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Abstract

Here a new method to monitor the aggregation process and orientation of coiled coil
peptide motifs is described. Peptides Coil-K and Coil-E which are designed to form a
heterodimeric complex were labeled with aromatic FRET pair tryptophan (W) and tyrosine
(YY) on the C-terminus respectively as a “fingerprint’ residue. One of the peptides was also
labeled with the paramagnetic probe MTSL. Circular dichroism spectroscopy confirmed
that the introduction of the MTSL label did not change the peptide secondary structure.
One dimensional (1D)-proton NMR spectroscopy was used to study the peptide quaternary
structure by monitoring the fluorophore aromatic NMR signal suppression due to
proximity of the nitroxyl radical MTSL. 1D-NMR confirmed that peptide Coil-K and Coil-
E form a heterodimer coiled coil with a parallel orientation. In addition, fluorescence
emission quenching of the aromatic residue due to electron exchange with a nitroxyl
radical confirmed the parallel coiled coil orientation. Thus, paramagnetic nitroxide and
aromatic fluorophore labeling of peptides yield valuable information on 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

other supramolecular assemblies or biomacromolecules with a defined structure.

Introduction

Coiled coils are a structural motif comprised of two to seven a-helices folding around each
other in a superhelical fashion and are one of the important subunit motifs found in
proteins.”® In nature, this versatile protein folding motif assembles in a wide range of
structures with a variety of functions.® One of the well-known coiled coil motifs are the so-
called SNARE proteins, which is at center of the highly controlled intracellular membrane
fusion mechanism enabling cell-to-cell communication in the nervous system.'® ** Recently,
a model system for in vitro membrane fusion, mimicking the SNARE protein complex has
been designed.’**® Here, membrane fusion was achieved by a pair of complementary
lipidated peptides comprised of the heterodimeric coiled coil pair CC-K/E.'® However, the
details of the fusion mechanism are still unclear. To obtain a better view on the membrane
fusion mechanism, the coiled coil peptide CC-K/E quaternary structure has been studied.

Typically X-ray diffraction, disulfide exchange, electron paramagnetic resonance (EPR),
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Probing coiled-coil assembly by paramagnetic NMR spectroscopy

two-dimensional nuclear magnetic resonance (2D-NMR), 3D-NMR and even 4D-NMR
techniques are employed to study the architecture of coiled coil peptide quaternary
structures, for example the number of peptides in an assembly, the stoichiometry and their
relative orientation.’”?® However most of these techniques require expensive and complex
equipment, which is not always readily available. Therefore, it is valuable to develop
simple method that only requires standard laboratory equipment.

Here, a simple and easy method to investigate the coiled coil peptide assembly and
orientation with a simple one-dimensional proton nuclear magnetic resonance (*H-NMR)
and steady state fluorescence measurements is reported.

To demonstrate our approach, the well-known E/K motif developed by Litowsky and
Hodges was used as a model system. In recent years this coiled coil has been used by
several groups in the field of supramolecular chemistry, polymers and membrane fusion.?"
% The coiled coil peptides Coil-K (Ac-(KIAALKE);-CONH,) and Coil-E (Ac-
(EIAALEK);-CONH,) were labeled with tryptophan (W) and tyrosine (Y) at the C-
terminus as a fluorophore FRET (fluorescence resonance energy transfer) pair respectively.
Furthermore, the aromatic signals in 1D-proton NMR spectra are well-separated from all
other proton signals. This allows for easy paramagnetic NMR spectroscopy analysis to
determine the peptide orientation within the coiled coil motif. According to their
characteristics in *H-NMR and fluorescence measurements, W and Y are defined as the
“fingerprint” functional group of peptide Coil-K and Coil-E respectively.

In this study, the paramagnetic nitroxyl radical MTSL (S-(2,2,5,5-tetramethyl-2,5-dihydro-
1H-pyrrol-3-yl)methyl methanesulfonothioate) (see Appendix Part 6 for its chemical
structure) was introduced at specific positions in the peptide to investigate the coiled coil

%37 In 'H-NMR, there are magnetic dipolar interactions

assembly and peptide orientation.
if the distance between a nucleus and an unpaired electron of a paramagnetic center is
within 13.0 A radius, leading to paramagnetic relaxation enhancement (PRE).**** This
increases the relaxation rate of the nuclear magnetization, and results in the suppression of
the nucleus NMR signal.*> * As a result, the neighboring signal will be drastically
suppressed when it is located within 10.5 A of the spin label. For example, in a 1D-proton
NMR experiment, the proton signals of W or Y will be significantly suppressed when they
are in proximity of the paramagnetic MTSL probe. In addition, the fluorescence will also
be quenched by the intermolecular electron-exchange interaction between the ground-state
stable nitroxide (MTSL) radical and the excited singlet state aromatic fluorophore (W and
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Y) when the distance is less than 12 A.** Thus in both NMR and fluorescence
measurements, the proximity of a MTSL probe leads to signal suppression (See Appendix

Figure A1l for the summary of the signal response regions from various measurements).

An equimolar mixture of Coil-K and Coil-E peptide results in the formation of a
heterodimeric coiled coil motif CC-K/E. Both C-termini will be in close proximity when a
parallel orientation is adopted; but will be on opposite sides of the coiled coil when an

antiparallel orientation is adopted (Scheme 1.).

W WW.KW/EV _

Kk v Peptide: Coil-E
m CC-Kw*/Ey

u\/\/\/\/\Peptlde Coil-K
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Scheme 1. Schematic illustration of designed peptides and coiled coil motifs. Coil-K
peptides are labeled with a tryptophan(W) residue while Coil-E peptide are decorated with
a tyrosine(Y) residue. A red helix represents peptide Coil-K, while a blue helix represents
peptide Coil-E. Purple ball stands for tryptophan (W) labeled while green ball stands for
tyrosine () labeled. In this paper W and Y are always decorated on the C-terminus of all
the peptides. A yellow star represents the MTSL- (*) nitroxyl radical spin label, which
labeled either on C- or on N- terminus for investigating the possibility of CC-K/E parallel
and antiparallel orientation respectively. Coiled coils formed by equimolar mixing of
various Coil-K and Coil-E peptides are defined as CC-K/E. (See Table 1. for primary
sequences of all peptides.)

The paramagnetic 1D-proton NMR and steady state fluorescence study demonstrates that
the peptide Coil-K and Coil-E are forming a parallel heterodimeric coiled coil CC-K/E in
neutral PBS buffer (Phosphate Buffer Saline). This is the first time that a paramagnetic
nitroxide moiety is used to determine unequivocally the orientation and assembly of
peptide strands in a coiled coil motif. Furthermore the peptide assembly ratio can be

determined within a hetero-coiled coil complex. This method does not disturb self-
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assembly and can be used to more complicate coiled coil motifs and allows broader

applications in biomaterials field.

Experimental Section

Materials.

Fmoc-protected amino acids and Rink Amide resin (0.53 mmol g™) 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 (dichloromethane), TFE
(2,2,2-Trifluoroethanol), TFE-D3 (2,2,2-Trifluoroethanol-ds), 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 ((S-(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.
Solid-phase 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
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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 hour. 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,0=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 label.

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 stored at -20 “C before purification.

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,Oftert-
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,0. 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
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peptides were lyophilized and characterized by LC-MS using a Vydac C18 analytical

column with a 1 mL min™ flow rate.

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).**
54

[6] = (Bops X MRW)/(10 X Ic) @)
Where O 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 and a final concentration of 200 uM peptide 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.>
*® 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 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.>" *®

The data was analyzed using a two-state unfolding model to determine the fraction folded

using Eqn. (2),

Fe = ([6] = [6]u)/([6]r — [6]v) )
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
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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),

Fy=1-F; 3)
The dimer dissociation constant in the transition zone was calculated using Eqn. (4),
Ky = 2PF§/F¢ 4)

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

unfolding with temperature can be plotted:

AHy = RT? x 200 (5)

The gradient of 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,

AGy = AHy, (1 = T/Ty) + AC,[T — Ty, — TIn(T/Ty,)] — RTIn[P] (6)
Tm and Hy, is the temperature and enthalpy at the midpoint of the transition at which 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 acid W and Y, the proton signals of the peptide amide bonds were suppressed by
proton-deuterium exchange using D,0. 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,0 to prepare a PBS/D,0 buffer solution. Peptide samples were prepared
with a final concentration of 0.8 mM in PBS/D,0 buffer solution. All *H-NMR spectra
were recorded at 298 K on a Bruker Avance III 600 MHz spectrometer with 32 scans for

each sample.
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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 um, 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 concentration of peptide E or K was 20 uM in each

measurement, with 250 puLL volume of peptide solution in each well.

Results and discussion
Peptide design and synthesis.

In this study the feasibility to use paramagnetic NMR and fluorescence spectroscopy to
investigate the orientation of the complementary peptides in a coiled coil motif was
explored. For this, the well-known shortest pair of heterodimeric coiled coil scaffold Coil-
K and Coil-E was used as a model system. These sequences were modified with an
aromatic amino acid, either a tryptophan (W) or tyrosine (Y) at the C-terminus and the
paramagnetic nitroxyl radical MTSL at selected position as the sensitive ‘signal
suppression’ functional group (Table 1.)." % A Glycine residue was added between the
aromatic fluorophore and the original peptide sequence to minimize any potential influence
on the coiled coil assembly. Furthermore, a cysteine residue was introduced at either the C-
or N-terminus in order to label the peptide with the paramagnetic nitroxide radical via a
sited-directed spin labeling (SDSL) method. MTSL was introduced via a disulfide bond to
a cysteine residue as ‘signal suppression’ functional group.>® The distance between the
aromatic fluorophore and the nitroxide determines whether the signal is suppressed or not.
Initially, MTSL was conjugated to the C-terminus of the peptide to probe the parallel
assembly orientation in the coiled coil heterodimer. For comparison, the MTSL probe was
placed at the N-terminus of the peptide to probe whether the antiparallel orientation would

(co)exist as well (Table 1.).
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All peptides which are synthesis by standard Fmoc solid phase synthesis on Rink Amide
resin, and further purified by C18 RP-HPLC are characterized by both MALDI-TOF MS
and LC-MS mass spectrometry. Analytical HPLC confirmed the purity of the peptide to be

99%, while UV measurements showed a purity of at least 95% (see Appendix).

Table 1. Peptide primary structure and molecular characterization.

Molecular

Peptide Sequence weight 'H-NMR Fluorescence
Name (from N to C terminus) @ mgl'l) signal signal ®
Coil-Kyy AC (KIAALKE);GW CONH, 2564 J J
AC (KIAALKE),GWC CONH,
Coil-Ky* 2854 X X
MTSL
. AC C(KIAALKE),GW CONH,
Coil-*Ky, | 2854 v
MTSL
Coil-Ey AC (ElAALEK)3GY CONH, 2544 v
_ AC (EIAALEK),GYC CONH,
Coil-Ev* | 2833 X X
MTSL
AC C(EIAALEK),GY CONH,
Coil-*Ey | 2833 v N
MTSL

®. Refers to 1D-proton NMR chemical signal for aromatic protons of tryptophan (W) and
tyrosine (Y) in the range of 6-8 ppm. °. Refers to fluorescence emission spectra wavelength
from 285-445 nm with excitation at 275 nm. Both 'H-NMR and fluorescence
measurements were performed in presence of pH=7.4 PBS buffer. ‘v’ indicates there is
signal observed while “x” indicates there is no signal observed.

Circular Dichroism Spectroscopy.

As single mutations in an amino acid sequence might alter the propensity to form coiled
coils, the secondary structures and binding properties of all the Coil-K and Coil-E peptides
including their derivatives were studied using circular dichroism (CD) spectroscopy
(Figure 1 and Table 2). These results showed that in PBS buffer (pH=7.4) there is no
significant change in the peptide secondary structure after introduction of the aromatic
amino acids and the spin-label MTSL. All single Coil-K and Coil-E peptides retained their
a-helical signature with two minimal bimodal at 222 nm and 208 nm (Fig.1A and 1B). The

a-helicity and value of [0]2,,/[0].08 increased when the peptides were measured in 1:1 (v/v)
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TFE: PBS buffer as compared to the measurements performed in PBS buffer (Table 2).
This indicates that all single peptides derivatives either with or without MTSL spin label
consistently kept their ability to fold in a a-helix conformation. Thus, introduction of the
MTSL label does not significantly alter the secondary structure of the peptides (CD spectra
of the original Coil-K ((KIAALKE); ) and Coil-E ((EIAALEK); ) are shown in Appendix
Figure A4) .

Next, coiled coil formation of an equimolar mixture of Coil-K and Coil-E (including their
MTSL derivatives) was studied, showing the typical coiled coil interactions with the helix
content higher than 90% and the ratio of [0],2/[0].0s Close to 1 (Figure 1C).°%
Trifluoroethanol (TFE) is known to enhance the intramolecular a-helicity while disrupting
intermolecular interactions.®® % Addition of TFE resulted in a lower [0],55/[0]20s ratio and a
decreased a-helicity confirming the existence of a coiled coil complex CC-K/E (Figure
1D).! CD measurements on an equimolar mixture of peptide Coil-K and peptide Coil-E
with or without MTSL label showed that this modification did not significantly alter the

coiled coil formation process.
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Figure 1. (A) CD spectra of secondary structure comparison of the peptides Coil-Kyy, Coil-
Kw and Coil-"Kyy were measured. (B) Secondary structure comparison of CD spectra from
the peptides Coil-Ey, Coil-Ey" and Coil-"E. (C) Comparison of CD spectra of coiled coil
motifs CC-K/E (including CC-Kw/Ey, CC-Ky /Ey, CC-"Kw/Ey, CC- Kw/Ey", CC-Kw/ Ey)
from an equimolar mixture of Coil-K and Coil-E peptides in pH=7.4 PBS saline. (D)
Comparison of the CD spectra of the coiled coil motifs CC-K/E (including CC-Ky/Ey, CC-
Kw /Ey, CC-"Kw/Ey, CC-Kw/Ey ", CC-Kw/"Ey) from an equimolar mixture of Coil-K and
Coil-E peptides in 1:1 (v/v) PBS: TFE. [Total peptide]= 200 uM, PBS, pH=7.4,25 C.

Table 2. Secondary and quaternary CD spectroscopic data of synthetic peptides used in
this study.

peptide? [0]22, % a-helix” [0]222/[0]208 Coiled-coil®
50% TFE 50% TFE 50% TFE

PBS INPBS Benign InPBS Benign InPBS

Coil-Ky  -13925  -19699 43 60 0.70 0.81 -
Coil-Ky,~  -15337  -19805 46 61 0.80 0.82 -
Coil-"Ky,  -15411  -20057 47 61 0.81 0.82 -

Coil-Ey  -4748  -16080 14 50 0.53 0.78 -
Coil-Ey"  -8180  -17727 25 54 0.61 0.78 -
Coil-'Ey  -10119  -18886 31 58 0.70 0.80 -

CC-KwlEy -28747  -23909 90 74 1.02 0.83 +

CC-Ky'/Ey -31892  -24251 99 75 1.04 0.78 +

CC-'Kw/Ey -31818  -260565 99 80 1.02 0.84 +

CC-Kw/E," -33297 -267780 100 82 1.04 0.81 +

CC-Kwl'Ey -31395  -25326 98 78 1.07 0.84 +

# CC-KI/E refers to equimolar concentration mixtures of the Coil-K and Coil-E peptides. °
The percentage of a-helicity is calculated from 100 times the ratio between observed [0]2,;
to the predicted [0].,, for an a-helical peptide of n residues. The predicted a-helicity is
reckoned from formula: [0],2,=-40000%(1-4.6/n). ®*® © The signal + signifies a significant
decrease in the [0],0,/[6]20s ratio from benign to 50% TFE in PBS, indicative of the folded
coiled-coil structure and vice versa. [Total Peptide]=200uM, PBS, pH=7.4, 25C.
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Next, the stoichiometry and binding energy of all coiled coil forming peptide pairs were
determined. The binding stoichiometry of Coil-K and Coil-E mixtures was measured at a
total peptide concentration of 200 uM with variable mol fractions of peptide Coil-K and
Coil-E. A job-plot of [0]x; as a function of the mol fraction of Coil-E peptide yields the
binding stoichiometry.®® ® For all CC-K/E (including their MTSL derivants) coiled coil
complexes studied, a minimum of [0],, was always observed at an equimolar ratio of
peptide Coil-K and Coil-E, indicating that peptide Coil-K (including MTSL derivants) and
peptide Coil-E (including MTSL derivants) bind in a 1:1 stoichiometry (Figure 2A). This
again proves that introduction of MTSL does not interfere with the classical 1 to 1 Coil-K

and Coil-E heterodimerization (Original K/E stoichiometry see Appendix, Figure A5).

The molar ellipticity at 222 nm is directly proportional to the amount of helical structure
and therefore thermal denaturation curves provide information of their folding stabilities.®*
% Thus the thermodynamic stability of the CC-K/E pairs was determined by measuring the
molar ellipticity at 222 nm wavelength as a function of temperature.** All peptide pairs
showed a smooth cooperative transition from an a-helical coiled-coil structure to a random
coil conformation (Figure 2B). All transitions showed to be fully reversible by lowering the
temperature (See Appendix Figure A6).

0 1.0
(A) —0— Coil-K«/ Coil-E —0— CC-Kw/Ev
— S5t —0— Coil-K«'/ Coil-E —o— CC-Kw*/E
5 10 —A— Coil-"Ku/ Coil-E 08} —&— CC*Kw/Es
_§ 15 —g— Coil-Kw/Coil-E
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Figure 2. (A) Mean residue molar ellipticities at 222 nm wavelength 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 on 25°C, in 1
mm quartz cuvette. (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=7.4.
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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 coil to random coil. The binding parameters are summarized in Table 2. The
dissociation constants for all coiled coils are in the same order of magnitude (10° M),
showing that introduction of the MTSL residue does not influence the secondary structure,

coiled coil formation and stability.

Table 3. Dissiciation constants of E and K coiled coil complex from CD spectroscopy

Coiled-coil Complex Tm(C)° AG, (kcal mol™) ¢ Kq(M) ¢
CC-K/E? 58 9.6 7x10°®
CC-KwlEy 57 10.8 7.7x10°®
CC-Ky /Ey 56 11.6 6.4x10®
CC-"KwlEy 57 11.0 7.5x10°8
CC-Kwl/Ey" 56 118 6.5x10®
CC-Ky/!"Ey 57 10.7 7.6x10®

? data taken from literature.**® ® T,, = melting temperature, at which half of the peptide is
in the unfolded form. ¢ Gibbs free energy of unfolding at 25°C. ¢ K4 = the dissociation
constant.

'H-NMR spectroscopy.

600 MHz 'H-nuclear magnetic resonance spectroscopy was used to study the peptide
coiled coil complex formation of peptide Coil-K and Coil-E including 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, which in this study were
used as a “fingerprint’ region in peptide Coil-K and Coil-E respectively. To avoid overlap,
the N-H signals were suppressed by ‘H-D exchange’. Typical NMR signals of tryptophan
(W) and tyrosine () in the 6-8 ppm range of peptide Coil-K and Coil-E separately are
shown in (Figure 3 A/C, blue line). When a MTSL label is located close to the aromatic
functional group in the same peptide, the aromatic signals are fully suppressed (Figure 3
AJ/C, red line), due to paramagnetic relaxation enhancement (PRE).* ** %72 The |inewidth

of a proton signal will get significantly perturbed when the proton is within 13.0 A from
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the paramagnetic MTSL probe, and fully suppressed if the distance is less than 10.5 A due
to its fast transverse relaxation rate.***® Theoretical calculation using Hyperchem software
showed that the average distance between the MTSL nitroxide radical and the aromatic
protons of the Tryptophan (W) group is 6.6 A in Coil-Ky,~ while in peptide Coil-Ey" the
distance between MTSL and the aromatic Tyrosine (Y) group is 13.0 A. Therefore a
significant suppression of the NMR signals is observed (Figure 3 A/C, red line). In contrast,
when the MTSL label is positioned on the N-terminus of the peptides, the distance between
the nitroxyl radical and the tyrosine or tryptophan residues is too large in order to observe
the PRE effect (Figure 3 A/C, black line). In peptide Coil-'Kyy, the average distance
between radical and W is 36.7 A while in peptide Coil-'Ey the distance between radical
and Y is 40.1 A. Next, "H-NMR spectra of the individual peptides were measured in 1:1
(v/v) TFE: PBS solution to eliminate any line broadening caused by peptide aggregation
and to induce maximum a-helicity.”® In NMR experiments, peptides aggregation results in
the severe NMR signals decrease and line-broadening.'® " Even in TFE/PBS=1:1 (v/v)
solution, a complete suppression of the aromatic proton was observed in Coil-K,,~ and
Coil-Ey~ confirming that the NMR signal suppression is only due to intramolecular

paramagnetic relaxation enhancement (PRE) (Figure 3 B/D).
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Figure 3. Aromatic region (6-8 ppm) of 600 MHz *H-nuclear magnetic resonance spectra
showing tryptophan indole and tyrosine hydroxyphenyl functional groups of Coil-K and
Coil-E derivatives respectively. (A) From top to bottom are the aromatic signals of Coil-
Kw, Coil-"Ky and Coil-Ky,~ in PBS. (B) From top to bottom are the aromatic signals of
Coil-Ky, Coil-"Ky and Coil-Ky," in 1:1 (v/v) PBS: TFE solution. (C) From top to bottom
are the aromatic signals of Coil-Ey, Coil- Ey and Coil-Ey" in PBS. (D) From top to bottom
are the aromatic signals of Coil-Ey, Coil-'Ey and Coil-Ey” in 1:1 (v/v) PBS: TFE solution.
[Total peptide]=0.8 mM.

Next, the coiled coil assembly of all the peptide pairs has been investigated (CC-K/E,
Scheme 1). In coiled coils, complementary peptides zip together into close proximity
resulting in a tight peptide complex. Therefore the PRE effect can be utilized to probe
coiled coil formation and the relative orientation of the peptides within the complex.

When the MTSL label was positioned at the C-terminus of either Coil-K or Coil-E, it
effectively gave suppression for both of their complementary peptides aromatic signals
(Figure 4 A/C, compare blue and red trace). This indicates that peptide Coil-K and Coil-E

assemble into a parallel coiled coil complex CC-K/E. In contrast, when the MTSL label
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Probing coiled-coil assembly by paramagnetic NMR spectroscopy

was positioned at the N- terminus, no PRE effect was observed, confirming the peptides
parallel orientation (Figure 4 A/C, compare blue and black trace).

Measuring the same peptide mixtures CC-K/E in 1:1 (v/v) TFE: PBS revealed the
dissociation of the coiled coil complex as observed by the reappearance of the aromatic

protons of the non-MTSL labeled peptide (Figure 4 B/D).

(A) (B)

__M_/A)LK CC-Kuw/E:

CC-Kw/Ev+TFE

CC-*Kw/Ev+TFE

CC-"Kw/Ex
CC-Kw*/Ey M CC-Kw'Ex+TFE
8 6 8 6
Chemical Shift (ppm) Chemical Shift (ppm)
(C) (D)

CC-Kw/E+TFE

M COKUE,
CC-Ku/"EH CC-Kw/"E+TFE

—— CC- Kw/Ev'] AT\ — CC- Kw/E«+TFE

8 6 8 . . 6
Chemical Shift (ppm) 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. Blue line indicates CC-Ky/Ev, black line indicates CC- K/Ey and
red line indicates CC-Ky, /Ey. (B) Aromatic signals of CC-K/E in 1:1 (v/v) TFE: PBS.
Blue line indicate CC-K/Ey, black line indicates CC-"Ky/Ey and red line indicates CC-
Kw /Ey. (C) Aromatic signals of CC-K/E in PBS. Blue line indicates CC-K/Ey, black line
indicates CC-Ky/ Ey and red line indicates CC-Ky/Ey . (D) Aromatic signals of CC-K/E
in 1:1 (v/v) TFE: PBS. Blue line indicates Coil-K\/Ey, black line indicates Coil-Ky/ Ey
and red line indicates Coil-Ky/Ey . [Total peptide]= 0.8 mM, PBS, pH=7.4.
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Next, 'H-NMR measurements were used to study the coiled coil binding stoichiometry.
The molar ratio of Coil-K and Coil-E was varied from 2:1, 1:1 and 1:2 using peptides Coil-
Ky and Coil-Ey (Figure 5 A). Parallel coiled coil formation results in PRE suppression of
the tyrosine residue NMR signal at the Coil-Ey peptide as well as the tryptophan residue
NMR signal at peptide Coil-Ky,~, due to their close proximity with MTSL. The
measurements show that at a 2:1 and 1:1 ratio, the aromatic NMR region is silent. However,
at a 1:2 ratio of peptide Coil-Ky, and Coil-Ey, the tyrosine signals were visible. This
shows that peptides Coil-K and Coil-E indeed form a 1:1 coiled coil complex as the excess
of peptide Coil-Ey is not bound to Coil-Ky," and thus no longer suppressed. Measuring the
'"H-NMR spectrum of MTSL labeled peptide Coil-E and non-labeled peptide Coil-K

mixtures confirmed this finding (Figure 5B).

(A) (B)

Coil-Ko/ Coil-E=2:1 SRRV - 55, % S

Coil-Kw*/Coil-Ev=1:1 Coil-Ku/Coil-Ev*=1:1
J_ “ Coil-Kw*/Coil-Ev=1:2 JU_J/\‘ Coil-Kw/Coil-Ev*=2:1
8 6 8 6
Chemical Shift (ppm) 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-Ey" mixtures.
From top to bottom, the molar ratio between Coil-Kyy, and Coil-"Ey is 1:2, 1:1 and 2:1.
[Total peptide]=0.8 mM

Thus 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, showing not only

the peptide orientation but also the stoichiometry.
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Probing coiled-coil assembly by paramagnetic NMR spectroscopy

Fluorescence spectroscopy

To support *H-NMR measurements, steady-state fluorescence spectroscopy was used to
probe the orientation of peptide E and K 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.*® " The degree of quenching is
proportional to the electron exchange interaction, which is inverse proportional to the
distance.® ®

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

absent (Figure 6, red line).

5x10° 5x10*
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2> A Coil-Kw* ; A Coil-Ev*
2 ) 'é 4
23107 S 3x10°F
5 g
- e s
€ 2x10° S 2x10
g 2
2 L
4 B
5 1x10*F . S 1x10*
=] d X r—4
e 45 . Tom, [

i Yt 0 5 gy
300 320 340 380 380 4D 420 4w 300 320 340 360 380 400 420 440
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Figure 6. Fluorescence emission spectra (extension at 275 nm) of fluorescent labeled
peptides Coil-K and Coil-E 50 uM in pH=7.4 PBS buffer solution on 25 ‘C. (A) Presents
peptide Coil-Kyy (0) in black, Coil-'Ky (o) in red and Coil-Ky,~ () in blue. (B) Presents
peptide Coil-Ey () in blank, Coil-'Ey (o) in red and Coil-Ey" (a) in blue. Green arrow
signs the fluorescence quenching position.

In the CC-K/E coiled coils both the donor fluorophore tyrosine (Y) and the acceptor
fluorophore tryptophan (W) are located at the C- terminus. If peptide Coil-Ky, and Coil-Ey
are adopting a parallel coiled coil orientation, the distance between W and Y is within the

Forster distance (Ro~=1 nm) resulting in fluorescence resonance energy transfer (FRET).
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When the peptides assemble in an antiparallel fashion, no FRET will be observed.85
Indeed, an equimolar mixture of peptide Coil-KW and Coil-EY results in an increased
fluorescence signal of acceptor tryptophan (W) and a decreased fluorescence signal of
donor tyrosine (Y) due to FRET, thus indicating a parallel coiled coil orientation of peptide
E and K. In the presence of TFE, the energy transfer is lost due to the dissociation of coiled

coil complex (Figure 7A).

When the MTSL nitroxyl radical is close to the fluorophore on the C- terminus, the
fluorophore signal will be quenched due to the electron exchange interaction (Figure 6). If
the complementary peptide is close to the MTSL labeled peptide due to coiled coil
formation with a parallel orientation, the signal of the complementary peptide fluorophore
is also quenched (Figure 7 B/C). For example, in peptide Coil-KW*, the MTSL quenches
the tryptophan signal. In an equimolar mixture of Coil-KW* and Coil-EY, the tyrosine (Y)
is also quenched, indicating that the tyrosine is in the vicinity of MTSL due to coiled coil
formation. This can only occur when peptide Coil-K and Coil-E assemble into a parallel
heterodimer. Addition of TFE results in separation of the peptides and the tyrosine signal
reappears (Figure 7B). This indicates that peptide Coil-K is close to peptide Coil-E with a

parallel orientation in the coiled coil motif.

The fluorescence quenching on the other peptide pair, Coil-EY* and Coil-KW has also
been studied. In this complementary coiled coil forming peptide pair, peptide Coil-EY*
was labeled with both the MTSL and Tyrosine (Y) at the C- terminus. As a result, the
Tyrosine emission signal was quenched. In an equimolar mixture of Coil-EY* and Coil-
KW, the signal of Tryptophan (W) was significantly quenched but was recovered upon
TFE addition due to the coiled coil dissociation (Figure 7C). This again proves the parallel
orientation in a CC-K/E coiled coil, supporting the findings of the paramagnetic NMR
studies.
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Figure 7. Fluorescence emission spectra of fluorescence labeled peptides Coil-K, Coil-E
and CC-K/E (an equimolar mixture of Coil-K and Coil-E) in pH=7.4 PBS buffer solution
and in 1:1 (v/v) PBS: TFE on 25°C. [Total peptide]=50 uM. (A) Presents peptide Coil-Kyy
(D) in black, Coil-Ey (o) in red, CC-Kw/Ey (2) in blue and CC-Kw/Ey+TFE (V) in pink.
(B) Presents peptide Coil-Ky," (0) in black, Coil-Ey (o) in red, Coil-Ky /Ey (A) in blue and
Coil-Ky TEv+TFE (V) in rosy. (C) Presents peptide Coil-Ey (o) in black, Coil-Ky (©) in
red, Coil-Ey /Ky (A) in blue and Coil-Ey /Kw+TFE (/) in pink. Green arrow signs the
fluorescence quenching position.

Conclusions

Here a new approach to investigate the supramolecular assembly of a well-known coiled
coil pair, using a combination of *H-NMR and fluorescence measurements has been shown.
Labeling of the peptides with Tryptophan, Tyrosine and MTSL did not influence the
secondary structure of the peptides. MTSL induced suppression of specific NMR signals
enables the determination of the orientation and the stoichiometry in coiled coil motifs.
Fluorescence quenching by MTSL using the same peptides confirmed the finding of the
NMR studies. In this study aromatic fluorophore were used as the proton signals are well-
separated from the other peptide signals. In principle however, every proton signal could

be used for this purpose, for example the amide signal.**

Comparing with the existing methods to study coiled coil assembly, this method does not
require changing of the environment (e.g. Crystallization necessary for X-ray diffraction)
and avoid intermolecular interaction competition between chemical bond and hydrophobic
core (e.g. disulfide exchange). The field of paramagnetic NMR spectroscopy is rapidly
developing, and in this contribution the use in coiled coil assembly is shown. In addition, it
is compatible with two- or multi-dimensional NMR, and the same peptides can be used for

EPR measurements as well for further studies.®

All the required manipulations are easily performed and with high efficiency. The careful
choice in labeling combined with fast *H-NMR, fluorescence measurement significantly
simplifies they study of non-covalent interactions in coiled coil s or other supramolecular
assemblies. Further development of this approach will extensively spread on investigation

of not only the peptide quaternary structure, but also most self-assembly systems.
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Appendix

Part 1. Mass spectra for all the purified peptides

LC-MS spectra of all the purified peptides are shown in Figure Al.
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Figure Al. (A) LC-MS spectra of purified Coil-Kyy, (B) LC-MS spectra of purified Coil-
Ey. From top to bottom: UV (ultraviolet-visible) spectrum, ESI (electrospray ionization)

spectrum, and mass spectrum.

32

1600

AU

Relative Abundance

Intensity

(B) Coil-Ev
6.88

HPLC pDA ‘

1 e

|
Lo

1 HPLC ms

6.93

o 2 4 ' L] L]
Time (min)

ESI-Mass Spectroscopy

|

849.13
(M+3H)/3

l T

o

12

127273

(M4

2H)/2

J 118 216 293 380 430 534 868 916 1101 11.54 1229 1433
e e e e
T

200 400 600 800 1000

1200

T
1400

1600

T
1800

2000



Chapte 2

. * .
(A) Coil-Kw (B) Coil-Ev*
HPLC pDA 5i86 'HPLC PDA 7'[36
2 2 3
g ERE \
083 \ —A ~ om ‘ =
E /'ll\r,‘ N N s, e e \ i J\/\‘,“W* — ) I‘., I
¢ JHPLC s 5191 £ SHPLCMs 740
2 ‘ 2
2 | 2
= 2 e 6 e 1 12 " i 0_;_”—2 L 8 . Cwi 12 PA
Time (min) Time (min)
ESI-Mass Spectroscopy ESI-Mass Spectroscopy
3 952.07 4
253
_ i 5 1417.47
2 (M+2H)/2
1427.73
‘ (M-éiZH)/Z
0260 400 ﬁl‘)ﬂ 800 1000 1200 ;Jon 1600 15'00 'zoon 200 . 400 600 BOO‘ 1000 1200 1400 1600 1800
m/z m/z

Figure A2. (A) LC-MS spectra of purified Coil-Ky,", (B) LC-MS spectra of purified Coil-
E,". From top to bottom: UV (ultraviolet-visible) spectrum, ESI (electrospray ionization)

spectrum, and mass spectrum.
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Figure A3. (A) LC-MS spectra of purified Coil- Ky, (B) LC-MS spectra of purified Coil-
Ey. From top to bottom: UV (ultraviolet-visible) spectrum, ESI (electrospray ionization)
spectrum, and mass spectrum.

Part 2. CD analysis for the Hodges Coil-K and Coil-E binding.

0=

-oSHRT™]

5 oooooooo A
o0} IV

=]

E as), Eﬂgﬂnuﬂnnﬂ ﬁ
e 20}

G 7 Y

AVAAVAVAV (4

g X AQEAAAAAA
o -30F - Coil-K

A | —0—Coil-E

= —A— CCKIE
—40F —7— CC-K/E+TFE

1 n 1 n 1 A 1

4300 210 220 230 240 250
Wavelength (nm)
Figure A4. CD-spectra of peptide Coil-K (Ac-(KIAALKE)3-CONH2), Coil-E (Ac-
(EIAALEK)3-CONH,), 1:1 mixture of Coil-K and Coil-E (CC-K/E) [total peptide]=200
uM in PBS (pH=7.4), 25 oC or TFE/PBS=1:1 (V/v).
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Table Al. CD spectroscopic data of Coil-K, Coil-E and equimolar mixtures thereof.

0,00 % a-helix b 050,/ 0508
Peptide ? Beni 50 % Beni 50 % Beni 509 Coiled-coil°
enign enign enign
IFE IFE TFE
Coil-K -15010 -19788 48 63 0.86 0.92 -
Coil-E -6016 -17067 19 55 0.6 0.78 -
CC-KIE -27923  -23234 90 74 1.01 0.82 +

# CC-KI/E refers to an equimolar mixture of Coil-K and Coil-E. ® The percentage a-helicity
is calculated from 100 times the ratio between observed [0],2, to the predicted [0],,, for an
a-helical peptide of n residues. The predicted a-helicity is calculated using the formula:
[0]22=-40000%(1-4.6/n).%*  © The + sign signifies a significant decrease in the [0]2/[0]208
ratio from PBS to 50% TFE in PBS, indicative of the folded coiled-coil structure and vice
versa. [Total Peptide]= 200 uM in pH=7.4 PBS at 25C.
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Figure A5. (A) Job plot of the mean residue molar ellipticity (222 nm) for mixtures of
Coil-K and Coil-E as a function of the mole fraction of the Coil-E peptide. All the
measurements were carried out at a total peptide concentration of 200 puM in pH=7.4 PBS
saline buffer on 25°C, in a 1 mm quartz cuvette. (B) Thermal unfolding curve based on
changes in [0],2, due to dissociation of coiled coil CC-K/E. [Total peptide]=40uM, PBS,
pH=7.4, 1 cm quartz cuvette.
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Part 3. CD association fraction folded transitions of all coiled coils.
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Figure A6. Thermal folding curve based on changes in [0],, as followed by CD by
decreasing the temperature from 360 to 280 K. [Total peptide]=40 uM, PBS, pH 7.4, 1 cm
quartz cuvette.

Part 4. Hyperchem simulations®

Hyperchem release 8.0 package has been used to simulate the peptide conformation and to
determine the distance between MTSL and the aromatic amino acids in Coil-E and Coil-K.
For this, Coil-K, Coil-E or their 1:1 complex were placed in a periodic box containing
water molecules and the system was equilibrated at 300 K. The peptide can move in a
constant-density environment which is similar to being in a liquid. The size of the box was
set as a cube with W=H=D= 56.104 A, and the minimum distance between solvent and
solute atoms (atoms from peptides) is 2.3 A.88

Molecular Mechanics simulation was based on a classical Newtonian calculation. Here,
atoms were treated as Newtonian particles interacting through a potential energy function,
which depend on bond lengths, bond angles, torsion angles, and nonbonded interactions
(including van der Waals forces, electrostatic interactions, and hydrogen bonds). In these
calculations, the forces on atoms are functions of the atomic position.

Furthermore, the AMBER force field which is typically used for developing proteins and
nucleic acids was used to develop an all-atom model. The simulations were performed in
standard way, with temperature at 300 K and 30 ps run time.

Figures beneath shows the details of the peptide comformation zoom in to atom level after
simulation. In general, Coil-K peptide secondary structure is shown in red color, Coil-E

peptide secondary structure in blue color and coiled coil motif either CC-K/E or CC-E/K in
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brown color. From Hyperchem simulation, information of the different distances between
MTSL nitroxide radical with either proton on W or on Y have been gained as support
information to the paramagnetic 1D-proton NMR spectra results (Figure A7-10).

A)

o

Coil-Kw*

W

Coil-*Kw

Figure A7. Structure tertiary structures of peptide Coil-KW* (A) and Coil- *KW (B). In A)
D1 indicates the distance between nitroxyl group and the W in peptide Coil-KW*. The

average distance D1 is 6.617 A. In B) the average distance D2 between MTSL and W is
36.701 A.

Figure A8. Structure of peptide Coil-EY* (A) and Coil- *EY (B). (A) the average distance
D1=13.0357 A. (B) The average distance D2 = 40.0889 A.
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Figure A9. Coiled coil CC-K/E quaternary structure between subunits Coil-K (red) and
Coil-E (blue). (A) Quaternary structure of peptide coiled coil complex CC-KW*/EY, the
average distance D1=8.9315 A. (B) Quaternary structure of CC-*KWI/EY, the average

distance D2=37.2628 A.
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CC-Kw/*Ev

Figure A10. Coiled coil CC-K/E quaternary structure between subunits Coil-K (red) and
Coil-E (blue). (A) Quaternary structure of peptide coiled coil complex CC- KW/EY*, the
average distance D1=8.9315 A. (B) Quaternary structure of CC-KW/*EY, the average
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distance D2=38.7715 A.

Part 5. The summary of the signal intensity associated with distance.
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—— QUECHING
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Figure Al11. The distance depended signal intensity of FRET, PRE or fluorescence
quenching method. The black line indicates the response distance between the FRET pair
(donor and acceptor) in fluorescence resonance energy transfer (FRET) measurement; the
red line indicates the response distance between the aromatic fluorophore and the MTSL
nitroxyl radical in paramagnetic 1H-NMR measurement; the blue line indicates the
response distance between the fluorophore and the MTSL nitroxyl radical in fluorescence
guenching measurement.

Part 6. Chemical Structure of MTSL

o—2
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