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ABSTRACT The distance dependence of electron–nuclear dipole–dipole coupling was tested using a series of poly-L-
proline based peptides of different length. The poly-proline based peptides were synthesized with a nitroxide spin label on
the N-terminus and a tryptophan on the C-terminus, and paramagnetic enhancements of nuclear spin-lattice relaxation rates
were measured for the aromatic protons on the tryptophan as a function of the number of proline spacers in the sequence.
As expected, paramagnetic enhancements decrease with distance, but the distances deduced from the NMR relaxation rates
were shorter than expected for every peptide studied compared to a rigid linear poly-L-proline type II helix structure.
Calculations of cross-relaxation rates indicate that this difference is not the result of spin-diffusion or the creation of a
spin-temperature gradient in the proton spins caused by the nitroxide. Molecular dynamics simulations were used to estimate
dynamically averaged value of �r�3�2. These weighted average distances were close to the experimentally determined
distances, and suggest that molecular motion may account for differences between the rigid linear models and the distances
implied by the NMR relaxation data. A poly-L-prolone peptide synthesized with a central glycine hinge showed dramatic
relaxation rate enhancements compared to the peptide of the same length lacking the hinge. Molecular dynamics simulations
for the hinged peptide support the notion that the NMR data is a representation of the weighted average distance, which in
this case is much shorter than that expected for an extended conformation. These results demonstrate that intermoment
distances based on NMR relaxation rates provide a sensitive indicator of intramolecular motions.

INTRODUCTION

Biomolecular structures obtained from NMR data are typi-
cally generated from a relatively large number of short-
range distance constraints. Because they are short-range,
these distances are not strongly influenced by macromolec-
ular dynamics. Relatively large distances may be deduced
from paramagnetic enhancements of nuclear relaxation
(Fesik et al., 1991; Lee et al., 1986; Rosevear et al., 1984;
Schmidt and Kuntz, 1984; Sternlicht and Wheeler, 1967).
Although relatively few long-range distances can, in prin-
ciple, define a structure, they are rarely used in standard
structure determinations. One difficulty with long-distance
measurements is their sensitivity to flexibility or internal
dynamics of the macromolecule. This problem also presents
an opportunity in that long distances and discrepancies with
rigid models of the molecule may be useful measures of
molecular flexibility. For example, in the peptide, alamethi-
cin, long-range distances deduced from paramagnetic en-
hancements of nuclear spin relaxation rates are quite differ-
ent from those predicted from models derived from x-ray
crystallography. These paramagnetic enhancements clearly

indicate that the peptide spends a fraction of its time in a
bent configuration (North et al., 1994).

In the vicinity of an unpaired electron, the nuclear spin-
lattice and spin-spin relaxation rates are dominated by the
electron–nuclear dipole–dipole interaction because the elec-
tron magnetic dipole moment is large. For protons, the
effect of an electron on the nuclear spin-lattice relaxation
rate can be easily detected at distances beyond 20 Å. The
theory governing the paramagnetic enhancement of nuclear
relaxation has been described by Solomon and Bloomber-
gen (Bloombergen et al.; 1948, Solomon, 1955), and, like
others (Stryer, 1978; Stryer and Haugland, 1967), this di-
pole–dipole coupling is proportional to the inverse sixth
power of the distance between the electron center and the
nucleus.

Here, following an approach taken by Haugland and
Stryer, we report an experimental study of the distance
dependence of paramagnetic enhancements of nuclear re-
laxation. Shown in Figure 1 A is a rigid poly-L-proline type
II helix where a nitroxide is attached to the N-terminus and
a tryptophan residue is attached at the C-terminus. Poly-L-
proline peptides of different lengths were used to separate
the spin-label and tryptophan protons by different lengths to
investigate the distance dependence of paramagnetic en-
hancements in a simple model system known to work well
in the fluorescence case. We find that paramagnetic en-
hancements underestimate the distances based on the rigid
model in every case and that the likely source of the dis-
crepancy is a decrease in the effective intermoment dis-
tances as a result of intramolecular motional averaging. To
test the importance of dynamics, a poly-proline type II helix
containing a glycine hinge (Figure 1 B) was also studied and
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demonstrates that the distances measured from long-range
paramagnetic enhancements provide nearly a dynamically
averaged distance that approximates a distance of closest
approach in highly flexible systems. These results are dis-
cussed and they suggest that these long-range distance mea-
surements can provide a sensitive probe of conformational
dynamics in macromolecules.

EXPERIMENTAL PROCEDURES

Materials

A series of ten peptides, five spin-labeled and five unlabeled, shown in
Table 1 were synthesized. Fmoc-protected aminoacids and 2-chlorotrityl
chloride resin were obtained from Novabiochem (San Diego, CA). 1-Hy-
droxy-benzotriazole hydrate (HOBT), 1,3-diisopropyl-carbodiimide
(DIPCDI), and 3-carboxy-proxyl were obtained from Aldrich (Milwaukee,
WI). S2 was synthesized by the University of Virginia Biomolecular
Research Facility (Charlottesville, VA). The remaining peptides were
synthesized as outlined below. D2O was purchased from Cambridge Iso-
topes (Andover, MA).

Peptide synthesis

Peptides were synthesized using Fmoc chemistry (Stewart and Young,
1984) on 2-chlorotrityl chloride resin, which had been swollen in methanol
for 20 min. The Trp residue was attached first by adding 0.6 equivalents of
Fmoc-Trp in 10 mL dichloromethane per gram of resin and 4.2 equivalents
of diisopropylethylamine with agitatation for 1 h. Deprotection of the Fmoc
group was achieved using 20% piperidine. For peptide elongation, Fmoc-
protected amino acids, which were activated for 2 min using HOBT and
DIPCDI, were added, and the coupling was monitored with bromophenol
blue. After the coupling of the last amino acid residue the peptide was
spin-labeled. To accomplish this, 3-carboxy-proxyl was activated using
HOBT and DIPCDI as before and added to the polypeptide chain while it
was still on the resin. To prevent reduction of the spin label during cleavage
a low-acid cleavage, mixture containing 1:1:8 acetic acid:trifluoroethanol:
dichloromethane was used. The time for the cleavage was 30 min and the
peptides were precipitated in cold ether. For purification, an aqueous
solution was applied to a semipreparative Vydac reverse phase C18 HPLC
column. S1, S1SL, and S3 were eluted using an isopropanol-water gradi-
ent; H1, S2SL, and S3SL were eluted using isopropanol with 0.05%
triflouroacetic acid-water gradient; S2 was purified using acetonitrile-water
gradient and H1SL was purified using acetonitrile-water gradient each with
0.1% triflouroacetic acid. The molecular weights of all the peptides were
confirmed using mass spectrometry.

To determine whether the peptides listed in Table 1 assumed a proline
type II helix, the circular dichroism spectrum of each peptide was taken in
D20 at a concentration of about 50 �M peptide on a Jasco J-720 spectrom-
eter scanning from 190–250 nm with a 2-nm bandwidth and a scan speed
of 50 nm per minute. All the circular dichroism spectra were similar and
indicated the presence of one prominent negative band with a minimum at
205 nm, which is indicative of a poly-proline type II helix (Isied and
Vassilian, 1984).

NMR spectroscopy

NMR spectra were recorded from D2O solutions in all cases. For NMR
spectroscopy the appropriate amount of peptides were dissolved in D2O.
1H NMR spectra were obtained using a Varian UnityPlus 500 spectrome-
ter. Spin-lattice relaxation times were collected using the inversion-recov-
ery sequence, 180-�-90-acquisition with presaturation of the remaining
solvent peak. A typical 1H T1 measurement consisted of 13–15 data sets
collected for � values between 10 �s and 10 s. A 7-s relaxation delay was
used between scans. For each data set, 16,000 points were collected over
a 5000-Hz sweep width. Spectra of unlabeled peptides were taken at a
concentration of approximately 3 mM and spin-labeled peptides were taken
at a series of concentrations ranging from 3 to 0.3 mM. 13C relaxation
measurements were made on a Varian Unity Inova 300 spectrometer using
the inversion-recovery sequence without solvent saturation with a sweep
width of 3000 Hz. Spectra of unlabeled peptides (13C labeled peptide
without the nitroxide) were taken at a concentration of 10 mM, and
spin-labeled peptides were taken at a series of concentrations ranging
between 10 and 2 mM. The average of three separate T1 experiments was
used to calculate the intermoment distances.

Estimating 1H-nitroxide distances

The paramagnetic enhancement factor of the nuclear spin-lattice relaxation
rate, R1

enh was calculated from

R1
enh � R1

para � R1
dia , (1)

where, R1
dia is the relaxation rate for the unlabeled peptide and R1

para is
relaxation rate of the labeled peptide at infinite dilution obtained by
extrapolation of the relaxation rate to zero concentration. The distance, T1,
between the nitroxide and the observed proton, was obtained using the

FIGURE 1 (A) A model drawing of a poly-L-proline type II helix made
of 8 prolines with a proxyl-nitroxide attached to the N-terminus and a
tyrptophan residue attached at the C-terminus (P8W, see Methods). (B) A
model drawing of a poly-L-proline type II helix having six prolines and
two glycines (P3G2P3W, see Methods). The two glycines act as a flexible
hinge so that the distance between the spin label and indole ring protons of
tryptophan vary dramatically as a function of the conformation of the
hinge. The structures shown were taken from a 100-ps molecular dynamics
simulation of this peptide.

TABLE 1 Peptide sequences used in the study

S1 Pro-Pro-Pro-Pro-Pro-Pro-Trp-OH
S1SL Proxyl-Pro-Pro-Pro-Pro-Pro-Pro-Trp-OH
S2 Pro-Pro-Pro-Pro-Pro-Pro-Pro-Trp-OH
S2SL Proxyl-Pro-Pro-Pro-Pro-Pro-Pro-Pro-Trp-OH
S3 Pro-Pro-Pro-Pro-Pro-Pro-Pro-Pro-Trp-OH
S3SL Proxyl-Pro-Pro-Pro-Pro-Pro-Pro-Pro-Pro-Trp-OH
H1 Pro-Pro-Pro-Gly-Gly-Pro-Pro-Pro-Trp-OH
H1SL Proxyl-Pro-Pro-Pro-Gly-Gly-Pro-Pro-Pro-Trp-OH
H2 Ace*-Cys-Pro-Pro-Pro-Gly-Gly-Pro-Pro-Pro-Ala*-NH2
H2SL Ace*-Cys(Proxyl)-Pro-Pro-Pro-Gly-Gly-Pro-Pro-Pro-Ala*-NH2

*Represents a 13C-labeled carbonyl carbon.
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simplified Solomon–Bloembergen equation,

r � C�� 3�c

1 � �1
2 �c

2 �
7�c

1 � �s
2 �c

2��R1
enh�1/6

, (2)

where, C is a constant having a value of 540 and 341 Å for 1H and 13C,
respectively, and �I and �S are the nuclear and electron Larmor frequen-
cies (Krugh, 1976). This expression is generally valid for spin labels where
the electron relaxation times are long relative to the correlation time, �c.
The correlation times for the reorientation of the electron–nuclear vector
are problematic but were estimated using (Cavanagh et al., 1996)

�c �
4�	rH

3

3kBT
, (3)

where rH is the hydrodynamic radius given by

rH � �3VM

4�N�
1/3

� rw.

Here, rW is a correction sometimes blamed on solvation, 	 is the solvent
viscosity, T is the temperature, kB is the Bolzmann constant, V is the
specific volume of the peptide, which is 0.73 cm3 gm�1, M is the molecular
weight and N is Avagadro’s number. This choice of model for �c presumes
that high-frequency motions in the picosecond time scale are of limited
amplitude. Nevertheless, because the estimated distance depends upon the
sixth root of the correlation time, the distances obtained from Eq. 2 will be
relatively insensitive to a modest error in the value of �c.

Dynamics simulations

Molecular models for the proline peptides were assembled using InsightII
(MSI, Scranton, CA), and molecular dynamics simulations were carried out
using Discover95 (MSI, Scranton, CA) through the InsightII interface on a
Silicon Graphics R4000 Indigo computer (SGI, Mountain View, CA). The
simulation used a constant valence force field with a 1-fs step size and a
continuous dielectric of 82. The history of the molecule was saved at every
ps interval for analysis of the trajectories. The trajectories from the simu-
lations were analyzed using Decipher (MSI, Scranton, CA), and the
weighted distances were calculated by analyzing the output file from
Decipher using MATLAB 5.1.0 (The Math Works, Inc., Natick, MA)
running on a University of Virginia RS6000 computer.

Relaxation calculations

For a system with N interacting spins, the rate of change of magnetization
toward its equilibrium value is given by the first-order differential
equation,

dMz
i

dt
� �
iMz

i �t� � 	
k�i

�ikMz
k�t�, (4)

where 
i are the direct relaxation rate constants and �ik are the cross-
relaxation rate constants. For a system undergoing isotropic Brownian
motion, the quantities 
i and �ik in Eq. 4 are given by


i � 	
i�k


ik ,


ik � ��0

4��
2 �i

2 �k
2 �2

rik
2 ��c �

3�c

1 � �i
2 �c

2 �
6�c

1 � 4�k
2 �c

2�,

�ik � ��0

4��
2 �i

2 �k
2 �2

rik
2 ���c �

6�c

1 � 4�i
2 �c

2�,

where �c is the rotational correlation time of the molecule, �i and �k are the
gyromagnetic ratios of the interacting spins, �0 is the permeability of free
space, and rik is the intermoment distance. This system of first-order
homogeneous linear differential equations can be written in the matrix
form as

dM

dt
� �	M. (5)

The solutions for this system were obtained using the standard routines in
MATLAB (The Math Works, Inc., Natick, MA).

RESULTS

Shown in Fig. 2 is the 1H NMR spectrum of the peptide S3
in D2O. The aromatic residue at the C-terminus provides
several resonances that are clearly resolved from the back-
bone and side chain resonances in the one-dimensional
spectrum. Shown in Fig. 3 are the results of the inversion-
recovery experiment for the indole protons 4 and 7 on the
tryptophan sidechain of peptide H1. As expected, the proton
spectrum of the spin-labeled peptide 1HSL exhibits both
increased linewidths and enhanced relaxation rates when
compared to the spectra obtained from the unlabeled peptide
1H. The magnetization recovery for protons associated with
both the labeled and unlabeled peptides were exponential
within experimental error.

In solution, nuclear relaxation that is promoted by a spin
label can result from both intramolecular and intermolecular
contributions; however, the Solomon–Bloombergen equa-
tion (Eq. 2) assumes that the interaction is entirely a result
of the intramolecular interaction between an electron and a

FIGURE 2 1H NMR spectrum of S3, a poly-L-proline type II helix in
aqueous solution. The aromatic resonances from the typtophan indole ring
are well-resolved and shifted down field from the other side-chain and
backbone protons in the peptide. The expansion between 7.7 and 7.1 ppm
shows the indole protons at positions 4 and 7.
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proton. To obtain the intramolecular paramagnetic contri-
bution to the proton relaxation rate, the relaxation rate of the
spin-labeled peptide was determined as a function of pep-
tide concentration. Shown in Fig. 4 are plots of the relax-
ation rates of the spin-labeled peptides, R1

SL, as a function
of peptide concentration for S1SL, S2SL, S3SL, and H1SL.
The relaxation rate is a linear function of labeled peptide
concentration, which demonstrates that intermolecular con-

tributions to relaxation, which are modulated by transla-
tional diffusive motions, may be important. The intramo-
lecular contribution may be isolated by extrapolation to
infinite dilution.

The slopes and intercepts of the linear regression analysis
are summarized in Table 2. As seen in Fig. 4 and Table 2,
the slope of the concentration dependence of R1

SL for the
three linear peptides decreases with increasing peptide
length. Also shown in Table 2 is the 13C relaxation rate,
R1

SL, as a function of concentration for the 13C labeled
peptide, H2SL (the relaxation rate of the 13C label in the
C-terminal alanine was measured, because the 13C label on
the N-terminus was not observable in the presence of the
spin label). The concentration dependence of the 13C relax-
ation rate of this peptide is much weaker than the 1H cases,
which is consistent with the smaller 13C magnetogyric ratio.
The intercepts shown in Table 2 represent the intramolec-
ular contribution to the relaxation rates, R1

para. The relax-
ation rate for the non-spin-labeled version of the identical
peptide R1

dia (see Table 2) was then subtracted from this rate
(Eq. 1) to obtain the paramagnetic contribution to the re-
laxation rate, R1

enh. The paramagnetic contribution to the
observed tryptophan proton relaxation rate for the linear
peptides ranged between 12% for the longest peptide and
33% for the shortest Peptide.

Table 3 summarizes the intermoment distances calculated
from the paramagnetic enhancement and the correlation
times. As expected, the measured distance between the
nitroxide and the tryptophan aromatic protons increases
with increasing spacer length. The peptides that incorporate

FIGURE 3 1H NMR spectra in D2O showing the magnetization of the protons at positions 4 and 7 of the indole ring in tryptophan as measured using
the inversion-recovery sequence, �-�-�/2-acq, as a function of �. (A) Spectra for H1 (see Table 1) where � has values of 1 �s, 100, 400, and 800 ms, 1.2,
1.6, 2, 2.4, 2.8, 3.2, 3.6, 4, 9, and 12 s (bottom to top). (B) Spectra for H1SL where � has values of 1 and 100 �s, 50, 100, 250, 300, 350, 400, 600, and
800 ms, 1, 2, and 4 s.

FIGURE 4 Spin-lattice relaxation rate at 500 MHz and 298 K for the
tryptophan protons in spin-labeled peptides S1SL (
), S2SL (E), S3SL
(Œ), and H2SL (F) plotted as a function of peptide concentration.
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a glycine hinge, H1 and H2, exhibited large paramagnetic
enhancements; H1SL and H2SL demonstrated four-fold and
two-fold increases, compared to the relaxation rates of the
respective unlabeled peptides. The electron–nuclear dis-
tances estimated from the paramagnetic enhancements in
these hinged peptides (see Table 3) are 19 Å shorter than
that expected for a comparable linear peptide.

The dependence of intermoment distance on peptide
length in the S1–S3 series is qualitatively reasonable, but
the effective length increase per proline residue is only 1.1
to 1.7 Å. This result is far less than the expected average
distance of 3.4 Å per proline residue in a type II helix. The
distances between the nitroxide and the proton at position 4
of the indole ring of tryptophan were determined from linear
molecular models of the peptides S1–S3 and the distances
summarized in Table 3. The experimental distances are
considerably shorter than these distances and, for S3, are
approximately 7 Å shorter than expected.

One cause for the differences between the distances ob-
tained from the relaxation rates and the rigid models may be
internal molecular motions. Although we do not have any
knowledge of molecular trajectories that may provide accu-
rate calculations of �r�3�2, we examined molecular dynam-
ics simulations of S1–S3 and computed a 100-ps average of
�r�3�2, and the results are summarized in Table 3. In these
simulations, the proline helix remained relatively rigid, con-
sistent with previous work indicating that the poly-proline
type II helix is rigid (Stryer and Haugland, 1967). Much of
the variation in the electron–nuclear distance appeared to

arise from flexibility in the spin-label linkage and the posi-
tion of the tryptophan side chain. As expected, the distances
obtained from these simulations are shorter than those ob-
tained from the linear rigid peptide models, and the increase
in distance as the proline linker is lengthened is close to the
expected distance for proline in a type II helix.

Modeling the relaxation rates.

A second potential source of distance error may be a failure
of the approximation that the electron–nuclear dipole–di-
pole coupling dominates all others. At short electron–
nuclear distances, this is an excellent approximation. At
long distances the approximation fails when proton–proton
relaxation rates are comparable to the long range direct
electron–nuclear coupling. If neighboring protons are not
equidistant from the paramagnetic center, the proton relax-
ation rates will be different and neighboring protons will
have different spin temperatures. As a consequence the
relaxation rate of the spin most distant from the electron
spin may be enhanced indirectly, and the distance deduced
shorter. To determine whether this is likely to be a signifi-
cant effect in these systems, a relaxation simulation was
performed on the peptide S1SL.

Beginning with the peptide S1SL in an energy-minimized
type II poly-proline helix, a relaxation matrix was con-
structed, which included the 63 protons in this structure and
one electron. This matrix included all possible pairwise

TABLE 2 Relaxation rates obtained from the concentration dependence of R1
SL

Peptide
Slope

(s�1 mol�1)
Intercept

R1
para (s�1) R1

dia (s�1) R1
enh (s�1)

S1 0.677 � 0.013 0.749 � 0.019 0.560 � 0.009 0.190 � 0.021
S2 0.545 � 0.018 0.674 � 0.032 0.547 � 0.001 0.127 � 0.01
S3 0.470 � 0.013 0.672 � 0.020 0.598 � 0.006 0.074 � 0.021
H1 0.380 � 0.073 2.005 � 0.076 0.575 � 0.019 1.430 � 0.078
H2 0.014 � 0.002 0.820 � 0.011 0.393 � 0.032 0.427 � 0.034

The errors shown are standard errors. The slope and intercept (R1
para) are obtained from a linear fit to the concentration dependence of R1

SL (see Fig. 4) using
the spin-labeled version of the indicated peptide. The slope provides a measure of the contributions made by intermolecular electron–nuclear interactions
to the nuclear relaxation rate. R1

dia is the relaxation rate of the non-spin-labeled version of the peptide, and R1
enh is the intramolecular paramagnetic

enhancement determined from Eq. 1.

TABLE 3 Comparison of intermoment distances from experiment and molecular modeling

Peptide
�c

(ns)*
Distance

(Å)*

Limits (Å)
Distance (Å)§

(static linear model)
MD Distance (Å)§

(1/b)1/6Lower Upper

S1 0.83 18.6 18.3 19.0 21.7 17.1
S2 0.89 19.7 19.5 20.0 23.7 21.5
S3 0.95 21.4 20.5 22.6 28.3 24.0
H1 0.92 13.1 13.0 13.2 29.3 10.2
H2 0.92 14.1 14.3 14.5 — —
H2 0.19 11.3 11.1 11.4 — —

*The correlation times were calculated using Eq. 3 and intermoment distances from Eq. 2. The distance bounds listed here were calculated based on the
standard errors in the relaxation enhancement given in Table 2.
§Distances for the static linear model were obtained by building type II proline helices and measuring distances for energy-minimized structures. The
weighted distance is given as (1/b)1/6, where b � �r�3�2. The simulations were carried out for a duration of 100 ps at a temperature of 300 K.
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interactions between protons or between protons and the
electron with the appropriate interspin distances. In this
model each spin was assumed to have an identical correla-
tion time equal to the overall tumbling rate of the molecule
(
0.95 ns). This relaxation matrix, which represents the
coefficients of 64 coupled differential equations, was solved
using numerical methods as described above (see Methods),
and the results are shown in Fig. 5. The normalized mag-
netization decays shown in Fig. 5 indicate that relaxation
rate of the observed proton in the presence of the spin label
is enhanced slightly by the presence of nearby interacting
protons. Under the set of conditions shown here, the para-
magnetic enhancement is altered by about 30%. As a result,
Eq. 2 will underestimate the actual distance because the
contributions due to neighboring interacting protons have
been ignored. However, this effect is small and the error
introduced by this approximation results in a shortening of
the electron–nuclear distance by about 0.8 Å, or by about
5% for the simulation shown in Fig. 5. Although this may
make a proportionally larger contribution at larger dis-
tances, it is not large enough to account for the differences
between the measured and predicted distances shown in
Table 3.

DISCUSSION

In the data presented above, paramagnetic enhancements of
proton relaxation were examined in a series of model poly-
proline helices to estimate time-averaged intramolecular
distances. When linear and hinged peptides are compared,
the larger relaxation enhancements for the flexible peptides
demonstrate clearly that molecular flexibility is easily
sensed by this NMR distance measurement. However, the
distance average is complex and only approximated molec-
ular dynamics simulations that cover a relatively short time
scale.

An important observation from these data is that, even in
the linear poly-proline helices, the intermoment distances
were shorter than expected based on linear rigid structures;
however, distances based on molecular dynamics trajecto-
ries of these peptides did a better job of approximating the
experimental distances. This result is in contrast to classic
fluorescence studies on similar poly-proline type II helices,
where a close match with the expected lengths of these
helices was found (Stryer and Haugland, 1967). It is crucial
to note that, although both fluorescence energy transfer and
nuclear spin-lattice relaxation enhancements depend on di-
pole–dipole interactions in the same way, the time period
over which the interactions are averaged are dramatically
different. The nuclear spin-lattice relaxation times are on the
order of a tenth of a second or longer and thus report
distances averaged over this period. Fluorescence energy
transfer is limited by fluorescence lifetimes, which are
seven or eight orders of magnitude shorter than the nuclear
spin-lattice relaxation times. Indeed, in highly flexible sys-
tems, fluorescence energy transfer appears to provide infor-
mation on distance distributions in macromolecules rather
than information on time average distances (Hochstrasser et
al., 1992).

For the linear peptides S1–S3, the measured distances are
substantially less than that predicted based on linear models.
The molecular dynamics simulation suggests the reason.
However, the failure of the dynamics simulations to repro-
duce the measured distances accurately is expected because
the simulation runs for such a short time. These simulations
cover a relatively short time scale (100 ps), whereas the
NMR relaxation measurement intergrates over a period of
milliseconds to seconds. As a result, setting aside other
criticisms of the simulation approach, the simulation is
unlikely to sample the same range of intermoment distances
and trajectories as those yielding the experimental data.

As indicated above, our use of the Solomon–Bloomber-
gen equation assumes that paramagnetic enhancements re-
sult entirely from a direct interaction between the free
electron and the observed nucleus. The computational re-
sults shown in Fig. 5 address the possible indirect effects of
the paramagnetic center. However, the electron–nuclear dis-
tances in these molecules are not long enough that proton
mediated paramagnetic contributions may dominate. It
should be noted that our use of the Solomon–Bloombergen
equation also assumes a single correlation time. In fact, an

FIGURE 5 Calculated magnetization decay for the system of 63 protons
in the linear conformation predicted for the peptide (S1SL). The rotational
correlation time was assumed to be uniform throughout the peptide and
was taken to be 0.95 ns. The predicted magnetization decay for the H-4
indole in tryptophan is shown with and without the attached spin label on
the N-terminus. The solid lines are calculated using both diagonal (direct)
and off diagonal (cross-relaxation) terms. The dotted lines represent the
rates that are predicted with the cross-relaxation rates set to zero. Cross-
relaxation rates make significant contributions to both the diamagnetic and
paramagnetic experiments. However, the determination of distance made
using Eqs. 1 and 2 assumes an interaction between an isolated proton and
electron, and it does not take into account the contribution made by
cross-relaxation among protons, which may develop different spin temper-
atures because of different distances to the paramagnetic center.
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anisotropic model that includes both perpendicular and par-
allel rates would be more appropriate for the rod-like mol-
ecules examined here. However, the effects of anisotropic
motion will be small and will tend to slightly decrease the
distance estimate. Thus, this assumption cannot account for
the shorter than expected distances noted in Table 3. As
indicated above, the distance estimate is relatively insensi-
tive to the apparent correlation time because it only depends
upon the sixth root of �c, and in fact, altering �c by a factor
of 4 alters the distance estimate by less than 1 Å.

These results are similar to earlier work using paramag-
netic enhancements to investigate molecular fluctuations in
the peptide alamethicin. In this case it was clear that end-
to-end distances are much shorter than expected based on
the crystal structure (North et al., 1994). Most earlier dis-
tance measurements using paramagnetic enhancements in
proteins have not been applied to probe internal molecular
dynamics. For example, Schmidt and Kuntz used line-
broadening produced by a spin label to determine the posi-
tion of the spin-labeled site in lysozyme (Schmidt and
Kuntz, 1984), and spin labels have been used to determine
the solvent exposure of nuclei in macromolecules (Fesik et
al., 1991). As demonstrated here, distance measurements
based on paramagnetic enhancements of nuclear spin-lattice
relaxation should provide a useful dynamical probe. Be-
cause of the strong weighting of short distances in the time
average, the distances extracted will generally be near the
distance of closest approach.

In summary, a series of peptides based on poly-L-proline
were synthesized with a spin label at the N-terminus and
used to investigate the effect of spacing on the magnitude of
the electron–nuclear dipolar interaction sensed by reso-
nances at a C-terminal tryptophan. The experimental dis-
tances are shorter than those expected based on rigid helical
models because the NMR relaxation time measures a time-
averaged weighted distance. When a highly flexible spacer
is placed in the central portion of a poly-L-proline peptide,
the peptide end-to-end distance sensed by the dipolar cou-
pling decreases dramatically, demonstrating that these mea-
surements are sensitive to the flexibility of the macromol-
ecule being investigated. This class of measurement should
facilitate the investigation of both local and large-scale

structural fluctuations in proteins and other macromole-
cules, particularly when combined with high-resolution
structural information from crystallography.
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