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ABSTRACT: There is considerable interest in the properties of the unfolded states of proteins, particularly
unfolded states which can be populated in the absence of high concentrations of denaturants. Interest in
the unfolded state ensemble reflects the fact that it is the starting point for protein folding as well as the
reference state for protein stability studies and can be the starting state for pathological aggregation. The
unfolded state of the C-terminal domain (residues 58-149) of the ribosomal protein L9 (CTL9) can be
populated in the absence of denaturant at low pH. CTL9 is a 92-residue globular R, � protein. The low-
pH unfolded state contains more secondary structure than the low-pH urea unfolded state, but it is not a
molten globule. Backbone (1H, 13C, and 15N) NMR assignments as well as side chain 13C� and 1H�
assignments and 15N R2 values were obtained for the pH 2.0 unfolded form of CTL9 and for the urea
unfolded state at pH 2.5. Analysis of the deviations of the chemical shifts from random coil values indicates
that residues that comprise the two helices in the native state show a clear preference for adopting helical
� and ψ angles in the pH 2.0 unfolded state. There is a less pronounced but nevertheless clear tendency
for residues 107-124 to preferentially populate helical � and ψ values in the unfolded state. The urea
unfolded state has no detectable tendency to populate any type of secondary structure even though it is
as compact as the pH 2.0 unfolded state. Comparison of the two unfolded forms of CTL9 provides direct
experimental evidence that states which differ significantly in their secondary structure can have identical
hydrodynamic properties. This in turn demonstrates that global parameters such as Rh or Rg are very poor
indicators of “random coil” behavior.

Characterization of the unfolded state ensemble of
proteins is an essential step in the development of a
complete description of the protein folding process (1, 2).
A detailed understanding of the unfolded state, particularly
the nature and energetics of any residual interactions, is
important because the unfolded state is the thermodynamic
reference state for protein engineering studies, as well as
the starting state for protein folding, and can be the starting
state for pathological protein aggregation. Along these

lines, recent work has highlighted the fact that mutations
can exert significant effects upon the energetics of the
unfolded state ensemble and can also alter a protein’s
propensity to aggregate (3–7). Interest in the unfolded state
has increased dramatically with the realization that actual
unfolded state ensembles can, and often do, deviate
significantly from the classic random coil model (3, 5–13).
It is now recognized that the properties and structural
propensities of the unfolded state can vary widely depend-
ing upon experimental conditions, ranging from relatively
expanded ensembles with little propensity to form per-
sistent structure to more compact ensembles containing
elements of native and non-native structure (14–17). The
latter are often found under more native conditions, while
the former are often populated under denaturing condi-
tions. The unfolded ensemble populated under native
conditions is clearly the most physiologically relevant
state, but it is difficult to characterize since it is normally
sparsely populated because of the cooperativity of folding
and the fact that the free energy balance favors the native
state. These considerations have led to increased interest
in proteins whose unfolded states can be accessed in the
absence of denaturant.
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There is also considerable interest in characterizing the
conformational propensities of the unfolded state ensemble
at the level of individual residues. One particularly important
question is whether unfolded state structures are limited to
native interactions or whether they include contributions from
non-native interactions. A second important issue is whether
global parameters which report on compactness such as the
radius of hydration (Rh)1 or the radius of gyration (Rg) can
be used to test if the unfolded state conforms to the random
coil model. This is important because it is well-known that
Rh and Rg should obey a characteristic power law dependence
on the number of residues in a random coil chain. However,
computational studies have suggested that proteins can obey
the “random coil” power law yet contain significant second-
ary structure (8, 14, 16, 18, 19). Thus, Rh and Rg may not be
good probes of deviations from random coil behavior.

NMR is ideally suited for investigations of the unfolded
state since it is currently the only method which can provide
residue specific information for every residue in the unfolded
protein (15, 17, 20–22). The assignment of the NMR spectra
of unfolded states can still be challenging because of limited
spectral resolution. Fortunately, modern triple-resonance
methods can often overcome these problems and have opened
the door to a detailed characterization of the unfolded state
(23). Here we report the use of NMR in characterizing the
unfolded state of CTL9 in the absence of denaturant, and in
the presence of 7.6 M urea. CTL9 is interesting in this regard
since the low-pH unfolded state in the absence of urea is no
more compact than the urea unfolded state as judged by their
respective radii of hydration.

CTL9 is a 92-residue globular protein derived from the
ribosomal protein L9 (Figure 1). The protein adopts an
interesting fold made up of two R-helices and an unusual
three-stranded mixed parallel, antiparallel �-sheet. The
folding kinetics and equilibrium unfolding thermodynamics
have been analyzed, and equilibrium unfolding is well-
described as being two-state (24, 25). The domain can be
unfolded by heat, by denaturant, or by low pH. The acid-
induced unfolded state contains residual secondary structure
as judged by CD, but it is not a molten globule (26). The
goal of this work is to compare the secondary structure
propensities of an unfolded state of CTL9 that is populated
in the absence of denaturant and the one which is populated
under strongly denaturing conditions. The terms unfolded
state, denatured state ensemble, and denatured state are all
found in the literature, and there is no convention with respect
to when a particular terminology should be used. We use
the term pH 2.0 unfolded state here to refer to the unfolded
state populated in the absence of denaturant at pH 2.0.

RESULTS AND DISCUSSION

Sequence Specific Assignments of CTL9 in the pH 2.0 Acid
Unfolded State and in the pH 2.5, 7.6 M Urea Unfolded State.
The unfolded state of CTL9 populated at pH 2.0 in the
absence of urea and the pH 2.5, 7.6 M urea unfolded state
were characterized using 15N, 1H, 13C triple-resonance
methods. We choose pH 2.5 for the urea unfolded state

studies since low-pH solutions with high urea concentrations
require the addition of significant amounts of acid because
of the buffering capability of urea near pH 2.0. Thus,
adjusting the pH to 2.0 would lead to a noticeable increase
in ionic strength. The pKa values of all of the acidic residues
in the urea unfolded state are expected to be very close to
model compound values; thus, the choice of pH 2.0 or 2.5
should not affect the ionization state of any titratable side
chains for the high-concentration urea studies. The HSQC
spectrum of the pH 2.0 unfolded state of CTL9 is typical of
that expected for an unfolded protein (Figure 2). A number
of clearly resolved resonances are observed, but a large
number of peaks are clustered together in a limited frequency
range, spanning less than 1 ppm in the 1H domain but
covering approximately 20 ppm in the 15N dimension. The
limited dispersion is typical of unfolded proteins but is worse
in the case of CTL9 because of the small number of aromatic
residues in the sequence. The peaks are sharp as expected
for a monomeric protein. Previously reported PFG-NMR
diffusion experiments have shown that CTL9 is monomeric
under the conditions of these studies (26). The HSQC
spectrum of the urea unfolded state is also poorly resolved
(Figure 2); nevertheless, nearly complete 13C, 1H, 15N
backbone 13C� and 1H� assignments could be obtained. We
also assigned the native state spectrum at pH 3.8 to provide
a basis for comparison with the unfolded state data. The
folded state assignments have been reported for CTL9 at pH
5.5. However, complete 13C� assignments are not available
in the literature (27). In addition, pH 3.8 is closer to the pH
used for the unfolded state studies.

HNCACB and CBCACONH triple-resonance experi-
ments were used to establish backbone connectivities for
both states. The HNCO and HNCACO experiments were
used to confirm these assignments and obtain 13C carbonyl
assignments. 1HR and 1H� chemical shifts were obtained

1 Abbreviations: CTL9, C-terminal domain of the ribosomal protein
L9; DSS, 2,2-dimethyl-2-silapentane-5-sulfonate sodium salt; PFG-
NMR, pulsed field gradient nuclear magnetic resonance; Rg, radius of
gyration; Rh, radius of hydration.

FIGURE 1: Structure of CTL9. (A) Ribbon diagram of residues
58-149 of L9 [Protein Data Bank (PDB) entry 1DIV]. The N-
and C-termini are labeled. (B) The primary sequence of CTL9 is
shown together with a schematic representation of the different
elements of secondary structure (arrows represent �-strands and
colored cylinders R-helices and 310-helices). The ribbon diagram
was constructed using PyMOL.
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from analysis of the HBHACONH spectrum, while 13C�

assignments were determined using the HNCACB experi-
ment. HSQC-TOCSY experiments were used to confirm
the assignments and aided in the assignments of reso-
nances in residues immediately preceding prolines. Com-
plete backbone assignments were determined for 89 of
92 residues, in the pH 2.0 unfolded state. The sole
exceptions are the three prolines (P80, P130, and P135),
for which we obtained 13C carbonyl, 13CR, 13C�, 1HR, and
1H� assignments but not 15N assignments. 15N and amide
1H assignments were obtained for more than 85% of the
non-proline residues in the urea unfolded state, and 13CR,
1HR, 13C�, and 1H� assignments were obtained for all but
three of the non-glycine residues. 13C carbonyl assignments
were obtained for 89 of the 92 residues. No peaks could
be detected for L62, L102, and L117. Overall, at least
partial assignments were obtained for 89 of 92 residues.
Native state assignments at pH 3.8 were obtained using
the same strategy and are used here of comparison with
our unfolded state assignments. All of the assignments
have been deposited in the BioMagResBank (http://
www.bmrb.wisc.edu/).

Analysis of 13C, 1H, and 15N Chemical Shifts ProVides
EVidence of NatiVe Secondary Structure in the Unfolded State
in the Absence of Denaturant. It is well-known that secondary
chemical shifts, i.e., the deviations between observed and
random coil chemical shifts, are very sensitive to secondary
structure. We analyzed the deviations between our experi-
mentally determined chemical shifts and the random coil
values reported for pH 2.3 in 8 M urea (28), as reported in
NMRView. Since these chemical shifts were measured at
pH 2.3, no pH correction is needed. Sequence-dependent
corrections of 13C carbonyl chemical shifts were made using
reported protocols (29).

Figure 3 shows plots of the deviations of the CR
1H

chemical shifts. CR
1H shifts are sensitive to secondary

structure and are shifted upfield in R-helices and downfield
in �-sheets. The first panel of the figure displays the
deviations for the native state at pH 3.8; the second shows
the plot for the pH 2.0 unfolded state, and the third panel
displays the deviations for the urea unfolded state at pH
2.5. The deviations are large for the folded state, spanning
the range from -0.73 to 1.05 ppm. The secondary shifts
of the folded state are consistent with the known secondary
structure of the protein. As expected, the deviations are
much smaller for the pH 2.0 unfolded state but are clearly
different from zero. The sequences corresponding to the
first and second R-helices display contiguous negative
deviations. For R-helix 1, the average deviation is -0.05
ppm, while it is -0.09 ppm for R-helix 2. For comparison,
both of these regions in the native state show average
deviations of -0.23 ppm. The deviations from random
coil values obtained for the sequence corresponding to
the �-sheet exhibit no particular trend. A consecutive set
of negative deviations (-0.07 ppm in average) is also
observed from residue 112 to 114, a segment forming a
310-helix in the native state. The plot for the urea unfolded
state (Figure 3C) displays even smaller negative deviations
of CR

1H chemical shifts, as compared with the pH 2.0
unfolded state. The averages are -0.04 and -0.06 ppm
for R-helix 1 and R-helix 2 regions, respectively, while
the segment corresponding to the 310-helix does not display
any obvious trend. Taken in isolation, the CR

1H deviations
suggest a tendency to populate helical regions of the �
and ψ plot in the pH 2.0 unfolded state for the residues
which are helical in the native state. In the urea unfolded
state, the tendency to form R-helical structure is much
weaker. However, CR

1H secondary shifts are usually small
for unfolded proteins and therefore may not be sensitive
to small populations of residual secondary structure in a
disordered protein. A more accurate and complete picture
can be obtained by analyzing the 13CR, 13C�, and 13C
carbonyl shifts.

Figure 4 displays plots of the deviations of the 13CR (Figure
4A), carbonyl 13C (Figure 4B), and 13C� chemical shifts
(Figure 4C) from random coil for the pH 2.0 unfolded state.
13CR and 13CO shifts are expected to exhibit positive
secondary shifts in R-helices and negative secondary shifts
in �-strands. The pattern of the 13CR secondary shifts is
consistent with the CR

1H secondary shifts. The largest
deviations are found in the regions which correspond to the
two native state R-helices. The average deviation for the
segment corresponding to R-helix 1 is 0.32 ppm, while it is
0.62 ppm for R-helix 2. Positive deviations are also observed

FIGURE 2: (A) 15N-1H HSQC spectrum of the pH 2.0 unfolded
state of CTL9. (B) 15N-1H HSQC spectrum of the pH 2.5, 7.6 M
urea unfolded state of CTL9. Peaks are labeled in both spectra.
Spectra were recorded at 25 °C.
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for the loop region which connects R-helix 2 to �-strand 2
(residues 107-124); however, they are somewhat smaller
(0.19 ppm). No strong trend is observed for the �-sheet
regions. A similar pattern was observed for the 13CO
secondary shifts. The average is 0.41 ppm for R-helix 1 and
0.70 ppm for R-helix 2. Smaller positive deviations (0.28
ppm) are observed in the loop region between R-helix 2 and

�-strand 2, in agreement with the smaller 13CR and 1HR

secondary shifts for the region.
13C� secondary shifts are also sensitive to secondary

structure, but the sign of the deviation is reversed relative
to that observed for 13CR shifts (28, 30). The 13C� secondary
shifts are consistent with the CR

1H, 13CR, and 13CO secondary
shifts. Negative secondary shifts are detected for the segments
corresponding to two R-helices in the native state, and for
the connection between R-helix 2 and �-strand 2. The

FIGURE 3: Plots of the deviations of the measured CR
1H chemical

shifts and random coil chemical shifts. Data plotted as observed
minus random coil. Random coil values in acidic (pH 2.3) 8 M
urea were used (28) together with sequence specific corrections
(29): (A) deviations for the native state (pH 3.8), (B) deviations
for the pH 2.0 unfolded state, and (C) deviations for the pH 2.5,
7.6 M urea unfolded state. A schematic representation of the
elements of secondary structure of the native state of CTL9 is shown
at the top of each panel (arrows represent �-strands, filled cylinders
R-helices, dashed cylinders 310-helices, and single lines loop
regions).

FIGURE 4: Plots of the deviations of the measured 13C chemical
shifts of the pH 2.0 unfolded state of CTL9 from random coil
chemical values. Data plotted as observed minus random coil: (A)
13CR chemical shift deviations, (B) carbonyl 13C chemical shift
deviations, and (C) 13C� chemical shift deviations. Sequence-
dependent corrections were made (29). A schematic diagram of
the elements of secondary structure of the native state of CTL9 is
shown at the top of each panel.
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average values for R-helical regions are -0.26 and -0.33
ppm, respectively, while the average for the connection
region is -0.23 ppm. No consecutive regions of positive
deviations are observed for segments corresponding to the
three �-strands.

Figure 5 displays plots of the secondary shifts for the 13CR

(Figure 5A), carbonyl 13C (Figure 5B), and 13C� (Figure 5C)
chemical shifts for the pH 2.5, 7.6 M urea unfolded state.

No consecutive set of residues can be found to display large
secondary shifts. This indicates that the presence of a high
concentration of denaturant abolishes most of the residual
structure in the pH 2.0 unfolded state, making the urea
unfolded state very different from the pH 2.0 unfolded state
in terms of the amount of residual secondary structure.
Consideration of the individual plots of secondary shifts gives
rise to a self-consistent picture. Residues corresponding to
R-helix 1 and R-helix 2 have a tendency to preferentially
populate the helical region of the Ramachandran plot in the
pH 2.0 unfolded state in the absence of urea. Also, there are
suggestive hints about R-helical propensity in the sequence
between R-helix 2 and �-strand 2. The results are quite
different for the pH 2.5, urea unfolded state. The deviations
from random coil values are much smaller, and no clear
trends are detected.

Individual secondary shifts are useful, but recent work has
shown that combining these data can provide more reliable
information. A common approach is to calculate the differ-
ence between 13CR secondary shifts and 13C� secondary shifts.
This method has the advantage of cancelling out any
uncertainty in the chemical shift reference. Positive ∆δCR

- ∆δC� values indicate R-helical structure, and negative
values indicate a propensity to adopt �-strand structure (31).
Figure 6 displays the plot of the difference in 13CR and 13C�

secondary shifts. Several obvious trends are readily apparent
for the pH 2.0 unfolded state. Positive values are observed
for R-helix 1 and R-helix 2. The average for R-helix 1 is
0.58 ppm, and that for R-helix 2 is 0.95 ppm. A set of
consecutive positive deviations are observed for the loop
between R-helix 2 and �-strand 2 as well. The average for
this region, residues 107-124, is 0.43 ppm. The difference
is much smaller for the urea unfolded state, and no clear
pattern is detected. The average deviation for the helix 1
region is -0.10 ppm, while it is -0.02 ppm for helix 2 and
only -0.09 ppm for residues 107-124.

Recently, Forman-Kay and co-workers have used the
weighted average of the secondary shifts to probe secondary
structure where the weighting factors reflect the relative
sensitivity of the secondary shifts to the type of structure.
The method, known as SSP analysis, has been applied to
the synucleins (31). Figure 7 shows the results of the SSP
analysis applied to the pH 2.0 unfolded state and to the urea
unfolded state. In this analysis, the higher the value of the
SSP score, the greater the tendency to adopt helical � and
ψ angles. A value of 1.0 is expected for a residue which
adopts helical � and ψ angles 100% of the time and a value
of -1.0 for a residue which exclusively populates the �-sheet
region. The analysis is based upon the assumption that an
observed secondary shift, relative to the average secondary
shift for fully formed secondary structure, represents the
fractional population of the structure at a particular site. As
such, SSP scores should exhibit a correspondence with the
propensity to adopt secondary structure.

The regions corresponding to R-helix 1 and R-helix 2
clearly have the highest SSP scores for the pH 2.0 unfolded
state, with average scores of 0.28 ( 0.07 and 0.32 ( 0.07,
respectively. The value for the connection linking R-helix 2
and �-strand 2 is 0.19. On the surface, the positive SSP score
for this segment might imply that non-native structure is
populated in this region. However, it is also possible that
the native fold could generate positive SSP scores. Calcula-

FIGURE 5: Plots of the deviations of the measured 13C chemical
shifts of the pH 2.5, 7.6 M urea unfolded state of CTL9 from
random coil chemical values. Data plotted as observed minus
random coil: (A) 13CR chemical shift deviations, (B) carbonyl 13C
chemical shift deviations, and (C) 13C� chemical shift deviations.
Random coil values in acidic (pH 2.3) 8 M urea were used (28),
and sequence-dependent corrections were made (29). A schematic
diagram of the elements of secondary structure of the native state
of CTL9 is shown at the top of each panel.
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tion of the SSP score for the pH 3.8 native state gives an
average of 0.25 for residues 107-124, indicating that positive
SSP values in this segment can result from native state
structure; thus, it is formally not clear if the chemical shift
deviations between residues 107 and 124 represent a
tendency to populate native or non-native structure (Figure
7). However, the key result is that the SSP analysis is
completely consistent with all other measured parameters and
indicates a tendency to form structure. The plot clearly
reveals that helix propensity is significantly higher in the
pH 2.0 unfolded state for regions of the protein that are
helical in the native state. In contrast, the urea unfolded state
shows no statistically significant tendency to populate
nonrandom structure. The SSP values are -0.01 ( 0.06 for
R-helix 1, -0.05 ( 0.09 for R-helix 2, and -0.04 ( 0.07
for the connection between R-helix 2 and �-strand 2. Forman-
Kay and colleagues have pointed out that 1H CR secondary
shifts can sometimes be unreliable and discussed how their
inclusion or exclusion can alter the SSP analysis (31).
Consequently, we repeated the analysis without including
the 1H CR secondary shifts. The overall shape of the plot is
essentially unaltered, and the conclusions are not affected
(Supporting Information).

15N R2 relaxation rates have been used to detect apparent
deviations from random coil behavior in unfolded proteins.
Schwalbe and co-workers have pioneered the approach (5, 32).
In their analysis, relaxation data are fit to a purely phenom-
enological model which assumes that the R2 value at a particular
residue is correlated with the values of R2 at residues adjacent
in primary sequence. The length of the correlated segment can,
at some level, be viewed as being related to the persistence
length. For a chain with only local interactions, a characteristic
inverted U shape is predicted. Deviations from the predicted
curve are typically taken to represent persistent clustering of
hydrophobic side chains, although an atomic-level description
of the origin of the effect is not available. Figure 8 compares
plots of the measured R2 values and the R2 values calculated
using the random coil model. The calculated R2 values follow
an inverted U-shaped curve, showing uniform relaxation rates
in the middle of the polypeptide chain, with an average of 2.74
s-1. Smaller rates are observed at both termini of the chain.
There are no significant differences between the experimental
data for the pH 2.0 unfolded state and the urea unfolded state.

FIGURE 7: SSP analysis of the pH 2.0 (b) and pH 2.5, 7.6 M urea
(O) unfolded state of CTL9 conducted using the method of Forman-
Kay and co-workers (26). The calculation for the pH 3.8 native
state is included for comparison (1). Positive values indicate a
propensity to populate the helical region of the � and ψ map, while
negative values indicate a preference for the �-sheet region. A
schematic diagram of the elements of secondary structure of the
native state of CTL9 is shown at the top. 13CR, 13C�, and CR

1H
chemical shifts were used in the analysis.

FIGURE 6: Plot of the difference in the secondary shifts of the 13CR
and 13C� chemical shifts for (A) the pH 2.0 unfolded state of CTL9
and (B) the pH 2.5, 7.6 M urea unfolded state. A schematic diagram
of the elements of secondary structure of the native state of CTL9
is shown at the top of each panel.

FIGURE 8: Plot of 15N R2 rates for the pH 2.0 unfolded state (O) and
the pH 2.5, 7.6 M urea unfolded state (1). The solid line is the best fit
to the phenomenological model of Schwalbe and co-workers (5).
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There are deviations from the phenomenological “random coil”
model for both data sets, but these are smaller than those that
have been observed for other proteins (32, 33). The simplest
interpretation of the relaxation data is that there are no long-
lived clusters in the unfolded state(s); of course, one should
bear in mind that the analysis involves comparison of experi-
mental data to a phenomenological model.

CONCLUSIONS

We have obtained essentially complete 1H, 13C, and 15N
backbone assignments, as well as 13C� and 1H C� assignments
for the pH 2.0 unfolded state of CTL9 and virtually complete
assignments for the pH 2.5 urea unfolded state. The secondary
shifts, the differences between the 13CR and 13C� secondary
shifts, and the SSP analysis all yield a self-consistent picture,
namely, that residues which are helical in the native state have
a propensity to preferentially populate helical � and ψ angles
in the pH 2.0 unfolded state. Residues 107-124, which form
the connection between the second R-helix and the second
�-strand, also exhibit a clear, albeit weakened, tendency to
preferentially sample the helical region of the Ramachandran
plot. Thus, the unfolded state of CTL9 contains significant
secondary structure in the absence of denaturant. There is a
very good correlation between the regions predicted by the
chemical shift analysis to sample helical � and ψ angles and
the regions predicted to have the highest helical propensity by
the AGADIR algorithm of Serrano and co-workers (34).
AGADIR predicts that the first and second R-helices and the
loop connecting the second R-helix to the second �-sheet have
the highest helical propensity in CTL9 (Supporting Information).
The urea unfolded state is very different and displays, as judged
by the NMR analysis, no tendency to preferentially populate
secondary structure.

It is difficult to precisely deduce the fractional population of
a particular type of secondary structure from analysis of
chemical shift data alone, but the SSP method appears to be
the most promising approach. It is thus interesting to compare
the SSP analysis to estimates of the helical content based upon
CD measurements. The mean residue ellipticity of the pH 2.0
unfolded state is -4900 deg cm-1 mol-1 at 222 nm. The
apparent fractional population of helix can be estimated from
CD spectra if values for a fully helical peptide and for an
unstructured peptide are known. The largest ambiguity arises
in the choice of the ellipticity value for the random coil state.
If we use the actual ellipticity measured in 8 M urea, we obtain
an estimate of 8.2% R-helix. If, instead, we use empirical
relations derived by Baldwin and co-workers, we obtain a value
of 12.6% R-helix (35). The SSP analysis leads to a somewhat
higher predicted fraction of R-helix. The average SSP score
for the entire sequence is 0.21, which in the simplest interpreta-
tion corresponds to 21% R-helix (a SSP score of 1.0 is taken
to represent a 100% tendency to populate helical � and ψ
angles). The discrepancy may reflect difficulties associated with
using the SSP methodology to precisely quantify the relative
population of secondary structure. Of course, difficulties in
interpreting the CD spectra of partially structured polypeptides
could also play a factor. However, it is worth bearing in mind
that CD and chemical shifts have a fundamentally different
sensitivity to helical structure, and we believe this is the most
likely explanation. Secondary shifts are largely local in origin,
and a short segment of chain that exclusively populates the

helical region of �-ψ space would give rise to SSP scores
near 1.0. In contrast, the CD signal of R-helices is well-known
to depend on the length of the helix, and short helices can give
rise to much weaker intensity at 222 nm than longer helices
(36). Thus, the difference between the NMR and CD analysis
could reflect a tendency for individual residues or short sections
of the chain to adopt helical � and ψ angles even though there
is a much more modest propensity for a consecutive set of
segment of residues to cooperatively sample helical conforma-
tions. Details aside, the NMR studies and CD measurements
both demonstrate that the low-pH unfolded state of CTL9
clearly deviates from the classic random coil model.

At first glance, the observation of helical structure in the low-
pH unfolded state may seem to be at variance with hydrody-
namic measurements. Those studies showed the pD 2.1
unfolded state has the same radius of hydration (Rh ) 33.5 Å)
as the urea unfolded state at pD 3.8 (Rh ) 33.6 Å) even though
the urea unfolded state has much less, if any, residual helical
structure (26). In addition, the R2 data collected here for the
pH 2.0 unfolded state and the pH 2.5, urea unfolded state are
broadly similar. The apparent discrepancy simply reflects the
fact that global parameters such as Rh and Rg can be insensitive
to the presence of even significant amounts of secondary
structure. This effect has been predicted on the basis of
computational studies by Pande and co-workers (19). Those
workers compared the calculated scattering profiles of random-
flight chains to identical sequences that contained segments of
R-helical structure. They found that the calculated values of Rg

were very similar even though the sequences have quite different
amounts of secondary structure. CTL9 provides a striking
experimental example of this principle.

It is interesting to consider the results in light of a recently
published analysis of the transition state of the folding of CTL9
(25). That study made use of � value approaches and found
that the largest � values were localized in the �-hairpin
encompassing �-strands 2 and 3 and the connecting loop. Small
� values were observed in mutations in both helix 1 and helix
2. Small � values, in the absence of the unfolded state effects,
indicate that the region being probed is no more structured in
the transition state than in the unfolded state. However, small
� values do not necessarily mean that the region of the protein
being studied is devoid of structure in the transition state.
Instead, small � values could arise because the region is
similarly structured in both the unfolded state and the transition
state (37); thus, there is a structural ambiguity in the interpreta-
tion of small � values. The analysis presented here indicates
that the two helices are partially formed in the unfolded state
and thus also partially structured in the transition state for
folding.

MATERIALS AND METHODS

Protein Expression and Purification. Uniformly 15N-
labeled CTL9 and 13C- and 15N-labeled CTL9 were expressed
in Escherichia coli BL21 cells in M9 minimal medium. The
medium for expressing the 15N-labeled protein contains 0.8
g/L 15NH4Cl as the sole nitrogen source and 10 g/L glucose
as the sole carbon source, while 0.8 g/L 15NH4Cl and 10
g/L [13C]glucose were used in the expression of 13C- and
15N-labeled CTL9. Ampicillin was added to the main medium
at a concentration of 100 mg/L. The cells were grown at 37
°C until the optical density (OD) at 600 nm reached 0.7, at
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which point 100 mg/L IPTG was added to induce expression.
After 4 h, cells were harvested and then lysed by sonication.
The protein was purified as described previously (24). The
molecular mass of the protein was confirmed by mass
spectrometry.

NMR Sample Preparation. Protein samples for NMR
experiments were prepared in 10% D2O at pH 2.0 without
urea or at pH 2.5 in 7.6 M urea, both at a concentration of
approximately 1 mM. The urea concentration was determined
by refractometry. The sample used for the native state
assignments was prepared in 20 mM sodium acetate and 100
mM NaCl (pH 3.8).

NMR Spectroscopy. All heteronuclear NMR experiments
were performed on uniformly 15N-labeled or 13C- and 15N-
labeled protein samples. All NMR spectra were recorded on
a 700 or 800 MHz Bruker spectrometer with a cryoprobe at
the New York Structural Biology Center at 25 °C. In all
NMR experiments, the 1H dimension was centered at the
water resonance and the 15N offset frequency was set to 118.0
ppm.

15N-1H correlated heteronuclear single-coherence (HSQC)
spectra were collected using 1024 × 256 complex points
with eight scans per increment. The spectral widths of the
pH 2.0 sample were 7183.9 and 2027.2 Hz for the 1H and
15N dimensions, respectively. The pH 2.5, 7.6 M urea sample
had spectral widths of 6009.6 Hz (1H) and 1561.0 Hz (15N).

The following set of triple-resonance experiments per-
formed on a 13C- and 15N-labeled sample of CTL9 were used
to generate backbone assignments: HNCO, HN(CA)CO,
HNCACB, and CBCACONH. In the HNCACB and CB-
CACONH experiments, the 13C offsets were 39.0 ppm,
whereas the 13C offsets were set at 176.0 ppm in the HNCO
and HN(CA)CO experiments. For the pH 2.0 unfolded CTL9,
the HNCACB and CBCACONH spectra were recorded with
1024 × 80 × 160 complex points, with spectral widths of
7183.9, 2027.2, and 13076.2 Hz in the 1H, 15N, and 13C
dimensions, respectively. The HNCO and HN(CA)CO
spectra were acquired with 1024 (1H) × 72 (15N) × 144 (13C)
complex points, with spectral widths of 7183.9, 2027.2, and
3018.4 Hz for 1H, 15N, and 13C, respectively. For the pH
2.5, 7.6 M urea sample, the data sets for the HNCACB and
CBCACONH spectra comprised 1024 (1H) × 72 (15N) ×
128 (13C) complex points. The spectral widths were 6009.6,
1561.0, and 13210.04 Hz in the 1H, 15N, and 13C dimensions,
respectively. The HNCO and HN(CA)CO spectra were
acquired with 1024 (1H) × 72 (15N) × 128 (13C) complex
points, with spectral widths of 6009.6, 1561.0, and 2816.9
Hz for 1H, 15N, and 13C, respectively.

Three-dimensional HBHACONH experiments were carried
out to determine the 13CR

1H and 13C�
1H chemical shifts.

For the pH 2.0 unfolded sample, the HBHACONH spectrum
was collected with 1024 × 80 × 160 complex points, with
spectral widths of 7183.9 Hz (direct 1H dimension), 2027.2
Hz (15N), and 7200.72 Hz (indirect 1H dimension). For the
pH 2.5, 7.6 M urea unfolded sample, the spectral widths were
6009.6 Hz (direct 1H dimension), 1561.0 Hz (15N), and
7001.1 Hz (indirect 1H dimension) with 1024 (direct 1H
dimension) × 72 (15N) × 128 (indirect 1H dimension)
complex points.

A three-dimensional TOCSY-HSQC experiment was
performed on a 15N-labeled sample for the pH 2.0 unfolded
state. A mixing time of 75 ms was used. The spectrum was

recorded using a data matrix of 1024 (direct 1H dimension)
× 128 (15N) × 256 (indirect 1H dimension). Spectral widths
were 8012.8 Hz in the direct 1H dimension, 2432.9 Hz in
the 15N dimension, and 8001.6 Hz in the indirect 1H
dimension.

Measurement of TransVerse Relaxation Rates. The relax-
ation experiments were carried out as described previously
(38). The spectra were collected at 10 delay times: 16.32,
32.64, 48.96, 65.28, 81.60, 97.92, 114.24, 130.56, 146.88,
and 163.20 ms. Repeat measurements were taken at 32.64,
48.96, 97.92, and 163.2 ms to allow estimation of uncertainty.
Each T2 experiment was conducted with four scans using
1024 × 256 complex points. The spectral widths were 9615.4
Hz (1H) and 2027.7 Hz (15N) for the pH 2.0 unfolded state,
and they were 7183.9 Hz (1H) and 2027.6 Hz (15N) for the
pH 2.5, 7.6 M urea unfolded state. A recycle delay of 3 s
was used.

Date Processing and Analysis. All spectra were processed
using NMRPipe (39), and chemical shift assignments were
made using NMRView (40). All chemical shifts were
referenced to the absolute frequency of DSS at 0 ppm.
Sequence-dependent corrections of the chemical shifts were
made using methods developed by Schwarzinger, Wright,
Dyson, and co-workers (29). Random coil values in acidic
(pH 2.3) 8 M urea (28) were used to calculate the secondary
chemical shifts, except that the values used for Glu and Val
13C� random coil shifts are those reported by the NMRView
algorithm. SSP analysis was performed using the method of
Forman-Kay as described previously (31). The software
provided at their website (http://pound.med.utoronto.ca/
software.html) was used. R2 relaxation rates were determined
using the automated program in NMRView by fitting the
peak intensities to eq 1 which describes a two-parameter
exponential decay:

I(t)) I0 exp(-t ⁄ T2) (1)

where I(t) is the peak intensity after a delay of time t and I0

is the intensity at the time zero. The R2 rates were analyzed
using a simple model by fitting the experimental R2 rates to
eq 2:

R2(i))R2(int)∑
j)1

N

exp(- |i- j|
λ ) (2)

where R2(i) is the experimental R2 value for residue i, R2(int)
is the intrinsic relaxation rate which depends on the tem-
perature and viscosity of the solution, λ is the persistence
length of the chain, and N is the total number of residues in
the protein (5).
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SUPPORTING INFORMATION AVAILABLE

A figure showing the results of the SSP analysis conducted
with the exclusion of the CR

1H chemical shifts, a figure
showing the results of the AGADIR analysis, and a table of
15N R2 values measured for the pH 2.0 and 2.5, 7.6 M urea
unfolded states and the assignments for the pH 2.0 unfolded
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state and the pH 2.5, 7.6 M urea unfolded state. This material
is available free of charge via the Internet at http://
pubs.acs.org.
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