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Secondary Structures of Human Calcitonin at Different
Temperatures and in Different Membrane-Mimicking Environments,
Characterized by Circular Dichroism (CD) Spectroscopy
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ABSTRACT: Human calcitonin is a 32-residue peptide hormone that binds to the 1000
calcitonin receptor (CTR) and is involved in calcium regulation. The amino acid
sequence displays a hydrophilic central segment flanked by hydrophobic C- and N- 0
terminal regions with a net charge of zero at neutral pH. This makes the molecule
amphiphilic and conformationally flexible, and different CTR variants preferentially -1000
recognize different structural conformations of calcitonin. The peptide is secreted

from the thyroid gland and is overproduced in some forms of thyroid cancer and can 000
then form cell-toxic aggregates. Characterizing the structural properties of calcitonin

under different conditions is, therefore, important for understanding its receptor- 544,
binding and self-aggregation properties. Here, we used circular dichroism (CD)
spectroscopy to monitor the secondary structure of human calcitonin in different
environments. Calcitonin monomers were found to display a random coil structure
with a significant amount of PPII-helix components in phosphate buffer, pH 7.3, at
physiological temperatures. When agitated, the peptide formed soluble aggregates over time with mainly an antiparallel S-sheet
secondary structure. In the presence of micelles of differently charged surfactants, monomeric calcitonin formed a pure a-helix
structure with cationic CTAB, a combination of @-helix and f-sheet with anionic SDS and with zwitterionic SB3-14, and remained
mainly random coil with noncharged DDM. Thus, the charge of the surfactant headgroup was found to be an important parameter
for calcitonin’s interactions with membrane-mimicking micelles. Similar but not identical interactions with the surfactants were
observed under the oxidizing and reducing conditions.
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1. INTRODUCTION

A further aspect of calcitonin is its capacity to aggregate into
amyloid fibrils, a feature shared with certain other small

Human calcitonin is a 32-residue peptide hormone involved in
calcium regulation.' It is mainly secreted from the
parafollicular cells in the thyroid gland.” When bound to the
calcitonin receptor (CTR), a member of a subfamily of the
seven-transmembrane domain G-protein coupled receptor
super family,” calcitonin activates various signaling pathways
to regulate calcium levels."”* For example, the phospholipase
enzyme C pathway releases Ca(Il) ions from intracellular
storages,” while the cyclic AMP (cAMP) pathway can affect
the motility of osteoclasts via the regulatory protein kinase A
(PKA) enzyme.6 In osteoclasts, calcitonin binding to osteoclast
CTR receptors induces contractions that reduce osteoclast
motility and thereby prevent them from breaking down bone
tissue.> Because of these effects, exogenous calcitonin can be
used as a therapeutic agent to act against hypercalcemia and to
treat metabolic bone diseases such as osteoporosis, osteo-
arthritis, and Paget’s disease.”” Such treatments typically
employ salmon calcitonin, which has a binding affinity for
human calcitonin receptors that is 40—50 times stronger than

that of human calcitonin."”®
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peptides such as amylin (IAPP), amyloid-f (Af), and
insulin.”~"" The amyloid aggregation process is typically
harmful and associated with diseases such as Alzheimer’s,
Parkinson’s, and Creutzfeldt—}akob.12’13 In the current view,
the most cell-toxic amyloid aggregates are the intermediate
soluble oligomers, rather than the mature and insoluble
amyloid fibrils that are the final product of the aggregation
process.l4’15 Calcitonin aggregation in humans is mostly
associated with medullary thyroid carcinoma (MTC), where
cancerous growth of the garafollicular cells results in increased
calcitonin production.'® Because the elevated calcitonin
concentration does not perfectly correlate with MTC, it is
not a reliable marker for the disease.'” Yet, the thyroids of
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MTC patients typically display amyloid deposits of aggregated
calcitonin.'® Although calcitonin aggregates—especially oligo-
meric ones—have been shown to be cell-toxic,"? it is unclear if
such toxic aggregates contribute to the MTC pathology and
associated thyroid degradation. Similar to other amyloid
peptides such as amyloid-f3, calcitonin aggregation is influenced
by numerous factors including metal ions.” *° Aggregation of
therapeutic calcitonin in, e.g., storage vials, is a well-known
problem, since the aggregates are not only toxic but also less
prone to bind to the calcitonin receptor.

To understand the functions and behavior of calcitonin at
the molecular level, it is important to understand its structural
properties. Such knowledge may facilitate the design of
calcitonin-mimicking drugs, which should have a strong affinity
for the calcitonin receptor, but not be able to aggre§ate
themselves or to induce aggregation of native calcitonin.”’ In
aqueous solution calcitonin generally adopts a random coil
secondary structure,””*” which is typical for small peptides.
When bound to the CTR receptor, salmon calcitonin has been
shown to adopt a type II S-turn conformation.”* Receptor-
bound human calcitonin most likely adopts a similar
conformation. When aggregating into amyloid material,
calcitonin can adopt a combination of a-helix and f-sheet
structures.””*’

Here, we used circular dichroism (CD) spectroscopy to
characterize the secondary structure of human calcitonin in
different environments, by varying temperature, reducing/
oxidating environment, and agitating or quiescent conditions
and by adding membrane-mimicking and micelle-forming
surfactants that are either positively charged, negatively
charged, uncharged, or zwitter-ionic.

2. MATERIALS

Sodium dodecyl sulfate (SDS), myristyl sulfobetaine (SB3-14),
cetyltrimethylammonium bromide (CTAB), dodecyl §-D-
maltoside (DDM), tris(2-carboxyethyl) phosphine (TCEP),
and human calcitonin peptide (obtained in vials containing 1
mg of lyophilized peptide powder) were all purchased from
Sigma-Aldrich (Germany).

Prior to the experiments, the calcitonin powder was
dissolved in Milli-Q water to an approximate concentration
of 200 uM. The exact concentration was determined with a
NanoDrop spectrophotometer. The peptide solution was then
mixed with 20 mM phosphate buffer, pH 7.3, and diluted to a
final concentration in the range S yM—20 uM. Before the
measurements of peptide aggregation kinetics, the calcitonin
solution was filtered through a syringe filter membrane with
0.2 ym pore size (VWR International, USA). This purification
step removed large preformed calcitonin aggregates but also
reduced the peptide concentration.

3. METHODS: CIRCULAR DICHROISM (CD)
SPECTROSCOPY

Circular dichroism (CD) is a spectroscopic technique based on
the capacity of chiral molecules, including peptides, proteins,
and nucleic acids, to interact differently with left- and right-
circularly polarized light.zs_28 Peptide bonds, ie., amide
groups in the protein/peptide backbone, have two low-energy
electronic transitions that dominate the absorption and CD
spectra of peptides and proteins in the far-UV region: the n —
7* transition, which is weak in absorption (&, ~ 100 L-M™"
cm™") but often strong in CD around 220 nm, and the 7 — 7*

transition around 190—200 nm, which is stron% in both
absorption (&, ~ 7.000 L-M™'-cm™) and CD.>%*

Because CD spectra for peptide bonds are influenced by the
geometries of the protein/peptide backbone, such CD spectra
reflect the different types of secondary structures that are
present.”>~* Figure 1 shows typical CD spectra for four model
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Figure 1. Circular dichroism (CD) spectra of four model secondary
structures. Polylysine (Lys,, M, = 193.000) is an a-helix (black solid
line) at pH 10.8 and 25 °C in water; an antiparallel f-sheet (red
dashed line) at pH 11 after heating for 15 min at 52 °C and cooling
back to 25 °C; and a random coil (green dashed dotted line) at
neutral pH.** The BOC(1-Val),OMe oligopeptide as a thin film is in a
parallel S-sheet (blue dashed line) conformation.’” The figure is
adapted with permission from Figure 4 in Jarvet (1999),>° where the
copyright belongs to J. Jarvet.

secondary structures, i.e., a-helix, parallel f-sheet, antiparallel
p-sheet, and random coil.*® Characteristic features include the
wavelengths for minima, maxima, and the x-axis intercept. For
example, CD spectra for the a-helix secondary structure usually
have minima around 208 and 222 nm and intercept the x-axis
slightly above 200 nm (Figure 1).

Various algorithms have been developed for estimating from
CD spectra the proportions of different secondary structure
components, such as the BeStSel,”” CAPITO,*° and
CDtoolX®' software. However, in certain situations, such
analysis can be difficult, as different secondary structures may
sometimes produce very similar CD spectra. For example, it is
well established that disordered proteins and peptides display
characteristic CD spectra with a strong minimum around 200
nm and a low amplitude around 222 nm.**”*° But this type of
CD spectrum can also be obtained for globular proteins rich in
highly twisted antiparallel S-sheets, such as ferredoxin and
dUTP pyrophosphatase.” In such situations, other techniques
such as nuclear magnetic resonance (NMR) spectroscopy and
X-ray crystallography might be required for obtaining accurate
structural information.>”

The “random coil” conformation is not a unique secondary
structure, but rather a statistical distribution of different
conformations that a polypeptide will adopt in the absence of
specific stabilizing interactions.”® One of these conformations
is the extended left-handed polyproline II (PPII) helix, which
can be identified with CD spectroscopy.””*” The PPII helix
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Figure 2. Top: Sequence and hydrophobicity profile of human calcitonin. Potentially charged residues are colored. The orange line shows an S—§
link between Cysl and Cys7. Bottom: chemical structures of the micelle-forming surfactants sodium dodecyl sulfate (SDS),
cetyltrimethylammonium bromide (CTAB), myristyl sulfobetaine (SB3-14), and dodecyl -D-maltoside (DDM).

lacks internal hydrogen bonding and is relatively common in
intrinsically disordered and unstructured proteins and
peptides.*>*" In a polypeptide that is mainly random coil,
the amount of PPII helix present can be estimated (in percent)
from a CD spectrum via eq 1:”

[f1max + 6100
13700

%PPII helix = X 100

(1)

Here, —6100 deg-cm*-dmol™" is the theoretical ellipticity for
the 0% PPII helix. [0],,,, is the measured CD signal intensity,
in units of molar ellipticity, at the local maximum around 220—
225 nm, where the exact ??osition of the maximum varies
between different peptides.’””’

In the current study, a Chirascan CD spectrometer (Applied
Photophysics, UK) was used to record CD spectra of 5—20
#M human calcitonin in 20 mM phosphate buffer, pH 7.3,
under different conditions. The sample chamber of the
spectrometer was equipped with a magnet for stirring and a
Peltier element for temperature control. The latter was
connected to a TC 425 temperature controller (Quantum
Northwest, USA). Calcitonin samples were analyzed in quartz
cuvettes with path lengths of either 1 mm (300 L volume), 2
mm (600 uL volume), or 4 mm (1200 uL volume). CD
spectra were recorded between 195 and 250 nm, with a step
size of 0.5 nm and a sampling time of 7 s per data point,
yielding a recording time of 14 min per spectrum.

The effect of temperature on the calcitonin secondary
structure was studied under both quiescent and agitating (i.e.,
stirring) conditions. The amount of PPII helix was evaluated
according to eq 1, where the local PPII maximum was found to
be at 221 nm for the calcitonin peptide. The overall
proportions of a-helix, parallel and antiparallel S-sheets, f-
turns, and other secondary structure elements were estimated

17135

by the BeStSel algorithm,” by uploading CD spectra to the
bestsel.elte.hu Web site.

To investigate the secondary structure of calcitonin in
different membrane-mimicking environments, samples were
titrated with micelle-forming surfactants (Figure 2) that were
positively charged (CTAB), negatively charged (SDS),
zwitterionic (SB3-14), or uncharged (DDM). These measure-
ments were conducted at 25 °C, at surfactant concentrations
that were both below and above the critical micelle
concentration (cmc) for each surfactant. For the four studied
surfactants, the cmc values and the number of molecules (1)
that form one micelle (at temperatures around 20—25 °C) are
the following:42 for SDS, cmc is 7—10 mM and n is 62; for
CTAB, cmc is 0.9—1 mM and n is 61; for SB3-14, cmc is 0.1—
0.4 mM and n is 83; and for DDM, cmc is 0.15 mM and n is
98. Most measurements were performed in a standard
oxidizing environment. However, in some experiments with
SDS and CTAB, 1 mM TCEP was added to the sample to
create a reducing environment that would break the intrinsic
N-terminal S—S-bridge of calcitonin (Figure 2).

4. RESULTS

4.1. Effect of Temperature on Calcitonin Secondary
Structure. Monomeric calcitonin in aqueous solution was
found to display a CD spectrum with a characteristic minimum
around 198 nm (Figure 3A), typical of the random coil
secondary structure (Figure 1). Increasing the temperature
from 5 to 55 °C in increments of S °C, without stirring or
otherwise agitating the sample, induced a structural transition
with an isodichroic point around 207 nm. Figure 3A shows the
spectra for this experiment at 10 °C intervals. When the
temperature was gradually decreased back to 5 °C, the same
structural transition and isodichroic point at 207 nm was

https://doi.org/10.1021/acsomega.4c05312
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Figure 3. (A, B) CD spectra of 15 M monomeric calcitonin in 20 mM phosphate buffer, pH 7.3, at different temperatures. The spectra ranging
from black to light blue in (A) are measured from S to 55 °C, in 10 °C increments without stirring the sample. The curves ranging from black to
light blue in (B) are measured from SS to S °C, in 10 °C increments without stirring the sample. The spectrum recorded at S °C at the beginning of
the temperature measurements is shown in orange. (C) CD spectra of 5 uM calcitonin in 20 mM phosphate buffer, pH 7.3, were recorded at
different temperatures while the sample was continuously agitated with a magnetic stirrer. First, black, red, blue, pink, green, and violet spectra were
recorded when the temperature was increased from S to 55 °C, in 10 °C increments. Then, dashed violet, green, pink, blue, red, and black spectra
were recorded when the temperature was decreased from S5 °C back to S °C, in 10 °C increments. (D) Amount of PPII helix in the calcitonin
secondary structure, calculated from the CD intensities at 221 nm according to eq 1, and plotted against temperature at intervals of 5 °C. The error

bars show standard deviations calculated from four repeats.

observed, and the final spectrum at 5 °C was the same as that
at the beginning of the experiment (Figure 3B). This showed
that the observed temperature-induced structure transition was
completely reversible.

The loss of CD signal intensity at the 198 nm minimum and
the increased signal around 215-230 nm, together with the
isodichroic point around 207 nm (Figure 3A), indicated that
the structural transition involves a loss of polyproline II (PPII)
helix structure at elevated temperatures.””** It has previously
been argued that for monomers of intrinsically disordered
proteins and peptides, such temperature-induced changes in
CD signal intensity around 200 and 220 nm typically
correspond to a redistribution of random coil elements
including the PPII helix,** as shown for, eg, Af peptides.32
Thus, the amount of PPII helix present at each temperature
was calculated from eq 1,”* using the CD intensity at 221 nm.
An almost linear dependence on temperature was observed
(Figure 3D), which is consistent with previous studies.*>**
These results showed that monomeric human calcitonin
displays a fair amount of PPII helix structure in aqueous
solution, i.e., around 36% at S °C and around 30% at 50 °C.

Figure 3C shows CD spectra for calcitonin, recorded while
the sample was continuously stirred by a magnetic stirrer and
the temperature was stepwise increased, from 5 to 55 °C and
back again in 10 °C increments. Here, the sample clearly
transitioned into a rather pure antiparallel f-sheet structure at
high temperatures, with a characteristic broad minimum
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between 220 and 230 nm (Figure 1). It should be noted
that in the 225 nm—250 nm region, the CD spectra are very
similar for calcitonin in random-coil conformation and in
aggregated antiparallel f-sheet conformation (Figure 3C).
Thus, very small spectral changes are observed in this region
when the sample aggregates. The structural transition was
found to be irreversible, as the sample stayed in the f-sheet
conformation also when the temperature was gradually
reduced back to S °C (Figure 3C). This is not surprising, as
both increasing the temperature and agitating (stirring) the
sample is known to promote amyloid aggregation, which
typically takes place with the protein or peptide in f-sheet
conformation. Furthermore, it is well-known that amyloid
aggregation processes are generally difficult to reverse. The
spectra in Figure 3C therefore appear to correspond to gradual
aggregation of the calcitonin sample into soluble and stable
amyloid aggregates with a fB-sheet structure.

4.2. Temperature Dependence of Calcitonin Aggre-
gation Kinetics. To further explore the effects of temperature
on calcitonin aggregation, CD spectra were recorded when
calcitonin samples were continuously stirred at constant
temperatures of 10 °C, 25 °C, or 37 °C, respectively (Figure
4). At all three temperatures, the CD spectra displayed gradual
structural transitions (Figure 4) from a random coil
conformation (minimum at 198 nm) to an antiparallel f-
sheet conformation (minimum around 225 nm). The
transition rate was fastest at 37 °C, where the f-sheet structure

https://doi.org/10.1021/acsomega.4c05312
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Figure 4. CD spectra showing the aggregation kinetics of human
calcitonin at different temperatures. Spectra were recorded at different
time points for 5 M calcitonin in 20 mM phosphate buffer, pH 7.3,
when the samples were continuously stirred at different temperatures.
(A) 10 °C at 0 h (black), 0.5 h (blue), 1 h (orange), 1.5 h (gray), 2 h
(yellow), 2.5 h (green), and 3 h (red). (B) 25 °C at 0 min (black), 10
min (blue), 20 min (orange), 30 min (gray), 45 min (yellow), and 60
min (green). (C) 37 °C at 0 min (black), 20 min (blue), and 40 min
(orange).

formed after 20 min (Figure 4C), and slowest at 10 °C, where
it took 150 min for the f-sheet structure to fully form (Figure
4A). At 25 °C, the S-sheet conformation was reached after 40
min (Figure 4B). Thus, as expected, increasing the temperature
clearly promoted calcitonin aggregation via antiparallel S-sheet
interactions.

4.3. Effects of Micelles of Different Surfactants on
Calcitonin Secondary Structure. CD spectroscopy was also
used to study the effects of different surfactants, ie., SDS,
CTAB, SB3-14, and DDM (Figure 2), on the secondary
structure of 20 M monomeric calcitonin in 20 mM phosphate
buffer at pH 7.3, 25 °C (Figure S). Measurements were
conducted both below and above the critical micelle
concentration (cmc) of the surfactants. As calcitonin in
phosphate buffer adopts a random coil, this was the starting
point for all titration series.

Stepwise addition of negatively charged SDS molecules, up
to 8 mM, which is around the cmc value for SDS, induced clear
and systematic changes in the CD spectra that correspond to a
structural transition into a combination of a-helix and f-sheet
structure (Figure SA). This interpretation is based on
comparisons with almost identical CD spectra previously
recorded for aggregated calcitonin, where the structure was
identified as combined a-helix and fS-sheet.*”** Earlier work
has shown that SDS is a good membrane model for amyloidic
peptides such as AB,* and that such peptides in complex with
SDS adopt similar structures as they do in aggregated or
oligomeric form.***” It is therefore not surprising that
calcitonin in SDS displayed a secondary structure similar to
that of aggregated calcitonin.

A transition into the same type of conformation with mixed
a-helix and f-sheet structure was observed also for calcitonin
titrated with the zwitterionic surfactant SB3-14, up to 3 mM
concentration, which is well above the cmc value for SB3-14
(Figure SC). When calcitonin was titrated with the positively
charged CTAB molecule, a similar transition into a
combination of a-helix and f-sheet structures was observed
for CTAB concentrations below cmc (Figure SB). However,
upon addition of 1 mM CTAB, which is just above the cmc
value, a typical a-helical CD spectrum was induced with
characteristic minima at 208 and 222 nm (Figure SB).
Additions of the noncharged DDM surfactant induced only
minor changes in the CD spectrum, i.e., a slight loss of signal
intensity and a slight shift of the minimum toward shorter
wavelengths (Figure SD). These spectral changes were much
smaller than those induced by the other surfactants, indicating
that DDM has weaker effects on the secondary structure of
calcitonin. Thus, it is clear that the interactions between
calcitonin and surfactants are strongly influenced by the charge
of the surfactant headgroup.

Titrations of the surfactants SDS and CTAB to calcitonin
were also performed in the presence of 1 mM reducing agent
TCEP (Figure 6). This concentration roughly corresponds to
the reducing environment inside human cells. First, a CD
spectrum of calcitonin at neutral pH under standard oxidizing
conditions was recorded, showing the same random coil signal
as that observed in the earlier measurements. Upon addition of
TCEP, the CD spectrum lost some intensity and the minimum
at 298 nm shifted slightly toward shorter wavelengths (Figure
6). As the main effect of a reducing environment is to break the
S—S-bridge between calcitonin residues Cysl and Cys7
(Figure 2), this observation showed that the N-terminal S—
S-bridge is important for calcitonin secondary structure.

Addition of up to 8 mM SDS under reducing conditions
produced CD spectra (Figure 6A) that are very similar to those
produced under oxidizing conditions (Figure SA), indicating
that calcitonin adopted the same secondary structure with
mixed a-helix and f-sheet. The titrations with CTAB yielded
an a-helical CD signal under reducing conditions (Figure 6B)
similar to that obtained under oxidizing conditions (Figure
SB). However, the 0,,,/0,05 ratio is 0.61 under reducing
conditions (Figure 6B) and 0.77 under oxidizing conditions
(Figure SB). In a-helix structures the 6,,,/60, ratio is known
to reflect helix supercoiling, i.e,, when two or more a-helices
form coiled coils via hydrophobic interactions,"* " and where
0,,,/0,0 ratios close to 1 indicate large amounts of
superhelicity.”" Such coil—coil interactions can be induced in
membrane environments, but also be external factors such as
metal ions.>>® Overall, the small but distinct differences in the
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structural effects induced by SDS and CTAB in oxidizing and
reducing conditions, respectively, showed that the N-terminal
S—S bridge (Figure 2), which is disrupted in a reducing
environment, is important for some aspects of the calcitonin
secondary structure.

5. DISCUSSION

The secondary structure conformations adopted by the
calcitonin peptide naturally influence its biomolecular inter-
actions, such as receptor binding and self-aggregation. As an
amphiphilic and conformationally flexible molecule, with a zero
net charge at neutral pH and a hydrophilic central segment
flanked by hydrophobic C- and N-terminal regions (Figure 2),
monomeric human calcitonin often adopts a random coil

17138

structure in aqueous solution.””**** The N-terminal region
may however sometimes adopt a f-sheet conformation.” At
acidic pH, the C-terminal region can adopt a pf-sheet
conformation, while the N-terminal region can form an a-
helical structure stabilized bv the Cysl-Cys7 S—S bridge
(Figure 2).55 In nonaqueous solutions containing, e.g.,
trifluoroethanol (TFE) or methanol, human calcitonin can
adopt a-helical structures also at neutral pH.***” Salmon
calcitonin, which differs from human calcitonin in 16 out of 32
amino acids, has a less hydrophobic C-terminal region, a higher
propensity for a-helical secondary structure, and is less prone
to aggregate.”***® In 90% dimethyl sulfoxide (DMSO) with
10% H,0, monomers of both human and salmon calcitonin
were reported to adopt an intramolecular f-sheet hairpin
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60 .. . . .
structure,’”®® similar to the conformation identified as

important for aggregation of Af peptides."'

Given the capacity of calcitonin to form cell-toxic amyloid
aggregates,” for example, when overproduced as a result of,
e.g,, thyroid cancer,'® the aggregatlon properties of the peptide
are of particular importance.”’ In general, clarifying the
structure and toxic mechanisms of oligomers of various
peptides and proteins remains an important research task.'’
While most polypeptides adopt p-sheet structure during
amyloid aggregation, = sometimes amyloid can form via
aggregation of a-helical structures.””*®

Earlier work has shown that calcitonin can adopt different
structures when it is aggregating. For example, aggregates with
a combination of both a-helix and f-sheet structure have been
observed.””** An aggregation mechanism was suggested where
the C-terminal 23—32 residues first form intermolecular S-
sheets, which then act as a template for aggregation of a-helical
rods comprising residues 8—22.*° Another study found that
human calcitonin aggregated into a mixture of antiparallel and
parallel B-sheets at pH 3.3, but into a mixture of antiparallel S-
sheets and random coil structure at pH 7.5.°° Furthermore, an
extended version of human calcitonin with an additional N-
terminal Leu residue and a C-terminal Gly residue was found
to mainly aggregate into f-sheet conformation.””

Here, we report that human calcitonin forms an antiparallel
P-sheet structure when aggregating in phosphate buffer at pH
7.3 (Figures 3C and 4). Earlier studies have shown that
calcitonin aggregation is promoted by various factors, such as
increased peptide concentration and temperature,” and also
by reducing the N-terminal S—S bridge which otherwise
stabilizes the N-terminal region.””®' Our current results
confirm that calcitonin aggregates faster at higher temperatures
(Figure 4). They also demonstrate the importance of agitation
for the aggregation process, as much stronger temperature-
induced aggregation was observed in the samples that were
magnetically stirred (Figure 3).

In the samples that were not magnetically stirred, gradually
increasing the temperature from 5 to 55 °C induced a
structural conversion involving loss of PPIl-helix (Figures 3A
and 3D). This structural change was found to be completely
reversible when the temperature slowly returned to 5 °C
(Figure 3B). The presence of PPIl-helix in the monomer
structure is noteworthy. Human calcitonin has previously been
shown to adopt a PPII-helix structure at —85 °C, in the
cryogenic solvent ethanediol/water (2: ratio), while salmon
calcitonin under those conditions adopted an a-helical
structure.’® Here, we observe a roughly linear dependence of
the amount of PPIl-helix structure with temperature and
demonstrate that almost 36% PPII-helix component is present
in human calcitonin at physiological temperatures (Figure 3D).

Our observations here are in line with earlier studies
showing that short peptides often display PPII-helix con-
formations.*”*" For example, measurements with CD spec-
troscopy showed that the full-length Af(1—40) peptide
adopted around 45% PPII-helix at 0 °C, in 10 mM sodium
phosphate buffer at pH 7.4, while the shorter AS(1-9)
fragment displayed almost 60% PPII-helix under the same
conditions.”” Increasing the temperature to 60 °C induced
conversions from high PPII content to mainly a random coil
structure. Interestingly, NMR spectroscopy indicated inter-
mediate states around 20 °C involving f-sheet secondary
structures.’” These intermediate states could be important for
aggregation processes, as Af peptides in antiparallel S-sheet

conformation appear to be the building blocks when forming
amyloid fibrils,"' while the PPII-helix conformation seems less
suitable for amyloid aggregation.”

Similar secondary structure effects could be involved in
calcitonin amyloid aggregation. A recent computer simulation
study employing all-atom discrete molecular dynamics (DMD)
found that during oligomerization, human calcitonin first
transitioned from unstructured to helical secondary structure,
and then from helical to f-sheet conformation.’* It was also
noted that the transient coil and sheet structures formed in the
monomeric peptides were important for the aggregation
properties. For the temperature-related loss of PPII helix
observed in the current study (Figure 3D), it is unclear if the
PPII structure converts into a f-sheet structure or into other
types of random coil structure. Figure 3C shows that certain
antiparallel f-sheet calcitonin structures produce almost
identical CD signals in the 225—250 nm region as the random
coil conformation. Thus, CD spectroscopy alone might not be
able to accurately identify all different secondary structure
components of calcitonin in every situation. Accordmg to the
BeStSel (Beta Structure Selection) algonthm, the CD spectra
of calcitonin in buffer shown in Figures 3A and 3B correspond
to around 30% antiparallel S-strand, 0% parallel B-strand, 3%
a-helix, 15% S-turn, and 51% random coil elements (“other
structures”), irrespective of temperature. This would suggest
that the loss of the PPII helix at elevated temperatures (Figure
3D) is caused by a redistribution among random coil elements.
But, given the just mentioned spectral overlap in the 225—-250
nm region, the results from the BeStSel algorithm should be
considered somewhat uncertain.

In addition to aggregation processes, the amount of PPII
structure in calcitonin could also be relevant for receptor
interactions. Several studies have reported the existence of
different variants of calcitonin receptors, with different
affinities for helical and nonhelical calcitonin conformations.
For example, experiments on rats showed that calcitonin
analogues that do not easily adopt a-helical structure
selectively recognized calcitonin receptors in bone tissue,
whereas a-helical calc1ton1n analogues seemed to prefer
receptors in kidney.®®

As calcitonin receptors are membrane proteins, it becomes
relevant to study calcitonin in membrane-like environ-
ments.”*”°*™>® Membrane interactions, including membrane
disruption, could also be involved in the toxic mechanisms of
oligomeric aggregates of calcitonin and other amyloidic
proteins and peptides.'”

Micelle-forming surfactants are simple membrane models
that can be used to investigate basic properties of membrane—
peptide interactions, including structure induction.*>*>%’
Here, we show that human calcitonin adopts a combination
of a-helix and f-sheet secondary structures in the presence of
micelles of anionic SDS (Figure SA) and zwitterionic SB3-14
(Figure SC) surfactants. It has previously been shown that
salmon calcitonin in SDS micelles displays overall a-helix
confirmation.””*® For human calcitonin in SDS, a previous
study has reported generally similar CD spectra as those
presented in Figure SA, which then were interpreted as
reflecting only small amounts (<15%) of a-helix structure.”’
This is compatible with our interpretation of the spectrum as a
combination of a-helix and f-sheet structures (Figure SA).
The current results therefore confirm previous reports that
human calcitonin is less prone to adopt a-helical structure than
salmon calcitonin.””*® Here, pure a-helical structure is
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observed for human calcitonin monomers only in the presence
of micelles of the cationic CTAB surfactant (Figure SB).

The CD spectra for calcitonin in CTAB are somewhat
different in oxidizing and reducing conditions (Figures SB and
6B), which confirms earlier reports that the calcitonin S—$
bridge (Figure 2) is @m&aortant for N-terminal a-helix structure,
ie., by stabilizing it.”>°" In the presence of noncharged DDM
micelles, only minor structural changes are observed,
presumably toward more random coil structure. Taken
together, these results show that the headgroup charge is an
important parameter for surfactant/calcitonin interactions. As
biological membranes consist of a multitude of lipids with
different properties, including differences in charge,68_70 the
results presented here are likely important for understanding
biological calcitonin-membrane interactions.

6. CONCLUSIONS

We here show that human calcitonin displays a random coil
structure with a significant amount of PPII-helix component in
phosphate buffer, pH 7.3, at physiological temperatures. When
agitated under these conditions, calcitonin can form soluble
aggregates over time that mainly display a f-sheet secondary
structure. In the presence of micelles of differently charged
surfactants, monomeric calcitonin forms a pure oa-helix
structure with cationic CTAB, forms a combination of a-
helix and f-sheet with anionic SDS and zwitterionic SB3-14,
and remains mainly random coil with noncharged DDM.
These results improve our understanding of how calcitonin can
interact with membranes, which has implications for how
monomeric calcitonin binds to membrane receptors and for
how aggregated calcitonin induces membrane damage.
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