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Abstract

Cold denaturation is a general property of globular proteins, and the process provides insight into
the origins of the cooperativity of protein folding and the nature of partially folded states.
Unfortunately, studies of protein cold denaturation have been hindered by the fact that the cold
denatured state is normally difficult to access experimentally. Special conditions such as addition
of high concentrations of denaturant, encapsulation into reverse micelles, the formation of
emulsified solutions, high pressure or extremes of pHs, have been applied, but these can perturb
the unfolded state of proteins. The cold denatured state of the C-terminal domain of the ribosomal
protein L9 can be populated under native like conditions by taking advantage of a destabilizing
point mutation which leads to cold denaturation at temperatures above zero °C. This state is in
slow exchange with the native state on the NMR time scale. Virtually complete backbone 1°N, 13C
and H as well as side-chain 13Cg and Hg chemical shift assignments were obtained for the cold
denatured state at pH 5.7, 12 °C. Chemical shift analysis, backbone N-H residual dipolar
couplings, amide proton NOEs and R» relaxation rates all indicate that the cold denatured state of
CTLO9 contains significant native like secondary structure, but also contains non-native structure.
The regions corresponding to the two native a-helices show a strong tendency to populate helical
@ and ¥ angles. The segment which connects a-helix 2 and B-strand 2 (residues 107-124) in the
native state exhibits a significant preference to form non-native helical structure in the cold
denatured state. The structure observed in the cold denatured state of the 198A mutant is similar to
that observed in the pH 3.8 unfolded state of wild type CTL9 at 25 °C, suggesting that it is a
robust feature of the denatured state ensemble of this protein. The implications for protein folding
and for studies of cold denatured states are discussed.

Introduction

Cold denaturation is a general property of globular proteins, as predicted by the Gibbs-
Helmbholtz equation and is believed to be driven by the increased hydration of non-polar
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groups of proteins at low temperatures as well as by the decrease in hydrophobic
interactions within the protein (1-4). Thus the cold induced unfolding of a protein is
sometimes thought to proceed via a different mechanism from thermal unfolding. The
process of cold denaturation has been studied for a wide range of proteins but structural
characterization of the cold unfolded state is less extensive than studies of heat or denaturant
induced unfolded states. Investigating the structure of the cold denatured state and the
cooperativity of cold denaturation is crucial for a complete understanding of protein folding
and cooperativity (3, 5-6). An increased knowledge of the cold denatured state is also
important for understanding the molecular basis for cold adaptation in psychrophilic
organisms (7-8). Most studies of cold unfolding have focused on thermodynamic aspects of
the process or have used relatively low resolution spectroscopic methods.

Unfortunately, the study of cold denaturation is difficult because the midpoint of the cold
unfolding transition is typically well below 0 °C (3-4). As a consequence studies have been
limited to a relatively small number of proteins compared to studies of thermal unfolding.
Furthermore the majority of cases require special conditions such as encapsulation (9-11),
high pressure (12-14), emulsified samples (15), extremes of pH (2—4, 16) or the addition of
high concentrations of denaturant (2-3, 17). All of these methods have the potential to offer
insight into the structural and thermodynamic aspects of cold denaturation, although some
approaches may perturb the system in complicating ways. For example, encapsulation in
reverse micelles has been used to study cold unfolding, but our previous NMR diffusion
measurements have shown that cold denatured proteins expand as the temperature is
lowered (18) and other groups have shown that under certain circumstances the reverse
micelle systems used can shed water and contract as the temperature is decreased (9, 15, 19—
20). The combination could lead to significant protein micelle interactions at low
temperatures in certain cases. There have been very few reported high resolution studies of
the cold denatured state in the absence of encapsulation, denaturant or extremes of pH or
pressure(21). Here, we report the detailed characterization of the structural and dynamic
properties of the cold denatured state using NMR spectroscopy. We use a destabilizing point
mutant of the C-terminal domain of the ribosomal protein L9 (CTL9) to populate the cold
unfolded state in homogenous solution in the absence of denaturants at near neutral pH. The
implications for the folding of CTL9 are discussed as are the implications for the nature of
the cold denatured state.

CTLY9 is a 92 residue globular protein which adopts a relatively rare fold made up of two a-
helices and a three stranded mixed parallel, anti-parallel B-sheet (Figure 1A) (22). An I198A
point-mutation destabilizes the protein and reduces AHO of unfolding at the midpoint of the
thermal unfolding while increasing ACpO for unfolding. As expected, this increases the
temperature of cold unfolding and, in the present case, leads to observable cold-denaturation
at temperatures above zero °C in the absence of denaturant or extreme pH values (18).
(Figure 1B and 1C). Data presented here together with earlier hydrodynamic measurements
show that the mutation does not alter the overall structure of the protein (18). We have
characterized the hydrodynamic properties of the cold induced unfolded state of the 198A
mutant of CTL9 under native and near native conditions using pulsed field gradient NMR
diffusion experiments, and we have shown that the cold denatured state is compact relative
to the acid or urea unfolded states but expands as the temperature is lowered (18).

Materials and Methods

Protein expression and purification

15N-labeled CTL9 and 13C, 15N-labeled CTL9 and the labeled 198A mutant were
overexpressed and purified as previously described (23-24). The identity of the proteins was
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confirmed using MALDI-TOF mass spectroscopy and the purity was checked using
analytical HPLC. The yield of pure protein was 30 mg per liter of M9 minimal media.

Circular dichroism spectroscopy

CD experiments were carried out using a Chirascan CD spectrometer. The protein was
dissolved in 20 mM acetate, 100 mM NaCl buffer, pH 5.7 at a concentration of about 18
MM. Thermal denaturation experiments were performed by monitoring the ellipticity at 222
nm with a heating rate of 1 °C/min. Data were collected from 2 °C to 94 °C, witha 2 °C
increment. The experiments were repeated 3 times with independently prepared samples to
access the reproducibility of the results and the experimental uncertainties. Additional CD
melting experiments were conducted as a function of pH between pH 4.7 and pH 8.0.

Nuclear magnetic resonance experiments

Protein samples for NMR experiments were prepared in 90% H,0 and 10% D,0 at pH 5.7,
with 20 mM sodium acetate and 100 mM NacCl, unless otherwise specified. The protein
concentration was about 1 mM. All NMR experiments for the cold denatured state of 198A
CTL9 were recorded on 800 or 900 MHz Bruker spectrometers equipped with cryogenic
probes at the New York Structural Biology Center. Triple resonance experiments for
establishment of the assignments for wild-type CTL9 were performed on a 600 MHz Varian
spectrometer at the University of Connecticut Health Center. The 1H dimension was
centered at the water resonance and the 1°N offset frequency was set to 118.0 ppm for all
heteronuclear NMR experiments.

15N-1H correlated heteronuclear single coherence (HSQC) spectra for the I98A mutant were
recorded using 1024 x 512 complex points with 8 scans per increment and spectral widths of
9920.6 Hz and 2189.6 Hz for the 1H and 15N dimensions, respectively. The HSQC spectra
of wild-type CTL9 sample had spectral widths of 6600.7 Hz (*H) and 1920.0 Hz (1°N),
respectively.

The HNCO/HNCACO (25-27) and the HNCACB (28-29) experiments were performed to
enable sequence-specific backbone and sidechain 13Cﬁ assignments. The HBHACONH (29-
30) experiment was carried out to obtain sidechain 1H, and 1HB assignments. The watergate
sequence was employed to suppress water signals in all triple resonance experiments. All
spectra were processed using NMRPipe software (31), and chemical shift assignments were
made using NMRViewl (32). All the chemical shifts were referenced to the absolute
frequency of DSS at 0.00 ppm. The random coil chemical shift values of Wishart were used
to calculate the secondary chemical shifts (33). SSP scores were calculated based

on 13¢C,, 1305 and 1H,, shifts, using the software provided by Professor Forman-Kay at her
website (http://pound.med.utoronto.ca/software.html) (34).

A 3D 15N HSQC-NOESY-HSQC experiment was performed on a 1°N-labeled sample of
I98A CTL9. The spectrum was acquired with spectral widths of 8012.8 (NH), 2108.8 (1°N)
and 2108.8 (1°N) Hz and in a data matrix of 1024 x 128 x 138 complex points, with a
mixing time of 300 ms. Coherence selection with gradients and sensitivity enhancement
were used, and water suppression was achieved using a water flip back pulse sequence.
NOESY peak volumes were measured using NMRViewJ. The NOE peak volumes were
normalized as the ratio of the NN(i,i+1) cross peak to the NN(i, i) diagonal peaks to
compensate for any potential relaxation effects on the NOE intensities.

15N-1H one bond residual dipolar couplings (RDC) were measured in weakly aligned bicelle
media. The bicelles were prepared by mixing 450 pL of NMR buffer with 50 pL of
pentaethylene glycol octylether (C8E5). The mixture was gently vortexed until the solution
became clear. Then 1-octanol was added in 2 pL increments for a total additional volume of
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10 to 11 pL. The bicelles were left at 10 °C overnight. Then the protein solution was added
at a ratio of 1:1 to the bicelle solution and gently vortexed. The alignment of the protein with
the bicelles was checked by measuring the 2H quadrupolar splitting of the water line.

A 15N-1H HSQC experiment was performed on the protein sample in the bicelles. There was
no significant change in either the chemical shift or peak intensity observed in any of the
resonances, indicating the bicelles do not perturb the protein conformation significantly. To
measure the 15N-1H RDCs, 2D inphase and antiphase-HSQC (IPAP-HSQC) spectra (35)
were recorded for the sample in the bicelles and in isotropic buffer solutions. The IPAP-
HSQC spectra were acquired with 2048 x 512 complex points and with spectral widths of
8012.8 Hz and 2270.7 Hz for the IH and 15N dimension, respectively. The spectra were
processed using NMRPipe software and the 15N-1H splittings were measured using
NMRViewJ. The RDCs were calculated as the difference between the scalar coupling
splitting in isotropic solution and the observed splitting in the anisotropic solution.

Transverse relaxation (R,) experiments were performed on a 1°N-labeled sample as
described using a Carr Purcell Meiboom Gill (CPMG) sequence (36). The pulse spacing in
the CPMG sequence was 0.9 milliseconds. 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 a
recycle delay of 3 s. To estimate the uncertainty, duplicate spectra were acquired at 50.88,
101.76 and 152.64 ms delay times. Each spectrum was collected with 4 scans and 1024 x
256 complex points. The spectral widths were 8012.8 Hz (*H) and 2027.7 (°N). R;, rates
were determined by fitting the NMR resonance intensities as a function of delay times to a
single exponential decay using NMRViewJ. The expected intrinsic R, rates for a completely
unstructured protein were obtained by fitting the experimental R, rates to the
phenomenological model proposed by Schwalbe and coworkers (37).

The 198A mutant of CTL9 adopts the same structure as wild-type CTL9 but undergoes cold
denaturation above °C

Our previous thermodynamic studies indicated that replacing the hydrophobic core residue
198 in CTL9 by an alanine causes a decrease in AHO(T,,) and an increase in ACpO, thus the
temperature of the mid point of cold denaturation increases accordingly (18). At pH values
near 6.0 cold denaturation was observed at temperatures above 0 °C by both CD monitored
temperature melting experiments and by NMR monitored melting studies (Figure 1B and 1C
and supplementary materials). As shown in Figure 1C, resonances from both the native and
denatured state can be detected at 25 °C. As the temperature decreases, the resonances of the
cold denatured state increase while the peaks from the native state diminish gradually.
Similar to the wild-type protein, the stability of 198A CTL9 is strongly dependent on pH due
to the protonation of one or more of the three histidine side-chains (23). At pH 5.7, the cold
denatured state is 79% populated at 12 °C, making NMR studies of the cold denatured state
feasible. Thus, we chose pH 5.7, 12 °C as the experimental condition to explore the
structural and dynamic properties of the cold denatured state of I98A CTL9.

The HSQC spectrum of the cold denatured 198A CTL9 is typical for an unfolded protein
(Figure 2), and one major set of peaks are observed, indicating that the cold denatured state
is the dominant conformer, a result which is in agreement with the 1D NMR experiments.
Peaks from the native state are observed at lower contour levels. All of the peaks are sharp
as expected for a monomeric protein, which is not experiencing exchange broadening. We
used pH jump fluorescence detected stopped flow measurements to directly measure the
exchange rate at 12 °C (supplementary materials). The exchange rate, Kex = Kfolding
+Kunfolding 1 0.49 sec™1, confirming that the system is in slow exchange on the chemical
shift time scale. The folding rate is 8.8 x 1072 sec™ amd the unfolding rate is 0.40 sec™1,
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corresponding to life times of 11 seconds amd 2.5 seconds for the cold denatured state and
the native state, respectively.

Using triple resonance HNCACB, HNCO and HNCACO experiments, virtually complete
backbone 13C, IH and 15N assignments were obtained. Sidechain H, and Hg were also
made using the HBHACONH experiment. The assignments have been deposited in the
Biological Magnetic Resonance data Bank (BMRB).

Chemical shift analysis provides evidence of native and non-native secondary structure in
the cold denatured state

Chemical shifts are valuable probes of protein structure because of the strong correlation
between secondary chemical shifts, i.e., the deviations of observed chemical shifts from
random coil chemical shifts, with protein structure. 13C,, and 13CO shifts are shifted
downfield in a-helices and upfield in B-sheets, while the opposite trend is usually observed
for 1H, and 13Cj; shifts (38-40). The 13C,, 13CO, 1H,, and 13Cg secondary shifts of the cold
denatured state of I98A CTL9 were calculated using the random coil values reported by
Wishart (33). The data are presented in Table 1A and Figure S1. The various observed
trends are broadly self-consistent, and indicate that the two a-helical regions (residues 58-74
and residues 95-106) in the native state have a strong tendency to form a-helical structure in
the cold denatured state. In addition, the loop region which connects a-helix 2 and p-strand
2, i.e., residues 107-124 in the native state, also exhibits a clear trend to populate helical ®
and ¥ angles. This is of interest because it implies that non-native structure is formed.

Individual secondary shifts are sensitive to protein secondary structure but their predictive
value strongly depends on the choice of chemical shift standard. Combinations of secondary
shift data can often provide a more accurate picture of the structural propensities for
unfolded and partially unfolded proteins. We calculated the difference between 13C,,
secondary shifts and 13CB secondary shifts, as plotted in Figure 3. The figure compares the
A3C,-A3Cg values for the native state (Figure 3A) and the cold denatured state (Figure 3B).
Positive ASC,-A3Cyp values indicate a-helical structure and negative values indicate a
propensity to adopt f-strand structure (34). Positive A5C,-A6Cg values are detected for the
two helical regions as well as for the loop between a-helix 2 and B-strand 2, with average
values of 1.26, 1.01 and 0.91, respectively. For comparison, the values for folded wild-type
CTLO9 under the same conditions are 3.47, 2.21 and 0.21 (Figure 3A and Table 1A),
respectively. Negative ASC,-A3Cg values, with an average of —0.17, are observed in
residues 78-82, which reside in the first B-strand in the native state, while the average is
—1.79 in the wild-type CTL9 under the same conditions.

Forman-Kay and coworkers have developed the SSP (secondary structure propensity)
algorithm to detect secondary structure propensities in partially unfolded and natively
disordered proteins (34). The SSP score is the weighted average of the chemical shifts from
different nuclei in a given residue, with the relative weighting reflecting the sensitivity of
different secondary shifts to structure. A SSP score of 1.0 suggests a fully formed a-helix,
while a value of —1.0 suggests a fully formed -strand. Figure 4 displays the SSP scores of
the cold denatured state of 198A at pH 5.7, 12 °C and those of the wild-type CTL9 under the
same conditions. Although the SSP algorithm was developed for the analysis of secondary
structure in non-native protein conformations, the SSP values for wild-type CTL9 clearly
reflect the native secondary structure of the protein (Table 1A), consistent with the wild-type
protein being well folded under these conditions. The cold denatured state of 198A, in
comparison, is less structured and as expected, exhibits SSP scores with much smaller
amplitude. Nevertheless, some obvious structural trends are detected. Positive values are
observed for a-helix 1 and a-helix 2. The average is 0. 33+0.08 for a-helix 1 and 0.25+0.06
for a-helix 2. Large positive SSP scores are also found in the region which connects a-helix

J Am Chem Soc. Author manuscript; available in PMC 2012 April 4.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shan et al.

Page 6

2 and B-strand 2 (residues 107-124), with an average of 0.20+0.11. For comparison, the
values for folded state of the wild-type CTL9 are 0.91+0.28, 0.78+0.31 and 0.09+0.50
respectively. Negative SSP scores are observed in the cold denatured state for residues 78—
83 and residues 128-133, which are located in the first and second p-strand respectively, in
the native state,. The average SSP values for these two segments are —0.17+0.10 and
—0.18%0.06. The corresponding values for folded wild-type CTL9 are —0.51+0.32 and
—0.42+0.20 under the same conditions. Fractional SSP values are normally interpreted in
terms of fractional populations of secondary structures. However, the estimates of secondary
structure do not have to agree with those obtained from CD because of the ways the
respective spectroscopic signals depend on structure. NMR secondary shifts are primarily
local in origin, and a residue which populates the helical region of the ¢—y map will have
helical secondary shifts. In contrast, there is length dependence to the CD signal of a-helices
with the rotational strength (intensity) of the spectrum falling off for short helices. Thus, the
CD spectrum of a system which has a tendency to transiently populate short helical
segments may suggest, incorrectly, that there is a very low helical content while an NMR
secondary shift analysis, (such as the SSP analysis), indicates a higher level of structure. The
estimated fractional helical content of the cold unfolded derived from the SSP analysis is
0.13. This can be compared to that estimated from the mean residue ellipticity at 222 nm.
The observed CD signal is the sum of the signal from the folded and cold denatured states.
An estimate of the signal due to the cold folded state can be obtained from the measured
fractional populations and the known ellipticity of the fully folded state (supplementary
information). Using —11,200 deg cm™~1 dmol™1 for the ellipticity of the folded state and a
fractional population of 0.21 for the folded state yields a value of —4230 deg cm~1 dmol ™1
for the mean residue ellipticity at 222 nm for the cold unfolded state at 12 °C. This
corresponds to an estimated apparent fraction helix of ranging from 6 to 12 %. The two
values reflect the choice for the expected ellipticity of a fully unfolded state with no helical
structure. The larger value results if the empirical relationship proposed by Baldwin and
coworkers (41) is used for the non-helical value and the smaller estimate is obtained if the
actual ellipticity of CTL9 under strongly denaturing conditions is used, (pH 2 8M urea). In
any case, the estimated helical content obtained from CD is in reasonable agreement with
that obtained via the SPP analysis This is consistent with the notation that that the helical
structure detected by the chemical shift analysis corresponds to segments of the chain in
which consecutive residues adopt helical conformations. NOE measurements, described in
subsequent subsections, are consistent with this interpretation. The SSP analysis is in
excellent agreement with the secondary shifts analysis, which argues that the cold denatured
state of I98A CTL9 contains both native like and non-native a-helical as well as a tendency
to sample native like B-strand or extended structures.

Residual dipolar couplings confirm a-helical secondary structure in the cold denatured

State

Residual dipolar couplings (RDC) are playing an increasingly important role in structural
determination of macromolecules (42-43). For well folded globular proteins, the magnitude
and sign of the RDCs depend on the orientation of the bond vectors relative to the alignment
tensor of the entire molecule. In contrast, unfolded proteins generally can not be described
by a global alignment tensor. Instead, the polypeptide chain can be viewed as behaving like
a collection of short segments of polypeptide in which each short segment transiently aligns
relative to the external magnetic field. The length of the segment, often termed the
persistence length, reflects the number of amino acid residues within which the polypeptide
chain has a correlated orientation. Previous work has suggested that the NH bond vectors
adopt alignments that are approximately perpendicular for a-helical and p-strand or
extended structure. Thus the NH RDCs in independently aligning a-helices and B-strand
have opposite signs since the NH vector is aligned parallel to the long axis of an a-helix but
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perpendicular to the long axis of a B-strand (44—-47). As a result, NH RDCs can report on
residual secondary structure in unfolded proteins. In contrast, the RDCs of highly unfolded
proteins usually have the same sign. Recent work has shown that RDCs for denatured states
with little or no residual structure can be reasonably well predicted using ensembles
constructed from dihedral angle choices derived from certain regions of protein structure
contained in the protein data bank (48—-49). The predicted RDCs are dominated by those that
come from highly extended conformations, since these align most strongly with the field and
thus explain the observation that highly unfolded proteins exhibit strong RDCs with mostly
the same sign. If there is local residual structure such as helices in an otherwise extended
polypeptide, then the alignment of the NH bond vectors in the helical segments will tend to
be perpendicular to that of the NH bond vectors in the extended regions. Irrespective of
whether one wishes to describe this as local alignment of persistence-length segments or
alignment of highly extended conformations, the end result is that RDCs are well suited for
probing residual structure, and especially residual helical structure, in unfolded proteins. In
the current study, NH RDCs of the cold denatured state of 1I98A CTL9 were measured in
weakly aligned bicelles. The HSQC spectrum obtained in the bicelle media (data not shown)
are identical to those collected in isotropic solution, indicating that the alignment media does
not significantly perturb the conformation. Figure 5A displays the NH RDCs measured for
the wild-type CTL9 at pH 5.7, 12 °C. Although the globular wild-type protein aligns in the
bicelle medium as a rigid structure, one can note that the NH RDCs are positive for a-helix 1
and negative in a-helix 2, consistent with the native structure in which the two helices are
oriented perpendicular to each other. All of the NH RDCs are of the same sign (negative) in
the B-strand regions, consistent with the B-strands being oriented either parallel or anti-
parallel to each other. Thus, the RDC data of the native state of CTL9 agree qualitatively
with the crystal structure. The NH-RDCs for the cold denatured state of 1I98A CTL9 are
plotted in Figure 5B. The segments which are predicted to populate a-helical structure based
on the chemical shift analysis, including the loop connecting a-helix 2 and p-strand 2,
exhibit RDCs which have opposite signs relative to the B-strand regions or extended regions.
The three p-strand segments display negative RDCs. It is worth noting that g-strand 3
(residues 138-147) displays significant negative RDCs in the cold denatured state in spite of
the small SSP scores in this region. A plausible explanation is that the alignment of the NH
vectors is similar in both B-strands and extended structure in unfolded proteins (44). Other
than the B-strand 3 region, the pattern of the RDC data is in excellent agreement with the
SSP scores and the RDC data offer additional evidence that there is significant helical
structure in the cold denatured state. It is noteworthy that all RDCs have much smaller
amplitude in the cold denatured state than in the native state. Since the experimentally
measured RDCs are population weighted averages of an ensemble of conformations, the
small magnitudes of the RDC reveal that the residual secondary structure in the cold
denatured state is only partially developed. Note that the measured RDCs for the cold
denatured state do not include any contributions from averaging from the native structure
since the native and the cold denatured states are in slow exchange.

Amide proton NOEs are consistent with native like structure in the cold denatured state

Proton NOEs provide valuable structural probes: Short-range and medium range NOEs are
widely used to delineate protein secondary structure and long-range NOEs are particularly
useful for defining the global topology of proteins (50). However, measurements of NOES in
unfolded proteins are quite difficult due to the flexible nature of the polypeptide chain in the
unfolded state ensemble and the high degeneracy of the resonances. Nevertheless, sufficient
spectral resolution can be obtained using the 1°N-HSQC-NOESY-HSQC experiment,
provided that the population of a conformation with a defined secondary structure is high
enough. Sequential amide proton NOEs, which are often used to distinguish a-helices
(stronger NOEs) from B-strand and extended structure (weaker or absent NOES), are
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detected throughout the protein in the cold denatured state (Figure 6A and 6B). The two a-
helical regions as well as the loop region connecting a-helix 2 and B-strand 2, display
sequential amide NOEs which have higher intensities than the NOEs observed for other
segments of the polypeptide chain. The average intensities of the normalized NOEs are 1.7
times as large in these three regions as those observed for other residues. Thus, the observed
NOEs are consistent with the chemical shift and RDC measurements.

Because a low population of native state I98A CTL9 is present under our conditions, the
possibility exists that some of the observed NOEs could in fact be transferred from this
native state population. Transferred NOE experiments are typically measured for systems in
fast exchange (51-52), but can also be observed for proteins in slow exchange (53-55). In
the present case the NOE mixing time was 300 milliseconds and the measured exchange rate
between the cold denatured state and the native state is 0.49 sec™1, and the calculated life
times are 2.5 seconds for the folded state and 11 seconds for the cold denatured state. In
principle, some degree of NOE transfer could potentially contribute to the measured data.
However, the observation of strong NOEs for residues 120-126, a region with no regular
secondary structure in the native state of the protein, suggests that the major contribution to
the observed NOEs is from the cold denatured state. In addition, the data are consistent with
the chemical shift and RDC data, and those measurements are not affected under conditions
of slow exchange.

15N transverse relaxation rate analysis of the cold denatured state

Relaxation rate measurements have been widely used to study the structure and dynamics of
unfolded proteins (56-57). Transverse 15N relaxation rates (Ry) are particularly useful
because they are very sensitive probes of deviations from random coil behavior in unfolded
proteins. For a completely unstructured peptide with only local interactions, the 1°N R,
relaxation rates are expected to be uniform in the center of the polypeptide chain and slightly
smaller at the ends (37, 58). The observation of significantly larger R, rates is thought to
reflect the formation of local residual structure such as hydrophobic clusters (37-38, 58-59).
Figure 7 plots the measured relaxation rates for wild type CTL9 and I198A CTL9 at 12 °C,
and the relaxation rates calculated based on the Schwalbe phenomenological model (37).
The slow exchange between the folded and the cold denatured state will not affect the
measured R, rates. The calculated relaxation rates follow the expected inverted U-shaped
profile. The fit yields an apparent persistence length of 8 residues, which is consistent with
previous estimates (60) and supports the analysis of the RDC data. Not surprisingly, the
native state displays large systematic deviations from the values calculated using the
Schwalbe random coil model. The 1°N relaxation rates for the cold denatured state exhibit
smaller but still significant positive deviations from the random coil model. In particular, the
largest deviations are found in the two a-helical regions as well as in the loop connecting a-
helix 2 and B-strand 2. No significant deviations from the model random coil relaxation rates
are found in the B-strand regions, suggesting that the a-helical structure is better formed in
the cold denatured state than the p-strand structure.

Discussion

Studies of the cold denatured state have often relied on special conditions such as addition of
denaturants, high pressure, encapsulation, emulsified samples or extremes of pH, under
which the structural and dynamic properties of the protein may be perturbed. Nevertheless
these investigations have provided valuable information about unfolded proteins. There have
also been a few reported studies of cold denaturation under near native conditions (5, 21,
61-62), The current study provides a detailed residue specific characterization of the cold
denatured state of a protein under near physiological conditions. We have obtained
essentially complete *H, 13C and 1°N backbone assignments as well as 13Cg and Hj
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sidechain assignments for the cold denatured state of 198A CTL9 at pH 5.7 and 12 °C. The
chemical shift analysis, NOE analysis, RDC data and transverse relaxation rates all yield a
consistent picture. Residues in the two a-helical regions in the native state have a strong
tendency to sample the a-helical region of the Ramachandran plot. Residues 107-124, which
form a short 31 helix and the connecting loop linking a-helix 2 and p-strand 2 in the native
state, also preferentially form a-helical structure in the cold denatured state. The R, values
for each of these three segments exhibit deviations from the phenomenological model for R,
values in fully unfolded states.

Previous studies of the structure of cold denatured states, particularly pressure dependent
studies, have suggested that cold denatured states either contain significant residual
structure, that often mimics early intermediates that are populated during the kinetic
refolding pathway, or are largely unstructured (12, 63-65). The cold denatured state of
CTL9 exhibits behavior intermediate between these two extremes. The folding of CTL9 has
been well documented to be two-state. The work presented here provides additional
evidence that the protein folds from a state which contains significant residual secondary
structure

The observed secondary structure and the deviations of the R, values from the random coil
model are consistent with previous hydrodynamic measurements, which have demonstrated
that the cold denatured state of the I98A mutant is more compact than the highly denatured
pH 2.0 state or the urea denatured state of the wild-type (18). NMR characterization of the
acid denatured state and the urea denatured state revealed that significantly less residual
structure is present.

The cold denatured state of the 1I98A mutant is more similar to the pH 3.8 unfolded state of
wild type CTL9: both are compact and both contain native and non-native secondary
structure in the same regions of the chain. Indeed, there is a strong correlation between the
SSP scores of these two unfolded states, with a r2 value of 0.84 (p-value<10~4) (Figure 8).
The similarity between these two unfolded states of CTL9 strongly suggest that the residual
structure observed is robust and is not an artifact of the conditions used to populate the
unfolded states. It is difficult to detect experimentally when a mutation alters the unfolded
state structure or energetics, but the observation of similar helical structural propensities in
the cold denatured state of the 198A mutant and the pH 3.8 unfolded state of the wild-type
(60) argues that the isoleucine to alanine mutation at residue 98 may have little impact on
the unfolded state of CTL9. Thus the native and non-native structure observed in the I98A
mutant is highly likely to be formed in the unfolded state which is populated under refolding
conditions.

Nascent residual structure in the unfolded state can reduce the conformational search in the
early stages of protein folding. As a consequence, structural information about the unfolded
state of CTL9 may have important implications for the folding of this protein (17). A
previously reported @-value analysis of the transition state for the folding of CTL9 revealed
small ¢-values for the a-helices and somewhat larger but still modest ¢-values in B-strand 2,
B-strand 3 and the loop which connects the two strands (66). ¢-value analysis 1reports on the
development of interactions in the transition state relative to the unfolded state and given the
significant helical structure in the unfolded state of CTL9, the transition state for the folding
of CTL9 likely contains significant helical structure as well. One should also bear in mind
that a mutation which destabilizes the unfolded state may decrease the ¢-value relative to the
value which would be measured for the case where the mutation does not affect unfolded
state energetics (67).
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Abbreviations used

CTL9 the C-terminal domain of the ribosomal protein L9

198A CTL9 the isoleucine to alanine point mutant of CLT9 at residue 98
NOE nuclear overhauser effect

PFG NMR pulsed-field gradient nuclear magnetic resonance

RDC residual dipolar coupling

SSP secondary structure propensity
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Figure 1.
The 198A mutant undergoes cold denaturation. (A) Ribbon diagram of CTL9 (residues 58—

149 of protein L9), Protein data bank entry 1DIV. The hydrophobic core residue 198 as well
as the N and C-termini are labeled. The ribbon diagram was made using PyMol. (B)
Thermal denaturation curve of 198A CTL9 monitored by CD at 222 nm in H,0 at pH 5.7.
(C) 1D 1H-NMR spectra of 198A CTL9 at different temperatures in 100% D0 at pD 6.0
(uncorrected pH meter reading). Only the aromatic region is shown, resonance assignments
are labeled.
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Figure 2.

15N-HSQC spectrum of the cold denatured state of I98A CTL9 with the assignments
indicated. The spectrum was recorded at pH 5.7, 12 °C.
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Figure 3.

Plots of the difference in the 13C, secondary shifts and the 13Cj; secondary shifts for (A) The
native state of wild-type CTL9, (B) the cold denatured state of I98A CTL9. Note that the
scale is different in panel A and panel B. Assignments were obtained at pH 5.7, 12 °C. A
schematic diagram of the elements of secondary structure of the native state of CTL9 is
shown at the top of each panel, with solid bars, hashed bars, and open arrows indicating
alpha-helix, 3-10 helix and beta-strand structure, respectively. The color coding corresponds
to that used in Figure 1.

J Am Chem Soc. Author manuscript; available in PMC 2012 April 4.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Shan et al. Page 16

2.0

SSP
o
N

'1 .0 T T T T T T T T T T
50 60 70 80 90 100 110 120 130 140 150

Residue number

Figure 4.

SSP analysis of wild-type CTL9 (e) and 198A CTL9 (e) at pH 5.7, 12 °C. 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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Residual dipolar couplings for CTL9 and the 198A mutant. Measurements were made at pH

5.

7,12 °C. (A) Plot of Dyp for the wild-type CTL9 versus residue numner. (B) Plot of Dyy

(black bars) and SSP scores (@) for 1I98A CTL9 versus residue number. A schematic

di

agram of the elements of secondary structure of the native state of CTL9 is shown at the

top of each panel.
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Figure 6.

Summary of NOEs observed for I98A CTL9 at pH 5.7, 12 °C. (A) Plot of the volume of the
sequential amide proton NOEs versus residue number. (B) Plot of normalized sequential
amide proton NOEs versus residue numner. Peak volumes are normalized as the ratio of
observed dyn(i,i+1) NOE crosspeaks to the diagonal peaks.
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Figure 7.

Plots of 15N R, relaxation rates for wild-type CTL9 (e) and the cold denatured state of 198A
CTLO9 (e). The black solid line (—) is the best fit to the phenomenological model of
Schwalbe and coworkers. Data was collected at 12°C for both proteins.
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Figure 8.
Comparison of the SSP scores determined for the pH 3.8 unfolded state of wild type CTL9

with those determined for the cold denatured state of 1I98A CTL9. The SSP scores for the pH
3.8 unfolded state were previously reported (60).
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