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Abstract: A nuclear magnetic resonance (NMR) technique has been devised to probe the structures of
disordered, partially folded states of proteins at the level of individual amino acid residues. Chemically
induced dynamic nuclear polarization (CIDNP) is first generated in exposed aromatic side-chains of the
denatured state and then transferred to the high-resolution NMR spectrum of the native state by stimulating
rapid refolding of the protein. Crucial improvements in sensitivity were achieved by carrying out the
polarization-producing photochemistry in a deoxygenated sample of the disordered state of the protein in
a magnetic field of 4.0 T and recording the 1H NMR spectrum of the refolded native state at 9.4 T (400
MHz). Application of this method to the low pH molten-globule state of R-lactalbumin reveals remarkably
nativelike environments for the aromatic residues in the primary hydrophobic core of the protein. This result
provides compelling evidence that the detailed fold of a protein can be established prior to the formation
of the cooperative close-packed native structure.

Introduction

Partially folded states of proteins are frequently populated
in the process of protein folding and are implicated in many
other aspects of cell biology, including translocation across
membranes and disease states resulting from protein aggrega-
tion.1,2 Such species are often substantially disordered and
exceptionally difficult to characterize by structural methods such
as X-ray diffraction and NMR spectroscopy because they resist
crystallization and frequently exhibit very poorly resolved NMR
spectra.3,4 One approach to overcoming the low spectral
resolution is to transfer information from the non-native state
to the highly resolved NMR spectrum of the ordered native state.
This tactic has been used with great success in hydrogen
exchange experiments, to probe the existence of secondary
structure in folding intermediates.5,6 Of particular value, how-
ever, would be an NMR technique capable of providing direct
evidence on the environments of the individual side-chains that
determine the fold of globular proteins. Here, we show that this

can be realized using chemically induced dynamic nuclear
polarization (CIDNP), opening the door to detailed structural
studies of disordered states of proteins.

The CIDNP technique probes the accessibility of aromatic
side-chains in proteins by means of cyclic photochemical
reactions.7-9 Conventionally, a solution of the protein together
with a small quantity of a flavin photosensitizer is irradiated
inside the NMR probe using a laser. The photoexcited dye reacts
with exposedamino acid residues to give transient radical pairs
whose magnetic interactions lead to nuclear polarization in the
intact protein.7,8 In addition to information on side-chain
accessibilities, the attractive features of the method are its
selectivity (only histidine, tyrosine and tryptophan are polarized),
and sensitivity (the1H NMR signals are typically 2-5 times
stronger than normally expected).10 Applications of CIDNP
include studies of protein interactions that modify the exposure
of surface residues, for example binding to cofactors, inhibitors,
nucleic acids, micelles, and other proteins.8,11,12 The method
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time using stopped flow techniques.13,14 For example, rapid
injection of a solution of denatured protein into refolding buffer
in the NMR tube can be used to produce a change in solvent
conditions that triggers refolding.15 By recording CIDNP spectra
at short intervals thereafter one can monitor changes in the
accessibility of aromatic residues as the protein refolds to its
native state.13,14

The principle of the experiment described in this paper is
illustrated schematically in Figure 1. The idea is to polarize the
partially folded denatured protein and then to refold it rapidly
before the CIDNP relaxes. In this way, enhancements are
transferred to the native state spectrum whose chemical shifts
allow the exposed residues in the denatured state to be identified.
Figure 1A shows schematic structures of denatured and native
states of a protein containing three potentially polarizable amino
acid side-chains, X, Y, and Z. X and Y are exposed to solvent
in the partially folded denatured state, whereas Y and Z are
exposed in the native state. The conventional CIDNP spectra
(Figure 1B) comprise broad, overlapping lines for the denatured
state (left), and relatively narrow, well-resolved resonances for
the native state (center). Only one (emissively) enhanced NMR
signal is shown for each exposed side-chain. Also shown in
Figure 1B (right) is the spectrum immediately after rapid
refolding of the polarized denatured state. The observation of
resonances from residues X and Y in this spectrum reveals their
accessibility in the denatured state. Efficient magnetization
transfer requires that the refolding is at least as fast as nuclear
spin relaxation.

Although the CIDNP spectra must be recorded in an intense
magnetic field, to maximize chemical shift dispersion and hence
resolution, strong fields do not necessarily result in the optimum
polarization.16 Experiments with amino acids have established
that a field of∼4 T gives the strongest enhancements for all
three CIDNP-active residuesshistidine, tyrosine, and tryp-
tophan.17 As we describe below, this field-dependence allows

a crucial 500% gain in sensitivity to be achieved by generating
polarization at 4.0 T and observing it at 9.4 T.

This “CIDNP pulse-labeling” technique is demonstrated using
bovine R-lactalbumin, a protein that exists at low pH in a
compact, partially folded molten globule state (the A-state),
characterized by extensive secondary structure without rigid
side-chain packing.18-20 The structural heterogeneity and mil-
lisecond conformational fluctuations of the A-state result in an
NMR spectrum so poorly resolved that very few resonances
can be assigned.4 This form of R-lactalbumin is of particular
interest because of its resemblance, in both overall structure
and dynamics, to the transient intermediate state that is formed
during folding of this protein.15,21,22Previous studies have shown
that the A-state can be rapidly converted into the native state
by a sudden jump in pH.14,23,24 The four tyrosine and four
tryptophan residues inR-lactalbumin are distributed throughout
the structure of the native state and therefore report on local
structure in different regions of the protein. CIDNP pulse-
labeling reveals remarkably nativelike environments for the
aromatic residues in the hydrophobic core of the A-state.

Methods

1H CIDNP experiments were performed either at 400 MHz (9.4 T)
on a Varian XL-400 spectrometer or at 600 MHz (14.1 T) on a home-
built instrument. The light source was a Spectra-Physics Stabilite 2016-
05 argon ion laser, operating in multi-line mode at 4 W output power,
principally at wavelengths 488 and 514 nm. A mechanical shutter,
controlled by the spectrometer, was used to produce light pulses of
100-500 ms duration. Flavin mononucleotide (FMN) was employed
throughout as the photosensitizer, at a concentration of 0.2 mM for
the experiments that involved high field irradiation (at 9.4 T) and 0.8
mM for those at low field (4.0 T). All CIDNP spectra are the result of
subtracting free induction decays measured without irradiation (“dark”)
from the same number recorded, under identical conditions,with
irradiation (“light”). All of the NMR experiments were carried out at
25 °C. All of the NMR samples were made up in D2O. Dissolved
oxygen was removed from protein samples by three cycles of a freeze,
pump, thaw procedure.25 The samples were frozen in a Schlenk tube
in an ethanol/dry ice mixture at-77 °C, evacuated to 0.2 mbar, and
thawed in warm water. Refolding kinetics were recorded with an
Applied Photophysics SX17-MV stopped-flow fluorimeter; tryptophan
fluorescence, excited at 280 nm, was monitored at 320 nm.

High Field Irradiation. For experiments involving irradiation of
the NMR sample in the probe of the 400 MHz spectrometer, light was
conducted into a 5 mm NMRtube from the side (i.e., through the coil)
by way of mirrors and a cylindrical quartz rod surmounted by a right-
angle prism inside the NMR probe.26 In the experiments at 600 MHz,
the light was brought into the sample tube from above by means of a
1 mm diameter optical fiber, the end of which was positioned at the
bottom of a Wilmad coaxial Pyrex insert (WGS 5BL), 4 mm above
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Figure 1. Basis of the CIDNP pulse-labeling method. (A) Schematic
structures of denatured and native states of a protein containing three
potentially CIDNP-active amino acid side-chains, X, Y, and Z. (B)
Schematic CIDNP spectra of the denatured state (left), the native state
(center), and of the native state with polarizations appropriate to the
denatured form of the protein (right). The poor resolution of the spectrum
of the denatured state is indicated by the broad, overlapping resonances
from X and Y. Dots on the baselines of spectra indicate the chemical shifts
of unpolarized resonances.
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the top of the NMR coil.14,27 The latter arrangement required no
modifications to the NMR probe. The pulse sequence for this
experiment is shown in Figure 2A.

Real-time refolding experiments at 400 MHz were performed by
injecting (in 200 ms) 300µL of buffer solution from a pneumatically
driven (10 bar) gastight syringe (SGE, model 2.5MDR-GT) placed
outside the magnet, via 0.5 mm internal diameter PTFE tubing, into
400 µL of a solution of the denatured protein, together with 0.2 mM
FMN, in the NMR tube (see Figure 2B).13-15

Low Field Irradiation. The sensitivity of the pulse-labeling
experiment was optimized by generating CIDNP at low field (4.0 T)
and observing it at high field (9.4 T). As described in detail elsewhere,17

fields in the range from 0.1 to 7 T are conveniently available 50 to 13
cm above the center of the superconducting solenoid of the 9.4 T (400
MHz) magnet. The beam from the argon ion laser was directed via a
1 mm optical fiber and right angle prism onto a glass capillary (length,
3 cm; internal diameter, 2 mm), connected at both ends to 0.6 mm
internal diameter PTFE tubing. This irradiation cell was placed within
the magnet bore at a position where the field strength, as measured
with a Hall probe, was 4.0 T (17 cm above the center of the magnet).
The syringe described above, connected to the upper PTFE tubing,
enabled rapid transfer of the irradiated solution into a 5 mm NMR
sample tube. The NMR tube was fitted with a Wilmad coaxial insert
with its stem cut down so that the end of the lower PTFE tube could
be placed 4 mm above the top of the NMR coil, just below the surface
of the solution inside the NMR tube. Further details can be found in
ref 17.

Experiments were performed using a 500 ms laser flash overlapped
by a 200 ms injection pulse (see Figure 2C). Typically, a 300µL aliquot
of a solution containing denatured protein was transferred into 400µL

of refolding buffer in the NMR tube. The NMR signal was detected at
a variable time (100-200 ms) after the end of the injection, to allow
complete mixing, recovery from the mechanical shock of the transfer,
and refolding of the denatured protein.

Theoretical Background

The simple diffusion model of CIDNP,28-31 for a radical pair
with a single proton, predicts that the nuclear polarization in
the diamagnetic recombination product is proportional to17

where∆g is the difference in theg-values of the two radicals
(one derived from the amino acid side-chain, the other from
the flavin photosensitizer),B0 is the strength of the magnetic
field in which the photochemistry takes place,a is the proton
hyperfine coupling constant, and other symbols have their usual
meanings. The square roots arise from thet-3/2 time dependence
of the radical re-encounter probability.28

The polarization predicted by this expression has a sharp
maximum at the field where the difference in the electron
Zeeman interactions of the two radicals (∆gµBB0/p) equals half
the hyperfine interaction (a/2), i.e., when one of the two terms
in the equation vanishes.32 At higher fields, the polarization
diminishes rapidly. For radicals containing several nuclei with
significant hyperfine couplings, the theory can easily be
extended to predict the field dependence of the CIDNP effect.
The result is that the maximum is broadened by the additional
magnetic interactions and shifted to a field strength somewhat
larger thanpa/2∆gµB. For the tyrosine/flavin radical pair,pa/
2∆gµB ) 0.6 T; when all of the significant hyperfine couplings
are included, the maximum for the tyrosine H3,5 protons occurs
at ∼3 T.

Experimental measurements of the CIDNP field dependence
for tyrosine agree well with this simple model, using theg-values
and hyperfine couplings of the tyrosyl and flavin radicals.17

Tryptophan and histidine, whose radicals are not well character-
ized, show similar behavior, with optimum fields of∼4 T.17

Results

Preliminary Experiments. Figure 3 compares the 600 MHz
1H NMR and CIDNP spectra of the native state and the A-state
of R-lactalbumin: of the three histidine, four tryptophan, and
four tyrosine residues in this molecule, only His 68, Trp 118,
and Tyr 18 are sufficiently exposed on the surface of the native
protein to react efficiently with the photosensitizer.33-38 For the
A-state, the reduced signal intensity from the tryptophan residues
relative to the tyrosines, indicates that the hydrophobic tryp-
tophan side-chains are significantly protected from the solvent
in the partially folded form and/or the tyrosine residues have
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Figure 2. Pulse sequences for1H CIDNP measurements. (A) High field
(9.4 T) laser irradiation, without injection. (B) High field (9.4 T) irradiation,
with injection. (C) Low field (4.0 T) irradiation, with injection. In all three
cases, the 400 MHz radio frequency (RF) pulse used to excite the NMR
free induction decay (FID) had a flip angle of 90°. Prior to each experiment,
the proton spins in the NMR tube were presaturated using a train of
randomly spaced, randomly phased 90° pulses. In the experiments involving
rapid sample mixing, the interval (τ) between injection and detection allowed
(when appropriate) refolding of the denatured protein to its native state.
The overlap of the injection with the end of the laser pulse in (C) ensured
irradiation of the whole of the solution of the denatured state as it passed
through the irradiated region at the lower end of the capillary (at 4.0 T) on
its way to the probe (9.4 T).

|∆gµBB0/p + a/2|1/2 - |∆gµBB0/p - a/2|1/2
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an increased accessibility to the photosensitizer.14 However, the
poor resolution in this spectrum prevents the direct identification
of the residues that are exposed to solvent in the A-state.

Figure 4 shows the time dependence of the integrated 400
MHz CIDNP intensities of the molten globule A-state of
R-lactalbumin obtained in three different ways, none of which
involved refolding the protein. In the first experiment, a solution
of the A-state (1.5 mM, pH 2) was polarized at 9.4 T using a
500 ms light pulse. The signal intensities were measured with
various delays after the end of the irradiation period (Figure 4,

squares). By 200 ms, about half of the signal has been lost as
a result of spin-lattice relaxation. In the second experiment, a
400 µL sample of the A-state in the NMR tube was polarized
exactly as before, except that the laser pulse was immediately
followed by the injection of 300µL of the same solution of the
(unpolarized) A-state (1.5 mM, pH 2). CIDNP intensities were
then recorded at intervals after the end of the 200 ms injection
period (Figure 4, triangles). Comparing the measured intensities
at 200 ms with and without the injection, it is clear that the
mixing produces a further∼30% attenuation of the enhance-
ment, over and above the 50% loss by relaxation. This extra
reduction in signal strength comes about because the polarized
molecules generated within the 300µL sensitive region of the
NMR coil are spread by the injection into a final volume of
700 µL, leading to a∼2.3-fold “dilution” of the signal. In
principle, the use of smaller injectant volumes should improve
matters both by shortening the time required for the injection
and by reducing the dilution factor; however, no significant
improvements could be found experimentally. As expected from
these exploratory measurements, attempts to implement the
pulse-labeling technique by injecting refolding buffer (pH 7)
into a solution of the molten globule (pH 2) gave very little
signal immediately after the 200 ms injection (not shown).

In the third experiment, the solution of the A-state (300µL,
1.5 mM, pH 2) was polarized at 4.0 T in the irradiation cell in
the magnet bore (see Methods) and then injected (200 ms) into
400 µL of the same solution in an NMR tube in the probe at
9.4 T. As before, the CIDNP signals were measured at different
times after the end of the injection (Figure 4, circles). The
improvement in signal strength at 200 ms, immediately after
the injection, is dramatic. Compared to the injection experiment
with high field irradiation (Figure 4, triangles), the low field
approach gives afiVe-fold boost in sensitivity that compensates
for the losses that arise from sample dilution and spin relaxation.

Figure 3. Aromatic regions of the 600 MHz1H NMR (above) and CIDNP
(below) spectra of (A) the native state (1.5 mM, pH 7.0) and (B) the molten
globule A-state (1.5 mM, pH 2.0) of bovineR-lactalbumin in D2O. The
NMR spectra are the result of 64 scans. The CIDNP spectra are the
difference between 16 “light” scans (100 ms light flashes at 4 W power)
and 16 “dark” scans recorded with the pulse sequence of Figure 2A, using
a delay τ of 10 ms to allow the photochemically formed radicals to
recombine before detection of the NMR signals.

Figure 4. 1H CIDNP intensities (in arbitrary units) of the A-state of bovine
R-lactalbumin as a function of timeτ after the end of the 500 ms laser
light pulse.Squares: high field irradiation, without injection; pulse sequence
as in Figure 2A.Triangles: high field irradiation, with injection; pulse
sequence as in Figure 2B.Circles: low field irradiation, with injection;
pulse sequence as in Figure 2C. The solid lines are exponential fits, to guide
the eye. The dashed vertical line marks the end of the injection pulse in the
second and third experiments.
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In an attempt to increase the signal strength still further, the
effect of dissolved O2 was assessed. Oxygen plays two roles in
the photochemical reactions that generate CIDNP: it quenches
excited flavin triplets,39 and it re-oxidizes any photoreduced
flavin.40 The latter reaction is welcome in experiments that
require several laser flashes because it prolongs the lifetime of
the sample, but is largely irrelevant in the “single-shot”
experiments discussed here.14 However, triplet quenching, which
competes with radical pair formation, can result in a serious
loss of polarization. For example, deoxygenation of a sample
of histidine (0.5 mM, pH 7) by bubbling with N2 for 5 min
produced an∼3-fold increase in the CIDNP. Bubbling with O2,
in contrast, removed the signal completely. All protein samples
were therefore subjected to three cycles of freeze-pump-thaw
degassing, resulting in typically adoubling of the CIDNP
intensity. The 10-fold increase in sensitivity obtained by the
combination of low field irradiation and deoxygenation proved
crucial to the success of the technique in the present experiments.

TFE State of Lysozyme.From a variety of experiments,
including real-time NMR15 and CIDNP,14 it is known that the
A-state ofR-lactalbumin can be refolded to its native state within
a second by a sudden pH jump in the presence of Ca2+. Before
applying CIDNP pulse-labeling toR-lactalbumin, the technique
was first tested on a protein that can be refolded much more
rapidly. The system chosen was hen lysozyme, a small mono-
meric protein with a backbone fold similar to that ofR-lactal-
bumin. CIDNP of the native state shows that two of the six
tryptophan residues are exposed, in agreement with static
accessibility calculations.41 Under most conditions, lysozyme
folds to its native state on roughly the same time scale as
R-lactalbumin. In the presence of 2,2,2-trifluoroethanol (TFE),
however, the folding process is accelerated by up to one order
of magnitude.42 Lysozyme was therefore denatured in 30% TFE;
under these conditions, it is present in a partially folded state
with a greaterR-helical content than the native protein, but few
specific tertiary interactions.43 Stopped-flow fluorescence mea-
surements, with the same final conditions as used in the CIDNP
experiments below, (6.4% TFE, pH 5.2) showed that conversion
of the TFE state of lysozyme to the native state is essentially
complete within 100 ms, i.e., within the dead-time of the CIDNP
injection.

Figure 5A shows the CIDNP spectrum of the TFE state of
lysozyme recordedwithout refoldingby polarizing 150µL of
1.5 mM protein in 30% (v/v) TFE, pH 2 at 4.0 T and injecting
it into a 550µL sample of the same solution in the NMR probe
at 9.4 T. Figure 5B shows the corresponding spectrumwith
refolding, obtained in exactly the same way, with the exception
that the NMR tube prior to injection contained 550µL of sodium
acetate buffer (20 mM, pH 5.2). Spectra were recorded 100 ms
after the end of the 200 ms injection. The differences between
the two spectra are striking and confirm that successful transfer
of polarization to the native state has taken place. The single
emissive tyrosine peak in the TFE state has been replaced by
three distinct tyrosine resonances; several resolved tryptophan

signals are also apparent. The absence of polarization from
histidine residues is likely to be a simple consequence of their
inability to compete with tyrosine and tryptophan residues for
the excited flavin.44

The chemical shifts of native hen lysozyme45 allow the three
emissive peaks to be assigned to the three tyrosines in the protein
(Table 1), which evidently have essentially identical chemical
shifts and similar exposures to solvent in the TFE state. By
contrast, only a very weak signal from one tyrosine residue,
Tyr 23 is observed in the spectrum of the native state,41

reflecting the lack of significant exposure of any of the three
tyrosines in this state. The situation is less easily interpreted
for the tryptophan residues because of the overlap of the large
number of polarized resonances. There can be up to five peaks
in the aromatic region from each residue: protons H2, H4, and
H6 are directly polarized, whereas H5 and H7 receive polariza-
tion by cross relaxation.41 Although it is impossible to assign
these peaks unambiguously, it is evident that there are contribu-
tions from at least three and possibly all six tryptophan residues,
in comparison to the two residues (Trp 62 and Trp 123) observed
in the native state. The greater exposure of aromatic residues
in the TFE state of lysozyme is consistent with its lack of
globular structure43 and the ability of this medium to solvate
both polar and hydrophobic residues.
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Figure 5. 1H CIDNP spectra of the TFA state of hen lysozyme, with
polarization generated at low field (4.0 T) and detected at high field (9.4
T), without (A) and with (B) refolding to the native state. The CIDNP
difference spectra are obtained by subtractingN “light” and N “dark”
spectra:N ) 1 for (A), N ) 4 for (B).

Table 1. 1H NMR Assignments at Native Chemical Shifts of H3,5
Resonances of Tyrosine Residues Exposed in the TFE State of
Hen Lysozyme

residue Tyr 20 Tyr 23 Tyr 53

this worka 7.00 6.76 6.82
literatureb 6.99 6.71 6.83

a Chemical shifts (ppm) from Figure 5B.b Chemical shifts from ref 45.
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A State of R-Lactalbumin. Figure 6 shows CIDNP spectra
of R-lactalbumin obtained using the same procedure as for
lysozyme, but with a 200 ms delay after the injection to give
time for the slower refolding. Under the conditions of these
experiments, stopped-flow fluorescence showed that the refold-
ing was∼90% complete after 200 ms. The A-state spectrum,
without refolding (Figure 6A), was recorded by injecting 300
µL of protein solution (1.5 mM, pH 2.0) into 400µL of sodium
cacodylate buffer (200 mM, pH 2.0, with no Ca2+). The pulse-
labeled spectrum, with refolding (Figure 6B), was measured in
the same way except that the NMR tube contained 400µL of
sodium cacodylate buffer (200 mM, pH 7.0, with 65 mM Ca2+).
The minor differences between Figure 6A and the CIDNP
spectrum of the A-state in Figure 3B arise from cross relaxation
effects during the 200 ms interval between the end of the
injection and the radio frequency pulse.

The pulse-labeled spectrum (Figure 6B) is very different from
the spectra of the native state and of the A-state. Three emissive
tyrosine resonances and three absorptive tryptophan resonances
are visible, whose polarization can only have arisen from
photoreactions of accessible side-chains in the A-state. Com-
parison of the chemical shifts of these resonances with the1H
assignments for nativeR-lactalbumin38 (Table 2) shows that
these peaks arise from Tyr 18, Tyr 36, Tyr 50, Trp 118 and,

tentatively, Trp 60. These assignments were made on the basis
that significant polarization is expected for protons H2, H4, and
H6 of a tryptophan side-chain (absorptive polarization), and
H3,5 of a tyrosine (emissive polarization).10 The only ambiguity
is Trp 60 whose resonances fall close to those of Trp 118 and
Tyr 18. The shoulder at 6.75 ppm on side of the Tyr-50 peak
in Figure 6B is all that remains of the strong tyrosine polarization
of the A-state.

Discussion

Bovine R-lactalbumin has two subdomains: theR-domain
comprises fourR-helices and one small region of 310-helix near
the C-terminus; the remainder of the protein (residues 40-81)
constitutes theâ-domain, containing three shortâ-strands. The
side-chain accessibilities determined from the CIDNP data for
the different states ofR-lactalbumin are summarized in Table
3. Remarkably, all five probes in the core of theR-domain of
the A-state have nativelike accessibilities, including the exposed
hydrophobic side-chain of Trp 118 and the buried polar residue
Tyr 103. This observation strongly implies that the native fold
is substantially preserved in theR-domain and that the side-
chains are well organized within the structure, even though they
are not yet locked-in to the unique closely packed structure of
the native state. It is evident that the interactions between side-
chains that determine the fold of theR-domain in the native
state of the protein are already established in the molten globule
state and that rather little structural rearrangement is required
to achieve the well ordered tertiary structure in the native
state.18-20 This finding complements NMR studies of the main
chain resonances that reveal that this core retains a highly
compact structure even in the presence of high concentrations
of denaturants,4 and that the amide hydrogens in the regions of
the polypeptide chain that contribute to the core structure are
substantially protected from hydrogen exchange.46

In contrast to this finding, two tyrosine residues, one at the
heart of theâ-domain (Tyr 50), the other close to its interface
with theR-domain (Tyr 36), are exposed in the molten globule
state but not in the native state. Both of these residues are located
in regions of the polypeptide chain that have been found to be
among the least resistant in the molten globule state to unfolding
in the presence of denaturants4 and whose amides show no
significant protection against hydrogen exchange.46 These
findings suggest that the protein structure in these regions has
sufficient flexibility to allow the two tyrosine side-chains access
to the flavin probe and hence to become polarized in the molten
globule state. This result is particularly significant in the light
of the conclusions from CIDNP studies of the collapsed state
formed early in the folding of the homologous protein,

(46) Schulman, B. A.; Redfield, C.; Peng, Z.-y.; Dobson, C. M.; Kim, P. S.J.
Mol. Biol. 1995, 253, 651-657.

Figure 6. 1H CIDNP spectra of the molten globule A-state of bovine
R-lactalbumin, with polarization generated at low field (4.0 T) and detected
at high field (9.4 T),without (A) andwith (B) refolding to the native state.
The CIDNP difference spectra are obtained by subtractingN “light” and N
“dark” spectra: N ) 1 for (A), N ) 8 for (B).

Table 2. 1H NMR Assignments at Native Chemical Shifts of
Tyrosine and Tryptophan Residues Exposed in the Molten Globule
A-State of Bovine R-Lactalbumin

residue Tyr 18 Tyr 36 Tyr 50 Trp 118 Trp 118 Trp 118

proton(s) H3,5 H3,5 H3,5 H4 H6 H7
this worka 6.94 7.12 6.68 7.42 6.52 7.54
literatureb 6.94 7.17 6.72 7.42 6.50 7.63

a Chemical shifts (ppm) from Figure 6B.b Chemical shifts from ref 38.

Table 3. Exposed Tyrosine and Tryptophan Residues in the
Native State and the Molten Globule A-state of R-lactalbumin, as
Determined by CIDNP Spectroscopya

R-domain interface â-domain

Y18 W26 Y103 W104 W118 Y36 Y50 W60

N-state x × × × x × × ×
A-state x × × × x x x

a Ticks and crosses indicate residues identified as accessible or inacces-
sible, respectively, to FMN.
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lysozyme.26 In this transient state, it appears that the hydrophobic
tryptophan residues are largely buried, and the polar tyrosines
exposed, consistent with a relatively disorganized hydrophobic
collapse. The present results indicate that the aromatic side-
chain environments in the molten globule state ofR-lactalbumin
in the â-domain are similar to those in the initially formed
collapsed lysozyme species, but are substantially more nativelike
in the core region of theR-domain.

Conclusion

In this paper, we have shown that it is possible to induce
selective nuclear polarization in aromatic residues of a partially
folded protein and then to overcome the poor NMR spectral
resolution characteristic of such states by transferring the
polarization to the well-resolved spectrum of the native protein.
An important aspect of the experimental procedure is the boost
in signal strength achieved by producing nuclear polarization
in a magnetic field substantially smaller than that required to
record the NMR data. For success, the experiment requires that
appropriate conditions can be found in which refolding to the
native state is at least as rapid as nuclear spin relaxation. The
latter is typically of the order of 100-1000 ms, whereas folding
for proteins of the size appropriate for NMR studies is often
complete in times that are substantially shorter.47 The method
described here should therefore have applicability to a wide
range of systems.

The technique presented here could be developed in several
directions. First, a more intense light source would increase the
NMR enhancements to the extent that one should be able to
detect polarization transfer, through nuclear Overhauser effects,
to neighboring groups in the partially folded state. Observable
as additional, identifiable peaks in the spectrum of the refolded
native state, such transfers would give extra structural insights
by revealing residue contacts, as demonstrated using a related
radio frequencypulse-labeling approach,23 but with greater
residue-selectivity than could be achieved by nonselective
saturation of the aromatic proton signals. There would also,
undoubtedly, be a sensitivity and resolution benefit from using
a higher field spectrometer (g600 MHz) than the 400 MHz
instrument employed here, particularly in conjunction with

cryoprobes. More rapid and more efficient injection methods
would also boost sensitivity by reducing the signal attenuation
caused by relaxation and dilution effects. Improved deoxygen-
ation of the protein samples and the refolding buffer solution,
perhaps by enzymatic oxygen-scavenging,48 would also increase
signal strengths. There is also scope for the use of CIDNP
photosensitizers other than flavins: particularly attractive is 2,2′-
dipyridyl which polarizes tyrosine and tryptophan side-chains
efficiently and allows improved time resolution by the use of
pulsed UV lasers.49 Second, the experiment could be performed
in H2O to allow observation of the tryptophan indole proton
resonances, which have comparable enhancements to the
aromatic protons.50 With only one NMR line per residue in the
NH region of the spectrum, as opposed to five aromatic peaks,
this would greatly ease the problem of assigning tryptophan
resonances. Third, it should also be feasible to observe the
CIDNP of the tryptophan indolenitrogens in 15N labeled
proteins, with the dual advantage of reduced relaxation losses
during the injection and refolding interval (15N has slower spin-
lattice relaxation) and, if preliminary experiments on15N labeled
lysozyme are a guide,50 even stronger enhancements than for
the indole and aromatic protons. Such measurements might even
be used to determine heteronuclear relaxation rates in molten
globules, potentially providing direct information on side-chain
mobility. These extensions of the CIDNP pulse-labeling tech-
nique, which achieves the key step of selectively exciting
particular residues in a disordered protein, therefore have the
potential to describe the nature of at least the most highly
structured regions of partially folded states in atomic detail.
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