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ABSTRACT: The folding kinetics of the multidomain ribosomal protein L9 were studied using pH jump
stopped-flow fluorescence and circular dichroism (CD) in conjunction with guanidine hydrochloride
(GdnHCl) jump stopped-flow CD experiments. Equilibrium CD and 1D1H NMR measurements
demonstrated that the C-terminal domain unfolds below pH 4 while the N-terminal domain remains fully
folded. Thus, the N-terminal domain remains folded during the pH jump experiments. The folding rate
constant of the C-terminal domain was determined to be 3.5 s-1 by pH jump experiments conducted in
the absence of denaturant using stopped-flow CD and fluorescence. CD-detected GdnHCl jump
measurements showed that the N- and C-terminal domains fold independently each by an apparent two-
state mechanism. The folding rate constant for the N-terminal domain and the C-terminal domain in the
absence of denaturant were calculated to be 760 and 4.7 s-1, respectively. The good agreement between
the pH jump and the denaturant concentration jump experiments shows that the folding rate of the C-terminal
domain is the same whether or not the N-terminal domain is folded. This result suggests that the slow
folding of the C-terminal domain is not a consequence of unfavorable interactions with the rest of the
protein chain during refolding. This is an interesting result since contact order analysis predicts that the
folding rate of the C-terminal domain should be noticeably faster. The folding rate of the isolated N-terminal
domain was also measured by stopped-flow CD and was found to be the same as the rate for the domain
in the intact protein.

Understanding the mechanism of protein folding remains
one of the major challenges in protein science. Although the
information required for a protein to fold to its unique native
conformation is apparently encoded in the amino acid
sequence (1), it is currently impossible to accurately predict
the native structure from its primary sequence. The difficulty
of the prediction arises in part from an astronomically large
number of different conformations that a protein can adopt
and from the complexity of the free-energy landscape of
protein folding, for example, local minima on the free energy
surface (2, 3). Nevertheless, studies of the folding kinetics
of small single-domain proteins have successfully character-
ized the rate-limiting step of the folding reaction and have
revealed that many single-domain proteins fold without
forming any detectable intermediates (4). Of particular
interest have been attempts to correlate folding kinetics with
properties of the native state (5, 6). The folding and assembly
of multidomain proteins are, however, less well characterized.

The ribosomal protein L9, shown in Figure 1, is an
interesting model system to study the folding of a multi-
domain protein. The structure, in which the two globular
domains are connected by a rigid linker, can be viewed as
an intermediate case between a protein having extensive
interdomain contacts and a protein with domains connected
by a flexible linker (7-9). Comparison of the folding kinetics
of the isolated domains with the intact protein can also
provide information about the folding of single-domain
proteins. The structure has been shown to be preserved in
solution, and the long central helix can fold independently
(10, 11). The protein contains an rRNA-binding site in each
domain and functions as a structural protein in the large
subunit of the ribosome. L9 has been hypothesized to serve
as a molecular strut helping maintain the conformation of
rRNA (10, 12, 13). L9 provides a simple and convenient
system for folding studies since it lacks disulfide bonds and
does not bind to any metal ions or cofactors. The isolated
N-terminal domain has been shown to retain a similar
structure and stability as the domain in the intact protein.
The domain folds very rapidly, on the millisecond time scale,
by a two-state mechanism (14-16). There are only several
other proteins that fold faster than the isolated N-terminal
domain (17-22).

In this study, we combine guanidine hydrochloride
(GdnHCl)1 jump CD-detected stopped-flow measurements
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with fluorescence and CD-detected pH jump experiments of
the folding of L9. This work complements and extends our
previously reported fluorescence-detected GdnHCl jump
measurements. These experiments suggested that the folding
of the C-terminal domain is 2-3 orders of magnitude slower
than the folding of the N-terminal domain. We also use
stopped-flow CD to monitor the folding of the isolated
N-terminal domain of L9.

Baker and co-workers have demonstrated a correlation
between the folding rates of single-domain proteins and the
average separation between contacting residues as measured
by the relative contact order. The relative contact order is a
one parameter measure which reflects the relative importance
of local and nonlocal interaction to a protein’s native state
(5). Topologically simple proteins having more local interac-
tions relative to nonlocal interactions, and hence a lower
relative contact order, were observed to fold faster. Recent
theoretical work from Goddard and co-workers describes
another scheme for predicting folding rates, which leads to
somewhat different results than the contact order analysis
(6). Interestingly, the two methods predict similar folding
rates for the N-terminal domain of L9 but very different
folding rates for the C-terminal domain of L9. The analysis
of Goddard predicts a folding rate closer to the experimental
value (6). The folding rate of the C-terminal domain of L9,
in the intact protein, exhibits one of the largest deviations
from the rate predicted by the contact order. The folding
rate for the C-terminal domain predicted by the contact order
analysis deviates from that observed experimentally by a
factor of 35-100. (Plaxco and Kuhlman, personal com-
munication). The relative contact order of residues 74-149,
which includes the globular C-terminal domain but excludes
all residues from the central helix, is 16%, and the predicted
folding rate is 130 s-1. Several residues from the central helix
contribute to the core of the C-terminal domain. Extending

the sequence to include these lowers the relative contact order
and leads to a faster predicted folding rate and an even greater
deviation. The relative contact order of residues 62-149 is
14.9% corresponding to a predicted rate of 340 s-1. These
are among the very largest reported deviations between
measured and predicted rates. The disagreement might be
explained if the domain folds slower in the intact domain
because of unfavorable interactions with the rest of protein
during the folding. A major goal of this work is to study the
effect of structure in the N-terminal domain on the folding
kinetics of the C-terminal domain. We wish to determine if
the rate at which the C-terminal domain folds is influenced
by the presence of a folded N-terminal domain. In some
cases, domains derived from multidomain proteins fold faster
in isolation than when they are part of the intact protein (23,
24), suggesting that there may be unfavorable interactions
with the rest of the peptide chain during the folding of a
domain. This possibility can be tested for the case of L9 by
comparing pH jump experiments to denaturant jump experi-
ments. The C-terminal domain unfolds at low pH while the
N-terminal domain remains fully folded. In pH jump
experiments, the N-terminal domain remains folded, and it
is unlikely that there is any interference with the rest of the
protein during the folding of the C-terminal domain.

A second important goal of the present study is to examine
the folding kinetics of L9 using a probe which reports on
secondary structure formation. Our previous studies have
made use of fluorescence-detected stopped-flow. Each of the
domains contains a single tyrosine residue which serves as
a convenient spectroscopic marker of the local environment
near these residues. The fluorescence measurements were
consistent with the two-state folding of each domain (25).
Comparison of the stopped-flow CD results presented here
with our previous fluorescence measurements offers an
excellent and more rigorous test of the apparent two-state
nature of the folding transitions.

Finally, the folding kinetics of two variants of the isolated
N-terminal domain are compared to the domain in the intact
protein. An interesting correlation between the stability of
the N-terminal region and the position of the transition state
for folding is noted.

MATERIALS AND METHODS

Expression and Purification of L9.The ribosomal protein
L9 from Bacillus stearothermophiluswas expressed and
purified by the method described by Hoffman (13). The
Escherichia coli strains for the expression of L9 were
generously provided by the Hoffman group.

Sample Preparation.An NMR sample for the pH titration
of L9 was prepared in D2O at a concentration of 1.8 mM in
10 mM phosphate and 100 mM sodium chloride. 3-(Tri-
methylsilyl) propionate (TSP) was used as an internal
reference. A CD sample for the pH titration was prepared
in D2O containing 10 mM sodium phosphate and 100 mM
sodium chloride. The protein concentration was 15µM. All
solutions for stopped-flow fluorescence and stopped-flow CD
experiments on L9 were prepared in H2O or D2O at a protein
concentration of 1.3 mM in 20 mM sodium acetate and 100
mM sodium chloride and were adjusted to pH 5.45 for the
samples in H2O and to a pH meter reading of 5.05 for the
sample in D2O. The concentration of the sample of the

1 Abbreviations: GdnHCl, guanidine hydrochloride; CD, circular
dichroism; 1D, one-dimensional; NMR, nuclear magnetic resonance.

FIGURE 1: Ribbon diagram of L9 fromBacillus stearothermophilus.
The N-terminal domain, consisting of residues 1-56 is shaded. The
program MOLSCRIPT (33) was used to create this diagram.
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isolated N-terminal domain was 5.0 mM. Experiments in
D2O were carried out to allow a direct comparison with our
previous study of the N-terminal domain and its truncation
mutant.

Circular Dichroism Spectroscopy.The ellipticity at 222
nm was recorded at different pD values using an AVIV 62A
DS spectrometer equipped with a Peltier temperature control
unit. The signal from the sample in a 1 cmcuvette was
averaged for 90 s. The pD was adjusted by adding NaOD or
DCl directly to the cuvette. The readings on the pH meter
were corrected for isotope effects and are referred as pDcorr.
The measurements were performed at 25°C.

Nuclear Magnetic Resonance (NMR).One-dimensional1H
NMR spectra were obtained at different pD values using a
Varian Instruments Inova 600 MHz spectrometer. The
readings on the pH meter were corrected for isotope effects
and are referred as pDcorr. The values of pDcorr were adjusted
by adding NaOD or DCl. All experiments were conducted
at 25°C. Typically, 128 scans were collected using a recycle
delay of 4.0 s. Residual HOD was suppressed by presatu-
ration. The FIDs were 32K complex points and were zero-
filled before Fourier transforming. No window function was
applied.

Stopped-Flow Fluorescence.Stopped-flow fluorescence
experiments were performed using an Applied Photophysics
SX.18MV stopped-flow instrument. Fluorescence signals
from Tyr 25 in the N-terminal domain and Tyr 126 in the
C-terminal domain were measured with an excitation wave-
length of 279 ((2) nm using a 305 nm cutoff filter. The
temperature of the solutions and the flow circuit was
maintained at 25°C with a circulating water bath. For the
pH jump experiments, a solution of L9 adjusted to pH 2.0
was rapidly diluted against 10 volumes of buffer solution
adjusted to pH 7.5 in order to produce a final pH of 5.5.
The final protein concentration was 50µM. The curve was
obtained by averaging 12 individual measurements and fit
to a single-exponential function to determine a rate constant
for the reaction. For the GdnDCl jump refolding experiments,
L9 was unfolded in 6.8 M GdnDCl, and folding was initiated
by 11-fold dilution into 0-4 M GdnDCl. For the unfolding
experiments, L9 was unfolded by 11-fold dilution into 3-7
M GdnDCl. Each curve was obtained by averaging four to
five individual measurements. The fast phase corresponding
to the N-terminal domain was fit to a single exponential
function to determine the apparent rate constant for the
reaction. The slow phase was also separately fit to an
exponential. The final protein concentrations were 50µM.
The dead time of the instrument was 3 ms.

Stopped-Flow CD.Stopped-flow CD measurements at 225
nm were made using an AVIV stopped-flow circular dichro-
ism spectrometer model 202SF. For the pH jump experi-
ments, a solution of L9 was adjusted to pH 2.0 and was
rapidly diluted against 10 volumes of the folding buffer,
which was adjusted to pH 7.5 in order to produce a final pH
of 5.5. The decay curve was obtained by averaging 100
individual measurements and fit to a single-exponential
function to determine the rate constant for the reaction. For
the GdnHCl jump experiments, L9 was unfolded in 6.8 M
GdnHCl, and folding was initiated by 11-fold dilution into
0-4 M GdnHCl. The unfolding experiments were initiated
by 11-fold dilution into 3-7 M GdnHCl. Each curve was
obtained by averaging 12-15 individual measurements. The

fast phase and the slow phase were separately fit to a single-
exponential function to determine the rate constants for each
reaction. For both sets of experiments, the final protein
concentration was 110µM, and the temperature was main-
tained at 25°C. The folding kinetics of the N-terminal
domain in the intact protein and the isolated N-terminal
domain were also measured in D2O at 15 °C. L9 was
unfolded in 5.9 M GdnDCl, and the folding was initiated by
5.5-fold dilution into 0.3 M GdnDCl. The trace was obtained
by averaging 100 individual measurements. The isolated
N-terminal domain was unfolded in 7.2 M GdnDCl, and the
folding was initiated by 5.5-fold dilution into 0 M GdnDCl.
The trace was obtained by averaging 20 individual measure-
ments. The final protein concentration was 240µM for L9
and 910µM for the isolated N-terminal domain. The final
GdnDCl concentration was 1.3 M for the both experiments.
The dead time of the CD stopped-flow instrument was 6
ms.

Error Analysis.The uncertainty in the parameters obtained
by nonlinear regression was estimated using the method
described by Shoemaker (26). Treating one of the parameters
as a constant, regressions were repeated to obtain a set ofø2

values. An F-test then compared the newly obtainedø2 values
with the ø2 value calculated from the best fit to determine
the 95% confidence limit. The uncertainty in a parameter
obtained from nonlinear regression is not necessarily sym-
metric. This analysis does not include cross correlation effects
and thus provides an upper estimate of the uncertainty.

RESULTS

The C-Terminal Domain Unfolds at Low pH While the
N-Terminal Domain Is Fully Folded.A series of 1D1H NMR
spectra were recorded at different pD in order to observe
pD-dependent effects on the stability of the two domains
(Figure 2). The resonance assignments from Kuhlman (14)
and Hoffman (12) were used to identify the resolved

FIGURE 2: pD-dependent 1D1H NMR spectra of L9. The sample
concentration was 1.8 mM L9 in 10 mM sodium phosphate, 100
mM sodium chloride, and 100% D2O. Phe 5 and Tyr 25 are located
in the N-terminal domain, and Tyr 126 and His 144 are in the
C-terminal domain. The subscripts f and u refer to the resonance
due to the proton in the folded state and in the unfolded state,
respectively. The shift of the His 144 resonance between pDcorr
6.3 and pDcorr 4.7 is due to the protonation of the side chain.
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resonances in the aromatic region. Peaks from Tyr 25 and
Phe 5 in the N-terminal domain and from Tyr 126 and His
144 in the C-terminal domain could be followed. The spectra
clearly show that the C-terminal domain starts to unfold
around pDcorr 4.0 while the N-terminal domain is fully folded
over the entire pD range. The resonance due to Tyr 126 from
the folded protein (6.5 ppm) starts to decrease in intensity
around pDcorr 4 at the same time as the resonance due to the
same residue in the unfolded state starts to appear at 6.8
ppm. The observation of sharp separate resonances indicates
that the two states are in slow exchange. The resonance due
to His 144 from the folded protein also starts to disappear
near pDcorr 4.0, although the resonance from the unfolded
protein is not resolved in the 1D1H spectrum. The intensity
of the His 144 resonance continues to decrease at low pD
but can be still observed in the stacked plot upon magnifica-
tion. This pattern of pH-dependent spectral changes indicates
that the C-terminal domain starts to unfold around pDcorr 4.0.
The Tyr 126 resonance due to the folded state has not
completely disappeared at pDcorr 2.1, which indicates that
the C-terminal domain is not completely unfolded at low
pD. The ratio of the integrals of the folded resonance and
unfolded resonance of Tyr 126 shows that approximately
25% of the molecules are still folded at pDcorr 2.1. The
resonances due to Tyr 25 and Phe 5, which are both in the
N-terminal domain, are independent of pD. Since the folding
rate of the N-terminal domain is intermediate to fast on the
NMR time scale, the resonances would have shifted and
broadened if the domain unfolded (14, 25). Thus, the
N-terminal domain is completely folded even at pDcorr 2.1.
This result is expected since the isolated N-terminal domain
has been shown to be stable to at least pH 1.0 (27).

The acid-induced unfolding of the C-terminal domain was
also monitored by following the CD signal at 222 nm (Figure
3), and similar results were obtained. The helical content
starts to decrease at around pDcorr 4.0 but still remains high
at pDcorr 2.0. The 25% of the molecules which contains a
folded C-terminal domain cannot account for all of the
observed signal at pDcorr 2.0, suggesting that the N-terminal
domain is structured. There is also likely to be a contribution
from the central helix since the isolated helix is known to
partially folded at low pH at 25°C (11). Assuming that 25%
of the molecules have a folded C-terminal domain at pDcorr

2.0, the transition followed by CD overlaps very well with
the transition monitored by NMR (Figure 3), providing
evidence that the acid-induced unfolding of the C-terminal
domain is two state. Thus, the NMR and CD data indicate
that the C-terminal domain unfolds at low pH while the
N-terminal domain is still fully folded. This opens the
possibility of performing pH jump experiments to study the
folding of the C-terminal domain under conditions where
the N-terminal domain is folded. In the next section, we
compare the results of CD detected GdnHCl jump experi-
ments with fluorescence-detected GdnHCl jump experiments.
This comparison provides an excellent test of the apparent
two-state folding of the domains. We then compare the
results of the GdnHCl jump experiments to pH jump
measurements.

GdnHCl Jump Experiments Using Stopped-Flow CD and
Stopped-Flow Fluorescence ProVide EVidence for Two-State
Folding.The stopped-flow CD traces obtained from GdnHCl
jump experiments showed two well-resolved exponential

phases. A representative trace is shown in Figure 4. The
observation of two well-resolved phases is similar to what
we observed in our previous fluorescence detected stopped-
flow experiments. Using information from NMR line-shape
analysis and saturation transfer experiments, the fast phase
was assigned to the N-terminal domain, and the slow phase
was assigned to the C-terminal domain (25). Therefore, the
rapid initial decay (to more negative values) of the CD signal
is assigned to the N-terminal domain, and the slow decrease
is assigned to the C-terminal domain. The two phases were
well enough resolved to allow them to be fit independently.

Kinetic data are commonly presented as a plot of the
natural logarithm of observed rate constants versus denaturant
concentration, a so-called chevron plot. If a protein folds in
a two-state fashion, the folding and unfolding branches of
the chevron plot are linear while the presence of an
intermediate typically leads to rollover in the plot (28). For
both the N-terminal domain and the C-terminal domain, the
chevron plots derived from the CD experiment show a
v-shaped curve and overlap well with the plots from our
previous fluorescence experiments (Figure 5). The absence
of any rollover in either chevron plot, together with the
excellent agreement between the fluorescence and CD
detected experiments, provides strong evidence for the
independent two-state folding of each domain. The chevron
plots were fit to the following equation to determine the

FIGURE 3: (A) Acid-induced unfolding of L9 monitored by CD at
222 nm. The sample concentration was 15µM L9, in 10 mM
sodium phosphate, and 100 mM sodium chloride in D2O. (B)
Apparent fraction unfolded of the C-terminal domain calculated
from the CD data (closed circles) and from the intensity of the Tyr
126 NMR resonances (open circles).
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folding and unfolding rate constants in the absence of
GdnHCl [kf (0 M GdnHCl) andku (0 M GdnHCl)]

wherekobs is an observed rate constant, andmf andmu are
constants that describe howkf andku vary as a function of
the concentration of GdnHCl. The results are listed in Table
1. The folding rate constants in the absence of GdnHCl were
determined to be 760 s-1 for the N-terminal domain and 4.7
s-1 for the C-terminal domain. The rates measured by
stopped-flow CD show an excellent agreement with the
results from the fluorescence experiments (760 s-1 for the
N-terminal domain and 3.0 s-1 for the C-terminal domain).

The compactness of the transition state for folding can be
obtained from analysis of the slope of the folding branch
(mf R

-1T-1) and the slope of the unfolding branch (mu R-1T-1)
of the chevron plot (29, 30). The values ofmf and mu are
related to the change in solvent accessible surface area
between the initial states and the transition state. The
difference (mu - mf), for a two-state folding protein, is equal
to the m value measured in an equilibrium denaturation
experiment. The ratio ofmf to the equilibriumm value
referred to asθm is a measure of the position of the transition
state in terms of solvent exposure (29). A value ofθm close
to 1 indicates that the transition state is nativelike in terms
of solvent-accessible surface area, and a smaller value of

θm indicates that the transition state is more like the denatured
state. The calculatedθm values from the stopped-flow CD
measurements are 0.6 for the N-terminal domain and 0.7 for
the C-terminal domain, which are also in good agreement
with the results from fluorescence measurements.

pH Jump Experiments.The folding rate constant of the
C-terminal domain was measured by pH jump experiments
performed in the absence of denaturant. These experiments
can be performed starting from conditions where the N-
terminal domain is folded and thus allow us to probe how
the presence or absence of structure in the N-terminal region
of the molecule affects the folding of the C-terminal region.
Folding was initiated by rapidly jumping the pH from 2.0
to 5.5. Both stopped-flow fluorescence and CD experiments
were conducted. The fluorescence and the CD traces showed
an exponential decrease on the expected time scale for the
folding of the C-terminal domain (Figure 6). As expected,
the fast phase corresponding to the folding of the N-terminal
domain (a folding rate constant of 760 s-1) was absent in

FIGURE 4: Representative folding trace obtained from the stopped-
flow CD experiments by a GdnHCl jump. The final GdnHCl
concentration was 1.3 M, and the pH was 5.45. (A) The complete
trace. (B) An expansion of the initial portion of (A). The initial
part of the trace shown in panel A is well fit to a single-exponential
function as is the longer time decay.

ln(kobs) ) ln[kf(0 M GdnHCl) exp(mf[GdnHCl]/RT) +
ku(0 M GdnHCl) exp(mu[GdnHCl]/RT)] (1)

FIGURE 5: Plots of the natural logarithm of the observed rate
constants versus GdnHCl concentration. Open circles and solid lines
are from the stopped-flow fluorescence experiments of Sato et al.
(25). Closed circles and broken lines are from the stopped-flow
CD experiments. (A) The N-terminal domain. The solid and broken
lines are the best fits to eq 1 giving akf of 760 and 760 s-1 by CD
and fluorescence, respectively. (B) The C-terminal domain. The
solid and broken lines are the best fits to eq 1 giving akf of 3.0
and 4.7 s-1 by fluorescence and CD, respectively. The shaded
diamond represents the results from the pH jump experiments using
CD and fluorescence detection. The same rate was obtained with
both techniques. The uncertainties corresponding to 95% confidence
limits for the stopped-flow CD data are shown as error bars in panel
A and are approximately the same as the size of the circles in panel
B. The uncertainties associated with all of the stopped-flow
fluorescence data are less than the size of the circles.
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all the profiles. The rate constants obtained from the
fluorescence experiments and the CD experiments were 3.5
s-1 (+0.1, -0.1) and 3.5 s-1 (+2.5, -1.1), respectively.
These values agree with each other and with the values
determined from the GdnHCl jump experiments (3.0 s-1 from
the fluorescence experiments, 4.7 s-1 from the CD experi-
ments). These results indicate that the folding rate of the
C-terminal domain is not affected by the folding status of
the N-terminal domain. Since the N-terminal domain is fully
folded before and after the pH jump, it is highly unlikely
that parts of the peptide chain corresponding to the N-
terminal domain interfere with the folding of the C-terminal
domain. The agreement of the rate constants measured by
the pH jump experiments and the GdnHCl jump experiments,

therefore, suggests that the slow folding of the C-terminal
domain is not due to unfavorable interactions with the rest
of the protein.

Kinetic Measurements in D2O Allow the Comparison of
the Folding Rate of the N-Terminal Domain in L9 to the
Folding Rate of the Isolated N-Terminal Domain.We have
previously determined the folding rates of two variants of
the isolated N-terminal domain. One construct corresponds
to residues 1-56, while the other was comprised of residues
1-51 (14, 31). These experiments were conducted in D2O
to allow the combined analysis of stopped-flow and NMR
measurements. It is well-known that proteins are generally
more stable in D2O. Thus, it is not possible to directly
compare the folding rates measured for intact L9 in H2O to
these measured for the isolated domain in D2O. Conse-
quently, we have also measured the folding rate of L9 in
D2O by fluorescence detected stopped-flow. A chevron plot
for the N-terminal domain was obtained and showed a v-
shape curve (data not shown). Results obtained by curve
fitting to eq 1 are listed in Table 2 and compared with the
parameters for the two variants of the isolated N-terminal
domain. The folding and unfolding rate constants in the
absence of denaturant were calculated to be 1110 and 0.44
s-1, respectively, and the value ofθm was found to be 0.58.
The measured rate constants correspond to a∆G° of 4.67
kcal mol-1, which indicates that the apparent stability of the

Table 1: Comparison of the Kinetic Parameters Obtained by Stopped-Flow CD and Stopped-Flow Fluorescencea

N-terminal domain
in intact L9

Isolated
N-terminal domain C-terminal domain in intact L9

CD fluorescenceCD GdnHCl
jumpb

fluorescence
GdnHCl jumpc

fluorescence
GdnHCl jumpd GdnHCl jumpb pH jumpb GdnHCl jumpc pH jumpb

kf (s-1) 760 760 720 4.7 3.5 3.5 3.5
(+6800,-600) (+180,-140) (+280,-190) (+6.1,-2.6) (+2.5,-1.1) (+8.0,-2.2) (+0.1,-0.1)

ku (s-1) 0.63 0.36 0.75 0.0023 0.0025
(+7.27,-0.62) (+0.28,-0.18) (+0.74,-0.39) (+0.025,-0.0022) (+0.026,-0.0023)

∆G° (kcal mol-1) 4.21 4.53 4.06 4.51 4.23
(+2.29,-1.41) (+0.36,-0.32) (+0.45,-0.41) (+0.72,-0.75) (+0.80,-0.71)

θm 0.59 0.54 0.60 0.69 0.65
(+0.29,-0.39) (+0.05,-0.05) (+0.07,-0.07) (+0.12,-0.13) (+0.12,-0.13)

aNumbers in parentheses correspond to the 95% confidence limit. All experiments were performed at 25°C in 20 mM sodium acetate, 100 mM
sodium chloride. After mixing, the final pH was 5.5 for all experiments.bFrom this work.cFrom Sato et al. (25). dFrom Kuhlman et al. (31).

FIGURE 6: Stopped-flow traces for the C-terminal domain obtained
by the pH jump experiments. (A) CD detected trace. (B) Fluores-
cence detected trace. The curves are the resulting best fits to a
single-exponential function giving akf of 3.5 s-1 for both traces.
The initial pH was 2.0, and the final pH was 5.5.

Table 2: Comparison of the Kinetic Parameters for the N-Terminal
Domain in the Intact Protein, the Isolated N-Terminal Domain
(1-56) and the Truncated Version of the Isolated N-Terminal
Domain (1-51)a

N-terminal
domain in the
intact protein

in D2O

Isolated
N-terminal

domain
(1-56) in D2O

Isolated
N-terminal

domain
(1-51) in D2O

kf (s-1) 1110 1053 942
(-230,+300) (-277,+213) (-328,+235)

ku (s-1) 0.42 0.55 6.50
(-0.22,+0.40) (-0.40,+0.24) (-2.0,+1.7)

∆G° (kcal mol-1) 4.67 4.47 2.95
(-0.35,+0.38) (-0.50,+0.50) (-0.18,+0.20)

m (kcal mol-1 M-1) 1.59 1.47 1.49
(-0.07,+0.09) (-0.14,+0.14) (-0.08,+0.08)

θm 0.58 0.59 0.71
(-0.05,+0.06) (-0.05,+0.05)

a All experiments were performed at 25 ˚C in D2O, 20 mM sodium
acetate, 100 mM NaCl, pDcorr 5.45. The data for the isolated N-terminal
domain (1-56) and the 1-51 variant were taken from Luisi et al. (32).
The numbers in brackets represent the 95 % confidence limit.
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N-terminal domain of L9 is slightly higher in D2O than in
H2O (the value of∆G° in H2O is 4.53 kcal mol-1). The
increase in stability is slightly less than that measured for
the isolated domain (31).

Stopped-Flow CD Measurements of the Folding of the
Isolated N-Terminal Domain.We have also used stopped-
flow CD to measure the folding kinetics of the isolated
N-terminal domain. Unfortunately, the rapid folding of the
protein and the low signal-to-noise ratio of this experiment
prevented collection of the entire chevron plot. Instead, we
compare the folding rates under conditions where the
observed rate constant is dominated by the folding rate.
GdnHCl jump experiments were conducted in which the final
denaturant concentration was 1.3 M.

The stopped-flow CD trace of the N-terminal domain in
the intact protein is compared to the trace of the isolated
N-terminal domain in Figure 7. Both profiles show a rapid
decay of the CD signal which can be fit by a single-
exponential giving a measured rate constant of 78 s-1 for
the N-terminal domain in the intact protein and 63 s-1 for
the isolated domain. Given the inherently noisy nature of
the data, the observed rates agree well with each other. This
agreement suggests that rate of formation of secondary

structure in the isolated N-terminal domain is essentially the
same as that for the N-terminal domain in the intact protein.

DISCUSSION

All the results obtained in this study indicate that both
the N-terminal domain and the C-terminal domain fold via
a simple two-state process. For both of the domains, the plots
of ln(kobs) versus GdnHCl concentration obtained from the
stopped-flow CD experiments show the expected V-shaped
curve for two-state folding and overlap well with the plots
obtained from fluorescence experiments. The additional data
points collected at 0 M GdnHCl from the pH jump experi-
ments are included in the chevron plot shown in Figure 5.
These data clearly demonstrate that there is no deviation from
linearity at low denaturant concentration and eliminate the
possibility of any rollover. The overlap of the curves
determined by the two different techniques gives strong
evidence for the two-state folding of each domain. The large
difference in the folding rates of the N-terminal domain and
the C-terminal domain indicates that the folding of the two
domains is not kinetically coupled. Our results imply that
the folding process of L9 is dictated by two separate
hydrophobic cores: one in the N-terminal domain and the
other in the C-terminal domain. The good agreement of the
stopped-flow CD traces of the N-terminal domain in the
intact protein and the isolated N-terminal domain provides
additional evidence that the folding process of the isolated
domain is the same as the folding of the domain in the intact
protein.

The C-terminus of the N-terminal domain corresponds to
the start of the connecting helix which links the N- and
C-terminal domains of L9. Extending the length of this helix
has no effect on the folding rate of the N-terminal domain.
Constructs corresponding to residues 1-51 and residues
1-56 have been shown to fold at the same rate even though
they differ in stability and have drastically different propensi-
ties to populate helical structure in their unfolded states (32).
The fact that the N-terminal domain of the intact protein
also folds with the same rate confirms that formation of all
or part of the connecting helix does not play a role in the
rate-limiting step for the formation of the N-terminal domain.
Comparison of the kinetic parameters for the three proteins
suggests an inverse correlation between the position of the
transition state for folding and the stability of the N-terminal
domain. The value of∆G° is noticeably smaller for the 1-51
residue variant, and this protein has aθm value of 0.71. The
stability of the 1-56 variant is very similar to the apparent
stability of the N-terminal domain of intact L9, and the values
of θm are essentially identical for these two proteins, 0.58
and 0.59, respectively.

The folding rate of the N-terminal domain of L9 shows
an excellent agreement with the value predicted by the
relative contact order as does the value ofθm. The relative
contact order of the N-terminal domain is 12.7% correspond-
ing to a predicted folding rate constant of 1900 s-1. The
predicted rate and measured rate are in very good agreement,
especially considering that experimentally determined folding
rates vary by a factor of 106. The experimentally determined
values ofθm for the C-terminal domain is in good agreement
with the value predicted by the relative contact order.
Interestingly, the folding rate for the C-terminal domain

FIGURE 7: Comparison of the GdnDCl jump stopped-flow CD trace
of the N-terminal domain in the intact domain (A) and the isolated
N-terminal domain (B). The final GdnDCl concentration was 1.3
M in both cases. The curves are the best fits to a single-exponential
function giving akf of 78 s-1 for the domain in the intact protein
and 63 s-1 for the isolated domain. The signals at 225 nm were
recorded in D2O at 15°C and were normalized by setting the signal
from the unfolded state as 1 and the signal from the folded state as
0.
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predicted by the contact order analysis deviates from that
observed experimentally by a factor of 35-100. This is one
of the largest reported deviations of measured and predicted
rates. This disagreement might be explained if the domain
folds slower in the intact protein because of unfavorable
interactions with the rest of protein during the folding. The
pH jump experiments, however, demonstrate that the folding
rate of the C-terminal domain is not affected by the folding
status of the N-terminal domain. This result suggests that
the N-terminal region of the protein is not likely to influence
the folding of the C-terminal domain. The analysis of
Goddard and co-workers more accurately predicts the folding
rate of the C-terminal domain of L9. The method is, however,
not perfect since it noticeably underestimates folding rates
for all-helical proteins. In contrast, the folding rates for helical
proteins are accurately predicted by contact order analysis.
The discovery of the correlation between the relative contact
order and folding rates has contributed significantly to the
prediction of the folding rates, but there are likely other
factors which remain to be elucidated. The results presented
here indicate that the isolated C-terminal domain of L9 is
an interesting subject for further study.
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