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Abstract

BACKGROUND—Transferrin (Tf) is a paradigmatic metalloprotein, which has been extensively
studied in the past and still is a focal point of numerous investigation efforts owing to its unique
role in iron homeostasis and enormous promise as a component of a wide range of therapies.

SCOPE OF REVIEW—Electrospray ionization mass spectrometry (ESI MS) is a potent
analytical tool that has been used successfully to study various properties of Tf and Tf-based
products, ranging from covalent structure and metal binding to conformation and interaction with
their physiological partners.

MAJOR CONCLUSIONS—Various ESI MS-based techniques produce unique information on
Tf properties and behavior that is highly complementary to information provided by other
experimental techniques.

GENERAL SIGNIFICANCE—The experimental ESI MS-based techniques developed for Tf
studies are not only useful for understanding of fundamental aspects of the iron-binding properties
of this protein and optimizing Tf-based therapeutic products, but can also be applied to study a
range of other metalloproteins.

1. Introduction

Transferrin (Tf) has a very special place among the plethora of metal-binding proteins
because of the unique role played by iron, its prime binding target, in a variety of biological
processes. It is virtually impossible to find a living organism on this planet whose life could
be sustained in the absence of iron. Although this element is the second most abundant metal
in the earth’s crust, its bioavailability is severely limited by the poor solubility
characteristics of ferric ion (Fe3*), the predominant oxidation state of iron under aerobic
conditions. The ability of Tf to bind ferric ion, as well as a range of other metal cations with
very high affinity at neutral pH and promptly release it in response to certain chemical cues
is remarkable by itself and absolutely critical for iron homeostasis in vertebrates. It probably
is not an exaggeration to say that Tf has become a paradigmatic metalloprotein, and various
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aspects of its behavior provide important clues vis-a-vis general properties of a variety of
other metalloproteins.

Understanding Tf behavior and properties has not only great fundamental value, but also
significant practical importance. It is one of the very few plasma proteins that have direct
access to cells. Furthermore, Tf is capable of traversing the blood-brain barrier (BBB) and
the intestinal epithelial barrier via transcytosis, which makes it an attractive candidate for
developing complex therapies targeting the central nervous system and orally administered
macromolecular drugs. It is not, therefore, surprising that Tf has been and remains a prime
target of extensive research efforts. Until the last decade, mass spectrometry (MS) was
notably absent from the arsenal of experimental techniques used to investigate various
aspects of Tf structure and interaction with its physiological partners. This situation has
dramatically changed in the past several years, as an impressive battery of MS-based
experimental methodologies have been developed to probe various aspects of Tf behavior,
frequently delivering unique information complementary to that obtained with other, more
traditional biophysical techniques. This review summarizes these developments and
highlights the most important achievements.

2. Tf interaction with metals and synergistic anions: characterization of the
protein-metal complex composition with ESI MS

Iron binding to low molecular weight organic or peptide siderophores is so strong, that the
resulting complexes can be probed by MS using ionization techniques that usually do not
preserve non-covalent complexes, such as Fast Atom Bombardment (FAB) [1]. Although
the metal affinity of Tf rivals that of many low-molecular weight siderophores, the protein
itself is too large to be desorbed by FAB, and the MS analysis of Tf can be accomplished
only when electrospray ionization (ESI) is used as ionization technique. It was not long after
the introduction of ESI MS that this technique had been applied to the analysis of various
forms of recombinant Tf based on mass differences among them due to mutations [2] or
variations in glycosylation [3]. However, Tf characterization in this early work was carried
out under denaturing conditions and any information on the protein interaction with metal
ions and/or other ligands was inevitably lost. The pioneering work by Fenselau with
metallothioneins in the early 1990s demonstrated that the gentle nature of the ESI process
allows the protein-metal complexes to be preserved upon their transition to the gas phase,
thereby allowing both the nature of the metal(s) and the binding stoichiometry to be
determined if the measurements are carried out under near-native conditions [4].

The initial application of ESI MS to study Tf-metal complexes was done with the iron-
bound form of the N-lobe of human serum transferrin (hTf/2N, Figure 1) [5]. Despite the
relatively large molecular weight of hTf/2N (>35 kDa), the mass resolution and accuracy
offered by ESI MS allow both metal ion and synergistic anion to be identified (Figure 2).
Although the ESI MS measurements produce a single mass readout, corresponding to the
combined mass of the protein, metal ion and the synergistic anion, further manipulation of
the complex ion in the gas phase allows the masses of both ligands to be measured. This is
done by increasing the internal energy of the complex ion in the gas phase (via collisional
activation in the ESI MS interface), which leads to partial dissociation of the complex.
While the protein-metal binding is very strong and survives significant collisional excitation,
dissociation of the synergistic anion is observed even following relatively modest excitation
(Figure 2B). This dissociation process does not change the charge state distribution of hTf/
2N ions, suggesting that the synergistic anion departs as a neutral species (an alternative
process would result in inordinate enthalpic penalty due to electrostatic attraction between
the protein polycation and oxalate di-anion in the gas phase).
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It is noteworthy that these early measurements yielded a somewhat unexpected result: it was
found that the mass of the synergistic anion was 18 amu higher than that of carbonate,
consistent with the notion of oxalate being the synergistic anion. It may seem strange that
oxalate, rather than carbonate, serves as a synergistic anion despite large excess of the latter
in solution (all protein samples were kept in ammonium bicarbonate solution, while their
exposure to oxalate was possible only during the expression step, where oxalate was a
component of culture media). However, later studies revealed that oxalate was a much
stronger binder compared to carbonate [6], which explains why it remained bound to Tf
despite the presence of excess carbonate in the protein solution.

In addition to iron, Tf is capable of binding a range of other metals, and mass measurements
of the protein-metal complex allow the bound metal to be identified and the binding
stoichiometry to be determined [7]. Again, moderate collisional activation allows the
synergistic anion to be removed from the ternary complex prior to the mass measurement,
thereby making the data interpretation more straightforward, as can be seen for iron- and
indium-bound forms of full-length human serum transferrin (hTf), FeohTf and InohTf in
Figure 3. It must be noted, however, that some Tf-metal complexes are extremely weak in
the gas phase (e.g., hTf complex with Bi), and while these interactions can still be detected
by ESI MS, this task is not straightforward [7].

3. Metal release from Tf: simultaneous monitoring of the ternary complex
integrity and protein conformation with ESI MS

In addition to being able to characterize composition of non-covalent associations, such as
Tf-metal complexes, ESI MS can also provide information on the integrity of the protein
higher order structure. Proteins with intact tertiary structure are compact, and their solvent-
exposed surface areas in solution are relatively small, compared to those of less structured
(partially or completely unfolded) proteins. This leads to dramatic difference in the charge
density of protein ions representing folded and unfolded proteins in ESI MS [8]. Proteins
with intact higher order structure give rise to ionic distributions that are located in the higher
m/z region of mass spectra, and the corresponding charge state distributions are relatively
narrow. Less structured proteins give rise to ions with significantly higher charge density,
and the corresponding ion peaks are usually located in the lower m/z region of ESI mass
spectra. The charge state distribution of such species is typically much broader compared to
their folded counterparts due to much higher conformational heterogeneity. It is not
uncommon to observe in a single mass spectrum ionic signals emanating from both folded
and (partially) unfolded forms of the protein in solution, in which case the ionic charge state
distributions in ESI MS become bimodal [9]. Since each ESI MS measurement provides
data on both masses and charges of all ionic species simultaneously, occurrence of
conformational changes within the protein can be easily correlated with its ligand-binding
competence (where the ligand could be a metal ion [10], a small organic molecule [11] or
another biopolymer [12]).

This unique feature of ESI MS was used in the early studies of acid-assisted metal ion
release from hTf/2N [5]. Although ferric ion is known to dissociate from each lobe of Tf at
endosomal pH [13, 14], ESI MS clearly demonstrated that the metal ion remained bound to
the protein at pH 5.5 (Figure 4). The metal-protein dissociation became evident only when
the solution was acidified to pH 4.5, one unit below the endosomal pH level. The ESI mass
spectrum acquired at this pH also showed clear signs of partial unfolding of the protein, as
indicated by the appearance of high charge-density ions (charge states > +14 in Figure 4C).
Since no signs of loss of higher order structure could be seen at higher pH, a conclusion was
made that there is clear correlation between acid-induced unfolding and the release of ferric
ion from hTf/2N [5].
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Although the protein fails to release the metal at endosomal pH, ESI MS data do suggest that
the integrity of the ternary complex [hTf/2N-Fe3*.C,0427] is compromised, as some
dissociation of oxalate anion from the protein becomes evident (Figure 4B). Addition of iron
chelating agents, such as citrate, to the protein solution results in facile removal of the metal
from hTf/2N at endosomal pH without any visible signs of protein unfolding [5]. At the
same time, citrate does not destabilize the integrity of the [nTf/2N-Fe3*.C,0,27] complex at
neutral pH (Figure 5).

It has been known for quite some time that transferrin fails to release iron at endosomal pH
in the absence of chelating agents [13, 14], and that various chelators display remarkable
variability vis-a-vis facilitation of the protein-metal complex dissociation. A commonly
accepted mechanistic model of this process based on earlier spectroscopic evidence [15]
suggests that the anion binding to transferrin induces a conformational switch (closed —
open), followed by metal dissociation from the open conformation (characteristic of its apo-
form) [15]. Further refinement of this model led to an introduction of a dual pathway iron
release mechanism, which included competitive anion binding to the iron coordination sites
and to a specific anion site within the protein [16]. However, the results of ESI MS
measurement indicate that the process of metal ion dissociation from hTf/2N cannot be
understood without taking into account large-scale protein dynamics. The experiments
discussed earlier in this section clearly suggest that the open state of the protein does
become populated at endosomal pH even in the absence of chelating agents and non-
synergistic anions (Figure 6). The protein retains the metal ion very effectively under these
conditions, even though the synergistic anion does dissociate from the complex. At the same
time, the open conformation facilitates access of the chelator (e.g., citrate) to the metal ion,
leading to efficient iron removal. In contrast, iron release in the absence of the chelator does
not occur until the protein becomes partially unfolded at pH well below the endosomal level
(Figure 6).

In order to rationalize the existence of the non-canonical forms of Tf (e.g., open
conformation of the holo-protein at endosomal pH, see Figure 6), it is instructive to consider
the available crystal structures of iron-loaded forms of hen ovotransferrin N-lobe [17] and
camel lactoferrin [18], which had been forced to stay in the open conformation characteristic
of the apo-form (by soaking the apoprotein crystals in concentrated Fe3* solution followed
by crystal drying). Coordination of Fe3* ion in each case is provided by two Tyr residues
that participate in metal coordination in the native (closed) conformation of the holo-protein.
The rest of the coordination sphere is completed by small organic ligands. These alternative
structural states of iron-bound proteins from Tf family were suggested to represent transient
intermediate states on the iron-binding pathway, consistent with a hypothesis that apo-Tf
actually samples both conformations (open and closed) at endosomal pH, although the open
state is energetically favorable [19].

The studies of the role of protein conformational dynamics on iron dissociation from hTf/2N
can be extended to a full-length protein [20]. Although the two ferric ions (bound to the N-
and C-lobe of Tf) cannot be distinguished from each other on basis of mass measurement
alone, it is possible to use ESI MS to study iron dissociation from the protein in the lobe-
specific fashion. This can be done by using mutants where metal-binding affinity is
dramatically enhanced in one of the lobes (e.g., by converting the dilysine trigger to a lock
in the N-lobe of Tf [21] or abolishing a pH-sensitive element in the C-lobe [22]).

4. Detection of non-canonical forms of Tf with HDX MS

The existence of the non-canonical conformations of Tf (e.g., open conformation of the
holo-form and closed conformation of the apo-form) is important not only for understanding
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the mechanism of protein-metal interaction, but also for Tf binding to its receptor (TfR). The
latter is known to bind with high affinity to the holo-form of Tf at neutral pH and to the apo-
form at endosomal pH, and these preferences are thought to be dictated by the
conformational transitions within Tf as a function of pH. However, the existence of the non-
canonical conformations of Tf complicates this picture, e.g. leading to the possibility of apo-
Tf binding to TfR at neutral pH. Such interactions, if they indeed exist, must be taken into
account when engineering advanced therapeutic strategies that utilize intracellular
trafficking pathways [23]. This warranted further, more detailed investigation of the non-
canonical forms of Tf that would provide more definitive proof of their existence beyond the
circumstantial evidence produced in the early work [5, 7]. However, establishing the
existence of these non-canonical states of Tf in solution is a difficult task since conventional
experimental techniques provide limited information on the conformational dynamics of Tf.
Application of NMR spectroscopy to obtain dynamic data on Tf molecules is limited by the
relatively large size of Tf and the presence of paramagnetic ferric ions. Dynamic processes
associated with metal dissociation from Tf molecules can be monitored using optical
spectroscopic techniques, such as fluorescence; however, these studies usually provide very
limited structural information. Detailed structural information can be deduced from X-ray
crystallographic data, but this method is hardly suitable for characterization or indeed
detection of transient metastable species.

Both higher order structure and conformational dynamics of larger proteins can be probed
using hydrogen/deuterium exchange (HDX) with MS detection [24, 25]. In a typical
experiment, HDX is initiated by rapid dilution of the protein solution in D,O-based solvent
system. This results in exchange of all labile hydrogen atoms (i.e., those attached to nitrogen
atoms at the backbone amides and heteroatoms at polar/charged side chains), which are not
protected by hydrogen bonding or else sequestered from the solvent in the protein interior.
Some of these hydrogen atoms that are protected initially, may later become exposed to the
solvent as a result of local structural fluctuations or transient unfolding events. Therefore,
the hydrogen exchange level following brief HDX is determined mostly by the protein
higher order structure, while HDX kinetics over extended periods of time reflect
conformational dynamics.

Mass measurements of proteins undergoing HDX are usually carried out following rapid
acidification of the protein solution to pH 2.5-3 and lowering the temperature to 0-4°C,
which results in significant deceleration of the chemical (intrinsic) exchange rates of
backbone amide hydrogen atoms. These conditions, known as “HDX quenching” or “slow
exchange conditions,” also result in unfolding of most proteins. Since the intrinsic exchange
rates of labile side chain hydrogen atoms are not decelerated as significantly as those for
backbone amides [26], all information on the side chain protection is lost during this step,
leaving a single HDX reporter for each amino acid residue (with the exception of proline,
the only natural amino acid lacking a backbone amide hydrogen atom). Another fortunate
consequence of quench-induced protein denaturation is dissociation of all non-covalently
bound ligands (ranging from metal cations and small organic molecules to other
biopolymers) from the protein. Therefore, measuring the protein mass under these
conditions provides information only on the protein conformation and stability, rather than
composition of complexes formed by the protein and its ligands (Figure 7). In addition to
characterizing protein conformation and stability globally, the protein can be digested with
an acidic protease (e.g., pepsin) under the slow exchange conditions, and MS (alone or in
combination with liquid chromatography, LC) can be used to measure the deuterium content
of each proteolytic fragment. This will produce information on protein conformation and
dynamics at the local level.
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Using HDX MS to probe changes in solvent accessibility within various segments of hTf/2N
following metal removal at both neutral and endosomal pH levels produced conclusive
evidence for the existence of an iron-bound form of hTf/2N that adopts an open
conformation in solution [27]. HDX MS of hTf/2N at neutral pH clearly identifies the
protein segments whose structure and dynamics are affected by the presence of the metal
[27]. Nearly all of them are located in the inter-domain cleft interface region (an example of
one such peptide is shown in Figure 8), consistent with the notion of the iron-bound protein
existing mostly in the closed conformation, where the solvent exposure of the inter-domain
interface region is very limited compared to the apo-form of the protein (open
conformation). However, this difference all but disappeared at endosomal pH (Figure 8),
providing unequivocal evidence that the iron-bound state of hTf/2N exists at endosomal pH
in the open conformation, just like the iron-free protein [27].

HDX MS was also used to obtain experimental evidence that the N-lobe of Tf samples a
non-canonical state at neutral pH, where the holo-form of the protein was observed to exist
in a metastable open conformation [28]. This was done by carrying out HDX MS
measurements on a G65R mutant of hTf/2N. This mutation was created to mimic a naturally
occurring variant (G394R) found in the homologous C-lobe, which results in much more
facile removal of iron from the protein. Although direct ESI MS measurements clearly
indicate that Fe3+ remains bound to the protein at neutral pH, its backbone protection is
identical to that of the apo-form of hTf/2N [28]. The conclusions of the HDX MS work [27,
28] lend strong support to a conformational hopping model as a descriptor of Tf interaction
with ferric ion [19]. In this model, two alternative conformations are sampled by both states
of the protein (apo and holo), and metal binding and release always occurs through the open
conformation (Figure 9).

5. Non-canonical interaction of Tf with the receptor: evaluating protein-
protein interaction with ESI MS

Co-existence of two alternative conformations of Tf questions one of the fundamental
assumptions of the commonly accepted model of its interaction with the receptor, namely
the suggestion that TfR differentiates very effectively between the apo- and holo-forms of Tf
at neutral and endosomal pH based on the conformation of the latter [29-31]. The ability of
apo-Tf to sample the closed conformation (Figure 9) would necessarily mean that the
presence of the metal is not an absolute prerequisite for Tf/TfR binding at neutral pH.
However, most recent studies failed to detect apo-hTf binding to TfR at neutral pH [29, 32—
35], despite earlier suggestions that apo-hTf is capable of interacting with TfR at neutral pH
[36, 37]. As a result, the idea of apo-hTf/TfR association at neutral pH became increasingly
apocryphal, and until recently this possibility was either ignored [38], or attributed to
contamination of commercial “metal-free” hTf with iron.

ESI MS provides a unique capability to monitor protein-protein interactions under a variety
of conditions, as the soft nature of ESI often preserves the integrity of large non-covalent
macromolecular complexes [39-41]. When applied to Tf/TfR interactions [42], this
approach readily detects formation of 2:1 Fe,Tf/TfR complexes (Figure 10A). However,
formation of 2:1 protein-receptor complexes is also detected for both mono-ferric and iron-
free forms of Tf (Figure 10B, C). Contamination of apo-Tf with iron cannot be invoked in
this case as a cause of receptor binding, since this protein incorporated Y95F/Y 188F/Y426F/
Y517F mutations abolishing iron binding in both lobes [43]. Even though apo-Tf does bind
TfR, as is unequivocally proved by ESI MS, this association is significantly weaker
compared to the Fe, TT/TTR interaction. This can be demonstrated by either using
“competition” experiments (where several forms of Tf compete for binding to TfR) or
“displacement” experiments, where incremental additions of Fe, Tf to solution containing
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apo-Tf and TfR results in facile replacement of the metal-free form of the protein from Tf/
TfR complex with the diferric form [42]. In fact, the receptor affinity of apo-Tf at neutral pH
can be estimated (0.2-0.6 uM) using a set of Tf variants in a series of competition and
displacement experiments [42]. Consistent with current models of endosomal iron release
from Tf, acidification of the protein solution results in a dramatic change of binding
preferences, with apo-Tf becoming a preferred receptor binder [42].

The conclusions of the experimental work reviewed in this section are consistent with
conformational hopping model (Figure 9), but contradict the commonly accepted model of
Tf/TTR interaction, which implies that the apo-Tf/TfR complex dissociates almost
immediately upon exposure to the neutral environment at the cell surface. Indeed, the ESI
MS measurements [42] provide very clear evidence that this complex remains intact at
neutral pH, although iron-bound Tf (either di- or mono-ferric) displaces apo-Tf from TfR,
making it available for the next cycle of iron binding, transport and delivery to tissues.
Nevertheless, apo-Tf may still interfere with the cellular uptake of engineered Tf molecules
whose TfR affinity is affected by various modifications (e.g., conjugation to cytotoxic
molecules).

6. Tf-based therapies: characterization of properties and behavior of drug
conjugates and fusion proteins with ESI MS

Tf is one of the very few plasma proteins that can enter the cell in the process of receptor-
mediated endocytosis [44]. Since the rapidly growing malignant cells have dramatically
elevated requirements for iron consumption, they over-express transferrin receptor (TfR),
making Tf very attractive as a vehicle for selective delivery of cytotoxic agents to cancer
cells [45-47]. Furthermore, the ability of Tf to cross the blood-brain barrier (BBB) through
transcytosis [48] further increases its appeal by suggesting that it may be used to target brain
tumors, which are notorious for being difficult to reach [49]. Tf was also evaluated as a
potential delivery vehicle for orally administered biopharmaceutical products, and the initial
results are promising [50, 51].

While covalent attachment of therapeutics to Tf (either through chemical conjugation [52-
55] or by creating fusion proteins [50, 51, 56]) offers an elegant solution to the targeted drug
delivery problem, it is also clear that these procedures can change the binding affinity of Tf
for TfR. The receptor affinity can be affected either directly (e.g., by obstructing Tf/TfR
interface) or indirectly (by changing Tf metal affinity), thereby limiting its ability to either
cross the BBB or the intestinal epithelial barrier, or be internalized by the malignant cells. It
is clear that successful implementation of the drug delivery strategy that utilizes Tf as a
means of transporting the payload to its therapeutic target requires better understanding of
the effects exerted by the conjugated drug on various properties of Tf.

ESI MS will undoubtedly play a critical role in these efforts due to its ability not only to
detect Tf-small molecule drug adducts [57, 58] and perhaps localize the modification sites
[59, 60], but also provide a wealth of information on other aspects of Tf-based therapeutics,
particularly their structure and interaction with TfR and other physiological partners and/or
therapeutic targets. An example is shown in Figure 11, where ESI MS is used to study TfR
binding to a human growth hormone-transferrin fusion protein (GHT), which has been
shown recently to be a viable orally administered protein therapeutic [50]. The growth
hormone is unable to traverse the intestinal epithelial barrier on its own, while TfR has been
found in many parts of intestinal tract [61]. Therefore, the ability of GHT to reach the
growth hormone’s physiological targets outside of the Gl tract following oral administration
critically depends upon its ability to bind to TfR. The ESI mass spectrum of the GHT/TfR
mixture presented in Figure 11 clearly shows that transferrin maintains its ability to
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associate with the receptor despite the presence of a large (>20 kDa) payload attached to its
N-terminus via a polypeptide linker.

More detailed characterization of interactions of Tf-based therapeutics with TfR, as well as
their intended therapeutic targets, can be obtained using HDX MS. Figure 12 illustrates the
process of mapping the receptor binding interface on Fe, Tf surface by comparing the HDX
kinetics (both global and at the peptide level) for the protein in its free and receptor-bound
forms. Small, but detectable deceleration of global HDX can be seen for Fe, Tf in the
presence of the receptor, although the local protection in the majority of the protein
segments remains insensitive to the presence of the receptor. Nonetheless, deceleration of
the local exchange kinetics can be observed within a few Tf segments in the presence of TfR
(e.g., segment 71-81 in Figure 12) suggesting their intimate involvement in receptor
binding. Since X-ray crystallography data are unavailable for Tf-drug conjugates or fusion
proteins (let alone their complexes with TfR), HDX MS measurements are likely to play a
vital role in rational design of the next generation of Tf-based therapies.

8. Conclusions

Mass spectrometry is a relative newcomer in Tf characterization, but the past decade
witnessed a dramatic expansion of the scope of studies where various MS-based techniques
provide important and often unique information on various properties of this protein. These
developments also benefit mass spectrometry itself, since many of the techniques that were
initially developed to investigate Tf behavior can now be applied to study properties of a
range of other metalloproteins [62—64]. Likewise, the suite of MS-based analytical
techniques that are being developed now to support design and optimization of various Tf-
based therapies are likely to be utilized in the near future to support development of other
novel medicines that will employ other transport proteins for precise routing of drugs to
their therapeutic targets.
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List of abbreviations

BBB blood-brain barrier

ESI electrospray ionization

FAB fast atom bombardment

Fe,hTf diferric form of human serum transferrin

GHT human growth hormone-human serum transferrin fusion protein
HDX hydrogen/deuterium exchange

hTf human serum transferrin

hTf/2N N-lobe of human serum transferrin

MS mass spectrometry

Tf transferrin
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Figure 1.

Crystal structures of the apo- (top) and holo-forms (bottom) of human serum transferrin
showing details of iron binding: side chains coordinating Fe3* are colored in red; both ferric
ion and the synergistic anion are presented with space-fill models, and are colored by
elements (Fe, chocolate red; C, green; and O, red). The PDB accession numbers are 1BTJ
(apo-form [65]) and 1A8E (holo-form [66]).
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Figure 2.

Dissociation of the ternary complex [hTf/2N-Fe3*.C,0,27] in the gas phase: ion peaks of a
+13 charge state for control apo-hTf/2N in H,O/CH30H/CH3CO5H (a) and holo-hTf/2N in
10 mM NH4CH3CO, (b—f). The efficiency of ion collisional activation decreases from (b) to
() following monotonic decrease of the skimmer potential and temperature in the ESI
interface. Adapted with permission from [5].
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Figure 3.

Molecular ions of hTf (charge state +20) in ESI mass spectra of apo-protein (solid line) and
metal-saturated protein solutions (Fe3*, dash-dot line, and In3*, dashed line). Adapted with

permission from [7].
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Figure 4.

Acid-induced dissociation of the [nNTf/2N-Fe3*.C,0,427] complex in the absence of chelators
and nonsynergistic anions. The ESI interface conditions used for these measurements are the
same as those used to obtain a spectrum shown in Figure 1e. Insets show expanded view of
protein ion peaks corresponding to the +13 charge state. Reproduced with permission from

[5].
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Figure 5.

Citrate-assisted iron removal from hTf/2N. The ESI mass spectra were obtained from 6 uM
solutions of holo-hTf/2N in 10 mM NH4CH3C0O,/0.03 mM (NH,4)2CgHgO7 (a, b) and 10

mM NH4CH3CO,/0.15 mM (NH,4),CgHgO7 (c). The ESI interface conditions used in these
measurements were identical to those used to obtain the mass spectrum shown in Figure 1e.
Reproduced with permission from [5].
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pH 4.5

A mechanism of Fe3* dissociation from hTf/2N based on the experimental evidence

provided by ESI MS.
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Figure 7.

Schematic representation of HDX MS work flow to examine protein higher order structure
and conformational dynamics. The exchange is initiated by placing the unlabeled protein
into a D,0O-based solvent system (e.g., by a rapid dilution). Unstructured and highly
dynamic protein segments undergo fast exchange (blue and red colors represent protons and
deuterons, respectively). Following the quench step (rapid solution acidification and
temperature drop), the protein loses its native conformation, but the spatial distribution of
backbone amide protons and deuterons across the backbone is preserved (all labile hydrogen
atoms at side chains undergo fast back-exchange at this step). Rapid clean-up followed by
MS measurement of the protein mass reports the total number of backbone amide hydrogen
atoms exchanged under native conditions (a global measure of the protein stability under
native conditions), as long as the quench conditions are maintained during the sample work-
up and measurement. Alternatively, the protein can by digested under the quench conditions
using acid-stable protease(s), and LC/MS analysis of masses of individual proteolytic
fragments will provide information on the backbone protection of corresponding protein
segments under the native conditions. Reproduced with permission from [67].
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Figure 8.

Local HDX data for hTf/2N segment represented by peptic fragment (205-211). The top
diagrams show localization of this segment within open (left) and closed (right)
conformation of the protein. The mass spectra in the middle panel show evolution of the
isotopic distribution of this peptide throughout the course of exchange reactions at neutral
(left) and endosomal (right) pH. The red and blue traces correspond to peptides derived from
holo- and apo-forms of hTf/2N, respectively. The two diagrams at the bottom show kinetics
of deuterium incorporation within this peptide at neutral and endosomal pH.
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)

Figure 9.

Schematic representation of the energy landscape for a single lobe of Tf at neutral pH
showing the existence of two alternative conformations (open and closed) and the influence
of metal binding on their relative Boltzmann weights.
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Figure 10.

ESI mass spectra of 6uM TfR solutions in 100 mM NH4HCO3 containing 10 uM Fe, T (A),
oTf (B), FenTT (C), and HSA (D). Gray traces represent mass spectra of TfR in the absence
of binding partners. Asterisks represent hTf dimers. Reproduced with permission from [42].
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ESI MS of a mixture of a recombinant human growth hormone protein/human transferrin
(GHT) and the soluble part of transferrin receptor (TfR) shows facile formation of a 1:1
complex under near-physiological conditions (130 mM ammonium acetate 20mM
ammonium bicarbonate, pH 7.4). Signal corresponding to unbound TfR reflects the
excessive amount of the receptor in solution, while no signal of unbound GHT could be
detected (the gray trace represents the reference mass spectrum of free GHT in solution in
the absence of TfR). Reproduced with permission from [68].
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Figure 12.

Effect exerted by the receptor binding on Tf protection and localization of receptor interface
with HDX MS. Left panel: HDX MS of Fe,Tf (global exchange) in the presence (blue) and
the absence (red) of TfR. The exchange was carried out by diluting the protein stock
solution 1:10 in exchange solution (100 mM NH4HCOg3 in D,O, pH adjusted to 7.4) and
incubating for a certain period of time as indicated on each diagram followed by rapid
quenching (lowering pH to 2.5 and temperature to near 0°C). The black trace shows
unlabeled protein. Right panel: isotopic distributions of representative peptic fragments
derived from Fe, Tf subjected to HDX in the presence (blue) and the absence (red) of the
receptor and followed by rapid quenching, proteolysis and LC/MS analysis. Dotted lines
indicate deuterium content of unlabeled and fully exchanged peptides. Colored segments
within the Fe,Tf/receptor complex show localization of these peptic fragments (based on the
low-resolution structure of Tf/TfR [69]). Adapted with permission from [70].

Biochim Biophys Acta. Author manuscript; available in PMC 2013 March 1.



