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Abstract: Metal ions that leach into biotherapeutic drug product solution during manufacturing and storage, result in contamination that
can cause physico-chemical degradation of the active molecule. In this review, we describe various mechanisms by which metal ion
leachates can interact with therapeutic proteins and antibodies. Site-specific modifications due to metal catalyzed oxidation (MCO) of the
therapeutic proteins cause them to become destabilized and potentially increasingly aggregation prone. We have examined the molecular
sequences and structures for three case studies, human relaxin (hRIx), human growth hormone (hGH) and an IgG2 mAb to rationalize the
experimental findings related to their MCO. The analysis indicates that metal-binding sites lie in close spatial proximities to predicted
aggregation prone regions in these molecules. From the perspective of pharmaceutical development of biotherapeutic drugs, this link be-
tween molecular origins of MCO and subsequent aggregation is undesirable. This article further suggests molecular design strategies in-
volving disruption of APRs that may also help mitigate the impact of metal ion leachates on biotherapeutic drug products as well as im-

proving their solubility.
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INTRODUCTION

Metal leachables are one of many classes of potential contami-
nants that may be introduced into a biopharmaceutical product as a
result of direct and/or indirect contact with materials used in manu-
facturing, packaging, storage, and delivery of the therapeutic drugs
[1]. Appropriate steps have to be taken to minimize such contami-
nation since they have the potential to alter the physico-chemical
properties and reduce stability of the product, and in worst-case
scenarios, also impact safety and efficacy of the drug. The US re-
quirements are governed by 21 CFR parts 210 and 211. Current
Good Manufacturing Practice in Manufacturing, Processing, Pack-
ing or Holding of Drugs: General and Current Good Manufacturing
Practice for Finished Pharmaceuticals, Subpart D-211.65, which
states “Equipment shall be constructed so that surfaces that contact
components, in-process materials, drug products shall not be reac-
tive, additive, or adsorptive so as to alter the safety, identity,
strength, quality, or purity of the drug product beyond the official or
other established requirements.

Contact materials for biopharmaceuticals fall into three major
categories: glass, plastics/elastomers, and stainless steel [1]. The
major organic leachables arise from the plastics/elasotmers, while
the main inorganic leachables are metal ions and trace elements.[1,
2] such as iron, copper, zinc, nickel, manganese, aluminum, magne-
sium, calcium, etc. [1]. The primary sources of these leachables are
glass containers and manufacturing equipment. Metal complexation
agents such as buffer species (citrate, lactate), antioxidant (ascorbic
acid) and chelating agents (EDTA, DTPA) can accelerate the leach-
ing process of ions from metal contact surfaces during the storage
or manufacture of biotherapeutics [3].

Contamination of biotherapeutic products with metal ions can
have a significant impact on the stability and viability of these
products. Trace levels of metal ions can result in oxidation [4-7],
aggregation [6, 7] or the formation of insoluble particulates [8] in
protein products. Site-specific metal binding can also induce secon-
dary and tertiary structure changes resulting in the formation of
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protein aggregates [9, 10]. Trace amounts of transition metal ions
have also been found to induce protein fragmentation [4].

Markovic [11] has reported on examples from regulatory expe-
rience where the quality of protein drug products was negatively
impacted by metal leachables. N-terminal degradation was induced
by divalent metal cations from rubber stoppers in a liquid formula-
tion of a therapeutic protein. Barium was found to leach from glass
vials and react with sulphate ions present in the formulation of a
biotherapeutic resulting in precipitates apparent as visible particles -
the latter situation would not be limited to a biotherapeutic though
[11]. Salts of tungsten oxide have been reported to be extracted
from pre-filled syringes (PFS) into product solution resulting in
precipitation of a monoclonal antibody [8]. Seidl et al. [12] recently
reported that tungsten from PFS caused protein denaturation and
aggregation, potentially leading to increased immunogenicity in an
investigational clinical trial of an EPO biosimilar product (dis-
cussed later). Iron ions introduced into product solution through
contact with stainless steel components in filling and storage
equipment have been implicated in increased oxidation and aggre-
gation [13, 14]. Nickel, copper and zinc ions leaching from a metal
hose-barb fitting were found to cause precipitation of a conjugate
vaccine [15]. The system comprised of a carrier protein conjugated
with multiple copies of antigen peptide. The individual components
(carrier protein or peptide) by themselves were not susceptible to
precipitation by the ions. It was hypothesized that specific binding
of ions to the His residues present in the antigen peptide leads to the
formation of inter-conjugate metal complexes. These complexes, in
turn, lead to formation of multi-mers that exceed the solubility limit
for the conjugate vaccine [15].

Oxidation and aggregation are two key pathways by which
metal ions can impact a biotherapeutic drug. Often, these phenom-
ena occur simultaneously. The mechanisms of metal ion interaction
with proteins have been studied extensively, although primarily in
the context of their in vivo function. The objective of this review is
to examine interaction of therapeutic proteins with metal ions that
underpins the biotherapeutic drug product degradation. We describe
selected examples from the literature where contribution of metal
ions towards oxidation of the therapeutic proteins has been studied
experimentally. Oxidation reaction schemes are discussed, along
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with various aspects of metal-binding to proteins as well as impact
of metal-binding and oxidation on structure, flexibility and stability.
Metal catalyzed oxidation (MCO) often destabilizes therapeutic
protein structures, increasing their aggregation propensity. Thus,
amino acid sequences and macromolecular structures were exam-
ined in three case studies to understand the structural rationale be-
hind the experimental observations. Furthermore, this review sug-
gests potential strategies to improve the robustness of biotherapeu-
tic drug products with respect to metal ion leachates. While most of
the examples discussed in this review are therapeutic proteins, im-
pact of metal ions on a few additional proteins, especially amyloi-
dogenic ones, is also discussed.

METAL CATALYZED OXIDATION OF PROTEINS

Metal catalyzed oxidation (MCO) refers to a set of complicated
reaction schemes involving various reactive oxygen species (ROS)
generated by successive metal-catalyzed one-electron reduction of
molecular oxygen (O,*", H,O,, *OH, ROO*, 102) [16] (see Scheme
III in Hovorka and Schoneich [17]). Common transition metal con-
taminants [e.g. Fe(II) and Cu(I)] can result in the formation of free
radicals via redox reactions with a variety of inorganic or organic
substrates (Scheme 1), hydroperoxides (Schemes 2, 3), or molecular
oxygen (Schemes 4, 5) [18-20]. Electron donors (pro-oxidants) may
be needed to regenerate M™" from M®™*D" and drive these reactions
at measureable rates. Ascorbic acid, thiols (e.g dithiothreitol), or
phenols nominally considered as antioxidants, can thus react as
reducing agents and promote the formation of ROS. The Ascor-
bate/Cu(Il) or Ascorbate/Fe(IIl) have been used as model oxidizing
systems. However, Ascorbate is not a common ingredient in bio-
pharmaceutical formulations and therefore the H,O,/Fe(Il) system
is proposed by Ji et al. [21].

Scheme 1. M®™D* + RH — R* + M™ + H*

Scheme 2. M"" + ROOH — M® D" L RO* + OH
Scheme 3. M®™D* + ROOH — M™ + ROO* + H'
Scheme 4. M™ + 0, — MEDF L 0%

Scheme 5. 20,* 4+ 2H+ — H,0, + O,

Fenton chemistry is actually used to destroy organic compounds
through the hydroxyl free radical which is a non-selective oxidant.
Fe(Il) is oxidized by hydrogen peroxide to Fe(Ill), a hydroxyl
radical and a hydroxyl anion (Scheme 6). Fe(IIl) is then reduced
back to Fe(Il), a by disproportionation with hydrogen peroxide
(Scheme 7).

Scheme 6. Fe*" + H,0, — Fe** + OH* + OH~
Scheme 7. Fe** + H,0, — Fe*" + OOH* + H'

The hydroxyl radical (OH*), a freely diffusible species, is
therefore not selective in its impact. The ferryl ion (represented as
FeO®") is the metal-bound equivalent of the hydroxyl radical and is
also formed during the reduction of peroxide by Fe(Il) (Scheme 8).
The ferryl ion does not diffuse freely but preferentially reacts with
the immediate ligand sphere of the metal complex and therefore
results in more site-specific oxidation than the hydroxyl radical
[16]. Thus, in a protein, the Fe(Il) [or Cu(I)] binds to the metal-
binding site and the protein: metal complex reacts with H,O,
(Scheme 8) to generate locally an activated oxygen species that
reacts with the side chains of the metal-binding site residues.

Scheme8.  Fe?' + H,0, — FeOH?" (or FeO*" + H") + OH

The nature and location of the oxidizing species as well as the
accessibility of the amino acid residues determine their actual im-
pact on the protein integrity. In the case of site-specific oxidation
(e.g. with the ferryl ion), the geometry of the metal-binding site, the
size of the metal ion, and the relative reactivity of the specific
amino acids in the metal-binding vicinity determine the outcome.
Site-specific oxidation mechanisms are, therefore, generally resis-
tant to inhibition by free radical scavengers since the radical does
not have to diffuse far for causing the oxidation [22]. However,
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perturbation of the metal-binding site (e.g. by cosolvents) can in-
hibit the binding and, thereby, the oxidation [17].

Cysteine (Cys), methionine (Met), tryptophan (Trp), histidine
(His), and tyrosine (Tyr) are the most susceptible residues to oxida-
tion in that order. Of these, Cys, Met and His are considered most
susceptible to MCO, whereas Trp and His are also significantly
impacted by light.

The thiol group is highly reactive and free Cys is thus not
commonly found in biotherapeutics protein products [21]. Oxida-
tion of Cys leads to formation of inter- or intra-molecular disulfide
bonds and the reaction is strongly catalyzed by transition metal
ions. In the absence of a nearby thiol group, monomolecular prod-
ucts such as sulfenic (RSOH), sulfinic (RSO,H) and sulfonic
(RSO;H) acids can form, especially at elevated temperatures [18].
The reaction is favored at higher pH when the thiol group is depro-
tonated with an optimum around pH 6 (-SH group in a free Cys has
pKa value of 9.1 [23]). The local environment determines the pKa
of the Cys group in the folded structure, thus impacting the oxida-
tion susceptibility of the residue. Oxidation of Met to methionine
sulfoxide [RS(O)CHj;] is commonly observed in therapeutic pro-
teins. Under extreme conditions, methionine sulfone [RS(OO)CH;]
may be detected.

Histidine residues are susceptible to MCO due to their metal-
binding property, forming 2-oxo-histidine (2-oxoimidazoline) [24].
Other products seen are Asparagines and Aspartates, although de-
tailed mechanistic information for the latter products is not well
understood. Similar to Cys, the oxidation susceptibility of His is
dependent on the pH (in relation to its pKa in the structure), with
the deprotonated form being more labile; deprotonation of imida-
zole increases its metal binding capacity. Tryptophan oxidation by
ROS can yield a host of species such as 5-hydroxytryptophan, 7-
hydroxytryptophan, ox-indole alanine, kynurenine and N-
formylkynurenine. MCO of Tyrosine yields di-tyrosine which can
result in intra- / inter- molecular cross-linking of protein molecules.
Photo-oxidation also yields 3, 4-dihydroxyphenylalanine and di-
tyrosine. The high pKa of tyrosine residues implies that it is signifi-
cantly reactive only when it is ionized under very alkaline condi-
tions.

PROTEIN STRUCTURAL ASPECTS OF METAL BINDING
AND METAL CATALYZED OXIDATION

Metal-binding sites in proteins represent a diverse range of
geometries based on the coordination number of the metal involved.
Functional groups such as a-NH,, side-chain carboxyl, O-(peptide),
N-(peptide),  N-(imidazole), side-chain  O-(hydroxyl), S-
(sulthydryl), S-(thioether) and bridging S-(disulfide), create the
binding sites [25]. However, metals also have specific ligand pref-
erences. Calcium and magnesium ions prefer side-chain oxygen
atoms of Asp and Glu residues. D-block metals such as zinc and
iron mainly bind to nitrogen- and sulfur- containing residues such
as His and Cys [26]. Analysis of known metal-binding sites shows
that Asp, Glu and His followed by Cys are the most common resi-
dues present at these sites. The analysis also shows that for metals
with high coordination numbers (e.g. Fe, Co, Ni, Cr, Ti) amino acid
residues may alone not be able to satisfy valency requirements;
water molecules also participate. Residues such as Asp and Glu are
bidentate and can thus provide two ligand atoms for coordination
[26], probably explaining their frequent appearance in binding sites.
Divalent metals thus prefer Asp, Glu, His and Cys, binding through
the side-chain atoms of these residues.

MCO is also selective for site and geometry in terms of the
residues that are impacted. For example, MCO (Ascorbate/O,/Trace
Fe) of glutamine synthetase resulted in modification of a specific
His (out of 16) only, even though the particular His is found in a
part of the sequence rich in oxidation-sensitive residues (Met-
His,s6-Cys-His-Met). In this case, the enzyme also loses its catalytic
activity as a consequence of the oxidation [9, 27, 28]. In general,
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enzymes that are highly sensitive to modification by MCO systems
are also dependent on metal ions for their catalytic activity. They
perforce contain a metal ion binding site. For example, preferential
oxidation of Met4 in the B chain of human relaxin (hR1x) over that
of Met25 in the same chain was observed in an MCO [Ascorbic
acid/Cu(Il) or Fe(II1)/O,] system. This trend is opposite to the ob-
served trend for oxidation by H,O, or light [19, 29]. A complete
structural model of hRLX derived from a crystal structure of hRIx,
available from the Protein Data Bank (PDB, www.rcsb.org, [30],
PDB entry: 6RLX), was used to rationalize the above issue by
measuring the solvent exposure of the two Met residues. Percent
solvent accessible surface area (ASA) of the Met residues in hRLx
structure was calculated using protein properties module in
MOE2012.10 software from Chemical Computing Group
(www.chemcomp.com). Met 4 is less solvent exposed (ASA =
17%) than Met 25 (ASA = 32%), but it lies in close proximity to
metal-binding residues in the relaxin structure. Besides the solvent
exposure, protein conformational flexibility is another important
consideration in non-site specific protein oxidation as well as in site
specific MCO [31]. Because MCO requires well-defined geometri-
cal orientations for oxidation prone residue(s) and its (their) metal
binding neighbor(s), the regions with lower conformational flexibil-
ity (greater rigidity) may be at greater risk of MCO. Debye-Waller
factors, also known as B-factors, obtained from protein crystalliza-
tion experiments denote mean displacements of the atoms about
their average positions. In particular, B-factors for C* atoms have
been used as a measure of protein flexibility and stability[32-35].
C* atom B-factor for Met 4 is 27.25 A? which is lower than that for
Met 25 (41.02 A?). His 12 in chain A of the hRIx is also modified
by MCO and its C* atom B-factor is 20.20 A% MCO of His12 in the
chain A results in structural modifications and precipitation of the
protein (discussed later). Lam et al. (2011) [36] reported of an un-
usual Trp oxidation in a Fab due to its presence in close proximity
to three His residues. Replacement of the His31 closest to Trp50
with a non-metal binding residue eliminated the oxidation induced
by the combination of peroxides from surfactant and trace metal
contaminants.

In studies with a series of model peptides containing Met and
His, presence of His increased the oxidation rate of Met with
maximum enhancement observed for the sequence His-X-X-X-Met
[37, 38]. Similarly, Met oxidation by an MCO [Fe(II)/H,0,] system
in a model peptide resulted in a 2:1 preference for oxidation of the
unrestricted Met compared to a conformationally restricted Met-
analog (Nor). In contrast, incubation of peptide with H,O, alone
yielded a 1:1 ratio of oxidation of the two Met residues. The flexi-
ble C-terminal Met has better access to the peptide-bound iron
compared to the N-terminal Nor [16].

There is also a degree of specificity within various MCO sys-
tems. For example, Cu”" but not Fe**, Ni*¥, Co*", Cr*", or Mn?" can
catalyze the oxidation of B-chain Histidines in Insulin or Zn®'-
Insulin [39]. Similarly, the [H,O,/Cu(Il)] system results in binding-
site specific oxidation of albumin as opposed to more random oxi-
dation by the [HyO,/Fe(II))EDTA] system [40]. The stronger bind-
ing of copper to albumin results in site-specific attack near the cop-
per-binding site. Weaker binding of [Fe(II)/EDTA] results in non-
specific attack from radicals generated by free complex
[Fe(I))EDTA] in solution. The [Ascorbate/Fe(I))EDTA] system
led to preferential oxidation of Trp residues in bovine serum albu-
min (BSA) compared to His residues with [Ascorbate/Cu(Il)] sys-
tem [41]. Strong and specific interaction of Cu(Il) with His residues
has been shown [42]. In the case of Trp, the oxidative modification
is due to its intrinsic reactivity to free radicals than to any specific
chelation or binding behavior. Oxidation of free amino acids by the
Fenton reagents [Fe(Il/)H,0,] was found to be completely depend-
ent on the presence of bicarbonate ion and also enhanced by sub-
stoichiometric amounts of iron chelators [43].
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PREVENTION OF METAL CATALYZED OXIDATION

Stabilization/protection of protein therapeutics against MCO
using formulation approaches generally relies on addition of anti-
oxidants or chelators. The choice of an optimum antioxidant de-
pends on the oxidation mechanism involved. MCO-based degrada-
tion cannot, in general, be protected by addition of antioxidants
(oxygen scavengers / reducing agents) such as ascorbic acid, propyl
gallate or bisulfites. Hydroxyl radical scavengers such as formate,
ethanol, mannitol may also not be effective. These can function as
pro-oxidants and are used as model oxidizing systems. Thiols (e.g.
cysteine, glutathione, thioglycerol) which function as chain termi-
nators for free-radical reactions are expected to be effective [44].
Free methionine (a thioether) added to solution can function as a
sacrificial antioxidant and protects against Fe(Il) induced free-
radicals also by chain-termination [13]. Free tryptophan was also
found to be effective against MCO [Fe(I[))EDTA] of PTH [21].

Chelating agents would also be expected to be effective as sta-
bilizers against MCO systems. Commonly used chelators are (salts
of) EDTA and DTPA, although citric acid, phosphoric acid (weak),
tartaric acid also possess chelating properties. Dicarboxylic amino
acids (glutamic and aspartic acids) have also been shown to func-
tion as metal ion chelators [45], a property that is reflected in these
residues being often found in metal-binding sites [26]. However,
EDTA is not always effective in the complete conversion of metal
ions, particularly iron, into redox inert forms and may even acceler-
ate the process of oxidation. EDTA is effective in preventing oxida-
tion when copper is the catalytic species by completely sequestering
the ion. The EDTA-Fe complex, however, has an open structure
allowing hydroxyl radicals to escape [46] since it cannot cover all
five valences of iron. Stadtman [47] also proposes that in cases
where the protein possesses a tight metal binding site, sequestration
of the metal in solution by EDTA would be protective. However, it
is likely that this would not be effective in the case of the
[Fe(I)YEDTA] system as discussed above. In cases where EDTA is
actually required for oxidation, it is proposed that these proteins
lack a tight metal binding site but can bind the EDTA-metal com-
plex. EDTA would thus carry the metal to the binding site and pro-
mote site-specific oxidation at the EDTA binding site [47]. Poly-
aminocarboxylate metal chelators (NTA, EDDA, EDTA, EGTA,
DTPA) were found to impair site-specific oxidation of Met in
model peptides, but allowed non-site specific oxidation through
ROS species different from the species formed at peptide metal
binding sites [48]. Specific iron chelators such as desferrioxamine
can, however, completely shut down the iron-catalytic effect.
EDTA and DTPA have however also been shown to be effective in
protecting an IgG2 mAb against iron induced oxidation when pre-
sent in stoichiometric amounts sufficient to bind all iron [3]. Lam et
al. [36] were also able to eliminate the oxidation of Trp50 in the
Fab (discussed above) by adding EDTA. In summary, the use of
EDTA as an antioxidant for MCO should be assessed carefully. It is
likely that when addressing the trace amounts of metals present as
contaminants from leaching, EDTA would be found to be effective.

Stabilization against oxidation by protein engineering ap-
proaches is possible by disrupting metal-binding sites if activity and
structural / chemical stability can be preserved, while not enhancing
immunogenic potential. Another possibility is to mutate away oxi-
dation-susceptible residues under the constraints of same activity
and stability. An example of the latter situation was analyzed by
Kim et al. [49], who examined the four Met residues (Met 26, Met
32, Met 65 and Met98) in staphylococcal nuclease A. Oxidation (by
H,0,) destabilized the molecule significantly, when measured as
free energy difference (AAG) between oxidized and un-oxidized
forms (AAG = 5.4 — 1.5 = 3.9 kcal/mole) by chemical (guanidine
hydrochloride) denaturation experiments (Table 2 in Kim et al.
[49]). Substitutions at Met26 or Met32 did not result in significant
destabilization of the protein as compared to the wild-type (Table 1
in Kim et al. [49]). The mutants Met26Ile or Met32Ile were destabi-
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lized to similar extent as the wild-type upon oxidation (Table 2 in
Kim et al. [49]). A structural model of staphylococcal nuclease A
was obtained from the PDB entry 1EYO0 and optimized via implicit
solvent energy minimizations using MOE2012.10 software from
Chemical Computing Group (www.chemcomp.com). The resulting
structure indicates that Met26 and Met32 are solvent exposed with
their solvent accessible surface areas (ASA) being 25%. In contrast,
Met65 and Met98 are solvent inaccessible (ASA for Met65 = 7%
and ASA for Met98 = 13%). Consistent with the structural location
of Met98, oxidation of this residue requires significant protein de-
stabilization. Experimental data from Kim et al. [49] shows that
Met98Leu mutation destabilizes the protein by 2.5 kcal/mole (AAG
= AGupo (WT) — AGro(Met98Leu) = 5.4 — 2.9 = 2.5 kcal/mole) as
compared to the wild-type. However the AAG difference between
oxidized and un-oxidized forms of the Met98Leu mutant is lower at
2.0 kcal/mole in contrast with the 3.9 kcal/mole reduction for the
wild-type protein. This implies that use of Met98Leu against oxida-
tion would require further substitutions at other sites to enhance
structural stability to counter the destabilization by the mutation
itself. Met65Leu on the other hand destabilizes the protein by only
0.8 kcal/mole as compared to the wild-type, and the AAG difference
between oxidized and un-oxidized forms of Met65Leu mutant is 2.0
kcal/mole (as compared to 3.9 kcal/mole for the wild-type protein),
implying an overall benefit of this mutation. Other substitutions
such as Met651le/Ala offered no advantages over oxidative destabi-
lization. Besides these observations, there may have been a correla-
tion between solvent exposure of Met residues and their oxidation
levels. Unfortunately, the data on oxidation levels of individual Met
residues in Staph Nuclease A was not reported [49]. Nonetheless,
this example illustrates the complex interplay of protein structure,
flexibility and stability involved in engineering out the undesirable
effects of oxidation. Therefore, such approaches should be used
only when a significant benefit is expected. It is also pertinent to
mention that the experimental data on the free energy changes in
protein stability upon mutations such as those described in the
above example can be obtained from ProTherm database [S0].

IMPACT OF METAL CATALYZED OXIDATION ON PRO-
TEIN STRUCTURAL INTEGRITY

MCO leads to changes in local chemical structure of the amino
acid residues, which in turn can impact overall physico-chemical
stability and activity of the protein. Oxidized residues become more
polar and hydrophilic. For example, oxidation of Met to Met-
sulfoxide replaces a flexible hydrophobic side chain with a larger,
hydrophilic and less flexible one [51]. Oxidation of His alters the
characteristics of a basic amino acid. Chemical modification of
residues will also impact the packing arrangement in the vicinity.
Cys oxidation changes the charge. The oxidation mediated changes
in size, polarity, charge etc. of amino acid residues also alters the
balance of forces responsible for maintaining the native structure of
a protein. The changes in protein native structure can lead to the
loss of potency/activity as well as solubility, leading to formation of
aggregates or precipitates. In hRIx, MCO [Ascorbate/Cu(I1)/O;]
impacts His 12 in the chain A, resulting in structural changes that
lead to physical instability, aggregation and precipitation at higher
pH. The pH-dependent solubility behavior of the MCO products of
hRIx also suggests a difference in His degradation profile with pH
[6, 52]. A complete structural model of hRIx indicates that His12 in
the chain A is 66% solvent exposed and the pKa value (6.35) is
slightly shifted. The calculated pl of hRIx molecule from its se-
quence is 6.9, but in a structure based calculation the pI of hRIx was
found to be 9. The pKa and other calculations were performed us-
ing the protein properties module in MOE2012.10. Figure 1 shows
a completed structural model of hRIx. The hydrophobic and hydro-
philic surface patches, computed using the above mentioned soft-
ware, are also shown along with a potential aggregation prone re-
gion (APR) capable of forming the cross-f steric zipper motif [53]

Kumar et al.

Fig. (1). A structural model of human Relaxin (hRIx) (derived from PDB
entry 6RLX) is shown in ribbon form along with surface exposed hydro-
phobic (green), positively charged (blue) and negatively charged (red) sur-
face patches. The ribbons for chains A and B are shown in saffron and ma-
genta respectively. The portion of Chain A ribbon that contains an aggrega-
tion prone region (APR) is shown in yellow. The chain A residue, His12,
where MCO leads to destabilization and aggregation of hRIx, is shown in
ball and stick representation.

in the chain A. The potential APR (2-LYSAL-6) was detected using
a combination of TANGO [54] and PAGE [55], as described by
Wang et al. [56]. It is found in Chain A of hRIx and lies in an o-
helix that also contains His12 at its C-terminal. Besides this, His12
also falls in structural vicinity of hydrophobic patches (shown in
green color in Fig. 1). These observations help us rationalize how
destabilization of hRIx via MCO of His12 could potentially push it
into an aggregation competent state, especially at higher pH values
where the calculated net charge on the molecule is also close to
Zero.

Another direct consequence of oxidation is inter-molecular
protein cross-linking and dimerization. For example, oxidation of
free Cys residues leads to dimerization of recombinant human Cil-
iary neurotrophic factor (thCNTF) [44]. MCO triggered cross link-
ing has been associated with the formation of di-tyrosine also. Bo-
vine eye lens proteins were found to crosslink via di-tryosine in
[H,0,/Cu] but not in other MCO systems (e.g. H,O,/Fe/EDTA,
Ascorbate/Cu, Ascorbate/Fe/EDTA) [57]. The cross-linking was
suppressed by reducing agents Glutathione or Ascorbic acid
through quenching of the tyrosyl radicals. This specificity of Cu
was related to binding of Cu and not of the chelated Fe ion. Liu et
al. [58] show the possibility of a His-Lys crosslink in the case of
MCO [Ascorbic acid/Cu(Il)] using surrogates for His and Lys in
protein-free model systems. The initial oxidation of the His side
chain to 2-imidazolone would further oxidize in the presence of a
nearby Lys side chain to form an imidazole-amine adduct. Based on
their investigations, the authors proposed that His-Lys cross linking
could lead to formation of higher molecular weight species in pro-
teins.

Curiously, oxidation has also been reported to stabilize the
structure and prevent aggregation. In the case of the intrinsically
disordered protein o-synuclein, oxidation of all four of its Met resi-
dues, by H,0,, results in an increased degree of disorder, but also
eliminates its ability to form amyloid-fibrils [59]. Furthermore,
Met-ox o-synuclein added to un-moidified o-synuclein inhibited
fibrillation at ratios > 4:1 Similarly, oxidation of its single Met
residue enhanced the physical stability and reduced the aggregation
rate of human calcitonin [60]. However, these protein oxidations
are not metal catalyzed. In case of a-synuclein, MCO leads to op-
posite observations (described below).
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IMPACT OF METAL ION BINDING ON PROTEIN STRUC-
TURAL INTEGRITY

Metal ions can also impact structural integrity of a protein
without any prior chemical degradation. Even proteins, not known
to require metal binding for enzymatic or other functional activities,
contain several residues that can bind metal ions. Residues may also
be arrayed in a spatial pattern that may enable stronger binding than
by a single residue (e.g. His) alone. Such metal-binding sites can be
generally described as consisting of a central shell of hydrophilic
ligands to chelate the ion, with a surrounding shell of hydrophobic
residues. Common biologically important metals (e.g., Mg®', Zn?",
Ca®", Mn*") frequently bind proteins selectively in different geo-
metric configurations, utilizing different ligand atoms, mainly oxy-
gen, nitrogen, and sulfur from side-chain groups, and oxygen from
main-chain carbonyls [61]. Environmental conditions such as pH,
ionic strength, and competing ions can impact the nature and extent
of the interaction.

The impact of metal ion binding may become immediately ap-
parent as a change in primary, secondary or higher order structures
but may also manifest itself by impacting on long-term storage
stability, which is a particular concern for biotherapeutics. Note that
detection of changes in protein structure and stability may be lim-
ited by sensitivity of the experimental methods used. Furthermore,
long-term storage stability structural impact may be confounded by
chemical changes such as oxidation induced by the metal ion.
Cu(Il) ions oxidize Hisl18 and His21 in human growth hormone
(hGH) located in the metal-binding pocket [62]. However, Cu(Il)
binding also reduces the thermodynamic stability (free energy of
unfolding) of this protein [63] and, therefore, increases hGH aggre-
gation-propensity during storage. A complete structural model of
mature hGH (residues 27-217) was derived using the PDB entry
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1HGU and is shown in (Fig. 2a). The two copper binding His resi-
dues, His18 and His21, lie in close proximity of one another and are
solvent exposed. ASA of His18 is 33% and that for His21 is 23%.
The pKa values for these residues are also significantly shifted,
being 3.59 for His18 and 3.35 for His21. This observation indicates
that the two His residues may lie in a charged environment. Consis-
tently, most of the neighboring residues for His18 and His21 are
either charged or polar. In particular, His21 is part of a hydrogen
bond network. It forms hydrogen bonds with Arg169 and Asp173,
which is in turn hydrogen bonded with Thr177. The observations
indicate Cu(Il) ions binding with His18 and His21 would perturb
electrostatic balance in the surrounding region, potentially leading
to lower thermodynamic stability for hGH [63]. Fig. 2b presents
sequence locations of the potential APRs in hGH sequence identi-
fied using the TANGO/PAGE combination [64] and the amlyloi-
dogenic hexapeptide patterns described by Lopez de la Paz and
Serrano [65]. These regions are shown in yellow color in the (Fig.
2a). The region 172-KVETFLRIV-180, which is in contact with
both Hisl8 and His21, is predicted to contain a TANGO/PAGE
APR (176-FLRIV-180) and an amyloidogenic hexapeptide pattern
(172-KVETFL-177) for acidic pH conditions. All residues except
Argl78 in the above mentioned region are solvent inaccessible in
the native state of hGH. The destabilization caused by Cu(Il) bind-
ing with His18 and His 21 could potentially solvent expose the 172-
KVETFLRIV-180 region, leading to increased aggregation propen-
sity of hGH as observed in the experiments [63].

The impact of interaction of a metal ion on protein structure
will generally be metal-ion identity and concentration dependent.
For example, a derivative of GLP-1 showed changes in secondary
structure (detected by FTIR and intrinsic fluorescence) with addi-
tion of AI** and Zn®" but not with K" and Mg?*. An increase in p-

>Human Growth Hormone (hGH)

FPTIPLSRLFDNAMLRAHRLHQLAFDTYQEFEEAYIPKEQKYSFLQNPQTSLCFSESIPTP
SNREETQQKSNLELLRISLLLIQSWLEPVQFLRSVFANSLVYGASDSNVYDLLKDLEEGIQ
TLMGRLEDGSPRTGQIFKQTYSKFDTNSHNDDALLKNYGLLYCFRKDMDKVETFLRIV

QCRSVEGSCGF

Fig. (2). Metal catalyzed oxidation of human growth hormone (hGH). (a) A structural model of hGH (derived from the PDB entry 1HGU) is shown in ribbon
format (saffron) along with the surface exposed hydrophobic (green), positively charged (blue) and negatively charged (red) surface patches. Portions of the
molecule that contain predicted APRs are shown in yellow. The MCO sites, His18 and His21, are shown in ball and stick representation. His21 in part of a
four member hydrogen-bond network. This network contains Argl69, Aspl73 and Thr177 besides His 21. These residues are also shown in ball and stick
representation. (b) Amino acid sequence of hGH is shown. The two MCO sites, His18 and His21, are shown in bigger bold red font. The TANGO/ PAGE
predicted APRs are shown in the yellow background and the regions detected using an amyloidogenic hexapeptide acidic pH pattern are shown in turquoise
background. Several residues in the predicted APRs and amyloidogenic patterns overlap. Such residues are also shown in the yellow background. Note that all
residues that fall within TANGO/PAGE APRs and amyloidogenic patterns are shown in yellow colored ribbons in (Fig. 2a).
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sheet at the expense of o-helical content was apparent above 25
ppm, although this is likely to be impacted by sensitivity of the
method. Accelerated storage stability studies with the same ions
also showed an increase in fibrillation kinetics as detected by ThT
fluorescence [66].

Di- and tri-valent metal ions have also been shown to cause
fibrillation of the intrinsically unstructured protein a-synuclein [7].
Aluminum was the most effective, along with Cu*’, Fe**, Co®" and
Mn*" (concentration ranges below 25 mM); efficacy was correlated
to charge density of the ion and to the amount of secondary struc-
ture induced by the ion. Binding of cations to the negatively
charged o-synuclein results in charge neutralization and rapid for-
mation of a more compact and structured conformation. Polyvalent
cations also serve to cross-link or bridge between two or more car-
boxylates, thus increasing the efficiency of fibrillation. Mature
fibrils examined after pelleting and extensive washing were found
to contain the metal cation, indicating tight binding to the fibrils.
Interestingly, metals such as AP, Zn*, Pb®" and Ti°* were able to
overcome the above described Met-oxidation induced stabilization
of o-synuclein [67]. Similarly, small amounts of A" (10 — 100
uM) were found to result in enhanced aggregation rate of rhFVIII
[68]. Only minor perturbations were detectable in the secondary
and tertiary structure using spectroscopic techniques. However
these changes were clearly sufficient to alter the quaternary struc-
ture of rhFVIII to an aggregation-competent state.

Spectral changes reflective of secondary and tertiary structural
changes were seen with addition of A" into BSA solution at neu-
tral pH [69]. A shift from o-helical to B-rich structure was seen
even below a concentration deemed the critical induced-aggregation
concentration of the aluminum ion (~0.08 mM for 2.5x10° M
BSA). Structural perturbations were thus apparent at low levels of
the ion before the changes became significant enough to cause ag-
gregation.

Zhou et al. [3] also reported subtle changes to the tertiary
structure of an IgG2 mAb by added Fe(Ill) ions which resulted in
increased physical and chemical degradation of the mAb over time.
Titration calorimetry was used to show weak binding (K4 = 0.18
mM) of approximately 20 iron ions/mAb molecule. To further un-
derstand the impact of iron binding on physico-chemical properties
of this mAb, a homology based structural model for the full length
mADb was built and analyzed for spatial proximity between pre-
dicted iron binding sites and aggregation prone regions. The iron
binding sites were predicted using a procedure adapted from Goyal
and Mande [26]. Several potential iron ion binding residue clusters
could be identified throughout the structure of the mAb, including
in the CDRs (complimentary determining region), hinge regions
and Cy2: Cy3 domain interfaces (Fig. 3). In particular, the CDRs
and adjoining framework regions of this mAb contain several pre-
dicted APRs that lie in close spatial proximity with the predicted
iron binding residues. These observations help rationalize the ex-
perimental observation of increasing oxidation and aggregation of
this IgG2 of mAb with increasing iron concentration (unpublished
data).

Binding of metals can lead to impact on protein structure that is
specific to the metal. For example, iron (and copper) induce struc-
tural changes in o-synuclein that differs from that induced by mag-
nesium, as detected by changes in the tyrosine fluorescence spec-
trum — iron lowers the peaks whereas magnesium increases them. It
was found that magnesium inhibits the spontaneous as well as iron-
induced aggregation of o-synuclein. The binding site of Mg" is
likely different from that of Fe**. It is hypothesized while the bind-
ing of Mg®" does not inhibit the binding of Fe**, it does prevent the
formation of an aggregation competent conformer [70]. Along the
same lines, it was reported that Cu(Il) ions (up to a certain ratio
with respect to protein) can inhibit the Zn*" induced aggregation of
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Fig. (3). A homology based molecular model of a full length IgG2 mAb is
shown. The green and red ribbons indicate heavy and light chains respec-
tively. The portions of the ribbons that contain TANGO/PAGE predicted
APRs are shown in the yellow color. All potential iron binding residue
clusters are shown in ball and stick representation. Note that an IgG2 mAb
is considerably larger than hRIx and hGH and contains about 20 potential
iron binding sites.

AP-peptide. Zn?" induces AP aggregation by binding to His resi-
dues via the N; atom and cross-linking of the peptides. This occurs
over a wide pH range (pH > 6.0). On the other hand, Cu(Il) binding
to AP is pH dependent. At mildly acidic pH (6.0), Cu(Il) binds in a
mode similar to Zn>" and forms insoluble aggregates (6.0 — < 7.0).
However, under neutral pH, Cu(Il) binds to the N, atom of His
along with other main chain amide-nitrogens and produces soluble
complexes instead. Thus Cu(ll) induced aggregation of AP is
strongly pH dependent. Furthermore, Cu(II) -Ap complex at neutral
pH prevents Zn?" from binding to the His, and thus drastically Zn*"
induced aggregation [71, 72]. Similar behavior was observed in
interaction of Cu(Il) with the octapeptide (PHGGGWGQ) which
occurs near the N-terminus of prion protein [73]. It is possible that
the pH-sensitivity of Cu(Il) -protein interaction is quite general.
However the generality of the effect of Cu(Il) inducing aggregation
only under mildly acidic conditions is not known.

Tungsten ions have been found to leach into liquid products in
pre-filled syringes (PFS), arising from residues of the pin used to
make the needle-hole during the syringe forming process. A num-
ber of publications have analyzed the impact of tungsten ions on
biotherapeutics. Jiang et al. [74] found significant aggregation and
precipitation in an alpha-helix rich protein and in an Fc-Fusion
protein. The extent of aggregation was higher at lower pH (4 vs
6.3). In these cases, no impact on secondary or tertiary structures of
the proteins was detectable by CD, FTIR and Raman spectroscopy.
The cause of aggregation was attributed to electrostatic interaction
between the é)roteins (positively charged) and polytungstate anions
([HyW12040]%, [HW,040]"; other possibilities such as [W,0,4]%,
[HyW1,045] % have been suggested) formed at low pHs. It is possi-
ble that the polytungstate ions either simply neutralize charge or
electrostatically cross-link multiple protein molecules, leading to
loss of solubility or aggregation. Bee et al (2009) in their study with
a mAD, termed this phenomenon as tungsten induced coagulation.
However, Seidl et al. [12] found that sodium polytungstate bound
strongly but reversibly to EPO (epoetin alfa) and resulted in rapid
unfolding and loss of secondary structure. Aggregates were in-
duced, including a proportion of covalent disulfide-linked dimers.

Interactions of the polytungstate anion (the polyoxometalate
[H2W1204O]6') with human serum albumin (HSA) were shown to be
electrostatically driven to a sPeciﬁc biding site. Binding of the poly-
oxometalate [NaPsW3qO o] 4') to HSA was also electrostatically
driven but potentially with up to five binding sites, one of them
competitive [75]. Accommodation of the larger size of [NaPsW3q
0, 10]14' required a disruption in the folding structure unlike that for
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binding pocket for [H2W12O4O]6'. Discounting detection sensitivity,
the differences in the reports between presence or lack of structural
impact may have some specificity with the protein in question. It is
likely that in all cases, the electrostatic component is the driver for
the interaction. The impact of the interaction is then dependent on
the species of tungsten interacting, the amount and the site of inter-
action on the protein.

CONCLUSION

This article has presented a broad overview of potential impact
of metal ions arising as leachates, on the physico-chemical stability
of the biotherapeutic drug products. Understanding the mechanisms
behind metal-induced degradation routes is essential to devise ra-
tional strategies for their prevention, as well as to bring forward the
next generation candidates that are less susceptible to these vulner-
abilities. MCO tends to be site-specific and the impact is also de-
termined by the structure and flexibility / rigidity of the binding-
site. As illustrative case studies, we have used molecular sequence
and structural information available for hRlx, hGH and an IgG2
mADb to rationalize the experimental observations. In each example,
potential APRs and surface hydrophobic patches could be identified
in close structural proximity with the residues whose binding with
metal ions leads to protein oxidation, destabilization and aggrega-
tion. This link between site-specific MCO and aggregation is highly
undesirable from the perspective of pharmaceutical development of
biotherapeutic drug products, especially when delivery requires
high concentration for the active ingredient as in subcutaneous ad-
ministration. However from rational molecular design perspective,
it offers exciting opportunities towards achieving multiple goals via
single point mutations. While it is not feasible to mutate away all
potential metal binding sites in a biotherapeutic candidate, disrup-
tion of the APRs spatially proximal to these sites can possibly help
mitigate the impact of metal-ions as well as improving solubility of
the candidate.
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ABBREVIATIONS

MCO = Metal Catalyzed Oxidation
ROS = Reactive Oxygen Species

PFS = Pre-filled syringe

hRIx = Human Relaxin

hGH = Human Growth Hormone

1gG2 = Immunoglobulin y of isotype 2
EDTA = Ethylenediaminetetraacetate
DTPA = Diethylenetriaminepentaacetate
NTA = Nitrilotriacetate

EDDA = Ethylenediaminediacetate
EGTA = Ethylenebis(oxyethylenenitrilo)tetraacetate
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