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Abstract
Physiological barriers, such as the blood-brain barrier and intestinal epithelial barrier, remain
significant obstacles towards wider utilization of biopharmaceutical products. Receptor-mediated
transcytosis has long been viewed as an attractive means of crossing such barriers, but successful
exploitation of this route requires better understanding of the interactions between the receptors
and protein-based therapeutics. Detailed characterization of such processes at the molecular level
is challenging due to the very large physical size and heterogeneity of these species, which makes
use of many state-of-the art analytical techniques, such as high-resolution NMR and X-ray
crystallography impractical. Mass spectrometry has emerged in the past decade as a powerful tool
to study protein-receptor interactions, although its applications to investigate interaction of
biopharmaceuticals with their physiological partners are still limited. We highlight the potential of
this technique by considering several recent examples where it had been instrumental for
understanding molecular mechanisms critical for receptor-mediated transcytosis of transferrin-
based therapeutics.
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1. Targeted delivery of biopharmaceuticals and the problem imposed by
physiological barriers

The spectacular success of protein-based therapeutics, such as monoclonal antibodies, in the
past decade results from the high degree of selectivity and specificity with which these
medicines interact with therapeutic targets in diseased tissues (1–3). However, despite
significant investments and extensive R&D efforts there are several areas where the progress
has been notably slow, such as development of biopharmaceuticals for oral administration
and development of protein drugs targeting pathologies in the central nervous system (CNS).
A common problem encountered in these areas is the inability of most proteins to cross
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physiological barriers, such as the intestinal epithelial barrier and the blood-brain barrier
(BBB). An additional challenge for oral biopharmaceuticals is presented by the extreme
lability of most proteins in the digestive tract.

1.1. The blood-brain barrier and drug delivery to the central nervous system
Despite being only a small fraction of the total body mass, the brain consumes a
disproportionately large part of the cardiac output (ca. 20%), which is delivered via a vast
vascular network (4). Brain vasculature is comprised of an estimated 100 billion capillaries,
which collectively measure 650 kilometers in length and provide a surface area of nearly 20
m2 (5, 6). Despite such a vast interface, drug delivery to the brain remains a formidable
challenge, particularly in the case of protein-based therapeutics. The blood-brain barrier
consists of tightly linked cerebrovascular endothelial cells that form a diffusional barrier
between circulating blood and the interstitial space of the brain, making the brain practically
inaccessible to large or hydrophilic molecules by diffusion. This tight-junction featured
barrier dominates the majority of the total capillary surface of the brain, leaving few leaky
regions (approximately 1/5,000) to allow entry of even large hydrophilic molecules. In
addition to the diffusional barrier that physically limits substance transportation into the
brain, the BBB also offers an enzymatic barrier with the presence of intracellular and
extracellular enzymes.

While the primary function of the BBB is to protect brain tissue from toxic blood
components, as well as from various pathogens, it inevitably presents a grand challenge
towards delivery of various drugs to the CNS. It has been estimated that over 98% of all
small-molecule drugs and all currently approved biopharmaceuticals do not cross the BBB
(7), although endogenous transport systems do offer a possibility of targeted delivery to the
CNS for both peptide (8) and protein drugs (9).

1.2. Intestinal epithelial barrier and the problem of oral drug delivery
Another physiological barrier that presents a formidable challenge vis-à-vis greater
utilization of biopharmaceutical products in therapeutic practice (particularly in developing
biopharmaceuticals for oral administration) is the epithelial intestinal barrier. Above and
beyond the inability of the vast majority of macromolecules to cross this barrier, the extreme
lability of most proteins in the GI tract effectively eliminates oral administration as a viable
option for all protein therapeutics (10). Nevertheless, efforts to overcome these obstacles
and establish a viable mechanism of oral delivery (which is often seen as the “holy grail” of
protein therapy) still continue (11, 12).

The intestinal epithelial barrier plays an important role in ensuring efficient absorption of
nutrients from the GI tract into the circulatory system, while at the same time limiting the
ability of pathogens and toxins to enter the bloodstream (13). Similar to the BBB, the
intestinal epithelial barrier has anatomical features that tightly control the passage of
nutrients and other chemicals, as well as biological molecules (Figure 2). While such tight
control has obvious advantages for protecting the organism against toxic chemicals and
pathogen invasion, it frequently creates obstacles for drug delivery following oral
administration, especially for biopharmaceuticals.

1.3. Receptor-mediated transcytosis as a paradigm of crossing physiological barriers
An elegant solution to the physiological barriers’ permeability problem takes advantage of
the ability of certain proteins to cross them via receptor-mediated transcytosis. The carrier
proteins can be attached to the “payload” proteins either by means of chemical cross-linking
(conjugation) or the entire carrier-payload construct can be expressed as a single protein
(fusion). One such protein whose ability to enter cells in the process of endocytosis and/or
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transcytosis can be exploited for targeted drug delivery to specific tissues and/or across the
physiological barrier is transferrin (Tf). Tethering a drug payload to Tf has been recognized
for some time as an attractive method to enable its precise delivery to the target cells by
taking advantage of receptor-mediated endocytosis (14). For example, elevated iron needs of
rapidly growing malignant cells make Tf an attractive candidate for targeted transport of
anti-cancer drugs to tumors by exploiting Tf receptor (TfR)-mediated endocytosis (Figure
3A). TfR is also one of the abundant proteins in the BBB (15), as well as several other
physiological barriers (16), and it is not surprising that Tf has been evaluated as a delivery
vehicle for a range of medicines that must cross a certain barrier in order to reach their
therapeutic targets. Recent efforts have successfully exploited both barrier-crossing and cell-
penetrating capabilities of Tf by designing a dual-targeting nanocarrier for treating brain
tumors (17).

It is clear that the ability to bind TfR is a prerequisite for a physiological barrier crossing by
any Tf-based therapeutic agent, and there is a need to develop rapid, sensitive and reliable
assays that would allow the receptor association to be screened for a variety of Tf-based
drug candidates. This (the ability to bind a receptor being a pre-requisite for successful
delivery) is certainly true not only for Tf-based therapeutics, but also for any medicine that
utilizes a protein as a means of targeted delivery. The complexity of such biopharmaceutical
products made optimization of their therapeutic properties very difficult until recently due to
the absence of reliable analytical techniques capable of probing various properties of these
products (ranging from structural characterization to monitoring their interactions with
physiological partners and therapeutic targets). Recent advances in mass spectrometry (MS)
now provide an opportunity to close this gap. MS, and in particular electrospray ionization
mass spectrometry (ESI) MS can be used either alone or in combination with classical
bioanalytical tools to provide a wealth of information on biopharmaceuticals in general (18,
19), and on complex carrier-payload systems in particular (20). In this review article we
discuss recent advances in MS-based approaches to characterize protein/receptor
interactions, and demonstrate the analytical power of ESI MS using as examples two
specific systems that rely on Tf to traverse both the intestinal epithelial barrier and the BBB.

2. Mass spectrometry-based methods to study protein-receptor
interactions
2.1. Monitoring protein-receptor interactions at low resolution: native ESI MS

ESI is a very gentle ionization method, which allows intact biopolymers to be transferred
from solution to the gas phase, where their structure can be probed using the vast
experimental arsenal accumulated by MS in the past several decades. For example, mass
measurement alone (21) frequently allows multiple isoforms of a protein therapeutic to be
identified and their relative abundances to be evaluated in a complex mixture without the
need for chromatographic separation (22), while the structural characterization of protein
therapeutics can be carried out using methods of tandem mass spectrometry either in
combination with proteolysis in solution or alone (the so-called “top-down” approach to
protein sequencing (23)).

Although the vast majority of MS applications are geared towards analyzing covalent
structure of biological molecules (e.g., amino acid sequence and post-translational
modifications), it is also possible to preserve non-covalent assemblies formed by proteins
and/or other biopolymers in solution (24). Measuring masses of such non-covalent
complexes and observing their dissociation pathways in many cases allow their composition
and binding stoichiometry to be determined, which is now a primary task of a technique
frequently referred to as native ESI MS (25). Although the word “native” may implicitly
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suggest that the measurements are carried out under physiological (or other therapeutically
relevant) conditions, one must realize that ESI MS does place certain restrictions on the
nature of the solvent systems that can be used in such experiments. Although it is possible to
carry out such measurements in aqueous solutions at physiological pH and ionic strength,
only volatile electrolytes (such as ammonium acetate or ammonium bicarbonate) can be
used to achieve the desired ionic strength, and common buffers and salts that are typically
used to mimic physiological conditions or drug formulations cannot be employed.
Nevertheless, numerous studies have demonstrated that volatile electrolytes can be used as a
substitute for more common (non-volatile) salts and buffers without having in most cases
any negative impact on the stability of protein complexes. Another concern that is frequently
expressed in connection with native ESI MS measurements is the possibility of dissociation
of non-covalent complexes in the gas phase. Gas phase dissociation of non-covalent
assemblies of proteins proceeds via pathways that are very different from those in solution,
and the distinction between the two processes can be easily made in most cases (26).
Another consideration that must be taken into account when native ESI MS measurements
are contemplated relates to the choice of an appropriate mass analyzer. Unlike
measurements carried out under denaturing conditions, native ESI MS leads to formation of
ions with very low charge density, which appear in the high m/z region of the mass spectrum
(27). As a result, some generic mass analyzers (such as quadrupole filters and ion traps) may
fail to detect these ions simply because the available m/z range is not sufficient. Typically,
time-of-flight mass analyzers provide the most generous coverage in the high m/z range
(extending beyond 10,000 m/z units).

A range of antibody/antigen complexes examined by Robinson and co-workers using native
ESI MS (28) provided one of the first examples of therapeutically relevant systems where
MS provides a direct readout of the composition and binding stoichiometry. This study also
demonstrated excellent agreement between the ESI MS and orthogonal methods of analysis
(such as analytical ultracentrifugation) when applied to proteins in solution. At the same
time, antibody immobilization on the surface of a sensor chip was shown to alter the binding
stoichiometry in some cases, an artifact that is obviously avoided by ESI MS, as this
technique probes interaction of proteins directly in solution (28). More recently, native ESI
MS was used to monitor interactions of an antigenic protein overexpressed in tumor cells
with murine and humanized monoclonal antibodies (29), providing not only information
about the binding stoichiometry, but also convincing evidence that the intrinsic
heterogeneity of the antigen’s disulfide pattern did not affect its recognition by antibodies.

Native ESI MS can also be used to monitor interactions of biopharmaceuticals with their
cognate receptors, as was illustrated in a recent study where this technique was employed as
a means to monitor interaction between interferon β1a (IFN β1a) and the ectodomains of its
cognate receptors IFNAR1 and IFNAR2 (30). In addition to observing formation of both
binary (IFNβ1a/IFNAR1 and IFNβ1a/IFNAR2) and ternary (IFNAR1/IFNβ1a/IFNAR2)
complexes by ESI MS, the experimental data provided very clear indication that a covalent
modification of IFN β1a (alkylation of its only free cysteine residue) resulted in a dramatic
decline of the strength of the IFNβ1a/IFNAR1 interaction and, consequently, the stability of
the ternary complex (30). This observation suggested that native ESI MS can be used to
monitor the effect of chemical modification on the protein’s interaction with its cognate
receptor, and provide affinity ranking for different forms of the protein. In some instances
native ESI MS can be used to obtain absolute values of dissociation constants for protein/
protein interactions (31). In addition to protein/protein association, native ESI MS can also
be used to monitor therapeutically relevant interactions of proteins with other biopolymers,
such as polysaccharides (32–34) and nucleic acids (35).
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Matrix-assisted laser desorption/ionization (MALDI) is another ionization technique capable
of producing large macromolecular ions. MALDI MS is generally more sensitive than ESI
MS, and is more tolerant to non-volatile electrolytes that are frequently present in
biopharmaceutical formulations. However, MALDI usually does not preserve non-covalent
complexes due to (i) rapid local heating of the solid sample by the laser beam prior to the
ionization event and (ii) presence of large quantities of absorbers of UV radiation (matrix
molecules), which typically exert chaotropic effect on proteins. As a result, the protein/
protein associations can only be observed by conventional MALDI MS if they are stabilized
by chemical cross-linking prior to the analysis (36). An alternative approach relies on using
IR radiation to induce desorption and ionization of biomolecules from the solid sample (37).
Since water itself has strong absorption bands in the IR region, it can act as a matrix itself,
thereby eliminating the chaotropic effect usually associated with the UV matrices.
Unfortunately, the measurements are complicated by the fact that the sample has to be kept
frozen during the measurements, although a few reports had been published on using IR
MALDI to detect non-covalent complexes trapped in ice crystals (38) or frozen glycerol
(39).

2.2. Characterization of protein-receptor interactions at higher spatial resolution: H/D
exchange MS

Although native ESI MS measurements discussed in the preceding section have been very
useful as a means of monitoring interactions between protein drugs and their cognate
receptors or therapeutic targets, they do not provide detailed structural information beyond
identifying the interacting partners and reporting binding stoichiometry. However,
interaction of protein drugs with their therapeutic targets and physiological partners can be
characterized at much greater detail by another technique, which utilizes hydrogen/
deuterium exchange (HDX) in solution with MS detection. HDX MS is a reliable, robust
and sensitive technique, which is capable of probing backbone dynamics locally and
localizing protein segments involved in binding interfaces. HDX MS probes conformational
properties of proteins by measuring the rates of labile hydrogen atoms exchange with the
solvent, which are very sensitive to the protein higher order structure. Protons involved in
hydrogen bonding or sequestered from solvent (due to being localized either in the protein
core or at the protein/protein interface) do not exchange with the solvent as fast as the
protons on the protein surface that do not participate in hydrogen bonding network (40).
Progress of the exchange reactions can be monitored by monitoring the protein mass change
once the exchange is initiated (which is typically done by rapid dilution of the protein
solution with D2O-based solvent to replace H2O in the protein environment with D2O).
Since each individual proton-to-deuteron exchange event results in a mass increase of 1 Da,
MS can be used to detect exchange of even a few protons within the context of a large
protein.

Labile hydrogen atoms residing on the protein backbone amides are excellent reporters of
higher order structure due to their involvement in H-bonding critical for protein
conformation. Contribution of other labile hydrogen atoms (residing on the side chains) to
HDX is not very informative and is usually eliminated prior to MS measurements by
lowering the solution pH to 2.5–3.0 and temperature to 0–4 °C. These conditions (known as
“quench conditions”) minimize the intrinsic (chemical) exchange rate of the backbone amide
protons (41). At the same time, labile hydrogen and deuterium atoms on the side chains
exchange quickly (42), thereby allowing the global protection of the backbone to be
determined without any interference from the side chains. The ability to quench the
exchange reactions of backbone amide hydrogens also provides an opportunity to obtain
local information on protein backbone protection by carrying out fast proteolysis prior to
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MS analysis using pepsin or other acidic protease(s) retaining their catalytic activity at pH
2.5–3 (43, 44).

The ability of HDX MS to localize binding interfaces was recognized over a decade ago,
leading to a suggestion that it can be used to aid optimization of small molecule drug
candidates by providing information on structure and dynamics of the binding site at the
therapeutic target (45). HDX MS perhaps is even better suited for mapping protein/protein
interfaces, as has been shown by several groups who used this technique to map epitopes in
antibody/antigen systems (46–51). An example of using HDX MS to localize a transport
protein/cognate receptor binding interface is shown in Figure 4, where the extent of
deuterium incorporation in backbone amide groups of Tf is measured following 1 and 10
min of exchange in solution for free and receptor-bound forms of Tf. HDX MS reveals a
wide range of backbone protection distributed very unevenly across the polypeptide chain of
Tf (e.g., compare evolution of isotopic distributions of peptide ions representing protein
segment [396–408] derived from a stable β-strand colored in blue and [612–621] derived
from a flexible peripheral loop shown in red). However, exchange patterns of most peptides
are not affected by the presence of the receptor, suggesting that local conformational
dynamics is not affected by Tf/TfR association. Only few peptides display a difference
between the two forms of the protein (e.g., peptide [71–81] in Figure 4), indicating their
involvement in the binding interface or manifestation of an allosteric effect.

The spatial resolution that can be achieved in HDX MS measurements is typically limited by
the size of the peptic fragments. Usually, analysis of the protection patterns of overlapping
peptic fragments can improve the resolution, and in some favorable cases amide protection
at a single-residue level can be determined (52). An alternative approach to increasing the
spatial resolution in HDX MS studies utilizes gas phase fragmentation of peptide ions as a
supplement to proteolysis in solution (53, 54). In some instances the proteolytic step can be
completely eliminated from the experimental workflow; however, this approached (usually
referred to as “top-down” HDX MS or HDX MS/MS) has been successfully applied so far
only to proteins of relatively modest size (55, 56).

In addition to structural information on protein drug/target binding, HDX MS methodology
can also be used to determine binding affinity (57). Furthermore, HDX MS can also be used
to identify protein segments involved in binding to other biopolymers, such as nucleic acids
(58), indicating that this technique can become a truly invaluable tool in designing new and
enhancing existing biopharmaceutical products including both protein- and oligonucleotide-
based drugs and drug candidates.

2.3. Towards mass spectrometry-based quantitation of overcoming physiological barriers:
measuring biodistribution of protein therapeutics

Although MS-based methods described in the previous sections provide valuable
information on the ability of protein-based drugs to interact with their physiological partners
and therapeutic targets, even the most sophisticated in vitro models cannot fully account for
the complexity of interaction networks in vivo, and the success of the drug is ultimately
decided in clinical studies. Protein-based therapeutics frequently exhibit unexpected
behavior in vivo reflecting uniqueness of their interactions with the myriad of other
biomolecules including proteases, proteins responsible for immune reaction, etc. (59).
Therefore, even though the pharmacokinetic and pharmacodynamic data do not provide
direct information on the protein drug interaction with its targets at the molecular level, they
are nonetheless critical for understanding how the therapeutic product navigates through
complex webs of interactomes at the whole organism level.
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Until very recently immunoassays and bioactivity assays were the two main analytical tools
supporting the studies of pharmacokinetics of protein drugs, and MS was utilized in only a
limited number of niche applications (60). However, the explosive growth of proteomics in
recent years, and the central role played by MS in this field (61) have resulted in a dramatic
expansion of the scope of MS-based protein quantitation methods in pharmacokinetic
studies of protein drugs (62). Discussion of these tools goes beyond the scope of this review,
but a detailed account of analytical tools (including MS) used in pharmacokinetic studies of
protein drugs is provided in a paper by E. Ezan “Pharmacokinetic studies of protein drugs:
past, present and future” in this issue of the journal.

3. Lysozyme-transferrin conjugate as a model protein therapeutic targeted
to CNS

The ability of certain endogenous receptors (such as TfR) to assist protein drug delivery
across the BBB had been noted nearly two decades ago (63), and exploitation of these
properties to design “Trojan horse” protein drugs that enable delivery to the CNS has been a
focus of extensive efforts in the past several years. It is not surprising that successful brain
targeting exhibited by such biopharmaceuticals is caused in large part by the targeting
properties of the transport protein (e.g., by anti-TfR IgG (64)); however, the presence of the
payload and its potential to interfere with the receptor binding may also modulate the
efficiency of traversing the BBB. ESI MS provides an elegant way to monitor the
interactions between the biopharmaceutical product and its cognate receptor and, therefore,
can be of great value during the initial stages of the drug design process.

We illustrate this with a Tf-based therapeutic product (LzT, a conjugate of Tf and a
bacteriostatic agent lysozyme, Lz); which serves as a model therapeutic targeting pathogens
in the CNS (it is being developed as an alternative/complement to antibiotics for treatment/
containment of Gram-positive infections in CNS). Lz is an antibacterial enzyme present in a
variety of organisms, which exerts its bacteriostatic function by hydrolyzing the β-1,4-
glycosidic bond between the N-acetylmuramic acid (NAM) and N-acetylglucosamine
(NAG) residues of peptidoglycans, which results in lysis of bacterial cell walls. Although Lz
primarily attacks Gram-positive bacteria, where the peptidoglycan layer is not protected by
the outer membrane (as it is in Gram-negative bacteria), certain structural modifications can
make it effective against Gram-negative bacteria as well (65). While this protein is widely
distributed thoughout the human body, it is not present in cerebrospinal fluid (CSF) of
healthy subjects (66) (the detectable levels of lysozyme in CSF is usually associated with
various CNS pathologies (67, 68) and is likely to reflect increased permeability of the BBB
(68)). Therefore, the ability to deliver Lz “on demand” across the BBB might lead to
development of novel effective therapeutic strategies aiming at eradication of Gram-positive
infection in the CNS, whose carriers gain access to the brain via a variety of routes (69).

Since Tf is being relied upon as a means of traversing the BBB through receptor-mediated
transcytosis, chemical modification of this protein has the potential to interfere with its
recognition by TfR and, therefore, hinder transport of the conjugate across the BBB.
Conjugation can influence the receptor-binding properties of Tf in two ways. First, chemical
modification may have a negative impact on the conformational stability of Tf, triggering
unfolding and loss of native structure. Second, even if the native conformation is preserved,
the chemical modification of the amino acid residues located at or near the binding interface
may obviously have an adverse affect on receptor binding.

As far as large-scale conformational changes resulting from the conjugation of the payload
protein to Tf, no signs of partial or complete unfolding of the protein components are
evident in the ESI mass spectrum acquired under near-native conditions (see inset in Figure
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5). Indeed, loss of native tertiary structure in solution always manifests itself via the
appearance of high charge-density ionic species in the mass spectrum due to the enhanced
ability of less compact protein conformations to accommodate a higher number of charges
upon transition from solution to the gas phase (27), this is not observed in the mass spectrum
of LzT. In fact, the extent of multiple charging of LzT ions is only slightly higher than that
of intact Tf (which was added to LzT solution intentionally to enable direct comparison of
the charge distributions of ionic species corresponding to these two proteins). However, the
LzT ion peaks are noticeably broader compared to those of Tf, indicating significant micro-
heterogeneity due to the presence of multiple modifications of the side chains. A more
detailed analysis of the mass spectrum reveals very convoluted peak shapes of LzT ions,
where the broad ionic mass distribution reflects the presence of either unreacted or dead-
ended (hydrolyzed) cross-linking groups on the protein surface (70).

The ability of both Tf and Lz to interact with their physiological partners and/or therapeutic
targets may be compromised by an unfavorable cross-link location, as well as the presence
of multiple nonproductive (unreacted or dead-ended) modifications on the surface of both
proteins beyond the crosslink sites. An ESI mass spectrum of the LzT/TfR mixture acquired
under near native conditions clearly indicates the receptor recognizes the conjugate,
although the binding affinity is diminished compared to intact Tf (Figure 5). Indeed, no
ionic signal of unbound Tf is detected in the mass spectrum of the Tf/TfR mixture,
consistent with the receptor-binding affinity of Tf being in the sub-μM range (concentration
of both proteins in the Tf/TfR mixture was in the low-μM range). At the same time, the
presence of a weak, but detectable ionic signal of unbound LzT in the mass spectrum of the
LzT/TfR mixture acquired under identical conditions suggests that the receptor binding
affinity of the conjugate is in the low-μM range. This affinity range is close to that of intact
apo-Tf (71), even though the conjugate was saturated with iron following its isolation from
the reaction mixture and its iron status is the same as intact diferric Tf used to acquire the
mass spectrum shown at the top of Figure 5.

Even this lower receptor affinity should be sufficient for transient binding to TfR at the cell
surface, and may in fact prove beneficial for dissociation from TfR upon crossing the BBB.
In fact, a recent report noted that decreased TfR affinity enhances the brain uptake of anti-
TfR antibodies, as the high receptor affinity proteins tend to remain associated with the BBB
without being released on its abluminal side (72). Therefore, optimization of the therapeutic
properties of complex Tf-based drugs may require modulation of their receptor-binding
properties, and native ESI MS will undoubtedly be a very effective analytical tool
supporting these efforts. Furthermore, native ESI MS may also provide another contribution
critical for the success of the new therapies, i.e. monitoring the ability of the transporter-
payload conjugate to interact with the intended therapeutic targets or their mimics,
generating biochemical information important for the selection of promising candidates and
optimizing the conjugation protocols in preclinical studies (70).

4. Transferrin-based fusion protein as a model of a biopharmaceutical
designed for oral delivery: mass spectrometry reveals the critical role of
protein aggregates

Despite the significant efforts invested in developing oral biopharmaceutical products, no
orally available protein drug is currently on the market, and the list of promising candidates
remains disappointingly short (10, 11). One obvious reason for this rather modest record of
success is the fact that a successful biopharmaceutical designed for oral administration not
only has to traverse the intestinal epithelial barrier, but also survive exposure to the GI
environment, and in particular to the extreme conditions inside the stomach. A rare success
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story in this field is a recently designed growth hormone/transferrin fusion protein (GHT),
which has been shown to be able to overcome the obstacles faced by oral
biopharmaceuticals, and demonstrated biological activity following oral administration (73).
Although the presence of TfR throughout the GI tract has been firmly established (74), it
remained unclear until recently whether the growth hormone segment of GHT interferes
with its ability to bind TfR. This question can now be easily addressed using a
straightforward ESI MS approach described in the previous section for LzT. However, these
straightforward measurements fail to explain another remarkable feature of GHT, namely its
ability to evade hydrolysis in the stomach prior to interacting with TfR and subsequent
crossing of the intestinal epithelial barrier. Furthermore, the measurable activity of GHT
following oral administration clearly suggested that the payload protein is also protected
from degradation in the stomach, leading to speculative suggestions that the transporter also
acts as a payload “protector” in the harsh GI environment (75). This conjecture, however,
runs contrary to the known fact that Tf is effectively proteolyzed by pepsin even in mildly
acidic solutions (76), thereby failing to protect even itself, let alone its companion.

The apparent success of GHT in crossing the intestinal epithelial barrier may provide
important clues towards successful design of the next generation of oral biopharmaceuticals,
a consideration that warranted detailed investigation of various aspects of GHT structure and
behavior that are critical for its ability to not only avoid the common fate of the vast
majority of proteins in the extreme environment of stomach, but also to transport itself and
its therapeutic cargo across the intestinal epithelial barrier (20). Analysis of GHT by a
combination of size exclusion chromatography (SEC) and ESI MS revealed that a
significant population existed in an oligomeric state in addition to the anticipated monomer.
The soluble oligomeric fraction was separated from GHT monomer by SEC, and its physical
size was estimated to be in the 3,000–10,000 Å range using dynamic light scattering.

Stability of both GHT monomer and the oligomeric fraction in the stomach-like
environment was investigated by subjecting these two species (as well as a Tf control) to
hydrolysis under strongly acidic conditions in the presence of pepsin at 37 °C. The control
Tf sample was degraded very quickly, consistent with the previous reports of its
susceptibility to efficient digestion with pepsin, and GHT monomers displayed only slightly
higher stability. The oligomeric species, however, was remarkably stable and displayed only
a negligible decrease in abundance over the first 5 hours of digestion. The remarkable
stability of this species is certainly related to its high degree of oligomerization, as the tight
packing of proteins shields those of them localized at the core of the aggregate from the
hydrolytic attack, and even the damage to the protein molecules located on the periphery of
the aggregate is likely to be greatly reduced due to the steric hindrance.

Survival of GHT oligomers in the stomach is necessary, but not sufficient for eliciting the
desired therapeutic action following oral administration. Passage across the intestinal
epithelial barrier would only become possible for such species if they can be recognized by
TfR present on the inner lining of the GI tract. While the receptor recognition by the
monomeric form of GHT can be easily monitored using a native ESI MS (similar to that
discussed in the preceding section for the LzT/TfR interaction), a different approach is
needed to establish the ability of large GHT oligomers to associate with TfR. Indeed, the
very large size and heterogeneity of the oligomeric species make direct application of ESI
MS impractical even in the absence of the receptor, let alone its putative complex with TfR.
SEC alone is not very informative either, as the very large physical size of oligomeric GHT
species causes them to elute with the column void, and a shift to an earlier retention is
simply not possible even if oligomers do associate with TfR.
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Even though neither ESI MS nor SEC alone can address the question of whether the large
soluble aggregates of GHT can bind to TfR, a combined use of these two techniques
provides a definitive answer to this question. Addition of the GHT oligomeric species to TfR
solution followed by isolation of the early eluting peak and bottom up analysis of its
contents (e.g., proteolytic digestion of the material with subsequent MS analysis of the
fragment peptides and a database search to identify the precursor proteins) reveals the
presence of TfR in this fraction. This process is illustrated in Figure 6, where LC/MS/MS
analysis of the tryptic digest of the void volume fraction positively identified several
proteolytic fragments derived from TfR in addition to the fragment peptides matching
various GHT segments. A closer look at all proteolytic fragments of TfR identified in the
digest of the void volume fraction by the database search confirms the assignments, as their
MS/MS patterns and LC elution times closely match those of the tryptic fragments derived
from the reference TfR sample (e.g., see blue and red traces for a tryptic fragment T71 in
Figure 6). Since free TfR elutes in SEC at a much later time compared to the void volume
fraction, its association with GHT oligomers is the only possible explanation that can
account for its presence in the fraction that represents the protein species too large to be
retained on the size-exclusion gel.

Importantly, the monomeric form of the fusion protein is also recognized by the receptor,
but it shows only marginal anti-hydrolytic stability in the stomach-like environment, and it
seems unlikely to make a significant contribution to the observed therapeutic activity of the
fusion protein followed its oral administration, pointing at the critical role of GHT
aggregation for achieving therapeutic objectives. Although the current paradigm attaches an
unquestionably negative connotation to a wide range of protein aggregation phenomena,
particularly in the biopharmaceutical arena, examples begin to emerge where aggregation of
protein drugs can be used to enhance their therapeutic properties (77). The conclusions
derived from the analysis of stability and receptor-binding properties of GHT aggregates
carried out with a combination of SEC and ESI MS further question the negative stigma
traditionally attached to the aggregation processes by clearly demonstrating that they may be
exploited in the design of efficient orally administered protein therapeutics (20).

5. Current challenges in the field and future directions
The utility of ESI MS for characterizing interactions of biopharmaceutical products with
cognate receptors highlighted in this paper underscores the fact that this technique is poised
to become a very valuable addition to the analytical toolbox facilitating the development of
new safe and efficient therapies. However, there still are serious challenges that must be
addressed before this technique truly becomes a routine analytical tool for evaluating
interactions of protein drugs with their physiological partners and therapeutic targets. One
such challenge is posed by the extreme heterogeneity frequently displayed by many
biopharmaceutical products caused by post-translational modifications (PTMs). While non-
enzymatic PTMs accumulating as a result of protein degradation are obviously random, even
biologically relevant enzymatic PTMs do not have the same level of precise control that
makes the process of translation from genetic material so perfectly reproducible.
Glycosylation is one particular form of enzymatic PTMs that is frequently observed in
therapeutic proteins, and the structural heterogeneity exhibited by glycoproteins depends on
the extent of glycosylation. Typically, dealing with even large proteins (over 100 kDa)
having < 5% total carbohydrate content by mass is not problematic, while glycosylation
levels exceeding 10% of the total protein mass pose a formidable challenge to ESI MS-
based analysis. Another common source of structural heterogeneity that is present in many
biopharmaceutical products is “designer” PTMs, such as protein PEGylation.
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Recently, extensive efforts have been directed towards developing robust analytical methods
capable of dealing with highly heterogeneous systems. For example, a combination of
complexity reduction (by mass selecting a narrow population of glycoprotein or PEGylated
protein ions) and gas phase chemistry (charge reduction via electron transfer or electron
capture) has been shown to be extremely useful in dealing with extensively glycosylated
therapeutic proteins (78). This approach has also been used successfully to study binding of
highly glycosylated proteins to their physiological partners, e.g. hemoglobin capturing by
haptoglobin (78). Another MS-based technique that might become very useful in dealing
with highly heterogeneous systems is ion mobility (IM) MS. While the majority of its
current applications are geared towards providing information on geometry of
macromolecular ions in the gas phase, the potential utility of IM-MS as a means of reducing
complexity of heterogeneous systems by providing an additional separation stage prior to
MS detection is frequently overlooked. The ability of this technique to separate various
isoforms of both carbohydrates (79) and synthetic polymers (80) is well-documented, and in
fact has already been used to facilitate the analysis of covalent structure of large
glycoproteins (81) and protein-polymer conjugates (82).

In recent years we have witnessed an explosive growth in the use of ESI MS in various
fields of biophysics and structural biology, and the biotechnology sector was not an
exception to this trend. Without a doubt, this technique is and will continue to be making
important contributions in various stages of design of protein drugs, and catalyzing further
progress in the field of biotechnology.
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Figure 1.
A schematic diagram representing the blood-brain barrier (top), and the transport of proteins
from luminal side of BBB (capillary) to abluminal side (brain) via receptor mediated
endocytosis. Adopted from (83).
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Figure 2.
Schematic depiction of the intestinal epithelium and the pathways available for drug
absorption: (a) transcellular pathway through the epithelial cells; (b) paracellular pathway
(in between adjacent cells), only small hydrophilic molecules are absorbed through this
pathway, and even in these cases the absorption is quite limited because the paracellular
pathway comprises a very small percentage of the total epithelial surface area; (c)
transcytosis and receptor-mediated endocytosis; and (d) absorption into the lymphatic
circulation via M-cells of Peyer’s patches. Adapted with permission from (84).
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Figure 3.
Schematic representation of targeted delivery of Tf-based therapeutic agents to intracellular
targets using TfR-mediated endocytosis (a) and across a physiological barrier using TfR-
mediated transcytosis (b).
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Figure 4.
Localization of the receptor binding interface within diferric Tf using HDX MS. The panels
show isotopic distributions of representative peptic fragments derived from the protein
subjected to HDX in the presence (blue) and the absence (red) of the receptor. The black
traces at the bottom of each diagram show isotopic distributions of peptic fragments derived
from unlabeled protein, and the dotted lines represent the end-points of the exchange
reaction. Colored segments within the Tf/TfR complex show location of the peptic
fragments. Adapted with permission from (85).
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Figure 5.
ESI mass spectra of Tf/TfR (top) and LzT/TfR (bottom) mixtures acquired under near-native
conditions (3 μM of each protein in 20 mM ammonium acetate at pH 7.1). Peak labels
represent the charge states of all relevant ions. The inset shows a mass spectrum of LzT
spiked with intact Tf. Adapted with permission from (70).
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Figure 6.
SEC of GHT oligomers, TfR and their mixture (A), and total ion chromatograms (B) of
tryptic digests of the SEC fractions of TfR (blue trace) and the TfR/GHT oligomer mixture
(red trace) highlighted in panel A. Panels C and D illustrate detection of TfR in the early-
eluting SEC fraction of GHTx/TfR mixture (highlighted with red in panel A): single-scan
MS/MS spectrum (C) and extracted ion chromatogram (D) of a tryptic peptide eluting at 25
min (marked with asterisk in panel B). The blue trace in panel C shows the reference MS/
MS spectrum of a tryptic fragment T71 (LTTDFNAEK) of TfR, and the blue trace in panel
D corresponds to this peptide derived from TfR in the absence of GHT oligomers (SEC
fraction highlighted with blue in panel A). Adapted with permission from (20).
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