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Abstract
Transferrin is a promising drug carrier that has the potential to deliver metals, small organic
molecules and therapeutic proteins to cancer cells and/or across physiological barriers (such as the
blood-brain barrier). Despite this promise, very few transferrin-based therapeutics have been
developed and reached clinical trials. This modest success record can be explained by the
complexity and heterogeneity of protein conjugation products, which also pose great challenges to
their analytical characterization. In this work, we use lysozyme conjugated to transferrin as a
model therapeutic that targets the central nervous system (where its bacteriostatic properties may
be exploited to control infection) and develop analytical protocols based on electrospray ionization
mass spectrometry to characterize its structure and interactions with therapeutic targets and
physiological partners critical for its successful delivery. Mass spectrometry has already become
an indispensable tool facilitating all stages of the protein drug development process, and this work
demonstrates the enormous potential of this technique in facilitating the development of a range of
therapeutically effective protein-drug conjugates.
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INTRODUCTION
Transferrin (Tf) is a promising drug carrier that has the potential to deliver metals, small
molecule medicines and therapeutic proteins to cancer cells1 and/or across physiological
barriers (such as the blood-brain barrier, BBB2). Despite this promise, very few Tf-based
therapeutics have been developed and reached clinical trials. This very modest success
record can be explained by the complexity and heterogeneity of protein conjugation
products, which also pose great challenges to their analytical characterization. Possible
interaction of the therapeutic payload with the carrier protein may have a negative impact on
the conformational stability of the latter. Even in the absence of such interactions, the mere
presence of the conjugate on the protein surface may sterically interfere with the ability of
Tf to associate with its receptor at the cell surface, a critical first step in the drug delivery
scenarios. Another complication arises due to the need to either have an effective
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mechanism of liberating the payload from Tf inside the endosome (in order to allow its
routing to the intracellular target as opposed to recycling it back to the cell surface), or
ensuring that it still exerts its therapeutic action while being attached to Tf if the latter is
intended to ferry the payload across a physiological barrier, such as the BBB.

While most of the earlier explorations of Tf as a potential delivery vehicle focused on
intracellular drug delivery,3–8 its ability to cross physiological barriers may also be exploited
to target difficult-to-reach intracellular targets.9–13 For example, neuroanatomical obstacles
frequently limit the effectiveness of antimicrobial therapy in the central nervous system
(CNS) by preventing a large number of effective antimicrobials from reaching sufficient
concentration levels at the infection site.14 Furthermore, the ever increasing number of
bacterial pathogens resistant to common antibiotics has brought to the fore the question of
whether the repertoire of antimicrobials should be expanded beyond classical small
molecule drugs (be they natural or synthetic products) by considering larger bio-inspired
host defense systems, such as amphiphilic peptides15 and other bacteriostatic
macromolecules. One particularly attractive class of such bacteriostatic agents is a group of
enzymes that compromise the integrity of bacterial cell walls.16 Lysozyme (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, resulting 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.17

While Lz is widely distributed throughout the human body, it is not present in the
cerebrospinal fluid (CSF) of healthy subjects18 (detectable levels of Lz in CSF is usually
associated with various CNS pathologies19, 20 and are likely to reflect increased
permeability of the BBB20). Therefore, the ability to deliver Lz “on demand” across the
BBB might lead to development of novel effective therapeutic strategies aimed at the
eradication of Gram-positive infections in the CNS, whose carriers gain access to the brain
via a variety of routes.14

In this work we explore the properties of Lz conjugated to Tf as a model therapeutic that
targets the CNS and develop analytical protocols to characterize its structure and
interactions with therapeutic targets and physiological partners critical for its successful
delivery. We demonstrate that electrospray ionization (ESI) mass spectrometry (MS)
provides a convenient and effective way to probe both the structure of the conjugation
products and their ability to interact with physiologically and therapeutically relevant
partners, thereby providing important and valuable feedback that that can be used to refine
and optimize the conjugation protocols and greatly facilitate the early stages of the drug
development process.

EXPERIMENTAL
Preparation of Lz-Tf conjugate

For each reaction the optimal final conditions are given in the text while various reaction
parameters tested during optimization are listed in parenthesis. Lz from chicken egg white
(Sigma-Aldrich, St. Louis, MO) was activated (decorated with free thiol groups) using either
Traut’s reagent (2-iminothiolane hydrochloride; Sigma-Aldrich, St. Louis, MO) or N-
succinimidyl-S-acetylthioacetate (SATA; Pierce Biotechnology, Rockford, IL), which target
primary amine groups.21 The reaction was carried out by incubating 12 h (0.5, 0.75, 1, 2, 12,
24 h) at 0 °C (0, 4, 25, 37 °C) in 50 mM phosphate buffer with 100 mM NaCl pH 8.0 (7.0,
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7.5, 8.0, 8.5, 9.0) and consisted of 500 µM (50, 100, 250, 500 µM) Lz with a 1:1 ratio (2:1,
1:1, 1:2, 1:4) of primary amines relative to the thiolating reagent (freshly prepared in H2O).
Incorporation of thiol-reactive maleimide groups into human Tf (provided by Prof. Anne B.
Mason, University of Vermont College of Medicine) was carried out by reacting with either
sulfosuccinimidyl-4-[N-maleimidomethyl] cyclohexane-1-carboxylate (sulfo-SMCC: Pierce
Biotechnology, Rockford, IL) or succinimidyl-([N-maleimidopropionamido]-
dodecaethyleneglycol) ester (SM(PEG)12; Pierce Biotechnology, Rockford, IL) for 90 min
(30, 60, 90, 120 min) at 25 °C (4, 25, 37 °C) in 50 mM phosphate buffer with 100 mM NaCl
pH 7.0 (6.0, 7.0, 8.0, 9.0) and consisted of 250 µM (50, 100, 250 µM) Tf with a 1:2 (1:2, 1:4,
1:20) ratio of Tf relative to the activating reagent (freshly prepared in DMSO). Excess
activation reagents were removed by centrifugal filtration through a 10 kDa Vivaspin
molecular weight filter (Sartorius Stedim Biotech SA, Bohemia, NY) and the non-cleavable
thio-ether linkage between activated Lz and Tf was formed by incubating 50 µM (25, 50,
100 µM) each of the two modified proteins together for 12h (1, 2, 4h, 12, 24h) at 4°C (4, 25,
37 °C) in 50 mM phosphate buffer with 100 mM NaCl, pH 7.0 (7.0, 8.0, 9.0) at 1:1 molar
ratio. The 1:1 Lz-Tf conjugate was isolated by cation exchange chromatography on a
4.6×100 mm PolyCATA™ column (5 µM, 1000 Å, PolyLC Inc., Columbia, MD) using an
Agilent 1100 (Agilent Technologies, Palo Alto, CA) HPLC system. All relevant reaction
diagrams are shown in Figure 1.

Mass spectrometry
All ESI MS measurements were carried out with a QStar-XL (ABI/SCIEX, Toronto,
Canada) hybrid quadrupole/time-of-flight MS equipped with a nanospray source. Mass
profiling of activated Tf, activated Lz, the crude reaction product mixture, and the 1:1
conjugate isolated by cation exchange LC was carried out following extensive buffer-
exchange of proteins and placing them in water/methanol/acetic acid (49:49:2) at a
concentration of ca. 10 µM. Native ESI MS analyses of the conjugate, and its mixtures with
TfR and NAG3 were performed using 20 mM ammonium acetate as a solvent. To ensure the
integrity of non-covalent complexes in the gas phase, the declustering potential in the ESI
MS interface (DP1) was minimized, unless noted otherwise in the text. Ectodomain of
transferrin receptor (TfR)22 used in binding assays was provided by Prof. Anne B. Mason
(Univ. of Vermont College of Medicine, Burlington, VT), and N-acetylglucosamine trimer
(NAG3) was purchased from Sigma-Aldrich (St. Louis, MO).

Antimicrobial activity assay
Antimicrobial activity of intact Lz, Lz dimers and Lz-Tf conjugate was measured using re-
suspended dried cells of Micrococcus lysodeikticus (Worthington Biochemical Corp.,
Lakewood, NJ) as the substrate. The rate of cell wall lysis in 0.1 M sodium phosphate buffer
pH 7.0 at 25°C was monitored by recording the transmission at 450 nm.23 The
measurements were carried out in a 1 mL cuvette with a NanoDrop 2000c (Thermo Fisher
Scientific, Rockford, IL) UV-Vis spectrophotometer.

RESULTS
Production, purification and characterization of the Lz-Tf conjugate

The classical scheme of conjugating Tf to a protein payload involves derivatizing the Lys
side chains and amino terminus of Tf with sulfo-SMCC and activating the protein payload at
similar sites using Traut’s reagent, followed by reacting them with each other24. This
produces the same thio-ether linkage that was used in the production of TransMID,25 the
only Tf-based biopharmaceutical product that ever reached Phase III clinical trials. It is
expected that a 1:1 stoichiometry for the conjugate would minimally disturb the
functionality of either molecule and was the desired product of our synthesis. Placing a

Nguyen et al. Page 3

Mol Pharm. Author manuscript; available in PMC 2014 May 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



single maleimide group on Tf and a single free thiol group on Lz should lead to the
formation of a 1:1 conjugate, with Lz dimers being the only by-product that can form via
external disulfide bond formation (Figure 1). While the extent of Tf functionalization with
sulfo-SMCC and Lz with Traut’s reagent can be varied over a wide range it is virtually
impossible to limit the extent of activation of the two proteins to a single reactive group on
each polypeptide chain (Figure 2). Moreover, with 58 Lys residues in Tf and 6 in Lz, an
additional level of heterogeneity is introduced by the number of linker positions that can
form a 1:1 conjugate. Our initial development embraced this possible heterogeneity,
benefitting from a quicker development time. Identifying conjugation sites would be suited
for final optimization of the protein drug conjugate.

We found that adequate yields of the conjugation reaction can be achieved only if multiple
activation groups are placed on each protein. Placing multiple free thiol groups on Lz is
likely to increase the incidence and extent of this protein’s polymerization via formation of
external disulfide linkages. While homo-polymerization of the functionalized Tf was not
expected to be as significant (at neutral pH maleimide groups are ca. 1000 less reactive
towards free amines compared to free sulfhydryls), this process nonetheless was found to
occur. Homo-polymerization was particularly apparent when concentrations of Tf in the
reaction mixture were elevated compared to that of the activated payload (Lz), most likely
due to the presence of a large number of free amine groups (Lys side chains) on the surface
of Tf. Above and beyond the formation of Lzn (and, to a lesser extent, Tfn) homo-polymers,
polyvalent functionalization of Tf and Lz was also expected to contribute to the extent of
heterogeneity of the conjugation products (Figure 1C). Balancing the extent of modification
of each protein in order to optimize production of the 1:1 Lz-Tf conjugate was achieved in
this work by controlling the following primary variables: reagent concentrations,
temperature, incubation time and reaction pH. Mass spectrometry enabled us to determine
the effect of altering these variables on the product, allowing us to screen these parameters
in an iterative fashion that sought to optimize the yield of conjugation while minimizing
undesirable side reactions.

Of the two modification reactions, thiolation by Traut's reagent was the most problematic.
Two significant issues that needed to be overcome were the reduction of intramolecular
disulfide bonds and formation of N-substituted 2-iminothilane (NSI) products. The
abundance of intramolecular disulfide bonds within Tf presented an unexpected obstacle
when this protein was initially chosen for activation by Traut’s reagent. While the highest
yield of thiolated Tf could be obtained at elevated pH and a high concentration of reagents,
the native disulfide bonds of Tf were largely reduced, leading to a drastic and unacceptable
change in its higher order structure (see Supporting Information Figure S1 for more detail).
Disulfide reduction was still observed (albeit to a much lesser extent) in the thiolation of Lz
by Traut’s reagent, but was practically eliminated by reducing reagent concentrations and
performing the reaction on ice. Further investigation of this reaction led us to an interesting
finding; In addition to thiolated proteins, other chemical modifications were observed with
masses consistent with non-thiol by-products reported by Singh.26 These dead-end (non-
reactive) products form when the unstable thiol adduct breaks down into a non-reactive 5-
membered ring and reduce the number of free thiol groups. Such instability in one of the
activating groups can significantly hinder downstream conjugation even when all six Lys
residues of Lz have been functionalized (Figure 2B). Formation of NSI by-products was also
observed during and after the conjugation reaction, but fortunately could be minimized by
lowering the reaction pH and temperature. We investigated the use of N-succinimidyl S-
acetylthioacetate (SATA) as an alternative reagent to introduce the desired thiol group.
SATA introduces a “protected sulfhydryl” which requires activation by a mild reducing
reagent to expose the sulfhydryl prior to the conjugation reaction. Compared to Traut’s
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reagent, Lz functionalized with SATA had increased stability (did not form NSIs) and
reduced heterogeneity (Figure 2B,D).

Optimizing the activating steps for each protein focused initially on minimizing deleterious
or nonproductive by-products such as the reduction of intramolecular disulfide bonds or the
formation of NSIs as monitored by ESI MS. After screening pH values from 7.0 to 9.0,
reaction temperatures from 0 to 37°C, and reaction times from 0.5 to 24 hours, the optimized
thiolation reaction was performed at pH 8, 0°C, for 12 h. Notably, in the examined range of
protein concentrations (50 µM to 500 µM), elevated protein concentration was found to
result in a higher yield of modified Lz. Different ratios of protein primary amine to reagent
from 2:1 to 1:4 were used to generate a series of differentially modified Lz. The optimal
extent of Lz activation was determined in conjunction with the optimal extent of Tf
activation selecting for values that produced the highest yield of the 1:1 Lz-Tf conjugate.
The final conditions for Lz activation utilized an equimolar ratio of primary amine groups
relative to activating reagent and introduced 2 to 2.5 thiol groups per Lz. Similar reaction
parameters were screened to optimize the activation of Tf with its thiol reactive group. Tf
was optimally activated at pH 7.0, 25 °C using 50 µM of Tf and a ratio of Tf to activating
reagent of 1:2 for 90 min. Under these conditions, the average number of functional groups
incorporated into Tf was 1.5. In the final round of optimization, formation of the Lz-Tf
conjugate was monitored as a function of pH, time, temperature as well as the extent of
activation of each protein. The highest yield of a 1:1 Lz-Tf conjugate was obtained at pH 7
allowing optimally activated Tf and Lz (50 µM each) to react for 12 h at 4 °C Nevertheless,
even though ESI MS analysis of the optimized conjugation reaction (Figure 3A) clearly
shows the presence of the 1:1 Lz-Tf conjugate (charge states assigned based on the
calculated mass of 94.4 kDa are shown in Figure 3A with dotted lines), a large number of
other species are also present in the mixture. Therefore, evaluation of various properties of
Lz-Tf is impossible without its separation from other products and/or reagents. Since the
incremental mass increase of Lz-Tf over intact Tf makes use of SEC impractical for
purification of the conjugation products, alternative methods of separating the 1:1 Lz-Tf
conjugate from other components of the reaction mixture were examined.

The significant difference in pI values for Tf (5.5–6.3) and Lz (11.0) made ion exchange
chromatography (IXC) particularly attractive as a means of purifying the reaction products.
Using a weak cation exchange stationary phase, a mobile phase buffered to pH 6.5, and a
shallow salt gradient we have been able to achieve separation between the Tf and Lz peaks
exceeding 15 minutes (Figure 3C), with Lz homopolymers having even longer elution times.
The products of the Lz/Tf conjugation reaction elute within a wide (9–17 min) time period
and are mostly unresolved, although a distinct peak is observed at 14 min elution time.
Collection of a corresponding IXC fraction (13.5–14.5 min) followed by quick desalting and
off-line ESI MS analysis yields a mass spectrum consistent with the 1:1 Lz-Tf conjugate as
the major component of this fraction (Figure 3B).

Even though the collected IXC fraction represents a 1:1 Lz-Tf conjugate, there still might be
a significant degree of micro-heterogeneity due to the presence of modified Lys side chains
on the surfaces of both Tf and Lz. Indeed, native ESI MS analysis of this fraction spiked
with intact Tf (Figure 4) clearly shows significantly broader peak shapes for multiply
charged Lz-Tf ions compared to intact Tf ions. A more detailed analysis of the mass
spectrum reveals very convoluted peak shapes for Lz-Tf ions (insets in Figure 4), where the
broad mass distribution of ionic species is due to the presence of either unreacted maleimide
groups on the surface of Tf and/or dead-end NSI groups on the surface of Lz. Despite these
extensive modifications, no large scale conformational changes are apparent as a result of
the conjugation reaction, as the charge state distribution of Lz-Tf ions is consistent with both
components of the conjugate maintaining compact structures in solution (no ions were
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detected in the low m/z region, whose presence in ESI MS usually signals either partial or
complete protein unfolding in solution27).

Influence of conjugation and chemical modifications on interaction with transferrin
receptor (TfR)

Although examination of the Lz-Tf conjugate with native ESI MS suggests that neither
protein undergoes unfolding as a result of the conjugation, the ability of both Tf and Lz to
interact with their physiological partners and/or therapeutic targets may nonetheless be
compromised as a result of unfavorable location of the cross-link, as well as multiple
modification of Lys residues on the surface of either protein beyond the cross-link sites. For
example, Lz cross-linked to Tf may interfere with the ability of the latter to bind to TfR,
thereby rendering Lz-Tf incapable of crossing the BBB.

Native ESI MS provides an easy way to evaluate protein binding to a variety of ligands,
including both small molecules and biopolymers,28, 29 and in some instances allows the
binding affinity to be estimated.30, 31 This approach has been used in the past to monitor
TfR recognition by wild type Tf and its mutants under a variety of conditions,32, 33 and
recently we were successful in using this approach to monitor interactions of a Tf-based
fusion protein with TfR.34 However, native ESI MS has never been used to evaluate
interaction of protein-protein conjugates with their physiological partners. An ESI mass
spectrum of the Lz-Tf/TfR mixture acquired in this work under near native conditions
(neutral pH, ionic strength 20 mM) clearly indicates that the receptor does recognize the
conjugate, although the binding affinity is diminished compared to intact Tf (Figure 5).
Indeed, no ionic signal of unbound Fe2Tf is detected in the mass spectrum of the Fe2Tf/TfR
mixture, consistent with the receptor-binding affinity of Fe2Tf being in the sub-µM range
(concentration of both proteins in the Fe2Tf/TfR mixture was in the low- µM range, 3 µM).
At the same time, the presence of a weak, but detectable ionic signal of unbound Lz-Tf in
the mass spectrum of the Lz-Tf/TfR mixture acquired under identical conditions suggests
that the TfR binding affinity of the conjugate is in the low-µM range. This affinity range is
close to that of intact apo- Tf,33 even though the conjugate was saturated with iron following
its isolation from the reaction mixture and its measured mass is in agreement with the
diferric form. Nevertheless, even this lower receptor affinity should be sufficient for
transient binding to TfR at the cell surface (endogenous Tf is only 30% saturated with iron),
and may actually prove beneficial for dissociation from TfR upon crossing the BBB.

Influence of conjugation and chemical modification on enzymatic activity
In order to exhibit bacteriostatic properties, enzymatic activity of Lz must be preserved
within the conjugate. Enzymatic activity of Lz and its variants is frequently probed using the
short tri-saccharide NAG3 as a surrogate substrate to demonstrate the substrate-binding
competence of the protein35 (Figure 6A). Despite the proximity of the six Lys residues
(targets of modification by Traut’s reagent) to the catalytic site of the enzyme, Lz-Tf retains
the ability to bind NAG3, indicated by the presence of the protein-NAG3 complexes in the
mass spectrum of a Lz-Tf/NAG3 mixture (Figure 6B) acquired under near-native conditions
(neutral pH and 20 mM ionic strength), a behavior very similar to that exhibited by intact
Lz.

Despite the promising substrate binding results obtained using NAG3, a photometric-based
activity assay that measures the lysis of Gram-positive bacteria36 indicated a very significant
loss of bacteriolytic activity by Lz-Tf (Figure 7). As can be seen in Table 1, the bacteriolytic
activity of Lz-Tf is reduced by two orders of magnitude compared to the control (intact) Lz,
which may be attributed to two factors. First, chemical modification of Lys residues on the
Lz surface changes the electrostatic properties of this protein (as reflected by its behavior in
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IXC, vide supra), which may introduce conformational changes in the vicinity of the
catalytic site, thereby adversely affecting the ability of this enzyme to recognize large
substrates. Second, the presence of a large protein (Tf) anchored to a Lys chain located in
the vicinity of the catalytic site of Lz may introduce steric effects, which would make it
more difficult for this protein to attack the bacterial cell wall even in the absence of any
conformational changes.

Importantly, bacteriolytic activity of the Lz dimer is reduced four-fold, the actual activity of
the dimer is 37.2 % compared to that of intact Lz, and is reported as 18.6 % in Table 1 after
adjusting it by a factor of 2 due to the presence of two catalytic sites in a single Lz2
molecule. The Lz dimer byproduct conveniently serves as an important control
demonstrating that while chemical modification of primary amines on the enzyme surface
by Traut’s reagent contributes to the reduction in catalytic activity, it is not the primary
reason for Lz inactivation (this is also consistent with the observed ability of Lz-Tf to bind
short substrate surrogates, vide supra). Therefore, the impaired ability of Lz-Tf to catalyze
the hydrolysis of large glycans is largely due to the significant steric restraints introduced by
a bulky “anchor” (Tf). Metaphorically, Tf can be viewed as an “elephant on a leash,” which
allows the payload to be delivered to a desired location by overcoming physiological
barriers, but also restricts its freedom, thereby making it less effective in exerting the desired
therapeutic action.

One possibility to mitigate this negative effect is offered by longer linkers, which should
increase the freedom of movement of Lz cross-linked to Tf, allowing it to attack the
bacterial cell walls more effectively. A possibility to create protein/protein conjugate with a
longer linker is offered by amine-reactive SM(PEG)12, which also introduces a thiol-reactive
maleimide group on the protein surface (Figure 1C). Activation of Tf with this reagent and
introduction of free thiol groups to Lz using, SATA (to avoid formation of dead-ended by-
products introduced by the Traut’s reagent, see Figure 2 B and D) leads to formation of a
conjugate that is recognized by TfR (see Supporting Information Figure S2) and has anti-
bacterial activity over an order of magnitude higher than that of the conjugate with a short
linker (Figure 7). Although a fraction of that increase could be attributed to using SATA as
the enzyme-modifying reagent (note that the covalent dimer of SATA-modified Lz retains
half the activity of the intact enzyme, see Table 1), the most significant gain is a result of
using the longer (and more flexible) linker.

DISCUSSION
The incidence of CNS infections (brain infections) is rising at an alarming rate, while the
treatment options remain very limited.14 Only a very small faction of existing small-
molecule medicines can penetrate the BBB, and none of the currently approved protein
therapeutics is capable of doing so. Coupled with the ever increasing resistance of pathogens
to common antibiotics and dire side effects of the immune system’s inflammation response
to infection (frequently leading to brain abscess), this presents the clinicians with a grave
challenge. Clearly, there exists a significant and unmet need for novel (bio)pharmaceuticals
that can control CNS infections in the most efficient way without eliciting an immune
response from the host.

Chemical conjugation of a therapeutic payload (a small molecule medicine or a protein
drug) to a transport protein, such as Tf, offers a convenient and inexpensive way to produce
effective medicines that can be delivered to target tissues and cells. However, only one Tf-
based therapeutic has ever reached Phase III clinical trials and was subsequently
withdrawn.37, 38 This rather modest record of success can be explained by the tremendous
complexity and heterogeneity of conjugate species, a feature that not only complicates the
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underlying biology, but also frequently prevents effective utilization of state-of-the-art
analytical technologies at various stages of the drug development process. MS has been a
critical component in the analytical armamentarium supporting protein drug development
efforts,39, 40 but its applications in characterization of protein-protein conjugates, such as
TransMID, have been very limited so far. Lower-end analytical techniques, such as size-
exclusion chromatography (SEC) and circular dichroism (CD) spectroscopy, which have
been traditionally applied to characterize protein-protein conjugates,41 do not provide
sufficient resolution and may in fact be misleading when relied upon as a sole source of
information to describe the conjugate’s molecular weight distribution or its conformation.

In this work we demonstrated that ESI MS can provide characterization of both the products
and intermediates of protein-protein conjugation reactions at great detail. Characterization of
the activated proteins with ESI MS provides an important feedback for optimization of the
conjugation protocol, while MS analysis of the reaction products highlights the enormous
degree of structural heterogeneity and underscores the need for chromatographic separation
as a means of controlling the extent of heterogeneity. MS characterization of the IXC-
purified 1:1 conjugation product demonstrates that its heterogeneity is substantially reduced,
but not completely eliminated, as the mass distribution reveals a significant number of
additional chemical modifications to both protein components of the conjugate. Another
level of structural heterogeneity is due to the large number of combinations that can be used
to describe the spatial distribution of both the cross-link and unreacted modification sites on
the surface of each protein component. Although structural heterogeneity at this level is not
apparent when considering MS data alone, it can be easily visualized when methods of
tandem mass spectrometry (MS/MS) are applied either in conjunction with enzymatic
degradation of the conjugated protein, or alone (the so-called top-down MS/MS), an
approach that has been used successfully in the recent past to characterize the distribution of
conjugation sites in PEGylated proteins42 and protein-small molecule drug conjugates.43

Since it is likely that the location of the linker influences the activity of the conjugate,
identifying specific conjugation sites utilizing mass spectrometry will be the focus of future
work. Ideally, one would be able to correlate linker position with conjugate activity allowing
for yet an additional level of optimization in the design of the protein conjugate.

Structural complexity and heterogeneity of the Lz-Tf conjugate highlighted by ESI MS
brings to the fore the question of how conjugation and chemical modification may affect the
ability of Tf to be recognized by its receptor, a crucial first step in receptor-mediated
transcytosis, without which no delivery of the payload to CNS would be possible. ESI MS
has been used in the past to monitor protein-receptor interactions involving protein drugs,
such as association of interferon β1a (Avonex™) with its cognate receptors, and to evaluate
the modulation of its receptor-binding competence by a specific (welldefined) chemical
modification.44 Heterogeneity of the 1:1 conjugation product of Lz and Tf does not allow a
precise correlation between structural changes and receptor-binding properties to be
established. Instead, TfR-binding competence is evaluated in this work for the entire
ensemble of Lz-Tf species. Although native ESI MS analysis provides evidence for some
loss of the receptor affinity, the conjugate is nonetheless clearly recognized by the receptor.
The ability of Lz-Tf to associate with TfR suggests that transfer of this species from the
bloodstream to the CNS via receptor-mediated transcytosis is possible (and likely), although
the efficiency of this process can be estimated only by in vivo studies capable of measuring
protein levels in various biological fluids (a direction actively pursued in our laboratory45).

ESI MS also provides an exciting opportunity to evaluate the retention of enzymatic activity
of Lz following its conjugation to Tf. Since the therapeutic targets of Lz (peptidoglycans
from the cell walls of Gram-positive bacteria) are too large and heterogeneous for direct ESI
MS analysis, most studies use a trisaccharide molecule NAG3 as a surrogate substrate.
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Interestingly, native ESI MS measurements indicate robust binding of NAG3 to Lz-Tf, while
the actual biological activity test indicates a significant (by over two orders of magnitude)
loss of its bacteriolytic activity compared to intact Lz. Auto-conjugation of Lz does not
result in such a dramatic loss of bacteriolytic activity of this protein, suggesting that it is the
presence of a large anchor (Tf), rather than the chemical modification of the enzyme surface,
that prevents Lz-Tf from effective execution of its desired therapeutic function.

An obvious solution to a steric hindrance problem is introduction of a longer and/or more
flexible linker between the payload and the transport protein. Switching from SMCC (spacer
arm length 8.3 Å) to SM(PEG)12 (53.4 Å) results in a dramatic increase of autonomy for
each protein component within the conjugate product, leading to a nearly 30-fold increase of
its bacteriostatic activity. Such a dramatic recovery of the antibacterial activity of the
conjugate is well beyond the much more modest enhancement provided by switching from
the Traut’s reagent to SATA. In retrospect, utilization of longer and more flexible linkers
may seem an obvious measure to enhance the potency of any conjugate by minimizing
interaction of its two protein components; however, this consideration is not always brought
to the fore when a specific type of conjugation chemistry is selected. In fact, it was the
parallel analysis of ESI MS and biological activity data that illuminated this problem in the
Lz-Tf conjugate and allowed for rational optimization of the conjugate product, improving
its therapeutic potential.

CONCLUSIONS
A suite of ESI MS-based methods has been applied to characterize the structural and
conformational integrity of a model bacteriostatic agent (Lz) conjugated to a transport
protein (Tf), as well as its interaction with a physiological partner (TfR) critically important
for delivery of this product to the CNS. Interaction of Lz-Tf with therapeutic targets was
evaluated initially using ESI MS to monitor binding to a small surrogate substrate (NAG3)
followed by measuring its bacteriolytic activity, and comparing its level to that of the intact
Lz and Lz dimer. Analysis of these data led to the conclusion that steric hindrance imposed
by a large protein anchored closely to the Lz surface reduced its biological activity.
Increasing the autonomy of Lz by lengthening the linker lead to a dramatic increase in the
bacteriolytic activity of the conjugate. ESI MS has already become an indispensable tool
facilitating all stages of the protein drug development process,39 and this work demonstrates
the enormous potential of this technique as a means to facilitate development of a range of
therapeutically effective protein-drug conjugates. While mass spectrometry is beginning to
enjoy wider acceptance in the biopharmaceutical community beyond the trivial tasks of
primary structure elucidation,44, 46 its applications for the analysis of protein-drug
conjugates have been limited primarily to measuring stoichiometry of the conjugation.47–49

This field has experienced an explosive growth in the past several years due to extensive
efforts invested in developing antibody-drug conjugates (ADC),50, 51 and ESI MS clearly
has a tremendous potential in this arena by providing invaluable information beyond mass
measurement that can be used to optimize protein drug conjugate structures during early
stages of development, and further catalyzing the drug design efforts.
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Figure 1.
Schematic diagrams illustrating conjugation of Tf to Lz using the Traut’s reagent and SMCC
(A) and SATA and SM(PEG)12 (B), and possible side reactions due to excessive activation
of the two proteins with the Traut’s reagent and SMCC (C).
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Figure 2.
ESI mass spectra of activated Tf, charge state +32 (A) and Lz, charge state +10 (B) showing
a range of reactive groups attached to the surface of each protein. The three traces shown in
panel A correspond to a 1:2, 1:4 and 1:20 concentration ratio of Tf to sulfo-SMCC in the
reaction. The two traces shown in panel B correspond to Lz modified with Traut’s reagent
for 12 hours on ice (the gray trace corresponds to the protein-to-reagent molar ratio 1:2, the
product kept at room temperature for 24 hours prior to MS; and the black trace corresponds
to the protein-to-reagent molar ratio 1:7, MS analysis of the product was carried out
immediately upon reaction completion). The multiple peaks shown in panel B are due to the
presence of both chemically active (thiols) and de-activated (rings) groups on the surface of
Lz. All mass spectra were acquired under denaturing condition (10µM total protein
concentration in water/methanol/acetic acid, 49:49:2 by volume). Panels (C) and (D) show
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Tf and Lz activated with SM(PEG)12 and SATA, respectively. The series of peaks indicated
with an asterisk represent salt adducts.
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Figure 3.
ESI mass spectra of crude (A) and IXC-purified (B) conjugation products of Lz and Tf.
Panel C shows IXC chromatogram of the crude mixture (the fraction whose mass spectrum
is shown in panel B is highlighted in the chromatogram).
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Figure 4.
ESI mass spectra of the purified 1:1 Lz-Tf conjugate (short linker) spiked with intact Tf (A)
and a 1:1 conjugate produced with a longer linker (B) acquired under near-native conditions
(3 µM of each protein in 20 mM ammonium acetate, pH 7.1). Insets zoom in on a selected
charge state for each of the conjugates.
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Figure 5.
ESI mass spectra of Tf/TfR (A) and Lz-Tf/TfR (B) mixtures acquired under near-native
conditions (3 µM of each protein in 20mM ammonium acetate, pH 7.1).
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Figure 6.
ESI mass spectra of NAG3/Lz (A), NAG3/Lz-Tf (B), NAG3/Lz2 (C) and NAG3/Lz-Tf
longer linker (D) mixtures acquired under near-native conditions (5µM of proteins and
10µM NAG3 in 20mM ammonium acetate, pH 7.1).
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Figure 7.
Antibacterial activity data for Lz-Tf conjugates compared to that of intact Lz and Tf (A) and
Lz dimers (B).
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Table 1

Bacteriolytic activity of Lz-Tf and related proteins

Samples Rate (mAU/min) Specific activity (%)

Blank (negative control) 0.0 0.0

Tf (20 µM) 0.0 0.0

Lz control (2.5 µM) 124 100

Lz-Tf conjugate (6.7 µM) 1.5 0.45

Lz-Tf conjugate (30.6 µM) 6.4 0.42

Lz-Tf longer linker (6µM) 35 11.8

Lz dimer 2IT(7.5 µM) 138 18.6

Lz dimer SATA (2.5 µM) 125 50.6
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