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Understanding the backbone dynamics of denatured states of
proteins can provide valuable insight into protein function, protein
diseases such as amyloidoses and prion disease, and the early
stages of protein folding.1 NMR spectroscopy has been widely
used for studying protein dynamics of folded proteins on the
picosecond to millisecond time scale,2 and more recently has been
used to interpret dynamics of unfolded proteins.3 However,15N
relaxation data of unfolded proteins are difficult to analyze using
standard approaches. For example, it has been recognized that
the assumptions of the “model free” analysis of Lipari and Szabo4

are more suitable for folded proteins and may not be appropriate
for unfolded proteins which are composed of an ensemble of
states.3c-f While studying the backbone dynamics of the unfolded
form of pro-peptide of subtilisin (PPS), it became clear that the
15N NMR relaxation data, in particular theR2 magnetic field
independence, could not be fit by all the options provided by the
“model free” approach as it stands.5 It appears that theR1 and
NOE data dominate the minimization process causing large
discrepancies between experimental and theoreticalR2 values. This
communication presents a novel modification to the “model free”
approach that now fits the PPS15N relaxation data by introducing
a distribution of correlation times on the nanosecond time scale
to individual sites in the protein.

Nuclear relaxation of backbone15N nuclei is directly related
to the spectral density function,J(ω), which describes the
contribution of different frequencies to the motion of a given
nucleus.6 In the “model free” approach,4 the spectral density
function can be factored into the sum of slow overall molecular
reorientation and fast internal motion:

whereS2 is the generalized order parameter that reflects the spatial
restriction of the N-H bond vector,τm is the overall rotational

correlation time,τ-1 ) τe
-1 + τm

-1, and τe is the effective
correlation time for internal motion.

We propose a variation of the “model free” approach that
incorporates the notion that unfolded proteins are composed of
an ensemble of states and that characterizes the dynamics of
individual sites by a distribution of correlation times on the
nanosecond time scale. Specifically, an approach was adopted
using the distribution function developed for analysis ofR1 and
NOE data of polymers,7 including Cole-Cole,8 Fuoss-Kirk-
wood,9 and (log-ø2)10 distributions. In this report we incorporate
the simplest symmetrical distribution function, the Cole-Cole
distribution function, into the “model free” approach (termed
CC-MF). The Cole-Cole distribution function,F(s), is given by:

wheres ) ln(τc/τ0) andτ0 andε (0 < ε < 1) are the mean value
and the width of the distribution function, respectively (Figure
1, inset). The width at half-height of the Cole-Cole distribution
is ∆s1/2 ) (2/ε) cosh-1(2 + cos(πε)), so a smaller value ofε
corresponds to a wider distribution of correlation times andε )
1 corresponds to the single correlation time model characterized
by τ0. The Fourier transformation of the Cole-Cole distribution
function gives the spectral density (Figure 1):

To fit theR1, R2, and NOE15N relaxation data at three magnetic
field strengths, the Cole-Cole spectral density function (eq 3)
was incorporated into the “model free” approach resulting in the
following functional form of the spectral density function:

whereτ-1 ) τ0
-1 + τe

-1 can be reduced toτ ) τe whenτ0 . τe.
Equation 4 has two terms and can be further simplified by
assumingεe ) 1, indicating a distribution of local “overall”
correlation times on the nanosecond time scale. This assumption
is supported by the fact that use of the “extended model free
approach”11 with two distinct correlation times to describe the
internal motions did not improve the fit of the relaxation data. In
addition, no assumption has been made concerning the rate of
interconversion within the ensemble of unfolded conformations.

PPS is a 77 residue sequence that is essential for the folding
of active subtilisin.12 The 77 residue intramolecular chaperone is
unfolded under physiological conditions and is an example of an
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J(ω) ) 2/5{S2τm/(1 + (ωτm)2) + (1 - S2)τ/(1 + (ωτ)2)}
(1)

F(s) ) 1
2π

sin(επ)

cosh(εs) + cos(επ)
(2)

J(ω) ) 1
ω

cos[π2(1 - ε)]
cosh[ε ln(ωτ0)] + sin[π2(1 - ε)]

(3)

J(ω) ) 1
5[1

ω

S2 cos[π2(1 - ε)]
cosh[ε ln(ωτ0)] + sin[π2(1 - ε)]

+

1
ω

(1 - S2) cos[π2(1 - εe)]
cosh[εe ln(ωτ)] + sin[π2(1 - εe)]] (4)
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important class of proteins that are functional in the unfolded
form.13 The R1, R2, and NOE data are quite typical of unfolded
proteins with uniformR1 values ranging from 0.8 to 2.0, more
variableR2 values from 1 to 6 s-1, and NOE values from-3 to
0.2 (Supporting Information). Relaxation data were obtained at
three different magnetic field strengths (400, 500, and 600 MHz),
and R2 values showed very little magnetic field dependence,
althoughR2 variations were significant in many regions of the
protein. While analyzing the relaxation data by the CC-MF
approach the parameterεe was kept equal to 1 and parameters
τ0, ε, S2, τe, andRex were optimized separately for each residue
by performing a nonlinear minimization of the theoreticalR1,
R2, and NOE values at three fields to the experimental data
(Figure 2).

The results of the CC-MF analysis have implications for
assessing dynamics in different regions of unfolded PPS. The
parameterτ0 represents the mean value of the correlation time of
a specific residue andε represents the width of the distribution
of correlation times. The bell shape of theτ0 curve shows that
the terminal regions have smaller values relative to the central
regions consistent with less restricted dynamics at the ends than
in the center of the protein. The width of the distribution of
correlation times,ε, arises from the diversity of motions that every
residue participates in and reflects the heterogeneity of interactions
with other residues in the sequence. As has been described for
polymers,10,14the motions can be classified into rapid short-range
processes and slow longer range processes, suggesting that the
greater the disparity in correlation times, the wider the distribution.
Overall, the shape ofε is anti-correlated with that ofτ0, and in
addition, ε shows expected sequence-specific variations, with
values ranging from 0.94 to 0.99. For example, two neighboring
Gly residues (G34 and G35) which have less intramolecular
interactions also have relatively largeε values of 0.97, corre-
sponding to a narrower width of distribution functions. The
average values ofS2 and τe are 0.57( 0.06 and 74( 11,
respectively, and appear to be similar to values found in other
unfolded proteins in which the traditional “model free” approach
was used, suggesting thatS2 and τe are less sensitive to the
distribution function thanτ0 andRex. SmallRex terms are applied
to residues that have a magnetic field dependence in theR2 data

suggesting that the major component of theR2 variability in
unfolded proteins arises from a distribution of correlation times
on the nanosecond time scale.

In conclusion, the analysis of the PPS unfolded data shows
that a statistical distribution model of the “model free” approach
can better explain the observed15N relaxation data. This method,
which includes a distribution of correlation times on the nano-
second time scale, is likely to apply to other unfolded proteins
which similarly show little R2 dependence in magnetic field
strength.3d,eDescribing site-specific residues of unfolded proteins
in terms of distributions of correlation times will help shed new
light on the nature of the unfolded state by providing a new
framework for thinking about the time scales of motions and the
types of correlated motions that are prominent in unfolded
proteins.
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Figure 1. Plot of the Cole-Cole spectral density functions forτ0 ) 1
ns arising from the Cole-Cole distribution function (inset) as a function
of the distribution width parameterε. The spectral density functionJ(ω)
is sensitive to the width of the distribution function, in particular at low
frequencies. BecauseJ(0) terms dominateR2 relaxation rates, the use of
distributions of correlation times may give a better fit to theR2 rates.

Figure 2. Analysis of15N relaxation data (R1, R2, NOE) of pro-peptide
with the Cole-Cole model free approach.15N relaxation experiments
were performed at 9°C on recombinant, isotope enriched PPS, 0.7 mM,
50 mM sodium phosphate buffer, pH 6.0. Theτ0 correlation times (a),ε
(b), S2 (c), τe (d), andRex (e) are shown for each residue.
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