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Characterisation of protein unfolding by NMR diffusion measurements
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Summary

The characterisation of non-native states of proteins is a key problem in studies of protein folding.
Complete characterisation of these states requires a description of both local and global properties,
including molecular dimensions. Here we present results from pulsed field gradient experiments designed
to compare the effective hydrodynamic radii of a protein in native and non-native states. Measurements
performed on lysozyme indicate that the effective hydrodynamic radius increases by 38±1% on unfolding
in urea, a result completely consistent with a recent study by small-angle X-ray scattering.

Protein folding involves the conversion of an unfolded
polypeptide chain to a compact native state (Dobson and
Ptitsyn, 1997). While the structures of many native state
proteins are well defined, the characterisation of non-
native states remains a key problem in studies of protein
folding. The study of such states is challenging as they
inhabit a rapidly interconverting conformational ensem-
ble, and a complete characterisation requires descriptions
of both their local and global properties, together with an
understanding of how these are related (Smith et al.,
1996). While the recent application of heteronuclear mul-
tidimensional NMR techniques has led to considerable
advances in our understanding of the local properties of
these states (Shortle, 1996), another important aspect is
the measurement of molecular dimensions, described in
the simplest case by an effective radius. Some values for
the effective radii of unfolded proteins have been meas-
ured by small-angle X-ray scattering (SAXS) using syn-
chrotron radiation (Lattman, 1994), but these experiments
are difficult to perform, and the high radiation intensity
can result in substantial sample degradation. An attract-
ive alternative is to measure the diffusion coefficient of
the protein, as this is inversely proportional to the effec-
tive hydrodynamic radius. Furthermore, for rapidly inter-
converting species the observed diffusion coefficient is a
time average over the ensemble. Here we demonstrate the
use of gradient NMR techniques to compare the hydro-

dynamic radii of native and non-native states of lyso-
zyme.

The diffusion coefficient of a spherical body in a con-
tinuous fluid at temperature T is given by the Stokes–
Einstein equation
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where a is the radius of the body and η is the viscosity of
the fluid. This equation can also be applied to more com-
plex systems if a is replaced by the effective hydrodynamic
radius, RH. (The effective hydrodynamic radius may be
defined as the radius of a sphere with the same diffusion
coefficient; for simple shapes, such as ellipsoids, the effec-
tive radius can be calculated from the molecular dimen-
sions.) Clearly, absolute values of D can only be inter-
preted if the temperature and viscosity of the solution are
known (Gast et al., 1997), and these values may be incon-
venient to obtain. Instead, we choose to use another
molecule as an internal radius standard (the use of a
small molecule as an internal viscosity standard has been
reported previously (Chen et al., 1995a)). For protein and
reference molecules in the same solution,
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and so it should be possible to obtain absolute values of
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Fig. 1. The PG-SLED sequence. The phase cycle (φ = x,x,y,y,−x,−x,−y,−y; ψ = x,−x,y,−y,−x,x,−y,y) combines the standard CYCLOPS cycle, to
remove acquisition artefacts, with phase alternation of the longitudinal storage sequence, which causes spin–lattice relaxation to appear as an
exponential decay (Sklenář al., 1987). The diffusion labelling gradients (shown in grey) were varied, while the crush gradients (shown in black)
were applied at full strength. All gradient pulses were shaped as sine waves, and the two crush gradients were applied perpendicular to one another
and to the diffusion gradients. For the experiments in this paper, δ = 6.3 ms, ε = 0.7 ms and τ = 100 ms.
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Fig. 2. PG-SLED spectra obtained from solutions of HEWL. (a) The entire spectrum from HEWL in D2O. The residual signal from HOD was
suppressed by saturating the resonance during the relaxation and τ periods, while the large signal from dioxane near 3.7 ppm has been truncated.
The remaining signals arise from HEWL and all decay at the same rate. The diffusion gradients were varied between 5% and 100% of their
maximum strength (approximately 60 G cm−1). The total acquisition time was about 1 h. (b) Expansion of the aromatic signal from His15 near
9.0 ppm. (c) Expansion of the dioxane signal; note that this signal decays much more rapidly than the signals from HEWL. (d) Expansion of the
signal from His15 taken from the spectrum of HEWL in 8 M urea; the signal decays much more slowly as a result of the lower diffusion coefficient.

protein radii once the system has been calibrated. We
have applied this approach to the characterisation of the

native and urea denatured states of lysozyme, using di-
oxane as a radius standard. Our measurements indicate
that the hydrodynamic radius of lysozyme increases by
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38±1% on unfolding, in complete agreement with recent

Fig. 3. Diffusion coefficients for 1.4 mM HEWL solutions as a func-
tion of urea concentration. The filled circles and the solid line show
data at pH 2.0, while open circles show data at pH 5.5 (uncorrected
meter readings). Data points are shown as mean±standard error; the
solid line was fitted to the data at pH 2.0 as described in the text.

SAXS studies (Chen et al., 1996).
NMR has been used to study diffusion for many years.

The original pulse gradient spin echo (PGSE) sequence
(Stejskal and Tanner, 1965) is well suited to small mol-
ecules, and has been extensively applied to the measure-
ment of self-diffusion coefficients in pure liquids and
gases. PGSE is not, however, appropriate for larger mol-
ecules such as proteins in which the spin–spin relaxation
time (T2) is much shorter than the spin–lattice relaxation
time (T1). In this case it is better to replace the simple spin
echo with a two-pulse stimulated echo, in which the mag-
netisation is stored along the z-axis during the diffusion
period. Better still is to use the PG-SLED sequence (Gibbs
and Johnson, 1991), shown in Fig. 1. This sequence, which
incorporates a ‘longitudinal echo’ period before detection,
was originally devised to allow diffusion measurements to
be performed using gradient systems with long recovery
times. With modern systems, incorporating actively
shielded gradient coils, shaped pulses and gradient pre-
emphasis, recovery times are less than 1 ms and this is
not a serious problem. However, this sequence, with the
addition of a crush gradient pulse within the longitudinal
echo, can also be used to remove antiphase signals arising
from J-modulation due to homonuclear scalar couplings,
which are not refocused by the spin echo. It might seem
that spin–lattice relaxation during the final longitudinal
echo period would distort measurements, but this can be
avoided by alternately storing magnetisation along the ±z-
axes, in which case spin–lattice relaxation simply results
in signal attenuation (Sklenář al., 1987; Gibbs and John-
son, 1991). This sequence has been used recently to study
protein aggregation (Altieri et al., 1995; Lin and Larive,
1995). The closely related diffusion ordered spectroscopy
(DOSY) family of experiments (Morris and Johnson,
1992; Wu et al., 1996) has also been used to study a wide
variety of problems, including characterising the molecu-
lar weight distribution of a disperse homopolymer (Chen
et al., 1995b).

The signal intensity observed in a PG-SLED sequence
depends in a complex manner on T1, T2 and the diffusion
coefficient, D. If, however, all delays are held constant,
and only the gradient strength, g, is varied, then the sig-
nal intensity depends only on g and D:

s(g) = Ae−dg2
(3)

where the observed decay rate, d, is proportional to D.
As discussed above, absolute values of D are not necess-
ary for our purposes, and it is sufficient to obtain a value
of d.

Figure 2 shows PG-SLED spectra obtained from a 1.4
mM solution of hen egg white lysozyme (HEWL) in D2O
at pH 2.0 (uncorrected meter reading) and 20 °C; a small
amount of 1,4-dioxane was added as the radius standard.

All NMR experiments were carried out on a home-built
NMR spectrometer with a proton frequency of 600 MHz.
The loss of intensity of the HEWL resonances due to
diffusion is clear. The diffusion coefficient for the protein
was obtained by integrating the aromatic region (6.5–8.5
ppm), and fitting the resulting intensities to Eq. 3. It is
not possible, however, to use this simple method for the
dioxane resonance as it overlies signals from HEWL.
Instead, the region around the dioxane peak was inte-
grated and the resulting intensities were fitted to the sum
of two decaying Gaussian terms, one of which was con-
strained to have the same decay rate as that observed for
the aromatic resonances of HEWL. The decay rate of the
second Gaussian was then taken as an estimate of d for
dioxane. In both cases the experimental data fit the theor-
etical curves extremely well, and the residuals show no
evidence of any additional structure.

The experiment described above was repeated for a
series of HEWL solutions at a pH value of 2.0 containing
varying concentrations of urea. In these solutions HEWL
will exist as a mixture of native and denatured forms,
with different diffusion coefficients, and so the observed
signal might be described by the sum of two Gaussians,
corresponding to the native and denatured states. In
practice, however, it is not possible to distinguish such a
bi-Gaussian decay from a single Gaussian unless the two
decay rates are very different (as is the case for HEWL
and dioxane) or the signal-to-noise ratio is very high; this
is related to the well-known difficulty of characterising bi-
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exponential relaxation (Jones et al., 1996). Instead, we
choose to fit the decay to a single Gaussian, resulting in
an apparent decay rate which is a weighted average of the
different decay rates contributing to the signal. Hence,
changes in apparent diffusion coefficients can be used to
characterise changes in the relative populations of differ-
ent folding states. Note that it is important to integrate
the entire aromatic region, thus ensuring that signals from
both folded and unfolded states are fully represented (the
aromatic region is used in preference to the aliphatic
region as many common contaminants in protein solu-
tions give rise to resonances in the aliphatic region of the
spectrum).

The observed diffusion coefficients of both dioxane
and HEWL decreased with increasing urea concentration,
as a result of the increased viscosity, but the ratio Ddioxane/
DHEWL increased, as shown in Fig. 3. In each case the
experiment was repeated several times, and the figure
shows the mean and standard error for each set of obser-
vations. Clearly, the apparent hydrodynamic radius of
HEWL increases substantially at high concentrations of
urea, consistent with protein unfolding. The solid line
shows the results of fitting the data for urea concentra-
tions between 2 and 8 M to a simplified model. This
model assumes that unfolding is a two-state process, and
that the free energy of unfolding decreases linearly with
increasing urea concentration (Pace, 1986). In fact, the
unfolding of HEWL by urea may involve at least three
states (Chen et al., 1996). Despite these simplifying as-
sumptions, the agreement between the data and the model
is remarkably good. The initial decrease in apparent ra-
dius between 0 and 2 M urea may simply indicate that
HEWL undergoes slight aggregation in pure water; simi-
lar results were seen in SAXS measurements (Chen et al.,
1996). Values of Ddioxane/DHEWL were obtained for the
folded and unfolded states from the extreme values of the
fitted model, and their ratio indicates that the effective
hydrodynamic radius increases by 38±1% on unfolding
(the error was estimated by Cramér–Rao theory (van den
Bos, 1982; Jones et al., 1996) using parameters from the
fitted model and experimental error values). The experi-
ment was then repeated with HEWL solutions at pH 5.5,
under which conditions the folded state is stable even in
8 M urea (Steiner, 1964). In this case the initial decrease
in apparent radius was again observed, but no subsequent
increase was seen. This further confirms our interpreta-
tion that the increase in Ddioxane/DHEWL observed at pH 2
is due to unfolding. The substantial scatter observed in
these measurements may be a result of aggregation, which
is known to be more serious for HEWL at higher pH
values.

In order to investigate the possibility of aggregation,
the experiments were repeated for a variety of protein
concentrations (0.4–1.4 mM) with urea concentrations of
0, 2 and 8 M at pH 2.0. The measured diffusion coeffi-

cients in 2 and 8 M urea solutions were consistent with
one another, and showed no evidence of any dependence
on protein concentration. Measurements in the absence of
urea indicated that the diffusion coefficient was reduced
in solutions with very high protein concentrations (7
mM), but the measurements were extremely variable, even
for two samples with nominally identical conditions. This
suggests that the extent of aggregation under these condi-
tions depends strongly on details of sample preparation
and storage, as well as on protein concentration.

The apparent increase in the hydrodynamic radius of
HEWL on unfolding in urea (38±1%) is identical to the
increase in radius observed by SAXS (Chen et al., 1996).
This suggests that the two experiments are measuring the
molecular dimensions in a similar way, even though diffu-
sion is sensitive to the time-averaged dimensions while
SAXS determines an ensemble averaged radius (Smith et
al., 1996). The SAXS radii measured for HEWL were 16
Å for the folded state and 22 Å for the unfolded state;
using Eq. 2 this gives a fitted hydrodynamic radius (RH)
of 1.7 Å for dioxane. This is similar to, but slightly larger
than, the radius of gyration (1.5 Å) calculated from its
crystal structure (Buschmann, 1986); this may reflect the
consequences of a hydration shell around the dioxane
molecule.

The analysis above rests on the assumption that the
effective hydrodynamic radius of the radius standard
(dioxane) is unchanged by the addition of urea. This
might seem unlikely as the effective hydrodynamic radius
will include the effects of any hydration shells, and urea
is believed to affect the hydrogen bonding potential of
water (Arêas et al., 1995; Plaxco et al., 1997). Further-
more, the method also assumes that dioxane does not
interact with HEWL, even in its unfolded state. These
assumptions were investigated by repeating the measure-
ments in 2 and 8 M urea at pH 2.0 with a mixture of five
different reference molecules (alanine, acetic acid, diox-
ane, dimethylsulphoxide (DMSO) and 2,2-dimethyl-2-sila-
pentane-5-sulphonate (DSS)) in the same solution. The
diffusion rates of these reference molecules were also
studied in pure D2O, with neither urea nor protein present.
The results from the three species which are uncharged at
pH 2.0 were very similar: dioxane, acetic acid and DMSO
all gave apparent increases in the hydrodynamic radius of
HEWL which were statistically indistinguishable from
that measured using dioxane alone. Furthermore, the
relative diffusion rates of these molecules were the same
in all three solutions. These results strongly suggest that
these three species do not interact significantly with either
HEWL or urea, and so they are appropriate reference
molecules. The results for the two charged species, how-
ever, were significantly different: DSS gave an apparent
increase of 52±2%, while alanine indicated an increase of
only 29±1%, and in both cases the relative diffusion rates
(compared to the three species above) were significantly
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different in the three solutions, indicating that DSS and
alanine interact either with HEWL or with urea. Thus,
these two species are poor choices as reference molecules.

In conclusion, we have demonstrated that NMR diffu-
sion measurements may be used to detect and characterise
protein folding transitions through measurements of effec-
tive hydrodynamic radii. The use of a radius standard
greatly simplifies the application of the method to systems
of varying viscosity, such as denaturant solutions, and the
results obtained for HEWL are completely consistent with
those obtained by small-angle X-ray scattering. It may be
possible to use the method to determine absolute values
for molecular sizes. In conjunction with rapid mixing
techniques (Balbach et al., 1995) it should be possible to
extend this experiment to allow the kinetics of slow fold-
ing and unfolding transitions to be studied in real time.
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