase in the amount
of casein and α-lactalbumin (Jabed et al., 2012; Wei et al., 2018).
However, in a similar study with goat, removal of βLg also
led to a lowering of amounts of casein and lactalbumin (Zhou
et al., 2017). Thus, while it is probably too soon to rule out any
functional involvement of βLg in the mother, that cannot be said
of its close relative, Gd.

GLYCODELIN

The first reports of Gd appeared in the 1970s although, since
the name tended to reflect the tissue from which the isolation
had been prepared, the protein was referred to variously as
progesterone-dependent or progesterone-associated endometrial
(glyco)protein (PEP or PAEP, Joshi et al., 1980a,b), placental
protein 14 (PP14, Bohn et al., 1982), placental α2-globulin
(Petrunin et al., 1976), pregnancy-associated α2-globulin (α2-
PEG, Bell et al., 1985a,b), chorionic or placental-specific α2-
microglobulin (Petrunin et al., 1978; Tatarinov et al., 1980), or
α2−uterine protein (Sutcliffe et al., 1980). Bell and Bohn (1986)
presented a discussion of this variability in nomenclature but the
name glycodelin was not coined until Dell et al. (1995) to reflect
the importance of glycosylation in the activity of the protein
and to avoid using names apparently restricting its expression to
specific tissues, and that is the name by which it will be referred to
here. PAEP is used to refer to the gene (Kämäräinen et al., 1991;
Van Cong et al., 1991; Uchida et al., 2013). However, as already
noted PAEP is now also used to describe the βLg gene, rather
than LGB or BLG (e.g., Elsik et al., 2016; Hunt et al., 2018; HGNC,
2020).

Glycodelin is implicated in the immunosuppression,
angiogenesis and apoptosis activities associated with the first
trimester of human pregnancy (Lee et al., 2016) as well as
the fertilization and implantation processes (Seppälä et al.,
2005, 2007; Lee et al., 2009). Its synthesis is therefore tightly
controlled by progesterone, and possibly other factors like
human chorionic gonadotrophin (hCG), relaxin and histone
acetylation (Seppälä et al., 2009; Uchida et al., 2013). There are
four distinct characterized isoforms of Gd all based upon the
same polypeptide chain but differing in their glycosylation: Gd-A
is found in amniotic fluid, in the secretory and decidualized
endometrium (Seppälä et al., 2002; Koistinen et al., 2003)
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and in the serum of pregnant women (Bersinger et al., 2009),
Gd-C is associated with the cumulus matrix (Chiu et al.,
2007a), Gd-F occurs in follicular fluid and oviduct and Gd-S is
expressed in seminal vesicles and found at high levels in seminal
plasma (Yeung et al., 2006; Chiu et al., 2007b; Uchida et al.,
2013). The differences in activity are dictated by the different
oligosaccharides attached to Asn28, located in a loop at the end
of β-strand A, and Asn63, located in the loop joining β-strands C
and D (Schiefner et al., 2015). There are glycosylation differences
not only between the tissues in which the Gd is found but also
in the same tissue from different individuals (Koistinen et al.,
1996, 2003). Figure 3 shows both the structure of the protein
dimer with modeled sugars, and the distinct glycosylation
patterns of Gd-A and Gd-S reflecting a distinction between
female and male post-translational processing (Dell et al., 1995;
Morris et al., 1996; Lapid and Sharon, 2006; Clark and Schust,
2013). Although there is a putative glycosylation site at Asn85,
this is not modified, possibly because it is situated near the
C-terminal end of β-strand E rather than in a loop at the end of
the strand (Aubert et al., 1981; Moremen et al., 2012). Some of
the immunomodulatory activity of Gd, however, appears to be
associated with the protein moiety (Jayachandran et al., 2004;
Ponnalagu and Karande, 2013; Dixit and Karande, 2020; Hansen
et al., 2020) and it has been shown that Gd-A has lectin-like
behavior in its interaction with T-cells (SundarRaj et al., 2009).
However, much Gd binding involves its glycosylation (e.g., Lee
et al., 2019; Dixit and Karande, 2020; Vijayan et al., 2020). Two
of the Asn residues in Gd, those at 28 and 85, are Asp in βLg
while it is the Ser65Glu change that disrupts the third N-linked
glycosylation site (e.g., Sawyer, 2013). When these positions in
βLg are engineered to those of Gd and the protein expressed in
Pichia pastoris, glycosylation is observed but only at positions 28
and 63, that at 85 remaining unmodified as in Gd (Kalidas et al.,
2001). It is not perhaps surprising to find that there is significant
overlap in the epitope sequences in Gd and βLg as these tend to
be on exposed sections of the polypeptide: angiogenic activity in
Gd between 68 and 83 which includes the loop between strands
D and E, and immunosuppressive activity between 57 and 65
at the other end of strand D (Ponnalagu and Karande, 2013).
In βLg, these same regions have been identified as epitopes for
human IgE and IgG (Cong and Li, 2012) which may indicate
possible interaction sites in the calf. Results from Tai et al. (2016)
show cellular proliferation via IgM but no epitope is identified,
though lysine modification abolishes the effect.

The development of the human placenta in early pregnancy
depends, inter alia, upon Gd-A, secreted by the endometrium
in response to progesterone, and perhaps also hCG and relaxin,
and which interacts with various cell types, especially the
trophoblast and immune cells, modifying their behavior to allow
implantation and ensure maternal tolerance of the growing
embryo (Seppälä et al., 2002, 2007; Lee et al., 2011, 2016).
It has also been found (Uchida et al., 2005, 2013) that Gd
expression is regulated by histone acetylation/deacetylation such
that overall control of expression appears to be both hormonal
and epigenetic. Gd-A can also bind to the sperm surface through
fucosyltransferase (Chiu et al., 2007b) inhibiting the sperm’s
ability to penetrate the zona pellucida (Oehninger et al., 1995).

Low levels of Gd-A are observed in both uterine flushings and
the serum, during the fertilization window (e.g., Bersinger et al.,
2009; Seppälä et al., 2009). Levels rise after the hormone burst
at ovulation such that successful implantation only occurs in the
presence of Gd-A (Kao et al., 2002), borne out by women with
repeated implantation failure having low serum and endometrial
levels (Bastu et al., 2015). The changes to the decidual leukocyte
populations caused by Gd-A are also important for successful
pregnancy (Erlebacher, 2013). T-helper type 1 cells are depleted
along with B-lymphocytes while T-helper type 2 cells increase
(Saito et al., 2010). Natural killer cells account for the majority
of decidual leucocytes by the end of the first trimester but have a
low cytotoxicity compared to those in blood (Erlebacher, 2013).
During the preimplantation stage, monocytes migrate to the
endometrium where they differentiate into decidual macrophages
whence the interaction with Gd-A appears to maintain the
survival of the fetus and placenta (Stout and Suttles, 2004; Lee
et al., 2016; Vijayan et al., 2020). A decrease in the levels of Gd-A
leads to an increase in interferon-γ causing a variety of problems
from pre-eclampsia to fetal loss (Lee et al., 2016).

Gd-F is the isoform secreted into the follicular fluid, after
synthesis in the granulosa cells (Tse et al., 2002; Chiu et al., 2003,
2007b). Through a high affinity site and a low affinity one (which
also binds Gd-A), it binds to spermatozoa inhibiting both their
interaction with the zona pellucida and the progesterone-induced
acrosome reaction (Chiu et al., 2003; Yeung et al., 2009).

The oocyte-cumulus complex is released from the ovulatory
follicle and transported, along with follicular fluid, through
the oviduct after ovulation. Spermatozoa must pass through
the follicular fluid and then negotiate the expanded cumulus
complex, a sticky mass of cumulus cells and hyaluronic
acid surrounding the zona pellucida and called the cumulus-
oophorus, before they can bind to the zona pellucida and
initiate fertilization. Gd-A and Gd-F both of which can bind
to spermatozoa and prevent binding to the zona pellucida as
noted, are present in the oviduct. However, it is a third form,
Gd-C, generated in the cumulus cells by modification of the
glycosylation of Gd-A and Gd-F that effectively removes their
inhibition, allowing penetration and subsequent fertilization
(Chiu et al., 2007a; Lee et al., 2009).

Gd-S is the male form of Gd found in large quantities in
seminal plasma. It binds to spermatozoa inhibiting the loss of
cholesterol which in turn would lead to premature capacitation
before entry into the uterine cavity. Once in the uterine cavity,
Gd-S is released, there is an efflux of cholesterol and capacitation
occurs. Gd-F binds to prevent the acrosome reaction, the
necessary prelude to zona penetration. Gd-S does not inhibit
interaction between zona pellucida and spermatozoa and is not
therefore contraceptive (Koistinen et al., 1996; Morris et al.,
1996). There are two binding sites for Gd-S on the human
spermatozoon which are distinct from those of the other isoforms
(Chiu et al., 2005; Yeung et al., 2006). As noted above, the
glycosylation is also distinct from the female forms of Gd in that it
has no sialyl glycans but rather is fucose-rich (Morris et al., 1996).

The isoforms of Gd are therefore intimately associated with
the human/primate reproductive process but in non-primate
reproduction which must have arisen before the emergence of
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FIGURE 3 | (A) A model of the glycosylated physiological dimer of Gd-A viewed down its two-fold axis, showing the two subunits as surface representations in pale
green and blue with the branched sugar moieties on Asn28 and Asn63 shown as space-filling with the conventional elemental coloring. (B) Schematic representation
of the typical major glycan structures found in Gd-A, a female amniotic fluid form on the left with that of Gd-S, the male seminal fluid form on the right (Dell et al.,
1995; Morris et al., 1996). (A,B) Reproduced from Schiefner et al. (2015) with permission.

Gd (Puga Molina et al., 2018) there exist lipocalin alternatives,
though not necessarily carrying out similar functions. For
example, progesterone-dependent uterine lipocalins are found in
the endometria of pig (RBP, Stallings-Mann et al., 1993; SAL1,
Spinelli et al., 2002; Seo et al., 2011), mare (p19 or uterocalin,
Crossett et al., 1996, 1998; Suire et al., 2001) and cow (RBP,
Mullen et al., 2011) though none is closely related to either Gd
or βLg. However, both p19 and SAL1 are glycosylated. In all
of these animals, and ungulates in general, there is a significant

delay before implantation during which the uterine secretions
supply a wide range of molecules for nutrition, protection and
development (Artus et al., 2020). RBP has also been identified
in cat conceptus (Thatcher et al., 1991) and dog endometrium
(Buhi et al., 1995). Finally, mouse oviduct and endometrium
secrete lipocalin-2 which leads to sperm capacitation (Watanabe
et al., 2014). Would it be more than coincidence that another
lipocalin, βLg, with binding properties similar to these uterine
ones is involved at a subsequent developmental stage?
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Glycodelin is also implicated in other biological processes
(Seppälä et al., 2007, 2009) most notably cancer (Richter et al.,
2007; Kölbl et al., 2014; Cui et al., 2017) where its presence can
indicate a better outcome in some ovarian and breast cancers
(Mandelin et al., 2003; Koistinen et al., 2009; Hautala et al.,
2011), supported by functional studies (e.g., Kämäräinen et al.,
1997; Hautala et al., 2008). However, in other cancers, high
Gd expression indicates a poorer prognosis, also supported by
functional studies (e.g., non-small cell lung cancer, Schneider
et al., 2015, 2018; malignant pleural mesothelioma, Schneider
et al., 2016; melanoma, Ren et al., 2010). It has also been shown
that the glycosylation pattern of Gd expressed in cancer cells
is not the same as that in normal tissue expression (Hautala
et al., 2020) though whether this has any functional relevance is
unknown at present. The method used involved both antibodies
and specific lectins, and may be of much wider application
(Hautala et al., 2020). As the presence of Gd in tissues can be
monitored by antibodies, both mono- and polyclonal and by
mRNA there is scope for apparently conflicting observations. For
example, it was found that the presence of Gd was indicative of
a better prognosis in endometrial cancer whereas the presence of
the immunosuppressive Gd-A indicated a poorer overall survival
rate (Lenhard et al., 2013). In ovarian cancer too, the presence of
Gd-A has a positive correlation with other markers that indicate
a poorer outcome (Scholz et al., 2012; Ditsch et al., 2020). The
presence of Gd can be detected by immunohistological staining of
tissue biopsies and also in serum samples but is just one of many
proposed neoplastic markers, the clinical significance of which, if
any, as a cancer marker remains to be established.

The other clinical area in which Gd has been implicated
arises from the fact that Gd levels are very low during the
ovulatory phase of the human menstrual cycle, only to rise in
tandem with progesterone levels. This has possible implications
for contraception (Yeung et al., 2006) though it is not yet clear
whether deliberate attempts to control Gd levels might provide
an alternative approach to those methods currently in use.
Studies to date have monitored Gd, Gd-A and progesterone levels
throughout the cycle in the presence and absence of progestogen
contraceptive treatment to identify the mechanism of action (e.g.,
Durand et al., 2010). Much of the research has been focused
on the effects of the so-called “morning-after pill” emergency
contraception (Durand et al., 2001, Durand et al., 2005, 2010;
Vargas et al., 2012; Mozzanega et al., 2014) and opinion is split
as to the mechanism of action of either of the two common
drugs, levonorgestrel (LNG) or ulipristal acetate (UPA). Taken
before ovulation, LNG raises the Gd concentration in serum and
in uterine fluid before ovulation possibly inhibiting fertilization
(Durand et al., 2010). Taken at or after ovulation, its effectiveness
may involve sperm motility, capacitation or interaction with the
zona pellucida though Gd-A alone was unable to mimic the
effects (Chirinos et al., 2017). UPA on the other hand, has a

decreasing effect as ovulation approaches but, since it blocks
progesterone receptors, prevents implantation (Mozzanega et al.,
2014). Mozzanega and Nardelli (2019) consider the mechanisms
of LNG and UPA from the viewpoint of informed consent since
there is significant ethical concern if the action is directed toward
the conceptus (Kahlenborn et al., 2015; Peck et al., 2016).

CONCLUSION

Glycodelin and β-lactoglobulin are two lipocalins with closely
related sequences and 3-dimensional structures arising from
homologous genes and both are involved in the reproductive
process. The proposed (patho)physiological functions of Gd are
several and well defined, at least in human cell models, and appear
to be specifically dependent upon post-translational, N-linked
glycosylation. βLg on the other hand appears much more widely
distributed and is clearly important in the nutrition and health
of the offspring, providing as it does, not only a balanced supply
of amino acids, but also a series of peptides that have anti-oxidant
and anti-bacterial properties which must help establish a good gut
microbiome in the offspring. Several other activities have been
associated with βLg, transport and, recently, immunoglobulin
stabilization being perhaps the most likely. Now that animals can
be produced which lack the protein, it should be possible to assess
the nature of any problems that are manifest by its lack. However,
today, the coin is still spinning!

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
has approved it for publication.

ACKNOWLEDGMENTS

It is a pleasure to acknowledge the detailed comments on, and
discussion of the manuscript by Carl Holt, Hannu Koistinen,
Chris Ponting, and Evelyn Telfer. Thanks are also due to
Mike Boland, Jasminka Godovac-Zimmermann, Jeremy Hill,
Phillipe Monget, and Arne Skerra for help in preparing the
manuscript, which was further facilitated by the COVID-19
lock-down and the forbearance of Moura Sawyer. Access to the
University of Edinburgh Information Services facilities is also
gratefully acknowledged.

REFERENCES
Åkerström, B., Borregaard, N., Flower, D. R., and Salier, J.-P. (2006). Lipocalins.

Georgetown, TX: Landes Bioscience.

Almaas, H., Cases, A. L., Devold, T. G., Holm, H., Langsrud, T., Aabakken, L.,
et al. (2006). In vitro digestion of bovine and caprine milk by human gastric
and duodenal enzymes. Int. Dairy J. 16, 961–968. doi: 10.1016/j.idairyj.2005.
10.029

Frontiers in Physiology | www.frontiersin.org 10 May 2021 | Volume 12 | Article 678080

https://doi.org/10.1016/j.idairyj.2005.10.029
https://doi.org/10.1016/j.idairyj.2005.10.029
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-678080 May 13, 2021 Time: 15:56 # 11

Sawyer β-Lactoglobulin and Glycodelin

Artus, J., Hue, I., and Acloque, H. (2020). Preimplantation development
in ungulates: a ‘ménage à quatre’ scenario. Reproduction 159,
R151–R172.

Ashworth, U. S., Ramaiah, G. D., and Keyes, M. C. (1966). Species difference in the
composition of milk with special reference to the northern fur seal. J. Dairy Sci.
49, 1206–1211. doi: 10.3168/jds.s0022-0302(66)88054-2

Aubert, J. P., Helbecque, N., and Loucheux-Lefebvre, M. H. (1981). Circular
dichroism studies of synthetic Asn-X-Ser/Thr-containing peptides: structure-
glycosylation relationship. Arch. Biochem. Biophys. 208, 20–29. doi: 10.1016/
0003-9861(81)90118-1

Azuma, N., and Yamauchi, K. (1991). Identification of α-lactalbumin and
β-lactoglobulin in cynomolgus monkey (Macaca fascicularis) milk. Comp.
Biochem. Phys. B 99, 917–921. doi: 10.1016/0305-0491(91)90164-9

Bandaranayake, A. D., Correnti, C., Ryu, B. Y., Ryu, B. Y., Brault, M., Strong,
R. K., et al. (2011). Daedalus: a robust, turnkey platform for rapid production
of decigram quantities of active recombinant proteins in human cell lines using
novel lentiviral vectors. Nucleic Acids Res. 39:e143. doi: 10.1093/nar/gkr706

Barbé, F., Le Feunteun, S., Rémond, D., Ménard, O., Jardin, J., Henry, G., et al.
(2014). Tracking the in vivo release of bioactive peptides in the gut during
digestion: mass spectrometry peptidomic characterization of effluents collected
in the gut of dairy matrix fed mini-pigs. Food Res. Int. 63(Pt. B), 147–156.
doi: 10.1016/j.foodres.2014.02.015

Bastu, E., Mutlu, M. F., Yasa, C., Dural, O., Nehir, A. A., Celik, C., et al. (2015). Role
of mucin 1 and glycodelin A in recurrent implantation failure. Fertil. Steril. 103,
1059–1064. doi: 10.1016/j.fertnstert.2015.01.025

Beck, K. L., Weber, D., Phinney, B. S., Smilowitz, J. T., Hinde, K., Lönnerdal, B.,
et al. (2015). Comparative proteomics of human and macaque milk reveals
species-specific nutrition during postnatal development. J. Proteome Res. 14,
2143–2157. doi: 10.1021/pr501243m

Bell, K., McKenzie, H. A., and Shaw, D. C. (1981). Bovine β-lactoglobulin E, F and
G of Bali (Banteng) cattle, Bos (Bibos) javanicus. Aust. J. Biol. Sci. 34, 133–147.
doi: 10.1071/bi9810133

Bell, K., Mckenzie, H. A., Murphy, W. H., and Shaw, D. C. (1970).
β-LactoglobulinDroughtmaster: a unique protein variant. Biochim. Biophys.
Acta 214, 427–436. doi: 10.1016/0005-2795(70)90301-6

Bell, S. C., and Bohn, H. (1986). Immunochemical and biochemical relationship
between human pregnancy-associated secreted endometrial αl- and α2-
globulins (α1- and α2-PEG) and the soluble placental proteins 12 and 14 (PPI2
and PPI4). Placenta 7, 283–294. doi: 10.1016/s0143-4004(86)80146-1

Bell, S. C., Hales, M. W., Patel, S., Kirwan, P. H., and Drife, J. O. (1985a). Protein
synthesis and secretion by the human endometrium and decidua during early
pregnancy. Br. J. Obst. Gynae 92, 793–803. doi: 10.1111/j.1471-0528.1985.
tb03048.x

Bell, S. C., Patel, S., Hales, M. W., Kirwan, P. H., and Drife, J. O. (1985b).
Immunochemical detection and characterization of pregnancy-associated
endometrial α1- and α2-globulins secreted by the human endometrium and
decidua. J. Reprod. Fertil. 74, 261–270. doi: 10.1530/jrf.0.0740261

Bello, M. (2020). Structural mechanism of the Tanford transition of bovine
β-lactoglobulin through microsecond molecular dynamics simulations.
J. Biomol. Struct. Dyn. [Epub ahead of print]. doi: 10.1080/07391102.2020.
1844062

Bello, M., and García-Hernández, E. (2014). Ligand entry into the calyx of
β-lactoglobulin. Biopolymers 101, 744–757. doi: 10.1002/bip.22454

Bello, M., Gutiérrez, G., and García-Hernández, E. (2012). Structure and dynamics
of β-lactoglobulin in complex with dodecyl sulfate and laurate: a molecular
dynamics study. Biophys. Chem. 16, 79–86. doi: 10.1016/j.bpc.2012.03.009

Bello, M., Portillo-Tellez, M. D., and Garcia-Hernandez, E. (2011). Energetics of
ligand recognition and self-association of bovine β-Lactoglobulin: differences
between Variants A and B. Biochemistry 50, 151–161. doi: 10.1021/bi1016155

Bergin, N., Murtagh, J., and Philip, R. K. (2018). Maternal vaccination as an
essential component of life-course immunization and its contribution to
preventive neonatology. Int. J. Environ. Res. Public Health 15:847. doi: 10.3390/
ijerph15050847

Berman, H., Henrick, K., and Nakamura, H. (2003). Announcing the worldwide
protein data bank. Nat. Struct. Mol. Biol. 10:980. doi: 10.1038/nsb1203-980

Bersinger, N. A., Birkhäuser, M. H., Yared, M., and Wunder, D. M. (2009). Serum
glycodelin pattern during the menstrual cycle in healthy young women. Acta
Obstet. Gynecol. Scand. 88, 1215–1221. doi: 10.3109/00016340903294264

Bianchi, L., Puglia, M., Landi, C., Matteoni, S., Perini, D., Armini, A., et al. (2009).
Solubilization methods and reference 2-DE map of cow milk fat globules.
J. Proteomics 72, 853–864. doi: 10.1016/j.jprot.2008.11.020

Bohn, H., Kraus, W., and Winckler, W. (1982). “New soluble placental tissue
proteins: their isolation, characterization, localization and quantification,” in
Immunology of Human Placental Proteins, ed. A. Klopper (New York, NY:
Praeger), 67–81. doi: 10.1262/jrd1955.4.67

Boland, M., and Singh, H. (2020). Milk Proteins: From Expression to Food, 3rd Edn.
New York, NY: Academic Press.

Boutrou, R., Henry, G., and Sanchez-Rivera, L. (2015). On the trail of milk bioactive
peptides in human and animal intestinal tracts during digestion: a review. Dairy
Sci. Technol. 95, 815–829. doi: 10.1007/s13594-015-0210-0

Braunitzer, G., Chen, R., Schrank, B., and Stangl, A. (1972). Die sequenzanalyse des
β-lactoglobulins. Hoppe-Seyler’s Z. Physiol. Chem. 354, 867–878. doi: 10.1515/
bchm2.1973.354.2.867

Breiteneder, H., and Chapman, M. D. (2014). “Allergen Nomenclature,” in
Allergens and Allergen Immunotherapy: Subcutaneous, Sublingual and Oral, 5th
Edn, eds R. F. Lockey and D. K. Ledford (Boca Raton, FL: CRC Press), 37–49.
doi: 10.1201/b16539-3

Breustedt, D. A., Schönfeld, D. L., and Skerra, A. (2006). Comparative ligand-
binding analysis of ten human lipocalins. Biochim. Biophys. Acta Proteins
Proteomics 1764, 161–173. doi: 10.1016/j.bbapap.2005.12.006

Buhi, W. C., Alvarez, I. M., Shille, V. M., Thatcher, M.-J., Harney, J. P., and Cotton,
M. (1995). Purification and characterization of a uterine retinol-binding protein
in the bitch. Biochem. J. 311, 407–415. doi: 10.1042/bj3110407

Buss, D. H. (1978). Studies on baboon milk proteins. Comp. Biochem. Physiol. Part
B 59, 5–8. doi: 10.1016/0305-0491(78)90261-4

Butler, J. E., Rainard, P., Lippolis, J., Salmon, H., and Kacskovics, I. (2015). “The
mammary gland in mucosal and regional immunity,” in Mucosal Immunology,
4th Edn, eds J. Mestecky, W. Strober, M. Russell, H. Cheroutre, B. N. Lambrecht,
and B. Kelsall (New York, NY: Academic Press), 2269–2306. doi: 10.1016/b978-
0-12-415847-4.00116-6

Cavaggioni, A., Pelosi, P., Edwards, S. G., and Sawyer, L. (2006). “Functional
aspects of β-lactoglobulin, major urinary protein and odorant binding protein,”
in Lipocalins, B. Åkerström, N. Borregaard, D. R. Flower and J.-P. Salier.
(Georgetown, TX: Landes Bioscience) 130–139.

Chaneton, L., Saez, J. M. P., and Bussmann, L. E. (2011). Antimicrobial activity
of bovine β-lactoglobulin against mastitis-causing bacteria. J. Dairy Sci. 94,
138–145. doi: 10.3168/jds.2010-3319

Chen, J., and Dickinson, E. (1995). Protein/surfactant interfacial interactions Part
2. Electrophoretic mobility of mixed protein + surfactant systems. Coll. Surf.
A Physicochem. Eng. Aspects 100, 267–277. doi: 10.1016/0927-7757(95)03205-r

Cherrier, M. V., Engilberge, S., Amara, P., Chevalley, A., Salmain, M., and
Fontecilla-Camps, J. C. (2013). Structural basis for enantioselectivity in the
transfer hydrogenation of a ketone catalyzed by an artificial metalloenzyme.
Eur. J. Inorg. Chem. 2013, 3596–3600. doi: 10.1002/ejic.201300592

Chiba, H., and Yoshikawa, M. (1986). “Biologically functional peptides from food
proteins: new opioid peptides from milk proteins,” in Protein Tailoring for Food
and Medical Uses, eds R. E. Feeney and J. R. Whitaker (New York, NY: Marcel
Dekker), 123–153.

Chirinos, M., Durand, M., González-González, M., Hernández-Silva, G.,
Maldonado-Rosas, I., López, P., et al. (2017). Uterine flushings from women
treated with levonorgestrel affect sperm functionality in vitro.Reproduction 154,
607–614. doi: 10.1530/rep-17-0313

Chiu, P. C. N., Chung, M.-K., Koistinen, R., Koistinen, H., Seppälä, M., Ho, P.-C.,
et al. (2007b). Glycodelin-A interacts with fucosyltransferase on human sperm
plasma membrane to inhibit spermatozoa-zona pellucida binding. J. Cell Sci.
120, 33–44. doi: 10.1242/jcs.03258

Chiu, P. C. N., Chung, M.-K., Koistinen, R., Koistinen, H., Seppala, M., Ho, P.-C.,
et al. (2007a). Cumulus oophorus-associated glycodelin-C displaces sperm-
bound glycodelin-A and -F and stimulates spermatozoa-zona pellucida binding.
J. Biol. Chem. 282, 5378–5388. doi: 10.1074/jbc.m607482200

Chiu, P. C. N., Chung, M.-K., Tsang, H.-Y., Koistinen, R., Koistinen, H., Seppala,
M., et al. (2005). Glycodelin-S in human seminal plasma reduces cholesterol
efflux and inhibits capacitation of spermatozoa. J. Biol. Chem. 280, 25580–
25589. doi: 10.1074/jbc.m504103200

Chiu, P. C. N., Koistinen, R., Koistinen, H., Seppala, M., Lee, K. F., and Yeung,
W. S. B. (2003). Zona-binding inhibitory factor-1 from human follicular fluid

Frontiers in Physiology | www.frontiersin.org 11 May 2021 | Volume 12 | Article 678080

https://doi.org/10.3168/jds.s0022-0302(66)88054-2
https://doi.org/10.1016/0003-9861(81)90118-1
https://doi.org/10.1016/0003-9861(81)90118-1
https://doi.org/10.1016/0305-0491(91)90164-9
https://doi.org/10.1093/nar/gkr706
https://doi.org/10.1016/j.foodres.2014.02.015
https://doi.org/10.1016/j.fertnstert.2015.01.025
https://doi.org/10.1021/pr501243m
https://doi.org/10.1071/bi9810133
https://doi.org/10.1016/0005-2795(70)90301-6
https://doi.org/10.1016/s0143-4004(86)80146-1
https://doi.org/10.1111/j.1471-0528.1985.tb03048.x
https://doi.org/10.1111/j.1471-0528.1985.tb03048.x
https://doi.org/10.1530/jrf.0.0740261
https://doi.org/10.1080/07391102.2020.1844062
https://doi.org/10.1080/07391102.2020.1844062
https://doi.org/10.1002/bip.22454
https://doi.org/10.1016/j.bpc.2012.03.009
https://doi.org/10.1021/bi1016155
https://doi.org/10.3390/ijerph15050847
https://doi.org/10.3390/ijerph15050847
https://doi.org/10.1038/nsb1203-980
https://doi.org/10.3109/00016340903294264
https://doi.org/10.1016/j.jprot.2008.11.020
https://doi.org/10.1262/jrd1955.4.67
https://doi.org/10.1007/s13594-015-0210-0
https://doi.org/10.1515/bchm2.1973.354.2.867
https://doi.org/10.1515/bchm2.1973.354.2.867
https://doi.org/10.1201/b16539-3
https://doi.org/10.1016/j.bbapap.2005.12.006
https://doi.org/10.1042/bj3110407
https://doi.org/10.1016/0305-0491(78)90261-4
https://doi.org/10.1016/b978-0-12-415847-4.00116-6
https://doi.org/10.1016/b978-0-12-415847-4.00116-6
https://doi.org/10.3168/jds.2010-3319
https://doi.org/10.1016/0927-7757(95)03205-r
https://doi.org/10.1002/ejic.201300592
https://doi.org/10.1530/rep-17-0313
https://doi.org/10.1242/jcs.03258
https://doi.org/10.1074/jbc.m607482200
https://doi.org/10.1074/jbc.m504103200
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-678080 May 13, 2021 Time: 15:56 # 12

Sawyer β-Lactoglobulin and Glycodelin

is an isoform of glycodelin. Biol. Reprod. 69, 365–372. doi: 10.1095/biolreprod.
102.012658

Clark, G. F., and Schust, D. J. (2013). Manifestations of immune tolerance in
the human female reproductive tract. Front. Immunol. 4:26. doi: 10.3389/
fimmu.2013.00026

Clement, G., Bouquet, D., Frobert, Y., Bernard, H., Negroni, L., Chatel, J. M.,
et al. (2002). Epitopic characterization of native bovine beta-lactoglobulin.
J. Immunol. Methods 266, 67–78. doi: 10.1016/s0022-1759(02)00149-7

Collini, M., D’Alfonso, L., Molinari, H., Ragona, L., Catalano, M., and Baldini,
G. (2003). Competitive binding of fatty acids and the fluorescent probe 1-8-
anilinonaphthalene sulfonate to bovine β-lactoglobulin. Protein Sci. 12, 1596–
1603. doi: 10.1110/ps.0304403

Cong, Y. J., and Li, L. F. (2012). Identification of the critical amino acid residues
of immunoglobulin E and immunoglobulin G epitopes in β-lactoglobulin by
alanine scanning analysis. J. Dairy Sci. 95, 6307–6312. doi: 10.3168/jds.2012-
5543

Conway, V., Gauthier, S. F., and Pouliot, Y. (2013). Antioxidant activities of
buttermilk proteins, whey proteins, and their enzymatic hydrolysates. J. Agric.
Food Chem. 61, 364–372. doi: 10.1021/jf304309g

Corrochano, A. R., Buckin, V., Kelly, P. M., and Giblin, L. (2018). Invited review:
whey proteins as antioxidants and promoters of cellular antioxidant pathways.
J. Dairy Sci. 101, 4747–4761. doi: 10.3168/jds.2017-13618

Crossett, B., Allen, W. R., and Stewart, F. (1996). A 19 kDa protein secreted by the
endometrium of the mare is a novel member of the lipocalin family. Biochem. J.
320, 137–143. doi: 10.1042/bj3200137

Crossett, B., Suire, S., Herrler, A., Allen, W. R., and Stewart, F. (1998). Transfer of
a uterine lipocalin from the endometrium of the mare to the developing equine
conceptus. Biol. Reprod. 59, 483–490. doi: 10.1095/biolreprod59.3.483

Crowfoot, D., and Riley, D. (1938). An X-ray study of Palmer’s lactoglobulin.
Nature 141, 521–522. doi: 10.1038/141521b0

Crowther, J. M., Broadhurst, M., Laue, T. M., Jameson, G. B., Hodgkinson, A. J.,
and Dobson, R. C. J. (2020). On the utility of fluorescence-detection analytical
ultracentrifugation in probing biomolecular interactions in complex solutions:
a case study in milk. Eur. Biophys. J. 49, 677–685. doi: 10.1007/s00249-020-
01468-3

Crowther, J. M., Jameson, G. B., Hodgkinson, A. J., and Dobson, R. C. J.
(2016). “Structure, oligomerisation and interactions of β-lactoglobulin,” in Milk
Proteins - From Structure to Biological Properties and Health Aspects, ed. I. Gigli
(London: IntechOpen), doi: 10.5772/62992

Crowther, J. M., Lassé, M., Suzuki, H., Kessans, S. A., Loo, T. S., Norris, G. E.,
et al. (2014). Ultra-high resolution crystal structure of recombinant caprine
β-lactoglobulin. FEBS Lett. 588, 3816–3822. doi: 10.1016/j.febslet.2014.09.010

Cui, J., Liu, Y., and Wang, X. (2017). The roles of glycodelin in cancer development
and progression. Front. Immunol. 8:1685. doi: 10.3389/fimmu.2017.01685

Dave, L. A., Hayes, M., Montoya, C. A., Rutherfurd, S. M., and Moughan, P. J.
(2016). Human gut endogenous proteins as a potential source of angiotensin-
I-converting enzyme (ACE-I)-, renin inhibitory and antioxidant peptides.
Peptides 76, 30–44. doi: 10.1016/j.peptides.2015.11.003

Davis, B. D., and Dubos, R. J. (1947). The binding of fatty acids by serum albumin,
a protective growth factor in bacteriological media. J. Exp. Med. 86, 215–228.
doi: 10.1084/jem.86.3.215

Dawkins, R. (2004). The Ancestor’s Tale: A Pilgrimage to the Dawn of Evolution.
New York, NY: Houghton Mifflin.

Dell, A., Morris, H. R., Easton, R. L., Panico, M., Patankar, M., Oehninger, S.,
et al. (1995). Structural analysis of the oligosaccharides derived from glycodelin,
a human glycoprotein with potent immunosuppressive and contraceptive
activities. J. Biol. Chem. 270, 24116–24126. doi: 10.1074/jbc.270.41.24116

Dereeper, A., Guignon, V., Blanc, G., Audic, S., Buffet, S., Chevenet, F., et al. (2008).
Phylogeny.fr: robust phylogenetic analysis for the non-specialist. Nucleic Acids
Res. 36, W465–W469.

Ditsch, N., Heublein, S., Jeschke, U., Sattler, C., Kuhn, C., Hester, A., et al.
(2020). Cytoplasmic versus nuclear THR alpha expression determines survival
of ovarian cancer patients. J. Cancer Res. Clin. Oncol. 146, 1923–1932. doi:
10.1007/s00432-020-03241-7

Dixit, A., and Karande, A. A. (2020). Glycodelin regulates the numbers and
function of peripheral natural killer cells. J. Reprod. Immunol. 137:102625.
doi: 10.1016/j.jri.2019.102625

Domínguez-Ramírez, L., Del Moral-Ramírez, E., Cortes-Hernández, P., García-
Garibay, M., and Jiménez-Guzmán, J. (2013). β-Lactoglobulin’s conformational
requirements for ligand binding at the calyx and the dimer interface: a
flexible docking study. PLoS One 8:e79530. doi: 10.1371/journal.pone.007
9530

Dufour, E., Genot, C., and Haertlé, T. (1994). β-Lactoglobulin binding-properties
during its folding changes studied by fluorescence spectroscopy. Biochim.
Biophys. Acta 1205, 105–112. doi: 10.1016/0167-4838(94)90098-1

Durand, M., del Carmen, Cravioto, M., Raymond, E. G., Durán-Sánchez, O., De La
Luz, et al. (2001). On the mechanisms of action of short-term levonorgestrel
administration in emergency contraception. Contraception 64, 227–234. doi:
10.1016/s0010-7824(01)00250-5

Durand, M., Koistinen, R., Chirinos, M., Rodriguez, J. L., Zambrano, E., Seppala,
M., et al. (2010). Hormonal evaluation and midcycle detection of intrauterine
glycodelin in women treated with levonorgestrel as in emergency contraception.
Contraception 82, 526–533. doi: 10.1016/j.contraception.2010.05.
015

Durand, M., Seppala, M., del Carmen, Cravioto, M., Koistinen, H., Koistinen,
R., et al. (2005). Late follicular phase administration of levonorgestrel as an
emergency contraceptive changes the secretory pattern of glycodelin in serum
and endometrium during the luteal phase of the menstrual cycle. Contraception
71, 451–457. doi: 10.1016/j.contraception.2005.01.003

Edwards, P. B., and Jameson, G. B. (2020). “Structure and stability of whey
proteins,” in Milk Proteins: From Expression to Food, 3rd Edn, eds M. Boland
and H. Singh (New York: Academic Press), 251–291. doi: 10.1016/b978-0-12-
815251-5.00007-4

Elsik, C. G., Unni, D. R., Diesh, C. M., Tayal, A., Emery, M. L., Nguyen, H. N., et al.
(2016). Bovine genome database: new tools for gleaning function from the Bos
taurus genome. Nucleic Acids Res. 44, D834–D839. doi: 10.1093/nar/gkv1077

Erdil, G., Ercin, M. E., and Guven, S. (2020). Effect of methotrexate on embryonal
implantation: an experimental rat model. Gynecol. Endocrinol. 36, 978–981.
doi: 10.1080/09513590.2020.1734788

Erlebacher, A. (2013). Immunology of the maternal-fetal interface. Annu. Rev.
Immunol. 31, 387–411.

Farrell, H. M. Jr., and Thompson, M. P. (1990). β-Lactoglobulin and α-lactalbumin
as potential modulators of mammary cellular-activity - a Ca2+-responsive
model system using acid phosphoprotein phosphatases. Protoplasma 159, 157–
167. doi: 10.1007/bf01322598

Fenner, K., Redgate, A., and Brancaleon, L. (2020). A 200 nanoseconds all-atom
simulation of the pH-dependent EF loop transition in bovine β-lactoglobulin.
The role of the orientation of the E89 side chain. J. Biomol. Struct. Dyn. [Epub
ahead of print]. doi: 10.1080/07391102.2020.1817785

Fleming, K., Thompson-Crispi, K. A., Hodgins, D. C., Miglior, F., Corredig, M., and
Mallard, B. A. (2016). Variation of total immunoglobulin G and β-lactoglobulin
concentrations in colostrum and milk from Canadian Holsteins classified as
high, average, or low immune responders. J. Dairy Sci. 99, 2358–2363. doi:
10.3168/jds.2015-9707

Flower, D. R. (1996). The lipocalin protein family - structure and function.
Biochem. J. 318, 1–14. doi: 10.1042/bj3180001

Fluckinger, M., Merschak, P., Hermann, M., Haertlé, T., and Redl, B.
(2008). Lipocalin-interacting-membrane-receptor (LIMR) mediates cellular
internalization of β-lactoglobulin. Biochim. Biophys. Acta Biomembranes 1778,
342–347. doi: 10.1016/j.bbamem.2007.10.010

Folch, J. M., Coll, A., Hayes, H. C., and Sanchez, A. (1996). Characterization
of a caprine β-lactoglobulin pseudogene, identification and chromosomal
localization by in-situ hybridization in goat, sheep and cow. Gene 177, 87–91.
doi: 10.1016/0378-1119(96)00276-4

Forsum, E., and Hambraeus, L. (1974). “Utilization of whey proteins in human
nutrition,” in Joint IUPAC/IUFoST Symposium-The Contribution of Chemistry
to Food Supplies, eds I. Morton and D. N. Rhodes (London: Butterworths),
375–383.

Frapin, D., Dufour, E., and Haertlé, T. (1993). Probing the fatty-acid-binding site
of β-lactoglobulins. J. Protein Chem. 12, 443–449. doi: 10.1007/bf01025044

Futterman, S., and Heller, J. (1972). The enhancement of fluorescence and
the decreased susceptibility to enzymic oxidation of bovine serum albumin,
β-lactoglobulin and the retinol-binding protein of human plasma. J. Biol. Chem.
247, 5168–5172. doi: 10.1016/s0021-9258(19)44953-3

Frontiers in Physiology | www.frontiersin.org 12 May 2021 | Volume 12 | Article 678080

https://doi.org/10.1095/biolreprod.102.012658
https://doi.org/10.1095/biolreprod.102.012658
https://doi.org/10.3389/
https://doi.org/10.1016/s0022-1759(02)00149-7
https://doi.org/10.1110/ps.0304403
https://doi.org/10.3168/jds.2012-5543
https://doi.org/10.3168/jds.2012-5543
https://doi.org/10.1021/jf304309g
https://doi.org/10.3168/jds.2017-13618
https://doi.org/10.1042/bj3200137
https://doi.org/10.1095/biolreprod59.3.483
https://doi.org/10.1038/141521b0
https://doi.org/10.1007/s00249-020-01468-3
https://doi.org/10.1007/s00249-020-01468-3
https://doi.org/10.5772/62992
https://doi.org/10.1016/j.febslet.2014.09.010
https://doi.org/10.3389/fimmu.2017.01685
https://doi.org/10.1016/j.peptides.2015.11.003
https://doi.org/10.1084/jem.86.3.215
https://doi.org/10.1074/jbc.270.41.24116
https://doi.org/10.1007/s00432-020-03241-7
https://doi.org/10.1007/s00432-020-03241-7
https://doi.org/10.1016/j.jri.2019.102625
https://doi.org/10.1371/journal.pone.0079530
https://doi.org/10.1371/journal.pone.0079530
https://doi.org/10.1016/0167-4838(94)90098-1
https://doi.org/10.1016/s0010-7824(01)00250-5
https://doi.org/10.1016/s0010-7824(01)00250-5
https://doi.org/10.1016/j.contraception.2010.05.015
https://doi.org/10.1016/j.contraception.2010.05.015
https://doi.org/10.1016/j.contraception.2005.01.003
https://doi.org/10.1016/b978-0-12-815251-5.00007-4
https://doi.org/10.1016/b978-0-12-815251-5.00007-4
https://doi.org/10.1093/nar/gkv1077
https://doi.org/10.1080/09513590.2020.1734788
https://doi.org/10.1007/bf01322598
https://doi.org/10.1080/07391102.2020.1817785
https://doi.org/10.3168/jds.2015-9707
https://doi.org/10.3168/jds.2015-9707
https://doi.org/10.1042/bj3180001
https://doi.org/10.1016/j.bbamem.2007.10.010
https://doi.org/10.1016/0378-1119(96)00276-4
https://doi.org/10.1007/bf01025044
https://doi.org/10.1016/s0021-9258(19)44953-3
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-678080 May 13, 2021 Time: 15:56 # 13

Sawyer β-Lactoglobulin and Glycodelin

German, T., and Barash, I. (2002). Characterization of an epithelial cell line from
bovine mammary gland. In Vitro Cell. Dev. Anim. 38, 282–292. doi: 10.1290/
1071-2690(2002)038<0282:coaecl>2.0.co;2

Godovac-Zimmermann, J., Conti, A., Liberatori, J., and Braunitzer, G. (1985).
The amino-acid sequence of β-lactoglobulin II from horse colostrum (Equus
caballus, Perissodactyla): β-lactoglobulins are retinol-binding proteins. Biol.
Chem. Hoppe-Seyler 366, 601–608. doi: 10.1515/bchm3.1985.366.1.601

Goulding, D. A., Fox, P. F., and O’Mahony, J. A. (2020). “Milk proteins: an
overview,” in Milk Proteins: From Expression to Food, 3rd Edn, eds M. Boland
and H. Singh (New York: Academic Press), 21–98. doi: 10.1016/b978-0-12-
815251-5.00002-5

Gowda, G., Foulke-Abel, J., Agbo, H., Bench, B. J., Chae, J., Russell, W. K., et al.
(2017). Lipofuscin formation catalyzed by the milk protein β-lactoglobulin:
lysine residues in cycloretinal synthesis. Biochemistry 56, 5715–5719. doi: 10.
1021/acs.biochem.7b00709

Gowda, V., Foley, B., Du, J., Esteb, M., and Watanabe, C. M. H. (2018). Biocatalysis
with the milk protein β-lactoglobulin: promoting retroaldol cleavage of
α,β-unsaturated aldehydes. Org. Biomol. Chem. 16, 2210–2213. doi: 10.1039/
c8ob00139a

Green, S. W., and Renfree, M. B. (1982). Changes in the milk proteins during
lactation in the tammar wallaby, Macropus eugenii. Aust. J. Bioi. Sci. 35,
145–152. doi: 10.1071/bi9820145

Groves, M. L., Hipp, N. J., and McMeekin, T. L. (1951). Effect of pH on the
denaturation of β-lactoglobulin and its dodecyl sulphate derivative. J. Am.
Chem. Soc. 73, 2790–2793. doi: 10.1021/ja01150a106

Guo, M. R., Fox, P. F., Flynn, A., and Kindstedt, P. S. (1995). Susceptibility of
β-lactoglobulin and sodium caseinate to proteolysis by pepsin and trypsin.
J. Dairy Sci. 78, 2336–2344. doi: 10.3168/jds.s0022-0302(95)76860-6

Gutierrez, G., Ganfornina, M. D., and Sanchez, D. (2000). Evolution of the lipocalin
family as inferred from a protein sequence phylogeny. Biochim. Biophys. Acta
Protein Struct.Mol. Enzymol. 1482, 35–45. doi: 10.1016/s0167-4838(00)00151-5

Gutiérrez-Magdaleno, G., Bello, M., Portillo-Téllez, M. C., Rodríguez-Romero,
A., and García-Hernández, E. (2013). Ligand binding and self-association
cooperativity of β-lactoglobulin. J. Mol. Recogn. 26, 67–75. doi: 10.1002/jmr.
2249

Hall, A. (2010). A Biochemical and Molecular Characterisation of Non-Casein
Proteins of the Baboon (Papio hamadryas), pig (Sus scrofa domestica) and
marsupial (Monodelphis domestica). PhD Dissertation. St Lucia, QLD: The
University of Queensland.

Halttunen, M., Kämäräinen, M., and Koistinen, H. (2000). Glycodelin: a
reproduction-related lipocalin. Biochim. Biophys. Acta 1482, 149–156. doi: 10.
1016/s0167-4838(00)00158-8

Hambræus, L., and Lönnerdal, B. (2003). “Nutritional aspects of milk proteins,”
in Advanced Dairy Chemistry – IB, 3rd Edn, eds P. F. Fox and P. L. H.
McSweeney (New York, NY: Kluwer Academic/Plenum Publishers), 605–645.
doi: 10.1007/978-1-4419-8602-3_18

Hansen, Y. B. L., Myrhøj, V., and Sørensen, S. (2020). Glycodelin is internalized by
peripheral monocytes. J. Reprod. Immunol. 138:103102. doi: 10.1016/j.jri.2020.
103102

Hautala, L. C., Greco, D., and Koistinen, R. (2011). Glycodelin expression associates
with differential tumour phenotype and outcome in sporadic and familial non-
BRCA1/2 breast cancer patients. Breast Cancer Res. Treat. 128, 85–95. doi:
10.1007/s10549-010-1065-y

Hautala, L. C., Koistinen, R., Seppälä, M., Butzow, R., Stenman, U.-H., Laakkonen,
P., et al. (2008). Glycodelin reduces endometrial cancer xenograft growth
in vivo. Int. J. Cancer. 123, 2279–2284. doi: 10.1002/ijc.23773

Hautala, L. C., Pang, P.-C., Antonopoulos, A., Pasanen, A., Lee, C.-L., Chiu,
P. C. N., et al. (2020). Altered glycosylation of glycodelin in endometrial
carcinoma. Lab. Invest. 100, 1014–1025. doi: 10.1038/s41374-020-0411-x

Hernández-Ledesma, B., Miguel, M., Amigo, L., Aleixandre, M. A., and Recio, I.
(2007). Effect of simulated gastrointestinal digestion on the antihypertensive
properties of synthetic beta-lactoglobulin peptide sequences. J. Dairy Res. 74,
336–339. doi: 10.1017/s0022029907002609

Hernández-Ledesma, B., Recio, I., and Amigo, L. (2008). β-Lactoglobulin as source
of bioactive peptides. Amino Acids 35, 257–265. doi: 10.1007/s00726-007-05
85-1

Hesselink, R. W., and Findlay, J. B. C. (2013). Expression, characterization and
ligand specificity of lipocalin-1 interacting membrane receptor (LIMR). Mol.
Membrane Biol. 30, 327–337. doi: 10.3109/09687688.2013.823018

HGNC (2020). HUGO Gene Nomenclature Committee at the European
Bioinformatics Institute, and its Non-human Species Equivalent VGNC.
Available online at: https://www.genenames.org/ (accessed March 3, 2021).

Hoedemaeker, F. J., Visschers, R. W., Alting, A. C., de Kruif, K. G., Kuil, M. E.,
and Abrahams, J. P. (2002). A novel pH-dependent dimerization motif in
β-lactoglobulin from pig (Sus scrofa). Acta Crystallogr. D 58, 480–486. doi:
10.1107/s0907444902000616

Holmes, M. A., Paulsene, W., Jide, X., Ratledge, C., and Strong, R. K. (2005).
Siderocalin (LCN2) also binds carboxymycobactins, potentially defending
against mycobacterial infections through iron sequestration. Structure 13, 29–
41. doi: 10.1016/j.str.2004.10.009

Hou, Y., Wu, Z., Dai, Z., Wang, G., and Wu, G. (2017). Protein hydrolysates
in animal nutrition: industrial production, bioactive peptides, and functional
significance. J. Anim. Sci. Biotechnol. 8:24.

Hunt, S. E., McLaren, W., Gil, L., Thormann, A., Schuilenburg, H.,
Sheppard, D., et al. (2018). Ensembl variation resources. Database 2018,
1–12.

Hurley, W. L., and Theil, P. K. (2011). Review perspectives on immunoglobulins in
colostrum and milk. Nutrients 3, 442–474. doi: 10.3390/nu3040442

Huynh, H. T., Robitaille, G., and Turner, J. D. (1991). Establishment of bovine
mammary epithelial cells (MAC-T): an in vitro model for bovine lactation.
Exptl. Cell Res. 197, 191–199. doi: 10.1016/0014-4827(91)90422-q

Jabed, A., Wagner, S., McCracken, J., Wells, D. N., and Laible, G. (2012). Targeted
microRNA expression in dairy cattle directs production of β-lactoglobulin-
free, high-casein milk. Proc. Natl. Acad. Sci. U.S.A. 109, 16811–16816. doi:
10.1073/pnas.1210057109

Janjanam, J., Jamwal, M., Singh, S., Kumar, S., Panigrahi, A. K., Hariprasad, G., et al.
(2013). Proteome analysis of functionally differentiated bovine (Bos indicus)
mammary epithelial cells isolated from milk. Proteomics 13, 3189–3204. doi:
10.1002/pmic.201300031

Jayachandran, R., Shaila, M. S., and Karande, A. A. (2004). Analysis of the role of
oligosaccharides in the apoptotic activity of glycodelin A. J. Biol. Chem. 279,
8585–8591. doi: 10.1074/jbc.m310480200

Jenness, R. (1979). Comparative aspects of milk proteins. J. Dairy Res. 46, 197–210.
doi: 10.1017/s0022029900017040

Jenness, R., and Sloan, R. E. (1970). The composition of milks of various species: a
review. Dairy Sci. Abstr. 32, 599–612.

Jeyarajah, S., and Allen, J. C. (1994). Calcium binding and salt-induced structural
changes of native and preheated β-lactoglobulin. J. Agric. Food Chem. 42, 80–85.
doi: 10.1021/jf00037a012

Joshi, S. G., Ebert, K. M., and Swart, D. P. (1980a). Detection and synthesis of a
progestagen-dependent protein in human endometrium. J. Reprod. Fertil. 59,
273–285. doi: 10.1530/jrf.0.0590273

Joshi, S. G., Ebert, K. M., and Smith, R. A. (1980b). Properties of the progestagen-
dependent protein of the human endometrium. J. Reprod. Fertil. 59, 287–296.
doi: 10.1530/jrf.0.0590287

Joss, J. L., Molloy, M. P., Hinds, L., and Deane, E. (2009). A longitudinal study
of the protein components of marsupial milk from birth to weaning in the
tammar wallaby (Macropus eugenii). Dev. Comp. Immunol. 33, 152–161. doi:
10.1016/j.dci.2008.08.002

Joss, L. A., and Ralston, G. B. (1996). Beta-lactoglobulin B: a proposed
standard for the study of reversible self-association reactions in the analytical
ultracentrifuge? Anal. Biochem. 236, 20–26. doi: 10.1006/abio.1996.0126

Julkunen, M., Seppala, M., and Janne, O. A. (1988). Complete amino acid sequence
of human placental protein 14: a progesterone-regulated uterine protein
homologous to β-lactoglobulins. Proc. Natl. Acad. Sci. U.S.A. 85, 8845–8849.
doi: 10.1073/pnas.85.23.8845

Kahlenborn, R., Peck, R., and Severs, W. (2015). Mechanism of action of
levonorgestrel emergency contraception. Linacre Q. 82, 18–33. doi: 10.1179/
2050854914y.0000000026

Kalidas, C., Joshi, L., and Batt, C. A. (2001). Characterization of glycosylated
variants of β-lactoglobulin expressed in Pichia pastoris. Protein Eng. 14, 201–
207. doi: 10.1093/protein/14.3.201

Frontiers in Physiology | www.frontiersin.org 13 May 2021 | Volume 12 | Article 678080

https://doi.org/10.1290/1071-2690(2002)038<0282:coaecl>2.0.co;2
https://doi.org/10.1290/1071-2690(2002)038<0282:coaecl>2.0.co;2
https://doi.org/10.1515/bchm3.1985.366.1.601
https://doi.org/10.1016/b978-0-12-815251-5.00002-5
https://doi.org/10.1016/b978-0-12-815251-5.00002-5
https://doi.org/10.1021/acs.biochem.7b00709
https://doi.org/10.1021/acs.biochem.7b00709
https://doi.org/10.1039/c8ob00139a
https://doi.org/10.1039/c8ob00139a
https://doi.org/10.1071/bi9820145
https://doi.org/10.1021/ja01150a106
https://doi.org/10.3168/jds.s0022-0302(95)76860-6
https://doi.org/10.1016/s0167-4838(00)00151-5
https://doi.org/10.1002/jmr.2249
https://doi.org/10.1002/jmr.2249
https://doi.org/10.1016/s0167-4838(00)00158-8
https://doi.org/10.1016/s0167-4838(00)00158-8
https://doi.org/10.1007/978-1-4419-8602-3_18
https://doi.org/10.1016/j.jri.2020.103102
https://doi.org/10.1016/j.jri.2020.103102
https://doi.org/10.1007/s10549-010-1065-y
https://doi.org/10.1007/s10549-010-1065-y
https://doi.org/10.1002/ijc.23773
https://doi.org/10.1038/s41374-020-0411-x
https://doi.org/10.1017/s0022029907002609
https://doi.org/10.1007/s00726-007-0585-1
https://doi.org/10.1007/s00726-007-0585-1
https://doi.org/10.3109/09687688.2013.823018
https://www.genenames.org/
https://doi.org/10.1107/s0907444902000616
https://doi.org/10.1107/s0907444902000616
https://doi.org/10.1016/j.str.2004.10.009
https://doi.org/10.3390/nu3040442
https://doi.org/10.1016/0014-4827(91)90422-q
https://doi.org/10.1073/pnas.1210057109
https://doi.org/10.1073/pnas.1210057109
https://doi.org/10.1002/pmic.201300031
https://doi.org/10.1002/pmic.201300031
https://doi.org/10.1074/jbc.m310480200
https://doi.org/10.1017/s0022029900017040
https://doi.org/10.1021/jf00037a012
https://doi.org/10.1530/jrf.0.0590273
https://doi.org/10.1530/jrf.0.0590287
https://doi.org/10.1016/j.dci.2008.08.002
https://doi.org/10.1016/j.dci.2008.08.002
https://doi.org/10.1006/abio.1996.0126
https://doi.org/10.1073/pnas.85.23.8845
https://doi.org/10.1179/2050854914y.0000000026
https://doi.org/10.1179/2050854914y.0000000026
https://doi.org/10.1093/protein/14.3.201
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-678080 May 13, 2021 Time: 15:56 # 14

Sawyer β-Lactoglobulin and Glycodelin

Kämäräinen, M., Julkunen, M., and Seppala, M. (1991). Hinf1 polymorphism in
the human progesterone associated endometrial protein (PAEP) gene. Nucleic
Acids Res. 19, 5092–5092. doi: 10.1093/nar/19.18.5092

Kämäräinen, M., Seppälä, M., Virtanen, I., and Andersson, L. C. (1997). Expression
of glycodelin in MCF-7 breast cancer cells induces differentiation into organized
acinar epithelium. Lab. Invest. 77, 565–573.

Kao, L. C., Tulac, S., Lobo, S., Imani, B., Yang, J. P., Germeyer, A., et al.
(2002). Global gene profiling in human endometrium during the window of
implantation. Endocrinology 143, 2119–2138. doi: 10.1210/endo.143.6.8885

Kawaguchi, R., Yu, J., Honda, J., Hu, J., Whitelegge, J., Ping, P., et al. (2007).
A membrane receptor for retinol binding protein mediates cellular uptake of
vitamin A. Science 315, 820–825. doi: 10.1126/science.1136244

Keil, C., Husen, B., Giebel, J., Rune, G., and Walther, R. (1999). Glycodelin mRNA
is expressed in the genital tract of male and female rats (Rattus norvegicus).
J. Mol. Endocrinol. 23, 57–66. doi: 10.1677/jme.0.0230057

Khan, S., Ipsen, R., Almdal, K., Svensson, B., and Harris, P. (2018). Revealing the
dimeric crystal and solution structure of β-lactoglobulin at pH 4 and its pH and
salt dependent monomer-dimer equilibrium. Biomacromology 19, 2905–2912.
doi: 10.1021/acs.biomac.8b00471

Kobayashi, T., Ikeguchi, M., and Sugai, S. (2000). Molten globule structure of
equine β-lactoglobulin probed by hydrogen exchange. J. Mol. Biol. 299, 757–
770. doi: 10.1006/jmbi.2000.3761

Kobayashi, T., Ikeguchi, M., and Sugai, S. (2002). Construction and
characterization of β-lactoglobulin chimeras. Proteins 49, 297–301.
doi: 10.1002/prot.10223

Koh, Y. Q., Peiris, H. N., Vaswani, K., Almughlliq, F. B., Meier, S., Burke, C. R.,
et al. (2018). Proteome profiling of exosomes derived from plasma of heifers
with divergent genetic merit for fertility. J. Dairy Sci. 101, 6462–6473. doi:
10.3168/jds.2017-14190

Koistinen, H., Easton, R. L., Chiu, P. C. N., Chalabi, S., Halttunen, H., Dell, A.,
et al. (2003). Differences in glycosylation and sperm-egg binding inhibition
of pregnancy-related glycodelin. Biol. Reprod. 69, 1545–1551. doi: 10.1095/
biolreprod.103.017830

Koistinen, H., Hautala, L. C., Seppälä, M., Stenman, U. H., Laakkonen, P.,
and Koistinen, R. (2009). The role of glycodelin in cell differentiation
and tumor growth. Scand. J. Clin. Lab. Invest. 69, 452–459. doi: 10.1080/
00365510903056023

Koistinen, H., Koistinen, R., Dell, A., Morris, H. R., Easton, R. L., Patankar, M. S.,
et al. (1996). Glycodelin from seminal plasma is a differentially glycosylated
form of contraceptive glycodelin-A. Mol. Hum. Reprod. 2, 759–765. doi: 10.
1093/molehr/2.10.759

Koistinen, H., Koistinen, R., Seppälä, M., Burova, T. V., Choiset, Y., and Haertle,
T. (1999). Glycodelin and β-lactoglobulin, lipocalins with a high structural
similarity, differ in ligand binding properties. FEBS Lett. 450, 158–162. doi:
10.1016/s0014-5793(99)00490-1

Kölbl, A. C., Jeschke, U., Dian, D., Friese, K., and Andergassen, U. (2014).
Glycodelin A – a famous lipocalin and its role in breast cancer. Anticancer Res.
34, 1079–1086.

Kondrashina, A., Brodkorb, A., and Giblin, L. (2020). Dairy-derived
peptides for satiety. J. Funct. Foods 66, 103801. doi: 10.1016/j.jff.2020.103
801

Kontopidis, G., Gilliver, A. N., and Sawyer, L. (2014). Ovine β-lactoglobulin at
atomic resolution. Acta Cryst. F70, 1498–1503.

Kontopidis, G., Holt, C., and Sawyer, L. (2002). Retinol binding to bovine
β-lactoglobulin. J. Mol. Biol. 318, 1043–1055.

Kontopidis, G., Holt, C., and Sawyer, L. (2004). Invited Review: β-lactoglobulin:
binding properties, structure, and function. J. Dairy Sci. 87, 785–796. doi: 10.
3168/jds.s0022-0302(04)73222-1

Konuma, T., Sakurai, K., and Goto, Y. (2007). Promiscuous binding of ligands by
β-lactoglobulin involves hydrophobic interactions and plasticity. J. Mol. Biol.
368, 209–218. doi: 10.1016/j.jmb.2007.01.077

Korhonen, H., and Pihlanto, A. (2006). Bioactive peptides: production
and functionality. Int. Dairy J. 16, 945–960. doi: 10.1016/j.idairyj.2005.
10.012

Krohn, C. C., Foldager, J., and Mogensen, L. (1999). Long-term effect of colostrum
feeding methods on behaviour in female dairy calves. Acta Agric. Scand. A49,
57–64. doi: 10.1080/090647099421540

Kunert-Keil, C., Jeschke, U., Simms, G., and Kasper, M. (2009). Increased
expression of glycodelin mRNA and protein in rat lungs during ovalbumin-
induced allergic airway inflammation. Histochem. Cell. Biol. 131, 383–390. doi:
10.1007/s00418-008-0533-5

Kunert-Keil, C., Wiehmeier, E., Jeschke, U., and Giebel, J. (2005).
Immunolocalization of glycodelin in the genital tract of rats. J. Mol. Histol. 36,
111–117. doi: 10.1007/s10735-004-4272-1

Kunz, C., and Lönnerdal, B. (1994). Isolation and characterization of a 21 kDa whey
protein in Rhesus monkey (Macacamulatta) milk.Comp. Biochem. Physiol. Part
B. 108, 463–469. doi: 10.1016/0305-0491(94)90099-x

Kuruppath, S., Bisana, S., Sharp, J. A., Lefèvre, C., Kumar, S., and Nicholas, K. R.
(2012). Monotremes and marsupials: comparative models to better understand
the function of milk. J. Biosci. 37, 581–588. doi: 10.1007/s12038-012-9247-x

Labra-Núñez, A., Cofas-Vargas, L. F., Gutiérrez-Magdaleno, G., Gómez-Velasco,
H., Rodríguez-Hernández, A., Rodríguez-Romero, A., et al. (2021). Energetic
and structural effects of the Tanford transition on ligand recognition of bovine
β-lactoglobulin. Arch. Biochem. Biophys. 699:108750. doi: 10.1016/j.abb.2020.
108750

Lamas-Toranzo, I., Guerrero-Sánchez, J., Miralles-Bover, H., Alegre-Cid, G.,
Pericuesta, E., and Bermejo-Álvarez, P. (2017). CRISPR is knocking on barn
door. Reprod. Dom. Anim. 52(Suppl. 4), 39–47. doi: 10.1111/rda.13047

Lange, D. C., Kothari, R., Patel, R. C., and Patel, S. C. (1998). Retinol and retinoic
acid bind to a surface cleft in bovine β-lactoglobulin: a method of binding site
determination using fluorescence resonance energy transfer. Biophys. Chem. 74,
45–51. doi: 10.1016/s0301-4622(98)00164-1

Langer, P. (2009). Differences in the composition of colostrum and milk in
eutherians reflect differences in immunoglobulin transfer. J. Mammal. 90,
332–339. doi: 10.1644/08-mamm-a-071.1

Lapid, K., and Sharon, N. (2006). Meet the multifunctional and sexy glycoforms of
glycodelin. Glycobiology 16, 39R–45R.

Larson, B. L. (1992). “Immunoglobulins of the mammary secretions,” in Advanced
Dairy Chemistry – I, 2nd Edn, ed. P. F. Fox (London: Elsevier), 231–254.

Le Maux, S., Bouhallab, S., Giblin, L., Brodkorb, A., and Croguennec, T. (2014).
Bovine β-lactoglobulin/fatty acid complexes: binding, structural, and biological
properties. Dairy Sci. Technol. 94, 409–426. doi: 10.1007/s13594-014-0160-y

Lee, C.-L., Lam, K. K. W., Vijayan, M., Koistinen, H., Seppälä, M., Ng, E. H. Y., et al.
(2016). The pleiotropic effect of glycodelin-A in early pregnancy. Am. J. Reprod.
Immunol. 75, 290–297. doi: 10.1111/aji.12471

Lee, C.-L., Lam, K. K., Koistinen, H., Seppala, M., Kurpisz, M., Fernandez, N., et al.
(2011). Glycodelin-A as a paracrine regulator in early pregnancy. J. Reprod.
Immunol. 90, 29–34. doi: 10.1016/j.jri.2011.04.007

Lee, C.-L., Pang, P.-C., Yeung, W. S. B., Tissot, B., Panico, M., Lao, T. T. H.,
et al. (2009). Effects of differential glycosylation of glycodelins on lymphocyte
survival. J. Biol. Chem. 284, 15084–15096. doi: 10.1074/jbc.m807960200

Lee, C.-L., Vijayan, M., Wang, X., Lam, K. K. W., Koistinen, H., Seppälä, M.,
et al. (2019). Glycodelin-A stimulates the conversion of human peripheral blood
CD16-CD56bright NK cell to a decidual NK cell-like phenotype. Hum. Reprod.
34, 689–701. doi: 10.1093/humrep/dey378

Lefèvre, C. M., Digby, M. R., Whitley, J. C., Strahm, Y., and Nicholas, K. R. (2007).
Lactation transcriptomics in the Australian marsupial, Macropus eugenii:
transcript sequencing and quantification. BMC Genomics 8:417. doi: 10.1186/
1471-2164-8-417

Lefèvre, C. M., Sharp, J. A., and Nicholas, K. R. (2010). Evolution of lactation:
ancient origin and extreme adaptations of the lactation system. Annu. Rev.
Genom. Hum. Genet. 11, 219–238.

Lemay, D. G., Lynn, D. J., Martin, W. F., Neville, M. C., Casey, T. M., Rincon,
G., et al. (2009). The bovine lactation genome: insights into the evolution of
mammalian milk. Genome Biol. 10:R43.

Lenhard, M., Heublein, S., Kunert-Keil, C., Vrekoussis, T., Lomba, I., Ditsch, N.,
et al. (2013). Immunosuppressive Glycodelin A is an independent marker for
poor prognosis in endometrial cancer. BMC Cancer 13:616. doi: 10.1186/1471-
2407-13-616

Levieux, D., and Ollier, A. (1999). Bovine immunoglobulin G, beta-lactoglobulin,
alpha-lactalbumin and serum albumin in colostrum and milk during the early
post partum period. J. Dairy Res. 66, 421–430. doi: 10.1017/s0022029999003581

Levieux, D., Morgan, F., Geneix, N., Masle, I., and Bouvier, F. (2002). Caprine
immunoglobulin G, beta-lactoglobulin, alpha-lactalbumin and serum albumin

Frontiers in Physiology | www.frontiersin.org 14 May 2021 | Volume 12 | Article 678080

https://doi.org/10.1093/nar/19.18.5092
https://doi.org/10.1210/endo.143.6.8885
https://doi.org/10.1126/science.1136244
https://doi.org/10.1677/jme.0.0230057
https://doi.org/10.1021/acs.biomac.8b00471
https://doi.org/10.1006/jmbi.2000.3761
https://doi.org/10.1002/prot.10223
https://doi.org/10.3168/jds.2017-14190
https://doi.org/10.3168/jds.2017-14190
https://doi.org/10.1095/biolreprod.103.017830
https://doi.org/10.1095/biolreprod.103.017830
https://doi.org/10.1080/00365510903056023
https://doi.org/10.1080/00365510903056023
https://doi.org/10.1093/molehr/2.10.759
https://doi.org/10.1093/molehr/2.10.759
https://doi.org/10.1016/s0014-5793(99)00490-1
https://doi.org/10.1016/s0014-5793(99)00490-1
https://doi.org/10.1016/j.jff.2020.103801
https://doi.org/10.1016/j.jff.2020.103801
https://doi.org/10.3168/jds.s0022-0302(04)73222-1
https://doi.org/10.3168/jds.s0022-0302(04)73222-1
https://doi.org/10.1016/j.jmb.2007.01.077
https://doi.org/10.1016/j.idairyj.2005.10.012
https://doi.org/10.1016/j.idairyj.2005.10.012
https://doi.org/10.1080/090647099421540
https://doi.org/10.1007/s00418-008-0533-5
https://doi.org/10.1007/s00418-008-0533-5
https://doi.org/10.1007/s10735-004-4272-1
https://doi.org/10.1016/0305-0491(94)90099-x
https://doi.org/10.1007/s12038-012-9247-x
https://doi.org/10.1016/j.abb.2020.108750
https://doi.org/10.1016/j.abb.2020.108750
https://doi.org/10.1111/rda.13047
https://doi.org/10.1016/s0301-4622(98)00164-1
https://doi.org/10.1644/08-mamm-a-071.1
https://doi.org/10.1007/s13594-014-0160-y
https://doi.org/10.1111/aji.12471
https://doi.org/10.1016/j.jri.2011.04.007
https://doi.org/10.1074/jbc.m807960200
https://doi.org/10.1093/humrep/dey378
https://doi.org/10.1186/1471-2164-8-417
https://doi.org/10.1186/1471-2164-8-417
https://doi.org/10.1186/1471-2407-13-616
https://doi.org/10.1186/1471-2407-13-616
https://doi.org/10.1017/s0022029999003581
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-678080 May 13, 2021 Time: 15:56 # 15

Sawyer β-Lactoglobulin and Glycodelin

in colostrum and milk during the early post partum period. J. Dairy Res. 69,
391–399. doi: 10.1017/s0022029902005575

Li, X., Asato, A. E., and Liu, R. S. H. (1990). β-Lactoglobulin directed
photoisomerization of retinal and related compounds. Tetrah. Lett. 31, 4841–
4844. doi: 10.1016/s0040-4039(00)97747-5

Lindsey, B., Kampmann, B., and Jones, C. (2013). Maternal immunization as a
strategy to decrease susceptibility to infection in newborn infants. Curr. Opin.
Infect. Dis. 26, 248–253. doi: 10.1097/qco.0b013e3283607a58

Linhart, B., Freidl, R., Elisyutina, O., Khaitov, M., Karaulov, A., and Valenta, R.
(2019). Molecular approaches for diagnosis, therapy and prevention of cow’s
milk allergy. Nutrients 11:1492. doi: 10.3390/nu11071492

Loch, J. I., Bonarek, P., and Lewinski, K. (2019). Conformational flexibility and
ligand binding properties of ovine β-lactoglobulin. Acta Biochim. Polon. 66,
577–584.

Loch, J. I., Bonarek, P., Polit, A., Ries, D., Dziedzicka-Wasylewska, M., and
Lewinski, K. (2013a). Binding of 18-carbon unsaturated fatty acids to bovine
β-lactoglobulin - structural and thermodynamic studies. Int. J. Biol. Macromol.
57, 226–231. doi: 10.1016/j.ijbiomac.2013.03.021

Loch, J. I., Bonarek, P., Polit, A., Swiatek, S., Czub, M., Ludwikowska, M., et al.
(2015). Conformational variability of goat β-lactoglobulin: crystallographic and
thermodynamic studies. Int. J. Biol. Macromol. 72, 1283–1291. doi: 10.1016/j.
ijbiomac.2014.10.031

Loch, J. I., Bonarek, P., Polit, A., Swiatek, S., Dziedzicka-Wasylewska, M., and
Lewinski, K. (2013b). The differences in binding 12-carbon aliphatic ligands
by bovine β-lactoglobulin isoform A and B studied by isothermal titration
calorimetry and X-ray crystallography. J. Mol. Recogn. 26, 357–367. doi: 10.
1002/jmr.2280

Loch, J. I., Bonarek, P., Tworzydlo, M., Lazinska, I., Szydlowska, J., Lipowska,
J., et al. (2018). The engineered β-lactoglobulin with complementarity to the
chlorpromazine chiral conformers. Int. J. Biol. Macromol. 114, 85–96. doi: 10.
1016/j.ijbiomac.2018.03.074

Loch, J. I., Molenda, M., Kopec, M., Swiatek, S., and Lewinski, K. (2014).
Structure of two crystal forms of sheep β-lactoglobulin with EF-loop in closed
conformation. Biopolymers 101, 886–894. doi: 10.1002/bip.22471

Loch, J. I., Polit, A., Bonarek, P., Olszewska, D., Kurpiewska, K., Dziedzicka-
Wasylewska, M., et al. (2012). Structural and thermodynamic studies of binding
saturated fatty acids to bovine β-lactoglobulin. Int. J. Biol. Macromol. 50,
1095–1102. doi: 10.1016/j.ijbiomac.2012.03.002

Lübke, M., Guichard, E., Tromelin, A., and Le Quere, J. L. (2002). Nuclear magnetic
resonance spectroscopic study of β-lactoglobulin interactions with two flavor
compounds, ?- decalactone and β-ionone. J. Agric. Food Chem. 50, 7094–7099.
doi: 10.1021/jf020513k

Maertens, L., Lebas, F., and Szendrö, Z. (2006). Rabbit milk: a review of quantity,
quality and non-dietary affecting factors. World Rabbit Sci. 14, 205–230.

Mandelin, E., Lassus, H., Seppälä, M., Leminen, A., Gustafsson, J. A., Cheng,
G. J., et al. (2003). Glycodelin in ovarian serous carcinoma: association with
differentiation and survival. Cancer Res. 63, 6258–6264.

Mansouri, A., Haertle, T., Gerard, A., Gerard, H., and Gueant, J. L. (1997).
Retinol free and retinol complexed β-lactoglobulin binding sites in bovine germ
cells. Bochim. Biophys. Acta Mol. Cell Res. 1357, 107–114. doi: 10.1016/s0167-
4889(97)00018-9

Marcone, S., Belton, O., and Fitzgerald, D. J. (2017). Milk-derived bioactive
peptides and their health promoting effects: a potential role in atherosclerosis.
Br. J. Clin. Pharmacol. 83, 152–162. doi: 10.1111/bcp.13002

Marcon-Genty, D., Tome, D., Kheroua, O., Dumontier, A. M., Heyman, M.,
and Desjeux, J. F. (1989). Transport of beta-lactoglobulin across rabbit ileum
in vitro. Amer. J. Physiol. Gastroint. Liver Physiol. 256, G943–G948.

Martin, P., Cebo, C., and Miranda, G. (2013). “Interspecies comparison of milk
proteins: quantitative variability and molecular diversity,” in Advanced Dairy
Chemistry – IA, 4th Edn, eds P. F. Fox and P. L. H. McSweeney (New York, NY:
Springer), 387–429. doi: 10.1007/978-1-4614-4714-6_13

McCormick, N. H., Hennigar, S. R., Kiselyov, K., and Kelleher, S. L. (2014).
The biology of zinc transport in mammary epithelial cells: implications for
mammary gland development, lactation, and involution. J. Mammary Gland
Biol. Neoplasia 19, 59–71. doi: 10.1007/s10911-013-9314-4

McNicholas, S., Potterton, E., Wilson, K. S., and Noble, M. E. M. (2011). Presenting
your structures: the CCP4mg molecular-graphics software. Acta Crystallogr.
D67, 386–394. doi: 10.1107/S0907444911007281

Mercadante, D., Melton, L. D., Norris, G. E., Loo, T. S., Williams, M. A. K.,
Dobson, R. C. J., et al. (2012). Bovine β-lactoglobulin is dimeric under imitative
physiological conditions: dissociation equilibrium and rate constants over
the pH range of 2.5-7.5. Biophys. J. 103, 303–312. doi: 10.1016/j.bpj.2012.05.
041

Miranda, G., and Pelissier, J.-P. (1983). Kinetic studies of in vivo digestion of
bovine unheated skim-milk proteins in rat stomach. J. Dairy Res. 50, 27–36.
doi: 10.1017/s0022029900032490

Moremen, K. W., Tiemeyer, M., and Nairn, A. V. (2012). Vertebrate protein
glycosylation: diversity, synthesis and function. Nat. Rev. Mol. Cell Biol. 13,
448–462. doi: 10.1038/nrm3383

Moros-Nicolás, C., Fouchécourt, S., Goudet, G., and Monget, P. (2018). Genes
encoding mammalian oviductal proteins involved in fertilization are subjected
to gene death and positive selection. J. Mol. Evol. 86, 655–667. doi: 10.1007/
s00239-018-9878-0

Morris, H. R., Dell, A., Easton, R. L., Panico, M., Koistineni, H., Koistineni,
R., et al. (1996). Gender-specific glycosylation of human glycodelin affects its
contraceptive activity. J. Biol. Chem. 271, 32159–32167. doi: 10.1074/jbc.271.50.
32159

Mozzanega, B., and Nardelli, G. B. (2019). UPA and LNG in emergency
contraception: the information by EMA and the scientific evidences indicate
a prevalent anti-implantation effect. Eur. J. Contracept. Reprod. Health Care 24,
4–10. doi: 10.1080/13625187.2018.1555662

Mozzanega, B., Gizzo, S., Di Gangi, S., Cosmi, E., and Nardelli, G. B.
(2014). Ulipristal acetate: critical review about endometrial and ovulatory
effects in emergency contraception. Reprod. Sci. 21, 678–685. doi: 10.1177/
1933719113519178

Mullen, M. P., Forde, N., Parr, M. H., Diskin, M. G., Morris, D. G., Nally, J. E., et al.
(2011). Alterations in systemic concentrations of progesterone during the early
luteal phase affect RBP4 expression in the bovine uterus. Reprod. Fertil. Dev. 24,
715–722. doi: 10.1071/rd11246

Murphy, W. J., Larkin, D. M., van der Wind, A. E., Bourque, G., Tesler, G., Auvil,
L., et al. (2005). Dynamics of mammalian chromosome evolution inferred from
multispecies comparative maps. Science 309, 613–617. doi: 10.1126/science.
1111387

Narayan, M., and Berliner, L. J. (1998). Mapping fatty acid binding to
β-lactoglobulin: ligand binding is restricted by modification of Cys 121. Protein
Sci. 7, 150–157. doi: 10.1002/pro.5560070116

Newcomer, M. E., Jones, T. A., Aqvist, J., Sundelin, J., Eriksson, U., Rask, L., et al.
(1984). The three-dimensional structure of retinol-binding protein. EMBO J. 3,
1451–1454. doi: 10.1002/j.1460-2075.1984.tb01995.x

Newman, J., Sharp, J. A., Enjapoori, A. K., Bentley, J., Nicholas, K. R., Adams, T. E.,
et al. (2018). Structural characterization of a novel monotreme-specific protein
with antimicrobial activity from the milk of the platypus. Acta Crystallogr. F74,
39–45. doi: 10.1107/s2053230x17017708

Nielsen, S. D., Beverly, R. L., Qu, Y., and Dallas, D. C. (2017). Milk bioactive peptide
database: a comprehensive database of milk protein-derived bioactive peptides
and novel visualization. Food Chem. 232, 673–682. doi: 10.1016/j.foodchem.
2017.04.056

Niemi, M., Jylha, S., Laukkanen, M. L., Soderlund, H., Makinen-Kiljunen, S., Kallio,
J. M., et al. (2007). Molecular interactions between a recombinant IgE antibody
and the β-lactoglobulin allergen. Structure 11, 1413–1421. doi: 10.1016/j.str.
2007.09.012

North, A. C. T. (1989). 3-D arrangement of conserved amino acids in a superfamily
of specific ligand-binding proteins. Int. J. Biol. Macromol. 7, 56–58. doi: 10.
1016/0141-8130(89)90041-x

Oehninger, S., Coddington, C. C., Hodgen, G. D., and Seppala, M. (1995). Factors
affecting fertilization: endometrial placental protein 14 reduces the capacity of
human spermatozoa to bind to the human zona pellucida. Fertil. Steril. 63,
377–383. doi: 10.1016/s0015-0282(16)57372-5

Oftedal, O. T. (2000). Use of maternal reserves as a lactation strategy in large
mammals. Proc. Nutr. Soc. 59, 99–106. doi: 10.1017/s0029665100000124

Oftedal, O. T. (2002). The mammary gland and its origin
during synapsid evolution. J. Mammary Gland Biol. Neopl. 7,
225–252.

Oftedal, O. T. (2013). “Origin and evolution of the major constitutents of milk,” in
Advanced Dairy Chemistry – IA, 4th Edn, eds P. F. Fox and P. L. H. McSweeney
(New York, NY: Springer), 1–42. doi: 10.1007/978-1-4614-4714-6_1

Frontiers in Physiology | www.frontiersin.org 15 May 2021 | Volume 12 | Article 678080

https://doi.org/10.1017/s0022029902005575
https://doi.org/10.1016/s0040-4039(00)97747-5
https://doi.org/10.1097/qco.0b013e3283607a58
https://doi.org/10.3390/nu11071492
https://doi.org/10.1016/j.ijbiomac.2013.03.021
https://doi.org/10.1016/j.ijbiomac.2014.10.031
https://doi.org/10.1016/j.ijbiomac.2014.10.031
https://doi.org/10.1002/jmr.2280
https://doi.org/10.1002/jmr.2280
https://doi.org/10.1016/j.ijbiomac.2018.03.074
https://doi.org/10.1016/j.ijbiomac.2018.03.074
https://doi.org/10.1002/bip.22471
https://doi.org/10.1016/j.ijbiomac.2012.03.002
https://doi.org/10.1021/jf020513k
https://doi.org/10.1016/s0167-4889(97)00018-9
https://doi.org/10.1016/s0167-4889(97)00018-9
https://doi.org/10.1111/bcp.13002
https://doi.org/10.1007/978-1-4614-4714-6_13
https://doi.org/10.1007/s10911-013-9314-4
https://doi.org/10.1107/S0907444911007281
https://doi.org/10.1016/j.bpj.2012.05.041
https://doi.org/10.1016/j.bpj.2012.05.041
https://doi.org/10.1017/s0022029900032490
https://doi.org/10.1038/nrm3383
https://doi.org/10.1007/s00239-018-9878-0
https://doi.org/10.1007/s00239-018-9878-0
https://doi.org/10.1074/jbc.271.50.32159
https://doi.org/10.1074/jbc.271.50.32159
https://doi.org/10.1080/13625187.2018.1555662
https://doi.org/10.1177/1933719113519178
https://doi.org/10.1177/1933719113519178
https://doi.org/10.1071/rd11246
https://doi.org/10.1126/science.1111387
https://doi.org/10.1126/science.1111387
https://doi.org/10.1002/pro.5560070116
https://doi.org/10.1002/j.1460-2075.1984.tb01995.x
https://doi.org/10.1107/s2053230x17017708
https://doi.org/10.1016/j.foodchem.2017.04.056
https://doi.org/10.1016/j.foodchem.2017.04.056
https://doi.org/10.1016/j.str.2007.09.012
https://doi.org/10.1016/j.str.2007.09.012
https://doi.org/10.1016/0141-8130(89)90041-x
https://doi.org/10.1016/0141-8130(89)90041-x
https://doi.org/10.1016/s0015-0282(16)57372-5
https://doi.org/10.1017/s0029665100000124
https://doi.org/10.1007/978-1-4614-4714-6_1
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-678080 May 13, 2021 Time: 15:56 # 16

Sawyer β-Lactoglobulin and Glycodelin

Ohtomo, H., Konuma, T., Utsunomiya, H., Tsuge, H., and Ikeguchi, M. (2011).
Structure and stability of Gyuba, a β-lactoglobulin chimera. Protein Sci. 20,
1867–1875. doi: 10.1002/pro.720

Oksanen, E., Jaakola, V. P., Tolonen, T., Valkonen, K., Akerstrom, B.,
Kalkkinen, N., et al. (2006). Reindeer β-lactoglobulin crystal structure with
pseudo-body-centred non-crystallographic symmetry. Acta Crystallogr. D 62,
1369–1374. doi: 10.1107/s0907444906031519

Orije, M. R. P., Maertens, K., Corbière, V., Wanlapakorn, N., Van Damme, P.,
Leuridan, E., et al. (2020). The effect of maternal antibodies on the cellular
immune response after infant vaccination: a review. Vaccine 38, 20–28. doi:
10.1016/j.vaccine.2019.10.025

Palmer, A. H. (1934). The preparation of a crystalline globulin from the albumin
fraction of cow’s milk. J. Biol. Chem. 104, 359–372. doi: 10.1016/s0021-9258(18)
75774-8

Palupi, N. S., Franck, P., Guimont, C., Linden, G., Dumas, D., Stoltz, J., et al. (2000).
Bovine β-lactoglobulin receptors on transformed mammalian cells (hybridomas
MARK-3): characterization by flow cytometry. J. Biotechnol. 78, 171–184. doi:
10.1016/s0168-1656(00)00210-8

Papiz, M. Z., Sawyer, L., Eliopoulos, E. E., North, A. C. T., Findlay, J. B. C.,
Sivaprasadarao, R., et al. (1986). The structure of β-lactoglobulin and its
similarity to plasma retinol-binding protein. Nature 324, 383–385. doi: 10.1038/
324383a0

Park, Y. W., and Nam, M. S. (2015). Bioactive peptides in milk and dairy products:
a review. Korean J. Food Sci. Anim. Resources. 35, 831–840.

Passey, R. J., and Mackinlay, A. G. (1995). Characterization of a 2nd, apparently
inactive, copy of the bovine β-lactoglobuln gene. Eur. J. Biochem. 233, 736–743.
doi: 10.1111/j.1432-1033.1995.736_3.x

Peck, R., Rella, W., Tudela, J., Aznar, J., and Mozzanega, B. (2016). Does
levonorgestrel emergency contraceptive have a post-fertilization effect? A
review of its mechanism of action. Linacre Q. 83, 35–51. doi: 10.1179/
2050854915y.0000000011

Pedersen, K. O. (1936). Ultracentrifugal and electrophoretic studies on the milk
proteins: the lactoglobulin of Palmer. Biochem. J. 30, 961–970. doi: 10.1042/
bj0300961

Pellegrini, A. (2003). Antimicrobial peptides from food proteins. Curr. Pharm. Des.
9, 1225–1238. doi: 10.2174/1381612033454865

Pellegrini, A., Dettling, C., Thomas, U., and Hunziker, P. (2001). Isolation and
characterization of four bactericidal domains in the bovine β-lactoglobulin.
Biochim. Biophys. Acta 1526, 131–140. doi: 10.1016/S0304-4165(01)00116-7

Pentsuk, N., and van der Laan, J. W. (2009). An interspecies comparison of
placental antibody transfer: new insights into developmental toxicity testing of
monoclonal antibodies. Birth Defects Res. B Dev. Reprod. Toxicol. 86, 328–344.
doi: 10.1002/bdrb.20201

Pérez, M. D., and Calvo, M. (1995). Interaction of β-lactoglobulin with retinol and
fatty acids and its role as a possible biological function for this protein: a review.
J. Dairy Sci. 78, 978–988. doi: 10.3168/jds.s0022-0302(95)76713-3

Pérez, M. D., Diaz, de Villegas, C., Sanchez, L., Aranda, P., Ena, J. M., et al. (1989).
Interaction of fatty acids with β-lactoglobulin and albumin from ruminant milk.
J. Biochem. 106, 1094–1097. doi: 10.1093/oxfordjournals.jbchem.a122971

Pérez, M. D., Puyol, P., Ena, J. M., and Calvo, M. (1993). Comparison of the
ability to bind lipids of β-lactoglobulin and serum-albumin of milk from
ruminant and non-ruminant species. J. Dairy Res. 60, 55–63. doi: 10.1017/
s0022029900027345

Pérez, M. D., Sanchez, L., Aranda, P., Ena, J. M., Oria, R., and Calvo, M. (1992).
Effect of β-lactoglobulin on the activity of pregastric lipase - a possible role
for this protein in ruminant milk. Biochim. Biophys. Acta 1123, 151–155. doi:
10.1016/0005-2760(92)90105-5

Pervaiz, S., and Brew, K. (1985). Homology of β-lactoglobulin, serum retinol-
binding protein and protein HC. Science 228, 335–337. doi: 10.1126/science.
2580349

Pervaiz, S., and Brew, K. (1986). Purification and characterization of the major
whey proteins from the milks of the bottlenose dolphin (Tursiops truncatus),
the Florida manatee (Trichechus manatus latirostris), and the beagle (Canis
familiaris). Arch. Biochem. Biophys. 246, 846–854. doi: 10.1016/0003-9861(86)
90341-3

Petrunin, D. D., Gryaznova, I. M., Petrunina, Y. A., and Tatarinov, Y. S.
(1976). Immunochemical identification of organ-specific human placental α2-
globulin and its content in the amniotic fluid. Bull. Exp. Biol. Med. USSR 82,
994–996.

Petrunin, D. D., Gryaznova, I. M., Petrunina, Y. A., and Tatarinov, Y. S. (1978).
Comparative immunochemical and physicochemical characteristics of chronic
alpha-1-microglobulins and alpha-2-microglobulins of the human placenta.
Bull. Exp. Biol. Med. USSR 85, 658–661. doi: 10.1007/bf00806400

Pihlanto-Leppala, A. (2000). Bioactive peptides derived from bovine whey
proteins: opioid and ace-inhibitory peptides. Trends Food Sci. Technol. 11,
347–356.

Pomés, A., Davies, J. M., Gadermaier, G., Hilger, C., Holzhauser, T., Lidholm, J.,
et al. (2018). WHO/IUIS allergen nomenclature: providing a common language.
Mol. Immunol. 100, 3–13. doi: 10.1016/j.molimm.2018.03.003

Ponnalagu, D., and Karande, A. A. (2013). Mapping the apoptosis inducing domain
of an immunomodulatory protein: glycodelin A. Mol. Cell. Biochem. 377,
131–141. doi: 10.1007/s11010-013-1578-x

Powers, M. L., and Shulkin, J. (2016). The Biology of Lactation. Baltimore, MD:
Johns Hopkins University Press.

Price, S. A., Bininda-Emonds, O. R. P., and Gittleman, J. L. (2005). A
complete phylogeny of the whales, dolphins and even-toed hoofed mammals
(Cetartiodactyla). Biol. Rev. 80, 445–473. doi: 10.1017/s1464793105006743

Prunier, A., Valros, A., Tallet, C., and Turner, S. (2020). “Consequences of the
lactational environment on behavioural problems of pigs after weaning,” in
The Suckling and Weaned Piglet, ed. Farmer (The Netherlands: Wageningen
Academic Publishers), 207–224. doi: 10.3920/978-90-8686-894-0_8

Puga Molina, L. C., Luque, G. M., Balestrini, P. A., Marín-Briggiler, C. I.,
Romarowski, A., and Buffone, M. G. (2018). Molecular basis of human sperm
capacitation. Front. Cell Dev. Biol. 6:72. doi: 10.3389/fcell.2018.00072

Puyol, P., Pérez, M. D., Sanchez, L., Ena, J. M., and Calvo, M. (1995). Uptake
and passage of β-lactoglobulin, palmitic acid and retinol across the Caco-2
monolayer. Biochim. Biophys. Acta 1236, 149–154. doi: 10.1016/0005-2736(95)
00041-z

Qin, B. Y., Bewley, M. C., Creamer, L. K., Baker, H. M., Baker, E. N., and Jameson,
G. B. (1998). Structural basis of the Tanford transition of bovine β-lactoglobulin.
Biochemistry 37, 14014–14023. doi: 10.1021/bi981016t

Ragona, L., Catalano, M., Luppi, M., Cicero, D., Eliseo, T., Foote, J., et al. (2006).
NMR dynamic studies suggest that allosteric activation regulates ligand binding
in chicken liver bile acid-binding protein. J. Biol. Chem. 281, 9697–9709. doi:
10.1074/jbc.m513003200

Ragona, L., Fogolari, F., Catalano, M., Ugolini, R., Zetta, L., and Molinari,
H. (2003). EF loop conformational change triggers ligand binding in
β-lactoglobulins. J. Biol. Chem. 278, 38840–38846. doi: 10.1074/jbc.m306269200

Rahaman, T., Vasiljevic, T., and Ramchandran, L. (2017). Digestibility and
antigenicity of β-lactoglobulin as affected by heat, pH and applied shear. Food
Chem. 217, 517–523. doi: 10.1016/j.foodchem.2016.08.129

Rask, L., Anundi, H., and Peterson, P. A. (1979). Primary structure of the human
retinol-binding protein. FEBS Lett. 104, 55–58. doi: 10.1016/0014-5793(79)
81084-4

Redondo, C., Vouropoulou, M., Evans, J., and Findlay, J. B. C. (2008). Identification
of the retinol-binding protein (RBP) interaction site and functional state of
RBPs for the membrane receptor. FASEB J. 22, 1043–1054. doi: 10.1096/fj.07-
8939com

Reinhardt, T., and Lippolis, J. (2006). Bovine milk fat globule membrane proteome.
J. Dairy Res. 73, 406–416. doi: 10.1017/s0022029906001889

Ren, S., Liu, S., Howell, P. M. Jr., Zhang, G., Pannell, L., Samant, R., et al. (2010).
Functional characterization of the progestagen-associated endometrial protein
gene in human melanoma. J. Cell. Mol. Med. 14, 1432–1442. doi: 10.1111/j.
1582-4934.2009.00922.x

Richter, C., Baetje, M., Bischof, A., Makovitzky, J., Richter, D. U., Gerber, B.,
et al. (2007). Expression of the glycodelin A gene and the detection of its
protein in tissues and serum of ovarian carcinoma patients. Anticancer Res. 27,
2023–2025.

Rost, B. (1999). Twilight zone of protein sequence alignments. Protein Eng. 12,
85–94. doi: 10.1093/protein/12.2.85

Rouvinen, J., Rautiainen, J., Virtanen, T., Zeiler, T., Kauppinen, J., Taivainen,
A., et al. (1999). Probing the molecular basis of allergy - three-dimensional
structure of the bovine lipocalin allergen Bos-d2. J. Biol. Chem. 274,
2337–2343.

Rovoli, M., Thireou, T., Choiset, Y., Haertle, T., Sawyer, L., Eliopoulos, E. E.,
et al. (2018). Thermodynamic, crystallographic and computational studies of
non-mammalian fatty acid binding to bovine beta-Lactoglobulin. Int. J. Biol.
Macromol. 118, 296–303. doi: 10.1016/j.ijbiomac.2018.05.226

Frontiers in Physiology | www.frontiersin.org 16 May 2021 | Volume 12 | Article 678080

https://doi.org/10.1002/pro.720
https://doi.org/10.1107/s0907444906031519
https://doi.org/10.1016/j.vaccine.2019.10.025
https://doi.org/10.1016/j.vaccine.2019.10.025
https://doi.org/10.1016/s0021-9258(18)75774-8
https://doi.org/10.1016/s0021-9258(18)75774-8
https://doi.org/10.1016/s0168-1656(00)00210-8
https://doi.org/10.1016/s0168-1656(00)00210-8
https://doi.org/10.1038/324383a0
https://doi.org/10.1038/324383a0
https://doi.org/10.1111/j.1432-1033.1995.736_3.x
https://doi.org/10.1179/2050854915y.0000000011
https://doi.org/10.1179/2050854915y.0000000011
https://doi.org/10.1042/bj0300961
https://doi.org/10.1042/bj0300961
https://doi.org/10.2174/1381612033454865
https://doi.org/10.1016/S0304-4165(01)00116-7
https://doi.org/10.1002/bdrb.20201
https://doi.org/10.3168/jds.s0022-0302(95)76713-3
https://doi.org/10.1093/oxfordjournals.jbchem.a122971
https://doi.org/10.1017/s0022029900027345
https://doi.org/10.1017/s0022029900027345
https://doi.org/10.1016/0005-2760(92)90105-5
https://doi.org/10.1016/0005-2760(92)90105-5
https://doi.org/10.1126/science.2580349
https://doi.org/10.1126/science.2580349
https://doi.org/10.1016/0003-9861(86)90341-3
https://doi.org/10.1016/0003-9861(86)90341-3
https://doi.org/10.1007/bf00806400
https://doi.org/10.1016/j.molimm.2018.03.003
https://doi.org/10.1007/s11010-013-1578-x
https://doi.org/10.1017/s1464793105006743
https://doi.org/10.3920/978-90-8686-894-0_8
https://doi.org/10.3389/fcell.2018.00072
https://doi.org/10.1016/0005-2736(95)00041-z
https://doi.org/10.1016/0005-2736(95)00041-z
https://doi.org/10.1021/bi981016t
https://doi.org/10.1074/jbc.m513003200
https://doi.org/10.1074/jbc.m513003200
https://doi.org/10.1074/jbc.m306269200
https://doi.org/10.1016/j.foodchem.2016.08.129
https://doi.org/10.1016/0014-5793(79)81084-4
https://doi.org/10.1016/0014-5793(79)81084-4
https://doi.org/10.1096/fj.07-8939com
https://doi.org/10.1096/fj.07-8939com
https://doi.org/10.1017/s0022029906001889
https://doi.org/10.1111/j.1582-4934.2009.00922.x
https://doi.org/10.1111/j.1582-4934.2009.00922.x
https://doi.org/10.1093/protein/12.2.85
https://doi.org/10.1016/j.ijbiomac.2018.05.226
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-678080 May 13, 2021 Time: 15:56 # 17

Sawyer β-Lactoglobulin and Glycodelin

Said, H. M., Ong, D. E., and Shingleton, J. L. (1989). Intestinal uptake of retinol:
enhancement by bovine milk β-lactoglobulin. Am. J. Clin. Nutr. 49, 690–694.
doi: 10.1093/ajcn/49.4.690

Saito, S., Nakashima, A., Shima, T., and Ito, M. (2010). Th1/Th2/Th17 and
regulatory T-cell paradigm in pregnancy. Am. J. Reprod. Immunol. 63, 601–610.
doi: 10.1111/j.1600-0897.2010.00852.x

Sakurai, K., and Goto, Y. (2006). Dynamics and mechanism of the Tanford
transition of bovine β-lactoglobulin studied using heteronuclear NMR
spectroscopy. J. Mol. Biol. 356, 483–496. doi: 10.1016/j.jmb.2005.11.038

Sakurai, K., Konuma, T., Yagi, M., and Goto, Y. (2009). Structural dynamics and
folding of β-lactoglobulin probed by heteronuclear NMR. Biochim. Biophys.
Acta 1790, 527–537. doi: 10.1016/j.bbagen.2009.04.003

Salier, J. P. (2000). Chromosomal location, exon/intron organization and evolution
of lipocalin genes. Biochim. Biophys. Acta 1482, 25–34. doi: 10.1016/s0167-
4838(00)00144-8

Sánchez, A., and Vázquez, A. (2017). Bioactive peptides: a review. Food Qual. Safety
1, 29–46. doi: 10.1093/fqsafe/fyx006

Sanchez, D., Ganfornina, M. D., Gutierrez, G., Gauthier-Juneau, A.-C., Risler, J.-
L., and Salier, J.-P. (2006). “Lipocalin genes and their evolutionary history,”
in Lipocalins, eds B. Åkerström, D. Borregaard, R. Flower and J.-P. Salier
(Georgetown, TX: Landes Bioscience) 5-16.

Sangild, P. T., Trahair, J. F., Loftager, M. K., and Fowden, A. L. (1999). Intestinal
macromolecule absorption in the fetal pig after infusion of colostrum in utero.
Pediatr. Res. 45, 595–602. doi: 10.1203/00006450-199904010-00021

Sawyer, L. (2003). ““β-Lactoglobulin,” in Advanced Dairy Chemistry – IA, 3rd
Edn, eds P. F. Fox and P. L. H. McSweeney (New York, NY: Kluwer
Academic/Plenum Publishers), 319–386.

Sawyer, L. (2013). ““β-Lactoglobulin,” in Advanced Dairy Chemistry – IA, 4th Edn,
eds P. F. Fox and P. L. H. McSweeney (New York, NY: Springer), 211–259.

Sawyer, L., Papiz, M. Z., North, A. C. T., and Eliopoulos, E. E. (1985). Structure
and function of bovine β-lactoglobulin Biochem. Soc. Trans. 13, 265–266. doi:
10.1042/bst0130265

Schiefner, A., Rodewald, F., Neumaier, I., and Skerra, A. (2015). The dimeric
crystal structure of the human fertility lipocalin glycodelin reveals a protein
scaffold for the presentation of complex glycans. Biochem. J. 466, 95–104. doi:
10.1042/bj20141003

Schneider, M. A., Granzow, M., Warth, A., Schnabel, P. A., Thomas, M., Herth,
F. J. F., et al. (2015). Glycodelin: a new biomarker with immunomodulatory
functions in non–small cell lung cancer. Clin. Cancer Res. 21, 3529–3540. doi:
10.1158/1078-0432.ccr-14-2464

Schneider, M. A., Muley, T., Kahn, N. C., Warth, A., Thomas, M., Herth, F. J. F.,
et al. (2016). Glycodelin is a potential novel follow-up biomarker for malignant
pleural mesothelioma. Oncotarget 7, 71285–71297. doi: 10.18632/oncotarget.
12474

Schneider, M. A., Muley, T., Weber, R., Wessels, S., Thomas, M., Herth, F. J. F., et al.
(2018). Glycodelin as a serum and tissue biomarker for metastatic and advanced
NSCLC. Cancers 10:486. doi: 10.3390/cancers10120486

Scholz, C., Heublein, S., Lenhard, M., Friese, K., Mayr, D., and Jeschke, U. (2012).
Glycodelin A is a prognostic marker to predict poor outcome in advanced stage
ovarian cancer patients. BMC Res. Notes 5:551. doi: 10.1186/1756-0500-5-551

Sedaghati, M., Ezzatpanah, H., Boojar, M. M., Ebrahimi, M. T., and Aminafshar,
M. (2015). Plasmin-digest of β-lactoglobulin with antibacterial properties. Food
Agric. Immunol. 26, 218–230. doi: 10.1080/09540105.2014.893998

Seo, H., Kim, M., Choi, Y., and Ka, H. (2011). Salivary lipocalin is uniquely
expressed in the uterine endometrial glands at the time of conceptus
implantation and induced by interleukin 1-beta in pigs. Biol. Reprod. 84,
279–287. doi: 10.1095/biolreprod.110.086934

Seppälä, M., Koistinen, H., Koistinen, R., Chiu, P. C., and Yueng, W. S. (2005).
“Glycodelin: a lipocalin with diverse glycoform-dependent actions,” in Madame
Curie Bioscience Database [Internet], (Austin, TX: Landes Bioscience).

Seppälä, M., Koistinen, H., Koistinen, R., Chiu, P. C., and Yueng, W. S. (2007).
Glycosylation related actions of glycodelin: gamete, cumulus cell, immune cell
and clinical associations. Hum. Reprod. Update 13, 275–287. doi: 10.1093/
humupd/dmm004

Seppälä, M., Koistinen, H., Koistinen, R., Hautala, L., Chiu, P. C., and Yeung, W. S.
(2009). Glycodelin in reproductive endocrinology and hormone-related cancer.
Eur. J. Endocrin. 160, 121–133. doi: 10.1530/eje-08-0756

Seppälä, M., Taylor, R. N., Koistinen, H., Koistinen, R., and Milgrom, E. (2002).
Glycodelin: a major lipocalin protein of the reproductive axis with diverse
actions in cell recognition and differentiation. Endocr. Rev. 23, 401–430. doi:
10.1210/er.2001-0026

Sharp, J., Lefèvre, C., and Nicholas, K. R. (2020). “The comparative genomics of
monotremes, marsupials and pinnipeds: models to examine functions of milk
proteins,” in Milk Proteins: From Expression to Food, 3rd Edn, eds M. Boland
and H. Singh (New York, NY: Academic Press), 99–141. doi: 10.1016/b978-0-
12-815251-5.00003-7

Sievers, F., Wilm, A., Dineen, D., Gibson, T. J., Karplus, K., Li, W., et al. (2011).
Fast, scalable generation of high-quality protein multiple sequence alignments
using Clustal Omega. Mol. Syst. Biol. 7:539. doi: 10.1038/msb.2011.75

Skibiel, A. L., Downing, L. M., Orr, T. J., and Hood, W. R. (2013). The evolution
of the nutrient composition of mammalian milks. J. Anim. Ecol. 82, 1254–1264.
doi: 10.1111/1365-2656.12095

Smithers, G. W. (2008). Whey and whey proteins - from ‘gutter-to-gold’. Int. Dairy
J. 18, 695–704. doi: 10.1016/j.idairyj.2008.03.008

Spinelli, S., Vincent, F., Pelosi, P., Tegoni, M., and Cambillau, C.
(2002). Boar salivary lipocalin. Three-dimensional X-ray structure and
androsterol/androstenone docking simulations. Eur. J. Biochem. 269,
2449–2456. doi: 10.1046/j.1432-1033.2002.02901.x

Staley, T. E., and Bush, L. J. (1985). Receptor mechanisms of the neonatal intestine
and their relationship to immunoglobulin absorption and disease. J. Dairy Sci.
68, 184–205. doi: 10.3168/jds.s0022-0302(85)80812-2

Stallings-Mann, M. L., Trout, W. E., and Roberts, R. M. (1993). Porcine uterine
retinol-binding proteins are identical gene-products to the serum retinol-
binding protein. Biol. Reprod. 48, 998–1005. doi: 10.1095/biolreprod48.5.998

Stout, R. D., and Suttles, J. (2004). Functional plasticity of macrophages: reversible
adaptation to changing microenvironments. J. Leukoc. Biol. 76, 509–513. doi:
10.1189/jlb.0504272

Sui, S. C., Zhao, J., Wang, J. W., Zhang, R., Guo, C. D., Yu, T., et al.
(2014). Comparative proteomics of milk fat globule membrane proteins
from transgenic cloned cattle. PLoS One 9:e105378. doi: 10.1371/journal.pone.
0105378

Suire, S., Stewart, F., Beauchamp, J., and Kennedy, M. W. (2001). Uterocalin,
a lipocalin provisioning the preattachment equine conceptus: fatty acid and
retinol binding properties, and structural characterization. Biochem. J. 356,
369–376. doi: 10.1042/bj3560369

Sun, Z., Wang, M., Han, S., Ma, S., Zou, Z., Ding, F., et al. (2018). Production of
hypoallergenic milk from DNA-free beta-lactoglobulin (BLG) gene knockout
cow using zinc-finger nucleases mRNA. Sci. Rep. 8:15430.

SundarRaj, S., Soni, C., and Karande, A. A. (2009). Glycodelin A triggers T
cell apoptosis through a novel calcium-independent galactose-binding lectin
activity. Mol. Immunol. 46, 3411–3419. doi: 10.1016/j.molimm.2009.07.013

Sutcliffe, R. G., Bolton, A. E., Sharp, F., Nicholson, L. V. B., and MacKinnon,
R. (1980). Purification of human alpha uterine protein. J. Reprod. Fertil. 58,
435–442. doi: 10.1530/jrf.0.0580435

Tai, C. S., Chen, Y. Y., and Chen, W. L. (2016). β-Lactoglobulin influences human
immunity and promotes cell proliferation. BioMed Res. Int. 2016:7123587.

Tanford, C., and Taggart, V. G. (1961). Ionization-linked changes in protein
conformation. II. The N-R transition in β-lactoglobulin. J. Am. Chem. Soc. 83,
1634–1638. doi: 10.1021/ja01468a022

Tanford, C., Bunville, L. G., and Nozaki, Y. (1959). The reversible transformation
of β-lactoglobulin at pH 7.5. J. Am. Chem. Soc. 81, 4032–4036. doi: 10.1021/
ja01524a054

Tang, N., and Skibsted, L. H. (2016). Zinc bioavailability from whey. Enthalpy-
entropy compensation in protein binding. Food Res. Internat. 89, 749–755.
doi: 10.1016/j.foodres.2016.10.002

Tatarinov, Y. S., Kozljaeva, G. A., Petrunin, D. D., and Petrunina, Y. A. (1980).
“Two new human placenta-specific globulins: identification, purification
characteristics, cellular localization and clinical investigation,” in The Human
Placenta: Proteins and Hormones, eds A. Klopper, A. Genazzani, and P. G.
Crosignani (London: Academic Press), 36–46.

Teschemacher, H. (2003). Opioid receptor ligands derived from food proteins.
Curr. Pharm. Des. 9, 1331–1344. doi: 10.2174/1381612033454856

Thatcher, M.-J. D., Shille, V. M., Fliss, M. F., Bazer, F. W., Sisum, W., and Randal,
S. (1991). Characterization of feline conceptus proteins during pregnancy. Biol.
Reprod. 44, 108–120. doi: 10.1095/biolreprod44.1.108

Frontiers in Physiology | www.frontiersin.org 17 May 2021 | Volume 12 | Article 678080

https://doi.org/10.1093/ajcn/49.4.690
https://doi.org/10.1111/j.1600-0897.2010.00852.x
https://doi.org/10.1016/j.jmb.2005.11.038
https://doi.org/10.1016/j.bbagen.2009.04.003
https://doi.org/10.1016/s0167-4838(00)00144-8
https://doi.org/10.1016/s0167-4838(00)00144-8
https://doi.org/10.1093/fqsafe/fyx006
https://doi.org/10.1203/00006450-199904010-00021
https://doi.org/10.1042/bst0130265
https://doi.org/10.1042/bst0130265
https://doi.org/10.1042/bj20141003
https://doi.org/10.1042/bj20141003
https://doi.org/10.1158/1078-0432.ccr-14-2464
https://doi.org/10.1158/1078-0432.ccr-14-2464
https://doi.org/10.18632/oncotarget.12474
https://doi.org/10.18632/oncotarget.12474
https://doi.org/10.3390/cancers10120486
https://doi.org/10.1186/1756-0500-5-551
https://doi.org/10.1080/09540105.2014.893998
https://doi.org/10.1095/biolreprod.110.086934
https://doi.org/10.1093/humupd/dmm004
https://doi.org/10.1093/humupd/dmm004
https://doi.org/10.1530/eje-08-0756
https://doi.org/10.1210/er.2001-0026
https://doi.org/10.1210/er.2001-0026
https://doi.org/10.1016/b978-0-12-815251-5.00003-7
https://doi.org/10.1016/b978-0-12-815251-5.00003-7
https://doi.org/10.1038/msb.2011.75
https://doi.org/10.1111/1365-2656.12095
https://doi.org/10.1016/j.idairyj.2008.03.008
https://doi.org/10.1046/j.1432-1033.2002.02901.x
https://doi.org/10.3168/jds.s0022-0302(85)80812-2
https://doi.org/10.1095/biolreprod48.5.998
https://doi.org/10.1189/jlb.0504272
https://doi.org/10.1189/jlb.0504272
https://doi.org/10.1371/journal.pone.0105378
https://doi.org/10.1371/journal.pone.0105378
https://doi.org/10.1042/bj3560369
https://doi.org/10.1016/j.molimm.2009.07.013
https://doi.org/10.1530/jrf.0.0580435
https://doi.org/10.1021/ja01468a022
https://doi.org/10.1021/ja01524a054
https://doi.org/10.1021/ja01524a054
https://doi.org/10.1016/j.foodres.2016.10.002
https://doi.org/10.2174/1381612033454856
https://doi.org/10.1095/biolreprod44.1.108
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-678080 May 13, 2021 Time: 15:56 # 18

Sawyer β-Lactoglobulin and Glycodelin

The UniProt Consortium (2019). UniProt: a worldwide hub of protein knowledge.
Nucleic Acids Res. 47, D506–D515.

Tilley, J. M. A. (1960). The chemical and physical properties of bovine
β-lactoglobulin. Dairy Sci. Abstr. 22, 111–125.

Timasheff, S. N., and Townend, R. (1961). Molecular interactions
in β-lactoglobulin. V. The association of the genetic species of
β-lactoglobulin below the isoelectric point. J. Am. Chem. Soc. 83, 464–469.
doi: 10.1021/ja01463a049

Townend, R., Winterbottom, R. J., and Timasheff, S. N. (1960). Molecular
interactions in β-lactoglobulin. II. Ultracentrifugal and electrophoretic studies
of the association of β-lactoglobulin below its isoelectric point. J. Am. Chem.
Soc. 82, 3161–3168. doi: 10.1021/ja01497a045

Tromelin, A., and Guichard, E. (2006). Interaction between flavour compounds
and β-lactoglobulin: approach by NMR and 2D/3D-QSAR studies of ligands.
Flav. Frag. J. 21, 13–24. doi: 10.1002/ffj.1696

Tsabouri, S., Douros, K., and Priftis, K. N. (2014). Cow’s milk allergenicity. Endocr.
Metab. Imm. Disord Drug Targets 14, 16–26.

Tse, J. Y. M., Chiu, P. C. N., Lee, K. F., Seppälä, M., Koistinen, H., Koistinen,
R., et al. (2002). The synthesis and fate of glycodelin in human ovary during
folliculogenesis. Mol. Human Reprod. 8, 142–148. doi: 10.1093/molehr/8.2.
142

Tyndale-Biscoe, C. H., and Janssens, P. A. (1988). The Developing Marsupial:
Models for Biomedical Research. Berlin: Springer-Verlag. doi: 10.1007/978-3-
642-88402-3

Uchida, H., Maruyama, T., Nagashima, T., Asada, H., and Yoshimura, Y. (2005).
Histone deacetylase inhibitors induce differentiation of human endometrial
adenocarcinoma cells through up-regulation of glycodelin. Endocrinology 146,
5365–5373. doi: 10.1210/en.2005-0359

Uchida, H., Maruyama, T., Nishikawa-Uchida, S., Miyazaki, K., Masuda, H., and
Yoshimura, Y. (2013). Glycodelin in reproduction.Reprod.Med. Biol. 12, 79–84.
doi: 10.1007/s12522-013-0144-2

Ugolini, R., Ragona, L., Silletti, E., Fogolari, F., Visschers, R. W., Alting, A. C.,
et al. (2001). Dimerization, stability and electrostatic properties of porcine
β-lactoglobulin. Eur. J. Biochem. 268, 4477–4488. doi: 10.1046/j.1432-1327.
2001.02371.x

Uhrinova, S., Smith, M. H., Jameson, G. B., Uhrin, D., Sawyer, L., and Barlow,
P. N. (2000). Structural changes accompanying pH-induced dissociation of the
β-lactoglobulin dimer. Biochemistry 39, 1113–1123.

Unterman, R. D., Lynch, K. R., Nakhasi, H. L., Dolan, K. P., Hamilton, J. W., Cohn,
D. V., et al. (1981). Cloning and sequence of several alpha 2u-globulin cDNAs.
Proc. Natl. Acad. Sci. U.S.A. 78, 3478–3482. doi: 10.1073/pnas.78.6.3478

Van Cong, N., Vaisse, C., Gross, M., Slim, R., Milgrom, E., and Bernheim, A. (1991).
The human placental protein 14 (PP14) gene is localized on chromosome 9q34.
Hum. Genet. 86, 515–518. doi: 10.1007/bf00194645

Vargas, M. F., Tapia–Pizarro, A. A., Henríquez, S. P., Quezada, M., Salvatierra,
A. M., Noe, G., et al. (2012). Effect of single post-ovulatory administration of
levonorgestrel on gene expression profile during the receptive period of the
human endometrium. J. Mol. Endocrin. 48, 25–36. doi: 10.1530/jme-11-0094

Vijayalakshmi, L., Krishna, R., Sankaranarayanan, R., and Vijayan, M. (2008). An
asymmetric dimer of β-lactoglobulin in a low humidity crystal form - structural
changes that accompany partial dehydration and protein action. Proteins 71,
241–249. doi: 10.1002/prot.21695

Vijayan, M., Lee, C. L., Wong, V. H. H., Wang, X., Bai, K., Wu, J., et al.
(2020). Decidual glycodelin-A polarizes human monocytes into a decidual
macrophage-like phenotype through Siglec-7. J. Cell Sci. 133:jcs244400. doi:
10.1242/jcs.244400

Vilotte, J.-L., Chanat, E., Le Provost, F., Whitelaw, C. B. A., Kolb, A., and Shennan,
D. B. (2013). “Genetics and biosynthesis of milk proteins,” in Advanced Dairy
Chemistry – IA, 4th Edn, eds P. F. Fox and P. L. H. McSweeney (New York, NY:
Springer), 431–461. doi: 10.1007/978-1-4614-4714-6_14

Watanabe, H., Takeo, T., Tojo, H., Sakoh, K., Berger, T., Nakagata, N., et al. (2014).
Lipocalin 2 binds to membrane phosphatidylethanolamine to induce lipid raft
movement in a PKA-dependent manner and modulates sperm maturation.
Development 141, 2157–2164. doi: 10.1242/dev.105148

Wei, J., Wagner, S., Maclean, P., Brophy, B., Cole, S., Smolenski, G., et al. (2018).
Cattle with a precise, zygote-mediated deletion safely eliminate the major milk
allergen beta-lactoglobulin. Sci. Rep. 8:7661.

Williams, S. C., Badley, R. A., Davis, P. J., Puijk, W. C., and Meloen, R. H. (1998).
Identification of epitopes within beta lactoglobulin recognised by polyclonal
antibodies using phage display and PEPSCAN. J. Immunol. Methods 213, 1–17.
doi: 10.1016/s0022-1759(98)00022-2

Wodas, L., Mackowski, M., Borowska, A., Puppel, K., Kuczynska, B., and
Cieslak, J. (2020). Genes encoding equine β-lactoglobulin (LGB1 and LGB2):
polymorphism, expression, and impact on milk composition. PLoS One
15:e0232066. doi: 10.1371/journal.pone.0232066

Wu, H., Guang, X., Al-Fageeh, M., Cao, J., Pan, S., Zhou, H., et al. (2014).
Camelid genomes reveal evolution and adaptation to desert environments. Nat.
Commun. 5:5188.

Wu, S. Y., Perez, M. D., Puyol, P., and Sawyer, L. (1999). β-lactoglobulin binds
palmitate within its central cavity. J. Biol. Chem. 274, 170–174. doi: 10.1074/jbc.
274.1.170

Yang, M. C., Chen, N. C., Chen, C. J., Wu, C. Y., and Mao, S. J. T. (2009). Evidence
for β-lactoglobulin involvement in vitamin D transport in vivo-role of the
?-turn (Leu-Pro-Met) of β-lactoglobulin in vitamin D binding. FEBS J. 276,
2251–2265. doi: 10.1111/j.1742-4658.2009.06953.x

Yang, M. C., Guan, H. H., Liu, M. Y., Lin, Y.-H., Yang, J.-M., Chen, W.-L., et al.
(2008). Crystal structure of a secondary vitamin D-3 binding site of milk
β-lactoglobulin. Proteins 71, 1197–1210. doi: 10.1002/prot.21811

Yeates, T. O., and McPherson, A. (2019). The structure of bovine β-lactoglobulin
in crystals grown at pH 3.8 exhibiting novel threefold twinning. Acta Cryst. F
75, 640–645. doi: 10.1107/s2053230x1901224x

Yeung, W. S. B., Lee, K.-F., Koistinen, R., Koistinen, H., Seppala, M., Ho, P. C., et al.
(2006). Roles of glycodelin in modulating sperm function. Mol. Cell. Endocrin.
250, 149–156. doi: 10.1016/j.mce.2005.12.038

Yeung, W. S., Lee, K. F., Koistinen, R., Koistinen, H., Seppala, M., and Chiu,
P. C. (2009). Effects of glycodelins on functional competence of spermatozoa.
J. Reprod. Immunol. 83, 26–30. doi: 10.1016/j.jri.2009.04.012

Yuan, M., Gao, Y., Han, J., Wu, T., Zhang, J., Wei, Y., et al. (2020). The development
and application of genome editing technology in ruminants: a review. Front.
Agric. Sci. Eng. 7, 171–180. doi: 10.15302/J-FASE-2019302

Zhou, W., Wan, Y., Guo, R., Deng, M., Deng, K., Wang, Z., et al. (2017).
Generation of beta- lactoglobulin knock-out goats using CRISPR/Cas9. PLoS
One 12:e0186056. doi: 10.1371/journal.pone.0186056

Zimin, A. V., Delcher, A. L., Florea, L., Kelley, D. R., Schatz, M. C., Puiu, D., et al.
(2009). A whole-genome assembly of the domestic cow. Bostaurus. Genome
Biol. 10:R42.

Zimmerman, J. K., Barlow, G. H., and Klotz, I. M. (1970). Dissociation of
β-lactoglobulin near neutral pH. Arch. Biochem. Biophys. 138, 101–109. doi:
10.1016/0003-9861(70)90289-4

Conflict of Interest: The author declares that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Sawyer. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 18 May 2021 | Volume 12 | Article 678080

https://doi.org/10.1021/ja01463a049
https://doi.org/10.1021/ja01497a045
https://doi.org/10.1002/ffj.1696
https://doi.org/10.1093/molehr/8.2.142
https://doi.org/10.1093/molehr/8.2.142
https://doi.org/10.1007/978-3-642-88402-3
https://doi.org/10.1007/978-3-642-88402-3
https://doi.org/10.1210/en.2005-0359
https://doi.org/10.1007/s12522-013-0144-2
https://doi.org/10.1046/j.1432-1327.2001.02371.x
https://doi.org/10.1046/j.1432-1327.2001.02371.x
https://doi.org/10.1073/pnas.78.6.3478
https://doi.org/10.1007/bf00194645
https://doi.org/10.1530/jme-11-0094
https://doi.org/10.1002/prot.21695
https://doi.org/10.1242/jcs.244400
https://doi.org/10.1242/jcs.244400
https://doi.org/10.1007/978-1-4614-4714-6_14
https://doi.org/10.1242/dev.105148
https://doi.org/10.1016/s0022-1759(98)00022-2
https://doi.org/10.1371/journal.pone.0232066
https://doi.org/10.1074/jbc.274.1.170
https://doi.org/10.1074/jbc.274.1.170
https://doi.org/10.1111/j.1742-4658.2009.06953.x
https://doi.org/10.1002/prot.21811
https://doi.org/10.1107/s2053230x1901224x
https://doi.org/10.1016/j.mce.2005.12.038
https://doi.org/10.1016/j.jri.2009.04.012
https://doi.org/10.15302/J-FASE-2019302
https://doi.org/10.1371/journal.pone.0186056
https://doi.org/10.1016/0003-9861(70)90289-4
https://doi.org/10.1016/0003-9861(70)90289-4
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	β-Lactoglobulin and Glycodelin: Two Sides of the Same Coin?
	Introduction
	β-Lactoglobulin
	Glycodelin
	Conclusion
	Data Availability Statement
	Author Contributions
	Acknowledgments
	References


