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ABSTRACT: The volumetric properties associated with protein folding transitions reflect changes in protein
packing and hydration of the states that participate in the folding reaction. Here, NMR spin relaxation
techniques are employed to probe the folding-unfolding kinetics of two SH3 domains as a function of
pressure so that the changes in partial molar volumes along the folding pathway can be measured. The
two domains fold with rates that differ by∼3 orders of magnitude, so their folding dynamics must be
probed using different NMR relaxation experiments. In the case of the drkN SH3 domain that folds via
a two-state mechanism on a time scale of seconds, nitrogen magnetization exchange spectroscopy is
employed, while for the G48M mutant of the Fyn SH3 domain where the folding occurs on the millisecond
time scale (three-step reaction), relaxation dispersion experiments are utilized. The NMR methodology is
extremely sensitive to even small changes in equilibrium and rate constants, so reliable estimates of partial
molar volumes can be obtained using low pressures (1-120 bar), thus minimizing perturbations to any
of the states along the folding reaction coordinate. The volumetric data that were obtained are consistent
with a similar folding mechanism for both SH3 domains, involving early chain compaction to states that
are at least partially hydrated. This work emphasizes the role of NMR spin relaxation in studying dynamic
processes over a wide range of time scales.

A description of the structural and thermodynamic proper-
ties of the states that are produced during the protein folding

reaction is critical for understanding the process(es) by which
proteins fold and for obtaining insight into the folding energy
landscape (1, 2). Structural information about the folded state
end point is often readily obtained by X-ray diffraction and/
or NMR spectroscopy, while studies of the unfolded en-
semble can be performed using a variety of different
spectroscopic approaches (1), with NMR playing a very
prominent role (3, 4). Detailed information about intermedi-
ates and transitions state ensembles (TSEs) is more difficult
to obtain because such states are generally populated at low
levels and not readily isolated. As a result, they are often
studied indirectly, by introducing mutations or by invoking
changes in variables such as temperature, pressure, solvent
conditions, or denaturant concentration (1,5).
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In principle, volumetric parameters such as partial molar
volumes and compressibilities can provide important infor-
mation about both structural and hydration properties of
transient, weakly populated states along the folding trajectory
(6-8). These parameters have been the subject of both
theoretical and experimental studies, with characteristic
differences observed between folded (F), unfolded (U),
partially folded, and molten-globule states (6, 7). Tradition-
ally, changes in volumetric properties between F and U have
been derived from density and sound velocity measurements
performed at atmospheric pressure as a function of denaturant
(6, 9), or from experiments where high pressure (often several
thousand bars) is employed as the perturbant (10-12), while
volumetric properties of the TSE have been studied by
pressure-jump or stopped-flow kinetic experiments performed
under high pressure (13). Interpretation of data from such
experiments is, however, not without complication. For
example, in experiments performed as a function of denatur-
ant, F and U states are probed under very different conditions
(for example, the F state at neutral pH or zero guanidinium
concentration and the U state at low pH or high guanidinium
concentration) and subtle changes in the structure of the U
ensemble as a function of denaturant can affect measured
volume changes associated with folding (14). Similarly, high
pressures can also lead to changes in structural properties
of U, TSE, or intermediates.

In this study, we use NMR spectroscopy as a very sensitive
tool to probe the folding kinetics of two Src homology 3
(SH3) domains as a function of pressure, from which changes
in partial molar volumes can be obtained. The SH3 domains
that were chosen fold with rates that differ by∼3 orders of
magnitude, so different NMR methods must be used to study
the kinetics for each system. The N-terminal SH3 domain
of the Drosophilaadapter protein Drk (drkN SH3), shown
in Figure 1A, interconverts between highly populated F and
U states in aqueous buffer via a two-state mechanism with
exchange rates that are slow on the NMR chemical shift time
scale, so separate sets of peaks are observed for each state
(15, 16). In what follows, we refer to these U and F states
as Uexchand Fexch, respectively, to emphasize the equilibrium
between approximately equally populated folded and un-
folded conformers under nondenaturing conditions and to

distinguish these states from those that exist under denaturing
or salt-stabilizing conditions, consistent with previous pub-
lications (15). The pressure dependence of folding and
unfolding rates for the drkN SH3 domain has been measured
via longitudinal exchange NMR spectroscopy (17) that has
been used previously to probe electrostatic interactions in
the folding transition state of this protein (18) and recently
to study folding kinetics as a function of urea and glycerol
(M. Tollinger et al., manuscript in preparation). The second
protein, a G48M mutant SH3 domain from the Fyn tyrosine
kinase (G48M Fyn SH3), shown in Figure 1B, folds on a
millisecond time scale through an intermediate, I (19, 20).
In this case, both U and I states are only transiently populated
(approximately 5 and 1% for U and I, respectively, for a
perdeuterated protein, at 25°C) so that peaks are not
observed in NMR spectra for these states. Folding kinetics
of the G48M Fyn SH3 domain can be studied by Carr-
Purcell-Meiboom-Gill (CPMG) relaxation dispersion tech-
niques (21). As we will show, the exquisite sensitivity of
the methodologies used to quantify folding-unfolding rates
in both systems allows very low pressures (e120 bar) to be
used, minimizing any subtle changes in structures of the U
or I state ensembles that might otherwise result. Despite the
fact that the exchange dynamics of drkN and G48M Fyn
SH3 domains are interpreted using different models (two-
vs three-site exchange) and that substantial differences in
the time scales of folding are noted, the volume profiles along
the folding pathway are remarkably similar for both proteins,
consistent with an initial collapse to states that are at least
partially hydrated.

MATERIALS AND METHODS

Probing Folding of the drkN SH3 Domain.The folding-
unfolding kinetics of the drkN SH3 domain have been studied
using the nitrogen longitudinal exchange experiment de-
scribed by Farrow et al. (17) and analyzed using the
procedure discussed by Tollinger and co-workers (16). The
interested reader is referred to the literature for details of
the experiment, as well as for the equations that were used
to fit the magnetization exchange profiles.

Magnetization exchange experiments were performed on
15N-labeled samples of the drkN SH3 domain, 0.8 mM in

FIGURE 1: Ribbon diagrams of the backbone structures of the (A) drkN (22) and (B) Fyn SH3 (48) domains (PDB entries 2A36 and 1ZBJ,
respectively). The locations of the15N probes of exchange are indicated.
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protein, with 50 mM sodium phosphate and 10% D2O at
pH 6 and 15°C on a VarianInoVa spectrometer operating
at 500 MHz (1H frequency) and equipped with a room-
temperature triple-resonance probe head. Samples were
prepared as described previously (22). Experiments were
carried out using a sapphire tube (Saint-Gobain Crystals,
Milford, NH) with a 3.0 mm inner diameter at six pressures
(using nitrogen gas to pressurize), ranging from 1 to 75 bar
(1, 15, 30, 45, 60, and 75 bar). Each sample was used for
exchange measurements at two pressures over a period of
no longer than 2 days. No evidence of any irreversible
process such as aggregation that would lead to changes in
the ratios of intensities of F and U correlations was observed.
At each pressure, a series of 8-11 two-dimensional (2D)
1H-15N exchange spectra was recorded with mixing times
(T) ranging from 0 to 560 ms.

Volumes of auto-peaks and cross-peaks in exchange
spectra were quantified using the MUNIN approach (23, 24),
as described in the Supporting Information. Exchange data
were analyzed for nine residues with nonoverlapped auto-
peaks and exchange cross-peaks, one pressure point at a time.
Residues Ala 3, Ser 10, Ser 18, Thr 22, Ile 27, Met 30, Trp
36 (side chain), Ile 48, and Tyr 52 were included in the
analysis and are distributed throughout the protein as
indicated in Figure 1A. For these residues, the volumes of
both auto-peaks and cross-peaks were fit simultaneously
using equations that describe the time evolution of nitrogen
magnetization due to exchange (16) with folding and
unfolding rate constants,kf andku, considered to be the same
for all residues (i.e., treated as global parameters). Intrinsic
longitudinal relaxation rates were included in the fit for each
residue in both folded and unfolded states. Uncertainties in
the extracted model parameters (includingkf and ku) were
estimated using the covariance matrix method (25). Values
of kf, ku, andKeq ()ku/kf) obtained from independent fits of
exchange data at each of the six pressures were than fit to
the following set of equations

wherekB is Boltzmann’s constant,h is Planck’s constant,T
is the temperature,R is the universal gas constant,κ is a
transmission coefficient, and∆GTS-U, ∆GTS-F, and∆GU-F

are free energy differences between TS (transition state) and
Uexch, TS and Fexch, and Uexch and Fexch states, respectively.
The pressure dependence of the free energy differences is
in turn expressed by the equation∆Gi-j ) ∆G0,i-j +
∆Vi-j(P - P0) (i, j ∈ {TS, Fexch, Uexch}), where ∆G0,i-j

denotes the folding free energy difference atP0 (1 bar) and
∆Vi-j is the difference in partial molar volumes between
states i and j. Aκ value of 1.6× 10-7 has been used as an
empirical estimate for protein folding reactions (26), corre-
sponding to akBκ/h of 3000 s-1 K-1. F-Test statistical
analyses show that there are significant improvements to fits
of the pressure dependencies of bothkf andKeq when a model
in which ∆Vi-j * 0 is used (relative to one in which∆Vi-j

) 0; p ∼ 10-5), although further improvements in fits with
more complex models are not obtained. The uncertainties

of the extracted parameters (i.e.,∆Vi-j and k0, where k0

denotes the equilibrium rate constants at 1 bar) were
estimated using the covariance matrix method (25).

Probing Folding of the G48M Fyn SH3 Domain.The
folding reaction of the [2H,15N]G48M Fyn SH3 domain at
25 °C has been studied in detail previously using a suite of
six CPMG-type relaxation dispersion experiments that have
been designed for the characterization of millisecond time
scale conformational exchange (20). Analysis of data from
the six types of experiments has shown that the folding
reaction can be described in terms of exchange among folded
(F), intermediate (I), and unfolded (U) states (FT I T U).
In this work, we have used a reduced set of dispersion
experiments (15N and1H single-quantum CPMG data sets)
measured at a single magnetic field strength as a function
of pressure to extract volumetric parameters. A limited data
set has been employed so that the pressure studies could be
completed in reasonable measuring times to ensure sample
integrity. The data sets have been analyzed using previously
determined15N and1H chemical shift differences (parts per
million) among the exchanging states (∆$N,FU, ∆$N,FI,
∆$H,FU, and ∆$H,FI) that are robust as they have been
measured from a full set of six dispersion profiles recorded
on a perdeuterated Fyn SH3 domain sample at fields of 11.7,
14.1, and 18.8 T, and at a pressure of 1 bar, at 25°C (20).
In this regard, shift differences very similar to those obtained
in that study were extracted from an analysis of dispersion
data measured on a methyl-protonated, highly deuterated
sample of the Fyn SH3 domain (27). Although chemical shift
changes with pressure cannot be ruled out, such effects are
likely to be very small at the pressures used here (e120 bar);
in the case of a pressure study involving a mutant of
apocytochromeb562 using 15N relaxation dispersion NMR,
∂∆$N/∂P ) 0.00067 ppm/bar, corresponding to differences
in ∆$N values of less than 0.1 ppm between pressures of 1
and 120 bar (28).

15N (16, 29) and1H (30) single-quantum CPMG dispersion
profiles were recorded on a [2H,15N]G48M Fyn SH3 sample
[1.0 mM protein, 50 mM sodium phosphate, 0.2 mM EDTA,
0.05% NaN3, and 5% D2O (pH 7)], prepared as described
previously (19), using pulse schemes and experimental
parameters that have been discussed in the literature (20). A
sapphire NMR tube (Saint-Gobain Crystals) with a 3.0 mm
inner diameter was employed, and samples were pressurized
using helium gas; seven pressure points ranging from 1 to
120 bar (1, 20, 40, 60, 80, 100, and 120 bar) were obtained.
Each sample was used for recording15N and 1H CPMG
dispersion measurements at two pressures, i.e., for no longer
than 4 days. All data sets were measured at a single magnetic
field strength of 14.1 T and at 25°C on a VarianInoVa
spectrometer.15N (1H) relaxation dispersion profiles were
generated from peak intensities,I1(νCPMG), measured in a
series of 17 (19) 2D1H-15N correlation maps employing
14 (16) values of the CPMG field strength,νCPMG, ranging
from 50 to 1000 (2000) Hz, with a constant relaxation time
delay, Trelax, of 40 (30) ms (two duplicate points were
recorded for error analysis). Peak intensities were extracted
using the MUNIN approach (23, 24) and were converted
into effective relaxation rates using the relationR2,eff )
-1/Trelaxln[I1(νCPMG)/I0], whereI0 is the peak intensity in the
reference spectrum obtained with aTrelax of 0. Uncertainties
in R2,eff values were estimated as described previously (20).

kf ) (kBκT/h) exp[-∆GTS-U/(RT)]

ku ) (kBκT/h) exp[-∆GTS-F/(RT)]

Keq ) ku/kf ) exp[-∆GU-F/(RT)] (1)
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The parameters of the three-site exchange model (FT I
T U) were extracted by least-squares fits of calculated
(R2,eff

clc ) to experimental (R2,eff
exp ) rates, measured in1H and15N

single-quantum experiments as described elsewhere (20).
TheoreticalR2,eff

clc values were obtained by explicit numeri-
cal modeling of magnetization evolution during the CPMG
sequence (20). The 1H and 15N SQ data for 44 residues of
the G48M Fyn SH3 domain measured at the seven pressures
were fit together assuming that the rate constants for
interconversion between states (considered to be the same
for all residues) follow pressure dependencies similar to eq
1

where∆Gi-j ) ∆G0,i-j + ∆Vi-j(P - P0), i, j ∈ {TS1, TS2,
F, I, U}, and TS1 and TS2 denote transition states between
U and I states and between I and F states, respectively. Thus,
the differences in partial molar volumes between the
exchanging states (∆Vi-j) were extracted directly from the
fit of relaxation dispersion data. It is notable that similar
∆VI-U and∆VF-U values were obtained when dispersion data
were fit directly, with the relation given by eq 2 enforced
(as described above; method 1), or when rates were initially
extracted from dispersion data without assuming any pressure
dependence of exchange rates, with the rates extracted for
different pressures subsequently fit to eq 2 to obtain volumes
(method 2). It is also significant that there is little difference
in the reducedø2 values that characterize the goodness of
fit of the primary relaxation dispersion data using either
approach (i.e., reducedø2 ) 1.15 and 1.12 for methods 1
and 2, respectively). However, method 1 was found to be
more robust since it enforces a (very reasonable) pressure-
rate constant dependence from the outset of the fitting
procedure. We have also fit the dispersion profiles directly
(i.e., method 1) to a simple model where∆Gi-j ) ∆G0,i-j

(i.e.,∆Vi-j ) 0) and to a more complex model where∆Gi-j

is given by ∆Gi-j ) ∆G0,i-j + ∆Vi-j(P - P0) -
0.5∆κT,i-j(P - P0)2, where∆κT,i-j is the change in isothermal
compressibility between states i and j. Reducedø2 values of
1.32 and 1.14 were obtained, respectively (relative to 1.15
when ∆κT,i-j ) 0). In cases where the quadratic model of
∆Gi-j(P) was used, however, large errors in the values of
∆Vi-j and∆κi-j were obtained, with∆κi-j being a factor of
10 larger than expectations based on literature values. The
large errors are not surprising. Assuming a value for∆κT,U-F

of -18 × 10-6 mL g-1 bar-1 (7), the contribution that the
quadratic term makes to∆Gi-j(P) is only 0.03 kcal/mol at a
pressure of 120 bar, within the noise level; there is thus
considerable “cross-talk” between∆Vi-j and∆κi-j in the fits.
Dispersion data were therefore interpreted exclusively on the
basis of a linear free energy pressure model. Finally, the
uncertainties of the extracted model parameters (i.e., the
values of intrinsicR2 relaxation rates for 44 residues,kUI,
kIU, kIF, andkFI atP0 ) 1 bar and∆VTS1-U, ∆VTS1-I, ∆VTS2-I,
and ∆VTS2-F) were estimated using the covariance matrix
method (25). Figure 1B illustrates the positions of the 44
dynamics probes within the Fyn SH3 domain that have been
used to extract volume changes accompanying the folding
of this protein.

RESULTS AND DISCUSSION

Pressure Dependence of the Folding of the drkN SH3
Domain.At 15 °C and pH 6.0 and in aqueous buffer, the
drkN SH3 domain exists in equilibrium between highly
populated folded and unfolded states with a∆GU-F close to
0 (15). We have previously shown that values ofkf andku

differ by no more than 10% from site to site, establishing
that to a good approximation the folding-unfolding reaction
can be considered two-state (16). Under this set of conditions
(15 °C, pH 6, and 1 bar), the folding and unfolding rates,kf

and ku, respectively, are approximately 1.0 and 0.5 s-1,
respectively, so that exchange is slow on the NMR chemical
shift time scale and separate peaks are thus observed for Fexch

and Uexch. A longitudinal nitrogen magnetization exchange
experiment (17) can therefore be used to simultaneously
obtain kf and ku under conditions that do not perturb the
equilibrium. In this experiment, magnetization from each site
is first labeled by the15N chemical shift, and subsequently,
the exchange process between Fexch and Uexch states is
monitored during a mixing period prior to the detection of
the signal. In this way, correlations are observed at (ωNf,ωHf)
and (ωNu,ωHu), corresponding to magnetization that is not
transferred between states during the mixing time (auto-
peaks, denoted by ff and uu, respectively, for Ala 3 in the
inset of Figure 2A) and at (ωNf,ωHu) and (ωNu,ωHf) (cross-
peaks, denoted by fu and uf, respectively) in the case where
transfer from Fexch to Uexch or from Uexch to Fexch occurs. In
principle, each amide site in the protein contributes the four
peaks described above, as illustrated in Figure 2A; however,
in practice, a complete set of four correlations is observed
for a relatively small number of residues due to overlap (nine
residues were selected in this study). The mixing time
dependencies of the volumes of the auto-peaks and cross-
peaks, shown in Figure 2A, are globally fit to extractkf and
ku, as described in Materials and Methods. The nitrogen
magnetization decay-exchange profiles illustrated in Figure
2A have been recorded as a function of pressure, ranging
from 1 to 75 bar, with the corresponding changes in the
exchange profiles for Ala 3 illustrated in Figure 2B for the
extreme pressure points. The sensitivity of the methodology
to small changes in rates with pressure becomes apparent
when one considers that thekf value decreases from 1.11 to
0.86 s-1 when the pressure is increased from 1 to 75 bar,
yet substantial differences in the buildup profiles correspond-
ing to the exchange of magnetization from Uexch to Fexch are
observed (compare solid and dashed green lines in Figure
2B). Of note, the unfolding rate is much less affected by
pressure than the folding rate, consistent with the relation
|∆VF-TS| < |∆VU-TS| (see eq 1 and below).

Figure 2C shows the pressure dependencies of the free
energy differences∆GTS-U (empty squares),∆GTS-F (empty
triangles), and∆GU-F (filled squares) obtained fromkf(P),
ku(P), andku(P)/kf(P), respectively, along with the best fits
to the experimental data (solid lines) using the relation∆Gi-j

) ∆G0,i-j + ∆Vi-j(P - P0). A plot of ∆V ) (∂∆G/∂P)T along
the folding reaction coordinate is shown in Figure 2D. The
volume of the protein-solvent system in the folded state,
Fexch, is higher than that in the unfolded state, Uexch (∆VF-U

) 74 ( 4 mL/mol), while the volume of the transition state
ensemble (TSE) is significantly greater than the volume of
the U ensemble and somewhat greater than the volume of

ki,j ) (kBκT/h) exp[-∆Gi-j/(RT)] (2)
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the folded state (∆VTS-U ) 85( 4 mL/mol). The few kinetic
studies of protein folding and unfolding with pressure that
have been reported to date have also focused on systems
that fold by a two-state mechanism. As observed for the drkN
SH3 domain, the activation volumes for folding and unfold-
ing reported in these studies usually place the transition state
closer to the folded state along the folding coordinate (13,
31-33).

Pressure Dependence of the Folding of the G48M Fyn
SH3 Domain.In a recent study, we have shown that the
millisecond time scale folding-unfolding reaction for the
[2H,15N]G48M Fyn SH3 domain can be described by a three-
state model (FT I T U) where states I and U are populated
at approximately 1 and 5%, respectively, at 25°C and 1 bar
(20). The rate parameters and populations that characterize
the folding reaction under these conditions have been
extracted using a suite of six CPMG-based relaxation
dispersion experiments recorded at each of three magnetic
field strengths. Repeating this complete set of experiments
for each of the seven pressures reported here (ranging from
1 to 120 bar) would be time-consuming, and sample stability
would become an issue. Therefore, we use a pair of
experiments to generate15N and1H single-quantum disper-
sion profiles, at 25°C, as a function of pressure. Dispersion
profiles for 44 amide groups measured at all pressures are

subsequently fit together, enforcing the rate constant pressure
dependencies given by eq 2 and fixing the chemical shift
differences between states to the values obtained previously
from an analysis of the suite of six experiments recorded at
three fields on a sample of the [2H,15N]G48M Fyn SH3
domain at 1 bar (20). It is worth mentioning that fitting all
of the pressure data together (see Materials and Methods)
leads to a significant sensitivity improvement relative to an
analysis in which data at each pressure point are examined
independently, compensating to some extent for the fact that
only a pair of dispersion profiles were recorded.

Figure 3A shows15N (green) and1H (red) single-quantum
relaxation dispersion profiles measured for a pair of the 44
residues used in the analysis, His 21 (filled symbols) and
Asp 9 (empty symbols) of [2H,15N]G48M Fyn SH3 at 25
°C, 1 bar, and 14.1 T, with the corresponding region of the
1H-15N correlation spectrum shown as an inset. The pressure
dependence of the15N and1H dispersion profiles for Asp 9
is shown in Figure 3B (colored green and red, respectively).
Although the effects are quite subtle, in generalR2,eff(50 Hz)
- R2,eff(1000 Hz) increases with pressure (see in particular
the 1H dispersion profile), mainly reflecting growth in the
population of the unfolded state (see below). The pressure
dependencies of the free energy differences,∆GTS1-U,
∆GTS1-I, ∆GTS2-I, and∆GTS2-F, as well as differences∆GU-F

FIGURE 2: Pressure-dependent folding of the drkN SH3 domain. (A) Time dependence of the decay of auto-peaks (ff and uu) and buildup
of exchange cross-peaks (fu and uf) corresponding to the evolution of nitrogen longitudinal magnetization during a mixing time,T. The
data for Ala 3, at 15°C and 1 bar, are shown (the portion of the1H-15N correlation spectrum from which the exchange data is obtained
is presented as an inset). Empty circles (red lines) show experimental peak integrals (best fit curves) for the ff and fu correlations corresponding
to magnetization originating in the folded state, while empty squares (green lines) denote peak integrals (best fit curves) for the uu and uf
peaks, derived from magnetization originating in the unfolded state. The volumes of ff and uu correlations at zero mixing time were
normalized to 1; the volumes of all correlations were corrected for relaxation during the pulse scheme (16). (B) Pressure dependencies of
the uf and fu exchange cross-peaks shown in panel A. Empty and filled symbols correspond to data obtained at pressures of 1 and 75 bar,
respectively; other symbols are defined as described above. (C) Pressure dependencies of the free energy differences∆GTS-U (empty
squares),∆GTS-F (triangles), and∆GU-F (filled squares), derived from the folding rate,kf, the unfolding rate,ku, and the equilibrium
constant,ku/kf, respectively. The best fit lines are solid lines, corresponding to the following values:ku ) 0.54( 0.01 s-1, kf ) 1.11( 0.01
s-1, andku/kf ) 0.49( 0.01. (D) Partial molar volume of the drkN SH3 solvent system as a function of folding, referenced to the volume
of the unfolded state (the central line denotes best fit values, with outer lines enclosing values within one standard deviation).
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and∆GI-F (where∆Gi-j ) Gi - Gj), extracted from fits of
the dispersion data are illustrated in Figure 3C, with the
corresponding changes in∆V indicated in Figure 3D. As in
the case of the drkN SH3 domain, the volume of the G48M
Fyn SH3 domain in the folded state F is greater than that in
the unfolded state U (∆VF-U ) 70 ( 3 mL/mol). Ap-
proximately 65% of the volume change upon folding occurs
during the transition from U to I (∆VI-U ) 46 ( 6 mL/
mol), with the volume of TS1 between U and I very close
to the volume of U (∆VTS1-U ) 15 ( 12 mL/mol). TS2,
between states I and F, has the greatest volume along the
folding trajectory (∆VTS2-U ) 80 ( 6 mL/mol), similar to
what is observed for the transition state TS between the Uexch

and Fexch states of the drkN SH3 domain.
Relating Volume Changes along the Folding Pathway to

Hydration and Packing. The partial molar volume differences
(∆VU-F) that have been measured between the U and F states
of the drkN and G48M Fyn SH3 domains,-74 ( 5 and
-70( 3 mL/mol, respectively, are consistent with the results
of numerous volumetric studies of small- and medium-sized
proteins (6, 34). The very slightly different values of∆VU-F

obtained for the two SH3 domains that are similar in size
may be due to the different temperatures that are used (i.e.,
15 °C for drkN SH3 and 25°C for G48M Fyn SH3) and the
positive change of partial molar expansibility∆ε ) (∂∆V/

∂T)P upon unfolding (6), or to other differences in experi-
mental conditions such as pH.

The origin of the volume changes that accompany protein
folding-unfolding transitions has been the subject of an
ongoing discussion in the literature. The complexity arises,
in no small part, because measured values of∆VU-F are the
result of an interplay between a number of compensating
factors. These include (i) an increasing degree of hydration
of the newly exposed charged and polar groups upon
unfolding, leading to a decrease in the overall volume of
the protein-water system that reflects the higher density of
the water in the protein solvent shell relative to bulk water
(6, 35, 36), (ii) the elimination of internal voids in the folded
protein that also leads to negative contributions to∆VU-F

(6, 35, 36), (iii) an increase in∆VU-F reflecting the fact that
most atoms on a protein surface occupy a larger volume than
in the core (37), and (iv) increases in the void volume around
the solute that increases∆VU-F (35). Chalikian and Breslauer
describe the latter effect as being proportional to the
difference in solvent accessible surface areas between U and
F states and resulting from mutual vibrations between
contacting solvent and solute molecules (35). The balance
between these terms is such that they effectively offset each
other so that the net change in∆VU-F is only 1-2% of the
partial molar volume of either the U or F state (34). Thus,

FIGURE 3: Pressure-dependent folding of the G48M Fyn SH3 domain. (A)1H (circles, red lines) and15N (squares, green lines) single-
quantum CPMG dispersion profiles of Asp 9 (empty symbols) and His 21 (filled symbols) as a function of CPMG frequency,νCPMG,
measured at 1 bar, with the corresponding region of the1H-15N correlation spectrum shown as an inset. (B) Pressure dependence of1H
(red) and15N (green) dispersion profiles for Asp 9. Empty symbols (solid lines) denote the data (best fits) obtained at 1 bar, whereas filled
symbols (dashed lines) correspond to the data (best fit curves) at 100 bar. For clarity of presentation, 2 s-1 was subtracted from the1H
dispersion profiles. The following values were obtained from global fits of the data, as described in the text:pI ) 0.75( 0.01%,pU ) 5.88
( 0.04%,kFI + kIF ) 4310( 78 s-1, andkIU + kUI ) 8359( 326 s-1 at 1 bar. (C) Pressure dependencies of the free energy differences
∆Gi-j (denoted i-j) calculated from values of the fitting parameters,∆G0,i-j and ∆Vi-j. To improve the accuracy of the extracted∆V
values, dispersion data at all pressures were fit together, omitting the intermediate step where rates (or free energies) as a function of
pressure are obtained. To emphasize this, we have chosen not to highlight the∆G values for the seven experimental values of pressure used
in the analysis. (D) Partial molar volume of the G48M Fyn SH3 solvent system (see Figure 2 for an additional description).
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although the data from Figures 2 and 3 establish that∆V
can be obtained from pressure-dependent studies of protein
folding kinetics as monitored by NMR spectroscopy, inter-
pretation of the data in molecular terms must be made
cautiously. Fortunately, a significant body of related infor-
mation is available on the folding of SH3 domains in general
and for the pair of proteins considered here, in particular, to
guide interpretation of the volumetric data.

The partial molar volume profile along the folding pathway
of the drkN SH3 domain (Figure 2D) allows several
qualitative statements to be made regarding the nature of
the TSE. In particular, the increase in volume of the TSE
relative to the unfolded state is consistent with the collapse
of the unfolded polypeptide chain to a loosely packed
structure; packing defects in such a loose structure would
then account for the large and positive∆VTS-U value. Such
a picture is consistent with a large body of data from protein
engineering-basedφ value analysis of SH3 domains, inter-
preted on the basis of a two-state folding model, that suggests
that the TSEs in these proteins are reasonably well packed
at a small number of key residues, with less constrained
structure at other positions (38, 39). The small value for
∆VTS-F could well be the result of two competing terms
corresponding to (i) an increase in the intrinsic volume of
the TSE relative to Fexch due to a greater number of packing
defects in the TSE and (ii) a decrease in the protein-water
volume from contraction of solvent in the vicinity of polar
and charged residues that are more accessible in the TSE
than in the Fexch state. In this model, the TSE would be at
least partially hydrated, consistent with a number of simula-
tion studies that have been reported for SH3 domain folding
(40, 41). The pressure-derived insights into the volume of
the transition state are complementary to urea and glycerol
folding kinetic studies indicating that 25% of the surface area
exposed upon unfolding is accessible in the TSE, which is
at least partially hydrated (M. Tollinger et al., manuscript in
preparation).

The folding of the G48M mutant Fyn SH3 domain has
been modeled by a three-state mechanism so that the partial
molar volume profile can be sampled more extensively than
that for the drkN SH3 domain (compare Figures 2D and 3D).
Insight into some of the structural and thermodynamic
properties of each of the states along the folding coordinate
has been obtained in a series of previous studies at a pressure
of 1 bar.15N and1H chemical shift differences among F, I,
and U states suggest thatâ-strandsâ2-â4 (Figure 1B) of
the I state are at least partially formed (19, 20), although
random coil like methyl13C chemical shifts for the I state
argue against the formation of specific interactions between
hydrophobic side chains (27). Additional experiments, where
folding rates were obtained for fully protonated, partially
deuterated, and fully deuterated proteins, led to the conclu-
sion that some van der Waals (VDW) interactions were
formed in each of the TS1, I, and TS2 states, suggesting at
least partially collapsed structures (27). The volumetric
measurements reported in this work are consistent with and
complement previous work, providing a more comprehensive
view of changes in chain hydration and packing upon Fyn
SH3 domain folding. The progressive increase in volume
from U to TS1 to I, along with kinetic studies as a function
of deuteration that were reported previously (27) (see above),
suggests that TS1 is largely unstructured, not unlike the U

state, but with some VDW interactions formed. The I state
ensemble would be more collapsed (albeit with many packing
defects) and, on the basis of previous chemical shift results,
likely involves (partial) formation of the centralâ-sheet,
comprised of strands 2-4 (Figure 1B). The volume data
reported here (∆VTS1-U, ∆VI-U < ∆VF-U) are consistent with
a higher level of hydration for TS1 and I relative to F.

Molecular dynamics simulations of the folding of the src-
SH3 domain also show two barriers (i.e., three-state folding)
with TS2 comprised of two preformed hydrophobic surfaces,
one involving strandsâ2-â4 and the otherâ1, â5, and the
RT-src loop (40, 41). The transition from I to F would then
involve reorganization of these surfaces to form the native
side chain packing configuration of the F state, with
concomitant release of water from the tightly formed
hydrophobic interface. The large increase in∆V observed
here between I and F is consistent with dehydration at some
point along this portion of the pathway.

It is tempting to speculate that the TS of the drkN SH3
domain is similar to TS2 of G48M Fyn SH3. Note that TS
and TS2 have the largest volumes along their respective
folding pathways, with∆VTS-F and∆VTS2-F being∼10 mL/
mol. Although the folding process monitored for the drkN
SH3 domain is fit well to a two-state model, a large body of
data collected on this domain provides evidence of an initial
structural collapse within the ensemble of the unfolded state,
Uexch (42-44), much like TS1 and I of the Fyn SH3 domain
(whose NMR folding data can be well fit to only a three-
state model). For example, hydrodynamic studies, including
small-angle X-ray scattering and pulsed field gradient NMR
experiments, have established that the Uexchensemble is only
approximately 40% larger than that of the Fexch state,
significantly more compact than the guanidinium unfolded
state that is 85% larger than Fexch(45). In addition, backbone
and side chain NOEs (42, 43), spin relaxation experiments
(46), and fluorescence measurements indicate the formation
of both native- and non-native-like structural elements within
the Uexch ensemble (44). Long-range NOEs suggest the
presence of native-like interactions between residues in the
centralâ-sheet, particularly between strandsâ5 andâ6 of
the drkN SH3 domain (corresponding toâ3 and â4,
respectively, in Fyn SH3) (Figure 1) (42), while non-native
contacts involve hydrophobic clustering around the Trp 36
indole and formation of transientR-helical structure in the
region including residues Ser 18-Ile 24 (43, 47). Further
evidence for the existence of several substates within the
Uexch ensemble is provided by15N CPMG dispersion experi-
ments that show millisecond time scale conformational
exchange in the Uexch state involving residues Leu 25-Leu
28 (16).

CONCLUDING REMARKS

In this work, we have used NMR spin relaxation tech-
niques to measure the folding-unfolding kinetics of a pair
of SH3 domains that fold with rates differing by∼3 orders
of magnitude. The NMR methodology used is sensitive to
even small changes in rate constants so that reliable changes
in partial molar volume along the folding trajectories of both
proteins can be obtained using relatively low pressures (1-
120 bar). This helps minimize any significant pressure-
induced perturbations to the more “delicate” structures (U,
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I, and TSE) that are formed during the folding process.
Despite the small pressure effects on folding, the different
models used to fit the data (i.e., two- vs three-state) and the
different folding time scales, the partial molar volume profiles
for both proteins display distinct similarities, as might be
expected. This provides confidence in both the primary
relaxation data and the analysis procedures that were
employed. The volume profiles have been interpreted in
terms of changes in protein hydration and packing ac-
companying folding and are consistent with a model of initial
collapse and formation of a partially compact structure that
is at least somewhat hydrated. This study makes it clear that
NMR relaxation methods are a powerful complement to the
more traditional approaches for measuring volumetric prop-
erties associated with protein folding reactions where per-
turbants such as extremes of pH, denaturants, or high
pressures are often employed.
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