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ABSTRACT Some therapeutic peptides self-assemble in solution to form ordered, insoluble, b-sheet-rich amyloid fibrils. This
physical instability can result in reduced potency, cause immunogenic side effects, and limit options for formulation. Understand-
ing the mechanisms of fibrillation is key to developing rational mitigation strategies. Here, amide hydrogen-deuterium exchange
with mass spectrometric analysis (HDX-MS) coupled with proteolytic digestion was used to identify the early stage interactions
leading to fibrillation of human calcitonin (hCT), a peptide hormone important in calciummetabolism. hCT fibrillation kinetics was
sigmoidal, with lag, growth, and plateau phases as shown by thioflavin T and turbidity measurements. HDX-MS of fibrillating hCT
(pH 7.4; 25�C) suggested early involvement of the N-terminal (1–11) and central (12–19) fragments in interactions during the lag
phase, whereas C-terminal fragments (20–32 and 26–32) showed limited involvement during this period. The residue-level in-
formation was used to develop phosphorylated hCT analogs that showed modified fibrillation that depended on phosphorylation
site. Phosphorylation in the central region resulted in complete inhibition of fibrillation for the phospho-Thr-13 hCT analog,
whereas phosphorylation in the N-terminal and C-terminal regions inhibited but did not prevent fibrillation. Reduction of the
Cys1-Cys7 disulfide bond resulted in faster fibrillation with involvement of different hCT residues as indicated by pulsed
HDX-MS. Together, the results demonstrate that small structural changes have significant effects on hCT fibrillation and that
understanding these effects can inform the rational development of fibrillation-resistant hCT analogs.
SIGNIFICANCE Amide hydrogen-deuterium exchange mass spectrometry (HDX-MS) coupled with proteolytic digestion
provided mechanistic understanding of the intermolecular interactions in the fibrillation of human calcitonin (hCT). The
HDX-MS results were used to develop fibrillation-resistant hCT analogs by phosphorylation of specific hCT residues. One
such analog, phospho-Thr-13 hCT, showed complete inhibition of fibrillation, whereas others showed partial inhibition.
Reduction of the Cys1-Cys7 disulfide bond resulted in faster fibrillation and involvement of different hCT residues. The
results demonstrate that pulsed HDX-MS can be used to identify the residues involved in the fibrillation of native and
sequence-modified hCT and that site-specific phosphorylation can effectively inhibit fibrillation.
INTRODUCTION

Human calcitonin (hCT) is a 32-amino-acid peptide hor-
mone that plays an important role in skeletal protection
and calcium metabolism (1). Calcitonin analogs are used
to treat bone diseases such as osteoporosis and Paget’s dis-
ease as well as certain malignancy-induced hypercalcemias,
especially in patients for whom alternative treatments are
not suitable (2–6). The clinical application of hCT has
been limited, however, in part because of its tendency to
form amyloid fibrils in solution (2). Fibrillation can lead
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to decreased potency and an increased risk of life-threat-
ening immunogenic side effects (2,7). The more slowly
aggregating salmon calcitonin (sCT), which has 50%
sequence homology to hCT, is used in clinical settings
instead (2,3). Despite greater stability than hCT, sCT ther-
apy has been associated with side effects such as vomiting
and anorexia and with immune responses such as resistance
and antibody formation, limiting its use in certain patient
populations (8–11). Moreover, hCT has shown greater po-
tency than sCT under conditions in which its fibrillation
could be controlled (12). Thus, there is an unmet clinical
need for a fibrillation-resistant hCT as an alternative to
sCT for patients with osteoporosis and Paget’s disease (13).

The rational design of fibrillation-resistant hCT analogs
requires an understanding of the underlying mechanisms
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of monomer self-assembly into fibrils, especially during the
early stages of fibrillation. Early hCT aggregates have
shown a central a-helix, a disulfide-bridged N-terminal
loop and random coil C-terminus by NMR spectroscopy
(14,15). As fibrillation proceeds, the central region un-
dergoes an a-helix-to-b-strand transition with the N-termi-
nal loop remaining intact (14,15). The C-terminal residues
that are closer to the central a-helix become incorporated
into the b-strand, resulting in a shorter random coil at the
C-terminus (14,15). The structural transition from a-helix
to b-strand has been observed at both acidic and neutral
pH. However, pH-dependent differences in the orientation
of the b-sheets have been reported (15). hCT fibrils are
thought to form antiparallel b-sheets at neutral pH 7.5,
whereas a mixture of parallel and antiparallel b-sheets is
thought to form at acidic pH 3.3, as indicated by solid-state
13C NMR spectroscopy (14,15). Transmission electron mi-
croscopy images have revealed different morphologies of
hCT aggregates formed in acidic and neutral solutions,
with long, twisted ribbon-like fibrils at pH 3.3 and short
straight fibrils at pH 7.5 (16).

Both hydrophobic and electrostatic interactions are
important in the molecular packing and reorientation of
early aggregates into mature fibrils (17,18). During nucle-
ation, the side chains of aromatic residues Tyr12, Phe16,
and Phe19 in the central region of hCT are thought to align
to form the hydrophobic core of the amphiphilic a-helical
bundle and subsequently to transition into b-sheets to
form the nuclei (17,19). Molecular dynamics (MD)
simulations have suggested that the side chains of aromatic
residues Phe16 and Phe19 align on the same face of the b-
sheet structure and engage in p-p stacking interactions
that stabilize the antiparallel b-sheet conformation of hCT
fibrils at neutral pH (17). The pentapeptide sequence
D15FNKF19 forms the core of hCT fibrils and is the shortest
hCT fragment capable of forming a fibril (15,20). The
D15FNKF19 fragment showed random-coil-to-a-helix-to-b-
turn transitions leading to fibrillation as measured by circu-
lar dichroism (CD) spectroscopy, similar to the transitions
involved in the fibrillation of full-length hCT (21). A
high-resolution, single-crystal x-ray structure of an iodin-
ated D15FNKF19 fragment showed p-p stacking interactions
between aromatic side chains of Phe16 in parallel b-sheet
conformation similar to those observed in an hCT fragment
(9–23) using MD simulations (17,22). The p-p interactions
are thought to provide favorable energetic contributions and
directionality toward self-assembly of amyloid structures
(23). Fibrillation of hCT was faster at neutral pH than at
acidic pH, implicating pH-dependent electrostatic interac-
tions (14). hCT contains three charged residues, Asp15,
Lys18, and His20, all within the central region (18,24). At
neutral pH 7.5, favorable intermolecular electrostatic inter-
actions between Asp15 (�1) and Lys18 (þ1), located close
to the central Phe residues, determine the antiparallel direc-
tion of b-sheet fibrils (18). In contrast, at acidic pH 3.3,
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repulsive intermolecular electrostatic interactions between
Lys18 (þ1) and His20 (þ1), located at the edge of the cen-
tral aromatic ring cluster, may disturb the p-p stacking in-
teractions among aromatic Phe residues and lead to the
formation of a mixture of parallel and antiparallel b-sheet
fibrils because of the lack of a favorable direction for inter-
molecular associations (18).

The Cys1-Cys7 disulfide bond at the N-terminus of hCT
creates a loop. The disulfide-bridged N-terminal loop and
the residues in this region are conserved in calcitonins across
various species and are believed to be critical for receptor
binding, activation, and cAMP response (2,25,26). hCT ana-
logs devoid of the disulfide bond showed weak potency and
reduced hypocalcemic activity in rats (27,28). Disulfide
bonds are thought to inhibit aggregation by increasing the
mechanical strength and reducing the conformational dy-
namics and entropy of peptides and proteins (29–31). Reduc-
tion of disulfide bonds has resulted in rapid fibrillation in
therapeutic peptides such as somatostatin, insulin, and amy-
lin because of increased conformational flexibility (32–36).
Transmission electron microscopy images showed morpho-
logical differences between native and reduced insulin and
somatostatin fibrils, and MD simulations have revealed
marked differences in the H-bonding networks in fibrils of
native and reduced somatostatin (34,35). Slight differences
in the conformation of fibrils of disulfide-reduced hCT
(rhCT) and native hCT have been identified based on chem-
ical shifts in their NMR spectra (14). In the studies reported
here, kinetic and mechanistic differences in the fibrillation of
native hCT and disulfide-reduced hCT (rhCT) were
examined.

Strategies to improve the therapeutic efficacy of calci-
tonin have primarily focused on modifications to the amino
acid sequence or the development of novel delivery ap-
proaches (2). Aromatic residues involved in stabilizing
hCT fibrils are likely targets for sequence modifications.
A trisubstituted leucine analog of hCT (Y12L, F16L, and
F19L hCT) showed a 10-fold increase in hypocalcemic po-
tency in rats relative to native hCT (37). Fibrillation-resis-
tant hCT analogs have been designed by mimicking the
more slowly aggregating sCT, replacing select hCT residues
with those of sCT (Y12L, N17H, A26N, I27T, and A31T
hCT and Y12L, N17H hCT); these analogs showed signifi-
cantly slower fibrillation while maintaining activity and
structural similarity to sCT (38,39). However, these sCT-
like analogs may also retain some of the side effects associ-
ated with sCT therapy. Conformationally constrained bicy-
clic hCT analogs have been developed with �30–400-fold
greater hypocalcemic potency in mice than native hCT,
perhaps because of stabilization of the bioactive conforma-
tion, although the effects of these structural changes on
fibrillation have not been reported (40).

Hydrogen-deuterium exchange with mass spectrometric
analysis (HDX-MS) has been used to probe the molecular in-
teractions, leading to the formation of transient intermediates
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and mature fibrils of peptides and proteins (41–45). In solu-
tion HDX-MS, a peptide or protein is exposed to a deuterium
donor, typically deuterium oxide (D2O), and backbone amide
protons are ‘‘exchanged’’ for deuterons. Amide protons
involved in hydrogen-bonded secondary structures or buried
in a protein’s core exchange more slowly than those that are
solvent exposed (46). Mass spectrometry (MS) of the deuter-
ated protein is used to measure the number of amide groups
that have been exchanged based on the increase in molecular
mass, and proteolytic digestion can be used to localize sites
of deuteration (47,48). Similarly, in pulsed HDX-MS studies,
fibrillating peptides are subjected to a short deuterium-label-
ing period by exposing the reaction mixture to D2O (43). As
fibrils form, deuteration is hindered by intermolecular inter-
actions in the developing fibrils so that monomeric peptide is
deuterated to a greater extent than peptide in oligomeric in-
termediates or the fully formed fibril (46). When combined
with proteolytic digestion, pulsed HDX-MS can identify
the regions of the peptide that participate in the early stages
of fibrillation based on their differential deuterium exchange
rates (43).

In the studies reported here, pulsed HDX-MS and other bio-
physical methods were used to study the effects of structural
modifications on hCT fibrillation. Pulsed HDX-MS of fibril-
lating hCT showed involvement of the N-terminal and central
fragments during the early stages of fibrillation at neutral pH,
whereas the C-terminal fragments showed limited participa-
tion, even in mature fibrils. The HDX-MS results were used
to develop fibrillation-resistant hCT analogs by site-specific
phosphorylation of select serine and threonine residues in the
hCTsequence.WhencomparedwithnativehCT, thephosphor-
ylated hCT (phCT) analogs showed modified fibrillation that
varied with the phosphorylation site. Reduction of the Cys1-
Cys7 disulfide bond resulted in faster fibrillation and involved
different hCT residues as indicated by pulsed HDX-MS. Over-
all, the work demonstrates that small changes in the native
structure of hCT can producemarked changes in its fibrillation
behavior and that an understanding of the underlying mecha-
nisms can be used to developfibrillation-resistant hCTanalogs.
MATERIALS AND METHODS

Materials

Research-grade hCT and phCT derivatives were purchased from ABclonal

Technology (Woburn, MA). hCT had the amino acid sequence

C1GNLSTCMLG10TYTQDFNKFH20TFPQTAIGVG30AP-NH2, with a

Cys1-Cys7 disulfide bond at the N-terminus and amidation at the C-termi-

nus. The three phCT derivatives included phospho-Ser-5 hCT, phospho-

Thr-13 hCT, and phospho-Thr-21 hCT, with phosphorylation at respective

serine or threonine residues. The peptides had greater than 95% purity, as

determined by the manufacturer (see Certificates of Analysis). D2O

(99.9%) was purchased from Cambridge Isotope Laboratories (Andover,

MA). Thioflavin T (ThioT) was procured from Abcam (Cambridge, MA),

and Tris 2-carboxyethyl phosphine (TCEP) hydrochloride was purchased

from Sigma-Aldrich (St. Louis, MO). All other chemicals were at least re-

agent grade and used as received.
Sample preparation

As received, hCT and phCT contained trifluoroacetate salt impurities that

were removed by dialysis. The peptides were dissolved in deionized (di)-wa-

ter at 2 mg/mL and dialyzed using 2-kDa MWCO Slide-A-Lyzer Dialysis

Cassettes (Thermo Fisher Scientific, Waltham, MA) with di-water as the dial-

ysis medium (6 h at 4�C, media change every 2 h). The resulting peptide so-

lutions were filtered through a 0.1-mm polyvinylidene difluoride (PVDF)

filter and transferred to lyophilization vials (size 2R; DWK Life Sciences,

Millville, NJ), then freeze dried using a pilot-scale LyoStar 3 lyophilizer

(SP Scientific, Warminster, PA) to obtain dried and purified peptide powder,

which was then stored at�80�C until use. rhCTwas produced from hCT us-

ing TCEP. Briefly, hCTwas dissolved in di-water at 2 mg/mL, and a 100-mM

TCEP stock solution was added to give a final TCEP concentration of 5 mM.

The solution was allowed to stand for 15 min at 25�C to complete the reduc-

tion, then dialyzed to remove dissolved salt impurities and TCEP. The solu-

tion was lyophilized to obtain dried and purified rhCT as above.
Fibrillation kinetics by ThioT fluorescence and
turbidity measurements

The fibrillation kinetics of hCT, rhCT, and phCTwas monitored in 96-well

plates using a Synergy Neo2 Multi-Detection Microplate Reader (BioTek

Instruments, Winooski, VT). ThioT fluorescence and turbidity were moni-

tored under the same conditions. ThioT is a fluorescent dye that shows

increased fluorescence on binding to the hydrophobic pockets of b-sheet-

rich fibrils (49,50). In ThioT studies, peptides (100 mM, �0.34 mg/mL)

were dissolved in cold 20 mM sodium phosphate buffer (pH 7.4) and

quickly transferred to a 96-well microtiter plate. In each well, 5 mL of

ThioTworking solution (250 mM) was added to 245 mL of peptide solution

to give a final ThioT concentration of 5 mM per well. Fibrillation was al-

lowed to proceed for 12 or 24 h at 25�C, with continuous shaking at 731

cpm. Fluorescence intensity was bottom read every 10 or 15 min at excita-

tion and emission wavelengths of 440 and 482 nm, respectively. Six repli-

cate measurements were performed for each time point. The resulting

ThioT data were fitted to the Boltzmann sigmoidal function (Eq. 1) using

GraphPad Prism version 7.04 (GraphPad Software, La Jolla, CA):

Y ¼ A1 þ A2 � A1

1þ eðxo�xÞ=dx0 ; (1)

where A1 is the minimal signal, A2 is the maximal signal, xo is the time at

which the change in signal is 50% (t50) and dx0 is the slope of the growth

phase (43). The fibrillation lag time was determined as xo – 2dx0 using the

regression parameters. For data that did not fit satisfactorily to Eq. 1, the

lag time was determined from the intersection of tangents to the lag phase

and growth phase curves (51). Lag times determined from Eq. 1 and from

tangent methods were within 3% of one another. Similarly, when data did

not fit Eq. 1 satisfactorily, the fibrillation half-life (t50) was estimated as

the time when the signal intensity reached half the maximal value.

Fibrillation kinetics were also monitored by measuring solution turbidity.

Samples were prepared and the studies performed as above but without

added ThioT. Turbidity was measured by ultraviolet (UV) absorbance at

340 nm at 10- or 15-min read intervals, and six replicate measurements

were performed. Turbidity data were fitted to the Boltzmann sigmoidal

function (Eq. 1) and analyzed as above.
CD spectroscopy

Changes in peptide secondary structure during fibrillation were monitored

by CD spectroscopy using a Jasco J-815 spectrometer (JASCO Analytical

Instruments, Easton, MD). Solution samples were prepared as for turbidity

measurements and allowed to fibrillate in 96-well microtiter plates in the

plate reader. At predetermined time intervals, samples were withdrawn,
Biophysical Journal 120, 1–15, January 5, 2021 3
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and CD spectra were recorded in a quartz cuvette with a 1-mm pathlength

scanned from 190 to 260 nm in the far-UV range at a scan speed of 50 nm/

min at 20�C. Spectra are reported as an average of three scans.
Pulsed amide HDX-MS

In pulsed HDX-MS studies of fibrillating peptides, samples were prepared

and allowed to fibrillate in 96-well plates in the microplate reader as

described above. At predetermined time intervals (0–1440 min), triplicate

samples were withdrawn and subjected to pulsed deuteration. The sampling

time was negligible (�1 min) compared with the overall fibrillation time

course. For rhCT, because fibrillation was rapid, sampling times were

divided among three independent experiments. For all peptides, a 2-min

pulse deuterium-labeling period was initiated by diluting a 5-mL sample

of fibrillating peptide in 45 mL of D2O (99.9%), resulting in a final concen-

tration of 90% D2O (v/v) and 10 mM peptide. At the end of the labeling

period, the exchange was quenched by adding 45 mL of ice-cold quench

buffer (5% w/v urea, 5% v/v methanol, and 0.2% v/v formic acid (FA) in

MS grade water (pH 2.5)). Quenched samples were flash frozen in liquid

nitrogen and stored at �80�C until analysis.

As a control, the rate and extent of deuterium uptake were measured for

hCT under conditions when fibrillation did not occur. A 100-mM

(�0.34 mg/mL) hCT solution was prepared in 20 mM sodium phosphate

buffer (pH 7.4) at room temperature. Deuteration was initiated by 10-fold

dilution of the hCT solution with D2O (99.9%) to a final concentration of

�90% D2O (v/v) and 10 mM hCT. The solution was kept undisturbed at

room temperature for 120 min. Aliquots of 45 mL were withdrawn at

various times, quenched, flash frozen, and stored until analysis as above.

Deuterium uptake was measured using a liquid chromatography mass

spectrometry (LC-MS) system (Agilent 6520 QTOF; Agilent Technologies,

Santa Clara, CA) equipped with a custom-built refrigeration unit that main-

tained the LC column at low temperature (�2�C) to minimize back ex-

change. Deuterated samples were quickly thawed, and �250 pmol of

peptide was injected into the LC-MS system. Samples were retained on a

peptide microtrap (Michrom Bioresources, Auburn, CA) and desalted

(0.1% FA in water, 1.7 min, 0.2 mL/min). The peptide was then eluted in

4.5 min onto an analytical column (Zorbax 300SB-C18; Agilent Technolo-

gies) using a gradient of acetonitrile (25–59%), water, and 0.1% FA at a

flow rate of 50 mL/min. Mass spectra were collected over the m/z range

of 100–1700. To measure deuterium uptake at the fragment level, samples

were subjected to proteolytic digestion by injecting them into an in-line im-

mobilized pepsin column maintained at 25�C within the refrigeration unit.

Online digestion was carried out for 1.7 min in water containing 0.1% FA at

a flow rate of 0.2 mL/min. The fragments were retained on a peptide micro-

trap, desalted, and then eluted onto a C18 analytical column as above.

For HDX-MS at the fragment level, a list of peptide fragments was gener-

ated from each undeuterated control using MassHunter Workstation soft-

ware equipped with the Bioconfirm software package (B.03.01; Agilent

Technologies). Peptides identified using undeuterated controls were map-

ped onto deuterated samples using HDExaminer software (Version 2.0; Si-

erra Analytics, Modesto, CA). For fibrillating peptides with a bimodal

distribution of deuterium uptake, the percent of deuteration was calculated

as a weighted average of the two populations. Deuterium uptake values

were not subjected to back exchange correction, and all values are reported

as the mean of three independent hydrogen-deuterium exchange (HDX) ex-

periments. Additional details on the HDX-MS experiments are provided in

Data S1 using the format suggested by Masson et al. (52).

For the controls, the extent of deuteration as a function of time was fitted

to a monoexponential association model (Eq. 2):

D ¼ Dmax

�
1� e�kt

�
; (2)

where Dmax is the maximal deuteration, k is the exchange rate constant, and

t is deuteration time (in minutes). Deuterium uptake data for fibrillating

hCTwere fitted to the Boltzmann sigmoidal function (Eq. 1). For fibrillating
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rhCT, deuterium uptake data were fitted to a monoexponential decay model

(Eq. 3):

D ¼ ðD0 �DNÞe�kt þ DN; (3)

where D0 is the deuterium uptake at time t ¼ 0 of fibrillation, DN is the

deuterium uptake at large fibrillation times, k is the exchange rate constant,

and t is deuteration time (in minutes). Data analysis was performed using

GraphPad Prism version 7.04.
RESULTS

Fibrillation kinetics using fluorescence and
turbidity measurements

During fibrillation, an increase in ThioT fluorescence was
observed for both hCT and rhCT, consistent with the forma-
tion of b-sheet-rich fibrils (Fig. 1). An increase in turbidity
was also observed, consistent with an increase in the number
and/or size of particles (Fig. 1). For both ThioTand turbidity
measurements, fibrillation kinetics showed sigmoidal
behavior, with lag, growth, and equilibrium phases charac-
teristic of a nucleation-dependent aggregation process
(51). For hCT, there was no significant difference in fibrilla-
tion lag times measured by the two methods (Table 1). Un-
der similar conditions, the fibrillation of rhCT was
significantly faster than that of hCT, with shorter lag time
and t50-values (Fig. 1; Table 1). For rhCT, the t50-value by
ThioT fluorescence was �2� greater than the t50-value by
turbidity (Table 1), suggesting that particles were present
before ThioT intercalation occurred. The changes in the sec-
ondary structure of hCT and rhCT during fibrillation, as de-
tected by CD spectroscopy, coincided with the changes
observed by ThioT and turbidity measurements (Figs. 1
and S1). CD spectra of fibrillating hCT and rhCT showed
a loss of negative intensity with time, consistent with a
loss of random coil conformation and the formation of insol-
uble fibrils (Fig. S1).
Amide HDX-MS

HDX-MS for monomeric hCT

HDX-MS was performed for monomeric hCT at both intact
and fragment levels to serve as a control for pulsed deuter-
ation studies of fibrillating hCT. At the intact level, deute-
rium uptake for monomeric hCT reached 82% of the
theoretical maximum after 20 min (Fig. S2 A), suggesting
an upper limit for back exchange of �18% in this system
in agreement with previous HDX-MS studies of unstruc-
tured peptides in our lab (53). After deuteration, intact
mass spectra showed a single peak consistent with a single
population of monomeric hCT (Fig. S3). After pepsin diges-
tion, a total of six fragments were selected having strong and
reproducible MS signals and providing 100% sequence
coverage with some overlap (Fig. S2 B). The six fragments
reached similar maximal deuterium uptake (59–66% of



FIGURE 1 Fibrillation kinetics of human calcitonin (hCT) (A) and reduced hCT (rhCT) (B) by ThioT fluorescence (solid circles) and turbidity (solid tri-

angles) measurements. The hCT and rhCT were dissolved in 20 mM sodium phosphate buffer (pH 7.4) at 100 mM and allowed to fibrillate at 25�C with

continuous shaking at 731 cpm in a 96-well microtiter plate. n ¼ 6, mean 5 standard deviation (SD).
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theoretical maximum) in less than 2 min of D2O exposure,
indicating dynamic flexibility and limited higher order
structure (Fig. S2 B).
HDX-MS for fibrillating hCT at intact level

At the initiation of the fibrillation experiment (t ¼ 0 min),
hCT showed a single mass envelope with little peak broad-
ening relative to the undeuterated control (Fig. 2 A). This
peak (peak II) corresponds to hCT that is highly solvent
exposed and deuterated at the level measured under mono-
meric conditions (%D ¼ 68). Similar envelopes were
observed until 100 min of fibrillation (Fig. 2 A), correspond-
ing with the lag phase measured in ThioT and turbidity
studies (Fig. 2 B). After 100 min of fibrillation, a new
peak (peak I) was observed, with lower m/z indicating
greater protection from exchange and consistent with the
presence of hCT oligomers or proto fibrils (Fig. 2 A). As
fibrillation proceeded, the intensity of peak I increased,
and the intensity of peak II decreased, with an overall reduc-
tion in deuteration levels (Fig. 2, A and B). At 360 min, peak
II appeared as a shoulder, suggesting a near-complete shift
in population from monomeric to oligomeric hCT. After
TABLE 1 Fibrillation Kinetic Parameters (t50 and Lag Time) of

hCT and rhCT as Determined by ThioT Fluorescence, Turbidity,

and HDX-MS Measurements

Measurement Parameter (min) hCT rhCT

ThioT fluorescencea t50 236 5 8 113 5 16

lag time 172 5 15 34 5 9

Turbiditya t50 257 5 15 50 5 8

lag time 198 5 20 23 5 6

HDX-MSb (intact level) t50 165 5 7 46 5 7

lag time 104 5 7 NA

NA, not applicable; mean 5 SD.
an ¼ 6
bn ¼ 3
1440 min of fibrillation, the percent of deuterium uptake
was 28%, suggesting that some solvent-accessible regions
remain in these more mature hCT fibrils (Fig. 2 A).

The deuterium uptake at any time is the weighted average
of the number of deuterons in both the protected and sol-
vent-accessible populations and was fitted to a Boltzmann
sigmoid function (Eq. 1; Fig. 2 B). The lag time of fibrilla-
tion by HDX-MS was significantly shorter than for ThioT
and turbidity measurements, in agreement with the detec-
tion of a more protected population (peak I) at 100 min by
HDX-MS (Fig. 2 A; Table 1). A significantly shorter t50-
value was observed for HDX-MS than for ThioTor turbidity
measurements (Table 1). This suggests that the intermolec-
ular interactions and structural changes detected by HDX-
MS precede those detected by the other methods (Table 1)
and that the peptide may be fully protected from exchange
before rearranging into fibrils that can bind ThioT and in-
crease solution turbidity.

HDX-MS for fibrillating hCT at fragment level

Fibrillating hCT was subjected to HDX-MS with pepsin
digestion to identify the regions that show protection from
deuteration during the early stages of fibril formation.
Deuterium uptake of six hCT fragments was monitored,
providing 100% sequence coverage with some overlap
(Fig. 3 A). The average mass of native hCT (3418.1004 g/
mol), as measured by MS, indicated that the Cys1-Cys7 di-
sulfide bond at the N-terminus remained intact during fibril-
lation and MS analysis. During the initial 100 min of
fibrillation, no significant change was observed in the
deuteration of the fragments (Fig. 3 A), consistent with
HDX results at the intact level (Fig. 2 B). After 100 min,
the rate and extent of deuterium uptake varied among frag-
ments from different regions. Overlapping fragments 1–8
and 1–11, from the N-terminus, and the central fragment
12–19 all showed a decrease in deuterium uptake with
Biophysical Journal 120, 1–15, January 5, 2021 5



FIGURE 2 Pulsed HDX-MS of fibrillating hCT at intact level. The fibrillating hCTwas pulse labeled with deuterium for 2 min at intervals over the fibril-

lation time course (to 1440 min) and analyzed for deuterium uptake by MS. (A) Shown is the enhanced mass envelope of deuterated and undeuterated hCT

(m/z¼ 1139.5416; z¼ þ3) at the intact level. The spectra show a bimodal peak distribution (peaks I and II) during fibrillation. %D is the average percent of

deuterium uptake by hCT (n¼ 3). (B) Shown is the fibrillation kinetics of hCT by ThioT fluorescence (solid circles; n¼ 6), turbidity (solid triangles; n¼ 6),

and deuterium uptake by HDX-MS at the intact level (solid squares; n ¼ 3). Lines are fits to Boltzmann sigmoid function (Eq. 1). Mean 5 SD.
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fibrillation time. This decrease was significantly greater than
in fragments 20–32 and 26–32 from the C-terminus (Figs. 3
A and S4). After 1440 min, deuterated mass envelopes of the
N-terminal (1–8 and 1–11) and central (12–19) fragments
showed a near-complete shift toward a more protected pop-
ulation, whereas the C-terminal fragments (20–32 and 26–
32) only showed minor peak broadening (Fig. S4). Fragment
16–28, which contains overlapping residues from fragments
12–19 and 20–32, showed intermediate behavior (Figs. 3 A
and S4).
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The deuteration kinetics for fragments 1–8, 1–11, and 12–
19 was fitted to a Boltzmann sigmoid function (Eq. 1). This
analysis was not applied to fragments 16–28, 20–32, and
26–32, which showed a small overall change in deuterium
uptake (Fig. 3 A). The half-lives of deuterium uptake for
fragments 1–8, 1–11, and 12–19 did not show significant
differences (Fig. 3 B). For the N-terminal (1–11) and central
(12–19) regions, both the relatively rapid decrease in deute-
rium incorporation and the significant decrease in deutera-
tion after 360 min suggest that this region is involved in



FIGURE 3 Pulsed HDX-MS of fibrillating hCT at the fragment level. The fibrillating hCTwas pulse labeled with deuterium for 2 min at intervals over the

fibrillation time course (to 1440 min) and analyzed for deuterium uptake by MS after pepsin digestion. (A) Shown is the percent of deuterium uptake for the

hCT fragments 1–8, 1–11, 12–19, 16–28, 20–32, and 26–32 as a function of time of fibrillation. The lines represent fit to Boltzmann sigmoid function (Eq. 1)

in cases in which good fit was achieved (n ¼ 3, mean5 SD). (B) Shown are the t50-values for deuterium incorporation in three hCT fragments (n ¼ 3, mean

5 SD).
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the early stages of hCT fibrillation (Fig. 3 A). In contrast, for
the C-terminal region (20–32 and 26–32), the relatively
slow and limited decrease in deuterium incorporation,
even after 1440 min (Fig. 3 A), suggest that this region
does not participate directly in fibril growth and maturation
under these conditions.

HDX-MS for fibrillating rhCT at intact level

The Cys1-Cys7 disulfide bond in native hCT was reduced
using TCEP to study the effects of reduction on fibrillation
kinetics. During fibrillation of rhCT, the initial (t ¼ 0 min)
deuterated mass envelope appeared as a single peak, with
little peak broadening relative to the undeuterated control
(Fig. 4 A). This unimodal peak (peak III) corresponds to
monomeric rhCT and showed maximal deuterium uptake
of 70% (Fig. 4 A). After 20 min of fibrillation, a more pro-
tected population (peak I) emerged at lower m/z (Fig. 4 A).
By 30 min, the intensity of peak I had increased markedly,
with a corresponding decrease in the intensity of peak III.
During the same time interval, the percent deuterium incor-
poration decreased from 66% at 20 min to 46% at 30 min,
which corresponded to an increase in ThioT and turbidity
signals (Fig. 4, A and B). From 30 to 120 min, peak I
increased somewhat more slowly, in contrast to its earlier
Biophysical Journal 120, 1–15, January 5, 2021 7



FIGURE 4 Pulsed HDX-MS of fibrillating reduced rhCT at intact level. The fibrillating rhCTwas pulse labeled with deuterium for 2 min at intervals over

the fibrillation time course (to 1440 min) and analyzed for deuterium uptake by MS. (A) Shown are the enhanced mass envelopes of deuterated and undeu-

terated rhCT (m/z ¼ 1140.2375; z ¼ þ3) at the intact level. The spectra show a bimodal peak distribution (peaks I and II and peaks I and III) during fibril-

lation. %D is the average percent of deuterium uptake by rhCT (n¼ 3). (B) Shown is the fibrillation of the rhCT by ThioT fluorescence (solid circles; n¼ 6),

turbidity (solid triangles; n¼ 6), and deuterium uptake by HDX-MS (solid squares; n¼ 3). The HDX data are fitted to a monoexponential decay model (Eq.

3). Lines show trends for ThioT fluorescence and turbidity measurements and do not represent regression. Mean 5 SD.
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rapid growth (Fig. 4 A). At 120 min, there was a slight
broadening of peak I at lower m/z, whereas peak III dimin-
ished to a shoulder (Fig. 4 A). By 180 min, a second pro-
tected population appeared (peak II), which was more
protected from deuteration and had lower m/z than peak I,
and peak III completely disappeared (Fig. 4 A). With further
fibrillation, the intensity of peak II increased gradually with
a corresponding decrease in the intensity of peak I, accom-
panied by a gradual decrease in percent deuterium uptake
from 31 to 18% between 180 and 1440 min (Fig. 4, A and
8 Biophysical Journal 120, 1–15, January 5, 2021
B). Deuterium incorporation at 1440 min was less for
rhCT (18%) than for hCT (28%) (Figs. 2 and 4), suggesting
that a greater portion of the rhCT sequence is incorporated
in the mature fibrils.

Deuterium uptake was plotted as a function of fibrillation
time and fitted to a monoexponential decay model (Eq. 3;
Fig. 4B). The fibrillation half-life (t50) of rhCT is significantly
shorter for HDX-MS than for ThioT but similar to that for the
turbiditymeasurement (Table 1), suggesting that the structural
changes detected by HDX-MS coincide with the detection of
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particles by turbidity measurement but precede the formation
of ThioT-intercalating fibrils for rhCT.

Under quiescent conditions, the free sulfhydryl (-SH)
groups in rhCT monomers were stable against oxidation
over 24 h at room temperature, as indicated by the absence
of a peak in the mass spectrum corresponding to native
hCT after incubating rhCT for 24 h without shaking
(Fig. S5). Additional evidence for the oxidative stability
of rhCT during fibrillation is provided by the digest data
for fragment 1–8, which contains both of the Cys residues
(Cys1 and Cys7) that participate in the disulfide bond.
Fragment 1–8 shows different fibrillation kinetics in
hCT and rhCT (see Figs. 3 A and 5 A) and has different
deuterated masses when fully fibrillated (see Figs. S4
and S6), suggesting that the fragment is chemically
different in the two peptides throughout the fibrillation
time course.
FIGURE 5 Pulsed HDX-MS of fibrillating rhCTat the fragment level. The fibr

fibrillation time course (to 1440 min) and analyzed for deuterium uptake by M

fragments 1–8, 9–15, 12–19, 16–28, 20–32, and 26–32 as a function of time of fi

3, mean 5 SD). (B) Shown are the t50-values for deuterium incorporation in si
HDX-MS for fibrillating rhCT at fragment level

To identify the regions of the rhCT sequence that are pro-
tected from exchange during fibrillation, samples were sub-
jected to proteolytic digestion before MS analysis. A total
of six fragments were identified that provided 100%
sequence coverage with some overlap. During fibrillation,
a decrease in deuterium uptake was observed for all
rhCT fragments (Fig. 5 A). Fragments from different re-
gions of the rhCT sequence showed greater differences in
deuteration during the first 120 min than at later times
(Fig. 5 A). From t ¼ 0 to 120 min, the percent of deuterium
incorporation in the central fragments 9–15 and 12–19
decreased rapidly, whereas the C-terminal fragments 20–
32 and 26–32 showed little change (Fig. 5 A). At
120 min, the deuterated mass envelopes of fragments 9–
15 and 12–19 showed a near-complete shift toward a single
illating rhCTwas pulse labeled with deuterium for 2 min at intervals over the

S after pepsin digestion. (A) The percent of deuterium uptake for the rhCT

brillation. Lines represent fits to monoexponential decay model (Eq. 3) (n ¼
x rhCT fragments (n ¼ 3, mean 5 SD).
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protected population, whereas the mass envelopes of frag-
ments 20–32 and 26–32 showed little change (Fig. S6). The
N-terminal fragment 1–8 showed a slower decrease in
deuterium uptake than the central region (9–15 and 12–
19) from 0 to 120 min, but a faster decrease than the C-ter-
minal region (16–28, 20–32, and 26–32) (Fig. 5 A). At
1440 min, the deuterated mass envelopes of fragments
16–28 and 20–32 showed bimodal distributions with both
protected and unprotected populations, whereas fragments
1–8, 9–15, and 12–19 showed only a single population
(Fig. S6). Fragment 16–28, which contains overlapping
residues from fragments 12–19 and 20–32, showed inter-
mediate behavior (Figs. 5 A and S6).

The deuteration kinetics for rhCT fragments were fitted to
a monoexponential decay model (Eq. 3). The half-life (t50)
of deuterium uptake for the C-terminal fragments (20–32
and 26–32) was �8� greater than values for the central re-
gion fragments (9–15 and 12–19) and �2� greater than the
N-terminal fragment (1–8) (Fig. 5 B). For the central region
(9–19), the relatively rapid decrease in deuterium incorpora-
tion and the near-complete shift to a more protected popula-
tion at 120 min suggest that this region participates in the
early stages of fibrillation (Figs. 5 A and S6). The slower
decrease in deuterium incorporation near the C-terminus
suggests that this region participates at later stages of fibril
growth and maturation (Fig. 5 A). The presence of both pro-
tected and accessible populations and the relatively high
deuterium incorporation at 1440 min suggest that the C-ter-
minus is more exposed in the mature fibrils than the central
region (Fig. S6). For the N-terminus (1–8), the slower
decrease in deuterium incorporation relative to the central
region (Fig. 5 A) and a gradual but complete shift to a
more protected population with lower percent deuterium
incorporation at 1440 min (Fig. S6) suggest that this region
is incorporated into the fibrillar structure after the central
region.
FIGURE 6 Effect of site-specific phosphorylation on the fibrillation of three p

pho-Thr-13 hCT (red), and phospho-Thr-21 hCT (blue) compared with hCT con

482 nm (A) and turbidity (OD) at 340 nm (B) under fibrillation conditions (100 m

uous shaking at 731 cpm for 12–24 h in a 96-well microtiter plate). n ¼ 6, mea
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Fibrillation kinetics of phCT derivatives

Three phCT derivatives were monitored for fibrillation un-
der stressed conditions by ThioT fluorescence and turbidity
measurements (Fig. 6). The derivatives showed differences
in fibrillation behavior that depended on the site of phos-
phorylation. An increase in ThioT fluorescence with time
was observed for both phospho-Ser-5 hCT and phospho-
Thr-21 hCT, consistent with the formation of fibrils (Fig. 6
A). Phospho-Thr-13 hCT did not show a change in ThioT
fluorescence under these conditions, suggesting that fibrilla-
tion had been inhibited (Fig. 6 A). Although the lag time of
fibrillation by ThioTwas shorter for phospho-Ser-5 hCT (lag
time ¼ 585 8 min) than for native hCT (lag time ¼ 1725
15 min), the ThioT signal intensity was�10-fold weaker for
phospho-Ser-5 hCT than for native hCT (Fig. 6 A; Table S1).
The lower ThioT signal intensity for phospho-Ser-5 hCT
suggests the formation of oligomeric intermediates and/or
protofibrils, which interact more weakly with ThioT than
mature fibrils (54). Phospho-Thr-21 hCT showed a much
greater fibrillation lag time (lag time ¼ 568 5 95 min)
but similar ThioT signal intensity compared with native
hCT (Fig. 6 A; Table S1). The growth of fibrils in phos-
pho-Thr-21 hCT did not plateau in 24 h, as observed by
ThioT fluorescence (Fig. 6 A). Turbidity measurements for
phospho-Ser-5 hCT showed a significantly lower signal in-
tensity (Fig. 6 B); on visual inspection, a thin translucent
film was observed at the bottom of the 96-well plates after
24 h. In contrast, solid dense deposits were observed for
hCT and rhCT fibrillation. There were no significant
changes in turbidity for phospho-Thr-13 or phospho-Thr-
21 hCT, and both solutions remained clear on visual inspec-
tion (Fig. 6 B). Phospho-Thr-13 hCT, when subjected to
more aggressive fibrillation conditions (25�C, continuous
shaking at 1096 cpm) for 840 min, showed no change in
ThioT or turbidity signals (Fig. S7).
hosphorylated hCT (phCT) derivatives: phospho-Ser-5 hCT (green), phos-

trol (black). The fibrillation was monitored by ThioT florescence (RFU) at

M peptide in 20 mM sodium phosphate buffer (pH 7.4) at 25�C, with contin-
n 5 SD. To see this figure in color, go online.
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These observationswere consistentwith the changes in sec-
ondary structure of the three phCT analogs detected by CD
spectroscopy (Fig. S8). Like native hCT, phCT derivatives
initially showed CD spectra consistent with a random coil
conformation (Fig. S8). Both phospho-Ser-5 hCT and phos-
pho-Thr-21 hCT showed significant reduction in the random
coil signal by 1440 min (Fig. S8, A and C), consistent with a
loss in free monomer concentration, whereas there was no
loss of CD signal for phospho-Thr-13 hCT, which showed
nearly identical spectra at 0 and 1440 min (Fig. S8 B).
Stability of phospho-Thr-13 hCT by amide HDX-
MS

HDX-MS at the intact level was performed for phospho-Thr-
13 hCT samples stressed under fibrillating conditions (25�C,
continuous shaking at 731 cpm for 1440 min). At t¼ 0 min, a
single deuterated mass envelope was observed consistent
with monomeric phospho-Thr-13 hCT (Fig. S9). No peak
broadening or change in peak position was observed after
1440 min (Fig. S9). Deuterium uptake did not change signif-
icantly, and the mass spectrum at 1440 min was consistent
with monomeric phospho-Thr-13 hCT (Fig. S9), indicating
the absence of oligomers or fibrillar intermediates.
DISCUSSION

Amyloid fibrils are formed by the stacking of b-sheets that
interact side by side through interdigitation of amino acid
side chains to form steric zippers (55). These interactions
are mostly noncovalent, mediated through hydrogen bonding,
steric or hydrophobic interactions, and/or charge interactions
(56). Modifying amino acid side chains through site-specific
phosphorylation of hCT interferes with the interactions
responsible for steric zipper formation in the core of hCT fi-
brils. At neutral pH, phosphorylation introduces negative
charge (�2) into the zipper-forming side chains, inhibiting
monomer self-association through charge repulsion. HDX-
MS results for fibrillating hCT implicate the N-terminal (1–
11) and central (12–19) regions in the early stages of fibrilla-
tion, whereas the C-terminal (20–32) region had limited
involvement (Figs. 3 A and S4). Based on these findings,
three phCT derivatives were selected to probe the effects of
phosphorylation site on fibrillation. Serine and threonine res-
idues in the disulfide-bridged N-terminal loop (phospho-Ser-
5 hCT), in the central region (phospho-Thr-13 hCT), and in
the C-terminal region (phospho-Thr-21 hCT) of native hCT
were phosphorylated and their fibrillation evaluated.

Phosphorylation at Thr13 in the central region of hCT and
located just before the fibrillation-prone D15FNKF19
sequence (15,17,20) resulted in complete inhibition of fibrilla-
tion, as indicated by the absence ofThioTand turbidity signals
(Figs. 6 and S7). Pulsed HDX-MS showed no significant
change in deuterium exposure between 0 and 1440 min and
a single deuterated mass envelope at 1440min (Fig. S9), indi-
cating that phospho-Thr-13 hCT remained stable in mono-
meric form for 24 h under fibrillating conditions. Previous
studies have shown that favorable intermolecular electrostatic
interactions between the charged side chains of Asp15 (�1)
and Lys18 (þ1) residues, together with p-p stacking interac-
tions of Phe16 and Phe19, cause association of hCT in the
nucleation step and play an important role in forming antipar-
allel b-sheet fibrils at neutral pH (15,17,18). Phosphorylation
at Thr13 may interfere with these interactions. Interestingly,
the same study found that under acidic conditions (pH 3.3),
the positively charged side chains of Lys18 (þ1) and His20
(þ1), located close to the central b-strand structure and facing
the same side, prevented monomers from associating with the
b-sheet and delayed fibril maturation (18). Here, repulsive
intermolecular electrostatic interactions mediated through
the negatively charged side chains of phospho-Thr13 and
Asp15, located close to the fibrillation-prone central region,
may destabilize the p-p stacking interactions to inhibit fibril-
lation at neutral pH. Strong electrostatic repulsion between
negatively charged insulin molecules has previously been
shown to disrupt the hydrogen-bonded cross-b networks re-
sulting in dissociation of mature insulin fibrils that were incu-
bated in buffered alkaline solutions (57). Previous studies in
our lab have demonstrated that phosphorylation inhibits fibril-
lation and improves the solubility and stability of glucagon, a
fibrillation-prone peptide hormone used to treat hypoglyce-
mia (58). On injection, the phosphate moiety is expected to
be cleaved by abundant phosphatases in vivo, regenerating
native glucagon (58). Reversible peptide modifications such
as phosphorylation can serve as a tool in the rational design
of fibrillation-resistant therapeutic peptides such as hCT,
and the results presented here demonstrate that phospho-
Thr-13 hCT is a promising candidate for future development.

The ThioT and turbidity signals for phospho-Ser-5 hCT
were�10-fold weaker than for native hCT (Fig. 6), suggest-
ing the formation of oligomeric intermediates and/or proto-
fibrils, which are known to interact more weakly with ThioT
than mature fibrils (54). On visual inspection, phospho-Ser-
5 hCT showed thin translucent deposits at the bottom of the
microtiter plate, whereas hCT showed solid dense deposits.
The weaker ThioT and turbidity intensities, along with the
appearance of these deposits, suggest that phosphorylation
of Ser5 in the N-terminal loop interferes with fibrillation
but does not prevent it (Fig. 6; Table S1). This result further
supports the idea that the N-terminal residues are involved
in the early nucleation and growth of hCT fibrils (Fig. 3).

Phosphorylation at Thr21 introduces negative charge in
the C-terminal region of hCT, just after the fibrillation-prone
D15FNKF19 sequence. The ThioT fluorescence results for
phospho-Thr-21 hCT showed a greater lag time and an
incomplete growth phase relative to hCT (Fig. 6; Table
S1), suggesting that phosphorylation of Thr21 delays fibril
formation and growth but again does not prevent it entirely.
Although phosphorylation at Thr13 and Thr21 introduced
negative charge on either side of the fibrillation-prone
Biophysical Journal 120, 1–15, January 5, 2021 11
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central D15FNKF19 sequence, inhibition of fibrillation was
achieved for phospho-Thr-13 hCT, whereas fibrillation
was only delayed for phospho-Thr-21 hCT. These results
support the idea that the site of phosphorylation is important
for inhibiting peptide fibrillation. As shown here, HDX-MS
with proteolytic digestion can be used to identify the regions
responsible for interactions during the early stages of fibril
formation, providing key structural details that can inform
the selection of phosphorylation sites.

Disulfide bonds are thought to reduce conformational dy-
namics and restrict backbone flexibility in fibrillating
peptides, influencing the aggregation of their highly aggrega-
tion-prone sequence stretches (29,34,35). The Cys1-Cys7 di-
sulfide bond in native hCT constrains the N-terminus into a
loop (15). Reducing the disulfide bond relaxes this constraint
and allows greater conformational flexibility at the N-termi-
nus. The fibrillation kinetics of native and rhCT, as monitored
by ThioT fluorescence and turbidity measurements, showed
sigmoidal behavior, with lag, growth, and equilibrium phases
characteristic of nucleation-dependent fibrillation (Fig. 1;
(51)). Such behavior has been reported previously for native
hCT at neutral pH (59). The fibrillation of hCT has been
described by a two-step autocatalytic reaction mechanism
(14,19,60). Thefirst step is homogeneous nucleation involving
self-association of monomers to form oligomeric intermedi-
ates or prefibrillar aggregates during the lag phase. The second
step is heterogeneous fibrillation involving the association of
nuclei and monomers, leading to the elongation of fibrils dur-
ing thegrowth phase. The reductionof theCys1-Cys7 disulfide
bond resulted in faster fibrillation of rhCTcomparedwith hCT,
with a shorter, almost nonexistent, lag phase followed by rapid
fibril growth (Fig. 1). The lag times for rhCT fibrillation
measured by ThioT fluorescence and turbidity were �5�
and�8� shorter, respectively, than for hCT fibrillation (Table
1). These results suggest that the reduction of the disulfide
bond in native hCTaccelerates the formation of nuclei during
the lag phase. Cleaving the disulfide bond in therapeutic pep-
tides such as somatostatin, amylin, and insulin has been re-
ported to accelerate fibrillation by increasing the
conformational flexibility of the aggregating monomers (32–
36,61).Contrary to the reduced aggregationobserved for phos-
pho-Ser-5 hCT, which is also modified in the N-terminal re-
gion, rhCT showed a greater tendency to fibrillate. Unlike
phosphorylation, whichmodified the Ser5 residue to introduce
charge, reduction of the disulfide bond changed the secondary
structure without changing the amino acid sequence.

HDX-MS at the intact level can distinguish the different
conformations of monomers, oligomers, and protofibrillar
intermediates by their different protection patterns (46).
Monomeric species are highly solvent exposed and typically
show maximal deuterium incorporation, whereas protein-
protein interactions in oligomeric intermediates or mature
fibrils provide greater protection from exchange (46). For
fibrillating rhCT, HDX-MS results at the intact level showed
three distinct populations, whereas only two populations
12 Biophysical Journal 120, 1–15, January 5, 2021
were detected for hCT (Figs. 2 A and 4 A). This suggests
that during fibrillation, rhCT may form intermediates that
are structurally different from those formed during fibrilla-
tion of hCT and thus that fibrillation of rhCT and hCT pro-
ceed by different mechanisms and not merely at different
rates. Alternatively, the difference may be attributable to
the formation of transient intermediates during rhCT fibril-
lation that escape detection during hCT fibrillation. Oligo-
meric intermediates with various secondary structures,
including random coil, a -helix, and b-turn, have been re-
ported for calcitonin fibrillation, which highlights the inter-
converting and heterogeneous nature of early aggregates
(59,62–64). The relative populations of different precursor
states have been correlated with different morphologies of
mature fibrils in vitro (65). Different secondary structures
in fibrils of native and disulfide-reduced forms of insulin
and somatostatin have been observed using CD spectros-
copy and Fourier-transform infrared (FTIR) spectroscopy
(34,66). Here, CD spectra showed reduction in random
coil intensity during fibrillation consistent with a loss in sol-
uble monomer fraction but did not show structured interme-
diates or differences in the secondary structures of
prefibrillar or fibrillar states of hCT and rhCT (Fig. S1).
However, HDX-MS showed differences in the various
aggregated assemblies during hCT and rhCT fibrillation
based on their different exchange patterns (Figs. 2 and 4).

Proteolytic digestion followed by HDX-MS can be used to
identify the regions involved in the early stages of fibrillation
(43,46). Numerous studies have implicated the central
sequence D15FNKF19 as a key mediator of calcitonin fibrilla-
tion. D15FNKF19 is thought to form the core of hCT fibrils,
with the side chain phenyl rings of Phe16 and Phe19 involved
in stabilizing p-p stacking interactions that provide favorable
energetic contributions that help drive fibril self-assembly
(14,15,17,20). The central fragment 12–19 in hCT and
rhCT, which includes the fibrillation-prone D15FNKF19
sequence, showed an early decrease in deuterium incorpora-
tion and greater protection from exchange in themature fibrils
(Figs. 3 A, 5 A, S4, and S6), indicating that this region is
involved in the early stages of fibrillation and is incorporated
in the core ofmaturefibrils in both peptides. For rhCT, the cen-
tral fragment 9–15, which lies just before the amyloidogenic
sequence D15FNKF19, showed deuterium uptake kinetics
similar to fragment 12–19, suggesting that the 9–15 fragment
also participates in the early stages of rhCT fibrillation and
may also be amyloidogenic (Figs. 5 A and S6).

The role of the disulfide-bridged N-terminal residues in the
fibrillation of native hCT is not well understood. The N-ter-
minal hCT sequence, T6CMLGT11, has been predicted to
be aggregation prone, and its alanine analog (T6AMLGT11)
forms amyloid fibrils at pH 5.5, though the relevance of
this fragment to the fibrillation of native hCT (1–32) remains
to be determined (67). The HDX-MS results presented here
showed early changes in deuterium exposure and a significant
decrease in deuteration at 1440 min for hCT fragments 1–8
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and 1–11, indicating that the N-terminal residues do play a
role in the early nucleation and growth events of hCT fibril-
lation (Figs. 3 A and S4). Reduction of the disulfide bond pro-
duced subtle differences in the fibrillation behaviors of hCT
and rhCT at their N-terminal and central regions. For rhCT,
the central region (9–19) showed a rapid decrease in deute-
rium uptake relative to the N-terminus (1–8) during the early
stages of fibrillation (0–120 min) (Fig. 5 A), whereas both re-
gions showed similar decreases in deuterium uptake during
hCT fibrillation (Fig. 3 A). Interestingly, the N-terminal and
central fragments of both hCTand rhCT showed similar over-
all decreases in deuterium incorporation at 1440 min, with
near-complete shifts in their deuterated mass envelopes to-
ward a fully protected population (Figs. S4 and S6). These re-
sults suggest that although the N-terminal and central regions
of hCT and rhCT differ in their involvement in the early
nucleation and growth phases, they are incorporated in the
mature fibrils to the same extent in the two peptides.

The lower deuterium uptake at the intact level for rhCT
(18%) compared with hCT (28%) at 1440 min suggests
that a greater portion of the rhCT sequence is incorporated
in the mature fibrils (Figs. 2 A and 4 A). Deuterium uptake
results for the C-terminal fragments 20–32 and 26–32 of
hCT and rhCT show that there is greater involvement of
C-terminal residues in mature fibrils of rhCT as compared
with hCT (Figs. 3 A and 5 A). Deuterium uptake for C-ter-
minal fragments 20–32 and 26–32 of rhCT decreased
from 62 to 34% and 59 to 36% (Fig. S6), respectively,
from 0 to 1440 min, whereas the corresponding hCT frag-
ments did not show a significant decrease during this period
(Fig. S4). The deuterated mass envelopes of these rhCT
fragments were bimodal (Fig. S6), whereas the correspond-
ing hCT fragments showed minor peak broadening and a
limited decrease in deuterium incorporation (Fig. S4). These
results suggest that the destabilizing effects of disulfide
bond reduction at the N-terminus propagate toward the C-
terminus, resulting in greater involvement of C-terminal res-
idues in mature fibrils of rhCT.
CONCLUSIONS

Pulsed HDX-MS, far-UV CD spectroscopy, ThioT fluores-
cence, and turbidity measurements were used to study the ef-
fects of structural modifications on the fibrillation of hCT.
Pulsed HDX-MS with proteolytic digestion showed that the
N-terminal (1–11) and central (12–19) regions of native
hCT are involved in the early stages of hCT fibrillation,
whereas the C-terminus (20–32) showed limited participation
in mature fibrils. This information was used to develop three
phCT analogs that showed modified fibrillation behavior.
Phosphorylation at Thr13 resulted in complete inhibition of
fibrillation. Phosphorylation at Ser5 interfered with fibrilla-
tion and formed translucent oligomeric deposits with weak
ThioT fluorescence signal, whereas phosphorylation at
Thr21 delayed fibril formation and growth but again did not
prevent fibrillation. Reduction of the Cys1-Cys7 disulfide
bond affected early nucleation events involving the N-termi-
nal and central regions, resulting in faster fibrillation relative
to native hCT. The destabilizing effects of disulfide bond
reduction at the N-terminus propagate toward the C-terminus,
and the C-terminal residues of rhCT show greater involve-
ment in mature fibrils than comparable residues of native
hCT. Together, these findings demonstrate that small changes
in the native structure of hCT have a profound effect on its
fibrillation behavior and that an understanding of these effects
can be exploited to produce fibrillation-resistant analogs.
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