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Recent experiments have shown that stopped-flow NMR
spectroscopy can provide detailed structural and kinetic infor-
mation on the processes involved in protein folding at the level
of individual amino acid residues.1-4 Rapid dilution of a
denatured protein into a refolding medium can be followed by
acquisition of either a series of one-dimensional spectra2 or a
complete two-dimensional spectrum4while refolding takes place.
Though extremely valuable, the approach has so far been
restricted to rather slow folding events (J10 s) which allow
several free induction decays to be acquired before the native
state is fully formed. Here we demonstrate that coupling the
stopped-flow experiment with photo-CIDNP (chemically in-
duced dynamic nuclear polarization) detection provides an
opportunity to study folding processes up to two orders of
magnitude faster than previously shown to be possible.
Photo-CIDNP5-8 probes the accessibility of aromatic side-

chains in proteins by means of a cyclic photochemical reaction
that results in enhanced1H NMR signals from exposed residues.
Conventionally, a solution of the protein together with a small
quantity of flavin photosensitizer is irradiated inside the NMR
probe with visible light from an argon-ion laser. Electron or
hydrogen atom transfer from the amino acid to the excited triplet
flavin produces a radical pair, in which nuclear polarization is
generated through the influence of the electron-nuclear hyperfine
interactions on the radical pair recombination probability. In
the stopped-flow experiment, CIDNP spectra are recorded for
different delays between the initiation of refolding and the light
pulse so as to monitor changes in histidine, tyrosine, and
tryptophan accessibility as the protein resumes its native state.
The success of the technique is crucially dependent on the

speed with which the protein solution can be transferred into
the NMR tube, the efficiency of mixing, and the recovery of
the NMR line shape from the shock of the stopped-flow.
Exploratory experiments were performed by injecting small
quantities of aqueous tyrosine or tryptophan into solutions of
flavin mononucleotide (FMN), from a pneumatically driven gas-
tight syringe via∼2 m of 0.5 mm internal diameter PTFE
tubing. The 5 mm NMR tube was fitted with a Wilmad coaxial
Pyrex insert with its stem, intended for an external reference
compound, cut down to allow the end of the PTFE tube to dip
into the flavin solution, just above the sensitive region of the

radiofrequency coil. Both the NMR tube and the insert were
spun at∼15 Hz around the stationary transfer line. The spins
in the NMR tube were presaturated prior to the light flash so
that only light-induced signals were observed. A fresh sample
was used for each spectrum.
A 50 ms light pulse at various times after the beginning of

the injection produced the spectra ofN-acetyl tyrosine shown
in Figure 1. Strikingly well resolved, strongly enhanced NMR
signals are seen even in the earliest spectra, indicating that
mixing had occurred on the microscopic scale necessary to bring
photoexcited FMN and amino acid molecules into intimate
contact. The integrated intensity of the emissive resonance of
the H3,5 protons, ortho to the phenolic hydroxyl group, hardly
changes during the first 500 ms but falls by∼20% over the
next 2 s, reflecting the spreading of a portion of the injected
solution away from the∼50µL volume illuminated by the laser.
The resolution, as judged by the splitting of the H3,5 doublet,
is already acceptable in the earliest spectra, 25-35 ms after
the beginning of the injection, and is noticeably better after∼40
ms. That efficient mixing occurs within a few tens of
milliseconds was confirmed by filming, outside the magnet, the
injection of small quantities of an intensely colored dye solution
into 400µL of water in an NMR tube. Frame-by-frame analysis
showed the injection of 50µL of dye to be complete within 25
ms (40 ms for 100µL), with dye well spread over all but the
extremes of the NMR sample within these times.
The refolding of hen lysozyme was chosen to illustrate the

potential of stopped-flow CIDNP. At 20°C in H2O at pH 5.2,
recovery of the fully native state occurs with a time constant of
∼350 ms.10 Pulsed H-exchange experiments, in which nearly
half of the 126 amide protons were used as probes of refolding,11

have shown, however, that the amide hydrogens are protected
from exchange with a variety of exponential time constants,τ,
between 5 and 500 ms as a consequence of the formation of
intermediates. Although the amides of most of the potentially
CIDNP-active residues haveτ < 100 ms, one, Tyr-53, is
protected more slowly (τ = 350 ms in∼70% of molecules).
Figure 2B shows stopped-flow CIDNP spectra recorded

during the refolding of hen lysozyme in D2O. In contrast to
the spectra of tyrosine, the enhancements for lysozyme showed
a marked time dependence, the emissive tyrosine resonance(s)
decaying and the absorptive tryptophan signals growing as the
delay between the injection pulse and the light flash was
increased. The spectrum after a 2 s refolding period is
essentially the same as that of the native protein in the absence
of urea (Figure 2C). The latter is dominated by signals from
Trp-62 and Trp-123 in the range 6.9-7.7 ppm and also contains
a small emission at 6.71 ppm from Tyr-23.12-14 The other four
tryptophans, two tyrosines, and the single histidine are fully
protected from attack by triplet FMN by secondary and tertiary
structure in the native state.12-14 The earliest spectrum (at 30
ms), however, differs considerably from that of lysozyme in
10 M urea (Figure 2A), showing a much larger tyrosine
polarization relative to tryptophan. During the course of the
refolding, the chemical shifts and relative enhancements of the
tryptophan peaks barely change. The tyrosine resonance at 6.76
ppm decays, again without change in chemical shift, at the same
time as the much weaker native Tyr-23 peak grows in. The
two sets of polarized signals, from tryptophans and tyrosines,
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display similar kinetics with time constants of 450( 30 ms
and 510( 30 ms, respectively.
These observations are consistent with the following tentative

interpretation. Immediately after dilution from 10 M urea, and
within the dead time of the experiment, the protein undergoes

a rapid collapse,10,11 from a denatured state in which both
tyrosine and tryptophan residues are to a large degree accessible,
to an intermediate whose tryptophans have a much greater
protection against attack by flavin. Such a situation would result
from the preferential burial and exclusion from solvent of the
more hydrophobic tryptophan residues. This intermediate then
converts into the native state, at a rate of∼2 s-1, by a
rearrangement which partially buries the tyrosines and exposes
Trp-62 and Trp-123, required for functional reasons to be on
the surface of the protein, causing the CIDNP spectra (Figure
2B) to be linear combinations of the spectra characterizing the
intermediate and the native state. Allowing for the solvent
isotope effect on the refolding rate constant,15 k(H2O)/k(D2O)
= 1.5, the∼500 ms CIDNP time constant in D2O agrees well
with the∼350 ms time constants measured for the recovery of
the active site10 and the protection of the amide proton of Tyr-
5311 in H2O. Indeed, there is some evidence in the spectra
recorded between 50 and 100 ms (see inset in Figure 2) for a
second or even a third emissive tyrosine peak, possibly due to
Tyr-20 and/or Tyr-23 whose amide protons are protected with
τ < 100 ms.11

Although further work is clearly needed to clarify the origin
of the time dependence observed for lysozyme, our results
indicate that stopped-flow CIDNP can be used to follow
refolding processes that are essentially complete within a second.
The reduction in experimental dead time compared to conven-
tional NMR detection may be seen to have two origins. First,
the nuclear polarization is produced during a∼50 ms laser light
flash, a somewhat faster process than waiting for spin-lattice
relaxation to polarize spins that have been transferred into the
NMR probe from a lower field region of the magnet. Second,
the CIDNP signal comes from only the∼50 µL portion of the
500µL NMR sample illuminated by the laser. Homogeneous
mixing in this volume, which is considerably smaller than the
sensitive region of the NMR receiver coil, can be achieved in
∼50 ms, even for viscous solutions containing high concentra-
tions of denaturant. Additionally, the technique benefits from
the sensitivity advantage associated with the CIDNP enhance-
ment, from the alleviation of spectral crowdingstypically only
a handful of residues are polarizablesand from the direct
information photo-CIDNP gives on side-chain accessibility.7,8

The time resolution of the experiments described here is
limited by the time required for mixing and the duration of the
CIDNP-generating light flash (∼100 ms). This time scale can,
however, undoubtedly be improved by the use of faster and
more turbulent mixing techniques, smaller illumination volumes,
and nanosecond pulsed lasers. It may also be possible to boost
the sensitivity of the experiment by polarizing the protein in a
weak magnetic field16 before injecting it into the NMR probe.
Other types of CIDNP measurements should also be possible.
For example, a partially folded protein, e.g., formed at low pH,
could be polarized with a light flash and subjected to a pH jump
to initiate rapid refolding. Observation of the pattern of
polarization in the well dispersed and previously assigned
spectrum of the native state would give insight into the structure
of the partially folded precursor. Such possibilities are under
investigation.
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Figure 1. 400 MHz1H CIDNP spectra (aromatic region) ofN-acetyl
tyrosine at various times after the stopped-flow injection of 50µL
quantities of 3 mM amino acid solution into 400µL of 0.5 mM flavin
mononucleotide in D2O. The delay times shown are from the beginning
of the (∼25 ms) injection pulse to the beginning of the 50 ms laser
flash, which was immediately followed by a radiofrequency pulse and
acquisition of the free induction decay. The integrated intensities of
the emissive H3,5 resonance show much smaller fluctuations than do
the peak heights, which are affected by slight differences in the line
widths. A further demonstration of the efficiency of mixing (not shown)
was provided by 10-fold dilution of denatured hen lysozyme in dimethyl
sulfoxide into D2O, to initiate a refolding process known to be complete
within ∼200 ms.9 The CIDNP spectra were characteristic of the native
protein in aqueous solution, even at the earliest times.

Figure 2. 400 MHz 1H CIDNP spectra (aromatic region) of hen
lysozyme: (A) in the presence of 10 M urea; (B) at various times after
stopped-flow initiation of refolding; and (C) in the absence of urea.
For the stopped-flow measurements, 70µL volumes of 3 mM denatured
protein in 10 M urea at pH 1.1 were injected into 430µL of deuterated
sodium acetate buffer at 20°C. Both solutions contained 0.5 mM FMN.
The final pH was 5.2, and the urea concentration was 1.4 M. The
refolding times represent the delays between the end of the 30 ms
injection pulse and the beginning of the 50 ms light flash. The
resonances marked F are due to the FMN. The inset shows part of the
70 ms spectrum, with subsidiary tyrosine peaks, at 6.66 and 6.84 ppm,
indicated by asterisks.
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