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ABSTRACT: Interest in the structural and dynamic properties of unfolded proteins has increased in
recent years owing to continued interest in protein folding andmisfolding.Knowledge of the unfolded
state under native conditions is particularly important for obtaining a complete picture of the protein
folding process. The C-terminal domain of protein L9 is a globularR, β protein with an unusualmixed
parallel and antiparallel β-strand structure. The folding kinetics and equilibrium unfolding of CTL9
strongly depend on pH, and follow a simple two state model. Both the native and the unfolded state
can be significantly populated at pH 3.8 in the absence of denaturant, allowing the native state and the
unfolded state to be characterized under identical conditions. Backbone 15N, 13C, 1H and side-chain
13Cβ,

1Hβ chemical shifts, amide proton NOEs, and 15NR2 relaxation rates were obtained for the two
conformational states at pH 3.8. All the data indicate that the pH 3.8 native state is well folded and is
similar to the native state at neutral pH. There is significant residual structure in the pH 3.8 unfolded
state. The regions corresponding to the two native state R-helices show strong preference to populate
helicalj andψ angles. The segment that connectsR-helix 2 andβ-strand 2 has a significant tendency to
formnon-nativeR-helical structure. Comparisonwith the pH2.0 unfolded state and the urea unfolded
state indicates that the tendency to adopt both native and non-native helical structure is stronger at pH
3.8, demonstrating that the unfolded state of CTL9 under native-like conditions is more structured.
The implications for the folding of CTL9 are discussed.

The past decade has witnessed increasing interest in the
properties of the unfolded state ensemble of proteins,
motivated in large part by the realization that unfolded
states can contain significant amounts of nonrandom
residual structure (1-7). Structural characterization of
unfolded proteins is important because the unfolded state
is the starting state for protein folding, the reference state
for protein engineering studies, and can be the starting
state for pathological protein aggregation. In addition,
natively unfolded polypeptides play important roles in a
variety of biological processes (2, 8). The goal of the
present study is to characterize the unfolded state and

native state of the C-terminal domain of the ribosomal
protein L9 (CTL9),1 in the absence of denaturant under
exactly the same solvent conditions, and to compare the
structural propensities of this unfolded state to unfolded
states populated under harsher conditions.
Proteins can be unfolded by high concentration of

denaturants, extreme pH, temperature or high pressure.
These states can be populated at equilibrium, but it is now
widely recognized that the properties and structural pro-
pensities of unfolded proteins vary significantly depending
on the experimental conditions (9-12). High concentra-
tions of denaturants generally abolish residual secondary
structure and lead to a more expanded unfolded state. In
contrast, native-like or non-native structure has been
found in a variety of unfolded proteins under less harsh
conditions (13-15). Obviously, the unfolded state popu-
lated under physiological conditions is themost interesting

†This work was supported by NIH grants GM70941 (DPR) and
AG019391 and AG025440 (DE) and by the Irma T. Hirschl
Foundation and a gift from Herbert and Ann Siegel (DE). DPR
and DE are members of the New York Structural Biology Center,
which is a STAR center supported by the New York State Office of
Science, Technology and Academic Research, by NIH grant P41
GM66354, and received funds from NIH, the Keck Foundation,
New York State, and the NYC Economic Development Corpora-
tion for the purchase of 900 MHz spectrometers.
*Author to whom correspondence should be addressed. (D.P.R.)

Telephone: 631-632-9547; fax: 631-632-7960; e-mail: draleigh@
notes.cc.sunysb.edu. (D.E.) Telephone: 212-746-6557; fax: 212-
746-4843; e-mail: dae2005@med.cornell.edu.

1CTL9, the C-terminal domain of the ribosomal protein L9;DSS,
2,2-dimethyl-2-silapentane-5-sulfonate sodium salt; PFG-NMR,
pulse field gradient nuclear magnetic resonance; Rg, radius of
gyration; Rh, radius of hydration; Δδ, the difference between the
chemical shift δ of a given residue in a protein and the random coil
chemical shift.



4708 Biochemistry, Vol. 48, No. 22, 2009 Shan et al.

since it is most relevant to folding and is the proper
thermodynamic reference state for protein engineering
studies. Unfortunately, unfolded states under native con-
ditions are extremely difficult to access experimentally
because the free energy of folding favors the native state
under physiological conditions and because folding is
normally highly cooperative. Typically indirect ap-
proaches need to be applied to study the conformational
propensities of the unfolded state under native conditions.
These include the analysis of peptide fragments, studies of
destabilized point mutants or truncationmutants, analysis
of the pH dependence of stability, and H/D exchange
measurements to name a few (4, 16, 17).While very useful,
these approaches do not directly probe the conformational
propensities of the unfolded state ensemble populated by
the full-length wild type protein under conditions where
the native state is stable. In a few favorable casesmild, near
native conditions have been found where the folded state
and unfolded state ensemble are bothwell populated in the
absence of denaturant. Undoubtedly the best character-
ized such system is the drkN SH3 domain. Thismarginally
stable protein populates the native state and unfolded state
in an approximately 1:1 ratio, and the states are in slow
exchange on the NMR time scale. Forman-Kay and co-
workers have exploited this behavior to conduct extensive
NMR studies of the drkN SH3 unfolded state (15, 18-21).
The picture that emerged from these studies is one of an
unfolded state that is compact and inwhich certain regions
of the polypeptide chain have a preference for native-like
structure while other regions have preferences for non-
native helical structure.
Unfolded state structure may play a role in folding

by limiting the initial conformational search, a feature
that has been proposed to be particularly important
for some rapid folding proteins. Conversely significant
non-native structure could slow folding if it needs to
be broken as part of the rate limiting step in folding.
Irrespective of its effect on folding, recent studies have
clearly demonstrated that unfolded state interactions can
be targeted to stabilize proteins (4, 5, 22). In addition,
unfolded state interactions which are modulated by muta-
tion can affect the interpretation of the commonly
employed protein engineering approach for characterizing
protein folding transition states (23). All of these factors
have helped to motivate studies of the unfolded state
ensemble.
Here we take advantage of the fact that CTL9 populates

the folded and unfolded ensemble in the absence of
denaturant at slightly acidic pH to characterize the un-
folded ensembleunder nearnative conditions.CTL9 is a 92
residue globular protein derived from the ribosomal pro-
tein L9 (Figure 1). The protein adopts an interesting fold
made up of two R-helices and a three stranded mixed
parallel, antiparallel β-sheet. The protein contains three
histidines, making the equilibrium unfolding strongly pH
dependent, and the domain undergoes reversible unfolding
as the pH changes between 7 and 2 (24, 25). At the middle
point of this transition, which is around pH 3.8, both the
native state and the unfolded state are populated signifi-
cantly and are in slow exchange on the NMR time scale,
allowing the structural properties of both states to be
measured under identical conditions. Previous work has

shown that the unfolded state ensemble populated under
near native conditions is compact with a radius of hydra-
tion of 25.1 Å. In contrast, under strongly denaturing
conditions (pH 3.8, 8 M urea) the denatured ensemble is
expanded with a radius of hydration of 33.6 Å (26). The
CD spectrum of the pH 3.8 unfolded state indicates the
presence of residual helical structure but obviously could
not localize it to specific regions of the chain.

MATERIALS AND METHODS

Protein Expression and Purification. 15N-Labeled
CTL9 and 15N, 13C-labeled CTL9 were overexpressed in
M9 minimal medium and purified as previously descri-
bed (14). The purity was confirmed using reverse phase
HPLC, and the identity of the protein was validated using
MALDI mass spectroscopy. The yield of pure protein
was 27 mg/L of media.
NMR Experiments. Protein samples for NMR experi-

ments were dissolved in 90% H2O/10% D2O at pH 3.8,
with 20 mM sodium acetate and 100 mM NaCl. The
protein concentration was about 1mM.All NMR experi-
ments were carried out on an 800 MHz Bruker spectro-
meter equipped with a cryo probe at the New York
Structural Biology Center. All the spectra were collected
at 25 �C. In all NMR experiments, the 1H dimension was
centered at the water resonance and the offset of the 15N
dimension was set at 118.0 ppm.

15N-1H correlated heteronuclear single-coherence
(HSQC) spectrum (27) was acquired using 1024 � 256
complex points with eight scans per increment. The
spectral widths were 9615.4 Hz for the 1H dimension
and 2433.1 Hz for the 15N dimension. Water suppression
was accomplished using the watergate sequence. The
following triple resonance experiments were performed
to establish backbone connectivities, on a 15N, 13C-
labeled protein sample: HNCO, HNCACO, HNCACB,
andCBCACONH.Typical spectralwidthswere 8389.3Hz

FIGURE 1: Structure of CTL9. (A) Ribbon diagram of CTL9
(residues 58-149 of protein L9). Protein data bank entry 1DIV.
TheN- andC-termini are labeled. (B) The primary sequence ofCTL9
together with a schematic representation of the secondary structural
elements (arrows represent β-strands and colored cylinders R-helices
and 310-helices). The ribbon diagram was made using PyMol.
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for the 1H dimension and 2270.7 for the 15N dimen-
sion. Constant time HNCO (28, 29) and constant time
HNCACO (29, 30) experiments were acquired with
1024 � 80 � 144 complex points. The 13CO dimen-
sion has a spectral width of 2817.7 Hz and centered at
176 ppm. Constant time HNCACB (31, 32) and cons-
tant time CBCACONH (32, 33) experiments comprised
1024� 80� 160 complex points. The 13C dimension has a
spectral width of 14084.5 Hz, with the 13C offset set at 39
ppm. In order to resolve the ambiguities caused by the
severe resonance overlap, a set of 15N-1H HSQC spectra
were collected between pH 2.0 and pH 5.5 with 0.4 pH
unit increments. By tracking peaks, it is either possible to
directly transfer the assignments previously determined
for the pH 2.0 unfolded state and the pH 5.5 native state
or constrain the possible identity of the resonances of the
pH 3.8 spectrum. To determine the 1HR and

1Hβ chemical
shifts, a three-dimensional (3D) constant time HBHA-
CONH experiment (32, 33) was acquired with a data
matrix of 1024 (direct 1H) � 80 (15N) � 160 (indirect 1H)
complex points. The indirect 1H dimension has a spectral
width of 7204.6 Hz. In all the above triple resonance
experiments, the watergate sequence was used to suppress
the water signal.
3D 15N-edited HSQC-NOESY (34) and the 15N

HSQC-NOESY-HSQC (35) experiments were performed
on a 15N-labeled sample of CTL9. The 15N HSQC-
NOESY spectrum was acquired with spectral widths of
9615 (HN), 2433 (15N), and 9602Hz (1H) in a datamatrix
of 1024 � 90 � 256 complex points. The 15N HSQC-
NOESY-HSQC spectrum was recorded with spectral
widths of 8389 (NH), 2190 (15N) and 2190 (15N) Hz and
1024� 140� 170 complex points in the t3 (NH), t2 (15N),
and t1 (15N) dimensions, respectively. Coherence selec-
tion with gradients and sensitivity enhancement were
used in both experiments. Water suppression was
achieved using a water flip back pulse. A mixing time of
300 ms was used to acquire both NOESY spectra. To
cancel out possible relaxation effects on the NOE inten-
sities, the NOE peak volumes are normalized as the ratio
of the NN(i,i+1) cross peak to the NN(i, i) diagonal
peaks.
Relaxation experiments were performed on a

15N-labeled sample, using methods described pre-
viously (36). The spectra were recorded at 10 delay times:
16.96, 33.92, 50.88, 67.84, 84.8, 101.76, 118.72, 135.68,
152.64, and 169.6 ms, with repetition at 50.88, 101.76,
and 152.64 ms to allow the estimation of the uncertainty.
Each spectrum was collected with four scans using
1024 � 256 complex points. The spectral widths were
8808.2 Hz (1H) and 2433.1 (15N). A recycle delay of 3 s
was used.
All spectra were processed using NMRPipe soft-

ware (37), and chemical shift assignments were made
using NMRView J (38). NOESY peak volumes were
measured using NMRViewJ. All the chemical shifts were
referenced to the absolute frequency of DSS at 0.00 ppm.
Sequence-dependent corrections were made using the
protocol reported by Schwarzinger and co-workers (39).
The random coil values of Wishart were used to calculate
the secondary chemical shifts (40). SSP analysis was
performed using the software provided by Professor

Forman-Kay on her Web site (http://pound.med.utoronto.
ca/software.html).R2 relaxation rateswere determinedusing
the automated program in NMRView J by fitting the peak
intensities to eq 1which describes a two-parameter exponen-
tial decay:

IðtÞ ¼ I0 expð-t=T 2Þ ð1Þ
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:

R2ðiÞ ¼ R2ðintÞ
XN
j¼1

exp -
ji-jj
λ

� �
ð2Þ

whereR2(i) is the experimentalR2 value for residue i,R2(int)
is the intrinsic relaxation rate which depends on the tem-
perature and viscosity of the solvent, λ is the apparent
persistence length of the chain, and N is the total number
of residues in the protein (3).

RESULTS

Sequence-Specific Assignment of the Native State and
the Unfolded State of CTL9 at pH 3.8.CTL9 is well folded
at pHs above 5, and is fully unfolded at pH 2.0 (14, 25). At
pH 3.8, both the native state and the unfolded state are
significantly populated. The two states are in slow ex-
change on the NMR chemical shift time scale, allowing
resonances from both states to be observed. The 15N-1H
HSQC spectrum of CTL9 at pH 3.8 is displayed in
Figure 2. The peaks are sharp, consistent with both states
being monomeric. A number of peaks mostly from the
native state are clearly resolved, but the rest of the native
state and most of the unfolded state resonances are
clustered in a limited frequency range at the center of
the spectrum. The limited dispersion is typical for an
unfolded protein but is worse than often observed due to
the overlap with the native state peaks and because of the
small number of aromatic residues in CTL9. Neverthe-
less, virtually complete assignments could be obtained for
both states. A set of NMR experiments including the
HNCACB, CBCACONH, HNCO, and HNCACO ex-
periments were conducted to determine inter-residue
backbone connectivities and to obtain backbone assign-
ments. In addition, a set of HSQC spectra were collected
over the pH range of 2-5.5 to resolve ambiguous assign-
ments. The HBHACONH experiment was used to obtain
1HR and 1Hβ assignments. Complete 15N, 13C, 1H back-
bone assignments as well as 13Cβ and 1Hβ assignments
were obtained for 80 residues in the native state and 86
residues of the unfolded state. Partial assignments were
obtained for additional eight residues of the native state
and five residues of the unfolded state. Overall at least
partial assignments were obtained for every nonproline
residue in the pH 3.8 unfolded state. All of the assign-
ments have been deposited in the BioMagResBank
(http://www.bmrb.wisc.edu/).
Analysis of the 13C and 1H Chemical Shifts Indicates

Significant Native and Non-Native Secondary Structure in
the Unfolded State. It is well-known that chemical shifts
are very sensitive to protein structure. The deviations of
the observed chemical shifts from random coil values,
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so-called secondary chemical shifts, are very accurate
predictors of protein secondary structure (41-43). We
used the chemical shift data reported by Wishart (40) as
random coil values to determine the 1HR,

13CR,
13Cβ, and

13CO secondary shifts of both the native state and the
unfolded state of CTL9 at pH 3.8. The secondary shifts
were compared to those of the pH 2.0 unfolded state.

Figure 3 displays the 1HR secondary shifts for CTL9.
Negative 1HR secondary shifts suggest R-helical structure
and positive 1HR secondary shifts are observed for
β-sheet structure (42). Figure 3 compares the 1HR second-
ary shifts for the pH 3.8 native state and the pH 3.8
unfolded state. The pH 3.8 native state shows the largest
1HR secondary shifts, with values ranging from -0.73

FIGURE 2: 15N-HSQC spectrum (panel A) of CTL9with assignments of peaks indicated.U denotes unfolded state resonances and F folded state
peaks. The spectrum was recorded at pH 3.8 and 25 �C. Panel B is an expansion of the central region of the spectrum.
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ppm to 1.05 ppm. The pattern of secondary shifts agrees
well with the native structure of CTL9 at pH 5.5. As
expected, the segments corresponding to the twoR-helices
in the native state have negative secondary 1HR shifts,
with an average of-0.17 ppm for R-helix 1 (residues 58-
74) and -0.18 for R-helix 2 (residues 95-106). Positive
1HR secondary shifts are detected from regions that form
the β-strands in the native state, namely, residues 79-82,
residues 125-134, and residues 138-147. The average
deviations are 0.52 ppm for strand 1, 0.63 ppm for strand
2, and 0.35 ppm for strand 3. The two 310 helix regions
(residues 85-88 and 110-113) exhibit small deviations
with no clear trend. In comparison, the pH 3.8 unfolded
state exhibits smaller 1HR secondary shifts, as expected
for an unfolded protein. However, the overall pattern is
similar to that observed for the native state. In particular,
the residues that comprise the two R-helices display
contiguous negative 1HR secondary shifts. The average
deviation is -0.07 ppm for both helices. The segment of
the polypeptide chain, which connects R-helix 2 and β-
strand 2, residues 107-124, also displays negative 1HR
secondary shifts, -0.06 ppm on average. The deviations
are very small for the first two β-strands with no obvious
trends, while the third strand exhibits generally positive

deviations (0.04 ppm on average). The 1HR secondary
shifts data clearly suggest a propensity to populate helical
ψ and j values in the pH 3.8 unfolded state for the
residues which are R-helical in the folded state. 1HR
secondary shifts are very useful, but because of the
relatively small dispersion in 1H chemical shifts, more
accurate and reliable information can be obtained by the
analysis of 13C secondary shifts.

13CR and 13CO resonances are shifted downfield in R-
helices and upfield in β-strands. The trend is reversed for
13Cβ secondary shifts (40, 44). The 13CR,

13Cβ, and
13CO

FIGURE 3: Plots of secondary 1HR shifts as a function of residue
number. Random coil values from Wishart (40) were used together
with sequence-specific corrections (39). (A) 1HR secondary shifts for
the pH 3.8 native state, (B) 1HR secondary shifts for the pH 3.8
unfolded state. A schematic representation of the elements of sec-
ondary structure of the native state of CTL9 is shown at the top of
each panel (arrows represent β-strands and filled cylinders R-helices,
dashed cylinders 310-helices, and single lines loop regions).

FIGURE 4: Plots of secondary 13C shifts for the pH 3.8 native state.
(A) 13CR secondary shifts, (B) carbonyl 13CO secondary shifts, (C)
13Cβ secondary shifts. Sequence-dependent corrections weremade. 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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secondary shifts of the pH 3.8 native state and the pH 3.8
unfolded state are plotted in Figures 4 and 5. Table 1
summarizes the average secondary shifts for stretches of
the primary sequence which display consecutive large
deviations from zero. The overall pattern of 13CR shifts
is consistent with the 1HR secondary shifts. Continuous
positive deviations are detected for the pH 3.8 native state
(Figure 4A), in the two R-helical regions. The average
value is 2.46 ppm for R-helix 1 and 2.87 ppm forR-helix 2.
Positive deviations are also found in residues 110-114,
which corresponds to the second 310 helix in the crystal

structure. β-strand 3 exhibits negative deviations with an
average of -1.07 ppm, while oscillating deviations with
no clear trend are found for β-strands 1 and 2 (averages
of -0.20 and 0.01 ppm, respectively). The pH 3.8 un-
folded state displays 13CR secondary shifts (Figure 5A)
which are smaller than those of the native state
(Figure 4A), but the values are clearly significant. The
largest deviations are observed in the regions that
correspond to the two R-helices in the native state. The
average deviation is 1.02 ppm for R-helix 1 and 1.41 ppm
for R-helix 2. Both of these values are significantly larger
than the values previously observed for the pH 2.0
unfolded state, 0.32 ppm on average for R-helix 1 and
0.62 ppm on average for R-helix 2 (14). The segment
linking R-helix 2 and β-strand 2 (residues 107-124) also
shows secondary 13CR shifts in the pH 3.8 unfolded state
(1.09 ppm) that are larger than those in the pH 2.0
unfolded state (0.55 ppm). Small positive deviations are
detected in the β-strand regions. The average is 0.38 ppm
for β-strand 1, 0.53 ppm for β-strand 2, and 0.44 ppm for
β-strand 3.
The 13CO secondary shifts display a broadly similar

pattern to the 13CR secondary shifts. In the pH 3.8 native
state, large positive 13CO secondary shifts are detected in
the two R-helical regions, while negative deviations are
found in the β-strand regions (Figure 4B). The average is
1.14 ppm for R-helix 1 and 1.84 ppm for R-helix 2. The
segment linking R-helix 2 and β-strand 2 displays an
average deviation of -0.89 ppm, and the values are -
1.39 ppm, -1.21 ppm, and -2.09 ppm for the three
β-strands, respectively. The 13CO secondary shifts of the
pH 3.8 unfolded state are generally of smaller amplitude
than those of the pH 3.8 native state but are significant
(Figure 5B). The averages are 0.38 and 0.66 ppm for R-
helix 1 and R-helix 2, respectively. The segment linking R-
helix 2 and β-strand 2 has positive deviations with an
average of 0.25 ppm. This is an interesting observation
since the region displays negative deviations in the pH 3.8
folded state. In the folded state, this region contains a
short 310 helix between residues 110 to 113, while the rest
of the segment does not adopt any classical secondary
structure. The averages for the three β-strands are -0.68
ppm, -0.87 ppm, and -0.34 ppm, respectively. Again,
the deviations are larger than those reported for the pH
2.0 unfolded state.
The pattern of 13Cβ secondary shifts is also consistent

with the 1HR,
13CR, and

13CO shifts. Consecutive negative
13Cβ secondary shifts are observed in the two R-helical
regions in the pH 3.8 native state (-0.40 ppm on average

FIGURE 5: Plots of secondary 13C shifts for the pH 3.8 unfolded
state. (A) 13CR secondary shifts, (B) carbonyl

13CO secondary shifts,
(C) 13Cβ secondary shifts. Sequence-dependent corrections were
made for the 13CO shifts. A schematic diagram of the elements of
secondary structure of the native state of CTL9 is shown at the top of
each panel.

Table 1: Average Secondary Shifts and SSP Values in Secondary

Structural Elements of CTL9

pH 3.8 native state pH 3.8 unfolded state

1HR
13CR

13Cβ
13CO SSP 1HR

13CR
13Cβ

13CO SSP

R-helix 1 -0.17 2.46 -0.40 1.14 0.86 -0.07 1.02 -0.12 0.38 0.46

R-helix 2 -0.18 2.87 -0.42 1.84 0.82 -0.07 1.41 0.00 0.66 0.41

loop -0.01 0.51 0.64 -0.89 0.16 -0.06 1.09 -0.15 0.25 0.38

strand 1 0.52 -0.20 1.97 -1.39 -0.53 0.02 0.38 0.39 -0.68 0.11

strand 2 0.63 0.01 1.37 -1.21 -0.40 -0.01 0.53 0.31 -0.87 0.21

strand 3 0.35 -1.07 1.31 -2.09 -0.19 0.04 0.44 0.27 -0.34 0.13
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for R-helix 1 and -0.42 ppm on average for R-helix 2),
while positive 13Cβ secondary shifts are detected in the β-
strand regions (Figure 4C). The average values for the
three β-strands are 1.97 ppm, 1.37 ppm, and 1.31 ppm,
respectively, while the segment that connects R-helix 2
and β-strand 2 has an average deviation of 0.63 ppm. A
largely similar pattern of 13Cβ secondary shifts are found
for the pH 3.8 unfolded state, however once again,
the magnitudes of the deviations are smaller. The average
is-0.12 ppm forR-helix 1, 0 ppm forR-helix 2, and-0.15
ppm for the segment connecting R-helix 2 and β-strand 2.
Notice that the sign of the deviations for this segment
are reversed relative to the pH 3.8 folded state. This
provides additional evidence that this region of the poly-
peptide chain has a propensity to populate non-native
structure in the pH 3.8 unfolded state. The averages for
the three β-strands are 0.39 ppm, 0.31 ppm, and 0.27 ppm,
respectively.
Analysis of Chemical Shift Differences and Secondary

Structural Propensity Scores Indicates Significant Helical
Structure in the Unfolded State. Combinations of second-
ary shifts often provide a more consistent picture of
secondary structural propensities and can avoid problems
with chemical shift referencing. A common approach is to
calculate the difference between the 13CR secondary shifts
and the 13Cβ secondary shifts, ΔδCR - ΔδCβ values.
PositiveΔδCR -ΔδCβ values indicate R-helical structure
and negative values suggest a propensity to form β-strand
structure (45). Figure 6A plots the ΔδCR - ΔδCβ values
for the pH 3.8 native state. The largest positive values are
found in the two R-helix regions, 2.86 and 3.29 ppm
on average. Negative values are detected in the three
β-strands, with averages of -2.17 ppm, -1.36 ppm,
and -2.38 ppm, respectively. The value for the region
connecting R-helix 2 and β-strand 2 is -0.08 ppm. The
ΔδCR -ΔδCβ values for the pH 3.8 unfolded state reveal
a tendency to form helical structure in certain regions
(Figure 6B). The average is 1.24 ppm for R-helix 1 and
1.41 ppm for R-helix 2, while no obvious trends are
detected in the three β-strands. Interestingly, residues
107-124 display positive ΔδCR - ΔδCβ values in the
pH 3.8 unfolded state but not in the folded state. In fact,
the average deviation in this region is 1.25 ppm in the pH
3.8 unfolded state, which is comparable to the values
detected for R-helix 1 and R-helix 2. Again, this is con-
sistent with a tendency to form non-native structure. This
region also displayed positive deviations in the previously
characterized pH 2.0 unfolded state although they were
significantly smaller (14).
Recently, the secondary structure propensity (SSP)

analysis developed by Forman-Kay and co-workers has
been used to analyze secondary structure propensity in
natively unfolded proteins (45). The SSP method uses
chemical shifts of different nuclei to calculate a single
score to represent the propensity of a given residue to
populate secondary structure. A SSP score of 1 is taken to
mean awell-formedR-helix and a value of-1 to represent
a β-strand. Figure 7 displays the results of the SSP
analysis applied to the pH 3.8 native state and the pH
3.8 unfolded state of CTL9. The data are summarized in
Table 1. In the folded state, the residues comprising
R-helix 1 have SSP scores ranging from 0.59 to 1.03 with

an average of 0.86. The values for R-helix 2 range
from 0.54 to 1.10 with an average of 0.82. The region
corresponding to β-strand 1 has SSP scores ranging

FIGURE 6: Plots of the difference in the 13CR secondary shifts and the
13Cβ secondary shifts for (A) the pH 3.8 native state, (B) the pH 3.8
unfolded state. A schematic diagram of the elements of secondary
structure of the native state ofCTL9 is shownat the topof eachpanel.

FIGURE 7: SSP analysis of the pH 3.8 native state (b) and the pH 3.8
unfolded state (O) of CTL9. Positive SSP values indicate a propensity
to populate the helical region of the Ramachandran plot, while
negative values indicate a preference for the β-strand region. 13CR,
13Cβ, and

1HR chemical shifts were used in the analysis. 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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from-0.41 to-0.63with an average of-0.53. The values
for β-strand 2 range from-0.14 to-0.78 with an average
of -0.40, and β-strand 3 has SSP scores ranging from -
0.38 to 0.11 with an average of-0.11. The SSP scores for
the pH 3.8 unfolded state indicate that the residues within
helix-1 andhelix-2 have a significant tendency to populate
helical j and ψ angles. In the pH 3.8 unfolded state, the
region corresponding to R-helix 1 has SSP values ranging
from 0.37 to 0.55 with an average of 0.46. For R-helix 2,
the average is 0.41with individual values ranging from0.30
to 0.52. We have previously analyzed the pH 2.0 unfolded
state and the helical regions have SSP scores of 0.28( 0.07
and 0.32 ( 0.07, indicating a weaker but still significant
tendency to form helical structure. Clear differences be-
tween the folded and unfolded states are observed for the
region linking R-helix 2 and β-strand 2, particularly for
residues 107-110 and 118-124 where the average devia-
tion is 0.39 between the pH 3.8 folded and unfolded states.
Residues 111-117, which include the 310 helix, display
smaller differences with an average deviation of 0.04. The
average SSP score for the entire region encompassing
residues 107- 124 is 0.38 in the pH 3.8 unfolded state,
and the individual values cover the range of 0.27-0.49.
The same region in the native state, however, has a much
smaller average SSPvalue,which is 0.16, and the individual
values span the range from-0.15 to 0.47. In summary, the
SSP plot clearly reveals that the residues which populate
helical j and ψ angles in the native state have significant
propensity to do so in the pH 3.8 unfolded state, while the
segment linking R-helix 2 and β-strand 2 has significant
propensity to formnon-nativeR-helical structure in the pH
3.8 unfolded state.
The SSP scores are correlated for the pH3.8 native state

and the pH 3.8 unfolded state, but in contrast, there is no
significant correlation between the SSP scores for the pH
3.8 unfolded state and the low pH urea unfolded state.
Plots comparing the respective correlations are shown in
Figure 8. The correlation between the two pH 3.8 states
is better for residues in the helix-1 and helix-2 regions than
is observed for the full protein (r2=0.68 vs r2=0.62).No
correlation is detected when comparing the SSP scores of
these regions between the pH 3.8 unfolded state and the
low pH urea unfolded state. This simple analysis rein-
forces the picture that the pH 3.8 unfolded state, that is,
the unfolded state populated in the absence of denatur-
ant, has significant tendency to preferentially adopt
native-like j, ψ angles in these regions. Note that the
SSP scores of the loop region which was identified as
populating non-native structure in the pH 3.8 unfolded
state exhibits a significantly worse correlation with the
native statewith a r2 of only 0.35; this is entirely consistent
with the other experiments that revealed non-native
structure in this region.
Amide Proton NOEs Confirm the Presence of Helical

Structure in the Unfolded State. NOEs are powerful
constraints for protein structure determination, provid-
ing long-range distance constraints on global topology
and short-range constraints on local structure, including
secondary structure. However, measurement of NOEs in
unfolded proteins is difficult due to the highly fluctuating
nature of unfolded state ensembles and often limited
spectral resolution. Nevertheless, characteristic NOEs

can be observed in unfolded proteins if the population
of a conformation with defined secondary structure is
significant and the resolution is adequate. Sequential
dNN(i,i+1) NOEs are particularly useful for detecting
helical structure in unfolded proteins and can be used to
distinguish helical from β-strand or extended structures.
Using the 15N HSQC-NOESY experiment, sequential
dNN(i,i+1) NOEs and dRN(i,i+1) NOEs were detected
throughout the primary sequence of CTL9 in the pH 3.8
native state. However, only 18 dNN(i,i+1) NOEs and 25
dRN(i,i+1) NOEs could be identified in the pH 3.8
unfolded state using this experiment, due to the overlap
of resonances and the high degeneracy of the proton
chemical shifts. In contrast, the 15N HSQC-NOESY-
HSQC experiment disperses the amide resonances into
two nitrogen dimensions, which have much higher che-
mical shift dispersion than the proton dimension. As a
result, this experiment is typically employed to measure
dNN(i,i+1) NOEs in unfolded proteins even though it
suffers from sensitivity loss. Figure 9 shows a diagram of
the observed dNN(i,i+1) NOEs in the pH 3.8 native state
and the pH 3.8 unfolded state. Only 25 dNN(i,i+1) NOEs
are detected in the pH 3.8 native state because of the low
sensitivity of the 15NHSQC-NOESY-HSQC experiment.
Only helical regions displayed consecutive sets of dNN

(i,i+1) NOEs. Thirty dNN(i,i+1) NOEs are observed in
the pH 3.8 unfolded state. These include eight dNN(i,i+1)
NOEs in residues 58-74 (R-helix 1), seven NOEs
in residues 95-106 (R-helix 2), and seven NOEs in
residues 107-124, which comprise the segment linking
R-helix 2 and β-strand 2 in the native fold. Five observed
NOEs within residues 107-124 result from residue pairs
which have interamide proton distances greater than 4 Å
in the X-ray structure. Two of the seven result from pairs
that have interproton distances less than 3 Å, and both of
these are in the regions of 310 helix. The former set is
consistent with the segment adopting non-native struc-
ture in the unfolded state. The only other continuous
dNN(i,i+1) NOEs are found for residues G86 and G87,
which are located in the first 310 helix region in the native
state. The dNN(i,i+1) NOEs are much less intense in the
pH 3.8 unfolded state than in the pH 3.8 native state,
suggesting that the residual structure in the pH 3.8
unfolded state is dynamic and populated by a subset of
the ensemble.

15N R2 Relaxation Analysis of the pH 3.8 Native State
and the pH 3.8 Unfolded State. Measurement of relaxa-
tion rates can provide structural and dynamic informa-
tion about unfolded proteins (3, 46). 15N R2 relaxation
rates are particularly useful in the detection of deviations
from random coil behavior in unfolded proteins. For a
completely unstructured polypeptide, the 15NR2 rates are
expected to be uniform in themiddle of the polymer chain
and slightly smaller at the two termini. Significantly large
R2 rates are usually assumed to reflect local structure or
persistent hydrophobic clusters (3, 46). Figure 10 plots the
measured relaxation rates and relaxation rates calculated
using the phenomenological random coil model devel-
oped by Schwalbe and co-workers (46). As expected, the
native state exhibits large systematic positive deviations
from the values predicted by the phenomenological ran-
dom coil model (Figure 10A). The deviations observed
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for the pH 3.8 unfolded state are much smaller but are
clearly not zero and are considerably larger than the
uncertainty in the data points (Figure 10B). The calcu-
lated R2 values follow the expected inverted U-shaped
curve but with some noticeable deviations. Regions
that show the largest deviations include R-helix 2 and
the segment betweenR-helix 2 and β-strand 2. Smaller but
noticeable deviations are observed in R-helix 1. Interest-
ingly, these are the regions that were identified as having
the highest propensity to populate helical secondary
structure in the unfolded ensemble by both the chemical
shift analysis and by the NOE measurements. The fit to
the phenomenological model yields (eq 2) a parameter λ
which has been related to the apparent persistence length
of the chain. The value obtained here is eight residues
which is consistent with previous estimates (3, 46). We

note however that as rigorously defined it is not clear
that the concept of persistence length is applicable to
proteins.

DISCUSSION

We have obtained nearly complete backbone 15N, 13C,
1H and side-chain 13Cβ,

1Hβ chemical shifts for the pH 3.8
native state of CTL9 and the pH 3.8 unfolded state
populated in the absence of denaturant. Direct measure-
ment of the chemical shifts, NOEs, andR2 relaxation rates
of the two states allows the comparison of the structural
and dynamic properties under identical native-like condi-
tions. The secondary chemical shifts, the difference of 13CR
and 13Cβ shifts, SSP analysis, the 15N R2 values, and the
NOE data all yield a consistent picture. The pH 3.8 native
state is well-folded and adopts a structure similar to

FIGURE 8: Comparisonof the SSP scores of the pH3.8 unfolded statewith the SSP scores of the pH3.8 native state and the lowpHureaunfolded
state. (A) Comparison of the pH 3.8 unfolded state with the pH 3.8 native state for all residues. (B) Comparison of the pH 3.8 unfolded state with
the low pHunfolded state for all residues. (C) Comparison of the pH3.8 unfolded state with the pH3.8 native state for residues inR-helix 1 andR-
helix 2. (D)Comparisonof the pH3.8 unfolded statewith the lowpHureaunfolded state for residues inR-helix 1 andR-helix 2. (E)Comparisonof
the pH3.8 unfolded statewith the pH3.8 native state for residues in the loop regiononly. (F)Comparisonof the pH3.8 unfolded statewith the low
pH urea unfolded state for residues in the loop region only.
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the native state at neutral pH. The pH 3.8 unfolded state
contains significant residual native and non-native struc-
ture. The two regionswhich areR-helical in the native state
have a clear tendency to populate helicalj andψ angles in
the Ramachandran plot. The region that connects the
secondR-helix and the second β-strand adopts an irregular
loop conformation in the native state, but displays a
significant propensity to form non-native helical structure
in the pH 3.8 unfolded state.
It is natural to inquire if significant unfolded state

structure is to be routinely expected in the absence of
denaturant. The question is difficult to answer since a
limited number of proteins have had their unfolded states
examined under near native conditions. Nonetheless, an
examination of the literature suggests that deviations from
random coil behavior are common and that unfolded
states are often compact and can have a noticeable pro-
pensity to adopt secondary structure and form hydropho-
bic clusters (10, 12). There are even examples of
energetically significant electrostatic interactions in un-
folded states (4, 5, 13, 16, 47-55). A second question
concerns the presence of non-native structure. Again there
are relatively few studies which directly address this point;
however, non-native helical structure has been found in the

drkN SH3 domain, in the ACBP domain, and as described
here in CTL9 (15, 56). Non-native helical structure may be
more common than non-native β-sheet structure since
helical geometry involves more local interactions which
could be stabilized by transient longer range interactions
present in a compact unfolded state (57-59).
The propensity to populate secondary structure in

the pH 3.8 unfolded state is noticeably higher than
that observed at pH 2.0 (14). This correlates with
hydrodynamic measurements which have shown that
the pH 2.0 unfolded state is more expanded than the
pH 3.8 unfolded state (13). Thus, as one expects, the
tendency to adopt native-like structure in the unfolded
state decreases as solution conditions are changed
to disfavor the native state. In principle, it is possible
that the decreased propensity to populate helical structure
in the pH 2.0 vs pH 3.8 unfolded state is due to a reduced
intrinsic helical propensity at low pH. However, cal-
culations performed using AGADIR (60), an algorithm
that calculates intrinsic helical propensity without
consideration of the potential effects of tertiary interac-
tions, show that this is not the case. The calculations show
only a weak intrinsic helicity for the relevant CTL9 regions
(∼2-5%) that decreases only slightly (to ∼1-2%) upon
moving from pH 3.8 to 2.0. This very small pH-dependent
decrease cannot account for the sizable differences ob-
served here between the residual helix populations of the
pH 2.0 and the pH 3.8 unfolded states. Instead, given the

FIGURE 9: Summary of sequential dNN(i,i+1) NOEs observed for
CTL9 at pH 3.8. NOE peak volumes are normalized as the ratio of
the volumes of the observed dNN(i,i+1) NOE crosspeaks over those
of the diagonal peaks. (A) The pH 3.8 native state NOEs, and (B) the
pH 3.8 unfolded state NOEs. Regions where overlapping or ambig-
uous NOEs were observed or where no NOEs were observed are left
blank. A schematic representation of the secondary structural ele-
ments in the native state is displayed on the top.

FIGURE 10: Plots of 15N R2 rates for the pH 3.8 native state (A), the
pH 3.8 unfolded state (B) of CTL9. The solid line is the best fit to the
phenomenological model of Schwalbe and co-workers (3).
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somewhat compact nature of both unfolded states, it may
be that transient long-range interactions stabilize helical
structure in both states, with the greater compactness
of the pH 3.8 state affording a greater degree of helix
stabilization. Precedent for such an effect is provided
in studies of the acid unfolded state of apomyoglobin
(59, 61, 62).
Residual structure in the unfolded state can reduce the

conformational search in the early stages of protein
folding, but it is important to realize that residual
structure can speed up folding, have no effect on the
folding rate, or even slow folding. If residual unfolded
structure is no more developed in the transition state for
folding than it is in the unfolded state, it will have no
effect on the folding rate. This is true whether or not the
structure represents native or non-native interactions
(55, 63, 64). Unfolded state structure will slow folding
if it must be disrupted prior to cross the transition
state barrier.
Unfolded state structure can also affect the mutational

analysis of the transition state for folding. This approach,
traditionally denoted as Φ-value analysis, involves acces-
sing the effect of amutation on the overall stability,ΔΔG0,
and on the activation free energy for folding, ΔΔG‡. The
dimensionless ratio ΔΔG‡/ΔΔG0 gives the Φ-value. If the
mutation does not alter the free energy of unfolded en-
semble, then the ratio is just equal to the change in the free
energy of the transition state divided by the change in the
free energy of the native state. In this case,Φ-values have a
simple quasi structural interpretation.Φ=1 represents an
interactionwhich is aswell developed in the transition state
as in the native state, whileΦ=0 represents an interaction
that is nomore developed in the transition state than it is in
the unfolded state. Φ-values can obviously still be mea-
sured when mutations perturb the energetics of the un-
folded state, but their simple structural interpretation is
more ambiguous. For example, small Φ-values are tradi-
tionally assumed to represent lack of structure formation
in the transition state; however, this is not always correct. If
a particular interaction iswell formedboth in the transition
state and in the unfolded state a small Φ-value can arise
since Φ-values, in their simplest interpretation, report on
the development of interactions in the transition state
relative to the unfolded state. In such cases, a mutation
may perturb the free energy of both the transition and
unfolded states, giving rise to a Φ-value that is zero or
small. Destabilization of the unfolded state via such a
mutant will decrease the Φ-value relative to the value
which would have been measured if the mutation had
not affected unfolded state energetics (23). It is exception-
ally difficult to experimentally detect when unfolded state
effects may impact Φ-values but the observation of sig-
nificant native and non-native helical propensities in the
unfolded state of CTL9 indicates that such effects might
arise in the case of this protein. If so, our viewof howCTL9
foldsmayneed tobe reassessed carefully.Along these lines,
it is interesting to note that a previously reportedΦ-value
analysis of the transition state of CTL9 demonstrated that
the largest Φ-values are found in the β-hairpin region
comprised of β-strand 2, β-strand 3, and the loop that
connects the two strands, while the helical regions dis-
played smallΦ-values.
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