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ABSTRACT: Understanding protein folding mechanisms and
their sequence dependence requires the determination of
residue-specific apparent kinetic rate constants for the folding
and unfolding reactions. Conventional two-dimensional NMR,
such as HSQC experiments, can provide residue-specific
information for proteins. However, folding is generally too fast
for such experiments. ZZ-exchange NMR spectroscopy allows
determination of folding and unfolding rates on much faster time scales, yet even this regime is not fast enough for many protein
folding reactions. The application of high hydrostatic pressure slows folding by orders of magnitude due to positive activation
volumes for the folding reaction. We combined high pressure perturbation with ZZ-exchange spectroscopy on two autonomously
folding protein domains derived from the ribosomal protein, L9. We obtained residue-specific apparent rates at 2500 bar for the
N-terminal domain of L9 (NTL9), and rates at atmospheric pressure for a mutant of the C-terminal domain (CTL9) from
pressure dependent ZZ-exchange measurements. Our results revealed that NTL9 folding is almost perfectly two-state, while
small deviations from two-state behavior were observed for CTL9. Both domains exhibited large positive activation volumes for
folding. The volumetric properties of these domains reveal that their transition states contain most of the internal solvent
excluded voids that are found in the hydrophobic cores of the respective native states. These results demonstrate that by coupling
it with high pressure, ZZ-exchange can be extended to investigate a large number of protein conformational transitions.

■ INTRODUCTION

The observation of residue specific folding kinetics is required
for detailed descriptions of protein folding mechanisms and
their sequence dependence. Knowledge of the sequence
dependence of folding mechanisms illuminates how they may
have evolved and, moreover, should provide key insights for
protein design. Unfortunately high resolution methods such as
NMR have insufficient time resolution to follow protein folding
in real time except for very slow folding proteins. Methods for
rapid kinetic measurements, stopped-flow and continuous-flow,
rely largely on fluorescence detection and do not provide
residue specific information. Rapid temperature jump methods
combined with IR detection and specific labeling provide
residue specific information, but are limited by the requirement
for site specific 13C18O labeling. Over the past few years,
pressure has garnered increasing interest as a thermodynamic
variable, since it was demonstrated to perturb protein folding
equilibria due to a loss of internal solvent excluded void volume
upon unfolding.1 Combining high pressure (HP) with 2D
NMR allows for observation of protein folding on a residue
specific basis and has been used at equilibrium to explore

deviations from two-state behavior and to map protein folding
landscapes.1−3

The major destabilizing effect of pressure on protein folding
equilibria derives from a large positive activation volume for
folding. This slows the folding reaction considerably.4 In cases
for which folding is intrinsically sufficiently slow and folding
activation volumes sufficiently large,4,5 pressure-jump can be
combined with classical 2D NMR experiments, such as 1H−15N
HSQC, to study kinetic mechanisms of folding, yielding folding
and unfolding rates for nearly every residue in a protein.
Pressure-jump 2D HSQC experiments on staphylococcal
nuclease and a series of variants were possible because folding
relaxation times at high pressure are extremely slow, ranging
between 20 min and 24 h.6 Results from these studies revealed
significant changes in the structural properties of the SNase
folding transition state and the complexity of its folding
pathway brought about by single site mutations.
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In contrast to these slow folding nuclease variants, most
small globular proteins fold rather quickly, many on time scales
of milliseconds or even less. For a protein with a folding time of
1 ms (kf = 1000 s−1) at atmospheric pressure, and a positive
activation volume of 100 mL/mol, folding will be slowed to
about 1 min at a pressure of 2500 bar. Unfortunately, this time
scale still remains too fast for acquisition of classical 2D NMR
spectra as a function of time. Conformational exchange
phenomena that are slow on the NMR time scale (100 ms to
∼1 s) can be accurately quantified by 2D exchange NMR.7 One
such approach to chemical exchange is ZZ-exchange spectros-
copy, which was first used to determine tyrosine ring
flipping8and was later extended to measure the folding and
unfolding rates of the N-terminal SH3 domain of the protein
Drk.9 However, most small proteins fold on faster time scales
than this SH3 domain, and hence ZZ exchange spectroscopy
has not been widely applied to characterizing folding reactions.
Here we sought to rigorously test the utility of combining

high pressure with ZZ-exchange NMR (HPZZEx) for
measuring protein folding kinetics on a residue specific basis.
We tested HPZZEx using two small globular proteins as model
systems, the N- and C-terminal domains of the ribosomal
protein L9, from Bacillus steareothermophilus (Figure 1), whose

folding properties at atmospheric pressure have been
extensively characterized.11−21 The N-terminal domain of L9
(NTL9) is made up of residues 1−56 of L9 and folds into a
three-stranded antiparallel β sheet sandwiched between two α-
helices, one of which is part of the central helix connecting the
two domains in the full-length protein. The C-terminal domain
(CTL9) is made up of residues 58−149 and adopts an
interesting three-stranded mixed parallel and antiparallel β-
sheet buttressed by two α-helices, one of which includes the
remaining residues from the central helix of the full-length
protein. Both NTL9 and CTL9 fold cooperatively in experi-
ments conducted at atmospheric pressure, in an apparent two-
state manner.11,21 At room temperature NTL9 folds in
approximately 1 ms.21 We used a destabilized variant of
CTL9, CTL9 I98A, for the studies reported here. This variant
has been shown to fold to the same structure as WT CTL9 and
the folding time of CTL9 I98A is ∼70 ms at 25 °C and pH 8.11

We predicted that the activation volumes for the folding of
these domains should be sufficiently large such that their
folding/unfolding relaxation times at high pressure would be in
a time regime appropriate for ZZ-exchange spectroscopy. The
results demonstrate the utility of the approach and importantly
provide unique insight into the packing of side chains in the
transition state for folding.

■ MATERIALS AND METHODS
Protein Expression and Purification. The 15N-labeled NTL9

and the 15N-labeled CTL9 I98A variant were overexpressed and
purified as previously described.17 The identity of the proteins was
confirmed with MALDI-TOF mass spectrometry, and the purity was
checked using analytical HPLC.

Nuclear Magnetic Resonance (NMR) Experiments. 15N-labeled
NTL9 protein samples for NMR experiments were prepared in 90%
H2O and 10% D2O at pH 5.1, with 20 mM sodium acetate, 100 mM
NaCl, and 1 M GuHCl. High pressure ZZ-exchange spectra on NTL9
were recorded at 285 K. 15N-labeled CTL9 I98A protein samples were
dissolved in 90% H2O and 10% D2O at pH 6.6, with 20 mM Bis-tris
and 100 mM NaCl. High pressure ZZ-exchange experiments on CTL9
I98A were recorded at 308 K. The protein concentration was ∼1 mM
for both samples. DSS was used as a reference for the chemical shift.
All NMR experiments were recorded on a Bruker Avance III 600
MHz/14T Wide-bore NMR spectrometer equipped with a 5 mm TBI
probe optimized for 1H detection with 1H, 2H, 13C fixed frequency RF
channels and a broad-band tunable channel that was configured to 15N
for these studies. A commercial ceramic zirconia high-pressure NMR
cell22,23 and an automatic pump system (Daedalus Innovations,
Philadelphia, PA) were used to vary the pressure in the 1 to 2500 bar
range. The 1H−15N ZZ-exchange spectra were collected using a
variation of the 15N magnetization exchange pulse sequence reported
by the Kay group9 and provided by Bruker (hsqcetexf3gp). For NTL9,
the spectra were recorded at 2500 bar, with 8 scans, 2048 × 256
complex points with a 9615 and 2190 Hz spectral width for the 15N
and 1H dimensions, respectively. In order to quantify the exchange
rates, the following mixing times were acquired in random order: 10,
20, 40, 60, 80, 100, 150, 200, 250, 300, 350, 400, 500 ms. For CTL9
I98A, the spectra were recorded at 300, 450, and 600 bar. At each
pressure, mixing times of 10, 40, 60, 80, 100, 120, 150, 200, 250, 300,
400, 500 ms were collected in random order. Every spectrum was
collected using 32 scans, 2048 × 256 complex points, and a 9615 and
1886 Hz spectral width for the 15N and 1H dimensions, respectively. A
series of 1H−15N HSQC spectra for the CTL9 I98A mutant were
collected 15 min after each positive 150 bar pressure jump from 1 to
2100 bar. The spectra were recorded with 2048 × 256 complex points
using four scans and spectral widths of 9615 and 1886 Hz for the 15N
and 1H dimensions, respectively. All the spectra were processed with
Topspin and analyzed with NMRViewJ or CcpNmr.24

Analysis of the ZZ-Exchange Spectroscopy Data. To calculate
the folding and unfolding rate constants, peak heights were used to
characterize the evolution of the magnetization of peaks as a function
of mixing time. The equations, for a two-state model, describing the
intensity decay due to longitudinal relaxation for the folded (F, eq 1)
and unfolded (U, eq 2) peaks, and the emergence due to chemical
exchange and longitudinal relaxation of the cross peaks from F to U
(eq 3) and from U to F (eq 4), have been described before9 and are
given below.

τ λ λ λ λ= − − + − −λ τ λ τ− −I I a e a e( ) (0)( ( ) ( ) )/( )FF F 2 11 1 11 1 2
1 2

(1)

τ λ λ λ λ= − − + − −λ τ λ τ− −I I a e a e( ) (0)( ( ) ( ) )/( )UU U 2 22 1 22 1 2
1 2

(2)

τ λ λ= − −λ τ λ τ− −I I a e a e( ) (0)( )/( )FU F 21 21 1 2
1 2 (3)

τ λ λ= − −λ τ λ τ− −I I a e a e( ) (0)( )/( )UF U 12 12 1 2
1 2 (4)

IF(0) and IU(0) denote the equilibrium magnetization of the folded
and unfolded peaks, τ is the mixing time, and λ1,2 denotes the
eigenvalues of the 2 × 2 dynamics matrix (a1,2) defined by eq 5,

λ = + ± − +a a a a k k
1
2

( ) [( ) 4 ]f u1,2 11 22 11 22
2

(5)

where

= + = + = − = −a R k a R k a k a k; ; ;F u U f u f11 22 21 12

Figure 1. Ribbon diagram of L9 from Bacillus stearothermophilus
(Protein Data Bank entry 1DIV). The N-terminal domain (NTL9),
consisting of residues 1−56, is colored blue. The C-terminal domain
(CTL9), corresponding to residues 58−149, is colored red. The
hydrophobic core residue I98 is colored green, and the two termini are
labeled. The diagram was created with PyMOL.10
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RF and RU are the longitudinal relaxation rates for the folded and
unfolded signal. kf and ku are the folding and unfolding rate constants,
respectively.
The pressure-dependent ZZ-exchange experiments were performed

on CTL9 I98A at 300, 450, and 600 bar. To extrapolate the rate
constants to atmospheric pressure (kf,u

0 ) and obtain the activation
volumes (ΔVf,u*), the natural logarithm of the rate constants (ln kf,u(p))
were fit to the following linear equations with the pressure (p).

= − − Δ *k p k p p V RTln ( ) ln ( ) /f f f
0

0 (6)

= − − Δ *k p k p p V RTln ( ) ln ( ) /u u u
0

0 (7)

where p0 is atmospheric pressure (1 bar). The folding free energy
(ΔGf

0) and volume change for unfolding (ΔVu
o) were calculated using

the following relations:

Δ = −G RT
k

k
lnf

f

u

0
0

0 (8)

Δ = Δ * − Δ *V V Vu
o

u f (9)

■ RESULTS
High Pressure ZZ-exchange on NTL9. Residue-specific

apparent folding and unfolding rates were measured for NTL9
using ZZ-exchange experiments conducted in 20 mM sodium
acetate, 100 mM NaCl buffer containing 1 M GuHCl at pH 5.1,
285 K, and 2500 bar. The buffer has a low pressure
coefficient,25 and under these conditions NTL9 is near its
unfolding midpoint. Figure 2 shows the ZZ-exchange spectrum
of NTL9 at the 350 ms mixing time. The figure features peaks
corresponding to the amide groups of several residues in the
folded and unfolded states, as well as their exchange cross
peaks. ZZ-exchange cross-peaks could be quantified as a

function of mixing time for 36 of the 56 residues of NTL9 at 13
mixing times between 10 and 500 ms. The ZZ-exchange
profiles for each of these residues (Figure 3) were fit to
determine the residue-specific apparent folding and unfolding
rate constants and the longitudinal relaxation rates as described
in the Material and Methods section.

Figure 4 shows the residue-specific apparent folding and
unfolding rates obtained from the ZZ-exchange data at 2500

bar. This pressure is near the folding midpoint; hence, the
average values for the folding and unfolding rate constants are
similar (1.1 and 1.3 s−1, respectively). Most residues monitored
(32 out of the 36) exhibited apparent rates that deviated from
the average ku or kf by less than 2−3-fold the average standard
deviation. Only residues 17 and 38 exhibited apparent
unfolding rates that were significantly higher than the average,
and residues 27, 38, and 54 exhibited larger than average
apparent folding rates. Residue 54 is in the C-terminal helix
which is partially formed in the unfolded state.26,27 The role of
E38 in folding has been previously probed by mutation, and no
significant effect upon the folding or the unfolding rate was
observed for the E38A mutant, arguing that interactions made
by E38 are not critical for folding or unfolding.28 The reason for
these deviations is unclear, however, and only one set of rate
constants, at a single pressure, were obtained in these
experiments.

Pressure-Dependent ZZ-Exchange on the CTL9 I98A
Variant. What is of most interest in protein folding studies are

Figure 2. ZZ-exchange spectrum of NTL9 taken at 600 MHz and 350
ms mixing time for 1 mM 15N labeled NTL9 in 20 mM sodium
acetate, 100 mM NaCl, and 1 M GuHCl, at pH 5.1, 285 K, and 2500
bar. Peaks for the folded and unfolded forms of the residue are marked
F and U, respectively, and dotted lines indicate the exchange cross-
peaks.

Figure 3. Plots of the peak height and fitted intensity curves for
residues G13 (A) and A36 (B) of NTL9. The top two sets of data
indicate the peak intensity decay of the folded state (F, blue) and the
unfolded state (U, red), due to longitudinal relaxation. The green line
and points represent the emergence of the cross peaks as a result of F
to U exchange, and the purple represents that of U to F exchange.
Data were obtained under conditions as noted in Figure 2.

Figure 4. Residue specific folding and unfolding rate constants for
NTL9 at 285 K and 2500 bar. The blue dashed line corresponds to the
average value of kf at 1.1 s

−1, and the red dashed line represents that of
ku at 1.3 s−1. A schematic representation of the elements of secondary
structure of the folded state of NTL9 is shown at the top of the plot A
(arrows represent β-strands and filled cylinders α-helices, dashed
cylinders 310-helices, and single lines loop regions).
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the rate constants for folding and unfolding under native
conditions, rather than values of rate constants under
perturbing conditions. Residue-specific values for apparent
folding and unfolding rate constants at 1 bar can be obtained by
measuring the pressure dependence of ZZ-exchange and
extrapolating the results to atmospheric pressure as described
in the Materials and Methods section. A better estimation of
the uncertainty is obtained for these extrapolated rates
compared to the single pressure values for NTL9 because
they are deduced from more than one measurement. The
stability of the NTL9 domain and the WT CTL9 domain (data
not shown) at high pressure did not allow us to establish the
pressure-dependence of the kinetics; however, a cavity
containing variant of the C-terminal domain of L9, CTL9
I98A,29 exhibited the appropriate stability and kinetic properties
for ZZ-exchange measurements at multiple pressures.
The pressure dependence of the 1H−15N HSQC spectra of

CTL9 I98A in 20 mM Bis-tris, 100 mM NaCl buffer, at 308 K
and pH 6.6 (Figure S1), revealed that, in addition to pressure
dependent shifts in the amide resonance frequencies due to
linear compression, pressure leads to unfolding, with a loss of
native state peak intensities, concomitant with an increase in
the unfolded state peak intensities. This demonstrates that the
folded and unfolded states of CTL9 I98A are in slow exchange
on the NMR time scale under pressure. At 308 K and pressures
of 300, 450, and 600 bar, the folding reaction is close to the
midpoint, allowing reliable quantification of the ZZ-exchange
signal for many amide resonances of CTL9 I98A (Figure 5,

Figure S2) at all three pressures. Plots of peak intensities vs
mixing time at each of the three pressures (Figure 6a−c) were
fit for the folding and unfolding rate constants as described in
the Materials and Methods section. The pressure dependence
of the natural logarithm of these rate constants was linear in all
cases (Figure 6d and Figure S3). The intercepts yielded the
residue-specific apparent folding and unfolding rate constants
of CTL9 I98A at atmospheric pressure. Residue-specific

apparent activation volumes for folding and unfolding were
calculated from the slopes.
The average folding rate at atmospheric pressure, 303 K, and

pH 6.6 calculated for CTL9-I98A from the extrapolated values
of the HPZZEx for all residues was found to be 6.0 (+3.9/−
2.4) s−1, while the average unfolding rate constant at 1 bar was
1.8 (+1.0/−0.6) s−1. Here we report only those rates for which
the uncertainty was less than 30% of the extrapolated value
(Tables S1 and S2). Denaturant based kinetics experiments11 at
pH 8 and 293 K, conditions under which the protein is more
stable, observing tryptophan fluorescence yielded average
values of 14 and 0.6 s−1 for the folding and unfolding rate
constants, respectively. Thus, the values obtained by HPZZEx
are consistent with the known kinetics for folding/unfolding of
CTL9-I98A. The average folding free energy calculated from
the average pressure-derived rate constants, 0.75 kcal/mol,
differs by about 1.0 kcal/mol from that obtained from the rate
constants measured by stopped-flow at pH 8 and 293 K. This
difference is expected and is consistent with the decrease in
stability of the protein at the higher temperature and lower pH
used in the present experiments.
In the case of CTL9, different residues exhibited different

values for kf
0 and ku

0, beyond experimental uncertainty (Figure
7). The apparent folding rates appeared to be more
heterogeneous in the C-terminal half of CTL9, and the fastest
rates were found in this C-terminal region. Interestingly four of
the six residues exhibiting apparent folding rates that were
larger than the average (>2σ of their individual standard
deviations) are positioned at the ends of the two β-strands that
are known to be ordered in the transition state for folding.11

Most of the residues exhibiting significantly slower apparent
folding rates were positioned at the ends of helical segments of
CTL9. The analysis also yielded residue specific values for the
apparent activation volumes of folding and unfolding, ΔVf* and
ΔVu* (Figure 8). The average value for ΔVf* was 65 ± 6.4
mL/mol (± the average of the standard deviations of each
measurement), whereas the average ΔVu* was −24 ± 7.2 mL/
mol. The distribution of activation volumes for folding was
bimodal, and the standard deviation of the distribution (±20
mL/mol) was much larger than the average uncertainty of the
measurements. The largest values of ΔVf* were found in the
core region of the protein near the position of the cavity

Figure 5. ZZ-exchange spectrum taken at 600 MHz and 200 ms
mixing time for 1 mM 15N labeled CTL9 I98A in 100 mM NaCl, 20
mM Tris-bis at pH 6.6, 308 K and 450 bar.

Figure 6. ZZ-exchange data for residue L72 of the CTL9 I98A variant
at different pressures. Peak height and fitted curves are represented in
the same fashion as in Figure 3. (A) 300 bar, (B) 450 bar, and (C) 600
bar. (D) The natural logarithm of folding rate constants (magenta)
and unfolding rate constants (navy blue) are plotted as a linear
function of pressure.
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formed by substitution of alanine for isoleucine at position 98
(Figure S4). Interestingly, the residues exhibiting the smallest
values of ΔVf* are located on the periphery of the core region
and correspond, in many cases, to those residues with the
slowest apparent folding rates.

■ DISCUSSION
NTL9. The folding and unfolding rate constants for NTL9

have been previously determined under a variety of conditions
at atmospheric pressure.21 Here the residue specific values of
the apparent folding and unfolding rates reveal a nearly perfect
two-state transition for NTL9. Interpolating the temperature
dependence of the rate constants under similar conditions of
pH and denaturant concentration as those used in the present
study, a folding rate at atmospheric pressure of around 55 s−1

and an unfolding rate of near 0.5 s−1 can be estimated. Thus,
increasing pressure decreases the folding rate significantly and
modestly increases the unfolding rate. The sign and magnitude
of the pressure perturbation of a folding or unfolding reaction
rate depend upon the sign and magnitude of the associated
volume of activation.5 Protein folding generally proceeds with a
rather large and positive change in volume, whereas the
activation volumes for unfolding have been found to be
positive, negative, or null, depending upon the protein and the
conditions.4,6,30,31 Pressure slows folding of NTL9 at 2500 bar
by a factor of ∼50 and speeds up unfolding by a factor of ∼2.6.
This would require an activation volume for folding (ΔVf*) of
+36 mL/mol and a value of −8.6 mL/mol for unfolding
(ΔVu*). These values, in turn, correspond to a volume change
for unfolding at equilibrium of −45 mL/mol. We have
measured an equilibrium volume change of −39 ± 6 mL/mol
for NTL9 unfolding in sodium acetate at pH 5.1 with 3.5 M
urea at 298 K, conditions under which we could obtain
complete unfolding profiles for multiple resonances (data not
shown). Although denaturants do not generally affect the
equilibrium volume change of protein unfolding,1,32 temper-
ature effects can be significant,33 depending on the difference in
the thermal expansivity of the folded and unfolded states.34,35

In any case, the total volume change of unfolding estimated
from the present pressure perturbed ZZ-exchange kinetics is in
the range of the value obtained from equilibrium high pressure
unfolding measurements.
The increase in volume upon protein folding has been

demonstrated to arise due to the creation of solvent excluded
void volumes in the protein interior.1 We have defined a
parameter called the Vi value as the ratio (ΔVf*/ΔVf

0),31 which
defines the fraction of the total increase in volume that occurs
in the transition state for folding. This parameter is the
volumetric equivalent of the βT value, which reports on the
fraction of surface area buried in the transition state relative to
the total amount that is buried upon folding. Our estimates of a
large positive activation volume for folding and a rather small
negative activation volume for unfolding for NTL9 are
consistent with a folding transition state in which most of the
internal solvent excluded voids have been created upon folding
of the hydrophobic core of the protein. From denaturant based
kinetics experiments, the position of the transition state of
NTL9 in terms of burial of surface area, βT, is about 65%
folded, while temperature dependent studies indicate that a
significant amount of hydrophobic surface area is buried in the
transition state for folding.21 In those studies, a clear Hammond
effect was observed, in which the transition state becomes more
native-like at higher denaturant concentrations. The equivalent

Figure 7. Exchange rates at ambient pressure of CTL9 I98A. (A) The
natural logarithm of the apparent folding rates (ln kf

0) and unfolding
rates (ln ku

0) for each analyzed residue are illustrated with blue and red
data points, respectively. Only those values for which the experimental
uncertainty was less than 30% of the value were retained. The blue
dashed line corresponds to the average value of ln kf

0 at 1.8, and the
red dashed line represents that of ln ku

0 at 0.6. A schematic
representation of the elements of secondary structure of the folded
state of CTL9 is shown at the top of the plot in A (arrows represent β-
strands and filled cylinders α-helices, dashed cylinders 310-helices, and
single lines loop regions. (B) The histogram of residue specific values
for ln kf

0. (C) The histogram of residue specific values for ln ku
0. (D

and E) Schematic representation of the largest folding rates (green)
(D) and smallest folding rates (red) (E) on the CTL9 structure.
Unfolding rates were less broadly distributed and not presented on the
structure.

Figure 8. Residue specific apparent activation volumes of CTL9 I98A.
(A) The activation volume upon folding (ΔVf*) and unfolding
(ΔVu*) for each analyzed residue are illustrated with blue and red data
points, correspondingly. Only those values for which the experimental
uncertainty was less than 30% of the value were retained. The blue
dashed line corresponds to the average value of ΔVf* at 65 mL/mol,
and the red dashed line represents that of ΔVu* at −24 mL/mol. A
schematic representation of the secondary structural elements of the
folded state of CTL9 is shown at the top of the plot. (B) Histogram of
residue-specific values of ΔVf*. (C) Histogram of residue-specific
values of ΔVu*. (D and E) Schematic representation of largest
activation volumes (red) (D) and lowest activation volumes (green)
(E) on the CTL9 structure. Residue I98 is shown in red spheres in
(D).
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volumetric parameter, Vi, from the present results is 80%.
Hence the transition state of NTL9 appears to be somewhat
more native-like volumetrically than in regards to surface area.
This is not surprising, since the volumetric changes upon
folding arise from the formation of internal void volumes,
which are distributed nonuniformly throughout the folded
structure. Moreover, pressure may be less disruptive than
denaturant to transition state structure. Our results are
consistent with a transition state structure for NTL9 in which
the main hydrophobic core is formed, creating most of the
internal void volume, but in which the peripheral regions of the
protein, which account for 35% of the surface area, remain
disordered. Consistent with this hypothesis, pH dependent
studies have shown that electrostatic interactions involving
surface residues are not well developed in the transition state
for folding, while amide isotope effect studies have shown that a
significant fraction of hydrogen bonded secondary structure
is.16,36 Interestingly, a multimutational ϕ-value analysis at
atmospheric pressure of six major hydrophobic core residues
shows that all of these sites exhibit low ϕ-values, arguing that
the final specific side chain interactions are formed on the
downhill side of the folding barrier and not in the transition
state for folding, even though a significant fraction of the
hydrophobic surface area has been sequestered from solvent. ϕ-
value analysis can lead to underestimation of transition state
structure in some instances,37,38 and even be misleading in
cases where the mutation changes the transition state
structure.6 Nonetheless, the present pressure dependent studies
support the previous ϕ-value analyses and indicate that internal
void volumes are formed even though the final side chain
interactions are not wholly developed.39 The picture of the
transition state for NTL9 which emerges from the βT and Vi
values and side chain ϕ-value analysis is reminiscent of the dry
molten globule transition state ensemble hypothesized by
Shakhnovich and Finkelstein40 and later by Baldwin and
Rose.41

CTL9 I98A. In the case of CTL9, HPZZEx measurements at
multiple pressures yielded residue specific apparent rate
constants at atmospheric pressure, as well as residue specific
values for the apparent activation volumes of folding and
unfolding. Hence ZZ-exchange, in general, presents an
advantage over relaxation kinetics, in which the folding and
unfolding rate constants, along with their pressure (or
denaturant) dependence, must be extracted from the same
chevron plot. Comparison of the individual residue specific
apparent rate constants at atmospheric pressure and apparent
activation volumes for several residues of CTL9 I98A revealed a
few residues, notably at the ends of the two C-terminal β-
strands, that exhibited faster apparent folding rates, suggesting
that these might be initiation sites for folding.
Differences in the residue-specific apparent rate constants

observed using HPZZEx arise from deviations from two-state
behavior. Each residue exists in slow exchange between an
ensemble of conformations in which it exhibits its “unfolded
state” resonance frequency and an ensemble of conformations
in which it exhibits the “folded state” frequency. If partially
folded (or partially unfolded) intermediates are populated to
any significant extent, then these ensembles will not be identical
for all residues. This can lead to different “apparent” rate
constants for folding or unfolding obtained from different
residues. How different the apparent rate is for a given residue
compared to the average rate will depend upon the relative flux
through the intermediate(s). The observed “apparent” residue-

specific rates correspond to averages for each residue of the
rates from all of the molecules in the ensemble.
The apparent faster folding region in CTL9 I98A overlaps

with that in which residual structure has been observed in the
unfolded state,18−20 and which has been proposed, based on ϕ-
value analysis, to be more ordered in the transition state of
CTL9.11 Residue-specific values of apparent activation volumes
for folding revealed larger values for the region surrounding the
original CTL9 cavity (Figure S4) which is enlarged by the I98A
mutation. The average activation volumes for folding and
unfolding obtained from the pressure-dependent ZZ-exchange
data on CTL9-I98A yielded a Vi value of 0.73. This indicates
that volumetrically the transition state of CTL9 I98A lies much
closer to the folded state than the unfolded state. Burial of 75%
of the surface area in the transition state was observed in
denaturant dependent kinetics experiments on this variant.11

Thus, the volumetric and surface area indications of transition
state structure are similar for CTL9 and describe a largely
native-like structure at the barrier, as was the case for the NTL9
domain.

■ CONCLUSIONS
We have established the use of HPZZEx NMR spectroscopy for
the determination of residue-specific apparent folding and
unfolding rate constants for proteins which fold too rapidly for
conventional real time NMR approaches. Pressure perturba-
tion, which slows protein folding due to significant activation
volumes, drove the folding rates of these proteins into the time
regime appropriate for exchange spectroscopy. ZZ-exchange
provides independent measurements of the apparent folding
and unfolding rate constants at nearly every residue in the
chain, an advantage over relaxation kinetics. The volumetric
information gained from these experiments provides a
structural parameter for the transition state which is
complementary to that obtained from denaturant and thermal
based kinetics experiments. For both NTL9 and CTL9, the
volumetric properties of the transition state are consistent with
the notion of a dry molten globule, in which the core of the
protein is collapsed, but lacks the fixed tertiary interactions that
stabilize the folded state. Importantly, the residue-specific
nature of the kinetic parameters obtained by HPZZEx is shown
to yield crucial information concerning protein structure in the
transition state, thus providing insight into mechanistic details
of the folding reaction. This information is critical for
benchmarking atomistic simulations of protein folding and
provides significant constraints to test theory and simulation.
While many small proteins fold too quickly for ZZ-exchange at
atmospheric pressure, the combination of this approach with
high pressure dramatically extends the applicability of exchange
spectroscopy in protein folding, and as such should be very
useful for determining the folding mechanisms of a large
number of proteins.
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