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Abstract

The amyloidogenic mechanism of transthyretin is still debated but understanding it fully could
lend insight into disease progression and potential therapeutics. Transthyretin was investigated
revealing a metal-induced (Cr/Cu) oxidation pathway leading to N-terminal backbone
fragmentation and oligomer formation; previously hidden details were revealed only by FT-IM-
Orbitrap MS and surface-induced dissociation.
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Native mass spectrometry reveals a metal-induced oxidation pathway of transthyretin leading to
N-terminal backbone fragmentation and oligomer formation.

Transthyretin (TTR) is a homotetrameric protein complex responsible for the transport of
thyroxine (T,) and retinol through plasma and cerebrospinal fluid.1: 2 TTR is also reported
to be a metallopeptidase when complexed with Zn(11), with three distinct binding sites
identified.3 However, excess Zn(11) binding is associated with decreased retinol transport
functionality and increased rates of TTR fibril formation.3 Aggregation of TTR is involved
in degenerative diseases, viz. amyloidosis, and it is believed that partially unfolded
monomers from tetramer dissociation are implicated in amyloid fibril formation.# TTR fibril
formation underlies both hereditary and nonhereditary amyloidosis, the former caused by
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protein mutation, 7.e., familial amyloid polyneuropathy (FAP) and familial amyloid
cardiomyopathy (FAC).> Wild-type TTR (WT-TTR) is associated with nonhereditary
amyloidosis /.e. senile systemic amyloidosis (SSA) resulting in heart failure of 20% of
elderly people (>70 years).6 Furthermore, the role of TTR oxidation on protein stability and
fibril formation is still debated. Maleknia et a/. report TTR oxidation occurs at Met-13 which
may promote intramolecular tertiary contacts thus stabilizing the protein.” In contrast, Gales
et al. observed that TTR fibrils contain significant oxidation of both Cys-10 and Met-13;
however, they were unable to identify whether oxidation occurred before or after fibril
formation.8 In neither case were the underlying causes or structural perturbation studied.

Native mass spectrometry (MS) has led to increasingly complex studies of proteins and
protein complexes by revealing individual species which are often masked by ensemble-
averaged measurements using classic structural techniques.® Coupling of ion mobility (IM)
to native MS further enhances the applications of the technique by providing a second
dimension of analysis, a structural collision cross section (CCS) measurement that describes
the analyte size and shape nested with mass to charge (/7/2). Native IM-MS analysis has
enabled more detailed structural studies of protein complexes providing more precise and
accurate measurements by revealing small perturbations in protein composition while also
providing the time-resolved structural evolution of these proteins.10 11 We recently
developed a novel high resolution (both in mass and mobility domains) IM-Orbitrap MS
platform capable of maintaining native-like structures and non-covalent interactions.12 IM-
MS has been used previously to study TTR degradationl3: 14; however, the detailed chemical
interactions between the protein and its environment were masked by poor mass resolution.
Here, we describe studies carried out using a specially designed high-resolution IM-Orbitrap
MS instrument and a Waters Synapt G2 equipped with a custom surface induced
dissociation (SID) cell (see Supplemental Information) to better understand the mechanism
of metal-induced oxidation of TTR subunits; this is the first structural IM-MS study of its
kind.

The time-resolved mass spectra of TTR with endogenous Zn(11) bound are shown in Figure
1. The presence of Zn(Il) was confirmed by inductively coupled plasma mass spectrometry
(ICP-MS), which also revealed low levels of Cr, Cu, and Ni in descending concentrations
(Table 1). Initially, in MS spectra obtained with nano-ESI, apo-TTR is most abundant with
less abundant signals for singly- (64 Da shift) and doubly- (128 Da shift) bound Zn(ll) to
TTR (Figure 1). After a short time (~32 minutes), a noticeable shift in m/zis observed
corresponding to the dominant peak of TTR + 128 Da (2x 64 Da), i.¢e., 2x Zn(ll), the
average mass of the Zn isotope cluster. This trend continues towards 64 minutes, upon which
the most abundant peak has shifted to TTR + 256 Da (4% 64 Da). On the surface, TTR
appears to bind greater numbers of Zn(Il) over time; however, the concentration of Zn(ll) in
solution is too low for this to be a viable explanation.

Interestingly, structural analysis by IM-Orbitrap MS revealed the growth of two additional
conformers (shown in green and blue) in the arrival time distributions (ATD) of TTR + n*64
Da, where n = 0-4, over time (Figure 2). Degradation was slowed significantly through the
analysis of TTR by a dual channel static nano-ESI emitter that separates the two channels by
a thin borosilicate wall, called a theta emitter. Theta emitters can be used for nano-ESI
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whereupon the spray potential can be applied to one channel while still ionizing the sample
that is present in the other channel. This ionization is possible because droplets form and
mix from both channels near the end of the emitter.1> Thus, theta emitters can isolate one
channel from the ESI potential until the analyte is ionized. In the case of TTR, the mass
shifts slowed dramatically and allowed for the capture of intermediate structures by IM-
Orbitrap MS. After 20 hours, TTR + n*64Da (where n = 1-4) had shifted from a single
conformation denoted by a single Gaussian distribution to three distinct conformations.
These new conformations can possibly be ascribed to dynamics of the protein main chain in
the edge region His56 to Thr60.8 Importantly, the formation of these new conformers
appeared simultaneously with the Cys-10 and Pro-11 backbone fragmentation in one subunit
shown in Figure 1. Formation of such extended conformations occur through a destabilized
tetramer resulting in fragmentation in the region of Cys-10/Pro-11. Previous XRD
characterization of TTR was unable to capture the N-terminal tail, and it was often
concluded that these portions of the TTR tetramer are unstructured.

To better understand these structural perturbations, SID was used to interrogate TTR
subunits as shown in Figure 3. Analysis of the monomer subunit by SID revealed a
surprising phenomenon. Initially, the monomer is dominantly in the apo- form with small
amounts bound to Zn(l1) and 2-Mercaptoethanol (ME) which was used for purificationl8.
Concomitant with the stepwise shift of 64 Da of the TTR tetramer over time is oxidation of
the monomers and not additional Zn(Il) binding. The monomer appears to oxidize twice
early (32 Da shift) and eventually a third oxidation (48 Da shift) is observed. Similar
experiments using CID also showed oxidation (Figure S2), although Zn(Il) was dissociated
due to gas-phase activation of the monomer. These data show that the initial 64 Da shifts are
due to Zn(Il) binding, but the subsequent n*64 Da shifts over time are related to oxidation.

Covalent labelling of TTR can be used to further understand the oxidation pathway as two
surface accessible oxidation sites exist on each monomer: Cys-10 and Met-13. NEM was
used to alkylate the thiol of Cys-10 to prevent both oxidation and Zn(l1) binding. MS data
reveal that the addition of a 4-fold equivalence of NEM to TTR can successfully label most
cysteine residues as denoted by a mass shift in the spectrum (Figure 4). Removing Cys-10 as
an oxidation site slows the backbone fragmentation of TTR by approximately 6-fold. These
data suggest that Cys-10 is the driving force behind backbone fragmentation that occurs
between Cys-10 and Pro-11, which could be destabilized by an oxidation-induced structural
change. Notably, the b10 fragment containing Cys-10 is doubly oxidized, corresponding to
the oxidative conversion of the thiol to sulfinic acid.1” This cleavage is similar to the
mechano-enzymatic cleavage reported for the S52P TTR mutant!8 that has been reported to
induce aggregation; the same phenomenon was observed in these experiments where TTR
octamers were formed following backbone fragmentation (Figure S3). NEM addition,
however, prevented oligomer formation suggesting that oxidation of Cys-10 is necessary for
oligomer formation.

Interestingly, three oxidations were observed on the intact monomer; however, only two
oxidations are observed on the Cys-10 containing b10 fragment. Met-13 remains the only
surface accessible oxidation site for the third oxidation.
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Dissociation of Zn(1l) is also observed as oxidation proceeds, which is consistent with the
crystallographic data that the Cys-10 oxidation site is involved in Zn(l1) binding.3
Coordination of Zn(11) by Cys-10 can inhibit/delay oxidation of the thiol group which was
confirmed by adding zinc acetate (5:1 (Zn:TTR)) to apo TTR. This gave rise to a decrease in
the oxidation rate by a factor of ~3 (data not shown). Cys-10 oxidation can also increase the
accessible surface of Met-13 thereby favoring formation of more extended conformers
(Figure 2B).

Oxidation reactions during ESI have been observed previously using easily oxidizable metal
emitters!® 20 (/e stainless steel, copper, tungsten, etc.); however, the static nano-ESI used in
these experiments applies a DC potential through an inert Pt (99.9%) wire, a metal that
seldom acts as an oxidizer. Removing the ESI potential from the analyte solution using
either a theta emitter (Figure 2) or a gold-coated emitter (Figure S4) slows oxidation;
addition of EDTA also slows oxidation (Figure S5). Addition of 2 mM Tris(2-
carboxyethyl)phosphine (TCEP), a commonly used reducing agent, prevents oxidation of
cysteine. Metals such as Cr (Figure 5), Cu (Figure S6), Fe, and Ni accelerate oxidation;
however, Ni increased the oxidation rate to much lesser extent. Collectively, these data
reveal a metal-induced oxidation of Cys-10 that is accelerated in the presence of an applied
electrical potential. Bateman et a/. proposed that metal catalysed electrolysis of water drives
the oxidation of peptides and proteins.2! Here, Cr and Cu drive Cys-10 oxidation ultimately
leading to structural destabilization of TTR tetramer by inducing backbone fragmentation
and promoting oligomer formation.

We also investigated the effect of thyroxine (T4) binding on TTR oxidation to see whether it
can inhibit or stabilize the protein secondary structure. No change in oxidation rate was
observed upon T4 binding and a similar b10 fragment appeared indicating both Cys-10 and
Met-13 do not interact with T,.

The results presented here contrast with those reported by Maleknia et a/.” but complement
those reported by Gales er a/8 Maleknia reported that Met-13 is the most oxidizable native
residue and that a non-native N-terminal methionine also undergoes oxidation; however,
there was no evidence of Cys-10 oxidation. Gales reported oxidation of both Cys-10 and
Met-13 in mature TTR fibrils, both of which were observed here. Collectively, the results
reported by Maleknia, Gales, and this study suggest that metal-induced oxidation of TTR
may underlie fibril formation by destabilizing TTR structure. The IM-MS and SID data
reported here also offer definitive evidence of metal-induced Cys-10 and Met-13 oxidation,
including structural rearrangement and backbone fragmentation.

Here, we describe metal-induced oxidation of Cys-10 of TTR that causes a structural
elongation and subsequent backbone fragmentation between Cys-10 and Pro-11. The
truncated protein then leads to eventual oligomer formation. Furthermore, NEM, metal
stripping, and isolation from the ESI emitter voltage slow TTR oxidation and subsequent
degradation. Future studies using amyloidogenic mutants 7.e. V30M and L55P will reveal
the correlation between fibril formation and oxidation and how metal-induced oxidation can
affect TTR aggregation. Moreover, continued studies of the degradation mechanism for
amyloidogenic proteins is critical for understanding the underlying physiological causes and
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potential therapeutics of related diseases. Small perturbations in the protein environment,
specifically the presence of trace metals, can have a significant, deleterious impact on
protein structure, function, and stability. The identification of metal-induced oxidation
observed here using high-resolution IM-MS instrumentation underscores the importance of
rigorous analytical measurements to understand protein behavior.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Time evolution of TTR under ambient nano-ESI conditions showing the sequential addition

of 64 Da corresponding to either one zinc or four oxidations. At t = 0 min, the peaks to the
right of the apo peak correspond to Zn(I1) binding; however, at later times, the mass shifts
are attributed to Cys-10 oxidation. The red peaks correspond to the backbone fragmentation
of TTR between Cys-10 and Pro-11 which occurs simultaneously with TTR oxidation.
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(A) ATDs for the [TTR + 14H* + n*64 Da]l4* ions (where n = 0-4) directly after loading
(black) and after 20 hours of continuous analysis by a theta emitter (red). ATDs are the
average of 8 IM-MS runs. (B) Deconvoluted ATDs of the incubated sample showing two
additional conformations populated by TTR after 20 hours.
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(A) Mass spectra of TTR tetramer as a function of time collected on a Waters Synapt G2
equipped with a custom SID cell. (B) The SID products of the [TTR + 15H*]1%* tetramer.
Monomers, dimers, and b10/y117 fragments are observed. The b10 fragment is doubly
oxidized. (C) A magnified look at the [M + 4H*]** monomer of TTR reveals a time
dependent oxidation of TTR monomer as well as Zn(l1) and 2-mercaptoethanol (ME)
binding. [TTR + 15H*]15* retains the native conformation (Figure S1) and is used for SID to
retain higher ion abundances.
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The mass spectra of [TTR + 14 H + 4 NEM]'4* at 0 and 360 minutes. Equivalent backbone
fragmentation occurs at 360 minutes compared to 64 minutes for TTR with Zn(Il) and no

NEM (Figure 1). The dotted line represents the /7/z for apo-TTR.
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Figure 5.
[TTR + 8H*]8 monomer fragment obtained directly after the addition of equimolar Cr. This

addition of Cr in solution immediately induces oxidation without the need for an applied
potential.
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Table 1.

Detected metals from elemental analysis of the TTR solution by ICP-MS. V, Mn, Fe, Co, or Ga were not
detected.

Analyte | A | Conc. (ng/mL) | +u(1s)

cr 52 | 251 9

Ni 59 | 64 8

Cu 63 | 153 4

Zn 65 | 433 24
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