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ABSTRACT: Although many proteins are recognized to undergo folding via an
intermediate, the microscopic nature of folding intermediates is less understood. In
this study, "’F NMR and near-UV circular dichroism (CD) are used to characterize a
transition to a thermal folding intermediate of calmodulin, a water-soluble protein,
which is biosynthetically enriched with 3-fluorophenylalanine (3F-Phe). 'F NMR
solvent isotope shifts, resulting from replacing H,O with D,0, and paramagnetic
shifts arising from dissolved O, are used to monitor changes in the water accessibility
and hydrophobicity of the protein interior as the protein progresses from a native
state to an unfolded state along a heat-denaturation pathway. In comparison to the
native state, the solvent isotope shifts reveal the decreased presence of water in the
hydrophobic core, whereas the paramagnetic shifts show the increased hydro-
phobicity of this folding intermediate. '*N,'H and methyl *C,'H HSQC NMR
spectra demonstrate that this folding intermediate retains a near-native tertiary

Native State

Desolvated Near-Native
Intermediate

structure whose hydrophobic interior is highly dynamic. '’F NMR CPMG relaxation dispersion measurements suggest the near-
native state is transiently adopted well below the temperature associated with its onset.

D espite the astronomical number of possible conforma-
tions available to polypeptides, folding is remarkably fast.!
Proteins accomplish this feat in part because of early nucleation
events in which secondary structure and main-chain hydrogen
bonds are rapidly established, thereby guiding the search
toward a compact folded state.>”” In some cases, an
intermediate state is acquired where the ensemble of con-
formers are generally described as being near-native in
structure. Although the intermediate state is believed to be
highly dynamic, there remains a controversy as to the role of
water in the intermediate. Many globular proteins have been
shown to adopt intermediate states that are molten-globule-like.
Their conformations, which are expanded and highly hydrated,
retain native-like secondary structure yet lack significant tertiary
structure.® ' The folding intermediate then undergoes hydro-
phobic collapse to give rise to the final folded state.”””
However, in other cases, the folding intermediate is believed to
adopt a dry molten-globule state whose interior is best
characterized as largely desolvated, liquid alkanelike, and
stabilized by configurational entropy.'"'* In this case, the
final folding step is characterized by the restriction of side
chains and increased van der Waals interactions. The existence
of such a dry near-native folding intermediate poses several
fundamental questions. For example, to what extent might such
dry near-native intermediate states serve a functional role,
allowing proteins to access biologically important excited states
or, indeed, irreversibly misfolded states?
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In this study, we explore the hierarchy of events involved in
the reversible folding of a ubiquitous calcium-binding protein,
calmodulin (CaM), using temperature to perturb the native
state. Higher temperatures bring about a folding intermediate,
consistent with previous descriptions of a dry molten-globule
state in which the protein interior is dynamic yet desolvated.
Even at temperatures near physiological conditions, the protein
is observed to undergo millisecond time scale excursions to this
intermediate state. Using 9F NMR, we examine the properties
of the protein interior, namely, solvent exposure and hydro-
phobicity, that are associated with the dry near-native state. '’F
NMR is uniquely sensitive to changes in conformation and
environment (specifically, solvent exposure and hydrophobic-
ity).

CaM is composed of two structurally analogous N- and C-
terminal domains separated by a flexible helical linker, which
facilitates the binding to its intended protein targets."> The X-
ray crystal structure of calcium-loaded CaM depicts a dumbbell
arrangement (Figure la). NMR studies have shown that the
solution-state structure is far more dynamic than that
represented by the crystal structure, where the helical linker
allows the two domains to reorient almost independently of
each other.'*'® Despite the rich ensemble of conformations
available to CaM,, it is remarkably robust with regard to thermal
denaturation; typical differential scanning calorimetry (DSC)
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Figure 1. X-ray crystal structure and "’F NMR spectrum of CaM. (a) X-ray crystal structure of the calcium-loaded state of CaM, highlighting the
location of each phenylalanine residue (PDB file 3CLN). (b) 'F NMR spectrum, collected at 50 °C, of 70% 3F-Phe fractionally labeled CaM. A

spectral deconvolution is shown to distinguish all eight 3F-Phe resonances.

melt curves exhibit a broad transition around 115 °C.'® Recent
single-molecule force microscopy studies suggest that CaM
exhibits a complex folding process, involving both on- and off-
pathway folding intermediates.'”'® However, a detailed micro-
scopic description of the nature of the folding intermediates is
still missing, as is a description of the potentially faster folding
steps.

YF NMR provides the means to study the hydrophobic
interior without introducing gross changes to the protein. The
F nucleus is a sensitive NMR probe of the environment and
hence protein topology through both chemical shifts and spin
relaxation (T, and T,).'”*° Fluoroaromatics in particular
exhibit a significant range of relaxation rates and chemical-
shielding effects that depend sensitively on topology.”' Thus,
unfolding events would be expected to give rise to sizable
chemical-shift effects for fluoroaromatics located in the
protein’s hydrophobic interior. This is advantageous because
it allows for the sampling and characterization of transient
states that may be difficult to detect by traditional *C,'H and
SN,'"H HSQC spectra.

The roles of water and hydrophobicity are of considerable
importance in the folding process. Water is difficult to study by
"H NMR through NOESY and ROESY experiments because of
exchange-relayed artifacts from rapidly exchanging protons.””
This has been recently addressed and could in principle be used
to study water accessibility in CaM.*®> A variety of other
approaches have been introduced to assess water encounters
and exchange rates.'®*>**2% Here, however, we make use of
'F NMR solvent isotope shifts, which provide a direct measure
of the average accessibility in the protein interior without the
need for bulky probes. We further demonstrate an approach to
site-specifically measure hydrophobicity in the protein interior,
which we interpret in terms of the folding process.
Monofluorinated aromatics, such as 3-fluorophenylalanine
(3F-Phe) used in this study, can be easily incorporated into
CaM by biosynthetic means and generally give rise to few
structural or functional perturbations.®® All eight 3F-Phe
residues can be resolved in the '"F NMR spectrum of the
native state of 3F-Phe-enriched CaM (Figure 1b). We present
both circular dichroism (CD) and F NMR evidence of a
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folding intermediate, which can be characterized as a dry near-
native state.'"'>3!

B EXPERIMENTAL PROCEDURES

Protein Expression and Purification. The expression and
purification of uniformly '*N-enriched, 3F-Phe fractionally
labeled CaM was performed as described g)reviously with small
modifications (Supporting Information).

Circular Dichroism Spectroscopy. CD spectra in the far-
UV (200—250 nm) and near-UV (253—273 nm) regions were
acquired on an Aviv CD spectrometer model 62DS. Spectra of
S mg/mL of 70% fractionally labeled 3-FPhe CaM, in 0.1 M
KCl, 20 mM Tris HCl, and 9 mM CacCl, buffer adjusted to pH
8, were collected from 20 to 100 °C (in S °C increments) (path
length, 0.1 cm; steps, 0.05 nm; bandwidth, 1 nm; and averaging
time, 0.2 s).

NMR Experiments. NMR experiments were performed on
a 500 MHz Varian Inova (‘H,'H NOESY measurements and
SN,'H-detected aliphatic saturation spin diffusion), 600 MHz
Varian Inova spectrometer (*’F NMR solvent isotope shifts, '°F
NMR O, shift experiments, 'H stimulated echo diffusion NMR,
SN,'H spectroscopy, and '’F NMR CPMG studies), and a 700
MHz Agilent spectrometer (*C,'"H SOFAST HMQC spectra)
(Agilent Technologies, Santa Clara, CA) using a combination
of room temperature and cryogenic single gradient solution
NMR probe tunable to either 'H or '°F on the high-frequency
channel.

Further details of NMR experiments performed at the
different field strengths are provided in the Supporting
Information. All NMR data was processed using either the
NMRPipe®* or Mestrenova software.

Solvent Isotope Shifts. Solvent isotope shifts were
evaluated by increasing the D,0/H,O fraction of the CaM
sample from 10 to 100%. '°F 1D spectra of ~1.5 mM CaM in
both solvents were obtained as a function of the temperature.

O, Paramagnetic Shifts. Paramagnetic shifts from
dissolved oxygen were obtained by equilibrating the protein
sample at a partial pressure of 10—25 atm overnight in a 5 mm
o.d. and 3 mm i.d. sapphire NMR sample tube (Saint-Gobain
Saphikon Crystals, Milford, NH, USA). The pressure during
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the entire course of the NMR experiment was kept constant
through the use of Swagelok (Swagelok, Solon, OH, USA)
connections to a pressurized oxygen supply. '’F 1D spectra of
~1.5 mM CaM,, in both the absence and presence of dissolved
oxygen, were obtained as a function of the temperature.

B RESULTS

CD and "°F NMR Evidence of a Folding Intermediate
along a Heat-Denaturation Pathway. Although folding
events under nondenaturing conditions often occur on a
microsecond time scale and are thus difficult to capture by
NMR, it is possible to spectroscopically discriminate a hierarchy
of events along a temperature-denaturation pathway, as
suggested in Figure 2. Of course, one must be cautious about
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Figure 2. Changes in the degree of the tertiary structure of 3F-Phe
CaM as a function of temperature, as monitored by the near-UV
ellipticity signature, (0),53_27s. As highlighted, a plateau in the degree
of the tertiary structure seen from 65 to 80 °C signifies the onset of an
intermediate state. At higher temperatures, beyond 80 °C, the protein
gradually acquires a more unfolded state.

making conclusions regarding temporal folding on the basis of
heat or urea denaturation given the likelihood that heat or urea
dramatically change the folding-energy landscape. In this study,
we identify an intermediate by both heat denaturation and at
lower temperatures by CPMG relaxation dispersion measure-
ments, as discussed below. To begin, the far-UV CD and
“N,'H NMR spectra of CaM reveal that the secondary
structure is largely retained over the entire range of
temperatures studied (25—75 °C). The far-UV CD traces all
exhibit the characteristic double minima, representative of a-
helical structure, although the ellipticity decreases slightly at
higher temperatures (Supporting Information, Figure Sla).
“N,'H spectra of the protein backbone largely tell the same
story; the chemical-shift dispersion is consistent with a single
state whose secondary structure and overall topology is very
near that of the native state (Figure 3a). However, the near-UV
CD behavior tends to be sensitive to the tertiary structure and
compactness. Because CaM contains only two tyrosine residues
and no tryptophan residues, the near-UV CD signature from
253 to 275 nm (Supporting Information, Figure S1b) largely
reflects the packing environment in the vicinity of the
phenylalanines. As the approximate CD profile is also
reproduced at all temperatures, we consider the average
ellipticity in this wavelength regime, (6),s3_575, and plot this
as a function of temperature (Figure 2). Generally, the average
ellipticity gradually increases (toward 0) with increased
temperature until 60 °C, pointing to an overall loss of tertiary
structure and compactness of the hydrophobic core. Between
60 and 75 °C, the ellipticity is represented by a plateau, which
we associate with a folding intermediate. Above this regime,
ellipticity again increases with temperature, signifying a further
loss of structure and compactness; a very similar result is
observed with nonfluorinated CaM. It is also insightful to
consider the ratio of near-UV to far-UV CD ((8)53_575/051,),
which exhibits a prominent discontinuity between 60 and 70 °C
(Supporting Information, Figure Slc). On the basis of the far-
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Figure 3. N,"H HSQC and ’F NMR spectra (panels a and b, respectively) of 70% 3F-Phe fractionally labeled CaM as a function of temperature.
Note that the boxed region is expanded in Figure S2. The chemical-shift dispersion and line widths in the HSQC spectra are consistent with a single
folded state over the temperature range examined. However, the ’F NMR spectra exhibit the onset of line broadening and hence an exchange
process above 50 °C. Above 70 °C, very weak and broad '°F resonances arise, between —113.3 and —113.7 ppm, as shown above by the peaks
denoted with an asterisk. This may reflect the onset of an unfolded or aggregated state.
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UV CD and ®N,'H spectra, this folding intermediate is best
represented by a near-native conformation.

Although near-UV CD gives a hint of a folding intermediate,
'F NMR provides a wealth of data regarding the equilibrium of
folding states and their microscopic properties. As shown by
the °F spectra (Figure 3b), a single Lorentzian line is observed
for each 3F-Phe labeled site at any one temperature, signifying
either a single state at low temperatures or fast exchange
between a native and near-native states at higher temperatures
(~40—70 °C). The existence of a single Lorentzian, arising
from each 3F-Phe species, also signifies rapid ring flipping (on a
chemical-shift scale), as has been noted previously,”* and
underlies the extent of the side-chain dynamics inherent in the
hydrophobic protein interior. At 70 °C and higher, we begin to
see the formation of additional minor peaks, which we associate
with the onset of either an unfolded or an aggregated state. The
temperature dependence of the chemical shifts of the dominant
peaks is again consistent with a folding intermediate at 66 °C
on the basis of a prominent nonlinear dependence of the
chemical shift with temperature (Figure 4a). Although all eight
resonances exhibit, to some degree, a nonlinear dependence of
shift with temperature, four resonances, originating from
residues 12, 16, 19, and 92, were found to exhibit a significant
nonlinear dependence, which were sufficient to reliably extract
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Figure 4. Population of the near-native intermediate derived from '°F
chemical-shift changes. (a) Temperature-dependent plot of the change
in the F chemical shift (AS4), relative to the shift at 20 °C,
associated with each of the eight 3F-Phe residues. Each fit was
obtained using eqs 1 and 2 in the Supporting Information, from which
the fitting parameters (Ty; and A) could be estimated. (b) Estimates
of the temperature dependence of the relative fraction of the near-
native intermediate state, p,(T), on the basis of the individual fits of
shift versus temperature for residues 12 (purple), 16 (blue), 19
(green), and 92 (orange). p,(T) is parametrized exclusively by the
transition temperature and width (Ty; and A). An average transition
temperature (66 + 15 °C) and width (10 & 7 °C) is also estimated,
and the resulting profile for p,(T) is represented by a solid line (red).
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the relative populations and estimates for a transition
temperature, Ty, and a transition width, A (Supporting
Information, Figure S3). In this analysis (Supporting
Information), we assume that in the temperature range of
interest (25—70 °C) the protein is represented by a native state
whose population is given by p;(T) and by a near-native
intermediate whose population is given by p,(T), where p,(T)
+ po(T) = 1. We further assume that both the native states and
near-native states alone are characterized by a linear depend-
ence of chemical shift with temperature. The final analysis
produces a consistent description of the transition temperature,
Ty (66 + 15 °C), and transition width, A (10 + 7 °C). On the
basis solely of the '’F NMR chemical shifts, the transition to
the near-native intermediate does not appear to be highly
cooperative. However, the near-UV CD, F NMR shifts, "°F
NMR solvent isotope shifts, and O,-induced paramagnetic
shifts (vide infra) all point to a common transition at 66 + S
°C. Figure 4b provides a graphical illustration of the estimates
for the relative fraction of the near-native intermediate state as a
function of temperature on the basis of the fitted values of Ty
and A for each ’F resonance.

Solvent Exposure and Hydrophobicity along the
Temperature-Denaturation Pathway. The presence of
water is conveniently detected by '"F NMR through the
solvent isotope shift (ie., the change in the chemical shift,
introduced by replacing H,O with D,0). Moreover, the
magnitude of the solvent isotope shift can be quantitatively
related to the extent of solvent exposure.**>” We define a
normalized solvent isotope shift, A§*(H,0), in which the
relative difference between the chemical shifts in D,O and H,O
at a site of interest is divided by the corresponding shift
difference from an internal standard, 4F-Phe, added to the
protein solution.

Figure S reveals the normalized solvent isotope shifts as a
function of temperature. At 30 °C, solvent isotope shifts of the
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Figure 5. Temperature dependence of the '’F solvent isotope shifts,
A5*(H,0). The solvent isotope shifts are normalized by an internal
standard, 4F-Phe, and provide a quantitative measure of solvent
accessibility.

majority of fluorophenylalanine probes range between 25 and
55% of the fully exposed standard, suggesting the significant
accessibility of water. In particular, the solvent isotope shifts
associated with Phe-89 and Phe-92 are 45—55% of that of the
fully exposed standard at 30 °C. Although these residues are
buried in the apo structure,*® the X-ray crystal structures reveal
that Phe-89 and Phe-92 become significantly more solvent
exposed upon the binding of the protein to calcium ions.*”
However, in general, we observe no apparent correlation
between the measured solvent isotope shifts and the solvent
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exposed surface area predicted by the X-ray crystal structure.
We attribute this to the fact that X-ray crystal structures do not
adequately account for the dynamic nature of proteins.*® In
particular, single-molecule force spectroscopy experiments
reveal a complex landscape consisting of both the native state
and higher-energy states, some of which are likely more solvent
exposed."” Thus, in our case, we expect that both water and O,
(discussed below) diffusively encounter the protein interior via
a vast ensemble of rapidly interconverting conformers,
including the most highly populated ground-state X-ray
structure.”’ Note that although solvent isotope shifts are
typically positive as defined, two residues exhibit negative
solvent isotope shifts. The negative shifts are likely due to slight
conformational perturbations resulting from the substitution of
H,O for D,O. In general, D,O tends to reinforce hydrogen
bonds within alpha helices while minimally perturbing protein
structure. Nevertheless, the solvent isotope shifts clearly
indicate decreased solvent exposure with temperature, up to
approximately 65 °C. Therefore, we conclude that in the native
state water is gradually expelled from the hydrophobic core,
driven at least in part by the relative gain in entropy of bulk
water, upon heating.42 The near-native intermediate is thus
regarded as a desolvated state relative to the native state. This
trend is reversed above 65 °C, where the protein now exhibits
an increased presence of water in the hydrophobic core.
Because the eight individual solvent isotope changes possess a
similar trend, this reentry of water likely represents a
cooperative process.

To complement water accessibility through solvent isotope
shifts, paramagnetic shifts from dissolved oxygen provide a
perspective on the local density and hydrophobicity in the
protein interior.”> Oxygen can be readily introduced to the
protein by equilibrating the sample at a partial pressure of 10—
25 bar. O, then partitions into the hydrophobic core,
establishing concentration gradients, where a local O,
concentration can be ascertained on the basis of the magnitude
of the paramagnetic shift. Generally, such shifts depend linearly
on the local O, concentration below pressures of 50 bar.***
We define a normalized quantity, A§*(0O,), relative to the
paramagnetic shift observed on the 4F-Phe standard. Figure 6a
shows the normalized paramagnetic shifts, A5*(0O,), resulting
from the dissolved oxygen as a function of the temperature.
Paramagnetic shifts exhibit a prominent increase with temper-
ature, to the point where A5*(0,) is between 1 and 18 times
that observed with the 4F-Phe standard at a temperature nearly
coinciding with Ty associated with the onset of the near-native
intermediate. This is in sharp contrast to the expected norm for
compact proteins, where the average oxygen concentration in
the interior of the protein is known to be less than that in
water,*® whereas that in the interior of a micelle is an order of
magnitude higher than that in water.*” Oxygen accessibility is
influenced by both hydrophobicity and local density. As
temperature increases and protein fluctuations become more
prevalent, local void volumes are created in the protein interior,
which facilitates the solubilization of oxygen. This increased
partitioning of oxygen to the protein interior with temperature
is reversed above 65 °C, where oxygen solubility is seen to
decrease and the interior becomes hydrated. A van’t Hoff
analysis of the temperature dependence of the partition
coefficients of oxygen to the protein interior, K= [O,];,/
[O,]ouw between 25 and 65 °C reveals that the partitioning of
oxygen to the hydrophobic core is strongly entropically driven
(AS = 881 J K! mol™Y, as shown in Table SI of the
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Figure 6. Temperature-dependent changes in oxygen accessibility and
hydrophobicity. (a) Oxygen accessibility to the protein interior as
measured by the temperature dependence of '°F paramagnetic shifts,
A5*(0,), resulting from the dissolution of oxygen under a partial
pressure of 20 bar. Paramagnetic shifts are normalized by the
paramagnetic shifts observed for an internal standard, 4F-Phe. (b)
Hydrophobicity as measured by the relative partitioning of oxygen and
water, which is described through a ratio of the normalized oxygen-
induced paramagnetic shifts to normalized solvent isotope shifts. Note
that the solvent isotope shifts of F12 and F141 have been renormalized
to values representative of the average solvent exposure of the
remaining six 3F-Phe residues (A5*(H,0) (30 °C) = 0.3).

Supporting Information) and remarkably similar to that
measured recently in micelles.” The results suggest that the
environment of the protein interior is disordered and more
liquid alkanelike near Ty; (ie., highly dynamic and hydro-
phobic). Although it is well-known that hydrophobic forces
play a greater role at higher temperatures, the significant role of
entropy and the similarity from the perspective of access by O,
is consistent with previous descriptions of hydrophobic forces
in the protein interior.”

The solvent isotope shifts and paramagnetic shifts, which
measure local oxygen accessibility, may be combined in a
quotient, A&*(0,)/A5*(H,0), reflecting the local hydro-
phobicity. Most definitions of hydrophobicity incorporate a
partition coefficient associated with the transfer of a molecule
of interest from a polar to a nonpolar environment.*® In our
case, we make use of the different chemical potentials of water
and O, to study the hydrophobicity of a point of interest in the
protein interior. Effectively, we measure the ratio of the
partition coefficients associated with H,O and O, between
water and the protein interior. Thus, we define a hydro-
phobicity parameter at a specific site, i, in terms of the
respective ratio of concentrations of the probe species in the
bulk water phase and the protein interior

[0,;/10; Jpun
[H,0];/[H,0 )

Hydrophobicity = W
1
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Assuming the oxygen paramagnetic shifts and solvent isotope
shifts are proportional to the respective probe concentrations,
the experimentally determined quotient, A5*(0,)/A5*(H,0),
will equal the above hydrophobicity quotient as long as the
geometric considerations of the accessibility of water and O,
are regarded as equal.*’™>' Figure 6b depicts the hydro-
phobicity quotient, A§*(0,)/A8*(H,0), as a function of
temperature. Hydrophobicity thus exhibits a maximum at the
temperature associated with the transition to the folding
intermediate, whereupon increased temperature results in a
gradual unfolding and loss of hydrophobicity.

NMR Studies of the Compactness of the Native State
and the Desolvated Near-Native Intermediate. The
extent of compactness can be studied in greater detail by
several NMR experiments: (1) nuclear Overhauser effect
spectroscopy (NOESY) experiments focused on contacts
between aromatic side chains and aliphatics, (2) spin diffusion
from the aliphatic side chains to the protein backbone amides,
(3) diffusion measurements that monitor the protein hydro-
dynamic radius, and (4) C,'H heteronuclear multiple
quantum correlation (HMQC) experiments focused on the
methyl groups located in the hydrophobic core of the protein.
The 'H,'"H NOESY spectra of 3F-Phe-enriched CaM reveal a
marked decrease in the aromatic—aliphatic cross-peak intensity
above S0 °C (Supporting Information, Figure S4). The
decrease in inter-residue NOE contacts is qualitatively
consistent with the notion of a more dynamic and less well-
packed hydrophobic interior.” However, the NOE as presented
is complicated by the known dependence of cross-relaxation on
the temperature-dependent tumbling time as well as the
simultaneous effects of both distance and angular averaging,
which is discussed in detail elsewhere.”**>** Clustering can also
be visualized by spin-diffusion measurements in which the
backbone amide signal is monitored while the aliphatic interior
of the protein is selectively saturated.’* The intensity of the
majority of the amide 'H signals, upon saturating the aliphatic
region of the spectrum, generally decreases. With increased
temperature, this effect is diminished, signifying that the
aliphatic side-chain isomerizations within the hydrophobic core
are becoming less restricted (Supporting Information, Figure
SS). The gradual loss of rigidity of the hydrophobic core results
in less efficient spin diffusion. This loss in rigidity is anticipated
to result in a corresponding gain in the hydrodynamic radius of
the protein. NMR-based diffusion measurements of CaM reveal
an increase in the hydrodynamic radius with increasing
temperature followed by a modest plateau near the temperature
regime where the folding intermediate exists (Supporting
Information, Figure S6). The natural abundance Bc,'H
HMQC methyl spectra of 3F-Phe-enriched CaM corroborate
the idea that the hydrophobic core is more dynamic, showing a
clear convergence of methyl resonances with temperature
(Supporting Information, Figure S7). At 37 °C, the methyl
resonances, most of which arise from the hydrophobic core, are
well resolved and exhibit a prominent dispersion. This
dispersion is diminished at 65 °C, signifying a more dynamic
hydrophobic interior. Taken together, these experiments
suggest that the desolvated near-native intermediate adopts a
more dynamic state with an expanded hydrophobic interior.

Folding Kinetics between the Near-Native Intermedi-
ate and the Folded State. Although the 'F NMR solvent
isotope shifts and paramagnetic shifts identify a folding
intermediate and give some sense of the compactness and the
role of water in this near-native state, we next consider
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experiments that identify the folding and unfolding rates, ky;
and kyy, between the native and near-native states. In particular,
CPMG relaxation dispersion experiments provide a measure of
the chemical exchange processes by monitoring the transverse
magnetization relaxation rates as a function of the separation
between 180° refocusing pulses, 7.,."*® In the fast exchange
limit, assuming the system can be approximated by two states,
N and I, separated by a chemical shift, Aw, the exchange
contribution to the transverse spin relaxation rate is given by’

Aw)* k.
- p,p,(Aw) [1 2 p]
kex keXTcp 2 (2)
o e
P b,
05<p =1
p,=(1-p)

where k,, is expressed in terms of the folding and unfolding
rates and the fraction of each of the two states, p; and p,.
CPMG relaxation rate dispersion curves (i.e., R, ¢ versus l,
T.,) obtained from measurements at 57 °C (ie., below the
temperature associated with transition to the near-native state)
suggest that CaM undergoes two-site exchange on a time scale
of 2400 Hz (Figure 7). Although all residues exhibit
dispersions, those of residues 19, 68, and 92 are the most
pronounced. These dispersions can be detected between 45
and 57 °C (the highest available temperature on the cryogenic
NMR probe). At the same time, CPMG relaxation dispersion
measurements, on the basis of the N transverse relaxation,
reveal no millisecond time-scale dynamics, from which we
conclude that the conformational exchange involves a subtle
change that is associated primarily with the hydrophobic
interior of the protein. Two results connect the observed
fluctuations to the transition between the native and near-native
states: (1) The addition of the cosolvent, trifluoroethanol
(TFE), which is known to stabilize the folded state, completely
removes the observed dispersion and (2) the dispersions can
only be observed between 40 and 65 °C, coincident with the
temperature regime in which the near native state is believed to

be populated.

B DISCUSSION

Role of the Near-Native Desolvated Intermediate in
Folding and Misfolding. The classic notion of protein
folding posits that the process is largely driven by hydrophobic
collapse in which the release of waters of hydration from the
unfolded polypeptide results in a net gain in entropy, thereby
propelling the protein into a folded state. More recent
descriptions emphasize the role of backbone hydrogen bonds
in the early stages of folding.>® In this case, the secondary
structure and overall topology is expected to be established
prior to hydrophobic collapse. Our data shows that an
intermediate, consistent with a dry near-native state,11’12’59’60
is established along the temperature-denaturation pathway.
Upon heating from lower temperatures associated with the
native state, the desolvation barriers decrease, reaching a point
where water is released from the protein and the hydrophobic
interior adopts a liquid alkanelike state. Moreover, the observed
trends in the solvent isotope shifts, oxygen solubility, and
hydrophobicity from 30 to 65 °C are consistent with theoretical
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Figure 7. 'F CPMG relaxation dispersion profiles for F68, F19, and
F92 at 57 °C. Dispersion curves were fit to a two-state exchange model
(eq 2) to obtain the exchange rate, k., between state N and L

descriptions that predict hydrophobic-interaction strengths to
increase with temperature, as envisaged in Figure 8.5V Others

have also observed that hydrophobic forces, and in some
instances (through changes in side-chain pK,) internal salt
linkages, tend to increase with higher temperatures.”® The near-
native intermediate state precedes protein compaction upon
cooling and is characterized by a similar backbone structure to
that of the native state and minimal solvent penetration.
Moreover, the presence of greater dynamics within the
hydrophobic interior provides a gain in configurational entropy,
thereby stabilizing the intermediate. This would also represent
an advantage in the folding process because diffusive searches
toward the compact folded state would presumably be very fast.
Others have noted the importance of configurational entropy in
proteins such as calmodulin for the purposes of ligand binding
while at the same time establishing the presence of conformers
within the ensemble, which are consistent with the description
of a dry molten globule.** The final step in the folding process
is expected to be cooperative and facilitated by the closer
association of the hydrophobic residues and the reentry of a few
water molecules of hydration as the interior becomes close
packed. Cheung and others have noted the importance of water
in “lubricating” the protein-folding process.”> Indeed, there are
many examples in the literature in which folding intermediates
are demonstrated to be hydrated, and a “wet” molten-globule
state has been suggested. In our case, however, a dry near-
native folding intermediate is clearly observed along the
temperature-denaturation pathway, and there are potential
consequences of such states to both function and to disease
through protein aggregation and misfolding.

Calmodulin represents a ubiquitous and well-studied protein
whose folding properties and dglnamics have been the subject of
intense study by scattering, ¢ NMR,"*'*¢777° and single-
molecule force spectroscopy.'”'®”"”* In particular, the recent
single-molecule force spectroscopy experiments identified an
elaborate ensemble of on- and off-pathway folding intermedi-
ates."” We note that the dry near-native state, which we observe
at higher temperatures, may not be captured by single-molecule
spectroscopy, although we do have evidence from CPMG
measurements that this specific intermediate is populated at
physiological temperatures (~40 °C). The challenge in
observing this state by other means is that the conformational

H,0 Accessibility

1.0
N AB* (H,0) |

O, Accessibility

0.0 0.5 1.0
N A% (0,) 1

Figure 8. Graphical representation of water and oxygen accessibility in the native (N) and the near-native intermediate (I) states of CaM on the
basis of the solvent isotope shifts (A5*(H,0)) and paramagnetic shifts (A5*(0O,)) associated with 3F-Phe probes in the protein interior. Sites
having a higher water or oxygen accessibility are shown with spheres having a larger radius and darker shade of blue or pink, respectively. Note that
residues F12 and F141 exhibit solvent isotope shifts that are too small to be observed using the current scale. The depiction of the near-native
intermediate structural model was constructed by slightly modifying the known native CaM structure to correspond to a slightly larger hydrodynamic

radius.
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changes appear to be quite subtle and the CPMG studies
suggest that the state is also short-lived and in fast exchange
with the native state.

CaM is somewhat atypical of globular proteins in that it is
held together not only by hydrophobic forces but also by
additional ionic forces via the four tightly bound calcium ions
within the EF hands. Furthermore, the hydrophobic interior is
recognized to be somewhat more dynamic than other globular
proteins, which may explain the anomalously high degree of
water and oxygen penetration observed in the vicinity of the
phenylalanines in the protein interior, even for the native
state.%® As such, it is difficult to predict the extent to which such
dry near-native intermediates may play a role in folding and
misfolding in general. Another significant consideration is the
potential loss of calcium at higher temperatures and the
adoption of the apo state. The structure and “N,'H NMR
signature of the apo state are well-known from the literature
and is easily distinguished from the calcium-loaded state.*® Our
ISN,'"H NMR show no evidence of even a minor fraction of the
apo state below 70 °C. At the same time, ““N,'H CPMG
measurements show no evidence of even millisecond-lived apo
conformers. Thus, the onset of a more hydrophobic state
around 66 °C cannot be explained by the appearance of the apo
conformation, whose interior is indeed expected to be more
hydrophobic. Rather, we argue for an intact and desolvated
near-native state of CaM.

In protein folding, desolvation may represent the rate-
limiting step.”’> Upon establishing the dry near-native
intermediate, the increased dynamics effectively provides
greater sampling of the ensemble and a lowering of the barrier
toward more fully folded conformers. The increased disorder
inherent in the intermediate effectively accelerates the folding
process, which involves the collapse of the (desolvated)
hydrophobic core and stabilization of specific inter-residue
contacts through van der Waals interactions, hydrogen bonds,
and salt links. Although we do not imagine the folded state to
be highly solvated, there are clearly specific waters of hydration
involved in stabilizing the folded state, at least in the vicinity of
the phenylalanines. These waters of hydration may also arise
from higher-energy conformers that are more solvent exposed
but associated with the native ensemble. The strength and
density of the water interactions with the phenylalanine
residues in the protein interior is diminished in the dry folding
intermediate.”* The main point is simply that the trajectory of
solvent exposure along the temperature folding/unfolding
pathway involves a desolvation step and the establishment of
a dry near-native state whose hydrodynamic radius is increased.

The role of a dry near-native folding intermediate in
misfolding is also intriguing. The rate-limiting step in protein
aggregation is often desolvation. In studies of amyloidosis,
protein aggregation and fibril formation is achieved once a
partially unfolded metastable state is reached.”® If the
intermediate is more dynamic, then one might expect rare
conformational excursions that lead irreversibly to misfolded
states. In the case of a desolvated intermediate, distinct and
likely transient states may be more predisposed to aggregation
through non-native hydrophobic contacts. Although CaM is
admittedly a model protein with no connection to amyloidosis,
we have observed the formation of aggregated states upon
incubation of CaM over periods of weeks at temperatures near
the transition to the near-native state (~60 °C). Moreover, the
incorporation of 5% TFE, which is known to stabilize the native
state and prevent excursions to the near-native intermediate,
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results in no detectable aggregates under the same conditions
(data not shown).

B CONCLUSIONS

This study considers the topology of a well-known soluble
protein, calmodulin, along the protein folding/unfolding
pathway established by temperature. Although it is difficult to
reversibly unfold CaM, it is possible to explore structural and
dynamic properties of this protein up to a temperature of 70
°C. Around 66 °C, we detect a folding intermediate whose
backbone structure is nativelike, as judged by CD and “N,'H
NMR spectroscopy. '’F NMR solvent isotope shifts show that
the water accessibility is clearly reduced in the hydrophobic
interior upon attaining the folding intermediate, addressing a
longstanding debate regarding the existence of dry near-native
intermediates. The combination of solvent isotope shifts and
O, paramagnetic shifts give a detailed microscopic perspective
of both solvent exposure and hydrophobicity. Moreover,
CPMG measurements point toward the existence of the near-
native state at physiological temperatures, although we cannot
say if such a state is on-pathway between the native and
unfolded states at physiological temperatures. On the basis of
the NMR observations of CaM as a function of temperature, we
conclude that folding can occur by a rapid and early acquisition
of secondary structure and hydrogen bonds until a “dry” near-
native intermediate is attained. Given the high extent of
disorder associated with this intermediate, it can then diffusively
explore conformations that allow it to adopt a fully folded
compact state. Taken together, it is clear that protein folding is
far from a simple two-state cooperative process, at least in the
case of CaM.
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