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ABSTRACT: Water oxygen-17 and deuteron nuclear magnetic relaxation dispersion (NMRD) measurements
were used to characterize ribonuclease A (RNase A) in the course of thermal denaturation at pH* 2 and
4. The structure and dynamics of the protein were probed by specific long-lived water molecules, by the
short-lived surface hydration, and by labile side-chain hydrogens. The NMRD data show that native
RNase A contains at least three water molecules with a mean residence time of 8 ns at 27°C and an
activation enthalpy of ca. 40 kJ mol-1. These water molecules are identified with some or all of six
ordered water molecules partly buried in surface pockets in the crystal structure of RNase A. The loss
of the 17O dispersion at higher temperatures demonstrates that, in the thermally denatured protein, these
surface pockets are either not present or undergoing large structural fluctuations on a subnanosecond
time scale. The relaxation dispersion step vanishes monotonically and essentially in concert with the CD
denaturation curves, thus ruling out the existence of equilibrium intermediates with a substantial amount
of non-native and long-lived hydration water. The NMRD data show that thermally denatured RNase A
has a relatively compact but highly flexible structure. The global solvent exposure and the hydrodynamic
volume of the denatured protein are much less than for maximally unfolded disulfide-intact RNase A.
The NMRD data show that thermal denaturation is accompanied by a large reduction of the mean-square
orientational order parameter of side-chain O-H bonds, implying that, in the denatured state, these side
chains sample a wide distribution of conformational states on a subnanosecond time scale.

The denatured states of globular proteins range from
random coils to compact structures with nativelike secondary
structure (1-4). Although physiologically inactive, the
partially folded states formed under non-native conditions
of temperature, pH, or solvent composition can provide
important insights about the determinants of protein stability
(5, 6) and the mechanism of protein folding (7-9).

Being less ordered than the native protein, denatured states
are inherently less amenable to high-resolution structural
analysis. A variety of experimental methods have been used
to illuminate different aspects of denatured proteins, fre-
quently with conflicting results. One particularly contro-
versial aspect concerns hydration changes on denaturation,
directly related to the hydrophobic effect that is widely held
to be a major driving force for protein folding (2, 6, 10, 11).
The available experimental information about hydration of
denatured proteins is largely derived in an indirect way from
macroscopic properties, such as calorimetric data (12) or
density and sound velocity (13). Computer simulations can
in principle provide a detailed picture of hydration (14-
17), but it is not clear to what extent the artificially perturbed
states studied by computer simulation resemble real proteins
denatured under equilibrium conditions (18). A more

detailed experimental characterization of hydration changes
on protein denaturation would therefore seem to be needed.

In the present work, we use the nuclear magnetic relaxation
dispersion (NMRD) of the water17O and2H nuclei to study
the thermal denaturation of RNase A1 in aqueous solution
at acidic pH. The17O/2H NMRD method has previously
been used mainly to characterize the order and dynamics of
specific long-lived water molecules in proteins (19, 20) and
oligonucleotides (21). As demonstrated here, the NMRD
method can also monitor changes in structure and hydration
in the course of protein denaturation. Long-lived water
molecules residing in cavities or surface pockets can be
exploited as intrinsic probes of the structural integrity of the
protein, while the amount of dynamically retarded water in
contact with the protein surface is an indicator of global
solvent exposure. In addition, NMRD data provide informa-
tion about the flexibility (orientational order parameter) of
side chains containing labile hydrogens and about the
compactness (hydrodynamic volume) of the protein.

Bovine pancreatic ribonuclease A has been extensively
studied by a variety of biochemical and biophysical methods.
It consists of three helices and a largeâ-sheet region, and
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the main-chain fold in solution (22) is virtually the same as
in the crystal (23). RNase A is among the few proteins that
do not contain buried water molecules, but the crystal
structure identifies several water molecules in surface pockets
(23). Some of these semiburied water molecules are likely
to have residence times in the nanosecond to microsecond
range and, hence, are thought to be responsible for the
previously reported17O relaxation dispersion from an RNase
A solution (19).

As is the case for many proteins (1), the thermally
denatured form of RNase A is more compact than the GdmCl
denatured form, and the native as well as the denatured states
are further unfolded on reduction of the four disulfide bonds
(24, 25). The thermal denaturation of RNase A is reversible
and appears to be a two-state transition, at least at low pH
(26-28).

Whereas several CD, NMR, and FTIR studies have
suggested that the thermally denatured state of RNase A
retains some degree of secondary structure (29-32), two
recent FTIR studies suggested that all native secondary
structure is disrupted by thermal denaturation (33, 34). Each
of these opposing views is supported by results from other
techniques. A quenched-flow NMR study showed no
significant hydrogen-exchange protection at pH* 1.5-3.8 and
65°C, suggesting that thermally denatured RNase A contains
no stable secondary structure (35).

Calorimetric studies, showing that the heat capacity of
thermally denatured proteins is essentially the same as that
of the constituent amino acid side chains, have been taken
to imply that thermally denatured RNase A is extensively
unfolded and that the nonpolar side chains forming the native
hydrophobic core are fully hydrated (36, 37). Changes in
the apparent molar volume and adiabatic compressibility on
thermal denaturation of RNase A have also been attributed
to extensive exposure of nonpolar side chains (13).

In the following, we report the water17O and2H relaxation
dispersion profiles from aqueous RNase A solutions at pH*
2 and 4 at seven temperatures in the range 4-65 °C where
the thermal transition occurs. These data show that thermally
denatured RNase A is relatively compact, but flexible. The
hydrodynamic volume and solvent exposure are much
smaller than expected for a fully unfolded conformation, but
the complete loss of long-lived water sites at the protein
surface and the large reduction of side-chain orientational
order indicate substantial conformational flexibility in the
denatured state.

MATERIALS AND METHODS

Sample Preparation.Bovine pancreatic ribonuclease A
(type XII-A) was purchased from Sigma and further purified
by chromatography on CM-Sephadex, eluting with a linear
salt gradient (0-0.3 M NaCl in 10 mM Tris-HCl buffer, pH
8.0). The dominant fraction was dialyzed against pure water
and then lyophilized. Protein solutions were made from17O-
enriched D2O (21.9 at. %17O, 61.9 at. %18O, 99.95 at. %
2H) obtained from Ventron (Karlsruhe). pH* (the direct
reading from a D2O solution after calibration with standard
H2O buffers) was measured with a Radiometer PHM63
digital pH meter equipped with a 5-mm combination
electrode. The protein was studied at pH* 2.0 and 4.0,
adjusted (at room temperature) by minute additions of
concentrated HCl or NaOH.

The protein concentration in the NMR samples was
determined from the optical absorption at 280 nm (after 30-
fold dilution in 6 M GdmCl and 20 mM phosphate, pH 6.5),
using the calculated (38) extinction coefficientε280 ) 8.64
mM-1 cm-1. The RNase A concentration, 3.76( 0.10 mM,
determined in this way corresponds to 14 140( 400 water
molecules per protein molecule.

Circular Dichroism Measurements.Near-UV (275 nm)
and far-UV (222 nm) CD measurements were performed on
a JASCO J-720 spectropolarimeter equipped with a PTC-
343 Peltier-type thermostatic cell holder, which was cali-
brated with a copper-constantan thermocouple. For the CD
measurements, the NMRD samples were diluted with D2O
and adjusted to pH* 2.0 or 4.0. Temperature scans were
performed with a step resolution of ca. 1°C and a scan rate
of 20 °C h-1. Both samples exhibited CD profiles charac-
teristic of thermal denaturation (31, 35), with the same
denaturation temperature,Td, at 222 and 275 nm (see Figure
1). CD profiles obtained on heating and cooling were
identical within experimental accuracy (ca. 2%), demonstrat-
ing that the denaturation transition is fully reversible under
our conditions.

The CD data were analyzed with the usual two-state model
with linearly temperature-dependent ellipticity in the native
and denatured states. The fraction,fN, native protein was
parametrized as

with the transition width,∆T, defined as the temperature
difference between the points of 10 and 90% native popula-
tion. This relation follows from the two-state model,
assuming a temperature-independent heat capacity difference
and a reasonably narrow transition (∆T , Td). Fits to the
combined near- and far-UV CD data (dashed curves in Figure
1) yieldedTd ) 30.9°C and∆T ) 19.2°C at pH* 2.0 and
Td ) 57.6 °C and ∆T ) 11.8 °C at pH* 4.0, with an
estimated uncertainty of(0.4 °C in Td. These denaturation
temperatures agree well with literature data (26, 31, 39).

Magnetic Relaxation Measurements.The longitudinal
relaxation rate,R1, of the 17O and2H nuclei in water was
measured at seven temperatures in the range 4-65 °C and
at 10 magnetic fields in the range 0.38-14.1 T, using one

FIGURE 1: Temperature dependence of the ellipticity of RNase A
solutions at pH* 2.0 and 4.0. The ellipticity was recorded at 275
nm (upper pair of curves) and 222 nm (lower pair of curves) on
the samples used for NMRD measurements after dilution to an
RNase A concentration of 1.25 mM (275 nm) or 63µM (222 nm).
The solid and dashed curves refer to experimental data and fits,
respectively.

fN(T) ) [1 + 92Td(1-Td/T)/∆T]-1 (1)
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field-variable (iron magnet) and four fixed-field (cryo-
magnet) NMR spectrometers (20, 40). All NMRD measure-
ments were carried out on two samples, one at pH* 2.0 and
the other at pH* 4.0. Since both magnetic field and
temperature were varied in a nonmonotonic way, the smooth
variation of the NMRD parameters (vide infra) can be taken
as evidence that irreversible aggregation and/or denaturation
did not occur to a significant extent. This was also indicated
by the reversibility of the CD profiles and the finding that
the NMRD samples remained completely homogeneous and
transparent even half a year after preparation. The relaxation
rate, Rbulk, of a bulk water sample with the same isotope
composition as the solvent in the protein solutions was
measured at 4, 15, 27, 42, 60, and 80°C, and the values at
intermediate temperatures were obtained by interpolation (see
Tables 1 and 2).

Analysis of17O NMRD Data. Water17O NMRD profiles
from protein solutions are usually described accurately by
the theoretical expression (20, 41)

with a Lorentzian spectral density functionj(ω) ) τâ/[1 +
(ωτâ)2]. Here,ω0 is the variable resonance frequency and
τâ is the correlation time.

The 17O NMRD profiles from solutions of RNase A at
pH* 2.0 and 4.0 and at seven temperatures spanning the range
of thermal denaturation are shown in Figure 2. To facilitate

comparison of NMRD profiles at different temperatures, the
excess relaxation rate,R1 - Rbulk, normalized withRbulk is
plotted. The curves are fits of the theoretical dispersion
function in eq 2, and the resulting values of the parameters
R, â, andτâ are given in Table 1. The data conform well to
the expected Lorentzian dispersion shape, except at the
lowest temperatures (4 and 15°C). Here, the two highest
frequency points (48 and 81 MHz) fall below the high-
frequency plateau of the Lorentzian dispersion, suggesting
a second dispersion step from water molecules with residence
times of ca. 1 ns (cf. the 55°C dispersion at pH* 4, withτâ

) 1.3 ns). For consistency in the analysis of the temperature
dependence of theR and â parameters, the fits were done
without the 48 and 81 MHz points at 4°C and the 81 MHz
point at 15°C. The relaxation contribution from the water
molecules responsible for the high-frequency dispersion is
thus included in theR term at all temperatures. At 65°C
(and at 55°C for pH* 4), no significant dispersion was
detected in the investigated frequency range; only theR
parameter was then determined from the data. In two cases,
where only the low-frequency part of the dispersion was
accessible, one of the three parameters was frozen in the fit
(see Table 1).

The transverse relaxation rate,R2, was measured at 27 and
35 °C at the lowest field (27°C data shown as open circles
in Figure 2). The finding (at both temperatures) thatR2

equalsR1 within experimental error demonstrates that the

Table 1: Parameters Derived from17O NMRD Data

T (°C) pH* 10-3RNT/Rbulk âNT/ωQ
2 τâ (ns) Rbulk (s-1)

4 2 2.7( 0.2 2.2( 0.3 10.9( 1.4 370
4 3.1( 0.2 2.5( 0.2 11.8( 1.0

15 2 2.3( 0.1 2.0( 0.2 6.0( 0.4 251.3
4 2.7( 0.1 2.0( 0.2 7.7( 0.7

27 2 1.8( 0.1 2.2( 0.3 2.9( 0.2 175
4 2.1( 0.1 2.3( 0.2 3.6( 0.3

35 2 1.8( 0.1 1.1( 0.3 3.1( 0.5 142.5
4 1.9( 0.2 2.1( 0.3 2.9( 0.3

45 2 1.7( 0.1 0.5( 0.1 2.0a 113.8
4 1.8( 0.4 1.7( 0.9 1.9( 0.5

55 2 1.60( 0.03 0a 93.2
4 1.5a 1.3( 0.3 1.3( 0.3

65 2 1.32( 0.07 0a 77.8
4 1.51( 0.06 0a

a Parameter value frozen in the fit.

Table 2: Parameters Derived from2H NMRD Data a

T (°C) pH* 10-3RNT/Rbulk âL(108 s-2) τR (ns) Rbulk (s-1)

4 2 2.6( 0.1 2.1( 0.1 14.2( 0.7 4.74
4 2.7( 0.2 0.9( 0.1 17.1( 2.3

15 2 1.9( 0.2 2.9( 0.2 8.0( 0.4 3.25
4 2.3( 0.2 1.3( 0.1 10.4( 1.0

27 2 2.0( 0.3 2.6( 0.2 6.6( 0.6 2.26
4 2.0( 0.1 1.6( 0.1 6.9( 0.4

35 2 2.2( 0.2 2.0( 0.2 6.1( 0.5 1.85
4 2.0( 0.2 1.5( 0.1 6.2( 0.5

45 2 2.4( 0.2 1.1( 0.1 5.2( 0.5 1.48
4 2.0( 0.3 1.7( 0.2 4.6( 0.6

55 2 2.4( 0.2 0.7( 0.1 4.2( 0.5 1.21
4 2.1( 0.5 1.5( 0.3 3.8( 0.7

65 2 2.3( 0.2 0.6( 0.1 3.0( 0.5 1.01
4 2.5( 0.3 0.7( 0.2 3.3( 0.7

a From bi-Lorentzian fits with water parameters from17O data and
S2(2H)/S2(17O) ) 0.366.

R1 ) Rbulk + R + â[0.2j(ω0) + 0.8j(2ω0)] (2)

FIGURE 2: Frequency dependence of water17O longitudinal
relaxation rate,R1, normalized with the bulk water relaxation rate,
from 3.76 mM solutions of RNase A in D2O at pH* 2.0 (top) and
pH* 4.0 (bottom) and at seven temperatures. The fitted curves are
described by eq 2, with parameters according to Table 1. The
transverse relaxation rate was measured at 27°C and at the lowest
frequency (open circles).
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low-frequency plateau of the dispersion has been reached,
i.e., there can be no further dispersion step at lower
frequencies (20). A low-frequency dispersion step would
be produced by protein aggregates with long tumbling times.
The observed equality ofR2 andR1 at low field thus shows
that protein aggregation is unimportant under our conditions
(3.8 mM RNase A). This is in line with the finding that the
thermal denaturation curves recorded by1H NMR spectros-
copy are superimposable at concentrations of 0.5 and 5 mM
RNase A (35). While protein aggregates thus appear not to
be present, some protein-protein interaction (at least at pH*
4.0) is indicated by the pH dependence of the rotational
correlation time (vide infra). Such interactions may com-
plicate the interpretation of the rotational correlation time
in terms of a hydrodynamic volume. As long as the
interactions do not perturb the structure of the hydrated
protein, however, they should have little effect on the
amplitude parametersR and â or on the derived water
residence time.

The physical significance of the parameters of eq 2 has
been established in previous studies of aqueous solutions of
a range of (native) proteins (19, 20). It is convenient to scale
the parametersR andâ according to (20)

NT is the overall water/protein mole ratio and can be
calculated from the composition of the sample (vide supra).
NR is the number of short-lived water molecules in contact
with the protein surface, andF ) (τR/τbulk - 1) is their
average dynamic retardation factor.Nâ is the number of
long-lived water molecules associated with the protein, with
residence timeτW > 1 ns and root-mean-square orientational
order parameterS. The asymmetry parameter of the electric
field gradient tensor was previously (19) included in the order
parameter (then denotedAI), but is now incorporated in the
rigid-lattice quadrupole frequency,ωQ ) 7.61× 106 rad s-1

for 17O and 8.70× 105 rad s-1 for 2H (20). With the present
convention, a water molecule that tumbles rigidly with the
protein hasS ) 1 for both nuclei.

The correlation timeτâ defines the time scale for orien-
tational randomization of long-lived water molecules by
rotational diffusion of the protein, with correlation timeτR,
and/or by exchange of such water molecules with bulk water
at a rate 1/τW. Since these processes are independent, their
rates are additive and (20)

In the transition region, where the native and denatured states
are both significantly populated, the observed (exchange-
averaged) relaxation rate is a population-weighted average:

In principle, the NMRD profile should then be described
by a bi-Lorentzian dispersion function, with different cor-
relation times for the native and denatured states. For RNase
A, however, the NMRD data show that the denatured state
does not contain any long-lived water molecules (âD ) 0)
and therefore only adds a frequency-independent contribution

(RD) to R1. We can therefore use eq 2 to describe the17O
NMRD data at all temperatures and interpret the parameters
R andâ according to

with S andτâ pertaining to the long-lived water molecules
associated with the native protein.

Analysis of2H NMRD Data. The analysis of2H NMRD
data is complicated by labile hydrogens in the protein that
mix with the water hydrogen pool on the relaxation time
scale (ca. 100µs). In general, the2H dispersion amplitude
therefore contains contributions from both long-lived water
molecules and labile hydrogens (42, 43). The water con-
tribution,âW, is described by eq 8, whereSnow is the water
2H order parameter which generally differs from the water
17O order parameter (20). The labile-hydrogen contribution,
âL, can be expressed as

Whereas the loss of all long-lived water sites on denaturation
causes the17O dispersion to vanish, the labile-hydrogen
contribution ensures that also the denatured protein will
exhibit a2H dispersion. If all contributing labile hydrogens
exchange rapidly compared to their intrinsic relaxation rates,

and similarly forâLD. Here,NLN is the number of rapidly
exchanging labile hydrogens in the native protein with root-
mean-square order parameterSLN and (average) quadrupole
frequencyωQL. Via SLD, the2H dispersion provides informa-
tion about the internal flexibility of the denatured protein.

In the simplest case, whereτW . τR, the water and labile-
hydrogen contributions are additive:â ) âW + âL. How-
ever, if τW is comparable toτR, as is the case here, the2H
dispersion is bi-Lorentzian. Furthermore, since the native
and denatured forms should have different tumbling times
τR, even the labile-hydrogen contribution to the2H dispersion
should be bi-Lorentzian in the transition region. This
difference is expected to be much smaller than that between
τR andτW and will be ignored. The parametersâL andτR

were determined by fitting a bi-Lorenztian function to the
2H NMRD data, withâW and τâ obtained from the corre-
sponding17O dispersion and an assumed value forS2(2H)/
S2(17O). Thus, only three parameters were adjusted. The
reported parameter values were obtained by settingS2(2H)/
S2(17O) ) 0.366, as expected for water molecules that flip
around their dipole axis at a rate faster than 1/τâ (20).
Librational motions then have virtually no effect on the order
parameter ratio (21). For a rigidly bound water molecule,
S2(2H)/S2(17O) ) 1. This limit is not appropriate for RNase
A, since the water molecules that contribute to the dispersion
are located in surface pockets and have relatively short
residence times. Since water molecules account for only a
small fraction of the2H dispersion, the derived parameters
are insensitive to the assumedS2(2H)/S2(17O) value. The
2H NMRD profiles and fits are shown in Figure 3, with the

RNT/Rbulk ) NRF (3)

âNT/ωQ
2 ) NâS

2 (4)

1/τâ ) 1/τR + 1/τW (5)

R1 ) fNR1N + (1 - fN)R1D (6)

RNT/Rbulk ) fNNRNFN + (1 - fN)NRDFD (7)

âNT/ωQ
2 ) fNNâNS2 (8)

âL ) fNâLN + (1 - fN)âLD (9)

âLN2NT/ωQL
2 ) NLNSLN

2 (10)
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resulting parameters in Table 2. As for17O, one or two high-
frequency points were omitted in the fits to the 4 and 15°C
data.

RESULTS AND DISCUSSION

Loss of Long-LiVed Water Molecules.It is evident from
Figure 2 that the17O dispersion in the 1-100 MHz window,
due to long-lived water molecules, vanishes at temperatures
where the denatured state predominates. According to the
CD data in Figure 1,fN ) 0.0009 (pH* 2) and 0.06 (pH* 4)
at 65 °C. Since the correlation timeτâ reflects thermally
activated processes (water exchange and protein rotation),
it should decrease with increasing temperature, thereby
reducing the dispersion amplitude and ultimately shifting the
dispersion out of the experimental frequency window (i.e.,
above 100 MHz). Since the “trivial” temperature effect on
the dispersion amplitude (via the viscosity dependence of
the rotational correlation time) is nearly compensated for in
Figure 2 by normalization with the temperature-dependent
bulk water relaxation rateRbulk, the variation in dispersion
step must be caused mainly by a reduction of the amplitude
parameterâ as the protein is denatured. (The decrease of
the dispersion step outside the transition region reflects the
shortening ofτâ by water exchange, as demonstrated by the
following analysis.)

The effect of thermal denaturation on RNase A hydration
is more clearly seen by examining the temperature depend-
ence of the dispersion parametersR andâ. Figure 4 shows
the reducedâ parameter derived from the17O dispersions.
The curves are one-parameter fits based on eqs 1 and 8,
yielding NâS2 ) 2.3 ( 0.1 at pH* 2 andNâS2 ) 2.1 ( 0.1
at pH* 4. The transition temperatureTd and width∆T were
fixed at the values derived from the CD data in Figure 1.
The denaturation transition is clearly manifested in the
NMRD data. At pH* 4 the NMRD and CD transition
temperatures coincide within experimental error, but at pH*
2, the data in Figure 4 suggest a ca. 5°C shift of Td.

Since RNase A does not contain any internal water
molecules, the17O dispersion from the native protein must
be due to long-lived water molecules partly buried in surface
pockets. An examination of the 1.26 Å crystal structure
7RSA (23) reveals six potentially long-lived water sites (see
Figure 5) with low accessibility to external solvent (e 7 Å2),
relatively low thermalB factor (10-20 Å2), and at least two
hydrogen bonds to the protein backbone. In phosphate-
bound RNase A, two of these water molecules (the pair in
the foreground of Figure 5) are displaced by the side chain
of Gln 101 (23, 44, 45). The accumulated17O NMRD results
from a variety of proteins (19) suggest that the long-lived
water molecules responsible for the present17O dispersion
are among the ones shown in Figure 5. Since perfect
orientational order (S ) 1) is unlikely for such water
molecules (46), the NâS2 values obtained here show that
native RNase A contains at least three long-lived (τW > 1
ns) water molecules and that this number is essentially the
same at pH* 2 and 4. The finding thatNâS2 ) 0 above the
transition shows that, in the denatured protein, these water
sites are either absent or have subnanosecond residence times.
Furthermore, the quantitative agreement between the CD and
NMRD transition temperatures at pH* 4 is consistent with
a two-state model for thermal denaturation of RNase A (27).
The somewhat higherTd suggested by the NMRD data at
pH* 2 may indicate that the initially formed denatured state
contains one or two long-lived water molecules which are
lost as the temperature is further increased. On the other
hand, the17O NMRD data rule out intermediate states with
extensive (and long-lived) internal hydration.

FIGURE 3: Frequency dependence of water2H longitudinal relax-
ation rate,R1, normalized with the bulk water relaxation rate, from
3.76 mM solutions of RNase A in D2O at pH* 2.0 (top) and pH*
4.0 (bottom) and at seven temperatures. The fitted curves are bi-
Lorentzian dispersions, with two parameters obtained from the
corresponding17O dispersion and the three adjustable parameters
as given in Table 2.

FIGURE 4: Temperature dependence of the reducedâ parameter,
NâS2, derived from the17O dispersions in Figure 2. The curves are
one-parameter fits based on eqs 1 and 8.
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Global SolVent Exposure.Figure 6 shows the reducedR
parameter derived from the17O dispersions. The curves are
three-parameter fits based on eqs 1 and 7. Since the dynamic
retardation factorF involves a ratio of correlation times (see
Materials and Methods) that may have different activation
energies, it is expected to vary with temperature. For the
fits in Figure 6, we have setFN ) FD and fixedTd and∆T
at the values derived from the CD data in Figure 1. The
fitted parameters are the composite parameterNRNFN for the
native protein at 27°C (for comparison with previous re-
sults for other proteins at this temperature), the relative
solvent exposure of the denatured protein,NRD/NRN, and the
difference in activation energy,∆E#, for the local correlation
time of water molecules at the protein surface and in bulk
water.

For the quantityNRNFN at 27°C, the fits in Figure 6 yield
1800 ( 110 at pH* 2 and 2140( 70 at pH* 4. With a

solvent accessible area of 70.5 nm2 for RNase A (19) and
assuming that a water molecule occupies on average 0.15
nm2, we estimate that ca. 470 water molecules are in contact
with the protein surface. The dynamic retardation factorFN

at 27°C thus becomes 3.8( 0.2 at pH* 2 and 4.6( 0.2 at
pH* 4. These values are in the range 4-6 found for all
proteins (19) that do not contain clusters of several buried
water molecules (where intersite exhange can contribute
significantly toR). A previous NMRD study of RNase A
at pH* 2.5 and 27°C (19) gave higher values for bothR
andâ, corresponding toNâS2 ) 3.5 ( 0.4 andFN ) 7.6 (
0.4. At present, it is not clear whether this difference is real
or is an artifact caused by the lower purity of the earlier
protein sample.

The differential activation energy∆E# obtained from the
fits in Figure 6 is 12( 2 kJ mol-1 at both pH* values. This
is in the expected range. Water17O relaxation studies of
aqueous solutions of short-chain alcohols yield activation
energies of 8-20 kJ mol-1 for the dynamic retardation factor
(47). Similarly, ∆E# values of 9 and 17 kJ mol-1 were found
for water associated with the oxyethylene segments of poly-
(ethylene oxide) (48) and C12E8 micelles (49), respectively.

The relative solvent exposure,NRD/NRN, of thermally
denatured RNase A obtained from the fits in Figure 6 is 1.3
( 0.2 at pH* 2 and 1.2( 0.1 at pH* 4. If the assumption
FN ) FD (i.e., the same average dynamic retardation of water
in contact with the native and denatured protein surfaces) is
accepted, these values can be interpreted as the ratio of the
solvent-accessible areas for the two states. For complete
unfolding (to an extendedâ conformation) of native RNase
A, the solvent-accessible area increases by ca. 100 nm2 (6,
12, 50-52). It has been argued that the four disulfide bonds
of RNase A should reduce this value by ca. 34 nm2 (52).
We would thus expectNRD/NRN ) 1 + (100-34)/70.5)
1.9 for maximum unfolding of disulfide-intact RNase A. The
smaller values obtained here suggest that thermally denatured
RNase A is significantly more compact, in agreement with
scattering data (24, 25). We cannot, however, exclude the
possibility that a larger increase ofNR on denaturation is
partly compensated by a decrease ofF.

Side-Chain Disorder.Like the 17O dispersions in Figure
2, the2H dispersions in Figure 3 clearly reflect the thermal
denaturation transition. There are two qualitative differences,
however, between the17O and2H dispersions. First, a sizable
2H dispersion remains even at the highest temperature.
Second, the2H dispersion amplitude increases markedly with
temperature outside the transition region. These are the
hallmarks of a dominant labile-hydrogen contribution to the
2H dispersion.

Figure 7 shows the labile-hydrogen contribution,âL, to
the2H dispersion, determined from the bi-Lorentzian fits in
Figure 3 with the water contribution taken from the17O
results (see Materials and Methods). As in Figure 4, the
denaturation transition is clearly evident. The curves are
three-parameter fits based on eqs 1 and 9 withTd and ∆T
taken from the CD data. The adjusted parameters areâLN

(27 °C), âLD/âLN, and an apparent activation energy, taken
to be the same forâLN andâLD, that essentially determines
the rate of increase of the number of rapidly exchanging
labile hydrogens as their exchange rate constants increase
with temperature.

FIGURE 5: Ribbon diagram of phosphate-free RNase A based on
the 1.26 Å crystal structure 7RSA (23). The oxygen atoms of six
potentially long-lived water molecules residing in surface pockets
are shown as dark spheres.

FIGURE 6: Temperature dependence of the reducedR parameter,
NR F, derived from the17O dispersions in Figure 2. The curves are
three-parameter fits based on eqs 1 and 7.
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Bovine pancreatic RNase A contains 11 carboxyl groups
and 31 hydroxyl groups. If a minor contribution from the
four histidines is ignored, the labile hydrogens responsible
for the âL dispersion must reside in these COOH and OH
groups. The rate constant,k1, for acid-catalyzed hydrogen
exchange from OH groups in proteins should be on the order
of 1 × 107 M-1 s-1 at 27 °C (53, 54). At pH* 2, these
hydroxyl hydrogens should therefore be in the fast-exchange
limit, contributing fully toâL. Allowing for a few OH groups
with smaller rate constants (two tyrosines are buried), we
takeNLN ) 35 as an estimate for the native protein at pH*
2 and 27°C. With NT ) 14 140,ωQL ) 7.7 × 105 rad s-1

(55), and the valuesâLN (27 °C, pH* 2) ) (4.0 ( 0.2) ×
108 s-2 and âLN (27 °C, pH* 4) ) (1.5 ( 0.1) × 108 s-2

derived from the fits, eq 10 yieldsNLNSLN
2 ) 19 ( 1 at pH*

2 and 7.0( 0.2 at pH* 4. The former value corresponds to
SLN

2 ) 0.55( 0.03 as an average over 35 OH and COOH
groups. The nearly 3-fold reduction ofâLN at pH* 4 is due
to deprotonation of six of the COOH groups (56) and to 100-
fold slower hydrogen exchange from the OH groups. The
effective number of rapidly exchanging hydrogens,NLN )
7.0/0.55) 13, indicates that about one-third of the accessible
OH groups contribute toâLN at pH* 4 and 27°C. The
effective hydrogen exchange rate,k1 10-pH*, should then be
roughly half of the intrinsic relaxation rate,ωQL

2SLN
2τR )

(7.7× 105)2 × 0.41× (6.6× 10-9) ) 1.6× 103 s-1. This
requires thatk1 ≈ 0.8× 107 M-1 s-1, which is of the expected
order of magnitude (53, 54).

The pronounced reduction ofâL on thermal denaturation
(see Figure 7) is direct evidence for enhanced internal
flexibility in the denatured protein. At pH* 2, the ratioâLD/
âLN ) 0.09 ( 0.02 obtained from the fit indicates that the
mean-square order parameter for O-H bonds in ca. 35 Asp,
Glu, Ser, Thr, and Tyr residues drops from 0.55 to 0.05 on
thermal denaturation. This large effect can probably be
attributed to local side-chain disorder, although more exten-
sive structural fluctuations may also contribute to the
orientational averaging. At pH* 4, the effect is somewhat
smaller,âLD/âLN ) 0.24 ( 0.09. If SLN

2 is the same as at
pH* 2, we obtainSLD

2 ) 0.13 for the O-H bonds in ca. 13
residues that contribute toâL at pH* 4. Although nearly all
COOH and OH groups are solvent exposed in the native
protein, denaturation should lead to somewhat faster hydro-

gen exchange (largerk1), making NLD > NLN at a given
temperature. Some carboxyl pKa shifts are also expected.
Both of these effects should be negligible at pH* 2, where
the OH hydrogens are already in the fast-exchange limit in
the native protein and where nearly all COOH groups are
protonated. At pH* 4, however, it is likely thatSLD

2 is
somewhat overestimated by takingNLD ) NLN.

Hydrodynamic Volume.The rotational correlation time
of a protein as small as RNase A is much shorter than the
residence times of even the fastest-exchanging labile hydro-
gens (at pH<11). The correlation time associated with the
labile-hydrogen contribution to the2H dispersion can there-
fore be identified with the rotational correlation timeτR of
the protein (cf. eq 5). The rotational motion of the denatured
protein can thus be monitored by the2H dispersion, even in
the absence of long-lived water molecules.

The rotational correlation times derived from the2H
dispersions in Figure 3 are presented in Table 2. The
temperature dependence ofτR is dominated by the 4-fold
variation of the solvent (D2O) viscosity in the range 4-65
°C. To isolate the nontrivial temperature dependence, we
focus on the apparent hydrodynamic (Stokes) volume,

For a smooth rigid sphere undergoing free rotational diffu-
sion,VS is simply the volume of the sphere. Figure 8 shows
the temperature dependence ofVS. The fitted curves, with
Td and ∆T fixed at the values derived from the CD data,
yield the hydrodynamic volumes,VSN andVSD, of the native
and denatured states. (The 4 and 65°C points were not
included in the fit to the pH* 2 data.) While, at pH* 2, the
denaturation transition is clearly manifested as an increase
in VS, the variation ofVS at pH* 4 is not significant.

For the native protein, we obatinVSN ) 21.6 ( 1.1 nm3

at pH* 2 and 27.6( 1.0 nm3 at pH* 4. The molecular
protein volume,VP, is 16.2 nm3 according to the crystal
structure (23) or 16.0 nm3 according to the limiting partial
specific volume of RNase A in aqueous solution at 25°C
(57). The common finding thatVSN > VP is often rational-
ized by invoking one or two layers of “bound” water. In
view of the subnanosecond residence times of virtually all

FIGURE 7: Temperature dependence of the labile-hydrogen con-
tribution, âL, to the2H dispersion step in Figure 3. The curves are
three-parameter fits based on eqs 1 and 9.

FIGURE 8: Temperature dependence of the hydrodynamic volume,
VS, derived from the rotational correlation time of the labile-
hydrogen contribution to the2H dispersions in Figure 3. The curves
are two-parameter fits based on eqs 1 and 9 (withâ replaced by
τR).

VS ) kBTτR/η (11)
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water molecules at protein surfaces, this argument is
questionable. Nonsphericity (the axial ratio of RNase A is
ca. 1.5) and surface roughness (58) can probably account
for most of the discrepancy betweenVSN andVP for dilute
protein solutions. For more concentrated solutions, protein-
protein interactions may also retard protein tumbling, thereby
increasing the apparent hydrodynamic volume. The sub-
stantial pH dependence ofVSN suggests that this is the case
for RNase A at our protein concentration of 3.76 mM. With
the higher net charge (+18) at pH* 2, the Coulomb repulsion
(in our salt-free solution) can presumably overcome the short-
range attractive forces that more effectively slow protein
rotation at pH* 4 (net charge+12). The nearly 30%
difference inVSN between pH* 2 and 4 could also reflect a
pH dependence of the native protein structure. This is
unlikely, however, sinceNâS2 is the same at pH* 2 and 4
(see Figure 4).

Since protein-protein interactions appear to be significant
under the present conditions (at least at pH* 4), the variation
of VS on denaturation must be interpreted with caution. At
pH* 4, the expected ca. 50% increase ofVS on thermal
denaturation (25, 59) may thus be masked by a compensating
difference in protein-protein interactions for the native and
denatured states. At pH* 2,VSN is close to the expected
value and probably less affected by protein-protein interac-
tions. The fit in Figure 8 yieldsVSD ) 31.5( 2.0 nm3, i.e.,
the relative expansion isVSD/VSN ) 1.5 ( 0.1. This is
significantly less than the value,VSD/VSN ) 2.0, derived from
a time-domain dielectric relaxation study of the thermal
denaturation of RNase A at pH 2.6 (60). The (collective)
translational diffusion coefficient measured by DLS for
thermal denaturation of RNase A at pH 2 yields forVSD/VSN

1.22 (10 mM KCl) and 1.64 (150 mM KCl) (61). A more
recent DLS study (25), however, demonstrated large virial
effects at pH 2.5. At pH 4 (10 mM sodium acetate, 20°C),
the DLS diffusion coefficient extrapolated to zero protein
concentration (to eliminate virial effects) yieldsVSU/VSN )
2.6 ( 0.2, whereVSU refers to disulfide-intact RNase A in
6 M GdmCl (25). In light of these results, the 50%
expansion obtained here indicates that the thermally de-
natured state is rather compact even at pH* 2.

Residence Time of Long-LiVed Water Molecules.At all
investigated temperatures and pH* values, the correlation
time τâ derived from the17O dispersions is significantly
shorter than the rotational correlation timeτR deduced from
the labile-hydrogen contribution to the2H dispersion (see
Tables 1 and 2). Although such differences have been
observed for several other proteins (19), the effect is much
larger for RNase A. The finding thatτâ < τR indicates that
the water residence timeτW is not much longer thanτR, cf.
eq 5. This is indeed expected for RNase A, where the water
molecules responsible for the17O dispersion are located in
surface pockets rather than in internal cavities (see Figure
5). The water residence times computed from eq 5 withτâ

andτR data from Tables 1 and 2 are shown in the Arrhenius
plot of Figure 9. Of course,τW can only be determined at
temperatures where the population of the native state is
sufficient to produce a significant17O dispersion. No
systematic difference inτW is seen between pH* 2 and 4,
consistent with the indication from the17O â value that the
native protein structure is invariant in this pH range.
Consequently, all 10τW values in Figure 9 were included in

the fit, yieldingτW ) 7.6( 1.3 ns at 27°C and an activation
enthalpy of 43( 10 kJ mol-1. This is comparable to the
activation enthalpy of 52( 3 kJ mol-1 recently determined
for exchange of the ordered water molecules in the minor
groove of several DNA dodecamer duplexes (21), but, as
expected, much smaller than the 90( 5 kJ mol-1 obtained
for the exchange of a deeply buried water molecule in BPTI
(62).

CONCLUSIONS

The present work demonstrates that the17O/2H NMRD
method, previously used to study the hydration and dynamics
of native biomolecules (19, 20), can also provide valuable
information about denatured proteins in solution. The
structure and dynamics of the protein is probed by specific
long-lived water molecules as well as by the global hydration
and labile side-chain hydrogens.

Since long-lived water molecules are only found in internal
cavities and in deep surface pockets, a completely unfolded,
random-coillike protein is not expected to retain any long-
lived water sites and, therefore, should not exhibit any water
17O relaxation dispersion below 100 MHz. In a partially
folded protein, however, the combination of extensive water
penetration and residual protein structure might lead to the
formation of new long-lived water sites. Such water sites
will be sufficiently long-lived to produce an17O dispersion
only if the local structure is maintained on a nanosecond
time scale.

The present study shows that native RNase A contains at
least three water molecules with a mean residence time of 8
ns at 27°C and an activation enthalpy of ca. 40 kJ mol-1.
The current understanding of the determinants of water
exchange rates (19) strongly suggests that these moderately
long-lived water molecules can be identified with some or
all of the six ordered water molecules that are partly buried
in surface pockets in the crystal structure of RNase A (see
Figure 5). The loss of the17O dispersion at higher temper-
atures (see Figure 4) demonstrates that, in the thermally
denatured protein, these surface pockets are either not present
or undergoing large structural fluctuations on a subnanosec-
ond time scale. Furthermore, the finding that the dispersion
step (â parameter) vanishes monotonically and essentially
in parallel with the CD denaturation curves is consistent with
a two-state model where the loss of long-lived water sites

FIGURE 9: Temperature dependence of the water residence time,
τW, derived from the17O and2H correlation times according to eq
5. The line resulted from an Arrhenius fit including data at pH*
2.0 (b) and pH* 4.0 (O).
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coincides with the disruption of the native secondary and
tertiary structure. Although the slight difference between
the NMRD and CD denaturation temperatures at pH* 2 may
indicate a temperature-dependent hydration of the denatured
state, we find no evidence for partly folded equilibrium
intermediates with a large amount of non-native long-lived
hydration.

The picture of thermally denatured RNase A emerging
from the present NMRD study is that of a highly flexible
but relatively compact structure. The mean-square orienta-
tional order parameterS2 of O-H bonds in side chains at
the surface of RNase A is strongly reduced on thermal
denaturation. In the denatured state, these side chains must
sample a wide distribution of conformational states on a
subnanosecond time scale. The global increase of solvent
exposure on thermal denaturation is roughly one-third of that
expected for the maximally unfolded disulfide-intact protein.
Thermal denaturation increases the hydrodynamic volume
by a modest 50% at pH* 2, much less than for disulfide-
intact RNase A denatured in 6 M GdmCl (260%). While
we cannot claim quantitative accuracy regarding solvent
exposure (the dynamic retardation factorF may differ
between native and denatured states) and hydrodynamic
volume (protein-protein interactions may affectτR differ-
ently in native and denatured states), the results onR andτR

reinforce each other and are consistent with a host of other
observations that indicate substantial residual structure in the
heat-denatured state of RNase A.
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