J. Mol. Biol. (1995) 245, 682-697

JMB

Protein Hydration Dynamics in Aqueous Solution:
A Comparison of Bovine Pancreatic Trypsin
Inhibitor and Ubiquitin by Oxygen-17 Spin
Relaxation Dispersion

Vladimir P. Denisov* and Bertil Halle

Condensed Matter Magnetic
Resonance Group, Chemical
Center, Lund University
PO. Box 124, S-22100 Lund
Sweden

*Corresponding author

Water oxygen-17 spin relaxation was used to study hydration and dynamics
of the globular proteins bovine pancreatic trypsin inhibitor (BPTI) and
ubiquitin in aqueous solution. The frequency dispersion of the longitudinal
and transverse relaxation rates was measured over the Larmor frequency
range 2.6 to 49 MHz in the pD range 2 to 11 at 27°C. While the
protein-induced relaxation enhancement was similar for the two proteins at
high frequencies, it was an order of magnitude smaller for ubiquitin than for
BPTI at low frequencies. This difference was ascribed to the abscence, in
ubiquitin, of highly ordered internal water molecules, which are known to
be present in BPTI and in most other globular proteins. These observations
demonstrate that the water relaxation dispersion in protein solutions is
essentially due to a few structural water molecules buried within the protein
matrix, but exchanging rapidly with the external water. The relaxation data
indicate that the internal water molecules of BPTI exchange with bulk water
on the time-scale 107 to 107 second thus lowering the recently reported
upper bound on the residence time of these internal water molecules by four
orders of magnitude, and implying that local unfolding occurs on the
submicrosecond time-scale. The water molecules residing at the surface of
the two proteins were found to be highly mobile, with an average rotational
correlation time of approximately 20 picoseconds. For both proteins, the
oxygen-17 relaxation depended only very weakly on pD, showing that ionic
residues do not perturb hydration water dynamics more than other surface
residues. We believe that the present results resolve the long-standing
controversy regarding the mechanism behind the spin relaxation dispersion
of water nuclei in protein solutions, thus establishing oxygen-17 relaxation
as a powerful tool for studies of structurally and functionally important
water molecules in proteins and other biomolecules.
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Introduction

enzyme catalysis, and supramolecular recognition
and assembly (Kuntz & Kauzmann, 1974; Finney,

The water-protein interaction has long been
recognized as a major determinant of chain folding,
conformational stability, and internal dynamics of
globular proteins, and as an important modulator of
the interactions that govern substrate binding,
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1979; Edsall & McKenzie, 1983; Baker & Hubbard,
1984; Rupley & Careri, 1991). Despite a massive
effort to quantify the water-protein interaction and
its dynamic consequences, mainly by means of X-ray
and neutron diffraction (Finney, 1979; Edsall &
McKenzie, 1983; Baker & Hubbard, 1984; Kossiakoff,
1985; Rashin et al., 1986; Saenger, 1987; Thanki et al.,
1988, 1991; Teeter, 1991; Sreenivasan & Axelsen,
1992; Kuhn et al., 1992; Meyer, 1992), nuclear spin
relaxation dispersion (Koenig, 1980; Halle et al., 1981;
Piculell & Halle, 1986; Schauer et al., 1988; Bryant,
1988; Hills et al., 1989; Kimmich et al., 1990; Koenig
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& Brown, 1991; Hills, 1992; Belton, 1994), high-
resolution multi-dimensional NMR spectroscopy
(Otting & Withrich, 1989; Clore et al., 1990; Otting
et al., 1991a; Forman-Kay et al., 1991, Clore &
Gronenborn, 1992; Xu et al., 1993; Grzesiek et al.,
1994), and computer simulation (Teeter, 1991; van
Gunsteren & Mark, 1992; Daggett & Levitt, 1993),
a general consensus about all aspects of the water-
protein interaction has still not emerged.

To fully understand the structural and functional
roles of protein-associated water molecules, the static
structural view provided by high-resolution crystal-
lography should be supplemented with dynamic
information. In other words one needs to know, not
only the spatial distribution, but also the residence
times and local fluctuations of protein-associated
water molecules. Although such dynamic infor-
mation is contained in the nuclear spin relaxation
dispersion of the water nuclei 'H, ?H, and O, the
interpretation of such data has proved to be
non-trivial.

The 'H dispersion is complicated by cross-relax-
ation between protein and water protons (Edzes &
Samulski, 1978; Koenig et al., 1978; Hills, 1992), and
both 'H and ?H relaxation are affected by hydrogen
exchange between water and protein (Picullel &
Halle, 1986; Hills et al., 1989; Hills, 1992; Denisov &
Halle, 1995).Eventhe’Orelaxationdispersion,which
does not suffer from these complications, cannot, by
itself, provide a unique, model-independent picture
of protein hydration. In particular, it does not appear
possible, solely on the basis of relaxation dispersion
data, to determine both the number of perturbed
water molecules and the degree of this perturbation
(relative to bulk water).

It has long been recognized that the observed
relaxation dispersion from protein solutions can be
produced by either a small number (typically, one to
ten) of highly orientationally ordered water molecules
or by several hundred weakly ordered water
molecules. In connection with previous 'O relaxation
studies, two weighty arguments were advanced in
favor of a relaxation dispersion induced by a weakly
ordered hydration layer (Halle et al., 1981; Piculell &
Halle, 1986; Halle & Piculell, 1986). First, the
normalized relaxation dispersion step did not vary
much among the half-dozen proteins examined,
contrary to what would be expected if the dispersion
was due to a small number of highly ordered water
molecules in specific binding sites. Second, for a
reasonable extent of hydration (one to two molecular
layers), the dispersion data yielded an (average)
order parameter of similar magnitude as found in
amphiphile-water and other model systems. This
interpretation required, however, that hundreds of
water molecules at the protein surface have residence
times longer than the rotational correlation time of the
protein (typically, 10®second). This prediction has not
been confirmed by subsequent computer simulation
studies (Ahlstrom et al., 1988; Brunne et al., 1993),
although these are subject to their own methodologi-
cal limitations. Furthermore, high-resolution multi-
dimensional'H NMR studiesofseveral small proteins

(Otting & Wauthrich, 1989; Clore et al., 1990; Clore &
Gronenborn, 1992; Xu etal ., 1993) have so far detected
only surface water molecules with residence times in
the subnanosecond range. Finally, 2H and YO spin
relaxation studies of water at the interface of
amphiphilic aggregates do not show the relaxation
dispersion expected for long (>10-8 second) water
residence times (Carlstrom & Halle, 1989).

With the aim of resolving the interpretational
ambiguity, we report here the results of an extensive
Y0 relaxation dispersion study of the two proteins
bovine pancreatic trypsin inhibitor (BPTI) and
ubiquitin. Coveringthe Larmor frequency range2.6to
49 MHz, the present data constitute the first essen-
tially complete 'O relaxation dispersion reported for
any system. Although the investigated proteins, with
58 and 76 residues, respectively, are both compactly
folded and have similar surface properties (Kuhnetal.,
1992), they differ in one important respect: BPTI has
four internal water molecules (Deisenhofer &
Steigemann, 1975; Wlodawer et al., 1984, 1987a,b;
Otting & Wuthrich, 1989) while ubiquitin has none
(Vijay-Kumar et al., 1987). We find that the O
relaxation dispersions from these proteins are
radically different, strongly suggesting that the
dispersion is due to internal water molecules. This
conclusion is further supported by a quantitative
analysis of the relaxation data, which also shows that
the local unfolding of the dominant protein
conformation required for exchange of these buried
water molecules with the external water takes place on
a submicrosecond time-scale. This result lowers the
most recent (Otting et al., 1991b) upper bound for the
residence time of internal water molecules in BPTI by
four orders of magnitude.

With the interpretational ambiguity resolved, the
Y0 relaxation method can now be used with some
confidence to obtain detailed information about the
dynamics and ordering of structurally and function-
ally importantwater molecules in various biomolecu-
lar systems.

In the accompanying paper (Denisov & Halle,
1995), we report the 2H relaxation dispersion from the
same BPTI and ubiquitin solutions as studied here. In
contrast to the O dispersion reported here, the *H
dispersion is strongly pD-dependent. By analyzing
this pD dependence we are able, for the first time, to
quantify the controversial contribution to the °H
relaxation from labile protein hydrogen atoms
exchanging with the water hydrogen atoms.

Results and Discussion

Oxygen-17 spin relaxation of water in protein
solutions

In aqueous protein solutions the longitudinal (R;)
and transverse (R,) spin relaxation rates of the
guadrupolar O nucleus in water are generally
found to exceed the bulk water relaxation rate (Roui).
In contrast to the bulk water relaxation, the protein-
induced excess relaxation exhibits a frequency
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Figure 1. Theoretical relaxation dispersion of water YO
nuclei in a protein solution, as predicted by equations
(1) and (2) with the parameters «, ff, and . taken from
Figure 2 and with y =0.

dependence in the 0.1 to 100 MHz range (depending
on protein size) of Larmor frequencies. This
relaxation dispersion directly demonstrates that at
least some of the water molecules in the protein
solution experience slow rotational motion with a
correlation time (typically of order 10°® second)
inversely related to the characteristic frequency
(inflection point) of the dispersion. Furthermore, a
substantial relaxation excess remains well above the
dispersion frequency (up to the highest experimen-
tally accessible YO frequency of approximately
100 MHz), demonstrating that some of the water
molecules also experience a protein-perturbed
rotational motion on a subnanosecond time-scale.
The simplest conceivable expressions for the relax-
ation rates that are compatible with these general
experimental observations and with the well-estab-
lished theory of quadrupolar spin relaxation
(Abragam, 1961; Halle & Wennerstrom, 1981b) are:

Ri(wo) = Rou + o + frcFi(wote), (1a)
R2(wo) = Rouk + o + PrcFa(wote) + 7y, (1b)

with the dispersion functions:
02 , 08

F00= ot (2a)
_ 05 . 0.2
Fax) =03+ =24 22 (2b)

The significance of the parameters o, f, and t. is
illustrated in Figure 1. The fourth parameter, 7,
accounts for the frequency-independent contribution
to R, from scalar relaxation of the first kind
(Abragam, 1961), induced by exchange modulation
of the electron-mediated coupling between the O
and *H nuclear spins in a water molecule (Meiboom,
1961; Halle & Karlstrom, 1983).

The dispersion functions in equation (2) are
strictly valid only if the slow rotational motion can
be described by an exponentially decaying time
correlation function, as is the case for rotational
diffusion of an effectively spherical protein; a
non-spherical protein shape tends to stretch out the
dispersion over a broader frequency range. This
effect can be accounted for by replacing equations (1)
and (2) with the corresponding expressions for
rotational diffusion of a symmetric top (Woessner,
1962). This more general description involves,
besides the previous parameters, also the ratio
D,/D. of the spinning and tumbling rotational
diffusion coefficients (z. is now defined as 1/(6D,))
and the angle 0, between the principal axis of the
rotational diffusion tensor and the 'O electric field
gradient principal axis (normal to the plane of the
water molecule) for all water molecules that
contribute to the relaxation dispersion. As shown in
Protein rotational diffusion, below, however, the
hydrodynamic shapes of BPTI and ubiquitin are not
sufficiently anisometric to produce significant
deviations from the simple dispersion form of
equations (1) and (2).

Since the observed relaxation rates represent
averages over all water molecules that exchange
rapidly with the bulk water, the interpretation of the
parameters « and (5 is highly model-dependent. Each
of these parameters involves a product of the number
of water molecules that are perturbed by the protein
and a factor that measures the degree of this
perturbation (relative to bulk water). On a molecular
scale, a protein solution is a highly heterogeneous
system where a water molecule samples many
different local environments on the spin relaxation
time-scale. If the exchange of water nuclei between
these environments is fast compared to the
difference of the corresponding intrinsic spin
relaxation rates, we can express the observed
relaxation rates as population weighted averages of
the intrinsic rates:

Ri(@o) = (1 = f)Rpui + F{Rp(m0)), (K =1,2), (3)

where (... ) represents an average over the fraction
f of perturbed water molecules with intrinsic
relaxation rates Rec(wo). (The separation of the water
molecules into a bulk phase and a perturbed phase
is meaningful only if the spatial range of the
perturbation is short.)

To bring equation (3) into the same form as
equation (1), which is known to describe the
experimental data, we explicitly separate the
frequency-independent and frequency-dependent
parts of the second term in equation (3), which refers
to protein-associated (non-bulk) water:

Ri(@o) = (1 = Fs = fi )Roui + fs(Rs) + fi{Ri(wo) ), (4)

where the choice of the subscripts | and S anticipates
our interpretation of these terms as arising,
respectively, from long-lived internal water mol-
ecules (1) and mobile water molecules residing at the
protein surface (S). It should be noted, however, that
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the form of equation (4) does not force us to adopt this
interpretation. We assume that the intrinsic relax-
ation rate Rs is independent of frequency in the
investigated range and, therefore, contributes
equally to R; and R,. In practice, this means that the
effective correlation time associated with Rs is
significantly shorter than one nanosecond. Further-
more, we identify the correlation time 7, associated
with <{Ri(mwo)> with the (second-rank) rotational
correlation time 1z of the (effectively spherical)
protein molecule. If all water molecules that
contribute to this term have residence times much
longer then tz, we can write:

{Ri(@0)> = (R F(wotr), ®)

with R, =Ry(0). Comparing equation (1) with
equations (4) and (5), we can now express the
experimentally accessible parameters « and f as:

o = fs{Rs) = (fs + fi)Rou, (6a)
B =1<{R>/ 1. (6b)

Next we consider the nature of the intrinsic
(zero-frequency) relaxation rates Rsand R,. A general
theoretical framework for spin relaxation of water
nuclei in heterogeneous systems with locally
anisotropic environments has been developed (Halle
& Wennerstrom, 1981a). (This essentially model-
independent description is equally applicable to the
relaxation of *C or *N nuclei in the protein and, in
this context, it has been popularized by Lipari &
Szabo (1982)). The usefulness of this theoretical
framework derives from its ability to rigorously
describe the effect of internal motions (in the present
context, restricted reorientation of water molecules
with respect to the protein molecule) without the
need to model these motions in detail. This is
accomplished by introducing a generalized order
parameter A (Halle & Wennerstrom, 1981a),
sometimes referred to as the residual anisotropy;
which is essentially a measure of the orientational
ordering of water molecules relative to the protein. If
the internal motions are much faster than the global
motions, the intrinsic zero-frequency relaxation rate
can be decomposed into two independent terms of
the form (Halle &Wennerstrom, 1981a):

R|,s oC (1 + % 7’[2 - AZ) Trast T AzTSlOWl (7)

where 5 is the asymmetry parameter of the electric
field gradient tensor, .y is the effective correlation
time for the internal motions, and 7Ty =
1/(1/ 1 + 1/71R:), With 7.5 the mean residence time
of the protein-associated water molecules and 1 the
rotational correlation time of the protein molecule.
Typically, te~10ps and tr~10ns. For highly
ordered (Ax1) water molecules the intrinsic
relaxation rate is completely dominated by the
second term in equation (7), unless 1. < t&; even for
very weakly ordered (A «1) water molecules this
term can make a substantial contribution provided
that the residence time is long (tres = 1r).

The BPTI solutions investigated here contain 2600
water molecules per protein molecule. Of these,

approximately 250 are in contact with the protein
surface (Levitt & Sharon, 1988), while four are buried
inside the protein. If the three terms of equation (4)
are associated with these three classes of water
molecules, we thus have f; «fs « 1. If the few internal
water molecules are to contribute significantly to the
relaxation, they must be highly ordered (A ~ 1) and
long-lived (tws>1r), as indeed expected for such
water molecules. The second term in equation (7)
then completely dominates R,, which can be written
as R, =(127°/125) A#yitr (Halle & Wennerstrém,
1981a), and the experimental parameters in equation
(6) become:

o = fs({Rs> = Roui), (82)
p=22C 0 A, (8b)

with y, the quadrupole coupling constant of the YO
nucleus in an internal water molecule.

An alternative interpretation of the parameter f is
possible (Halle et al., 1981; Piculell & Halle, 1986;
Halle & Piculell, 1986). If all protein-associated water
molecules, including any rapidly exchanging in-
ternal water molecules are weakly ordered (A «1),
then f is essentially due to the more numerous
surface water molecules. This requires, however, that
all these surface water molecules are long-lived
(tres = tr); Otherwise the relaxation dispersion cannot
be accounted for. In this picture, the parameter f,
given by equation (8b) with the I subscripts replaced
by S, thus reflects the slow component (second term
of equation (7)) of the reorientational motion (with
respect to a laboratory-fixed frame) of the same
surface water molecules whose fast internal motions
(first term of equation (7)) is responsible for the
parameter o in equation (8a). In the following, we
present experimental data that allow us to
discriminate between these alternative interpret-
ations.

Relaxation dispersion in BPTI and ubiquitin
solutions

The O relaxation dispersions in solutions of BPTI
and ubiquitin at pD 3.4 are shown in Figures 2 and
3. The parameters «, 8, y and z. in equations (1) and
(2) were determined from non-linear least-squares
fits to these data. In the case of ubiquitin, where the
Y0 dispersion is very weak, the correlation time z.
was obtained from the much stronger 2H dispersion
measured on the same sample (Denisov & Halle,
1995). The curves shown in Figures 2 and 3 resulted
from a simultaneous fit to the R, and R, data.
Inclusion of R, data in the fit does not significantly
alter the parameter values obtained from only the R,
data. However, the R, data exclude possible
systematic errors in the determination of the
low-frequency R; plateau (and, hence, ). The
transverse relaxation rate R, is affected, via the first
term in equation (2b), by slow motions, whereas the
longitudinal relaxation rate R; is unaffected by
motions on time-scales much longer than 1/w,.
Although our relaxation data only extend down to
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Figure 2. Water O relaxation dispersion in a BPTI
solution (10.4% (w/w), pD 3.40, 27°C). The continuous
curves resulted from a fit of the parameters o, 8, y and .
in equations (1) and (2) to the 15 data points. The estimated
error bars are the same size as the data symbols. For
comparison, the YO R; dispersion in a ubiquitin solution
(from Figure 3) is also shown. The barely visible broken
curves resulted from a fit to the BPTI data taking the
non-spherical shape of the protein into account (see Results
and Discussion, Protein rotational diffusion).

2.6 MHz, we can thus be confident that the observed
levelling off of R, at low frequencies defines the
zero-frequency plateau, because only on this plateau
is Ry = R,. With only R; data available, one cannot
exclude the possibility of a further dispersion step at

Ubiquitin
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Figure 3. Water 'O relaxation dispersion in a ubiquitin
solution (10.2% (w/w), pD 3.35, 27°C). Note the difference
in scale from Figure 2. The continuous curves resulted
from a fit of the parameters «, 8, and y in equation (1) to
the 15 data points, with the correlation time 7. taken from
the ?H dispersion (Denisov & Halle, 1995). The estimated
experimental uncertainty is +0.5% for all data points (see
error bar).
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Figure 4. pD dependence of the high-frequency
dispersion parameter «, derived from the O relaxation
dispersion in BPTI and ubiquitin solutions.

lower frequencies which would affect the interpret-
ation of . The small difference y = R,(0) — R:(0)
represents a frequency-independent contribution to
R, from scalar relaxation (see Oxygen-17 spin
relaxation of water in protein solutions, above). The
pD dependence of y is qualitatively similar to that of
scalar YO relaxation in bulk ?H,O (Halle &
Karlstrom, 1983). At the lowest and highest
investigated pD values, deuteron exchange among
water molecules should be sufficiently fast that the
scalar relaxation contribution to R, is negligible. For
consistency, however, the y parameter was included
in the fits at all pD values. If we postulate thaty =0
for the pD 3.4 data in Figure 2, the remaining
parameters «, 5 and . are changed by 2, 3, and 4%,
respectively.

The principal result of the present work is
apparent from Figure 2, showing that a protein that
is known to be free from internal water yields only
atiny relaxation dispersion. Due to the high accuracy
of our YO relaxation data, however, even this small
relaxation step can be clearly established (see
Figure 3). The quantitative interpretation of the
dispersion amplitudes for BPTI and ubiquitin is
deferred until Internal water, below.

pD dependence of o« and §

Figures 4 and 5 show the variation with pD of «
and g, derived from O relaxation dispersions (like
those shown in Figures 2 and 3) in solutions of BPTI
and ubiquitin of different pD values. In the
investigated pD range the net charge of the BPTI
molecule varies from +11 to -1, while the number
of charged residues increases from 11 at pD 2 to 16
or 17 at pD > 5. For ubiquitin, the net charge varies
from +13 to approximately —3 and the number of
charged residues from 13 at pD 2 to approximately
24 at pD > 6. Evidently the water-protein interaction,
i.e. the number of perturbed water molecules and
their orientational order and reorientational rate,
does not depend crucially on the protonation state of
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Figure 5. pD dependence of the low-frequency
dispersion parameter f, derived from the O relaxation
dispersion in BPTI and ubiquitin solutions.

the acidic amino acid side-chains. For BPTI, the
minor variations in « and f seen below pD 4 and
above pD 9 may reflect the disruption of the salt
bridge between the C and N terminii and the
consequent enhancement of conformational fluctu-
ations (Brown et al., 1978).

Protein rotational diffusion

Figure 6 shows the variation with pD of the
correlation time 1, derived from the YO or, for
ubiquitin, the ?H relaxation dispersion fits. Our
values at 27°C, t. = 7.1(£0.3) ns for 19 mM BPTI at
pD 4.7 and 7, = 7.8(+0.3) ns for 14 mM ubiquitin at
pD 4.6, may be compared with the values (scaled to
our temperature and solvent viscosity assuming . oc
n/T). 1.=3.1(+0.8) ns for 5mM BPTI at pH 4.6
(Szyperski et al., 1993) and 7.=4.3ns for 2mM
ubiquitin at pH 5.0 (Schneider et al., 1992), both
obtained from N relaxation, and t.=5.5ns for
25 mM BPTI at pD 4.5, obtained from **C relaxation

15 T T T T T T T T T
10[ Ubiquitin ]
—~ B ‘ i‘
&l Y o
- S TSR e 2
& 3 % T {’
S BPTI 7
0 1 1 1 1 Il 1 Il 1 1
1 3 5 7 9 11
pD

Figure 6. pD dependence of the correlation time .,
derived from the O (BPTI) or ?H (ubiquitin) relaxation
dispersions in BPTI and ubiquitin solutions.

(Richarzetal., 1980). We identify . with the rotational
correlation time tz of the protein and ascribe the
concentration-dependent increase of 7z to protein-
protein interactions. The mean surface-to-surface
separation between adjacent protein molecules is 20
to 25 A in our solutions. The weak pD dependence
seen in Figure 6 may reflect variations in the
electrostatic component of the protein-protein
interaction, as well as minor conformational changes
accompanying pD-induced disruption of salt
bridges.

As noted in Oxygen-17 spin relaxation of water in
protein solutions, above, the dispersion functions in
equation (2) are strictly valid only if the protein
reorients as a spherical top. Although the O
relaxation data in Figures 2 and 3 are apparently well
described by equations (1) and (2), it is conceivable
that the parameters «, 8, and . obtained from the fits
are affected by the non-spherical protein shape. To
assess this potential source of systematic error we
analyzed the data in terms of the generalization of
equations (1) and (2) to the case of rotational
diffusion of a symmetric top (Woessner, 1962). The
angle 60, between the YO electric field gradient
principal axis and the principal axis of the rotational
diffusion tensor must then be specified for each of the
internal water molecules which contribute to the
BPTI dispersion (see Internal water, below). The
hydrodynamic shape of the BPTI molecule can be
approximated as a prolate spheroid of axial ratio 1.75,
corresponding to D;/D, =1.61 (Woessner, 1962).
(Ubiquitin is less anisometric with an axial ratio of
approximately 1.2, excluding the flexible chain
segment at the C terminus.) Using the known 06,
values, given in Table 1, and D;/D, = 1.61, we find
that the fit to the BPTI data is virtually
indistinguishable from the spherical-top fit (see the
broken and continuous curves in Figure 2). The
parameters ¢ and f§ from the two fits agree to within
2%.

Surface water

The high-frequency parameter o, shown in
Figure 4, depends on the number of perturbed
water molecules at the protein surface as well
as on the rotational dynamics of these water
molecules. Expressing the surface water fraction as
s = NsMww/[M;(1 —w)], we obtain from equation
(8a):

<Rs> _ _ O{Mp(l _W)

NS< Rouik 1 >_ RouxMww ©)
with Ns the number of perturbed surface water
molecules per protein molecule, w the protein mass
fraction, and M, and My, the molar mass of protein
and water (see Materials and Methods, Protein
solutions). Since the protein surface is not expected
to affect the O quadrupole coupling constant
much (Halle & Wennerstréom, 198la; Cummins
et al., 1985), the ratio {Rs>/Ru.k can be interpreted
as the ratio s/t Of the (average) effective
rotational correlation time for surface water
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Table 1
Hydrogen bonds involving completely or partly buried water molecules in BPTI and ubiquitin
Water Partner Rox (A) Rix (A) Bonx (deg.) 6i (deg.)t APV (A)E
5PTI-W122 Thrll CO 2.76 1.77 175 64 0.42
Cys38 CO 2.77 2.03 131
Cysl14 NH 3.12 2.18 160
Cys38 NH 3.19 2.22 162
5PTI-W113 w112 2.64 1.66 168 82 0.40
Tyr10 CO 2.88 1.93 176
Asnd4 NH, 2.90 1.89 169
Lys41 NH 3.05 2.06 165
5PTI-W112 w113 2.64 1.66 168 104 0.48
Asn43 CO 2.77 1.84 163
w111 2.89 2.03 153
Tyr10 NH 2.92 2.01 151
5PTI-W111 Glu7 CO; 2.60 1.74 147 95 0.65
Pro8 CO 2.69 1.88 142
w112 2.89 2.03 153
1UBQ-W28 Leu50 CO 2.76 0.33
Leu43 NH 291
Lys27 NH; 3.36

Data were obtained from files 5PTI and 1UBQ in the Protein Data Bank.

T Angle between the principal axes of the O electric field gradient and protein rotational diffusion tensors, the latter being
parallel to the line connecting the C* atom of Gly36 with the C# atom of Tyr23 in BPTI.

T Root-mean-square positional fluctuation of water oxygen, calculated from the crystallographic temperature factor B as

(Ary2 = (3B/8r%)2,

molecules to the rotational correlation time of bulk
water (approximately 3 ps in ?H,O at 27°C).

Figure 7 shows the quantity Ns ({Rs>/Rpux — 1) as
a function of pD for BPTI and ubiquitin. Although
we cannot rigorously separate the two factors in this
composite quantity; it is instructive to estimate the
dynamic perturbation s/t With a reasonable
value for Ns. According to a molecular dynamics
simulation of BPTI, 231 water molecules are either
within 3.2 A of a polar protein atom (O or N) or
within 4.5 A of a non-polar protein atom (Levitt &
Sharon, 1988). With Ns = 231 we obtain from the data
in Figure 7 1/t =6.2 for BPTI (at pD 4.7).
Assuming that N; scales as M%* we obtain, in the
same way; s/ ok = 5.5 for ubiquitin (at pD 4.6).

Since hydrogen bond disruption should be rate
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Figure 7. pD dependence of the composite quantity
Ns[{(Rs>/Ruux — 1], obtained from the high-frequency
dispersion parameter « in Figure 4.

limiting for rotation as well as for translation of water
molecules, these processes should take place on the
same time-scale. (This is indeed the case in bulk
water, where a water molecule on average rotates
through one radian in the same time as it translates
one diameter.) The ratio ts/7,ux Should therefore not
differ much from the corresponding mean residence
time ratio t5* /1. The latter quantity was calculated
in a recent simulation of BPTI at 4°C (Brunne et al.,
1993); an average over all surface water molecules
gave 1/ 1 ~ 3. Bearing in mind that our estimate
of Ns is somewhat arbitrary, and that the
protein-water pair potentials used in simulations are
of uncertain quality (Smith & van Gunsteren, 1994),
the agreement is reassuring.

The X-ray and neutron structure of crystal form Il
of BPTI includes 59 water molecules, besides the four
internal ones. About 20 of these reside at fully
occupied sites and a few make the same hydrogen
bonds in all three crystal forms (Wlodawer et al.,
1987a). In the recent high-resolution *H NMR study
of BPTI in solution (Otting & Wuthrich, 1989; Otting
etal., 1991a), NOEs from some 20 to 30 surface water
molecules were observed. Among the conserved
external waters in the crystal, only W129 and W143
could be observed in solution. All surface water
molecules seen in the NMR study, including W129
and W143, appeared to have residence times shorter
than 0.5 nanosecond (at 4°C). The deduction of a
residence time from the intensity of a cross-relax-
ation peak is somewhat model-dependent; in
particular, neglect of internal mobility can lead to
a substantial underestimate of ... Due to the
qualitatively different effect of internal motion on the
intermolecular 'H cross-relaxation between water
and protein protons and on the intramolecular O
relaxation of water, results from the two methods are
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not directly comparable. Although both *H and O
results are consistent with a short-lived (subnanosec-
ond) surface hydration layer, neither experiment can
rule out the existence of a small number of long-lived
(>one nanosecond) surface water molecules, pro-
vided that they are weakly ordered (A «1). This
possibility seems rather unlikely, howevwer, since it is
the well-ordered water molecules that are expected
to have long residence times.

Since the quantity shown in Figure 7 represents an
average over some 250 water molecules, it is not
surprising that titration of the few carboxyl groups
(5 in BPTI and 12 in ubiquitin) in the pD range 2
to 6 has little effect. The absence of a strong pD
dependence in Figure 7 is also consistent with the
simulation result that water molecules near charged
residues do not have longer residence times than
other surface water molecules (Brunne et al., 1993).

Although consistent with high-resolution ‘H NMR
and molecular dynamics simulations, our results for
the dynamics of surface water are clearly at variance
with the picture emerging from the dielectric
relaxation studies. For myoglobin it was concluded
that half of the (several hundred) surface water
molecules have s/t &~ 5 (in agreement with our
results), while the other half have s/t =~ 1200
(Pethig, 1992). More recently, dielectric relaxation
data from ten globular proteins were interpreted in
terms of 50 to 250 surface water molecules per
protein with an average ts/oux Value in the range 160
to 325 (Miura et al., 1994).

Internal water

Finally we consider the parameter f (see Figure 5),
which is proportional to either the small number (N,)
of highly ordered internal water molecules or the
much larger number (Ns) of weakly ordered surface
water molecules, and to the square of the generalized
order parameter (A, or As). To discriminate between
these alternative interpretations, it is helpful to focus
on the ratio f/«.

According to equations (8), if f is due to surface
water molecules, then:

p_12m* (ALxE)

%~ 125 RS - Ror” (10a)

Since both (A%x3> and <(Rs) are averaged over a
large number (Ns ~ 250) of surface water molecules,
the ratio 5/« should not vary much among different
globular proteins. In particular, the structurally
similar proteins BPTI and ubiquitin should yield
nearly the same value for f/« if § is due to surface
water molecules. As seen from Figure 8, however,
/0o is an order of magnitude larger for BPTI than for
ubiquitin.

If, on the other hand, f is due to internal water
molecules, then equation (8) yields:

B_12r* <(Atzi> N
o~ 125 (Rs)» = Rou Ns’

(10b)

Since the number (N,) of internal water molecules
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Figure 8. pD dependence of the ratio ff/a of the
dispersion parameters, derived from the YO relaxation
dispersion in BPTI and ubiquitin solutions. The large
values for BPTI are due to internal water molecules.

shows large (relative) variations (not directly
correlated with Ns or surface area) among different
proteins (Finney, 1979; Edsall & McKenzie, 1983;
Baker & Hubbard, 1984; Rashin et al., 1986; Meyer,
1992), we expect a correspondingly large variation of
the ratio f/«. In particular, f/o should be much
larger for BPTI, which contains four buried water
molecules in all three investigated crystal forms
(Deisenhofer & Steigemann, 1975; Wlodawer et al.,
1984, 1987a,b) as well as in solution (Otting &
Wiuthrich, 1989; Otting et al., 1991a), than for
ubiquitin, the crystal structure of which does not
reveal any internal water molecules (Vijay-Kumar
etal., 1987). In the light of this structural information,
the data of Figure 8 strongly suggest that the
observed YO relaxation dispersion is due to internal
water molecules. In fact, this is evident already from
the dramatic difference between the O dispersions
from BPTI and ubiquitin (see Figure 2).

To quantitatively interpret the parameter f we
need to examine the local environment of the buried
water molecules. Figures 9 to 11 show the location
and hydrogen bonding of the four internal water
molecules of BPTI in crystal form Il (Wlodawer et al.,
1984). (The solution structure of BPTI is nearly
identical to the crystal structure (Berndtet al., 1992).)
The hydrogen bond geometries for these internal
water molecules are summarized in Table 1. One of
the four internal water molecules, denoted W122, is
completely buried in a very small cavity near the
Cysl14-Cys38 disulfide bond. The remaining three
internal water molecules, denoted W111 to W113,
form a hydrogen-bonded chain occupying a
pore-like cavity with W111 at its mouth and W113
most deeply buried (approximately 7 A away from
W122). The water molecules W122, W113, and W112
each participate in four strong hydrogen bonds to
backbone polar atoms or to each other (and W111).
As isevident from Figures 10 and 11, and Table 1, the
hydrogen bond environments of these internal water
molecules resemble that in hexagonal ice, with
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Figure 9. Location of the 4 internal water molecules in BPTI (Wlodawer et al., 1987a; Protein Data Bank, file 5PTI). The
dot surfaces of the water molecules correspond to 50% of the van der Waals radii.

hydrogen bond lengths not very different from the ice
Ih value of 2.76 A (Kuhs & Lehmann, 1983) and a
roughly tetrahedral coordination. W111 participates
in three strong hydrogen bonds, one of which
involves the side-chain of Glu7. The crystallographic
temperature factors (B) of the internal water
molecules in BPTI (see Table 1) demonstrate a high
degree of positional order, comparable with the
main-chain atoms.

Figure 10. Hydrogen bonding of the internal water
molecule W122 in BPTI (Wlodawer et al., 1987a; protein
Data Bank, file 5PTI). Only hydrogen atoms that
participate in hydrogen bonds are shown.

In ubiquitin an exceptionally high fraction (87%) of
the main chain is involved in hydrogen-bonded
secondary structure and there are no deeply buried
water molecules (Vijay-Kumar et al., 1987). However,
examination of the crystal structure reveals one water
molecule, denoted W28, residing in a surface cleft
and forming two strong hydrogen bonds to the
main chain and a weaker one involving the
side-chain of Lys27 (see Figures 12 and 13, and

O Glu7

Figure 11. Hydrogen bonding of the internal water
molecules W111 to W113 in BPTI (Wlodawer et al., 1987a;
Protein Data Bank, file 5PTI). Only hydrogen atoms that
participate in hydrogen bonds are shown.
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Figure 12. Location of the partly buried water molecule W28 in ubiquitin (Vijay-Kumar et al., 1987; Protein Data Bank,
file 1UBQ). The dot surface of the water oxygen atom corresponds to 50% of the van der Waals radius.

Table 1). The amine nitrogen of Lys27 is also engaged
in a hydrogen bond to the carbonyl oxygen of GIn41
(3.2 A) and a salt bridge to one of the carboxylate
oxygen atoms of Asp52 (2.9 A). In both BPTI and
ubiquitin, the water molecules described here extend
the intramolecularly hydrogen-bonded secondary
structure and thus stabilize the tertiary structure.

The product N,{(A?> can be obtained from
equation (8b) and the experimental  values in Figure
5 as:

125 fMe(1 - w)

Ni(AZY = :
A= o > Maw

(11)

Lys27

Figure 13. Hydrogen bonding of the partly buried water
molecule W28 in ubiquitin (Vijay-Kumar et al., 1987,
Protein Data Bank, file 1UBQ). Hydrogen positions have
not been determined.

provided that we know the YO quadrupole coupling
constant (QCC) y, for the internal waters. (To obtain
equation (11) we have neglected correlations
between A, and y, so that (A? 32> = (AZY{y%>.) The
70O QCC is determined by the electron distribution
around the water oxygen and, hence, is affected by
hydrogen-bond-induced electronic  polarization
(Cummins et al., 1985). The values for y, in ice Ih,
liquid, and vapour are, respectively, 6.5 MHz (Spiess
et al., 1969; Edmonds & Zussman, 1972), 8.1 MHz
(van der Maarel et al., 1985; Struis et al., 1987,
Eggenberger et al., 1993), and 10.2 MHz (MVerhoeven
et al., 1969). An estimate of the O QCC for the
internal water molecules of BPTI may be obtained as
follows. Using empirical relationships (Berglund
et al., 1978), based on crystal hydrate data, between
the water deuteron QCC y(*H) and the hydrogen
bond geometry, we obtain with the data in Table 1 an
average y(*H) of 213 kHz and a root-mean-square
variation of 18 kHz for the eight internal water
deuterons of BPTI. This should be compared with the
value y (*H) = 213.4 kHz for ?H,0 ice Ih (Edmonds &
Mackay, 1975). Since it is known empirically (Poplett,
1982) that y (*'O) exhibits the same linear dependence
on y(*H) in numerous crystal hydrates as in the ice
polymorphs, we conclude that the average y(*’O)
for the four internal water molecules of BPTI should
be close to y(*O) for ice Ih. With 3 =6.5MHz
inserted into equation (11), we find from the BPTI
data in Figure 5 that N,{A?> varies from 2.3(40.1) at
pD 1.9 to 1.9(4+0.1) at pD 10.7. From the ubiquitin
data in Figure 5 we find, in the same way, that N,{AZ>
varies from 0.21(+0.04) at pD 1.9 to 0.40(+40.04) at
pD 10.5.

Since the internal water molecules of BPTI are
extensively linked to the protein backbone by strong
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hydrogen bonds (see Figures 10 and 11, and Table 1),
they should exhibit a high degree of orientational
order. In the presence of small-amplitude librational
oscillations, we find for the square of the generalized
YO order parameter:

Al=1+3n°=2[1-5n(1-nKO%, (12

with n the asymmetry parameter of the O electric
field gradient tensor and <0?) the mean-square
libration angle. (Equation (12) gives the average A?
for librations around the three orthogonal principal
axes of the O electric field gradient tensor.)
Adopting the ice Ih value, n = 0.93 (Speissetal., 1969;
Edmonds & Zussman, 1972), we thus find that A?
varies from 1.29 in the absence of libration to 1.05 for
{0%Y? = 20°, corresponding to the typical libration
amplitude for peptide N-H bonds in globular
proteins, as obtained from N relaxation and the
relation A%, ~ 1 - (3/2)<0% ~ 0.85 (Wagner, 1993;
and references cited therein). Another possible type
of internal motion is a 180° flip around the C; axis of
the water molecule. Due to symmetry, however, this
motion does not affect A, for YO and, besides, is
probably orders of magnitude too slow (Fujaraet al.,
1988; Wittebort et al., 1988; Larsson et al., 1991) to
contribute to motional averaging on the time-scale
(zr) on which the time correlation function decays.

Data on the orientational order of internal water
molecules have been reported from only one (Levitt,
1983) of the numerous simulation studies performed
on BPTI. This early study included the water
molecules W122, W113, W112, and W143. (Although
W143 resides in a cleft, it participates in only one
hydrogen bond shorter than 3 A and is not classified
as internal.) According to the simulation, W122 and
W113 are highly ordered, with O-H bond order
parameters Son of 0.9 and 0.8, respectively. With
Son ~ 1= (37/2)<6%), this corresponds to {62>¥2 =15
to 20°. In contrast, W112 and W143 were both found
to be relatively weakly ordered, with Sou~0.1.
Howvever, due to the absence of any external water in
this vacuum simulation, the accuracy of these results
is uncertain. In particular, the omission of W111
could have a large effect on Son of W112.

Inthe neutral pD range we find that N,<A?> equals
2.1(+0.1) for BPTI and 0.26(+0.05) for ubiquitin.
Although the present data do not allow us to directly
infer the identity of the water molecules responsible
for these values, it is tempting to associate these
values with the five buried water molecules shown
in Figures 10, 11, and 13. Judging from the hydrogen
bond environments, W122, W113, and W112 (in
BPTI) should be highly ordered, with A approaching
1, while W111 (in BPTI) and W28 (in ubiquitin)
should be somewhat less ordered. If this is correct,
the value N,{A?> = 2.1 can account for only two of
the three highly ordered water molecules in BPTI.

A large (generalized) order parameter A is a
necessary, but not a sufficient, condition for a water
molecule to contribute substantially to the relaxation
dispersion and, hence, to f and N,{A?>. In addition,

the mean residence time 1. of the water molecule
must obey the inequalities:

TR < Tres < 1/R| (13a)

The water molecule must be associated with the
protein for a long time compared to 7 in order to
sense the Brownian rotation of the protein and,
thereby, contribute to the observed dispersion. On
the other hand, .. must be short compared to the
intrinsic 'O spin relaxation time (at zero frequency)
in order for the water binding site to act as a
relaxation sink for the bulk water magnetization and,
hence, contribute to the observed relaxation
enhancement at low frequencies. According to
equation (8b), R, = (12n%/125)<{A? y? >te. With A, = 1,
0 =6.5MHz, and 7r =7 ns, we thus find that a
highly ordered water molecule contributes to the
relaxation enhancement if:

7 NS < Tres <4 ps. (13b)

The recent high-resolution *H NMR study of BPTI
in solution demonstrates that 7., > 0.3 ns for all four
internal water molecules (Otting & Wuthrich, 1989).
This lower bound on 1. follows from the sign of the
observed NOE cross-peak if internal motion is
neglected. Using a paramagnetic shift reagent, it has
also been established that 7. < 20 ms at 4°C for (the
protons of) the internal water molecules of BPTI
(Otting et al., 1991b). This still leaves a range of four
orders of magnitude (107 to 107 s) for 7., Where an
internal water molecule would exchange too slowly
to contribute to the O relaxation. Simple energetic
considerations suggest that the internal water
molecules (with the possible exception of W111) of
BPTI exchange with the external water via
conformational fluctuations that temporarily expose
the buried water molecules, rather than via diffusive
escape of the individual water molecules from their
cavities. We thus expect that W113 and W112 (and
perhaps W111) exchange at the same rate, which may
differ substantially from the exchange rate of W122.
Since W122 is completely enclosed in a very small
cavity in a rigid part of the protein (near a disulfide
bond), it is probably the most slowly exchanging of
the four internal water molecules in BPTI.

We can now formulate a tentative interpretation of
the $ values obtained from our O relaxation data for
BPTI and ubiquitin. For BPTI, the main contribution
tothe O relaxation dispersion comes fromW113and
W112, with Acloseto1and t.sintherange ofequation
(13b). W122 probably exchanges too slowly to
contribute (t.s >4 us), while the less strongly
hydrogen-bonded W111 has a lower orientational
order (say, A ~ 0.5) and makes a correspondingly
smaller contribution. The assertion that one ofthe four
internal water moleculesof BPTIexchangestooslowly
to contribute to the O dispersion is supported by the
’H relaxation data presented in the accompanying
paper (Denisov & Halle, 1995). A decisive test of
these tentative assignments would be to measure the
Y0 relaxation dispersion from BPTI mutants with
one or more of the four internal water molecules
displaced (Housset et al., 1991; Berndt et al., 1993).
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For ubiquitin, the small YO relaxation dispersion
is due entirely to W28, which then must have
A =~ 0.5. W28 in ubiquitin is, indeed, expected to be
similar to W111 in BPTI, since both participate in
three hydrogen bonds, one of which involves a
side-chain. It should be noted, however, that,
according to the usual criterion for internal water (no
hydrogen bond to external water), W111 in BPTI is
internal while W28 is classified as surface water. The
identification of W28 as the sole contributor to the
ubiquitin dispersion is further supported by the pD
dependence of 5 (see Figure 5), which could indicate
an effect on the internal motion (and, hence, on A) of
W28 due to disruption of the salt bridge when Lys27
and Asp52 are titrated (see Figure 13). The case of
W28 in ubiquitin demonstrates that not only internal
but also surface water molecules can have long
(> nanosecond) residence times. As discussed in
Concluding Discussion, below, this is not likely to be
adirect consequence of extensive hydrogen-bonding,
as suggested in the case of two long-lived surface
water molecules in streptococcal protein G (Clore &
Gronenborn, 1992), but requires that the water is
located in a pocket on the protein surface. In the case
of BPTI, the crystal structure does not reveal any
strongly hydrogen-bonded surface water molecules
in pockets.

Concluding Discussion

Over the past three decades an extensive literature
on nuclear spin relaxation in aqueous protein
systems has accumulated. The failure of this massive
body of experimental data to provide a coherent
picture of protein hydration demonstrates that the
interpretation of such data is non-trivial. The
divergent pictures of protein hydration (especially its
dynamic aspects) derived from spin relaxation
studies can be largely blamed on three complicating
factors. First, as is now generally recognized, the 'H
relaxation is dominated by cross-relaxation effects
and therefore cannot be interpreted solely in terms
of water dynamics (Edzes & Samulski, 1978; Koenig
etal., 1978; Hills, 1992). Second, '*H and ?H relaxation
both contain significant contributions from labile
protein hydrogens that exchange with water (Piculell
& Halle, 1986; Hills et al., 1989; Hills, 1992). This
effect, which in the accompanying paper is
quantitatively established by comparing the pD
dependence of the ?H and *O relaxation dispersions
(Denisov & Halle, 1995), has usually been neglected
(Kimmich et al., 1990; Koenig & Brown, 1991; Koenig
et al., 1993). Third, since the observed relaxation
dispersion represents an average over a large
number of water molecules in different local
environments, it is particularly important to design
experiments that can decisively test the proposed
models. This has rarely been done.

In the present work, by studying the relaxation of
water YO nuclei, we completely avoided the
complications of cross-relaxation and hydrogen
exchange. Moreover, by contrasting the relaxation
behaviour of the proteins BPTI and ubiquitin, we

could decisively test the hypothesis that internal
water plays a significant role. The picture emerging
from the present study is one of a highly mobile
hydration layer at the protein surface, with an
average reorientational correlation time of approxi-
mately 20 picoseconds (?H,O, 27°C) and, pre-
sumably, a similar average residence time, and a
small number (three in BPTI) of highly ordered water
molecules (partially) buried but exchanging with
bulk water (presumably via partial unfolding of the
dominant protein conformation) on a time-scale of
107%to 107 second. This picture is consistent, not only
with the crystal structures (Deisenhofer & Steige-
mann, 1975; Wlodawver et al., 1984, 1987a,b), but also
with the recent high-resolution *H NMR studies
(Otting & Wuthrich, 1989; Otting et al., 1991a) and
computer simulations (Brunne et al., 1993) of BPTI.
Our upper bound of four microseconds for the
residence time of the exchanging internal water
molecules is a factor 5000 lower than (but consistent
with) the result from paramagnetic shift experiments
(Otting et al., 1991b) and a factor 4 x 10° lower than
the result from *O gel filtration experiments
(Tachsen et al., 1987). Furthermore, we believe that
our picture of protein hydration is consistent with
previous relaxation dispersion data, although not
with all conclusions drawn therefrom. For example,
from a recent *H relaxation dispersion study of
serum albumin solutions it was concluded that the
residence times of the several hundred surface water
molecules exceed 10° second (Kimmich et al., 1990).
Finally, the identification of internal water molecules
as the source of the YO relaxation dispersion in
protein solutions is consistent with the failure to
observe similar manifestations of long water
residence times in systems with amphiphilic
aggregates (Carlstrom & Halle, 1989), where water
does not penetrate into the hydrocarbon region.
An important result of the present study is the
realization that the high-frequency (« term) and
low-frequency (5 term) relaxation contributions are
due to two different classes of water molecules. This
removes the internal inconsistencies that led some
authors (Koenig et al., 1975; Bryant, 1988; Koenig &
Brown, 1991) to reject a simple fast-exchange model.
Furthermore, the hitherto controversial mechanism
whereby the protein rotational motion is conveyed to
the water molecules (Bryant, 1988) is now identified
as the exchange, on the time-scale 107 to 107 second
(for 7O relaxation and small proteins), of highly
ordered internal water molecules. From a recent
?H relaxation dispersion study of chemically
cross-linked serum albumin it was concluded that
the *H dispersion is due to approximately eight
“strongly bound’ water molecules at the protein
surface with a (temperature independent!) residence
time of one microsecond (Koenig et al., 1993).
Although this interpretation may appear to be in
line with the present results, it can be shown that
the dispersion frequency in this experiment is not
related to water dynamics but, rather, is an effect of
the break-down of the second-order perturbation
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theory of spin relaxation (B. Halle, unpublished
results).

Since 'H and ?H relaxation are complicated by
cross-relaxation and hydrogen exchange, a detailed
discussion of previous results obtained with these
nuclei will not be attempted here. Rather, we focus
on the more readily interpreted O relaxation data
reported earlier (Halle et al., 1981; Piculell & Halle,
1986; Halle & Piculell, 1986). While essentially the
same conclusions as here were reached about the fast
rotation of surface water molecules, it was also
shown that the low-frequency relaxation contri-
bution (S term) could be consistently accounted for
in terms of the same (weakly ordered) surface water
molecules whose fast (but orientationally restricted)
rotation is responsible for the high-frequency
contribution (o term). This required, however, alarge
number of surface water molecules to have residence
times exceeding 107 second, which is now known to
be inconsistent with high-resolution *H NMR data
(Otting & Withrich, 1989; Otting et al., 1991a) as well
aswith simulation data (Ahlstrometal., 1988; Brunne
et al.,, 1993). A strong argument in favor of the
previous interpretation, with no contribution from
internal water molecules, was the finding that the
ratio o/ f (see equation (10)) was nearly constant for
the proteins examined (parvalbumin, cytochrome c,
lysozyme, haemoglobin, and serum albumin). In the
light of the present study, however, we can conclude
that the near invariance of o/f was due to a
coincidental approximate proportionality between
N,(A?> and N; for these proteins. Proteins, such as
the serine proteases, which are known to contain as
many as 20 internal water molecules (Sreenivasan &
Axelsen, 1992), should also deviate from this picture
and preliminary YO experiments confirm this (our
unpublished results).

The BPTI solutions studied here contain approxi-
mately 2400 bulk water molecules per protein
molecule, approximately 250 surface, and three
(rapidly exchanging) internal water molecules. These
three classes of water molecules contribute, respect-
ively, 36, 16, and 48% of the YO relaxation rate R; at
the lowest frequency and 65, 28, and 7% at the
highest frequency. The reason that three internal
water molecules can contribute more than 2400 bulk
ones is that they reorient (along with the protein)
approximately 2000 times slower than in the bulk.
For this dynamic relaxation enhancement to be
effective, the water molecules must (1) be highly
ordered (A close to 1) and (2) have a long (but not
too long) residence time (tr < 7res < 1/R)). Roughly
speaking, the size of the dispersion step (i.e. ) is
proportional to the quantity X A? tresi/ (Tresi + Tr),
summed over all water molecules in the system for
Wh|Ch Tres,i < 1/R||

Although the residence times in the range seven
nanoseconds to four microseconds obtained here for
the internal water molecules of BPTI are orders of
magnitude shorter than previous estimates, they are
still very long when compared to the translational
mobility of bulk water, where displacements over a
molecular diameter occur in less then ten picosec-

onds. We believe that the essential property of
internal water molecules that produces this dramatic
reduction of their translational mobility is not the
interaction with the protein per se (most external
water molecules are also extensively hydrogen-
bonded), but rather their physical entrapment within
the protein matrix. Accordingly, these long-lived
water molecules are more appropriately referred to
as internal, trapped or buried, rather than as strongly
interacting or bound.

It appears that a long ( > nanosecond) residence
time can result only if a water molecule resides in an
internal cavity or in a surface pocket of appropriate
structure. For a water molecule in a cavity, the
residence time should be determined primarily by
the energetics of local unfolding rather than by the
energetics of water-protein interactions within the
cavity, the latter determining the equilibrium
occupancy of the cavity. For a water molecule in a
surface pocket, the residence time should be
determined not by the number of water-protein
hydrogen bonds per se, but rather by the activation
energy needed for the water molecule to pass
through the least hydrogen-bonded state on its way
out of the pocket. In conclusion, the commonly
quoted requirement of strong hydrogen bonding is
neither necessary nor sufficient for a long residence
time.

In contrast to the exchange of buried peptide
amide hydrogen atoms (Wagner, 1983), the exchange
of internal water molecules should be rate-limited by
local unfolding of the dominant protein confor-
mation. Apart from providing the rotational
correlation time of the protein, the YO relaxation
dispersion may thus prove useful for studies of
internal protein dynamics on the time-scale 107 to
10°® second. Primarily, however, O relaxation is a
valuable source, complementary to X-ray and
neutron diffraction and high-resolution multidimen-
sional 'H NMR, of information about structurally
and functionally significant water molecules in
globular proteins and other biomolecules.

Materials and Methods
Protein solutions

Recombinant bovine pancreatic trypsin inhibitor (M
6500 g mol™), a gift from Novo Nordisk A/S, was obtained
as a lyophilized powder (Aprotinin, batch no. A46R02,
99.5% pure). Ubiquitin (M 8560 g mol™) from bovine
red blood cells was obtained from Sigma as a lyophilized
powder (catalogue no. U6253). The purity of the
ubiquitin preparation was assessed by gel electrophoresis,
indicating less than 1% contaminating protein. Both
proteins were used as supplied, without further
purification.

Protein solutions were made from heavy water (M
21.5 g mol™), enriched in 'O (Mentron, 21.9 atom% Y0, 61.9
atom% 0, 99.95 atom% 2H). pH was measured with a
Radiometer PHM63 digital pH-meter equipped with a
5 mm combination electrode. The direct reading pH* from
a *H,0 solution (with the pH meter calibrated with
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standard H,O buffers) was converted to thermodynami-
cally meaningful pD values according to pD = pH* + 0.41
(Covington et al., 1968). Desired pD values were obtained
by adding small amounts of 5 M HCI or 5 M KOH to the
protein solutions.

Protein concentrations were determined by complete
amino acid analysis, which also confirmed the high purity
of the protein preparations (see above) and demonstrated
a negligible loss of terminal Gly, dipeptide in ubiquitin.
The protein concentrations obtained in this way were
10.4(+0.2)% (w/w) BPTI and 10.2(+0.2)% (w/w)
ubiquitin. The small (<5%) variation of protein concen-
tration due to pD adjustments was compensated for in the
data analysis.

Relaxation dispersion measurements

Oxygen-17 relaxation rates were measured at eight
magnetic field strengths: (1) at 85T on a Nicolet 360
spectrometer; (2) at 70T on a Varian Unity 300
spectrometer; (3) at 2.35T on a Bruker MSL 100
spectrometer; and (4) at 1.83, 1.505, 1.05, 0.7 and 0.45T
using an iron magnet (Drusch EAR-35N) equipped with
field-variable lock and flux stabilizer and operated from
the MSL 100 spectrometer. The sample temperature was
adjusted to 27.00(+0.05)°C using a copper-constantan
thermocouple, and was maintained to within +0.05 deg.
C (+0.1deg. C on the Varian spectrometer) by a
thermostated air flow. NMR tubes with an outer diameter
of 10 mm were used, with sample volumes ranging from
0.7 to 1.7 ml.

Longitudinal relaxation rates were measured by the
inversion recovery pulse sequence (180° -t —90°), and
transverse relaxation rates by the spin-echo pulse sequence
(90° — 7 — 180° — 7). The 180° pulse angle was calibrated to
within 1° before each measurement, and the 90° pulse
length was set to half that of the 180° pulse. Phase cycling
was used to eliminate residual pulse length and phase
errors. At least 16 transients (one full phase cycle) were
accumulated for each ¢ value. At the lowest fields, up to
4096 transients were accumulated to maintain a
signal-to-noise ratio of at least 100. Each relaxation
experiment comprised 20 7 values (in random order) in the
interval (0.05 - 5.3)T, with T = T, or T,. The relaxation rates
R, =1/T,and R, = 1/T,were determined from exponential
fits to the 20 data points using standard software.
Although the relaxation of a spin | =5/2 nucleus like 'O
is in principle tri-exponential in isotropic solution
(Abragam, 1961), theoretical considerations (Halle &
Wennerstrom, 1981b) show that the simple exponential
approximation (see Results and Discussion, Oxygen-17
spin relaxation of water in protein solutions) is accurate to
better than 0.1% under the conditions of the present study.
As expected, no signs of multi-exponential relaxation
could be detected. The accuracy of the determined
relaxation rates was estimated to be better than 1% for R,
and 1.5% R,.

Relaxation rates for bulk water of the same isotopic
composition as in the protein solutions (but adjusted to pD
3.5 to avoid contributions from scalar relaxation to R,
(Halle & Karlstrom, 1983)) were measured ten times
within several months and at different fields, with the
result: R, =175(4+1)s™ and R, =176(4+2)s™ R, values
measured on the Nicolet spectrometer showed a
systematic error (3 to 5%) of unknown origin, and were
therefore not used in the data analysis.

Non-linear fits of theoretical expressions (see Results
and Discussion, Oxygen-17 spin relaxation of water in
protein solutions) to the combined R, and R, dispersion

data (15 data points) were made with the Levenberg-
Marquardt algorithm.
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