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Abstract

Proteomics analysis of biological samples has the potential to identify novel protein expression
patterns and/or changes in protein expression patterns in different developmental or disease states.
An important component of successful proteomics research, at least in its present form, is to
reduce the complexity of the sample if it is derived from cells or tissues. One method to simplify
complex tissues is to focus on a specific, highly purified sub-proteome. Using this approach we
have developed methods to prepare highly enriched fractions of the apical plasma membrane of
the syncytiotrophoblast. Through proteomics analysis of this fraction we have identified over five
hundred proteins several of which were previously not known to reside in the syncytiotrophoblast.
Herein, we focus on two of these, dysferlin and myoferlin. These proteins, largely known from
studies of skeletal muscle, may not have been found in the human placenta were it not for
discovery-based proteomics analysis. This new knowledge, acquired through a discovery-driven
approach, can now be applied for the generation of hypothesis-based experimentation. Thus
discovery-based and hypothesis-based research are complimentary approaches that when coupled
together can hasten scientific discoveries.
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1 Introduction

Protein expression patterns in cells and tissues are characteristic of their developmental,
physiological, or pathological states. This being the case, it is increasingly important to
determine the protein expression profile and to determine how the profile may vary from
non-pathological conditions to specific states of disease. Such knowledge will lead to deeper
insights into disease processes and potentially to the identification of proteins that can serve
as biomarkers, providing early warning of disease paving the way to potential new therapies.
The completion of the Human Genome Project coupled with advances in bioinformatics and
proteomics-related technologies have enabled rapid advances in proteomics research.
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The term proteomics covers a variety of methodologies and procedures that are aimed at the
identification of proteins and ideally their quantification in specific biological samples.
Monitoring posttranslational protein modifications that occur in many proteins which may
be crucial for regulation of protein function is also a component of a complete proteomics
analysis. While the Human Genome Project identified about 25,000 genes, it has been
estimated that the repertoire of protein expression may be over one million [1]. This
complexity provides challenges in deciphering the proteome in cells and tissues.

The human placenta is a complex and vital organ that mediates the selective transfer of
solutes and gasses between mother and fetus. Additionally, the placenta produces hormones
and other factors that support pregnancy and provides a barrier to the maternal immune
system. The placenta employs a branching villous system to provide a large surface area for
potential exchange with maternal blood that bathes these villous structures. The interface
between the placenta and maternal blood is a highly specialized epithelium known as the
syncytiotropholbast (STB). The apical aspect of the STB contains microvilli (MV) that
further increase the absorptive surface of the placenta. The apical plasma membrane of the
STB is thus of crucial importance to the function of the placenta. Nevertheless, a catalog of
the full complement of proteins that reside in this membrane does not yet exist.

Proteomics analysis of the human placenta, whether normal or diseased, is at an early stage
of development. There have been relatively few proteomics studies of the placenta or cell
lines that are often used in place of the placenta. We have reviewed these studies recently
[2]. Considering how little work has been done to date, proteomics analysis of the placenta
is ripe for exploration. The discovery-based nature of much of proteomics research may not
be appealing to all investigators. Those that only consider hypothesis-driven research as
appropriate may regard discovery-based research in a less favorable light. We take the view
that discovery-based proteomics can lead to new hypothesis-based research that may not
have been conceived in the absence of the proteomics data. Proteomics analyses that yield
new and novel information can thereby provide a “shortcut” to obtaining new biological
insight.

2. Placental Proteomics and the Cycle of Knowledge

Scientific progress, as it applies to an individual, group, or field, may be viewed as occurring
through a process akin to “punctuated equilibrium”: Periods of sluggish growth are
interspersed with phases of saltatory advances. It has long been known that scientific
developments are stimulated by the development of new technologies. Even in 1865,
acclaimed French physiologist Claude Bernard noted: “to extend his knowledge, [mankind]
has to increase the power of his organs by means of special appliances... [thereby] enabling
him to penetrate inside of bodies, to dissociate them and study their hidden parts” [3]. To
illustrate how technological advances may expedite scientific progress, consider the quest
that Than, Bohn, and Szabo undertook to systematically characterize and catalog their
seminal series of pregnancy-related proteins (PRPs). Using biochemical and immunological
methods available in the era spanning the early 1970s to the early 1990s, roughly two
decades were required to describe over fifty PRPs [4]. It is therefore something of a wonder
to consider that large-scale mass spectrometry is now capable of identifying hundreds of
proteins in a span of days to weeks. Proteomics analysis is therefore suitably poised to
greatly extend this prior work, and application of this methodology may well lead to the
identification of additional PRPs

The value of systematic data-gathering, such as the pursuit of PRPs, should not be
undervalued. Since their discovery, PRPs have been important for both basic and clinical
aspects of oncodevelopment and perinatal medicine [5]; the diagnostic and therapeutic
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applications of these analytes remain a source of active investigation [6-8]. However, to the
defiance of reason, such discovery-based initiatives are sometimes viewed disparagingly
when compared to hypothesis-driven research [9]. Insofar as scientific research necessarily
places investigators at a nexus between an infirm foundation of understanding and the
seemingly infinite territory of the unknown, it is unrealistic to assume that there should exist
any singular approach to gaining scientific insight. Any empirical query necessitates the
development of a critical reservoir of knowledge, requiring the input of large amounts of
both observational and experimental data (Figure 1). It is only after the development of a
suitably informed knowledge base that cogent hypotheses can be developed and subjected to
rigorous testing. Proteomics seems ideal for increasing our knowledge base related to the
placenta and pregnancy and simultaneously, informing the hypotheses that underpin
research at a basic level. As such, proteomics offers great potential to propel forward the
“cycle of knowledge” in coming years.

3. The Importance of Sample Preparation for Proteomics Analysis

At the present time there is no single proteomics platform that can adequately obtain the
proteome (identification and quantification of all of the proteins and their isoforms) of a
structure as complex as an organ or an organism [10]. The dynamic range of protein
expression is an important barrier that must be considered in proteomics studies. For
example, in serum the protein copy number can range over 12 orders of magnitude [11] and
in cells can range over 7-8 orders of magnitude [12]. Indeed this has been referred to as the
“dynamic range problem” in the proteomics literature [13, 14], and becomes an important
issue considering that low abundance proteins may not be well represented in the proteomics
analysis. Furthermore, in many instances lower abundance proteins may be the ones of most
biological and pathophysiological interest so it is crucial that such proteins are not excluded
from the analysis.

How then can the problem of dynamic range of protein expression be addressed? Generally
this can be accomplished by pre-fractionation of complex mixtures to enrich for a subset of
the original. For example, to define the proteome of the nucleolus the nucleoli should be
enriched to minimize contamination of other cellular components, as has been done [15].
Pre-fractionation has similarly yielded a high-resolution compendium of the mitochondrial
proteome [16]. The complement of proteins in organelles such as the nucleolus and
mitochondrion represent distinct sub-proteomes of the cell. While our own interest has been
in defining the proteome of the human placenta, it remains that the placenta is a complex
structure composed of multiple cell and tissue types. Moreover, the placenta contains both
maternal and fetal blood which would confound a proteomics analysis of the placenta itself.

With these considerations in mind, it is reasonable to assume that analysis of the placental
proteome, using currently available technology, can best be accomplished by dividing the
placenta into sub-proteomes. This simplification strategy serves to increase the probability
of identifying lower copy number proteins. Several methods, used individually or in
combination, have been used to fractionate cells or tissues into components more suitable
for proteomics study than the starting material [17-20]. We have focused our attention on the
sub-proteome of the apical plasma membrane of the STB. In order to carry out meaningful
proteomics analysis, a reliable method for enriching this membrane is a prerequisite. Other
workers have developed methods for enriching a fraction from the apical surface of the STB.
Thirteen of these studies have been reviewed and the average enrichment was ~ 20-fold with
a range of 14- to 37-fold [21]. The membrane vesicles isolated in these studies were
primarily used for transport studies for which this level of enrichment appears adequate.
However, we realized that a greater enrichment of the apical plasma membrane of the STB
would be necessary for a proteomics analysis of this membrane.
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How can the apical plasma membrane of the STB be enriched more than 20-fold? A
strategy, developed by Jacobson and colleagues, was to increase the density of the plasma
membrane by attaching cationic colloidal silica (CCS) particles to its surface [22, 23]. This
method was developed for isolating the plasma membrane of cells in culture where the
plasma membrane would be easily assessable to the CCS. Following binding of the CCS
particles, the cells could be disrupted and the CCS-coated membranes enriched through a
series of centrifugation steps [22]. It occurred to us that if both the basal plate of the placenta
was dissected away and remaining tissue was washed free of blood then the apical plasma
membrane of the STB would also be accessible to CCS particles. This strategy would likely
provide a suitable method for the enrichment of this specific plasma membrane.

An experiment was carried out to determine if the CCS-method of Jacobson was applicable
to the human placenta. The assay used to determine if the CCS particles bind to the apical
plasma membrane of the STB was electron microscopy; this could be done since the
particles have inherent electron density and could be monitored by conventional
transmission electron microscopy. We found that CCS particle did bind to the apical plasma
membrane of the STB; however the binding was restricted to tips of the MV with very little
binding to the lateral sides of the MV or to the planar aspect of this membrane at the base of
MV (Fig. 2). These results suggested two possible explanations: (1) only the tips of the MV
have CCS binding sites or (2) the CCS particles could not readily gain access to portions of
this plasma membrane beyond the tips of the MV. In either case, this original CCS method
was inadequate for isolation of the entire apical plasma membrane of the STB.

To circumvent this problem, we developed an alternative procedure that utilized smaller and
more uniformly sized silica particles that we have termed smCCS. We found that these
particles coated the apical plasma membrane of the MV uniformly. Thus the entire apical
plasma membrane of the STB has sites that will bind the cationic silica if they can gain
access (Fig. 2). Once coated with smCCS, the MV could be enriched from homogenates of
placenta. We have used the smCCS in our proteomics studies; however the larger CCS
particles may have applicability to the placenta if one were interested in isolating the tips of
the MV. Figure 3 shows the outline of the procedure used to isolate MV from the human
placenta. Electron micrographs of material so isolated showed that it was highly enriched in
smCCS-coated membrane with relatively little uncoated membrane contaminants (Fig. 2). In
addition, the isolated MV retained morphological features reminiscent of MV /n vivo.

Our initial characterization of the isolated MV was to compare the crude tissue homogenate
and the isolated MV by 2-dimensional gel electrophoresis (2-DGE) over a broad pH range
(pH 3.5 — pH 9.0). We found some dramatic differences in the spot patterns in these 2-DGE
(Fig. 4). A subset of these spots were excised form the gels and identified by matrix assisted
laser desorption ionization-time of flight mass spectrometry (MALDI-TOF). This was a
useful first step in the proteomics analysis. For example, we found that histones were
significantly reduced in the MV fraction compared to the starting material. We also found
enrichment for actin and ezrin in the MV fraction an expected finding since these two
proteins are major components of MV. Thus the 2-DGE approach illustrated that the MV
fraction was depleted of some proteins found in the starting material while others were
enriched in the MV preparations. However, we abandoned the 2-DGE approaches to
defining the proteome of the apical plasma membrane of the STB for several reasons. First,
while numerous spots were observed in the 2-DGE preparations, they did not seem
sufficiently numerous to represent the entire proteome of the MV. Secondly, to indentify
these proteins one spot at a time was very labor intensive and expensive. Thirdly, we were
particularly interested in identifying plasma membrane proteins and membrane proteins are
not well represented in conventional 2-DGE [24]. Nevertheless these initial results
suggested we were on the right track for enriching MV from the placenta. However, these
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results also illustrated that our MV preparations were enriched for cytoskeletal elements
associated with MV. This, we reasoned, presented problems for the proteomics analysis of
bona fide plasma membrane proteins.

To assess the enrichment of the MV fraction we utilized an immunoblot procedure in which
antibodies to a variety of marker proteins for different components of cells of the placenta
were employed. In this way, we could compare the crude tissue homogenate and the isolated
MYV to assess the depletion of or enrichment for the various markers for the cytoskeleton,
cellular organelles, and plasma membranes. We found that the protein placental alkaline
phosphatase (PLAP), used as a marker for the apical plasma membrane of the STB, was
significantly enriched in the MV fraction. The between experiment variation for enrichment
of PLAP ranged from 200- to 400-fold [Robinson et al., in preparation], indicating that we
had achieved a much higher level of enrichment than the ~ 20-fold enrichment reported by
others (see above).

While a 200- to 400-fold enrichment for a marker of the STB plasma membrane represented
a dramatic improvement, we remained concerned about the presence of potentially
contaminating non-membrane proteins in the MV fraction. These proteins, such as actin
which were present in high levels, might adversely affect the proteomics analysis of
membrane proteins since membrane proteins are often expressed at low copy number [24].
Our strategy for depletion of non-membrane proteins from the MV fraction was to use
conventional biochemical methods to disrupt protein-protein interactions. This consisted of
the sequential treatment of the MV fraction to: (1) low salt; (2) high salt; (3) high pH; and
(4) urea. This resulted in a further depletion of ~80% of the protein from the sample, or
conversely 20% retention of the original amount of protein (Robinson et al., in preparation).
When this is coupled with the original 200- to 400-fold enrichment, a final enrichment of
1,000- to 2,000-fold was achieved. It was this material that was used for the proteomics
analysis.

The final extracted membrane-enriched fraction was solubilized in SDS and separated using
a 1-dimensional polyacrylamide gel. Individual gel slices were excised and peptide mixtures
from each gel slice were prepared for analysis using tandem mass spectrometry (MS/MS). A
major advantage of MS/MS is that it offers a much higher throughput when compared to the
analysis of one spot at a time when 2-DGE was coupled to MALDI-TOF analysis. Further,
membrane proteins were readily resolved in the 1-dimensional SDS gel system.

4. Proteomics Analysis of the Apical Plasma Membrane of the STB

Over five hundred proteins were identified in the extracted smCCS-coated apical plasma
membrane fraction derived from the STB. A full description of these results will appear in
an original research publication [Vandré et al., in preparation]. In this review, a subset of the
proteomics data set has been categorized to illustrate some important aspects of the
proteomics results (Table 1). Reassuringly, we identified several proteins that were known
from previous studies to be components of the apical plasma membrane of the STB. One of
these, PLAP, is considered the standard marker protein for this membrane. Had we not
identified numerous proteins known to be in this plasma membrane, our data would have
been highly suspect. Most importantly, we also identified a set of proteins that had not been
previously identified as components of the human placenta. In this review, we focus our
attention on two of these proteins, namely, dysferlin (DYSF) and myoferlin (MYOF). A
consideration of DYSF and MYOF is given below. Interestingly, we have identified a set of
proteins whose function is not yet known but which were identified through the human
genome project. Perhaps some of these proteins will turn out to be critically important in the
placenta. The last category of proteins listed in Table 2 we have called “contaminating” non-
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integral membrane proteins. This subset also contains proteins that were not previously
known to be expressed in the human placenta (e.g., CLIP-170; ELMO domain containing
protein 2). Another interesting feature is that evidence has been presented in the literature
that some members of this subset may be associated with plasma membranes; see Table 1
for specific references. We do not know as yet if any of these proteins are in fact associated
with the apical plasma membrane of the STB or whether they are contaminants in our
membrane fraction. If they turn out to be contaminants, it would suggest that our extraction
procedure that was designed to remove non-membrane proteins is in need of further
refinements.

The proteomics data obtained from tandem mass spectrometry analysis of tryptic digests of
the proteins present in the sSmCCS-coated apical plasma membrane, following the extraction
procedure, was in the form of a list of peptides and the identities of the proteins where such
peptides are found. It is generally considered sufficient to identify two unique peptides in a
protein to make definitive protein identifications. The five proteins with the greatest number
of unique peptides in our data set were: DYSF, MYOF, transferrin receptor, PLAP, and
assembly protein 50 with 41, 40, 35, 32, and 19 unique peptides respectively. It is interesting
to note that the two proteins with the greatest number of unique peptides identified in our
analysis are from the same family of proteins and were not known to be in the placenta until
our proteomics analysis. These proteins, DYSF and MYOF, are in the ferlin family and are
also known as the ferlin-like proteins (FerL1 and FerL3, respectively) [25]. We have shown
that DY SF and MYOF primarily localize to the apical plasma membrane of the STB in
immunofluorescence microscopy preparations (Fig. 5) [26]. These proteins have been shown
to be of considerable important in muscle biology and pathobiology. Mutated forms of
DYSF lead to the dysferlinopathies, limb girdle muscular dystrophy type 2B and Myoshi’s
myopathy [27, 28]. Subsequent studies provided strong evidence for DY SF being important
for the repair of damaged plasma membranes in skeletal muscle [29, 30]. More recently
evidence has been presented for DY SF being important in maintenance of the plasma
membranes of cardiomyocytes [31]. Myoferlin has been associated with fusion in the
formation of myotubes [32]. Additionally, MYOF has also been implicated in the repair of
the plasma membrane in cultured endothelial cells [33]. The next most abundant unique
peptides belong to the transferrin receptor and to PLAP, the quintessential marker protein
for the apical plasma membrane of the STB. Assembly protein 50 which is a component of
the clathrin pit assembly complex also had numerous unique peptides identified in this
analysis. Electron microscopy has shown that clathrin-coated pits are abundant in the apical
plasma membrane of the STB.

Strong evidence has been presented for DYSF serving as a plasma membrane repair protein
in skeletal muscle [29,30]; its role in placental biology is not presently known. We
hypothesize that DY SF also serves as a plasma membrane repair protein in the placenta. Its
location in the apical plasma membrane of the STB is consistent with that role. Experiments
are currently underway to test this hypothesis. Preeclampsia is associated with shedding of
membrane fragments from the apical plasma membrane of the STB. These fragments, or
microparticles, contribute to the pathophysiology associated with preeclampsia [34]. This
shedding of fragments is suggestive of plasma membrane instability. It is tempting to
speculate that disturbances in DY SF concentration or function may contribute to this
membrane instability. Thus a carefully controlled study of preeclamptic and gestational-age
matched normal placentas to investigate the potential role of DYSF in this disease process is
warranted.

For the purposes of this review, the identification of DYSF and MYOF in the apical plasma
membrane illustrates an important point concerning the great value that proteomics can
provide. When our proteomics experiments began, DY SF and MY OF were known to be in
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skeletal muscle [27, 28]. There would have been no logical reason to search for these
proteins in the placenta using techniques suitable for identifying individual proteins, such as
immunoblotting. Therefore the presence of these proteins in the human placenta may have
remained unknown were it not for a proteomics analysis of a fraction derived from the apical
plasma membrane of the STB from that tissue. While a proteomics screen of a biological
sample may not be considered as hypothesis-driven research by some, it may nevertheless
provide unique information which can lead to subsequent hypothesis-driven research. We
contend that our proteomics analysis of the apical plasma membrane of the STB did
precisely that; it identified these two proteins (and others not discussed in this review) that
were heretofore not known to be expressed in the human placenta. Once identified as being
present in the placenta, and at apparently high levels of expression, DY SF and MY OF offer
the opportunity for the design of numerous hypothesis-driven experiments. Thus proteomics
screens can open areas of research that would not have been contemplated in the absence of
the proteomics data. This is one of the great values inherent in proteomics research.

5. Conclusions

The importance of discovery-based proteomics research and how new insights into
biological processes can be obtained from such a proteomics approach form the backdrop of
this paper. An equally important thread that was discussed is the importance of sample
preparation in obtaining meaningful proteomics data. The discovery that DYSF and MYOF
are prominent components of the apical plasma membrane of the STB may have occurred
through hypothesis-based research. However, this is not certain nor is it known when that
might have occurred. Proteomics analysis of a highly enriched preparation of this membrane
did reveal the presence of these two related proteins. This “shortcut” proteomics method
identified these proteins and now sets the stage for hypothesis-driven experiments directed
toward determining the function of these ferlin molecules in the placenta in normal and
diseased states.
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Figure 1.
A diagram that illustrates the complementary roles of discovery-based and hypothesis-based
research to the cycle of knowledge as applied to biomedical research.
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Figure 2.

Coating of the apical plasma membrane of the STB with cationic colloidal silica and
isolation of microvilli—analysis by electron microscopy. (A) Low magnification electron
micrograph of placental tissue incubated with conventional CCS particles. Bar = 2 um. (B)
Higher magnification electron micrograph of the region of panel A enclosed by the
rectangle. The CCS particles are present at the tips of the MV but are not present on the
lateral sides of the MV (arrows) or the planar basal aspect of the apical plasma membrane
(arrowheads). Bar = 2 um. (C) Low magnification electron micrograph of placental tissue
incubated with smCCS particles. Bar = 2 um. (D) Higher magnification electron micrograph
of the region of panel C enclosed by the rectangle. The smCCS particles are present at the
tips of the MV and the lateral sides of the MV (arrows) as well as the planar basal aspect of
the apical plasma membrane (arrowheads). Bar = 2 um. (E) Low magnification electron
micrograph of the isolated STB MV coated with smCCS. The microvillous appearance of
the smCCS-coated membranes is retained (arrows). Some uncoated membrane vesicles are
also present (arrowheads). Bar = 1 pm. (F) Higher magnification electron micrograph of the
region of panel E in the rectangle. The smCCS particles heavily coat the extracellular face of
the apical plasma membrane of the STB (arrows). Most of the membranes are coated with
smCCS with only a low level of uncoated membranes being present (arrowheads). Bar =
1pm. These electron micrographs are reproduced with permission of Placenta.
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Figure3.
Diagram summarizing the method employed to isolate the MV fraction from the apical
aspect of the STB.
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Reduction of some proteins and enrichment for others in preparation of the MV fraction. (A)
A survey 2-DGE of the crude tissue homogenate. Prominent spots in the lower portion of the
gel were excised, processed for MALDI-TOF mass spectrometry analysis, and identified as

histones: H2A, H2B, and H4 (arrow). (B) A survey 2-DGE of the MV fraction. The histones

have been largely depleted from this fraction while other proteins such as ezrin (upper

circle) and actin (lower circle) have been enriched.
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Figure5.

Immunofluorescence localization of DYSF in term placenta. Dysferlin (red fluorescence) is
primarily localized to the apical plasma membrane of the STB. The nuclei are stained with
DAPI (blue fluorescence). Bar = 20 um.
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An example of a classification procedure for proteins that were identified in the proteomics analysis of the

apical plasma membrane of the STB.

Characterization of proteomics data from the apical plasma membrane of the STB

Proteins previously know to be in the apical plasma membrane of the STB (examples)
PLAP
EGF receptor
Transferrin receptor

5’-nucleotidase

Proteins previously not known to be in the apical plasma membrane of the STB (examples)
Dysferlin
Myoferlin
Stomatin

Flotillins 1 and 2

Proteins known from the human genome but which have not been assigned a function (examples)
Hypothetical protein LOC64755
Hypothetical protein LOC57003
Transmembrane protein 43

Transmembrane protein 85

Proteins that may be “contaminating” non-integral membrane proteins (examples)
Dynein (cytoplasmic but also reported as membrane) [35]
ELMO domain containing protein 2 (cytoplasmic but also reported as membrane) [36]
HSP 27 (cytoplasmic but also reported as membrane) [37]
CLIP-170 (cytoplasmic but also reported as membrane) [38]
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