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In this communication we demonstrate the use of electron spin
resonance (ESR) to determine long-range distances in water-soluble
bis-peptide molecular rods. The synthesis of ever larger and more
complex molecules with designed shapes and properties is an
overarching goal of synthetic chemistry. We have developed an
approach to the rapid synthesis of water-soluble nanoscale molecules
with designed shapes using conformationally restricted building
blocks that we couple through pairs of bonds to create spiro-ladder
oligomers.1,2 To develop these oligomers as rodlike structural
elements for applications, such as bivalent display of ligands and
as elements of future nanoscale devices, quantitative information
on the lengths and flexibility is required. We show that ESR
provides a natural spectroscopic method to rapidly assay these
structural parameters.

Five bis-peptide molecular rods,1-5, with n ) 4-8 monomers
were synthesized in parallel and labeled at the ends with nitroxides.
Each of the syntheses of compounds6-10was carried out on solid
support following previously described procedures on 5 mg of Rink
amide resin.1,2 While still on solid support, the terminal free amine
was acylated with the spin probe 2,2,5,5-tetramethyl-3-pyrroline-
1-oxyl-3-carboxylic acid11 activated withO-(7-azabenzotriazole-
1-yl)-N,N,N′N′-tetramethyluronium hexafluorophosphate (HATU).
The flexible oligomers were then cleaved from the resin and Boc-
deprotected using trifluoroacetic acid (TFA). Intramolecular ami-
nolysis between the secondary amine of each monomer and the
methyl ester of the monomer preceding it was catalyzed using 20%
piperidine in dimethylformamide at room temperature for 36 h to
form the spin-labeled spiro-ladder oligomers12-16. Finally, a
second spin label11 was coupled to the remaining free secondary
amine in solution, and the products1-5 were purified using C18

reverse phase high-pressure liquid chromatography. The mass of
each oligomer was confirmed by mass spectrometry.

For ESR experiments, 0.2 mM solutions of the double-labeled
molecules were prepared in 70% buffer (50 mM phosphate buffer,
pH 7.4, 200 mM NaCl, 3 mM NaN3, 1 mM EDTA) and 30%
glycerol. The four-pulse double electron-electron resonance (DEER)3

data on compounds1-5 at 80 K are shown in Figure 1. In the
DEER experiment the local dipolar field due to the coupled spin-
partner is inverted to lead to a frequency pattern that goes as:

whereg1 andg2 are the isotropicg-factors of each electron,â is
the Bohr magneton,µ0 is vacuum permeability,h is Planck’s
constant,r is the interspin distance, andθ is the angle between
magnetic field and the interspin vector.J is the exchange interaction,
which is negligible forr > 15 Å. At 80 K a “Pake” pattern4,5 is
obtained in which the characteristic turning points corresponding
to the parallel and perpendicular orientations [i.e.,θ ) 0° andθ )
900 in eq 1] of the interspin vectors with respect to the dc-magnetic

field are readily observable. Theθ ) 0° turning point has much
lower intensity, but typically theθ ) 90° peak is clearly visible.
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Scheme 1 Synthesis of the Bis-spin Probe-Labeled Oligomers 1-5

Figure 1. (a) Time domain DEER data (black) with the simulated signal
(red). (b) Four-pulse DEER spectra and the structures of compounds1-5
are shown.
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Thus the interspin distance,r, can be readily obtained from the
DEER spectrum.

Qualitatively, the frequency of theθ ) 90° peak in Figure 1b
decreases as the number of monomers,n, increases, indicating an
increase in mean end-to-end length. The spectra were inverted to
obtain the distance distribution functions,P(r), using the DEER-
Analysis 2004 program.6,7 In the analysis a Tikhonov regularization
method8 was used. The distance distribution functions for com-
pounds1-5 are shown in Figure 2a.

The mean distance,rj, and the standard deviation,σ, for these
P(r), calculated using a moment analysis (see Supporting Informa-
tion), are shown in Figure 2b,c. The error inrj, estimated by the
spectral resolution, is∼1.0-1.7 Å. The “linear” rodlike shape of
these materials is readily interpreted from the plot ofrj versusn.
The linear fit to the data of Figure 2b indicates that each building
block adds 2.7 Å to the average distance between the spin probes.
Five-nanosecond molecular dynamics simulations were carried out
in vacuo at 300 K on each oligomer. The DEER experiment
inadequately samples conformers withr less than 20 Å (see
Supporting Information). Within this experimental limitation, the
estimates ofrj from dynamics are in reasonable agreement with the
experiments forn ) 4-7. However, molecular dynamics overes-
timates the mean distance forn ) 8 by ∼3.5 Å (see Supporting
Information). Distributions from molecular dynamics also progres-
sively overestimate the most probable internitroxide distance for
long scaffolds (by∼2, 2.5, and 7 Å for n ) 6, 7, and 8).

The flexibility of the molecular rods can be characterized by
the standard deviation,σ, of the distribution function. The standard
deviation increases from 1.8 Å forn ) 4 to 5.8 Å forn ) 8.

The sensitivity of DEER-ESR9,10 to the measurement of interspin
distances in the∼15-80 Å10 has been used to determine global
folding patterns in proteins,11-14 nucleic acids,15 ionic polymers,16

and conformational and aggregation states of polypeptides.17

We show that we can create water-soluble bis-peptide molecular
rods with defined lengths and that the overall shapes and flexibility
of these rods can be obtained by using ESR. The key advantage of

the use of ESR is two-fold. First, large distance constraints can be
measured from which the overall shape of the conformationally
restricted material can be rapidly inferred. NMR has been used to
determine short-range distances in bis-peptides,1,2 but the rodlike
nature of these materials precludes the measurement of distance
between residues far apart in the linear sequence. This can lead to
a substantial uncertainty in the modeling of the overall structure.
In principle, energy transfer in FRET2,18,19is sensitive to distances
in these length scales. However, the correct interpretation of the
energy transfer in terms of distances requires a careful accounting
of molecular dynamics.20 Second, ESR measures the full distance
distribution function, from which the flexibility of the nanostruc-
tured materials can be directly assayed. The shape and flexibility
are both important criteria for the design of nanostructured materials
with targeted functions.

Acknowledgment. This research was supported in part by the
NSF CAREER Award (MCB0346898) to S.S. and the NIH/NIGMS
(GM067866) to C.E.S.

Supporting Information Available: Details about the experimental
parameters, analysis procedures, and modeling. This material is available
free of charge via the Internet at http://pubs.acs.org.

References

(1) Levins, C. G.; Schafmeister, C. E.J. Am. Chem. Soc.2003, 125, 4702-
4703.

(2) Levins, C. G.; Schafmeister, C. E.J. Org. Chem.2005, 70, 9002-9008.
(3) Martin, R. E.; Pannier, M.; Diederich, F.; Gramlich, V.; Hubrich, M.;

Spiess, H. W.Angew. Chem., Int. Ed.1998, 37, 2833-2837.
(4) Pake, G. E.J. Chem. Phys.1948, 16, 327.
(5) Jeschke, G.ChemPhysChem2002, 3, 927-932.
(6) The program can be freely downloaded from www.mpip-mainz.mpg.de/

˜jeschke/distance.html.
(7) Jeschke, G.; Koch, A.; Jonas, U.; Godt, A.J. Magn. Reson.2001, 155,

72-82.
(8) Tikhonov, A. N.; Arsenin, V. Y.Solutions of ill-posed problems; Wiley:

New York, 1977.
(9) Larsen, R. G.; Singel, D. J.J. Chem. Phys.1993, 98, 5134-5146.

(10) Pannier, M.; Veit, S.; Godt, A.; Jeschke, G.; Spiess, H. W.J. Magn. Res.
2000, 142, 331-340.

(11) Astashkin, A. V.; Hara, H.; Kawamori, A.J. Chem. Phys.1998, 108,
3805-3812.

(12) Bennati, M.; Weber, A.; Antonic, J.; Perlstein, D. L.; Robblee, J.; Stubbe,
J. J. Am. Chem. Soc.2003, 125, 14988-14989.

(13) Sale, K.; Song, L.; Liu, Y.-S.; Perozo, E.; Fajer, P.J. Am. Chem. Soc.
2005, 127, 9334-9335.

(14) Nakamura, M.; Ueki, S.; Hara, H.; Arata, T.J. Mol. Biol. 2005, 348,
127-137.

(15) Schiemann, O.; Piton, N.; Mu, Y.; Stock, G.; Engels, J. W.; Prisner, T. F.
J. Am. Chem. Soc.2004, 126, 5722-5729.

(16) Hinderberger, D.; Schmelz, O.; Rehahn, M.; Jeschke, G.Angew. Chem.,
Int. Ed. 2004, 43, 4616-4621.

(17) Milov, A. D.; Tsvetkov, Y. D.; Formaggio, F.; Crisma, M.; Toniolo, C.;
Raap, J.J. Am. Chem. Soc.2001, 123, 3784-3789.

(18) Stryer, L.Annu. ReV. Biochem.1978, 47, 819-846.
(19) Deniz, A. A.; Dahan, M.; Grunwell, J. R.; Ha, T.; Faulhaber, A. E.;

Chemla, D. S.; Weiss, S.; Schultz, P. G.Proc. Natl. Acad. Sci. U.S.A.
1999, 96, 3670-3675.

(20) Schuler, B.; Lipman, E. A.; Steinbach, P. J.; Kumke, M.; Eaton, W. A.
Proc. Natl. Acad. Sci. U.S.A.2005, 102, 2754-2759.

JA058143E

Figure 2. (a) The distance distribution function,P(r), (b) the mean distance,
and (c) the standard deviation for compounds1-5 are shown.
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