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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 n¥at2d an
activation enthalpy of ca. 40 kJ madl 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-chair i 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 detailed experimental characterization of hydration changes
random coils to compact structures with nativelike secondary on protein denaturation would therefore seem to be needed.
structure (—4). Although physiologically inactive, the In the present work, we use the nuclear magnetic relaxation
partially folded states formed under non-native conditions dispersion (NMRD) of the watérO and?H nuclei to study
of temperature, pH, or solvent composition can provide the thermal denaturation of RNasé i aqueous solution
important insights about the determinants of protein stability at acidic pH. The'’O”H NMRD method has previously
(5, 6) and the mechanism of protein folding—9). been used mainly to characterize the order and dynamics of

Being less ordered than the native protein, denatured state$Pecific long-lived water molecules in proteiri9( 20 and
are inherently less amenable to high-resolution structural ©ligonucleotides Z1). As demonstrated here, the NMRD
analysis. A variety of experimental methods have been usedmMethod can also monitor changes in structure and hydration
to illuminate different aspects of denatured proteins, fre- N the COUfSE_O_f protein c_ie_znaturauon. Long-lived water
quently with conflicting results. One particularly contro- Molecules residing in cavities or surface pockets can be
versial aspect concerns hydration changes on denaturation€Xploited as intrinsic probes of the structural integrity of the
directly related to the hydrophobic effect that is widely held Protein, while the amount of dynamically retarded water in
to be a major driving force for protein foldin@(6, 10, 1). contact with the protein _gurface is an |nd|cat9r o_f global
The available experimental information about hydration of Solvent exposure. In addition, NMRD data provide informa-
denatured proteins is largely derived in an indirect way from tion about the flexibility (orientational order parameter) of
macroscopic properties, such as calorimetric da@ 6r side chains containing Iat_)|le hydrogens and a_bout the
density and sound velocity®). Computer simulations can ~ compactness (hydrodynamic volume) of the protein.
in principle provide a detailed picture of hydratioh4¢ Bovine pancreatic nbonucle_ase A ha}s bee_n extensively
17), but it is not clear to what extent the artificially perturbed ~ Studied by a variety of biochemical and biophysical methods.
states studied by computer simulation resemble real proteingt consists of three helices and a largesheet region, and
denatured under equilibrium conditiond8{. A more
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circular dichroism; DLS, dynamic light scattering; FTIR, Fourier
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the main-chain fold in solutior2) is virtually the same as 0 ——————
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 reported’O relaxation dispersion from an RNase

A solution (19).

As is the case for many proteind){ the thermally
denatured form of RNase A is more compact than the GdmCI 60
denatured form, and the native as well as the denatured states
are further unfolded on reduction of the four disulfide bonds o
(24, 25. The thermal denaturation of RNase A is reversible Ficure 1: Temperature dependence of the ellipticity of RNase A

d b i tate t iti iy tatl Hsolutions at pH* 2.0 and 4.0. The ellipticity was recorded at 275
ana appears (o be a two-state transition, at least at 10w pHpy (ypper pair of curves) and 222 nm (lower pair of curves) on

(26-28). the samples used for NMRD measurements after dilution to an
Whereas several CD, NMR, and FTIR studies have RNase A concentration of 1.25 mM (275 nm) or @8 (222 nm).

suggested that the thermally denatured state of RNase AThe solid and dashed curves refer to experimental data and fits,
retains some degree of secondary struct@@-@2), two respectively.

recent FTIR studies suggested that all native secondary The protein concentration in the NMR samples was
structure is disrupted by thermal denaturati8d,(39. Each  determined from the optical absorption at 280 nm (after 30-
of these opposing views is supported by results from other 5|q dilution in 6 M GdmCI and 20 mM phosphate, pH 6.5),
techniques. A quenched-flow NMR study showed no ysing the calculated3g) extinction coefficiente,so = 8.64
significant hydrogen-exchange protection at pH*1358 and mM-1cm L. The RNase A concentration, 3.260.10 mM,
65°C, suggesting that thermally denatured RNase A contains getermined in this way corresponds to 14 H4@00 water

no stable secondary structur@sy. _ molecules per protein molecule.

Calorimetric studies, showing that the heat capacity of  cjrcular Dichroism MeasurementsNear-UV (275 nm)
thermally denatured proteins is essentially the same as thalyng far-uv (222 nm) CD measurements were performed on
of the constituent amino acid side chains, have been takeny jasco J-720 spectropolarimeter equipped with a PTC-
to imply that thermally denatured RNase A is extensively 343 peltier-type thermostatic cell holder, which was cali-
unfolded and that the nonpolar side chains forming the native yated with a copperconstantan thermocouple. For the CD
hydrophobic core are fully hydrate®@§, 37. Changes in measurements, the NMRD samples were diluted wi® D
the apparent molar volume and adiabatic compressibility on gpq adjusted to pH* 2.0 or 4.0. Temperature scans were
thermal d.enaturation of RNase A ha_ve alsolbeen attributed performed with a step resolution of ca°C and a scan rate
to extensive exposure of nonpolar side chait®.( of 20°C h 1. Both samples exhibited CD profiles charac-

In the following, we report the watéfO and?H relaxation teristic of thermal denaturatior3{, 39, with the same
dispersion profiles from aqueous RNase A solutions at pH* qjenaturation temperaturg;, at 222 and 275 nm (see Figure
2 and 4 at seven temperatures in the rangési°C where 1) cD profiles obtained on heating and cooling were
the thermal tranS|t|on.occurs.. These data show thqt thermallyjdentical within experimental accuracy (ca. 2%), demonstrat-
denatured RNase A is relatively compact, but flexible. The ing that the denaturation transition is fully reversible under
hydrodynamic volume and solvent exposure are much g conditions.
smaller than expected for a fully unfolded conformation, but  The cD data were analyzed with the usual two-state model
the complete loss of long-lived water sites at the protein \yith linearly temperature-dependent ellipticity in the native

order indicate substantial conformational flexibility in the parametrized as

denatured state.

MATERIALS AND METHODS

Sample Preparation.Bovine pancreatic ribonuclease A  with the transition width AT, defined as the temperature
(type XlI-A) was purchased from Sigma and further purified difference between the points of 10 and 90% native popula-
by chromatography on CM-Sephadex, eluting with a linear tion. This relation follows from the two-state model,
salt gradient (6-0.3 M NaCl in 10 mM Tris-HCI buffer, pH assuming a temperature-independent heat capacity difference
8.0). The dominant fraction was dialyzed against pure water and a reasonably narrow transitiohT < Tgy). Fits to the
and then lyophilized. Protein solutions were made fdonr combined near- and far-UV CD data (dashed curves in Figure
enriched DO (21.9 at. %'’O, 61.9 at. %'%0, 99.95 at. % 1) yieldedTq = 30.9°C andAT = 19.2°C at pH* 2.0 and
2H) obtained from Ventron (Karlsruhe). pH* (the direct T4 = 57.6 °C and AT = 11.8 °C at pH* 4.0, with an
reading from a RO solution after calibration with standard estimated uncertainty af0.4°C in Tq. These denaturation
H,O buffers) was measured with a Radiometer PHM63 temperatures agree well with literature da2é,(31, 39.
digital pH meter equipped with a 5-mm combination Magnetic Relaxation MeasurementS.he longitudinal
electrode. The protein was studied at pH* 2.0 and 4.0, relaxation rateR;, of the 7O and?H nuclei in water was
adjusted (at room temperature) by minute additions of measured at seven temperatures in the rangg@s54C and
concentrated HCI or NaOH. at 10 magnetic fields in the range 0-384.1 T, using one

40 +
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fN(T) — [1 + 92Td(lde/T)/AT]71 (l)
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Table 1. Parameters Derived frofO NMRD Data

T(°C) pH* 10%aNi/Rouk ANrlwh 73(NS)  Rouk(s™)
4 2 27402 22403 10.9+14 370 0

4 3.1+0.2 254+0.2 11.8+1.0 ’

15 2 23+01 20402 6.0+04 2513 .
4 2.7+£0.1 2.0+ 0.2 7.7+ 0.7 E

27 2 1.8+01 22403 29402 175 =
4 21401 23+02 3.6+0.3 2

35 2 1.8+01 11403 3.1+05 1425 &
4  19+02 21+03 29403 L

45 2 1701 05+01 2.0 113.8 3
4 1.8:-04 1.7£ 09 1.9+ 0.5

55 2 1.60+0.03 @ 93.2
4 1.2 1.3+ 0.3 1.3+ 0.3

65 2 1.32£007 @ 77.8
4 151+006 ©

a pParameter value frozen in the fit.

Table 2: Parameters Derived froftH NMRD Data? o
T(°C) pH* 10 %aNt/Rouk BL(1Fs?) r(NS)  Rouk(s™)
4 2 2.6+ 0.1 2.1+ 0.1 14.2+0.7 4.74 =
4 2.7+t0.2 0.9+0.1 17.1+2.3 3
15 2 1.9+ 0.2 2.9+ 0.2 8.0+ 0.4 3.25 r\;
4 2.3+ 0.2 1.3+ 0.1 10.4+1.0 Qé—%‘
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 g
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 52+ 05 1.48 504 "
4 2.0£03 17402  4.6+06 Tequeng, 0 T 600
55 2 24+02  07+01 42405 121 7 Cm) (v, A
4 2.1+ 05 1.5+ 0.3 3.8+ 0.7
65 2 23+0.2 0.6+ 0.1 3.0+ 0.5 1.01 FiIGURe 2: Frequency dependence of wat¥iO longitudinal
4 25+0.3 0.7+ 0.2 3.3+ 0.7 relaxation rateR;, normalized with the bulk water relaxation rate,

from 3.76 mM solutions of RNase A inJD 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 &2a@nd at the lowest

field-variable (iron magnet) and four fixed-field (cryo- frequency (open circles).
magnet) NMR spectrometergq, 40. All NMRD measure- comparison of NMRD profiles at different temperatures, the
ments were carried out on two samples, one at pH* 2.0 andexcess relaxation rat®&; — Ryuk, normalized withRyy is
the other at pH* 4.0. Since both magnetic field and plotted. The curves are fits of the theoretical dispersion
temperature were varied in a nonmonotonic way, the smoothfunction in eq 2, and the resulting values of the parameters
variation of the NMRD parameters (vide infra) can be taken a, 3, andzg are given in Table 1. The data conform well to
as evidence that irreversible aggregation and/or denaturatiorthe expected Lorentzian dispersion shape, except at the
did not occur to a significant extent. This was also indicated lowest temperatures (4 and 28). Here, the two highest
by the reversibility of the CD profiles and the finding that frequency points (48 and 81 MHz) fall below the high-
the NMRD samples remained completely homogeneous andfrequency plateau of the Lorentzian dispersion, suggesting
transparent even half a year after preparation. The relaxationa second dispersion step from water molecules with residence
rate, Roui, Of a bulk water sample with the same isotope times of ca. 1 ns (cf. the 58 dispersion at pH* 4, withy
composition as the solvent in the protein solutions was = 1.3 ns). For consistency in the analysis of the temperature
measured at 4, 15, 27, 42, 60, and°80) and the values at dependence of the and parameters, the fits were done
intermediate temperatures were obtained by interpolation (seewithout the 48 and 81 MHz points at°€ and the 81 MHz
Tables 1 and 2). point at 15°C. The relaxation contribution from the water
Analysis oft"O NMRD Data. Water’O NMRD profiles molecules responsible for the high-frequency dispersion is
from protein solutions are usually described accurately by thus included in thex term at all temperatures. At 6%
the theoretical expressio2(, 47 (and at 55°C for pH* 4), no significant dispersion was
detected in the investigated frequency range; only dhe
R, = Rk T o + [0.2)(wy) + 0.§(2w,)] (2) parameter was then determined from the data. In two cases,
where only the low-frequency part of the dispersion was

aFrom bi-Lorentzian fits with water parameters fréf® data and
SF(?H)/S(*'O) = 0.366.

with a Lorentzian spectral density functigpfw) = z4/[1 + accessible, one of the three parameters was frozen in the fit
(wtp)?]. Here,wq is the variable resonance frequency and (see Table 1).
74 is the correlation time. The transverse relaxation rai, was measured at 27 and

The 70 NMRD profiles from solutions of RNase A at 35 °C at the lowest field (27C data shown as open circles
pH* 2.0 and 4.0 and at seven temperatures spanning the rangén Figure 2). The finding (at both temperatures) tirat
of thermal denaturation are shown in Figure 2. To facilitate equalsR; within experimental error demonstrates that the
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low-frequency plateau of the dispersion has been reached(ap) to R;. We can therefore use eq 2 to describe i@

i.e., there can be no further dispersion step at lower NMRD data at all temperatures and interpret the parameters
frequencies Z0). A low-frequency dispersion step would a andf according to

be produced by protein aggregates with long tumbling times.

The observed equality d®, andR; at low field thus shows ON/R, i = fuNgwon + (1 — f)Ngpep (7)
that protein aggregation is unimportant under our conditions

3.8 MM RNase A). Thisisin li ith the finding that th

(3.8m ase A) is isin line wi e finding that the IBNT/wQZ _ fNNﬁNSZ @8)

thermal denaturation curves recorded'blyNMR spectros-

copy are superimposable at concentrations of 0.5 and 5 mM

RNase A 85). While protein aggregates thus appear not to
be present, some protetiprotein 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 parameters. and 5 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 o

a range of (native) proteing®, 20. It is convenient to scale
the parametere. andf according to 20)

oNt/Ryuie = Ngpo

BNfwg? = NS

®3)
4)

Nr is the overall water/protein mole ratio and can be
calculated from the composition of the sample (vide supra).
N is the number of short-lived water molecules in contact
with the protein surface, and = (t/toux — 1) is their
average dynamic retardation factoNg is the number of
long-lived water molecules associated with the protein, with
residence timew > 1 ns and root-mean-square orientational
order parameteé®. The asymmetry parameter of the electric
field gradient tensor was previouslyg) included in the order
parameter (then denotdyl), but is now incorporated in the
rigid-lattice quadrupole frequencyo = 7.61x 10°rad s*
for 1O and 8.70x 1P rad s* for 2H (20). With the present
convention, a water molecule that tumbles rigidly with the
protein hasS = 1 for both nuclei.

The correlation timer; defines the time scale for orien-
tational randomization of long-lived water molecules by
rotational diffusion of the protein, with correlation timg,

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

Analysis oH NMRD Data. The analysis ofH NMRD
data is complicated by labile hydrogens in the protein that
mix with the water hydrogen pool on the relaxation time
scale (ca. 10(s). In general, théH dispersion amplitude
therefore contains contributions from both long-lived water
molecules and labile hydrogend2, 43. The water con-
tribution, Sw, is described by eq 8, whe8now is the water
°H order parameter which generally differs from the water
10 order parameteR(). The labile-hydrogen contribution,

(%L, can be expressed as

B =B+ @ =B

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

(9)

ﬁLNZNT/wQL2 = NLNSLN2

and similarly forp.p. Here,Niy is the number of rapidly
exchanging labile hydrogens in the native protein with root-
mean-square order parame$ey and (average) quadrupole
frequencywqL. Via Sp, the?H dispersion provides informa-
tion about the internal flexibility of the denatured protein.
In the simplest case, wherg > 7g, the water and labile-
hydrogen contributions are additivgs = fw + S.. How-
ever, if ryw is comparable tag, as is the case here, tAd
dispersion is bi-Lorentzian. Furthermore, since the native
and denatured forms should have different tumbling times
TR, €ven the labile-hydrogen contribution to fikédispersion
should be bi-Lorentzian in the transition region. This
difference is expected to be much smaller than that between

(10)

and/or by exchange of such water molecules with bulk water 7z and 7w and will be ignored. The parametefs and x
atarate . Since these processes are independent, theiryere determined by fitting a bi-Lorenztian function to the

rates are additive an@(Q)

1y = 1hg + 1y (5)

2H NMRD data, withpw and tz obtained from the corre-
sponding*’O dispersion and an assumed value $FH)/
S(*"0). Thus, only three parameters were adjusted. The

In the transition region, where the native and denatured states. epi(;rted_parameter values were obtained by seS(tl)/
are both significantly populated, the observed (exchange-S('0) = 0.366, as expected for water molecules that flip
averaged) relaxation rate is a population-weighted average:2round their dipole axis at a rate faster tham; 1(20).

Ry = fyRiy + (1 = f)Rp (6)

In principle, the NMRD profile should then be described
by a bi-Lorentzian dispersion function, with different cor-

Librational motions then have virtually no effect on the order
parameter ratioX1). For a rigidly bound water molecule,
F(PH)/S(*"0) = 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

relation times for the native and denatured states. For RNasaesidence times. Since water molecules account for only a
A, however, the NMRD data show that the denatured state small fraction of the’H dispersion, the derived parameters

does not contain any long-lived water molecul8s € 0)

are insensitive to the assum&{°H)/S(*'0O) value. The

and therefore only adds a frequency-independent contribution?H NMRD profiles and fits are shown in Figure 3, with the
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Ficure 4: Temperature dependence of the reduéguhrameter,
1.0 NsS, derived from thé’O dispersions in Figure 2. The curves are

one-parameter fits based on eqgs 1 and 8.

The effect of thermal denaturation on RNase A hydration
is more clearly seen by examining the temperature depend-
ence of the dispersion parameterands. Figure 4 shows
the reduceq parameter derived from théO dispersions.
The curves are one-parameter fits based on eqs 1 and 8,
yielding Ny& = 2.3+ 0.1 at pH* 2 and\y)& = 2.1+ 0.1
at pH* 4. The transition temperatufig and widthAT were

Frequene, 10 6070 ° fixed at the values derived from the CD data in Figure 1.
¥ @y/(2m) (MHg) 100 qe® The denaturation transition is clearly manifested in the
o NMRD data. At pH* 4 the NMRD and CD transition
Ficure 3: Frequency dependence of watelrlongitudinal relax-

ation rate Ry, normalized with the bulk water relaxation rate, from temperaturgs qunC|de within experlmentall error, but at pH*
3.76 mM solutions of RNase A in D at pH* 2.0 (top) and pH* 2, the data in Figure 4 suggest a c&Gshift of Ta.
e B o i e Pt ien o e Since Rase A does ot conain any internal vter
’ 7 i i i i
corresponding’O dispersion and the three adjustable parameters molecules, thé .O dispersion from the native P“’t‘r"” must
as given in Table 2. be due to long-lived water molecules partly buried in surface
pockets. An examination of the 1.26 A crystal structure
resulting parameters in Table 2. As 8D, one or two high- ~ 7RSA @23) reveals six potentially long-lived water sites (see
frequency points were omitted in the fits to the 4 anc®@5  Figure 5) with low accessibility to external solvert 7 A?),

Ry ~ Rpud / Rouik

data. relatively low thermaB factor (10-20 A?), and at least two
hydrogen bonds to the protein backbone. In phosphate-
RESULTS AND DISCUSSION bound RNase A, two of these water molecules (the pair in

the foreground of Figure 5) are displaced by the side chain

Loss of Long-Lied Water Moleculeslt is evident from ~ 0f GIn 101 @3, 44, 45. The accumulatetfO NMRD results
Figure 2 that thd’0 dispersion in the 100 MHz window, ~ from a variety of proteins1(9) suggest that the long-lived
due to long-lived water molecules, vanishes at temperaturesvater molecules responsible for the pres€ax dispersion
where the denatured state predominates. According to thedre among the ones shown in Figure 5. Since perfect
CD data in Figure 1fy = 0.0009 (pH* 2) and 0.06 (pH* 4)  orientational order § = 1) is unlikely for such water
at 65°C. Since the correlation time; reflects thermally ~ molecules 46), the NsS* values obtained here show that
activated processes (water exchange and protein rotation)nhative RNase A contains at least three long-lived ¢ 1
it should decrease with increasing temperature, therebyns) water molecules and that this number is essentially the
reducing the dispersion amplitude and ultimately shifting the Same at pH* 2 and 4. The finding thiigS* = 0 above the
dispersion out of the experimental frequency window (i.e., transition shows that, in the denatured protein, these water
above 100 MHz). Since the “trivial” temperature effect on sites are either absent or have subnanosecond residence times.
the dispersion amplitude (via the viscosity dependence of Furthermore, the quantitative agreement between the CD and
the rotational correlation time) is nearly compensated for in NMRD transition temperatures at pH* 4 is consistent with
Figure 2 by normalization with the temperature-dependent a two-state model for thermal denaturation of RNas@4.(
bulk water relaxation rat®.,x, the variation in dispersion  The somewhat highefy suggested by the NMRD data at
step must be caused mainly by a reduction of the amplitude pH* 2 may indicate that the initially formed denatured state
parametels as the protein is denatured. (The decrease of contains one or two long-lived water molecules which are
the dispersion step outside the transition region reflects thelost as the temperature is further increased. On the other
shortening ofr; by water exchange, as demonstrated by the hand, the’O NMRD data rule out intermediate states with
following analysis.) extensive (and long-lived) internal hydration.
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Ficure 5: Ribbon diagram of phosphate-free RNase A based on
the 1.26 A crystal structure 7RSRJ). The oxygen atoms of six
potentially long-lived water molecules residing in surface pockets
are shown as dark spheres.

103N, p

103N, p

T (°C)

Ficure 6: Temperature dependence of the reduaguhrameter,
N o, derived from thé”O dispersions in Figure 2. The curves are
three-parameter fits based on eqs 1 and 7.

Global Sobent Exposure.Figure 6 shows the reduced

Denisov and Halle

solvent accessible area of 70.5 hfar RNase A (9) and
assuming that a water molecule occupies on average 0.15
nn?, we estimate that ca. 470 water molecules are in contact
with the protein surface. The dynamic retardation faptor

at 27°C thus becomes 3.4 0.2 at pH* 2 and 4.6+ 0.2 at

pH* 4. These values are in the range @l found for all
proteins (9) that do not contain clusters of several buried
water molecules (where intersite exhange can contribute
significantly toa). A previous NMRD study of RNase A

at pH* 2.5 and 27°C (19) gave higher values for bott
andp, corresponding ttNs& = 3.5+ 0.4 andpy = 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 energ&E* obtained from the
fits in Figure 6 is 12+ 2 kJ mol? at both pH* values. This
is in the expected range. Wat&O relaxation studies of
aqueous solutions of short-chain alcohols yield activation
energies of 820 kJ mot* for the dynamic retardation factor
(47). Similarly, AE* values of 9 and 17 kJ mol were found
for water associated with the oxyethylene segments of poly-
(ethylene oxide)48) and G,Eg micelles @9), respectively.

The relative solvent exposuréN.,p/Nqn, 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
pon = pp (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 extendefl conformation) of native RNase
A, the solvent-accessible area increases by ca. 160(&m
12,50-52). It has been argued that the four disulfide bonds
of RNase A should reduce this value by ca. 34°r(62).

We would thus expeciN,p/Noen = 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 data24, 25. We cannot, however, exclude the
possibility that a larger increase df, on denaturation is
partly compensated by a decreasepof

Side-Chain Disorder.Like the "0 dispersions in Figure
2, the?H dispersions in Figure 3 clearly reflect the thermal
denaturation transition. There are two qualitative differences,
however, between thHéO and?H dispersions. First, a sizable
°H dispersion remains even at the highest temperature.

parameter derived from tHéO dispersions. The curves are  Second, théH dispersion amplitude increases markedly with
three-parameter fits based on eqs 1 and 7. Since the dynamitemperature outside the transition region. These are the
retardation factop involves a ratio of correlation times (see hallmarks of a dominant labile-hydrogen contribution to the

Materials and Methods) that may have different activation

energies, it is expected to vary with temperature. For the

fits in Figure 6, we have setn = pp and fixed Ty and AT

at the values derived from the CD data in Figure 1. The
fitted parameters are the composite paramiigpy for the
native protein at 27C (for comparison with previous re-
sults for other proteins at this temperature), the relative
solvent exposure of the denatured prot&ips/Nyn, and the
difference in activation energ\E?, for the local correlation
time of water molecules at the protein surface and in bulk
water.

For the quantityN.npon at 27°C, the fits in Figure 6 yield
1800+ 110 at pH* 2 and 214Gt 70 at pH* 4. With a

°H dispersion.

Figure 7 shows the labile-hydrogen contributigh, to
the?H dispersion, determined from the bi-Lorentzian fits in
Figure 3 with the water contribution taken from th&©
results (see Materials and Methods). As in Figure 4, the
denaturation transition is clearly evident. The curves are
three-parameter fits based on egs 1 and 9 Witland AT
taken from the CD data. The adjusted parametergare
(27 °C), Bo/Bin, and an apparent activation energy, taken
to be the same fgf.y andfip, that essentially determines
the rate of increase of the number of rapidly exchanging
labile hydrogens as their exchange rate constants increase
with temperature.
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FIGURE 7: Temperature dependence of the labile-hydrogen con- Ficure 8: Temperature dependence of the hydrodynamic volume,
tribution, ., to the?H dispersion step in Figure 3. The curves are Vg, derived from the rotational correlation time of the labile-
three-parameter fits based on eqs 1 and 9. hydrogen contribution to th# dispersions in Figure 3. The curves
are two-parameter fits based on eqs 1 and 9 (Witieplaced by
Bovine pancreatic RNase A contains 11 carboxyl groups r).

and 31 hydroxyl groups. If a minor contribution from the
four histidines is ignored, the labile hydrogens responsible
for the B dispersion must reside in these COOH and OH
groups. The rate constari, for acid-catalyzed hydrogen
exchange from OH groups in proteins should be on the order
of 1 x 10/ Mt st at 27°C (53, 59. At pH* 2, these
hydroxyl hydrogens should therefore be in the fast-exchange
limit, contributing fully to.. Allowing for a few OH groups
with smaller rate constants (two tyrosines are buried), we
takeN.y = 35 as an estimate for the native protein at pH*
2 and 27°C. With Ny = 14 140,wq. = 7.7 x 10 rad st
(55), and the valueg n (27 °C, pH* 2) = (4.0 + 0.2) x
10 s 2 andfy (27 °C, pH* 4) = (1.5 4+ 0.1) x 10 572
derived from the fits, eq 10 yield$ yS %> = 19+ 1 at pH*
2 and 7.0+ 0.2 at pH* 4. The former value corresponds to
Sn? = 0.55+ 0.03 as an average over 35 OH and COOH
groups. The nearly 3-fold reduction 8fy at pH* 4 is due
to deprotonation of six of the COOH groups| and to 100-
fold slower hydrogen exchange from the OH groups. The
effective number of rapidly exchanging hydrogeNsy =
7.0/0.55= 13, indicates that about one-third of the accessible
OH groups contribute t@ ~ at pH* 4 and 27°C. The
effective hydrogen exchange rakg,10 P, should then be
roughly half of the intrinsic relaxation ratejq 2Sn%tr = Vg = kg Trgly (11)
(7.7 x 10P)? x 0.41x (6.6 x 10°° =1.6x 10®s L. This
requires thak; ~ 0.8 x 10/ M~*s%, which is of the expected = For a smooth rigid sphere undergoing free rotational diffu-
order of magnitude53, 59. sion, Vs is simply the volume of the sphere. Figure 8 shows
The pronounced reduction gf on thermal denaturation  the temperature dependenceWsf The fitted curves, with
(see Figure 7) is direct evidence for enhanced internal Ty and AT fixed at the values derived from the CD data,
flexibility in the denatured protein. At pH* 2, the ratifp/ yield the hydrodynamic volume¥gsy andVsp, of the native
Pin = 0.09+ 0.02 obtained from the fit indicates that the and denatured states. (The 4 and °€5 points were not
mean-square order parameter forB® bonds in ca. 35 Asp,  included in the fit to the pH* 2 data.) While, at pH* 2, the
Glu, Ser, Thr, and Tyr residues drops from 0.55 to 0.05 on denaturation transition is clearly manifested as an increase
thermal denaturation. This large effect can probably be in Vs, the variation ofVs at pH* 4 is not significant.
attributed to local side-chain disorder, although more exten-  For the native protein, we obatvsy = 21.6 + 1.1 nn?¥
sive structural fluctuations may also contribute to the at pH* 2 and 27.6+ 1.0 nn? at pH* 4. The molecular
orientational averaging. At pH* 4, the effect is somewhat protein volume,Vp, is 16.2 nni according to the crystal
smaller,Sip/Bin = 0.244 0.09. If Sy?is the same as at  structure 23) or 16.0 nni according to the limiting partial
pH* 2, we obtaing p? = 0.13 for the G-H bonds in ca. 13  specific volume of RNase A in aqueous solution at°Z5
residues that contribute 1§ at pH* 4. Although nearly all (57). The common finding tha¥sy > Vp is often rational-
COOH and OH groups are solvent exposed in the native ized by invoking one or two layers of “bound” water. In
protein, denaturation should lead to somewhat faster hydro-view of the subnanosecond residence times of virtually all

gen exchange (largdg), making Nip > Ny at a given
temperature. Some carboxyKpshifts 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 tha®p? is
somewhat overestimated by takibgp = Nin.

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 th1 dispersion can there-
fore be identified with the rotational correlation tinag of
the protein (cf. eq 5). The rotational motion of the denatured
protein can thus be monitored by the dispersion, even in
the absence of long-lived water molecules.

The rotational correlation times derived from tHel
dispersions in Figure 3 are presented in Table 2. The
temperature dependence f is dominated by the 4-fold
variation of the solvent (ED) viscosity in the range 465
°C. To isolate the nontrivial temperature dependence, we
focus on the apparent hydrodynamic (Stokes) volume,
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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 roughne&s)(can probably account
for most of the discrepancy betwe®gy and Ve for dilute
protein solutions. For more concentrated solutions, pretein
protein interactions may also retard protein tumbling, thereby
increasing the apparent hydrodynamic volume. The sub-
stantial pH dependence bE\ suggests that this is the case
for RNase A at our protein concentration of 3.76 mM. With
the higher net chargeH18) 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 charget12). The nearly 30%
difference inVsy between pH* 2 and 4 could also reflect a
pH dependence of the native protein structure. This is
unlikely, however, sincé\sS is the same at pH* 2 and 4
(see Figure 4).

Since proteinr-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 \&f on thermal
denaturationZ5, 59 may thus be masked by a compensating
difference in proteir-protein interactions for the native and
denatured states. At pH* 2/sy is close to the expected
value and probably less affected by proteprotein interac-
tions. The fit in Figure 8 yield¥sp = 31.54+ 2.0 nn?, i.e.,
the relative expansion i¥sp/Vsy = 1.5 + 0.1. This is
significantly less than the valu¥gp/Vsy = 2.0, derived from
a time-domain dielectric relaxation study of the thermal
denaturation of RNase A at pH 2.6Q). The (collective)
translational diffusion coefficient measured by DLS for
thermal denaturation of RNase A at pH 2 yields Y@r/Vsn
1.22 (10 mM KCI) and 1.64 (150 mM KCI)p(). A more
recent DLS studyZ5), however, demonstrated large virial
effects at pH 2.5. At pH 4 (10 mM sodium acetate,’2)),
the DLS diffusion coefficient extrapolated to zero protein
concentration (to eliminate virial effects) yieldgu/Vsy =
2.6 £ 0.2, whereVg, refers to disulfide-intact RNase A in
6 M GdmCI @5). 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 Longiad Water Molecules At all
investigated temperatures and pH* values, the correlation
time 74 derived from the'’O dispersions is significantly
shorter than the rotational correlation timgdeduced from
the labile-hydrogen contribution to thél dispersion (see
Tables 1 and 2). Although such differences have been
observed for several other proteiri®), the effect is much
larger for RNase A. The finding thag < 7 indicates that
the water residence timgy is not much longer thamg, cf.
eq 5. Thisisindeed expected for RNase A, where the water
molecules responsible for tH€O dispersion are located in
surface pockets rather than in internal cavities (see Figure
5). The water residence times computed from eq 5 wjth
andrg data from Tables 1 and 2 are shown in the Arrhenius
plot of Figure 9. Of coursegyw can only be determined at
temperatures where the population of the native state is
sufficient to produce a significant’O dispersion. No
systematic difference imy is seen between pH* 2 and 4,
consistent with the indication from tHéO j value that the
native protein structure is invariant in this pH range.
Consequently, all 18y values in Figure 9 were included in
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Ficure 9: Temperature dependence of the water residence time,
7w, derived from thé’O and?H correlation times according to eq

5. The line resulted from an Arrhenius fit including data at pH*
2.0 @®) and pH* 4.0 O).

35 36 37

the fit, yieldingzw = 7.6 + 1.3 ns at 27C and an activation
enthalpy of 43+ 10 kJ mof®. This is comparable to the
activation enthalpy of 52 3 kJ mol™ recently determined
for exchange of the ordered water molecules in the minor
groove of several DNA dodecamer duplex@q)( but, as
expected, much smaller than the 206 kJ mol* obtained

for the exchange of a deeply buried water molecule in BPTI
(62).

CONCLUSIONS

The present work demonstrates that #®”H NMRD
method, previously used to study the hydration and dynamics
of native biomoleculesl@, 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
10 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 alO 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 ol
The current understanding of the determinants of water
exchange rated 0) 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 th&€O 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 6 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
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coincides with the disruption of the native secondary and 20.
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- 25
tional order paramete® of O—H bonds in side chains at
the surface of RNase A is strongly reduced on thermal 26.

22.

23.
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Santoro, J., Gonzalez, C., Bruix, M., Neira, J. L., Nieto, J. L.,
Herranz, J., and Rico, M. (1993) Mol. Biol. 229 722-734.
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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 denatureah i6 M GdmCI (260%). While

we cannot claim quantitative accuracy regarding solvent 35

exposure (the dynamic retardation factermay differ

between native and denatured states) and hydrodynamic 33.

volume (protein-protein interactions may affeek differ-
ently in native and denatured states), the results andrr

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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