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Protein Folding Monitored at Individual Residues
During a Two-Dimensional NMR Experiment

Jochen Balbach,* Vincent Forge,T Wai Shun Lau,
Nico A. J. van Nuland, Keith Brew, Christopher M. Dobson::

An approach is described to monitor directly at the level of individual residues the
formation of structure during protein folding. A two-dimensional heteronuclear nuclear
magnetic resonance (NMR) spectrum was recorded after the rapid initiation of the
refolding of a protein labeled with nitrogen-15. The intensities and line shapes of the cross
peaks in the spectrum reflected the kinetic time course of the folding events that occurred
during the spectral accumulation. The method was used to demonstrate the cooperative
nature of the acquisition of the native main chain fold of apo bovine a-lactaloumin. The
general approach, however, should be applicable to the investigation of a wide range of

chemical reactions.

The mechanism by which a protein folds
to its native state after biosynthesis remains
one of the central unresolved issues in
structural biology (I). Studying the events
occurring during protein folding is a major
challenge to conventional structural meth-
ods such as NMR spectroscopy because of
their rapidity and complexity (2). Most de-
tailed structural information has therefore
been sought indirectly—for example,
through hydrogen-exchange pulse-labeling
experiments (3)—or from the study of sta-
ble analogs of folding intermediates (4).
These studies have provided information of
considerable value, but it is essential to link
such information to that from direct obser-
vations of the folding process (3, 4). It has
recently been shown that NMR spectrosco-
py can be applied in real time, after rapid
mixing procedures, for such a purpose (5—
7). However, to date, this approach has
been limited to one-dimensional (1D) ex-
periments and, hence, to low-resolution
studies, because of the presumed limitations
imposed by the relatively long accumulation
times required for even the fastest 2D exper-
iments (8). Two-dimensional procedures ex-
ploiting exchange phenomena have, howev-
er, been used to study fast chemical process-
es (9), including protein folding (10), occur-
ring under equilibrium conditions. We have
extended such procedures to nonequilibrium
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situations, demonstrating the power of mod-
ern heteronuclear NMR methodology to fol-
low the development of structure at the
level of individual residues in a protein.
Moreover, the approach will provide an op-
portunity to -apply high-resolution NMR
spectroscopy to investigate reactions of oth-
er complex systems when rate processes are
too rapid for conventional repetitive-accu-
mulation procedures.

Instead of collecting a series of spectra at
different stages of a reaction, the idea is to
allow the reaction to occur during the accu-
mulation of a single 2D experiment. The
NMR spectrum, if recorded in an appropri-
ate manner, will then contain the kinetic
history of the events that take place during
the reaction. Consider a 'H-"’N hetero-
nuclear single quantum coherence (HSQC)
experiment (11). A pulse delay (t,) is incre-
mented during the course of the 'H data

et e
accumulation to generate the indirect °N
time domain. This effectively involves the
collection of a series of independent data
sets as a function of time. If a reaction occurs
during this process, the magnitude of the
signal from each species will be different at
each of the t; increments, reflecting its ap-
pearance or disappearance with time. The
signals from the different species in the fre-
quency domain (F1) spectrum after double
Fourier transformation will thus be convo-
luted by their kinetic profile in the reaction.

We used this approach to examine the
folding of a-lactalbumin, a protein whose
properties have contributed significantly to
our understanding of a number of aspects of
the folding process (12). Folding of the
protein was initiated from a denatured state
formed at pH 2.0 and 3°C. Under these
conditions, the protein was in a molten
globular state: The far-ultraviolet (UV) cir-
cular dichroism (CD) spectrum indicated
extensive secondary structure, but the near-
UV CD and fluorescence spectra indicated
a lack of persistent tertiary interactions
(13). The 'H-""N HSQC spectrum of this
state (Fig. 1A) was poorly resolved, the
majority of resonances being broad with
little dispersion of the chemical shift; in-
deed, only a few resonances are detectable
as individual peaks. This situation arises
from exchange effects associated with slow
fluctuations within the disordered state
(12). The spectrum of the same sample
recorded 80 min after the pH was increased
to 7.0 in a rapid mix experiment (Fig. 1C)
was, however, well resolved and corre-
sponds to the spectrum of the fully native
state, indicating that the protein had refold-
ed completely.

A TH-""N HSQC spectrum was initiated
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Fig. 1. "H-"5N HSQC spectra of bovine a-lactalbumin (BLA) at 3°C during different stages of the folding
process: (A) HSQC of the denatured state at pH 2.0 (A state), (B) kinetic HSQC accumulated during
folding, and (C) reference HSQC of the native state (N state). The spectra of the A and N states were
recorded at equilibrium before and after the folding step (26). (Insets) Representative enlargements of
the indicated region where the signal of Val®? resonates in the native state. The signal intensity in (B) is
reduced compared to that in (C). As shown in the inset, additional components to the cross peaks are
observed in the kinetic spectrum; these components have negative intensity.
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immediately after the mix and accumulated
for 31 min (Fig. 1B). Under these condi-
tions, the refolding of the apo protein has a
half-time of about 5 min; refolding was
therefore complete within the accumula-
tion time of the experiment. Examination
of this spectrum shows resonances from two
distinct species. One of these corresponds to
the initial state, which under these condi-
tions has been shown by stopped-flow CD,
fluorescence spectroscopy, and 1D '"H NMR
to correspond closely to the low-pH dena-
tured state from which refolding was initi-
ated (6, 14). Several broad resonances cor-
responding to this state are visible in the 2D
spectrum, but the majority of the peaks
have chemical shifts identical to those in
the fully folded state. The intensities of
these peaks are, however, less than those in
the spectrum of the fully refolded protein,
and the line shapes of the individual cross
peaks show negative components in the ’N
dimension (Fig. 2). Both of these observa-
tions turn out to be key factors in the
kinetic analysis.

A series of simulations was carried out
for two simple kinetic schemes (Fig. 3).
Both the intensities and line shapes of the
resonances of different species in a reaction
are strongly dependent on the reaction pro-
file and reflect the explicit time course of
the reaction. In a simple two-component
system (A—B) (Fig. 3, left), the disappear-
ance with time of species A, present at the
beginning of the accumulation, will result
in the faster decay of its magnetization in t;

A Reference
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B Kinetic
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Fig. 2. Cross sections from (A) the reference
HSQC of the native state and (B) the kinetic HSQC
recorded during refolding at a "H chemical shift of
7.6 ppm. (A) Sections from the 'H-1°N HSQC data
set for the native-state contour plots in Fig. 1C.
The time-domain spectrum (left) shows the mag-
netization as a function of the 96 t, increment
steps. Each increment required 19.4 s to collect,
resulting in a total accumulation time of 31 min.
The corresponding frequency-domain spectrum
(right) shows the different SN resonances corre-
lated with "H resonances at this frequency. (B)
Equivalent sections from the kinetic "H-"5N HSQC
data set accumulated after the initiation of folding,
shown as a contour plot in Fig. 1B.
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than would be the case for a nonreacting
system, resulting in line broadening of its
associated resonances after Fourier transfor-
mation. By contrast, the magnetization of
the product species B will develop only
during the course of the reaction, resulting
in a gradual increase of its magnetization in
t,; this gives rise to narrower lines and
negative components in the wings of the
resulting peaks. For a reaction generating a
transient species (A—B—C), more com-
plex effects will occur (Fig. 3, right), and
the intensity and line shape of the reso-
nance of species B will reflect the history of
the appearance and disappearance of the
reaction intermediate (15).

These simulations provide a basis for
interpretation of the data in Fig. 1B. The
low intensity in the spectrum of the reso-
nances of the initial denatured state can be
attributed to the broadening associated
with the disappearance of this state during
the folding reaction, whereas the complex
line shapes of the native state result from its
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Fig. 3. Simulated HSQC line shapes for simple
kinetic schemes. Left panel: line shapes resulting
from a one-sided transition A — B for various rate
constants k, in the indirect ¢, dimension of a 2D
data set (27). The intensity of the resonance of
spin A at frequency v, is additionally modulated in
the t, dimension by exp(—tk,), and that of spin B
at vg is modulated by [1 — exp(—tk,)], where t is
the time after initiation of the reaction, assuming
that at the beginning of the reaction only A is
present. Right panel: An analogous line shape
analysis for a transition involving an intermediate
state B, emerging from state A with rate constant
k, and evolving to state C with rate constant k,. In
these simulations, k, is varied while k, is kept
fixed. The frequencies of the lines are 250, 500,
and 750 Hz, respectively, and the natural linewidth
of each is 14 Hz.
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gradual appearance during the spectral ac-
cumulation. The lack of additional peaks
indicates that there is no significant popu-
lation of a well-defined intermediate state.
The line shapes of the well-resolved reso-
nances provide us with an opportunity to
monitor the kinetics of the development of
the native character at the level of individ-
ual residues in the main chain of the pro-
tein. To achieve this monitoring, we simu-
lated cross sections such as those in Fig. 2
using a model of the protein folding process
in which the native structure at each site in
the protein is assumed to develop by simple
exponential kinetics (16). It was possible to
fit experimental data well using such a pro-
cedure (Fig. 4 and Table 1).

The time constants for the formation of
the native state measured by fluorescence
and 1D NMR have been shown to be iden-
tical (6). These methods detect close pack-
ing of side chains in the native structure.
The 2D experiment, by contrast, enables us
to monitor the formation of native-like
structure in the polypeptide main chain.
The mean time constant for the amides
given in Table 1 is 400 = 110 s, which is
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Fig. 4. (A) Experimental and (B) simulated cross
sections of Leu'®® centered at the 'H chemical
shift (8) indicated by the dotted line in the reference
(native) (left) and kinetic (right) HSQC spectra (top).
A simulated FID was generated for each signal
using the linewidth, chemical shift, and amplitude
of the experimental cross section of the reference
signal (A, left). After Fourier transformation this re-
sulted in a simulated cross section for the native
state (B, left). This FID was then multiplied by a
series of single exponential functions to simulate
kinetic cross sections corresponding to different
time constants for the folding reaction. The best fit
(B, right), corresponding to a time constant 7 (the
inverse of the rate constant k) of 410 s, was deter-
mined by minimizing the difference from the exper-
imental cross section (A, right).



consistent within experimental error with
the value of 470 =+ 15 s found for aromatic
side chains from fluorescence measurements
under similar experimental conditions (17).
Moreover, the time constants for the indi-
vidual secondary structure elements are all
within one standard deviation of the mean,
with the exception of that for the B-sheet
region between residues 40 and 50. This
region may achieve a native-like structure
in its main chain before other regions, but
the small number of probes and their low
signal-to-noise ratios suggest that such a
conclusion is premature. The data indicate
that, despite the early existence of a native-
like far-UV CD (13) spectrum and a degree
of hydrogen exchange protection (14), the
native-like environment of the main chain
in at least the majority of the protein struc-
ture emerges cooperatively and in concert
with that of the side chains. The absence of
resolved resonances corresponding to a
well-defined intermediate in the spectrum
indicates that before this final step in fold-
ing, the main-chain environment remains
heterogeneous. It is particularly interesting
in this regard that extensive line broaden-
ing has been reported for species formed in
the early stages of the kinetic unfolding of
ribonuclease A (18) and dihydrofolate re-
ductase (7) and has been attributed to dy-
namic processes resulting from the loss of
the tight packing characteristic of the fully
native state.

A wide variety of multidimensional
NMR experiments, in addition to the 'H-
PN HSQC experiment used here, are based
on the same principle of incremented delays
(19); these methods could potentially pro-
vide additional information about the
events occurring during the folding reac-
tion. The general approach requires slow
folding of the protein system under study;
rates faster than ~0.05 s™! will not give
detectable effects for a quantitative analysis,
but improved pulse sequences can be ex-
plored to reduce this limit substantially.
Here, removal of a structural metal ion was

Table 1. Time constants of refolding for different
elements of secondary structure in BLA. The av-
erage time constants and the standard deviations
are calculated over the number of residues stud-
ied in this work.

Structure Time No. of

element constant (s) residues
A-B Loop 400 2
B-Helix 405 + 174 4
B-Sheet 300 = 71 3
B-C Loop 475 + 115 4
C-Helix 386 + 103 7
C-D Loop 400 1
C-Terminal loop 431 = 41 4

used to achieve refolding rates appropriate
for detection. Other strategies include the
generation of slow-folding mutants (20)
and the addition of denaturants to the
refolding medium (21). One of the partic-
ularly important features of the present
approach is that it allows specific kinetic
schemes to be tested, and potentially dis-
tinguished, by explicit simulation. More-
over, with a knowledge of the spectra of
the different components, the kinetic pro-
files can in principle be determined direct-
ly by deconvolution of the kinetic spec-
trum in terms of these components. This
technique therefore provides a powerful
means of kinetic analysis for a folding
reaction, or indeed for chemical reactions
in general.
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