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Rop is a four-helix bundle protein composed of two iden-
tical helix-loop-helix monomers. Protein folding moni-
tored by stopped-flow fluorescence or CD exhibits
biphasic kinetics when folding to low final denaturant
concentrations. As the final concentration of denaturant is
increased, the amplitude of the fast phase decreases, until
at the highest concentrations the kinetics appear mono-
phasic. We propose that the fast phase represents the for-
mation of an intermediate. Here, we use real-time NMR
to detect the formation of this intermediate and to
characterize its structural features.
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Introduction

Rop is an RNA-binding protein that is involved in the regu-
lation of copy number in ColEI plasmids (Cesareni et al.,
1991; Altschul et al., 1990; Cesareni et al., 1982; Eberle
et al., 1991; Eguchi and Tomizawa, 1990, 1991; Gregorian
and Crothters, 1995; Marino et al., 1995; Polisky, 1995;
Predki et al., 1995; Fitzwater et al., 1998; Guijarro et al.,
1998). It is a four-helix bundle protein formed by the
association of two identical helix-loop-helix monomers,
each of which is 63 amino acids long (Banner et al., 1987)
(Fig. 1). Rop contains no proline residues, disulfide cross-
links or co-factors. The folding and unfolding of Rop are
unusual in that they are substantially slower than that
expected for such a small, apparently simple protein
(Gittelman and Matthews, 1990; Milla and Sauer, 1994,
Wendt et al., 1995; Zitzewitz et al., 1995; Sauer et al.,
1996; Munson et al., 1996, 1997; Nagi and Regan, 1997;
Nagi et al., 1999; Clarke et al., 1997; Plaxco et al., 1997,
1998; Itzhaki and Evans, 1996; Ferguson et al., 1999;
Wolynes, 1997; Riddle et al., 1999; Willis et al., 2000).
We have performed extensive studies of the folding and
unfolding of wild-type Rop and its variants, using fluor-
escence and CD (Munson et al., 1996, 1997; Nagi and
Regan, 1997; Nagi et al., 1999; Dalal er al., 2008). When
folding of wild-type Rop is initiated to low final concen-
trations of denaturant, biphasic folding kinetics are observed

Abbreviations: CD, circular dichroism; GuHCI, guanidine hydrochloride;
GuDCl, deuterated GuHCI; NMR, nuclear magnetic resonance.

(Fig. 2). Both the amplitude and rate of the fast phase
increase with increasing protein concentration. The amplitude
of the fast phase decreases as the concentration of denaturant
in the final folding solution is increased. Eventually, at a
final concentration of GuHCI of 1.75 M or higher, the ampli-
tude of the fast phase has decreased to such an extent that
the kinetics appear monophasic. These observations, together
with the results of double-jump experiments and studies of
the effect on protein folding of the length of the connecting
loop between the helices, led us to suggest that the biphasic
kinetics reflect the formation of a dimeric intermediate in
which there is helicity and hairpin formation, but the final,
fully folded form of the protein has not been achieved (Nagi
and Regan, 1997; Nagi ef al., 1999; Dalal er al., 2008). The
intermediate is unstable at higher concentrations of GuHCI,
and hence the folding kinetics appear monophasic under
such conditions.

Although the results of the fluorescence and CD experi-
ments allow us to propose a model for Rop’s folding,
they are limited to monitoring the overall behavior of the
protein, rather than providing information on a
residue-by-residue basis. In contrast, appropriate  NMR
methods allow folding to be monitored in real time on
residue-by-residue basis (Schanda et al., 2007; Zeeb and
Balbach, 2004; Canet et al., 2003; Mizuguchi et al., 2003;
Roy and Jennings, 2003; Buevich and Baum, 2002;
Killick et al., 1999; Balbach et al, 1999; Chiti et al.,
1999; Van Nuland er al., 1998a). Here, we describe the
results of a series of real-time NMR studies in which we
investigate Rop’s folding and the nature of the proposed
intermediate in greater detail. In these experiments, protein
folding is initiated by dilution of a concentrated solution
of denatured protein into refolding buffer, directly in the
NMR tube. Experimental conditions are such that 1D
spectra, with good signal to noise, can be acquired
approximately every 2 s, with the first spectrum completed
2.32 s after initiation of folding. It is feasible to follow
the folding of Rop on such a time scale because its
folding and unfolding kinetics are substantially slower than
those of other small proteins of comparable size. The
results support a model in which an intermediate is popu-
lated when refolding is initiated into low final denaturant
concentrations and provide more detailed information as to
its character.

Materials and methods

Material

Rop protein was expressed and purified as described pre-
viously (Munson et al., 1994).

Real-time NMR spectroscopy

NMR spectra were recorded using a home-built NMR spec-
trometer operating at 600.2 MHz, and processed using
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Fig. 1. Ribbon representation of the structure of Rop. N and C termini of
the two homodimers are indicated.
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Fig. 2. Illustrative example of the biphasic kinetics observed when folding
to low final concentration of GuHCI. Identical results are observed if folding
is monitored by stopped-flow fluorescence or by stopped-flow CD.

FELIX (Hare Research). The spectral width was 8000 Hz.
The residual water was saturated by weak on-resonance
irradiation during the 0.8 s relaxation delay. Chemical shifts
are expressed relative to sodium-2,2-dimethyl-2-silapentane-
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5-sulphonate (DSS). For all refolding experiments, 50 wl of
160 mg/ml Rop in 7.88 M GuDCI (Pace, 1986) was diluted
into a 475 pl volume of refolding buffer containing the
appropriate GuDCl concentrations. Final conditions were
1.25 or 1.75M GuDCI in 100 mM NaPi, 200 mM NacCl,
I mM DTT, pH 7.0. The final protein concentration in all
NMR samples was 1.3 mM. One hundred and twenty-eight
1D NMR spectra with two scans each were recorded for
refolding at 20°C with an acquisition time of 0.256s. To
initiate the refolding of Rop, denatured protein was injected
at a fixed time point during the recording of the 128 1D
FIDs (Balbach et al., 1995). The first spectrum was acquired
2.32 s after injection and subsequent spectra were then
recorded at 2.32 s intervals. Refolding kinetics were fitted to
a single exponential function using the Origin software
(Microcal Software, Inc.).

Results

Figure 3 shows a series of 1D NMR spectra recorded during
the refolding of Rop. Close-ups of two informative regions
of the spectra are shown. Denatured protein (that had been
completely exchanged with D,O) was rapidly injected into
refolding buffer to a final GuDCl concentration of either
1.25 M (Fig. 3A) or 1.75 M (Fig. 3B). A final concentration
of 1.25M GuDCI provides refolding conditions in which
biphasic kinetics are observed by fluorescence and CD, with
a significant fast phase amplitude. A final concentration of
1.75M GuDCI provides refolding conditions in which the
kinetics observed by fluorescence and CD are monophasic.
The spectra were recorded at 2.32 s intervals, the first scan
being completed 1.16 s after injection.

The first and last spectra from the experiments described
above are shown in Fig. 4. Figure 4A is the spectrum at
2.32 s (average of two scans) for refolding to 1.75 M GuDCI,
whereas Fig. 4C is the spectrum at 2.32 s (average of two
scans) for refolding to 1.25 M GuDCI. Figure 4B and D is
the final spectra, obtained at long refolding times for refold-
ing to 1.75 and 1.25M GuDCl, respectively. The final
spectra (Fig. 4B and D) for both refolding conditions are
identical to each other and to that of the native state, indicat-
ing that under both conditions the protein has folded comple-
tely by the final time point. In contrast, the first spectra
(Fig. 4A and C) are different depending on whether folding
is initiated to a final concentration of 1.75 GuDClI or 1.25 M
GuDCI. Regions of the spectra where these differences are
most clear are indicated on the figure.

We used the increase in intensity of the resonances in the
high-field region of the spectrum, representing methyl groups
close to aromatic residues in the folded structure, as indi-
cators of the appearance of the native state of the protein.
These resonances are readily identified because ring current
shifts cause substantial perturbations in their chemical shift
values relative to random coil values. Figure 5 shows a plot
of the increase in intensity of such resonances as a function
of time. For refolding to both 1.25M GuDCl and 1.75 M
GuDClI, folding kinetics monitored in this fashion shows
single-exponential behavior.

Fitting the data to a single exponential yield values of
0.162 4+ 0.009 s ! and 0.078 + 0.003 s~ ! for the rate con-
stants of folding into 1.25M GuDCI and 1.75 M GuDCl,
respectively. The kinetic data derived from these
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Fig. 3. Stacked plot of 1D "H NMR spectra of Rop in D,O at 20°C. Spectra were recorded at time points between 2.32 and 278 s after initiation of refolding
from 8.0 M GuDClI in 100 mM NaPi, 200 mM NaCl, 1 mM DTT, pH 7.0 to final GuDCI concentrations of 1.75 M (A) and 1.25 M (B). The region shown at
the top contains resonances from aromatic groups and that at the bottom from methyl and methylene groups. Lines at the earlier time points are slightly
broader, reflecting residual inhomogeneity of the mixture at early times or slow conformational averaging on the NMR time scale (Van Nuland et al., 1998b).
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Fig. 4. Comparison of the first and last spectra for Rop refolding to final
GuDCI concentrations of 1.25 or 1.75 M. (A) Spectrum recorded 2.32's
(average over two scans) after initiating refolding to a final GuDCl
concentration of 1.75M. (B) Spectrum recorded following complete
refolding to a final GuDCI concentration of 1.75 M. (C) Spectrum recorded
2.32's (average over two scans) after initiating refolding to a final GuDCl
concentration of 1.25M. (D) Spectrum recorded following complete
refolding to a final GuDCI concentration of 1.25 M.

experiments, in which formation of fully folded protein is
monitored by following the up-field shifted resonances, were
then used to reconstruct all NMR spectra at intermediate
time points between the first and the final spectrum by a
linear combination of the first and last recorded spectra.
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Fig. 5. Refolding kinetics of Rop determined from the change in intensity
of the native signals between 0.7 and 0.4 ppm as a function of time. The
solid line represents the best fit to a single-exponential of data points up to
150 s. The fitting procedure yields values of 0.078 + 0.003 s~ and 0.162 +
0.009 s~ ! for the rate constants of folding into 1.75 M GuDCl and 1.25 M
GuDCl, respectively.

Figure 6A and B shows such a comparison for a single time
point during refolding to 1.75 M GuDCl and 1.25 M GuDCl,
respectively.

For both sets of data, the reconstructed spectra are closely
similar to the experimental spectra, regardless of the time at
which the analysis was performed. Using the first and last of
the recorded spectra, and the parameters from the kinetic
analysis, the spectra at time zero can be reconstructed
(Fig. 7). The spectra at the shorter times after initiating
refolding in 1.75 M GuDCI and the time zero extrapolated
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Fig. 6. Reconstruction of NMR spectra during the refolding of Rop, using a
linear combination of the first and last recorded spectra, and the rate
constants determined in Fig. 5. The reconstructed spectra at 13.9 and 6.95 s
after initiating refolding in 1.75 M GuDCI (A) and 1.25M GuDCI (B) are
shown as examples. Both low- and high-field spectral regions are shown and
are plotted in absolute intensity. In both A and B, from top to bottom:
simulated spectrum, experimental spectrum, difference between simulated
and experimental spectrum.

C

His l
—~
T T T T T T T T T T T T T
80 75 70 65 45 40 35 30 25 20 15 1.0 05
'H Chemical Shift (ppm)

Fig. 7. Reconstructed spectrum of an intermediate. (A) Spectrum of Rop in
5.0M GuDCl, the unfolded state. (B) Spectrum of Rop at =0,
reconstructed using the first spectrum, recorded 2.32 s after initiation of
folding in 1.75 M GuDCI and subtracting the last spectrum weighted by the
population of native molecules predicted from the kinetics shown in Fig. 5.
(C) Spectrum of Rop at r=0, reconstructed using the first spectrum,
recorded 2.32 s after initiation of folding in 1.25 M GuDCI and subtracting
the last spectrum weighted by the population of native molecules expected
from the kinetics shown in Fig. 5. The spectra shown in A and B of this
figure are very similar, whereas the spectrum shown in C is clearly different,
as indicated.

spectrum (Fig. 7B) are similar to that of the unfolded spec-
trum shown in Fig. SA. Chemical shift dispersion is similar,
but the lines are slightly broader, reflecting residual inhom-
ogeneity of the mixture at these early times. Data obtained
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for refolding to 1.75M GuDCI indicate that all spectral
changes observed during refolding can be attributed to a
single, highly co-operative two-state transition from the
initial unfolded state into the final native state, in agreement
with results obtained using optical probes to monitor the
refolding process.

The time zero extrapolated spectrum when refolding
is performed in 1.25M GuDCI, however (Fig. 7C), is
clearly different from both the extrapolated spectrum when
refolding is performed in 1.75 M and the spectrum of fully
unfolded protein. The time zero extrapolated spectrum,
when refolding is performed in 1.25M GuDCI, shows
some of the unfolded spectral features, but in addition, its
spectrum contains resonances that are typical of the native
state. Particularly striking examples are the low-field shifted
His peaks and the unassigned peak at 6.95 ppm. Analysis of
the intensity of these signals shows that they have reached
their final native intensity at the first time point after
initiating refolding. In contrast, other aromatic resonances
and those in the high-field region of the spectrum, which
correspond to methyl groups close to aromatic residues
in the native structure, have intensities substantially lower
and are as expected from the kinetic analysis shown in
Fig. 5.

It is clear, therefore, that the first spectrum after initiating
folding to 1.25 M GuDCI spectrum cannot simply be recon-
structed using a linear combination of the unfolded spectrum
and the native state spectrum. This contrasts dramatically
with the data for refolding to 1.75 M GuDCI, where the first
spectrum is a simple linear combination of the spectra of the
folded and unfolded states. This result indicates that after
initiating refolding to 1.25 M GuDClI, in the dead-time of the
experiment, a state is formed which is not completely
unstructured, but which has acquired some, but not all, of its
native conformation. As shown in Fig. 6, all spectra at inter-
mediate time points can be reconstructed using the first and
final spectra, indicating that refolding occurs in a
co-operative manner from this initial state to the final fully
native state. This observation is in concurrence with the
observation of a fast phase when refolding is monitored by
stopped-flow optical techniques (Fig. 2).

An alternative way to present the data is to compare the
kinetics of appearance of the folded state His resonances and
aromatic-shifted methyl resonances for folding to 1.25 M
GuDClI. Figure 8 shows a comparison of the kinetics of
appearance of the folded state His resonances. It is clear
that when refolding to 1.25M GuHCI, at the first time
point these resonances are already at their final positions,
whereas the aromatic-shifted methyl resonances appear more
slowly.

Finally, real-time NMR can also be used to monitor the
unfolding of Rop. Figure 9 shows a series of 1D spectra
taken at the indicated times after initiation of unfolding to a
final concentration of 5 M GuDCI. Unfolding is slow, indeed
at 12.2 s after injection into 5 M GuDCl, no indication of
unfolding is evident. At longer times the protein unfolds, and
resonances for both the folded and the unfolded state His
residues are evident at intermediate times. There is no evi-
dence of the formation of any unfolding intermediates—all
the spectral changes are concerted, and at each time point
the observed spectrum corresponds to a weighted sum of the
folded and unfolded spectra.
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Fig. 8. Kinetics of folding to 1.25M GuDCI, following different
resonances. Comparison of the change in intensity of the native state
His resonances (closed squares) and the native state aromatic-shifted methyl
resonances (open circles) for refolding to 1.25 M GuDCI.
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Fig. 9. Rop unfolding to a final concentration of 5 M GuDCl. Unfolding
was initiated into 5M GuDCl and 1D spectra acquired at the times
indicated. The positions of the His resonances in the folded and unfolded
states are indicated.

Discussion

In previous studies, we observed that refolding Rop to low
denaturant concentrations gave rise to biphasic Kkinetics,
whereas refolding to higher denaturant concentrations gave
rise to monophasic kinetics. In both refolding conditions, the
kinetics are identical, whether monitored by stopped-flow
fluorescence or CD. These observations, combined with
extensive additional measurements, including double-jump
experiments and the study of natural and engineered Rop
variants, led us to propose that the behavior we observed
reflected the formation of an intermediate species. Here, we
report the results of real-time NMR experiments in which we

Real-time NMR folding Rop

are able to detect and characterize the properties of this
intermediate.

In the 1D 'H spectra of Rop, a number of resonances are
sufficiently resolved that their appearance or disappearance
can be followed individually during folding. When refolding
is initiated to a low final concentration of GuDClI, conditions
in which we propose an intermediate is populated, not all
resonances associated with the folded state of the protein
appear with the same kinetics. We detect a species in which
certain resonances have achieved their final, native position
and amplitude, whereas others have not. In contrast, when
refolding is initiated to a final concentration of denaturant at
which no fast phase is detected by fluorescence or CD, all
the resonances associated with the native state of the protein
appear with the same kinetics. These observations provide
direct support for the proposal that an intermediate is formed
during folding to low final concentrations of denaturant. The
real-time NMR results are important, because they reveal
unique spectral characteristics that are associated with the
intermediate, but with neither the fully folded or fully
unfolded states.
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