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During a protein folding reaction, the unstructured polypeptide
chains find the highly ordered native state within a very short
time, typically in the milliseconds to minutes range. Folding is
always accompanied by a compaction of the protein chain.
Recently, there have been several reports on measuring chain
compaction directly by time-resolved experiments using small-
angle X-ray scattering1-4 (SAXS) and dynamic light scattering5

(DLS).
Here I describe NMR diffusion experiments to determine the

hydrodynamic radii (Rh) of the unfolded, partially folded and
native states of bovineR-lactalbumin (BLA) at equilibrium and
novel time-resolved NMR diffusion experiments to studyRh of a
transiently populated collapsed state of the molten globule type.
This state is as compact as the pH 2 state at equilibrium, which
shows that the main chain compaction occurs before the rate-
limiting step of folding.

It is still unclear whether there are universal rules for the
succession of events in the complex process of protein folding,
but every folding reaction involves significant compaction when
the extended unfolded chain collapses to the compact native state.6

In fact, for several proteins collapsed forms could be found both
transiently and at equilibrium, which differed from the native and
unfolded forms. Common features of these molten globule states
(MG) include substantial secondary structure, the absence of
nativelike tertiary structure, a globular compactness, and nonco-
operative unfolding transitions.7,8

Equilibrium molten globule states are often populated at low
pH, and their radii of gyration (Rg) and Stokes radii are 10-30%
larger than those of the corresponding native states.9-13 In contrast,
unfolded proteins in concentrated urea or guanidine hydrochloride
(GdnHCl) solutions are substantially expanded, and their radii
are increased between 60 and 300%, depending on the molecular

weight of the protein.1,12,14 Recently translational diffusion,
determined with NMR techniques, has been used in combination
with pulsed field gradients, to determine the size of folded and
unfolded proteins at equilibrium.14-16

Figure 1 shows the NMR intensity of holo-BLA, of unfolded
BLA in 6 M GdnDCl, and of dioxan in 6 M GdnDCl as a function
of the gradient strength in a PFG-SLED experiment using constant
diffusion periods. Equation 114,15 can be fitted to these NMR
intensitiesI(g) at the respective gradient strengthg. The diffusion

coefficientD is proportional tod, andA represents the amplitude
of the Gaussian diffusion curve.

Table 1 summarizes the equilibrium diffusion coefficients of
six different states of BLA under various conditions relative to
that of dioxan. Release of the Ca2+ cofactor or low pH conditions
increase the hydrodynamic radius only marginally. A compact
molten globule state ofR-lactalbumin at equilibrium was also
found by SAXS,3,9,12 DLS,13,17 and 17O relaxation studies.18

Unfolding of the oxidized peptide chain in 6 M GdnDCl, however,
increasesRh by 30%, and reduction and carboxymethylation
results in an increase of 68%.19 This supports a recent17O
relaxation dispersion study about internal and external hydration
of unfolded BLA, which showed a persistent residual structure
which disappears upon reduction.18 The increase ofRg of
R-lactalbumin upon unfolding varies between 603 and 90%12 using
SAXS.20

The diffusion coefficient of the kinetic MG of BLA was then
determined by time-resolved PFG-SLED NMR experiments. To
initiate refolding, 4.9 mM unfolded BLA in 6 M GdnDCl was
diluted 10-fold within the NMR spectrometer by using a rapid
mixing device as described previously.21,22 At 5 °C, the kinetic
MG forms rapidly (in the dead-time of the experiment), and in
the absence of Ca2+ it converts to folded apo-BLA with a rate
constant of about 0.15 min-1. Forty-two PFG-SLED experiments
could be recorded during this folding reaction with 10 different
gradient strengths per experiment. Assuming a two-state model
for the reaction from the MG to the native state, the total
intensities of all protein resonancesI(g,t) in eq 2 depend on the
known gradient strengthg at every time point and upon the
relative populations of the MG state and of the native state N, as
determined by the reaction rate constantk. The differences in
the relaxation rates between the MG and the native state are
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reflected in the respective amplitudesAMG andAN.

Figure 2 illustrates the regression (solid line) of eq 2 to the
experimental data (open circles) of the real-time PFG-SLED
experiments. The optimized parameters are summarized in Table
2. The gradient strength was increased linearly every 10.9 s from
10 to 100% by steps of 10% periodically during the entire
refolding reaction. Using eq 2 instead of fitting each set of 10
different gradient strengths to eq 2 separately, increases the time
resolution by a factor 10.23

These real-time PFG-SLED experiments show that the tran-
siently populated kinetic molten globule at typical protein
concentrations for real-time NMR spectroscopy with BLA
resembles the equilibrium MG and the native state in its
hydrodynamic radius (Tables 1 and 2). This indicates that, starting

from unfolded, but not fully extended, oxidized BLA in 6 M
GdnDCl, the major compaction occurs concomitantly with the
population of the kinetic MG state before the rate-limiting folding
step. This compact state with an almost native amount of
secondary structure7,24 allows an efficient search for native side-
chain contacts during the final folding step. These results confirm
earlier, more indirect, findings by amide proton exchange and
NOE transfer experiments24 of the kinetic MG and a recent study
using stopped-flow DLS.17

The radius of a transient protein folding state was pioneered
by Eliezer et al. for apo-myoglobin using stopped-flow SAXS.2

This collapsed state is also almost as compact as the native state
and resembles the equilibrium MG in itsRg value. The burst phase
intermediate ofâ-lactoglobulin, which has non-nativeR-helical
structure elements, is only 10% larger than the corresponding
native state.1 These examples illustrate that compaction of the
protein chain occurs early in refolding, even though the side chain
packing has not finished, as indicated by the absence of a near
UV-CD spectrum. On the other hand, stopped-flow SAXS
experiments with bovine carbonic anhydrase (BCAB), yeast
phosphoglycerate kinase (PGK),3 and hen egg white lysozyme,4

as well as DLS experiments5 with PGK and ribonuclease A
showed that substantially extended intermediates and both,
reversible and irreversible oligomerization can occur during un-
and refolding reactions and that the major compaction can also
occur during the rate-limiting folding reaction.

The results presented here indicate that time-resolved NMR
diffusion experiments can be used to follow changes in the
hydrodynamic radius of a folding protein chain in real time. A
standard NMR spectrometer can be used in contrast to time-
resolved SAXS protein folding experiments, for example, which
require synchroton radiation.
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Figure 1. Normalized NMR intensity at different gradient strengths in
PFG-SLED NMR experiments of (b) holo-BLA, (O) BLA in 6 M
GdnDCl, and (3) dioxan in 6 M GdnDCl. Solid lines represent a
nonlinear, least-squares fit of eq 1 to the data.25 The relative diffusion
constants derived from these fits are given in Table 1.

Table 1. Relative Diffusion Constants of Different States of BLA
at 5 °C

BLA state
dDiox/dBLA

(%)a BLA state
dDiox/dBLA

(%)a

holo 9.21( 0.09 (100) MG (kin.)c 10.77( 0.11 (108)
apob 9.55( 0.10 (104) unfolded (ox.)d 12.0( 0.12 (130)
MG (pH 2) 9.85( 0.10 (107) unfolded (red.)e 15.5( 0.16 (168)

a Percentages are calculated relative to holo-BLA.b The apo form
was generated by adding 2 mM EDTA to the NMR sample to complex
Ca2+. c Kinetic MG at 0.49 mM from Table 2.d Unfolded state in 6 M
GdnDCl with oxidized disulfide bonds.e Unfolded state in 0 M GdnDCl
with reduced and carboxymethylated cysteine side chains.19 The protein
concentration for all equilibrium experiments was 0.49 mM.

Figure 2. Two sections of the NMR intensity in a time-resolved 600
MHz PFG-SLED NMR experiment during the refolding of BLA from 6
M GdnDCl at 5°C. Each open symbol represents the integral over the
resonances between 0.92 and 1.86 ppm in the respective 1D diffusion
spectrum, where the MG and the native state have identical integrals in
the 1D NMR spectrum. Solid lines represent the nonlinear, least-squares
fit of eq 2 to the data.26

I(g,t) ) AMG exp(-dMGg2) exp(tk) +

AN exp(-dNg2)(1 - exp(tk)) (2)

Table 2. Relative Diffusion Constant, Amplitude of the Gaussian
Diffusion Curve, and Refolding Rate of the Kinetic Molten Globule
of BLA at 5 °C

concentration
(mM) ion

dnative/dMG

(%)a
AMG/Anative

(%)a
folding rate

(h-1)

0.31 107( 11 55.9( 3.4 9.0( 0.8
0.49 108( 5 55.7( 1.2 7.9( 0.4

a Values fordnative, dMG, Anative, andAMG are obtained by fitting eq 2
to the data as illustrated in Figure 2.
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