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Abstract: Residual interactions in ∆131∆, a large disordered fragment of staphylococcal nuclease, have
been probed at two different pHs using backbone 15N and side-chain methyl 2H NMR spin relaxation
techniques. The amplitudes of picosecond time-scale motions of both the backbone and side chains do
not change considerably at either pH value, although they are significantly larger than those observed for
folded proteins. In contrast, dramatic increases in the amplitudes of motions occurring on a nanosecond
time scale are observed throughout ∆131∆ at pH 3 relative to pH 5. This is consistent with a picture in
which residual hydrophobic contacts at pH 5 are disrupted by electrostatic repulsions that dominate at the
lower pH.

Introduction

A significant number of protein sequences are predicted to
code for unstructured conformations,1 and recent experimental
results have indeed confirmed that many functional proteins are
intrinsically disordered under physiological conditions.2-4 Struc-
tural characterization and dynamic studies of these proteins will
lead to a better understanding of how they function, which is
critical since most are involved in important cell regulatory
events. In addition, such studies will shed light on the protein
folding problem.

NMR is a powerful technique for studying disordered states
of proteins at atomic resolution, and recently developed
multidimensional NMR methods have made a significant impact
on the characterization of residual structure in such systems.5,6

A disordered state ensemble, however, cannot be completely
described without knowledge of its dynamical properties.
Because15N chemical shifts are, in general, well dispersed in
unfolded proteins, amide15N relaxation measurements are
commonly employed to probe backbone dynamics on a per-
residue basis.7 Complementary information in the form of side
chain dynamics is also of interest, and our laboratory has

recently developed methodology to measure2H spin relaxation
rates at side chain13CH2D methyl positions in15N,13C-labeled
and fractionally deuterated samples of unfolded proteins.8,9 The
dynamics of methyl-containing side chains have been measured
in ∆131∆, one of several model systems used to study unfolded
states of proteins.9 ∆131∆, a large fragment of wild-type
staphylococcal nuclease (deletion of wild-type residues 3-12
and 141-149), is unfolded under nondenaturing conditions (pH
≈ 5 and low salt concentration). Extensive structural charac-
terization of this protein has been carried out using NMR and
other spectroscopic techniques. Experimental data such as
backbone relaxation rate measurements and paramagnetic
relaxation enhancement of amide protons clearly establish the
presence of a significant amount of residual structure.10-13 Of
interest, our dynamics study at pH 5 shows a good correlation
between the amplitudes of motion of the methyl symmetry axis
and backbone1H-15N bond vectors within the same residue.9

A simple model, the cone-Gaussian-axial-fluctuation (cone-
GAF) model, was developed that allows extraction of the
amplitudes ofø1 torsion angle fluctuations (σø1) for valine and
threonine residues. On the basis of this model,σø1 values for
the six valine residues for which data could be obtained were
estimated to be on average 10° larger than in folded proteins.9

The presence of a significant amount of residual structure in
∆131∆ at pH 5 raises the question of how it affects the measured
dynamics. That is, to what extent do backbone and side chain
dynamics report on these residual interactions, and how would
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such motions change in a “more completely denatured state”
with fewer contacts? To investigate this we have measured15N
backbone and methyl2H side chain relaxation properties
(including 15N R1, R1F rates and steady-state1H-15N NOE
values, longitudinal (Dz), transverse (D+), anti-phase transverse
(D+Dz+DzD+) and quadrupolar (3Dz

2 - 2) rates) for∆131∆
at pH 3, where many of these remaining contacts are removed,
and compared these values to those obtained at pH 5 (ref 9).
The data are consistent with little change in the magnitude of
picosecond (ps) time-scale dynamics but significant increases
in motions occurring on a nanosecond (ns) time scale as the
pH is dropped, likely reflecting the disruption of residual
hydrophobic contacts due to electrostatic repulsion at the lower
pH.

Results and Discussion

Dynamics parameters of the backbone and methyl side chains
(pH 5 and 3) have been obtained by fitting the backbone15N
and side chain2H relaxation rates to a modified Lipari-Szabo
model (LS-3 model).9,10,14-16 The model employs a spectral
density function of the form,

with

In eq 1 the value ofR is set to 1 and 1/9 in the analysis of15N
and 2H spin relaxation data, respectively,Sf

2 is an order
parameter which provides a measure of the amplitude of the
fast (ps) dynamics of the15N-1H bond vector or methyl three-
fold axis,τf is the correlation time of this motion, andτc

eff is a
residue specific effective correlation time which is sensitive to
overall tumbling and slow (ns) time-scale internal motions.
Details of the analysis are given in Choy et al.9 Relaxation data
were well fit using the spectral density function of eq 1, with
ø2 values not exceeding 10-4 for 15N and reducedø2 values
less than 3 for2H relaxation data.

In the LS-3 model, the motion of a bond vector is described
by an autocorrelation function that decays rapidly to a plateau
value with a correlation timeτf, and then more gradually with
a rate that depends on slow (ns) internal time-scale dynamics
and overall tumbling (correlation timeτc

eff). Although backbone
and side chain dynamics in unfolded proteins are very likely to
be more complicated, the limited number of measurables probing
dynamics at only a small number of frequencies precludes the
use of more complex models. Simulations show that if the
methyl side chain dynamics consist of rapid (ps) internal motions
(τf) and slower (ns) local dynamics (τs) with τf , τs andτs >
2.5 ns, order parameter values (S2

axis) extracted from the LS-3
model reflect the amplitude of the fast motions of the methyl
symmetry axis. The effective correlation time,τc

eff, is in turn
sensitive to the combined effects of slow local dynamics and
overall tumbling. This model is discussed in some detail in a
recent publication.17 More complex models can very easily be
constructed where the effects of ps and ns time-scale motions
are clearly separated. However, we have shown that when errors
in relaxation rates are taken into account in data fits, a wide
range of dynamics parameters is often obtained for each methyl,
even when errors in these rates are small and very comprehen-
sive relaxation data sets are used. Further, the fits are no better
than for the simpler LS-3 model.16,17 We therefore prefer the
LS-3 form of spectral density.

Fast Internal Motions. Side chain and backbone dynamics
parameters extracted from the LS-3 model are listed in Table 1
and in Supporting Information, respectively. Interestingly, there
are no dramatic changes in the order parameters at either
backbone or side chain positions between pH 5.1 and 3.1, with
changes of only 0.05( 0.04 and 0.03( 0.05 observed for side-
chain methyls and backbone amides, respectively. This is
consistent with similar amplitudes of fast time-scale dynamics
for ∆131∆ at the two pH values.

To get a better physical picture of the side chain motions, in
our previous work9 we proposed that theS2

axis values for Val
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Table 1. Motional Parameters of Side Chain Methyl Rotation Axes Extracted Using the LS-3 Spectral Density Model14-17

pH 5.1 pH 3.1 ∆c

residue S2
axis τf (ps) τc

eff (ns) S2
axis τf (ps) τc

eff (ns) ∆S2
axis ∆τc

eff (ns)

V51 0.21( 0.02 44( 2 3.0( 0.2 0.18( 0.01 41( 0.3 2.5( 0.1 0.03( 0.02 0.5( 0.2
V66 0.27( 0.03 49( 2 4.7( 0.6 a a a a a
V74 0.34( 0.03 52( 3 4.9( 0.4 0.33( 0.02 43( 1 3.5( 0.3 0.01( 0.04 1.4( 0.5
V104 0.50( 0.09 52( 7 5.4( 1.1 a a a a a
V111 0.30( 0.04 49( 3 5.4( 0.6 0.33( 0.03 42( 2 2.4( 0.3 -0.03( 0.05 3.0( 0.7
V114 0.34( 0.04 49( 3 5.5( 0.6 0.35( 0.02 44( 1 2.8( 0.1 -0.01( 0.04 1.7( 0.6
T62 0.32( 0.03 57( 2 5.1( 0.4 a a a a a
T82 - - - 0.31( 0.03 53( 2 3.5( 0.3 a a
T120 0.32( 0.03 49( 3 3.0( 0.3 a a a a a
A58 0.39( 0.01 43( 1 4.1( 0.1 0.31( 0.01 42( 0.2 3.2( 0.1 0.08( 0.01 0.9( 0.2
A60 0.38( 0.01 48( 1 4.9( 0.2 0.32( 0.05 43( 0.3 3.6( 0.1 0.06( 0.05 1.3( 0.2
A102 0.83( 0.07 42( 6 5.4( 0.5 a a a a a
A112 0.54( 0.05 46( 4 6.1( 0.6 0.39( 0.09 43( 0.4 4.3( 0.1 0.15( 0.10 1.8( 0.6
A130 0.31( 0.02 47( 2 3.0( 0.2 0.26( 0.05 44( 0.2 2.5( 0.1 0.05( 0.05 0.5( 0.2
I72 0.38( 0.04 25( 5 5.2( 0.6 a a a a a
I139 0.14( 0.02 31( 2 3.6( 0.5 0.14( 0.01 28( 1 2.1( 0.1 0.00( 0.02 1.5( 0.8
L108 0.22( 0.04 34( 4 6.6( 1.6 a a a a a
L137 0.15( 0.02 34( 2 2.6( 0.4 b b b a a

a Data not available.b The 2H relaxation rates could not be well fit using the LS-3 model.c ∆: ∆X ) X (pH 5) - X (pH 3).

J(ω) )
RSf

2τc
eff

1 + (ωτc
eff)2

+
(1 - RSf

2)τ

1 + (ωτ)2

1/τ ) 1/τc
eff + 1/τf (1)
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and Thr could be recast in terms of a model in which motion
of the Câ-Cγ bond is the sum of contributions from (i) backbone
dynamics and (ii)ø1 torsion angle fluctuations. The cone-GAF
model, which combines wobbling-in-a-cone (backbone dynam-
ics) and Gaussian axial fluctuations (ø1 torsion angle fluctua-
tions), can be used to estimate the amplitudes ofø1 torsion angle
fluctuations (σø1) of Val and Thr on the basis of the backbone
and side chain order parameters.9 Assuming independence of
wobbling-in-a-cone andø1 torsion angle fluctuations,S2

axis can
be expressed as:

whereâ is equal to 180° minus the CR-Câ-Cγ bond angle and
θo is the semiangle of the cone in which the CR-Câ bond
wobbles uniformly. As a reasonable approximation, in the
analysis of our data, we have substituted measured values of
S2

NH for S2
CR-Câ.

The averageσø1 value for the six Val for which data could
be obtained at pH 5.1 is 33.8°. To compare the amplitudes of
ø1 torsion angle fluctuations in this unfolded state to those in
folded proteins, a database of side chain dynamics parameters
for folded proteins obtained by2H spin relaxation measure-
ments18 has been analyzed using the cone-GAF model. For
Val residues in the database, an averageσø1 value of 19.9(
10.6° was obtained. A similar meanσø1 value (24.4°) based on
3J-coupling constant data from nine Val inDesulfoVibrio
Vulgaris flavodoxin has been estimated as well.19 Thus, at least
for valines, the averageσø1 value in ∆131∆ at pH 5.1 is
approximately 10° larger than that observed for folded proteins.
Notably, the average change inσø1 between pH 5.1 and 3.1 for
the four Val (V51, 74, 111, and 114) for which data is available
at both pHs is very small, 3.2( 2.2°, on the order of

experimental error. To put the increase inσø1 values measured
between folded and unfolded states in perspective, we have
calculatedσø1 expected in the case of rapid (and equiprobable)
interconversion between rotameric states for the Val residues
mentioned above. Values ofσø1 on the order of 60° are
predicted, 40° larger than in folded proteins. It is quite clear
that on a ps time scale the extent of motions are much more
limited, even in unfolded protein states.

The order parameter andσø1 analysis described above
suggests that decreasing the pH from 5 to 3 has little effect on
the amplitudes of fast internal motions of the methyl side chains
but that significant changes in amplitudes are noted upon
transition from a folded to a largely unfolded state. The
amplitudes of fast (ps) internal side chain motions are deter-
mined to a large extent by transitions within a given rotameric
well. Thus, the increase in excursions (decreased order param-
eters) for a given methyl in an unfolded state relative to its
folded counterpart likely reflect increases in the size of the well,
with much smaller changes in well size between unfolded states
of ∆131∆ at pH values of 5 and 3.

Slow Local Motions. The very small differences observed
between order parameters obtained at pH) 5 and pH) 3 are
consistent with a dynamical model in which the amplitudes of
ps time-scale dynamics at both backbone and methyl side chain
positions remain constant over this pH range. In contrast,τc

eff

values are significantly decreased at the lower pH, by 38( 9
and 32( 14%, for backbone and side chain methyls respec-
tively, illustrated in Figure 1. Simulations described previously
show that decreases inτc

eff values extracted from the LS-3 model
can be the result of increases in the amplitudes of slow local
dynamics (such as segmental motion on the ns time scale).17

By means of example, we have simulated backbone15N
relaxation data using a model forJ(ω) which explicitly includes
contributions from slow dynamics, developed by Clore and co-
workers16,20 using values ofτf and S2

axis of 100 ps and 0.6,
respectively, along with a correlation time for slow local motions
of 3 ns. Subsequently, the resulting rates have been fit with the
LS-3 spectral density, eq 1. Values ofτc

eff obtained from fits
of these data using eq 1 are plotted as a function of the amplitude

(18) Mittermaier, A.; Kay, L. E.; Forman-Kay, J. D.J. Biomol. NMR1999, 13,
181-185.

(19) Perez, C.; Lohr, F.; Ruterjans, H.; Schmidt, J. M.J. Am. Chem. Soc.2001,
123, 7081-7093.

(20) Clore, G. M.; Szabo, A.; Bax, A.; Kay, L. E.; Driscoll, P. C.; Gronenborn,
A. M. J. Am. Chem. Soc.1990, 112, 4989-4991.

Figure 1. Plot of the effective correlation times of backbone1H-15N bond vectors (a) and side chain methyl axes (b) in∆131∆ at pH 5.1 (O) and 3.1 (/)
versus the Kyte-Doolittle hydropathy with window size of 11.

Saxis
2 ) SCâ-Cγ

2 ) ( 1
192)

{sin4(â) (7 + 4 cosθo + cos2 θo)
2 exp(-4σø1

2) +

sin 2(2â) (1 + 7 cosθo + 4 cos2 θo)
2 exp(-σø1

2) +

12 (3 cos2 (â) - 1)2(cosθo + cos2 θo)
2 } (2)
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of the slow (ns) local motion (Ss
2) in Figure 2. In theory, as a

protein losses residual contacts, the hydrodynamic radius of the
molecule is expected to increase, leading to a larger overall
tumbling time.21,22 The simulations in Figure 2 show that an
increase in the overall tumbling time alone (due to the expansion
of the unfolded state ensemble from pH 5 to 3) would cause an
increase in theτc

eff. Thus, the experimental observation of
significant decreases inτc

eff values suggests substantial increases
in the amplitudes of slow local motions upon lowering the pH.

We recognize that an alternative interpretation of the decrease
in τc

eff at pH ) 3 might be that at higher pH values∆131∆ is
partially aggregated (3.2 mM concentration), and that this
association is reduced at lower pH due to the increase in net
charge of the protein. The decreased aggregation would then
account for the drop in15N R2 values by approximately 30-
35% observed for∆131∆ at pH 3.1. However, Ohnishi and
Shortle have recently reported a significant decrease (∼50%
on average) of15N R2 values in∆131∆ upon lowering the pH
from 5.2 to 3.0, using a much lower protein concentration of
1.2 mM.23 An earlier SAXS study of a truncated form of SNase
(deletion of residues 137-149 from the wild-type) has estab-
lished that at this concentration, the protein is monomeric.24

Thus, it is unlikely that the drop in15N R2 values that we have
observed, translating into decreasedτc

eff values, is primarily the
result of decreased aggregation at the lower pH, although we
cannot rule out a small contribution from this effect.

Hydrophobic and Electrostatic Interactions in ∆131∆.
Recently, the profile of relaxation rates measured for reduced
unfolded lysozyme, pH 2, and urea unfolded apomyoglobin,
pH 2, have been interpreted in terms of hydrophobic contacts

(lysozyme) and surface area burial upon folding (apomyoglo-
bin).25,26 In the case of∆131∆ we observe a strong correlation
of backbone and side chain methylτc

eff values with the Kyte-
Doolittle hydropathy27 (which reflects the hydrophobicity of a
residue’s local environment) at pH 5 but a relatively weak
correlation at pH 3 (Figure 1). It is well-known that protein
stability is sensitive to environmental factors such as temper-
ature, ionic strength, and pH.∆131∆ has a high fraction of
ionizable groups (∼40%) including six Asp and ten Glu and
electrostatic interactions are expected to make a significant
contribution to the stability of this unfolded protein fragment.
Changes in the protonation states of Asp and Glu from pH 5 to
3 lead to dramatic changes in Coulombic interactions along the
protein sequence with favorable interactions between basic and
acidic groups at pH 5 disappearing at pH 3, where electrostatic
repulsion between positively charged residues becomes domi-
nant. This may lead to expansion of the unfolded state ensemble
to reduce the strength of unfavorable charge-charge interac-
tions. Thus, while the variation in amplitudes of the local ns
motions of individual residues is likely determined primarily
by residual hydrophobic contacts at pH 5, these interactions are
overwhelmed by charge interactions in the pH 3 state, leading
to an increase in the amplitudes of segmental motions and hence
decreases inτc

eff.
In summary, the measured relaxation data are consistent with

a picture in which librational motions on the ps time scale are
enhanced in a “relatively structured” unfolded state of staphy-
lococcal nuclease (∆131∆, pH 5), with σø1 values on average
10° larger than in folded proteins (see above). Subsequent
additional loss of structure (by decreasing the pH to 3) does
not affect the amplitudes of these fast motions significantly. In
contrast, hydrophobic contacts in the compact state at pH 5 are
disrupted upon further destabilization of the protein when the
pH is dropped to 3, leading to large amplitude motions on the
ns time scale. The above study illustrates the utility of15N and
2H spin relaxation experiments for probing residual structural
interactions and dynamics in unfolded protein states.

Materials and Methods

Backbone and side chain relaxation measurements of∆131∆ at pH
5.1 were reported in Choy et al.9 All spin relaxation experiments at
pH 3.1 were recorded on a 3.2 mM15N, 13C, 50%2H-labeled sample
of ∆131∆, 1mM sodium azide,T ) 32 °C (same concentration as for
pH 5.1). Details of sample preparation are as given previously10 with
the exception that the protein was expressed in media containing 50%
D2O. The pH of the sample was adjusted to 3.1 by addition of
concentrated HCl.

Backbone 15N Relaxation Measurements.T1, T1F, and 1H-15N
NOE experiments were recorded at 32°C on a Varian Inova 800 MHz
spectrometer.T1 experiments were performed with eight relaxation
delays,T, varying from 10 to 800 ms, whileT1F experiments were
recorded with eight relaxation delays between 10 and 100 ms, with a
spin-lock field of 2 kHz. Steady-state1H-15N NOE values were
determined from intensity ratios of correlations in data sets recorded
in the presence and absence of proton saturation. The NOE experiment
utilized a 7 srelaxation delay followed by a 5 speriod of saturation,

(21) Whitten, S. T.; Garcia-Moreno, E. B.Biochemistry2000, 39, 14292-14304.
(22) Zhou, H. X.Biophys. J.2003, 83, 2981-2986.
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Acad. Sci. U.S.A.1992, 89, 748-752.
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2002, 295, 1719-1722.
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12681-12686.
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Figure 2. Plot of effective correlation times (τc
eff ) extracted using the

LS-3 model, eq 1, versus the input order parameters of the slow local
motions (Ss

2) at two different overall tumbling times (τm ) 8 and 10 ns).
Error-free backbone15N R1, R2 and1H-15N NOE data were simulated using
a form ofJ(ω) described by Clore et al.,16,20which explicitly includes slow
dynamics, assuming a spectrometer field of 800 MHz. In this model, the
slow internal motions are parametrized byτs andSs

2, the correlation time
and the amplitude of the slow local dynamics. The simulated relaxation
measurements (withτf , Sf

2 andτs set to 100 ps, 0.6 and 3 ns, respectively)
were then fitted to the LS-3 model to extractτc

eff.
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while the NO-NOE spectrum was recorded in the absence of proton
saturation with a relaxation delay of 12 s. AllT1, T1F, and 1H-15N
NOE spectra were recorded as 128× 818 complex matrices with
spectral widths of 1600.0 and 12775.5 Hz in the15N and1H dimensions,
respectively, and processed and analyzed as described previously.9

Deuterium Relaxation Measurements.Deuterium spin relaxation
experiments were recorded on a Varian Inova 800 MHz spectrometer,
using pulse schemes described previously.9 Each complex data set
comprised 64× 768 points, with spectral widths of 1400.0 and 12001.2
Hz in the 15N and 1H dimensions, respectively. ForRDZ(R3DZ

2-2)
experiments the variable delayT was incremented from 0.5 to 50 ms
(0.5-65 ms), while forRD+ (RD+DZ+DZD+), delays ranged from 1 to 30
ms (1-50 ms). Sixteen transients/FID were signal averaged in the
measurement ofRDZ andRD+, while 32 scans were recorded forR3DZ

2-2

andRD+DZ+DZD+. Delays between scans of 2.0 s were employed.
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