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CHAPTER 7 
 

STRUCTURE AND FIRST EPR 
CHARACTERIZATION OF HELICAL  

PEPTIDES WITH TOAC SPIN LABELS:  
MODELS FOR SHORT DISTANCES 

 
 
 

 
 

 

For structure determination in biophysical systems electron paramagnetic resonance 

(EPR) is rapidly gaining ground. Proteins labeled specifically with two nitroxide 
spin labels can be prepared, and several EPR methods are available for distance 

determination, which makes it possible to determine distance constraints. However, 

such methods require frozen solutions, potentially causing non-physiological states 
of the sample. Here we target spin-spin interaction in liquid solution at room 

temperature using rigid model compounds. A series of helical peptides is 

synthesized with pairs of spin labels separated by three, four, and five amino acids. 

To avoid flexibility, the non-coded nitroxyl containing α-amino acid TOAC that is 
rigidly connected with the peptide backbone is used. The EPR spectra of the 

peptides show a decreasing amount of coupling between the two spin labels within 

this series, which provides a first characterization of these models. 
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7.1 Introduction 

Biological systems are preferably studied in liquid solution at room temperature 

because freezing a peptide or a protein can change or even destroy the three-

dimensional structure of interest. Most EPR methods for distance determination 

require freezing the sample 
[1-6]

. To address this problem, in the present work we 

investigate spin-spin interactions in model peptide systems in liquid solution. Such 

peptides have to be rigid to serve as useful model compounds. More specifically, 

we analyze a series of peptides consisting of stretches of the non-coded, host -

amino acid -aminoisobutyric acid (Aib), combined with one or two 4-amino-1-

oxyl-2,2,6,6-tetramethylpiperidine-4-carboxylic acid (TOAC) guest residues. Both 

TOAC 
[7-13]

 and Aib 
[14-16]

 are known to stabilize regular 310-helices 
[14,16-19]

. The 

backbone and side-chain conformations of TOAC are remarkably constrained, 

providing well-defined distances between the stable nitroxide free radicals of two 

TOAC residues. Flexibility, as resulting from the commonly used spin labels linked 

to the cysteine side chain in proteins, is thus avoided. Our series comprises a full set 

of peptides, from two to five intervening Aib residues, with incrementally increased 

TOAC…TOAC separations. The following compounds were investigated: 

 

 (i)  Z-(Aib)
9
-OMe  NONA  unlabeled          

 (ii)  Z-(Aib)
5
-TOAC-Aib-OMe  HEPTA

6
       monoradical 

 (iii)  Z-(Aib)
6
-TOAC-Aib-OMe  OCTA

7
       monoradical 

 (iv)  Fmoc-Aib-TOAC-(Aib)
7
-OMe  NONA

2
       monoradical 

 (v)  Fmoc-(Aib)
2
-TOAC-(Aib)

2
-TOAC-Aib-OMe  HEPTA

3,6 
 biradical 

 (vi)  Fmoc-TOAC-(Aib)
3
-TOAC-Aib-OMe  HEXA

1,5
 biradical 

 (vii)  Fmoc-Aib-TOAC-(Aib)
4
-TOAC-Aib-OMe  OCTA

2,7
 biradical 

 (viii)  Fmoc-Aib-TOAC-(Aib)
5
-TOAC-Aib-OMe  NONA

2,8
 biradical 

 

Here Z is benzyloxycarbonyl, OMe is methoxy, and Fmoc is fluorenyl-9-

methyloxycarbonyl. We address the sub-nanometer distances between two TOAC 

residues in the biradical peptides and compare them with a set of monoradical 

peptides that are matched in size. We determine the exchange interaction, J, in 

liquid solution using continuous-wave (cw) EPR. For selected peptides also the 

dipolar interaction in frozen solution was studied. 

In the sub-nanometer distance regime in liquid solution, the spin-spin interaction 

should manifest itself primarily as the exchange interaction, J. In the weak-

exchange limit, the spectra appear as those of the isolated radicals. For nitroxides 
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characteristic three-line spectra result, which come from the isotropic hyperfine 

interaction AN of the electron spin with the 
14

N, I = 1 nucleus. A strong-exchange 

interaction (J » AN) results in a five-line spectrum. The magnitude of J is related to 

the orbital overlap, and often J is believed to decay exponentially with distance 
[20]

. 

Orbital overlap through the bonds, which are linking the centers of spin density can 

also promote exchange interaction. 

For selected peptides the dipolar interaction was studied in frozen solution with X-

band (9.5 GHz) and W-band (95 GHz) EPR. At W-band, the spectral resolution 

increases and the information on magnetic parameters and molecular orientations, 

which is hidden under the broad lines in spectra that are obtained at X-band can be 

extracted. Furthermore, the higher resolution at W-band enables the detection of 

smaller dipolar interactions, i.e., longer distances than in X-band. Also, relative 

orientations of spin labels are accessible 
[21]

. 

The rigid biradical peptides investigated enable a systematic study of the exchange 

interaction. Overall, a decrease of J with increasing separation of the two TOAC 

residues is observed. We speculate that J is dominated by through-bond rather than 

through-space interaction. Careful line-shape analysis gives insight into the intra-

radical interactions. 

7.2 Materials and methods 

7.2.1 Synthesis and characterization of peptides 

Peptides NONA 
[7]

, NONA2 (labeled as NONA9 in 
[7]

) NONA2,8 
[7]

, and HEPTA3,6 
[22]

, have already been described. The difficult syntheses of the other very highly 

constrained TOAC/Aib peptides mentioned in this paper have been performed in 

solution 
[23]

 either: step-by-step by using the 1-(3-dimetylamino)propyl-3-ethyl-

carbodiimide/7-aza-1-hydroxy-1,2,3-benzotriazole method 
[24]

 (HEXA5, HEXA1,5, 

and OCTA2,7) or by the segment condensation procedure using the isolated and 

uncharacterized intermediate 5(4H)-oxazolones from Z-(Aib)3-OH 
[25]

 and Z-(Aib)5-

OH 
[25]

 for HEPTA6 and OCTA7, respectively. The chromatographically pure 

peptides show the following physical and analytical data: (a) HEPTA6: melting 

point 219-221° C (from EtOAc – PE); infrared (IR) (KBr) 3322, 1712, 1664 cm
-1
. 

(b) OCTA7: melting point 222-224° C (from EtOAc – PE); IR (KBr) 3318, 1712, 

1662 cm
-1

. (c) HEXA1,5: melting point 146-147° C (from EtOAc – PE); IR (KBr) 

3331, 1669 cm
-1

. (d) OCTA2,7: melting point 160-162°C (from EtOAc – PE); IR 

(KBr) 3306, 1659 cm
-1

. 
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7.2.2 Fourier transform infrared absorption spectroscopy 

Fourier transform infra red absorption spectra were recorded using a Perkin-Elmer 

1720 X FT-IR spectrophotometer, nitrogen-flushed, with a sample shuttle device 

and at 2 cm
-1

 nominal resolution, averaging 100 scans. Solvent (baseline) spectra 

were recorded under the same conditions. Cells with CaF2 windows and path 

lengths of 0.1 and 1.0 mm were used. Spectrograde deuterochloroform (99.8 % 

deuterated) was obtained from Fluka. 

7.2.3 EPR spectroscopy  

The X-band cw EPR measurements were performed both at room temperature (293 

K) and at 80 K using an Elexsys 680 (Bruker BioSpin GmbH, Rheinstetten, 

Germany) spectrometer equipped with a rectangular cavity. For the room 

temperature measurements microwave power, modulation frequency, and 

modulation amplitude were 0.3994 mW, 100 kHz, and 30 μT, respectively, and 

accumulation time was about 20 minutes per spectrum. In the frozen solution at X-

band microwave power, modulation frequency, and modulation amplitude were 

0.159 mW, 100 kHz, and 0.2 mT, respectively.  

For room temperature W-band measurements, a modulation frequency of 100 kHz 

and a modulation amplitude of 0.1 mT were applied. The standard 95 MHz sample 

clamp was used with the usual sample holder to place the sample properly in the 

resonator. For the frozen solution W-band measurements, microwave power, 

modulation frequency, and modulation amplitude were 5.0 *10
-5

 mW, 100 kHz, and 

0.5 mT, respectively. 

7.2.4 Preparation of the samples  

All peptides were dissolved in acetonitrile (Biotech. grade, ≥ 99.93 %, Sigma-

Aldrich). For room temperature X-band measurements, all the peptide samples were 

degassed and prepared in quartz tubes with an outer diameter of 4 mm and an inner 

diameter of 1.5 mm. The samples were then subjected to seven freeze-pump-thaw 

cycles. To freeze the sample, liquid nitrogen was used. The sample was thawed to 

room temperature. While the samples were frozen, the quartz tubes were connected 

to a rotary vacuum pump for 5 minutes and disconnected from the pump before 

thawing the sample. Finally the degassed samples were flame-sealed. The room 

temperature W-band samples were prepared in suprasil quartz capillaries, with an 

inner diameter of 0.125 mm and an outer diameter of 0.25 mm, from Wilmad-Lab 

glass (Buena, NJ, USA). The capillaries were sealed at one end. A Wilmad suprasil 

quartz tube with an inner diameter of 0.60 mm and an outer diameter of 0.84 mm, 
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which was sealed at one end, was used as an outside tube. The concentration of the 

TOAC spin label in all liquid solution samples was 0.1 mM. 

For the measurements in frozen solution at X-band, samples were prepared in 

quartz tubes with an outer diameter of 4 mm and were frozen in liquid nitrogen 

before inserting them in the pre-cooled helium gas-flow cryostat. For 80 K W-band 

measurements, the samples were measured in Wilmad suprasil quartz tubes with an 

inner diameter of 0.60 mm and an outer diameter of 0.84 mm that were sealed at 

one end. Both the monoradical, NONA2, and the biradical, NONA2,8, samples were 

diluted with NONA, the Aib peptide at a 1 to 10 diamagnetically dilution. The 

concentration of NONA2 and NONA2,8 in frozen solution was 0.2 mM and 0.1 mM, 

respectively. 

7.2.5 Simulation  

The spectra were simulated using Matlab and the EasySpin package 
[26]

. For the 

simulation the following parameters were used: g = [2.009, 2.006, 2.003] 
[7]

, Axx = 

Ayy = 0.553, and Azz = 3.375 mT. The three-line spectra were simulated using a 

Gaussian line-shape. The five-line spectra were simulated using an equal-amount 

contribution of a Gaussian and a Lorentzian line-shape 
[26]

. 

For the biradical peptides, the treatment of the effect of J depends on the type of 

spectrum. For compounds with a three-line spectrum, the spectra were simulated 

with the chili subroutine of EasySpin as an S = ½ system. For the five-line spectra, 

the effect of the exchange interaction was included explicitly in the simulation 

using the pepper subroutine as two coupled S = ½ systems. The presence of a sharp 

three-line component in the five-line spectrum was taken into account in the 

simulation by adding a mono-radical contribution to each spectrum using the chili 

subroutine. We checked the presence of satellite lines for HEXA1,5 and OCTA2,7 by 

measuring at higher powers, larger sweep widths and higher concentrations (about 5 

mM, non degassed). We also increased the modulation amplitude. However, no 

satellite lines were detected.  

7.3 Results 

7.3.1 Conformational analysis 

We carried out a conformational analysis of all TOAC-labeled (Aib)n host peptides 

(from hexamers to nonamers) studied in this work in CDCl3, a secondary-structure 

supporting solvent. Since neither circular dichroism (because all peptides are 

achiral) nor nuclear magnetic resonance (because all peptides contain at least one 

stable paramagnetic free radical) are appropriate spectroscopies with these 

compounds, we relied heavily on FT-IR absorption. The N-H stretching (amide A) 
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spectral region proved to be the most conformationally informative. Here, all 

peptides are characterized by two bands: a much weaker one, seen at 3435-3418  

cm
-1

 (free, solvated NH groups) and a much more intense one at 3339-3318 cm
-1

 

(H-bonded NH groups) 
[15,27,28]

. With increasing main-chain length, the stronger 

band moves to lower wave numbers and increases in intensity 
[15]

. The role of 

peptide concentration, at least below 5  10
-3

 M, is of minor significance, which 

indicates that the observed C=O…H-N H-bonds are mostly intra-molecular. The 

ratios of the integrated molar extinction coefficients of the H-bonded versus free 

NH groups point clearly to almost fully developed 310-helical 
[14,16-19]

 peptide 

structures 
[15]

. These findings are not unexpected on the basis of literature data of 

medium-sized peptides rich in the known helicogenic TOAC 
[8,13]

 and Aib 
[14-16]

 

residues in CDCl3 solution and in the crystal state. 

7.3.2 Room temperature cw EPR 

Figure 7.1 presents the room temperature spectra of the monoradical and the 

biradical peptides. The spectra of the monoradical peptides consist of three narrow 

lines. The spectra of the biradical peptides can be grouped into two distinct classes: 

the HEPTA3,6 and the HEXA1,5 peptides with a five-line spectrum and the OCTA2,7 

and the NONA2,8 peptides with a three-line spectrum. The five-line spectra have 

broader lines than those of the monoradical peptides and a contribution of a narrow-

line spectrum consisting of three lines marked in figure 7.1.  

The two classes of spectra are simulated by different approaches. For the two 

biradical peptides that have a five-line spectrum, the contribution of exchange 

interaction is larger than the hyperfine coupling of the 
14

N nucleus in the TOAC 

spin label (table 7.1), and we consider the contribution of J explicitly in the 

simulation. For the HEPTA3,6 peptide, the value of J is larger than 900 MHz. For 

HEXA1,5, the next biradical peptide in the series, the value of J is 800 MHz. For the 

three-line-spectra of the OCTA2,7 and NONA2,8 peptides, the value of J must be 

smaller than 9 MHz because for values of J above 9 MHz a significant deviation of 

the simulation from the observed three-line spectra occurs, a deviation that is not 

visible in the experimental spectra. Given that small value of J, we do not explicitly 

consider J in the simulation.  

To exactly match the line-shape of the simulated to the experimental spectra for all 

biradical peptides, additional parameters are needed (figure 7.2 and table 7.1). The 

spectra of the HEXA1,5 and the HEPTA3,6 peptides are simulated by two 

components, one component with a large J-value, representing the biradical, and the 

other representing a monoradical component. The monoradical contribution is 

simulated with the parameters of the respective monoradical peptide (table 7.1). The 
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spectra of the second class of peptides, the OCTA2,7 and the NONA2,8 peptides are 

fully described by a single component. The NONA2,8 peptide is simulated with an 

isotropic rotation correlation time, similar to the value we used to simulate the 

corresponding monoradical, NONA2. The simulated spectrum of the OCTA2,7 

peptide does not fit as well to the isotropic rotation model as the NONA2,8 peptide. 

The deviation of the simulated low-field line from the experimental one derives 

either from an anisotropic rotation or from a contribution of J in the order of 9 

MHz. The spectrum of the OCTA2,7 peptide can be fitted with an anisotropic-

rotation model using the best-fit option in the EasySpin program (table 7.1). 

However, we cannot exclude J-coupling, as it would produce qualitatively similar 

features. For the NONA2 and the NONA2,8 peptides, EPR spectra are also acquired 

at W-band. The spectra of NONA2 and NONA2,8 are identical (figure 7.3), which 

reveals that for these peptides the EPR spectra at W-band frequencies are 

dominated by motion, rather than by the spin-spin interaction. 

 

Figure 7.1 The room temperature X-band EPR spectra of monoradical (red) and biradical 

(black) peptides. Comparison of mono- with biradical peptides are shown from top to 

bottom: HEPTA3,6 with monoradical HEPTA6; HEXA1,5 with monoradical HEPTA6; 

OCTA2,7 with monoradical OCTA7, and NONA2,8 with monoradical NONA2. The black 

asterisks indicate the presence of narrow lines on top of the broad lines in the spectrum of 

the biradical peptides. 
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Table 7.1 Parameters used for the simulation of the liquid solution X-band ER spectra of the 

monoradical and biradical peptides. Given on the right are parameters for monoradicals: 

rotation correlation times τr and line-widths. On the left are simulation parameters for 

biradicals (τr, line-widths, and the line-shape: mixture of Gaussian and Lorentzian). The 
simulation parameters and the relative contribution of monoradical species to these spectra 

is given on the right. For HEPTA3,6 and HEXA1,5 the exchange interaction is explicitly 

considered. For details see text. 

 

peptides  
τr 

(ns) 

line-width
a
 

(mT) 
 

 

 

 

 

HEPTA6 

 

0.13 0.130 

OCTA7 0.15 0.130 

NONA2 0.17 0.130 

peptides 

parameters used for the simulation of  

biradical peptides 

monoradical contribution to  

biradical spectra 

Relative 

position 

of the 2
nd

 

TOAC 

in the 

helix 

J
-co

u
p

lin
g
 

(M
H

z) 

τr 

(ns) 

 

line-width 

(mT) 

τr 

(ns) 

 

line-width
a
 

(mT) 

 

monoradical  

component 

in biradical spectra 

% 

G
a
u

ssia
n

 

L
o
ren

tzia
n

 

HEPTA3,6 4 > 900 n.a.b 0.450 0.480 0.13 0.130 3 

HEXA1,5 5 800 n.a. 0.000 0.290 0.13 0.130 23 

OCTA2,7 6 < 9 0.15c 0.098 0.037 n.a. n.a. n.a. 

NONA2,8 7 < 9 0.17 0.110 0.037 n.a. n.a. n.a. 

 

a Gaussian single-component line 
b not applicable  
c The EPR simulation parameters for the OCTA2,7 peptide using an anisotropic rotation with 

axial rotation tensor; Best-fit parameters:  
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τ║

 

Figure 7.2 The room temperature X-band EPR spectra of monoradical and biradical peptides 
compared with the simulation. Simulated spectra are shown in red and the experimental ones 

are shown in black. On the left, the spectra of HEPTA3,6, HEXA1,5, OCTA2,7, and NONA2,8 are 

shown. On the right, the spectra of HEPTA6, OCTA7, and NONA2 are shown. The black 

asterisks indicate the presence of narrow lines (monoradical contribution) on top of the broad 

lines in the spectrum of the biradical peptides. 
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Figure 7.3 The room temperature W-band EPR spectra of the NONA2 peptide (red) and the 

NONA2,8 peptide (black). The spectra of NONA2 and NONA2,8 are similar. The spectra are 

normalized to the number of spins in each sample. 

 

7.3.3 NONA2 and NONA2,8 at X-band, in frozen solution  

In frozen solution, in addition to the exchange interaction, the dipolar interaction 

can be determined. However, the peptides seem to aggregate in frozen solution, as 

evidenced by the line broadening of NONA2 relative to a reference sample 

containing the MTS spin label, which is prepared in the same solvent and measured 

under the same conditions (figure 7.4).  

 

Figure 7.4 Frozen solution X-band EPR spectra of the NONA2 peptide and the free MTS 

spin label in the same solvent. a: Pure NONA2 peptide (grey line) and free MTS spin label 

(black line). b: Diamagnetically diluted (1:10) NONA2 peptide (grey line) and free MTS 

spin label (black line). In a the lines of the NONA2 peptide are broader compared to the lines 
in b, owing to the intermolecular spin-spin interaction. The spectra are normalized to the 

number of spins in each sample. 

 

To suppress intermolecular spin-spin interaction, diamagnetic dilution with the Aib-

only peptide NONA is applied 
[29]

. We investigated 1:5 and 1:10 ratios of NONA2 

to NONA. At both ratios the spectra have the same line-width as the reference 

sample has. Therefore, the biradical NONA2,8 was investigated at a 1 to 10 

diamagnetic dilution. For NONA2,8 compared with NONA2, the lines are broader, 

which results from the dipolar interaction in the NONA2,8 peptide (figure 7.5). 
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Distances derived from the second-moment analysis 
[30]

 of the NONA2 and the 

NONA2,8 spectra result in a distance of 1.1 nm, which is in good agreement with the 

distance of 1.2 nm reported from the X-ray structure 
[7]

. 

 

 

Figure 7.5 Frozen solution X-band EPR spectra of the NONA2 peptide (grey line) and the 

NONA2,8 peptide (black line). Both peptides are diamagnetically diluted (1:10). The lines of 

the NONA2 peptide are narrower compared to those of the NONA2,8 peptide. The spectra are 

normalized to the number of spins in each sample. 

 

 7.3.4 NONA2 and NONA2,8 at W-band, in frozen solution 

The EPR spectra of both NONA2 and NONA2,8 at W-band (figure 7.6) are acquired 

from the same diamagnetically diluted samples as used for X-band in frozen 

solution (1 to 10).  

At W-band, the g-tensor resolution increases, making it possible to resolve the 

rhombic g-tensor, while at X-band the nitroxide spectrum is dominated by the 

hyperfine interaction with the nitrogen nucleus. Similar to the result at X-band, the 

lines of NONA2,8 are broadened with respect to NONA2. The higher resolution at 

W-band was used by Carlotto et al. 
[33]

 to determine the distance and relative 

orientation of the TOAC radicals in NONA2,8.  
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Figure 7.6 Frozen solution W-band EPR spectra of a: the NONA2 peptide and b: the 

NONA2,8 peptide. The position of the spectral features at gx, gy, gz, and the hyperfine 

splitting Azz are indicated.  

 

7.4 Discussion 

We have investigated a set of biradical peptides built from the non-natural amino-

acid Aib, both in liquid and in frozen solution. In liquid solution at room 

temperature, the peptides have spectra that are in the motionally narrowed regime. 

The spectra of the biradicals are determined primarily by the exchange interaction 
[32]

. In the strong-exchange regime, where J » AN, the EPR spectrum is characterized 

by a five-line pattern with intensities 1:2:3:2:1, while in the weak-exchange regime 

the EPR spectrum has three lines of equal intensity. The spectra of biradicals 

HEPTA3,6 and HEXA1,5 are in the strong-exchange regime. The difference in the 

line-shapes between HEPTA3,6 and HEXA1,5 suggests a larger J for HEPTA3,6 or an 

additional dynamic process. The biradicals OCTA2,7 and NONA2,8 are in the weak-

exchange limit. Because the effect of J on the spectrum is minimal and because no 
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simulation program combines J-interaction with restricted mobility we have 

simulated the spectra of the OCTA2,7 and the NONA2,8 peptides as two independent 

spins. Therefore, only upper limits of J can be determined. The spectrum of 

OCTA2,7 shows deviations from the isotropic-motion regime. Whether this 

deviation reflects anisotropic motion or a J-value that is slightly larger than 9 MHz 

is not clear yet. The main result is that the J-coupling decreases with increasing 

residue separation in the sequence.  

7.4.1 Origin of the narrow-line contribution 

The presence of a sharp narrow-line component is prominent in the five-line-

spectrum of the HEPTA3,6 and HEXA1,5 peptides. There are two possibilities for the 

origin of this component. First, the sharp component may arise from a minimally 

populated conformation of the peptides, which leads to increased separation 

between the labels such that we have a contribution of a low J-value in addition to 

the dominant high J-value conformation of the peptide. A second possibility is that 

in a fraction of the peptides one of the nitroxides is chemically degraded. The 

rigidity of the peptides investigated argues against the presence of minority 

conformations in which J is small. Therefore we attribute the narrow-line 

component to a monoradical contamination. 

7.4.2 The relation between structure and J-coupling 

The strength of the exchange interaction is often considered to decay exponentially 

with distance and has been used to obtain a qualitative ranking of the distance of 

spin-label positions 
[32]

. For the set of peptides that are investigated here, the 

separation between the TOAC residues increases by one residue each in the series. 

The distance between the nitroxide groups, i.e., the through-space distance does not 

increase through the series (table 7.2). For example, the distance between residues 

one and five (in HEXA1,5) is similar to the distance between two and eight (in 

NONA2,8). So if J would scale with the distance between the nitroxide groups 

through space, the HEXA1,5 and NONA2,8 peptides should have similar values of J. 

However, the NONA2,8 peptide has a very small J, while the HEXA1,5 has a much 

larger J, a clear indication that the through-space distance of the nitroxides does not 

dominate J. The number of bonds between the nitroxides does increase 

monotonically within the series from HEXA1,5 to NONA2,8. Particularly, the number 

of bonds between the nitroxides in HEXA1,5 is smaller than those in the NONA2,8 

peptide, nicely following the trend in J. The difference between these two peptides 

shows that the through-bond contribution to J plays a major role. 
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Table 7.2 Comparison of the biradical peptides investigated. The number of covalent bonds 

between the two TOAC spin labels in each biradical peptide and the distance between the 

mid-points of the N-O bonds of the two TOAC labels in the 310-helix are given. 

 

peptide 

position of the 

two TOAC 

labels 

distance between the two 

TOAC residues (Å) 

number of 

covalent bonds 

J-coupling  

(MHz) 

HEPTA3,6 i, i + 3 6.5a 15 > 900 

HEXA1,5 i, i + 4 11.6b 18   800 

OCTA2,7 i, i + 5 14.6b 21 < 9 

NONA2,8 i, i + 6 12.6c 24 < 9 
 

a Experimentally determined i, i + 3 distance from the X-ray diffraction structure of 

HEPTA
3,6

 [33].  
b Calculated from a 310-helical peptide model. 
c Experimentally determined i, i + 6 distance from the X-ray diffraction structure of 

OCTA1,4,7 
[34]

. 

 

7.4.3 The contribution of dipolar interaction 

In the spectra in liquid solution no dipolar interaction is observed, although this 

interaction is expected to be large in view of the distance between the TOAC 

residues. The absence of dipolar broadening in the spectra proves that the rotation 

of the peptides is fast enough to average the dipolar interaction.  

In frozen solution, both the exchange and dipolar interactions are detectable. 

However, in frozen solution these peptides tend to aggregate and intermolecular 

interactions interfere with the intra-molecular interactions. To avoid this 

interference, we applied diamagnetic dilution. Comparison of the diluted 

monoradical vs. biradical peptides provides us with intra-molecular information, 

i.e., the spin-spin distance in a biradical peptide. The value of 1.1 nm obtained from 

the line-shape analysis agrees with the results from X-ray crystallography 
[7]

. 

7.4.4 Summary and conclusions 

The series of biradical peptides enabled a systematic study of the exchange 

interaction. We demonstrate that in these helical peptides the through-bond 

contribution dominates over the through-space contribution, which gives rise to a 

substantial J even over a separation of 12 Å. We are pursuing these studies with the 

quantum-chemical approach applied in reference 
[7]

, which will give insight into the 

electronic structure of these peptides. 
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