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Probing coiled-coil assembly by paramagnetic NMR
spectroscopy

TingTing Zheng, Aimee Boyle, Hana Robson Marsden, Dayenne Valdink, Giuliana
Martelli, Jan Raap, and Alexander Kros**

Here a new method to determine the oligomeric state and orientation of coiled-coil peptide
motifs is described. Peptides K and E, which are designed to form a parallel heterodimeric
complex in aqueous solution, were labeled with the aromatic amino acids tryptophan and
tyrosine on the C-terminus respectively as ‘fingerprint’ residues. One of the peptides was also
labeled with the paramagnetic probe MTSL. One dimensional proton NMR spectroscopy was
used to study the peptide quaternary structure by monitoring the signal suppression of the
aromatic labels due to proximity of the nitroxyl radical. 1D-NMR confirmed that the peptides
K and E form a heterodimeric coiled coil with a parallel orientation. In addition, fluorescence
emission quenching of the aromatic labels due to electron exchange with a nitroxyl radical
confirmed the parallel coiled coil orientation. Thus, paramagnetic nitroxide and aromatic
fluorophore labeling of peptides yields valuable information regarding the quaternary structure
from 1D-NMR and steady-state fluorescence measurements. This convenient method is useful
not only to investigate coiled coil assembly, but can also be applied to any defined

supramolecular assembly.

Introduction

Coiled coils are a protein motif comprised of two to nine a-
helices folded around each other in a superhelical fashion, with
the helices aligned either parallel or antiparallel to one
another.® In nature, this protein folding motif assembles into a
wide range of structures with a variety of functions, such as
gene expression regulation (e.g. transcription factor) and
molecular membrane traffic (e.g. SNARE proteins).” 1% The
simplicity of the individual peptides coupled with the
functionality of the complexes has led to the inclusion of
coiled-coil complexes in many synthetic supramolecular
systems.> 1318

To fully utilize coiled-coil motifs as building blocks in
supramolecular systems it is important to obtain a detailed view
of the quaternary structure of the assemblies. Knowledge of the
number of peptides in an assembly, their stoichiometry and
their relative orientation are required for the effective design of
functional systems that incorporate coiled-coil elements,’-%
Coiled-coil peptide complexes are usually identified by circular
dichroism, which can also determine the peptide stoichiometry.
However, elucidating the number of peptides in the complexes
and their orientation is often time-intensive and requires
expensive and complex equipment. Typically, analytical
ultracentrifugation, X-ray diffraction, disulfide exchange,
electron paramagnetic resonance (EPR), two-dimensional
nuclear magnetic resonance (2D-NMR), 3D-NMR and even
4D-NMR techniques are employed to study these aspects of the
quaternary structure. These measurements are not always
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practical, therefore it is valuable to develop methods that are
simple to prepare, execute, and analyze.

In this paper we demonstrate the simple and easy use of
paramagnetic 1D-NMR to investigate coiled-coil peptide
assembly and orientation. We also show that the results can be
confirmed with fluorescence measurements.

For the 1D-NMR measurements, the paramagnetic nitroxyl
radical MTSL (S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-
yl)methyl methanesulfonothioate) is introduced at specific
positions in the peptides. Magnetic dipole interactions between
the unpaired electron of MTSL and nuclei that are within 13 A
of it result in the drastic suppression of their NMR signals. 2%

The amino acids tryptophan and tyrosine are introduced as
the ‘fingerprint’ functional groups in this method. Tryptophan
and tyrosine have aromatic side chains, whose signals in 1D-
proton NMR spectra are well-separated from all other proton
signals, making the signal-quenching effect of the spin label
unambiguous. Peptides which already contain an aromatic
group would not require labeling with an additional aromatic
amino acid. Indeed, the effect of the spin label on any fully
resolved proton signal could be analyzed. However, another
advantage of using tryptophan and tyrosine as the fingerprint
groups is that these amino acids have an intrinsic fluorescence,
which is quenched when the fluorophores are within 12 A of
the nitroxide radical,®*? meaning that the NMR results can be
confirmed with fluorescence quenching measurements.
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well-known
18, 43,

To demonstrate our approach, the
heterodimeric coiled coil E/K was used as a model system.
4 This coiled coil has been used by several groups in the field
of supramolecular chemistry, polymers and membrane
fusion. 55!

The peptides, which we denote Coil-K and Coil-E, were
labeled at the C-terminus with tryptophan and tyrosine
respectively. Variants of the peptides were also labeled with
MTSL at the C- or the N-terminus. An equimolar mixture of
Coil-K and Coil-E results in the formation of a heterodimeric
coiled coil motif, CC-K/E. The C-termini of both peptides will
be in close proximity when a parallel orientation is adopted; but
will be at opposite ends of the coiled coil complex if an
antiparallel orientation is adopted (Scheme 1.).

% CC-Kw/Ev , )

Coil-Kw* v Peptide: Coil-K
Y\ CE"KW‘%V \/ » i Peptide: Coil-E
Coil-*Kw
wAanaaCoiled coil: CC-K/E

\NNNANAN, CCKu/Ex

Coil-Ev ®  Tryptophan (W)
V\m CCKw/E (] Tyrosine (Y)
\NNANANAN, WRARAAA, MTSL ()

Coil-*Ev CC-Kw/*Ey

Scheme 1. Schematic illustration of designed peptides and
coiled coil motifs. Coil-K peptides are labeled with a
tryptophan (W) residue while Coil-E peptides are decorated
with a tyrosine (Y) residue. In this paper W and Y are always at
the C-terminus of the peptides. A yellow star represents the
MTSL- (*) nitroxyl radical spin label, which is added to either
the C- or the N- terminus, to investigate the possibility of CC-
K/E parallel and antiparallel orientations respectively. See
Table 1 for primary sequences of all peptides.

The paramagnetic 1D-proton NMR and steady state
fluorescence studies demonstrate that the peptides Coil-K and
Coil-E form a parallel heterodimeric coiled coil CC-K/E in
phosphate buffered saline (PBS). This is the first example of a
paramagnetic nitroxide spin label being used to determine the
orientation and assembly of peptide strands in a coiled-coil
motif. Furthermore, the peptide assembly ratio can be
determined within a heteromeric-coiled-coil complex. This
method does not disturb self-assembly and can be applied to
any discrete supramolecular structure.

Peptide Design and Synthesis

In this study the feasibility of using paramagnetic NMR and
fluorescence spectroscopy to investigate the orientation of the
complementary peptides in a coiled-coil motif was explored.
For this, the heterodimeric coiled-coil pair Coil-K and Coil-E
was used as a model system. Coil-K and Coil-E have three
heptad repeats, with the sequences (Ac-(KIAALKE);-CONH,)
and (Ac-(EIAALEK);-CONH,), respectively. These sequences
were modified with an aromatic amino acid, either a tryptophan
(W) or tyrosine (Y) at the C-terminus. A glycine residue was
added between the aromatic fluorophore and the original
peptide sequence to minimize any potential influence on the
coiled-coil assembly. The paramagnetic nitroxyl radical MTSL
was introduced at either the C- or N-terminus of the peptides as
the sensitive ‘signal suppression’ functional group (Table 1).'®
43 44 Facile site-directed spin labeling was achieved via a
disulfide bond to a cysteine residue.®® The distance between the
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aromatic fluorophore and the nitroxide determines whether the
signal is suppressed or not. Initially, the spin label was
conjugated to the C-terminus of the peptide to probe the parallel

Table 1. Peptide primary structure and molecular

characterization.

Peptide Sequence 'H-NMR Fluorescence
name signal® signal™
Coil-Kw Ac-(KIAALKE)3;GW-NH; + +

Coil-Kw* Ac-(KIAALKE);GWC*-NH, - -

Coil-*Kw Ac-C*(KIAALKE)3;GW-NH, + +

Coil-Ey Ac-(EIAALEK);GY-NH, + +

Coil-Ev* Ac-(EIAALEK);GYC*-NH, - -

Coil-*Ey Ac-C*(EIAALEK)3;GY-NH, + +

[a] 1D-proton NMR chemical signal for aromatic protons
of tryptophan (W) and tyrosine (Y) in the range of 6-8 ppm.
[b] Fluorescence emission spectra from 285-445 nm with
excitation at 275 nm. Both H-NMR and fluorescence
measurements were performed in pH=7.4 PBS buffer. “+’

s

indicates there is signal observed while ‘-’ indicates there is
no signal observed.

nitroxide spin label.

“ * 7 denotes the position of the

orientation in the coiled-coil heterodimer (peptides denoted
Kw* and Ey*). For comparison, the spin label was conjugated
at the N-terminus of the peptide to probe whether the
antiparallel orientation would (co)exist as well (peptides
denoted *Kyy and *Ey) (Table 1).

Circular Dichroism Spectroscopy

As single mutations in amino acid sequences can alter the
propensity of the peptides to form coiled coils, the secondary
structures and binding properties of the Coil-K and Coil-E
peptides and their derivatives were studied using circular
dichroism (CD) spectroscopy (Figure 1 and figure S4). These
results showed that in PBS buffer (pH=7.4) there is no
significant change in the secondary structure of Coil-K after
introduction of the aromatic amino acids and the spinlabel
(Figure 1A), while the introduction of the labels causes Coil-E
to adopt a more a-helical conformation (Figure 1B).

Next, coiled-coil formation of equimolar mixtures of coil-E and
coil-K and their derivatives, were studied. All peptide pairs
exhibited spectra typical of coiled-coils, with the a-helical
content higher than 90% and the ratio of [0],2,/[0]20g ClOSe to 1
(Figure 1C).% % Trifluoroethanol (TFE) is known to enhance
the intramolecular a-helicity while disrupting intermolecular
interactions.® ¢ As expected, addition of TFE resulted in a
lower [0],00/[0]208 ratio and decreased a-helicity, consistent
with the transition from a coiled-coil to monomeric a-helical
peptides (Figure 1D and Table 2 in supporting information).*
CD spectroscopy was then used to confirm that the labels added

This journal is © The Royal Society of Chemistry 2012
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Figure 1. (A) CD spectra showing secondary structure
comparisons of the peptide Coil-K and its derivatives. (B)
Secondary structure comparison of CD spectra from Coil-E
and its derivatives (C) Comparison of CD spectra of equimolar
mixtures of Coil-K and Coil-E peptides and their derivatives in
PBS, and in 1:1 (v/v) PBS: TFE (D) [Total peptide] = 200 uM,
PBS pH=7.4, 25 °C.

for the purpose of this study did not affect the stoichiometry of
the coiled-coil complexes. A job-plot of [0],,, as a function of
the mole fraction of Coil-E yields the binding stoichiometry.5"
%8 For all of the coiled coil complexes studied, a minimum of
[6],,, was always observed at an equimolar ratio of Coil-K (or
its derivative) and Coil-E (or its derivative), indicating that all
peptide pairs bind in a 1:1 stoichiometry (Figure 2A).
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Figure 2. (A) Mean residue molar ellipticities at 222 nm
for mixtures of the Coil-K and Coil-E peptides as a function of
the mol fraction of the Coil-E peptide. All the measurements
were carried out at a total peptide concentration of 200 uM at
25 °C, in 1 mm quartz cuvettes. (B) Thermal unfolding curves
based on [0],» as a function of temperature. 1 cm quartz
cuvette with stirring at 900 rpm was used. [Total peptide] = 40
uM, PBS, pH=74.
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The thermodynamic stability of the all of the CC-K/E pairs was
then determined. The molar ellipticity at 222 nm is directly
proportional to the amount of helical structure and therefore
thermal denaturation curves provide information as to the
stability of the coiled coils.**®! Temperature-dependent CD
measurements showed that all the peptide complexes used in
this study have an identical two-state transition denaturation
process, dissociating from coiled coils to random coil (Figure
2B). The dissociation constants for all of the coiled coils are in
the same order of magnitude (10 M). The binding parameters
are summarized in Table 3 in the supporting information.

Thus, while the introduction of the additional amino acids
and the MTSL label does adjust the secondary structure of Coil-
E, the labels do not significantly alter coiled-coil assembly. All
of the labelled peptide pairs formed coiled-coil complexes with
the same stoichiometry and with similar binding energies to the
original peptides Coil-K and Coil-E.

'H-nuclear magnetic resonance spectroscopy was used to study
the coiled-coil complex formation of the Coil-K and Coil-E
peptide derivatives, including their orientation and binding
stoichiometry. Tryptophan (W) and tyrosine (Y) residues show
characteristic aromatic signals with a chemical shift in the
range of 6 to 8 ppm. The N-H signals were suppressed by H-D
exchange to prevent overlap with the aromatic region. Typical
individual NMR signals of Coil-Ky, and Coil-Ey in the 6-8 ppm
range are shown in Figure 3 A/C (blue lines).

When a spin label is located close to a proton, magnetic
dipole interactions lead to paramagnetic relaxation
enhancement (PRE),**® increasing the relaxation rate of the
nuclear magnetization and resulting in the suppression of the
NMR signal of the neighboring nucleus.?® 3% 34 37.6265 The |ine
width of a proton signal will get significantly perturbed when
the proton is within 13.0 A of the paramagnetic MTSL probe,
and fully suppressed if the distance is less than 10.5 A due to its
fast transverse relaxation rate.*® Theoretical calculations using

(A) (B)
CoilK, Coil-K, +TFE
CailK,,* Coil-K,*+TFE
M Coil-K,, ) Coil-*K,+TFE
8,0 7,5 7,0 6,5 60 8,0 7,5 7,0 6,5 6,0
Chemical Shift (ppm) Chemical Shift (ppm)
(C) (D)
- Coil-E +TFE
Coil £, Coil-E,*+TFE
o Coil-E *
‘k Coil-*E_+TFE
Coil-*E,
8,0 7,5 7,0 6,5 60 8,0 7,5 7,0 6,5 6,0

Chemical Shift (ppm)

Figure 3. Aromatic region (6-8 ppm) of 600 MHz *H-nuclear
magnetic resonance spectra showing the tryptophan indole and
tyrosine hydroxyphenyl functional groups of Coil-K and Coil-E
derivatives respectively. (A) Aromatic signals of Coil-Kyy, Coil-
“Kw and Coil-Ky," in PBS. (B) Aromatic signals of Coil-Ky,
Coil-"Ky and Coil-Ky," in 1:1 (v/v) PBS: TFE solution. (C)
Aromatic signals of Coil-Ey, Coil-"Ey and Coil-E," in PBS. (D)
Aromatic signal of Coil-Ey, Coil-"Ey and Coil-Ey" in 1:1 (V/V)
PBS: TFE solution. [Total peptide]=0.8 mM (See Sl Figure S8
for 0-8 ppm chemical shift)

'H-NMR spectroscopy

4| J. Name., 2012, 00, 1-3

Chemical Shift (ppm)

Hyperchem software showed that for Coil-Ky,~ the average
distance between the MTSL nitroxide radical and the aromatic
protons of the tryptophan group is 6.6 A, while in Coil-Ey" the
distance between MTSL and the aromatic tyrosine group is 13.0
A (see Part 3 of the supporting information). As expected,
significant suppression of the aromatic proton signals is
observed in spectra of Coil-K,,” and Coil-Ey" (Figure 3 A/C,
red lines).

In contrast, when the MTSL label is at the N-terminus of the
peptides, the distance between the nitroxyl radical and the
tyrosine or tryptophan residues is too large to cause a PRE
effect. In Coil-"Kyy, the calculated average distance between the
radical and W is 36.7 A, while in Coil-"Ey the distance between

This journal is © The Royal Society of Chemistry 2012
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the radical and Y is 40.1 A. In NMR spectra, however, there is
some degree of line broadening (Figure 3 A/C, black lines).
This line broadening was caused by peptide aggregation, as
evidenced by its elimination from spectra when the peptides
were in a monomeric a-helical form as measured in 1:1 (v/v)
TFE: PBS solution (Figure 3 B/D, black lines).'® % For the
peptides Coil-Ky,” and Coil-Ey" in which the MTSL label is
adjacent to the aromatic amino acids, suppression of the
aromatic protons was retained in 1:1 (v/v) TFE: PBS solution,
confirming that the NMR signal suppression is due to
intramolecular paramagnetic relaxation enhancement (Figure 3
B/D, red lines).

Next, the coiled-coil assembly of all the peptide pairs was
investigated. In coiled coils, complementary peptides fold
together into close proximity resulting in a tight peptide
complex. When the MTSL label was positioned at the C-
terminus of either

Organic & Biomolecular Chemistry

Coil-Ky or Coil-Ey, adjacent to the aromatic amino acids, it
effectively suppressed the aromatic signals from both of the
peptides (Figure 4 A/C, compare blue and red traces). This
indicates that Coil-K,y and Coil-Ey assemble into a parallel
coiled-coil complex. In contrast, when the MTSL label was
positioned at the N-terminus, no PRE effect was observed,
indicating that all of the peptides assemble into parallel coiled
coils, without the coexistance of antiparallel complexes (Figure
4 A/C, compare blue and black traces).

Measuring the same peptide mixtures in 1:1 (v/v) TFE: PBS
revealed the dissociation of the coiled coil complexes as
observed by the reappearance of the aromatic protons of the
non-MTSL labeled peptide (Figure 4 B/D red traces).

These results show that the PRE effect can be utilized to
probe coiled coil formation and the relative orientation of the
peptides within the complex. This is the first time that the PRE
effect has been used to study intermolecular interactions in
coiled coils.

(A) (B)
AN /““\ lk\ CCK,JE,
CC-K*IE, CC-K JE +TFE
A ___N\_CCK,EATFE
CC-K JE,
CC-*K,JE +TFE
8,0 7,5 7,0 6,5 6,0 8,0 7,5 7,0 6,5 6,0
Chemical Shift (ppm) Chemical Shift (ppm)
(C) (D)
M CC-K“’]EY COiI-K"‘”EY+TFE
e GCCKES A A M Coil-K JE *+TFE
CC-K,/'E, Coil-K /*E +TFE
8,0 7,5 7,0 6,5 6,0 8,0 7,5 7,0 6,5 6,0

Chemical Shift (ppm)

Figure 4. Aromatic region (6-8 ppm) of 600 MHz *H-nuclear
magnetic resonance spectra showing tryptophan indole and
tyrosine hydroxyphenyl functional groups of equimolar
mixtures of Coil-K and Coil-E (short name CC-K/E). (A)
Aromatic signals of peptide CC-K/E complex in PBS. (B)
Aromatic signals of CC-K/E in 1:1 (v/v) TFE: PBS. (C)
Aromatic signals of CC-K/E in PBS. (D) Aromatic signals of
CC-K/E in 1:1 (v/v) TFE: PBS [Total peptide]= 0.8 mM, PBS,
pH=7.4. (See SI Figure S9 for 0-8 ppm chemical shift)

This journal is © The Royal Society of Chemistry 2012
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Next, *H-NMR measurements were used to study the
coiled-coil binding stoichiometry. The molar ratio of the
complementary peptides was varied from 2:1, 1:1 and 1:2 using
peptides Coil-Ky,~ and Coil-Ey (Figure 5A). The tryptophan
NMR signals from Coil-Ky," are always silent, while parallel
coiled coil formation results in PRE suppression of the tyrosine
NMR signals from Coil-Ey as well, due to its close proximity
with MTSL. The measurements show that at Coil-Kyy : Coil-Ey
ratios of 2:1 and 1:1, the aromatic NMR region is silent.

J. Name., 2012, 00, 1-3 | 5
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However, at a 1:2 ratio of CoiI-KW* to Coil-Ey, the tyrosine
signals were visible. This shows that peptides Coil-K,y and
Coil-Ey indeed form a 1:1 coiled coil complex as the excess of
Coil-Ey is not bound to Coil-Ky,” and thus the aromatic proton
signal is no longer suppressed. Measuring the H-NMR
spectrum of MTSL labeled peptide Coil-Ey" and non-labeled
Coil-Ky, mixtures confirmed this finding (Figure 5B).

Nitroxyl radical PRE ‘signal suppression’ in H-NMR
experiments is a fast and reliable method to determine the
peptide folding in a coiled coil motif, allowing the
determination of the peptide orientation and stoichiometry
within the complex.

Fluorescence spectroscopy

To support the 'H-NMR  measurements, steady-state
fluorescence spectroscopy was used to probe the orientation of
peptides Coil-Ky and Coil-Ey in the coiled coils by monitoring
fluorophore electron excited singlet state quenching.** Within a
12 A radius, fluorescence emission quenching occurs due to
electron exchange interaction between the MTSL nitroxyl
radical and a tryptophan (W) or a tyrosine () fluorophore.3 ®-
" The degree of quenching

()

Coil-K,,*/Coil-E,=2:1

Coil-K, */Coil-E =1:1

Coil-K, */Coil-E =1:2

8,0 7.5 7,0 6,5 6,0
Chemical Shift (ppm)
(B)
Coil-K, /Coil-E *=1:2
__—-—-—'—"”/\'_/\‘——
Coil-K, /Coil-E *=1:1
I g s VRN sm—
J\ H )m Coil-K /Coil-E *=2:1
8 6

Chemical Shift (ppm)

Figure 5. Aromatic region (6-8 ppm) of 600 MHz *H-nuclear
magnetic resonance spectra showing tryptophan indole and
tyrosine hydroxyphenyl functional groups of different molar
ratio mixtures of Coil-K and Coil-E. (A) Aromatic signals of
peptide Coil-Ky," and Coil-Ey mixtures. From top to bottom, the
molar ratio between Coil-Ky,” and Coil-Ey is 2:1, 1:1 and 1:2
respectively. (B) Aromatic signals of peptide Coil-Ky, and Coil-
E," mixtures. From top to bottom, the molar ratio between
Coil-Ky, and Coil-"Ey is 1:2, 1:1 and 2:1. [Total peptide]=0.8
mM (See Sl Figure S10 for 0-8 ppm chemical shift)

is proportional to the electron exchange interaction, which is
inversly proportional to the distance.”® "’

6 | J. Name., 2012, 00, 1-3

Excitation at a wavelength of 275 nm results in fluorescence of
both tryptophan and tyrosine residues. When an MTSL group is
present at the C-terminus, significant fluorescence quenching
was observed for individual measurements of Coil-Ky* and
Coil-Ey* (Figure 6, blue line). However, when the MTSL label
is positioned at the N-terminus, the quenching is absent (Figure
6, red line).

In equimolar mixtures of the peptides with a C-terminal MTSL
label, the fluorescence signals of both of the peptides are
quenched (Figure 6C). This means that the fluorophores of both
of the peptides are within 12 A of the MTSL label. For
example, in Coil-Ky,", the MTSL quenches the tryptophan
signal. In an equimolar mixture of Coil-Ky,~ and Coil-Ey, the
tyrosine is also quenched, indicating that the tyrosine is in the
vicinity of MTSL due to coiled coil formation. This can only
occur when Coil-Ky,~ and Coil-Ey assemble into a parallel
heterodimer. Addition of TFE results in separation of the
peptides and the appearance of the tyrosine signal. These results
again prove the parallel orientation of the K/E coiled caoil,
supporting the findings of the paramagnetic NMR studies.
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Figure 6. Fluorescence emission spectra of (A) Coil-Kyy and
its spin labeled derivatives, and (B) Coil-Ey and its spin
labeled derivatives. (C) equimolar mixture of coil-K,,*/E, in the
absence and presence of TFE. Coil-E, and coil-K,,* are shown
for comparison. 50 uM in pH=7.4 PBS buffer solution at 25 °C..
Excitation at 275 nm. The green arrows indicate the
fluorescence quenching positions.

Conclusions

In this paper we applied paramagnetic 1D proton-NMR to study
peptide-peptide interactions for the first time. This new
approach is used to investigate the supramolecular assembly of
a well-known coiled coil pair. Labeling the peptides with
tryptophan, tyrosine, or the spin label did not influence the
binding properties of the peptides. The nitroxide spin label
induced the suppression of specific NMR signals, enabling the
determination of the orientation and stoichiometry of the
peptides in the coiled-coil motifs. Fluorescence quenching by
MTSL, using the same labeled peptides, confirmed the finding
of the NMR studies. In this study aromatic amino acids were
used as the proton signals are well-separated from the other
peptide signals. In principle however any unambiguous and
diagnostic ‘fingerprint’ proton signal could be used for this
purpose.®*

In comparison to existing methods used to study coiled coil
assembly, this method does not change the environment of the
peptide (e.g. crystallization is necessary for X-ray diffraction)
and avoids intermolecular interaction competition between
chemical bonds and the hydrophobic core (e.g. disulfide
exchange). The field of paramagnetic NMR spectroscopy is
rapidly developing, and in this contribution it is used to study
coiled coil assembly. In addition, it is compatible with two- or
multi-dimensional NMR, and the same peptides can be used for
further studies, for example for EPR measurements.”

All the required peptide manipulations are easily performed
with high efficiency. The careful choice in labeling combined
with fast *H-NMR and fluorescence measurements significantly
simplifies the study of non-covalent interactions in coiled coils
or other supramolecular assemblies. Further development of
this approach will aid in the investigation of not only peptide
quaternary structure, but also many other self-assembly
systems.

Experimental Section

Materials

Fmoc-protected amino acids and Rink amide resin (0.53 mmol
g1 were purchased from NovaBiochem. HCTU (O-(1H-6-
Chlorobenzotriazole-1-yl)-1,1,2,2-tetramethyluronium

hexafluorophosphate), HOBT (1-Hydroxybenzotriazole) and
DIPEA (N,N-Diisopropylethylamine) were from IRIS Biotech
GmbH. NMP (N-methyl-2-pyrrolidone) and DMF (N,N-
dimethylformamide) were from Biosolve. DCM
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(dichloromethane), TFE (2,2,2-Trifluoroethanol), TFE-D;
(2,2,2-Trifluoroethanol-d3), and deuterium oxide were obtained
from Sigma-Aldrich. Acetic anhydride, piperidine, MeCN
(acetonitrile), TFA  (trifluoroacetic acid), and TIS
(triisopropylsilane) were obtained from Fluka Chemie GmbH.
MTSL ((5-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-
yl)methyl methanesulfonothioate) was obtained from Toronto
Research Chemicals Inc. PBS buffer contains: 30 mM
K,HPO4, 19 mM KH,PO4, 150 mM NaCl, pH=7.4. The pH
value was adjusted with either 0.1 M HCI or 0.1 M NaOH. Tris
buffer contains 1M tris (2-Amino-2-hydroxymethyl-propane-
1,3-diol), pH=7.0.

Peptide Synthesis

Peptides were synthesized on a CEM-Liberty 1 Single Channel
Microwave Peptide Synthesizer using standard Fmoc
chemistry.”® Fmoc-protected Rink amide resin (0.53 mmol g
was used to synthesize the peptides on a 0.25 mmol scale. The
resin was swollen in DMF for 30 mins before use. Fmoc
deprotection was performed using 20% (v/v) piperidine in DMF
for 3 mins at 50 W with a maximum temperature of 80 °C. Four
equivalents of a Fmoc-amino acid, four equivalents of HCTU
and five equivalents of DIPEA in DMF were used for amino
acid coupling for 5 mins at 40 W with a maximum temperature
of 80 °C. For each amino acid coupling cycle, a deprotection
and coupling time of 5 and 30 mins were used respectively. For
cysteine coupling, a cycle comprising 2 mins at 0 W followed
by 4 mins at 40 W with a maximum temperature of 50 °C was
used. Two wash steps (1.5 mL DMF) were performed between
every amino acid coupling cycle. All peptides were acetylated
manually at the N-terminus after completion of the synthesis
using 20% (v/v) acetic anhydride in DMF for 1.5 hours.
Peptides without a cysteine residue were cleaved from the resin
and side-chain  deprotected using a mixture of
TFA/water/T1S=95:2.5:2.5 (v/v) for 1 hour.®’ Peptides with a
Trt (trityl-) protected cysteine residue were cleaved from the
resin with simultaneous side-chain deprotection using
TFA/thioanisole/ethandithiol/phenol/H,O = 8.4:0.7:0.5:0.2:0.2
(v/v) for 3 hours at room temperature.®! The resulting solution
was added drop-wise into an excess of 50ml cold diethyl ether
to precipitate the deprotected peptide, followed by
centrifugation and the liquid supernatant was removed. This
procedure was repeated 3 times with the addition of fresh cold
diethyl ether. All the peptides were dried under vacuum,
dissolved in MilliQ water and lyophilized yielding a white
powder.

MTSL nitroxyl radical labelling

MTSL was conjugated to the peptide via a disulfide bond with
the cysteine residue. One equivalent peptide (1 mM) was
dissolved in 1 M tris buffer (pH=7.0) and five equivalents of
MTSL in DMF (50 mM) were added slowly under an argon
atmosphere and the final mixture was stirred for 3 hours at
room temperature.®? Next, the samples were lyophilized and
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stored at -20 ‘C before purification. All peptides were
characterized by both MALDI-TOF and LC-MS mass
spectrometry.

Peptide Purification.

The crude peptides were purified by RP-HPLC, using a
Shimadzu HPLC system with two LC-8A pumps, and an SPD-
10A VP UV-VIS detector. Samples elution was monitored by
UV detection at 214 nm and 254 nm. Purification of peptides
was performed on a Vydac C18 reversed phase preparative
column with a flow rate 15 mL min™. Peptides were dissolved
at a concentration of 5 mg ml' in a mixture of
Acetonitrile/H,O/tert-butanol=1:1:1 (v/v) and eluted with a
linear gradient from B to A. Solvent A=acetonitrile, while
solvent B=0.1% TFA in H,O. Acetylated peptides were purified
using a 20 min gradient from 90% to 10% B, with a yield of
30%. MTSL labeled peptides were purified using a 25 min
gradient elution from 80% to 20% B, with a typical yield of
20%. Purified peptides were lyophilized and characterized by
LC-MS using a Vydac C18 analytical column with a 1 mL min~
! flow rate.Analytical HPLC confirmed the purity of the peptide
to be 99%, while UV measurements showed a purity of at least
95% (see Appendix).

Circular Dichroism Spectroscopy

CD (circular dichroism spectroscopy) spectra were obtained
using a Jasco J-815 spectropolarimeter equipped with a peltier
controlled thermostatic cell. The ellipticity is given as mean
residue molar ellipticity, [0] (10° deg cm? dmol™), calculated by
Eqn (1).43, 61

6] = Hohs ¥ MRW

10 x1c Q)

Where 0,5 is the ellipticity in millidegrees, MRW is the mean
residue molecular weight, | is the path length of the cuvette in
cm and c is the peptide concentration in mg/mL.

A 1.0 mm quartz cuvette was used, with a final peptide
concentration of 200 puM in PBS (pH=7.4). Spectra were
recorded from 250 nm to 200 nm at 25 °C. Unless stated
otherwise data points were collected with a 0.5 nm interval with
a 1 nm bandwidth and scan speed of 1nm per second. Each
spectrum was an average of 5 scans. For analysis each spectrum
had the appropriate background spectrum (buffer or 50% TFE)
subtracted.

For determination of the coiled coil thermal dissociation
constant, temperature dependent CD spectra were obtained
using an external temperature sensor immersed in the sample.®
84 The temperature was controlled with the internal sensor and
measured with the external sensor. A 10 mm quartz cuvette was
used, and the solutions were stirred at 900 rpm. Spectra were
recorded from 250 nm to 200 nm, with data collected at 0.5 nm
intervals with a 1 nm bandwidth and a scan speed of 1nm per
second. The temperature range was 6 °C to 96 °C with a
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temperature gradient of 2.0 °C/minute and a 60 s delay after
reaching the set temperature. The spectrum of PBS at 6 °C
(average of 5 scans) was subtracted from each spectrum. All the
thermal unfolding curves were analyzed using a two-state
conformation transition model.% 8

The data was analyzed using a two-state unfolding model to
dete_rm[iaf Telaﬁauction folded using Eqn. (2),

[0l — [0y )

Where [0] is the observed molar ellipticity, [0]y is the ellipticity
at 222 nm of the denatured state, as determined from the
plateau of the ellipticity vs. temperature curve, and [0] is the
ellipticity at 222 nm of the folded state at that temperature as
determined from a linear fit of the initial stages of the ellipticity
VS. temperature curve.

The fraction unfolded, Fy, was calculated by Eqn. (3),

Fu = 1 - Ff (3)
The dimer g_jissociation constant in the transition zone was
Rlgud ing Ean. (4),

Fy @

P is the total peptide concentration. By taking the derivative of
In(Ky) vs. Temperature and using this in the van’t Hoff
equation, Egn. (5), the change in enthalpy associated with
unfolding with temperature can be plotted:

din(K;)
_ 2 u
AH;; = RT- x —aT 5)

The gradient of the enthalpy vs. Temperature plot AC,, is the
difference in heat capacity between the folded and unfolded
forms, and can be used in the Gibbs-Helmholtz equation
adapted to monomer-dimer equilibrium, Eqgn. (6), to obtain the
Gibbs free energy of unfolding as a function of temperature by
least-squares fitting,

Gy = MMy (L= T/T,) 4 4G, T =T, = Tin(T/T,)] - RTh[R] (5,

T and Hy, are the temperature and enthalpy when the fraction
of monomeric peptide is 0.5.%*

'H-magnetic resonance spectroscopy.

To monitor the aromatic region *H-NMR signals in the range
from 8 ppm to 6 ppm of the amino acids W and Y, the proton
signals of the peptide amide bonds were suppressed by proton-
deuterium exchange using D,0O. Lyophilized peptide samples
were dissolved at a concentration of 0.5 mg ml™ and incubated
in D,O for one hour, followed by lyophilization. This procedure
was repeated three times. PBS (10ml, pH=7.4) was lyophilized
and redissolved in D,O to prepare a PBS/D,0 buffer solution.
Peptide samples were prepared with a final concentration of 0.8
mM in PBS/D,O buffer solution. All *H-NMR spectra were
recorded at 298 K on a Bruker Avance I 600 MHz
spectrometer with 32 scans for each sample.

This journal is © The Royal Society of Chemistry 2012
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Fluorescent spectroscopy.

Fluorescent experiments were conducted on a TECAN Infinite
M1000 PRO fluorometer using a 96 well plate. The Z-position
was 12500 pm, and the gain was optimized according to the
amount of fluorophore in the sample. Excitation and emission
slits were set at 5 nm. Emission spectra were measured from
290 nm to 450 nm in 1 nm steps at a fixed excitation
wavelength of 275 nm. The temperature was set at 25°C. For
consistent mixing, the plate was shaken inside the fluorometer
for 30 seconds (2 mm linearly, 70 x per minute). The spectra
were corrected by subtraction of PBS or PBS/ TFE=1:1 (v/v)
spectra as a background spectrum. The total peptide
concentration was 50 uM in each measurement, with 250 pL
volume of peptide solution in each well.
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